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PREFACE

The University of California at Irvine was host to ognition "for an outstanding paper presented at the
the Twenty-Fifth International Symposium on Com- Twenty-Fourth International Symposium on Com-
bustion held on July 31-August 5, 1994. Chancellor bustion, The University of Sydney, Australia, 1992."
Laural L. Wilkening welcomed the 1218 scientists, The medals were presented by Professor D'Alessio
which included 367 students, to the UCI campus. to:
Along with 181 accompanying visitors, the registra- Klaus H. Homman, Matthias Hausmann and Peter
tion represented a new record for Symposium atten- Hegen for their paper entitled "Radicals in Flames:
dance. The attendance, representing 38 countries, is Analysis via Scavenging Reaction."
as follows: Argentina 1, Armenia 1, Australia 9, Aus- M.D. Smooke, Y. Xu, R.M. Zurn, P. Lin, J.H.
tria 3, Belgium 4, Bulgaria 1, Byelrus 4, Canada 27, Frank and M.B. Long for their paper entitled "Coin-
China 4, China-Taipei 10, Denmark 10, Finland 12, putational and Experimental Study of OH and CH
France 53, Germany 101, Hong Kong 2, Hungary 9, Radicals in Axisymmetric Laminar Diffusion
India 5, Ireland 2, Israel 11, Italy 30, Japan 66, Ka- Flames."
zhakhstan 1, Korea 9, Malaysia 1, Mexico 3, New The Institute extends its gratitude to the members
Zealand 1, Norway 11, Poland 7, Portugal 8, Russia of the Local Arrangements Committee co-chaired by
26, Spain 3, Sweden 13, Switzerland 11, The Neth- Professors William A. Sirignano and C. Scott Sa-
erlands 17, Ukraine 3, United Kingdom 83, USA 646 muelsen for their time and energy in organizing the
and Venezuela 1. logistics of the technical sessions and the social

The Institute was proud to honor its founder, Dr. events. An outdoor welcome reception in front of the
Bernard Lewis, who died May 23, 1993, by present- newly constructed engineering complex afforded an
ing the "In Celebration of the Life and Work of Ber- opportunity for attendees to renew acquaintances
nard Lewis." Dr. Lewis' widow, Eunice Norton- and partake of sumptuous food. Many attended the
Lewis, was present for the occasion. A committee Pageant of the Masters, a unique depiction of master
chaired by Dr. C. William Shipman collected pic- artworks, held under the stars at the Festival of the
tures, correspondence, stories and other mementos Arts, Laguna Beach on Tuesday evening. A barbecue
from Bernard Lewis' life and organized the celebra- at Newport Dunes Beach Park made Wednesday af-
tion. "An Appreciation of Bernard Lewis" gave the ternoon a tropical break of frolic and camaraderie.
overflowing auditorium a composite view of this dy- The annual Awards Banquet was held at the Hyatt
namic individual who brought the family of The Regency on Thursday. Following a superb meal and
Combustion Institute together. The establishment of presentation of the 1994 Combustion Institute Med-
The Bernard Lewis Endowment Fund was an- als, all had a chance to enjoy dancing. The farewell
nounced and the 25th Symposium was dedicated to reception was held outdoors on the UCI campus of-
the Institute's founder. fering an opportunity to relax and to say goodbyes.

The Gold Medal Awards Committee, chaired by The Institute extends its appreciation to Dr.
Professor Graham Dixon-Lewis, selected the follow- Elaine Oran, her staff, the Naval Research Labora-
ing award recipients for 1994: tory, the colloquia organizers, session chairs, authors,

Professor Klaus-Heinrich Homann of the Tech- the members of the Program Committee for the ex-
nische Hochschule Darmstadt, Germany was pre- cellent technical program, and to Dr. William Pitz,
sented The Bernard Lewis Gold Medal "for brilliant Professor G.M. Faeth, Professor Derek Bradley and
research in the field of combustion, particularly on the members of the Publication Committee who are
flame structure and soot formation" by Professor responsible for the publishing the proceedings and
Jack B. Howard. the special issues of Combustion and Flame.

Dr. Hartwell F. Calcote of AeroChem Research The Institute recognizes and thanks the following
Laboratories, Inc, USA was presented The Alfred C. US government agencies and organizations for their
Egerton Gold Medal "for distinguished, continuing generous financial support of the Twenty-Fifth In-
and encouraging contributions to the field of comr- ternational Symposium on Combustion:
bustion" by Professor Heinz Gg. Wagner. Air Force Office of Scientific Research

Professor Amable Lifiin of the Universidad Poli- Department of Energy
t6cnica de Madrid, Spain was presented The Ya. B. National Aeronautics & Space Administration
Zeldovich Gold Medal "for outstanding contribu- National Institute of Standards & Technology
tions to the theory of combustion" by Professor For- National Science Foundation
man A. Williams. Office of Naval Research

The Silver Medal Awards Committee, chaired by
Professor A. D'Alessio, selected two papers for rec- AeroChem Research Laboratories, Inc.
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IL

Bernard Lewis
Ph.D. Sc.D. (Cantab)

1899-1993

Scientist, Colleague, Leader, Counsellor, and Friend
who devoted his life

to bringing science to combustion research,
combustion science to practical problems

combustion researchers to fruitful
intercommunication and friendships,
and two generations of his neighbors

and his colleagues
to a lively appreciation of the musical arts.
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INTRODUCTION

The growing number of papers submitted to the Pyrolysis on Combustion" by Thomas H. Fletcher
International Combustion Symposia has created new and Peter R. Solomon, and "Global Atmospheric Ef-
challenges, opportunities, and demands on the paper fects of Combustion Sources" by Michael Prather
selection and publication processes. To accomodate and Jennifer Logan.
this growth, the Program Committee made a number There were ten Colloquia, which consisted of a
of changes in the procedures for the Twenty-Fifth series of papers grouped according to topic and usu-
Symposium. For example: most of the papers pre- ally associated with an Invited Lecture or a Topical
sented appear in this volume, but some appear in Review. These were: Coal and Organic Solids, or-
special issues of Combustion and Flame; there were ganized by L. Douglas Smoot and Ian W. Smith;
six parallel sessions of contributed papers; we tried a Combustion Modeling, organized by Jay P. Boris, and
new procedure in which authors of controversial pa- Georgy Makhviladze; Detonations and Supersonic
pers had a chance for rebuttal; we attempted td ob- Combustion, organized by Martin Sichel and Ga-
tain more reviews for each paper; about one third of brielle Dupr'e; Incineration and Wastes, organized
the contributed papers were given in poster format; by Adel F. Sarofim and Catherine P. Koshland;
and electronic communications were encouraged to Large-Scale Fires, organized by Toshisuke Hirano
facilitate communications with authors and review- and Richard G. Gann; Practical Aspects of Engine
ers. In this Introduction, I try to explain some of Combustion, organized by Charles K. Westbrook and
these in more detail. Don W. Bahr; Reaction Kinetics, organized by Daniel

This volume contains about two thirds of the pa- J. Seery and Norbert Peters; Soot and PAH, orga-
pers accepted for presentation at the Twenty-Fifth nized by Jack B. Howard and Klaus H. Homann;
Symposium, including the Hottel Lecture, three of Spray Combustion, organized by Norman Chigier
the Invited Lectures, and all of the Topical Reviews. and Josette Bellan; and Turbulent Reacting Flows,
The other third of the papers presented appear in organized by Robert Dibble and S'ebastien Candel.
special issues of Combustion and Flame, the journal The contributed papers were given as either oral
of The Combustion Institute. In order to present a or poster presentations. The oral contributed papers
complete listing of all of the papers presented at the were given as 25-minute talks with a five-minute
Symposium, the table of contents of this volume lists question and answer period. The poster contributed
all of the invited and contributed papers, but indi- papers were available for viewing for at least a day,
cates those papers that appear in Combustion and and there was a two-hour period in which the authors
Flame. In addition to the papers themselves, this vol- were present for discussions.
ume and the issues of Combustion and Flame include All of the contributed papers were thoroughly re-
comments and questions from the audience, and the viewed, with over 99% of the papers receiving three
responses to these from the authors. or more reviews. The review process was particularly

The five invited presentations and six Topical Re- stringent: approximately 40% of the contributed pa-
views represent the diversity of combustion research, pers were accepted for presentation. All of the con-
ranging from basic chemical kinetics to the operation tributed papers should be considered to have sub-
of automobile engines, to the global effects of com- mission dates of December 15, 1993, which was the
bustion on our atmosphere. The Hottel Lecture that last day submitted papers were considered for re-
opened the meeting was given by Frank E. Marble, view. All invited and contributed papers should be
who spoke on "Gasdynamic Enhancement of Non- considered to have acceptance dates of August 1,
premixed Combustion." The Invited Lectures were 1994, which is the first day of the technical program
"Multichannel Reactions in Combustion Chemistry" of the Symposium. By this date, all authors' revisions
by Thomas Just, "Combustion Science for Incinera- were completed, the final version was approved for
tion Technology" by Jost Wendt, "Smoke, Dia- publication by the Program Committee and the
monds, and Stardust" by Antonio D'Alessio, and Publications Committee, and copies of the final ver-
"Transition and Structure of Jet Diffusion Flames" sion were deposited in the Symposium Reading
by Tadeo Takeno. The six Topical Reviews were Room. Furthermore, since all papers were available
"Combustion Modeling and Turbulence Structure," for reading when the Reading Room was opened to
by William T. Ashurst, "Role of the Condensed the Symposium attendees on August 1, 1994, the
Phase in Polymer Combustion and Flammability," by technical information of the individual papers was
Takashi Kashiwagi, "State of the Art and Future first made public on that date, rather than on the
Needs in S.I. Engine Combustion," by Rudolf R. publication date of this Volume.
Maly, "Injection, Dispersion, and Combusion of Liq- The Work-in-Progress Poster Sessions were orga-
uid Fuels" by William D. Bachalo, "Impact of Coal nized by Carolyn Kaplan and K. Kailasanath. Ap-

xxxix



proximately 450 of these papers were presented in the session format. This process led to acceptance of
the technical session. The title and abstracts of these 317 papers.
papers are published in a separate volume available This rigorous paper selection procedure is out-
at the meeting and subsequently from The Combus- lined here because many research and academic in-
tion Institute headquarters. The large number of stitutions do not consider symposium volumes at the
WIP Posters meant that each poster was available for same level as refereed journal articles. Those authors
viewing for less than one full day, while the authors who wish to have their Symposium papers receive
were available for discussion during fixed periods of appropriate recognition should consider attaching
time. copies of these Introduction pages to their evaluation

The Symposia volumnes have always been a valu- packages as additional supporting material.
able source of timely and high-quality technical in- Throughout the paper selection and evalution pro-
formation for combustion researchers. Conse- cess, every effort was made to incorporate and test
quently, publication in these volumes has been highly advances in electronic communication. We found
valued and there have always been more submissions that e-mail was particularly effective, especially when
than can be accomodated in the program. A critical dealing with countries for which using the telephone
and fair review processs is therefore needed for the and fax were difficult. For example, we had excellent
selection of papers for inclusion in the technical pro- communication with Russia, the Ukraine, and Ar-
gram. This, in turn, requires solicitation of as many menia by e-mail, whereas sending faxes or telephon-
reviews per paper as possible, from reviewers whose ing was only occasionally successful. By the end of
expertise is as close to the subject area of the paper the Symposium, we were also receiving e-mail from
as possible. The following is a brief accounting of how the Peoples' Republic of China and South Africa.
the review process was conducted for this Sympo- Meeting Announcements were sent by e-mail, re-
slum. views were sent here by e-mail, and the PAS com-

In order to identify the most appropriate review- municated primarily by e-mail. During peak periods,
ers, suggestions were solicited from members of the I had daily e-mail communication with hundreds of
Program Advisory Subcommittee (PAS). For most authors and reviewers. Besides transferring infor-
papers, the abstract and reference pages of each pa- mation quickly and efficiently, their e-mail was a
per were sent to one or two members with expertise source of much humor, good news, and sadness.
in the area of submitted papers, asking them to sug- Organizing a Symposium program required the

gest four or five potential reviewers. Each PAS mein- participation of and support from many individuals.

ber was also supplied with a summary of the technical I am greatly indebted to the members of the Program

profiles of the members of the Program Review Sub- Committee and PAS for their help in every aspect of

committee (PRS) provided in questionnaires re- the process. Their names, as well as the extensive list

turned in an earlier survey. The PAS members could of members of the Program Review Subcommittee,

then select reviewers either from this compilation, or appear elsewhere in this Volume. The NRL Local

suggest newv reviexvers. The reviewers were selected Program Subcommittee worked long, hard hours to
make the operation efficient and reliable. Betsy Reid,

based on suggestions by members of the PAS and my my other self, organized us into an extremely efficient
own selections after reading through the paper. team

A record number of papers, 730, were sent out for The Local Arrangements Committee in Irvine,
review. Each paper was sent to between three and chaired jointly by G. Scott Samuelsen and William
five reviewers. Over 3200 review requests were sent A. Sirignano, did a superb job of arranging the meet-
out, and over 2800 were returned. This is truly an ing in Irvine. The facilities were excellent and all of

impressive performance by the over 70'0 members of the special needs for the technical presentations were
the PRS, especially since they had to respond under met cheerfully and efficiently. The Reading Room
a very tight schedule and with difficult mailing situ- was organized by Derek Dunn-Rankin. Much of the
ations, and many reviewed a large number of papers. general planning and detailed work was carried out
The entire review process extended over a two and by Debbie Hart, Stephanie Beck, and Candy Rei-
half month period. This year we experimented with mers. We are all indebted to them for their effort
a limited rebuttal for papers in which there was clear and for being such gracious hosts.
disagreement among the reviewers. Before a final de- Production of the Volume was handled by the
cision was made, the reviews were faxed to these se- Publications Committee, chaired by William J. Pitz.
lected authors, and they were asked to provide a one- This work required a great deal of effort, which
page rebuttal within one week. The authors of ranged from verifying the adequacy of the revisions
approximately 120 papers were asked to provide re- to editing the discussions of the papers. It has truly
buttals. All of this had to be done before the PAS been a pleasure to work with Bill.
met and made final decisions in early March. The Finally, I wish to express my most sincere thanks
PAS met for three days at the Naval Research Lab- to Sue S. Terpack and Ann E. Steffy of The Coin-
oratory in Washington, DC, to evaluate the reviews, bustion Institute for their tremendous support
recommend papers for acceptance, and to prepare throughout the process. I wish to thank all of my
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colleagues at NRL who took on parts of my regular D. Ronney, Howard Ross, Kozo Saito, Gregory
work during the time when most of the work on the Smith, Peter M. Walsh, P. R. Westmoreland, Mary
Symposium had to be done. In this regard, I partic- J. Wornat, and Richard A. Yetter. The great effort of
ularly want to thank Jay Boris. Finally, I would like these members is very much appreciated.
to thank my husband, Dan, for his patience and sup- An English-editing subcommittee was formed to
port during this process. Not only was he patient and handle papers that needed special revision. Their
supportive, but many of his organizational ideas names appear on committee lists on previous pages.
helped the process to run smoothly. I wish to thank them for their work.

I greatly enjoyed working with Elaine Oran, The
Elaine S. Oran Program Chair, and Sue Terpack, Executive Secre-

Chair, Program Committee tary of The Combustion Institute office, in coordi-
nating the publication activities. Our office at LLNL

The preparation of the volume was an enormous was responsible for sorting and filing the submitted
task that required the assistance of many people: The manuscript materials, requesting missing materials,
members of the Publication Committee, authors, re- mailing manuscripts to committee members and the
viewers, and secretarial staff at Lawrence Livermore printer, faxing comments to authors, final proofing of
National Laboratory (LLNL). The Publications the papers and comments, and preparation of the
Committee was responsible for ensuring that all the table of contents and index of this Volume. I am
papers in this Volume satisfy the technical comments greatly indebted to Deede Landon, Kerry O'Connor,
made by the reviewers, as well as meet the length and Kathy Poeckert of LLNL for accomplishing
and style requirements established by The Combus- these time-consuming, detailed tasks. I wish to thank
tion Institute. This committee also screened com- Charlie Westbrook and the combustion group at
ments submitted to the papers at the Symposium so Lawrence Livermore Laboratory for providing the
that only substantive discussions were included, time and resources for accomplishing the publication

The members of the Publications Committee were work. Finally, this Volume would not have made it
Larry L. Baxter, Joseph W. Bozzelli, M. Quinn Brew- into print in such a timely and accurate fashion with-
ster, Michael C. Drake, Folkion Egolfopoulos, Tho- out the support of Paula Gensch and her staff at Ed-
mas H. Fletcher, Anthony P. Hamins, Simone Hoch- wards Brothers, Inc.
greb, Robert Hurt, Jay 0. Keller, Ian M. Kennedy,
John C. Kramlich, William P. Linak, Donald Lucas, William J. Pitz
Suresh Menon, Habib N. Najm, L. D. Pfefferle, Paul Chair, Publications Committee
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HOTTEL PLENARY LECTURE

GASDYNAMIC ENHANCEMENT OF NONPREMIXED COMBUSTION

FRANK E. MARBLE

California Institute of Technology
Pasadena, CA 91125, USA

To promote efficient performance of very high speed air-breathing propulsion systems, the combustor
Mach number must be of the order of six for a flight Mach number of 18. Because of this high gas speed
through the combustor, mixing rates of hydrogen fuel with air must be very rapid in order to allow a
combustor of reasonable length. It is proposed to enhance the rate of mixing and combustion of hydrogen
and air, and thereby reduce combustor length, through the introduction of streamwise vorticity generated
by the interaction of a weak oblique shock wave with the density gradient between air and a cylindrical
jet of hydrogen.

Because of the high Mach number flow in the combustor, the oblique shock traverses the jet at a small
angle with respect to the free stream direction, and the principle of slender body theory allows one
conceptually to replace the three-dimensional steady flow with a two-dimensional unsteady flow. As a
consequence, two-dimensional time-dependent computational studies and an extensive experimental shock
tube investigation were employed to assess mixing rates for the steady flow in the combustor. The results
indicated that under realistic conditions, adequate mixing could be accomplished within 1 ms, a rate that
was technologically interesting.

Encouraged by these experiments, a "practical" injector, utilizing shock-enhanced mixing, was designed
for a combustor having a free stream Mach number of 6.0. A detailed aerodynamic and mixing investigation
was carried out in the Mach 6 High Reynolds Number Tunnel at the NASA-Langley Research Center.
The results confirmed both the details and the overall effectiveness of the shock-enhanced mixing concept.

Introduction and to describe my own experience with a scientific
issue, drawn from current technology, to form a fruit-

Today, in addition to inaugurating the 25th Inter- ful academic research program, the results of which
national Symposium on Combustion, we have the op- made their way back toward the parent technology.
portunity to honor Hoyt Hottel, whose remarkable It is the problem of hydrogen injection, mixing, and
career of technological innovation, academic re- combustion in the very high speed air-breathing en-
search, and pedagogy commands our deepest re- gine, the so-called Supersonic Combustion Ram Jet.
spect.

I met Hoyt Hottel shortly after World War II
when academia was rebuilding its structure, and he Origins of the Supersonic
was fresh from experiences that had led him into ar- Combustion Problem
eas of fluid mechanics remote from his home base of
chemistry. It was his belief that combustion might Air-breathing propulsion at speeds exceeding 4
profit through more expertise in fluid mechanics that km/s that is, Mach numbers of 12 or higher, encoun-
led to our initial meeting. ters some novel and troublesome constraints on the

As Hoyt and I became better acquainted, I rec- combustion problem, e.g., Ferri [1], Kumar et al. [2].
ognized his unusual ability to abstract, from his wide To keep structural loads at acceptable levels, flight
contacts with industrial technology, fundamental is- at such speeds is confined to altitudes of 30 km or
sues appropriate to academic research. This process higher, and in order to support reasonable combus-
of distilling fundamental scientific issues from one's tion, the air pressure must be increased in the dif-
technological activities is not only key to a vital aca- fuser to about 1 atm from its ambient value of
demic program but is essential to the health of the 1/100th atm.
science itself. But the results of Hoyt's scientific re- To be specific, travelling at Mach number 18 at
search have gone one step further. They have re- 31.5-km altitude requires decelerating the air to
turned again and again to enrich the technological Mach number 6.0 to achieve a combustion pressure
source from which they sprang. of 1 atm, using a good diffuser and accounting for

Guided by these observations, I have chosen to deviations from ideal gas. At the same time, the tem-
deviate from the usual format of the Hottel lectures perature of the air, initially at 231 K, has risen to 1499
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K, a range where substantial structural cooling is nec- complished with very low drag penalty, and the fuel
essary. Air enters the combustor with a velocity of must be distributed reasonably well over the burner
5185 m/s, and for hydrogen fuel at a stoichiometry cross section.
of 1.2, the products leave the combustor with a tem-
perature of 2612 K. For chemical equilibrium at this
temperature and pressure, the mole fraction of OH Generation of Streamwise Vorticity
at the combustor discharge is 0.011 and the resulting
fuel-specific impulse is 1068 s. It is this high specific The mixing of two parallel gas streams in a shear
impulse that establishes the value of the air- layer and the augmentation of this mixing rate by the
breathing hypersonic engine, introduction of streamwise vorticity are among the

At this velocity, a combustion residence time of classical problems of fluid mecbanics. Throughout
only 1 ins involves a flow length of 5 m and a cor- the development of technical fluid mechanics, a wide
respondingly large surface area to be cooled. Even a variety of devices, vortex generators, have been em-
modest additional reduction in this velocity results in ployed to create streamwise vorticity, usually to pro-
an increase in air pressure and temperature that se- mote mixing within boundary layers to delay or avoid
riously increases the surface cooling load. But the separation. When, however, such devices are placed
most compelling reason to avoid further velocity re- further away from the wall in a very high velocity
duction is the increase in nozzle entrance tempera- stream, their survival may be jeopardized by very
ture and the molar fraction of OH that accompanies high heating rates even when they are cooled through
this temperature rise. their function as fuel injectors. Such devices may fur-

To illustrate this point, consider the significant ther introduce significant total pressure losses into
changes that would take place* if we chose to drop the engine flow stream and deteriorate its perform-
the combustor inlet Mach number to 4.5. First, in ance, considerably so at combustor Mach numbers
order to keep the combustor pressure at 1 atm, the of 2.5 and above. In spite of these obstacles, very
flight altitude must be increased to nearly 53.7 km effective combined fuel injectors and vortex gener-
with the attendant effect that the ambient air tern- ators that span the combustor stream have been de-
perature is increased from 231 K to 271 K. This veloped and have proven very effective for combus-
Mach number reduction, in addition to the increase tors appropriate to flight Mach numbers as high as
in ambient temperature, leads to a much higher dif- 10 [4].
fuser exit temperature and a 400 K increase in com- The difficulties encountered in proceeding to
bustor discharge temperature over that for the Mach higher speeds encourage the exploration of other
6 combustor. As a consequence, the mole fraction of techniques, preferably noninvasive techniques, to
OH in the combustion products increases dramati- generate streamwise vorticity. The most promising
cally to 0.039 and the fuel-specific impulse drops to mechanism of vorticity generation for our purposes
658 s. This value is barely interesting and would not results from the interaction between variable density
justify the attending complication of an air-breathing and pressure fields. We propose to generate stream-
engine. To make matters worse, the combustor inlet wise vorticity utilizing the density gradient at the in-
velocity is scarcely changed by the Mach number re- terface between air and hydrogen fuel interacting
duction and remains at a value such that a combustor with the pressure gradient created by an oblique
length of 5 in provides a residence time of only 1 ms. shock wave. To fix our ideas, consider the configu-
The combustor length must be recognized as a seri- ration shown in Fig. 1. Air flows supersonically over
ous issue because the gas temperature we have found the combustor wall, which, at one point, bends
requires intensive wall cooling, which in turn man- sharply into the flow through a small angle d, creating
dates large heat capacity of the fuel. If the time re- a weak oblique shock wave. Ahead of the shock wave,
quired for fuel injection, mixing, and chemical re- a cylindrical stream of hydrogen flows parallel with
action requires a long combustor, the cooling load the air stream and at the elliptical intersection with
exceeds the heat capacity available in the liquid hy- the shock turns slightly upward. It is at this intersec-
drogen fuel used for the 1.2 times stoichiometric tion that the pressure and density gradients coexist,
mixture. The additional hydrogen, regardless of how and the progress of the two gradient vectors as the
cleverly it is used, further reduces the fuel-specific shock passes through the jet is shown in several cross
impulse and correspondingly compromises the per- sections, looking upstream into the flow. The density
formance of the scramjet. gradient lies in the plane and is radial to the slightly

The foregoing factors set the injection, mixing, and diffused air-hydrogen interface; the pressure gradi-
reaction constraints on the scrainjet. Above all, the ent, normal to the shock wave front, lies slightly out
mixing must be very rapid; the injection must be ac- of the plane. The vorticity generated at the intersec-

tion of these two regions is predominantly in the
'The numerical results quoted in this section were cal- streamwise direction. The small azimuthal compo-

culated using a procedure and code developed by Serden- nent of vorticity, lying on the surface of the hydrogen
gecti [3]. cylinder, will be neglected in our discussion because
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rad FIG. 1. Progression of shock
through the hydrogen jet.

behave like one. Air is swept from below to the in-
terior of the jet while the hydrogen in the upper por-
tion of the field is stretched into a thin sheet joining
the two vortices. Accompanying this is the large in-
crease of interfacial area through which the diffusion
requisite for molecular mixing takes place.

Because the cross-plane velocities introduced by

the shock interaction are small in comparison with
FIe. 2. Distortion of hyidrogen cylinder after shocl< pas- the free stream velocity, the flow directions deviate

sage and subsequent formation of vortex pair. only slightly from that of the undisturbed main
stream. As a consequence, sections normal to the
flow remain approximately plane, and the flow in

for air Mach numbers of interest the shock angle is such a section may be analyzed by following the flow
very flat and this vorticity component correspond- downstream. This transformation of certain steady
ingly small, three-dimensional flow fields into two-dimensional

As the shock intersection moves up through the unsteady flows, known as slender body theory, is
jet, the magnitudes of the gradient vectors remain wvidely used in aerodynamic analysis. Therefore, the
constant, but the angle between them, equal to the essential information concerning the shock-induced
angle of the radial line from the jet axis to the point flow may be obtained through (1) two-dimensional
of intersection, increases from 0 as the shock enters Euler calculations of the progressive distortion of the
the jet to 7t as it passes out at the top. The magnitude shape and of the entire gas-dynamic field, and (2)
of the vorticity deposited at the intersection of the shock tube experiments of the distortion and mixing
property gradients is proportional to the sine of this of cvlindrical light gas masses subjected to weak
angle. The resulting distribution of vorticity at the shock waves.
air-hydrogen interface is shown inl a set of diagrams Recognition of this possibility brought the prob-
immediately below the sketch in Fig. 1. From this lem within modest expelimental and computational
view, clockwise vorticity is accumulated on the right resources wvithout requiring extensive and expensive
half of the cross section and counterclockxvise vortic- facility investment. It was our good fortune that these
ity on the left half. The mixing enhancement con- virtues were also recognized by Dr. Julian Tishkoff,
tributed by the streamwdise vorticity mnlanifests itself AFOSH, to wxhom we are gratefil for both enthusi-
as the induced distortion of the hydrogen jet. The asmn and financial support.
progress of this distortion is sketched qualitatively in
Fig. 2 as it proceeds from the distribution ofvorticity,
as it exists immediately after the shock has passed Shock Tube Experiments
through the hydrogen jet, to the distortion induced
by this vorticity a short timne subsequent to shock A substantial portion of the experimental investi-
passage. Because the vorticity distribution is antisyvn- gation was performed in the Galcit 17-inch Shock
metric about the vertical axis, the velocity field is an- Tube [5]. A smaller facility was utilized by Haas
tisymmetric also and the composition contours sym- and Sturtevant [6] in their study of shock interaction
msetric. The configuration is suggestive of a vortex wilth gas inhonsogeneities, and our initial work

pair and can be expected, in first approximation, to benefited substantially from their experience. As our
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(a) (b) (c) (d)

(e) 69(9) (h)

FIG. 3. Time sequence of PLIF images of the distortion and mixing of heliun jet after encounter with M, - 1.093
shock. (a) The initial jet, (b) 0.123 ins. (c) 0.273 ins, (d) 0.373 irs, (e) 0.473 ims, (f) 0.573 ms, (g) 0.773 ins and (h) 0.973
Ills.

investigation developed, however, a quite different ages at 0.123 and 0.273 ms after the encounter con-
and novel technique for introducing light gas was de- firm that the vorticitv deposited at the boundary rolls
veloped by Jacobs [7]. up into a distinct vortex pair, the individual lobes

These experiments utilized planar laser-induced moving apart extending the fine "umbilical cord" that
fluorescence (PLIF) in which helium was seeded joins them. From the viewpoint of mixing, the exten-
with a small amount ofbiacetyl, a gaseous fluorescent sion of the interfacial area and the thinning of the
dye [8], induced to fluoresce xvith a sheet of laser interfacial zone due to straining are the crucial items.
lihht. A laminar circular jet of helium was introduced Beginning xwith frame (d), 0.373 ms, a second lobe
into the lower portion of the test section and allowed develops, further extending the interfacial area. This
the jet to convect vertically upward x•ithin the view second lobe appears to mix much more rapidly than
of the window. A second opening was situated di- the original vortices, essentially disappearing by
rectl'x above the jet to collect the light gas and avoid 0.773 ms after the encounter. After 0.973 ms, the
accunulation of helium in the test section. A portion secondary lobes and the umbilical cord are thor-
of the helium was bubbled through liquid biacetyl, oughly mixed, but a remnant of the original vortex
seeding the helium \xith nearly saturated vapor. Us- persists. A simple estimate using the areas and inten-
ing a ratio of 10 parts pure helium to 1 part biacetyl- sities indicates that when the two lobes are first dis-
laden helium assured that the addition of biacetyl to cernible, the primary lobe contains about 60% of the
the helium stream vwould not increase the mixture helium, the secondary lobe containing the remain-
density by more than 10%. A flashlaissp-pumped dye der. After about I ins, the secondary lobe is com-
laser produced 100-nj pulses of 0.7-ps duration at pletely mixed and the primary lobe is about 40%
430 ns, finally providing a sheet of laser light that mixed.
bisected the biacctxl-seeded helium jet, illuminating One concern about the experiments employing the
a 1-imii-thick cross section. A complete description biacetyl dye has to do with the differences in diffu-
of the experimental arrangement is given by Jacobs sion rates of the relatively heavy biacetyl molecule
[7]. compared xvith that of helium. As a consequence, the

Figure 3 shows the PLIF images of the distorted diffusion component wi411 be underestimated. To dis-
helium cylinder, initially of 0.66-cm diameter, re- cern significant effects, Budzinski et al. [9] used Ray-
sulting from interaction with a shock of Mach mnu- leigh scattering, which differentiates between air and
ber 1.093, corresponding to a Mach wave in a com- helium through the very much larger scattering cross
buster having a throughflow Mach number of 6.0. section of oxygen and nitrogen compared with that
The false coloring, as indicated in the color bar, ex- of helium. As a result, the molar concentrations of
tends from white, representing the lowest fluorescent the species themselves may be followed without re-
intensity, to vellow, representing the highest. The im- lying upon a foreign tracer molecule, thereby provid-
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Vorticity

Pressure

a) 0.83 ms b) 1.09 ms c) 1.82 ms

FIn. 4. Computed density, vorticit,, and pressure contours, M, = 1.22. (a) t - 0.83 irs, (b) t = 1.09 ins, and (e) I =

1.82 ins.

ing a quantitative measure of the helium distribution G.J. Hendricks during the spring of 1987, have been
and mixing. The general course of the distortion and previously published only in part [12] but were es-
rolling tip process recorded by Jacobs is well con- sential in understanding the mixing phenomenon.
firmed. However, the extent of the diffusion zones is Figure 4 shows a sequence of composition (den-
somewhat greater than suggested by the PLIF im- sity) distributions from Hendricks' numerical calcu-
ages. lations for a Mach 1.22 shock passing over an initially

circular cylinder of helium in air. Because of its sym-
metrv with respect to the horizontal centerline, only

Computational Investigation the tipper half of the vortex pair is shown. The stages
of development in these three diagrams have been

An extensive computational program, undertaken selected to show the formation of the two lobes and
in parallel with experiments, provided both a guide their further development in correspondence with
to the experimental effort and determination of pres- the PLIF images in Fig. 3. Specifically, Fig. 4a cor-
sure and vorticity distributions that could only be responds approximately to Fig. 3d, Fig. 4b to Fig. 3e,
qualitatively inferred from the experiments. This in- and Fig. 4c to Fig. 3g. In the density distribution,
vestigation used a code that originated at the Naval one sees evidence of the tendency to form tvo lobes
Research Laboratory and employed the Flux Cor- beginning in Fig. 4a and quite developed in Fig. 4c.
rected Transport algorithm developed by Boris and Figure 4c illustrates the stretching of the rearwvard
Book [10] and Boris et al. [11]. lobe, but because diffusive mixing is absent, this lobe

In keeping with the use of slender body theory, does not disappear as in the PLIF images, but retains

the three-dimensional steady problem is replaced by its strong density boundary.
a two-dimensional unsteady problem. Further, the The mechanism of the process is clarified by ex-
computations employed an inviscid, nondiffusive for- amination of the pressure and vorticitv diagrams cor-
mulation, and consequently any diffusive component responding to the composition plots of Fig. 4. Quite
to the results is purely numerical. Although the use early in the development, Fig. 4a shows the vorticity
of an Euler code in this investigation suppresses to be moving to the forward position of the structure,
some features of the real process, it does calculate, and the closed contours of the pressure distribution
and indeed emphasize, certain structural features of suggest a well-formed vortex. The forward move-
the flow that are key to a deeper understanding of ment of the highly vortical portion is thus associated
the experiments. These calculations, carried out by with the motion of the corresponding vortex pair.
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Non Reacting Reacting

Fic. 5. Computed density contours for reacting and nonreacting flow: initial temperature 100,0 K, M2, 1.22.

The composition distribution of Fig. 4b shows the For this computation, the cylinder of hydrogen
distinct separation of the two lobes, and the corre- was situated in air at 1 atm and at the same initial
sponding vorticity distribution exhibits the continued temperature; the kinematic conditions were similar
differentiation between the vorticitv concentrations to both calculations and experiments that have been
on the two lobes. The pressure distribution empha- described. For hydrogen chemistry, eight chemical
sizes the vortex structure of the forward lobe, contin- species were followed (H2, H, 0,, 0, H20, OH,
uing to pull away from its trailing counterpart. The HO,, and H20) using the set of 37 reactions de-
final set of diagranms (Fig. 4c) shows the weak trailing scribed by Maas and Warnatz [15]. The details of the
"wake," which in plysical reality would be experi- formulation, including the determination of local

encing the diffusive mixing shown in the PLIF ima- transport properties, are described by Ton et al. [16].
ages. The vorticitv is now well formed into a relatively Figure 5 shows the rather striking dispersion of the
stable circular vortex structure. The pressure distri- density distribution by the reaction. Figures 5a, 5b,
bution shows this even more convincingly; the field and 5, the computations for nonreacting flow, cor-
of the forward portion is very much that of a classical respond approximately to Figs. 4a, 4b, and 4c of
vortex pair while the rear lobe has effectively van- Hendricks. The corresponding calculations for re-
ished dynainicallv. The reason for the longevity of acting flow (Figs. 5A, 5B, and 5C) show clearly the
the forward lobe is now quite clear; it has formed a "source effect" of the heat release, described in a
very stable stratified vortex and will maintain itself rudimentary way by Karagozian and Marble [17]. In
over a long period, mixing and dissipating relatively addition, those features observed in diagrams for
slowlv. From a mixing point of vies, it is interesting nonreacting mixing, due only to variation in compo-
to speculate on the merit of another disturbance to sition, are obscured here by those density variations
alter the flow before the vortex has stabilized, controlled by temperature. For example, the sepa-

Numerical calculations for reacting flow fields ration into two lobes (Figs. 5b and 5c), so evident in
have frequently been troubled by oscillations due to the nonreacting development, is largely obscured by"stiffness" associated with the differential equations the hot products outside the structure but may be
containing the chemical reaction terms. Recently, discerned by the darkest contours within the dia-
several methods have been advanced to avoid this gram.
difficult-\, one of which, the ENO (Essentially Non- A second important feature shouss by these com-
Oscillator') schemne [13,14], has been applied to putations is the effect upon the ignition and the en-
study the combustion of hydrogen in air for the prob- suing combustion processes of increasing the initial
lem we have been discussing. temperature from 1000 to 1500 K. At stages of de-
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velopment corresponding to Figs. 4a, 4h, and 4c at process is involved. The very rapid reaction subse-
each temperature, very significant differences are ev- quent to the time delay suggests that a considerable
ident in the point of ignition and the rates of flame amount of surface extension has taken place during
growth. It is evident that the higher temperatures in the time and that reaction has been suppressed by
the outer portions of the burning vortex are coun- the high straining rates involved in extending the hy-
teracting the stable stratification due to composition drogen-air interface. Recent analytical studies of the
that was observed in the nonreacting computations effect of strain rate on ignition support this interpre-
and experiments. Indeed, if this observation is valid, tation, and the straining rates in the experiments and
the contribution of combustion may go a long way computations described are well in the range to play
toward reducing the mixing and combustion times a role in the observed phenomenon.
for the forward-moving vortex pair.

Finally, from the viewpoint of combustor perform-
ance, the production and consumption rates of cer- Toward a Practical Injector
tain species are of interest. Figure 6 shows the time
histories of the concentrations of Ha and OH for each At this stage of the investigation, it appeared that
of the initial temperatures, their masses integrated the principle of shock-enhanced mixing through gen-
over the computational domain. The consumption of eration of streamwise vorticity had been well dem-
hydrogen shows clearly the ignition delay occurring onstrated, but its application in the harsh environ-
at the lower initial temperature, the subsequent rapid ment of a scramjet engine was yet another matter. It
reaction and consumption of hydrogen at a rate no was evident that some innovation was required, and
longer sensitive to initial temperature. The ignition a rudimentarv sketch of our concept is shown in
delay might be expected simply on the basis of tern- Fig. 7.
perature, but it seems likely that a more complex Air moves at a Mach number 6.0 parallel to the
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SIDE VIEW

f1 7
y FIG. 7, Sketch of wall-mounted

hydrogen injector utilizing shock-en-

END VIEW hanced mixing.

combustor wall, which, at one position, divides into establish locally high pressures that propagate into
alternating ramps and troughs; the air expands to a and upward through the hydrogen, driving it upward
higher velocity within the troughs but generates weak to create a recognizable analog of the shock-cylinder
compression waves above the ramps. The ramps also interaction studied in the shock tube.
serve as channels guiding the hydrogen jets to dis- Because the trough and ramp angles are very
charge into the chamber. At the point of discharge, small, this flow may again be analyzed as a two-di-
there is a shearing motion between the downward- mensional nonsteady one; computations were again
moving air and the upward-moving hydrogen, cre- performed by G. J. Hendricks. The computational
ating a vertical shear layer at the interface where the domain consisted of one geometric cycle parallel to
hydrogen and the air merge. This motion corre- the y axis in Fig. 7. The motion generated in the cross
sponds to a significant amount of streamwise vorticity plane, while the plane is still within the injector, was
at the hydrogen-air interface, and care must be taken modeled by stepping up the height of the ramps and
to insure that the shock enhancement augments stepping down the height of the troughs in time in-
rather than cancels this vorticity. At the point of hy- crements. Because of the pressure difference caused
drogen discharge, the combustor wall returns to its by the compression shock and the expansion wave,
original direction, creating a weak oblique shock in air flows from the top of the ramp, around the sharp
the air leaving each trough. These shocks, in turn, corner, and into the trough. These two corner flows
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overexpand and subsequently shock to move parallel Mach 6 High Reynolds Number tunnel at Langley
with the channel walls. Memorial Aeronautical Laboratory. Use of this facil-

Beyond the plane at which the injector ends, the ity gave us an opportunity to measure performance
restraints of the walls are removed so that the air and of the injector in a physical situation duplicating the
hydrogen are set in motion, relieving the pressure actual event in all ways except actual combustion.
difference previously existing across the injector The success of this effort was assured by the good
walls, and the oblique shock shown in the side view offices of Dr. Dennis Bushnell, who enthusiastically
of Fig. 7 is formed, causing an abrupt pressure in- supported the effort and more than once extracted
crease below it. In Fig. 8a, two injector widths down- us from bureaucratic tar pits, and by Ian Waitz, a
stream of the discharge, the shock wave generated in Caltech graduate student, who brought two vears of
the air at the lower part of the trough is seen prop- valuable experience at Langley.
agating upward. At the same time, the higher pres- The wind tunnel model, described in detail in
sure created under this shock is moving air under the Waitz [19] and Waitz et al. [20], was identical in con-
hydrogen and displacing it upward. Figure 8b, eight cept to the original design except for a spacing be-
injector widths downstream of the discharge, shows tween injector ramps of three injector widths rather
that the symmetric shock waves under the hydrogen than one. The most compelling reason for this
have reflected at the center point, further increasing change was that both initial experiments and com-
the pressure under the hydrogen and creating a ver-
tical jet that penetrates into the hydrogen flow, di- putations suggested that the flow of boundary layer
viding it into two halves and generating the vortex air from the compression ramps into the troughs was
pair corresponding to those observed in the shock sufficient to "soften" the compression shock at the

tube studies. The concept of creating a vortex pair in injector outlet. Because this would compromise the

the hydrogen flow and generating streamwise vortic- performance, the spacing between injector lobes was

ity is now clear [18]. By configuring the injector to increased by a factor of 3, greatly reducing the pos-

build a shock that penetrates under the hydrogen jet, sibility of boundary, layer contamination. The model

the shock then moves up through the hydrogen, pro- injectors were installed as inserts on the flat plate rig,
ducing an almost identical phenomenon to that gen- helium flowing into the individual injectors from a
erated in the shock tube. plenum supplied through the mounting strut sup-

With the guidance of such numerical studies, an porting the plate. Two geometrically similar injector
injector corresponding to that showvn in Fig. 7 was inserts were used in the experiments, one having an
designed and built for installation in the One Foot, injector height of 2.54 cm at the discharge plane, the
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Fic. 9. Experimental and computational contours of helium mass fraction. (a) Experimental, and (b) computational.

other having an injector height of 1.27 em. The de- the larger model provided better resolution for mea-
sirabilitv of two models resulted from the nmaximum surements in the near field.
allowable length of the model in the tunnel, and since To obtain a good estimate of the experimental mix-
the position downstream from the injector was mea- ing performance we should expect and to determine
su-ed in injector heights, the smaller model provided bounds on the range of densities and pressures to be
greater effective length of the mixing region while measured, a detailed computational study was un-
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1.20 lifting of the vortex pair appears to be computed with
reasonable accuracy. Finally, utilizing data from both

1.00 the full-size and half-size models, it is possible to
xo trace the decay of maximum helium concentration
o 0.80

0. along the flow path from the injector discharge to a
S0.40 point 26 injector heights downstream. These data are
0.40 -shown in Fig. 10; the different symbols identify from

which injector the data came. If we interpret this
0.20 final point of Fig. 10, at which 10% of the original

0.o0 helium concentration has been reached, in terms of
0.0o io.oo x_ 20.00 30.00 the full-size injector, the elapsed time at wind tunnel

conditions would be about 0.6 ms. At the flight con-
FiG. 10. Measured decay of maximum helium concen- dition proposed in the second section of this article

tration along flow direction: circles, full-size injector; and ("Origins of the Supersonic Combustion Problem"),
squares, half-size injector, this translates to a length under 3 m, a distance well

within the range of our initial goal for shock-en-
hanced mixing.

dertaken using the SPARK3D code [21], provided
by the Computational Methods Branch of NASA
Langley Research Center. This code allowed solution Concluding Remarks

for three-dimensional multispecies flows using Na-
vier-Stokes, energy, and species conservation equa- imian ment s on o ur injctor-mixer
tions. The results of these computations [20] show preliminary experiments on our injector-mixer
remarkable similarity with time development of the model, with hydrogen injection, were run in the Cal-
flow observed in the shock tube, including formation tech Piston Shock Tunnel, 1-5, with appropriate
of the vortex pair, the development of the trailing flight enthalpy levels and combustor Mach numhers.
lohes, and the motion of the strong vortex pair away Rayleigh scattering measurements of the OH radical

from the wall. y demonstrated ignition and indicated the vortex pair

Data acquired during the wind tunnel experiments formation and lifting found in the wind tunnel ex-

consisted of three-dimensional surveys by four rake- periments. And, although hypersonic flight has given

mounted probes: a composition prohe, a cone static ground to what some consider more relevant activi-
probeda pitote:cmp probe,andatotal tem rate prohe. s ties, this technology is here for its next incarnation!
probe, a pitot probe, and a total temperature probe.our honoree. Some
The positioning of the probe rake, the pressure and time ago, at the Leeds Symposium to he exact, Hoyt

temperature data, and the helium sampling were au- Hottel introduced me to his handsome young grand-

tomated. Helium concentration measurements were son intoduced me t h han tice young one

made with a composition probe (see Waitz [19]) son and told me he made it a practice to bring one

hased upon the response of a hot film anemometer of his grandchildren to each Symposium. Moreover,
asensorpon a binarygasmixture.n The erro r im aneoW he would continue attending so long as the supply of

concentration measurements was less than ± 3% grandchildren held out! Well, I think we can safely
conerntheratnge measure oents wseassume that supply to be exhausted, and so, in ad-
over the range of application. dition to continued good health and vigor, let us wish

Figure 9a shows experimental contours of helium him a plentiftl crop of great-grandchildren for future
concentration at two locations downstream of the Symposia!
larger, or full-scale, injector [20,22]. The experimen-
tal sampling grid is shown superposed on the contour
plot for x = 8. This experimental confirmation of the REFERENCES
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NAVIER-STOKES NUMERICAL SIMULATION OF SUPERSONIC
HYDROGEN-FLUORINE COMBUSTION IN CW CHEMICAL LASERS

M. ROTINIAN,° M. SHUR- AND M. STRELETS+

Chemical Gas Dynamics Laboratory
Federal Russian Scientific Center "Applied Chemistry"
14 Dobrolyabov ave., Saint Petersburg 197198, Russia

Results are presented of numerical simulations of nonpremixed supersonic combustion with an account
of nonequilibrium vibration energy exchange and stimulated radiation in the continuous-wave (CW) HF
chemical lasers with different fuel/oxidant mixing devices. The main goal of the study was to obtain better
insight into the mechanism of coupling between the processes in the combustion region (laser cavity) and
in the supersonic supply system (nozzle array). In order to take into account this effect, which is caused
by the upwind influence of the cavity processes on the nozzle array flow, a coupled one-domain approach
is used, i.e., a simultaneous Navier-Stokes simulation of both nozzle and cavity flows. The results of the
computations clearly show that coupling or, more exactly, the feedback mentioned above, is explained
mainly by the fuel and oxidant nozzle flows interaction due to propagation of the pressure disturbances
from one nozzle to another through the nozzle array base recirculation zone and subsonic part of the
nozzle boundary layers. It causes significant deformation of the mixing zone and flame configuration and
turns out to be crucial when the difference betxveen the nozzle exit pressure levels is large. In this case,
separation of the nozzle boundary layer may occur, which leads to the ignition of the mixture inside the
nozzle array. The results illustrate also the influence of the regime parameters and the design of the nozzle
array on the flow wave pattern, flame configuration, structure of the base recirculation zones, and the laser
output characteristics.

Introduction describe adequately the processes in the recircula-
tion zone in the nozzle array base region, which

The conventional, and the simplest, approach to might affect strongly the evolution of the supersonic
the numerical simulation of nonpremixed supersonic mixing layers and flame fronts in the cavity and con-
combustion chambers is based on the successive sequently control the combustion rate and the whole
computation of the supply nozzles flow and the mix- system efficiency.
ing/combustion flow, i.e., using the flow parameter The only possible way to describe all these phe-
values at the exit plane of the fuel and oxidant noz- nomena is, obviously, by using another, more so-
zles, obtained by the computation of the nozzle flows, phisticated, approach, based on a coupled simulation
as the inflow boundary conditions for the combustion of the flow in the domain of complex geometry that
chamber. The same is true for the supersonic contin- includes, along with the cavity region, the fuel and
uous-wave (CW) chemical laser, which is, in fact, a oxidant nozzles as well. Besides, probably only the
low-pressure supersonic combustion chamber with a full Navier-Stokes equations can provide an ade-
supply system realized as an array of Laval nozzles. quate description of the strong interaction of the
Irrespective of the level of the gasdynamic model complicated flow wave pattern, recirculation zones,
used for the laser simulation (one-diSensional [1], and boundary and mixing layers typical for the flows
parabolic [2], or the full Navier-Stokes equations [3- under consideration. As far as the authors are aware,
5]), such an approach does not permit description of the sole attempt to implement such an approach was
the upwind influence of the supersonic mixing and undertaken in Ref. 7, where an example is presented
combustion processes in the laser cavity on the noz-
zle flow, which may be of great significance in real- of the DF CW chemical laser flow calculation with

life devices [6]. In particular, without taking this in- the help of the APACHE code [8].
fluence into consideration, it is impossible to In the present work, apparently for the first time,

an analysis is performed, on the basis of the above
approach, of the flow fields and combustion pro-

*Head of Laboratory. cesses in the HF CW supersonic chemical lasers ,with
-Senior Research Scientist. different types of fuel and oxidant mixing organiza-
'Principal Scientist. tion (see Fig. 1). For the numerical solution of the
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governing Navier Stokes equations, we use a finite- N,

difference technique that has been developed during aPck/at + V (pVck) = -V'Jk + 3 tbkW,
the last several years in the Chemical Gas Dynamics S-1

Laboratory of the Federal Russian Scientific Center k = Ný + 2, N, (5)
"Applied Chemistry" [Compressibility Scaling
Method (CSM) [9-11]]. The main advantage of the N.,

CSM over the conventional numerical methods for p = pn/(RT), in 1 = 3 c./mk (6)
the compressible Navier-Stokes equations is the in- k1=
sensitivity of its computational efficiency to a wide-
range variation of the flow Mach number (from su- FLoek 1dy
personic M > 1 down to hyposonic M << 1 and jo 2
fully incompressible M = 0 flows). This feature of
the CSM is of great importance for the flows consid- k = 1, 2 ... , N,. (7)
ered because of their "multiscale" character, i.e., the
presence of supersonic, large subsonic, and recircu- Here N, is the number of transitions between the
lation zones. vibrational levels U of the exited hydrogen-fluorine

First, we present the governing Navier-Stokes molecules HF(U) (10 = 0i,1 .... N) that are consid-
equations and briefly dwell upon some specific fea- ered as the individual chemical species (their num-
tures of the chemical laser flow modeling connected bers are k = 1, 2 .... Nv + 1, respectively); N. is
with the description of the vibration relaxation pro- the total number of species; N, is the number of el-
cesses and stimulated radiation transfer. Then we ementary reactions including the processes of V-V
diseciss the results of some preliminary numerical ex- and V-T relaxation of the HF(t) molecules (these
periments, which were performed to evaluate the processes are considered as the individual reactions);
"depth" of the upwind influence of the exhaust con- tbk, are the chemical source terms for the species k
ditions on the supply nozzles flow. Finally, we de- in the reaction s; ck and mk are the mass fraction and
scribe the results of the numerical study of the mech- the molar mass of the species k; m, p, p, T, and H
anism of coupling between the processes in the are the molar mass, density, pressure, temperature,
combustion region and in the nozzle array, and dis- and total enthalpy of the mixture; h is the Plank con-
cuss the influence of the regime parameters and the stant; NA is the Avogadro number; ak, Ik, and vk are,
nozzle array design on the flow pattern and laser out- respectively, the optical gain coefficient, the inten-
put characteristics. sity, and the frequency of the radiation generated in

the P branch of the vibration-rotational spectral lines
of the HF(U) molecules (1) + 1, j - 1) - (1), j),

Governing Equations where j is the rotational quantum number deter-
mined taking into account the so-called '7-shift" ef-

The Navier-Stokes equations for the 2D multi- fect [1,6].
component chemically reacting, vibrationally non- The quantities ?, q, and Jk in Eqs. (2) through (5)
equilibrium gas mixture flow, which are used for the are the viscous stress tensor, the heat flux vector, and
description of the processes in the HF CW chemical the diffusive flux vector for species k in the multi-
laser nozzles and optical cavity, may be written in the component gas mixture, respectively.
following form: The integral equations (7), the so-called steady-

state lasing conditions for the laser with a plane-par-

dp/dt + V- (pV) = 0 (1) allel-mirrors cavity [6], are used for the evaluation of
the radiation intensities Ik, since the optical gain co-

tpV/dt + V" (pVV) = - Vp + V - (2) efficients ak in these equations depend implicitly on
1k. Finally, Lop, in Eq. (7) is the length of the optical

6(pH - p)/dt + V (pVH) path, and r, and r2 are the resonator mirrors reflec-
tivities.

N, The system (1) through (7) is supplemented by the

= -V'q + V'(f V) - 3 akI (3) equations for the determination of the diffusive
k- 1 fluxes Jk (the so-called Stephan-Maxwell equations),

which were solved by an efficient (without matrix in-
Cr+ version) algorithm [12].

Etpck/dt + V' (pVck) = - V WJI + 3 k For the numerical solution of the governing equa-
•- tions, an implicit nonlinear-upwind second-order fi-

nite-difference scheme of approximate factorization
+ (m11/hNa)N(akkI/vk - aa kIkII/vk-1), based on the CSM approach [9-11] was used, cou-

pled with an efficient fully implicit algorithm of the
k = 1, 2 ... , N0 + 1 (4) radiation intensities calculation [4].
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Results of Preliminary Numerical Experiments 91nov I OUT

As has been already mentioned, the simulation of -.

nonpremixed supersonic combustion in the CW a r. FR2
chemical lasers, generally speaking, requires the
computations to be performed in the domain of com- F 2,, --- 'P---• hl, DOMAIN

plex geometry that contains not only the mixing and O F. ,,-
combustion zone itself, but the supply fuel and oxi- RD

dant nozzles as well. However, one can expect that
the upwind influence of the supersonic mixing and
combustion processes on the nozzle flow is tangible
only in some limited neighborhood of the nozzle ar- ,.
ray exit plane. If the "depth" of this influence is not b O -HF

too large, the computational costs might be de-
creased significantly. That is why a set of special pre- COMPOTATTOA .OMAIN

liminary numerical experiments was carried out for F.___ ______

the evaluation of the minimum size of the nozzle ar-
eas that have to be included in the computational
domain in order to achieve the main goal of the pre-
sent work, that is, to describe adequately the feed-
back between the processes in the combustion zone O-. ."
and in the supersonic supply system. These experi- I, F

ments included calculations of the chemically none- CoMPOTATIO. DOMAIN

quilibrium F + H2 + DF + He mixture flow in the
nozzles in a wide range of the wall pressure value
Pout, prescribed at the nozzle exit plane, and model- FIG. 1. Schematic of the flow and computational do-
ing the variation of the exhaust conditions and there- mains for the lasers with (a) two-slot nozzle array; (b) three-
fore the strength of the upwind influence of the laser slot nozzle array; (c) wedge-shaped fuel injectors placed at
cavity processes on the nozzle flow.

The results of these numerical experiments (some the exit plane of the oxidant mono-nozzle.
of them can be found in Ref. 11 and are not included
here because of the space limitations) show that, in
the range of practically meaningful Psut values (2 torr
ý- Post -• 30 torr), the influence of this parameter on

the nozzle flow does not exceed the supersonic (di- for different designs of the nozzle array are shown in
vergent) part of the nozzle even in the case of a highly Fig. 1. It should be mentioned that, taking into ac-
overexpanded regime of the nozzle performance count the periodic nature of the flow under consid-
when a developed separation of the nozzle boundary eration, these computational domains include only
layer occurs. Hence, the numerical simulation of the the area between the symmetry planes of two neigh-
supersonic combustion in the cavity of the CW boring fuel and oxidant nozzles.
chemical lasers, as well as in any other similar su-
personic combustors, may be organized as follows.

At the first stage, the independent computations Results and Discussion
of the fuel and oxidant nozzle flows should be carried
out with the "soft" (extrapolating) outflow boundary Within the framework of the above strategy, the
conditions for all the flow variables including pres- simulation of the supersonic hydrogen-fluorine com-
sure ("nominal" nozzle flow regime). The flow pa- bustion in the laser cavity was performed for three
rameters, determined at this stage for some cross see- types of mixing devices presented schematically in
tions in the supersonic parts of the fuel and oxidant Fig. 1. Though the finite-difference grids used in the
nozzles close to their throats, can be used as the in- calculations (see Fig. 2) are relatively coarse, it was
flow boundary conditions for the Navier-Stokes shown that they provide for an acceptable resolution
equations at the second stage of simulation, i.e., of both the subsonic parts of the nozzle array bound-
while computing mixing and combustion processes ary layers and the base recirculation zones that is
in the cavity. crucial from the standpoint of the goals of the present

Exactly this two-stage approach was employed in study. They also permit virtually grid-independent
the present work. The corresponding configurations results to be obtained for all the laser output char-
of the computational domains used at the second acteristics.
stage for the coupled computation of the flow in the The kinetic model of the processes in the oxidant
supersonic parts of the nozzles and in the laser cavity nozzles included the gas-phase finite-rate recombi-
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F FiG. 3. Photograph of the flow pattern in the laser cavity
F2  (a), and comparison of the numerical and experimental
He- data on the flame configuration (b) and (c): (b) computed
DF field of the total HF mass fraction HF, = Y HF(t); (c)

H2 •enlarged fragment of (a).

FIG. 2. Typical finite-difference grids used in computa- reported till now have been for the integral laser out-
tion. put parameters.

Figure 3 illustrates the correspondence between

nation of the fluorine atoms and their catalytic re- the experimental data and the numerical prediction
combination on the nozzle walls, of the flame configuration in the laser cavity obtained

For the description of the finite-rate hydrogen-flu- in the present work. The white regions in the photo
orine chemistry in the cavity, the kinetic model [6] (see Fig. 3a and its enlarged fragment, Fig. 3c) are
was used, which included the so-called "cold" and obviously the hydrogen-fluorine flame fronts ob-
"hot" pumping reactions F + H2 = HF(o) + H (V tained in the experiment. Corresponding computa-
= 1, 2, 3), H + F 2 = HF(o) + F (0 = 1, 2 ..... tional results are presented in Fig. Sb in the form of
6), the reactions of dissociation-recombination, and the contours of the total HF mass fraction CHF (the
the reactions of V-V and V-T energy exchange with white region in this picture is the line of the CHF
the participation of the vibrationally excited mole- maximum values, which may be treated as the com-
cules HF(19). The total number of the elementary putational flame front configuration). One can see
reactions taken into account was 165, and the total that the agreement between the experiment and the
number of the species was 13 [H, H2, F, F 2, He, DF, numerical prediction is rather good, which demon-
HF(1u) 0 •< 1) -u 6]. strates the validity of the approach used here. It

All the computations were performed using a local should be emphasized that, when using the conven-
choice of the CSM preconditioning parameter in ac- tional, uncoupled approach (the successive compu-
cordance with the local Mach number value (see Ref. tation of the nozzle flows and combustion in the cav-
11 for more details) coupled with a spatially varying ity), it turned out to be impossible to achieve even a
time-stepping strategy. The steady-state solutions qualitative correspondence of the numerical and ex-
(five orders of magnitude drop of the maximum re- perimental data on the flame configuration. Thus,
sidual) were obtained in 200-1000 iterations, the only the coupled computations of the nozzle array
CFL values being equal to 3-5. This required 1-10 flows and mixing/combustion processes in the laser
h on PC AT 486/66M1I-z. cavity provide a realistic evaluation of the local char-

acteristics of the flow in the laser cavity.
Two-Slot Nozzle Array (Fig. ]a): This conclusion is confirmed by the results of the

numerical experiments presented in Fig. 4, which
This type of mixing device was used in the first elucidate also the mechanism of the feedback be-

constnictions of the CW chemical lasers [6], so it is tween the processes in the laser cavity and in the
the most studied device. Nevertheless, even for this nozzle array. In these experiments, the hydrogen
relatively simple case, the only successful predictions supply pressure value PH,) was varied in a wide range,
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FiG. 4. Influence of the hydrogen supply pressure p, on the cavity flow pattern for the nozzle array with the hydrogen
and fluorine nozzles throats 0.4 and 0.45 mm, expansion ratios 4.5 and 11.0, and fluorine nozzle supply pressure 0.12
MPa: (a) and (b) p,0 = 0.24 MPa; (c) through (e) p,,, = 0.008 MPa; (a) and (c) pressure contours; (b) and (d) HF mass
fraction contours; (e) the fragment of the velocity vector field in the vicinity of the nozzle array base; (f) fluorine nozzle
exit pressure profiles; dashed curve is the sonic line.

while the oxidant supply pressure was kept constant, zone, and the laser output power, which decreases
From comparison of the pressure fields in Figs. 4a sharply at low pH0 values.
and 4c and the pressure profiles in Fig. 4f, it is seen
clearly that, in spite of the same boundary conditions Three-Slot Nozzle Array (Fig. ib)
at the inlet of the oxidant nozzle for both presented and Wedge-Shaped Fuel Injectors Placed
cases, the flow wave pattern near the wall at the vi- at the Exit of Oxidant Mono-Nozzle (Fig. dc):
cinity of the exit plane of the oxidant nozzle for these
cases is rather different, or in other words, it depends These types of HF CW chemical lasers are known
significantly upon the value of the hydrogen supply to have significant advantages over the conventional
pressure PH0. This is obviously explained by the pres- design considered above, from the point of view of
sure disturbances propagation from one nozzle to an- the manufacturing technology and/or operational
other, through the base recirculation zone and control. The present work seems to be the first at-
through the subsonic part of the nozzle boundary tempt at Navier-Stokes simulation of the flows in
layer. For the flow under consideration, this effect such lasers.
turns out to be important, since the boundary layer Figure 5 illustrates the complicated flow structure
at the nozzle wall is rather thick as a result of the low and the space distribution of the HF mass fraction
Reynolds number value, typical for the CW chemical in the neighborhood of the nozzle array exit for the
lasers. laser under consideration. When analyzing these re-

At some point, the difference between the oxidant sults, one can see that, unlike in the case considered
and fuel nozzles exit pressures becomes large enough in the previous section, the combustion in the three-
to induce the separation of the hydrogen nozzle slot laser cavity starts at a rather long distance down-
boundary layer (see Fig. 4e). In this case, fluorine stream from the nozzle array. This is caused by the
penetrates into the separation bubble, which causes effect of the intermediate helium jet and results in a
ignition of the mixture and starts the combustion di- long lasing zone, typical for the three-slot laser. Also,
rectly inside the hydrogen nozzle (see Fig. 4d). This, varying this jet parameter, it is possible to control
in turn, leads to significant deformation of the mixing efficiently the combustion processes and hence the
zone and turns out to affect crucially the flame con- laser performance. It should be mentioned also that
figuration, the structure of the base recirculation the combustion in such lasers occurs in the region



18 SUPERSONIC COMBUSTION

F, F2

14eD

H2  b f

H F

FIG. 5. Typical flow pattern for the three-slot laser; dashed curve is the sonic line.
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FIG. 6. Hydrogen supply pressure pH,, and distance between hydrogen injectors h effect on the flow field in the laser
with Mach 5 oxidant mono-nozzle (hydrogen nozzle as in Fig. 4): (a) through (c) pressure field; (d) through (f) HF mass
fraction; (g) the fragment of velocity vector field in the vicinity of injector base; (a) and (d) Pn,, = 0.2 MPa, h = 4 mm;
(b) and (e) p,,, = 0.025 MPa, h = 3 mm; (c), (f), and (g) p,, = 0.008 MPa, h = 4 mm; dashed curve is the sonic line.

where the pressure gradients caused by the interac- neighboring hydrogen injectors on the local flow
tion of the shock waves become much weaker than characteristics and combustion processes for this
in the entrance region of the cavity. This obviously type of nozzle array. The distinguishing feature of the
permits the optical quality of the laser beam to be flow pattern presented in these pictures is the inter-
increased drastically. action between the bow oblique shock, symmetry

The last mixing device considered in the present plane, rarefaction fan generated by the obtuse angle
work is an oxidant mono-nozzle with a system of of the injector, and combustion zone. This interac-
wedge-shaped hydrogen supersonic injectors placed tion results in the formation of a complicated dia-
at its exit plane. Such a design is much easier to man- mond-shaped system of shock waves, whose intensity
ufacture than the two previous designs. Besides, it depends strongly upon the value of the hydrogen
permits the viscous losses in the supply system to be supply pressure, and leads to a significant distortion
reduced significantly. of the flame front. As to the combustion processes/

Figure 6 illustrates the influence of the hydrogen supply system flow feedback and the effect of the fuel
supply pressure level and the distance between the and oxidant nozzle flows interaction, their mecha-
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nism is exactly the same as discussed above for the tween the numerical predictions and experimental
two-slot nozzle array. In particular, just as in that data on the flame structure in the laser cavity, espe-
case, the separation of the boundary layer in the by- cially for regimes with the supply nozzle boundary
drogen nozzle can be induced by the pressure dis- layer separation.
turbance propagating from the high-pressure oxidant
flow through the injector base region, which leads to
the ignition of the mixture inside the injector (see REFERENCES
Figs. 6f and 6g).
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from the pressure field presented in Fig. 6c. 6. Handbook on Chemical Lasers (R. W. F. Gross and J.

F. Bott, Eds.), Wiley Interscience, New York, 1976.
7. Rapagnani, N. L., and Lankford, D. W., AIAA Paper

Conclusions No 81-1135, 1981.
8. Ramshaw, J. D., and Dukowicz, J. K., APACHE: A

Numerical study of nonpremixed supersonic com- Generalized-Mesh Eulerian Computer Code for Mul-
bustion in continuous-wave HF chemical lasers with ticomponent Chemically Reactive Fuid Flow, Los Al-
different fuel/oxidant mixing devices, using the cou- amos National Laboratory Report No LA-7427, 1979.
pled Navier-Stokes simulation of the mixing/coin- 9. Strelets, M. Kh., and Shur, M. L., U.S.S.R. Comput.
bustion region and supersonic supply system, has Math. Math. Phys. 28(1):165-173 (1988) (translated
permitted elucidation of the mechanism of the feed- from Russian).
back between the processes in the laser cavity and 10. Kuznetsov, A. E., Strelets, M. Kh., and Shur, M. L.,
nozzle array. It is shown, in particular, that this effect U.S.S.R. Comput. Math. Math. Phys. 31(2) (1991)
is caused by the upwind influence of the mixing/coin- (translated from Russian).
bustion processes on the nozzle array flow, and by 11. Shur, M. L., Seventh International Conference on Nu-
the fuel and oxidant nozzle flows interaction due to merical Methods in Laminar and Turbulent Flow,
the propagation of the pressure disturbances from Pineridge Press, Swansea, Wales, 1991, pp. 1526-
one nozzle to another through the nozzle array base 1536.
recirculation zone and subsonic part of the nozzle 12. Strelets, M. Kh., and Shur, M. L., Seventh Interna-
boundary layers. The coupled approach provides for tional Conference on Numerical Methods in Thermal
correct description of these effects, and thus permits Problems, Pineridge Press, Swansea, Wales, 1991, pp.
significant improvement of the correspondence be- 858-867.



Twenty-Fifth Symposium (International) on ComnbstiorTlhe Combustion Institute, 199
4/pp. 21-27

NUMERICAL SIMULATION OF SUPERSONIC MIXING AND COMBUSTION
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Universitilt Stuttgart, 70550 Stuttgart, Germany

Problems of hydrogen mixing and combustion in supersonic air streams are numerically investigated.
An implicit lower-upper (LU) scheme is used for solving the full, averaged, two-dimensional Navier-Stokes
and species transport equations. For turbulence closure, a two-equation low-Reynolds-number q-co tur-
bulence model is employed. While the chemical source terms are treated fully coupled with the fluid
motion, the conservation equations for q and to are integrated in a decoupled way. This is done by the
same LU algorithm as for the main flow equations. The combustion process in chemical nonequilibrium
is based on a 20-step, 9-species finite-rate chemistry model. Because of the short residence times of the
gas in supersonic combustors, the kind of hydrogen supply is very important for combustion process. This
paper investigates hydrogen injections axial to the main stream at subsonic, sonic, and supersonic injection
velocities. In addition to an optimal mixing that is strongly influenced by the shear layer behind the injector,
it is important that the main stream remains supersonic. This results in a diverging geometry that com-
pensates for the increase in boundary-layer thickness and rise in temperature due to combustion. There
is also a strong interaction with shock waves, which often induce subsonic regions. The turbulent shear
flow of hydrogen and air enables the gases to interpenetrate and can improve mixing.

Introduction hydrogen, are responsible for a good combustion. Be-
cause diffusion is dominated by turbulent effects in

With increasing interest in air-breathingpropulsion such regions, not only chemical kinetics but also the
systems for hypersonic flight, the demand on CFD turbulent transport coefficients are of great impor-
(computational fluid dynamics) in this field also is tance. For finite-rate chemistry modeling, we used a
growing strongly. This tendency is emphasized by the 9-species 20-step hydrogen-air reaction scheme [4].
lack of experimental test facilities that are able to treat
combustion problems in high-speed flows. The phe- Governing Equations
nomena in supersonic combustion are quite compli-
cated and include a variety of problems, each of which Reactive flows are treated using the averaged com-
alone is already difficult to treat in CFD. These are, pressible Navier-Stokes and species transport equa-
for example, complicated shock structures that have tions. Because the continuity equation is included in
to be resolved, shock-wave boundary-layer interac- the set of governing equations, only Nk - 1 different
tions as well as turbulent mixing and combustion, species transport equations have to be considered if
Therefore, there is a need for reliable experimental Nk is the total number of different species. For the
data to calibrate the CFD codes. At lower Mach num- density p and the pressure p, conventional time av-
bers, it is easier to perform experiments to validate nu- eraging is used, while for the remaining variables we
merical codes that can be extended to predict flow use mass-weighted averaging. For simplicity, the bar
structures at higher Mach numbers. In this work, tur- and tilde notations have been omitted from averaged
bulence-combustion interactions are not treated yet. variables. Expressed in Cartesian tensor form, the
In addition to the need for an exact description of tur- modeled transport equations are as follows.
bulent effects in compressible flows, the numerical Continuity:
stability and economy are also very important. This
was the reason for using a two-equation low-Reyn- 6 3
olds-number q-wo turbulence model [1]. We have - + p (ruj) = 0 (1)
shown previously [2] that this turbulence closure is su- 6
perior with respect to stability and economy to other
two-equation low-Reynolds-number models. Similar Momentum:
results have been reported by others [1,3]. In this pa-
per, cases are investigated that are dominated by mix- (Pui---) + dp +
ing shear flows, both sub- and supersonic. These mix- 6t + -o -- p (r) i = 1,2
ing layers, and the diffusive transport of oxygen and (2)

21
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Energy: (lower-upper symmetric Gauss-Seidel) method is
used, both for the main flow and the turbulence

3(pE) 3 3 transport equations [5,6,2]. The chemical source
+ - (-j[pE + p]) = (uirij - qj) (3) terms are treated implicitly and fully coupled with

the fluid motion. Because the LU scheme leads to

Species: block diagonal operators, it is also fully vectorizable
in the implicit part. This is a great advantage, espe-

( 3 cially if reactive flows, which often have a large num-
+ p(__ + Yi) (pitiYi) + wi (4) ber of species conservation equations, are treated.

61i ( ) -For high-Reynolds-number flows, it is often suffi-
cient to use only the inviscid Jacobians in the implicit

where uo are the velocity components, E is the spe- operator, even if the full Navier-Stokes equations are
cific total energy, zij is the stress tensor, Yi is the mass treated. Low-Reynolds-number turbulence models
fraction, and ivw the chemical source term of species require very fine grids in near-wall regions. Here it
i, due to chemical reactions. The heat flux vector qj is advantageous also to include the viscous Jacobians
due to conduction and diffusion is given by in the implicit operator. We use a simplified form

3T Nk that is based on the thin-layer Navier-Stokes equa-

qJ= -6T -}- + Y hk Ykj,k (5) tions [6]. The numerical scheme has proven to be
k = s efficient and very stable. Because central differences

are used in the explicit part, we had to add some kind
and the diffusion velocities 3 jk are calculated using of artificial dissipation. This is done by a second- and
Fick's law by fourth-order matrix dissipation [7,8,9,10]. In contrast

to the ordinary scalar dissipation where every equa-
3 tion is scaled by the spectral radius of the inviscid

Yk j,k = - Dk,,, - Yk (6) Jacobian, every equation is scaled here by an individ-
ual value to allow the reduction of artificial dissipa-

Gradient transport is involved for modeling the tur- tion.

bulent correlations in the heat flux vector. The tur-
bulent transport coefficients are calculated using the
turbulent Prandtl and Schmidt numbers, which are Turbulence Modeling
both taken as constants of 0.9 [5]. The Boussinesq
approximation is used to relate the turbulent Reyn- To close the averaged Navier-Stokes equations,
olds stresses to the main strain rate. With this ap- we investigated three different turbulence models,
proximation, the stress tensor ri = r + cT is cal- as follows: an algebraic Baldwin-Lomax model [11],
culated from a low-Reynolds-number k-e model with wall func-

tions from Launder and Sharma [12,13], and a two-

(ui &j 2 &k 2 equation low-Reynolds-number q-wo model devel-
- (P + P -+ , 6xj - ; pk3Ji oped by Coakley [1,14,15]. For high-speed flows andsupersonic combustion, we have chosen the q-c)

(7) model because of its good numerical stability and
economy. In contrast to many other two-equation

where r, is the molecular stress tensor, zT is the low-Reynolds-number turbulence models, the q-wo
Reynolds stress tensor, and k is the turbulent kinetic model is numerically very stable and shows good con-
energy. The closure of this system of averaged equa- vergence rates comparable to the algebraic Baldwin-
tions is achieved by the low-Reynolds-number q-co Lomax model. This is achieved by the way in which
turbulence model. In addition, we assumed ideal gas the low-Reynolds terms are modeled.
for our calculations. While we have not obtained converged solutions

with the k-a model for wall injection at high total
pressure ratios (between the injected stream and the

The LU-SGS Algorithm main flow) [2], this problem vanishes using the q-wo
model. In our calculations as well as in calculations

The governing equations are discretized by means of Coakley [15], the accuracy is comparable to that
of a finite-volume method that facilitates the appli- of the k-e model. In addition to its much better nu-
cation in general curvilinear coordinates. The pro- merical behavior, this closure is also advantageous as
gram is held in a block structured form to allow for it may be started with constant free-stream values of
a coupling of different computing domains. Every q and wo. A complicated calculation of initial profiles
block itself has to consist of a structured grid. All is not necessary. These features may be of increasing
calculations in this paper are performed with a two- value in future three-dimensional (3D) calculations.
block grid. For time integration, an implicit LU-SGS Instead of the turbulent kinetic energy k and the
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dissipation rate a, the q-w model uses q = s= k 206,9

and co = S2 = A/k as turbulent transport variables.
The modeled governing equations are given by -Air •-

6(psi)
6t &i---x

(Pus, - + pu) L)= Hpoas, i = 1,2. 22,72 '1

(8) FIG. 1. Geometry of test eases 1 through 4 (sizes in mm).

With the divergence of the velocity field 9 and the It = min(2.5y,q/wo), wo = q/l4. (15)
strain invariant SF

The second modification is a compressibility correc-
= - (=.l b11 2+2 (9) tion to improve predictions of shock-wave boundary-

=V &x / 3 layer interactions that results in a new multiplicator
for the dilatation term (C23 = 2.4). In a detailed

we can express the turbulent source function by study [17], we have investigated the effects of these
corrections and have obtained the best agreement

( (10) with experimental data if both corrections are used
Hi = Cil (Cfi -)2 Ci3 - Ci. (0) simultaneously.

Whilef 2 = 1 is a constant, the eddy viscosity damp-
ing functionjf Results

f 1 = I - exp(- 0.022 RT) (11) The numerical code has been investigated at dif-
ferent test cases with and without combustion

depends on the turbulent Reynolds number RT = [2,9,17,10]. Calculations of shock-induced premixed
pqy/,u, which itself depends on the distance y from hydrogen-air combustion agree very well with those
the wall. The turbulent Reynolds number takes a of other researchers [9]. For comparison with exper-
value of one in fully developed turbulent flow, while imentally obtained data, we have calculated the Bur-
it approaches zero in laminar regions or within the rows-Kurkov mixing and combustion experiment in
viscous sublayer [16]. The damping function for the which pure hydrogen is injected at a wall step axially
to equation C21  to the main stream. In our results, the diffusion pro-

cess seems to be too slow in comparison to the ex-
C21 = 0.5fl + 0.055 (12) periment [17], but the overall agreement is good.

One reason for the remaining discrepancy may be
has a finite value even if fi approaches zero. From the use of a constant turbulent Schmidt number of
the calculated values of q and co, the eddy viscosity 0.9, which might be too high for the diffusion of by-
is calculated by drogen in vitiated air. Libby and Williams [18] re-

2q ported that, for binary mixtures of gases with large
-U = C f _ (13) and small molecular weights, the turbulent Schmidt

o) number may be as small as 0.25.

The constants of this model are [15]. Mixing Investigations:

Cl, = 0.5, C22 = 0.833, C,3 = 2/3 Mixing of hydrogen axially injected to the main

a, = 0.8, a2 = 2.0, C- 0.09. stream is investigated for different injection condi-
tions and geometries. The assumed configurations

(14) correspond to experimental studies that have been
started at the ITLR. The channel geometry for the

This standard model has been modified by two cor- first four cases is shown in Fig. 1. Hydrogen is in-
rections [15]. The first one is to improve the predic- jected through the blunt end of a central body that
tion of the surface heat transfer and results in a lim- simultaneously serves as a nozzle for the main flow.
itation on the turbulent length scale It (in our We start the calculation at the smallest cross section
calculations for y' :5 20). We have used this as a with sonic conditions. Downstream, the air acceler-
constraint for the variable to ates up to flow Mach numbers of about 2. The blunt
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TABLE 1
Inflow conditions for the air at the smallest cross section

Air main stream p (bar) T (K) Ma Y(, YN,

cases 1 through 3 and 5, 6 1.53 241 1.0 0.2336 0.7664
case 4 1.53 1450 1.0 0.2336 0.7664
cases 7, 8 3.0 1400 1.0 0.2336 0.7664

TABLE 2
Injection conditions for the hydrogen

Hydrogen case 1 case 2 case 3 case 4 case 5 case 6 case 7 case 8

p (bar) 0.5 0.36 0.57 0.65 0.6 0.47 1.6 1.6
T (K) 270 240 240 540 240 240 1200 1200
Ma 0.47 0.84 1.0 1.0 1.0 1.2 1.0 1.2

end of the central body has a height of 3 mm and a total pressure, which is averaged by the mass flow for
wall thickness of 0.25 mm. Because of the injection every cross section and is related to the value at the
and the wall thickness of the injector lip, we get a flow entrance. The better mixing efficiency and the
system of shocks and expansion fans that has a strong larger loss in total pressure for case 3 result from
influence on the flow behavior. Tables 1 and 2 show the larger difference between the flow velocities
the flow conditions for air in the smallest cross see- of the hydrogen jet and the air. If we further increase
tion and for hydrogen at the injector, respectively, the total pressure ratio between the hydrogen and
The last two calculations include combustion. For the incoming air above values of about 0.4, the shocks
cases 1 and 2, hydrogen is injected at subsonic con- induce large subsonic regions, or the flow is totally
ditions with different Mach numbers but with about subsonic as in case 4. For further calculations (cases
the same total pressure. This results in nearly the 5 and 6), we have opened the channel at the end of
same flow fields. For constant total pressure, the var- the central body with an angle of 1.50. Again, a var-
iance in static pressure and Mach number is of minor iation of static pressures and Mach numbers at a con-
influence. Figure 2 shows pressure contours for case stant total pressure results in nearly the same flow
1. Because, with the exception of the central body fields. The divergent channel geometry now corn-
wall thickness, there is no divergence in the channel pensates for the increase in boundary-layer thickness
cross section, the flow speed of the hydrogen remains and losses due to shocks, and the flow is everywhere
subsonic at the channel center. Shocks and expansion supersonic.
fans are reflected at the subsonic region near the
channel center. The highest values of the turbulent Combustion Investigations:
intensity are obtained at the corners of the blunt end
of the central body. In this case, the hydrogen is in- A similar channel with a total length of 21.2 cm
jected with about the air stream velocity, which is and an opening angle of 5' is used for the combustion
disadvantageous for the mixing. In case 3, hydrogen investigations. The divergent part of the channel
is injected at sonic conditions and with an increased starts 9.2 cm behind the smallest cross section. The
static pressure of 0.57 bar. Now a supersonic flow inflow and injection conditions for these cases (7 and
behind the injector appears, but, as a result of the 8) are given in Tables 1 and 2. The wall temperature
reflection of the shock waves at the channel walls, a is assumed to be Tw = 700 K. The calculated pres-
small normal shock at the channel center is formed, sure, Mach number, and temperature contours for
resulting again in subsonic regions (Fig. 3). However, the upper channel part are shown in Figs. 6 through
the flow is now supersonic at the channel end. Figure 8. We can observe that the combustion starts about
4 shows the mixing efficiency for the channel cross 5.5 cm downstream of the blunt end of the central
sections. This parameter is defined as that part of the body. In front of the ignition zone, an oblique shock
hydrogen mass flow that could react with available is formed in the upper part and a normal one in the
oxygen in relation to the total hydrogen mass flow. A lower. Therefore, a small subsonic region again ap-
second performance parameter shown in Fig. 5 is the pears behind the normal shock (see Fig. 7). With the
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FIG. 2. Pressure contours of case 1.
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FIG. 3. Pressure, Mach number, and H2 mole fraction contours of case 3.
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Length x (m) channel cross sections.

beginning of the divergent part, the flow accelerates, vergent channel part. The subsonic region does not
and the combustion process is supersonic. In a fur- disappear. Because of the stronger expansion, Mach
ther calculation, we tried to reduce the size of the numbers of about 2.6 appear at the channel end. The
subsonic region and have increased the channel constant cross section of the first channel part is used
opening up to an angle of 7.5', hoping that a stronger as a flame holder. If the channel is opened directly
expansion could have an upwind influence on the at the central body end, it is more difficult to find an
subsonic region. Although not shown here, the re- optimum angle that allows the reactions to start and
sults in this case are nearly the same up to the di- the flow to remain supersonic. The mass fraction con-
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FIG. 6. Pressure contours of
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and OH mass fractions of case 7.

tours of H2, H20, 02, and OH are shown in Fig. 9. YH2 = 0.36 at x 9 Cm to YH2 = 0.26 at x = 20
The OH distribution reveals a very small reaction cm.
zone, but it has to be considered that the total length
of this channel is only 2 1 cm. For the divergent chan- Conclusions
nel part, the mixing efficiency shows only a small
nearly constant hydrogen fraction that is able to re- With the same geometry, an increase in injection
act. The maximum H2 mass fraction decreases from total pressure results in better mixing, caused by
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THE INFLUENCE OF EQUIVALENCE RATIO AND SORET EFFECT
ON THE IGNITION OF HYDROGEN-AIR MIXTURES

IN SUPERSONIC BOUNDARY LAYERS

LUIS FERNANDO FIGUEIRA DA SILVA AND BRUNO DESHAIES

Laboratoire d'Energctique et de Ddtonique-URA 193 an CNRS-ENSMA
Site du Futuroscope, B.P. 109, 86960 Futuroscope Cedex, France

As a result of viscous heating, spontaneous ignition of a supersonic flow of premixed combustible gases
can occur in boundary layers. In a previous numerical study, the main structure of the reacting flow related
to this specific type of ignition was given in the case of a laminar boundary layer of hydrogen and air
developing over a flat plate.

To complete the first mapping of the ignition as a function of the boundary conditions, we present in
this paper the results of a specific study of the influence of the equivalence ratio of the mixture on ignition.
The equivalence ratio is found to modify the chemnical induction time in the boundary layer as follows: (1)
in a direct way, (2) via the dependence of the wall temperature on the composition. Because of these
combined effects, the minimum induction length is obtained for unusually lean mixtures. As it modifies
local composition, the Sorkt effect is also found to change the boundary-layer induction length.

Introduction equivalence ratio will be found to affect the indue-
tion length via the sensitivity of the chemical induc-

It can be expected that, within boundary layers tion time to both equivalence ratio and boundary-

developing in supersonic flows of premixed combus- layer temperature, the latter being also a function of
tible gases, viscous dissipation heating can result in composition. As a consequence, the minimum in-
an ignition of the mixture. duction length is found at very lean equivalence ra-

A mapping of the critical conditions that ignition tios.
requires is of great importance for practical systems Moreover, the inclusion of the diffusion of species
such as scramjet engines and ram accelerators. In due to temperature gradients (Sorkt effect), that also
particular, some working regimes of the ram accel- contributes to a modification of the local composition
erator seem to be partially controlled by a boundary- is found to substantially change the induction length

layer ignition along the projectile [1]. It is thus es- in the case of H2-air mixtures.
sential to understand the basic underlying physical
mechanisms controlling boundary-layer ignition, in
order to (1) prevent undesirable effects such as the Mathematical Formulation of the Problem
slowing of the projectile by an early ignition along
the forebody, and (2) control efficient ignition in the As shown previously, both from the point of view
superdetonative mode. of an order-of-magnitude analysis [2,4] and from a

In a previous work [2], we have identified the basic comparison with two-dimensional full Navier-Stokes
features of viscous-dissipation-controlled ignition calculations, classical boundary-layer approximations
within a supersonic H2-air laminar boundary layer remain valid for a multicomponent reactive gas when

developing over a flat plate. A first mapping of the the flow is supersonic. Under such an assumption,
influence of the external flow (temperature and the conservation equations for total mass momen-

Mach number) and wall conditions on the ignition tum, energy, and species read as follows [5]:

length that can be associated with such boundary-
layer ignition was given. This problem has recently +Pu +PV (1)
been addressed by Im et al. [3] in the framework of ax dy
an overall chemical reaction and asymptotic analysis.

In the present paper, additional computations are ou du ap d... a 0
performed to further specify the nontrivial influence Pu ± + dx d -- dp/'
of the mixture equivalence ratio of the external flow

and of the Sorkt transport effect on the critical ig- dp = 0 (2)
nition parameters and on the induction length. The ay

29
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FIG. 1. Fields of temperature and mass fractions of H2 and HO2, in the (x,y) plane, freestream conditions T = 400
K, M = 4, 0s = 1, p, = 0.1 MPa, adiabatic plate, with Sorkt effect.

aT aT ap a (,' aT0 Kee et al. [6,7]. Thermodynamic and transport prop-
pucl ax + pvcP ay au x ay ay) erties are calculated as functions of local values of

temperature, composition, and pressure [8]. The
K aT U)2 a K equations above are discretized in the physical space

- I Py Yk cp -ky + _1I -- k h(kc (3) by finite differences and solved by a modified New-
1=i ay ay k- ton method. Such a calculation procedure is based

on the one provided by Kee et al. [6,7,8] and is de-aYk aYk a scribed in our previous work [2,4]. Initial conditions
ox + aOV = y (PYkVk) for the calculation are the compressible boundary-

+ tOk k = 1. K (4) layer velocity and temperature profiles [2,9]. The
boundary conditions used are fixed freestream con-

SfT ditions for the external flow and adiabatic, noncata-p = pRT EYk. hk = ho, +~ cp~T (5) lyric wall. Consistent with the boundary-layer ap-

k__1 Mk' proximation, the static pressure for all the
calculations is fixed at 0.1 MPa.

In these equations, classical terminology is em-
ployed. We will retain in the expression for the rel- Brief Recall of the Structure of Combustion
ative velocity Vk only transport due to species gra- within a Supersonic Boundary Layer:
dient (Fick's law) and temperature gradient (Sorer For sufficiently high freestream Mach numbers,
effect) [5,6]: and for an external flow in which the temperature

remains low enough for the mixture to be chemicallyS1 aXk Dt Ok 1 OT
Vk = - -k + + Vc (6) frozen, viscous heating may become sufficiently large

Xk ay Xk T ay for the mixture to start reacting within the boundary
layer.

where Vc is a correction velocity [6,8]. The chemical A first study of the structure of the reacting flow
production rates are expressed in the form of Arrhe- in the boundary layer in a case where such ignition
nius laws. Results presented in our previous work and development of the combustion process occurs
[2,4] show that, for some flow conditions, the induc- is given by Figueira da Silva et al. [2]. As illustrated
tion length value can be dependent on the choice of in Fig. 1, where the fields of temperature and mass
the chemical kinetics scheme. The present calcula- fraction of H02 are plotted, three regions can be
tions will be performed on the basis of the chemical identified within the flow along the streamwise di-
kinetics scheme (9 species, 18 reactions) given by rection:
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1. An induction region, where the heat released by 2500 1 10.6
the chemical process remains very small com- - H CP
pared to viscous heating and the structure of the -air

boundary layer is quite similar to the correspond- - 0P.
ing nonreactive one. 2ý2000 -0.5

2. A thermal runaway region, where a rapid increase .2.
of the heat released by the combustion process, m "
and thus of temperature, is observed. This in- .,
crease in temperature goes with a thickening of 01500 - . 0.4 .
the boundary layer. Q

a)
3. An oblique flame region, corresponding in Fig. 1 ".

to the maximum of HO 2 mass fraction, which de- - ------------------
velops from the thermal runaway region and is 1000 0.30.5 1.0 1.5 202.5 3.0
positioned at the outer edge of the boundary Equivalence ratio (1)

layer, thus separating the external flow of un-

burned mixture from the boundary-layer flow of Fin. 2. Specific heat at constant pressure and Prandtl
burned gases. number for an H,-air mixture as a function of the equiva-
Both the critical conditions for boundary-layer ig- lence ratio, T = 300 K.

nition to occur and the spatial extent of the induction
region are sensitive functions of the temperature
reached in the induction region and therefore, for Influence of the Equivalence Ratio
given wall boundary conditions, of the external flow on the Temperature at the Early Beginning
Mach number and temperature. of the Boundary Layer:

The temperature at the wall in the induction re-
Results and Discussion gion is dependent on the viscous dissipation heating,

and thus on the freestream flow conditions of tem-

The process that fixes the induction length of the perature and equivalence ratio, which also determine
chemical kinetics in the boundary-layer ignition is a the transport properties across the boundary layer.
result of the competition between the induction time Since the chemical heat release remains very small,
of the mixture within the boundary layer, and both temperature is fixed as in a nonreactive supersonic
streamwise convection and transverse transports. boundary layer by a balance between viscous dissi-

Therefore, it can be, in a crude approximation, re- pation, thermoconductive heat transport, and
lated to the product of the characteristic chemical streamwise convection. This temperature is given in

time and a typical velocity of the flow (for instance, a first approximation, assuming constant c,, by [9]

the freestream velocity fh = u," rCh). The chemical
time is a function of both the equivalence ratio and T = T=. + PFr 2u
of local pressure and temperature. At the beginning 2cp
of the boundary layer, the temperature (for instance,
the wall temperature) is essentially fixed by viscous = TJ1(+ FPr- M2). (7)
heating. Therefore, the chemical time at the begin- 2
ning of the boundary layer depends on the equiva-
lence ratio in two ways: (1) as an explicit function, This relation shows that an increase of the temper-
and (2) via the corresponding change of the wall tem- ature in a boundary layer will be obtained, at fixed
perature at the beginning of the boundary layer, velocity of the external flow, by decreasing c and/or
since, as shown later on, viscous heating is also a increasing the Prandtl number, while, at fixed Mach
function of the equivalence ratio. number, a temperature increase is only related to an

We will first investigate the change of the wall tem- increase of the Prandtl number. Figure 2 shows that
perature as a function of the equivalence ratio and increasing the equivalence ratio results in a decrease
Mach number of the flow. The corresponding vari- of the mixture's Prandtl number and in an increase
ation of the induction time at constant pressure of of the specific heat at constant pressure. Thus, in
the mixture will be computed and the expected in- accordance with Eq. (7), increasing the equivalence
duction length compared with the results obtained ratio at fixed M, and T. always results in an decrease
with the boundary-layer calculation, of the wall temperature, as illustrated in Fig. 3.

In all the calculations, the induction length is taken Figure 3 also shows a comparison between the
to be the distance along the plate where the H20 temperature at the wall in the beginning of the
mass fraction reaches 10% of its final equilibrium boundary layer, calculated from the above relation
value. The induction time is defined similarly, using the values of cp and Pr given in Fig. 2, and the
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FIG. 3. W'all temperature as a function of the equiva- FIG. 4. Induction time of the chemical kinetics as a func-

lence ratio as calculated by the boundary-layer code and tion of the equivalence ratio for different initial tempera-

the approximate relation (7), T_ = 700 K, Mý = 2.5. tures, p = 0.1 MPa.

temperature calculated by the boundary-layer code responding change of the wall temperature. We an-

in a chemically frozen multispecies medium. The ticipate that, in this range, the increase in the chem-

complete calculation leads to a smaller temperature ical induction time observed for 4' < 0.2 affects more

than the approximate computation. This discrepancy drastically the ignition characteristics in the bound-

is due to the increase in cp that goes with the increase ary layer.

in temperature through the boundary layer. Such a It can therefore be expected that the combined

change of cp is taken into account by the boundary- effects of the equivalence ratio on both wall temper-

layer calculation, while the use of Eq. (7) requires ature and characteristic induction time will lead to a

the assumption of a constant cp (taken to be equal to nontrivial behaviour of the induction length.

its value in the freestream flow). Even if the differ-
ence between the two computed temperatures is The Influence of the Equivalence Ratio
found to be small (-60 K), it should be already no- on the Induction Length:
ticed that it may lead eventually to a drastic change
in the evolution of the induction length. In Fig. 5, the wall temperature profiles are shown

for different equivalence ratios, 4P = 0.5, 1, and 2,

Influence of the Equivalence Ratio on the Induction and for freestream temperature and Mach number
Time of a Constant-Pressure Thermal Explosion: of T. = 400 K, M, = 5, respectively. It is clear that,

for these compositions, the lower the equivalence ra-

The induction time of a constant-pressure thermal tio, the shorter the induction length. Such a behav-
explosion (Semenov explosion) is a function of initial iour is independent of both the Mach number and
pressure, temperature, and equivalence ratio of the the freestream temperature for the three aforemen-
mixture. At a given pressure and equivalence ratio, tioned equivalence ratios. This is illustrated in Fig. 6
increasing initial temperature is a way to decrease the where the curves giving the boundary in the (MT.)
induction time. For given initial pressure and tem- plane for which ignition is obtained on a 10-cm plate
perature, the induction time for H2-air mixtures has are plotted. In these cases, the predominant effect
minimum value around an equivalence ratio of 0.8. on the induction length is the increase of wall tem-
Such a result is shown in Fig. 4, where we have plot- perature with the decrease of equivalence ratio that
ted the induction time for the thermal explosion goes with a decrease of the chemical induction time.
problem as a function of the equivalence ratio for the Such reasoning is correct as long as the change of
initial temperatures of 1100, 1200, and 1300 K. the characteristic chemical induction time is con-
These temperatures are in the range of those found trolled by the equivalence ratio via the wall temper-
in the boundary layers we study. We can also see in ature. This is no longer true when, for very lean
this figure that only a very small variation of the in- mixtures, the explicit dependence of the character-
duction time is evidenced in the range of equivalence istic chemical time with the equivalence ratio exhib-
ratios 0.2 < js < 2. Therefore, the major effect of its a very rapid change, as is described in the preced-
the equivalence ratio on the typical induction time ing section (cf. Fig. 4).
in the boundary layer will be provided by the cor- In order to clarify this point, we have plotted in
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alence ratios of 0) = 0.5, 1, and 2, p- = 0.1 MPa, with and FIG. 7. Boundary-layer induction length divided by the
without inclusion of the Sorkt effect. freestream velocity and induction time calculated at the

initial wall conditions as a function of the equivalence ratio,
for M, = 2.5, T, = 700 K, p = 0.1 MPa.

Fig. 7, as a function of the equivalence ratio (4)), the
boundary layer (b.h.) induction length divided by the
freestream velocity (ei/u-) and the induction time (ti) the flow freestream velocity. Moreover, both curves
for the thermal explosion problem in which the initial have minima around 4) - 0.2 and the same overall
temperature is that of the wall of the corresponding behaviour, which indicates that the chemical induc-
nonreactive boundary layer. Freestream conditions tion time (ti) calculated at the initial wall conditions
for the boundary-layer computation are M. = 2.5, largely influences the ratio ei/u.. The latter param-
T. = 700 K, and p. = 0.1 MPa. We can see in Fig. eter is always smaller than ti. This difference can have
7 that, in the limit of very small equivalence ratios two origins: (1) the choice of the velocity u-, which
(0) < 0.2), the induction length increases as -P de- is larger than the velocity experienced by the reacting
creases, although the wall temperature increases (as flow within the boundary layer, and/or (2) the trans-
explained above). This is due to the steep increase in verse transport effects that on one hand evacuate
the chemical induction time for very lean H2-air heat from the boundary layer but on the other hand
mixtures that occurs, at a fixed initial temperature (cf. feed the reaction zone near the wall with fresh un-
Fig. 4), for 4) < 0.2. It is also observed in Fig. 7 that burnt reactants. As a consequence, the accuracy of
the chemical induction time calculated using the the prediction of the values of fi/u- by calculating ti
nonreactive wall temperature gives an upper bound can be expected to depend on the Lewis number of
for the ratio between the hI. induction length and the mixture.
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.... =. induction length can be predicted only on the basis
IVu 05 H2-air, p_=O.l MPa of a simple calculation of the thermal explosion time.

l.5E-4 1
1/ =1.0 It can be noticed that (1) increasing the freestream

.20 Mach number leads to an increase in the boundary-
)7.520-5 layer thickness, which shields the ignition region

E .. 0=1.0\ from transverse molecular transport, and (2) increas-
"- "0ing the velocity of the flow should lead to an increase
=5.0E-5 •', ,,of the overestimation by u- of the reference velocity.

u"'\',0OK Since closer values of tj and f i/u, can be found when=• T \;. T =400 K
"- - =70 -- . increasing M_, mechanism (1) must be the predom-

2.5E-5 T_=700 K inant one.

_ _ _ _The Influence of the Sor&t Effect
2.5 3.0 3.5 4.0 4.5 5.0 5.5 on the Induction Length:

Mach number M_, The Sor~t effect, which is the diffusion of species

FIG, 8. Induction time calculated at the initial wall con- due to temperature gradients, is known to play a sig-
ditions and boundary-layer induction length divided by the nificant role in H2-air combustion as a result of the
freestream velocity as a function of the Mach number, for presence of species of different molecular weights.
the equivalence ratios of 0.05, 1, and 2, p. = 0.1 MPa. More specifically, this effect modifies the diffusion

velocity of the light species H and H2, which tend to
concentrate on the hot regions of the flow. In the
case considered here of a supersonic boundary layer

To determine the exact origin of the difference over an adiabatic plate, a strong temperature gradi-
between ti and fi/u-, we have plotted in Fig. 8 the ent exists between the plate and the freestream. This
ratio Cinu, for equivalence ratios of 0.05, 1, and 2 as results, for a fixed equivalence ratio of the mixture of
a function of the external flow Mach number, and the external flow, in an increase of H 2 mass fraction
the chemical induction time t1 for the thermal explo- near the wall, and therefore of the equivalence ratio,
sion, taking as initial temperature the correspon- as can be seen in Fig. 9. In this figure, we present
ding wall temperature. It should be noticed that, as the fields of H2 mass fraction in cases computed with
the freestream Mach number increases, the ratio and without inclusion of the Sor~t effect.
(ehi)j/ti approaches unity, thus indicating that the In Fig. 10, we show plots of temperature and mass
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FIG. 9. Fields of H, mass fraction in the (x,y) plane, freestream conditions T_= 400 K, M_ = 4, 0/ = 1, p, = 0.1
MPa, adiabatic plate, with and without inclusion of the Sor~t effect.



IGNITION OF HYDROGEN-AIR MIXTURES IN SUPERSONIC BOUNDARY LAYERS 35

3000 1I 1 0.25

T(K) 0=1 T-=400K, M=4 yl

r------- ------------------ 0.20
2500- __with Sorkt effect ; ,

without Sorkt effect - -

i ," - 0.15

2000 -

0.10

1500

0.05
----- 0 FIG. 10. Temperature and H20

mass fraction profiles at the plate
1000 ----------- -with and without the Sor6t effect, T.

10005 10 15 x(c = 400 K and M_ = 4, p, = 0.1
x m) MPa, adiabatic plate.

9.0 haves as a decreasing function of the equivalence ra-
H2-air, T_=700 K, M=2.5 tio. This is illustrated in Fig. 11, where the boundary-

o 8.0 - layer induction length corresponding to the ease M.
= 2.5, TL = 700 K, and p. = 0.1 MPa, already

7.0 with Soret effect presented above, is plotted as a function of the equiv-
walence ratio, both with and without the Sorbt effect.

. 6.0 - As illustrated in Fig. 9, a second consequence of

the Sorbt effect is the presence of unburned hydro-

0.0 , wihout Sore gen in the vicinity of the wall.
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Experimental data shows that under certain conditions, measured detonation velocities exhibit deviations
from theoretical values computed according to the Chapman-Jouguet (CJ) model. The purpose of this
paper is to investigate why in some circumstances such deviations occur. A Zeldovitch-von Neuman-Doring
model (ZND) taking into account the specific chemical kinetics of the mixture enables us to identify a
critical parameter: the effective chemical reaction length. This parameter is mainly related to the chemical
composition of the reactive mixture. It is shown that the ratio of this parameter to the dimension of the
tube where the velocity measurements are carried out can explain deviations from ideal values. This simple
model has been applied to a series of existing experimental data characterized by such deviations. Different
initial conditions, namely, (1) mixtures near detonation limits, (2) low initial pressures, and (3) mixtures
containing halogenated hydrocarbons, are investigated. All data show that the velocity deficit, ADc., is an
increasing, but not necessarily linear, function of the ratio reaction length/dimension of the tube, d,,di,,,1..
To support this statement, a detailed one-dimensional numerical computation has been performed, taking
into account both nonstationary hydrodynamics and detailed chemical kinetics. These computations end
up with a detonation wave traveling at the ideal Chapman-Jouguet velocity. This suggests that the deviation
from the CJ values ought to be explained by parameters taking into account the relative size of the
surrounding of the detonation wave; d,,,/,,,Id is such a parameter.

Introduction perimental detonation velocity differs under certain
conditions from the theoretical value. An overview

Detonation is a particular mode of propagation of of experimental conditions showing important veloc-
a chemical reaction front. Chapman and Jouguet in- ity deficits is given in Ref. 2 and more recently in
dependently developed a steady model that is able Ref. 3. In the present paper, the following mixtures
to predict the propagation velocity of a detonation are investigated: (1) hydrogen-oxygen mixtures near
wave. According to this model, the wave velocity is the detonation limits [4]; (2) H 2 , CO, 0 2, and Ar
only dependent on the physical and chemical prop- mixtures at low pressures [5]; and (3) hydrogen-ox-
erties of the reactive mixture, i.e., pressure, temper- ygen-argon mixtures containing halogenated hydro-
ature, and chemical composition. This first model has carbons (CF3 H) [6]. Although many parameters in-
been extensively tested on experimental data, and an fluencing the structure of the detonation wave have
excellent agreement is obtained, when correct ther- been put forward, no theory provides a quantitative
modynamic values are used for the reaction products method for computing a detonation velocity different
[1]. The Zeldovitch-von Neuman-Doring (ZND) from the Chapman-Jouguet value. On the other
model refines the Chapman-Jouguet (CJ) one by di- hand, the multidimensional character of detonation
viding the detonation wave into a shock wave and a waves has been clearly established, both experimen-
chemical reaction zone, while maintaining the as- tally [7] and through numerical computations [8,9].
sumption of a stationary model. Despite the general The multidimensional structure leads to the forma-
good validity of this one-dimensional model, the ex- tion of detonation cells, whose dimensions play a ma-

37
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jor role in shaping the detonation front. Although sis of the profiles enables us to define two main param-
numerical modeling, taking into account detailed eters: a characteristic of the chemical kinetics, i.e., the
chemical mechanisms and multidimensional geom- induction time, t ind, and the effective reaction time,
etry, exists [10], the computation of a detonation ve- trea. No precise definition for both parameters exists,
locity by a model capturing both aspects is still at the and the following criteria have been used. The induc-
limit of present computation power (especially for tion time is the time necessary for the reactive mixture
complex reactive mixtures). The purpose of this pa- to increase its temperature by 20 K. This definition is
per is to identify a computed parameter related to consistent with the idea that the induction period is
the discrepancies between experimental detonation thermoneutral. The reaction time is the period during
velocities and the Chapman-Jouguet values. In the which the chemical reaction takes place. The reaction
first section, stationary ZND computations are car- ends when the chemical composition reaches equilib-
ried out for different reactive mixtures, and a relation rium. Since pressure and temperature continuously
is established between the transversal dimension of change in the detonation wave due to both chemical
the tube and both the induction and the reaction and aerodynamic effects, it is ambiguous to character-
lengths. In the second part, detonation velocities are ize chemical equilibrium from the species density
computed using a one-dimensional nonstationary nu- profiles. We may define reaction time as the time nec-
merical model, including a full set of chemical equa- essary to reach the equilibrium free energywithin 1%.
tions to better quantify the influence of the chemical On the other hand, the fact that the flow is choked at
mechanism on the steady detonation velocity, the sonic plane leads to another definition of the effec-

tive reaction time: the time required to reach the sonic
plane. We therefore define the effective reaction time

ZND Model as the time at which chemical equilibrium is achieved
(within 1%) or the time at which the flow becomes

The ZND model we use is the classical set of al- sonic, whichever comes first. We also define the in-
gebraic equations describing the flow field coupled duction and reaction lengths, dind and drea as the in-
with a complete set of ordinary differential equations duction and reaction time multiplied by the average
describing the reaction mechanism of the mixture detonation velocity, respectively.
studied. The equations are as follows: ZND computations have been performed for var-

ious reactive mixtures according to available data. We
pu = plul (1) successively study (1) H2 -O2 mixtures at different

fuel ratios, (2) H2-CO-O2-Ar mixtures at different
P + Pu2 

= P1 + p1oU (2) initial pressures, and (3) H2-02 -Ar mixtures with var-
iable amount of CF3H. Existing experimental data

u 2 2" AH (3) related to these cases are summarized in Table 1. The
thermodynamic data used are from the JANAF ta-

doj n bles [12].
d - I kj Ak PTe -EkIRT 17 q, (4) A typical calculation starts with the theoretical von

dt k-1 Neumann values for the physical quantities and the
CJ velocity for the value of ul in Eqs. (1) through

where p u, P, H, ni, 4j, Ak, T, t, Ek, and vkj represent (3).
the density, relative velocity of the gas in a frame
fixed to the detonation wave, pressure, total enthalpy, H-Oa Micture Approaching the Rich Limit:
molar concentration of the ith species, stoichiometric -

coefficient, pre-exponential factor, temperature, The computation is carried out with an H2 -0 2 mix-
time, activation energy, and order of the reaction, re- ture at initial pressure and temperature of 0.1 MPa
spectively. The index 1 refers to the initial conditions, and 298 K, respectively. This reactive system has one
while no index is used to describe an arbitrary point in of the most simple kinetic mechanisms, which is cur-
the detonation wave. Indexes i andj refer to species, rently well established. The mechanism proposed by
index k to the kth chemical reaction. The ideal gas law Westbrook [13] is used in our computation and in-
is assumed and a temperature dependent specific heat cludes the following species H2 , 02, H, OH, 0, H20,
capacity is used to calculate the enthalpy. The set of and HO2. For the H2 -0 2 system, several experimen-
Eqs. (1) through (4) can readily be computed by a tal data are available. In most circumstances, good
time-step splitting technique, i.e., alternatively solv- agreement is found between experimental detona-
ing the algebraic Eqs. (1) through (3) by a Newton- tion velocities and the CJ values. However, near the
Raphson scheme and the differential Eq. (4) by the se- detonation limits, deviations from CJ values arise.
lective asymptotic integration method [11]. The time Near the lean limit (around 17% H2 ), a very rapid
step is adapted by the latter method. The integration deviation from the CJ detonation velocity is noted
provides the stationary profiles for all physicochemi- resulting ultimately in detonation failure [4]. Near
cal quantities behind the detonation front. The analy- the rich limit (around 90% of hydrogen), the phe-
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TABLE 1
Theoretical CJ detonation velocity and deviation, of the experimental velocity from the CJ value in percent

Mixture (1) % H 2  Dc' (mis) ADcj (%)b

H2 /O, 66 2818 1.6
P = 100 kPa 80 3408 2.0
T = 298 K 85 3638 5.0

87 3720 6.0
88 3755 7.0

Mixture (2) P (kPa) D,, (m/s) AD,, (%)'

H 2/CO/O 2/Ar 33.3 1629 3.7
3.3/30/16.7/50 26.7 1623 4.5
T = 298 K 20.0 1615 5.4

13.3 1603 7.3

Mixture (3) % CF 3 H D,' (im's) AD,, (%) zDc0 (%)d

H2/0 2 /CFH/Ar 0.0 1874 2.3 4.6
33.3/16.7/x/50 - x 2.5 1895 1.7 3.3
P = 26.7 kPa 5.0 1913 1.9 3.7
T = 298 K 7.5 1930 1.75 3.7

10.0 1945 1.5 3.6
12.5 1959 - 4.6
15.0 1970 2.3 -

20.0 1987 3.5
25.0 1996 3.9

-Calculation of the deviations are based on experimental data from mixture (1) [4], mixture (2) [5], and mixture (3)

[6].
b Cylindrical tube.
I Rectangular tube.
d Square tube.

nomenon is similar but less abrupt [4] (Table 1). This fraction equal to 3.3, 30.0, 16.7, and 50.0). We use the
observation is investigated here, focusing on the in- same kinetic mechanism as before. Chemical rates
fluence of the effective reaction time and length. Ta- specific to the CO mechanism are added, according to
ble 2 gives the calculated induction and reaction Westbrook [13]. Experimental data for the low-pres-
lengths for different mixtures ranging from the stoi- sure system are provided by Libouton and Van Tig-

ehiometric composition to the rich detonation limit gelen [5]. Since pressure has only a limited influence
(fuel mole fraction equal to 66, 80, 85, 87, and 88%). on the equilibrium composition of the burnt gases, the
The table shows an increase in both induction and CJ detonation velocity remains quasi constant over
reaction lengths near the limit. This can be readily the whole pressure range (13-33 kPa). Experimen-
explained by the Arrhenius type of mechanism, tally, however, an increasing deviation from the ideal
which states that the reaction rate is proportional to CJ detonation speed is observed when the pressure
the product of the concentrations of the reactants. drops (Table 1). Table 2 shows an increase in both in-
When the concentration of the limiting species, in duction and reaction length, when the pressure drops
this case oxygen, is lowered, an overall decrease in from 33.3 to 13.3 kPa. The increase is similar to the
reaction rate is observed. This explains the long in- previous case. A decrease in pressure yields an equiv-
duction and reaction lengths but does not explain alent decrease in the concentrations of the reactive
deviations from CJ velocity, species, and thus, the reaction rate drops according to

the Arrhenius equation.

H2-CO Mixture at Low Pressure: Mixtures Containing Fluorocarbons:

Similar computations have been performed with The ZND computations have also been performed
reactive systems containing H2, CO, 02, and Ar (mole with a reactive system containing halogenated hydro-
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TABLE 2
Computed values of dr,,,, and d,,., for the mixtures studied

Mixture (1) % H, rl,,d (amm) dn, (mm)

11/02 66 0.20 0.60
P = 100 kPa s0 0.34 1.09
T = 298 K 85 0.72 2.40

87 1.16 4.27
88 1.40 6.19

Mixture (2) P (kPa) di,,d (mn) d,,,, (mim)

11,/CO/OAr 33.3 1.65 22
3.3/30/16.7/50 26.7 1.95 28
T = 298 K 20.0 2.90 44

13.3 4.50 80

Mixture (3) % CF3H d/i, (ram) dr., (rm)

H,/O,/CF3 II/Ar 0.0 0.79 8.0
33.3/16.7/`/50 - x 2.5 0.76 5.0
P 26.7 kPa 5.0 0.76 6.1
T= 298 K 7.5 0.80 4.5

10.0 0.85 5.7
12.5 0.90 8.5
15.0 0.90 11.8
20.0 1.18 24
25.0 1.50 50

carbons, namely, CF 3 H. This system has been exten- in the mixture. The conversion of CF 3 H interferes
sively investigated [14,6]. According to the CJ model, with the oxidation of hydrogen, from both a thermal
CF 3 H acts as a promoter for the detonation; i.e., the and a kinetic point of view [6]. But none of these
substitution of inert Ar by reactive CF 3 H results in aspects can fully explain the observations. When the
an increase of the detonation velocity (Table 1). Ex- mixture contains less than 15% of CF 3 H, the induc-
perimental data [6] in a rectangular tube of 9.2 X tion and reaction lengths vary little. For the cases
3.2 cm show the following behaviour. Without any above 15% of CF 3 H, both induction and reaction
CF3H, the detonation velocity approaches the CJ lengths increase. The increase is most pronounced
value by about 2%. When the CF 3 H content goes for the reaction length. Moreover, the global heat
from 0 to 15%, by substitution of Ar, the detonation release increases, accounting for an increasing det-
speed increases and a rather constant discrepancy in onation speed.
velocity is noticed (Table 1). When more CF 3 H is
added (up to 28%), an increasing deviation from the Discussion:
CJ value is observed. At a mole fraction of 30% of
CF 3 H, no detonation was observed for the consid- Increasing the fuel content, decreasing the initial
ered experimental conditions. In a small square tube pressure, or adding CF 3 H to a H 2 -0 2-Ar mixture in-
of 3.2 X 3.2 cm, a similar behaviour is observed. fluences the process of heat release in the same way.
However, in that case, the deviations from the ideal It results in increasing induction and reaction
CJ are larger, and no detonation can be recorded lengths. Moreover, the absolute values of both in-
beyond 12.5% of CF 3 H (Table 1). duction and reaction characteristics are quite differ-

In the present calculation, we use the same kinetic ent for the mixtures presented above. The H2 -0 2
mechanism as the one used for the oxidation of mixture has reaction lengths ranging from 0.6 to 6
HQ-CO. The steps to convert CF 3 H into CO 2 and mnm. This is one order of magnitude smaller than the
HF are described by Westbrook [15]. The mecha- values calculated for mixtures containing carbon
nism takes into account the following additional spe- monoxide. Mixtures containing CF 3 H are also char-
cies: CF 3 H, CF 3, CF 20, CF2, CFO, CF, CO, CO 2, acterized by relatively large values of difd and drea.
lIOF, FO, HF, F, and F2. Table 2 gives the induction This is directly related to the kinetic mechanism,
and reaction lengths for different fractions of CF 3H but discussion about the chemical mechanism does
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deviation from ideal CJ velocity is the reaction length
S 7 relative to the channel size. The actual relationship

i 6depends, however, on the specificity of the mixture
04 * I • i and the geometry of the tube. This leads us to con-

3 o* (2) sider that the velocity deficit cannot be attributed
S2 * •only to chemical effects. An interaction between

'1 "bl chemical characteristics and the geometry of the
0 00 tube can well account for it.

0.02 0.04 0.06 0.08 0.1 0.12 0.14 When the transversal dimension of the detonation
dind/dtubo tube is sufficiently large, the detonation cells can de-

FIc. 1. AD,,, as a function of d,,,2/d,,1,d for the mixtures velop freely, and the cell size is a characteristic of the

studied: (1) H2/02 near the rich limit in the cylindrical reactive mixture. The average detonation velocity is

tube, (2) H2 /CO/O2 /Ar at low pressure in the rectangular then close to the CJ speed. When the size of both

tube, (3a) H2/0 2/Ar/CF3 H in the rectangular tube, and the tube and the detonation cell are of the same or-

(3b) H2 /02 /Ar/CF3 H in the square tube. der of magnitude, the structure of the detonation
front is largely influenced by its boundary, and, to
some extent, the cellular structure has to adjust to

8 -the channel geometry. Only specific acoustic modes
7 * can propagate. The interaction between the geome-

6 try of the tube and the natural reaction length leads
5 >- ] to a reduction of the detonation velocity and, ac-
t' 4.° 1) cordingly, to an increasing deviation from the ideal

3A (2) detonation, resulting eventually in detonation failure.
2 0 |o 0a) A parameter closely related to d,.2 has been proposed

-1 -3b)] in Ref. 16, and a correlation has been established
0 0between this parameter and the critical tube diam-

0.2 0.4 dtube0.6 0.8 1 eter for detonation failure. In the limiting case of a
very large tube, no detonation velocity deficit should

FIG. 2. AD, as a function of d,.../d,, for the mixtures be observed. This has been established by Tsug6
studied: (1) H2/0 2 near the rich limit in the cylindrical [17]. This is also suggested by Fig. 2, where the de-
tube, (2) H,/CO/O,/Ar at low pressure in the rectangular viations from CJ approach zero as the ratio drea/dtle

tube, (3a) H2/02/Ar/CF3 H in the rectangular tube, and approaches zero. Note that a global influence of the
(3b) H2/O/Ar/CF3H in the square tube. kinetic mechanism did not vanish. The overall effect

of reaction rates is included in the parameter d,,.

not answer the question why deviations from the CJ
model increase. From a kinetic point of view, there Nonstationary Model
is no strong evidence that the gap between experi-
mental data and the CJ model should increase when The major drawback of the ZND model coupled
(1) the fuel content increases, (2) the pressure de- with a set of reaction rates is the assumption of steady
creases, or (3) CF 3H is added to the mixture, state and the requirement of an input detonation ve-

Figure I shows, for all mixtures studied, the devia- locity. Nonstationary models of supersonic reactive
tion from CJ velocity as function of the ratio dind/dltlbe, flow are described by the conservation equations for
where dtube is a characteristic transversal dimension of mass, momentum, total energy, and chemical species
the tube. For a cylindrical tube,.it is its diameter. In densities. Because of the speed of the phenomenon
the case of a square and rectangular tube, dtube repre- involved, one usually neglects relatively slow molec-
sents the channel width. Figure 2 shows the deviation ular phenomena like molecular and thermal diffusion
from CJ velocity vs the ratio drea/dtube, of chemical species, viscosity, and heat conduction

For the mixtures containing 112-02 and H 2-CO- [18]. The governing equations for a one-dimensional

0 2 -Ar, Figs. 1 and 2 show that the velocity deficit is model are

an increasing function of both ratios dind/dtube and
drea/dtube. For the mixtures containing CF 3H, no sig- -p _ apv (5)
nificant relation between ADcj and dind/(dtbbe is no- at ax
ticed (Fig. 1). Indeed, induction length varies little
when CF 3H is added. On the other hand, a relation apv apv2 aP (6)
between ADj and d,.,a/dt,,be is noticed on Fig. 2. at ax ax
The latter figure shows that an overall increase of
ADcj with drea/dt5 be exists for all mixtures studied. It aE aEv aPv (7)
suggests that the dominant parameter influencing at ax ax
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TABLE 3
Comparison between detonation velocity from CJ theory and one-dimensional nonstationary model

Mixture Composition P (kPa) D0 j (m/s) Di, (m/s) ADcj (%)>

(1) H,/0, : 85/15 100 3638 3658 0.5
(2) H,/CO/02/Ar: 3.3/30/16.7/50 20.0 1615 1603 0.7
(3) H,/O/,/Ar: 33.3/16.7/50 26.7 1874 1880 0.3

H0 /O/Ar/CF 3H: 33.3/16.7/35/15 26.7 1970 1990 1.0

'Relative deviation betveen D,1 and Di,,

- + ' V n (8) 3000

-~ =ý' A, QJHP kCI/RT
at ax k=i 20

where x, v, and E denote the space coordinate, the
velocity of the gas, and the total density of total en- ' 1000

ergy, respectively. The same equations of state, ther- '
modynamic data, and reaction mechanism are used 0'
as in the previous section. The set of differential 0
equations is solved using a time-step splitting tech- o.00oE+00 5.0oE-05 1.0oE-04 1.50E-04 2ooE-o4

nique. Equations (5) through (7) and the first term Uim (s)

of Eq. (8), i.e., the convective term, are solved using FIG. 3. Evolution of the detonation velocity as a function
the flux corrected transport algorithm developed by of time for mixture H/02/Ar/CF 3H: 33.3/16.7/35/15. Ini-
Boris and coworkers [19,20]. This monotone, con- tial conditions are T = 298 K and P = 26.7 kPa.
servative, positivity-preserving algorithm ensures
fourth-order phase accuracy and minimum residual
diffusion. The last term of Eq. (8), i.e., the change in
chemical species, is solved using the selected asymp- •
totic integration method developed by Young and co-
workers [11,21]. The algorithm identifies the stiff " -

equations for treatment with a stiffly stable method. j I - 1

The remaining equations are treated with a standard "
classical method. The algorithm is a very low-over- ' I
head method that is particularly efficient when cou- 0

pled with fluid dynamic calculation. The main time o.ooE+00 2.ooE+00 4.0o0+00 6.OOE+00 8.OOE+00 1.OOE+Ol

step is chosen according to the Courant number cri- distance (mm)

terion, and subcycling is performed for the chemical FIG. 4. Heat release curve computed according to the
part. The numerical grid is eulerian with constant ZND model and the one-dimensional model for mixture
numerical cell size. The Courant number we use is H2 /O/Ar: 16.7/33.3/50. Initial conditions are T = 298 K
equal to 0.35. To ignite a detonation wave, the cal- and P = 26.7 kPa.
culation starts as a diaphragm problem. A detailed
description is given by Boris et al. [17]. The velocity
of the developing detonation front is recorded up to given in Table 3 and compared to the theoretical one,
its stabilization. Dcj. Comparison between Did and Dcj shows no sig-

nificant deviations from the CJ value when a one-

Results and Discussion: dimensional nonstationary model is used. Transient
stages of the developing detonation wave always con-

The simulation has been performed on several verge to steady conditions. Figure 4 compares the
mixtures representative of the aforementioned ex- heat release curves obtained with the ZND model
perimental data. Table 3 gives the initial chemical and the one obtained with the one-dimensional
and physical conditions of the mixtures modeled. The model. Both curves result in an almost identical final
initial temperature for all mixtures is 298 K. A typical value. The sharp heat release curve in the nonsta-
example of the stabilization process of a detonation tionary model can be attributed to the limited spatial
wave is shown in Fig. 3. The asymptotic value of the resolution of the grid, which influences the coupling
detonation velocity Did is always close to the theo- between aerodynamic and chemical phenomena.
retical CJ value. The calculated values of Did are The one-dimensional model we use takes efficiently
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COMMENTS

Aris Makris, McGill University, Canada. It is surprising but the well-known diamond structure). Could you com-
to see the authors choosing to correlate the velocity deficits ment on this please?
they measured with the ZDN reaction zone length. Several
authors over the past decade (Moen et al., Laberge et al., Author's Reply. Three-dimensional effects are certainly
Makris) have successfully correlated the detonation veloc- major effects and must be taken into account to fully un-
itv deficit wvith the nondimensional ratio comprised of the derstand detonation phenomena. So far, very few 3D nu-
tube diameter and a dynamic parameter for the detonation merical simulations have been performed, and the cost in
length scale (i.e., cell size or critical diameter d,,). The ZDN CPU time does not allow (for the time being) sets of sim-
reaction zone does not correlate well with 2 or d,.. Why do ulations to be run to better understand the influence of
the authors use a length scale computed from a physically various physical (pressure) and chemical (stoichiometry,
unrealistic model to describe the very unstable and 3D additives, etc.) parameters. We agree with the comment
near-limit behavior, where velocity deficits are typically that one-dimensional calculations are, to some extent, "par-
measured for obstacle-free propagation, when established tial and incomplete." Nevertheless, such modeling still con-
practice makes use of a dynamic experimentally measured tains some useful information. Note that the one-dimen-
parameter? sional Cartesian model we used does not properly model

spherical detonations. The diverging effect of a spherical

Author's Reply. The purpose of the work is to correlate geometry should be taken into account by using spherical

velocity deficits with computed parameters and not with coordinates. Since it is not the case here, our calculations

an experimentally measured parameter. The correlation must be related to detonation in tubes.

mentioned in the question requires performing experi-
ments in order to assess the detonation cell size. Conse- 0
quently, the velocity deficit is de facto observed. In this Martin Sichel, University of Michigan, USA. (Similar
work, the nonideality is predicted by (1) performing a rel- comment submitted by A. Milne, University of St. Andrews,
atively simple numerical calculation, anrd (2) using the m ossn omitdb .Mme ncriyofS.Ades
atial conditionsim pressmeri temperaturection, and '2)snghe Scotland.) Does the grid size in your unsteady calculation
tial conditions (pressure, temperature, composition, and affect the final detonation velocity you obtain?
tube geometrv) as the only input data.

Author's Reply. The numerical cell size used in our cal-
culation is about 0.1 mm. Coarse grid size does not prop-
erly resolve the induction and reaction zones. Using the

A. C. McIntosh, Leeds University, UK. (Similarcomment mentioned grid size, the induction zone is described by at
submitted by D. Desbordes, Laboratoire d'Energetique et least five numerical cells. The reaction zone always contains
de Detonique, France.) The velocity deficit between real more than 20 numerical cells. Since smaller grid size does
detonations (near propagation limits) and theoretical C-J not influence the final detonation velocity, we assume that
detonation speeds will be affected by three-dimensional the grid size we used is adequate to describe the coupling
effects (not just overall curvature and heat loss to the walls, between the shock and the reaction zones.
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THEORETICAL AND NUMERICAL ANALYSIS OF THE PHOTOCHEMICAL
INITIATION OF DETONATIONS IN HYDROGEN-OXYGEN MIXTURES
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Laboratoire de Rechereche en Combustion, UCA 1117, CNBS & Universit6 dAix-Marseille I
Service 252, Centre St-Jfrtne, 13397 Marseille CEDEX 20, France

A theoretical study of the formation of planar detonations in hydrogen-oxygen mixtures irradiated by a
strong light pulse has been carried out for different types of distribution of light intensity, yielding different
types of initiation criteria and show~ing that the Zeldovich criterion for the formation of detonations by
nonuniform conditions may not be sufficient. The critical conditions are first estimated using a reduced
two-step reaction mechanism for hydrogen-oxygen mixtures. The conditions thus obtained involve parame-
ters that characterize the laser beam (energy, power, and geometry) and the kinetics of hydrogen-oxygen
mixtures, including not only the induction time but also the exothermal reaction rate at the final stage of
combustion. These critical conditions are also determined by direct numerical simulations involving de-
tailed chemistry coupled with full gas dynamics mechanisms. Particular attention is devoted to elucidating
the transition phenomena that develop in the vicinity of the critical conditions where the initiation of
detonations is not spontaneous. The temperature gradient, which is responsible for the birth of a shock-
reaction wave complex, may later prevent the detonation formation.

Introduction tiation is that the detonation wave is initiated on a
much shorter length scale than the one usually in-

It has been known for a long time that, in the ab- volved in the mechanism of transition from deflagra-
sence of any external shock waves, a detonation may tion to detonation. It is known from early experi-
be initiated spontaneously in a mixture inhomoge- ments [21 and a more recent numerical calculation
neously irradiated by a strong light flash [1]. Direct [11] in H2-C12 mixtures that an appropriate gradi-
initiation of detonations in gaseous mixtures of ent of the free radical distribution generated by the
H2-- C12 , H2-0, and C2H2-0 2 has been obtained photodissociation is required. But the critical con-
by Lee et al. [21 using flash photolysis. This photo- ditions for the formation of detonations are not yet
chemical initiation was interpreted as a mechanism known.
of synchronization of the chemical energy release to The present paper is a first step to bridge this gap
the shock wave as it propagates through the nonuni- by investigating theoretically the critical conditions
form mixture (SWACER mechanism [2]). An ap- of photochemical initiation of detonations in H 2-0 2
proximate condition for the direct initiation of det- gaseous mixtures. The critical conditions of the spon-
onations in reactive mixtures with an initial gradient taneous formation of detonations are investigated in
of induction time was proposed by Zeldovich [3]: A two cases, a Gaussian and an exponential distribution
detonation is spontaneously initiated when the ap- of the intensity of the laser beam, yielding two dif-

parent velocity of the induction front has the same ferent types of criteria and showing that the Zeldov-

order of magnitude as the local sound speed. Further ich criterion may not be sufficient.

developments have been carried out recently by
Dold et al. [4]. Moreover, as exhibited in one of our Critical Conditions for a Uniformly
previous theoretical analyses [5], temperature gra- Irradiated Mixture
dients in the initial mixture with the same order of
magnitude as the one responsible for the spontane- As the gradient of the induction delay is the key
ous initiation at high temperature may also produce mechanism of the photochemical initiation of deto-
detonation quenching at a lower temperature. nations, the induction delay of an uniformly irradi-

One of the characteristics of the photochemical ated H2-0 2 mixture will be determined first. Con-
initiation is that it does not require a powerful shock sider a mixture that is sensitized by addition of few
wave as in blast initiation. Blast initiation is now fairly percent of NH 3 and irradiated by a strong flash or a
well understood [6], and a recent theory [7] is avail- powerful laser beam with the appropriate energy in
able to give quantitative predictions of the blast en- the UV spectrum. Let's assume that the photodis-
ergy required. Another characteristic of the photoini- sociation produces H radicals; the case of production

45
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of 0 or 01 radicals may be treated in a similar way. C, dT X1 th -- {
Then, the elementary reactions controlling the in- Q11 dt w pX0
duction period in the presence of the H radicals that
are produced by photodissociation, are as follows + a[M]k5f)Qi/Qi + [Mlk 5f}-

1  (3a)

H + 02-OH + O (if) dXH X +1_ =---+L4H, with
0 + H2 - OH + 11 (2f) dt T11  (3b)

OH + H,--*H20 + H (3f) W+ HH -- {(1 - a)[M]k2f - k 5l-f1

H + 0, + M - HO2 + M (5f) 2pXo,

H + H 2 - OH + OH (6f) where the reaction is assumed to proceed at constant

H + H02 -* H2 + 02 (7f) volume. Equations are similar at constant pressure.

H + H102 H20 + 0 (8f) Equations (3a) and (3b) yield

The other elementary reactions are neglected be- dXH/dt = - (ZT/rH)(CV/QII)dT/dt + 92H (4a)

cause their reaction rate is smaller in the induction
period. Because of the large activation energy of (if), to give the following relation between XH(t), T(t),
the chain branching mechanism producing H radi- and t

cals through (if) (2f) (3f) is dominated at low tem-
perature by the H consumption rate controlled by XH - FT v dT + F2udt (4b)
(5f), which has a small activation energy. The quasi- ,, ZH QI'
steady-state approximation may be applied to OH,
0, and H02 radicals, and the well-known two-step with T = T. at t = 0. Notice that, according to Eqs.
reduced mechanism is derived [8,9] (3a) and (3b), both ZT and ZH are temperature de-

pendent through kif. ]-Z'H is positive at low temper-
H + 02 + (3H2) = 2H20 + 3H + Q, (I) ature, T < T4 , and crosses zero when the tempera-

ture reaches a cross-over temperature T',
H + H + M = H2 + M + Q1 (II) corresponding to the extended second limit of explo-

sion, defined by
with Q' = 11.37 Kcal/mole and Q1I = 104 Kcal/mole
and with the following semiglobal reaction rates: k 1(Tj) - (1 - a)ksf(Ti)[M] = 0. (5a)

a), = (k1f + a[MlkQf)[H][0 21 (la) Here T0 - 1100 K at 1 atm. During the induction
period, T < T*, H radicals are produced by photo-

oii = [M]k 5f[H][0 2] (lb) dissociation and consumed by (I) + (II) to warm up
the mixture. As soon as T' is crossed, H production

with by (I) takes over the consumption by (II), and a rapid
chain branching explosion develops with a very short

kVf + ksf characteristic reaction time, r, - WI(klf5 pXo2)a = k~f + k-f + ksf' and [M] = [H21 10-7 s. The induction delay z, corresponds to thetime required to warm up the mixture from T. to T *,
+ 0.4[0,1 + 6.5[H20] (!10 and it may be easily computed from Eqs. (3a) and

Let -if and coj be the total duration of the irradiation (3b). The computation is simplified by anticipating a
Let and e the producdurationrate of H tradicalsper mtwo time-scales behavior. When T < T', kif is neg-
and the production rate of H radicals per mole of ligible, and rZn and rT are almost constant like k5f, ZT
irradiated mixture, respectively. The laser-induced _CH 10-1 s. During the first 10-7 s of irradiation,
production term t2 H in the conservation equation of the mole fraction of H radicals reaches a plateau
mole fraction XI of H radicals can be written as fol- value corresponding to the quasi-steady-state ap-
lows: proximation in Eq. (3b), XH rumpH.OH. When the H

production rate by photo-dissociation, CoH, is as-
oii, 0 S t S Z1f sumed to be constant, XH4 stays almost constant dur-

011 =(2) ing the induction period ZH < t < r, while the tem-
0, t > rf. perature keeps increasing almost linearly with time.

The term r, is then given from Eq. (3a)

The corresponding equations for the evolution of
temperature T and H radical concentration XH are Zr = XHI/O)H (5b)
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where X7I is a characteristic of the H2IO2 kinetics pends on the type of distribution oH(x/L) that is
and is defined as used. This is illustrated here by considering two

cases, a Gaussian and an exponential distribution,
fTrr r(T) Q yielding two different criteria:AH = " -HT -)I dT

(T) QCOH = wo exp(-x 2 /L 2) and

XA 10-2 atT 1 -300 K and p 1 atm. (5c) mou = wo exp(- IxI/L). (6)

The two time-scales approximation is valid when rT The first one is representative of the radial distribu-
<< r., yielding a X11 plateau value, (rn/zC)XP, much tion of the light intensity in a cylindrical beam. The
smaller than XH'. If the duration of irradiation is not second one represents the longitudinal gradient due
long enough, rf < Zr, the temperature stops increas- to the photon absorbtion and was already studied by
ing at t = rf, XH decreases from its plateau value to Yoshikawa and Lee [11] for H2-- C12 mixtures. The
zero in a short time delay itH, and the simplified ki- Gaussian distribution yields
netic scheme (I) (II) cannot predict further evolu-
tion. In real mixtures, a secondary reaction path in- re - eo exp(x 2/L2) =>

volving H20 2 radicals may lead to a thermal
explosion, but after a much longer time delay (typi- u - (L2/2z0 o) exp(-x/LA) (7a)
cally 10-1 s at 900 K and 1 atm), which is no more wher X'/ is the time delay at which the
relevant for the problem considered here. A para- where X/e e
metric numerical study based on the detailed chem- ignition started at the origin x = 0 and u is the ve-

istry of Maas and Warnatz [10] in the pressure and locity of the point T = T* followed immediately by

initial temperature ranges of 0.1-10 atm and 100- the runaway. When the duration of irradiation is suf-

500 K with a deposition rate oH of few hundred per ficiently long, rf > r 0, the explosion propagates from

second has confirmed these results, yielding typical the origin x = 0, and because of the zero slope of
values of the plateau and of the induction time, X11 o)w(x/L) at the origin, the apparent velocity of the

values1oft a and o- te i n tinduction front u starts with an infinite value at x =
= O(10-5) and T• 10-4 5. 0 and decreases with the distance x. The condition u

= c' is always verified at a position x = 1z given by

Critical Conditions for the Formation Eq. (7a).

of Detonations lz = L2/(2czro) (7b)

The temperature at which the explosion proceeds, where we have assumed that 1z << L. But clearly, a
T = T', as well as Xfi, is prescribed for a H2-0 2  detonation can only be spontaneously formed if the
mixture by Eqs. (5a) and (5b). The H production rate distance from the origin is not too small, and a nec-
by photodissociation, (0 H, is proportional to the in- essary condition for the formation of detonation at 1z
tensity of the irradiating light. When this last quantity is that the time elapsed from the ignition at the cen-
is nonuniform, COoH = w0 (x/L), a spatial distribution tre be larger than the reaction time, {r,(lz/L) - z,0}
of induction time is produced according to Eq. (5b), - (l/L 2 )zo > Zr. This yields the following critical
T•(x/L) = XA/cOH(x/L). As a consequence, an induc- conditions for the spontaneous formation of a deto-
tion front will propagate at an apparent velocity u = nation:
(dzr/dx)-1, and according to Zeldovich, a necessary
condition for a detonation to be formed spontane- rjT'o < L2/4c" 2 with Irf > re,0. (7c)
ously requires that u becomes the same order of mag-
nitude as the sound velocity c' at T', u/c t = 0(1), The term L/c' is a characteristic acoustic time based
while a quasi-constant volume explosion develops in on the size of the light distribution. Condition (7c)
the region when u/c* >> 1. involves the size L, the kinetic of the chain branching

When the induction delay is much shorter (larger) reaction through Z,_ the power of the light source,
than the acoustic time, the constant volume (pres- and the kinetic of the induction period through XHI
sure) approximation is valid during the induction pe- in Eq. (5b) for r,, o. The additional condition jf > nr0o

riod. A detailed analysis requires the solution of the defines a minimal energy of the light source.
compressible reactive flow fields, but here we will The condition is much simpler for the exponential
limit our attention to an order-of-magnitude analysis distribution and is directly obtained from the Zel-
in the one-dimensional case. The results are com- dovich condition to give
pared in the following section with the direct nu-
merical solutions of the compressible flow fields with Te0 < L/c' with "y > rO. (7d)
a complex chemistry.

The criterion for the formation of detonation de- The reason for such simplicity is that the explosion
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FIG. 1. Temperature and pressure profiles at different FIG. 2. (a) Pressure profiles at different instants in time
instants in time for a Gaussian distribution. (on, = 216 s-s, for a Gaussian distribution. o), = 216 s-1, rf = 1.82 10-.
rf = 1.82 10-1 s, L 1.25 cm. t, = 0, t, = 0.12012 ms, s, L = 0.9 cm. t, = 0, t2 = 0.17926 ins, t3 = 0.18018 ms,
t5 = 0.18000 ms, t7 = 0.18103 ins, t . = 0.18183 ms, t 1, t4 = 0.18093 ins, t5 = 0.18165 ms, t. = 0.18234 Ms, t 7 =

= 0.18253 ins, ta = 0.18316 ins, t, = 0.18370 ms, t 1 7 = 0.18301 ins, t8 0.18369 ins, t. = 0.18438 ms, t1 0 =
0.18418 ins. 0.18508 ins, t1 = 0.18580 ins. (b) Pressure profiles at dif-

ferent instants in time, obtained with the results repre-
sented by curve 6 in Fig. 2a as initial conditions with re-

starts from the origin with a finite value of the ap- moving the temperature gradient in the mixture ahead of
parent velocity of the induction front u, which de- the shock. t , = 0.18234 Ins, t 2 = 0.18301 ms, t3 = 0.18367
creases with the distance x. Thus, the critical condi- ins, t, = 0.18393 ms, t. = 0.18415 Ms, t 6 = 0.18451 ins,
tion is simply given by u(x = 0) - c', and the finite t7 = 0.18491 ms.
duration of the heat release zr does not modify sig-
nificantly the criterion when 7, << c,0.

allows us to capture perfectly the Neumann spike.
This numerical code has been proved to be able to

Numerical Results solve unsteady detonation problems with high pre-
cision, such as the one-dimensional instability of det-

The time-dependent solutions of the compressible onations propagating in hydrogen-oxygen mixtures
reactive flow fields generated by the deposition of [12]. We investigate here the critical conditions of
free radicals are obtained by solving a system of re- the formation of detonation in the planar geometry
active Euler equations [5] with a numerical code re- for a stoichiometric hydrogen-oxygen mixture ini-
cently developed by He and Larrouturou [12]. The tially at uniform temperature and pressure (at t = 0,
reaction scheme consists of 37 elementary reactions Tý = 298 K and p,, = 1 atm) and irradiated by a
and 8 species [10]. The temperature dependence of nonuniform light source.
the specific heat of each species is taken to be in the It is instructive to look first to the transition phe-
form of polynomial fits of data from the JANAF table nomena occurring in the vicinity of the critical con-
[13]. The numerical method combines a second-or- ditions. The numerical simulations presented in Figs.
der upwind Total Variation Diminishing (TVD) 1 and 2 are performed with a Gaussian distribution
shock-capturing method with a treatment of the with oo = 216 s-1 and -"f = 1.82 10-4 s and for two
shock wave and nonuniform gridding. This combi- different values of L (1.25 and 0.9 cm) separating the
nation treats the shock as a real discontinuity and critical condition. The duration of irradiation rf is
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slightly larger than the minimum duration for pro- L2 (cm)2 3 . . . . I ... I
ducing a rapid self-explosion re.0 = 1.62 10-4 s. The a. non-initi-i--I

results for L = 1.25 cm are shown in Figs. 1 and
represent a successful formation. The development 2
of the detonation may be divided into four stages: 00

0 0

1. A hot pocket with nonuniform temperature is 1

formed as a result of the deposition of free radicals
(see curve 3 in Fig. la).

2. A volume explosion takes place in the region 0 •5 0 , ,
x < 0.3 cm where the temperature is higher than 0.0 0.2 0.4 0.6 0.8 1.0

T' = 1100 K, and this explosion leads to the birth te. (mS)

of a shock wave near x = 0.3 cm with an intensity
much smaller than that of CJ detonation (see L (cm) S .
curve 7). b.

3. Then a shock-reaction wave complex is developed
that consists of a relatively weak leading shock fol- 3
lowed by an unsteady induction zone and a rapid
reaction zone (see curves 7 through 11). As this 2 F iifation

complex propagates, the leading shock is ampli- o non initiation
fled, and an overdriven detonation is formed near 1
x = 0.65 cm (see curve 13).

4. Then the overdriven detonation relaxes quickly to 0 .1. 0.2 0.3 0.4 0.5
0.0 0.1 0.2 0.3 0.4 0.5a quasi-steady CJ detonation propagating in a T., (ms)

nonuniform temperature field (curves 13 through
18). FIG. 3. Critical sizes as a function of the induction time,

(a) Gaussian distribution, (b) exponential distribution.
The results for L = 0.9 cm in Fig. 2a show an am-
plification of shock followed by an attenuation. The
events in the early stage are very similar to the case resulting from the volume explosion to be sufficiently
shown in Figs. 1, but the propagation of the shock- large.
reaction wave complex does not lead to the formation A parametric study is carried out to determine the
of a strong detonation. The attenuation of the shock critical size L, for the successful formation of deto-
begins from x = 0.5 cm. The structure of the shock- nations for different values of coo. Figure 3a shows
reaction complex is very different during the two L4 as a function of the induction time res for the
stages of amplification and attenuation. During the Gaussian distribution. The critical size is about 1 cm
amplification stage, the pressure increases in the in- for an induction time r 0c = 0.5 ms. A linear relation
duction zone as the chemical reactions proceed, between L2 and ' 05 , as predicted by condition (7c),
while during the attenuation stage, the shock inten- is verified for r0o < 0.2 ms. But, because of the tran-
sity is continuously weakened by the rarefaction wave sition phenomenon described in Fig. 1, the formation
that follows the leading shock. The temperature gra- of the detonation occurs before the theoretical limit
dient in the mixture ahead of the leading shock is (7c) for r 05 > 0.2 ms, and condition (7c) appears to
responsible for this damping. If this gradient is re- be too restrictive. Figure 3b shows L, as a function
moved when the leading shock reaches x = 0.45 cm, of the induction time 0,o for the exponential distri-
a strong detonation is formed at x = 0.75 cm (see bution of the production rate wo1 . A linear relation
Fig. 2b). These results show that, close to the critical between L, and c,0o, as predicted by condition (7d),
condition, the formation of detonation is not spon- is well verified.
taneous and that the temperature gradient that is re- Finally, we should stress here that the results given
sponsible for the birth of a shock-reaction wave com- in Figs. 3a and 3b concern only the critical condition
plex may later prevent the formation of detonation, for the formation of detonations at high temperature.
As for the detonation quenching by a thermal gra- Well-formed detonations may quench later at a lower
dient [5], this is a consequence of the high sensitivity temperature [5]. Figure 4a shows the pressure at the
of the reaction rate to temperature. Sufficiently far Neumann state as a function of the position of the
above the critical conditions, the detonation is leading shock for an exponential distribution with L
formed spontaneously at x = 1z. Far below, the in- = 0.65 cm and coo = 21600 s1. The detonation is
tensity of the shock produced by the volume explo- formed spontaneously near x = 0.1 cm, producing
sion near x = 0 is very weak, and the amplification an overpressure of the order of 30 atm. As the det-
phenomenon is not observed. The shock wave am- onation propagates in the mixture with a decreasing
plification mechanism requires the primitive shock temperature, the propagating detonation is first sta-



50 DETONATIONS AND EXPLOSIONS

p (atm.) a. ent distributions of light intensity. For a Gaussian

4. .distribution, the Zeldovich criterion is not sufficient.
The critical conditions involve parameters that char-
acterize the laser beam (energy, power, and geome-

30 try) and the kinetics of the H2-0 2 mixture, including
not only the induction time but also the high rate at
which the heat is released at the end of the induction

2 0 delay. As shown by direct numerical simulations, the
transition regime that develops in the vicinity of the

10 critical conditions is more complex than in the case
of the spontaneous formation of detonation.

0 r .. .. .. .. .. ..

0.0 0.5 1.0 1.5
x (cm) Nomenclature

p (atm.) b. C. acoustic velocity
60 kC specific heat at volume constant

o-k chemical reaction constant of the ele-
mentary reaction i

40 L, critical size
1-. position of the formation of detonation

30 p pressure
Q1, Qn heat release parameters

20 R gas constant
T temperature

10 : t time

0 " , u apparent velocity

0.0 0.5 1.0 1.5 2.0 W molecular weight of the gas
x (ca)" X critical mole fraction of the radical H

Fic. 4. (a) Detonation quenching, = 21,600 s- XH mole fraction of the radical H
quechng mole fraction Of 02

= 3 10' s, L = 0.65 cm. (b) Detonation transmission. X02

o,, = 21,600 s-1 , rf = 2 • 10-1 s, L = 1.0 cm. x spatial coordinate

Greek

ble, then a galloping instability [14,15] appears, and P density
finally, the overpressure decreases suddenly, showing "', IT characteristic times given in Eqs. (3a)
the quenching of detonation. In this case, no deto- and (3b)
nation is transmnitted in the surrounding cold mix- r• induction time [Eq. (5b)]
ture. This quenching mechanism has been described If duration of irradiation

in a previous work [5]. In order to transmit a deto- Q2' production rate of H radicals given in

nation, a larger size L is needed. Figure 4b shows the Eq. (1)
pressure trace of a successful transmission for an ex- ei1, production rate of H radicals

ponential distribution with L = 1.0 cm and co = I,1 °II chemical reaction rates (la) and (ib)
21600 s-1. Oscillations appear with a very large am-
plitude when the detonation front arrives at x = 1.2 Subscripts
cm. For a stoichiometric H2/0 2 mixture at 1 atm, u initial states in the surrounding gas mix-

such a one-dimensional galloping instability appears ture

systematically for temperature of the fresh mixture 0 value at x = 0

below a critical value that is about 400 K, leading in
real experiments to the formation of the well-known
cellular detonation fronts. REFERENCES
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COMMENTS

S. Dorofeev, RRC-Kurchatov Institute, Russia. It is in- satisfied, the initial shock wave is too weak and the deto-
adequate to consider Zel'dovich's criterion as a criterion nation formation cannot be observed. The intensity of the
for detonation onset. This criterion gives the conditions for shock wave produced by the volume explosion at the center
strong blast wave formation. Suggested critical conditions is mainly determined by the conditions (7c) and (7d) and
(7a) and (7d) can serve only as conditions for strong blast depends only weakly on the mixture properties. It should
formation. Critical conditions for the onset of detonation also be recalled that these conditions can only be used as
should take into account mixture properties. They cannot order of magnitude for estimating the critical conditions.
include only reaction times at the center of disturbance.

Author's Reply. As explained in Ref. 3, Zel'dovich's con- Yu-Chen Li, Energia, Inc., USA. Have you determined,
dition corresponds to the birth of a shock-reaction complex in your model, that the photochemical process is due to
consisting of a leading shock wave followed by an unsteady single or multiphoton effect?
induction zone and a rapid reaction zone as shown in Fig.
lb. The amplification of the shock wave and the formation Author's Reply. We have assumed that the photochem-
of detonation take place only when the initial leading shock ical process is a single-photon process, hv + NH, -- H +
is strong enough. If the conditions (7c) and (7d) are not NH, and that NH, is much less reactive with 0, than H.
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H2-AIR AND CH4 -AIR DETONATIONS AND COMBUSTIONS BEHIND
OBLIQUE SHOCK WAVES

C. VIGUIER, C. GUERRAUD AND D. DESBORDES

Laboratoire d'Energ'tique et de Ddtonique
URA 193 CNRS, ENSMA

Site du Futuroscope, B.P. 109, 86960 Futuroscope Cedex, Poitiers, France

Two stoichiometric reactive mixtures (H0-air and CH 4-air) at initial conditions of temperature and pres-
sure, T,, = 293 K and P, < 1 bar, respectively, very different from the point of view of their detonability,
are used in order to study the conditions of the onset of combustion and/or detonation when submitted
to the action of an oblique shock wave (OSW) at Mach number M of about 6 and at various angles of
inclination 0. Generation of an OSW in the reactive mixture at rest is obtained via lateral expansion of the
detonation products of a normal CJ detonation wave propagating in a bounded gaseous detonable mixture
separated from the mixture under test by a 6-pmn-thick mylar film. Different steady combustion regimes
are observed depending on 0 and on the reactive mixture. Based on simple polars analysis, the possibility
of observing an oblique detonation wave (ODW) are checked for the two mixtures.

In the case of 112-air mixtures, ODWs are obtained with small degrees of overdrive (D/D,.) (- 1) of
the detonation (where D is the normal detonation velocity of the ODW) after a predetonation zone, where
the OSW is followed by an oblique flame initiated at the beginning of the interaction between the two
media. Minimal conditions for detonative combustion are deduced, which correspond to a postshock
temperature T, • 1000 K, while the minimal condition for combustion as an oblique flame behind the
OSW is T, - 800 K.

For CH4 -air mixtures, no detonation appears even when the degree of overdrive of the theoretically
possible solutions of stable ODW is increased up to 1.1 and beyond for T, up to 1480 K. Only the OSW
and oblique flame configuration are observed. For T, < 1000 K, no combustion occurs behind the shock
wave. Thus, this mixture appears to be especially difficult to detonate.

Introduction tive mixture, where a normal quasi-CJ detonation
wave propagates. Detonation products expand as a

In the past few years, the study of supersonic com- wedge of angle 6, inducing an oblique shock wave
bustion has gained considerable importance in con- (OSW) of inclination angle 0 in the reactive mixture
neetion with the use of SCRAM jets for hypersonic B in the upper section. The entire structure propa-
vehicle propulsion and RAM accelerator for accel- gates at a uniform Mach number M.
erating projectiles to high-speed motion. For both, Classical stable solutions for the OSW are given in
detonation regimes [1-6] maybe involved, especially the P, 6 (pressure, deflection angle) plane by the in-

for high Mach number. Oblique detonations in RAM tersection between the shock polar of B and the

accelerators [4-6] have a dominant role in the su- Prandtl-Meyer expansion polar of the detonation

personic motion of the projectile (see Ref. 6). The products of A, starting from P = Pcj(A) and 6 = 0

feasibility of the detonation RAM jet is thus indi- (displayed in Fig. 1). (This intersection gives, in fact,
rectly demonstrated, even though the detonation re- two solutions, only the lower of which has a physical

gime presents many disadvantages compared to meaning.) The oblique detonation regime in mixture

lower-rate combustion processes having theoretically B is then possible but requires that several conditions

higher propulsive efficiency. Nevertheless, detona- be satisfied:

tive combustion exhibits an important advantage, as 1. The value of the Mach number M defined by M
liberation of the chemical energy is complete and - DCj(A)/ao(B) (where a 0(B) is the velocity of
takes place in a very narrow region without losses. In sound of the mixture B at To, p0) must be larger
order to generate oblique detonation waves (ODWs), than Mach number Mcj(B) defined by the CJ con-
a kind of "oblique shock tube" is used in this study ditions of the mixture B. If this condition is ful-
[7-10]. It consists essentially of a chamber divided in filled, a detonation polar exists in the P, 6 plane,
two by a very thin mylar film (ef. Fig. 1). Part A of which is open at the CJ point.
the chamber is a booster section containing a detona- 2. The intersection of the expansion polar for the

53
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93 In stoichiometric CH 4-air mixtures at ambient
t conditions, where free-field detonations were never

eMixture B observed, the detonation cell size Ajwould be about
300O mm (2ýcj was estimated as 320 mm in Ref. 12,
and the size measured in Ref. 17 was about 280 mm).

Mlrim Therefore, the detonation regime near the CJ con-
- d Y.i. ition would be difficult to obtain, but it might be

- t~ DejA Mixture A expected for the overdriven regime.
The purpose of this paper is to investigate the con-

16 ditions of the onset of ODWs in H2-air and CH 4-air
.... mixtures. These mixtures were chosen as represen-

tative of common fuel-air mixtures, the first one
being a very detonable mixture, the second one being

-T much less detonable.
P Concerning the technique for obtaining 08W (see

above), we have looked more carefully at the prob-
1cm of the initial separation between the two media.

0 0 As shown recently, the very beginning of interaction
between the two media and the delay for obtaining

Ftc. 1. Schemes of interaction between mixtures A and a constant lateral rate of expansion of the detonation
B and of possible solutions of interaction in P, 6. products of A depend drastically on the film thick-

ness. In the present experiments, following the re-
sults given in Ref. 13, we have decreased the thick-

detonation products of A with the detonation po- ness of the mylar film from 10 to 18 pmo of our
lar for B (only the lower solution is physical) re-prvoseeimns[01,4to6uinrdro

quirs aminmal anda mximl) vlueforthe reduce the delay for establishing an 08W of constant
detonation pressure of A, i.e., Pcj(A), and conse- -slope.
quently for the initial pressure po(A) (cf. Fig. 1). The Mach number M for this study is fixed at

The lowest regime obtained for the stable ODW about 6. Normal detonation Mach numbers Mjfor
is the CJ condition, in which case normal velocity stoichiometric 112-air and CH4-air mixtures are
D(B) of the ODW is equal to Dcj(B), and deflection roughly 5, which allowed the existence of detonation
and inclination angles 6cj(B) and Oc/(B) are minimal. polars for these mixtures and thus the possibility to
Other regimes (overdriven ODW) of stable ODW observe ODWs.
may be obtained with D(B)/Dcj(B) > 1, i.e., 6 > (c
and 0 > 0cy.

In a previous paper (see Ref. 10), where the above Experimental Details
conditions have been achieved, stable ODWs are ob-
served in a very detonable mixture such as C2 H2 + The oblique shock tube used here is composed of
2.502 + 10.5 Ar. This mixture exhibits in its CJ det- one chamber separated into two sections, each con-
onation regime a cellular structure of a size 2 cj of tamning a reactive mixture [ 10, 11, 14]. The upper see-
about 1 mm for po = 1 bar and To = 293 K. Then, tion contains the driven mixture B and is 50-cm long,
used in the range of p, from 0. 1 to 1 bar, this mixture 3-cm thick, and 19-cm high. The lower section is the
has supported stable ODW for the 'minimum solu- same length and thickness and 5-cm high; it contains
tion given by the polar analysis (the CJ regime) and the driving detonable mixture A. The two sections
also a fortiori for overdriven detonation regimes of are separated by a mylar film 6-pum thick, in order to
degree of overdrive D/Dc1 defined as maintain different initial pressures without diffusion

across the separation plane. The channel of the driver
DIDj = sin 0 (1) section is connected to a 3-in-long detonation tube

sin - c of 5.2-cm i.d. The normal quasi-CJ detonation wave
sin propagation in section A is triggered at the end of

up to 1.48. this tube by an exploding wire source. The upper
For less detonable fuel/air mixtures, recent exper- section is equipped with glass windows of 80 x 130

iments in H2-air mixtures (see Ref. 11) show the pus- mm. The structures of the 08W, ODW, and oblique
sihility of observing an ODW with quasi-CJ regime, flame produced are examined using Seblieren pho-
generally obtained after a "predetonation" zone of tography. A long duration flash (about 500 ps) is
combustion consisting in an 08W followed by an used, coupled with a high-speed streak-framing cam-
oblique flame initiated at the apex of the wedge. The era, Thomson T8N506. Sequences of 08W and
initial pressure p,(B) of the mixture is 0.5 bar, cor- 0DW propagation in the upper section are thereby
responding to a detonation cell size of Aj- 35 mm. obtained with a frequency of 100 kHz.
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Piezoelectric pressure transducers are mounted the oblique flame creates a very small wedge of burnt
vertically above the mylar film and face four ioniza- gases of B (Of - 6 -- 30; cf. Fig. 2a), which corre-
tion or optical probes used to measure pressure evo- sponds to a normal mean burning velocity of about
lutions and different angles of oblique shocks, flames, 70 m/s [15] and which does not change significantly
and detonations. the position of the OSW if no combustion arises [11].

Several mixtures A are used: The detonation regime (a transient ODW regime

1. CH, ± 2.5 02 for H2-air mixture as B, at M = followed by a stable ODW) happens suddenly. The

6. motion of the triple point is parallel to the direction
2. C2H2 + 2.5 02 + 2Ar and C2H2 + 2.5 02 + 5 of wave propagation (cf. Fig. 2a).

Ar for-12 +2.502+ mtre as B, at o5 0The theoretical ODW is characterized by a degree
Ar for CH4-air mixture as B, at respectively, of overdrive of D/Dcj = 1.02. Because the ratio of
M = 6 and 5.5. cellular sizes of overdriven detonation waves to

The gas mixtures are prepared by the partial pressure the CJ wave, i.e., 2/2 ci, varies roughly as (cf. Ref. 16)
method in separated tanks where they are left quiet
for at least 2 h before being used for the experiments. D exp E L('i,) 2  _ 1 (2)

Results and Discussion

where TzND is the postshock temperature of the
For each mixture B tested (H2-air and CH 4-air) at OSW propagating in the H2-air mixture with velocity

given initial conditions To and Po, the first value of Dcj (TzND = 1560 K) and EA is the apparent acti-
initial pressure po(A) for mixture A (respective to vation energy of the mixture ( = 19 kcal/mole); the
mixture B) is given by the polar analysis when the cell size 2 is 20% lower than the CJ size. Thus, the
ODW is very close to the expected CJ regime. Start- cellular structure under CJ conditions in H2-air mix-
ing from that value, po(A) is progressively increased ture (po = 0.5 bar, To = 293 K), i.e., 2cj - 35 mm,
for successive shots. For the same initial conditions is reduced for the overdriven ODW observed to 2
To and Po, systematic experiments are also performed 28 mm. The temperature behind the shock wave is
by using air as the mixture B. Generally the OSW about 1000 K (slightly lower than that-1100 K-
and the contact surface with constant angles are ob- obtained in Ref. 11 with a larger thickness mylar film
served on schlieren pictures. The contact surface ex- of 10-12 am).
hibits a narrow region where some distortions appear For lower conditions of interaction corresponding
resulting from the breaking of the mylar film and to D/Dcj = 1 for the theoretical ODW, only the
lateral contact between the detonation products of A O followed by an oblique flame of slightly lower
and the inert mixture B. Experimental values of 0, 6 characteristics than the predetonation zone of the
and p are typically a few percent lower than those previous case is observed. In that case, it may be
given by theory. possible to obtain the onset of detonation, but this

would require an upper chamber of very large size.
H2-Air Mixtures: For conditions of higher initial pressure po(A) in

the driver mixture, the predetonation zone is re-
For the H2-air mixture at Po = 0.5 bar and To = duced drastically and quickly becomes indistinguish-

293 K, the critical onset of the ODW is observed for able. The ODW takes place rapidly with a constant
solution close to the CJ regime and is induced by the slope and with characteristics very close to those
action of the detonation of C2H2 + 2.5 02 mixture given by the polar method, as shown previously with
at Po = 0.8 bar, To = 293 K (pcj = 27.3 bar and a very detonable mixture [10].
Dcq = 2413 m/s). This onset is displayed in Fig. 2a Previous experiments have shown that the oblique
by schlieren sequence of propagating oblique waves, flame disappears when T, becomes lower than 800 K
The detonation appears after a predetonation zone. [11].
This predetonation zone is stable and consists of the
initial OSW generated by the wedge of the detona-
tion products of mixture A followed by what we call CH4 -Air Mixtures:
an oblique turbulent flame having a different angle
Of. Combustion of mixture B is initiated at the begin- In order to obtain ODWs in the stoichiometric
ning of the interaction between the two media (the CH 4-air mixture at Po = 0.3 bar and To = 293 K,
apex of the wedge). for M = 6, C2H2 + 2.502 + 2Ar mixtures are used

The new characteristics of the OSW (pressure at different initial pressures po(A), namely, po(A) =
jump p, angle 0) and the contact surface (angle () 0.5, 0.7, 1.0, and 1.5 bar, corresponding to cases 1,
are very close to the solution given by theory, assum- 2, 3, and 4, respectively, on P, 6, and 0, 6 planes
ing there is no combustion in mixture B and shown displayed in Fig. 3.
in P, (, and 0, ( planes in Fig. 2b. In such a situation, For po(A) = 0.5 bar in C2H2 + 2.502 + 2Ar
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FIG. 2. (a) Scislieren photographs of the onset of an H,-air (p. 0.5 bar, T(, 293 K) oblique detonation wave for
,11 = 6 (A = C,,H, + 2.50,, p,(A) = 0.8 bar). (b) Solutions in P, 6, and 0, 6 planes corresponding to (a).

mixtures, conditions are fulfilled to obtain expected For p0 (A) = 1 bar, the preceding configuration is
quasi-CJ detonation regime (in fact, D/Dcj = 1.01). observed (cf., Fig. 5), except with a stronger coupling
In that case, neither an oblique detonation nor a between the OSW and the flame near the apex,
flame is observed in mixture B, except for the OSW, where the phenomena are very complex. The oblique
in agreement with the polar solution (Fig. 3, case 1). flame propagating just behind the OSW progressively
The postshock temperature T. is then about 900 K. separates from it. The OSW at the beginning is un-

For p 0 (A) - 0.7 bar, an oblique flame appears be- doubtedly strengthened by combustion but recovers
hind the OSW, initiated at the apex of the wedge in an inclination angle 0 according to the interaction
a manner similar to the H2 -air mixtures. Figure 4 model without combustion.
shows an example of such a configuration. In that The wedge angle Of - 6 for the burnt gases of B
case, T,, is about 1050 K. Polar analysis gives a pos- is then not negligible (80 to 100) and corresponds to
sible overdriven detonation regime of D/De = 1.02 a normal flame burning velocity of about 100-120
(Fig. 3, case 2). m/s. Experimental 6 appears slightly reduced in com-
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FIG. 3. Scheme of different solutions of interaction in P,
6, and 0, 6 planes between CH 4-air mixture (p, = 0.3 bar,
T,, = 293 K) and C2 H2 + 2.50, + 2Ar mixture (T. = 293
K) at different initial pressures po(A) = 0.5 (case 1), 0.7
(case 2), 1.0 (case 3), and 1.5 (case 4).

parison with lateral expansion of A in a nonreactive
mixture (cf. Fig. 3, case 3). The temperature T, is
1220 K, and the degree of overdrive of possible
ODW is D/Dj = 1.085.

For p0 = 1.2 bar, which corresponds to the pos- Oblique shock wave
sible upper limit condition for obtaining ODW with
D 1Dcj = 1.1, because the expansion polar of A is Flame
tangent to the detonation polar of B, the same be-
havior as the previous case is observed with T,
1300 K. Beyond this last value of po(A), no possible .stable ODW supported by an oblique piston can be 0
achieved for the lack of intersection between the ex-
pansion polar of A and the detonation polar of B.
Nevertheless, detonation may exist but cannot be ex- 6 =260 Of= 300 0 = 380
plained by the postulated mechanism. An example of
such a situation is given in Fig. 3 (case 4) and in Fig. FIG. 4. Schlieren photographs of oblique shock waves6, where po(A) = 1.5 bar. The phenomenon shows with oblique flames in CH4-air mixtures (p, = 0,3 bar, Tothe same features as in the cases considered above. = 293 K) for M = 6 (A = C2H2 + 2.50. + 2Ar, p,(A)
The flame remains very close to the 0SW for a long = 0.7 bar).
time and progressively deviates from it. T, is roughly
1480 K and remains too low to induce the detonation
regime.

The ýcj cell size of the CJ detonation in the CH 4- to ) = 0.1 m, which remains very large in compari-air stoichiometric mixture at p0 = 0.3 bar and T0 = son to the H2-air system used (2 - 28 mm).293 K can be estimated to be in the order of 1 m, A few experiments were performed with the same
starting from the value of 0.3 m given at p0= 1 bar, mixture with M = 5.5. The range of possibility of
To = 293 K, and assuming that Acj varies as ps '. detonation is narrower in this case. The phenomena
Possible ODW regimes expected in our experiments follow the same trend as for M = 6. The obliqueexhibit variations of D/Dcj ranging from 1 to 1.1. flame behind the OSW is observed when T, is about
Based on Eq. (2) with TZND = 1640 K and EA 55 44 1000-1050 K. Finally, we never observed an ODWkeal/mole for the CH 4-air mixture, cell size may be in the two cases at M = 5.5 and M = 6.
reduced to a maximum factor of 10, corresponding Thus, we can conclude, for intermediate flow
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270 Of= 36 0 = 44 •with oblique flames in CH 4-air mixtures (po = 0.3 bar, To

= 293 K) for M = 6 (A = C2H2 + 2.50, + 2Ar, p0(A)
FIG. 5. Schlieren photographs of oblique shock waves = 1.5 bar).

with oblique flames in CH,-air mixtures (p, = 0.3 bar, T1,
= 293 K)for M = 6 (A = C2H2 + 2.50 + 2Ar, po(A)
= 1 bar).

Conclusions

Conditions for the emergence of combustion be-
hind an oblique shock wave (OSW) created by an

Mach number M = 6, that the onset of the deto- artificial wedge in stoichiometric H2-air and CH 4-air
nation regime stabilized as an ODW in CnH,1-air or mixtures at initial pressure Po, respectively, of 0.5 and
H-air mixtures where the normal CJ detonation 0.3 bar and temperature To = 293 K are studied for
propagates with MCI = 5 depends drastically on the Mach number M = 6 and for different inclination
sensitivity to detonation of the mixture used. The angles 0 of the shock.
ODW of H2-air stoichiometric mixture is very easy Depending on the strength of the OSW (i.e., the
to obtain; however, this is not the case for the CH 4- angle 0), two regimes of stabilization of combustion
air mixtures. were observed:
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The concept of spontaneous onset of detonation was applied to the problem of distinguishing mild and
strong regimes of ignition. It was assumed that the strong ignition is connected with the coupling between
spontaneous reaction front and gasdynamic perturbations inside the initiating exothermic center. The
initiating center was considered as a region with increased temperature distributed according to the Gaus-
sian law. Critical conditions for strong-mild ignition cutoffwere found. The results show a good quantitative
agreement with experimental and theoretical studies on ignition in an hydrogen-oxygen stoichiometric
mixture. A decisive role of temperature fluctuations on the order of 10-20 K is pointed out. It was shown
that these fluctuations may result from the heating in sound waves at the initial stage of shock-wave
reflection.

Introduction etc. Two-dimensional calculations performed in Ref.
12 show the possibility of temperature fluctuations

The process of combustible gaseous mixture self: because of boundary layer effects.
ignition is usually investigated using a shock-tube fa- Studies have been performed experimentally and
cility. Sharp heating up to high temperature behind theoretically [see overview in Refs. 1 through 4] to
reflected shock waves permits the measurement of obtain the cutoff conditions that divide different re-
self-ignition delays as well as the study of specific gimes of self-ignition. On the basis of the chemical
features of explosion development. Depending on nature of the process, it was proposed in Ref. 13 that
the initial conditions behind a shock wave, two dif- the boundary be the second ignition limit extended
ferent cases of ignition can be indicated, namely to the domain of high pressures. The gasdynamic as-
strong (sharp) and mild (weak) ignition. The regimes pect of explosions was taken into account in Refs. 1
were revealed in hydrogen and hydrocarbon mixtures and 2 where a dividing line in pressure-temperature
with air or pure oxygen [1,2,16]. Strong regimes are coordinates was drawn to suit the experimental data
characterized by a sharp increase in pressure and obtained. It was also found in Refs. 1 and 2 that con-
temperature after ignition, and in the case of mild dition (&ri/T), = -2 us/K fits the experimental
ignition, the pressure increase is smooth and sub- curve. Numerical calculations in Refs. 3 and 4
stantially lower. Experimental observations allow the showed the importance of chemical induction sen-
distinction of the following specific features of igni- sitivity to sound-wave perturbations and, hence, to
tion phenomena [1-4]. the process of self-ignition and character of pressure

In the case of strong ignition, the reaction initiates escalation.
in the vicinity of the end wall. It occupies practically Recently, a concept of spontaneous detonation in-
the whole cross section of the tube. The reaction itiation in nonuniformly preheated gas mixtures was
front coupled with the shock front propagates into formulated [5-111. This idea assumes that the cou-
the direction of the leading shock. Having detona- pling between gasdynamic and chemical processes
tion-like structure, the front overtakes the primary starts when the velocity of the spontaneous flame at-
shock, and a Chapman-Jouguet detonation is estab- tains a certain characteristic value. The following ve-
lished. locities were specified in Ref. 5 as being responsible

Another situation exists in the case of mild ignition. for explosive processes: spontaneous flame velocity
Schlieren photographs clearly show that the reaction u5p = grad(r)/grad2(r1 ), sound velocity a, and deto-
waves originate from spatially distributed exothermic nation velocity D. The relation between these veloc-
initiating centers. These centers have an elevated ities provides the conditions for detonation escalation
temperature with respect to the surroundings and are in combustible mixtures. Numerical calculations in
often referred to as "hot spots." Such centers can be Refs. 6 through 10 showed that detonation onset in
formed in various ways, for example, as a result of various systems with spatially distributed ignition de-
irregularities in the shock front, nonideal reflection, lays occurs when the spontaneous flame velocity be-

61
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comes equal to the local sound velocity. The distri- We can substitute the maximal overtemperature
bution of ignition delay can be formed as a result of AT for the dispersion parameter. Then the distribu-
non uniform preheating or concentration gradient. tion takes the form
At the point of chemical and gasdynamic processes
coupling, a strong shock wave arises. This shock wave T = To + ATe-x 2

AT2%. (1)
accelerates rapidly and finally escalates into detona-
tion. The onset of detonation according to the mech- This assumption guarantees that the total heat flux
anism of spontaneous flame acceleration proceeds into the initiating center remains the same, inde-
within a certain spatial domain. Characteristic sizes pendent of the method of heat addition. It means
of the domain are approximately in the same order that the value of the integral
as the sizes of nonuniformities resulting from nonide-
al premixing or temperature fluctuations. Due to the
fact that a spotty character is a specific feature of mild 2 ATe-x 2

jT
2 -, dx

ignition, it seems reasonable to consider the onset of f0
detonation in terms of the spontaneous flame con-
cept. is constant.

To apply the concept of spontaneous flames to the The average temperature in the exothermic region
problem of distinguishing mild and strong ignition, remains uniform because of the low value of the in-
we assume the following hypothesis. If the sponta- tegral (1 K in). Then the velocity of spontaneous
neous flame velocity is much greater than sound ve- flame propagation in one-dimensional geometry is
locity in the exothermic center, then no shock wave defined by the formula
forms inside this center. The combustible mixture
inside the exothermic center burns out almost in- _ri I (2)
stantaneously and serves as a heat source from spark 1% - aT ax"
ignition. Maximal pressure during combustion
slightly exceeds explosion pressure. If the condition Using Eq. (1), one can write the following expression
of shock formation is satisfied, then the shock wave for the temperature gradient:
will appear in the initiating center, and the ignition
will be strong. Formation of a shock wave causes the aT AT 1/2

mechanism of amplification and onset of detonation. - = -2AT(T - T)[ Ar T I (3)
The probabilistic character of fluctuations should ax

be noted. If most of the initiating centers do not sat-
isfy the conditions of shock formation, then the ini- We use Meyer and Oppenheim's [1] approach for
tiation will be mild, although some amplification of (0r1/OT)p to evaluate the spontaneous flame velocity:
pressure waves from several neighboring centers is
plausible. ln(ri) = A + BIT + Cpr8eDIT - ln(Epo/T)

(a-ri/o)p = ri(T - B - CDpne(DI/T))/T2. (4)
Problem Formulation

Coefficients are as follows: A = -10.7 In (us

We assume the initiating center has a temperature mole/L), B = 9130 (K) ln(us mole/L). C = 3 109
profile distributed according to Gaussian law. (atm)- 2 In(us mole/L), D = 19,000 (K), n = 2, E =

4.06 (mole K/L atm). Formulas (4) were derived

1 from numerical modeling of the explosion process in
T = To + eX2/2°°- a stoichiometric hydrogen-oxygen mixture using a

Uj2m detailed kinetics mechanism. The results of calcula-
tions were fitted to experimental data on ignition de-

Here T is the temperature inside the exothermic cen- lays.
ter, To is the base temperature, and a is the disper- The dependence uj(x) is shown in Fig. 1 for To
sion of the distribution. This distribution was chosen = 1000 K and P0 = 1 atm. At x = 0, the velocity of
with the aim of describing mathematically the the spontaneous flame is infinite because dT/dx =
greatest possible arbitrary energy sources. In fact, 0. The minimum value of uw (x) corresponds to the
most of temperature fluctuations resulting from heat point of inflection on curve T(x). This point shifts to
conduction processes obey this distribution (Gaus- the right if we take into account the effect of pressure
sian law is the basic solution of the heat conduction wave precompression [11]. However, this fact will
problem). Moreover, acoustic perturbation will take not affect the results significantly.
a Gaussian shape if we take into account dissipation According to the spontaneous flame concept, the
processes or the effect of sound-wave energy absorp- condition of shock formation can be written in two
tion under reflection conditions [15]. ways:
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sound velocity a) inside initiating center. thermic center JT (K).

u•.A~) =a(x) (5) nition corresponds to the case when a unique solu-
tion for (5) or (5') exists.

or

u-(x) =D(x). (5')Rel

Thus, we can separate domains of strong and mildHere a is a local sound speed and D is a local velocity ignition on a P-T diagram, as was done in Refs. 1
of Chapman-Jouguet detonations. Both sound veloc- through 4. Solid lines in Fig. 2 correspond to con-
ity and detonation velocity are functions of temper- dition (5), and dotted lines correspond to condition
ature, and therefore, they are spatially distributed in- (5'). The AT value was taken as a parameter. Equa-
side the initiating center. We assume the following tions (2), (3), (4), and (6) were used for the calcula-
expressions for a and D: tions. Strong ignition arises on the right-hand side of

the separated curves, and the mild ignition domain
a(T) = mn g t is on the left. Also presented in Fig. 2 is a boundary

ity and deton n v y ae fobtained in Refs. 1 and 2. This boundary agrees with
atureTand therefore, +)the condition (tiheaT)p = -s2 dtsuK found in Tefs. 1

W as e The and 2 by fitting experimental results. The theoretical
++1+ ( +(T)t (6) background of the condition was given in def. 2.

(T + yT itClearly seen is a good agreement between present

results and the Meyer and Oppenheim boundary for
Here Q is the heat of combustion and y is the specific AT = 20 K for (5) and for AT = 10 K for (5'). It
heat ratio. should be emphasized that the present results were

On the basis of the Hugoniot diagram analysis, obtained on the basis of the spontaneous flame con-
Short and Dold [11] found that the second condition cept rather than the energy pulse deposit [2].
is responsible for shock formation. However, calcu- The increase of fluctuation expands the domain of
lations performed in Refs. 9 and 10 show that the mild ignition regimes. It confirms the fact that mild
spontaneous flame velocity, being originally infinite, ignition has a spotty nature.
falls below the speed of detonation, and shock for- From Fig. 2, it follows that the values of AT =

mation begins at the point where the first condition 10-20 K become important for dividing regimes of
is satisfied. In Ref. 14, both conditions were used for ignition. Values of the same order were obtained in
evaluation, but an intermediate value was obtained Ref. 14 by numerical calculations using a detailed
throughout the numerical calculations. chemistry mechanism and a full set of gasdynamic

The velocities of detonation and sound are drawn equations. Fluctuations of such intensity may be ob-
in Fig. 1. One can see that condition (5) as well as tained in the case of nonideal reflection or boundary
condition (5') can be satisfied in two points. We as- effects. We also propose that these temperature flue-
sume that a boundary between mild and strong ig- tuations can result from the heating in acoustic per-
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CRITICAL DIAMETER FOR THE TRANSMISSION OF A DETONATION WAVE
INTO A POROUS MEDIUM

ARISTIDIS MAKRIS, TAE J. OH, JOHN H. S. LEE AND ROM KNYSTAUTAS

McGill University
Montreal, Canada

An experimental investigation has been undertaken to elucidate the existence of a critical diameter for
the transmission of gaseous detonation into a porous medium. A Chapman-Jouguet (CJ) detonation is first
established in a tube and allowed to transmit through an orifice plate into a porous medium comprised of
inert spheres of equal diameter. It is found that detonation can successfully transmit past the orifice for
diameters much smaller than the normal critical diameter (d,I) of the mixture. An immediate transition
from detonation to quasi-detonation normally takes place upon wave entry in the porous medium. Failure

of detonation is observed to take place downstream of the orifice in the near-limit regime and is followed
by deflagration to detonation transition (DDT) within the porous medium. Wave velocities in the porous
medium are found to be identical to the corresponding values measured for direct transmission (without
an orifice). For subcritical conditions, there is complete quenching of combustion in the pores. The critical
composition (lean and rich) for mixtures with high activation energy is found to be practically the same as
the propagation limits in the porous medium without an orifice. This indicates that the phenomenon is
governed by the smallest physical dimension of the pore size, and thus a local failure mechanism exists.
In mixtures highly diluted with argon, i.e., (C2H2-0 2 ) + 75% Ar, which have a lower activation energy
and for which the "V, = 132" correlation (where 2 is the cell size) is known to break down, the critical
composition appears to depend on the orifice diameter. The orifice now introduces a larger controlling
length scale at the limits compared to the pore size, indicating that a global failure mechanism may prevail

for such mixtures. Present findings are consistent with a local and global failure mechanism for normal
detonation failure recently proposed by Lee.

Introduction pores]. In fact, the quasi-detonation velocity, nor-
malized with respect to the Chapman-Jouguet (J)

The transmission of a detonation wave from a cir- value (V/Vcj), in different gaseous fuel-oxidizers over
cular tube into a sudden area enlargement has been a broad range of particle sizes was shown to correlate

studied extensively for the past decade [1-4]. It was with the ratio dc/dp. The pore size is a local length
found for most mixtures that the critical tube diam- scale controlling the detailed diffraction processes of
eter (d,) scales with the detonation cell size (2) ac- the detonation wave in the voids. Thus, one may con-
cording to the d = 132 correlation. Exceptions to sider the detonation in a porous medium to be con-
this correlation were mixtures with high argon dilu- trolled by the local phenomenon of transmission
tion [5]. Lee [6] recently forwarded an explanation through the passages interconnecting the pores. It
for this discrepancy by proposing different failure would be of great interest to investigate the critical
mechanisms, i.e., local failure mechanism for the diameter for the transmission of a detonation into a
high activation energy mixtures where the 132 cor- porous medium. If the critical diameter is greater
relation applies, and a global failure mechanism for than the pore size, this would imply the existence of
mixtures where the 132 correlation breaks down. a larger global length scale controlling detonation
Detonation limits in tubes also appear to be governed failure in the porous medium. However, if the

by a local and a global failure mechanism for the smaller dimension of the pore still dominates, then
different types of mixtures. wave propagation would appear to be an entirely lo-

When a gaseous detonation transmits into a porous cal phenomenon. This could imply that the propa-
medium, Makris and coworkers [7-9] found that the gation limits in the porous medium are governed by

ensuing propagation phenomenon is governed by the the smallest length scale, and consequently, a critical
relative length scales describing the sensitivity of the diameter does not exist. It is also of interest to in-
detonable mixture (i.e., 2 or dc,) and the properties vestigate mixtures with high argon dilution, for which
of the porous medium [i.e., the average pore size (dp) a global mechanism of failure determines the limits
or, equivalently, the channel size connecting the [6] of normal gaseous detonation in a tube.
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This paper investigates the transmission of a det- tored over a length of tube immediately upstream
onation into a porous medium through an orifice, to (-0.6 m) of the interface with the particles using two
elucidate on the limit mechanism of local vs global phototransistors (0.499 m apart). PCB piezoelectric
failure. Experimental results are presented for dif- pressure transducers (1-ps rise time), placed 150-mm
ferent gaseous fuel-oxidizers, including a case of high apart and starting at a distance of 120 mm down-
argon dilution, (C2H2-0 2 ) + 75% Ar. All tests are stream of the orifice plate, were also used to measure
conducted at atmospheric initial pressure, and the the combustion wave velocities and the pressure pro-
mixture sensitivity is controlled by the equivalence files in the porous medium. The diagnostic probes
ratio. A limited study of the critical tube diameter were all connected through appropriate power sup-
(d,) for the different fuel mixtures was also under- plies to a four-channel computer scope, having a total
taken to provide a basis for comparing the critical sampling capability of l MHz (i.e., 4-ps sampling pe-
orifice diameter for detonation transmission in the riod per channel).
porous medium.

Results and Discussion
Experimental Details

It is not presently clear whether the limits for det-
The apparatus used for the present investigation onation transmission into a porous medium are gov-

is a vertical detonation tube with inner diameter of erned by a local or a global mechanism. Normal det-
146.05 mm and is comprised of two sections. The onation in a tube is known to fail when subjected to
lower section contains the porous medium and is an abrupt area expansion if the tube diameter (d) is
1.1-in long. It is attached to the upper section (2.575 below a certain critical value, i.e., d < d•, where d,
m in length), which contains only detonable mixture, = 132 for most mixtures [1-4]. The existence of a
by adjoining flanges. Orifice plates can be secured critical diameter for the case of a porous medium has
within a central adjoining flange situated immedi- not been previously established. A porous medium is
ately upstream of the interface with the porous me- known to attenuate the propagation of normal det-
dium. The orifice plates are made of steel (9.5-mm onation, as evidenced by the detriment that is mea-
thick) and have a circular hole in the center. Porous sured in the velocity and pressure associated with the
media consist of alumina (ceramic) spheres of equal wave compared with the corresponding Chapman-
diameter (D = 12.7 mm). A few of the common Jouguet values. At the same time, however, a porous
detonable mixtures were tested (C3 H8-0 2 , H2-0 2, medium assists the propagation of detonation via
CH 4 -0 2, C9H 4 -02), including (C21-12-0 2) + 75% Ar. quasi-detonation, and allows for a gradual transition
The mixture composition is varied by changing the (as opposed to abrupt in rough tubes [15]) to a high-
equivalence ratio from lean to rich. For each test, the speed deflagration predominating near the limits [7-
detonation tube is evacuated to better than 100 Pa, 10]. This provides for a much wider and continuous
and fuel-oxidizer mixtures are prepared by partial velocity range (0.25 < V/Vcj < 1), with values sub-
pressures to a total initial pressure of 1 atm. A recir- stantially below the lowest observed prior to normal
culation pump is then used to mix the fuel in a closed detonation failure in a tube (0.80-0.85Vcj) [5,11]. It
loop, for a duration nominally equivalent to displac- is thus not apparent how a critical diameter for det-
ing at least seven tube volumes. To ensure careful onation transmission in a porous medium would scale
control of the pore size, the spheres comprising the relative to the normal value of d, for the mixture.
porous medium are thoroughly washed and dried on Information on do itself, in fuel-oxygen mixtures at
a frequent basis. In the determination of the critical atmospheric initial pressure, is very limited. To pro-
tube diameter (di) for the different fuels, the porous vide a basis for comparison, the critical tube diameter
medium downstream of the orifice plate was re- experiment has been repeated for different fuel
placed entirely with detonable mixture. By varying mixtures of interest.
the mixture composition for each orifice diameter, it A CJ detonation is established at the top end of
was then possible to determine the variation of dt the tube and allowed to transmit across an orifice
over a range of 45, provided that the ratio of tube to plate. The mixture composition (0) is varied to get
orifice diameter was at least greater than 4-5. the critical condition for each orifice diameter. The

Direct initiation of detonation in the mixture at the variation of d, with 05 for selected mixtures is pre-
top end of the tube was effected by a high-energy sented in Fig. 1. Also plotted on the same set of axes
spark from a 0.6-pF capacitor bank, charged to 24- are d, data at 4 = 1, based on direct measurements
kV DC. For the less sensitive mixtures near the det- [3] and extrapolation from low initial pressures [4].
onability limits, a solid explosive detonator (#12 These data at 4 = 1 satisfy the 132 correlation and
blasting cap), sometimes wrapped with various agree with present measurements that cover a much
lengths of primachord (booster), was used to initiate wider range of 45. Although the validity of this cor-
detonation. To ensure that a steadily propagating CJ relation is not yet proven for mixtures of H2-0 2,
wave enters the porous bed, the velocity was moni- C3 Hs-0 2, C 2 H 4-0 2 across their entire detonability
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FIG. 1. Variation of critical tube diameter (d,<) with .

equivalence ratio (0) for the following mixtures: H2-Oo, . . ... ..... ....

CH,-O,, CH 4-O2, and (CH,-O,) + 75% Ar at P,, = 1 6• 9 iv
atm. Also plotted are data for d, at (P = 1.0, based on direct ... . .
measurements by Knystautas et al. [3], and extrapolation ,
by Matsui and Lee [4].

range, the corresponding fuel-air mixtures satisfy d.
= 132 for all d5 [12], suggesting that the same may
apply for fuel-oxygen mixtures as well, On the other •
hand, it is firmly established that d, = 132 breaks
down for (C2H2-0O) + 75% Ar. Values for d, in fuel- . .. .
oxygen mixtures are at least an order of magnitude - - "
smaller than the corresponding values in fuel-air 800 s/div
mixtures. For instance, d, - 20.5 mm in a mixture (b)
of H2-O2 at 0 = 1, while for the same composition
in H 2 -air, d, ý 190 mm [13]. Except for the case of FIG. 2. Pressure profile of a transmitted detonation in

H2-02, the minimum d, (or most sensitive compo- CH4-O 2 mixture across an orifice (3 mm in diameter), in a
sition) corresponds to a mixture composition slightly porous medium comprised of inert spheres (D = 12.7
on the rich side (0 > 1), rather than at stoichiomet- mm): (a) immediate transmission to quasi-detonation at 4
rie. This is consistent with what is observed for fuel- = 0.25, (b) detonation failure and retransition within po-
air mixtures by Knystautas et al. [12] and agrees with nous medium at 0 = 0.225.
theoretical predictions based on the 1-D ZND in-
duction length by Westbrook and Urtiew [13]. Note
that, for fuel-0 2 mixtures, the relative sensitivities of
the various fuels are different from those of the cor- nation into a porous medium. The mixture on both
responding fuel-air mixtures [12]. For example, in sides of the orifice plate (i.e., detonation tube up-
fuel-air mixtures, H2 is more sensitive than C2H4, stream and porous bed downstream) is the same.
which in turn is more sensitive than C3H1. However, There are essentially three variables in this problem:
for fuel-0O mixtures, C2H4 is more sensitive than the mixture composition (4), which determines a
both C3Hl and H2, while the argon-diluted mixtures detonation length scale (d,), the orifice diameter, and
appear to be the least sensitive (at least for U5 < 0.8). a characteristic length scale describing the porous
Because of the large value of d, in CH 4-0 2 (i.e., d, medium (d.). For convenience in carrying out the
S 51 mm at 4 = 1 [4]) compared with the diameter experiments, the porous medium was fixed, and for
of the detonation tube, it was not possible to study each orifice size, the mixture composition was varied
the variation of d, with 45 for this fuel. to establish the critical condition. Figure 2a shows a

Having established the critical diameter for the typical pressure record downstream of the orifice
various mixtures, we proceed to determine the crit- plate, for the case of successful transmission into the
ical orifice diameter for transmission of a CJ deto- porous medium, in a mixture of CH 4-02 at 4 = 0.25
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and an orifice diameter of 3 mm. The pressure profile and thereafter sustain the propagation of quasi-det-
indicates a quasi-steady wave propagation of non- onation.
decaying amplitude. The wave shape is qualitatively It is interesting to note that, if a weak spark is used
similar to that for normal detonation waves, i.e., to ignite the near-limit mixture described in Fig. 2b,
sharp pressure rise followed by the expansion in the rather than ignition via transmission through the or-
Taylor wave. Velocities for successful transmission ifice, transition from deflagration to detonation
across the orifice are identical to those previously (DDT) is not observed over the length of the porous
measured [7,8] for direct transmission into the po- medium. This suggests that the strong jet ignition of
rous medinm without an orifice (i.e., 0.3 < V/Vcj < the transmission through the orifice (for subcritical
1). An estimate of the velocity in the initial segment conditions) induces DDT, whereas a weak spark ig-
of the porous bed (120 mm) downstream of the or- nition failed to cause significant flame acceleration
ifice, based on the elapsed time between detonation leading to DDT in the porous medium. It is also of
arrival at the orifice and the onset of the pressure rise interest to note that, when transmission was not sue-
at the position of the first pressure transducer within cessful (including DDT), there is no combustion at
the porous medium, indicates that there is an im- all detected in the porous medium. This is charac-
mediate transition from detonation to quasi-detona- terized by a rapid decay in the pressure profile, rather
tion at the interface. It should be noted that the crit- than the emergence of a sharp pressure front. If a
ical tube diameter for CH 4-02, at a far more sensitive weak spark is used to ignite the same mixture without
composition of 0 = 1, is approximately 51 mm [4], the orifice, a slow flame (5-50 m/s) can propagate
which is at least an order of magnitude greater than over the full length of the porous medium; however,
the orifice diameter of 3 mm. for suberitical transmission of detonation through the

As the composition limits for direct transmission orifice, all combustion is quenched in the pores. This
into the porous medium [8,9] are approached, the indicates that the strong jet ignition provides a dif-
detonation fails immediately downstream of the ori- ferent quenching mechanism compared with that for
flee plate. This is illustrated by the absence of a sharp slow laminar flame quenching, where conductive
pressure rise in the top trace of the pressure record heat losses dominate [14]. A recent study by Makris
presented in Fig. 2b, corresponding to a mixture of [7] illustrates that ignition transfer near the limits for
CH 4-0 2 at Ck = 0.225 and an orifice diameter of 3 direct detonation transmission into a porous medium
mi. The lean propagation limit reported by Makris is via turbulent jetting of hot combustion products
and coworkers [8,9] for CH 4 -0 2 in the same porous through the interstitial sites and the subsequent en-
medium (without an orifice) is 0 = 0.2. Figure 2b trainment of the unburnt mixture. Excessive cooling
also indicates that the failed detonation retransits from the turbulent mixing processes in the pores can
back to quasi-detonation in the porous medium, and lead to the complete extinction of combustion. The
sharp pressure jumps are once again detected at sub- quenching mechanism in this case is essentially de-
sequent locations along the tube (traces 2 and 3). scribed by the "gasdynamic quenching regime"
Velocities measured after retransition were found to [14,15].
be in full accord with values reported for direct trans- For the case of a porous medium (D = 12.7 mm),
mission into the medium in the same mixture [7,8]. the results for C3 Hs-0 2 , CH 4 -0 2 , and H 2-0 2 are
We justify the use of the term "retransition" to det- given in Figs. 3a through 3c, respectively. In Fig. 3,
onation rather than "reinitiation" (as in the case of the velocity of the transmitted waves downstream of
normal transmission across an area expansion for su- the orifice is plotted against 0 for different orifice
percritical conditions), because the time interval be- diameters (25, 10, and 3 mm). Also plotted is a curve
tween failure and reappearance of detonation is long. fit of the velocity data for direct transmission (with-
This strongly supports the existence of a definite def- out an orifice) in the same porous medium [7,8]. The
lagration regime. Indeed, if one estimates the aver- limiting compositions (lean and rich) are denoted as
aged wave velocity in this initial segment of the po- the left and right extremities of the solid curve in Fig.
rous medium, it is found to be even below that for 3. For successful transmission, it can readily be ob-
quasi-detonation, e.g., 50-300 mi/s. In the normal served that velocities appear to be independent of
case of detonation transmission through an orifice, orifice diameter (up to a minimum size of 3 mm),
transition back to detonation is not observed once the and agree with the curve fit of velocity data for the
detonation has failed, or completely decoupled. Ap- case of direct transmission. This indicates that the
parently, the presence of a porous medium down- propagation phenomenon is governed by the local
stream of an abrupt area expansion assists the retran- environment, and the dynamics of the combustion
sition to quasi-detonation (or high-speed turbulent products do not really influence propagation. The
deflagration) within a relatively short distance. It has ability to correlate quasi-detonation velocities in po-
been illustrated [7,9] that shock-wave-particle inter- rous media using d0t/d, [8] suggests that the pore size
actions within the medium are able to generate sites may instead be the controlling physical dimension
of very high temperature, or "hot spots," to reinitiate rather than a more global length scale. For a sphere
detonation at discrete points across the wave front diameter D = 12.7 mm, the average pore size, es-



TRANSMISSION OF A DETONATION WAVE INTO A POROUS MEDIUM 69

I - Curve fit of data(',') (no orifice) /
025 mm orifice diameter

Curve fit of data
1

.
5
' (no orifice) X1 10 mm orifice diameter

S10 2 om orificr diameter 3 mm orifice diameter
, Immediate transmission

3 mm orifice diameter A Detonation failure and re-transitionz Immediate transmission v Quenching (no transmission)

A Detonatlon failure and re-transition 0.8
T Quenching (no transmission)

0.8

-s00.6

j3 0.40

0.4

0.0.4-OT4 I
0.2 C[ CH8 0 1 W I H"O

, 3 8 2 4ý 2

0 0.. . 0

0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5

(a) (b)

- Curve fit of data(7,s) (no orifice)

0 25 mm orifice diameter
SX 10 .. orifice diamtoer

3 man orifice diame!terý
SImmediate transm......

A Detonation failure and re-transition

0.8 v Quenching (no transmission)

0.6

•' 0.4

0.22 2

0 1 2 3 4

(c)

FIG. 3. Variation of transmitted velocity in the porous medium (D = 12.7 mm) with mixture composition, through
different orifice diameters: (a) C3HA-O2, (b) CH4 -O,, and (c) H2-0. Curve fit represents velocity data in the same porous
medium for direct transmission without an orifice [7,8]. The dashed lines define the range of compositions for which
successful detonation transmission is possible.

timated as d - D/3, corresponds to -4 mm. This downstream of the orifice (-120 mm). For purposes
value is smaler than the orifice diameters of 25 and of graphical display, quenching is identified in Fig. 3
10 mm and very close to the smallest orifice tested, by assigning a zero velocity to the transmitted wave.

The dashed vertical lines in Fig. 3 denote the com- Following Refs. 14 and 15, the range of compositions
position boundaries (lean and rich) beyond which a outside the region bounded by the dashed lines is
failed detonation downstream of the orifice does not denoted as the "quenching regime." The quenching
undergo DDT. Similar to the critical composition limits of the different fuels for detonation transmis-
limits for direct transmission (no orifice), the limits sion across the 3 -mm orifice occur very close to the
in the present case are characterized by the complete critical compositions for transmission without an or-
quenching of combustion within a short distance ifice. This is a significant observation in that it pro-
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vides clear evidence that the smallest physical di- o Present renure•,ents (nao orifice)
mension indeed controls transmission into the 0 Queig (no orifice)

porous medium for these mixtures. The slightly nar- 10 rmmediameter
rower range of $ for successful transmission with the 1 * Quenching (no trannsmission)

orifice, compared to the detonability range for direct an orifced,,e
transmission denoted hy the solid curve, may perhaps . Detotnt, faikure no re-transition

be accounted for by taking note that the 3-mm orifice 0.8 v Quenchiag (no tro.si.s.io)

is a marginally smaller dimension than the effective
pore diameter (-4 mm) for this sphere bed. It C BOUNDARIES:
should also be noted that the critical orifice diameter >' 0.6 3 -= ORIFICEis at least an order of magnitude less than the critical $ A

tube diameter (d0 ) of the mixture at the same com- 0 - ORIFCE 1

position (refer to Fig. 1), pointing to a local failure 0.4
mechanism [6] for these mixtures.

It is of interest to examine next the transmission NO ORIFICE

phenomenon for a mixture of (C2H2-0 2 ) + 75% Ar, 0.2 4 (C2 2-O 2 Ar
for which the dc = 132 correlation is known to break
down. Based on observations of the near-limit deto-
nation phenomenon in such mixtures [16], Lee [6] 0 .. - - -
proposed that detonation failure is governed by a 0 0.2 0.4 0.6 0.8 1
global mechanism, as opposed to a local mechanism
for mixtures with a high activation energy, consid- D
ered in Fig. 3. If detonation transmission into a po-
rous medium for mixtures highly diluted with argon FIG. 4. Variation of transmitted velocity with mixture
is similarly governed by a global mechanism, then the composition in (C2H 2-02 ) + 75% Ar through different or-

phenomenon should be controlled by the orifice di- ifice diameters. Critical conditions for transmission are de-
ameter and not by the smallest physical dimension. pendent on orifice diameter, suggesting a global failure
Velocity data in the porous medium (D = 12.7 mm) mechanism [6].
corresponding to a mixture of (C2H-2-0 2) + 75% Ar
are presented in Fig. 4 for cases of transmission
across orifice diameters of 3 and 10 mm, as well as normal critical tube diameter (dr) for the mixture.
for the case of direct transmission. The solid curve The transmitted wave is independent of the orifice
represents a curve fit of the transmitted velocity data diameter and propagates as a quasi-detonation, with
plotted. Similar to the other mixtures tested (Fig. 3), a velocity identical to the normal value for direct
quasi-detonation velocities (for successful transmis- transmission without an orifice [7,8]. For well-deto-
sion) do not appear to be a function of the orifice nable mixtures, transition from detonation to quasi-
diameter. A failed detonation downstream of the detonation is immediate at the interface of the po-
3-mm orifice can once again retransit to quasi-deto- rous medium. In the near-limit regime, the
nation in the porous medium (as in Fig. 2b). The lean detonation wave fails downstream of the orifice and
limit (or quenching boundary) in this case of high undergoes deflagration to detonation transition
argon dilution appears to be clearly a function of the (DDT) within a relatively short distance of travel in
orifice diameter. Quenching occurs at a more sensi- the porous medium. This is in sharp contrast to the
tive P for an orifice of 10 mm in diameter, compared normal case of detonation transmission through an
with the case of direct transmission. Moreover, a re- orifice, where retransition to detonation is not ob-
duction in orifice diameter to 3 mm brings about a served once the wave has failed. A porous medium
shift in the lean quenching limit to a more sensitive can artificially generate "hot spots" from shock-
composition. The orifice introduces a larger length wave-particle interactions [7,9] and thus can assist
scale into the problem, thereby providing evidence the retransition process to a quasi-detonation. It ap-
supporting the existence of a global failure mecha- pears that DDT is only possible for strong jet ignition
nism. If the failure mechanism were local, as in the through the orifice and not for weak flames charac-
mixtures with high activation energy, then the small- terized by low flame accelaration. For subcritical
est physical dimension of the pore would dominate, transmission of detonation through the orifice, a tur-

bulent jetting mechanism seems to be responsible for
the complete and abrupt extinction of combustion

Conclusions that takes place within the pores. The quenching lim-
its for mixtures with relatively high activation energy

It is conclusively demonstrated that a CJ detona- occur very close to the critical compositions for det-
tion can transmit into a porous medium through an onation quenching in the porous medium without an
orifice, for orifice diameters much smaller than the orifice. This strongly suggests that transmission in
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such mixtures is governed by the smallest physical chanical Engineering, McGill University, Montreal,
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vation energy is not as high and the d, = 13A cor- Knystautas, R., 14th ICDERS, Coimbra, Portugal, Au-
relation is known to break down, e.g., (C2H2-0 2 ) + gust 1993, submitted for publication in Shock Waves
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INITIATION OF UPSTREAM-DIRECTED DETONATION INDUCED
BY THE VENTING OF GASEOUS EXPLOSION

S. P. MEDVEDEV, A. N. POLENOV, S. V. KHOMIK AND B. E. GELFAND

Institute of Chemical Physics, Russian Academy of Sciences
Kospgina 4, Moscow 117977, Russia

An experimental study to demonstrate the possibility of nontraditional trends of vented explosion has
been performed. The experiments have been carried out using a cylindrical horizontally placed 4-L explo-
sion chamber. One of the end flanges of the explosion chamber was equipped with a centrally located
opening. Initially, it was covered by a hermetically mounted diaphragm. Various configurations of short
vent pipes were available for attachment to the opening. The explosion was initiated by an electrical spark
at the closed end flange of the explosion chamber. Two mixtures under investigation were stoichiometric
hydrogen-oxygen and acetone-oxygen mixtures diluted with nitrogen at initial pressures of 3 and 2 bar,
respectively. Pressure and ionization measurements, streak camera photographs, and smoked plate records
indicated that, under certain conditions, a detonation wave propagates upstream from the vent opening
into the explosion vessel. The presence of at least a short duct is a necessary condition for the upstream-
directed detonation event. The interpretation of the experimental results is based on the consideration of
the intense mixing of the hot combustion products with the unburned gas in the vent duct. It was shown
that a gradient of ignition delay of fresh mixture is set along the initial run of the vent pipe. As a result,
upstream-directed detonation is initiated as a result of the shock wave amplification by coherent energy
release (SWACER) mechanism.

INTRODUCTION importance: Is it possible that, in some instances of
vented explosions, a detonation will initiate and

Pressure release at the initial stage of the gaseous strong shock waves will propagate into the vented
explosion in a closed vessel is widely used as a chamber? As mentioned above, the present study
method for explosion mitigation. Normally, practical concerns vessels with small length to diameter ratios.
recommendations are based on experimental data Taking into account that the explosion is initiated by
and theoretical grounds for spherical or cylindrical a weak source (e.g., electrical spark), there is only a
vessels of length/diameter ratio less than 3:1. An ex- very low probability that a deflagration to detonation
amination of numerous experimental results [1] from transition will occur in a manner similar to that oh-
the point of view of the value ofphn, i.e., the largest served in elongated tubes. A more suitable mecha-
pressure inside the vented vessel during depressuri- nism is fast turbulent mixing of hot combustion prod-
zation, showed that pa usually does not exceed the nets with reactants [4,5]. This can lead to the onset
pressure of diaphragm rupture p, by more than a of detonation at very short distances. Setting aside
factor of 4-6. Only in specific cases are the largest the mechanism of this phenomenon [known as the
measured values of p .m comparable with the maxi- shock wave amplification by coherent energy release
mum pressure p,,, of the constant volume explosion. (SWACER) mechanism] for later consideration, it
In particular, it is known that the pressure history should be noted here that, in spite of obvious differ-
inside the explosion chamber is affected by the pres- ences of experimental setups [4,5] from traditional
ence of a duct connecting the opening with the en- vented explosion vessel design, the mixing process of
vironment [2,3]. The possibility of the onset of a det- combustion products with unburned gas takes place
onation in a long duet joined to the opening of an during a vented explosion when the flame front
explosion vessel recently has been demonstrated [2]. reaches the opening. So there is no reason to rule
Nevertheless, this process does not influence the out the possibility of detonation onset for some mix-
maximum pressure value inside the vented chamber. ture under proper conditions.
It should be noted finally that almost all conceivable The aim of the present work is to demonstrate the
venting experiments have been performed with the possibility of upstream-directed detonation onset as
fuel-air mixtures at initial pressure P, = 1 bar. a result of explosion venting, Experiments have been

Analysis of the conventional experimental data carried out using a cylindrical 4-L explosion chamber
[1-3] does not answer the question of great practical with a ratio of length to diameter of 2.2. In accor-
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generator j FIG. 1. Schematic diagram of the

Streak basic experimental apparatus and
camera data acquisition system.

dance with the above analysis, the essential features the explosion chamber; PG2 and PG3-respectively
required of the experimental setup and combustible at distances of 155 and 29,0 mm from the closed end
mixture are as follows: flange. The locations of the pressure gauges mounted

outside the explosion chamber depended on the duct
1. Mixture: more reactivity than conventional hydro- used. Normally, the distance between the diaphragm

carbon-air mixtures. and the first of the external gauges was no more than
2. Initial pressure: greater than barometric pressure. 65 mm. The two mixtures under investigation were
3. Ducting: the possibility of the variation of the stoichiometric hydrogen-oxygen and acetone-oxygen

vent-pipe length. mixtures diluted with nitrogen (2H2 + 02 + N2 and

C3HO + 402 + 3.3N2) at initial pressures of 3 and
2 bar, respectively. Pressure of diaphragm rupture

Experimental Details and duct length were varied in the present experi-
ments.

The general arrangement of the experimental ap-
paratus and the data acquisition system are shown in
Fig. 1. One of the ends of the explosion chamber was Experimental Results
equipped with a centrally located opening 53 mm in
diameter. Initially, it was capped by a hermetically The main attention of the present investigation
mounted aluminum or copper diaphragm. Four vent was focused on the gas-dynamic effects of the venting
tubes of the same diameter as the opening and of process. Systematic experiments on the depressuri-
lengths H = 50, 100, 150, and 340 mm were avail- zation of the burning mixture have revealed an in-
able for attachment to the opening. teresting result. It was established that proper com-

The burning of the mixture under investigation binations of pressure p. and length H inevitably give
was initiated by an electrical spark at the closed end rise to a violent pressure buildup within the vented
flange of the explosion chamber. The pressure rise explosion chamber.
inside the explosion chamber leads to rupture of the As an illustration of the foregoing, consider the
diaphragm at a preset pressure p, The pressure his- selected runs that are presented in Figs. 2 and 3.
tory both before and after beginning of the depres- Figure 2 gives an example of typical pressure-time
surization was recorded by means of piezoelectric histories inside the explosion chamber in the exper-
gauges PG1-PG5 placed as shown in Fig. 1. The ex- iments with the hydrogen mixture. The lowest traces
plosion chamber, as well as the duct of 340 mm in numbered 1 are useful in visualizing a trend in a com-
length, is equipped with split windows for the visu- bustion process without depressurization, i.e., con-
alization by means of high-speed streak camera stant volume burning. This preliminary experiment
FK-1M. Finally, in some experiments, additional in- gives an important parameter-the maximum con-
formation could be obtained by using an ionization stant volume explosion pressure p,,, which approxi-
probe (IP) mounted flush with the duct wall, at a mately equals 23 bar. The records 2 and 3 illustrate
distance of 25 mm from the diaphragm. Pressure typical pressure histories inside the explosion cham-
gauges were spaced along the explosion chamber as ber that were observed during vented experiments.
follows: PG1-centrally located at the close end of Both experiments presented here were performed
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FIG. 2. Pressure histories inside the explosion chamber. 2 6 10 14 P, bar
(1) Constant volume burning; (2) H = 0; (3) H = 50 mm.

FIG. 4. Graphical summary of the experimental out-
comes. O-Acetone mixture; Ai-hydrogen mixture. Open

-a d circles-smooth depressurization; semisolid circles-de-

ýG pressurization with oscillations; solid circles-DD regime.

of magnitude. The observed strong shock wave of
short duration is propagated from the opening into

ýýG the explosion chamber. The characteristic features of
this process are similar to those of detonation onset.
We denote this phenomenon by means of the short
abbreviation DD, i.e., Detonation due to Depressur-

"o PG2 o ization.
Q The above phenomenology is applicable to the ex-

periments with the acetone mixture presented in Fig.
-PI •3. The only addition lies in the fact that, as illustrated

) in Fig. 3c, for some intermediate length of the vent
2C 0 PG3 duct one observes the emergence of relatively weak

PG3 pressure disturbances that are superimposed on the
smooth pressure traces. Nevertheless, the maximum

PCI pressure in this case does not exceed the value p,,
An analytical treatment of more than 100 experi-

ments for different values of pressure p, and length
H shows that the described modes of pressure

Time 1 ms/div. Time 0.5 ms/div. change within the explosion chamber are character-
istically different. For the sake of convenience, one

FiG. 3. Typical pressure records for acetone mixture. p, can introduce the following short summary of pos-
= 3.5 bar. (a) Constant volume burning; (b) H = 0; (c) H sible venting regimes:

100 mm; (d) H = 340 mm. 1. Smooth depressurization: pu < pmn_ <Pm

2. Depressurization with pressure oscillations: pn..

under identical pressure, p, = 7 bar. The only dif- - P",
ference between the described cases consists in the 3. DD regime: p... > (6 -10)p.
length of the venting duct. It is readily seen that the The experimental outcomes are summarized in
absence of the duct leads to attenuation of the ex- Fig. 4. As seen from this diagram, the probability of
plosion (see curves 2 in Fig. 2). The pressure falls the third regime increases with both decreasing pres-
smoothly and uniformly throughout the explosion sure of diaphragm rupture and increasing duct
volume after diaphragm rupture. The addition of the length. It is significant that the presence of at least a
short duct results in both qualitative and quantitative short duct is a necessary condition for the DD ad-
changes. In the specific case of Fig. 2 (curves 3), at vent. Thus, present experiments demonstrate a pos-
some instant of time after diaphragm rupture, the sibility of unusual trends in vented explosion. To clar-
pressure suddenly increases and reaches a value that ify the details of the DD phenomenon, some
is greater than the value p,, by more than an order additional experiments were performed.
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FIc. 5. Pressure and ionization records. Hydrogen mix- FIn. 6. Streak camera photographs under DD regime
ture. p, = 7 bar, H = 50 ram. (a) and without DD regime (b). Acetone mixture. p, = 3.5

bar.

Pressure and Ionization Measurements: t, 0.2 mns/div.
An example of simultaneous pressure and ioniza-

tion records is presented in Fig. 5. As seen from this
flgui-e, a strong shock wave suddenly arises within the
explosion chamber shortly after the emergence of hot
burning products in the duct. Then the observed
\vave propagates into the explosion chamber. It
should be noted that the pressure inside the explo-
sion chamber is higher than that in the duct. j L

Streak Camera Photographs: Explosion chamber

Figure 6 presents two typical streak camera re- I I neDuct,
cords of a venting process. Self-luminosity of the
flame inside the explosion chamber until the moment x, 50 mm/div.
the flame enters into the duct is negligible. Under FIG. 7. Streak camera photographs of hydrogen mixture
DD-regime conditions (Fig. 6a), a bright line is easily with a duct attached to the chamber. H = 50 mm, p,
observed that appears in the vicinity of the dia- 7 bar.
phragm and moves into the explosion chamber. Its
visible velocity is equal to approximately 1800 m/s.
Simultaneously, a detonation wave is initiated inside this case, the pressure measurements indicate that
the duct at a distance of about 150-200 mm fi-om the process under investigation is one of depressur-
the diaphragm. ization with oscillations.

Figure 6b illustrates the flow pattern without the Another illustration of the process under study is
DD regime. The experiments shown were per- presented in Fig. 7. Contrary to the above example
formed at the same conditions for the setup and the (Fig. 6), the right part of Fig. 7 is a streak photograph
initial pressure. To avoid the onset of the DD regime, of the process in the unconfined space outside of the
a less sensitive mixture (CaHsO + 902 + 6.6N,) explosion chamber and duct. As seen from Fig. 7, the
was used. As seen from Fig. 6b, the main features of detonation-like wave propagates both inward and
the flame propagation in the duct are quite similar outward of the explosion chamber. A likely place of
to those presented in Fig. 6a. Considering the explo- origin of these waves is inside the duct. Taking into
sion chamber, it should be mentioned that, as op- account that the observed waves are propagated up-
posed to the case of Fig. 6a, there is no line that can stream and downstream, respectively, one can esti-
be identified as a strong gas-dynamic disturbance. In mate the outflow speed as one-half of the difference
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iaphragm detonation process is clearly seen. The trend of cell
shape and size variation shows that the detonation, if
any, is directed from the opening. An essential fea-

Explosion ture of the DD regime is its destructive effect. The
Duct proof of its mechanical action was not difficult to vi-

chamber sualize by replacing the smoked plate with a thin alu-
minum foil. It was shown that only the DD regime
inevitably gives rise to full disintegration of the foil

Smoked plate into numerous small fragments.

Discussion

First and foremost, it is pertinent to note that the
7 DD regime is not due to the flame acceleration after

rupture of the diaphragm. This is evident from the
pressure histories before DD advent, which are not
dissimilar in aspect from those in a closed volume
explosion even at relatively low values of p, (see, e.g.,
Figs. 2 and 3). The experimental results show that
the detonation wave propagating into the vented
chamber is initiated shortly after the arrival of the
flame front at the vent opening. By this instant of
time, only a small portion of the unburned mixture
is exhausted into the atmosphere. Hence, the DD
onset is preceded by a concurrent outflow of com-
bustion products and fresh mixture. In view of the
fact that the transition to detonation takes place in a

A; .short time interval, it is reasonable to suggest that
the most appropriate mechanism of the observed
phenomenon is fast turbulent mixing of the hot com-

FIG. 8. Schematic of the smoked plate location and typ- bustion products with unburned mixture at the short

ical smoked print under DD regime. Acetone mixture. section of the duct immediately adjacent to the open-
ing. This mixing keeps pace with the critical outflow
through the duct because of the sufficiently high

between the visible wave velocities. This comes to a pressure difference between the explosion chamber

value of about 1100 oi/s. Thus, the velocities of the and the environment. So the transient ignition delay

waves relative to the flow are approximately equal to t of the unhurned mixture governed by the turbulent
2450 m/s. This is in good agreement with the theo- mixing with the combustion products will have

retical (Chapman-Jouguet) CJ value of 2465 m/s (at elapsed at some distance Hi from the opening. These

initial pressure 12 bar and temperature 440 K, which parameters are interrelated by means of an obvious

correspond to the state of the unburned mixture at equation,
the instant of the DD-regime onset). In the absence
of any duct extension, the ignition outside the explo- = at1  (1)
sion chamber is observed. However, it does not sub-
stantially influence the flow pattern inside the explo- where an is critical velocity of the outflow. On the
sion chamber. other hand, the ignition time t1 can he estimated by

the relationship [6]

Smoked Plate Records and Aluminum Foil Tests: t' dt 1. (2)

As mentioned above, pressure measurements and

streak camera photographs show that the inwardly Here z is the chemical induction time. For a by-
directed strong shock wave has much in common drogen-oxygen mixture, it can he written as follows
with a detonation wave. So additionally, in some ex-
periments, a smoked plate was placed around the [7]
opening inside the explosion chamber, as shown in T
Fig. 8. A typical smoked print under DD conditions r = 1.85 X 10 T exp ( -) (3)
is given by Fig. 8. The cellular structure indicating a [02]
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where - is in us, [0,] is partial pressure (in bar) of compares satisfactorily with the experimental value
the oxygen in the explosible mixture, and the tern- of 50 mm.
perature T is in K.

The present approach is similar to that of Ref. 4.
Following Ref. 4, one can assume that, for a short Conclusion
mixing time, the temperature of the combustion
products T,, changes negligibly. So the induction time The present work has revealed the distinctive fea-
of the unburned mixture will depend only on the tures of the vented explosion of mixtures of relatively
oxygen concentration, which is given by the linear high reactivity at elevated initial pressures. An up-
relationship [4] stream-directed detonation onset was observed un-

der proper conditions. The described destructive

[021 = [02] 0kt (4) process can be realized even in a small-scale compact
vessel with the ratio of length to diameter less than
3. It was shown that the presence of at least a short

where [0210 is the initial partial pressure of oxygen smooth duct can give rise to the qualitative changes
in the unburned mixture at the beginning of the mix- in the pressure histories inside the vented chamber.
ing and k denotes mixing rate. Close inspection of the experimental evidence and

Solving the set of Eqs. (1) through (4), we obtain theoretical estimations indicate that the mechanism
the condition on the distance at which self-ignition of the transition to detonation is most likely to be the
is to occur: Hi = (2ro~ak- 1)0.5 (r0 is the induction SWACER mechanism. From the point of view of fur-
time at temperature Tp). On the other hand, it is easy ther inquiry into the problem of direct initiation of
to show that there exists a distribution of ignition detonation without a powerful source, the present
delays along the vent duct given by r(x) = r0a, (kx)-I experimental arrangement can be suitable for the
(x is measured from the opening of the explosion practical realization of the desired gradient of induc-
chamber). This distribution is essentially steady state tion time.
because of sonic flow inside the duct. It can play a
crucial role in the realization of the SWACER mech- Acknowledgment
anism of the detonation onset. Omitting the details
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Attempts were made to detonate a special ball-milled TNT powder of about 30-pum particle size that
was dispersed in air, oxygen, and nitrogen at nominally 1 kg/m3 in a highly instrumented 152-mm-diameter
7.31-m-long horizontal detonation tube. Results were successful in both air and oxygen, but not in nitrogen.
New modifications to the detonation tube for this work included implementation of two-color temperature-
measuring instrumentation, and the repositioning of some piezoelectric pressure transducers and fiber-
optic light-detector probes so that phenomena such as spinning detonation and multiple-front detonations
could be better identified and quantified. TIGER Code Chapman-Jouguet (CJ) computations were made
for TNT, RDX, and mixtures of TNT and RDX in air, oxygen, and nitrogen at concentrations up to 100
kg/ml. The computed results for TNT in air and oxygen at a concentration of 1 kg/m 3 for the detonation
velocities, pressures, and temperatures were 2.00 km/s, 4.00 MPa, 3250 K in air and 2.05 kin/s, 4.40 MPa,
3740 K in oxygen. Experimental results for TNT powder were 1.82 km/s, 4.06 MPa, 3245 K in air and
1.90 kmi/s, 4.61 MPa, 4240 K in oxygen; the experimental concentrations, which were monitored with laser
optics, were determined to be 1 kg/ms with an estimated error of ± 10%. Subsequent experiments were
conducted with RDX, alone and in mixtures with TNT, in attempts to achieve detonation in nitrogen.
These were successful except when the RDX percentage fell below 20% by weight. Results of successful
detonations of RDX/TNT mixtures indicated multiple-front detonations, suggesting that the TNT was
reacting behind the RDX detonation front in such a manner that it supported the overall detonation.

Introduction cally dependent upon stoichiometry, homogeneity,
and particle size. Hence, fuel powders dispersed in

The achievement and phenomenology of hetero- air are very difficult to detonate, even in one-dimen-
geneous two-phase solid particulate/gas detonations sional detonation tube studies, in which case they
have become subjects of considerable interest and generally manifest spinning detonation [4].
investigation in recent years, involving fuel, energetic However, about two decades ago, it was discov-
material, and molecular explosive powders dispersed ered that molecular explosive powders such as
in air (as well as in other gaseous media). However, PETN, RDX, and TNT could be dispersed in air and
the phenomenological aspects of these heterogene- readily detonated, yielding stable detonation char-
ous detonations remain as causes of considerable acteristics that correlated quite well with analytical
controversy with regard to classical homogeneous thermochemical CJ computations [5]. Because stoi-
Chapman-Jouguet (CJ) detonation theory. Confined chiometry in molecular explosives is essentially in-
detonations of fuel powders dispersed in air have trinsic, particle size and homogeneity would appear
been documented over a decade ago, e.g., detonation to be inconsequential, except for minimum concen-
of aluminum (Al) powder [1] and grain dust [2], trations required to sustain propagation of detona-
achieved in one-dimensional detonation/shock tubes. tion.
(Although not an issue in this paper, the unconfined Subsequent studies demonstrated that the severe
detonation of A] powder dispersed in air has also criteria for achieving stable detonation of Al particles
been unequivocally demonstrated [3].) The criteria, dispersed in air are considerably relaxed by sensiti-
however, are very severe. The solid fuel particles zation with small amounts of molecular explosive
must burn sufficiently fast and effectively to support powders such as RDX [6]. Computations and exper-
propagation of detonation, and are therefore criti- iments conducted with Al and carbohydrate powders
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to which molecular explosives were added demon- ther improvements in the detonation tube facility
strated extensive mitigation of the severe stoichi- used in these experiments have been implemented,
ometry and detonability requirements, respectively including provision to monitor detonation tempera-
[7], both for dispersions in air and in bulk formula- tures as well as detonation pressures, velocities, and
tions. induction times. Modifications have also been made

In other experimental investigations conducted to to allow better assessment of phenomena such as
gain better insight into the mechanisms of hetero- spinning detonation and multiple-front detonations.
geneous two-phase solid powder/gas detonations, the Analytical TIGER Code CJ computations, using
molecular oxidizers ammonium perchlorate and po- the most recent upgraded version of this code for
tassium perchlorate were dispersed and detonated in CHNO and other species [9], were also conducted
a gaseous fuel of ethylene [8]. The achievement of to assess the detonation characteristics of the various
detonation in the case of potassium perchlorate was heterogeneous systems investigated and for compar-
especially significant, in that it demonstrated deto- ative purposes in regard to experimental results that
nation could proceed by the sequential mechanisms have been obtained.
of (1) decomposition of this solid molecular com-
pound to potassium chloride with the attendant re-
lease of gaseous oxygen (net heat of reaction about
zero), and (2) subsequent combustion of gaseous eth- Analytical Results
ylene in the gaseous oxygen, within the time frame
of a stable, propagating detonation. Figures 1 through 3 present the analytical TIGER

Organic molecular explosives such as TNT, RDX, Code computational CJ results for detonation tem-
and PETN can respond by alternate mechanisms un- peratures, pressures, and velocities for TNT in air,
der different stimuli, dependent upon their particu- oxygen, and nitrogen, as a function of concentration.
lar chemical structure. For instance, TNT will readily Similar computations were also conducted for vari-
burn in air, usually uneventfully without transition to ous mixtures of TNT and RDX in nitrogen, and are
detonation, whereas both RDX and PETN will not presented in Figs. 4 through 6.
burn per se but will immediately transition to deto- In Fig. 1, it is evident that, in the case of TNT, the
nation if exposed to flame or sufficient heat. Hence, gaseous phase is quite influential in regard to deto-
TNT is highly fuel rich and, if combusted in oxygen, nation temperature, up to concentrations of about 10
will release almost three times as much heat of re- and 50 kg/m 3 in the case of air and oxygen, respee-
action as it will in detonation; RDX is essentially fuel tively, as would be expected. However, there is ex-
oxidizer balanced, and PETN is somewhat oxidizer tensive variability in the lower concentrations; the
rich. influence of the amount of oxygen is paramount.

In this paper, results of recent studies of confined, Similar observations are noted in Figs. 2 and 3 for
one-dimensional detonation tube experiments to as- the case of detonation pressures and velocities, but
sess and characterize the detonation of TNT and to a much lesser degree. Enhancement of detonation
RDX in air, oxygen, and nitrogen are presented. Fur- characteristics by the improvement of stoichiometry
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available from oxygen is manifested mainly in deto- steel and, as illustrated, contains one set each of di-
nation temperatures. ametrically opposed piezoelectric pressure transduc-

Figures 4 through 6 illustrate that detonation char- ers and fiber-optic light-detector probes at each of
acteristics of RDX are considerably better than those the 11 stations. However, to better assess phenom-
of TNT when detonated in nitrogen, as would be ena such as spinning detonation and multiple-front
expected based on the fact that TNT is so fuel rich detonations, the five sensor locations at four of the
and that IRDX is essentially stoichiometrically bal- 11 stations were altered so that Station Nos. '2 and 8
anced in regard to its fuel/oxidizer structure, consisted of five pressure sensors for each, and sim-

ilarly, Station Nos. 3 and 9 consisted of five light sen-
sors for each.

Detonation Tube Facility Ratio two-color radiometry was selected for pro-
viding the basis for measurement of two-phase det-

Figure 7 illustrates the latest modified and instru- onation temperatures. This technique for tempera-
mentally improved IITRtI detonation tube facility. ture measurements is based on the relative
The instrumented section is constructed of stainless relationship of incident radiation at one wavelength
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to that at another wavelength, i.e., Plank's law for domized to produce evenly divided outputs. When
spectral emissive power of a blackbody radiator at light is uniformly incident onto the large unified in-
relatively short wavelengths. Fiber optics were used put, the trifurcated bundle transmits 30% of the total
to receive and transmit the radiation from the to each leg. Approximately 4% is reflected at the in-
detonation front to appropriate detectors and signal put and output. The transmittance of glass fiber over
conditioning circuitry. For more comprehensive a 1-m length is about 48%, and remains relatively
assessment of this methodology, the temperature- constant over the wavelength range 400-1300 nm.
measuring instrumentation (TMI) involved three The numerical aperture is 0.56, thus providing an
color wavelengths to provide three independent acceptance cone angle of 68'. The bandpass filters
measurements and to cover a larger portion of the are three-cavity interference filters, pass a narrow
radiation spectrum. band of visible light, and reject out-of-band wave-

The TMI system consists of a quartz lens, a trifur- lengths in the UV and IR range. The center wave-
cated bundle made from glass fibers, bandpass filters, lengths of 500, 600, 700, and 800 nm were selected.
and silicon photodiodes. The fiber optics, in con- Two units were fabricated and implemented into the
junction with the bandpass filters, are used to provide instrumented section of the detonation tube. Unit
the three different color outputs from the tempera- No. 1 has center wavelengths of 500, 600, and 700
ture source. The fiber bundles used are comb ran- nm, and Unit No. 2 has center wavelengths of 600,
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FIG. 7. Schematic of the detonation tube.

700, and 800 nm. All filters have a bandwidth of 70 the first detonation tube experiment showed that the
nm. The transmittance for these filters is in the range use of a collimating beam probe was a desirable fea-
of 50-60%. The filters were selected to cover the ture; hence, all three channels of each unit were
visible and near-IR range and have one color pair in equipped with collimating probes for all subsequent
common, 600 and 700 nm. This selection was made experiments. In addition, the line amplifiers used for
to provide information on response as a function of the initial experiments were removed from the sys-
location as well as on the consistency of the measure- tem after it was determined that the amplitude of the
ments. signals generated by the photodiodes was of a suita-

The photodiodes have a radiant sensitivity of about ble level for recording.
0.35 A/W in the range of interest. The radiant sen- The radiated energies are not measured directly;
sitivity is nil in the UV and IR range and somewhat they are conducted through the optical fibers and, in
wavelength dependent in the band of interest. The turn, through the filters to the sensing elements of
photodiodes are operated in the photoelectric mode the photodiodes. The radiated energies cause current
and provide for a rise time (10-90%) of 0.25 ps with flows in the photodiode circuits, which are detected
a linear response range extending over five orders of by measuring the voltages developed across appro-
magnitude. priate load resistors. These voltages are linearly re-

Results of pretest calibrations and the data from lated to the radiated energies, but their amplitude is
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TABLE 1
Experimental detonation characteristics of TNT powder dispersed in various gases

Velocity Pressure Temperature Induction Time
Gas (km/s) (MPa) (K) (us)

Air 1.82 4.06 3245 18
Oxygen 1.90 4.61 4240 15
Nitrogen .- -

influenced by the overall system characteristics. This addition of flaked Al powder to PETN and RDX dis-
TMI system is explicitly described elsewhere [10]. persions in air provides considerably improved det-

onation characteristics [12]. Hence, it became evi-
dent that the Al is reacting within the detonation

Experimental Procedure zone in such a manner that the overall detonation
and blast output are enhanced. In other words, the

The experimental procedures in these studies Al participates in the detonation mechanism.
were essentially identical to those previously re- Because TNT is an excellent fuel as well as an
ported [5,8], with some modifications/improvements, explosive, studies were conducted with specially ball-
Two lasers were used as depicted in Fig. 7 for mon- milled TNT of about 30-,um average particle size,
itoring concentration of the powders as well as es- dispersed in air, oxygen, and nitrogen in the deto-
tablishing the timing for the initiation of the explosive nation tube. The concentrations were about 1 kg/m3.
charge used to initiate detonation in these hetero- The TNT readily detonated in air and in oxygen, but
geneous systems. The reason for the extension of the it did not detonate in nitrogen. Certainly TNT pow-
detonation tube is that, although in most experiments der dispersed in nitrogen, if of sufficient concentra-
the initiation charge consisted of a detonator and a tion and suitable size and confinement, will detonate.
small 2.8-g booster pellet (A4), the initiation of det- Numerous additional experiments were conducted,
onation in many experiments required substantially i.e., with initiation explosive charges up to 30 g C4
larger initiation charges, e.g., 10 to over 30 g of total or Detasheet, and at concentrations in excess of 2
explosive charge. Calibration studies indicated that kg/m3. All failed to detonate. Evidently, the presence
the shorter detonation tube did not allow sufficient k
attenuation of the blast output to preclude of oxygen was requisite to propagate detonation un-

interference to the pressure and light sensors; i.e., in der the experimental conditions imposed.
Results of representative experiments, i.e., thosesome experiments, blast enhancements were ob- that had the most uniform concentration as well as

tained that could have been misconstrued to be non-
ideal detonations. Calibration experiments with the inscremental pressures and velocities throughout the
present extended detonation tube using explosive instrumented section of the detonation tube, are in-
itiation charges up to 30 g C4 indicated complete cluded in Table 1. These values can be compared to
attenuation of light output signals and decaying blast the TICER Code analytical computations at the
pressures below 0.5 MPa in the instrumented see- approximately equivalent concentration of 1 kg/ma,
tion. as presented in Table 2.

The most difficult aspect of these dispersed pow- To further investigate this phenomenology, exper-
der experiments was, and remains, the achievement iments were conducted with about 22,urn RDX alone
of homogeneous concentrations throughout the det- and as mixtures of RDX and TNT dispersed in nitro-
onation tube. Calibration experiments were always gen. The RDX alone, as expected, readily detonated
conducted prior to detonation testing in order to oh- in nitrogen. Mixtures of RDX and TNT of 75:25,
tain concentration information as well as timing re- 50:50, 25:75, and 10: 9,0 by weight RDX: TNT were

quirements. also tested. Detonations were achieved in all of these
ratios except the 10 : 90 ratio; subsequently, ratios of
15:85 and 20:80 were also tested; the 15:85 ratio

Experimental Genesis and Results failed, but the 20:80 ratio detonated.
Figure 8 illustrates the TMI responses at the three

It is known that PETN and RDX, which are not wavelengths monitored at Station No. 8, along with
combustible as is TNT, detonate individually as dis- a piezoelectric pressure transducer response at the
crete particles when dispersed in a gaseous medium same location, for RDX dispersed and detonated in
such as air [11]. However, it is also known that the nitrogen gas. Figure 9 illustrates the same responses,
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TABLE 2
Analytical TIGER code detonation characteristics of TNT powder dispersed in various gases at 1 kg/m

Velocity Pressure Temperature Induction Time
Gas (km/s) (MPa) (K) us

Air 2.00 4.00 3250 NA"
Oxygen 2.05 4.40 3740 NA
Nitrogen 1.50 2.10 1775 NA

"NA = not applicable.
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FIG. 8. TMI responses at three wavelengths of 600, 700, FIG. 10. Temperature, pressure, and light sensor re-

and 800 nm in the detonation of RDX powder dispersed sponses in the detonation of 30-pm TNT powder dispersed

in nitrogen along with a piezoelectric pressure transducer in oxygen in the detonation tube. First (top) trace: TMI

response (top trace), all at Station No. 8 and on the same Unit No. 1 response; 2nd trace: piezoelectric pressure

time base. transducer response; 3rd trace: fiber-optic light-detector
response; and 4th (bottom) trace: TMI Unit No. 2 re-
sponse. Top three responses at Station No. 6; bottom trace
at Station No. 8, with all traces on the same time base.

..C.... .... J.. is at Station No. 8. All responses are on the same

- time scale.

_i" ..-, 7"i-•J Conclusions
C . " " - "-V.",.

It is premature to make definitive conclusions re-
CONSTANT TIME BASE, 100 ps/div garding this work, but the following observations will

suffice for now. Under the constraints of the exper-
FIG. 9. TMI responses at three wavelengths of 600, 700, imental conditions imposed by the detonation tube

and 800 nm in the detonation of 50: 50 weight ratio size, concentrations investigated, and initiation tech-
mixtures of RDX and TNT powders dispersed in nitrogen niques used, the nominal 30-pm average particle size
along with a piezoelectric pressure transducer response TNT does not appear to be detonable in nitrogen.
(top trace), all at Station No. 8 and on the same time base. There can be a number of implications regarding

this.
First, from Table 2 it is observed that, at a TNT

at the same location, for a mixture of 50:50 concentration of 1 kg/m3 in nitrogen, the detonation
RDX: TNT by weight also dispersed and detonated temperature and pressure are about 50% less, and
in nitrogen. For comparative purposes, Fig. 10 is in- the detonation velocity is about 25% less, than that
eluded here to illustrate the much "cleaner" and es- in air or oxygen. Hence, energetically this concentra-
sentially singular responses of temperature, pressure, tion may be too low to propagate detonation in ni-
and light sensors for the denotation of TNT powder trogen; below certain minimum concentrations, even
in oxygen. The TMI Unit 1, pressure, and light re- RDX and PETN will fail to detonate whether dis-
sponses are at Station No. 6; the TMI Unit 2 response persed in air or any other gaseous medium.
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COMMENTS

Martin Sichel, The University of Michigan, USA. Pro- Author's Reply. Your previous findings regarding the in-
fessor Hertzberg has commented on the influence of par- fluence of particle size, as well as the comments made by
tidle size on detonability. We observed this effect in the Professor Hertzberg, are relevant and have also been ob-
case of RDX dust about 10 years ago. For a given loading served by us in other studies in which particle size was
ratio, the finer dust particles were more difficult to deto- specifically investigated. Your suggestion based on your
nate or, in fact, transition to detonation failed to occur. modeling work is very reasonable; however, we believe that
Modeling suggested that the reason for this behavior is that mass transport also plays an important role; i.e., finer par-
the finer dust absorbs heat more rapidly so that the tem- tides are readily accelerated into the high-temperature
perature of the gas around the particles is lower. This re- convective gas flow behind the incident shock wave
sults in an increase in ignition delay or a failure of ignition whereas more massive particles will "resist" and induce
altogether, considerable convective, viscous heating of the surface of
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these larger particles. In the case of monopropellants such ture, pressure, and velocity, than RDX or HMX, or PETN
as RDX, this may be sufficient to induce ignition, or pos- for that matter, since the presence of oxygen from air con-
sibly direct detonation, of such larger particles much more tributes substantially to the overall energy release at this
quickly than the smaller particles that are entrained in the near-stoichiometric concentration for TNT in air.
gas flow and depend on slower, mainly conductive heating. The induction time was obtained by measuring the time
The influence of particle size is a complex matter, involving difference between the arrival of the shock front (pressure
factors such as particle geometry, chemical kinetics, and response signal) relative to the flame front (light response
the type of particles; i.e., ignition, and particularly deto- signal) at each monitoring station. Since 11 stations were
nation, of starch, aluminum, and RDX particles could be used in each experiment, both stability and accuracy of
expected to involve differing phenomena. induction times as well as the detonation were determined.

A. A. Borisov, Institute of Chemical Physics, Russia. Hersmoan Krier, University of Illinois, USA. I'm not so
What was the minimum TNT concentration in detonable sure that if you could have suspended greater concentra-
mixtures with air? We performed similar experiments with tions of TNT in nitrogen (i.e., greater than 1-2 kg/mi) that
TNT, RDX, and HMX suspensions in air and found that you would have seen a detonation. Clearly, a richer con-
TNT mixtures detonated at 0.25 kg/m1, whereas HMX and centration of your 30-pum particles if promptly shock ig-
RDX mixtures detonated starting with 1 kg/m 3 . We found nited would detonate, even in nitrogen.
that the TNT mixtures were more detonable than HMX
and RDX. How did you define the induction time? Author's Reply. You are absolutely correct; and we did

state in the paper: "Certainly TNT powder dispersed in
Author's Reply. We did not specifically investigate the nitrogen, if of sufficient concentration and suitable size and

lower concentration limits for detonation of TNT, RDX, confinement, will detonate .... In fact, we have achieved
and PETN in air but did achieve detonations of all three the detonation of TNT powder dispersed in air, in an un-
at concentrations in the range of 0.5 kg/ms. Your finding confined state, at concentrations in excess of 20 and per-
that TNT would detonate in air down to 0.25 kg/ms, in haps as high as 50 kg/mi. Obviously, at these concentra-
particular at a concentration considerably lower than those tions the influence of oxygen from the air is
for RDX and HMX, is not surprising; analytical computa- inconsequential; hence, it can be inferred that detonation
tions indicate that TNT has much greater detonation per- would have been achieved in the absence of oxygen alto-
formance at 0.25 kg/ms in terms of detonation tempera- gether.
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Underwater explosion bubbles are created by nearly constant volume explosions of gaseous explosives
in the C-H-O-diluent system. Contained initially in glass globes at 0.1 MPa pressure, the explosions create
an oscillating bubble in two modes. First, the explosions are created in a free field, and second, the explosion
takes place near a flat plate. These bubbles are intended as a subseale model of the actual bubbles created
by detonation of a solid explosive in an underwater configuration. Of primary interest are the bubble
energy loss mechanisms in the cycle-to-cycle oscillations in the free field explosions and the impact pressure
of the water jet created when exploding near a flat plate. Using CO and H, with stoichiometric 02 and
various diluents, the curious fact emerges in the free field explosions that the molecular weight of the
product gases has a primary effect upon the loss mechanism. In addition, the molecular weight strongly
influences the impact pressure in the flat plate tests. In particular, the lower the molecular weight, the
lower the loss and the higher the impact pressure. Alternatively, the water vapor mass fraction in the
product gases has a primary effect upon the loss mechanism. Indicated are the presence of evaporative
and Birkhoff instability but not Rayleigh-Taylor instability.

Introduction Experiment

The gas bubble formed in water after a detonation The experiment is conducted by igniting an explo-
of a solid explosive is an oscillating one that may con- sive mixture in a glass globe, shown with its pressure
sist of many oscillation cycles. When formed in an instrumentation in Fig. 2. The wall thickness of the
essentially free field, the oscillating pressure im- glass globe is about 0.1 mm. The water tank is a 4.5-
parted to the water may interact destructively with a M3, 1.5-m-deep vessel open to the atmosphere. The
nearby structure. Alternatively, when formed near an explosive mixtures used here are gaseous hydrogen
adjacent body, the bubble, now asymmetric, will and carbon monoxide with oxygen; helium and nitro-
form a water jet upon the first collapse cycle with gen are added as diluents in some cases. Using var-
very large impact pressure upon the target body ious combinations of these gases, independent con-
[1,2]. In the free field case, however, the bubble loses trol over pressure, temperature, molecular weight,
symmetry after the first cycle and loses energy in and adiabatic exponent may be attained. The initial
each cycle. The question is why the energy loss takes pressure is 0.1 MPa. The closest approximation to
place and upon which fluid mechanical or chemical the explosion type is a constant volume explosion,
properties does the loss depend. In the jet impact even after the glass globe burst, because based on
case, there has been no systematic determination of the examination on the test results, combustion is
the factors influencing the strength of the impact. completed before the water appreciably moves out-

In a prior paper [3], many potential types of hub- tewtrapeibymvsotbn isabslrtoeshaver beeny discussed, these occur- ward. The explosion and subsequent unsteady bub-
ble instabilities have been discussed. These occuras a model for the bubbleprimarily upon collapse and initial rebound of the behavior of a r modetonathe bsbble
bubble cavity. Figure 1 shows a sketch, based on the behavior of a real solid explosive detonation. As dis-
image recorded in an actual event, of the appearance cussed in Ref. 3, while there is a great discrepancy
of the bubble during the first cycle collapse. The cor- in explosion pressure between the real case and the
rugations developing on the bubble are due to some experiment here (10,000 vs 1 MPa), this is a reason-
instability. Exactly which kind of instability, or which able subscale model. Briefly, the reason is that all
combination of several kinds of instability, is cur- instability mechanisms rely on linear dimensions of
rently open to question and will be addressed in this the bubble, which is only weakly dependent upon
paper. This paper is experimental and observational pressure (p"13). Other parameters of temperature
in nature. For some of the instability analysis, see and gas composition are comparable. However, be-
Ref. 3. cause several phenomena that occur in a real deto-
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FIG. 1. Sketch of bubble appearance under collapse.
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FIG. 3. Sketch of the splash plate assembly: (a) top view,

Pressure Transducer Protected by Spark Wires (b) side view, with glass globe also shown.

RTV Coating
shooting toward the plate with extremely high pres-

Gas Introduction 0 sure upon impact.
Most of the experiments here will focus upon stoi-

chiometric mixtures of both hydrogen and carbon
Top View of Test Plug monoxide with oxygen. There is an interesting fact

for such mixtures in that the heat release is almost
Fin. 2. Schematic of the glass globe assembly. identical on a molar basis (not a mass basis) for the

two fuels (284 kJ/mol for CO and 242 kJ/mol for H2).
Moreover, the primary products are triatomic. Con-

nation are not present in the globe experiment, test sequently, the use of these two explosives in con-
results should not be implied to the real solid deto- junction with diluents is a way to fix all explosion
nation directly, that is, not until a set of proper equa- parameters while varying only the molecular weight
tions are developed and solved for the real detona- of the products.
tion and differences and similarities compared with Figure 4 shows typical pressure records within the
the globe results are noted, as were planned for fu- bubble and within the water about 0.54 m away from
ture work. the bubble. The hydrophone record is used as an

A second configuration investigated here is that of event marker and to monitor the strength of the wall-
the explosion interaction with a "splash plate," shown reflected waves. Over most of the bubble cycle, the
in Fig. 3. Upon bubble collapse, a jet is formed, reflected waves are much weaker than the primary
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36.33. This is what was desired from these ns and,
P P, again, occurs because of the nearly equal energetics

S 103 p from CO and H2.
Within the hydrogen group, the lower the molec-

(0 ular weight, the less the energy loss for the first two
.102 cycles. Within the carbon monoxide group, the same

phenomena occur, except the case with nitrogen.
101 Then, comparing the hydrogen and carbon monoxide0 1 groups, it still appears that, in general, the lower the

d 10Imolecular weight, the greater the energy retention.
The discrepancy noticed in the second and, espe-

0.47 0.48 0.49 0.49 0.50 0.51 cially, the third cycle is believed to be associated with
CL 60 the bubble migration and breakup. Besides, the dif-

ference on pressure ratio among the cases also gets
, 40 smaller in the subsequent cycles.
a Another curious fact in the hydrogen sequence is

20 that in two cases, the pressure is higher in the second

] maximum (PI) than in the first (the explosion pres-
0 sure, Po). There may be two reasons why this is so.

-20 First, there is some residual energy deposition from

-20 the spark (<10%) while the bubble has already
started its pressure decline after the explosion. This
is considered minor. Second, the dominant combus-

0.47 0.48 0.49 0.49 0.50 0.51 tion product is water vapor. Moreover, the interface
temperature* is 339 K. Under these conditions, using

Time (sec) the Hertz-Knudsen evaporation/condensation ki-

FIG. 4. Typical trace for bubble pressure and hydro- netic equation [5], during the time interval shortlyFIG.4. ypial rac fo bublepresur an hyro-after tise explosion, condensation is occurring, not
phone pressure (Po: explosion pressure; P1, P2, - .-: sub-afethexlsocnnainiscurngntphouene pressure (p:explosiconrressondingtburle; m .Pevaporation. This is an exothermic process insofar assequent pressure peaks corresponding to bubble minima), the bubble gases are concerned. In the carbon di-

oxide case, since no water vapor is generated by the
bubble pressure, while near the bubble pressure explosion, evaporation occurs, which is endothermic.
minimum, there is some interference. However, the Coupled with the molecular weight effect, the sub-
interference does not affect the long time average sequent pressure peaks are always lower than the ex-
pressure in the vicinity of the pressure minimum. It plosion pressure in the carbon monoxide cases.
should be noted that the successive pressure maxima In all cases, the cycle-to-cycle loss in pressure runs
get weaker and weaker in each cycle. This is a well- between 50 and 70%. This loss is of the same mag-
known indication of [1] bubble energy loss and is a nitude as reported for real detonation-induced bub-
focus of this paper. bles [1]. The bubble internal energy is directly pro-

portional to the residual pressure so that it is evident
that strong energy losses occur between cycles. Using

Results and Interpretation the Trilling-Herring equation for bubble dynamics
[6], as done in Ref. 3, the only loss for a spherically

Figure 5 shows the experimental results of six symmetric bubble is an acoustic radiation loss to the
tests, where the ratio of successive pressure peaks to water. However, it cannot explain the magnitude of
the peak explosion pressures are shown. In all cases, loss observed here. The loss must come from the
the mixture ratio of the carbon monoxide and hydro- instability and breakup of the bubble and the gen-
gen is stoichiometric with oxygen. In four cases, ei- eration of "turbulence." Moreover, molecular weight
ther nitrogen or helium is used as a diluent to alter does not appear as a parameter in the standard bub-
the gas properties, primarily the molecular weight. ble equation, but it does in several of the equations
Viewing the table to the right of Fig. 5, the theoret- of various instabilities. Only through these instability
ical gas properties (using the NEWPEP [4] program mechanisms can the above molecular weight effects
from NWC) are shown for the instant after the ex- enter.
plosion is complete. Note that the pressures, tem- The possible instabilities were discussed in Ref. 3.
peratures, and adiabatic exponent, Y, are all compa- There, the so-called Rayleigh-Taylor instability (in-
rable. Of course, the temperatures are slightly
depressed with diluents, but the temperatures are all *This comes from a heat transfer calculation which will
between 3038 and 3372 K. The dominant variation be presented in a forthcoming paper together with full
is in molecular weight, which runs from 12.98 to evaporation/condensation calculations.
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T0 (°K) Poa(kPa) Wo(g) 7

=P%/P0  3230 858.5 36.33 1.20CO(66%)+O2(34%) ••2P

CO(50%)+O 2(25%)+N 2(25%) P3 3038 820.5 35.40 1.21

CO(50%)+O2(25%)+He(25%) 3113 855 29.15 1.23

H2(50%)+O2(25%)+N 2(25%) 3165 834 19.15 1.22

H2(66%)+O2(34%) 3372 869 15.51 1.21

H2(50%)+O2(25%)+He(25%) 3242 862 12.98 1.24

0.0 0.5 1.0 1.5

Pressure Ratio
FIG. 5. Sequential pressure ratio for different gas mixtures. Also shown is the table containing analytical results for

maximum temperature, maximum pressure, molecular weight, and specific heat ratio for the corresponding mixture.

stability under acceleration at a light fluid-heavy credence. In any event, recall the hydrogen-carbon
fluid interface) [7] was ruled out as a possibility be- monoxide comparison above, with the remarks about
cause no exponential growth on disturbance ampli- condensation/evaporation and molecular weight. De-
tude was observed in the period when the instability tailed calculations concerning the B and LD insta-
was operative. Moreover, a high wave number of the bilities are required and are currently underway.
spatial corrugations was required, and the experi- Turning now to the splash plate tests, Fig. 6 shows
mental evidence favors low wave number. It is fur- the bubble gas and the plate pressures as functions
ther ruled out here because analysis reveals no mo- of time for a particular hydrogen-oxygen case. The
lecular weight dependence in the disturbance growth peak plate pressure always comes near the end of the
rate. bubble cycle, although the pressure signature can be-

Considered in Ref. 3 were also the Birkhoff [8] (B) come extremely complex, depending upon the prox-
instability and the Landau-Darrieus [9] (LD) evap- imity of the glass globe to the plate. The plate pres-
orative/condensation instability. Both of these in- sure transducer has a range of 0-3.5 MPa. The
volve density of the product gases, which depends extreme range of the pressure oscillation shows a
upon molecular weight. In particular, the critical slightly negative pressure on the plate for a short time
evaporation rate for the LD instability onset is raised interval, which is clearly impossible; this deviation
as the molecular weight increases. There is an un- from zero should be considered an indicator of the
conditional instability criterion in the case of the LD accuracy of the pressure measurements.
instability. For the mass flow per unit areaj, above Shown in Fig. 7 are the peak plate pressures as a
the value below, there exists a range of wave numbers Shon in g.7ae the peak te pressuesas a
for which instability is guaranteed: function of globe distance from the splash plate. Ex-tremely high pressures are shown if the globe is suf-

j4 > 4gpjp.6," ficiently near the plate. Seen is an amplification of
j >the explosion pressure by a factor of 5; hence, the

Here a is the surface tension, g is the acceleration usefulness in applications is clear. At large separation
(gravitational or unsteady interface acceleration), and distances, the peak pressure falls off as 1/(distance),
p, and P2 are the liquid and gas densities, respec- as it should from acoustic principles. However, as the
tively. The formula has never been substantiated ex- separation distance decreases, the peak pressure
perimentally and should probably be given limited reaches a maximum first and then starts falling again.
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CU 104 7
(a) a H 2 + b CO + 0.5 0 2

k 6

101

0.33 0.34 0.35 0.36
10 4 2

()shifted 140 k~s
S0.0 0.2 0.4 0.6 0.8 1.0

S103
Co PFIe. 8. Normalized splash plate peak pressure vs volume

ratio of CO, with dIR = 1.6.
S 102

W Another curious molecular weight effect is seen
,< 101 Ihere. Figure 8 shows the peak (optimum spacing)

pressure attained when a mixture of hydrogen and
0.33 0.34 0.35 0.36 carbon monoxide, stoichiometric with oxygen, is

used. Varied is the CO mole number, b, where a +
Time (sec) b =1 has been maintained. As b goes from 0 to 1,

eof (a) hbble pressure and (b) splash plate the energetics per mole are nearly the same, but the
pie. 6. Trace of (a) d = 1.6. molecular weight of the product gases rises, from ap-

pressure for stoichiometric H,-O,, with dIR = 1.6. proximately 18 to 44. As the molecular weight rises,

the peak pressure falls. Again, low molecular weight

6 products give a more favorable result.
This result is, perhaps, more understandable than

5 _ in the ease of the free field bubbles. In any fluid

d mechanical scheme where force generation is re-

4 d quired, the ratio of T/W, (where T the temperatureI 4and W is the molecular weight) occurs, being pro-
"portional to the square of the mean molecular speed

3 in the gas.4" This is also proportional to the stagna-
tion enthalpy. As b is varied, the variation in the pres-

2 sure result is greater than the mild energetics varia-
tion and so appears to indeed be a molecular weight

1 -result.

0 I

1.4 1.8 2.2 2.6 3.0 3.4 Conclusions

dIR Underwater explosion bubbles created by low-

FIG. 7. Normalized splash plate peak pressure vs sepa- pressure gas explosions can simulate many of the as-

ration distance for stoichiometric H,-02. pects of the detonation of real solid explosives that
produce underwater explosion bubbles. Investigated
here were energy losses in successive oscillation cy-

The scatter in the results is fairly large, precisely be- cles and the jetting impact pressure when explosions
cause of bubble instability, which is also present here. take place near solid boundaries. Typical bubble en-
It is difficult to tell precisely where the jet is going ergy loss per cycle was 50-70%. Typical impact pres-
to impact, even though from the event recording, it sures were of the order of five times the explosion
seems that the jet hits the plate right underneath the pressure under optimum conditions of explosive
center of the bubble every time. Therefore, each data
point consists of three runs. -"See Ref. 5 (p. 25).
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SURFACE EROSION BY HIGH-SPEED COMBUSTION WAVES

R. KLEIN, H. BREITBACH, K. J. GERATZ, AND W. SENGER

Institut fiir Technische Mechanik
Rheinisch-Westfdlische Technische Hochschule Aachen

Templergraben 64, 52056 Aachen, Germany

Violent high-speed combustion events lead to erosive destruction of piston surfaces under knocking
conditions in internal combustion engines. The details of the damaging mechanism are the subject of an
extensive controversy. In this paper, we present and support a new theoretical model for one possible
mechanism causing erosive destruction due to high-speed combustion waves. The theory involves the
initiation and resonant amplification of Rayleigh surface waves in the elastic piston material. Intense peak
stresses develop very close to the material surface and may explain the erosive nature of the observed
damage. We support the proposed theory by research engine experiments as well as by direct numerical
simulations for a simplified two-dimensional model problem. The model computations include the gas-
phase high-speed combustion and the elastic wave propagation in the solid. In this paper, we focus on
mechanical stresses, while we leave a detailed investigation of and comparison with thermal loads for future
work.

Introduction piston material surface under a suitable angle of in-
cidence, the point of reflection may attain effective

A multitude of experimental as well as theoretical propagation speeds along the surface that are com-
investigations [1-9] indicate that very fast shock and parable to the Rayleigh wave velocity and, so we em-
combustion waves develop under knocking condi- phasize, much larger than the normal velocity of the
tions in an internal combustion engine. Wave speeds incident wave in the gas phase. In this situation, a
as large as 1700 m/s have been measured. Even faster dynamical resonant Rayleigh wave excitation occurs,
processes cannot be excluded, since a suitable se- and local stresses close to the surface may consider-
quential autoignition in the end gas can lead to a ably exceed the nominal stresses obtained from a
rapid pressure wave amplification [9] that may cul- quasi-static estimate. Stresses beyond the yield
minate in the establishment of detonations threshold of typical piston materials can easily occur
[3,8,10,15], achieving velocities as large as 2000 m/s. by this mechanism. Even if the local stresses are not
Knocking combustion induces erosive surface de- critical, further stress amplifications may occur dur-
struction [5,8], and in this paper, we propose an ex- ing material wave reflections at sharp edges of the
planation that provides a link between high-speed piston geometry. In fact, very often the erosive dam-
combustion and surface erosion, age is observed to begin close to the upper edge of

Order-of-magnitude estimates for thermal and the piston top land.
mechanical loads induced by high-speed combustion We support our theory by a scaling analysis based
fronts in Refs. 8 and 9 indicated that both effects may on theoretical results of Miles [11] and a combination
lead to stresses close to the yield threshold of typical of experimental and computational evidence. The
piston materials. These estimates were based, how- analysis reveals two factors that crucially contribute
ever, on quasi-static considerations for the solid, and to stress amplification due to Rayleigh wave reso-
thus they neglected the fact that the wave speeds nances: One is a slow passage through the resonance;
associated with knocking combustion can be com- the other factor is short characteristic lengths of the
parable to the elastic wave velocities in the piston wall pressure signature. The latter is of particular in-
alloy. Of particular interest in this context are elastic terest in connection with reflected detonations where
Rayleigh surface waves. They not only have the a narrow reaction zone imposes a short characteristic
slowest propagation speed (typically 2800 m/s), but length. In the experiments, we consider metallo-
in addition, their stress distributions are concen- graphic cuts of slices of damaged piston material and
trated near the material surface. Here we analyse ex- observe characteristic changes of the microstructure
cess mechanical stresses due to inherently unsteady in a thin layer underneath the piston surface. In mod-
effects. Thermal loads will be considered in future emu eutectic piston materials, a ductile, saturated alu-
work. minum-silicon matrix encloses brittle silicon crystals.

When a fast combustion or shock front hits the These enclosures show fractures in the damaged sur-

95
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face layer, indicating extreme stress concentrations
in this region.

In preparation for extended simulations for more
realistic geometries, we present here a series of nu-merical computations for a two-dimensional model

problem. These computations involve direct numer-
ical simulations of high-speed combustion in the gas 4
phase based on the reactive Euler equations com-
bined with finite-element computations of elastic
wave propagation in an adjacent solid body. By ap- -
propriate initial data, we create a cylindrical deto-
nation in the combustible gas some distance above
the plane surface of the solid. The detonation wave
expands and reaches the surface after a short time.
In the sequel, the detonation shock reflection point FIG. 1. Metallographie cut of area with onset of material
moves along the material surface. The theoretical Fic .
speed of this reflection point is infinite at the instant damage visible.
of the first contact between the detonation shock and
the solid surface, and it decreases continuously there- influence from ambient and engine operation con-
after as the angle of incidence and the lead shock ditions. Injection and ignition timing can be elec-
strength change with time. Asymptotically, the det- tronically controlled in steps of 10 crank angle; the
onation shock becomes normal to the surface, and electromechanical injector injects directly into the
the reflection point moves at the Chapman-Jouguet inlet valve port. In this investigation, we used a com-
detonation speed. During this process, the reflection mercially available production engine piston. The
point velocity will for a limited interval of time be piston material is an eutectic aluminum-silicon alloy
comparable to the Rayleigh wave speed, and we ex- with 12% silicon and copper, magnesium and nickel
pect and compute a considerable amplification of about 1% each.
stresses near the surface at this time. By suitable var- We observed typical knock damage on the piston
iations of the model parameters, we find that the crown and in the ring belt area. As expected, the
most severe stress amplification occurs when the knock damage occurs in the end-gas region opposite
conditions for Rayleigh wave resonance are most fa- to the spark plug position. The pistons show typical
vourable. surface erosion phenomena that have often been ob-

We are aware that the autoignition in the end gas served and discussed as knock damage [4,5,12]. To
under knocking conditions does not necessarily pro- cause the damage, we had the engine running at 2500
duce fully developed detonations, but that mostly rpm under full load and with an equivalence ratio of
transient processes dominate in reality. In this sense, (P = 1 for 30 min. The ignition timing was 320 crank
our computations should be understood as model angle before top dead center (BTDC), which is 70
computations with a well-defined set of parameters beyond the threshold of 250 CA when first slightly
and a reproducible setup. We hope to investigate knocking cycles occur under these conditions.
more realistic examples in the future. Metallographic cuts of material from the damaged

areas were prepared and examined. Figure 1 shows
a cut of 210 X 140 pm in the radial direction and

Experimental Setup perpendicular to the piston crown surface from a
slightly damaged part of the piston top land area. The

In our experiments, we used a single-cylinder wa- dark structures represent silicon crystals; the slightly
ter-cooled four-stroke spark ignition engine. The en- grey structures are eutectica. As can be seen, the sil-
gine has a disk-shaped combustion chamber with two icon crystals beneath the surface show cracks down
valves and the spark plug in typical positions. The to a depth of about 15-20, m, whereas deeper crys-
displacement is 500 cm3, the cylinder bore 84 mm, tals are completely unaffected. The appearance of
and the compression ratio - = 10. As fuel, we used these cracks directly beneath the surface was a mo-
commercial unleaded premium-grade gasoline with tivation for us to search for mechanisms causing me-
a Research Octane Number RON = 98. The engine chanical stresses in thin surface layers.
parameters and the combustion chamber geometry Since we later employ a theoretical model for pos-
have intentionally been chosen to closely resemble sible damage mechanisms that assumes the presence
typical production engines, of strong pressure waves, we will now present pres-

Inlet air temperature and pressure (25'C, 101.3 sure measurements from locations adjacent to the
kPa) and fuel temperature at the injection nozzle surface damage region.
(25°C), as well as oil and water temperature (both We have installed three pressure transducers, two
90'C), are controlled independently to minimize the in the cylinder wall and one in the cylinder head, with
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40 .here, the verification of such an assumption is not yet
2,-- transducer I possible, but existence and propagation speed of the

30 -- transducer 2 pressure pulse are a motivation for us to use the
'-3- l , " transducer 3 model problem presented in the subsequent sec-

rcý 3 0tions.

20

S10 Theoretical Estimates

0• d,,t-,---- •Miles [11] analyses the elastic wave propagation in
a half-space due to the pressure load of a half-spher-

-10 -ical blast wave, initiated on its surface. The paper
concentrates on cases where the blast wave velocity

-20 I. is larger than the Rayleigh wave velocity to begin with
0 40 80 120 160 and then decays so that resonant excitation occurs

time [ps] over a limited time interval. Using Fourier-Bessel
transformation techniques, Miles derives exact solu-

FIG. 2. Pressure signals measured in the ring crevice tion formulas that involve complex integrations. The
(pressure traces 2, 3) and cylinder head (pressure trace 1) integrals are evaluated approximately by asymptotic
adjacent to the surface damage area of the piston. The in- methods based on the following simplifying assump-
sert indicates the positions of the pressure transducers (I: tions:
inlet valve; 0: outlet valve; 5: spark plug). 1. The spatial structure and amplitude of the moving

pressure distribution are slowly varying on the

positions as marked in the insert in Fig. 2. Trans- time scale C rer/D, where D is a typical propagation
ducer 1 is mounted in the cylinder head. Transducers speed of the moving load and /ref is a character-
2 and 3 are mounted in the ring crevice; with the istic length scale of the pressure signature.

piston at top dead center, the distance from the 2. Only points far away from the blast wave origin
transducer center to the first piston ring is 3 mm and are considered, so that lines of constant surface
to the piston crown 6 mm. The distance between pressure are approximately straight on the scale

transducers 2 and 3 is 30 mm, and 9 mm between of t
ref-

transducers 1 and 3. The transducers' membranes 3. The temporal Fourier transform, j3(x,wo), of the

were flush mounted to the cylinder wall and cylinder pressure signature satisfies the equation
head surface to avoid resonances in gas volumes be-
tween cylinder and transducer. The sensitive area of 8 x/23(x, (0) = 0. (1)
the transducer membranes has a diameter of 4 mm. d

It is known from many investigations that pressure
pulses with frequencies up to 50 kHz occur during The first assumption allows a stationary phase ap-
knocking combustion [13]. Therefore, we used pres- proximation of the solution integrals. It seems to be
sure transducers with a natural frequency of about particularly justified when the pressure load is due to
400 kHz and a rise time of 1 s, so that measure- a detonation that is driven by a chemical reaction that
ments of pressure oscillations with frequencies up to introduces a short reaction zone thickness as a typical
about 150 kHz would have been possible. For data reference length (see Fig. 3 for illustration). The sec-
acquisition, we use a personal computer; transducer ond assumption allows a quasi-two-dimensional ap-
signals are acquired with a sampling rate of 200 kHz proximation with the effects of three-dimensionality
each. entering mainly through the space-time dependence

Figure 2 shows typical transducer signals for a of the pressure load. Assumption three is mainly in-
knocking cycle under the above-mentioned condi- troduced for convenience in the analysis, but it is
tions. The signal is high-pass-filtered with a Butter- motivated, e.g., by G. I. Taylor's [14] strong shock
worth filter and a cutoff frequency of 2 kHz. It in- theory. We do not expect the last assumption to cru-
dicates a pressure wave in the ring crevice and cially affect the scaling results derived in this section,
cylinder, propagating clockwise. The propagation even though this is hard to prove rigorously.
speed calculated from the pressure maxima is about Miles succeeds in separating explicitly the effects
1450 m/s; the amplitude of the pressure wave, as well of resonant Rayleigh wave excitation from those ef-
as the gradient, is increasing with time. This kind of fects that would also occur without it. Besides other
development of a pressure pulse with increasing am- results, he derives the following formula for the tan-
plitude closely resembles the pressure history of a gential displacement of mass elements at the solid
developing detonation by the SWACER mechanism surface induced by the Rayleigh wave resonance
[3,9,10]. With the experimental techniques used alone.
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S~dD

AD/ E, (5)

/ /characterizes the change of the blast wave velocity
-, 25.5 , while it passes a distance comparable to the deto-

nation reaction length, and

a = max () d (6)

2-, 2• is a scalar factor that depends on the detailed shape
of the narrow pressure peak. The estimate in Eq. (4)

S.. j shows that, for a given maximum of the pressure sig-
nature, arbitrarily large stresses can be generated as
a result of the resonance phenomenon, provided that
the speed of the pressure pulse passes through the

2. Rayleigh wave speed sufficiently slowly, so that ADID
S«<< 1. Notice also that the shape factor, a, itself can

______J be extremely large if the gradient dfi/dq is large near
q = 0. In fact, if the effective pressure on the wall

FIG. 3. Pressure contours in the gas phase and contours is discontinuous, as it is for a moving shock wave,
of the von Mises equivalent stress for the elastic material, then df/ldl(0) approaches a , peak, and the theory
exhibiting the detonation-induced Rayleigh wave structure, predicts infinite stresses. Boundary-layer effects or

the fact that the piston surface is not exactly plane

AE-1 ot p(x C) and smooth may shield the effect of this discontinuity
q°(xt) =- f12t(x)]I2 / d- (2) in reality, but we emphasize that intolerable surface

sstresses will always occur, provided that ADID is suf-

ficiently small.
where to(x) denotes the inverse of the leading shock
location function, Xsh (t), A* is a nondimensional ma-
terial constant and E is young's modulus. Gas-Phase Computation

To obtain an order-of-magnitude estimate for the
damage potential due to the Rayleigh wave resonat- High-speed combustion events after the onset of
ing with a reflected detonation, we evaluate the for- knock in internal combustion engines can be mod-
mula in Eq. (2) with eled in a first approximation by the reactive Euler

equations, neglecting all dissipative mechanisms [8].

) +(- ) The goal of the present work is to exhibit by directP(Xitx = xm +fi -xt, numerical simulation that high-speed combustion

pt m (t , ,xI events induce inherently unsteady elastic material

(3) deformations associated with extremely high stress
amplitudes. For the gas-phase computations, a sim-

where E, characterizes the reaction zone thickness of ple chemico-thermodynamic model is sufficient to
the detonation and where /3 and Pi are scaled to be begin with. In this work, we use an irreversible one-
of order O(1) and, just as pm.(t), are slowly varying step Arrhenius reaction with an activation energy ET

on the time scale f(D. The short-scale pressure, P, and an ideal gas equation of state with constant spe-
stands for the pressure signature of the detonation cific heat ratio y.
reaction zone, while 3 represents long-range pres-
sure variations, e.g., the Taylor wave behind a deto- Gasdynamic Solver:
nation receding from a wall.

An asymptotic evaluation of Eq. (3) for /x1,, << The computer code used for the present direct
I yields an approximate expression for the tangential numerical simulation is a higher order shock-captur-
stresses at the material surface of the form ing scheme in combination with Strang-type operator

splitting to cope with the reaction model. The shock-

= q-- A' capturing scheme is a Godunov-type method modi-
=E AD/D51 ap,,, (4) fled to second-order accuracy following Harten and

Yee (see Ref. 16). For the numerical fluxes, we use
Roe's approximate Riemann solver [17] with a mod-

where ification for the fluxes of the passively transported
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mass fractions according to Larrouturou [18]. The for high-speed gas-phase combustion, and it has the
chemical source term is discretized explicitly with a advantage that it can be set up easily and reproduc-
time-step restriction that combines the Courant con- ibly in the numerical simulation. The predetonation
dition for stability of the gasdynamic solver with the state corresponds to the precompressed unburnt end
constraint that the internal and kinetic energy in any gas in an internal combustion engine just before the
grid cell may not change during a time step by more onset of knock. Thus, we assume an initial pressure
than a prechosen fraction of the total energy due to of 3 MPa and an initial gas density of 11.5 kg/m 3. The
the progress of the chemical reaction [19]. The nu- heat release of the assumed one-step Arrhenius re-
merical resolution in our computations is about five action is ( - Ah) = 3.86 i03 kJ/kg, which is in the
grid cells per half-reaction length of a Chapman-Jou- range of the heat of reaction of a typical hydrocar-
guet detonation. For the purposes of this paper, it is bon-air mixture. The Chapman-Jouguet detonation
sufficient to consider stably propagating detonations velocity for this gas mixture, when an ideal gas equa-
with relatively low activation energy reactions. To tion of state with constant specific heats and y =
simulate reliably these systems, higher resolution or c,/c0 = 1.2 is assumed, evaluates to Dcj = 2000 m/s.
more sophisticated numerical tools [20] are not Thus, the detonation speed is large enough to render
needed. a resonant Rayleigh wave excitation possible. An ac-

tivation energy was assumed for the present com-
putation, so that E'IRTo = 1, where To is the tem-

Calculation of Elastic Wave Propagation perature in the predetonation gas. This low value is
chosen to guarantee stable propagation of the simu-

We employ the finite-element program ABAQUS, lated detonation and highly reproducible results for
version 5.2.1, for the simulation of elastic wave prop- this comparison of theory and direct simulation.
agation. ABAQUS is a commercial program designed More realistic chemical kinetic and thermodynamic
for linear and nonlinear structure analyses and is spe- models will be considered in future work.
cially suited for general-purpose applications as well We initiate the detonation by assuming an initial
as for nonlinear problems [21,22]. radius of the leading shock front of 4 mm and by

We use square elements containing four nodes imposing the data of a plane Chapman-Jouguet
each and a linear ansatz function for the material (ZND) detonation on radial rays through the blast
displacement. The stress wave calculations are per- wave origin. Averaged values of the conserved quan-
formed running ABAQUS' "dynamic analysis op- tities for each numerical cell within the initial shock
tion," which means that the full dynamic equations radius are obtained by averaging the CJ-ZND data
of motion are integrated. The program involves an for 10 X 10 equally spaced subcells per cell. This
implicit time integration operator with artificial procedure reproducibly initiates a detonation with
damping called HILBER-HUGHES-TAYLOR opera- minimal start-up noise.
tor. We use constant time increments and automatic The detonation then expands and is subsequently
solution control tolerances. Comparison of results for reflected at the material surface. The choice of the
several sample problems obtained with a new explicit material constants is guided by realistic values for
version of the code and the implicit version did not piston alloys [23] at a temperature of about 500 K.
show any noticeable difference, provided the implicit Thus, we set Young's modulus E - 7.4" 101 Pa and
code was not forced to operate with extremely large the Poisson's ratio v = 0.33.
time steps. Figure 3 shows a combined graph of pressure con-

The model problem to be discussed in the next tours in the gas phase and a grey-shade representa-
section involves the collision of a cylindrical deto- tion of the von Mises equivalent stresses in the solid
nation with an elastic half-space. We simulate this at time t = 0.28 us. One clearly can identify the
configuration by using special "infinite elements" that expanding detonation front and the reflected shock
efficiently mimic reflectionless boundaries and allow in the burnt gases, and we observe a strong pressure
us to focus all computational power in the active so- peak at the reflection point.
lution region where the Rayleigh surface waves need The van Mises stresses exhibit the characteristic
to be resolved. comma-shaped distribution that results from a local

impulsive load [24] and indicates that a Rayleigh
wave has been generated. Very close to the surface

Results and next to the detonation reflection point, the max-
imum stresses are achieved. Figure 4 shows the time

To exhibit by direct numerical simulation the Ray- history of the maximum tangential stress at the ma-
leigh wave resonance effect predicted by the theory, terial surface, and we find that the absolute maxi-
we consider a cylindrical detonation wave that ex- mum achieved in this first computation (black solid
pands from a center located 5.8 mm above an alu- circles) is about 278 MPa. This exceeds the maximum
minum surface. We emphasize again the model char- pressure by a factor of 2.7.
acter of this setup. A detonation wave is characteristic In the following, we present the results of two ad-
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FIc. 4. Time histories of the maximum tangential surface FIG. 5. Wave propagation diagram showing the motion
stress for the three computational runs: E = 4.0- 10"' Pa; of the peak pressure along the wall (dotted), and the lo-

E = 7.4 10'° Pa; E = 10.0- 1011 Pa. cations of maximum tangential stresses at the material sur-
face for the different values of the elastic moduli: E =
4.0- 10"1 Pa; E = 7.4-1010 Pa (realistic); E = 10.0. 1010

ditional computations that are set up to prove that Pa.
these extreme stresses are due mainly to resonant
excitation of the Rayleigh wave. If this claim is cor-
rect, then, under the given wall pressure history, the data are 2300 and 3500 m/s. For the former calcu-
peak stresses in the material should be reduced when lation, the pressure peak moves faster than the Ray-
the elastic wave speeds are either decreased or in- leigh wave for x < 8 mm. The maximum surface
creased. In both cases, the Rayleigh wave initiated stress does occur approximately at the location of the
during the first head-on collision of the detonation maximum pressure, but as a result of the lack of res-
shock would be out of tune with the shock reflection onance, the stress amplification is much less pro-
point, nounced than in the previous case. Only at a later

With these considerations in mind, we have per- stage does the tangential stress again increase, when
formed two further computations, one with a re- the pressure wave has slowed down so that resonance
duced Young's modulus of E = 4.0' 1010 Pa, and a occurs. An amplification is seen, even though by this
second one with E = 10.0- 101' Pa. The key results time the pressure amplitude has reduced by a factor
are presented in Figs. 4 and 5. Figure 5 is a wave of 3 (not shown), so that the residual amplification is
propagation diagram. The dotted line is the time- weak. For the last computation, the stress amplifi-
dependent location of the maximum wall pressure cation is very rapid initially, as indicated by the dia-
from the gas phase. Its speed decreases from being monds in Fig. 4. This amplification ceases abruptly
close to infinite to about 2300 m/s towards the end at x = 2.3 mm. Only over a very short distance do
of the computation. The solid circles indicate the Io- the Rayleigh wave and the pressure peak move in
cation of the maximum tangential stresses in the solid tandem, but as soon as they separate, the stress am-
for the first computation discussed above. We ob- plification stops. Notably, the stresses do not increase
serve that it moves in close junction with the pressure in this case again at later times. This is in contrast to
maximum betwveen the locations x = 3 mm and x = the situation of the second example with reduced
7 rom, but that the paths diverge thereafter. The Ray- Young's modulus, and it lends additional support to
leigh wave speed for this case is 3000 m/s, and the our earlier interpretation of this case.
divergence of the paths of extreme stresses indicates
that, after an initial resonant excitation, the Rayleigh
wave leaves the pressure peak behind, thereby ap- Conclusions
proximately maintaining its amplitude. The corre-
sponding time history of the maximum surface The speed of high-velocity combustion fronts can
stresses in Fig. 4 shows an abrupt end of the stress be comparable to the elastic wave speeds of the pis-
growth at the time when the resonance condition is ton material of internal combustion engines. This ob-
no longer satisfied. servation led us to consider detonation-induced res-

The triangle- and diamond-signed traces in Figs., onant excitation of Rayleigh surface waves as a
4 and 5 are the corresponding results for the de- potential mechanism for the erosive surface damage
creased and increased values of the elastic modulus, often seen under knocking combustion conditions.
respectively. The Rayleigh wave speeds for these Experimental evidence supports this idea, since the
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observed damage is not only located close to the ma- oretical and Experimental Investigation of Knock In-
terial surface, but in addition, the brittle cracking of duced Suiface Destmction, SAE Paper 900025, 1990.
silicon crystals in a thin surface layer points towards 9. Ktnig, G., Maly, R. R,, Bradley, D., Lau, A. K. C., and
a pure mechanical destruction rather than to thermal Sheppard, C. G. W., Role of Exothernic Centres on
problems. Theoretical estimates predict very high Knock Initiation and Knock Damage, SAE Paper
stress amplification as soon as the proposed reso- 902136, 1990.
nance mechanism becomes active, and direct nu- 10. He, L., Ph.D. Thesis, Universit6d'Aix-Marseille, Mar-
merical simulations of a simplified two-dimensional seille, France, 1991.
model problem clearly exhibit the expected effect. 11. Miles, J. W., "On the Response of an Elastic Half-
The computed maximum tangential stresses in the Space to a Moving Blast Wave," J. Appl. Mech. De-
elastic solid exceed the maximum wall pressures by cember, 1960.
a factor of 2-3 under certain conditions. These most 12. Knocking of Comnbustion Engines (Volkswagen Re-
suitable conditions occurred for the parameter set search Division, Ed.), International 'NV-Symposium,
most similar to the conditions in a knocking internal Volkswagenwerk AG, Wolfsburg, Germany, Novem-
combustion engine. ber, 1981.
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COMMENTS

J. W. Dold, Bristol University, UK Pressure waves of trace on the solid surface. Hence, the most severe are
almost any speed could be generated by self-ignition proc- shock fronts (with formally infinite gradients), while
esses in the end gas. Supposing that one of these has exactly smooth distributions are less prone to damage the material.
the speed that causes the most damage, can you estimate Also, the stress amplitudes in the solid, under conditions
the least amplitude of pressure rise in the gaseous wave of resonance, rise linearly with time, so that another factor
that would succeed in damaging the solid? to be accounted for is the duration of the (approximate)

resonance. The key observation is that even very short time
Author's Reply. The theoretical estimates from linear passages through resonance of impinging shocks (or deto-

elasticity theory in the section "Theoretical Estimates" of nations) will, in general, be sufficient to cause damage, due
this paper show that the stress amplitudes in the Rayleigh to the dependence of the maximum stresses on the gradient
wave are proportional to the spatial gradient of the pressure of the pressure trace.
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PREDICTION OF THE MAXIMUM TURBULENCE INTENSITIES
GENERATED BY GRID-PLATE OBSTACLES

IN EXPLOSION-INDUCED FLOWS

H. PHYLAKTOU AND G. E. ANDREWS

Department of Fuel and Energy
University of Leeds
Leeds LS2 9JT, UK

A method is presented to predict the maximum turbulence levels generated downstream of a grid-plate
obstacle by an explosion-induced flow. From theoretical considerations, it is shown that the turbulence
intensity, defined as the ratio of the root-mean-square (rms) turbulence velocity u' to the mean velocity
of the flow U, is simply given by the equation

uVU = C, -K

where K is the pressure-loss coefficient and CT is a constant (equal to 0.58 in theory). Established tech-
niques for the prediction of flow-pressure-loss coefficient K across obstacles in steady-state flows were
used, and practical values of the constant C, were determined by using measured data of the peak tur-
bulence downstream of grid plates in steady-state flows. The applicability of such steady-state flow concepts
was supported by experimental evidence. Two practical values of Cr were determined: 0.225 for "thin" or
sharp-edged obstacles and 0.076 for "thick" or round-edged ones. The model was shown to predict available
turbulence measurements in both transient (explosion-generated) and steady-state flows.

Introduction whereas drag coefficients are related to the forces
induced on the structures by the explosion.

The interaction of the explosion-induced unburnt
gas flow with an obstacle results in the generation of
turbulence downstream of the obstacle and the ac- Model Development
celeration of the flame when it reaches this turbu-
lence. Extremely fast explosion flames can be gen-
erated by this mechanism, giving rise to severe Summary Review of Orifice Flow:
overpressures. Prediction of these phenomena is of Pressure-loss characteristics of constrictions in
concern to process industries. Many obstacles in ducts have been the subject of coany experimental

practice can be treated as grid-plate obstacles, and and theoretical studies, reviewed by Ward Smith

there have been numerous explosion studies using [2a3]. In particular, sie-holev sharp-edged orifices

grid plates. However, the findings from these works un prti ble, sigh ol d orices
areof imied se ecasethedat ar no prsened under incompressible, high Reynolds number con-are of limited use because the data are not presented ditions have been investigated (for flow-metering ap-

in terms of fundamental turbulent flow and combus- plications). Fewer studies of multihole grid plates
tion parameters, as these parameters are particularly have been carried out, and it is generally assumed
difficult to measure under harsh transient conditions, that they behave as single-hole orifices of equivalent

The objective of this work was to develop and val- area.
idate a model through which the explosion-induced The main factor affecting the pressure loss (and
maximum turbulent intensity downstream of an ob- hence the turbulence generation) for both orifice and
stacle could be quantified. This information can be perforated plates is the degree of flow restriction
used in conjunction with a turbulent burning velocity given by the blockage ratio (BR), also expressed as
correlation to predict the maximum overpressures the porosity ratio (p = 1 - BR). The hole aspect
generated in explosions, ratio, tid (orifice thickness/orifice diameter), the flow

Established steady-state flow techniques for the Reynolds number, compressibility, and the approach
prediction of flow pressure loss across obstacles will flow-velocity uniformity are also found to be impor-
be used. The use of pressure-loss data is preferred to tant factors. At Reynolds numbers above 4000, the
that of drag coefficients, used by other researchers discharge characteristics of the orifice plate and the
[1], as the pressure loss determines the turbulence, general flow patterns are insensitive to the value of

103
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Reynolds number [2]. The following discussion ap- blockage ratio and on the aspect ratio (tid) of the
plies to these practical turbulent flows, orifice.

As the flow passes through tbe orifice plate, it sep- An empirical correlation of Cc [2] was combined
arates from the upstream face of the orifice to form with Eq. (6) to produce expressions for K indepen-
a discrete jet, which contracts to a minimum cross- dent of Cc and dependent only upon the geometrical
sectional area A,, known as the vena contracta. The characteristics of the orifice, the porosity ratio, p (=
coefficient of contraction, Cc, is defined by the ratio 1 - BR), and the aspect ratio, tid. These are

Cc = A/A,. (1) 1 2

On the wall of tbe duct, there is a step change in K =0.608p(1 - p2.6)[1 + 410.5] + p3.6 - 1
pressure across the orifice plate. It is this large (7)
change in pressure that is used for flow-metering
purposes, and it is given by

for data in the ranges 0 < t/d < 0.6, 0 < p < 0.75,
AP,1 = Pi - P2• (2) 0.57 < K < 35,000, and

K = )[0.872 - 0.015(t/d) - 0.08(dc/t](1 - p3.3) + p4.3[1 + 0.134(t/d)0 .5]-' - I1 (8)

where subscript I refers to the upstream pipe and 2 for data in the ranges 0.98 < t/d < 7.1, 0 < p <
to the vena contracta. The total pressure loss caused 0.48, 2.4 < K < 63,40'0.
by the presence of the plate is given by The major difference between Eq. (7) and Eq. (8)

is in the different application range for the orifice
AFT = P1 - P3  (3) aspect ratio t/d. For t/d > 1, reattaehment of the flow

to the orifice wall occurs, before the flow exits the
where P3 is the static pressure after the flow expan- orifice [2], and this reduces the baffle pressure-loss
sion from the vena contracta. characteristics. For t/d < 0.6, no reattachment of the

This overall pressure loss APT indicates that there flow occurs. Within the transition range of 0.6 < t/d
has been some energy loss from the flow. It is this < 1, the flow may reattach or it may not; that is why
balance of energy that is first turned into turbulent this range is excluded from the above equations.
motion, and it is then dissipated as heat and random-
ised molecular motion in the system. Turbulence Generation:

This pressure loss is characteristic of the geometry
of the constriction and the velocity of the flow, and The amount of turbulence generated is dependent
it is usually expressed in a nondimensional form as upon the flow velocity and the geometry of the con-
either the discharge coefficient C,1 or the pressure- finement. There is very little data on the turbulence
loss coefficient K. The latter is defined by generated in transient flows, so the following model

is based on information from steady-state studies.
The available data on turbulence generation in ex-

K - APT (4) plosions will be used to validate the model.

l 2  The pressure energy loss APT must appear as tur-
2 bulence energy prior to dissipation as molecular mo-

tion. Therefore, APT can be equated to the isotropic
For incompressible flow, K can also be expressed in turbulent kinetic energy as in Eq. (9) [4,5].
terms of the geometry alone [3] as

3
(-1 A,1i)2 APT = pu' . (9)
C5 A2 (

Combining Eqs. (4) and (9) produces an equation for
Equation (5) can be rewritten in terms of the frac- the turbulence intensity given by
tional blockage ratio (BR = 1 - A2/Al)

i 12 u'/U = CT fK (10)
K KC0(l - BR) 1 where CT is a constant. In theory, this constant

should be equal to 0.58, but in practice will be less
For a sharp-edged orifice of high blockage, Cc - 0.61 than that because not all pressure loss through a con-
(equal to Cr1), but its actual value depends on the striction is translated to isotropic, turbulent, kinetic
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FiG. 1. Variation of the centreline turbulence intensity
produced by perforated plates of different blockage ratios overpressure) will occur at the position of maximum
[8]. It should be noted that the temporal mean velocity V turbulence intensity, and it is therefore this region
is used in this plot as opposed to the spatial mean velocity that should guide the protection and mitigation re-
U, however, at the position where u'/V is maximsm V - quirements in a system.

U [8,11]. In order to obtain a practical value for C1 in Eq.
(10), the maximum turbulence intensity, (u'/U),.., as
measured by the above workers was correlated to the

energy. In order to determine the validity of Eq. (10) pressure-loss coefficient K [calculated using Eq. (7)
and evaluate the practical value of the constant C7', or Eq. (8)] of the grid employed, as shown in Fig. 2.
available experimental data need to be considered. The turbulence intensity was found to be roughly

Most measurements of grid-induced turbulence proportional to the square root of K, as predicted by
have been made well downstream of the grid plate, Eq. (10), and the results were found to fall on two
in the turbulent decay period, where the turbulence lines depending on the thickness-to-diameter ratio
is isotropic, i.e., 40-50 hole diameters downstream (tid, aspect ratio) of the grid holes.
of the grid [6]. This is well beyond the region of in- The influence oft/d > 1 on the flow characteristics
terest in the explosion hazards field since the maxi- through an orifice is to reduce the value of K (as
mum combustion rate generally takes place within a discussed earlier), and therefore, this would reduce
distance of 3-20 obstacle-hole diameters from the the amount of turbulence generated. However, since
obstacle [7]. this influence is taken into account in the calculation

Measurements of the turbulence intensity, u'/U, of K, then the results of the plot in Fig. 2 should have
in the region immediately downstream of the grid are been independent of tid. The fact that they are not
scant, and only limited data could be found from indicates that there is an additional (negative) influ-
cold-flow wind-tunnel studies [8-10]. An example of ence of tid directly on the turbulence levels. The
these near grid measurements of turbulence is re- mechanism of this influence is not clear, and more
produced in Fig. 1 from the work of Baines and Pc- data are needed in order to investigate this influence
terson [8]. This is a plot of the turbulence intensity and confirm whether this effect is real or not and to
(measured on the centreline of the grid holes) as a improve the correlations shown in Fig. 2.
function of the axial distance normalised by the char- The equations of the fitted lines in Fig. 5 are as
acteristic grid scale b (b is defined as the width of the follows:
solid material between the grid holes [8]). It shows
that the turbulence intensity increases downstream (u'/U),... 0.225 ýK (11)
of the grid, reaches a maximum value some distance
after it, and then begins to decay at a more or less
steady rate, over a relatively long distance. for tid < 0.6 and

The region of major concern in explosion hazards
is the region of maximum turbulence that is shown (u'/U) ... = 0.076 K (12)
to occur at some distance downstream of the grid. In
an explosion scenario, the maximum burning rate for tid > 1.
(and therefore the highest rate of generation of These equations show that the maximum turbu-
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Fic. 3. The maximum turbulent intensity [8,9,10] as a FiG. 4. The position of maximum turbulence intensity
function of the blockage ratio. Dashed lines are an expo- in terms of number of jet diameters downstream of the
nential correlation; solid lines are a power correlation, obstacle. The solid line is the average position excluding

the data of Robinson and Covitz [9]. The dashed lines en-
velop the range of position of maximum flame speeds in

lence intensity downstream of an obstruction de- explosions in tubes with grid-plate obstacles [7].
pends solely on the characteristic pressure-loss co-
efficient of the obstacle and on its aspect ratio. If it
is a thin or a sharp-edged obstruction, then Eq. (11) (u'/U)m. = 0.016e4 1°(BR). (14)
could be applied. If it is a thick or round-edged ob-
struction, then Eq. (12) could be applied. The pres-
sure-loss coefficient K could be determined in simple Position of Maximum Turbulence:
steady-flow, small-scale experiments, or it could be Following the lead of Baines and Peterson [8],
calculated from Eqs. (7) and (8). other researchers [9,10] also presented their turbu-

Equations (11) and (12) suggest that the optimum lence measurements as a function of the axial dis-
layout of structures within a vented enclosure would tance nondimensionalised by the characteristic oh-
be that which would give the lower pressure-loss stacle scale b. Although this presentation correlates
characteristics; therefore, in order to determine this the data well in the isotropic turbulence decay re-
layout, a scaled model could simply be placed in a gion, as shown in the example of Fig. 1, it does not
wind tunnel, and the model layout could be rear- correlate the position of maximum turbulence inten-
ranged until minimum pressure loss is obtained. This sity, which is shown to occur at different relative dis-
would then be the optimum layout for minimising tances from the grids.
the overall large-scale turbulence levels. From jet theory [12], it is expected that the max-

These are interesting implications, but before they imum turbulence on the centreline will occur after
can be explored, the correlations in Fig. 2 need to be the end of the potential core of the jet, where the
confirmed and/or improved and validated in a more inner edges of the surrounding shear region meet.
detailed study, first for grid plates and then for ob- The length of the potential core is usually expressed
stacle shapes directly relevant to the onshore process in terms of the diameter of the jet at the origin (di).
industries and the offshore petroleum sector. The diameter of the jet for a flow through an orifice

The maximum turbulence intensity data in Fig. 2 is the diameter of the vena contracta.
were also plotted against the blockage ratio in Fig. 3. From the calculated K values of the geometries in
Again the data separated into "thick" and "thin" ge- Fig. 2 and using Eq. (6), the appropriate C, for each
ometries. For each type of geometry, a strong de- geometry was calculated. The diameter of the jet was
pendence of the maximum turbulence intensity on determined from Eq. (1), and the position of maxi-
the blockage ratio is indicated. It was difficult to mum turbulence intensity was expressed in terms of
choose between an exponential or a power fit to the jet diameters. The results are plotted as a function of
data, shown as dashed and solid lines, respectively, the maximum turbulence intensity in Fig. 4. It is
in Fig. 3. The equations of the exponential correla- shown that the position of maximum turbulence was
tions are given below. For tid < 0.6, independent of the intensity of the turbulence, and

furthermore, all the data (with the exception of those
(u'/U) ..... = 0.059e3s(BR) (13) of Robinson and Covitz [9]) fell in the region of 2.5-

10 jet diameters. The majority of the data were be-
and for t/d > 1, tween 3 and 6dj. The average position of maximum
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turbulence intensity, excluding the data of Robinson some of the tests included hot-wire probes for flow
and Co~dtz, was at 5.2 d and is shown as a solid line and turbulence measurements. They found that
through the data in Fig. 4. This compares well with there was a close correlation between tile flame
the expectation of the maximum turbulence being at speed and the flow velocity along the centreline. The
or after the end of'the potential core, which is usually flow velocity was 10-20 mi/s lower than the flame
taken to be 4-5 jet dialmeters long [12]. speed. They measured flow velocities in the range of

In a series of explosion tests in tubes with grid- 8-600 oi/s increasing with the distance from the
plate obstacles, the authors [7,13] have shown that ignition plane. In general, the root-mean-square
the maxinmm flame speeds occurred at a distance of (rms) turbulent velocity it' was higher in the shear
between 3 and 20 jet diameters from the obstacle, region than in the centreline. This is not contradic-
This range is indicated by the dashed lines in Fig. 4. tory to the preceding discussion on the position of
It was also shown that the position of the maximumn time maximum turbulence. In these experiments, the
flame speed downstream of the obstacle for the near orifice plates were placed too close to each other (less
stoichiometric mixtures moved increasingly farther than one hole diameter, d, apart). This meant that
away from the obstacle as the blockage ratio was in- the end of the potential core of the generated jets
creased. This is against expectations because, as the was never reached within the vessel; only the poten-
blockage was increased, the hole diameter was re- tial core of the last orifice would have had the re-
duced, and therefore, the position of mnaxinumn tur- quired distance to converge, and this would have oc-
bulence (and hence ofmaximum flame speed) should curred outside the vessel. The centreline region
have moved nearer to the obstacle. A possible expla- along the length of the vessel was therefore, in effect,
nation for this apparent discrepancy is that, as the one long potential core, and hence all the i' centre-
turbulence levels were increased by the increasing line measurements were inside this potential core.
blockage ratio, the tubular geomnetry prevented the The wind-tunnel experiments reviewed earlier indi-
turbulence from spreading radially and forced it to cated that the mnaximun ii' occurs at or after the end
spread axially over a long distance downsstream of the of the potential core, and therefore, the measure-
obstacle. This scenario could also be used to explain ments of u' on the vessel centreline by Iljertager et
the findings of Robinson and Covitz [9] in Fig. 4; al. [14] are not the mnaxinimum possible values; this
these researchers carried out their turbulence inea- would explain why their it' measurements on the
surements in a tube 102 mm in diameter. In contrast, centreline were not as high as those in the shear
the measurements of Checkel [10], and those of regions.
Baines and Peterson [8] were carried out in large It can be argued that since in the steady flow tests,
wind tunnels (6-ft wide and 4-ft high for the latter reviewed earlier, the position of maximum centreline
research group). turbulence was in the region svhere the shear spreads

to the centre, then these measurements effectively
represent the turbulence in the shear region. These

Limited Validation of the Turbulence experimental values of W' [14] were plotted against
Generation Model the corresponding measured values of the centreline

explosion-induced flow velocities, SW in Fig. 5. The
There is vers little data on svhich to validate the symbol S9 is used for the flow velocity in order to

maximum turbulence generation equations. As noted differentiate this explosion-induced transient flow
earlier, measurements in steady flows have concen- from steady-state flow velocities, U. A linear depend-
trated on the region of isotropic turbulence decay, ence of it' on S,, is exhibited by most of the ineas-
well downstream of the position of maximnum tur- urements. This is in agreement svith the predictive
bulence intensity that is of concern in explosions. Al- Eqs. (11) through (14), which show that, for a fixed
most no measurements of turbulence generated in geometry, ii' would be linearly (and solely) depend-
explosions are asailable. To the authors' knowledge, cut on flow velocity.
the only published set of data (of the latter type) is It was assumed that the orifice aspect ratio in Ref.
that of Hjertager et al [14]. 14 was small (t/d was taken as equal to 0.1), and tIme

These researchers carried out an experimental pressure-loss coefficient K was calculated to be equal
study of flame and pressure development in a large- to 0.92 [using Eq. (7)]. Then using Eq. (11), the tur-
scale 50-n:3 tube of diameter 2.5 in and length 10 m, bulence levels generated by this geometry were cal-
with one end closed and the other open to the at- culated for the range of the experimental flow veloc-
mosphere. Methane/air and propane/air mixtures ities. The predicted rms velocities are shown as a
were ignited at the closed end ssith either a point solid line in Fig. 5 and are seen to be in good agree-

source or a planar ignition. The explosion was acel- ment s-sith the experimental values. Three experi-
erated in the tube by five regularly spaced (pitch - mental data on the high side of the floss velocity
2 m) single-hole orifice plates hasing a fixed blockage range, were underpredicted. These points did not
ratio of 32.1% (d = 2.06 nm). follow the trend set by the rest of the experimental

In addition to pressure and flame-arrival probes, data either. These russ velocities were measured to-
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Fic. 5. Expenimental ineasureinents [14] ofu' as a fune- FIc. 6. Experimental measurements [15] of ' in steady-
tion of the explosion-induced flow velocity andl present pre state flow tests as a function of the flow velocit} and present

dictions. predictions.

wards the end of the vessel when ignition was planar. experiment and predictions followed roughly the
With planar ignition, higher flow velocities were same trend, and the actual values were of the same
measured, and it is possible that compressibility ef- order.
fects became significant and were responsible for the No set of data could be found on which to test the
observed deviations. predictive equations for thick (tid > 1) obstacles.

The correlation between the predictions and the One encouraging point comes from the large scale-
experimental results was good (86% if all data are explosion tests by Shell Research [16]. Grids of hor-
considered, 92% if the three odd points are ex- izontal pipes 315 mm in diameter and of 40% grid
eluded). This demonstrates the efficacy of the pre- blockage ratio were used to accelerate the flame.
sent approach for the prediction of the turbulence Catlin and Johnson [17] approximated u' in these
levels, and it validates Eq. (11) for one value of K experiments as being 10% of the flame speed. Using
over a wide range of flow velocities. Similar data over Eq. (12), u' is calculated to be 8.1% of the flow ve-
a range of geometries (K values) are needed for a locity, while Eq. (14) gives W' as being 9.6% of the
complete validation of this predictive equation. Also flow velocity.
shown in Fig. 5, as a dashed line, are the predictions From the preceding limited validation exercise, it
of Eq. (13), which is simpler to use as it is based can be concluded that the proposed maximum-tur-
directly on the blockage ratio. These predictions are bulence-generation equations predict the available
in close agreement wvith those of Eq. (11). experimental data well, but more data are needed,

Pu et al. [15] measured the turbulence levels in a particularly in terms of geometrical variation, for a
steady flou tubular rig (D = 200 umn, L = 1 in) more complete validation. The good agreement be-
filled with "concentric rings" of blockage ratio 39.2%, tveen the predictions and the experimental mea-
in close spacing (pitch = 0.68d). Measurements surements in explosion tests [14] further demon-
were made wvith three mean flow velocities, 9, 18.5 strates that steady-state flow concepts can be
and 23 in/s. The maximum rms velocities, u'were successfully applied to explosion-induced transient
measured in the shear region and are plotted against flows.
the mean flow velocities U in Fig. 6. Also shown in However, before it' can be calculated, the explo-
this figure are the predictions of Eqs. (11) and (13), sion-induced flow velocities through the obstacle are
which are shown to overpredict the experimental required. If the upstream explosion is laminar, then
data by, as much as 50%. The geometry of the obsta- a reliable estimate of flow velocity can be made from
cles was not well defined; they were described as con- simple knowledge of the laminar burning velocity
centric rings, and their thickness was not given. In and expansion fhetor of the mixture. This was dem-
the predictive equations, they were assumed to be onstrated by the authors [18] in spherical explosions
thin sharp-edged orifices. The assumption of the ob- with spherical grid-plate obstacles. If the upstream
stacles being thick or round-edged orifices would explosion is not laminar, or the flame shape is dis-
lead to under prediction of the turbulence levels. torted by the geometry, then knowledge of the flame
Overall, this data set was not well defined, and it was speed (through experiments, perhaps) is required.
too small for any definite conclusions. Nevertheless, There is strong experimental evidence [7,14] that the
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COMMENTS

C ti/lt in Cl/n, Atom ic Energy of Canad, Ltd., Canada. done on the centerline. The turbulence intensity along this

The o•aximum torhsilent intensit- along the centerline of'a line reached its maximum value at the end of the jet po-
hole (depending on the hole spacing) may not be the true tential-core where the shear spread to the centre. It is ar-
mL/\iln turhiulent intensit. attainable behind a grid plate. gued in the paper that these measurements were (there-

fore) effetively in the shear region. It should he noted that
An-thor's Reply. We agree that the maximum turbulence the maxiiomn turbulence measurements against which the

intensity maac not le on the grid-hole centerline. It is more predictive accuracy of the proposed relationship was tested
likelc to be in the shear zone where the highest velocity were in the shear region. As shown in Figs. 5 and 6, good
gradients are present. lHowever, the onl, experimental agreement was obtained. Nevertheless, it is evident that a

measurements of iu/U (in the near region downstream of more detailed characterisation of the turbulence behind

the grid), against \\iich Eq. (10) could be calibrated, were 'rids is needed in both the axial and radial directions.



Twents'-Fifth Ssymposium (hIternational) on (Coin/listion/Tlic Combustion Institute, 1994/pp. 111 124

INVITED TOPICAL REVIEW

STATE OF THE ART AND FUTURE NEEDS IN S.I. ENGINE COMBUSTION

R. R. MALY

Ther o- and Ac rod,,naink, F1MIT
Daimle/-Ben& AG, IJPC G206
D-70546 St/ttgart, Germany

The paper reviews, in short, the state-of-the-art in SI engine cottbustion by addressing its main features:
mixture formation, ignition, homogeneous combustion, pollutant formation, knock, and engine modeling.
Necessar• links between fundamental and practical work are clarified and discussed along with advanced
diagnostics and siruolation tools. The needs for flurther work are identified, the most important one being
integration of all fundamental and practical resources to meet R&D requirements for fuiture engines.

Introduction Mixture Formation

Ever since the very birth of the internal combus- External Mixture Formation:
tion engine by Leonardo da Vinci in 1509 [1], the
desire to improve its performance was the driving The design details of intake manifolds determine
force both for experimental and theoretical work. In- to a large extent the volumetric efficiency and the
ternal combustion turned out to be such a compli- transient characteristics of the SI engine. Easy to
cated phenomenon, however, that it kept both prac- handle and fast semiempirical models are widely
tical and academic researchers busy until the very used for capturing the performance trends and the
day. Although, over the decades, much progress was complex flow patterns even in variable geometry
made on both the practical and the theoretical side, manifolds. They predict pressure distributions, pres-
virtually all technical advances were achieved by in- sure wave interactions, and mass flow rates quite re-
tuition or experimental trial and error methods liably and may be complemented-if needed-by
rather than by rigid derivations and implementations nonlinear models for higher accuracy [3]. They art
based on fundamental laws. By now, the SI engine is extensively applied for practical design tasks, system
highly developed, and traditional trial and error analysis, and more recently, for providing reasonable
methods become unsuitable for meeting future initial conditions for running multidimensional com-
goals. Fuel and engine properties form such a com- putational fluid dynamics (CFD) codes. Usually, they
plex system of mutually interacting processes that in- are complemented by stationary flow-rig data and
tegration of practical and theoretical work is man- solve the majority of practical flow problems in the
datory. And it must be complemented with specific manifold, except mixture formation itself.
diagnostics and models for guiding and monitoring Due to valve overlap and valve timing, the mani-
progress, fold flow is complicated by a sequence of flow proc-

This paper attempts to review, in short, where we esses [4]: overlap back flow, forward induction flow,
are today and to point out what we still need for the and displacement flow. Although the flow of residual
future in SI engine combustion. This requires bring- gases is difficult to control, this flow pattern is quite
ing together knowledge both from practical engine effective in promoting mixture formation due to the
work and from academic combustion studies. Since repeated changes in flow direction; heating of fresh
there is a wealth of information in both areas, it will gases and walls by the burned gases; and forced, con-
be impossible to cover here all details explicitly. stricted flows through the orifice formed by valve and
Therefore, emphasis is placed, rather, on main traits, valve seat, About 80-90% of unburned hydrocarbons
and citations will be made preferably to the most (UHC's) originate in the cold start and warm-iup
recent work available. Recommended sources for ad- phase and constitute the major obstacle in meeting
ditional review type informations are leyvvood's text emission standards [5]. Liquid fuel enters the cylin-
book [2]; the journal Progress in Energy and Coot- der in large droplets and ligaments (Fig. 1), evapo-
bustion Science; the Proceedings of the Sytmposium rates only partially, and causes abnormally high local
(International) on Combustion and the Transactions incylinder UHC concentrations.
of the SAE. The paper focuses on the fundamental Substantial amounts of fuel injected during start-
aspects needed to cope with the practical problems ing and warm-up do not even participate in combus-
in front of us. tion and are likely to end up in the lubrication system

Ill
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FiG. 1. Ligament of gasoline spreading along the cylin-
der wall of an optical engine due to tuel film formation in

the intake manifbld in port injection. Chamber dimensions:
Y: 25, X: 75 nun; intake valve at top in the center. Intake
stroke: 60' (left) and 1800 (right) ATDC, 1000 rpm, half
load.

[6]. Aligning the fuel spray axis (impingement on the Lu -,r z

center of the valve) and heating the valve (up to 1.4 1 0.5
100TC to 200TC [7]) improves mixture formation but
does not eliminate the underlying basic and unsolved FIG. 2. Fuel distribution in an optical engine showing
boundary layer problems: large- and small-scale mixing during the intake and com-

pression stroke, respectively. Chamber dimensions: Y: 72,
1. spray impingement; X: 75 amm; intake valve at top right-hand side. Measured
2. droplet break-up and wall film formation; by PLIF of Ethylmethylketone. Upper row, left to right:
3. film motion/evaporation in turbulent flows; 60', 1200, 180'; lower row, right to left: 2400 and 3000
4. recondensation and fractional distillation; and ATDC, respectively. Bright yellow spots are fuel droplets.
5. instationary mixing in twvo-phase flows. Scale: 2. 1/4. Residual variation in equivalence ratio at

There is an urgent need also for practical film sensors ignition timing: 0.8-1.2 [20].

as well as for theoretical and numerical work. Simple
correlation [7] and two-dimensional (2D) [8] models
show encouraging results, but the real solution re- stroke, the large structures are broken up into small
quires a three-dimensional (3D) CFD treatmentIl
wuits a t e sul moD) rel aablen o ones, which partially survive until ignition timing.
wiith appropriate physical sub models capable of Modern four-valve engines with pent roof chambers
dealing with the complex flow processes and pressure deviate somewhat from this general pattern by de-
wave interactions, including residual gases, sprays, veloping a large tumbling flow, persisting well into
and wall effects. the combustion phase. The tumble flow pattern has

been shown to be very promising for controlling

Internal Mixture Formation: charge stratification and lean burn concepts [17,18].
PIV may also be used to measure the velocity of in-

Due to the advent of 2D laser diagnostics (over- coming droplets directly [16] so that consistent in-
\iews are contained in Refs. 9 through 13), inflow flow conditions are accessible for practical work and
and subsequent fate of fuel and residual gases inside model verification.
the cylinder during intake and compression can be Although Rayleigh scattering may be used for
analyzed now \Vwith good accuracy. Thus, a far better measuring fuel concentrations in real engines [19],
insight into the detailed interactions between drop- laser-induced fluorescence (LIF) is the more versa-
lets and flow pattern is available. tile and direct method. The fuel is seeded with ap-

Particle Image Velocimetry (PIV) flow field ineas- propriately selected tracer materials (e.g., Ketones,
urements in individual cycles around the intake valve <5%) to match fuel properties. They are insensitive
revealed that the static flow shows a higher jet veloc- to oxygen in contrast to TMPD [20,21] and allow
itv than the dynaamic flow [14,15]. There is also a imaging of fuel vapor and droplets in engines (Fig.
noticeable cyclic variation in the details of the flow 2).
pattern, although the large structures are repeatable. Measurements [20-23] reveal that
Even cycle-resolved 2D velocity field measurements
are possible in suitable optical engines, revealing the 1. there is only large-scale mixing during the intake
full history of the spatial and temporal development stroke;
of flow structures, which may be followed up to ig- 2. small-scale mixing is accomplished mainly during
nition and into combustion [16]. During the intake the compression stroke;
stroke, large structures prevail, being dominated by 3. at ignition timing, there is still an appreciable level
the shape and direction of the incoming jet. of unmixedness (12-14% total standard variation

Byv suitable manifold design and chamber geom- of concentration across the charge or a variation
etrv, these structures may be used to control the de- of 0.8-1.2 in equivalence ratio);
gree of stratification quite effectively and to tailor 4. small droplets (0: 20gm) disappear during intake;
mixture preparation to purpose. In the compression large droplets (0: 20'0 prm) survive well into the
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ii -' nmentals are known [29]. There are three basic dis-

with characteristic properties and losses. The first
.---. .... one has the highest energy efficiency, and the last

- - >7* one has the lowest.
. The electrically supplied energy is converted into

a highly ionized plasma wvith high initial temperatures
(60,000 K) and dissociated and ionized constituents
in highly excited states. Therefore, chemical reac-
tions are efficiently initiated by the high temperature
and species concentrations at the plasma surface

FIu. 3. Measured (at top, LIE of acetone tracer in stoi- [30].
chiomnetric propane-air) and calculated (at bottom, 3D The plasma support fades away, however, over the
STAR-CD) fuel concentration during the intake stroke in spark time, and high-temperature chemistry ap-
an optical engine at 450 ATDC and 1000 rpm. Chamber proaches normal flame chemistry at about 300 is.
dimensions: Y: 18.8, X: 75 mm; intake vale at top left-hand Although alternative spark ignition systems have
side. Black: 0, red: 6% fuel. been repeatedly proposed [31-33] for cost, reliabil-

ity, and lifetimue reasons, the glow discharge is still
the dominating mode used in practice. Typical elec-

compression stroke; they disappear abruptly, leav- trical characteristics are a 60-mA peak current, a 30-
ing rich pockets. At TDC no droplets exist; WV peak voltage, and a 2-ms discharge time. At most,

5. small-scale mixing improves at higher engine 30% of the electrically supplied energy is actually
speeds, although large-scale heterogeneities sur- utilized in ignition, requiring an optimum mean flow
vive better due to reduced mixing times; and velocity of 12 mi/s in the electrode gap [29,34].

6. the phasing of fuel injection and large-scale flow The initial plasma channel (about 40 prm in di-
pattern have a significant influence on mixing ameter) develops into a hairpin-shaped flame kernel
quality and mixture distribution, whose size depends on gas speed (Fig. 4). In coin-

bustible mixtures, this spark always initiates an active
In direct-injection gasoline engines, the available flame kernel whose fate, due to its small initial size,
mixing time is reduced significantly, requiring novel is susceptible to all kinds of external influences,
approaches for faster mixing. Air-assisted or very which may even lead to the following propagation
high-pressure injectors provide this and finer sprays failures:
[24,25]. A different approach uses a mixing chamber
with a separate valve [26] filled with incylinder gases 1. energy losses to electrodes or walls [35];
to spray into. This exemplifies that mixing processes 2. flow field effects [36];
may be efficiently shortened by intense flow fields. 3. mixture properties (air fuel ratio, dilution, mix-
Although spray modeling is not satisfactory by far, edness [37], and fuel);
flow fields and mixing processes can be calculated 4. thermodynamic conditions [38,39], and
already by 3D CFD codes (KIVA, STAR-CD, 5. size/time dependence of turbulent scales [40].
FIRE). Even complex engine geometries with mov- There are numerous, mostly phenomenological,
ing valves and pistons can be handled, although the models in the literature [41-46] treating one or a few
ensemble-averaged formulations do not resolve the of these effects. The most complete verified one-di-
small-scale features seen hy 2D imaging. mensional (1D) model [47,48] includes all and pre-

Model predictions agree remarkablv well with en- diets the full period from the supply of electrical
semble-averaged images (50 cycles, Fig. 3) [27]. spark energy to a fully developed flame in an engine.
Htowever, better turbulence models are neededto Three-dimensional modeling is in transition to ap-
cope with compression effects as well as better spray, plications accounting for heat losses aid turbulence
wall, and boundary models, effects [49,50]. Very encouraging results have been

obtained already [27,50,51], as shown in Fig. 5, re-
garding prediction of general shape, flame speed,

Spark Ignition and Flame Kernel Formation thickness of the flame brush, the near wall behavior,
and pressure traces.

In spite of the small mass fraction burned (0-2%), These results indicate that incorporation of all in-
the flame development time is a sensible fraction fluences into an ignition model and the use of ap-
-30%) of the total burn time. The early flame de- propriate (e.g., spectral) turbulence models are es-

velopment contributes significantly to the cycle-to- sential for correct treatment of flame kernel
cycle variation and engine performance [28]. The formation. The kernel needs a separate gridding to
electrical and plasma physical aspects have been re- resolve geometrical details. Although the plasma ef
viewed comprehensively, and the underlying funda- fects ma'y be simplified, there is a need for detailed
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____ ,FIG. 5. Measured (left side: LIF of acetone tracer, 50

cycles averaged) and calculated (right side: 3D STAR-CD)
flame propagation in an optical engine: propane air, =

_.___ 1; compression ratio 10: 1, 1000 rpn. Chamber dioension:

X, 7 5 min; top, cylinder head; bottom piston surface; ig-
nition timing, 14' BTDC. Sequence f0o7 above: 11', 8',

__5, 20 BTDC, 1°, 4°, 10', 13' ATDC: red = burnedd blue

u=nburned [27].

"cules, which happen to be present in the fuel [56],
0 - or more reliably, by LIF of oxygen-insensitive dop-

ants, e.g., ketones, added to the fuel [201]. Rayleigh
- Nmeasurements are also possible; they require, how-

, ,; ever, difficult to satisfy dust- and particle-free con-
ditions. Flame thickness and integral scales of wrin-
-kling are easily retrieved by image processing

" techniques [57,58]. Fractal analyses have frequently
been tried but produce excessive scatter in the data
and no physical insight. Neither the postulated inner

Fim. 4. Flame kernel development in a side chamber and outer cutoff scales nor the slope can be extracted

engine at different speeds. Propane air mixture, equiva- unambiguously [59].
lence ratio 1, transistorized coil ignition (glow discharge: Direct temperature imaging in engines is still not

60 maA, :30) k\' peak values), thin electrodes, Simultaneous possible. Work on two-line Oll thermometry is in
schlieren films from two orthogonal axes (left: axial; right: progress [60] but will not be generally applicable.

radial aspect). Speed: left pair. 300; center pair, 750; and The indirect means as Rayleigh scattering may be

right pair, 1250 lmin. Timing fIrom top to bottom: 0.025, useful under special conditions. Single-shot coherent
0.05, 0.075, 0.1, 0.125, 0.25, 0.375, 0.5, and 0.625 ims after anti-Stokes Raman spectroscopy (CARS) is applica-

start of ignition [47,48]. ble for temperature and concentration measure-
ments outside flame fronts, but the lack of resolution
below 1000 K and being a point measurement limits

submodels to treat the transition of plasma to flame its use severely.
chemistry and the fluid dynamics associated with Concentration of gases and fuel are easily imaged
spark-assisted flame kernel formation. b1 LIF techniques (see above). If the laser is tuned

to specific wavelengths, radicals as OH [60,61], NO
[51], CH, or intermediates, e.g., HCOH (see Knock),

Homogeneous Combustion can be readily measured qualitatively, sometimes
quantitatively. The NO cannot be excited through

Diagnostic's: the flame front at 193 nm because of strong absorp-
tion by reaction intermediates. However, work in

Aside from conventional visualization by schlieren- progress shows promising results at 226 nm [62]. Al-
or shadowgraphy and standard pressure transducers, though absolute data are difficult to obtain, relative
nonintrusive laser-based imaging techniques [10-24] LIF measurements are indispensable for model ver-
are now available for measuring flame structure, tein- ification and analysis of spatial distributions. In com-
perature, concentrations, radicals, flow, and turbu- bination with additional diagnostics or wvth models,
lence in engines. Flame structures are most easily they constitute a most powerful tool for practical and
obtained by Mie scattering from seeding particles theoretical work. In Figs. 6 and 7, examples are
added to thie intake air [52,53]. Even cycle-resolved shown of measured OH and NO distributions in en-
measurements are possible, if copper vapor lasers are gine flames.
used [54,55]. Single images from subsequent cycles Flow fields in fired engines are readily measured
may be recorded by LIF of fluorescent HC mole- by laser Doppler velocimetry (LDV) or 2D PIV tech-
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FIG. 7. Correlated LIF measurements of flame brush
position by burned fraction (top), NO (center), and 011
(bottom) distributions of propane-aiJ combustion in an op-
tical engine. Black: 0; red: Joaximuni signal. Please note

Fi. 6. LIE images of the OH distribution in a laser inhomogeneity in NO and OH distributions. Absorption bxFIG.io 6r.det (i93 image ofit the acesiiHt ditioto inlse

sheet through a propagating and quenched flane front in reaction prod(llucts 193 Jm) irits NO accessibilitt to inl-

an engine simulator, respectively, 5(0(0 rpm. . cident side left). Compression ratio 10:a, 1000 rpr, pro-

equivalence ratio 1.5, quarter load 6 propan pane-air, equivalence ratio 1, ignition timing 200 BTDC,
X-diliension: 75 sins [51].

niques either single shot [12,63], cycle resolved (us- F u -k -r l na
ing copper vapor lasers in a movie PlY [16]), or even undamenta \oJ is uigenty needed oin aroiatics,

3D [13]. The cross-correlation technique xvith image multicolmponent fiels, and detailed kinetics for real

shifting is to he preferred for its significantlx higher engines. Time-efficient and accurate models are
aeeuraey and resohltion. Thus, detailed inforiatioJn needed for treating NO formation and reburn, post

on flow structure, time dependencies, and scales can flame anti exhast pipe UIIC oxidation as well as
be obtained under realistic conditions, even in single
shots.

The needs required to obtain the information are Turbulent Premixed Combustion:
well-characterized data on turbulent scales, quanti-
tative and cycle-resolved LIE diagnostics, direct Often apparent heat release rates derived from
temperature measurements, and high-pressure NO pressure signals are sufficient for practical applica-
diagnostics resolving thermal and prompt contribu- tions. The turbulent burning velocitx, however, is a
tions. For access to production engines, adaptation function of the space and timne-dependent thermo-

to very small xvindows is a must that is not vet solved dynamic, chemical and fluid dynamic conditions in

satisfactorily. the engine. Direct measurements are possible using
visualization techniques in optically accessible en-

Reaction Kinetics: gines. Simple, well-known correlation functions are
available for the laminar burning velocity [71]-en-

Knowledge in this field and computing power have compassing the thermodynamic and chemical ef-
progressed to a point where even large detailed ki- fects-xwhich work well and are extensively used in
netics may be used for engine combustion [64-66] nondimensional engine codes.
and reduced mechanisms xith questionable accuracy The fluid dynamic effects, represented by the tur-
can be avoided. Detailed reaction mechanisms can bulent burning velocity, are harder to simplify due
be automatically generated for large molecules so to ývidely different, possible regimes [72,73]. The
that realistic fuels become tractable [67]. To reduce bulk of available experimental data has been critically
computing times, detailed chemistry can be stored assessed, and correlation functions have been de-
in libraries or tailored to demand byl automatic re- rived [40]. For thermodynamic purposes and heat
duction [68,69]. The applicability of current mech- release calculations, correlations of tyxe
anisms to practical cases is as fllovws [70]:.

fuels-very well: paraffins, straight, braniched, and SSI = Io [1 + A(u'IS1 )"],
NO, chemistry; good: olefins and alcohols; fair: ox-
ygenated hydrocarbons, ethers, and epoxides; bad: I, = strain rate, A - 1 ... , 2.5, n 5/6 .... 1,
aromatics; and
processes-xwell theoretically: laminar flames, ig- are widely used in phenomenological, fitted models
nition in shock tubes, flow reactors, and static re- handling practical combustion problems quite well.
actors; well practically: detonation; still difficult: For multidimensional and pollutant modeling,
pulsed combustion, turlileint flames, furnaces, however, detailed effects of turbulence and chemis-
burners, and combustion in engines, try must be captured. Various models are used, as-
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suiming a flamelet structure of the combustion zone. (UHC). Although engine-out emissions can be dras-
This is valid if the local reaction zone is much smaller tically reduced by the three-way catalyst (TWC),
than the integral turbulent length scale. Experiments measures to reduce fuel consumption usually cause
in engines show [52,53] that this holds up to mod- higher engine-out NO, levels. The UHC's originate
crate engine speeds and even for very lean mixtures. predominantly from the cold start-warm-up phase
Some flamelet models require precomputed strained when the catalyst is still cold and inactive.
flame libraries [74-76] to include detailed chemistr)7,
available now for fuels up to C8. Others have closure Nitric Oxides (NO):
methods derived from direct numerical simulation
(DNS) [77], needing only instrained flame speeds Whereas NO formation (prompt and thermal) can
[50]. be readily calculated for flames [86,87], direct mea-

Engine tests indicate that strain, curvature, and surements and calculations for engine conditions are
dp/dt [78] must be included into libraries as well as still unsatisfactory. There is a strong need for a prac-
local quenching in the flame front (Fig. 7). An exten- tical NO imaging technique for localizing in-cylinder
sion to low turbulence (I'/S, = 0: 1) [48,74] is re- NO sources throughout the combustion process and
quired. Numerical studies indicate also an important, for verifying NO submodels and engine codes.
still unaccounted time dependence in the reaction of In modeling, it is accepted now that both thermal
a wrinkled flame front to a turbulent flow field [79]. (extended Zeldovich) and prompt NO must be ac-
For correct near-wall behavior, the burn time must counted for. Since it is difficult to obtain the OH
not be equated to the turbulence time 1, = k/e. Spe- concentration from simple mechanisms (required for
cial flame-wall interaction models (spectral models the extended Zeldovich mechanism in the burned
[80] or the FIST model [81]) are required, account- region), it is attractive to include combined flamelet
ing for the change in sensed scales during flame ker- and PDF submodels into multidimensional CFD
nel formation and on approaching a wall. codes. Available preliminary results [88,89] indicate

Powder diffraction files (PDF) and presumed PDF that
(PPDF) models [82,83] can handle slow chemical re-
actions outside the flame front. In practice, the num- 1. prompt mechanismns play a significant role at the

her of necessary scalars is so large that PDF transport lower temperature end;
equations must be solved by time-inefficient Monte 2. fuel chemistry affects NO production;
Carlo methods. There is an urgent need to combine 3. deposits may lead to higher NO levels due to

the advantages of' flamnelet and PDF models into a higher charge temperatures; and
common, time-efficient multidimensional engine 4. highly turbulence-enhanced combustion pro-
code so that processes in the burned region and in the duces comparable NO levels as conventional tur-
exhaust can be included in reducing fuel consumption bulent combustion.
and pollutant emissions. Reasonable computing times
wsill be possible if the detailed chemistry is reduced by Unburned H•ydrocarbons (UHC):
multidimensional manifolds. [68,69].

Only the large scales in flows depend on geomet- DNS [77,90,91] has opened up new insights into
rical details of the engine, whereas the small scales bulk and wall quenching. Heat losses, curvature, ,is-
are intrinsically free of these effects. Thus, the large cous dissipation and transient dynamics have signif-
flow structures should be calculated directly without icant effects, especially for small-scale turbulence.
an\ turbulence model (DNS), and subgrid modeling Simplified models have been derived for wall
should be used for treating effects of small scales quenching [91], facilitating modeling of UHC from
(LES) only. Therefore, new types of models are boundary layers in engine codes. There is a strong
emerging, being derived fromn DNS [50]. Although need for more theoretical and experimental work in
they are still under development, they are used al- this area to provide reliable, physically based sub-
rea(lv and form the basis for future submodels in models. Since most of the UHC emissions arise dur-
LES codes. Calculations for a four-valve engine using ing cold start and warm-up of the engine. The total
LES [84,85] show an impressive agreement between tailpipe UHC and the specific reactivity depend
calculated and measured flow and flame structures. greatly on engine operating conditions, fuel compo-
Although the grid resolution required for LES is con- sition, and type of catalyst. Results from engine tests
troversiallv discussed, these results clearly indicate [92-94] indicate for
the need to use as much DNS as possible and restrict
modeling to the subgrid level, where conditions are
better defined and submnodels will work well. Enie-nut emissions:

1. It takes up to 6 s for the fuel-air mixture to reach
Pollutants the cylinder during cranking. During the first 30

s, about 75% of the UIIC is unreacted fuel drop-
Apart from the CO2 emission, the most critical ping to a steady-state value of 53% after about

pollutants are NO, and unburned hydrocarbons 60 s.
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Fuel (1000%)

Flame Conrverts Fuel toCOsC OOH1Poslsss HC MechanismsFuel Only 91% 9 Fuel-AirMixture,

Oil Lyer 1% i Liquid ul Iechig 0.50/ Crevices 5 Valve Leak 0. 1%:
3.2% 51% -------

91% der Oxidation 4.% 0.6%
1/3 Oxidizedl 2/3Oxidized Blowby 0.6% Recycled

::95.5%/a 2.1% 1.7%
Exhaust Oxidation 09/.]% ----/ 3.% 1.% l ý eida 31I!.2% Recycled i

0.5 % Engine-Ou UHC 1.8%

Catalyst 1.8%

Fully Burned Exhat (97.8-98. 1)% EDVehicle-Out UHC (0. 1-0.4%) Recycled 1.8%

FIG. 8. Complete flow chart of normal comnltstion of gasoline fuel and UItC mechanisms. Numbers indicate the HC
emission index in % fuel entering each enginc cylinder, redrawn after Ref. 95.

3. After catalyst light-off, hydrocarbons with a higher
reactivity are oxidized more readily. The ranking
of the conversion efficiency is C2-C4 olefins >
alkylbenzenes >> paraffins and benzenes.

4. The equivalence ratio has a significant influence
on specific reactivity and mass of toxic air pollut-
ants.

The current understanding of the mechanisms
,A •leading to UHC emissions from SI engines has re-

cently been compiled into a complete flow chart [95].
In Fig. 12, the origins and subsequent processes are

FIG. 9. Sequence of LIF images (acetone tracer in pro- presented, causing UHC's from a warmed-up SI en-

pane-air) from an optical engine showing in-cylinder UHC gine. Although most of the mechanisms are not rig-

sources. Upper row: UHC flowing out of the topland crey- idly known, the chart is an extremely useful guide for

ice; sequence: BDC, 20' and ABDC, 40'. Lower row: wall- the needs both in practical and research work. The

quenched UHC being scraped off oil-free wvalls forming ranking of engine-out UHC sources is as follows:
roll-up vortices; sequence: 60', 100', and 120' ABDC. The crevices (38%), quenching (5%), oil layers (16%),
outlet valve is at the top on the right-hand side. deposits (16%), liquid fuel (20%), and exhaust valve

leakage (5%).
It is noteworthy also that about 9% of the fuel

2. The main components during warm-up are un- escapes the normal combustion process and causes a
burned fuel species and reaction products con- loss of 6% in the indicated mean effective pressure
sisting of C2-C4 olefins, methane, and acetylene. (IMEP). Although these figures may vary for differ-

3. The specific reactivity right after cold start is due et engines and operating conditions, they are sup-
to unburned fuel. ported by recent engine work on

4. The percentage of C2-C4 olefins with high reac-
tivity and the specific reactivity increase as warm- in-cylinder measurements of crevice flow and wall
up proceeds, although the total UHC's decrease layers [96-98], which are corroborated by LIF im-
drastically. ages from an optical engine (Fig. 9);

fuel absorption-desorption in oil films [99]; and
effects by piston temperature [100] and exhaust

Catalyst-out emissions: valve leakage [101].

1. Before light-off. the C2-C4 olefins and, after light-
off, the unburned fuel species dominate the spe- There are encouraging attempts to model UHC
cific reactivity. oxidation [1021 and effects of engine design param-

2. Hydrocarbons with boiling points lower than the eters on UHC emission [103]. If calibrated for a sin-
momentary catalyst temperature are hardly ab- gle operating condition, reasonably good results are
sorbed and hydrocarbons with higher boiling obtained for other speeds, loads, air-fuel ratios, ex-
points are almost totally absorbed during catalyst haust gas recirculation (EGR) rates, and spark tim-
warm-up. ings. The model predicts that
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coefficient region in the overall reaction. The effect
of additives is by way of influencing the OH radical
pool: additives, increasing the OH production, ac-
celerate hot ignition, while additives, which remove
OR inhibit it. Antiknocks act either by retarding
low-temperature oxidation and chain branching or by
inhibiting the high-temperature HO2-dominated hot
ignition. Methyl-ter-butyl-ester (MTBE) and ethyl-
ter-butyl-ester (ETBE) act in both regimes. In binary
mixtures, the olefins act in the low-temperature re-
gion as radical scavengers and retard the activities of
paraffins, whereas the paraffins act as radical scav-
engers in the negative temperature coefficient

(NTC) region and retard the activity of olefins. Ex-
perimental high-pressure data of realistic fuels
mixtures are becoming available [107-109].

This chemically based model does not explain
strength or variability of the pressure waves in knock-
ing combustion nor the material damage associated

FIG. 10. Sequence of LIF images of formaldehyde with it. The pressure signals correlate very poorly
forined in the endgas during transition from normal to with endgas temperature-although this should be
knocking combustion exhibiting endgas inhomogeneity and the prime controlling parameter-and even less so
formation of exotherinic centers. Sequence (left to right, Nith the mass of unburned fuel at the onset of an-
top to bottom, timing in degrees ATDC): 2', random be- toignition [110]. This is due to the fluid dynamic part
ginning of cool flame reactions; 4', spot-wise formation of following autoignition [111-113]: Contrary to gen-
HCOH (inhomogcneit'): 7', apparently "homogeneous" eral assumptions, autoignition occurs not uniformly
HCOII-distribution in the NTC regime; and 9', formation throughout the endgas region but in localized spots
of hot flames at exotherinic centers (burning up HCOII: imbedded in the inhomogeneous endgas (exothermic
large blue spot at 2 O'clock). centers (ETC's)) with specific induction and excita-

tion times [114-116].
These centers arise from incomplete mixing and

1. the bore-to-stroke ratio has a small effect; constitute temperature and/or compositional heter-
2. a decrease in displacement per cylinder increases ogeneities. Transition from autoignition into knock is

UIIC; and controlled by the properties of these exothermic cen-
3. an increase in compression ratio or in crevice vol- ters: size, gradients, and spatial distribution in the

ue per displacement increases UHC. endgas [112,113].

These results agree well with the proposed mech- In Fig. 10, the transition of low-to high-tempera-
anisms in Fig. 8. ture chemistry is shown by the formation and dis-

appearance of formaldehyde in the endgas. The re-
actions start irregularly in the inhomogeneous

Knock endgas; cause an apparent "homogeneous" concen-
tration (not temperature) distribution in the NTC re-

Knock limits the maximum compression ratio and gion; and depending on local conditions, force some
hence the efficiency of the engine. It is promoted by exothermic centers into the hot ignition regime, as
endgas temperature, fuel structures with long chains, visualized by the burn-out of the formaldehyde. In
and residuals carried over friom previous cycles. Fig. 11, data from simultaneous LIF and ultrahigh-
Knock is a complex interaction of autoigniting exo- speed schlieren reveal the spatial and temporal evo-
thermic centers and their mutual fluid dynamic re- lution of exothermic centers into a spectrum of slow
sponses in the inhomogeneous endgas. and fast burning centers. In summary, there are three

The autoignition part is extensively treated and different modes of knocking combustion [112,113]:
modeled in the literature and is well understood
[67,104-106]. The low-temperature chemistry Deflagration-The most common mode being
(<900 K) is started by the RO 2 isomeration processes characterized by small exothermic centers, steep
producing OH radicals by QOOH decomposition gradients, and very weak pressure oscillations. Af-
consuming some fuel and liberating some heat at low ter hot ignition, flame propagation is similar to nor-
rates. Slowly, a radical pool is built up, leading even- mal flame propagation without causing any knock
tuallv to hot ignition as temperatures above 900 K damage.
are reached. This process may exhibit a distinct two- Thermal explosion-Is characterized by large cen-
stage ignition behavior and a negative temperature ters with flat gradients. Pressure oscillations are
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40- scription of'knock explains consistently all known fea-
tures in knocking combustion. All relevant processes

30- are understood and can be modeled satisfactorily.
There is a need, however, for reducing the sub-

20- models for detailed chemistr and shock'pressure
wave interactions, so they can be incorporated time

10 efficiently in 3D engine codes.

0-

- ... Modeling

Current engine design work still relies largely on
phenomenological models because they can be cali-
brated to appreciable accuracy, and they are fast.

- These models generally lack, however, the detailed

B insight into the physical and chemical processes re-
-40- quired for a truly predictive tool. This necessary in-

.. 20 0 ,I sight is provided already to a fair amount by current
-40 -30 -20 -10 0 1 20 3 40 (ensemble-averaged) multidimensional codes, al-

FIc. 11. Evaluated ultrahigh-speed sehlicren movic though they, are still under development and the
(750,000 fps) showing spot-wise fnrmiation of exothermic computing times are long. Their accuracy is mainly
centers (ETCs) in the endgas. Most centers (e.g., B) de- determined by the quality of the submodels used.
velop into deflagrations, whereas the lower righit-hand sitle Therefore, lmanv of them need to be improved con-
ofA transits into a developing detonation. Note the random siderably.
distribution of ETCs and the pushing back of the regular Even complicated engine flow fields can be cal-
flame firont by the fLst pressure rise in the eidgas. culated time and space dependent with good accu-

racy [118,119] and very recently also with moving
valves and pistons [120]. Turbulence is generally

moderate, and knock damage is very light if any at modeled by the k - t model, which can be adjusted
all. to give reasonable results, although it is unable to
Developing detonation-The most violent mode handle compressed turbulence and turbulent com-
occurring rarely but causing intense pressure os- bustion at walls. Different submodels are used to
cillations and rapid surface damage to materials is compute engine combustion [27,121-123]. There
characterized by medium-sized centers hasing are four general categories being valid for Re, =

critical intermediate gradients, which support the (L/i5/) (iu'/S) 100 ... , 500 [124]:
gradual growth of strong pressure waves. This
miode is detrimental to the engine. 1. Eddy Break U

rates are much faster than turbulent processes. In
In practice, all modes are present simultaneously. combination even with very simple turbulence

During the short excitation time, ETC's emit pres- models, they calculate thickness and speed of the
sure waves that heat surrounding ETC's and shorten, turbulent flame front in any' geometry. If adapted
thus, their induction time drasticallv. In conse- to one case, they do not necessarily work well for
quence, local, initially lnild knock modes may drive other cases, and they do breakdown at walls and
remote centers into a developing detonation mode cannot handle ignition.
directly or by an avalanche effect depending on the 2, Presuined PDF (PPDF) models: These modified
statistical temporal and spatial distribution of ETC's EBU models calculate flow and temperature
in the endgas. Although autoignition is controlled by fields well but give only fair results for pressure
temperature, engine knock with its intensity is con- traces. They are not truly predictive and require

trolled by the properties, distribution, and fluid di - adjustment of model constants if the equivalence
namic interactions of ETC's resulting from preceri- ratio is changed. Ignition cannot be handled ei-
ing mixing processes. The developing detonation ther.
mode of knock is associated wvith very high rates of 3. PDF models: They remove most deficiencies of
heat transfer to the walls causing thermnoshock (>100 the EBU model, account properly for reactive
MW/m2, ATs,,.. > 150 K), which is the prime cause species and flow velocities, and work well for slow
for knock damnage [112,117]. In crevices (topland re- comibustion and nongradient processes.
gion), pressure piling occurs, which iiay lead to ex- 4. Flamlet models: They bring more physics into the
cessive mechanical wall loadings causing knock dam- EBU model and treat fast reactions in thin flame
age in combination w\ith high-heat trausfer rates. zones well. Detailed chemistry is introduced by

This combined autoignition and fluid dynamic de- strained flame libraries (Fig. 12 [125]). High num-
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COMMENTS

A. K. Oppenheim, University of California, Berkeley, J. Chomiak, Chalmers University of Technology, Swe-

USA. Upon the plenary lecture of Bill Agnew [1], you had den. Your measurements show that the early burned por-
a hard act to follow-a task accomplished with flying colors. tion of the charge produces most of the NO,. Is this due
In effect, you brought up to date the menu of demands an to the temperature stratification (Mache effect) or due to
engineer may have to clarify what is going on "at the piston other reasons? How general is this observation in terms of
top." He may have many reasons for them: economical, engine speed load and combustion chamber features?
political, humanitarian, ecological, etc. The one I consider
of utmost importance is the progress of technology. In this Author's Reply. For any given net formation rate of NO
respect, your overlooking the significance of pressure mea- production, as is the case in IC engines, the resulting NO

surement is quite auspicious. As brought up in our paper concentration is its integral over time. Hence the regions
[2], pressure is the most informative measure of engine having been burned earliest are the oldest ones and there-
performance. It provides therefore the primary sensing el- fore exhibit the highest values. The measurements show
ement for prompt, microprocessor control for the execu- just that. This is generally valid for all speeds, loads, and
tion of the exothermic process of combustion-a task re- chamber features.
ferred to as "internal treatment" whereby fuel economy can
be maximized in synergy with the minimization of pollutant
emissions. After all, isn't the achievement of this goal the
principal reason for your menu? Lawrence A. Kennedy, Ohio State University, USA. For

the CFD flow calculations, you indicated that quite good
results were obtained for the intake and compression

REFERENCES strokes. However, the initial conditions for the intake
stroke (flow in through valves, etc.) are quite complex. How

1. Agnew, W. G., "Room at the Piston Top-Contribu- does one provide good detail initial conditions for such a

tions of Combustion Science to Engine Design," Twen- complex situation which is influenced by geometry of val-

tieth Symposium (International) on Combustion, The ues, lift, etc.

Combustion Institute, Pittsburgh, 1984, pp. 1-17.
2. Oppenheim, A. K., and Maxson, J. A., "A Thermochem- Author's Reply. The proper choice of inlet conditions is

ical Phase Space for Combustion in Engines," Twenty- crucial to the accuracy of CFD calculations. The best re-
Fifth Symposium (International) on Combustion, 1994. suits are obtained if the full geometry (air filter to exhaust)

is included into the mesh that is used for calculations. Be-

cause of the high number of grid points required, this is
Author's Reply. There is no question about the goal, but expensive. Good results may be obtained with the followingthere are many questions about how to achieve it. Engines approach.

have always been built to ensure an optimum pressure re- approah.
lease for controlling fuel consumption and emissions either g. Precalculation of the mean air flow through the en-
implicitly by appropriately designing it into the hardware gine and the complete intake and exhaust manifolds using
or, more recently, by additional electronic control. How- a Decod m o, Wa e sever, by controlling the pressure release one can achieve 2. Detailed meshing of the short (3-5 diameters) port
onlrby conthoslimit thahve bressuren bulte inte harwaree sections inside the cylinder head, the valve seat region in-
only those limits that have been built into the hardware eluding the moving valves, and the combustion chamber
design. In order to really achieve minimum values of fuel udi
consumption and emissions, it is necessary to know all rel- ng the moving piston.3.Initial conditions:
evant processes and interrelations in detail-as outlined in 3 -- inflow conditions at 3D CFD boundaries set equal

the paper-and to implement them in an optimum design. t t reslts ofdthe ns atson (pressure, temeat

Only then the control of the pressure release gives useful

results. mean flow velocity, i.e., plug flow)
- inside the 3D calculation domain: mean flow ve-

locity U = 0, turbulence intensity 0.1 mis -< u' ý5 (0.1 -
0.3)U, integral length scale L = (0.1 - 0.2)H, where H is
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the manifold diameter and piston head clearance, respec- 2. During the development of a detonation, one finds
tivelv. pressure spikes that are up to 50 times larger than the pres-

After tens of time steps, the discontinuous initial con- sure in the presbock unbhrnt gas. This corresponds to very
ditions will equilibrate and a consistent flow field will re- localized pressure spikes of up to 2000 bar when a deto-
sult. This approach, however, will not account for residual nation forms in the precompressed end gas. As a result of
flow structures and/or charge distributions due to valve the spatial and temporal localization, these phenomena are
overlap. Therefore, a more expensive detailed approach is very difficult to measure.
to run 3D calculations for 2-3 consecutive full cycles, using An
the results from the preceding calculation as initial condi- c thor's Reply. By careful experiments in a detonationtions for the next run. If stahle flow patterns have heen chamber and in an optically accessible engine, using ded-
ohtained, they can he used as reliable initial conditions for icated measuring techniques with highest spatial and tem-

CFDt caneusdatos. rporal resolution for pressure and surface temperature/heat
subsequent CFD calculations. flux, the following facts were established for heavily knock-

ing combustion under engine conditions (developing det-
onation mode):

1. The peak pressure did not exceed 400 bar for initial
Rupert Klein, RWTJI Aachen, ITM, Germany. It was end gas pressures of 50 bar, corresponding to a measured

pointed out in the lecture that strong shock waves and/or pressure ratio of only 8 to 1. The corresponding mechanical
developing detonations, generated by sequential ignition of stress was wvell below the maximum value permanently sus-
exothermal centers, lead to engine knock damage. The tained by the piston material.
principal reason fbr the obserwed surface erosion-so it was 2. The associated rise in surface temperature (0.5-pm
argued-is the excessive thermal load that arises when the depth, time and space resolution 500 ns and 1 mm2, re-
uppermost material layer is subject to large heat fluxes spectively) is about 150 K, causing a thermally induced
from the compressed combustion products. Pressures of mechanical stress, exceeding the allowable limit by far (as
-1000 bar would be required to produce similar damage a simple strain calculation shows).
through pure mechanical effects, and those would not be 3. A single knocking event of this strength caused a local
observed experimentally. crack in quartz windows. In all our experiments, the the-

Comments: oretical pressure spikes of 2000 bar or 50 times the initial
1. The wave speeds of pressure pulses during the de- pressure level were never observed. The detonation was

velopment of detonations are comparable to the elastic never fully developed due to inadequate run-up time and
wave speeds of piston materials. Purely static estimates are space. In production engines, the knock levels are appre-
insufficient in this regime. Resonant excitation of Rayleigh ciably lower and still there is knock damage. Excessively
surface waves can generate maximum stresses in the ma- high pressure spikes might occur only by positive interfer-

terial that exceed the maximum gas phase pressure by a ence/reflections of several pressure waves in very favorable
factor of 3 and more. geometries.
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CARS TEMPERATURE MEASUREMENTS AND THE CYCLIC DISPERSION
OF KNOCK IN SPARK IGNITION ENGINES

D. BRADLEY,* G. T. KALGHATGI, C. MORLEY AND P. SNOWDON

Shell Research Limited
Thornton Research Centre

P.O. Box 1, Chester CHI 3SH, England

AND

JINKU YEO

Department of Mechanical Engineering

Unicersity of Leeds
Leeds, England

The use is described of the coherent anti-Stokes Raman spectroscopy (CARS) technique in a single-
cylinder research engine to measure end-gas temperature in the regime that leads to the onset of knock.
The investigations, under nominally thc same running conditions, covered a large cyclic dispersion of knock,
with knock occurring in about 80% of the cycles. In-cylinder pressures were measured with a transducer,
and an ion gap signified flame arrival towards the end of the flame travel and just before autoignition. In
general, the temperature increased by over 100 K, both with and without knock, as a result of exothermic
preflame reactions. This measured elevation was supported by computations with a simple five-step model
of autoignition, calibrated against measured autoignition times in a rapid compression machine. The tem-

peratures measured just prior to knock increased with the severity of the knock. The observed severe cyclic
dispersion of knock, under the conditions of the study, is attributed primarily to the cyclic dispersion of
flame speeds. An increase in flame speed is associated with an increase in temperature and greater pro-
pensity to knock.

Introduction perature of the end gas, which reduces the delay.
Optimum balance between burn rate, autoignition

The characteristic noise of knock is caused by chemistry, and spark timing, from cycle to cycle, is
acoustic excitation of the gas in the cylinder and of sought in engine management systems. The inevita-
the engine block. It arises from pressure pulses gen- ble cyclic variations of burning velocity arising from
crated by autoignition at one or more sites in the end turbulence make this difficult [2].
gas. This comprises runaway exothermic chemistry The study attributes the observed appreciable cy-
with rapid temperature increases of more than 1000 clic dispersion of knock to the cyclic dispersion of
K. Not all autoignitions, however, generate pressure burn rate. Experiments were under nominally the
pulses sufficiently strong to lead to knock, and these same conditions of load, throttle, and equivalence ra-
might be regarded as benign. With alkane-containing tio in a four-stroke engine, with a pancake-shaped

fuels, there is a possibility that so-called cool flame combustion chamber and very little swirl. Pressure
chemistry can cause reaction at earlier, lower-tem- was measured by a pressure transducer, flame pro-
perature, stages of the end-gas compression, with the gress by an ion gap, and end-gas temperatures by
resulting temperature rise (and possibly the accu- coherent anti-Stokes Raman spectroscopy (CARS).
mulation of reactive products) influencing the sub- The more rapid the burn rate, the greater was the
sequent explosive autoignition [1]. tendency to engine knock. As the temperature in-

The paper discusses the end-gas temperatures creased due to exothermic, preknoek reactions, sta-
measured prior to knock. Although a rapid burn rate tistically, so also did the severity of any subsequent
might appear advantageous, in that burning might be knock.
completed before an autoignition delay time has This behaviour also is mimicked in a reduced,
elapsed, an increase in this rate increases the tem- four-species, five-reaction model of autoignition.

Both model and experiments focus on the regime
*Also Department of Mechanical Engineering, Univer- leading up to autoignition and any subsequent onset

sity of Leeds, Leeds, England. of knock, rather than the factors that govern the
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knock intensity. The latter are more complex, with time, ms
three modes for the propagation of reaction from
exothermic centres: deflagration, thermal explosion, FIc. 2. Measured traces during a single cycle.
and developing detonation, dependent upon the
tesmperature gradient around the centre [3]. angle degrees, 1.8 ms before TDC (top dead centre).

CARS lasers were triggered from a fixed crank-angle
Experimental Details signal from each cycle. Figure 2 presents data ac-

quired from a single engine cycle. Shown in Fig. 2(b)
is the pressure signal digitally filtered between 5 and

The Engine and Signal Processing: 25 kHz using FAMOS. Here knock is arbitrarily de-
A single-cylinder Ricardo E6 engine was modified fined by a filtered pressure signal that exceeds 0.1

by inserting a plate with windows between the head bar. Knock intensity (KI) is the difference between
and the block to allow optical access to the combus- the maximum and minimum of this filtered signal.
tion chamber. The cylinder swept volume was 507 The conditions studied were for strong knock, with
cm 3, with a compression ratio of 10.18 in all but the knock in about 80% of the cycles.
CARS calibration experiments, when it was 10.47. A
Kistler Type 6001 transducer was wall mounted and The CARS System:
water cooled. Ion-gap electrodes were mounted in
the head close to the end gas, and measurements of CARS thermometry [5-7] now is established in en-
the time interval between the spark and ion-gap cur- gine research [1,8,9]. In the present work, a modeless
rents gave the flame arrival time. The ion current laser of improved accuracy was developed [10]. Two
pulses were characteristic of those associated with a laser beams were focused in the measurement vol-
propagating flame [4], and generally, the flame ume, of about 1 mm 3, where excitations of nitrogen
reached the probe before any knocking occurred. produced a signal beam. One of the incident beams
That flame arrival times were indicative of flame was broadband over a range of wavelengths, and this
propagation was confirmed by the excellent correla- led to the creation of a broadband signal beam. This
tion of such time with the pressure. Figure 1 shows was spatially filtered and dispersed by a spectrometer
the positions of the spark and ion gap, the pressure onto a photodiode array detector to generate the
transducer, and the CARS measuring point. A crank- CARS spectrum.
angle (CA) selector system generated timing pulses, As the temperature increases, the higher rotational
as required. Data were recorded by a high-speed ac- levels of vibrational bands become more populated,
quisition system (Biodata Microlink 4000) at a sam- to broaden the CARS spectrum. Temperatures were
pling rate of 500 kHz, and analysed with FAMOS inferred by matching measured nitrogen spectra to
software. The fuel was 90% iso-octane-10% heptane, those predicted by the Epsilon CARP PC code. Prior
equivalence ratio 1.13, and the engine ran at full to this, CARS spectra were referenced using a non-
throttle, at 1200 rpm. The spark passed at 13 crank- resonant CARS spectrum from argon to account for
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the spectral profile of the broadband laser beam. In- autoignition in engines. The regime of cool flames
strument function parameters were derived to ac- and negative temperature coefficients is entered to-
count for the contribution of the detection system to wards the end of the compression stroke. There have
the spectral shape. This includes such effects as ar- been several other simplified descriptions of the
tificial broadening due to the finite width of the en- chemistry [14-17]. The current, particularly simple,
trance slit to the spectrometer. Comparisons of an five-reaction scheme models the regime of negative
averaged, room-temperature, nitrogen spectrum temperature coefficient, which obtains towards the
with its computer code fit allowed the instrument end of the compression stroke. It gives a good rep-
function to be found. resentation of this regime and of the autoignition de-

The pump beam was formed by frequency dou- lays in rapid compression machines [18]. The present
bhing the output from a Nd:YAG laser, while the rate data, in the form of Arrhenius "A" values and
probe beam was the output from a broadband mode- activation temperatures T0, given in Table 2, were
less dye laser. The Nd:YAG laser system produced derived from experimental data from the rapid com-
two frequency-doubled outputs: one pumped the pression machine at Lille [19] for the same fuel, and
modeless dye laser system (80 mJ, 532 nm), and the kindly supplied by Professor L. R. Sochet and Dr. R.
other provided the CARS pump beam (90 mJ, 532 Minetti.
nm). The output from the modeless laser system (2 The five reactions of the scheme are as follows:
mJ, 1.0-nm bandwidth, centred on 607.5 nm) was
combined with the green pump beam and transmit- d

ted via prisms to the engine test cell. F + 12.3502 -* P direct reaction (1)
i

Validation of CARS Temperature Measurements: F + 02 -- C chain initiation (2)

The measurement technique was validated in
three ways. In a high-temperature/high-pressure cell C C -+2C chain branching (3)
containing nitrogen, the measured (steady) temper-

atures exhibited a normal distribution, and as can be
seen in Table 1(a), there is good agreement between C + C q P quadratic termination (4)
the mean values of these and those measured by a
thermocouple. The 95% confidence interval also is /
given and is tolerably small. Nonsteady calibrations C -- P linear termination. (5)
were made at the centre of the engine combustion
chamber at different crank angles, in both a motored Here F represents the fuel, C chain carriers, 02 ox-
engine and in one running on propane-air, but not ygen, and P the products of combustion. The 90%
knocking. About 80-85% of the spectra gave a suf- iso-octane-10% heptane fuel stoichiometry is taken
ficiently good spectral match. Measured mean tem- to be
peratures and the 95% confidence intervals are given
in Tables 1(b) and (c), which compare mean values
with those calculated from the ideal gas law using the C7 9 H1 7 8 + 12.3502 - 7'9CO 2 + 8.9H 20. (6)

mean value of the measured pressure, known vol-
ume, and molar mass from the measured air con- The empirical form of the direct oxidation expression
sumption rate. It was assumed that no leakage of the at high temperature follows that recommended by
charge occurred. There is, again, very good agree- Westbrook and Dryer [20]:
ment between these temperatures and mean CARS
temperatures. d [F] kd [F]a[O2]/ (7)

dt

Reduced Reaction Scheme for Autoignition where [ ] indicates mole density. The constants a and

The delay time for autoignition must be greater b are assigned values of 0.25 and 1.5 and

than the time of arrival of the flame in the end gas
to avoid autoignition. Because of the complexities of d [0210][ 25[ 1

.
5

complete autoignition reaction schemes, there is a dt

long tradition of reduced schemes, although more
complete reaction schemes are now being treated
[11]. Gray and Yang [12] employed a reduced
scheme for the analysis of cool flame oscillations,
whilst the seminal work of Halstead et al. [13] used d[F] = kD[ 2 5 [Oa]'* 5 - k[F][0 2] (9)
a generic formulation to simplify the prediction of dt



128 INTERNAL COMBUSTION ENGINES

TABLE 1
Calibration of CARS temperature measurements

(a) Using high-temperature/high-pressure cell

CARS
CARS temperature

Thermocouple temperature (K)
Pressure temperature (K) 95% confidence

(bar) (K) mean interval

1.0 29,6 296 +15
6.4 296 298 +8

12.5 29,6 297 + 10
21.6 296 297 + 14

1.0 1205 1209 + 29
5.53 693 694 + 11

11.07 79,0 807 +21
15.15 596 594 + 17

(b) Using motored engine

Motored Temperature (K)

CARS
Crank 95%
angle CARS confidence
(deg) Calculated mean interval

663 405 412 +10
683 497 504 +12
693 549 542 +22
703 593 609 +17

(c) Using engine fired with propane/air

Firing Temperature (K)

CARS
Crank 95%
angle CARS confidence
(deg) Calculated mean interval

663 451 458 ±-12
683 569 574 ±-21
713 706 719 ±21

d[C] _ ki[F][Oa2 and the energy equation, for a volumetric internal

dt (10) energy, E

+ (kb, - kD)[C] - 2kq[C]2  dEdt = kdhd [F]0.25[102] 15 + kjhj[F][02]
dt

dt - 12.35k(/[F]O.25[0 2 11-5 + (kbhb + kqhq[C] + klhl)[C] - Q. (12)
dt Fefi

-ki [F][02] Here h is the heat of reaction and Qis the volumet ric
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TABLE 2
Constants for the five (d-1) reaction autoignition model (Arrhenius "A" constant in mole m s units; activation

temperature, T,,, in K; heat of reaction, h, kJ/rnole)

d i b q

A 7.0 105 2.0 107 5.2 10"' 2.5 10- 1.0 1014

T, 15,000 20,000 11,500 0 17,500
h 5,200 0 100 0 50

35- sumption that the composition and temperature in
30 the end gas were spatially uniform. Up to the point

of sparking, the computed chemical heat release was
25 very small, and the polytropic index for the com-
20 ni1. pression was found from the known pressure-volume

15 \ , relationship. Thereafter, the end gas was compressed
by both the piston motion and the flame propagation,

10 , and as long as the heat release was negligible, the

5 n 1 polytropic index was assumed to have the same value
of 1.3. This enabled the end-gas temperature to be

0 6 calculated from the measured pressure. However, in
600 650 700 750 800 850 900 950 the later stages, the computations usually revealed

some heat release and end-gas temperatures in ex-
FIG. 3. Variation of computed autoignition delay time cess of the polytropic values. This also was observed

after instantaneous compression of stoichiometric mixture experimentally.
from 1 bar and 350 K.

Experimental Results and Discussion
heat loss rate, determined from the polytropic index
of compression in the absence of reaction, and with CARS temperatures were measured at three
variable ratio of specific heats. Optimisation of the crank-angle timings, A, B, and C, as shown in Fig.
various rate parameters was guided by Morley's cor- 2(a). A range of knocking behaviour was observed,
relation of the research octane number of alkanes with extensive cyclic variations. For each timing, 250
with the rate of the branching reaction [21]. This spectra were collected. For the last set, C, at 28.8 CA
correlation has been extended to include the termi- degrees after TDC, a significant proportion of the
nation rate [22], and the ratio of the rate constants, measurements was after the onset of knock. How-
kb/k,, was chosen on this basis. ever, only measurements before the onset were con-

A simplified, but informative, application of the sidered. Table 3 summarises the mean temperature
scheme is the computation of the variation of autoig- and pressure at each crank angle, along with the re-
nition delay time with compression ratio. This is spective 95% confidence intervals. Results are
shown in Fig. 3 plotted against compression temper- grouped according to whether there was knock dur-
ature. This assumes instantaneous polytropic com- ing the cycle. The knocking cycles tended to be hot-
pression of a stoichiometric mixture of the fuel, with ter in the later stages of compression than the non-
indices, n, of 1.30 and 1.33, from a pressure of 1 bar knocking cycles, as shown by set C. This also is
and 350 K to the given temperature. The delay time demonstrated in the CARS measurements of Nakada
is the total time to the onset of explosive autoignition. et al. [9].
A cool flame may occur during this period. After the The cyclic dispersion of the knock most probably
negative temperature coefficient regime, the delay arises from the stochastic nature of the turbulence,
time decreases substantially as a consequence of the which influences the flame speed [2]. The tempera-
modelled "high-temperature" direct reaction. It also ture of residual gas from the previous cycle and its
is apparent that an increase in heat loss to the walls, mixing also are important in governing the precom-
associated with a decrease in the polytropic index, pression, and hence end-gas, temperature [9]. Figure
can increase the delay time. 4 shows how a shorter flame arrival time, the time

When applied to the engine conditions, solutions for the flame to reach the ion gap after sparking, in
to Eqs. (9) through (12) were obtained for the mea- turn correlates with a higher pressure. The mean
sured pressure-volume-time relationship, on the as- temperature at the start of compression was esti-
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TABLE 3
Summary of CARS temperatures

[mean temperatures (K) and pressures (bar); 95% confidence intervals in parentheses]

Time after TDC Nonknocking cycles Knocking cycles

Set CA (deg) (ms) Temperature (K) Pressure (bar) Temperature (K) Pressure (bar)

A 10.7 1.48 827 (30) 22.5 (0.16) 844 (20) 24.3 (0.21)
B 22.8 3.15 822 (57) 23.4 (0.22) 804 (33) 26.4 (0.27)
C 28.8 4.0 890 (43) 22.6 (0.3) 951 (41) 26.9 (0.64)

60 1200- 0.01 200.0"36 " KI <o2bar, n nock 50 1000 ()

SK<1 bar, knock 
& 10 m

32 - °I> b 40 800 0044J T ap.

20 "0. .2 120.0
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28 20 "400. E00

10 200 .002.2 40.0 4
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'13° -40 -00CA degrees
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10 o FIG. 6. Computed end-gas temperatures, mole fraction
"4 10 ". ÷,÷ of chain carrier, C, and volumetric heat release rate, q,

"•I,• .900 - . .• "*•t o* b a sedb u pon o c ngp n m e asu redcy l ep re ssu re re c o rd s; (a ) k n o ck in g cy cle ,

S700 Petlq 0002w 40.0l~e

S• ~~~temperature t 1 bar lue
<• tW b- 350 K

1500 *Nnkokn

'0' 2 24 26 2 30 32 34 36, temperatures, even when knock did not occur. Lucht
Pressure, bar et a]. [1] also have measured CARS temperatures

FIG. 5. Individual values of measured CARS tempera- that are higher than those estimated on the assump-
So c otion of no heat release in the end gas. In addition,

tues 9008 base upogmeaureapresurerecods;(a)pnocknguccle

the high-speed engine photographs of Shiga et al.
[231 suggest a cool flame in the end-gas region, prior
to any knocking. Such temperature elevations arise

mated from the calibration engine experiments to be from the early exothermic reactions, prior to autoig-
350 K, and with the measured polytropic index of nition.

1.30, it was a simple matter to calculate the p oly- The autoignition model provides a parametric con-
tropic temperature associated with the pressure at firmation of these phenomena. Shown in Fig. 6(a) is
which the measurement was made. The resulting a measures re variation from a single knocking
temperatures are shown by the full line curve in Fig. cycle. The cur ave a it gives the corresponding
5. Also shown in this figure are individual CARS temr- end-gas temperatures computed from this pressure,
peratures. Thes the elevated above the polytropic with a polytropic index of 1.30. The curve coincident
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with, and above, this is the end-gas temperature corn- Conclusions
puted with the model. It pulls away from the poly- 1. The CARS technique of temperature measure-
tropic curve, with increasing temperature elevation, ment has been used successfully in an engine to
because of the developing exothermic reactions in determine end-gas temperatures in the regime
the end gas. These give a volumetric heat release prior to autoignition and knock.
rate, q, shown by the lower curve. The curve C shows 2. There is severe cyclic dispersion of knocking cy-
the mole fraction of the chain carrier C. Its peak cles. An increase in flame speed was associated
marks the position of a cool flame, a transiently in- with an increase in end-gas temperature and a
tense period of chemical reaction, with an associated greater propensity to knock. This dispersion arises
temperature rise. After a further delay, in which the from the strong cyclic dispersion of flame speeds.
mole fraction of C decays, there are rapid increases 3. In experiments in which knock occurred in most
in heat release and temperature, associated with cycles, there was usually an increase in tempera-
pressure pulse generation. These occur at a com- ture, of at least 100 K, due to exothermic autoig-
puted time that approximates that observed in the nition reactions in the end gas. Larger tempera-
measured pressure record. The simple model cannot ture rises are associated with more severe knock.
be accurately predictive once autoignition is under- 4. A simple five-step chemical model can predict this
way-nor does it include the eventual consumption temperature rise and, if the end-gas condition is
of the end gas by the propagating flame. To model known, the time to autoignition, but it cannot pre-
the onset of autoignition is easier than to model the dict knock intensities.
details of knock.
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COMMENTS

Alan Eckbreth, United Technologies Research Center, tions of the nrs were found in separate studies to cause
USA. In your CARS data reduction, did you account for spectra changes similar to variations in nitrogen concentra-
the high nonresonant backgrounds introduced by the iso- tion at fixed nrs. Spectra were generated for various values

octane and n-heptane? How did you handle the varying of Drs at a fixed temperature. In the subsequent spectral

nonresonant backgrounds that would result from mixture fitting, the value of nrs was fixed at one that did not cor-

nonuniformities cycle to cycle? What values of the nonre- respond to any values used to generate the spectra, and the

sonant susceptibilities did you use for the fuels used? start temperature was chosen to be different from that used

Dr. D. B. Snelling, National Research Council of Can- for spectrum generation. These theoretical spectra were

ada, Canada. Your pump beam energy is quite high (90 then fitted for temperature and nitrogen concentration si-

mJ) and depending on the pump beam diameter and the multaneously. A nitrogen concentration always was found

focal length of the lens used to generate the CARS signal, that allowed the true temperature to be returned as that

)you could have very high focal intensities. Can you tell us giving the best fit. In the engine experiments, an estimate

the pump beam diameter, the lens focal length, and the of nrs was made from literature values and discussions with

phase-matching scheme, and would you comment on the other practitioners, for each fuel. This was fixed and the

possible effect of Stark broadening or stimulated Raman temperature and nitrogen concentration were fitted simul-

pumping on the nitrogcn CABS spectrum. How did you taneously. Good spectral fits were always achieved. Thus,

account for the effect of vauring nonresonant susceptibility fitting nitrogen concentrations for fixed nrs allows for cyclic
S variations in the mixture.

on the CABS spectral signatures? The nonresonant sus-

ceptibility will vary from the nitrogen-filled high-pressure
cell to the motored and fired propane/air fueled engine and
to the end gas mixture. The nonresonant susceptibilities of Dieter Bruggenmann, ITLR/University of Stuttgart, Ger-

heptane and octane are likely to be very high. many. You have combined the laser beams in a collinear
geometry. This arrangement can lead to a poor spatial res-
olution. Did you observe mixed spectra from different tem-

Reply to Comments of Eckbreth and Snelling. A 250-ram perature regions, and if so, in which way did you evaluate

focal length lens focuses a beam of 25-mm diameter down them? By the way, some of your results are readily com-

to the measurement volume. Because of the age of the parable to similar experiments published in Ref. 1.

pump laser and the optical elements employed, it is esti-
mated that <20 mJ of CARS pump energy and <0.5 mJ REFERENCE
of Stokes energy enter the measurement volume. The com-
puter code allows the nonresonant susceptibility (nrs) 1. Bruggemann, D., Wies, B., Zhang, X. X., Heinze, T.,
and/or the concentration of nitrogen to be varied. Varia- and Knoche, K. F. "CARS Spectroscopy for Tempera-
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ture and Concentration Measurements in a Spark Ig- the end gas before autoignition occurs. Within the frame-
nition Engine," in Combnsting Flow Diagnostics (D. F. work of this conceptual picture, to state that the increased
G. Durao et al., Eds.), Kluwer Academic Publishers, flame speed simply results in a greater propensity to knock
Dordrecht, The Netherlands, 1992. could be misleading.

Douglas Greenhalgh, Cranfield University, UK. Some
thossel Lorkett, Cranfield Unicersity, UK. You said that several years ago, Oscar Lee measured a correlation be-

the spatial resolution of your colinear CARS system was tween flame propagation and flame speed in a low cons-
1.1 mm. What was the breadth of the lasers? Are you sure pression Sandia Disc engine at Howell. He clearly showed
that the elevated temperatures that you claim are corre- that, for low compression ratios, knock correlated to slow
lated with intense knocking cycles are not artificial, in the flame growth. This I believe is due to a competition be-
sense that the colinear CARS signal may have been con- tween the development of end-gas or cool flame chemistry
taminated by high-temperature signal originating from and the normal burnout of the mixture by the flame. At
within the hot burnt gas region behind the higher speed high compression ratios, perhaps the pressure and tem-
flame fronts? perature accelerate the end-gas temperature so that the

cool flame chemistry is faster than the flame grovth. Can
Reply to Comments of Lockett and Bruggeman. In con- you Comment?

tradiction to many CARS measurements in which the
CARS beams propagate in the same direction as the flame Reply to Comments of Gulder and Greenhalgh. With the
front, in the present work the beams propagate across, in present combustion chamber, mixture, throttle setting,
front of the flame front. Consequently, if the beams en- spark timing, and engine speed, a higher flame speed ere-
counter the flame, they tend to be deflected, with resulting ates, through both piston and flame motions, higher tern-
signal loss. Examination of the spectral fits of the generated peratures and pressures in the end gas for a given crank
CARS signals showed no signs of the distortions that might angle. In general terms, the consequences of this on the
have been expected if there were contamination from time to autoignition are highly nonlinear. Figure 3 shows
higher temperature burnt gas. how an increase in temperature can decrease, increase, and

decrease again the time to autoignition. For the present
conditions, a decrease in this time more than offsets the
increase in flame speed, and the mixture was more prone

0. L. Golder, National Research Council of Canada, knock, contrary to the expeetations of Dr. Gulder. On the
Canada. You conclude that an increased flaiae propagation other hand, we would agree with Professor Greenhalgh
speed is associated with an increase in the end gas temn- that there can be a contrary effect. Under different con-
perature and a greater propensity to knock. One would ditions, particularly those involving low compression ratios,
think that there is a competition between the main flame where the end gas temperature is reduced, an increase in
front racing to consume the end gas and tbe reactions lead- flame speed can be associated with an increase in the time
ing to autoignition in the end gas. A higher flame speed to autoignition, in which case there would be less propen-
tilts the race in favor of the main flame front to consume sity to knock.
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DETECTION OF HOT SPOTS IN THE END GAS OF AN INTERNAL
COMBUSTION ENGINE USING TWO-DIMENSIONAL LIF OF

FORMALDEHYDE

B. BAUERLE. F. HOFFMANN, F. BEHRENDT AND J. WAISNATZ

UTlirer~sittit Stuttgart

hIstisiht .fir Tec/ische Atc rbr)m'm//
fetitfhraldrisig 12, D-70569 Stut/gari, Geanuiio

Over the last decade, a folnda/ne/tal inderstandisg of the chemical processes causing engine knock ii

internal comibustion engines seas achieved. It xxas shoox\v nisetcally that inhomogeneities of the temper-

ature distribution in the eud gas of ai engine as small as 20-30 K cal/ influence the onset of engine knock

drastically. This pheonmenon is called induced igsitioo by a "hot spot." This paper reports ois experiments

to verify their existence and their predicted effect in a running spark igoition cogine using realistic fuels.

Due to the experimental error of available spectroscopic technsiques, these small fluctu/ations in teiapera-

ture cannot be detected directly. Usiig txeo-dimensional laser-induced fluorescence (2D-LIF) to mionitor

fornaldehyde, which is formed early iii a/ ignsition process and is coxsu//ed before the colhbustioil is

completed, hot spots call be detected in the unburnt end gas.

The experimental set-sip is based on a one-cylinider txo-stroke engine in xwhich quartz xveidoi s alloxi

optical access to the combustion chamber. Ani excinier-punsped dye laser is used to excite forisaldchyde,

and the fluorescence signal is observed using an initensified charge-coupled device (CCD) camera.

From engine cycles /uoder knockiig conditions, a series of 2D-LIF friames is collected, shineing the

forisatios and consutmption of formaldehyde in the ecd gas of the engine before the propagating regular

flame front itself reaches thi region. It is shoxsis that engine k//ock starts xwith autoignitioi in small clearly

bou/ided regions. The centres of autoignitioi are identified by the absence of formaldehyde xwithin these

regions clue to its consumption during the ignitios process.

Introduction the combustion chamber (Fig. 1b). Both the coin-
pression by the moving piston and the expansion of

An increasing use of fossil fuels is followed by in- the burnt gases lead to high pressures and fairly high
creasing pollutant emission. Saving fossil fuels, there- teimperatures in the end gas region, which promote
fore, helps in improving the pollutant emission situ- autoignition in distinct zones (Fig. ic) [1].
ation and, at the same time, saves the energy Ignition by hot spots is characterized muainlh by
resources. Due to their high power-to-weight ratio three stages that occur more or less successively,
and the high state of development, spark ignition en- namely, induction, ignition, and propagation. In
gines are widely used in passenger cars. Optimizing some of these cases, when proper conditions are met,
combustion leads to higher efficiency that, in the case a deflagration can transform into a detonation that is
of spark ignition engines, is basically improved by mainly responsible for damages caused by engine
increasing the compression ratio, This is fosllowed by knock [2,3].
a higher temperature level at the end of the com- The detailed chemical processes involved in the
pression stroke, which, depending on the fuel, leads early phase of autoignition are fairly well understood.
to engine knock. However, knock itself not only de- At temperatures typical for the end gas (approxi-
creases the efficiency but also causes severe damage mately 650-800 K, i.e., cool flame conditions), the
to the surfaces of the combustion chamber and, fuel consumption is initiated by two successive ad-
therefore, is one of the most interesting topics in en- ditions of oxygen molecules to initially forlmed fuel
gine combustion research, radicals. This is followed by various internal abstrac-

Generally, knock is considered to be promoted by tion and isomerization reactions leading to chain
the ignition of exothermic centers (so-called "hot branching and, finally, ignition [4,5]. Due to the for-
spots") in the end gas caused by inho/logeneities inl mation of oxygen-containing ring structures during

temperature ant/or in charge. Figure 1 shows sche- these steps, various partially oxidized species like per-
matically the formation of hot spots. After ignition oxides, ketones, and adtehydes are forined as inter-
(Fig. la), a flame front develops and travels across mediates that, at higher temperatures, are finally ox-

135
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. cies and allows an excellent access to structural phe-
nomena like hot spots, which cannot be analyzed us-
ing one-dimensional approaches.

Experimental

Investigations are carried out in an engine that has
been especially adapted to the demands of 2D-LIF

a b c measurements. Figure 2 schematically shows the
complete experimental setup. Basically, the com-

FIG. 1. Scheme of formation of hlot spots. plete setup consists of four main parts, i.e., the laser
system including the light sheet optics, the research
engine, the imaging system, and an engine data ac-

idized to carbon dioxide. With respect to this quisition system. All components work together un-
experimental investigation, formaldehyde is the most der the control of a delay generator (Spectroscopy
interesting intermediate. In high-temperature re- Instruments SR 250) in order to establish exact tim-
gimes, formaldehyde is consumned very fast, whereas ing.
in low-temperature regimes of cool flames, the for- The 40 transition of the A'A 2 -- XIA 1 of formal-
muation of formaldehyde is faster than its consump- dehyde [11] is excited by an excimer-pumped dye
tion. Several authors [6] propose mechanisms to de- laser (Lambda Physik LPX 205i, Lambda Physik FL
scribe the early formation of formaldehyde during 3002). The excimer laser works at a wavelength of
ignition. Experimentally, formaldehyde was detected 308 nm and produces pulses of a 28-ns duration
in the unburnt end gases under knocking conditions, (nominal) with maximum energies of 420 mJ. The
see e.g., Rassweiler and Withrow [7]. dye laser using BMQ as dye is tunable from 335 to

Formaldehyde is a good natural tracer of knocking 375 nm. The conversion rate at the excitation wave-
combustion, as it is not only consumed in normal length of 353.2 nm is roughly 6%. The output beam
flame fronts but also in later stages of homogeneous of the dye laser is shaped into a two-dimensional
autoignition. Its abundance in the end gas region is plane of measurement (light sheet) of 50-mm width.
used for detecting and studying the occurance of ex- The light sheet is obtained by a set of three quartz
othermie centres by using a two-dimensional laser- cylinder lenses, where the first two lenses form a Gal-
induced fluorescence (2D-LIF) technique. This ileian telescope and the third lens focuses the light
technique [8] was successfully applied to an engine in the light sheet plane. The line of focus, in this case,
simulator to detect stable [9] and unstable [10] spe- has a thickness of less than 6.0 dm.

Research Engine

"light sheet" 
Laser SystemLigh Sheet Optics

B ��Dy - ExcimerBeam Dump

Oscilloscope I r , Generator Controller

12

L ---v - - I

Imaging SystemI -------------------------------

ICCD Control PC with Framet.]LCamera Monitor Grabber Board

I Camera E
S Controller

FIG. 2,. Experimental setup.
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""Light Sheet"

FIG. 4. 2D-LIF frame of formaidehyde at onset of au-
toignition.

/- "

/ The formaldehyde fluorescence signal is recorded
[ •with the imaging system, digitized, and stored for

processing purposes. The images are taken with an
/ intensified charge couple device (CCD) camera

N. // .(Proxitronic Nanocam). Ultrashort exposure times
"ensure reduction of stray light caused by the flame.

FIc. 3. Schematic cross section of the cylinder. Since the fluorescence of formaldehyde is in the vis-
ible blue, a common camera lens (Nikon Makro
f4/200 mm) can be used. The laser excitation wave-

The research engine is a redesigned industrial two- length as well as the stray light of long wavelength
stroke engine (ILO L372). Generally, two-stroke en- are blocked by a band pass filter (transmission 400-
gines avoid the disadvantage of having valves in the 450 nm). The CCIB-video signal of the camera is
cylinder head that would prevent full optical access digitized with a resolution of 8 bit by a frame grabber
to the combustion chamber. Major modifications board (Matrox MVP-AT) in a personal computer.
have been made to the piston, the cylinder, and the The software allows image recording, processing, and
cylinder head of the research engine. Figure 3 sche- presentation.
matically shows a cross section of the modified en-
gine; in addition, the directions of both the light
sheet (excitation) and the fluorescence (signal) are Results and Discussion
shown. In particular, cylinder and cylinder head have
been altered to allow oil instead of air cooling in or- Images of formaldehyde fluorescence are pre-
der to obtain constant cylinder head temperatures. sented here. They are taken in different knocking
Optical access to the combustion chamber is realized cycles under equal conditions. The engine has been
by a quartz-ring window of a 4-mm height. A cylin- driven at a speed of 1000 rpm on fuel of 90 ON (90%
drical quartz top window closes the combustion i-octane, 10% n-heptane). Ignition has been set at
chamber. The originally crowned piston has been 240 crank angle before top dead centre (CA BTDC)
planed and fitted with an aluminum disk. Except for and only every fourth cycle has been fired (three
a pocket for the ignition electrode, the combustion skipped cycles). Skip firing has turned out to be nec-
chamber is disk shaped with a clearance height of essary in order to ensure good cylinder filling.
slightly less than 4 rum. This ensures mainly two- Due to the repetition rate of the excimer laser, it
dimensional flame propagation. The glass ring ena- is not possible to take more than one frame during
bles the light sheet to enter the combustion chamber one cycle of the engine. The effects observed here
from aside (in a plane perpendicular to the paper are typical for all knocking cycles allowing to use
plane), and the full-size top window enables the flu- frames from different cycles to explain general fea-
orescence signal to leave perpendicular to the light tures of autoignition in the unburnt end gas.
sheet (Fig. 3). An electric dynamometer is coupled Figures 4 through 7 show 2D-LIF of formalde-
to the engine to brake and drive it. A large flywheel hyde in knocking cycles looking into the combustion
is fitted to the engine in order to stabilize its speed. chamber from above, via the full-size top window.
The in-cylinder pressure is measured by a quartz The frames are taken with an exposure time of 100
pressure transducer (Kistler 6001) and stored in a ns, which fully encloses the laser pulse (28 ns). The
digitizing oscilloscope (Tektronix 11201). grey values originally produced by the frame grabber
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FIG. 5. 2D-LIF frame of formaldehide early d(uring al- FIG. 7. 2D-LIF frame of formaldehyde late during au-
toiqiition. toignition.

area wxithin the combustion chamber. The right-hand
edges of the fluorescent regions show the leading
edges of the flame fronts that started at the spark
electrode. The black region to the right-hand side of
the flame front represents the burnt gases, where no
fluorescence of formaldehyde is detectable.

Figure 8 shows the pressure trace corresponding
to the frame in Fig. 7. This pressure trace shows two
peaks: a curved one resulting from the regular com-
bustion and a peaked one, with a steep gradient, re-
sulting fromr uncontrolled autoignition of the end gas.
The two vertical bars indicate the timings of the
frames in Fig. 4 (left) and Fig. 7 (right) relative to
the pressure trace. The corresponding pressure

Fin. 6. 2D-LIF frame of formaldehyde during autoig- traces of Figs. 4 through 6 are not presented here,
nition. but in order to give an idea of the timings of the

frames relative to their pressure traces, the timing of
Fig. 4 (left) has been fitted in Fig. 8. The trigger bars

are transformed via a false colour code where 0 (no of Figs. 5 and 6 lie between the two.
intensity) is denoted by black and 255 (mnaximnum in- The frame in Fig. 4 shows the situation at an early
tensity) is denoted bv red. The timing of all frames time of autoignition. This can be seen from the po-
is 6'l CA ATDC, i.e., 5 ms after ignition. Cycle-to- sition of the trigger bar lMng right at the onset of
cycle variations of the combustion cause a shift of the knock, i.e., at the beginning of the sharp pressure rise
onset of knock hY up to a few degrees crank angle. leading to the knock peak (Fig. 8, left bar). In that
Although the timing has been kept constant with re- stage, a large end gas region with rather homogene-
spect to the engine crank shaft, the timing varies \with ous distribution of fluorescence intensity can be seen
respect to the corresponding pressure trace. There- as well as only one small hot spot in the upper region
lore, the frames show different stages of knocking (see arrow) within the blue and green fluorescent
combustion, area. Here, autoignition processes must have already

In the left part of the frames, the roughly crescent- started due to the absence of formaldehyde fluores-
shaped, coloured areas represent the unburnt end cence in the hot spot. The right edge of the end gas
gas regions where fluorescence of formaldehyde is represents the wrinkled flame front travelling
detected. The hazy tin) spots, distributed on a cir- through the combustion chamber.
cular area, result from reflections of particles on the The frame in Fig. 5 is taken right at the beginning
piston top and give an impression of the position of' of the sharp pressure rise, at a later stage than the
the combustion chamber (Fig. 7). The white flash at one in Fig. 4. It shows a smaller end gas region.
the cylinder wall in the lower right corner of the Again, on the right-hand edge of the fluorescing area,
frame indicates the position of the spark electrode, the edge of the regular flame front can be seen.
In Fig. 4, the upper and lower white lines show the Within the upper region of the end gas, there are two
path of the light sheet and, wvith that, the detection small hot spots next to each other, of about the size
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FIG; 8. Corresponding prcssirei trace to Fig. 7, includiog trigger bat for Fig. 4 (left lar).

of that one in Fig. 4, and a larger one at the cylinder flaoie front. In the lower part of the end gas region,
wall in the middle. In the lower part, there is one there is a forther structure consisting of probably
large hot spot that might as welI have been two small originally three hot spots that also have ignited,
ones that already have ignited, grown, and merged grown, and merged to form the observed structure.
to form the present shape. Generally, higher fluores- The regular flame front on the iight-hand edge of
cence intensities compared to Fig. 4 appear in a the area has lost some of its wrinkles compared to
wider spread green area and more yellow spots. Fig. 4.

Figure 6 shows the situation slightly later than in The last frame, presented in Fig. 7, is taken at a
Fig. 5, at a time where the gradient of the sharp late stage of autoignition. The corresponding pres-
pressure rise is highest. In this case, the crescent sure trace can be seen in Fig. 8 with the right vertical
shape of the end gas region can almost only be bar being the respective frame trigger. This is just
guessed. In the centre, there is high fluorescence in- before the peak pressure where the end gas is com-
tensity indicated by the red spots. Large areas are pletely converted. Figure 7 shows very high fluores-

already caught by autoignition centres. In the upper cence intensity in the middle of the unconverted flu-
part, right above the region Mith the very high fluo- orescing area of the end gas region. Next to it, a large
rescence intensity, there are two hot spots that al- ignited and grown autoignition centre can be seen
ready have merged and grown so that they could near the cylinder wall. Some smaller hot spots can
merge with the largest structure just above it. This be seen in the lower and upper part of the detection
complete structure surely has ignited so that its edge area. The most remarkable detail in this frame is the
towards the end gas can be considered to represent completely smoothed regular flame front repre-
its flame front. That this structure is not produced by sented by the right-hand edge of the fluorescing area.
the regular flame front can be seen from the hazy In this case, it is straight and could be replaced by a
fluorescence intensity stretching from the centre of line. This agrees with ultra-high-speed Schlieren
highest fluorescence intensity to the upper end of the frames (rip to some 700,000 frames per second) taken
detection area. Besides, sequences of frames taken by Kinig et al. [12] and Bradley et al. [13] during a
at various crank angles in knocking as well as in non- joint Commission of the European Communities
knocking cycles show that in neither case are there (CEC) project using the same engine type.
advancing, overlapping parts of the regular flame
front producing hot-spot-like structures in the end
gas region lying ahead. Another large structure can Conclusions
be seen in the middle right at the cylinder wall. This
one has already merged with the hot spot above it, The understanding of processes causing knock in
which for its part, is also connected with the very spark ignition engines is essential to take measures
large structure described above. Here too, it can be against it. Detailed reaction mechanisms were de-
said that autoignition already has taken place so that veloped to describe the underlying chemical process-
the edges towards the unbnrnt end gas represent a es. Most of the model calculations based on these
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mechanislms assumed a honwogeneous end gas, which for leaving the modification plots of the engine with us and
is ignited more or less simultaneously when a certain for assisting us during the setup phase.
temperature is reached. High-speed frames taken in
engines demonstrated that this assumption is not
perfectly valid. In numerical calculations, it was REFERENCES
shown that local temperature fluctations as small as
20 to 30 K are sufficient to ignite parts of the end I. K6nig, G., Maly, R. R., Bradley, D., Lau, A. K. C., and
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COMMENTS

H. Breitbach, RWTH-Aachen, Germany. 1. Has the se- although one would expect lower temperatures there due
quence of LIF pictures you showed been taken from one to heat transfer to the wall?
cycle or assembled from different cycles?

2. Did you consider stronger knocking cycles with pres- Author's Reply. 1. The LIF frames are taken from dif-
sure amplitudes around 10-20 bar or more? ferent cycles due to speed limitations in both the imaging

3. Do you have an explanation of why the hot spots in and the laser systems.
your configuration often seem to be very close to the wall 2. No such cycles have been considered in the current
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work. We are now able to run the engine under such con- est for the vibronic hands at longer wavelengths (which the
ditions, so this will be investigated further. authors used). Appropriate references are given in Har-

3. There might be deposited particles deriving from rington, J. E., and Smyth, K. C., Chem. Phys. Lett. 202:196
grease or soot that have slightly higher temperatures. See (1993).
also comment of John Griffiths.

Author's Reply. We do not think that formaldehyde can
be excited wxith a broadband laser like the one we use.

J. F. Gnffiths, University of Leeds, UK. Your observation 0

that autoignition centers can originate close to the wall is
interesting. This may result from the nature of the ther- H. May, University of Kaiserslautern, Germany. The re-

mokinetic interactions that occur in the negative temper- suilts shown in this paper are of great interest for evaluating

ature-dependent region of reaction rate in alkane oxida- knocking behavior. A mixture of iso-octane and n-heptane

tion. This was described in the Ttcenty-Fourth Symposium corresponding to an octane number of 90 was used as fuel.

on Combustion [1]. Are there also results available for real gasolines?

Author's Reply. Because of the fact that higher hydro-

REFERENCE carbons exhibit broadband UV absorption, the chosen fuel
composition had to be of primal) reference quality (pure

1. Griffiths, J. F. et al., Twenty-Fourth Symposium (Inter- iso-octane and pure n-heptane). Additionally, unknown

notional) on Combustion, Thse Combstion Institute, fuel additives inhibit the use of realistic gasolines for LIF
experiments. For these reasons, unfortunately, there are
no results available for realistic gasolines.

Dieter Brmggemoann, ITLR/University of Siuttgart, Ger- J. Choiniat, Chalmers University of Technology, Siceden.
many. Have you recorded LIE spectra to ensure that your You have shown distinctly that the hot spots are produced
light sheet images are really showing the distribution of by, decomposition of formaldehyde. Can you identifb the
formaldehyde and to exclude the possibility that other spe- reasons for the local appearance of the process? Is it due
cies are responsible for the signals? to mixture composition variations, bulk temperature non-

uniformities, or boundary layer effects related to the neg-
Author's Reply. We have taken a fluorescence spectrum ative temperature coefficient of the preflame reactions?

of the engine running under knocking conditions. The ob-
tained spectrum shows slightly broadened peaks due to Author's Reply. In numerical simulations, it was shown
higher pressure levels (approximately 40 bar). Compared that even small variations in temperature distribution, and
to a fluorescence spectrum taken from the literature to a lesser extent variations in species distributions, cause
(Mdhlmann, 1985), the emission peaks of our "engine spec- local bound, shorter ignition delay times leading to autoig-
trum" are at the same positions. This ensures that we def- nition [3]. These conditions are always found in a running
initely obtain formaldehyde fluorescence, engine and therefore lead to knock if autoignition limits

are exceeded.
In the present work, it has been shown that within the

end gas region, where formaldehyde is present (and there-
Kennit C. Sin th, NIST, USA. Comment on the question fore detectable), hot spots can be observed due to rapid

of Nigel Tait, wvho asked about using the excimer output local formaldehyde consumption (no fluorescence detect-
at 308 nm to image formaldehyde fluorescence directly. able). Hot spots are not produced by the decomposition of
The absorption spectrum of formaldehyde extends to this formaldehyde!
wavelength region, but the excited vibrational levels of the So fltr, it is not known distinctly' what the very origin of
upper electronic state are strongly predissociated. Thus, hot spots is are they inhomogeneities in temperature or
the quantum yield for fluorescence measurements is high- in species distribution?
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SIMULTANEOUS 2D SINGLE-SHOT IMAGING OF OH CONCENTRATIONS
AND TEMPERATURE FIELDS IN AN SI ENGINE SIMULATOR

A. OITH, V. SICK, AND J. WOLFRUM

Physikalisch-Chemiscles Institot, Rnprecht-Karls- Uniersitik leidelberg
lh Neoenheimer Feld 253, 69120 Heidelberg Gernany

AND

R. R. MALY AND M. ZAIIN

Daimler-Benz AG, Aero- and Thernoodynamics
Stuttgart, Germany

Two-dimensional (2D) temperature measurements in engines are required for the detailed understand-
ing of the combustion process. Because of the unsteady and turbulent nature of engine combustion, these
measurements must be performed on a single-shot basis to obtain cycle-resolved results. Details of the
flame front strseture are also important to know for the numerical modeling of internal combustion pro-
cesses. Simultaneous measurements of temperature and hydroxyl radical distributions provide such data
sets. The combustion of methane in a filly transparent square piston engine was studied with a combination
of 2D laser-induced fluorescence of hydroxyl radicals and 2D Rayleigh scattering. A tunable KrF excimer
laser at 248 mn was used for the measurements. The wavelength of the laser was tuned to excite the P,(8)
transition in the OH (3,0) band of the A-X system. Spectral filtering of the resulting fluorescence to detect
solely the fluorescence from the (3,2) band significantly reduces the effect of collisional quenching imposed
to the fluorescence of the predissociating v' = 3 level by vibrational energy transfer (VET) to lower
vibrational levels. Using a second camera, which only records the Rayleigh signals after appropriate filter-
ing, allows the simultaneous measurement of temperature fields with a single laser. The analysis of cor-
responding OH and temperature images allowed the decision that the combustion conditions are in a
regime where the flamelet approach for modeling is appropriate. Good agreement with model predictions
has been achieved for the peak temperatures.

Introduction distributions [6]. However, if the excitation wave-
length is the same for different molecules or differ-

While multidimensional laser sheet techniques ent processes, spectral filtering of the signals can
gained increased popularity during the last years achieve two or more results from a single laser
[1,2], there is still a challenge for further develop- pulse. Using exciplex formation and laser-induced
ment of these techniques. One task will be to per- fluorescence, liquid and vapor phases can be distin-
form more quantitative measurements, while an- guished [9]. This is also possible with a combination
other one will be to apply the techniques to of Mie scattering and laser-induced fluorescence
environments not yet studied. Additionally, there [5]. Combining Rayleigh scattering and laser-in-
will be increased interest in combining different duced fluorescence yields temperature and species
techniques in the sense of quantitative measure- concentrations [8]. This technique of simultaneous
ments and in correlating different quantities, like measurements of Rayleigh scattering and laser-in-
temperature and nitric oxide or flow and concentra- duced fluorescence of hydroxyl radicals has now
tions, etc. Especially, nonintrusive measurements in been applied to measurements in an engine simula-
engines are important for an improved understand- tor. Rayleigh measurements in engines were already
ing of fuel/air mixing [3-6]. Whereas combined niul- used to measure mixture fractions [10], but no
tidimensional measurements of different quantities measurements during the combustion phase have
in flames have been performed in a number of oh- been performed there. The combination of temper-
jects [7,8], the applications for engines are not well ature and hydroxyl radical concentration measure-
established. Measuring two different quantities usu- ments is very useful if details of the flame fronts
ally requires two different wavelengths and, most of have to be analyzed. For example, deviations from
the time, two different lasers, e.g., for the simulta- the assumptions of the flainelet model can be nieas-
neous measurement of fuel and OH concentration ured with this technique [8].

143
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compressed air (5 bar)

combustion
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valve PC

E

&1 20piston - _

Stroke 80 mm rnr 1 -C.

FI(;. 1. Schieniatic setup of the pncuunatic SI engine simulator. An electronic circuit controls the timing of the piston

moeiment (PC: pnemattic comtrol: MV: inaginetic valve).

Experimental der to avoid detection of fluorescence from v' < 3.
These levels are populated via vibrational energy

We investigated the combustion process in a fully transfer (VET) and suffer from quenching. Thus,
transparent SI engine simulator [11]. The cylinder of the measured signals would be sensitive to quench-
this engine is built entirely out of quartz plates. The ing. We used a bandpass filter with a center wave-
square piston has a cross section of 50 X 50 ram. length of 297 + 6 nm. This filter transmits the flu-
The piston movement was controlled by a pneumatic orescence of the (3,2) vibrational band. Also
pressure system, which was used to simulate engine important to obtain high signal levels is a camera
speeds of approximately 500 rpm. The compression lens with a large aperture. The achromatic lens sys-
ratio was adijusted to 1 :5 wxith a stroke of 80 mam. temns we used had an f# = 2, thus increasing the sig-
Cvcle-rcsolved pressure traces were measured with nal strengths remarkably compared to the com-
a pressure transducer (Kistler). Methane/air mixtures monly used systems. Since we were interested in
were stored in a cylinder and were injected through measuring the OH distribution and the temperature
a single valve that was also used as an exhaust valve, fields simultaneously, we used a second camera to
As Fig. 1 shows, the engine was operated in a hori- record Rayleigh scattering. Figure 2 shows the ex-
zontal arrangement. perimental setup where the two cameras were

It is desirable to use short UV wavelengths for mounted on the opposite sides of the engine. The
Rayleigh scattering since the Rayleigh signal in- Rayleigh signals had to be filtered from any fluores-
creases with 1/9. For this reason, we used a tunable cence light. We found it appropriate to use a mirror
KrF excimer laser. The high pulse energy of this la- coated for 248 nm and a color glass filter (Schott
ser also allows the two-dimensional (2D) imaging of UG 5). Careful alignment of the two cam-
hvdro.vl radicals. Because of the predissociation of era/lens/filter systems is necessary to make sure that
the tK' = 3 level, quenching has less influence on the the same plane is monitored by both cameras. As
signals, and the small Frank-Condon factor of the shown in Fig. 2, the laser illuminates a horizontal
emission bands is partially compensated at elevated plane in the engine. The beam was rotated with a
pressures as a result of less quenching losses but Dove prism and collimated to a light sheet of less
higher densities. If the (3,0) P2 (8) transition of OH than 30'0 pim in thickness. It is crucial to make sure
is excited at 248.456 nm, no temperature influence that the sheet is not thicker because, otherwise, im-
has to be taken into account to correct for changes portant details of the flame front, like superequili-
in the population density given by the Boltzmann briumn concentrations of hydroxyl radicals [11], can-
distribution. In the range 1300-300,0 K, the fraction not be measured. The Bunsen burner shown in Fig.
of molecules in N" = 8 is constant within 10%. As 2 was used to control the proper tuning of the laser
has been pointed out several times [12-14], it is cru- to the P2(8) transition by maximizing the OH-LIF
cial to filter the fluorescence signals properly in or- signal from this flame using camera 3. Special care



2D SINGLE-SHOT IMAGING OF OH CONCENTRATIONS AND TEMPERATURE FIELDS 14,5

delay - unit

engine control
trigger

KrF

248,4560 bandpass
nmn filter

k to camera 1

S~100 MM

Bunsen burner UV achromat

fGalilei telescope pneumatic
w wengine simulator

bandpasstaamerapo
filter Filter UG 5 cae-ntue

200 mm

c g u camera 3 UV achroreat

FIG. 2, Experinmntal setup for sfinultaneous lta 'yleigh aind LIF measuremenits iii an) S1 engine simulator. A tinible

KrF exciner laser, tuned teo e o0 tUansition o'hydroxyh radicals, was used fhor the ineasureveuts.

had to be taken to avoid scatteri), ofthe laser beam or that the experiment's timing is coupled to the
at any surface ofcthe experiment. A certain distance ftamo-transfer ftequency. Of coim se, this is not pos-
from the walls had to be maintained for the Ray- sible t or many experiments in engines. But for the

feigh measurements, whereas it was possible to I'l- engine we used, we could set an external trigger fir
low the OH concentration up to the walls oftre pis- the engine operation and then couple cameras, o a-
ton and the cylindern sers, and the engine to the fraie-transfer process.

All signals were recorded with inage-intensified Whereas the interpretation of the laser-induced
charge-coupled device (CCD) cameras (Proxitronie fluorescence (JIF) data is more straightforwvard to
Nanoeam 11) with gate times of 50 ns. Using frame obtain information about thick~ness, curvature, and
grabber boards (Matrox MVP AT), the signals were movement of the flame front, it is mrore complicated

digitized and processed, as witll be described later in to analyze the Rayleigh images. The only corrections
this paper. It is important to ma ention that cameras that have been made for the gsa images aru for ir-
of thatyae we used have a fixed time fer lieht detec- regular laser beam profiles and absolute eneros fluc-
tion given by the flalne-transfer process, This frame tuations. For the Rayleigh images, a series of"correc-
transfer is set by the video frequency and cannot be tions and calibration procedures has to be used
altered. If signals are recorded at inappropriate before temperature fields are obtained. Rayleigh
times, the measured intensity is lower. For this rea- scattering is proportional to the total particle numlber
son, it is necessary to make sulre either that images N. Thus, by using the ideal gas assumption, it is pro-
that are measured near frame transfers are rejected portional to the pressure p) and the cross section u,,
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and is inversely proportional to the temperature [Eq. latter one have to be normalized to the laser intensity
(I)]. It is also proportional to the laser energy I, and profile. This profile is best determined by taking the
the probe volume V: reference image for normalization of all other im-

ages.
Rl,= HV1pNc,/RT. (1)

However, the cross section for Rayleigh scattering is Results
different for different molecules, and the total cross
section is the sum of the cross section for each type Temperature and hydroxyl radical distributions
of molecule in a mixture weighted with its mole frac- have been measured simultaneously with a single la-
tion [15]. This means that if the gas composition ser pulse in a fully transparent SI engine simulator
changes, the cross section changes and makes it im- for different stoichiometries. All images shown here
possible to obtain accurate temperature data without are taken in a plane parallel to the piston movement
knowing the gas composition. Fortunately, for the in the middle of the combustion chamber. The
methane/air mixtures investigated here, the variation mixtures were ignited with a spark plug always lo-
in the total cross section between burnt and unburnt cated on the right side of the images. Since the cross
gases is smaller than 2% [8]. sections imaged by the two cameras have different

With this, the temperature at a point with coor- sizes, the OH images were resealed to match the size
dinates (x,y) can be calculated from the measured of the temperature images. This was done by care-
Rayleigh intensity R(x,y) fully comparing the image of a scale that was placed

in the plane of the laser sheet. It is then possible to
T(x,q) - Toc,,(x,y)/B(x,y) (2) compare OH concentration fields with correspond-

ing temperature fields. The image pairs of Fig. 3
c = •m,, ,1 .H (3) nicely demonstrate how temperature and hydroxyl

radical concentration are coupled. Even details of the
Hlere, To is a reference temperature, where a cali- temperature field also can be recognized in the OH
bration signal B,.(x, y) is measured. If this signal is images. We did not attempt to calibrate our LIF im-
measured in ambient air, the calibration constant c ages to absolute values, but this could be done by
takes into account that the cross section for air is comparing the measured signals from the engine
different than that from the methane/air mixture, simulator with signals obtained in a calibrated burner
However, we chose another approach. We measured [16]. As was pointed out earlier [11], the laser sheet
the reference signal with the methane/air in the en- must be thinner than the flame front thickness to be
gine at the crank angle where the measurements able to resolve the flame front structure properly.
were taken, but without ignition. The temperature Figure 4a shows one of the examples from Fig. 3 in
there can be calibrated against air/ambient pressure an enlarged view, together with profiles along the
conditions, or it can be calculated adiabatically from white lines indicated in Fig. 4a. Entering the flame
thermodvynaical data, This procedure has the ad- front from the unburnt gases, it is obvious that tem-
vantage that the dynamic range of the signals and the perature is increasing before the OH concentration
camera match much better. Since heating increases rises. From profiles like this, a (90-10%) flame front
the pressure during fired cycles, at corresponding thickness was determined to be 300 + 100 pm. This
crank angles, the pressure ratio has to be taken value represents the smallest flame front thicknesses
into account during data analysis. Equation (2) trans- found in the images, indicating that here the flame
forms to front was illuninated perpendicularly by the light

sheet. The flamelet assumption is only valid if tem-
T(x,y) = TocR,,(x,q)/R(x,q)(P/P0)(I/ 0 ). (4) perature and hydroxyl radical concentrations are cor-

related, as in laminar flames. The strong correlation
Additional processing of the data is neeessaiy to ob- found in our engine experiments confirms the valid-
tain temperatures. Any residual light that is scattered ity of the flamelet approach for the conditions stud-
from surfaees distorts the measurements. To take this ied here. As expected, the spatial gap between tem-
into account, images were taken where the engine perature rise and OH concentration rise becomes
was flooded with helium. The Rayleigh cross section less at higher pressures. Here, 30'0 pm were mea-
of helium is almost negligible, and therefore, the re- sured at P = 5.3 bar, compared to 500-700 pml at
mnaininm measure(i intensity is scattered light. These atmospheric pressure flames [8]. Although we did
images have to be subtracted from the measured not attempt to measure absolute OH concentrations,
Rax-leigh images. Also, an image taken with the cam- the relative concentration profiles indicate super-
era lens covered was taken and subtracted from all equilibrium values of hydroxyl radicals in the flame
Rayleigh images. This background correction is nec- front, in agreement with previous measurements and
essarv to exclude offsets of the digitizers and camera modeling results [17]. This result is based on the fact
noise. Of course, all images with the exception of the that, in the exhaust gases, OH reaches equilibrium
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Fic;. 4. (a) Enlarged example flrom Fig. 3. The positions for the vertical profiles of Fig. 4b are indicated as white bars.
(b) Profiles of OH conicentrationii aid teii1perature at v; = 5 and 1 1.1. There is a clear separationi between temperature
rise and increasing (11 concentration on both sides of the profiles, wN here the image also shows uniburnt areas in contrast

to the th\o I temperature drops in the middle of the profile.

\alues, so that the high concentrations in the flame and hydroxyl radical concentrations. Figure 5a shows
front can he attributed to superequilihrium concen- the averaged 011 and temperature distribution for a
trations. The peak temperatures measured are in lean mixture with 2) 1.1 and a compression ratio
agreement wvith the predicted peak temperatures of of 1:5. The engine simulator was operated at con-
2300 K. If comparisons wvith modeling results are ditions corresponding to 500 rpm. The averaged peak
considered, not only single-pulse measurements are temperature data were determined to be 1790 K with
required for details of the combustion process, but a statistical variance of _+ 150 K. The estimated ac-
also average temperature and concentration distri- curacy is 15% for our measurements. For a mixture
hutions are necessarly. The presently used multidi- with 2 = 1.2, the averaged peak temperature is
mensiomai codes for modeling combustion processes higher. Temperatures of 1990 K ± 120 K were
in engines always predict averaged data. To account measured for these conditions. The average was cal-
for this demand, we calculated averaged temperature culated from 15 single-shot images, with averaging
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FIG. 5. (a) Averaged hNdrox\/ radical coieecentration and teniperature distribition for i,6 = 5 and 1 1. The image
is the average of 25 single-pulse measureme1nts. (b) Profiles from the averaged distributions of Fig. 5a.

over a 56 X 56 matrix in areas of the highest temn- e.g., peak pressure. This procedeiire would reduce the
peratures. The positions of the profiles shown in Fig. influence of cyclic varial)ility on the results.
5b are indicated in Fig. 5a. Major features of' the
flame front are given in both profiles. However, the
spatial gap of the temperature and hydroxyl radical Conclusions
concentration rise in the flanme front is larger than it
is in the single-pulse measurements. If the coupling We demonstrated that it is possible to use 2D Ray-
of both quantities has to be determined to decide leigh scattering for temperature measurements in an
about the validity of the flamelet concept for a given SI engine simulator. Moreover, wvithin a single laser
combustion process, single-pulse measurements are pulse, the temperature and hvdroxyl radical concen-
required. In the sense ofobtaining ensemble average tration distribution were measured using a tunable
data for comparison wvith model predictions, it would KrF exeimer laser and two image-intensified CCD
be useful to acquire the data at fixed intervals For the, cameras. A significant dependence of the temnpera-
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IN-CYLINDER CRANK-ANGLE-RESOLVED IMAGING OF FUEL
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We present a quantitative planar laser-induced fluorescence (PLIF) method for imaging the in-cylinder
fuel concentration in a spark-ignition engine. The method is based on fluorescence from a carbonyl com-
pound added to the fuel and excited by an exciier laser at 308 un. The method has been applied to the
study of charge stratification in a lean burn engine equipped with a four-valve pent-roof cylinder head. In
this engine, stratification is achiesved 1by fsiel injection through an inlet valve, the paths of rich fuel pockets
from induction through compression to the point of ignition is shown by a series of crank-angle-resolved
air-to-fuel ratio (AFR) images.

Introduction biacetyl to the fuel [8] or by burning pure ethyl-
methylketone in a square-piston engine [10].

Lean operation in spark-ignition engines can de- In this paper, we present the development and
crease the primary exhaust emissions and increase application of a PLIF technique for the imaging of
fuel economy. Lean combustion is substantially in- the fuel distribution in a slice through the cylinder
fluenced by the mixture distribution inside the cyl- of a firing internal combustion engine of modern
inder prior to ignition; if the mixture is too lean, then pent-roof design. For these measurements, a single-
the initial flame kernel tends to be weak and the cylinder engine incorporating a transparent cylinder
flame speed low. Charge stratification witb a rich spot liner and a transparent piston were used. The local
near the spark plug, at the time of ignition, in an fuel concentration was estimated from fluorescence
otherwise close to homogeneous mixture, aids in the of a low molecular weight ketone, in this case pen-
development of a strong early flame kernel and en- tanone, which was added in known quantities to the
sures a fast propagation through the charge that min- fuel; the fluorescence was excited at 308 nm by a light
imises misfire and partial burning. Knowledge of the sheet formed from a XeCl-excimer laser.
mixture formation process during the inlet and com-
pression stroke, the extent of stratification, and the
level of fluctuation on a cycle-by-cycle basis would Fluorescence Tracers
greatly aid in the design of lean burn engines.

Previous in-cylinder fuel concentration investiga- For the investigation presented in this paper, iso-
tions have been made as point measurements, stit- octane was chosen as the fuel. Although PLIF of iso-
ising Rayleigh [1] or Raman [2,3] scattering. Planar octane is possible with excitation at 248 nm [7], its
laser-induced fluorescence (PLIF) has been used to use is limited to qualitative measurements because
mark the flame front by imaging the OHt radical [4,5] of its low quantum yield and because of a nonlinear
or marking the fuel with an acetaldehyde seed such relationship between its fluorescence yield and laser
that the unburned material is imaged [6]. Attempts power. Excitation at 308 nm results in no discernible
to obtain fluorescence from iso-octane [7] have met signal for sensible laser intensities. Moreover, the use
with some success but have not produced quantita- of 248 nm may result in contamination of the fluo-
tive results. Fuel concentration measurements have rescence signal by polycyclic aromatic hydrocarbons
been made in nonfiring engines with PLIF by adding formed during combustion. We have also observed
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2.0- .. rescence images were recorded for identical engine

"'..... running conditions for both butanone and acetone as
D , "fuel markers. Nearly the same pattern was observed

S1.5-
in the resulting mean inages, with an overall differ-

S. .ence of only approximately 6%. Some of the ob-

e 1.0 .. served difference was due to cyclic variability, which
was not entirely averaged due to the small number

p $ of instantaneous images. The repeatability of the
S0.5 mneasurements, determined froln subsequent calibra-
-6 tion images achieved by flooding the engine chamber

w.ith seed vapour at a known concentration, was
0.0 I I about ± 2.5%. This uncertainty is composed of shot

200 300 400 500 600 700 800 900 noise in the intensifier and camnera, as well as spatial
Temperature (K) fluctuations in the laser intensity. Hence, the differ-

cot volatilities of the seeds result in a small but mea-
m 4-Methyl-pent-2-one Acetone * Acetaldehyde surable difference to the observed fuel distribution.

.B.tano.e Pentanone o VaIa•ehe Therefore, because the boiling point of pentanone

(101.7 0') more closely matches that of iso-octaneFIst. i. Plots u "o relative quantaum J eld of" fluorescence (99.7 'C), it was chosen in preference to acetone
vs teopcratirc br- six dif ferent aldehnydes and ketoocs. (56.2 °C) and butanone (79.6 'C). Through experi-

ment, a mixture of 3 parts iso-octane and 1 part pen-
tanone by volume gave a good signal-to-noise ratio

that PLIF is possible, when excited at 308 no, from while remaining optically thin.
commercial grade gasoline. At 1 bar, strong signals
arc possible: however, due to fluorescence quench-
ing, the signal is verm weak at typical compression Experimental
pressures. We suspect that the latter signal is due to
traces of aromatics in the fciel. Fluorescence from u ic Design:
aromatic compounds is well known to be sensitive to E
quenching [9]. For these reasons, a fuel was chosen A single-cylinder engine .ith optical access was
that was a blend of a seed species wvith a well-defined used. The engine was designed for lean burn com-
fluorescence behaviour, mixed into iso-octane. bustion and to give good optical access, while retain-

The choice of a possible tracer is limited by the ing most of the engine characteristics ofa typical pro-
requirements that it should burn in a similar way to duction engine. The engine had a capacity of 0.36
iso-octane, be soluble in iso-octane, and that its lboil- litre and a compression ratio of 9.3: 1. The four-valve
ing point should closely match iso-octane to ensure pent-roof head was configured as in a production cyl-
representative vaporisation and mixing. Additionally, inder head and, as such, inducts nearly all the charge
it should absorb at :308 nm and should be insensitive through only one inlet valve at the operation speed
to quenching. It has been demonstrated that low mo- of 1500 rpm. The second inlet valve is simply opened
lecuhlar \\eight carbonyl compounds provide attrac- fractionally and briefly at the end of induction to dis-
tive fluorescent markers for hydrocarbon fuels in perse an unwanted fuel buildup. The fuel was in-
both combusting [4,11] and cold-flow situations [12]. jected into the inlet port through a standard Honda
In Fig. 1, the temperature dependence, at atmo- fuel injector with an injection pressure of 2.5 bar
spheric pressure, of the relative fIuorescence for six gauge. The crankshaft was fitted with a 1 resolution
different fuel markers is shown. The fluorescence of encoder that provided data for an engine controller
acctaldehyde shows no temperature dependence at box, which generated signals to trigger the ignition
atmospheric pressure: however, it is highly volatile and fuel injection timing and duration. In-cylinder
and therefore not suitable as a marker for iso-octane. pressures were recorded using a Kistler pressure
The linear dependence of acetone, butanone, and transducer, which was fitted into the cylinder head.
pentanone indicates these species to be potential fuel The overall air-to-fuel ratio (AFR) was monitored us-
markers. The pressure dependence of the fluores- ing an oxygen sensor built into the exhaust. The en-
cence signal of various ketones has been shown to be gine contained an elongated, hollow piston with a 450
reasonably linear [8]. Also, variations of oxvgen par- mirror mounted on the crankcase inside the piston.
tial pressure do not result in quenching variations at This provided observation of images through a fused
atmospheric pressure. The results of Baritaud [8] in- silica glass window located in the piston top. A fused
dicate that this quenching may not be a problem at silica cylinder was mounted in the block directly be-
elevated pressures. neath the head and enabled a UV laser sheet to pass

To evaluate the influence of the boiling point of across the combustion chamber. The laser illumi-
different fuel markers on foel distribution, 20 fluo- nated a plane approximately 13 into below the spark
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FiG. 2. Experimental setup.

plug parallel to the piston head and exiting the chain- Results and Discussion
her at the opposite side of the cylinder (see Fig. 2).

To understand the mixing process during inlet and
Optical Setup and Considerations: compression strokes, planar fuel concentration inea-

surements for a range of different crank angles were
Measurements were marde using a Lambda Physik made (Fig. 3). Because of the very short laser pulse

151 XeCI-excimer laser that produced adout 150 iij duration (20 us), each image provides data on the
per 20-ns pulse at a specified crank angle. The bealn instantaneous fuel distribution at a particular crank
was formed into a sheet approxilnately 0.25-1mm angle for a single cycle. Twenty images were mea-
thick for full field illumination of the accessible re- sured at a given crank angle for whe same engine con-
gion. The images were acquired through tepsoogthe piston ditions, which were then combined to form an image
\,vndow using a 15-bit CCD-camera system, lens of the cvcle mean fuel concentration. Averaging over
coupled with fl.2 optics to a gatable image intensifier m tlIn 20 cycles would i.prove accuracy of the
(Princeton Instruments). An intensifier gate of 100 more tan 2 cle would, r mpre a ofth e
ns was used to discriminate against room light and measurement. It would, for example, smooth out sin-
combustion luminosity. The charge coupled device gle droplets oisible in the mean image that originate
(CCD) camera has a framing rate of about 1 Hz, only from one instantaneous image. However, 20 cy-
which means that it was not possible to linage con- cles were sufficient to obtain a reasonable picture of
secutive cycles. Each pixel on the CCD nominally the mixing process and ensure that the data collec-
collected light from a 0.25 X 0.25 X 0.25 mm vol- tion time was sensibly short and the data volume per
ume. The true resolution will be less because of in- measurement crank angle was less than 3 Mbytes.
tensifler cross talk and distortions caused by viexving The signal collected at each pixel of the camera is
through the inhomogeneous charge when the engine formned from several contributions. Part of which is
was operating. For these reasons, 2 X 2 binning of proportional to the laser intensity and fuel concen-
the images resulted in no measurable loss of resolu- tration in the corresponding measurement volume,
tion. The true resolution was estimated to be better part arises from light scattered from the head, and
than 1 mm. Synchronisation of the laser and camera part is from thermal noise in the CCD. Each of the
to the engine was achieved through a timing box con- data images presented in Fig. 3 was processed to re-
nected to the crankshaft encoder. The timing of ia- move the background contributions and then flat-
ages could be set to a precision of I' crank angle after fielded against an image obtained from a uniform
top dead centre (ATDC). concentration of the fuel marker. These corrections
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FIG. 3. In-cylinder crank-angle-resolved mean images of fuel concentration on an AFR scale. The numbers below
images show the crank angle in degree after top dead centre (ATDC) at which the respective image was taken (00 is at
combustion TDC). The images are oriented to the cylinder head as in the schematic view indicated. The dotted line in
the schematic view indicates the cylinder bore proportional to the piston window diameter. The stoichometrie of the fuel
used (3 parts iso-octane and 1 part pentanone) is 14.4 AFR.

were made on the basis of mean laser sheet charac- pv = nRT. (3)
teristics. This introduced a small error because of
pulse-to-pulse fluctuation in the laser sheet, which The politropic index y = 1.1 was estimated by
was responsible for introducing a slight linear mod- matching the results of Eq. (2) to the recorded pres-
ulation orthogonal to the laser propagation direction, sure trace. We believe that the y value of 1.1 in part

The laser-induced fluorescence (LIF) signal was reflects the enhanced heat transfer due to the large
also dependent on temperature and number density. surface area of the elongated piston crevices.
To permit comparison between the images taken at The images were then corrected by multiplication
different crank angles, signals were normalised to with the factorfi:
calibration conditions (atmospheric pressure and 331

K). The temperature dependence of the LIF signal v . a + bT (4)
from pentanone was linear (Fig. 1). vo a + bTo(

For images taken after the inlet valve was closed
(6006 ATDC), the in-cylinder temperature was cal- For the images taken during the inlet stroke, the
culated from the following expression: charge temperature was estimated from the engine

= p2Tl (1) temperature and ambient temperature to 313 K. The
pIT = pT low in-cylinder pressure of 0.55 bar below atmo-

which was derived from spheric during the inlet stroke will lead to a temper-
ature drop of the air entering the cylinder. This will

pii= p.2V (2) be counter balanced by heat transfer from the cyl-
inder walls (338 K water temperature) to the charge

and and mixing with hot residuals.
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The images taken during the inlet stroke were then surement plane originating from the fuel entering
corrected by multiplication with the factorfh: the cylinder at the inlet side. This track can be ob-

served in the images 468°-504' ATDC. When the
f2= pTo a + bT (5) piston reaches bottom dead centre (5400 ATDC), the

poT a + bT0  charge with the highest velocity enters the measure-
ment plane, and the effect of the anticlockwise swirl

where p was taken from the recorded pressure trace, motion on the charge can be seen. The fuel appears
In Eqs. 4 and 5, the variables po, To, and V0 rep- again in the measurement plane during the com-

resent pressure, temperature, and volume at calibra- pression stroke at the inlet side of the cylinder. In
tion conditions; a and b are the coefficients for the the subsequent images, the charge overall becomes
temperature influence on LIF of the seed and are richer because of compression. The fuel-rich area
taken from Fig. 1. moves through the measurement plane in direction

This analysis results in relative maps of fuel con- towards the cylinder head and appears again at the
centration. Final images, shown in Figs. 3a and b, left-hand comer of the exhaust side. The fuel-rich
were converted to absolute AFRs. The composition stream observed in the images is apparently influ-
of the calibration image was not defined well enough enced both by tumble and swirl during the com-
to use it as a direct calibration for AFR. The conver- pression stroke. At the time of ignition, part of the
sion was made on the basis that, since the overall fuel-rich track has already passed the spark plug and
equivalence ratio of the images near the combustion reappears in the measurement plane.
TDC was known and since the observed field was
large enough, the mean value of the LIF in the laser
sheet corresponded to the equivalence ratio as in- Conclusion and Future Work
dependently measured by the exhaust gas sensor.
This rather crude estimation served the purpose of We have successfully developed a PLIF method
providing interpretable images. In principle, a better for measuring the fuel distribution within combus-
strategy would be to use an absolute calibration tion chambers, which is based on fluorescence from
based on a calibration image taken with an accurate, low molecular weight carbonyl compounds added to
known in-cylinder seed concentration. In practice, the fuel. This method has been applied to a firing
this is not trivial to achieve because of the need to optical-accessed one-cylinder spark-ignition engine.
ensure complete filling of the combustion chamber Instantaneous planar fuel distributions at different
and ensuring that a gas with an accurately known crank angles in the inlet and compression stroke have
partial pressure of seed is delivered to the chamber. been obtained. A series of such images provides a

With our notation for combustion top dead centre comprehensive picture of the overall fuel motion
at 00, the intake valve opens at 3400 ATDC and closes within the cylinder. The technique enables the de-
at 6000 ATDC. Injection start is at 4050 ATDC, and tection of variations in fuel concentration of 2-3% at
ignition is at 6800 ATDC. The injection duration is any given crank angle with a spatial resolution of bet-
approximately 300 crank angle, and the overall AFR ter than 1 rmm. Although an approximate method for
is 20:1. obtaining AFR images was demonstrated, further

The images in Fig. 3a show that the first traces of work is needed to develop a rigorous quantitative
the injected fuel reached the measurement plane at method to convert relative fuel concentrations to ab-
4680 ATDC or approximately 7 ms after the start of solute AFRs. Measurements at different measure-
injection at the inlet side of the cylinder. The very ment planes closer to the spark plug would also pro-
lean and nearly homogeneous mixture observed in vide a more detailed picture of the in-cylinder fuel
this image is believed to originate from unburned motion.
fuel remaining from the previous cycle. A small
quantity of unburned gas is trapped in the crevices
between the piston and the optical cylinder. The ma- REFERENCES
jor part is probably from the inlet manifold and the
valve. Fuel trapped on the upstream side of the valve 1. Arcoumanis, C., and Enotiadis, A. C., Exp. Fluids
will evaporate from the warm manifold walls during 11:375-387 (1991).
the whole cycle prior to induction and will then be 2. Loyce, A., and Santavicca, D. A, Am. Inst. Aeronautics
scavenged into the cylinder with the air preceding Astronautics, Paper No. AIAA-83-1551, 1983.
the fresh injection of fuel. The bulk of the fresh fuel 3. Smith, J. R., SAE Trans. 89:809-816 (1989).
appeared at 4800 ATDC at the exhaust side of the 4. Becker, H., Arnold, A., Suntz, R., Monkhouse, P.,
cylinder, with only a small trace visible at the inlet Wolfrum, J., Maly, R., and Pfister, W., Appl. Phys. B
side. The fuel seems to follow two major paths within 50:473-478 (1990).
the cylinder. One is direct from the valve across the 5. Suntz, R., Becker, H., Monkhouse, P., and Wolfrum,
cylinder to the exhaust side, well above the mea- J., Appl. Phys. B 47:287-293 (1988).
surement plane. The second track is close to the mea- 6. Arnold, A., Becker, H., Suntz, R., Monkhouse, P., and



156 INTERNAL COMBUSTION ENGINES

Wolfram. J., Optical Letters, 1990, Vol. 15 (15), pp. 10. Lawrenz, W., K6hler, J., Meier, F., Stolz, W., Wirth,
8:31-833. R., Bloss, W., Maly, R., Wagner, E., and Zahn, M.,

7. Andresen, P., Meijer, G., Sehluter, H., Voges, H., SAE Paper No. 922320, 1990.
Koch, A., Hentschel, W., Oppermann, W., and Rothe, 11. Tait, N. P., and Greenhalgh, D. A., Twenty-Fourth
E., Appi. Optics 29:2392-2404 (1990). Symposium (International) on Combustion, The Comn-

S. Baritaud, T., and Heinze, T., SAE Paper No. 922355, bustion Institute, 1992, pp. 1621-1628.
1992. 12. Tait, N. P., and Greenhalgh, D. A., Ben. Bnnsenges.

9. Birks, J. B., Photoplaysics of Aromatic Molecules, Wi- Phys. Chem. 1993, in press.
1ey, London, 1970.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 
19 94/pp. 157-165

A THERMOCHEMICAL PHASE SPACE FOR COMBUSTION IN ENGINES

A. K. OPPENHEIM AND J. A. MAXSON

Un iversity of California at Berkeley
Berkeley, CA 94720

The phase space introduced in this paper is based on the recognition that the combustion system is
nonlinear, and takes advantage, therefore, of the classical concept of nonlinear mechanics: a space whose
coordinates are all the dependent variables of the problem. In the case at hand, they consist of all the
thermochemical parameters of the system. The dimension of this space is thus equal to the number of
degrees of freedom. We name it the Le Chatelier Space. Its major asset lies in providing a map for the
global effects of the thermochemical processes occurring in the physical space of the combustion chamber,
expressed in terms of trajectories or manifolds. Obtained thereby is an analytical insight into the effective
mechanism of the combustion system. Application of the method is illustrated by the evaluation of advan-
tages one can accrue on this basis for a premised charge engine. It is shown, in particular, that if, instead
of a throttled homogeneous charge combustion, the exothermic process is executed in afireball mode of
a direct injection stratified charge system, the engine can be rendered the ability for part-load operation
at wide-open throttle, with significant gains in fuel economy and concomitant reduction in pollutant emis-
sions. Such a mode of combustion takes place within large-scale vortex structures generated and sustained
by pulsed jets.

Method (A) Thermodynamics
(B) Thermochemistry

Introduced here is a method of approach founded (C) Aerodynamics,
upon the recognition that the combustion system is
intrinsically nonlinear. An insight into its essential in contrast to the usual methods of computational
processes occurring in the physical space should be fluid mechanics (CFM), where all of them are taken
based, therefore, on the classical concept of nonlin- into account concurrently.
ear mechanics: the phase space, i.e., one whose co- The first two pertain to the Le Chatelier Space.

ordinates are the dependent variables of the problem. For design analysis, (A) provides an estimate of fuel

In the case of combustion, these are the thermo- economy, while (B) furnishes data on the formation

chemical parameters. The dimension of this space is of chemo-kinetically controlled pollutants, NO, and

then equal to the number of degrees of freedom. We CO. This is supplemented by (C) to provide infor-

call it the Le Chaterie d Space. mation on the mechanism of processes occurring in
Jf the le isatere uSace. the physical space, and, in particular, to refine the
iffthe problem is formulated in terms of ordinary treatment of (B) and elucidate the cause of the un-

differential equations and the initial state is spatially burnt hydrocarbon yield. Thereupon, if required,
and temporally uniform, the solution is expressed in further progress in the analysis, to enhance its reso-
terms of a trajectory in this multidimensional space. lution, can be achieved by an iterative interplay be-
If the initial state is nonuniform, in space or in time, tween (B) and (C), whereby the calculations acquire
the trajectories form manifolds. All of them are more and more the usual character of CFM.
strongly attracted by the end state (or states) of ther- The concept of a thermochemical phase space is
modynamic equilibrium. Thus, its coordinates play by no means new. One of its early versions in planar
thus a commanding role in the analysis. We adopt, form was introduced some 20 years ago by Gray and
therefore, the mass fraction of products at equilib- Yang [1,2], exploited by the senior author and his
rium as the progress variable, while the equilibrium associates a decade ago [3,4], and brought up re-
temperature is taken as the driving potential for ther- ently in different connotations by Griffiths [5] and
mochemical calculations. The latter take into account Maas and Pope [6,7], to mention just a few. Here, it
all the chemical species participating in chemical re- is for the first time presented with particular rele-
action, according to the so-called detailed kinetics vance to combustion in engines, following its prelim-
model. inary consideration in papers recently published

The computations are accordingly set up in three [8-10].
consecutive steps: Our studies stem from the observation made some

157
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time ago [11] that pressure, recorded by an indicator

diagram, is a particularly insensitive result of the con- R
ventional CFM solution. On the other hand, how-
ever, it is this diagram that represents the only useful
product of the engine. It comprises, therefore, a valu-
able source of information on the performance of the
combustion system and the design of ways and means 2 -

for its amelioration. This paper is intended to provide
a contribution towards this aim.

The method of approach adopted here is, in es-
sence, addressed to the inverse problem with respect
to that of the conventional CFM models. It should
be regarded, therefore, as complementary to CFM 3 I I I
rather than competitive. One should note in this con- 0

nection that the solution obtained thereby is re- W(kJf9)

stricted per force to the provision of global data on FIG. 1. Le Chatelier Diagram, for adiabatic combustion
the behavior of the reacting system, subject to an a in an isochoric enclosure for a stoichiometric propane-air
priori assumed model. Introduced here, to start with, mixture initially at a pressure of 5 bars and a temperature
is the simplest one, founded upon the experimental of 65 °C i-uv andf-hp: initial and final states of combustion
studies reported at the last Symposium [12], accord- in an adiabatic and isochoric enclosure.
ing to which the combustion system in an engine cyl-
inder consists of two major components: the reac-
tants at frozen composition and the products at crank angle, 0, is a measure of time, t. Since V (0) is an
thermal equilibrium-the most one can identify in algebraic function describing the kinematics of the
the inverse problem under study-with an interface crankshaft mechanism, P(O) can be considered for-
where the exothermic process takes place that, in mally as a time coordinate. This is, however, problem-
spite of its essential role as the intrinsic source of atic, since it is a nonmonotonic function of time. On
motive power, contains a practically negligible the other hand, in the course of combustion, the mass
amount of mass and volume in the physical space. fraction of products at equilibrium, up, is guaranteed

to satisfy this condition and, consequently, it is
adopted here as the principal progress variable. Its

Formulation functional dependence on pressure and volume is
greatly simplified by the observation that the two loci

Thermodynam ics: of states, P and R in Fig. 1, are remarkably straight in
the domain of relevance between i andf, as well as be-

For the thermodynamic analysis of the two-coin- tween hp and uv-a feature that holds true for most
ponent system specified above, the loci of states of practical circumstances. Thus, lp, referred to hence-
reactants, B, and products, P, are expressed graphi- forth shortly as mass fraction, can be evaluated from
cally in terms of internal energy, u, plotted as a func- the three conservation equations, to yield, in terms of
tion of the product of pressure and specific volume, pressure, P, andvolume, V, normalizedwith respect to
w, as displayed in Fig. 1 [8]. This graph depicts a their initial values at i,*
phase plane, wvhich, upon the advice of Numa Man-
son, we call the Le Chatelier Diagram. Co + K + Po + k(PV - Pa) - 1

In an engine cylinder, at any instant of time, the P= P + k(P,,0 - P) - 1
pressure of the products is, in effect, equal to that of
the reactants. From the conservation equations for The most problematic term here is the heat trans-
mass, volume, and energy, it follows that constant fer to the walls. Its functional relationship, K =
pressure lines between corresponding points on Band P are straight, as delineated by the thin lines in Kff(P,V), has been provided for this purpose by the

1nd [ arestrghus, fo theldiaatic prohes trayned i results of an elaborate study of heat loss from com-
Fig. 1 [8]. Thus, for the adiabatic process portrayed bustion in enclosures reported in a companion paper
in this figure, it appears that the exothermic process [13], whereas, on the basis of Eq. (1),
is initiated at point i on B, leading to hp on P, and
terminated at pointf on R, culminating at uv on P.

Mechanical performance of an engine is expressed 'f = P7 + k(PUf -
in terms of an indicator diagram obtained by the mea- - 0juf - [P7 + k(PfVf - PI) - 1] - (of.
surement of pressure P(O) and volume V(&) where,
at constant speed (which is invariably the case at the (2)
relatively small time intervals pertaining to the exe-
cution of the combustion process in an engine), the 'Symbols are defined in the Nomenclature.
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The normalized specific volume of products at Aerodynamics:
equilibrium is then given by The inverse problem in aerodynamics is as follows:

Vp I [V - (1 - pp)vj/ap (3) given an indicator diagram, derived from a pressure
transducer measurement, with its interpretation on
the thermochemical phase space for a two-compo-

while VR = Pai nent system, reveal the principal mechanism of the
Of particular importance to the analysis of the exo- combustion field in the physical space-its place of

thermic process of combustion is the determination origin. The resolution of this problem involves, of
of its initial, i, and final, f, states. This is done as course, partial differential equations of turbulent
follows. flow [15]. In accordance with the thermodynamic

1. The initial state is an essential singularity, for at model, the flow field is made up of two fluids: the
,up = 0, vp -- Vp/Mp = 0/0; it can be evaluated, reactants and the products. The interface between
therefore, from Eq. (3) by L'Hospital's rule. them involves a negligible amount of space and, es-

2. The final state, attained at/af = (0",- + 1)/(W+ c o + pecially at the initial stages of the process, can be
1), where ar is the stoichiometric air-fuel ratio and disconnected.
A is the reciprocal of the equivalence ratio, 0, the Each of the two regimes of the flow field is gov-
subscript r refers to reaction zones, and o denotes erned by the Navier-Stokes equation
the overall value for the cylinder charge, must sat-
isfy the condition (dp//dP)f = 0, associated with 0u
a smooth decay so that (d in VId ln P) = -i1n• - = -(uV)u - vVp + Re- 1

with subscript e denoting the polytropic process
of expansion. '[Au + (Kr-1 + 3-')V(V'u)] (7)

Thus, the thermodynamic analysis provides the ba- as well as by the corresponding vortex transport
sis for the evaluation of time (crank angle) resolved equation
profiles of all the thermodynamic state parameters of
the reactants and products. at = _ (u V)- Vv X Vp + Re-I d•

at - -
Thermochemistry: + (.V)u - (Vu). (8)

The exothermic reaction proceeds as a conse-
quence of a chemical source and a thermal source According to the Helmholtz decomposition theo-
[4]. rem, the velocity vector is split into rotational and

The first is specified by kinetic rate expressions for irrotational components, i.e.,
the concentration growth rate of each chemical spe-
cies participating in the reaction, expressed, in terms u_ = u_ + u_ (9)
of conventional symbols, with the Newtonian dot no-
tation for differentials with respect to time, as where, by definition, V x _ = _ and V -u, = 0,

while V .u, = 0 whereas, by virtue of the continuity
K equation,Ci = (a - aj)

V'u = Vu, = A = -ln v

-[ 11-n F CoaikT" ' exp( - EIRT)j. (4) + (u'V) In v. (10)

To comply with the basic premise of the thermo-
The second expresses the rate of temperature dynamic model, specific volumes of each of the two

rise as fluids are taken to be spatially uniform. Within their

fields, therefore, the second term in Eq. (10) is an-
T= Q + P + S. (5) nihilated.

Thus, in terms of K = P, R for each fluid, respec-
Here, Q Ic - C1 ,( - Ah)j, P =- vcp dP/dt, while tively, throughout their fields denoted by subscriptf,
Cp = I Cicpi, whereas

S = (Tp - T)/r (6) (V K)f = - In VK (11)

where r denotes the thermal relaxation time-an em- while at any exothermic site, i.e., ignition or front
pirical constant [14]. marked by e,
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Thermochemical A t P(O)&V(o) --> (0)
Phase Space /

6 p Tp'p) vR(p) vp(4Lp)w<

S/ _._/Physical
CFD x Space

tt FIF. 2. Topological map.

(V'), I 1vK •-(S, I V) In vK (12) location of sites at which the exothermic process of
= -combustion is initiated. Once this is known, a prelim-

inary solution of Eqs. (7-13) can be obtained. The
result has to comply with the thermodynamic con-

where SK is the termal front velocity vector relative ditions of constraint. This is implemented by a flux
to the pasticle trajecto s tn. correction algorithm to satisfy the demand for the

Since a source of products must coincide with a volume of the produts to be Vp(t) = V, where-
sink of reactants, noting that then V. up > 0, while fore the mass fraction of products, tb (t), and their

V .i•{ < 0, specific volume, vjj (t), are prescribed by Eqs. (1) and

(3). The ignition sites are for this purpose established
A (V p + V -uo = a by a trial and error procedure on tj and xi. To start

,, _ ( p + ' In (vp/Va ) with, these coordinates can be first identified in the
turbulent field of reactants by interrogating, at a pos-

+ (V' V) In (vp - v) (13) tulated ti, over a prescribed domain, xi, where lu I <
e-an arbitrarily small quantity-to pinpoint a rea-

the form of the last term resulting from the conti- sonable number of stagnation cores within the large-
nuitv and kinematic relations across the front whence scale vortex structures where, on account of the ex-

ceptionally small Damk6hler, Reynolds, and Peclet

IV -- Sp - SR = (a - 1)S, = U, - Up, (14) numbers, thermal ignition is most likely to occur.

where a Vp/VR and UK is the normal component of Logistics
the particle velocity at the front, whereas the normal
front velocity is WV, = SR + UR. Equation (13) is a The logistics of our method of approach are dis-
generalized version of a source blob [16], bringing to played in the topological map in Fig. 2.
the forefront its aerodynaamic significance. Thermodynamics in (A) introduce mass fraction of

Brought out thus, besides vorticity generation [17], products at equilibrium,,pp, as the progress variable
is the essence of the dynamic role played by the ex- to serve as the primary reference coordinate for the
othermic process of combustion as an active partic- evolution of the temperature of products at equilib-
ipant of the flow field. This feature is of particular rium, Tp(up), and their specific volumes, vp(Qp,).
significance to turbulent fields where flame models Thermochemistry in (B) utilizes the equilibrium
are handicapped by their strictly local effects, temperature as the potential for the term in the en-

A solution of the inverse problem is, of course, ergy equation expressing the global effects of diffu-
subject to appropriate boundary and initial condi- sion.
tions. The first involve the usual demand for velocity Aerodynamics in (C) are, in turn, controlled by the
vectors to vanish at the walls, as well to comply with evolution of the mass fraction, /p(t), and of the spa-
front relations. The second are brought in by the pro- tially uniform specific volumes, VR(P) and vp(up),
cess of ignition. For aerodynamics, their net effect specified by the thermodynamic analysis, to reveal
are data on the coordinates t1 and xi of the time and the essential mechanism of the two-component field
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'4 •Consider, for example, the four-stroke Renault
F7P-700 we used for our initial studies of the Le

1 FTC Chatelier Space [14]. Its indicator diagram, at a rep-
ff resentative part-load operation, is presented in the

F _ __ upper part of Fig. 3. The engine was run then in the
It I I I I I7 I I r conventional, throttled flame traversing the charge

(FTC) mode of combustion. Displayed in the lower
2 •part of Fig. 3 is an indictor diagram yielding the same

i indicated mean effective pressure (IMEP) if the en-
15 FMC gine was operated in the ultimate unthrottled fireball
10 mode of combustion (FMC) attainable by a direct

injection stratified charge (DISC) engine system.
Their operating conditions are specified in Table 1.

S0.1 I 0.4 In the parametric study we carried out [10], besides
V/Iit- the reference case of FTC, denoted by 0, six cases of

FMC were considered. As evident there, for cases 1-
Fiu. 3. Indicator diagrams for part-load operation of Be- 3 only, the effect of heat loss to the walls was varied,

nault F7P-700 engine at 2000 rpm. FTC-flame traversing while Oi and Of remained unchanged, whereas for
the charge of the reference case 0 in Table 1. FMC--fire- cases 4-6, the crank angle interval between Of and
ball mode of combustion in the ultimate case 6 in Table 1. 0, was halved and 0j adjusted to yield maximum

IMEP. Figure 3 refers in this respect to cases 0 and
6. Test data of the reference case also provided the

in the physical space where the process of combus- calibration of the thermal relaxation time, yielding

tion takes place. = 5 ps-a value we then employed for all our cal-

All are in mutual relationship with computational culations.
fluid dynamics (CFD). A representative sample of the results we obtained

is provided by Figs. 4 through 7. The figures depict
the crank-angle resolved variation of the tempera-

Implementation ture, mass fraction, specific volumes, and NO and
CO concentration profiles for cases 0 and 6, respec-

Our method offers a fundamental background for tively. Performance parameters for all the seven

the development and design of combustion in en- cases under study are presented in Fig. 8, demon-
gines, thus furnishing an analogous service to engine strating clearly the advantages accruable by the strat-
technology as aerodynamics provided for aeronautics ified charge combustion in a fireball mode. They are,
[9]. One starts with a given system and designs means one should note, attained by executing the exother-
for its improvement. We concentrate, in this con- mic process of combustion at as low a temperature
nection, on the essential element of engine perform- as possible-a goal achievable by significant dilution
ance: the indicator diagram. Hence, the procedure of the charge manifested by the low equivalence ra-
we are introducing can be best described as indicator tios. Their values, it should be pointed out, were
diagram tailoring, carefully established by trial and error computations

TABLE 1
Operating conditions

Oil 07 41. 41, Case

FTC 335 410 Q, 1 1 0

FMC 335 410 Q' 0.255 0.95 1
Q/2 0.185 0.75 2

0 0.110 0.50 3

355 392.5 Q,/2 0.185 0.60 4
/4 0.145 0.50 5

0 0.105 0.40 6

Note: Q,,-heat transfer to the walls, 0,,-effective overall equivalence ratio, and qp,-effective equivalence ratio in
the exothermic zone of a fireball.
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250C 250M
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15 150
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99

FIc. 4. Mass fraction, specific volumes, and tempera- FIG. 6. Mass fraction, specific volumes, and temperature

ture profiles for case 0, operating conditions of FTC in profiles for case 6, operating conditions of FMC at , =
Table 1. 3550, Of- = 392.50, and Q, = 0 in Table 1.

30 4O

W 300 
7_a

2S 0.25
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1. 0.15 -

U 0.8

0005

0

FIG. 5. Nitric oxide and carbon monoxide concentra- FIG. 7. Nitric oxide and carbon monoxide concentration

tion profiles for case 0, operating conditions of FTC in profiles for case 6, operating conditions of FMC at , =
Table 1. 3550, Of 392.5', and Q9 = 0 in Table 1.

using detailed kinetic reaction data obtained from L ISZe/I 005 ISNOx ISCO

Westbrook and Pitz in the updated version of their 5

original publication [18], with mechanisms for both
thermal and prompt NO formation (the latter being 4

of particular significance at the relatively low tem-
peratures under study), according to the compilation 3
of Miller and Bowman [19]. In our calculations, as
lower equivalence ratios in the fireball are attempted, 2-

sharp points of demarcation are reached, below
which the oxidation mechanism ceases to proceed.
This marks a typical threshold between ignition and 1
extinction reached here as a consequence of dilution
by excess air, reflected by 0, at a given temperature, 0
rather than as the usual case of a low-temperature

limit at a given 0, [3,4]. In approaching this limit, FIG. 8. Performance parameters, operating conditions
one is confronted with a trade-off between the rap- specified in Table 1.
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1000. -. . Equilibrium E activation energy
7 FMC h specific enthalpy

- k Cp/CR
C, M mass

S- n polytropic exponent

0" - p pressure
100C -Equilibrium P normalized pressure

- FMC Q heat loss
75 - u R universal gas constant

, 50tRe Reynolds number

U -t time
25 T temperature

S II u specific internal energy
0.4 0.5 0.6 0.7 0.8 0,9 1.0 u_ velocity vector

01o V normalized specific volume

FIG. 9. FMC (fireball mode of combustion) and equilib- x ositio vector
rium concentrations of nitric oxide and carbon monoxide, a (oiin - ector
in the whole charge of the working, substance at state f, 0 crank angle

with operating conditions specified in Table 1. K normalized heat loss to the walls, Qw/(cc);

bulk viscosity
mass fraction; shear viscosity

idly decreasing yield of NO and the concomitant aug- vorticity vector

mentation of CO. T relaxation time

Figure 9 portrays a significant benefit of low-tem- b equivalence ratio

perature combustion: the amount of NO produced (P velocity potential

by FMC becomes appreciably smaller than its equi- (o normalized work, f PdV/cR

librium value at the same temperature and pressure.
The chemo-kinetically generated CO is, however, Subscripts

quite close to its equilibrium value at all equivalence c compression

ratios. e expansion; exothermic zone
f final; field
hp initial specific enthalpy and pressure

Interpretation i initial
I interface

1. This paper introduced the Le Chatelier Phase K P, R
Space as incisive means for interpreting the mech- o overall
anism of the thermochemical processes of com- p constant pressure
bustion in engines. P products

2. Its concept stemmed from the recognition that r relative to front
engine combustion is intrinsically a nonlinear sys- R reactants
tem where exothermic reactions occur in a tur- ur initial specific internal energy and specific
bulent flow field and progress from a nonequilibri- volume
um state towards thermodynamic equilibrium. w walls

3. Thus, it ushered in a technology capable of both E irrotational
assessing the performance of a combustion system • rotational
and providing guidance for engine development
and design by an indicator diagram tailoring step-
by-step procedure consisting of (A) thermody-
namic, (B) thermochemical, and (C) aerodynamic Acknowledgments
analyses.
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COMMENTS

N. Peters, RWTH Aachen, Germany. You make great entirely realistic. The author is, indeed, very grateful to
claims that are not substantiated in the paper. For instance, Professor Peters for bringing this point up. Our major oh-
it is left to the reader to imagine how you evaluate Eq. (13) jective is not to develop a model to reconstruct everything
numerically. Are v, and v, continuous or do they jump at that takes place in the course of combustion as faithfully as
the flame front? Also, I believe that the limit Ma 0- , Re possible, but to bring out the essential features of the pro-
-ca, Do - c- is not a realistic one for premixed combustion cess as critically as is feasible, or, in other words, not to
in SI engines, consider all the effects together at the same time, as is

typical of CFD, but to separate them for scrutiny of their
Author's Reply. Eq. (13) pertains to the evolution of the intrinsic nature, one by one, inasmuch as one can. From

AulhmisRepy. q. 13)perainsto he voltio ofthe this point of view, assuming the perspective of the limit so
front, akin to what is popularly referred to as the G Equa- tsu int idniied by Poe pers, ma be just ex
tion. It should be treated, therefore, by a front tracking or succinctly identified by Professor Peters, may be just ex-

capturing algorithm, based on the principles of analytic ge- actly "what the doctor ordered."

ometry. The start of the computations is described follow-
ing Eq. (14). One should observe that the second term in 0

Eq. (13) is nil at the points of ignition. Thereupon, one has
a front between the field of products, P, and that of reac- WA. Sirignano, University of California, Irvine, USA.
tants, R, whose points are advanced at a local velocity The use of the velocity divergence to treat discontinuities
W(u,,U). At the next time step, the fields of P and R are is very interesting and novel. Some interpretation of simple
updated by virtue of the Poisson equation expressed, in limiting cases would be helpful to the reader. For example,
effect, by Eq. (13). an explanation of the case of a propagating planar discon-

The terms v, and v. jump at the front. According to the tinuity would be useful. Perhaps the explanation of a case
algebra of Eq. (13), it is, in effect, a double jump expressing with cylindrical or spherical symmetry would also be help-
the demand of the continuity equation, according to which ful. In the piecexvise uniform density case under consid-
the birth of products must be concomitant with the death eration by the authors, isn't the last term in Eq. (12) zero?
of reactants, so that vp jumps up from zero, while vR jumps
down to zero. Author's Reply. Dr. Sirignano provided the senior author

It is true that the limit of Ma => 0, Re • cc Do • cc is with a good deal of pleasure and satisfaction by pointing
not realistic for combustion in engines. But no model is out the essential feature of the aerodynamics of turbulent
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combustion introduced in the paper. Providing the inter- mechanical consequences: the unbalanced doublet mod-
pretation and examples as he recommends is unfortunately eling the source of products coupled with the sink of re-

out of question in a Symposium paper because of the strict actants that occurs at exothermic sites, i.e., at the peints of
word limit. It is the deposition of exothermic energy ("heat ignition, expressed by the first term, and at the front, ex-
release") that gives rise to the dilatation expressed by the pressed by the second term. In the field, as presented by
velocity divergence, representing thus the intrinsic meeh- Eq. (11), the second term is, of course, nonexistent, ac-
anism of this crucial event. Equation (12) codifies its fluid cording to his expectation.
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Diesel combustion has been studied uiider simplified experimental conditions in a nearly quiescent,

high-temperature (900 K), high-pressure (4 MPa) environment by iieans of hvo-dimensional (2D) laser
light scattering techniques and chemical analysis of gaseous and condensible material sampled by a fast-
acting valve.

Two model fuels, constituted ofi a simple alkane hydrocarbon (tetradecane (TD)) and an aromatic/
aliphatic mixture (a-rnetlsvlnaphthalene/tetradecane), have been used in order to study the effect of the
fuel specificity on the combustion piocess.

Temporal profiles of the scattering irtensitv and of the evolution of the oxidation progress evaluated bl
CO and CO, determinations, have shown the same behaviour independently on the fuel type and on the
sampling location.

For both fuels, the combustion proceeds through the formation of CO and subsequent oxidation to CO 2,
which is anticipated with respect to the appearance of' a scattering signal due to soot formation and is
almost completed in correspondence of the beginning of soot oxidation. The early phase of the latter
process takes place in correspondence of the CO depletion when OH radicals become available. The
importance of this result consists in the recognition that mechanisms of soot oxidation by an O- attack
can realistically occur in diesel engine combustion and that this is the only pathway through which soot
oxidation takes place in characteristic timescales comparable to those of its foirmation.

Introduction whereas other researchers [4,5] have shown that soot
clouds have been detected throughout the diesel

The dependence of diesel spray colmbustion on the plume, also in its central part, even though a higher
injected fuel quantity has been analyzed in a previous soot concentration has been evaluated to be present
paper [1] in terms of structural features and pollutant in the head-vortex region of the combusting plume.
generation under prototypical simplified conditions. Therefore, it has to be noted that discrepancy for the
It has been shown that the main combustion char- location of soot distribution is present in the litera-
acteristics do not appreciably change in the range of ture for highi quantities of injected fuel.
fuel injection quantities t)ypical of light duty diesel In this paper, the focus has been shifted from the
engines. The oxidation and pyrolysis take place, from analysis of spatial soot distrilbition, outlined above,
the very early beginning after the ignition, in the to the study of the main pathways through which two
whole spray on length scales smaller than the spray fuels having different aromiatic content are oxidized
width so that the overall air-fuel mixing is relatively and pyrolyzed with particular regard to soot forma-
lean. Therefore, soot was ver' early formed also in tion and destruction processes. Therefore, the influ-
the central part of the spray hut with a carbon con- ence of spatial soot distribution, also taking into ac-
version lower than 3%. count the aforementioned different features, can be

For injection of higher fuel quantities, some an- discussed separately. The methodological approach
thors [2,3] have reported that soot is distributed on of this paper is the same as that used 1i1 a previous
the tip and on the periphery ofs the spray, and that one [1], i.e., all of the possible sinlplifications of thie
carbon conversion to soot is higher than 20%, complex process occurring in the engines have been

167
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adopted in order to separate the effect dependence Further details on the experimental setup and an-
on single external parameters. Simple miodel fuels alytical procedure have been reported elsewhere
(tetradecane and a tetradecane/omethyl naphthalene [1,6].
mixture) with the same atmospheric boiling point
and similar critical telmperatnre are injected in a
nearl 'N quiescent isobaric environment so that both Results
the aerodynamics and the chemistry keep the mini-
mUm level of complexity of the diesel engine coin- Figure 1 reports two-dimensional (2D) laser light

bustion. scattering patterns detected from a cross section of
the plumne at 20 mm from the nozzle outlet when
both the incident and scattered light are vertically

Experimental Setup polarized. Each picture was obtained as an ensemble
average of 100 images collected in 0.1 ms and is re-

Experimental tests were performed at 4 MPa and ported as a half pattern since it is nearly symmetric.
900 K intake air temperature in a high-pressure flow The upper-half pictures are relative to the TD in-
reactor, with a rectangular test section, equipped jection; meanwhile, the lower ones refer to the
with three quartz windows. A water-cooled five-hole TD/aMN mixture. The left side refers to a temporal
0.2-amm-i.d. diesel nozzle was mounted on a wall of sequence of averaged images detected from 0.6 up
the chamber. Six milligrams per hole of fuel was in- to 1.8 ins from the injection beginning; the right side
jected in 1.2 ins with a pressure opening of 20 MPa refers to times between 2.0 and 3.5 ins.
and a pressure peak of 40 MPa. The air flow (Vci, = The four-level colour representation is indicative
1 m/s) was parallel to the wvalls and intersected per- of a different scattering intensity, which increases
pendicularly to the spray on which both optical and along the sequence of blue, green, red, and white
chemical diagnostics were applied, colors. The colour scale is an arbitrary logarithmic

A Nd:YAG laser, tuned on the second harmonic (2 one. Therefore, the colours related to the lowest in-
= 532 nm), was used. The laser beam was shaped tensity level can be considered a limit of the back-
either as a light sheet or as a unifnrm intensity beam, ground intensity, and consequently, single images
intersecting one of the five sprays at a 370 angle. with very different characteristics can also affect the

A nmicrochannel plate-intensified charge coupled intensity distribution. This means a random distri-
device (CCD) camera (512 x 512 pixels) was used bution of the blue colour, whereas the other colours
to record light scattering images with different po- are smoothly distributed, as it is expected for average
larization states (at a 90' scattering angle). An inter- images. Anyhow, the colour scale is the same for all
ference filter was used for the rejection of the flame the patterns and for both fuels so that a first quali-
luminosity. tative behaviour can be inferred from the comparison

The luminous ignition delay time, defined as the of different patterns.
time from the start of injection until the first lmni- Following the upper-half patterns relative to tetra-
nosits has been detected, was measured using an ul- decane, it is clear that the high level of scattering
travinlet enhanced photodiode placed in front of one intensity (white colour) extends on a wider region
of the windows and resulted to be 1.1 and 1.5 irs for passing from t = 0.6 ins to t = 0.8 ins. Thereafter,
tetradecane (TD) and tetradecane/(o-methvlnaphtha- this region shrinks, disappearing at t = 1.6 ins. From
lene (TD/oMN) mixture (60/40 vol.%), respectively, this time onwards, the red and green regions, relative

Fast sampling of the combustion products was car- to intermediate scattering intensity, enlarge and
ried out by means of a high-speed (0.7-ms sampling reach their maximum extension at t = 2.25 ins. Fi-
time) valve located in place of one of the quartz win- nally, they contract and completely disappear at t =

dows. Measurements were performed at 20 and 30 3.5 ins.
mm from the nozzle on the axis of the spray. The lower-half patterns, relative to TD/aMN fuel,

Samples w iere xfthdrawni' by a vacuum pump, show the same qualitative behaviour with some pe-
passed through a fiberglass filter and through a cold culiar differences. The white region (high scattering
trap to remove particulates. The gaseous products intensity) is present for a longer time, up to 1.8 ms,
were analyzed by gas chromatography with thermal with a continuous decrease of its extension. The red
conductivity detection and with flame ionization de- regions (intermediate intensity) are distributed on
tection. the smallest region at t = 2 ins, whereas this oc-

The particulate was extracted by dichloromethane curred 0.5 ins earlier for tetradecane. This temporal
to separate the condensed species from soot. Quan- shift is observed also for what concerns the maximum
titative analysis of the fuel components, i.e., tetra- extension of the red region and of its final disap-
decane and a-methylnaphthalene contained in the pearance. It is of interest to stress that some differ-
condensed species, was performed by gas chroina- ences between the two sequences of images appear
tographlv with flame ionization and mass spectrom- in the earl>' part of the injection time; therefore,
etrv detection. some reasons for the differences in terms of liquid
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~ tically polarized scattering intensitih aod of (7) polarization
ratio forl conditions reportedl in Fig. 1.

fuel distribution have to be taken into account. This
can be attributed to the differeoce of the twvo fuaelst-0.8 t-2.25 !fied So tt thi

.~ Irateiof for sper tea codt ofsi still not clear,

The iffrenc beweenthescattering patterns of
Fi.2the dashedflins in bether figuried aret the fitting- of scattering values obtained by the spatial average
of" the intensity patterns reported in Fig. 1. The pro-
files show the presence of" two maxima: the first ooe
occurs at the same time for both fuels, ani non the

0.5 ms in the case of" TD/oMN fuel with respect to
TD injection.

sponsible frsuch behaviour, add~itional measure-
ments of the polarization ratio (7) were done and are
represented in Fig. 2 by continuous lines. This ma
suremnent is obtained by derixug a ratio for the hor-
izontally and vertically polarized scattered light,av
eragediaccording to the procedure described above,
The polarization ratio profiles show onlyon a-

1 2 4 8 16 mum for each fuel centered at 1.0 and 1.2 ins, re-
_____________________________ spectively. Thereafter, the polarization ratio contin-

uously decreases down to a value around 3 •102,
20) 11un which keeps quite constant at a time longer than 2

ins. It is well known that such low values of the po-
Fin. 1. Vertically polarized scattering patterns recorded larization ratio are doe to scatterers with a size (D)

at different times after the injection beginning fr'om a cross smaller than the wavelength (X0) of the incident light
section of burning spraYv at 20 mm from the nozzle ontlet. (D < 0.1 20~) [7,8], which will be named soot.
The upper-.half patterns are relative to tetradecane fnael. The average scattering intensities, reportedl in Fig.
The lower half are relative to o-mcthyhnaphtl alene/tetra- 3 for the four experimental cooditions mentionedi
decane fuel, earlier, are representative of" the temporal evolution

of soot. The measurements are plottedl as a function
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0.75- unburned

oftile tune delay it with respect to the ignition time TD/MN02
(At -t They show common trends, since
the four curves haxe nile oemaximunl, approximately
located at At = 1.1 ins and decrease in a nearly 0.25
syinometric way oil both sides in a temporal range of0

.0 1 2 3 4
Forthermnore, the scattering intensit•y measure-

ments in the soot region are lower at z = 30 mm I, ms
with respect to those at z = 20 nm for both fuels FIG. 4. Mass fractions at different times after the injec-
aild thle measurements relatixe to tile TD/oN mix- tion beginning for two foels (tetradecane and a-methyl-
ture are interlmediate between those at z = 20 and a (
30 in10 relative to TD. naphtalene/tetradecaTNe): (a) total carbon mass fraction,

Concentration profiles of the fuel and main coin- Y, (0: TD; i: TD/aMN); (b) and (m) LI: CO mass fraction

bustion products were measured by sampling at 20 divided by the total mass fraction, Y(,,/Y,; 0: CO + CO,

and 30 m11 for the two fuels. Figure 4 reports, in the mass fraction dixaded by the total carbon mass fraction,(Y :o + Yco,~)/Yc; A: CO -+ CO, + foel mass fraction di-
upper part, thie mass fraction of the total carbon col- (Yde + the A : C O n mass f raction ( + +

lected at :30 inun at different tillles from the fuel in-ll rided by tie total carbon mass fractin, (Yin + T eo, ±

jection and, in the lower part, the development of
the oxidation process expressed as the contribution
of unburned fuel, CO and CO, to the total carbon. concentrations mleasured at 20 and 30 nun for the

The carbon mlass fraction (Yc) of the species col- two fuels are reported at different times from the fuel
lected at 30 1ir1n for the two feils increases at the ignition. The CO/CO 2 ratio is higher for the aliphatie
beginning of the process, reflecting the arrival of the fuel with respect to the aromatic one and decreases
fuel spray in the sampling region. After 1 irs, a flat at increasing times from the ignition, reaching very
mnaxiniunm of the Yc is reached (Fig. 4a). In this low values after about 1.5 ms for both fuels and dis-
phase, the total carbon remains constant, but un- tances from the nozzle.
burned foel, which is the m1ain part of the sampled
carbon. silarpl N decreases, leaving the place to CO,
CO, and p1 yrolytic products. Thereafter, Yc de- Discussion
creases for both fuels. CO is first formned and reaches
a ilaxinmim value at 1.4 and 1.8 ils in TD and TD/ The use of two fuels that have similar boiling and
arMN coilbustion, respectively. CO2 is already critical temperatures is convenient in order to mini-
foriled at the ignition, but a complete oxidation de- mize physical aspects (atomization, dispersion, and
gree is reached later on at 3.5 ins. evaporation) on the whole combustion process. Even

It is notexworthx that a smaller amount of CO and though some differences in the fuiel liquid distribu-
a larger formation of CO1 have been detected in tion have been detected in the early part of the pro-
TD/aMN comlbustion. This effect is clearly shown in cess, the evaluation of the possible chemical effects
Fig. 5, x\here the ratio between tile CO and CO2 is significantly simplified.



FUEIL AND SOOT OXIDATION IN DIESEL-LIKE CONDITIONS 171

1 tensity and tie CO/CO0, ratio show a common be-
20 mm 30 mm haviouir not dependent on the distance from the noz-

TD * a zle outlet and the foec aromaticity. This means that
similar parallel processes have to he envisaged. In

0.75 TD/aMN * 0 particular, the independence of the maxima positions
"Z= in Fig. 3 on the distance means that convection of

the burning mixture along the spray axis is negligible.
In fact, if this were the case, the maximum position

"E 0.5 at a = 20 mm should be shifted at z = .30 nun of a8 time I' = Az/cv ,ixt,, The observed invmaiance of the
L) maxima in Fig. 3 can be assessed with an accuracy of
6 0.1-0.2 ms so that an average mixture velocity in the

0.25- order of 50-100 m/s has to be hypotized to explain
0 the invariance itself. This average velocity was not

observed even in the early) injection time [1] when
the momentum of the liquid phase ensures the

0 . ... 4 greatest level of velocity during the whole injection
0 1 2 3 time. Therefore, the temporal profiles of the scatter-

t-tign ing intensity in Fig. 3 have to be justified only on the
ground of local transformation of the scatterers' char-

FIG. 5. CO/CO, molar ratio vs the time delay after ig- acteristics or of their dilution due to the stirring pro-

nition time for the two fuels and the two sampling loca- cess hetween soot-laden regions and unladen contig-
tions. nous ones. The second possibility has to be

considered only as secondary contribution. In fact,
dilution is linearly proportional to any conservative

Tetradecane has a cetane numiber of 93, and aMN variable. Figure 4a shows that the carbon mass frac-
has a cetane nnmbhr of 0 so that aromatic mixture tion (a conservative variable) is only halved passing
tested in this study has a cetane number of about 47, from the maxinmm to the final measured value (At
which is roughly half that oftetradecane. This results = 2 ins); therefore, soot concentration (under the
in a much longer ignition delay for the aromatic fuel hypothesis that it does not undergo any transforma-
[9,10]. The change ofignition delay greatly, varies the tion) should also be halved. This is not the case, since
fuel-air mixture and the jet penetration at the time in Fig. 3, the scattering intensity reaches a very neg-
of ignition since the fuel is mixingwith air throughout ligible value in the final part of the process; i.e., it
the ignition delay time. Ideally, this study could be decreases of more than one order of magnitude.
performed more systematically with two fuels with Therefore, the only possible explanation for the tem-
the same cetane number and different chemical poral evolution of scattering intensity is the soot
composition and afterwards wvith two fuels with the transformation. This is usually thought in terms of
same chemical composition and different cetane inception, growth, coagulation, and oxidation [11].
number. However, as a preliminar attempt to ana- The first three stages are, of course, responsible for
lyze soot oxidation in diesel-like conditions, it seems the increase of scattering intensity, whereas the only
convenient to shorten the experimental work and to stage that justifies its decrease is the oxidation [12].
test whether some invariance of process timescales This statement is trivial for the inception, growth,
can be identified in order to draw the tentative con- and oxidation process, whereas it should be explicitly
elusion of independence of these timescales on the stated that the coagulation is a process that changes
fuel eharacteristics. contemporaneously the soot size (D) and coneentra-

Furthermore, the relatively high ignition delay, tion (N). Therefbre, the scattering signal that is pro-
typical of high-pressure flow reactor and bomb ex- portional to ND3 is affected in an opposite way by
periments, suggest to use test fuels with a verv high the simultaneous increase of D and the decrease of
cetane number in order to approach as much as pos- N. Anyway, since ND' can be considered as the prod-
sible to engine performance. uet of soot volume fraction (0 = ND3) and D3 , the

The self-ignition time of the TD/aMN mixture (ti scattering signal increases when only coagulation oc-
= 1.5 ms) is longer than that of TD (t 0,ý = 1.1 ms) curs (constant 0 and increasing D3). This depend-
so that the whole chemical evolution is shifted of the ence of scattering intensity on D6 can cause some
same amount of time (0.4 ms). For this reason, the problems in the analysis of single images, since small
scattering intensity profiles attributed to soot (Fig. 3) particles are scarcely detected due to the small dy-
and the CO/CO2 ratio profiles (Fig. 5) have been namic range of the intensifier [4]. In the ensemble
reported starting from the ignition time so that the average of space-integrated measurements, reported
aforementioned effect can be disregarded in the data here, this means only an underestimation of soot vol-
analysis. Both temporal profiles of the scattering in- nine fraction in the early inception period where it
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is likels to detect small soot particles. Therefore, this than the other one (soot + OH) [12]. Therefore, soot
possibile inaccuracy does not affect significantly the oxidation proceeds very efficiently only when CO is
oxidation time, wshich is of primary interest in the depleted.
fullossing discussion. In summary, the temporal evo- It has to be stressed that the invariance of the char-
lution of the scattering intensity of Fig. 3 can be in- acteristic times of soot formation and oxidation in
terpreted as a soot formation and coagulation fol- terms of both chemical composition and ignitability
lowed by a final soot oxidation phase. is a posteriori confirmation of the veiy weak depen-

The first stage before the inception takes 0.5 ins, dence of the pyrolysis process on both fuel eharac-
the second one (i.e., formation, inception, growth, teristics (chemical composition and ignition delay).
and coagulation) takes 0.5 ms again, and the final one In fact, while it is possible that the different pyrolysis
(soot oxidation) develops in approximately 1 ins. All characteristic time can be attributed to only one fuel
these characteristic times are nearly equal for both characteristic, it is very unlikely that the timescale
fuels, whereas the maximum scattering intensities are invariance can be attributed to a so peculiar combi-
different according to ignition location and fuel type. nation of opposite effects.

Another interesting feature deducible fromn the re- These considerations are specific of the combus-
suilts in Fig. 4 is the difference between the two ox- tion process studied in this paper in which the soot
idative routes of the fuels. It consists in a more direct clouds are distributed throughout the combusting
CO, conversion of the TD/aMN mixture passing plumne. In fact, it can be speculated that the soot
through a lower concentration of CO. This difference presence also in the central part of the burning jet
could be attributed to the different ignition delays of entails the proximity of the oxidation regions around
the fuels, but this hypothesis has been excluded, an- relatively small clouds of soot [15].
alyzing fuels having the same ignition delays but dif- This could also be the case of the final part of the
ferent aromatic contents [13]. Thus, the difference combustion process of heavy duty diesel engines in
has to be related to the different routes through which the injected fuel quantity is comparable to that
which aliphatic and aromatic hydrocarbons are oxi- used in our work. In this case, soot is clearly distrib-
dized. The oxidation of aliphatic fuels proceeds, first uted also in the core of the diesel combustion pro-
of all, through the formation of small fragments of cess, or it is present in relatively small concentration
hvdrocarbons, which further oxidize to CO by means behind the front of the burning jet [4,5].
of an OHf radical attack. This reaction rate is about It is doubtful whether the same arguments can be
one order of magnitude higher than the reaction rate considered sound for diesel combustion conditions
of CO oxidation to CO. This is deeply explained in that yield the preferential location of both the self-
the review of Westbrook [14] in which the compar- ignition process [16] and the soot formation [2,3]
ison of the reaction rate, even at a lower temperature within an extended pyrolysis region on the spray tip.
than that of the diesel-like condition, has been eval- However, it seems appropriate to refrain from fur-
tiated for both categories of reactions. ther considerations, because it is possible that the

This means that the large production of light hy- detection of soot clouds only on the tip of the spray
drocarbons in aliphatic hydrocarbon oxidation hin- can be due to the Mie image [2], being bias to regions
ders the transformation of CO in CO, On the con- of large particles [4].
trarv, the oxidation of an aromatic hydrocarbon
progresses through the direct formation of CO and
cyclic unsaturated hydrocarbons. Thus, CO, in the Conclusions
presence of smaller quantities of hydrocarbons, can
be suddenly oxidized to CO, and this justifies the It has been shown that, for experimental condi-
increase ofti 20 concentration found in consequence tions comparable to those occurring in the combus-
of the increase of fuel aromaticity. tion process of direct-injection diesel engines, the

Finally, it is noteworthy that the ratio CO/CO2 characteristic times of soot inception, formation, and
(Fig. 5) develops in a similar way for all the condi- oxidation are in the order of 1 ms and that each of
tions independent of fuel type and sampling position them is nearly independent on the fuel aromaticity,
when the values are reported against the time de- as expected in diffusion-controlled conditions.
laved with respect to the self-ignition time. Furthermore, it is important to stress that, when

The CO/CO. ratio is lower for the TD/aMN in- a suitable air-fuel mixing is allowed (as in the present
jection, but for both fuels, CO is nearly negligible at experiment), not only the carbon conversion to soot
t - ti,,, 1.5 ins. This time delay correlates with is very low [1], but also soot oxidation is very efficient.
that one after which soot oxidation occurs. This is a In respect to the last point, it is noteworthy that
noticeable correlation, since it is well known that the soot oxidation time (-1 ms) measured in this
both CO [14] and soot [12] are involved in oxidation work is shorter than that reported in the literature
reactions wvith the same species, i.e., OH radicals, (-5 ms) for diesel engines [17]. This can be attrib-
and that it is reasonable to evaluate the reaction rate uted to different diffusion times in the mixing pro-
of the first reaction (CO + OH) [14] to be faster cess, as mentioned before.
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COMMENTS

Christoph Espey, The Pennsyl/ania State Utnriersity, Author\s Reply. Tetradecane has a cetane number of 93
USA. 1. The model fuels used in this study not only differ and the aMN has a cetane number of 0, so the aromatic

in the fraction of aromatics in the fuel, but also in the ce- mixture, tested in this study, has a cetane number about

tane number. In what way does the difference in the ectane 47, which is roughly half that of tetradecane. This results

numbers of both fuels affect your observations? in a much longer ignition delay for the aromatic fuel [1,2].

2. Did you consider using fuels xvith identical ectane The change of ignition delay greatlyvaries the fuel-air mix-

numbers but different fractions of aromatics? tore and the jet penetration at the time of ignition since

3. XVhat causes the relatively long ignition delay in your the fuel is mixing with air throughout the ignition delay

work? time. Ideally, this study could be performed more syste-
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maticalls ssith tsro fouels with the same ectane number and 2. lHoskin, D. H., Edwards, C. F., and Siebers, D. L., SAE

different chemical compositions and aftervard, with two Paper 920109, 1992.

fuels scith the same chemical composition and different 3. I-iroyasu, H., International Symp]osiutm COMODIA 85,
cetane numbers. I lowevcr, as a preliminar• attempt to an- 1985, p. 5:3.

alvzc soot oxidation in diesel-like conditions, it seems con-

sejient to shorten the experimental work and to test

wshether some inariance of process time scales can be

identified in order to draw the tentative conclusion of in-
dependence of these time scales on the fuel characteristics. Your explanation of the beginning of soot oxidation after

Furthermore, the relatively high ignition delay suggests depletion of OH by CO appears questionable to me. Ikeeping a very high eetaise numher foi to approach e si would think that the burnout of CO increases the temper-
performance as mch as possiblee attire and thereby the radical level. This will increase sur-

The longer ignition delay writh respect to that measured face oxidation reactions of all kinds.

in real diesel engines also has been measured in similar
model experiments [2,3]. This difference can he attributed sive explanation concerning this point because this is the
to physical factors, like lower temperature of fuel due to stve anatict cnc erin i nt hecatis the
the cooling of the injector tip [2] and the lower mixing level first paper in which an experimental correlation hetween
in neatly is inr to t eti- CO depletion and the beginning of soot oxidation is re-

quptiescenst conditiotns irespect totrulent ported in diesel-like conditions. Therefore, we have re-
ditions of actual diesel engines. ferred to this correlation only as a "presumptive evidence"

of soot oxidation by OH. I think we agree on this point,
i.e., that OH radicals also are the main oxidants of soot in

REFERENCES this peculiar diesel condition and that this is the main result
related to the CO depletion. However, the explanation you

1. Westbrook, C. K., Initerniational Symiiosium on Diag- give on why such depletion is an evidence of soot oxidation
io.ltich anid Modeling of Combustion ini Iiiternal En- by OH is a further (if not the only) contribution to the
pitis, COMODIA 90, Kvoto, The Japan Society of Me- clarification of this effect. Therefore, the coauthors and
cisanical Engineers. 1990, p. 11. myself accept it as a signitficant explanation.
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THE DROPLET GROUP MICROEXPLOSIONS IN WATER-IN-OIL EMULSION
SPRAYS AND THEIR EFFECTS ON DIESEL ENGINE COMBUSTION
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To clarify the combustion mnechanisim of water-in-diesel fuel emulsion sprays and to evaluate the possible
benefit of emulsions in practical usage, combustion bonib experiments, dnmamic engine tests, and computer

simulation were carried out, and some useful conclusions have been reached.

The droplet group (lump-fashioned) microexplosions in water-in-rdiesel fuel emulsion sprays on an eddy-
size scale during the atomization, evaporation, and combustion proiesses in a high-pressure, high-tem-

perature bomb were observed wvitlh a iniltipulsed, off-axis, image-plane, ruby laser holocamera and a high-

speed camera. The explosions eject droplet fragments from the spray region to several riilliineters awva,

improving the fuel-air mixing process and speeding up the flame propagation. A no-water layer formed by

a Hill vortex was also observed in emulsion droplets. The ambient temperature has the most important

influence on the occurrence and violence of the inicroexplosion.

Road-load-sinulation engine tests were carried out on a dynamic engine test bed. The experimental

results show that emulsion foels have no significant influence on fiue conslniption and reduce engine

torque if' 1o adjustment is made for the injection system, but that smoke emission is much improved when

emulsion fuel is used. The coiabustion characteristics and the rate of heat release are also analyzed to

reveal the difference between enmlsiin and diesel fuel.

The relationships between the optinmom water percentages and fcli consumption under various oper-

ating conditions were analyzed by numerical combustion modeling.

Introduction reaction? What are the detailed features of the ex-
plosion in spray combustion? Is the explosion strong

Eighty years ago, water was first introduced into enough to improve the combustion process? How
engine cylinders to increase engine output [I]. Since can the microexplosion of emulsified fuels be effec-
then, much attention has been paid to the prepara- tively used in engines? Why have positive and neg-
tion and use of water-in-oil (w/o) emulsified fuels ative energy saving been observed in engine tests?
with/without stabilizer, to improve the engine effi- The interaction of droplets in sprays, the droplet size,
ciency and exhaust emissions, or as safety fuels the ambient pressure, and the heating history have
[2-7]. Microexplosion was first observed in 1965 [8]. significant effects on the combustion process, so the
Many questions cannot be well answered by the ex- microexplosion in dense emulsified sprays onder die-
isting knowledge, since previous fundamental re- sel engine combustion conditions needs further study
search on emulsions mainly einphasized droplet mi- for clarif)ing these issues.
croexplosions at room pressure and the results from In order to evaluate the potential energy saving
engine tests were often contradictory. by the use of emulsified fuels on a large scale, re-

Do microexplosions take place in diesel engine eyl- search was started several years ago to understand
inders? Which is the key factor controlling the einul- the mechanism of the mieroexplosion in sprays and
sified fuel combustion, microexplosion or water-gas its application in engines. In order to link the broken

chain between droplet combustion and engine ap-

TFormerlv Graduate Student at the Institute of Me- plication for emulsions, experiments in a combus-
chanics, Chinese Academy of Sciences. tion bomb, dynamical engine tests, combustion
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modeling, and theoretical work were carried out TABLE 1
[u10,1 ]. Testing conditions in combustion bomb

The "lump-fashioned" droplet group microexplo-
sion (in earlier publications, droplet group nicroex- Endronment i bomb

plosion was called "lump-fashion uricroexplosion") Pressure (MPa): 0.1, 2.4, 3.2, 4, 4.5, 5

and a nowater laver in emulsion droplets were ob- Temperature: 293, 723, 733, 753, 773, 823, 873, 923 K

served in the bomb by a multipulsed ruby laser ho- W/O emulsions

locamera [9]. The exllosions were strong enough to Water fraction: 0, 10%, 12%

expand the spray region andl speed up flame propa- Internal phase: 2 5gum

gation, which was verified by high-speed photogra- Viscosit,: 5 centistoke at 293 K
phY 110]. The road-load-simulation engine tests HoIo (

show no significant effects on energy saving by using Laser energy: 50 nj/pulse

emulsion, but the smoke can be reduced by 30%. Pulse width: <40 ns

The modeling reveals the combustion features and Pulse numbers: 1, 2, 3, 4

the optinmum water percentage in emulsion for dif- Pulse interval: 5 0 yus, 100 ps

ferent operating conditions. The questions men- Hligh-speed photography (Fresh air in bomb)

tioned above are mainly answered bv this series of Focal length: 100 mm

Work. Aperture: f/2.3
Film: black/slite, ISO 400
Camera speed: 3000 PPS

Microexplosion in Sprays under Diesel
Engine Conditions

5 to 100 fs in 1-fs steps. The pressure drop in the
The early fundamental research was focused on injector was used as the synchronizing signal to trig-

the combustion of either isolated droplets or arrays ger the laser beam after a 0.8-6.5-ms delay (con-
of single droplets (h = 0.3-1.0 amm) suspended on trolled by a timer). The laser beam at first was split
quartz filaments or fine thermocouples under atmo- into an object wave and a reference wave by a split-
spheric pressure. Since the suspending filaments may ter, and then the reference wave was expanded and
be particularly detrimental to the study of combus- collimated to 90 mm in diameter. The object wave
tion characteristics of evaporating emulsions, a drop- was 50 umn. Two quartz windows of 48 mm in di-
let generator was employed to generate small drop- ameter with high optical quality were used as the
lets floating in an upwardl heated gas stream [12]. The optical path of the bomb. Passing through the bomb,
internal phase size (the size of the dispersed phase the beam was premagnified up to 3.5 times with an
in emulsion) may affect mnicroexplosion [13]; the I = 22 mnr high-quality convex lens located betveen
hieher cylinder pressure may suppress the occur- the bomb and the image plane, and recorded on a
rence of microexplosion [14]. Emulsion sprays were holographic plate located at the image plane. To
macroscopically observed by high-speed schlieren avoid speckle noise and obtain homogeneous illn-
photograph> in a combustion bomb (Zhejiang Uni- mination in the field ofview, a convergent white light
versitv, China). The theoretical work was also carried beam was employed to reconstruct the 2D images by
out based on the experimental results [15-17], even a 35-amm single lens reflex (SLR) camera. To verify
for a multicompound liquid [18]. the effects of the microexplosion, a series of high-

Previous work on fuel spray research [19] empha- speed photographic tests were made in the bomb
sized the spray shape, penetration, and entrainment under diesel engine combustion conditions with a 16-
using hot-\sire anemometer, particle tracing, high- mr ItSPEED camera.

speed photography, single-flash photograph)', instan- The testing conditions simulate the cylinder pres-
taneous microphotography, schlieren photography, sure and temperature (Table 1, refer to Refs. 9 and
shadowgraph, Fraunhofer diffraction particle analyz- 10). It is worth mentioning that a thermoisolating
ers, and single-pulsed Gabor laser holography. How- watercooling jacket covers the exposed part of the
ever, these methods cannot measure the droplet ve- injector to keep the nozzle temperature under 353 K
locitv and trajectory and the microexplosion of the to prevent the evaporation of the water in emulsion
micrmon-sized moxing particles in sprays, since the before injection.
measurement needs very high resolution in a large
field of view. Droplet Group Microexplosions

To observe the very weak diffraction from small D l Cloop irxays:
moving droplets in a spray insidte the high-pressure in EmoLion Spi

bomb, a multipulsed, off-axis, ruby' laser holocamnera The droplet group microexplosions take place in
was employed in this xvork. The holocamera can pro- eddy scale near the outer layer of the emulsion sprays
duce four single-mode laser pulses of 50 mJ at 30-ns (Fig. 1). The pictures taken at different moments
pulse xsidth. The pulse inter'al can be adjusted from show various strengths of the microexplosions.
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Lump-shaped flames were also observed by high-

speed photography. The droplet group microexplo- Fin. 2. The influence of different ambient teiiperature
sion is strong enough to eject fragments of torn on droplet heating process and temperature gradient.
droplets to a distance several millimeters away from
the spray boundary at much higher speed, greatly
expanding the spray head and spray angle, improving explosion occurs earlier and closer to the injector,
air-fuel mixing, and causing the flame edge to be- and the violence of explosion is not very strong since

come unclear and irregular [10]. all water dots do not explode at the same moment.

Perhaps the droplet group mieroexplosion occurs The torn droplets fly much faster in a lower gas

mainly in the turbulent eddy in which the droplets density, causing a larger flame angle and stronger

more or less have homogeneous size, similar heating microexplosions. If the gas density is constant, gas

history, and superheated state. If a droplet is explod- pressure ma- have little effect on explosion violence.

ing, the pressure wave may induce all the droplets in The injection pressures between 18 and 24 MPa have

the same eddy to explode, an avalanche of microex- little effect oni atomization and inicroexplosion of

plosions of droplet group. Different eddies have dif- emulsions.

ferent sizes and different superheated states, so the Droplet group microexplosion phenomena can be

explosions are also very different frno one to an- supported by high-speed photography[10], by ws hich

other. The explosion region is near the spray head the bright diesel flame is more homogeneous, more

and outer layer, where the gas temperature is high yellow in color, and lasts a longer period than the

enough and the droplets go through sufficient heat- emulsions flame; the ignition delay of emulsions is

ig time to be superheated. Because of the explosion longer than diesel, but the flame propagation is much

in the droplet group, the water fraction in the range faster after ignition, and ignition occurs at multiple

of 8-12% has no significant influence on the violence points simultaneously.
of the explosion. No explosion was observed in the
higher density, lower-temperature spray core. No-Water Layer in Eulsioon Droplets:

If the ambient temperature is not high enough
(733 K in the test), the water clots (internal phase of When the gas in the bomb is heated up to 700 K,
w/o emulsion) in the droplets will not be superheated a comet-shaped vapor cloud surrounds the droplet,
and will evaporate and vanish before being heated and water dots (1 fin) concentrate in the central part
into superheated state, and no microexplosion takes of the droplets. A no-water layer can also be recog-
place (Fig. 2). If the ambient temperature is proper nized near the surface of the droplets from 10 times
(773 K), all the water dots in droplets rapidly go over reinagnified reconstructed holographs. The image is
the saturation temperature (523.5 K at 4.0 MPa) and conceptually shown in Fig. 3.
into a superheated state, a pseudo-stable state, and The velocity difference between gas and droplets
vaporize and explode at the same time when the causes a uniaxially symmetrical shear stress, which
outer water dots achieve the limit of superheat (583 reduces droplet speed, induces a Hill 'ortex (internal
K at 4.0 MPa). This tears up the droplet and greatly circulation) in the droplets, rotates the droplet, and
expands the spray region. If the temperature is too then forms a rapidlmixing layer. In this layer, the wa-
high (823 K), the heat transfer between gas and drop- ter (lots will be moved onto the droplet surface and
lets is strong enough, some water dots near the outer vnmish before the water clots are heated up to the
layer are over the limit of superheat, but central wa- saturation temperature, favoring the no-water layer
ter dots are not in superheated state in this case, the formation because of the low evaporation and dif-
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moving direction gives the spray more initial momentum to improve
the air-fuel mixing process. These factors may have

water dot droplet boundary r opposite influences on the effects of the microexplo-
innea core sion on combustion, In our experiments, the water

fraction has a weak influence on the occurrence of
the microexplosion.

1 * 1 > 0 rEngine Test under Simulated
no-water Road-Load Conditions

gas phase The effect of microexplosions on engine perform-
cludance is fully dependent on the application. Many

vapor cloud well-performed steady-state engine tests show that

Fin. 3. The computer-treated image of evaporating w/o the energy saving is less than 5% for most diesel en-
dmoplet ant no-water laser model. gines. The steady-state tests may be very differentfrom road running: 20-30% benefits during road

running were reported by many regional sources in
fusion rates of oil vapor. The circulation is not strong China. To evaluate the potential benefits for emul-
enough in the inner core to homogenize the temn- sion applications, a large number of expensive road
perature field and the water dot distributions in the tests for different road conditions and different en-
whole droplet since new no-water layer still exists if gines should be done because of the complicated in-
the droplet is still moving. The water dots in the core fluences. However, the results can hardly be repeat-
are easily heated up to the superheat state if the am- able and reliable. Therefore, a series of steady-state
hient temperature is proper. When the water dots and road-load-simulation engine tests have been re-
near the outer laver achieve the limit of superheat cently performed for this purpose on an AST-386
and evaporate, all the superheated water dots also microcomnputer-controlled dynamic engine test bed
evaporate and expand rapidly at the same moment, EDST-2 with a Siemens 200-kW DC electric dyna-
tearing up the fuel droplet-the microexplosion. The mometer, which can run various road routines and
inhomogeneous situation is more easily kept and the measure engine parameters automatically.
microexplosion takes place more easily in big drop- The engine test bed very accurately controls en-
lets than in small ones. gine torque (<1%) and speed (<10 rpm). To analyze

The no-water layer concept is very important in the rate of heat release (ROHR), the cylinder pres-
explaining the microexplosion of emulsion droplets, sures were recorded by AVL QC42D piezoelectric
A no-water layer model [11] based on the Hill vortex transducer, Kistler 5004 charge-voltage convertor,
analysis by Prakash and Sirignano [20] agrees very PEI encoder, and IBM microcomputer with PEI
well with Agganval's work for hexane, decane, and ECA911 softvare package. An improved compound
hexadecane under the same operating conditions, hand reject filtering (CBRF) filtering method [21]
and experimental data for enmulsions. The system is was employed to eliminate the effects of measure-
treated as a sphere containing the inner core of the ment passage on pressure curves for ROHR analysis.
droplet as a homogeneous phase, with the no-water For evaluating the effects of emulsions on exhaust
layer and gas phase around the droplet (Fig. 3). The emission, both liquid and solid particles were meas-
model shows that the initial droplet diameter is an- ured in dynamic engine tests by a Hartridge MK3
other important factor in the microexplosion. If the Smokemeter, which has very fast response. For com-
initial droplet is too small, the residual water mass is parison, a Bosch Smokemeter was employed in the
too low or xwill even vanish before the droplet is steady-state engine tests.
heated up to the saturation point, and the explosion The microexplosion may have more effect on com-
can hardly be observed in this condition. This result bustion in direct injection engines with a bowl com-
implies that the microexplosion effect may be helpful bustion chamber, in which the mixing process occurs
in the case of an old injection pump with lower in- mainly in the bowl space, than on other types of die-
jection pressure, where the atomization has deterio- sel engine. The engine employed in this test is a V6
rated, engine with cylinder bore/stroke of 150/150 mm,

It may he conjectured that, the more the water in compression ratio 16.8, rated engine power 215 kW
the emulsion, the larger the explosive energy will be. at 2600 rpm, and shallow bowl combustion chamber.
However, if the initial diameter of the emulsion The load characteristics of 1100-2100 rpm and the
droplet is held constant, the emulsion with larger wa- speed characteristics of 40 and 80% load were de-
ter fraction will lose more water as a result of the signed for steady-state engine tests.
existence of the vortex and no-water layer, thus low- The ECE-15, SAE J35 SEP88, free acceleration
ering the surface temperature. The additional water for smoke evaluation, 6-mode cycle (Chinese Stan-
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dard), and Beijing No. 1 sus routines (Fig. 4) were ter engine load characteristics test (Ge-break specific fuel
all designed for engine dynamic tests. The No, 1 bus

n ~consiumption, Me-engine torquec).

is the busiest bus running along the Chan'an Street
across central Beijing, and the total mass of the bus
is 19.2 tons with a tyypical 160-ldW direct injection iods. The engine performances are a little bit better in
engine. The diesel fuel and emulsions with 6, 10, and the range of 1200-1800 rpm under 80% load (Fig. 6).
15% water in weight were chosen for all engine tests, Figure 7 and Table 2 show that about 3-5% more

since the optimum water percentage is about 10% energy was consumed by emulsion applications in
according to our experiences. The results are sun- both steady-state and dynamic engine tests without
marized as follows, injection-timing adjustment. According to our pre-

The engine smoke is at least 30% HSU (Ilartridgc vious work (unpublished), the injection timing
Smoke Unit) less than diesel fuel, and the water frac- should be adjusted 2 X CA (crank angle) in advance
tion (6-15%) has certain effects on HSU (Fig. 4 shows to obtain 3% average energy saving for emulsions.
typical measurements). The water postpones the ig- The exhaust temperature is reduced by the addition

nition about 0.2 mis, and the microexplosions change of water, especially for high load conditions, and en-
the combustion rate and ROHR (Fig. 5). Energy sav- gine torque is also lower since the maximumn fueling
ing can be obtained under partial load conditions by volume rate is the same as the diesel. It is suggested

emulsions, but negative effects may appear under that injection timing should be adjusted to optimize
high load conditions because of longer injection per- the engine performance and emissions.
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TABLE 2
Fnel consumption in road-load test

Emilsion/test Water content Energy savdng

(g) (%) (%)

6-Mode 970 0 0

1065 6 -3.2

1133 10 -5.1

1178 15 3.2

ECE-15 325 0 0
360 6 -4.1
370 10 -2.5
385 15 -0.7

No. 1 Bos 1380 0 0
1540 6 -4.9
1570 10 2.4

1625 15 -0.1

The dynamic engine test shows that both fuel con- 52- 77•j•%)

sumption and exhaust emissions have very good cor- Opa Pa ---
relation with steady-state tests, which can qualita- 5 o 0.301---- -

tivelv evaluate the emulsion applications if there is
no dynamluic test bed. For energy saving by emulsion
applications, the positive effects are fuilly dependent 48
upon the engine and operating conditions; 3-5% may
be the maximum benefit according to our previous
engine tests, this series of engine experiments, and 46-
other researchers' reports for well-performed engine . 06
tests. Sometimes the influence ma'y be negative if no
proper adjustment is made. 44-

42 .................

Computational Simulation of Engine 0 5 10 15 20 Water (9)

Using Emulsions FIG. S. The relation between water fractions and thermal
efficiency (150)0 n~m) (i-thermal efficiency, Pi-break mean

A combustion model, which can predict the engine effective pressore).

performance under low load conditions [22], was

modified for emulsions. This model divides the in-
jected fuel into 30 small packages. Air entrainment, are more significant under low load conditions where
droplet sizes, the evaporation process, and ignition the initial momentum of diesel sprays is not suffi-
delav in individual packages are calculated according cient, also increased. The fuel injection system is de-
to thie transient injection pressure of the packages signed to match high load conditions, and under such
and then integrated by Duhamel Integral. The phys- conditions, the emulsion injection stops later. The
ical and chemical properties of the emulsions, igni- combustion period is hardly shortened by the mi-
tion delay calculation, and the rates of air entrain- croexplosion because of the very large spray region
ment and evaporation were based on the water already existing. For an engine at 1500 rpn, the op-
fraction to simulate the effect of the microexplosion. timum water fraction is 12-16% for idling and 6%
The simulated operating conditions are as follows: for high load conditions (Fig. 8). The highest flame
engine speed, 150'0-210'0 rpm BMEP, 0.13-0.6 temperature appears later and is lowered by 200-300
MPa; water fraction, 0-20%. The combustion char- K as a result of more abundant air and evaporation
acteristics of emulsions are reasonable, of the water in the flame region, which greatly im-

The higher initial momentum of emulsion sprays proves the soot and No, formation but slightly re-
and the micro explosions raise the local air-fuel ratio. duces the thermal efficiency. The ignition timing is
The combustion rate and engine efficiency, which 2 X CA later than diesel fuel, but combustion fin-
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ished earlier. Postponing the injection has less effect complex factors, and improvements are not always
on engine efficiency than for diesel fuel, since the present under all conditions.
microexplosion improves the combustion process.
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The near-field structure of a turnbulent flame stabilized on a production gas-turbine engine combustor

fiel injector/air swirler system (i.e., swirl cop) has been studied using phase-Doppler anemometrs and
coherent anti-Stokes Ralnan spectroscopy (CARS) at atmospheric pressure. A Jet-A fuel spray friom a
simplex atomizer intpinges onto a cooxially located liquid filming surface between counterswvirling air
streams for secondarv atomization using high shear forces. An inverted conical flatne with a cone angle of
-90° was formed in the inner shear layer of the low-tetoperature droplet-laden hollow-cone air jet, which
divides high-temperature internal and external recirculation zones. Small droplets disappeared in the inner
and downstream spray regions by\ evaporation along the droplet trajectories at higher temperatores and
longer residence times, thereby increasing arithmetic and Satter mean diameters. No fnel droplets were
found in the internal recirculation zone. Despite frequent laser-induced breakdown in the dense spray
region, CARS thermometr- successfully determined the gas temperature. The tensperattire histograms
show a wide distribution inside the flame zone, indicating enhanced stirring of cold air, vaporized fuel,
and hot combustion products. On the other hand, the fate of' fuel droplets, which did not participate in
the combustion process directly in the near field, ruiust play an important role in determining the com-
bustion efficiency and pollutant emission levels.

Introduction dynamic interactions betseen the swirling turbulent
floss, fuel droplet vaporization, fuel vapor transport/

In advanced combustion systems for aircraft gas- mixing, and combustion) have not been fully under-
turbine engines, a large portion of combustion air is stood.
admitted into the primary' zone through air svirlers Ssvirling flows have long been used in many prac-
in the dome in order to provide uniform fuel-air mix- tieal combustion devices to control the stability and
ing and to reduce pollutant (NO.,) emissions [1]. intensity of combustion and the size anti shape ofthe
Consequently, the development of a high-performn- flame region [2]. Early studies [3-8] on the charac-
ance fuel injector/air ssvirler system plays a key role teristics of ssvirl combustion were mostly based on
in achieving good fuel-lean stability at a low power gaseous fuels. Characterization of swirl combustion
operating condition, and thorough fuel-air mixing, has progressed ss'ith the development of various laser
efficient combustion, and low pollutant emissions at diagnostie techniques. Laser-Doppler velocimetry
a high power condition. Despite the necessity of a has long been a major tool in revealing the turbulent
fundamental understanding of spray-flame aerody- flow field in a combnustor [5,7,8]. Recent studies [9-
namies in the flow field generated by the swirler, 15] using phase-Doppler anemometrv (PDA) have
quantitative measuremnents using nonintrusive laser contributed greatly to the characterization of both
diagnostic techniques have only begun in recent svirling and nonswirling, cotssbusting and noncom-
years. Thus, physical and chemieal processes taking busting sprays. PDA prosides spatially resolved in-
place simultaneously in such spray flames (i.e., the formation on the size and velocity of individual drop-
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FIG. 1. (a) Schematic of the research combustor with a production gas-turbine engine combustor swirl cup. (b) A time-
exposure (1/125 s) direct photograph of the Jet-A spray flame with instantaneous (10 ns) planar visualization of fuel
droplets.

lets and gas velocity within the spray. More recently, tor swirl cup at atmospheric pressure. Although, in
attempts to measure scalars in the gas phase in spray practical combustors, typical inlet air temperatures
flames have been made using various nonintrusive and pressures are substantially higher and multiple
diagnostic techniques. A common difficulty in these swirl cups are frequently used, the current single-cup
measurements is the interference of liquid droplets, research combustor must preserve some fundamen-
Species concentration has been measured with some tal features of the spray combustion phenomena in
success using exciplex fluorescence [16], laser-in- real hardware. On the other hand, because slight
duced fluorescence [17], and absorption [15,18-20]. changes in the hardware would result in significant
Comparable nonintrusive temperature measure- differences in the combustion characteristics, it is
ments in spray flames have not been reported. Co- meaningful to use actual combustor parts to avoid
herent anti-Stokes Raman spectroscopy (CARS) has oversimplification. The purposes of this study are (1)
been known to have significant advantages over other to gain a better understanding of the coupled phys-
nonintrusive techniques [21]. The feasibility for ical processes in a spray flame in a swirling flow gen-
CARS thermometrv to provide reliable gas temper- erated by the swirl cup, and (2) to provide basic in-
ature measurements in practical combustion envi- formation useful for developmental and modeling
ronments including the presence of liquid droplets efforts of the fuel atomizer/air swirler unit.
has been examined [22-26].

In this study, droplet size, velocity components, Experimental Techniques
and gas-phase scalar (temperature) have been mea-
sured using three-component PDA and CARS in a In the research combustor used (Fig. la), a pro-
spray flame stabilized on a practical engine combus- duction engine (General Electric CFM56) combus-
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tor dome swirl cup is attached on a mounting plate I , , ,O , ,,
with small cooling holes placed in the inlet of a con- = 10 rn/s

bustion chimney (150 X 150-mm rounded square 50

cross section; 483-mm length) with quartz \vlndows IN TENAL

on three sides for laser diagnostics. The dome swidrl-
cup assembly consists of several separate parts: a 90'-
spray-angle simplex atomizer, a primary swvirler with 40

eight holes (clockwise rotation if viewed from down-
stream), a venturi, a secondary swirler with 10 vane
passages (counterclockwise rotation if viewed from N 30 ,,-
downstream), and a 90°-cone-angle flare/sleeve.
Jet-A fuel injects from the central simplex atomizer ,0

at a mass flow rate of 1.30 g/s (liquid pressure drop: 20 a

169 kPa), partially convecting downstream and par-
tially impinging on the venturi inner surface to form
a thin film for the secondar atomization by the coun- R-ECIRLSLIONE

terrotating swirling air at room temnperature. The to- 10 COI

tal air mass flow rate through the swirl cup and the 0 10 20 30 40 50

mounting plate cooling holes is 29.7 g/s (pressure , (am)

drop: 508 mm H,0, -5% atmospheric pressure). Fin. 2. Mean droplet velocity vector field and isotherms,
Approximately 78% of the total air flows through the • • , maximum PDA data rate locus. Temperature in K.
swirler. The calculated equivalence ratios based on
the total and swirler air are approximately 0.67 and
0.86, respectively, erated within a path length of 2 mm. The accuracy

The three-component PDA (Dantec Measure- of the CARS temperature determinations is esti-
ment Technology) consists of an optic system and a mated to range between 10% near room temperature
covariance-type signal processor. An argon-ion laser and 5% near stoichiometric flame temperature, xvith
(Coherent Innova 200) is used as a light source. The the largest contribution to uncertainty resulting from
optic system includes a color separator/fiber-optic shot-to-shot variation in the Stokes-laser spectral dis-
coupler unit with a Bragg cell, a two-dimensional tribution.
(2D) fiber-optic transceiver probe with a velocity
component separation based on color (514.5 nm: ax-
ial component; 488 nm: radial component), a one- Results and Discussion
dimensional (ID) transmitter probe (476.5 nnm: tan-
gential component), and a receiver. The Bragg cell Optical Obsercations:
is used to split the light from the laser (typical op-
erating output: 5 W) into two beams dith one beam Figure lb shows a time-exposure direct photo-
frequency-shifted at 40 M Ilz to avoid directional am- graph of the spray flame investigated with illumina-
biguity. The focal lengths of the 2D and 1D probe tion by a sheet (-0.5-mm thickness) of Nd:YAG
focusing lenses are 310 and 400 mm, respectively, pulsed (10 ns) laser. The inverted conical flame (cone
The calculated fringe spacings of the 514.5-, 488-, angle: -90') was stabilized inside the flared sleeve
and 476.5-nm beams are 4.1, 4.0, and 5.0 pir, re- adjacent to its exit plane. The visible flame zone was
spectively. The scattering light of 514 and 488 nm is blue near the swirl cup and deflected upward near
detected by the receiver at a 70°-off-axis forward the chimney windows. Yellow streaks caused by soot
scattering mode, and that of 476.5 anm is detected by formation were seen downstream. The laser sheet
the 2D probe at a 900-off-axis mode. The measuring illuminated the fuel droplets in the vertical plane
volume is approximately 210-pnm diameter X containing the axis. A large number of droplets were
100-pm length. seen along the flame zone, spreading out down-

The construction and capabilities of the CARS sys- stream. A densely populated droplet stream was ob-
tern employed have been described in detail else- served, even outside the flame zone in the extension
where [23]. The CARS system is based upon a fre- of the conical sleeve. A high-speed (5000 fps) color
quency-doubled Nd:YAG laser (Quanta-Ray DCR-2) cinematography (not shown) revealed intense flame
that provides 10-ns pulses of 532-nm radiation at a movement downstream, which made the flame zone
repetition rate of 10 Hz and a broadband (150 cm- 1) in the time-exposure photographs appear thick.
dye laser that is tuned to the Stokes vibrational fre-
quency of the nitrogen molecule (607 nm). The sys- PDA Measurements:
tern is configured with a folded-BOXCARS [21] op-
tical geometry to produce a sampled spatial volume Figure 2 shows the mean droplet velocity vector
of -1 MM

3
, with the CARS information being gen- field in the near-exit region. The PDA measurements
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were made at three different heights from the exit 2000

plane ofthe venturi (x = 26.7 36.4, 46.1 rmi). The 6000 (a)
approximate location of the visible flame zone in the 01=2mm _F0 Y'-
fiaiire was measured by processing a scanned image ~ 1L~.10
of a time-exposure photograph. The isotherms from a4 0 o
the CARS measurements and the locus of the max- 0.1 2 0.1n y

40

imum PDA data rate, also included in the figure, wsill 9 [
be described in more detail later. The general direc- 20o00 o Uo o0
tion of the droplet velocity vectors is in the extension 0 4 di (0 m

of the 90 0-eone-angle sleeve. The flame zone is lo-
cated in the middle of the spray region nearly parallel 0
to the droplet velocity vectors. This result represents b I ,
a unique feature of the swirl-cup-stabilized spray i 200 0-1 y=30 mm _ 0.1 y 600mm soo
flames, whereas simple pressure-atomizing spray
flames are typically formed outside the entire spray • 0 40
(similar to gaseous diffusion flames) [13] or in the d C- dam 400 A

inner edge region of the spray (in case of swirl-sta- a 1000
bilized flames [12]), where enough oxygen is avail-
able. Thus, the current result of the swvirl-cup-stabi- 0

lized flame shows enhanced oxygen penetration into
the spray region as a result of turbulent stirring as- 0 0
sociated with the geometric configuration of the fuel (C)
atomizer and air swirler. Particularly, functional mer- o0. y=3 

m ,
its ofthe means for secondary atomization nmst be T 600 :' 1"0

sionificant. 0.0 r
Figure 3 shows the total and size-classed data d Co -)o

(droplet arrival) rates in the PDA measurenments and a 0 .1 30

the probability densiht functions (pdrs), or histo- ,
grams, of the droplet diameter [P(d)] at selected lo- 0 4oo 0.W N. so

cations. The total data rate was determined by divid-
ing the number of attempted samples by the elapsed 0 ,
time, and the data rates for various droplet size clas- 0 10 20 30 40 50

ses were determined from the total data rate and the Y (Mm)
probahilitv (the pdf times the bin width). The total Fic. 3. PDA data rates and histograms of the droplet
data rate at x = 26.7 mm (Fig. 3a) reached a peak diameter. (a) x = 26.7 amm, (b) x = 36.4 mm, and (c) x
of 6000 Hz at y = 26 mnm and decreased rapidly on = 46.1 rm. - total; 0. 5pm; V, 10 pin; 0, 20
both sides to -10 Hz at y = 12.5 mm and 40 ram. p; A, 30 Pm; E, 40 pm; <, .3pm.
No droplets were detected in the core region (y <12
rmi). This is consistent with the laser-sheet visuali-
zation results (Fig. 1b). The histograms show a shift contributing to the lowered data rate. Furthermore,
in the size distribution in the radial direction. In the disappearance of small droplets by evaporation oc-
outer region (y > 30 ram), a relatively sharp peak in curred at longer residence times downstream.
a small diameter range (5-10 Im) is seen, whereas In contrast to the present results on the reacting
in the inner region (y < 25 ram), the probabilitv of' case, PDA measurements in an isothermal (water)
small droplets decreased and the distribution be- spray from a similar swirl cup reported by Wang et
came wider. Consequently, the size-classed data al. [14] showed substantially high data rates of small
rates show high number fluxes of small droplets in droplets in the central region. The current results
the outer region. As will be discussed in more detail indicate that the engulfment of the droplets into the
later, the droplets in the outer region pass through a internal recirculation zone in the flame is prevented
relatively low-temperature region, compared to in two ways: (1) the droplets injected toward the re-
those in the inner region. Apparently, disappearance circulation zone are evaporated-the flux of droplets
of the droplets by evaporation started from smaller directly from the atomizer is low compared to that
particles whose trajectories passed through a high- from secondary atomization, and (2) perhaps no
temperature region. The peak value of the total data droplets exist in the doxvnstreamn stagnation region to
rate decreased rapidly downstream [2400 Hz at z = come back into the recirculation zone.
36.4 mom (Fig. 3h), 750 Hz at z = 46.1 mm (Fig. Figure 4 shows the radial variations in the arith-
3c(]. Because the droplet trajectories are inclined at metic (Dy)l and Sauter (D32) mean diameters at
-45' ivith respect to the axis and expand down- three different heights. The radial locations of the

stream, dispersion of droplets is certainly a factor visible flame zone are also included in the figure. At
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FIG. 4. Mean droplet diameters. 0S , x = 26.7 mm; V 10

T x = 36.4 mm; 0 *, x = 46.1 mm. Open: arithmetic
mean (Do); filled: Sauter mean (D32). 0

20 - (c)

x = 26.7 mm, D 10 was small (--12 upm) in the outer is-
spray region (y > 30 mm) and increased inwardly. ý"
As small droplets disappeared in the inner region, as 0
described before, the mean diameter increased. In 20

the downstream positions, the same trend was ob-
served, and D10 increased because of evaporation at 4,--, 10
longer residence times. Here D32 was larger than
D1O, as expected, because D 32 reflects the volume of I
the droplets. Because D 32 is influenced by the oc- 0 10 20 30 40 50

casional arrival of droplets having large diameters y (Mm)
(volumes), it exhibited more scatter than D 10 in the
outer spray region where the progress of evaporation Fia, 5. Mean and root-mean-square fluctuation of (a)
was less than in the inner region, axial, (b) radial, and () tangential droplet velocity co0m-

Figure 5 shows the mean and root-mean-square ponents. --- fr---, total; 0, 5pm; F, 10pm; 0, 30pm; A,
(rms) fluctuations of the axial, radial, and tangential 50 pm.
droplet velocity components for different size classes
at z = 26.7 mm. The bin width used is 5 pm, andthe diameter shown is the center value of each bin, stream, the maximum values of the velocity compo-

thediaete shwn s te cnte vaue f ech in.nents decreased (not shown), but the trends wereFor both axial and radial components, the mean ve- s tocrease at x = th. min.
locity for a smaller size class showed a sharper peak similar to those at x = 26.7
than that of a larger size class. The mean tangential
velocity component of a small size class was higher CARS Measurements:
than that of a larger size class in the inner region and
vice versa in the outer region. The rms's of a small The liquid fuel spray of this combustor presented
size class for all three components were higher than a challenging environment for the CARS measure-
those of a large size class. Small droplets follow the ment technique. A high density of liquid droplets ex-
gas flow more closely because they possess lower in- hibited near the nozzle exit and at the edge of the
ertia and drag forces. The mean axial and radial ve- visible flame contributed to several effects that com-
locity components for the smallest size class (5 pin), plicated temperature measurements. Among these
which must be closest to the gas flow, peaked at y = were beam steering, nonresonant CARS generation,
31 mm, indicating that the main airflow injected and droplet-induced breakdown. Index of refraction
along the extension of the conical sleeve at 45', cre- gradients created by the high concentrations of drop-
ating the low-temperature zone outside the flame lets affected steering of the CARS pump and Stokes
zone. Thus, the flame zone was formed in the inner beams, thus prohibiting the necessary beam overlap
shear layer of the air jet. As the flow diverged down- and resulting in a loss of some temperature samples
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a) peratures on the centerline in the internal recircu-
lation zone were in the range of 1400-1650 K, and

15001- mzthose in the outermost data points (y = 45 mm) in
the edge of the external recirculation zone were

-n E3-1300 K. The low-temperature (500-110,0 K) zone
' Awas formed along the direction of the cold droplet-

S1000 Vladen air jet (see Fig. 2). The visible flame zone was
formed just inside and along the low-temperature
zone in the shear layer of the air jet. The low-tem-
perature zone became less evident downstream (x >
40 mm). The rms fluctuation temperature (Fig. 6b)

I I was higher (40:0-60,0 K) in the internal recirculation
(b) zone with the maximum just inside the flame zone,

compared to that outside (-300 K), indicating
enhanced stirring of hot and cold fluid packets in the

500• shear layer where the flame zone resided.
Figure 7 shows the temperature pdfs (histograms)

with a bin width of 100 K at three different heights
(x = 20, 30, and 40 mm). Four radial locations are

250, -selected: the centerline, a few millimeters inside the
0 0 flame zone, the low-temperature zone, and y = 40

mm. In general, wide temperature distributions were
observed in the central region inside the visible flame
zone (Figs. 7a, 7b, 7e, 7f, 7i, and 7j), compared to

V ( the outer region including the low-temperature zone
0.8 (Figs. 7c, 7g, and 7k) and the external recirculation

o zone (Figs. 7d, 7h, and 71). The results show en-

2 0.6 hanced turbulent stirring between the high-temper-
ature combustion products and the cold air near the
flame zone. The minimum value in the temperature

0.4( distribution decreased toward the nozzle along the
0 centerline down to 300 K (Fig. 7a), indicating stirring
aO 0.2 between the cold air directly from the swirl cup and

the combustion products recirculated. In the lower

0. 0 2 part of the low-temperature zone (Fig. 7c), a slight
10 20 30 40 50 tendency of bimodal distribution was observed as a

y (mM) result of the occasional arrival of the hot gases
(>2000 K) into the cold air. The narrower peaks of

FIG. 6. (a) Mean and (b) root-mean-square fluctuation the temperature distribution in the external recir-
gas temperatures and (c) CARS droplet-induced break- culation zone (Figs. 7d, 7h, and 71) indicate that the
down rate. 0, x = 15 mm; V, x = 20 mm; 0, x = 25 hot combustion products and cold air are mixed well.
]mn; A, x = 30 rum; 0, x = 35 ram; 0, x = 40 mm; <, The probability of droplet-induced breakdown
x = 50 rmin. (Fig. 6c) was determined as the number of break-

down occurrences in the total attempted CARS sam-
ples at each location. The background subtraction

at certain locations. The background contributions scheme implemented into the spectral fitting rou-
arising from nonresonant CARS and droplet-induced tines made it possible to retrieve temperature infor-
breakdown have been described [25] and were min- mation if the background shift was relatively small.
imized for these measurements. Corrections for the Thus, the number of samples with breakdown in-
nonresonant contribution were accommodated in the cludes both successful temperature measurements
spectral fitting routines while background subtrac- and discarded samples due to the disrupted signal.
tion was employed to compensate for the back- The breakdown probability reached -0.99 in the
ground produced by droplet-induced breakdown. near-exit dense spray region (x < 20 mm). The peak

Figure 6 shows the radial distributions of the mean value greatly decreased downstream (-0.07 at x =
and rms fluctuation temperatures and the probability 50 mm). Comparisons between the breakdown prob-
of droplet-induced breakdown at various heights. ability and the PDA data rate (Fig. 3) show both sim-
The frequency of breakdown occurrence will be dis- ilarities and differences. Basically, both the break-
cussed later. The isotherms shown in Fig. 2 were down probability and the PDA data rate depend on
derived from the results in Fig. 6a. The mean tem- how dense the spray is at the point where the probe
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volume is located; thus, in general, both peak in a Near-Swirl-Cup Structure:
dense region and decrease downstream. However,
the breakdown curves show substantially broader dis- The combustion process in a combustor becomes

tribution with tailing inwardly, and their peak loca- evaporation-rate-controlled if the evaporation of

tions, if interpolated for the heights for the PDA droplets does not complete within a residence time

measurements, are closer to the centerline compared in the system. A crude estimate for the critical mean
with the total PDA data rates. Major reasons for the droplet size above which evaporation starts to limit

differences must stem from the breakdown occur- combustion efficiency can be made by considering a

rence along the CARS laser beams. The energy flux simple droplet evaporation process [2]. The resi-

of the focused beams of the CARS system is approx- dence time of the droplets from the swirl-cup exit to

imately loll W/cm 2, which is close to the breakdown the height where the droplets would impinge on the
threshold (order of 1012 W/CM2 ) in a "clean" envi- chimney window, for example, determined by divid-
ronment. Because the introduction of liquid droplets ing the trajectory distance (-0.1 m) by the maximum
into these beams reduces the threshold by several velocity for large droplets (-30 m/s), is -3 ms. The
orders of magnitude, breakdown occurs well before critical mean drop size at the residence time of 3 ms
the beams attain their normal focus. The quality of is estimated for kerosene (Jet-A) as -60 am [2].
measured variables and the size of each probe vol- Measured D32 is less than 60 Pm in the whole mea-
ume may contribute, to some extent, to the differ- surement range (Fig. 2); thus, the evaporation rate
ences in the PDA data rate and the CARS breakdown must not be rate-controlling, in a global sense, if all
probability measurements. The PDA data rate rep- droplets pass through the high-temperature region.
resents the number flux of the droplets times the However, a close examination of the structure of the
cross-sectional area measured over the elapsed time, spray flame revealed that a considerable portion of
whereas the CARS breakdown is an instantaneous the fuel droplets outside the flame zone does not
spatial quantity directly related to the number den- participate in the combustion process in the near-
sity of the droplets. The probe volume of CARS is swirl-cup region. Some of these droplets must burn
three orders of magnitude larger than that of PDA, downstream, and others must enter into the external
and the horizontal cross-sectional area is two orders recirculation zone, evaporate, pyrolize, and mix with
of magnitude larger. Because of the large probe vol- the cooling air. In a practical combustor, the external
ume, the CARS breakdown data must have a signif- recirculation may be small or does not exist, depend-
icantly higher possibility of multiple droplets inside ing on the shape of the dome. Furthermore, in a
the probe volume in the dense spray region. multiple-cup combustor, interaction between the ad-
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in gas phase combustion) to the near-field internal recir- internal recirculation zone time scale. Unlike many other
culation zone time scale (or velocity and length scales). In initially unmixed flames, whether spray- or gas-fueled, in
a previous study on gas-fueled swirl flames, the recircula- which the flame zone envelops the fuel jet, the structure
tion zone scales and flame length were shown to depend of the present swirl-cup-stabilized spray flame is peculiar:
on the degree of recirculation and the ratio of fuel jet mo- The flame is formed radially inside the main fuel (spray)
mentum to the recirculating flow momentum [ 1,2]. Would zone. This structure is due in part to, besides swirl, the
you please comment on how one should try to characterize unique air flow configuration and means of secondary at-
the ratio of the two time scales, since it has implications omization that define the boundary conditions at the swirl-
for the completeness of combustion and pollutant emnis- cup exit. As a result, a substantial flux of fuel droplets is
sions. ejected outside the flame zone in the near field and partially

engulfed in the external recirculation zone. The residence
time and vaporization time scales can be determined using
the regional characteristic velocity and temperature. How-
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Gas-phase sodium concentrations were measured for the first time in situ in the flue gas of a fluidized-
bed reactor by the excimer-laser-induced fragmentation fluorescence (ELIF) technique. This method
involves using ArF-excimer laser light at 193 nm to simultaneously photodissociate the alkali compounds
of interest and excite electronically the alkali atoms formed. The resulting fluorescence from Na (32P)

atoms can be readily detected at 589 nm. Measured signals were converted to absolute concentrations
using a calibration system that monitors alkali compounds under known conditions of temperature, pres-
sure, and composition and using the same optical setup as at the reactor. Several different coals were
investigated under a specific set of reactor conditions at total pressures close to 1 bar. Sodium concentra-
tions ranging from the sub-ppb region to 20 ppb were obtained, and a detection limit for sodium of 0.1
ppb under the present conditions was estimated. Over the course of the reactor programme, contrasting
concentration histories were observed for the two lignites and the hard coal investigated. In particular,
significantly higher sodium concentrations were found for the hard coal, consistent with both the higher
chlorine and sodium contents determined in the corresponding coal analysis.

Introduction bound material directly attached to the coal structure
via carboxylic acid groups. Both these forms vaporize

Alkali metals and their compounds are unwanted readily at the temperatures of fluidized-bed combus-
trace constituents of coal combustion processes. tion (below -1000 °C). Alkali species are also pre-
Even at the ppb level, deposition of alkali vapours sent in the mineral matter in the form of feldspars,
can lead to fouling and corrosion of reactor parts and etc., but these forms vaporize at much higher tem-
downstream equipment in boilers and gas turbines peratures. Examples of sodium/sodium compound
[1]. Therefore, appropriate filter systems have to be profiles as a function of temperature (thermody-
Revised to remove the offending species. The ef- namic equilibrium calculations) for pulverized coal
fectiveness of such filters can only be assessed if alkali combustion are given in Refs. 4 and 5. Under post-
concentrations can be monitored quantitatively, con- combustion conditions, sodium chloride (assuming
tinuously, and in situ at the appropriate temperatures the chlorine content of the coal is significant) and
and pressures. For monitoring and control work, on- sodium hydroxide are expected to be the chief vapor
line optical diagnostics offers the advantage over phase species.
physical probes of nonintrusiveness and avoids sam- Various optical schemes have been employed for
pling which (1) can lead to erroneous results due to the measurement of alkali species. Although the at-
sample changes prior to actual measurement and (2) oms themselves can be detected very sensitively by
is more time consuming. Sample times of up to an fluorescence, their compounds cannot be detected
hour may be needed to obtain useful results, whereas directly this way, because their upper electronic
in situ diagnostics with fast detection gives a result states are repulsive. On the other hand, following UV
in seconds. The advantages of such an approach have photolysis, electronically excited fragments can form;
been demonstrated for other industrial systems [2,3]. the free alkali atoms can then be detected by fluor-

Alkali species occur in several forms in coal. So- escence [6]. In the mid-1980s, the analytical poten-
dium is found as adsorbed NaCl or as organically tial of excimer-laser-induced fragmentation fluores-
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cence (ELIF) for determining different alkali species
using excimer lasers, either directly at 193 nm (ArF-
excimer) or 248 nl (KrF-excimer) or with Raman
shifting of excimer laser radiation, was demonstrated
[7]. The excimer laser is to be favored for industrial EXTENDED FREEBOARD

applications because of its high spectral brightness FREEBOARD PRESSURE SHEL

compared to other UV light sources, as well as reli- SAMPLING PROBES HEATING JACKET

ability, simplicity, and robustness.
Alternative excitation/detection strategies were ex-

amined recently using NaOH- and NaCl-seeded lab- C-OL-N INLET TERTIARY AIR

oratory flames [8]; these schemes involved photolysis COOLING WATER
of the precursor compound by one laser wavelength COOLING JACKET

or thermal dissociation followed by laser excitation
of the atoms with another wavelength. The best sen- IN COOLING WATER INLET

sitivity was obtained using the Na (32D-32P) transi- NLET SECONDARY AIR
ASH OPETAKE PIPE

tion at 818 nm. However, fluorescence detection at A-ELECTRIC HEATER

such long wavelengths in industrial systems with hot, INLET PRIMARY AIR

glowing pipe material should be even more difficult
than with the present detection wavelength at 589
nm. Furthermore, if two separate lasers are required EGG Mm

for precursor dissociation and alkali atom excitation,
overall cost and adjustment and operational effort
will be increased considerably. FIG. 1. Fluidized-bed reactor.

The quantitative application of fluorescence diag-
nostics in practical systems requires the accurate as-
sessment of collisional quenching of the excited elec- Experimental
tronic states under investigation. The total quenching The fluidized-bed reactor used for measurements
rate depends on the composition of the surrounding o f gas

gas and on the efficiencies of quenching collisions of gas-phase alkalis is installed in the Institut flir

with the individual constituents of the gas mixture. Kokserzeugung und Brennstofftechnik (Institute for

In industrial systems, nitrogen, carbon dioxide, and Cokemaking and Fuel Technology) at DMT (Fig. 1)

oxygen are among the main gaseous components and [18]. The actual reactor furnace is enclosed in a pres-
sure shell designed to separate thermal and mechan-

are known to quench alkali atom fluorescence ical stresses, i.e., to keep the pressure forces away
strongly [9-11]. from the (hot) reactor walls. The shell can withstand

Flame emission folloring sampling procedures pressures up to 20 bar, but will not be discussed fur-
has frequently been used for alkali diagnostics, also ther, because as a result of present limitations of ma-
in fluidized-bed systems (e.g., IRef. 12). A variant terials at the optical access, diagnostics measure-
emission technique, laser-induced breakdown spec- ments reported here were made mainly at pressures
troscopy [13], was employed in situ in a coal gasifier close to I bar.
and may be useful for some applications, especially The reactor furnace has a rating of about 100 kW
with time-resolved detection, at 10 bar. It comprises a lower, fluidized-bed com-

Detection of alkali atoms by absorption is well es- bustion zone and an upper, extended freeboard zone.
tablished but is inherently much less sensitive than In the lower part of the combustion zone, the bed
fluorescence. Conventional (nonlaser) absorption has material for startup can be electrically heated by a
been used for many years to monitor alkali atoms, tubular oven. During the run, the heater was used
e.g., for profiling volatilization from coal samples for temperature control. The temperature measured
[14,15], for determining sodium and potassium re- on the reactor axis in the center of the fluidized-bed
lease in the gasification of peat [16], and for alkali zone is the leading temperature for control of the
measurements following thermal dissociation of the combustion conditions.
compounds by an electric arc [17]. The cross section of the extended freeboard is

In this work, we employed photoinduced frag- about three times that of the combustion tube. As a
mentation/excitation with a commercial excimer la- result, the residence time of the flue gas in the free-
ser as the basis of a method to determine absolute board region was about 4.5 s at a fluidizing velocity
concentrations of alkali species in the flue gases of a of 1 m/s in the combustion section. To compensate
pressurized fluidized-bed coal combustor down into for heat loss through the wall, the freeboard could
the sub-ppb region. The system as a whole is straight- be electrically heated. The maximum temperature at
forward in design and robust enough to withstand the surface of the heating jacket was 900 TC.
rough industrial conditions. The outlet for the flue gas is located in the centre
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combustor is, under conventional operating condi-
Water tions (i.e., without ELIF-diagnostics facility), largely

Cooingremoved in a cooled cyclone. To prevent condensa-
tion of alkali compounds between the combustor and
the measuring point, the flue gas duct had to be kept
hot. Therefore, heat-resistant steel was selected for
the flue pipe tubing, and the cooled cyclone was re-

Quartz !placed by two cyclones in series to improve gas clean-
ing; both the tubing and the cyclones were equipped
with electrical trace heating. Downstream, the flue
gas was cooled in a heat exchanger and the remaining
dust removed in a bag filter.

The four ports that provided optical access to the
g pipe were supplied with quartz windows. High-qual-

ity Suprasil windows were used in the path of the
laser beam, while standard-quality quartz was found

Nitrogen I to be adequate for the detection ports. The optical
Blanket Flue Gas access design is shown in Fig. 2. The conical element

above the window part helped to keep dust away
FIG. 2. Optical access to the flue gas. from the windows. Flushing with nitrogen further re-

duced dust load on the windows.

of the top plate, which was the fix point of the entire Setup for ELIF Measurements:
reactor. The inner fluidized-bed reactor furnace was
mounted to the top plate and could expand down- The setup for ELIF measurements is shown in
wards under hot conditions. For disassembling and Fig. 3. Measurements were made in the flue gas pipe
easy access to the top of the reactor, the outlet tubes after the second cyclone, at gas temperatures -680
were supplied with flanges. 'C and pressures close to atmospheric. Alkali com-

The dust in the flue gas leaving the fluidized-bed pounds were photolysed at 193 nm by a broadband

Reactor Cyclones

exchanger

Energy
measurement

Energy
Excimer laser measurement

Data acquisition

and control _T _
777I ' : • Exchangeable neutral density filters

Sodium line filter
Combustion
parameters tMT FIG. 3. Setup for ELIF measure-

ments at the fluidized-bed reactor.



196 PRACTICAL ASPECTS OF COMBUSTION

ArF-excimer laser using energy densities of several Results and Discussion
mJ/cm 2, well below the level where saturation effects
are observed (-20 mJ/cm 2). The laser was operated Data from the coal analysis (C, H, 0, S, N, H20)
at a repetition rate of 6.4 Hz; data were subsequently and on-line data from the reactor (temperature, pres-
averaged computationally over 400 samples (corre- sure, air flow rates, and CO 2 and 02 content of the
sponding to 1 min). The laser energy entering and dried flue gas) were taken as input for calculating
leaving the pipe was monitored constantly and pro- concentrations of N2, C0 2, 02, and H20 in the flue
vided information, e.g., on the condition of the gas using a set of linear equations. These major spe-
quartz windows. Fluorescence was detected perpen- cies data were used together with the available cross
dicular to the laser beam by a photomultiplier coup- sections for collisional quenching of Na(32P) atoms
led to a boxcar system, using a time gate of 40 ns. To [10,11] to compute the quenching factor q (0.04 for
remove undesired radiation, a line filter (589 nm, full the present reactor conditions). Sufficient quenching
width at half maximum = 10 nm) was placed in front data are now available for all major species, so that
of the detector. q can be reliably calculated. The q factor was then

multiplied by the line filter transmission, photomul-
Calibration Procedure: tiplier response, and the appropriate UV-absorption

cross section for NaCl to obtain an "efficiency" value
Calibration measurements were performed in a for sodium. In principle, this efficiency has to be cal-

quartz cell, encased in a tubular oven (heatable to culated for all sodium compounds present in the flue
1200 'C) with four ports for optical access. The op- gas separately. In the present case, however, species
tical setup and geometry were as for the reactor other than NaCl can be neglected since (1) ELIF at
measurements. Alkali salt was filled into a reservoir, 193 nm has the highest efficiency for NaCl [7], and
which was attached to the cell but heated separately, (2) equilibrium calculations [4,5] have shown that
so that the vapour pressure of the salt could be varied NaCl is the dominant sodium species in the vapour
independently [7,11]. To avoid salt condensation, the phase. The concentration of the next most abundant
oven was constructed with effective insulation ma- species, NaOH, is a factor of 10 lower.
terial, and the cell temperature was always main- The measured signals were corrected for elec-
tained 50 'C higher than the reservoir temperature. tronic offsets and normalized to the laser energy, tak-
Evacuated quartz tubes at the ports acted both as ing into account the attenuation of the laser beam
thermal insulators and minimised absorption of the while passing through the windows and the flue gas.
laser beam in the hot oven atmosphere. The difference between the total absorption as meas-

In the course of the calibrations, it was verified ured by the energy monitors and the absorption due
that the dependence of fluorescence signal on res- to flue gas molecules (-10%), calculated using avail-
ervoir temperature corresponded to the vapour pres- able data [20-22], and due to losses at the windows,
sure dependence predicted by thermodynamic data is attributed to dust on the windows. The normalized
[19]. Since the alkali number densities can be ob- fluorescence signals and the electronic settings (e.g.,
tained from thermodynamic data, the calibration fac- gain factor) were then combined with the calibration
tor Cdet can be determined using the following re- factor Cdet and the efficiency value evaluated above
lations: The fluorescence signal Sn from excited alkali to obtain absolute sodium concentrations.
atoms MA can be expressed as Two lignites and a hard coal were investigated.

Figure 4 shows typical results; the concentration of

Sfl = CdetElsernMxaabsq gas-phase sodium evaluated from the ELIF signals
is plotted as a function of measurement time. Short,

where Ei..er is the laser energy in the cell, nMX the sharp peaks resulted from occasional tapping of the

number density of the alkali salt MX, and aabs its UV cyclone to remove ash. For all measurements, theabsorption cross section for production of M, and q reactor was programmed to run for 8 hours from 7describes the quenching effect: A.M.; program details are given in Fig. 4. A stable bedtemperature was reached after 3-3-1/2 h. As can
A 'been seen in Figs. 4a through 4c, due to an increase

q A where Q = in flue gas flow when the bed temperature was re-

A + Q duced, the temperature in the flue gas duct-and
hence at the alkali measuring point-increased

and A is the inverse of the natural lifetime of M', Q somewhat.
the total quenching rate, n, the number density of Experiments with the lignites were also performed
the quenching partner i, vi the relative velocity of i using powdered limestone as sorbent for S02. The
and MA, and cri the respective quenching cross sec- measured sodium concentrations were generally in
tion. Quenching effects were studied separately in the range 0.3-0.6 ppb for a bed temperature of 920
the laboratory in Heidelberg and are reported else- TC (note different y-axis scales for lignites I and 1I),
where [11]. both with and without limestone addition. On reduc-
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ing the bed temperature from 920 'C to 850 'C, a 10-20% over a day. Other factors are (1) statistical
marked increase in signal (up to a factor of 10) was errors of -10% in the signal, (2) uncertainty in the
observed only for lignite II (Fig. 4c). Although the quenching data (max. 10%), (3) uneven adherence of
fluidized bed reached a stable temperature after -30 reactor dust to the windows, giving uncertainty in the
min, the signal continued to rise. This phenomenon laser energy in the flue gas, and (4) variations in ab-
occurred in two independent runs on different days. sorption of the laser beam by the flue gas of about

For the hard coal measurements, the run began at 10% over several seconds (this is mainly due to var-
the lower bed temperature of 800 'C, but this was iations in the amount of ash in the flue gas, but flue-
raised to 850 'C four hours and to 920 TC six hours tuations in gas composition, leading to variations in
after startup. Also, extra fluidizing material was beam absorption, could also contribute slightly).
added once and the coal feed increased (30-40%) Finally, from equilibrium calculations [4,5], con-
twice, as shown in Fig. 4. The hard coal results show densed NaC1 is unlikely to be detected under the
sodium concentrations up to 20 ppb, significantly present conditions. Even if NaCl-coated ash particles
higher than for the lignites. The two broad peaks were present in the flue gas flow, signals from such
(Fig. 4d) could be associated with the increases in particles should be negligible, as shown by tests with
coal feed. 193-nm laser radiation on NaC1 crystals [5].

The sodium content from the coal analyses and the
CO 2 concentration in the flue gas were used to com-
pute the maximum possible (i.e., assuming complete Conclusions
evaporation) sodium concentration in the flue gas.
For the lignite I measurements, this was 1.8 ppm, for These results from the DMT reactor are the first
lignite II 0.5 ppm, and for the hard coal, 35-50 ppm. to be obtained from the flue gas of a fluidized-bed
That the measured sodium concentrations are about system using such an in-situ method. It was shown
three orders of magnitude below the maximum pos- that usable fluorescence intensities can be obtained
sible values is largely due to incomplete release of under realistic experimental conditions. Sodium con-
sodium from the coal minerals into the gas phase. centrations were determined for a series of different
Also, some loss of alkalis by heterogenous processes coals, and distinct differences in concentration his-
on the pipe walls or on ash particles in the flue gas tory with reactor conditions and coal type could be
flow may occur [23]. However, the measured Na con- discerned. Based on the signal-to-noise ratios, a de-
centrations do correlate approximately with the so- tection limit of 0.1 ppb is estimated for the present
dium coal content (as given by Na 2O in the ash) of conditions.
0.9 wt% for the hard coal and <0.1 wt% for the lig- Further measurements at the fluidized-bed reac-
nites. (It should also be noted that the ash content tor are in preparation, whereby necessary modifica-
of the hard coal was 15.6%, as against 4.7 and 6.2% tions to the optical access are being made so that the
for lignites I and II.) The measured NaCl values also pressure can be raised to several bar and so that po-
correlate with chlorine of the coal sample: Lignites I tassium concentrations also can be determined si-
and II contain 0.04 and 0.03% of the air-dried ma- multaneously. Test measurements on KCl performed
terial, respectively, whereas the hard coal contains in our laboratory cell suggest that a similar sensitivity
0.21% chlorine. Similar trends were found in previ- could be achieved as for NaCl. Finally, measure-
ous studies [5,24], where signal intensities for sodium ments in collaboration with the University of Tam-
were found to increase with increasing total chlorine pere/Finland are in preparation. Here, the atomic
content. In Ref. 5, ELIF was used to obtain relative absorption/emission method of Ref. 17, in which the
fluorescence signals for different coals in a drop tube alkali compounds are dissociated by an electric arc,
furnace reactor, while Ref. 24 describes absolute so- will be used simultaneously with the ELIF method
dium concentration measurements in a fluidized-bed to detect alkalis in the reactor flue gas. In this way,
reactor using probe sampling for flame emission direct comparison of two different techniques will be
spectroscopy. However, the results of Ref. 24 cannot feasible.
be compared directly with our results since the re-
actor conditions were entirely different and the coals Acknowledgments
used were of different structure and composition.
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COMMENTS

RolfHernberg, Tampere University of Technology, Fin- ash on the windows, (3) ash immersed in the flue gas, and
land. In your method, the presence of ash particles in the (4) gas-phase flue gas species in the measurement region
flow could affect the intensity of the laser beam as well as (0O,C02,H20). The absorption by the window material is
the fluorescent light through absorption and scattering of well known, and the contribution by gas-phase species can
the light. Do you have a way of accounting for such effects be calculated from the flue gas composition and the tem-
and their influence on the measured intensity? perature. The difference between these two contributions

and the measured total attenuation is attributed, in the
evaluation, to ash on the windows. Treating ash immersed

Author's Reply. As can be seen from Fig. 3, energy mon- in the flue gas as ash on the windows leads to only small
itors were used in front of and behind the measurement errors in the normalized fluorescence signal, provided that
point to determine the total attenuation of the laser beam, the attenuation by the immersed ash is <90%, which was
which is due to (1) absorption by the window material, (2) always the case.
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A FIELD STUDY ON THE TRACE METAL BEHAVIOUR IN ATMOSPHERIC
CIRCULATING FLUIDIZED-BED COAL COMBUSTION

TERTTALIISA LIND, ESKO I. KAUPPINEN AND JORMA K. JOKINIEMI

VTT Aerosol Technology Group
P.O. Box 1401, FIN-02044 VTT, Finland

AND

WILLY MAENHAUT

University of Gent, Institute for Nuclear Sciences
Proeftuinstraat 86, B-9000 Gent, Belgium

Trace element behaviour in atmospheric circulating fluidized-bed combustion (CFBC) of Venezuelan
bituminous coal was studied by determining particle size distributions in the CFBC flue gas. The size
distributions of calcium, iron, aluminium, and 21 trace elements, Sc, V, Cr, Mn, Co, Ni, Zn, Ga, As, Se,
Sr, Cd, Sb, Cs, Ba, La, Ce, Sin, Lu, Pb, and Th, in the size range 0.01-70 pm, were determined by
collecting aerosols with a low-pressure impactor-cyclone sampling train from the flue gases of an 80-
MW(th) CFBC boiler upstream of the electrostatic precipitator. The collected samples were analyzed
gravimetrically and with instrumental neutron activation analysis (INAA), particle-induced x-ray emission

analysis (PIXE), and inductively coupled plasma mass spectrometry (ICP-MS). The number size distri-
butions of the aerosols were determined with a differential electrical mobility method in the size range
0.01-0.8 pam. In the ultrafine particle mode, i.e., Dv < 0.1 pm, the CFBC number concentrations varied
strongly during the experiments, being one to two orders of magnitude lower than those observed in
pulverized coal combustion. For all of the elements studied, 75% or more were found in particles larger
than 5pm. None of the studied elements showed significant vaporization and subsequent chemical surface
reaction or condensation in the CFBC. The Sr, Sc, V, Zn, Ga, Cs, Ba, La, Sm, Lu, and Th size distributions
resembled those of aluminium, suggesting their occurrence in aluminosilicate-rich particles in the fly ash.

The association of the trace elements with aluminium in the fly ash particles may result from reactions of
the trace elements with the aluminosilicate mineral particles inside the burning coal particles, or their
initial occurrence in association with these minerals.

Introduction ments in the coal have revealed that they are found
in various forms, as reviewed by Finkelman [1] and

Coal combustion is a major source of toxic species Swaine [2]. The trace elements are found in associ-
emitted to the atmosphere. During combustion, ation with, e.g., pyrite and accessory sulphides, car-
trace elements contained in the coal are transformed bonates, clays, selenides, and organic matter. For
and either retained in the boiler bottom ash, cap- many trace elements, the occurrence can only be de-
tured by the gas cleaning devices, or released to the termined speculatively, as most studies are based on
atmosphere as particles or gases. The total emission indirect measurement, e.g., leaching behaviour or
to the atmosphere depends on the transformations density determination (float and sink method) [2]. In
of the noncombustible matter in the coal during a recent study, x-ray absorption fine structure spec-
combustion, and on the gas cleaning equipment em- troscopy (XAFS) method was used to study the oc-
ployed at the combustion unit. currence of arsenic and chromium in several U.S.

The combustion behaviour of noncombustible coals directly [3].
matter in coal, including trace elements, is deter- In many field and laboratory studies on pulverized
mined by their occurrence in the coal, the size and coal combustion (PCC), the trace elements have
temperature history of the coal particle, the atmos- been found to be enriched in the submicron particles
phere the coal particle is exposed to, and the flow [4-8]. The enrichment is believed to result from the
conditions in the combustion unit. The form of oc- vaporization of these species during the combustion,
currence in the coal is important when connecting followed by condensation of the vaporized species on
the combustion behaviour with the coal characteris- the surfaces of the pre-existing particles entrained in
tics. Many studies on the occurrence of trace ele- the flue gas [9]. During the pulverized coal combus-
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tion, high number concentrations of fine particles are mainly of coal matrix species. Accordingly, the as-
formed when the vaporized fraction of the refractory sumption that all the submicron-sized particles have
oxides (e.g., Fe, Mg, Si, Al, Ca) condenses homoge- been formed from the gaseous ash species is not nec-
neously prior to the condensation of the trace metals. essarily valid, and this has to be taken into account
The condensation of the trace metals is proportional while interpreting the results of any previous studies
to the surface area of the particles, and hence occurs on the ash matrix and trace element combustion be-
predominantly on the fine particle surfaces, resulting haviour.
in their enrichment with condensed species [10]. Most of the studies on the trace element behaviour
Also, chemical reactions of trace element vapours at in coal combustion have concentrated on PCC. Flui-
the fly ash particle surfaces would result in their en- dized-bed combustion (FBC) differs significantly
richment in submicron ash particles [11]. This is par- from PCC. In FBC, the temperature history of the
ticularly harmful to the environment, as particles in particles is different from that of a PCC because of
the size range 0.1-1.0/zm have been found to pen- large coal feed particle size and the dense bed the
etrate readily particle removal equipment [12]. Also, coal particles are fed to. The combustion times are
some of the condensed species on the emitted fly ash longer [15], and the peak temperatures and heating
particles may be easily leached in dilute acids, ena- rates lower than in the PCC, with gas temperatures
bling the transport of the trace elements into the sur- of up to 1150 K and particle peak temperatures of
face water, soil, and finally into the groundwater. The up to 170,0 K [16,17]. In FBCs, the gas atmosphere
trace elements that are not vaporized and thus re- encountered by the coal particles varies with the po-
tained in the residual ash particles during combus- sition in the furnace [18]. In the circulating FBC
tion are usually not easily removed from the ash par- (CFBC), the density of the bed decreases rapidly
tides by leaching in dilute acids. While in the while going to the upper parts of the furnace, and
ambient air, however, the fly ash particles may also there is more oxygen available for the combustion.
be exposed to concentrated acids. This may occur All these parameters are expected to affect the be-
either within accumulation mode ambient aerosol haviour of ash-forming constituents, including trace
particles (0.1-1/zm in diameter, only submicron fly elements, during combustion.
ash particles), within fog droplets (all emitted ash Several studies have addressed the trace element
particles smaller than a few microns), or within cloud partitioning in different sized particles in the fluidi-
droplets (all emitted ash particles). As a result, the zed bed combustion [e.g., 19,20,21]. However, no
solubility of trace elements may increase prior to the detailed data have been published on the submicron
dry and wet deposition, particle size distributions and composition. Conse-

Several elements have been found to partially va- quently, the fraction of the trace metals released to
porize in the pulverized coal combustion studies, the gas phase and later condensed during FBC is not
Profound laboratory studies conducted by Quann et known. In this study, we approached the problem by
al. [7] showed large differences in the composition measuring, for the first time, detailed fly ash size dis-
of the submicron particles for the coals with varying tributions from a real-scale circulating fluidized-bed
characteristics regarding rank and origin. The major boiler flue gases upstream of the electrostatic precip-
components of the submicron fume were Si0 2 for itator using advanced aerosol measurement tech-
bituminous coals, and MgO, CaO, and FeO for niques. The particle characteristics, including physi-
lower-rank coals. Enrichment in the fine particles cal (number and mass) as well as elemental size
was seen for, e.g., arsenic, antimony, cobalt, chro- distributions, were determined in the particle size
mium, and manganese. Despite the enrichment of range 0.01-70,pm. The coal and limestone sorbent
the trace elements, the major fraction of the total were also carefully characterized with regard to their
mass in the fine particles consisted of coal matrix el- mineral and trace metal contents. Size-classified fly
ements. Also, major fractions of the trace elements ash particle samples were analyzed with instrumental
were found in the supermicron fly ash particles, in- neutron activation analysis (INAA), particle-induced
dicating that only minor fractions were released to x-ray emission analysis (PIXE) and inductively cou-
the gas phase during combustion. In the field studies, pled plasma mass spectrometry (ICP-MS) methods
vaporization and condensation behaviour has been for up to 50 elements. Detailed size distribution data
observed for, e.g., arsenic, antimony, mercury, zinc, for trace elements associated with both coal and
nickel, vanadium, copper, cadmium, strontium, bar- limestone are compared with size distributions of el-
ium, and selenium [4-6,13]. ements abundant in coal and in limestone. The trace

According to our recent studies on the submicron element vaporization and condensation as well as
particle size distributions from the real-scale PCC possible reactions inside the burning coal particles
[14], the submicron particles form two distinctive are discussed on the basis of experimental fly ash size
modes. Ultrafine mode was observed in the range distribution data. We have earlier reported data on
0.03-0.1 jm, being formed from the vaporized ash the alkali metal behaviour in CFBC [22] and pre-
matrix species via nucleation. The intermediate sented the analytical procedures used in INAA and
mode was found between 0.3 and 0.7pjm, consisting PIXE analyses [26,27].
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Process Description analysis procedures, and analytical errors are dis-
cussed in Refs. 26 and 27, respectively. For the in-

The experiments were carried out at an 80- ductively coupled plasma mass spectrometry (ICP-
MW(th) steam-generating atmospheric circulating MS) analysis, the BLPI samples were digested in 1.5
fluidized-bed combustion unit during two one-week mL of concentrated suprapure HNO3 kept in an ul-
periods in March and August 1990, hereby marked trasonic bath in a Teflon bomb for 4 h at 150 'C, and
as 3/90 and 8/90, respectively [22]. Venezuelan bi- then diluted into 10 mL with 1% HNO3 . Cyclone-
tuminous coal was burned during the experiments, collected and size-classified samples were digested in
and limestone was used as a sulphur sorbent. In the 10 mL of concentrated suprapure HNO 3 and kept in
experimental period 8/90, some English, higher-sul- an ultrasonic bath in a Teflon bomb for 8 h at 150
phur coal was accidentally mixed in the coal feed silo TC. After digestion, the solutions were filtered and
at the beginning of the experimental week. The pro- analyzed with ICP-MS.
cess parameters are described in Ref. 22. Coal and limestone sorbent were analyzed with

INAA and ICP-MS, coal also with PIXE. For ICP-
MS, the coal and limestone samples were prepared

Methods similarly as the cyclone-collected fly ash. Coal and
limestone samples were analyzed for both experi-

Aerosol Sampling: mental periods. The coal minerals were analyzed at
the University of Kentucky using computer-con-

The mass and elemental size distributions were trolled scanning electron microscopy (CCSEM).
determined by collecting size-classified coal combus-
tion aerosol samples with an 11-stage multijet com-
pressible flow Berner-type low-pressure impactor Results and Discussion
(BLPI) [4,23,24]. Because of high particle concen-
trations in the CFBC flue gas, double stages were Coal and Limestone Analysis:
used in the impactor in stages 7, 8, and 9 to prevent
overloading of these stages during the latter experi- The average concentrations for 21 trace elements,
mental period, i.e., 8/90. Thin aluminium (Al) and Ca, Fe, and Al, in coal and limestone are pre-
and polycarbonate (poreless Nuclepore, NP) films sented in Table 1. The concentrations of Ni and Sr
greased with Apiezon L vacuum grease were used as in the limestone and Cd in the coal were under the
impaction substrates [24]. A cyclone with Stokes cut detection limit of INAA and PIXE. For these ele-
diameter of 5.4 pm was used as a precutter sampling ments, the values given in Table 1 have to be consid-
device to prevent overloading of the upper BLPI ered as the highest concentration limit. The most
stages. The cyclone-collected particles were size clas- abundant trace elements in this coal were Sr, Ba, and
sified with the Bahco-sieve method. The BLPI and Mn (which was also abundant in limestone). For all
cyclone sampling system is described in more detail the elements considered, the concentration in the
in Refs. 14 and 22. coal was higher in the 8/90 sample than in the 3/90

The combustion aerosol number size distributions sample. This can be explained by the addition of the
in the size range 0.01-0.8,pm were determined by English coal in the Venezuelan coal used during the
sampling in-stack through a precyclone having a 8/90 experimental period, but also, the composition
Stokes cut diameter of 2.5 pm, followed by dilution of the same coal is not necessarily uniform. The chlo-
with a two-stage, ejector-based dilution system [25], fine content in the coal was 220 ppm.
and measuring the diluted aerosol with a differential During the experiments, the average limestone
mobility analyser (DMA, TSI model 3071) by using feed in the CFBC was 0.06 kg/s in 3/90 and 0.11 kg/s
a condensation nucleus counter (CNC, TSI model in 8/90. Coal feed was 2.60 kg/s during both experi-
3020) as a number concentration sensor [14,22]. mental periods. Average feed particle sizes for coal

and limestone were 2 mm and 200,pm, respectively.

Analytical Techniques: The higher limestone feed in the 8/90 experimental
period was needed because of the high-sulphur Eng-

The BLPI samples were weighed carefully on a lish coal that was burned along with the Venezuelan
microbalance before and after the sampling. The cy- coal. The ratio of the coal feed rate to the limestone
clone-collected samples were weighed to determine feed rate was 43 and 27 for 3/90 and 8/90, respec-
the total mass of the samples and size classified with tively. Hence, considering the trace element concen-
a Bahco-sieve method. The size fractions were trations in the coal and limestone from Table 1, we
weighed and stored for elemental analyses. see that the trace elements are mostly fed to the

Up to about 50 elements were determined in the CFBC in the coal. The amount of the trace elements
samples with INAA, ICP-MS, and PIXE. Only that is fed in the limestone is typically few percent
polycarbonate substrates were used for elemental of the total trace element concentration. Limestone
analysis of the BLPI samples. Sample preparation, contributed more than 20% only for Mn and Ni.
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TABLE 1 Differential Elemental Size Distributions:
The trace element and calcium, iron, and aluminium
concentrations in the Venezuelan coal and sorbent We present the size distributions for Ca, Al, Mn,

limestone, and Sr in Fig. 1. The major fraction of all these ele-
ments is found in the particles collected in the cy-

Coal Limestone clone, i.e., with diameters larger than 5.4 um. The

Element (ppm) (ppm) relative amount of the particles in the cyclone vs
Elelnent (ppm) (ppm)_ BLPI is highest for Ca and Mn. Al and Sr show clear

Ca 2,720 346,000 tendency towards finer particles. The largest particle
mode peaks at 15-20 pm instead of 20-30 pm as in

Fe 2,060 3,240 the case of Ca. No detectable amount of any of these
Al 5,470 6,410Ac 5,08 ,1.0 elements was found in particles smaller than 0.1 am,
Nc 8.7 2.9 as can be seen from the small figure of Sr in the sizeV8.7 2.9 0.01-1 ,um. No Sr is detected in particles <0.1 pm.
Cr 4.7 4.2 Sr concentration increases at 0.1 pm, and detectable
Mn 28 540 mass is observed in the size range 0.1-1pm, where a

Ni 3.7 <39 particle mode is seen in number size distributions
Ni 8.6 231 [22].

Zn 8.6 21 The figure for Sr shows the effect of the double

GA 1.1 0.3 stages used in the BLPJ during the experimental pe-
As 1.1 0.3 riod 8/90. The concentrations from the period 3/90
Se 7.9 0.3 are higher in the stages 5 and 6 because of the par-
Sr 23 <139 tidle bounce and re-entrainment from the upperCd <0.5 1.1
Sb 0.3 1.1 stages. In the measurements of 8/90, the particle

0. bounce was minimized by using double stages in the
CS 0.2 0.5 stages 7, 8, and 9 to prevent overloading, and hence,
Ba 35 41 the mass collected in the subsequent stages, i.e., 5
La 1.6 3.7 and 6, is smaller.
Ce 2.8 7.4
Sm 0.3 0.6
Lu 0.03 0.1 Elemental Mass Fraction Size Distributions:
Ph 1.1 4.4
Th 0.4 0.9 Mass fraction size distributions present the mass

of a certain element compared with the total mass of
the particles in each particle size class. Mass fraction
size distributions were determined for CFBC fly ash
particles collected in the BLPI and cyclone. In Fig.

According to the CCSEM results, the mineral 2, we present the mass fraction size distributions for
matter in the coal was mostly quartz (20% of the Ca, Al, Mn, and Sr. The errors due to elemental and
mineral matter), miscellaneous silicates (20%), and gravimetrical analyses were smaller than 20%.
calcite (22%) [22]. Iron was found mainly as py- None of the elemental concentrations presented
rite (8% of the mineral matter), as confirmed by in Fig. 2 show (1/DP)' dependence on the particle
M6ssbauer spectroscopy [28]. size, indicative of vaporization followed by conden-

sation or surface reaction [29,30]. The concentration
is size independent only for very porous particles (e

Physical Size Distributions: - 1), which is not the case in the CFBC fly ash, as
verified by SEM micrographs. In Fig. 2, we see small

The submicron aerosol particle number size dis- increase in the mass fraction size distributions with
tributions showed two modes at about 0.02 and 0.3 decreasing particle size for aluminium and strontium,
pm [22]. The number concentrations below 0.1 pm but the increase starts in the supermicron particle
varied strongly during the experiments, being one to size range, and no increase is seen in particles <1
two orders of magnitude lower than those reported pm. Hence, this increase is not due to the conden-
for pulverized coal combustion [14]. sation or surface reaction process. The similar be-

The mass size distributions peaked at about 25 pm. haviour of aluminium and strontium mass fraction
Ninety-three percent of the particle mass was col- and differential size distributions suggests the same
lected in the precutter cyclone, which had a cut di- transformation mechanisms for these elements.
ameter of 5.4 pm. Less than 0.1% of the mass was Other elements that follow the size distribution of
found in the particles smaller than 0.1 pm, and less aluminium are Sc, V, Zn, Ga, Cs, Ba, La, Sm, Lu,
than 1% in the particles between 0.1 and 1.0 pm. and Th. This can result from the reactions of these
[22]. elements with aluminosilicate particles, or these el-
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FIG. 1. The CFBC fly ash differential elemental size distributions for Ca, Al, Mn, and Sr determined with BLPI and
precutter cyclone and analyzed with INAA and PIXE. Open markers .denote the 3/90 and black markers the 8/90 exper-
iments.

ements may be originally bound in the aluminosili- stone, the manganese mass fraction size distribution
cate minerals in the coal. Finkelinan et al. [31] sug- is significantly different from the mass fraction size
gest the occurrence of strontium in the bituminous distribution of calcium. While calcium content in the
coals as partly organically bound and partly as cel- fly ash particles increases with increasing particle
estite, but the leaching behaviour of strontium can size, there seems to be only slight increase in the fly
also result from an association with the clays. Swaine ash size distributions of manganese in the largest par-
[2] reports the occurrence of Sr in bituminous coals tidle sizes. Swaine [2] reports the occurrence of man-
also in phosphate minerals and calcite. As phospho- ganese in the bituminous coals predominantly in
rus is low in this coal, the probable modes of Sr are carbonate minerals and clays, minor amounts organ-
the association with organic matter and calcite min- ically bound, and in pyrite. No clear conclusions can
erals. Se, V, Zn, Ga, Cs, and rare earth elements (La, be made as to the occurrence of manganese in the
Sm, Lu) have been found in clay minerals [2]. The CFBC fly ash, although the differential size distri-
organically bound magnesium has been found to re- butions of calcium and manganese resemble each
act with the aluminosilicate minerals inside or on the other.
surface of the coal particles during PCC [14], so the
size distributions of Sr may indicate reactions of the
organically bound Sr, or Sr released from calcite, The Distribution of the Trace Elements in Different
with the aluminosilicate minerals, even though, in Size Classes:
FBC, the combustion conditions are different from
PCC. In Table 2, we show the distribution of the total

Calcium mass fraction size distributions show a particle mass, the trace elements, and calcium, iron,
clear increase when increasing particle size. In the and aluminium in different size classes. The concen-
largest size ranges, calcium constitutes almost 30% trations presented in Table 2 are average values for
of the total particle mass. This is due to the large the two experimental periods. The concentration val-
limestone feed particle size, with average particle ues for each size fraction from the two experimental
size of 200 um. Even though 33-42% of the man- periods were consistent (within 20%) for all the other
ganese in the CFBC fly ash derives from the lime- elements but As. For arsenic, the 3/90 value was only



206 PRACTICAL ASPECTS OF COMBUSTION

Ca Mn
20 0.2

25

0.15

S20

- 15 0.1

10
0.05

0 0

0.01 0.1 1 10 100 0.01 0.1 1 10 100

Al Sr
20 0.12

0. 0.00

10

2 0.04

0 0

0.01 0.1 1 10 100 0.01 0.1 1 10 100

Dp. 1100 Dp, pmn

FIG. 2. The CFBC fly ash elemental mass fraction size distributions for Ca, Al, Mn, and Sr determined with BLPI and

precotter cyclone and analyzed with INAA and PIXE. Open markers denote the 3/90 and filled markers the 8/90 exper-
iments.

37% of the 8/90 value as a result of higher As con- range consists mostly of the residual ash and lime-
centration in the 8/90 coal. stone particles and contains 6.3% of the total particle

The finest particle fraction consists of the particles mass collected. Here we can distinguish the deple-
with diameters 0.01-0.07 Jitm, corresponding to the tion of the same elements as in the previous size
ultrafine mode at number size distribution [22]. It class. Mn and Ni show very low percentages in this
contains less than 0. 1% of the total particle mass col- size range, following the behaviour of Ca. Sb and As
lected in the BLPI and the cyclone. The trace ele- show lower than average fractions in this size range.
ment concentrations in this size range are low. For All the other trace elements have 11-18% of the total
most elements, the concentration in Table 2 is ex- concentration in this size range.
pressed as the upper limit of the concentration (<) The largest particle size range contains the parti-
because the concentrations are too low to be de- cles that were collected in the precutter cyclone. The
tected with JNAA, PIXE, and ICP-MS. The amount particles in this size range contain 93% of the total
of the trace elements in this size fraction is less than mass collected. They are abundant with Ca species,
1% of the total amount of the given element col- i.e, CaSO 4 and CaO. Twenty percent of the total par-
lected. ticle mass in the cyclone-collected particles consists

The second particle size range is 0.07-l.4,um, cur- of Ca. A major fraction of all the trace elements was
responding to the intermediate mode in the number found in this large particle fraction, with more than
size distribution at 0.3 Jim. The particles in this size 75% of the total concentration of each element in
range contain 0.5-7. 1% of the total concentration of the cyclone-collected particles. When studied with a
the trace elements and 0.6% of the total mass of the SEM, the particles in this size fraction were irregular
particles collected. Three trace elements, Mn, Ni, in shape and consisted of large solid Ca-rich particles,
and As, have less than 1% of the total concentration and agglomerates containing several elements, e.g.,
in this size range. A significant fraction of Mn and Ni Al, Si, Fe, and Ca.
(23-42%) enter the CFBC wvithin the limestone feed,
and in the distribution to the size classes, they seem Conclusions
to follow the behaviour of calcium.

The third size range is 1.4-5 um and contains the In this study, we determined the distributions of
rest of the particles collected in the BLPI. This size 21 trace and three coal matrix elements in the fly ash
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TABLE 2
The CFBC fly ash total mass, trace element, and calcium, iron, and aluminium concentrations in different size

fractions determined according to the various particle modes

Total 0.01-0.07 am 0.07-1.4 jim 1.4-5 ,um 5-100 am
Element (,om/Nm3) (%) (%) (%) (%)

Mass 16,130,000 0.1 0.6 6.3 93
Ca 2,990,000 0.01 0.5 4.7 95
Fe 260,000 0.06 1.1 8.6 91
Al 598,000 0.05 2.0 14 85
Sc 94 0.2 4.1 16 80
V 785 0.1 3.8 17 79
Cr 441 <4.4 3.5 <8.9 83
Mn 6,259 <0.2 0.9 6.4 93
Co 122 0.8 3.2 17 79
Ni 2,112 <0.5 0.5 3.0 96
Zn 956 0.4 1.9 13 84
Ga 148 <0.1 2.6 11 87
As 152 <0.2 0,6 4.1 95
Se 1,076 <0.3 3.4 14 82
Sr 3,310 <0.3 3.0 11 85
Cd 56 <4.5 7.1 14 75
Sb 29 <0.2 1.8 8.9 89
Cs 20 <1.9 2.0 13 83
Ba 3,046 <1.9 <2,6 15 80
La 185 <0.1 3.4 16 81
Ce 387 <1.3 3.7 14 81
Sm 33 0.1 3.4 17 80
Lu 2.8 <2.3 2.5 12 83
Ph 256 <1.1 5.0 16 78
Th 56 <0.6 3.2 18 78

of an 80-MW(th) circulating fluidized-bed unit dur- ments in the coal to connect the trace metal behav-
ing the combustion of Venezuelan coal. The experi- iour in combustion with the coal characteristics, and
ments were conducted upstream of the electrostatic also on the determination of the trace metal reactions
precipitator. A limestone sorbent was used in the with the limestone sorbent particles.
CFBC to capture SO2 during the experiments. The
trace elements in the CFBC originated mainly from Acknowledgments
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Dino Musnsarra, CNR-Instituto di Ricerche Scilla Coin- the mercury behaviour in combustion, both gas phase and
bustione, Italy. The mercury emissions from the combus- particulate phase mercury should be determined. In this
tion of coal are considered to be responsible for more than study, however, we concentrated only on particulate phase
50% of the total anthropogenic emissions. While your pa- in the flue gas, and no mercury was detected with any of
per takes into account numerous metals, why is mercury the analysis methods used.
not considered?

Author's Reply. In coal combustion, mercury has been 0

found to be highly volatile, and a major fraction of it is
expected to be found in the gas phase in the flue gas up- J. A. Kozinski, McGill University, Canada. 1. Do you
stream of the particle removal equipment. In order to study have any idea how metals you have analyzed were distrib-
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uted in the particle? Were they concentrated in the surface particles from the flue gas with a low-pressure impactor,
layers or inside ash particles? which collects the particles according to their aerodynamic

2. What was the accuracy of metal concentration meas- mobility. The elemental analyses were then carried out for
urements in particles as small as 10 nm in diameter? these narrow, well-defined particle size-fractions collected

in the impactor, not individual ash particles. From these
Author's Reply. We did not measure the distribution of analyses, no conclusions can be made on the distribution

the metals in individual fly ash particles. We collected the of the elements in individual ash particles.
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Calcium sulphide is a major product from coal gasification processes that use limestone as a desulphurising
agent; also, it maybe formed in fuel-rich regions offluidised-bed combustors. Complete conversion ofCaS to
CaSO4 via the gas-solid reaction CaS + 202 -- CaSO4 is desirable to allow safe disposal of the bed ash mate-
rial. This reaction has been investigated at temperatures from 650 'C to 1050 'C using thermogravimetric
analysis. The results revealed, inter alia, a discontinuity in product formation with increasing temperature:
Above 850 'C, CaO is also formedwith the evolution of SO2. This has been shown to be a result ofthe apparent
solid-solid reaction CaS + 3CaSO 4 -+ 4CaO + 4SO2, which occurs above about 900 'C, when a liquid melt is
probably produced. The observation of CaO production at 850 'C during CaS oxidation, however, is a con-
sequence of the exothermicity of the reaction forming CaSO 4 raising the particle temperature above 900 'C,
thereby initiating the solid-solid reaction between product CaSO4 and reactant CaS. This rise in temperature,
coupled to the change in porosity caused by both CaSO, and CaO formation, gives rise to slightly sigmoidal
mass-time plots from the thermogravimetric experiments. A kinetic study of the oxidation of CaS to CaSO,
has shown it to be first order in 02, with a rate constant of4.5 ± 2.0 X 0-4 exp[ - (5.7 ± 1.5)103/T] mis. The
overall conclusion is that, although CaS is converted to CaSO4 at the operating temperatures of fluidised-bed
combustors, reaction between these two solids starts for particle temperatures between 850 'C and 900 'C,
probably via a melt, and results in the undesirable evolution of SO.

Introduction CaS + 202 -s CaSO 4;

The use of limestone as a sulphur sorbent in coal AH'2 s = -960.9 kJ/mol. (1)

combustion processes has resulted in a growing in-
terest in the fate of CaS, which forms in fuel-rich It has been found [2,3] that, during CaS oxidation,
regions of the combustor [1-3]. More recently, this SO evolution may occur, depending on the temper-
interest has been heightened by the introduction of ature. Therefore, an infrared S0 2 analyser (from
fluidised-bed coal gasification for use in power gen- ADC), capable of measuring from 10 to 5000 ppm,
eration [4]. One such process is the British Coal Top- was used to monitor the product gas stream contin-
ping Cycle, which involves partial gasification of coal, uously. This SO2 analyser was calibrated before each
producing a hot gas which, after cleaning, drives a test using a mixture of 2000 ppm SO2 and N2. The
gas turbine [5]. The residual char from the gasifier is reactant gases were mixtures of 0 2 and N2. Pure
burnt in a fluidised-bed combustor to raise steam, (99.99%) CaS (supplied by Johnson Matthey), of
which drives another turbine. Limestone is added to mean particle size 45 pm, was used to eliminate the
the gasifier to remove the major sulphurous species, effect of impurities. BET (Brunauer, Emmett, and
H 2S; it is important that the product CaS [6], on pass- Teller) analysis of the CaS using Kr sorption gave the
ing into the 0 2-rich combustor, be oxidised to CaSO 4  surface area of the CaS particles to be 0.92 m2 /g, and
to allow safe disposal of the ash, etc. gave an average pore radius of about 5 nm.

A typical experiment involved heating CaS (ap-
Experimental proximately 10-20 mg) in the TGA to the required

temperature in an atmosphere of N 2 flowing at a rate
A Stanton Redcroft STA 780 thermogravimetric of 3.3 X 10-6 m3/s. The particles were distributed

analyser (TGA) was used to study the reaction over quartz wool to separate them and reduce any

211
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effects of interparticle diffusion. On reaching the de- 21 1400

sired temperature, the gas atmosphere was changed
to a mixture of 0., and N2. The sample's mass, the 20 E
SO concentration in the off-gases, and the reactor M,,S L

temperature were all recorded continuously; an ex- -a 19

periment was stopped either when a constant sample .f0
mass was obtained or about 30 min reaction time had 0 18 W
elapsed. 0

Any S02 evolved could be used in conjunction sone..rai.on 400

with the weight change to construct a simple mass 16
balance over the system. This is because S02 can be -200

assumed [3,7] to be produced by either is
0 400 800 1200 1600

CaS + 3CaSO 4 -- 4CaO + 4SO2; Time (s)

AH2.) = + 1047.9 kJ/mol (2) FIG. 1. Typical plots against time of the mass of the sam-

ple and concentration of SO2 in the off-gases for the oxi-
or dation of CaS in a TGA at 950 'C, with an inlet 02 con-

centration of 21 vol.% in N2.
CaS + 3/202 - CaO + SO2;

AH2vs = -458.7 kJ/mol. (3) S02 readings shown have been deconvoluted assum-
In either case, CaO and S02 are formed in equimolar ing the sampling system behaves as a CSTR (contin-
amounts. Therefore, assuming that CaS0 4 and CaO uously stirred tank reactor) with a measured mixing
are the only solid products formed, the composition time constant of 5 s. Upon introducing 02 to the
of the reacting solid at any time t can be calculated sample, Fig. 1 shows a rapid initial weight increase
from for -5 min, the duration of which depends on the

temperature and 02 concentration. This weight in-
G t crease is accompanied by the evolution of S02. This

Xc: = YSo02dt (4) is followed by a longer period (>25 min) of slow

weight gain and low concentrations of S02. The sam-

and ple's weight continues to increase after 82 evolution
has finished. An interesting feature of Fig. 1 is the

1 slightly sigmoidal shape exhibited by the mass profile:
Xcýso,- [Am + 16MoXcaol (5) There is a very short initial period ('-50 s) when the

64M0  sample gains weight slowly, followed by a rapid rise
and, finally, another period of slow weight increase.

where Xj is the extent of conversion of CaS to species This was found to be a characteristic feature of these
i, G the total molar flow rate of gas through the an- experiments; an explanation is presented later. An-
alyser, Yso 2 the mole fraction of S02 in the product other observation worthy of note is the small overall
gas, Ait the increase in the sample's mass, and M0 increase in mass (about 4 mg) in Fig. 1, even after
the initial molar amount of CaS. 30 min reaction time. Although the increase in sam-

To verify that CaS0 4 and CaO were the only prod- ple weight varied depending on the conditions used,
uets formed, residues from experiments at 800 'C, the final value was such that, if the sole product was
900 'C, and 950 'C were analysed using x-ray dif- CaS0 4, the conversion, Xcaso4 , would be very small.
fraction (XRD). Interestingly, at 800 'C, only CaS0 4  This agrees with the presence of S02 in the off-gases,
was formed, whereas at and above 900 'C, CaO was which suggests the formation of CaO and a corre-
also produced. No evidence was found for CaS03, in sponding reduction in sample weight.
agreement with other attempts [8] to identify it. Figures 2 and 3 show the effect of temperature on

the conversion of CaS to CaO and CaSO 4, respec-
tively, using an 02 concentration of 4.2 vol.%. Very

Results little oxide was formed at 850 'C (see Fig. 2), and
this was the case for all 02 concentrations. Also, the

Initially, experiments were performed between conversion to CaS0 4 at 850 'C was very low, reaching
850 'C and 1050 'C, using inlet 02 concentrations of only 8% for 4.2 vol.% 02. However, when the tem-
between 4 and 50 vol.% in N2 . An overall weight perature was increased, more CaO and CaSO 4 were
increase always occurred. The sample's mass and S02 produced; also, they were formed more quickly.
profile are shown in Fig. 1 for a typical experiment Again, the sigmoidal character of the curves in Figs
at 950 'C and an 02 concentration of 21 vol.%. The 2 and 3 was evident in every experiment.
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FIG. 4. Variation with time of the ratio of the fractional

FIG. 2. The fractional conversion of CaS to CaO during conversions to CaO and CaSO4 for CaS oxidation at a range
CaS oxidation for an inlet 02 concentration of 4.2 vol.% in of temperatures and 21 vol.% 0, in N_.
N2 and a variety of temperatures, as shown.

0.5 (1) and (2) in series, the SO 2 concentration will be
zero initially and then increase to a maximum before
decaying. Figure 1 strongly suggests that the mech-

,0.4 - anism does involve reactions (1) and (2) in series.
0

lOOCowvrsoi-solid reactions like (2) are improba-

0 0.3 ble, being characteristically slow because of the slow
r diffusive processes associated with them.

0.2 5

0 Demonstration of the Reaction between CaS
S0.1 -0and CaSO 4

0 4 A mixture of CaS and analytical grade CaSO4 (of
0 400 800 1200 1600 2000 mean particle size 20 am) was prepared in the stoi-

Time (s) chiometric ratio 1:3. To ensure adequate contact be-

FIG. 3. Effect of temperature on the fractional conver- tween the two powders, they were mixed thoroughly
sion of CaS to CaSO4 during CaS oxidation, using an inlet in an automatic shaker for about 15 min. Before mix-

02 concentration of 4.2 vol.% in N2. ing, the CaSO 4 was dried in an oven overnight. Ex-
periments were performed at 850 'C, 900 'C, 950
'C, 1000 'C, and 1050 'C in the TGA. The procedure

Figure 4 shows how the ratio Xcao/XCaso 4 varies involved heating the reactant mixture to 850 TC at a
with time for each temperature and 21 vol.% 02. The rate of 15 °C/min in an atmosphere of N2. On reach-
curves show a rapid initial increase to a maximum, ing 850 'C, the temperature was ramped up at the
followed by a gradual decay. The maximum and final highest heating rate of 25 'C/min to the final tem-
values of XCao/XCaso 4 increase with temperature. It perature, which was held for 30 min. Sample mass
appears that CaO production is greatest at the be- and S02 concentration in the off-gases were both
ginning of the reaction, and above 950 'C, monitored continuously throughout the experiment.
XcaC/Xcaso 4 has a maximum value greater than 1. The composition of the reacting solid was derived.
Following this initial period, CaSO4 formation in- For example, after 20 min at 950 'C, about 47% of
creases relative to CaO, until a period is reached the CaS and CaSO4 had reacted to produce CaO and
where XCao!XC.A so4 becomes constant. S02. At 1050 'C, 100% conversion to CaO was

One difficulty in interpreting these results is that achieved. However, at 850 'C, no weight change or
the reaction producing CaO is uncertain, being ei- S02 was observed, and although a weight change was
ther the solid-solid reaction (2) in series with (1) or observed at 900 'C, no S02 was detected. A small
the solid-gas reaction (3) in parallel with (1). An idea conversion occurred during some tests throughout
of the mechanism may be gained from the S02 con- the initial heating-up period, and at 1050 'C, the re-
centration profile in, e.g., Fig. 1. If reaction (3) oc- action was complete even before 1050 TC was
curs, the S02 concentration should have a maximum reached. Thus, the conversion to CaO increased with
value at time t = 0 and decay gradually over a period temperature above 900 'C. An important conclusion
of time. On the other hand, if there are only reactions is that the solid-solid reaction (2) is indeed suffi-
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ciently fast for it to be considered responsible for S02 70

release during CaS oxidation. However, the anomaly 840 /
is that, if the reaction between CaS and CaSO4 were
truly a reaction between solids, such a fast rate would $oso
probably not be observed. This seems to suggest that

2840-the reaction may involve a gaseous intermediate, as /
suggested by Chen and Yang [9]. They proposed that 0 830
CaSO 4 decomposes to give S03, which subsequently I
reacts with CaS, giving S02 and CaO as products. F 820

However, this was discounted here by performing
another experiment in the TGA, in which a sample 610

of pure CaSO 4 was heated from ambient to the high 80
temperature of 1270 TC at a rate of 15 0C/min in a 0 20 40 60 80 100 120 140 160 180 20,0

flow of N2 . No change in mass was observed until Time (s)
1170 TC was reached. At 1210 TC, the overall mass
had fallen by 15%. The temperature was held at 1270 Fir. 5. Temperature history of a CaS particle (5-mm

TC, when the mass of the sample fell relatively rap- diameter) when reacting with 02. The inlet concentration

idly. The indications are thus that CaSO 4 does not of 02 is 21 vol.% in N2.

decompose until its temperature is above 1200 TC;
this conclusion agrees with previous work [10]. The
product gas from the TGA was continuously moni- Measurement of the Temperature Change

tored for sulphur species using a mass spectrometer. of a CaS Particle during Oxidation

Three masses were monitored: 48 (SO), 64 (SO2),
and 80 (S0 3). SO is a possible fragment of both S02 If CaS reacts with 02 under adiabatic conditions
and SO3. Only SO and SO2 were detected, suggesting to produce only m' moles of CaSO4, the heat liber-

that the only sulphurous gas evolved during CaSO 4  ated is Q = m'AH, where AH is the heat of reaction.

decomposition at 1200 TC or above is SO2 ; this sup- Literature values [13] of AH give Q = -902.5m' kJ

ports the findings of Lau et al. [11]. The other pos- at 1300 K. This heats up the m' moles of product

sible way in which CaS and CaSO4 interact is via a frm, ay, 1300 K to Td, where Q -=fCaSO4 -

melt. Such a mechanism has been suggested before 1300) and QP is the heat capacity of CaSO4. Using

[8,12]. It has been postulated [12] that CaS and an average value of C = 179.9 J/K mol, Td = 6485

CaS 4 are com letely ionised during the formation K is obtained. It is hig'hly unlikely, however, that such
Cof ar liqui phete exisec e oowever, a rise will take place in practice, but it does suggest
of a liquid phase; the existence of a melt, however, that a substantial temperature increase is possible.

Theld fortion of sub iatmelt wTo measure this temperature increase, a type K
The formation of a melt was checked by taking (2-mm diameter) thermocouple was inserted into a

again CaS and CaSO4 in powder form and making a hole drilled in a 5-mm-diameter CaCO3 particle. A
pellet (5-mm diameter) from the mixture. The pellet small amount of high-temperature cement (Autostic)
was then heated to 1000 'C in N2, and the evolution held the thermocouple in place. The particle was
of SO2 was observed. Afterwards, the pellet was set then placed into the hot zone of a horizontal, tubular,
in an epoxy resin, sectioned, and studied in an elec- silicon carbide furnace. Firstly, the particle was
tron microscope. It then became clear that agglom- heated to about 950 'C under a flow of N2 and main-
eration of tiny particles had occurred as a result of tained at this temperature for about 2 h for calcina-
them fusing together. Here then is visual evidence tion to finish. The N2 was then replaced by a gaseous
of CaS and CaSO 4 forming a liquid melt. mixture containing 3500 ppm H2 S in N2, which sul-

These TGA experiments clearly show that reaction phided the particle. Sulphidation was continued for
(2) could be responsible for SO2 evolution during about 10 h to ensure an adequate buildup of CaS,
CaS oxidation above 850 TC. There is still, however, after which the temperature was allowed to drop to
a slight inconsistency between the results of the ex- 80'0 0C. The temperature of the particle was allowed
periments in this section and those on the oxidation to stabilise, whereupon the flow of H2 S was replaced
of CaS. In the latter, S02 was detected at 850 TC, with N2. It is important to note that, at this point,
whereas the solid-solid reaction in isolation appears there was no increase in temperature, which could
to occur above this temperature (between 850 C and have resulted as a consequence of a different gaseous
900 °C). One explanation may be that the oxidation flow rate over the particle. On replacing N2 with air,
reaction (1), being highly exothermic, causes the par- the temperature of the particle began to increase
tidle temperature to rise, thereby initiating the solid- sharply above 800 TC, reaching a maximum of 865
solid reaction (2). The following section accordingly TC within 15 s. The temperature then fell over a pe-
aims to discover if a CaS particle rises in temperature riod of about 180 s and stabilised at around 835 'C.
when reacting with 02. The temperature profile is shown in Fig. 5. At 850
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"°C, the reaction between a mixture of CaS and ing a reduction in further CaSO4 production. Addi-
CaSO 4 was found not to take place, but during CaS tionally, this will result in a lowering of the rate of
oxidation, it did. This may now be explained by the CaO formation. Tucker [7] postulated that the S02
temperature increase [caused by reaction (1)] to partial pressure at the CaS-CaSO 4 interface rises
somewhere between 850 'C and 900 'C, when the above the value for thermodynamic equilibrium of
solid-solid reaction becomes feasible. the solid-solid reaction (2), as S02 becomes trapped

within the particle. The net result is that the solid-
solid reaction (2) ceases.Discussion

It is now possible to interpret the results from the Kinetics of CaSO4 Formation
oxidation of CaS a little more fully. Reaction (2) be-
tween the product CaSO 4 and unreacted CaS ap- The experimental results obtained thus far have
pears to be responsible for the evolution of 80 at been difficult to interpret quantitatively because of
initial temperatures above about 850 TC. In this case, the occurrence of the solid-solid reaction (2) at
the oxidation of CaS can be broken down into its slightly above 850 TC during CaS oxidation. There-
initial, intermediate, and final stages. fore, to determine the kinetics of reaction (1) exper-

iments were performed in the TGA in the tempera-
Initial Period: ture range 650 'C-800 'C, when reaction (2) does

not occur, and only CaSO 4 forms in reaction (1). The
Formation of CaSO4 product will reduce the dif- rate of the initial stages of reaction (1) was obtained

fusivity of 02 to the reaction front. However, CaSO 4  from the initial slope of plots of mass against time,
will be simultaneously consumed by the solid-solid as in Fig. 1.
reaction (2), giving CaO and SO2 . There will there- The order of the reaction with respect to 02 was
fore be a gradual increase in the production of both examined at 800 TC and with 02 concentrations of
CaSO 4 and CaO. Also, Xcjo/Xcaso4 will increase, be- 4.2-80 vol.%. During the initial period, each mass
cause CaSO 4 will be consumed faster than it is pro- plot was again slightly sigmoidal. Unlike in previous
duced, as a result of the slow diffusion of 02 to un- experiments, this cannot be attributed to changes in
reacted CaS. The magnitude Of XCAo/Xcaso4 will porosity of the particle caused by the formation of
depend on the temperature; it will increase with tem- CaO, because no S02 was detected. A probable ex-
perature, whilst reaction (2) becomes more promi- planation may be that, because of the exothermicity
nent. These reactions, being restricted to the parti- of the reaction and the subsequent rise in particle
cle's surface, will result in a particle containing a core temperature, the rate of reaction increases with time
of CaS surrounded by a layer of CaSO 4, with CaO as until the product CaSO 4 blocks access of 02 to the
the outermost layer. CaS surface. The initial gradient of a plot of mass vs

time was obtained by fitting a quadratic to the mea-
Intermediate Period: surements using the software package SIGMA-

The rate of formation of both CaSO 4 and CaO is PLOT. Figure 6 shows the initial rate, normalised to

greatest during this period (see Figs 2 and 3). The the initial sample mass m0 , plotted against the 02
outer layer of CaO has a greater porosity than CaS04, concentration for tests at 800 'C. A straight line pass-

thereby increasing the diffusivity of 02 into the par- ing through the origin can be drawn through the
tidle. This in turn replenishes the supply of Ca80 4, points, demonstrating that reaction (1) is first orderwhich continues to react with CaS, producing more in 02. The initial rate of reaction (in kg/s) of CaS may

CaO and S02. As the reaction front moves further be expressed as
towards the centre of the particle, S02 from the din
solid-solid reaction (2) must pass through the outer - = 64moqAokk1C0 2  (7)
layer of CaO en route to the bulk gas phase. In the dt
presence of counter-diffusing 02, CaSO4 will form where A0 is the BET surface area of the CaS particles
in the outer region of the particle via (m2/kg), k, the rate constant (m/s), Co2 the 02 con-

CaO + S02 + 1/202 - CaSO 4; centration (kmol/m3), and 64 kg/kmol the increase in
mass when forming 1 kmol of CaSO4 from 1 kmol of

AH'9 = -502.2 kJ/mol. (6) CaS. The effectiveness factor q gives the fraction of
Therefore, XcaJ/XcaSO4 becomes smaller. the total surface area of a particle which is available

for reaction, and is characterised by the Thiele mod-

Final Period: ulus ck [14] where

Eventually, CaS0 4 formation around the particle d= k, (AOPcaS (8)
again reduces access of 02 to the reaction front, caus- 6 D,
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FIG. 6. Normalised initial rate of reaction (1) (from the ature) for CaS oxidation in reaction (1). Values of k, were

initial gradient of a plot of normalised mass against time derived from the initial slope of a plot of normalised mass

from a TGA experiment) against the corresponding inlet vs time using an inlet 02 concentration of 21 vol.% and two

0, concentration for a temperature of 800 'C. temperature ranges: 650 'C-800 'C (N) and 850 'C-1000
0C (*).

for a spherical particle of diameter d and density Pcas
and with D, being the diffusivity of O through the m/s was obtained. The rate constant for reaction (1)
particle. The value of D, was estimated using the may therefore be represented by k1 = 4.5 ± 2 x
expression D, = Doe [15], in which e8 is the initial 10-4 exp[-(5.7 ± 1.5)10 3/T] m/s. This makes re-
porosity of the particle (6.5 X 10 -3). Here, Do is an action (1) a fairly fast process, with a relatively low
overall diffusion coefficient given by 1Do = i/D,, activation energy, originating from the reaction being
+ 1Dk, where D,, and Dk are the molecular and exothermic. The pre-exponential factor here should
Knudsen diffusion coefficients, respectively [16]. be compared with the theoretical maximum (from
The resulting values are D,, = 5.5 X 10-5 m2/s, Dk the kinetic theory of gases) of 200 m/s for the situa-
= 1.5 x 10-6 m2/s, and Do = 1.5 x 10 -6 m2/s at tion when every collision of a gaseous molecule with

a temperature of 800 TC. For a reacting spherical the solid surface results in reaction. Although this
particle, q is given by [14] comparison makes the reaction in question appear to

be relatively slow, its pre-exponential factor is actu-
S(9) ally higher than that for most gas-solid reactions.

ta It is also necessary to consider the influence ofexternal mass transfer on the reaction. For reaction

The gradient of the plot in Fig. 6 equals 64A0qk5; a control, we require 1/k, >> 1/k, where kg is the
least-squares fit gives the gradient as 0.101 m3/kmol external mass transfer coefficient and is characterised
s, from which /kl = 1.7 ± 1.0 X 10-6 at 800 0C. by the Sherwood number Sh = kgd/Dm.r If the gas

Using this expression in conjunction with Eqs. (8) surrounding the CaS particles is assumed to be stag-

and (9), values of kI, q, and 4' were obtained itera- nant, Sh = 2. Therefore, the above condition be-
tively. The resulting values oft and kl were 0.74 and comes d << 2D,/k5 , and at 1000 TC, D,, = 1.1 X

2.2 + 1.0 X 10-6 m/s, respectively, at 800 TC. Fur- 10-4 m2
/s, and k1 = 4.5 X 10-6 m/s; thus, d <<

ther values of k, were derived in a similar manner at 2(1.1 X 10-4)/(4.5 x 1 0 -6) << 49 m, demonstrat-
650 TC, 700 TC, and 750 TC from the initial gradient ing that this criterion is satisfied and resistance to

of the mass-time plots. The resulting values of k1 are external mass transfer is negligible.

presented in Fig. 7 as an Arrhenius plot, which is A value of k, may also be obtained from a heat
seen to be reasonably linear. Included in this plot are balance on a CaS particle of mass m reacting with

values ofk1 from the initial gradient of the mass-time 02:
plots at 850 TC and 1000 TC. The fact that they lie
on the same line as the low-temperature values re- in = IT
inforces the view that, at high temperatures, CaS ox- -iAkjCo,(-AHI) = -C t

idation involves firstly reaction (1) forming CaSO 4 ,
followed by CaO production in reaction (2). Values + A.h(Tp - Tg) (10)
of q varied from 0.92 at 650 TC to 0.67 at 1000 'C.
Figure 7 gave the activation energy of reaction (1) as in which At is the total (internal and external) surface
47 ± 12 kJ/mol. From the intercept of Fig. 7, a value area of one CaS particle, A, is the external area, AH5
for the pre-exponential factor of 4.5 ± 2.0 X 10 4 the heat of reaction (1), Cp the specific heat capacity
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of CaSO 4 , 72 the molar mass of CaS, T, the particle are those of the authors and do not necessarily represent
temperature, Tg the gas temperature, h the heat- those of the supporting organisations.
transfer coefficient, and dTp/dt the initial slope of the
temperature profile in, e.g., Fig. 5. Initially, at t =
0, the second term on the right-hand side of the
equation is zero because TP - T Hence, a value for REFERENCES
k may be derived. Using the foflowing values-C 0 2
= 2.2 X 10 3 kmol/m3 , AH5 = - 9.5 X 10' J/kmol, 1
d = 45 x 10-6 m, C = 176.7 X 103 J/K kmol for T. Anthony, E. J., Ross, G. C., Berry, E. F., Hemings, R.
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COMMENTS

Umberto Arena, Institute for Combustion Research, with the behaviour of CaS (from a fuel-rich gasifier) when
CNR, Italy. It is known that in CFBC loop there is an admitted to an 0 2-rich combustor, most probably burning
alternation of reducing and oxidizing zones. Do you believe char in, say, British Coal's Topping Cycle. CaS in a fuel-
that this alternation might affect the mechanism you pro- rich environment is most probably stable, but in an O2 -rich
posed? environment our proposed mechanism will operate.

The question relates to a CFBC with changes of overall

Author's Reply. Yes, there can be both reducing and ox- stoichiometry. In a fuel-rich situation, sulfur usually exists
idising zones in the same fluidised bed. We were concerned as H,S, which forms CaS on contact with CaO. On the
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other hand, with excess 0, present, most of the sulfur exists Kristina Iisa, Oregon State University, USA. 1. Were ex-
as SO, (of course, some S03 or COS might form), which ternal mass transfer limitations eliminated during the ki-
in turn forms CaSO, in the presence of 0,. Of course, netic measurements of the CaS + 02 reaction at temper-
CaSO4 in a fuel-rich region can react [1] in CaSO 4 + H2 atures below 850 'C?
(or CO) -- CaO + SO2 + H20 (or CO2 ). Alternatively, 2. The CaS + 02 reaction is very exothermic and leads,
CaS in an 0,-rich situation just reacts according to the as you demonstrated, to a temperature rise in the particle.
mechanism described in the paper. Thus, the situation can Was this temperature rise taken into account when deter-
become complex, mining the kinetic constants of the CaS + 02 reaction?

Author's Reply. 1. The sample (particle size 45 /m) was

REFERENCE dispersed over quartz wool in the bucket of the TGA. In
this way, the particles were separated from one another

1. Hayhurst, A. N., and Tucker, R. F., J. Inst. Energy and offered no resistance to mass transfer. This is con-

64:212 (1991) and 65:166 (1992). firmed by calculations using the derived rate constants and
also by experiments varying the particle size.

2. Only initial rates of reaction were analysed, so that
0 this rate refers to the initial particle temperature, surface

area, etc. Thus, there was no need to consider the tem-Andrej Ma~ek, National Institute of Standards and Tech- perature rise when deriving k,.

nology, USA. Overall, it appears that your results indicate
that oxidation of CaS to CaSO 4 is not very practical; if the
temperature is high enough for efficient conversion of the
sulfide to the sulfate (say 950 'C or higher), the latter will Pradeep Agarwal, University of Wyoming, USA. 1. If a
decompose to form the undesirable SO- (and CaO). Can melt is required for reaction of CaS with CaSO 4, how does
you comment? oxygen diffuse through the melt?

2. In the analysis, the BET surface area is assumed to
Author's Reply. Yes, at high temperatures calcium un- be constant. If a melt forms, this is very unlikely.

dergoes the sequence CaS - CaSO 4 -- CaO. However, the 3. The Arrhenius kinetics must be in terms of particle
paper does stress that not all the calcium is likely to end temperature.
up as CaO, even at high temperatures. The evolution of
SO, as a function of time shows that an isolated particle Author's Reply. Only initial rates were handled quanti-
can be producing SO, (at a long reaction time) in the centre tatively when measuring the rate constant for the oxidation
of a calcium particle and yet that SO, is taken up by the of CaS in reaction (1). Thus, variations in total (internal
outer regions of the particle. Nevertheless, 100% conver- and external) area were not considered.
sion of CaS to CaSO4 can only be achieved below a certain Oxygen does diffuse through a liquid, but more slowly
temperature. than in the gas phase. The likelihood is that there is always

a sufficiently large gap (i.e., voidage) through which oxygen
can diffuse.



Twenty-Fifth Symposium (Intrnational) on Comnbustion/Fl e Conibustion Institute, 1
9 9

4/ppp. 219-226

PRIMARY AND SECONDARY FRAGMENTATION OF COALS
IN A CIRCULATING FLUIDIZED BED COMBUSTOR

UMBERTO ARENA,0 ANTONIO CAMMAROTA AND RICCARDO CHIRONE

Istitato di Ricerche sulla Combustione
National Research Council (CNR)

Piazzale Treccillo 80,
80125 Napoli, Italy

Primary and secondary fagmnentation oftsvo Kentucek No. 9 coals, hIaving similar proximate and ultimate
analyses but different swelling indexes (2.5 and 9, respectively), were studied in a laboratory scale circulating
fluidized bed combustor (CFBC). The apparatus, having a 41 -umm i.d. and 1.92-m-higb riser, was operated
keeping fixed the gas velocity and the size ofinert bed material at values of practical interest. Two experimen-
tal procedures were used to separately investigate primary and secondary fragmentation effects taking place
during fluidized bed combustion of coals. Particle multiplication factor, i.e., the number of particles gener-
ated per one mother particle, was used to quantify these effects. Statistical functions of fragmentation (the
probability of breakage by primary fragmentation, the probability density that a shrinking particle of a given
size breaks into fragments, and the size distribution of subparticles produced by secondary fragmentation)
were also determined and cenbodied into an available model for circulating fluidized bed combustion of coals.
On the basis of this mathematical model, tbe relevance of primary fragmentation on some output variables
ebosen to characterize the performance of a circulating fluidized bed combustor was quantified.

Introduction dicated that the effect of the gas velocity and bed
solids size was almost negligible within the range of

The modelling, design, and performances of cireu- these variables of practical interest. On the contrary,
lating fluidized bed combustors (CFBC's) are affected the extent of secondary fragmentation appeared
by the comminution phenomena, which contribute to strongly connected to char structure, whosc meehan-
size reduction of coal and char particles [1-3]. Massi- ical properties are determined by the devolatilization
milla and his coworkers [4] recently reviewed phe- process [8].
nomenology of comminution in fluidized bed corn- A scope of this paper is that of acquiring infor-
bustion, pointing out that this can be seen as a result of mation about the correlation between initial size and
at least four phenomena occurring in series parallel structure of coal/char particles and phenomena of
with each other andwith combustion, namely, the pri- primary and secondary fragmentation. To this end,
mary fragmentation of coal, the secondary fragmen- two coals having an almost similar chemical compo-
tation of char, the fragmentation by percolation of rel- sition but a strongly different free-swelling index
atively fine char, and the abrasive attrition among were tested. Experimental procedures were set up in
chars, bed inert solids, and combustor walls. Several order to isolate primary and secondary fragmentation
papers [4-7] analyzed the role of comminution phe- effects from those of the other bed carbon commi-
nomenaforwhatconcernsoperationsofbubblingflui- nution phenomena. Attention is focused on a coal
dized bed combustors (BFBC's). More recently, some particle from its sudden injection in a CFBC until its
studies [1,2] have been carried out to extend infor- almost complete burnout. The relevance of primary
mation to operative conditions typical of CFBC's, an- fragmentation on the performance of a circulating
alyzing phenomenology and relevance of abrasive fluidized bed (CF1B) combustor continuously oper-
attrition and secondary fragmentation during corn- ated is estimated by means of an available mathe-
bustion of a char particle. matical model, evaluating carbon loading and size

These studies showed that when moving from bed distribution of carbon particles in the riser.

captive regimes typical of BFBC's to bed transport
regimes proper of CFBC's, the relevance of second- Experimental
ary fragmentation appears to increase [2]. Results in- Apparatus:

The circulating fluidized bed combustor (Fig. 1)
'Istituto di Energetica-Universith di Perugia- Peru- consists of a riser 41-amm i.d. and 1.92-m high, a sol-

gia, Italy ids collecting system, and a 41-mam i.d. recirculation
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injection point of char particles small stream (less than 1% of the overall gas flow

rate) of 4.5% 02 oxygen-nitrogen mixture was in-
o jected immediately above the elbow connecting the

to the stack recirculation column and inclined pipe (gas stream

4). An undervacunm vessel was connected to the bot-
tom of the riser to collect solids at a given time. Solids
were quenched by nitrogen to avoid further reaction
between air and char. The riser was operated at 850
'C, while the rest of the loop was at about 700 TC. A
probe placed in the middle of the inclined recircu-

fines lation pipe was used for on-line gas analysis. Elec-

gas stream 3 tronic transducers gave pressure profiles in each sec-3 Jre tion of the loop. Solids concentrations along the riser
were calculated using a pressure gradient technique
[9].

Materials:
S

g Properties of coals are reported in Table 1. Both
- are classified as Kentucky No. 9 coal, and their almost

equal chemical compositions confirm this affinity. In
the following, that having the low free-swelling index
is indicated as Kentucky No. 9-L (or briefly, K9L);
the other, having a high index, is indicated as Ken-
tucky No. 9-H (K9H).

Both Kentucky No. 9 coals were used for primary
0 fragmentation experiments, i.e., devolatilized by in-

gas stream 4 jection in the CFB combustor operated under inertinjection point of coal particles _,_; atmosphere at 850 C. The different swelling prop-
Np oi vacuum erties of parent coals strongly affected the generation

NCf of relative chars. Table 2 reports their chemical com-

position and physical properties, whereas micro-
gas stream 1 graphs of Figs. 2a and 2b give an idea of macroscopic

differences in their mechanical structures. A com-
parative analysis of micrographs and of Table 2 data

gas stream 2 leads to the following considerations: (1) Char par-
ticles from K9H coal present several large pores: the

Fin. 1. Experimental apparatus. structure appears kept together by thin bridges of
carbonaceous material. (2) Several silica sand parti-
cles are visible in the structure of char obtained from

column. The apparatus is not equipped with a device K9H coal. These particles, which are probably cap-
able to control solids circulation in the CFB loop. To tured at the plasticity stage during the devolatiliza-
avoid bypass through the recirculation column, fluid- tion process and embodied by the char particle as it
izing gas was divided into two streams: gas stream 1, resolidificates at the end of devolatilization, are re-
consisting of nitrogen, maintained solids at the hot- sponsible for the higher ash content of K9H char
tom of the riser in a state of bubbling fluidization; particles compared to that of the parent coal.
gas stream 2, preheated at a temperature of 700 'C, Char particles obtained from both coals were
circulated solids in the loop. This latter stream con- sieved in order to obtain narrow cuts, which were
sisted of nitrogen during primary fragmentation tests then used to prepare batches of char particles of dif-
and of an oxygen-nitrogen mixture (4.5% 02) during ferent initial sizes (Table 2).
secondary fragmentation tests (such a low-oxygen Silica sand with a particle size distribution behveen
concentration was used to expand the timescale of 0.3 and 0.4 mm and a density of 2540 kg/M3 was used
secondary fragmentation phenomena). Solids sepa- as bed material.
rated by a high-efficiency cyclone were conveyed to
the recirculation column and transferred to the riser Primary Fragmentation Test Procedure:
by means of a 41-minm-i.d. inclined pipe. Nitrogen
(gas stream 3) was injected downstream the cyclone A batch of five coal particles, 9-10 mm as initial
to wash out solids from any oxygen coming from the size, was injected at the middle of the inclined pipe
riser. During secondary fragmentation tests, a very by means of a pulse of nitrogen (Fig. 1) and fluidized
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TABLE 1
Characteristics of coals used

Coal Kentucky No. 9 L Kentucky No. 9 H

Free-swelling index (ASTM D720) 2-2.5 8-9
Proximate analysis (%) (as received):

Moisture 3.3 3.8
Ash 6.7 7.1
Volatile matter 41.5 38.2
Fixed carbon 48.5 50.9

Ultimate analysis (%) (dry basis):
Carbon 70.9 71.6
Hydrogen 5.4 5.4
Nitrogen 1.6 2.0
Sulphur 3.4 3.2
Oxygen 11.8 10.4
Ash 6.9 7.4

Coal particle size (mm) 9-10 9-10

TABLE 2
Characteristics of chars used

Parent coal Kentucky No. 9 L Kentucky No. 9 H

Apparent particle density (kg/m3) 815 436
Ultimate analysis (%) (dry basis)

Carbon 76.9 57.2
Hydrogen 1.2 0.5
Nitrogen 0.3 0,2
Sulphur 0.5 0.3
Oxygen 2.2 1.3
Ash 18.9 40.5

Initial char particle size ranges (mm) 4-5; 5-6; 7-8 4-5; 5-6

at an overall gas velocity of 2.7 m/s by nitrogen batches, fluidizing for progressively longer time in-
streams 1 and 2. Devolatilizing coal particles mainly tervals, until the weight no longer diminished,
stayed in the dense zone of the riser because of their thereby indicating the end of volatile release. The
density and size; just occasionally, some of them ran yield of volatile was estimated as being equal to about
along the loop. The experiment was stopped after a 43 and 43.5%, respectively, for K9L and K9H.
time interval (about 180 s) that was estimated by par-
allel investigation to correspond to the devolatiliza- Secondary Fragmentation Tests Procedure:
tion time. At this point, all char and sand particles in
the loop were collected in the undervacuum vessel A batch of ten char particles was injected into the
and "gently" sieved. Fragments larger than 0.425 mm loop at the top of the recirculation column. As par-
were analyzed to measure their size and number. ticles reached the elbow upstream the inclined pipe,
Char particles collected from the bed were used for they contacted oxygen contained in gas stream 4.
secondary fragmentation tests in successive runs. CO2 detection made immediately downstream was

Devolatilization time was evaluated by using the used to determine when char particles were being
same apparatus and the same operating conditions of recycled. They entered into the riser and reacted in
primary fragmentation tests. Batches of 9-10-mm the oxidizing atmosphere until they were entrained
coal particles were fluidized in the CFB combustor by the gas and conveyed to the cyclone. Particles
for a fixed time interval, then collected, sieved, and were circulated in the CFB loop for a fixed time in-
weighed to measure the losses due to volatile emis- terval. Then combustion was stopped by switching
sions. This procedure was reiterated with new the oxygen-nitrogen stream to nitrogen. All char and
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sand particles in the loop were collected in the un-
dervacuuli vessel and sieved. The degree of carbon 2
conversion was evaluated by weighing particles be- 2
fore and after the run and assuming carbon content "
of each char particle to be constant during burnoff.
Chemical analyses validated this assumption, show- '..
ing that carbon content varies less than 10% by \. i
weight. The particles of a batch that in a run did not W'
undergo secondary fragmentation were those whose 4-
size was larger than or equal to the average size, cor-
responding to the assessed degree of conversion. ' k 3
Char particles collected from the bed were tested for ,

further secondary fragmentation in successive runs. . -

Particles smaller than 3 mm were not injected at the Aý -. mm
top of the recirculation column but in the receiver
dowvnistream the cyclone leg (Fig. 1) in order to avoid
their entrainment by the outlet gas leaving the cy-
clone.

Experimental Results and Discussion 2

Primarye Fragmecntation:

Primary fragmentation of coal occurred just after
injection of particles into the fluidized bed as a con-
sequence of internal stresses due to devolatilization
and thermal shock. Volatile and moisture release,
which is responsible for devolatilization stresses, I, ..-

takes place at rates influenced by coal properties and 3 m.__
by rates of heat exchange between bed and coal par-

ticles [10]. Fic. 2. Micrographs of char particles from (a) Kentucky
It is expected that primary fragmentation in a CFB No. 9 L coal and (b) Kentucky No. 9 H coal. 1, 2, and 3:

combustor occurs while coal particles are still in the tentative identification of carbon bridges connecting ele-
dense zone at the bottom of the riser. In this so-called ments of the char particles.
"primary zone," conmmercial boilers generally oper-
ate with values of gas velocity close to 2.7 m/s at
which experiments in the present work were carried K9L coal, there was only a negligible fraction (less
out. than 1%) of fragments below 1 mm, while the pres-

Figure 3 reports particle size distribution on mass ence of a large number of fragments (which repre-
basis of fragments generated by primary fragmenta- sents, however, only the 4% on mass basis) was found
tion of K9L and K9H coal particles. The same figure in the size range 0.8-0.425 mm using K9H coal.
also gives the probability of particle breakage Sf, i.e., These different contributions to the finest range, lim-
the ratio between the tllnuber of particles that un- ited on mass basis but remarkable on numerical basis,
dergo fragmentation and that of particles injected mainly determined a so-much-larger valie of Nout/
into the bed; the particle multiplication fhctor ATNt/ Ni,, obtained when K9H coal was tested.
Ni,_ i.e., the ratio between the number of particles
collected at the end of devolatilization time and the Relecance of Primarj Fragmentation
number of injected particles; and the Sauter mean on CFBC Pejformance:
particle diameter of fragments di,, evaluated on mass
basis. High-sxwelling K9H coal produced a number Relevance of primary fragmentation on the per-
of subparticles larger than that of K9L coal (N t/Nil, formance of a CFBC continuously operated was eval-

= 115 compared to No0 u/Nin = 22) and character- uated on the basis of a recently published mathe-
ized by a smaller average size (de = 3.1 mm coin- matical mnodel [11]. Output variables chosen to
pared to d,, = 3.6 mm). characterise the performance of the combustor are

Analysis of size distributions of Fig. 3 indicates that carbon loading and carbon particle size distribution
no particles larger than 6 mm were found in tests in the riser. Model calculations were carried out as-
with K9II coal, whereas fragmnents tip to 9 lnln were suming the following set of input variables: coal feed
collected using K9L coal. Moreover, in the case of rate = 0.565 kg/h; solids mass flux = 40 kg/(sm2);
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0.1 in the feed and in the riser of a CFBC combustor as eval-

LE ~d I I uated by the mathematical model by Arena et al. [11].
0  
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(by collisions) of bridges (indicated by arrows in Figs.

FIG. 3. Particle size distribution on mass basis of frag- 2a and 2b) connecting the various elements of a char
ments generated by primary fragmentation, particle [4]. According to this definition, the breakup

occurs only when combustion has produced a suffi-

and excess of air = 40%. The complete list of other ciently deep weakening of char structure, i.e., when

design and operating variables is reported elsewhere carbon conversion of char particles is sufficiently
[12]. Results of model calculations are reported in greater than zero [2].
Table 3 for both coals, cor nut Data of Figs. 5a and 5b confirm the influence ofTabe fo bth oasconsidering orntconsidernug the degree of conversion on the particle multiplica-

primary fragmentation. Figure 4 also gives cumula- t or n v o t ic ic

tive distributions of carbon particles in the feed and tion factor Nout/Nin (i.e., the number of particles gen-

in the riser. Comparative analysis of calculated data erated per one char particle by secondary fragmen-
indicates that primary fragmentation should be taken tation), whatever the type and the initial particle size
into account in CFBC modelling. Neglecting this of char tested. Ngut/Nin becomes greater than 1, i.e.,

comminution phenomenon might lead to an error as secondary fragmentation occurs, only for a
high as 63% in some of the main output variables sion larger than about 40%. Comparative analysis of

and to a misleading distribution of carbon particles Figs. 5a and 5b also indicates that particle multipli-

in the riser. cation factor relative to secondary fragmentation of
K9H is about one order of magnitude larger than that

Secondary Fragmentation: of K9L. This indicates that char particles from K9H
undergo a stronger secondary fragmentation phe-

Secondary fragmentation of char particles results nomenon. The higher fragility of char mechanical
from the weakening (by combustion) and breaking structure (Fig. 2b), to some extent taken into account

TABLE 3
Results of model calculations

Kentucky No. 9 L Kentucky No. 9 H

Without With Relative Without With Relative
primary primary difference primary primary difference

fragmentation fragmentation (%) fragmentation fragmentation (%)

Carbon loading
in the riser (g) 46 20 -56 22 8 -63

Sauter mean carbon
particle size, mm 2.2 1.2 -45 2.2 0.9 -59
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FIG. 5. The influence of the degree of conversion on the
particle multiplication factor for different initial size of char
particles from K9L and K9H. ranging between 3.5 and 5 mm. For larger db, i.e., at

a low degree of conversion, bridges connecting ele-
ments of a burning particle are not sufficiently weak-

in the swelling index, might be considered as respon- ened to break it into pieces. For smaller dri, i.e., at a
sible of this different behaviour. high degree of conversion, the particle becomes too

Data in Figs. 5a and 5b show that the initial char small to react to collisions with fragmentation [2].
particle size, do, affects secondary fragmentation. Experiments with di, < 3 mm were carded out only
Not,/Nin considerably increases when do increases, for K9H char, because in this case, the amount of
This behaviour might be related to the increase of char particles that still underwent secondary frag-
weak points in a nonhomogeneous structure when a mentation was not negligible. Data reported in Figs.
larger char particle was tested [13]. 6a and 6b confirm that char particles of a larger initial

Figures 6 and 7 give the statistical functions of size and those obtained from K9H coal have a larger
secondary fragmentation to be embodied in particle probability of being subjected to secondary fragmen-
size population balances involved in coal combustor tation.
modelling. These functions are the probability F(drib) The fragment size distributions on mass basis,
that a shrinking particle breaks into fragments when f,,(df/di2 ), are reported in Figs. 7a and 7b. Each line
its size crosses the size dl,, and the particle size dis- in these figures is the best fitting curve among those
tributionf,,(d /dI) of fragments of size d generated that, for the fixed set of operating variables, satisfy
by the breaking of char particles of size dl,. The the condition thatf,(df/db) is equal to zero for df/db
derivation of these functions from experimental data = 0 and df/db = 1. Generated fragments show a
was described in previous works [2,7]. unimodal size distribution, whatever the values of

Figures 6a and 6b give the probability F (rib) ob- initial char particle size and the type of parent coal.
tained starting with several narrow cut batches of The most probable value of dy/rib varies, under the
K9L and K9H chars of different initial sizes. The different operating conditions tested, in the relatively
F(d1 ,) curves present a maximum at a value of ( 1, narrow interval between 0.85 and 0.95.
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10.0 it should be permissible to refer the different primary
KentuckyN.9 L char A fragmentation behaviour to properties of the me-

8 .... .... 7-8 mm ":% chanical structure of each coal and its char, to some8. --- 5-6ramm

- 4-5 mm : extent taken into account by the swelling index.b 4.amo

Model calculations indicate that primary fragmen-
t 6.0 tation should be taken into account in CFBC mod-

elling. Neglecting this phenomenon might lead to an
4.0 . error as high as 63% in the evaluation of carbon load-

0 ing and to a misleading size distribution of carbon

2.0 particles in the riser.
A0 & V Both the coals produced chars, which are candi-

.-aa .... , Aý dates for undergoing secondary fragmentation. The
1o. o high-swelling coal showed a value of particle multi-

KentuckyN.9Hchar B plication factor of about one order of magnitude
S 5-6 mm larger than that of low-swelling coal. The higher fra-

8.0 - 4-5 mm gility of char mechanical structure obtained from
high-swelling coal might be considered as responsi-

S6.0 ble for this different behaviour.
,4, Initial char particle size do affects secondary frag-

4.0 - mentation. The particle multiplication factor consid-
erably increases when do increases. This behaviour,

2.0 -d which might be related to the increase of weak points
./ A in a nonhomogeneous structure, fails to strictly fulfil
A - the similarity hypothesis, i.e., the possibility of ex-

o•o 0. 1.0 pressing data relative to different initial size by
0.b4 06 means of a singlefj,(df/db) curve. This greatly com-

plicates the solution of the char particle population

FIG. 7. Fragment size distributionfj(dr/dj, based on the balances involved in a coal combustor model.
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This paper reports a comparison of measurements and predictions of wall heat flux, temperature, and
gas composition in a full-scale oil-fired utility boiler of 250 MWe. The numerical simulation of complex
reactive flows in practical combustion systems is a very demanding problem as far as computational re-
quirements are concerned. To decrease such requirements, a domain decomposition method is employed
here. The domain is split into several subdomains, and an independent grid is employed in each one of
them to solve the governing equations, visiting sequentially all the subdomains in an iterative fashion.
Evaluation of mathematical models requires detailed and accurate experimental data. This question is also
addressed in this paper, and measurements of mean temperatures, major gas species concentrations, and
wall incident heat fluxes within the radiation chamber are reported here. From the analysis carried out, it
is concluded that, on the whole, the predictions are in good agreement with the measurements. Because
of the assumption of chemical equilibrium, the CO concentration is overestimated, and the CO 2 concen-
tration is, consequently, underpredicted. Further measurements and predictions at partial load (100 MWe)
demonstrate the predictive capability of the model.

Introduction The development of the models mentioned above
depends on the availability of accurate and appro-

Comprehensive computer models have increas- priate experimental data for comparison. However,
ingly been used to predict the performance of boil- access for probing the furnace chamber of large-scale
ers, including submodels for simulating the in-fur- utility boilers is very restricted, and only a limited
nace processes, such as mixing, radiative heat number of measurements have been made-almost
transfer, or chemical kinetics [1-4]. However, as- exclusively at the furnace exit. Consequently, de-
sessment of these models is still limited because of tailed in-furnace measurements are sparsely re-
the scarcity of available data. The present work gives ported in the literature, and the understanding of
a contribution to this evaluation task. most physical processes is inferred from measure-

Utility boilers exhibit a very wide range of length ments obtained in laboratory-scale models [9,10].
scales; e.g., the height of the boiler is about four or- Measurements of the combustion and heat transfer
ders of magnitude larger than the diameter of the characteristics are very expensive and limited by the
holes of a fuel-oil atomizer. Domain decomposition geometry, time, and number of instruments and skills
methods are a useful technique to deal with this required, and the few detailed works reported in the
problem since, otherwise, a very large number of grid literature are concerned essentially with plants typi-
notes is required, as shown in Ref. 5. Although do- cally below 80 MWe [1,2,11-13].
main decomposition methods have been widely used The preceding shows that comparison of current
in the prediction of compressible flows in aeronau- models with detailed benchmark data in full-scale
tics, their application to incompressible flows has sel- combustion systems is important. In this context,
dom been attempted [6,7], especially in the case of the present paper reports the comparison of mea-
reactive flows. The application of a domain decom- surements and predictions of wall heat flux, temper-
position technique to the mathematical modeling of ature, and gas composition in a 250-MWe oil-fired
a utility boiler has recently been presented [8], but utility boiler. Experimental data of spatially resolved
only the numerical issues were addressed. This paper temperatures and species concentrations of the
concentrates on the comparison between the predic- combustion gases and wall incident heat fluxes in
tions and the measurements acquired in a boiler of the radiation chamber were acquired for two differ-
the Portuguese Electricity Utility. ent loads.

227
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Burners FIG. 1. Sketch of the boiler show-

ing the grid, the burners, and the in-
x X spection ports.

The Utility Boiler and the Experimental obtained with thermocouples manufactured from
Procedure platinum and platinum-13% rhodium wires of 350-

am diameter. The thermocouple was supported on
Boiler Geometandurl Operating Conditions: the tip of a 3.5-m-long water-cooled suction pyrom-

eter and protected from radiation heat exchanges by
The data were taken in one of the boilers of the a double shield. The gas velocity through the pyrom-

Power Plant of the Portuguese Company of Electric- eter could be varied by means of three compressed
ity. The boiler includes four units, each one with an air pump ejectors up to 300 m/s, which was found to
installed capacity of 250 MWe. be large enough for the results to be independent of

The boiler dimensions are approximately 19.9-in the suction velocity.
high, 11-m wide, and 8.5-in deep. It is front fired by Major gas species concentrations (CO, CO 2, and
12 atomized oil-burners arranged in an array of four 02) were measured by gas sampling and subsequent
burners disposed in three different levels. The burn- analysis. The samples were withdrawn with a 3.5-m
ers are equipped with twvo-fluid atomizers of the tur- long, 50-mm outside diameter stainless-steel water-
bulent chamber type [14]. Secondary air flows from cooled probe with a tip orifice of 2 mm and analysed
the windbox through air registers and enters the fur- with infrared CO and CO2 analysers and a paramag-
nace through an annulus formed between the oil noz- netic analyser for 02. The measurements were made
zle and the burner throat (0.9-m diameter). At max- on a dry basis, for which the sampling line comprised
imumn capacity, residual fuel oil is supplied at a rate a water-cooled condenser, a calcium chloride drier,
of 56 t/h with 5% excess air. and cotton wool filters. Based on the analysis of Ref.

The boiler has several inspection ports, which have 16, it is estimated that the results are close to density-
provided the necessary physical access to the probes weighted averages within 10% of the maximum
used throughout the work. Figure 1 represents a measured value.
schematic diagram to show the location of these A specially designed total heat flux probe was used
ports. Each one is represented here by a two-digit to measure the convective and radiative heat flux in-
figure: The first identifies the level from the bottom cident on the walls from a solid angle of 27r steradians
to the top and the second, the position ordered in up to a maximum of 500 kW/m 2, in the way suggested
the clockwise direction, in Ref. 17. It consists of a water-cooled probe that

The boiler operating conditions considered in this houses a cylindrical block with a blackened front sur-
paper include full and partial loads corresponding to face in order to give high radiation absorption. The
"250 MWe and 100 MWe, respectively, probe was inserted through the inspection ports until

the front face was leveled with the inside surface of
Experimentcl Methorl cod Pr-ocedure: the combustion chamber. The readings were ob-

tained in millivolts and converted to heat flux (in kW/
The experimental techniques used throughout the in

2) using a calibration curve provided by a black
work, as well as the arguments associated with as- body furnace. The response time of the meter is of
sessments of accuracy, are based on previous exper- the order of 10 min, and based on the repeatability
iments and are, therefore, presented here in a con- of the results, an accuracy of ± 5% can be claimed
densed form. Details will be published in Ref. 15. for the measured values of heat flux.

Measurements of spatially resolved mean gas tem-
perature and composition and incident wall heat The Mathematical Model
fluxes were made in the radiation chamber by in-
serting purpose-designed probes through the inspec- The mathematical model is based on the numeri-
tion ports shown in Fig. 1. Gas temperatures were cal solution of the density-weighted averaged con-
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servation equations for mass, momentum, and en- zone requires previous knowledge of the fluxes across
ergy, and transport equations for scalar quantities. the overlapping regions of the zone considered. The
Closure of the governing equations is accomplished treatment of the interblock boundaries, explained in
using the k-e eddy viscosity/diffusity turbulence detail in Ref. 8, ensures flux conservation across
model. The turbulent fluxes of scalar quantities are them. An integration procedure is used to transfer
calculated via a gradient diffusion hypothesis. data from one zone to the other, and an interpolation

The combustion model is based on the assumption method is employed to transfer data reversely.
that reaction rates are very fast compared with the In each iteration of the solution algorithm, each
mixing rates. Hence, combustion is controlled by dif- zone of the domain is treated sequentially. For each
fusion rather than kinetic mechanisms. The fuel-oil zone, the fluxes from the adjacent zones across the
droplets are assumed to vaporize instantaneously as interblock boundaries are calculated first. Then, the
soon as they leave the atomizer. It is also supposed governing equations are solved in a SIMPLE-like
that the mass diffusion coefficients of all the chemical fashion, and the fluxes of each dependent variable at
species and the thermal diffusion coefficient are the interfaces of overlapping regions are stored be-
equal. If the heat released during combustion is sig- fore proceeding to the next zone.
nificantly higher than the heat transferred to the sur- Further details of the domain decomposition tech-
roundings, the instantaneous thermochemical state nique may be found elsewhere [8]. The analysis de-
of the mixture may be related to a single, strictly scribed there shows that the influence of the domain
conserved scalar variable. The mixture fraction was decomposition procedure on the convergence rate is
the scalar variable chosen for this purpose. The in- negligible, but since fine grids may be confined to
stantaneous thermochemical state of the mixture is small regions, substantial reductions in CPU time are
calculated assuming chemical equilibrium and min- feasible. It is also shown that the accuracy of the nu-
imizing the free Gibbs energy. The turbulent flue- merical solution is not decreased as a result of the
tuations were taken into account by prescribing the domain splitting and that there is continuity of the
mixture fraction probability density function as a dependent variables across the interfaces. Here, at-
clipped Gaussian. tention is concentrated on the comparison between

Thegas temperature maybe calculated from the en- the predictions and the measurements, and the nu-
thalpy using well-known thernmodynamic concepts. merical issues mentioned above are not addressed.
However, the enthalpy does not change linearly with Previous computations in a similar boiler using a
the mixture fraction because a significant part of the single domain and three different grids with about
heat released during combustion is transferred by ra- 32,000, 65,000 and 85,000 grid nodes have shown
diation to the walls. Hence, apiecewise linear relation- that the differences between the numerical solutions
ship between instantaneous values of enthalpy and are relatively small. Moreover, it was found that the
mixture fraction was used, as explained in Ref. [18]. influence of the grid refinement on the predictions is

The discrete transfer method was chosen to model iener oflthegridineme tred ictions
the radiative heat transfer. Since the domain decom- generally negligible compared with the differences
position technique was not applied to the calculation between the numerical solution and the data. Based
of the radiative heat transfer, the discrete transfer on these results, in the present work the utility boiler
method is applied as originally presented in Ref. 19. was divided into three zones or blocks, as sketched in
The absorption coefficient of the medium was cal- Fig. . Zone 1 comprises the burners region and it
culated from the emissivity using the mixed gray and was discretized using the finest grid with 32 X 41 X
clear gas formulation extended to account for soot. 44 grid nodes. Coarser grids vere employed in the

ash hopper region (zone 2, 10 X 18 X 6 grid nodes)
and above the burners level (zone 3, 16 X 18 X 8

The Domain Decomposition Technique grid nodes). This means that, on the whole, 61,112
grid nodes were employed. Domain decomposition

The physical domain is divided into a given num- does not extend to the calculation of the radiative
ber of zones mapped using independent grids. Ad- heat transfer. In that case, an independent global grid
jacent zones are overlapped in a small region con- with 10 X 9 X 20 grid nodes was used. Earlier com-
taining one layer of control volumes of scalar putations using a much finer grid (16 X 34 X 60 grid
variables from each one of the adjacent zones. The nodes) have shown that there is no need to use finer
governing equations are diseretized in each control grids to solve the radiative heat transfer equation.
volume using the finite volume/finite difference The CPU time required to achieve a converged
method. The standard discretization procedure is not solution is about 26 h using a VAX 9000-440. When
affected by the domain decomposition technique, a grid as fine as the one employed in the burners
The interblock boundaries, i.e., boundaries between region is used everywhere, about 76,000 grid nodes
adjacent zones, just behave as a different kind of and 40 h of CPU time are needed. This means that
boundary that requires a particular treatment [8]. 35% of CPU time was saved by using the domain

The solution of the governing equations for each decomposition. A much more substantial reduction
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FIG. 2. Distributions of measured and predicted wall heat fluxes (kW/m2 ). (a) 250 MWe, (b) 100 MWe.

is expected by restricting grid refinement to the near tence of inspection ports only in the corners, which
burners region. do not allow one to measure the expected peak on

the axial distribution of the incident heat fluxes along
the side walls [20]. However, the results are useful

Results for the purposes of the discussion presented here.
A three-dimensional nature of the thermal radia-

The results are presented and discussed in this see- tion heat transfer in the boiler is also shown in Fig.
tion under three headings. The first considers the 2 by the asymmetric distribution of the heat fluxes
measurements of local total heat fluxes for full and incident on the side walls, which exhibit average val-
partial loads, which are then related to those of gas ues on the left side about 15% larger than those on
species concentrations and temperatures for full and the right side. These asymmetries persist at reduced
partial loads in the second and third parts, respec- load, although less noticeable than those previously
tively. reported in a similar boiler but in slagged conditions

[21]. These asymmetries can be attributed to differ-
Total Heat Fluxes for Full and Partial Loads: ences between the fuel-air ratios in the various burn-

Figure 2 shows the predicted and measured wall ers, as discussed by others [13,14] and cannot be pre-
incident heat fluxes in a folded-out view for full and dicted by the mathematical model, unless the actual
reduced loads (250 and 100 MWe, respectively). The fuel-air ratio in each burner were accurately known.
overall trend in the heat load is as expected from the At the side walls, incident heat fluxes close to the
visual observation of the flames, with higher pre- front wall are consistently smaller than those pre-
dicted average values occurring at the centre of the dicted near the back wall. This trend is corroborated
rear and side walls, at the burners level. It is obvious by the measurements. Regarding the asymmetry
that the extent of the analysis is limited by the exis- mentioned above, the predicted values at the ports
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FIG. 3. Profiles of gas temperatures and gas species mole fractions at full load (solid lines-predictions; symbols-
measurements).

where measurements are available are generally The temperature profiles measured on the side
within the experimental uncertainty ( ± 5%). walls of the boiler and close to the burners (ports 2.1

The measured values at full load vary between 370 and 2.6) show a flat distribution of temperature
and 500 kW/m2 in the radiation chamber at the level around 1200 'C within 1-1/2 m from the side wall,
of the burners. Predicted values go up to 600 kW/m 2  followed by a sharp decrease close to the burner axis,
at the hottest spots where measurements are not indicating that the probe is entering into the second-
available and decrease to 200-300 kW/m2 in the ash ary air stream. This temperature decrease through
hopper and to 250-400 kW/m 2 at the nose level. The port 2.6 is sharper than suggested by the predictions,
predicted and measured distributions at reduced but it should be noticed that this region is near the
load are qualitatively similar but show an expected burner exit where the gradients of mean temperature
decrease of the incident heat fluxes of the order of are very high. The simplified burner geometry
40-60%. Moreover, the highest fluxes are predicted adopted and the lack of velocity data at the burner
to occur at a higher level. An explanation for this outlet make it difficult to draw conclusions about the
behaviour lies in the burners of the lower levels that performance of the mathematical model in this re-
do not operate at partial load, yielding a decrease of gion.
the heat release at the lower part of the boiler. The CO2 and CO mole fraction profiles through

ports 2.1 and 2.6 (see Fig. 3) also exhibit a sudden
Gas Temperatures and Composition for Full Load: decrease, consistent with the temperature decrease,

whereas the 02 model fraction increases up to 16%.
A more detailed analysis of the previous results These evolutions are correctly predicted by the

requires the knowledge of the thermochemical char- model. At larger distances from the wall, droplets of
acteristics of the combustion gases within the radia- unburned liquid fuel block the probes and prevent
tion chamber. These are represented for full load in measurements from being taken closer to the burner
Fig. 3, which shows the profiles of mean temperature axis. The flat distributions of mean temperature and
and gas species concentrations, along the distance species concentrations within 1-1/2 m from the side
measured from the interior furnace wall. wall suggest that combustion gases recirculate in that

The model is able to predict the increase of gas region. However, the presence of CO with levels
temperatures from 1150 'C to 1200 'C in the vicinity around 1% suggests that combustion is not complete.
of the front wall close to the burners up to 1400 'C The CO concentration is overpredicted in this region
1600 'C in the vicinity of the rear wall. These varia- as expected from the use of the chemical equilibrium
tions of temperature are consistent with the imbal- assumption. This is compensated by the underesti-
ance between the energy released by combustion and mation of CO2 concentration.
the energy radiated by the flame to the boiler tubes, In the vicinity of the rear wall, gas temperatures
which is favorable to a larger parcel of the energy are higher and show a flat distribution, as well as the
release along the depth of the boiler at the level of gas species concentrations. Once again, the predic-
the burners and favorable to the energy radiated tions are in good agreement with the measurements,
along the boiler height up to the nose level where except for the underestimation of C02 and the over-
chemical reactions are absent. estimation of CO concentrations.
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O 16001 consequent effect on the heat fluxes incident on the
0 L boiler tubes, as shown previously.
w

F- Conclusions

r 800-- port 1.2 port 1.5
400 A full three-dimensional mathematical model of a

I I250-MWe utility boiler employing a domain decom-
l 4 20 - position technique was evaluated using spatial-re-

Port 1.2 solved measurements of gas mean temperature and
S15 - u.B- - - - - -n composition and wall incident heat fluxes within the
o 0 radiation chamber. The measurements were per-
OE 10j C02 formed with purpose-built probes inserted through
0 02 00 the available inspection ports and included the use
C• - 5 02 of a suction pyrometer, a suction sampling probe, and

20 la total heat flux probe. The investigation encom-

20 .. . . . . . . passed the operation at full and partial loads (250 and

Port 1.5 100 MWe).
S15 -r--m -] [ [ [ [ Measured gas temperatures at full load reach max-
o 0 imum values around 1150 'C-1200 'C in the vicinity

E • 10-- C02 of the burners and of 1400 °C-160'0 'C close to the
5 02 CO rear wall. Concentrations of CO up to 1% were found

S5 1 02within the combustion chamber above the ash pit,
indicating an inadequate mixing and the existence of

0 - - reducing atmospheres with the potential for localized
0 50 100 150 200 250 corrosion. Total measured heat fluxes incident on the

X (cm) walls vary between 370 and 500 kW/m 2 at the level
of the burners.

FIG. 4. Profiles of gas temperatores and gas species mole On the whole, the predictions of the model are in
fractions at partial load (solid lines-predictions; sym- good agreement with the measurements. Random
bols--measurements). variations of the fuel-air ratio in the various burners

yield an asymmetric distribution of the heat fluxes

Gas Temperate res and Composition for Partial and, in minor extent, temperature and species con-

Load: centrations. These variations cannot be predicted by
the model and are responsible for discrepancies in

The effects of reducing the load to 100 MWe on the heat fluxes predictions. Moreover, CO concen-
gas temperatures and composition are shown in Fig. tration is overestimated because of the chemical
4. The load is reduced by blocking the fuel flow rate equilibrium assumption whereas CO 2 concentration
in six burners (the outer burners of the second row is correspondingly underestimated.
and all of the first row), which results in increasing The effects of reducing load to 100 MWe are in
the overall excess air. As a consequence, gas temper- accordance with the larger overall excess air due to
atures decrease to around 1200 'C-1250 'C in the the blockage of the fuel flow rate in six burners. How-
vicinity of the rear wall at the burners level. Here, ever, and despite the increase of local concentrations
the temperature is slightly overestimated. This may of molecular oxygen, the CO levels remain nonzero
be attributed to an underestimation of the radiation in the vicinity of the left side wall. These trends are
loss, as supported by the underestimation of incident correctly predicted by the model.
heat fluxes at ports 1.2 and 1.3.

Despite the higher excess air level of the present Acknoocledgments
operating conditions, concentrations of CO up to 1%
are still observed in the vicinity of the rear wall The authors are indebted to EDP (Power Plant of Se-
through ports 1.2 and 1.5. The predicted CO con- tribal), where the measurements were taken under con-
centration is even higher, and conversely, the CO, tract, and to the European Commission, which partially
mole fraction is underestimated, as also observed at financed this work.
full load. Close to the side wall, the oxygen mole frac-
tion increases, and the CO mole fraction goes down
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COMMENTS

A. Sobiesiak, Queens University at Kingston, Canada. by the automatic control system and to decide wvhen the
Our experience with the operation of and measurements measurements should be rejected.
on the large multiburner furnaces shows that it is extremely A transport equation is solved for soot mass fraction that
difficult to establish adequate input conditions (such as flow accounts for soot formation [1] and oxidation [2]. The ab-
rates of fuel and air) for the steady-state simulation of the sorption coefficient is calculated from the predicted soot
furnace. This is due to large variations in time and space volume fraction, and its contribution influences the total
(burner and furnace zones on/off operation) of the input absorption coefficient and the radiative heat transfer.
condition of the industrial furnace. Such a mode of furnace
operation will affect the measurements being taken (tem-
peratures and heat fluxes) and requires caution when comn- REFERENCES
paring measured and predicted valses. Have you experi-
enced similar problems in your work, and how did you deal 1. Khan, I., and Greeves, in Heat Transfer in Flames,
with them? Chap. 25 (N. Algan and J. Barr, Eds.), Scripta Book Co.,

In my second question I would like to ask, how is the 1974.
sooting of the spray flames taken into account in your mod- 2. Magnussen, B., and Hjertager, Sixteenth Symposium
elling? (International) on Combustion, The Combsstion Insti-

tute, Pittsburgh, 1977, pp. 719-728.
Author's Reply. Yes, we experienced similar problems in

our work. A strong and comprehensive cooperation of the
people involved in the operation of the boiler is funda-
mental in order to keep the input conditions constant over Scott A. Drennan, Coen Company, Inc., USA. Please dis-
large periods of time. However, the measurements re- cuss how parameters for spray drop size, velocity, evapo-
ported here are part of a major collaborative work writh the ration, and combustion are handled in your model and how
Portuguese Electricity Company (EDP) that has extended they may affect the results.
over several years. Therefore, the operation team was well
aware of the requirements imposed by the nature of the Author's Reply. It was asssumed in the model that the
experiments, namely in allowing the experimentalists to spray droplets vaporize instantaneously as soon as they are
monitor and control the input conditions to the boiler. In introduced in the combustion chamber. The spray param-
this way, it was possible to overcome the adjustments made eters might influence the results in the near-burncr region,
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but are expected to exhibit a marginal influence in the over- arrangement can also reduce the computational require-
all flow, combustion, and heat release patterns because of ments.
the dominant role played by radiation. The incorporation
of a model for the spray is the subject of future research Author's Reply. We did not use a multigrid algorithm in
[1]. our code. As you point out, a multigrid algorithm could

also save CPU time. However, the significant savings of
computational requirements achieved by multigrid algo-

REFERENCE rithms, reported mainly for isothermal flows, are greatly
reduced for turbulent reactive flows.

1. Barreiros, A., Carvalbo, M. G., Costa, M., and Lock-
wood, F. C., Combust. Flame 92:231-240 (1993). 0

Roman Weber, International Flame Research Founda-
tion, The Netherlands. Your predictions of temperature in

C. F. M. Coimbra, Brigham Young University, USA. This the vicinity of the burners are in very good agreement with
work reports asymmetries in the experimental characteri- the measured values. In order to achieve such good agree-
zation of the boiler that were not predicted by the numer- ment, the near-burner zone fluid flow and mixing have to
ical calculations since a symmetry plane was assured. Given be accurately predicted. This requires a detailed represen-
the furnace geometry, the reasons for these asymmetries tation of both the burner geometry and inlet flows. In your
can be attributed to either the different operating condi- three-dimensional calculations, the burner geometry has
tions of the burners (the aerothermal characteristics of been substantially simplified; consequently, details of the
each burner are highly affected by the downstream flow in near-burner zone have been lost. Did you perform com-
the near-burner sections of the boiler) or to the improper putations of a single burner prior to the boiler predictions
consideration of swirling velocities. Would you please com- in order to examine how the simplifications to the burner
ment on the way the swirl was imposed to the wall burners? have affected the near-burner zone predictions, including
Were the velocities imposed as solid rotations oriented temperature?
from the wall?

Author's Reply. The temperature predictions in the vi-
Author's Reply. The velocities are not imposed as solid cinity of burners reported in this paper correspond to the

rotations oriented from the wall. In fact, the direction of profiles through ports 2.1 and 2.6 at full load (Fig. 3). Be-
the swirl changes from burner to burner in a staggered cause of access restrictions to the boiler, measurements
pattern. Comparison between calculations performed for could only be obtained from the side walls up to the axis
the whole combustion chamber and for only one half have of the burner closest to the wall. The temperature profile
shown that asymmetries in the predicted profiles along the along those ports shows that the predictions and measure-
inspection ports are negligible. Therefore, asymmetries ments are in good agreement near the wall, where com-
cannot be explained by the swirling velocities. bustion products are present, but they actually differ in the

vicinity of the burners (see profile along port 2.6). Although
each burner was discretized using 11 grid nodes in each
direction, it is believed that a much finer grid would be

Lixing Zhou, University of Beiing, China. Have you needed to obtain an accurate solution in the near-burner
tried to combine your multiblock grid system with a mul- zone. We did not perform any computations of a single
tigrid algorithm, for example, using a coarse grid system burner prior to the boiler predictions. The usefulness of
for the whole furnace and a fine grid system for the near- such calculations is questionable since they would not ac-
burner region and then making iterations between the pre- count for the interaction between the flames of neigh-
dictions in these two systems? I think that this kind of bouring burners.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1994/pp. 235-242

EFFECT OF RADIATION ON NITROGEN OXIDE EMISSIONS FROM
NONSOOTY SWIRLING FLAMES OF NATURAL GAS

A. SAYRE, N. LALLEMANT, J. DUGUIE AND R. WEBER

International Flame Research Foundation

P.O. Box 10,000, 1970 CA IJMUIDEN, The Netherlands

The present study attempts to quantify the effect of radiation on nonpremixed, turbulent diffusion flame
temperature and NO, emissions for flames subjected to different overall heat extraction. Comprehensive
in-flame data have been generated for two flames of similar strain field and luminosity in order to facilitate
flame comparison. The flame produced in the refractory-lined furnace (flame 1) is shorter than that of the
water-cooled confinement (flame 2) by around 30%, and the extent of combustion increases by 20% at a
distance 27-mm downstream of the burner outlet. The density-averaged mean flame temperatures were
1850 and 1675 K, and furnace NO, emissions were 49 and 33 ppm for flames 1 and 2, respectively.

The total radiative intensities calculated spectrally using the Exponential Wide Band model are in very
good agreement with the measurements and indicate that the amount of radiant energy emitted directly
by both flames is similar. Radiation plays a crucial role in extracting the energy from the postflame zone,
and therefore, it affects the enthalpy of the products entrained from the external recirculation zone. Flame
temperatures and NO, emissions are strongly dependent on the energy of the flow entrained by the jets.
It is concluded that the radiant fraction cannot be used as an exclusive NO, scaling parameter to describe
the effect of radiation on emissions of confined turbulent diffusion flames. Proper scaling parameters should
incorporate the energy entrained (from external recirculation zone) into the flame, and therefore, these
parameters have to take into account the amount of energy extracted from the postflame zone.

Introduction ferent heat extraction characteristics, the flame prop-
erties are altered mainly due to different overall heat

It happens only too often that a low-NO. burner, transfer patterns in the furnace and not by alterations
when installed in a furnace different from which it to the flame luminosity.
was originally tested, produces unacceptable NO, The primary objective of this study is to quantify
emissions. This is predominantly due to unforeseen the effect of radiation on flame temperature, NO,
alterations to either in-furnace fluid flow or heat and CO emissions under conditions of high and low
transfer. Therefore, the understanding of the effect heat extraction without altering flame luminosity.
of radiative heat transfer on the flame properties
[1,2] and consequently NO, emissions [3] becomes
of considerable technical importance. Experimental

It is important to establish how the NO, and CO
emissions vary (scale) with burner inputs, burner size Natural Gas Burner:
(thermal input), and thermal conditions in the fur- A swirl-stabilized natural gas burner, shown in
nace. For simple jet diffusion flames, there is a Fig. 1, has been used. The burner design incorpo-
wealth of experimental information on how the emis- rates a movable block swirler for easy and continuous
sions scale with Reynolds, Froude, and Damkbhler variation in inlet swirl (from 0 to 1.2) and for the
numbers [4,5]. Recently, Turns and Myhr [3] pro- possibility of handling ambient and preheated com-
vided some quantification of the effect of radiation bustion air. Options for fuel staging and flue gas re-
on the flame temperature and NO emissions. They circulation, two of the most effective methods of NO5
used four different fuels to generate nonswirling jet reduction with natural gas firing, are provided. In
flames of different luminosity. It was demonstrated Fig. 1, the dimensions of the burner elements are
that the radiant fraction (defined as the amount of normalized to the diameter of the combustion air
energy radiated directly from the flame normalized duct (DO). The burner is available in 30 and 300 kW,
by the total thermal input) should be taken into ac- 1.3, 4, and 12 MW versions and is being used in the
count while scaling NO, emissions of jet flames. In SCALING 400 study [6]. For the experiments re-
industrial situations, the scenario is often different. ported here, the 300-kW version (Do = 87 mm) is
When the same burner is installed in furnaces of dif- used. The central natural gas injector features

235
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twenty-four 1.8-mam holes equally spaced on the cir- permanent gases; CO, C02, H2, 02, NO,, and total
cumference. The radial velocity of the natural gas is unburned hydrocarbons are measured using contin-
140 m/s when all the fuel is supplied through the uous gas analyzers. The flames were traversed with a
center injector at NTP. For the nominal 300 kW in- narrow angle radiometer with a viewing angle of
put and 15% excess ambient air, a Reynolds number 1.42', according to the technique described by Be~r
of 52,000 is calculated on the basis of the equivalent and Claus [7]. As described in the following sections,
diameter (0.35 ' DO) of the combustion air annulus. two flames are traversed at the first two measurement

locations, AD/D0 = 0.31 and 1.25 with the refrac-
Experimental Furnace: tory-lined panel for the flame with hot wall condi-

tions replaced with a cold target.
The experimental furnace used for the measure-

ments is the vertically fired chamber of the Burner
Engineering Research Laboratory. The confinement Experimental Results
ratio, defined as the ratio of the furnace diameter to
the burner quarl (tile) outlet diameter (1.66. DO), is Description ofthe Flames:
7.5 and 8.9 for the refractory and bare-metal walls,
respectively. For the in-flame measurements, panels The experimental burner was used to generate sta-
were constrncted with ports to allow access at five ble and very symmetrical flames of 300-kW thermal
traverses located at AD/D 0 of 0.31, 1.25, 2.19, 3.94, input, two of which are described in this paper. The
and 4.96 (AD stands for axial distance measured from two flames differ only in furnace configuration with
the quarl outlet). flame 1 being generated in the experimental furnace

with refractory-line panels (hot wall condition), while

Fuel Gas: flame 2 is generated in the same furnace assembled
from water-cooled panels (cold wall condition). The

The volumnetric composition of the natural gas two flames have identical burner input conditions, in-
used in the experiments is 0.965 CH 4, 0.017 C2H6, cluding inlet swirl (0.56), thermal input, and overall
0.01 C3Hs, 0.01 C4 +, 0.03 C0 2, and 0.013 N2. The stoichiometry (15% excess air), as listed in Table 1.
following properties resulting from this composition For both flames, all the fuel is supplied through the
are a density of 0.7 kg/Nm3, stoichiometric air re- central gas injector (no fuel staging is applied). The
quirement of 16.58 kgdr0,',Ikgful, and a lower calo- flue NO, emissions are 49 ppm (1.3 gNo./kgf0,l) and
rifle value of 46.7 MJ/kg. 34 ppm (0.9 gNo0 /kgfuOI) for flue gas temperatures of

1113 'C and 935 'C for flames 1 and 2, respectively.
Around 29% of the total thermal input is extracted for

Measu rement Techniques: flame 1, while for flame 2, a figure of 50% is applicable.

Velocity measurements are performed nonintru-
sively by applying the laser Doppler anemometry In-Flame Measurements:
technique on the combusting flow seeded with finely
sized zirconia particles in the combustion air. Mini- The in-flame measurements include temperature,
aturized versions of standard semi-industrial Inter- CO, C0 2 , NO., 0 2, and unburned hydrocarbons
national Flame Research Foundation (JFRF) probes (UHC), as exemplified in Fig. 2. Time-mean axial ve-
are used to intrusively sample gas composition and locities and root mean square (rms) values at the first
measure gas temperature by suction pyrometry. The traverse are shown in Fig. 3, demonstrating that an al-
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TABLE 1 (a)
Parameters of flames I and 2

Flame 1 Flame 2

Thermal input (MW) 316 312 1[
Inlet swirl (-) 0.56 0.56 1.3 DýC.A. velocity (mn/s) 28 28 ,.i
C.A. temperature (°C) 39 42

N.G. flow-rate (kg/h) 22.7 22.4L "023 0
N.G. injection temperature (C) 35 42 .

N.G. injection pressure (kPa) 14 13
Heat extraction (kW) 93 144 Temp. 02
Wall temperature (°G) 884 <100

(b)
Flue Gas Properties

FEGT (C) 1113 935
CO 2 (%) 10.1 9.9 2.2

02M(% 3.0 3.
NO, (ppm) 49 34 -
NO, (mg/Nm

3) 100 70 1 ,

GO (ppm) 0 0-02 Do

most identical strain field prevails in both flames. The 0
same observation is valid for all the measured tra- co
verses (see Reference 8). In both flames, a small inter-
nal recirculation zone (IRZ) is formed in the burner (c)
vicinity. At the first measurement traverse, around 5.7
and 6.9% of the inlet flow is recirculated back to the
flame root. The reverse flow energy, defined as the re-
circulated mass flow rate times the sensible heat, is . 2.2 Do
12.6 and 15.2 kW for flames 1 and 2, respectively. The
measurements demonstrate that in flame 1, higher 1 -1...
temperatures occur at the flame front (radial distance
0.8-1.0, see Fig. 3), than in flame 2.

Large external recireulation zones (ERZ) are . 0.3 Do
formed in the furnace. In flame 1, the temperature of
recirculating gases is around 1350 K (see Fig. 3), and I
the NO, concentration is around 37 ppm. In flame 2, NOY -I] UHC
the ERZ contains combustion products of 920 K (see
Fig. 3) and NO, concentration of 25 ppm. An integra- 2.9Th Do Do 2.9Do
tion of the measured axial velocities shows that
flame 1 entrains more than flame 2. At AD/Do = 2.19, FIG. 2. In-flame measurements for flame 2. The values

the entrainment is 125% for flame 1, while only 75% are scaled by the bars on the left-hand side, which repre-
for flame 2; at AD/D 0 = 3.94, the entrainment figures sents (a) 1000 'C and 10% for temperatures and 02; (b) 1
are 200 and 110% for flames 1 and 2, respectively, and 8% for CO and CGO, respectively; (c) 40 ppm and 2%

for NO, and UHC.

Discussion
Rate of Combustion: is found to match the qualitative description of the

boundary from the photography. It is calculated that

The conical flame shape derived using the in-flame for flame 1 (hot walls), the flame length, volume,
measurements agrees very well with the visible flame and surface area are 19.6 cm (2.25- DO), 4185 cm3 ,
boundaries taken from the photography. For both and 1332 cm2 , respectively. For flame 2 (cold walls),
flames, a contour of 5000 ppm of carbon monoxide the figures of 25.6 cm (2.95 -D0 ), 5863 CM3, and
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cluding the IRZ and U excluding the
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0 1 2 3 4 5 measured from the quarl outlet, D,

AXIAL DISTANCE (AD/Do) = 87 mm.

1640 cm2 are applicable. Another way of estimating at AD/Do = 2.25, methane combustion is completed
the flame length is by calculating the extent of meth- for flame 1, while in flame 2, the combustion pro-
ane combustion (XCH 4) according to ceeds until a distance of AD/Do = 2.95. This is in

agreement with the flame boundary determined vi-R-... sually.

inCH4 = 27r YCH 4 3* U(r) -r dr (1) The measured peak temperatures are 1945 and
1864 K, while the mass-mean-averaged values with-
in the flame volumes defined above are 1850 and

CH4 1 C 100 (2) 1675 K for flames 1 and 2, respectively. It is esti-

mIcH4inlet/ mated that the residence time is in the range 6-10 ms
for flame 1 and around 40% longer for flame 2. For

where rICH4 is the methane mean-mass flow rate, both flames, the NO, concentrations increase with

YCH 4 is the mean-mass fraction of methane, p is the the distance from the burner tip until the end of the
mean density, and U is the mean-axial velocity. The flame. The measurements show that NO, concentra-
integration is performed from the flame center to tions remain practically unaltered in the postflame
the boundary of the jet (forward flow boundary). part of the furnace. In Fig. 4, the mass-averaged val-
Figure 4 shows the extent of reaction confirming that ues of NO, volume fraction within the forward flow
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are plotted for both flames. The NO, concentrations where I (L) is the total intensity leaving the gas layer
have been calculated with and without the internal in W/(m2 - sr), 1,,(0) is the spectral intensity incident
recirculation zone included. upon the gas layer, Iý is the black-body spectral in-

The measurements clearly indicate higher in- tensityinW/(mn'sr'cm - ), and k, is the spectral ab-
flame temperatures for flame 1 (hot refractory walls) sorption coefficient of the gas in m- 1. The spectral
than for flame 2 (water-cooled walls). It is important transmissivity of the gas is given by
to establish whether the presence of the cold walls
could have altered the radiative heat exchange be- r-,(s', L) = efPk%(s')'s" (5)
tween the flame and the surroundings to such a de-
gree that the mean flame temperature dropped by The intensity distributions shown in Fig. 5 are cal-
175 K. To this end, an analysis of the radiative trans- culated spectrally using the exponential wide band
fer is performed. It will be shown later that the model (EWBM) [9] along with the Chan and Tien
strongly cooled recirculating gases are responsible scaling method [10,11]. The total pressure of the gas
for the temperature difference and consequent low- was taken as one atmosphere. The spectral calcula-
ering of NO, emissions. tions, which take into account the nonhomogeneity

of the temperature and composition fields, are per-
formed over wave number bands, assuming that the

Radiatice Heat Transfer: spectral overlap is not significant. In view of the tem-

The radiative transfer equation (RTE) reads as fol- perature and concentrations prevailing in the flames,

lows: the following bands are included: 10-20 pm rota-
tional; 6.3, 2.7, 1.87, and 1.38,pm for H20; 10.4, 9.4,
and 4.3 pum for CO; 2.35 and 4.7 pm for CO; 7.66,

I, _ k"(1I - IJ ) (3) 3.31, and 2.37gym for CH 4.The 10-20pm H•0 band
as is included in view of the fairly low temperatures in

the ERZ (around 900-1350 K) and the high concen-
where the first term is the gradient of intensity and trations of water vapor [12]. The 15 pm CO2 band,
the second and third terms represent the absorption though of some importance at these temperatures,
and emission of energy, respectively. The total inten- has been neglected since it requires special proce-
sity leaving a gas layer of length L can be obtained dures to account for the overlapping. Moreover, it is
by integrating Eq. (3) over wave number v in cm 1  expected that the band from water vapor in the 10-
and path length. This results in the following expres- 20/pm region is stronger since the I-20/CG0 partial
sion: pressure ratio is around 2. Following James and Ed-

wards [1], the 2.7-pin band of CO, is neglected due
I f to a maximum underprediction of total intensity by

1(L) = 1(0)" r,(0, L) dv 8% when this band is excluded. The importance of
the 2-pm band of CO2 is estimated to be less than

4 L ½ .(s', L)l ,(s,).ds dip, (4) 2% of the total emissions [13] and, hence, is not in-
foI[Jo asJ eluded in the present calculations. All important
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Fiu. 6. Comparison of the radiative intensity absorbed for flames 1 and 2 at AD/Do = 0.31. The A and V designate
the measured radiance for flame 1 with and without the contribution of the walls, respectively. The 0 designates the
measured radiance for flame 2; 0 shows the calculated total intensity from Eqs. (6) and (7). RD/D0 = 0.0 corresponds
to the axis of the burner. 21.9 kW/(m2" sr) is the contribution to the total radiance from the wall for flame 1; 12.9
kW/(m2.sr) is the contribution due to the temperature difference in the ERZ of flames 1 and 2.

bands of CO [9] and CH 4 [9,14] are incorporated. As emission of the ERZ (see Fig. 6). However, the 10
shown in Fig. 5, the calculated radiance agrees well kW/(m2. sr) difference in the flame region is not af-
with the measured values. The figure shows that the fected by either.
contribution from water vapor is about twice that of Equation (3) can be used to estimate how much
CO0. The contribution of CO and CH 4 is seen to be of the intensity has been absorbed within both
unimportant. Since the total radiance calculations are flames. To this end, only the emission term of the
uniquely based on the in-flame measurements, the right-hand side is considered, and the solution is as
good agreement between the measured and pre- follows:
dicted total radiance provides a strong confidence in
both the measurements and the calculation proce- L
dure. I(L) = 1(0) + k,(s) I°[T(s)] ds. (6)

Figure 6 shows the measured radiance of flames 1
and 2 with the cold target positioned on the other The Planck mean coefficient kp in Eq. (6) is de-
side of the furnace. For flame 1, the measured ra- fined as
diance with the cold target replaced with a refractory
panel (T = 1157 K) is also shown. In all three cases,
the difference between the radiance leaving the kJ k; E. d,

flame region (RD/D0 = + 1) and that entering ko (7)
(RD/Do = -1) is around 10 kW/(m2 sr) [for crT4(S)

flame 1 without the cold target, it is (47.6-37.3)
kW/(m2 -sr); for flame 1 with the cold target, it equals where Eo is the spectral blackbody emissive power
(24.5-15.4) kW/(m2.sr); and for flame 2 with bare in W'm-. In Eq. (6), 1(0) stands for the incident
metal walls, it is (11.4-2.5) kW/(m2" sr)]. The total intensity at the flame (left-hand side) boundary while
radiance incoming at the edge of the flame is cer- I(L) represents the intensity at the other (right-hand
tainly affected by both the wall emission and the net side) boundary. The results of the integration, using
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as 1 (0) the values measured at the flame boundaries, and E0,, is the energy contained in the jet at the end
are shown in Fig. 6. All the bands of H20, CO 2 , CO, of the flame region. The first term is precisely known
and CH 4 were accounted for in the calculation of the (see Table 1), while E01 t and Eltr can be calculated
Planck mean emission coefficient Eq. (7). For both using the in-flame measurements. For jet-flame 1,
flames, the absorbed intensity is about the same at the calculated values are Eflut = 517 kW and Eentr
15 kW/(m2 " sr). Similarly, at the second measure- = 183 kW, while for jet-flame 2, values of E(,t =
ment traverse, despite the differences in the flame 375 kW and Eeutr = 118 kW are applicable. It is
temperatures and alterations to the gas composition, important to realize that the energy values cannot be
the absorption terms of Eq. (3) are very similar. calculated with an accuracy better than perhaps 10-
Thus, the difference in the amount of energy ab- 20% due to the necessity of interpolating between
sorbed by the two flames is proportional to the flame the measurement traverses. However, the figures
volume ratio (5863/4185 = 1.4), with more energy clearly demonstrate that the jet-flame 1 entrains
absorbed by flame 2 than flame 1. twice as much energy as jet-flame 2 and, therefore,

The amount of energy emitted from both flames is "hotter."' The amount of energy emitted (radiant
can be calculated as follows: fraction) and absorbed by both flames is substantially

lower than the energy entrained from the ERZ. The
E-mittd = 4.aT1 4 -k!,(pi, T)' VII.m. (8) latter is strongly dependent on the temperature of

the combustion products of the ERZ and, therefore,
where Vsam..e is the flame volume; T and p7 are the related to the amount of energy extracted from the
mean flame temperature and partial pressures, cal- postflame zone by radiation (mainly) and convection.
culated using density averaging; and a is the Stefan-
Boltzmann constant. The Planck mean coefficient
has been calculated using the EWBM to be 0.85 m- 1 Increase of the Methane Combustion Rate:

(hot walls) and 1.0 m- 1 (cold walls). The radiant Figure 4 shows that just downstream of the burner
emissions calculated using the mean flame temper- quarl, the extent of methane combustion is about
ature, concentrations, and volume, as specified 65% for flame 1, while only 40% for flame 2. The
above, are 9.4 and 10.5 kW, which corresponds to combustion products entrained from the ERZ into
radiant fractions of 3.0 and 3.3% for flames 1 and 2, the jets are at a higher temperature for flame 1 (1350
respectively. If the nonuniformity of the in-flame K) than for flame 2 (920 K). This results in a higher
temperature and chemical composition are ac- temperature of the gases recirculated via the IRZ
counted for, the radiant flame emissions are 21.8 and back into the fuel injector (around 70 to 90 K hotter
18.8 kW, using density-averaged properties to cal- for flame 1) and, therefore, in the higher combustion
culate the local coefficient, rate inside the burner guard for flame 1.

Energy Balance of the Expanding Jets:

The considerations on radiative transfer indicate Conclusions

that the flames emit an almost identical amount of Detailed in-flame measurements of velocity, tur-
energy. Also, flame 2 may absorb around 40% more bulence, gas composition, temperature, and radiation
energy than flame 1. However, the analysis so far were taken in two nonsooty, swirling flames of nat-
does not provide a reason for the substantially higher oral gas. The flames are of almost identical velocity
temperatures of flame 1. It is thus essential to c"oi- (strain) fields with very rapid mixing prevailing.
pare the energy absorbed by the flames .ith that Flame 1 was positioned in a refractory-lined furnace
entrained from the ERZ into the jet flames. with approximately 29% of the total thermal input

Consider the expanding, combusting jets with the extracted. Flame 2 was located in a furnace config-
outer boundaries determined by the contour of zero ured with water-cooled walls in which 50% of the
axial velocity (where the jets interact with the ERZ). thermal input was extracted. The NO_, flue emissions
The first jet, corresponding to flame 1, should have
the length of 2.25 Do, while the second jet (corre- were 49 ppm (1.3 gNo,/kgfol) and 34 ppm (0.9sponding to flame 2) should be 2.95"D 0 long. The g~o,/kgi•,i) for flames 1 and 2, respectively, with al-

sponingto fame2) soul be2.95- D lon. Te most all the NO,, formed \vithin the flame volumes.
flame volumes defined earlier are included within the l bnh th at then traie fomexpndig jts.Theenegybalnceforthejet isas It has been shown that the energy entrained from
expanding jets. The energy balance for the jets is as the ERZ into the swirling jets has strongly affected
folloxs: the flame temperatures. The lower NO, emissions of

flame 2 have been attributed to entraining the
Ein, + Eetr + Eab, = Eot + Eem (9) strongly cooled recirculating gases. The following has

been concluded:
where Ei, is the thermal input, E,,,,. is the energy

entrained into the expanding jet, E,,, and E,,,, are 1. When the same burner is positioned in the re-
the radiant energy absorbed and emitted by the jets, fractory-lined rather than water-cooled furnace,
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the flame has shortened from 2.95"D0 to 2. Gore, J. P., and Faeth, G. M., Twventy-First Sympo-
2.25" Do. The extent of (methane) combustion re- siumn (International) on Combustion, The Combustion
action increased from 45 to 65% at the first mea- Institute, Pittsburgh, 1986, p. 1521.
surement traverse 0.31. Do downstream of the 3. Turns, R. S., and Myhr, F. H., Coinbust. Flame 87:319,
burner quarl. A mechanism for the faster methane (1991).
combustion rate inside the burner guard for 4. Bilger, R. W., and Beck, R. E., Fifteenth Symposium
fla2T e a is proposed. (International) on Combustion, The Combustion In-

2. The amounts of radiant energy emitted and ab- stitute, Pittsburgh, 1975, p. 541.
sorbed directly by both 300-kW flames (radiant 5. Chen, R.-H., and Driscoll, J. F., Twenty-Third Symn-
fractions) are very similar. This implies that the posim (International) on Combustion, 1990, p.
radiant fraction cannot be used as an exclusive
NOx scaling parameter to describe the effect of 6-

NOcaligpdcined tu ct if- 6. Weber, R., Driscoll, J. F., Dahm, W. J. A., and Waibel,
radiation on emissions of confined. T., "Scaling Characteristics of the Aerodynamics
fision flames. Radiation plays a crucial role in ex-
tracting the energy from the postflame zone and, and Low NO, Properties of Industrial Natural Gas
therefore, controls the ERZ temperature (which Burners," The SCALING 400 Study, GRI-93/0227,
corresponds to the furnace outlet temperature). (1993); also avaiable as IFRF Doc No. F 4 0/y/ 9

The flame temnperature and consequently NOx (1993).

emissions are strongly dependent on the latter 7. Be~r, J. M., and Claus, J., "The Traversing Method of

through the jet entrainmnent. Proper NO, scaling Radiation Measurement in Luminous Flames," IFRF

parameters should incorporate the energy en- Doe. C 72/a/6 (1967).
trained (from the ERZ) into the flame. Therefore, 8. Sayre, A. N., Lallemant, N., Dugu6, J., and Weber, R.,
these parameters must account for the amount of "Scaling Characteristics of the Aerodynamics and Low
energy extracted fromn the postflame zone. NO, Properties of Industrial Natural Gas Burners,"
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ON THE EFFECTS OF FUEL LEAKAGE ON CO PRODUCTION FROM
HOUSEHOLD BURNERS AS REVEALED BY LIF AND CARS

C. E. VAN DER MEIJ, A. V. MOKIIOV,' R. A. A. M. JACOBS AND H. B. LEVINSKY

Gasunie Research
N. Y. Nederlandse Gasun i

P.O. Box 19, 9700 MA Groningen, The Netherlands

Measurements of the distributions of CO, OH, and temperature in flames from two commonly used,
commercially available household burners are presented. The local mole fractions of CO and relative
distribution of OH have been obtained using laser-indsmced fluorescence, while the local temperatures have
been determined by coherent anti-Stokes Raman scattering (CARS). For both burners, burning in the
open air, CO formation outside the main flames has been observed and attributed to the leakage of fuel-
air mixture at the edges of the flame, where the fuel is subsequently converted to CO in the boundary
layer between the flame and the surroundings. For a rich-premixed, multiblade burner, which gives Bun-
sen-like flames, the CO produced by the leaking fuel appears to be oxidized by OH arising from the outer
cones of adjacent flames, and burns out to low concentrations, In the case of a lean-premixed burner, the
CO produced by fuel leakage remains in the cool boundary layer without adequate burnout. Possible
consequences for appliance behavior are discussed.

Introduction suiting from a change in the burner) from "second-
ary" influences (altered flow and heat-exchange char-

In the past, natural-gas appliances for household acteristics within the combustion chamber due to the
use have been approved for installation based upon different burner). This is related to the practical ob-
their performance regarding flame stability, CO pro- servation of identical burners behaving very differ-
duction, and soot formation. Over the years, burner ently in different combustion chambers, Clearly,
manufacturers have developed rules of thumb for since the formation of pollutants in combustion sys-
choosing combinations of design parameters, such as terns is dependent upon the details of the combus-
primary fuel-air ratio, port loading, and port spacing, tion process itself (local concentrations of various
to meet the approval specifications. The legislation chemical species, temperatures, etc.), insight into
of NO, emission limits in many parts of' the world these details and the effect of parameter variations
has substantially complicated the process of burner on them is required in order to properly evaluate
design. Attempts at lowering NO, emissions by re- origins of burner and appliance performance.
ducing the flame temperature, for example by using Whereas the paths to NO formation in natural gas
flue-gas recirculation and lean-premixed combus- flames and the primary factors influencing them are
tion, often lead to reduced flame stability or in- reasonably well understood [1], the origin of CO
creased CO emissions. In fact, the lowest NO, emis- emissions in household appliances is not. Many ap-
sion obtainable in a given configuration is always pliances, such as cooking burners and hot-water heat-
limited by unacceptable stability problems or CO n
emissions. Burner design has thus become a trial- ers, utilize rich -prenixed, Bunsen-type flames,

anderrr, ultparrneer ptiizaionproess by where CO bsirnout depends on the admixing of am-and-error, msiltiparameter optimization process, by bient, or "secondary," air [2]. In this case, the ab-

which the designer is not sure whether the observed

optimum is a coincidence of the chosen configuration sence of sufficient oxygen upon heat transfer (either

or a fundamental physical limit, in a heat exchanger or to the bottom of a pan) will

One of the major drawbacks to this approach is clearly lead to excess CO emission. Another possi-

that the measurements are global: Changes are bility is a combination of insufficient time for the

made, for example, to the burner, and the emissions burnout of CO, followed by "quenching" of CO ox-
are measured in the exhaust of the appliance. This idation during the heat-exchange process. In another
makes it difficult to separate "primary" effects (re- context, Correa [3] has examined CO oxidation on-

merically in gases flowing along a cooled wall. For
conditions characteristic for a gas-turbine combustor

*Permanent address: Institute fOr Hligh Temperatures (wall temperature of 1100 K), he concluded that heat
(IVTAN) Moscow, Russia transfer to this wall was not fast enough to quench
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CO oxidation. However, he did suggest that the es- intensity. An improvement to the detection scheme
cape of unburned fuel from the primary combustion was the addition of an interference filter (centered
zone, converted to CO in a cooled boundary layer at 483.5 nm, bandpass 6 nm) to separate the CO
%%here CO oxidation is slow, could give rise to in- fluorescence from possible hydrocarbon interference
creased CO emissions. [7]. We estimate the total contribution from hydro-

In an effort to gain insight into the origin of un- carbon emission in the flame front (where the effect
wanted CO emissions in practical systems, we have is the most severe) under these conditions at 10% of
performed measurements of the spatial distributions the signal. Extra dynamic range was gained by the
of CO and 011, using laser-induced fluorescence analog integration of the repeated LIF signals prior
(LIF), in laminar flames stabilized on several corn- to readout, instead of adding the individually read
inonly used, commercially available household burn- signals in the computer. This improved the signal-to-
ers, burning in the open air. The type of burner var- noise ratio by a factor of 50 for 100-pulse averages.
ied from bar and blade burners, with rich-premixed, The CO fluorescence was calibrated by flowing 4000
Bunsen-type flames, to lean-premixed burners. Since ppm cold CO in N2 through a cell, and converted to
CO is primarily oxidized by OH [4], the distribution concentrations using the temperature dependence at
of this radical can assist in the analysis of the CO 230.1 nm presented in Ref. 8 and the local temper-
distributions. In order to convert the CO fluores- ature measured by CARS. The laser energywas mon-
cence to concentration, as well as for an additional itored during tile experiments, and the signals were
interpretive diagnostic, spatially resolved tempera- corrected using the 115 power dependence observed
ture measurements have been performed using co- in our experiments. Inasmuch as this dependence is
herent anti-Stokes Raman scattering (CARS). In this similar to that observed by Tjossem and Smyth [9],
paper, we report the results for two of these burners where they estimate photoionization as a major de-
that show effects we ascribe to fuel leakage at the population process, we neglect quenching effects
edges of the flame. To our knowledge, this is the first here. We further mention that, in several fuel-rich
direct evidence of a contribution from fuel leakage flames where the postflame CO concentration is
to excess CO emissions, close to chemical equilibrium, the concentrations

measured in this fashion differed from the calculated
equilibrium concentrations generally by less than

Experimental Techniques 20%, which we maintain as our high-temperature ac-
curacy. This suggests that it is indeed possible to

LIF: measure CO quantitatively using LIF.
Since the flames studied were stable and laminar,

Composite two-dimensional LIF images of the all LIF signals were averaged over 100 laser pulses.
distribhtions of CO and OI1 were obtained using the The scale of the LIF images corresponds to an area
experimental apparatus described previously [2,5]. 4.3-cm wide and 10-cm high, unless otherwise indi-
The OHl images were obtained by exciting the Q1(7) cated.
line in the X 2 HI(U" - 0) -- A 2Z+(c' = 1) manifold
at 283.2 nm and detected using a filter (centered at CARS:
:360 nm, bandpass 56 no) that passed most of the
emission of the (0,1), (1,2), (2,2), and longer-wave- Measurements of absolute temperature were per-
length hands while excluding emission from the (0,0). formed using broadband planar BOXCARS for nitro-
In this fashion, self-absorption of the fluorescence [2] gen thermometrv, using a configuration very similar
was substantially reduced. With a beam diameter of to that reported by Kr6ll et al. [10]. Briefly, 20% of
1 mm [5], 9-mj pulses gave signals strong enough for the 532-nm light from a Nd:YAG laser (see Ref. 2
our imaging configuration. Under these conditions, for details of the laser) was used to form the pump
the absorption transition was partially saturated, but beams. The remaining 80% pumped a broadband
the broadband detection renders the signal sensitive dye laser (>90 cmo 1 bandwidth at a peak wavelength
to quenching. An additional complicating factor in of -606.5 nm), which was used for the Stokes beam.
the interpretation of the OIl images is that vibra- The beams were focused using a f = 50-cm lens,
tional relaxation, which would drain population to the yielding a focal volume of -100-pm diameter and
undetected (0,0) and reshuffle the detected popula- -2-mm length. Typical pulse energies at the mea-
tion, is dependent upon temperature and composi- surement volume were 50 mj per 532-nm beam and
tion [2.6] in an as vet unknown manner. However, 60 mJ in the Stokes beam. After separation from the
since the OIl images are used here only as a quali- 532-nm beam by a diehroic mirror, the CARS signal
tative diagnostic, they are uncorrected for these ef- was focused on the slit of a 1-in spectrometer (Jobin-
fects and deemed adequate for this purpose. Yvon THR 1000). The broadband-CARS spectrum

The CO images were made in the same focused- was recorded using a gated (100 ns) linear diode ar-
beamm geometn reported earlier [2], since the use of ray (EG&G 1420HQ). The spectra were averaged
the beam telescope [5] resulted in insufficient signal over 100 laser pulses per point and divided by the
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high. A side view of three blades and their flames is
illustrated in Fig. lb.

The second burner was a lean-premixed burner
from a condensing boiler, with the perforation pat-

1h0.1 b tern shown in Fig. Ic. The slots are 0.5-mm wide and
6-rmm long; the holes have a diameter of 1.1 min.
Because of the normally high load of this burner and

n oo ino o o the limitations of our gas-handling system, a section
0 ° * ° 0 (6.5 cm X 8.5 cmr) of the burner deck was sawn off

0• *- •,• 0" *o and placed in a smaller box used to mount radiant
- - * __ me burners. The burner was operated using pure meth-

00 0 0 ane at P = 0.69 (somewhat leaner than nominal),
IO Of eG* 0 R 0 0 S and at 550 kW/m2 , 45% of the nominal surface load.

/ "" • in 0• m This gave the flame form shown in Fig. Id.

C

Results and Discussiond ", ,-w-,.-,, \ v• • N f,\~,,-,V-,,V,

Rich-Premixed Burner.
FIG. 1. (a) Perforation pattern for rich-premixed, nul-

tiblade burner; (b) side view of three blades from this The composite two-dimensional fluorescence im-
burner, with flames; the dashed line indicates the middle ages of the distributions of CO and OH above two
of one of the elements, which corresponds to the positions of the blades are presented in Figs. 2 and 3, respec-
of the black lines in Figs. 2 and 3; (c) perforation pattern tively. The lowest point in these images is 1 mm
for lean-premixed burner; (d) flame form from lean-pre- above the burner surface. The false-color scale is in
mixed burner. The arrows in (a) and (c) indicate the path fluorescence "counts," and the images have been cor-
of the laser beam and, hence, the cross sections in which rected for detector efficiency. The CO image is
the two-dimnensional images were made. The dashed lines scaled logarithmically [2] to emphasize the lower sig-
in (c) and (d) correspond to the positions of the black lines nal levels. The regions of highest CO fluorescence
in Figs. 6 and 7. intensity are between the inner and outer cones di-

rectly above the burner blades (the vertical black
lines in Figs. lb, 2, and 3 indicate the centerline of

averaged dye spectrum (obtained by measuring the the flame above one of the blades). In addition, there
nonresonant CARS spectrum in a stream of meth- appear to be "jets" of CO intensity between the
ane) prior to analysis. Temperatures were extracted blades of the burner. We remark here that, for other
from the spectra using the CARP-PC [11] program. rich-premixed burners having nonlifted, Bunsen-like
The reproducibility of the temperature determina- flames, we observe [12] only Bunsen-like CO images
tions was on the order of 20 K, while the estimated [2], which do not show these "jet" structures. In pre-
accuracy is ± 30 K at flame temperatures. vious work [2] on two of the blades from this burner,

In contrast to the LIF experiments, where the la- although not strictly comparable (different load, pri-
ser beam and the detector were positioned [2] to maiy aeration, and detection scheme), weak jets that
generate two-dimensional images, the temperature were due, at least partially, to hydrocarbon fluores-
profiles were measured by moving the burner wvith cence were observed. All observations taken to-
precision positioners (25-pmn accuracy, Daedal gether, we attribute these jets of CO as arising from
Corp.). fuel leakage at the edges of the burner. Since the

inner cones of the flames are not visibly lifted, this is
worrisome. Preliminary particle-tracking photo-

Burners: graphs indicate that some of the fuel-air mixture is
skirting the primanv flame front in the "overhang"

A naturally aspirated, multiblade burner (14 ele- region at the edges of the blades [13]. In this case, it
ments) from an instantaneous hot-water beater was is possible that the escaped fuel is converted to CO
operated as obtained from the manufacturer. The in the boundary layer between the cooler secondamy
perforation pattern is shown schematically in Fig. la. air flowving between the burners and the outer cones
Each blade is 7-mm wide and 14-cmr long; the slots of the flames, where there is still a substantial density
are 0.5-mm wide, and the holes are 0.5 mm in di- of flame radicals.
ameter. Fired with Slochteren natural gas at 75% full The spatial relationship between the CO from the
load (18 kW), it produced rich-premixed, Bunsen- main flame, the jets, and the OH in the outer cone
type flames (equivalence ratio, 0 = 1.33) having an of the flames can be more readily visualized in Fig.
inner cone height of 4 mnm and outer cones 6-em 4, which is a horizontal cross section of Figs. 2 and
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FIG. 2. Composite two-dimen-
sional distribution of CO fluores-
cence intensity for rich-premixed
burner. The scale is logarithmic and
is in fluorescence "counts." Note that
the imaged area in this figure is only
7.5-cm high, instead of 10 cm. The
black line corresponds to the same
position in Fig. lb.

FIG. 3. Composite two-dimen-
sional distribution of OH fluores-
cence for rich-premixed burner. The
scale is in fluorescence "counts." The

black line corresponds to the same
position in Fig. lb.

3 at 6 mm above one blade of the burner, together center of the blade are clearly visible. However,
\ith the temperature measurements at this height. when converted to concentration, these peaks dis-
The temperature between the burners is still nearly appear completely on this scale (maximum 5% CO),
room temperature, while it is above 2000 K across as a result of the strong temperature dependence of
most of the surface of the blade. As was also observed the CO fluorescence at 230.1 nm [8] (for a constant
in a Bunsen flame and in previous experiments with mole fraction, the fluorescence intensity increases by
this type of burner [2], the majority of the CO from a factor of -20 upon going from flame temperatures
the inner cone is contained within the "arms" of the to room temperature). Given that the measurements
OH arising from the outer cone. Examining the cross are calibrated at room temperature, we expect the
section for CO fluorescence intensity, small peaks accuracy of the CO concentrations at lower temper-
arising fi'om the "jets" at + 9 and -9 mm from the atures to be better than the accuracy of those derived
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FIG. 4. IHorizontal cross section of CO fluorescence iu- height above burner (mm)

tensitv (small U) and concentration ()E), OH intensits ( ± (a)

and temperature (') at 6 mm above the borner. The right
hand axis is CO concentration in ppm; the left axis is ab- T (K)
solute temperature and relative CO and Of1 fluorescence 2500

intensity (in arbitrary units).

2000+

at high temperature. In this regard, LIF detection of 200
CO at this wavelength is an ideal tool for investiga-
tions involving fuel leakage. Also note that, at this
height, the CO jets are just outside the arms of the 1500o 1
OH distribution. +

Having concluded that fuel leakage occurs from 1
this burner, the question arises as to the conse- 1000

quences for possible CO emissions. The vertical pro-
files of CO concentration above one blade and be-
tween two blades are presented in Fig. 5a, and their E F]
respective temperature profiles in Fig. 5b. Whereas 500
the main flame gases contain a maximum of nearly
6% CO, the concentration above the line between
the burners never rises above -350 ppni in the re-
gion where the jets from two blades merge. As the 0 10 20 30 40 50 60
main flame mixes with lthe secondary air, the ten-i- height above burner (mm)
perature decreases and with it the COconcentration, hbo
reaching -450 ppm CO at a temperature of' 1400 (b)
K, 5 cm above the burner deck. Between the burners, FIG. 5. (a) Vertical profiles of CO concentration inca-
the temperature rises through mixing with the flame sured above the middle of one of the blades, following the
gases to roughly 1100 K at 5 cra. The CO concentra- black lines in Figs. lb and 2 (°), and between two blades
tion remains nearly constant between 1.5 and 4 cm (E); (b) vertical temperature profiles at the same tvo po-
and then decreases to slightly more than 100 ppm. sitions as in Fig. 5a (above blade, '; betwveen blades, 0I).

The reason that the CO between the burners can still
burn out is shown by the merging of the OIl in the
outer cones sho-wn in Fig. 3, also at a height of -4 emit more CO if the distance between the blades
cm: The OH density indicates the presence of sub- were increased substantially, an effect opposite to
stantial concentrations of oxidizing species. We note that expected for the main flames [2].
that the visible outer cones in these flames always Above 5 cii, the highest point where temnperature
appear distinct. Clearly, the visible location of tlie measurements were made, the CO concentration
outer cones is a poor indicator of chemical activity, continues to decrease. Since we anticipate that the
These results seem to imply that this burner would two temperature curves in Fig. 5b will eventually
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A

FIG. 6. Composite two-dimen-
sional image of CO fluorescence in-
tensity friom lean-premixed burner,
logarithmic scale. The dashed black
lines arc the two lowest contours of
the OH distribution shown in Fig. 7.
The solid black line corresponds to
the same position as given in Figs.

1(c) and 1(d).

merge, we estimate the maximum CO concentration rounding air, we consider this to be unlikely. Since
at 7.5 cm (the top of Fig. 2) at 100 ppm. Since prac- Correa's analysis [3] suggests that rapid, turbulent
tical appliances that utilize this type of burner gen- mixing of hot combustion gases with air is incapable
erall' place the heat exchanger at 15-20 cm above of freezing in CO oxidation, it seems even more un-
the burner, the CO still has time to oxidize even fur- likely that the relatively slow laminar mixing in our
ther. In an appliance, this particular burner produces case would be successful. Furthermore, measure-
very little CO under these conditions (<10 ppm). ments on other lean-premixed flames [12] under sim-

ilar circumstances resolutely fail to show plumes un-
less the edges of the flame are lifted. The intimate

Lean-Premiixed Burner: association of the CO plume with a lifted flame seems

The two-dimensional images of the CO and 01 to leave little room for an alternative explanation.
(listrilbtions for this burner are shoxvn in Figs. 6 and Even though the edges of the flame are only slightly
7, respectively. Again, the CO image is scaled loga- lifted (see Fig. ic), it appears that copious quantities
rithmicallv. For convenience, the two lowest-inten- of CO can be formed.
sity contours of the Oil image are drawn in the CO In contrast wvith the lich-premixed burner de-
image. The dominant feature of the CO image is the scribed above, where OH from adjacent blades can
"plume" of high fluorescence intensity at the side of oxidize the CO formed from fuel leakage, there is no
the burner, emanating from the outer edge of the "adjacent" flame in the lean-premixed burner. As can
lifted flame. Just above the burner, this plume con- be seen in Fig. 6, the CO plume is outside the regions
tains 3% CO at 1500 K, while above the center of of lowest OH density, in the boundary layer between
the burner the concentration is 2000 ppm at 1830 K. the flame and the surrounding cold air. Since hydro-
At 2 cmr, the concentration of CO in both places is carbons are effective radical scavengers [14], we ex-
equal (500 ppm) at 370 K in the middle of the plume pect fuel leakage to efficiently consume the OH and
and 1800 K in the middle of the flame. At 5 cm above other radicals present as the fuel molecules are con-
the burner, the plume has spread to nearly half the verted to CO. This itself will inhibit CO oxidation in
image at 100 ppm CO (350 K), while the hot CO in the boundary layer. Although this was also true for
the middle of the burner has decreased to 370 ppm the rich-premixed flame, the Bunsen-like flame
at 1715 K. WNVith increasing distance above the structure can compensate for the loss of OH, since
burner, the surrounding air mixes further into the the outer cone (where the secondary air meets the
flamne. While this dilutes the CO from the plume, it hot combustion gases) generates high OH eoneen-
also reduces the temperature sufficiently to prevent trations. The admixture of secondary air in the fuel-
the CO from oxidizing. lean flame is expected only to cool the flame off and

Although xwe cannot a priori rule out rapid quench- to quench the OiH-producing reactions.
ing of CO oxidation through mixing xvith the sur- Appliances that utilize lean-premixed burners are
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- FIG. 7. Composite two-dimen-
•:::............... """ ... sional image of OH fiuorescence in-~tensity from lean-premixed burner'.

The solid black line corresponds to
the same position as given in Figs.
1(c) and 1(d).

usually (but oot always) "closed' in the sense that component in its o\wn right. As shown by many work-
secondary air is excluded. In this case, the fuel leaks ers (see, for example, Refs. 15 aod 16), a few tens of
into a thermal boundary layer between the flame and ppm of hydrocarbons in the preseoce of sufficient
the (water-cooled) wall of the combustion chamuber. oxygen can quantitatively convert NO ts) NO•.9
At this point, it is difficult to say xvhether the pro-
dnction of CO would folloxv the samne course as de-
scribed here. Futnre \vork will examine this issue so Summary and Conclusions
an optically accessible colmhustion chambher.

In an appliance, the \vater-cooled heat exchanger We have measured the absolute temnperature and
is normally at 5-6 cm above the surface of this concentrations of CO and relative distributions of
burner. Under normal operating conditions, the ap- 011 in two commnercially available household burn-
phiance usually emits 100-150 ppm CO and several ers, burning in the open air. In both cases, substantial
tens of ppm CH 4 . (It is also clear that fuele leakage local concentrations of CO outs-ide the main flames
can give rise to residual methane emissions.) if the have been observed and attributed to the leakage of
heat exchanger can quench CO oxidation completely fuel-air mixture around the edges of the flame, \vhere
(see Jntroduction), then the extant concentrations, the fuel is converted to CO in the boundary layer
100 ppm cold and 370 ppm hot, will he frozen inl. between the flame and the surroundings. Thle OH
However, since the temperature in the middle of the imnages have been seen to be useful in understanding
burner is still high, and the reactions responsible for the oxidation (or lack thereof) of the CO thus
CO oxidation are still fast, it is possible that at least formed.
part of the 370 ppm will burn out during the heat- For the rich-premixed multiblade burner, the CO
transfer process. (That such high CO concentrations from leaking fuel appears to be oxidized by OH aris-
are not generally' seen in practice with this burner ing from the outer cones of adjacent flames, and
also seems to suggest this.) Independent of the fate burns out simnilarly to the CO fromn the main flames.
of the hot GO, 100 ppm of cold CO widll certainly In the case of the lean-premixed burner, the CO pro-
survive the heat exchanger. In the absence of fuel duced by fuel leakage appears to remnain inl the cool
leakage, the rate at which the hot gases are cooled boundary layer without adequate burnout. There
will clearly determine the CO emission. The actual sults for the fuel-lean flame also suggest that the ox-
influence of a heat exchanger on CO formation in idation of hot CO can continue through at least part
household appliances is as yet not knowvn, of the heat-transfer process in a heat exchanger.

Whereas this discussion has centered on the mnfl- Future wvork will specifically address the role of
ence of fuel leakage on CO emissions, the presence the heat exchanger in CO oxidation, as well as the
of hydrocarbons in combustion gases can also mnfl- oxidation of CO in a closed comnbustion chamber. If
ence the formation of NO9, which is an unwvanted it is ascertained that fuel leakage is the dominant
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source of unwantedi CO em-issions, then the efforts 6. Smith, C. P., and Croslev, D. R., Appl. Opt. 22:1428-
to overcome the practical limitations to the devel- 1430 (198:3).
opineut of low-NO, techniques should shift their em- 7. Alden, M., Wallin, S., and WVendt, WV., Appi. Plojs. B
phasis to flame stahilits, rather than focusing exclu- 33:205-208 (1984).
sivelY onl CO oxidation. 8. Scitzman, J. M., Hauniano, J., and Hanson, R. K.,

Appi. Opt. 26:2892-2899 (1987).
lickioir/edIgiients 9. Tjossemr, P. J. 11I., and Smeyth, K. C., J. Chiem. P/iys.

91:2(041-2048 (1989).
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COMMENTS

A~i/ii' Hii. e/rsiti//fr Tee/inisc/ie, Germany. Aiit/hor~s Reply. Whereas we are not awvare of a LIF-
Your assumsption thsat iinhunst CH, is convertedi in the detection scheme that is specific for mnethane, the sugges-
liiiindarx laser to CO canl he clarified lbv direct C112-LIF tion of using a suitable secd molecule Nslth wvhich one can
experiimeiits or bY seeding tht CH, How with a fluorescent dliscriminate hurnerI from unhurnedi gases (No 2, for ex-
dopai t. Do you inteisd to focus oil that problems? ample) is certainsly svorth further consideration. We shall

return to the prohlem of fuel leakage in the near future.
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This paper describes the application of a mathematical model to predict the aerodynamics, combustion,

and NO emission perfbroances of a gas turbine combustor. The numerical basis of the model is a specially

constructed code that uses a generalised nonorthogonal and boundary conforming coordinate system. The

gas turbine is a component of the British Coal "Topping Cycle," a coal-fired floidised-bed-basedcombined-
cycle technology. A distinctive feature of this study is therefore that the fuel for the gas turbine is produced
from the partial gasification of coal. Since this fuel contains nitrogenous species derived from the fuel-

bound nitrogen of the parent coal, there is concern that these species might give rise to high NO emissions

from the combustor. In addition to the fuel NO, the prompt and thermal NO are modelled. The aero-
dynamic and comlbustion performances of the combustor, a Frame-9 unit, for this rather unusual fuel are
found to he generally good, Myth no indication of flame stabilisation difficulties and only a relatively small

temperature noonnformi y over the exit plaoe. This nomxniformit' can be traced to products that manage
to "skirt round" the dilution jet flows. The predicted level of NO emission corresponds remarkably well
with that measured. Most importantly, a significant reduction of NO to N, by NHt3, occurs within the
primary zone, with the result that the NO emission from the gas turbine component of the Topping Cycle
is considerably diminished.

Introduction be used to power a General Electric Frame-9 ma-
chine. The combustor design is being tested by CRE,

This paper describes the application of a mathe- using a single-flame tube, in order to evaluate the
matical model to predict the combustion perform- combustor performance for the coal gas combustion.
ance of and NO emissions from a gas turbine fuelled Mathematical modelling has now been used to as-
with coal-derived fuel gas. The gas turbine forms a sist the design of gas turbines burning conventional
part of the "Topping Cycle," a fluidised-bed-based fuel for some two decades [3-8], and this work has
combined-cycle technology being developed by Brit- highlighted the combined importance of accurate ge-
ish Coal's Coal Research Establishment (CRE) for ometrical and physical modelling for performance
the high-efficiency (circa 47%) generation of electric predictions of combustors. However, most of the ex-
power. The raw coal is first partially gasified in an air- isting prediction procedures use either simplified
blown spouted fluidised bed to provide the fuel for models of combustors or focus attention only on
the gas turbine. The residual char is transferred to a some of the physical processes. A complete three-

circulating fluidised-bed combustor (CFBC) to pro- dimensional (3D) mathematical procedure to ad-
duce the heat required to generate steam. The effi- dress both these aspects is mainly limited by the re-
ciency of the Topping Cycle is expected to exceed quired numerical and computational effort. The
that of typical owvgen-blown Integrated Gasification mathematical model presented here constitutes a 3D
Combined Cycle (IGCC) technologyl because of the modelling methodology, including the subprocesses
following: a high overall conversion efficiency is such as thermal radiation, fuel, prompt and thermal
achieved; the need for an energy-consuming air sep- nitric oxide formation, while retaining the geomet-
aration unit is obviated; hot gas cleaning is employed; rical accuracy. In conventional gas turbines, the main

and because high-grade heat is produced by the mode of nitric oxide formation is by the thermal
CFBC, enabling a high-efficiency steam cycle. A mechanism, and Refs. 9 and 10 demonstrate the im-
complete description of the British Coal Topping Cy- portance of the incorporation of a radiation model
cle may be found in Refs. 1 and 2. The gas turbine on nitric oxide formation in gas turbine combustors.
combustion system of the Topping Cycle consists of The use of the products of coal gasification as a fuel
a tubo-annular type combustor assembly, which will presents special problems, in part because of its mod-

251
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est calorific value, but more particularly because this components. The scalar transport equation stands for

fuel contains significant quantities of nitrogenous the balance equations of the submodels for turbu-
species derived from the fuel-bound nitrogen of the lence transport, combustion, radiation, and for the
parent coal. While the typical NO emissions from pollutant formation chemistiy.
well-designed and operated fluidised beds are small,
the possibility of increased levels of NO emissions
from the gas turbine component of the Topping Cy- The Numerical Technique
cle is a cause for concern.

In general, the front and exit portions of conven- For the numerical soltion of the governing equa-
tional gas turbine cans are comprised of opposing tions the flow dmiiain is discretised by hexahedral,

bo Lare ofns theelx difenw curvture The appli-e b hxlidrbonndaries of largely diffeeing curvature. The appn - nonoverlapping control volumes using a composite-
cation of a step-\bise castellated cartesian approxi- block transfinite interpolation technique [11,12]. A
mation of the no red boundaries in such cases results nonstaggered variable arrangement is implemented,
in an uneconolmic grid densit when attempting to vith the variables stored at the geometric centres of
obtain adequate numerical resolution. Within the the control volumes. The discrete equations are then
constraints of a cartesian framework, the only rem- obtained by the conventional method of finite vol-
edv is to simplify one of the curved boundaries in a ume integration. The coefficients of the resulting al-
manner that departs significantly from the exact ge- gebraic equations are assembled with respect to the
onetrieal shape. In order to circulnvent this diffi- convection and principle diffusion face fluxes, using
cultv, a mathematical model is constructed on a ge- the hyb

neraliserl ~ ~ ~ ~ ~ ~ ~ th coriaesstmoybnar-ofrm rid differencing method [13]. For numerical
meshlbased olinathe existing c artesianCINAodein stability, the cross-diffusion face fluxes are accumu-
mesh, based on the existing cartesian CINAR code lated in the source term, since the geometrical fac-
developed by this group for three-dimensional c tors contained within them (the off-diagonal ele-

bustors.dwihn hm(teof-iaoaleebustors, ments of flWN) can be of either sign depending on the
discrete mesh. The convective face fluxes are com-
puted according to a pressure smoothing technique

The Mathematical Model [14], in order to circumvent the pressure velocity de-
coupling of the collocated variable arrangement. The

The mathematical mnode is fomnulated for steady set of discretised equations is then solved using the
governincgpess atibe h rIgthRen numbe r floxvs, the o Strong Implicit Procedure [15] for matrix inversion,
governing equations for the mean flow, the conti- along with the SIMPLE algorithm [16] to correct the
nuit, anrl the conservation laws may be expressed in pressure and convective face fluxes. The correction
a generalised coordinate frame as for the face fluxes is estimated only with respect to

the principle pressure gradients across the cell faces,
1  U} =S (1) which leads to a stable pressure correction equation.

1 0 { + p.U".jvj)/i The Physical Models

± /fl/ - lvi + +f 7  Si (2) Turbulence Model:t1 K xThe two equation k-e eddy viscosity closure [17] is

used to model the turbulence transport terms, where
IJ1 dTi fp7ui+P{& the turbulent viscosity and the eddy diffusivity are

"+ p,,j~p" r .. a0l obtained in terms of the turbulence kinetic energy
± p(U"./,, f;, - rJ = S, (3) and its dissipation rate determined from their mod-

elled transport equations. The turbulent stresses and
the flux vectors may be expressed as

where Uj = fij,,-,,, denotes the contravariant velocity

components, while f# denotes the adjoint matrix of + ]
the inverse Jacobian in the mapping from curvilinear p(UJ"c•) = 1 Ifl S + fli
coordinate system Liti = 1, 3] to a reference Car- j-11 L ... x

tesian frame [xi; i = 1, 3}, and p (U"Jo") represents 2't 1 a 2
the turbulent transport terms. To avoid Christoffel - 6z [ - W ,
svmnbols in the momentum equations that result from 3 IJ-11 ax, 3

the local gradients of base vectors, and to obtain a
strong conservative form, the momentum conserva- p(UJ"q") = Ft, d (5)
tion is considered with respect to Cartesian velocity .j-5 a
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Combustion Alodel: c(L) = 1 - exp( - icL)

The conserved scalar approach is used to model the = L a,,(T) [I - exp( - k,,(p, + p,.)L)] (7)
combustion [18,19], of which the chemical reactions
between the element species admitted from initially
segregated streams are considered to be governed by based on the "two clear gas plus grey gas model" of
the mixing pattern of the streams. The thermochenmi- Truelove [22].
cal state of the flow is then related to a strictly con-
served scalarf, the mixture fraction, in the form of
state relations: the chemical state equations of the Pollutant Model for Nitric Oxide:
combustion model, the state equations for static en-
thalpy, and the perfect gas law. The chemical state re- Unlike gas turbine combustors burning conven-
lations are estimated assuming a binary single-step tional fuels, the major source of NO formation in the
fast reaction for the fuel element disappearance, combustor of the Topping cycle is by NH 3, which is
which results in a set of piecewise linear functions in formed from the fuel-bound nitrogen of the coal in
mixture fraction space. The mean thermochemical the gasification process [23]. The coal gas consists of
properties are then obtained using the single-point CO, H9, and N, as the major compounds, having an
presumed-shape scalar probability density function adiabatic flame temperature of about 1800 K, and
(pdf) approach, which accounts for the fluctuations of NiH3 and CH, as minor compounds. Accordingly,
the scalar field [18,19]. In the computations, afldistri- transport equations for NH 3, NO, and N2 are solved
bution is assumed for the probability density function, for the NO chemistry, which includes the global NO
Its distribution characteristics are obtained by the formation reactions by fuel, thermal (Zeldovich), and
mean and the variance field of the mixture fraction de- prompt mechanisms, and the reduction reactions by
termined from their modelled transport equations. NH 3 and 02 as illustrated below. The reaction source

terms are assembled based on the kinetic parameters
given by de Soete [24,25].

Radiation Model: RI: (Fuel) NH 3 02 NH3 N 2 : R4

To account for the radiative heat transfer wvithin 02

the flow domain, additional balance equations are O2 N
solved for the enthalpy and radiation fields. In gas R3: (Prompt) N 2  02 Nx : R5

turbine combustors, although it can be considered
that the ratio of radiative temperature loss to the adi-
abatic flame temperature (which is roughly propor-
tional to the ratio of combustor volume to the total Simulation Details
mass flux) is small compared wxith conventional com-
bustors, its influence on the temperature field and, The combustor geometry and the mesh generated
therefore, on nitric oxide formation is considered sig- are si
nificant [9,10]. In the computational schentie, thie . I own in Figs. 1 and 2. The fuel injector is placed
thermaltradiationInransferpisadeterminedeby the within double concentric counter swirlers, the innerthermal radiation transfer is determined bytenon- feeding the fuel and the outer feeding the primary

equilibrium diffusion radiation model of Arscott et air. The peripferal ports on the flame tube are the

al. [20], which gives a good conmpromnise between ac- secondary, intermediate, and dilution holes, corre-

curacy and computational effort xvhen used on a gen- sponding to a conventional air distribution system.

eralised nonorthogonal frame. The radiation transfer The effects of the flame-tube cooling have been con-
equations, determined from the P2 projection of the sidered to be of secondary importance in determin-
general P, equations [21], may be expressed as ing paranmeters of interest in this phase of the pro-

grammne, and therefore, the splash cooling skirts and

1 ( the discharge duct sweat cooling holes have been he-
I - glected in the computations. The results presented

Ifi Bare for a combustor operating pressure of 8 bar. The
q1 -4 af 8T, (6 remaining operational details are summarised in Ta-
- 34fj 1 1 j 4 ' (6) ble 1. Experimental results are being obtained by

CRE as part of a development programme. At this
stage, only the combustor exit temperatures and ni-

where q, T_, and K respectively denote the radiation tric oxide emission values are available for a series of
flux vector, radiation temperature, and the gas ab- test compositions of the fuel. The prediction results
sorption coefficient. Assuming that the background are reported here for a synthesis fuel (CO 14%, H2
medimn consists of a mixture of grey gases, the ab- 11%, N2 72.5% by volume) doped with 660 ppmv
sorption coefficient is then computed by NH 3 and 2.5% CH 4.
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the centre of the combustor, and a certain proportion
of this air is entrained into the recirculation zone cre-

7 ated by the axial inlet flow swirlers. Because of the
symmetric condition at the centre of the combustor

and also the mass transferred from the jet columns,
the radial momentum of the jets is rapidly reduced
from about 15 min axvay from tbe combostor centre,
vwhere the jets become strongly deflected in the azi-

muthal direction by the swirling axial flow (see Fig.
31). The swirling motion of the axial flow augments
the mass transfer from the secondary air jets to the
reverse flow regime near the centre of the combustor
and also enhances the mixing within the flow recir-
culation zones, where these are clearly observed

Fin. 2. The computational mesh (31 X 31 X 44). Sur- from the mixing pattern indicated in Figs. 3a and 3b.
faces are indicated for the top, centre, aid bottomi nodal The enhanced mixing in the reverse flow near the
lasers. centre of the combustor is also in part the result of

the toroidal vortex motion of the entrained secondary
air streams caused by the tangential momentum

TAIBLE 1 transferred to the secondary air jets.

Conisostor operating conditions Rapid mixing of fuel and air is also observed in the
Co__ nustor opel-ating conditions shear layer between the counter-swirling flows that

envelope the recirculating flow. The combustion of
Foiuel raiso: (.162 kg/s fuel is, therefore, initiated in the shear-layer enve-
Air focI ratios: 2.0 1 teadaramte h

Fole] distnhton. 37.0% injector, 63.0% focI ssvirler lope with the aid of primary air admitted through the
Fuel distribiltior: 18.4% injector, air36.9% fsel swire air swirler and is completed in the reverse flow re-Air distrihntion: 18.4% priiaarv air 36.9% secondary

sirler, I jets, gimne at the centre of the combustor with the aid of
1sinterm% jets, air entrained from the secondary jets. It is also ob-

15.2% intermediate 29.5% dilution jets served that the composition of the flow is near stoi-

emperatre:, chioetric at the outer edge of the snear-layer en-

Swpirl numbers: - 1.15 foe] sssirer, 0.9.5 air ssirler velope and in the neighbourhood of the flow
stagnation point (z = 75 mm) at the centre of the
combustor. Combustion products at peak tempera-
tures emerge from these zones and are convected
downstream, resulting in high-temperature regions

Results and Discussion as indicated in Fig. 4c. The hot products generated
at the centre of the combustor pass axially into the

Aerodyamnic~s" and Combustion; intermediate zone, while the products from the outer
edge of the shear-layer envelope pass around the see-

The predicted flow field in the combustor axial ondary jets and into the intermediate zone. A small
plane of symmetry and in the transverse planes pass- proportion of this flow travels along the combustor
ing through the secondary and the dilution jets, su- wall, with the remainder being transferred towards
penimposedl with a colour-coded mixing pattern, is the centre of the combustor. Although the combus-
shown in Fig. 3. The secondary air jets penetrate to tion of fuel is nearly complete at the end of the pri-
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mary zone, weak fuel streams (-3% mass fraction) deflected prior to reaching the combustor centre and
pass around the secondary jet columns and into the a certain proportion of the hot combustion products
intermediate zone, and are completely consumed by pass through the deflected columns. This proportion
the introduction of the intermediate air. The radial of products is then rapidly mixed with the large
momentum of the intermediate air jets, although amnount of dilution air released to the main flow just
completely destroyed after penetrating only about downstream of the jet deflection point, a fact that is
one third of the combustor radius, is nonetheless suf- clearly reflected in the temperature and the oxygen
ficient to prevent unburnt fuel from passing further contour plots (Figs. 4a and 4c). The combustion
downstream towards the dilution zone. This is an ima- products that pass around the dilution jets appear to
portant design requirement of gas turbine comubs- mix at a slower rate with the air entrained from the
tors, enabling effective cooling of the comibustion dilution jets. Plots at the exit plane (Figs. 4b and 4d)
products in the dilution zone. If unburnt fuel were reveal that four lean-mixed streams of products with
to reach the dilution zone, high-temperature streams dilution air extend up to the exit of the combustor,
would extendr more towards the combustor exit. Fur- two towards the turbine blade tip side and two to-
ther, if pockets of unburnt fuel pass into the dilution wards the blade root side. The inclusion of discharge
zone, their combustion would be suppressed by the duct sweat cooling holes in the calculations would
quenching effect in the dilution zone, resulting in shift these streams towards the centre of the exit see-
unburnt fuel emission and reducing the combustion tion, but would not eliminate them. This must be
efficiency, considered as a design weakness. Apart from these

Noting the low oxygen concentration in the pri- localised lean-mixed streams, however, the variation
mary zone (Fig. 4b) along with the fact that near of flow properties is observed to be small over the
complete combustion of fuel is achieved there, it can majority of the exit plane. The average oxygen con-
be inferred that the rate of air entrainment into the centration and temperature variation in this region
primary zone matches closely the stoichiometric air are 8-9% and 1000-1575 K, respectively. The pre-
requirement for the combustion of the coal gas. This dicted outlet temperature distribution factor
indicates that the air flow pattern produced accord- (OTDF) of the combustor is 11.3%, whereas the
ing to the rates of primary and secondary air admis- measured value is 8.7%. Because the combustor is
sion provides a suitable mixing and volume fraction essentially adiabatic and the exit profiles are quite
for combustion of this fuel. As a result, combustion uniform, conformity between the measured and pre-
stability of the fuel and also, as will be discussed be- dicted exit temperatures must be expected. It should
low, minimised nitric oxide formation are ensured. be noted that the small asymmetry of the properties
This is of course provided that sufficient mixing takes at the exit plane is due to the effect of the inlet flow
place in the primary zone for fuel combustion, which swirl (which extends towards the combustor exit) be-
is indeed observed. Downistream of the primary zone coming progressively distorted by the complex asvm-
the oxygen concentration gradually increases, con- metrical geometry of the exit nozzle section.
sequent of the mass transferred from radial air jets.
However, the increased oxygen concentration at the Nitric Oxide Predictions:
centre of the combustor, in the intermediate zone, is
marginal. This is due to the proportionally larger In the computations, the NO model constants
quantity of combustion products passing into this re- have been held at the recommended values, with the
gion, compared with the rate of air entrained from exception of the pre-exponential factor of the fuel
the secondary jets. The combustion products that NO and associated reactions (Il, R4, and R15) that
pass into this region are those formed near the see- were optimised to ensure, quite reasonably, that the
ondary jet stagnation point augmented by the prod- locations of peak temperature and NO concentra-
ucts generated by the combustion of unburnt fuel in tions coincide. This optimisation was carried out in a
the intermediate zone and, as mentioned earlier, a numerical test case for a hypothetical axisymmetric
certain proportion of the products formed at the combustor and for a base fuel containing CO, H2 ,
outer edge of the shear-layer envelope. The conse- and N2 having the same calorific value and stoichi-
quence of this distribution of combustion products is ometry as that of the fuel reported here. The optimi-
that the temperature at the centre of the combustor sation is justified because the effects of temperature
in the intermediate zone remains at a high level, only and concentration fluctuations on the reaction rates
about 100 K below the adiabatic flame temperature. are necessarily ignored. The parameters so optimised
The major mixing of combustion products with air were then held constant for all the subsequent NO
occurs across the plane of the dilution jets, down- calculations, which includes a range of fuel compo-
stream of which the flow properties gradually tend sitions being tested. In the present calculations for
to be uniform. the fuel that also contains CH 4, and which incorpo-

The velocity plot (Fig. 3a) also shows that the pen- rate the thermal and prompt NO formation, the pre-
etration of the dilution jets is similar to that of the dicted NO emission value of 204 ppmv compares re-
primary jets. However, the dilution jets are axially markably well with the measured value of 200 ppmv.
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FIG. 3. The combustor velocity held (a) on the combustor symmetry plane, (b) on a transverse plane passing through
secondary jets, and (c) on a transverse plane passing through the dilution jets. The colour code indicates the fuel and air
mixing pattern by the mixture firaction. The stoiehiometric mixture fraction for the foel,f, 0.515.
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FIG. 4. The oxygen and temperature distribution. Figures (a) and (e) indicate the distributions in the combustor
s}uunmetr plane. Figures (b) and (d) indicate the variations in the combustor exit plane.
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Figures 5a through 5c show the results of the NO haust temperature and perhaps, according to de
predictions. The NH 3 reactions extend alnost to the Soete [27], a small quantity of N2. Quantification of
intermediate jets (Fig. 5a) because of the oxygen- these species fractions would necessitate calculations
lean condition in the primary zone. Although a sub- using complete, or suitably reduced, NO kinetic
stantial reduction of NH 3 appears to occur across the schemes [28]. The NO contours at the exit plane
shear layer between the counter-swirling flows (Fig. 5c) show a reasonable uniformity in the mid
(-480-300 ppmv), and within the primary zone flow section, in agreement with that of temperature and
vortex towards its outer edge (-660-480 ppmv), a oxygen concentration. The relatively high NO con-
corresponding rise in the NO production is not oh- centration at the edges of the exit section corre-
served in this region (Fig. 5b). It was observed from sponds to the NO transported along with the lean-
a test calculation that the reduction of NH 3 concen- mixed streams, which was explained earlier.
tration from 660 to about 500 ppmv occurs within
these two zones as a result of mixing alone (that is
with reactions suppressed). It should also be noted
that, in this region, the temperature is generally be- Concluding Remarks
low 1300 K, so that the generation of thermal and
prompt NO is low. Therefore, it can be postulated
that NO is in fact generated by NH 3 with the avail- Predictions for tbe aerodynamics, combustion, and
able oxygen in that region (reaction RI), and is sub- NO emissions have been obtained for a gasifier-fi-
sequently depleted in the presence of large NH 3 con- elled gas turbine using a three-dimensional mathe-
centrations (reaction R4), the end product of which matieal smodel constructed on a generalized coordi-
is N2. This latter reaction, named as the "Thermnal nate system. It is lelieved that gas turbine
DeNox" [26), corresponds to the NO reduction performance computations for such fuels have not
method in commercial conhbustors by NHl3 injection. previously been perforned. The experimental data
From the calculations, some 65% of the NH 3 , which available at this stage limit the model validation work
would otherwise generate NO within and near to the that so far has been possible to perform. Nonethe-
shear-layer envelope, is observed to be reduced, with less, the indications of this work, as well as those from
a strong proportion of the reduction occurring in the the experimental researchers who have consulted our
shear layer. This two-step reduction of NH 3 to N, in predictions, suggest that the simulation is sound.
the gas turbine unit is, therefore, an important fea- The combustor of this study, a tubo-annular can,
ture for the development ofthe Topping Cycle, since generally performs well when fuelled with a coal-
a substantial amount of fuel NO emissions would derived gas for the conditions considered. For ex-
otherwise result by the use of coal. anmple, the fuel is all consumed well upstream of the

The major source of NO generation in this coin- dilution zone and the rate of air entrainment into the
bustor is due to the NH 3 reactions in the presence primary zone is consistent with that required to
of oxygen in the secondary air and occurs in the achieve stoichiometry. High temperatures persist
neighbourhood of the secondary jets and near to the near the combustor centre well downstream, but this
stagnation point at the centre of the combustor. Also, nonuniformity is largely eliminated by nmixing in the
high concentrations of NO are observed at the outer dilution zone. However, a small portion of the comn-
edge of shear-layer envelope, corresponding to the bustion products manage to "skirt round" the dilution
high-temperature zones, and a gradual increase of jets in the form of four streams at somewhat higher
NO is observed towards the end of the intermediate temperatures than the mean value. The implication
zone. It can be reasonably argued that the increase of the severity of this would require a further inves-
near to the outer edge of the shear layer is by the tigation of the flow mixing in the passage within the
thermal and prompt NO formation due to the high conmbustor exit and the turbine inlet.
temperatures prevailing in this zone. The high NO The NH 3 content of the fuel gas is responsible for
concentration near the end of the intermediate zone NO production in the primary zone. However, and
is in part the result of NO transfer to the centre of very importantly, a significant amount of the NH 3 is
the combustor in a similar nmanner to that of the comn- reduced to N2 in the presence of the NO with the
bustion products explained earlier, augmented by an result that the amount of NO enmerging from the
increase of NO due to the thermal mechanism. To- zone is small. Because of this reduction, the level of
wards the exit of the combustor, the NO concentra- NO finally emnitted by the combustor is much lower
tion is gradually reduced as a result of the mixing than would otherwise be the case. The majority of
with the dilution air and by the reduction reactions the combustor NO is produced by the fuel NO mech-
with oxygen. In the context of the global kinetic anism in the transition region from the primary to
mechanisms considered in these computations, the intermediate zones. High NO concentrations also oc-
end products of the NO reduction pathway wvith ox- cur at the outer edge of the primary zone shear-layer
ygen is not traced. The possible compounds would envelope, where the temperatures are high as a result
be other nitrogen oxides stable at the combustor ex- of the thermal and prompt mechanisms.
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COMMENTS

Philip C. Malte, University of Washington, USA. Your burnt, which results in comparatively low maximum tern-
results show that the modeled maximum temperature (of peratures.
approximately 1700 K) is located well downstream of the
primary zone of the liner, in the intermediate zone. Be-
cause of this, is there significant premixing prior to the
onset of chemical energy release? If this is true, and also E. Djavdan, Air Liquide, France. 1. Are the assumptions
because of the modest combustion temperatures occur- of the diffusive radiation model that you use in your cal-
ring, it is likely that NO, forms by all three kinetic path- culations valid for your configuration?
ways, which are Zeldovich, nitrous oxide, and prompt. It 2. Are your NO concentration results sensitive to the
appears that your modeling only includes thermal NO, (i.e., radiation model? Have you quantified this sensitivity?
Zeldovich kinetics under the influence of equilibrium 0
atom) and prompt NO,. Author's Reply. 1. The average absorption coefficient

and also the average optical thickness in gas turbine com-
bustors are usually high because of the high operating pres-

Author's Reply. The modelled maximum temperature in sures (see Refs. 1 and 2 below). This means that the pen-
the combustor occurs downstream of the primary zone etration depth of radiation rays is small in gas turbine
mainly because of the increased concentration of higb-tem- combustors, which enables, reasonably, the assumption
perature combustion products convected into this region that the radiation intensity is only weakly coupled to the
from the near-stoichiometric combustion zones, This has angular position in respect to the radiation energy transfer
been explained in the paper. The combustion model used between spatial points separated over large distances. The
in this prediction does not allow for premixing without nonequilibrium diffusion radiation model, which is a P.
combustion, and the fuel combustion mainly occurs within projection, or a truncation of the general P, equations, is
the stoichiometric mixture fraction surface, except in the formulated mainly based on this assumption, and so its use
immediate vicinity outside of the surface, in gas turbine applications is justified.

Although the NO formation in the combustor can result 2. The sensitivity of the NO concentrations to the radi-
according to the fuel, thermal, and prompt mechanisms, it ation model has not been evaluated in the present math-
was observed that the major contribution is from the fuel ematical model for this application. However, it is felt that
NO mechanism. When only the thermal and prompt NO under the condition of high gas absorption coefficients, the
are simulated (the fuel NO pathway being suppressed), the results based on the present radiation model should closely
NO emission was observed to be less than 25% of the NO match those of using a more complete, but computationally
emissions with only the fuel NO pathway activated. Ap- expensive, higher-order P, or discrete transfer radiation
parently, the maximum concentration of thermal and model.
prompt NO closely matches the maximum temperature,
and also because of the convection of fuel NO products
(formed from NH, oxidation) into the high-temperature REFERENCES
zone (which is similar to the transport of combustion prod-
ucts), the maximum NO concentration by all three mech- 1. Siegel, R., and Howell, J. R., Thermal Radiation Heat
anisms occurs in the maximum temperature region. It Transfer, Hemisphere Publishing Corp., Washington,
should also be noted that the thermal and prompt NO for- DC, 1981.
mations in gasifier fuelled gas turbine combustors are less 2. Lockwood, F. C., McGuirk, J. J., and Shah, N. G.,
significant than in conventional fuel burnt gas turbine com- AIAA-83-1506, AIAA 18th Thermophysics Conference,
bustors, because of the modest calorific value of the fuel Montreal, Canada, 1983.
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A one-dimensional (1D), comprehensive numerical model for the prediction of flame kernel development
at high altitude relight conditions in aircraft gas turbines is proposed and tested. The main purpose of this
study is to develop a new methodology to numerically solve the very complieated governing equations in-
volved in the flame kernel initiation and propagation in turbulent flow felds. Generally speaking, the surface
area of a wrinkled flame cannot be directly described by one-dimensional approaches. However, this problem
is overcome by incorporating a fraetal model into the one-dimensional governing equations. Meanwhile, the
concept of high-aetivation-energyasymptotie analysis is also applied to provide the relationships between the
average turbulent transport coefficients and reaction rate and their laminar counterparts.

An artificial thermal conductivity submodel is used to reflect the fact that rapid mixing always exists
inside spark kernels in the early stages of kernel development. The effect of flame stretch, which plays an
important role in flame propagation, is also included in the model. Nmnerically, the governing equations
are first diseretized by the power-law scheme and then solved by the PISO algorithm. In general, the
numerical predictions are in good agreement with the experimental results. With minor modification, this
numerical approach may be applied to spark ignition problems in SI engines as well.

Introduction bulent flows, e.g., Akindele et al. [3] studied flame ker-
nel growth in turbulent fuel-air mixtures and Herweg

Flameout in aircraft gas turbines poses a potential and Maly [4] developed a one-dimensional model to
threat to pilots and passengers. In-flight flameout is predict flame kernel growth inside SI engines.
more apt to occur at high altitudes [1,2] where the inlet The model in this paper incorporates the concept of
pressure and temperature are much lower than those high-activation-energy asymptotic analysis and the
on the ground. Whenever flameout occurs, combus- fractal description for wrinkled flame surfaces. Theo-
tionhastobere-establishedintheeombustors.Capac- retically, two- or three-dimensional models are supe-
itor-type surface discharge igniters have been widely rior to one-dimensional approaches in terms of pro-
adopted to deliver the necessary heat sources for re- viding a detailed description of the flame surface.
light. During sparking, the electric energy is locally However, due to the extremely small characteristic
converted to thermal energy to raise the temperature scales involved in the spark ignition process, these
of a combustible mixture to alevel at which the reaction models may be computationally inefficient at present.
is rapid and self-sustaining. One of the requirements In our one-dimensional model, the description of the
for successfulignition in a combustor is that the kernel wrinkled flame surface area is obtained from the well-
mustgrowfastenoughtoreachtherecirculationregion known fractal models, and the equivalent turbulent
in the primary zone before it is swept away. Therefore, transport properties are derived from the concept of
flame kernel development is an important factor to the high-activation-energy asymptotic analysis.

relight performance of gas turbines [2].
In this study, a one-dimensional (1 D) comprehen- Formulation and Modeling

sive model is developed to predict flame kernel prop- Mathematical Formulation:
agation at relight conditions. Although many numeri-
cal models have been proposed for the prediction of Spark ignition can be mathematically described by
kernel development, only a few of them [3,4] have the conservation equations of mass, species, momen-
been exclusively developed for spark ignition in tur- tum, and energy. To simplify the approach, two as-
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sumptions are made. First, it is assumed that the dif- external heat source, and Q10, denotes energy loss
fusion of species is governed by Fick's law, namely, through walls or electrodes; Dio, yo, and k0 denote
YV1 = D1VY1, where V7, Y,, and Di are the diffusion the overall mass, momentum, and heat transport co-
velocity, mass fraction, and mass diffusivity of species efficients, respectively. Each overall transport coef-
i, respectively. Second, it is assumed that viscous dis- ficient consists of the molecular and turbulent trans-
sipation and heat radiation are negligible. Conse- port coefficients. The terms QF, Wi, and zh' fdenote
quently, the mass-weighted, ID conservation equa- heat of combustion per unit mass of fuel consump-
tions in spherical coordinates are [5] tion, molecular weight of species i, and heat of for-

mation of species i, respectively. Due to the relatively
07 10(&r2c7) small value of the summation term in Eq. (4), thet + r -0 (1) molecular mass diffusion coefficient is directly re-placed by an overall diffusion coefficient to make the

a(7Yj) 1 (3r2ut Yi) energy equation applicable to both laminar and tur-
+ bulent flows. Numerical evidence shows that this re-

at r2 ar placement does not significantly affect the solution.

1 a(QP 2DioOYi/Or) Moreover, if the mixture is assumed to be ideal, the

- 2 Or + (6j), (2) following equation of state for ideal gas is used:

a(Qid) 1 a(&r 2
j

2) at 1 a(or 2af/ar) P = &1 (8)

at r
2  Or -r r2 Or where K, is the universal gas constant and M denotes

(3) the mean molecular weight of the mixture.

C O(T) + Cp OC(&r2T) Modeling:
P at O2ar The surface area of a wrinkled flame cannot be

=tP 1 odirectly described by one-dimensional approaches.
D rl + 1 aT/Or) To overcome this problem, an equivalent planar
Dt r2 Or flame model is suggested. For a wrinkled flame in

the flamelet regime, an equivalent planar flame,
SJ- O __OfT which has the same preheat volume as the wrinkled+ j Dio OrCPJ + Qt( 5

)T - Qio,, + S flame but a different flame propagation speed at any

point on the flame surface, is proposed. Thus,

where AT/AL = (
3
p)T/(p)L (9)

where A is surface area and bp represents the thick-
Q [ (v' -I') ness of the preheat zone. This equivalent planar

i=1 .FWF - pVF) flame is schematically shown in Fig. 1. Meanwhile,
as suggested by Damkthler [6], the ratio of the tur-

Ahf + Cp), dT (5) bulent flame speed to the laminar flame speed is
0To equal to the ratio of the wrinkled flame area to the

planar flame area. However, neither the turbulent
Cl, = CP,). (6) flame speed nor the wrinkled flame area is known.

In recent years, Gouldin [7] has proposed that tur-
In arriving at Eqs. (2) through (4), mixing length bulent flame fronts could be treated as constant
models have been proposed for the turbulent flux property surfaces embedded in turbulent flows. As a
terms to solve the problems of closure. Thus, a gen- result, turbulent flame surfaces may be characterized
eral form is employed for the turbulent flux terms: by the mathematics of fractals. In their proposal, the

fractal behavior of turbulent flames are limited by an

pyf'" = -- ,OPT(Ovii/Or) (7) upper bound and a lower bound, which are also re-
ferred to as the outer cutoff (80) and inner cutoff (ea),

where FT is a turbulent transport coefficient, IF rep- respectively. Based on Damkthler's and Gouldin's
resents any physical quantity, and IF" is any mass- hypotheses, the relationship between the flame sur-
weighted fluctuating quantity, the tilde represents face area, the flame speed, and the fractal cutoffs is
Favre average, and the overbar denotes mean aver- given as [8,9]
age. Meanwhile, ali is the chemical production rate
of species i; S is the energy deposition rate of an SY/S2 = AT/AL (8o/ 8 1)n-2(L/ 9 )a-2 (10)
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for a wrinkled flame in laminar fla-
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where R is the fractal dimension that is a measure From the diffusion-reaction balance in the reac-
of surface roughness, L is the integral scale, q is the tion zone, the heat conduction term in Eq. (4) is
Komolgorov scale, and superscript 0 denotes the un- equal to the rate of chemical heat release. After in-
stretched state. Since the kernel size measured in our tegration, Eq. (4) becomes
experiments is always greater than integral scale, a
fixed value, integral scale L, is used to replace outer ko(Tb - T 0 )bR)T I - (6)T" QF (14)
cutoff (80).

From asymptotic analysis, a laminar flame of high where (dF)T and (6R)T are the integrated reaction rate
activation energy can be divided into two zones: a of fuel over the reaction zone and the thickness of
relatively thick preheat zone followed by a very thin the reaction zone, respectively.
reaction zone. The analysis shows that convection Similar integrations for a laminar unstretched
and diffusion are dominant in the preheat zone, while flame yields
reaction balances diffusion in the reaction zone. By
applying these results to the equivalent flame, the kL/(b,)L - CpP. S° (15)
values of the turbulent transport coefficients can be
found. Pb(DiLb/(,,)L A, So (16)

Due to the convection-diffusion balance in the
preheat zone, integrating Eq. (4) over the preheat kL(TP - T8o+)/(A°)L (OFyi1 " )F (17)
zone, 0' to 0' + (6p)T, yields

where subscript L represents laminar state.
Cpp STO(To+ - T,,) ko(T, - T.)/1(65)T (11) Dividing Eq. (12) by Eq. (15) gives

where linear approximation is used for the temper- ko/kL - [(d)/)T(6p)L]" [S°/S2] (18)
ature gradient, and continuity, pIY = p, ST = con-
stant, is applied. Subscripts b and u represent the - [(e/i-.
burned and the unburned states, and To. is approx-
imately equal to Tb. As a result, Eq. (11) can be fur- In order to obtain Eq. (18), Eqs. (9) and (10) are
ther simplified as employed. Meanwhile, from Eqs. (13) and (16), the

ratio of the turbulent and the laminar mass diffusivity
kO/('p)T - CA, S0. (12) is given by

Similarly, integration of the species Eq. (2) over the DI/Di, (- )T/(b ) " )I 0 0

mass diffusion zone, 0 to 0W + (A.)T, yields " (6 mT1AJL [eT'
5

] (19)

Pb (Do)b/(•)T = p,0 S0 (13) where the ratio of Pb to Pb is assumed to be close to
where (

3
5,)T is the thickness of mass diffusion zone. unity. The two diffusion-zone thicknesses, (0,)L and
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(6,)T, may be related to the preheat zone thicknesses, imaginary planar flame with a speed about four times
(6p)L and (6p)T. As derived by Chung and Law [10], greater than the laminar speed in the laminar flame
the flame thickness ratio of (,,)L to (6p)L in laminar calculation at this stage. The momentum equation is
flows is equal to the inverse of the Lewis number, usually not used for spark ignition simulation in a
However, in well-stirred combustion, diffusion proc- homogeneous and electrode-free and wall-free flow
esses in the flame are expected to be controlled by field after the breakdown phase. In arriving at Eqs.
turbulence rather than molecular diffusion. Thus, all (18), (22), and (24), the flame is totally unstretched.
of the turbulent transport coefficients are expected For a stretched flame, a stretch factor Io [12] is used
to have the same value at a very high Reynolds num- to take account of the effect of flame stretch. For a
bers. Hence, the ratio of (bJ)T to (Qp)T approaches stretched flame, when the stretch factor is not
unity as the strength of turbulence increases. Be- strongly related to the wrinkled surface area to vol-
tween these two extremes, turbulence and molecular ume ratio, Eqs. (18), (22), and (24), may be expressed
motion contribute to the transport process; however, as
the degree of contribution from each mechanism is
not clear so far. Therefore, a relationship between ko/kL = [10" (8O/e8)9-

2
]
2  (25)

the thickness of the mass diffusion zone, 6m, and the
thickness of the preheat zone, 6p, at different tur- Djo/DiL = [Le/f(u'/SL, Le)] ' [I0' (eo/ej)9 2]2 (26)
bulence levels must be given. In this study, the ratio
of 6,, to 6p, which is assumed to be a function of J2.
turbulence intensity, laminar flame speed, and the OT = L 0 (27)

Lewis number, is given as

6, /15p - 1lf(u'ISL, Le) (20) Solution Procedure

where Discretization:

f(u'/S', Le) = 1 - [(1 - Le)/(1 + u'/S°)1/2]. The governing equations of the model are inte-grated over control volumes first and then discretized
(21) into finite-difference equations by using the power-

law scheme [13]. The discretized equations are then
Equation (20) is a heuristic model [5] that considers solved by the PISO algorithm [14]. The computation
the contribution from the laminar and the turbulent domain is a cone-shaped region that extends outward
parts. In Eq. (21), the function f increases or de- from the origin of the coordinates with a solid angle
creases monotonically to unity when the turbulence 6ý. All physical quantities in a control volume are
intensity increases from 0 to an extremely high level, calculated and stored at the corresponding nodal
Thus, the ratio 6,, 1/P is correctly described by Eqs. points. In this study, the minimum grid spacing is
(20) and (21) for flames in laminar and very turbulent 0.02 mm, and the time increment is 5 /.s.
flows. Therefore, the ratio of the turbulent mass dif-
fusivity to the laminar mass diffusivity isLinearization of Reaction Rate:

Dio/DiL = [Le/f(u'/SL, Le)]' [(80/g,)1- 2]2. (22) The production rate of any species i may be ex-
pressed in an Arrhenius form

From Eqs. (14) and (17), the ratio of the two re-

action rates is expressed as (i)L = [W. (vj' - v F)/WF(v - v)]B (28)

(bF)T/(bF)L = (ko/k") [(6°)L/(6R)j] (23) pa.+b. Tn. exp( - E/RkT) YF" Ybo

where the assumption of (Tb - T0+) - (To - T°+) where B is the pre-exponent frequency factor, E is
is made. However, the ratio of the two reaction zone the activation energy, and vi' and vi' are the stoichi-
thicknesses, (A°)L/(3a)T, is unknown. It is reasonable ometric coefficients of species i on the production
to expect that this reaction rate ratio is dependent on and reaction sides, respectively. For spark ignition in
large and small length scales of the turbulent field C3H5 -air mixtures, five species, C3Hs, 02, H20, C0 2,
[11]. If we further assume that the dependency can and N2, are considered. The reaction orders, a and
be represented by a simple function, the ratio is ex- b, are 0.65 and 1.15 [15], respectively. The pre-ex-
pressed as ponent factor is obtained from a laminar flame cal-

culation by correctly reproducing the laminar flame
(cb)r/(rF L -- [( 0/Ei)0 2

]j
2

+y = [(E0/ei)1-2]P (24) speed [16].
Meanwhile, due to mass conservation, species i at

where z = 2 + y and is determined by using an time steps I + 1 and I are satisfied by
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(y-+1 - YJ)/rh = Constant (29) where T, and Tdci are the activation temperature and
adiabatic flame temperature, respectively, 61 is the

where mi is the mass of species i created in the re- laminar flame thickness, and KT is the turbulent
action. By performing a Taylor expansion of Eq. (28) strain rate and can be evaluated using the formula
and substituting Eq. (29) into the expanded equation, shown by Abdel-Gayed et al. [22]. However, Eq. (33)
a linear form for the reaction rate of species i is de- can only be used when the Lewis number is greater
rived. or less than unity. When the Lewis number is very

close to unity, the stretch factor should be approxi-
Initial Size of Spark: mately equal to 1.

The size of a spark channel is not a constant value
during sparking. However, Sloane has shown [17] Results and Discussion
that the numerical results obtained with a fixed chan-
nel size differ only a few percent or less from those
obtained with a variable channel size. Therefore, In order to provide data for comparison, spark ig-

constant channel radius assumption is employed to nition experiments were conducted in a turbulent

simplify the numerical approach. The equivalent ra- flow reactor [5]. The turbulent flow reactor can gen-
diusimpify ahenuerical sappro . Te ev e nt b- erate homogeneous turbulence and uniform velocity
dius of a semisphenical spark is given by in the test section. A high-speed schlieren photo-

r0 = (3/8" I,," V-)"1/ 3  (30) graphic system was used to record the images of the
flame kernels. The equivalent kernel radius, which is

where Im and V./ are the measured current (in A) defined as a semi-circle with the projected area the
and voltage (in V) of an arc-type cylindrical spark same as that of the kernel, can be calculated. In this
channel [18]. Meanwhile, the energy discharge rate experiment, a surface discharge ignition system typ-
per unit volume as a function of radius is given by ical of those used in aircraft is employed to initiate
[17] combustion. The spark energy is 1.8 J, and the dis-

charge duration is about 100lps. The tip of the igniter
Pw(r) = Pwo/(1 + exp[(r - ro)/dr]) (31) is flush with the wall of the test section. The test

conditions and turbulent characteristics are listed in
where Pwo is the maximum power density during Table 1.
sparking, and 6r is a steepness parameter. The pa- To solve the discretized equations, the exponent z
rameter 6r indicates the degree of the edge of a in Eq. (27) has to be known first. From planar flame
square waveform being smoothed [16], and a value calculations, the values of z vary slightly over the test
of 0.5 mm is used in this study. pressures. It is 1.44 for p = 0.6 atm and 1.45 for p

= 1.0 atm. These values are reasonable because the
Artificial Thermal Conductivity: thickness of the reaction zone of the equivalent flame

It has been shown [19] that the spark energy dis- should not increase linearly as that of the preheat
charged in the first few microseconds produces vio- zone or diffusion zone does. The exponent of almost

lent turbulence inside a flame kernel. Apparently, the constant value means that the ratio of reaction rates

spark-induced turbulence can efficiently distribute is controlled by the characteristic scales of turbulent
spark energy inside the kernel and may cause differ- field only.

ent kernel growth. A model with artificial thermal Since no dissociation or ionization process is con-
conductivity inside a flame kernel is introduced as sidered in the spark ignition model, the thermal con-

ductivity directly obtained from the JANAF table
kart = k.- (T - Tad)5 10-3 (32) [19] are usually underestimated. An artificial con-

ductivity model, Eq. (32), is used in our calculation.
where kart is the artificial thermal conductivity. The To examine the validity of the proposed artificial
molecular-level thermal conductivity, and other thermal conductivity model, test calculations have
transport properties like mass diffusivity, viscosity, been performed for a 30 mJ arc-discharge spark in a
and specific heat at constant pressure can be calcu- stoichiometric propane-air mixture. Heat loss
lated from formulas in the literature [20,21]. through the electrode or the wall is not considered,

and a 50% energy-transfer efficiency is assumed in
Stretch Factor these calculations. Figure 2 shows the temperature

profiles of two flame kernels with and without arti-
The stretch factor is mathematically derived as [4] ficial thermal conductivity. For spark ignition with

10 1 - (6SL) artificial thermal conductivity, the temperature in-
Io -side the flame kernel is evenly spread within a short

* [KT + (1 + p,,Ipt)/rf] (33) period of time. However, without artificial thermal
conductivity, the temperature profile still does not

* [1/Le - (Le - 1/Le) T,/2Tac] reach a uniform state at 1 ms after spark initiation.
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TABLE 1
Summary of the test conditions, turbulence characteristics, and discharge characteristics

Pressure (atm)

Parameters 1.0 0.6

Mixture CHl,-Air
Equivalence ratio 0 0.8, 1.0, 1A4 0.8, 1.0, 1.4
Turbulence intensity u' (m/s) 0.17, 1.60 0.17, 1.60

Temperature T (K) 300 300
Integral length scale L (mm) -5 -5
Discharge type Arc
Spark energy 1.8 J

10000

"P = 1.0 atm . 8 = 0.17 m/,
f = 1.0 E 60 o ID = 1.0

8000 E = 30 mJ A , = 1.4

10000
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404000 6
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FIG. 2. The predicted temperature profiles for flame ker- FiG. 3. Comparison between the predicted and the
nels initiated by a 30-mJ spark in atmospheric, stoichio- measured kernel radii at P = 1.0 atm and o' = 0.17 m/s,
metric C3H8-air mixture. Dash lines: no artificial conduc- where I' is turbulence intensity, 0 is equivalence ratio,
tivity; solid lines: with artificial conductivity, symbols represent measurements, and lines denote predic-

tions.

Compared with Maly's results [23], the temperature
profiles obtained with the artificial thermal conduc- about 15%, this deviation is, however, relatively small
tivity model are more reasonable. Moreover, the and usually acceptable in turbulent combustion sim-
flame kernel propagation rate is also different. Thus, ulations. It is also interesting to note that, for the
at a given time, the kernel front spreads to a farther ignition at fuel-rich and low turbulence intensity con-
distance when the artificial thermal conductivity ditions, most of the prediction inaccuracy appears in
model is applied, the first 3 us. This may be due to the exclusion of

Numerical simulations of spark ignition in pro- spark-generated radicals in our calculation. In Fig. 6,
pane-air mixtures were carried out at various test the predictions and measurements show that the ker-
conditions. The comparison between the predicted nel growth curves for 0 = 1.0 and 1.4 are almost
and the measured kernel radii at p = 1.0 and 0.6 identical, while kernel growth in the 0 = 0.8 mixture
atm are presented in Figs. 3 through 6. Turbulence is the slowest, although the laminar flame speed at
is not included in the computation scheme in the first 05 = 1.4 (Le = 0.98) is about 30% slower than that
0.9 ms since the spark-induced turbulence is usually at 0 = 1.0 (Le = 1.34) and is approximately equal
strong in this period. The numerical predictions are, to that at 05 = 0.8 (Le = 1.67). Thus, for a mixture
in fact, in very good agreement with the experimental with nonunity Le, flame kernel behavior is not only
results. Although, for certain cases, the difference controlled by the laminar flame speed but is also af-
between the prediction and the measurement is fected by flame stretch. However, for unity Le flow,
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FIG. 4. Comparison between the predicted and the Fic. 6. Comparison between the predicted and tihe
measured kernel radii at P = 1.0 aim and u' = 1.60 m/s, measured kernel radii at P = 0.6 aim and u' = 1.60 mL/s,
where u' is turbulence intensity, 0 is equivalence ratio, where u' is turbulence intensity, (P is equivalence ratio,
symbols represent measurements, and lines denote predic- symbols represent measurements, and lines denote predic-
tions. tions.

ysis is developed to predict flame kernel growth in
SV , 4.. l = 0.8 u' =0. 17 m/z turbulent flow fields. With the use of an artificial

S 60 - .- ... = 1.0 thermal conductivity inside the flame kernel, the
L a - = 1.4 model successfully predicted flame kernel develop-

S ment at various operating conditions. Although this
"•" A~•J ./'• / model has been initially designed for the prediction

40• of kernel behavior at in-flight flameout conditions, it

- V

S~is expected that this model can be applied to spark
'• ignition in SI engines, if the effect of electrode ge-
S~ometry is properly dealt with in the early stages. The

0 model may also provide a means to estimate the av

.• •o • erage turbulent transport properties. In order to im-
g, prove this model, future extensive study of flame
S~stretch and surface area of a wrinkled flame must be

conducted experimentally and theoretically, and
0 more advanced modeling approaches [24] should be

0 5 10 15 considered.

Time ( ms )

FIG. 5. Comparison between the predicted and the Arisoweent
measured kernel radii at P = 0.6 atm and u' = 0.17 m/s, This work was supported by Garrett Engine D1Msion,
where u' is turbulence intensity, P is equivalence ratio, whered-Sis turbulece iny, iSe nsymbols represent measurements, and lines denote predic- smlsepresen t measurement, a Sdi

tions.
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COMMENTS

C. T. Avedisian, Cornell University, USA. This is an in- is the sole one, which shape is expected to be obtained by
teresting and potentially useful study concerning the inflo- this model? I was pleased to hear that kernel hemispherical
ence of a spark on ignition. I have several questions for at origin distorts. I have had experience in modeling a ker-
clarification. nel evolution, originally spherical, that distorts due to con-

1. How important is the term dP/dt in the energy equa- vection during the time of evolution.
tion for the conditions of your calculation (was pressure
assumed to be constant)? Author's Reply. Based on experimental observation, ker-

2. You mentioned that the spark created "violent tur- nel shape could be spherical for surface discharge igniters
bulence." Did you calculate the "decay" of the turbulence or cylindrical for electrode-type igniters at the initial stage.
created? However, those initially cylindrical kernels would trans-

3. How long was the spark kept on in the experiments, form to be spherical ones in -100 us. In our study, since
and did you vary the spark duration in the calculation? the igniter tip was flush with the wall of the test chamber,

the initially spherical kernels would become semispherical
Author's Reply. 1. In a constant-pressure environment, kernels within 200 ps. Meanwhile, kernels were also

dp /dt significantly affects flame kernel development in the slightly distorted along the flow direction. To simplify the
blast-wave phase. Since the electric discharge system used numerical approach, a semispherical-kernel assumption
in our study was an arc discharge, the pressure was as- was employed in our calculation.
sumed to be constant.

2. The turbulence of flow field would dominate the ker-
nel growth process within a few hundred microseconds af-
ter spark onset. Therefore, we did not consider the effect N. Shah, Sundstrand Power Systems, USA. The abstract
of the decay of spark-generated turbulence in the report. implied a high-altitude relight study; however, the tem-

3. Because the spark duration and energy (90,us and 1.8 perature and pressure studies, which are the critical two
J) were very typical to the discharge systems used in aircraft parameters, were not reported.
gas turbines nowadays, we did not vary the discharge du-
ration, energy, and/or power profiles in our experiment or Author's Reply. Only operating conditions at 0.6 and 1.0
calculation. atm were reported in this paper at this time; however, other

conditions (e.g., 0.3 atm) can be found in Liou's Ph.D.
* thesis [5]. Meanwhile, although the study was conducted

at room temperature, the effect of low mixture tempera-
I. P. Nikolova, Bureau of Mines, USA. If the round shape ture will be investigated in our future study.
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FUEL SAVING BY HEAT-RECIRCULATING COMBUSTION
USING FIBRE MATS

SUNAO NAKAMURA* AND FELIX WEINBERG

Imperial College
London SW7, England

Radiant fibre mat burners are redesigned so as to incorporate a high degree of heat recirculation from
burnt products to cold reactants into the combustion process, with the object of making them substantially
more efficient and also to extend the range of flame stability to poorer fuels and leaner mixtures. The
performance of a variety of burner systems is studied, including, in particular, designs in which an assembly
of the fibre mats themselves is used as heat exchanger. Burners in which the radiant surface is heated by
flame products rather than, as has been conventional, by the upstream flame boundary allow a much
greater range of reactant flows. A theory based on the highly stirred reactor concept as ultimate limitation
to flame stability is developed to estimate absolute maxima to preheat and blow-out. Extensive series of
flow, temperature, and composition measurements, mostly for methane/air mixtures, demonstrate sub-
stantial improvements in heating efficiencies and ranges of flame stability; thus, radiant efficiency has been
increased more than fourfold, while mixtures of heat content corresponding to two-thirds of the normal
limit of flammability can be burnt stably. Theory implies that further improvements are possible. It is
shown that stacked mats provide a compact and adequate heat exchanger that lends itself readily to multi-
burner industrial designs suitable for use with fuels such as blast furnace gas.

Introduction and Aims temperatures, ignition of the reactants by the up-
stream surface of the mat is also possible) and, at the

Burners that are designed to transfer heat princi- other extreme, by lift-off of the flame from the down-
pally by radiation from a flame-heated refractory mat, stream surface (see Fig. la), which occurs as soon as
or matrix, offer a number of advantages, including re- the linear flow velocity reaches the burning velocity.
duced emission of pollutants, uniform heating, and Thus, the absolute flow rates as well as their range
the potential for using low grade fuels [1-3]. In these were rather limited. The basic problem with the orig-
devices, a flame fed by a gaseous fuel/air mixture sta- inal design is that the minimum product temperature
bilises on the downstream surface of the radiating at which a flame can be stabilised over practically
mat. NKK mats made of layers of ceramic and sin- useful flow ranges is substantially higher than the
tered fine metal fibres [4] have been used because maximum temperature the mat can withstand. That
they are able to withstand high temperatures (up to is why the product gases had to carry away such a
1300-1400 K), are highly permeable to gas flow, and large proportion of the energy released, giving the
have a very high thermal conductivity in a plane par- burner a low radiant efficiency.
allel to their surface but not at right angles thereto. It The object of the present research was to over-
was shown [2,4] that, with a premixed methane/air come these shortcomings by using the particular
flame stabilised immediately downstream of a stain- properties of the mat to extract heat from the burned
less steel fibre mat, radiation fluxes in excess of 100 p
kW" m- 2 could be realised. Such mats need not be products and recycle it to the reactants. The principle

planar but may be bent into various shapes, e.g., cyl- of recirculating heat from hot products to cold re-

inders designed to surround pipes to be heated, actants by heat exchange without intermixing of the

The burners, however, also suffer from particular gases has been the subject of a great many studies,
disadvantages: notably the escape of much of the particularly in the UK and in Japan (for a review, see
heat of combustion with the outflowing products- Ref. 5). Such burners can be used to achieve sub-
over 75% in the original work-and a very limited stantial fuel savings at constant flame temperature,
flow range for stable combustion. Flame stability is or, by raising the temperature in the reaction zone
limited by quenching at low velocities (at high mat on borrowed heat, they allow increases in combus-tion rate and thermodynamic efficiency for energy

conversion and heat transfer. The increased reaction
'Permanent address: NKK Corporation, Kawasaki, Ja- rate then makes it possible to burn very lean mixtures

pan. and poor fuels, substantially below the normal burn-
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FIG. 1. (a) through (d) Laboratory burner systems described in text, (e) illustration of temperature distribution and
energy flow calculation using system (d) as example, and (f) industrial burner.

ing limit. This can greatly increase the radiant effi- of the mat with its large value lying in the plane of

cieney of the burners and, additionally, widens the the metal fibres parallel to its surface. In order to
range of potential fuels, e.g., to blast furnace gas and compress the extensive series of measurements into
other industrial waste gases. the permissible length of a symposium paper, the

principal designs, nomenclature, heat flows, and tem-
Burner Systems perature distributions have all been summarised

schematically in Fig. 1.
A variety of systems were designed for investiga- Figure la illustrates the basic radiant mat burner

tion, based on the anisotropic thermal conductivity [1-4]. It is shown in an upright position so that ra-
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diation and hot products flow in the same direction, els. It also confines the mat's temperature to a value
though in practice it is frequently not used in that much below the final flame temperature and the mat
orientation. Its radiant efficiency is seen to be (B,/ area to that of the flat flame. The design of Fig. Id,
fMQ). The maximum value of the numerator is fixed by aiming to use instead the products to heat the mat,
by the highest temperature the mat will withstand avoids these limitations. The exact shape and position
and the lowest value of the denominator by the of the flame becomes immaterial, so that the ranges
above-mentioned flame stability limitations. The ob- of flame stability are greatly extended, higher flow
ject of all the subsequent designs is to increase this velocities become permissible, inlet tubes of small
quantity by raising the reaction temperature (and diameters may be used, and the radiating area of the
hence flame stability) on "borrowed" enthalpy. Fig- mat may be increased. The freedom to decrease the
ure lb illustrates a simple scheme, based on conduc- diameter of the inner tube, as well as the resultant
tion within the mat and a counterflow heat ex- increase in efficiency, is again particularly useful for
changer; the flow channels may be folded. industrial practice (see below and Fig. if).

The burners were variously constructed of thin- The measurements carried out on these systems
walled steel (where required to hold mats) and quartz allowed detailed energy flow audits, as illustrated in
tubing and could be insulated externally with blan- Fig. le, to be carried out for each modification. Most
kets of Kaowool. Thin thermocouples were placed in of the work was carried out with natural gas as the
the centres of reactant inlets and product outlets and fuel. Stability loci for flames of various configurations
upstream and downstream of the flames and of the were obtained as functions of fuel-air ratio and flow
mats. Together with the metering of fuel and air velocity. Gas analyses were carried out ahead of the
flows, these measurements allowed the convected flame (to check on any pre-reaction in the preheating
gas enthalpies and any changes in their flows to be section) and at the burner exit (to monitor complete-
monitored at every stage throughout the apparatus, ness of reaction).
as illustrated in Fig. le. A fused silica top plate was
used, because of its transparency to radiation in the
infra red. The gases also lose heat to it by convection, Results
and this is available output if the top cover is used as
a hot plate. In addition to monitoring the corre- The work was carried out in 15 phases, comprising
sponding heat loss from the gas, the total heat avail- several burner designs, varying numbers of mats, re-
able from the plate was determined calorimetrically, actant compositions, and flow rates, yielding a large
by timing the temperature rise of water placed in a body of results, of which only an illustrative selection
container that rested on its surface. Thus, in addition can be included within the permissible length. Gas
to the radiant efficiency, we also record the total analyses for hydrocarbons, carbon monoxide, and
heating efficiency = (R + Hb)/"MQ. The emissivity, carbon dioxide after the preheating stage and in the
e, in R = AeaVT4 , was obtained from previous [2] exit showed no prereaction even at our maximum
experimental measurements. (In the systems of Figs. preheat and confirmed that chemical reactions al-
lb and 1c, R is the sum of radiation from the inner ways go to completion in the flame even when the
and outer mat areas at their different temperatures.) reactant mixture is very lean and in rapid flow (max-

The design of Fig. le dispenses with the counter- imum CO concentration 0.003).
flow heat exchanger section of Fig. lb by adding to Figure 2a illustrates the profound effect that even
the number of mats so as to make it superfluous. This quite inelaborate methods of heat recirculation have
offers a number of practical advantages, since it al- on the minimum fuel content for flame stability.
lows the burner system to be greatly shortened. It Curves (i) and (iii) refer to systems a and b of Fig. 1,
minimises heat losses to the surroundings, and the while curve (ii) obtains its heat recirculation by coun-
principle is particularly useful for industrial designs terflow alone; i.e., the mat in Fig. lb does not extend
(see below and Fig. 1f) in which the radiant mat is beyond the central tube. Thus, the leanest flame sta-
wrapped around the object to be heated. Because of bilisable at an initial flow velocity of 0.15 m/s de-
their substantial thermal conductivity, quite a small creases from 5.6 to 3.6% methane by volume, while
number of mats stacked on top of one another proved the leanest mixture at which the mat radiates substan-
sufficient to replace the convective section of the tially extends from 8.8 to 6.5%. Fig. 2b illustrates cor-
counter-flow heat exchanger. responding effects on efficiencies for the same burner

Figure Id shows a more radical modification of the configurations, for a 0.75 stoichiometric methane/air
basic principle, which is made possible by the afore- mixture, flowing at 0.1 m/s. It will be seen that the ra-
going modifications. The basic concept of heating the diant efficiency more than doubles, while the total
mat by the cold, reactant, side of the flame consti- heating efficiency (radiation + convection to the top
tutes a major limitation on all the previous designs. plate) rises from less than 15 to over 70%. As discussed
It restricts the inlet flow velocity to values smaller above, the efficiencies are highest at the lowest flow
than the burning velocity and hence limits the power velocities and energy throughputs.
throughput, especially for lean mixtures and poor fu- The effect of number of mats, flow velocity, and
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methane content on the percentage of heat recircu- t.- ,
lated for novel systems of the kind shown in Fig. ld 1.0 *r

is illustrated in Fig. 3a. It will be seen that a stack of Z
four mats can recycle over 60% of the total through- E
put for the leanest of mixtures in slow flow, making 0.8 i'i
additional heat exchange superfluous. The radiant ef-
ficiency can reach 65% and the total heating effi-
ciency 90% (see Fig. 3b which summarises the major 0.6 -
heat flows in energy audits as percentages of the in- r E
put). However, for a constant number of mats, the -.2 =

heat loss carried away by the products increases as 0
may be expected, at higher flow rates. Should such 0.4 -

flows be required for particular applications, it is an- Blow off region
ticipated that increasing the length and rearranging a velocity (cold), m/s
the geometry of the metallic fibres in the mats will 0.2e
yield further improvements in thermal conductivity, 0.0 0.1 0.2 0.3
providing a simple alternative to increasing the num- 100 (i) (i (iii)
her of mats in the stack.

Ultimate Theoretical Limitations 46

Since the maximum radiation flux is fixed by the
properties of the mat (its emissivity and the highest 20.1%
temperature it will withstand), maximising efficiency 33.3%
may be regarded as minimising (JMQ) in such a way 4.7% 17.5%
as to maintain the maximum mat temperature. Re- 0 radiant efficiency, R/fMQ
ducing Q andf implies the use of low calorific value • convective efficiency, Hb/fMQ
fuels and lean mixtures, respectively, but the conse- * convective losses, 1-f/fMQ
quent reduction in reaction temperature requires other losses, L/fMQ
further increases in heat recirculation so as to raise
flame stability to a practical value. FiG. 2. Effect of heat recireulation on (a) limits and (b)

For a constant rate of heat recirculation, increas- energy audit, See text for experimental conditions and de-
ing the flow rate lowers pre-flame temperature. This seription of burner systems (i), (ii), and (iii).
factor, together with the dominance of heat losses as
flow rate tends to zero, has been used [6] to explain
the shape of stability curves for heat recirculating
burners in general. However, if we regard the num- against percentage fuel, become almost vertical has
her of mats (or their effective thermal conductivity) been accounted for in terms of an activation energy
as an independent variable, the complementary such that a very large increase in reaction rate is oc-
idealisation is equality of gas temperatures of the re- casioned by a very tiny increase in final flame tem-
actant and product streams emerging from each mat. perature. The latter was indeed found to be virtually
Thus, the ultimate limitations are kinetic: at the high constant at the limit [6,7]. The volume relevant to
preheat, long residence time, end it is pre-reaction blow-out may be less than the entire chamber vol-
in the reactants; at the other extreme, it is blow-out. ume [8], but we shall, in any case, only be considering
In order to reach desired power levels with lean reaction rates as ratios.
mixtures and poor fuels, high gas velocities are re- The theory is generalised for all reactants in terms
quired. For systems such as that illustrated in Fig. of effective global kinetics. Similar methods can then
Id, decreasing the inlet tube diameter at constant be applied to particular cases, using particular reac-
mass flow rate increases flow velocity, ultimately ap- tion mechanisms with detailed kinetics. We repre-
proaching a highly stirred reactor system. sent the rate of reaction, w, as

It has previously been suggested [5] that blow-out
in heat-recirculating combustors may be regarded in w = K[r]n exp(-E'/T) (1)
terms of well-stirred reactor theory. This is because
the system operates at very high flow velocities and where K is a constant, [r] is the concentration of re-
levels of turbulence, and the leanest mixture for actants (there may be more than one), n is the re-
which a flame can be stabilised is likely to represent action order, and E' is the activation energy divided
a reaction rate limitation. The observation that by the universal gas constant-these symbols are in
graphs of limiting mass flow rate at blow-out, plotted addition to those listed in Fig. 1. We can express [r]
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The lower absolute limit to preheating is set by pre-
60- reaction of tbe reactants in the beat exchanger. In

practice, this generally necessitates an increase in
501 flow velocity. The preheating reaction rate usually

4 0 04Mdoes not follow the same rate law as that which ap-
plies in the flame, because of the absence of flame-

301 generated radicals. The fact that, for ignition, the re-
quired radicals have to be generated ab initio and in

20- situ provides a safety margin for the calculation em-
ploying the flame rate law, which follows. Let us set

10a fractio osM the condition for maximum permissible prereactionIa fraction o~f stoichhiometric,f
0 arbitrarily at (wp/w,) = 100. A further generous
0.30 0.40 0.50 0.60 0.70 safety margin is provided by the volume of the com-

bustion chamber, the corresponding gas residence
time being much greater than the corresponding

" 0.5 stoichiot quantities for the hot mat heat exchanger; the above
60 C .. criterion should be multiplied by the appropriate ra-

-.--- tio of these residence times. Taking natural loga-
rithms in Eq. (4) for the above ratio of 100,40

a .. _..atsn "log,(n/x,,) + x, = 4.6 + n. (5)
>1Jt/fmQ AA 2Mats20 auw 0 lMat This equation can he solved numerically; for the lim-

ited range of n, which represents reasonable values
0 [• bof reaction orders, the solution is

0.0 0.5 1.0 1.5 2.0
velocity (cold) m/s x = 5.51 + 2.14n. (6)

FIG. 3. Multiple mats in burner system of Fig. Id vani- Thus, the limiting preheat temperature, TU,... is
able flow velocity and fuel content: (a) fraction of heat re- nsb
circulated, (b) energy audit atf = 0.5. given by

1 1 + (5.51 + 2.14 n) (7)

as a function of T, as the reaction proceeds and/or as
products are intermixed with reactants, making the For the case of methane, much previous data is avail-
usual assumptions of a single overall reaction and able: taking E' = 24,000, n = 1 [9] and the constant
constant physical properties of the gas (here largely value at the upper stability limit of Tb = 1500 K (a
air), so that compromise between Refs. 6 and 7); T,,.. = 1,015

K. In heat-recirculating burners with adequate resi-
(T\ Tb - T dence time in the reaction zone, the stability limit

[r]= [r.]-- T. (2) has been found [6] to be governed by a relationship
very similar to that representing the variation of the

We now calculate the peak reaction rate by substi- limit of flammability with initial temperature. If we

tuting Eq. (2) into Eq. (1), differentiating and equat- approximate by writing

ing to zero to find the temperature, TP , at which it limiting vol.% CH4 = (1500 - TJ/228 (8)
occurs. Differentiation yields

(1/Tp) = (i/Tb) + (n/E') (3) or

(in addition to two uninteresting solutions at T =Tb Timiting = 0.69 - T,,/2166 (8a)

and T = 0 K). the leanest attainable methane content is 2.1%, or
Changing the variable to x = (E'IT) - (E'/Tb) the minimum f = 0.22. Although leaner mixtures

gives the peak reaction rate, wp, and normalising by have previously been burned in the most efficient
dividing by the initial reaction rate in the unburned heat-recirculating burners, apparently without pre-
state gives reaction, confirming the generous margin allowed by

the above assumptions, this prediction is substantially
(wp/w,) = (n/x,)" exp(x,, - n). (4) below values attained in the present work. It provides



274 PRACTICAL ASPECTS OF COMBUSTION

a target for further improvements in flame stability avoiding a pressure differential across these parti-
and theoretically attainable radiant efficiencies. tions by balancing compression at the reactant inlet

We can also use the above theoretical model to against suction at the product exit. In the case of the
estimate the maximum preheat-induced increase in axisymmetrical systems, the convective component
blow-out rate for each fixed reactant concentration, of heat transfer to the load and hence the proportion
The ratio (tcP/I,) used to calculate the maximum of heat left for recirculation can be varied, to some
prereaction condition relates solely to the tempera- extent, by introducing swirl around the axis. In ad-
ture rise across the flame. However, w. itself changes dition to natural gas, burners have been operated
rapidly with the variable preheat temperature, T.. To with blast furnace and coke oven gas.
calculate the increase in reaction rate and, hence, the
blow-out velocity that preheating by heat recircula-
tion makes possible, we need to refer the maximum Conclusions
reaction rate to a constant value-here, taken as the
initial reaction rate w0 at room temperature To. The 1. By recirculating heat from products to reactants
ratio of the initial reaction rates at preheat temper- and, particularly, by using for this purpose the
ature T. to that at To is high thermal conductivity of the radiating mats

themselves, very substantial improvements in ra-
wE1 I\1 diant and useful output efficiencies have been oh-(To) expL\ - " (9) tained. Radiant efficiency could be improved from

under 15 to 65% and overall heating efficiency

Multiplying (wP~u/w, by Eq. (9) and assuming that, (including convective transfer to the top plate) to

for these dilute mixtures, the temperature rise due 2. It is possible to burn much poorer fuels and/or

to reaction is independent of preheat gives leaner mixtures by this means. The lean stability

limit has been lowered from 5.6 to 3.6% methane
wm,,• = (Tb o - To T1,,I" by volume in mixture with air, for example.
w. 0 ."Tb,, T --.T 0/ 3. A theory based on the highly stirred reactor con-

cept has been developed, applied to estimate the
] ,(ll ) ultimate limitations due to prereaction and blow-exE ,0 Tk, out, and compared with experimentally achieved

enhancements. It implies that further improve-
, 1 1ments are possible, in principle.

KT,,eoT (10) 4. The method of heat recirculation developed,
L \TbO Tb,,', based on conduction within multiple mats, lends

where the second suffix stands for the prereaction itself to achieving the required heat transfer in

state (u for preheated, 0 for unpreheated). The final very short flow paths. This has led to develop-
flamne temperature corresponding to the maximum ments of practical burners for specific purposes.
preheat temperature without prereaction (Eq. (7)) is The use of blast furnace gas as fuel has been dem-
795 K. Substitution into Eq. (10) gives this absolute onstrated.
maximum ratio as 2.74 x 101. This is a measure of the
benefit that heat recirculation confers on flame sta- Acknowledgments
bility. The actual numbers are somewhat academic
because one consequence of these large ratios is that, We thank the NKK Corporation for support of this study
without preheat, no flame would be stabilisable in and Dr. F. B. Carleton for experimental help.
this mixture (the composition corresponds to sub-
stantially less than half the flammability limit).
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The major impediments to public acceptance of incineration as a waste disposal technology are emissions
of organic compounds, dioxins, and toxic metals. Combustion science provides insight into mechanisms
governing each of these three issues. It accomplishes two things: It identifies potential problems before
they occur in the field, and it proposes solutions to known problems after they have occurred. In this
paper, the practical relevance of combustion science to incineration technology issues is reviewed, and
important gaps and needs are identified.

Turbulent mixing plays a most important role in the destruction of organic wastes in practical units.
Emissions of products of incomplete combustion are also more often governed by the effects of physical
combustion processes on kinetics, rather than by chemical kinetics alone. For example, incinerator failure
modes can arise through wayward trajectories of rogue droplets after atomization, or, in rotary kilns,
through the formation of puffs, caused by the transient release of waste from containerized sorbents and
subsequent incomplete mixing. Prediction of these phenomena requires a detailed knowledge of the fun-
damentals of turbulent reactive flows.

Toxic metals are transformed in the incinerator environment, and the high temperatures can be exploited
to allow these metals to be managed. Metal/sorbent chemistry at high temperature is not known, but it is
important, since it can control the ultimate impact of these metals upon the environment.

Introduction will, in some way, affect how much of it remains to
enter the total environment. However, chemistry

The impact of hazardous chemicals on the envi- may not be the only issue: Physical processes may
ronment has become a major issue of public concern, play an equal or even more dominant role. Figure 1
Since the invited review on waste combustion by depicts how both the type of waste and the method
Seeker [1], incineration has become an even more in which the waste is introduced into the system can
unloved orphan technology for the disposal of haz- impact the air and land environments, even in the
ardous waste [2]. This has not diminished interest presence of sophisticated pollution control equip-
within the combustion community, however; thus, it ment downstream of the combustion chamber. Some
is appropriate to revisit the issue and to determine waste can be injected as a liquid, either into the main
whether combustion science can find solutions for combustion chamber or into the afterburner. Mis-
existing problems or merely find problems for exist- directed, "rogue" waste droplets may bypass the main
ing solutions. The focus of this paper will be on haz- flame and fail to be consumed [3]. Other waste, ei-
ardous waste incineration, rather than on municipal ther as solid or as liquid-soaked sorbents, is initially
waste combustion, although important aspects of the contained in barrels or similar containers. The con-
latter relating directly to hazardous waste problems tainers drop into the combustion chamber, one at a
will also be treated. time, and waste is released to form a "puff," which

The three major impediments to public accep- may or may not be consumed in the afterburner
tance of hazardous waste incineration are (1) air [4,5]. An emergency safety valve can release toxic
emissions of organic compounds; (2) releases of di- products into the air, in order to protect pollution
oxins and furans (also organic, but treated separately control equipment downstream during system upsets
here, for reasons described below) into the environ- [6]. The thesis proposed here is that combustion sci-
ment; and (3) the ultimate environmental impact of ence, which yields engineering insight into how these
toxic and heavy metals, which are often present in failure modes arise, can suggest methods either to
wastes. It is therefore useful to review the potential mitigate their effects or to suggest alternative pro-
impact of combustion science on each of these three cedures that minimize risk to the public.
issues. Emission of organic compounds may result from

All waste transformations occur through chemis- unreacted compounds initially in the waste or, more
try, and the chemical rate at which waste is destroyed importantly, from by-products of incomplete com-
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Residue Residue Residue / hazardous waste incineration.

bustion. In the United States, emission limitations (POHC's)." Emissions of these are regulated in the
are interwoven among regulations relating to both air United States to ensure 99.99% destruction, at least
quality [7] and hazardous waste management [8]. during test burns. Polychlorobiphenyls (PCB's) and
When total air emissions of all hazardous air pollut- dioxins require 99.9999% destruction removal effi-
ants from a single source fail to exceed 25 tons/year, ciency (DRE).
the only specific organic compounds, whose emis- It is appropriate to revisit the field data of Tren-
sions are currently regulated, are those species con- holm et al. [9], in which the fraction of the original
tained in the initial waste. This is, in part, because waste compound escaping out of the stack, after all
the list of potentially harmful organic species to be the various air pollution control devices, is plotted
measured might be endless, while many other or- against the concentration of the waste in the feed
ganic compounds, such as methane or propane, are (Fig. 2). Data were from eight different full-scale in-
associated with minimal health risk. It is likely, how- cinerators, operated at various conditions. The field
ever, that the current strict European limitations on data (open symbols) show that the overall waste de-
emissions of dioxins and furans, comprising an es- struction process is not first order, but rather second
pecially insidious class of organic by-products, will order, with respect to waste concentration, and this
soon be followed across the Atlantic. is in contrast to what one would expect from kinetic

Toxic metals are transformed into various species considerations when free radical concentrations are
in the combustion chamber, and conditions there largely determined by combustion of the primary
may exert either a benign or a malignant influence (waste-free) fuel. Lyon [10] has shown that free rad-
on the impact of the metal on the total environment. ical branching is diminished at low concentrations of
Combustion conditions affect the size-segregated combustibles, but the low waste concentrations here
composition of the metal aerosol leaving the com- do not correspond to low concentrations of combus-
bustor and will determine the ease with which the tibles because of the primary fuel. Using a detailed
metals may be collected. Metal speciation, with as- kinetic mechanism developed by Ho and Bozelli
sociated water leachability considerations, distrib- [11], Barat has explored the role of chemical kinetics
uted among the slag residue and the collected fly ash on the effect of initial waste concentration (in a pre-
will impact humans through the land and/or water mixed mixture of CH2Cl2, CH 4, and air) in perfectly
environment, while the size-segregated metal spec- stirred/plug flow reactor configurations [12]. Figure
ation of the emitted aerosol impacts humans both 2 shows results both for the effluent from a perfectly
through inhalation and through uptake via surface wells reacts both for the effluentsti
water and the food chain. Combustion conditions will f -rred reactor (dashed line) and for the effluentinfluence the route taken, and this suggests a fruitful from a subsequent plug flow reactor with heat loss
area for combustion science to address a problem. (dotted line). Although macromixing considerations

do influence the waste destruction behavior, the
(pseudo) second-order behavior in the field data is

Emissions of Organic Compounds not apparent from the premixed detailed gas-phase
kinetic calculations, which do not consider micro-

Organic compounds in the original waste are des- mixing complications. It does, however, appear in the
ignated as "principal organic hazardous constituents prototype, turbulent diffusion flame data of Kramlich
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the field data [13], but somewhat higher for the , ) + AMSWOil
lower-temperature laboratory data) below which .0 104 0 A Hz
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mental constraint in turbulent mixing processes? 103
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from incinerators is not the lack of destruction of the Combustor/Incinerator Size (MW)
original waste compound, but, rather, the formation
of a plethora of organic, possibly toxic or mutagenic, FIG. 3. Organic emissions. Products of incomplete com-
by-products, otherwise known as products of incom- bustion. Mutagenic emission factors [15].
plete combustion (PIC's). The perception is that
these by-products may be more harmful than the
original waste, yet it is not practical to attempt to genie risk to humans. Such a test is the Ames Test.
isolate and measure each organic species known to In this test, the "detector" consists of mutated sal-
be harmful. One useful approach to address this issue monella bacteria (salmonella typhimurium TA98
is to merge combustion science with toxicology, with ( + S9)). Upon contact with the organic chemical, the
a view to determining how waste composition and number of these that revert back to their original
combustion conditions influence the mutagenicity of form can be correlated with potential mutagenic risk
compounds contained in the emissions. Thus, the of that chemical to humans. Figure 3 shows data [15]
way the incinerator or combustor is operated can relating mutagenic activity (per unit of fuel burned)
(hopefully) be directly tied to the human health risk, to combustor/incinerator size. Clearly, the larger-
including that of cancer. This approach requires an sized equipment has more complete combustion
inexpensive, rapid test that can be related to muta- and, hence, fewer pyrolysis compounds, which are
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2H6 CO +CH3
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H•nO CHO NH3jpjH HCC

c0 sX,... H FIG. 4. Reaction chemistry. Ki-

COO cc o 2H2 0 O+ H netic paths in the destruction of
chlorinated hydrocarbons [12,18].

expected to be high in mutagenic activity. Note the presence of a chlorinated hydrocarbon has two im-
relative roles of biomass combustion (wood and wood portant effects. First, it enhances and accelerates
chips) at 5 x 104 revertants/MJ compared to haz- CH 4 conversion to higher hydrocarbons (C2H,) , the
ardous waste incinerators at 1 x 102 revertants/MJ. subsequent oxidation of which constitutes an impor-
Recent combustion research by Mulholland et al. tant route to CO. Second, it leads to significant con-
[16] has shed light on the role of chlorine on the centrations of HC1, which scavenges OH, and thus
mutagenicity of combustion by-products. At high py- effectively retards CO burnout. The first effect is
rolysis temperatures, chlorine enhances the forma- consistent both with the high-temperature pyrolysis
tion of nonchlorinated aromatic mutagenic corn- data of Mulholland et al. [16], showing enhanced
pounds. At low pyrolysis temperatures, however, production of mutagens, and with the observed en-
chlorinated hydrocarbons appear to form a new class hancement of soot formation [25], due to the pres-
of chlorinated organic mutagens. Other research ence of chlorine. Incinerator failure modes through
[17], conducted in the course of a fruitful collabo- kinetically controlled limitations also can arise
ration between both engineering and health risk as- through wall quenching of reactions and through the
sessment laboratories of EPA, has classified the mu- low combustible concentration limit identified by
tagenic emissions from rotary kiln puffs (with no Lyon [10]. Under well-mixed conditions, the latter
afterburner); from pesticide incineration, with and limitation can be overcome through the addition of
without NO, abatement technology; from residential clean fuels to re-establish radical chain branching.
heating, industrial and utility boilers burning oil, coal,
and wood; from municipal waste combustors; and
from the field burning of agricultural plastic. Agri- Physical Mixing Limitations
cultural plastic formed 2.5 X 105 revertants/MJ of
heat, similar to residential wood stoves. Puffs from Physical mixing limitations have already been dis-
polyethylene and toluene/sorbent wastes formed 1.9 cussed with respect to the Trenholm field data in Fig.
X 104 , and 14 X 104 revertants/MJ, respectively. 2. Here, two quite different, but insightful, examples
The other sources were substantially lower in muta- of mixing-limited failure modes are presented,
genic emissions. namely, the examples of rogue droplets and transient

puffs. There are doubtless other examples, but these
two are chosen here because they serve to demon-

Kinetic Limitations strate how facets of combustion science are able to
contribute to incineration technology.

Recent years have seen very significant advances
in the development of validated, detailed chemical Rogue Droplets:
reaction sets governing the fate of chlorinated hy-
drocarbons [11,18-25]. Senkan [20] has compiled a Atomization is not ideal and produces a distribu-
survey of rate constants in the C/H/CE/O system. A tion of droplet sizes. Larger droplets (300 um or
prototype set for the combustion of methyl chloride greater) tend to gather at the edge of atomizer sprays,
with methane [11,18] is found on Fig. 4. In this re- and those droplets also contain appreciable momen-
action scheme, which was also used for the kinetic tum. Droplets become rogue when they bypass the
modeling results shown in Fig. 2, the more dominant very hot flame zones (see Fig. 1) frequented by the
reaction paths are denoted by the thicker arrows. The rest of the "herd" and proceed to the cooler regions
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- 100 A kiln environment, the liquid is rapidly released and
. J forms a "puff," which can travel through the after-

• 80' burner and cause a transient failure mode. The issue
m .1 here is to relate the amount of waste, waste proper-

_ : 60 ties, sorbent properties, and container design to puff
80 - intensity (instantaneous combustible exhaust con-
8 0 Upper bound Model entration) and puff magnitude (integrated "unsatis-

0 Lower bound - - - fled oxygen demand"). Research on rotary kiln phe-
" 60 Model B nomena at the University of Utah has focussed on.; the release of hydrocarbons from contaminated soils

-40 [26] and on scale-up of the heat-transfer aspects [27].
o Analysis of full-scale rotary kiln behavior was com-

.Z 20-- - pleted by a group from Louisiana State University
F t - [28], who showed that severe stratification through-
Flame length out the kiln length was a severe problem. For the

0 1 convenience of this author, the focus of discussion
here will be the work conducted at the Environmen-

Diameter (gim) tal Protection Agency (EPA) [4,5,29-31]. The EPA

FIG. 5. Rogue droplets. Measured burnout (A) and up- work first consisted of parametric studies on a 73-kW
per (0) and lower (0) bounds of droplet trajectory end- rotary kiln incinerator simulator. It was found that
points in an IFRF Type II (high swirl) turbulent diffusion puff could be very easily formed by even the smallest
flame. Dashed line (Model A) denotes predictions of drop- amounts of waste (Fig. 6) and that puff magnitude
let trajectory axial endpoints, using measured mean veloc- increased with increasing temperature and kiln ro-

ity field, but otherwise no adjustable parameters. Solid line tation speed (Fig. 7) [5,29,30].
(Model B) represents model predictions with different A prototype model of the release of liquid waste
droplet burning rate parameter, obtained from a compan- from sorbent clumps [29-31] was able to describe
ion experiment [3]. the overall puff features observed (overall timescales

of minutes, containing multiple peaks of puff inten-
sity, see Fig. 6). The model consisted of two parts:

where they may be incompletely consumed and, heat transfer to and mass transfer from a sorbent
thus, are more likely to cause harm to humans. One clump, followed by discrete surface renewal events
would like to be able to predict the trajectory of po- that depended on kiln rotation speed. This model was
tential rogue droplets so that the probability of in- able to support and rationalize the data (see Fig. 7),
complete droplet burnout and subsequent PIC for- which indicated, for example, that puff magnitude
mation can be ascertained. One might hypothesize increased with temperature and with kiln rotation
that with the ready availability of computational fluid speed. Both phenomena are due to enhanced waste
dynamic models to predict the mean velocity flow release rates: increased temperature increases the
field, it should be a simple matter to superimpose the driving force for mass transfer of waste out of the
equations of droplet motion in order to calculate sorbent; increased kiln revolutions per minute (rpm)
droplet trajectories and burnout points. Unfortu- exposes more fresh, waste-saturated sorbent to the
nately, Mulholland et al. [3] have shown that the surface and, thus, lowers the effective resistance to
problem is not that simple, and turbulent fluctuations mass transfer. The research helped rank wastes in
must also be predicted and taken into account. Re- terms of boiling point and oxygen demand and al-
sults shown in Fig. 5 depict droplet endpoints when lowed extrapolation to other sorbents and other con-
a uniform, monosized stream of droplets was in- tainers. One practical application of this experimen-
jected, at uniform velocity and angle, into a 100-kW tal and theoretical research has been the
laboratory combustor to just pass by a turbulent dif- development of low puff-generating containers [31],
fusion flame. The significant point is that there exists which modulate the rate at which new surface in the
a large spread between maximum and minimum val- sorbent clumps is exposed to the kiln. Another ap-
ues of droplet penetration. A model, based on mean plication has been to devise more appropriate (with
gas velocities, is not adequate, and what is needed is less risk to the public) emergency safety vent pro-
a more direct simulation of turbulent fluctuations so cedures [6]. Both applications to incineration tech-
that risk of droplet bypassing can be properly cal- nology were possible because of engineering insight
culated. Fig. 5 also shows that average burnout de- gained through combustion science, i.e, through
creases as rogue droplet penetration increases, looking at the complicated problem, not in all its de-

Transient Puffs: tail, but rather, in terms of a fundamental prototype
that replicated its key features.

When contained liquid wastes bound on sorbents A key issue, only now being addressed, is how to
are introduced one container at a time into a rotary scale-up results from the 73-kW EPA simulator to
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FIG. 6. Transient puffs. Measured and predicted toluene puff shapes. Measured hydrocarbon trace and predicted trace,
A, are for 100 g toluene on sorbent, with biln at 1242 K and 0.5 RPM. Predicted trace, B, is for 125 g toluene with kiln
at 1325 K and 1.25 RPM [29].

full-scale units. This requires a method to quantify that of unmixed turbulent combustion. Recent work
mixedness in the gas phase and current work, using [34] from the EPA-funded Northeast Hazardous
a cold flow physical model, and an application of Ker- Substance Research Center uses linear eddy mod-
stein's linear eddy model [14] shows promise in being elling together with detailed chemical kinetics and
able to predict intensity of segregation, I, defined by suggests that the organic speciation measured in the
Danckwerts [32] exhaust can be related to the (kinetic or mixing) fail-

ure mode that occurred in the combustor. If sue-

I (c') 2  cessful, this approach could have profound implica-

C(1 - C) tions and points to yet another application of
combustion science to incineration technology.

as a function of space, time, and kiln-operating pa-
rameters [33]. The quantity c' represents a concen-
tration (mole fraction) fluctuation, and C represents Dioxins
the mean mole fraction of, say, gaseous toluene waste
in the main flow. During generation of a puff, values No discussion of incineration issues would be com-
of I = 0.01 are typical [33], which (with assumptions plete without some acknowledgment of the impor-
of a Gaussian probability density function and in- tance of emissions of polychlorinated dibenzo-p-di-
stantaneous chemical reaction rates) corresponds to oxins (PCDD) and polychlorinated dibenzofurans
an unburned fraction of toluene of 10%, even at 50% (PCDF). These compounds have been considered
overall excess air (SR = 1.5). Full-scale kilns have extremely toxic and somewhat mutagenic, and most
significant stratification [28], and this must also be significantly, they have been linked to suppression of
considered in attempting any scale-up methodology the immune system in humans. Their appearance in
for gas-phase mixing. Lake Huron core samples correlates very well with

A conclusion to be drawn from both these exam- the temporal data on production of chloroaromatics,
ples of rogue droplets and transient puffs is that there starting in 1940 [35]. Critical reviews of the role of
is an urgent need to develop models that quantify, dioxins in hazardous waste incineration and in ce-
predict, and scale-up the turbulent mixing process in ment kilns cofired with hazardous wastes have been
the gas phase. This is a challenging undertaking, ad- compiled by Helble [35] and Dellinger et al. [36],
dressing, as it does, that one of the most complex respectively.
unsolved problems is combustion science, namely, All dioxins are not alike. There are 75 dioxin con-
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neous routes as well [4], but these require fuel-rich
zones, as in transient puffs. The most likely route, in

S .. -. practice, appears to be through catalysis, especially
- .on copper chloride (CuC12), although it is probable

K -that other copper-based catalysts also play a role. The
.0 1 •"catalyst allows the formation of C12 (from HCl via the

Deacon reaction), which is a critical intermediate in
the process. The catalytic process is strongly inhib-
ited by sulfur [37] or rather high ratios of S/Cl. The
low values of copper and of carbon in the fly ash and

N' .. the high values of sulfur (relative to Cl) in coal com-
bustion flue gases all serve to explain why dioxin for-
mation is less of a problem in utility boilers than in
incinerators. The catalytic formation of PCCD com-
petes with its oxidation, suggesting an optimum tem-

Predicted perature window, at 300 'C. Combustion conditions
in the combustor play important roles in forming
most probable precursors, such as 2,4,5 trichloro-
phenol. De-novo synthesis from a carbonaceous com-

.... pound as simple as CO 2 and/or carbon residue in the
ash is also possible but less likely. Indeed, a list from

..- the most likely to the least likely catalytic precursors?• :Z• .•- "''-""would be as follows: (1) 2,4,5 trichlorophenols; (2)
.. "-\ halogenated aliphatics; (3) benzene + AlC13; (4) al-Skanes + HC; (5) carbon residue + HC1; (6) CO02+

UHC. Data [35,36] show that many cement kilns and
commercial incinerators operate with very low dioxin/..emission levels, and so current research is directed

-,-.. toward quantification of these mechanisms. From a
combustion science point of view, current research
is also directed toward determination of a suitable,
more easily measurable, surrogate hydrocarbon com-
pound in order to replace the slow and expensive

Measured analyses of collected samples for PCCD.

FiG. 7. Transient puffs. Predicted (upper) and measured

(lower) effects of kiln temperature and kiln rotation speed Toxic and Heavy Metals
on relative puff magnitude, P/P•,•,. [31]. Metal emissions from hazardous waste incinera-

tors are regulated in the United States by both Title
geners and 135 furan congeners. By far, the most III of the Clean Air Act Amendments [7] and by a
toxic is 2,3,7,8 Tetra Chlorinated Dibenzo-p-Dioxin human risk-based analysis. Table 1 [38] lists those
(TCDD). Emissions may be regulated in two ways: metals that are controlled and provides calculated,
in toxic equivalent (TEQ) ng/dscm and in total di- hypothetical, emission limits, based on the risk-based
oxins/furans. Data from municipal waste incinera- assumptions listed. Note that carcinogens are more
tors, medical waste incinerators, cement plants, and tightly regulated than noncarcinogens. However,
hazardous waste incinerators show a ratio of TEQ/ speciation of the metal is of critical importance, since
total equal to approximately 0.02 (i.e., 30 ng/dscm that determines the ease with which they will ulti-
total dioxin/furan = approximately 0.6 ng/dscm mately enter the air, water and soil environments.
TEQ), although this ratio depends on the mix of di- Toxic metal air emissions from cement kilns cofired
oxin species created, and this varies slightly from unit with hazardous wastes have been evaluated by Del-
to unit. Total PCDD/PCDF in the exhaust correlate linger et al. [36], while Linak and Wendt [38] provide
poorly with ash in the feed and somewhat better with a review of mechanisms underlying toxic metal emis-
the chlorine feed rate. They correlate very well with sions from incinerators.
temperature at the inlet of the particulate control
device, suggesting that formation occurs there [35]. Metal Volatility:

The primary, but possibly not the only, route to
dioxin formation appears to be through catalysis in The fact that many toxic metals will vaporize dur-
the air-pollution control device. There are homoge- ing combustion has been reported elsewhere
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TABLE 1
Proposed RCRA metal emission limits for a hypothetical 8.8 MW rotary kiln incinerator

corresponding to a Tier II analysisa

Concentrationd
Emission Concentration, dry, 11% O0

Carcinogenic metal" rate (g/h1) (mg/Nm3 ) (mg/Nm3 )

As 0.82 0.051 0.056
Be 1.5 0.093 0.103
Cd 2.0 0.12 0.14
Cr, 0.30 0.019 0.021

Concentrationd
Noncarcinogenic Emission Concentration' dry, 11% 02

metal rate (g/h) (mg/Nm3 ) (mg/Nm3 )

Sb 110 6.8 7.5
Ba 18,000 1,110 1,230
Pb 32 2.0 3.6
Hg 29 1.8 2.2
Ni 7,300 450 500

Se 1,500 93 103
Ag 1,100 68 75
TI 111 6.8 7.5

z'Based on 8.8 MW, 16,200 Nm3/h flow rate (100 % excess air), rural location, noncomplex terrain, no impinging
structures, 15.25-m stack height, 355 K stack gas temperature.

"Carcinogenic metal emissions resulting in 1 unit risk. Note that the sum of carcinogenic metals risk may not exceed
1 unit risk.

'Emission rate divided by volumetric flow (wet), not corrected to dry, standard oxygen conditions. Calculated stack
gas contains 10% water and 11% oxygen.

"Corrected to dry, 11% oxygen conditions (EC convention).
'RSD refers to Cr+6 compounds only. Cr 3l compounds are not included. However, all chromium is considered Cr+5

unless site-specific speciation is performed.

[1,36,38]. The ensuing metal vapors will then either metal release from heated soils does not follow sim-
nucleate at the lower temperatures downstream, to ple equilibrium calculations that fail to consider al-
form tiny particles less than 0.1 um in diameter, or uminosilicate compounds. Dellinger et al. [36] pre-
condense around existing larger particles. Mercury sent data that show that very much less cadmium, a
usually fails to condense at all, but its emission is of volatile metal, was emitted into the air than that
greater importance in both coal and municipal waste added to the input of a cement kiln, and this suggests
combustion [38] than in hazardous waste incinera- that high combustion temperatures can also serve to
tion. The presence of chlorine has a great influence combine metals with other substances.
on metal speciation and metal volatility [38-42]. The
practical result of this is that chlorine will lower the Metal Scavenging by Sorbents:
dewpoint of the metal, maintain it in the vapor form
for longer times until cooler parts of the combustor Metal vapors and larger sorbent particles can in-
are reached, and lead to a less mature aerosol con- teract in various ways. At temperatures below the
taining more submicron particles in the exhaust. The metal dewpoint, the metal will physically condense
data of Linak et al. [39] are significant, since they around existing particles to form a 1/d2 dependence
suggest that nickel, normally present as a refractory of metal concentration in the continuum regime,
solid metal oxide even under combustion conditions, when particles are much larger than the gas mean
is vaporized in the presence of chlorine. Eddings and free path, or a 1/dr, dependence in the Knudsen free
Lighty [43] have shown, on the other hand, that molecular regime, when they are not. This is shown
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sequences of film condensation and surface reaction of 2W 0.2-
metal vapors. Open symbols: sodium [44, 45]; shaded sym- cz
bols: arsenic [45].

E
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for sodium on coal fly ash in Fig. 8 [44]. If the metal -0 Cd/lime
speciation in the gas phase is water soluble, i.e., as 0 0.8
for sodium, the condensed film will most likely also
be water soluble. Calculations have shown [38] that 0.6-
coagulation between a nucleated metal vapor and a
dispersed sorbent is slow, does not serve to scavenge 0.4-
the metal, and is not important.

At temperatures well above the dewpoint, metal 0.2-
vapors can chemically react with the surfaces of par-
ticles in the disperse phase. This yields a 1/,, de- 0.0-
pendence for metal concentration in sampled parti- .1 1 10 100
cles for both exterior surface-controlled and interior Particle Diameter (gin)
pore diffusion-controlled reactions, where reaction
occurs close to the exterior surface. The data of FIG. 9. Metal emissions. Interactions between cadmiumHaynes et al. [45] are especially significant, for they and various sorbents in a semi-industrial scale, 82 kW, swirl

indicate that small quantities of arsenic, present in ame incinerator [48]. Impactor mass fraction distribution

coal, can be reactively scavenged above the dew for (top) Cd/kaolinite/Cl system; (center) Cd/bauxite/Cl

point by coal fly ash to yield a 1/MP dependence (in system; and (bottom) Cd/bydrated lime/Cl system. 0 Cd

the continuum regime), as shown in Fig. 8. Arsenic baseline; El Cd/Cl; S Cd/sorbent; U Cd/sorbent/Cl.
is known to react with calcium to form Ca3(AsO 4 )2(s).
A weak, or zero, particle size dependence, as found
by Scotto et al. [41] for the lead/kaolinite system in a small amount of chlorine, lead that did not react with
combustor postflame gases, suggests no pore diffu- the substrate was water soluble, while lead that did re-
sion limitations. act was water insoluble [41]. Thus, the high combus-

Uberoi and Shadman [46,47] have shown in bench- tor temperatures can be exploited to help isolate the
scale thermogravimetrie reactors that lead reacted metal from both air and water environments.
with aluminosilicates in kaolinite to form Recent data obtained at the EPA, to be presented
PbO.A12 a0.SiO 2 and that this process is enhanced at this symposium [48], have shown that toxic metal
when melting of the surface layer occurs. Cadmium scavenging at high incinerator temperatures is more
also reacted with bauxite to form crystalline efficient than bench-scale reactor studies suggested.
CdO.A1l0 3, with no melting. In the absence of melt- Figure 9 shows that at combustor temperatures, cad-
ing, uptake of cadmium on kaolinite was low, because mium not only is very effectively captured by bauxite
of pore plugging. Scotto et al. [41,42] showed that lead but also by kaolinite (in contrast to Ref. 47) and also
uptake by kaolinite in a downflow combustor was di- by lime, where no obvious reaction product exists.
minished by chlorine. Chlorine serves to lower the Figure 9 also shows how chlorine enhances small par-
concentration of the (likely) reactive metal species, tide formation without sorbent present, but it can
which are the oxides or hydroxides. In the presence of diminish scavenging effectiveness, at least for the Cd/
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A: Mechanism I

Bauxite/Cd/Cl
Reaction/Crystal

B: Mechanism II

Kaolinite/Cd/CI
Kaolinite/Pb/CI
Reaction/melt

C: Mechanism II

Lime/Cd/Cl
Solution/melt FIG. 10. Metal emissions. Scan-

ning electron micrographs of cap-
tured metals, shown (in part) in
Fig. 9.

bauxite and Cd/kaolinite systems. There appear to be ature when pore plugging is an issue, as in the Cd/
two fundamentally different mechanisms for cad- kaolinite system at moderate temperatures [47]. At
mium capture, as shown on the scanning electron high incinerator temperatures, melting at the surface
micrographs in Fig. 10. Those labeled as "bauxite overcomes this resistance, and a reaction/melt pro-
only" or "lime" show morphology of the sorbent cess takes place. With the Cd/Lime system, the melt
alone after passing through the combustor with nei- is formed by the act of dissolution of the metal into
ther metal nor chlorine present. The other labels are a eutectic. Thus, mechanism II has the potential to
self-explanatory. Mechanism I forms a crystalline allow reactive scavenging of multiple metals and does
product of reaction (say, CdO.A120 3 .SiO2 or not require crystalline reactive sites. The high tem-
CdO.A1909), and this process is effective in the ab- peratures are benign, since they serve to isolate the
sence of pore plugging, i.e., for the Cd/bauxite sys- toxic metal from the environment, rather than allow
tem. Mechanism II comes into play at high temper- it to be dispersed into the air.
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COMMENTS

Loo Yap, BOC Group Tech. Ctr., USA. The turbulent plying fundamental benefits to judicious use of oxygen-en-
diffusion flame data of Kramlich cited imply a mixing-lim- riched or oxygen-based incineration.
ited concentration floor beyond which emissions may not
be lowered. Some recent observations by us on chlori- Author's Reply. This is a most interesting comment, and
nated-hydrocarbon flames which have been submitted for I look forward to the appearance of your paper. Indeed,
publication may present an even more fundamental con- the effect noted may be due to turbulence phenomena re-
straint. In these observations, mixing limitations have been lated to flame stretch in both premixed systems and dif-
completely removed by studying premixed strained laminar fusion systems. Your results and those of Kramlich (Ref.
flames. At moderate Cl/H ratios, double-flame structures 13) suggest that combustion conditions can influence the
were generated; a waste decomposition flame followed by magnitude of this lower bound of POHC emission. This
a retarded CO oxidation flame. By applying only moderate would appear to be an area in which combustion science
strain, the second flame can be extinguished, resulting in a can help answer an important practical, yet fundamental,
large emission of partially oxidized chlorocarbons. Extend- question, namely, what exactly is the origin of the residual
ing these results, using high turbulence levels to promote POHC emission from field units, and what is the lowest
mixing may result in regions of high strain limiting com- possible limit of this emission?
bustionidestruction of even well premixed pockets. The re-
quired strain increased with oxygen concentrations, im-
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J. A. Kozinski, McGill University, Canada. 1. Would you ation and disposal. However, I believe that, although there
please comment on the perspectives for toxic metals cap- is room for substantially decreasing the amount of waste
ture in fluidized beds and rotary kiln incineration systems. being generated in industrial societies, there will always be

2. Do you think that combustion process modifications a need for the disposal of some wastes. I believe that the
rather than postcombustion treatment will play a major proper incineration of toxic wastes is preferable to both
role as an "environmental protection tool" in the future? land disposal and to long-term storage (as has been sug-

gested by some). I am not convinced that other technolo-
Author's Reply. Toxic metals can be captured in fluidized gies, such as gasification, entail less risk to the public than

bed systems, as has been shown by Ho et al. [1]. In rotary does incineration. We know a lot about incineration;
kiln systems, toxic metals can be captured in the slag as enough, in fact, to be able clearly to identify potential prob-
well as in the disperse phase. In both systems, high tem- lems with it. The same can generally not be said of the
peratures are exploited to render the resulting metal-con- other waste disposal technologies that are currently under
taining compound to be water unleachable, and thus more consideration. I think that, for some time to come, there
benign to the overall environment. In my view, combustion will have to be a place for incineration as a waste disposal
process modifications will play a major role, not only in the option.
minimization of toxic emissions from the combustion
chamber, but also in ensuring that the necessary postcom-
bustion contaminant removal equipment can never be
overloaded. Horst-Henning Grotheer, DLR, Germany. Could you

please comment on the possibility of burning control by
using on-line analysis of selected species. To what extent

REFERENCE could such head-end techniques be able to replace the
more expensive end-of-the-pipe techniques currently in

1. Ho, T. C., Chen, C., Hopper, J. R., and Oberacker, D. use?
A., Combust. Sci. Technol. 85:101-116 (1992).

Author's Reply. In my view, development of instrumen-
tation for on-line analyses of appropriate selected species

Lawrence A. Kennedy, The Ohio State University, USA. in incinerator exhaust gases is one of the most important

You discussed the problem of "puffs" in incineration tech- combustion science activities currently underway. Success

nology that result from the batch loading of waste material. in this area is essential in order to gain public acceptance

Can such waste be injected under a more controlled man- of incineration as an appropriate waste management tech-

ner to reduce the "puffs"? nology. In-line analysis of selected species in the combustor
chamber would be useful to allow combustion controls to

Author's Reply. One method is to use the specia con- track and mitigate transient effects caused by waste varia-
thorsof Ref. 31. Even better would be to introduce iqIn tions. Combustion science already has led to development

tainers as a constan atte d be Howintroduae in- of front-end methods that diminish the magnitude of tran-
wastes as a constant atomized stream. However, batch in-

troduction is often the only practical method for small sient puffs in rotary kilns, as described in Ref. 31.
quantities of liquid wastes, especially if handling is to be

kept to a minimum.

John Veranth, Aptus, Inc., USA. The following should
be considered critical combustion science issues:

L. Douglas Smoot, Brigham Young University, USA. In 1. Better measures of "combustion performance." Cur-
your presentation, you discussed only environmental issues rent measurements such as CO/CO2 ratio and DRE are
relating to incineration technology. Is not the use of incin- not representative of the fine details of the process.
eration also challenged by other technologies that are per- 2. Most research is, of necessity, done on simple systems
ceived to be more acceptable? For example, in order of with few components. Incineration always involves com-
preference, does not incineration follow recycling, conver- plex multicomponent mixtures. Otherwise, the material
sion (e.g., gasification) and combustion (e.g., power or would be recycled. Techniques for dealing with the inter-
steam generation)? What is the appropriate role for incin- actions in complex mixtures are needed to realistically ex-
eration, assuming the emissions can be managed? trapolate research results to full-scale systems.

Author's Reply. There is no doubt that waste minimi- Author's Reply. This is a good comment with which I
zation and recycling are much preferable to waste gener- agree.
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BURNING RATE ENHANCEMENT AND SOOT REDUCTION THROUGH
BLENDING IN CHLORINATED WASTE INCINERATION

T. X. LI AND C. K. LAW

Department of Mechanical and Aerospace Engineering
Princeton University

Princeton, NJ 08544, USA

An experimental investigation has been conducted on the droplet combustion of mixtures of chlorinated
hydrocarbons in a hot, oxidizing environment, with emphasis on binary mixtures consisting of a lightly
chlorinated hydrocarbon and a heavily chlorinated hydrocarbon. The rationale is that, by using a lightly
chlorinated combustible waste instead of regular fuel oils to assist in the destruction of an incineration-
resistant heavily chlorinated waste, both wastes can be simultaneously destroyed without the cost expen-
diture for the fuel oil feed stock. Results indeed demonstrate that the heavily chlorinated tetrachloroethane
(TECA) can be made to burn vigorously with the addition of only about 20 25% of the lightly chlorinated,
equally volatile ehloroheptane or diehlorobutane, It is further showm that this result can be approximately
correlated by the mixture chlorine-to-hydrogen ratio, Cl/H, in that in the lightly to moderately chlorinated
regime of Cl/H < 1, the flame temperature and hence the burning rate are only moderately reduced with
increasing chlorination, and decreasing heat release, because of the reduced stoichiometric need for air.
However, for the massively chlorinated regime of Cl/H > 1, the flame temperature and burning rate
decrease quite rapidly with increasing chlorination because now reduction in heat release dominates. The
results also show that while the lightly chlorinated hydrocarbon promotes burning of the heavily chlorinated
hydrocarbon, the latter tends to substantially reduce the extent of soot formation from the former. The
mutual benefit associated with the blending approach studied herein is emphasized.

Introduction trachloroethene (PERC), basically do not burn.
However, they can be rendered to burn quite vig-

A large class of liquid hazardous wastes is haloge- orously by adding only a small quantity, say 20-25%
nated hydrocarbons, of which a great many are in- by volume, of an equally volatile alkane. The burning
cineration resistant [1,2]. The presence of the halo- is further enhanced when the alkane additive is less
gen not only lowers the heat of combustion from that volatile than the heavily chlorinated wastes. These
of the nonhalogenated hydrocarbon, but it also tends blending concepts recently have also been explored
to retard the overall oxidation rate because of scav- for spray combustion systems [6].
enging of the hydrogen radicals. Thus, a viable ap- While the positive results of Befs. 4 and 5 are in-
proach toward enhancing the destruction efficiency teresting and encouraging, the adoption of this
of hazardous waste incinerators is to mix liquid fuels blending strategy still requires a net expenditure of
with the normally incineration-resistant halogenated regular fuels with the associated cost. Recognizing
wastes so that the resultant mixture is rendered to that a lightly chlorinated hydrocarbon (LCHC) can
burn well. As such, it is of inherent practical interest burn almost as well as the regular hydrocarbons, it is
to develop a rational blending strategy toward opti- attractive to explore the possibility of mixing an
mizing the combustion characteristics and minimiz- LCHC that burns well with a heavily chlorinated hy-
ing the cost of the feed stock [3]. drocarbon (HCHC) that does not burn well such that

In response to the above interests, Sorbo et al. [4] the mixture itself can be rendered to burn well. Since
and Sorbo and Chang [5] investigated the gasification both CHCs are hazardous wastes that not only have
and burning characteristics of droplets of pure ehlo- no intrinsic value, but actually need to be disposed
rinated hydrocarbons (CHCs), as well as their of, their simultaneous destruction through proper
mixtures with regular hydrocarbon fuels as repre- mixing appears to offer a rational strategy for blend-
sented by the normal alkanes. These studies yield ing. Thus, the first objective of this investigation is to
the interesting results that the lightly chlorinated explore if robust burning can be achieved for such
monoehloroalkanes burn almost as well as the normal mixtures. We shall demonstrate that this is indeed
alkanes, and that the heavily chlorinated alkanes, possible, and that such burning rate enhancements
such as 1,1,2,2-tetrachloroethane (TECA) and te- can also be approximately assessed based on the
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chlorine-to-hydrogen ratio (C1/II) of the mixture as 100

suggested previously for mixtures with alkanes
[4,5,7]. 

6 80
Our second objective is to further manipulate the lnitial concentrati =75%(v)

flexibility offered by mixing to reduce soot formation .
in CHC incineration, recognizing that soot emission y60
can be significantly higher for CHCs because of the 2

scavenging of hydrogen by chlorine. We shall sub- fl 40
sequently show that the blending approach for en-
hanced burning mentioned above has the additional 25%(v)

benefit of reducing soot formation in that, while the • 20 A A A A

LCHC helps the IJCHC to burn, addition of the
IICIIC to the LCIIC also reduces the extent of soot 0 ,_ ,I, , , ,

formation of the mixture. 0 20 40 60 80 100

The experimental specifications are given in the Time, ms
next section, which is then followed by presentation FiG. 1. Temporal variation of the molar fraction of
and discussion of results on burning rate enhance- 1-ehloroheptane in binary mixtures of TECA!1-chlorohep-
ment and soot reduction.

tane with initial concentrations of 25 and 75 vol%. Results
demonstrate that the mixture composition basically re-

Experimental Methodology mains constant during the droplet lifetime.

A schematic of the experimental apparatus can be expected to be significant, provided that the mixtures
found in Ref. 4. The experiment basically involves behave as ideal mixtures. We have established the
generating a stream of monodisperse droplets with ideality of these mixtures by determining that the
controlled size and spacing by using the ink-jet print- droplet composition remains basically constant dur-
ing technique, downward injecting it into the ing the droplet lifetime. Figure 1 shows representa-
postcombustion flow of a flat-flame burner, and sub- tive results on the molar fractions of chloroheptane
sequently igniting and burning it in an environment in TECA/chloroheptane mixture droplets experi-
of controlled temperature and oxygen concentration. mentally determined through sampling and subse-
The data taken include the instantaneous droplet size quently GC/MS analysis. These results allow us to
recorded by stroboscopically back-lighted micropho- interpret the droplet combustion characteristics as
tography, the instantaneous flame size from the local those arising from the combustion of mixtures of con-
width of the flame streak, and the instantaneous stant composition during the droplet lifetime.
droplet composition as well as the amount of the soot
present in the gas phase by using a phase-discrimi-
nating sampling probe. Operation of the sampling Results and Discussion
probe is based on inertia separation [8,9]. As the
droplet stream flows downward, a gentle suction is We first describe the visual appearance of the
applied to it in the lateral direction at the sampling flame streaks of the droplet streams of various
location. The intensity of suction is controlled such mixtures. For pure nonane, the flame streak is blue,
that only components in the gas phase are sucked in indicating that there is practically no soot formation.
and subsequently filtered for soot, leaving the extin- For pure ehloroheptane, the flame streak consists of
guished droplet by the suction port to be separately a long, bright yellow sooting segment lasting about
collected in a chilled vial for further analysis on a gas 80% of the droplet lifetime, preceded by a short blue
chromatograph. flame segment, which lasts about 2% of the lifetime.

All data to be reported were obtained in a 21- The streak ends in a narrow blue flame. The first blue
mol% oxwgen environment. Active droplet gasifica- segment represents the period of droplet heating,
tion and burning were confined to the chamber seg- during which the flame size is small and the flame
ment within which the gas temperature increased temperature is low, both of which are not favorable
from 980 to 1040 K and then decreased back to 950 for soot formation. The middle yellow sooting seg-
K. The initial droplet diameters ranged from 280 to ment is itself embedded within and adjacent to a blue
290 nm. flame; this structure is anticipated in that the soot

Experiments were conducted with binary mixtures layer in diffusion flames lies on the fuel side of the
of TECA wvith n-nonane, 1-chloroheptane, and 1,4- flame. Elimination of the sooting segment as the
dichlorobutane. Since the normal boiling points of flame regresses toward the end of the droplet life-
TECA, nonane, chloroheptane, and dichlorobutane time is also well explained in previous work [8]. The
are, respectively, 420, 424, 433, and 435 K, prefer- flame streak for dichlorobutane is qualitatively simi-
ential gasification of the individual constituents is not lar to that of chloroheptane, except its yellow lumi-
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6 0 95%

S75% FIG. 3. Burning rate constants of mixtures of TECA svith

o00 iin-nonane, 1-chloroheptane, and 1,4-dichilorobutane as

4 . functions of volume percent of TECA.

shows K as a function of tim TECA concentration for
the three mixtures. It is seen that the nonane mixture

(a) has the highest burning rate, followed by the chio-
0 0 ,.,.,. roheptane mixture and then the dichlorobutane mix-

20 40 60 80 100 120 140 160 180 ture. This is reasonable because of the progressively

Time, ms increased amount of chlorination. Furthermore, with
increasing TECA addition, the burning rate contin-

Etc. '2. d-law plots for droplets of (a) TECA/1-chloro- uously decreases, which is also reasonable. The de-
heptane and (b) TECA/1,4-dichlorobutane mixtures, crease, however, exhibits two regimes of distinctively

different behavior. It is seen that, for TECA less than
75-80%, the burning is strong, and the decrease is

nosity is much stronger. TECA gasification is rather gradual and minimal. However, for higher
characterized by a very faint bluish green luminous TECA concentrations, the burning is significantly
streak that is only visible in a darkened room. In our weakened, and the burning rate decreases rapidly to
previous study [4], we have demonstrated that the approach the limiting value of pure TECA gasifica-
gasification rate of tbe TECA droplet is the same in tion. The results of Fig. 3 on mixtures of chlorinated
either oxidizing or nonoxidizing environments. Thus, hydrocarbons are similar to previous observations on
this "luminous flame" does not represent chemistry mixtures of alkanes with either TECA or PERC [4,5],
with active oxidative heat release. For the mixtures, and clearly demonstrate the potential of inducing
when small quantities of chloroheptane or dichloro- rapid burning of an HCHC by the addition of a small
butane are added to TECA, droplet gasification as- amount of an LCIHC.
sumes the intense burning mode. The yellow lumi- In order to identify the cause for the observed be-
nous flame segment, however, is visually less intense havior, we have plotted in Figs. 4 and 5 for the chlo-
than that of the pure chloroheptane or dichlorobu- roheptane and dicblorobutane mixtures the calcu-
tane, indicating the possibility of soot reduction lated adiabatic flame temperature (T,,d) for the
through the addition of TECA. However, when stoichiometric reaction between the fuel mixture and
TECA is added to the normally nonsooting nonane, the experimental oxidizing environment, the heat re-
the mixture burns with a yellow luminous flame. We lease per unit mass of the "fuel" mixture (q), and the
shall return to these points later. stoichiometric oxidizer-to-fuel mass ratio (a). It is

Based on the classical cl2-law of droplet combus- seen that q decreases steadily and significantly wvith
tion, Figs. 2a and 2t) plot the temporal variation of increasing TECA addition and therefore cannot ex-
the square of the droplet diameter, d,, for mixtures plain the abrupt change in behavior of K. The cal-
of ehloroheptane and dichlorobutane with TECA. culated adiabatic flame temperature, however, does
The nearly linear variations clearly show that the d 2- resemble the behavior of the gasification rate con-
law holds, and further substantiate the results of Fig. stant in that it decreases only gradually until TECA
1 that the droplet composition basically does not addition reaches Cl/H - 1. Then it decreases rapidly.
change during the droplet lifetime. From the d2-t These tvo results show that, even if the heat release
plot of Fig. 2, the gasification rate constant, defined q is significantly reduced in the regime of vigorous
as K = -d(d2)/dt, can be determined. Figure 3 burning when Cl/H < 1, the flame temperature is
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FIG. 6. Burning rate constants as functions of Cl/H molar
FIG. 4. Variations of' the adiabatic flame temperature ratio for mixtures of TECA with 0-nonane, 1-chlorohep-

(T1). the heat release per unit mass of fuel (q), and the tane, and 1,4-dichlorobutane.
stoiciiiotoetric oxidizer-to-fuiel mass ratio (a) as functions
o(f solumne percent of TECA for mixtures of TECA with
1-chlorolleptac. to be greatly slowed down. Then, with the continuous

reduction in the heat release q, the flame tempera-
ture will decrease rapidly. The above reasoning is

Cl/H molar ratio substantiated by the behavior of the stoichiometric
0.25 0.50 0.75 1.00 1.50 2.00 oxidizer-to-fuel mass ratio, a, which shows a fairly

rapid decrease with increasing chlorination until the
S25 Cl/H is close to unity. The subsequent decrease be-

2400 - Tad comes milder. Indeed, given the behavior of ca and q
20 shown in Figs. 4 and 5, the responses of Td and K

220 15 are simply consequences of the t 2-law description of
"j 2200[ - 15 droplet combustion. It may also be noted that there
v .7 : are secondary factors for the behavior of K, such as

q (kj/g) o10 the decrease in the specific heat with increasing eblo-
2000 - rination, which increases the flame temperature in

TECA with 1,4-dichlombano the Cl/H < 1 regime, and the further reduction in
TEA 0 1the heat release in the Cl/H > 1 regime due to chlo-

t0 0 rine dissociation as well as chlorine-inhibited oxida-
0 20 40 60 0O 100

Volame percentofTECA tion of CO to COin [10].The significance of the C1/H ratio in determining
FIG. 5. Variations of the adiabatic flame temperature the burning intensity is further demonstrated in Fig.

(T.0), the heat release per unit mass of fuel (q), and the 6, in which K is plotted vs Cl/H for the three
stoichiometric oxidizer-to-fuel mass ratio (a) as fitctions mixtures. It is seen that K starts to decrease fairly
of volume percent of TECA for mixtures of TECA with rapidly beyond Cl/H = 1, and that the data for the
1,4-dichlorobutane. three mixtures correlate fairly well in terms of the

C/HI ratio for the Cl/H > 1 regime, while the LCHC
mixtures correlate well for all the mixture concentra-

not proportionally reduced. This hehavior can be tions.
largely explained by noting that, since the mixture is We next study the effect of blending on soot for-
partially oxidized by chlorine leading to the forma- mation. As mentioned earlier, when ehloroheptane
tion of IIC1, the stoichiometric requirement for ox- or dichlorobutane is added to TECA, not only is the
ygen fiom the ambient gas, which consists of a large gasification rate of the mixture greatly increased
amottnt of nitrogen, is reduced. Consequently the compared to that of pure TECA, but the yellow lu-
amount of heat needed to heat up the ambient gas minosity of the flame normally associated with the
to T.,, is also reduced. Thus, it is reasonable that T.,, burning of LCHCs is also reduced, indicating the
decreases gradually even though q is significantly re- corresponding reduction in soot formation for these
duced with increasing chlotination. When Cl/H ex- LCHCs. To quantify this behavior, in Fig. 7 we have
ceeds unit,, however, all the hydrogen has been ox- plotted for TECA/dichlorobutane mixtures the
idized by chlorine, and the continuous reduction in temporal variation of the soot content, S, defined
the stoichiometric oxidizer requirement is expected as the instantaneous amount of soot associated with
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FIG. 7. Temporal variations of the soot content for FIG. 9. Maximum soot content and the corresponding

mixtures of TECA!1,4-dichlorobutane of various concen- soot densities as functions of the volume percent of TECA

trations. for TECA/1,4-dichlorobutane mixtures.

the soot samples from the burning droplet, it is seen
(witoh%(v) TOGA that S peaks at about the same state at which the

(with 1,4-dichlorsbutane)
35 0% luminous zone size peaks, indicating that the instan-

A 25% taneous amount of soot present is proportional to the
0.0 50% instantaneous flame size. This is an important point

in assessing the effect of TECA addition on soot for-
2 A 8mation in that, while Fig. 7 shows that S decreases

r A •with increasing TECA addition, Fig. 8 shows that the

. luminous zone size also decreases with increasing
TECA addition. The smaller flame size for higher

1. TECA concentrations is anticipated on the basis of
the correspondingly reduced stoichiometric oxidizer

. ... requirement, a. Indeed, the expression for the flame
0 20 40 60 80 100 120 size as given by the d 2-law explicitly shows that it

Time, ms decreases with decreasing ax, provided the mass burn-

FiG. 8. Temporal variations of the luminous zone di- ing rate remains approximately the same, as in the

ameter for mixtures of TECA/1,4-dichlorobutane of vani- case of the C1/H < 1 situations. It is therefore nec-

ous concentrations. essary to first separate out this physical, volume, ef-
fect associated with the luminous zone size before
assessment can be made regarding any possible

a burning droplet. Soot formation from the chemical effect in the observed soot reduction with
TECA/chloroheptane droplet is not large enough for increasing TECA addition.
accurate experimental determination. Thus, in Fig. 9 we have plotted the maximum soot

Figure 7 then shows that, subsequent to ignition, content, Sm,, as a function of TECA addition, as well
the soot content first increases and then decreases, as the soot "densities" at S ,,, obtained by dividing
and that it decreases with increasing TECA addition. Sý,ý by the second and third powers of the nondi-
The former result is characteristic of soot formation mensional maximum luminous zone diameter,
in droplet burning [8] and corresponds closely with (df,,l/dso). Since dco is approximately the same for

the behavior of the flame size. In Fig. 8, we have all runs, it is inserted only for the sake of nondimen-
therefore plotted the measured diameter of the lu- sionalization. Scaling of S,,,,. by (df0. ,,dd,,0)

2 is mean-
minous zone as burning progresses, recognizing that ingful if the thickness of the soot shell is approxi-
the luminous zone not only represents the soot layer, mately constant for all situations, while scaling by
but its dimension also approximates well the flame (dfmJd, 0)3 implies that the thickness of the soot
size. It is seen that the luminous zone size indeed shell is proportional to the flame diameter. The re-
increases and then decreases with time. The increase sults show conclusively that, after appropriate seal-
is due to fuel vapor accumulation effect [11], and the ing, the resulting soot densities still decrease signif-
eventual decrease is caused by the continuously de- icantly with increasing chlorination, regardless of the
creasing droplet size. Comparing Figs. 7 and 8, and specific scaling used. This indicates that the observed
noting that there is a slight time delay in abstracting soot reduction is caused both by the physical effect
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0.5 added to an HCHC. In the former case, the extent
of soot reduction monotonically decreases with in-

0.4TCA with n-oane creasing HCHC addition, while in the latter case, the
soot content has a maximum at a certain mixture con-
centration.

S_ 0/(df, Sax/dae10

±0.2 Concluding Remarks

0.1 s x/(dfmW/d ,O) ala In the present study, we have demonstrated the
viability of mixing lightly chlorinated wastes with
heavily chlorinated wastes so that both wastes can be

0.0 2 60 0 destroyed without the cost expenditure normally as-
Vu20 40 60 80 100 sociated with using regular fuel oil to promote burn-ing of incineration-resistant wastes. We have further

FIu. 10. Maximum soot content and the corresponding found that such a blending approach carries the ad-
soot densities as functions of the volume percent of TECA ditional benefit of reducing the amount of soot for-
for TECA/n-nonane mixtures. mation, and have identified that the cause of this re-

duction is both physical and chemical in nature.
Although the study was conducted for chlorinated

of flame size reduction and by intrinsic chemical hydrocarbons and for droplet burning, the funda-
effects. The specific chemical factor(s) that could mental concepts responsible for the observed bene-
have caused the reduction are, however, not clear. ficial effects are of such a general nature that it is
In this regard, we note that, while flame temperature reasonable to expect that they are also applicable to
has been identified as a key parameter in influencing other halogenated wastes and to general diffusion
soot formation in diffusion flames [12], the calculated combustion situations.
adiabatic flame temperatures for the present Only mixtures with equally volatile components
mixtures actually do not change too much in the Cl/ have been studied. In Ref. 4, we have also explored
H < 1 regime. A greater extent of flame temperature the potential of enhancing the combustibility of the
reduction with increasing TECA addition can be ob- mixture by manipulating the volatility differential of
tained by allowing for the slower diffusion rate of the components. Specifically, it was suggested that
TECA, although a quantitative assessment would re- the burning can be further enhanced if the more
quire a detailed computational simulation of the combustible fuel component is also the less volatile
combustion process. Another possible factor is that, one. Transferring this concept to the present waste
since TECA is readily converted to trichloroethylene, mixtures, we should then require that the HCHC be
which is very chemically stable, including the ten- more volatile than the LCHC. Thus, most but not all
dency for soot formation [13,14], the sooting pro- of the HCHC will be preferentially gasified early in
pensity of TECA in the present flame environment the droplet lifetime, so that it will have a longer res-
is low. In this sense, TECA can be regarded as a idence time to react. In terms of reduced soot for-
chemical diluent in the concentration of soot for- mation, we note from Fig. 9 that soot formation is
mation species. reduced as long as there is a reasonable amount of

We have also performed experiments with toluene the heavily chlorinated hydrocarbon present in the
droplets under the same experimental conditions so droplet. Since liquid-phase diffusional resistance will
as to provide a reference on the sooting intensities of always retain some of the less volatile component in
the mixtures studied. Results show S_.... = 0.209/pg/ the droplet interior, we expect that reduced soot for-
drop and (rlf, mJd,.) = 3.20, yielding Sm/(dfmJ mation can again be realized because it is always pre-
dI 0)2 

= 0.0205 pg/drop and S,•j(d mJds o) 3 = sent in the gasified mixture. Detailed studies, how-
0.0064 pg/drop. Compared with the values shown in ever, are needed to identify the compositional range
Fig. 9, it is clear that 1,4-dichlorobutane has a much and the volatility differential of these mixtures such
stronger propensity to soot than toluene, which is that these beneficial effects can be maximized.
normally considered to be a sooty fuel.

Finally, in Fig. 10 we have plotted the maximum Acknowledgments
soot content and soot densities for mixtures of TECA
and the normally non-sooty nonane. Here the addi- It is a pleasure to acknowledge C. J. Sung and D. L. Zhu
tion of TECA increases the amount of soot formation for their technical contributions during the course of this
such that the soot content peaks around 50% of research, and the National Science Foundation and the Of-
TECA addition. This result demonstrates that a dif- fice of Naval Research for their support of this program.
ferent blending approach is needed when either an We also thank Dr. Win Tsang and a reviewer for useful
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COMMENTS

Andrej Ma~ek, National Institute of Standarcls and Tech- Author's Reply. The dominant cause for the reduction
nology, USA. Your results include instantaneous soot mea- in the flame temperature and hence droplet burning rate
surements around the droplet by means of a gas-sampling is the slowdown in the decrease of a for Cl/H > 1, as
probe. One might expect that soot concentrations vill de- discussed in the text. The incomplete conversion of Cl to
pend on detailed positioning of the probe relative to the HCl is part of the phenomenon, but not the primary ex-
droplet and perhaps its size. Have you observed such var- planation.
iations?

Author's Reply. Yes, there is a slight time delay in ab-
stracting the soot sample, as mentioned in the text. The Kalyan Annamalai, Texas A&M University, USA. Adia-

extent of delay can be assessed from, say, shifts in the max- batic flame ternperatures under complete combustion can

ima between the plots for soot content and the luminous be shown to be proportional to q/vo5 where q is the heating

zone diameter in Figs. 7 and 8. value per kilogram of fuel and vo, is the stoichiometric 02
in kilograms per kilogram of fuel. A plot of (q/lvo) vs blend
percent may explain the drop in Tsik,,a, vs blend percent.

Author's Reply. Instead of q /a, we have separately plot-
Wolfgang Wiese, Technische Hochschule, Darnnstadt, ted q and u, which is more illuminating. Of course, a plot

Germany. What is the reason for the decrease in burning of q//a would show a rapid decrease for Cl/H > 1 in the
rate at a Cl/H ratio of 1? Is it that HCl cannot be formed same manner as the adiabatic flame temperature. This
from all forms of Cl? point is referred to in the text.
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The effect of boundary-layer flow and heterogeneous/homogeneous reaction chemistry in determining
product selectivity for catalytically promoted oxidation of ultralean CH 3Cl over a Mn-based catalyst was in-
vestigated numerically. This work has relevance to modeling of more general catalytic combustion systems in
defining the importance of transport and chemistry interactions. In this study, we find that the presence of
Mn-based catalyst can significantly decrease the temperature necessary to achieve a given conversion of
CHtCl. The numerical study of the experiment used plug-flow, lumped-parameter transport, and laminar-
flow models with detailed gas-phase chemistry. These flow models coupled with gas-phase reaction mecha-
nisms from the literature and an experimentally determined surface reaction rate were used to illustrate het-
erogeneous/homogeneous reaction coupling and how it is influenced by transport. Kinetic modeling shows
that the heterogeneous and homogeneous interaction occurs through CH3 CI decomposition on the surface
that initiates gas-phase reaction. For the slower velocity, there is small difference in plug-flow model and de-
tailed laminar boundary-layer model predictions. The difference in prediction between flow models becomes
larger at the high velocity, with shorter residence time, where the higher surface temperature needed for
equivalent conversion causes surface reaction products to be converted before they can be transported to the
bulk. The important parameter for modeling heterogeneous/homogeneous interactions is the Damktihler
number with respect to gas-phase consumption of species produced by surface reaction.

Introduction catalyst initiated reaction in the gas phase through
dehalogenation of the CH3Cl. Several recent studies

Previous work in our laboratory [1] has shown that have provided a good basis for the homogeneous
an adiabatic catalytically stabilized thermal (CST) chemistry models for methyl chloride oxidation for
combustor can stabilize combustion of even heavily rich [3a], near stoichiometric [3b,4], and lean con-
chlorinated mixtures, achieving high destruction lev- ditions [5]. The current work examines this reaction
els (beyond detection limits: 99.994% +) of methyl system numerically and investigates the coupling be-
chloride and methylene chloride with short residence tween both homogeneous and heterogeneous chem-

times (5-20 ms) and improved flame stability. Sub- istry and transport in the boundary layer over the
sequent flow reactor studies showed that, compared catalyst, which can affect both conversion and inter-

to an equivalent noncatalytic "hot wall" reactor, the mediate product selectivity [6].

catalyst can provide more than wall heating, signifi-
cantly lowering temperature requirements for de- Description of the Experiment
struction and altering gas-phase chemistry.

Our previous work on oxidation of CH3C1 over a The experiments on gas-phase oxidation of CH3CI/
Mn-based catalyst [1,2] showed that the Mn-based air mixtures modeled in this study were carried out

299
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previously using an isothermal flow reactor [1,2,5]. Continuity Equation:
The measurement technique and catalyst are de-
scribed in these references. Using an isothermal re- 8(rpv) a(rpu)
action length of 13.5 cm and an inlet fuel concentra- dr + Ox
tion of 4600 ppm in air (0 = 0.033), runs were made
with inlet reference velocities of 170, 340, and 510
cm/s (298 K). Axial Momentum:

Although the Mn-based catalyst is active for de-
composition of CH 3C1, it is not active for CH 4 oxi- +V +u 1 a 7 a 0
dation under similar operating conditions. Thus, it v +u + - pg - ar =r

was hypothesized that the catalyst promoted CH 3CI (2)
oxidation through activation of the C-Cl bond. Low
conversion surface reaction studies were carried out
both under oxidative and nonoxidative conditions. Radial Momentum:
This work [1,2] determined that the function of the
Mn catalyst is consistent with an overall reaction that t =

brak -h -,od0. (3)breaks the C-Cl, bond-producing C2H6, and 2C0 Or
given by reaction (S1):

2CH3 CI - C2H6 + 2C0. (Si) Species Equation:

L + pu ay i + I_ a (rpyiV i,) = iW ,
Since only stable products were measured and Pu Or + x r = W

since further reaction of surface products in the gas
phase is likely at the test conditions, the rate of pro- i = 1, 2, . . n. (4)
gress and sensitivity analyses of the detailed kinetic
model were used to evaluate possible direct surface Energy Equation:
products. The overall CH3Cl destruction rate was de-
termined through directly checking the carbon prod- aT aT - /r2OT
uct material balance. It was concluded that (1) the pucp - + Prep Or rxr •)
surface reaction involves only the decomposition of Ox r ar ar
CH 3CI to mainly C2H6 and C1 (C2H3C1 and HCl as n aT
minor surface products), (2) the overall rate shows a + 3 pyiVicp - + wiWihi 0. (5)
first-order dependence on CH 3C1, and (3) 02 does Or i=i

not play a role in the surface reaction. Assuming an
Arrhenius rate expression for the overall surface re- Equation of State:
action rate for CH 3Cl consumption, a pre-exponen-
tial factor of 4.8 X 10+9 moles/cm 2 s and an activa- PW w

P -were -(6)tion energy of 52 kcal/mol were calculated. These p W Wi
values were used for the surface reaction in all model
calculations reported without adjustment. The pre- In the energy equation, the compressive and viscous
exponential constant is based on geometric surface dissipation terms were neglected. In all equations, r
area. The fully sintered Mn-based catalyst performed refers to the coordinate direction perpendicular to
similarly when prepared with impregnation solu- the flow, and x refers to the direction of flow; u and
tions, varying precursor concentration by two orders v are the velocities of gas mixture in the axial and
of magnitude and maintaining nearly constant activ- radial direction; p is the density of gas mixture; A is
ity over long-term testing. the thermal conductivity of the mixture; u is the vis-

cosity of the mixture; cp is the specific heat of the
mixture; W is the molecular weight of the mixture;

Models y1 is the mass fraction of species i; cpi is the specific
heat capacity of species i; hi is the specific enthalpy
of species i; Vir is the ith component of the diffusion

Description of the Laminar Boundary-Layer Model: velocity in the r direction; Wi is the molecular weight
of ith species i; wi is the molar production rate per

For catalytic combustion inside the tubular reactor unit volume of the ith species and is given by
(Re - 200-600), the following equations describe the
conservation of momentum, total energy, and chem- wi vkqk (7)
ical species for a steady process applying the normal
boundary-layer approximations: where vk is the stoichiometric coefficient of species
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i in the kth reaction and qk is the progress variable TABLE 1
for the kth reaction. Nusselt number for fully developed laminar flow,

uniform wall cooling (jQ) and uniform generation (C)

Initial Conditions )'x = 0): The Nusselt number for no generation

For axial velocity, 2j;4a
Nuh T- -, 48/11

UrnaxTi - T

('adusl']. (8) The Nusselt number for uniform volumetric generation

For temperature, T = Tinlet is specified. The species <(_ r aT) + G oT
Yi = Yiiniet is specified where yi,inlet are the mass r Or ar/ = p (1)

fractions of reactant chemical species, as given by the u /2r)
inlet equivalence ratio for the mixture. , = 2 l - (2)

Boundary Conditions at the Center of the Tube (r (OT) (3)
=0): Or_ 2..

From 1, 2, and 3

Or OrT ' O-r = 0, at r = 0. (9) T-T,, (I + r8j2:(3 - 4r !f )

Boundary Conditions at Wall (r = rwdd: T,,, - T, = U (T - T,,)d(r/r,9 2 
= + 11 nj

16) 24 2
For temperature, T = Twall is specified throughout 1

the length of the wall, except for a small length near Nu c -

the inlet where the temperature is made to linearly G
increase from inlet temperature to wall temperature.
Axial velocity of u = 0 is specified. For species taking
part in the surface reaction (either reactant or prod-
uct), the condition specified is p, yi

7Vr + wis = 0; dyi wi,

and for the nonreacting species, Vir = 0 is specified. d (10)
The measured surface reaction rate is used to cal- dr p
culate wjc.

where r denotes a residence time, x/u. For the plug-

Method of Solution: flow model, the catalytic reaction products are mixed
uniformly over each differential volume. In the

The conservation equations (Eqs. (2) through (5)), lumped-parameter formulation, radial convection is
initial conditions, and boundary conditions are trans- neglected, and radial diffusion in the heat and mass
formed by introducing stream function p (von Mises equations (Eqs. (3) and (4)) are represented by a flux
transformation [7]) as an independent variable, de- at the wall, (j"'%, in the case of species), as estimated
fined as O(p/Ox = -pro, and Opo/Or = pru. This facil- by the product of a transfer coefficient (hm or h,) and
itates the solution procedure by eliminating the con- driving force between the bulk and wall. These trans-
vective derivative in the radial direction and also fer coefficients are obtained either by correlation
satisfying the continuity equation automatically. The from experimental data or derived by solution of un-
solution strategy including the discretization tech- coupled energy and species equation with appropri-
nique, modified Newton method, adaptive gridding, ate assumptions and boundary conditions. This ap-
and adaptive x stepping are discussed in detail by proach is illustrated in Table 1 through derivation of
Markatou and coworkers [8,9]. It takes approxi- the dimensionless heat transfer coefficient (Nuh =
mately 11 h on an HP-735 to obtain the numerical hrE/2, f is the length scale defining the linear gra-
solution for a tube 13.5-cm long and a cold inlet ve- dient) for fully developed laminar flow in a tube with
locity of 170 cm/s. or without uniform heat generation in the bulk as-

suming a constant wall flux.

Plug-Flow and Lumped-Parameter Models: The dimensionless mass transport parameter is
called the Nusselt number for mass transport (Nu...

In the plug-flow model, there are no gradients in = hcf/Dj) or the Sherwood number (Sh). From
the r direction and isothermal, isobaric conditions heat/mass transfer analogy, the correlation developed
are assumed. In this case, the species equation is for Nuh can be used for Nuo, for equivalent bound-
given below: ary conditions (e.g., constant T or yi at the wall) pro-
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vided the concentration of species is dilute and no 1.0

reaction occurs in the gas phase. In the case of fully E Experiment, 510 amns

developed laminar flow in a tube with no generation . 8 •A Experiment, 170 cm/s
in the bulk, for constant wall temperature/con- Model, 170 em/s

centration, Nu ... Nu = 3.657, and for constant i 0.6
centraton No NParabolic- 510 em/s

wall flux, No.., i = Nuo; = 4.36. When homogeneous -
reactions of the diffusing species occur in the gas 0.4-

phase, the yp profile will be distorted, thereby in-
creasing/decreasing the diffusional flux at the wall. 0.2-

For this case, assuming a single reaction that is not *

highly exoergic, a correction factor F (reaction) can 0.01
be introduced such that 800 900 1000 1100 1200 1300 1400

Temperature (K)

Sh =No,,, = F (reaction)Nu,,.o. (11) FIG. 1. Comparison of model prediction and experimen-
efunction F (reaction) depends primarily on the tal data for CH3 CI conversion as a function of temperature

The for cold velocity of 170 and 510 cm/s.
Damkbhler number (Daon), which is the ratio of pre-

dominant transport and reaction timescales for re-
active species [10]. For a first-order homogeneous
reaction with rate constant k" thermodynamic and transport data were used from

the literature [4]. The gas-phase mechanism consists
Damn1/2  of 47 species and 240 homogeneous reactions. The

F (reaction) = sinh(Dam) (12) overall heterogeneous reaction was used as a wall
boundary condition in the parabolic model and prod-

where Daon = k"3 6,/Dj. This Damk6hler number ucts were assumed to be uniformly mixed across each

with respect to consumption of the diffusing species differential volume in the plug-flow model.

in the boundary layer is a function of the surface Figure 1 shows model predictions for conversion

reaction rate because the surface reaction products of CH 3Cl fuel in the catalytic reactor at velocities of

significantly accelerate methyl chloride conversion in 170 and 510 cm/s, along with experimental values

the gas phase. Researchers often use experimental obtained from the work of Hung et al. [1]. At the

data ofj" JA,. to obtain No,, from the following ex- slower velocity of 170 cm/s, there is no observable

pression: difference in prediction of species profile by the plug
or parabolic model, and as such, the "model" curve

= = J, h,,in Figs. 1, 3, 4, and 5 represents prediction by both
S( _ = No - D, .i- (13) models. At the lower velocity, the predictions of both

A,0.pD| [ - Y D, models compare well with the experimental data for
6,, 1 CH 3C1 conversion, slightly underpredicting at low

conversions. The models and experiment show sig-
where A,, and 6,,,, are the area and thickness of mass nificant (1%) CH 3C1 conversion occurring at 950 K
transfer boundary layer, respectively, across which with complete conversion achieved around 1200 K.
mass flux j diffuses; Di is the diffusivity; yi.' and At the higher flow velocity, a difference in prediction
Yj, are wall and bulk mass fraction of species i, re- between the plug-flow and laminar-flow models is
spectively. Care must be exercised while using cor- observed especially at the higher temperatures. This
relations for calculating transport correlations, as the was expected because the higher flow velocity yields
scaling often does not hold far from the conditions a shorter gas-phase residence time increasing the
(boundary conditions and bulk source/sink mecha- surface temperature required for gas-phase CH 3Cl
nisms) where the correlation was originally obtained, conversion. This increases the Damkbhler number
In many combustion problems where reaction and for the consumption of CH 3CI in the boundary layer
transport are strongly coupled, lumped-parameter because the reaction rate constant increases faster
models cannot be used. Note in the example in Table with temperature than the transport rate is increased
1, the Nul, derived depends strongly on the genera- due to a thinner boundary layer. At high Damk6hler
tion term. numbers due to transport limitations, both CH3CI

and surface reaction products exhibit steep radial
gradients, which are affected by reaction in the gas

Discussion of Results boundary layer. As a result, solution of the coupled
equations for momentum, species, and energy in-

The detailed gas-phase reaction mechanism used volving detailed transport mechanisms is required for
in this study was taken from our previous study of predictions of conversion and product selectivity in
noncatalytic oxidation of fuel lean CH 3CI [5]. Recent the overall reactor.
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At the faster velocity, both models predict a faster U 1150K 0 1050K A 1100K
decay than observed experimentally at higher tem- * 1 A 1175K 5 1200K
peratures. At a temperature where most of the pre-
dicted CH3Cl decomposition occurs through surface 100-
reaction, predictions of conversion and intermediate A
species are good for both flow velocities. The correct A- A
low-temperature predictions at both flow velocities 80. A
confirm that the surface decomposition reaction rate .0
used is accurate. The coupling between surface re- 6

action products and ignition in the gas phase, how- > 0 A * A
ever, is not completely described, as evidenced by g _ A
too fast of an initiation of gas-phase reaction for the U 40- AA EA
510 cmi/s case. The model and experiment both show A A
a region where the surface reaction rate is mass trans- m A A
fer limited, but gas-phase oxidation of the CH3CI is • 20 A •
not yet significant. Rate of progress analysis shows 0 AA^ 6 0
that during the initiation, for both velocities, most of A
the CH IC1 is decomposed through the hydrogen ab- 0
straction from CH1C1 by Cl atom. The uncertainty 0.00 0.01 0.02 0.03 0.04 0.05 0.06

in the rate constant used for this reaction at high
temperature and the sensitivity of the rate on the Cl Boundary Layer Thickness, cm

concentration may be a reason for faster initiation. A Fin. 2. CH 3 CI conversion for a mean residence of 25 ms
recently published paper by Huh et al. [11] also re- as predicted by the lumped-parameter model as a function
ports predictions of significantly early consumption of boundary-layer thickness 6,,; tube diameter = 0.158 cm.
of CH2CI, and CH3Cl + Cl was the major route for
CH3C1 consumption. They suggest increasing the
rate of H2 + Cl T HCl + H, which also would
improve our predictions. These authors used the lated conversion. It should be emphasized that apri-

mechanism of Senkan and coworkers [3a], which is ori estimation of the mass transfer coefficient for

substantially similar to the one used in this study with these conditions is only qualitatively possible because

the exception of the rates for the CH 2Cl + CH,2C the appropriate Damk6hler number to be used in

and CH 2C1 + CH3. These differences do not signif- Eq. (12) changes with the contribution from the sur-

icantly affect predicted initiation of the gas-phase face reaction (a function of both surface temperature

CH2 Cl consumption. Another possibility is that the and flow). For cases where the reaction is slow

surface reaction products vary with reaction condi- enough so that surface reaction products can be

tions. Model cases were run using C12 as the chlorine- transported to the bulk prior to significant consump-
containing surface reaction product. This assumption tion, lumped-parameter models can be used reliably.

delays initiation of gas-phase combustion for both ve- Unfortunately, this is not the case in many combus-
locities. In addition, C2H2C1 peak is underpredicted tion applications.
by approximately one order of magnitude at lower A key feature of the modeled system is the cou-

temperatures, and as a result, the C12 as a major prod- pling between surface and gas-phase chemistry,
uct is unlikely. Inclusion of C2H1C1 as a second car- which makes the gas-phase Damkdhler number de-

bon-bearing surface reaction product is possible, but pendent on surface reactivity. Figure 3 shows pre-

the surface formation mechanism and relative ener- dicted CH2Cl conversion for gas-phase chemistry
getics would imply C2H1C1 desorption as well, which only, surface reaction only, and with both chemistries
was not observed experimentally at low tempera- included in the model. Surface reaction products are

tures. Using C22H1C1 as a surface reaction product observed to significantly accelerate the gas-phase de-
along with C2H6 as a model boundary condition also struction of CH 3Cl. This coupling produces a test of
lowers the C2H6 prediction (refer to C2H6 section), the gas-phase model under conditions where C2

which is already underpredicted. chemistry is very important because of the high frac-

A model consisting of two annular plug-flow re- tion of carbon that goes through CH 2C1; thus, C2

actors linked using the lumped-parameter mass intermediates before oxidizing. The following section
transfer coefficient h,, (Eq. (13)) was used to examine discusses a rate of progress analysis for stable prod-

the effect of transport on conversion and product se- ucts and compares experimental and model predic-
lectivity for this reaction system. Figure 2 shows cal- tions, highlighting areas requiring further study.
culated CH2C1 conversion for a range of surface tem- CO and C0 2:
peratures as a function of mass transfer
boundary-layer thickness 6,, = D/Nu,. As shown, Figure 4 shows experimentally measured CO and
the flow/transport can significantly affect the calcu- CO 2 concentrations and model predictions. A peak
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0.005 .CO + OH = CO 2 + H (R1)

. 0.004 CO + OCI = CO 2 + Cl. (R2)

aw 0.003 - Wall& Gas Rxn This observation is consistent with earlier studies
- Gas Rxn [4,5]. At low temperature, CO is created mostly by

0 .0WallRxn the following reaction:
HCO + 02 = CO + H02. (R3)

0.001
U

The model prediction of peak CO concentration is
0 in agreement with the experimental data, but the
800 900 1000 1100 1200 1300 slower decay of CO and consequent increase in CO 2Temperature predicted may be due to oxidation of CO by the Mn-

FIG. 3. Comparison of predicted CH3C1 profile as func- based catalyst, which is not accounted for in the ki-
tion of temperature for gas chemistry only, surface reaction netic mechanism.
only, and with both chemistries for the cold velocity of 170
c/ns. Methane (CH 4):

As illustrated in Fig. 4, the model overpredicts
CH 4 concentration by a factor of 2.5, and the peak

8000 .... .. . predicted concentration occurs earlier in tempera-
S Experiment CO2 ture than experimentally observed. Lower yields of

= 6000 U Experiment, 100"CH4 CH 4 were measured in the Mn reactor than in the
. --- Model, 100"CH4 noncatalytic alumina reactor [5]. The concentrationS•-0 Model C02 /

S erimoel CO *O profile for CH 4 over the Mn-based catalyst has a

broad maximum (of -30 ppm), while the CH 4 con-
S2000 centration profile measured in the noncatalytic alu-

A A mina reactor has a sharper peak at -1300 K (maxi-
0 mum of 70-80 ppm). Progress variable analysis

shows that CH 4 is mostly created by the following
-2000 . .two reactions:

800 900 1000 1100 1200 1300
Temperature

CH3 + HC1 = CU 4 + Cl (R4)
FIG. 4. Comparison of model prediction and experimen-

tal data for C1 compounds as function of temperature for CHCl + CH, CH 2Cl + CH 4. (R5)
the cold velocity 170 cm/s.

At lower temperatures, reactions (R4) and (R5) con-
tribute equivalently toward CH 4 formation. At tem-
peratures above 1200 K, however, CH 4 formation

CO concentration of -4000 ppm was measured from mostly takes place through reaction (R4). Decom-
the Mn-coated tube, which represents nearly 90% of position of methane mainly takes place through the
the carbon in the system (inlet CH3Cl concentration following two abstraction reactions:
of 4600 ppm). CO persisted at temperatures well
above that required to achieve complete conversion CH 4 + 0 = CH, + OH (R6)
of CH3Cl, and the measured concentration of CO2
increased significantly (above 10%) only after com- CH4 + OH = CH3 + HO2. (R7)
plete conversion of CH3 CI at temperatures above
1200 K. These trends are predicted well by the ki- This explains the broad maximum in the lower-tem-
netic mechanism used in the model and is in contrast perature catalytic reactor where 0 and OH concen-
to the rapid formation of CO 2 well before complete trations are relatively low.
combustion of fuel CH 3Cl in a noncatalytic alumina
tube used in our earlier study [5]. This contrast can Vinyl chloride (C2H3Cl):
be explained in terms of the slower oxidation rate of
CO by reactions (RI) and (R2) (below) at the lower Experimental and predicted vinyl chloride
temperature of reaction in the catalytic case. Pro- (C2H3CI) concentration profiles are plotted in Fig. 5.
gress variable analysis shows that CO is primarily C2H3Cl is the first reaction intermediate measured
converted to CO 2 through the following two reac- as temperature is increased. Only the assumption
tions: that Cl is produced from a surface reaction correctly
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500 Ethane (ClH6 ):
* Experiment C2H3CI

--0-- Mode! C2113C1
400 ---- Model C2Hl / The most dramatic difference in the C2 concen-

A Experiment C2H6 tration profiles between the Mn catalytic reactor and
--- Model C2H4 / the alumina noncatalytic reactor [5] is the signifi-

S300 •* Experiment C2114 cantly higher C 2H6 production observed over theUt Experiment C2H2

r -- D"Model C212 Mn-based catalyst. Figure 5 shows the experimen-
200 tally determined ethane profile and the model

.prediction. The model predicts a peak concentration
0.

100 of 125 vs 150 ppm, observed experimentally. The
/A

ANý C 2 H6 concentration does not reach detectable con-
0 centrations in the noncatalytic reactor. The high con-

950 1000 1050 1100 1150 1200 1250 1300 centration of C2 H6 produced in the Mn reactor is
Temperature consistent with the low conversion studies, which

FIG. 5. Comparison of model prediction and experimen- demonstrated that the role of the Mn-based catalyst

tal data for C, compounds as function of temperature for is to break the C-Cl bond in CH3CI, resulting in

the cold velocity 170 cm/s. surface production of ethane and C1 radicals. Alter-
nate assumptions that CH 3 and C1 or C2H3CI and
HCI are produced by surface reaction instead of
C2H6 fail to predict the C2H-6 profile experimentally
observdb vra re fmgiue

predicts the trend of C2H3 C1 formation at lower tem- rved by over an order of magnitude.

perature and the magnitude of the peak concentra-
tion. Assumption of C2H3C0 and HCI as surface re-
action products both overpredicts C2H1C1 and Ethylene (C2H9):
seriously underpredicts C2H16 (refer to C2H6 section).
Model predictions of the C2H3CI concentration pro- Peak C2H4 concentrations of -70 ppm (Fig. 5)
file are in satisfactory agreement with experimental were measured from the Mn reactor. The model
measurements. A higher peak concentration of profile shown in Fig. 5 overpredicts the C2H4 con-
C2H3Cl (220 ppm vs 140 ppm experimentally ob- centration by a factor of nearly 3. Since in the
served from Fig. 5) was predicted with a peak con- noncatalytic case [5] all of the kinetic models used
centration at slightly lower temperatures than exper- overpredicted the magnitude of C22H4 as well, the
imentally observed. Sensitivity and rate of progress difference between model and experimental mea-
analyses show that vinyl chloride is mainly produced surements is due to uncertainty in the rate constants
by the activated pathway of methylene chloride re- for C2 compounds in the presence of chlorine. It
combination reaction (R8) and unimolecular decom- should also be noted that C2 selectivities are greatly
position of 1,2-C 2H4C12 (R9). affected by the recombination steps of CH 2Cl with

itself and with CH 3 and that the relative concentra-
CH 20C + CH 2C1 = C2H3 C1 + HCl (R8) tion of these species is affected by the chlorine rad-

ical concentration. The problem in the overpredic-
tion of C2H 4 is more pronounced in the catalytic case

1,2-C2 H4C12 = C2HCl + HC1. (R9) than in the noncatalytic case (and for ultralean con-
ditions vs rich conditions) because a larger fraction
of the carbon goes through the CH2 Cl intermediate,

Acetylene (C2HJ): which is destroyed predominantly through C2 chan-
nels. Other models for CH3C1 oxidation in the liter-

A peak C2H2 concentration of slightly over 200 nesOtrmolsfrC3oxdininheie-
ppme(Fig.k5) was measuretion th Mnightubey s omr 0 ature [3,4] result in significantly greater overpredic-ppm (Fig. 5) was measured in the Mn tube as com- tio .n of ethylene for both in our catalytic and

pared to the model prediction of 310 ppm (Fig. 5). to fehln o ohi u aayi nThe model predic the persistence of C3HF noncatalytic experiments. The main difference in
Temdlcorrectly predicts teprieneO 2 these models that affects C2H4 predictions is in theafter most of the other intermediate species (except

CO and C2116) decreased below detectable limits at parameters used for the QRRK/RRKM analysis of
1225 K. This is explained by the formation of C21H2  the recombination steps of CH2C1 with itself and
late in the reaction pathway through decomposition with CH3 .The greater overprediction of C2H4 in the
of C2H3C1 combined with reaction of C,2H3 + 02 = catalytic case may be a result of a surface oxidation
C21H2 + HO2 (reaction (RIO)). Rate of progress cal- step. Although this catalyst is not active for C22H6 or
culations from the model confirmed this and also CH 4 oxidation (consistent with C2H6 desorption) it
showed that the major reactions for destruction of shows some activity for oxidation of C2H4 and higher
C2H2 are activated reactions. alkanes.
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Optimal, active control of a model industrial, swirl-stabilized, natural gas-fired burner is considered as
a strategy to attain and maintain low flue-gas NO, concentration ([NO]) and high combustion efficiency
(q,), simultaneously. A performance index, J, has been defined such that the maximization ofJ correlates
to optimal burner performance, with respect to [NO,] and qG. Two parameters, swirl intensity (S') and
excess air (EA), known to affect the value ofJ, are made amenable to control and incorporated as variable
burner inputs. The two measurable burner outputs, [NO,] and q_, are continuously monitored via a bank
of extractive probe emission analyzers, similar to those proposed for industry as continuous emission
monitoring systems (CEMS). The settings of EA and S' are automatically adjusted by a specialized search
algorithm in order to maximize the performance index, thereby optimizing q,. and [NO.]. Two fundamen-
tally differing search algorithms are explored. The first is a variation of Powell's direction-set method and
incorporates a simple hill-climbing, line-maximization technique. The second technique uses the genetic
algorithm analogy, which works in parallel from a population (set) of burner inputs and associated fitness
(performance index) values in order to generate more highly fit (better performing) populations. The
control scheme is shown, in both cases, to increase overall burner performance. Advantages and disadvan-
tages to each of these algorithms are identified and discussed. While promising, a robust practical appli-
cation of optimal, active control will benefit from a refined and more mature search technique, possibly
including a hybridized combination of one or more methods.

Introduction emission and yield the highest combustion efficiency.
Typically, however, conditions for which the highest

In the combustion ofnatural gas for heat generation efficiency is obtained are not the same conditions
in industrial and commercial applications, a major where low NO, emission can be found, and vice versa
consideration is the flue-gas minimization of nitric ox- [4]. Also, the control of a practical burner is usually
ide (NO) and nitrogen dioxide (NO2 ), collectively re- in the hands of an expert, human operator who ad-
ferred to as NOr. The current driving force in the justs the burner according to his or her notion of how
United States is the Clean Air Act of 1990, which lim- a "good" reaction should look. Further, optimal
its the amount of NO, allowed to be released into the burner operating conditions can be subject to both
atmosphere annually [1]. The concern with these pol- changes initiated by an operator or process control
lutants is their role as precursors in urban photochem- system (e.g., modifications in fuel load, fuel type, or
ical oxidant ("smog") formation [2]. Indeed, in the Los burner geometry), as well as subtler changes in fuel
Angeles Air Basin (where geography and a remarkable composition or changes caused by degradation of
population of both people and automobiles make air equipment. Even assuming an expert operator could
quality a special concern), local regulations are even find the optimum operating conditions for any sensed
more strict than the national standard [3]. change in boundary conditions, it is conceivable that

In addition to the reduction of NO, emissions, an- there could be changes unsensed by the operator
other goal in commercial and industrial heat gener- (thereby shifting the optimum operating condition)
ation is the maximization of combustion efficiency, for which no action would be taken.
The driving force in this case is the association of A continuous, active, optimal control scheme
higher combustion efficiency with overall thermal ef- would, in principle, address this issue. The objectives
ficiency and, therefore, lower operating costs. Even of the present work explore the application of such
a fraction of a percent in overall thermal efficiency a scheme to minimize NO, formation with the con-
can equate to substantial savings in fuel costs. comitant attainment and maintenance of high com-

Optimally, then, a natural gas burner would op- bustion efficiency in a model, industrial, natural gas-
erate at conditions that produce the lowest NO5  fired burner. The first objective is to identify

307
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parameters that (1) are amenable to control, and (2) been made to maximize combustion efficiency of a
affect NO, formation and combustion efficiency. The model gas turbine combustor with an active control
second objective is to develop a methodology, in- approach [10], but never has the optimization of both
cluding a strategy for measuring combustion effi- efficiency and pollutant emission been attempted
ciencv and NO, concentration in the exhaust gases with anything but passive control strategies.
and the ability to actively articulate the parameters Parametric studies were performed on the model,
identified as control inputs. The final objective is the industrial burner [4]. NO1 concentration corrected
integration and comparison of appropriate search to 3% 02 by volume in the flue gas (hereafter noted
and optimization techniques. as "[NOj") and combustion efficiency (17,) were de-

termined across a range of stable excess air (EA) and
swirl intensity (S') values, for several different nozzle

Approach geometries. Swirl intensity is given by

Methods for the control of NO1 emission can be S' 2'SA'At (__(1)2
separated into two groups according to whether they 7r0' da" 1R \rho± rh(
are performed during or after the combustion pro-
cess. Technologies in the first group aim to prevent where r' is mass flow rate. The subscripts 4 and a
the formation of NO,, while postcombustion controls refer to the swirl air stream and the axial air stream,
seek to destroy or remove oxides of nitrogen from respectively. The term Sg is the geometric swirl num-
the exhaust gases [5]. The definition of "control," in ber, as defined by Feikema et al. [11], where At is
this context, is simply the reduction or prevention of the total area of the tangential (swirl) inlets, r0 is the
NO1 emission into the atmosphere. In the context of radius to the tangential inlets, and d, is the throat
the present investigation, "control" is expanded to diameter. Both EA and S' are calculated from knowl-
include the slightly broader notion of manipulating edge of the inlet air and fuel flow rates.
burner inlet parameters in order to optimize overall A database of burner performance was established
performance of a burner, with respect to NO, emis- for a variety of nozzle geometries across the range of
sion and combustion efficiency, lean excess air and swirl intensity values, where each

Currently, practical control of NO, in natural gas- nozzle could be operated with a stable reaction. Fig-
fired burners is limited to either modilying equip- ure 1 is a plot of selected [NO.] and il, results as a
ment (e.g., retrofit with low-NO, burners, flue-gas function of excess air and swirl intensity for a typical
recirculation, overfire air, staged combustion) or nozzle geometry. As this figure shows, NO, concen-
modifying operating conditions (e.g., low excess air, tration tends to increase along with combustion ef-
off-stoichiometric combustion, burners-out-of-ser- ficiency. Conditions do exist, however, where [NO1]
vice, biased burner firing). While each of these tech- is relatively low and q, remains relatively high [4].
niques has been shown to be effective in reducing The qualitative idea of "peak" burner performance
the emission of nitrogen oxides, none is designed to must be defined in quantitative terms, based on a
react to changes in combustion operating conditions tradeoff between [NO.] and qr_, in the form of a per-
[6]. In other words, these methods are passive. formance index, J. This performance index then be-

The present approach involves modification of comes the variable that is maximized by the control-
combustion operating conditions and is of an active ler, indirectly optimizing NO1 concentration and
nature. The controller responds to a set of input vari- combustion efficiency.
ables (i.e., NO, concentration in the flue gas and The shape of a particular performance index is a
combustion efficiency) by adjusting a set of some design decision and is defined based on the relative
output variables (i.e., parameters known to affect the importance assigned to each measured parameter. In
input variables) in order to optimize the input set. the case of the present experiment, performance is

Active control of combustion processes is only re- defined in terms of combustion efficiency and NO,
cently beginning to be explored. In combustion- concentration and is assigned the following form:
based propulsion systems, studies are addressing the
control of pressure oscillation (an indication of insta- J = w,.g(q,) + wtNoQif([NOx]) (2a)
bility and performance degradation) [7]. An optimiz- -(___ 4

ing, active control strategy has been performed with 1 - 0.75" [NO1]
some success using pressure oscillations and volu- " [NO-]limiJt
metric heat release of a dump combustor as control-
ler inputs [8]. In the area of active control of natural [NO]l • [NOx]iimit

gas burners, very little has been done, especially with f([NO1 ]) =

respect to optimizing pollutant emission. Closed- (1 - 0.75)[
loop control of the fuel-to-air ratio has been per- [NOx]ma - [NOx]iimit'
formed on a natural gas-fired boiler using an infra-
red-radiation-based sensor [9], and an effort has [NO.] > [NO1 ]limit (2b)
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(7c - 17cmin 1 (2c) permitted NO, emission limit for a particular burner
(100% - r/c,min/ plcainThe performance index, thus defined, is shown

where w,, and w[No,] are positive weighting factors graphically in Fig. 2 for one of the nozzles across the
that sum to one. The terms [NO,]max and qjcmin are range of stable excess air and swirl intensity values.
set according to the ranges expected for a particular Note from Eq. (2) that the performance index, J, is
burner geometry. The definition of the efficiency bound between 0 and 1 and increases monotonically
function term is such that an increasing reward (i.e., with both a decrease in NO, concentration and an
an increase in J) is applied as combustion efficiency increase in combustion efficiency. Optimal perform-
increases. The [NO.] function is slightly more com- ance of the burner would correspond toJ = 1, where
plex, with the performance index decreasing until q,• is 100% (1.00) and [NO] is zero. As combustion
[NO.] surpasses a user-defined limit, [NOjimirit, be- efficiency approaches c',min and NO, concentration
yond whichJ decreases linearly to [NO,],, The pur- approaches [NO] .... J approaches 0. Hence, the re-
pose of this piecewise definition off([NO,.) is to im- sponsibility of the controller (which has no knowl-
pose a high penalty onJ above [NO]Ilimit and a rapidly edge regarding the shape of the performance index
decreasing penalty for measurements below this surface) is to evaluate J at the current EA and S'
limit. In other words, the contribution fromf([NOj]) setpoint, compare this value with past performance,
to J is high as long as the measured NO, concentra- and determine a new setpoint such that the perform-
tion is below the specified limit. The value of ance index, J, approaches a maximum. This region of
[NOx]ljmit can have practical significance, such as the maximum J is indicated on Fig. 2 in a clear band and
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FIG. 3. Figurative representation of components in the Swirl Air

active control loop. Fuel and air mix and react in the Four Tangential Jets
burner, the object under control. The sensor samples spe-
cies concentrations in the exhaust and calculates combus-
tion efficiency (it,,), and NO, concentration corrected to 3% xial Air Plenum
0, ([NO,]). These values are sent to the controller, which
evaluates burner performance, J, and determines the ex-
cess air (EA) and swirl intensity (S') setpoint, which are
then sent to the airflotv generator. IAxial Air

is defined as the region of desired, or "good," per- Natural Gas
formance.

Using excess air and swirl intensity as the two input FIc. 4. Model industrial burner.
parameters, a control scheme having four distinct
components was developed, as figuratively depicted
in Fig. 3. The burner component is the object under angle and fuel nozzle, and the ability to alter the
control, the performance of which is the subject of aerodynamic characteristics by varying the amounts
this study. The sensor must convert information in of axial air, swirl air, and secondary (dilution) air.
the exhaust gases into [NOt] and i/, signals for input The burner exhausts into an octagonal furnace en-
to the controller. The airflow generator is respon- closure, the walls of which may be configured to im-
sible for reading EA and S' signals output by the pose variable exit boundary conditions including heat
controller and adjusting the axial and swirl air mass loading and downstream flow-field geometry. These
flow rates accordingly. The final, and most important, walls may also be replaced with transparent windows

component in the current approach is the controller, to facilitate laser diagnostic techniques being per-
which consists of an algorithm having the general re- formed in parallel with the experiment presented in
sponsibility of continuously searching the space of this paper.
EA and S' in order to optimize the output variables, For the current experiment, the nozzle geometry,
[NOx1 and ii. furnace geometry, fuel load, quarl angle, and sec-

ondary air flow rate are held constant. The only pa-
rameters varied for the purpose of active control are

Experiment axial air flow rate and swirl air flow rate.

This study makes use of facilities already in place
at the UCI Combustion Laboratory [4], as well as Sensor:
additional equipment incorporated into the test In the present study, an extractive probe tech-
stand specifically for the present work on active con- nique, similar to the type used as continuous emis-
trol. The experiment performed is best described sion monitoring systems (CEMS) in the burner in-
with respect to the four components introduced in dustry, is employed to measure the concentrations of
the previous section and figuratively represented in carbon monoxide ([CO]), carbon dioxide ([C0 2]), hy-
Fig. 3. drocarbon species ([HC]), oxygen ([02]), and nitro-

gen oxides (the uncorrected sum of [NO] and [NO2 ],

Burner: [NO.measured) in the flue gas. A fraction of the ex-
haust gas is continuously removed from a well-mixed

Figure 4 provides a cutaway view of the model, portion of the stack. The sample stream is then di-
natural gas-fired burner. The reaction is up fired and vided and fed to each of five species concentration
swirl stabilized, and the nominal fuel load rating is analyzers. One hundred samples are taken over a pe-
30 kW (100,000 Btulh). Features making this burner riod of 20 s at each setpoint. The average absolute
valuable as a research tool include a variable quarl NO-, signal, [NOx]measured, is converted to a value that
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is corrected to 3% oxygen by volume in the exhaust In this study, the controller is more aptly described
gases, [NO]. Combustion efficiency is calculated as as a specialized search and optimization algorithm,
well, using the heat and carbon contents of the fuel, the description of which has thus far been kept in-
along with averaged [CO], [CO], and [HC] values. tentionally general. The purpose of this generality is
Care is taken to preserve the integrity of the sample to allow flexibility in implementation of a search al-
between extraction and analysis points. gorithm, of which there are many to choose. In this

[NO.] and q, are measured by the sensor and sent way, different optimization algorithms can be incor-
to the controller. The controller, in turn, uses these porated into the controller, and the efficiency of one
values, along with previous performance index values can be compared with the performance of another.
and its specific search algorithm, to determine Several techniques have been identified as holding
changes in EA and S' values, which are then sent to promise in this approach, two of which are explored
the air flow generator. in this work: a direction-set algorithm and a genetic

algorithm [12,13,14]. Search techniques were se-

Air Flow Generator: lected based on their satisfaction of several require-
ments for application to a combustion system. These

The heart of the air flow generator involves a mag- include the following: (1) applicability in multiple di-
netic actuator valve and a mass flow sensor in each mensions; (2) lack of dependency on an underlying
of the two combustion air paths (swirl and axial). model describing the process; (3) concern for per-
,Each valve and sensor package is referred to collec- formance values at a given point (or set of points)
tively as a mass flow controller (MFC). Each MFC only, without requiring a database or look-up table
reads a setpoint in the form of a DC voltage, linearly of performance index values; and (4) the ability to
proportional to the desired mass flow. Internal to function within a constrained search domain. Specif-
each MFC is a closed-loop controller that adjusts the ically, the search domain is constrained by the line
valve such that the sensor output voltage agrees with EA = 0 (fuel-rich operation is not permitted) and by
the setpoint voltage, empirically determined stability limits.

The software aspect of the air flow generator con-
sists of a simple conversion from excess air and swirl
intensity values (received from the controller) to volt- Direction-set method
age setpoints. The total air flow required, aiito, is de- The first technique implemented in this study, and
termined using the theoretical fuel to air ratio of nat- the simpler of the two, is a direction-set method. The
ural gas, the fuel load, and the desired excess air algorithm is based on and adapted from Powell's
value (EA). Given mtot and swirl intensity (S'), the method in two dimensions [13]. The basic procedure
swirl air flow (rh,) and axial air flow (hal) values are is described as follows: Given an initial starting point
extracted and converted to voltage setpoints. (Si', EAi, i = 0), maximize J along some initial direc-

tion, a,. Call that point (S, '1, EAi,+). From there,

Controller: search along a direction perpendicular to the initial
direction (aiI = ai + 7/2) for the maximumJ. Call

In general, the controller is designed to continu- that point (Si', 2 , EAi+2). Now, maximize J along the
ously receive inputs in the form of [NO] and q,, and line passing through the two points (Si', EAi) and
determine new EA and S' outputs, improving per- (Si'+2, EAi, 2 ). Call the new point (Si'+3 , EAi+ 3), let
formance of the burner over time. a,+ 3 = a, + 7r/6, increment i by 3 and repeat.

NO, concentration and combustion efficiency val- In this way, the third line search is always in the
ues are time-averaged at steady-state conditions for direction of the greatest increase in j achieved by the
a given excess air and swirl intensity setpoint. The first two line searches. The reinitialization of the
steady-state values of [NO.] and zy, are used by the search direction every three iterations ensures that
controller to evaluate performance at the present EA convergence to a single path does not occur. Each
and S' setpoint based on the value of the perform- time J is maximized along a particular direction, a
ance index, defined above, which defines a trade-off separate, line-maximization routine is followed. This
between the real values of concern. subalgorithm uses a simple hill-climbing search,

An important note is that the controller compo- where the search variables, S' and EA, step along the
nent in this experiment does not perform control in search direction until the performance index, J,
the classical sense. Classical control presupposes ceases to increase. A hill-climbing technique is em-
some form of analytical or numerical model of the ployed in this initial approach for one reason: By ex-
process under control. The failure of classical control amining the character of the J surface (Fig. 2), it
techniques to be applied to the control and optimi- appears to be essentially unimodal with respect to
zation of practical combustion processes lies in the swirl intensity and excess air, therefore ensuring that
lack of any sort of practical, computationally simple the first maximum along any line is the global maxi-
model defining a relationship between inputs and mum on that line. However, this technique has a
outputs. drawback in that it will always converge to the first
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S', swirl intensity
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iteration performance history (b).

maximum encountered and therefore will most likely intensity are coded as 10-bit binary strings, with the
not reach the global maximum in a multimodal re- first five bits representing swirl intensity, and the last
sponse surface. five bits representing excess air. Population size is

limited by the time required to measure performance
for a single individual, and is set to 12 in this study.

Genetic algorithm A crossover probability of 50% was chosen to ensure
The genetic analogy can be a powerful search vigorous reproduction, and the mutation probability

technique [14]. Based on natural selection mechan- was set at 10%.
ics, the description of this method requires language
borrowed from that field of study. The algorithm Results
starts with a population of individuals. An individual
consists of a binary string coded so as to represent a Figure 5 illustrates a representative performance
single point in EA and S' space. The fitness of each history from the direction-set method. Beginning at
individual (its scaled performance index value) is 3.0% excess air and a swirl intensity of 0.44, J is max-
evaluated, and a new population is produced based imized along the initial direction, a0 = ll1r/6. Search
on the previous generation's fitness. Individuals are continues along a, = nr/3 (a0 + 7r/2), where J is
selected for reproduction according to each one's fit- maximized in the region of "good" performance. At
ness: Individuals with higher fitness have a better this point, after 15 iterations, J reaches a value of
chance of reproduction. Each binary string individual 0.893. The search proceeds and converges around S'
selected for reproduction functions as a chromosome = 0.53, EA = 17%.
and may undergo crossover with its mate based on a Figure 6 displays a typical performance history
finite probability that crossover will occur. In addi- generated by the genetic algorithm technique. The
tion, each allele, or character in the binary string, has distribution of the individuals in the first generation
a small probability of mutating (changing from a 1 to is initialized uniformly across the search domain. Fol-
a 0 or vice versa), lowing fitness (performance) evaluation of the first

The particular coding utilized, the number of in- generation, reproduction and crossover produce the
dividuals per population, and the probabilities se- second generation, which is more fit than its prede-
lected for crossover and mutation all can have an cessor. Indeed, as Fig. 6 shows, both the minimum
effect on the efficiency of this algorithm. Selection and the average performance index values increase
of these parameters was based on engineering judg- with each successive generation. By the fourth gen-
ment and rules of thumb developed in the field of eration, most of the individuals lie clustered about
genetic algorithm research [14]. Excess air and swirl the point S' = 0.53, EA = 17%.
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the two techniques is appropriate, pointing out the

0.25 a - strengths and weaknesses inherent to each.""" " min: .575

0 max: .892 The direction-set method attains operation in the
0.20 -------- region of "good" performance in 15 iterations. Once

a peak is reached, the controller does not deviate01 Ufrom this location, and performance flattens out. The
0.10 algorithm is shown to maintain operation in a region

of "good" performance. However, there is no guar-
0.05 0antee that the peak reached is the global peak. This

-0 -agregion happens to be the only peak across the sur-
0.25: .833 face, but every system is not guaranteed to be as

m min: .612 unimodal.
Smax: .900 The genetic algorithm, by virtue of its initialization0.20 -• !• :: ..- • i< . .

2'0 :across the entire stable region, visits areas of "good"
"015 . .performance relatively early, but does not converge

significantly until the fourth generation, which is rel-
0.10 , - atively late compared to the direction-set results.

0.05 --- However, confidence that this final point is a global
maximum is higher, because the algorithm effectively

0.00 4 searches the entire surface, while the direction-set
J=- technique only searches along a narrow line. A pri-

m0in: 678 mary drawback to the genetic algorithm method of
0.20 ------------ search is in the area of maintenance. Even after the

*) ' fourth generation, excursions far from the region of

0.15 -- --------------- -- "good" performance occur, as individuals continue to
mutate.

l, - In this particular demonstration, the direction-set
- 0 ialgorithm seems to be a better method of optimizing0.05:: -------- performance. However, for a general system, where

0.00 -multiple extrema may exist, the genetic algorithm
0-avg .871 would seem to have a clear advantage. An even better
man .796 solution may lie in the hybridization of these two

0.20: 0 -z' I-- -.-. techniques, where, for instance, a genetic algorithm
: -'. 2 . locates the area of the global maximum, and hands

0.15 ... .. over control to the direction-set method, which seeks

0.10 .out and maintains operation on the local peak.
The time between performance evaluation itera-

oo5 - :, tions is limited, in the present case, by the time re-
quired to obtain a stable extractive probe measure-

0.00 ment. While the controller has a response time on
0.40 0.44 0.48 0.52 0.56 0.60 0.64 the order of milliseconds, the extractive probe sensor

S', swirl intensity has a response on the order of 1 min. The extractive

FG. 6. Representative genetic algorithm search results, probe would be suitable for boiler and furnace ap-
plications where (1) load changes occur on the order

Each graph represents a single population of 12 individuals of hours, and (2) continuous emission monitoring sys-
(points). Successive generations converge to the region de- tems (CEMS) are installed by regulatory mandate.
fined as "good" performance. Number of individuals in a However, a more rapid response sensor technology,
cluster is indicated where markers overlap. Average, min- if available (e.g., laser-based detection of CO and
imum, and maximum performance index values are listed NO), would reduce the time between iterations by
as well. two orders of magnitude.

Sey.qral. -interesting observations may be drawn Conclusions
from these results. First, they demonstrate that an
active, optimal control scheme can lead to improve- Industrial sources of air pollutants in urban areas
ment in overall burner performance with respect to will be required in the future (1) to attain and main-
combustion efficiency and NO, emission. The time tain low NO, emission, and (2) to do so without sac-
between performance evaluations is essentially the rificing high combustion efficiency. The present
same for both techniques, so that a comparison of study addresses these needs with an optimal, active
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control approach. The investigation of active control sessment Handbook (J. Rau and D. Wooten, Eds.), Mc-
leads to several conclusions: Graw-Hill, New York, 1979, pp. 3-1-3-165.
1. Optimal, active control is a viable method for at- 3. Rule 1146.1, Emissions of Oxides of Nitrogen from

1 ptanimgal, macnti g lSmall Industrial, Institutional, and Commercial Boil-
taining and maintaining low-emission, high-effi- ers, Steam Generators, and Process Heaters, South

ciency performance of a natural gas-fired burner.
2. Active control methods have the advantage of Coast Air Quality Management District, amended July

adapting to changing load, particular burner idio- 10, 1992.
syncrasies, and changes in system performance 4. Miyasato, M. M., and Samuelsen, G. S., Combust. Sci.
over time. Technol., submitted.

3. A trade-off can be defined between combustion 5. Sarofim, A. F., and Flagan, R. C., Prog. Energy Corn-

efficiency and NO, concentration in the form of bust. Sci. 2:1-25 (1976).

a performance index. This index can then be used 6. Summary of NO, Control Technologies and Their

as a viable search criterion. Availability and Extent of Application, U.S. Environ-

4. The two search techniques explored in this study mental Protection Agency, Research Triangle Park,
have advantages and disadvantages, and a gener- NC, Publication No. EPA-450/3-92-004, February
ically applicable, robust approach will likely in- 1992.
volve a combination of two or more optimization 7. McManus, K. R., Poinsot, T., and Candel, S. M., Prog.
methods. Energy Combust. Sci. 19:1-29 (1993).

5. The sensor technology adopted for the present 8. Padmanabhan, K. T., Bowman, C. T., and Powell, J.
application is readily adaptable to the CEMS re- D., Western States Section of the Combustion Institue,
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The control inputs are also easily implemented. CA, 1993.
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COMMENTS

Roman Weber, International Flame Research Founda- Author's Reply. We recognize that swirl intensity and
tion, The Netherlands. Your experimental burner incor- excess air may not always be practical as inputs to a com-
porates both inlet swirl and excess air ratio as two variables bustion control scheme. Likewise, [NO.] and q, may not
to control NO, emissions. In the industry, NO, emissions always be the output parameters of concern in all systems.
are controlled by either air or fuel staging, recirculation of However, we feel the approach presented in this paper can
flue gas from the furnace exhaust back to the burner, or by be applied to any system, simply by changing the perform-
enhancing on entrainment of combustion products into the ance index to reflect the output quantities that are of in-
flame. Do you have plans to develop and test NO, control terest and by incorporating inputs that can be controlled
strategies for these techniques? in a particular system. The key is that the input parameters
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on which a control algorithm searches must have some ef- bustion is complete. In a practical system, however, it
fect on the output parameters that are under control, might be more reasonable to simply monitor CO emissions,

As an example, consider a scheme to control NO, emis- as an indirect measurement of combustion efficiency. In-
sions and overall thermal efficiency, lh, on a system that deed, it is [CO] in the exhaust that typically falls under
incorporates flue gas recirculation. The same approach to government regulation, as opposed to combustion effi-
control as that presented in the paper could be taken. In ciency. Again, the control scheme presented here could
this case, the performance index would be a function of incorporate any parameters that were deemed important
[NO,] and qi,, and the search variables would be related to into the performance index.
recirculation of the flue gas (percentage recirculated, etc.).
The point is that this optimization scheme may be applied
to any system where there are system variables that can
stand some adjustment, as long as those system variables Anthony Hamins, National Institute of Standards and
have an effect on the performance index (output variables). Technology, USA, The careful measurements that were

We are currently investigating the incorporation of other presented showed that the combustion efficiency (iq) has
burner parameters (inputs and outputs) into the control values ranging from near unity to approximately 80%. De-
strategy introduced in this paper. termination of q, requires independent measurements of

CO, CO2, hydrocarbons, and 02. What was the total un-
0 certainty in the q, measurement? Were the measurements

normalized to obtain near unity t7,? Did the calibration
R. T. Waibel, John Zink Co., USA. It is important to scheme somehow insure a near unity q,, value under certain

include the effect of excess air when considering efficiency. conditions?
This could be done by minimizing excess oxygen as well as
NO,, CO, and unburned hydrocarbons. In addition, the Author's Reply. Combustion efficiency, q,, was calcu-
measurement and control might be simplified by eliminat- lated based on the concentrations of CO, CO, and hydro-
ing the measurement of unburned hydrocarbons. Practical carbons in the stack, and with knowledge of the composi-
experience shows that minimizing CO also minimizes un- tion of the fuel (carbon content, higher heating value). The
burned hydrocarbon emissions, actual equation used is adapted from an equation pre-

sented hy Goodger [I]:
Author's Reply. We agree that the effect of excess air is

important. Excess air affects many output parameters in a Cf [[CO]- Ah
combustion system. In this paper, the effect of excess air [HC]= 1 - ff LH
on NO, concentration ([NO,]) and combustion efficiency [HC]

(qt) has been shown. Excess air certainly has an effect on
other output parameters, including volumetric heat loading where Cf is the fraction of fuel-bound carbon, C,,, is the

(which may be measured as the spatial temperature distri- total measured fraction of carbon in the exhaust products,
bution of a reaction). This will be directly related to the and [CO] and [HC] are the measured fractions of carbon

thermal efficiency of a system. For a given system, mea- monoxide and hydrocarhon species, respectively. The Ah

surement of excess oxygen can be an indirect measurement term is the difference in the enthalpies of converting C to

of the system's thermal efficiency. In a system where a CO2 and C to CO (the energy lost due to the incomplete

compact, high-temperature reaction is desired, it may then conversion of CO to CO,). Finally, the term HHV is the

be desirable to minimize excess oxygen. In such a system, measured higher heating value of the natural gas.

this would be equivalent to optimizing thermal efficiency. The total uncertainty in the calculation of i/, is a function

In the experiment presented in this paper, two param- of the uncertainty in each term's measurement. This

eters have been optimized, [NO,] and q,• The thermal ef- ranged from 0.40 to 0.66%. The calculated values of it, are

ficiency, 'inh, of our system could be defined, and this pa- absolute values (i.e., the measurements were not normal-

rameter could be included in the definition of the ized). A value of unity was not insured under any condi-

performance index. In this way, thermal efficiency could tions, and combustion efficiency was simply a function of

be optimized as well. If low excess oxygen correlated with the actual measurements taken at a given condition.

high thermal efficiency in our definition, then an excess air
term would effectively be incorporated into the perform-
ance index. REFERENCE

Our experience also agrees with the statement that "min-
imizing CO also minimizes UHC emissions." During our 1. Goodger, E. M., Combustion Calculations, MacMillan
testing, UHC emissions are monitored routinely to ensure Press, Ltd., 1977, pp. 74-75.
that the furnace is free of fuel just prior to lighting the
burner. We include a measurement of unburned hydro- 0
carbons in our calculation of combustion efficiency simply
because the measurement is readily available and it gives R. V. Serauskas, Gas Research Institute, USA. In consid-
us a more accurate reflection of the percent to which com- ering applying this strategy to a practical control system,
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say via microprocessor-actuated feedback, would you rec- the case of practical, turbulent combustion processes, this
ommend a system based on algorithms (such as direction option must be eliminated since a simple, reliable model
sets or genetic algorithms) which appear either to take long does not yet exist. The second option requires an empirical
times to converge or show erratic values along their trajec- mapping of burner inputs to outputs. While not entirely
torv to convergence? impractical, a control scheme based on this idea will be

neither robust nor adaptable. That is, the look-up table
Author's Reply. In any practical system, three options must be updated as changes in the system occur (due to

are available for application to a control scheme: (1) clas- changing fuel compositions, degradation of equipment,
sical feedforward or feedback control, (2) some sort of etc.).
look-tip table or empirical fit of the data to a function, and With the above information, and for reasons stated in
(3) some kind of search and optimization algorithm. the paper (lack of a need for a priori information, etc.), in

The first option requires the knowledge of a matbemat- applying a control strategy to a practical combustion system
ical relationship between burner outputs and inputs. For we recommend a scheme based on algorithms.
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COLD-FLOW SIMULATION OF MUNICIPAL WASTE INCINERATORS
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Taejon, 305-701, Korea

Configurations of combustion chamber and air distribution are major parameters that influence the
performance of incinerators. Cold-flow simulations have been performed experimentally and numerically
for selected designs of grate-type municipal waste incinerators. Counterflow and parallel-flow arrangements
are considered for the combustion chamber configuration. Two-dimensional water table models of 1/20
scale were made for cold-flow tests, and numerical models have been developed. Flow visualizations using
water table flow models and computational results using the numerical model are in good agreement.
Velocity vector fields and concentrations of tracer gases are evaluated, and the effects of combustion
chamber geometry, amount of overfire air, and jet direction have been investigated. Mixing characteristics
in the combustion chamber are examined by adopting a newly defined mixing parameter, which has value
of zero when gases are mixed completely and whose departure from zero indicates the degree of nonmixing.
In representing the degree of mixing over the entire chamber, probability density function of this mixing
parameter is more adequate. It is useful in comparative assessments of incinerator chambers and flow
designs. Interpretation of flow field predictions in terms of residence time of combustion gases and velocity
uniformity is also presented. It is suggested that understanding of local flow characteristics should be
preceded in assessing the incinerator performance.

Introduction [5,6] and wind tunnel models [7] are employed for
visualization and measurements of flow inside the

Assured treatment for pollution minimization has combustion chambers. Numerical flow simulations
recently attracted attention in addition to the more are also extensively utilized [8-10,12,13], mainly be-
traditional viewpoint of volumetric reduction and cause the flow parameters can be easily manipulated.
thermal energy recovery from the municipal solid The present study focuses on comparative evalu-
waste incineration. These considerations are effec- ation of combustion chamber configuration alterna-
tively reflected in the governmental regulations or tives. Since the geometric shape of chambers and
guidelines by Germany [1], the United States [2], combustion air distribution pattern can significantly
Japan [3], and other countries, influence the flow characteristics, several alternative

The technical background for low-pollution incin- schemes are suggested and optimal flow parameters
eration processes is customarily summarized by the are predicted both by water table tests and numerical
importance of the 3T's (time, temperature, and tur- simulations. Examinations of the flow fields that
bulence); thorough mixing of the combustion gases would lead to good incinerator performance are at-
with air, adequate residence time, and even temper- tempted.
ature distribution inside the furnace chamber are
prerequisites for successful performance of inciner-
ators. One can easily find reasonings for the 3T con- Model Geometry and Flow Cases
cept, but more careful definitions are necessary. In
the usual incinerator environment, the flow mixing The object of modeling in this study is the com-
time must be emphasized because chemical reaction bustion chamber of municipal waste incinerators.
is not considered to be rate limiting. One must care- The flow field inside the combustion chamber is
fully design mixing devices to promote turbulence, highly turbulent and three-dimensional. In this
which enhances mixing. It is necessary to maintain study, however, combustion chamber modeling is
the combustion gas temperature above a certain simplified and limited to two-dimensional geometry.
level, and localized low-temperature pockets must be Two-dimensional models allow a much simpler treat-
minimized [4]. ment, while maintaining a good deal of the physical

Incinerator designers frequently rely on cold-flow significance. For example, Nasserzadeh et al. [9]
simulations, in much the same manner as boiler and showed a strong two-dimensionality of flow field
furnace engineers. Reduced-scale water flow models from their three-dimensional computation of a grate-
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type incinerator. Moreover, the cross flow pattern, surement of velocities. Two-dimensional water table
which is seen in the region where overfire air jet models (1/20 scale) were constructed for the cold-
mixes with combustion gas flow, can be characterized flow test in this study. The overall flow circulation is
as two-dimensional for sid < 10, where d and s are driven by a supply pump, and the flow rates at the
the diameter and distance of two nozzles, respec- injection ports are controlled by flow-regulating de-
tively [11]. The present study is limited to the cold vices. The underfire air velocity is uniformly set at
flow inside the combustion chamber. This is not be- each injection port, invoking the assumption that the
cause heat transfer and combustion reaction are not flow will become uniform through the wastes on the
important in the incinerator performance, but inves- grate. Overfire air is injected at high speed through
tigation of the simplified cold flows provides ade- a slit at various angles. For visualization, neutrally
quate understanding especially in terms of mixing buoyant particles are injected into the combustion
characteristics and overall flow pattern in the com- chamber at the injection ports, and the flow field is
bustion furnaces [8]. recorded by an overhead camera.

Two combustion chamber types, classified accord- Flow simulation experiments using the water table
ing to the relative movement of waste and combus- model have difficulty in changing the chamber shape
tion gas, are considered: a counter flow type (gas or flow conditions as well as limitation in flow simu-
flows in the reverse direction to the waste movement) lation such that thermal and chemical reactions can-
and a parallel flow type (gas flows in parallel direction not be incorporated. In order to overcome these
to the waste), as sketched in Figs. 1(a) and 1(b), re- shortcomings, a numerical model has been devel-
spectively. The passage of underfire (primary) air for oped to cope with parametric variations of chamber
combustion is divided into five sections of the grate: design and to generate information on the flow field
one drying zone, two burning zones, and two after- within the combustion chamber. In this study, a com-
burning zones. The typical distribution of underfire mercial code, FLUENT, has been secured. This em-
air is shown in Fig. 1. The overfire (secondary) air is ploys the finite difference method using control vol-
supplied at the front and/or rear walls of combustion ume, and it solves the conservation equations of
chamber. Exit gas leaves the combustion chamber at mass, momentum, energy, and chemical species [14].
the upper right corner, and it then passes through The governing equations are differenced on the cur-
heat exchangers and gas-cleaning devices. vilinear grid for complex geometry, and a staggered

In order to observe the flow field inside the com- grid is exploited for the storage of velocities and pres-
bustion chamber, reduced-scale models are com- sures. Numerical calculation is carried out for a real
monly used for flow visualization and direct mea- size combustion chamber, and air is the working
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(a) Computational streamlines (b) Experimental streamlines

FIG. 2. Comparison of computational and experimental streamlines for case C2: (a) computational streamlines, (b)
experimental streamlines.

fluid. Computational mesh is formed by 60 x 70 gated by means of cold-flow simulations, experimen-
nodes, which are clustered near the walls and overfire tally and numerically. Flow fields are visualized using
air injection jets where the velocity gradients are water table flow models and compared with numer-
high. Uniform flow conditions are specified as the ical simulation results. Typical results of numerical
boundary conditions for underfire air inlet zones, and calculations can be represented by a velocity vector
jets of 50 m/s are prescribed as the overfire air inlet plot, as displayed in Fig. 2(a) for case C2. The effects
boundary conditions. A free boundary condition is of overfire air injection and the gas-flow distribution
enforced at the exit of the combustion chamber. from the bed are easily discernible by comparing ve-

The effects of overfire air are studied by supplying locity vector plots for different cases. Results for dif-
30% of total air as overfire air, and the effects of ferent chamber configurations also demonstrate the
overfire air injection angle are also examined. The effect of flow path geometry.
results are presented in this paper for the following
flow parameters:

case CI: counter flow, no overfire air; Comparison between Experimental
case C2: counter flow, 30% overfire air (01 = 450, and Computational Results:

02 = 20');
case C3: counter flow, 30% overfire air (01 = 00, In order to validate the numerical computations,

02 = 00); observations from the water table model experiments
case P1: parallel flow, no overfire air; were cross-checked. Figure 2(b) shows the stream
case P2: parallel flow, 30% overfire air (01 = 450, lines observed for case C2. From the comparison of

02 = 450); and Figs. 2(a) and 2(b), similarity in flow patterns is ap-
case P3: parallel flow, 30% overfire air (0, = 00, parent, except for the size of recirculation zone near

02 = 0). the wall. It is believed that the currently available
turbulence models fail to predict the recirculation

Results and Discussion region accurately, because of the strong curvature
effect [15]. On the other hand, insufficient two-di-

The roles of combustion chamber configuration mensionality, stemming from the effects of surface
and overfire air injection method have been investi- tension at the channel side walls of the water table
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model, can also affect the strength of the recircula-
tion. It is expected that a more elaborate turbulence
model and an improvement of the water table ap-
paratus produce improved comparison. However,
the present results provide useful data to assess the
flow and mixing phenomena.

Mixing:

Importance of mixing in mass bum incinerators
cannot be overexaggerated. Underfire air is delivered
to the waste bed over the grate, and it produces com-
bustion gas, with variable composition and temper-
ature. In most cases, gas from the drying region is
high in moisture content, low in temperature, and
contains incomplete combustion products (possibly
organic pollutants and their precursors). Combustion
gas from the main burning zone of the bed contains
partially burned substances. Overfire air is intended
to mix these combustion gases with fresh air, which sirs
will generate adequate temperature and oxygen con-
ditions to enhance subsequent oxidation (organic
pollutants such as dioxins can be destroyed at ele-
vated temperatures [4]). Turbulence plays an impor-
tant role, but resultant mixing is of major concern.

Ravichandran and Gouldin [8] investigated the de-
gree of mixing by numerically calculating the con-
centration of tracer gases. Overfire air is treated as a
different species compared to the combustion gases
produced by the underfire air. One can construct an
equiconcentration contour plot from the results, but
comparative evaluation of computational results can-
not be quantified. If one wants to check the mixing
of several different species originating from different 20
regions of the bed, the situation becomes even more
complicated.

In an effort to quantify the degree of mixing, a
mixing parameter is defined as the sum of deviations, FIm. 3. Typical contour plot of mixing parameter for case

P2.i.e.,P .

N3 (Xi - Xo)2  regions are seen to be low in mixing, but mixing im-
a (1) proves as the gas flows downstream. Mixing is very

2 active in the primary combustion chamber (approx-
imately from the bed to the so-called fully mixed
height where the straight portion of the chamber

where X1 is the local mass fraction (m/ft_ mn) of starts) and the overfire air jet region, and mixing is
ith tracer and X,0 is the mass fraction at the com- more or less complete when the gas reaches the see-
pletely mixed condition. Complete mixing of gases is ondary combustion chamber. This is consistent with
denoted by a = 0, and the degree of nonmixing is the definition of the fully mixed height [2] in the
presented by the departure of a from zero. It is noted furnace: the point beyond the final air addition lo-
that the value of a is dependent on the number of cation where complete mixing should have occurred.
trace gases, initial mole fractions, and injection po- Also observed in this plot is that mixing does not
sitions. However, comparative evaluation is war- improve in the recirculation zones: under and above
ranted when the conditions are properly selected. the radiation panel of the parallel flow design.
Typical contour plots of the mixing parameter a for In order to compare the degree of mixing for dif-
case P2 is depicted in Fig. 3. In this case, the gases ferent combustion chamber designs and overfire air
are identified as six different species: five from the injection schemes, the local mixing parameter a is
bed and one from the overfire air injector. The inlet presented by way of the probability density function
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FIG. 4. Probability density functions of mixing parameters a (note that the scale for case P3 is different from others).

(PDF). This PDF indicates the degree of mixing over before the gas exits out of it. The local residence time
the entire combustion chamber. If one can oversim- is calculated by integrating the instantaneous velocity
plify the situation, incinerator design is considered to along the path line [8]. Figures 5(a) and 5(b) show
be good in mixing when PDF of a is shifted toward the residence times at the corresponding source lo-
0. Furthermore, an averaged mixing parameter 6 cations. For the cases of no overfire air injection
may be understood to be a single quantitative ex- (cases C1 and P1), cross-sectional variations in resi-
pression for the degree of mixing. Probability density dence times are noticeable. Combustion gases from
functions of mixing parameter for six cases illustrated the main burning region escape faster than gases
in Fig. 4 demonstrate the effects of overfire air and from the drying and after-burning zones. Injection
its injection angle. It is clear that overfire air en- of overfire air improves mixing, and residence times
hances mixing significantly (compare cases C1 to C2 from the various bed locations become more or less
and C3, and P1 to P2 and P3, respectively). The in- evenly distributed. Also shown in the figures are the
jection angle of the overfire air has a significant im- mass-averaged residence times (ý). However, mean
pact on mixing characteristics, values do not adequately represent the local flow be-
Residence Time of Combustion Gas: havior. One may recall that the residence time of

combustion gas from the drying zone of the bed
The residence time of combustion gas is defined needs to be long enough for organic pollutants to be

as the duration of stay in the combustion chamber destroyed. In this case, a detailed understanding of
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drying burning ofter-burning drying burning after-burning eraged-time i is also shown here): (a)

counterflow type, (b) parallel-flow
(a) Counter flow type (b) Parallel flow type type.

maining region increases sharply in order to maintain
S -. - - -. the total flow rate. This locally high-speed gas flow

6 can lead to an increase of particle carryover. There-
S" fore, one must carefully avoid the presence of recir-

culation or severely nonuniform flow field.
S3 -_ section 1 Boiler designers sometimes install flow-straight-

section 2 ening vanes or bull noses near the sharp turns to
"2 : -, sectio 3 minimize these recirculation problems. Similar mod-

ifications of incinerator chambers have been at-
> 0tempted: addition of bull nose type turns [2] or baf-fles [10]. However, an abrupt change of flow

direction (for example, near the radiation panel or
-3 the bull nose corner, etc.) may cause the deposition

d t1nce (2 ) of particulate matters.
Injection of overfire air appears to increase the

FIG. 6. Typical velocity profiles at selected cross sections strength of recirculation while it is effective in mixing
of the chamber-case C2 (section numbers 1, 2, and 3 of gases. Therefore, in assessing the effect of overfire
represent the corresponding locations in Fig. 1). air injection, one must carefully examine these com-

peting objectives.

local flow characteristics will be useful in assessing
the incinerator performance. It is also worth noting
that the minimum required residence time in the Conclusions
secondary chamber is sometimes explicitly specified
[1]. In such cases, the residence time for the primary Cold-flow simulations have been performed ex-
combustion chamber and the secondary chamber perimentally and numerically for selected designs of
must be separately evaluated, municipal waste incinerator, and the effects of com-

bustion chamber geometry, amount of overfire air,

Flow Uniformity: and jet direction have been examined. Flow visuali-
zations by the water table flow model are in good

Consider the velocity distribution in the secondary agreement with the calculated velocity vector field,
combustion chamber shown in Fig. 2(a). A charac- except for the strength of recirculation. The com-
teristic feature of this region is the presence of re- putational model adequately predicts the character-
circulation zones. Cross-sectional velocity distribu- istic flow fields for chamber configurations of counter
tions shown in Fig. 6 for case C2 clearly portray the flow type and parallel flow type, with and without an
nonuniformity of flow field. The recirculating or overfire air injection.
near-zero velocity region is virtually a dead zone The degree of mixing inside the combustion cham-
when viewed as a gas flow passage. Since the degree her can be suitably evaluated by using a newly de-
of mixing is also poor around the recirculating region, fined mixing parameter a. The probability density
an increase of local residence time is not beneficial. function of a, reduced from the local mixing param-
When the flow recirculates, flow speed of the re- eters at all computational nodes, is effective for a
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Chlorinated hydrocarbon (CHC) concentrations have been successfully measured in situ in nonreacting
gas mixtures and in flames. These measurements were made by fragmenting the CHCs with a 193-nm
excimer laser and detecting the CCI fragment with a second laser via laser-induced fluorescence. Since
fragmentation produces vibrationally excited CCI molecules, we can efficiently detect them by exciting the
1 - 0 band of the X5 H -- A2A transition at 284.7 nm, and observing the resulting fluorescence in the Av
= 0 bands at 278 nm. This detection strategy minimizes potential interferences from Raman scattering
and fluorescence from other species. The 02 concentration strongly affects the sensitivity since O2 reacts
rapidly with the CCI fragment before vibrational relaxation is complete. For our partially optimized ap-
paratus and a 5-s measurement time, the detection limit for C2H 5C1 mixed with 5% 02, 15% C02, and N2
is 100 ppb. The only interference found in flames was due to CCl produced by chemical reactions; however,
its concentration is negligible except at the flame front. Interferences from flame emission were negligible,
and no interfering fluorescence from other species was detected. These results indicate that our technique
is capable of monitoring sub-ppm total CHC emissions from incinerators.

Introduction waste contains some chlorine and highly toxic CHCs
are often found in incinerator emissions [1]. We have

Hazardous waste incineration benefits society by proposed measuring CHC emissions with the tech-
destroying toxic substances that would otherwise ac- nique of excimer-laser fragmentation-fluorescence
cumulate in landfills or be released to the environ- (ELFF), wherein the CHCs are photofragmented
ment; however, emissions of unburned or incom- with a pulsed 193-nm excimer laser, and then the
pletely burned wastes from improperly operating concentration of the CCI fragment is measured via
incinerators can pose health risks to nearby popula- laser-induced fluorescence (LIF) [2]. ELFF pos-
tions. Currently, waste emissions are not directly sesses many of the desirable characteristics of LIF:
measured during normal operation, and toxic by- high sensitivity, good spatial resolution, rapid tem-
product emissions are never measured. The public poral response, and the ability to perform in situ
has strongly and successfully opposed incineration measurements. Fragmentation extends LIF to larger
during the last fewyears; less than 20% ofincinerable molecules, such as CHCs, which are insufficiently
wastes are actually incinerated [1]. Direct, continu- fluorescent to be detected directly [3].
ous monitoring of emissions would protect public The primary advantage of CCI-based ELFF rela-
health more effectively than current practice and tive to other techniques suitable for measuring
would allow society to fully utilize the proven bene- CHCs, such as resonantly enhanced multiphoton
fits of hazardous waste incineration, ionization (REMPI) spectroscopy [4,5], is that it re-

Chlorinated hydrocarbons (CHCs) are an impor- sponds to all CHCs simultaneously, and conse-
tant waste category, since almost 40% of incinerated quently does not rely upon assumptions about which

325
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Fre. 1. Schematic of our ELFF apparatus.

species are most likely to be emitted. Jo our previous sent io an incinerator exhaust. The jet flame config-
work, CCI-based ELFF successfully detected every uration was chosen because it allows us to make un-
tested CH-C (chloromethane, several ehloroethyl- interrupted measurements from reactants to
enes and chioroethanes, and chlorobenzene), yet was products.
immune to interferences from inorganic chlorine
compounds (HCI and C12) and regular hydrocarbons
[6]. The detection limits for all compounds were 10 Experimental Apparatus
ppb or hetter, for a 5-s response time. While this
detection limit may not he sufficient for extremely Our apparatus for performing ELFF measure-
toxic species such as PCBs, large emissions of any ments is shown schematically in Fig. 1. A 193-nm
CHC reflect off-design operation of a practical incin- Lamhda-Physik EMO 1O2MSC pulsed excimer laser
erator that requires corrective action. Jeffries et al. (the "fragmentation laser") photolyzes the CHCs,
[7] have also applied ELFF to CUC detection hut and an excimer-pumped Lamhda-Physik FL.3002
with the CI atom as the detected fragment; although dye laser (the "LIF laser") excites fluorescence from
they obtain very good detection limaits, HCl generates the CCI fragments. The LIF laser uses coumarin 153
an unacceptahle interference, laser dye and a BBO frequency-doubling crystal to

In this paper, we examine the impact of incinera- produce tunahle-wavelength light hetween 260 and
tor conditions on ELFF detection. First, we have 290 nm, which overlaps several vibrational hands of
measured the effects of added O2 and CO2 on the the CCl X 2H --- A2A electronic transition: 0 • 0
ELFF signal from C2H5CI/N 2 mixtures, since they (277.80 nm), 0 -• 1 (271.45 nm), and 1 -*0 (284.69
will comprise two of the main bath gases in inciner- nm) [8]. We excite the Q11 heads of these transitions,
ator exhausts. Second, we have measured CHCs in where many rotational transitions overlap, to ohtain
several C.2H5C1 jet flames to identify any interfer- the strongest fluorescence intensities and to mini-
ences with the ELFF measurements; the flames mize the importance of the rotational population dis-
probably pose any interferences that might be pre- tribution, and then detect the entire 0 -* 0 and 1 -
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1 fluorescence bands at 278 un, where the strongest gases flow directly from commercially supplied cyl-
fluorescence occurs since the CC1 Jv = 0 transition inders and are mnetered with rotameters. The final
probabilities are much greater than those for Av # concentration of C2H5C1 is estimated to be accurate
0 [8]. to within 20%. We find flow rates that prevent sig-

The paths of the laser beams are shown by heavy nificant mixing of room air with the jet at the mea-
lines in Fig. 1. Since only mnultiphoton photodisso- surement volume by increasing the flow rate of a con-
ciation can create CCW, we focus the fragmentation stant C2H5CI concentration mixture until Sf is
light with a 250-mm-focal-length quartz lens; detec- constant. The flow rates are sufficient to ensure that
tion occurs at the focal point where the beam cross each laser shot photolyzes a fresh mixture.
section is 2 X 0.5 mm. The intensity is sufficient to We also performed measurements in flames gen-
drive multiphoton absorption, but not to cause sparks erated by a double-lipped, 15-mm-diameter Bunsen
or plasma formation from air. A diehroic mirror re- burner, which is shown in the inset to Fig. 1. Fuel
fleets the fragmentation beam toward the focussing mixtures composed of C115 C1, N2, He, CH 4, and/or
lens; the LIF beam passes through this mirror, so air flow through the burner and react with room air.
that the two beams become collinear. A cylindrical The Reynolds numbers are less than 100, so the flow
lens modifies the LIF light so that both beams have is laminar. The flames are generally 10-20-mnm tall
the same size and shape at the focal point. The 308- and flicker noticeably. The burner is mounted on
nm light that pumps the dye laser can be re-directed manual translation stages that are adjusted so that the
by several mirrors to pass through the dichroic mirror measurement point is centered on the flame in the
and focussing lens, as shown by the heavy dotted Z direction and is 5 mm above the burner surface. A
lines in Fig. 1. The beams are superimposed by max- motorized stage can scan the burner in the X direc-
imizing their transmission through a pinhole. Pulse tion relative to the measurement point, allowing X
energies are measured with a Gentec ED 500 profiles of emission to be collected. A 40-mm-di-
joulemeter (excimer lasers) and with a Molectron ameter cylindrical plexiglass shroud around the
J9LP joulemeter (LIF laser). Typical pulse energies burner promotes flame stability; its upper lip is below
at the focal point are 80 ILJ (193 mu), 200-400 uJ the lip of the burner so that the lasers do not pass
(260-290 nm), and 70 mJ (308 nrm). through it.

A function generator/pulse generator combination Although the fragmentation laser is insufficiently
triggers the fragmentation and LIF lasers with an focussed to cause laser-induced breakdown in air or
adjustable time interval between them, denoted At. in CI4 flames, it can produce breakdown in C2H5 C1-
The variation in the actual firing point of the lasers seeded fuel mixtures, causing the flame to jump to
limits the shortest reproducible At to 100 us; the several times its initial height. We believe this is due
pulses from all three lasers are roughly 20-us wide, to rapid expansion of the ionized gases, which can
The maximum repetition rate of the system is 10 Hz, absorb most of the energy from the laser pulse. The
limited by the 308-nm laser. A photodiode in the flames quickly return to their initial state, and no
vicinity of the lens and mirror sees reflections from long-term effects have been observed.
both lasers; its output gives a measurement of At and To assist interpretation of the CHC profiles, we
provides a synchronization signal for the detection measure OH profiles by exciting the OIl X2H -

system. A 2Z (0 -* 0) absorption band vith the 308-nm light
A 50-mm-diamneter, 75-mm-focal-length lens col- and monitoring fluorescence in the 0 -- 1 emission

lects emission at a 900 angle to the beam paths and band at 347 nm [9]. Since we are not interested in
focuses it onto the entrance aperture of a 0.3-in quantitative 011 measurements, we do not attempt
MacPherson scanning monochromator. The inter- to correct the measured OH profiles for changes in
section of the laser beams with the image of the ap- rotational distributions, quenching, etc., at different
erture defines a measurement volume 1 (X) by 2 (Z) locations in the flame.
by 0.2 (Y) mm. The monochromator transmits light
at a selectable wavelength to a Hamamatsu R928
photomultiplier tube, whose output is digitized by a Results and Discussion
LeCroy 9410 digital oscilloscope. The ELFF signal,
denoted Sp, is the height of the emission pulse that Most of the results presented in this paper were
accompanies the LIF laser. Because of aliasing and obtained by exciting the CCl 1 -* 0 transition (284.7
laser pulse energy fluctuations, Sf varies by roughly nm) and observing the 0 - 0 emission band (278.4).
10% from shot to shot. Figure 2 shows the emission at different wavelengths

For room-temperature experiments, measure- that results when this strategy is applied to 15 ppm
ments are made in the core of a jet of nonreacting of C2I15 C1 mixed with N2 flowing out of the tube.
gases flowing out of an 8-amm-diameter tube into am- The detection strategy is shown on a partial CC1 en-
bient air. C2H 5CI/N2 mixtures are prepared mano- ergy-level diagram in the upper left-hand corner of
metrically in stainless steel sample cylinders and then the figure. The CCl fluorescence is clearly separated
combined with a coflow of N2 and other gases. All from the scattered laser light; furthermore, the flu-
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FIG. 2. Emission scan showing the spectral separation of FIG. 4. CCl emission, with and wNithout 02, as a funetion

CCI emission and laser scattering that occurs when the 1 of At for 15 ppin C2H5C1 and N, flowsing out of the tube.

- 0 band is excited, for 15 ppm C.H 5 Cl and N, flosing out The LIF laser is tuned to the CCI 1 -- 0 transition.

of the tube.

the pulse energy of the LIF laser at the two excitation
70 - wavelengths [70% more at 284.7 nm; curve (b)].

Each curve is proportional to the concentration of
60 _ _A (a) v"=0 CCl in the vibrational level that was excited, since

the other parameters governing the fluorescence sig-
0nal are independent of At. Therefore, curve (a) shows

. 40the time evolution of the e = 0 population and curve
4b)9 (b) that of the v 1 population. Both populations% () V"=I

S30 are very small at small At, implying that most of the
LU 20 CC1 molecules are initially formed in v > 1 levels.

20 "'-- . I They then relax to v = 0 through collisional energy

10 transfer, passing through the intermediate levels
along the way. As they pass through v = 1, its pop-
ulation peaks at At = 2.5 ps. As further relaxation

Fg t10 Iev 30 (0 n0 60 70 occurs, the v = 1 population decreases, while that
Fragment-LIF Interval (microseconds) of v = 0 continues to rise until At = 25 ,s, when

FIG. 3. CC] emission as a function of At for 15 ppm removal of fragments due to reactions becomes im-
C,HCI and N. flossing out of the tube, and two different portant. The maximum S for the two detection strat-
detection strategies. egies in Fig. 3 differ by liess than 10%, so the detec-

tion limit of 5 ppb for C2H5CL/N 2 mixtures obtained
previously for 0 -* 1 excitation also applies to the 1

orescence is on the blue side of the LIF laser wave- - 0 strategy.
length, which has important implications for sup- However, reactions remove CC1 at a much faster
pressing interferences. Since other species in the rate when 02 is added, so the shorter optimum At
exhaust will predominantly be in v = 0, any Haman for 1 -- 0 excitation becomes a great advantage. Fig-
and fluorescence interferences will be stronger on ure 4 compares the dependence of St on At with and
the red side of the LIF laser wavelength. For normal without addition of 02. The addition of 5% 0.9 shifts
LIF, this strategy would have poor detection limits, the maximum Sf to shorter At and reduces it by a
since the fractional population of v = 1 is usually factor of 20. Since the vibrational frequencies of 02
small at thermal equilibrium. However, photofrag- (1580 cm-1) and N2 (2360 cm-') are both far re-
ments are usually formed in high vibrational levels moved from that of ground-state CC1 (867 cm 1)
and roust relax to v = 0, so the fractional population [10], addition of 0, should not change the vibrational
of intermediate levels can be large; the flexibility this relaxation rates significantly. The fluorescence
allows in choosing a detection strategy is one of the quenching rate due to the added 02 is independent
advantages of ELFF detection [3]. of At, so it can only affect the magnitude of the max-

Vibrational relaxation of the CC1 fragments is imum Sf and cannot cause the observed shift to
demonstrated by Fig. 3, which compares the de- shorter At. Therefore, the observed changes in shape
pendence of Sf on At for two detection strategies. between curves (a) and (b) must be due to fast re-
The data have not been corrected for differences in action between CCI and 0,. In fact, measurements
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of CC1 + 02 reaction rates by other researchers in- 0.07
dicate that the characteristic time for this reaction
under our conditions is 0.1 ps [11,12]. The peak in 0.06 (a) C2H5Cl/Heflame
Sf occurs later at 1.5 ps as a result of the competing 0.05 lai HI/He f l
effects of vibrational relaxation into v = 1 and re-
active removal; At = 1.5 us is usedi for the flame .o04-
experiments presented in the following sections. We ',') 4o _

have also examined CO, addition; the maximum of L 003

Sf is unchanged until CO 2 comprises more than 25% 0,02- (b) 6700 ppm C2H5CG/N2
of the mixture. Consequently, the net effect of the
0, and C02 background ill actual incinerator ex- o.o0•},{1 -hausts will be to reduce the detection limit to 100 o I ,

pph. 01 -
284 284.4 284.8 285.2 285.6 286

This detection limit is specific to our apparatus and LIe Excitation Wavelength (nm)

can be improved. For example, excimer lasers that
generate five times the pulse energies at 193 nm of FIc. 5. Excitation scans at the flame front of a 40%

our laser are commercially available. In experiments CJI ,C1IIe nonpremixed flame and for 6700 ppm C2H,5C1

where the fragmentation pulse energies were varied and N2 flowing out of the tube. Emission is measured at

by inserting wire screens into the beam path, Sf I - 278 n5 .

pended linearly on the fragmentation energy, indi-
eating that a fivefold improvement in the detection
limits is possible. Also, the detection limit is limited interference will not be any greater from-l much soot-

by scattered LIF laser light that leaks through the ier flanies.
monochromator [6]; therefore, any improvement in A second potential interference is fluorescence ex-

cited byteLFlser fr'om species other than CCl.
the spectral discrimination of the detection system by the LIF Ia

would translate into an improvement in the detection To test this possibility, 278-num emission excited by

limits, the LIF laser without the fragmentation laser was

The remainder of the results concern flame stud- measured in the flames. The only fluorescence ob-

ies; they indicate that scattered laser light will also served was due to CCl generated by chemical reac-

be the primary limitation to CIIC detection in more tions at the flame front.
hostile environments. One potential source of inter- Figure 5 compares an excitation scan of 278-nm
ference with ELFF measurements in flames is emis- emission excited by the LIF laser alone at the flame

front of anpr ixed 40% C2H5 CL/He flame [curve
sion from the flame itself. Our nonpremixed CH 5CI frn fa nonpremixd1%C15/H lue[rvsionfro th flme tsef. nr onpelnxedC,•sC1 (a)], with tihe samne scan excited by both lasers fron-
flames are green at their base and turn yellow part- a with the s c xte by both las e
way to the tip. In the green zone, the emission is a 6700-ppm CtHeCI/N 2 mixture [curde (b)]. Curvedominated by molecular bands due to OIl (280-320 (b) shows the 1 - 0 absorp•tion bands of CCI; cleadly,

amost of the fluorescence observed in the flame scan
nm), CH (390 and 430 nim), and C2 (465, 515, 540, is from the same bands of CCl. Since the fragmnen-
and 610 nm) [9]. The C2 bands are responsible for tation laser was not present, the CCI observed in the
the green color. Pure CtI 4 flames generate similar flame must have been generated by thermal reac-
emission, except that the C2 bands are weaker, so that tions. The slight differences in the two scans are
the blue CH emission at 430 nmn dominates the spec- probably only noise in the flame scan, caused by
trum. In the yellow part of the flame, broadband soot flame flicker and weaker signal.
emission in the visible dominates the spectrum, al- Figure 6 shows translation scans measured in the
though the molecular bands are still evident. The same nonpremixed C2H 5CI/He flame, again without
emission band at 690 nm is unidentified. CCI emis- fragmnentation pulses. In curve (a), the LIF laser was
sion at 278 nm has been observed in other CHC- tuned to the CCI 0 -- 1 Q1 bandhead at 284.69 nm,
doped flanmes [13]; the resolution of our detection and in curve (b), it was tuned to 285.85 ran, away
system is insufficient to distinguish it from the OH from any CCI transitions (compare wvith Fig. 5).
A21, - X 2H (1 - 0) band at 283 nm. When the laser was tuned to the CC] transition, flu-

The flame emission consists of discrete photons orescence was seen at the flanie front, but when it
that arrive at the detector at random times. At 278 was de-tuned, no fluorescence was excited anywhere
nm, the rate is about one flame emnission photon in the flame. The most likely molecular interferences
evety 20 jzs. The ELFF signal occurs within the 20-ns would be from species with broad absorption bands,
pulse width of the LIF laser. Therefore, the flanme such as polycyclic aromatic hydrocarbons (PAHs).
emission will produce one interfering photon every However, any PAH species that strongly absorbed at
1000 laser shots on average, so this source of inter- 284.69 nm would also absorb at 285.85 nm, so the
ference is insignificant. Since the soot enission is absence of fluorescence in the de-tuned scan at the
confined to wavelengths greater than 300 mut, the sooting flamne front, where PAH should exist, indi-
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Eic. 6. Horizontal profiles taken with the LIE laser FG. 8. Horizontal profiles of total CHCs and of flame-
tuned to 284.69 and 285.85 n00 in a nonpremnixed flame generated CCl measured in a nonpreinixed flame with a
with 40% C2H5CI/He as fuel. Corve (a) is offset from the fiel composition of 40% CdHICI/He.
x axis bv 0.03.

tuitive sense; OH is observed at the edges of the

009- flame, but not elsewhere, and CHCs are observed in

0"08 j(a) CHCs the fuel cone and disappear at the flame front. Both
0.07- ,profiles are noisy because of flame unsteadiness.0. 006- Figure 8 shows profiles of total CHCs and of
.0.06- flame-generated CCI for a 40% C2H 5 C1/He nonpre-
o0.05- mixed flame. Both profiles were obtained with the

S0.04- , ,LIF laser tuned to the CCI 1 - 0 band; the only
"F15 0.04 difference is that the fragmentation laser was not0.03 ",) b)OH present for cnrve (b). The digitizer was saturated at

differesncei ht the cuaerws o

0.02 a value of 0.15 in several places in the total CHCs
profile. The curve is somewhat different from that of

0.01 Fig. 7 in that the signal drops within the fuel cone.

0-. We believe this is a consequence of self-absorption
10 15 20 25 30 35 40 of CCI fluorescence and of breakdown within the fuel

X (mm) cone. Neither of these phenomena is likely to be oc-
FI. 7. Horizontal profiles of CiICs and OH neasured curring in the flame of Fig. 7, where the C2H5C1

in a partially preinixed flane with a foel composition of 1% concentration is 40 times smaller. The signal from
C2H5Cl/26% CII./73% air. the CHCs is greater than that from the flame-gen-

erated CCl at every point in the profiles in Fig. 8, so
the flame-generated CCl is not a prohibitive inter-

cates that PAII fluorescence is unlikely to interfere ference. The CHCs profile shows tails at each edge
\vith ELFF measurements of CHCs. The profiles in of the flame front, when X is between 2-7 and 18-
Fig. 6 show that the flane-generated CCI drops off 23 mm. Measurements of emission from a mercury
rapidly on either side of the flame front, so interfer- lamp through a pinhole at the focal point indicate
ences from flame-generated CCI will not affect that these tails are caused by the finite sharpness of
measurements in most parts of flame systems, or in the detection volume: Although the emission drops
incinerator exhausts. by 1/2 over 1 mm, it only drops by 1/50 over 10 mm.

Figure 7 shows OH and total CHC profiles mea- Since the edges of the laser beams drop off more
sured through a partially premixed CH 4/air flame sharply, the tails can be removed by translating the
seeded with 1% C2H 5 CI. The CHC profile was Inca- burner in the Z direction, which is perpendicular to
sured with the LIF laser tuned to the CC] 0 - 0 them.
transition. The observed emission shows all of the
proper characteristics of CCI generated from pho-
tolysis of CHCs; i.e., it disappears if either laser is Implications for Incineration
not present, if the fragmentation-LIF interval is
made veiy large, if the detector is tuned off of 278 Two main results have emerged from these exper-
noi, or if the LIF laser is tuned off of the CCI ab- iments: The sensitivity of our ELFF technique is re-
sorption transition. The profiles themselves make in- duced under combustion conditions by a factor of 20,
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Technology, USA. For hydrocarbon diffusion flames, strong flame. Assuming that the soot concentrations in our flames
broadband molecular fluorescence is observed upon irra- were at least as great as those of non-premixed C2H4 /air
diation with UV light, and laser-induced incandescence flames studied by Santoro et al. [1], soot densities greater
from soot particles occurs for sufficiently high laser flu- than 1000 mg/m3 would have been encountered during the
ences. I'm surprised that you did not observe one or both horizontal scans. This exceeds the average exhaust stack
of these interferences when irradiating rich flame regions particulate concentrations for all incinerator types [2].
at 284.7 nm. Therefore, we are confident that the conditions we studied

are more likely to produce interferences than those of ac-
Author's Reply. We believe several factors prevent PAH tual incinerator exhausts, and the failure to observe such

fluorescence or laser-induced soot incandescence from in- interferences means they will not be a problem for appli-
terfering with our CHC measurements. First, we are not cation of our technique to incineration monitoring.
concerned with emission during the intense 193-nm frag-
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monochromator. Finally, the horizontal scans shown in Fig. H. G., Combust. Sci. Technol. 53:89 (1987).
6 of the paper were made roughly halfway between the 2. Dempsey, C. R., and Oppelt, E. T., Air Waste Manage.
visible flame tip and the lip of the burner, whereas maxi- Assoc. 3:558 (1993).
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INVITED TOPICAL REVIEW

INJECTION, DISPERSION, AND COMBUSTION OF LIQUID FUELS

W. D. BACHALO

Aerometrics, Inc.
Sunnyvale, CA 94086, USA

A review of the research in fuel spray combustion is offered with emphasis on experimentation in spray
dynamics. Atomization and fuel-air mixing have been identified as areas in which advancements in the
combustion technology are still possible. The development of optical diagnostics has enabled the detailed
characterization of fuel spray injection, and subsequent turbulent mixing, in model combustors. Difficulties
in making measurements in nonreacting and reacting spray environments, including high drop number
densities, drop deformations, nonuniform drop temperatures, refractive index variations, and particle con-
centration gradients, are discussed. A brief review of experiments in both nonreacting and reacting sprays
is provided. Improvements realized in the measurement techniques for drop number density and volume
flux are also described. Other areas needing further investigation have been identified. Methods for si-
multaneously measuring the drop temperature and fuel vapor concentration are under development and
some key characteristics of these methods have been outlined. Since the spray drop interaction with
turbulent flows in the combustion chamber has a considerable impact on the combustor performance, the
parameters and correlations affecting the drop response are reviewed.

Introduction ronment and its effect upon evaporation affect the
mixing and dispersion of the fuel. Aerodynamic mix-

A considerable percentage of our energy resources ing of the fuel spray and combustion all transpire
is derived from the combustion of liquid fuels in the under highly turbulent flow conditions, with the
form of sprays. For this reason, spray formation and drops undergoing heat and mass transfer with the
liquid atomization have been investigated in order to local fuel-air ratios extensively controlled by the
unravel the mechanisms involved in the liquid aerodynamics.
breakup [1-7], atomization, and spray drop dynamics New trends in combustor development have fo-
[8-14], especially with respect to requirements for cused upon the necessity to reduce soot and NO,
combustion. The conditions of the introduction of emissions [14-19]. Sturgess et ar . [14] have con-
the spray injection, dispersion, vaporization, and cluded that, for gas turbine combustors in the near
burning of the fuel with stoichiometric proportions term, the only feasible approaches that can be used
of air in a well-mixed environment affect the com- to meet the emission standards are changes in the
bustion stability, efficiency, and pollutant formation, fuel injectors and in the combustor liner dilution air
In particular, aerodynamic efficiency of redistribu- hole patterns used to further promote mixing. The
tion and mixing of the fuel and air in the combustion pten sdt ute rmt iig h
chamber, and the dilution of the combustion prod- predicament encountered in the design of combus-
uctsmber, to the des utired of temper e lev and propr tors is that schemes implemented to reduce soot leadu cts to th e d esired tem p eratu re level an d p rop er to a au m n ti n n N O a d v ce er . F r ex
temperature profile, determine the quality of the to an augmentation in NO• and vice versa. For ex-
combustion and the levels of emissions generated. Of ample, raising the combustion temperature by in-

particular concern are the formation of the oxides of creasing the combustion zone equivalence ratio re-

nitrogen, carbon dioxide, carbon monoxide, soot, and duced CO formation and excess smoke. This was

unburned hydrocarbons. achieved by using airblast fuel injectors to accom-

It is not yet completely clear what the most favor- plish finer atomization and improved fuel-air mixing.

able spray conditions should be for optimum com- Unfortunately, the resulting higher combustion tem-

bustor performance, and thus, research is needed to peratures at all operating conditions increased the

define the effects of all parameters that influence the formation of NO,. Strategies proposed to overcome

combustion process. These parameters are the mean this dilemma include the use of staged combustion

drop size and drop size distribution at each location using a rich-burn, quick-quench, lean-burn (RQL)
within the spray plume, drop velocity distribution, approach. A critical requirement of the approach is
drop velocity relative to the air velocity, drop number the rapid and efficient mixing of the fuel spray with
density (spatial and temporal), and drop tempera- the air, which depends upon the size and shape of
ture. The spray interaction with the turbulent envi- the recirculation zone, the drop size distribution, and

333
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the design of the air dilution jets, among other fac- sprays. Since the phase-Doppler method has been
tors. described in great detail in numerous papers, what

The development of laser-based diagnostics to re- will be discussed are the measurement characteris-
liably characterize the spray size distributions, the tics, problems associated with spray combustion
drop dynamics, and the turbulent mixing in non- characterizations, and the developments in the tech-
reacting and reacting environments has been timely nology to deal with the problems identified. Of pri-
in terms of the development of advanced combustion mary concern is the measurement reliability of not
technology. The phase-Doppler method [20-22] only the drop size distributions, but also of the drop
provides a means for achieving the simultaneous number density.
measurements of the spray drop size, velocity, num-
ber density, and volume flux in practical sprays [23-
25]. More recently, the method has been combined Number Density Limitations:
with rainbow refractometry to enable the simulta-
neous measurement of the drop temperature. Once Operation of the phase-Doppler method, or any
deployed, this added capability should serve to pro- other single particle counting method, in high drop
vide greater insight into the dynamics and the evap- number density environments may lead to coincident
oration and combustion of liquid fuels, particle occurrences in the measurement volume. Al-

A comprehensive review of spray combustion re- though the sample volume can be made very small
search is not possible in the limited space available, to ensure a low probability that there is no more than
Several excellent reviews have been written on this one drop in the sample volume at one time, in the
subject by Chigier [26], Faeth [27], Law [28], Sirig- dense spray region, coincident occurrences may give
nano [29], and Williams [30]. This review is focused rise to errors. A detailed analysis for estimating the
on the injection of the atomized fuel, the fuel-air probability of coincident occurrences is given by Ed-
mixing, and the characterization of the subsequent wards and Marx [34]. The authors assumed an ideal
interactions of the fuel spray drops with the complex system in this analysis for which all coincident oc-
turbulent air flow in the combustion chamber. The currences were rejected by the instrument logic. Two
primary emphasis will be upon the experimental ob- Poisson filters were employed, one for the spatial dis-
servations that have been conducted, and some of tribution of the particles
the potential measurement problems encountered in
spray combustion environments will be addressed. P = NV (1)
Advances in the spray diagnostics have significantly
improved the reliability and detail of the data that
may now be obtained, and a second

Spray Characterization Methods Pt = e-)t (2)

The evolution of spray characterization methods for the temporal or arrival time statistics. Since the
has made an exceptional contribution to our ability size of the sample volume will be different for dif-
to research and understand spray combustion phe- ferent particle sizes, the analysis also accounted for
nomena. The Fraunhofer diffraction method de- this change in the sample volume. The particles were
scribed by Swithenbank et al. [31] and others [32- assumed to be distributed randomly and homoge-
33] gained acceptance as an efficient and reliable neously in space and to have a number density N.
means to obtain Sauter mean diameter (D 3 2) mea- The analysis of Edwards and Marx indicated that, for
surements in practical sprays. The method provided an ideal system, the mean drop size, and particularly
a simple line-of-sight measurement of the concen- D32, would be reported without significant error even
tration-based mean diameter. Unfortunately, the with a low probability for acceptance of the measure-
method does not provide information on the drop ments. Only the particle number density and volume
dynamics and is very sensitive to beam steering re- flux would have significant error.
sulting from refractive index gradients, and hence In reality, the instrument is imperfect because it
fails in combustion environments. Interest in mea- may not reject all coincident occurrences. Logic sys-
suring the drop size and velocity, as well as the spa- tems including redundant phase measurements, sig-
tially and temporally resolved number density and nal-to-noise ratio checks, and signal amplitude mea-
volume flux, led to the development of methods in- surements have been incorporated into the
corporating the laser-Doppler velocimeter. As a con- instruments to prevent erroneous measurements
sequence of these efforts, the phase-Doppler particle from being made. The performance of the phase-
analyzer was developed for spray measurements [20- Doppler particle analyzer (PDPA) under conditions
22], and it has become a very useful instrument for of two particles passing the sample volume at one
spray characterization in nonreacting and reacting time is described in Sankar et al. [35].
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Drop Deformations: Mass Flux and Number Density Measurements:

When dealing with high-pressure, high-velocity Measurements of the local mass flux and number
sprays, or sprays in reacting environments in which density are important capabilities of the phase-
the high temperatures reduce the surface tension, Doppler instrument. Several reports have indicated
particular attention must be devoted to the forces on successful measurements of these quantities
the drop that produce incremental drop deforma- [22,23,25,40]. However, there also have been reports
tion, thus causing the drop to deviate from its spher- indicating large variances in the measurements.
ical shape. It is possible to assess the deformation of There are several explanations for these discrepan-
the drop with the use of the measured mean relative cies including nonuniformities in the spray patterns,
velocity, v, and an estimate of the ambient gas den- large variations in the drop trajectories as a function
sity. The analysis of small deformations and oscilla- of drop size, measurements of only a single velocity
tions of a drop in a moving gas by Hinze [36a indi- component, drop deformation, and excessive drop
cates that the drop deformation will vary as a function number densities. A problem has been the possible
of the Weber number given as inability of the instrument to detect and process sig-

nals from small drops that produce signals with low
S0.047We (3) signal-to-noise ratio (SNR). A signal processor based
d on the discrete Fourier transform (DFT) that pro-

vides the optimum method for signal frequency and

where 6 is the radial displacement of each fluid ele- phase measurement has been developed [41] to over-

ment from its undeformed state. For the drop oscil- come this problem. The reliable detection of the

lations resulting from a sudden introduction of a drop smallest particles in the size distribution that also

into the air stream with very small or very large vis- possess the lowest SNR has been enhanced with the
cosity, the deformation is invention and development of the Fourier transform

burst detector (FTBD) (Ibrahim and Bachalo, 1994,
SU.S. Patent 5,289,391). Signal detection is now based
d - - 0.085We (4) upon the relative coherence or SNR of the signal and
d serves to detect and process signals with SNR as low

as - 6 dB or lower. The relevance of the signal pro-
which is almost twice that of the steady-state case. In cessor development is that the dependence of the
a recent study by Hsiang and Faeth [3], the corre- measurements on the instrument setup parameters
lation for a steady disturbance was proposed as has been minimized [42].

The method used for determining the number

d_~ density has also been improved. Use of the transit
dmin = (1 + 0.07We° 5)3 . (5) time, or time required for the drop to pass through
drnin the sample volume, has reduced the error due to ran-

dom drop trajectories and false triggers of the burst
Measurement errors of the phase-Doppler instru- detector. The number density is obtained as

ment resulting from asphericity of the drops can be
estimated by assuming that the sphere is deformed tg(ij)
aerodynamically into an oblate or prolate spheroid 1 j
(when the deformations are not extreme). Using sim- N = - . (6)
pie geometry, the local radius of curvature can be t i V1
calculated. The local radius of curvature for a drop
deformed by a flow in the direction of the measure- A critical factor is the in situ determination of the
ment beam pair is described by the calculations of sample volume when measuring sprays in complex
Bachalo and Sankar [37]. These results and the data swirling flows in cases where only two simultaneous
of Alexander et al. [38] show that the measured size velocity components are being measured. In these
will either be larger or smaller than the equivalent environments, the light-scattering intensity approach
sphere, depending on the measurement orientation [43] appears to offer promise for resolving this prob-
relative to the axes of the deformed drop. Research- lem. Recent comparisons of the measured number
ers have also used drop size measurements simulta- densities with beam extinction measurements have
neously from two orthogonal beam pair orientations shown good agreement [42]. Incorporation of the sig-
from a two-component system to estimate the defor- nal intensity validation and a better understanding of
mation of large drops [39]. The drop deformation the trajectory-dependent light scattering [44] have
information is also needed in the correction of the allowed more reliable measurements of the largest
CD for modeling these sprays [18], so such measure- drops in the distributions and, consequently, the vol-
ments are of value. ume flux.
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Nonuniform Drop Heating: and temperature in a turbulent swirling and recir-
culating flow field [49]. The method is based on the

In combustion environments, the effect of non- measurement of the rainbow angle [50], which de-
uniform temperature within the drop on the drop pends upon the drop index of refraction. For single-
size measurements may be another potential source component fuels, the dependence of the refractive
of error. The liquid heating time, r,, which is defined index as a function of temperature is known. This
as the penetration time of a drop by a thermal dif- method is also affected by the nonuniform heating
fusion wave from the surface to its center, is dis- of the drop [51], which may cause errors in the mea-
cussed by Sirignano [29]. The estimation of the drop surements. The problem is currently under investi-
heating time for spherically symmetric heating was gation.
estimated as Massoli et al. [52] suggested a second approach for

' p (7) measuring the drop index of refraction, which in-
Tl= plc~d0/427 volves measuring the light-scattering intensity ratio

and the drop lifetime was presented as of the horizontally polarized light (incident and scat-
tered) at two scattering angles, I1H(33)/I1_ (60).

T7 = pd d/28pD log(1 + B) (8) Their results were in excellent agreement with the
0 rainbow method. With the index of refraction varia-

and the ratio is tion resulting from temperature changes (dm/dT)p
known, the drop temperature can be derived. For
uniformly heated drops and a single-component fuel,

2 - log(l + B). (9) an accuracy of ± 50 C was claimed. The simultaneous
TL 2J C p measurement of the refractive index also provides

information for correcting the drop sizing for index
Note that the ratio is independent of the drop di- of refraction effects.
ameter, indicating that the problem of nonuniform
temperature may occur over all initial drop sizes. De- Mixing and Evaporation:
pending on the conductivity, specific heats, and
transfer number, the drops may be at nearly uniform Experiments designed to study the mixing of the
temperature or show large temperature gradients. air streams in a swirling flow have utilized the ap-
Law and Sirignano [45] provide information on the proach of tagging the seed particles in the flow in one
drop radial temperature distributions for spherically region with a fluorescent dye [53]. Particle tagging
symmetric drop vaporization. Schneider and Hirle- allowed the separation of fluid arriving from the
man [46] investigated the influence of spherically outer part of the flow from the air flowing through
symmetric refractive index gradients on the size the swirler. A method for the measurement of the
measurements of spherical particles larger than the path-averaged hydrocarbon vapor concentration in
light wavelength. The resulting error in the size mea- fuel sprays has been described by Billings and Drall-
surement is approximately ±5% for 300 forward meier [54] and Drallmeier and Peters [55]. Detec-
scatter detection in the severest condition. tion of the light extinction simultaneously at two

wavelengths allowed the measurement of the vapor

Drop Temperature Measurements: in transient sprays.

Accurate drop temperature in a reacting spray is
an important parameter that needs to be measured Fuel Injection
and that will allow further insight into drop heating,
vaporization, and heat and mass transfer during the Numerous practical means for supplying the nec-
combustion of fuel sprays. Although various spectro- essary energy to the liquid to break the liquid into
scopic and nonspectroscopic techniques have been small drops have been considered for the atomization
considered for drop temperature measurements of fuels. Pressure swirl atomizers have found a wide
[47,48], the successful measurement of individual range of acceptance for use in gas turbine, industrial,
drop temperatures in complex reactive environments and domestic combustors, as well as in other com-
has not been possible, to date. The use of exciplex bustors, because of their simplicity and low cost.
fluorescence has been demonstrated [47], but unfor- These atomizers are being superseded by various air-
tunately, the fluorescence is quenched in an oxygen blast and air-assist atomizers [56]. Other approaches
environment. Furthermore, liquid fuels may contain receiving attention are electrostatic atomizers [57],
aromatic hydrocarbons, which can produce fluores- ultrasonic atomizers, and hybrid pressure swirl at-
cence emissions that will mask the fluorescence spec- omizers using piezoelectric crystals to excite the in-
trum of the dopants. Currently, a method is under stability modes [58]. To improve the atomization for
development to allow the nonintrusive, in situ, si- gas turbine and industrial combustors, which would
multaneous measurements of the drop size, velocity, then reduce the smoke and soot formation, prefilm-
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ing airblast atomizers were developed [59]. Varia- nr(d? + D 1 0)
2

tions of this design that include fuel swirl are corn- 4 -iti" (10)
monly used in high-compression-ratio gas turbojet
engines. An extensive discussion of the design param- This approximation indicates the dependence of the
eters affecting airblast atomizer performance is given swept volume on the relative velocity and the possi-
by Lefebvre [56]. With pressure swirl atomizers, the ble interaction time, ti. Assuming a spatial Poisson
high liquid injection pressure leads to liquid veloci- distribution of particles of number density N parti-
ties that greatly exceed the velocity of the surround- des per cm 3, then
ing air velocity. The liquid kinetic energy, turbu-
lence, and shear forces dominate the breakup Pci = NQie-N i (11)
[60,61], with the air flow playing a more passive role.
Alternatively, with airblast and air-assist atomizers, where Pci is the probability of a collision for the par-
the high relative velocity between the liquid sheet tidle of diameter di with another particle of mean
and the air is now furnished by the air, with the liquid diameter D10 within time ti, based on the probability
injected at low velocity. These atomizers produce of another particle existing in the swept volume, •2i.
better spray uniformity, higher combustion effi- The description is complicated by the facts that drops
ciency, lower smoke production, and a lower pattern of different size may be traveling at velocities (mag-
factor [14], although there are some differences of nitude and direction) that are a function of their size
opinion on this observation, and location in the developing spray and that drops

The radial distribution of the axial velocity of the will decrease in size and velocity because of evapo-
spray produced by airblast atomizers is quite differ- ration.
ent from that of the pressure swirl atomizer [62,63]. Particle collisions may lead to coalescence,
For an airblast atomizer, the large drops have the breakup, or a rebound depending on several parame-
lowest velocity, whereas the small drops (D10 - 10 ters, including the Weber and Ohnesorge numbers
pm) at the center of the distribution have the highest [65,66]. In a recent paper, Qian and Law [67] suggest
velocity. For this reason, the airblast atomizer ap- there are five distinct collision regimes: bouncing, co-
pears to produce a more favorable condition for com- alescence with minor deformation, coalescence with
bustion since the large drops that require a greater substantial deformation, coalescence followed by
residence time for evaporation are moving at a ve- separation for near head-on collisions, and coales-
locity that is approximately 10 times slower, which cence followed by separation for off-center collisions.
also allows more time for interaction with the swirl- Numerical simulations of drop collisions by Nobari
ing recirculating flow. The atomization air in the air- and Tryggvason [68] considered off-center collisions.
blast atomizer also contributes to the mixing and sup-
plies additional air for combustion. With the pressure
swirl atomizer, it is the large drops that are typically Transient Fuel Injection
moving at velocities an order of magnitude or more
faster than the small drops. Thus, the relative differ- Diesel Injection:
ence in the drop velocities in the two types of at-
omizers may be the factor leading to the reduction Transient spray injection such as that used in die-
of the soot formation and improved performance. sel and spark ignition (SI) engines shows some
Odgers et al. [64] report finding no measurable effect unique atomization characteristics. Diesel injection
of drop size on combustion efficiency. The authors may take place into a relatively quiescent environ-
claim that, in almost all previous studies, some other ment at pressures of approximately 15 atm and at
parameter was changed as well as the drop size. injection pressures of between 50 and 180 MPa [69].

The important combustion parameters are the fuel
penetration, mixing, and vaporization. These param-

Drop Collisions and Coalescence: eters depend upon the spray drop velocity and tra-
jectory, the drop size distribution, and the turbulent

Drop collisions and coalescence in the dense spray gaseous flow field. Tsao et al. [70] note that injection
region, as well as in the dilute spray, have been de- rate and duration are also important parameters
scribed as a reason for the development and evolu- since they influence the pressure rise in the cylinder
tion of drop size distributions with downstream dis- after ignition. It was recognized that just fine atom-
tance in the spray. The probability for drop collisions ization was not sufficient for achieving efficient com-
can be estimated from a knowledge of the drop speed bustion, since the spray must be able to penetrate
relative to other target drops and the drop number into the chamber under a range of chamber condi-
density. For example, the swept volume, •i, for a tions. If the drops are too small, rapid evaporation
drop of diameter di to collide with a drop of mean will occur, and the fuel vapor and flame will not pen-
diameter D10, moving at a mean relative velocity, etrate far enough into the combustion chamber. In-
vi, is jector parameters such as the number of orifices in
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the injector, hole size and length of the orifice hole, Turbulent Dispersion
and the hole angle all affect the performance [69].
Interaction of the spray with the air swirl in the Information on the spray characteristics produced
chamber and the squish serve as effective mecha- by the various atomizers operating in a quiescent en-
nisms in the mixing and vaporization of the fuel vironment is useful for the basic development of
spray. these systems. However, one might ask whether such

The increasing restrictions on NO1 and particulate studies are relevant for spray combustion applica-
emissions from diesel engines have led to some in- tions since the injection generally takes place in
novative approaches in reaching these goals. Konno highly turbulent swirling flows with recirculation and
et al. [71] attempted to augment turbulent mixing reaction. The drop size distributions and even the
during injection with the use of an auxiliary chamber. spray formation mechanisms may be significantly al-

A high-pressure air-fuel jet was injected into the tered by the interaction with the ambient turbulent
main combustion chamber after the start of the main flow. Furthermore, the high-temperature combus-

injection. This was reported to result in a factor of 3 tion environment reduces the surface tension of the

reduction in particulate production. Golding [72] ob- liquid and rapidly evaporates drops smaller than 10

served a similar improvement when injecting a meth- um in times on the order of milliseconds.

ane-air jet to enhance the turbulent mixing late in
the injection cycle. Tow et al. [73] showed promising Turbulence Coupling:
results in terms of NO. and particulate reductions Sprays are generally injected into the flow with
when using staged or split injections. A variety of sufficient momentum to significantly alter the con-
multiple injection strategies were examined in addi- tinuous-phase flow field, at least locally. Thus, tur-
tion to ramped injections in which the rate of change bulence coupling between the dispersed phase and
of the fuel injection was varied. This work followed the continuous phase needs to be considered. Near
the earlier work of Bower and Foster [74], who in- the injector, the dispersed phase generally dominates
dicated that the fuel-air mixing could be enhanced the gas-phase turbulence in the host environment. A
by the augmented fuel spray penetration achieved degree of turbulence is generated by the liquid dur-
with the split injection. Predictions using the modi- ing the spray formation and by the wakes of the drops
fied KIVA code made by Patterson et al. [18] indi- in the dense spray region. Further downstream, two-
cated that fuel injection at lower pressure resulted in way coupling exists between the dispersed phase and
increased soot emissions, but an increase to very high the gas. The drop number density is still high, and
pressures has a limited usefulness in reducing soot relatively large velocities still exist between the drops
and NO, emissions, and the gas phase. Simultaneously, the gas-phase tur-

Detailed measurements of the drop size and ve- bulence of the surrounding swirling flow and the tur-
locity of transient diesel injection were obtained by bulence that was induced by the injection velocity
Koo and Martin [75,76]. They observed that the fac- upstream begin to have a greater influence on the
tors affecting the drop size and velocity were the fuel redistribution of the smaller drops within the spray.
properties, pump speed, fuel quantity delivered, the However, the spray number density and the drop slip
needle lift, and the combustion chamber geometry. velocities are still high enough to produce a signifi-

cant effect upon gas-phase turbulence. Further
downstream, the drops are dispersed by a combina-
tion of the spray axial and radial momentum and the

Spark Ignition Engines: interaction with the turbulent flow field, so the num-

Spark ignition (SI) engines using port fuel injec- ber density and slip velocities decrease substantially.
tion (PFI) also show a strong dependence of the The coupling is one way again in this region, but from

emissions and performance on the atomization qual- the gas-phase turbulence to the dispersed phase. The

ity, and fuel-air mixing [77-80]. As with diesel appli- dispersed phase now has an insignificant effect upon

cations, the atomization is highly transient and must g p

be accomplished over a wide range of operating pa-
rameters. Dementhon and Vannobel [80] investi- Spray Interactions with Turbulent Flows:
gated the injection of fuel into the manifold of a SI In recent years, there has been a considerable in-
engine operating with gasoline. Their interest was in terest in the study of the interaction of the spray
the effect of the manifold and combustion chamber drops and the air flow swirl as a result of the need to
aerodynamics on the fuel-air mixing. Depending on develop smaller clean-burning engines while main-
the angle of injection and the air flow, fuel films also taining performance. Recirculation, generated by
formed on the valve and valve seat. Fuel injection augmenting the swirl, which reduces the axial mo-
into a manifold with similar flow conditions was in- mentum of the flow and, combined with the positive
vestigated by Nemecek et al. [77]. streamwise pressure gradient, results in a reversed-
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flow region, is also used to increase the residence which is approximately equal to 1 for a large density
time and enhance mixing. When contemplating such ratio between the drop and the gas. For the basic
concepts as the rich-burn, quick-quench, lean-burn case of a subsonic jet of exit diameter D emanating
method for NOn reduction, it is imperative that rapid into still air at an exit velocity U, the expression re-
mixing in the initial fuel-rich zone is achieved with- duces to
out formation of pockets of near-stoichiometric
burning. The mixing time depends on the size of the d C ]5/2
recirculation zone, the drop size distribution, and the -- =/ (14)
degree of turbulence. A combination of the injector D u' (DE +I
air, the swirler air, wall-cooling air, and the dome- LU (
cooling air all contribute to the supply of active air
that also drives the fuel-air mixing [14,81]. The shear where C is an empirical constant, u'/U is the actual
flows created by the swirl, which in some cases have turbulence intensity, and ReD is the jet exit Reynolds
counter-rotating components, and the wall jets, will number. As an example, for an axisymmetric jet with
produce large-scale eddies with which the spray C = 0.4 at a jet Reynolds number of approximately
drops must interact and, consequently, enhance the 16,000, the largest drops that will respond well to the
large-scale turbulent mixing. turbulence fluctuations are 5.0 pm. Thus, for sprays

The smallest turbulent length scales will be on the within a highly turbulent flow, a preponderance of
order of the drop diameters. It is known that the the drops will significantly lag the large-scale turbu-
restoring force or drag needed to change the particle lent fluctuations. As stated earlier, the implication is
velocity to the velocity of the gas in the new sur- that the evaporation and heat transfer for drops in a
roundings is generated by the relative or slip velocity, quiescent environment will not be representative of
so the fuel droplets will essentially always lag the the actual situation.
flow. The degree of the velocity lag depends upon The response of the drops to large-scale eddies
the flow acceleration, turbulence intensity, and mass also has been described in terms of the Stokes num-
of the drops. No matter how small the drops, they ber [90] as
will be buffeted by the flow with random velocities
having large variations in magnitude and direction. 1 A
It may therefore be misleading to estimate evapora- St pp (15)
tion rates and heat and mass transfer based on the

studies of drops in a quiescent environment or as where v is the relative velocity between the particle
drops moving in a quasi-laminar environment, and the eddy convection velocity. For a transit Stokes

number greater than 1, the drop is likely to respond
Drop Response to Turbulence: to the turbulent eddy. Dring and Suo [90] suggested

that, for a drop within a large-scale eddy, the mag-
Several studies have been conducted to elucidate nitude of the centrifugal forces relative to the Stokes

the interaction of particles with highly turbulent drag forces may be estimated by the centrifugal
flows [82-87]. The drop drag correlation of Torobin Stokes number given as
and Gauvin [88] was validated experimentally for a
polydisperse collection of drops in a turbulent air 18v p
flow by Rudoff et al. [89]. The drop response to the St - d(16)
large-scale eddies is assumed to be most important Pd
to the dispersion of the spray drops in the flow since
it is the large-scale turbulent motion that is most ef- where l, is the angular velocity.
fective in transporting the range of drop sizes over The largest drop that will adequately respond to
distances on the scale of the flow field. The analysis the motion of the small-scale eddies was derived

distnce onthescal oftheflo fied. he nalsis from the Stokes law particle relaxation and the Kol-
of Hinze [82] led to the expression that approximates mogorov time scales la k pa (VcI) 0l 5 as [82]
the drop response as

drn, n'Api Pd '/ T .8 D1.5 (xjd)(P") (7
A(12,) IoS DD P (17)

where A is the macroscale of the turbulence, ut' is where a is the local turbulence dissipation rate, x is

the root-mean-square (rms) of the velocity fluctua- the distance from the jet exit, and D is the exit di-

tions, and fl is given by ameter of the jet. For a first approximation, z/rk =
1 was taken as a reasonable choice to provide a lower
bound to determine whether the drop size, or more

I1 = 1 + (13) accurately the drop mass, is small enough to respond
2p,1 to the smallest turbulent scales in the flow. At a jet
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Reynolds number of 16,000 (jet mean velocity of 50 2
m/s), the diameter of a water drop meeting the above 8 - ln(1 + B)

criteria is 0.3 pm. Therefore, none of the drops in a ? cp (19)
typical spray can be expected to respond to the Kol- Pd

mogorov time scales in a turbulent jet. Hence, thedrops will always experience a relative velocity that with the symbols described in the nomenclature. The
is random in trajectory and magnitude relative to the values of t for heptane, for example, were P = 0.96drop moving at the mean flow velocity, or the local for a single drop and ft = 0.47 for a uniform spray.velocity of the large-scale motion. For a monodispersed drop stream combustion ofkerosene, the total combustion time t, was approxi-

Drop Interaction with Large-Scale Eddies: mated as

Experiments have been conducted to aid in the 'r = 2.5 x 10-6 do (20)
understanding of the particle interaction with the
turbulence [9,91-95]. The initial studies [9] focused where do is the initial drop diameter in micrometers.
on the redistribution of the spray when interacting Typical drop combustion times are 0.25 ms for a 10-
with turbulent swirling flows with recirculation and pm drop and 25 ms for 100-pum drops. Note that, at
the time-averaged spray drop dynamics. Time-re- a mean velocity of 20 m/s, a 10-pm drop will travel
solved measurements were then applied in the mea- approximately 2 mm, and 100-pUm drops will travel
surements of a spray flame. These results showed 200 mm during this time, which may be well beyond
possible evidence of clustering of the drops at a pe- the flame zone.
riod that correlated with the shedding frequency of Researchers have assumed that the drops will rap-
the dilution air flow [95]. The formation of clusters idly acquire the velocity of the air stream, so the drop
due to the interaction with turbulence has been the Reynolds number and the enhancement of the heat
subject of several studies [94-96]. and mass transfer from the drop by the relative motion

An illustrative example of the basic mechanisms of disappear [64]. However, the basic analysis on the
the cluster formation was given by Hancock et al. drop response to the turbulence indicates that this is
[94] using a novel flow visualization technique. The not the case, as the drops do not equilibrate with the
method involved the injection of water drops into a turbulent flow velocity fluctuations. Because the
TiCl4-laden gaseous flow, which then forms TiO2  drops are more likely to lag the smaller scale turbulent
particles of approximately 1 pm in diameter. The vi- fluctuations, it may be concluded that these smaller
sualization method clearly showed how small drops scale fluctuations will be more effective in increasing
with a mass that can respond to the vortex will tend the local convection and, hence, the drop mass trans-
to accumulate in the core of the vortex. It is easy to fer rates. Chin and Mongia [98,99] have studied the
anticipate that spray drops in the size range between effects of temperature on the drop breakup, and con-
the 1-pm particles and the 70-pum drops will have a vection on drop evaporation. They show that, at Red
continuum of responses from being entrained in the greater than 50, the evaporation time with forced con-
vortex to only showing a small deflection in the tra- vection is approximately one-half that of the stagnant
jectory. An experimental investigation of the inter- case [98]. Gokalp et al. [ 100] have also investigated the
action of a spray with large-scale eddies was con- influence of turbulence on the global transfer rates
ducted by Bachalo et al. [86,91] in an effort to from heptane and decane drops.
quantify the drop response to the eddies at various
flow Reynolds numbers and the fundamental mech-
anisms in drop dispersion and cluster formation. Spray Combustion Measurements

Spray Evaporation and Combustion The development of the phase-Doppler particle
analyzer has enabled the detailed measurement of

Drop evaporation has been the subject of exten- drop size and velocity and the number density and
sive studies with the focus being on single drops, as volume flux in realistic spray combustion environ-
well as on sprays. Unfortunately, most of these stud- ments [63,95,101-105]. Bachalo et al. [95] obtained
ies have considered isolated drops in quiescent or drop size and velocity measurements in an unconfi-
very low turbulence environments, as discussed in ned fuel spray combustion and observed the appar-
the review by Beer and Chigier [97]. The drop evap- ent formation of drop clusters that had a periodicity
oration is described as [64] that correlated with the shedding frequency of the

coannular dilution air flow. Edwards and Rudoff
d '2 [105] obtained measurements of the drop size and

= (18) velocity in a research furnace of 0.57 m in diameter
and 0.93 m in height. The size-classified mean veloc-

where ity of the spray drops showed a maximum velocity
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difference between the 2-,um drops and the 40-yim omization techniques. There is a need for further re-
drops of approximately 10 m/s. Williams [106] sug- search on the impact of the spray quality on the com-
gests that drops of 100 ym in diameter with relative bustion efficiency and pollutant formation. Several
velocities on the order of 10 cm/s will be extin- parameters, such as the drop penetration, evapora-
guished. Thus, the penetration of these drops beyond tion rate, drop reaction to the mean swirling flow and
the flame zone may be expected, resulting in excess to the large-scale turbulent fluctuations, need to be
unburned hydrocarbon (UHC) emissions. The fact quantified in terms of their influence on the com-
that the large drops escape the combustion is clearly bustor performance.
visible in the flame photographs of Presser et al. Developments in the instrumentation have pro-
[103]. vided the means to obtain reliable experimental data

Gas-phase and spray drop size and velocities were on the sprays, and spray interactions with the turbu-
measured by Bulzan [107] for a simplex air-assist at- lent flow in nonreacting and reacting environments.
omizer operating in a swirl coflow air stream used to Reliable measurements in these difficult environ-
stabilize the flame. Anisotropic turbulence was oh- ments require the most sophisticated methods, such
served, with the axial and radial velocity fluctuations as real-time Fourier analysis signal detection and
being much larger than the angular velocity fluetua- processing, and logic systems to prevent or at least
tions. Measurements of the flow velocity and turbu- minimize errors. Measurement methods continue to
lence parameters, as well as the drop size and veloc- be developed to provide better accuracy and reliabil-
ity, for an airblast atomizer operating on methanol ity in the spray combustion environments, which are
were reported by MeDonell and Samuelsen [62]. characterized as highly three-dimensional turbulent
Both nonreacting and reacting conditions were also two-phase flows with recirculation. Measurements of
considered. They found that the effect of the reaction the gas-phase turbulence in the presence of the dis-
had only a minor effect on the mean velocity and persed phase require the adoption of careful seeding
turbulence intensity at an axial station of 50 mm (the procedures. Simultaneous in situ drop temperature
beginning of the reaction zone). Anisotropy of the measurements are being attempted in an effort to add
turbulence was observed to increase with reaction, another dimension to the information needed to un-

Chehroudi and Ghaffarpour [108] investigated the derstand the drop dynamics and vaporization.
effects of swirl and dilution air flow rates on the Drop response to the turbulent flow has a signifi-
shape and stability of a kerosene flame on a model cant effect on the mixing and distribution of fuel in
combustor, with comparisons made of the noncom- the combustor. Basic analyses show that even the
busting and combusting cases. Their flow visualiza- smallest drops will not follow the small-scale turbu-
tion showed nonuniformly distributed separated fin- lent fluctuations. Drop vaporization and mass trans-
gerlike regions of visible flames wrapped around the fer rates are dependent upon the relative velocity
spray sheath. These structures were possibly due to between the drops and the gas phase. Thus, studies
large-scale eddies formed by the swirling flow. In- of interactions between sprays and turbulence con-
vestigations by Li et al. [109,110] explored the com- tinue to be an important area of research. It also
bustion and flame extinction of methanol sprays con- appears that turbulence modeling efforts have not
veyed by nitrogen into a counterflowing oxygen reached the point of predicting the spray behavior in
stream. Detailed measurements showed the ex- highly turbulent flows. Future experimental research
pected slight increase in D3 2 as the flame was en- must focus on the fundamental mechanisms associ-
countered. The number density showed a dramatic ated with the spray interaction with the turbulence
decrease within the flame and was approximately and the formation of localized voids and regions of
three orders of magnitude less than in the nonburn- high spray concentration (clusters), as this phenom-
ing case. enon produces fuel-rich and fuel-lean pockets lead-

ing to soot and NO, formation. Careful experimental
studies need to be conducted on the evaporation of

Summary and Conclusions sprays in a controlled environment, with parameters
such as the turbulence levels and drop concentra-

Improvements in the combustion performance tions being varied and measured.
and reduction of pollutant emissions, including NO,
and soot, are primary objectives of combustion re-
search and development. It has been recognized that Nomenclature
improvements in combustion may be realized
through a better understanding of the fuel atomiza- B transfer number
tion, injection, and aerodynamic mixing in the com- CD drag coefficient
bustor. Spray formation and atomization have re- c1  liquid specific heat
ceived a good deal of attention both through the cp gas specific heat at constant pressure
research on the detailed studies of spray formation D jet exit diameter
mechanisms and the development of advanced at- D10 linear mean diameter
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D 32  Sauter mean diameter 2. Eroglu, H., and Chigier, N., J. Fluids Eng.
d drop diameter 113(Sept.):453-459 (1991).
d,, largest drop to respond adequately to large- 3. Hsiang, L.-P., and Faeth, G. M., AIAA Paper 94-

scale turbulence 0560, 32nd Aerospace Sciences Meeting, January,
dlin minor axis of deformed sphere 1994.
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INFLUENCE OF AMBIENT PRESSURE ON DROP-SIZE AND VELOCITY
DISTRIBUTIONS IN DENSE SPRAYS

ARVIND K. JASUJA AND ARTHUR H. LEFEBVRE'

School of Mechanical Engineering
Cranfield University

Cranfield
Bedford MK43 OAL, England

The primary aim of the research is to determine the capabilities of modem noninvasive diagnostics for
characterising the sprays produced by a practical gas turbine atomizer when operating at realistic engine
conditions of pressure, fuel type, and fuel-air throughput. A single-velocity-component Phase Doppler
Particle Analyzer is used to measure local variations of drop-size distributions and drop velocities along
three spray radii at downstream distances from the atomizer of 50 and 70 mm. In the 50-mm plane,
excessive signal rejection rates limit measurements to a maximum air pressure of 9 bar and a maximum
kerosine flow rate of 18.6 g/s. At the 70-mm measurement plane, satisfactory results are obtained at air
pressures up to 12 bar and fuel-flow rates up to 24.8 g/s. The results show that increases in ambient air
pressure lead to larger mean drop sizes and lower mean drop velocities in the spray. This is attributed to
the fact that the beneficial effect of an increase in air pressure in raising Weber number is more than
offset by several adverse factors, all of which are related to the increase in fuel-flow rate that accompanies
an increase in air pressure at constant fuel/air ratio.

Introduction Experimental

Prefilming airblast atomizers are widely used in The main component of the spray facility is a large
both aircraft and industrial gas turbine combustors. cylindrical test vessel designed to operate at high in-
Satisfactory fuel-air mixture preparation is widely ac- ternal pressures. A flexible optical window arrange-
cepted as being crucial to optimum gas turbine com- ment permits the use of a variety of laser-based di-
bustion performance. Most of the previous re- agnostics. A multistage screw compressor is used to
searches on prefilming airblast atomization have supply the high-pressure air needed to pressurise the
employed specially designed atomizers featuring test vessel and also to deliver air to the fuel injector,
nonswirling atomizing air. The use of nonswirling air which is located at one end of the pressure vessel and
facilitates experimental research, but the results ob- is arranged to spray horizontally along its major axis,
tained have only limited practical interest because as shown schematically in Fig. 1. A rotameter/turbine
most of the airblast atomizers used in modern gas flowmeter combination is used to measure the fuel-
turbines employ swirling air streams to atomize and flow rates delivered to the fuel injector. The rota-
disperse the fuel. meter handles flow rates up to 68 kg/h, while the

Previous studies on practical airblast atomizers pelton wheel flowmeter covers flow rates between 45
featuring swirling air streams (Refs. 1 and 2, for ex- and 408 kg/h.
ample) have provided useful insights into drop-size
distributions and spray/flow field interactions, but in Atomizer:
all cases, either the ambient air pressure or the liquid The fuel injector is essentially a prefilming airblast
flow rate have been appreciably lower than the values her felignje is SNtiA a pe omn st

associated with engine operation at high power con- atomizer, designed by SNECMA and shown sche-
matically in Fig. 2. Low-velocity fuel is first spread

ditions. The objective of the present work is to rem- into a thin, circumferentially uniform sheet on an
edy this deficiency by attempting spatially resolved annular surface and is then sandwiched between two
droplet size and velocity measurements in the dense high-velocity swirling air streams. This configuration
sprays produced by swirling air streams at high pres- promotes a high shearing action between the fuel and
sures and high fuel throughputs. the atomizing air and also ensures that the resulting

spray is well matched to the combustor airflow pat-
tern. The cone angle of the fuel spray is determined

Wisiting Professor. by a complex interaction between the swirling
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FIG. 1. High-pressure spray facility.

atomizing air streams and the air flow through the tern becanse it measures just one component of par-
liner cup holes shown in Fig. 2. The fuel injector is ticle velocity, in this case the velocity component
fitted into a high-pressure airbox that is located inside along the main axis of the cylindrical test vessel,
the test vessel, as shown in Fig. 1. which also coincides with the main axis of the conical

Two separate and independent traverse systems spray. The theoretical principles on which the PDPA
for the high-pressure spray rig are provided. The is based have been described by Bachalo and Houser
traverse system for the laser diagnostics is a mechan- [3]. The instrument was operated in the forward-
ical one providing three degrees of freedom. Nor- scatter mode, this being the most favourable orien-
mally, the optical system moves along the horizontal tation for dense spray measurements. During the
diameter of the pressure vessel. The repeatability of course of the investigation, special attention was paid
positioning in this direction is within 0.25 mm. The to the setting up and operation of the PDPA. The
second traverse system provides two degrees of free- voltage supplied to the photomultiplier tube (PMT)
dom for the airbox relative to the diagnostics line of can have a significant effect on the measurements. If
sight. The first one is a linear movement along the the voltage is set too high, signals from the large
longitudinal axis of the pressure vessel, while the sec- drops will saturate the PMTs, resulting in a rejection
ond is a rotational movement around the axis of the of those signals; thus, the measurementwill be biased
airbox. As both of these movements are controlled in favour of the smaller drops in the spray. On the
by a computer-operated stepper motor, very precise other hand, if the voltage is set too low, signals from
and repeatable injector positioning and repeatability small drops will not be detected at all, and the inca-
of position can be achieved. surements will then be biased in favour of larger

drops. Thus, the operator must try several voltage
Spray Diagnostics: settings in order to identify a range over which the

Four optical-quality quartz windows provide the mean drop sizes change only slightly with changing
desired optical access into the pressure vessel. Each PMT voltage. For these experiments, the PMT volt-
of these large windows has a multipoint purge feed age was chosen for a given data set to give the lowest
of high-velocity air to prevent the deposition of fuel overall rejection rate but was then kept constant for
on the windows. A single-component Phase Doppler all the measurements along the radius. The actual
Particle Analyzer (PDPA) featuring a 10-mW He-Ne PMT voltage settings employed were 320 V at 1 bar,
laser, manufactured by Aerometrics Inc., was used in 380 V at 4 bar, and 420 V at 9 and 12 bar.
this study. It is described as a single-component sys- The probe volume dimensions were kept fairly
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FUEL

Al

FIG. 2. Fuel injector.

constant by operating on the most favourable track were taken with a pressure drop across the atomizer,
setting with due regard to the problem of particle APIP, of 5%, at fuel/air ratios of 0.1 and 0.2. The
coincidence in dense droplet regions. In a few in- ambient air pressures employed were 1, 4, 9, and 12
stances, this resulted in somewhat higher droplet re- bar. Aviation kerosine (u = 0.0013 kg/ms, a =
jection rates. For a given track setting, the maximum 0.0277 kg/s2, p = 784 kg/m3 -all at 15 'C) was used
permissible diameter range was used to avoid artifi- throughout the test programme. Data were taken at
cially biasing the data. In contrast, the velocity offset downstream distances from the atomizer face of 50
settings were changed as necessitated by observa- and 70 mm along radii perpendicular to the spray
tions such as, for example, the presence of negative axis for angular positions of 00, + 90', and - 900 rel-
or near-negative droplet velocities. ative to a vertical line drawn through the spray axis.

Over the entire range of air pressures from 1 to 12 Detailed measurements were made at radial incre-
bar, the degree of laser-beam steering encountered ments of 2 mm for spray radii between 12 and 30
as a result of refractive index gradients was judged to mm, but increments of 4 mm were used for radial
be insignificant. The realignment of optics at high positions between 0 and 12 mm, and 30 to 38 mm.
pressures was found to be only of marginal benefit Because of the long run times incurred, the radial
to the signal quality, which is consistent with the find- increment was kept constant at 4 mm for tests at 12
ings of Drennan et al. [2]. Attenuation of the laser bar. Five thousand droplet samples were taken at
beams was observed to increase with increases in fuel each measurement point for all test conditions, ex-
throughput and with decreases in the downstream cept for a few selected positions at 12 bar where the
distance of the measurement plane. This deteriora- sample size was restricted to around 2000 drops to
tion in electrical signal-to-background noise ratio can avoid long run times.
be observed on the oscilloscope and leads to high
data rejection rates. As the characteristics of the scat-
tered light reaching the receiver are very dependent Results
on the ratio of beam intensity to spray density, clearly
a more powerful laser would enhance the dense spray A typical output from the Aerometrics instrument
measurement capability of the PDPA. comprises droplet-size and velocity histograms to-

gether with the size-velocity correlation. From such
Test Conditions: curves can be extracted information on variations in

drop-size distributions and drop velocities with
The test conditions were selected to simulate those changes in atomizer operating conditions. Figures 3

encountered in gas turbines. The measurements and 4 illustrate the results of detailed spray measure-
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16
dius at a given air pressure. This increase in SMD

M 14- ............................ diminishes with increase in PA. For example, the var-
iation in SMD along the spray radius at 1, 4, and 12

a 12 .... bar is 35, 12 and 5 /tm, respectively. These data show

V that the distribution of drop sizes within the spray
becomes more uniform with increase in PA. The ef-

o feet of variation in PA on SMD shows no clear trend,
ah but in most regions of the spray, the SMD increases

t .with increase in PA. Figure 4 shows droplet mean
Y 6... velocity data for the same conditions. As the instru-

ment used was a single-component type, only axial
4- .. velocity information was obtained. In this figure, the

mean velocity is observed to diminish with increase

S2...... in air pressure. Both the centre and the outer edge
of the spray are characterised by relatively low mean

10 2 ' droplet velocities.
0 10 20 30 40 Figure 5 shows similar data to Fig. 3 for a down-

Radial Position (mm) stream distance of 50 mm. In these experiments, the
air pressure was limited to 9 bar and the fuel flow

2 br rate to 18.6 g/s. Comparison between the two figuresi 12 bar -+- 4 bar -- 1 bar reveals little effect of downstream distance on SMD,

which suggests that atomization is complete within
FIG. 4. Drop mean velocity distributions for FAR = 0.1. 50 mm of the fuel injector. The corresponding ve-

locity data (not shown) follow exactly the same trends
as the data shown in Fig. 4 for the longer downstream

ments carried out at air pressures, PA, of 1, 4, and 12 distance, except that the mean velocities measured
bar. The atomizer pressure drop, APIP, is 0.05, and at the spray axis are lower at the highest levels of PA.
the fuel/air ratio is 0.1, corresponding to an actual A negative velocity was recorded at the spray axis for
fuel flow of 24.8 g/s at the highest air pressure. The an air pressure of 9 bar, which suggests the existence
axial distance of the measurement plane downstream of a recirculatory droplet pattern in the inner regions
of the atomizer, z, is 70 mm. Radial positions of 0 of the spray.
and 38 mm correspond to the axis and outer edge of Spray measurements at higher fuel-flow rates, cor-
the spray, respectively. Figure 3 indicates an increase responding to a fuel/air ratio of 0.2, were confined to
in Sauter mean diameter (SMD) along the spray ra- 1- and 4-bar air pressures because the signal quality
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Examination of the data presented in Figs. 3, 5,

M and 6 reveals some interesting and unexpected re-
a
a sults. Throughout most of the spray region, an in-
n.. . .rcrease in pressure leads to an increase in mean drop
V size. This contradicts what one might anticipate in-

tuitively since an increase in air density would be
o expected to intensify the aerodynamic shear forces
i 10 -causing liquid disintegration. Only in the outer, more

Sdilute regions of the spray does the spray exhibit the
customary decline in SMD with increase in air pres-

en sure. Unfortunately, there are no comparable studies
. ................... available in the open literature that feature PDPA

6measurements at high air pressures on the type of
atomizer employed in this investigation. Moreover,

no information is available on the manner and extent
0. to which changes in air pressure affect the cone angle0 10 20 30 40 of the spray.

Radial Position (mm) In an attempt to shed more light on this issue, it

was decided to examine the behaviour of different
Sbar r drop-size classes in addition to SMD. Three drop-

size classes corresponding to 10, 50, and 90% cu-
Fec. 7. Drop mean velocity distributions for FAR 0.2. mulative volume points, i.e., D10, D50, and D90, were

selected. Not surprisingly, the D5 0 data conform
closely to the SMD [4]. As illustrated in Figs. 8 and

deteriorated at higher levels of PA. The data obtained 9 for air pressures of 1 and 12 bar, respectively, the
for z = 70 mm are presented in Figs. 6 and 7. If Fig. different diameter classes exhibit fairly similar be-
6 is examined alongside Fig. 3, there appears to be haviour across the spray radius. The mean axial ve-
little difference in SMD at 1 bar, but SMD values locities corresponding to the three different size clas-
are appreciably higher at 4 bar for the higher fuel- ses are plotted in Figs. 10 and 11 for the two extreme
flow rates shown in Fig. 6. The droplet mean velocity levels of pressure. These figures show that, at the
distributions shown in Figs. 4 and 7 for the two dif- higher air pressure, the three drop-size classes pos-
ferent fuel throughputs exhibit only small differences sess practically the same mean axial velocity, while,
in absolute values at any given level of air pressure. at the lower pressure, there is a noticeable difference
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sures, however, where aerodynamic forces are ap-
M 14 - preciably lower, only the smallest droplets in the

Da spray can attain a velocity close to that of the atom-
n 12 - izing air stream. The larger drops lag behind the
V smaller drops to an extent that depends on their size,
S10 as shown in Fig. 10.
0o Figure 12 shows the effect of air pressure on the

8. radial distribution of Dgo within the spray. At all pres-
ty sures, D90 is seen to increase with increase in spray
( 6 .... radius. This same effect was also observed for the
m other drop-size classes, Dj0 and D50. Measurements
/ 4 on the effect of air pressure on the mean axial veloc-e ities corresponding to a given size class revealed low12 mean velocities (1-2 m/s) near the outer edge of the

spray at high pressures. Experiments carried out at 9
0 bar revealed negative velocities, which implies the

0 10 20 30 40 existence of a recirculatory airflow pattern. It is con-
Radial Position (mm) ceivable, therefore, that the existence in close prox-

010% - 50% D90% imity of low-velocity negative and positive flows
DO could give rise to droplet coalescence, which could

account for the observed large drop sizes at higher
FIG. 10. Drop mean velocity distributions for PA I air pressures. It is also possible that, at high pres-

bar and FAR = 0.1. sures, some of the smallest droplets are passing by
undetected, the light scattered by them being lost in
the general background noise, which increases with

in the mean velocities in the inner spray regions. This pressure. However, a large number of small droplets
difference in droplet velocity at low air pressures is would have to be missed out for the effect to be sig-
attributed to the influence of air pressure on the nificant since SMD is more strongly influenced by
aerodynamic force (0.5 pAU,2) experienced by a drop- the larger drops in the spray.
let in a flowing air stream. At high pressures, this Another possible explanation for the observed in-
force is large enough to accelerate all the droplets up crease in droplet diameter with air pressure is the
to a common velocity, regardless of size. At low pres- reduction in relative velocity between the fuel and
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10 oobut in the initial dense breakup region, an increase in
volumetric fuel concentration has two adverse effects
on atomnization: (1) it provides a greater opportunity

D ofor droplet coalescence to occur, and (2) it restricts the
o interaction between the atomizing air and the fuel.
P Because, with increase in PA, a larger proportion of the
D 0 breakup region is occupied by fuel and, in conse-
a quence, a smaller proportion by air, not only is there
me more fuel to atomize, but the "accessibility" of the fuel
t to the atomizing air is diminished. By the time the at-

r omizing air has achieved complete access to the fuel,
the conditions for sheet and ligament breakup are less

U favourable. This is believed to be the main reason why
mo 20 . drop sizes tend to increase with increase in PA, despite

the higher Weber number.
For this hypothesis to have any substance, an in-

0 0 1 2 crease in fuel throughput at a constant air pressure
0 10 20 Ps0 40 should result in a higher SMD. Although the data

Radial Position (mm) available for such an assessment are sparse, some

12 bar -4-- 4 bar 1 ba confirmation may be obtained by comparing the re-
sults presented in Figs. 3 and 6. These data corre-
spond to exactly the same test conditions, except that,

FiG. 12. Variation of D,, with radial position in spray. in one case (Fig. 6), the fuel-flow rate is twice that

FAR = 0.1. of the other (Fig. 3). Examination of these two fig-
ures shows that, at 1 bar, the SMD values are largely
independent of fuel-flow rate. This is perhaps hardly
surprising since, at this low pressure, the fuel-flow

the atomizing air that accompanies an increase in PA. rate is always relatively low. However, at a pressure
The atomizing air velocity remains constant regard- of 4 bar, where the effect of doubling the fuel-flow
less of variations in PA because the atomizer operates rate is appreciably higher, comparison of Figs. 3 and
at a constant value of APIP. However, for a constant 6 shows significantly higher values of SMD for the
fuel/air ratio, and assuming the fuel-film thickness at higher fuel-flow rate.
the atomizing edge remains constant, the fuel veloc- It is concluded, therefore, that the observed in-
ity is directly proportional to the fuel-flow rate which, crease in SMD with increase in air pressure is due
in turn, is proportional to PA. Thus, an increase in air not to the effect of pressure per se but is caused by
pressure must inevitably be accompanied by a re- the higher fuel-flow rates associated with atomizer
duction in relative velocity. It is recognized that the operation at high pressures.
fuel-film thickness may not be independent of fuel-
flow rate and, in fact, is likely to increase with in-
crease in fuel-flow rate. This would diminish the
force of the relative velocity argument, but if the Conclusions
fuel-film thickness does increase with fuel-flow rate,
this would also impair atomization since it has been From detailed measurements of drop sizes and
established both theoretically and experimentally drop velocities carried out over wide ranges of
that mean drop size is proportional to the square root air/fuel ratio and ambient air pressure on a practical
of the initial fuel-film thickness [5,6]. Thus, regard- airblast atomizer featuring swirling air flows the fol-
less of whether the influence of an increase in air lowing conclusions are drawn.
pressure on atomization quality is manifested via a
reduction in relative velocity or an increase in fuel- 1. The feasibility of obtaining detailed spray droplet
film thickness or, as is likely, a combination of both data at an operating pressure of 12 bar and a fuel
these effects, the end result is always to impede at- throughput of 24.8 g/s has been demonstrated us-
omization and raise the SMD. ing a single-component Phase Doppler Particle

Droplet coalescence has been mentioned already Analyzer.
as a possible cause of larger drop sizes at high pres- 2. Higher fuel throughputs and reductions in mea-
sures. In these experiments, the fuel/airinass ratio was surement plane distance from the atomizer below
kept constant regardless of variations in air pressure. 70 mm resulted in excessive attenuation of the
Thus, the volumetric fuel/air ratio increased in direct laser beams before and after the measurement
proportion to PA. This has little practical significance probe volume. This extinction resulted in high
for the spray as a whole, which is always fairly dilute, data rejection rates. Clearly, a more powerful laser
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A. K. Gupta, University of Maryland, USA. I have a clar- in the spray density and possibly an increase in the data
ification, a comment, and a question. Were the tests carried rejection rate. Please discuss how you feel this increased
out at 12-atm fuel supply pressure or chamber pressure? data rejection rate at higher pressures affects your spray
Providing SMD data in the spray yields little information statistics. It is also interesting to note the decreased radial
on the size and number density distributions of the spray. variation in drop size and velocity as the ambient pressure
What are the accuracy and precision of your reported data? is increased. Do you believe that a collapsing effect on the

spray at elevated pressure is causing this decreased radial
Author's Reply. The droplet measurements were under- variation? Were data acquired at axial locations closer to

taken at chamber air pressures of up to 12 bar. The authors the spray tip to determine how the spray evolves axially?
agree xvith the comment that providing SMD data alone Perhaps the spray at high pressure indicates a size-velocity
gives little insight with respect to size distributions. For this correlation closer to the spray tip, as seen in the low-pres-
as well as other reasons outlined in the paper, analysis in- sure spray data, which decays rapidly because of increased
cluded D10, D50, and D90 diameters. Number density ambient air drag forces at high pressure.
data were not presented in the paper partly because of to
paper length restrictions, but more importantly because Author's Reply. For the entire set of data outlined in the
the data quality was believed to be unreliable. This was paper, the maximum rejection rates encountered were be-
because of the use of a single-velocity component system low 10%. Under these circumstances, we believe the spray
in a spray field featuring recirculating flow. The level of statistics did not change significantly with increasing air
precision regarding the drop size-velocity measurements pressure. We do not have any spray images at high air pres-
using phase Doppler systems has been covered adequately sures to identify the change or lack of change in spray cone
in the published literature, angle placement. Consequently, we are unable to say

whether this may be an influencing factor in the decreased
radial variation in drop size and velocity. Spray measure-
ments were made at two axial locations only: 50 and 70 mm

Scott A. Drennan, Coen Company, Inc., USA. In your from the injector tip. Evolution of the spray at shorter axial
experiment, the flow rates of liquid and atomizing air in- distances could not be ascertained due to excessive laser
crease as ambient pressure is increased, causing an increase beam attenuation and data rejection rate.
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The statistical behavior of droplets in a kerosene pressure-atomized spray was investigated under swirling
and burning conditions. This case was studied in order to better understand individual droplet transport
processes downstream of the fuel spray flame. A two-component phase-Doppler particle sizing system was
employed to provide information on the droplet size and velocity distributions as well as interarrival-time
statistics. Time-resolved information is presented on the instantaneous values of diameter, and the respec-
tive axial and radial velocity components. The results provide some evidence of nonsteady interarrival-time
statistics (associated with droplet clustering) immediately downstream of the fuel nozzle and at radial co-
ordinates near the center of the spray. This unsteady statistical behavior was most prominent within the
shear layer formed near the inner spray boundary. Decomposition of the results into size classes indicated
that clustering (attributed to entrainment by recirculating gases) occurred only for the smallest droplets, 0-
20 unr in diameter. For larger droplets, analysis on the random nature of the spray process revealed that
droplet transport generally follows steady Poisson statistics. Furthermore, the information provided here
shows that size-class decomposition is important in the analysis of spray behavior.

Introduction Recent developments with phase-Doppler inter-
ferometry (PDI) have allowed simultaneous mea-

Improved understanding of spray combustion surement of both size and velocity distributions, and
phenomena requires a detailed knowledge of the in- time-resolved information [2]. The effect of aerody-
teraction between the droplets and the surrounding namic turbulence on droplet dispersion can be ob-
chemically reacting flow field. Therefore, novel strat- tained with PDI in different environments, including
egies that address optimization of fuel/air mixing swirling and burning droplet-laden streams. Reitz [3]
processes can lead to increased combustion effi- found that droplet mean and fluctuating velocities
ciency and reduced emission of unburnt fuel into the were close to that of the gas stream for situations
surrounding environment. The importance of match- where the droplet-size-velocity correlation coeffi-
ing the fuel spray pattern with the associated aero- cient was low. This occurred in regions of the spray
dynamic flow field has been recognized through the where the relative velocity between the droplets and
direct application of laser sheet photography. Studies gas stream was small, for example, in downstream
have shown that droplets pass through the flame regions and in the center of the spray. Edwards and
sheet relatively unburnt when using commercially Rudoff [4] found that groups of droplets of specified
available atomizers [1]. Information dealing with the size range have different velocities, and that mean
effect of the gas flow field (both mean and fluctuating velocity decreases with smaller droplet size class. The
quantities) on the trajectory of individual droplets of droplet velocities associated with the smaller-sized
various sizes is critical to determine the dispersion of droplets were found to merge smoothly into the gas-
droplets within the surrounding air stream. phase velocity. The velocity of the gas remained be-
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low that of the smallest droplet size class throughout combustion air, supplied to the burner via a 101-mm-
each radial profile except near the dense spray diameter pipe surrounding the fuel nozzle, was nom-
boundary (in the near-injector region) where sensi- inally set at 64.3 kg/h. This provided good flame sta-
tivity to the smallest droplet sizes was lost. Bulzan et bility at an overall input fuel/air equivalence ratio of
al. [5] have found both experimentally and numeri- 0.75. Further details of the experimental facility are
cally that the fluctuating radial gas-phase velocity is presented in Ref. 8.
significantly lower than the axial component in a The unconfined spray is injected vertically upward
downward-facing air-assisted water spray. The mag- from the nozzle exit, located at the burner exit. A
nitude of the radial fluctuations remains smaller than stepper-motor-controlled spray assembly traversing
the axial component with increasing axial position, system allows movement in both the vertical and hor-
although the flow becomes more isotropic. izontal planes so that highly resolved spatial profiles,

The focus of this investigation was to provide time- can be obtained within the spray flame. The optical
resolved information on the instantaneous droplet setup is fixed while the burner spray assembly is
velocities and interarrival-time statistics as correlated moved. In this fashion, radial profiles of the spray
with droplet size and spray position. Data are pre- properties are obtained at different axial positions.
sented for a swirling kerosene spray flame, as op-
posed to earlier studies under nonburning conditions Measurement of Droplet Size, Velocity,
[6,7]. This study provides further insights pertinent and Time of Arrival
to a better understanding of droplet interaction with
the surrounding air stream. A two-channel phase-Doppler interferometer

(PDI) is used to obtain droplet time of arrival, drop-
let size, and velocity data. By "time of arrival" is

Experimental Arrangement meant the time relative to the start of data acquisition
at which a given droplet is detected. Measurements

Spray Combustor Facility: were repeated at several selected positions to ensure
a repeatability that was generally better than 5% near

Experiments carried out in the spray combustion the spray boundary.
facility (SCF) simulate operating conditions found in
practical combustion systems (see Fig. 1). The swirl
burner includes a moveable-vane swirl generator Results and Discussion
with a 12-vane cascade; the vanes rotate simultane-
ously in order to impart the desired degree of swirl Size/Velocity Distributions and Time of Arrival:
intensity (both positive and negative) to the combus-
tion air flow [8]. The pressure-jet nozzle used in the Two positions were selected to illustrate the be-
present study was nominally operated at a fuel flow havior of the individual droplets, one at the center-
rate of 3.2 kg/h (line pressure at about 6.89 kPa). The line and the second near the spray boundary (i.e., the
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position radially outward near the outer edge of the droplets are transported upstream along the spray
spray where droplet size is maximized). Results are centerline and subsequently swept into the droplet
presented in Figs. 2 and 3 at an axial position, z, of mainstream along the spray boundary. At down-
10.0 mm and for radial positions, r, of 0 and 10.2 stream positions, data were not obtained near the
mm, respectively. Each figure includes the droplet spray centerline because of the low data rates that
axial and radial velocity time of arrival (note the dif- were associated with the dramatically reduced drop-
ference in scales for time in Figs. 2 and 3). The data let concentrations. Near the spray boundary, the size
points in each figure are also coded to represent the and velocity distributions were essentially the same
droplet diameter (for 1 •< D -< 100 em, see scale in as those at z = 10 mm because of the lack of axial
frame B of each figure). At r = 0 (see Fig. 2a), the droplet deceleration [10]. This lack of deceleration
presence of both negative and positive droplet axial is attributed to the increased gas-phase volumetric
velocities is attributed to recirculated droplets and to flow rate that is induced by the combustion process.
droplets injected directly from the nozzle, respec- The diameter of individual droplets corresponding
tively. Near the spray boundary (at r = 10.2 mm), to each droplet arrival time is shown in Figs. 2 and
the results indicate the presence of droplets origi- 3. The figures indicate that the droplets (i.e., both
nating solely from the nozzle exit (i.e., only positive large and small) randomly enter the measurement
axial velocities are revealed in Fig. 3a). In a previous volume. Spectral density analysis carried out with
study [9], it was shown that a bimodal size distribu- time-of-arrival data obtained during a previous in-
tion is detected near the spray centerline and is at- vestigation [11] did not indicate the presence of any
tributed to the formation of a recirculation zone dominant frequencies in the spray at z -> 10 mm.
(consisting of mostly smaller-sized droplets) down- High-speed cinematography has shown the presence
stream of the nozzle. These results are of interest to of a high-frequency pulsation (at approximately 1
burning studies since smaller droplets found under kHz) in the spray jet and apparent clustering of drop-
these conditions are captured by the gaseous recir- lets immediately downstream of the nozzle (z < 10
culation pattern and transported upstream toward umn), which is attributed to liquid sheet breakup [8].
the nozzle. Under nonburning conditions [7], the This pulsation appears to decay rapidly within a few
strength of the central toroidal recirculation zone is millimeters of the nozzle exit.
much larger and stronger than that which develops At the spray centerline, the data rate is much lower
for burning conditions. Although the recirculation than detected near the spray boundary (see Figs. 2
zone in the burning spray is relatively weak, smaller and 3). Both swirl and combustion act to reduce the



356 SPRAYS AND DROPLET COMBUSTION

0 10 20 30 40 5s]

20 o 0c 0 0 20

S 5.is , re , "1 . • .. •,% ~oeq • a~e 8 •0~ Jir I-0 -.. ". 45.. .
E *...* . % C6. O

. 10 6 • . -10

- 0 0

< U 1 5.7 A/s -5
V 8.9 r /s

-10 -............-- 10
0 10 20 30 40 50

Time (ms)
0 10 20 30 40 50

25 ... . ... . . -25
0- d - 100 Am

20 -0 - d - 60 Am -20

- -8 20 Am0 0-1E IS 1

lo 10 o 0o Q , • .D.,,
du 5 % aof

"0 0 -0
;G FiG. 3. Time history of droplet (a)
a -

5 -5 axial and (b radial velocity at r
-10 -............. B .: 10.2 mm and z = 10 mm. Velocity

0 10 20 30 40 6o time histories are coded to represent
T im e (m s) change in droplet diameter.

droplet concentration and therefore the data rate. ideal spray is defined completely by knowledge of the
The larger droplets that are fewer in number often time-dependent process intensity function, 2(t),
pass with less frequency through the measurement where t represents time and for which the intensity
volume at high velocity. At both radial positions, function is equivalent to the particle arrival rate.
there is an obvious trend for the axial velocity se- Consequently, the probability of realizing a given set
quence; viz., transport of the smaller droplets is at of droplet interarrival times depends solely on the
lower axial velocities while the larger droplets move intensity function. Note that a time-of-arrival se-
at higher velocities. The radial velocity sequences quence of M + 1 droplets constitutes a realization
presented in Figs. 2b and 3b indicate less correlation of M interarrival times, where the interarrival time is
between size and velocity as compared with the axial the difference in arrival time between successive
velocity results. droplets.

The functional form of 2(t) can be used to classify
the spray into three basic types [13]: (1) steady, (2)

Droplet Interarrival Statistics: unsteady-deterministic, or (3) unsteady-random, cor-
The time-of-arrival PDI data shown in Figs. 2 and responding to situations for which the intensity fune-

3 indicate that droplets pass through the probe vol- tion is (1) independent of time, (2) time-dependent
ume in a random fashion (the term random is used and deterministic, or (3) time-dependent and ran-
in the sense that, at any instant, the detection of a dom, respectively. If the intensity function is time
droplet cannot be predicted a priori). A quantitative invariant, i.e., steady, then the spray follows homo-
interpretation of single-point, time-resolved spray geneous Poisson statistics.
data can be carried out based on the recently devel- Any ordering of the spray will influence the inten-
oped ideal spray theory of Edwards and Marx sity function and therefore affect the droplet inter-
[12,13]. In this theory, the ideal spray, which is de- arrival (or occurrence) statistics. In an actual spray,
fined as a discrete stochastic process, is comprised of unsteady statistics can exist because of ordering and
droplets (treated as noninteracting point particles) clustering of droplets as, for example, a result of
randomly passing through a given point in space. The aerodynamic effects or by periodicity generated by
droplet flux within an ideal spray, in general, follows system pulsations. Statistical analysis of the occur-
either homogeneous (steady in time) or inhomoge- rence events can therefore provide information re-
neous Poisson statistics. In a statistical sense, the garding the nature of randomness of the spray field.
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,25.4 mis more than twice that of the z = 10 mm profile.

1000 I Along the spray axis, the depleted droplet concen-
I I "tration yields a centerline data rate that is over three

1, 0 orders of magnitude less than the peak value of 103
100 s- near the spray boundary. One notes that the ra-

0 " dial profile of the intensity, (2(r)), differs in magni-
tude, and slightly in form, from the data rate, )r(r),
because of the spatial variation of the validation

0• fraction, fl(r). With regard to (2(r)), the reduction in
the validation fraction at the spray centerline (rela-
tive to the peak value near the spray boundary) in-

.-20 -1o 0 o 20o 30 creases the magnitudes of the central minima of Fig.
Radial Position (mm) 4 by a factor of approximately 3.

In order to justify the dilute spray assumption (ex-
Fiu. 4. Variation of phase-Doppler data rate with radial plicitly assumed in the model of an ideal spray), the

position at z = 10 mm and z = 25.4 mm. ratio of droplet diameter, D, to interparticle separa-
tion, A, is estimated using values based on measured
spray properties. For characteristic ratios, DIA <<

The intensity, which represents the droplet arrival 1, it is expected that the average interparticle sepa-
rate at a given point within the spray, is equivalent ration may be considered large enough so that the
to the droplet flux (units, s-1) passing through the dilute spray approximation can be justified. The in-
measurement volume. Its magnitude is proportional terparticle separation can be approximated by the
to the local droplet concentration and velocity dis- cube root of the reciprocal of droplet number den-
tribution integrated over the projected area of the sity, i.e., A - N-/3. The smallest interparticle sep-
probe volume. The actual measured intensity, 2,,A(t), aration was found to occur near the nozzle exit and
also known as the data rate, is proportional to the spray boundary, where the maximum droplet num-
fraction of droplet arrival events, P, which yield a ber density and diameter were approximately 3500
validated response by the measurement apparatus, particles cm- 3 and 80 pm, respectively. Based on
i.e., 2,,(t) = fl,(t). At very high system gain, the val- these values, it was estimated that this characteristic
idation fraction will tend to decrease as a conse- ratio was small, DIA - 0.12. This result shows that,
quence of increased detector signal noise. In this on the average, the most dense region of the spray
study, the gain was varied with radial position in or- was relatively dilute although it is recognized that, at
der to accommodate changes in droplet mean di- any given time, the ratio D/A can be much higher as
ameter. At coordinates corresponding to relatively a result of the occurrence of random fluctuations in
high gain and small mean droplet diameter, the val- interparticle spacing.
idation fraction, as indicated by the PDI, was low, The occurrence statistics of the spray were quan-
with fl - (0.2-0.4). Conversely, within the spray tified via the normalized interarrival-time-distribu-
boundary, where the droplet mean diameter was tion histogram, H (rj,Arj), which was obtained from
large, system gain was reduced, and validation frac- the phase-Doppler data. This histogram can be gen-
tion was of the order /3 - (0.6-0.8). It is important erated by counting the number of interparticle arri-
to note that, although the validation fraction alters val times occurring within thejth time bin Tj of width
the magnitude of the data rate, the shape of the in- Arj, as:
terarrival-time distribution function is unaffected.

The expected value of the intensity, (2), is equiv- 1
alent to the average particle arrival rate and can be H (rj,Drj) = MArj
determined by dividing the number of interparticle
events, M, by a sufficiently long time interval over countkcj - A •rj/2 <-c < Kcj + A- /21
which the particle events are observed to occur.
Two radial profiles of the data rate, 2,A = /3(2), cor- (1)
responding to z = 10 and 25.4 mm, are presented
in Fig. 4. The profiles are nearly symmetric about where r represents a measured arrival time and M
the spray centerline, with somewhat increased asym- is the total number of interarrival events. The inter-
metry for z = 10 mm. Near the spray centerline, arrival probability density function, h(r), which
both profiles exhibit pronounced minima resulting is a continuous function describing a process of in-
from the relatively low droplet concentration. Con- finite duration, is defined in terms of H (T Ar). In
versely, the measured peak intensity of both profiles the limit of infinite sample population, M, and infon-
occurs near the spray boundary, with a maximum ar- itesimal bin width, Ar, namely (lim Arj -- 0, M -+
rival rate at z = 10 mm of approximately 8 X 103 w), then H (rj,Arj)-* h(r). Therefore, given a finite
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sample population, H (rj,Arj) is an approximation to heavily weighted by that class. This accounts for the
h(r). similarity of the histograms for classes (a) and (b).

For a steady Poisson process, the interarrival prob- For class (b), there is a relatively abrupt change in
ability density function, h(r), is well known and is the magnitude of the histogram slope (intensity) that
given in terms of the interarrival time, c, and inten- occurs at an interarrival time of approximately 3.5
sity, 2, as [14] ms. This result indicates an unsteadiness in the ar-

rival-time statistics for the 0-20-pum-diameter size
h(r) = ,ue r (2) class at the coordinates z = 10 mm and r = 6.4 mm.

This behavior persists as one moves toward the spray
so that, for a steady spray, a plot of blnh(a)] vs a will centerline where there is an abundance of smaller
have a constant slope equal to 2 and intercept equal droplets. In contrast, the histogram for class (c)
to ln(X). shown in Fig. 5 conforms more closely to the expo-

Given a sufficiently large sample size and expo- nential distribution given by Eq. (2), thus revealing
nential distribution characteristic of a steady spray, that the largest droplets exhibit nearly steady inter-
the relationship between ln[H] and r will approach arrival-time statistics. Near the spray boundary at z
linearity. With this idea in mind, several represen- = 10 mm and r = 10.2 mm, the histogram (over all
tative normalized interarrival-time histograms, size classes) is consistent with steady Poisson statis-
H (r], A;j), were calculated from the time-series data tics. At this location, the spray is relatively dense and
(obtained at selected positions in the spray flame) is comprised mainly of larger droplets (N - 2700
and compared with the theoretical behavior of a sta- particles cm- 3 and 4, = 6198 s-1).

tistically steady spray. For example, this statistical In a droplet cluster, there exists a locally high
analysis was carried out for data obtained at z = 10 droplet number density (above the mean value),
mm and r = 6.4 mm (see Fig. 5). At this position, which results in relatively short interarrival times. Al-
recirculated droplets begin to interact with the drop- though droplet clustering occurs even in steady
lets that are transported downstream directly from sprays as a consequence of the random character of
the nozzle. Three interarrival-time histograms were the droplet flux, in this discussion, the term "cluster-
constructed from the following three diameter clas- ing" applies to those situations for which the inter-
ses: (a) all sizes, (b) 0-20 ,um , and (c) 20-40 pm. arrival times differ in a statistically significant fashion
Nearly 104 particles were sampled over class (a), with from steady Poisson statistics. Furthermore, since
about 6000 in class (b) and 3000 in class (c). At this these statistics are derived from temporally resolved
position, the average measured intensity (over all size single point observations, clustering is used in the
classes) was 243 s - , and the droplet number density temporal sense. As an example of such clustering, it
was 250 particles cm 3. is apparent in the histogram of Fig. 5 class (b) that

For the pair of curves corresponding to classes (a) the probability density of the short interarrival times
and (b) in Fig. 5, there is a statistically significant is increased (relative to that which would exist given
departure from linearity at short interarrival times. steady Poisson statistics at the same mean intensity)
Note that, since class (b) comprises nearly 60% of with a concomitant reduction in the occurrence rate
the entire population, the histogram for class (a) is of the longer time scales. Without further analysis, a
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distinction cannot be made between clustering that The interarrival-time histograms for the three size
is associated with (1) closely spaced droplets traveling classes [(a), (b), and (c)] are presented in Fig. 6 for
nominally at the same velocity and (2) droplets trav- data obtained downstream near the spray boundary
eling at different velocities yet passing through the at the coordinates z = 25.4 ram, r = 20.3 mam. At
measurement volume at short time intervals (in this this position, the droplet number density was 430
case, the droplets do not remain in close proximity particles cm - , with droplets ranging in size from 10
over a significant time interval). to 90 um in diameter. Also presented is the expo-

At the axial location z = 10 mm [corresponding nential distribution based on the measured average
to the class (b) data of Fig. 5], the maximum degree intensity of 852 s-1 (straight dashed line). The his-
of unsteadiness, as measured by the departure from togram corresponding to case (b) of Fig. 6 indicates
linearity of the In H Wr data, occurred at a radial po- some unsteadiness for the 0-20-,um-diameter drop-
sition located roughly midway between the spray lets, although the departure from linearity of this his-
centerline and spray boundary, whereas, for the class togram is less than the case (b) result of Fig. 5 taken
(e) results, all the interarrival-time histograms exhib- at z = 10 mm and r = 6.4 mm. This result provides
ited steady behavior throughout the entire range of additional evidence of spatial inhomogeneity in the
radial positions. Thus, droplet clustering was most droplet arrival-time statistics. Inspection of Fig. 6 re-
intense near the shear layer (in the region that lies veals also that the histograms corresponding to cases
between the spray boundary and recirculating gases (a) and (e) are Dearly linear and conform with steady
toward the center of the spray) and was limited to Poisson statistics. Furthermore, the measured distri-
the smaller droplets. It is expected that only the bution of case (a) is accurately reproduced [with Eq.
smallest droplets, having relatively small Stokes (St) (2)] using the measured average intensity. The li-
numbers, follow the gas-phase turbulence, and the nearity of the case (a) data indicates that the non-
larger droplets with high momentum and large St steady behavior associated with the smaller droplets
tend to be unaffected by the gas-phase flow. This was masked by the relatively abundant larger drop-
correlation with St is consistent therefore with a clus- lets.
tering mechanism for which only the smallest of
droplets are swept by recirculating eddies formed in
the shear layer. Such droplet-laden eddies interact Summary
with the main part of the spray to produce a fluctu-
ating and hence unsteady occurrence of smaller The transport of fuel droplets in a kerosene pres-
droplets, which interact with the droplets coming di- sure-atomized spray flame was investigated using
rectly from the nozzle. The existence of a bimodal phase-Doppler interferometry to measure droplet
size distribution (attributed to the recirculation of size, velocity, and arrival time at selected axial and
smaller droplets into the main droplet stream coming radial positions within the spray. Along the spray cen-
directly from the nozzle) further supports the asser- terline and near the spray boundary, the droplet axial
tion that unsteady interarrival-time statistics occur in velocities were found to correlate with droplet di-
the shearing region as a result of eddy transport of ameter; i.e., higher velocities were associated with
smaller droplets. the largest droplets. Negative axial velocities (con-
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sisting mostly of smaller recirculated droplets) were Size Measurement Techniques, ASTM STP 1083
observed near the centerline and attributed to recir- (E. D. Hirleman, W. D. Bachalo, and P. G. Felton,
culation patterns induced by the swirling air. Eds.), American Society for Testing and Materials,

Analysis of the time-series data indicated that Philadelphia, 1990, Vol. 2, pp. 209-224.
droplet arrival is random and consistent with Poisson 3. Reitz, R. D., in Liquid Particle Size Measurement
statistics. Steady interarrival-time statistics were oh- Techniques, ASTM STP 1083 (E. D. Hirleman, W. D.
tained for the larger droplets within and external to Bachalo, and P. G. Felton, Eds.), ASTM, Philadelphia,
the spray boundary. Toward the internal shear layer 1990, Vol. 2, pp. 225-237.
separating the spray and recirculated air, significant 4. Edwards, C. F., and Rudoff, R. C., Twenty-Third Sym-
nonsteady statistical behavior was observed for the posium (International) on Combustion, The Combus-
smaller droplets. The results suggest the occurrence tion Institute, Pittsburgh, 1990, pp. 1353-1359.
of a clustering mechanism resulting from droplet en- 5 Bulzan, D. L., Levy, Y., Aggarwal, S. K., and Chitre,
trainment by eddy structures formed in the shear S at D 2(4)445A62 (1992)
layer. In general, these findings illustrate that it is S., Atomiza. Sprays 2(4):445-62 (1992).
very1important to segregate the spray into size classes 6. Presser, C., and Gupta, A. K., AIAA 93-0132, 31st
because of the strong dependence of such transport AIAA Aerospace Sciences Meeting, Reno, NV, 1993.
mechanisms on droplet diameter. 7. Presser, C., and Gupta, A. K., in Heat Transfer in Fireand Combustion Systems (B. Farouk, M.P. Menguc,

R. Viskanta, C. Presser, and S. Chellaiah, Eds.),
ASME, New York, 1993, HTD-Vol. 250, pp. 79-92.
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COMMENTS

J. A. Bossard, Arizona State University, USA. What are from droplet velocity and diameter measurements. Yet the
some of the implications of your work in addressing the results of this work demonstrate that in real sprays, droplet
discrepancies that exist between temporal measurements interarrival times (especially for the smallest droplets) do
(i.e., the PDPA) and spatial measurements (i.e., PIV), par- not always follow steady Poisson statistics. Consequently,
ticularly with regard to differences in measured number given a situation for which the arrival time statistics are
density and volume flux? unsteady, a priori assumption of statistically steady behav-

ior is not justified and will lead to erroneous estimates of

Author's Reply. For temporal-based measurements of measured number density and volume flux. It is thus pos-

droplet number density and volume flux, the functional sible that some discrepancies between temporal and spatial

form of the interarrival time distribution function must be measurements may be attributed to the failure to account
known in order to account properly for statistical biases in properly for unsteadiness in the interarrival time statistics
the raw data. Specifically, xvith knowledge of the interar- of droplets or tracer particles. In an analogous fashion, one
rival statistics and effective probe volume dimensions, must know the interparticle distance distribution function
droplet number density and volume flux can be determined when determining number density and volume flux from
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spatial measurements. The occurrence of statistically sig- your question, collisions would tend to occur between
nificant spatial clustering would need to be accounted for smaller- and larger-sized droplets. Consequently, a colli-
in the determination of droplet number density and volume sion-induced departure from steady statistics would be ex-
flux from such data. pected for small and large droplets. Since only the smallest

droplets exhibited unsteady behavior, droplet coalescence
does not then explain satisfactorily the occurrence of sta-
tistical unsteadiness.

Joseph J. Sangiovanni, United Technologies Research Coalescence would influence the occurrence rate within
Center, USA. Does your data analysis properly account for any size class of droplets that are undergoing collisions.
droplet coalescence? For example, when small, faster mov- One could model the probability of droplet coalescence to
ing droplets collide with larger, slower moving droplets. If quantify its effect on the form of the interarrival time dis-droplet coalescence is accounted for, can you then quantify tribution. For example, with no correlation between drop-tdroplet arrival time and the collision probability (for droplets
coalescences by analysis of droplet arrival time statistics as within a sufficiently narrow size class), coalescence events
functions of droplet size, number density, and position? would be randomly distributed among these droplets. As a

result, the form of the interarrival time distribution for suchAuthor's Reply. Droplet coalescence does not explain a size class would remain unaffected by collisions. Conse-
the unsteadiness in the measured interarrival time statis- quently, droplet coalescence may not necessarily result intics. As discussed in the text, the minimum mean interdrop- unsteady interarrival time statistics. Nevertheless, droplet
let spacing is relatively large so that droplet collision is a coalescence would tend to increase the number of larger
rare event. Furthermore, even in the densest region of the droplets and concurrently deplete the relative abundance
spray (where the likelihood of droplet collision is highest), of smaller-sized droplets. An increase in the occurrence
the arrival time statistics remained steady. Unsteadiness in rate of larger droplets proceeding in the downstream di-
the statistics was observed only in the relatively dilute spray rection might provide some evidence of droplet coales-
interior. Finally, the unsteady behavior was associated with cence since droplet evaporation and deceleration tend to
only the smaller-sized droplets. However, as suggested in reduce the droplet occurrence rate.
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2D LASER DIAGNOSTICS OF LIQUID METHANOL FOR INVESTIGATION
OF ATOMIZATION AND VAPORIZATION DYNAMICS

IN A BURNING SPRAY JET

11. BAZILE AN) D. STEPOWSKI

CORIA, URA CNRS 2.30, Univer•sity of Roueo

76821 Mont Saint Aignan Cedex, France

Single-shot planar imaging of Raman scattering of liquid methanol, as well as laser-induced fluorescence
of dissolved dye, has been used to investigate atomization and vaporization dynamics in the early stages of
a burning spray jet. Within the limited dynamic range of the camera, these linear techniques provide signal

levels that are locally proportional to the mass of liquid intercepted by the laser sheet, whereas the tech-

niques based on elastic interactions with the spray could not provide quantifiable data in this region of
large size dispersion.

High-speed 2D maps of the condensed mass field of the initial jet display the dynamic behaviour of the
structures induced by' different regimes of air-blast atomization. The technique has enabled us to obtain
planar instantaneous pictures of the liquid phase velocity field in the early development of the burning
spray.

When a droplet vaporizes, the signal level on its (blue) Raman image scales as its actual volume d3,
whereas the signal level on its (red) dye fluorescence image scales as its initial volume d(), since the mass
of dissolved dye does not vaporize. The comparison of the simultaneous images provides useful information
on the vaporization dynmics in the burning spray. The data have been obtained in terms of evaporation
constant from size reduction of single droplets or in terms of vaporized mass fraction of injected fuel from
integrated measurements.

Introduction butions of a given species. Very promising results
have been obtained by the exciplex fluorescence

Knowledge of the state and dynamics of the fuel technique [1], in which a laser-assisted reaction be-
droplet size distribution in the early development tween organic additives occurs predominantly in the
stages ofa burning spray jet is useful for investigating condensed phase. Unfortunately, this technique is
the different combustion regimes that may be in- very difficult to apply in a flame because the excited
volved in flame stabilization. Because of the broad- monomer in the vapor phase is strongly quenched by
ness of the size distribution and the limited dynamic oxygen.
range of the detectors, quantifiable time- and space- In the exciplex fluorescence method, the liquid ad-
resolved information are very difficult to obtain. ditives that have been doped into the fuel are as-

Laser diagnostics based on elastic interactions are sumed to be coevaporative with it. Alternatively, the
practically inapplicable, as the scattered intensities present paper reports on development and applica-
range over several orders of magnitude from the Ray- tion of different methods in which only the con-
leigh size regime to the upper Mie regime. This densed molecules are laser probed by Raman or flu-
broad dynamic range can be apparently reduced by orescence techniques. In the latter case, the liquid
the time or space integrations that are involved in fuel has been doped with a very low concentration
the imaging techniques (shadowscopies, diffracto- of an organic fluorescent dye that does not vaporize.
scopies, stroboscopies ... ), but such artifacts may in- In the former case, as a result of the much greater
duce deleterious bias in the data interpretation, molecular density in liquid phase compared with the

The laser techniques based on spontaneous Ra- vapor phase, the Raman-scattered intensity from the
man and fluorescence interactions provide emissions vaporized fuel is always below the instantaneous de-
at specific shifted wavelengths with intensities that tection threshold of the detector. Thus, in both cases,
are proportional to the number of molecules in the the measurement is insensitive to the thermochem-
probe volume. However, these frequency shifts are ical environment (collisional quenching), as the dis-
practically insensitive to the phase in which the solved dye or fuel molecules are laser probed in the
probed molecules are found, and it is impossible to same condensed phase.
discriminate between liquid and vaporized contri- These techniques may be used to provide single-

363
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pulsed dye laser (•- 3 ), the simultaneous (red) fluorescence signal
284 nm, 10 mj, 10 Hz level from that droplet scales as its initial volume

(•d1) since the dissolved dye does not vaporize. The
comparison provides useful information on the local
vaporization dynamics in the burning spray. This in-
formation can be obtained in terms of evaporation
constant from individual droplet size reductions or
in terms of vaporized mass fraction of injected fuel

250<X<400 nm from integrated measurements.
S;v>500 nmt

Experimental Setup

biprism •The experimental apparatus is shown in Fig. 1.

o oThe laser diagnostics have been performed in the
filters near development field of a burning spray, of which

the initial zone is pictured in Figs. 2 and 3. The spray
105 mm is produced by a coaxial air-blast injector in which

CCD droplets liquid methanol issues at low velocity (0.35 ms'i)
camera from a central tube (2-mm diameter) and is atomized

FIe. 1. Apparatus. The biprism and associated filters are by a parallel air flow issuing at high velocity (60-110
onls used in saporization dInanies studies for obtaining ms 1) from an annular duct. This injector is located
simultaneous Raman and dye fluorescence images. A cop at the bottom of a water-cooled chamber (8 X 8 cm)
per vapor laser swas used for high-speed experiments, equipped with large quartz windows. Details have

been described in previous papers [2,3], which report
on phase-Doppler and OH fluorescence mapping in

shot 2D maps of the atomized liquid core on which this spray jet.
the signal level scales as the local mass fraction of The pulsed radiation (Xo = 284 nm, At = 10 ns,
intercepted liquid fiuel. Such a dynamic behaviour e = 10 mJf = 10 Hz) provided by the second bar-
allows for further image processing with particle im- monic of a dye laser pumped by a YAG laser is fo-
age velocimetrv (PIV). eused into a vertical light sheet (20-mm height, 300-

Furthermore, while the (blue) Raman signal level pm thick) passing through the axis of the spray. The
from an individual droplet scales as its actual volume laser-induced emissions are imaged at 9,00 onto a

12;3

Ia/ A b/

FIG. 2 and 3. Planar Raman im-

aging of liquid methanol just above

) the coaxial air-blast injector. The
"marked signal levels are proportional
to the mass fraction of liquid fuel in
the laser field. Fig. 2 (top): AU = 50
"ms-, Z = 66; Fig. 3 (bottom): AU
- 110 ms'1, y = 30. (a) Single-shot

image; (b) ensemble average picture
a/ b/ •from over 200 laser shots.
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gated intensified charge-coupled deviee (CCD) cam - High-Speed 2D Maps by Dye Fluorescence:
era (Proxitronix, Atc,, = 50 ns) wvith a 105 mtm-
F/4.5 objective lens equipped with a high-pass filter When a smail amount (C5  2 ppm) of Rhodamin
(2> 300 nm). With the camera located 300 mm from 6G is dissolved in liquid methanol, the laser pulse

the laser sheet, the magnification is about 0.5. The induces a yellow fluorescence emission over a broad
video signal is digitized by a frame grabber board spectral range (525-610 nm) that is determined by
(Matrox MVP-AT, 512 X 512, 8 bits) connected to the spectroscopic structure of the dissolved dye mol-

a PC. The specific signal processings arc described ecule. Since the dye population is so low that laser

in the different sections and figures of this article, absorption and fluorescence trapping are negligible,
the fluorescence intensity is proportional to the mass
of dissolved dye in the probed volume, since the flu-
orescence yield is fixed by the constant rate of

Atomization Mquenching collisions with solvent methanol mole-
nMapping cules. For this particular experiment, the laser beam

from a copper vapor laser (- = 4 mJ, At = 70 ns,f
= 5 kHz, 2 = 510 nm) was focused into a vertical

Single-Shot Maps of the Liquid Methanol light sheet (500-pim thick) passing through the axis
Raman Scattering: of the jet just above the injector.

As methanol is linearly excited by a UV laser, the A 30-mm-height view field of the fluorescencemolecules scatter Ra.n-shifted radiations (2, - emission was imaged through a high-pass filter () >
308.9 nm, 4~ = 309.9 nm, 23 = 292.5 ni) that are 550 nm) onto the photographic film (Kodak 400 ISO)

mainly due to the stretching vibration modes of CH of a high-speed roller camera. A series of 30 succes-
and CO. With caution that no absorption or optical sive pictures has been obtained and digitized (1500

breakdown occur, the signal intensity is proportional X 2000) for different atomization velocities that
to the number of condensed molecules in the probed have been shown [2] to induce different regimes of
volume. Figures 2 and 3 show examples of planar flamle stabilization in the spray. A morphological clas-
imaging of liquid mnethanol just above the air-blast sification of the atomization liquid jets can be set as
injector. The height of the laser sheet has been lirn- a function of a nondimensional number, Z =
ited with a diaphragm to 20 mm to ensure a constant Re/Ae,1 5, that compares the liquid Reynolds number
laser irradiance (within 10%) over the incident field, to thie atomization Weber number [4,5]. This com-
Neither laser nor Raman radiations are absorbed by posite mnber accounts for tile dynamic structure of'
methanol. A nonlinear color scaling has beeni used to the initial liquid jet which can modify the air-blast
visualize the strong gradients, but the marked signal atomization. The successive examples shown in Figs.
levels that are proportional to the enerig onto the 4a through 4f (AUo = 70 m/s, / 50) correspond
CCD are a direct measure of the local mass fraction to a transition between two atomization regimes: the
of liquid fuel in the laser field. However, unavoidable mnembrane type ligament" (y > > 50) and the "fiber

uncertainties on the spatial resolution remain as both type" (7 << 50).
the laser and Raman radiations may be refracted in
the high gradient zones. 2D Instantaneousi Velocity Field of the Liquid Jet:

It is worth noting that the contribution of the small f
droplets that are detected (Figs. 2a, 3a) on the single- The particle image velocimetry (PIV) has been ap-
shot images is no longer visible on the ensemble av- plied to a pair of successive fluorescence images from
erage picture (Figs. 2b, 31)) that has been postpro- the previous series with AU0 = 70 in/s. In this par-
cessed. This dynamic limitation, which can never be ticular experiment, the velocity field is tracked by the
overcome when either space or time integrations are liquid phase itself (in terms of mass fraction) with
basically involved in a diagnostic, underscores the re- strong gradients and large size dispersion, whereas
quirement of statistical analyses based on instanta- continuous seeding with calibrated particles is usu-
neous space-resolved measurements. This require- ally required for PIV application. However, a shift of
ment is still more evident when comparing Figs. 2 the first image by the mean axial velocity (Ahi - PAt)
and 3: The resolved pictures (Figs. 2a and 3a) show has made it possible to obtain the instantaneous map
the very strong influence of the atomization velocity of the liquid velocity field in the earliest stage of the
(through the Weber number) on the instantaneous burning spray. The correlations were investigated for
liquid jet structures (which has drastic consequences overlapping cells containing 256 X 256 pixels. The
on the combustion reginmes [3]), whereas the average velocity field shown in Fig. 5 is consistent with the
pictures (Figs. 2b and 31) are still quite similar. The phase-Doppler data that have been obtained [2] in
minimum droplet diameter that can be estimated tIle near field of that spray jet. This promising result
from the signal level on its Raaman image is about 50 shows that it would be possible to obtain the instan-
pm, which corresponds to two resolved elements on taneous size-classified field of the Weber number in
the laser plane. the atomized jet.
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0"V

a/ ( b/ t (

44

d/ : e/ i /

FIG. 4. Series of successive (At = 200 ps) images (750 X 750) of dissolved dye fluorescence in the early development
of the atomized jet under burning conditions. Each picture images a field of 12-mam width x 12-mi height immediately
upon the c•axial air-blast injector (AU = 70 ins', y 47).

Vaporization Dynamics the other for the fluorescence). Real-time processing
(4 Hz) is performed in two selected windows that

The Rlaman scattering and the dissolved dye flu- correspond to the same imaged field of view (5 x 2
orescence induced bv the single-shot UV excitation mi) (Fig. 6a). Optical aberrations may induce spatial
can be simultaneously and selectively detected using uncertainty when comparing two images, but the
different pass-band filters. Calibration experiments shift (± 1 pixel) is smaller than the minimum size of
in a stream of monosized droplets [6] have shown the droplet that can be detected (d,,1 -50,pm). The
that both signals are proportional to the droplet vol- signals in the observed window can be integrated and
uie under our linear excitation conditions and over interpreted in terms of mass fraction, or they can be
the tested size range (120-450 pm). The very small analyzed in terms of area under individual peaks,
amount (Co - 0.02 ppni) of Rhodainin did not mod- which are proportional to d3 and d8 on the Raman
ifv the Raman vield of liquid solvent. However, when and fluorescence profiles, respectively (Fig. 6b).
a droplet vaporizes, the integrated signal level on its However, in the latter case, one must make sure that
Raman image scales as its actual volume d3, whereas the probed droplets are completely immersed in the
the signal level on its fluorescence image scales as its laser sheet. A criterion for this is provided by the ratio
initial volume d3 before any vaporization has oc- a = Ir/(Ax)-3, which compares the integrated inten-
curred, since the mass of dissolved dye does not va- sity on the Raman image of a single droplet to the
porize. The two signals were initially equalized in the third power of its apparent diameter estimated on
liquid core of the cold jet, then, at downstream dis- that Raman image. Calibration experiments [6] have
tances, an\ intensity difference between fluorescence shown that a holds a constant value a, when spherical
and Raman signal can be related to vaporization ef- droplets completely inside the laser sheet are linearly
fects irrespective of spray dispersion. excited and detected.

A biprismn equipped with two filters was interposed Mass Flux of Vaporization along the Spray Axis:
before the camera (see Fig. 1) so as to provide two
parallel images of the same field of view (13 X 20 The integrated signals of Raman scattering 1, and
nun) at each laser shot (one for the Raman scattering, fluorescence If in the window have been averaged
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FIG. 5. Examiple of instantaneous velocity field (PI\T) of -2 -1 0 1 2

the liquid phase in the horning spray derived front single- Radial locaion (mm)

shot 2D imoages of dissolved dye fluorescence. The field (b)

covered by tisis velocity picture is hroader tlsan the fieldl FIG. 6. Processing of the two pairsllel im sgcs. (a) Ex-
shown in Fig. 4. ample of two parallel fimages ((lye fluorescence on the left,

Raman scattering on the right) simultancouslv induced hy
a single laser shot in the horning spiray. (b) Pair of radial

over 200 laser shots. Thus, the relative difference profiles in the two selected windows shown in (a).

0(h) = 1 - IjIfvwhich is plotted in Fig. 7 as a func-
tion of the probing height measures the mass fraction
of injected methanol that has been vaporized in the ac'/al of that cumulative mass fraction of vaporized
stream tube up to the probed volume. This relative fuel provides a reduced rate of vaporization per
measurement technique is independent of the dis- length unit. The dashed curve in Fig. 7 shows that
persion of the spray. However, when the evaporation most of the fuel vapor production on the axis of the
of a droplet reaches completion, the fluorescence burning spray takes place between 12 and 30 mm
yield of the dissolved dye drops abruptly to zero ac- above the injector, which is the range of liftoff
cording to Perrin's law [6]. With C, = 0.02 ppm, this heights where the flame is stabilized [2].
cutoff occurs for d8!d3 _ 101, which is higher than
the dynamic range of the imaging system (-200). Size Reduction of the Droplets,
Thus, the droplets that have completely vaporized Evaporation Constant:
before reaching the probing window are not ac-

counted for in the measurement .Let E - If/fl be In a quiet homogeneous environment, the diam-
the ideal fluorescence intensity as if the fluorescence eter of a spherical droplet decays [7] according to da2

yield were still constant when did0 reaches zero (i.e., = dr - kt. The simultaneous fluorescence and Ra-
the solid dye phase). Then, the actual mass fraction man signal in the observed window have been ana-
0' can be extrapolated by using 0'(h) = 1 - /3(h) lyzed in terms of area under the corresponding
+ fl(h)c(h) (see Fig. 7). [The procedure for esti- peaks, If and I,, xvhich are proportional to d3 and d3,
mating /3(h) is described in the next section.] This respectively. Along with the area, the Raman peak
corrected mass fraction 4/(h) continues to increase width Ax was measured, and the data for which
on the axis toward completion. The derivative II,(Ax) 3 - ao > 30% were rejected. This validation
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FIG. 7. Mass fraction of' vaporized f nel along axis of

b)unring spray (AU = 110 ns-', X = 30). WE [] Fl: Relative Initial diameters (grm)

difference between fluorescence and Raaman intensities.

(- ): Cumulative mass fraction of vaporized futel; this FIG. 9. Earliest available mass distribution on the axis of

rorrected curve accotnts for the contribution of thc drop- the burning spray (Z = 30). Full line is the lognormal fune-

lets that hase completely vaporized before the probing tint fitted to the distribution (vertical bars) derived from
event. ( -------- ): Reduced rate of vaporization per length phase-Doppler measurements. Dashed area from the cut-
ttnit along the spray axis. off at dt* represents the global fluorescence intensity where

vaporized droplets are no longer accounted for.

80 4.5e-9

data with the d2 decay law: Although the tempera-
70 4.0e-9 ture is low in the early stages, both the convection-

induced enhancement of k and the long residence
60 > time of the inertial droplets in that environment lead

to noticeable levels of A as soon as it can be meas-
50 3.0e-9 ured. Beyond a transition zone (15 mm < h < 20

mmrn) where both the validation rate and the corre-
40 2.5e-9 lation are low, A increases regularly along with the

S2 correlation to the d2 law. As phase-Doppler data [21S~2.0e-9
S•W show that the velocity of the droplets that we con-

30 .e- sider (d > 50 ym) is nearly constant in this region,
the increase of A can be credited to the thermal en-
hancement ofk in the combustion zone. The derived

A .Oe-9 evaporation constant, k - 2.10-, m2 s-l, is some-

10 5.0e-10 what higher than the expected value for a quiet pas-
sive environment at the flame temperature [8]. This

0 '0.Oe+0 can be due to the forced convection experienced by
0 10 20 30 40 50 the inertial droplets that are laser probed.

axial location (mm) The droplet size distribution from phase-Doppler
measurements (5-200 um) in the early stage (h =

FiG. 8. Cumulative evolution of vaporization constant 10 mm, r = 0) of the spray development [2] has been
alont, axis of the bhrning spray (7y = 30). The coefficient fitted to the lognormal distribution function [9] and
tf correlation with respect to the d2 law is also provided, then weighted by d3, so that the area F0 =

f6 dVp(do)ddo = [y]f shown in Fig. 9 represents the
global fluorescence intensity at the injector exit. For

procedure has appeared to be crucial. Then, for each higher location in the flow, the ideal fluorescence in-
pair of peaks, A = ao(3(Iy3 - 12/) is a direct mea- tensity decay would be solely due to the dispersion
sure of fkdlt where the evaporation constant is inte- of the spray, F(h), according to Ij(h) = FoF(h) (if
grated over the time of flight of the droplets through the dye fluorescence yield were constant). As evap-
the burning spray up to the laser-probing event, oration takes place, the droplets with initial diameter

In Fig. 8, A(h) is plotted as a function of the height smaller than d* = [f])(k/v)dh]i2 that have com-
above the injector along with the correlation of the pletely vaporized before reaching elevation h are no
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1.0 I in the early stages of a burning spray jet. Under our
conditions, no lasing or stimulated Raman radiations

0.8 have been detected, and calibration experiments
-6#16h have ascertained that the induced signal levels scale

"0.6-, as the mass of intercepted liquids within the dynamic
0.6 "-range of the detector. A test has been implemented

to select the data corresponding to spherical droplets
0.4 completely immersed in the laser sheet and linearly

detected by the CCD. The evaporation constant has
been estimated from the size reduction of the droplet

0.2 1- falling in the dynamic range of the imaging system
(50-300 p m). The droplets that have completely va-

0.0 I porized before reaching the probe volume were not
0 50 100 150 0 20 40 60 80 directly accounted for in the mass measurement of

do* (Am) h (mm) the vaporization rate, but a satisfactory correction for
this bias and statistical data on the mass rate of drop-

FiG. 10. (a) Contribution (to the ideal fluorescence sig- let consumption have been obtained by using the size

nal) of vaporized droplets (with d,, < d,, that are not ac- distributions from phase-Doppler measurements.
counted for. (b) Growth of the probability, I - fi, that the
droplets have completely vaporized before reaching ele- Acknowledgments
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sity of probability that vaporization of the droplets occurs This work was supported by the PRC "moteur fns6e"
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J. Bellan, Jet Propulsion Laboratory, USA. As your drops the point where you no longer have a single component,
evaporate, the concentration of the dye increases within but a two-component drop. If this were so, would the in-
each drop. Although you started with a negligible concen- ternal drop dnmamics of the dye influence methanol evap-
tration of 0.02 ppm, this concentration might increase to oration to the extent that vou could no longer compare your
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expenimental results with the theoretical predictions for an a wide size range. In the present experiment, because of

isolated drop of methanol? the limited range of the camera dynamics (ý200), the max-
imomn (lye concentration within the investigated droplets is

ahout 8 ppm. For such a dilution, it is hoped that methanol

Anthor's Reply. This effect would have to be accounted evaporation is not significantly influenced by the dye ad-
for if we were able to detect and measure the droplets over ditive.
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IN TRANSIENT DIESEL SPRAYS
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Intermittent and highly transient dense diesel sprays were investigated using two-dimensional laser
light scattering and transmission techniques to decipher the internal spray structure. The experiments
were conducted at maximum injection pressures ranging from 19 to 32 MPa using an electronic diesel
injector with a single-hole nozzle. The experiments involved the imaging of the unperturbed structure of
the dense core region of a full-cone intermittent diesel spray on photographic film at high resolution and
the simultaneous measurement of laser sheet transmission along the centerline of the spray by an array
consisting of 2048 diodes. At all injection pressures, line-of-sight laser sheet transmission measurements
showed that the dense core region is fragmented very near to the nozzle exit, about 25-30 nozzle di-
ameters downstream, and perhaps much closer. Further downstream from this location, the transmis-
sion measurements and simultaneous 900 scattering images revealed that the structure has an intermit-
tent appearance with pockets of dense spray separated by relatively void regions. Two-dimensional
images displayed a highly atomized spray structure beyond 50 nozzle diameters downstream, with no in-
dication of an intact liquid core for the range of injection pressures studied. After eliminating the sec-
ondary scattering present by applying a low-pass filter and subtracting the filtered image from the orig-
inal image, it was demonstrated for enlarged views of the spray that the scattering is from randomly
spaced point sources, which were interpreted as droplets, rather than liquid columns, ligaments, or large
blobs of fuel. It seems that pressure-atomized and fully pulsed round liquid sprays have a significantly
different near-field structure than their steady counterparts. These findings, along with the recent work
of others, are inconsistent with the existence of a long (on the order of 100 nozzle diameters or more)
intact liquid core in unsteady diesel sprays.

Introduction and Background structure of unsteady sprays limits the development
of physically sound spray submodels required for

Ignition and combustion in diesel engines is con- numerical codes [7].
trolled by temporal and spatial variations in the A recent review summarizes the current under-
fuel/air mixing process. This turbulent mixing is in standing of the dense spray structure in steady liquid
turn dependent upon the atomization and vapori- sprays [8]. There exist a large number of unsteady
zation characteristics of the intermittent fuel spray. spray studies devoted to describing the external fea-
Therefore, an understanding of the transient diesel tures and peripheral structures of the spray, many of
spray structure is required to achieve a reasonably which have been reviewed recently [2,5]. A less stud-
detailed description of the diesel combustion pro- ied area is the internal structure of full-cone transient
cess [1,2]. However, there is a lack of knowledge diesel sprays. Due to the very high optical density of
regarding the mechanics of transient spray forma- these sprays, the internal features have been consid-
tion and the influence of the operating and design ered in the past to be nonvisible [9]. Thus, efforts to
parameters [3-5]. As a result, optimizing diesel en- determine the internal structure of diesel sprays ex-
gine performance and reducing pollutant emissions perimentally have been confronted with difficult
is achieved by using lengthy iterative testing and challenges.
development procedures. To reduce this develop- The interest in the internal structure in general,
ment effort, multidimensional numerical codes are and the nature of an intact liquid core in particular,
being used as a design tool to simulate different as- has several causes. The geometry and the dynamics
pects of diesel engine operation. Although model- of the core is a result of the jet breakup process,
ing efforts to understand the dynamics of the dense which controls the initial droplet size and velocity [9].
clusters of droplets are progressing rapidly [6], the Also, the existence of a very dense or intact liquid
lack of experimental data that describes the internal core region may favor higher soot formation rates

371
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due to rich mixtures and minimal air penetration. Experimental Methodology
Although the presence of an intact liquid core in un-
perturbed intermittent diesel sprays has never been
visualized directly, correlations describing the intact Optical Apparatus:
core length or breakup length, using data obtained
by conductivity probes, have been reported [5,10], Laser sheet illumination has been applied to pro-
indicating distances comparable to diesel engine vide detailed structural information at planar cross
combustion chamber dimensions. sections parallel to the spray centerline at different

The presence of an intact liquid core has also been time delays after the start of injection. The factors
inferred from data representing spray-tip penetration affecting image quality appeared in a recent review
as a function of time [11]. This data indicated that of experimental considerations regarding the use of
the jet is divided into two regions: a developing re- photography in imaging of sprays [17]; thus, only the
gion from the nozzle orifice to transition and a fully unique aspects of the experimental layout shown in
developed region beyond the transition point. By ap- Fig. 1 are described here.
plying jet disintegration theory developed for contin- The dense core visualization imagery was achieved
uous liquid jets, expressions were derived for the data using the output of a flashlamp-pumped dye laser,
showing that the tip of the fuel plume moves at an which was shortened by external Pockels cells to cre-
almost constant velocity during the initial portion of ate a pulse of a 50-ns duration. This was done to
the injection period, followed by a sharp transition eliminate blurring in the image due to high velocities
to decelerating motion. The transition was inter- present in the spray. The laser beam was geometri-
preted to be that from an intact liquid core to an cally filtered through 50-pum slits to reduce the di-
atomized spray. vergence, resulting in a maximum sheet width of 165

Other reports on the nature of the intact core are pm fwhm (as measured by a beam profiler) over the

based on observations made with direct photography field of view of the camera. The laser sheet inter-
and shadowgraphy, which produce line-of-sight im- sected the spray centerline axis, and a camera re-

ages [12,13]. Due to the high obscuration by these corded Mie scattering from the spray normal to the

sprays, it is difficult to obtain sufficient information laser sheet. To reduce secondary scattering (multiple

related to the internal structure of full-cone transient scattering) from spray outside of the laser sheet, the

diesel sprays from the line-of-sight-averaged photo- energy was attenuated to 0.08 mJ for these photo-

graphs. Even by slicing the spray with a slit as small graphs. The spray was imaged on Kodak Gold 100

as i-mm wide, it was impossible [12] to distinguish photographic film, using a Nikon F-801 camera with

between tightly packed droplets, and an a Micro-Nikkor 105-mm lens and an extension ring
intact liquid core in a densets, ligaments, and an to achieve a magnification of 1.14. The field of viewintct iqud orein desespray due to high oh- of the camera was 31 mm in the spray axis direction,

scuration. A valid approach is to observe Mie scat- and the laser sheet extended3 4 mm in this direction.

tering from laser sheet illumination, which has shown For the laser sheet trns min measurement

results that are inconsistent with the presence of a Prince lnstrument s PA24 unin ensi i

long intact liquid core in intermittent diesel sprays earnphtodIodtrraynws PlAc20 mm past the[14-16].ear photodiode array was placed 120 mm past the
[14-16]. spray axis on the path of the laser sheet. The laser

Cavaliere et al. [15] performed two-dimensional sheet was 1.5-mm thick at this position and was cen-
laser light scattering measurements to investigate the tered on the 2.5-mm length of the photodiodes. The
atomization and dispersion processes of unsteady array consisted of 2048 diodes, each 25-pm wide, ex-
diesel sprays. In this seminal paper [15], it was dem- tending for 50.8 mm parallel to the spray axis direc-
onstrated that the fuel jet is already fragmented at tion. The magnification from the spray axis to the
the nozzle exit during the needle lift. One of the ma- diode array was 1.22, so that each diode represented
jor conclusions was that the main part of the liquid, a 20-pum region of the spray axis. The signal on the
including the inner region of the jet, is fragmented photodiode array was digitized at 16 bits to give suf-
at a distance from the nozzle notably shorter than ficient dynamic range for the measurement of trans-
that measured in similar but steady sprays [15]. Sim- mission.
ilar observations regarding the length of the intact For the spray-tip velocity measurements, the same
core have been reported in Refs. 14 and 16. optical apparatus was used, except that a second laser

Here, we report experimental data obtained on an was added producing two-color double exposures on
intermittent diesel spray produced by an electronic the film. The two colors were blue (, = 454 nm) and
diesel injector. Measurements were carried out using green (2 = 545 nm). The lasers were triggered se-
Mie scattering from laser sheet illumination, to de- quentially, with the delay between the laser pulses in
termine the velocity, and combined with the sheet the range of 10-50 ps. The energy after the slits was
transmission, to observe the structure in the dense 1.05 mJ for the blue laser and 0.65 mJ for the green
core region of a transient diesel spray. laser.
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Pr
Flashlamp Pumped Dye Laser

545nm (Green) F P CPPv PC Ph

C1 (a) C# I

11 300 mm
Pv - Polarizer (vertical) Slits
PC - Pockels Cell A
Ph - Polarizer (horizontal)
Pr - Prism 457 mm
Cl - Cylindrical Lens (300mm f.l., vertical) I
C2 - Cylindrical Lens (-1 00mm f.l., horizontal) 01(b)

Electronic 914 mm
Diesel Fuel C2

Location Beam Profile Injector

Cl(a) 10 mm diameter 310 mm
Slits 50 microns(h) x 10 mm(v) Camera [1•z ... ""

Cl(b) 15 mm(h) x 10 mm(v)
C2 5 mm(h) x 10 mm(v) Diode Array

Injector 165 microns(h) x 41 mm(v)

FIG. 1. Top-view schematic showing optical layout for Mie scattering and transmission measurement of the dense core
region in diesel sprays.

Injection Apparatus: those found in an operating diesel engine, the effects

Measurements were made on a transient spra of fluid mechanics and vaporization should be accel-
pdedhyasu ents wele mtronicallyacon nsinle- ,ay erated, causing the atomization process to occurproduced by an electronically controlled, single-hole, more quickly, and over a shorter distance.

accumulator-type diesel injector manufactured by
BKM, Inc. A nozzle tip with a hole diameter and
length of 0.34 and 0.9 mm, respectively, was used
with the electronic injector. The measurements were Results
made at maximum injection pressures of 19, 27, and
32 MPa, with fuel delivery of 11, 23, and 34 mg/ Spray-Tip Velocity Measurements:
injection, respectively. All measurements were made
at atmospheric backpressure and room temperature. The spray-tip velocity was measured using two-
The liquid used for these experiments was No. 2-D color, double-pulse, laser sheet-illuminated double-
diesel fuel. The injector was fitted with pressure exposure photography. For these photographs, ex-
transducers to measure both the rail and accumulator cessive laser energy was used to deliberately induce
pressures. The illumination of a helium-neon laser, enough secondary scattering so that all the liquid
which was directed past the tip of the nozzle onto a present was imaged onto the film. Thus, even if the
photodiode, was scattered by the fuel during injec- spray tip was not in the plane of the laser sheet, it
tion. This caused a decrease in the diode signal, would appear due to the secondary scattering, re-
which was used to determine the injection duration sulting in an effect similar to using a thicker laser
of 3.5 ms. The injection characteristics for a pulse at sheet. The velocity was determined by measuring the
27 MPa are shown in Fig. 2. distance between the tips of the blue and green im-

To put the operating regime of this injector into ages and dividing this by the time separation between
perspective with respect to previous work dealing the two laser pulses. Measurements were made for
with breakup length, the breakup length was esti- maximum injection pressures of 19, 27, and 32 MPa.
mated from published information [5] for the exper- The delay from the beginning of the injection varied
imental conditions listed above. The estimated from 10 to 700 us, and the resulting tip penetrations
breakup length was several hundred hole diameters. were from 1 to 100 mm (3-300 hole diameters). The
At higher backpressures and temperatures, such as results shown in Fig. 3 clearly indicate that the spray-
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Direct Visualization:
- Accumulator pressure

35 Rail pressure Photographic direct visualization of the dense
Diode signal

30 spray region has been considered difficult, because
-20.9 the primary scatterers were obscured by a contiguous

20 250- > field of relatively uniform illumination produced by
a secondary scattering [12]. For the experiments dis-t5.. 0.7 5 cussed here, the technique applied, outlined below,

15 - 0.6 -0 was developed by Gilder et al. [16]. All spray com-

10 0.5 i5 ponents intersected by the laser sheet, defined as pri-
mary scatterers, were in focus. This was because the
sheet width of 165 um was less than the depth of
focus of the camera lens, which ranged from 250pIm
atf/2.8 to 3 mm atf/16. There was a dense spray-6- -4 3 .2 1 0 1 2 3 4 field between these primary scatterers and the cam--6 -5 -4 -3 -2 -1 0 1 2 3 4 5era lens. This spray, not intersected by the laser sheet

Time from beginning of injection (ms) and mostly outside of the in-focus region of the eam-

FicG. 2. Injection pressure signals for 27 MPa pulse. era lens, caused secondary (or multiple) scattering.
Drop in diode signal indicates presence of spray. Since the secondary scattering was from out-of-focus

spray, the blurring caused the image of the scattered
radiation to spread over a larger area and to have a
more uniform, less intense distribution of energy
than an in-focus image would have.

00% The effects of secondary scattering were reduced
225 " 27 MPa 00 by closing the aperture on the camera lens by 2-3

0 32 MPa 0 O&* stops. The reason that this was effective was that the
200 08
17 00 secondary scattering was less intense than the pri-
17500 ,mary scattering, since the secondary scattering re-

150 sults from primary scattering radiation being rescat-
15 tered by liquid outside of the light sheet. Most of the

> 125 o secondary scattering was from out-of-focus sources,

F- 100 0 0 thus, enlarging the image area and reducing the en-
>1 07o 0 ergy density striking the film. Thus, by closing theL. 75 • [

so 0aperture, the energy density from the secondary scat-50 • [ tering was reduced below the gross fog level of the

25 - ofilm, while the primary scattering was still able to
produce an exposure. This could also have been

0 2 achieved by reducing the laser intensity proportion-
10, 2 3 4 5 0 2 3 104 ately. It should be noted that in bracketing these ex-

Time from Beginning of Injection (microseconds) posures, onef-stop more exposure did result in visi-

FIc. 3. Spray-tip velocity as a function of time from be- ble secondary scattering on the film, while onef-stop

ginning of injection at typical diesel maximum injection less exposure resulted in nothing appearing on the

pressures. The solid lines indicate best-fit curves to the film, not even the illumination from primary scatter-

experimental data for each of the three maimum injection ers.
exprenrent dThe results (Fig. 4) displayed a high level of at-
pressur, omization in the probed region of 50-140 hole di-

ameters from the injector tip, with no indication of
an intact liquid core. This held true over a range of
peak injection pressures from 19 to 32 MPa, as ob-

tip velocity varied during injection. There was strong served in Figs. 4a through 4c. Images were recorded
acceleration of the spray tip for the first 20,0 us, with at delays ranging between 50p s and 3.5 ms from the
the peak velocity reached at 300-500 ps, followed by beginning of injection. The detail was observed more
deceleration to lower velocities. As the maximum in- clearly in an enlarged view of a portion of Fig. 4b,
jeetion pressure increased, the peak velocity also in- centered 70 hole diameters downstream, reproduced
creased, and the time to reach the peak velocity was as Fig. 5a. The photographic image in Fig. 5a was
reduced. There was no constant velocity region in digitized and processed to eliminate the secondary
any of these sprays.. Inspection of Fig. 3 does not scattering present by applying a low-pass filter and
reveal behavior that would indicate a sharp transition then subtracting this filtered image from the original
from an intact liquid core to an atomized spray. image. The result of this image processing (Fig. 5b)
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FIG. 4. Dense core region of die-
sel spray showing complete atomiza-
tion and no evidence of an intact liq-
uid core. Experimental conditions:f/
16; 0.08-mJ laser energy;
magnification 1.14; hole diameter,
0.34 mm; delay time, 1 ms; 17-48
mm (50-140 hole diameters) from
the injector tip. Maximum injection
pressure is (a) 19 MPa, (b) 27 MPa,

(A) (B) (C) and (c) 32 MPa.

(a) (b)

Scale (-mm) I I I I
0 1 2 3

FIG. 5. (a) Enlargement from Fig. 4h centered 24 mm (70 hole diameters) from the nozzle. (b) Result of image

processing (a), showing that scattering emanates from point sources, xvith no evidence of connected structures.
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100

6
5
4

2o 1
oj 10-

E 6 FIG. 6. Transmission of laser sheet
C:

4 energy as a function of distance from
3"- 73the injector. The photograph shows

the Mie scattering simultaneously
2 recorded. Note the transmission

peaks at 9, 13, 14.5, 17.5, and 22 mm

10.2 from the nozzle and the correspond-
ing lack of scattered illumination at

6 these locations. Experimental con-
5 -ditions:f/2.8; 0.002-mJ laser energy;
4 . . magnification 1.14; maximum injec-

0 5 10 15 20 tion pressure, 27 MPa; hole diame-
ter, 0.34 mm; delay time, I ms; 0-70

Distance from nozzle tip (mm) hole diameters from the injector tip.

illustrated that the illumination emanated from ran- termittent, with pockets of dense spray separated by
domly spaced point sources, which were interpreted relatively void regions. There was less than 1% trans-
as droplets. There was no evidence of extended mission ofthe laser sheet from 0.7 to 8.5 mm, followed
sources that would have indicated an intact core, lig- by oscillations in the transmission from 1 to 5% at lo-
aments, or large blobs of fuel. The number density cations further downstream.
distribution of droplets did not seem to be homo- As observed in Fig. 6, the line-of-sight transmis-
geneous since the point sources of illumination were sion was inversely correlated with the degree of scat-
unequally distributed, with dark regions indicating tering observed normal to the laser sheet. For re-
the absence of droplets. It should be noted that the peated experiments, the line-of-sight transmission
sheet thickness was equal to only a few droplet di- continued to show correlated behavior, although
ameters, and thus, the presence of regions without there was pulse-to-pulse variation in the distance to
droplets was reasonable, even for a dense spray. The the first void and the subsequent intermittent struc-
result of the image processing was relatively insen- ture. The high level of attenuation combined with
sitive to the filter characteristics, the high scattering intensity observed in the dense

core region before the first void indicates that there
Transmission Measurements: were a large number of air/liquid interfaces. This im-

plies that the liquid is fragmented, entraining a sub-
The transmission of the laser sheet through the cen- stantial air fraction, in this region. The radius of cur-

terline of the spray was measured relative to the laser vature of these interfaces was presumably small (i.e.,
sheet intensity in the absence of spray, as a function of droplets or fine wrinkles) since large radii interfaces
distance downstream of the nozzle tip. Direct visuali- scatter predominately in the forward direction and
zation photographs were taken simultaneously. A typ- would have contributed to the transmission.
ical example, at 1 ms from the beginning of injection Five sets of transmission data were averaged and
and 27 MPa maximum injection pressure, is shown in smoothed at each time interval (from 5 0pus to 3 ms) to
Fig. 6. The spray in the region from the nozzle exit to produce the results displayed in Fig. 7, which show
24 mm (70 hole diameters) downstream is shown in the variation ofthe transmission behavioras a function
the photograph. The scattering intensity was too great of time as well as the downstream location. For the
to resolve detail in the dense core region, from near data at 50, 100, and 250,s, the spray tip was within the
the tip to 9 mm (25 hole diameters) downstream, field of view, indicated by the regions of 100% trans-
where the intensity had decreased to a level at which mission. From 1 to 3 Ins, the transmission is increasing
individual droplets were observed. Further down- at all locations, rising to well above 10% for most of the
stream from this location, the structure appeared in- spray beyond 10 mm at 3 Ins. The region of maximum



THE STRUCTURE OF THE DENSE CORE REGION IN TRANSIENT DIESEL SPRAYS 377

.•~50 " s

I Ms
I•,. // 1m

a ms FIG. 7. Transmission of laser sheet
energy as a function of both time

ý .from beginning of injection and dis-
-. ÷ tance from the injector. The solid

and dashed lines were used to im-
"prove-the definition of results at ad-
jacent time intervals. Experimental
conditions: delay times of 50, 100,
250, and 500 ys and 1, 2, and 3 ms;

- 0-100 hole diameters from the injec-
tor tip; maximum injection pressure,
27 MPa; hole diameter, 0.34 mm.

attenuation extends the furthest at 250ps, where it ex- sprays is evaluated to occur much later (some cen-
tends almost 15 mm. This region becomes continually timeters downstream) [15]. By using an improved
shorter in length at all later time intervals, conductivity probe, it was inferred that the intact

core or breakup zone in unsteady diesel sprays is not
a simple liquid column but probably consists of a

Discussion distributed chaotic assembly of sheets and ligaments
disintegrating into droplets, with a very high void

In steady pressure-atomized sprays, the dense fraction (about 99%) within it [23,24].
spray region consists of an intact liquid core (similar The results presented herein indicate that if there
to the potential core of a single-phase turbulent jet) is an intact liquid core in diesel sprays, its length is
surrounded by a dispersed flow region that begins at of the order of 30 nozzle diameters or less. Beyond
the injector exit [8,18]. The atomization progresses that position, the spray displays a highly atomized
by primary breakup forming droplets through strip- flow field. The description by Yule of the breakup
ping from boundary layers on the rippled liquid core length, consisting of disintegrating sheets and liga-
surface, followed by a secondary breakup of liga- ments with a very significant void fraction [23], also
ments and large drops. In analogy with this picture implies that an intact core is not present in diesel
of the steady spray atomization mechanism, the sprays. Since the transient behavior of conventional
highly transient and intermittent diesel sprays were diesel injectors is more severe than that of the injec-
thought to have a similar structure. tor studied here, the unsteady fluid dynamics are

An unsteady diesel spray is a fully pulsed jet (i.e., more pronounced, and the breakup should occur
no mass flow between pulses). Previous studies of more rapidly.
single-phase fully pulsed jets showed significant dif-
ferences between steady and pulsed jets. The en-
trainment in fully pulsed jets was much higher than Conclusions
the steady or partially pulsed jets [19]. Also, the ve-
locity profile spreading and volume flow rate were Intermittent and highly transient dense diesel
increased in pulsed jets in the near field [20,21]. sprays were investigated using two-dimensional laser
These studies indicate that steady jet characteristics light scattering and transmission techniques to de-
are recovered only when a certain downstream lo- cipher the internal spray structure. The following re-
cation is reached, and the near field is greatly altered marks summarize the findings.
[22].

Recent measurements reported by Cavaliere et al. 1. The presence of secondary scattering and high ob-
[15] and Yule and Filipovic [10] support the view that scuration have hampered previous attempts to
unsteady diesel sprays do not behave like steady ones. view the structure of the dense core region of a
The unsteady fluid dynamics of the liquid jet plays full-cone transient diesel spray. Through careful
an important role in the atomization. The fuel in- experimental design, using laser sheet illumina-
jected when the injector needle is fully lifted is frag- tion, and careful control of exposure, this region
mented some millimeters downstream of the nozzle has been observed. As a recommendation, the
exit. In contrast, the breakup length for steady diesel maximum aperture available should be used in or-
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der to minimize the depth of field, and the ex- NIST Special Publication 813, Washington, 1991, pp.
posure should be controlled by filtering the en- 1-15.
ergy in the laser beams. 5. Hiroyasu, H., Fifth International Conference on Liq-

2. Two-dimensional images displayed a highly at- uid Atomization and Spray Systems (ICLASS-91),
omized spray structure beyond 50 nozzle diame- NIST Special Publication 813, Washington, 1991, pp.
ters downstream, with no indication of an intact 17-31.

liquid core for the range of injection pressures 6. Bellan, J., and Harstad, K., Twenty-Third Symposium
studied. After eliminating the secondary scatter- (International) on Combustion, The Combustion In-
ing present by applying a low-pass filter and sub- stitute, Pittsburgh, 1990, pp. 1375-1381.
tracting the filtered image from the original im- 7. Takagi, T., Fang, C. Y., Kamimoto, T., and Okamoto,
age, it was demonstrated for enlarged views of the T., Combust. Sci. Technol. 75:1-12 (1991).
spray that the scattering is from randomly spaced 8. Faeth, G. M., Twenty-Third Symposium (Interna-
point sources, which were interpreted as droplets, tional) on Combustion, The Combustion Institute,
rather than liquid columns, ligaments, or large Pittsburgh, 1990, pp. 1345-1352.
blobs of fuel. 9. Chehroudi, B., Chen, S.-H., Bracco, F. V., and On-

3. At all injection pressures, line-of-sight laser sheet ura, Y., SAE Paper No. 850126, 1985.
transmission measurements showed that the 10. Yule, A. J., and Filipovic, I., Int. J. Heat Fluid Flow
dense core region was fragmented very near to 13:197-206 (1992).
the nozzle exit, about 25-30 nozzle diameters 11 H
downstream and perhaps much closer. Further . iroyasu, H., Kadota, T., and Arai, M., in Combustion
downstream from this location, the transmission Modelling in Reciprocating Engines (J. N. Mattavi and

measurements and simultaneous 900 scattering C. A. Amann, Eds.), Plenum Press, New York, 1980,

images revealed that the structure has an inter- p. 369.

mittent appearance with pockets of dense spray 12. Ishikawa, M. and Murakami, T., Second International

separated by relatively void regions. Conference on Liquid Atomization and Spray Systems

4. It is apparent that pressure-atomized and fully (ICLASS-82), University of Wisconsin, Madison, 1982,
pulsed round liquid sprays have a significantly dif- pp. 85-92.

ferent near-field structure than their steady coun- 13. Balles, E. N., and Heywood, J. B., J. Eng. Gas Turbine

terparts. These findings, along with the recent Power 111:451-457 (1989).

work of others, are inconsistent with the existence 14. Bower, G. R., and Foster, D. E., SAE Paper No.
of a long (on the order of 100 nozzle diameters or 892101, 1989.
more) intact liquid core in unsteady diesel sprays. 15. Cavaliere, A., Ragucci, R., D'Alessio, A., and Noviello,

C., Twenty-Second Symposium (International) on
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COMMENTS

Michael Haug, Lehrstuhlfur TechnischelRWTH Aachen, to obtain evidence for the absence of sheets and ligaments
Germany. 1. Did you evaluate the velocities of the struc- and the presence of nonatomized structures. Does this pro-
tures inside the spray? Your experimental equipment, using cedure have a physical justification? Have the authors per-
the two-color technique, can be modified to obtain two formed systematic measurements on a significant ensemble
time-delayed, color-separated laser sheets, of images?

2. Did you investigate the area right below the nozzle at
high resolution? Did you find the spray already broken up? Author's Reply. Despite our best efforts to suppress sec-
We are making a similar investigation, and have observed ondary scattering through the use of new, enhanced to-
interesting phenomena caused by cavitation effects inside mographic technique, some haze was still evident in the
the nozzle. images. In an attempt to further improve the identification

of the sources of illumination in the images, well-estab-
Author's Reply. 1. The two-colour technique for mea- lished image-processing techniques were applied to elim-

surement of spray-tip velocity could be applied, unmodi- inate the haze. In essence, haze is a low spatial frequency
fled, to determine the velocities of the dense clusters within component in the image. Sheets and ligaments would ap-
the spray, although this has not yet been performed. pear as extended sources of illumination, whereas droplets

2. The region from the nozzle tip to 25 nozzle diameters would appear as point sources. In either case, the source
downstream is the most dense part of the spray. This is would have a much higher spatial frequency than the haze.
confirmed by the combined transmission/direct visualiza- For extended sources, the high spatial frequency would be
tion results, which illustrate this region as having the lowest normal to the predominant axis of the source. Instead of
transmission and highest scattering. With the current ex- using a high-pass filter to remove the haze, a low-pass finite
periment, it was not possible to view the internal structure impulse response filter [1] was applied to a digitized image
of the spray in this region. However, as stated in the paper, of Fig. 5a and the resulting image subtracted from the orig-
scattering emanates from gas/liquid boundaries, indicating inal image. This permitted visual inspection of the low-pass
that the liquid must be highly fragmented in this region to filtered image, which showed only the low spatial fre-
produce the high levels of scattering and attenuation ob- quency haze, with no evidence of an intact core, ligaments,
served. This fragmentation could be due to vapor produced or large blobs of fuel. This was performed to assess the
by cavitation inside the nozzle and/or air entrainment, application of digital image-processing techniques to tom-

ographic images and to support the conclusions previously
derived from interpretation of the photographic images.

R. Ragucci, Istituto di Ricerche sulla Comobustione-
CNR, Italy. Would the authors give a physical explanation REFERENCE
of the image enhancement technique they have used to
support the early atomization of the spray. The authors 1. Pratt, W. K., Digital Image Processing, John Wiley and
claim that by subtracting an average image they were able Sons, New York, 1991, pp. 241-258.
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SIMILARITY ANALYSIS OF SPRAY DIFFUSION FLAMES
IN A UNIDIRECTIONAL SHEAR-LAYER FLOW
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Haifa 32000, Israel

A spray diffusion flame that results from an evaporating multisize (polydisperse) spray of fuel droplets
suspended in one of the streams of a unidirectional shear-layer flow is analyzed. The droplets and their
vapors spread into a coflowing stream, in which the oxidizer is contained, and feed the flame. Similarity
solutions are presented for the evolution in droplet-size distributions across the shear layer, and the effects
of various drop-size distributions on the fuel-vapor concentrations and on flame geometry and temperature
are examined. The lateral location of the flame is obtained here via the solution of Schvab-Zeldovich type
equations. The present results indicate that (1) sprays that contain mainly large droplets produce smaller
amounts of vapor and thus result in a cooler flame that is located closer to the spray stream, and (2) sprays
of different initial drop-size histograms, but of similar Sauter mean diameter (SMD) values may (under
certain operating conditions) form flames of similar shapes.

Introduction the other stream was at rest. Experimental data for
the Sauter mean diameter (S MD) distribution of the

Fuel sprays produced by industrial atomizers usu- spray across the shear layer were also reported by
ally contain drops of a wide range of sizes. Thus, such Lazaro and Lasheras [3-6]. The above experimental
sprays are termed "multisize" or "polydisperse" data served for a qualitative comparison with theo-
sprays. When a spray of fuel droplets is injected into retical results by Katoshevski and Tambour [7], who
"a quiescent environment, or into a coflowing air flow, analyzed the behavior of multisize evaporating liquid
"a shear layer will develop at the edges of the spray sprays in a shear-layer flow.
flow between the two adjacent streams. In spray The qualitative comparison between the results of
combustion research, it is important to analyze the Katoshevski and Tambour for typical computed total
evaporation of fuel droplets across the shear layer mass distributions of the liquid phase and experi-
and their effect on the spread of fuel vapors into the mental data reported by Lazaro and Lasheras [3-5]
coflowing air stream since the fuel-vapor local con- shows strong similarity between the two sets of pro-
centrations, together with other governing parame- files. This supports the assumptions and boundary
ters, eventually determine the location and structure conditions employed in Katoshevskd and Tambour's
of the spray diffusion flame that will result upon ig- theoretical study. The general behavior of the theo-
nition. retical SMD distribution of the spray across the shear

Theoretical studies of evaporating drops in vorti- layer also compared well with the reported experi-
ces were presented by Bellan and Harstad [1] and by mental results of Lazaro and Lasheras.
Yang and Sichel [2]. These studies are related to the The aforementioned theoretical study was carried
unidirectional shear flows to be studied in the pre- out for evaporating sprays without the presence of a
sent paper, although they do not deal with multisize flame. Thus, the purpose of the present study is to
(polydisperse) sprays as will be considered here. utilize the mathematical procedure presented by the
Such multisize evaporating sprays were recently authors [7] and analyze here the effect of various
studied experimentally (in 1988, 1989, and 1992) by drop-size distributions on fuel-vapor concentrations
Lazaro and Lasheras [3-6]. They measured the lon- across the shear layer and on the geometry and tem-
gitudinal evolution in the total mass distribution of perature of the spray diffusion flame.
the liquid phase across a shear-layer flow formed by
two unidirectional streams. The velocity of the
stream containing the spray was about 10 m s- I while Governing Equations

A steady, incompressible laminar shear layer that
"Professor. is formed by two adjacent parallel streams of differ-
-°Doctoral Student. ent velocities is considered here. A polydisperse

381
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where the last term on the right-hand side of Eqs.
(2) represents loss of linear momentum due to evap-
oration of droplets in sectionj (uo S1), and the linear

... momentum added to sectionj due to droplets from
A typical droplet-size histogram higher sections (SjLM) (see Ref. 11). In the above

equations, a, is given by
Y A I ýU

o = 18 = - s (3)

Re Pd d2 d2

5 "o Next, for the shear-layer setup, we follow the sim-
ilarity transformation presented in Ref. 7 by which
all governing equations are presented in terms of a

ii similarity coordinate q,

+1)1/2
U11  17 (a + 1) x(.-1)/2 y (4)

FIG. 1. Schematic description of the problem,
and in terms of a stream function W1,

spray of droplets is suspended in one of the gas 1-1/2
streams (see Fig. 1). In handling the gas-phase ve- ýy = | (a + 1) x(a+

1)/2f(it). (5)
locity field, we basically follow the treatment pre- 12 1
sented by Katoshevski et al. [8], which will not be
repeated here. The spray is represented here by 10 Here a is a negative power of x that represents the
sectional balance equations (see Refs. 9 through 14 deceleration of the free flow velocities U1 and Un (see
for detailed derivation). Fig. 1). For nondecelerating flows, a equals zero.

The spray sectional balance equations are given by Since in Eq. (4) the coordinate y is nondimensional,
one can employ the following relation,

1 -x-j -+- Qj I -- +yj y' cy( Re) 1  (6)

i _ a2 for obtaining a dimensional lateral coordinate y*. As
D- - Q + - (-CIQj + B11+1Q)+ 1) shown above, the dimensional distance yo is a fune-

/p1p ay2 U tion of the flow Reynolds number Re and the char-
1, 2.N, (1) acteristic distance ý,.

Rewriting the above conservation equations in
where x and y are nondimensional longitudinal and terms of q and f(), one obtains the following see-
lateral coordinates, respectively, N, is the total tional spray balance equations:
number of droplet-size sections, and Qj is the mass
fraction of size section j. The coefficients Ci and Dj
Bj are sectional evaporation coefficients (see Refs. //p + fQj' (2 - #)A,
9 through 14). The terms ý, and U are characteristic
longitudinal distance and velocity, respectively. .(-jQj + B11+1Qj+1)(1 - f')

The spray sectional momentum equations are as
follows: + (1 - qj)(1 - f)q[f'Qj + f"Qj] (7)

"1 au] + cj *-'j a1  -J) where the primes denote differentiation with respect
ax ay to q/and P is a parameter related to the power a via

+-U (S'J-M  uj Sj) (2a) + 2a (8)

a v, + vj = a, (v v, In the near field, outside the shear layer (i.e., faray a a from the interface between the two streams), the ve-
^ 1locity lag of the droplets depends on their size and is

+ Q• - y(S vj Sj) (2b) represented here by an approximate mathematical
U , "relation
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Uj = qj(x)U, (9) m ± fin' = (2 -

Sc0

where the governing equation for q (x) outside the /
shear layer is obtained via Eq. (2a) after dropping the _0,__

second term on the left-hand side, which vanishes MoMf mmfQtC exp(-E/RT)
outside the shear layer, and the last term on the right- (14)

hand side, which is negligible (see Ref. 7 for details).
Hence, the governing equation for qj (x) is given by Energy equation in terms of temperature:

r" hý N,
dq aj- qj) a -" +fT'= -(2- -, xA {-,, I

-- =- qj. (10) Pr Cp C _-Idx x"qj x ACQJ (- + Bjj+1Qj+1)(1 -f)

Within the shear layer, we assume that the velocity I
lag of droplets in the longitudinal direction can be + Qt0,CX-I (LePmrT' - (2-)
described in a similar way to that of the velocity lag i

of droplets far from the shear-layer interface. That 1 M
is, c__ A MX o MIMf in"mf ,C

uj = qj(x)u. (11) exp(-E/RT)L hi viMi.

In the lateral direction, on the other hand, we do (15)

not wish to describe vj as a product of qj (x) and v,
since this will simply mean that the droplets in the The term oe is the normalized mass fraction of

shear layer follow the streamlines of the host gas. To sectionj. The coefficients B and ci [in Eqs. (7),
circumvent this, we write (13), and (15)] are normalized sectional evaporation

coefficients (see Ref. 7), mi is the normalized mass
fraction of chemical species i, and t is the normalized

Vj = V (12) temperature.

In the above equations, additional source terms
and in the droplet-diffusion coefficient Dj [which ap- that do not appear in Ref. 7 are present because of
pears in Eqs. (1) and (7)], we incorporate the trans- the combustion reaction. These are the last term on
port of droplets in the lateral direction across the the right-hand side of Eqs. (13) through (15), which
shear layer due to drag forces and vortices, is an Arrhenius type of reaction term, and the second

Sprays in unidirectional shear-layer flows were term on the right-hand side of Eq. (15), which rep-
studied by Lazaro and Lasheras [3-6]. They indi- resents transport of heat due to mass diffusion fluxes.
cated that vortices that develop in the mixing layer Here vi and Mi are the stochiometric molar number
between two streams play an important role as a and molecular weight of chemical species i, respec-
transfer mechanism for droplets that move from the tively, R is the universal gas constant, E is the acti-
spray stream to the adjacent stream. Although in the vation energy, and T is the temperature.
present study we do not present hydrodynamic so- The global reaction is described by
lutions for such vortices, we account for this transfer
mechanism via the coefficient Dj. VfMM + Vo X V7Mi (16)

The remaining governing equations are as follows.
Fuel-vapor diffusion equation: where k is the reaction constant and the index p is

for the reaction products. The Damkbhler numbers
Mi N, for evaporation (A,) and for chemical reaction (AR)

+fmj = (2 - Cj Qj + B Qjj + I 5 +1) are defined respectively as

(1 -f') + (2 -fl)ARvfMf A0 =A -C (17)

M o Mf m° my Qt,c exp( - E/RT) and

(13)

AR = 6 (18)
Oxidizer diffusion equation:
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where A represents a characteristic evaporation rate j = (1 - qj)( - P)1 q[f'Qj + f"Qj] (23)
and A-l is an average molecular weight defined as

(Vi Sc) -- Dj(24)
M = E (vIM•) nV. (19) §

where the latter is a sectional Schmidt number for
In deriving Eqs. (7) and (13) through (15), we have droplets.

assumed that the total mass of the droplets at the Then, Eqs. (7) and (12) through (15) can be re-
upper edge of the shear layer decays as x" (6 < 0), written as follows:
and we have also assumed that

T_ -T = T, x- (2•0) (20) + ScJ +JQ<1- ,= -E 1 + fj (25)

where Tc is a characteristic temperature differential. n" fn-j N,
As to the change of the total mass of the droplets in + - + fm. =vfMfS, + Ej
the longitudinal direction (xe), it is interesting to note Scj Scf =scj1

that, in a spray jet flow, experimental results by Yule (26)
et al. [16] show that, along the centerline of the jet,
the total droplet mass fraction decreases with the Ion- m- f0 ,- = VoMoSR (27)
gitudinal distance as x raised to the power of -1. Sco Sc +o
This value was used in Tambour's [9] theoretical sim-
ulation of the downstream evolution in spray mass T" fT'+ (1
radial distributions, which agreed well with the -- + p ' I
above-mentioned experimental data. The power 2 Pr Pr Pr

represents the decrease in temperature differential
with the longitudinal distance between the "upper" (h N ) M hQ--4

and "lower" free flows outside the shear layer. For CPT, t 'hi c T Ej.
obtaining similarity solutions, we assume that both (28)
powers, 3 and 2, have the same numerical value. In
Eq. (15), Pr is the host-gas Prandtl number, and Lei Now, summing the droplets' sectional equations [Eq.
is the Lewis number of chemical species i. The term (25)] over allj (j = 1, 2, 3, . . . N,),
cp is the specific heat at constant pressure of the gas
mixture, and h, is the droplets' latent heat of vapor- N ," • fQN j
ization. The summation in the second term on the I QJ +
right-hand side of Eq. (15) over the mass diffusion i=1 Scj 1=1 Scj
fluxes (Leim/) vanishes when assuming the same N / Ný Nj
value for the specific heat capacities of all chemical + IfQJ 1-y = E Ej + CJ (29)
species. j1 cj j= i 1

and adding this summation to the fuel-vapor conser-

Schvab-Zeldovich Formulation vation equation [Eq. (26)] results in

In order to obtain a solution for the geometry of f- + N + +
the flame, it is convenient to transform the above Sct Sc
governing equations [Eqs. (7) and (12) through (15)] f J + 4=1 Sc1

into the well-known Schvab-Zeldovich form of equa- - •cci N- 1
tions. This is carried out as follows. First, we present + fm - -I + fQI - -

the following abbreviated notations for some of the Scj .h' t  SC

terms \vhich appear in Eqs. (7) and (12) through (15): N,
ZV •= vsMsSR + 3 4," (30)

SR = (2 - # 1)AR M- m-mo f Q,, exp(-E/RT) 
J(3

Next, dividing the oxidizer diffusion equation [Eq.
(21) (27)] by Q, where f is defined by

Ej = (2 - fl )A o V.K

""(-CQj + Bjj+,Qj +5 )(1 -f') (22) v (31)
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and subtracting the resulting equation from Eq. (29), ?--* + 00; mf ( + 0) = mf,i (37a)
one obtains

17- 00; my(-00) = 0. (37b)
(-cff mo Qj ]

Sco + J~cj by The boundary conditions for the oxidizer are given

+ f± f j ' +finf(1 - If) ip/ +00; mo(+o) = 0 (38a)

Nq -- - 00; mno(-00) = m... (38b)

- fof 1 - + fQj 1 - and the boundary conditions for S are as follows:

E ýj. (32) r7--+00; S= +-- Y,-- (39a)

j~l Scf j=l SCj

Then, using a new function S which is defined as 17 0 -; S_ = -m-_ (39b)P Sco

S Sf po +" - (33)
SOJ B j = 1 SCj Results and Discussion

one finally obtains Since the fuel-vapor local concentrations, together

N., Nwith other governing parameters, eventually deter-

S-" + if' = c K - - + C (34) mine the location and structure of the spray diffusion
S" Sc+ - = flame that will result upon ignition, we begin by an-

alyzing the lateral distribution of fuel vapors across

which is a Schvab-Zeldovich type equation, the shear layer. The profiles of fuel-vapor concentra-
The last term on the right-hand side of Eq. (34) tions that are produced by evaporation of various ini-

vanishes for the far field since qj approaches unity tial droplet-size distributions before ignition are pre-
[see Eq. (23)]. Thus, Eq. (34) is integrated numeri- sented in Fig. 2. We compare four types of initial
cally in the absence of this last term to obtain far- droplet-size histograms, which are listed in Table 1
field solutions. Then, approximate near-field solu- and shown on the left-hand side of Fig. 2. As indi-
tions can be obtained via substituting near-field cated by the results that are presented in Fig. 2, the
values of qj into Eq. (34). lateral distributions of vapor strongly depend on the

Note that, according to Eq. (33), the flame is lo- initial drop-size histograms. It is evident that histo-
cated at the locus for which gram A, which is comprised mainly of small droplets,

produces larger amounts of vapor than the spray rep-
N, resented by histogram D, in which larger droplets are

S - E Q = 0 (35) present.
j=1 SCj Next, we present lateral distributions of the fuel

vapor and oxygen in the presence of the flame (see
and therefore, after obtaining solutions for Q,, one Fig. 3) and compare our results with the above-de-
substitutes these solutions into Eq. (35) to obtain the scribed solutions for the nonburning case. As one
lateral flame location in the similarity plane (q). marches "downward," there is a buildup of fuel vapor

The boundary conditions for Qj are as a result of the evaporation process, and then vapor
is consumed by the flame. The flame location is in-

-7 + 0c; Qj ( + 0) = Qj, (36a) dicated by the lateral point at which the fuel-vapor

concentration becomes zero. At this location, the ox-
7 -4 -0O; Qj ( -cc) = 0 (36b) ygen concentration reduces to zero as well.

The effect of the initial drop-size histogram on the
where Qj, is a polydisperse drop-size histogram that flame geometry is shown in Fig. 4 for two cases, (i)
is given far from the shear layer in the lateral direc- and (ii), for which the total liquid fuel mass fractions
tion (i.e., at q --* ). Far from the interface at the are 8 and 5%, respectively. For the same total fuel
edge of the "lower" stream (i.e., at q7 - - 00), no drop- mass fraction, initial drop-size histograms that pro-
lets are present, and thus, Qj equals zero for all drop- duce smaller amounts of fuel vapor will result in
let-size sections. cooler flames (see Table 2), which are located closer

The boundary conditions for the vapors are to the spray stream (see flame D in Fig. 4). Reducing
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Q~ 3-
J°•L] 22- Fuel Vapor

o 5 30 non-burning case

1 5 30 D
02 •O• 1 . " -

00 -2 /,'"
0 . 0 1 5 3 0 4

S , .11 I , i [30

0.00 0.01 0.02 0.03 0.04

Mass Fraction
FIG. 2. Effect of various initial droplet-size distributions (given by drop-size histograms A, B, C, D) on vapor distribution

across the shear layer for the nonbuMing case.

TABLE 1
Sectional droplet properties

Section no. (j) 1 2 3 4 5 6 7 8 9 10

dl,-d,, (,um), 0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27 27-30
AC( 15.00 2.86 1.32 0.81 0.57 0.44 0.35 0.30 0.25 0.22
AB,,,, 0.71 0.53 0.41 0.33 0.28 0.24 0.21 0.18 0.17 -
a, 444.4 49.38 17.78 9.10 5.49 3.67 2.63 1.98 1.54 1.23
Qj,. (A in Fig. 3) 0.05 0.52 0.31 0.08 0.04 0.00 0.00 0.00 0.00 0.00
Q1 (B in Fig. 3) 0.04 0.07 0.11 0.18 0.18 0.14 0.11 0.07 0.06 0.04
Qj9 (C in Fig. 3) 0.00 0.00 0.04 0.05 0.07 0.09 0.19 0.34 0.16 0.06
Qj , (D in Fig. 3) 0.00 0.00 0.08 0.08 0.00 0.00 0.00 0.42 0.42 0.00
Sc, = 1.8 for allj. Host-gas properties: a = 0; f# = 0; Sc, = Pr = 1

'The terms d, and d,, are the lower and upper limits of sectionj, respectively, in terms of droplet diameter.

the total amount of liquid fuel from 8 to 5% for the therefore not surprising that the flames resulting
same drop-size histogram will shift the flame from from both sprays are almost identical in geometry
the oxygen stream (i.e., negative q values) toward the (see flames C and D in Fig. 4). One can also conclude
spray stream (i.e., positive q values), from the preburning vapor distributions shown in

It is interesting to note that, before ignition, the Fig. 2 that sprays that contain mainly small droplets
evaporation of the bimodal droplet distribution D re- produce a larger amount of fuel vapor, and hence,
sults in a fuel-vapor profile that is almost identical to stoichiometric conditions (at which the flames settle)
the one resulting from the general polydisperse dis- are reached at a "lower" location (see, for example,
tribution C (see Fig. 2). This is due to the fact that flame A in Fig. 4). Similar trends were obtained by
both distributions have approximately the same ini- Allison and Clarke [16], albeit for a gaseous flame in
tial SMD (18.5 pm for C and 18.7 pm for D). It is a shear-layer flow.
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"77 _TABLE 2
3- Flame temperatures (in Kelvin) for various initial

drop-size distributions
2 Vapor Q.*" A

I 00- , l p/fmflo % Fuel/histogram A B C D

0 5% 1902 1848 1793 1777
0 Flame Location 8% 2381 2337 2309 2305

-1

-2Oxyger?, Nomenclature

-3

4 aj defined by Eq. (3)

A characteristic evaporation rate

B,j +1 sectional vaporization coefficient

Mass Fraction dj sectional vaporization coefficient

FiG. 3. Effect of initial drop-size distribution, given in heat capacity at constant pressure
terms of drop-size histogram A (see upper right-hand-side dj average drop diameter of sectionj

corner) on vapor and oxygen mass fraction distributions D droplet-diffusion coefficient, represents
across the shear layer, for 8% total mass fraction of the lateral transport of droplets due to drag
liquid fuel. forces and vortices

E activation energy
f function of q [see Eq. (5)]

"1.0- h enthalpy
O 0.8- Flame Sheets - section numberD• - ------------ j2.....-. - k reaction rate constant

---.. --- A .. mi normalized mass fraction of the species iv) 0.4-
- -.---- ". M molecular weight

C 0.2- -/ average molecular weight [Eq. (19)]
-1 0.2- N, total number of droplet-size sections

-j -0.2-• ,., Qj normalized mass fraction of size sectionj
O -0.4 'qw Fuel characteristic total mass fraction of the liq-

o -0.6- IDJ C ------ uid phase
E B Pr Prandtl number
o 0 qj (x) ratio of the velocity of droplets from see-
Z 1.0 I I tionj and the host-gas velocity

0 1 2 3 4 5 6 Re Reynolds number
S Schvab-Zeldovich function

Normalized Longitudinal Distance (x) Sc Schmidt number

S, reaction source term
Fin. 4. Effect of various initial droplet-size distributions T temperature

(given in terms of drop-size histograms A, B, C, D) on the -

flame-sheet geometry (x and y are nondimensional coor- T (q) normalized temperature

dinates) for two cases of the liquid fuel total mass fractions: U characteristic longitudinal velocity
(i) 5 and (ii) 8%. u longitudinal velocity of the gas flow

x normalized longitudinal coordinate
characteristic longitudinal distance

In conclusion, new similarity solutions have been y normalized lateral coordinates
presented for evaporating multisize sprays that bumr y° dimensional lateral coordinate
in a shear-layer setup. It has been shown how various
initial drop-size histograms affect the flame geometry Greek
and its temperature. In this regard, it has been illus- a power of x in the expression for UI
trated how sprays of different size histograms, but of fl parameter related to the power a
similar SMD values, may (under certain operating A a power, representing the decrease of liq-
conditions) form flames of similar shapes. uid mass with x
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The flow over groups of particles with heat and mass transfer has been numerically simulated at inter-
mediate Reynolds numbers, and the flow characteristics have been studied and documented. The method
of approach consisted of using a new overset mesh technique and a numerical solution of the Navier-
Stokes equations. Group behavior has been observed for all the particle configurations studied, and sig-
nificant changes in drag and heat transfer have been documented for particles within a group. The influence
of surface mass transfer has been analyzed with the changes in skin friction and heat transfer, as in single
particle flows. The methods used in this paper are new to particle dynamics, and they can be extended to
arbitrary-shaped particles in arbitrary configurations. The methods developed in this paper can be extended
to reacting spray flows to offer detailed knowledge in the near future.

Introduction Methods of Approach

The three-dimensional flow over groups of The problem addressed in this paper consists of
particles has been an important problem in fluid me- groups of three-dimensional particles at temperature
chanics, heat transfer, and combustion since the Tm held fixed in a uniform flow at temperature T.
foundation of these subjects, and there has been con- (Fig. (1)). The fixed particles are spherical with di-
siderable progress made at low Reynolds numbers ameter D and rigid with no slip at the surface, and
[1]. Until recently, there has been only a limited we further assume that the fluid is incompressible
amount of theoretical information available for single with a constant density p and dynamic viscosity p.
or two particles in three-dimensional flows at finite The Reynolds number Re for this flow is defined as
or intermediate Reynolds numbers [2,3], and it has Re = (pVD//g). The flow equations solved are the
been known that a breakthrough in numerical tech- Navier-Stokes, continuity, and the thermal energy
nique and/or computer capability would be necessary equations in control volume form. The equations are
to treat more complex configurations of particles. nondimensionalized using the diameter D of a par-
The view of the present authors is that a good nu- tide as a characteristic length, V, as a characteristic
merical technique is available, and the recent devel- velocity, T_ - T. as a characteristic temperature dif-
opments in computer hardware will allow for hun- ference, and pV! as the pressure scale. The dimen-
dreds and even thousands of particles to be treated sionless form of the governing equations are
in the coming years. These new capabilities will allow
for moving particles and chemical reactions. The rel-
atively new numerical method is the overset mesh ffv dv+{{V.ndA=o
approach named "Chimera," and this approach al- at
lows for each particle to be meshed and solved in-
dependent of the other particles in the group [4-7].
The price to be paid for the mesh independence is a V VVdv
interpolation between meshes and the appearance of at f Jfvf
invalid points in the computational region. These

new problems have been addressed in recent studies = pndA + Ree dA
[7], and progress is proceeding at a rapid pace. f Js

389
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T " 7 .... _T 50% increase in the number of iterations needed for
W-i• X•Tf 'convergence, and this is due to the transfer of infor-

'). mation between meshes. In the present paper, we
have used second-order central differences every-

- where in the flow, and an artificial viscosity has not
• -, , been introduced into the numerical method. The

methods used in this paper have been very efficient,

_since all of the flows have been calculated on an Intel
* r486DX2 processor in less than 10 h of computational

•-I time.

*..The Chimera or Overset Grid Scheme Approach:

-4- j ' In the overset grid approach, the grid generation
T- ...... is simplified in that individual grids are handled in-

-T11 dependently and superimposed over the main mesh.
All grids are structured in the computational space,

Fri. 1. Temperature contours for six-particle configu- and structured grids lend themselves to implicit al-
ration: Re = 10; mass transfer; dimensionless contour gorithms that have good convergence properties with
range: T(max) = 1; r'(min) = 0. the full Navier-Stokes equations. For the main grid,

we take a simple rectangular grid, and the minor grid
af., f is body fitted. The grids can also be stretched in all
STdV three directions of the coordinate system to improve

resolution near boundaries or interesting flow fea-
1 f tures.

+ff Vf VTdV I• r r s(VT)'ndA Figure 1 shows a typical Chimera grid configura-
tion and solution in the symmetry plane of the flow

where the velocity vector is V = ut + vj + wk, cor- over six spherical particles. (Note: The figure will be

responding to the Cartesian coordinate components, explained in detail in the Results section of the pa-

p is the dynamic flow pressure, T is the viscous stress per.) The main mesh is slightly stretched near the

tensor, and T is temperature. The Prandtl number is particle group, and for the identical particles, we

Pr = v/a, where v is the kinematic viscosity and a have chosen a spherical mesh. Other geometries are

the thermal conductivity. The Nusselt number for not excluded, and it is also possible to study more

the particle is defined as complex particle geometries with the use of hyper-
bolic or elliptic grid generators. The spherical grid is
stretched in the radial direction to resolve the flow

Nu = A(T•- T.) f VTrndA near the surface of the particle.
The Chimera scheme can be divided into two ma-

jor parts, as given below (the detailed procedure is
and the drag and lift coefficients described elsewhere [7]).

F_____ F1
Cd =- 0 U1 'I - FD Part A: Determination of the holes and fringe points

0.5pU!rD2/4 C
1  

0.5pU!rD2/4* The holes are the points in the major mesh where

We have also studied the distribution of the pressure, the rigid body is located, and these points must be
viscous normal, and shear stress as well as the rate of excluded from the solution procedure. In Fig. 2, the
heat transfer over the surface of te sphe ere holes are marked with the hollow squares, and the

The solution algorithm for the equations is de- solution solver skips these points with the use of an
scribed in detail in Refs. 2 and 8, and it will only be integer flag set to zero for holes. The holes also can

briefly outlined here. The three velocity components exist in the minor mesh, and this occurs when points
and the temperature are marched in time using an grid region or inside another minor mesh hole region.
implicit, predictor/corrector, alternating direction
scheme. The pressure change or correction algo-
rithm consists of solving a Poisson equation derived Part B: The interpolation scheme
from the continuity equation. In general, it can be An important feature of the Chimera grid method
said that the stability and convergence properties of is its ability to accurately interpolate the solution
the numerical method used with multiple Chimera from one mesh to another at the fringe points. This
meshes have been similar to single-mesh calcula- has been accomplished with the use of trilinear in-
tions. However, there has been an approximate 30- terpolation in the generalized cubical and logical
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' , _,, , I I I : I I space of the body-fitted coordinate system. A difficult
part of this procedure is to find the logical integer
space location of the fringe point in the other cor-

, , ,responding mesh. The location has been found with
-1- Y r" 'the use of Newton's method to solve the defining

nonlinear simultaneous equations. With the location
, -. " , ,known, it is then a simple procedure to interpolate

-,, K7- " " , between grid points without the solution of simul-
S, taneous equations.

,-, The Chimera grid scheme and the numerical
, '"•', method were tested in two and three dimensions

against solutions that are well known, and the agree-
--- .. - - ,, " ment is excellent [7]. An example of this agreement

is presented in Fig. 3, where the drag curve for a
- . , single particle has been calculated with the present

t--' . 4 >7:. 7'!2,' !,' overset method and compared with experimental re-
,l .. 5 sults from the standard literature sources [1]. The

L T , . overset mesh results were calculated with a full

t three-dimensional code and without the use of sym-
metry planes. The mesh size for the main mesh was

FiG. 2. Grid topology for six-particle configuration, 31 × 31 X 31 and the minor mesh 21 × 21 X 15,
fringe points as solid squares, and holes as hollow squares. which is the same mesh size as the multiparticle re-

sults given in the present paper.

Results
28i

24- Four-Particle Configuration:
.K Chimera

20- ' Literature This paper is built around two configurations of
16 particles, and for both of these configurations, we

8 l-have considered flows with and without wall mass
i1 12- transfer. The mass transfer only consists of wall

blowing, and a diffusion equation for species is not
8 solved. The configurations studied are four and six
4- V particles, and the numerical labeling of the particles

3K V •is shown in Fig. 4. (For the four-particle case parti-
0 cles, five and six were deleted.) The basic philosophy
10o 10o 10o of the research program is to systematically build our

Reynolds Numher knowledge of the flow around groups of particles. We
begin this process with the four and six groups of

FiG. 3. Comparison of Chimera or overset mesh results particles in a plane, and this will be extended to hun-
with experimental values from the literature, dreds of particles in future years. With the particles

FIG. 4. Particle numbers for Ta-
S. .bles 1 and 2 and text discussion.
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t 1 -

FIc. 5. Temperature contours for four-particle config-uraio
oration: Re = 10; no mass transfer; dimensionless contour
range: T'(m)ax) = 1; T'(min) = 0.

FIG. 6. Pressure contours for four-particle configuration:
Re = 10; no mass transfer; dimensionless contour range:

all contained in a plane, the maximum interference p(max) = 1.885; p'(min) 0.877.

or blockage will occur, and this feature is an impor-
tant one in defining the group behavior of the par-
tides. the Reynolds number based on a single particle is 10,

We begin the discussion with the four-particle and it is clear that a group type of behavior is ob-
group, and the results are shown in Figs. 5 through served. A study of the isotherms reveals that the max-
7 and Table 1. Figure 5 presents the dimensionless imum dimensionless temperature in the interior of
isotherms about the particles, which are defined as the four particles is T' = 0.285, and this represents
T' = (T - TL)/(T, - T,0), and there are 14 uni- a relatively cold region of the flow.
formly spaced isotherms about the particles. The The dimensionless pressure isobars are shown in
spacing between particle centers is 1.75 diameters; Fig. 6, P' = (p - p.)/(pV!/2), and the maximum

TABLE 1
Drag and heat transfer for four particle configuration

Pressure Friction Pressure Friction Nusselt
Particle Case drag drag lift lift number

1 Re = 10 1.525 2.587 -0.1957 -0.1714 2.774
VW= 0

1 Re = 10 1.512 2.336 -0.2339 -0.2291 2.330
Vw = 0.1

2 Re = 10 1.524 2.586 0.1957 0.1714 2.775
VW= 0

2 Re = 10 1.512 2.336 0.2339 0.2290 2.330
17

w = 0.1

3 Re = 10 0.639 1.347 0 0 1.658
VW= 0

3 Re = 10 0.639 1.191 0 0 1.282
VW = 0.1

4 Re = 10 1.48 2.599 0 0 3.207
VW= 0

4 Re = 10 1.42 2.301 0 0 2.766
VW = 0.1
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FIc. 7. Velocity vectors for four-particle configuration: FiG. 8. Velocity vectors for four-particle configuration:
Re = 10; no mass transfer. Re = 10; mass transfer.

pressure occurs on the stagnation point of forward to single-particle results [1]; however, the heat trans-
particle 4, and the minimum pressures on side par- fer over particles 1 and 2 has been reduced.
ticles I and 2 (the minimums occur approximately The most significant change in surface character-
45' from the side outer shoulders). The values for istics has occurred for the trailing particle, 3, and
the maximums and minimums are p ... = 1.885 and Table I shows that the drag has been reduced by
pmin = -- 0.8774, and these values are similar to a more than one-half and that the heat transfer has
single particle in a Reynolds number of 10 flow [1]. been by reduced by almost that amount. Particles 1
In the central region between the particles, the pres- and 2 experience a small amount of lift, which would
sure is close to the free stream value and there are tend to pull the group configuration apart. The lift is
relatively weak gradients. It should be noted at this caused by the low pressures on the outside of the
point that the use of overset meshes presents a chal- configuration, as well as the larger fluid velocities and
lenge to graphics presentations, and it has been nec- shear on the outer part of the group.
essary to not plot "hole" values in some of the meshes The next phase of the study involves the introduc-
since these points are not valid in the computation. tion of mass transfer at the surface of the particles.
Also, the plotting routines will place contours in dif- The mass transfer amount we have used is 10% of
ferent locations in cells of different sizes on different the free stream velocity, V. = Vw/V: = 0. 1, and this
meshes, and these minor plotting problems can be represents 40% of the mass flow into the particle-
seen in many of the graphs in this paper. This prob- projected area in the free stream. The velocity vec-
lem is particularly evident for the pressure contours, tors with mass transfer present are shown in Fig. 8,
since the pressure field is calculated at cell area lo- and the increased flow in the central region of the
cations and shifted to cell centers for plotting. particles can be seen. In general, it can be said that

The flow vectors in the symmetry plane of the par- the drag components and Nusselt number decrease,
ticles are shown in Fig. 7, and it is seen that the flow and the slight decrease in the pressure drag for par-
inside the particles is lower than that outside and ticle 4 has been caused by the increased pressure in
around the particles. The influences of the flow and the central region between the particles, and this is
pressure on the individual drag, lift, and heat transfer directly caused by the mass addition. The side par-
on the particles are substantial and are presented in ticles I and 2 exhibit behavior very similar to single
Table 1. This table also includes results with wall particles, where the friction drag and heat transfer
mass transfer, and the nonblowing case can be iden- are reduced by the mass transfer; however, the pres-
tified as Vw, = 0. The lead particle in the configura- sure drag remains almost the same.
tion, 4, has the maximum heat transfer or Nusselt Another feature of the mass addition has been an
number, but not the maximum drag, and this is a increase in the lift forces on the side particles I and
direct result of the increased pressure behind particle 2, and this is due to both the pressure and shear
4. The heat transfer is less for the particles behind components of the lift. The pressure isobars for this
due to the cooling created by the first particle. The flow are presented in Fig. 9, and the general features
values of drag for particles, 1, 2, and 4 are very close are similar to Fig. 6 without mass transfer. The most
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significant feature is the slight pressure increase in
S . .the central region and a slight decrease in pressure

gradients throughout the flow.

.. .Six Particle Configuration:

S.-The next phase of this paper is the extension to six
NI[i• : L, , particles, and a solution with temperature isotherms

"�' is presented in Fig. 1 with the two additional particles
placed behind particle 3. When Fig. 1 is compared
to that of flow over four particles in Fig. 5, it is clear

*d- -that the group behavior has increased. This group
behavior is most obvious in the broadening of the
outer isotherm and the decrease of isotherms in the
inner region of the particle group. The minimum
temperature in this central region is similar to the
four-particle group; however, the size of this region

, , . has increased. Another interesting behavior is the in-
".-. i crease of the size of the cooled group wake.

We will begin the detailed analysis of the flow with

Fin. 9. Pressure contours for four-particle configuration: the drag, lift, and Nusselt number results shown in
Re = 10; mass transfer; dimensionless contour range: Table 2, where again, results are given with and with-
p'(max) = 0.867. out surface mass transfer. In general, it is seen that

TABLE 2
Drag and heat transfer for six-particle configuration

Pressure Friction Pressure Friction Nusselt
Particle Case drag drag lift lift number

1 Re = 10 1.392 2.403 -0.1917 -0.1755 2.711
Vw= 0

1 Re = 10 1.351 2.139 -0.2250 -0.2326 2.261
Vw = 0.1

2 Re = 10 1.397 2.408 0.1917 0.1770 2.712
Vw= 0

2 Re = 10 1.356 2.145 0.2263 0.2339 2.263
VW = 0.1

3 Re = 10 0.6282 1.210 0 0 1.492
Vi = 0

3 Re = 10 0.5981 1.038 0 0 1.100
VW = 0.1

4 Re = 10 1.468 2.561 0 0 3.194
VW= 0

4 Re = 10 1.394 2.252 0 0 2.748
Vw = 0.1

5 Re = 10 0.884 1.637 -0.0586 -0.1173 1.920
VW= 0

5 Re = 10 0.8387 1.417 -0.0456 -0.0698 1.486
VW = 0.1

6 Re = 10 0.893 1.640 0.0554 0.1131 1.918
VW= 0

6 Re = 10 0.8422 1.419 0.0429 0.0673 1.486
VW = 0.1
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particles 1 through 4 exhibit a slight decrease in drag 2. All the particle configurations studied showed
and heat transfer, and this is attributed to the in- particle group behavior with and without mass
creased blockage by the larger group of particles, transfer. Particles at the front and edge of the
Particles 5 and 6 have been added to the rear of the group exhibited single-particle behavior; however,
group, and they exhibit substantially reduced values interior particles had significant changes in flow
of drag and heat transfer; however, since they are and heat transfer coefficients. The introduction of
near the edge of the group, their drag and heat trans- surface mass transfer reduced skin friction and
fer values are not as low as particle 3, which is totally heat transfer, as has been documented in single-
inside the group. Surface mass transfer causes particle flows.
changes similar to the four-particle group, and most 3. The overset grid approach has shown itself effi-
aspects of the flow seem to be similar between the cient, flexible, and accurate. The authors also plan
two configurations, to extend the present results to unsteady groups

A study of the velocity vectors and pressure con- of large particles with chemical reactions.
tours for the mass transfer case show that the veloc-
ities have already begun to show a repetitive pattern
between particles 1-2 and 5-6. The pressure con- REFERENCES
tours show that the pressure becomes more uniform
in the group central region, and the level of pressure 1. Clift, R., Grace, J. R., and Weber, M. E., Bubbles,
in this region also increases on the average. It has Drops and Particles, Academic Press, New York, 1978.
also been observed that there is a slight increase in 2. Dandy, D. S., and Dwyer, H. A., J. Fluid Mech. Vol.
the pressure on all of the particles, and this appears 216, pp. 381-410.
to be a result of the group behavior. It appears from 3. Kim, I., Elghobashi, S., and Sirignano, W., J. Fluid
these limited results that a repetitive pattern sets up Mech. Vol. 246, pp. 465-488.
quickly at this Reynolds number regime, however it 4. Benek, J. A., Steger, J. L., Dougherty, F. C., and Bun-
should be mentioned again that the particles are in ing, P. G., AEDC-TR-85-64, Arnold Air Force Station,
a plane. Therefore, it is clear that the results must be TN, 1986.
extended to larger and more general groups of par- 5. Dougherty, F. C., "Development of a Chimera Grid
tidles at a higher Reynolds number, and this work Scheme with Applications to Unsteady Problems,"
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transfer at an intermediate Reynolds number. (1989).



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1994/pp. 397-405

ENTRAINMENT AND EVAPORATION OF DROPS IN THE LAMINAR PART
OF A TWO-DIMENSIONAL DEVELOPING MIXING LAYER
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A formulation has been developed that combines the simplicity of an experimentally derived well-
established correlation for describing the development of a mixing layer, and a rigorous approach for the
description of the dynamics and evaporation of dense or dilute clusters of drops in large coherent vortices.

An extensive parametric study has been performed by varying the radius of the drops in the drop-laden
stream both for high and low air/fuel mass ratio, as well as for constant initial drop number density, but
at varying air/fuel mass ratio. The air/fuel mass ratio has also been varied at fixed drop radius in the drop-
laden stream. Additional parameters independently varied were the temperature of the hot air stream, its
velocity, and the velocity ratio between the two streams.

The results show that it is possible to optimize the relative number of drops (with respect to the initial
value) entrained into the coherent vortices of the mixing layer by using the velocity ratio as control param-
eter. The eventual liquid mass entrained in the cluster is an increasing function of the drop radius in the
drop-carrying stream for typical drop number densities in sprays. The mass fraction of the evaporated fuel
in the clusters can be optimized by using the velocity of the hot air stream as a control parameter.

It is also shown that, in agreement with existing observations, the average drop radius may increase with
axial distance from the mixing layer inception point, and the reasons for this are explained.

Introduction flow, and that there is substantial particle thermo-
dynamic interaction affecting the heating and evap-

Mixing layers are an inherent feature of many par- oration of particles. The reason for the lack of inves-
tide-laden flows. They occur whenever a particle- tigations in these more complicated situations is the
laden flow travels with a velocity different from that difficulty of performing experimental measurements
of the flow around it. In fuel sprays injected into corn- in the high-particle-number-density regime, and the
bustion chambers, the mixing layer at the edge of the difficulty of modeling the two-way coupling between
spray has the important function of transferring heat particles and flow as well as the multiparticle ther-
from the ambient to the spray. During this process, modynamic interactions.
momentum transfer and mass transfer occur as well. The modeling approach described in this paper

Hernan and Jimenez [1] showed that most of the shows that it is possible to achieve a qualitative un-
momentum transfer in a mixing layer occurs before derstanding of high-number-density particle-laden

paring of the large-scale coherent vortices that are mixing layers by using a combination of rigorous
instrumental in both momentum transfer and drop analysis and well-established experimental correla-

dispersion. Drop dispersion in shear layers, mixing tions,

layers, wakes, and jets has been extensively studied
for small particle loading by mass [2-61, for small Physical Configuration and Formulation
particle loading by volume [2-6], or for large particle
loading by mass in the case of particles made of a Figure 1 shows the physical configuration modeled
heavy material such as glass [7]. In these situations, here. A two-dimensional (2D) mixing layer is estab-
the interaction between flow and particles is limited lished between two streams separated by a splitter
to the flow influencing the dynamics of the particles, plate: a hot air stream characterized by temperature
The effect of the particles on the flow is minimal T, density pi, and velocity U1, and a drop-laden
(except when the particle loading is very large by stream at a lower temperature and higher velocity.
mass), and the interaction between the particles is The drop number density, temperature, density, and
negligible. No equivalent studies exist in situations velocity of the drops are n2, T2,1, Pl, and U2 d, and the
when the particle-number density is very large to the equivalent quantities for the carrying flow are Tg,
point that the particles affect the dynamics of the p2g, and U2g. According to the results of Brown and

397
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Qa radial and azimuthal velocity of drops and gas can be
Hotair expressed as sums of irrotational and solid-body mo-

- tion [16]; the entrained gas angular momentum is

u - -distributed throughout the vortex, and it is modeled
as the sum of an irrotational motion and a solid-body

Dros motion; and the angular momentum of the entrained
Ua4I'aa~p *, drops is neglected. The number of drops entrained
Air,.U4
p.,Ta. ,in the vortex per second and unit vortex length is

adIV2gn2, where ad depends upon the Stokes number,
St = pl(2R,)2 U2d - U01/(18pR1 o,), where R9 is the

FIc. 1. Sketch of the two-dimensional mixing layer. initial drop radius and/p is the gas viscosity. Consis-
tent with observations [5,6], ad = 1 if St < 101- and
ad = 0 if St> 10. For 10 1<St< 10, here ad, =
0.5 (1 - log,0 St), so that a continuous function

Roshko [8] and Roshko [9], the mixing layer is char- ao(St) is obtained.
acterized by large coherent vortices convecting Averaging processes for the drop-carrying stream
downstream. Ho and his coworkers [10,11] have ob- yieldk 2 = (1 + 0')n 2m5,where 0 0 istheinitialair/fuel
served that a particle-free mixing layer remains lam- mass ratio in the stream and mn is the initial mass of a
inar for an extended length before the appearance of drop. If one defines U2 from P2(OU) - U2)2 -- P,(U -
small-scale turbulent structures and that their incep- Uc)2 consistent with Ref. [12], then pl (U, - Uc)2 -
tion point is determined from the initial Strouhal -unumber, Sty', and the initial vorticity thickness, g0 /P(U - U2g)2 

± ri2rof(2U0 - U~g - U•I)(Uzg -Ud.

Thmber, p trese ant de r the lamtial thicknar s part o Finally, an average outer tangential velocity of the
The present model pertains to the laminar part of gas is defined as Up0 ,- = [pIVU1 - Ud) + (P2gthe mixing layer.gais[V(U

Thlrgchesthe mixing layer. W2g(U2g - Uc)]/(pV1 + P29V2g)"
The large coherent vortices of the mixing layer The conservation equations are as follows:

convect at velocity U, with respect to the splitter
plate trailing edge, and it is assumed that, according 1. continuity of the evaporation rate
to observations, they can be portrayed in 2D by cir-
cles [1] whose diameter grows linearly with the ab- dN/ldt + (dhd/dt)N0/Rdl = a•VSn 2Rg/BMd
scissa [12]. The entrainment rate from the hot air
stream is V¾, whereas the gas and drop entrainment - 2nR,,nc max(0; u6d.. - Uo,) - NkrhA0 (3md)
rate from the second stream are V2. and V21., respec- (2)
tively. For particle-free, 2D, fully developed, spa-
tially growing, subsonic shear layers, the entrainment
rates from the two streams have been correlated [12] where N, is the number of drops and n, is the
from an extensive number of experiments to be drop number density in the cluster, n, = Nc

[n(R2,, - R2 )] where "in" identifies the inner
E, = I72/k1 cluster radius, R, is the averaged drop radius in

the cluster, and the drop evaporation rate, rhe,, is
= fi/2[1 + 0.33(1 - s)(1 + fl/2 )/(1 + sf"12] taken proportional to Rd,. The second term on the

(1) right-hand side (RHS) accounts for drops lost
from the cluster through centrifugation.

where s = U9/U, andf = p2p,. The same correlation 2. conservation of liquid mass

is assumed to be valid in the present situation except .
that s = U.2/U, andf = k.2/P, where (-) represents dN/ldt + (dR,1/dt)3N0•/R, = adVS4 O2(R29/A1)

3

an average over gas and drops. - 2nRo,,n0 max(0; Ud, .,,, - no,) - N)h 00 /~,
It is additionally assumed that the drops form a

cluster similar to those observed in jets and sprays (3)

[7,13-15], that the cluster is monodisperse (the av-
eraging is based upon liquid mass conservation and 3. conservation of gas mass, mg
evaporation-rate continuity), and that the outer
boundary of the cluster and vortex coincide, being dmglt (dNlt)(mg + mnd)/N• + pJV1
located the at radial position R,,_ ("on" stands for
outer) from the center of the vortex. The vortex (1 + CTM)/N. - 27r~j,pg
boundary is defined as the boundary of the volume
containing the gas entrained into the vortex, so that (udi,,,, - Uo,/N 0 + rh,
if r is the radial coordinate from the cluster center, - 2 h11•,nd max(0; ud,.,,. - Uo,
U0,, = Ugr0 ,,. Other assumptions are as follows: the
vortex has a constant outer tangential velocity; the + n2niJEV1/N, (4)
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where CTM = E,(T1/T,)/[$lO/(•( + P2g/Pl)]. dHg/dt = (Hg + 0.5md(u3)i + Hd)(dNcdt)/Nc
4. conservation of the air mass, m, + TKU{CpJQTgS - CP(Tg - Tgs)

NXdm,,/dt = -(dNjdt)m, + p1 71  [exp[fl(Z9 - Zi)] - 1]}

[1 + CTAI(l - YO)] + 27rRipgCpgTgi(Ud6,i, - Ug,in)/Nc

- 2rRinpg(OUd,in - Ug•,n)Yai ± pI7I T1 (Cp1 + Cp2CTAI)/Nc

+ D0 ,oNC (5) - 0.5d[rmdnu)]/dt

+ n2m CP1T.2,E•V1N 0

where YOFv is the initial mass fraction of vapor fuel, - 2nRo,1 nHd max(O; Ud,ou
Y•,i is the mass fraction of air in the interstitial (+H)
cluster region defined by the space between the ug,o,) + DI(11)
spheres of influence around each drop, and Do ....
accounts for air mass diffusion at the vortex In Eq. (11), the terms on the RHS represent, re-
boundary [16]. The sphere of influence for each spectively, the changes due to the number of drops
drop is defined [16] as centered at the drop center variation; a source due to evaporation; a sink due to
and having for radius the half distance between gas lost to the vortex core; a source due to gas en-
the centers of two adjacent drops. trainment from both streams; a sink due to the time

5. conservation of gas angular momentum change in the drops' kinetic energy; source due to
drop entrainment from the drop-laden stream; a sink
due to loss of drops that are centrifuged out from the

pg[Ougo/it + Ugo(OUgo/lr) + ngugu/r] cluster; and diffusion of heat from the outer gas
phase at the vortex boundary [16]. H9 is the gas en-

Fgo + + Y2r (6) thalpy whereas Hd is the enthalpy of a drop,
r Hd = mdCPl4m f f," T (r)r2dr, and C, is the heat ca-

pacity at constant pressure. The averaging symbol ( )
is over all drops either in the interstitial space (sub-

where script i), or in the radial direction (subscript r). Quan-
tities f# and Z(rd) have been calculated previously
[17,18] together with the solution of the diffusion

Fgo = n(imhO + 0.5pgAdCDoUVD)(Ud1 - Ugo) (7) equations inside the sphere of influence of each drop.
The radial coordinate inside the sphere of influence
is rd, and Z, and Zi are the values at the drop surface

K" (i/r + Yor)2-dr and at the edge of the sphere of influence, respec-
tively. Here f = -rh(47rR9) and Z(rd) = (09)0.65
fo' drq/(6o )005, where 0 C gTg/Lb, with Lb, be-

= plV/(I + Cnox1)Ugo... (8) ing the latent heat of evaporation and R, being the
radius of the sphere of influence.

OUgo,o/Ot = 0. (9) The radial gas momentum equations and the mo-
mentum equations for the drops have been derived
previously [16].

In Eqs. (6) through (9), Fo is the drag force, U,
is the slip velocity, Ad is the drop surface area, CD
is the drag coefficient, y, is the irrotational motion Initial Conditions

of the gas, and Y2 is the solid-body rotation of the
gas. It is assumed that the cluster is initially a small ring

6. conservation of mass in the inner vortex core de- defined by R°, and R19- and thus, the initial Lagran-

void of drops gian coordinate defining the cluster position, X/?, is
non null. An extrapolation of the linear growth rate
[12] is used to find the time, f, at which RO,, is

Rinugrin = - 0.5R,(d In pg/dt) reached, and thus, X° = un is found.
g +Initial dependent variables in the cluster have the

+ pVz(i + CrM)R,2 onpg) (10) same value as those in the drop-carrying stream so
that 00 = c01, T~g = T2g, yjo = Y2j, where'j" denotes
a species.

7. global conservation of total enthalpy The calculations are stopped at the onset of small-
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FIG. 2. Interstitial cluster gas temperature vs the vortex abscissa for 0' = 5 (top) and for 0 = 0.5 (bottom). Other
parameters are U, = 1 m/s, U•, = U, = 10 m/s, T, = 1000 K, T, = 370 K, Tn, = 350 K.
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FIG. 4. Residual drop radius (&<R,1') and drop number density (n,) vs the vortex abscissa for fixed n, and varying R,,
(and thus Ej). Other initial conditions are listed in Fig. 2 caption.

scale turbulence defined byXT = 4(s + 1)LO/(s - crease in n,. Finally, /Rd, Tgi, and YFvi reach
1), where LO is the initial instability wavelength and asymptotic values.
Stre = 60°/L. Parametric studies performed by varying R1

showed that quantitative behavior is different when
00 = 5 and 0I0 0.5. It should be realized that E,

Discussion of Results - 1.25 when 00 = 5 and E, = 2 when 0J0 = 0.5

because E, depends upon 0 0 through P2. Figures 2
All calculations were performed for n-decane, for and 3 show, respectively, To, and YFvi vs the Lagran-

which °toich = 15,7. Nominal properties for n-dec- gian coordinate for various Rl)'s for the two values of
ane were listed elsewhere [19]. Physical intuition in- 00. For initially higher mass and volume loading (and
dicates that competition between 3R = (evaporation a larger E.), evaporation is greatly delayed because
rate/entrainment rate) and R2ta = (drop ejection of the higher drop number density. This explains the
rate/entrainment rate) determines the drop size in larger Tgi during the initial phase and the much
the cluster. Simple but tedious manipulations show smaller Tg, during the latter phase, after the drops
that the residual drop radius decreases with time if have heated up and removed a substantial amount of
&I > 1 and increases with time if &It < 1, indepen- heat from the gas (since n, is larger). Once the drops
dently of R 2. However, if Rll2 > 1, the liquid mass in are hot, evaporation becomes important, and the de-
the cluster decreases, and since Ri/R5 < 1, Nc de- crease in Tgi corresponds to a simultaneous increase
creases, whereas if R 2 < 1 the liquid mass in the in YFvi. Smaller drops heat faster because of their
cluster increases. For most situations analyzed here smaller size. At fixed 00, as Rý is smaller and thus n2
R, > 1 and R2 < 1, initially. (and n,) is larger, the heat sink represented by the

A baseline calculation was performed for U, = I drops is larger, and thus the reduction in Tgi is larger.
mis, U•d - U2g = 10 m/s, Rý = 15 ,p, 0 0 = 1.5, T1  A similar study was performed by varying R3, but
1000 K, Tzd = 350 K, and T2= 370 K. The results now n2 was kept constant while 00o varied, and E,
show that three stages can be observed in the tran- increased from 1.14 for Rý = 5u to 2.49 for R11 =
sient behavior of the mixing layer, but that these 30 u. When R3 is smaller and n2 is kept constant, the
three stages are not necessarily separated. First, en- liquid mass is smaller, and thus, the drop-carrying
trainment of hot air produces a decrease in the liq- stream (and the cluster) is more dilute. These more
uid/gas mass ratio, an increase in Tgi, and a decrease dilute clusters heat up faster, and their Rh1/R3 de-
in n, due to gas expansion. Evaporation becomes im- creases faster as the relative number of drops (with
portant when Tgi and N, increase, resulting in an ap- respect to NO) entrained is smaller. As a result, for
proximately constant liquid/gas mass ratio and a de- these dilute clusters, YFvi is at most 10'a. Figure 4
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FIG. 5. Drop number density in the cluster (n,), relative drop number (with respect to NO) and drop residual radius
(R,1/R•)) vs the vortex abscissa for various values of 0". Other initial conditions are listed in Fig. 2 caption.

shows both that Rd11/Ru stays larger with increasing implies a large P, and thus a smaller s, which hinders
R5 and that the drop number density peaks higher entrainment of particles. Since the results show that
with increasing R1. Thus, the eventual maximum liq- the residual drop radius is a decreasing function of
uid mass in the cluster is an increasing function of T1, whereas the drop number density is an increasing
R5 at fixed n2, U1, and velocity ratio. The result is not function of T1, the liquid mass entrained seems to be
necessarily obvious since larger drops are heavier and constant, except perhaps for T1 = 400 K, in agree-
thus more difficult to entrain. Mathematically, this is ment with the indications from the relative number
shown by the fact, that for s > 1, E, is a nonmono- of drops.
tonic function of 00 through Eq. (1) and the defini- Figures 5 and 6 document in detail the influence
tion of P2. In the range of 00 (and thus RB since n2 of (P0 upon the cluster behavior. Heating and evap-
is fixed) investigated here, E, is an increasing fune- oration dominate the initial regime, whereas drop en-
tion of 00, thus explaining the results. It is expected trainment dominates the final regime. The initial re-
that, for larger drops and thus smaller (0''s, a maxi- gime is itself composed of two distinct subregimes.
mum will be reached for the liquid mass entrained. The first subregime is characterized by entrainment
Calculations proving this point are not shown be- of hot air, thus increasing T , by drop centrifugation
cause, for these very large values of R3% the eventual inside the vortex and cluuster volume increase,
value of n, is unrealistically large compared to spray thereby decreasing _nr, and by drop evaporation,
observations, thereby decreasing Rd. For smaller P00's, drop heat-

Parametric studies performed by varying TI from ing is slower, and thus Tgi stays larger longer. The
400 to 1300 K (and accordingly, E, from 0.9 to 1.72) second subregime, starting around X, = 0.5 cm, is
show that the relative number of drops entrained is characterized by an increase in drop entrainment
insensitive to TI above 800 K, whereas the value is from the drop-laden stream, as evidenced by the in-
much smaller for 400 K. Since p = 1 atm, a low T1 crease in the liquid-gas mass ratio, the relative num-
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FIG. 6. Interstitial cluster gas temperature (T,), fuel vapor mass fraction (Y,,.), and liquid-gas mass ratio in the cluster
vs the vortex abscissa for various values of 011. Other initial conditions are listed in Fig. 2 caption.

ber of drops, and n,; the result is a slower T increase Results obtained by varying s parametrically are
for small 00's and the formation of a pfateau for illustrated in Figs. 7 and 8. The initial and final re-
larger 0 0's corresponding to cooling of the gas phase gimes discussed above are present here as well, al-
due to drop heating. During this initial regime, Ad though they are not so clearly separated. Of special
decreases, resulting in only a moderate increase in interest is the fact that, past the very initial part of
YFv,i because N, is still relatively low. The final re- the calculation (X, > 0.25 cin), Tgi and YFVi are, re-
gime initiates around X, = 1 cm and is characterized spectively, an increasing and a decreasing function of
by a large increase in N, resulting in an increase in s. An exception is found for Tgi at very large values
the liquid-gas mass ratio and n, (since the cluster of s because of the optimization of the relative num-
volume increases only moderately). Heat transfer to ber of drops entrained as explained below. The rel-
a larger number of drops reduces Tgi substantially, ative number of drops entrained is a nonmonotonic
and YFvi increases considerably. For smaller 0O's function of s, just as it was shown to be a nonmono-
(i.e., larger n2), there is a larger reduction in Tgi and tonic function of R° at fixed s. The maximum relative
increase in Y•FVi. Despite evaporation, Rd increases
because &I < 1. Lund and Sojka [20] have indeed number of drops occurs at s = 20, resulting in a
observed that the Sauter mean diameter can increase reduction in Tgi since heat is removed by the drops

with axial position in a spray. The present results from the gas phase. These results thus suggest that

show the reasons for this observation. Consistent it is possible to optimize entrainment of drops from

with this explanation, Rdq increases most and the rel- the mixing layer into the large coherent vortices by

ative drop number increases least for the smaller 00. using the velocity ratio as a control parameter. These
As 00 is large and the drop-laden stream is dilute, findings agree with the observations of Crowe et al.
entrainment of drops is not sufficient to increase [5,6] and complement existing results showing that
lRd, and instead Rd continues to decrease. For large drop dispersion in large coherent eddies is optimized

00 it is also easier to entrain the drops (at fixed s), so at St = 1, a phenomenon which was called "the fo-
that the relative drop number is maximum. cusing effect" [6]. The present results show that, ad-
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FIG. 7. Interstitial cluster gas temperature (T5 j), fuel vapor mass fraction (Y,,j), and liquid-gas mass ratio in the cluster
vs the vortex abscissa for various values of s. Other initial conditions are listed in Fig. 2 caption.

ditionally, drop entrainment can be optimized by the dynamics and evaporation of dense or dilute clus-
changing s when 00, T1, T2g, Tad, andf are fixed. ters of drops in cylindrical, axisymmetric vortices.

Calculations were also performed by varying U1 to Calculations were performed by varying an ex-
be 1, 5, 15, 25, and 50 m/s. The results show that the tended number of parameters. The results show, in
relative drop number is an increasing function of Uj agreement with observations, that the average drop
(in agreement with the fact that E, is a decreasing radius may increase with the distance from the in-
function of s), but that YFN', is a nonmonotonic func- ception of the mixing layer, and that the velocity ratio
tion of U1, attaining a maximum at intermediate val- between the two streams controls drop entrainment
ues (U1 = 15 m/s). into the mixing layer. Additionally, it is shown that,

The value of Yjwi is determined by competition in the range of drop-number-density values typical
between evaporation, entrainment, and volume ex- of sprays, it is possible to maximize the liquid mass
pansion of the cluster. As U1 increases, s decreases entrained by using the drop radius as a parameter,
and E, increases. As N, becomes larger, Ad increases and that it is possible to optimize the relative number
to the point that 1hr, decreases because of the larger of drops (with respect to the initial value) entrained
time necessary to heat the drops. Plots of Rd and T# into the large coherent vortices by using the velocity
show the largest increase in Rd and the largest re- ratio between streams as parameter. The velocity of
duction in Tgi for U5 = 25m/s, thereby supporting the hot air stream has been shown to be a parameter
this interpretation, controlling the interstitial fuel vapor mass fraction.
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An experimental characterization of the entrainment and transport of small droplets in a turbulent,
plane mixing layer is presented. Specifically, this study addresses the contribution of vortex pairing to
the dispersion process. The experimental data were obtained using optical measurements that allowed
for the characterization of mean, root mean square (rms), and conditional-averaged profiles of attenua-
tion, in addition to the conditional-averaged evolution of the dispersed-phase number frequency and ve-
locity for the various-sized particulate. It is shown that the pairing process resulting from the combina-
tion of harmonic and subbarmonic forcing contributes to an increased rate of homogenization of the
droplet concentration across the mixing layer when compared to the case of single-frequency forcing.
The amount of homogenization depends strongly on the history of the flow and the size of the particu-
late.

Introduction selectively entrain particles based upon their size and
create strong instantaneous gradients in concentra-

The characterization of droplet-turbulence inter- tion across the vortex. It was also shown that the ratio
action is fundamental to the development of spray of the particle's viscous relaxation time to the flow
models related to numerous physical applications. timescale (Stokes number) is a dominant parameter
The theoretical formulations for the conservation controlling the extent of the mixing.
equations of multiphase flows often require closure Since the work of Winant and Browand [2], it has
terms relating the transfer between the phases. Al- been known that the growth of a plane mixing layer
though these terms have been successfully modeled is dominated by the amalgamation of the coherent
with empirical laws in several specific applications, structures, often referred to as vortex pairing. Thus,
they do not usually allow for a full understanding of as the pairing process is predominantly responsible
the physical mechanisms involved. Thus, the com- for the growth of the mixing region, the next logical
plete experimental characterization of the evolution extension for study is the role of the vortex pairing
of the two phases in a prototypical, turbulent flow is upon particulate dispersion. Limited experiments in
critical to the general formulation of spray models, the initial region of jets [7] and numerical simulations
For this purpose, in this paper we present instanta- of planar free shear layers [8,9] indicate the possi-
neous, particle-turbulence measurements of a poly- bility of enhanced dispersion during the pairing pro-
dispersed droplet spray mixing in a plane, turbulent, cess. However, there remains a lack of a complete
free shear layer. characterization of how the pairing process contrib-

Extensive research of the past two decades has de- utes to the dynamics of the particulate in the general
termined that over a wide range of Reynolds num- case of a polydispersed spray. The intent of this re-
bers, turbulent, free shear flows contain a large-scale, search is to experimentally determine the fundamen-
coherent vortical structure with a superimposed, tal mechanism of particle dispersion during pairing
small-scale random motion [1,2]. From the perspec- through the characterization of the particulate con-
tive of two-phase flow applications, it is important to centration and conditional-averaged number fre-
determine how these large eddies affect the mixing quency. Also of interest to multiphase flow is parti-
of the dispersed phase. Recent experimental studies cle-turbulence interaction, as characterized by the
[3,4], as well as numerical simulations [5,6], have exchange of momentum and energy between the
shown that the large coherent eddies play a central phases. The authors have measured the kinetic en-
role in the entrainment and mixing of the particles ergy transferred between the phases for this flow, but
in the developing region of natural and forced mixing have published them elsewhere due to space limita-
layers. Specifically, it was found that these structures tions [14].
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FIG. 1. Phase-averaged attenuation contours for (a) x = 20 mm, (b) x = 100 rmm, (c) x = 180 mm, and (d) x = 260
mm. Phase angle 0 corresponds to subharmonic component of forcing signal; 0 = 3600 is equivalent to t = 1/70 =

0.0143 s.

Experimental Facility and Measurements where L is the length of the beam passing through
the spray,f(D) is the average volume probability dis-

The experimental facility consists of a horizontal tribution function (PDF) along the beam, and D is
wind tunnel exiting into a stagnant test section, the droplet diameter. Even though the attenuation
where a shear layer is formed at the end of a splitter measurements do not isolate the effects of size from
plate. A uniform, polydispersed spray of water drop- concentration, it has been observed that the shape of
lets is created within the wind tunnel, using an array the attenuation and concentration profiles exhibit
of air blast atomizers. The spray then flows past the similar trends [10]. In contrast with the attenuation
splitter plate, where it mixes with the ambient air. results, the PDA uses the interference pattern cre-
Further details of the experimental facility can be ated at the intersection of two crossed laser beams
found elsewhere [3]. to simultaneously measure the velocity and size of

The measurements were made utilizing two opti- individual particles. Thus, the spray is described by
cal techniques: laser attenuation measurements and the statistical information collected from individual
phase Doppler anemometry (PDA). For the laser at- particles passing through a very small region.
tenuation, a photodiode was used to measure the in- The flow conditions at the exit of the wind tunnel
tensity of a 5 mW He-Ne laser passed through the produces turbulent air flow with an average velocity
test section. Provided the droplets are spherical, form of 18 m/s and a 2% free stream turbulence level,
a dilute suspension, and there are no multiple scat- while the initial momentum thickness is approxi-
terings, it can be shown from Mie theory [10] that mately 2 mm with a 15% turbulence level. The water
the attenuation of the beam's intensity, I/Io will be droplets are observed to have a relatively uniform
given by number PDF in the cross-stream (y) direction, with

- a range extending from 5 to 100 pm, and a Sauter
In 3L 0 dD mean diameter of approximately 30 /im. In order to

jo0D force the mixing layer, a vertical velocity perturbation
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is introduced at the end of the splitter plate, using a surface over 450 individual subharmonic wave-
speaker and a manifold chamber [11]. To obtain a lengths.
consistent pairing sequence within the test section, The measurements show the early response of the
the shear layer is forced with the sum of the har- droplets to the formation of two equally spaced, but
monic and first subharmonic frequencies of the most unequal strength, vortex structures (Fig. 1, x = 20
unstable wavelength measured in the naturally evolv- and 100 mm). This corresponds to a rapid growth of
ing shear layer (140 and 70 Hz, respectively), the initially most amplified frequency of 140 Hz. In-

dividually, these structures marked by the droplet
concentration gradients qualitatively resemble simi-

Results and Discussion lar flow features found in single-frequency forcing
results [4]. Namely, for each period of the harmonic

Isocontour levels of the phase-averaged attenua- forcing, there is the formation of a "streak" with de-
tion surfaces are shown in Fig. 1. The measurements caying attenuation entrained from the free stream of
were obtained by simultaneously recording the fore- the spray. This streak is drawn longitudinally over
ing signal and the attenuation signal measured by the what is found to be the core of the vortex, forming a
photodiode. The concentration timeseries was then large depletion "hole" (prominently visible in the
discretized and averaged into 36 different bins based strong vortex, but shown only as a slight dip in the
upon the phase of the subharmonic component of weaker one). As one moves downstream (x = 180
the forcing signal, resulting in an ensemble-averaged and 260 mm), the phase-averaged surfaces show a
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clear development of the particle dispersion as the throughout the development, while the "plateau" in
pairing is completed. During the initial stages of the the external region is eroded through the last half of
pairing, the streak produced by the smaller vortex is the test section. The details of this comparative ev-
observed to move into the effective core of the merg- olution can be observed in Figs. 3a and 3b, where
ing pair and to be dispersed by the comingling vor- the peak rms amplitude and cross-stream location are
tices. This is highlighted at x = 260 mm by the dis- plotted as a function of the streamwise coordinate.
appearance of the strong depletion hole that had For the single-frequency case, the amplitude and lo-
previously formed. At x = 260 and 30'0 mm, what cation exhibit an abrupt change at x = 200 mm. Ld-
remains of the smaller streak merges with the root zaro and Lasheras [4] attributed this behavior to the
of the larger streak, and larger-sized particles begin large external streak impacting upon its upstream
to be entrained inside the core. Thus, the merging neighbor. Prior to streak reconnection, the maximum
process provides a homogenization mechanism to fluctuation occurs as the structure transitions be-
bring large- and small-sized particulate within the tween the streak and the core. When streak recon-
core of the vortex. Excluding the small-scale effects nection occurs, it increases the attenuation near the
due to the three-dimensional instabilities [12,13] and external braid region and causes the peak fluctuation
the mixing transition, which in our experiments occur level to shift toward the inner side of the mixing layer.
at later stages of the shear layer, there is no physical In contrast to this, for the pairing case, the peak rms
mechanism by which this can be accomplished in the grows steadily, and its cross-stream location varies
single-frequency forcing case. almost linearly with no sharp discontinuities (Fig.

Figures 2a and 2b show the normalized develop- 3b). Since the final vortex size is similar for both cases
ment of the attenuation root mean square (rms) pro- (the fundamental frequency in the single forcing case
files, for the single frequency (from Ref. 4) and pair- was the same and the subharmonic frequency used
ing case. In Fig. 2a, it is observed that the peak value in the pairing case, namely, 70 Hz), these results in-
of the rms undergoes a strong growth and then a dicate that streak reconnection is not taking place in
decay, accompanied by a broadening of the peak the paired structure due to a less-developed external
base. For the pairing case, Fig. 2b shows a similar streak. This is consistent with the fact that the vor-
profile shape with a slightly different evolution. ticity was initially distributed into two vortices per
Here, the peak undergoes a monotonic increase wavelength, each developing their own smaller
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streaks until the pairing disrupted the growth and uniform freestream through the mixing region, the
scattered one of the streak's particles throughout the strong inhomogeneities caused by the vortex struc-
lower inside region of the merged core. These ob- tures become evident. For the smallest sized partic-
servations are in agreement with the phase-averaged ulate (D < 10 am) at x = 100 mm, observe how
attenuation results shown previously in Fig. 1. there is a sharp increase in probability in the external

Along with the observation of the evolution of the portion of the largest streak region (q5  70 deg, y
attenuation, it is useful to consider how the size of - + 10 mm). There is also a decrease in the number
the droplets affects the dispersion process. The size frequency in the core region of the largest vortex.
information measured by the PDA was discretized This indicates that the smallest size class has been
into four bins: 2-10 tum, 10-20 pm, 20-40 ,m, and entrained strongly through the mixing layer by the
40-100 pm. From these measurements, the condi- external streak. The strong increase in number fre-
tionally averaged number frequency was then de- quency (200-300%) in the external region shows that
fined to be the percentage of particles of the total most of the particulate present in this region is of the
sample that were within the given size range at a smallest size. There is also a similar structure pro-
given phase angle. If this quantity is normalized by duced by the smaller vortex (0 - 270 deg, y - 0
the average freestream value, it would describe the mm), but with a much weaker influence. As the size
change in probability of finding a particle within a of the droplets is increased, the same trends can be
given size range at the specified phase. Smoothed seen, but they happen at a different scale. Specifi-
contour plots of the normalized number frequency cally, the high probability "ridge" and its maximum
are shown for the four size ranges at two downstream peak (corresponding to the streak structure in the
locations in Figs. 4 and 5. The first location, x = 100 attenuation measurements) shift further away from
mm, corresponds to a point where the harmonic the core of the vortex and closer to the particle-laden
component is dominant and shows the effects found free stream. There is also a decrease in the response
in the initial developing region of the shear layer. of the particulate to the flow in general and, in par-
From these results, there are some obvious differ- ticular, to the smaller vortex. These differences can
ences and similarities in how the different-sized par- be explained by considering the response times of
tidles are dispersed. As one moves from the relatively the different sizes in relation to the flow timescales.
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The smallest sizes, with the least inertia, will have harmonic structure will be qualitatively different
the smallest response times and tend to follow the from the one evolving from single-frequency forcing.
flow's fluctuations. In this particular example, the re-
sponse of the drops depends on three different flow
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A laser-based, nonintrusive diagnostic instrument has been developed for simultaneously measuring the
velocity, size, temperature (refractive index) of burning droplets, and the gas-phase temperature field
surrounding the burning droplet. The developed diagnostic is suitable for experimental studies involving
single droplet/droplet array combustion. The size and velocity of the droplets are measured using the well-
established phase Doppler interferometric technique. The temperature/refractive index of the droplets are
determined by measuring the primary rainbow location with a linear charge coupled device (CCD) array.
The gas-phase temperature distribution is inferred from interferograms obtained with point-diffraction
interferometry (PDI). The three diagnostic techniques have been completely integrated to yield a single
diagnostic instrument. New algorithms have been developed for extracting and normalizing the interfer-
ograms from noisy digital images. Methods for unambiguous phase unwrapping were also identified. The
integrated diagnostic was tested by applying it to the case of isolated burning n-heptane droplets in motion.
Using a combined experimental/theoretical approach, it was possible to extract the radial temperature
profile of the gas phase surrounding the droplet in addition to the droplet velocity, size, and temperature.
The integrated diagnostic tool has significant potential for studying fundamental droplet combustion proc-
esses and for validating state-of-the-art droplet/spray combustion models.

Introduction ometry system to measure the relative gas-phase
temperature field surrounding burning droplets.

Over the years, the burning/evaporation charac- In this paper, we discuss the development and ap-
teristics of isolated droplets have been studied exten- plication of an integrated phase Doppler interferom-
sively with the purpose of elucidating fundamental eter/rainbow thermometer/point-diffraction interfer-
phenomena important to the overall spray combus- ometer for simultaneously measuring the droplet
tion process. Detailed reviews of the current state- velocity, size, temperature, and the gas-phase tem-
of-the-art in the area of single droplet combustion perature field surrounding a burning droplet in mo-
are provided in Refs. 1 through 3. With recent ad- tion.
vances in computational capabilities, numerical
treatment of the problem of single droplet combus-
tion has been undertaken by different researchers Laser Diagnostics
[4-6].

However, because of the small spatial scales in- Phase Doppler Interferometer:
volved in the combustion of droplets, detailed ex-
perimental characterization of the droplet combus- Phase Doppler interferometry [9] is a well-estab-
tion zone is not a trivial task, and therefore, lished optical, nonintrusive diagnostic technique for
experimental validation of theoretical models is very simultaneously measuring the velocity and size of in-
difficult. Optical, nonintrusive techniques appear to dividual droplets in complex spray environments.
be the most suited for probing the droplet combus- The theoretical principles of phase Doppler interfer-
tion zone. Although coherent anti-Stokes Raman ometry is well known [9] and, therefore, will not be
scattering (CARS) has been successfully applied to a discussed here.
combusting droplet stream [7], many issues associ-
ated with CARS in spray combustion remain to be Rainbow Thermometer:
resolved. Laser interferometric techniques provide a
relatively easy and inexpensive alternative to spectro- Rainbow thermometry [101 takes advantage of the
scopic techniques such as CARS. Gupta and Rossi fact that the rainbow angle is a function of the re-
[8] have used a laser schlieren holographic interfer- fractive index of the droplet. Therefore, by measur-
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Fmc. 1. Schematic of the integrated phase Doppler interferometer/rainbow thermometer/point-diffraction interferom-

eter.

ing the rainbow location with the help of a linear with the reference wavefront to form an interfero-
array detector, such as a charge coupled device gram.
(CCD), the refractive index of the droplet can he
determined. Since refractive index varies with temn- late grated System:
perature, the droplet temperature can also be in-
ferred if the relationship between the refractive in- An Aerometrics' phase Doppler particle analyzer
dcx and temperature is known a priori. Sankar et al. (PDPA), a rainbow thermometer [11], and a point-
[11] have developed a rainbow thermometer for ho- diffraction interferometer were integrated to yield a
mogeneous droplet temperature measurement in re- single diagnostic tool. A schematic of the developed
active sprays. However, it is important to recognize integrated PDPAirainbow thermometer/PDI system
that in situations where the droplet transient heating is shown in Fig. 1. It basically consists of an optical
time is of the same order of magnitude as the droplet transmitter, a PDPA optical receiver, a rainbow op-
lifetime, the presence of temporally varying radial tical receiver, a PDJ optical receiver, a Doppler sig-
temperature gradients are possible. This could lead nal analyzer (DSA) with an additional module for
to erroneous temperature measurements [12]. droplet temperature measurement, a frame grabber

for recording the interferograms, and two data ac-
Point-Dfffraetion lnterferometer: quisition computers synchronized with each other.

The point-diffraction interferometer (PDI) is a Optical transmitter
very simple interferometer in which a small aperture The optical transmitter of the integrated diagnos-
located at the Fourier transform plane of an imaging tic system provides the necessary laser beams for si-
lens is used to diffract a small portion of the incident multaneously conducting phase Doppler interfer-
light into a spherical reference wave front [13]. The ometry, rainbow thermometry, and point-diffraction
remaining portion of the propagating object wave interferometry. The phase Doppler part of the inte-
front is uniformly attenuated by some means. The grated system was configured to measure only one
attenuated object wavefront subsequently interferes component of velocity and droplet diameter. The
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green (514.5 nm) beam from a 5-W argon-ion laser The details of the configuration of the PDPA re-
was split into two and used for phase Doppler inter- ceiver is available in Ref. 9 and is therefore not de-
ferometry, whereas a single blue beam (488.0 nm) scribed here. The rainbow receiver consists of a 500-
was used for rainbow refractometry. Because rain- mm focal length, f/4.8 spherical triplet as its front
bow rays exhibit an inherent tendency to be strongly lens for collecting and collimating the scattered light
polarized perpendicular to the scattering plane, the in the backscatter direction. A 238-mm focal length,
blue rainbow "pump" beam was polarized perpen- f/2.3 spherical triplet focuses the collimated light on
dicular to the plane containing the optical transmitter to a 400-pum slit, which acts a spatial filter. A 50-mm
and receiver. Also, the horizontally polarized blue focal length spherical triplet placed behind the spa-
beam (488.0 nm) from the argon-ion laser was used tial filter collimates the collected light, which is then
for the PDI. The optical transmitter of a standard focused onto a linear CCD array (1024 active pixels)
PDPA was slightly modified to accommodate the two by means of a fast cylindrical lens.
additional blue beams (the rainbow "pump" beam The details of the PDI optical receiver is shown
and the PDI beam) along the same optical axis of the schematically in Fig. 1. A system of beam block, po-
transmitter. A single 500-mm f.l. transmitter lens was larizer, and optical line filter is used in the PDI re-
used to focus the two green beams and the rainbow ceiver to eliminate interference by the green PDPA
"pump" beam at the measurement probe volume. On beams and the blue rainbow "pump" beam. A 300-
the other hand, the pulsed PDI beam was first fo- mm f.t. lens is placed in the PDI laser beam path,
cused by means of a 200-mm f.l. lens before being and a polarization filter with a small aperture is
collimated by the 500-mm f.l. transmitter lens, see placed at its focal plane. The aperture in the polari-
Fig. 1. The collimated PDI beam had a diameter of zation filter is created by increasing the laser power,
approximately 1.5 cm and the rainbow "pump" beam in the absence of burning droplets, till the focused
diameter was larger than the green PDPA laser beam PDI beam is able to burn the emulsion off the filter.
diameter by a factor of about 2. The presence of a burning droplet induces phase

In order to be able to "freeze" the droplet motion, shift in the transmitted wavefront. The object way-
provision was made to pulse the PDU beam for a short efront, after passing through the filter, interferes with
duration after the entry of the droplet into the mea- the spherical reference wavefronts created by the ap-
surement probe volume. An acousto-optic Bragg cell erture to form an interferogram. The visibility of the
was used for this purpose. The horizontally polarized interferogram depends upon the relative intensities
blue beam was first diffracted into higher-order of the object and reference beam, and this can be
beams by means of a Bragg cell operating at 40 MHz. balanced by rotating the polarizer in its plane. The
The first-order diffracted beam was chosen for re- droplet and the resulting interferogram are imaged
cording the interferogram. The Bragg-cell driver was onto a CCD TV camera by the 300-mm f.l. imaging
initially adjusted such that the diffracted energy of lens.
the chosen first-order beam was minimal. The lead-
ing edge of the PDPA gate signal, signifying the entry
of the droplet into the measurement probe volume, Data acquisition/signal processing system
was then used to trigger a pulse generator, which The data acquisition system for the integrated di-
provided a pulse with an adjustable pulse width rang- agnostics includes two computers: one for controlling
ing from about 1 to 100 ps. For the current appli- the DSA and the other for controlling the frame
cation, the pulse width was chosen to be 3 ys. This grabber. The DSA is a frequency domain signal pro-
pulse was subsequently used to modulate the rfsignal cessor that is capable of extracting the velocity and
provided by the Bragg-cell driver, thus momentarily size of the droplets from the phase Doppler signals.
causing significant energy to be diffracted into the For droplet temperature measurement, the linear
interferogram beam and, thereby, freezing the drop- CCD output is sampled and digitized at 10 MHz by
let motion. a dedicated rainbow signal processor, which is an

add-on/plug-in module to the DSA. The rainbow sig-
Optical receivers nal processor has a digital peak detector for detecting

The optical receiving system of the integrated di- the rainbow location. The rainbow peak location and
agnostics includes three separate receivers: one each intensity are tagged along with the DSA data packet
for phase Doppler interferometry, rainbow ther- that contains the standard phase Doppler informa-
mometry, and point-diffraction interferometry. The tion. This data packet is then transferred to the DSA
PDPA receiver consisting of a 1000-mm Nl., f/9.5 data acquisition computer for further analysis and
front lens was placed in the forward scatter direction postprocessing.
at a scattering angle of 300. The rainbow receiver A second dedicated computer is used to control
consisting of a 500-mm f.l., f/4.8 front lens was the frame grabber. The video output of the TV cam-
placed diametrically opposite to the PDPA receiver era is continuously digitized by means of an Imaging
at a scattering angle of 1500. The PDI receiver was Technology VS-100 frame grabber and displayed on
placed directly in the path of the blue PDI beam. an Electrohome high-resolution monitor. The two
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independent data acquisition systems are synchro- 200

nized to sample on the same droplet by using the
PDPA gate as an external trigger for the frame grab- 180
her. The external trigger signifies the presence of a3
droplet within the PDPAlrainbow thermometer "
measurement probe volume and causes the frame 160
grabber to freeze an image of the interferogram in
its memory. For every valid PDPA gate, a new in- • 1
terferogram is captured and stored in the frame grab- 14/ A

ber memory. If desired, the data rate can also be ' iv
slowed down by means of a programmable divider 0 120 I •
circuit. Between two external triggers, the frame "
grabber provides a video output of the contents of
its memory at the standard NTSC rate of 30 frames 10 - Non-burning

per second. This video output is displayed on a high- - urning

resolution video monitor and is simultaneously vid- 80 1
eotaped by means of a Panasonic AG 7300 S-VHS 500 600 700 800

video recorder. This enables playback and processing Time (Arbitrary Units)
of the captured interferograms at a later time.

tFI. 2. Digital oscilloscope traces of typical rainbow sig-
nals obtained for burning and nonburning n-heptane drop-

Measurement Uncertainty: lets. A vertical offset has deliberately been introduced be-
The sizing uncertainty with phase Doppler inter- tween the two traces for improved clarity. The diameter of

ferometry is a function of various parameters, in- the nonburning droplet (dash-dotted line) is 300 pm, and
eluding the optical configuration, the signal process- the diameter of the burning droplet (solid line) is 270 pm.
ing scheme employed, and the refractive index of the
droplet. For the current application, the sizing un-
certainty is estimated to be about +/-3 pm. Two water recirculating system is used to protect the tip
main sources of errors were identified for droplet of the drop-on-demand generator from the heat gen-
temperature measurement with rainbow thermom- erated by the burning droplets and also to prevent
etry. This includes the inherent presence of high- the flame from propagating all the way up to the tip
frequency oscillations in the rainbow signal and the of the generator. The droplets were ignited by allow-
shift of the rainbow signal due to translatory motion ing them to pass through a very small propane flame.
of the droplets. If uncorrected, these errors can give The flame extinguishes itself at about 5.5 cm below
rise to measurement uncertainties as high as +/-5 the ignition source.
"C. The main source of error in the gas-phase tem-
perature estimation using point-diffraction interfer-
ometry arises due to the difficulty in accurately spe- Results and Discussion
cifing the gas-phase composition. A 20% error in
estimating the molar refractivity gives rise to approx- The integrated droplet diagnostic system was
imately a 10% error in temperature estimation. On tested by applying it to the case of burning n-heptane
the other hand, an error in the measurement of the droplets. For this study, the droplets were generated
droplet temperature translates to an almost identical at a rate of about 20/s. The measurement point was
absolute error in the measurement of the gas-phase chosen to be 4.5 cm below the ignition source. At
temperature. this point, the velocity of the falling droplet was

measured to be 1.0 m/s. This implies that the inter-
droplet spacing was approximately 5 cm, practically

Experimental Setup a case of moving droplets burning in isolation with
the ambient air temperature being approximately

The integrated diagnostic system was applied to 297 K. The instantaneous diameter of the burning
the case of burning n-heptane droplets in a drop- droplet measured (after correcting for the higher
combustion facility. The basic components of the droplet temperature) by the PDPA at this location
drop-combustion facility are a drop-on-demand was 270 pm. For nonburning droplets, the diameter
droplet generator for creating fuel droplets at differ- at the same location was measured to be 300 pm.
ent rates, an ignition system for initiating the corn- Figure 2 shows typical rainbow signals (digital os-
bustion process, and an air suction system to move cilloscope traces) obtained by the rainbow thermom-
the gas phase surrounding the droplets at approxi- eter for nonburning and burning heptane droplets.
mately the same velocity as the moving droplet. The The shift in the rainbow peak corresponds to 105
latter helps to minimize forced convection effects. A pixels of the CCD, which implies a change in droplet
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FIG. 3. Raw, unprocessed digital interferogram obtained FIG. 4. Digitally filtered, normalized, and scaled inter-
for a burning n-beptane droplet in motion. The dark spot ferogram.
at the center of the interferogram represents the burning
droplet, which is moving from top to bottom. The droplet
size is 270 pm. and the z-coordinate ranges from 0 to 511. In Fig. 3,

the direction of motion of the burning droplet is from
top to bottom.

temperature of 21 'C. This, in turn, corresponds to The raw, unprocessed digital interferogram pre-

an absolute droplet temperature of 318 K. This tem- sented in Fig. 3 shows the presence of high-fre-

perature is well below the boiling point of 371 K for quency noise caused by diffraction from dust parti-

n-heptane. The relatively low droplet temperature cles on the optical surfaces and interference from the

coupled with a fairly large change in the droplet di- optical line filter that is placed directly in front of the

ameter (about 30m) suggests that the bulk of the CCD camera. Furthermore, the visibility of the

heat transferred from the flame, during the approx- fringes can be seen to vary across the interferogram.

imately 0.04 s of burning, was used to vaporize the For improved visualization of the fringes in the in-

liquid with only a small portion going towvard the terferogram and for quantitative extraction of gas-

heating up of the droplet itself. phase temperature profiles, the high-frequency noise
Atping uphoftophe of the recorded has to be filtered out, and the interferogram has toAtypical photograph oth rerddpoint-dif- beproperly normalized and scaled so that the visi-

fraction interferogram is shown in Fig. 3, where the be poel omlzdadsae ota h ii

dark spot at the center of the interferograms repre- bility of the fringes remains close to 1 across the in-

sents the burning droplet. Only the coordinates of terferogram. The description of an algorithm that

the center of the droplet were obtained from the in- was developed to automatically filter, normalize, and

terferogram. Inferring the droplet surface from the scale the recorded digital interferogram will be pub-

interferogram proved to be difficult. Therefore, the lished at a later time. Figure 4 presents the normal-

droplet surface was located based on the PDPA ized/scaled interferogram that was obtained by ap-

measured size. If x and z denote the horizontal and plying the newly developed algorithm to the

vertical axes, respectively, of the interferogram, then interferogram shown in Fig. 3. The normalized in-

the frame grabber memory coordinates correspond- terferogram can then be mathematically expressed as

ing to the center of the burning droplet are deter- follows:

mined to be x = 221 and z = 250. The x-coordinate
of the frame grabber memory ranges from 0 to 479, I,(x,z) = cos[A0(x,z)]. (1)
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FIG. 5. Experimentally obtained (from the normalized
interferogram) variation of cos(4o) with x at z = 250. FIn. 6. Unwrapped phase (JO) variation

sponding to a minimum in the A4) variation. Based
The mean temperature field surrounding the falling on this information, the experimentally obtained
burning droplet can be ideally expected to be axisym- cos(A4) variation presented in Fig. 5 was unwrapped
metric. However, the extraction of the three-dimen- to obtain the experimental A0 variation, which is
sional (3D) axisymmetric temperature field from the presented in Fig. 6.
interferogram involves several steps. In this paper, Assuming refraction effects to be negligible, the
we shall only discuss the extraction of the radial (from AO variation presented in Fig. 6 can be mathemati-
the droplet surface at z = 250) temperature profile. cally represented as follows:
The first step toward this has already been discussed
and is the filtering/normalization of the acquired dig- Y2n per (
ital interferogram. The next step is to perform the A44(x) j [n (x,y) - nl dy (2)

phase unwrapping from the normalized interfero- f1'

gram, as described by Eq. (1). However, taking the where A is the wavelength of light, n(x,y) is the re-
inverse cosine of the left-hand side of Eq. (1) will not fractive index of the gas phase, nCf is the ambient
directly yield A44. On the other hand, it will yield refractive index of the gas phase, and y is the path of
A40, which varies only between 0 and 7r. The phase object beam through the axisymmetric density field.
unwrapping process then involves a transformation Assuming radial symmetry, Eq. (2) can be expressed
of A4), to A4). This unwrapping process is compli- as
cated by the ambiguity in determining whether the
phase is increasing or decreasing. However, it was 4n rz R [n(r)- ne]__r dr
correctly recognized that maxima and minima loca- 4e(x) = -- '2 . (3)
tions in the 4O distribution will cause inflections in x ,2 -

the cos(A44) profile and in the corresponding w she
profile. The experimentally obtained cos(A44) profile where H is the radius at which point the temperature
showing the presence of an inflection near the vicin- reaches the ambient temperature. Furthermore, the
ity of the droplet surface is presented in Fig. 5. As Abel transformation can be used to obtain the fol-
discussed earlier, the data presented in this figure lowing expression for describing the radial variation
correspond to the horizontal line defined by z = 250 of the refractive index, n(r):
in Fig. 3. Furthermore, because of radial symmetry, A xR 44)'(x)dx
only one-half of the cos(44) variation has been n(r) = nrf - f . (4)
shown. The inflection shown in Fig. 5 could either 27J2 x--
represent a minimum or a maximum in the AO var-
iation. This issue was clarified using a theoretical sim- The radial variation of the gas-phase density p(r) can
ulation to compute A44 and 44) variations for an as- then be expressed as
sumed radial temperature distribution. The
theoretical simulations clearly demonstrated the ex- p(r) - N rn(r) + (5)
istence of an inflection in the 40, variation corre- L( +
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where m is the molecular mass of the gas phase and 500 1 ,
N is the Lorentz-Lorenz molar refractivity of the me-
dium. Both these quantities are of course dependent Drop Temp = 318 K

upon the composition of the gas phase. Since the
spatial variation of the gas composition is not irn- 450

mediately available for the case of the burning drop-
let, as a first approximation, the assumption of con-
stant gas composition was made. Having determined 40o
the gas-phase density variation, the radial tempera-
ture variation can be determined from the gas law

E-

T(r) - pm (6) 350
k~p(r)

where p is the pressure and R,, is the universal gas
constant. 300

For increased spatial resolution, the size of the in- 0 10 20 30 40

terferogram imaged on the TV camera was restricted r/d
to an area approximately 15 X 15 d, where d is the
droplet diameter. However, earlier studies [7] show FIG. 7. Assumed radial variation of the gas-phase tem-
that it is reasonable to expect that the gas-phase tem- perature surrounding the burning n-heptane droplet.
perature will reach the ambient temperature at only
about 40 d from the droplet surface. Because of the 5
possibility that only part of the temperature field sur-
rounding the droplet might have been recorded in
the interferogram, it was not possible to directly in- 0 Experimental

tegrate Eq. (4) to obtain the refractive index varia- Theoretical

tion. Hence, a combined experimental/theoretical /5
approach was undertaken to extract the radial tem- /
perature distribution of the gas phase surrounding
the burning heptane droplet. 3 -10

The approach undertaken basically involves rep-
resenting the gas-phase temperature variation by
means of the following, rather arbitrarily chosen, -15

five-parameter equation: /2
S-20

Tr A A( C) ex[B(r + C)Ej + D. (7)
-25 

I
0 5 10 15

The five parameters can be varied to obtain an as- x/d
sumed temperature distribution. The gas-phase den-
sity variation corresponding to this assumed temper- FIG. 8. A comparison of the agreement between the the-
ature distribution can be obtained from Eq. (6), and oretical and experimental phase (Jo) profiles.
Eq. (5) yields the corresponding refractive index var-
iation. Finally, Eq. (3) can be used to compute the
theoretical A(A variation, namely, 40theor. Using a burning n-heptane droplet. The maximum gas-phase
trial and error approach, the various parameters in temperature is about 450 K (cool-flame) with the
Eq. (7) can be varied till a set of parameters is ob- measured droplet temperature being 318 K. This
tained that yields a droplet surface temperature temperature is comparable to that measured for a
equal to the measured droplet temperature and very single burning raw Paraho shale oil (433 K) by Gupta
good agreement between Ahkexp and 4 Ofieor. Figure and Rossi [8].
7 presents an assumed radial temperature variation
(A = 47; B = 0.0147; C = 80; D = 305; E = 2.22)
that was found to yield good agreement between Conclusions
zqkexp and A'4 th..r, see Fig. 8.

The radial temperature profile presented in Fig. 7 The newly integrated diagnostics appears to be an
shows that the maximum temperature is achieved at excellent tool for characterizing burning droplets in
a radial distance of about 5 d from the surface of the controlled single droplet/droplet array combustion
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COMMENTS

Rudolf Maly, Daimler-Benz AG, Gemnany. Could you shape, and therefore, nonspherical particles may not give
please comment on the applicability of the rainbow tech- rise to a distinct rainbow pattern. We have studied this
nique to practical sprays with droplet distributions cen- effect using controlled experiments but are unable to com-
tered around 20 am. Did you apply your technique to such ment on the presence of nonspherical and/or oscillating
sprays, and what are the results for turbulent sprays where droplets in the spray flame that we have studied.
the droplets may be nonspherical and/or have oscillating
surfaces?

Author's Reply. Rainbow refractometry/thermometry is V. A. Bossard, Arizona State University, USA. Have you
applicable to sprays. However, for such applications, it is made measurements of the rainbow angle from nonhomo-
essential that we simultaneously measure the size of the geneous droplet temperature profiles (and hence index of
droplet as the rainbow location is also a function of droplet refraction profiles)? And is the temperature profile a
size for droplets less than about 150 um in diameter. At unique function of the rainbow angle?
present, we estimate the minimum droplet diameter for
which rainbow refractometry can be applied to be about Author's Reply. We have performed measurements with
20,pm. With some improvements to the optics and signal burning droplets generated by a drop-on-demand genera-
processing scheme, this may be lowered to about 10pum. tor. At points very close to the ignition source, we have
Beyond this size limit, the technique is inherently limited observed a rainbow behavior that is very similar to theo-
by the physics of light scattering. We have fully integrated retical predictions for droplets exhibiting inhomogeneous
a rainbow thermometer with a phase-Doppler interferom- temperature profiles. We are currently addressing the re-
eter and have applied this integrated diagnostics for suo- verse problem, namely extracting temperature profiles
cessfully measuring the size, velocity, and temperature of from the rainbow characteristics, and at this time are un-
individual fuel droplets in a swirl-stabilized spray flame able to comment on the uniqueness of this solution.
where the mean droplet diameters were about 40,pm. The
rainbow pattern appears to be very sensitive to particle
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Dieter Bruggemsa'n, ITLR/University of Stuttgart, Ger- Author's Reply. Yes, in the future we would like to corn-
many. Your instrument is certainly very interesting. Con- pare the results of rainbow thermometry with those avail-
cerning droplet thermometry, have you thought about a able in the literature for exciplex thermometry and CARS
direct comparison of the rainbow method and the exciplex thermometry.
fluorescence thermometry?
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THE EFFECT OF INITIAL DIAMETER ON FREE DROPLET COMBUSTION
WITH SPHERICAL FLAME

H. HARA AND S. KUMAGAI

Research Laboratory
Noritz Corporation

728-8, Ishikawa-cho, Hachioji, Tokyo 192, Japan

Two kinds of experiment have been conducted to study the effect of the initial droplet diameter on the
burning behavior of a single free droplet with a spherical flame. One is performed under microgravity,
which is realized in a freely falling chamber to establish a spherical flame around a large droplet of about
400-,um initial diameter. The other is to investigate the combustion of small droplet under normal gravity,
whose initial diameter is about 70 pum. The small droplet is injected up vertically and ignited by an electric
spark after passing through the apex of its trajectory. Even under normal gravity, for such a small droplet,
a spherical flame can be observed through the image intensifier. In this study, the fuel used is n-heptane
as sooting fuel.

The time dependence of the squared droplet diameter is categorized into two types with the initial
droplet diameter. (1) The so-called d2 law is established for the entire period of burning, except for the
initial period, where the droplet diameter is not changed markedly. This type can be observed for large
droplets in the microgravity experiment. (2) The evaporation constant decreases at the later period of
burning after the d 2 law is held. This type can be observed for small droplets in the experiment under
normal gravity. It is recognized that extinction occurs around the time when the evaporation constant
begins to decrease.

Soot formation tends to be enhanced as the initial droplet diameter is increased, and the no-soot for-
mation can be observed for a small droplet of about 70-pum initial diameter.

Introduction which is affected by the droplet diameter [8]. The
burning behavior of droplets smaller than about 400

Combustion of a single fuel droplet has been in- prm in initial diameter has not yet been elucidated,
vestigated for about 4 decades to obtain fundamental probably by reason of experimental difficulty. Thus,
information on the fuel spray combustion. To ap- the combustion of a smaller droplet should be ex-
proach the real configuration of a droplet that is en- amined to elaborate the burning characteristics of
countered in the spray combustion, the first experi- the real-sized droplet in a spray combustion, includ-
ment [1] for free droplet combustion was conducted ing the effect of initial droplet diameter on its burn-
under microgravity about 25 years ago, and a series ing behavior.
of studies [2-7] on the theme has been continued by In the present study, to investigate the burning
some researchers of different nations. Currently, the behavior of a free droplet, about 70 and 400 pm in
behavior of droplet combustion has been explored initial diameter with spherical flame, two kinds of
for the entire period of burning, and some new fun- experiment have been conducted. One is performed
damental features on droplet combustion have been under microgravity using large droplets of about 400-

verified. pm initial diameter. The other is to investigate the

However, it was not sufficient to simulate the real combustion of small droplets under normal gravity,

droplet combustion, because there still remained a whose initial diameter is about 70,pm. In the latter,different values of spark energy are used to examine
difference between sizes of droplets; i.e., the initial iffect on the b nin g ar.

droplet diameter used in the previous experiments is

about 1 mm, which is 10-100 times larger than that
in a spray. It is reasonable to expect that the droplet
size affects the behavior of droplet combustion; Experimental Apparatus and Procedure
namely, there exists the dependence of droplet com-
bustion on its initial diameter. From the theoretical All experiments are conducted with n-heptane at
aspect, extinction of a burning droplet is predicted room temperature (298 K) and atmospheric pressure
on the basis of the reduced Damkthler number, (0.101 MPa). The explanations about two kinds of

423
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FIG. 1. Falling assembly. Fic. 2. Schematic diagram of droplet trajectory.

experiment mentioned above are described sepa- Spark electrodes
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Experiment under Microgravityfor Large Fuel ree .... rvoir

Droplet Combustion: Dol I

Details of experimental apparatus and procedures
have been described in the previous paper [5]. The
microgravity condition is realized in a freely falling
chamber. The falling assembly, 370 X 560 x 340
mm and 25 kg, contains a combustion chamber, an
8-mm video camera, a 16-mm motion-picture cam-
era, and a control unit, as shown in Fig. 1. The video
camera is slanted down at an angle of 20' for moni-
toring and adjustment. By adjusting the backlight FIG. 3. Experimental setup for small droplet combus-
lamp, photographs of both droplet and flame can be tion.
taken simultaneously.

1 Hz to maintain almost the same wet condition onExperisent under Norion l Gravity for Smal the nozzle tip. Any one droplet seems to be influ-Droplet Combrustion: enced considerably by neither the preceding nor the

A method to produce a small droplet (less than following, since the burning duration is as short as
100 pm in diameter) is originated by using a tech- about 10 ms.
nique developed for the jet printer. A droplet is in- By using a 35-mm high-speed camera (1000
jected from the tip of a convergent nozzle located at frames/s), silhouette images of droplets and their po-
the top of a fuel tank when the pressure inside the sitions are taken with a stroboscopic backlight.
nozzle is elevated instantaneously. This is performed The experimental setup is shown in Fig. 3. Gen-
by applying an electric pulse to a piezoelectric trans- eration of the droplet, initiation of the spark, and
ducer, which is installed at the bottom of the fuel opening of the camera shutter are adjustable at in-
tank. By using this apparatus, it is possible to produce tervals of 1 ms with a sequence controller.
a droplet at an optional position and time.

The small droplet is injected up vertically and ig-
nited by an electric spark after passing through the Results and Discussion
apex of its trajectory. Ignition timing is controlled so
as to balance the downward momentum of droplet Sequential photographs of burning droplets are
with the spark disturbance. The trajectory of a small shown in Fig. 4 for the data on microgravity experi-
droplet is shown schematically in Fig. 2. Because the ments and in Fig. 5 for the data on normal gravity
droplet trajectory is very sensitive to the wet condi- experiments, respectively. In Fig. 4 (do = 380 pm),
tion on the nozzle tip, an arbitrary injection makes it cannot be observed that any soot shell [5] is
the trajectory changed from the appropriate one. formed. In this case, the light emission due to hot
Therefore, the droplet is injected at a frequency of soot particles can be observed only at the early and
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FIG. 4. Sequential photographs of burning droplet (do
380 ,m).

middle period of burning, and at the final period of
burning, the visible flame is a blue and not a bright
yellow flame, corresponding to soot formation. This FiG. 6. Photograph of spherical flame for small droplet
result is ascertained from observation by the 8-mm burning.
video camera. Jackson and coworkers [11,12] have
shown the results on the formation of soot shell with
a free droplet, whose initial diameter is 440 um at enough to expose for a burning droplet, obscures the
least. As mentioned above, in this experiment, the image of its flame. Thus, the droplet image alone is
formation of soot shell cannot be observed with the observed in this experiment. In this picture, a pair of
initial droplet diameters (370, 380, and 400 pm), vertical dark objects shows the tips of camera mark-
which are a little less than those used in Refs. 11 and ers, and the dark circle indicates the droplet. The
12. In Fig. 5, on small droplet combustion, there is image of the flame, as taken through an image inten-
no soot formation, and consequently, a blue flame of sifler, is shown in Fig. 6. In this picture, the bright
weak emission is established. The backlight, which is circle and the horizontal column indicate the flame

9 9P 9 lo 9'V 9' e 0 1 FIG. 5. Sequential photographs of
burning droplet (do = 70.4,um, timeTime - interval = 1 ms).
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and the ignition spark, respectively. Consequently, 0.2 . rn4 12

for such a small droplet, the flame shape is almost d,=0.38 mm.1o
spherical, even under normal gravity and even at the k=0.71 mm/seo
instance of ignition when it is expected that the drop- o D/d 3 10
let experiences a strong disturbance from the spark. D D
This fact leads to expectation that the spherical flame E 9 9

can be maintained throughout the burning time, and 0.1 2 8
natural- and forced-convection effects are too small
to distort the flame shape from spherical. 13 0 7

The initial droplet diameter do is defined as that 1 6
measured in the frame just before a droplet begins
to decrease in diameter. 5

0 0.1 0.2 0.3
t sec

Burn-Out and Extinction:
FIG. 7. Flame diameter D, squared droplet diameter d2,

Values of the square of droplet diameter d 2, flame and flame/droplet diameter ratio D/d vs time t.
diameter D, and flame/droplet diameter ratio Did
against time, t, are plotted in Fig. 7 for the large
droplet in the microgravity experiment. Observed
values of d 2(t), the droplet trajectory [x(t),y(t)], and
the droplet velocity [v. (t),v,(t),v(t)] in laboratory co-
ordinates are shown in Figs. 8 and 9 for the small
droplet in the normal gravity experiment. 300 I

From the results, the time dependence of d2 is
categorized into two types with the initial droplet di- W
ameter do. (1) The so-called d 2 law is established for ) 20'0- 0
the entire period of burning, except for the initial E
period where the droplet diameter is not changed E E- VX
m arkedly, as shown in Fig. 7. This type can be ob- 100 -------,
served as burnout for large droplets that are exam-
ined in the microgravity experiment. (2) The evap- > 0•1 P V
oration constant decreases at the later period of
burning after the d2 law is retained, as shown in Figs. 0 /?/
8 and 9. It is recognized that extinction occurs around t45
the time when the value of the evaporation constant k "o-0
decreases. In this study, the extinction diameter d, is -10ic I
defined as the droplet diameter just after deviation
from the d 2 - t linear relationship. This type can be 10 . 3.
observed for small droplets in the normal gravity ex- -
periment. In Figs. 8 and 9, it can be recognized that 0
the droplet diameter continues to decrease gradually E E 0
with a low evaporation constant after extinction. This E d0=68.2 E m E 2

fact suggests that postevaporation occurs in the hot k=.715 Mn2/sec >,

ambience, which is caused by the heat liberation 0&
from a burning droplet before extinction. r-

For the large droplet, the value of Did increases X 1
at the early period of burning, and then, after passing "a x mm
through an inflection point, it continues to increase
toward infinity. This tendency is inconsistent with the
result derived from the quasisteady theory, which
shows that the value of Did keeps constant for the 0 0
entire period of burning. 0 5 10 15

Extinction in the droplet burning is expected the- t msec
oretically [8,9] and numerically on the basis of the
reduced Damkdhler number and can be experimen- FIG. 8. Trajectory of a burning droplet, squared droplet
tally observed at the later stage of burning for the diameter d2, and droplet velocity in laboratory coordinates
small droplets in the normal gravity experiment. (vc,v,c,v) vs time t (spark energy = 3,uJ).
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FIG. 9. Trajectory of a burning droplet, squared droplet FIG. 12. Extinction diameter d, vs mean distance L be-

diameter d 2, and droplet velocity in laboratory coordinates tween droplet and spark column.

(v,,v,,v) vs time t (spark energy = 1.9 pj).

much smaller than the minimum ignition energy of
a gas mixture, it is an experimental fact that ignition

D.C. 0.22 is possible for such a small droplet. In this study, the
12 V Spark gap ignition behavior is different from that in the case of

R obtaining the minimum ignition energy of a gas mix-
ture, which can establish the flame propagation after
the flame kernel is created.

FIG. 10. Electrical circuit to produce composite spark. Figure 11 shows the evaporation constant k against
L, which is the mean distance from the spark column

Effect of Spark Energy on Small to the droplet center during burning, and types 1 and
Droplet Combustion: 2 express data with the spark energy of about 1.9 and

3 p J, respectively. From this figure, it can be recog-

Figure 10 shows the simple electrical circuit to nized that there is no correlation between k and L
produce the composite spark. The spark energy is for both energies, and therefore, there is not a sig-
varied by using the resistance R of 100 and 150 kf2, nificant effect of the ambience heating on the evap-
and measured values (for the inductance component) oration constant. However, d, is increased with in-
are only 3.0 and 1.9 pJ, respectively. The fraction of creasing L and smaller with larger spark energy at a
the spark energy to the total enthalpy of the droplet constant L, as shown in Fig. 12. From the droplet
(do = 70,um) is about 0.1%, so the effect of the spark trajectories in Figs. 8 and 9, it can be expected that
energy heating up the ambience is expected to be there is some air flow induced by the spark [101,
negligible, as compared with the heat liberation from which is enhanced with increasing spark energy, and
a burning droplet. Although one would wonder that the relative motion of ambient air to the droplet
whether a droplet can be ignited by a spark energy is increased with decreasing L. This fact suggests that
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0.9 of experiments were conducted at room temperature
and atmospheric pressure. The main results are sum-

0 marized below.
CD 0.8 1. The time dependence of d 2 is categorized into

0 two types, which depends on the initial droplet
E 0.7 OO o diameter: (a) the d 2 - t linear relationship is es-

tablished for the entire period of burning for the
O large droplet; (b) the value of k decreases after

- .• the d2 law is retained for the small droplet, i.e.,
0.6 extinction occurs.

2. Burnout can be observed for the large droplet ex-
amined in the microgravity experiment, and ex-

0.5 0.5 tinction can be observed for the small droplet ex-
amined in the normal gravity experiment.

do mm 3. With decreasing d0 , the value of k decreases
slightly, if at all.

FIG. 13. Evaporation constant k vs initial droplet diam- 4. Soot formation tends to be enhanced as the initial
eter d,. droplet diameter is increased, and no soot for-

mation can be observed for a small droplet of
about 70 ,um in initial diameter.

forced convection affects the extinction diameter; 5. Some unsteady nature plays an important role for
namely, it makes the burning time until extinction the droplet combustion of n-heptane.
longer, even though it is small enough not to influ-
ence k considerably. As mentioned above, in this ex-
periment, the droplet velocity in laboratory coordi- REFERENCES
nates is not equivalent to the real relative velocity to
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COMMENTS

C. T. Avedisian, Cornell University, USA. 1. What spark 3. All measurements of the droplet and flame were made
duration did you use to ignite the heptane droplets and manually with a vernier after their film images were pro-

how did it compare with the droplet burning time? In Ref. jected onto the screen and magnified about 10-30 times
12 cited in your paper [1], the spark duration was less than larger than the real sizes. If the droplet images can be taken
0.1% of the total burning time for the heptane droplet sizes clearly on the film, even this measuring method can supply
studied, and ignition was by two sparks generated across accurate values. We consider that the measured values do
(radially) retractable electrodes that were placed on op- not have significant errors or problems, because only clear
posite sides of the droplet to reduce effects of initial con- image data were employed for the measurements. The

ditions [2,3] on burning, flame diameter was measured on the basis of the outer
2. You note differences in sooting on do,, and Fig. 13 edge of bright flame for sooting flame and the maximum

shows no definite trend of K with cl. Previous work sug- luminosity for nonsooting flame.
gests that soot formation may affect droplet burning rates
for near spherically symmetric burning conditions [1]. Are S

there any aspects of your experimental design and proce-
dures that could neutralize the effects of soot, or influence Kevin Davis, Sandia National Laboratories, USA. Past
soot formation and the development of a soot shell, on the work has shown that sooting tendency of a fuel decreases

droplet burning process? from single droplet experiments [diameter typically
3. Could you comment on the accuracy and repeatability -0(100's u)] to spray experiments [diameter typically

of the data you report (extinction, soot shell and flame di- -O(10's p)]. Do your results (decreased sooting at smaller
ameters, and burning rates)? Flame diameters, in partic- diameters) suggest that droplet size plays a minor role in

ular, can be difficult to measure accurately because the the sooting tendencies of a fuel in practical devices?
flame boundary is usually not as well defined as the droplet
boundary. Burning rates require differentiating the varia- Author's Reply. Results of the present study show the
tion of droplet diameter (squared) with time, which can tendency of decreasing soot formation with decreasing ini-

further magnify uncertainties in K values. tial droplet diameter and no soot formation in small droplet
burning whose diameter is less than about 70,pm. How-

ever, it can not be simply expected that droplet diameter
REFERENCES plays a minor role in soot formation in the spray combus-

tion of practical devices, since the present experiments

1. Jackson, G. S., and Avedisian, C. T., Proc. R. Soc. Lon- were conducted in the idealized condition. In practical
don A 446:257 (1994). combustion devices, there are many other factors affecting

2. Choi, M. Y., Dryer, F. L., and Haggard, J. B., Twenty- soot formation, namely number density of droplets, aero-
Third Symposium (International) on Combustion, The dynamic influences, local fuel-air ratio, temperature distri-

Combustion Institute, Pittsburgh, 1990, p. 1597. bution, and so on. These factors related to soot formation
3. Williams, F. A., Acta Astronaut. 12:547 (1985). in the practical devices seem to play more a important role

than the droplet diameter, provided that the droplets used
Author's Reply.1. In the experiments of small droplet are small enough.

combustion, the spark durations until 50 and 90% of the
total energy released are about 0.7 and 2.0 ms, respectively.
These durations cannot be ignored to compare with the
droplet lifetime, and such long spark durations may affect Benjamin D. Shaw, University of California, Davis, USA.
the burning behavior. However, the spark energy itself can 1. Your data for small droplets indicate that in addition to
be considered as a more important factor than its duration buoyant flows, forced convection for nonzero droplet-gas
to influence the droplet burning, especially the burning velocities was present. Do you think that these flows may
constant. The spark energies used in the present study are have influenced your results on flame extinction?
about 3.0 and 1.9 pJ, and therefore such weak energies do 2. In your small-droplet experiments, you injected a
not seem to affect the droplet burning significantly al- stream of droplets at a frequency of 1 Hz. Do you expect
though their durations are not sufficiently short. that the vapor trail associated with this droplet stream af-

2. We consider that there are not any particular aspects fected the ignition, combustion, or extinction of droplets
as questioned. In our previous study on ethanol as non- in an appreciable manner?
sooting fuel, there is the same trend of k with d. as n-
heptane. This fact suggests that soot formation cannot in- Author's Reply. 1. From Figs. 6, 11, and 12 in our paper,
fluence the evaporation constant significantly although it can be recognized that, to some degree, forced convec-
ethanol has the character to absorb water vapor. In addi- tion affects the extinction diameter. Convection makes the
tion, the factor affecting the droplet burning, especially the burning time until extinction longer even though it is small
evaporation constant, is not only the soot formation but also enough not to influence the evaporation constant and the

the unsteadiness of gas phase around the droplet. sphericity of the flame configuration. Thus, if the convec-
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tive motion is nonexistent, it is reasonable to expect that erable amount of vapor accumulation may be necessary to
the extinction diameter is larger than that under the influ- influence the combustion of droplets. If there remains con-
ence of the forced convection. However, we can not discuss siderable vapor associated with the droplet stream, it may
the effect of the convection on the extinction quantitatively, influence establishment of the spherical flame. However,
since the real relative ambient air velocity to the droplet as shown in Fig. 6, the spherical flame can be observed at
cannot be measured. the moment of ignition, and its sequential images were also

2. Ignitability of a fuel droplet is so sensitive to the vapor shown in our presentation. These facts suggest that there
condition around it that the vaporized fuel associated with is not enough vapor accumulation around the droplet be-
the droplet stream can advance ignition, while a consid- fore ignition to affect the droplet burning itself.
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Interaction between two burning fuel droplets have been studied experimentally for a wide range of ini-
tial separation distance between two droplets. Experiments were performed in microgravity. Results show
that for an initial separation distance within a certain range, the transition from two separated flames to a
merged flame occurs initially, and then the contrary mode transition occurs due to the gas-phase unsteadi-
ness. The burning lifetime has a minimum for a certain initial separation distance. In order to explore in-
stantaneous interaction effects, the instantaneous burning rate correction parameter is introduced. The cor-
rection parameter includes effects of the liquid-phase unsteadiness on d 2 - t curves, both of the droplet in
array and the single droplet, and is a function of the normalized droplet diameter. When the instantaneous
burning rate correction parameter is positive, positive interaction occurs, which causes the burning rate
larger than that of the single droplet. When the initial separation distance is larger than a certain value, in
the earlier stage of combustion, the positive interaction occurs due to radiative heat transferred from the
other flame, and in the later stage, the negative interaction occurs due to oxygen starvation between the
flames. When the initial separation distance is smaller than the value, the negative interaction occurs for an
entire period of combustion. The initial separation distance at which the burning lifetime has a minimum is
almost consistent with that at which the positive interaction is a maximum in the earlier stage.

Introduction bustion better than normal gravity combustion be-
cause gravity effects are not considered in the anal-

In spray combustion, droplets burn interactively, ysis. In order to compare experimental results with
and the combustion mechanism is different from that the predictions, experiments in microgravity are re-
of the single droplet due to interaction between the quired.

droplets. Droplet array combustion has been studied Experimentally, there exist some experiments on

experimentally [1-6] and theoretically [7-10] to un- two-droplet combustion. However, they have been

derstand the interaction from a microscopic view- performed in normal gravity, except for the experi-

point. It is important to use the basic and the simplest ment by Brzustowski et al. [7]. In the microgravity

configuration, that is, two droplets, in order to im- experiment by Brzustowski et al., the burning behav-
ior was not examined in detail. Rex et al. [1] and

prove understanding of the multiple-droplet com- Konishi et al. [6] obtained burning rate constant of
bustion mechanism, two droplets from the d2 - t plot and showed the

Theoretically, there are some methods for solving dependence of the burning rate constant on the ini-
the problem based on the quasi-steady analysis [7- tial droplet configuration in normal gravity. Since the
10]. They extend the quasi-steady analysis for the sin- burning rate is not actually constant, Miyasaka and
gle-droplet combustion [11] to that for two-droplet Law [4] introduced the burning rate correction pa-
combustion. This is applicable to microgravity com- rameter:

431
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action effects on the instantaneous burning rate are
Wire discussed.

Timer unit Fuel supply Motor Experimental Apparatus and Procedure
system Positioning driver

Figure 1 schematically shows the experimental ap-
d' aparatus. 

The combustion chamber is a closed alu-
Glass window Silica fiber minum cylinder with a capacity of 2 X 106 mm3 .

Fuel (n-heptane) is automatically fed on to the tips

Ground glass of two silica fibers in the chamber through two hy-

V C podermic needles from a stepping motor-driven sy-
Battery ringe. Almost identical, two droplets aligned horizon-
Combustion Droplet Dot wire CCD camera' tally were dispensed in air at atmospheric pressure

chamber ignitor and initially 295 ± 1 K at the same time (the ratio
Drag shield_ of the diameter of the smaller droplet to that of the
Drag shield larger one was within the range from 0.97 to 1.0).

diagram experimental Then they were ignited by two hot wires at the same
tus. time. Each hot wire, formed into a loop, surrounded

each droplet and was removed from the droplet im-
mediately after ignition. For the case of microgravity

7(t) = K(t)/Kso (1) combustion experiments, the droplets were ignited
in microgravity about 2 s after dispensing them in

where K(t) is the instantaneous burning rate of the normal gravity. Two seconds are very short in com-

droplets in array and Kso is the burning rate constant parison with the evaporation lifetime of the n-hep-
of the single droplet. Miyasaka and Law [4] and tane droplet at room temperature. So, prevaporiza-

Xiong et al. [5] examined the dependence of K(t) and tion before ignition would be negligible in these
q(t) in low pressures and normal gravity on the in- experiments. Microgravity conditions were attained

stantaneous separation distance. They concluded by dropping the apparatus with a drag shield in the

that the droplet heating was retarded due to the in- drop tower at the University of Tokyo, which pro-

teraction. However, the burning rate of the single vides about 1.4-s microgravity conditions (less than

droplet is not constant [12]. The above approach in 10-4 times that of normal gravity).

which the burning rate of the single droplet was Two orthogonal views of the combustion process
treated as a constant is not appropriate for estimating were taken by two charge coupled device (CCD)

the real interaction effects, which includes the liquid- cameras, respectively, through the windows of the
phase unsteady effects on d 2 - t curves, both of the chamber. One view is a back illumination to visualize

droplet in array and of the single droplet. the droplet and the other view shows a direct pho-

In order to include the liquid-phase unsteady ef- tograph of the flame. The video images were taken
fects on d 2 - t curves in the burning rate correction into a computer memory, and then characteristic

parameter, we introduce an instantaneous burning lengths of the digitized images were measured on the
rate correction parameter: screen.The well-known suspended droplet technique was

adopted so that the distance between the droplet
e (dido) = K(d/do)/Ks (dido) - 1 (2) centers (1) could be kept constant for the entire pe-

riod of combustion. The constant 1 was required in
where K(d/do) is the instantaneous burning rate of order to compare experimental results with existing
the droplet in array and Ks (dido) is the instantaneous theory. If we adopted a free droplet technique, the
burning rate of the single droplet for the same nor- distance (1) would no longer be constant because it
malized droplet diameter (dido). If e (dido) is given, is rare to realize a burning free droplet without drift
K(d/do) is easily inferred from Eq. (2). velocity [12], and the velocity varies with time [13].

In the present study, experiments in microgravity The distance (1) was varied from 3.2 to 14.0 mm.
have been performed on the burning of two sus- Single droplet combustion experiments were also
pended droplets of equal size and of the same fuel performed to compare with the results of two drop-
in atmospheric pressure air for a wide range of the lets. The suspending fiber diameter and its tip sphere
initial separation distance. Normal gravity experi- diameter were 0.125 and 0.22 mm, respectively. The
ments have also been performed to compare with the initial droplet diameter (d0) was 0.81 + 0.03 mm for
microgravity experiment. Results are compared with microgravity experiments and 0.9 ± 0.1 mm for nor-
the quasi-steady theory. The instantaneous burning mal gravity experiments. The droplet was nearly el-
rate correction parameter is introduced and inter- liptical in shape due to the existence of the fiber in-
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Critical ()Md

(1) Mode 1 (2) state (3\ Mode 2
Normal •

(a) 
gravity

(b) Microgravity J FIG. 2. Direct photographs of the
flame for different flame shape
modes.

side, and thus, an equivalent spherical droplet 10 - ir i
diameter was used as the droplet diameter. The Microgravity
equivalent diameter was calculated as the cubic root 0 iy5( t 01TLY. t lid0 = 10.7
of the product of the major diameter with the "8 Id 10.7

squared minor diameter [14]. Mode l Mode 2 Dh

Results 6 o0 0
So Co

Flame Shape Mode:40

Flames surrounding two droplets were observed S. 5-0- ,
from the direction perpendicular to the droplet cen- 2 0 " 0",
terline by a color CCD camera. The blue flame was /

observed initially, but for almost the entire period, t6' \
the yellow luminous flame was observed, because the - , * _ : :,5
luminosity from the yellow luminous flame pre- 0 0.2 0.4 0.6
vented the blue flame from being visualized. The 1 (s)
word "flame" represents the yellow luminous flame
in the present paper. The flame shapes are classified FIG. 3. Temporal variations of the flame dimensions in
roughly into two modes (Fig. 2): individual flames microgravity.
surrounding each droplet (Mode 1) and one merged
flame surrounding two droplets (Mode 2) [7-9]. Fig-
ure 2 (column 2) shows the critical state in which two
flames touch each other. The flame shapes in micro-
gravity (Fig. 2 (row b)) are qualitatively in good 1
agreement with the theoretical predictions by quasi- M 2 - Moe
steady analysis [7-9]. 6 (Mg) • • 2g

Figure 3 shows temporal variations of the flame 0.8-
dimensions in microgravity for an initial separation q "
distance (I/do) of 10.7, where lido is the ratio of the 6 20
distance between the droplets to the initial droplet 0.6 - . . .
diameter. Symbols are defined in the figure. Here, S r M 2 \ M 0
denotes the degree of the flame separation and C the • (lg) (•(g) 1/ 1
degree of the flame mergedness. When S is positive 0.4 /

(C = 0), the flame shape is in Mode 1. When S is Cstical C•i , Csal

equal to 0 (C > 0), the flame shape is in Mode 2. As (1g) ,o ,P (Mg)
the flame diameter (D, and DO) increases, two flames 0.2
approach each other, and then the transition occurs \lid = 12
from Mode l to Mode 2. As the flame diameter (D.) 0 ,(M g)

decreases, the contrary transition occurs from Mode 2 4 6 8 10 12 14
2 to Mode 1. I/do

The dependence of the flame modes on time (t)
and on the initial separation distance (ldo) in micro- FIG. 4. Dependence of the flame shape mode on time
gravity is shown in Fig. 4. Time is normalized by the (t/,t) and on the initial separation distance (lid.).
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burning lifetime (tb). The chain line with solid circles 1 9 1 1
is the locus of the time in the critical state (Fig. 2). 4.\ 76.7 \9.9 /do ,o
The time at which C is equal to D, in Mode 2 is also \* ! \. * Experiment
shown as the dotted line with the double circle. 0.8 \ * \ * \. \ *
WAhen ldo is larger than a certain value ((l/do)c1), the \ * \. \ Theory
flame shape is in Mode 1 for the entire period of N * * \ \ *

combustion. When lido is smaller than a certain value -. 0.6 \ * * • •
((1/d0)C2 ), the flame shape is in Mode 2 for the entire ,.. *

period of combustion. When ldo is between (Id o)c1  *\ \ \ * \\
and (l/do)C 2, flame mode changes from Mode 1 into 0.4 * * *
Mode 2 and then from Mode 2 into Mode I with . * * \* \ ** \ * \* \* \ a

time, or only the transition from Mode I to Mode 2, * \ * \* \ * \

occurs. According to the quasi-steady analysis, the 0 \0.5 '1 0 \ • \ °
flame shape depends only on a instantaneous sepa- 0.20 0 I * \. I' \ 1

ration distance (lid). The flame diameter is the larg-
est at ignition and decreases with decreasing droplet t / do2 (s/mm 2)
diameter. Therefore, only the transition from Mode FIG. 5. Temporal variations of the squared droplet di-
2 to Mode 1 should occur for relatively small lid0 1n ameter ((did0 )2) in microgravity for different initial sepa-
the quasi-steady state. The existence of the transition
from Mode 1 to Mode 2 seen in Fig. 3 suggests that
the gas-phase unsteadiness, which is due to the fuel
vapor accumulation effect [15], affects the flame
shape mode and, therefore, its criticality. 1.8

The locus of the time in the critical state in normal * Microgravity
gravity is also shown as the chain line with open cir- 1.6 Quasi-steady
cles. The shape of the locus is different from that in theory

microgravity. Though the transition from Mode I to 1 o Normal gravity

Mode 2 exists, it occurs immediately after ignition. 1.4

Then, combustion proceeds almost in quasi-steady
state in normal gravity. • 1.2

Temporal Variation of Squared Droplet Diameter: 1

Results obtained from microgravity experiments 0-8
can be compared with existing theoretical predictions 0.8
by the quasi-steady analysis [8,9]. Theoretical d 2 -

t curves were calculated by using the interaction co- 0.6
efficient obtained analytically by Umemura et al. [9]. I I

The interaction coefficient is the ratio of the burning 4 8 12 16 00
rate of the droplets in array to the burning rate con- I / do
stant of the single droplet (Ks•) so that Ks• is required
to calculate the d 2 - t curves. Actually, the instan- Fin. 6. Dependence of the burning lifetime (t0 0) on the
taneous burning rate of the single droplet increases initial separation distance (1ld.).
with time (Fig. 5). We used the maximum burning
rate of the single droplet obtained from the present
experiment as Ks•.

Temporal variations of the squared droplet diam- heating period on lido as that in the experiment by
eter in microgravity and the theoretical curves are Miyasaka and Law [4]. They focused on the com-

showni for a different initial separation distance (lido) bustion with small lido 0 -5.
in Fig. 5. Here, d 2 - t curves are normalized by the
squared initial droplet diameter (d02). For the single- Burning Lifetime:
droplet case (1ld0 = ), the instantaneous burning
rate increases with time and reaches Ks0 . The differ- The dependence of the burning lifetime (tbo) on
ence between the experimental results and the the- the initial separation distance (I/do) is shown in Fig.
oretical results are mainly caused by the droplet heat- 6. Here, tbo is the burning lifetime of the droplet with
ing, which is neglected in the theory. As 1ido do = 1 mm, to which all the burning lifetimes (tb)
decreases, the heating period decreases until lido = were corrected by assuming d 2 - law for tb. The
9.9. But further decrease in lido causes the heating infinite lido denotes the single-droplet combustion.
period longer. This is the same dependence of the In normal gravity, t/0 has a minimum at a certain
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I 1 . I Contrary to the prediction, tbO has a minimum for a

Microgravity certain ldo and is larger than the theoretical value
Quasi-steady theory for any 1ldo.

- --- ...-.-- - - The difference between the experimental results

-0.8 /- -- * 0 0 o 0 and the theoretical prediction (Fig. 5) is mainly
caused by the difference of the droplet heating,
which is neglected in the theory, because the tem-

0.6 poral change in the instantaneous burning rate is not
large in the later period of combustion. In Fig. 5, the

-----------.-----...heating period has a minimum for ldo = 9.9. This
0.4 t = 0 lid0 is close to the lido at which tbo has a minimum.

According to the quasi-steady theory, tb0 increases

0.2 o id 0  - o i/d 0= 8.4 with decreasing ldo due to the increase in the oxygen
* l/d0 =11.6 n l/d0= 6.7 starvation between the flames. The decrease in tbo
0 l/d 0 = 9.9 c l'do= 4.7 with decreasing ldo for large lido is possibly caused

0 10 ' by the increase in radiative heat transferred from the
10 15 20 25 o other flame to the droplet [3]. The effects of the in-

I / d(t) teraction on droplet heating are discussed later.

FIG. 7. Dependence of the instantaneous burning rate
(K(t)) in microgravity on the instantaneous separation dis- Discussion
tance (lid (t)) for different initial separation distance (1id.).

Interaction Effects on Instantaneous Burning Rate:

i/do. As i/do decreases, natural convection around In order to investigate detail interaction effects,
each droplet is enhanced. This increases oxygen sup- Miyasaka and Law [4] introduced the burning rate
ply to the flame. Further decrease in lido causes ox- correction parameter (q(t)) (Eq. (1)) in which the
ygen starvation between two flames. For the merged burning rate of the single droplet was treated as a
flame, the flame surface area of the lower part de- constant. The present results (Fig. 5), however, show
creases as a decreasing separation distance. Compe- that the squared droplet diameter is not a linear func-
tition of these factors changes with ld, and with time tion of time, even for the single-droplet case (ldo =
and causes the dependence of tbo on l/do. -c). The above approach in which the burning rate of

The dependence of tbo in microgravity on i/do has the single-droplet was treated as a constant is not
never been examined by other researchers. As seen appropriate for estimating the real effects of the in-
in Fig. 6, tbo in microgravity decreases slightly with teraction.
decreasing lido until it reaches the minimum around Even if both d2 - t curves of the single droplet
lido = 10 and then increases sharply. Two droplets and the droplet in array are not linear, both instan-
can exist side by side if 1ido > 1. Otherwise, they will taneous burning rates can be compared for the same
touch and merge into one droplet of twice volume, normalized diameter (dido). In order to include the
In this case, the burning behavior must be the same liquid-phase unsteady effects on d 2 - t curves in the
as that for lido = -, and tb0 is estimated to be 223 burning rate correction parameter, we introduce an
times tbo for lido = - (about 1.9 s in microgravity); instantaneous burning rate correction parameter (W)
tl0 seems to approach 2213 times the for 1id, = c with that is defined in Eq. 2. Both the instantaneous burn-
decreasing 1ldo. ing rate of the droplet in array (K(dido)) and the

The present data obtained in microgravity can be instantaneous burning rate of the droplet (Ks(d/d0 ))
compared with theoretical predictions [8,9]. The the- are functions of the normalized diameter (dido).
oretical tbo based on the quasi-steady assumption was Also, e (dido) is a function of dido. If E (dido) is given,
calculated by using the above-mentioned interaction K(dido) is estimated through Eq. (3). When a (did o)
coefficient [9]. In the calculation, the initial droplet is positive, K(dido) is larger than Ks(dido) for the
diameter (do) was 0.81 mm, and the final diameter same dido. We call this "positive interaction." When
was 0.22 mm, which are the same as the average a(dido) is negative, "negative interaction" occurs.
droplet diameter and the tip sphere diameter of the The instantaneous burning rate (K (t)) was derived
fiber in the experiment, respectively. The theoretical from a polynomial fit of the d2 - t curve [4,5]. The
burning lifetime (tb) was also corrected to that of the values of K (t) for different l1io are plotted every 0.05
droplet with do = 1 mm. The prediction shows that titb vs the instantaneous separation distance (lid (t))
the instantaneous burning rate decreases monotoni- in Fig. 7. According to the quasi-steady theory, K (t)
cally with decreasing instantaneous separation dis- is only a function of lid. Experimental results show
tance (lid), and therefore, tho increases monotoni- that K (t) is a function of li (t) and ld,; K (t) for dif-
cally with decreasing initial separation distance (lido). ferent l1io increase and approach an asymptote with
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i i First, we suppose that the oxygen starvation does

i Microgravity not occur between the flames, but radiative heat
transfer is considered in Mode 1 (Fig. 2). The droplet

=Mode I heating is enhanced by the radiative heat from the
"0.5 Critil other flame. The instantaneous burning rate

0.5- Critical (K(dido)) is larger than and its temporal change is
"smaller than those of the single droplet because the

,- .... droplet in array is heated faster than the single drop-
-) ,0 \• ° let. Therefore, e(dido) decreases and approaches 0

/ "*• • 'b•,-to A as the droplet heating proceeds and the droplet sur-
face decreases with time. During combustion, e(diSMode 2 do) is positive and is larger at smaller l/do for the same

-0.5 a I1/do = oo o I/ do = 8.4 dido because the radiative heat is larger at smaller
o l/d 0 =1l.6 * l/d 0 = 6.7 lida. When lidc becomes small enough, the radiative
0 1/d0 = 9.9 c 1/d0 = 4.7 heating effect becomes small because the relative

flame surface for one droplet becomes small.
-l 5 10 15 20 2 o Second, we suppose that the oxygen starvation oc-

1 / d(t) curs between the flames but the radiative heat trans-
fer is not considered. As the separated flames ap-

FIc. 8. Dependence of the instantaneous burning rate proach each other, the oxygen starvation becomes
correction parameter (e(d/d0 )) on the instantaneous sepa- more severe in the earlier stage of combustion. In
ration distance (lid (t)) for different initial separation dis- the later stage, the oxygen starvation effect decreases
tance (lid,). as the distance between the flames (S) increases with

time (Fig. 3). In this case, e(dido) is negative during
combustion. It decreases until S becomes the small-

increasing ld (t). The deviation of K (t) from the as- est and then increases with time. In the later stage,
ymptote is due to the slow evaporation during the a(dido) approaches the oxygen diffusion limit. This
heating period. If the instantaneous burning rate of oxygen starvation effect is larger at smaller 1ldo.
the single droplet (K, (t)) is constant, dependence of The overlapping effect of the radiative heating and
q(t) on ld(t) is the same as that of K(t) on lid(t). the oxygen starvation causes the dependence of
However, K,(t) changes largely with time during e(dido) on 1id(t) for different ld o.
combustion. As mentioned above, the instantaneous
burning rate correction parameter (a (dido)) (Eq. (2)) Burning Behavior at a Constant
should be introduced to include the liquid-phase un- Separation Distance:
steady effects on the d 2 - t curve of the single drop-
let. In this experiment, the distance between the drop-

The instantaneous burning rate correction param- lets (1) is fixed during combustion. As the droplet di-
eters (e (dido)) were derived and are plotted vs 1ld (t) ameter (d) decreases, the instantaneous separation
every 0.05 (dido)2 in Fig. 8. For ldo > 5.4, the pos- distance (lid) increases. However, we can predict the
itive interaction occurs in the earlier stage. The cor- burning behavior of two droplets at a constant lid. As
rection parameter e(dido) decreases with i/d(t) (or seen in Fig. 4, the time when the line at a constant
with time) and then the positive interaction transfers lid intersects the line at a constant lido, which is not
to the negative one. As i/d(t) increases, a(dido) ap- shown in Fig. 4, increases with decreasing ld.
proaches an asymptote. The existence of this positive Therefore, temporal variation of the burning char-
interaction causes the minimum in the burning life- acteristics at a constant ld is understood as the var-
time (t, 0) (Fig. 6). For i/do < 5.4, a (dido) is negative iation of the burning characteristics observed in the
for the entire period of combustion and to be smaller present experiments with decreasing lIdo at a con-
for smaller lido when I/d is the same. This is consis- stant lid.
tent with the conclusion derived from the experi- As seen in Fig. 4, when lid is less than 22, the lines
ments with small lido -- 5 by Miyasaka and Law [4] at a constant lid intersect the critical state line at one
that the droplet heating is retarded due to the inter- point. Therefore, only the transition from Mode 1 to
action. Mode 2 occurs during combustion at a constant ld.

Radiation heat transferred from the other flame to When 1ld is larger than 22, the combustion proceeds
the droplet may affect the droplet array combustion. in Mode 1.
The radiative heat transferred from the other flame According to Fig. 7, K(t) increases until it has a
promotes droplet heating. On the other hand, the maximum and then decreases with time at a constant
oxygen starvation between the flames suppresses lid. This decrease in K(t) is caused by the increased
combustion. We suppose two extreme cases to reveal oxygen starvation after the droplet heating. There-
both effects. fore, the flame diameter continues to increase to get
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COMMENTS

C. T. Avedisian, Cornell University, USA. 1. You showed and droplet, and sometimes form a shell-like structure [1-
a calculated burhing rate that your data seemed to ap- 4].Were soot shells visible usingyour photographic arrange-
proach in the limit of large spacing between the droplets, ment, and if so, did they experience the same interactive ef-
Since heptane produces soot, was soot formation included fects as the flames did when the droplet spacing was varied?
in this calculation?

2. Were properties assumed to be constant in your
model, and if so how were their values selected? REFERENCES

3. Soot particles produced during combustion of isolated
and near-stationary droplets burning in a buoyancy-free en- 1. Shaw, B. D., Dryer, F. L., Williams, F. A., and Haggard,
vironment often are trapped in a region between the flame J. B., Acta Astronaut. 17:1195 (1988).
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2. Avedisian, C. T,, Yang, J. C., and Wang, C. H., Proc. B. interactive effects of the soot shell and the flame are still
Soc. Lond. A 420:183 (1988). unknown.

3. Hara, H., and Kumagai, S., Twenty-Third Symposium
(International) on Combustion, The Combustion Insti- 0

tote, Pittsburgh, 1990, p. 1605. A Kowalermicz, Radom Technical University, Poland.
4. Jackson, G. S., Avedisian, C. T., and Yang, J. C., Int. J. What was the ratio of flame diameter to droplet diameter

Heat Ala.". Transfer 35(8):2017 (1992). Wa a h ai ffaedaee odoltdaee
under microgravity conditions during droplet burning?

(According to prior literature, it is typically about 9.)

Author's Reply. A calculated burning rate is obtained
through the equation, K = i/Ks0 , where i1 is the burning Aothors Reply. Under the condition shown in Fig. 3,t the ratio of the flame diameter (D) to the droplet diameter
rate correction parameter (Refs. 8 and 9 in the paper) and
Ks, the burning rate constant of the single droplet. In the (d) is 3.6 at ignition and increases with tune during hnrn-
present paper, Kso is the mnaximumn value of the instanta- ing. This is qualitatively the same as the single droplet com-

neous hurning rate of the single droplet obtained in the bustion ofn-heptane in microgravity [1]. The authors guess

present experiment. The term 1 is a function only of in- that you are talking about the ratio of the maximum flame
stantaneous separation distance (11d). Properties need not diameter (D,,,,) to the initial droplet diameter (d.). Here
be estimated. Drn denotes the mrximum value of D0 (Fig. 3) during burn-

As for soot formation, the information about it is in- ing. Di,,,/d5 is 7.2 in Fig. 3. D0,,,/d 5 is larger at a smallerinitialseaaindsae(1o)
eluded in Kso since the authors use the experimental value.
The effect of soot formation, however, is not considered in
q. In the present experiments, soot shells were observed. REFERENCE
At a small initial separation distance (lid,), a soot shell sur-
rounds two droplets. The soot shells experience interactive 1. Hara, H., and Kumagal, S., Twenty-Third Symposium
effects similar to the flames. However, we did not focus (International) on Combustion, The Combustion Insti-
upon the soot shell structure in the present paper. The tote, Pittsburgh, 1991, pp. 1605-1610.



Twenty-Fifth Symposium (International) on CombustionlThe Combustion Institute, 1
99 4

/pp. 439-446

CLARIFICATION OF THE FLAME STRUCTURE OF DROPLET BURNING
BASED ON TEMPERATURE MEASUREMENT IN MICROGRAVITY

M. MIKAMI, M. NIWA AND H. KATO

The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113, Japan

J. SATO

Ishikawajima-Harima Heavy Industries Co., Ltd.
Toyosn, Koto-ku, Tokyo 135, Japan

AND

M. KONO
The University of Tokyo

Hongo, Bunkyo-ku, Tokyo 113, Japan

In microgravity, soot accumulates inside the flame in droplet combustion. The yellow luminosity prevents
the inner structure of the flame from being revealed. No experimental work has been conducted on the
flame structure of the droplet burning in microgravity. Microgravity experiments on the droplet burning
were performed for the purpose of clarifying the flame structure of spherically symmetrical burning of the
droplet by using the drop tower. Gas temperature was measured by thermocouples with tip parts that are
concentric with the spherical flame. This configuration reduces heat loss from the contact point of the
thermocouple to the supporting wires. The gas-temperature distributions and temporal variations of the
flame temperature were obtained and were examined for an ambient pressure ranging from 0.1 to 1.1
MPa. As results, it was found that the maximum temperature zone, that is, the primary reaction zone,
exists about 0.8 mm outside the outer edge of the yellow luminous zone at 0.1 MPa for n-heptane droplets.
The distance between the reaction zone and the outer edge of the yellow luminous zone decreases with
increasing ambient pressure. The flame temperature is almost constant at the normalized time ranging
from 0.3 to 0.6 and less dependent on the ambient pressure than on oxygen concentration of the ambient
gas. In the later period of combustion, the flame temperature decreases with time because of the increase
in the soot accumulation.

Introduction al. [7] measured gas temperature around the burning
suspended droplets and burning porous spheres. Ka-

For the last few decades, studies on the spherically dota and Hiroyasu [8] measured flame temperature
symmetrical burning of single fuel droplets have of the droplet around the stagnation point. Subra-
been conducted experimentally and theoretically in manyam et al. [9] measured temperature of a wake
view of their usefulness for improving the under- flame and an envelope flame. The results show that
standing of droplet combustion mechanism and for the flame temperature decreases with increasing am-
providing information relevant to practical combus- bient pressure. However, the numerical calculation
tors [1-4]. The spherically symmetrical burning of by Shuen et al. [6] shows that the flame temperature
the droplet is well understood through one-dimen- increases with ambient pressure.
sional quasi-steady analysis [5]. Recently, Shuen et In microgravity, soot accumulates inside the flame.
al. [6] conducted a numerical calculation in which The yellow luminosity prevents us from deriving in-
variable properties, finite-rate chemical kinetics, and formation on the inner structure of the flame. It also
a full treatment of phase equilibrium at the droplet prevents the blue flame from being visualized. As for
surface are accommodated. However, almost no ex- microgravity experiments by the free fall method, the
perimental work has been conducted on the flame dimension of the experimental setup is limited. It is
structure of the spherical flame in microgravity. not easy to develop an optical measurement system

The flame structure around the burning droplet for microgravity experiments.
has been studied in normal gravity [7-9]. Aldred et Based on the above-mentioned, the present mi-

439
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Amplifier Storage
Stroboscope oscilloscope

Thermocoupl e
lead wire

EQ <_- Co 35mm Motor

camera drive
gauge( • _• 16mm cine

Combustion camera

regulator

Aite Mie. Oxygen FIG. 1. Schematic diagram of theAir Nitrogen Mixing analyzer

cylinderL cyliner L t an a experimental apparatus.

crogravity experiments on droplet burning were con- power was applied to the wire simultaneously with
ducted for the purpose of clarifying the flame struc- the start of drop of experimental apparatus. Just after
ture of spherically symmetrical burning of the the ignition, the power was switched off, and the wire
droplet. Gas temperature was measured by thermo- was removed from the vicinity of the droplet. A 16-
couples with tip parts that are concentric with the mm cine camera of 60 frames per second was used
spherical flame. The temperature distributions to photograph the initial and the burning droplet and
around the droplet and temporal variations of the to measure their diameters. To obtain shadow pho-
flame temperature were obtained and were exam- tographs, a stroboscope was used for the background
ined. Air and nitrogen-diluted air were used as the light source. The stroboscope flashed at 15 Hz.
ambient gases in the pressure range from 0.1 to 1.1 Therefore, in this case, sequential frames of direct
MPa. photographs are approximately replaced by those of

shadow photographs every fourth frame because of
the overwhelmingly high intensity of the background
light as compared with the direct light of the flame

Experimental Apparatus and Procedure region.
Ambient gas pressure was in the range from 0.1 to

1.1 MPa. The effect of the pressure was examined
General Description: mainly by use of pure air as the ambient gas. To vary

Microgravity conditions of 1.4-s duration were at- the oxygen concentration of the ambient gas, nitro-
tained by using the drop tower (KONSTUM H-2), gen-diluted air was used.
10 m in height, in the Department of Aeronautics In the present work, ignition was defined in the
and Astronautics, University of Tokyo. The experi- photograph as the instant of appearance of any lu-
mental apparatus (Fig. 1) and procedure used in the minosity that surrounds the droplet, and the burnout
present work are basically the same as those used in as the instant when the luminosity became invisible.
the previous works [10], and thus, only a brief expla-
nation is provided here.

An n -heptane droplet was suspended at the tip end Temperature Measurement:
of a silica fiber. The tip end of the 0.125-mm-diam-
eter silica fiber was rounded to facilitate the suspen- In microgravity, the temperature field around the
sion of the droplet. The initial diameter of the droplet burning droplet becomes spherically symmetric.
is 0.8 ± 0.1 mm throughout the experiment. The Fine thermocouples located around the droplet were
initial temperatures of the droplet and the surround- used to measure gas-temperature distributions and
ing gas were about 298 K. The droplet was nearly the temporal variations of the gas temperature. The
elliptical in shape, and thus, an equivalent diameter configuration of the thermocouples is shown in Fig.
d was used as the droplet diameter; d = (a2b)" 3 , 2. To reduce the heat loss by conduction from the
where a and b are the maximum diameters of the contact point to the supporting part, the tip part of
droplet, in the directions perpendicular and parallel the thermocouple was formed into a concentric
to the longitudinal axis of the silica fiber, respectively, shape with the spherical yellow luminous flame. It is
A hot wire was used to ignite the droplet. Electric well known that the heat loss by conduction from the
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Yel low luminous flame are 20 um in diameter. The tip bead diameter is
about 50,um. Catalysis, which occurs on the platinum

"- - wire surface, may affect the reaction in the gas phase.
To suppress the catalytic effect, the surface of the

R thermocouple is coated with silica [12]. Two ther-
"mocouple outputs were amplified and were stored in

"RTC2 a oscilloscope. The outputs from the oscilloscope
were converted into the gas temperatures.

R oResults and Discussion

"Figure 3 shows direct photographs of the yellow
........ luminous flames and the thermocouples at different

times for different ambient pressures. The yellow lu-
Thermocouple 2 Thermocouple 1 minous flames are spherical for the entire period of

combustion for all ambient pressures tested in the

FIG. 2. Arrangement of the concentric thermocouples present research. As the yellow luminous flame di-

with the spherical yellow luminous flame. ameter increases, the outer edge of the yellow lu-
minous flame passes the thermocouples one after the
other. Then, as the yellow luminous flame diameter

contact point to the supporting part is small, for prac- decreases, the outer edge of the yellow luminous
tical purposes, as long as the gas temperature is con- flame passes the thermocouples again. In these pho-
stant within an area with a radius at least 50 times as tographs, the yellow luminous flame passes the ther-
large as the bead radius at the contact point [11]. In mocouples twice for 0.4 and 0.6 MPa and once for
this experiment, the length of the tip part, along 0.8 and 1.1 MPa. The number of times of the yellow
which there is no temperature gradient, is at least luminous flame passing the thermocouples depends
200 times as large as the bead radius. The distances on the distance between the droplet and the ther-
between the droplet and thermocouples 1 (RTCs) and mocouples (RTc, and RTC2) and on the ambient pres-
2 (RTC2) were measured from photographs. sure.

The thermocouples are made of Pt/Pt-13%Rd and Figure 4 shows a typical example of the temporal

(a)

O.4MPa

0.13s 043s 0.73s 1.10s

(b)
0.6MPa

0.20s 0.42s 0.67s 1.03s

0.8MPa

0.12s 0.37s 0.50s 0.97s

1.1MPa FIG. 3. Direct photographs of the

burning droplet and the thermocou-
ples at different sequences for dif-

0.17s 0.33s 0.42s 0.67s ferent ambient pressures.
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FIG. 4. Temporal variations of the relative position of
the thermocouples to the outer edge of the yellow lumi- 0 4 8 12
nous zone and temporal variations of the gas temperature. Normalized distance, r/ro

FIG. 5. Typical temperature distribution and locations of
variations of the gas temperature and the relative po- the outer edge of the soot shell, the outer edge of the yel-
sition of the thermocouples to the outer edge of the low luminous zone, and the maximum temperature posi-
yellow luminous flame. Here, RTC is the distance be- tion at 0.1 MPa.
tween the thermocouple and the droplet (Fig. 2), and
Rif is the yellow luminous flame diameter. As the yel-
low luminous flame diameter increases, RTC - Rif
decreases. When RTC - Rit becomes 0, the outer 2000 n-Heptane t/tb 0.5
edge of the yellow luminous flame just passes a ther- 0.6 MPa
mocouple. From this figure, one temperature datum 21% 02
at each thermocouple position is obtained for each e 1600 oNx
time. If such experiments are performed repeatedly
for different thermocouple positions, temperature N

distribution for each time are obtained. When the • 1200 '
reaction zone in the flame just passes the thermo- Z
couple, the gas temperature at the thermocouple po- a 800

sition becomes maximum. Because the maximum a. 800 / Q) N , B B

temperature zone in the flame is considered to be 0 -C 00 E 0
primar rl.-_ 0 ,primary reaction zone, the flame temperature, that 4 -- E_ s E "

is, the reaction zone temperature, is obtained from 4U - W -w2 - 2 a-
the gas-temperature variation with time. If this ex-
periment is performed for different thermocouple i I ' 2

positions repeatedly, temporal variation of the flame 0 4 8 12
temperature is obtained. Normalized distance, r/ro

FIc. 6. Typical temperature distribution and locations of
Temperature Distribution: the outer edge of the soot shell, the outer edge of the yel-

Figures 5 and 6 show typical temperature distri- low luminous zone, and the maximum temperature posi-
butions at 0.1 and 0.6 MPa, respectively. In order to tion at 0.6 MPa.
extrapolate the temperature distribution from the
measured temperature values, the data inside the
flame are fitted as a function based on the quasi- distance (r/ro), and Co and C1 are the ratio of the
steady analysis with the flame sheet model [5], heat of vaporization to the heat capacity and the ratio

of the heat capacity to the thermal conductivity, re-
T = TI - Co + Co spectively. Though the combustion proceeds un-

steadily in practice because of the fuel vapor accu-
"exp[Cs"m" {1/(rl/rO) -- 1/(r/r0 )}/(47rr 0)] mulation, gas-phase quasi steadiness can be assumed

inside the flame so long as the normalized flame ra-
where T, is droplet temperature, m is mass evapo- dius is rfj/n < 0[(plp )O.5] and the above equation
ration rate, r is droplet radius, and r0 is the initial can be used [13]. Tte normalized flame size is
droplet radius. Here, T is a function of normalized smaller than O[(p/pg)0 .5] under the conditions shown
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in Figs. 5 and 6. We used C, and C1 as fitting param- I I

eter because it is not easy to estimate Co and C 1 due 2000 n-Heptane0.1 MPa
to the existence of soot inside the flame. Here, T, is 21% 02

estimated as the boiling temperature of the fuel, and 2% - []
r, and m are estimated through the equations , 1600-

r r,- K -t/4= - • 1200 ,>

and L 8
E

m =rpl"rl"K/2 -
-- - /tb =0.3

where P, is the density in the liquid phase and K is 400 - titb = 0.5
the burning rate constant, which is approximated as t tb/t = 0.7

K=4/ 0 II I I4r,2/t,, 0 -4 8 12

where tb is the burning time. The locations of the Normalized distance, r/ro

outer edge of the yellow luminous zone are shown in FI
Figs. 5 and 6. These locations were determined from c. 7. Temperature distributions in the gas phase at 0.1
photographs. The figures show that the outer edge MPa fur different times.
of the yellow luminous zone exists inside the maxi-
mum temperature position. This is the reason why , , , , ,
the gas temperature in Fig. 4 reaches a maximum in 2000 n-Heptane
the earlier stage before the outer edge of the yellow 0.6 MPa
luminous flame passes the thermocouple. These fig- 21% 02
ures also show that temperature gradient near the v 1600 nn, -,,
maximum temperature position inside the flame at 0- [a
0.1 MPa is smaller than that at 0.6 MPa. This smaller 2 ,-""
temperature gradient suggests broader reaction 1200"
zone. Reaction rate is smaller at lower pressure. The .,/

temperature gradient at the droplet surface at 0.1 E
MPa is larger than that at 0.6 MPa, perhaps as a a) 800 ,'/
result of the forced fitting of the data with the smaller -
temperature gradient near the maximum tempera- t tb 0.3
ture position at 0.1 MPa. The outer edge of the soot 400- t/tb = 0.5
shell [14] is also shown in Figs. 5 and 6. The soot - t/tb = 0.7
shell diameter at 0.1 MPa is larger than that at 0.6
MPa. The temperature of the soot shell at 0.1 MPa 0 8 12
does not change with time very much, which is about Normalized distance, r/r0
1100 K. On the other hand, the temperature of the
soot shell at 0.6 MPa changes with time approxi- FIG. 8. Temperature distributions in the gas phase at 0.6
mately from 1300 to 1000 K. MPa for different times.

The temperature distributions at 0.1 MPa for dif-
ferent time (t/t,) are shown in Fig. 7 and those at 0.6
MPa in Fig. 8. At 0.1 MPa, the temperature distri- minous zone for hydrocarbon fuel. Therefore, flame
bution does not change with time very much. The diameter data in microgravity obtained experimen-
temperature gradient at the droplet surface de- tally from photographs are mostly the yellow lumi-
creases slightly with time. At 0.6 MPa, the maximum nous flame diameter data. On the other hand, the
temperature position moves away from the droplet flame diameter obtained theoretically is more nearly
and then approaches the droplet with time. The tem- represented by the blue flame diameter. It is impor-
perature gradient at the droplet surface decreases tant to know the difference between the blue flame
substantially with time, and the maximum tempera- diameter and the yellow luminous flame diameter.
ture also decreases with time. Figure 9 shows the dependence of the distance be-

As mentioned above, the maximum temperature tween the maximum temperature position and the
position exists outside the yellow luminous zone. The outer edge of the yellow luminous zone on the am-
maximum temperature position is consistent with the bient pressure. This is an averaged distance of the
blue flame position. It is difficult to observe the blue values obtained for t/tb from 0.2 to 0.7. The distance
flame because of the luminosity from the yellow lu- decreases with increasing ambient pressure.
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FIG. 9. Dependence of the distance between the flame FIG. 11. Temporal variations of the flame temperature
and the outer edge of the yellow luminous zone on the for different fuels.
ambient pressure for different fuels.

flame temperatures at different ambient pressures
have almost the same value 1700 K. It is corrected

n-Heptane 21% 02 to 1782 K by considering the radiative heat loss from
the thermocouple [12]. This value is about 440 K

x 2000 -- o-- 0.1 MPa lower than the adiabatic flame temperature of the

a o o -0-0 0.8MPa stoichiometric n-heptane-air mixture. According to
, 0 0 .8Mq a numerical calculation results [6], the flame temper-

'1 0 -ature increases with ambient pressure. However,
(D 1600- ` -HI" Subramanyam et al. [9] measured the temperature

E '•A of flame surrounding a porous sphere and the resultsS• •t---•_ •show that the flame temperature decreases with in-
a) ANý creasing ambient pressure. In the current experi-
E a ments, there is no pressure dependence of the flame
S1200 14% 02 temperature at the normalized time between 0.3 and

0.6. When the ambient gas was diluted, the flame
- - 0.6MPa temperature is smaller than that for air and is smaller

0.8MPa at the higher ambient pressure. As for temporal var-

80% 0.2 0.4 0.6 0.8 1 iation of the flame temperature, the temperature de-
creases with time in most cases. However, the nu-

Normalized time, t/tb merical calculation results [6] show that the flame

FiG. 10. Temporal variations of the flame temperature temperature increases with time. Temporal varia-

for different ambient pressures and for different oxygen tions of the flame temperatures of n-heptane and

concentrations of the gas. ethyl alcohol are shown in Fig. 11. The flame tem-
perature of the ethanol droplet is slightly lower than
that of heptane. Its dependence on time is the same

Temporal Variation of the Flame Temperature: as that for heptane.
The flame temperature decreases with time, and

Figure 10 shows temporal variations of the flame at the normalized time from 0.3 to 0.6, it is inde-
temperature for different ambient pressures and dif- pendent of the ambient pressure. The heat capacity
ferent ambient gases. Here, time (t) is normalized by of soot inside the flame may affect the flame tem-
the burning time (tb). When the ambient gas is air perature dependence. The amount of soot increases
(21% O0) at 0.1 MPa, the flame temperature in- with time and ambient pressure, which decreases the
creases slightly in the earlier stage, then becomes flame temperature. Without the heat capacity in-
constant, and decreases with time in the later stage. crease with time and ambient pressure, the flame
At 0.6 and 0.8 MPa, it decreases with time initially, temperature dependence on time and ambient pres-
then becomes almost constant, and decreases again sure will become the same dependence as that shown
in the later stage. At the time from 0.3 to 0.6, the in the numerical calculation by Shuen et al. [6], in
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which variable properties, finite-rate chemical kinet- 4. The presence of soot affects the temperature field
ics, and a full treatment of phase equilibrium at the because of the large heat capacity and radiation.
droplet surface are accommodated, but the effects of The development of theory including the soot for-
soot are not included. The numerical calculation by mation, accumulation, and radiation is required.
Saitoh et al. [15] shows that the flame temperature
with radiative heat loss becomes 25% lower than that
without radiative heat loss. The decrease in the flame
temperature with time may also be affected by this REFERENCES
radiative heat loss.

The presence of soot affects the temperature field 1. Williams, A., Combust. Flame 21:1-31 (1973).
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COMMENTS

C. T. Avedisian, Cornell University, USA. 1. A fiber sup- The droplet shape is nearly elliptical during burning. The
port is known to influence several aspects of the burning temperature field close to the droplet is not expected to be
of droplets, such as the droplet shape and heat transfer spherically symmetric. However, the asymmetry in the
between the droplet and flame. How were these extraneous temperature field should be smaller at locations further
effects accounted for in your experimental results? from the droplet. At the outer edge of the yellow luminous

2. Did you correct for heat losses through the thermo- flame, this effect is negligible because the yellow luminous
couple and radiation effects? flame was spherical in the present experiments. The au-

thors measured the gas temperature outside the soot shell.
Author's Reply. There exist some effects of the fiber on The temperature field measured in the present experi-

droplet burning. ments would be mostly spherical. The flame quenching oc-
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curs locally near the fiber in the initial stage. This would bustion Journal, abstract to appear in Combust. Sci.
also be a negligible effect because the quenched area is Technol.).
small compared to the area of the entire flame.

Heat transfer from the flame to the droplet through the
fiber may make an effect on the droplet burning, especially Anthony Hamnins, National Institute of Standards &
in the later stage. However, a comparison between sus- Technology, USA. Temperature measurements were made
pended droplet combustion and free droplet combustion with very delicate, small thermocouples in a cantilever
[1] shows that they are qualitatively the same though there beamlike configuration. Did the passage of the flame affect
are quantitative differences, such as larger burning rate of the thermocouple bead location? Were the thermocouples
the suspended droplet compared with that of the free drop- coated by soot as the flame developed? If yes, how large
let. The authors think that the heat through the fiber does was the effective bead diameter? Is it possible to estimate
not affect the temperature field qualitatively. the time-dependent radiation correction to the thermocou-

In order to surpress the heat loss through the thermo- ple measurements?
couple, the thermocouple was formed into the concentric
shape with the spherical yellow luminous flame (Fig. 2) as Author's Reply. Sequential photographs show that the
mentioned in the present paper. This kind of temperature thermocouple bead position was not affected by the flame
correction was not required and was not made. The radi- passage. The speed of the flow around the droplet (Stefan
ation correction was also not made because the results in flow) decreases rapidly with increasing distance from the
the present paper won't change qualitatively in spite of the droplet. We did not measure gas temperature near the
correction, droplet surface but outside the soot shell. The flow speed

at the thermocouple position would not be large enough to
affect the bead position.

As you pointed out, if soot shell passes the thermocou-
REFERENCE ple, the thermocouple is then coated with soot. This causes

a nonnegligible error in measuring the gas temperature.
1. Mikami, M., Niwa, M., Sato, J., and Kono, M., Nensho Therefore, the authors focussed upon the temperature field

no Kagaku to Gyjutsu (translation Combustion Science outside the soot shell as mentioned above and then extrap-
and Technology) 1(4):255-264 (1994) (Japanese Corn- olated it to the droplet surface.
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IGNITION EXPERIMENT OF A FUEL DROPLET IN HIGH-PRESSURE
HIGH-TEMPERATURE AMBIENT

RYOTA NAKANISHI, HIDEAKI KOBAYASHI, SHINICHIRO KATO AND TAKASHI NIIOKA

Institute of Fluid Science
STohoku University

Katahira, Sendai 980-77, Japan

In order to obtain the ignition behavior at supercritical pressures, ignition times of a single fuel droplet
were measured in high-pressure high-temperature ambient. A suspended droplet of n-hexadecane or
n-heptane with a diameter of 0.35-1.4 mm was quickly immersed in an electric furnace with a temperature
up to 950 K. Attachment of the droplet, movement of the furnace, and ignition measurement were carried
out in an air vessel with pressures up to 3 MPa.

At low pressures, ignition times of both fuels decreased with the initial droplet diameter and then
increased. Therefore, the ignition time variation with the initial droplet diameter has a minimum. This
phenomenon, however, disappeared at high pressures. Also, the ignitable limit of droplet diameter, below
which the droplet vaporized completely before ignition, decreased as pressure increased.

In the case of a droplet burning at high pressures, the preceding experiment showed that the burning
rate constant increased and had a maximum around the critical pressure of fuel. This is significantly caused
by variable properties around the critical point such as thermal conductivity and diffusion coefficient; and
therefore, the present ignition time was expected to show similar characteristics due to the same reason.
Ignition time, however, decreased monotonously with pressure, and even at supercritical pressures, the
ignition time behavior did not change much. Being different from the case of combustion, it is suggested
that drastic changes of properties did not take place in ignition processes.

Introduction pressure oxidant environment and showed that the
maximum burning rate constant resulted from sig-

Most practical combustors are operated at high nificantly variable properties around the critical pres-
pressures, and combustion pressure has continued to sure. A diffusion flame on the liquid fuel surface ex-
increase year by year. However, knowledge of igni- posed to an oxidant stagnation-point flow was also
tion and combustion mechanisms at high pressures investigated under high pressures [9], because this
is limited, and new approaches to research are es- counterflow diffusion flame is similar to the diffusion
pecially needed to elucidate their behaviors at su- flame surrounding the fuel droplet [6]. The flame
pereritical pressures. extinction experiments showed that a diffusion flame

Pioneer work on high-pressure combustion was might be controlled by chemical kinetics, which
conducted by Faeth and coworkers [1,2] who found changes with pressure, but that kinetics itself did not
that the lifetime of a single burning droplet de- affect the maximum burning rate constant phenom-
creased with pressure and then slightly increased at enon.
supercritical pressure. Gollahalli and Brzustowski [3] Numerical simulations were also conducted on
measured the extinction velocity of a flame estab- evaporation [10] and ignition of a droplet [10,11],
lished forward of a model droplet, showing that it and some characteristics due to variable properties
increased with pressure. Kadota and Hiroyasu [4] under critical to supercritical pressures were ob-
also showed that the droplet lifetime decreased with tained. Ignition experiments, however, have not been
pressure. Recently, one of the present authors and carried out, mostly due to the difficulty of conducting
his group [5-7] reported the interesting fact that the high-pressure experiments. Only one ignition exper-
burning rate constant has a maximum point around iment [12] at high pressures over the critical point
the critical pressure. This was confirmed by the mea- for some fuels has been reported, but the droplet size
surement of the droplet lifetime in a microgravity was quite large, i.e., over 1.6 mm. Therefore, the
field and the estimation of the burning rate constant characteristic ignition phenomena [13-17] appearing
based on a microgravity experiment [8]. in small droplets are not dealt with in Ref. 12.

Tsukamoto and Niioka [7] made a numerical sim- In the present experiment, ignition times of a fuel
ulation of a single-fuel droplet burning in a high- droplet with a diameter of 0.35-1.4 mm, suddenly

447
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exposed to a hot oxidant atmosphere, were measured that after the droplet enters the furnace is shown in
under high pressures of up to 3 MPa; their behaviors Fig. lb. As seen in Fig. la, liquid fuel is supplied
in a high-pressure ambient are discussed here. As was from a high-pressure micropump into the high-pres-
the case in previous studies [13-17], the ignition time sure vessel and a small amount of it spills from the
increased with an increase in the droplet diameter, point of a fine stainless steel tube, which is adjusted
but when the diameter became smaller, the ignition by a manipulator. A droplet with a diameter of 0.35-
time again increased. The variation of ignition time 1.4 mm is put onto a fine silica fiber with a diameter
with the droplet diameter, therefore, had a minimum of 100,pm. In order to attach the droplet easily, the
at a certain diameter. When the droplet diameter was end of the silica fiber is spherical with a diameter of
further decreased, ignition time went to infinity and about 250/pm.
ignition did not take place. This is because the evap- The stage at which the mirror is installed and the
oration mass flux increases in smaller droplets, and silica fiber with a droplet shifts upward about 10 cm,
the chemical reaction rate is insufficient to cause followed by lowering of the ignition chamber, which
consumption. Finally, there is a limiting diameter be- is heated electrically in advance, is shown in Fig. lb.
low which ignition is impossible. This interaction of The droplet is surrounded by heated walls with a
or competition among phenomena of mass transfer temperature of up to 950 K, and therefore, its tem-
and chemical kinetics is similar to the ignitable limit perature is increased mainly by radiative heating.
in the counterflow system of fuel flow and airflow The droplet is observed by means of a mirror and a
[6,9]. The objective of the present experiment was to pyrex glass window, with simultaneous detection of
examine the high-pressure behavior of these inter- ignition moment by a photodiode, whose response
acting phenomena in droplet ignition, with special time is about 1.8/is. Time zero is defined as the mo-
attention to the ignition characteristics in high pres- ment when a droplet passes through the entrance of
sure over the critical point. the electric furnace and its moment is detected by a

photointerrupter.
The size of the experimental high-pressure vessel

Experimental Apparatus and Method is 424 (width) X 424 (depth) X 700 (height) mm 3,
and its interior is cylindrical with a diameter of 250

The present experimental apparatus and tech- mm and a height of 500 mm. The above-mentioned
niques are similar to those previously used [12,14- experimental setup, shown in Fig. 1, is installed in
18]; namely, a suspended fuel droplet is quickly in- this cylindrical part of the high-pressure vessel, hav-
serted into an electric furnace and suddenly exposed ing a diameter of 50 mm, with three windows.
to a hot air environment. The point which is most Fuels used are n-heptane as a volatile fuel and
difficult and also different from the preceding ex- n-hexadecane as a less volatile one. The initial tem-
periment is that the whole experimental sequence perature of a droplet is room temperature, and the
must proceed in a high-pressure vessel with a pres- ambient pressure is 0.1-3 MPa.
sure of up to 3 MPa. A droplet is suddenly immersed in a hot air envi-

Figure 1 is a schematic representation of only the ronment. However, as shown by an alumel-chromel
inside of the high-pressure vessel. The state before a thermocouple with a diameter of 12.7 pm placed at
droplet enters the furnace is shown in Fig. la, and the droplet position instead of the droplet, 70 ms is
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FIG. 2. The variation of ignition time with the initial FIG. 3. The variation of ignition time with the initial
droplet diameter at 850 K and at various pressures for droplet diameter at 950 K and at low various pressures for
n-hexadecane. n-hexadecane.

required until the temperature attains the furnace large heat capacity and need a comparatively long
temperature from the initial temperature. The actual time for the surface temperature to increase up to
time for this rise in temperature must be shorter around the boiling point. This is because the general
since the thermocouple has a time constant for heat tendency of ignition time showed a positive slope in
conduction. Because of this elapse of time, short ig- Fig. 2. However, as demonstrated in previous reports
nition times less than about 100 ms cannot be con- [13-17], since a droplet with a small diameter (d)
sidered exactly as the ignition time of a droplet sud- produces a large mass flux (rh) of fuel gas (rh - lid),
denly exposed to a specified high temperature. a longer chemical reaction time is needed, and as a

Here, we must look at the effect of natural con- result, the slope of experimental data might become
vection. An OH band emission image recorded by an negative in P = 0.1 MPa.
intensified charge coupled device (CCD) camera was The reason why this tendency was reversed at high
first emitted in a region below the droplet and then pressures is as follows. The mass transfer time (tn) is
began to surround the droplet, because the evapo- proportional to d 2/D, where D is the diffusion coef-
rated fuel gas descended due to natural convection. ficient, and therefore, t,,, is roughly proportional to
However, the time from the emission to ignition was P, where P denotes pressure. On the other hand, the
less than 30 ms, which can be neglected in the pre- chemical reaction time (t,) is in proportion to p/16,
sent ignition time range. Also, it is evident by micro- where p and &) denote density and chemical reaction
gravity experiments [19] that ignition time differ- rate, respectively, which is proportional to the square
ences are quite small between the normal gravity and of density in the reaction of two molecular reactions,
the microgravity, and therefore, the effect of natural and therefore, t, is proportional to P- 1. This implies
convection on ignition of a droplet is small, that the second Damk6hler number, D2 = tlt

P2, increases with pressure and that the contribution
of the reaction time to ignition time does not play a

Results and Discussion dominant role in high pressure.
Ignition times are plotted at a high ambient tem-

Figure 2 shows the variation of ignition time with perature of 950 K in Fig. 3. The datum points on the
initial droplet diameter for hexadecane at an ambient left side in Figs. 2 and 3 correspond to ignitable limit
temperature 850 K. As the ambient pressure in- diameters, below which a droplet had vaporized be-
creased, ignition time decreased, but the tendencies fore ignition and ignition was impossible because of
of ignition times were various. A region of negative the long reaction time. These limit diameters shifted
slope of the experimental data existed at atmospheric to smaller diameters at higher pressures, which also
pressure (0.1 MPa), that is, the ignition time of drop- means that the Damkihler number increases at high
lets with a small initial diameter decreased as the pressures. If the ambient temperature increases, the
diameter increased. On the other hand, at elevated reaction time becomes shorter, and it is difficult for
pressures, the ignition time increased as the droplet the minus slope to appear. Therefore, Fig. 3 shows
diameter increased, only the positive slope even at atmospheric pressure.

The above-mentioned ignition time characteristics Figures 4 and 5 show ignition times for n-heptane.
are due to the competition between the mass transfer The boiling point of n-heptane is lower than that of
and the chemical reaction. Large droplets have a n-hexadecane. Therefore, n-heptane easily vaporizes
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tion times less than approximately 0.1 s at high pres-
and the vaporization time becomes quite short. This sures due to the time needed for a droplet to be
phenomenon is more significant in smaller droplets. inserted into the furnace. Experimental errors also
As a result, since a large mass flux of vaporized fuel exist in the ignitable limit of diameter below which
gas leads to a long reaction time, a steeper negative a droplet has completely vaporized before ignition.
slope is obtained at 0.1 MPa in Fig. 4. With an in- However, the general tendency of the ignitable limit
crease in initial droplet diameter, there must be a of diameter to decrease as pressure increases was
minimum ignition time such as shown in Fig. 2. As consistent with the case of n-hexadecane. Figure 7
we increased pressure or ambient temperature, as shows the droplet diameter at the ignitable limit at
seen in Figs. 4 and 5, however, ignition time curves an ambient temperature of 950 K. The upper sides
with gentle slopes gradually resulted, of the curves in Fig. 7 correspond to the ignitable

We confirmed this ignition time behavior in detail. region and the lower sides to the nonignitable region.
Figure 6 shows the case of a pressure of 0.5 MPa for It is natural that the minimum droplet diameter for
various ambient temperatures. The datum points on n-heptane is larger than that for n-hexadecane, be-
the left side in Fig. 6 correspond approximately to cause the mass flux for n-heptane is too large to react
the ignitable limits as in the preceding figures. It can quickly. In addition to this, the temperature of
be noticed that the negative slopes obtained in Figs. evolved fuel gas also affects the minimum droplet
4 and 5 were no longer observed at a pressure of 0.5 diameter. A droplet of n-hexadecane releases hot fuel
MPa, even at various low ambient temperatures, gas since the surface temperature close to the boiling

Noticeable errors appear easily in very short igni- point is quite high, but n-heptane evolves a large
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mass flux of cold fuel gas. Therefore, it follows that ..
a long reaction time is needed, and as a necessary n-Hexadecane
consequence, the ignitable limit diameter is larger z2 2dýl.0
than in the case of n-hexadecane. dý0.8 mm

Compared with the same ignition problem solved • "
numerically, experimental data of ignitable limit are 800K
one order greater than numerical data, but qualita-
tively, a good consistency was obtained [11]. As the p 0,5
most possible reasons for this discrepancy, internal P
flow in a droplet and cooling by the quartz fiber used ,a - 950K
for suspension, which were neglected in the numer- 0
ical calculation, should be considered. Since a drop- 0.2 850K

let is suspended in a small sphere with a diameter of 10-1 2 5 10' P, 2
250,um at the end of a silica fiber, the ignitable limit Ambient Pressure (MPa)
diameters may not be measured accurately. In the
case of higher ambient temperature, for example, the FIG. 8. The variation of ignition time with pressure for
ignitable limit of diameter should decrease, and so n-hexadecane.
this effect may be significant. As mentioned earlier,
the smaller a droplet is during vaporization, the
larger the mass flux of fuel gas becomes. Therefore, n-Heptane
in the present range of the ambient temperature, the 10 6=1.0 m

condition for ignition should become stricter, and it g
is quite logical to consider that ignition no longer 5 -

occurs if a droplet continues only to vaporize up to -E 900K 650K

around 250/pm. The other plausible reason for the P
discrepancy between the preceding theory and the 0 2
present experiment may be the chemical parameters. .a 700K

Except for the region of the ignitable limit, however, Q 10-K-- 950K

the discrepancy is not so large. Therefore, it is con-
sidered that the most probable reasons must be the
physical effects mentioned above. 1i- 2 5 100  

2 psm
The variation of ignition time with pressure for Ambient Pressure (MPa)

various ambient temperatures is shown in Figs. 8 and
9. As explained above, ignition time of a droplet with FIG. 9. The variation of ignition time with pressure for
a diameter of 1 or 0.8 mm decreased monotonically n-heptane.
with pressure, showing a strong dependence of ig-
nition time in lower pressures. (The longitudinal axis therefore, a condition close to the critical condition
in Figs. 8 and 9 is a logarithmic scale.) Furthermore, must not be formed since the fuel concentration is
it should be noted that a smooth variation of ignition not very high, being different from the case of com-
time was observed even at pressures above the crit- bustion.
ical pressure of n-hexadecane (P, = 1.53 MPa). Pre- A large thermal conductivity around the critical
vious reports [5-7] showed that the burning rate con- pressure was expected to enhance the heat transfer
stant of a droplet had a maximum around the critical to a droplet, resulting in rapid ignition at high am-
pressure, both experimentally and theoretically. The bient temperatures. Conditions close to the complex
characteristic feature around the critical pressure critical conditions may be difficult in the case of
originates from the drastic variation of properties n-hexadecane in Fig. 8, because the critical temper-
concerned with heat and mass transfer. This curious ature of n-hexadecane is high (722 K). Since the crit-
change around the critical pressure did not occur in ical temperature of n-heptane is 540 K, one datum
the present ignition time experiments. This tendency point in Fig. 9 might give the characteristic feature
is consistent with the theoretical results [11]. mentioned above. However, in order to further elu-

The complicated critical condition may not be at- cidate this ignition behavior around the critical pres-
tained even at an ambient pressure equal to the crit- sure, further difficult experiments, as well as further
ical pressure of a fuel, unless the temperature of a numerical simulations, must be carried out.
droplet is close to the critical temperature. The pre-
sent case deals with ignition, and so, the whole ig-
nition event must take place in the field of temper- Concluding Remarks
ature below the critical temperature around a High-pressure experiments in which a single fuel
droplet. Moreover, the present case is a mixture of droplet was suddenly placed in a high-temperature
fuel and air. In the vicinity of the droplet surface, ambient resulted in the following findings:
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1. Ignition time of a droplet decreased monotoni- 5. Takahashi, M., Niioka, T., Sato, J., and Yamakawa, M.,
cally with pressure, and a significant variation of Burning Rate Constant of Fuel Droplet under High
ignition time was not observed around the critical Pressure, Technical Report of National Aerospace
pressure, unlike the case of a burning droplet. Laboratory TR-1001, (in Japanese) 1988.

2. Ignition time near the ignitable limit decreased 6. Niioka, T., Hasegawa, S., Tsukamoto, T., and Sato, J.,
with the initial droplet diameter at low pressures, Combust. Flame 86:171-178 (1991).
but this phenomenon disappeared at high pres- 7. Tsukamoto, T., and Niioka, T., Microgravity Sci. Tech-
sures. nol. 4:219-222 (1993).

3. The initial droplet diameter at the ignitable limit 8. Sato, J., Tsue, M., Niwa, M., and Kono, M., Combust.
decreased as pressure increased. Flame 82:142-148 (1990).

The main difficulty of the experiment was to attach 9. Hiraiwa, T., Ono, N., and Niioka, T., Twenty-Fourth

a droplet to a fine silica fiber at supercritical pres- Symposium (International) on Combustion, The Com-

sures because of the very small value of the surface bustion Institute, Pittsburgh, 1993, pp. 239-245.

tension force. More precise experiments under a mi- 10. Tsukamoto, T., and Niioka, T., in Dynamics of Het-

crogravity field and using a free droplet will be con- erogeneous Combustion and Reacting Systems (A. L.

ducted in the future. Kuhl, et al., Eds.), Progress in Astronautics and Aero-
nautics, AIAA Inc., New York, 1993, Vol. 152, pp. 263-
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COMMENTS

I. GCkalp, CNRS-LCSR, France. Could you comment the 0.5 mm equivalent diameter droplets placed on the 100
on the buoyancy effects on your results, especially under pm diameter fibers?
high pressure conditions? 2. Could you state how droplet dimensions were ex-

tracted from the movie films and approximately how many

Author's Reply. Generally, the buoyancy effect is large data sets (d,t) figured into determining a given burning

at high pressure, but it is expected that the effect on igni- rate?

tion time is not significant, because ignition time becomes
short at high pressure. Actually, ignition point is located Author's Reply. 1. A very small amount of liquid fuel
close to the droplet at high pressure, although ignition oc- supplied from a micropump spills from the point of a fine
curs beneath the droplet at low pressure. stainless-steel tube and is put onto a fine fiber. It was very

hard work, but by trial and error droplets with a diameter

up to 0.35 mm were possible.
2. The burning rate constant is not the present subject,

C. T. Avedisian, Cornell University, USA. 1. How were but it was published in Refs. 5 and 6. The burning rate
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constants at very high pressures were determined by sev- critical temperature. Before the temperature rises to the
eral data points at least, except the initial transient region. critical temperature, ignition must take place. Sometimes

after ignition, droplet slides down a silica fiber.

Michael Winter, United Technologies Research Center, Alon Gany, Princeton University, USA. Did you measure
USA. When the conditions exceed the critical pressure and the temperature inside the droplet during the ignition pro-
temperature, do the droplets remain suspended on the fi- cess?
ber, or do they fall off due to loss of surface tension?

Author's Reply. No, we did not measure the temperature
Author's Reply. If the critical condition is attained, the inside the droplet. A fine silica fiber has a bead at the end,

droplet cannot remain suspended. In the present case, and so the temperature measurement does not have a sig-
however, the droplet temperature must be lower than the nificant meaning in this experiment.
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The effects of natural convection on two-stage spontaneous ignition of a fuel droplet were studied
experimentally. A suspended n-dodecane droplet of 0.7 mm in its initial diameter was employed. Ignition
phenomena were observed by a fine thermocouple (0.025 mm) and by an interferometer so as to detect
an invisible cool flame. A direct psotographic method with a back light was also used to measure the
droplet diameter. Ambient temperature was limited within the range where the cool flame can be observed
(500 to around 800 K) and ambient pressure ranged between 0.1 and 1.0 MPa. Experiments were carried
out under normal and microgravity conditions, and results were compared.

Investigations were done mainly on the induction times at 0.2 and 1.0 MPa. Experiments showed longer
first induction times (time to appearance of cool flame) under normal gravity than under microgravity in
certain ambient conditions. Significant differences between critical temperatures, below which cool flame
or hot flame does not appear, were also observed between the two gravity conditions. The induction times
differed up to a factor of 3, and the critical temperature differed about 60 K. For the second stage, slightly
increased induction times were observed under normal gravity conditions at 0.2 MPa. Differences observed
between both gravity conditions can be explained by the effects of natural convection driven by the down-
ward force due to the dense fuel vapor and by the buoyancy due to the cool flame.

Introduction models. To obtain the required experimental data,
microgravity experiments are desirable, as natural

Knowledge of spontaneous ignition characteristics convection is negligibly weak.
of a fuel droplet is indispensable to understand spray As well as the availability of the microgravity data,
combustion and to design practical combustors. understanding of the effects of natural convection is

The models of the ignition process bad been well necessary because it provides a useful insight when
developed, and it is now possible to simulate ignition the models are required to be calibrated or validated
characteristics of the isolated single droplet by nu- by the existing experimental data. Microgravity ex-
merical approaches [1-41. These theoretical models periments have often been performed in the field of
usually neglect natural convection to simplify the for- droplet evaporation and combustion, and effects of
mulation and to save computation time. On the other natural convection have been well documented by
hand, most of the experimental works have been comparing normal and microgravity data [5-7].
done under normal gravity, using large droplets of However, only a few studies have been done by using
more than 0.5 mm in diameter, where natural con- microgravity on the spontaneous ignition of the sin-
vection is inevitable. Hence, almost no experimental gle fuel droplet [8-10]. Faeth and coworkers [8,10]
data are available for the validation of the theoretical found slight differences between ignition times un-
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Thermocouple (0. 04 mm)

H e ateEr -Gas Outlet

opticsnde FilteJ

SLamp
CCD camera

-Thermocouple
Gas Inlet (0. 025 mm) FIG. 1. Schematic of the experi-

F u e 1 I n l e t mental apparatus.

der both gravity conditions. Since the differences in microgravity conditions, the present work clarifies
their results were not significant, the role of natural the two-stage ignition of a fuel droplet under the ab-
convection has not been recognized as important and sence of natural convection.
is usually neglected. Their experiments were con-
ducted at atmospheric pressure with about 1 s of mi-
crogravity. Natural convection is stronger at high Experimental Apparatus
pressure, and it develops with time. Thus, investi-
gations at higher pressures with longer periods of mi- Spontaneous ignition experiments were carried
crogravity are necessary to clarify the effects of nat- out with the apparatus shown in Fig. 1.
ural convection. This apparatus simulates the situation of a single

In the field of premixed combustion, two-stage ig- droplet that is suddenly injected into a combustor. A
nition phenomena due to the different chemical re- fuel droplet, which is formed at the lower section of
action mechanisms for low and high temperatures is the high-pressure chamber, is quickly inserted into
well known [11-14]. It has been well recognized that the electric furnace situated in the upper section.
the low-temperature mechanism of the first stage is The time required to move the suspended droplet
of great importance because it dominates character- was 120 ms. This yields an almost stepwised gas-
istics of unwanted self-ignition like engine knock. phase temperature rise around the droplet.
The low-temperature mechanism can also play an The electric furnace produces an ambient tem-
important role in the ignition process of droplets over perature up to 850 K. The lower section, where the
a wide range of ambient conditions. Indeed, even if droplet is produced, was kept at room temperature
the ambient temperature is too high for this mech- so that the initial droplet temperature can be defined
anism, there is always a certain region around the as room temperature. The inner wall of the electric
droplet where the gas temperature is sufficiently low furnace is covered with a material of high-heat con-
so that the mechanism works. This point, however, ductivity to achieve an almost uniform temperature
has not been well recognized so far, and no system- at its surface. This results in a small temperature gra-
atic research on the two-stage ignition of single drop- dient in the ambient gas.
lets has been done. Ignition phenomena were often n-Dodecane was used since it is one of the typical
observed by light emission from flames, and it was components of practical fuels. The initial droplet di-
impossible to detect the first stage of a cool flame in ameter (DO) was controlled within a narrow range
which light emission is very weak. As a result, studies around 0.7 mm, and the droplet was suspended on a
had been restricted to the second stage. 0.15-mm quartz glass filament. This suspender was

Recently, the authors succeeded in observing the placed horizontally.
first stage by using a fine thermocouple and a double- Air was used as the ambient gas. Ambient tem-
exposure-type interferometer, both of which can de- perature (Ta) ranged from 500 to around 800 K and
tect ignition through a sudden temperature change. ambient pressure (Pa) from 0.1 to 1.0 MPa.
Through application of this technique and by using Two thermocouples were used. One (type K, 0.04
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mm in diameter) was attached to the furnace to mea- 1000 . ,

sure the ambient temperature. The other (type S, Pa = 0.3 MPa
0.025 mm) was attached to the suspender about 3.5 Ta = 650 K
mm away from the droplet center. This was used to normal gravity
detect ignition by measuring the gas temperature in
the vicinity of the droplet.

A charge coupled device (CCD) camera was used 800
to take direct photographs of the igniting droplet
with a very dim backlight. These pictures were re-
corded on an 8-mm video tape with a frame speed E
of 50 s-. The droplet diameters were measured from •
these pictures. Since the droplet takes an ellipsoidal
shape, the diameter was defined as that of a sphere S 600

that has the same volume as the ellipsoid. Instead of
these optics shown in the figure, a Michelson inter-
ferometer was employed in some of the normal grav-
ity experiments. Interferograms were used to observe
the density field around the droplet and to determine 400 " _ _'__

the place where ignition starts. 0.0 1.0 2.0
Microgravity experiments were conducted with time (s)

the same apparatus as normal gravity experiments
using the 5- and 110-m droptowers (ZARM, Ger- Fic. 2. Gas-phase temperature history in the vicinity of
many) and the parabolic flights (Caravell, France). droplet in the case of two-stage ignition.
Each of these enables about 1, 4.7, and 20 s of mi-
crogravity, respectively.

Results and Discussions 700

Ignition Criteria and Ignition Regions t cool igime

In the present work, ignition was determined as a
sudden inflection of the gas-phase temperature in the E 600
vicinity of the droplet, which is measured by the ther-
mocouple.

A typical temperature history in the vicinity of the no igntion
droplet in the case of two-stage ignition is shown in
Fig. 2. The origin of abscissa is when the droplet 5001 0.4 07

reaches a specific position in the furnace. At this in-

stant, the thermocouple shows a temperature lower Pa ( MPa)
than the ambient temperature of 650 K. This is due
to the cooling effect caused by the suspender, which at normal gravity.
was initially room temperature.

Two inflections of the gas-phase temperature can
be seen in this figure. The period between the time
0.0 and the first inflection is defined as "'rl" (first in- that were stabilized by a premixed burner [13].
duction time), as shown in the figure. In a similar Though their measurements were done using hep-
manner, the period between the first inflection and tane fuel, the important mechanisms of the cool
the second one is defined as "r2" (second induction flame of the n-dodecane droplet are believed to be
time), and that between time 0.0 and the second in- the same. This plateau seems to exist as a result of
flection is defined as "r" (total induction time). an overall negative temperature dependence of the

After the first inflection, the measured tempera- reaction rate around 800 K [14,15]. After the second
ture rises beyond the ambient temperature and inflection, the temperature rises to more than 1000
reaches a plateau of about 740 K. This temperature K, and a bright yellow flame appears. The first in-
is related to the temperature of a cool flame. Exper- flection is due to the onset of cool flame, and the
iments at other ambient temperatures show that the second one is due to the ignition of the hot flame.
level of the plateau has a week dependence on am- Ignition regions under normal gravity are shown
bient temperature. These facts agree with the result in Fig. 3. In the cool flame region, where a relatively
from the temperature measurements of cool flames low temperature exists, only the first stage occurs, but
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10 538 K 588 K 1

Pa 0.2 MPa 0

1 o...
I~ 0~

C0 C)C

~~0 O " •l3• o Pa =0.2 MPao,3.00 0

*•o Go •

o 1 0-g 500 600 700 800

0 , 1-g Ta (K)
0. 13 T n-g

5.00 600 700 800 FIG. 5. Comparison of ignition mass delays under normal
Ta (K)and mierogravity conditions at 0.2 MPa (circles: first stage;
Ta (K)squares: second stage).

FIG. 4. Coinparison of induction times under normal and
nucrgraity ondtion at0.2 ~a.a critical ambient temperature below which the first

stage of cool flame does not appear. Under micro-
second step, hot flame, does not follow it. The drop_ gravity conditions, there were a few cases in which

let disappears before ignition. Two-stage ignition was teco lm perdatri a vprtdcm
observed at higher pressures. As pressure increases, pletely. However, these cases are excluded here.

the second induction time decreases very quickly. Tefrtidcintmsr t02Maudrnr
Namely, -C2 becomes almost zero and r becomes -cl mal gravity diverge from the microgravity data at a
at high pressures. As the second induction time be- certain point. The ambient temperature at the di-
came very short and it was impossible to distinguish vergent point is 670 K. In the region where the am-
the first inflection from the second one, phenomena bient temperatures are higher than this point, there
observed by the thermocouple appeared as if it is one is no remarkable difference between normal and mi-
stage at pressures of more than 0.5 MWa. However, ' erogravrity. On the other hand, normal gravity data
a two-step temperature rise could be confirmed even show greatly increased values at temperatures below
at 1.0 MPa by the interferometry, the point of divergence. They increase to about twice

At ambient temperatures higher than 750 K, that of microgravity near the cool flame limit. Elon-
though it is not included in this figure, two-step tern- gated induction times yield the higher value of the
perature rise around the droplet can also be observed limit under the normal gravity condition. Since the
from the interferograms. That is, even the ambient induction time should be shorter than the droplet life
temperature is higher than the temperature of the time, a longer induction time works negatively to
cool flamne, the ]ow-temperatnre reactions can cause achieve the occurrence of cool flame during the
sudden temperature rise in the vicinity of the droplet droplet life time, and it narrows down the cool flame
where gas temperature is lower. Even if this tern- region.
perature rise cannot reach the ambient temperature, The total induction times z at 0.2 MPa under nor-
it lnnst have influence on the ignition phenomena by mal gravi4ty are lengthened slightly for all conditions.
yielding a rapid evaporation of the droplet since the For the purpose of estimating the amount of vapor
gas-phase temperature gradient near the droplet sur- formation preceding the onset of the first stage, the
face increases, and heat inflow to the droplet is pro- ignition mass delay [2] is plotted against ambient
moted. temperature in Fig. 5. This ignition mass delay was

calculated using

Effects of Natural Convection on Ignition I - (Di/Do)3
at 0.2 MPa:

Figulre 4 shows ambient temperature dependance where Do is the initial droplet diameter and Di is the
of the induction times. In this, as well as the following diameter at the onset of the first stage, both of which
figures, solid symbols show microgravity data, and are measured from the video pictures. This definition
open symbols show normal gravity data. In these fig- was chosen because one can estimate the fractional
ures, cool flame limits are also shown by means of mass loss of the droplet by simple volume measure-
arrows. Here, the cool flame limit was determined as ment. In some cases, the ignition mass delays were
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slightly negative, which simply means an expansion Thus, if the induction time is predominated by the
of the droplet through density decrease in the liquid chemical reaction, it must be elongated by natural
phase due to temperature increase, convection. At higher temperatures, the chemical re-

Below a certain temperature, the ignition mass de- action rates are very high, and they cause cool flame
lays of the first stage differ for the two gravity con- soon after vapor formation. The largest part of the
ditions. This temperature is almost the same value as induction time is the time that is necessary to start
that of the diverging point, which could be found in producing fuel vapor. This is true especially in the
Fig. 4. Above this temperature, the ignition mass de- temperature region where the cool flame starts dur-
lays take almost the same value for the two gravity ing the above-mentioned heat-up period. At lower
conditions, which is approximately zero. This indi- temperatures, however, chemical reaction rates are
cates that the droplet is still in its heat-up period and very low, and the cool flame appears after the mixture
that it has produced only a small amount of vapor of fuel and air is well developed. Thus, the induction
before the onset of the first stage. Thus, the different time is predominated by the chemical heat release.
induction times between both gravity conditions hap- There is almost no effect of natural convection on
pened in cases where the cool flame appears after T1 in the high-temperature region because convec-
the heat-up period. On the contrary, there is no sig- tion itself is not well developed. On the contrary,
nificant difference if it appears during the heat-up natural convection lengthens the induction times in
period. the low-temperature region because convection is

The reason why the induction times differ only in strong enough, and the time is controlled through the
the cases where the cool flame appears after the heat- chemical heat release.
up period can be explained considering the strength As temperature decreases, the effect of convection
of natural convection. Natural convection is driven appears stronger because of the following two facts:
by two kinds of density differences between the gas First, the natural convection can be stronger at low
in the vicinity of the droplet and the surrounding temperatures because the induction time is longer
ambient gas. One is due to the reduced gas-phase and the convection can develop with time. Second,
temperature around the droplet because the droplet at lower temperatures, the heat and species loss due
has a lower temperature than ambient gas and acts to the convection becomes more significant relative
as a heat sink. The other is due to i-Dodecane vapor, to the production of them by chemical reaction be-
which is denser than air even at an identical temper- cause reaction becomes slower very rapidly as tem-
ature, due to its larger molecular weight. During the perature decreases but the loss does not.
heat-up period, there is little vaporization, and nat- To observe the density distribution around the
ural convection is driven only by the density differ- droplet, a Michelson interferometer was used. In
ence induced by the reduced temperature. After the Fig. 6, fringes that are extracted from digitized in-
heat-up period, a quantity of n-Dodecane evaporates terference images are shown. The numbering of each
from the droplet, and this causes strong convection, fringe is a measure of the density averaged through
Thus, natural convection suddenly becomes stronger the optical path; that is, as the number increases,
after the heat-up period, density increases. Positive values express higher den-

The reason why the first induction times under sity than the one of the ambient gas, and negative
normal gravity are lengthened can be explained as values express lower density.
follows: Whether the induction times under normal A development of downward natural convection
gravity are lengthened or shortened is determined by can be seen in pictures 1 to 2 of Fig. 6. The dense
two competing effects. On one hand, the period vapor drives strong downward natural convection
needed to heat up the droplet and let it evaporate is that develops over time. In picture 3, the place where
shorter under normal gravity compared with micro- a certain temperature increase (density decrease)
gravity. This is because natural convection promotes first occurred was detected successfully. The first
the heat inflow to the droplet [16] and contributes to stage starts below the droplet under the ambient con-
a quick temperature rise on the droplet surface. This ditions where the induction periods are elongated
effect helps to shorten the induction time. Hence, if through natural convection. In this figure, the first
the induction time is vapor-formation predominated, stage started near the edge of the vapor layer. There
it will be shortened by natural convection. On the is enough fuel vapor, the residence time is relatively
other hand, the temperature rise due to chemical re- long, and the temperature is high at the boundary of
actions is slower under normal gravity since the con- the convective flow and the quiescent ambient gas.
vectional flow around the droplet removes heat and Thus, the probability to start the first stage seems to
chemical intermediates that are produced by chem- be highest at this region.
ical reactions in the gas phase. This effect lengthens After the onset of the first stage, a weak upward
the induction time under normal gravity. That is, un- natural convection appears (picture 4). This convec-
der normal gravity, the Damkohler number is small, tive flow is not so strong that it can deform the vapor
due to a short characteristic residence time caused layer around the droplet. As seen from this picture,
by natural convection, and the ignitability decreases. the density field around the droplet seems to be
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FIG. 6. Density field around droplet by interferometric fringes: Pa = 0.2 MPa and Ta 590 K, normal gravity. (1)
At 580 ins, convection starts; (2) at 2580 ins, development of convection; (3) at 2600 ms, ignition, ignition point is marked
by "X"; (4) at 2640 ms, during combustion of cool flame.

spherical. The convection is weak because the tern- 531 K 590 K

perature of this cool flame is very close to the am- 'P
bient temperature and also because the downstream] I Pa 1.0 MPa
of fuel vapor compensates for it.

The difference of total induction times under both N C

gravity conditions in Fig. 4 can be determined as the
difference of the second induction times, as the first
induction times do not differ for either gravity con-
ditions at high ambient temperatures. During the 7 *
second induction times, a cool flame exists. The slight 3
difference of total induction times for both gravities 7: L,
is caused by natural convection due to both cool •
flame and fuel vapor. Since the buoyancy due to cool 0
flame and the downward force of fuel vapor corn- 0 []
pensate with each other, realizing very weak convec- r 'rn-g [1 0
tion, the difference of induction times is slight. Since
the ignition mass delays are not around zero, as seen 0.1 050600 70080
from Fig. 5, indicating that the induction times are

dominated by chemical reactions, natural convection Ta (K)
lengthens them. FIG. 7, Comparison of induction times under normal and

Effect.s on Ignition at 1.0 MPa: microgravity conditions at 1.0 MPa.

Total induction times r at 1.0 MPa are plotted in
Fig. 7. A similar tendency as zI in Fig. 4 can be seen. normal gravity should not be affected by the cool
The ambient temperature is 640 K at the divergent flame. The difference of the total induction times
point. Even at temperatures higher than this diver- between both gravities is the difference of the first
gent point, the normal gravity data show slightly in- induction times. The difference can be explained in
creased values, but this difference was determined the same way as the case of r, at 0.2 MPa. Namely,
to be within an acceptable range of deviation. At strong convection due to dense fuel vapor lengthens
lower temperatures, the total induction times under the first induction time, and it yields the elongated
normal gravity are elongated and they are three times total induction time. In Fig. 8, the ignition mass de-
that of microgravity near the ignitable limit (a critical lays of 1.0 MPa are shown. The temperature of the
temperature below which the droplet does not ig- diverging point in this figure is the same as in Fig. 7,
nite). The ignitable limits differ by about 60 K. supporting the above explanation.

At 1.0 MPa, second induction times are approxi- Since natural convection is expected to be stronger
irately zero. Thus, the total induction time under at higher pressures, the difference between normal
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The pyrolysis process has impacts throughout coal combustion. The roles of pyrolysis in various aspects
of the coal combustion process are described, including the devolatilization yield, nitrogen release, soft-
ening and swelling, soot formation, and char reactivity. These processes can be understood and quantita-
tively predicted using recently developed network pyrolysis models that describe the transformation of the
coal's chemical structure. The models are described and examples of their predictive ability for important
coal combustion phenomena are presented.

Introduction bution of tar, char, and gases. The tar is the primary
source of soot, which dominates radiative heat trans-

It has been said that, other than the volatile yield, fer in the volatile flame region. The rates and forms
the details of coal pyrolysis are unimportant in com- of sulfur and nitrogen evolution are initially con-
bustion. The argument is that pyrolysis occurs rap- trolled by pyrolysis. Char burnout is dependent on
idly, whereas char oxidation occurs slowly, and thus, the amount of char after devolatilization, particle
it is the latter that controls the overall process. But a morphology (after possible melting and swelling) and
closer examination suggests that pyrolysis exerts its intrinsic reactivity. The intrinsic reactivity is modified
influence throughout the life of the solid particle as pyrolysis reactions condense the organic network.
from injection to burnout. Finally, the chemistry and size distribution of the

When coal enters a hot furnace and is heated, it ash (important to slagging and fouling) are influenced
may soften and swell. These processes are a function by char temperature and morphology during oxida-
of the coal's fluidity, which is mostly determined by tion. Particle temperature, which impacts the melt-
pyrolysis. The fluidity of the coal is controlled by the ing, vaporization, and chemical reactions of the min-
way bond breaking and cross-linking reactions affect erals, is related to a variety of factors, including char
the coal's organic matrix. These reactions can be intrinsic reactivity and morphology. Both of these are
drastically influenced by chemical changes in the coal controlled by pyrolysis. Particle morphology affects
induced by weathering. The swelling of the coal par- the char fragmentation, which influences the size of
ticle is caused by expanding bubbles of gaseous vol- ash particles.
atiles produced by pyrolysis in the viscous liquid. De- Any attempt to quantitatively predict how pyroly-
pending on the heating rate, temperature, and sis affects these combustion events requires a de-
particle size, either a particle may swell or the bub- tailed pyrolysis model; a single global devolatilization
bles may rupture. Coal softening affects the porosity rate is not sufficient. The detailed model must de-
and internal surface area of the resulting char. Soft- scribe (1) the thermal decomposition of the coal's
ening, therefore, affects the ignition, particle trajec- organic matrix, (2) the release of network fragments
tory in the furnace, reactivity, and eventual fragmen- as tar, (3) the release of light gas species from de-
tation. composition of functional groups attached to the

The ignition of the coal may be due to heteroge- condensed ring structures, and (4) the condensation
neous oxidation of the particle or to homogeneous or cross-linking of the organic matrix and the accom-
combustion of the pyrolysis volatiles. The relative panying formation of gas species.
rates of solid oxidation and volatile evolution deter- Several recent detailed pyrolysis models based on
mine which type of ignition occurs first. statistical decomposition of networks or chains that

The pyrolysis process controls the product distri- represent the coal's organic matrix have been pro-
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FIG. 1. Monte Carlo simulations of a square lattice with coordination number of 4 and 55% of the bridges intact,

showNing (a) the I11% of the clusters that are detached from the lattice and (b) the clusters still attached to the matrix
[12].

posed to describe these processes [1-211. This paper ordination number (c + 1). A coordination number
presents the general concepts of these models and of 2.0 represents a linear chain polymer, while higher
describes the relationship between pyrolysis events coordination numbers represent more complex
and the predictions of the models. The relationship cross-linked structures. Network models assign mo-
between pyrolysis and char reactivity is not reviewed lecular weights to the monomers and use statistics to
in detail due to space limitations. determine the rate of breaking of interconnecting

bridges based on some distribution of activation en-
ergies. Oligomers that are disconnected from the

Network Models of Pyrolysis coal lattice by bridge breaking become metaplast and
tar.

Pyrolysis models have progressed from empirical The importance of lattice statistics in the breakup
relationships to models that are based on the chem- of the coal macromolecule is illustrated in Fig. I for
ical structure of the parent coal. There have been a square lattice (coordination number of 4). After
numnerous reviews of the empirical models that em- 55% of the connecting bridges are broken at random,
ploy single reaction rate decomposition, parallel re- only I11% of the clusters are detached from the orig-
action decompositions, and distributed activation en- inal lattice. The fraction of liberated fragments from
ergy rate decomposition. In this paper, we consider a lattice is a nonlinear function of the fraction of rup-
only the recent detailed chemical models. Additional tured bridges. The molecular weight distribution of
comparisons of these network models are available the fragments depends on the coordination number.
[ 13,22]. Three network models of coal pyrolysis that Both Monte Carlo methods and percolation statistics
approximate the breakdown of the macromnoleeular have been used to calculate the relationship between
coal structure are the functional group, depolymeri- the number of ruptured bridges and the distribution
zation, vaporization, and cross-linking (FG-DVC) of fragments. Monte Carlo methods give maximum
model [10,21]; the FLASHCHAIN model [16-18]; flexibility in specifying the initial lattice structure, but
and the chemical percolation devolatilization (CPD) percolation lattice statistics permit a closed-form so-
model [12,14,19]. lution, which reduces computational time. Ap-

The basic approach of the network pyrolysis rood- proaches using percolation statistics assume that coal
els is to treat the coal macromolecular structure as a can be represented as either a linear chain [3-5,16-
lattice of aromatic clusters (monomers) connected by 18] or a loopless tree structure, called a Bethe lattice
aliphatic bridges. The geometry, or degree of branch- [6-9,12,13,19,21]. Since the coal macromolecule is
ing of the network, is expressed by the number of large, the Bethe lattice approximation does not in-
possible attachments per cluster, often called the co- troduce significant error [12]. A model using one
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bridge network with a coordination number for the data. The NMR data indicate an average of 2.5-3
initial bridges and a separate interconnected network bridges and 1.5-2 side chains per aromatic cluster or
with a second coordination number for cross-linking, a coordination number between 4 and 5. However,
referred to as a 2-u model, was developed to increase some of the bridges indicated by the NMR analysis
the flexibility and match both initial extract yields and may actually be loops or substituted rings (such as
final tar yields [13,21]. aniline). Such a high coordination number does not

As shown in Fig. 1, the lattice statistics determine permit accurate prediction of pyridine extracts,
a distribution of oligomers (monomers, dimers, etc.). meaning either that the NMR data include a signif-
The fragment molecular weight is calculated from icant number of loops or that the interpretation of
the oligomer number and the weight of the intercon- pyridine extracts as coming from the lattice is erro-
necting bridges and side attachments. Generalized neous. Alternatively, it is possible that in coal the
vapor pressure expressions have been developed for initial distribution of bridges and side chains is not
coal tar [23,24] based on molecular weight and tem- random, as described by the Bethe lattice. The for-
perature. The vapor pressure of the detached mate- mation of coal may favor clusters that have two
rial determines the partition between the vapor (tar) bridges and two side chains. If this is the case, the
and the liquid (metaplast). Tar vapor is convected appropriate coordination number for network de-
from the particle along with other light gases, while composition is the number of possible bridges, not
the metaplast remains in the char until (a) higher the sum of bridges and side chains.
temperatures are achieved to vaporize more meta- The FG-DVC model specifies yields of all light gas
plast or (b) subsequent cross-linking reactions occur species, with yields determined from thermogravi-
to reattach the metaplast to the char. Since the light metric Fourier transform infrared (TG-FTIR) exper-
gases within the particle will be at the ambient pres- iments [21,27]. This model also correlates cross-link-
sure and the heavy species will be at their vapor pres- ing reactions with evolution of certain light gases
sure (to first order, independent of the ambient pres- [10,15]. Other models describe light gas evolution as
sure), the molar ratio of tar to light gases will part of the network by specifying the number of side
decrease with increasing pressure in agreement with chains per cluster in addition to the number of con-
the observed effect of pressure on tar yields. necting bridges per cluster. This latter approach has

Recent measurements of the chemical structure of been used successfully to determine total light gas
coals and chars by 13C NMR solid-state spectroscopy yields as a function of coal type [12,14,16-19], but it
[25,26] provide input parameters for the network has not been used to calculate individual species.
models. These measurements determine the follow-
ing: the total number of attachments per cluster
(a + 1), the fraction (p) of attachments that are Devolatilization
bridges rather than side chains, the average molec-
ular weight per monomer cluster, and the average The most dramatic effect of coal pyrolysis on coal
molecular weight per side chain. Solvent swelling combustion is the rapid release of volatile matter.
characteristics and pyridine extract yields have also Since many coals may release more than 50% of their
been used to determine input parameters [10,21]. mass as volatile matter, gas-phase volatile combus-

The three network models use several similar as- tion significantly increases temperatures in a rela-
sumptions: (1) a network that decomposes to form tively short time. In certain burner geometries for
fragments when bridges between aromatic clusters pulverized coal, the mass released during devolatili-
are randomly broken, (2) a vapor-liquid equilibrium zation creates a local volume expansion that is large
model to determine the molecular weight and enough to influence near-burner fluid dynamics. The
amount of the cluster released as tar, and (3) a cross- volatile yield also affects the amount of char that
linking model that reattaches the clusters. Differ- must be burned heterogeneously.
ences between the models are related to how the The total volatile yield is a function of coal type,
network is described. The essential features of the temperature, heating rate, pressure, and particle size.
network is the coordination number. A coordination Particle size effects become small at diameters below
number of 2 is assumed in FLASHCHAIN. The co- 200/irm and are usually ignored in pulverized coal
ordination number in FG-DVC is based on the initial applications. Particles larger than 1 mm, such as
extract yield and pyrolysis tar yield. This number is those used in fluidized bed applications, exhibit sig-
near 2 (i.e., chainlike). However, during pyrolysis, nificant internal mass transfer limitations that can
new bridges may form so that the cross-linked char lead to tar secondary reactions and deposition inside
can have a higher coordination number. This variable the particle [28].
coordination number was implemented both with a Although early data indicated no significant effect
Monte Carlo simulation and with the 2-u percolation of heating rate on total volatile yield [29], recent ex-
theory. This feature of FG-DVC allows it to fit extract periments show a small increase in yield with increas-
yields and char viscosity. ing heating rate [30]. Heating rate effects can be ex-

The coordination number in CPD is from NMR plained by the competition between tar formation
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pendent input coefficients directly from solid-state 

11C % Carbon (da) in Parent Coal
NMR data for 16 coals for a range of heating rates (0.5- FIc. 3. Comparison of forms of nitrogen in the Argonne
104 K/s) and temperatures (1000-1300 K) [19]. Premium coals as analyzed byXPS [43] (open symbols) and

by XANES [44] (solid symbols).

(bridge breaking), tar destruction (cross-linking), and
tar evolution (mass transfer), all of which depend dif- to calculate coal-dependent rates and yields of light
ferently on temperature [10]. At high heating rates, gas and tar as a function of temperature, heating rate,
depending on particle size, internal heat transfer lirn- and pressure.
itations become important, and particles may exhibit
large internal temperature gradients [31].

The rate of devolatilization is sometimes thought Nitrogen Release
to have little impact on comprehensive pulverized
coal combustion models, since it happens so rapidly. The amount of nitrogen released from the coal
However, it has been shown that using an unrealistic during devolatilization, along with the form of the
rate can affect the prediction of the flame zone near nitrogen species and transformation to NO, precur-
the burner, particularly in swirling flows [32,33]. De- sors such as HCN and NH 3 , is important to pollutant
termination of devolatilization rates is hampered by control strategies. For example, low-NO, burners
the fact that mass release occurs during particle heat- work on the principle that the devolatilized nitrogen
up, and reported rates at a given heating rate vary by species will form N2 rather than NO, under locally
three orders of magnitude [34]. The large range in fuel-rich conditions. The form of nitrogen in the coal,
reported rates is due to the lack of temperature particularly if it is entirely contained in aromatic
measurements during devolatilization [34,35]. Mea- groups or in peripheral side chains, determines the
surements of particle temperature during devolatili- nitrogen species released during devolatilization.
zation, using FTIR emission/transmission particle Coal nitrogen is thought to occur mainly in five-
cloud measurements [36] and single-particle two- member (pyrrolic) or six-member (pyridinic) aro-
color infrared pyrometry measurements [37,38], matic ring structures [42-44]. Both x-ray photoelec-
have substantially reduced the uncertainty in rates. tron spectroscopy (XPS) and x-ray absorption

The network models have been successful in re- near-edge structure (XANES) spectroscopy indicate
lating chemical features of parent coals to the pyrol- the presence of additional species that may include
ysis behavior. For example, 13C NMR measurements quaternary nitrogen or aromatic amines. Figure 3
of four key chemical features of 16 coals were used shows the quantitative agreement between XPS and
directly (i.e., no adjustable coal-dependent parame- XANES analyses of the major forms of nitrogen in
ters) in the CPD model to predict tar and total vol- the Argonne Premium coals. Pyrrolic nitrogen is the
atile yields for a wide range of pyrolysis temperatures most common form, followed by pyridinic for all coal
and heating rates [19], as shown in Fig. 2. Methods ranks; other forms are relatively small. Davidson [45]
have been developed for both the FLASHCHAIN provides a more detailed review of the forms of ni-
and FG-DVC models for predicting input coeffi- trogen in coal.
cients from elemental composition. These show rea- Nitrogen release during devolatilization is a fune-
sonable success in predicting tar and total volatile tion of final temperature [46,47], even though the
yields [39-41]. A more detailed scheme is required total devolatilization yield may increase only slightly
to deduce input coefficients for models that predict after a certain temperature, as shown in Fig. 4. The
light gas species as well as tar yields [21,40]. Network high-temperature nitrogen release is due to graphi-
models of coal pyrolysis have successfully been used tization-type reactions, where the char becomes
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more aromatic and releases heteroatoms preferen- was developed to describe the conversion of HCN to
tially to carbon. Nitrogen release increases with in- NH 3 inside the coal particle, based on the residence
creasing heating rate and decreases with increasing time of light gas inside the particle [53]. This model
pressure [48]. was used to explain the NH 3 yields observed in TGA

Two questions arise regarding nitrogen release: (a) experiments and in Nelson's fluidized bed coal py-
what are the primary devolatilization products and rolysis experiments [42]. In Nelson's lower-temper-
(b) what are the products after secondary pyrolysis. ature experiments, the NH 3 is formed when the coal
Of interest is the amount of HCN and NH 3 formed, particle is at or near the bed temperature and the
since detailed models exist to describe the reaction heating rate has slowed down considerably.
chemistry of HCN and NH 3 to form NO, [49]. Since Secondary pyrolysis of coal tar and light gases re-
nitrogen in the parent coal exists mainly in aromatic sults in the formation of HCN and soot. Chen and
ring structures, it is logical to assume that the nitro- Niksa [52] showed that the soot can initially contain
gen release occurs mainly in tar molecules during tar a significant amount of nitrogen, since it is formed
release and then as light gases during high-temper- from vaporized tar that often contains most of the
ature graphitization reactions [50,51]. devolatilized nitrogen. At increased temperatures,

At rapid heating rates (>1000 K/s) and tempera- the fraction of nitrogen contained in the soot de-
tures lower than 700 'C, HCN is not a primary prod- creases as heteroatoms are expelled due to graphiti-
uct [50-53]. Even at rapid heating rates, tar release zation reactions. Secondary pyrolysis of tar and soot
generally occurs before any HCN is released. No are, therefore, important to understanding nitrogen
NH 3 is generally seen during rapid pyrolysis in species evolution during volatile combustion.
heated grid experiments [51] or entrained flow ex- The amount of nitrogen evolved at a given tem-
periments [52,53]. However, Kambara et al. [54] re- perature and heating rate is a function of coal rank
cently measured NH 3 yields during devolatilization but is not proportional to the tar yield. Figure 5
at 1000 K/s and correlated these yields with quater- shows total nitrogen release as a function of carbon
nary nitrogen content. Nelson et al. [42] also re- content of the parent coal in flat flame methane
ported NH 3 yields from devolatilization in a fluidized burner experiments [55]. Heating rates in this ex-
bed reactor with estimated initial heating rates of 104 periment were approximately 5 x 104 K/s, and par-
K/s. tide temperatures reached approximately 1400 K.

At low heating rates, such as in thermogravimetric Tar yields from lignites (<70% carbon) are signifi-
analysis (TGA) devolatilization experiments at 30 cantly lower than from high volatile bituminous coals
°C/s, both HCN and NH 3 are measured, with a dom- (75-80% carbon), yet the two coals release compa-
inance of NH 3 rather than HCN [53]. Low rank coals rable fractions of nitrogen during pyrolysis. This is
release a larger fraction of nitrogen as HCN and NH 3  consistent with the observations that low rank coals
than high rank coals at these low heating rates. Bas- (which have low tar yields) release a larger fraction
silakis and coworkers [53] rationalize that the NH 3  of nitrogen as light gas than do medium rank coals
evolution observed at low heating rates is due to the (which have high tar yields). Only the low volatile
conversion of HCN to NH 3 in the pores of the char, bituminous coals (85-90% carbon) exhibit low
with hydrogen donation from the solid char. A model amounts of nitrogen release.
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Softening and Swelling %
0

The swelling of coal is important in combustion 200 400 600
because it affects the char particle's size and porosity 5
and, hence, its trajectory, ignition, reactivity, frag- C T

mentation, and ash size distribution. Swelling occurs
during pyrolysis in coals, which soften, and is caused Log 3-
by the evolution of gases, which form bubbles that Fluidity E
expand within the softened particles. For fluidized or (DDPM) 2-
fixed beds, in which large coal particles heat relatively
slowly, particle diameters can increase. For PC firing, 1
particle sizes may not increase due to the high heat-
ing rates, but significant changes occur in the char 0 -

morphology due to bubble formation. The most com- 200 400 600
plete description of bubble formation is the multi- Temperature ("C)
bubble model of Oh et al. [56], which includes thebubbe mdelof h etal.[56, wich ncldesthe FIG. 6. Comparison of 2-6r percolation theory for liquid
effect of bubble growth, bubble transport to the sur- fr 6co mparison oft2-a perolatity for hquid
face, and diffusion of gases through the liquid. The fraction, tar yield rate, and aieseler fluidity for Pittsburgh
following discussion considers softening first and No. 8 bituminous coal pyrolyzed at 3 [/min-. T = theory;
then bubble formation. E = experimental data [21].

Softening: composition of the network, while the subsequent

The softening of coal is most often measured at decrease is associated with the network reconden-
low heating rates with a Giessler Plastometer [57]. sation or cross-linking.
Data at higher temperatures have been obtained by There are a number of factors that contribute to
Fong et al. [58] in a device designed for rapid heat- the softening of coal. van Krevelen and coworkers
ing. Both the slow and fast heating rate results exhibit [61,62] and Neavel [63] relate the fluidity of coal to
an increase in fluidity as the coal melts and pyrolyzes, the detached molecular fraction called "metaplast."

followed by a decrease as the char solidifies (see Fig. The factors that control the particle's fluidity include
6c). As demonstrated by Fong et al. [58] and Oh et (1) the fraction of metaplast formed; (2) the fluidity
al. [56], the maximum in fluidity is associated with a of the metaplast fraction; (3) the dependence of this
maximum in extractable molecules. Proton magnetic fluidity on temperature; (4) the contributions of sus-
resonance thermal analysis (PMRTA) experiments of pended solids in the metaplast, both "chunks" of char
Lynch et al. [59,60], which measure the fraction of and mineral particles; and (5) the formation of bub-
mobile molecules in the coal, show a corresponding bles due to trapped gases.
maximum in the "mobile fraction" in the coal (Fig. Several models for coal viscosity have been pro-
6a). In the language of the network models, the in- posed, which consider all of the influences except the
crease in fluidity is associated with the thermal de- bubbles. The models were based on the two-step
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process described by Van Krevelen and coworkers 6
[61,62], which assumes the following reactions to oc- a 0 PredictionSO~ in Helitt

cur on heating: 0 5 r in NitrogenIN_

ki k2

coal -- metaplast -- coke. 4 -

Models for fluidity in which the rate of formation and 3-
destruction of metaplast is described by global rates \
k1 and k2 employ empirical expressions for viscosity 2
as a function of the metaplast fraction [53,58,64]. -

Solomon et al. [201 also employ an empirical I
model for viscosity based on the metaplast fraction, 0 2000 4000 6000 8000 10000 12000
but a network model [10,21] is used to predict the Heating Rate (l/s)
metaplast fraction. The metaplast is defined as the Ha
fraction of molecules that are not attached to the 0 Prediction

network. The increase in metaplast is associated with E3 b 0Eperiment
bond-breaking reactions, while the solidification is
due to cross-linking. Low rank coals generally do not 3 - "

exhibit fluidity because the cross-linking reactions
occur at lower temperatures than the bond-breaking i 2-
reactions [15,65].

A comparison of theory and experiment for Gies- 0 u
sler fluidity, tar yield, and the PMRTA liquid fraction 1
is presented in Fig. 6 from Ref. 21. The data are
compared to the FG-DVC 2-or percolation model. 0 10 20 30 40
For a single coal, these network models allow all of Pressure (ATM)
these events to be predicted at arbitrary heating rate FIG. 7. (a) Comparison of experimental data (open sym-
and pressure with a single pair of kinetic rates for bols) and predicted (closed symbols) particle swelling ratios
bond breaking and cross-linking. In Fig. 6a, the lack as a function of heating rate and (b) comparison of model
of agreement at low temperature is due to the fact prediction (closed symbols) and experiment (open sym-
that the model does not include the effect of tem- bols) [71] for swelling ratio vs ambiant pressure, for Illinois
perature on the molecule's mobility. No. 6 coal (nominal rad = 31 um), at a heating rate be-

The use of network models also makes it possible tween 1000 and 1150 K/s.
to understand why weathering (oxidation) is so effec-
tive in reducing fluidity [21]. The apparent reason is
that oxidation leads to low-temperature cross-linking.
Such cross-linking in a two-dimensional network in- According to the above model [68], a bubble grows
creases the coordination number and is thus ex- until the rate of gas filling the bubble equals the rate
tremely effective in reducing metaplast fraction, of diffusion through the wall or else until the pressure

difference across the wall exceeds the critical wall
stress and the bubble ruptures. Experimental obser-

Swelling: vations for the swelling ratio (r/ro) of final radius r to

Swelling models have been developed by several in- initial radius r0 and predictions are presented in Fig.
vestigators [56,66-68]. The basic physics is contained 7a. For a heating rate of 5000 °C/s and below,
in the single bubble model of Chiou and Levine [66], cenospheres are formed, and the swelling ratio can
who considered the swelling rate of a pulverized coal be as high as 4. The model of Oh et al. [56] predicts
particle of external radius r2 with a single void of radius a similar swelling ratio. At heating rates above 5000
r, with spherical symmetry. The swelling they depict 0C/s, the evolution of gas is too fast and the bubbles
is due to the pressure of trapped evolved gases, doing rupture, reducing the swelling. This rupture phe-
work against viscous forces. The pressure within a nomenon, which has been observed experimentally
bubble can be determined from the rate of gas evolu- [67,69,70], is not included in Oh's model [56].
tion predicted by a pyrolysis model and an assumed Figure 7b compares the theory and experiment [71]
diffusion rate of gases through the liquid. In the work for the swelling ratio of an Illinois no. 6 coal as a func-
of Zhao and Best [68], the viscositywas predicted as in tion of pressure. With increasing pressure, the more
Ref. 20. Two additional parameters were also re- volatile components of tar are held in the particles for
quired to describe the effect of bubble bursting that longer times, decreasing viscosity at the critical time
limits swelling at high heating rates: a critical bubble of gas evolution and increasing (r/ro). With a further
wall stress and the wall surface tension, increase in pressure, the compressive external envi-
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roment results in a reduction in swelling. Similar re- When the tar is free to expand in a cloud away from
sults at high pressure were predicted by Oh et al. [56]. the particle, such as in a pyrolysis experiment or in a

fuel-rich cloud, the soot does not form such contrails.
A study employed an FTIR to study soot concen-

Secondary Pyrolysis and Soot Formation trations in flames [81,82]. A comparison of the soot
concentration (proportional to the attenuation of in-

Secondary pyrolysis of coal devolatilization prod- frared radiation across the flame) for three samples
ucts in fuel-rich regions of coal flames produce sig- is shown in Fig. 9a. The demineralized Rosebud
nificant amounts of soot. The soot in the flame region (which has twice the tar yield of the raw Rosebud)
thermally radiates heat to cooler regions of the fur- produces about twice the maximum soot yield com-
nace and therefore cools the flame. Since furnace pared to the raw sample. The char (which has no tar)
walls are generally cooler than the flame tempera- produces almost none. As shown in Fig. 9b, the soot
ture, the presence of soot may cool the flame by sev- production increases with the yield of tar as deter-
eral hundred degrees. Predictions of the flame tem- mined in pyrolysis experiments [81]. This relation-
peratures resulting from volatile combustion must, ship between tar and soot is consistent with other
therefore, account for soot radiation. results [78,79,83].

While soot from combustion of pure hydrocarbons
has been studied extensively, relatively little is known
about coal-derived soot. Coal tar contains aromatic Char Reactivity
compounds with average molecular weights in the
range of 350 amu, and therefore, the mechanism for This section is concerned with the effect of coal
soot formation from coal tar differs from combustion pyrolysis on char reactivity. Space limitations allow
of fuels such as butane and acetylene, which require for only a brief qualitative discussion. There are two
the formation of aromatic rings. Contrails of soot important effects: physical and chemical.
were visualized in single-particle combustion exper- The physical effects determine the char morphol-
iments by McLean et al. [72] and by Seeker et al. ogy. The plastic properties of the coal affect the size
[73]. A single-particle model, including a local soot of the char particle and its pore distribution. The
cloud, was developed by Lau and Niksa [74]. A pore distribution determines the diffusion of reac-
model for secondary reactions of coal tar was devel- tants within the particle, which is often a rate-limiting
oped based on homogeneous cracking of tar pro- step for char oxidation.
duced in a packed bed reactor [75]. The chemical effects of pyrolysis determine the

Pyrolysis-induced soot formation experiments char's intrinsic reactivity. The intrinsic reactivity con-
have shown the beginnings of chemical structure trols the char burning rate in zone I (the kinetic re-
changes leading to soot formation [76-79]. Wornat gion) and affects zone II (the pore diffusion region).
and coworkers [78] defined soot yield as the devol- Theoretically, the condensation of the coal's macro-
atilization products that were not soluble in dichlo- molecular network at the latter stages of pyrolysis
romethane. Their results for a Pittsburgh no. 8 coal leads to a reduction in the active site density, which
indicated that soot yields increased with both resi- reduces the intrinsic char reactivity. Experimentally,
dence time and temperature, while the soluble frac- intrinsic reactivities are observed to decrease with
tion of the coal tars decreased proportionally. Re- the increasing extent of pyrolysis [85-88] and seem
lated experiments by Chen et al., [79], using to correlate with the aromatic hydrogen concentra-
tetrahydrofuran (THF) as the solvent, showed similar tion of the char [84]. In low rank coals (oxygen con-
results for a Pittsburgh no. 8 coal and a Dietz sub- centration greater than 13%), several studies
bituminous coal. Both Wornat's and Chen's data in- [84,89,9'0] show that organically bound alkali and al-
dicate that while soot yields increase with tempera- kaline earth metals (especially calcium) control the
ture, the total yield of soot plus tar remains constant, intrinsic oxidation when measured at low tempera-
as shown in Fig. 8. ture.

Important radiative properties for modeling soot
radiation are the soot volume fraction and the soot
particle size. A thermophoretic sampling probe was Conclusion
used to sample soot and tar samples from a high-
temperature pyrolysis experiment as a function of The pyrolysis process has impacts throughout coal
residence time [80]. Preliminary results indicate that combustion. The devolatilization yield affects the ini-
initial soot particles formed are approximately 25 nm tial amount of char that must be oxidized. The rate
in diameter, while agglomerates reach sizes of 200- of devolatilization can affect the near-burner struc-
800 nm in 130 ms. This is different behavior than ture of the flame. The nitrogen release during de-
observed in the single-particle combustion experi- volatilization is important to low-NOt burner strate-
ments [72,73], where the flame around individual gies. The pyrolysis product distribution, particularly
particles causes soot particles to form in contrails. the amount of tar, affects the amount of soot pro-
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Stephen Niksa, SRI International, USA. I appreciate activation energies that are much higher than those that
your even-handed coverage of the futures that our models have been reported during the past three decades. Now
have in common. However, nominal rates of devolatiliza- that FLASHCHAIN predictions explain the lower rates
tion based on a single first-order chemical reaction that you without resorting to beat or mass transport resistances [1],
report for your BYU and AFR data have magnitudes and there is an enormous body of experimental and modeling
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Flat-flame coal-dust burner and entrained-flow reactor experiments were performed to study the de-
volatilization of size-graded Pittsburgh #8 coal samples under rapid heating, oxidizing conditions. The flat-
flame burner characterized by high heating rates, high temperatures, and short residence times was used
on three different particle-size cuts and two proximate volatiles-to-oxygen equivalence ratios. The en-
trained-flow reactor characterized by high heating rates, lower temperatures, and longer residence times
was used at two different ambient temperatures. Solid samples were collected at different positions and
thereby different residence times in the flames and subjected to ultimate and TGA proximate analysis.
The results indicate that, in rapid heating systems (105 K/s), release of primary volatiles occurred within
5-10 ms. The 10-20- and 30-40-pum fractions gave approximately the same total volatile yield of 50% and
peak temperatures of 1550 K, while the conversion for a 0-75-pum fraction was 5% higher with measured
peak temperatures 100 K higher, indicating in situ combustion of small particles and devolatilization of
large particles. Increasing equivalence ratio lowered the temperatures around 100 K, and volatiles yield
decreased 5%. Devolatilization kinetics for flat-flame burner (FFB) and entrained-flow reactor (EFR) were
fit by the distributed activation energy parallel reaction model using literature data combined with a total
volatile yield estimate of 52% and ultimate analysis data from the flame experiments. Thermogravimetric
analyzer (TGA) devolatilization profiles of the collected samples and comparisons of characteristic tem-
perature and time of devolatilization to time of diffusion were found to be very useful tools in the analyzing
process of the experimental results.

Introduction The purpose of this study is to obtain some basic
experimental data on coal devolatilization for condi-

Knowledge of coal devolatilization kinetics and tions encountered in practical pulverized-coal com-
pyrolyzate composition and yields is important in or- bustor gasifiers. Coal particle devolatilization is ob-
der to determine the energy released by oxidation of served under a wide range of temperatures, heating
volatiles in combustion and gasification environ- rates, and oxidizing conditions. Solid samples col-
ments. This information also facilitates the develop- lected at various residence times are subjected to el-
ment of computational models to predict the per- emental and thermogravimetric analyzer (TGA)
formance of coal-fired furnaces and boilers [1]. analysis to determine changes in composition and
Because of the difficulty in obtaining well-defined characteristic devolatilization profiles. This informa-
flame data for model validation, most prior work [2,3] tion is used to explain the occurrence of various de-
has attempted to determine release kinetics of indi- volatilization events as a function of the experimental
vidual species by methods such as thermogravimetric conditions. Further, an efficient data reduction
analysis with Fourier-transformed infrared gas anal- scheme is developed to determine rate constants
ysis. The results have been used to devise a variety suitable for use in comprehensive coal combustion
of theoretical models for coal devolatilization. models.
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Experimental in a Nordic intercalibration project [5,10]. The gas
and wall temperatures are isothermal: hence, the

In the present study, experiments were performed particle temperature and conversion may be esti-
using a flat-flame coal-dust burner and an entrained- mated using a heat balance and a mass balance equa-
flow reactor to provide a wide range of particle tem- tion. A recent thorough review on the use of en-
peratures and heating rates up to 10o K/s. Flat-flame trained-flow reactors is given in the literature [11].
bumers [4] and entrained-flow reactors [5] have
proven useful in previous coal devolatilization stud- Thermogravimetric Analyzer:
ies. Particulate samples collected at various residence
times were analyzed by TGA to characterize the The solid samples from FFB and EFR were sub-
solid-phase evolution during devolatilization. ject to proximate and ultimate analysis. A Dupont

951 TGA was used for the proximate analysis follow-
Flat-Flame Burner: ing the method proposed by Elder [12]. As the sam-

ple is progressively heated and weighed in the TGA,
The 6.35-cm diameter Meker-type flat-flame the effluent products are carried away in a He-gas

burner (FFB) [4] used is designed to stabilize pre- flow. To determine mass conversion of the char sam-
mixed, laminar coal-dust/oxidizer flames. Pulverized ples from EFR and FFB, the ash tracer technique
coal supplied from a fluidized-bed feeder is mixed was used. Ash tracer technique only gives a quanti-
with oxidizer at the burner inlet. The reactants are tative mass conversion that is prone to error. TGA
passed upward through three stainless-steel screens, mass-conversion curves obtained under inert condi-
which provide appropriate pressure drop and heat tions are used to characterize the solid-phase
loss to anchor the flame: the cold-gas velocity is 10.3 evolution during devolatilization. By registering how
cm/s and the hot-gas velocity is 51.5 cm/s at a tem- the sample devolatilization profiles change, it can be
perature of 1500 K. A typical maximum residence determined if, e.g., missing mass conversion is con-
time is 100 ms. A multiwavelength infrared pyrom- nected with changes in devolatilization characteris-
eter technique [6] is used to measure thermal radi- tics.
ation intensity from the pulverized coal flame. Emis-
sion and transmission measurements at three Test Conditions:
wavelengths (1.6, 2.3, 3.8 pm) are used to determine
the solid-phase temperature. Additional measure- For the FFB experiments cases 1, 2, and 3, a
ments at 4.4 pm, which is within the fundamental PSOC 1549 Pittsburgh #8 coal with elemental com-
CO2 vibration band, and local CO 2 concentrations position [wt% dry ash free (daf)] (C,H,N,S,O) =
are used with the former to estimate the gas tem- (84.07, 5.18, 1.26, 1.25, 8.24) was used in fuel-lean
perature. Temperature measurement methods and conditions with respect to ASTM volatiles (275 mg
error analysis are discussed fully in Ref. 6. Experi- coal particles per liter air) for three different particle
mental methods and uncertainties are discussed in size ranges: 30-40, 10-20, and 0-75 pm. An addi-
Ref. 4. Sample collection and temperature measure- tional case 12 was run under fuel-rich conditions (475
ments were performed in separate runs. By using a mg coal particles per liter air). Entrained-flow reac-
water-quench probe at various heights in the flame, tor experiments (case 4) were performed on a PSOC
solid samples were collected, trapped, filtered, and 1451 Pittsburgh #8 with the elemental composition
subsequently dried in a convection oven. Gas com- (wt% daf) (C,H,N,S,O) = (83.14, 5.81, 1.65, 2.49,
position was measured at all collection points [1,7]. 6.91) in 0.5% 02 in N2 at 810 and 995 K. Table 1
Details of the instrumentation and data reduction summarizes the flame conditions.
may be found elsewhere [7].

Results:
Entrained-Flow Reactor: Measured gas and solid temperatures and mass

A 62-mm-i.d. x 1-m-long electrically heated en- losses are plotted as a function of residence time for
trained-flow reactor (EFR) [8] was used to study de- the three FFB cases in Figs. 1 through 3. Residence
volatilization at longer residence time of 200-700 ms. time is calculated from t = f(dx/v), where v is the
A numerical flow code [9] was calibrated by laser- local gas velocity from the continuity equation taking
Doppler anemometry measurements and used to cal- v = v0[T(x)/T 0 ]. The term vo is the cold-gas inlet
culate particle residence times in the reactor as well velocity of 10.3 cm/s. Calculated particle slip veloci-
as gas velocities at the probe inlet in order to collect ties were less than 0.1 m/s for 75-pm particles and
samples isokinetically. Particles were collected with less than 0.02 m/s for 30-40-pm particles. In all FFB
a 25-mm-diameter, water-cooled, stainless-steel cases, measured solid and gas temperatures peak ad-
probe, quenched with nitrogen at the probe inlet, jacent to the burner screen and decrease down-
and collected in a micro cyclone. The reactor data stream as a result of particle radiation heat loss. All
compared favourably with four other Nordic reactors significant mass loss occurs within 5-10 ms. Figure
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TABLE 1
Conditions for experiments by flat-flame burner (cases 1 through 3) and entrained-flow reactor (case 4),

Case No./ d, Vprodaf Ash,,
Fig. No. PSOC No. (,um) (%) (%)

FFB-11 /1 1549 30-40 0.8 37.6 8.5
FFB-1l/n 1549 30-40 1.4 37.6 8.5
FFB-2/3 1549 10-20 0.8 37.9 11.6
FFB-3/4 1549 0 75 0.8 37.5 9.7
EFR-41/4 1451 25-45 0. 38.9 17.8
EFR-42/4 1451 25-45 0. 38.9 17.8

"IPSOC No.: sample identification: d.: particle-size cut used in experiment: i: equivalence ratio: proximate volatiles to
oxygen; Vpo,,d,f: TGA-proximate volatile yield: Ash,,,: dry ash content in sample: n: not shown.

80- 80.
XXTemp. -1500 Temip. -1500

60 ," 60
•, y 1000,u 1000 l D

4. ,, Volatiles 4 T,,
, 500 ', 500

20 T m20 Tg, . -. H
STs, pyrsme / x TspyronryT r-

TSx , pyrom .y i ,r X
Conv.~ ~ ~ ~ exeiet 

T,!rrer

Con. expermen 
conv.,pemnt

0.000 0.010 0.020 0.030 0.000 0.020 0.040 0.060

time (s) time (s)
FIG. 1. Temperature and mass conversion profiles for FIG. 2. Temperature and mass conversion profiles for

FFB case 11, 30-40 pm particles. Calculated lines: solid, FFB case 2, 10-20-pm particles. Calculated lines: solid, 20
35 pm and dashed, 45 /m. pm: short dashed, 35 pm: long dashed, 75 pm.

4 shows measured and calculated mass conversions
for two EFR cases, one at an ambient temperature in the flame exhibit a devolatilization tail almost iden-
of 810 K and one at an ambient temperature of tical to the unburned coal. This finding suggests that
995 K. TGA low-temperature volatiles are released early in

Each particulate sample was subject to TGA proxi- a high-temperature flame, while heavier fractions of
mate analysis. Besides quantifying proximate com- the coal containing a relatively large amount of oxy-
ponents, i.e., water, volatiles, ash, and fixed carbons, gen and hydrogen remain almost unaffected.
the technique provides a detailed characterization of The measured oxygen concentration in the flame
coal devolatilization characteristics. Representative dropped to below 1.5% within 10 Ins. Gas-species
TGA devolatilization profiles for FFB-processed coal concentrations were rather stable from 10-60 Is.
samples for case 11 are shown in Fig. 5. It can be Typical major gas-species composition was as follows:
seen that negligible weight loss occurs before 5-ms 02 = 1.5%, CO2 = 14%, CO = 5%, H2 = 2%, N2
residence time (samples A, B, C) but that devolatil- = 75%. n-Paraffin hydrocarbon concentrations were
ization is nearly complete by 10 ms (sample E). Even in ppm: CH 4 = 5" 103, C 2 H 6 = 2 102, C3H8 = 10,
though no further mass loss occurs at long residence C4H10 = 10, C5H12 = 2-10, C 6H0 = 2 102. A more
times in the flame, these samples will decompose un- detailed product distribution and flame structure
der TGA conditions. Samples (E and F) taken late data may be found in Refs. 1 and 7.
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pm: long dashed, 50 pm: short dashed, 75 pm. ms in FFB flame: TTGA, temperature/time progress.

80- Mass Conversion:
X Conversion, T=995K

Conversion, T=810K Devolatilization is described by a number of in-
dependent, parallel, first-order reactions, one for

6 T=995K, V=52%, Model each gas species, using a distributed activation energy
:a 60. _ _ T=8IOK, V=52%, Model parallel reaction model (DAEP model):

X dvi, (-E. +_ E , ± V0N - V). (1)

4040 XX -- p RTp
>0 The activation energy of each reaction is described

: / /A by a statistical distribution. Frequency factor, k0o, ac-
20 Ativation energy, El, and standard deviation on acti-

vation energy, uoj, must be known for each species.
A A These are taken from Serio et al. [3] and listed in

Table 2.
" , , ,The initial potential amount of each species, Vo,,

0.0 0.2 0.4 0.6 0. must also be known. Merrick [13] proposed that the

time (s) potential yield of individual volatile species should
be predicted from a set of linear equations by the

FiG. 4. Mass conversion profiles at 810 and 995 K for least-squares solution technique, closing the mass
EFR case 4, 25-45-pm particles, balance by using 10 equations to find the 10 un-

knowns: char, CH 4, C2H6, CO, CO 2, tar, H2, H20,
NH 3 , and HAS.

Theoretical The observation equation is written as follows:

In this section, a theoretical model for predicting A[n,m] b[in] = c[n] (2)

coal devolatilization during combustion is developed A[n,m] matrix of known or estimated coefficients
and later compared with the experimental results, representing the correlations between gas
The model incorporates species-specific rate con- yields and corresponding elements in the
stants taken from the literature along with a new coal, char, and volatiles and total-vola-
FFB-based calibration procedure. The model com- tile/char ratio
plexity is consistent with its intended use in more b[m] solution vector, containing the found gas
comprehensive coal combustor performance codes. yields



AN EXPERIMENTAL STUDY OF COAL DEVOLATILIZATION 479

TABLE 2
Input parameters for the distributed activation energy parallel reaction model: predicted component fractions,

kinetic parameters, and characteristic devolatilization peak temperatures'

Predicted Serio [3] FFB (KJ/mole) FFB/EFR TGA

component fraction fraction E, or, log(ko,)) TmL,,, (K) t(,/2). (ms) T .... (K) t(11 2) (s)

Char 0.40 0.48
CH4 (tight) 0.020 0.018 249.4 16.6 11.5 1517 0.53 965 43.0
CH4 (loose) 0.015 0.014 249.4 16.6 13.2 1284 0.38 863 34.4
CH4 (extra loose) 0.015 0.014 249.4 12.5 13.9 1209 0.34 827 31.6
C,1H2. (aliphatic) 0.19 0.1756 249.4 12.5 14.2 1179 0.32 813 30.5
CO (loose) 0.050 0.05 332.6 49.9 18.1 1170 0.24 873 26.4
CO (tight) 0.022 0.0225 336.7 12.5 15.2 1456 0.36 1030 36.3
CO (extra tight) 0.020 0.0 378.3 12.5 13.3 1908 0.56 1290 50.7
CO 2 (loose) 0.006 0.006 281.4 12.5 16.8 1087 0.24 793 25.7
CO 2 (tight) 0.005 0.005 318.6 16.6 15.0 1399 0.35 985 35.1
Tar 0.43 0.21 230.0 12.5 14.9 1029 0.27 720 26.0
TGA1  0.11
H2 (aromatic) 0.012 0.0080 336.7 49.9 14.0 1596 0.44 1099 41.4
H20 (loose) 0.011 -0.0165 249.4 12.5 13.2 1286 0.38 864 34.5
H20 (tight) 0.011 271.9 12.5 12.8 1451 0.45 964 39.4
HCN (loose) 0.009 0.0020 249.4 12.5 13.2 1286 0.38 864 34.5
HCN (tight) 0.022 0.0050 353.4 39.5 12.8 1859 0.56 1241 50.2
H2S 0.024 0.0064 230.0 12.5 14.9 1029 0.27 720 26.0

"IFFB/EFR heating rate of 105 K/s and TGA heating rate of 0.5 K/s. H2S is in FFB fraction assumed to follow the tar
fraction, since no kinetics for H2S were given by Serio et al. CO (extra tight) is in FFB fraction assumed to stay in the
char or with tar.

c[n] ultimate composition of the coal (daf mass taken from the work of Serio et al. [3] that used a
basis) and estimated correlations between Pittsburgh #8 coal with daf mass-basis composition
elemental composition and specific gas (wt%): (C,H,O,N,S) = (0.821, 0.056, 0.082, 0.017,
yields. 0.024). The gas fractions found by Serio et al. are

listed in Table 2.
To improve the accuracy of the mass balance, two Assuming that the ratios of yields of methane, al-
more constraints are applied, giving 12 equations to iphatic, and H2 to coal hydrogen and the ratio of CO
find 10 unknowns [14]. The unknown components and CO2 to oxygen are constant from one Pittsburgh
(b[m]) are described by their fractional elemental #8 sample to another under rapid heating experi-
mass contributions of C, H, 0, N, and S. One rep- ments, these species are estimated from the species
resentative elemental char composition for all cases found by Serio et al. [3]. Since, in the ultimate anal-
is estimated from the composition of the samples af- ysis, oxygen is measured "by difference," the oxygen-
ter devolatilization has been completed. The tar to-carbon ratio can be regarded as an adjusting pa-
composition is a complex function of the release rates rameter connected to the calculated water yield that
of all individual species and, thus, the heating rate maybe allowed negative (if small). Total volatile yield
and particle condition during a dynamical process, is estimated from the FFB and EFR experiments,
Since measurement of primary tar composition from giving a total volatile yield of 52-60% daf, which is
tars collected in an under-stoichiometrical flame is gvgaotal votie yiel of 5 0 [a,4whih i
not possible, the tar composition is here chosen iden- supported by other studies on Pittsburgh #8 [3,4,5,9].
tical to the composition of the coal particle. If better In the following (see Figs. 1 through 4), all calculated
knowledge of tar composition exists from any partic- devolatilization yields are based on an assumption of
ular experiments, e.g., enrichments in hydrogen, a total volatile yield of 52% daf. The found species
these values should be used. yields are shown in Table 2 as FFB fractions. Species

Also, total volatile yields and correlations between rate constants and characteristic times of devolatili-
specific gas yields and coal composition should be zation given a heating rate are evaluated at the tem-
prescribed. Correlations between the elemental perature of maximum devolatilization rate Tm,,j, de-
composition of the coal and individual gas yields are fining a threshold for devolatilization, and used to
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qualitatively discuss experimental and modelled re- 1
sults. Tmxi• .R in kOfRT--Tmj (5)

Ei /JE,
Particle Temperature:

In order to evaluate rate constants and character- wherek0 ,1 = ko,(uaE#O)/{1 - 0.4{1-exp(-cr•,/2.5)}

istic times of devolatilization, the particle thermal [15]. The half-time of devolatilization at Tmji t(1/2)j

history must be known. The time coordinate for mass is then approximately given by [14]

loss in Figs. 1 through 3 is referenced to the first
measurement point rather than the start of particle t(1i2),i (T..i= In 2 (6)
heatup during the sampling experiments, in accor- (_ E(
dance with measured solid and gas temperatures. In- ko,j exp RTmmX
deed, the first reported temperatures exceed the
threshold for devolatilization, whereas no significant In Table 2, the characteristic temperature, Tmý,i and
mass loss occurs until a few milliseconds later. The the half-time of devolatilization, t(1/2),j are listed for
samples collected early in the flame (samples B and FEB and EFR heating rates at 105 K/s and for TCA
C) show almost no effect on overall TGA-volatile ki- heating rates at 0.5 K/s.
netics, showing that the actual particle temperatures
near the burner during sampling are in general lower For larger molecules like tar, t(9/2 ) 1(Tmf) is a mea-

than the optically measured values because of the sure of the time of decomposition and hence may

influence of p ltiple &me rs anues be coolin indicate whether the molecules react further before

effects. In the absence of complete thermal histob e sn leaving the parent particle as a "primary" product. To

the mean particle temperature used in the kinetic predict the importance of secondary reactions, t(s/2),i,

model was calculated from an energy balance equa- (Tm_,i) should be compared to characteristic times

tion [14] as follows: of diffusion, Tdiff, and convection, 'C..... as proposed
by Russel et al. [16]. For pore sizes at around 0.1-1
,um, typical residence times for small molecules

d = h , T) (<100 amu) are about 1 ms, while, for larger mole-

n CI 'dt cules (100-500 amu) in 100-prm nonsoftening parti-

±VeAT- T74 + Q + Q-+ Q, (3) cles, the typical residence times are 1-10 ms or even
T ) ap longer. Since tsisi(Tm.,i)< 0.6 ms for all components

in Table 2 at heating rates of 105 K/s, secondary ef-
where the thermal inertia is expressed in terms of fects may be of importance in flames for heating rates
convective heat transfer, thermal radiative heat >105 K/s, in particular for tar molecules, according
transfer, heat losses due to vaporization and devola- to the DAEP model. In general, t(1/2)j, (Tm.i) is of
tilization, and heat generated at the particle by het- the order of seconds for heating rates of 0.5 K/s in a
erogeneous reaction. The particle specific heat was TGA: hence, only slight secondary reactivity is ex-
calculated using the Merrick equation [13]. Since, for pected. In the DAEP model, the increasing mass
each experiment, the interpretations of measured conversion with heating rate obtained comparing a

transmission/emission intensities of gas and solids are flame with the TGA is mainly reflected in increased
mutually interdependent [6], a mean temperature of tar release, as found from calibration of the DAEP
the measured solid and gas temperatures is used to model to flame experiments. The large tar fraction
define the ambient gas temperature. Wall tempera- reported by Serio et al. [3] and shown in Table 2
tures are taken to be 25 TC since the flame is optically implies that, in the Functional Group model used by
thin. The calculated particle temperatures are refer- Serio et al., tar and gases are released in competition
enced to the devolatilization time scale in Figs. 1 from the same pool.
through 3.

Characteristic temperature and time of Discussion
devolatilization

For a given heating rate, r, the characteristic tem- The calculated particle temperatures using the
perature of maximum devolatilization rate for a spe- heat-balance equation are shown in Figs. 1 through
cific gas, Tm•,j, is reached within a time 3, assuming different particle sizes. Using the mean

particle size for each of the cases, it is observed that,
""qi = (Tm.xi - To)/If. (4) within 10 ins, the calculated particle temperatures

reach the measured ambient temperatures. For all
For a reaction characterized by an activation energy particle-size ranges used here, the devolatilization is
set (Ei, uEi) and frequency factor koi(CE., 7 0), Tmý,i nearly completed within 5-10 ms.
is found by The predicted coal conversion is compared to
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measured mass loss in Figs. 1 through 3 for the FFB yield at 810 K. This indicates the presence of reac-
(cases 1 through 3) and in Fig. 4 for the EFR (case tions with faster reaction rates at low temperatures
4). Temperature profiles calculated from Eq. (3) for than provided in Table 2, for example, reactions
different particle sizes indicate heating rates of 105 characterized by lower activation energies and fre-
K/s. The corresponding reaction time scale confirms quency factors, i.e., molecules that are adsorbed or
that devolatilization of the mean particle size in each weakly bound to the coal structure. A large scatter is
case is within 5-10 ms. The overall mass conversion observed at 810 K, indicating a large sensitivity of
yield in cases 1 through 3 is well predicted assuming experimental conditions at this temperature, i.e.,
a total volatiles yield of 52 w/w%. Case 11 (30-40pm) temperature, collection efficiency (20-30%). Below
and case 2 (10-20/tm) show an almost identical mass 1000 'C the flow in the EFR is not laminar: hence,
conversion of 50% daf and peak temperature of 1550 particles dispersed right after injection. However, all
K. The results in Fig. 3 for the 0-75 pm particles data points represent rather high devolatilization
show a 5% higher total mass loss and 100 K higher yields, in agreement with literature data [18,19]. At
peak temperature than in the size-graded experi- these low temperatures, major parts of tars and mol-
ments (Figs. 1 and 2). This result stems from the ecules released will be mainly primary since t( 1/2 ),i

abundance of smaller particles (<10pm), which may (Tmxi) >> "rdiff and the release of these gases will
even burn heterogeneously before the large particles not strongly affect char production through second-
begin to devolatilize. For 35-p/m particles, a maxi- ary reactions.
mum char conversion of 5-6% daf during the first 20 For each individual gas, e.g. tar, for a certain high
ms is calculated using char reactivity parameters pro- heating rate, the release of tars is kinetically limited
posed by Mitchell [17]. well below the temperature of maximum devolatili-

In cases 2 and 3, a small decrease in measured zation rate, Tm•.i. Above Tmax,i, diffusion limitations
weight loss is observed at longer residence times. are important when t(1/2),i (Tm•,i) and Zdiff are com-
This is probably attributed to larger quantities of soot parable.
that are collected together with the char. This effect
may influence the result so that a total volatile yield
of 52 w/w% seems to be a minimum for the Pitts- Conclusions
burgh #8 under rapid heating conditions.

In case 2, for the 10-20-p/m particles, the mass Published kinetic parameters and correlations for
conversion is predicted to occur earlier than experi- volatiles partitioning were used together with stan-
mentally observed. The calculated particle temper- dard coal characterization data, TGA observations,
ature used in the model reaches maximum temper- and total yields from flat-flame burner experiments
ature within less than 2 ins. The experimentally to predict devolatilization by a distributed activation
observed devolatilization delay in this case may in- energy parallel reaction model. Predicted devolatili-
dicate some mass transfer limitations not accounted zation behaviour compared favourably with results
for in our calculations. If the dominant pore size is from experiments performed in a flat-flame burner
much smaller than the particle grain size, Knudsen for three different size ranges on a Pittsburgh #8 coal
or structural diffusion becomes important and slows at heating rates of 105 K/s in oxidizing conditions.
down diffusion rate. Another explanation for the de- Primary volatiles release occurred in the flat flame
volatilization delay may be particle clustering or in- within 5-10 ms. With an equivalence ratio of 0.8, the
ternal heat transfer effects not considered here. Fi- 10-20- and 30-40-pm fractions gave approximately
nally, and most likely, nonisokinetic sampling or the the same volatiles yield (50%) and peak temperatures
cooling effect from the water-cooled probe with an (1550 K), while conversions for a 0-75-pum fraction
observed backmixing zone of 1-5 mm is significant were 5% higher, with measured peak temperatures
very near the inlet position in this case. More exper- 100 K higher. Increasing equivalence ratio lowered
imental evidence is needed to define the upper heat- the temperatures around 100 K, and volatiles yield
ing rate limit for thermal and mass transfer resistance decreased 5%.
determining pyrolysis rate. Using the same TGA-derived kinetic parameters

Increasing the equivalence ratio from 0.8 to 1.4 and gas-species yields to predict devolatilization rates
for the 30-40-pim fraction in case 12, the peak tem- in an entrained-flow reactor that is characterised by
perature decreased around 100 K relative to case 11, heating rates as high as for the flat-flame burner but
and volatiles yield decreased 5% [14]. lower temperatures showed that the model was un-

In case 4 (EFR experiment), the volatile yield of able to predict the early release of volatiles at the
42-47 w/w% at 995 K for residence times of 200- lowest temperature of 810 K. At this low tempera-
500 ms is well predicted by the DAEP model with ture, the volatile release was higher than expected
an assumption of a total pool of 52 w/w%. These from the TGA-derived devolatilization kinetics. This
experimental values compare well with data obtained shows that the effect of high heating rates on the
with wire mesh [18]. As seen from Fig. 4, the cal- devolatilization process already is significant at low
culations significantly underpredict the early volatile temperatures, indicating that, at these temperatures,
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VOLATILE MATTER RELEASE, PARTICLE/CLOUD IGNITION,
AND COMBUSTION OF NEAR-STOICHIOMETRIC SUSPENSIONS

OF PULVERISED COAL
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Newcastle 2308, Australia

The ignition characteristics of a cloud of pulverised coal flowing in a drop-tube furnace are examined.
Cloud ignition is defined at the minimum gas temperature at which significant oxygen consumption occurs.
This is accompanied by the generation of carbon dioxide and oxides of nitrogen, and the formation of a
visual flame. Cloud ignition occurs at several hundred degrees above that for the ignition of some single
coal particles. For three coals the cloud ignition temperature decreased with oxygen partial pressure, but
was not sensitive to fuel equivalence ratio or particle size (as has been observed for single particles).

For the three coals examined, pyrolysis measurements show the existence of a tar/light hydrocar-
bon/oxygen mixture at the cloud ignition temperature. On combustion, the accompanying temperature
increase results in coal burnoffs from 35 to 65% even though the combustible volatile matter prior to the
ignition event corresponds to less than 6.5% burnoff. Different trends of tar and methane combustion and
soot formation are observed in the experiments as gas temperature and oxygen levels were changed;
however, significant tar combustion was always observed at cloud ignition. A mechanistic model is proposed
to explain the observations.

Ignition Measurements size fractions (63-90, 90-125, 125-150, 150-180,um)
of the three coals of Table 1. The lower ignition tem-

Previous measurements [1,2] have characterised peratures (T8 and Tf) have previously been taken to
the ignition behaviour of pulverised coal fed to a fur- characterise coal ignition [3], but are associated [1,2]
nace as a pulse with a mass of 2-10 mg or continu- with the ignition of a small proportion of the coal
ously with air in near-stoichiometric proportions. In fed, in that a single flash is observed for several thou-
the latter-continuous measurements-the temper- sand particles fed and no oxygen consumption is
ature of the drop-tube furnace was increased at a measured. At the cloud ignition temperature, ob-
slow rate (10 °C/min) to establish a continuous steady served at gas temperatures some 200 'C higher, all
state. A visual record (by video camera) and gas com- particles are observed to ignite in an explosion-like
position measurements of 02, CO2, CO, and NO event with significant combustion, and therefore with
monitored the associated combustion. A schematic energy generation. The present paper is concerned
of the apparatus used for the continuous experiments with these events, their association with volatile mat-
is shown in Fig. 1. ter, and their potential influence on ignition in pul-

Events identified at several gas temperatures are verised coal flames.
defined as follows [1,2]: The cloud ignition measurements were made with

excess air levels of about 40%. As the coal is fed cen-
1. Tg--the minimum gas temperature to observe an trally with about 20% of the air with the balance

ignition "flash" associated with particle ignition in mixed radially in this flow, no exact estimate of the
the pulse experiment. dust concentration at the location of ignition is ob-

2. Tf-the minimum temperature to observe a tained. Rather, conditions reported here are those
"H4ash" from particle ignition in the continuous ex- calculated for the resultant mixtures.
periment.

3. Ta-the "cloud ignition" temperature at which the
visual record shows that the coal plume ignites
with a significant reduction in the measured 02 Coal Pyrolysis and Combustion Experiments
levels (noted T0 2) and the generation of several
hundred ppm of NO. In pyrolysis measurements, size-graded pulverised

coal was fed with high-purity nitrogen to a drop-tube
Figure 2 gives these temperatures for a number of furnace, to achieve similar temperatures, heating

485
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PRIMARY STREAM rates, and holding times as for the continuous igni-
(p.f. + 20% air)

SECONDARY STREAM tion measurements. Typically, for a 150-ym particle
(bala..e oi heated to 700 K, the heating rate is estimated to be

4000 K/s (100 ms to reach 700 K), the holding time
at this temperature was 300 ms, and the residence

HMIXING OF SECONDARY AIR time within the furnace was 400 ms. After passingINqTO PRIMARY STREAM

OF DROP-TUBE FURNACE through the furnace the char was separated from the
gas, with the gas, passing through a cell (heated to a
fixed temperature of 200 °C) located in a Fourier
transform infrared (FTIR) spectrometer, for identi-
fication of H20, C0 2 , CH 4, C2H4, CO, and tars and
then to a gas chromotograph for analysis of CH 4. The
sampled char was mounted with KBr for FTIR anal-

GASS O COUSTIN ysis. Experiments were also carried out with 0 2/N 2
OR SAMPLING PRODUS mixtures to examine the extent of combustion of theORPYROLYSIS PRODUCTS

OBSERVATIONS OF lyVISUL EV~rrSpyrolysis products.
The temperatures reported here are the gas tem-

FIG. 1. Diagram of the experimental apparatus used for peratures that are measured in the furnace, with inert
the continuous ignition experiments. gas flowing through but without combustion. The

particles have adequate residence time in the furnace
to heat to this temperature (<100 ms) in both the
pyrolysis and combustion experiments. As the igni-
tion experiments were undertaken as the furnace is
heated slowly, the ignition temperatures correspond

6so -to the minimum temperatures necessary for ignition.
600

5so -ilnn._• •

5Soo x Results

550- 0

500 •Pyrolysis:
Soo . LEGHCRE

450 i --n x xREY The FTIR spectra at intervals of 50 °C in gas tem-
<* TO2 perature, given in Figs. 3 through 5, indicate that the

600 - * Tc pyrolysis products are progressively evolved as tem-
PARTICLE IGNITON perature increases in the following sequence: CO 2

So0 BULAH 0 Tf (2300 cm-') and H20 (3400-4000, 1200-2000

400 x cm-1), then the aliphatic tars (-2940 cm- 1), then
__n_______-_O ______ CO (-2140 cm'- ), and then CH 4 (3025 cm-1). For

so 100 150 200 Beulah lignite, this sequence and the temperatures
PARTICLE SIZE gm for initial detection correspond to those found for

FIG. 2. Particle and cloud ignition temperatures (To,, Montana lignite [4]. The spectra for Blair Athol and
T,--cloud ignition; Tf, T--particle ignition). Leigh Creek coals also show ethene peaks. No peaks

TABLE 1
Coal Analysis (As Fired)

Proximate analysis
(db) Ultimate analysis (db)

H20 (ad) Ash VM FC C H N S 0

Beulah lignite 13.5 9.9 51.1 39.0 63.8 4.3 0.84 0.6 20.7
Leigh Creek brown coal 7.9 22.3 34.9 42.8 54.2 3.06 1.26 0.83 15.3
Blair Athol subbituminous coal 6.4 8.6 32.1 59.4 75.8 4.23 1.65 0.32 9.31

Note: db, dry basis; ad, air dried; VM, volatile matter; FC, fixed carbon.
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FIG. 3. FTIR gas spectra of the pyrolysis products (re- FIG. 5. FTIR gas spectra of the pyrolysis products (re-

leased at the indicated temperature) from Leigh Creek coal leased at the indicated temperature) from Blair Athol coal
(T, = 660 °C). (T, = 660 °C). Also shown are the theoretical curves for

soot transmission, at various mass % conversions of coal
(daf) to soot.

105
450 °C

zii0 values of C,. The results indicate that at the cloud
94 ignition temperature for Blair Athol (680 'C), in ex-

< ' 2'29 cess of 2% of the coal has been converted to soot.
r igi The FtR spectra for the chars of the three coals
nM 83 (collected during the pyrolysis experiments) showed
z
< no significant change in the peak at 800 cm ', typical
W- of aromatic structures, with increasing temperature,

--72 -indicating little release of aromatic tars during py-
rolysis. This is consistent with the findings of others
[6], that low-temperature tar may have a highly ali-

61 phatic nature.
In the FTIR spectra of the pyrolysis gases, the area

, I I I of the aliphatic hydrocarbon peak at 2940 cm - was

5000 3600 2000 1200 taken as a qualitative measure of the tar evolution
WAVENUMBER cm"I from the three coals. By comparing the ratio of tar

to methane yields reported for Montana lignite [4]
FIG. 4. FTIR gas spectra of the pyrolysis products (re- with those found for Beulah lignites, at various tem-

leased at the indicated temperature) from Beulah lignite peratures, a quantitative measure of the tar released
(T' = 600 °C). during pyrolysis could be obtained for this particular

fuel.

are evident for aromatic tars (expected at -3000 Combustion:
cm-5). The development of a sloping baseline evi-
dent in Fig. 5 for Blair Athol coal, which is quite Figures 6a through 6c give the estimated yields of
marked at 700 'C, is consistent with the presence of tar and the measured CH 4, being the major hydro-
soot in the gas sample. carbon gas, for pyrolysis (0% O2) and during com-

Also shown in Fig. 5 are theoretical curves for soot bustion, with a summary of the reactions observed
transmission based on the known spectral transmis- given in Table 2. The figures show a general increase
sivity of a soot cloud, for comparison with the sloping in both tar and methane yields with increasing tem-
baseline. These curves are based on the following perature. There were significant differences found in
equation [5] for transmittance (T) as a function of the combustion behaviour of the three fuels.
wavelength [2]: T = exp( - CoCL/p8 2ud), where the Beulah lignite (Fig. 6a), in the presence of oxygen,
empirical constant Co is taken as 7 [5], p, as 2 X 10i showed no tar reaction (depletion) at temperatures
kg/mi, d as unity, L as the path length of the gas cell below its cloud ignition temperature and no tar
(0.16 m), and C, as the mass conversion of the coal cracking. In fact, tar reaction commenced at a tem-
to soot. The curves shown in Fig. 5 are for different perature in excess of the cloud ignition temperature
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Fin. 6. (a) Methane and tar yields for Beulah lignite under pyrolysis; 10% 02 and 20% 02 combustion conditions. (b)
Methane and tar Yields for Leigh Creek coal under pyrolysis, and 10% 02 combustion conditions. (c) Methane and tar
yields for Blair Athol coal under pyrolysis, and 10% 02 combustion conditions.

TABLE 2
Combustion Characteristics of the Three Fuels

Fuel Tar reaction Tar cracking Soot formation Methane reaction

Beulah lignite at T, no no at T,
Leigh Creek below T, yes no above T,
Blair Athol below T, yes yes none

(--600 'Q) for the lower oxygen (10%) containing tar mass concentrations existing within the furnace.
environment. The tar yields at a temperature just be- These mass concentrations indicate that Buelab lig-
low that where tar reaction is observed, together with nite tar has a flammability limit (i.e., it does not react
the known air/fuel ratio, may be used to calculate the at lower concentrations) of 0.08% v/v in air and
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0.13% v/v in 10% 0 2/N 2 (based on an estimated tar tar combustion. Tar was always associated with the
molecular weight of 200). A similar reduction was cloud ignition of all three fuels.
also observed for methane combustion.

Leigh Creek tar (Fig. 6b) reacted at temperatures
below the cloud ignition temperature, with the pro- Characteristics of Cloud Ignition
portion combusting increasing significantly with tem-
perature. This behaviour was very different to that of A series of experiments was undertaken to deter-
Beulah lignite tar. The flammability limit for Leigh mine the sensitivity of the cloud ignition temperature
Creek tar was apparently reached at temperatures to adjustable experimental variables-coal particle
below that of cloud ignition. Tar cracking was ob- size (from 70 to 180 pm), inlet 02 partial pressure,
served for this fuel. Methane combustion com- and fuel equivalence ration (from 0.7 to 3.5) (by vary-
menced at temperatures in excess of the cloud igni- ing the coal feed rate at fixed air flows). The repro-
tion temperature. ducibility of the observed cloud ignition temperature

Blair Athol (Fig. 6c) showed similar behaviour to was ± 20 'C at fixed conditions. For the three coals,
Leigh Creek in terms of the tar reaction; however, only the 02 partial pressure was significant, with typ-
there was no significant consumption of methane at ically a 150 TC reduction in T, being noted for inlet
the temperatures of the experiment. In addition, sig- 02 increasing from 10 to 50%. This trend has been
nificant tar cracking was observed at higher temper- predicted previously for heterogeneous ignition, but
atures, with the formation of soot. Soot was not de- the sensitivity of particle size is also expected for this
tected in the presence of oxygen for this fuel. ignition mechanism [3] but vas not observed for the

cloud ignition of the three fuels. Experiments with
pulverised petroleum coke (of 9% volatile matter
content) did reveal a 50 'C increase in the cloud ig-

Combustion at the Gas Temperature Where nition temperature with particle size, indicating the
Single Particle Ignition and Cloud Ignition possibility of heterogeneous ignition for this fuel [7].

Are Observed At low temperatures, prior to cloud ignition in the
combustion experiments, the extent of combustion is

At the temperatures for single particle ignition quantified by the oxygen consumption of the contin-
(Tg), little or no evolution of combustible volatile uous ignition measurements. For the three coals, this
matter is observed for any of the three coals. There was less than 2%, even though combustible matter
is, therefore, little oxygen (less than 2% of that avail- was present. The pyrolysis measurements quantify
able) consumption at these temperatures. Together the proportion of coal released as volatile matter and
with visual observations, this indicates that ignition its composition. At cloud ignition, as given in Table
at these temperatures is isolated, involving only sin- 3, this proportion corresponds to a coal mass loss
gle particles and only a minute proportion of the total from 0.9 to 5.5% for the three coals, which would
particle population (estimated as 1 in 10,000 to give an adiabatic gas temperature rise from 60 TC to
100,000). 390 'C. The burnoff (as estimated by oxygen con-

Cloud ignition appears to be an entirely different sumption) observed in the combustion experiments
event, wherein the entire coal plume ignites in an ranged from 35 to 65%, greatly exceeding the mass
explosion-like phenomenon with significant heat re- loss due to the volatile matter released at the cloud
lease (as indicated by a related high visible radiation ignition temperature. This is apparently due to the
emission) and oxygen consumption. Although the re- increased gas temperature and particle temperatures
action behaviour of the released volatiles is different following ignition, resulting in further volatile release
for the three fuels, at varying gas temperatures there and char combustion. (The relative contributions of
are several common features. During the pyrolysis these forms of mass loss are, however, undeter-
experiments, as the temperature increased, the first mined.)
combustible volatile species to be released was found To understand the mechanism of cloud ignition,
to be tar, being first detected at temperatures 100 the cloud must be clearly defined. As pulverised coal
'C-150 TC below that at which cloud ignition is ob- particles are fed into a hot gas stream (the "ambient
served (Ta). At the cloud ignition temperature, sig- gas"), they are heated, and some particles ignite.
nificant tar has been released (tar being the dominant During the heating process, each particle evolves its
combustible species) with, perhaps, some hydrocar- own volatile matter. These gases easily mix to result
bon gases. For the three fuels, the combustion of the in a cloud containing coal particles and their com-
tars was always observed at T, (in some cases it oc- bined evolved volatiles. The "cloud," a volume con-
curred at lower temperatures), and rapid eonsump- taining particles and volatiles, is heated by the am-
tion was observed at higher temperatures. Significant bient gas and may be considered in the same way as
methane combustion was not always observed at the an individual particle is in the analysis of ignition in
cloud ignition temperatures. Complete methane terms of the rates of energy release and generation.
combustion was generally associated with complete A treatment along these lines has been undertaken
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TABLE 3
Characteristics Estimated at the Temperatures of Cloud Ignition (T,)

Pyrolysis

% of coal released as volatiles Adiabatic Combustion

Volatile temp. Burnoff at
Coal T, °C Tar CH4  Other HC's burnoff %" rise' 'C T, %v

Leigh Creek 545 0.9 + 0.1 0.005 0.2 0.9 60 65 ± 15
Beulah lignite 580 2.5 ± 0.5 0.2 0.2 3 180 65 ± 15
Blair Athol 680 5.5 ±+ 0.5 0.3 0.7 6.5 390 35 ± 15

"-Estimated from pyrolysis volatile yield.
"Calculated assuming combustion of the released volatiles.
cEstimated from the 02 consumption at T, (combustion experiments).
'With an additional, estimated, 2.0% of coal converted to soot (Fig. 4).

in the development of a mathematical model of the 1. Sufficient tar is required to produce a flammable
cloud ignition process [7]. The model incorporates gas mixture. (This appears as the limiting factor
the effects of transient heating. Such a model repro- for Beulah lignite, Fig. 6a.)
duces the sensitivity trends outlined earlier for par- 2. The energy release rate from the tar reaction must
ticle size, oxygen partial pressure, and stoichiometry, exceed the energy loss rate from the cloud vol-
which differ from the sensitivity reported for single ume. (This appears to be the limiting factor for
particle ignition [3]. The cloud here is represented Blair Athol and Leigh Creek, Figs. 6b and 6c.)
in the model as a spherical volume, initially contain- The coals give different cloud ignition temperatures,
ing coal particles and air, which is heated by the sur-
rounding ambient hot gas. As the cloud heats, the an observation that may he explained by differences
particles may release combustible volatile matter or in tar type and reactivity.
combust heterogeneously, and the temperature of This conclusion is the same as that of Hertzberg
the cloud gas therefore increases, often slightly above [8] for expeniments sn which the autoigmtion ten-
that of the ambient gas. If the rate of energy loss to perature of a cloud in a spherical "bomb" was found
the ambient is in balance with the rate of combustion to be controlled by the coal pyrolysis.
energy release, no ignition is deemed to occur. A
slight further increase in the ambient temperature
results in a rapid increase in the combustion within Conclusions
the cloud volume and therefore its temperature (for
the cloud, energy release rate > energy loss rate). An experimental study has identified the ignition
This ambient temperature is then the cloud ignition characteristics of a flowing cloud of pulverised coal
temperature. Subsequent to this event, the experi- particles in a drop-tube furnace, defined as the min-
mentally determined burnoff of the coals range from imum gas temperature for significant oxygen con-
35 to 65%. Experimentally, at the cloud ignition tem- sumption, CO2 and NO, generation, and the for-
perature, there is also an observed change from in- mation of a visual flame.
dividual particle ignition to an instantaneous ignition The formation of a flammable mixture of tar and
of the entire coal particle population. Both the model oxygen is shown to be associated with ignition. For
and the pyrolysis experiments indicate that tar is the three coals, at the gas temperatures for cloud igni-
dominant combustible gas species at ignition. The tion, pyrolysis experiments indicate a coal mass loss
model also predicts that tar release (and combustion) of from 0.9 to 6.5% as a result of the measured vol-
is associated with the ignition event. The results are atiles that have been released. Following ignition at
consistent with the following mechanism: heated par- this condition, the oxygen consumption corresponds
ticles release tar. Individual particles ignite, but there to coal burnoffs from 35 to 65% because of the in-
is insufficient combustion, and therefore energy re- creased temperatures established during the ignition
lease, prior to cloud ignition. When the rate of cloud process. The study did not identify the extent of vol-
energy release exceeds the rate of cloud energy loss atile or char combustion comprising these burnoff
it ignites. This may be initiated by the tar reaction levels.
when two criteria are simultaneously satisfied: For the three coals examined, different sequences
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COMMENT

Larry Baxter, Sandia National Laboratories, USA. The bility limits? Does this bear on the somewhat counterin-
material you refer to as tar is reported to be highly aliphatic tuitive interpretation of tars (in the traditional sense) ini-
and is measured by the strength of the 2940-cm- 1 C-H tiating ignition?
stretch in the FTIR spectrum. This would include many of Author's Reply. GC analysis of the pyrolysis gases
the light gases other than methane (C2H4, C3HA, C4H 1 Q,...) showed that methane was the dominant light hydrocarbon
that do not condense at room temperature. Could the gas, some 10 times greater than other light gases (C,-C 5 ).
events leading to cloud ignition, i.e., consumption of what It was therefore assumed that the C-H stretch at 2940
you call tar, be equally well described as ignition of C2-C 4  cm- 1 in the FTIR spectrum was due primarily to long-
aliphatic gases? If so, can the early reaction of these gases chain (C, 5-C3,) aliphatic hydrocarbons rather than light
relative to methane be a reflection of their lower flamma- gases. This hypothesis is being tested in present work.
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THE EFFECT OF PULVERIZED COAL INJECTION AND VOLATILE MATTER
CONTENT OF COAL ON COMBUSTION CHARACTERISTICS AROUND

THE RACEWAY ZONE IN THE BLAST FURNACE

HIDEO TSUGE, TAKAO YOSHIDA, HIDEYUKI AOKI AND TAKATOSHI MIURA

Department of Biochemistry and Engineering
Tohoku University

Aoba, Ararnaki, Aoba-ku, Sendai, 980 Japan

A two-dimensional mathematical model is developed to describe transport phenomena in a packed bed
of coke in front of a blast furnace tuyere with and without pulverized coal injection (PCI). The model
consists of two submodels: one is a pulverized coal (PC) combustion model in the blowpipe and the other
is a combustion model in the packed bed of coke where the thermal radiation is considered. In this model,
coke particles in the raceway are treated as a continuous phase, and both phases of gas and coke particles
are calculated by using the Eulerian approach.

This model is applied to practical operating conditions in the blast furnace. As the residence time of PC
particles in the blowpipe is quite short, its burn-off in the blowpipe is very small, and the PC particles
mainly burn in the raceway cavity. While the bum-off of PC particle increases with the volatile matter
content, some particles reach the inner wall of tuyere when high-volatile coal is used. When PC is injected
into tuyere, more oxygen is consumed, and a higher temperature rise appears at the region closer to the
tuyere tip in the raceway than those of all coke operation. The temperature profiles in the raceway with
PCI and without PCI are different from each other due to the difference of flow regime.

Introduction assumptions are used in the previous models, espe-
cially near the raceway zone. An accurate mathe-

The operation with pulverized coal injection (PCI) matical model is furthermore required to evaluate
into a blast furnace tuyere is employed for reducing the effect of a large amount of PC and the use of
the coke feed rate. It is known that operating con- rich oxygen on the blast furnace operation.
ditions such as kinds of coal, pulverized coal (PC) In this study, we develop the simulation model to
diameter, and the injection method of PC influence predict the transport phenomena near the raceway
the combustion behavior in the raceway zone. When zone, where the effects of the volatile matter content
the feed rate of PC increases, the unburned char ac- in coal on combustion behavior and the operating
cumulated in the furnace causes the permeability condition with and without PCI on the shape of the
through the coke bed to decrease. It follows that the raceway and distributions of temperature and gas
stable state of operation cannot be achieved. Few species concentration are examined.
experimental attempts such as in recent literature [1]
are made to examine the PCI method and the limit
of the PCI rate in the blast furnace. In order to pre- Model Formulation
diet the unburned char production at PCI operation
and to clarify the limit of the PCI rate, it is important This model consists of two submodels: one is a PC
to analyze the heat and mass transfer phenomena combustion model in the blowpipe and the other is
around the raceway zone. It is, however, too difficult a combustion model in the packed bed of coke. The
to obtain the accurate information in the blast fur- blowpipe model calculation is carried out on an axi-
nace especially in the raceway zone. symmetrical coordinate system, and the coke bed

A mathematical model provides a useful and pow- model is on a rectangular two-dimensional coordi-
erful tool for investigating the effect of uncertain fac- nate system, where the calculated results of the blow-
tors on the combustion characteristics of pulverized pipe model are used as inlet conditions. The motion
coal. Concerning the mathematical models, several of PC particles in both submodels is solved by the
studies are carried out on the one-dimensional anal- Lagrangian approach, coke particles in the raceway
ysis of coke combustion [2] and PC combustion [3], are treated as a kind of fluid, and the flow field of the
and all models analyze the phenomena of gas flow, coke bed is calculated by using a two-phase flow ap-
reaction, and heat transfer [4-6]. Drastic simplifying proach.
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494 COAL AND ORGANIC SOLIDS COMBUSTION

Governing Equations: allel, first-order reactions [101, where the rate con-
stants have Arrhenius form, the kinetic parameters

The general form of conservation equations of are taken from Ubhayakar et al. [11], and the mass-
mass, momentum, and energy for gas and the packed stoichiometric factors are taken from Burgess et al.
bed of coke is [12].

S1a aConcerning the heterogeneous reactions of char,
- (a pi Uj Oi) + (4( a pi Vi O.) = -b - hoth in the blowpipe and in the raceway of the coke
1Xaa ax bed, the overall rate for char-oxygen reaction at the

1 a • + q (1) external surface area depends on a combination of
+ - • - O -) + S, S" (1) chemical reaction and diffusion of oxygen to the par-

f ay a 8~tidle surface. The rate coefficients are taken from
Field's [13] experimental data.

where the general variable (Pi (i = gas, bed) is unity

for the continuity equation and otherwise represents
one of the dependent variables as follows: the gas Particle heating
velocity components (Ug,Vg), the velocity compo- The heat convection, radiation, heat release by
nents of coke particles (Ub,Va), turbulent energy chemical reaction and latent heat of devolatilization
(k,), eddy dissipation rate (et), enthalpy (hg, hb), and are considered in the particle heating process. Al-
mass fraction of chemical species (Tn :j = volatile though the fraction of the combustion heat trans-
matter, 02, N2 , CO 2, H20, CO, and H2). The term ferred to the particle from volatile matter and char
C is taken to be y on the axisymmetrical coordinate depends on practical operating conditions such as
and 1 on the two-dimensional one; Poi is the temperatures of particle and surrounding gas, these
exchange coefficient; S4 i is the source term in the gas are assumed to be 0.3 and 0.5, respectively, for sim-
and solid phases, and S,], is the source term between plification of calculation based on the analysis of the
PC particle and the gas phase whose coupling is es- laminar-flow furnace [9]. The latent heat of devola-
timated using the PSI-cell method [16]. Values of F ' tilization is assumed to be 626.2 kJ/kg determined
and S~i for the coke bed model are shown in Table from the experimental data of Baum and Street [14].
1. The solution method for the blowpipe model is
the same as our previous work [7]. The partial dif- Particle motion
ferential equations (1) are calculated simultaneously The particle velocity in the blowpipe and the race-
with the method of Patankar [8]. way can be calculated from the equation of motion.

Instantaneous gas velocity in each direction is ob-
Pulverized Coal Combustion Model in the tained by adding the mean velocity and turbulent
Blowpipe: velocity fluctuation, which is chosen randomly from

an isotropic Gaussian distribution with standard de-
The combustion of PC is a complicated process viation of (2k,/)°5. The drag coefficient of particle

because of involving turbulent flow, chemical reac- is a function of particle Reynolds number and taken
tion, and heat and mass transfer. Simplification of the from Clift et al. [15].
governing equations is achieved by adopting the fol-
lowing assumptions:1.wing The mpaticis: sCombustion behavior of pulverized coal
1. The particle is spherical. Particles are divided into 10 classes in the initial
2. There is no breakup or coalescence of the particle, injection point and 10 classes in the initial particle
3. The particle is initially composed of raw coal, diameter by 10 ,um based on measured particle di-

char, and ash. ameter distribution (from 10 to 100 pm), and trajec-
4. Raw coal is composed of volatile matter and char; tory is calculated for three representative particles

char is considered to be pure carbon. for each class. The particle interacts with gas flow
5. Particle temperature is uniform within the sphere. field producing source terms Sdj of mass, momen-

Using the above assumptions, we have carried out tum, and enthalpy in Eq. (1) [16].
the prediction of the combustion characteristics in
the one-dimensional laminar-flow furnace [9] and Combustion Model in the Coke Bed:
the two-dimensional turbulent-flow furnace [10] and
have confirmed the performance of the model.

Chemical reactions

Chemical reactions In the coke bed model, the following seven reac-

A PC particle injected into the blowpipe is heated tions are considered (VM means volatile matter):

by the radiation from surrounding gas and wall and 1. VM + a 02 - Products.
the convective heat transfer; then it releases the vol- 2. CO + 1/2 02 - CO2 .
atile matter. Coal devolatilization is modeled by par- 3. H2 + 1/2 02 -- H20.
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TABLE 1
Source terms in the coke bed model

i 0i• TO SIU

Gas 1 (mass) 0 0

( u5 ) + av) -a. p -s,,

vK X'"° ; ) + a 8 V' - a. aP - Sbo
ax y a ay ay) a y

in, p D<, R,

cp5Dh. )--- Q,, + R? - v.%

k, Cýff G - PE
ok

EaC, C~pE,)

Bed 1 (mass) 0 0

S11b (U U)+ ( ) -ap+ Sb,,+ S+,
a {U au5b) a (U aV5\ alL 1,-S1

Vs Pb ax" ay aJ ay\s~ -ay-S~S

hb Ai - Q, + YRJQ, -V

C, C, a,, U,

1.44 1.92 0.90 1.22

C = pf {2 [(' U)' + (a']+ (aU- I arV~)2

4. C + 1/2 02 -* CO. Hydrogen oxidation (reaction 3)
5. C + 02 - CO2 -. It is reported by He et al. [31 that hydrogen is not
6. C + CO2 -- 2CO. found at the atmosphere of oxygen concentration less
7. C + H20 - CO + H2. than 5 mol.%. For the region of the local oxygen

concentration greater than 5 mol.%, the rate is de-
Combustion of volatiles (reaction 1) termined from the eddy-dissipation model, while no

The single-step overall reaction is assumed in the oxidation reaction on hydrogen occurs for that less
combustion process of volatiles. The chemical reac- than 5 mol.%.
tion is considered to occur rapidly, and thus, the
overall rate is controlled by a turbulent diffusion pro-
cess where the eddy-dissipation model [17] is util- Char heterogeneous (reactions 4 through 7)

ized. Char heterogeneous reactions are assumed to be
first-order irreversible with respect to the gas con-

CO oxidation (reaction 2) centration to react and controlled by a combination
The reaction rate of CO oxidation is taken to be a of chemical reaction and diffusion of reacting gas

smaller value between that estimated by the eddy- within the micropore and to the boundary layer of a
dissipation model and the chemical reaction rate particle surface. Especially for the coke oxidation re-
measured by Howard [18]. actions, (4 and 5), the experimental data are reported
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by Field et al. [19] for the overall carbon consump- 4. The boundary surface surrounding the raceway
tion, i.e., the sum of reactions 4 and 5. The ratio zone is formed with coke particles and emits and
CO/CO 2 at the coke surface is then given by Arthur's reflects the radiant energy.
data [21]. The rate constant of reaction 6 is adopted
from Heynert et al. [20] and that of reaction 7 from Radiative transport equation
Kuwabara et al. [2]. The radiative intensity transport including PC is

governed by the radiative transport equation (RTE)
Mass transfer rate estimation [26]. Based on the above assumptions, the RTE also

The effective diffusion coefficient of gas phase is including the coke particles can be written as
evaluated from De Ligny's correlation [22] in terms
of Peclet, Reynolds, and Schmidt numbers as follows: ( V)I(r,\Q) Kg ± K, + KecjI(r, £)

1 Cdl Cd 2Pe - Re. Sc 1 + C 3/(ReSc) (2) + KgIbg(r) + K0Ib,,(r)

+ KpcjIbpcj(7) (5)
where the magnitudes of Cr1 , Cd2, and Cd3 are given
by fitting the measured data of Gunn and Pryce [23]
to the above equation, where I(r,£2) is the radiation intensity, which is a

function of the position r and the direction £2; Ib g(r),

Heat transfer rate estimation Ib,c(r), and Ib,pc i(r) are the intensity of the blackbody

The effective thermal conductivity of the packed radiation at each temperature of gas, coke particles,
bed of coke is estimated using Kunii-Smith's equa- and PC in the ith size group, respectively; Kg, K, and
tion [24]. The convective heat transfer coefficient is Kec,i are the local absorption coefficient of gas, coke
obtained from Ranz's equation [25]: particles, and PC in the ith size group, respectively,

whose calculations are modeled as shown below.

d,1
1,b .e 0 .0 3 3  The boundary condition for Eq. (5) is given bydthb_2.0 + 0.6(9 Re)°M Pr°.3 (3) [27]:

Ag

The rate of convective heat transfer is thus calculated (, £) = CIOC(r)

from pc+ P-- f In£-21I (r,£')d£2' (6)
ir Jr.i2<0

Q1 = Abhcb(Tg - Tb). (4)
where I(r,2) and I(r,£2') are the outgoing and incom-

The effective thermal conductivity of gas phase ing intensities of radiation at the boundary surface,
passing through the packed bed of coke is given by respectively; e, and p, (= 1 - c,) are the emissivity
analogy between heat transfer and mass transfer. All and reflectivity of coke particles; n is the unit normal
of the heat of homogeneous reactions is given to the vector along the raceway boundary surface.
gas phase, while all of the heat of heterogeneous re-
actions at the coke particle surface is given to the Radiative properties
solid phase. RdaiepoeteIt is necessary to determine the radiative proper-

ties, i.e., the absorption coefficients of gas, coke par-
Radiative heat transfer in the raceway zone ticles, and PC. The absorption coefficient of the gas

The S4 discrete-ordinates method is used in this mixture of CO 2 and H20 is obtained using the effec-
analysis. The S4 approximation could be sufficient to tive emissivity eg as
estimate the radiative field in the raceway zone. The
following assumptions are employed: ln(1 - e()

1. Only CO 2 and H2 0 are considered as the radiative Kg9 (7)
gas species, where the gray-gas formulation is as-
sumed and the emissivity of gas is represented as where Lop is the optical length at each direction in
the weighted sum of gray gases. each computational cell and 0 , is calculated by the

2. Coke particles and PC are also gray, and those mixed gray gas assumption of Hottel [28]. The ab-

temperatures are different from gas temperature, sorption coefficient of PC is as follows [26]:
respectively.

3. The scattering by coke particles and PC is ignored 2
because of the uncertainty of scattering properties Kpci = (8)
of coke and PC particles. 4
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where epc is the emissivity of PC and Dpc,i and Npi between gas and coke particles described by Ergun's
are the diameter and the number density of PC in equation [30] as
the ith size group, respectively. The local number
density, the temperature, and the diameter distri- / (1 - ag)2 pg
bution of PC in the raceway are determined when Sb,, =2d52 ag,2d1
the particle trajectories are calculated with the La- agvd

grangian method. On the other hand, the absorption lUg - UlI(1 - ag)pg
coefficient of coke particles can be written in the + 1.75 ag(Ug - Ub).
same manner as that of PC, as shown in Eq. (9), vAi)
where e8 is the emissivity of the coke particles. The (11)
number density of coke particles N, is determined
from the particle diameter of coke D, and bed On the other hand, when the voidage is greater
voidage ag, as shown in Eq. (10). than 0.8, the expression of Sb, is based on the drag

force of fluid acting on a single particle as

-Cc - 4 (9) 3 lUg - Ublagpg(1 - ag)
4 4 = c_ db

6(1 - a5 )
N,- 6 ac. (10) "f(ag)ag(Ug - Ub) (12)

where
Both epc and ec are assumed to be 0.9.

24
CD = 24 [1 + 0.15 (Rep)°'687] Rep < 1000

Discrete-ordinates equation Rep
Equation (5) is replaced with a set of equations for CD = 0.44 Rep -- 1000

a finite number of M ordinate directions in the two-
dimensional coordinate system [27]. The detailed de- f(ag) = ai 2.65  (13)
scription of the solution procedure is found in many
literatures [27,29]. After the convergence is where f(ag) evaluates the effect of the presence of
achieved, the divergence of radiative heat flux, which other particles investigated by Wen and Yu [31] and
is expressed as the source term in steady-state con- acts as a correction to the usual Stokes law for free
servation equation of enthalpy, is calculated. fall of a single particle. The expression for the source

term in the vertical direction Sb, is the same as that

Raceway Boundary: in the horizontal direction.

It is necessary for obtaining the combustion char- Source term arising from gravitational force
acteristics in the raceway to evaluate the particle- The powder pressure in a coke bed is needed for
moving region in the coke bed. The following con- determining the raceway boundary and the momen-
ditions are assumed for the particle-moving region: tum generation caused by the gravitational force. The

1. The vertical powder pressure of coke is negative. powder pressure affected by the gas flow is estimated
2. The horizontal interaction force between the gas by integrating a modified Janssen's equation [32] in-

and solid is larger than the critical value of static cluding the term F due to gas-solid interaction force
friction force between the coke particles, from the bed surface to the depth of CV.

3. The voidage within CV is larger than that at the
minimum fluidization condition,. (14)

The critical value of static friction force between the dh1  D ,

coke particles in condition 2 is the product of vertical where K, is a ratio of the horizontal powder pressure
powder pressure in CV and the internal friction co- to the vertical one at dynamic state and evaluated
efficient (tangent to the internal friction angle). from Rankine's equation as

Source term arising from interaction between gas K, - 1 - sin O (15)
and solid phase 1 + sin (i1

The momentum exchange rate between gas and
solid phase is calculated by the source terms Sb,, and At the region of voidage greater than that of min-
Sbv. When the voidage is less than 0.8 in CV, Sb, is imum fluidization, the powder pressure, which is not
evaluated as the pressure drop due to the friction transported downward, is a deduction of the inter-
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TABLE 2
Analysis of the coal samples

Proximate Ultimate
analysis analysis Calorific

(wt.%-db) (vt.%-daf) value

Coal VM Ash C H N S (MJ/kg)

Saraji 19.5 9.0 89.2 4.7 2.0 0.7 32.9
Witbank 34.3 7.2 83.6 5.1 2.2 0.7 31.4
Taiheiyo 44.6 15.6 77.5 6.5 1.0 0.2 26.4

daf = dry ash free.

TABLE 3
Calculation conditions

Bloxwpipe

Blast Feed rate 4.241 kg/s
Inlet velocity 188 m/s
Temperature 1450 K
Pressure 386 kPa
Composition Oxygen 24.7 wt.%

Moisture 3.1 wt.%
PC Feed rate 0.165 kg/s

Temperature 300 K
PC air Feed rate 0.0186 kg/s

Temperature 300 K
Pressure 386 kPa
Composition Oxygen 23.3 wt.%

Moisture 0 wt.%

Coke bed without PCI

Blast Feed rate 4.5 kg/s
Velocity at tuyere 288 m/s
Temperature 1318 K
Pressure 384 kPa
Composition Oxygen 23.5 wt.%

Moisture 3.6 wt.%

action force between gas and solid from particles the center axis. The calculated domain of the blow-
weight within the volume, pipe is 800 mm in length from the tuyere. The three

kinds of coal used in this study are Saraji, Witbank,

and Taiheiyo, having different volatile matter content
Results and Discussion from one another. The proximate and ultimate anal-

yses of the coal samples are given in Table 2, and the
calculation conditions are given in Table 3.

Calculated Results of PC Combustion Model in the The particle trajectories of Saraji coal is shown in
Blowpipe: Figs. la through lc, where 10 representative particle

The blowpipe is attached to the blast furnace tuy- trajectories are drawn for each diameter. The small
ere and the lance tip from which PC is injected into particles cannot disperse toward the radial direction,
the blowpipe is at 670-mm upstream of tuyere along while some particles over 60/um disperse in close to
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(a) Saraji, 5 & 15 1rm

(b) Sarafi, 65 & 75 [im

(c) Saraji, 85 & 95 lAm

(d) Taiheiyo, 65 & 75 pm

FIG. 1. Predicted particle trajec-
tories of (a through c) Saraji and (d

(e) Taiheiyo, 85 & 95 ýtm and e) Taiheiyo coal in the blowpipe.

the inner wall of the blowpipe. This is because the
large particle has a large initial momentum in the wi thout PCI
radial direction. PC I

Particle trajectories of Taiheiyo coal in diameters
of 65, 75, 85, and 95 pm are shown in Figs. ld and
le. The radial dispersion of a high-volatile PC is more E
significant than that of low-volatile one. It is caused CD
by the release and combustion of a large amount of _J
volatile matter in front of a lance tip. In addition, this
greater dispersion would cause the collision of PC Blast
against the tuyere wall and the wear of tuyere. The im

mean residence time of PC is about 5 ms for any
kind of coal. The burn-off of PC in the blowpipe is 7.4 m
the arithmetic mean, which is based on the initial
amount of combustible content of coal and 5.8% for FIG. 2. Comparison of predicted raceway shape with and

Saraji, 8.1% for Witbank, and 16.4% for Taiheiyo without PCI.
coal, respectively, and appears to increase as the vol-
atile matter content is high. out in the case of condition with PCI (Witbank coal)

and without PCI (all coke operation). In the case of

Calculated Results of Combustion Model in the operation with PCI, averaging values that are ob-

Coke Bed: tained from calculated results in the blowpipe com-
bustion model are used for the gas-phase inlet con-

The estimation is carried out on the practical blast dition. The particle trajectory calculation in the coke
furnace having 14.8 m in bed diameter and 38 tuyere, bed is restarted from the final calculated result in the
which is modeled as having the same horizontal blowpipe combustion model.
cross-sectional area per one tuyere in the two-di- Figure 2 shows the comparison of predicted race-
mensional calculation. The analytical region is then way shape with and without PCI. It is apparent that
7.4 m in width, 0.61 m in depth, and 6.0 m in height the coke particle-moving region is large in the case
with coke particles of 20 mm in diameter. The tuyere with PCI compared with the case without PCI. This
having a 25-mm opening width is located at 1 m from is because the rapid release of volatile matter from
the bottom of the furnace, corresponding to the PC and gas-phase combustion of volatiles and char
blowpipe outlet area. The inlet condition at the tuy- combustion inside the raceway zone may cause the
ere without PCI is also shown in Table 3 and is the gas volume expansion, which excludes the coke par-
same practical operating condition of productivity tidles from the raceway zone.
(iron formation rate per unit volume of blast furnace Figure 3 shows the predicted distribution of con-
in a day) as with PCI. The calculations are carried centration of CO, CO2, and 0 2 and of the tempera-
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0.7 ' -Iand without PCI is carried out in the coke bed

0.6 R ca 300o model. When PC is injected into tuyere, more ox-
"T - - Gas temp. -2500. ygen is consumed and higher rise of temperature

o.5 .. _appears at the region closer to the tuyere tip in

00.4 Solid temp. -2000 the raceway. The temperature distributions with
S0.3 -/"---------------------------------------- W-------15 and without PCI are different from each otherS0.2 a i due to the change of flow regime of the gas and

- wsolid phases,

witou /CI -500

0.7 - Nomenclature
Gas temp. R30000.6 .

7 0.5 250,0 Z" Ab specific surface area of coke bed (m')
.2°0.4 I •K i temp. 2000 CP drag coefficient (-)

2000 - CE specific heat (J/kg K)
0.3 - -15008 db particle diameter of bed (in)

.2 E D effective diffusivity (kg/m s)
a. .with2 D, D equivalent diameter of packed bed (in)
0.1 c 500 g gravitational acceleration (m/s 2)

0 .0 hb convective heat transfer coefficient
0 0.5 1 1.5 (W/m2 s)

Distance from the tuyere [m] ld bed depth (in)

FIG. 3. Comparison of predicted gas composition and P pressure (Pa)
temperature of gas and solid phases with and without PCI. PI vertical powder pressure (Pa)

q vector of radiative heat flux

Qh convective heat transfer rate (W)
ture of gas and solid phases along the tuyere axis in Qr reaction heat transfer rate (W)
the case with and without PCI. In both cases, the R reaction rate (kg/s)
oxygen supplied from tuyere is rapidly consumed by T temperature (K)
reaction with coke and PC, and simultaneously, CO2
concentration once increases. The distributions with Greek Symbols:
PCI move toward the tuyere because PC is burning
near the tuyere. In the case of PCI, it is observed a volume fraction of i phase (-)
that the maximum gas temperature increases due to A4  thermal conductivity of gas (W/m K)
the PC combustion, and the minimum solid temper- u viscosity (Pa s)
ature decreases near the tuyere tip where the solu- yi dynamic friction factor between wall and
tion loss reaction is dominant. The temperature dis- particle (-)
tributions with and without PCI are different from p density (kg/m3 )
each other due to the change of flow regime of the V, shape factor ( -)
gas and solid phases. 0i internal friction angle (rad)

Subscripts:Conclusions

b bed
The mathematical model proposed in this study c coke particle

can predict the raceway shape, the flow pattern of e, eff effective
the gas and coke particles inside the raceway, the PC g gas
combustion, the heat and mass transfer, and the re- i gas or bed
actions in the coke bed simultaneously. This work is j chemical species
summarized as follows: PC PC particle

1. Predicted results of the blowpipe model show that
the residence time of PC in the blowpipe is quite
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COMMENT

Robert Hurt, Sandia National Laboratories, USA. Your blowpipe is Saraji: 5.8%, Witbank: 8.1%, Taiheiyo: 16.4%,
model predicts that the extent of reaction, or burnout, in respectively, and increases proportionally with volatile mat-

the raceway zone varies greatly with parent coal, increasing ter content. The total burn-off through the blowpipe and
with increasing volatile matter. Could you provide a break- raceway is Saraji: 44.3%, Witbank: 74.2%, Taiheiyo: 96.5%,
down of the total burnout into high-temperature volatile respectively, as the residence time of pulverized coal is

loss and char oxidation/gasification on a dry, ash-free basis? about 30 ms for any kind of coal. The reason is as follows:
Could you then identify the mechanism responsible for the We use the two-competing reaction model for coal devol-
overall trend-is it an effect of temperature, gas compo- atilization and assume that 30% of combustion heat of vol-
sition, char yield, char reactivity, etc.? atile matter is transferred to the coal particle, following the

rapid temperature rise in the use of high-volatile coal and

Author's Reply. The burn-off of pulverized coal in the further volatile matter release.
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PERFORMANCE PREDICTIONS OF PULVERISED-COAL FLAMES
OF POWER STATION FURNACE AND CEMENT KILN TYPES

F. C. LOCKWOOD AND B. SHEN

Department of Mechanical Engineering

Imperial College of Science, Technology and Medicine
London SW7 2BX, UK

This paper describes the numerical simulation of two types of engineering pulverised-coal (PF) flames:
that emanating from a nonswirling high-velocity cement kiln burner and that formed by power station
swirl-stabilised burners. The mathematical model is distinguished by the incorporation of a second-moment
Reynolds stress closure to model the turbulence. Such a model has not been previously applied to two-
phase PF flames. Predictions given by two forms of the Reynolds stress model along with those given by
the conventional k-8 turbulence model are compared with test combustor data for the two flame types.
The Reynolds stress models do not demonstrate any consistent advantage over the simple k-e model in
either case. In particular, the persistent and important difficulty of predicting well the ignition location for
centrally fired swirl burners is not corrected by the more advanced turbulence models. Moreover, the
Reynolds stress models suffer severe numerical stability limitations when applied to practical flames. The
evidence suggests that the second-moment closure should be extended to the scalar equations if improved
predictions are to be secured. However, for the present PF combustion modelling, this requires the solution
of an additional 12 transport equations, which is not practical for engineering purposes. We conclude that
it will not be possible to isolate the turbulence model failings from the combustion ones until reliable two-
phase velocity data become available for turbulent-combusting PF flames. Against this background, simple
rather than complex NO models are all that can be justifiably used. Even so, the NO emissions from the
cement kiln and power station furnace type flames of this study are predicted with useful precision.

Introduction tion (IFRF), in which the laser beams are shielded
to minimise obscuration problems, deserves mention

The existing literature on the mathematical mod- [4]. In this virtual total absence of velocity data, it is
elling of pulverised-coal (PF) flames in engineering almost impossible to know whether the predictive
equipment is now fairly extensive [1-5]. While it gen- difficulties are ascribable to defects of the turbulence
erally appears possible to simulate fairly well some model, the relatively simple k-e one being almost ex-
downstream performance quantities, such as the lo- elusively deployed, or to some defect of the PF corn-
cal wall heat-transfer rates, difficulties have been ex- bustion modelling; for example, the fact that the time
perienced in predicting various features of the near scale of the secondary cracking of the primary prod-
burner region (NBR) for particular burner types. For ucts of pyrolysis has been universally ignored [3].
instance, when the fuel is centrally injected, the pre- In an effort to distinguish turbulence model fail-
dicted particle ignition locations are typically shifted ings from combustion model ones, it is reasonable to
upstream with respect to the experimental observa- consider the substitution of the overworked k-e tur-
tions resulting in a premature depletion of the oxygen bulence model by a more advanced Reynolds stress
[3]. This engenders the mediocre prediction of im- model. Confidence in the k-e workhorse would then
portant quantities crucially dependent on the NBR be reinforced or undermined, depending on the
such as flame stability, NO emissions, and to a lesser compatibility of its predictions with those of the
extent, the degree of char burnout ultimately at- Reynolds stress model. Now, although second-mo-
tained. ment Reynolds stress models have been an active

The search for the cause of the predictive short- subject of research for a not inconsiderable period of
comings is seriously encumbered by the difficulty of time, see Refs. 6 through 8 for example, documen-
obtaining a complete range of data in PF flames tation of their application to engineering combustors,
within the NBR. There is in particular a degree of as opposed to more simple laboratory flows, has been
scarcity of reliable velocity data for the two phases remarkably meagre. To our knowledge, no previous
that borders on nonexistence, although recent LDA application of such models to pulverised-coal com-
work at the International Flame Research Founda- bustion has been described in the archived literature.
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The present paper is concerned with the predic- The redistribution term OU is split into two parts,
tion of PF combustor flows using second-moment modelled by
turbulence models. The data used are new, and they
have been collected in two test combustors: one in
the authors' laboratory at Imperial College (ICSTM) ij .i -c 1P(ek)(u'i'uj' - (2/3)d6,k) and
and the other at the IFRF. In both cases, the flames -.2 = -c2i(Pij -(1/3jPic) (3)
are large enough to be usefully representative of in- i1(
dustry conditions. In the former case, two swirl burn- The diffusion term:
ers typical of power station practice were used,
whereas the latter trial was designed to simulate the
unswirled long flame typical of cement kilns. u' k ,• , 'uj')

= /1 -' + c0P - . (4)D k • ' xk a0k /

The Mathematical Model The velocity-pressure correlation term:

The mathematical model is based on the FAFNIR
code developed in and extensively tested by the au- G(5)
thors' group [9]. It is applicable to two-dimensional YJ- -j axi

axisymmetric two-phase combusting flows and em- This term arises from the density-weighted formu-
bodies: an Eulerian solution treatment for the gas tis teraring only in the density-varying situa-alation, appearing ol ntedniyvrigsta
phase, a Lagrangian one for the particulate phase, tions. Its effect on the flow field appears to be small
and a nonequilibrium diffusion procedure for the [9], and it is not considered in the present study.
thermal radiation. The current version of FAFNIR The dissipation rate of the turbulence energy is
includes: a single reaction model of devolatilisation, calculated from the following transport equation:
turbulence decay rate control of the volatiles com-
bustion, and combined diffusion/chemical kinetics a(PUO5 ) a a uk a
control of the char combustion. Many variants of the .. c ..u
devolatilisation and combustion modelling that have 0xk aXk ax, (6)
appeared in the literature over the years have been C(I el2

tried, and complete studies of the effects of accept- + clPk Pii -- C12P V
able variations of the model parameters have been
effected [3,5]. The basic FAFNIR code is well de- The modelling of the redistribution term in Eq.
scribed in numerous preceding papers, e.g., Ref. 5, (1) is the subject of much debate [6], and as such,
and only the newly incorporated features need to be two sets of constants in Eq. (3) were investigated.
related here. The first of these is attributed to Gibson and Launder

[10], who set cl = 1.8 and c2 = 0.6, and referred to
Second-Moment Turbulence Closures herein as the RST-A model; and the second is attrib-

uted to Gibson and Younis [11], where cl = 3.0 and
In second-moment turbulence closures, Reynolds c2 = 0.3, termed the RST-B model. Other constants

stresses are calculated from their own modelled take the following values: (C8, c, c, and cr9) = (0.22,
transport equations. A general Reynolds stress trans- 0.18, 1.45, and 1.90), respectively, as recommended
port equation for steady flows can be written as [8] by Ref. 11.

For a consistent second-moment closure, the sca-
lar flux analogue of Eq. (1) would be solved. How-

a(pU~u;''')• 2 ever, experience of scalar flux transport equations is
- Pi + OY - - eiJ + DY + GY (1) to date limited. More importantly, for complete con-

Sk 3sistency in the present two-phase reacting formula-
tion, no less than 12 additional equations would have

where the overbar designates the conventional mean, to be resolved for scalar fluxes, and the very consid-
the tildes imply the density-weighted mean, and the erable computational effort could not be acceptable.
double primes indicate the fluctuating part of the We solve instead the following transport equation for
density-weighted average. The terms on the right- a scalar property:
hand side may be specified as follows:

The production term: a(pa) L(ai) +) g, +9P, (7)
-k -k a 0•x + +(

Pij= -u' + fukiO/ where Sg,, is the gas-phase source term and 9p, is
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the particulate-phase source term. We retain the (a) Single Annular (b) Single Central
eddy-viscosity concept, embodied in the first two Orifice (SAO) burner Orifice (SCO) burner
terms on the right-hand side of the equation, to ac- U k.
count for the diffusive fluxes. This corresponds to the o I
conventional k-e model treatment, excepting that Ni
here the turbulent viscosity is calculated using k ob- ,
tained from Eq. (1) for the normal stresses and ea
obtained from Eq. (6).0

33
Numerical Treatment 

35I
The computations were performed on a staggered or~

grid to enhance the numerical stability. The grid was
optimised to be computationally efficient and to en- FIG. 1. The power station type burner geometries of the
sure grid independence of the calculations. Due to ICSTM furnace (length in millimeters).
the inevitable lack of measured information at the
flow entrance, much of the inlet boundary condition
information had to be assumed. The axial velocities and the other without, referred to as the single an-

were specified as uniform based on mass flow rates, nular orifice (SAO) burner and the single central or-
whereas the radial velocities were set to zero. The ifice (SCO) burner, respectively. Their geometries
normal stresses at inlet were assigned to be 2/3 of are shown in Fig. 1, where U. represents the primary
the local turbulence kinetic energy and the shear air velocity, U. represents the secondary air velocity,
stresses to zero. and U t represents the primary air through the cen-

An important, but insufficiently stated, difficulty is tral tube for the SAO burner.
that the use of Reynolds stress turbulence models The IFRF cement kiln is larger than the ICSTM
generally results in very much reduced numerical combustor, having a diameter of 0.78 In and a length
stability due to the absence of explicit and stabilising of 9.75 m. The flame considered in the present study
turbulent diffusion terms in the momentum equa- was produced by a nonswirling monochannel burner
tions compared with conventional turbulent viscosity for a primary air flow amounting to 20% of the total
based models such as the k-e one. This has proved to air supplied. Details of this combustor and the as-

be particularly disadvantageous when applications to sociated instrumentation can be found in Ref. 17,
complex engineering combustors are attempted, and where the flame presented herein is designated 89.
this has certainly been the experience here. The operating conditions for both the ICSTM and

IFRF burners are listed in Table 1. The test fuels
were a medium volatile UK bituminous coal (Ge-
dling) for the ICSTM furnace and a medium volatile

The aerodynamics and combustion are unaffected USA bituminous coal (Raven) for the IFRF cement
by the nitrogen chemistry, and therefore, an efficient kiln. The conventional specifications of these two fu-
and computationally economical calculation of NO els are also given in Table 1.
emissions is achieved through postprocessing the
converged solutions of the primary variables. Both
fuel NO and thermal NO are simulated in the pre- Results and Discussion
sent study, whereas prompt NO is neglected. The
fuel NO was simulated by De Soete simplified mod- Cement Kiln Type Flame
els [12-14]. Thermal NO was modelled by the "ex-
tended Zeldovich" mechanism using the reaction The IFRF flame was typical of cement kiln prac-
rate proposed by Ref. 15. tice with the primary jet emerging at high velocity,

resulting in high gradients at inlet. In consequence,
the predictions were performed on a 100 x 50 grid

Experimental Conditions with high refinement near the burner. The axial dis-
tributions of the oxygen concentration, temperature,

The ICSTM furnace is a vertically oriented cylin- and NO concentration are shown in Fig. 2. The axial
der, 0.6 m in diameter and 3.0 m in length, down- distance is normalised by the cement kiln diameter
fired along its axis by a double-concentric swirl of 0.78 m.
burner having a refractory quarl. A full description In Fig. 2a, the onset of the ignition is indicated by
of this furnace and its instrumentation can be found the sudden drop of the oxygen concentration. Due
in Refs. 3 and 16. The experiments referred to herein to the absence of a swirl-generated reverse flow zone,
were conducted using two distinct types of burners: the cement kiln flames are normally lifted with
one with a central bluff body in the primary nozzle ignition occurring due to the irradiation of the char
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TABLE 1
Operating conditions of and coal properties used in the IFRF experimental cement kiln

and the ICSTM experimental power station furnace

IFRF ICSTM burners

burner SAO SCO

Coal feed rate (kg/b) 280 14 14
Primary air flow rate (kg/h) 604 31.8 + 1.0' 32.8
Secondary air flow rate (kg/h) 2654 120.4 120.4
Primary air temperature (°C) 20 80 80
Secondar, air temperature (°C) 810 300 300
Swfrl number 0 1.03 1.03
Excess air (%) 9 15 15

Proximate analysis (%) Ultimate analysis (%)

Raven Gedling Raven Gedling
coal, USA coal, UK coal, USA coal, UK

Volatile 24.0 35.8 C 82.2 72.6
Fixed 69.9 53.7 H 4.6 5.05
Carbon ash 6.0 4.2 N 1.4 1.29
Moisture 6.3 S 0.8 1.55

0 4.8 15.31

,The mass flow rate of primary air through the central tube for SAO burner is 1 kg/h, and the total mass flow rate of
primary air is still 32.8 kg/h, same as that of the SCO burner.

particles by the hot walls. Predictions of the liftoff or
ignition distance represent a rather severe test for the
mathematical model. The axial distributions of the
oxygen concentration along the axis of the cement
kiln show that the predicted onsets of ignition are in
good agreement with the measurements. The pre- 20 ''- m . .
dicted oxygen concentrations on the axis in the down- • 16 - ASTA moe

stream region are, however, lower than the measured >. 12 - - s4moel

data. In order to identify the source of the discrep- -. 8 X Meuremn• a

ancy, the particle burnout along the axis was calcu- 0 4 1 J . ,,, (a)

lated. This is defined as the sum of the mass released 0 1 1 -
from the particulate phase to the gas phase, inte- 2000 r
grated over the radius and divided by the input mass 1500
flow rate of carbon on a dry ash-free basis. The pre- 1000
dieted exit burnout value for the k-r model was Soo (b)
97.5%, higher than the corresponding measured 0 o 1 " ,f
value 96%. The underpredicted downstream oxygen 3000 "
concentration is a consequence of the overprediction r= E X0

of char combustion. It is noted [2,5] that char kinetics 2000

constants are usually determined for temperatures 1000 (c)
more representative of the NBR than the far field 0
and that the use of these constants throughout the 0 2 4 6 8 10 12
combustor may lead to overestimated char burnout. WD

The radial profiles of the oxygen concentration ob-
tained with the k-e model are closer to the measure- FIG. 2. On-axis distributions of the oxygen concentra-
ments, as seen in Fig. 3. The large discrepancies of tion, temperature, and nitric oxide concentration for the
the RST-A model at the station x/D = 2.7 are the IFRF cement kiln.
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r/R r/R r/R r/R

FIG. 3. Radial distributions of oxygen concentration for FIG. 5. Radial distributions of oxygen concentration for
the IFRF cement kiln. the ICSTM furnace, SCO burner.

20 1 L" 'k'm"ods"l consistent use of second-moment closure for the tur-

16 x/D=0.51 - - RST-B model bulence flux in the scalar equation may be desirable.
S12 "x Mesuremerns This has been done with some success in a reported

8 -x/D=1.29' study of the mixing of two fluids of very differentS 4 --- densities [8]. For the present PF flames, this remedy,
"-28 I I ,I, , as mentioned above, incurs an unacceptably expen-

V 16 D sive computational penalty.
X/D=0.22" x/D=1.04 - The predicted temperatures are generally higher~12

8 _ than the measured ones, as shown in Fig. 2b, a not
42 / s..7 - - _ unexpected discrepancy in the downstream region

4 / :,'N,.'.x where the oxygen concentrations are underpre-
2 16 " . . 1 7/, 0.. . dicted. Measured temperatures are in any case usu-

0 16 - X/D=0.11" x/D=0.76 - ally a little lower than the true values due to radiation
0 1 and conduction losses.
4 ,. Figure 2c shows that NO concentrations are gen-
0 . - 7 R; F. erally better predicted. It was found that thermal NO

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0 constituted more than two-thirds of the total NO
emissions, this is the main NO formation mechanismr/R r/B at the high temperatures that characterises cement

FIG. 4. Radial distributions of oxygen concentration for kiln operation.
the ICSTM furnace, SAO burner.

Power Station Type Flames

result of excessive predicted ignition delay. At loca- Convergence difficulties were experienced for the
tions further downstream, the radial gradients pre- SAO burner due to the large velocity gradients near
dicted by both RST models are somewhat exagger- the centre line. This compounded the already deli-
ated. This suggests an underestimation of the scalar cate stability of RST-based methods, and conver-
diffusion with the RST models. It was found that the gence could not be procured for the RST-A model.
turbulent viscosityy, which is based on the assump- The predictions presented for this burner are there-
tion for turbulence isotropy, obtained from the aniso- fore restricted to those of the k-e model and the RST-
tropic RST models was smaller in the downstream B model. Comparisons with experimental data for
region than that given by the isotropic k-e model, both the SAO and the SCO burners were made at a
Although reducing the Schmidt number in Eq. (7) station very near the quarl exit to about one furnace
would improve the distribution of the oxygen con- diameter (0.6 m) downstream, where the composi-
centration in the downstream region, such tampering tion of species and the temperature are already uni-
is hard to justify. These observations suggest that the form. The results are shown in Figs. 4 through 8.
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x/D = 1.29, the results of the k-a model agree well1200 "•f -- "• =" x/D=19
1200 x 7 * -X N .- !L,& with the experimental data for both the SAO and
800 - - k- rmdel SCO burners, whereas the gradients predicted by the

S- RST-B mod$[
400 x/D=.51X M anisotropic RST models are overestimated. Both

0" _RST models predict slower rates of return of anisot-
'L. 'ropy to isotropy in the downstream region.
2 1200 The predictions of the gas temperatures are shown

o800 in Figs. 6 and 7. The temperature field for the SAO

.400 X/D=0.22 X/D=1.04 burner, Fig. 6, is generally well estimated. Not un-
E expectedly, in view of the difficulty of predicting the

0 : :.oxygen field for the SCO burner, the temperature
1200 ,x ••'-X "•W"- . , field is also less well predicted for this burner, Fig.

Soo 7.. Particularly disappointing is the fact that at the
"400 x"D-0.1 1 X upstream station of x/D = 0.22, where the oxygen

00 concentration predictions were fairly good for the
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 026 0.8 1.0 RST-A model, the corresponding temperature pre-0.0 0.2 0dictions are poor.

As would be expected for this type of furnace [16],
FIG. 6. Radial distributions of temperature for the the thermal NO was found to be extremely small for

ICSTM furnace, SAO burner, both burners due to the low temperatures. In Fig. 8,
the predicted NO concentrations in the upstream re-
gion for the SAO burner are generally lower than the

1- .i experimental data. Increasing the reaction rate of the
1- N gas-phase fuel NO formation would improve the pre-

800 X/D-0.51 -RSTA o M 1 dictions, but the exit value would then be higher than
400 - RST-9 noftl measured. This may imply that a NO reduction

x kM 4agrrmfl mechanism occurs. For example, significant reduc-
0 1 0 i A tion of NO by the char would correct the prediction.

2 1200 4•N-•V The char reduction scheme proposed by Levy et al.

100D . [18] was tried in the present study, but its influence
a 0 x/D=1.04 was discovered to be negligible. In view of the less
E 400 satisfactory prediction of the oxygen and tempera-
1! 0 l I . I ; . I . ture fields for the SCO burner, the corresponding

1200 - -. predicted NO concentrations are not presented.
x/D=0.11 x/D=0.76

4000 .. . . . . . . . 'Concluding Remarks
00.0 0:2 0:4 0:6 0.8 0.0 0:2 0:4 0.6 0.8 1.0 Te Cnldn eak

The application of Reynolds stress closures to
r/R r/R complex engineering flows, such as the present pul-

FIG. 7. Radial distributions of temperature for the verised coal flames, is rendered especially difficult
ICSTM furnace, SCO burner, due to the absence of explicit turbulent diffusion

terms in the mean momentum equations. For the
nonswirling cement kiln type flame, the second-mo-

The predicted radial distributions of the oxygen ment closures offer little advantage over the tradi-
concentration are compared with the measurements tional k-a model; indeed, the RST predictions are
in Figs. 4 and 5 for the SAO and the SCO burners. generally poorer for the variables considered, which
The axial location is normalised by the furnace di- exclude velocity due to the lack of reliable measure-
ameter of 0.6 m. In Fig. 4, for the SAO burner at the ments. For the power station type swirl burners, the
first and very near burner station of x/D = 0.11, RST models again do not demonstrate definite and
there is little to choose between the k-s and RST clear-cut superiority over the k-e approach. The per-
models. For stations x/D = 0.22 and 0.51, the oxygen ennial problem of early predicted ignition for burn-
concentrations with the RST-B model are somewhat ers of the single central orifice (SCO) kind is
better predicted than for the k-e model. The main corrected by the RST-A model, but at the expense
predictive difficulty for the SCO burner, Fig. 5, and of poorer prediction elsewhere.
the one mentioned in the Introduction, has been that Since it is unacceptable that the more advanced
the predicted ignition location is too near the burner. closure should not exhibit predictive advantage and
The RST-A model corrects this, at the expense of because of inconsistencies in the k-e and RST values
poorer predictions downstream. At the last station, of p, it is concluded that a consistent treatment ex-
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Emission Fourier transform infrared (FTIR) spectroscopy data provide in situ, time-resolved, spectral
emissivity measurements for ash deposits generated from two U.S. Powder River Basin coals. The first
3 h of deposit growth on a tube in cross flow in a pilot-scale furnace detail the development of surface
emissivity with time. Measured emissivities vary significantly with wavelength, indicating the influence of
the physical properties and chemical composition of the deposit. At long wavelengths (>7 am), emission
features exhibit characteristics of silica, sulfates, and silicates. The spectral emissivity measured in this
region approaches a steady value due to an increase in deposit thickness and the size of particles in the
deposit. In contrast, deposits are not opaque at shorter wavelengths where the measured emissivity is
influenced by the properties of the underlying metal surface. Theoretical predictions of the emissivity of
a particulate layer were performed, and results are compared to the measured values. The theory ade-

quately predicts the general features of spectral variation of the emissivity. The predicted trends in em-
issivity with particle size and deposit composition are also consistent with experimental observations. Total
(Planck-weighted) emissivities are calculated from the measured spectral values for the deposits at the
tube temperatures. They increase with time from the clean tube value (0.2-0.3) to values typical of deposits
formed from western U.S. coals (0.45-0.55). Calculated total absorptivities are found to be lower than the
corresponding emissivities.

Introduction simulation of a utility boiler can cause an increase
of 110 'C in the calculated furnace exit gas tem-

Radiative transfer is the dominant heat transfer perature [1]. Field experience with western U.S.

mechanism in the furnace region of pulverized- coals confirms both the formation of low emissiv-
coal-fired boilers. It accounts for about 80% of ity deposits and the corresponding increases in
the total heat transfer in the furnace region of a furnace exit gas temperature [2]. This paper pres-
clean boiler, and significantly less ("-10%) in the ents theoretical predictions of the spectral emis-
convective pass. Typical deposits from western sivity of coal ash deposits as a function of particle
U.S. coals consist of fine particles that reflect up size and composition. These predictions are com-
to 70% of incident radiation [1]. The reflective/ pared with in situ, time-resolved measurements of

absorptive properties of ash deposits are an im- spectral emissivities from ash deposits formed in
portant part of engineering calculations of heat a pilot-scale combustor, among the first data of

transfer in a utility boiler. For example, reducing this type to be collected under simulated boiler
the wall emissivity from 0.8 to 0.4 in a computer conditions.
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t 1.c the Planck-weighted total absorptivity can be deter-

".0 Opaque Slag Layer / '- mined as follows:
/ 0 .

a, 7'(T .T) a,(ý,TsP(A,Tf) d2
0. - / . Opaque Particulate Layera (2)

0. ' 1'- / particle size
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"."--- " In contrast to the total emissivity, the total absorp-C/ 0.0 - -

1 2 3 4 5 6 7 8 9 10 11 12 tivity depends on both the surface temperature and
Wavelength (pim) the flame temperature. Planck-weighted radiative

properties are used in this investigation to approxi-
FIG. 1. Predictions of spectral hemispherical emissivity mate total radiative properties applicable to furnace

(ea) for opaque particulate deposits as a function of particle calculations. For a large variety of materials relevant
size. The uniform ash composition is that of a calcium al- to combustion problems, the Planck-weighted prop-
uminosilicate with 4.65% Fe20 [3]. erties decrease with increasing temperature [1,3,6].

Prediction of Radiative Properties for Particle

Theory Layers and Slags:

Deposit radiative properties vary significantly with
wavelength, indicating the influence of the chemical

Radiative Properties of Deposits: composition and physical properties of the deposit.

The radiative properties of coal ash deposits are a However, many engineering applications do not ac-
function of both the chemical composition and the count for the spectral nature of radiative heat trans-

physical nature of the deposit. Fine condensable salts fer and assume an average surface emissivity. The

or particulate (<10 pm) often contribute to initial approach used here is to obtain first-order predic-
layers of ash deposits and may be highly reflective tions of the spectral emissivity as a function of the

[1]. As larger particles accumulate, the deposit em- chemical composition and physical properties of the
issivity tends to increase. The temperature gradient deposit. These predictions are qualitatively com-
through the deposit may cause the outer layer to sin- pared with measured results for ash deposits. The
ter, at which point it may absorb over 90% of the Planck-weighted averages can then be used in engi-
incident radiation, depending on its composition [3]. neering applications.
Although the term emissivity strictly applies to a In predicting the emissivity of ash deposits, the
smooth surface of a pure material, it has been used deposits are treated as an optically thick layer of
to characterize emission from irregular particulate monosized, isothermal, spherical particles of known
and other participating layers in the present study, as optical properties [1,7]. While none of these assump-
done previously by others. [4,5]. tions is completely accurate, the first-order effects of

Deposit emissivities vary with wavelength from a scattering are derivable from such a model. Scatter-
low of approximately 0.2 to greater than 0.9, as will ing is important since particle layers tend to back-
be shown later in this investigation. A Planck- scatter (reflect) a significant fraction of the incident
weighted average is used to obtain a total emissivity flame radiation. A 16-flux discrete ordinates method
appropriate for many engineering calculations. This was used to solve the radiative transport equation
total emissivity (et) depends on both the spectral em- through the simulated particulate layer [1]. Particle
issivity and the Planck function (P) evaluated at the size and complex refractive index are provided as in-
deposit surface temperature and is given by put. The model accounts for multiple scattering of

radiation, which significantly influences the calcu-
1 lated radiative properties. Scattering was assumed to

(T') - L eJ(,,T,)P(2,T8 ) dA (1) be independent according to Brewster [8]. These cal-
UT) 0 culations are applied to the porous, particulate-based

deposits found in the initial layers of ash deposits. In
where a is emissivity, T is absolute temperature, A is addition, the emissivity of a layer of molten slag
wavelength, and a is the Stefan-Boltzmann constant. (which was approximated as an optically smooth sur-
Subscripts t, s, and A represent total, surface, and face) was estimated from the complex refractive in-
spectral, respectively. dex of the slag [3,9].

In general, the spectral emissivity, er, and spectral Spectral emissivity predictions are illustrated in
absorptivity, a,., are equal according to Kirchoff's law Figs. 1 and 2 for opaque particle layers based on the
under the assumption of diffuse radiation. Therefore, spectral optical properties of two ash types. Figure 1
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_ 1.0 I I I is either reflected or absorbed. However, because of
"",-, the approximate nature of these predictions, it is im-

, 0.8 , portant to compare them to measured values in order
Li ',to assess the validity of the trends and the magnitude

-06 -. .%------- of the predicted results.
a)
T_ 0.4 - Particle size 5 pm

S0.2 Experimental Apparatus and Procedure
S 0.2 '- , I

0.0 ", I Emission FTIR Spectroscopy:
1 3 5 7 9 11 13 15 17 A diagnostic tool based on emission Fourier trans-

Wavelength (lum) form infrared (FTIR) spectroscopy has been devel-

Fin. 2. Spectral emissivity predictions for an opaque oped to measure in situ properties of ash deposits in
layer of CaSO4 particles [11]. (Optical data at wavelengths real time [12,13]. In this investigation, this tool was
longer than 7.5 pm are for ammoniunm sulfate crystals [10] used to monitor deposits generated on a stainless

as calcium sulfate data were not available for this region.) steel probe in Sandia's Multifuel Combustor (MFC).
The MFC is a 0.1-MBtu/h, down-fired facility with
an open test section at the furnace exit to allow op-
tical and probe access to the flow of combustion

is based on data for slags (Si0 2/A120 3  - 2, products [14,15]. The ceramic walls of the combustor
CaO/Al20 3 - 0.6, Fe 203 - 5%) [3] and shows a are electrically heated to provide the desired tem-
region of low emissivity at wavelengths < 5 pm, perature profile. Deposits were formed on an air-
where particle size influences the predicted results. cooled cylindrical probe (1.6-cm O.D.) in cross flow.
The features indicated between 4 and 6/pm may be The probe was rotated continuously about its axis
associated with gas-phase carbon dioxide (4-5 pm) during each 3-h test to form a nominally uniform
and water (5-6 /pm) absorption that was not com- deposit around the tube circumference.
pletely eliminated from the literature values used for The radiative emission from a region approxi-
the optical constants. There are no known absorption mately 5 mm in diameter on the bottom half of the
bands for this type of material in this region. These probe was collected by a set of off-axis paraboloidal
residual gas emission features tend to exaggerate the mirrors (effective f# = 4.3) and focused into the ap-
particle size effect. The true particle size effect, as erture of the FTIR spectrometer. A commercial,
indicated in the data from 3 to 4pum, is largely a result rapid-scanning interferometer (Biorad FTS-40/60)
of particle scattering, as small particles tend to back- was used with a liquid nitrogen-cooled, broadband
scatter more radiation (leading to lower emissivities mercury-cadmium-telluride (MCT) detector and a
and higher reflectivities) than larger particles. By germanium-based beam splitter. The MCT detector
contrast, e,. generally exceeds 0.9 for a smooth, iron- is sensitive over the wavelength range of 2.8-22 pm.
containing slag layer. The spectral emissivity pre- Emitted radiation from the bottom of the probe was
dicted for CaSO 4 particles (Fig. 2) also shows a re- collected to minimize the contribution of reflected
gion of low emissivity at wavelengths < 7.5 pm, furnace radiation to the total signal. The radiative
followed by a region of high emission at 8-10 pm. emission from the probe was compared to that of a
The CaSO4 data were used at the short wavelengths; blackbody calibration source to determine the spec-
however, data at wavelengths greater than 7.5 pm are tral emissivity of the probe or deposit surface. The
for (NH4) 2S04 crystals as calcium sulfate data were surface temperature of the probe was held constant,
not available [10,11]. typically between 450 TC and 600 TC, whereas the

The results in Figs. 1 and 2 illustrate some impor- deposit surface temperature varied with time as the
tant qualitative trends that may be expected in real deposit grew.
systems. First, the spectral nature of the emissivity is Emission spectra were collected at a resolution of
clearly evident. In particular, the spectral emissivity 2 cm- 1. Typically, 64 individual interferograms were
is quite low at the short wavelengths, the spectral coadded and deconvolved to obtain a single emission
region where much of the radiation in a commercial spectrum, requiring about 1 min. Significant inter-
furnace is exchanged. Second, the particulate nature ference from infrared active gases (CO2 and H20) in
of the deposit has a measurable influence on its ra- the optical path was also observed. At a resolution of
diative properties. This, again, is especially evident 2 cm-1, some of the gas-phase emission and absorp-
at shorter wavelengths where the ash is relatively tion bands are isolated in the spectrum and appear
transparent and most of the radiation is backscat- as narrow peaks, while others are unresolved and ap-
tered by multiple interactions with particles in the pear as broad features. In all cases, the deposit and
deposit. In contrast, no scattering occurs for a probe surface emission appear as broad features. The
smooth opaque slag layer, and any incident radiation deposit emissivity can be obtained from the spectral
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TABLE 1
Proximate, ultimate, heating value, and ash analyses of the coals used in this study

(proximate and heating values are given on a dry, ash-free basis)

Coal A Coal B Ash oxide Coal A Coal B

Moisture (%) 22.9 21.3 SiO, 25.03 30.31
Ash (% dry) 5.51 6.46 A1003  11.36 16.27
Proximate [% dry ash free (daf)] Fe2O•3  8.18 5.04

FC 54.2 42.0 TiO, 0.66 1.27
VM 45.8 58.0 CaO 28.88 21.07

Ultimate (% daf) MgO 5.60 4.74
C 72.4 74.8 Na2O 1.57 1.41
H 5.2 5.4 K20 0.25 0.35
0 20.9 18.3 P2 05 0.81 0.91
N 1.1 1.0 SO, 17.65 17.46
S 0.4 0.5 undetermined 0.01 1.17

Heating value (Btu/lb) 13,562 13,119

regions where gas-phase species do not dominate the 1 .f.. .

signal. A more detailed description of the data re-
duction procedure is available elsewhere [16]. 0.80 m15

An accuracy of ± 5% was estimated by comparison . •80 m-

of measurements of radiation from the blackbody •, 0.6,, .
calibration source with expected values. Perhaps Z , " -

more significant is the potential error from uncer- 2 0.4 -

tainties in the deposit temperature and the presence w
of a temperature gradient through the deposit. The 0.2

deposition probe temperature was measured to ±_ 20
'C, resulting in an uncertainty of ±5-10% in the 0.0 I ...' .. '. ....

spectral emissivity, depending on the wavelength.

The effect of the temperature gradient is more dif- Wavelength [em]
ficult to quantify, although the magnitude of the gra- FiG. 3. Spectral emissivity measurements for ash depos-
dient was greatly reduced as the probe cooled during its generated from Coal A as a function of time during the
rotation from the top (exposed to furnace radiation) first 3 h of deposition. Furnace wall temperature = 900
to the bottom where the measurement was taken. 'C. The spectral regions at 4.2-4.7, 5.5-7.5, and 14.4-15.2

,urn are influenced by gas interference and are therefore

Experimental Conditions: not characteristic of the deposit.

Deposits were generated at combustor wall tem-
peratures of both 1300 TC and 900 'C, resulting in
gas temperatures at the deposition probe of approx- feed rate was approximately 1.8 kg/h for all experi-
imately 900 'C and 700 'C, respectively. The probe ments.
surface temperature was maintained at 600 ± 20 TC
when operating at the higher wall temperature and
at 475 ± 20 'C for the experiments performed at the Experimental Results and Discussion
lower wall temperature. At these probe tempera-
tures, over 90% of the total radiative flux from a Figure 3 illustrates the time-resolved spectral em-
blackbody is within the spectral region measured by issivity from the in situ FTIR measurements for Coal
the interferometer (2.8-22 pm). The surface of the A. These spectra were obtained at a bulk gas tem-
probe was cleaned and polished prior to each exper- perature of 900 TC and have been digitally filtered to
iment. remove some of the narrow peaks attributed to the

Two U.S. subbituminous coals from the Wyodak- gas-phase interference of infrared active components
Anderson seam of the Powder River Basin were used in the vitiated flow. Residual interference appears as
in this investigation. The properties of the two coals, features at 4.2-4.7 pm and 14.4-15.2 pm (CO 2 in-
Coal A and Coal B, are listed in Table 1. The coal terference) and at 2.9-3.0,um and 5.5-7.5 pm (H20
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interference). These infrared-active gases are opaque 1.0'
over the path length of this experiment in these
regions. Their temperatures differ from that of the 0.8.

surface by large amounts. The gases in the combustor m 1.1,m,

effluent are at 900 'C-1300 'C, depending on the , 0.6

experiment, whereas those in the laboratory air are .
at room temperature. By contrast, the deposit surface 0.4 _-.---.
temperature varied from 300 'C-600 'C, depending W .
on the experiment. Hot band emission from the hot 0.2

gases produced emissivities greater than one when
normalized by the Planck function evaluated at the 0.01 8... I .2 I a
probe temperature. However, gas interference does

not always increase the computed emissivity. Radia- Wavelength [gmi]

tive absorption by room-temperature gases in the Fin. 4. Spectral emissivity measurements for ash depos-
laboratory environment prevented probe (or gas) ra- its generated from Coal B as a function of time during the
diation from reaching the detector, producing very first 3 h of deposition. Furnace wall temperature = 900
low values of computed emissivities. For these rea- °C. The spectral regions at 4.2-4.7, 5.5-7.5, and 14.4-15.2
sons, gas interferences in the regions cited above pro- pim are influenced by gas interference and are therefore
duced emissivities that are artifacts that can be either not characteristic of the deposit.
much too high or much too low. The data in the
remaining regions do not suffer from gas-phase in-
terferences.

The initial emissivity shown in Fig. 3 is that of the SEM analysis of the Coal A deposit showed an av-
clean stainless steel probe taken at temperature prior erage deposit thickness of approximately 25 pm with
to the initiation of coal flow. The emissivity appears very few ash particles larger than 10 pm in the de-
relatively constant across the spectrum at approxi- posit. The deposit consisted of an inner layer (-15-
mately 0.2, except for the regions of gas-phase inter- pm thick) of very small particles (<5 pm), mainly
ference. An emissivity less than 0.3 is consistent with quartz, calcium silicate, calcium aluminosilicate, and
literature values for polished stainless steel [17]. calcium-rich particles. A thin film of sodium sulfate
There is little change in the spectra with time at appeared to have condensed on the surface of the
wavelengths less than 7pum as ash is deposited on the probe, while a thin coating of calcium sulfate ap-
probe. Ash deposits from western coals rarely contain peared on the surface of the calcium-rich particles.
chemical species with strong absorption features in A few larger silicate and calcium-rich particles were
this region. Therefore, the measured emissivity of attached to the outside of this layer.
initial deposits from these coals will be influenced The presence of sulfate in the deposit from Coal
significantly by the emissivity of the deposition probe A is evident by comparing the predicted sulfate em-
and the scattering of small particles. The influence issivities (Fig. 2) with the data (Fig. 3) at wavelengths
of the deposition probe was seen in a similar exper- greater than 7 pm (Fig. 2). SEM observations con-
iment performed with a heavily oxidized mild steel firm the presence of sulfates on calcium-rich particle
deposition probe that had an emissivity of 0.8 at surfaces. In addition to sulfates, the spectra of Fig. 3
wavelengths less than 7pjm. In that experiment, the indicate the presence of silica and silicates at wave-
measured emissivity (<7 pm) was approximately lengths greater than 7 pm. The combined contribu-
0.75, significantly higher than the measured values tions of silica and sulfates give rise to the prominent
shown in Fig. 3, as a result of the higher tube emis- feature at about 9pum, with silicates contributing pri-
sivity. Calculations indicate that a deposit of 5-pum marily at wavelengths greater than 10 pm.
ash particles (Fe20 3 - 5% as in Fig. 1) must be ap- Figure 4 presents the measured spectral emissivity
proximately 50-pum thick to be opaque at a wave- values of the deposit from Coal B as a function of
length of 4 pm. time. At wavelengths less than 4 pm, the emissivity
* Changes in emissivities with time are larger at is similar to that of the deposit from Coal A and the

wavelengths greater than 7 pm as chemical species clean stainless steel probe. The spectra from the Coal
with strong absorption features in this region are de- B deposit also show evidence of the presence of sul-
posited on the probe surface. The spectral structure fate, silica, and silicate material. However, the spec-
derives from the presence of sulfate, silica, and sili- tral emissivities as a function of time are significantly
cate species in the deposit, as discussed elsewhere different at the longer wavelengths (7-14,pm) than
[12,13]. those of the Coal A deposit, indicative of the differ-

After the combustion tests, the deposition probe ent chemical composition of the deposit. Specifically,
(including the deposit) was cast in epoxy, cross-sec- elemental analysis of the two deposits showed the
tioned, and polished for examination using scanning Coal B deposit to have more silicon and aluminum
electron microscopy (SEM) with x-ray analysis. The than the Coal A deposit.
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1.0..... . deposits both led to saturated emission bands in the
0. mi•mi . -"- " spectra, as observed in Fig. 3, consistent with the

..-. .1. predictions discussed earlier.
0.8 mi In general, the measured spectral emissivity in-
"06 ",,'/ "...- , creased with time as ash accumulated on the tube

"0"( ii Ii surface. The magnitude of the change was small at
2 0.4 .A i< I- short wavelengths (-4 /m) because of the low ab-
Lua, sorptivity of the ash in this region. In fact, most of

0.2. the measured emissivities at short wavelengths cor-
responded to deposits of insufficient thickness to be

4 6 8 10 12 14 16 considered opaque. By contrast, the increase of the
spectral emissivity at long wavelengths (>7 am) is

Wavelength [pm] significant. This increase is due to the accumulation

FIc. 5. Spectral emissivity measurements for ash depos- of a particulate layer whose emissivity was higher
its generated from Coal B as a function of time during the than that of the tube substrate. The high values of
first 3 h of deposition. Furnace wall temperature = 1300 the spectral emissivity at the long wavelengths are
'C. The spectral regions at 4.2-4.7, 5.5-7.5, and 14.4-15.2 consistent with values calculated for opaque deposits
pin are influenced by gas interference and are therefore (see Fig. 1).
not characteristic of the deposit. Emission features characteristic of deposit com-

position were also evident at long wavelengths. The
inner layer of the deposit showed distinct sulfate
(8.8-9.3/pm) and silica (9.1-9.4 pm) emission, with

SEM analysis showed the Coal B deposit to be an increased contribution from both species as the
approximately 35-pum thick (measurements ranged deposit continued to grow. By contrast, most alumi-
from 10 to 60,pm), with an inner layer similar to that nosilicates emit in the wavelength regions from 9.5
of the Coal A deposit. The Coal B deposit contained to 11pum. The relative contributions of silicates com-
significantly more particles larger than 5 pm in di- pared with sulfates and silica are significantly differ-
ameter, many of which were calcium aluminosilicate ent for the two coals, with Coal B indicating greater
and quartz. The largest particles observed in the de- amounts of aluminosilicates than Coal A. This im-
posit were 30 pm in diameter, plies higher aluminosilicate content in Coal B than

Figure 5 presents the on-line emissivity results for Coal A, as is consistent with the measured aluminum
the Coal B deposit at the high wall temperature composition of the deposits. The species-dependent
(1300 'C). The measured spectral emissivity of the features in the spectral emissivity became less pro-
clean probe is slightly greater (-"0.3) than that at the nounced with time, especially for the high-temper-
lower temperature, as a result of increased oxidation ature deposits from Coal B (Fig. 5). As particle size
of the stainless steel surface. Emissivities measured and deposit thickness increase, emission bands sat-
during the first 40 min of deposition are similar to urate first near their centers. As deposit thickness or
those measured at the lower probe and furnace tem- particle size continues to increase, the emission of
perature (Fig. 4). However, the emissivity at 110 min the saturated regions does not change, but that of the
shows no distinct sulfate and silicate features, and the nonsaturated wings continues to increase until it, too,
emission over the wavelength range of 5-17.5 /m is is saturated. The combined effects of larger particles
increased. No significant difference in the spectral and thicker deposits cause the spectral variation of
emissivity at 110 min and 179 min is observed at the emissivity to decrease, and the magnitude of the
wavelengths greater than 8/pm. These observations emissivity to increase.
indicate that species emissions in these regions are
saturated, and further addition of deposit will not Total Emissivities and Absorptivities:
change the spectral emissivity.

The SEM analysis of the high-temperature deposit Figure 6 illustrates the total (Planck-weighted)
revealed a 15-pim inner layer similar in composition emissivity as a function of time for the two Coal.3
to the deposits described previously. The outer layer deposits. In both cases, the total emissivity increased
of the deposit contained significantly more large par- with time as the ash deposit formed on the probe
tidles (up to 60 pm) than the low-temperature de- surface. The two deposits differ in composition,
posits described previously. The average deposit structure, and temperature. The dependence of de-
thickness was approximately 150 pm, although the posit emissivity on temperature alone (independent
thickness ranged from 30 to 175 pm. The larger par- of composition and structure) cannot be determined
tidles were mainly quartz, calcium silicate, and cal- by direct comparison of the two lines in Fig. 6. The
cium aluminosilicate. Many calcium-rich particles emissivity of the high-temperature deposit is greater
containing a thin layer of calcium sulfate were also - than that from the low-temperature deposit. The de-
present in the deposit. Larger particles and thicker posits formed at high temperature are thicker at any
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0.6 . ,enced by the probe surface and somewhat by particle
-w-Twa =oosize. As the deposits thicken and mature, the spectral

0.s :. and total emissivities approach a constant value, in-
dicating the effect of increased deposit thickness and

>.0.4 the incorporation of large particles (>20 um) into
the deposit. Large particles and thick deposits also

S 0decrease the spectral variation of the emissivity. To-
tal emissivities, calculated from the measured spec-
tral values for each deposit, increase with time from

0 . ....0. .. .. . the clean probe value (0.2-0.3) to values of 0.45-
5.0 100 150 200 0.55. Calculated total absorptivities are found to be
Deposition Time [minutes] lower than the corresponding emissivities.

FiG. 6. Calculated total emissivity as a function of time
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Measurements of the natural convection drag and the photophoretic force have been conducted for
Spherocarb char particles as a function of carbon conversion. These forces were obtained by measuring
the balancing voltage with and without laser heating during the reaction of single particles in an electro-
dynamic balance. The photophoretic force was determined by subtraction of the calculated natural con-
vection force, after an initial transient corresponding to about 5% carbon conversion during which the
natural convection force was dominant. The particle conductivity inferred from the photophoretic force
was found to decrease by more than one order of magnitude as the reaction progressed, qualitatively in
agreement with models of the dependence of conductivity on porosity. Confirmation of the temperature
gradient across the particle was provided by the development of asphericity in the particles when heated
from below, but not when heated uniformly. The simultaneous measurements of the mass, diameter, and
particle conductivity as a function of carbon conversion provide a critical test of pore evolution models
since the reaction rate is dependent on the accessibility of the internal surface area to the reactant gas
through the open pore structure and the thermal conductivity is dependent on the connectivity of the solid
structure. Induction periods were observed before the reaction rate accelerated and the particle conduc-
tivity declined, confirming the influence of pore structure on both. Particles could be reacted to a high
conversion of greater than 95% without any evidence of fragmentation, providing further insight on the
connectivity of the solid surfaces.

Introduction bon structure undergoes rearrangement during re-

action, which results in a shrinkage of particles under
The effect of pore structure on the reactivity and chemically controlled reaction conditions [2] and a

fragmentation of char, although extensively studied, decrease in the intrinsic rate of reactivity at high ear-
is still poorly understood. One incompletely resolved bon conversions [3].
problem area is the accessibility of the interior of the The present study is directed at examining the size,
porous volumes within the char to the reacting gas shape, density, and fragmentation of char over its en-
external to a particle, which is one of the many factors tire oxidation history using an electrodynamic bal-
determining reactivity. Another is the continuity of ance (EDB). In the EDB, a single particle is levitated
the connectivity of the char, which determines frag- by electrodynamic forces, and a DC voltage is ap-
mentation. The dependence of combustion proper- plied across the top and bottom electrodes to balance
ties of chars on the nature of the pore structure is the forces-gravitational, natural convection, pho-
evident from the calculated values of the critical po- tophoretic-acting on a particle. The particle can be
rosity for fragmentation for chars, which can vary, for heated and the changes in reaction rate and particle
simple assumed pore shapes and pore network struc- morphology followed over a wide range of conver-
tures [1], from 0.26 to 0.968. The problem is further sions. The advantage of the EDB over conventional
complicated by the recent observations that the car- thermogravimetric analyzers is the ability to study

the reaction of individual particles 50-200p/m in size,
'Nuclear Research Center, Negev, Israel. providing a measure of interparticle variability and

-°University of Technology, Graz, Austria. overcoming interparticle interactions [4]. An addi-
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to tical stability of better than 0.5% of the particle di-
to power i gas ameter by projecting an image on a photodiode arraydetector /et,. u vlight detector, which is used both to provide a signal to•etector " ligto the feedback controller and a measure of the particle

top vertical diameter [4]. In addition, a particle image is
p l e d focused on a charge-coupled device (CCD) camera

- <"A- and recorded at 24 frames per second. The particle
AR + loser is heated by a CO2 laser operated in the TEMO01

ring mode to provide a doughnut intensity profile that

electrode enhances the particle stability. The beam can be in-AR + • / ,-

e 0 0 terrupted on command using a laser shutter control-

- -4bottom ler. The temperature of the particle is measured by
• . electrode a two-color infrared pyrometer [5]. During an ex-/ periment, the size, shape, and radiation signals are

to CCD /\ collected continuously, f
comec/ \to microscope The initial particle diameters ranged from 165 to

c a C02 as 200 pm, the initial particle density from 447 to 617
laseri m kg/m 3, and the initial temperatures from 785 to 800

Fin. 1. Schematic of the electrodynamic balance with K. For this range of conditions, the oxidation of the
CO2 laser heating force from the bottom. Spherocarb particles is in the chemically controlled

regime since previous studies [4] have shown that the

tional advantage introduced in this paper is that of reaction rate is still given by the Arrhenius rate ex-
measuring the changes in thermal conductivity of the pression obtained at lower temperatures with an ac-
particle by measurement of the photophoretic force tivation energy of 36 keal/mol consistent with regime
when the tis heated from ow.Te ce I kinetics. For the experiments in the thermogravi-
when theiparticle meated from below. The can- metric analyzer, the particles were in the size range
ductivity can be measured continuously by inter- of 160-220 pm, the particle density was 400-900
rupting the laser heating periodically during a run of and th e are insty ras of0900
and determining the difference in balancing voltage, kg/in, and the surface area in the range of 950 to
at a given weight, due to natural convection and pho- 1020 m2/g. The composition of the Spherocarb is
tophoresis. After subtraction of the natural convec- 9,6.9% carbon, 2.4% hydrogen, and 0.7% oxygen.

tion force, the thermal conductivity can be inferred
from the photophoretic force. It is therefore possible
to follow the connectivity of the solid portions of a Measurement of Particle Charge and Density:
char, as inferred from its thermal conductivity, as
well as the rate of reaction, as a function of conver- The EDB provides a measure of the mass to
sion. These simultaneous measurements provide new charge ratio for a particle. The charge, q, can be ob-
insights on the evolution of the pore structure. tained by imposing a flow of known velocity u across

Experiments have been performed on synthetic the particle and measuring the change in the balanc-
char particles, Spherocarb, which have been exten- ing voltage. For a known gas flow through the bottom
sively studied because they provide a reproducible of the chamber, the balance between the particle
material that can approximate a high surface area weight and the sum of the drag force and the bal-
coal char. The Spherocarb particles have the further ancing electrical voltage, for a particle of mass m and
advantage of being spherical and being fairly uniform diameter d, is given by
in size.

qc
Experimental mg= 3rdpru + - V (1)

The char oxidation studies were carried out in an
EDB laser heated from below and a thermogravi-
metric analyzer (TGA). A schematic representation where c is the instrument constant with a value of

of the EDB is provided in Fig. 1. The electrodynamic about 0.5, z0 is the distance between electrodes, V is

field used to levitate the particle is produced by an the balancing voltage, and u the gas viscosity. The
AC voltage applied between the ring electrode and charge on particle may be obtained from the change
the top and bottom electrodes. Vertical forces on the in voltage with changes in velocity [i.e., q =
particle are balanced by a DC voltage applied across - (3zduz0/c)/(dV/du)]. This permits the determi-
the top and bottom electrodes. The particle position nation of the particle mass m and, given the diameter
is maintained in the center of the balance with a ver- d, the particle density pp.



EVOLUTION OF POROSITY AND THERMAL CONDUCTIVITY DURING CHAR OXIDATION 521

300 300 , I I I
CO2 laser oCO2 laser off (time subtracted)

20DC vol ae200000000 0 gO@
00

250 DCvlae250O 000 000

> 200 CO2 laser on 200 0

CO 5 laser on

150 150 -g 0S diameter •

- 100 -100 - Q)

5 5
S05

0 250 500 750 1000 1250 0 100 200 300 400 500 600 700

time t [s] time t [s]

FIG. 2. Spherocarb particle oxidation in an electrody- FIG. 3. Spherocarb particle oxidation in an electrody-
namic balance with CO2 laser heating from the bottom. DC naroic balance with CO2 laser heating. DC balancing volt-
balancing voltage and vertical particle diameter vs time. age vs actual reaction (laser heated) time.

Measurement of Natural Convection is seen to drop by about 50 V, or a little less than
and Photophoresis: 20% of the voltage needed to balance a particle. For

a period of about 1000 s, the voltage is seen to change
The force balance on a particle that is suspended little with time. After this induction period, the hal-

at the center of the EDB and is irradiated from the ancing voltage is seen to drop and the difference in
bottom is given by voltage with and without heating to increase to about

100 V, or about 80% of the voltage needed to balance
qc a particle. Since the time of interest is that in which

mg =- V + F, + Fp (2) the particles are reacting, the data are replotted in
z0 Fig. 3 as a function of only the time during which the

particles were heated or reacted. The induction time
where the weight of the particle is balanced by a before the reaction rate begins to accelerate corre-
combination of the force generated by the DC volt- sponds to a period during which the particles were
age, the natural convection F, and the photophoresis heated for 350 s. During this initial period, little
Fp. The method of operation was to interrupt the seems to occur to the diameter, the particle shape,
laser heating at periodic intervals using the laser or the difference V - Vo in balancing voltage.
shutter. It had been previously determined that the From here on out, the results will be presented as
time constant for cooling of particles was of the order a function of carbon conversion rather than time.
of tens of milliseconds [4]. The voltage V0, once the The changes in density and diameter are shown in
particle is at ambient temperature, provides a mea- Fig. 4. The shrinkage in the particle diameter is con-
sure of particle mass, mg = qVoc/zo. Additional in- sistent with the results obtained earlier for chemi-
formation is provided by the change in voltage V0 - cally induced ordering of the carbon structure [3].
V with and without laser heating. This difference pro- The slight decrease in density shows that the shrink-
vides a measure of the combined natural convection age in particle volume does not quite compensate for
and photophoretic forces: F, + FP = (V - V0)mg/ the loss in mass. An additional observation made was
Vo. that the particles heated from below developed into

oblate ellipsoids over time. Examination of the pro-
gressive reaction frame by frame showed that the

Results particles were consumed preferentially from the bot-
tom but as they became top-heavy would flip over so

The balancing voltages V0 and V with and without that the preferential carbon consumption, although
laser irradiation are shown in Fig. 2 for the case of always occurring on the bottom heated surface, was
heating from below. The temperature to which the evened over the top and bottom of the particle as a
particle is heated is 790 K. When the laser heating is result of the periodic flipping over of the particle. In
interrupted at the start of a run, the balancing voltage order to confirm that the distortion of the particles
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1.2 - ' was due to uneven heating, the Spherocarb particles
were reacted on a pan in a thermogravimetric ana-

00( 00 • lyzer, periodically extracted, and examined under a
S1.0• microscope. Under these conditions, no departure

7 from symmetrical carbon consumption was observed.
" 0 -0- Silhouettes of particles reacted in the EDB heated

- 0.8 -6 from below, which showed the major change in
shape, and from the TGA are shown in- Fig. 5 for

o selected carbon conversions.

". 0.6
Q_

o /9 Discussion

0.4 - 0 d/di 1 t1 ia - The major difference in this study from that of

previous studies is the difference in balancing voltage

0.2 1with and without laser heating. This difference pro-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 vides interesting new insights on the evolution of
pore structure during reaction. The sum of the forces

conversion normalized by the actual (not initial) weight of the

FIG. 4. Spherocarb particle oxidation in an electrody- particle is shown as a function of carbon conversion

namic balance with CO, laser heating. Dimensionless par- in Fig. 6. The large number of points up to 0.05 con-
tide diameter and particle density vs conversion. version reflects the long induction time before the

c =44 % C=95%

Reaction in TGA

10 0 A.M. ,

c =48% c= 80 %

Reaction in EDB

FIG. 5. Images of single Spherocarb particles at different conversions: zero conversion; 48% conversion, CO2 laser
heating from below in an EDB; 80% conversion, CO2 laser heating from below in an EDB; 45% conversion, TGA
experiment; 95% conversion, TGA experiment.



EVOLUTION OF POROSITY AND THERMAL CONDUCTIVITY DURING CHAR OXIDATION 523

1.0 with a flux density I [with units of energy/(area)

o sum of drag and photophoretic force (time)], is given by [7]
* photophoretic force

0.8 - v drag force 37/22d[dT/dz]
T=790 K= Szp"d-d ] (3)d , , u , =,1 6 5 u m / rP 2 Tr , ,
Pt.6 &fiti&l=

6 0 7
kgo

70.6 tfor the case of a particle conductivity much greater
than the gas conductivity, where p is the gas viscosity,

E 0.4 - Pg is the gas density evaluated at the particle tem-
Sperature Tp, and (-dT/dz) is the temperature gra-"dient across the particle and can be approximated by

0.2 " • 
dT(4)W Vdz kP

0.o0-
where k. is the particle conductivity. In the analysis,

0.0 0.1 0.2 0.3 0.4 0.5 0.6 the particle is assumed to be black and opaque, al-

conversion though, if needed, the photophoresis may be calcu-lated for any particle optical constants [8].
FiG. 6. Spherocarb oxidation in an EDB. 1. Sum of the

photophoretic force and the drag force, 2. drag force, 3.
photophoretic force, all divided by the actual particle Particle Conductivity:
weight plotted vs conversion. The error bars give an esti- The photophoretic force can be used to obtain
mated maximum contribution of the nonsphericity on the thermal conductivity. First, an energy balance on the
drag force and the photophoretic force. particle can be used to relate the temperature of the

particle to the incident flux density, to give [4]

reaction accelerated. It can be seen that the sum of 8k
forces acting on the particle increases from about I - - Tg (5)
0.15 times the weight near zero conversion (not vis- d
ible because of overlap of data), rising rapidly up to
0.25 near 0.03 conversion, and increasing approxi- Equations (3) through (5) can be combined to obtain
mately linearly with conversion up to 0.8 at a carbon the following relation between the photophoretic
conversion of 0.6. In order to evaluate the photo- force and the ratio of gas to particle conductivities:
phoretic force, it is necessary to first separate the
drag force F, due to natural convection, using the F1, 72p2(Tp - Tg) kg
previous experimental and computational study of (6)
natural convection from spheres at low Grashoff mg gTppgpd3 k,,

numbers by Dudek et al. [6]. The drag force using The ratio of thermal conductivity to particle conduc-
the measured particle diameter and temperature is ti
plotted in Fig. 6. The natural convection accounts tvity obtained using Eq. (6) is shown in Fig. 7. It is
for most of the observed imposed force at zero con- difficult to obtain a value of the solid conductivity
version. The calculated natural convection force over dominates. But the thermal conductivity falls rapidly
the weight of the particle is approximately constant and can be already estimated at 5% carbon conver-
since the decrease in diameter just about compen- sin. Furthermoethcndtityerassb
sates for the change in mass of the particle. smore thermore, the conductivity decreases bymore than an order of magnitude as the fractional

carbon conversion increases from 0.05 to 0.5.
Photophoresis: The thermal conductivity provides an interesting

measure of the interconnectivity of the solid space in
The photophoretic force is determined from the the char. The Spherocarb particles have much of

difference of the total force measured by the inter- their porosity in included bubbles. It is therefore in-
rupted heating and the calculated natural convection. structive to compare the changes in conductivity ob-
The photophoretic force increases up to a value tained here with the models presented in the litera-
equal to 0.6 times the weight of the particle at 60% ture. One of the first is due to Maxwell. This model
carbon conversion, treated the conductance of regularly spaced spheres

The photophoretic force F, on a particle of di- of one conductivity in a continuous matrix of a sec-
ameter d much greater than tde gas mean free path ond conductivity [9], but it is inadequate for handling
and a particle density p,,, irradiated from one side high-porosity solids where the voids are overlapping.
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0.04 I I difference across a particle is about 8(Tp - Tg)(kg/
k). For the bottom heating experiments, this can

o yield temperature differentials across a particle of
0.03 o o greater than 50 'C after 10% conversion. Since the

* g 0 activation energy for the reaction of Spherocarb is
70 °about 36 kcal/mol, this temperature differential

S0. would provide a factor of 3 difference in the rate of
0o.02 c reaction between the top and bottom of the particle,02 0sufficient to explain the preferential consumption of" 0carbon at the bottom of a particle. The temperature

-7 • 0 Kt differential will increase as the particle conductivity
0.01 decreases with increasing conversion, which explains

So T=790Kd= =50kg/m the evolution of disk-shaped particles [12]

S• T=785K,d,.,=187pzm,p.. 1 ,=447kg/m 3

0:00'0.00=° 7g/r_ Induction Time:

0.0 0.1 0.2 0.3 0.4 0.5 0.6 The induction for the chemical reaction has been

conversion observed previously in thermogravimetric studies of
Spherocarb oxidation and is in part due to the tran-

Fic. 7. Spherocarb oxidation in an EDB. The ratio of sient buildup of surface oxide complexes [13].
the gas conductivity to the particle conductivity estimated Clearly, the induction time for conduction is coupled
friom the photophoretic force vs conversion, to that in reaction, but it is not clear at this time why

there is such a strong dependence of conductivity on
conversion at the low conversions. The 5% of the

The case of random overlapping spherical spheres carbon consumed must have been distributed in crit-
has been handled by Kim and Torquato [101. For ical conduction paths, as the difference in porosity
gaseous voids that are not conducting, this model between 0 and 5% conversion is not large.
provides the ratio of the effective particle conductiv-
ity to the solid conductivity as a function of the void Fragmentation:
volume fraction (ý. The Spherocarb particles are on
average 70% void prior to reaction. Since the density A further check of porosity models is provided by
decreases by a factor of up to 0.5 (at a conversion of the fragmentation behavior of particles. As particles
0.6), the void fraction b will increase up to a value approach complete conversion, it is difficult to sta-
of 0.85. For this carbon conversion, the present study bilize them in an EDB. Complementary experiments
shows kg/kp to have values of about 0.025, corre- were therefore carried out in a conventional ther-
sponding to kP values of 2.29 W/(m)(K). The analyis mogravimetric analyzer. The particles were reacted
of Kim and Torquato gives values of 0.05 for the ratio to 95% conversion, and the decrease in diameter was
of the effective to solid conductivity at k = 0.85. measured using an optical microscope. The mean
The conductivity of the solid matrix would therefore and standard deviation of the diameter for a sample
be 46.4 W/(m)(K). This value can be compared to size of 10 particles are shown in Fig. 8. The results
those of extruded polycrystalline graphitic carbon, show evidence of particle shrinkage, as had been ob-
which mostly lie, at 790 K, in the range of 20-100 served previously [3]. However, the particles showed
W/(m)(K) [11]. The extraction of conductivity at dif- no evidence of fragmentation even at the highest
ferent conversions gives slightly different values of conversions. Since the particle volume decreased by
the conductivity of the continuous matrix, showing a factor of 0.32, for a particle with initial porosity of
that the overlapping void model gives a reasonable 0.7 the final porosity is 0.955. These results are sup-
but imperfect approximation of the porosity in portive of the models such as the random spherical
Spherocarb at different stages of conversion. This il- void model [14] that predict that percolation occurs
lustration, however, demonstrates how the ability to only at high porosities (0.97).
measure the thermal conductivity of individual par-
ticles provides an additional test of the models for
pore evolution during oxidation. Concluding Comments

Particle Asphericity: The use of interrupted heating in the EDB pro-
vides a means of measuring the sum of the natural

The development of oblate ellipsoids provides a convection and photophoretic forces acting on a par-
confirmation of the temperature gradient across a ticle. For an unreacted char, the thermal conductiv-
particle when heated from below. From Eqs. (4) and ity is high enough that the natural convective drag
(5), it may be shown that the maximum temperature force overwhelms the photophoretic force. However,
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Transient kinetics experiments have been used to characterize the combustion reactivity and the reactive
surface area of char obtained from a bituminous coal. They consisted of isothermal-pulsed combustion of
char samples with reiterated combustion and desorption stages. Experiments showed that the combustion
rate passed through a sharp maximum at the beginning of each combustion stage, to decline afterwards
as the carbon conversion degree increased. Combustion rate and reactive surface area have been deter-
mined as functions of the carbon conversion degree and of the oxygen partial pressure during the com-
bustion stage. Direct correlation between combustion rate and reactive surface area is satisfactory at low-
oxygen partial pressure; it becomes poorer when data at higher pressure are included in the comparison.

A descriptive model based on a Monte Carlo simulation technique has been developed to shed light on
some features of transient and steady behaviour observed in experiments. In particular, the relevance of
nonuniform reactivity of the exposed surface to the combustion behaviour and to overall char reactivity is
assessed on the basis of qualitative comparison between model calculations and experimental results.
Simulation results suggest that a pronounced "screening effect" of more stable surface oxides with respect
to more reactive ones takes place. It should be responsible for the sharp maxima observed in the com-
bustion rate vs time experimental relationship at the beginning of the combustion stages. The model
predicts the steady combustion rate to be lower than that obtained by averaging the intrinsic reactivity of
different classes of active sites on the basis of their concentrations in the unconverted solid.

Introduction ical reactivity of active sites. The subject is exten-
sively surveyed in review articles by Laurendeau

One of the challenging issues in combustion sci- [6], Essenhigh [7], and more recently, by Walker
ence is the problem of defining some "intrinsic" reac- [8].
tivity index of carbons towards oxygen, by correcting
the observed burning rates for the effects of intra- The substantial inadequacy of this procedure is
particle diffusion and of the chemical and morpho- confirmed by the analysis of a body of data carried
logical heterogeneity of the solid. The first level ap- out by Smith [9], who observed large discrepancies
proach to this problem is that of relating apparent between "intrinsic" reactivities (i.e., combustion
combustion rates measured under conditions of rates normalized with respect to TSA) of carbons of
chemical kinetic control (commonly indicated as re- various nature at the same temperature and oxygen
gime I conditions) to the total surface area (TSA) of partial pressure.
the carbon. This approach, although simple, presents In the attempt to overcome these drawbacks, some
significant drawbacks: authors [10-13] have devised transient kinetics (TK)

experimental techniques. These are based on the
1. The TSA is measured by physical adsorption of analysis of the dynamic response of a batch of carbon

gases different from oxygen at temperatures far burning in an environment containing a time-de-
below those at which combustion takes place; it is pendent oxygen concentration, typically according to
questionable whether the same surface is "seen" step or square pulse profiles. The amount of carbon
by oxygen molecules at temperatures of practical desorbed as CO or CO after oxygen feed is suddenly
interest in combustion. This point has been ad- interrupted can be related to the amount of surface
dressed by several authors [1-5]; and oxide formed during combustion and unstable at

2. reference to TSA tout court hides the heteroge- the reaction temperature. This value is eventually
neous character of the carbon surface, which is worked out to yield the reactive surface area (RSA)
actually made up of regions of different reactivity of the carbon; RSA, unlike TSA, is a function of tem-
depending on the local concentration and chem- perature and oxygen partial pressure in addition to
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TABLE I tion stages and helium of chromatographic grade
Properties of the South African coal during the desorption stages.

Net calorific value (kJ kg-' 26,300
Proximate analysis (%)Apparatus and Technique:

Moisture 2.3
Volatile matter 22.6 The experimental apparatus consisted of a 15-mm
Fixed carbon 59.8 i.d. vertical tubular quartz reactor. The lower section
Ash 15.3 of the reactor, filled with quartz powder, served as a

Ultimate analysis (%) gas preheater. In the upper section, about 50 mg of
on dry basis char sample were introduced, sandwiched between
Carbon 68.0 two quartz wool plugs. The char sample was thor-
Hydrogen 3.8 oughly mixed with about 1 g of quartz powder 100
Sulfur 0.6 um in size in order to minimize the possible occur-
Nitrogen 1.2 rence of hot spots under combustion conditions. The
Oxygen 10.9 reactor was electrically heated in a tubular furnace
Ash 15.5 equipped with a proportional-integral-differential

Free-swelling index (PID) temperature controller. The sample temper-
(ASTM D 720-67) 1-2 ature was monitored by means of a type K shielded

Random vitrinite reflectance thermocouple 1 mm in diameter placed inside the
(%) 0.72 bed.

Samples were dried at 380 K overnight prior to
the TK experiments. They were outgassed by rapid
heating to the temperature of 1123 K for about 2
min under nitrogen atmosphere, followed by rapid

the properties of the carbon. The importance of RSA cooling to the test temperature. The TK experiments
as a normalizing surface for obtaining intrinsic com- were carried out isothermally at 693 K. Each run
bustion rates is widely discussed by Radovic and co- consisted of the iteration of a cycle of a combustion
workers [10-12]. (C) and a desorption (D) stage pursued until com-

A study of the combustion reactivity of a coal char plete conversion of the sample was achieved. During
based on isothermal TK experiments is presented in the C stage, oxygen-nitrogen mixture at the desired
the following. Experiments have been designed to oxygen concentration was fed to the reactor at the
investigate the influence of oxygen partial pressure flow rate of 60 Nuh. During the D stage, helium
and of carbon burnoff on the combustion rate and was fed at the same flow rate. The C stages lasted
on the tSA. A descriptive model, based on a simple from a few minutes to about 1 h, depending on the
representation of the solid as a two-dimensional (2D) oxygen partial pressure. The D stages lasted 20 mi
square lattice made up of cells of different reactivity, under all the experimental conditions. On the whole,
is used to simulate the observed behaviour and to each TK run consisted of 5-7 complete C + D cy-
shed light on the influence of the existence of sites cles. During the run, gases leaving the bed were con-
of different reactivity on the overall combustion rate. tinuously drawn through a probe and analyzed by

means of a Hartmann Braun Uras 3E NDIR gas an-
alyzer to monitor CO and CO2 molar fractions at the

Experimental outlet, Xco, and XCo 2, respectively.
The residence time distribution (RTD) of the

Materials: transfer line and of the gas analyzer has been evalu-
ated by means of separate pulse experiments using

The carbon used in the experiments is char ob- CO 2 as a tracer. The RTD could be approximated
tained from quick devolatilization of particles of satisfactorily by that of a sequence of three contin-
South African bituminous coal. The properties of the uously stirred tank reactors (CSTR) with an overall
coal are reported in Table 1. Coal devolatilization was space time of 2.5 s and a variance of 2.2 s2. Although
carried out by feeding particles about 2-3 mm in size very limited, the influence of the transfer line and of
into a bed of silica sand (300-400/pm in diameter) the analyzer on the dynamic response was accounted
fluidized with nitrogen at a temperature of 1123 K for by deconvolution of the measured concentration
for about 5 min. Particles were then retrieved, signal.
ground, and sieved to obtain samples in the size Rates of carbon removal were obtained as F(Xco
range of 75-125/pm. Ash content of the char is 20% + Xco2), where F is the total molar flow rate of gas
by mass. through the bed. Results have been expressed in

Gases used in TK experiments were oxygen-nitro- terms of the carbon conversion degree f = (m0 -
gen mixtures of technical grade during the combus- m)/mo, where m0 and mt are, respectively, the initial
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and the actual mass of carbon in the reactor and of Combustion stage
the rate of change off, df/dt = (- 1/mo)(dm/dt). The combustion stage consists of N, discrete time

steps. At each step, sites belonging to the frontier of
the lattice, i.e., those which can be reached by oxy-

Theory gen, are flagged. Then N, frontier sites are marked
at random as chemisorbed, with N. given by

The TK experiments have been simulated by
means of a descriptive model based on a Monte Carlo N, = k, p Nf, (4)
technique. In view of the descriptive character of the
model, a number of simplifying assumptions have subject to the constraint k, p -- 1, where Nfr is the
been made, which are not believed to significantly number of frontier sites. Chemisorption on a site al-
affect the qualitative comparison between experi- ready chemisorbed is ineffective. The time at which
mental results and model calculations, a site undergoes chemisorption designates the begin-

The solid is represented by means of a 2D square ning of the site turnover interval: a counter associated
lattice (Fig. 1). Only the upper side of the lattice is with each chemisorbed site is updated at each step,
exposed to the gaseous atmosphere. Periodic bound- and after ti time iterations, the site is depleted. N, is
ary conditions are imposed on its lateral sides. Each large enough to provide for steady combustion rate
cell of the lattice represents a reactive site. It is as- to be reached at the end of the combustion stage,
sumed that two types of reactive sites are present, before moving on to the desorption stage.
denoted with C1 and C2. Prior to starting the simu-
lation, each cell of the lattice is marked at random as D
either C, or C2 according to a fixed value of site con- Desorption stage
centration a = C1/(C1 + C2). No oxygen chemisorption occurs during this stage,

Many different combustion mechanisms have and only desorption of previously chemisorbed sites
been proposed in the literature, either for noncatal- takes place. At each time step, the counter associated

ytic [6,14] or for catalytic [15] oxidation of carbon. with chemisorbed sites is updated, and sites are de-

For the sake of simplicity, the simple combustion pleted when their turnover time ti expires. Desorp-
mechanism based on two steps, first-order nondis- tion is carried on until all chemisorbed sites have

sociative oxygen adsorption and zero-order desorp- vanished.
tion, is assumed [16]. Oxygen chemisorbs irreversibly Variables evaluated during the simulation proce-
onto reactive sites, according to dure are the rate of site consumption, the total num-

ber of sites vanishing during the desorption stage (re-
lated to RSA), and the fraction of frontier sites of

Ci + -02 -- Ci (0); types l and 2. Input variables are the initial fraction
2a of sites of type 1, the product kl, "p, and the de-

r, = k, "p; i = 1,2 (1) sorption constants k1,i, where i = 1,2. Computations
have been performed using a CONVEX C210 vector

where r, expresses the frequency at which sites un- computer.
dergo adsorption, p is oxygen partial pressure, and k,
is the adsorption constant. A single adsorption con-
stant k. is assumed regardless of the type i of the site. Results and Discussion
This simplifying assumption is consistent with the ob-
servation that activation energies for oxygen chem- E r
isorption are much less dependent on the type of site perimental Results:
than are desorption activation energies [17]. Desorp- Typical results of TK experiments are exemplified
tion occurs according to the following parallel paths: in Fig. 2, showing mole fractions of CO and CO2 at

the reactor outlet as a function of time during iter-
C 1 (O) - CO,CO 2  rd,1 = kf,1, (2) ated combustion and desorption cycles. In the same

figure, the C0 2/CO ratio is plotted as a function of
C2 (O) -- CO,CO 2  rd,2 = k(d2 (3) time. Data in Fig. 2 were obtained at 0.21 atm oxygen

partial pressure during the combustion stage. Exper-
with k, I > kl,2 , where r,q, = kd', represents the turn- iments carried out at oxygen partial pressures of 0.1
over frequency of sites i and ti = i1kA,,i is the time and I atm yielded results qualitatively similar to those
after which a complex formed by oxygen chemisorp- in Fig. 2. Apart from the initial spike at the beginning
tion on an i site vanishes as either CO or CO 2. Sur- of each C stage, the C0 2/CO molar ratio in the exit
face migration of chemisorbed oxygen is not consid- gases was relatively constant during burnoff at the
ered. values of 2.9, 3.1, and 3.2 for 0.1, 0.21, and 1 atm

The TK experiment is simulated by sequences of oxygen partial pressure, respectively. The very lim-
combustion and desorption stages. ited change of the CO2/CO ratio over a 10-fold
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ppm CO, C02 C02/CO heating up of carbon particles due to oxygen chemi-

800 4 sorption at the beginning of the C stage. Oxygen
" -, -chemisorption has proved to be largely exothermic,

integral heats of adsorption as large as 60 kcal/mol

60 . --.. 2 being reported in the literature [22,23]. Thermal ef-
o2,C ' fects during early oxygen chemisorption of coal chars

in a DTA have also been reported by Brown et al.
[13]. With reference to the present experiments, it

400 can be evaluated that particle temperature might in-

o2 crease by as much as 15 K if chemisorption of an
amount of oxygen equal to that desorbed during the

200 D stages would occur adiabatically. It must be noted,
Co however, that in the present experiments the char

sample was thoroughly dispersed in a bed of quartz
- powder. The characteristic thermal diffusion time

1,000 2,000 3,000 4,000 5,000 under unsteady heat generation conditions can be
t, s conservatively estimated as z, = d2/ah 0.05 s,

where al is the relevant thermal diffusivity (ah
FIG. 2. Typical result of a TK experiment. Three cycles 10 4 m2/s for air, - 10 -7 m2/s for quartz or char). It

of C and D stages are represented: p = 0.21 atm during follows that transient combustion rate associated
the combustion stage; T = 693 K; gas flow rate = 60 with nonisothermal behaviour, if any, should take
NI/h. place over a timescale much shorter than the decay

time observed in experiments. In addition, the slight,
though appreciable, increase of the CO2/CO ratio at
the beginning of the C stage (observed also by Brown

change of O2 concentration suggests that homoge- et al. [13]) further reinforces the idea that fast de-
neous CO oxidation was negligible. Values of C0 2/ pletion of reactive sites (yielding preferentially C0 2)
CO during combustion are larger than predicted by and building up of less reactive surface oxides is rel-
Tognotti et al. [18] and should be related to extensive evant to the observed transient behaviour.
catalytic effects of the inorganic constituents of the Values of CO and COs concentration measured
char. after the fast decay at the beginning of the combus-

The overall transient behaviour in the combustion tion stage have been worked out to obtain "steady"
stages appears to be the result of two combined ef- combustion rates df/dt as a function of carbon burn-
fects: (1) a fast transient phenomenon occurring very off f and of oxygen partial pressure p. The ratio
early in the combustion stage and consisting of a sud- df/dt has been found to vary almost linearly with ox-
den increase followed by rapid decay of the combus- ygen partial pressure, as is apparent from Fig. 3,
tion rate as well as of the CO2/CO ratio and (2) a where (df/dt)/p is reported as a function of carbon
slower decline of combustion rate with an almost burnoff. The question regarding the reaction regime
constant COO/CO ratio as the carbon conversion de- associated with combustion of the same char at tem-
gree increases. Notably, the maximum reaction rate peratures around 690 K has been addressed in Refs.
at the beginning of each combustion stage is larger 1 and 2, where it was concluded that combustion
than that observed at the end of the previous comrn- essentially occurs on the surface of meso- and ma-
bustion stage. Similar phenomena have been re- cropores, whereas microporous domains are negli-
ported by Brown et al. [13] (in both oxygen and gibly penetrated by oxygen. The persistence of dif-
steam gasification of carbon) and previously by fusional resistances within micropores, in spite of the
Tucker and Muleahy [19], Bonnetain et al. [20], and low temperature at which combustion is carried out,
Laine et al. [21]. Two mechanisms should be at work might partly explain the reaction order close to unity.
to explain the pulse of combustion rate at the begin- The CO 2 and CO concentrations rapidly drop at
ning of the C stage. Tucker and Mulcahy suggested the beginning of the D stage, and so does the C0 2 /
that the observed decay of reaction rate is the result CO ratio, consistently with a mechanism that asso-
of the desorption of unstable surface oxides followed ciates larger C0 2 /CO ratios to the desorption of more
by the building up of stable surface complexes, which reactive sites. Data obtained in the desorption stage
limits further progress of reaction. In this respect, are worked out to yield the value of RSA, according
the desorption stage between two successive com- to the following equation:
bustion stages would have a regenerating effect on
the surface, providing enough time for more stable RSA = 1 F F(Xco + 2 Xco2 ) dt (5)
surface oxides to be desorbed and restoring a higher m0is
level of surface reactivity. Another factor to explain
pulses of combustion rate might be possible: the where td is the duration of the desorption stage. In
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FIG. 3. Rate of change of carbon conversion degree per FIG. 5. Correlation between df/dt and RSA.
unit oxygen partial pressure (df/dt)/p vs f for different ox-
ygen partial pressures in the combustion stage.

pressure. Correlation is rather good at the lower ox-

2.5 ygen partial pressures but deteriorates when data at
p = 1 atm are compared with those for the lower

p=0.1 atm pressures. This implies that the goal to obtain,
pa-0.21 atm through RSA, a simple index to express the intrinsic0 I'p1 reactivity of the char is only partially reached: the
p-".0 ot same value of df/dt (0.007) is observed, for instance,

"at p = 0.21 atm,f = 0.1 and atp = 1 atm,f = 0.6,
S1.5 0 whereas values of RSA corresponding to the two con-
E ditions differ, being 0.6 mmol/g and 1.2 mmol/g, re-
E \'- spectively.<f

0n 1 \

"o Model Calculations:

0.5 El-- • A 100 X 1000 lattice made up of an equal number
of C1 and C2 sites (a = 0.5) has been used to rep-

' u .A resent microporous domains of the char not pene-
2 0 1 trated by oxygen [1,21.

0 20 40 60 80 100 Values of the product k, "p and ofkd, and kd2 have
f, % been changed so as to compare results corresponding

to the three cases:
FIG. 4. RSA vs f for different oxygen partial pressure

during the combustion stage. k"p > kd, > kd,2

(k,'p = 1; kd, = 0.1; kd,2 = 0.01) (a)
view of the difficulty of assigning a precise value to
the surface occupied by a surface oxide, RSA has kd, > k,'p > kd,2
been expressed as mmoles of atomic oxygen de-
sorbed per gram of carbon initially charged into the (k, p = 0.1; kdI = 1; kd,2 = 0.01) (b)
reactor. Carbon removal during the desorption stage
contributed negligibly to burnoff. Values of RSA kdI > kd,2 > k ' p
measured at different carbon conversion degrees and
oxygen partial pressures are given in Fig. 4. (k,'p = 0.01; kdj = 1; kd,2 = 0.1) (c)

Figure 5 represents a cross plot of Figs. 3 and 4
with the purpose of directly correlating combustion The values of k,- p and k,,i, as well as of a, used in
rate df/dt to RSA at any burnoff and oxygen partial the computations have no direct relation with the
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FIG. 6. Combustion rate vs time relationship from the Monte Carlo simulation model. Case (a): k, "p = 1; kdA = 0.1;
kd,2 = 0.01. Case (b): k' p = 0.1; kdl = 1; kd,2 = 0.01. Case (e): k, p = 0.01; k,,, = 1; k1,2 = 0.1.

real experiment. They have been arbitrarily chosen nearly constant and equal to the bulk value of a =

with the only purpose of shedding light on the qual- 0.5.
itative aspects of transient kinetics experiments. Re- Steady combustion rates rs per unit surface area
suits are shown in Fig. 6 as profiles of the carbon of carbon are 0.036, 0.026, and 0.0092 for cases (a),
combustion rate per unit char surface area vs time. (b), and (c), respectively (Fig. 6). If r, is calculated
Close similarity between curves for cases (a) and (b) according to the Langmuir-Hinshelwood (LH) ki-
and those obtained in experiments (Fig. 2) is ob- netic model applied to series-parallel paths (1), (2),
served. A sudden increase followed by a fast decay and (3) and assuming additive contributions to the
of the combustion rate occurs at the beginning of the reaction rate of sites C1 and C2 weighed by their
combustion stage when combustion is fully or par- concentrations a and (1 - a), respectively, then the
tially controlled by the rate of desorption. This is due following expression is obtained:
to preferential consumption of the more reactive C1
sites and to the building up of the slowly reacting C2
sites on the exposed carbon surface. The latter act as/
a screen towards further combustion of C1 sites. This a 1 - a
"screening effect" is expected to be markedly de- r.,,LH = k, 'p + - . (6)
pendent on the topology of the spatial distribution of k,.p ka p +
sites, expressed, among others, by the site coordina- kdrk,12  /
tion number and by the lattice dimensionality. Dur-
ing the desorption stage, enough time is allowed for
complete desorption of both C1 and C2 sites. This Equation (6) leads to -rLH = 0.0504, r,,LH 0.050,
regenerates the initial status of the surface (a = 0.5) and rS.Lli = 0.0095 in the cases (a), (b), and (c), re-
and increases the average surface reactivity for the spectively. The finding that raLII > r,. in any case
subsequent combustion stage. should warn about the assumption of additive con-

The transient behaviour is different when the ad- tributions of sites having different desorption rates
sorption rate k, ' p is smaller than the desorption rate when evaluating carbon combustion rates from tem-
of any site (case (c)). At the beginning of each com- perature programmed desorption (TPD) spectra
bustion stage, there is an induction interval during [17]. The screening effect might increase the impor-
which the reaction rate increases, as the surface coy- tance of the more stable active sites far beyond the
erage of sites by chemisorbed oxygen, wiped out dur- level that would be expected on the basis of their
ing the previous desorption stage, is regenerated by concentration in the unconverted char. This is par-
the slow adsorption process. The relative abundance ticularly so under desorption-controlled combustion
of surface sites of the two types (C1 and C2) stays conditions.
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Conclusions N, number of time steps in the combus-
tion stage

Transient kinetics (TK) experiments with iterated Nf, number of sites belonging to the lat-
sequences of combustion and desorption have been tice frontier
directed to obtaining combustion rates and reactive p oxygen partial pressure
surface areas (RSA) of char of a bituminous coal as r, adsorption frequency
a function of oxygen partial pressure and of the de- rU,i i-site turnover frequency
gree of carbon conversion. Attempts to correlate rs steady combustion rate
combustion rate directly to RSA at different oxygen r5 ,LH steady combustion rate according to
partial pressures and carbon burnoff are not in every the LH kinetic model
case satisfactory. The difference between reactivities RSA reactive surface area
of sites of different nature is the starting point to It time
explain the sharp maximum combustion rate oh- t~j duration of the desorption stage
served within the present work, and by previous au- tj i-site turnover time
thors, at the beginning of combustion stages during TSA total surface area
TK experiments. Xco, Xco0  molar fractions of CO and CO 2 in

A descriptive model assumes that the solid is made outlet gases
up of two types of reactive sites having different de- a concentration of sites C1 in the lattice
sorption rates, and it predicts sharp extremes in the ah thermal diffusivity
reaction rate vs the time relationship when reaction Th characteristic thermal diffusion time
is even partially controlled by the surface oxide de-
sorption rate. The "screening effect" of less reactive
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PREDICTING THE EVOLUTION OF FUEL NITROGEN
FROM VARIOUS COALS

STEPHEN NIKSA

Molecular Physics Laboratory
SRI International

333 Ravenswood Avenue, Menlo Park, CA 94025, USA

Nitrogen release from most coal types occurs by three mechanisms: tar shuttling, HCN production from
char-N, and combustion of char-N. This modeling study extends FLASHCHAIN to characterize the first
two N-release mechanisms for heating rates from 5 to 104 K/s, temperatures to 1550 K, pressures from
vacuum to several atmospheres, and 13 coals of rank from sub-bituminous through low volatile bituminous.
Based primarily on the accuracy of predicted tar yields, the agreement among predicted and observed
evolution histories of tar-N, HCN, and char-N and the nitrogen contents of tar is within experimental
uncertainty throughout this domain.

Under conditions of rapid heating, tar shuttling is the only mechanism for nitrogen release as long as
tar is being expelled, but for slower heating conditions, it is overlapped by HCN production from char-N.
The predictions correctly depict the rank dependence of nitrogen evolution, exhibiting a broad maximum
for hv bituminous coals before falling off for low volatility coals. Tar shuttling is almost entirely responsible
for this trend. Also, the predicted nitrogen contents of tar increase throughout primary devolatilization as
cumulative tar yields grow, in accord with measured values. HCN production from char-N has an extremely
broad thermal response that is well represented with a very broad distribution of activation energies.
Predicted char-N and HCN evolution histories for numerous coals based on the same energy distribution
are within experimental uncertainty of observed levels for several coal types, although indications that
HCN production becomes slower for coals of progressively higher rank are also considered.

Introduction for tar evolution. At the same time, the volatiles un-
dergo secondary and oxidative pyrolysis in hot, fuel-

Pulverized coal flames in utility boilers generate rich gases that convert some of the nitrogen in tar
NOR, primarily by converting nitrogen incorporated into HCN [2,3]. The remainder is incorporated into
into the coal's organic components, because produc- soot along with the aromatic components of tar mol-
tion by thermal mechanisms is effectively inhibited ecules [4,5], counteracting the devolatilization of fuel
by regulating flame temperatures. The mechanisms nitrogen in the primary devolatilization stage. Even-
for fuel nitrogen conversion with coal remain to be tually, in the third stage, oxygen contacts the char
established, although they are already known to be and soot, liberating additional nitrogen either by di-
far more complicated than the direct production of rect chemical conversion to NO or by thermal dis-
HCN that initiates fuel nitrogen conversion with sociations induced by the higher particle tempera-
most liquid and gaseous fossil fuels. tures associated with char combustion.

Fuel nitrogen is expelled in three stages during Even though this phenomenology is reasonably
pulverized fuel firing. It is first liberated during pri- well established by laboratory studies, it has never
mary devolatilization as a structural element in before been implemented in modeling because it has
heavy, aromatic compounds collectively called tar not been possible to predict the yields and evolution
[1]. Among succeeding stages, this one is the most rates of tar within useful tolerances until very re-
sensitive to specific properties of different coal types. rently. Indeed, this paper demonstrates that, for the
In the second stage, additional fuel nitrogen is ex- cent Inee, this paedemonstrates thor epelled from char as HCN (and occasionally NH 3) on most part, reliable predictions of fuel nitrogen evo-
time scales that are considerably longer than those lution rest upon accurate models for tar evolution,simply because tar is the main shuttle for fuel nitro-

gen during primary devolatilization and also because
*This paper is a Numerical Modeling Study (B) in the tar evolution depends on the coal properties more

areas of (6.2) Coal and Organic Solids Combustion (7.1) than any other aspect of devolatilization behavior.
Pyrolysis, Devolatilization, and Gasification (10.4) NO, In this modeling study, FLASHCHAIN, one of
SO,, and Dioxins. the newer depolymerization models for primary de-
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volatilization, is supplemented with concise mecha- ing fragmentation, thereby suppressing the produc-
nisms to account for nitrogen release via tar evolution tion of tar precursors. For both processes, oxygen
and via HCN production from char nitrogen to sim- plays a distinctive role, accelerating the bridge con-
ulate nitrogen evolution from diverse coal types. version rate and shifting the selectivity between scis-
FLASHCHAIN is an ideal foundation for models of sion and spontaneous char condensation toward the
nitrogen evolution because the ultimate analysis is production of char links. Of course, the oxygen con-
the only sample-specific information it requires to centration in bridges is a strong function of rank. Tar
simulate any coal's devolatilization behavior at any formation proceeds by the flash distillation analogy
operating conditions. This unique capability enables [13], in which a phase equilibrium relates the instan-
detailed comparisons among the predictions and a taneous mole fractions of like fragments in the tar
comprehensive database compiled from the results vapor and condensed phase.
of several reported laboratory studies. The database This framework for primary devolatilization is
represents heating rates from 5 to 104 K/s, pressures adapted to describe fuel nitrogen evolution by ac-
from vacuum to several atmospheres, and tempera- counting for two additional processes: the release of
tures from 800 to 1500 K. It also features nitrogen nitrogen as a structural element in the aromatic nu-
species distributions and tar nitrogen contents from clei in tar molecules and production of HCN from
13 different coal samples that represent ranks from the nitrogen in aromatic nuclei throughout the con-
subbituminous to low volatile bituminous. densed phase, collectively called char-N. Both pro-

cesses are monitored in terms of the average moles
of nitrogen per mole of nuclei in the condensed

Overview of the Theory phase at any instant, denoted by 17, assuming that the
nitrogen in coal is randomly distributed among nuclei

Only qualitative aspects of the devolatilization of different size and constitution. The conservation
model are presented here because extensive formu- law for r relates the time rate of change of the total
lations [6,7] and performance evaluations [8-10] are moles of nitrogen in the condensed phase to the pro-
already available. In FLASHCHAIN, the coal's duction rates of HCN and tar-N. It can be shown
cross-linked macromolecular structure is modeled as that this relation reduces to a simple first-order pro-
a mixture of chain fragments ranging in size from a cess:
monomer to the nominally infinite chain. The diverse
assortment of structural components in real coals is dq kHCN7 1O = (1)
rendered coarsely with four generic structural com- dt
ponents: aromatic nuclei, labile bridges, char links,
and peripheral groups. Aromatic nuclei are refractory where
units having the characteristics of the hypothetical d
aromatic cluster based on 53C nuclear magnetic res- kHCN d - I exp( AezmT(')dt"
onance (NMR) analysis. They also contain all the ni- dt - s In i
trogen in the coal, consistent with x-ray photoelec-
tron spectroscopy (XPS) characterizations that f(E) dE
indicate a predominance of pyrrolic and pyridinic ni-
trogen in all coal types, with appreciable quaternary f(E) = 1
nitrogen only in low rank coals [3,11,12]. Except for 2 exp[ - (E - EHcN)a/2&]
HCN production from their nitrogen, nuclei are im-
mutable. Nuclei are interconnected by two types of qo = the initial moles of nitrogen per mole of ar-
linkages: labile bridges or char links. Labile bridges omatic nuclei, which is proportional to the weight
represent groups of aliphatic, alicyclic, and hetero- fraction of nitrogen in the coal initially.
atomic functionalities, not distinct chemical bonds. Instantaneous values for r appear in the produc-
They contain all the oxygen, sulfur, and aliphatic car- tion rate of HCN from char-N according to
bon, but no aromatic components. Being refractory,
char links are completely aromatic with no hetero- dYHiCN = k]
atoms. dt - c jj

In the model's four-step reaction mechanism, la-
bile bridges are the key reaction centers because where YHCN is the molar yield of HCN. Once YnCN
bridge conversion governs both tar and gas forma- is evaluated, the HCN yields can be expressed as
tion. Conversion of a bridge initiates two distinct re- fractions of the coal's original mass or nitrogen con-
action pathways, either to generate smaller frag- tent. The xj are the moles of fragments with degree
ments including precursors to tar or to form a new of polymerization j in the condensed phase. The
refractory char link accompanied by the immediate summation, therefore, compiles the fraction of the
release of noncondensible gases. The pathway to char original aromatic nuclei present in the condensed
links depletes the bridge population without induc- phase at any instant. The product of the instantane-
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ous value of q and this summation also specifies the o6 .

nitrogen content in char. The molecular weight of
nuclei is also continuously updated to account for 0.5

HCN release, based on the instantaneous value of 'a Volatile
5 .4

11wl. z

The nitrogen expelled with tar molecules is eval- ` 6
o 0.3

uated as the fraction of the original nitrogen in the -6 -_ . __ o
cumulative tar mixture,ftjr, which is governed by 0• • ~~0.2 • - t

a Tar

a 7
-f = - " jFj fta'r(0) = 0 (3) 0.1

dt 71o __

where F, is the evolution rate of tar molecules of 1 10 102 1t
3

degree of polymerizationj, up to the maximum value Heating Rate, K/s
J'. The mass fraction of nitrogen in tar can be de- Fin. 1. Comparison between predicted and observed

termined from fNr. volatile-N (solid curve and 0) and tar-N (dashed curve and

0) from an Ill. No. 6 coal for various heating rates to 1225

Model Parameters K with a 5-s hold period at 0.1 MPa reported by Cai et al.
[14].

FLASHCHAIN's extended submodel for coal
constitution [7] drastically reduces the input require- only two experimental studies that assigned closures
ments by incorporating regressions among a sample's on the nitrogen balances for individual runs [1,4], as
elemental composition and all other input data. The well as the most recent laboratory study of nitrogen
ultimate analysis now specifies initial values for all evolution during primary devolatilization [14]. A
structural parameters in the submodel for coal con- fourth study provides the data on nitrogen mass frac-
stitution. Whereas most of the reactivity parameters tions in tar [15]. Data reported for heating rates from
are the same for all coal types, the handful that 5 to 5000 K/s were acquired with wire-grid heaters
change for every sample are correlated with the el- in which the sample was dispersed in a layer only a
emental compositions of labile bridges, which are few particles deep. Thermometry for the system used
also evaluated from the ultimate analysis of the whole by Cai et al. [14] has been subjected to detailed char-
coal. These relationships have been used in evalua- acterization and is thought to be among the most
tions with more than 90 different coals. And in 4 of reliable in the literature. The reported time-temper-
5 cases, the predicted and observed values are within ature histories and pressures were used directly in
experimental uncertainty. None of the relations for the simulations.
either the structural or the reactivity parameters have The much earlier studies of vacuum pyrolysis by
been adjusted to simulate nitrogen evolution, so the Freihaut et al. [1] imposed nonuniform heating rates,
tar yields, tar N, and weight loss in this paper are variable reaction periods at intermediate tempera-
predictions in the most literal sense. tures, then slow approaches to extended soaking at

The only parameters assigned to predict nitrogen higher ultimate temperatures. Only the total reaction
evolution are those in kHCN. This rate was assigned time was uniform at about 10 s in all cases. Fortu-
by matching the predictions to data in Fig. 1 reported nately, thermocouple records of several operating
by Cai et al. [14] on nitrogen evolution from an Ill. conditions were reported for the stainless steel mesh
No. 6 coal for heating rates from 5 to 5000 K/s at used for temperatures to 1300 K (but not for the
atmospheric pressure. As explained more fully below, tungsten screens used at hotter temperatures). Close
this comparison also revealed that the thermal re- fits for the simulations were developed with uniform
sponse of HCN production from char-N can only be heating rates and variable isothermal reaction per-
represented by a distributed activation energy model iods to intermediate temperatures so that uncertain-
(DAEM), for which the mean and standard deviation ties associated with the thermal histories are not in-
were assigned as 209 and 66.9 kJ/mole, respectively, ordinate. The simulations are based on a pressure of
The pseudofrequency factor is 2 X 105 s 1. 0.015 MPa. Only the data that closes the nitrogen

balances to within 10% are included.
Chen and Niksa used their new radiant coal flow

General Guidelines for the Data Evaluations reactor operated in its mode that eliminates second-
ary pyrolysis of the volatiles [4,16]. This entrained

The three laboratory studies selected for this flow furnace heats coal suspensions with radiant
model evaluation monitored the fractional evolution fluxes as large as 60 W/cm 2 at atmospheric pressure
of fuel nitrogen among tar, HCN, and char for coals for which calculated particle heating rates exceed 104

across the rank spectrum. This group contains the K/s. Simulations of these data are based on uniform
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heating at 1.5 X 104 K/s to 1550 K with no isother- 1..........
mal reaction period and quenching at 13,300 K/s. Ch"• N
The simulations for the entrained flow reactor used , 0.8
by Freihaut et al. [15] are based on uniform heating
at rates from 2000 to 6000 K/s, depending on the Z
ultimate temperature, followed by a 0.1-s isothermal 1 0.6
reaction period. ?-)

In the forthcoming FLASHCHAIN predictions, g 0.4

the operating conditions of temperature, heating _
rate, time, and/or pressure were varied to match 0.2 v
those in the experiments, whereas the sample's ulti- mr-N

mate analysis was used to specify initial values for all 0
structural and reactivity parameters. A simulation of 0 20 40 60 80 l10

each thermal history requires less than 3 min on a Extent of Primary Devolatil~ization, %
20-MHz, 386-type personal microcomputer. Coal F20-M z, 86-ypeperonalmicocoputr. oal FIG. 2. Comparison between predicted and observed
properties are given in the primary references for the cr 2. compan tween p i and observedchar-N (solid curve and 0), tar-N (V and dotted curve),
experimental work. Whereas carbon content is a sat- and HCN (dashed curve and U) from an Ill. No. 6 coal for
isfactory rank variable, the nitrogen contents show devolatilization during heatup at more than 101 K/s. The
no trend whatsoever across the rank spectrum. The abscissa indicates the percentage of the ultimate weight
initial values of 'm show no trend with rank either. loss of 55.9 daf wt. pct for each of the residence times
Initially, there is, on average, one nitrogen atom for
every 2.5-4 aromatic nuclei, and each nucleus typi- amined by Chen and Niksa [16].

cally has between two and four 6-membered rings.
ultimate temperature, irrespective of heating rate.
Being the sum of tar-N and HCN, the volatile-N in-

Results creases for faster heating rates only because the tar-
N does. Consequently, the data in Fig. 1 conclusively

Provided that the pressure is below about 10 MPa, demonstrate that HCN production from char exhib-
predicted tar and total yields for all coals at all op- its an extremely broad thermal response that requires
erating conditions are within experimental uncer- a DAEM.
tainty for all cases considered in this paper, as dem- Cai et al. [14] evaluated the impact of pressures to
onstrated separately [10,17]. The case used to specify 70 MPa on nitrogen release by heating the same coal
the value for kHCN for all coal types appears in Fig. at 1000 K/s to 975 K then holding for 10 s. The ob-
1. Total fractional nitrogen evolution appears along served and predicted values at atmospheric pressure
with the fractional tar N for heating at 5 to 5000 K/s agree closely, being 0.37 vs 0.38 for volatile-N and
to 1225 K with a 5-s isothermal reaction period. The 0.22 vs 0.29 for tar-N. At 1 MPa, the comparisons
predicted volatile-N and tar-N are within experimen- are also favorable, being 0.29 vs 0.25 for volatile-N
tal uncertainty at all heating rates except the fastest. and 0.19 vs 0.15 for tar N. However, at higher pres-
However, this may not be a flaw in the predictions sures, the model underpredicts the tar yields and tar
because 5000 K/s is probably faster than the time it N, although it correctly predicts that yields of HCN
takes for coal particles to actually be heated in wire increase only very slightly for elevated pressures up
mesh heaters. Note that the equally observed values to 70 MPa at this thermal history. This discrepancy
for 1000 and 5000 K/s are consistent with this ra- is due to underpredicted tar yields for this coal, al-
tionale. Both of the predictions correctly grow for though FLASHCHAIN predictions for several other
faster heating rates, especially for tar-N. Tar-N in- coals at elevated pressures are accurate [8].
creases in proportion to the tar yields, which increase Once the parameters in kHCN were assigned with
for faster heating rates; in fact, the predicted tar and Fig. 1, no parameters were adjusted for any of the
total yields are within experimental uncertainty succeeding evaluations with data. The comparison
throughout, as reported separately [17]. The growth with the data from Chen and Niksa for very rapid
in volatile-N for faster heating rates is actually more heating conditions appears in Fig. 2. The fractional
revealing. It is impossible to represent this tendency nitrogen evolution data is plotted against the extent
with an ordinary rate constant in a single first-order of primary devolatilization, evaluated as observed
reaction regardless of the parameter values. Volatile- weight loss for progressively longer reaction times
N is predicted to diminish slightly with any single expressed as a fraction of the observed ultimate yield
first-order reaction simply because there are more (of 55.9 daf wt.%) for this heating rate and pressure.
precursors to HCN in the char whenever tar evolu- This abscissa circumvents the need to relate the
tion is suppressed, as it is for slower heating rates. In measured residence times to thermal histories, which
contrast, with a DAEM for HCN production, asymp- were not measured. For this ease of transient devol-
totic yields of HCN are achieved at any sustained atilization during heatup at a rate exceeding 104 K/s,
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FIG. 3. Comparison between predicted and observed FIG. 4. Comparison between predicted and observed
char-N (solid curve and 0), tar-N (V and dotted curve), char-N (solid curve and 0 vs 0), tar-N (dotted curve and
and HCN (dashed curve and U) from a Utah hv bitumi- V vs V), and HCN (dashed curve and El vs y ) from several
nous coal for the vacuum pyrolysis experiments of Freihaut coals for devolatilization during heatup at more than 104

et al. [1] at heating rates from 60 to 550 K/s, depending on K/s vs the daf carbon content of the samples.
the ultimate temperature, during a total reaction time of
about 10 s. The abscissa indicates the ultimate tempera-tures in calibration trials, which are substantially higher experimental uncertainty for all coal types. Predicted
than values with coal. HCN levels are insensitive to coal rank for the shortcontact times in these experiments and within ex-

perimental uncertainty for all but the subbituminous
the predicted evolution of char-N is within experi- sample. The predicted levels of tar-N are within ex-
mental uncertainty throughout. The predicted re- perimental uncertainty across the rank spectrum.
lease of tar-N and HCN are also within experimental They correctly exhibit a maximum above 0.4 for hv
uncertainty, bituminous coals, then fall below 0.2 for the low vol-

The evaluation in Fig. 3 is for nitrogen evolution atility and subbituminous samples. The discrepancy
on much longer time scales from a western bitumi- in the evaluation of the HCN yield from the sub-
nous coal under vacuum. Nominal heating rates were bituminous coal is not incriminating because the
varied from 60 to 550 K/s, depending on the ultimate measured values indicate a sizable breach of closure
temperature, although total reaction time is fixed at in the nitrogen balance, which is probably due to
10 s for all cases. Predictions appear only to 1300 K NH 3 production [5].
because the thermal histories for the runs at higher The cases considered to this point generally vali-
temperatures were not characterized in the pub- date the predicted char-N and HCN evolution his-
lished reports. Again, the predicted evolution of tories for diverse coal types and operating conditions,
char-N is within experimental uncertainty through- and predicted tar-N levels are also reliable in most
out, as is the growing contribution from HCN at cases. But two aspects of primary nitrogen evolution
hotter temperatures. It also appears that the values remain ambiguous: (1) whether fractional tar-N is
for temperatures above 1300 K lie along the trajec- proportional to the fractional tar yield and (2)
tories of the predictions. The predicted tar-N values whether HCN production rates depend on coal rank.
are reliable, except for an overprediction by 3 to 4% This model assumes that nitrogen is randomly dis-
at higher temperatures. This case conveys the mis- tributed among nuclei and monitors only average ni-
taken impression that HCN and tar-N are generated trogen loadings and nuclei concentrations. Conse-
simultaneously; in fact, the extended soaking periods quently, predicted tar-N levels are proportional to
at each temperature in these experiments provides the fractional tar yield because all nuclei are equally
time for substantial HCN production after the tar-N likely to appear in tar precursors during devolatili-
has reached its asymptotic value. zation. This premise is supported by most of the per-

Coals from across the rank spectrum are consid- tinent data, as seen in Fig. 5. This parity plot com-
ered in the evaluation in Fig. 4, based on the ultimate pares tar yields vs tar-nitrogen fractions for nine coals
nitrogen evolution data reported by Chen and Niksa. used in recent experiments [14,16]. The trapezoid
Each case is for primary devolatilization during heat- defined by the dotted lines contains almost 85% of
up at rates in excess of 104 K/s to the point where the 44 points for four coal types from the vacuum
asymptotic weight loss was achieved; thus there were pyrolysis study of Freihaut et al. [15]. It lies below
no isothermal reaction periods. Predicted char-N lev- the diagonal for direct equivalence, presumably be-
els correctly exhibit the minimum nitrogen retention cause tar yields are on the dry, not daf, basis. (Daf
observed for hvA bituminous coals and are within tar yields are greater than dry tar yields, but tar-N is
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.... ... I . Chen and Niksa's [16] data are exceptional in in-

0.4 - dicating preferential mass loss as tar vs fractional tar-
N because their tar yields also include the yields of

0 . oils, whereas the others do not. Values calculated for
03-" .their conditions in Fig. 5 do not include oils and,

8 0.3 0 ... therefore, illustrate the magnitude of this effect. Oils
, .are single-ring aromatic compounds; thus, we would

o.. .expect them to be generated by the same mechanism
.. ,

-F 0.2 - as tar. But the discrepancies for Chen and Niksa's
o .... data in Fig. 5 could be an indication that oils do not

_ o. ... contain any nitrogen. If that is so, then oils may be
generated as tar decomposition products with a si-

0.1 multaneous release of HCN.

Another, more direct, perspective on tar-N is seen
in the comparison between predicted and observed

0 I I nitrogen mass percentages in Table 1. The data are
0 0.2 0.4 from the entrained flow, atmospheric pyrolysis stud-

Tar Nitrogen Fraction ies of Friehaut et al. [15] The predicted tar-N con-
tents are highest for the hvA bituminous and lowest

Fic. 5. Parity plot of tar yields on the dry basis vs tar for the subbituminous coal and also increase as the
nitrogen fraction for the observed (0) and predicted (0) cumulative tar yields grow for progressively hotter
ultimate nitrogen evolution for Chen and Niksa's condi- reactor temperatures, in accord with the data. Pre-
tions and for the observed (U) nitrogen evolution at dif- dicted values are fairly accurate for the hvA and me-
ferent heating rates for an Ill. No. 6 coal reported by Cai dium volatile bituminous coals but too large by 25 to
et al. [14]. The trapezoid defined by the dotted lines con- 50% for the subbituminous coal. Although, here too,
tains 85% of 44 points from the Freihaut et al. vacuum the database is very limited, it seems that preferential
pyrolysis study with four coals [1]. nitrogen incorporation in tar may depend on rank.

Perhaps under these conditions, the abundance of

TABLE 1 oxygen in low-rank coals promotes NH 3 production
via OH and HCN [18] on a time scale even shorter

Tar-N contents (dafwt.%) than that for tar evolution during primary devolatil-

ization, depleting the low-rank tars of their nitrogen
Coal sample T,(K) Observed [15] Predicted before they are released from the coal matrix.

The second ambiguous aspect pertains to a rank
F1520 980 0.68 1.14 dependence for HCN production from char-N. The

1100 0.80 1.17 predicted char-N evolution histories in this paper
1335 0.92 1.21 based on the same kHCN are remarkably accurate for
1515 0.98 1.26 coals across the rank spectrum. However, the dataset

F1451 980 1.67 1.51 with the greatest representation of coal types, Chen
1100 1.72 1.54 and Niksa's, represents nitrogen evolution only up to
1215 1.69 1.58 the point where HCN evolution commences. Data
1335 1.73 1.61 for longer reaction times are more meaningful al-
1435 1.74 1.68 though, unfortunately, this database is sparse and
1515 1.73 1.70 contradictory. Freihaut et al.'s vacuum pyrolysis

F1516 980 1.39 1.27 study is the most comprehensive. Figure 6 shows the
1100 1.29 1.33 fractional HCN yields attributable solely to char-N
1215 1.45 1.38 for four coal types. Unfortunately, temperatures
1335 1.48 1.42 along the abscissa do not even indicate the maximum

achieved in each of these cases. At least the thermal
histories are the same for all coals, so the relative
differences are meaningful. In so far as HCN pro-

the same on either basis.) This region also contains duction at all temperatures above 1000 K in Fig. 6
all the points from Cai et al.'s [14] study. But about increases monotonically for coals of lower rank, this
half of the points for Chen and Niksa's [16] data are data clearly supports lower values of kHcN for coals
above the region, indicating mass loss via tar evolu- of higher rank. However, Cai et al. subjected a me-
tion over and above the tar-N levels. In contrast, the dium volatile bituminous to the heating rate and
predicted points for Chen and Niksa's experiments pressure studies described in connection with Fig. 1.
are within the trapezoid, except for a low volatility For this coal, the predicted tar and total yields and
sample. tar-N levels are within experimental uncertainty for
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0.8. is overlapped by HCN production from char-N.
Most important, tar shuttling is almost entirely re-
sponsible for the observed rank dependence of ni-S0.6
"trogen release that, in general, mimics tar yields by
exhibiting a broad maximum for hv bituminous coals

0before falling off for low volatility coals.
In0.4 Virtually all data on tar N evolution indicate that
0 fractional tar yields are directly proportional to frac-

0.2 tional tar-N levels, corroborating the random disper-
sion of nitrogen among average aromatic nuclei in
this model. With low rank coal tars, however, fuel

6 0 ...1000 1200 L L .... , nitrogen conversion may be accelerated by OH to
800 10.0 120 4 1400 1600 1800 2000 the point where it decomposes before tar is expelled

Calibration Temperature, K at even the fastest heating rates of interest. More data

FiG. 6. Fractional HCN yields attributable solely to char is needed to clarify this aspect and to validate the

N vs calibration temperature in vacuum pyrolysis experi- apparent proportionality between tar yields and tar-

ments reported by Freihaut et al. [1] for a subbituminous N levels at the highest heating rates.

(0), Utah bituminous (V), Colorado bituminous ( 0), and The activation energy distribution assigned to

Pittsburgh bituminous (0). kiicN is broader than any assigned for bridge con-
version in even the lowest rank coals, where bridge
compositions are extremely heterogeneous because

all thermal histories examined at atmospheric pres- of the abundance of oxygen. Qualitatively, this indi-
sure. But the volatile-N levels can only be repro- cates an extremely broad thermal response for HCN
duced with faster values of kHCN, in direct contra- production that is due, in all likelihood, to multiple
diction to the rank dependence evident in the data precursors for HCN in char-N. Although speculative,
in Fig. 6. it is reasonable to expect that these precursors be-

come more stable as their surrounding domains of
condensed aromatic rings become more extensive, as
occurs throughout the devolatilization of any coal

On a molar basis, nitrogen is a sparse element in type. Aromatic nuclei are also more massive in coals

coal, being present in fewer than half of all aromatic of higher rank, thus, the HCN precursors in higher
ncalbeiangdpresen in fewr authn half ring struc , a on rank coals should be relatively more stable than thosenuclei and on only about 1 o n 10 ring structures, on in lower rank coals. Indeed, this tendency is evident
average. Thus, nitrogen decomposition chemistry in the HCN yields attributed to char-N for the older
does not play any discernible role in the bridge con-
version chemistry responsible for the formation of tar data reported by Freihaut et al. But this trend haspeusr.As logas tar is ben.xp e duig been contradicted recently uinder very closely con-
precursors. Aslong atrisbeing expelled durnog trolled conditions; therefore, more data is needed to
the initial stage of primary devolatilization, fuel ni- launch any definitive conclusion.
trogen is simply shuttled into the vapor phase as a Inth an time aonc lueion.
structural element in tar molecules. Although simple In the meantime, a single value of kHcN can be
in the sense that nitrogen chemistry need not be re- recommended for HCN production from char N, es-

solved to explain nitrogen evolution, this insight is pecially for simulated pulverized fuel-firing condi-

hard to implement because tar evolution is strongly tions. The resolution of tar shuttling and HCN pro-

rank dependent and, until very recently, impossible duction in this model is already an improvement over
to predict even for similar coal types. the simple proportionality between HCN yields and

FLASHCHAIN reliably predicts tar yields and ev- weight loss invoked in all current applications simu-
olution rates from coals across the rank spectrum at lators. Such rudimentary approaches have no pros-
most operating conditions, based only on the sam- pects whatsoever to describe nitrogen evolution from
ple's ultimate analyses. As demonstrated by the close different coal types because tar shuttling is respon-
evaluations against nitrogen evolution data in this pa- sible for this rank dependence. The release of tar-N
per, this unique capability enables reliable predic- is also worth resolving from HCN production during
tions for fuel-nitrogen evolution from virtually any primary devolatilization because of its subsequent
coal type and thermal history at low-to-moderate fate, especially since a substantial fraction of tar-N
pressures. Nitrogen release from all bituminous coal can be incorporated into soot during secondary and
ranks can be accurately modeled with only two pro- oxidative pyrolysis of volatiles. Once it has been rein-
cesses: tar shuttling and HCN production from char- corporated into a carbonaceous matrix, this nitrogen
N. Under conditions of rapid heating, tar shuttling is is more prone to NO, conversion, like the nitrogen
the only mechanism for nitrogen release as long as in burning char particles. This potentially important
tar is being expelled, but for slower heating rates, it aspect of aerodynamic NO, abatement has not yet
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been evaluated, although the model developed here 6. Niksa, S., and Kerstein, A. R., Energy Fuels 5:647
is the first step in that direction. (1991).

7. Niksa, S., Energy Fuels 8:659 (1994).
8. Niksa, S., Energy Fuels 5:665 (1991).
9. Niksa, S., Energy Fuels 5:673 (1991).
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GAS EXCHANGE BETWEEN THE BUBBLE AND EMULSION PHASES
DURING BUBBLING FLUIDIZED BED COAL COMBUSTION

ELUCIDATED BY CONDITIONAL GAS SAMPLING

ICHIRO NARUSE AND KAZUTOMO OHTAKE

Department of Ecological Engineering
Toyohashi University of Technology
Tempaku-cho, Toyohoashi 441, Japan

KAZUHIRO KOIZUMI, KOJI KURAMOTO AND GUO-QING LU

Department of Energy Engineering
Toyohashi University of Technology
Tempaku-cho, Toyohashi 441, Japan

A method for gas composition measurements in bubble and emulsion phases has been developed and
applied to bubbling fluidized bed coal combustion. Resolution of the bubbles from the emulsion phase is
based on detection of the time change of the pressure difference between two points along the path of
bubbles.

Cold model experiments confirm that the conditional sampling performs as expected. The probe is
demonstrated to resolve bubbles from the emulsion phase correctly. In addition, with single CO, bubbles
formed in the fluidized bed under the minimum fluidization condition by air, gas exchange between the
bubble and emulsion phases is characterized by using this sampling system. Gas in a bubble tends to
remain in the bubble provided that the ratio of bubble rising velocity to gas velocity in the emulsion phase
exceeds a certain value.

This sampling method is also applied to coal combustion conditions in order to elucidate the roles of
bubble and emulsion phase in the combustion process. For fluidizing material of smaller particle diameter,
the combustion of volatile matter mainly takes place in the bubble phase. NO concentration in the bubble
phase becomes lower than that in the emulsion phase, while N,0 shows the opposite tendency. This might
be caused by homogeneous reactions of NO to form N20 in the bubble phase.

Introduction ities of bed materials and burning coal. Zirconia ox-
ygen sensors [3,4] and X-rays transmission [5,6] have

Generally, during bubbling fluidized bed coal also been tried, but these methods also show their
combustion (BFBC), bubble and emulsion phases peculiar problems at combustion conditions.
are present in dense beds. It is important to char- In this study, the time variation of the pressure
acterize the combustion in each phase to attain the difference between two points along the path of bub-
ultimately high combustion efficiencies and low con- bles is monitored to resolve the bubble and emulsion
centrations of environmental pollutants such as NO, phases, following the Davidson model [7]. A calibra-
N 20, NO 2, and SO 2 . The authors believe that this tion from a cold model confirms that this method can
approach can contribute to the design of more so- resolve the two phases, as expected. The pressure
phisticated fluidized bed boilers, difference was compared with the image of bubble

From this viewpoint, a method for separate mea- movement on the pictures simultaneously taken by a
surements of gas compositions in the bubble and high-speed video camera, in which a wave inserter
emulsion phases is needed for BFBC. Other re- was mounted. A single CO 2 bubble was formed un-
searchers have evaluated several different ap- der the minimum fluidization condition driven by air;
proaches, but none is satisfactory. Monitoring the characteristics of gas exchange between the bubble
electrostatic capacitance [1] or optical transmissivity and emulsion phases were studied by using the de-
[2] are the typical ways to detect the bubble and veloped conditional sampling. Finally, this sampling
emulsion phases. Under coal combustion conditions, system was applied to the coal combustion condition.
however, capacitance probes may promote ionic The particle diameter of fluidizing materials was
chemical reactions on their charged surface. And op- changed to control both the bubble size and its rising
tical probe signals may be distorted by the luminos- velocity in the bed. The roles of bubble and emulsion

545
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To pressure transducer

Water outlet < ;=--Water inlet
( F*=Sampling gas

Q) Y Water outlet*- -- Wter inlet

Time
I I S2

I I I
I I$2 I

I tI I
I I I

I I I
I I I
I I I I I

(a) (b) (C) (d) (e)

FIG. 1. Pressure difference across two probes when a

bubble passes by.

phase on coal combustion could be explained from FIG. 2. Schematic of the conditional sampling probe.
the results.

Experiments the left part contains the water-cooled pressure de-

tectors. The distance between the two pressure
Principle of Measurement to Separate Bubble from probe tips was 5 mm, which set the minimum de-
Enulsion Phase: tectable bubble size. Fine stainless steel mesh was

The principle of resolving the bubble and emul- attached to each probe tip to prevent plugging from

sion phases is to measure the time change of the particles. The sampling port into the sampling probe

pressure difference between two points along the tip was located opposite to the upper pressure probe.

path of bubbles. Figure 1 shows the expected pres- In the cold model experiments, the water-cooled part

sure difference across two probes (Ps, and Ps 2), was removed.

based on the Davidson model [7] when a bubble Figure 3 shows the conditional sampling system.

passes across the probes. In this figure, k(Ps, - Ps2) The signal of pressure difference was measured with

indicates a signal that is proportional to the pressure a solid-state pressure transducer. This voltage signal

difference between two probes. When a bubble ap- was introduced into a Schmidt trigger circuit that

proaches one pressure probe, the pressure gradually controlled two solenoid valves in the gas sampling

increases. Once the probe is within the bubble, the line. In the Schmidt trigger circuit, the threshold

pressure decreases. When the bubble breaks free of value that distinguishes bubbles from the emulsion
the probe, the pressure increases again. Note also phase was selected according to the expected pres-

that when both probes are immersed in one bubble, sure difference for a single bubble from the David-

the pressure difference almost vanishes. These char- son model [7], accounting for the response time of

acteristics were used to distinguish bubbles from the the solenoid valves.

emulsion phase.

Calibration by Cold Model Experiments:
Conditional Sampling Probe and Sampling System: Figure 4 shows a schematic diagram of the two-

The above-mentioned principles are implemented dimensional cold model calibration experiment. In-
with the sampling probe shown in Fig. 2. The right dividual CO2 bubbles were injected into the fluidized
part consists of a water-cooled sampling probe, and bed operated at the minimum fluidization velocity.
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Solenoid valve Solenoid valve

Actuator Schmidt Amplifier Conditional FIG. 3. Conditional sampling sys-
control circuit trigger circuit sampling probe tern.

2• lTo pressure transduser d0  1.19-1.68 mam) was fed into just above the air

distributor. Silica sand was used as the bed material.To sampling system The bed temperature and the combustion stoichi-
ometry were fixed at 1073 K and 1.2, respectively.2Dfu idized bed The superficial gas velocity was 1.2 times the mini-oo 00 x 30 mm)i mum fluidization velocity. NL coal, the properties of

g probes u le which are shown in Table 1, was used. 0o, GO, GO,

•mplng pobe enertor and N20 were detected by TGD and EGD gas chro-
distrumatography, and NO was analyzed by a NOt meter.

o Results and Discussion

o r wer fie atg speed Kcnd12,repctrey

Test of Conditional Sampling in the Cold Model:
A- , 400Cxo30m)pressgas In Fig. 6, the measured pressure difference in the

Copesrcold model is compared to that calculated from theSp eDavidson model [7]. The time when a single bubble

fluidization reaches the first pressure detector (by) is defined as
"zero." The observed results are in good agreement

FIG. 4. Two-dimensional cold model for calibration tests. with the calculated values. Figure 7 shows the rela-
tionship between the bubble location recorded on
high-speed video pictures and the pressure differ-
ence signal. The left part indicates the pressure

The pressure difference signal was recorded by a difference. The position of both pressure probes is
wave inserter and compared with the displacement also indicated. As observed from these photos, when
of a bubble, which was simultaneously recorded with both probes are immersed in one bubble, the pres-
a high-speed video camera. Gas exchange between sureadifrence nearly reaches zero, demonstrating
the bubble and emulsion phases was characterized that the probe can correctly resolve the bubble from
in both two- and three-dimensional cold models. emulsion phases. No disturbance is induced by the

Three different sizes of silica sand (d0 = 0.59-0.84, probe when a bubble passes through the probe tip.
0.29-0.59, and 0.15-0.42 mm) were used as the bed In some cases, however, the bubble may be divided

material, by the probe.
Based on such histories of the pressure difference,

Bubbling Elnidized Bed Goal Combustion the timing of the solenoid valves was selected, asExperiments: shown in Fig. 8, to accommodate the different re-
sponse times to open and close the valves so that gas

A laboratory-scale bubbling fluidized bed coal was sampled only from bubbles. Under these control
combustor [8] of 0.1-n diameter and 0.7-n high, cycles, this conditional probe samples only about
shown in Fig. 5, was used. Coal (particle diameter: 10% of the volume in a single bubble.
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S~Pen recorder

Compressor Air for starting up C3Ha

FIG. 5. Schematic diagram of lab-
scale fluidized bed coal combustor.

Characteristics of Gas Exchange between the served with the three-dimensional cold model ex-
Bubble and Emulsion Phases: periments.

These results are caused by the change in bubble
Figure 9 compares the change of CO 2 concentra- rising velocity for different ub/uf caused by variations

tions along the axis of the dense cold model obtained in the stream lines of gas around a bubble, as shown
by conditional sampling and by ordinary continuous in Fig. 10 [9]. This figure suggests that the fluidizing
sampling. Continuous sampling indicates that all the gas flows through a bubble when Ub/Uf is less than
gas in both bubble and emulsion phases is sampled g unity, transporting CO 2 from a bubble into the emul-
In these exerimaents ublu o (ub bubble risin veloc- sion phase. In the case of ub/uf being larger thanity; un estimated mean gas velocity in the emulsion unity, on the other hand, the gas circulation around
phase) was varied as one of the fluidization parame- a bubble is steady because the rise velocity of the
ters. The ui/u ratio was increased for sample particle bubble is slower than the gas velocity in the emulsion
diameters of ed material. In other words, with fine phase. CO 2 remains in the bubble under such con-
particles, the bubble rising velocity was faster than ditions.
the gas velocity in the emulsion phase.

From Fig. 9, CO 2 concentrations just above the
CO2 injection nozzle from conditional sampling are Measurement to Resolve the Bubble and Emulsion
higher than those from continuous sampling for all Phases during Combustion:
values of lb/uf. For ub/uf = 3.39, the result obtained
by conditional sampling exceeds that by continuous Once it was confirmed that the newly developed
sampling for all regions of the dense bed. For ub/uf probe could sample only the gas in a bubble without
= 0.78, in contrast, both results fall on the same line contaminations from the emulsion phase, this probe
for heights above 125 mm. Similar results were oh- was applied to BFBC. Under coal combustion con-



GAS EXCHANGE DURING BUBBLING FLUIDIZED BED COAL COMBUSTION 549

TABLE 1
Coal properties

Proximate analysis Ultimate analysis

Coal Volatile matter Fixed carbon Ash H C N
(mass%, dry) (mass%, daf)

NL coal 28.1 60.3 11.6 5.02 81.31 1.67

daf = dry ash free.

I I I I I I I 1 - combustion conditions is similar to that obtained in

Bubble di ameter 49mm - the cold flow experiments of Fig. 6. This suggests that
our sampling system can be applied to combustion

300 - conditions.
_ - Figures 12 and 13 show profiles of gas species con-

koa centrations along the central axis of the combustor
- for cases of different diameters of bed material in the

0 - ranges of d = 0.59-0.84 mm and 0.15-0.42 mm,
- o respectively. The former case (Fig. 12) shows that

c 200 0 the result of conditional sampling does not differ so
CL 2much from that of continuous sampling. On the other
"" _ ( O hand, for the smaller particles (Fig. 13), both results

differ appreciably. In particular, 02 concentrations
from conditional sampling near the distributor are
much higher than those from continuous sampling.

-o With conditional sampling, the gradient of 02 con-
centration also becomes steeper. This result indicates

1 00- 0 that the combustion of volatile matter evolved from
- - the coal in the emulsion phase and near the bubble

o boundary mainly takes place in the bubbles. The vol-
atile matter evolved from coal particles in the emul-

" 0 - sion phase will be carried into bubbles, because the
- vertical pressure drop in the emulsion is higher than
_ that in the bubbles with smaller particles.

0 I With smaller particles, NO concentrations in the
bubble phase become lower than that in the emul-

-0. 1 0 0. 1 0.2 0.3 sion phase, while N20 follows the opposite tendency.

T i me f $ ] This might be caused by such homogeneous decom-
position reactions for NO [10,11] in the bubble phase

FIG. 6. Comparison between the measured pressure dif- as NO + NCO -- N20 + CO, NO + NH -- N20
ference and that calculated by the Davidson model. + H, NO + CO -- 1/2N 2 + CO 2 and NO + NH

- N2 + OH. In these reactions, NCO is produced
by the oxidation reaction of HCN. Thereafter, the

ditions, however, many bubbles are formed in the gas-phase reactions involving evolved fragments of

dense bed. Therefore, the pattern of fluidiztion volatile N (i.e., NHi and HCN species) play a role in
dernthe cobus.Tion condition ders from thiatin un- NO destruction. Heterogeneous char reactions con-
der the combustion condition differs from thait under tribute little to NO destruction since the char con-
the above-mentioned cold flow conditions that have centration in the dense bed is only about 2 vol.%.
individual bubbles. Figure 11 indicates the time
change of the pressure difference during coal com-
bustion with silica sand of d,, 0.59-0.84 mm. The
pressure probe was located at 150 mm above the dis- Conclusions
tributor at the center of the combustor. Under this
experimental condition, bubbles pass across the sam- A method to resolve gas compositions in the bub-
phing probe at about 4 Hz, and the average bubble ble and emulsion phases was developed and applied
size is 25 mm. The signal shape in one period under to fluidized bed coal combustion conditions by mea-
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FIG. 8. Timing of opening/closing of the solenoid valve
Bubble Emulsion Sampling probe to sample only the gas in a bubble.
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0

MiH1IRW
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Height from C02 injector 1mm I

e Emulsion Sampling probe FIC. 9. Variation of C0 2 concentrations along the axis of

Bubble the two-dimensional cold model (solid line: conditional

sampling; broken line: continuous sampling).

suring the time change of the pressure difference
between two points along the path of bubbles.

Cold flow calibration confirmed that the probe
could separate the bubble and emulsion phases.
Characteristics of gas exchange between the bubble
and emulsion phases were characterized for single
CO2 bubbles formed under the minimum fluidiza-
tion conditions with air. The concentration of C02
in a bubble is especially sensitive to the change of
flow pattern around bubbles, which is a function of

S• .the ratio of the bubble-rising velocity to the gas ve-
locity in the emulsion phase. This ratio was varied for

FIG. 7. Simultaneous record of bubble images and pres- different particle sizes.
sure difference signals. The conditional sampling was applied to coal com-

bustion conditions in order to characterize the roles
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FIG. 13. Change of gas species concentrations along the

central axis of the combustor (d, = 0.15-0.42 mm).

E E- N coal0.492 kg. h-1
o X=1.2 dp=0.59-0.84mm 3Q of bubble and emulsion phases during fluidized bed

STb-i 073CK No 0 -0 coal combustion. For smaller fluidizing particles, the
Conditional 7-1
Continuous o0 - volatile matter evolved from coal mainly burnt in the

10- 20 ,-, / 100 -5oo bubble phase. NO concentration in the bubble phase
/2 Co- became lower than that in the emulsion phase, while

&_ N 20 indicated the opposite tendency. This might be
10 O• due to homogeneous reactions relating to NO and

502- 50 -250 N20 in the bubble phase.
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A METHOD OF PREDICTING COAL DEVOLATILIZATION BEHAVIOR
BASED ON THE ELEMENTAL COMPOSITION

YUXIN ZHAO, MICHAEL A. SERIO, ROSEMARY BASSILAKIS AND PETER R. SOLOMON

Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108, USA

An interpolation method was proposed to correlate the input parameters of a coal devolatilization model
[functional group-depolymerization, vaporization, cross-linking (FC-DVC)] to coals of a wide range of
ranks, and is conceptually applicable to other devolatilization models. This method uses a set of well-
defined coals (library coals) to form a triangular mesh in the van Krevelen diagram. If an unknown coal is
within a triangle formed by three library coals, the model input parameters for this unknown coal can be
interpolated from those of the three library coals based solely on the elemental composition. This method
extends the FG-DVC model to be able to model any coal that can be interpolated, without the requirement
for any additional characterization of the coal. It is also easy to accommodate more library coals so that a
wider range of coal types can be covered. The validity of this method was demonstrated by comparing the
tar yield measurements and the predictions for 27 coals over a wide range of pressures and heating rates.
For most of the coals, the predictions compare very well with the data. For selected coals, data were
available on the variation of the yield of total volatiles with pressure and heating rate, and again, good
agreement was obtained. The model could be improved by using additional parameters to describe the
exchangeable cation content, sulfur content, and/or the maceral composition.

Introduction the coal structure. On the other hand, some investi-
gators have tried to correlate the devolatilization

Coals come in various ranks and from different properties to the coal types. For example, Ko et al.
geological origins. Substantially different character- [7] and Neavel et al. [8] have developed methods of
istics are commonly observed for coals of different predicting the upper bound of tar yields, Xtar, from
ranks. Coal samples from the same seam could ex- the coal elemental composition. The predicted Xtar
hibit large variations in their devolatilization and re- can be used as an input parameter for general tar
lated thermal and combustion behavior. Such varia- kinetic models such as those developed by Serio et
tions have a significant impact on the design and al. [9] and Suuberg et al. [10]. Niksa and coworkers
operating conditions of coal combustion systems. It [6,11,12] have also proposed a correlation method for
is imperative that coals are well characterized before the FLASHCHAIN coal devolatilization model that
their utilization. This normally requires sophisticated predicts the tar and the total volatile yields in pyrol-
instrumentation and special expertise, which are not ysis based on ultimate analysis.
likely to be available in a single laboratory. Robust This paper presents a general method that pro-
methods of predicting coal devolatilization behavior vides a direct correlation between coal elemental
before invoking expensive experiments can be of compositions and the input parameters of a general
practical importance. coal devolatilization model, FG-DVC [1-3], which

Recently, there have been developments of several can predict, in addition to the tar and total volatile
coal devolatilization models [1-6], which have vari- yields, the yields of individual gas species, the tar
ous capabilities for predicting coal thermal decom- molecular weight distribution, and the char fluidity.
position under practical conditions. A common short- This model was validated for the eight Argonne Pre-
coming of these models is that they require a large mium coals based on measurements of pyrolysis ki-
set of data inputs, including kinetic parameters, gas netics from thermogravimetric-Fourier transform
precursor compositions, and additional parameters infrared spectrophotometry (TC-FTIR) analysis,
describing the coal polymer structure. These input solvent extraction, and solvent swelling to measure
data must be generated based on a series of experi- extractables and initial cross-link density, respec-
mental measurements for each coal of interest. Pre- tively, Gieseler plastometer experiments to measure
dictions are limited to coals that have already been fluidity, pyrolysis-FIMS to measure the tar molecular
studied. This limitation has long been criticized, al- weight distribution, and ultimate analysis to deter-
though it originates from the complicated nature of mine the elemental compositions (C, H, 0, N, S) [3].

553
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The large number of experimental inputs allowed the - - .,.

development of a model that can make detailed pre- ,-. .- . - - - -

dictions of coal devolatilization, as indicated above. s5
However, this feature presented a difficulty when ap- 4 X -
plying the model to unknown coals. The correlation 3 S - .
method presented in this paper allows the applica- 2 1-A

tion of the FG-DVC model to coals of a wide range t.-

of types without prior knowledge of them, except the t :
elemental analysis, and supports our contention that
the FG-DVC model is a general model that can per-=" . -
form expeditious evaluations of coal thermal decom- Q,-
position under many heating rate and pressure re- .,

gimes. This correlation approach, in its preliminary
form, has been implemented into a two-dimensional Fic. 1. Variation of vtrinite reflectance of coals from the
coal combustion model, PCGC-2 [13]. After a de- PSOC DOE Sample Bank as a function of H/C and O/C
scription of the method, the model predictions are ratios in the van Krevelen diagram.
compared with tar yield data collected at rapid heat-
ing rates and various pressures from the literature
[7,14-21], and with tar yields at slow heating rates important property of the network is the molecularmeasured with TC-FTIR analysis in our laboratory, weight distribution of the clusters. The heavy mole-

cules remain in the condensed phase to become char,
while the light ones evaporate to become tar. The

FG-DVC Model and Its Input Parameters vaporization is calculated based on a mechanism
given by Fletcher et al. [25]. The tar rate is further

The FG-DVC (functional group-depolymeriza- limited by internal transport, which is assumed to be

tion, vaporization, cross-linking) model is a general controlled by the total rate of gas species evolution

coal devolatilization model that predicts coal thermal plus the light tar [1]. This mechanism enables the

decomposition into light gases, tar, and char [1-3]. It model to predict the pressure variation of tar yields.

also predicts other related thermal property changes, Input parameters are required to describe the coal

i.e., coal fluidity and swelling, during pyrolysis. Re- structure and its evolution kinetics. Sets of parame-

cent improvements of this model have given it the ters have been developed for the eight coals provided

ability to predict the evolution of gaseous sulfur and by the Argonne Premium Coal Sample Program [26],
nitrogen species [22]. The following is just a brief employing various analytical methods, including TG-

description of this model, as the details have been FTIR, solvent swelling and extraction, fluidity, nu-

published elsewhere [1-3,22,23]. clear magnetic resonance (NMR), and FIMS [1,3].

Coal has a very complicated structure that is es-
sentially a mixture of an aromatic matrix, the side
chain components and some loose fragments. The Correlation Approach
thermal decomposition of the coal structure involves
many parallel and competitive processes. In model- The behavior of coal when subjected to a physical
ing these processes, FC-DVC uses two submodels. and chemical analysis or treatment exhibits rank de-
The FG model simulates the thermal evolution of pendence in most instances. For example, Solomon
various functional groups, and the DVC model pre- et al. [3] have shown a consistent variation of coal
dicts the depolymerization, vaporization, and cross- functional group compositions with rank. The basis
linking processes occurring in the coal polymer net- of the correlation formulation presented here relies
work. In the FG submodel, the gas evolution from on the well-known van Krevelen diagram [27], which
functional group precursors is modeled with parallel indicates that the progress of coalification in terms
first-order differential equations, and a distributed of the coal's hydrogen to carbon (H/C) and oxygen
activation energy formulation is used to reflect the to carbon (0/C) atomic ratios forms a distinctive
diversity of coal structures. The thermal evolution of band in the H/C and O/C two-dimensional plane.
the coal polymer matrix is modeled with a network Each coal has a coordinate (O/C, H/C) in the van
model [2], which consists of nodes and the connec- Krevelen diagram. Figure 1 illustrates the variation
tions between them. The nodes represent the poly- of the vitrinite reflectance index (v.r.i.), as a function
mer clusters, and there are two types of connections of H/C and O/C, for 45 coals from the Penn. State
between them, i.e., bonds and crosslinks. At elevated Coal Sample Bank (PSOC). As the v.r.i. is commonly
temperatures, there is a competition between bond accepted as a rank indicator, it is reasonable to as-
breaking and cross-linking. The properties of the net- sume that there exists a correlation between rank and
work are fully determined by these two competing elemental composition. Therefore, a parameter for
processes through percolation theory [24]. The most an unknown coal can be interpolated from those for
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- Library coals
+ Arendt and van Heek [16]
X Ko et al. [7]
o Freihaut and Seery [15]
o Reltzen [21]
o Suuberg et al. [17,18]
05 This work

0.95 V Gibbins and Kandiyoti [20]

0.9 - 0 Cal et al. [19]

0.85 2

0.8 x

- 0.75 - 3

0.7 FIG. 2. The interpolation mesh in

6 -the van Krevelen diagram and coals
06 s used for tar yield comparisons. Coals

in the interpolation mesh are 1. Beu-
0.6 - lah-Zap, 2. Wyodak, 3. Illinois #6, 4.

0.55 Blind Canyon, 5. Pittsburgh #8, 6.
0 0.05 0.1 0.15 0.2 0.25 Upper Freeport, 7. PSOC 1448, 8.

O/C PSOC 1474, and 9. PSOC 1521.

a set of coals that are well studied based on a con- A(i41), U, i.13))
parison of the elemental compositions. These well- r = i(2) i(3)
defined coals are called library coals, a term used by J, ' y (2)
Williams et al. [28]. A(i}1), i(2), U)

It is proposed to use a two-dimensional linear in- S A(i(2) i(3))'
terpolation method commonly used in finite-element (j , i,
analyses, with O/C and H/C as two rank indicators. The interpolation mesh is composed of nine coals,
Let x be a parameter of an unknown coal, and x0(i) six of which come from the Argonne Premium Coal
(i = 1,N) are the corresponding parameters of the Sample Program and three of which are PSOC coals
N library coals. The N library coals form a two-di- (PSOC 1474, PSOC 1448, and PSOC 1521). Exten-
mensional triangular element mesh in the van Krev- sive experimental studies have been carried out on
elen diagram, as displayed in Fig. 2, where N is 9 and the Argonne Premium Coals, and model input pa-
each node represents a coal. The mesh nodes are rameters are well established [3]. Predictions of the
plotted as filled circles, and other symbols in the plot pyrolysis yields of these coals under various condi-
are the coals to be interpolated. Each triangular el- tions are in very good agreement with the data col-
ement contains three nodes (coals). If an unknown lected in several types of reactors [29]. The Lewis-
coal is inside the element J, whose three nodal num- ton-Stockton coal was not used as a library coal
hers are .(l) 4(

2
) and -(', the unknown parameter, x, because it has a very similar elemental composition

i I I to the Pittsburgh Seam Coal. The Pocahontas #3 coal
is interpolated as was not selected since it has a very high rank and is

far away from the rest of the coals. The three PSOC
X i () - ) Ij coals were added to this mesh recently, so that a

+- r -x ) 0).°(,3))(1) larger area is covered. The functional group com-
+ r'x°(i2~)) + s .x(i)3) positions and the pyrolysis kinetic parameters of

these three coals were obtained based on data from
where r and s (0 -- r, s -- 1) are the local coordinates TG-FTIR analysis and solvent extraction experi-
of the unknown coal in elementj and are determined ments performed in our own laboratory and fluidity
from the positions of the unknown coal and the three data from the PSOC coal database.
interpolating coals in the van Krevelen diagram. Let With this scheme, any of the parameters for the
U denote the point of the unknown coal in the van FG-DVC model can be interpolated for an unknown
Krevelen diagram. Here A(i,'), i(), i ), A(i(') U, coal when its elemental composition is identified.
i(3)) and A(i' , i(2 U) are the areas of' the triangles The interpolation of the functional group composi-
/ormed by nodes (i)1) (, i53D) (W}1), U, i})), and tions of the oxygen, sulfur, and nitrogen gases re-
(i\), i} U), respectively. "The terms r and s are cal- quires special care in order to maintain a proper mass
culated as follows closure. For example, the total amount of the oxygen
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containing functional groups is limited by the oxygen 40 + lowpressure.
content. Therefore, instead of interpolating the 35 A atmospheric pressure ,•hghpre"Sure

amounts of oxygen gas precursors directly, only the 30 high pressure + +

fraction of oxygen in a functional group is calculated A A
a 25 A _

and is used to cmuethe amount ofthis functional4 A

group from the oxygen content. The same procedure - 20 V
is followed for the sulfur and nitrogen gases. A5

+ AVV

Prediction of Tar and Total Volatile Yields 5
0

0 5 10 15 20 25 30 35 40
Tar comprises up to about 50% of the total volati- Measured Tar Yields, wt*. DAF

les during coal combustion for most coals. The see-
ondary reactions of tar produce soot, PAH, and light FIG. 3. Comparison of the measured and the predicted

gases that affect ignition, flame stability, and the radi- tar yields for coals given in Fig. 2.

ative properties of the flame. Tar yields vary with coal
type and are affected by reactor conditions such as 50
pressure and heating rate, The interpolation scheme Total Volatile
presented above enables the FG-DVC model to pre- ,, 45
dict the tar yield of a coal under various pressure and < 40 -
heating-rate conditions from its elemental analysis.
To verify this capability, tar yield data were assem-V 35
bled from the literature and were compared with the
model predictions. These data were measured with 30 h S~A
heated grid systems under fast devolatilization condi- > 25 A A

tions (heating rates from 100 °C/s to 1000 °C/s) for
various coals and pressures (10-4-7 MPa). In addi- 20 ....
tion to these data, tar yields from eight PSOC coals Heating Rate, K1s
were measured with a TC-FTIR system at a heating
rate of 30 °C/min and atmospheric pressure. The de- Fin. 4. Variations of tar (A) and total volatile (0) yields
tails of the TG-FTIR system have been presented as a function of heating rate for a Linby coal studied by
elsewhere [30]. The data used for model verification Gibbins and Kandiyoti [20]. The lines are the predictions,
were selected to span a wide range of coal types and the symbols are the data.
(from lignite to low-volatile bituminous) and pyroly-
sis conditions. Part of the data set was taken from the
tabulation given by Ko et al. [7]. 3. The standard error of the estimate, or, is calculated

For each of these coals, the FG-DVC input pa- as follows:
rameters were interpolated with the scheme pro-
posed above, and the tar yields from these coals were N(i i)
predicted with the pressures and the heating rates (y7 (3)
specified in these references. Eleven coals from the N
references and the eight PSOC coals are inside the
mesh, and the standard interpolations were per-
formed. The Pocahontas, Illinois #6, and North Da- where yF) and YiP are the measured and predicted tar
kota lignite studied by Suuberg et al. [17] are outside yields [in wt.%, dry ash free (daf)], and N is the num-
the mesh and were predicted with the input param- ber of data points compared. The standard errors of
eters of the corresponding Argonne coals. The Ala- the estimates are 3.8, 3.1, and 3.4% for data collected
bama bituminous coal studied by Freihaut and Seery at vacuum, atmospheric, and high pressures, respec-
[15], the Beulah Zap coal studied by Ko et al. [7], tively. The overall standard error of the estimate is
and the Illinois #6 coal studied by Cai et al. [19] were 3.4%. This is in the same range as the experimental
modeled based on input files used for the Upper scatter commonly encountered in tar measurements.
Freeport coal, Zap lignite, and Illinois #6 coal of the Figure 4 compares the predicted and the meas-
Argonne Premium Coal Sample Program, respec- ured variations of tar and total volatile yields as a
tively. The Colstrip lignite studied by Reitzen [21] is function of heating rate for a Linby coal studied by
close to the edge of the triangle formed by the Zap Gibbins and Kandiyoti [20]. For an Illinois #6 coal
lignite, Wyodak, and Illinois #6 coals and was mod- studied by Cai et al. [19], the variations of tar and
eled with an elemental composition inside this tri- total volatile yields as a function of heating rate and
angle and closest to Colstrip. pressure were predicted and are compared with the

The predictions and the data are compared in Fig. data in Fig. 5. These plots show that the predictions
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liability of the predictions and will allow coverage of
55 0 a wider range of coal types.
50 0 ol -° A few large discrepancies were observed for some
45 - 0 0 TotalVdatils coals, indicating the need for further improvements
"40 in the correlation method and/or the FG-DVC

35 model. Underpredictions of tar yields in vacuum
were observed for a group of Pittsburgh seam coals,

A A0 for which the measured tar yields (in wt.%, daf) are
25 A 39.0 [15], 37.0 [10], and 37.7% [18] and the pre-
20 A dicted tar yields are 33.0, 29.2, and 32.6%, respec-
15 tively. However, good agreement was obtained at at-
101 10 100 1,000 10,o00 mospheric pressure for these coals (26.5 [10] vs

Heating Rate, Ks 24.5% and 26.5 [17] vs 26.9%). Since the pressure
variations are correctly predicted for most other

(a) coals, the high-vacuum tar yields for the Pittsburgh

seam coals appear to be caused by a mechanism par-
ticular to these coals. The model also underpredicts

50 tar yields for the PSOC 1519 and 1492 coals. The
45 Total oSesser subbituminous coal studied by Ko et al. [14]
40 o o is the only coal that has a large overpredicted atmos-

pheric pressure tar yield (21.5 [14] vs 27.0%). This

30 coal seems to be an unusual coal, as a relatively low
tar yield was also reported by Reitzen [21] (11%).

S25 For most of the coals, the predictions are within
20 +_ 3% of the data, and the standard error of the es-

15 Ta, timate calculated without the above large discrep-
ancies is 2.5%.

10 2 The basis of this interpolation method is the as-020 40 60 0

Pressure, bar sumption that coals within the same rank classifica-

(b) tion behave similarly. Predictions based on this
method are targeted at the normal or mean behavior

FIG. 5. (a) Variations of tar (A) and total volatile (0) of coals within the same rank. Deviations from nor-
yields as a function of heating rate at atmospheric pressure mal, however, should be expected. If the deviation is
for an Illinois #6 coal studied by Cai et al. [19]. The lines large and cannot be identified with an existing mech-
are the predictions and the symbols are the data. (b) Var- anism, the behavior of that coal becomes unpredict-
iations of tar (A) and total volatile (0) yields as a function able with the current method. The comparisons pre-
of pressure at 1000 K/s for an Illinois #6 coal studied by sented in Figs. 3 through 5 indicate that, for most of
Cai et al. [19]. The lines are the predictions, and the syns- the coals tested, the deviations are small enough that
bols are the data. the tar yields are well predicted. The use of a van

Krevelen diagram to represent coal rank is well ac-
cepted, so there is a sound basis for using the O/C

are in reasonably good agreement with the data. It and H/C ratios as interpolation coordinates. How-
should be noted that this is achieved based only on ever, this assumption requires the accurate deter-
the elemental compositions, without further prior mination of the coal elemental composition. The fact
knowledge of these coals. that the oxygen content is usually determined by dif-

ference is the major reason for the inaccuracy of the
coal elemental compositions, especially for high-rank
coals which have low oxygen contents. Coals having

Discussion a high sulfur content can cause a difficulty in meas-
uring the oxygen content by difference, and the true

The success of this interpolation scheme depends hydrogen content can be obscured by moisture pre-
on a thorough understanding of the library coals. Se- sent during the analysis. An inaccurate elemental
lection of these library coals must be performed with composition of a coal results in a displacement from
care so that none of these coals has unusual behavior its "true" position in the van Krevelen diagram,
and deviates from coals of the same rank. Mthough which will cause a deviation in the predictions.
the current mesh contains only nine coals, it is one Tar formation is the result of many processes:
advantage of this method that it can be easily ex- bond breaking, cross-linking, internal transport of
tended to include more coals. Adding more coals in metaplast, and vaporization. Particularly rank de-
the interpolation mesh will certainly increase the re- pendent are the bond-breaking and cross-linking
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processes. There exists evidence that the tar yield is Our correlation scheme appears to provide ade-
affected by various cations in coals [31-34]. Serio et quate descriptions of the total volatile and tar yields
al. [34] recently studied the effects of demineraliza- as well as their variations with heating rates for the
tion and ion exchange of three cations (K' , Ba2 +, Linby coal studied by Gibbins and Kandiyoti [20]
Ca 2+) on the pyrolysis tar yields of Zap lignite and (Fig. 4). For the Illinois #6 coal studied by Cai et al.
Wyodak subbituminous coals and found that the tar [19] (Fig. 5), a reasonable comparison is obtained at
yields are reduced for coals exchanged with all three high heating rates and pressures up to 20 bar. The
cations. It was suggested that cations may act as ini- relatively large discrepancies at pressures higher than
tial cross-links and influence retrogressive reactions. 20 bar and at low heating rates (for tar yield only)
Since the coal cation content is not directly linked to probably indicate the need for further improvement
rank, this effect is not accounted for in our model of the description of tar transport in the FC-DVC
and may contribute to the difference between the model.
predictions and data. The cation content will be con- The yields and the compositions of the volatile
sidered as an additional parameter in determining tar gases are also important. The capability of FG-DVC
yields in future studies. Other parameters that will in predicting the total volatile yields has been dem-
be considered for improving the model capabilities onstrated in Figs. 4 and 5. The amounts of individual
include the proximate volatile matter content, the to- gas species are also predicted by FG-DVC along
tal and/or organic sulfur content, and the maceral with the tar yields, and this is one of the chief ad-
composition. While parameters based on more so- vantages of this model when compared to the
phisticated analytical techniques, such as Fourier FLASHCHAIN [6,11,12] model. However, compar-
transform-infrared (FT-IR) or NMR could be con- isons are more difficult because of the relatively small
sidered, this type of information is not readily amount of available data. This will be a subject of
available for most coals. further studies.

Correlation relations between elemental compo-
sitions and maximum yields have previously been de-
veloped by Ko et al. [7] and Neavel et al. [8]. Their Conclusions
correlation expressions were able to effectively
model the tar data that were used in developing the An interpolation method was proposed to corre-
correlations. However, it is not clear how well these late the input parameters of a coal devolatilization
correlations can be applied to coals that are outside model, Ft -DVC, for untested coals, and is ioncep-
the respective data sets. This paper demonstrates model, FcaDVC fo utestedoalsanioncep-that a correlation method based on nine coals is able tually applicahle to other devolatilization models.

This method uses a set of well-defined coals (library
to make good predictions for a set of 27 untested coals) to form a triangular mesh in the van Krevelen
coals. This advantage of a wider range of applicability diagram. If an unknown coal is within a triangle
will be further confirmed by comparing the predic- formed by three library coals, the model input pa-
tions with the pyrolysis data from additional untested rameters for this unknown coal can be interpolated
coals. from those of the three library coals based solely on

Niksa and eoworkers [6,11,12] have also used a a knowledge of the elemental composition. This
correlation method for their coal devolatilization method allows the FC-DVC model to be used for
model. Their approach is similar to ours in that it is any coal that can be interpolated. It is also easy to
based on the correlation of model input parameters ancoalotat care interpol s so eas toto coal elemental composition. However, each input accommodate more library coals, so that a wider
pocar menterhas asepartorrelation. Howit, ran. inpt range of coal types can be covered. The validity of
parameter has a separate correlation with rank. In this method was demonstrated by comparing the tar
addition, the based mol on dictese yield measurements and predictions for 27 coals over
correlations are based involves very different as- a wide range of pressures and heating rates. For most
sumptions about coal structure, pyrolysis chemistry, of the coals, the predictions compare very well with
and pyrolysis kinetics when compared with FG- the data.
DVC.

The approach outlined in this paper also differs
from those of Ko et al. [7] and Neavel et al. [8] in Acknowledgments
that, in addition to correlating the maximum tar
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which allows for much more extensive predictions of through Contracts Nos. DE-AC21-86MC23075 and DE-
coal devolatilization than these simple correlations. AC21-93MC30040. The authors wish to acknowledge
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COMMENTS

Patrick Gilot, Laboratoire G.R.E., France. In the case of lations sometimes indicate these limitations are present,

nonsoftening coals, calculations show that depending on they are often based on estimates of the tar diffusivity
size, diffusive flow (Fickian diffusion) can become the most which may be off by orders of magnitude. Most pyrolysis
important way of tar transport inside the particle, especially experiments cannot confirm or deny the existence of these
around 1 atm of external pressure. This mechanism of limitations since the tar yield is usually not measured in
transport can overcome the convective flow. Thus, it is dif- real time, but only after quenching the experiment. The
ficult to assume that there are not mass transfer limitations absence of a particle size effect on yields does not neces-
inside the particle. Could you comment on that point? sarily mean that no internal transport limitations occurred,

but that those that may have occurred did not lead to sec-
Author's Reply. The presence or absence of internal ondary reactions. There is direct experimental evidence

mass transport limitations for tar has been the subject of that demonstrates the existence of some type of mass trans-
considerable debate in the literature [1,2,3]. While calcu- fer effect, namely the well-known effect of applied inert
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gas pressure on coal pyrolysis product yields [2,3]. Most REFERENCE
early attempts to model this phenomenon assumed that
external mass transport of tar was the primary limitation. 1. Solomon, P. R., Serio, M. A., and Suuberg, E. M., Prog.
However, as discussed in Ref. 1, most recent modeling ef- Energy Combust. Sci. 18:133-220 (1992).
forts, including our own, have utilized the flash distillation
assumption that requires equilibrium of the heavy tars in
the light gas species. This has been applied to both soft-
ening and nonsoftening coals and is consistent with what A. E. Jacob Akanetuk, Stanford University, USA. Most
has been historically described as an internal mass trans- of the presented work has concentrated on the chemical
port limitation, decomposition kinetics of devolatilization. Have there been

experiments to show that the rate of the devolatilization
process is controlled by intrinsic chemical kinetics and not
internal mass transport or external heat transfer?

REFERENCES

Author's Reply. The effect of mass transport on tar yields
1. Solomon, P. R., Serio, M. A., and Suuberg, E. M., Prog. has been discussed above. As indicated above, there are

Energy Comnbust. Sci. 18:133-220 (1992). relatively few experiments that are able to definitively es-
2. Howard, J. B., in Chemistry of Coal Utilization, Chap. tablish the effect of internal mass transfer on devolatiliza-

12 (M. Elliott, Ed.), Wiley, New York, Second Supple- tion rates since the yields are not usually measured in real
mentary Vol., 1981. time. One exception is the work of Arendt and van Heek

3. Suuberg, E. M., in Chemistry of Coal Conversion, [4] where a thermobalance coupled with an on-line mass
Chap. 4, (R. H. Schlosberg, Ed.), Plenum, New York, spectrometer allowed for real-time measurements of vol-
1985. atile product yields including tar (by difference). Although

the total yields of volatile products declined with increasing
pressure from 1.1 MPa N2 to 10 MPa N2, the shapes of the
evolution curves for tar and gas evolution were largely un-
changed.

Jerzy Tonseczek, Silesian Technical University, Poland. As discussed in Ref. 1, there are many examples of ex-
What definition of tar do you use in your presentation? periments where external heat transfer controls the devol-

atilization rate. This is not necessarily a problem, as long
Author's Reply. The definition of the tar yield is an op- as the temperature of the pyrolyzing particles is well

erational definition that varies from one experiment to the known. There are many pitfalls involved in calculation of
next depending on the collection devices and solvents used the particle temperature in high heating rate experiments
for the tar fraction. Tar is defined by most investigators as because of uncertainties in the thermal and optical prop-
the material that is vaporized during pyrolysis but is con- erties along with the local heat transfer coefficients. Con-
densible at room temperature. A discussion of some of the sequently, under these conditions, only experiments where
methods used to define tar is included in a recent review particle temperatures have been measured by an optical
article [1]. The differences in these methods can account technique are reliable for kinetic determinations. At low
for some of the variability between the model predictions heating rates, thermogravimetric analysis (TGA) experi-
and data and could contribute as much as ± 10% on a ments over a range of heating rates can be used to reliably
relative basis. establish pyrolysis kinetic rates since the experiments can

The main difficulty is collecting all of the tar from the be designed to allow a thermocouple to record the thermal
numerous surfaces that it may encounter in the collection history of the pyrolyzing particles. The kinetic parameters
system. For this reason, most of the missing material from obtained from TGA experiments can also be used to test
a pyrolysis experiment is usually from the tar fraction, and the consistency of kinetic rates determined at high heating
the tar yields are usually underreported. However, since rates.
some tar can redeposit onto the char surfaces (e.g., in an
entrained flow reactor experiment) one must be careful to
extract only this material and not additional material (called REFERENCE
extractables) that did not vaporize during the course of the
experiment. 1. Arendt, P., and van Heek, K. H., Fuel 60:779 (1981).
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The late stages of char combustion have a special technological significance, as carbon conversions
of 99% or greater are typically required for the economic operation of pulverized coal-fired boilers. In
the present article, two independent optical techniques are used to investigate near-extinction and final
burnout phenomena for Illinois #6 and Pittsburgh #8 bituminous coals. Captive-particle image se-
quences, combined with in situ optical measurements on entrained particles, provide dramatic illustra-
tion of the asymptotic nature of the char burnout process. Single-particle combustion to complete
burnout is seen to comprise two distinct stages: (1) a rapid high-temperature combustion stage, con-
suming about 70% of the char carbon and ending with near-extinction of the heterogeneous reactions
due to a loss of global particle reactivity, and (2) a final burnout stage occurring slowly and at lower
temperatures. For particles containing mineral matter, the second stage can be further subdivided into
(2a) late char combustion, which begins after the near-extinction event and converts carbon-rich par-
ticles to mixed particle types at a lower temperature and a slower rate, and (2b) decarburization of
ash-the removal of residual carbon inclusions from inorganic (ash) frameworks in the very late stages
of combustion. This latter process can be extremely slow, requiring over an order of magnitude more
time than the primary rapid combustion stage. For particles with very little ash, the loss of global
reactivity leading to early near-extinction is believed to be related to changes in the carbonaceous char
matrix, which evolves over the course of combustion as a result of simultaneous oxidation and heat
treatment. More realistic models are needed to predict the asymptotic nature of char combustion and
to make accurate predictions in the range of industrial interest.

Introduction tral emissive factors" in the near-infrared. After elim-
inating inorganic particles (which could otherwise

The late stages of char combustion have a special masquerade as low-reactivity carbon-rich particles),
technological significance, as carbon conversions of conversion-dependent kinetic parameters are deter-
99% or greater are typically required for the eco- mined for the carbon-rich particles alone. The sec-
nomic operation of commercial-scale boilers. Achiev- ond technique uses a new captive-particle imaging
ing such high conversions is difficult in certain cases, apparatus equipped for simultaneous near-infrared
especially in connection with boilers retrofitted with thermography. This system is specifically designed

combustion zone modifications for NO, abatement for qualitative and quantitative investigation of the
[1]. While there is an extensive literature on ignition late stages of char combustion. The combination of

[2] and char combustion [3-5], little attention has these two techniques is used to investigate near-ex-

been paid to extinction in the important late stages tinction and final burnout phenomena for Illinois #6

of combustion, in part due to the difficulty of making and Pittsburgh #8 bituminous coals. A goal of this

scientifically meaningful measurements on highly re- work is to ascertain whether existing char combustion

acted samples in which inorganic material (ash) is the 'The spectral emissive factor at 800 nm, es. for an ir-
majority constituent. regularly shaped, emitting particle, with a diameter along

In the present article, two independent optical the flow axis of d, is defined as the average spectral radi-
techniques are used to make kinetic measurements ance (W/cm2 sr-1 prm-1) of the particle at a given wave-
on complex highly reacted samples with high inor- length (here 800 nm) divided by the spectral radiance of a
ganic content. The first technique uses in situ optical spherical black body with diameter d,. The spectral emis-
measurements on entrained char particles burning in sive factor is, in essence, the particle spectral emissivity
a laminar flow reactor, coupled with a recently pro- multiplied by a shape factor, A,/(rd,,2/4), where A,, is the
posed criterion [6] for distinguishing inorganic from projected area of the particle as viewed from the optical
carbon-rich particles by measurement of their spec- axis.

561
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kinetics models can be extrapolated to high conver- tigation of the late stages of combustion by acquiring
sion, or whether more detailed models of carbon data at longer residence times, by determining con-
burnout are needed that deal specifically with the version-dependent kinetics, and by applying a new
chemical and physical phenomena unique to this re- captive-particle imaging technique specifically de-
gion. signed to probe near-extinction and final burnout.

Previous Work: Materials and Experimental Procedures

A number of previous investigations of pulverized
coal combustion have used single-particle imaging Illinois #6 (PSOC-1493D) and Pittsburgh #8
techniques, based on high-speed photography of en- (PSOC-1451D) high-volatile bituminous coals were
trained particles [7,8], holographic techniques [9], chosen for this investigation. The two independent
and charged-coupled device (CCD) array detection combustion experiments, involving entrained and
[10]. Captive-particle techniques have been used by captive particles, respectively, are described sepa-
various groups [11-13] for the study of coal devola- rately below. Figure 1 depicts the captive-particle
tilization and combustion, with emphasis on swelling, imaging (CPI) apparatus. Char particles of 50-300
morphological changes, and burnout times. These prm in diameter are placed on a low-density particle
techniques have generated important insights, but support and inserted into the flow reactor through a
none is designed specifically for quantitative inves- open test section in the quartz wall (see Fig. 1). The
tigation of the kinetics of extinction and final burnout support is surrounded by a small conical cooling coil
for particles in the pulverized size range (<200,pm). that maintains the particle at 200 'C-300 'C, while
There is little information on extinction in coal com- it is brought into the focal volume of a modified long-
bustion. Essenhigh [5] reports one study on flame focal-length microscope. The cooling coil is then re-
extinction, Ubhayakar et al. [14] have examined the tracted, the particle is rapidly heated by the sur-
thermal extinction of single graphite particles heated rounding gases, and its ignition, combustion, and
by a laser in cold surroundings, and Mulcahy [15] has burnout behavior is imaged at high resolution using
analyzed the graphite data of Ubhayakar et al. [14]. both reflected visible light and emitted light in the

Although numerous papers report on the charac- near infrared. Char samples for CPI experiments
terization of commercial or pilot-scale residues [16- were prepared by injection of raw coal into a 1600 K
18], few studies have focused on the late stages of gas stream containing 6 mole% oxygen in the laminar
char combustion under carefully controlled condi- flow reactor and extraction of samples after 47 ms
tions. Among those, Vleeskins and Nandi [19] have residence time, at the approximate end of primary
investigated the fuel-related factors determining the devolatilization. The young char samples at this point
degree of coal burnout in a drop tube furnace. Mitch- have lost approximately half their total mass but still
ell [20] observed numerous particles with low tern- contain significant hydrogen (1-3 wt. %) and will re-
peratures at high conversion and has identified them lease residual volatile matter in the early phases of
as highly reacted, high-inorganic-content char parti- the CPI experiments. Most but not all of the particles
cles. A recent paper examined the low-temperature from these softening coals have fully solidified by 47
particles in more detail [6], using an optical diagnos- ms.
tic to distinguish inorganic from carbon-rich particles Because transport processes for particles in the
by in situ measurement of their spectral emissive fac- pulverized size range are dominated by diffusion,
tors, es00, at a wavelength of 800 nm. It was found conduction, and radiation, and not by convection [3],
that a threshold value of 0.3 for the emissive factor a mechanical suspension technique, if properly de-
could be used to statistically classify particles as car- signed, will accurately simulate char combustion in
bon-rich (csoo > 0.3) or inorganic (esoo < 0.3) with entrained flows. (Note that convection does play a
an error rate or frequency of incorrect assignment of role in the combustion of larger particles and in other
4% or less. Application of the diagnostic indicates combustion subprocesses such as devolatilization.)
that most particles still contain substantial amounts For pulverized char combustion studies, the suspen-
of carbon at the point of abrupt temperature de- sion device can be allowed to perturb the flow field,
crease, and that this residual carbon is oxidized slowly and thus the convective processes, if it does not pre-
in a second, low-temperature combustion stage. In sent a significant barrier to diffusion, conduction, or
that work, near-extinction was defined as a large and radiation to and from the particle. The particle sup-
abrupt, but mathematically continuous, decrease in port used consists of a platinum ring, spanned in sev-
particle temperature in the late stages of char com- eral places by 75-pum-diameter platinum wires that
bustion due to loss of global, or apparent, reactivity, provide support for a thin layer of fine (5-p m-diam-
This phenomenon is distinguished from true extinc- eter) A120 3 fibers (99% pure). Quantitative estimates
tion, as defined by Mulcahy [15], which has a math- [21] indicate that the low-solid-volume fraction of
ematically discontinuous nature, as discussed in the the fiber bed provides an environment in which the
earlier work. The present paper continues the inves- gas-to-particle mass and heat transfer coefficients are
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FIG. 1. Schematic of the captive-particle imaging apparatus. Analog and digital image acquisition, storage, and proc-

essing hardware are not shown.

very similar to those for entrained particles. The flow and quantitatively analyzed to determine particle ra-
field and the temperature transients at the beginning diance temperatures.
of the experiment have been characterized and are In the second independent experiment, optical
discussed in detail elsewhere [21]. Maximum heating measurements were made of particle size, tempera-
rates are approximately 29 103 K/s with good shot-to- ture, and emissive factor during combustion of dilute
shot reproducibility. The rapid and reproducible streams of entrained particles in a laminar flow re-
temperature transients combined with the avoidance actor described elsewhere [20]. Residence times
of transients in gas composition make this flow con- greater than 117 ms were obtained by rapid quench-
figuration useful for investigating char combustion ing and collection of solid samples followed by rein-
and burnout phenomena. jection and further combustion. The collection and

The optical system comprises a long-focal-length reinjection process has been shown to have no effect
microscope (model K2 of Infinity Photo-Optical) on the subsequent kinetics for single particles, al-
modified by addition of an internai beam splitter to though it may change the size distribution of the bulk
allow simultaneous dual video imaging of the same sample by inducing fragmentation and/or reagglom-
field of view. Two CCD cameras record one image eration of fines during collection and handling [22].
formed by reflected visible light (supplied by fiber- Because particle sizes are measured in situ, single-
optic illumination) and a second formed by near-in- particle kinetics can be determined from the optical
frared emission from the particle surfaces. The near- data with no errors introduced by the reinjection pro-
infrared emission (700 1000 Im in wavelength) is cedure. Total ash was used as a tracer to determine
selectively imaged by incorporating an optical filter carbon conversions for the bulk samples, and the
in the quadrocular head, while reflected radiation in weight loss at 47 ms residence time (where the visible
the same wavelength band is rejected by placement volatiles flame disappears) was used to put the con-
of an infrared filter within the fiber-optic illuminator. versions on a volatile-matter-free, or char, basis.
The fiber-optic illumination is rejected so success-
fully that this second optical channel records no im- Results
age whatsoever until the particles reach approxi- Captive-Particle Imagig:
mately 900 K and begin to emit significantly in the
near-infrared. The near-infrared channel has been Image sequences were obtained for approximately
calibrated with a high-temperature black-body 100 particles of Illinois #6 and Pittsburgh #8 coal
source, and the thermographic images are digitized chars, which exhibit statistical particle-to-particle
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variations in size, morphology, and ash content. Fig- followed by a distinct decrease in emission before the
tre 2 is a single-camera sequence illustrating the typ- particle size and moirphology change dramatically.
ical combustion behavior of particles of high mineral To explore the near-extinction phenomenon in
content. Shortly after retraction of the cooling coil, a greater detail, dual images of reflected visible light
bright red optical emission from the solid surfaces and near-infrared emission were obtained for se-
becomes evident (see image at 0.12 s in Fig. 2), in- lected particles. An example dual-image sequence is
dicating an elevated particle temperature. The bright shown in Fig. 3, along wvith time-resolved radiance
incandescence lasts for about 1/2 s before it fades, temperatures' determined from digitization of the
indicating a significant decrease in particle temper- near-infrared images. The combined data and images
atire. Note that the temperature decrease occurs un- show a period of bright incandescence from 0.8 to
der nearly isothermal conditions in the gas phase (the 1.2 s, followed by a relatively abrupt drop in tem-
local gas temperature is actually increasing slightly), perature of 125 K and a long, slow, nearly isothermal,
and while the char particle still contains much visible final burnout to a carbon-free ash particle. The grad-
dark material, typically elemental carbon.' ual decrease in radiance temperature at long times

After the temperature decrease, combustion con- is in part due to decreases in emissivity, but the initial
tinies, slowly converting the carbon-rich particles to rapid decrease reflects a decrease in actual temper-
mixed particle hjes containing elemental carbon in ature, since it is large, and occurs abruptly while the
their cores, or as islands within a coherent inorganic particles are still optically black. These data are par-
matrix. The final stage of the combustion process ticularly useful for defining the point of near-extine-
consists of the removal of these elemental carbon tion-it occurs (1) when the local gas temperature is
inclusions from a predominately inorganic matrix, nearly constant or increasing slightly, (2) when the
This process, which we refer to here as "ash decar- particle diameter is 85% of the initial diameter, (3)
bhrization," can be extremely slow, requiring 10-30 while the particle is still dark under visible illumi-
s for the particle represented in Fig. 2. Another nation, before the appearance of visible surface ash.
unique characteristic of high-mineral-content parti- This near-extinction is observed even for particles
des is that their combustion and burnout generally containing very small amounts of mineral matter (as
occur without dramatic changes in the particle mor- inferred from the size of the final ash particle). For
phology or size. The mineral matter provides a co- these low-ash particles, the near-extinction is clearly
hesive framework from vwhich elemental carbon is not caused by the formation of an ash-film diffusion
removed while preserving much of the original par- barrier.
tidle shape. No fragmentation or structural rear-
rangement of the particles is typically observed. The In Situ Optical Measurements
ash frameworks, however, are often observed to on Entrained Particles:
slowly consolidate and densify after most of the car-
bon disappears, due perhaps to sintering mecha- The second independent experiment produced a
nislns, set of single-particle size, temperature, and emissive

The low-mineral-content, low-density particles, in factor measurements for Illinois #6 coal char at var-
contrast, undergo profound morphological changes ious residence times. These data indicate a gradual
during combustion. Consumption of carbon from transition from a population of fully ignited char par-
these particles often results in loosely connected, tidles at 72 ms to a predominance of low-temperature
fragile structures at moderate to high conversion, particles at 117 ms and, finally, to a predominance of
Such particles are much more likely to dissociate dur- inorganic-rich particles (with emissive factors < 0.3)
ing combustion, but instead of producing distinct at 306 ms. Figure 4 shows the time evolution of the
fragments as often observed for entrained particles particle temperatures and sizes for a subset of this
[23], they are typically observed to contract or reag- raw data with emissive factors greater than 0.3 (rep-
glomerate to yield a single ash particle. Further work resenting the carbon-rich particles and mixed parti-
is needed to understand the contraction process and cle types [6]). The temperatures in Fig. 4 have been
its implications for fragmentation. It is particularly
noteworthy that particles of very low mineral content 'Radiance temperature is defined as the temperature of
also exhibit a brief period of bright incandescence a hypothetical black body emitting the same radiative

power as the real object (particle) in the wavelength range
'Most, but not all, of the black material observed in of interest (here 700-100,0 nm). For carbon-rich particles

these highly reacted samples is elemental carbon, the re- such as those found up to about 2 s in Fig. 4, whose em-
mainder being primarily iron-bearing phases, as deter- issivities are approximately 0.8 [24], true particle temper-
mnined by laser spark spectroscopy. The phrase "elemental atures will be approximately 20 K greater than the reported
carbon" is used here to refer to organic carbon (which is radiance temperatures. The true temperatures of inor-
impure and contains small amounts of nitrogen, sulfur, ox- ganic-rich and mixed particles are difficult to estimate be-
ygen, etc.) as distinct from inorganic carbon (e.g, in car- cause of the unknown and variable optical properties of ash
honates). on a particle-by-particle basis.
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FIG. 2. Single-camera captive-particle image sequence for a typical Illinois #6 coal char particle. Combustion of 150-
pm particle in 6 mole% oxygen at a steadv-state local gas temperature of1 1:360 K. Inages fornied by reltected visible
light. Inages and time line show the duration of the rapid, incandescent comnbustion phase and the lower-temperature
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FIG. 3. Dual-camera captive-particle image sequence for typical Illinois #6 coal char particle. Combustion of -200-
,um particle in 6 mole% oxygen at a steady-state local gas temperature of 1250 K. Zero time is defined as the point of
first visible incandescence, which corresponds to a particle temperature of approxinsately 900 K.

normalized by subtracting the local gas temperature, or near-extinction occurring between 72 ms (69%
which changes slightly along the reactor length, to bulk conversion) and 117 ms (75% bulk conversion).
facilitate comparison among data at different resi- At 117 ms and beyond, a large group of particles is
dence times. The temperature difference, as plotted observed at or near the gas temperature, with a
in Fig. 4, is a convenient indicator of the reaction smaller but significant group having temperatures
rate at any point. Also shown in Fig. 4 are the theo- from 50 to 300 K above that of the gas. A small num-
retical temperature limits for diffusion-limited burn- ber of particles (approximately 10 of 184, or 6%) are
ing and for inert particles, calculated for various as- still seen at the high temperatures associated with the
sumptions (see Fig. 4 caption). rapid combustion phase. Different particles undergo

Figure 4 clearly shows a large temperature drop near-extinction and final burnout at different times
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FIG. 4. Optical measniements of pirticle size and normalized particle temperature for combustion of Illinois #6 coal
in 12 mole% oxwgen. Points represent carbon-rich particles with emissive factors greater than 0.3. The number of low-
emissise-factor particles excluded from Fig. 4 increases from 8 of 184 (4% of the total) at 117 ms to 151 of 241 (63% of
the total) at 309 ins. Cures at high temperature represent diffusion limits for two assumptions regarding the product
ratio: dashed line for CO/CO2 molar ratio given by 3 X 101 E' -W+') -,with RT, in keal/nol [25]; dot and dash pattern for
CO as sole reaction product. Conres at low temperature are temperature limits for inert particles with varying total
eiiissihities: dashed line for E = 0.8, dot and dash pattern for r = 0.4.

as a result ofdifferences in particle density, reactivity instantaneous char hydrogen content and thus has
[61, and initial ash content [20]. the potential to describe some conversion depend-

ence. The global kinetic model assumption does not
lead to large errors below 50% conversion, but by

Couiceeesioo•-Dc~ep e•t Reocticities: 70% conversion, the reactivity has decreased by a

Figure 5 presents global char reactivities at various factor of about 2, and numerous near-extinction

conversions in the form of pre-exponential factors, A, events are observed (see Fig. 4).

extracted from the optical data using a model of gas-
particle transport processes [25]. For this calculation,
global kinetic parameters* previously determined for Discussion and Conclusions
Illinois #6 coal in the early-to-intermediate stages of
combustion [25] were adopted and the pre-exponen- The combination of in situ optical measurements
tial factor adjusted with conversion to match the and independent captive-particle image sequences
mean measured particle temperature for the mean provides dramatic illustration of the asymptotic na-
particle size. The reactivity in Fig. 5 decreases mono- ture of the char burnout process. Single-particle
tonicall during combustion, dropping hy a factor of combustion to complete burnout comprises two dis-
5 at 90% conversion. Conversion-dependent char tinct stages: (1) a rapidhigh-temperature combustion
reactivities have been previously observed under stage, consus ing approximately 70% of the char car-
other conditions-asee for example, rp ecker et as. bon and ending with near-extinction of the hetero-
[26]. The dashed line in Fig. 5 represents the as- geneous reactions as a result of loss of global particle
simption on which global kinetic models are typi- reactivity, and (2) a final burnout stage occurring
callv based--a constant, conversion-independent slowlv and at lower temperatures. For particles con-
global reactivity. An exception is the recent model of taining mineral matter, the second stage can be for-
Charpenay et al. [27], which bases char reactivity on ther subdivided into (2 a) late char combustion, which

begins after a near-extinction event and converts car-
°The global paraineters are a reaction order of 0.5 and bon-rich particles to mixed particle types at a lower

activation energ of 22.5 kcal/niole, and a CO/CO, ratio temperature and a slower rate, and (2b) decarburi-
gisen b'N CO/COt = 3. 10 1o 2•"•' xsith B in kcal/mol-K and zation of ash-the removal of residual carbon inclu-

in K. Vauaong the assumed values of the reaction order, sions from inorganic (ash) franaeworks in the verv late
actisation energ, and CO/CO, ratio was observed to have stages of combustion. This latter process can be ex-
soime effect on the reactivities, but not the basic downward tremely slow, requiring over an order of magnitude
trend in Fig. 5. The loss of reactivity udth conversion is a more time than the primary rapid combustion stage.
gross eflfect lior this system that is related to changes in the To understand the origin of the low reactivities,
solid fuel properties and not to the form or details of the consider the classical Thiele theory of gas-solid re-
rate expression. actions, where the overall particle burning rate, q, in
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zone II scales with char properties as q r 25 I
(pd)"2 (5)1/2 (ki)' N(D,.). 12 Iere p,[ is the mass of car- A`
bon per unit particle volume, S is the internal surface 1 2
per grain of carbon, k, is the intrinsic reactivity of `E
that surface, and Dff is the effective diffusion coef- .

01ficient in the porous particle. In general, the com- , 15 . A
bustion process, which consists of oxidative carbon • .

removal and simultaneous high-temperature heat 10 model
treatment [28], can alter each of these parameters: .> A observed
PC [5], k, [26], A [29], and D•,j [30]. The low global t kinetics A
reactivities (expressed per unit external particle area) & 5
during ash decarburization are not surprising, as the
inorganic matter displaces carbon, leading to a low 0 0..
value of p, and can also act as a diffusion barrier (low 0 0.2 0.4 0.6 0.8 1
Don). This carbon depletion effect alone will produce
low global reactivities at very high buriiout for ash- Char carbon conversion
containing particles. FIG. 5. Effect of carbon conversion on the reactivity of

A more significant observation is the iiitial tern- carbon-rich particles of Illinois #6 coal char. Combustion
perature drop, which we refer to as a near-extinction in 12 inole% oxygen for residence times from 72 to 306
event, which is exhibited by most of the particles in- ms. Particles with emissive factors less than 0.3 (inorganic-
vestigated. The near-extinction is caused by a loss of rich particles) were excluded prior to analysis. Triangles
global reactivity' and occurs for both high- and very mneasured reactivitics; solid line fitted curve; dashed
low-ash-content particles, often before ash becomes line global kinetic model of Hurt and Mitchell [25],
visible on the particle surfaces. For particles with presented for comparison.
very little ash, the loss of global reactivity is clearly
related to changes in the carbonaceous phase, rather
than interactions with the bulk mineral matter.i Be- rates until the solid fuel is completely consumed.
cause coal chars are microporous carbons, k,, A, and This simplified approach leads to a systematic er-
Dff are all strongly influenced by the crystallinity and ror-carbon persists well beyond the point at which
ultrafine structure of the carbonaceous matrix. In a global kinetic models predict complete burnout.
concurrent paper, Davis et al. [31] demonstrate that More realistic conversion-dependent models are
the carbon crystalline structure evolves dramatically needed to make accurate predictions in the range of
over the course of the combustion process under the industrial interest.
conditions of interest here.

The asymptotic nature of the char combustion
process has important implications for the modeling Nomenclature
of carbon burnout in furnaces. Current global models
typically used assume a reactivity that is independent A global reactivity, g-carbon Cm -2 s I atm
of conversion and consequently predict high particle (cm- 2 of external area)
temperatures and rapid heterogeneous combustion Al, projected area of a char particle along the

optical axis
*Particle temperature depends upon particle size D~ef effective diffusivity, cm 2 s-I

through equations describing mass and energy transport, i1, particle diameter, cm
and spontaneous thermal extinction has been observed un- ki intrinsic reactivity, g-carbon cm -2 s atm
der some conditions [14] as particle size decreases d(ring (ca -2 of total area)
combustion at constant reactivity. This is not the iaecha- R gas constant, kcal mole-I K-1
nism involved in the present study, however. Calculations q overall particle burning rate, g-carbon cm 2
performed for both sets of conditions (in the CPI and en- s-I (cMra 2 of external area)
trained flow experiments) indicate that decreases in parti- t time, s

cie size at constant reactivity cannot explain the observed S total surface area, m2 g 1
near-extinction events. The magnitude of the temperature Tg gas temperature, K
drop (and burning rate decrease) during near-extinction is TI, particle temperature, K
a function of its surroundings; it is larger at high oxygen X char carbon conversion, volatile-matter-free
levels and low gas temperatures, but the underlying cause basis
is the same a loss of global reactsits.

-Note that the carbonaceons phase is defined here to Greek symbols
include small quantities of finally dispersed mineral matter, , total emissivitv, or emissivitv
if any, which may increase the intrinsic rcactivity, of carbon es(8 0 spectral emissive factor at 800 rm, or "eemis-
surfaces through catalysis. sive factor"
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radiation wavelength, mn M. E., Brunckhorst, L. F., and Phong-anant, D., Fuel
pc mass of carbon per unit particle volume, g 72(7):907 (1993).

cm 3 14. Ubhayakar, S. K., and Williams, F. A.,J. Electrochems-
ical Soc. 123:747 (1976).
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This paper discusses the results from experiments and analyses of the combusilstion of wood-char spheres

for varying 0, in an 0,-N, mixture. The experiments show that for particle diameters (/,) in the range 2-

15 amm, the char burn time (t%,) in air is given by t, - d),! 
5 

at 300 K. At higher ambient temperatures, the

exponent on d,, goes up to 2.0. The results at reduced oxygen fraction show extinction at partial conversion

and zero conversion at oxygen mass fractions less than 0.14 at an ambient temperature of 300 K. Regarding

flow effects, for Reynolds number (Re) more than 500, conversion is only partially complete for runs at

300 K. The mathematical niodel consists of a spherically symmetric porous body undergoing heterogeneous

conversion with finite-rate chemistn and associated diflusion into the pores. Free and forced convective

heat and mass transfer effects outside the sphere are approxiu..ately modeled. The results show a near

completes agreernent on most aspects. The extinction at low ambient oxvgen fraction and the extinction

after partial conversion at low oxygen fractions or in presence of forced convection are argued to be due

to the process of becoming statically unstable. The results of lower ambient oxygen limit, also observed in

somne sparsely conducted experinents, apparently have implications in planetaur evolution studies.

Introduction rations into such effects in the literature seems lim-
ited [4,5].

Wood-char combustion with 02/N2 mixtures is of The present work has been undertaken to obtain
importance in several industrial processes, more par- more detailed experimental data on the weight loss,

ticularly in wood gasifiers, where one of the active the core and surface temperatures with time, extinc-

processes is the oxidation of carbon at reduced oxy- tion, and related features at reduced oxygen fraction;

gen fractions. A review on gasification of coal char is and the flow effects on wood-char spheres between

given by Laureandeau [1]. Earlier, Mukunda et al. 2- and 25-mm diameter, a range of interest in wood

[2] studied single wood-sphere combustion, includ- gasifiers. A computational analysis of the process is

ing that of the char. The model included diffusion also made, to understand the physics of char com-

and reaction in the pores and char conversion times bustion and to bring out the controlling processes at

slightly under those predicted from experiments. The various regimes of combustion.

predicted core temperatures ranged between 1600
and 1650 K. The experiments of Kuwata et al. [3]
and experiments conducted here have shown tern- The Experiments
peratures with a maximum of 1000 K. The model
used in Ref. 2 contained a C-02 reaction alone, and The experimental setup consists of a quartz reactor
the reaction of C-C0 2, likely to be important at high 40-mm in diameter placed in a temperature-con-

temperatures, was neglected. Also, in a gasifler op- trolled furnace [6]. For high-temperature runs, the
eration, the possibility of reactions of char at reduced reactant gas is preheated to the furnace temperature
oxygen concentrations exists. The number of explo- by letting the gas pass through a helical quartz tube

569
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wound around the reactor. The flow rate of the gas conversion was incomplete, with a weight loss of
is measured using a capillarv flowmeter. Air or a mix- about 60-95% depending upon the mass fraction of
ture of oxygen and nitrogen is used depending upon oxygen. Also, it was noticed that the ash was getting
the requirements. In the latter case, flow rates of 02 blowvn off from the surface in most such cases. Ex-
and N. are measured before mixing and being led periments were also conducted to determine the
into the reactor. The oxygen fraction is further core temperature by inserting a 100-pm Pt-Pt 13%
checked by a gas analysis of the mixture. Rh thermocouple at the center of a wood sphere un-

The char samples of size 2.0-15 mm are prepared dergoing combustion. During this period, the tem-
either by burning dried wood spheres (Ficus) in air perature was monitored, and it never exceeded
and quenching them at the end of flaming combus- 950 K.
tion or b% heating them slowly in an inert environ-
ment. The density of char obtained by the former
method is 180 ± 20 kg/mn, and the latter method is The Model
400 + 30 kg/in 3. Density of the char is calculated
from the weight of the char sphere and the volume The processes taking place during the combustion
obtained by measuring the diameter. The diameter or gasification of porous carbon spheres are the dif-
is averaged over measurements on many locations on fusion and convection of the species and energy in
the sphere. The charcoal spheres obtained are re- the porous medium and the heterogeneous reaction
peatedly dried in an oven at 373 K and cooled in a between the gaseous species and the char. These are
desiccator a few times before use. In some cases, the modeled in the present analysis using the unsteady
char samples obtained at the end of the pyrolysis pro- spherically symmetric one-dimensional conservation
cess are nonspherical and are shaped by filing to true equations. The conservation equations are
spheres.

Porositv is obtained from the apparent density of
the porous char and the solid char by the relation e a (pd) 7  1 a
= (1 - /p,.). This value is verified in a few cases by at r2 ar
the water absorption technique. A dried sample is
dipped in water and allowed to soak for a few hours. .- pvr2y, + r2Dp-y, + 06"'
After removal, the sample is weighed. The difference
in the initial weight before soaking and the final (1)
weight after soaking gives the amount of water ab-
sorbed. This would give the void fraction in the po- -6"'
rous char, which is the porosity of the given char - (2)
sample. at P9

The sample was suspended, using a fine wire bas-
ket, from a balance and heated using a spirit lamp a 1 a
flame enclosing the entire sphere so that oxidation of ( (pc T) -

char is prevented and the temperature of the char is

increased to 900 K. The sample was then placed in- .K.QT + aT
side the reactor maintained at the required temper- r) H9
ature, and the reactant gas was passed through the
reactor. The total conversion time and the flow rate (3)

of the reactant were noted. During the experiments
at low Re (<50), it was observed that the diameter where / = p&1 - E) + pa is the average density of
of the char sphere was gradually decreasing with the porous char, A, is nonporous char density, E is the
ash layer covering the sphere. However, the carbon porosity of the char, and 6"' is the volumetric reac-
core was visible through the ash layer till the end of tion rate of char with 02 and C02, including the con-
the burn time. For runs with air at 300 K, conversion tribution due to growing of pores.
could not be initiated below a diameter of 2 mm.
With yaring 0, fraction, (Y02,) below 0.14, the char 6"' = "' + ("' (4)

particle quenched after introduction into the reactor.
This phenomenon was found similar for different di- The subscripts i = 1, 2, and 3 refer to species CO,
ameters in the range of 4-14 mm. The conversion CO 2, and N2, respectively.
was found incomplete for Y02,- < 0.21. In these ex- The volumetric reaction rate is related to the het-
periments, it was ensured that flow effects did not erogeneous reaction rate per unit surface area by
influence the results by keeping Re < 30. Experi-
ments on the effect of flow velocity were conducted 0) = 67" Sgpl, (5)
by varying the flow rate of air into the reactor, thus
changing Re. It was found that for Re > 500, the where p,, is the apparent density of the char and S9
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is the surface area per unit volume of the char, which where A" is the radiative heat flux from the surface
is given by Howard [7], as Sg Pap = % of the sphere and

The surface reaction rate of carbon with oxygen is
given hy Howard: (pV)s exp(-Bo) (pV)sc• (11)

given y owrd (6 [1 - exp(-Bo)]' 0  kNuMC 1SlSXos(6
(S• I X0o + S)) Equation (10) is obtained from the solution of spher-

ically symmetric one-dimensional conservation equa-
where Xo, is the mole fraction of oxygen at the sur- tions for the gas phase [2], and the effect of free
face and S1 and S2 are the rate constants for absorp- and/or forced convection is accounted for by choos-
tion and desorption, respectively, given by ing the appropriate value of the Nusselt number

(Nu). Nu = 2 in the absence of either free or forced
(-E]l convection but increases in the presence of convec-

S1 = AjP expRT;/ (ý271M 0RT) (7) tion. In earlier work [2], the char sphere encountered
only free convection. In the present case, with flow

-= Afexp)(E velocities, both will be present.

Method of Solution:
Smith and Tyler [8] use a single rate expression as

R, = 1.34 exp( - 32,600/RT) (g/cm 2 s) for coal-char The solution calls for integration of the parabolic
particles of 22-89pum in size, for a temperature range system of partial differential equations with the initial
of 630-1812 K. The rates calculated match with that and boundary conditions noted above. The inde-
of Eq. (8), implying that the desorption process is pendent variable r is transformed into a V, defined

rate limiting in their experiments. as V = (4/3) nr3, making the system of equations

The reaction rate of carbon with C0 2 , suggested fully conservative and removing the singularity at r

by Semechkova and Frank-Kamenetskii and referred = 0. The integration of the transformed equations
to in Blackwood and Ingeme [9], is given by is carried out in the same way as in Ref. 6.

kiPco - kp 2yo Choice of Parameters:6) coC = PC2.P (9)
1 + k3Pco + k4 Pco2  The choice of physical, thermodynamic, and trans-

port properties is based on the mean char properties
No gas-phase reactions are considered. The oxi- presented as follows:

dation of CO is neglected because the mass fraction
of CO inside the sphere during the reaction process p, = 1900 kg/m 3 rp(t 0) = 50 ,um
is too low to contribute toward any heat release.

The diffusion process are modeled after Howard cp = 1.25 kJ/kg K
[7] and discussed in our earlier work [2,6]. The re-
action rate per unit area 6J" is related to 67 by 6•H

S2e/r.Rate parameters for the
The details of pore treatment are the same as in + 02 reaction are

Ref. 6 and are not repeated here.
AC = 1/150 EJ/R = 1700 K

Initial, Interface, and Boundary Conditions E2/R = 20,000 K = 0.0875 moles/i 2

At t = 0, the temperature in the s is set at Rate parameters for the C + CO 2 reaction are as in
At K. 0The preisernature of the osphereais pro- Ref. 6. The term k, is the conductivity of the solid

900 K. The precise nature of the concentration pro- phase at temperatures of 900-1200 K. This value of
file does not matter, as the transients die down in a leads to porous char conductivity of 0.4-0.5 W/m
small fraction of the conversion time. The interface K whcds th sameas indRe f 0,110an acncondtios a r =r, re he cntiuit ofeatand K, which is the same as in Refs. 10,11 and accounts
conditions at r = re are the continuity of heat and for conduction and radiation inside the char. The
mass fluxes. These are as [2] thermal conductivity of the gas phase, k, is calcu-

lated locally. The rate parameters used in tie present
,Y = Q(Y - study for the C + 02 and the C + CO 2 reactions

Dg s are from Howard [7] and Blackwood and Ingeme [9],

arT respectively. The initial porosity of the wood char
k = c0 Q(T. - Ts) - A" (10) considered is in the range of 0.75-0.85, consistent

ar rwith the present measurements as well as of
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FIc. 1. The conversionwwith time-experiments and pre- Fin. 2. Burn time for different particle diameters along
dictions for particle diameter of 8 mm; ambient tempera- with the predictions for ambient temperature of 300 and

ture = 300 K. 1000 K (experimental data of Simmons and Ragland [5]).

ponent from 1.87 to 2, because the free convection
Groeneveld and van Swaaij [12]. The initial radius of effects are very small in the latter case. Predictions
the pore is obtained from Groeneveld [13], where in both cases seem excellent. The experiments at
wood char was used for measurements. The param- 300 K show extinction at a 2-mm particle size. At
eters in the kinetic expression used presently are ob- 100'0 K, the transition from the diffusion to kinetic
tained from Blackwood and Ingeme. The rate of the regime takes place in the range downward of 1 mm.
baclkvard reaction k2 is obtained from the appropri- Experimental results from Simmons and Ragland [5]
ate equilibrium constants. The emissivity in the ex- on the combustion of char cubes are also plotted in
pression for radiant heat loss is taken at 0.95. Fig. 2, based on volume and estimated density from

the available data. The burn time results of Simmons
and Ragland at 1100 K are slightly lower than from

Results and Discussion the present experiments, and the predictions at 1000
K are within the experimental errors.

Figure 1 shows the results of char conversion (xe) Predictions on the ratios of mass fraction of 0 , and
with time for an 8-mm-diameter char particle at am- CO 2 at the core to the surface are plotted with time
bient condition. Char conversion is the ratio of the normalized with respect to the time for full conver-
difference between the initial weight and the weight sion at an oxidizer temperature of 1000 K in Fig. 3.
at any time t to the initial weight. Both experimental In the case of the 100-prm particle, the ratio for 02
data and predictions from the model are presented is about 0.8, indicating that the oxygen mass fraction
here. The predictions compare well with the exper- available at the core and the surface is nearly the
imental data wvithin the range of experimental error, same in contrast to the 400-pm particle where the
This result would justify the choice of kinetic and ratio is about 0.3, thus switching from the kinetic to
transport parameters chosen for the model, the diffusion limit. Due to the availability of 02

Figure 2 shows the experimental data and the pre- throughout the particle, the ratio of C02 at the core
diction of burn time normalized with respect to den- to the surface is higher in the 100-pum particle com-
sity of char with initial char diameter for combustion pared with the 400-pum particle diameter during the
in air on a log-log plot. A curve fit to these data leads bum time.
to tb - d1. 7, indicating the diffusion-dominated As mentioned earlier, in Ref. 2, the predicted peak
combustion; the departure from the th -- d2 law is core temperature was 1600-1650 K and is different
due to the presence of free convection. Also shown from the earlier experimental data. This aspect is an-
are the experimental results for 4- and 8-mm parti- alyzed now. Figure 4 shows the plot of core temper-
cles in air for an ambient temperature of 10,00 K. ature history found in the experiments and various
The results follow the d 2 law up to a particle size of models. The measured temperature data from this
about 1 mm. It is clear that the rise in the ambient work and from Kuwata et al. [3] show clearly the peak
temperature from 300 to 1000 K has raised the ex- temperature to be about 900-950 K. In earlier work
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FIG. 3. Variation of the ratio of mass fractions of 02 and 15 I
CO2 between the core and the surface for oxidizer tem- 0 75 150 225 300 375 450 525
perature of 1000 K for an S-mm-diameter char sphere Time s
burning in air with normalized time. (a)

[2] in which only the C + 02 reaction was treated 1500 -
along with an equilibrium of CO and C0 2 , the results A - Model (Core)
showed an increase of the core temperature from • 1400- -a- Expt (Core)
1000 K to about 1650 K toward the end (Fig. 4, curve B B -- Modet eSurtace[
A). As the fraction of CO 2 present inside the sphere g 1200 (Core)
is not small, it was argued that the endothermic CO2- D e =3004 mWm
C reaction was necessary to be included. Also, the 1000 C-do=10mm

data on conductivity for red hot char showed differ- & r - -*---g
ent values [10,11]. Hence, the influence of the con- UO '
ductivity also is examined. The results with various -a 800-

options are presented as curves B, C, and D in Fig. 600"
4. Case B indicates the results with the inclusion of 600
the C + CO 2  reaction mechanism along with C + " .
02. The effect of endothermicity is found to be sig- 400r
nificant in reducing the peak core temperature to 0 75 150 225 300 375 450 525
about 1250 K. Case C concerns the effect of en- Time, s
hanced conductivity due to high temperature. It is
seen that the conductivity plays an important role in (b)
reducing the peak core temperature to about 1150 FIG. 4. Effect of the C + CO2 reaction and thermal
K. Case D indicates the results with the addition of conduction of char on (a) conversion and (h) temperature
the C + CO 2 reaction to case C. The difference be- profiles for a 10-mm-diameter char sphere burning in air.
tween cases C and D with regard to the core tem- (case A: No C + CO reaction and conductivity at 300 K;
perature and the conversion profile is not apprecia- case B: similar to case A with addition of the C + CO2
ble. It is clear that the contribution toward the reaction; case C: similar to case A with thermal conductivity
reduction of core temperature is due to the conduc- for high temperature; case D: similar to case C with ad-
tivity of char; inclusion of the C + CO 2 reaction dition of the C + CO 2 reaction).
mechanism is not essential for a good prediction of
the peak temperature in the present case.

Another aspect that needs consideration is the perature. Inclusion of the CO2 reaction to case C has
burn time of the particle. In case A, the burn time not altered the reaction time, indicating lower im-
predicted was slightly lower than the range of the portance of this reaction. This result should be con-
experimental results obtained, whereas in case B, trasted with case B, where the reaction time was re-
where the CO2 reaction is introduced, the burn time duced by 25% with CO2. It is clear from these results
is reduced by about 25%, indicating the contribution that the contribution from the CO2 reaction would
from the C + CO 2 reaction. Enhanced thermal con- be significant at elevated temperatures and, thus,
ductivity, as in case C, has increased the burn time should not be neglected. Thus, for the other cases,
of the particle compared to that of case B, with more like the one studied by Ubhayakar and Williams [14],
heat loss from the reaction zone of the char particle the effect of endothermicity, due to the high activa-
to the ambient and reduction in the peak core tem- tion energy reaction C-CO2, could be significant.
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FIG. 6. Peak temperature and the ratio of the heat gen-

eration to the heat loss rate with conversion for differentFigure 5 shows the effect of ambient oxygen con- o-

centration on the conversion for an 8-mm-diameter
char particle. In the experimental results mentioned
earlier, it was found that below Yo,,. = 0.21 with N2  the plot of peak temperature and the ratio of the heat
being the diluent, the conversion was incomplete. It generation to the heat loss rate with time for different
is seen from Fig. 5 that there is a gradual decrease cases of oxygen fraction. In all these cases, the initial
in the percentage conversion with a reduction in temperature was set at 900 K. The peak temperature
Y02.,. For ambient mass fractions of O2 below 0.14, increases up to 1200 K before coming down some-
the conversion is less than 6%, thus indicating that what linearly in time. An interesting feature of the
the reactions are not self-sustaining below this oxy- plot is the sudden dip in temperature profile at 880
gen fraction. This is interpreted as extinction. Similar + 20 K for all three cases considered. This temper-
results were obtained from the mathematical analysis ature corresponds to the extinction condition. Cal-
for varying particle diameter, with extinction occur- culations over a wider range of parameters confirmed
ring at Yo2,. = 0.14. These results are consistent with the same temperature for extinction. For instance, in
those obtained by Rashbash and Langford [4] and one numerical experiment, the initial temperature
Watson et al. [15] where combustion of wood and was set at 1000 K instead of 9010 K for Yo0,. = 0.14.
paper spheres were considered, respectively. It has In this case, the temperature dropped sharply at 890
been suggested that the planetary atmosphere should K after a 23% conversion, instead of a 6% conversion
have a changing oxygen fraction during evolution and at 9,00 K. In all of the cases, the ratio of the heat
fire or its impossibility could be a strong agent of generation to the heat loss rate is more than unity in
natural selection [16]. In this connection, the lower the temperature rise region and below unity as con-
limit of oxygen fraction to sustain combustion (Yo2,- version proceeds. It must be noted that during this
= 0.14) would be of interest, period, the sphere is also decreasing in size. This ex-

Extinction is being caused by reduction in the par- tinction limit is similar to the stability limit obtained
tide diameter and by reduction in the ambient oxy- for the stirred reactor and discussed extensively in
gen mass fraction. To understand the causes for ex- the combustion literature (chapters 6 and 16 of Refs.
tinction, an analysis of the heat generation and heat 17 and 18, respectively).
loss terms was carried out. The heat generation in Results of the effect of flow velocities in the re-
the present context is the heat released due to char actor chamber at 300 K of ambient temperature are
combustion, and the heat loss is the convective and presented in terms of t,/pdk8 vs Re in Fig. 7. The
radiative heat loss from the particle surface. With results of conversion are also presented. The ob-
reduction in the initial particle diameter (do), toward served conversion is largely in excess of 90-93% in

the kinetic limit, the heat generation rate is propor- most cases. The predictions for the effect of velocity
tional to the volume (dW) and decreases faster than are carried out by augmenting the free convention
the heat loss rate, which is proportional to the surface with the forced convective heat and mass transfer.
area (d2). This causes the extinction. Figure 6 shows Two models for the presence of ash layer were in-
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ence for the char oxidation was shown to be t,

S?~10 do', where n = 1.9 and 2.0 for combnstion at T
'-,d=a---------{,- 90 . 300 and 1000 K, respectively, for particle diameters

Sabove 1 mm. The importance of conductivity of char

and the C + CO2 reaction during char combustion
Model --- Ash layer not removed was brought out. For the range of the present study,

8000!' - Ash layer removed the C + CO 2 reaction was not essential to explain
o 0. " .o-Experimento[ points the observed peak temperatures and burn times. Ex-

tinction of particle during combustion occurred at an
6000 - ' \ ambient oxygen mass fraction of 0.14 for T - 300 K.

.•o \ Tcombusntion weesown t oe her dorice tonth hnopeatels¢The extinction of the char particle and incomplete
4'400o -------- combustion were shown to be due to the heat loss

0 rate dominating the heat generation.

0oo0 0
2000 o i o o o 0 Nomenclature

0 750 1500 2250 3000 2750 4500 do initial diameter (m)
Re D diffusion coefficient (m2/s)

Ftc. 7. The effect of Reynolds number on the conversion D effective diffusivity (m2/s)

time of char spheres. 8 porosity
E1,2 activation energy (Eqs. (8) and (9))

(kJ/mol)
yoked: (a) the ash layer is not removed, (b) the ash H, heat of combustion of carbon (MJ/kg)
layer is continuously stripped away by the flowing k, k,/k thermal conductivity of gas, carbon, and
gas. It was observed experimentally that beyond Re porous char (W/m K)
of 500, the ash layer was being blown away. (The Mi molecular weight of species i (kg/mol)
predictions from these two models are described as Nu Nusselt number
(a) and (b).) Simulation of case (a) is performed by p pressure (Pa)
setting the sphere diameter at the initial value, and q4, qI heat generation and heat loss rates (W)
as reaction proceeds, more and more of the outer r radial coordinate (m)
layer will become inert. Case (b) is simulated by tak- r, pore radius in char (m)
ing the sphere diameter as reducing with time, since R universal gas constant (J/kg mol K)
the material in the outer part gets consumed by re- Sg surface area per unit mass of the char
action. The experimental results fall between the lim- (m2/kg)
its of cases (a) and (b). They are more close to limit t time (s)
(a) at lower Re and close to limit (b) at higher Re. k' radiation flux (W/m2)

Even so, the conversion results are close to model S1,2 rate constants of Eq. (7)
(a); model (b) predicts conversion close to 100%. T temperature (K)
This is possibly because of the additional heat loss to Y, mass fraction of species i
the wire basket, which becomes important only to- k1-k4  rate constants of Eq. (10)
ward the end of conversion. Perhaps with increasing x, conversion
Re, the amount of ash being removed due to flow Xos mole fraction of oxygen at surface
effects is also increasing, reaching a limit at around p density of gas (kg/m3 )

Re = 2000. The reduction in burn time around Re 6)1' volumetric reaction rate of Eq. (4)
= 500, both in the experiments and the model, is (kg/m 3 s)

consistent with the results obtained by Kuwata et al.
[3] on the paper spheres. The increase in burn time
beyond Re of 500 observed in Kuwata et al. has not REFERENCES
been observed here either experimentally or from
the model. 1. Laurendeau, N. M., Prog. Energy Combust. Sci. 4:221
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COMMENT

Reginald E. Mitchell, Stanford University, USA. You ther constant density nor diffusion limitedness. The heat
found that your wood-char spheres burned with decreases and mass flux in the gas phase are modified by free con-
in diameter, diameter changing with burnoff to the 1.87 vection, which is also taken into account in the theory. The
power. One would expect that for diffusion-limited burn- exponent of 1.87 is obtained as a net effect of all these
ing, diameter would vary with burnoff to the second power factors. From the result obtained on the burning time for
(i.e., the d2 power law dependence). Since mass equals varying diameters, we concluded that the situation is close
density times volume, if the d2 power law dependence is to diffusion-limited conditions.
not observed, then density must decrease with mass loss. The exponents are 1.87 and 2.0 for ambient tempera-
In your calculations of burning times, you assumed that tures of 300 and 1000 K respectively. The difference is
density was constant. Constant-density diffusion -limited explained due to differences in mass transfer caused by free
burning requires a d' dependence of diameter with mass convection for the low ambient temperature. The result is
loss, otherwise mass is not conserved. Would you comment c t fthe low bi temperature The result is
on this apparent discrepancy? Might it be possible that further substantiated by the observation (not presented inyour wood-char spheres burned along grains and that par- the paper) that the reaction rate is limited to one cell close

tidle shape was changing during mass loss, the particles to the surface, and hence combustion proceeds virtually by

becoming more like prolate spheroids? Such behavior the shrinking core mechanism.
would support a power dependency less than 2. Partially burnt char was examined and no significant

ovality was found. Since the initial porosity was large, the
Author's Reply. It is true that the theory for a constant- resistance offered by pores to diffusion was small in all

density diffusion-limited situation produces a d 2 depend- cases studied. Hence the diffusivities along and across the
ence on burning time. However, our theory assumes nei- grains are almost the same.
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SOOT MASS GROWTH AND COAGULATION OF SOOT PARTICLES
IN C2H4/AIR-FLAMES AT 15 BAR

S. HANISCH, H. JANDER, Th. PAPE AND H. Gg. WAGNER

Institut fiir Physikalische-Chemie der Universitiit
TaomoannstraJle 6, 37077 Gbttingen, Germany

The growth of soot particles has been studied in flat C2H 4/air flames burning at 15 bar. Laser extinction
and scattering were measured simultaneously as a function of distance from the burner, together with
temperature and concentration profiles of aliphatic and polycyclic hydrocarbons.

In 15 bar C2H4/air flames with surplus carbon densities p, > 108 C atoms/cm 3 , final particle numbers
N, are found that are higher than at lower pressures. The growth off,., the final soot mass, proceeds via
increasing particle number density and not as at normal pressure via larger particles. The particle coagu-
lation rate decays quite rapidly with time leading to larger final particle number density. The apparent
active lifetime of soot particles (kyf1) at 15 bar depends on temperature and, in addition, on the surplus
carbon density p,. The quantity kf/p, is a function of temperature. The polycyclic aromatic hydrocarbons
(PAH) appear very early in the CH 5 /air flame, but they are also consumed very rapidly to very low final
mole fraction XpAH ý 10f-. The carbon density of C2H2 decreases strongly in the phase of soot growth. The
final value [CQH]• of about 10' g/cm3 is high enough for further soot growth, so that the ceasing of
coagulation and soot mass growth at 15 bar cannot be explained by a lack of C2H,. It rather seems to be
the decreasing activity of soot particles.

Introduction experiments point to still other reasons for the final
decrease of soot particle growth rate. It seems nec-

Premixed laminar flames have often been used in essary, therefore, to investigate particle growth and
studies of soot formation processes, and many of coagulation in premixed flames burning at elevated
these studies have been performed at low pressure pressure. In this paper, measurements are reported
[1-111. In technical systems, high pressures are often that have been performed at 15 bar. This seems to
applied, which may exceed 100 bar. At this high pres- be the highest possible pressure where some quan-
sure, measurements in shock tubes can be performed titative information about the soot growth process in
relatively easily, while studies of high-pressure flames the main reaction zone and the soot forming zone of
are difficult, as the spatial extension decreases with premixed flames can be obtained. Measured were
increasing pressure. time-resolved profiles of soot volume fractionfv, par-

Previous measurements of soot formation in C2H 4/ tidle number density N, and particle diameter d at
air flames have been extended to pressures up to 70 flame temperatures between 1500 and 2000 K in
bar and temperatures from 1400 to 2100 K weakly and richly sooting flames by optical methods.
[12,13,15]. For the high-pressure flames, however, In addition, profile measurements of temperatures
conclusions could only be drawn from measurements and of the major stable aliphatic and aromatic (PAH)

in the burned gases. Investigations of the pressure compounds, together with the water gas compo-

dependence of final soot volume fractionf, in C2H 4/ nents, were performed.

air flames have shown that, up to several bar, f,, in-
creases proportional to p2. Towards higher pressures Experimental Arrangement
(>7 bar),f,,, growth is approximately proportional to
p [14,15]. Measurements in sooting C2H 4/air flames The burner consists of a central burner that was
burning at p -1 bar have shown that particle growth surrounded by a second flat flame-shielding burner.
in these flames ceases, although the concentration of Both burners were protected against convection of
C2H2 as a representative growth species was quite the surrounding gas by a special burner housing. In
high in the burned gases [25]. This is attributed to a order to stabilise a laminar premixed flame that does
decrease in soot particle activity [22,23]. Measure- not show polyhedral structure with many thin lumi-
ments in high-pressure C2H 4/air flames indicated nous soot streaks over a wide range of pressure and
that the particle growth process stops as a result of a gas flow, a high-pressure central burner had to be
lack of C2H1 in the burned gases [14]. Shock-tube developed It consisted of a parcel of aluminium foils

577
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with a thickness of 0.015 mm. Every second alumin-
ium foil had a corrugated profile, so that small ver- TIN] -"

tical channels with a diameter of 0.03 mm resulted. 10oo 0 _T d -100
The parcel of aluminium foils was carefully fitted into 60 0 9o
a cooling block of copper. The central and the shield- 80
ing burner were cooled separately by two cooling sys- 1012

tems. The burner housing consisted of a water- 70
cooled steel tube with a ceramic lining on the inside. 60
This gave a nearly vortex-free gas flow. E'

The optical setup for the laser extinction and scat- 101 0o
tering measurements is described in detail elsewhere z AN 0
[16,17,32]. The absorption measurements were per- +-_--"- d 30

formed at A = 633 nm and the scattering measure- lol 03
ments at 2 = 488 nm. The complex refractive index 20

given in Ref. 18 was used for the data evaluation. The 0 N
mean error of the extinction coefficient ket and scat- .0.
tering factor Q,,,, is Akiko~t -0 10% and AQ,,/Q,, 10 20L 40 50 6o 70 80 90 1 tlmtirs

18%.
The flame-temperature profiles were measured by Fic. 1. Profiles of particle number density N, particle

the Kurlbaum Method [19]. Often, flames here are diameter d, and flame temperatures for two C/O ratios:

characterised by their measured temperatures at 10- 0.61 and 0.73 and different unburned gas velocities in
mm height above the burner. Gas samples were a CH/air flame at p = 15 bar. 0: C/O = 0.61, v =
taken by a fine quartz probe thermostated at 250 °C. 3 coms; + C/O = 0.61, v c 6 cm/s; A: C/O 0.73, v =
The flame gases were analysed using gas chromatog- 9 cm/s.
raphy. The PAH were condensed into two cooling
traps connected in series. After sample preparation
the liquid samples were analysed qualitatively and mm height above the burner. To follow the anisot-
quantitatively by high-performance liquid chroma- ropy of the particle shape the depolarisation ratios 6,
tography (HPLC) and identified by comparison with were measured in all flames. Here, 3, was found be-
standards. Soot particles have also been investigated tween 0.1 and 0.4%, values that show that the par-
by electron microscopy. tides do not differ much from spherical particles and

that no fluorescence is found. In the early phase of
the combustion process, soot particles grow very fast,

Experimental Results especially in flames with T - 1840 K, and the growth
ceases very early.

Soot Particles in the Post Flame Gases at 15 Bar: Figure 1 shows that two quantities influence par-
ticle diameters, namely (1) the flame temperature,

The time-resolved profiles of the extinction and and (2) the C/O ratio. In the flame with the lowest
scattering measurements at different C/O ratios and flame temperature and rather high C/O ratio, the
unburned gas velocities in the high-pressure largest spherical particle diameters are observed (100
C2 H4/air flames were used to calculate soot volume nm). With an increase in flame temperature of about
fraction f,., particle number density N, and particle 200 K and the same C/O ratio, particle growth stops
diameter d, applying the known equations derived quite early in the flame, and smaller final diameters
from Mie theory [20] with f, = N * f6 and v = 1/6 of d, = 30 nm are reached. With increasing C/O
*z1 * d3 . The variation of particle number density ratio at the same flame temperature, the final particle
and particle diameter with time at different flame diameter increases. The decrease of particle number
conditions determines the soot volume fraction f,. density N with time is due to a rapid coagulation of
Some typical profiles of particle number density N the soot particles, which cannot be resolved quanti-
and particle diameter d at two C/O ratios and differ- tatively in the first part of the sooting zone. Com-
ent unburned gas velocities, together with the flame pared to atmospheric hydrocarbon flames, the pro-
temperatures for three flames, are given in Fig. 1. files of N at 15 bar show a typical effect: For certain
The beginning of soot particle growth in the first 10 flame conditions, coagulation of the soot particles
ms of these flames is difficult to resolve because the ceases early in the flame, and high particle number
main oxidation and particle forming zone is very nar- densities in the postflame gases result. The highest
row, and the density gradient (Schlieren effect) is final particle number density N. is found in the flame
very steep, especially for the 6- and 9-cm/s flames. with the highest C/O ratio. The influence of temper-
The resolution in the low-speed CaH 4/air flame with ature on N, seems to be small.
v = 3 cm/s is better. The lowest clearly measurable In Fig. 2, the d, and N, are plotted as a function
signals in these flames can be obtained at about 4- of [C/O - (C/O),,it]. For three different flow veloc-
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FIG. 2. Final particle diameter d. and particle number FIG. 3. Carbon densities (g/cm 3) of stable carbonaceous
density N. as a function of [C/O - (C/O),,] at three un- compounds in the postflame gases of a CH 4/air flame; p
burned gas velocities and a burning pressure of p = 15 = 15 bar; C/O = 0.68; V,,b.g5 , = 6 (cm/s); T (h = 10 mm)
bar. [C/O - (C/O),.J: carbon content above the threshold = 1750 K.
of soot formation; (C/O),,: the threshold of soot formation.
vA,0 0: 3 cm/s; 0: 6 Ocm/s;,A: 9 cm/s.

flame gases behind the main flame zone are impor-
tant for the description of soot particle growth.

ities, the expression in the bracket represents the car- Therefore, the burned gas was analysed using gas
bon content above the threshold of soot formation. chromatography and HPLC. The experimental re-
The graphs indicate the influence of flow speed, sults showed that the water gas equilibrium is estab-
which means temperature, and C/O ratio on N, and lished. Some resulting carbon-density time profiles
d-. are given in Fig. 3. The major hydrocarbon in the

The final particle number density in flames at nor- burned gases is CH 4. This is similar to C2H 4/air
mal pressure is practically always the same. In the flames burning at a pressure of 10 bar [15].
postflame gases of the 15 bar C2H 4/air flames, N. The maxima of CH 4 and C2H2 concentrations are
depends on surplus carbon: The higher the surplus found at similar heights above the burner, but the
carbon content, the higher N_, and it depends on C2H 2 concentration decreases faster in the phase of
temperature: N. increases with increasing flame tem- soot growth to a value similar to that of soot. Besides
perature. the major aliphatic compounds, CH 4, Cafla, CaHs,

The influence of flame temperature on d, is well and C2H6, several different PAH were detected: The
known from C2H4/air flames burning at 1 and 5 bar product spectrum of the measured PAH is similar to
[21]. There N, remains practically constant, andf,., that in 1-bar flames. It shows two main types of PAH:
increases nearly exclusively by the growth of d.. In
the 15 bar flames, particle diameters become larger (1) pericondensed PAH with only six-membered
with decreasing flame temperature (lower flow ye- rings, e.g., phenanthrene, C14H5 0; anthracene,
locity), but for [C/O - (C/O)onJ > 0.1, which cor- C14 H10; pyrene, C16H10; benz(a)anthracene,
responds to a surplus carbon density of p, = 2.4 * CIAH0; benz(k)fluoranthene, C20-112; benz(a)-
lols C atoms/cm3 , d, seems to reach a final "end pyrene, C20H12; and
value" of about 100 nm. Obviously, the particle size (2) pericondensed PAH with six-membered rings

does not increase further in these flames. and mostly one five-membered ring, e.g., fluor-
anthene, C5 6H5 0; acephenantrylene, C16H12; cry-
sene, C18H11 2; benz(b)fluoranthene, C20H1 2.

Stable Hydrocarbons in the Postflame Gases PAH with side chains were not found; their concen-
trations are therefore below the detection limit,

The concentrations of the water gas components which amounts to a mole fraction of x, < 5 * 10-10.
and of aliphatic and aromatic hydrocarbons in the In Fig. 3, the two characteristic classes of PAH are
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shown. The PAH with only six-membered rings have
a maximum at 4-mm height above the burner, while
the maximum of the PAH with one five-membered ' 20
ding lies closer to the burner. Towards longer reac-
tion times, their carbon density decreases faster than C

the carbon density of the PAH that contain only six- 1 . .
membered rings. The summation of carbon densities 18 AAA

of PAH, EPAII, has a maximum at 4-mm height above
the burner and decreases towards 10-mm height
above the burner to a value that is more than one 16 0
order of magnitude lower. This takes place in the
phase where soot volume fraction has nearly reached
its final value. i I I

5.0 5.5 6.0 l/T[K-11

FiG. 4. Arrhenius diagram of the normalised first-order
Discussion rate constant kf/p,; v,,_hhg: O: 3 cm/s; 0: 6 cm/s; A: 9 cm/

s. C/O ratios: 0.58-0.73; k/pa in [cma/moI• s].

In a previous paper, the influence of pressure on

soot formation, derived from measurements off, N,
and d in the burned gases of ethylene/air flames for (C/O). Measurements in C2H4/air flames burning at
pressures up to 70 bar, has been described [14]. pressures higher than 10 bar have indicated that ob1

These measurements pointed to a change in soot for- may depend on the C/O ratio [16]. The At1 values oh-
mation mechanism towards higher pressures with re- tained here at 15 bar confirm this observation. They
spect to higher carbon atom densities: the final par- do not lie on a single curve. In Fig. 4, values of kf
ticle number density increases towards higher divided by p, for the 15-bar C2H4/air flames are plot-
pressure, and the soot mass growth seems to decay ted as a function of 11T. They can be reasonably well
at high pressures, as a result of a lack of addable approximated by a straight line, with an "activation
substances as C2H2. energy" of about 200 kJ/mol. This is in agreement

In this paper, experiments are described that have with results obtained from pyrolysis experiments in
been performed in order to follow quantitatively the shock waves at similar or higher carbon atom densi-
time dependence of soot volume fraction, of particle ties [27].
number density, and of the surrounding atmosphere. The soot mass growth process is driven by the ac-
As mentioned above, the highest pressure where tivity of the soot particles, by flame temperature, and
such measurements can be reasonably well per- by the concentration of gas-phase growth species (see
formed with the usual laser techniques at the mo- Fig. 2). Here, the decay of soot growth rate must be
ment is about 15 bar. From these measurements, in- attributed to decreasing "particle activity" because
formation is obtained about soot mass growth and the C2H2 concentration in the later phase of the com-
coagulation. The measurements of the concentra- bustion process [C2H12 ] (see Fig. 3) already is suffi-
tions of the gaseous species clearly show that, at 15 ciently high for further soot growth.
bar and at higher pressure, part of the remaining car- Soot particles grow by soot mass growth and by
bon is stored in CH 4. The concentration of the re- coagulation. During coagulation, the particles collide
maining C2H2 is, compared to 1-bar flames, high and stick together (meet and stick model), forming
enough so that it cannot be the limiting factor for new soot particles. The dynamics of an aerocolloidal
further soot growth, as indicated in Ref. 14 on the system like soot particles can be described by Brown-
basis of data obtained at 70 bar. ian coagulation. The Smoluchowski equation de-

The mass growth of soot can often be quite well scribes the decay of the total particle number density
described by the simple formula [13,21,24]. with time [29-31]:

df, dN *N()
-t kf * (f- - f) (1) -d= _Ak, *N'. (2)

withf, , being the final soot volume fraction. The coagulation rate constant (cm 3/s) for spherical
Up to about 5 bar in premixed flames, fk seems to particles, k,, depends weakly on temperature. It also

depend only on temperature [15,21,25,26], with an depends on pressure, particle size, gas viscosity, and
apparent activation energy around 200 kJ/mol. The external fields. From Eq. (2), the coagulation rate
surplus carbon density pc in these flames was p, < 5 constant kA can be obtained by a plot of 1/N vs re-
* 1017 C atoms/cm 3, where p. was estimated by the action time. The data of 1/N vs reaction time in the

following equation: p0 = Pc,total * [(C/O) - (C/O4it]/ 15-bar flame are no longer linear in the whole meas-
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TABLE 1 P1,2
Coagulation rate constants for the first and second (rapid 11 T =1800[K]
and slow) part of coagulation at different C/O ratios and 100T

flame temperatures, expressed as unburned gas
velocity v (cm/s) 50

V kcc * 1010 k,2 * 1010 20 - 0

cm/s C/O (cma/s) (cml/s) 10 o 0

3 0.568 - 50

0.582 56 34 0
0.605 36 16 2

0.628 10 5 1
0.699 2.6 1.6 1

0.5

6 0.610 126 31
0.626 89 24 0.2

0.645 58 5

0.660 17 10 01 - I

0.681 - 1.3 0.55 0.60 0.55 C / 0 .70
0.712 - 1

Fin. 5. Normalised coagulation rate constants P1, and /32
9 0.662 47 10 as a function of C/O ratios. &3, early phase of coagulation;

0.667 10 5 #,: later phase of coagulation. # =- kkk,; k,.,,,: coagula-

0.673 6 1.5 tion rate in the continuum regime.

0.698 5 1.4
0.733 9 2.6

and /32 reaches for C/O > 0.65 values which are even
lower than 1.

The measured C2H 4/air flames at 15 bar are in the

ured regime. In the first phase of coagulation, the regime of Knudsen numbers between 1 < K, < 4,

particles coagulate fast. With progressing reaction the transition region between the free molecular flow
partile, coagulato fat Withe particlessemsiobecome regime (K, > 10) and the continuum regime with K,time, coagulation of the particles seems to bcm <1[16,17]. The theoretical calculation of/i, assum-
slower. The resulting curves of 1/N vs time are bent. <i[ monod6sperse therical calclat affam -

Simiar ffets ere lredy oun in 211/ai flmes ing monodisperse, spherical particles at a flame tem-Similar effects were already found in C2H4/air flames peaure of 1800Kanaprsueo15agis

burning at 10 bar [17]. For a simplified evaluation of peratue of = K and a pressure of 15 bar, gives
values of fl = 1-3 [17]. A size distribution of the

the nonlinear curves, the experimental data were ap- particles, in our case a lognormal size distribution
proximated by two linear curves. In Table 1, the for- with a geometric standard deviation of = 2 at T
mal coagulation rate constants kc, (cm3/s) (first part = 1800 K and p = 15 bar, gives P3 = 10-20 [17].
of coagulation) and kc2 (second part of coagulation) The experimental data for/it and /P_ are mostly found
are listed for the different C2H4/air flames at p = 15 in the range between the regime of monodisperse
bar. spherical particles and that of particles with a stan-

Obviously, the coagulation rate is influenced by (1) dard deviation of arg = 2 (effectively, a5 < 2). To-
flame temperature, and (2) surplus carbon density, wards higher C/O ratio, theg / values tend towards

as can be seen in Table 1. The influence of the C/O those of the monodisperse particles. Investigations of
ratio on the coagulation rate constant in C2H4/air the coagulation of soot particles in 10-bar flames
flames burning with T = 1800 K at pressures from showed that, for Knudsen numbers of about 1 and p,
10 to 15 bar is shown in Fig. 5. The plot shows the values higher than 101 C atoms/cm3 , the #values
different phases of coagulation in the postflame are also lower than 1 [16,17]. This seems to be a
gases, given by /31 and /32. Here, / is the normalised typical result for C2H4/air flames at elevated pres-
coagulation rate constant kc/k.....t, (k.....t = the re- sures. The decrease of/1i and /32 may be attributed
duced coagulation rate constant in the continuum re- to (1) the width of the size distribution, and (2) the
gime); /fl represents coagulation of the particles in "activity of the particles," which ceases with reaction
the early phase of the coagulation process, f/2 in the time. Therefore, the sticking probability of particles
later phase. For the two regions of coagulation, a decreases and tends to zero. The consequence is a
similar dependence of/i1 and/P2 on C/O is found. For diminishing coagulation of particles, resulting in a
C/O ratios less than 0.60, values of /fl and /& are high particle number density. For high-pressure
constant. With increasing C/O ratios, both decrease, C2H4 flames with p, > 1018 C atoms/cm3 , the final
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soot volume fractionf,. increases mainly via final par- x>10's C atoms/cm3 ), the data about soot mass
tide number density N. (see Figs. 1 and 2) and not growth can be described by a normalised first-order
by growth of the size of the particles (see Fig. 2), as rate constant kf/p6 (p, = surplus carbon density).
in flames burning around 1 bar. This is in agreement with the results of pyrolysis ex-

A further result of C2H4 flames burning at pres- periments in shock waves [27]. The activity of the
sures p > 10 bar is that the channelling of the fuel growing soot particles decays as a result of flame tem-
carbon into postflame products leads to fewer sub- perature but apparently also decays after they have
stances than, e.g., in an atmospheric C2H 4/air flame. reached a certain size, probably by organising inac-
Besides the water gas components, only CH 4 , C2H 2, tive surface lattice planes (like the C-axis direction
C2 H 4, and soot are available in higher concentra- of graphite). In the regime of surplus carbon density
tions. The PAH, which either have only six-mem- with p, > 1011 C atoms/cm 3 , the coagulation rate
bered rings or have six-membered rings plus one five- constant ,# reaches values below 1. The particles still
membered ring, disappear already at very short collide but do not stick together anymore.
reaction times where strong soot growth takes place.
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K H. Homann, TH Darmstadt, Germany. In the 1-bar not define. If your diameters represent primary particle
flames, deactivation of the soot particles seems to be mainly sizes, your measurements of up to 100 nm are a factor of
an internal, "unimolecular" process. At 15 bar it looks like 3 greater than those widely observed using transmission
a "bimolecular" process, the surrounding gas phase appar- electron microscopy (TEM). If, on the other hand, your
ently influencing the rate. Do you think that the prefer- diameters represent equivalent diameters of soot aggre-
ential formation of GlH, and the reduced formation of C2H1 gates, this is an inadequate description of the chainlike
have something to do with this change in the deactivation structure of soot. Such problems may be circumvented by
mechanism? the use of TEM in measuring soot particle sizes.

Author's Reply. As far as we can say from profile meas-
urements up to 15 bar and from calculations, the maximum Author's Reply. The possible presence of soot particle
C2 H2 as well as the CH 4 concentrations are essentially de- chains in flames is indeed a problem that has been dis-
termined in the main reaction zone. What varies is the cussed in the literature in great detail. It is also well known
consumption of both species in the flame (soot formation that the chainlike structures seen by microscope (TEM and
and slow oxidation). We cannot yet answer the question of REM) need not be representative for soot particles present
how much CH4 is coming from the soot particles, in the flame. The values reported here are formal particle

diameters obtained optically as described [1-3]. The di-
* ameters of the primary particles for the same flames meas-

ured by TEM and REM are smaller (-30-35 nm) than the
Peter B. Sunderland, University of Michigan, USA. Your optical ones. This indicates the important point that the

conclusions depend strongly upon your measurements via optical particle number density reported is probably a
scattering of soot particle diameter, d, a parameter you do lower limit (but rather close to the real value).
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SUPPRESSION OF SOOT FORMATION IN ETHENE LAMINAR DIFFUSION
FLAMES BY CHEMICAL ADDITIVES

T. NI, S. B. GUPTA AND R. J. SANTORO

Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802, USA

The effects of methane, methanol, ethanol, 1-propanol, 2-propanol, carbon dioxide, and carbon disulfide
addition on soot formation in ethene laminar diffusion flames were examined. In this study, one-dimen-
sional (ID) laser-induced incandescence (LII) and fluorescence measurements were used to determine
soot volume fraction and relative soot precursor concentration, respectively, in the ethene and (ethene +
additive) flames. Up to 60% reductions in soot volume fraction were found with the addition of 25%
methanol to an ethene diffusion flame. More significant soot reductions were observed with the addition
of carbon disulfide. It has been shown that a more than 50% reduction in soot volume fraction was achieved
by adding 9.5% CS2 .Experimental results strongly suggest suppression of soot formation by methanol and
carbon disulfide to be mainly a chemical effect.

Introduction cohol pyrolysis and removal of hydrogen atoms. The
most effective gaseous soot suppression additives ap-

The ramifications of soot formation on the envi- pear to be sulfur compounds, such as H2S [7], SF6
ronment, public health, and hardware performance [8], and SO2 [7,9]. It has been suggested that SO2
in practical combustion systems have long been iden- promotes the oxidation of soot precursors and soot
tified. The current need for understanding and con- particles, probably due to increased OH concentra-
trol of soot formation stems from the future increase tion [10]. Gulder [11], however, reports that for mole
in the aromatic content of commercial fuels, as well fractions less than 40%, SO2 has no direct chemical
as the prospect of stricter environmental standards. influence on soot formation, and the soot reduction
One of the practical approaches to soot reduction is observed is purely due to lower flame temperature
to blend additives into the fuel, so as to alter the soot and fuel concentration. Randolph and Law [12],
nucleation and growth processes or to enhance soot based on studies involving the addition of propanol
oxidation. and hexanol to hydrocarbon droplet studies, question

Although the effects of various additives on soot the role of the hydroxyl group of alcohol in soot sup-
formation have been observed by numerous re- pression. They have reported that the addition of al-
searchers, relatively little is known about the mech- cohol reduces soot by the same amount as other soot-
anisms involved in soot suppression. Phenomenolog- controlling additives, indicating the dilution of the
ical theories have been suggested to explain the fuel concentration to be the dominant factor in soot
influence of additives on the formation of soot pa- reduction with no observable chemical effect [12].

tidles. For example, modest reductions in soot load- The present study was undertaken to examine the

ing in diffusion flames by addition of inert species, importance of chemical effects when soot-suppres-

such as Ar and N2, have largely been attributed to sant additives, such as methanol and carbon disulfide,
are introduced into ethene diffusion flames. A serieslower flame temperatures and decreased fuel con- controlled experiments were performed to isolate

centrations (dilution) [1-3]. Such effects are believed ofco effects.
to significantly decrease the reaction rates of pro-
cesses leading to soot formation. However, large re-
ductions in soot formation by additives have been Experimental Approach
explained by chemical mechanisms. Soot suppression
by alcohol addition has been observed both in shock In these experiments, a laminar diffusion flame
tubes [4,5] and in flames [6]. Frenklach and Yuan was established using a coannular burner, which con-
[4], in studies of the effects of methanol and ethanol sists of a 1.1-cm-diameter fuel tube surrounded by a
addition to benzene on soot formation, have attrib- 10.2-cm-diameter air tube [13]. A 40.5-cm-long brass
uted the suppression effect to enhanced oxidation of cylinder was used as a chimney to shield the flame
soot and soot precursors by OH generated from al- from laboratory air currents. Two holes diametrically

585
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TABLE 1
Flow conditions and calculated adiabatic temperatures4 (TAD) of ethene-additive mixture diffusion flames

Mole%
Fuel Additive of C% of TAD

Flame No. (cmns) (cm3 /s)" additive additive (K)

1 C9 H4 (3.85) 2370
2 CH 4 (3.30) CH 4 (1.10) 25.0 14.2 2345
3 C9H4 (3.30) CH3OH (1.10) 25.0 14.2 2347
4 C2H4 (3.08) CH4 (1.54) 33.3 20.0 2336
5 CH4 (3.08) CH3OH (1.54) 33.3 20.0 2338
6 CH4 (3.08) CQH5OH (0.77) 20.0 20.0 2343
7 CA,H (3.30) 1-C3H 7OH (0.37) 10.1 14.2 2353
8 CHH (3.30) 2-CH 7OH (0.37) 10.1 14.2 2352
9 C2H4 (3.66) CS2 (0.38) 9.5 5.0 2361

10 CH4 (3.30) CS2 (1.10) 25.0 14.2 2346
11 CAH (3.30) CO 2 (1.10) 25.0 14.2 2328

aCalculated using NASA Chemical Equilibrium Code.
"Vapor flow rate.

opposite and 0.8 cm in diameter were used for pass- PMN HOLE BURNER

ing the laser beam through the flame. Another 5 X I
5 cm slot covered with a quartz plate provided optical MIRROR.

access for the emitted light. The air and gaseous fuel PYROMETER

flows to the burner were metered with calibrated ro-
tameters. Liquid additives, which were supplied by • FILTER

a precision syringe pump, were vaporized and mixed 7- : LENS

with the fuel in a vaporizer. The temperature of the YAG
vaporizer was maintained to within 5 'C of the boiling CCC CAMERA

point of the liquid additives. To prevent any conden- LASER j
sation of the liquid additives, the fuel line and fuel
tube were heated with a heating wire. By varying the TO CAMERA CONTROLLER
electric voltage applied to the heating wire, the tem-
perature of the fuel flow at the lip of the burner was FIG. 1. Schematic diagram of ID laser-induced mean-
maintained at 60 'C for all fuel mixtures regardless descence experimental setup.
of whether a liquid additive was introduced. This ap-
proach ensures that all the flames were established
at the same ambient condition. nique followed by Quay et al. [14], where these au-

Flames burning ethene (CP grade, 99.5%) mixed thors have made point measurements while using a
with methane (CP grade, 99%), methanol (HPLC calibration scheme to measure local soot volume
grade, 99.5%), ethanol (CP grade, 99%), 1-propanol fraction quantitatively.
(HPLC grade, 99.5%), 2-propanol (HPLC grade, The optical setup for these measurements is given
99.5%), carbon dioxide (bone dry grade, 99.8%), and in Fig. 1. A Nd:YAG pulsed laser (Surelite, Contin-
carbon disulfide (HPLC grade, 99.5%) were studied. uum) operating at 10 Hz was used as an intense light
When an additive was introduced into the fuel line, source. A 1-mm-diameter pinhole was placed in front
the etbene flow rate was reduced in appropriate pro- of the burner, which allowed only the center portion
portion in order to keep the total carbon flow rate of the 6-mm-diameter laser beam to heat the soot
constant. This ensures similar flame sizes and shapes. particles. Diffraction effects were minimized by plac-
The air flow rate was maintained at 1060 cm 3/s for ing the pinhole as close as possible to the flame. In
all flames. Table 1 summarizes the flow conditions such a practice, the center portion of the near Gaus-
and calculated adiabatic flame temperatures for the sian beam is virtually uniform and intense enough to
flames studied. heat the soot particles to their vaporization temper-

Laser-induced incandescence (LII) was applied to ature without additional focusing. Since the beam is
obtain spatial distribution of soot volume fraction (fe) unfocussed, the beam size across the flame is virtually
in the flames. The one-dimensional (ID) LII tech- constant, thus, eliminating the error associated with
nique employed here is a modification of the tech- the change in the probe volume across the beam in
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a ID measurement. Both the 1064 nm and fre- The optical setup for ID PAH fluorescence im-
quency-doubled 532-nm beams were used in this ex- aging is very similar to that used for LII measure-
periment. Comparison of 1064 and 532 urn excitation ments, except that the excitation energy is much
showed no significant difference on 1D LII profiles lower (<50 /J/pulse). Since the spectra of both LII
obtained for the ethene flames, although the use of [14] and PAH [18] fluorescence are broadband in
1064-nm beam showed certain advantages in pene- nature, it is difficult to isolate the fluorescence signal
trating heavily sooting flames. The laser beam behind from LII emission. In this experiment, the excitation
the pinhole was monitored and maintained at 1.5 mJ/ laser energy was kept below the LII threshold so that
pulse, which corresponds to an average light fluence only the fluorescence, which is linear with laser flu-
of 2.5 X 107 W/cm 2 for 8-ns full width at half-max- ence, was observed. The excitation sources are a
imum (FWHM) laser pulse. The induced incandes- Nd:YAG laser operated at 532 nm for the detection
cence at a 900 angle was imaged with a 105-mm UV of large PAH and a Nd:YAG pumped dye laser with
camera lens (Nikon,f/4.5) onto an intensified charge frequency doubling to 290 nm for the detection of
coupled device (CCD) camera (Princeton Instru- small PAH. The laser, when operated at the 532-nm
ments, Model ICCD-576S/RB). The camera was wavelength, excites only PAH molecules that contain
gated-on immediately after the laser pulse for 18 ns. roughly more than 5 aromatic rings [20], whose emis-
A narrow band interference filter (transmittance cen- sion at 650 ± 10 nm was measured. The UV beam
tered at 460 nm) was placed in front of the camera of 290 nm excites both large and small PAH mole-
to prevent light scattering from soot particles by the cules. By placing a combination of a 305-nm cutoff
laser beam from reaching the detector and to reject filter (WG305) and a UV-pass filter (UG11) in the
most background luminosity and laser-induced flu- front of the camera, only the emission ranging from
orescence. Laser-induced incandescence images 305 to 380 nm, which corresponds to small PAH mol-
were acquired by averaging over 40 laser pulses. A ecules (approximately less than 5 rings), was cap-
calibration factor was used to obtain absolute local tured. The camera was gated-on for 5 ns during the
soot volume fraction. Measurements made using a laser pulse. Fluorescence from 200 laser pulses were
light extinction/scattering technique on a well-estab- accumulated to generate a ID fluorescence intensity
lished ethene laminar diffusion flame provided the profile.
calibration factor [13]. The uncertainties in the soot The fluorescence lifetime for the PAH species was
volume fractions derived from the ID LII measure- measured in the flame and observed to be approxi-
ments were less than 5%. mately 30 ns in duration. The fluorescence lifetime

The effect of the additives on soot precursor for- for these species in the absence of collisional quench-
mation was assessed using laser-induced fluores- ing is expected to be about 200 ns [20]. Thus, colli-
cence measurements attributed to polycyclic aro- sional quenching reduces the fluorescence lifetime
matic hydrocarbon (PAH) species formed in the by only an order of magnitude. Then, for the present
flames. The association of similar broadband laser- conditions, quenching reduces the fluorescence life-
induced fluorescence, observed in both premixed time rather than reducing the number of excited
and diffusion flames, with PAH species has been re- molecules. Thus, the effects of collisional quenching
ported in the past [15-19]. Some controversy re- can be minimized by detecting the fluorescence dur-
mains regarding the correspondence between this ing the laser pulse using an appropriately short gate
broadband fluorescence and PAH species since the width as was the procedure in the present experi-
direct association of the observed fluorescence with ments. The fluorescence intensity, therefore, was not
specific PAH species has not been unambiguously corrected for collisional quenching, and the fluores-
established. Thus, there is the possibility that other cence is argued to be linearly proportional to the
large hydrocarbon species such as polyenes and po- PAH concentration at approximately equivalent lo-
lyynes can contribute to the observed fluorescence. cations in the flame. From the measurements of the
Nonetheless, we argue that variations in the concen- fluorescence lifetime for these species, we estimate
trations of these species would also reflect the overall that a change in the collisional quenching of a factor
hydrocarbon kinetics that characterize the soot pre- of 2 would only change the measured fluorescence
cursor evolution. Furthermore, it should be noted by ± 10% or less.
that the PAH species responsible for the fluores- The temperature distribution measurements were
cence signals may not be soot precursors themselves, made using the rapid insertion thermocouple tech-
but rather they could be byproducts formed along nique similar to that described by Kent and Wagner
the reaction route to soot particles. Again, in this [21]. In this technique, the soot deposited on the
work their concentration is argued to follow propor- thermocouple surface is burned off in the oxidation
tionally the soot precursor formation process. With zone of the flame prior to making a measurement at
these assumptions stated, the observed fluorescence a new location. The uncoated Pt/Pt-10% Rh ther-
variations are used in the present study to infer ef- mocouple was made from 127-jim-diameter fine
fects on soot precursors in the flames caused by the wires. The temperature measurements were not cor-
introduction of additives. rected for radiation effects. Nonetheless, this tech-
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0.4 entiate the chemical effects from dilution and tem-
(a) perature effects resulting from methanol addition, an

0.3 ethene/methane mixture (which does not have an
OH group, flame 2) was used for comparison. The

0.2 - FLAME 1 comparison of the effect of methanol addition with
I-FLAME 2 methane addition on soot volume fraction fv, as
FLAME 3 shown in Fig. 2, reveals that methanol addition re-

0.1 FLAME 4 --- duces f• substantially, as compared to methane ad-
FLAME 5 dition. The difference between methanol addition

0 00o and methane addition cannot be attributed to addi-
-6 -4 -2 0 2 4 6 tional soot formed from methane because the soot

concentration in a pure methane diffusion flame [2]
4• 'is less than a twentieth of that in the ethene flame.Z 8 (b) FLAME Previous studies of laminar diffusion flames indicate0 ~ FLAME2

FLME2that lowering flame temperature can significantly re-
6 FLAME 3

FLAME 4 duce soot formation [1-3]. However, this thermal ef-
FLAME 5 fect was ruled out, since the calculated adiabatic tem-

ý10 4perature of ethene/methanol flames closely matches
W ; that of the ethene/methane flames (see Table 1). In
S2 fact, the ethene/methanol flame temperature in the

soot inception zone, as measured by a thermocouple,
o 0 is 10 'C higher than in the ethene/methane flame due
> -6 -4 -2 0 2 4 6 to less radiative heat loss. These observations strongly

6 5 suggest that a chemical interaction is the dominant(c) FLAME 1 effect in soot suppression by methanol addition.
4 FLAME 2- In order to gain further insight into the chemical

FLAME 4 FLAME 3 processes leading to soot reduction, measurements
FLAME 5 - of PAH fluorescence were obtained in ethene, eth-

ene/methanol, and ethene/methane flames. Polycy-
2 dlie aromatic hydrocarbon species are often viewed

as precursors to soot particles [22] and are a possible
1 source of mass for soot growth [23]. As it is difficult

to quantify the quenching effect and thermal effect
0 on fluorescence intensity, absolute PAH coneentra-

-6 -4 -2 0 2 4 6 tion measurements were not obtained. However, in
RADIUS (mm) diffusion flames, the concentration of oxygen, which

strongly quenches the fluorescence of most organic
FIG. 2. Soot volume fraction profiles in the pure ethene . compounds, is negligible in the PAH formation zone,

diffusion flame (flame 1) and the flames mixed with 14.2 and the temperature profiles of the ethene/methanol
C% methane (flame 2), 20 C% methane (flame 4), 14.2 and ethene/methane flames are very close to each
C% methanol (flame 3), and 20 C% methanol (flame 5): other. Thus, PAH fluorescence measurements can
(a) 7-mm height; (b) 30-mm height; (c) 60-mm height. provide information about the relative change of

PAH concentration. Figure 3 shows radial profiles of
PAH fluorescence intensity taken at a height of 10

nique provides accurate measurement of relative mm above the fuel tube exit for ethene, ethene/
temperature changes. methanol, and ethene/methane flames. It is interest-

ing to note that the fluorescence intensities of larger
PAH species excited by the 532-nm-wavelength laser

Results and Discussion beam achieve their maximum slightly further away
from the centerline as compared to the profiles of

Alcohol Addition: smaller PAH species. A similar result has been pre-
viously reported by Smyth et al. [24] for Wolftard-

Figure 2 shows the radial soot volume fraction pro- Parker slot burner studies of methane diffusion
files at three heights in the flames. The addition of flames. Comparison of fluorescence profiles in eth-
25% methanol (14.2 C%, flame 3) reduces the soot ene/methanol and ethene/methane flames indicates
concentration by 60%, at least for all axial locations, that the fluorescence intensities of both large and
Such strong reductions in soot loading suggest that small PAR species are lower in the ethene/methanol
chemical effects may be involved in the suppression flame. These results support an argument that the
of soot formation by methanol. In order to differ- addition of methanol reduces the formation of soot
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0 W tion is that hexanol, like ethanol, does not produce a
-8 -6 -4 -2 0 2 4 6 83 significant amount of OH radicals during pyrolysis.

a Frenklach and Yuan [4 suggested a hydrogen re-RADIU (mm)moval mechanism to explain the effect of alcohol ad-

FIG. 3. Comparison of PAH fluorescence intensities of dition on soot formation. In their mechanism, hydro-
the pure ethene flame (flame 1) and the flames mixed with gen atoms were removed through the following
14.2 C% methane (flame 2) and 14.2 C% methanol (flame reactions:

3) at the 10-mm height: (a) excited at a wavelength of 532H+ O H2+R()
nm, (h) excited at a wavelength of 290 om. H--RH- 2 +R 1

H + ROH-- H2 + R'OH (2)
particles by retarding the formation of the key soot
precursors or oxidizing them through OH attack. H + ROH -OH + RH. (3)

In order to further understand the role of the hy-
droxyl group in alcohols, three other alcohols (etha- Hydrogen atoms are believed to play a key role in
nol, I-propanol, and 2-propanol) have been added to the production of reactive radical species in the for-
an ethene laminar diffusion flame. Figure 4 shows mation of soot precursors [27]. Removal of hydrogen
the radial soot volume fraction (fr) profiles at the 40- atoms should slow down the reactions toward soot
mm axial location of the flames. Comparison with the formation. However, the lack of soot reduction by
pure ethene flame illustrates that not all alcohols are 1-propanol and 2-propanol addition does not support
equally effective in soot suppression. Methanol was this mechanism as a general explanation for the ef-
observed to reduce soot significantly, while ethanol fects of all alcohols.
and propanol have much less of an effect on the soot
concentration. Indeed, 1-propanol and 2-propanol Carbon Disulfide Addition:
were found to slightly increase soot concentration.
Since ethanol is a nonsooting fuel, this result reveals During the combustion of fuel with carbon disul-
that the dilution effect, i.e., the reduction of soot con- fide as an additive, Sye and Hwang observed a
centration by diluting a sooting fuel with a nonsoot- marked decrease in the formation of polycyclic aro-
ing fuel species, is not significant in reducingf, in matic hydrocarbons [28], the intermediates for soot
the present studies. It should be noted that these particle formation. In the pyrolysis processes of by-
results are consistent with the fact that the pyrolysis drocarbons, carbon disulfide has been used to mini-
of methanol [25] generates OH radicals, which can mize the formation of coke [29]. In present work,
oxidize soot particles or soot precursors, while the CS2 was added to ethene diffusion flames to study
main pyrolysis product of ethanol [26] is ethene and the chemical influence of CS2 on soot formation. Fig-
water. In droplet flame studies, Randolph and Law ure 5 shows LII measurements at three heights
found that the hydroxyl group in hexanol has no ef- above the burner for ethene, ethene/CS2 and ethene/
feet on soot concentration [12]. A possible explana- CO 2 flames. These profiles reveal that at lower
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["0j
O -6 -4 -2 0 2 4 6 served, and this chemical effect in the lower part of

5 the flame is stronger than the effects due to CO2
addition.

4 (_) However, higher in the flames, the influence on
-<--FLAME 1 soot concentration by CS 2 addition becomes less ef-

FLAME 9 fective. At 60 mm above the burner, the soot volume3 FLAME 10 fraction in the ethene +25% CS 2 (14.2 C%) flame
2FLAME 11 is observed to be higher than in the ethene + 25%

CO 2 (14.2 C%) flame. A possible explanation for this
1 observation is that the addition of CS2 retards the

formation and growth of soot particles rather than
0- enhancing soot burnout. Recently, Gulder reported

-6 4 -2 0 2 4 6 that the addition of less than 40% SO2 does not have
RADIUS (mm) a chemical influence on soot concentration in diffu-

sion flames [11]. Considering CS2 oxidation to SO2
FIG. 5. Soot volume fraction profiles of the pure ethene in the oxidation zone of the diffusion flame and the

flame (flame 1) and the flames mixed with 5.0 C% carbon lack of burnout enhancement, our results are consis-
disulfide (flame 9), 14.2 C% carbon disulfide (flame 10), tent with Culder's observation.
and 14.2 C% carbon dioxide (flame 11): (a) 7-mm height, The measurements of PAH fluorescence further
(b) 40-mm height, (c) 60-mm height. confirm the conclusion that the chemical interaction

of CS2 is significant. As shown in Fig. 6, the addition
of 25% CS 2 (14.2 C%) reduces the fluorescence in-

heights in the flame, the addition of 9.5 and 25% CS2  tensity of large PAH species by more than 90%. As
(5.0 and 14.2 C%, respectively) substantially reduces a comparison, the same amount of CO2 reduces flu-
the formation of soot. For the purpose of compari- orescence intensity by 40%. The mechanism involv-
son, carbon dioxide was introduced into the ethene ing the chemical interaction is not known yet. But it
diffusion flame and a considerable reduction of soot is expected that sulfur atom, an oxidizing species, is
was observed. This reduction may be due to lower generated during the pyrolysis of CS2 and may par-
adiabatic flame temperature (listed in Table 1), di- ticipate in the destruction of aromatic hydrocarbons
lution, and chemical effects [30,31]. Although the similar to OH radical. The absorption of sulfur on
adiabatic temperatures of ethene/CS 2 flames are soot particle surface may also slow down the rate of
higher than ethene/C0 2 flames with the same fuel- soot growth. It has been reported that sulfur and car-
to-additive ratio, the soot volume fraction in ethene/ bon disulfide can chemically bond to active sites on
CS2 flames was substantially lower than that in the the carbon surface [32]. The resulting carbon-sulfur
ethene/C0 2 flame at low heights. These results lead surface compound is extremely stable at 700 'C [33]
to the conclusion that a chemical effect due to the and still exists at temperatures up to 927 'C [34,35].
addition of CS2 is important in soot suppression oh- It might be possible that the formation of such sur-
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face compounds reduces the number of active car- 11. Gulder, 0. L., Combust. Flarnw 92:410-418 (1993).
bon sites on soot surface, thus, preventing continuous 12. Randolph, A. L., and Law, C. K., Twenty-First Sym-
growth of the soot particles. However, to date, no posium (International) on Combustion, The Combus-
experimental evidence is available to support the ex- tion Institute, Pittsburgh, 1986, pp. 1125-1131.
istence of such a surface compound in the soot 13. Santoro, R. J., Semerjian, H. G., and Dobbins, R. A.,
growth regions where temperatures as high as 1200 Combust. Flame 51:203-218 (1983).
TC exist. Further investigation is needed to confirm 14. Quay, B., Lee, T.-W., Ni, T., and Santoro, R. J., Corn-
this hypothesis. bust. Flame 97:384-392 (1994).

15. Coe, D. S., Haynes, B. S., and Steinfeld, J. L., Como-
bust. Flame 43:211-214 (1981).

Conclusions 16. Miller, J. H., Mallard, W. G., and Smith, K. C., Com-
bust. Flame 47:205-214 (1982).

1. It was demonstrated that the addition of methanol 17. Prado, G., Garo, A., Ko, A., and Sarofim, A., Twentieth
and CS2 into ethene diffusion flames can signifi- Symposium (International) on Combustion, The Com-
cantly reduce the formation of soot particles. bustion Institute, Pittsburgh, 1985, pp. 989-996.

2. Chemical interaction was found to play an impor- 18. Beretta, F., Cincotti, V., D'Alessio, A., and Menna, P.,
tant role in the suppression of soot formation by Combust. Flame 61:211-218 (1985).
methanol and carbon disulfide addition. 19. Petarca, L., and Marconi, F., Combust. Flame 78:308-

3. Measurements of fluorescence from polycyclic ar- 325 (1989).
omatic hydrocarbons in ethene diffusion flames 20. Berlman, I. B., Handbook of Fluorescence of Aromatic
indicate that these species are reduced signifi- Molecules, Academic Press, New York, 1971.
cantly by methanol and CS2 addition. 21. Kent, J. H., and Wagner, H. Gg., Combust. Sci. Tech-

nol. 41:245-269 (1984).
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COMMENTS

Oooer L. GCilder, National Research Council, Canada. I REFERENCE
have two comments and a question. The first comment is
that in our experiments with liquid hydrocarbon fuels 1. Randolph, A. L., and Law, C. K., Combust. Flame
(mixtures of isooctane and toluene), the addition of meth- 64:267-284 (1986).
anol has not caused as much suppression as you observed
in ethene flames. The behavior of ethene may not be typical
of higher hydrocarbons. The second comment is related to
the chemical influence of methanol addition on the soot
formation process. In the pyrolysis of methanol, acetylene Rudole th. Maly, Daitsuler Benz, G dsmany. Your results
concentrations are very small as compared with those ob- suggest that addition of sulfur compounds to fuels reduces
served in methane pyrolysis. This could be one of the pos- soot. In diesel engines it is well known that minute quan-
sible reasons that methanol addition suppresses soot for- tities of sulfur compounds increase soot emission. Would
mation more than methane does. you please elaborate on tbese controversial results? Or do

My question is whether you observed any changes in the your results have no relation to soot in practical combustion

visible flame height when you introduced the additives to systems?
the fuel side. If you did, then the comparison of the soot
concentrations at the same downstream flame location Author's Reply. The reduction of particulate emissions
would not be meaningful. from diesel engines as sulfur content of the fuel decreases

is well known, as you point out. However, tail pipe partic-
Author's Reply. Regarding your first comment, the d- ulate emissions from diesel engines include soot particles

urs- and species that condense on the soot particles. The re-
ference between your results with liquid hydrocarbon fuels duction in fuel-bound sulfur appears to affect the con-
and our gas phase studies may be due to fuel volatility ef- densable species fraction of the particulate emissions from
fects [1]. In our experiments, the added concentration of diesel engines (e.g., H2 S04 ) strongly [1]. Thus, it is not
methanol was controlled directly, whereas in liquid fuel clear that soot particle concentrations are reduced directly
studies, the relative volatility of the fuel mixture compo- as fuel-bound sulfur is reduced.
nents will determine how much methanol is vaporized and Regarding your question as to the practical implications
when the vaporization occurs during the combustion pro- of our finding with regard to carbon disulfide addition, we
cess [1]. Thus, our two studies may not be directly com- are not proposing the addition of sulfur to fuels to reduce
parable as to the effectiveness of methanol addition on soot soot. As our study shows, the chemical pathway by which
reduction. the additive affects the soot formation chemistry is impor-

As to your second comment, we would agree that acet- tant, whether that is by an alcohol or a sulfur-containing
ylene is an important intermediate species in soot forma- species. As we observed, some alcohol additives increased
tion. The specifics of the chemical mechanism by which soot formation. Thus, the key to a reduction in soot for-
soot formation is reduced in this study have not been spe- mation via a chemical route lies in the formulation of the
cifically identified. additive. It is hoped that our work lends insight into that

The flame height in these studies varied from 87 mm for process under diffusion flame conditions.
the pure C2 H4 flame to 67 mm for C2H4/20% CH3OH
flame. However, the residence time to reach a specific
height in the flame does not change in these buoyancy-
dominated laminar diffusion flames, particularly under the REFERENCE
conditions used in this study of maintaining a constant car-
bon atom volume flow rate. Thus, comparisons at similar 1. Diesel Particulate Emissions: Measurement Techniques,
heights represent comparable residence times, which we Fuel Effects, Control Technology, (J. H. Johnson, T. M.
believe is an appropriate basis from which to compare the Baines, and J. C. Clerc, Eds.), SAE, Inc., Warrendale,
effects of the additives. PA, 1992.
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IRON/SOOT INTERACTION IN A LAMINAR ETHYLENE
NONPREMIXED FLAME
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A laminar, coannular, ethylene/air nonpremixed flame doped with ferrocene additive is employed to
address the fundamental question of how iron becomes incorporated into the carbonaceous soot phase,
thus interfering with the soot formation processes. The structure and chemical composition of individual
aggregates are characterized with respect to flame coordinates via a combination of thermophoretic sam-
pling, transmission electron microscopy, and energy dispersive spectrometry.

Soot aggregate microstructure clearly reveals iron occlusion, as well as stratification of soot layers over
the occluded phase. The study provides physical evidence that the soot and iron compounds combine in
the flame to form a hybrid (inhomogeneous) particulate phase. The reported observations are consistent
with the hypothesis that ferrocene decomposes early in the combustion process and before the onset of
soot particle inception, thus forming a fine aerosol for the subsequent deposition of carbonaceous sub-
stances. Examination of a series of inhomogeneous soot aggregates shows that the flame aerosol compo-
sition varies with flame coordinates. In particular, aggregates transported in the soot annulus near the
luminous flame front are primarily composed of carbon and oxygen, with traces of iron finely dispersed
through the aggregate matrix. On the other hand, carbonaceous soot transported at low heights and near
the flame axis contains iron in its elemental form. Finally, soot aggregates in all other areas of the flame
contain both iron and oxygen, thus implying the possible presence of iron oxides within the carbonaceous
matrix.

Introduction investigations involving ferrocene have shown both
pro- [3,4] and antisoot [5,6] action, depending on

Use of fuel additives is an effective way of im- flame conditions.
proving control over soot formation mechanisms Several iron-additive studies have addressed the
within combustion systems. Even though the em- fundamental question of how the iron becomes in-
ployment of certain additives has been shown to corporated into the carbonaceous phase, thus inter-
cause substantial reduction in soot emissions under fering with the soot processes. In those studies, with-
specific conditions, their widespread implementation drawal of bulk particulate samples for further
as soot suppressors is seriously impeded by their un- chemical analysis provided some insight on the
known mechanisms of operation [1]. Certain metallic chemical character of inhomogeneous soot in iron-
additives appear to be of particular importance; iron seeded flames. The primary objective of the labora-
compounds, for example, pose little threat to the en- tory work described herein was to provide high-spa-
vironment and have long been known [2] to be soot tial-resolution information on individual particulate
inhibitors. microstructure and composition within laminar,

Ferrocene or dicyclopentadienyl iron [(C5H5)2 Fe] coannular, ethylene/air nonpremixed flames seeded
is a well-known organometallic soot suppressor in with trace amounts of ferrocene. An important aspect
gaseous- and liquid-fuel combustion media. It has a of the study was to characterize the distribution of
crystal structure, is readily synthesized, and is air sta- iron in soot at a single aggregate scale, and elucidate
ble, nontoxic, and soluble in most practical fuels. Its the modes of interaction between iron combustion
boiling point is 249 'C, it undergoes intense subli- products and carbonaceous soot within laminar non-
mation at temperatures below 100 'C and retains its premixed flames. The structure and chemical com-
chemical structure up to 500 'C. These favorable position of individual aggregates were characterized
properties of ferrocene, along with its high vapor as functions of flame coordinates via a combination
pressure even at modest temperatures, contribute to of thermophoretic sampling [7], transmission elec-
its widespread use in combustion technologies. It tron microscopy, and a high-resolution microanalysis
should be noted, however, that previous laboratory technique (energy-dispersive spectrometry).

593
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features a ferrocene sublimation cylinder that was

Heated Lines designed to supply a known amount of ferrocene va-
Burner Constant Temp. Bath por into the ethylene stream prior to issuance into

the burner. This stainless-steel cylinder contained a
A? | number of ferrocene powder layers (99.5% purity)

interchanged with compartments of 2.38-mm-diam-
eter stainless-steel beads. The seeded flow was fil-

Air+ tered before exiting from the cylinder, in order to
• -- .._• Additve C2•H4 ensure that only gas vapors were earried into the

burner. The pure ethylene flow was monitored be-
Cylinder fore passage from the ferrocene cylinder with a ther-

mal-type digital mass flowmeter rated for an accuracy

Condensation Bath of ± 2% of full scale. Since the fuel-flow rate was
kept stable, the additive loading of the fuel stream

FIG. 1. Experimental setup and fuel additive system. depended only on the temperature of the sublima-
tion cylinder, which was controlled using a constant-
temperature bath capable of maintaining tempera-

Experimental Apparatus and Related tures up to 120 TC with a ±1 C accuracy. At
Measurements steady-state flow conditions, the temperature of the

seeded gas at the exit of the sublimation cylinder

Burner: equilibrated slightly below the bath temperature (70
T vs 75 °C). Theoretical calculations based on the

The current study employs an atmospheric, lami- known dependence of ferrocene vapor pressure on
nar, ethylene/air nonpremixed flame, which is based temperature [14], showed that a fuel temperature of
on a coannular burner consisting of two concentric 70 TC results in ferrocene concentration of 0.35% by
tubes of 11.1- and 101.6-mm i.d., respectively. CP weight of ethylene (525 ppm on a mole basis). The
grade (99.5%) ethylene fuel flows freely through the actual seeding rates of the fuel stream were meas-
inner tube, while the ventilating dry air flow passes ured by a ferrocene condensation bypass loop, as
through the annulus between the two tubes. A de- shown in Fig. 1. This procedure has been used by
tailed description of the burner is given elsewhere other investigators [15], and is based on complete
[8]. Ethylene and air-flow rates of 3.85 cm 3/s and 713 condensation of the ferrocene additive carried by the
cm 3/s, respectively, produce a soot-laden flame that fuel stream during its passage through a glass coil
displays a very stable shape and a height of 88 mm. submerged within a NaCI/ice bath (-20 °C), and
The flame is shielded by a transparent cylindrical subsequently weighing the condensed mass. Two
chimney to prevent interference with laboratory air separate tests were performed for a steady-state fuel
currents. Even though the flame displays a very temperature of 70 TC, which showed that the fuel
bright yellow luminosity that indicates the presence stream was indeed saturated by ferrocene vapor. The
of microscopic soot particles, it does not release any fuel lines downstream of the ferrocene cylinder were
soot to the environment. The soot and velocity fields maintained at a slightly higher temperature than that
in the above flame have been extensively analyzed of the fuel by a set of tape heaters and digital tem-
using light-scattering and transmission measure- perature controllers. This was necessary to ensure
ments [8-10], as well as a thermophoretic sampling delivery of the entire amount of ferrocene vapor to
technique, which, in conjunction with electron mi- the inner tube of the burner. It should be noted that
croscopy, provided information on the morphological the ferrocene loading of the carrier stream is com-
character of soot particles as a function of flame co- parable to the gaseous impurities carried with the
ordinates [11-13]. ethylene gas (0.5% mole). A detailed chemical anal-

ysis determined that these impurities consisted of

Apparatus: carbon, hydrogen, oxygen, and nitrogen; therefore,
they should have no effect on the flame aerosol.

The setup used in this study was identical to the
one employed in the unseeded fuel work [11-13], Soot Sampling:
with appropriate modifications needed for the incor-
poration of the iron additive in the fuel stream. These The soot field in the flame under investigation was
modifications mainly include fuel-line preheat and examined using a thermophoretic sampling tech-
continuous-temperature monitoring, both required nique that has been shown [7,16] to provide an ac-
to prevent condensation of ferrocene vapor on the curate representation of the morphological character
fuel-supply tube walls. Figure 1 displays the experi- of flame-borne aerosols. This method is based on the
mental configuration implemented for the dispersion phenomenon of thermophoresis, which drives the
of ferrocene vapor in the fuel stream. The system flame-borne soot to the cold surface of a precisely
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positioned probe, where it is ultimately captured.
The thermophoretic probe supports a 200-A-thick el-
emental carbon substrate that provides a fine back-
ground for high-resolution observations using trans-
mission electron microscopy. In summary,
thermophoretic sampling provides soot microsam-
ples from well-defined flame coordinates and allows
subsequent morphological and chemical characteri-
zation using electron microscopy techniques.

Chemical Characterization of Soot:

The elemental content of the dispersed soot aer-
osol phase in the flame was investigated through en-
ergy-dispersive spectrometry (EDS), an x-ray tech- FIG. 2. Electron photomicrograph of a mature soot ag-
nique providing information on the chemical gregate collected from the ferrocene-seeded flame. This
character of thin specimens with resolution of the particular aggregate was collected from the flame axis at a
order of a few nanometers. Energy-dispersive spec- height z = 50 mm above the burner mouth. The arrows
trometry is based on the phenomenon during which point to the iron occluded phase distributed randomly over
electrons of appropriate energy impinge on a thin the aggregate matrix.
sample, causing the emission of x-rays whose ener-
gies and relative abundance depend upon the com-
position of the sample. The character of the emitted ylene fuel preheated to 70 °C-also displayed a
x-rays is used to analyze the elemental content of height of 88 mm, thus suggesting that the shorter
microvolumes using the appropriate instrumenta- height of the seeded flame is entirely due to the pres-
tion. In general, EDS microanalysis is easy to imple- ence of ferrocene.
ment, is sensitive to low concentrations with mini- The uniform texture of unseeded-flame aggre-
mum detection limits of the order of 0.1%, and has gates, as observed through transmission electron mi-
a relative precision of 1-5%. In addition, the tech- croscopy [11-13], emphasizes their homogeneous
nique is practically nondestructive and requires min- carbonaceous nature. The morphological character
imal sample preparation. The soot microsamples col- of soot aggregates collected thermophoretically from
lected using thermophoretic sampling were analyzed the ferrocene-seeded flame was examined by elec-
by an EDS apparatus installed on a JEOL Model tron microscopy. Figure 2 shows an electron photo-
JEM-100CX scanning/transmission electron micro- micrograph of a mature soot aggregate collected
scope equipped with a Noran Instruments Model from the ferrocene-seeded flame. This aggregate dis-
Z-MAX Si(Li) light-element detector. This instru- plays the familiar chainlike structure of flame soot
ment is capable of detecting all elements heavier but also exhibits a striking difference from the soot
than beryllium (atomic number of 4) and was first formed in unseeded flames [11-13]; a finer dispersed
calibrated with a graphite specimen sample. The de- phase (see arrows) is distributed randomly over the
tection capabilities of the EDS apparatus include all aggregate matrix. This phase, which is almost opaque
elements in the soot matrix, with the sole exception to the electron beam-in contrast to the carbona-
of hydrogen, which is known to be present in young ceous matrix, which appears partially translucent to
soot (low heights) in relatively low concentrations, the incident beam-will be shown in the following

to be related to the presence of the additive vapor in
the fuel stream and the iron compounds generated

Results by chemical reactions involving ferrocene in the fuel-
rich zone of the flame. The aggregate structure dis-

When the ethylene fuel stream was seeded with played in Fig. 2 is typical of all mature aggregates
0.35 wt.% ferrocene vapor, a noticeable decrease of collected from the vicinity of the flame axis. How-
the flame height was observed. Flame appearance ever, aggregates collected from the annular region
measurements were conducted by means of a [8] (annulus of maximum soot volume fraction) at
charge-coupled device camera/image acquisition and intermediate and higher portions of the flame did not
analysis setup used to capture and measure flame appear to contain any inclusions. Aggregates col-
images. It was found that the ferrocene-seeded flame lected from the annular region low in the flame did
height was 83 mm, compared to 88 mm of the un- show sparse inclusions. These observations provide
seeded flame. However, since flame seeding re- physical evidence that the soot and iron-additive
quired fuel preheat to 70 'C, the flame height vari- phases combine in certain regions of the seeded
ation could not be solely attributed to the presence flame to form a hybrid (inhomogeneous) particulate
of ferrocene. An additional flame-burning pure eth- phase.
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FIG. 3. Atomic-resolution electron photomicrograph de- FIG. 4. Electron photomicrograph of soot nascent par-
tailing typical soot aggregate microstructure in the vicinity tides collected from the axis of the seeded flame at a height
of an additive occlusion (A). Concentric layers of carbo- z = 30 mm. The isolated aggregate shown by arrow A was
naceous soot (B) around the iron occlusion are apparent. collected during the probe passage through the soot an-
The displayed detail belongs to an aggregate collected from nulus. The finer phase (arrow B) is related to the ferrocene
an off-axis location at a height z = 40 mm above the bmoner additive.
mouth.

was obtained below z = 10 mm from the burner
Atomic-resolution electron microscopy was em- mouth of the seeded flame, thus suggesting that par-

ployed to examine the heterogeneous nature of soot tidle inception appears at an earlier residence time
aggregates collected from the ferrocene seeded when the fuel stream contains ferrocene. This evi-
flame. Figure 3 displays an atomic-resolution elec- deuce is consistent with the mature aggregate mi-
tron photomicrograph detailing typical soot aggre- crostructure shown in Fig. 3, which depicts stratifi-
gate microstructure in the vicinity of an additive oc- cation of soot layers over the occluded additive
elusion (A). The finely dispersed additive fragments phase.
within the soot matrix were found to be consistently The morphology of particulate samples collected
smaller than 15 nm. The concentric layers (shells) of from the lowest section of the ferrocene-doped flame
carbonaceous soot (13) around the additive occlusion was found to be fundamentally different than the ma-
are also apparent, thus suggesting that the iron com- ture soot aggregates shown in Fig. 2. Even though
bustion products precipitate early in the combustion well-defined soot aggregates were detected as low as
process to provide nuclei for surface deposition of z = 10 mm on the soot annular region, their ap-
incipient soot and subsequent graphitization. Elec- pearance on the flame axis was delayed up to an axial
tron microscope specimen tilting techniques were location above z = 30 mm. This is consistent with
implemented to determine the relative position of the optical measurements of Santoro et al. [8], who
the metallic inclusions with respect to the soot sur- reported that soot particles were first detected on the
face. It was found that, in all instances, the additive axis of the unseeded flame at a height z = 25 mm.
phase was entirely encapsulated in the carbonaceous Figure 4 presents a sample collected from the axis of
matrix. It is worth noting that the inhomogeneous the seeded flame at a height z = 30 mm above the
aggregate section shown in Fig. 3 resembles those burner mouth. A large population of solitary, ill-de-
reported in a recent study of the catalytic effects of fined, seemingly stable particles is shown, along with
several compounds on carbonization reactions [17]. isolated aggregates (arrow A) that were probably col-

The hypothesis that iron compounds homogene- lected during the probe passage through the soot an-
ously nucleate in a flame before the onset of soot nulus. Specimen tilting was employed to examine the
particle inception has been proposed by Ritrievi et three-dimensional structure of the nascent particles
al. [3] to explain the detectable optical signals ob- depicted in Fig. 4. This procedure revealed that the
tained at low heights of their ferrocene-doped pre- particles were deposited in a "stretched" fashion over
mixed flames. Evidence in support of this hypothesis the carbon substrate. As a result, some of the parti-
has also been provided by Bonczyk [5]. This scheme cles shown in Fig. 4 are substantially larger than the
was investigated in the current study by means of a soot primary sizes. The above suggests the earlier
simple line-of-sight light extinction measurement. A presence of a fluid substance (possibly associated
He-Ne laser beam passing through the flame axis was with soot precursors) that partially evaporated after
employed, and the light transmission was measured capture by the thermophoretic probe. It is therefore
by a detector positioned at the path of the beam. In believed that the appearance of the nascent particles,
contrast to the undoped flame, measurable extinction as shown in Fig. 4, has been affected by the collection
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process. However, most of the nascent particles con-
tained a finer phase (arrow B) that was found through C (a)
chemical microanalysis to be related to the ferrocene
additive. This fine-metal phase, which was charac-
teristic of all samples collected from the vicinity of
the flame axis between the heights of z = 15 and 30
mm, was highly polydisperse and showed an aggre-
gated character with primary particles of the order
of a few nanometers. The presence of the frag-
mented phase in the interior of the nascent particles Cu
suggests that the additive combustion products pre- L _ ,
cipitate early in the combustion process, to provide 0 2 4 6 8 10
nuclei for the subsequent onset of carbonaceous soot
inception mechanisms. It is worth noting that the sol- Energy Level ( keV )
itary nascent particles observed in our ferrocene-
seeded flame, although substantially larger, resem-
bled the carbonaceous precursor microparticles (b)
present in similar unseeded ethylene flames [18]. C

The chemical content of soot aggregates and in-
cipient particles collected from several locations of
the ferrocene-seeded flame was investigated through
EDS microanalysis. The spatial resolution of this
technique is relatively high, being typically around 5 Fe
nm. As a result, several spectra were obtained over Fe
the entire span of each aggregate. It should be em-
phasized that the absence of an element from an I.Fe Cu
x-ray spectrum does not necessarily imply its ab- 0 ..... 10
sence. It is possible that an element may be present Energy Level ( keY )
at quantities below the detectability threshold of the
spectrometer. Figure 5 displays three typical x-ray
spectra obtained when the microanalysis probe was
directed at different sections of individual aggregates
collected from various locations of the ferrocene- (a)
seeded flame. It should be noted that the electron
probe used in the analysis is designed to examine the C.
elemental character of microvolumes, typically from
1 to 100 yuin. However, since a typical sample ex-
amined in the current study is very thin, the probe
electron column penetrates the sample, therefore, 0 Fe
some interference was observed from the excitation Fe CU
of the copper grids supporting the carbon substrate. Si Fe Cu
This interference portrayed itself in the form of one
or more copper peaks in the energy spectrum. The 0 2 4 6 8 10

x-ray spectrum shown in Fig. 5a corresponds to a Energy Level ( keY
carbonaceous aggregate section. The two main ele-
ments detected are carbon and copper. Obviously, FIG. 5 Three typical x-ray spectra obtained when the

the carbon peak results from the presence of this EDS microanalysis probe was directed at different sections
element in both the soot matrix and the substrate of individual soot aggregates collected from various loca-
phase, while the copper peak indicates the excitation tions of the ferrocene-seeded flame.
of the grid material by the electron probe transmitted
through the thin substrate. This qualitative chemical
analysis is characteristic of carbonaceous aggregate neous particulate phase. The multiple peaks for iron
sections that do not contain additive occlusions, reaffirm the notion that chemical elements emit
However, when the x-ray microprobe was directed x-rays at different energy levels. The finding that no
at an occlusion similar to those displayed in Fig. 3, a oxygen traces were detected in that analysis suggests
different x-ray spectral pattern was obtained (see Fig. very low or no presence of iron oxides in that section
5b). The presence of carbon and copper was accom- of the aggregate matrix. This observation excludes
panied by a detectable amount of iron, indicating the oxidation of the occluded iron phase during the time
incorporation of this element within the inhomoge- period between sample collection and electron
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gle particle path has also been drawn in that figure
to denote the strong entrainment of air at low heights
[10]. Soot aggregates transported in the flame an-

C+O+ (Fe) Luminous nular region near the luminous front are primarily
m + (eFlame composed of carbon and oxygen, with occasional

traces of iron. On the other hand, soot collected from
E:C+Fe low heights and near the flame axis contains elemen-

tal iron occlusions. Finally, soot aggregates sampledr C+Fe+O from all other areas of the flame contain both iron
and oxygen, thus suggesting the possible presence of
iron oxides within the carbonaceous matrix (C + Fe

SParticle + 0).
Path I

Discussion

. .Our flame aggregate observations, both in terms
of morphology and elemental composition, are con-

Air Air sistent with the hypothesis that ferrocene decom-
* t poses early in the combustion process before the on-I Iset of soot particle inception, thus forming a fine

aerosol for the subsequent deposition of the carbo-
naceous phase. Since the effect of trace amounts of

S4+ iron on flame temperature has been found to be neg-
Ferrbcene ligible [5,15], the occlusion of iron compounds within

the soot phase has been a primary suspect for the

FIG. 6 Schematic of carbonaceous-soot/iron map of the soot-suppressing role of iron additives. However, the

ferrocene-seeded flame, as determined by microchenm ical controversy around the specific chemical character
charaterizationrofene diiduala aggregtesmcollec fromthea of these compounds within the carbonaceous matrix
characterization of individual aggregates collected from the remains unresolved.
flame. Note that iron was only sparsely detected in the Ritrievi et al. [3] isokinetically extracted soot sam-
carbonaceous phase of aggregates collected from the soot ples from their premixed flames and used Anger elec-
annulos [C + 0 ± (Fe)]. tron spectroscopy to determine the relative stratifi-

cation between iron and carbon in the soot particles.
They reported that the iron was concentrated in the

microscope analysis (typically a few hours). Finally, cores of the particles and was distributed radially out-
Fig. 5c shows a typical x-ray spectrum for soot ag- ward in progressively smaller concentrations. The
gregates collected from the higher portions of the chemical state of iron in the soot matrix, as deter-
seeded flame, which are richer in oxygen. The si- mined via Missbauer spectroscopy, was iron metal
multaneous presence of iron and oxygen at that spe- in a highly dispersed phase within the carbon matrix.
cific aggregate location suggests that the chemical It should be noted, however, that the particles ex-
state of iron might be in the form of an oxide. The amined by Ritrievi et al. were collected in the post-
small peak of silicon seen in Fig. 5c is attributed to flame zone. Bonczyk [5] collected soot on a water-
the involvement of this element in the commercial cooled disk positioned above a ferrocene-seeded
production of the carbon substrates used to capture isooctane/air diffusion flame. The condensate was
the soot. Finally, it should be noted that soot aggre- analyzed vs depth using electron spectroscopy for
gates also contain unknown quantities of hydrogen chemical analysis (ESCA), which provided no evi-
which cannot be identified because of the inability of dence for or against particulate heterogeneity. It was
our x-ray analysis instrumentation to detect very light reported, however, that the postflame particles were
elements (Z < 4). composed of Fe20 3 , with little or no trace of carbon

The additive intervention was evaluated with spa- present. Mitchell [6] employed EDS to examine if
tial precision throughout the flame zone. Micro- iron was present in soot samples collected on a
chemical examination of aggregates collected from molybdenum foil placed above a crude oil crucible
various heights of the ferrocene-seeded flame (rang- flame. Even though iron was clearly present in the
ing from 10 to 70 mm) revealed the carbonaceous- postflame soot samples, the spectrometer used in
soot/iron map that is schematically depicted in Fig. Ref. 6 was incapable of detecting the presence of
6. A pattern code has been utilized in that figure to either carbon or oxygen. Scanning Auger microscopy
identify three distinct flame regimes whose approxi- was used by Mitchell [6] to determine the elemental
mate boundaries are depicted by dashed lines. A sin- stratification of the soot samples. Carbon and oxygen
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were detected on the surface of the sample, while model at flame regions near the flame axis. The dis-
oxygen and iron were detected in the particle core. persed-phase model appears to be more appropriate
X-ray photoelectron spectroscopy (XPS) showed [6] for all other aggregates, and especially those trans-
that some percentage of the iron found in the sample ported in the soot annular region.
was in the form of iron oxide and some in the form
of elemental iron. Finally, Hahn and Charalampo-
poulos [19] used a stainless-steel probe to sample Conclusions
soot particles from several heights of flat, premixed,
propane/oxygen/nitrogen flames seeded with iron A laminar, coannular, ethylene/air nonpremixed
pentacarbonyl. Subsequent analysis by XPS found flame seeded with ferrocene additive has been em-
Fe 20 3 to be the dominant iron species in the soot ployed to address the fundamental question of how
matrix, iron becomes incorporated into the carbonaceous

As shown in Fig. 6, soot collected at low heights soot phase, thus interfering with the soot formation
and near the axis of the seeded flame contained iron processes. The structure and chemical composition
in its metal form, which was concentrated in clearly of individual aggregates were characterized as func-
defined occlusions. The encapsulation of iron frag- tions of flame coordinates via a combination of ther-
ments by soot layers averted oxidation after capture mophoretic sampling, transmission electron micros-
on the thermophoretic probes. On the other hand, copy, and energy-dispersive spectrometry.
soot aggregates collected from the rest of the flame Mature soot aggregate microstructure revealed
contained both iron and oxygen, although the sam- stratification of soot layers over the occluded iron
ples extracted from the annular region did not appear phase, thus providing physical evidence that the soot
to contain well-defined fragments. Finer dispersion and iron compounds combine in the flame to form
of iron within the soot matrix may have allowed inhomogeneous particulates. At all instances where
postcapture sample oxidation. However, this possi- the occluded phase was identifiable, it was entirely
bility could not be verified or ruled out by means of encapsulated in the carbonaceous matrix. These ob-
the techniques employed in this study. servations are consistent with the hypothesis that fer-

The soot aerosol component segregation shown in rocene decomposes early in the combustion process
Fig. 6 was attributed to the transport mechanisms of and before the onset of soot particle inception, thus
ferrocene combustion products within the flame forming a fine aerosol for the subsequent deposition
field. In particular, the rapid rise in gas temperature of carbonaceous substances. Examination of a series
above the burner mouth (flame axis already at 500 of inhomogeneous soot aggregates showed that the
'C at a height z = 3 mm [10]) causes the thermal flame aerosol composition greatly varies with flame
decomposition of ferrocene. Because of the absence coordinates. In particular, aggregates transported in
of oxygen from the core of the flame at low heights, the soot annulus near the luminous flame front are
the iron naturally exists in its free metal form. The primarily composed of carbon and oxygen, with
absence of macroscopic iron occlusions from the soot traces of iron finely dispersed through the aggregate
transported in the annular region is attributed to the matrix. On the other hand, carbonaceous soot col-
combined effects of the strong radial velocity com- lected from low heights and near the flame axis con-
ponent low in the flame (see particle path in Fig. 6), tained elemental iron occlusions. Finally, soot aggre-
as well as the intense thermophoretic forces that gates sampled from all other areas of the flame
strongly oppose the diffusion of precipitated com- contained both iron and oxygen, thus implying the
pounds toward the flame sheet (high-temperature possible presence of iron oxides within the carbona-
zone). ceous matrix.

Finally, it should be noted that information re-
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within the inhomogeneous aggregate phase is espe-
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COMMENT

R. L. Axelbaun, Washington University, USA. Your re- and appropriate temperatures are present. Fe dispersion
suits indicate that the Fe is acting as a nucleation site for may also allow transport of the inorganic molecules from
soot and thus is coated with soot early in the flame. Rec- underneath to the soot surface, where they can catalytically
ognizing that particle diffusivities are small, one would ex- enhance carbon oxidation reactions [1,2]. Regarding the
pect that most of the Fe in the annular region is covered soot particles transported in the vicinity of the flame axis,
with soot and that enhanced oxidation would not occur un- the encapsulation of Fe crystals within the soot phase does
til sufficient soot oxidation occurs to expose the Fe parti- not preclude the simultaneous presence of dispersed Fe in
cles. Your results do not indicate such a delay. Could you the carbonaceous matrix surrounding these fragments. Fi-
please comment on this? nally, it is relevant to mention that diffusion of elemental

iron through 25-nm-thick carbon layers (characteristic of
Author's Reply. The coating of inorganic fragments by the primary particle sizes observed in the flame examined)

soot has been consistently observed in the vicinity of the requires only a few milliseconds [3]. This suggests that
soe hais ben conssteantlar oervedgion. tIn fact, a contin- there is adequate time for the iron to penetrate the sur-
flame axis but not at the annular region. fact, a ob- rounding soot matrix and emerge to the particle surface
ucus reduction of the size of the Fe occlusions was oh- within the residence time constraints of the flame consid-
served with radial location from the flame axis to the soot ered.
annulus. As stated in the paper, aggregates collected from
the soot annulus did not contain well-defined occlusions,
although they did contain some iron. This observation is REFERENCES
consistent wvith the hypothesis that iron is finely dispersed
through the carbonaceous particles transported in the vi- 1. Walker, P. L., Jr., Shelef, M., and Anderson, R. A., in
cinity of the annular region. The fine dispersion of Fe Chemistry and Physics of Carbon (P. L. Walker, Jr.,
throughout the aggregate phase implies that some Fe mol- Ed.), Marcel Dekker, New York, 19,68, Vol. 4, p. 287.
ecules reside on the soot surface or close to it. Therefore, 2. McKee, D. W., Carbon 23:707-713 (1985).
soot oxidation in the presence of iron can occur on the 3. Ritrievi, K. E., Longwell, J. P., and Sarofim, A. F., Coin-
particle surface, as soon as sufficient oxidant concentrations bust. Flame 70:17-31 (1987).
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NONLUMINOUS DIFFUSION FLAME OF DILUTED ACETYLENE
IN OXYGEN-ENRICHED AIR

GEN SUGIYAMA

Japan Automobile Research Institute, Inc.
2530 Karima, Tsukuba-shi, Ibaraki, 305, Japan

A soot-reducing mechanism of fuel dilution and oxygen enrichment in laminar diffusion flames is sug-
gested. Analysis using the Burke-Schumann theory for the shape of overventilated diffusion flames has
shown that there is a critical ratio of stoichiometric coefficients of the fuel and the oxidizer under which
the gas flows from the fuel side to the oxidizer side throughout the flame. When this condition is satisfied,
the soot growth region vanishes. A similar result is also found in a numerical simulation for diffusion flames
that do not satisfy the Burke-Schumann assumption of uniform flow field. KIVA code is used for that
purpose. The theoretically predicted direction of gas-flow across the flame sheet is verified in an experiment
in a coaxial-flow diffusion flame, Soot cloud and velocity fields are visualized through a laser sheet method
in the experiment. The fuel is a mixture of acetylene and nitrogen. The oxidizer is a mixture of oxygen and
nitrogen. The compositions of the reactants are controlled so that the adiabatic flame temperature is kept
constant to avoid the effect of temperature change. Experimental results show substantial reduction of
scattered light intensity by fuel dilution and oxygen enrichment. When a sufficient amount of nitrogen is
added to the fuel, nonluminous blue flames are obtained. At higher oxygen concentrations, blue flames
are obtained at higher flame temperature region. When oxygen concentration in the oxidizer is 70 vol.%,
blue flames are obtained up to 2250 K. The critical condition of the reactants for nonluminous flames
agrees with the theoretical prediction when the oxidizer is ordinary air. In oxygen-enriched conditions, the
fuel must be diluted more than theoretically predicted.

Introduction fusion flames was also conducted for flames that do
not satisfy the Burke-Schumann assumption of uni-

This paper explains a soot-reducing mechanism of form velocity field.
fuel dilution and oxygen enrichment in hydrocarbon-
air diffusion flames. The major effect of fuel dilution
on soot formation in diffusion flames has been con- Theoretical Background
sidered to be temperature change. Glassman and Tbe soot-formation process can generally be con-
Yaccarino have studied the effect of flame tempera- sidered to be a fnnction of the species concentration,
ture on soot formation for several types of hydrocar- temperature distribution, soot particle trajectories,
bon by adding nitrogen to the fuel [1]. They also and residence times [5]. In this paper, the author
compared the result of adding nitrogen and argon especially emphasizes the point that the soot-for-
and concluded that the change of fuel partial pres- matespe ce ss in lon flat depends
sure has little effect in the range they used. Other ioprcsinlmardfuonlmedpnsauthors halso haveirepe effect of fherangyusel. dltin on soot particle trajectories and residence times and
authors also have reported the effect of fuel dilution that there is a method to control them without
[2-4]. Kent and Wagner concluded that nitrogen ad- change in flame temperature.
dition to the fuel lowered the soot produced per unit In some regions, gas flows across the flame sheet
fuel volume more than can be explained by lowered from the oxidizer side to the fuel side of the diffusion
measured temperatures [2]. So far, however, the flame. In coaxial-flow diffusion flames, these regions
mechanism of soot reduction by fuel dilution besides lie near nozzle ports. Soot particle trajectories are
the temperature effect mechanism has not been fully determined by the gas flow field and thermophoretic
clarified. effect [6]. Near nozzle ports of ordinary diffusion

This paper shows that the Burke-Schumann the- flames, gas flow across the flame sheet forces soot
ory provides a candidate for the soot-reduction particles to travel in fuel-containing regions and sur-
mechanism in laminar diffusion flames of diluted fuel face growth occurs. In this paper, the author shows
and oxygen-enriched air. An experiment in a coaxial- that an appropriate combination of fuel dilution and
flow diffusion flame was conducted to verify the oxygen enrichment changes the gas velocity near the
mechanism. A numerical simulation of laminar dif- nozzle port so that the soot growth region vanishes.

601
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0.04 acetylene and oxygen, Xf0 is the mole fraction of acet-
Zv 1 . ylene in fuel, and X00 is the mole fraction of oxygen

ZZ 1.0 in oxidizer. Decreasing the acetylene concentration
"0.03 in the fuel or increasing the oxygen concentration in

a, the oxidizer increases parameter v. When needed,
S0.7 flame temperature can be kept constant. If so, Eq.

042 (4) must be satisfied:
00 0.020 vf(1 - Xfo)/Xfo + vo(1 - Xoo)/Xoo = constant.

0.084 (4)

> 0.01
The ratio of tube diameters normally required in
Burke-Schumann theory discussions is determined

0 from the overall oxygen excess ratio and Eq. (4) for
0 each value of v. The diameter of the inner tube is

0 0.1 0.2 0.3 0.4 given in Fig. 1 as an intercept on the ý coordinate

Radial coordinate axis.
Since overventilation is assumed, the flame sheet

FIG. 1. Shapes of diffusion flames predicted in the always closes at the center axis. The curve in Fig. 1
Burke-Schumnann theory. with v of 0.084 gives the shape of an ordinary acet-

ylene-air diffusion flame. In this condition, the flame
sheet diverges into the oxidizer side near the nozzle,

The mechanism is explained using the Burke- and the diameter of the widest flame region exceeds
Schumann theory. Although the Burke-Schumann the diameter of the nozzle. In this flame, if a soot
theory has several restrictions (such as the uniform particle is formed at the flame sheet near the nozzle
velocity assumption), the author thinks that the the- exit where q is less than 0.01, it then travels into a
ory is useful for understanding the essential effect of fuel-rich region after inception and soot-growth will
fuel dilution and oxygen enrichment on the shape of occur. If v increases, the flame sheet tends to change
the diffusion flame and soot formation. To consider its shape, and the diverging region reduces. The crit-
the effect on soot formation qualitatively, the author ical condition lies at v equal to 1. When v exceeds 1,
used the following very simple model for soot for- the flame sheet uniformly converges to the center
mation. In the model, soot inception occurs at the axis with no diverging region. For suppressing soot
flame sheet predicted in the Burke-Schumann the- formation, the conditions where v exceeds 1 is inter-
ory, and soot-particle velocity coincides with gas ye- esting. If v exceeds 1, the velocity direction at the
locity, which is assumed to be uniform. Soot-particle flame sheet is toward the oxygen-containing region
growth was assumed to occur when soot particles throughout the flame and soot growth will not occur.
travel in a fuel-containing region in the flame. Under The reason the critical value of v is 1 seems apparent
these assumptions, it depends only on the flame from its physical meaning. However, it should be
shape whether soot growth occurs or not. noted that when diffusion-coefficient values of rele-

The discussion was restricted to only overventi- vant gases differ, the critical v will not become 1.
lated conditions. In the following discussion, the The parameter v is also controllable by adding ox-
overall oxygen excess ratio is 8.6 and is kept constant. ygen to the fuel or fuel to the oxidizer. In such par-
Figure 1 shows shapes of several diffusion flames. In tially premixed conditions, the discussion here also
Fig. 1, only half of the flame is shown, and the scale applies, though the physical meaning of Eq. (3) must
is nondimensional. The parameters f and r are de- be expanded. Naturally, conditions causing premixed
fined as combustion must be treated quite differently. Par-

=rB ( tially premixed diffusion flames are, therefore, not
included in the following discussion.

= zD/VB 2  (2) Thus, there are fuel and oxidizer compositions in
laminar diffusion flames in which the soot growth

where r is the radial distance, z is the vertical dis- region vanishes and nonluminous flames will be ob-

tance, B is the diameter of the outer tube, D is the tained.

diffusion coefficient, and V is the velocity of gas. The
parameter v in Fig. 1 is defined as Experimental Apparatus

V = (Vf/Xfo)/(Vo/Xoo) (3)
In the present study, the soot cloud in diffusion

where vf and v, are stoichiometric coefficients of flames was visualized through a laser sheet method.
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Laminar flame burner Turbulent flame burner ylene is 109 mg/s. When the flowrate exceeds 77
Inner tube 7.0 mm I. D. Inner tube 4.0 mm I. D. mg/s, the flame height becomes independent of the
Outer tube 46.0 mm 1.D. 6.0 mm 0. D. flowrate. The mass flowrate of hydrogen is 3.1 mg/s.

Outer tube 6.7 mm . The hydrogen flow heat of combustion is 6% of the

10.0 mm O. D. total. From 0 to 780 mg/s of nitrogen is added to the
acetylene. In the experiment for turbulent flames,
only the amount of nitrogen added to the acetylene
was varied, and the critical flowrate of nitrogen at
which the flame became blue was measured.

An Ar-ion laser (Spectra-Physics type 604, 514.5-
nm wavelength, 1.3-W operating power) was used as
a light source for the laser sheet method. The laser

L.H2 beam was modified to a plane shape by two cylin-
Glass beads drical lenses. The laser sheet was set to include the

center axis of the nozzle. A monodisperse polystyrene
latex (PSL) was used to correct the distribution of

Spark •the light intensity of the laser sheet and optical con-
electrode di I stants of the optics. The diameter of the PSL is 88

Oxidizer Fuel nm, and the number density is 1.27 X 1015 In - 3 . Thescattered light image from the soot cloud in the flame
FIG. 2. Diffusion flame burners. was observed by a charge coupled device (CCD)

camera system (Hamamatsu photonics, C3640-50)
with an interference filter. The image data was cor-

For two extreme conditions of v, the velocity fields rected for spontaneous emission from the flame.
of the gas were visualized by a particle trace method. Scattering intensity was converted nominally to the

The diffusion flame burner consists of two coaxial number density of the corresponding monodisperse
glass tubes, as shown in Fig. 2. The outer tube is used soot particle, which has a diameter of 100 nm and
as the duct of oxidizer flow. Fuel emerges from the refractive index of 1.99-0.55i [7]. Due to the limited
inner tube, and a diffusion flame is stabilized at the dynamic range of the CCD camera, regions with
port of the inner tube. The inner diameter of the scattering intensity less than 1% of the maximum
outer tube is 46 mm. The inner diameter and the value cannot be detected in one picture.
thickness of the inner tibe are 7 and 1 imnm, respec- Small glass balls (Sumitomo 3M, Scotehlight
tively. Glass beads fill the outer tube upstream to Glass-bubbles C 15/250; nominal density is 0.15 g/ce,
make a uniform flow field, and the residual fraction on U.S. 80 mesh is less than

The oxidizer is a mixture of oxygen and nitrogen. 5 wt.%) were added to the gas flow as tracers to vi-
The mass flowrate of oxygen is 57.9 mg/s and kept sualize the velocity field. In addition, a 1-kHz optical
constant while that of nitrogen in the oxidizer varies chopper was used.
from 21.7 to 190 mg/s. Thus, oxygen concentration
of the oxidizer is varied from 21 to 70%. The fuel
is a mixture of acetylene and nitrogen. The mass Experimental Results
flowrate of acetylene is 2.2 mg/s and is kept constant.
The amount of nitrogen added to the fuel is varied Figure 3 shows the effect of oxygen enrichment in
from 0 to 48.5 mg/s. As the mass flowrate of oxygen air and fuel dilution. The conditions used in Fig. 3
and acetylene is constant, the overall oxygen excess satisfy Eq. (4) so that the adiabatic flame tempera-
ratio is constant at 8.6. In this range of flowrate con- tore is kept constant at 2540 K. When oxygen con-
ditions, the flame is laminar. The Reynolds number centration in the oxidizer increases from 21 to 60%,
defined from the flowrate and the diameter of the the scattered light level reduces to 10-5 times the
inner tube is from 23 to 532. original level.

The burner used for turbulent flames is shown in With further dilution, the CCD camera system is
Fig. 2. The aim of the turbulent diffusion flame ex- unable to detect scattered light and a nonluminous
periment is to check the validity of the concept under flame is obtained. The flame then becomes blue. Fig-
different flow speed conditions. The inner diameters ure 4 shows the nitrogen concentration in fuel at
of the inner and outer tubes are 4.0 and 6.7 mam, which a nonluminous flame is obtained. The concen-
respectively. The thickness of the inner tube is 1.0 tration of nitrogen in fuel required to obtain a non-
mm. The port of the outer tube is sharpened. The lumninous flame is almost independent of oxygen con-
fuel is a mixture of acetylene and nitrogen. Hydro- centration in the oxidizer. Figure 4 also shows the
gen, used to stabilize the flame, emerges from the theoretical adiabatic flame temperature. At higher
clearance between inner and outer tubes. Surround- oxygen concentrations, blue flames are obtained in
ing air is used as an oxidizer. Mass flowrate of acet- higher flame temperature regions. When the oxygen
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N2 mass N2 conc. N2 mans 02 conc.
flow rate in fuel flow rate in oxidizer
in fuel vol. % in oxdizer vol. %
mg/n mg/s4

a: 0 0 218 21 0.09
b: 8.6 78.6 135 30 0,56 ;
c: 13.5 851 86.7 40 1.08
d: 16.5 87.5 57.9 50 1.60

1015 e: 18.4 88.7 38.6 60 2.12

11 U4

/ 104

1 012
/• /101f 1010

(a)

a b d

FiG. :3. Scattering light intensity contour of diffusion

flames. Oxygen concentration is varied fronm 21 to 60 vol.%.
Adiabatic flame temperature is 2540 K. CH, mass flowrate

in the fuel is kept constant at 2.2 mg/s. 0. mass flowrate

in the oxidizer is kept constant at 57.9 mig/s.

Blue flame

4 I

0

2300

2200

S2100 -_ - FIG. 5. Particle trace image. (a) Oxygen concentration

E 2000 -- - in the oxidizer is 21 vol.%. The fuel is acetylene. The pa-

S- -..... ratneter v is 0.084. (b) Oxygen concentration in tlse oxidizer

is 70 vol.%. Nitrogen concentration in the fuel is 89 vol.%.
__1800 _ The parameter v is 2.64.

1 700 - __ __ __

100
1O90 --- • - - - - • • • •
._ . __ 1concentration in the oxidizer is 70 vol.%, blue flamesd 80. _ _ _ _ _ _ _

80 are obtained up to 2250 K. When the oxygen con-

z 70 centration in the oxidizer is 21 vol.%, blue flames are
0 10 20 30 40 50 60 70 obtained up to 1850 K. The critical condition of the

0 conc. in oxidizer vol. % reactants for nonhuminous flames agree with the the-
2 oretical prediction when the oxidizer is ordinary air.

FIG. 4. Conditions for blue flames. C2H2 mass flowrate Although the theoretical value of v for the critical
in the fiel is kept constant at 2.2 ing/s. 0, mass flowrate condition is 1, the actual value in an oxygen-enriched
in the oxidizer is kept constant at 57.9 ing/s. condition exceeds that. However, considering the ac-
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curacy of the assumption in the theoretical discus- 2000 K 2000 K
sion, this discrepancy is not surprising. Possibly, the 2400 K 600 K 2400 K 1600 K
assumption that soot-particle velocity coincides with 1200 K
gas velocity does not hold at higher temperatures due
to the increased relative importance of thermopho-
resis on the soot velocity.

Velocity fields of two extreme conditions are
shown in Fig. 5. It is obvious that when v exceeds 1, 1200 K
gas flows across the flame sheet from the fuel to the
oxidizer throughout the flame. On the contrary, when
v is 0.084, gas flows from the oxidizer to the fuel near
the nozzle. These relations between v and the flow
direction through the flame sheet agree with the the-
oretical prediction.

In the turbulent flame in air, when nitrogen mass
flowrate in the fuel exceeds 640 mg/s (nitrogen con-
centration in the fuel exceeds 83 vol.%), a nonlumi-
nous flame is obtained. The critical condition of v for
nonluminous flame is 0.51. This is about half that
observed in laminar flames and lower than the the-
oretical value. In turbulent flows, there will be other
effects such as increased air entrainment or partialpremixing due to the air flow through the quenching 02 in the oxidizer 21 % 02 in the oxidizer 70%

peiigN 2 in the fuel 0% N2 in the fuel 89%
zone near the nozzle port, However, the difference v2 0. tv 2.64
in the critical condition of v, between laminar and
turbulent flames is not so large compared to the dif- FiG. 6. Temperature profiles predicted in a numerical
ference in speed of the gas jets. This observation sug- simulation.
gests that in the experiment for laminar flames, the
change of gas speed has little effect on the critical
value of v.

of the stoichiometric mixture. This result supports
the validity of the use of the adiabatic flame temper-

Numerical Simulation ature as a characteristic flame temperature.
Concentration of acetylene is another important

One problem in applying the Burke-Schumann factor. Simulation results show that there is some dif-
theory to practical flames is that uniform velocity is ference in concentration of acetylene in the same
assumed. In the present study, a numnerical simula- temperature regions for different v conditions. The
tion was performed to predict profiles of temperature simulated species concentrations are shown in Fig.
and species and velocity field in diffusion flames; 7. The concentration of acetylene is shown in Fig. 7
KIVA [8,9] code was used for that purpose. The flow as a coupling function defined as follows:
was treated as laminar. The Prandtl number and
Schmidt number were assumed to be 0.74 and 0.95, fi = Xf1  - Xo/vo. (5)
respectively. The chemical reaction was treated as a
one-step reaction in which reactants are oxygen and For example, the maximum coupling function in the
acetylene. The products were assumed to be carbon region of temperature range from 2000 to 2200 K is
dioxide and water. The chemical reaction was as- about 0.005 in an ordinary air-acetylene flame. How-
sumed to occur instantly whenever oxygen encoun- ever, that value becomes about 0.0013 when the ox-
ters acetylene in the same computational cell. The ygen concentration is 70%. This temperature range
effect of buoyancy was simply neglected. The wall corresponds to that found in the shock tube experi-
surfaces of the tubes were assumed to be no-slip and ments [10,11] where the soot formation rate reaches
adiabatic. An axial symmetry was assumed, and the maximum. These changes in local temperature and
calculation was performed in two-dimensional cylin- concentration will reduce the soot formation rate.
drical coordinates. The computational cells are 0.5 However, it is difficult to explain the cause of blue
mm in the radial direction and 2 mm in the axial flame in terms of concentration and temperature
direction. only.

The simulated temperature profiles of the diffo- The flame shape and velocity profile are shown in
sion flames are shown in Fig. 6. The result of the Fig. S. Direction of flow through the flame sheet
simulation indicates that the maximum temperature changes substantially with changes in the parameter
of the flame is near the adiabatic flame temperature v. When the parameter v is less than 1, the direction
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v 0.09 v 2.64

growth will occur in this condition. When the param-

eter v exceeds 1, the radial velocity of gas increases, Fic. 8. Profiles of velocity and flame sheets predicted in
and gas flows across the flame sheet from the fuel to a numerical simulation. The length of the arrows means
the oxidizer side throughout the flame, and soot flow velocity. The arrow in the center gives the scale.
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COMMENTS

R. H. Essenhigh, Ohio State University, USA. You men- R. L. Axelbaum, Washington University, USA. This pa-
tioned that you had studied the flow field in your diffusion per postulates that the soot growth region vanishes when
flames by use of tracers, and I believe you computed the the convective flow across the flame is from the fuel to the

flow field as well. oxidizer. Based on this, a criterion is put forward that states
1. Is that so, and how did they compare? that flames will be nonluminous when gas flow is from fuel
2. Have you examined, measured, or calculated the path to oxidizer. This criterion might be valid if the inception

trajectories of the different species? This can be calculated zone were infinitesmally thin; however, inception occurs
in principle using the species stream function [1]. over a finite region and particles can be produced through-

3. Do you think that the history of the species along this out this region. Surface growth can also occur in this re-
trajectory path is likely to be significant in soot formation? gion, but even if it does not, soot growth is possible by

inception alone.

Evidence of luminous flames when the flow is from fuel
to oxidizer is available in the literature. For example,

REFERENCE Atreya et al. [1] measured soot volume fraction in a diluted

methane/enriched oxygen counterflow diffusion flame. For
1. Essenhigh and Wu, Combust. Flame 65:227,241 (1986). this flame, the soot region occurs 5 mm on the fuel side of

the stagnation plane, and convection is from the fuel to the
Author's Reply. The velocity of gas relative to the flame oxidizer. Based on the criterion of the present paper, this

sheet changes when oxygen concentration of the oxidizer flame should be nonluminous. On the contrary, this flame
is increased and fuel is diluted with inert species. This is is clearly luminous and has a peak soot volume fraction of
shown in the experiment, numerical simulation, and ana- nearly 3 x 10-7. Thus, a criterion based on flow direction
lytical discussion in the Burke-Schumann theory in the alone cannot account for nonluminous flames.
present study. The effect of fuel dilution and oxygen en- The experimental evidence in the present paper does not
ricbment on the relation between flow velocity and flame demonstrate that flow direction is responsible for produc-
sheet was well predicted qualitatively as described in the ing nonluminous flames. Rather, the results show that for
paper. Quantitatively, however, experimentally obtained the observed nonluminous flames, the flow is from the fuel
flow field and flame shape differ from the prediction be- to the oxidizer.
cause natural convection was simply neglected in the sim-
ulation. Sunderland et al. describe the soot paths in buoy-
ant and nonbuoyant jet diffusion flames [1]. REFERENCE

The author thinks the trajectories of each species affect
the soot formation process in luminous diffusion flames, 1. Atreya, A., Wichman, I., Guenther, M., Ray, A., and
because the species trajectories determine the concentra- Agrawal, S., "An Experimental and Theoretical Study of
tion of the relevant species. The trajectories of each species Radiation Extinction of Diffusion Flames," Second In-
were not calculated in the present study because the pre- ternational Microgravity Combustion Workshop, NASA
sent study discusses the mechanism of blue flame caused Lewis Research Center, Cleveland, Ohio, Sept. 15-17,
by a change of soot velocity. 1992.

Author's Reply. Actually, soot inception occurs in a finite
region. In this point, the author agrees with you. In the

REFERENCE analytical discussion of the present study, soot inception

was assumed to occur at thin flame sheet for simplification.
1. Sunderland, P. B., Mortazavi, S., Faeth, G. M., and Ur- However, the author thinks that the soot formation does

ban, D. L., Combust. Flame 96:97-103 (1994). not occur if the residence time of soot precursor in the

fuel-containing region is much shorter than the time scale
* of soot formation. The point is not the width of the soot
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formation area itself, but the time scale. When a suitable The effect of tbermophoresis on the soot velocity is the
combination of fuel dilution and oxygen enrichment is ap- problem when quantitative prediction is required. The ef-
plied, residence time becomes much shorter than the time fect is important when flame temperature is high. Figure
scale of soot formation without change in the flame tem- 4 in the paper shows the experimentally obtained condition
perature. It is a widely accepted idea that the large part of of nonluminous flame. There is a difference in parameter
soot mass is formed through surface growth. So, the dis- v between theoretical value (v = 1) and experimental value
cussion in the present study concentrates on suppression (v > I at high-temperature conditions). The mechanism of
of soot surface growth. There is a possibility of soot for- the soot suppression caused by the change of the flow field
mation by inception alone, as you point out. To answer your is described in the discussion using Burke-Schumann the-
point, the author thinks that we should know the limitation ory in the paper. The author thinks that the analytical dis-
of the diameter and number density of soot particles in the cussion in the paper is useful to understand the physical
soot cloud that can emit visible radiation, and whether such mechanism. The author did not try to demonstrate the
soot cloud can be formed through the soot inception pro- mechanism of blue flame from the experimental evidence
cess alone. These subjects are open problems, only.
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SOOT FORMATION IN TURBULENT NONPREMIXED KEROSINE-AIR
FLAMES BURNING AT ELEVATED PRESSURE:

EXPERIMENTAL MEASUREMENT

K. J. YOUNG, C. D. STEWART AND J. B. MOSS

School of Mechanical Engineering
Cranfield Institute of Technology

Bedford, England

Detailed scalar property maps have been constructed for turbulent jet flames of prevaporised kerosine,
burning in a coflowing air stream and confined within an optically accessed cylindrical chamber, which
permits operation at elevated pressure. Time-averaged measurements of spatially resolved soot volume
fraction by path-integrated laser absorption and tomographic inversion, temperature by fine wire ther-
mocouple, and mixture fraction by microprobe sampling and mass spectrometric analysis are reported at
chamber pressures from 1 to 6.4 bar.

Whilst the principal objective of the study has been to develop a database for modelling and computa-
tional prediction, the centreline data admit presentation in a standardised form, based on the centreline
flame length to the maximum soot concentration, which permits analysis of the pressure dependence from
turbulent flames of differing sizes. In this form, the peak soot volume fractions and soot formation rates
appear linearly dependent on pressure, exhibiting a peak mass fraction of soot carbon of 7%, substantially
independent of pressure. The peak soot loading, at the highest pressure investigated, approaches 120 gm -3

before complete laser extinction renders the flame inaccessible to further measurement. The high carbon
loading and enhanced radiative loss lead to reduced mean temperatures throughout the flame by com-
parison with more widely studied gaseous fuels such as ethylene. Measured temperatures do not exceed
1438 K anywhere on the centreline of the flame at 1 bar, for example.

Introduction blended fuels and that are characterised by nonpre-
mixed turbulent burning at elevated operating pres-

Concerns for the environmental impact of partic- sures. In addition, however, engine combustion typ-
ulate emissions from diesel engines and gas turbines ically encompasses the complex physical processes of
have recently added fresh impetus to research into multicomponent fuel droplet evaporation and mixing
the mechanisms of soot formation in nonpremixed in a highly turbulent flow, confined within irregular
flames and smoke production in practical combustion geometrical boundaries. Somewhat simpler configu-
systems. An important additional component of re- rations are clearly better suited to the primary tasks
cent studies has been an increased awareness of the of developing and evaluating computationally trac-
role of computational prediction in the analysis and table models of sooting processes in turbulent flames.
evaluation of advanced combustion chamber designs. In the programme of experimental measurements re-
This has placed further burdens on the supporting ported here-and in a companion paper that will de-
experiments undertaken in relation to both the range scribe their computational prediction-the two-
of properties measured and their detailed resolution, phase flow and complex geometrical features have

Experimental studies of sooting processes to date been omitted in order to focus on soot production,
have focused primarily on laminar flames, seeking to free from the additional uncertainties introduced by
identify-in the absence of a detailed understanding droplet processes and ill-defined boundary condi-
of the chemical kinetic mechanisms-the key global tions. These uncertainties apply equally to theoretical
features of soot growth and oxidation (cf. Refs. 1 and models and to a wide range of measurement tech-
2). Whilst mechanisms inferred from such experi- niques.
ments play an important part in model development, The measurement campaign reported here there-
their suitability for turbulent flame prediction sub- fore explores the influence of pressure on soot pro-
sequently can only be evaluated by comparison with duction during the confined turbulent jet-flame
more representative experiments. burning of prevaporised aviation kerosine. In so do-

The available measurement base is particularly ing, it generates detailed property maps for the three
sparse in respect to engine applications that employ key scalar variables-the soot volume fraction, the

609
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TABLE 1
Experimental conditions

Flame

A B C D E F

Absolute pressure 1.0 2.03 2.70 3.72 4.81 6.44
(bar)

Fuel flow rate 8.0 9.5 12.5 12.5 18.5 28.0
(g/rnin)

Fuel exit velocity 22.3 13.8 13.0 9.7 11.2 13.2
(m/s)

Fuel exit 598 633 623 626 630 658

temperature (K)
Air exit velocity 0.23 0.36 0.25 0.24 0.20 0.14

(m/s)
Exit Reynolds 9,500 11,300 14,400 14,800 21,9'00 32,800

number

temperature, and the mixture fraction-throughout These data are here complemented by fine wire
a range of confined coflowing flames. thermocouple measurements of mean temperature.

Detailed mean property maps have been con-
structed for coflowing jet flames of prevaporised ker-

Experimental Programme osine, confined within a cylindrical pressure vessel
and operated at pressures ranging from 1 to 6.4 bar.

The cornerstone of theoretical models of turbulent This pressure upper bound was set by the soot yield,
nonpremixed flames is the conserved scalar approach in that total extinction of the incident laser beam ob-

[3]. In the fast chemistry limit, turbulent mixing is curred during the soot volume fraction measure-
rate controlling, and this may be characterised by the ments, and the flame structure became quite inac-
distribution of a conserved scalar, the mixture frac- cessible.
tion, free from the complexities of chemical reaction. The selection of other key experimental flame
The computation of mixture fraction statistics, typi- characteristics, in particular the fuel-jet exit diame-
cýally the Favre mean and variance, ý and ter, D0, and velocity, V0, reflect the complex interplay
S,,2, is therefore central to turbulent flame predic- between flame length and its containment, exit Reyn-

tion. Even in circumstances where slower rate pro- olds number and turbulence level, and flame liftoff
cesses may prevail, such as those of soot formation stability. The lower bound exit Reynolds number was
and oxidation, the mixture fraction approach still ad- set at 104, whilst rim stabilisation, even employing an
mits important simplifications, most notably in rela- annular pilot flame, became difficult for the preva-
tion to combustion models based on laminar flame- porised kerosine jet at exit velocities -> 20 ms- 1. The
lets [4]. measurement conditions actually investigated are

In identifying flame properties for measurement, identified in Table 1 and reflect a compromise be-
the mixture fraction should evidently feature prom- tween these competing factors.
inently. Whilst some success has been reported in
multispecies measurements by Raman spectroscopy,
which then permits the determination of mixture Experimental Detail
fraction by summation [5], the technique is inappli-
cable in heavily sooting, and strongly radiating, The experimental rig has been designed to com-
flames. In the absence of a suitable optical technique, bine ready access for detailed probe and optical
measurements of mean mixture fraction have been property measurement with a basic flow field that can
undertaken more intrusively in the present study by be accurately computed. The confined coflowing jet-
microprobe sampling and mass spectrometric anal- flame configuration selected is illustrated in Fig. 1.
ysis. The turbulent flame is contained within a borosilicate

By choosing an axisymmetric jet-flame configura- glass tube of 155-mm diameter, mounted in a pres-
tion, the local time-averaged soot volume fraction sure casing that has been designed to withstand a
can be inferred comparatively simply from integral working pressure of 17.5 bar.
line-of-sight laser absorption measurements by to- Access for measurement, both by probes and laser-
mographic inversion, based instrumentation, is achieved through a spe-
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mately 450 mm of the flame height. The complete
casing assembly can also be traversed horizontally-
relative to a laboratory-fixed optical system-provid-
ing optical access across the 75-mm diameter of the
pressure vessel windows. All positions across the
complete diameter of the borosilicate glass tube are
accessible to the gas sampling probe and fine wire
thermocouple.

Radial profiles of time-averaged soot volume frac-
tion have been measured by He-Ne laser absorption.

- .Local values of Beer-Lambert turbidity, ',
/ ÷ L

• -•'ln(I/I°) = C (s) (is

,4.0 ALL DIMENSIONS

IN rM were retrieved by Fourier deeonvolution from mul-
tiple path-integrated measurements of transmitted
beam intensity, I [6]. The latter were obtained by_ [ •traversing the flame at right angles to the stationary

incident laser beam across the complete flame width.
The local soot volume fraction is then inferred from
the turbidity by invoking the small-particle Rayleigh

40 limit and specifying the complex soot refractive index
a, (m = 1.92 - 0.45i) for 632.8 nm [7]. In view of the

uncertain nature of kerosine soot, this value was cho-
sen in part for consistency with our earlier studies[8,9].

One further modification introduced in transpos-
ing the laser absorption technique from laminar to

FIG. 1. Experimental configuration, turbulent sooting flames lies in the interpretation of
the logarithmic relative intensity ratio in the Beer-
Lambert law. Depending upon the level of fluctua-

cially designed module fitted with four diametrically tion, the more appropriate [ln(I/Io)].ean may differ
opposed schlieren-quality fused silica windows, each significantly from the more accessible ln[I/Io] ean.
of 75-mm diameter, and four symmetrically distrib- and must be accommodated in the data-logging soft-
uted instrument ports. A machined spacer then links ware.
two borosilicate tube sections and provides uninter- The range of conditions accessible to absorption
rupted access to the flame through an 8-mm-high measurement is bounded by the increasing proba-
slot. bility of total laser light extinction with increasing

The burner comprises a 1.5-mm-diameter cylin- working pressure. The path-integrated transmitted
drical nozzle, surrounded by a coaxial annular slot, intensity was digitally sampled and the mean value
0.25-mm wide, on which is burnt a rich ethylene- determined at each position from of order 103 sam-
oxygen laminar premixed flame to rim-stabilise the ples. Low levels of sampled transmitted intensity fall-
turbulent kerosine jet flame. The kerosine is a stan- ing within the mean system background noise (typi-
dard aviation grade (Avtur) having a C/H ratio of the cally HI/o < 10-3) were routinely counted and logged
form C 12 .5 H 24 .4 , encompassing 14% H by mass and as a fraction of the total sample. From the data re-
20% aromatic content by volume. The mass flow ported here, in the worst case, this fraction reached
through the pilot flame is typically 2% of that through 60% at a height of X = 150 mm in the 6.4-bar flame.
the primary jet. The kerosine is prevaporised in a For the majority of conditions investigated however,
resistively heated brass prechamber, situated imme- and including all the data at 3.7 bar and below, this
diately upstream, into which the liquid fuel is sprayed fraction did not exceed 10%.
through a water-cooled nozzle of 0.5-mm diameter. Distributions of mean mixture fraction were de-
The prechamber is maintained at a temperature of termined by quartz microprobe sampling and mass
-800 K, and the flash-evaporated kerosine vapour is spectrometric analysis. Samples of the local mixture,
discharged at a temperature of -600 K. This pre- both gaseous and particulate, were withdrawn from
chamber did not show any evidence of significant lac- the flame through a 0.5-mm orifice into a quartz
quering throughout the measurement campaign. tube, where they were mixed with additional oxygen

The burner jet can be traversed vertically within and reacted over a heated platinum catalyst. All the
the pressure vessel, permitting access to approxi- carbon in the ingested sample was oxidised to CO2
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and the mean mixture fraction inferred from the mocouple in similar circumstances, by its design, is
mass ratio of CO 2 to N2, measured in a small quad- much smaller, and the influence on the data is greatly
rupole mass spectrometer. Under increasingly heavy reduced. At the higher heights displayed here, the
sooting conditions, accompanying increases in pres- disturbance is generally minimal.
sure, this proved the most difficult of the measure- As anticipated from laminar diffusion flame stud-
ment techniques to apply. Solid carbon deposition ies [1], the peak mean soot volume fraction lies typ-
on the exterior of the probe, leading eventually to ically to the rich side of the peak mean temperature.
blocking of the sampling orifice, was unavoidable. The radial spreading rate is correspondingly reduced
Both probe scouring, by withdrawing the probe into for soot, relative to the other scalars, temperature,
its guide, and oxidation in a second "pilot" flame, lo- and mixture fraction, and the peak value has mi-
cated on the opposite side of the pressure vessel, grated to the flame centreline by a height of 300 rmm.
were employed during traverses. Additionally, it Broadly similar trends are evident at higher operating
proved particularly difficult to establish satisfactory pressures. Substantially increased levels of peak soot
levels of 02 addition, given the large variations in volume fraction are measured on the flame centre-
mixture composition across the flame, and to balance line, accompanying increasing pressure: 9.4 X 10-6

the accompanying chemical heat release with the at 1 bar; 30.6 x 10-6 at 2.7 bar; and 62.9 X 10-6 at
electrical heating supplied. The mixture fraction data 4.8 bar. However, differences in fuel flow rate, and
are accordingly restricted to pressures below 3 bar. hence flame size, must be incorporated into any sys-

Mean temperature was measured by fine wire tematic comparisons. These will be described in the
thermocouple (wire diameter 50 um, plati- following section.
num/platinum 10% rhodium), incorporating a mean By comparison with the soot levels reported in eth-
radiation correction based on exchange with the bo- ylene jet flames [11,8], the present kerosine data at
rosilicate tube at an assumed wall temperature of 60'0 atmospheric pressure represent an approximately
K. In heavily sooting turbulent flames, it might be fourfold increase. The associated temperature levels
argued that such a correction exaggerates the radia- are significantly reduced-peak values in the pres-
tive loss, since the flame is no longer optically thin ence of centreline soot are typically -1500 K in the
and exchange with higher temperature soot surfaces case of ethylene, but - 1350 K with prevaporised ker-
within the flame must also occur. This correction is osine. Whilst increased soot loading may have a di-
typically of the order of 50 K in the sooting regions, rect impact on thermocouple temperature measure-
however, but might be considered to be offset by the ment, as described earlier, the principal influence is
less quantifiable uncertainty in thermocouple emis- expected to be that of enhanced radiative loss.
sivity, here taken to be 0.2, but in the absence of
surface deposits of soot. The correction applied
scales approximately linearly with the assumed emis- Discussion and Interpretation
sivity.

Further detail of these experimental techniques in The dependence of soot formation rate on working
the present application is provided in Ref. 10. pressure is of particular concern in engine applica-

tions. In both the aircraft gas turbine and the diesel
engine, the fuel is injected into the combustion

Results chamber as a liquid in the form of a fine spray. In-
ferences regarding the pressure dependence of soot-

Radial distributions of the following mean prop- ing processes from engine measurements are there-
erties-soot volume fraction, f, mixture fraction, fore complicated by additional physical effects such
4, and temperature, T-were measured at a number as those of combustion chamber pressure on droplet
of discrete axial positions in the flame. Figures 2a and penetration and fuel-air mixture preparation. Gross
2b present representative data from confined flames variations in sooting behaviour may then accompany
at pressures of 1 and 2.7 bar. Individual data points increases in pressure whilst providing only limited
are plotted with respect to the probe measurements, insight into the underlying processes.
whilst the soot volume fraction is presented after Whilst our primary objective here is to develop
curve fitting and tomographic Fourier inversion. The property maps for purposes of computational predic-
probe data are typically taken from a complete radial tion, these data do permit a more generalised inter-
traverse and imaged about the flame centreline. pretation of the pressure dependence of soot for-

At the lowest height measured, x = 100 mm, the mation for a practically relevant fuel, burning in a
mixture fraction data do evidence some asymmetry, turbulent nonpremixed flame. By prevaporising the
notably towards the edge of the flame. This is be- kerosine fuel, the underlying turbulent mixing field
lieved to be aerodynamic disturbance at small flame is in principle less sensitive to changes in chamber
widths when the probe must completely span the pressure.
flame in gaining access to the opposite extreme of Figures 3 and 4 illustrate the evolution of soot vol-
the diameter. The obstruction created by the ther- ume fraction and temperature along the flame cen-
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FIG. 3. Axial variation of centreline soot volume fraction FIG. 5. Variation of flame length (centreline maximum
with operating pressure, 0 1 bar, C: 2 bar, A 2.7 bar, V 3.7 soot volume fraction) with fuel flow rate, and reciprocal
bar, 0 4.8 bar, × 6.4 bar. timescale (fuel exit velocity/soot reference length) with op-

erating pressure.

14000

axial position, x., at which the mean soot volume
1200 fraction attains its maximum value. The variation of

x,, with the flow rate of prevaporised kerosine is il-
; 1000 lustrated in Fig. 5. At the highest pressure, 6.4 bar,

a discernible maximum has not been reached within
=0 the measured range, and x,, has been simply set to

the largest measurement height. The asymptotic
4600 character of Fig. 5 with increasing flow rate (and exit

Reynolds number, cf. Table 1) suggests that the re-
sulting uncertainty is modest.

A systematic reduction of the data to a broadly
common form is possible in terms of average prop-

O 50 100 150 200 2S0 300 050 400 erties of jets.
AXIAL DISTANCE, X t(WI In particular, for x > x, (approximately 6-8 exit

FIG. 4. Axial variation of centreline mean temperature diameters), the centreline velocity of a jet discharg-
with operating pressure, 0 1 bar, El 2 bar, A 2.7 bar, V 3.7 ing from a nozzle decreases hyperbolically with

bar, 0 4.8 bar, × 6.4 bar. downstream distance, x, in the form [12]

treline with increasing pressure. The peak condition, fCL = XC

f, = 6.7 X 10-5 at 6.4 bar, corresponds to a mass uj - u_ X

concentration (pjf) of 120 gm- 3, at which approxi-
mately 75% of the local carbon is bound in particu- where u. and u. derote the jet exit and coflow veloc-

late soot [estimated from (p2f /',b)]. ities, respectively. A measure of similitude therefore
Distinguishing the effects of pressure from those prevails relative to centreline velocity provided {uj -

of other scalars is particularly difficult in nonpre- uJ}/x, is constant (cf. Fig. 5), since
mixed flames where the temperature and composi-
tion of a typical fluid element vary significantly fic1(x/x,,) = x[(uj - u)/x]
throughout the flame. In the present experiments, x/xl
the variation in fuel flow rate with increasing cham-
ber pressure-broadly maintaining a balance be- Centreline soot fluxes, p~fjjcL, at specific fractions
tveen fuel exit Reynolds number and velocity-does of the flame length x,, then simply scale according
produce flames of different size. Figure 4 suggests to the local soot volume fraction, f&.
that very different temperature-time histories prevail Figure 6 presents the centreline temperature data
in the six flames. They have therefore been standar- from Fig. 4 in a standardised form, relative to x/xm.
dised relative to flame length, here chosen to be the Whilst the data collapse across all six flames is not
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perfect, it encourages the view, together with the dis- normalised distance, X/X,, for the centreline data
tribution of centreline velocity, that a common basis from all the flames investigated here.
exists for the analysis of axial variations of soot vol- Whilst Fig. 7 exhibits some scatter, the soot for-
ume fraction with pressure. It is noteworthy that, mation region x/x,,, < 1 is plausibly characterised
whilst peak off-axis flame temperatures decrease by a peak value of (po/p)f - 10-5 and a spatial gra-
with increasing pressure (cf. Fig. 2), these centreline dient of
values do not indicate any significantly enhanced ra-
diative loss with the increasing soot volume fraction. d {f,(po/p)} 1.4 X 10-
The maximum centreline soot volume fraction at a d(x/x.)
particular height (as illustrated in Fig. 3) is typically
accompanied by a peak temperature that has not yet over the complete range of operating pressures.
reached the centreline, and the local source of peak These representative values correspond to a peak
radiative emissions is also off-axis. soot mass fraction, Pfvi = 0.07 and an average

In circumstances of fixed soot mass fraction, formation rate at 1 bar of d(pj,,)/dt = 0.1 kg m- 3

(plp), we would expect the soot volume fraction s- 1, scaling linearly with pressure. Data in the burn-
to increase linearly with working pressure. Alterna- out regime x > x,, are comparatively sparse, but fur-
tively, we might choose to compare values of f,, ther significant variation with pressure is evident. In
measured at different pressures, by standardising to particular, the linear variation with pressure incor-
a reference pressure, Po, and introducing the modi- porated in Fig. 7 appears to overestimate its influ-
fled variable fý(po/p). Figure 7 illustrates the varia- ence on soot burnout.
tion of this standardised soot volume fraction with There are very few studies of turbulent sooting
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nonpremixed flames, burning at elevated pressure, soot carbon in all these flames is approximately 7%,
against which to compare the present findings, attained at a mean temperature of 1340 K and mix-
Flower [13] has, however, reported integral mea- ture fraction of 0.12. The peak soot loading, mea-
surements of soot yield in turbulent jet flames of eth- sured in the 6.4-bar flame, reached 120 gm- 3 .
ylene-air at pressures from 1 to 8 bar. In the absence
there of temperature measurements, detailed com- Acknowledgments
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COMMENTS

M. Pinar Menginc, University of Kentucky, USA. 1. With S

increasing pressure, it is natural to expect agglomeration of
soot particles. If this agglomeration process is not ac- Ian Kennedy, University of California, Davis, USA. The
counted for in the tomographic deconvolution,f, for soot flame appears to be large in comparison with the confining
particles may be significantly different. Would you please duct. A significant axial pressure gradient may be induced.
comment? This pressure gradient may h e induced.

2. Does the radiation loss correction required on ther- pressure gradient may have an impact on turbulent
mocouple readings remain the same for different pressures flame mixing and, hence, on soot formation. Was the axial
(which correspond to different soot volume fractions in the pressure gradient measured and is it important for mod-
flame)? eling of the flame?

Author's Reply. The extinction data have all been inter- Author's Reply. Confinement of the flame within the bo-
preted in the small particle Rayleigh limit in order to pro- rosilicate liner does induce an axial pressure gradient. The
vide a consistent basis for comparison. Turbulent flame ex- gradient is quite small, however, since the maximum flame
periments such as these are perhaps an unsuitable vehicle diameter only occupies some 60% of the complete liner
for assessing the influence of pressure on optical cross see- (cf. Fig. 2) and the initial coflow air velocities do not exceed
tions resulting from differences in agglomeration. 0.5 ms- 1 (cf Table 1). The modest influence on turbulent

The radiation corrections applied to the thermocouple mixing can be readily incorporated in subsequent jet flame
measurements consider the flame to be optically thin under computations [cf. Young (1993)], and the differences rel-

all conditions and therefore do not depend on the level of ative to unconfined flames appear small [cf. Young et al.
soot volume fraction. (1991)].
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EXPERIMENTAL AND THEORETICAL STUDY OF DIESEL SOOT
REACTIVITY
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In order to provide data for modelling the performance of a regenerative soot filter, a study of the
oxidation kinetics of diesel soot in the temperature range from 600 'C to 800 'C was undertaken. Isothermal
burning rates at a number of temperatures were measured in rectangular soot beds within a thermobalance.
The technique was easy to use, but the combustion rate was found to depend on bed mass. The oxidation
process was thus limited by mass transfer effects.

A two-dimensional mathematical model of oxygen transfer was developed to extract the true kinetic
rates from experimental data. The two-dimensional approach was required because significant oxygen
depletion occurred along both axes. Using assumed kinetic rates, oxygen concentration profiles in the gas
phase above the bed and within the bed were calculated. The true kinetics at a number of temperatures
were then established by matching predicted oxygen consumption with measured consumption.

Application of the model required values of the effective diffusion coefficient for oxygen within the bed.
Accordingly, the structure and properties of the soot aggregates were determined. A supplementary study
was carried out to identify the appropriate primary reaction products. The measured kinetic rates were
then used in a simpler, monodimensional model to evaluate the mean oxygen mass transfer coefficients to
the surface of the bed.

The results show that burning below about 730 'C is in regime 1 and can be described by

K = 6.9 X 10•2 exp(-207,000/BT) (s'-)

with R = 8.314 J mo1i K-'. Above 730 'C, there is a decrease in apparent activation energy, probably
due to thermal "annealing," which changes the microstructure of the carbon. As a result, the inherent
reactivity declines and/or the bed becomes less accessible to oxygen.

Introduction gas temperature of an idling diesel is only 150 'C but
rises to 700 'C at full load. The latter temperature is

The soot particles emitted by automotive diesel high enough to burn a reactive carbon like soot.
engines present an environmental hazard if inhaled. There have been a number of studies of the oxi-
They irritate the bronchi and lungs, and the PAH dation of diesel soot (see for example Refs. 2-4). Soot
materials adsorbed onto their surface are known to characteristics vary, depending on the fuel and the
be carcinogenic. Accordingly, the emission limits set operating conditions in the engine. However, the ac-
by legislation have been progressively lowered; for tivation energies reported have ranged from 11 to
example, in California, they now stand [1] at 0.05 g 221 kJ mo- 1, which suggests that in some cases, the
km -I for light vehicles. In Europe, where the diesel experimental conditions or the analysis of the results
is more popular, the limits are presently higher at have been inadequate. The most recent values lie in
0.14 g km'- for light vehicles and 0.36 g (kWh) 1 for the vicinity of 200 kJ mol-b, which indicates regime
large trucks. More stringent requirements will be in 1 conditions.
place for new models produced after 1996.

One means of lowering emissions is a particulate A consortium of European motor manufacturers,
trap mounted in the exhaust line. This is a ceramic which has been supporting a program to develop this

filter (often impregnated with a catalyst) that cap- technique, has funded work in five laboratories. The

tures the particles and burns them off when the ex- work described here is part of that collaborative pro-

haust gas temperature is high enough. The exhaust gram and was directed towards supplying kinetic data
for a mathematical model of regeneration in a par-
ticulate trap. It concerns the combustion phase, ex-

*Present address: Department of Chemical Engineer- amining the oxidation kinetics of a diesel soot at typ-
ing, University of Queensland, 4072 Australia. ical trap temperatures. It also examines the kinetics
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ratio (= r) decreases with temperature. The corn-
. .. position of the primary gas product was, therefore,Soot { Be d • P I examined by means of a gas analyser fitted to the gas

we T e• Y outlet. Blank runs using a premixed CO/0 2 /N2 feed
in the absence of soot were necessary in order to

Gas Flow evaluate the gas-phase oxidation of CO to CO2 over
the temperature range involved.

\\t h The initial surface area was measured by BET
methods using nitrogen at 77 K, as well as samples
partly burned isothermally at 600 TC and 800 TC.

DTG Pan The fixed bed tests were supplementary studies
carried out to confirm the kinetic values under con-Fic. 1. Arrangement of crucible and soot bed. ditions that better simulate bed regeneration. Their

accuracy was poor because of rapid burnout, espe-

of the gas-phase oxidation of carbon monoxide in the cially at the higher temperatures, in relation to the
same temperature range.Most of the work was cn response time of the gas analysers. A 2-mm bed of
same temperature range. t oy thwo withcar- soot was laid onto a quartz frit in a 28-mm-diameter
ried out by thermogravimetric analysis (TCA) with quartz tube maintained at constant temperature. The
soot beds contained in a crucible (Fig. 1). Some sup- gas passed downwards through it, and the oxidation
plementary studies were performed in a fixed bed to rate was measured by means of CO/CO2 analysers
better simulate combustion of a deposit in a trap. located immediately downstream.

The soot examined was collected through a sample
line from a small diesel engine running at moderate
load. A cordierite filter operating at 300 TC was used Results
to remove the solids from the gas stream.

The soot sample appeared under the electron mi-
croscope as spherules clustered together into clumps

Experimental and chains. A size distribution performed with a Zeiss
image analyser showed that most of the spherules lay

The sample of soot was characterised both physi- in a diameter range between 7 and 45 nm, with the
cally and chemically by a number of techniques, in- mean around 19 nm at a standard deviation of 9 nm.
cluding scanning electron microscopy (SEM), x-ray Since the aggregates displayed no particular mor-
diffraction, Brunauer-Emmet-Teller (BET), and la- phology, ascribing a diameter to them was difficult.
ser diffraction particle sizing. The bulk density was They showed a wide variation in characteristic di-
measured directly. Soot composition was investi- mension, but a crude estimate of diameter was 0.1
gated by elemental analysis, x-ray fluorescence, and am.
an Fourier transform infrared (FTIR) scan. When sized by laser diffraction, soot suspensions

Combustion studies were performed in two dif- slurried by hand in methanol returned a size distri-
ferent apparatuses: a thermobalance and a fixed bed. bution with a mean of 147 pm, indicating the pres-
The thermobalance was a Linseis Model L81, which ence of large agglomerates. After ultrasound treat-
was operated with the gas-flow horizontal. The initial ment, the distribution resolved into trimodal form
sample mass was varied from 10 to 30 mg. Because with the number frequency dominated by a peak at
of the low bulk density of the soot, large bed volumes 160 nm, which was taken as the mean size of the
were necessary to give the required masses. A rect- aggregates for diffusion calculations.
angular quartz crucible 26-mm long, 12-mm wide, The bulk density was very low, only 25 kg m- 3.
and 6-mm deep was used to contain the sample. The total porosity '/1 (= 0.976) and the porosity

The combustion tests were carried out isother- within the aggregates (P2 (= 0.480) were calculated
mally by preheating the samples at 10 'C per minute from this and an assumed particle (spherule) density
to operating temperature under a flow of nitrogen of 2000 kg m- 3. The BET surface area was 227 m2

and then introducing the oxidant gas mixture. Most g- . When compared with the calculated external
of the tests were carried out in a 10% mixture by surface area for 19-nm spheres of 157 m2 g-', it sug-
volume of oxygen in nitrogen, which is a typical ox- gests that some internal pore area is present.
ygen concentration for diesel exhaust gases. The op- The TGA tests returned an ash content of around
erating temperatures ranged from 600 TC to 800 TC. 12% unburned material. The composition of the

In order to derive the oxygen consumption rate mineral matter found by x-ray diffraction and x-ray
from the rate of mass loss in the crucible, the com- fluorescence suggests that the ash components were
position of the product gas must be known. The lit- cordierite from the sample filter and calcium sul-
erature suggests that carbon dioxide is the preferred phate from oil additives. Ultimate analyses were car-
product at low temperatures and that the C0 2 /CO ried out on the original sample and also on a sample
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TABLE 1 tected, while at 700 'C, CO conversion was slightly
Ultimate analyses of diesel Soot* less than 10%. At 800 'C, it had risen to over 90%.

As a result, it was impossible to identify the primary
Element C H N 0 S product during soot oxidation tests at 800 'C. For the

analysis of the experimental results, the value of r
Virgin soot 83.5 1.04 0.24 10.5 1.13 was taken as unity under all conditions, i.e.,f = 2.0.
Degassed soot 83.8 0.85 0.22 10.7 0.10 In every case, the thermograms for isothermal soot

burning in the thermobalance gave constant rates of
'Mass %, dry basis, oxygen values determined by anal- mass loss over the initial stages. Accordingly, this rate

ysis. could be used to give K from Eq. (1). However, the
rate was a function of initial sample mass, as shown
in Fig. 3, with the effect becoming more pronounced

degassed at 13 mPa and 150 'C for 5 h. The results at higher temperatures. This indicated that mass
are shown in Table 1. transfer limitations were operating and, therefore,

Only 83.5% of the soot is actually carbon. The sul- needed to be accounted for.
phur was apparently present as compounds adsorbed
on the particle surface, whereas the oxygen was
strongly bonded. Since the fall in hydrogen content Analysis of Results
during degassing was slight, few adsorbed hydrocar-
bons are present. Between 3.5 and 4.5% of the total The reaction was regarded as first order, based on
mass is unaccounted for, probably in the form of sil- the literature [6] and a preliminary study carried out
icon, aluminium, and metals. at three different oxygen concentrations. For a first-

On raising the temperature of a sample at 10 'C order reaction, the rate constant K (s-') can be re-
per minute, there was a negligible loss of mass up to lated to the instantaneous volumetric rates of oxygen
450 TC, even in 10% oxygen, which emphasises the consumption and mass loss in the thermobalance by
strength of the oxygen bonding. The FTIR analysis
revealed the presence of C=O, C-O-C, and C- ro = KpgC = frc (kg m-3 s-1) (1)
O-H bonds, and some aromatic structures. When
heated to 900 'C under nitrogen, a mass loss of 12% wheref is a stoichiometric coefficient (kg of oxygen
was sustained. per kg of carbon).

The initial BET surface area of 227 m2 g-1 in-
creased with burnout, as shown in Fig. 2. The area 4 (1 + 2r
increases more rapidly with burnout at 600 'C than 3 1+r
at 800 'C, and both areas are greater than if the
shrinking core model is applied to the spherules. In our apparatus, it was apparent that diffusion pro-

The CO2/CO ratio in the gaseous product from cesses were limiting the oxidation reaction. One- and
soot oxidation at 600 'C and 700 'C was in the range two-dimensional, steady-state mathematical models
1.0-1.1 in accordance with Ref. 5, but it was very [7,8] of the system were developed. With the mass
high at 800 'C. Blank runs in the form of gas-phase transfer processes specified, the reaction rate K could
oxidations of CO to CO 2 in premixed CO/10% 02/N2 then be estimated. The flow enclosure in the ther-
mixtures without soot present in the thermobalance mobalance and the rectangular soot bed are depicted
were performed. At 600 'C, no oxidation was de- in Fig. 1 with the coordinate system as shown.

600

"500

400

300

S200

100

0 I I I I I I I FIG. 2. Effect of burnoff on BET

0 5 10 15 20 25 30 35 40 45 so surface areas: 0 600 'C; U 800 'C;
% burn off --- shrinking core model.
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0.3

"r 0.25

0.2

0.15

0. ....
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0 i I FIG. 3. Effect of sample mass on

0 5 10 15 20 25 30 combustion rate: 0 600 'C; 0 650
initial mass (mag) 'C; 0 700 °C; [1 800 -C.

The monodimensional model [71 uses a mean 1. porosity between the aggregates;
transfer coefficient for oxygen to the surface of the 2. porosity between the spherules within an aggre-
bed. In the present case, the oxygen concentration gate; and
boundary layer could not fully develop above the bed 3. porosity within the spherules.
(its thickness was greater than e), and a two-dimen- The first two will influence the value of De, whereas
sional approach was better [8]. From the continuity the third will come into play only during internal
equation and an oxygen balance, the oxygen mass burnirg wielitoie influence during ime.fraction C in the freeboard (0 < y < e) is given by burning, when it will influence the burning regime.

By considering the interstices between particles to

aC pgD [a2C a2C] be equivalent to parallel-sided cylindrical pores, ox-
Cx PG - + y2 0 (2) ygen diffusion was found to lie in the Knudsen re-

CT L ay gime. The equivalent pore diameters for each poros-
ity were calculated as dl = 40 nm and d 2 = 8.7 nm

with boundary conditions by using the appropriate solid density (bulk or aggre-
gate) in

C(0,,) = C0; a =] 0. di = 40i/Aip, (m). (4)1&y (",0)

The length-to-depth ratio of the gas volume below The effective diffusion coefficient was found from a

the crucible lip was always greater than 5: 1 so that senres model in which Des and D,, are the coefficients

end effects were neglected. for the two levels of pore volume:

Within the soot bed (e < y < e + h), where D, is 2
the effective oxygen diffusion coefficient, the equiv- De (12 s-1). (5)
alent expression is (114e) + (1/De2 )

a[ aC] a2C K The individual coefficients for oxygen in a cylindrical
S1C + - C =0 (3) pore were evaluated from, 1- C a y2  D,

subject to the boundary conditions = 2d1(2RT/MiT)11 /3 (i
2 S1). (6)

[1aC To convert the diffusivity in a cylindrical pore to that

tIC tI 1  = ; =0. in an actual solid matrix, Satterfield [9] suggests Dei
LCI(0,y) L.C (Ly) 0; .. e+h) = PiDi/i, where the tortuosity is an adjustable pa-

rameter. If r is taken as 4, it leads to a final expression
The simultaneous solution of Eqs. (2) and (3) gave for the overall bed:
the oxygen concentrations within the system.

The magnitude of the diffusion coefficient De is D, = 1.6 X 10-8 T1/2 (m2 s-1). (7)
important for the solution. As indicated in the mor-
phology results, the soot strueture is comprised of Equations (1) and (2) were solved numerically by fi-
primary spherules (19-nm mean diameter) agglom- nite difference with an initial arbitrary value supplied
erated into 160-nm-diameter aggregates. There are for K at each temperature. The value of GT was re-
three levels of porosity present: garded as independent ofy and x because of the com-
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paratively low oxidation rates. From the solution, the
rate of solid consumption in a bed of width Z was 0.7.

found from 0.6 .

0.5 '
dm fe~h CL -

R, = ~cTZ feJ r'dx dy (kg s. (8) 8 0
d 02

With the oxygen concentrations known throughout o.1
the bed, the integration of Eq. (8) was performed 01
numerically. The error difference between the ex- 0 5 10 15 20 20 30
perimentally determined value of R, and the model-
derived value of soot consumption was determined Sample Mass (mg)

for a number of values of K. The value that gave the
minimum difference was accepted as the result for Fin. 5. Mean mass transfer coefficients, monodimen-that emperturesional model: U 600 °C; * 650 °C; X 700 °C; + 750 °C
that temperature. * 800 'C.

The two-dimensional model was applied to the ex-
perimental system. When solving Eq. (1) and (2) with
assumed values for K, distinct minima in the error
differences appeared. During the solution process, direction of gas flow. The monodimensional model
two simplifications were found to be possible. Above [7] requires that oxygen concentrations in the x di-
the bed, the diffusive flux in the x direction was neg- rection within the bed are constant. This was valid at
ligibly small in relation to the convective. Inside the the lower temperatures and approximately true for
bed, the fraction 1/(1 - C) could be taken as unity. the higher (see Fig. 4 for the 800 'C bed), where the
Above a mesh size of 484 nodes (x = 11, y = 44), oxen concentrations for 8 of the 11 x-nodes lie to-
t h e s o lu t io n s w e r e f o u n d t o b e m e s h in d e p e n d e n t. x y ge nb e r . c enco r d i n g sy , o ra n o f s sh t r a n sf e r c e f fi ie nt s

The calculated distributions of oxygen concentra- gether. Accordingly, mean mass transfer coefficients

tion above and within the bed show that in all cases were calculated from the experimentally determined

(even at 600 °C), there is only partial penetration of Damkohler numbers for all bed thicknesses [7]. The

oxygen into the bed. This is predicted [7] from the mass transfer coefficients are defined from the oxy-

magnitude of the bed Thiele modulus 01-2 - h gen flux to the bed surface by co = hmPg(Cb - Cy=0).
(K/D,)51 2 , for which the porosities 1 and 2 control The calculated values of hm are plotted against bed

bed diffusion. At the extreme temperature of 800 'C mass in Fig. 5. The results for 30-mg beds were

depicted in Fig. 4, in which the vertical dashed line around 0.6 cm s'-, which is similar in magnitude to

at the node point y = 20 represents the bed surface, the value predicted from the boundary-layer theory
the thickness of the active burning layer is less than [10]. It is apparent that access of oxygen to the bed
1/10th of a millimetre. The thin active layer was ob- surface is better for the larger beds, in which the
served in practice in the form of grains of ash present surface is closer to the top of the crucible. The values
only on the bed surface, increase with temperature, as predicted by the

There was a thick mass transfer boundary layer in boundary-layer theory. Natural convection currents
the gas flow, extending to the wall of the furnace (Fig. generated by the heat release at the higher reaction
4). There was also initial depletion of oxygen in the rates may also assist the mass transfer process.
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6 in oxygen at 1775 K range from 0.74 in 0.5-nm pores

to 0.99 in 4-nm pores.
Ishighuro et al. report [13] that spherules of car-

bon black when partly burned at 600 TC appeared
hollow, by transmission electron microscopy, but ap-
peared to be solid when partly burned at 800 'C.
Diesel soot burned at 500 TC developed porosity and
rearranged to give larger, more ordered crystallites.

2 As burnout proceeded, the outer crystallite shells
peeled off, leading to a slow decrease in diameter. It

0 1 1 1 , is probable that competing effects were at work-the
0.M9 0.95 1 1.05 1. 1 1.15

1000/T (K) crystallite growth was a result of the elevated tem-
perature, and the increase in porosity was a result of

FIG. 6. Arrhenius plot of reactivity, oxidation.
The behaviour of carbon black mentioned above

The kinetic rates evaluated from the model are has been noted in our own laboratories. In contrast,

presented in Arrhenius form in Fig. 6. The activation with the soot, there were no differences detectable

energy derived by considering only the four lower by electron microscopy in the structures of samples

'J , which is consistent burned at 600 'C and 800 'C. The surface area re-temperatures is 207 kJ mool 1,wihi osset mained unchanged after beating to 800 °C in nitro-
with the literature for this regime. The values re-

ported by other authors are 191 [11], 221 [3], and gen, and there was very little change in surface area

178 [4] kJ mol-'. The rates of reaction are also sim- with burnout in 10% oxygen at 600 'C and 800 'C

ilar. (Fig. 2). The measured increases in area in Fig. 2 are
both higher than that calculated from the shrinking
core model, which indicates internal burning in both

Discussion cases.
In summary, it is unlikely that there has been a

An apparent change in regime is seen around 730 change in the access of oxygen to the spherules as
'C, where the activation energy begins to fall. Similar the temperature rose from 600 'C to 800 'C. There
behaviour was observed with carbon black at the remains, however, the contradictory evidence of a
same temperature [10]. It could represent a genuine slower growth in surface area accompanying an ap-
decrease in the kinetic rate and/or could be the result parent decrease in activation energy.
of a variation in the diffusion coefficient used in the Suuberg [14] has summarised the thermal "an-
derivation of K. The effect responsible occurs within nealing" of carbons and concluded that the principal
the aggregates in the former case and within the bed factors are structural ordering and loss of catalytic
structure in the latter. impurities (which is relevant only at very high tem-

In view of simultaneous changes to apparent ac- peratures). Changes in the structure of carbons, i.e.,
tivation energy and rate of generation of surface area, a tendency for crystallites to grow, is likely even at
the most obvious explanation is that combustion 800 'C. A genuine change in reactivity of the soot
within the spherules has moved from regime 1 to could occur if the carbon structure had been modi-
regime 2. To check this hypothesis, the particle fied. It is likely that the annealing processes referred
(spherule) Thiele modulus 03 = 0.5 d(K/4D6 ) fe.I slkl ta h neln poessrfre
was calculated using the measured civ 03 to have produced greater order in the crystallites and
with Eq. (9) giving the diffusion reactivities, and that fewer active sites (edge atoms) are available for

ncoefficient [9]. reaction. The process would be assisted by the

=48.5 32T 05(n
2 s1). greater extent of heteroatom removal occurring at

De =48. • (2 sl). (9) 800 TC.
If a change in carbon reactivity is not responsible,

The surface area S, was taken as the difference be- a change in bed structure could account for the ap-

tween the BET and geometric external areas (70 m2  parent change in regime, even though the inherrent

g-1). An initial porosity of 03a = 0.05 was assumed, reactivity was retained. Lahaye and Prado have

but the final result was insensitive to this parameter pointed out [15] that spherules have no individual

because of the small spherule diameter. existence and that aggregates constitute the real en-
The results calculated for 03 are less than 0.01 for tity. The outer crystallite sheets are common be-

all temperatures and indicate that regime 1 burning tween adjacent spherules and suffer preferential at-
should apply over the whole temperature range stud- tack by oxygen. When this occurs, it will be one
ied. Similarly, predictions by Neoh et al. [12] of ef- location where new surface area is generated.
fectiveness factors for 20-nm soot particles burning A possible explanation for our anomalous results
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is that at 800 0C, the structural ordering caused dur- f stoichiometric coeffi- (-)
ing heatup made the aggregates less porous. As cient
shown in Fig. 4, oxygen hardly penetrated into the GT total mass flux of oxi- (kg m- 2 s-1)
bed so that crystallite growth could proceed unim- dant gas
peded by oxidation. In fact, a change was experi- h depth of soot bed, (m)
mentally observed when our soot was heated to 800 Fig. 1
'C under nitrogen, as the particles began to cohere. hflz mean mass transfer co- (m s-1)

Since the resistance to diffusion is predominantly efficient, oxygen
within the aggregates, any diminution in their poros- K kinetic oxidation rate (s-)
ity would lower the effective diffusion coefficient of L length of soot bed, (m)
the bed. The model indicates that if the diffusion Fig. 1
coefficient at 800 'C was 0.0018 X 10-4, rather than M molecular mass of ox- (kg mol-)
0.0052 x 10-4 m2 s-1 as used in obtaining the K ygen
value, then the observed burnout results would be m mass of bed (kg)
obtained. Such a modification would produce the r mole ratio, carbon di- (-)
change in apparent activation energy observed in Fig. oxide/carbon mon-
6 and would also account for the slow appearance of oxide
surface area with burnout. rc, ro2  carbon, oxygen con- (kg m-3 S-1)

sumption rates
R, rate of solid combus- (kg s-)

Conclusions tion
Sý particle surface area, (M

2 m-3)

Thermogravimetric analysis is a suitable technique volume basis
for measuring soot reactivity, providing mass transfer T temperature (K)
effects are accounted for. When beds of diesel soot x, y coordinate system (m)
are burned in the temperature range from 600 TC to Z bed width (m)
800 'C, oxygen transfer limits reaction rates even at
the lowest temperature. A two-dimensional model Greek characters
was required to extract the true kinetics from mea- 0i Thiele modulus (-)
sured burning rate data. A simpler monodimensional 0i porosity (-)
model gave values of the mean oxygen mass transfer ri tortuosity (-)
coefficients to the bed surface. Below 730 'C, the Pg gas density (kg m-3)
soot burns in regime 1 conditions at a kinetic rate ps density of solid (kg mi-)
given by 0) mass flux of oxygen (kg m- 2 s-l)

K = 6.9 x 1012 exp(-207,000/RT) (s-1) Subscript
b in the bulk

with R = 8.314 J mol1 K-'. Above 730 'C, there is i relating to level of po-
a fall in apparent activation energy, probably the re- rosity
sult of thermal annealing of the soot. This may lower
inherent reactivity and/or increase resistance to mass
transfer, following a change in the structure in the
bed. REFERENCES

1. Walsh, M. P., and Bradow, R., "Diesel Particulate
Nomenclature Control Around the World," SAE Paper 910130, 1991.

2. Otto, K., Sieg, M. H., Zinbo, M., and Bartosiewics, L.,
"The Oxidation of Soot Deposits from a Diesel En-

Ai specific surface area (m2 kg 1) gine," SAE Paper 800336, 1980.
C mass fraction of oxygen (-) 3. Frohne, J. Ch., Reisig, H., and Schadlich, H. K., Erdol
di equivalent pore diam- (m) und Kohle-Erdgas-Petrochemie 43:152 (1989),

eter 4. Ciambelli, P., Corbo, P., Parella, P., Scialo, M., and
dp spherule diameter (m) Vaccaro, S., Thernwchim. Acta 162:83 (1990).
D bulk diffusion coeffi- (min s1) 5. Du, Z., Sarofim, A. Z., Longwell, J. P., and Tognotti,

cient of oxygen L. in Fundanwntal Issues in Control of Carbon Gasi-
De effective diffusion co- (m2 s-1) fication Reactivity (J. Lahaye and P. Ehrburger, Eds.),

efficient of oxygen Kluwer Academic Publishers, Dortrecht, 1991, p. 91.
e clearance above bed (m) 6. Walker, P. L., Jr., Rusinkof, J. R., and Austin, L. G.,

surface, Fig. 1 Adv. Catalysis, 11:133 (1959).



626 SOOT AND POLYCYCLIC AROMATIC HYDROCARBONS

7. Stanmore, B. R., Gilot, P., and Prado, G., Thermochim. 12. Neoh, K. G., Howard, J. B., and Sarofim, A. F., Twen-
Acta 240:79 (1994). tieth Symposium (International) on Combustion, The

8. Marcuccilli, F., Ph.D. Thesis, Universit6 de Haute Al- Combustion Institute, Pittsburgh, 1984, p. 951.
sace, Mulhouse, France, 1993. 13. Isbiguro, T., Suzuki, N., Fujitani, Y., and Morimoto,

9. Satterfield, C. N., Mass Transfer in Heterogeneous Ca- H., Combust. Flame 85:1 (1991).
talysis, MIT Press, Cambridge, MA, 1970, p. 59. 14. Suuberg, E. M. in Fundamental Issues in Control of

10. Gilot, P., Bonnefoy F., Marcuccilli, F., and Prado, G., Carbon Gasification Reactivity (J. Lahaye and P. Ehr-
Cooshust. Flame 95:87 (1993). burger, Eds.), Kluwer Academic Publishers, Dor-

11. Miyamoto, N., Hou, Z., and Ogawa, H., "Catalytic Ef- trecht, 1991, p. 284.
fects of Metallic Fuel Additives on Oxidation Charac- 15. Lahaye, J., and Prado, G., in Particulate Carbon Forma-
teristics of Trapped Diesel Soot," SAE Paper 881224, tion During Combustion (D. C. Siegla and G. W. Smith,
1988. Eds.), Plenum Publishing, NewYork, 1981, p. 33.

COMMENT

Kalyan Annamalai, Texas A&M University, USA. You reason, the ratio has been arbitrarily kept at unity up to
have shown that CO oxidation is considerably increased in 800 'C.
the presence of soot. This presumably is due to increased The gas phase oxidation of CO is not accounted for in
surface area offered by soot rather than due to direct CO2  the model. The heat released by this oxidation does not
production. So if soot is oxidizing to CO, can this CO oxi- seem to be significant since no temperature rise is detected
dize in gas phase providing heat release in gas phase? Is by the thermocouple located above the soot surface during
CO oxidation accounted for in your model? What is the an isothermal oxidation at 800 'C when the oxidant mixture
product of oxidation of soot? Is it possible that you are is introduced.
oxidizing more CO at high temperature and reducing 0, The gas phase oxidation of CO above 700 'C, over the
concentration in bed? Can the leveling off of rate with T soot bed, reduces the oxygen concentration available for
be due to CO oxidation? Can there be recirculating flow soot oxidation. However, from estimations (See ref. 8 of
in the comer of the crucible due to abrupt change in area the paper), the mean residence time of CO in the convec-
of flow? tive flow over the soot is small so that most of the CO

oxidation occurs between the end of the crucible and the
outlet section of the reactor. Then soot combustion is prob-

Author's Reply. We are sure that, in our experimental ably not significantly affected.
conditions and without any soot, there is no CO oxidation The oxygen mass transfer coupled to the real hydrody-
in the gas phase below 700 'C. At 800 'C, almost all the namic flow around the crucible has been recently coin-
CO is oxidized. puted. The presence of the lips of the crucible, not ac-

In the presence of soot: counted for in the present model, can affect the oxygen
1. Below 700 'C, the CO2/CO ratio is found to be unity flux at the soot surface by roughly 15%. The complete mod-

during the entire oxidation process. As no CO gas phase elling is proposed in Ref. 1.
oxidation is possible, CO and CO 2 are both considered as
primary products of soot oxidation. Even if CO is oxidized REFERENCE
on the surface of the soot particles, CO, is still considered
as a primary product of soot oxidation. 1. Gilot, P., Brillard, A., and Stanmore, B. R., "Geometric

2. Above 700 'C, there is no way to know, with our ex- Effects on Mass Transfer during Thermogravimetric
perimental setup, what the primary products of soot oxi- Analysis. Application to Diesel Soot Reactivity," Com-
dation are, due to a possible gas phase oxidation. For that bust. Flame, submitted.
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SOOT FORMATION AT ELEVATED PRESSURES AND CARBON
CONCENTRATIONS IN HYDROCARBON PYROLYSIS

ST. BAUERLE, Y. KARASEVICH, ST. SLAVOV, D. TANKE, M. TAPPE, TH. THIENEL AND H. GG. WAGNER

University of GCittingen
Taom mooonstrasse 6, GCttingen 37077, Gernany

For the formation of soot in mixtures of ethylene, n-hexane, and benzene in argon behind reflected
shock-wave induction periods, soot growth rate constants and soot yields were measured at various tem-
peratures, pressures, and C-atom concentrations using light extinction techniques.

As expected, the three substances investigated behave differently regarding soot formation, the strongest
difference being between aromatic and nonaromatic fuels. Induction times and soot growth rate constants
do not show any significant pressure effect within the accuracy of the experiment under the conditions
employed. The data for ethylene and n-hexane agree quantitatively fairly well, whereas benzene shows
induction times that are shorter and rate constants that are larger by about an order of magnitude than
those of the nonaromatics for equal C-atom concentrations.

The previously observed general shape and behaviour of the soot yield curves could be confirmed, with
maximum soot yields, at temperatures between 1800 and 1950 K. For similar experimental conditions oftem-
perature, pressure, and carbon concentration, the sooting propensity increases from n-hexane to ethylene to
benzene. The large pressure range covered in this study revealed different pressure dependencies of soot for-
mation for the three hydrocarbons investigated. For n-hexane, the influence of pressure on soot yield in py-
rolysis is very small. For ethylene, soot yield scales with pressure, whereas for benzene, a different behaviour
was found, resulting in lower soot yields at higher pressures at otherwise equal conditions. Soot yields are also
depending on C-atom concentration. Particle diameters of soot from pyrolysis determined by electron mi-
croscopy can be described by a narrow log-normal size distribution, with u. - 0.2. The average particle di-
ameters are 20-30 nm for all conditions of temperature, pressure, and C-atom concentration employedin this
study. Assuming spherical particles, this leads to final number densities of 1011 to 1012/cm5 .

Introduction Here, experiments are described about soot for-
mation under similar pyrolytic conditions with ethyl-

In practical combustion devices, soot formation ene, n-hexane, and benzene, performed behind re-
and oxidation depend on fuel type, mixture compo- flected shock waves at temperatures between 1700
sition, pressure, and temperature (for reviews, see and 2300 K for pressures up to 100 bar and C-atom
e.g. Refs. 1 through 5). One of the important tech- concentrations between 2 1017 and 2 1019 C atoms/
nical parameters is the pressure at which combustion cm3 .The measurements were especially performed in

takes place. While stationary burners mostly operate order to determine the influence of pressure on soot

close to atmospheric pressure, values above 100 bar formation and seperate it from that of C-atom density.

may be reached in modern diesel engines. The Three different techniques have been used: (1) ex-

shock-tube technique allows one to study soot for- tinction measurements of a HeNe laser beam at

mation under controlled conditions, at temperatures, 632.8 nm, (2) gas chromatography (GC) analysis of

pressures, and carbon concentrations similar to those gaseous end products, and (3) analysis of soot sam-

in practical applications, ples by electron microscopy.

For a number of unsaturated hydrocarbons pyrol- Quantities to characterize soot formation are the
ysis experiments in shock tubes have been performedsoot yield
ysiow10bar[6-9].Tese experiments ino shoae rfohrmd SY, the formal soot growth rate k, final particle di-
below 10 bar [6-9]. These experiments show a rather ameters and number densities as functions of tern-
typical dependence of soot formation on tempera- perature, C-atom concentration, fuel structure, and
ture, carbon density, and fuel structure. At higher especially pressure.
pressures up to 250 bar, rates of soot formation in
shock tubes have been measured at temperatures be- Experimental
tween 1700 and 2800 K for ethylene [10]. High-pres-
sure shock-tube experiments on the pyrolysis of The experimental setup has been described pre-
n-hexane have been performed by Hwang et al. [11]. viously [11]; therefore, only a few details are given.

627
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The experiments were performed behind reflected T

shock waves in a 70-mm i.d. steel shock tube with a 6

a_4.5-in-long driven section, a 3.5-rn-long driver see- 2_

tion, and a 28-mm-thick tube wall. Shock speed was 42
measured with Kistler piezoelectric pressure trans-
ducers. Reflected shock parameters were calculated 2 a-
[12,13] using the measured incident shock speed. '
The typical shock wave attenuation was always less 0
than 2%/m. .- .

The conversion of hydrocarbon to soot was mea-
sured via the attenuation of the light beam from a
15-mW HeNe laser operated at 2 = 632.8 nm. The
light extinction profiles I (t) were converted into soot
volume fraction profilesf, (t) using Beer's law [6] and
the refractive index given by Lee and Tien [14]. A 0
sampling flask [15] allowed the taking of gas and soot 0.0 0.5 1.0 1.5 2.0
samples simultaneously. The valve opened at about time / ms
5 ms after the reflected shock wave passed for about
10 ms. Directly afterwards, the gas samples were gas FIG. 1. Converted soot concentration profile and exper-
chromatographically analyzed on a GC (Packard imental pressure record for benzene pyrolysis: T = 1890
Model 419) with 5-ft 60/80 mesh Carbosieve and K, P = 50 bar, [C] = 5 -101tcm3. Upper line: Pressure
2-m 5,A molecularsieve columns. The following sub- time profil; lower line: soot concentration time profil;
stances were quantitatively determined: H2, CH 4, dashed line: first-order fit (kf = 2200 s- ',fJ = 1.85 -10-).
C2H 2, C2H4, and C2H6. Soot was collected on carbon In both signals, the incident and reflected waves are clearly
film grids (mesh size 400) and on Al surfaces. Soot visible. The expansion wave arrives after about 1.7 ms. The
particle diameters were determined with transmis- induction time r is defined as the intersection of the in-
sion electron microscope (TEM) and raster electron flectional tangent with the time axis.
microscope (REM).

The hydrocarbon/argon test gas mixtures were
prepared manometrically and mixed by convection The plot shows the "smooth" start of soot forma-
in stainless steel cylinders at least 48 h before use. tion that passes over into a fast growth region and
The gases ethylene (>99.8% Linde) and Ar slows down later on to reach a constant value offv,
(>99.998% Messer-Griesheim) were used without the final soot volume fractionf0 -.
further purification. Benzene (>99.7% Riedel-De The upper parts of thefý profiles are approximated
Haen) and n-hexane (>97% Merck) were purified by an empirically obtained first-order rate law
by distillation. Total densities behind reflected shock [10,16], where kf is used as a measure for the rate of
waves were varied from 3' 10-5 to 70" 10-5 mol/cm 3u; soot formation:
C-atom concentrations were varied from 2 1017 to
2 1019 atoms/cm 3 in the temperature range 1700- df= ( f) (1)
2300 K. dt

The dashed line in Fig. 1 shows how the apparent
Experimental Results first-order rate constant of soot mass growth k and

the final soot volume fractionf, were derived by a
Figure 1 shows a typical soot concentration time numerical fitting procedure. From the latter, soot

profile for benzene pyrolysis together with the mea- yields were computed.
sured pressure. Clearly visible are the passage of the In general, the three substances investigated be-
incident and reflected shock front. After a short in- have differently regarding soot formation under py-
duction period, the soot concentration increases rolytic conditions. This will be discussed in the fol-
strongly and tends towards a constant value that de- lowing for r, kf, average particle diameters d-, and
termines soot yield SY. SY.

The absolute value of the induction period r de-
pends somewhat on the experimental technique Induction Time:
used. However, the order of magnitude and the de-
pendence on parameters like pressure, temperature, The influence of temperature, pressure, and
and C-atom concentration should be similar for dif- C-atom concentration on the induction period T was
ferent experimental techniques. Here, the induction investigated. Figure 2 shows the influence of tem-
time r is defined as the intersection of the inflectional perature for a fixed carbon density in an Arrhenius-
tangent with the time axis, as indicated in Fig. 1. type diagram. Plotted is log (1/1) vs 1/T for benzene
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FIG. 2. Arrhenius-type plot of log(1/r) vs I1T for the FIG. 3. Temperature dependence of the first-order rate
three hydocarbons investigated. 0: benzene, P = 50 bar, kf, normalized by the carbon concentration for the three
[C] = 2.5. 10'Wcm2 ; 0: ethylene, P = 50 bar, [C] = hydrocarbons investigated. 0: benzene, P = 5-50 bar, [C]
2.5 10 18/cm 3 ; +: n-bexane, P = 20-100 bar, [C] = = 2.5 to 25 10'7cm3 ; 0: ethylene, P = 6-100 bar, [C] =
3.2 1018/cm3 ; solid lines: best fits. 2.0 to 6' 10'/cm3 ; +: n-hexane, P = 25-100 bar, [C] =

3.2' 10'/cm3 ; 0: 10 bar C2H4/air flame [21].

(p = 50 bar, [C] = 2.5 -105 8/cm 3 ), ethylene (p =
50 bar, [C] = 2.5- 101S/cm 3), and n-hexane (p = 25- For ethylene C-atom concentrations of 3-14 -0 -6
100 bar, [C] = 3.2 ' 1018/cm 3). For the three hydro- mol/cm3 were employed, and only a weak depend-
carbons investigated, linear curves with similar acti- ence is observed. For hexane, carbon densities were
vation energies of about 215 kJ/mol but different varied between 5 and 40- 10-6 mol/cm 3, and hardly
pre-exponential factors are obtained. As the curve for any dependence of r on C-atom concentration was
hexane shows, under the conditions employed, prac- found.
tically no pressure dependence of the induction pe-
riod is observed, in agreement with earlier experi- First-Order Rate Constant:
ments [11]. The same holds for ethylene and
benzene. Figure 2 shows that as temperature in- As described above, apparent first-order rate con-
creases, r decreases. For a given temperature and stants kf were derived from the latter part of the ex-
C-atom concentration, the beginning of soot forma- perimental f, curves by a fitting procedure. In this
tion for benzene pyrolysis is about an order of mag- context, kfhas been interpreted [16,18-20] as an ef-
nitude faster than for ethylene and hexane pyrolysis. fective measure of the "active lifetime" of soot par-

In general, as the C-atom concentration increases, ticles, assuming that they are loosing their reactivity.
the induction period decreases. For benzene, the The influence of temperature on kf is shown in Fig.
C-atom concentration has been varied by two orders 3 in the form of an Arrhenius diagram. The rate con-
of magnitude, between 2 and 250- 1017 C atoms/cm3, stants can be rather well represented when they are
and a strong dependence on carbon concentration is normalized by the carbon concentrations. The pres-
observed. The data fall onto one curve if normalized sure was varied between 5 and 100 bar, and no influ-
by C-atom concentration. The curve can be ex- ence of pressure was observed on kf/[C] for the three
pressed by hydrocarbons investigated for the temperatures and

carbon-atom concentrations employed in this study.
1/i = [C]" 'A- exp(-Ejtd/RT). (2) For ethylene and n-hexane, the data can be repre-

sented by a single curve showing a maximum at a
For benzene, the following parameters are ob- temperature of about 2000 K. For benzene, no max-

tained for carbon densities between 0.4 and 40- 10-6 imum is observed in the temperature range covered.
mol/cm3 : n = 0.75, A = 3.2- 1015 (cm3/mol)0 75 s-1, For a given temperature _-2000 K and C-atom con-
and Er•d = 260 kJ/mol. Induction times from the centration, benzene has an up to 10 times higher rate
benzene experiments of Graham [6] fit fairly well in constant kf than ethylene and n-hexane. The appar-
this representation. ent activation energies for the three hydrocarbons for
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the temperature range 1600-2000 K again are very temperature Tsym.• on C-atom concentration is ob-
similar, with a value for Ekf of about 200 kJ/mol. Data served.
from 10-bar ethylene/air premixed flames [21], nor- Gaseous end products of shock-tube pyrolysis
malized by an "effective" carbon concentration (dis- were sampled and analyzed by GC. Measurements
cussed below), are also shown for this temperature were made for various temperatures at a pressure of
range, and they are very similar to the ethylene/ 50 bar for concentrations of 7.5 and 200" 10'7 C
n-bexane shock-tube pyrolysis data. atoms/cm3 for benzene, and for ethylene and n-hex-

ane at concentrations of 35 -1017 C atoms/cm 3.
Quantitatively analyzed were H2, CH 4, C2H2, C2H4,

Particle Size REM/TEM: and C2H6. By the use of a reference substance in the

Soot samples were obtained from n-hexane and shocked gas, concentrations could be determined

beozene pyrolysis. Samples were taken under all con- with an accuracy of about 10%. Concentrations were

ditions employed in the optical measurements, at measured absolutely, and yields were referred to the

temperatures between 1700 and 2300 K, pressures total carbon concentrations employed. The GC and

between 25 and 100 bar, and C-atom concentrations optical measurements were independent of each
in the range from 2 to 200" 101CM3. The soot probes other, but the mass balances for C and H atoms forcollected were examined by means of REM and the different experiments fit fairly well, confirming
clTEd. wee eximamier y martleans, arofxmand a the refractive index used [14]. The main hydrocar-TEM. The primary particles, approximated as boos found were C2H2 and CU4.

spheres, are arranged in agglomerates. Only the di-
ameters of clearly identifiable particles are deter- Quantitative yields of these gas products for a tem-

mined. The results from REM (where the gold coat- perature of 1900 K and C-atom concentration of

ing has to be taken into account) and TEM electron me3th10/cm 3 were calculated. The final acetylene

microscopy agree fairly well. The visual impression (methan) yield found was 45% (3%) for n-hexane py-

of the micrographs obtained from different experi- rolysis, 40% (1%) for ethylene pyrolysis, and 30%

ments is identical. The diameters of primary spher- (less than 1%) for benzene pyrolysis.

ical particles can be described by a log-normal size For the three hydrocarbons investigated, the C2H2

distribution with a geometric standard deviation g concentrations show a pronounced minimum at the

of approximately 0.2. The way the soot samples were temperature where the soot Yields exhibit a maxi-

taken may slightly influence the size distribution pre- mum. For benzene, e.g., at the maximum tempera-

sent in the shock tube. The evaluations show that ture Tsymý = 1800 K, about 20% of carbon was
converted to gaseous end products. This is consistent

average soot particle diameters are in the range of

20-30 rim. These data indicate that in shock-tube with a soot yield of 80% found for this condition. In

pyrolysis, under the conditions applied here, C-atom general, for the temperature region 1800-2300 K,
concentration and pressure do not exhibit a marked the amount of carbon found in the gas phase as per-

influence on particle diameters, centage of total carbon concentration is complemen-
tary to the soot yield curves, for all conditions em-
ployed.

Soot Yield: The influence of pressure on soot yield is different
for the three hydrocarbons investigated. Hardly any

Soot yield is defined as carbon present as soot re- pressure dependence is observed for n-hexane at
ferred to total carbon content. Carbon present as soot pressures between 20 and 100 bar. Only a slight shift
was calculated using the soot volume fractionfL [see of the curve towards higher temperatures for lower
Eq. (1)] and a soot density of pot = 1.86 g/cm3 . In pressures can be noticed [11]. For ethylene, the soot
Fig. 4a, soot yield curves for ethylene, n-hexane, and yield data as a function of pressure and temperature
benzene as a function of temperature for similar for similar C-atom concentrations are plotted in Fig.
C-atom concentration and a pressure of P - 50 bar 4b. There is an increase in soot yield from about 45%
are given. Additionally for n-hexane, the soot yield at 25 bar to 90% at 100 bar. The data show that
curves obtained at 25 and 100 bar coincides with the ethylene soot yield SY is proportional to Ptot; this
50-bar soot yield curve. So, a single curve fits all n- trend holds down to pressures of about 6 bar [15].
hexane soot yield data. The soot yield curves show Tanke [15] also reports a strong dependence of soot
the bell shape observed by Graham et al. [6] and yield on C-atom concentration.
Frenklach et al. [8] for near-atmospheric pressure For benzene, data for pressures of 5 and 50 bar
and by Hwang et al. [11] for high pressures. There and different C-atom concentrations are shown in
is a pronounced maximum of soot yield with tem- Fig. 4c. The curves represent best fits, and practically
perature, for ethylene near 1850 K, for n-hexane the same curve is found for the data symbolized by
around 1950 K, and for benzene at about 1800 K. X and A. Data below 1700 K are not shown as in-
For a given C-atom concentration, benzene shows a duction periods become too long. The X and 0 de-
much higher propensity to soot than ethylene and n- note soot yields for similar C-atom concentrations at
hexane. Only a slight dependence of the maximum pressures of 5 and 50 bar. The 5 bar data are taken
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FIG. 4. (a) Plot of soot yield SY vs T for the three hydrocarbons investigated. 0: benzene, P = 50 bar, [C] = 2.5.108
cma; 0: ethylene, P = 50 bar, [C] = 2.5- 10/cm3 ; +: n-hexane, P = 20-100 bar, [C] = 3.2 10e/cm 3; solid lines: best
fits. (b) Plot of soot yield SY vs T for ethylene pyrolysis at three different pressures, for a constant carbon concentration
[C] = 2.5 10e8/cr 3 . A triangle up: P = 25 bar; 0: P = 50 bar; 0: P = 100 bar; solid lines: best fits. (c) Plot of soot
yield SY vs T for benzene pyrolysis at different pressures and carbon concentrations. 0: P = 50 bar, [C] = 2.5.1011/
cm

3
; A: P = 50 bar, [C] = 5.0" 10

7/cm3
i; D: P = 50 bar, [C] = 7.5 10'7/cm 3

; X: P = 5 bar, [C] = 2.5 -101
7
/cma; solid

lines: best fits.

under similar conditions as those of Graham et al. influence of carbon concentration. Soot yield curves
[6], and the observed dependence of soot yield with for benzene pyrolysis at a pressure of 50 bar for ben-
temperature is in accordance with his results. Fur- zene fractions of 200, 400, and 600 ppm are plotted,
thermore, Fig. 4c shows a decrease in soot yield from showing an increase in soot yield with increasing car-
low pressure (5 bar) to high pressure (50 bar) at equal bon concentration for a given temperature and pres-
carbon concentrations. This differs from the pressure sure.
dependence observed for ethylene. Combining all the data demonstrates the depend-

The data represented by open symbols shows the ence of soot yield on pressure and C-atom concen-
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tration. The soot yield indicated by the middle curve For n-hexane, the derived soot yield curves are
can be achieved either by a pressure of 5 bar and a very similar at different pressures, and soot yields are
carbon concentration of 2.5 -1017 atoms/cm 3 (X) or low compared to benzene. If one compares the soot
by a pressure of 50 bar and a carbon concentration yields of hexane and ethylene, the experiments with
of 5.0 X 1017 atoms/cm 3 (A). For a given carbon con- ethylene at 25 bar gives similar amounts of soot as
centration (2.5 1017 atoms/cm3), an increase in pres- hexane at all pressures used here. The soot yield in
sure by an order of magnitude, from 5 to 50 bar ( x experiments with ethylene is pressure dependent,
and 0 ), results in only half the soot yield, and at higher pressures, it is higher than that in hex-

ane pyrolysis. The ethylene pyrolysis at 100 bar re-
sults in similar soot yields as benzene pyrolysis at 50

Discussion bar.
Frenklach et al. [8] reported a pressure effect in

For the three hydrocarbons, ethylene, n-hexane, toluene pyrolysis. The maximum of the soot yield
and benzene, soot formation behind refleceted shock curve is shifted 300 K in temperature and without
waves has been investigated in order to check the in- changing the value of this maximum. Our results for
fluence of pressure on soot formation in pyrolysis. Op- benzene pyrolysis show a decrease in soot yield with
tical measurements have been performed to deter- increasing pressure in the range of 5 bar to 50 bar at
mine soot yields, and gas samples have been analyzed lower C-atom concentration ([C] - 2 10' 7/cm 3), but
to obtain information about gaseous growth species. no temperature shift of the soot yield curve has been
Soot samples were examined by electron microscopy observed.
to measure average particle diameters. The term kf depends on total carbon concentra-

In general, the three substances investigated be- tion, as can be seen in Fig. 3. In premixed flames,
have differently regarding soot formation, the strong- most of the initial carbon is oxidized to CO and CO 2.
est difference being between aromatic and nonaro- An estimation of carbon still available for soot for-
matic fuels. No pressure dependence of the induction mation behind the oxidation zone can be made from
times and of the formal rates of soot growth, normal- gas analysis results. Here, too, the main hydrocar-
ized by carbon concentration, was found. The data for bons found are C2H2 and CH4 [21]. The latter is
ethylene and n-hexane agree quantitatively fairly well, mainly formed in the oxidation zone and is known to
whereas benzene shows induction times that are play only a minor role in soot formation. An "effec-
shorter and rate constants that are larger by about an tive" carbon concentration can, therefore, be calcu-
order ofmagnitude than those ofthe nonaromatics for lated as [C]•ff = [C]tot - [C0 2] - [CO] - [CH4],
equal C-atom concentrations, with values of 2" 1017 to 8. 1017 C atoms/cm 3 , about

A main part of that difference is due to processes the same order of magnitude as in shock-tube pyrol-
in the pyrolysis of the different hydrocarbons. For ysis. In Fig. 3, the soot growth rate constants kf, nor-
n-hexane, very early in the reaction methane is malized by carbon density, for soot formation from
formed, which is not readily available for the for- ethylene under shock-tube and flat-flame conditions
mation of higher hydrocarbons. For soot formation are plotted. For the shock-tube data, the total
from alkanes and alkenes, first acetylene has to be C-atom concentration has been used; for the flat-
formed from which later polycyclic aromatics result. flame data, an "effective" carbon concentration was
That works more readily from ethylene than from calculated in the manner described above. The data
n-hexane so that also the formation of polycyclic for pyrolysis and the flat flame are very similar, in-aromatics, especially towards higher pressures, is fa- dicatis at the flat che micar in -
voured, as can be seen from the increase of the soot dieating that the different chemical environments
yield of ethylene with pressure. It is to be expected havesitte little influence on sf.
that the number density of initially formed soot par- Using the optically determined final soot volume
tidles is higher for ethylene than for n-hexane and fraction and the here-obtained average particle di-
still higher for benzene. During benzene pyrolysis, ameters of 20-30 nm, final particle number densities
acetylenes and polycyclic aromatics are formed, can be calculated, assuming N = f0/v (v5 = mean
which favours soot growth in any phase. particle volume) and spherical particles. For an av-

As described above, the results of the gas analysis erage diameter of 25 nm, ii is approximately 10-17

show a complementary behaviour of the gaseous end cm 3. For the 50-bar benzene experiments with a car-
product curves to the soot yield curves. The main bon density of 2 1017/cm 3, an f, value of 5' 10-7
hydrocarbons found are CH 4 and C2H2, and the con- was found, which gives an N_ of 5" 1010/cm 3. For the
centrations of the latter are much higher than in experiments with a carbon density larger by two or-
comparable high-pressure flat flames. The argument ders of magnitude, similar diameters, but larger soot
made for high-pressure flat flames that soot growth volume fractions of about f, - 10-4, were deter-
stops because of lack of gaseous growth species mined, giving an N, of 1013/cm3 . For atmospheric
seems, therefore, not to be valid for shock-tube con- pressure premixed flames, number densities of 109
ditions. to 1010/cm 3 are typically found [2], whereas for 70-
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bar premixed ethylene-air flames, a number density end of coagulation and soot growth, as observed in
of 10i 2/cm 3 was obtained [22]. high-pressure ethylene-air flames.

The primary particles are formed by surface
growth and coagulation. The latter process can be
described by the Smoluchowski equation:
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COMMENTS

Esko 1. Kooppinen, VTTAerosol Technology Group, Fin- 3. Please comment on the minimum in the curve for
land. I did not get in detail how you sampled particles from benzene.
the shock tube for analysis in the TEM. How much could
you change the structure of agglomerates during the sam- Author's Reply. At present, we relate the different soot

pling when you reduce the pressure to ambient conditions? yields of benzene, ethylene, and n-hexane for different

It is known that loose agglomerates may break up by flow- pressures mainly to the different concentrations of PAH

induced shear forces. This relates to the conclusion that and acetylenes at the very beginning of soot particle for-

the sticking coefficient approaches zero at high carbon con- mation. The formation of acetylenes and PAH is more

centrations. complicated for n-hexane than for C2H4 . Towards high
pressures, the C2H4 and the C6 H6 soot yields become sim-
ilar, and it could be that the yield for n-hexane will also rise

Author's Reply. The EM samples have been obtained towards high pressures. At low pressure, soot formation in
from the shock tube end plate, collected on TEM grids, benzene proceeds in a way different from that in C2H4 as
respectively aluminum plates mounted at the wall of the a result of the "early availability of bigger building bricks."
sampling valve, in the sampling flow and in the sampling Towards elevated pressure, the concentration of small rad-
flask. The diameters of the spherical particles analyzed by icals, which are necessary for the formation of acetylenes
TEM and SEM did not differ markedly for the different and higher PAH and initial soot particles, decreases thus
collecting methods. The agglomerate sizes were different reducing benzene soot yield in a certain pressure range for
but did not change towards longer residence times any- low carbon atom densities. For carbon atom densities near
more (small effective sticking coefficient). and above 10 " cm -, the effect disappears. Measurements

that should help to clarify the situation are underway.
The decrease of the sticking coefficients for larger par-

ticles seems to be due to the formation of carbon layers at

Omner L. GiClder, National Research Council of Canada, the particle surface similar to carbon planes in graphite.

Canada. Your benzene pyrolysis results show a decrease in The particles do not merge any more, and the "glue be-

soot yield with increasing pressure, from 5 to 50 bar, at a tween the particles"-due to surface growth-becomes

given C-atom concentration, in contrast to the behaviour much less active so that the sticking is based on van-der-

of ethylene and n-hexane. Do you have any explanation for Waals forces.

the observed behaviour of benzene, and do you expect sim- 0
ilar results for other aromatic hydrocarbons?

V. Knorre, Moscow Automobile and Road Construction, P. A. Tesner, All Russian Scientific Research Institute,
Technical University, Russia. 1. Will you comment on the Russia. The interesting experimental results you obtained
mechanism of soot formation suppression in the case of n- during shock tube pyrolysis are different from our results
hexane and why this mechanism does not work in the case obtained from atmospheric pressure pyrolysis. Meanwhile,
for example of ethylene? our experimental results are in good agreement with those

2. What is the mechanism of the decrease in sticking obtained during flat flame combustion conducted at differ-
coefficient? ent pressures.
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THERMAL AND CHEMICAL INFLUENCES ON THE SOOT MASS GROWTH

M. BACHMANN, W. WIESE AND K. H. HOMANN

Institutfiir Physikalische Chemie
Technische Hochschule Darmstadt

Petersenstr. 20, D-64287 Darmstadt, Germany

Charged soot particles in the mass range between 2 10 and 3' 104 u were analyzed by a Wien filter
mass spectrometer. Several gases were injected into sooting premised low-pressure flames. The results
show that molecular oxygen does not oxidize young soot particles of the mass range studied. High intensities
of the injection gas flow cause a high amount of PAH-ions. Under these conditions, more PAHs are formed
than in undisturbed flames. Two flames could be stabilized simultaneously on a burner consisting of two
sintered plates. The particle mass growth in these flames is due to surface growth. From the mass distri-
butions at different distances from the burner, the mass growth rate constants could be estimated. These
constants are proportional to the particles' surface area. Lean flames next to a sooting flame cause a lower
amount of soot in the sooting flame. Flames with low temperatures decrease the mass growth rate. The
changes in the growth rate constants can be explained by the different temperatures in the flames. Hy-
drogen/oxygen flames beside sooting flames cause a slower mass growth. The results show that high con-
centrations of H atoms do not increase the surface growth rate.

Introduction We used flames that have already been character-
ized by previous workers to a certain degree, but we

Soot formation is sensitive to external influences. have to accept some undefined conditions caused by
Such interactions are caused, for example, by a the injection and the neighboring flame. The purpose
stream of gas into the flame, cooling by a solid body, of this work is to study the response of the initial soot
seeding, etc., in contrast to intrinsic properties of formation in its environment that cannot be evoked
premixed flames such as fuel, C/O, flow velocity, or by changing the normal flame parameters and,
burning pressure. The former effects have been de- thereby, to learn more about soot formation in gen-
scribed mostly qualitatively or through the change of eral.
the amount of soot [1-3]. In this paper, such an in-
fluence on the growth of the smallest soot particles
is studied. In particular, the effect of a second flame, Experimental
directly neighboring the sooting flame, is investi-
gated. This has a certain bearing on turbulent diffu-
sion flames, where sooting and nonsooting regions Flame System:
are temporarily close to each other. In the case of Two different flame arrangements were used:
two adjacent flames, the interdiffusion of H atoms is
of interest, since the models of the mechanism of 1. Different gases were injected into a standard pre-
soot formation stress the important role of H [4,5]. mixed ethyne/oxygen flame stabilized on a verti-

It is only for electrically charged species that the cally movable flat flame burner (75-mm diame-
transition from molecular precursors to soot particles ter). The C/O ratio of this slightly sooting flame
and their initial growth can be studied [6,7]. There- was 1.06, the velocity of the unburned gas v. =

fore, the influences were examined for the charged 0.42 m/s, and the pressure p = 27 mbar.
species. The mass distributions of soot particles were The gases were added perpendicularly to the
analyzed using a Wien filter mass spectrometer [8]. flow direction through a quartz capillary with
Large precursor molecules, also in their ionized 1-mm inner diameter and a 2.5-mm outer diam-
form, could be detected with a time-of-flight mass eter. The capillary was movable in vertical and
spectrometer (TOF-MS). Previous experiments with horizontal directions. The flame was always
charged soot particles and comparison of charged probed along the burner axis.
and uncharged polycyclic aromatic hydrocarbons [9] 2. Two flames could be stabilized simultaneously on
show that there is no principal difference in the a burner consisting of two sintered plates (70 x
chemical behavior of large charged and neutral spe- 50 mm) side by side, divided by a 2-mm strip. This
cies. two-flame burner is shown in Fig. 1. It enables

635



636 SOOT AND POLYCYCLIC AROMATIC HYDROCARBONS

f(m)/arb. units1 ~ ~~~~~~~500 ______________

400

sooting non-sooting 300
mixture mixture

200

zone•on-sooting 100

zore flame zone
-VSB oprobe 2 8 10 14 18 22 26

proe ass /l03su

FIG. 2. Soot particle mass distributions at h = 20 mm.

skim e r Injection of N2 at h = 9 mm into a sooting ethyne/oxygen

flame. Distance from the burner axis is 10 mm. X: with

to Wien filter mass spectrometer capillary, no injection; +: V(N2) = 0.25 mL/s; *: V'(N2)
= 0.5 mL/s. Pictogram a: shape of the observed cloud at

FIG. 1. The tvo-flame burner, which is vertically and low-injection gas flows. Pictogram b: shape of the observed

horizontally movable to the probe. VSB: Vertical soot bor- soot beam at high-injection gas flows.

der area (see later).

(pictogram a). From heat-transfer calculations, the
the examination of the mutual influence of two temperature difference between the quartz capillary
different flat flames under low pressure, which and the exiting gas flow was estimated to be only
was varied between 15 and 40 mbar. The burner about 15 K for a flow of 0.25 mL/s. Therefore, the
was vertically and horizontally movable with re- change in the mass distribution is attributed mainly
spect to the position of the probe, to dilution, which lowers the concentration of ethyne

in the soot formation zone.

Analytical System: The gas temperature at a larger injection gas flow
(0.5 mL/s) is about 100 K lower than the temperature

The flames were probed by a conical quartz probe of the capillary. A yellow shining beam of soot can
and the charged soot particles in the molecular beam be seen along the injection flow (pictogram b), which
were mass selected with a Wien filter mass spectrom- means that the soot concentration becomes larger.
eter, which was described previously [8]. This instru- In fact, the charged particle number density in-
ment was developed for the determination of the creases by more than a factor of 2, the mean mass is
mass distribution in the range from 2" 103 to 3 -104 u. shifted toward larger values, and the half width of
Only results from positively charged particles will be the distribution widens. The number density of the
reported. particles in the upper mass range increases more

than that of the smaller particles. This higher amount
of soot through this limited temperature decrease is

Results and Discussion in accordance with the results of Wagner and co-
workers [3,10] who showed that the number density

Injection of Gases into the Sooting Flame: of soot particles increases with decreasing tempera-
ture.

Figure 2 shows the effect on the particle mass dis- At low masses (4- 10' u), a new maximum appears.
tribution, if nitrogen is injected sideways into the ox- Since these particles occupy the transition regime
idation zone of the sooting flame. Low-injection flows between molecules and solid particles, the sample
up to about 0.25 mL/s (NTP) (normal temperature beam was also analyzed with a reflectron TOF-MS
and pressure) cause lower mass distribution intensi- of higher resolution [7]. The TOF mass spectrum
ties and smaller mean masses. Around the point of without injection (Fig. 3a) shows that the particles
injection, a small darker cloud is observed up to a mass of about 3 103 u are not soot particles
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Counts / a.u. Counts / a.u. incipient soot particles as well as the increased soot
particle mass growth, which should be diminished by

-2000 cooling if only ethyne and polyynes decomposed at
C60, the soot surface [8].

H In Figs. 4a and 4b the changes in the number den-
C2 sity and most probable mass are compared if nitro-

1000 gen, oxygen, or helium are injected at the beginning

of the soot formation zone. The principal shape of
the curves is similar for all three gases: At low-injec-

0 tion flows the number density and mean mass de-

1000 a 40 crease, whereas both increase at larger flows. These
C70 4 general dependencies and the specific differences

with the three gases confirm that dilution and cool-
ing, having opposite effects, are important. Compar-

500 -2000 ing the chemically inert nitrogen and helium, one
notices that the latter dilutes and cools less, since it
diffuses more rapidly and has the lower molar heat

0 ' , J 0 capacity.
700  900 1100 1300 1500 705 720 735 In the case of oxygen injection, the minimum in

Mass/u Mass/u the most probable mass is shifted slightly to higher

FIG. 3. Time-of-flight mass spectra of positively charged flows in comparison to nitrogen. Since oxygen sup-

flame ions. The spectra are trnncated at 1600 u for reasons ports the combustion, the cooling effect is weaker.

of representation. Same conditions as in Fig. 2: (a) no in- At a flow of 0.2 mL/s, the most probable mass is

jection flow and (b) at an injection flow of 0.5 mL/s N2. larger for oxygen injection, while the number density
is the same as in the case of nitrogen. This means
that the total amount of soot is higher if oxygen is

but fullerenes. However, with an injection flow of injected. A possible reason is the weaker cooling ef-
0.5 mL/s (Fig. 3b), this mass range is occupied almost feet of oxygen. From this observation, it must also be
totally by large PAH ions. This can clearly be seen concluded that molecular oxygen is not an important
when the sprectrum is displayed with maximum res- oxidizing species for small soot particles. This result
olution (Fig. 3, right-hand side). To discuss the dif- is in agreement with the behavior of larger soot par-
ference in the mass distribution, the behavior of large tidles, which are mainly oxidized by OH radicals
PAH and soot in the undisturbed flame must be re- [11,12].
garded [7]. Heavy PAH reach maximum concentra-
tion at about 10 mm. They grow to a mass of about
2.5' 103 u and disappear rapidly through the forma-
tion of the first soot particles of about twice that
mass. The further growth of the soot particles at low The vertical soot border
pressure mainly takes place by heterogeneous de- On the two-flame burner, a sooting flame was sta-
composition of hydrocarbons such as ethyne and bu- bilized beside a nonsooting flame. The soot-contain-
tadiyne [8]. Of the PAH with masses up to about ing region is limited in two directions, as shown in
400 u, only a small fraction survives the combined Fig. 1: (1) perpendicular to the flow direction in a
attack of oxidation, thermal decomposition, and ad- certain distance from the burner and (2) parallel to
dition reactions at the end of the oxidation zone. the flow direction toward the lean flame. This limi-
Their growth and increase in concentration in the ting line is called vertical soot border (VSB), which
burned gas (20 mm) is much slower than in the pre- is the 1-2-mm thin region where the yellow lumi-
soot zone. nosity decays to zero. The term IVSB gives the dis-

The influence of a moderately cooling gas jet on tance between the plane of the strip that divides the
the PAH reactions is that it inhibits thermal decom- sintered plate and the VSB (open arrow in Fig. 1).
position and oxidation, thereby causing a general in- The VSB is mostly located on the side of the soot-
crease in PAH concentration. The PAH are trans- ing flame. In only two cases it was found on the side
ported into the soot formation zone convectively with of the nonsooting flame. Table 1 gives the lvsB values
the jet. These larger PAH concentrations first pro- for several flames at 15, 27, and 40 mbar. For the 27
vide higher number densities of very large PAH from and 40 mbar sooting flames, the C/O (1.06) and v.
which soot particles are formed.. Second, they make (42 cmls) were kept constant. At 15 mbar, slightly
possible PAH surface reactions to come into concur- different values (1.20 and 46 cm/s) were chosen for
rence with those of ethyne and butadiyne, the con- reasons of flame stability and for a comparable
centrations of which are lowered by cooling [3]. This amount of soot.
explains the strong increase both in large PAH and With increasing pressure, the VSBs were shifted
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FIG. 4. Injection of gases at h =

10Helium 13 mm. Values measured at h = 20
mm: (a) change of the number den-

8sity with the injection flow and (b)
0 0.2 0.4 0. 0.8 1 Change of the most probable mass

Injection Flow /cm s- with the injection flow.

toward the middle of the two-flame burner. This is nonsooting flame is maximum; here, the total number
due to the decrease of diffusion, which causes a net density of charged soot particles decreases sharply.
transport of hydrocarbons from the fuel rich into the The measurements were carried out at the smallest
leaner flame and of oxidizing species in the opposite distance from the nonsooting flame, where charged
direction. soot particles could be detected and the mass distri-

At all pressures, it is observed that raising the bution could be properly determined. Measurements
C/O in the nonsooting flame side leads to a shift of at 10 mm off the VSB show how the influence of the
the VSB toward the right-hand side (Fig. 1). This is nonsooting flame decreases with the distance.
not unexpected because of the larger overall hydro- Figure 5 gives mass distributions at the VSB and
carbon concentration with increasing C/O. at a 10-mm distance from it. At the VSB, the most

An increase in the unburned gas velocity, which probable mass increases from about 7.5" 103 u at a
leads to a higher temperature on the leaner side, 12-mm distance from the burner to 16- 103 u at
moves the VSB to the sooting side. This behavior is 16 mm (Fig. 5b). Nearer to the center of the sooting
due to the larger extension of the leaner flame and flame, the mass growth is faster and starts at lower
the lower sooting tendency at higher temperatures. distances from the burner (Fig. 5a). Here, the

Hydrogen/oxygen mixtures were also burned as charged particle number density is roughly larger by
nonsooting flames. At 27 and 40 mbar, a change from a factor of 2 (see the different scalings).
a stoichiometric to a 3:1 hydrogen/oxygen ratio does
not lead to a shift in 1VSB. This is reasonable, because Modelling of the particle surface growth
there is no change in the overall carbon concentra- The mass growth of young soot particles in flat
tion and the temperature. The influence of H atoms low-pressure flames up to a mass of about 3 104 u is
is discussed below, dominated by surface growth, since the total number

Mass distributions were determined at different density is low [8,13]. For a very simple model, the
distances from the burner at the VSB and for compar- reaction can be written as
ison at a 10-mm distance from it toward the center of
the sooting flame. At the VSB, the influence of the P(mi) + C2 H 2 - P(mi+1 ) + x H 2
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TABLE 1
Results from the two-flame burner

Flame conditions Results

K [A]
K.[A](VSB) (VSB + 10 mm)

p C/O v,/m s-' C/O v/mr s-1 arbitrary arbitrary
No. (mbar) sooting sooting nonsooting nonsooting lvSB/mm units units

1 15 1.2 46 0.4 25 20
2 0.4 46 30
3 0.8 46 10
4 27 1.06 42 0.4 25 15 12 14

5 0.4 42 20 12 14
6 0.8 25 10' 2 2.5
7 0.8 42 5 9 12
8 H/O: 2/1 42 20
9 H/O: 3/1 42 20

10 40 1.06 42 0.4 25 8 11 13
11 0.4 42 10
12 0.8 25 5ý 3 3
13 0.8 42 0 12 13
14 H/O:2/1 42 10 7 13

15 H/O :3/1 42 10 4 10

aOn the nonsooting side of the burner. The values K [A] were obtained by modeling (see text).

f(m) / arb. units A particle of the mass mi reacts with ethyne to form
1603 mm a: VSB + 10mm a particle of the mass mi+,1. This is not meant as an

10 - h3elementary reaction, the loss of hydrogen is taken as
h4ll mm h=15mm an independent process. The growth rate is propor-

120 h 11 6 m, h._.m tional to the surface area; that means, it is propor-
tional to m2/

3
, if the particles are spherical. In this

80 case, the change of the mass distribution can be de-
scribed by the following rate law [8]:

40
d (f(mi))/dt = -k [A] f(mi)

80 h mb V+ ki_1• [A] "f(mi 1)
60h=mm b: VSB

0 .-..__ , h= m + - .mP [A] "f(mi)

40 h2mm/3 
A m

where f(mi) is the mass distribution function and ki

20 - is the rate coefficient for a particle of the mass mi.
Here, i is chosen in a way that mi - mi-I equals the

02 mass of a C2-unit (24 u); [A] is the concentration of
6 10 14 18 22 26 ethyne; K is a mass-independent growth rate con-Mass /i~ 10a

stant. For f(m) at t = 0, the first measured mass
FIG. 5. Experimental mass distributions from the two- distribution is taken and its change is calculated by

flame burner at different distances h from the burner, numerical solution of the rate law. The soot particles
flame conditions: p = 40 mbar; sooting flame: C/O = 1.06, in this mass range only exist in a small range of dis-
v. = 0.42 m s-1; nonsooting flame: C/O = 0.40, v,, = tances from the burner (4-5 mm) in the soot for-
0.25 m s-. (a) measured at a distance of 10 mm from the mation zone where the temperature hardly changes.
VSB in the sooting zone. (b) measured at the VSB. Therefore, the temperature was assumed to be con-
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Most prob. Mass / 103 u (m) t/arb. units
16 2

Flme1, Flame 13 25
14 Flame 13, ep. 4/ma

+X h=21mm; t= 0.4 ms

12 20 + h =24 mm;t = 1.6 ms

10 F
Flame 6, cal.

8 Fame 13, cal. 15
Flame 6, exp.

6+

l(mm&)/arb. u. 10 +

70
Flame 6

60 b 27 mbar +

50 5 +

40 Flame 13, exp. 
+

x +
30 F + +

20 Flame 13, cal. Flame 6, cal. 2 6 10 14 18 22 26

10- Flame 6, exp. Mass/110 3 U

14 16, 1, 20 2, 24 Fi(;. 7. Comparison of calculated and measured massq2 1'4 1A 18 20 22 24

Distance from the Burner / mm distributions from flame 6 at the VSB. The measured dis-
tributions are plotted with symbols, the calculated ones by

FIn. 6. Comparison of calculated and measured values lines.
in flames 6 and 13 at the VSB. (a) The most probable mass.
The pictogram shows the shape of the VSB in flame 13.
(b) The intensity of the most probable mass. The pictogram
showss the shape of the VSB in flame 6. gether with the calculated distributions for flame

No. 6 at the VSB. In this case, there is the greatest
difference betveen the measured and the calculated

stant. These calculated distributions were compared intensity of the most probable mass. For comparison,
with the experimental distributions at the respective the distributions were normalized to the measured
times. The model does not include a change off(m) ones. The distributions at t = 0.4 ms are in very good
by spontaneous ionization. Therefore, only the shape accordance. The differences in the shape of the dis-
of the distributions and not its absolute height can tribution increase with time. But it can be seen that
be calculated. In the case of almost constant number the model describes well the change of the most
densities, as in butadiene flames [8], the particle probable mass, although the change in the number
growth is well described by this model. The values density is neglected.
of K. [A] are listed in Table 1 together with /vsB val- From K- [A], a rate constant for the reaction of a
ues. They are given for the VSB and for 10 mlm in soot particle of a specific mass with ethyne can be
the sooting zone. calculated. For a soot particle with a mass of 1. 104 u

Figs. 6a and 6b compare the measured and the and a mole fraction x(CIlH2) = 0.08 [3], at a flame
computed values of the most probable mass and the temperature of 2000 K, a rate constant of k =
intensity of the most probable mass at the VSB for 1.4 1013 em 3 tmol - s-I is calculated for K ' [A] =
two different flame combinations. It can be seen that 10. These values lead to a reaction, probability of
the increase of the most probable mass is described 2' 10--3. The rate constant for the surfac growth in
very well (Fig. 6a). In the flames on the two-flame
burner, the number density changes strongly with low-pressure butadiene flames was determined to
the distance from the burner, particularly in flame 2' 101 cm3 moo-s 5 [8]. This value is lover by a
No. 6. The pictograms show the shapes of the two factor of about 5 in comparison to the value in ethyne
VSBs. In flame No. 13, at a pressure of 40 mbar, the flames, although the temperature in butadiene

VSB is nearly perpendicular to the burner surface, flames is higher. This result shows that k is not only

so that the intensity hardly changes. The VSB in dependent on the temperature, but also on the sur-
flame No. 6 is not completely perpendicular to the face properties of the soot particles formed from dif-
burner surface. Therefore, the place of measurement ferent fuels.
moves into the sooting region with increasing dis- The values for the surface growth rate given by
tanee from the burner, which causes the increase of Both and Hospital [6] who analyzed small charged
the measured number density. soot particles under very similar conditions are in

Figure 7 shows the measured distributions to- good accordance to the values found in this work.
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observed. Therefore, it can be assumed that here the
T =z 42 cm/s vu = 42 cm/s local C/O ratio is nearly the samne in all flames. In the

three flames that show similar values of K- [A],
the VS13 is always in the middle of the sooting side
of the burner, where the temperature is always nearly
the same. In the C/O = 0.8, v, = 25 cm/s flame,
the VSB is on the side of the cool, nonsooting flame,
where the temperature is rather low. This leads to
the slow mass growth in this flame.

Influence of H atoms
vu = 25 cm/s vu 42 cm/s An interesting observation can be made in the case

Iof hydrogen flames as nonsooting flames. In these
flames, tbe green cheminmninescence of C' can only
be observed on the hydrogen/oxygen side, if the
ethyne flame is sooting. A reason why this diffusion
only takes place bieside sooting flames may be that
the concentrations of diffosing hydrocarbons are too

low in nonsooting flames.
The results friom the flames with a hydrogen/oxy-

,\NNN \\N\\\ gen flame as a nonsooting flame demonstrate the in-
fluence of 1H atoms on the soot mass growth. The

FmG. 8. Schemnatic temperature profiles on the t-wo-flame mole fraction of II atoms in the burned gas of the
burner. (a) Both flames have the same v,,. (b) The flames 3:1 hydrogen/oxygen flame is about 0.25 [14]. From
have a different v,,. other experimental results [4], one would expect that

the high concentration would lead to a fast mass

Sooting and leaner ethyne/oxygen flames growth. But the values ofic- [A] showv very low values.

on the two-flame burner This could be explained by the low temperatures in

Since the simple model is suitable to describe the these flames. Eberius and coworkers [14] investi-

increase of the most probable mass with distance gated a hydrogen/oxygen flame at 13 mbar and found

from the burner, the quantity Kv [A] is taken as a . a maximal flame temperature of 1100 K. The tein-

measure of the influence of the second flame on the perature hardly differs between the two investigated

soot mass growth. In the neighboring flame, two val- hydrogen/oxygen flames. The concentration of H at-

ues of the C/O (0.4 = stoichiometric mixture; 0.8 = oms is higher in the 3:1 hydrogen/oxygen flame, but

fuel rich but nonsooting) and of the unburned gas the value of -[A] decreases. This shows that 11 at-

velocity vc (25 and 42 cm/s) were applied (see ores do not increase the mass growth rate under
these conditions.

Table 1). Flames with a larger v, have a higher max-

imum temperature, while an increase in C/O means
larger concentrations of unsaturated hydrocarbons Acknowledgmeot

such as C9 H 2 and C4119 in the burned gas.
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COMMENTS

Al. Frenklach, Penn State University, USA. In support of ethyne flame by the adjacent hydrogen flame. This increase
Professor Bockhorn's comment on the more likely effect did not lead to faster mass growth. The inhibition hy by-
of H, on the reduction in soot formation rather than by H drogen atoms is not considered in the model. Thus, our
atoms as suggested by the authors, there are additional con- results showing that H atoms do not increase the mass
siderations. Shock-tube experiments [1] showed that ad- growth rate are not in disagreement with the mentioned
dition of relatively small amounts of H, to acetylene py- model.
rolysis suppresses dramatically the formation of soot.
Furthermore, soot formation in fuel blends was interpreted
as the effect of H, and not H [1]. Also, the value of 10-3

determined in the present study for the overall probabilityH
of acetylene reactingwith soot particle surface is consistent H. Bockhorn, University of Kaiserslautern, Germany.

When increasing the hydrogen/oxygen ratio in hydrogen-
wvith the surface-growth model we suggested [2]. The es-
sential elements of this model are oxygen flames from 2 to 3-as you did in your experi-

ments-you increase the partial pressure of molecular hy-
k, drogen considerably more than the partial pressure of

C,,,,9 - H + H -- C,, + H, hydrogen atoms. Considering that the essential step of the
HACA sequence applied to surface growth as proposed by

C71,11 + H C-* C,- H Frenklach, viz.:

53

C:,,, + C, H -- Growth. (surface)-CH + H # (surface)-C' + H9,

Assuming that [C>,)J is determined primarily by the first is reversihle, an increase of the partsal pressure of molec-
two reactions [3], we obtain the following for the rate of ular hydrogen would decrease the surface growth rate.
surface growth: (k1k-,_)k4[C 2HJ. Under combustion con- From this, I do not see any contradiction between your
ditions, k.-kI, - 10-2 and kA. - 1012 [Molocrees], consistent experiments and the surface growth mechanism suggested
with the overall reaction probability of 10'. by Frenklach.

REFERENCES Author's Reply. The mole fraction of molecular hydro-
gen in an undisturbed ethyne/oxygen flame at the begin-

1. Frenklach, M., Yuan, T., and Ramasehandra, M. K., En- ning of the soot formation is about 15-20%, while the con-

ergy Fuel 2:462 (1988). centration of H atoms is very low. Therefore, the increase

2. Frenklach, M., and Wang, H., Twenty-third Symposium in the concentration of H atoms is stronger than in the

(International) on Combustion, The Combustion Insti- concentration of hydrogen, if the hydrogen/oxygen ratio is

tute, Pittsburgh, 1991, p. 1559. raised in the adjacent hydrogen/oxygen flame. Another

3. Frenklach, M., and Wang, H., Phys. Bee. B 43:1520 point that should be considered is the high value of the

(1991). diffusion coefficient of H atoms. On the other hand, under
the conditions of our experiment with rather low temper-

Authlor's Reply. According to the comment, the mass atures, the deactivation reaction proposed by Frenklach

growth rate is not dependent on the H-atom concentration.
In our experiments, we increased the H/H., ratio in the (surface)-C' + H - (surface)-CH
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becomes more important, because of its presumably low heated gases to get information about the changes in chem-
activation energy, ical processes caused by gas injection and not by decreasing

the temperature?
S

Author's Reply. Heating of the injected gas was not nec-
Andreas Hornung, Universitaet Kaiserslautern, Ger- essary. The gas flows were very low, so that the gas was

many. Did you try to exclude the temperature-decreasing heated by the flame. This could be shown by our heat trans-
effect during the injection of 02, N2, or He by using pre- fer calculations.
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OPTICAL CHARACTERIZATION OF RICH PREMIXED CH4/O FLAMES
ACROSS THE SOOT FORMATION THRESHOLD
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AND
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Light scattering, fluorescence, and C2 emission induced by an ultraviolet laser source and uv-visible
absorption have been used to study the phenomenological aspects of formation, destruction, and chemical
transformation of high molecular mass structures formed in rich premixed methane flames at atmospheric
pressure.

High molecular mass structures are formed in CH 4/0 2 flames with C/O ratios down to 0.35. This value,
corresponding to their formation threshold, is noticeably lower than the soot threshold limit (C/O = 0.45).

Different flames have been analyzed across the soot threshold limit, varying the C/O ratio and the
maximum flame temperature, and no dramatic changes in the properties of the high molecular mass
structures have been found in the passage from nonsooting to sooting conditions. Their role as soot pre-
cursors seems to be connected to a kinetically controlled passage from aromatic functionalities with one
or two rings to higher polycondensed aromatic functionalities more than to a carbonization process of
these structures.

High molecular mass structures are easily photofragmented by an ultraviolet laser source with high-
energy pulses, and the consequent CG emission has been attributed to these structures more than to soot
particles. From a practical point of view, the spatial distribution of these potential pollutants, whose toxic
properties are largely unknown, can be easily followed in practical diffusion flames by monitoring the 2D
fluorescence due to C2 photofragments employing an ultraviolet laser source.

Introduction to PAH and a second one at 6000 u due to soot par-
ticles. More recently, evidence of the formation of

Polycyclic aromatic hydrocarbons (PAH) with mo- high molecular mass structures in premixed flames
lecular mass up to 300 u and soot are the species has been obtained by absorption measurements at
more commonly identified in rich combustion [1-3]. different wavelengths carried out by Haynes et al. [8]
The presence of structures with intermediate molec- and Harris and Weiner [9] and by sampling measure-
ular masses was detected a long time ago in low- ments by Howard and coworkers [10-12] and D'Al-
pressure premixed flames by Homann and Wagner essio et al. [13].
[1] employing mass spectrometric analysis of the In the last few years, we have proposed an optical
gases withdrawn with molecular beam sampling and method for the characterization of high molecular
by Tompkins and Long [4] through a chemical char- mass structures based on the measurements of light
acterization of the sampled material. Additional char- scattering, absorption, and fluorescence both in the
acterization has been made by Wersborg et al. [5] by ultraviolet and in the visible regions [13-15]. This
mass spectrometry, electron microscopy, and optical approach has been used, together with a chemical
absorption measurements and by Howard and Bitt- characterization of the sampled material, to study the
ner [6] through a mass spectrometric analysis of the soot inception in premixed ethylene flames [13] and
neutral species. Recently, Homann [7] has reported for a preliminary analysis of rich nonsooting methane
the mass distribution function of the ionic species flames [16].
detected at the soot inception and in the growth In the present work, light scattering, fluorescence,
stages. These ions showed a continuous mass distri- and C2 emission induced by an ultraviolet laser
bution function with a first maximum at 200 u due source and uv-visible absorption were employed to

645
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analyze formation, destruction, and chemical trans-
formation of high molecular mass structures in the 1C/ o.
transition from nonsooting to sooting flames by z=2 mm

changing both the C/O ratio and the maximum flame K Q KAX Xo=266nm
temperature. The C2 emission measurements al- ext AX=6.65nm
lowed us to give an interpretation of which species w
are easily photofragmented, producing C2 radicals in .5
nonsooting conditions. "o

v 0.5

Experimental Apparatus

0

Laser light scattering, extinction, and laser-in-
duced fluorescence measurements were performed
in rich premixed flat methane/oxygen flames stabi- 0
lized at atmospheric pressure on a McKenna porous 200 400 600
plate burner employing the fourth harmonic of a
Nd:YAG laser (ýo = 266 nm). The fuel and oxidant wavelength, nm
were fed to the center of the burner with the C/O
ratio ranging from 0.35 to 0.5 and the gas velocity FIG. 1. uv-Visible absorption and laser-induced emission
from 3.3 to 6.2 cm/s (STP). normalized spectra, excited in the ultraviolet at 266 nm, in

In order to suppress the interference from C2  the soot preinception zone (z = 2 mm) of a slightly sooting
emission and soot incandescence, the energy of the (C/O = 0.5) premixed methane/oxygen flame.
light pulses was attenuated below 50 pJ, employing
"a variable attenuator. The beam was then focused by
"a 300-mm cylindrical lens on the burner, due to the Swan bands of the C2 radical emerges in

The laser was also operated at high energy (4 mJ) the visible. This effect is clearly shown in Fig. 1,
and focused into the flame by a 300-mm spherical where fluorescence and laser-induced C2 emissions
lens. In such conditions, fluorescence measurements are reported together with the absorption spectrum
have been performed in order to follow laser-in- obtained in the preinception region of a sooting
duced C-2 emission profiles, flame. When the flames are in a soot-forming regime,

The light scattered at 900 to the direction of the a broadband structure is also present in the visible,
incident laser beam was focused on the entrance slit and C2 emission emerges over this background at
of an f/8.8 spectrometer with focal length of 500 mm; high pulse energy [17].
a polarization analyzer was placed in front of the Absorption and fluorescence in the near-uv-visible
monoehromator. The pulsed signal from the photo- region of the spectrum of rich hydrocarbon flames
multiplier, on the exit slit of the monochromator, was come mainly from delocalized 7T electrons in struc-
processed by a boxcar averager. tures with double bonds such as polyenes and aro-

Extinction and temperature measurements were matic molecules. Generally, larger structures with
made using a calibrated strip film tungsten lamp. For delocalized 7z electrons have a smaller energy differ-
the extinction measurements, the chopped image of ence between the fundamental and the first excited
the lamp was focused at the centre of the flame and electronic state so that they can absorb and fluoresce
then at the entrance slit of the monochromator. The at longer wavelengths. The radiative channel is just
signals were processed and digitized by a lock-in sys- one of the deactivation processes; the more flexible
tem to avoid emission from the flame. In the sooting the molecules are, the more relevant nonradiative
region of the flames, temperature was determined by decay channels are [18]. For this reason, polyenes do
the Kurlbaum technique, and, in the nonsooting not usually fluoresce. Following this scheme, we at-
flames, by the Na-line reversal method. tribute the ultraviolet component of the fluorescence

spectra to aromatic functionalities with one or two
rings and fluorescence in the visible to the aromatic

Results functionalities with three or more rings, without try-
ing to attribute the spectroscopic behaviour to spe-

A broadband emission peaked around 330 nm is cific compounds.
the most prominent feature of the fluorescence ex- A systematic series of measurements was under-
cited by low-energy laser pulses at 40 = 266 nm ei- taken in flames with C/O ratio ranging from 0.35 to
ther in nonsooting flames or in the preinception re- 0.5 at different heights above the burner, in order to
gion of sooting flames [13]. At higher pulse energy, investigate the relationship between the ultraviolet
the intensity of ultraviolet emission increases without fluorescence, the C2 emission, and the absorption at
changing the spectral shape, and the typical emission A0 = 266 nm. Some of these results are reported in
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between C2 fluorescence at 2 = 516 0m and ultraviolet

80 fluorescence at A = 330 nm coefficients and excess elastic

"scattering coefficient as a function of the C/O ratio.
. 60

slowly along the flame. The C2 emission shows the.2 4040 same behaviour as the monochromatic fluorescence

f 20 coefficient at 2 = 330 nm (Fig. 2b), whereas the
S20

= absorption coefficient at 2 = 266 nm exhibits a very
u X=516 nm rapid rise and a maximum roughly at the same po-0 L

0.015 c) sition as the ultraviolet fluorescence one. Afterwards,
the absorption coefficient steeply decays in both non-

F_,\ sooting and sooting flames (Fig. 2c). In the burned
0 gas region, while ultraviolet fluorescence and C2S0.010""01 emsinboth decrease, absorption increases in soot-

•forming conditions and remains quite constant in the
nonsooting ones.

oSEE E Further understanding of these features comes
9 0.005 •from the analysis of the ratio between the energy
"U emitted from the ultraviolet band and that absorbed

at the fluorescence excitation wavelength 2o = 266
"G Z runm, i.e., the quantum efficiency of the ultraviolet flu-

X=266 nm orescence process q_ The quantum efficiency is an
0 2indicator of the relative importance of the radiative

0, 2 4 6 channel to nonradiative channels. As a general rule,

greater flexibility of the structure gives a lower quan-
FIG. 2. (a) Monochromatic fluorescence coefficient pro- tum efficiency, whereas rigid cyclic structures, such

files, in the uv at 330 nm, (b) C2 fluorescence intensity as that of aromatic molecules, have high quantum
profiles, and (c) extinction coefficient profiles for flames efficiency [18].
with C/O ranging from 0.5 to 0.35. 2A, = 266 rm. 0 C/O Figure 3 shows ilv and the ratio between the C2
= 0.5; [] 0.48; 0 0.45; V 0.41; El 0.4; A 0.38; ff 0.35. emission at 516 nm and fluorescence emission at 330

nm detected at 3 mm above the burner reported as
a function of the C/O ratio. In the same diagram, the

Fig. 2. The monochromatic fluorescence coefficient "excess scattering," i.e., the difference between the
at 2 = 330 nm rises very sharply at approximately measured elastic Rayleigh scattering and that due to
0.3-0.5 mm above the burner, corresponding to a the major gaseous compounds present in flame, is
residence time below 1 ins. Then it passes through a 'also illustrated. Elastic light scattering is roughly pro-
maximum that shifts from 0.5 to 2 mm at increasing portional to the sum of the polarizability of the in-
C/O ratios (Fig. 2a). The subsequent behaviour in dividual bonds inside the structure, and therefore, it
the burned gas region is very different depending on increases with the molecular mass. The detection of
the C/O ratio: For the leanest investigated flame, ul- light scattering in excess with respect to that due to
traviolet fluorescence decays to zero, while, in the gaseous compounds is an unambiguous indicator of
soot-forming conditions (C/O > 0.45), it decreases the presence of high molecular mass structures



648 SOOT AND POLYCYCLIC AROMATIC HYDROCARBONS

ultraviolet around 330 nm since they consist of more
1.2E-3 0.45 than two rings; thus, the quantum efficiency of this

U band decreases. The same interpretation can be
• •given for the decrease of the m/uv in near-sooting

0.4 0 flames at increasing height above the burner.
8.OE-4 The ratio between C2 emission and ultraviolet flu-

"" 
orescence remains constant across the soot formation

0 threshold. This behaviour, together with the results
Z 0.5u reported in Figs. 2a and 2b, shows that the C2 emis-S4.OE-4- sion at high uv laser-pulse energy is always propor-

0 .38 tional to the ultraviolet fluorescence intensity below
S0.3and above the soot threshold limit. Our results agree

" with those found by Bengtsson and Ald6n [19] and
II ----A furthermore qualify them. C2 emission is produced

0 by the photolysis of the high molecular mass struc-
0 2 4 6 tures and not by soot particles. Their photolytic ef-

z, mm ficiency is so high that this process is more relevant

FiG. 4. Ultraviolet quantum efficiency profiles for flames than the C2 emission from condensed polybenzenoid

,Aith C/O ranging from 0.5 to 0.38. structures, i.e., soot particles, even in soot-forming
flames.

The variation of the optical properties of the
and/or particles in the flame. The excess scattering flames across the soot formation threshold was also
profile, reported in Fig. 3, shows that it starts to be studied by comparing, at a fixed C/O ratio, the be-
detected in blue flames with C/O around 0.35. In- haviour of flames with different maximum tempera-
creasing C/O, this profile has a plateau up to the soot tures. Another series of experiments was undertaken
formation threshold (C/O = 0.45), and then it in rich flames with C/O = 0.5 at different flow rates.
steeply rises. Furthermore, the quantum efficiency Figure 5 reports the results obtained for three flames
exhibits a maximum that takes place at a C/O ratio with maximum temperature of 1700, 1760, and 180ý0
slightly lower than that where the strong increase in K measured around 2.5 mm. The flame with maxi-
the scattering due to soot inception occurs, mum temperature of 1760 K is the previously ex-

Flames with C/O ratio below the soot threshold amined one. These experiments allow characteriza-
limit (C/O < 0.45) exhibit noticeable absorption and tion of the role of high molecular mass structures and
fluorescence in the ultraviolet but not in the visible; their aromaticity, going from nonsooting to sooting
furthermore, excess scattering is detectable down to conditions, varying only the maximum flame tem-
a C/O ratio around 0.35. It follows that, in rich non- perature. The monochromatic fluorescence coeffi-
sooting flames, high molecular mass structures that cients at A = 330 nm follow the same trends of Fig.
do not absorb and consequently do not emit in the 2a: a very rapid onset around 0.3 mm above the
visible are formed. The absence of the visible fea- burner, a peak in the oxidation zone, and a further
tures indicates that they are not aggregates of con- relatively slow decay, which is more pronounced for
densed benzenoid structures, as soot is. Further- the higher temperature flames. Conversely, strong
more, the measured quantum efficiency is very low, differences are exhibited by the visible fluorescence
and since it can be related to the degree of aroma- at A = 480 nm, also reported in Fig. 5a: The onset
tization of the structures, it follows that its increase of this feature is clearly retarded with respect to the
indicates an enrichment in the relative amount of one ultraviolet fluorescence one, and it increases very
or two ring aromatic functionalities inside the struc- sharply for the coldest flame, whereas it is barely de-
ture. tectable for the hottest one. Monochromatic extine-

The same effect can be observed in Fig. 4, which tion coefficients at A = 266 nm and A = 532 nm are
reports q/,,, as a function of the height above the also reported in Fig. 5 for the same flames together
burner for different C/O ratios. For a fixed C/O ratio, with the profiles of the excess scattering coefficient.
q_. starts from very low values in the preheating re- The ultraviolet extinction rises very early and passes
gion, then goes through a maximum just downstream through a maximum around 1.5 mm for all the
of the region of the maximum of fluorescence and flames; later on, it has another very strong increase
extinction. As the C/O ratio increases, fluorescence, only for the coldest flame. Extinction in the visible is
quantum efficiency, and excess scattering increase below the detection limit for the hottest flame. For
continuously up to the soot threshold limit at C/O = the other flames, it is very low up to 3 mm; after-
0.45. Beyond this C/O threshold, when excess scat- wards, it increases more rapidly for the coldest one.
tering strongly increases, large polybenzenoid struc- Excess scattering starts to be detectable at 1 mm,
tures are rapidly formed and absorb both in the ul- because the strong gradient of temperature and con-
traviolet and visible but do not fluoresce in the centration of gaseous compounds limit the accuracy
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S03 and nonsooting flames. On the contrary, the onset of

X=532 nm visible fluorescence and absorption at 2 mm shows

c ./, that the formation of condensed polybenzenoid
0 structures is retarded.

1E-6 c) C/OTmax=1700K5 Figure 6 reports q~v for the three flames. It in-
'g AxA Wmax=1760K creases with the height above the burner for all the"AA Tmax=1800K flames, then reaches a maximum that is higher for

DE Tathe hottest flame. The decrease of r/v is more rele-

1E-7 vant for the coldest flame and is just appreciable for
the hottest one. The stronger increase of q/v for the0 z nonsooting hottest flame indicates a larger and more

M €persisting contribution of the one or two ring aro-
S 1E-8 matic functionalities inside the high molecular mass

S o 6structure than in the sooting case.
A X.o 266rnm

1E-9 I , I
0 2 4 6 Discussion

Z, mm
High molecular mass structures containing aro-

FIG. 5. (a) Monochromatic fluorescence coefficient, in matic functionalities not larger than two rings are
the uv at 330 nm and in the visible at 480 nm, (b) mono- formed very early in the preheating region of rich
chromatic extinction coefficient, in the uv at 266 nm and flames with C/O ratios higher than C/O = 0.35. The
in the visible at 532 nm, and (c) excess elastic scattering initial concentration of these structures increases
coefficient profiles for three flames with C/O = 0.5 and with the C/O ratio, but it is not very sensitive to the
maximum temperature, respectively, of 1700, 1760, and maximum flame temperature. Their average molec-
1800 K. 0 = 266 nm. ular mass, as evaluated by ultraviolet scatter-

ing/absorption ratio, ranges between 2000 and 8000
u [13]. The early formation of the high molecular

of the measurement up to the reaction zone. After mass structures suggests that they are a product of a
that, excess scattering rises and reaches an almost fast polymerization of aliphatic radicals, which are
constant value beyond 2 mm. This quantity increases just formed in the fuel preheating region.
by two orders of magnitude for the sooting colder Benzene is also detectable very early in the fuel
flames, while it slowly increases for the hottest one. preheating region [20,21], so that it is not surprising
All these results show that the formation process of that small aromatic functionalities are inserted in
high molecular mass structures takes place very early these structures. These aromatic functionalities do
in the flame and is not noticeably different for sooting not have a direct correlation with the low mass aro-
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matic hydrocarbons detected by mass spectrometry temperature. Their role as soot precursors seems to
or chromatography because their profiles along the be connected to a kinetically controlled passage from
flames are quite different. Benzene decays rapidly aromatic functionalities with one or two rings to
after the first formation zone [3], while the ultraviolet higher polycondensed aromatic functionalities.
fluorescence persists also in the burned gas region. C 2 emission induced by an ultraviolet laser with

In flames above the soot threshold limit at the end high energy pulse is due to these structures, which
of the oxidation zone, extinction goes through a max- are much more easily photofragmented than soot
imum and then exhibits a slight decay that can quite particles. From a practical point of view, the spatial
well justify the onset of soot formation [13]. How- distribution of these potential pollutants, whose toxic
ever, this behaviour is shown also by nonsooting properties are largely unknown, can be followed in
flames and may be attributed also to oxidation, which practical flames by monitoring the fluorescence due
is almost surely the case for the leaner flames inves- to C2 molecules employing a high-energy ultraviolet
tigated. Since all the radicals H, OH, and 0 peak in laser source.
the same region, it is quite difficult to give a clear-
cut answer to this problem with the available data.
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SOME PHYSICO-CHEMICAL PARAMETERS OF SOOT FORMATION
DURING PYROLYSIS OF METHANE AND METHANE-ACETYLENE

AND METHANE-BENZENE MIXTURES

P. A. TESNER AND S. V. SHURUPOV

All-Russian Institute of Natural Gas
142717, Moscow obl., plo Razvilka, VNIIGAS, Russia

Under isothermal conditions, pyrolysis of methane and its mixtures with acetylene and benzene was
investigated at temperatures 1200 'C-1400 'C and methane concentrations 20-80%. Particle number
density was shown to depend linearly on methane concentration, as was earlier demonstrated for acetylene.
The equation of particle number density (N) was determined for methane as follows:

N = 9.4 10
2
°[CH 4] exp(-39,400/T).

The activation energy of soot aerosol formation during methane pyrolysis was 328 kJ/mol. For both meth-
ane-acetylene and methane-benzene mixtures, inhibition of the soot particles formation from methane was
obtained. Soot particles were formed only from benzene or acetylene, whereas methane was consumed
for particle growth. Promotion of heterogeneous methane decomposition on the surface of soot particles
formed from acetylene or benzene was found.

Introduction was 800 cm 3/min. Additionally, 400 cm 3/min of he-
lium were fed to the inlet of the reactor to blow off

Abundant literature is devoted to the soot forma- the soot formed. Measurements made with wire
tion process, and several detailed reviews are avail- thermocouples 0.2 mm in diameter have shown that
able [1-5]. However, the kinetics of soot formation the temperature of the gas in the channel 1 mm in
under pyrolysis of hydrocarbons is not sufficiently in- diameter 5-7 mm from the end of the channel differs
vestigated. The nonisothermal technique was em- from that in the reaction space by no more than 100.
ployed in earlier work [6,7], so reliable kinetic pa- The soot carried out of the reactor by the gas
rameters could not be obtained, stream was trapped in a bag filter. The soot deposited

We have developed an isothermal technique [8] to on the reactor walls at temperatures below 600 'C
investigate the soot formation kinetics during pyrol- did not differ in its surface area from the soot col-
ysis of hydrocarbons, and simple kinetic parameters lected in the filter. Therefore, it was withdrawn and
for acetylene pyrolysis have been obtained [9]. The studied together with the soot from the filter. The
present work deals with the investigation of the soot deposited at higher temperatures was covered
soot formation kinetics during pyrolysis of methane with pyrolytic carbon, and its surface area was
and of methane-acetylene and methane-benzene smaller than that of the soot from the filter. This soot
mixtures, was withdrawn and investigated separately. Soot was

weighed by analytical balance. The accuracy of soot
yield measurements was ± 5%.

The yield of pyrolytic carbon deposited on the re-
Experimental Technique actor walls was obtained by burning it in the air flow,

followed by carbon dioxide reaction with alkali.
The experimental technique used did not differ The surface area of the soot was measured by ni-

from that described in detail elsewhere [8]. trogen adsorption at the temperature of liquid nitro-
The pyrolysis of hydrocarbons was carried out in gen. For each soot sample, the measurements of the

a quartz tube 20 nun in diameter heated in an elec- surface area were performed twice, and the average
tric oven (Fig. 1). Isothermality of measurements was value of the surface area was taken. The accuracy of
provided by heating a mixture of gases in channels the surface area measurements was + 5%.
1 mm in diameter at gas flow velocity 90-100 m/s. Four sets of experiments have been performed un-
The mixture of gases containing methane was fed der the following conditions.
along two channels of an alumina pipe 20-cm long,
whose end was in the beginning of the constant-tem- 1. At temperatures 1300 'C and 1400 'C and meth-
perature zone. The flow rate of gas in each channel ane concentrations from 20 to 80%.

653
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T....... E yield (a) and surface area (A). Simple geometrical
REL Ia UM considerations were used for this purpose.

The surface (F, cm 2) and the weight (G, g) of a
soot particle of diameter d (cm) equal

F = 70d G = rd3y/6 = 70d/3

where y is specific density of soot particles, y = 2.0
g/cm 3. Therefore, the surface area (A, cm 2/g) of the

- TSOCHANNEL ALUMINA rUBE QUARTZ REACTOR soot particle is
G•ENZ21NE

A = FIG = 31d.
FIG. 1. Diagram of the apparatus for conducting pyrol-

ysis under isothermal conditions. The number of particles in 1 g of soot (NO, g 1) is

40 N, = 1/G = 3/nd3.
35 4

A A Hence,

30 If the No = 3A3/33 nT = A3/9 n. (1)

If the surface area (A) is in m2/g, then
- 2 o 30 No = 1012 A3 /9Oi. (2)

25 The flux of soot particles (Q, min- 1) was calculated

1 25 • according to the following equation:

20 0 Q = No a c (3)

where c is the flux of the hydrocarbon's carbon
(g/min) and a is the yield of soot trapped by the filter
and deposited in the cold part of the reactor.

Soot particle number density was calculated ac-

20 40 60 80 cording to the next equation, supposing that coagu-
lation between soot particles does not change the

CONCENTRATION OF METHANE. Z surface area (see Discussion).

FIG. 2. Surface area and soot yield vs methane concen- N = K • Q/P (4)
tration. 1, 2-temperature 1300 'C; 3, 4-temperature
1400 'C. where N is soot particle number density (cm- 3), K is

a fitting coefficient taking into account the soot de-

2. At constant methane concentration 20% and tern posited in the hot zone of the reactor and equal to

peratures from 1200 'C to 1400 'C. 1.5, and P is the gas flow rate at the temperature of

3. Pyrolysis of a methane-acetylene-helium mixture the experiment (cm3/min).

at constant concentration of helium 20% and at A peculiarity of the experimental technique for in-
temperature 1300 TC. vestigation of soot formation under pyrolysis of hy-

mPero faiture drocarbons in the reactor tubes consists of the for-
4. Pyrolysis of a methane-bezene-helium t mation of diverse carbon forms. Their approximate

atste rantu nen n of m e 2balance at maximum soot yield was as follows (wt.%).
temperature 1300 °C.

Results 1. The soot carried out into the bag filter and de-
posited in the cold part of the reactor at temper-

The results of the first set of experiments, namely atures below 600 TC, representing 40%.

the values of the surface areas and the yield of the soot 2. The soot deposited on the walls of the reactor hot

trapped by the bag filter and deposited in the cold part zone, representing 23%.

of the reactor tube are given in Fig. 2. The results ob- 3. Pyrolytic carbon film on the reactor walls, repre-

tained reveal that the surface area is independent of senting 18%.
the methane concentration. It can be mentioned that, Thus, at the highest degree of methane decom-
at methane concentrations less than 20%, the soot position, nearly 80% of the carbon from methane is
yield increases, whereas the surface area decreases. converted to soot and pyrolytic carbon, and 20% re-

The results obtained (Fig. 2) were processed as mains in the pyrolysis gas.
follows. For each experiment, the soot particle num- The ratio of the surface area of soot trapped by
ber density (N) was calculated on the basis of soot the filter and deposited in the cold part of the reactor
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N/109 N/109 TABLE 1
i14 Calculation of the particle number density

45 at different temperatures
a

40 12 Surface Soot Particle number density

2 p Temperature area, yield, [calculated by Eq. (4)],
T 35 (K) A (m2/g) a (wt.%) N (cm-3 )o010

30 1473 14.0 15.0 0.45" 101

8 1523 16.5 24.0 1.20. 109

25• 1573 20.5 30.0 2.70. 109
S• 1623 25.0 34.5 5.70. 101

20 1673 31.0 38.0 1.20 1010

15

04 Igu, (cm- 3)
10

2 10.5
5

20 40 60 80 i0.0 %
WOCENTRATIoN OF mETHANE, Z

FIG. 3. Particle number density vs methane concentra-
tion. 1-temperature 1300 'C; 2-temperature 1400 'C.

to the surface area of soot deposited in the hot zone
of the reactor is 1.05. So the ratio of soot coated with 9.0
pyrolytic carbon to that deposited in the hot zone is
(1.05)3 = 1.16. Therefore, the real yield of soot de-
posited in the hot zone amounts to 23/1.16 = 20
wt.%. Thus, the fitting coefficient taking into account 8.5
the fraction of soot particles deposited on the hot
walls of the reactor can be estimated for the first
approximation as follows: K = (40 + 20)/40 = 1.5. 5.9 6.1 6.3 6.5 6.7 6.9

The results of the calculation are given in Fig. 3. 104 /T, K-1

The results obtained clearly certify that the particle FiG. 4. Particle number density. Concentration of meth-
number density N is of first order in methane con-
centration. A similar dependency was also observed ane is 20%.

for acetylene [9] and lately demonstrated for ben-
zene. It should be mentioned that the linear de- Ref. 8. All the experiments were performed at tem-
pendence obtained for particle number density on perature 1300 'C. The results were processed in thehydrocarbon concentration is not influenced by in- eaccuateestinaion f te fttig coffiien K. same way as in the work of Ref. 8. Fluxes of soot
accurate estimation of the fitting coefficient K. particles (Q, s-1) were obtained for both the individ-

The results obtained for the second set of expen- ual hydrocarbons and their mixtures. The ratios of
ments are summarized in Table 1 and in Fig. 4. De- additive soot fluxes to experimental ones as well as
pendence of the soot particle number density on
temperature and methane concentration is approxi- to the soot fluxes of benzene or acetylene were cal-

mate by he flloing quaton:culated (Tables 2 and 3).
mated by the following equation: In addition, the surface areas were calculated sup-

N = 9.4 1020o[CH 4] exp( -39,400/T) (5) posing that only acetylene or benzene can form soot
particles, whereas methane is consumed only for the

where [CH 4] is concentration of methane, mole frac- particle growth according to Eq. (3) of Ref. 8:

tion, and T is temperature, K.
The methane-acetylene and methane-benzene Am = A,/(1 + H)1/3  (6)

mixtures (the third and fourth sets of experiments)
were investigated using the technique described in where A,, is the surface area of soot formed during
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TABLE 2
Fluxes of soot particles (Q1012', s 1) for benzene-helium-methane (20%) mixture

Experiment (E) Benzene concentration (%)
Additive

calculation (A) 0.4 1.0 1.7 3.8 4.5 8.0

E (mixture) 0.19 0.60 1.02 2.10 2.65 4.80
E (benzene) 0.25 0.62 1.06 3.36 2.80 5.00
A 0.46 0.83 1.26 2.56 3.00 5.16
A/E (mixture) 2.42 1.38 1.23 1.22 1.13 1.07
E/E (benzene) 0.76 0.97 0.96 0.90 0.95 0.9'6

TABLE 3
Fluxes of soot particles (Q11012, S-1) for methane-acetylene-helium (20%) mixture

Experiment (E) Acetylene concentration, %

Additive
calculation (A) 2.0 4.0 7.0 10.0 13.0 20.0

E (mixture) 0.50 0.89 1.45 2.30 2.93 3.55
E (acetylene) 0.22 0.54 1.06 1.24 1.61 2.49
A 1.49 1.78 1.95 2.38 2.70 3.47
A/E (mixture) 2.98 2.00 1.34 1.03 0.92 0.98
E/E (acetylene) 2.27 1.64 1.37 1.85 1.81 1.42

pyrolysis of the hydrocarbon mixture (m2/g), A,, is the
surface area of soot formed during pyrolysis of acet-
ylene or benzene (mW/g), and H is the increase in the
mass of soot particles from acetylene or benzene due 30 1.3

to decomposition of methane molecules. 7,0
When calculating the weight of the soot particles

formed from methane molecules of methane-acety- 256,
lene and methane-benzene mixtures, it was observed 6,0
that degree of methane decomposition in the pres-
ence of hydrocarbons exceeded that from the meth- 20 5,0
ane-helium mixture. Taking this fact into considera-
tion, the soot fluxes (q, g/s) for hydrocarbon mixtures
and individual hydrocarbons, the additive soot fluxes, . 4,0
and the experimental values of the surface areas of 15
hydrocarbon mixtures are given in Figs. 5 and 6. The ,
curves obtained by Eq. (6) are also presented in these 4
figures. The difference between the ordinates of the 10 0
soot flux curves for the hydrocarbon mixtures and the -
additive calculation (the shaded area in Figs. 5 and 2,0
6) reveals the observed soot yield increase. For the
methane-benzene mixture, a soot flux increase equal 5 1,0
to 100 and 35% was observed at benzene concentra-
tions 1 and 8%, respectively. For the methane-acet-
ylene mixture, the soot flux increase was 6 and 13% 2,0 4,0 6,0 6,0

for acetylene concentrations 4 and 16%, respectively. cONrMMATION OF BEEZEN, Z
The higher promotion effect observed for the

methane-benzene mixture compared with methane- FIG. 5. Surface area and soot flux vs benzene concentra-
acetylene and acetylene-benzene mixtures [8] can be tion. 1, 2, 3-benzene-helium-methane (20%) mixture;
explained as follows. First, the surface area of the 4-benzene-helium mixture; 2, 4-experimental soot flux;
soot formed from acetylene and benzene (34.0 and 3--additive soot flux.
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30 acetylene-benzene mixture [8]. The ratio of the ad-
ditive soot flux to the experimental mixture flux ex-

a ceeds 1. The fact that this ratio approaches 1 with
25 z -- increasing benzene concentration is attributed to de-

,a creasing soot flux from methane to additive soot flux.
The ratio of the experimental soot flux to that from

20 .10) benzene approaches 1 for all benzene concentrations
(except benzene concentration 0.4%). This fact per-

2 mits us to draw the conclusion that benzene fully

15- 3, 50 inhibits soot particle inception from methane, and
the latter is consumed for only soot particle growth.

S4,0 ~ Another result was observed for the methane-acet-
10 ylene mixture (Table 3). The calculation by Eq. (6)

3,0 • satisfactorily coincides with the experimental data,
and the ratio of the additive soot flux to the experi-

.2,o mental mixture flux exceeds 1 at a low acetylene con-
5 5 centration. It should be mentioned that the ratio of

S1.0 the experimental soot flux to that for acetylene ex-
OXIFCATI N Iceeds 1 for all experiments. The experimental results

S• •,a 6. 4 68 obtained reveal that, in spite of the acetylene inhi-

4 8 12 16 20 bition of the soot particle inception from methane,
X•IOENITRAMTI OF ACETYLENE . Z the inhibition does not result in complete cessation

FIG. 6. Surface area and soot flux vs a concen- of the particle inception from methane. This point is
tration. 1, Suracearea ansotlu (20%) miacetylene ; considered in the discussion.

tration. 1, 2, 3-acetylene-methane-helium (20%)mixture; The observed inhibition of the soot particle for-
4-methane-helium mixture; 5-acetylene-helium mix- mation from methane in the presence of acetylene
ture; 2, 4, 5-experimental soot flux; 3-additive soot flux, and benzene can be attributed to a longer induction

period for methane compared with both acetyleneand benzene as was explained in Ref. 8.
32.0 m2/g, respectively, at 1300 'C) is higher than

that of soot formed from methane (20.5 m2/g). Sec-
ond, during the pyrolysis of the acetylene-benzene Discussion
mixture [8], the mass of the acetylene molecules
from which soot particles were formed was three The linear dependence of particle number density
times less than the mass of the benzene molecules upon methane concentration obtained during pyrol-
consumed for only the growth of soot particles. In ysis of methane is also confirmed for acetylene [9-
the experiments with methane mixtures, the ratio of and lately for benzene.
the masses of soot particles formed from acetylene The soot particle number densities from both
or benzene was two or six times higher than the mass methane and acetylene are expressed by similar
of methane consumed in soot particle growth. There- equations:
fore, the total soot particle surface on which particles
grow was higher, thus permitting the observation of methane
the promotion effect. For these reasons, the pro-
motion effect for the methane-benzene mixture was N 9.4 1020 [CH 4] exp(-39,400/T)
higher than for the methane-acetylene mixture.

We have not observed the promotion effect in the acetylene
work of Ref. 8 for this reason. So the soot yield was N = 3.0 1022 [C2H2] exp(-41,000/T)
taken as additive.

Because of the observed weight increase in the Some remarks were presented in works 10 and 11
carbon formed from methane, the particle weight that throw a shadow of doubt upon the results ob-
gain [H in Eq. (6)] caused by particle growth from tained from the investigation of soot formation dur-
methane was calculated from the experimental data ing hydrocarbon pyrolysis by the calculation used in
obtained. the present work, as the coagulation of soot particles

Coincidence of the curves obtained by calculation was not taken into consideration.
according to Eq. (6) with the experimental curves for Coagulation certainly occurs during the process of
both mixtures can be considered satisfactory. But soot particle formation. The optical measurements
careful analysis reveals an essential difference. made during hydrocarbon pyrolysis in shock tubes

The results presented in Table 2 for the methane- and at flat-flame combustion show the maximum soot
benzene mixture show the same tendency as for the particle number density. The descending part of the
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curve on this maximum is interpreted as a coagula- thus giving an impression of formation of the soot
tion. particles from methane.

Unfortunately, the optical measurements do not Soot formation during pyrolysis of a methane-ben-
make it possible to answer the question as to what zene mixture has been investigated in other work [7]
particles are responsible for the decrease in particle at the same concentrations of the compounds and the
number density at the initial stage of soot formation. same temperatures as in this work. The authors also
Assuming that there occurs a coagulation of the observed the absence of additivity in particle number
spherical soot particles formed, one has to use the density. But they did not reveal the likeness of the
term "coalescence" [12], i.e., a concept of liquid soot fluxes from mixtures with the benzene ones. This
drops. It is very difficult to agree upon this concept. can be attributed to nonisothermality of the experi-
There are no experimental data available confirming mental technique used.
that soot particles made of carbon atoms might be
liquid at 2000 K.

It may be supposed that a decrease of soot particle Conclusions
number density is connected with a molecular pro-
cess of heterogeneous decomposition of the long- 1. During methane pyrolysis under isothermal con-
chain polyyne molecules, as well as of soot particle ditions, the particle number density of soot de-

nuclei on the surface. Krestinin [13] supposes and pends linearly on methane concentration. The

proves by calculation that the soot particle nuclei are particle number density is described by the fol-

made up of long-chain polyyne molecules. These par- lowing equation:

tides contain up to 25-30 carbon atoms, so the op-
tical systems can register them along with soot par- N = 9.4 - 1020 [CH 4] exp(- 39,400/T).
tidles and tar. 2. During pyrolysis of methane-benzene mixtures,

The chain structure of soot is an outcome of the soot particles are formed only from benzene, and
particle coagulation. But this coagulation being ac- methane is consumed only for particle growth.
companied by a decrease in soot particle number 3. Promotion of soot formation from methane is ob-
does not result in the decrease of the soot surface served at pyrolysis of both methane-acetylene and
area. This is a well-known result, and it was proved methane-benzene mixtures.
by coincidence of the data obtained by measuring the
soot surface area by the use of both adsorption and Acknowledgment
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HIGH-TEMPERATURE PYROLYSIS AND OXIDATION OF FULLERENE C6 o
BEHIND SHOCK WAVES

S. VON GERSUM AND P. ROTH

Institut fir Verbrennung und Gasdynamik Universitdt Duisburg
47048 Duisburg, Germany

Submicron fullerene C,, particles dispersed in a carrier gas and shock-heated to temperatures of about
2000 K evaporate in a few microseconds to form C5, vapour. In a first group of experiments, the high-
temperature pyrolysis of C6,/Ar mixtures behind reflected shock waves was studied at temperatures 2370
K •< T •5 3500 K. Spectral- and time-resolved emission in the wavelengths range 280 nm :-- A •< 580 nm
was detected by an intensified charge coupled device (CCD) camera. From the time-dependent emission
at specified wavelengths, the decomposition rate of C60 was determined, which seems to obey an Arrhenius
law. At temperatures above 2600 K, spectral band structures appear, which could be identified to result
from C2 emission. In the second group of experiments, the high-temperature oxidation of fullerene in
C,,/OIAr mixtures was studied at temperatures 1655 K •< T -< 2705 K and pressures between 1.5 and
2.6 bar. The progress in the oxidation was measured by tunable IR-diode laser absorption of CO and CO2.
Additionally, the spectral and time-resolved emission during the fullerene oxidation was recorded by the
CCD camera. From the time-dependent increase of CO concentration and the time-dependent decrease
of the spectral emission, apparent rate coefficients for the formation of CO and the disappearance of CQ,
were determined.

Introduction Experimental

The existence of fullerenes as a new carbon mor- The experimental setup used to study fullerene py-
phology has been established during the last few rolysis and oxidation at high temperatures is shown
years. The C60 molecule discovered to be stable by schematically in Fig. 1. It consists of an aerosol gen-
Kroto et al. in 1985 [1] was proposed to be a soccer- erator for dispersing fullerene powder, the main
ball-shaped cage where the carbon atoms are placed shock tube for heating the C60-containing aerosol to
at the edges of 12 pentagons and 20 hexagons. The high temperatures, a spectrograph with intensified
proposed structure was confirmed in an immense charge coupled device (CCD) camera for emission
number of studies, see for example Refs. 2 through measurements, and a tunable IR-diode laser that was
6. A comparison of measured optical spectra of C60 used simultaneously for absorption measurements of
with calculated energy states was one method that oxidation products CO and CO2.
provided proof for the spherical hollow structure of The C60 powder was dispersed in Ar by an expan-
C60. For this purpose, C60 was either deposited as a sion-wave-driven aerosol generator, see Rajathurai et
thin film or was present in a solution. Gas-phase al. [9]. It consists of a glass vessel of V = 3- 104 cm 3

spectra of free C60 molecules were detected only in volume connected to a glass tube of 5-cm inner di-
the infrared region [2]. Fullerenes were found in pre- ameter, which is separated by a thin diaphragm from
mixed low-pressure flames by Riffler and Homann a h
[7] by applying mass spectroscopy. Howard [8] de- igh-pressure tube of the same diameter. A thin
tected several fullerene structures in various opti- dispersion plate is positioned near the diaphragm,
mixed flames. which carries for every experiment about 100 mg of

At room temperature, fullerene C60 is a brown- the fullerene powder. Before starting the powder dis-

black powder, which is meanwhile commercially persion, the whole apparatus was evacuated to a pres-
available. We have combined our experiences on par- sure of about 10-4 mbar. Subsequently, the high-
ticle evaporation, soot oxidation, and shock-wave ki- pressure tube was filled with Ar. After bursting of the
netics to study fullerene pyrolysis and oxidation at diaphragm, the high-pressure gas Ar expands in the
high temperatures. Because of the very rapid evap- form of a supersonic expansion wave into the evac-
oration of the submicron fullerene particles, the uated vessel, thus dispersing the fullerene powder
high-temperature reactions proceed in the gas phase. and bringing it into aerosol form. The size of the
The aim of this study is to present kinetic data for fullerene particles in the generated aerosol is be-
the thermal and oxidation stability of C60. tween 100 and 600 nm. In case of oxidation experi-

661
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END VIEW TOP VIEW the spectral as well as the temporal behaviour of the
fuierene powder emitted light could be recorded. Spectral effects of

laser the quantum efficiency of the intensifier were taken
head . into account. The time resolution of the CCD cam-

I. era system, which depends on the number of illu-
minated chip lines times the data transfer rate per

pressure transducers line, is in the present case about 30,us.
The optical setup for measuring CO and CO 2 con-

low pressure section sists of a tunable IR-diode laser, a specially designed
multipass cell (Fraunhofer Institut, Germany), a
0.5-m monochromator, and an infrared detector. The

"spectrograph laser beam was focussed on the entrance window and
+ traverses the shock tube 16 times, thus enlarging the
CCD-camera optical absorption path length. The vertical and hor-

izontal distance between the external focal points was

IR mono- 12 mm each. The out-coming laser radiation enters
chromator the monochrcmator, which served as a filter for laser

"modes and for spectral emission, and was subse-
,. Sh- quently focussed on the detector. For calibration
detector. purposes, a gas cell or an etalon was inserted into the

laser beam. The laser was pulsed with a frequency of
FIG. 1. Aerosol generator and low-pressure section of 55 kHz and was tuned over the 0-1 P5 absorption

the shock tube with IR-diode laser system and intensified line of CO at v = 2123.70 cm- . Absorption mea-
CCD camera. surements of CO 2 were performed at the 00°0-00°1

R 28 transition at v = 2369.09 cm-'. Both IR-diode
laser measurements and emission measurements

ments, a certain amount of 02 was added to the aer- were performed in the same optical plane. For more
osol. The fullerene C60 powder used during the details of the tunable IR-diode laser system, see Refs.
present experiments was supplied by Hoechst AG, 10 through 12.
Germany. It contains about 1% C70. The generated
aerosols were subsequently transported into the run-
ning section of a shock tube. During the aerosol gen- Results
eration and the subsequent transfer procedure into
the shock tube, an unknown amount of particles were Emission Measurements in Cro/Ar Mixtures:
lost. Therefore, it was not possible to determine the
initial C60 concentration precisely. The emission measurements of C60/Ar mixtures

The stainless steel shock tube has an internal di- were conducted behind reflected shock waves in the
ameter of 8 cm, a total length of 11 m, and a running temperature range of 2370 K -• T -• 3500 K at pres-
section of 7.2 m in length. The initial pressure of the sures between 1.3 and 2.2 bar. For every shock-tube
aerosol measured by calibrated diaphragm-type pres- experiment, the spectral- and time-resolved emission
sure transducers was in the range from 25 to 50 mbar. was recorded by the CCD camera.
The shock velocity was measured by piezoelectric Typical examples of spectral- and time-resolved
pressure transducers positioned at known distances C60/Ar emission are illustrated in Fig. 2. Below 280
along the shock-tube axis. The post-shock tempera- nm, a measurable emission could not be recorded.
ture and pressure were calculated from the incident In the upper part of Fig. 2, two spectra obtained at
shock speed by applying one-dimensional conserva- t = 50,us and t = 900,us for a post-shock temper-
tion equations. ature of T = 3000 K are shown. The intensity signals

The light emitted from the shock-heated C60-con- are composed of two parts: a continuously increasing
taining aerosol was focussed via a light fiber on the quasi-black-body background radiation (illustrated
entrance slit of a 1/8-m spectrograph, which has a by the baselines) and relatively broad line structures
spectral range of A2 = 250 nm and a resolution of appearing at A - 435 nm and A = 473 nm followed
1.3 nm. The spectrally resolved light was detected by by a sharp peak at A = 517 nm. The 50-/ps emission
an intensified CCD camera (LA VISION, Germany), curve is higher by a factor of 2 in the absolute inten-
allowing a fast time shift of the optical information. sity.
For this purpose, only a few lines at the top of the Similar spectra were obtained from all other ex-
CCD sensor chip were illuminated for a certain time periments performed at conditions T > 2600 K. In
interval. The stored spectral emission was stepwise the temperature range 2370 K -- T -• 2600 K, the
transferred line by line into the dark zone of the measured spectral emission did not show any band
CCD chip, which served as a memory. In this way, structure. It increased with increasing wavelength
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FIG. 3. Spectral-resolved emission in C60/O,/Ar mixture.
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FIG. 2. C6,/Ar emission at T = 3000 K; upper part: spec- bulge can be observed between 2 540 and 565
tral-resolved emission; lower part: time-resolved intensity nm. Similar intensity distributions were obtained at
(E4.. ) and intensity differences (AE473 and AE 5s7). conditions Tw> 2150 K.

An example of tunable IR-diode laser absorption

similar to the baselines in the upper part of Fig. 2 at the CO wavelength in a reacting C60/0 2/Ar mix-

and with very weak changes in time. An example of ture is shown in Fig. 4. The sequence of 14 laser

the time evolution of the spectral emission at three scans was recorded from a mixture containing 13%

different wavelengths is shown in the lower part of 02, which was shock-heated to a temperature of 2550

Fig. 2. The absolute emission intensity at 2 = 490 K. The time of shock arrival is within the second scan.

nm (between the band structures) characterizes the The shock causes vibrations of the multipass cell in-

time-dependent behaviour of the baseline curve. To dicated by the periodical changes in the transmitted

the contrary, the emissions at 2 = 473 nm and 2 = laser intensity, but the vibrations do not affect the

517 nm are the intensity differences between the re- absorption measurements. In the lower part of Fig.

spective peak band intensities and the baseline. All 4, selected scans are shown in more detail with an

three emission curves increase rapidly after shock ar- enlarged time or frequency scale. Scan A was re-

rival, show maxima at about 100 ps, and decrease corded before shock arrival and shows the undis-

again to nearly constant levels. Similar results were turbed laser light distribution. Beginning with the

obtained from all other experiments. first post-shock scan B, absorption lines of CO ap-
pear, showing increasing absorption in scans C-D,
which indicates increasing CO concentration in the

Emission and Concentration Measurements high-temperature reaction system. Similar results
in C6o/0 2/Ar Mixtures: were obtained from other CO and CO2 absorption

The oxidation experiments in C6o/02/Ar mixtures measurements.

were performed in the temperature range of 1655 K The evaluation of the measured spectral absorp-

•< T •-< 2705 K at post-shock pressures between 1.5 tion of CO and CO 2 in terms of partial pressure or

and 2.6 bar. The C60 powder was dispersed in gas concentration was made by applying the Lambert-

mixtures containing 9-15% O2 in Ar. The progress Beer law:

in the fullerene oxidation was simultaneously moni-
tored by spectral emission measurements and by CO p. = -ln[I(v)/1o(v)]/1S $, (1)
or CO2 absorption measurements.

A typical example of spectral emission measured where Io(v) and I(v) are the incident and the trans-
in the wavelength range 400 nm •< 2 •< 580 nm is mitted laser intensity at frequency v and 1 is the ab-
shown in Fig. 3. The C60 was in this case dispersed sorption path length. The line strengths S of the ob-
in a gas mixture containing 13% 02 and shock-heated served CO and CO2 vibrational-rotational lines are
to a temperature of T = 2590 K. Contrary to the well known [10,11]. The term $, is the line shape
experiments without 02, band structures appear at 2 function, which can in the present case well be de-
= 473 nm and 2 = 517 nm even at this relatively scribed by Voigt profiles [11,12]. Concentrations of
low temperature, and also, the intensity decreases CO or CO 2 were obtained by fitting calculated Voigt
with increasing time very fast. A broad intensity profiles to the measured spectral intensity distribu-
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FIG. 4. IR-diode laser scans with
CO absorption lines obtained from a
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FiG. 5. Time-dependent CO concentration and E 49, FiG. 6. Time-dependent CO concentration and E 49o

emission (T = 2350 K; [02] = 12.5%) and CO2 concen- emission (T = 2550 K; [O] = 13.0%) and CO2 concen-
tration measured at slightly different conditions (T = 2330 tration (T = 2590 K; [O] = 13.4%) in reacting C0/O2/Ar
K; [02] = 10.7%) in reacting C60/0 2/Ar mixtures. mixtures.

tion of each laser scan. Typical time-dependent con- products are obvious. CO increases nearly linearly
centrations of CO and CO 2 obtained from four dif- with time, reaches a maximum at about 300 us, and
ferent C60/0 2 /Ar experiments are shown in Figs. 5 decreases again. The concentration of CO2 is under
and 6. Although the temperatures are almost iden- similar reaction conditions more than a factor of 15
tical for the two examples in Fig. 5, significant dif- lower. The additional solid line in Fig. 5 represents
ferences in the time evolution of the two reaction the time behaviour of light emitted at A = 490 nm.
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TABLE 1
Experimental conditions, measured CO and CO2 formation rates, and emission characteristics k4..

in C6 6/0/Ar mixtures

T p [02] d [CO]/dt d [COJ/dt k40 [CO]..

(K) (bar) (%) (cm- 3 
s-1) (cm- 3 s'1) (s-1 ) (cm- 3 )

1655 1.63 15.1 0.3.1019 0.2- 1016

1760 1.58 9.4 0.3 1019 0.2- 1016

2130 2.62 14.5 4.0 1019 3.3' 103 1.4 1016
2140 1.68 9.9 1.6'101s 7.1.103 1.2.1016
2250 2.46 12.0 1.9 1019 0.4" 1016
2280 2.24 13.8 3.8 '1019 4.7 " 103 1.4- 1016

2330 2.52 10.7 0.2-1019 7.7" 1W3
2350 2.30 12.5 5.5 1019 8.3 103 1.9-1016

2500 2.53 12.8 1.8" 1019 10.0 103

2550 2.58 13.0 12.0 1019 2.2 1016
2590 2.28 13.4 1.9- 1019 12.0 " 103

2700 2.38 12.4 11.0"101' 19.0.103 1.6-1016

The emission reaches a maximum at about 100 ps tally confirmed by some laser light-scattering mea-
and disappears completely within 400 ps. The ex- surements behind shock waves, which cannot be pre-
amples in Fig. 6 were obtained under temperature sented here. This means for all our experiments that
conditions that were approximately 200 K higher the initial reactant C60 is a gas-phase compound for
than the previous ones. CO increases within 150 ps most of the observation time.
to a maximum value of about 2 x 1016 cm- 3 and The emission signals obtained for temperatures T
decreases during the whole measurement time of < 2600 K are quasi-continuous spectra and were as-
about 800,us. The solid line in Fig. 6 again represents sumed to be typical for C60 vapour. This assumption
the emission at 2 = 490 nm. The emission reaches is further supported by the fact that no significant
a maximum within 50pus and disappears completely changes in time were observed. The spectral distri-
after 300`us. It is remarkable that for the experiments butions are self-similar; i.e., for every experiment, the
in both Figs. 5 and 6, the maximum value of the sum intensity ratio at two fixed wavelengths is approxi-
of CO and CO 2 is about 2 to 2.5 x 1016 cm- 3. It is mately the same.
reached at a time where the corresponding emission For conditions T > 2600 K, the measured emis-
signals E490 are approximately zero. The experimen- sion shows both a continuous and a band structure.
tal conditions of all C60/0 2/Ar experiments together The different bands at 517, 473, and 438 nm can be
with the resulting formation rates of CO and CO 2 at related to the 0-0, 1-0, and 2-0 d311g ,- a3HL, transi-
t - 0 and the maximum CO concentrations are listed tions of C2. The relatively broad, weak band at 405
in Table 1. The formation rates of both CO and CO 2  nm was identified to be the Af 1H, -- X52.h transition
clearly increase with temperature, whereas the max- of C3. The observed emission at T > 2600 K must,
imum CO concentrations do not show a clear tem- therefore, be a superposition of at least C60, C2, and
perature dependence. C3 radiation. We therefore identify the following

emissions:

Discussion E 490 with C60

AE 5 17, AlE 4 73, AlE 43 8 with C2

The C6 0/Ar Reaction System: AE 4 05 with C3.

It can be assumed that several subsequent pro-
cesses occur in the shock-heated C60/Ar aerosol. Be- The intensity profiles shown in the lower part of Fig.
cause of the relatively high vapour pressure of C60, 2 can therefore be associated with the respective spe-
the solid agglomerated carbonaceous particles evap- cies concentrations. It is remarkable that all traces in
orate rapidly at high temperatures. Calculations the lower part of Fig. 2 very rapidly increase after
based on thermodynamic data for fullerene C60 given shock arrival. The fast rate of appearance of the C2
by Mathews et al. [13] and by Matsuo and Suga [14] emission is particularly surprising, indicating that the
indicate a complete evaporation of the particles thermal decomposition of C60 is not a simple C2 ab-
within about 30 ,us. This value was also experimen- straction process under our reaction conditions. The
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3000 K 2500 K all measured emission signals. The sets of apparent
S 490- rate coefficients k5K17 (squares) and kK_17 (triangles) are

E, [ 517' also shown in Fig. 7. The formation rate of C2 (kg17)
104 A 517- is obviously much higher than the disappearance rate

(k4 17). It is a factor of 3-10 higher than the disap-
* tiD \ pearance rate of E 490 radiation (C6o) and has an ap-

*",, '. parent activation energy of about 330 kJ/mol. This
t0 \means that neither the reaction C60 - C5s + C2 norA E] -the complete conversion reaction C60 -* 30 C2 can

103 - - _ be used to explain the time behaviour of the emission
"signals. It seems that after the breakup of the C60
molecules, secondary reactions of C2, C3, and other

" ""0 fragments must be considered under our high-tem-
3.0 3'.5 4.0 perature conditions. This statement presumes thatthe measured respective emissions are representative

104 K / T for the species concentrations.

FIn. 7. Apparent rate coefficients based on emission
measurements for C ,0 disappearance k,,,, C2 disappearance
k57, and C2 appearance k57 in CJ/Ar systems.

As in the previous case, the spectra measured in
the high-temperature C60/0 2 /Ar system are a super-
position of a continuous Co0 emission and a band-

time profiles of the emissions AE51 7 and AE473 were structured C2 emission, which appeared in the pre-
in all cases exactly the same with proportionality fac- sent case for conditions T > 2100 K. Each
tors between 2.6 and 4.0. It was not possible to sep- continuous emission spectrum could be well de-
arate the C3 emission AE405 clearly from the C60  scribed by black-body radiation calculated for the ex-
baseline, so a further evaluation was not made. Emis- perimental temperature. The spectral bands at A =
sion of other carbon fragments like C4 and C6 could 473 nm and A = 517 nm were again identified to be
not be identified. The intensity ratios AE473/AE 49o C2 transitions. The procedure to evaluate the time-
and AE517/AE 490 taken at a fixed time increased with dependent emission signals is the same as described
temperature, indicating an increasing amount of C2  before. The application of Eq. (2) to the disappear-compared to C60. ance rate of all E490 emission (C60 ) measurements

The measured time-dependent emission intensity results in apparent rate coefficients k490 listed in Ta-
profiles of Fig. 2 (lower part), of Figs. 5 and 6, and ble 1. At comparable temperatures, the k490 values
of other experiments not shown in this article can of Table 1 are more than a factor of 20 higher than
further be evaluated in terms of kinetic parameters. the corresponding value obtained from the C60/Ar
We define rate coefficients k, for the disappearance experiments. The very high scattering of the emission
rate or appearance rate of the various emission sig- signals at A = 473 nm and A = 517 nm made a
nals by the respective slopes normalized with the further evaluation of the data impossible. Emission
maximum emission: maxima were detected within the first 100-200 ,us at

temperatures below 2250 K. At higher temperatures,
a much faster rate of appearance of the respective

1 (dE2\ emissions was observed, which could not be correctly
kI. Fm &dt k d " (2) resolved by the camera system. The C2 emissions de-cayed to zero at the same time as the emission E490

(C60).
The application of Eq. (2) to the 2 = 490 nm emis- The evaluation of the measured time-dependent
sion (C60) just behind the intensity maximum results concentrations of CO and CO 2 during oxidation of
in rate coefficients k490 for the disappearance rate of fullerene C60 is aggravated by the fact that the con-
C60. All values obtained are summarized in the Ar- centration of the quasi-gas-phase initial reactant C60
rhenius diagram of Fig. 7, see closed circles. The is not known. All oxidation experiments were per-
dashed line represents a least-square fit to the data formed with a significant excess of 02. The sum of
points, where the apparent activation energy is about CO and CO 2 concentrations measured at later re-
195 kcal/mol. action times was in nearly all experiments equal to 2

The emission at A = 517 nm (C2) is characterized X 10"s cm-3 . From the assumption of a complete
both by the signal increase at t - 0 and by the signal oxidation of the fullerene carbon to CO or CO2 , we
decrease at t = ti,, which is the time of maximum end up with an initial C60 concentration of [C60]0 =
emission. We have applied Eq. (2) to both parts of 3.5 X 1014 cm-3 . From the initial slopes of the mea-
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2500 K 2000 K 1700 K not possible because no other data are available. It is
7 c0 at the moment too early to evaluate the fullerene1 co oxidation experiments further. An accepted oxidationM 1011- A C02 mechanism is not available, so computer simulations"" B C6 0  or computer fittings of the measured CO and CO2

A concentration profiles are premature.

MA0 •Summary

C The high-temperature pyrolysis and oxidation of
fullerene was studied in C60/Ar and C60/0 2 /Ar
mixtures. The progress in the chemical rate processes
was recorded both by spectral- and time-resolved

109 - emission spectroscopy and by tunable JR-laser spec-
4.0 5.0 6.0 troscopy of CO and CO 2. The following conclusions

were drawn:1O4 T / K

1. C 6 0 vapour is stable up to 2100 K in an inert at-
FIG. 8. Apparent rate coefficients for CO formation ko mosphere within 1 ins.

and C60 consumption kc. 2. At temperatures T > 2600 K, C60 decomposed,
and C2 and C3 were identified as decomposition
products.

sured CO and CO.2 concentrations, apparent rate co- 3. Oxidation of C60 by 02 was observed at temper-
efficients atures T > 1500 K with CO being the main oxi-

dation product.

kco= (d [CO x CO 4. Time profiles of CO and spectral emission at . =

\ dtM 0 [C 60]0  [02o 490 nm were interpreted as apparent rate coeffi-
cients for CO formation and C60 consumption.x =2 CO2

A detailed interpretation of the present data based
(3) on a kinetic model is at the moment not possible.

were determined. Results obtained are summarized
in Fig. 8. The kco clearly show Arrhenius behaviour. Acknowledginwnts
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COMMENTS

K H. Homann, Inst. Fuer Physik. Chemie, Germany. first step is ionization followed by decomposition of the
You found that the apparent activation energy for oxidation ion?
of CQ was larger than that of thermal decomposition, al-
though CQ0 is thermally very stable. Do you have an expla- Author's Reply. 1. We know that our activation energy
nation for that? for the C2 formation is below the thermochemical value,

but we have no explanation for this discrepancy.
Author's Reply. The activation energies for the disap- 2. Yes, it is possible that C6. is ionized before it decom-

pearance rates of the A = 490 nm emission are comparable poses under our experimental conditions.
for thermal decomposition and oxidation of fullerene C6,
We have related this emission to the C60 concentration.
This is an assumption, which can be incorrect because the
emission at this wavelength can be influenced by broad- Adel F. Sarofim, MIT, USA. Although your reactions are
band emission of other C clusters like C5 s, C5 6, etc., which with vaporized fullerenes, it would still be interesting to
are present in the system. The C2-formation rates evaluated compare your data with those obtained on soots at elevated
from the pyrolysis experiments and the CO-formation rates temperatures or fullerenes at lower temperature. How
during C60 oxidation are both above the corresponding A does the efficiency of 0 or 02 attack compare with those
= 490 nm disappearance rates and show a stronger tem- obtained on soots? It is interesting to note that Ciombelli
perature dependence. and coworkers at the University of Salerno find that, at

much lower temperatures (300 'C-500 °C), fullerenes are
more reactive than soots. Could you also comment on the

possibility that the CO2 that you observe might be pro-

I. S. Zaslonko, Semenov Institute of Chemical Physics, duced from the gas-phase oxidation of CO?

Moscow. Did you compare your results on fullerene ther- Author's Reply. 1. It is not so easy to compare rate co-
ma1 decomposition with observable rate constants for black efficients for homogeneous and heterogeneous reactions.
soot thermal decomposition? Is there the specific impact If we assume 60 to be a solid particle and apply the for-
of fullerene stnicture or not? malism for heterogeneous reactions to it, then the reaction

probability for C6o oxidation by 0, is about a factor of 10
Author's Reply. At the moment we have no rate coeffi- lower than the comparable value for soot at conditions T

cient data for the thermal decomposition of carbon black > 1700 K.
available, so that we cannot compare it to our C.0 mea- 2. We believe that CO, is produced both from gas-phase
surements. oxidation of CO as well as from reactions of 0, with ful-

lerene or its fragments.

Assa Lifshitz, The Hebrew University of Jerusalem, Is-
rael. 1. How can you account for such a low activation Christopher Pope, MIT, USA. I would like to say how
energy for the ejection of C2 from C, 0? The value that you encouraging it is to see kinetic studies of fullerenes under
obtained is far below the thermochemical value (heat of conditions relevant to combustion. Of special interest
reaction), would be the C,6 + OH reaction, which I expect to be

2. Since the ionization energy of C60 is very similar to (or much slower than oxidation by 02 [1].
even smaller than) that of C2 ejection, is it possible that the The possible mechanism of the C60 + 02 reaction might



PYROLYSIS AND OXIDATION OF CQ, 669

be that of excitation of the C60 to the first excited singlet REFERENCES

state, which undergoes an intersystem crossing to 3C60 [2].

Your activation energy is roughly the same as the energy 1. Pope, C. J., Ph.D. Thesis, Massachusetts Institute of

gap between the ground state and the first singlet excited Technology, Cambridge, MA, 1993.

state for C60 (46.1 kcal/mol). 2. Arbogast, J. W., et al., J. Phys. Chem. 95:11 (1991).

My question is on the basis of using 2 = 490 urn as the Author,'s Reply. The use of the ) = 490 urn emission as

signature for C66. How uniquely does it define the CQ, con- a measure for C60 is an assumption. We expect that other

centration, or might other species expected to be found in larger C clusters also contribute to the emission at this

your system also emit at this wavelength? My concern is wavelength. A kinetic interpretation of the formation rates

that other large clusters (probably decomposition products of CO and CO2 as well as the disappearance rate of the 2

of C6,) might have sufficiently broadbanded emissions to = 490 nm emission during fullerene oxidation is at the

obscure the signal; if so, your measured rate might be a moment not possible. In so far, your suggested sequence

composite of the rates for, e.g., C66 + 02, C56 + 02, C56  of reactions is one approach to interpret the apparent rate

+ 02, etc. data.
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FURTHER TESTING OF THE FULLERENE FORMATION MECHANISM
WITH PREDICTIONS OF TEMPERATURE AND PRESSURE TRENDS
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A previously published detailed kinetic mechanism for C60 and C7. formation in flames is explored beyond
the previously performed preliminary test of kinetic plausibility. Consideration of the sensitivity of model
predictions to rate coefficients for the specific reaction types shows that the only remaining area of un-
certainty is in how the forward rates of the individual C2H2 addition/ring-formation reactions are affected
by the varying amounts of curvature-induced strain introduced. An overall test of the mechanism's sensi-
tivity to the thermochemical properties of the species reinforces the kinetic plausibility of the mechanism
by confirming that none of the reactions in the mechanism has an insuperable thermodynamic barrier.

The mechanism's ability to predict trends with temperature and pressure is limited by the simplified
modeling approach used. Existing data are consistent with maxima in fullerene formation with respect to
both temperature and pressure. The mechanism predicts a maximum fullerene formation rate near 2100
K, reflecting competition between processes accelerated by higher temperatures (H abstraction and intra-
molecular rearrangements) and processes thermodynamically disfavored by higher temperatures (C2H2-
addition/ring-formation and intramolecular rearrangements). Predictions of a monotonic increase in ful-
lerene formation rate with increasing pressure are explained in terms of the chemical processes not yet
included in the fullerene formation mechanism, most notably reactive coagulation of PAH with each other
and with soot.

Introduction The question of the mechanism of fullerene for-
mation remained. These approaches have been re-

The molecular weight processes leading to poly- viewed previously [23,27-29]. The mechanisms fall
cyclic aromatic hydrocarbons (PAH) formation in in three general classes: (1) growth of curved aro-
flames have been extensively studied [1-4]. These matic shells leading to cage closing [30,31]; (2) ful-
studies emphasize planar PAH formation, since such lerene formation inside of young soot particles [32];
species are predominant. The chemistry of soot par- and (3) planar carbon rings coalescing and rearrang-
ticle formation and surface growth [4-15] has also ing to yield fullerenes [33-36]. None of these dis-
been a topic of research for a long time. In 1985, cussions gives a detailed description of intermediates
fullerenes, spheroidal pure-carbon molecules were or subjects the proposed mechanisms to critical test-
discovered [16]. Of these, C60 was found to be most ing.
prevalent, having a truncated icosahedral structure A detailed kinetic mechanism for C60 and C70 for-
(like a soccer ball). Early speculations on the exis- mation in flames has been presented, with a prelim-
tence of fullerenes in flames were linked with the inary test of kinetic plausibility performed via de-
concept of the possible role of fullerenes or related tailed modeling [29,37]. The mechanism was
curved structures as soot nuclei [16-18]. Frenklach developed on the remise that fullerenes are a novel
and Ebert [19] argued against fullerenes as soot nu- fopon the premise that compound and a thel
clei but did entertain fullerene formation in flames, form of polyfyclic aromatic compound and that their
suggesting benzo[ghi]fluoranthene as a suitable place precursors in flames are curved PAN. The mecha-
of departure from planar PAH growth. nism therefore blends into the backdrop of decades

Ionic forms of fullerenes were found in flames of combustion research in molecular weight growth
[20,21]. The ability to produce macroscopic quanti- processes, since only reactions known to occur in
ties of fullerenes [22] led to a flurry of analytical PAH chemistry are used in construction of the mech-
chemistry studies on C60 and the next most prevalent anism.
fullerene, C70 [23]. The results of the analytical In summary, the fullerene formation mechanism
chemists led the way for confirmation of the exis- starts with fluoranthene (C16H50 ), with growth pro-
tence of fullerenes C60 and C70 in flames [24], con- ceeding by successive H abstraction and acetylene
firming earlier inconclusive evidence [25,26]. addition [1-4]. Additional processes necessary for

671
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H elimination and cage closing are included, such lerene mole fractions are approximately 4 X 10-6
as intramolecular rearrangement [38], to ensure for C60 and 6 X 10-6 for C70.
proper placement of 5- and 6-membered rings. Key Species whose concentrations are needed as inputs
intermediates in the mechanism are PAH of C5. sym- are H, H2 , C2H2, and the initial fullerene precursor
metry, including corannulene (dibenzo[ghi,mno] (fluoranthene). Base case values for temperature
fluoranthene, C20H10), which recently was confirmed (2050 K) and the mole fractions of H2 (0.12) and
to exist in flames [39]. C2H2 (0.0'6) are representative of flame values in the

The fullerene formation mechanism is further as- region of interest. The base case H atom mole frac-
sessed and tested in this paper by determining the tion is 0.025-five times the global equilibrium value
sensitivity to rate coefficients and thermochemical (obtained via the CHEMKIN-JI compatible version
properties and the ability to predict trends in the of STANJAN [45]) for the flame conditions ((P, pres-
effects of temperature and pressure on fullerene for- sure) at 2050 K. A factor of 5 is representative of the
mation in flames. ratios of measured H atom concentrations to global

equilibrium predictions for a near-sooting (0 = 1.8)
benzene flame [46]. Since the results of the simula-

Sensitivities to Input Parameters tion give fractional conversion of fullerene precursor
with time, the input mole fraction of fluoranthene

Theoretical studies of flame chemistry can be sup- was only important in ruling out a proposed fullerene
ported by detailed kinetic modeling of the complete formation pathway of dimerization of C5, species
flame chemistry when the reactions being studied are [29].
sufficiently well known [40]. This approach was The mechanism has already been found to give
deemed unsuitable for the preliminary test of kinetic substantial (> -50%) conversion of fluoranthene to
plausibility. The composition profiles resulting from fullerenes C60 and C70 in a time representative of the
coupled convection, diffusion, and reaction of all time available for their production in the flame (-5
flame species are computed in such simulations, so ms) [29]. One of the more surprising features was
the chemical mechanism used as input must be suf- that the detailed 124-elementary-reaction mecha-
ficiently detailed to include all the important types nism yielded results consistent with an overall first-
of reactions. Whereas approximate mechanisms exist order reaction (rate coefficient k1) preceded by an
for the formation of small PAH in combustion [1-4], induction time Wr4). Where x -- conversion of fluor-
formation of the initial fullerene precursors (such as anthene to C60 + C70, except for low (<-20%) con-
fluoranthene, benzo[ghi]fluoranthene, and corannu- versions, the results fit the form
lene) is not included. Also, due to limited under-
standing of aromatics oxidation and growth chemis- x = 1 - e[ k-(t-,o)J
try, prediction of concentrations of smaller species
important to fullerene formation (e.g., C2H2, H where k' - 363 s-1 and r' - 2.26 ms. A third pa-
atom, and H2) are sufficiently inaccurate to obscure rameter was the predicted C 70/C60 ratio at t = c-
testing of the fullerene formation mechanism. (R.), which was 1.5, in excellent agreement with

Therefore, the kinetic testing focuses on only the flame data [44]. Comparisons between model pre-
fullerene formation mechanism. To that end, input dictions can be simply expressed in terms of kV, co,
conditions and concentrations of the reactants sup- and RI.
porting the fullerene-forming chemistry are taken The effect of input mole fractions of H, H2, and
from experimental measurements in a fullerene-pro- C2H2 on the predictions has been discussed previ-
ducing flame, thereby avoiding the need to compute ously [29]. Briefly, increased C2H2 or decreased H2
them as part of the modeling. When the necessary mole fractions dramatically accelerates predicted ful-
supporting chemistry is sufficiently complete and re- lerene formation, while increased H-atom mole frac-
liable, testing the fullerene formation mechanism via tion moderately enhances fullerene formation.
simulation of the complete flame chemistry will be Forward rate coefficients used for the four types
desirable. Simulations were done using the of reactions found to be important in the fullerene
CHEMKIN-JI subroutine packages [41] and the formation mechanism are taken from analogous re-
plug-flow simulator SENKIN [42]. Each calculation actions of planar PAH (Table 1). Examples of reac-
took approximately 30 CPU seconds on the MIT tions for these four reaction types are shown in Fig.
Cray X-MP. 1. Reverse rate coefficients are calculated from mi-

Input conditions for testing are for an experimen- croscopic reversibility, with thermodynamic proper-
tally studied premixed benzene/oxygen/10% argon ties estimated from a group additivity method de-
fulllerene-producing flame: combustion chamber veloped for curved PAH containing hexagons and
pressure, 40 torr (5.34 kPa); 4, 2.2; and inlet gas ve- pentagons, with properties of aryl radicals derived
locity (298 K, 40 torr), 25 cm/s. Mole fraction profiles from the stable parent via bond-dissociation energies
for C60 and C70 [43,44] and major stable flame spe- [37].
cies [26] in this flame have been reported. Peak ful- Exploration of the specific effects of each rate
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TABLE 1. TABLE 2.
Base case rate coefficients for important types of Effect of rate coefficients on global parameters for

reactions used in the fullerene formation mechanism, in fullerene modeling
the Arrhenius form k = A exp(- EIRT). A has units of

cm3/mol-s, except for reaction types 5-3 and 6, for which Adjustment
the units are s 1, and E is in kcal/mol, to rate V°

Reaction type coefficient (1/s) t°(ms) R_
Reaction type A E Reference

[Base case] [None] 363 2.26 1.55
1 (H abstraction) 2.50E + 14 15.99 47 1 10X larger 905 1.18 1.05
23 (C2H1 addition/ 4.OOE + 13 10.11 47 1 10x smaller 51.4 13.1 6.36

ring closing) 23 10 x larger 513 1.31 6.38
5-3 (H elimination/ 1.00E + 13 0.0 1 23 10X smaller 90.8 11.9 1.05

ring closing) 53 10 x larger 363 2.26 1.55
6 (rearrangement) 8.51E + 12 62.86 48 53 101 smaller 363 2.33 1.61

53 108 smaller 361 2.90 2.29
6 10 x larger 364 2.27 1.55
6 82 x smaller 362 2.32 1.67

type 1 o I + H Q + H2  rearrangement (type 6), which is quite unlikely, to
affect the predictions.

The predictions are not strongly sensitive to the
rearrangement rate coefficient. A value of the rear-

type 23 + + rangement rate coefficient derived from the data ofoo + Q + H Scott and Roelofs [38] is roughly 82 times smaller
than the Brouwer and Troe [48] high-pressure limit
rate coefficient at 2050 K. The only noticeable effect

0 is on R_, which has heen explained previously [49].
type 5-3 0 -- + H The insensitivity of k* and uo to the rearrangement

rate is encouraging since it was later found that the

azulene # naphthalene rearrangement is in the fall-
off region at 40 torr and 2050 K. A quantum RRK
falloff calculation based on the vibrational frequen-

type 6 c cies of azulene [50] showed that k/k- = 0.011 at the
base case temperature and pressure. (Coincidentally,

H - the falloff k for the Brouwer and Troe rate is only
10% larger than that derived from the Scott and Roe-

Fio. 1. Examples of reactions representative of types 1, lofs data.) The kinetic plausibility of the mechanism
23, 5-3, and 6 of the fullerene formation mechanism [29]. is not strongly dependent upon the type 6 rate co-

efficient.
The rate of H abstraction (type 1) from curved

coefficient used on fullerene formation predictions PAH is unlikely to be different from that from planar
was done for the four reaction types found to be PAH. Therefore, the most important class of reac-
important: 1; 23; 5-3; and 6. Each rate coefficient was tions for which reliable rate coefficients are needed
varied separately, keeping all the other rate coeffi- is for strained ring formation (type 23). Considera-
cients the same as the base case. The results are pre- tion of reverse reaction rates shows the ring-forming
sented in Table 2. Reaction types 1 and 23 both ap- steps between benzo[ghi]fluoranthene (C1sH10) and
pear to be almost equally rate-limiting. There are 40 the C5 v-C 3oH1O to have very strong reverse reactions,
type 1 reactions and 31 type 23 reactions in the possibly due to the amount of strain introduced into
mechanism, as compared to 10 of type 5-3 and two the molecule. Since the above testing varied all type
of type 6, so the results reflect the importance of the 23 reactions' rates, instead of those of specific reac-
reaction types 1 and 23, especially since most of the tions, the sensitivity is probably overstated. In short,
growth sequence is composed exclusively of these re- further work on strained ring-formation rates would
action types. Reaction type 5-3 is nowhere near rate be needed to disprove the current mechanism.
limiting, which is encouraging since the rate coeffi- Calculation of reverse rate coefficients is depend-
cient of 1013 s -' is probably artificially high. The rate ent upon the set of thermodynamic (thermo.) prop-
coefficient would have to be smaller than that for the erties used for the intermediate species. Exploration
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FIG. 2. AH; per carbon atom for the stable species in which all the carbon atoms are in rings in the fullerene formation

mechanism-comparison of group additivity (symbols) and MM3 values (symbols and lines).

of the validity of the results derived from the group .0

additivity approach is ongoing, but an overall test of
the sensitivity to the thermo. properties is accessible. .0 group
A set of thermo. properties for the stable species in U.
the mechanism has been calculated via the 1992 ver- +

sion of MM3, a molecular mechanics package [51]. 0.6MM3

MM3 is used to obtain standard heats of formation, 0

since it has been found to most reliably reproduce t2
experimental results for both planar PAH [52] and 9 0.4
for the fullerene C60 [53], which can be seen as an -.

extreme case of structures with strain-inducing five- .'
membered rings. The resulting thermo. properties 1 0.2
are noticeably different for many of the species in
the mechanism (Fig. 2), yet the resulting predictions
of fullerene formation are not strongly affected (Fig. 0.0
3). The times for 50% conversion to fullerenes are t 1i 15 20time (milliseconds)
-4.2 ms for the group additivity thermo. and -5.5
ms for the MM3 thermo. Thus, the plausibility of the FIG. 3. Predicted fractional conversion of fluoranthene
mechanism is not likely to be disproved by any fur- to C,, + C70 for two different sets of thermochemical prop-
ther improvements in thermochemical properties of erties-MM3 and group additivity.
the proposed intermediates.

mation with respect to temperature and pressure.
Effects of Temperature and Pressure Fullerene formation in flames has been observed to

increase monotonically [24,43] or to exhibit a maxi-
An additional test of the mechanism's validity is its mum [32] with increasing temperature. While the

ability to predict observed trends in C60 and C70 for- trend with increasing pressure is mixed, subatmo-
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spheric pressures favor fullerene formation [24,43]. length below. Pressure-dependent rate processes, in-
The mechanism's predictive capabilities are dis- volving chemical activation, might be faster at lower
cussed below in terms of overall features of the pressures. Unimolecular processes (types 5-3 and 6)
mechanism that could be expected to contribute to can show falloff behavior, but this is expected to be
temperature and pressure dependence, followed by less important as the size of the molecule increases.
the results of model predictions. Predictions were made for the base case species

H abstraction reactions (type 1) can be expected concentrations, varying only temperatures between
to be accelerated by increasing temperature, largely 1800 and 2200 K. In terms of the global first-order
through the strong temperature dependence of the formation rate and induction time, though T* de-
concentrations of abstracting radicals, especially H creases monotonically from 1800 to 2200 K by
atom. Pyrolysis of C-H bonds, which also leads to roughly one-third, this is more than offset by a nine-
radical sites for hydrocarbon addition, would also ac- fold monotonic decrease in k* over the same tem-
celerate with increased temperature, due to the high perature range, the net effect being a monotonically
activation energy of the process. Thermodynamic decreasing rate of fullerene formation as tempera-
equilibrium also favors aryl radical formation, even ture increases.
to the point of allowing multiple a-radical sites on a Some limitations of the current method for sim-
given PAH [12]. (All molecular-weight growth pro- ulating the flame are apparent here. One way to com-
cesses would be favored by increased aryl radical for- pensate for not simulating the entire flame chemistry
mation, not just fullerene precursor formation.) Cy- is to obtain trends for the input species (H, H2, and
clization processes that form strained ring structures C2H2) concentrations from global equilibrium cal-
(types 23 and 5-3) are expected to have a higher ac- culations. Summarizing the results [37], the pre-
tivation energy than those for flat 6-ring or 5-ring dicted equilibrium H atom mole fraction follows a
formation and, as such, contribute to the tempera- van't Hoff relation corresponding to the AH of 1/2H 2
ture dependence. Intermolecular rearrangements 4 H (-54 kcal/mol); H2 changes very little with
(type 6) have high activation energies and would also temperature, and C2 H2 is orders of magnitude above
be favored by increasing temperature. equilibrium values, making predicted equilibrium

Global equilibrium, however, only favors PAH and trends irrelevant, so only the H atom can be com-
fullerenes up to a certain temperature (-2000-2600 pensated for in this way. Predictions using the
K, depending on conditions), beyond which C2H2  H atom mole fractions modified to reflect equilib-
and polyacetylenes are favored [37,54]. Viewing the rium trends show a more complex T dependence.
fullerene formation mechanism in terms of AG for The variable c* decreases monotonically by a factor
different reaction types, H abstraction (type 1) and of 14 between 1800 and 2200 K. Fitted values of k'
H elimination/ring closing (type 5-3) become more range over less than a factor of 2, showing a maxi-
favored (AG decreases) as T increases, but C2H2 ad- mum near 2000 K. The overall prediction indicates
dition/ring closing (type 23) and intramolecular re- a maximum in fullerene formation rate with a tern-
arrangements (type 6) become less favored (AG in- perature near 2100 K (Fig. 4).
creases) as T increases. Recent work [32] shows maxima in peak fullerene

The main feature of fullerene formation chemistry ion concentrations with temperature, although the
that could lead to pressure dependence is the need maxima occur at a higher temperature (-2200 K).
for removal of hydrogen, leading to a net increase in The predicted maximum in fullerene formation rate
the number of moles. While H-abstraction (type 1), might reflect physical reality: comparison with the
C2H2 addition/ring-closing (type 23), and rearrange- data of Howard et al. [43], which reflects a mono-
ment (type 6) reactions have no net mole change, the tonic increase in fullerene formation with increasing
dehydrogenation/ring-closing (type 5-3) reactions temperature, is limited by not knowing the actual
lead to a net increase in the number of moles, which temperatures of the flames studied; the data may
is in contrast with flat PAH formation. While many have been taken in a temperature range below any
PAH6 ring-formation sequences (e.g., 4-phenan- maximum in fullerene formation rate, so the two data
threnyl + C2H2 4 pyrene + H) are comparable to sets [32,43] might not be inconsistent. In short, tem-
those of the present fullerene formation mechanism perature trends predicted by the mechanism are not
(or perhaps the converse is more accurate), PAH6 demonstrably inconsistent with data.
growth includes ring formations requiring two C22H2  The mechanism's predictive capacity for trends
additions (e.g., phenyl + 2 C2H2 # naphthalene + with respect to pressure were tested similarly, fixing
H; 1-coronenyl + 2 C2H2 4 benzo[a]coronene + all other input parameters at the base case while vary-
H) that lead to a net decrease in the number of moles ing pressure from 0.01-1.0 atm, which more than
and that would, therefore, be favored by higher pres- covers the range of pressures of known fullerene-
sures. Although reactive coagulations of two aryl rad- producing flames. The predicted rate of fullerene
icals also decrease the number of moles, the relation formation was found to increase linearly with pres-
of coagulation reactions to the pressure dependence sure, i.e., k* c p and r cc p - 1, which can be explained
of fullerene formation is complex and is discussed at in terms of the types of reactions found in the mech-
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anism. Reactions of type 1 have their forward rates Two limitations of this study with respect to the
proportional to [H] and their reverse rates propor- prediction of pressure effects are not accounting for
tional to [H21; similarly, the forward and reverse rates the pressure dependence of the C2H2 mole fraction,
for type 23 reactions are proportional to [C2H2] and which is unknown, and are not including molecular
[H], respectively. Since the mole fractions of H, H2, weight growth pathways leading to flat PAH and soot
and C2H2 are effectively constant during the simu- formation. The same arguments used to explain the
lations, the concentrations of these species are pro- predictions for fullerene-formation also indicate that
portional to pressure. Therefore, the forward and re- flat PAH formation would be enhanced by increasing
verse rates of most of the reactions in the mechanism pressure. However, as explained above, the pressure
increase linearly with pressure. Accordingly, type 5-3 dependence is expected to be stronger for the flat
reactions are not rate limiting since their reverse PAH. The extent of soot formation in fullerene form-
rates would increase linearly with pressure while ing flames is known to increase strongly with increas-
their forward rates remain constant. Type 6 rates are ing pressure [55], probably reflecting the p2 depend-
not directly affected by pressure and are also not rate ence of the formation of new particles and, hence,
limiting. Since the mechanism as tested proceeds in new substrate for mass deposition, by reactive co-
a forward direction from the initial fullerene precur- agulation of large PAH. Therefore, as pressure is in-
sor to C 66 and C70, the predicted rate of fullerene creased, the competition between fullerene forma-
formation increases linearly with increasing pressure tion and flat PAH and soot formation would be
due to the concentration effect. assumed to shift strongly toward soot formation, con-

The effect of pressure on the input mole fractions sistent with observations that fullerenes formation
of H, H2, and C2H2 was next considered, via global decreases as pressure is increased toward atmo-
equilibrium. Again, the equilibrium mole fraction of spheric.
H2 is largely insensitive to pressure, that of C2H2 is
orders of magnitude below the experimentally based
input value. The equilibrium H atom mole fraction Discussion
is proportional to p-1/2; this pressure dependence
can also be derived from considering the reaction Testing of the previously published fullerene for-
1/2H 2 4- H. Use of this pressure dependence for the mation mechanism [29] has gone beyond the initial
H atom mole fraction still gives a predicted mono- preliminary test of kinetic plausibility and has not
tonic increase, but to a lesser extent (k' c' p0

_6, 0 cc disproved the mechanism. Predictions change little
p 0.6), in rate of formation with increasing pressure. within reasonable ranges for values of the types 5-3
This prediction still qualitatively disagrees with and 6 rate coefficients. Fullerene formation rates are
known trends, but additional effects of pressure on strongly affected by the choice of rate coefficient for
flame chemistry must be considered. reaction types 1 and 23. Use of one rate coefficient
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THE FORMATION OF AROMATIC CARBON
IN SOOTING ETHYLENE FLAMES

A. CIAJOLO, A. D'ANNA, R. BARBELLA AND A. TREGROSSI

CNR, Istituto Ricerche Coinbustione
P. le V. Tecchio, 1-80125 Napoli, Italy

The concentration profiles of soot, acetylene, diacetylene, benzene and condensed species were mea-
sured inside a slightly sooting (C/O = 0.64) and a sooting (C/O = 0.78) premixed ethylene flame at
atmospheric pressure.

Condensed species (CS) were analyzed by gas chromatography and mass spectrometry, identifying and
quantifying polycyclic aromatic hydrocarbons (PAH) with molecular mass up to 400 u. PAH species with
masses in the range between 400 and 1000 u were not detected, even when isolating the heaviest fractions
of the condensed species by solvent solubility and liquid chromatography techniques. The sum of PAH
quantified by gas chromatography and mass spectrometry did not totally justify the CS weight, and a
spectroscopic characterization of the CS (uv-visible, fluorescence, and infrared spectroscopy) was at-
tempted. The spectroscopic behaviour of the CS shows that a low degree of ring condensation and/or a
certain degree of aliphatic functionality has to be supposed in the unidentified high molecular mass fraction
of the condensed species.

The aromatic carbon, mostly represented by benzene and CS, showed the maximum concentration early
in both the flames, at the onset of soot formation but, differently from the slightly sooting flame, a fast
reincrease of CS and benzene was found in the burned gas region of the sooting flame. Moreover, the
consumption of CS in the region of soot inception was faster in the sooting flame where oxygen is less
available for their oxidation, thus the decrease in their concentration was not only due to oxidation, but
also to the participation of these species in soot inception.

Introduction sirable in order to cover the large "world" of carbon-
containing species formed inside rich flames, also

In search for the routes through which soot is considering that the decrease of their concentration
formed, the history of the fuel carbon atoms has been in correspondence of soot formation [8,9] suggests
followed by optical and sampling techniques along their possible role in soot inception.
premixed flames. Polyacetylenes before [1], polycy- In the present study, the concentration profiles of
dlic aromatic hydrocarbons after [2], and finally ful- the aromatic carbon condensed along a slightly soot-
lerenes [3,4] have been detected as high-molecular- ing and a sooting premixed ethylene flame at atmo-
weight species in rich premixed flames, which are the spheric pressure were obtained. The composition
preferred experimental apparatus for soot formation and the chemical nature of these species were ana-
studies, lyzed by applying an array of chemical (gas chroma-

It has usually been found that the higher the mo- tography, liquid chromatography, and mass spec-

lecular weight of these compounds the lower their trometry) and spectroscopic techniques (uv-visible,

concentration [5] and the more difficult the deter- fluorescence, and infrared spectroscopy) in order to

mination of their profiles. Most of the work has been extend the identification range to higher masses.

devoted to the identification of high-molecular-
weight species in ionic form [3,6] and few data are Experimental Apparatus and Analytical
available on neutral species even in a range of mo- Procedure
lecular masses that are "gas chromatographable," i.e.,
up to 300 u [2,7]. Furthermore, in previous work, it Soot, condensed species, and gaseous combustion
has been found that the contribution of PAH of up products were sampled by means of a stainless steel
to 300 u (coronene) to the species condensed along water-cooled probe (i.d. = 2 mm) on a slightly.soot-
premixed ethylene flames [8] and in low-pressure ing (C/O = 0.64) and on a sooting (C/O = 0.78)
benzene flames [9] is relatively small and the largest premixed ethylene/oxygen flame at atmospheric
part of the heavy material remained unidentified. pressure. The flames were stabilized on a water-

A deeper characterization of these species is de- cooled stainless steel porous plate burner (d = 60

679
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mm) and surrounded by a shroud of nitrogen (i.d. = and insoluble fractions. The hexane solubles were
62.4 mm, o.d. = 74 mm). The fuel and oxidant were fractionated by normal phase high-pressure liquid
fed to the center of the burner and the fresh gas chromatography (HPLC) on a silica-bonded column
velocity was kept constant at 50 mm/s. The burner using hexane as eluent. This technique allows the iso-
was enclosed in a quartz housing to keep the flame lation of a low-mass PAH fraction that contains alkyl-
protected against convection of the surrounding substituted and alkyl-unsubstituted PAH from two
gases. Temperature measurements were performed (naphthalene) to seven rings (coronene). Polycyclic
by means of a fast response Pt-Pt/10% Rh thermo- aromatic compounds with more than seven rings and
couple and the maximum values that resulted were heavier organic compounds were strongly retained
1670 K and 1630 K at 2 mm for the slightly sooting on the top of the column so that their elution was
and sooting flame, respectively. Downstream of the accomplished after the elution of low-mass PAH by
flame, temperature decreases reached, at 6 mm, val- backflushing the column with a hexane-dichloro-
ues of 1600 K and 1500 K for the two flames. methane mixture. This class of compounds will be

On-line gas chromatography with a flame ioniza- referred to as the high-mass aromatic fraction.
tion detector was used for the analysis of the light GC-MS analysis confirmed the presence of PAH
hydrocarbons. from two (naphthalene) to seven rings (coronene) in

The particulate (soot and condensed species) was the low-mass PAH fraction, whereas high-mass aro-
collected on a teflon filter and in a cold trap placed matics and hexane insolubles were not analyzable by
before the filter. The particulate was extracted with gas chromatographic techniques. Particle beam-
dichloromethane (DCM) in order to separate the mass spectrometry (PB-MS) used for the analysis of
condensed species (CS) soluble in DCM from the CS was also used as an analytical technique for the
insoluble carbonaceous material defined as soot. The qualitative analysis of the high-mass aromatics and
amount of CS was determined by evaporating the hexane insolubles.
solvent and weighing the CS sample on an analytical Ultraviolet-visible spectroscopy of the low-mass
balance but, before the evaporation, the condensed aromatics, high-mass aromatics, and hexane insolu-
species, dissolved in a known volume of DCM, were bles was performed on a Hewlet-Packard 8452A
first analyzed by gas chromatography and mass spec- spectrophotometer with the use of standard 1 cm
trometry to allow the identification and quantifica- path-length quartz cells.
tion of volatile components (e.g., naphthalene) usu- Fluorescence emission spectroscopy was done on
ally lost during the evaporation procedure, a Perkin-Elmer LS50B spectrofluorimeter. Emission

Polycyclic aromatic hydrocarbons with molecular spectra were recorded at two excitation wavelengths:
masses up to 202 u were analyzed in the condensed 266 and 355 nm.
species by gas chromatography with mass spectrom- FT-IR spectra of the samples dissolved in DCM
etry detection (GC-MS) and with flame ionization and dried on KBr disks were obtained using a Perkin-
detection (GC-FID). Elmer 1600 FTIR spectrometer.

Mass spectrometry of the CS in the range from
200 to 1000 u, which is beyond the capability of
GC-MS techniques, was done by direct introduction
of the samples into a HP 5989A mass spectrometer Results
through a Particle Beam HP 59890B generator. The
particle beam is commonly used as interface in the Figures 1 and 2 show the concentration profiles of
liquid chromatography-mass spectrometry analysis C2H4, C2H2, C4H2, and C6H6 for a sooting (C/O =
(particle beam LC-MS), but in this work the sample 0.78) and a slightly sooting (C/O = 0.64) ethylene
was injected into the flow of the mobile phase (meth- flame, respectively.
anol) through a Rheodyne loop valve without passing In the sooting flame, C2H4 shows a fast consump-
through the chromatographic column. The sample, tion throughout the first oxidation region, whereas
transported by the mobile phase, flows directly in the C2H2 and C4H2 are rapidly formed, showing a max-
particle beam generator, which nebulizes and vapor- imum at the end of the oxidation zone, and then their
izes the flow separating the volatile mobile phase concentration decreases, approaching the final values
from the sample which, in this way, is introduced in downstream of the flame (Fig. 1). The same behav-
the mass spectrometer source. In the vaporization iour is shown in the slightly sooting flame (Fig. 2),
phase, the volatile components of the sample are lost but in this case C2H2 is formed in lower amounts and
along with the mobile phase hindering the detection C4H2 was below the detection limit.
of components with molecular mass below 200 u. The concentration profiles of C6H6 in the two
This technique was tested with a mixture of standard flames show a remarkable difference in the burned
PAH and calibration factors that were obtained for gas region. In fact, benzene profiles exhibit a first
the quantitative analysis. maximum early in both flames, after which benzene

The condensed species, dried and weighed, were concentration rapidly reincreases in the burned gases
separated by solvent solubility into hexane soluble of the sooting flame (Fig. 1), whereas it decreases in
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benzene in a slightly sooting ethylene/oxygen flame (C/0 =

0.64).
centration decreases, reaching a minimum in corre-
spondence of the formation of the first soot particles.

the burned gases of the slightly sooting flame without Thereafter, the concentration of CS reincreases but
going through any further maxima (Fig. 2). is rapidly outweighed by soot concentration (Fig. 3).

The condensed species (CS) follow trends very In the oxidation zone of the slightly sooting flame,
similar to benzene, as shown by their profiles re- CS concentration has a first maximum, as in the soot-
ported in Figs. 3 and 4 for the 0.78 and 0.64 flames, ing flame, but does not reincrease in the burned gas
respectively. Soot concentration was determined region, and soot is below the detection limit of the
only in the sooting flame and its profile is also re- experimental procedure (Fig. 4).
ported in Fig. 3. The qualification of the molecular masses belong-

Condensed species are formed in larger amounts ing to the CS was done by using gas chromatography
in the sooting flame and present a first maximum and mass spectrometry techniques, which cover to-
within the main oxidation zone, and then their con- gether the mass range up to 1000 u. Gas chromatog-
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ethylene/oxygen flame (C/0 = 0.78). sooting ethylene/oxygen flame (C/0 = 0.64).

raphy with flame ionization detection (GC-FID) is PB-MS contributes to the CS in a larger measure in
able to analyze PAH from naphthalene to coronene, the sooting flame (35 wt.%) than in the slightly soot-
but this technique is not useful above 202 u and total ing one (25 wt.%) and their profiles run below the
PAH identified by GC-FID were no more than 20 CS profiles, following a parallel trend as shown in
wt.% of the CS [8]. Figs. 3 and 4 where PAH profiles are also reported.

Mass spectrometry of the CS dissolved in DCM The profiles of the most abundant molecular
and transferred to the mass spectrometer through a masses of PAH are reported in Figs. 5 and 6 for the
particle-beam interface (PB-MS) was able to identify two flames. They show the decay of the PAH con-
high masses above 202 u in the bulk of the CS sample centration with increasing molecular mass going
(volatile compounds with molecular mass <202 u are from the smallest identified PAH (C10H8, MW =
lost by this technique). The peaks relative to the ion- 128 u) toward the largest one (C30H14, MW = 874
lecular PAH ions were quantified in the mass spec- u). A slight shift between the maxima of the masses
trum by comparison with PAH standards, but it is up to 202 u and the masses above 202 u is observed
worth emphasizing that on each peak of the mass along the axis of the slightly sooting flame (Fig. 6).
spectrum there is the superimposition of different By analogy with the characterization procedure of
PAH having the same molecular mass and different heavy fuel oils, a bulk analysis of the aromatic frac-
structures (e.g., 202 u corresponds to fluoranthene, tions contained in the CS was undertaken through
pyrene, acephenanthrylene, and aceanthrylene), and the separation of the condensed species by solvent
the larger the molecular weight the larger the num- solubility into two fractions: hexane solubles and hex-
ber of the possible isomers. By PB-MS analysis, ion- ane insolubles. The hexane solubles were further
lecular ions of PAH up to 400 u were detected and separated by HPLC in two classes of compounds.
quantified; the mass signals were too low above this The first class of compounds was totally constituted
mass value. of low-mass PAH up to coronene (300 u), and ac-

The sum of PAH quantified by both GC-FID and counted for the 60 wt.% of the hexane solubles as
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The obvious advantage of the solubility separation FIG. 8. Fluorescence spectra at different excitation
and liquid chromatography procedure is the possi- wavelengths of (a) A. = 266 nm and (b) at 2, = 355 n
bility of a subsequent analysis of the three CS frac- of low-mass aromatic, high-mass aromatic, and hexane in-
tions: low-mass PAH, high-mass PAH, and hexane soluble fractions collected at 5 mm in a sooting ethylene/
insolubles by other analytical techniques. Moreover, oxygen flame (C/0 = 0.78).
the heavier components of the CS are in this way
separated from the lighter, usually more abundant
compounds, enhancing the sensitivity of the proce-
dures regarding the determination of large masses. shape of the uv-visible spectra hinders the discrimi-

Further spectroscopic analyses of some selected nation among different aromatic systems contained
samples, reported in the following paragraphs, were inside each fraction, and some peaks, attributable to
undertaken in order to attempt a deeper characteri- single PAH, are evident just in the spectrum of low-
zation of the unidentified species while at the same mass aromatics.
time characterizing their optical behaviour with the Fluorescence spectra are more structured than uv-
perspective of a possible comparison with in-situ op- visible spectra, showing peaks characteristic of dif-
tical measurements. ferent aromatic rings. Fluorescence spectra of the

Ultraviolet-visible absorption and fluorescence low-mass aromatics, high-mass aromatics, and
emission are signatures of the aromatic character of hexane insolubles sampled at 5 mm in the sooting
the sample. Figure 7 reports the uv-visible absorp- flame are reported in Figs. 8a and 8b. These spectra
tion spectra of the low-mass aromatics, high-mass ar- were obtained by exciting with two different excita-
omatics, and hexane insolubles collected in the soot- tion wavelengths: 266 and 355 nm.
ing flame at 5 mm. The shapes of the uv-visible The fluorescence spectrum of the low-mass PAH
spectra exhibit a large absorption peak in the uv re- excited in the uv shows a first maximum at 320 nm,
gion that extends up to the visible region. The inten- typical of two-ring PAH, and two peaks at 390 and
sity of the absorption decreases in the uv and rises in 405 nm, mainly due to three- and four-ring PAH
the visible going from low-mass to high-mass arm- [10]. Fluorescence spectra of high-mass aromatics
matics and hexane insolubles. The structureless and hexane insolubles develop more toward the vis-
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ible, showing a broader shape with not-well-resolved position, which causes the destruction of the aro-
peaks and a lower fluorescence emission (Fig. 8a). matic building bricks necessary for soot inception.

Fluorescence emission of low-mass aromatics is Condensed species are formed in larger amounts
depressed by exciting to a longer wavelength (355 in the sooting flame and their depletion is decisively
nm) (Fig. 8b), whereas the enhancement of the flu- steeper in correspondence with soot inception. The
orescence emission of high-mass aromatics and hex- aromatic carbon depletion has to be due to molecular
ane insolubles is achieved. In this case, the emission growth leading to soot inception more than to oxi-
maxima of the three classes are better discriminated dation and thermal decomposition, which occur to a
and these maxima are shifted toward the visible going lower extent in higher C/O conditions where the ox-
from low- to high-mass aromatics and hexane insolu- ygen is less available and the temperature is lower.
bles. The peculiar trend of the aromatic carbon has al-

Infrared analysis of the low-mass PAH showed a ready been found in other works [1,2,5,7] and attrib-
strong absorption signal at 3050 cm- 1 because of uted to a temperature effect [5]. However, it can be
C-H aromatic stretching and a low signal at 2850- supposed that this reincrease can derive from PAH
2980 cm-' because of C-H aliphatic absorption. released from the soot structure with a mechanism
Conversely, in the heavier CS fractions (high-mass similar to that already postulated to justify the for-
aromatics and hexane insolubles), the C-H aromatic mation of fullerene in sooting flames [3].
absorption at 3050 cm-1 was less evident and C-H Only PAH up to 400 u were identified in the con-
aliphatic absorption at 2850-2980 cm' prevailed. densed species even extending the mass range of

identification up to 1000 u (limit of the mass spec-
trometer system). The sum of PAH quantified by gas

Discussion chromatography and mass spectrometry partially
contributes to the CS weight (Figs. 3 and 4) and a

The structures of the two flames are described by spectroscopic characterization of the CS (uv-visible,
the distributions of the most abundant hydrocarbon fluorescence, and infrared spectroscopy) was at-
products: acetylene, diacetylene, and benzene, tempted to give further insights on the unidentified
mostly formed at the end of the main oxidation zone species. To this end, the heavier components of the
when the fuel is almost completely consumed (Figs. CS were separated from the low-mass PAH by sol-
1 and 2). vent solubility and liquid chromatography procedure.

The pyrolytic routes through which the fuel is PB-MS of heavier components of the CS (high-
transformed in unsaturated and aromatic compounds mass aromatics and hexane insolubles) confirmed the
is preferred in higher C/O ratio conditions where presence of PAH in the range between 300 and 400
acetylene, diacetylene, and benzene are formed in u, but these compounds account for no more than
larger amounts (Fig. 1). Acetylene does not show sig- 10 wt.% of these fractions. On the other hand, the
nificant differences between the two flames, increas- spectroscopic behaviour of these heavier aromatic
ing at the end of the oxidation zone and decreasing species indicated that these compounds are more ab-
in the burned gas region of the flame. On the con- sorbing and fluorescing in the visible than low-mass
trary, the formation of the first aromatic, benzene, PAH (Figs. 7 and 8), and this behaviour is typical of
presents peculiar differences between the two high-molecular-weight species. The presence of both
flames. In the sooting flame, benzene concentration aromatic and aliphatic C-H functionalities suggests
increases up to a maximum located at the end of the that mixed aromatic-aliphatic structures with a low
oxidation zone, then reincreases in the postoxidation degree of ring condensation and a high molecular
zone of the flame (Fig. 1), whereas benzene concen- weight have to be contained in the unidentified heavy
tration shows the usual rise-decay profile in the species collected in flames.
slightly sooting flame, similar to the acetylene profile
(Fig. 2).
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COMMENTS

Christine Kubitza, Technische Hochschule Darnmstadt, able to distinguish between the various C4Hx hydrocarbons
Germany. Can you distinguish between certain C4H,-hy- present in the flame gases, and the presence of CAH5 (di-
drocarbons by using a GC/FID? Only the profile of C4H, acetylene) was much more relevant than the other C4H,
is shown, so is the formation of C4H4 and C4-Hl negligible? hydrocarbons, which were almost negligible. Thus, only the

profile of diacetylene is reported in the work also because
Author's Reply. The gasehromatographic analysis was this species is significant in polyacetylene formation.
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INVITED LECTURE

MULTICIANNEL REACTIONS IN COMBUSTION

TH. JUST
Institute of Physical Chemistry of Combustion

DLR, Stuttgart, Germany

A survey is given on two theoretical treatments of multichannel reactions: (1) a strong collision model
and (2) solutions of the master equation based upon an exponential energy gap model for the energy
transfer by collisions. Theoretical results for a three-channel model reaction, obtained by (1) and (2), are
compared. Deficits of the strong collision model are discussed. Rotational effects and their different influ-
ences on channel exits are qualitatively treated. Recent experimental results on channels of important
reactions in combustion chemistry, such as CH3 + OH, CO + OH, C2 -12 + OH, C2il5 + 02, and phenyl
+ 02, are presented.

Introduction methods for rate coefficients in large ranges of pres-
sures and temperatures, because it appears impos-

Concentrations of pollutants in the burnt gases, as sible to measure all relevant elementary rate coeffi-
well as effects on flame stability, the local laminar cients in combustion chemistry in the range of p and
flame speeds, ignition, knocking phenomena, etc., T that are of industrial interest. In contrast to prac-
are a result of the interaction between chemistry and tical needs, the majority of rate coefficients deter-
flow field. It appears as a fascinating idea to exploit mined experimentally are obtained at normal or
today's enormously increasing computing power for lower pressures and often at temperatures below
the purposes of practically useful flame modelling. 1000 K. For the simulation of, e.g., combustion in
In the future, such models may gain a hitherto un- gas turbines or in piston engines, we need informa-
imagined importance in industry. Still, there is a tion on rate coefficients up to about 30 bar and tem-
bottleneck in doing such modelling for realistic peratures between approximately 500 and 3000 K.
three-dimensional configurations; this is the coupling Consequently, we need well-developed methods to
of-necessarily large-chemical submodels to mod- predict the change of rate coefficients and, equally
els describing the turbulent flow field. Even with the important, methods to predict the change of branch-
largest computers, unreasonable computing times ing ratios of relevant multichannel reactions with T
are needed to realistically simulate turbulent com- and p. Particularly, the change of branching ratios
bustion with complete chemistry. However, there are may have drastic effects on modelled parameters, as
interesting developments under way to remove this flame speeds or pollutant concentrations. The most
difficulty. These developments concern efficient prominent and classical example is the reaction of H
ways for the systematic reduction of large chemical + O2 either to HO 2 or to OH + 0. With increasing
systems such that important features of the reacting pressure, we observe at certain temperatures an in-
system do not disappear. Mathematical reduction creasing preference of the system to react into the
techniques will be applied locally, determined by the rather inactive HO2 channel instead of into the chan-
local conditions of T, p, and mixture ratio [1,2]. nel OH + 0. The latter results in two highly reactive

If this concept of reducing large chemical systems radicals. Preferential branching into HO 2 may stop
and coupling the reduced systems to turbulence almost completely all flame reactions.
proves successful, we can predict that mathematical Experimental facts obtained on product channels
models for the reliable simulation of combustion pro- over the last decade demonstrate that the more we
cesses will become a tool for engineers in the near investigate reactions in detail, the more we realize
future. This in turn will give chemical kinetics a new that many "bimolecular reactions" in hydrocarbon
and increasing importance. oxidation are anything but one-channel processes.

The success of these anticipated new simulation Numerous publications have appeared on the sub-
models depends on carefully designed submodels. ject of complex reactions in the past. For textbooks on
Besides a model for simulating turbulent flow, we this subject, see Ref. 3. Models based on simple
need reliable large chemical kinetic models. The lat- steady-state analysis have been developed [4-9,62].
ter provide the basis for the mathematical reduction The obvious advantage of these models is that impor-
strategy. When setting up chemical submodels, we tant basic physical effects can easily be made transpar-
have to make use of interpolation or extrapolation ent. But most models circumvent the difficult prob-

687
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lem of satisfactorily treating the energy transfer excitation coefficient. Both coefficients are connected
processes. Nevertheless, with some restrictions and by the Boltzmann functionfý(E ): ko-E/kE-o = fý(E).
caution, they may be used for interpolating purposes. Similar equations for [dAB C *(E )]/dt can be writ-

Discussions based on analytical or numerical so- ten down, but they are not given here. For
lutions of the master equation [10,11] allowed a [dABC *(E)]/dt, we use the steady-state approxima-
much more satisfying inclusion of energy transfer tion:
processes. In the case of unimolecular one-channel
processes, the obtained results led to useful inter- dABC*(E) _ 0.
polation recipes [10], which allow an easy and, as far dt
as comparisons with experimental data could be
made, rather accurate prediction of falloff curves. The coefficient kEa0 is set equal to Z in the frame of
These procedures considerably improve chemical ki- the strong collision assumption, where Z is the num-
netic models for combustion simulation. Extensions ber of collisions under experimental conditions: Z =
of the discussion of the master equation to treat mul- ZLJ * M. After some algebraic manipulations, we get
tichannel systems have been sparse up to now. a set of kinetic differential equations containing com-

In the following sections, a short and somewhat plex rate coefficients, which may be compared to
specialized survey is given: first, on some mathemat- measurable global rate coefficients.
ical tools aimed at numerical solution procedures of
the master equation for complex reactions; included dA ABC k,(E) f,(E)
also is a discussion of the progress made in an in- dt El
creasingly realistic modelling of energy-specific rate
coefficients k(E,J); and second, on some recent, Z- A BC
mainly experimental results for multichannel reac- Z + k1(E) + k 2(E)
tions of combustion relevance. k5(E) f(E) (Z + kjE))

El Z + k1(E) + k,(E)
Multichannel Reactions + C • AB 3 K,2 ks(E) .f0 (E)

E2

Strong Collision Model: k2(E)

We start with a two-channel model, as it is de- Z + k 1(E)+ k2(E) (1)
picted in the following scheme: dC Z

k,()k 2CE) y-ABC -Ek2(E) -f,(E)
*d E2 Z + kl(E) + k2(E)

A + BC • ABC(E) 4- C+ AB +ABC qKk 2 (E -f,(E)

k,(E) k2(E) E2

I- C • AB" ,2

kE-*o ko-OE Z + kl(E) + k2(E)

•3 k 2(E).f(E). (Z + kl(E))
ABC E2  Z + k,(E) + k2(E) (2)

The scheme shows all processes related to the dis- dABC ABC'E (k,(E) + k2(E))
sociation of ABC and to the complex bimolecular re- dt Ej + E
action from eitherA + BC or C + AB. To make the
formulae not too complicated, we first neglect rota- Z
tional effects. Z + kl(E) + k2(E)

The differential equation for the change of r
ABC is + A'BC'K z k 1(E) "f(E)

E1

dABC Z
d = - ABC'- ko0 E + I kF.o'ABC*(E).
cEt E Z + kl(E) + kl(E)

Here, kO-E is the one-step exciting rate coefficient + C AB Kcs 3 k2(E2 ) fE)
E2

from the ground state, the stable molecule ABC, to
the metastable states ABC *(E), where E is consid- Z
ered for energies above the lowest exit; kE-0 is the de- Z + kl(E) + k2(E) (3)
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In these formulae, the terms ki (E) are the energy- Here, kt,, 0  kA + kc. The equations are written
specific rate coefficients. The normalized Boltzmann analogously to the set (1) through (3). The coefficient
distribution is fJ(E); the equilibrium constant con- Kc0 " kAA refers to the reaction of A + BC into ABC
necting products to the stable molecule ABC is /i. and C + AB; K 1 • kcA refers to the route from A +

K,, = ABC/(Aw BC), etc. Deriving the formulae BC into C + AB, etc.
(1) through (3), we used that k1(E )/kl(E) = K0 (E). This model is very simple with respect to the en-
This can be based upon the assumption of micro- ergy transfer processes. We have assumed that ex-
scopic reversibility. For a more detailed discussion cited states ABCj* (E) connect with the stabilized, en-
of this matter, see e.g. Ref. 3. ergetically unstructured molecule ABC by only one

Limiting cases for large and low Z can be easily rate coefficient Z = ZLJ M. In the "modified strong
extracted from Eqs. (1) through (3). For the sake of collision model," we may approximately regard en-
clarity, in Eqs. (1) through (3), rotations were ne- ergy transfer in a global way. For this purpose, Z may
glected. If we take rotational effects into account, we be multiplied by a weak collision factor#,i. In reality,
assume that the rotational populations are very we have a much more complicated process of energy
quickly equilibrated. This is mainly based on experi- transfer within the large number of quantum states
mental evidence of energy transfer at low levels of v of the molecule. The full system of coupled differ-
andJ. See, e.g., recent experiments on CH 30 [66]. ential equations for the states ABC(E) has to be
The assumption of fast rotational equilibration is treated. For a one-channel decay, the appropriately
used in practically all chemical-kinetic calculations defined#,t multiplied with the pertinent rate coeffi-
published up to now. Modelling of rate coefficients cient for the strong collision assumption results in the
using this assumption produces plausible results, numerical value of the low-pressure rate coefficient
thereby giving justification a posteriori. We set obtained by treating the master equation (see below).
ABC*(E,J) - ABCJ' (E) fj. In multichannel systems, the simple multiplication

The barriers Ej become dependent on J: Ei (J). of Z = ZL] M with fl, is indeed, for some of the rate
Now the terms ki(E ) are ki(E,J); the terms !(, trans- coefficients of Eqs. (1) through (3), a rather poor way
form into Ki j and ABC into ABCJ •f2- (dA)/(l) to take energy transfer into account. The results, cal-
gets the label J: (dAj)/(dt), etc. Including rotation in culated from using Eqs. (1) through (3), may differ
the framework of our assumption ABC*(EJ) - considerably in the falloff regime, as it will be dem-
ABCI(E) "fj, we obtain e.g. for the k1(E,J), onstrated below.

The three equations for A, C, and ABC are of gen-
k1(E,J) = Kc1(E,J)" lk(E,J) eral validity. Starting with the molecule ABC, we de-

/,(E,J) = f1I fj-f,(E)"kl(E,J). scribe a two-channel decay. The corresponding co-
efficients are found in the first parts of the formulae.

The essence is that in this model, we consider indi- When back reactions are important, we can take from

vidual molecules ABC 1, whereby the energy E is the formulae the corresponding coefficients for

taken relative to the vibrational ground state of ABC1 . them. Beginning with A + BC on the other hand,
In order to compare with global rate coefficients, the we have the system for chemical activation, whichf-dependent expressions constructed analogously to reacts over excited ABC*(E) states either to stabi-al loendJ.t ThpressBoltzmanntfactranabecomesy tov lized ABC or into the product channel C + AB.the formulae (1) through (3) have to be summed over The yield of C starting from A + BC may be ofply a weight factor in a final summation of all ABCs interest. In an experimental situation with negligible

A global description of the changes of A, C, and back reactions, we easily derive [C (t)]/[A(t = 0)] =
ABC with time is as follows: [(kca)/(kAA)1" [1 - A(t)/A(t = 0)]. With increasing

pressure, kcA starts to decrease when Z -Ž kz(E) +

dA k,(E).
=t - ABC kA(T,M) - A BC'K 01  The dependence of the global rate coefficients in

Eqs. (la) through (3a) on T and M and their mutual
• kAA(T,M) + C'AB K,,2"kcA(T,M) (la) ratios may be complicated. The behaviour strongly

depends on the relative energy differences of the exit

dC channels and the specific properties of the kQ(E).

dt = ABC kc(T, M) + A BC' K 1  Exit channels may be characterized by "loose" or
"tight" transition states. This is of course reflected in

kcA(T,M) - C'AB'K 2,"kcc(T,M) (2a) the kQ(E)'s (see "Rotational Effects").
Based upon a steady-state analysis, Miller and co-

dABC workers [13,14] treated multichannel reactions pro-

dt = -ABC' k1t0(TM) + A 'BC K,, ceeding along the reaction path with several inter-
mediate bound states (isomers) until reaching the

kA(T,M) + C AB .K2.kc(T,M). (3a) exits. This model neglects energy transfer by colli-
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sions and is applicable in the published form only to respond to energies Ei or E above the vibrational
situations where stabilization is not important. ground state of ABCj(O). Again, in order to make the

Tbe main deficit of the strong collision model is equations more easily read, the label J is omitted.
that it describes weak collision effects rather poorly, All coefficients, level populations, etc. in the frame-
even when Z is multiplied by #-. Results generated work of our basic assumption
by this model are useful for combustion modelling
close to the high-pressure limit or, when considering ABC (J,E) - ABCj (E) "fj
yields in multichannel reactions, for conditions
where little stabilization takes place. We expect the refer to groups of molecules that have J in common.
strongest deviations from solutions of the master The k,(E,J) for the different channels n are abbre-
equation in all terms of Eqs. (1) through (3) where viated by kj.
Z appears as a product term in the nominator. It was The source term Si describes the flux into the le-
shown by Just and Troe [15] that at the low-pressure vel i (or energy range i) of the molecule ABCJ (i) from
limit, the solutions of the master equation for the back reactions A + BC and C + AB.
dissociation coefficients of the channels above the In the present two-channel example, Si =

lowest one differ by large factors when compared ki'-A BC + k2i" C AB. Based upon microscopic re-
with the results obtained by the strong collision versibility, the source term can be written as a func-
model. The deviations from the solutions of the mas- tion of the energy-specific rate coefficients ku :k0i =
ter equation are smaller, however, if we compare K,,s-fyfjq" ki'. The energy transfer probabilities Pij in
those terms in Eqs. (1) through (3) where Z appears Eq. (4) are normalized: 1 - IN 0 Pi. If we apply for
only in the denominator. the Pi an exponential model that is widely in use for

numerical and analytical calculations, we can write

The Weak Collision Model. The Master Equation: for the

A much better, but more complex, description of PFj K.exp[- (Ej - Ei)/a]
the multichannel reactions can be obtained by dis- Pf i fj
cussing solutions of the pertinent set of master equa- pi p =

tions. This is in general a large set of coupled, linear
differential equations. Methods to solve such large Pij = /'l'exp[ - (Ej - E)' (1/a + 1/IT)].
systems, typical for chemical kinetics, have been im- PA
proved further in the last 10 years. The basic math-
ematics for the solution of systems of linear differ- In the formulae, a is the energy transfer parameter.
ential equations with constant coefficients are rather The normalized Boltzmann factor is fi =
simple. Problems are confined in the handling of the pi/Qv -exp( - EE/RT), with pi =_ pv(Ei) as density of
huge number of coupled differential equations. For states (number of states i per energy interval). Here,
medium-sized molecules, the number of coupled Q. is the partition function, which for numerical cal-
equations may be on the order of 1010 in an energy culations may be defined as Qv = yo p,
interval of about 100 kcal/mol. exp( - Ei/IT).

Near the low-pressure limit, one can try to treat The determination of the normalizing coefficients
the problem analytically by solving an integral equa- 14 for the PY is straight forward; the 1, can be deter-
tion, assuming plausible models for the probabilities mined successively [12].

Pj of the energy transfer by collisions [16]. At pres-
sures in the falloff regime and higher, the best way Method for the solution of the system of coupled
is approximately to solve numerically the system of differential equations:
coupled linear differential equations. To this end,
one divides the energy interval in which calculations We start with a matrix formulation of the system
are to be made into suitable subintervals to reduce
the number of coupled equations. In the following, db = (A) b + S (t). (5)
we will assume a finite number N of equations cor- dt
responding to N equally spaced energy intervals AE.

The differential equations have the following gen- The vector b comprises the time-dependent level
eral structure: populations of ABC (E). ABCj(Ei) is abbreviated

further by bi. (A) is tie matrix of the coefficients, as
dABCj they are shown in Eq. (4). The vector S (t) containsdt = SZ-Z'ABCj.- Pij+Z'-,ABCj the elements of the source term: (k,"fjJt J •A'BC-k•'fi + Kc2 'fj'C'AB'k 2 'f).

"Pji - ABCi" (ki + k2i ... ). (4) Beneath the lowest exit level 1 < i1, all elements
are 0. For convenience, we abbreviate the terms

The indices i andj denote level numbers and cor- k. &fj "A -BC by FA(t). We define Fc (t) analogously.
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The source term may then be conveniently writ- larger numbers, which makes necessary calculations
ten as with higher numerical precision.

S (t) = FA(t) FKA + Fc (t)" FKc. The determination of the smallest eigenvalue X,:

The vector FKA contains the elements (k11 "fi); FKc The smallest (negative) eigenvalue 20(J) of (A(J))
contains (k21 "fi). multiplied by - 1 represents the sum of all decay

The appropriate discussion of Eq. (5), that is, the coefficients into the various channels. With simple,
adequate inclusion of weak collision effects in the but plausible models for Pi, the eigenvalues 2 0(J) for
falloff regime, is rather lengthy and complex. The the low-pressure limit can be determined by solving
reader may find a mathematical discussion in Smith approximately an integral equation [16]. The case of
et al. [17] (see also Ref. 3c). a two-channel decay was analytically treated by Just

As the final result, slightly different expressions and Troe [15].
compared to Refs. 17 and 18 are given: For practical purposes, where we need the rate

coefficients in the falloff regime, it is convenient to
e,,d determine 2o(J) by an iteration process. Again, the

kA (T,M) = • fj. kA (J) integration interval is divided into N subdivisions: AE
(Gilbert et al. [19,12]).

Jend
kc (T,M) = •f, -k,(J).J=0 The Low-Pressure Limits

of Multichannel Reactions:
The term AO(J) is the smallest (negative) eigenvalue
of (A(J)). The reader is reminded that -20o(J) must just and Troe [15] analytically solved the integral

equal the sum of all decay coefficients. In the two- equation, neglecting rotational effects. An exponen-

channel case, we have kA(J) + kc (J) = - Ao(J). For tial model for the energy transfer was assumed. With

ka(J), it can be shown [17] that kA(J) = IN the definition h(E) for the rotationless case, h(E) -
k () .gO (j), where the terms g (J) are the elem ABC(E )/(f,(E) -ABC), it was obtained [16,20] that

of the normalized eigenvector of (A(J)). A similar
relation holds for kc (J). Z'fc " E- El

h(E) k(E) + k.(E) a
kAA(T,M) = J kA(J) + kc(J)' UA,(J) forE E

1-o==

- k2i(J)" UAi(J)tc
-iN ](J) L + a•T)R

fend•_ F "(T)•f fv)(E).d

kcA(TM) = f" [kc(J) I UA (J) FE(T) f ' .(dE.

N l The corresponding rate coefficients for a two-chan-
- kj (2i(J)- UAi (J)' nel decay including rotational effects are as follows:

The coefficients UAj (J) are the solutions of a system k =e

of linear equations with right-hand sides given by the o h(E,J) f(E)
elements of the respective source terms [17]: [k1(EJ) + k2 (EJ)]*dE

(A(J)) UA(J) = FKA (J). (6) e =

k,= = fj h(E,J), (E).k,(E,J).dE
A similar relation holds for Uci(J). The term Jlnd is J=0 El(J)

determined by the disappearance of the potential endj

minimum. It can be shown [18] that for knA(T,M) k, = : fj" f h(E,J)'f(E)"k2(E,J)'dE.
and kcA(T,M), the terms in the square brackets are J-0 E2(j)

almost the same as those that have been derived by
Smith et al. [17]. The solution presented here was Here, Jend is determined by the disappearance of the
derived with lesser approximations. potential minimum; h(E,J) is obtained from the for-

Unfortunately, the coefficient kcA(T,M), which mula above by replacing ki(E) by ki (E,J) and E1 by
also appearing in kaA(T,M), is the difference of two E1 (J). Presently, as mentioned already, a discussion
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of rotational effects is only possible in the case of
rotational decoupling ABC (E,J) - ABC1 (E) " f1.

All rate coefficients for channels above the lowest
exit E1 contain a particular factor reflecting the en- ..' .... ..

ergy transfer from the lowest exit energy El up to the ~ E2 J)
channel under consideration. In the two-channel ex- EW

ample, we find the following forJ = 0: E'(J)

E1 0) E,(O)

, exp (E 2 (0) - E .()) Q
]ktot ccepI a I I

With a typical a of about 0.5 to 1 kcal/mol, the ex-
ponential factor may cause a large reduction of the
numerical values of the pertinent decay coefficients Reaction Coordinate

for these channels. This effect does not appear in the FIG. 1. Loose and tight exits. Change of the barrier
strong collision theories. Since a may depend on the heights withJ.
nature of the collision partner, we expect a measur-
able influence on the rate coefficients for the higher
channels. Experimental evidence for this particular values depend on how the change of ITS with chang-
effect has not appeared yet. ing distance of the fragments is modelled. Empiri-

cally, one finds C, - [I/ITs] 2"/3 and v -1 for most
nonlinear molecules.

Rotational Effects Since in practical cases C, is considerably smaller
than 1, we observe a rather strong decrease of the

There are two types of rotational influence on the effective barrier height with increasingJ. For details,
rate coefficients: first, the change of the heights of see Ref. 20.
the exit barriers, and second, the change of the In Fig. 1, barrier effects for a loose and a tight exit
k (E,J) with J. are depicted. It is assumed that for J = 0, the tight

exit is lower than the loose one. If the difference of

Effects on the Barrier Heights: the barrier heights forJ = 0 is not too large, we can
have a situation where for some J > Jrit, the tight

The barrier height is counted in relation to the exit becomes even higher than the loose one. For
vibrational ground state ABCj(vc = 0). In a two- increasing J, the tight exit appears more and more
channel system, we may either have the two exits blocked. Summing over the rotational states, includ-
characterized each by a Morse-type potential or by ing the weight factor fj, we anticipate a "switching"
one Morse and one non-Morse (the latter with an of the rate coefficients for the two-channel decay of
intrinsic "bump" at the exit) or have two non-Morse- ABC with increasing temperatures. Dissociation
type exits. For the "bumnp" of the non-Morse poten- through the loose exit becomes dominant. Examples
tial, which is practically fixed at some set of reaction that have to be interpreted by considering these ef-
coordinates, it is rather easy to calculate the change fects are, e.g., the two-channel decays of C2H4 and
of the barrier height with J, since we have a fixed of H2CO.
ratio of the moments of inertia of the reference state When treating a bimolecular reaction starting
ABCj(O) to the transition state. from the loose entrance, Fig. 1, we anticipate by the

The effective barrier EI(J) may be given by same arguments a negative activation energy for the
rate coefficient associated to the product channel. On

E1(J) = Ej(J = 0) + (BTs - B) .J(J + 1). the basis of a RRKM model, these effects together
with properties of the ki(E,J) were discussed by

Since BTS in practical cases is slightly smaller than B, Golden and coworkers [4,5] and by Benson and co-
we observe only a small reduction of the effective workers [7,8].
barrier height with J.

In a first and, for practical purposes, useful ap- Effects on ki(E,J):
proximation, we may characterize the change of the
barrier height for Morse-type potentials as The properties of the transition states (JS states)

directly influence the numerical values of the perti-
EI(J) - Ej(J = 0) + C," [B 'j(j + 1)], nent energy-specific rate coefficients:

- B j(j + 1) k(E,J) = W(E - El(J))/(h.p,(E,J)).

where C,. and v are semiempirical coefficients. Their In the case of a Morse-type potential, numerical
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evaluation of k(E,J) may become difficult. Realistic values for the k(E,J) are preferentially dependent on
potential functions would not strictly follow a Morse the assumed potential functions for the bending
function. However, as long as quantum chemical cal- modes transforming gradually into hindered rota-
culations do not provide us with better potential tions. They are less dependent on the potential func-
functions, Morse-type potentials serve as an accept- tion for the bond fission.
able approximation. More recent work on this topic, assuming rather

For lowj, we have locations of the transition state realistic interaction potentials that can be used for
at rather large distances between the molecular larger separation distances, was presented by Maer-
moieties that are separating (or recombining). The goiz et al. [231. Results from phase space theory are
properties of the transition states may change con- compared with direct counting by a statistical adia-
siderably with J. With increasing J, the separation batic channel model (SACM) [24,25].
between the two fragments is decreasing. The per- Discussing reactions at higher temperatures, we
tinent moments of inertia for the TS states vary con- see an increasing influence of those TS states that are
siderably. It is rather complicated to adequately re- located closer to the mass centre of the system. With
gard the properties of the TS states for the numerical increasing J, the almost free rotors at small j gradu-
evaluation of the energy-specific rate coefficients ally change into hindered rotors and eventually trans-
k(E,J). Above the barrier E1(J), the number of states form into the pertinent bending modes. The accu-
W(E - E1(J)) may strongly depend on the separa- racy of the k(E,J) to be calculated is somewhat
tion Aq of the two fragments. Those bending modes, limited, partly because the interaction potential be-
and particularly those hindered internal rotations tween the separating molecules at varying separation
of the unexcited molecule that are affected by the distances can only be guessed at present. This is par-
dissociation, become. transitional modes. Bending ticularly true for smaller separations of the mass cen-
modes are converted into hindered rotations, tres of the fragments. Approximate methods to in-
whereby the potential function for the hindered ro- terpolate between the limiting cases of low and high
tors depends on the location q(J) on the reaction co- J on the basis of Morse-type potentials have been
ordinate, developed, e.g., by Troe [26]. Smith, within the

Quite recently, the problem was reconsidered by framework of phase space theory, gives formulae
Smith [21] who presented a new mathematical dis- valid for all J [21]. Simplified interaction potentials
cussion in the frame of phase space theory. for the hindered rotation of the fragments are dis-

For nonlinear molecules, as symmetric prolate cussed in Refs. 21 and 22.
tops, it is assumed that the rotational states of the For a "loose" exit, the effective barrier height con-
external K rotor, associated with the smaller moment siderably decreases with increasing J. The k(E -
of inertia, may be treated as belonging to degenerate E(J)) may change when comparing the same height
vibrational modes. They couple by Coriolis interac- over the barrier E (J) for different J. For a "tight"
tion with bending vibrations. The number of K states exit, the barrier height decreases much more slowly
is restricted by IK I •1 J. K states as degenerate vibra- and the k(E - E (J)) stay rather similar when com-
tions have to be accounted for in the respective ex- pared at the same difference E - E (P) for increasing
pressions for W(E - E (J)), p,(E,J), and Q, [26,27]. J. An instructive example, the k(E,J)'s for the two

Generally, the coupling constraints for the appro- exits of the H2CO decay into H2 + CO (tight) and
priate conservation conditions for the angular ion- H + HCO (loose), respectively, was calculated by
ments involved make the treatment difficult. The Troe [27] (Fig. 2).
reader will find in Ref. 21 numerous references to In many multichannel reactions, we may have
the present methods of treating external rotors as structural changes of the intermediate bound states
well as internal hindered rotors. during the process. An example would be NO +

For the discussion of recombination coefficients NH 2 - N2 + H20. The entrance configuration
that are measured generally at low temperatures, the ONNH 2 changes to HONNH (cis, trans) and from
approximate treatment of loosened bending modes there to the probable end products N2 + H20. We
as free rotations seems to work quite well, and the have hydrogen shifts that proceed stepwise over iso-
mathematical description does not give expressions mers of ONNH 2.The presumption is that in the den-
that are too complex [21,26]. sity of states p(E), but more prominently in W(E -

Up to the present, it is still one of the greatest Ej(J)), changes of coupled bending and stretching
difficulties in reaction rate theories to locate (and to frequencies associated with the quasi-rotating H
characterize) loose TS states along the reaction co- atom at larger energies may occur. The numerical
ordinate q with a higher degree of accuracy, since values of the k(E)'s may change considerably when
potential curves as functions of (E,J,q) would have compared with simple calculation neglecting these
to come from rather accurate quantum-chemical cal- effects [28]. Quantum chemical calculations, such as
culations. Wardlaw and Marcus [22] presented a performed by the Melius group for systems with in-
study on the effects of varying the potential function ternal isomerization [13,29,30], contribute valuable
between the separating fragments. The numerical data with respect to barrier heights and associated
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vibrational frequencies of the intermediate as well as 2030
of the entrance and exit transition states. 12 105 0 50

A very interesting and illustrative example, apply- 10
ing a physically plausible, sophisticated model of in- 5
ternal two-dimensional (2D) rotation of H, was re- H HCO 0 .5
cently presented by Wagner et al. [31]. These authors /0
discussed the dissociation of HCN. Isomerization 20
from HCN to CNH was accounted for. There are 1011 30
contributions to the density of states from molecular
states at larger energies, where the H atom behaves • 50
as a hindered two-dimensional rotor. Associated with >
the 2D rotation, stretching vibrations become dis- Zi
torted. This consequently results in considerable an- 10
harmonicity for these vibrations. The calculated ef- 0
fect on the state density p of HCN was in the order
of a factor of 8 when compared with p obtained in
the standard way. Because HCN is a small molecule,
these contributions of anharmonic vibrations and 2D
rotation to p are more prominent than one would 9
expect it to be for a larger molecule. The agreement 10-

of the calculated low-pressure value k0 with experi-
mental results is satisfactory. The associated #,0 for
the HCN decay attains a reasonable value [31].

Falloff Effects of Rate Coefficients of 30 32 34 36
Multichannel Reactions at a GivenJ E /103 Cm-I

Some numerical examples will be presented for FiG. 2. Calculated k(E,J) for a loose and a tight exit.
simple k(E). Since the change of the barrier heights Decay of HCO [27].
with J depends on finer details of the particular sys-
tem under consideration, no calculations summing
over all allowedJ states are given here. Nevertheless, purpose. Numencal results did not depend strongly
the order of magnitude of effects caused by ener on changing AE. The calculated examples serve to

transfer, comparing master equation solutions with demonstrate typical differences between the strong

results from a strong collision model for a given J collision model and the master equation treatments.
e.g., J = 0, will become apparent. Numerical values of the normalization coefficients 14

Teg., rmfor the P.. were calculated as described above. The
A0 and the normalized populations ABCi/El 0o ABCi

ki(E - Ei(J)) = k/(Ei(J)) were obtained by iteration [12], and finally, solutions
by Gaussian elimination for the coefficients Ui from

(E - E1(J) + Eiz)-R+s 1 Eq. (6) were generated. Most interesting are cases

(E + Ez)s -I where we have exits with different properties.

The ko/(E/(J)) in a small energy interval just above Model Example for a Three-Channel Decay,
the barrier contain in the "loose" case factors that Fixed J:
model the contribution of transitional states. We may
assume that in typical situations, the ko(E) for a loose A + BCD reacts either to an adduct ABCD or
exit are about 10-50 times larger than the ko(E) for into two channels: C + ABD or D + ABC, respec-
a tight exit. For an illustrative example, see again tively. Example 1, Fig. 3, resembles a situation where
Fig. 2. The term SR is the number of "rigid" vibra- we have in the order of increasing harriers EA(tight),
tional frequencies; SL represents, in the case of a Ec(tight), and ED(loose) TS states at the exits. A prac-
loose exit, an effective number that approximately tical example, at least with a similar ordering of the
takes into account the contributions of the transi- Ei's and associated properties of the TS states, is the
tional modes [20,26]. decay of vinylacetylene, C4H4, investigated experi-

The energy transfer parameter a is 0.5 kcal/mol. mentally by Braun-Unkhoff et al. [32] (see below).
The size of the energy interval AE was taken as In the model example, the exit barriers increase
0.5 kcal/mol, N = 180. The assumed "graining" of by 2 keal/mol each. The lowest exit was assumed to
the total energy interval is sufficient for the present be 70 kcal/mol; the next two are at 72 and 74
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FIG. 3. Example calculation for tight, tight, loose exits FIG. 4. Yields of C and D, starting from the loose en-

(see text). Dotted lines: strong collision model with = traoce A. Circles: strong collision model with 0.025;

0.025. Close to the barriers, the k,., are assumed: ka, 1; Squares: strong collision model with /ic 1.

kcco = 1; kD.0 = 10. The units for the k,,, are in ps-.

103 3 Channel System

kcal/mol, respectively. The numerically calculated
reduced falloff curves for J = 0 clearly show the 0 0e - yo = 0.025
dramatic decrease of the coefficients for the two up- 7
per exits at low pressures. A strong collision model . strong coll. kD, total
cannot reproduce these effects at all. Even the sue- r 1o2  .
cession of the rate coefficients at low pressures is 1- ...

incorrect. At higher pressures, we observe a "channel 0 k total
switching" for the highest exit that has a loose con-
figuration. At the high-pressure limit, kD becomes
larger than kA: 101

N N 10 - -9 10 -10 
7  10 - 10- i0- 10-0 10-2

k, = I k3(E) -f(Ei) > k, = k1(E) .f(Ei). M moi/cm 3

i3 ii
FIG. 5. Density dependence of the total rate coefficient

The model was constructed such that at energies E associated with the consumption of either A or D (see text).
slightly above the third exit we have k3(Ei) > kl(Ed). Circles: strong collision model with fl• 0.025; squares:
For comparison, Fig. 3 also shows the results of the strong collision model with /3• = 1.

strong collision model. It is interesting to note that
in the falloff range for the two channels above the1 when data are extrapolated by using a too simple
entrance, the ki may be proportional to Mn, where n odel. Further systematic investigations on this
> 1. In the one-channel case, we always have n - 1.p problem are needed.

As a next example, we consider the reaction start-
Model Example for a Complex Bimolecular ing from either the lowest or the highest entrance.
Reaction with Two Exits: Figure 5 shows the total rate coefficients kisotai (nor-

omalized with the associated Ki) as a function of M.
If we are interested in a complex reaction starting The differences for certain M between the master

with A + BCD and then reacting either to the sta- equation and the strong collision model treatment
bilized ABCD or into the two channels C + ABD equationpandet ong cinmel trtmappear dependent on which channel we start.
and D + ABC, we can construct the yields as defined Analogously to the terms in Eqs. (1) through (3),
above for A(t)/A(O) < 1. The yields were calculated the coefficient, e.g., for kDtotal, is proportional to
for J = 0 only. No summing over J was performed
(see Fig. 4). At increasing densities, the deviation of Z + k,(E) + /cjE)
the master equation result from the simplified treat- kj(E) )fJ(E) - + + k 2(E) + k(E)
ment, according to Eqs. (1) through (3), is noticeable E3 + ki(E) + k,(E) + k3(E)"
for this model. A factor of about 2 at higher densities
does occur. This may be important for critical reac- Here, Z appears in the nominator and in the denom-
tions in a kinetic system for combustion modelling, inator as a sum term. First of all, this limits possible
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1• a situation of the lower CH 3OH channels (see be-
10-1 low). Because of the loose exit of the lowest channel,
10- • the associated kA dominates at all pressures. How-
10-s ever, at higher pressures, the relative contributions
10-4 k of the other two channels are reversed compared

S10- 5  3 Channel Decay with the situation at low pressures.
S10-6 ED >" EC > EAe

10-7 ./ko Contributions of Parallel Reactions
10-8

10-9 So far, we have neglected parallel reactions that
0-10 do not proceed via a complex-forming intermediate.

10-510-410'-310-210-11 10 102 1004 105 Experiments in limited T and particularly limited p
k0 /kinf ~ M ranges do not always provide clear evidence whether

a direct route, e.g., an abstraction route, is partici-
Fic. 6. Example calculation for loose, tight, loose exits pating, and if so, to which degree. For practical mod-

(see text). Close to the barriers, the k, are assumed: kA. elling, this question is important when extrapolations
= 10; kc o = 1; kD.o = 10. The units for the ki, are inzs-'. to higher pressures have to be made. In the case of

C2H 5 + 02, it seems established that a direct ab-
straction route to HO 2 + C2H4 is not prevailing for

differences. In this specific example, the strong col- T < 700 K [52] (see below). Theory may help to clear

lision model deviates by a factor of 1.5 or less. Finer doubtful cases. Harding and Wagner [63] investi-

details, as the different behaviour of kAtaol and gated H + HCO that reacts either to H2 + CO
kDltotal, depend on the relative magnitudes of Z and directly or to the same products by an intermediate

the ki(E) in the respective terms for kAtosal and excited H2CO with the chance of adduct stabiliza-

kDtotal, which are not discussed further here. tion. The theoretical result is that for pressures up to

If in this case we want to make corrections for 1 bar, the abstraction is more prominent than the

weak collision effects, we cannot take the factor fl'. route via the intermediate complex. Another impor-

This factor was developed for the strong collision tant reaction in combustion modelling, C2H3 + 02,
model to take globally into account energy transfer may be best described by a complex-forming and a

for dissociation. In the dissociation case, far from direct abstraction route. In this case, the two reaction

chemical equilibrium, but in the quasi-steady state, paths result in different products (see below). A de-

we have an underpopulation of the states ABCj rel- tailed theoretical analysis of this system, considering

ative tof near the barrier. This is the typical situation both paths, has not appeared yet to the knowledge

where measurements are made and compared with of the author.

theoretical models. In the case of chemical activa-
tion, again far from chemical equilibrium, we would Experimental Results on Some
observe an overpopulation relative tof in the vicinity Multichannel Reactions
of the barrier.

The energy transfer in the situation of chemical A systematic sensitivity analysis applied to large
activation, or in particular for photochemical activa- chemical kinetic systems was recently performed by
tion of molecular states far above the dissociation Warnatz [1]. Important reactions were identified for
barriers of the ground state molecule, may be ap- the modelling of laminar flame speeds and of igni-
proximately regarded by defining a second global tion. Mainly chainlike hydrocarbons were consid-
correction factor y7. For a discussion, see Ref. 33. ered. In the following text, results on some of these

On the other hand, for thermal reactions, one selected reactions are shortly discussed. The impor-
should work with a consistent set of Equations (Eqs. tance of a reaction within a large system depends on
(1) through (3)); the global correction factor has to the answers we want to obtain from the combustion
be the same in all terms of the formulae. Otherwise, simulation. Modelling of pollutant formations, as e.g
we would violate the thermodynamic equilibrium PAH's, soot, aldehydes, or NO, shows that more re-
conditions for the ratio of the rate coefficients. In the actions than selected in Ref. 1 have to be carefully
presented numerical example, perhaps by chance, considered. A systematic investigation of this point
the two correction factors are very similar in numer- has not been performed, but for practical purposes,
ical value. If it is not so, one has to decide on an it has to be done in future.
average global correction factor in order to stay con-
sistent. Solutions of the master equation will be, of Bimolecular Reactions with Bound Intermediates:
course, intrinsically consistent.

Fig. 6 depicts an example of EA(loose), Ec (tight), It is rather difficult to determine experimentally
and ED(loose) TS states at the exits. This resembles accurate branching ratios in larger T and p ranges.
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AHr (300K) kcal mol-1

25 CH3 0 + H (+11.84)

H3 + OH ...------- CH 2OH + H (+3.90)

0 -CH 2 + H2 0 (+2.20)

- HCOH + H2  (-21.0)

CH3 OH - H2 00 + H2  (-71.85) FIG. 7. Lower barriers for the
multichannel system CH3 + OH

-100 (-92.21) (see text).

Nevertheless, there are now appearing more and so important in hydrocarbon combustion modelling,
more quantitative experimental data on multichannel we need a rather high accuracy for this rate coeffi-
reactions relevant to combustion chemistry. Rate co- cient over a large T range. Recent experimental de-
efficients for the different channels are preferably terminations of reaction (R1) agree within ±25%
measured under conditions where stabilization to the [34,36]. Theoretical calculations using plausible po-
bound state(s) can be suppressed. In cases of possible tential curves at the two exits (seen from HO 2) by
contributions of stabilization channels under com- Troe [37] are well in accord with these new experi-
bustion conditions, additional investigations are mental results. More recent theoretical calculations
needed. Some of the more recent results will be ad- are referred to in Ref. 36.
dressed here. The reader may find a rather extensive Concerning reaction (R2), OH + CO - CO 2 +
compilation of rate coefficients for combustion mod- H, a new theoretical study by Kudla and Schatz [38]
elling in Ref. 34, which has been recently published, has demonstrated that despite great efforts, the

strongly curved k(T) in the temperature range be-

H + 02, CO + OH: tween 500 and about 1200 K is still not well modelled
at the lower temperature end. The discrepancies

For the modelling of hydrocarbon combustion, the arise from the fact that the entrance potential OH +
two well-known reactions CO experimentally shows a small maximum which is

up to now not reproduced by ab initio calculations
H + 02 i OH + 0 [38]. Recent experimental studies of Hippler et al.

I1" (Ri) [39] determining the recombination of OH + CO
HO 2  up to 200 bar in the T range from 250 to 700 K clearly

resulted in a positive temperature dependence of the

and high-pressure recombination coefficient with T. This
may be interpreted best by a small potential hill at

CO + OH Ž CO2 + H the entrance channel.

ii (112)
HOCO CH3 + OH:

are particularly important. Flame speeds, ignition Methyl reactions play important roles in combus-
limits, etc. depend critically on reaction (Ri1). The tion modelling. In particular, information on CH3 +
eventually formed CO2 in hydrocarbon oxidation is OH -- products is needed.
mainly produced by the route in reaction (R12) (see Measurements in a flow reactor at temperatures
Warnatz [35]). between 300 and 700 K resulted in the determination

Recent measurements by Masten and coworkers of bimolecular rate coefficients for the channels in
[36] on H + 02 - 0 + OH have established that the range of about 4 kcal/mol above the entrance
for k = A" T ' exp(- E/RT), the exponent n equals channel CH3 + OH [40,41].
0, in contrast to older measurements that were best Figure 7 depicts a preliminary picture of the likely
interpolated with n = -0.9 [34]. The older but potential barriers as they were extracted from the
widely used rate coefficient for H + 02 is systemat- measurements. There are two important new fea-
ically too low for T > 1800 K. Since reaction (Ri) is tures:



698 INVITED LECTURE

1. The exit to 'CH 2 + H 20 is relative to the en- and intermediate bound states for these and addi-
trance higher by 2.2 kcal/mol. Together with re- tional channels have been investigated by Miller and
cent measurements from the 'CH 2 + H 20 side Melius [13]. At low temperatures, the system forms
by Carstensen and Wagner [42], it appears most an adduct characterized by a small potential hill at
plausible to increase the heat of formation of the entrance. Experimental results for this compli-
3 CH2 [43] by about 1 keal/mol to get a consistent cated system are compiled in Ref. 34. A theoretical
interpretation of the experiments. This correction analysis based upon several levels of RRKM theory
is within the error limits of the heat of formation was performed [13]. Recently, Fulle et al. [65] de-
for 3 CH2. termined the limiting high-pressure rate coefficient

2. The channels forming mainly HCOH + H 2 and for the channel leading to the adduct C2 H2 OH; T
to a lesser extent H2 CO + H2 were recently ranged from 300 to 600 K. The obtained activation
found experimentally [40,41]. The experimental energy Ea of 1.7 keal/mol for kinf should be close to
barrier lies about 2.0-3.0 kcal/mol above the en- the barrier height of the entrance channel. Miller and
trance. Melius have calculated 1.5 kcal/mol for the entrance

Walch [44] predicted the barrier for HCOH + H2  barrier [13].

to be lower by 5.2 keal/mol relative to the entrance. Although C2 H 2 + OH is important in combustion

This is in conflict with the experimental findings that modelling [55], no conclusive experimental results on

point strongly to a higher barrier. For a more detailed the nature of the products for the high-temperature
interpretation of the experimental results in the fu- range are available [34].

ture, one should consider that the tight exit barrier
in relation to the loose entrance becomes higher with CH3 + 02 -* Products:
increasing J. This will cause increasing blocking of Ignition of methane/0 2 or methane/air mixtures
the channel exit. Because of the rather small energy sensitively depends on this reaction. Two channels
differences between the exit channels, it is to be ex- are discussed in the literature: one leading to H2 CO
pected that successful prediction of yields needs + OH, the other to CH 3 0 + 0 (see Refs. 46 and
rather exact data for the ki(E,J) in this case. The next 34). For combustion modelling, the branching ratio
higher channel is a loose one leading to H2 COH + may be quite important, since at typical combustion
H. This exit is located relative to the entrance about temperatures CH30 is not stable and decays quickly
4 keal/mol higher [41]. For T • 700 K, there was no into H 2CO and H. The net effect is the production
experimental indication of contributions of this chan- of two reactive radicals.
nel. One may predict that as soon as this channel Quite recently, Waleh [47] presented a calculation
opens at a certain temperature above 700 K, it will of the potential energy surface for these products.
become dominant in relation to the lower channels These calculations are very helpful for the interpre-
with tight exits, tation of the measurements that show an unusual be-

At temperatures •<700 K, the H 2COH + H chan- haviour of the OH channel. The electronic surface
nel exit is likely determined by k(E,J)'s that, for en- 2A" connects the entrance CH3 + 02 with the chan-
ergies E at and slightly above the exit, might not be nel exit CH 3 0 + 0, whereas the exit to H 2CO +
much larger or even lower than the k(E,J)'s associ- OH belongs to a 2A' surface and is not directly cou-
ated with the lower exits. Such a typical behaviour of pled to the entrance (Fig. 8). The product channel
k(E,J)'s for a loose TS state with J is represented in H2 CO + OH can only be reached by an "electron
Ref. [27] (Fig. 2). The k(E,J)'s just at the barrier hopping" from one surface to the other close to the
decrease with increasingJ, because the contributing crossing point of both curves (Fig. 8). Therefore, we
states of the K rotor (IKI •-< J) increase the density of expect a low A factor for the rate coefficient of the
states p (E,J) (Fig. 2). The system CH 3 + OH was H 2CO + OH channel in this case. Preliminary re-
modelled by Dean and Westmoreland [45]. They sults of Fraatz et al. [48], Naumann et al. [49], Braun-
used a rather simple QRRK approach. The stabili- Unkhoff et al. [50a], and Hessler [50b] support this.
zation channel at 1 bar below 1400 K was predicted The A factor was found to be in the range of 2. 10"
to be the most important one. Mainly by using barrier cm 3 mol-I s-1 [48-50a] to 2" 1012 cm 3 mo- ' s-1
heights different from the experimental ones [41], [50b]. Although the barrier for the H2 CO + OH exit
they predicted among the complex bimolecular re- is only 13.7 kcal/mol in relation to the 24 kcal/mol
actions CH 2OH + H to be the dominant channel at barrier for CH 3 0 + 0, the low A factor brings down
all temperatures, which is in conflict with the exper- the rate coefficient. The temperature below which
imental findings between room temperature and the H 2CO + OH channel dominates cannot be given
700 K. presently.

C2H2 + OH -- Products: C2H, + 0, -* Products:

The main exit channels are likely H + ketene or Alkyl + 02 - products plays an important role in
H + HCCOH and perhaps C2H + H 20. Barriers low-temperature oxidation. Ignition delay is influ-
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FIG. 8. Potential energies for the two reaction channels FIG. 10. Yield of CH 4, calculated with a modified strong

of CH, + 02 [47] (see text). The circle marks the crossing collision model [52] (see text; Plumb and Ryan [67]; Nild

of the lower 2A" with the higher 2A' surface. et al. [68]).

- H2were used. The full set of kinetic equations (1)
H-CH_2 +0 H2-.2 through (3) was applied, since the experimental T

0. 0range was such that back reactions and dissociation
-5 O-OH of C2H102 had to be considered. Weak collision ef-

fects other than Z /-c were not taken into consider-
-10 .ation. With some adjusted parameters for the TS

__ n2c=cH2 HOo states, the experimental results could be describedo
E quite well. Particularly, the yields at different pres-

-20 sures and temperatures were predicted better than
~ 2/within a factor of 2 (Fig. 10). The interesting question
LU -25 ... remains whether the inclusion of true falloff effects

-30 H2C-%rHo by applying a master equation treatment could have
changed conclusions, particularly concerning the ac-

-35 H3C-__o curacy of the interpolation between different exper-
-40 0 imental results on the rate coefficients ki(T,M). This

reaction system, because of reliable experimental
Reaction Path data in a larger p and T range, may perhaps serve as

a future test case for studying differences obtained
FIG. 9. Loose entrance, tight exit for C2H3 + 02 [52]. by either strong collision RRKM or master equation

treatments.

enced at high pressures and temperatures around C2H3 + H 2- Products:
700 K by the stabilization of R0 2 radicals and their
further rearrangement that may lead via a complex Slagle et al. [53] observed as sole reaction products
mechanism either to HO2 or, in part, eventually to H2CO + HCO at temperatures below 600 K. The
OH radicals (see e.g., Chevalier et al. [51]). Wagner yield was found independent of pressure in the in-
et al. [52] experimentally studied some Alkyl + 02 vestigated pressure range. The system C2H3 + 02 is
reactions, the stabilization reaction, and the produc- rather complicated. It is of the type loose entrance
tion of HO2. Wagner presented in Ref. 52 a theoret- -- tight exit channels. Westmoreland [54] discussed
ical discussion of C2H 5 + 02 -- C2H50 2 -- HO2 + 10 possible reaction channels. A simple strong colli-
C2H 4. This is a reaction of the loose -- tight type, the sion RRKM treatment was applied. The isomeriza-
exit channel lying lower than the entrance channel tions along the reaction path were treated by se-
(Fig. 9). The analysis was based upon a modified quences of two-channel reactions with stabilization
(Z /3l) strong collision RRKM theory. Rotational ef- to the respective isomer. Parameters were adjusted
fects were considered approximately by effective J's, to fit Slagle's experiments [53]. The prediction is that
based upon thermal averages of the rotational en- around T - 2000 K and I bar, the channel C2H2 +
ergy. Variational TS states for the entrance channel HO2 becomes dominant over HCO + H2CO. This
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channel switching may occur at different (perhaps CH3 - Products:
lower) temperatures, if more accurate barrier heights The two channels for CU 2 decay into CH to H
as well as better properties of the TS states at the (dominant) and CH + H2 were recently studied by
respective barriers will become available. The pos- Markusaeta and D e adHnn [T he
sibility of a direct abstraction reaction was not con- Markus et al. [57] and Dean and Hanson [58]. The

sidered. tight exit to CH + H2 lies about 2.5 keal/mol below

In a modelling study trying to establish a uniform the H-atom exit. Nevertheless, the H-atom channel
set of reactions for nonaromatic hydrocarbons, Che- is dominating in the investigated T range from 2100valier [55] found better agreement between mea- to 3500 K. A theoretical analysis of the decay coef-sured and predicted laminar flame speeds for acet- ficients is missing in the literature.yued and ethylene flames if the channel C2H2 + The observed experimental facts point to a com-ylene a bove 1500 if bination of rotational effects and tight properties ofHO 2 is open above 1500 K. the TS state for the CH exit relative to those of the

loose H exit. At high temperatures, the tight exit may
become more and more blocked for relevant J's (see

Phenyl + 0, - Products: the discussion above). Ab initio calculations of the

Presently, there is not much known about high- surface near the exits were recently performed by

temperature oxidation reactions of aromatic radicals. Aoyagi et al. [58]. They also calculated the high-pres-
Recent attempts to model laminar flame velocities of sure limit of the association reaction CH 2 + H --

benzene flames [1,55] demonstrated that phenyl + CH3.

02 likely plays a key role in the reaction scheme for
benzene oxidation. It is also probable that this reac- Vinylacetylene -+ Products:
tion together with phenyl + C2H2 is important in
the reaction scheme for the generation of soot pre- This system was recently studied by several groups
cursors. In a study on phenyl + 02 above 1200 K it [59]. The most complete study stems from Braun-
was revealed that the experimental results can be Unkhoff [32]. A three-channel decay was observed.

best interpreted assuming a three-channel reaction.
The type is loose -- tight - tight (Fig. 11). The main C4H4 -' C2H2 + C2H2
channel leads to phenoxy and 0; however an unex- -- C4H 2 + H2
pected immediate H-atom production was observed.
This is presently explained by a second tight exit lead- - C4H4 + H.
ing to p- or o-quinone + H (see Frank et al. [56]).

The ratio between the dominant and the second The system has tight, tight, loose exits in the order
channel is about 3 to 1 in the investigated T range. as written.
There is a certain similarity to C2H3 + 02, because The dominant channel is the formation of two
the dominating TS state in this system is a four-mem- acetylene molecules. It is interesting to note that in
bered ring: 02 bridges the two C atoms in C2Ha [54]. the investigated T and p range, the two molecular
Here, we assume for the quinone exit a complex channels are practically independent of M, whereas
where 02 likely bridges opposite C atoms in the the data for the H-producing channel approximately
phenyl radical [56]. More detailed research to justify show a behaviour proportional to M. Figure 3 depicts
this hypothesis is needed, for the system tight, tight, loose a relatively larger

deviation of the highest exit from the high-pressure
limit than for the two other lower channels. This is

Multichannel Decays: true for a certain range of M. Qualitatively, this effect
may be understood. The population above the high-

At higher temperatures, the decay of hydrocar- est exit is considerably depleted by the reaction
bons, even of small ones, proceeds as a multichannel through the highest exit associated with a rather large
process in almost all recently investigated cases. k3(E) in relation to the two lower channels. A theo-
These reactions can play important roles when igni- retical analysis of the expected structures of the TS
tion phenomena have to be modelled. Moreover, de- states including the calculation of the barrier heights
tailed knowledge of such reactions is mandatory was recently presented by Melius et al. [30]. An at-
when, e.g., by shock tube methods, bimolecular rad- tempt to predict the k(T,M)'s for this system has not
ical-radical reactions at high temperatures are to be been undertaken yet.
investigated. In shock tube techniques, the primary
decay of some selected precursor often serves as the Toluene -4 Products:
radical source for the particular investigation. Decay
channels of the precursor have to be known, other- There are two exit channels open at combustion
wise the interpretation of shock tube data may be- temperatures. The lower one leads to benzyl and H,
come ambiguous. the higher one to phenyl + CH3. In shock tube ex-
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20i o • o+ H (see text). The dotted lines refer to

10- H barriers that were experimentally de-

0 termined by Frank et al. [56].

periments performed up to 2000 K, the dominating ulate complex reactions for combustion kinetics were
channel is benzyl + H [60,34]. Even toluene with developed under the assumption of rotational equil-
two loose exits does not exhibit an orderly behaviour. ibration of the molecular states. How strongly this
Because of the different moments of inertia P at the assumption affects numerical results cannot be pre-
respective TS states, one for H... benzyl, the other cisely answered today. However, since these pro-
for H 3C ... phenyl, we obtain two markedly different cesses are very fast in the time scale of combustion
C,'s (see Section 3.1). The smaller one is associated chemistry, researchers agree that neglect of rota-
with the larger IP and belongs to the CH3 exit. This tional relaxation appears tolerable with respect to
causes for the higher j a stronger reduction of the other uncertainties in the models.
barrier height for the CH 3 channel compared with The satisfying treatment of a selected multichan-
the H channel, thus forcing the system more and nel system depends on appropriate models for the
more to the direction of dissociation into CH3 + involved k(E,J).
phenyl at higher temperatures. A detailed analysis But, as we would say in Germany, "The devil's in
based on the different ki(E,J) obtained by a SACM the details."
treatment was given by Luther et al. [61]. Until today, some of these "details," particularly

the difficulties in modelling satisfactorily the k(E,J),
have prevented broader application of strong colli-

Conclusions sion models or master equation treatments for com-
bustion applications.

It was the purpose of the author to give a short For practical purposes of combustion simulation,
survey on selected aspects of modelling multichannel we need more detailed investigations on selected

reactions as well as on recent experimental results of model systems that enable us to test various degrees

some of these reactions relevant in the combustion of simplification of the modelled energy-specific rate

of hydrocarbons, coefficients against experimental results. This also
How accurately do we have to interpolate or ex- comprises tests of strong collision models including

trapolate rate coefficients stemming usually from a global corrections as flc vs master equation treat-
rather limited experimental basis? The answer to this ments.
question can be obtained by performing a sensitivity Further, we need more data on barrier heights and
analysis of the system under consideration. The on the frequency patterns of the associated TS states
needed accuracy for the rate coefficients in the p and to replace too simple models for k(E,J). Fortunately,
T domain may be different for different systems. quantum chemical methods now deliver data with
Sensitivity analysis helps to determine the degree of improved accuracy so that they become more and
sophistication needed for modelling selected rate co- more useful in advanced kinetic modelling.
efficients in the given p and T range. For one-channel reactions, empirical relations

Numerical mathematical methods for treating have been proposed to correct for energy transfer
master equations are available in the case of multi- effects in the falloff range down to the low-pressure
channel reactions. These methods can be applied on limit. Presently, it is not clear whether similar pro-
workstations or even on personal computers. cedures can be developed for multichannel systems.

Up to now, practically all models applied to sim- There is perhaps a good chance to do this for the
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COMMENTS

Joseph W. Bozzelli, Chemistry and Chemical Engineer- sure and temperature behaviour of the coupled reaction
ing, New Jersey Institute of Technology, USA. Early in your coefficients may turn out quite complicated.
lecture, you showed that at high temperature, a loose tran-
sition state with a higher barrier could lead to a higher
reaction rate (dominate the products) over that of a some-
what lower energy channel, with a tight or stiff transition Phillip R. Westmoreland, University of Massachusetts,
state. Is it possible that a stiff transition state in the for- Amherst, USA. Your analysis, especially as emphasized by
marion of HCOH + H2 from chemically activated CH 3OH Hippler's data on the rate constant for CO + OH, shows
is responsible for the apparent activation energy you had that many important combustion reactions are associations
on the potential energy diagram for the CH3 + OH com- that produce thermalized adducts only at high enough
bination? pressures. For the chemically activated decomposition

channels, the pressure or density dependence is an inverse
falloff, pressure independent at low pressures. For rate-

Author's Reply. The system CH 3 + OH has not been constant measurements at low pressures with no product
fully analysed yet. This would, e.g., mean thoroughly to detection, it is thus important to recognize that pressure-
take into account rotational effects at the respective bar- independent rate constants may be associated reactions.
riers. This task will be done in the future. My prediction is
that at and below the highest temperature applied in our Author's Reply. At very low pressures at a given tem-
experiments so far, the stiff transition state is dominating perature, I would expect pressure-independent rate coef-
our experimental results on HCOH + H2 . At higher tem- ficients reflecting reactions with no association. At increas-
peratures, an increasing influence of the higher exists be- ing pressures, contributions of association reactions may
longing to loose transition states may take over. The pres- start to appear in the global rate coefficient.
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0 Can you comment on the likely dissociation products fol-
lowing a rapid expansion? What mole fraction HOCO is

Bruce AV. Gerhold, Phillips Petroleum Co., USA. Tbe calculated for a 100-atm gas turbine combustion gas, and

calculations for the reaction CO + OH = CO2 + H pro- what exbaust atm/mole fraction CO may be generated

vide a unified interpretation of many observations. The through this mechanism? Finally, high-pressure flow re-
prediction of high-pressure quenching of HOCO suggests actor kinetic studies may suffer from a similar problem.

an additional mechanism leading to CO emissions from
high-pressure practical devices (for example, gas turbines). Author's Reply. Under gas turbine conditions, there is
Since HOCO is not commonly measured in atmospheric in my opinion not much of a chance of forming relevant
pressure systems, I assume HOCO will dissociate if high- amounts of HOCO. However, I have to admit that I didn't
pressure gas containing HOCO expands through a turbine, do any calculations in this direction.
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At temperatures T Ž> 2200 K, ketene (CH2CO) is known as a convenient, reproducible and well-defined
CH2 source. In experiments performed behind reflected shock waves, the subsequent reactions of CH,
were monitored by concentration measurements of various product species, including C, H, and CH, using
atomic resonance absorption and ring dye laser absorption spectroscopy. The time histories of these species
were investigated in various initial ketene (5-75 ppm)/argon mixtures in the temperature range 2200-3400
K at pressures 0.7 • p -• 2.4 bar. From the concentration slopes at t - 0, apparent rate coefficients for
C, H, and CH formation were determined, but only the C concentration profiles at early reaction times
have direct kinetic significance. From these data, the rate coefficient of the thermal decomposition reaction

k2

CH2 + M - C + H, + M

k2 = 1.60 X 1014 exp(- 3 2 ,2 00 KIT) Cm3 mo]-1 s-1 (R2)

could directly be determined. The second possible, but energetically unfavourable, CH, decomposition
channel forming CH + H was found to have no influence on the observed product concentrations in the
given experimental region. The full time-resolved concentration profiles obtained were further analysed
by comparing them with computer simulations based on a reaction mechanism containing 20 elementary
reactions. From the temporal structure of the profiles, rate coefficients for the most important reactions
could be derived. In the given temperature range, the mechanism used is able to predict the concentration
profiles of all observed species in the highly diluted ketene/argon mixtures.

Introduction up to 2800 K behind reflected shock waves and mea-
sured H and CO by VUV absorption. They confirmed

Methylene is one of the simplest hydrocarbon the results of Wagner and Zabel [5] and gave first
compounds. Since CH2 is a very reactive interme- insights into bimolecular reactions of CH2 with ke-
diate, its reactions are important in almost every tene and H atoms.
high-temperature hydrocarbon reaction system. Al- In the present study, the reaction conditions of
though being of great kinetic interest, the knowledge ketene/argon systems were extended to temperatures
of many CH 2 reactions is only at a qualitative stage. where CH 2 thermal decomposition occurs. The aim
Since UV-laser-pulse photolysis of ketene has been was to get a better understanding of the chemical
established as a convenient CH 2 source, several re- processes involved by measuring time-dependent
actions were investigated at low pressures and mod- concentration profiles of all important products H,
erate temperatures [1-4]. Wagner and Zabel [51 C, and CH. Dean and Hanson [6] discussed the C
studied the thermal decomposition of ketene at tem- and CH concentration profiles obtained from meth-
peratures above 1300 K. They found CH2 and CO to ane or ethane pyrolysis systems by introducing a two-
be the only decomposition products that let ketene channel scheme for the CH 2 thermal decomposition.
appear to be a suitable thermal methylene source. The time histories of the measured species could be
Frank et al. [10] studied the thermal decomposition well predicted by using nearly equal rate coefficients
of CH 2 CO highly diluted in argon at temperatures for the two possible CH 2 decomposition channels,
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giving C + H 2 or CH + H, respectively. The authors absorption at 156.1 nm was used. For details of the
of the present study also achieved good results in ARAS technique and calibration, see Ref. 13 (H at-
comparing their CH profiles from ethane/methane oms) and Ref. 14 (C atoms).
thermal decomposition systems with calculations Because of the relatively high absorption cross see-
based on a quite similar mechanism [7,8]. But Kiefer tion of CO in the vacuum UV spectral region, it was
and Kumaran [9] demonstrated that Dean's and our possible to apply the VUV spectrometer for CO
experiments also could be reproduced by a totally measurements. The AMH - X11+ (1,0) vibronic tran-
different scheme, mostly based on fast bimolecular sition of CO was excited in the microwave lamp and
reactions. In their mechanism, the CH 2 decomposi- the emitted light at 151 nm was passed through the
tion channel forming CH appeared with only minor shock tube absorption path. To get the required re-
importance for the entire reaction system. lation between spectral absorption and CO concen-

The modern optical diagnostic techniques RDLS tration, calibration experiments were performed be-
(ring dye laser spectroscopy) and ARAS (atomic res- hind reflected shock waves using mixtures of known
onance absorption spectroscopy) allow the detection CO concentrations in the temperature range be-
of the most important intermediate species with high tween 1800 and 3700 K. The CO absorption during
sensitivity and accuracy in highly diluted systems. the CH 2CO pyrolysis was measured to verify the ini-
The use of ketene as a reliable and direct CH 2 source tial ketene concentrations. Within the uncertainty
overcomes the influences introduced by secondary limit of the CO calibration of about 25%, plateaus
reactions of more complex radical sources like ethane equal to the initial CH 2CO concentration were ob-
or methane. The present data base, together with tained. Because of the better signal-to-noise ratio,
computer modelling, should lead to a more complete the higher sensitivity, and the lower calibration un-
picture of CH2 reactions based on elementary reac- certainties, we also used C atom measurements at
tion steps. very high temperatures, around 4000 K (complete

CH2 dissociation), to control the concentration of the
initial reactant. The mixtures of 5 to 75 ppm CH 2 CO

Experimental in argon were found to be stable within the two days
of operation. The effect of ketene adsorption at the

Ketene was synthesized in a flow reactor made of shock tube walls was reduced by flushing the tube
quartz glass by pyrolysis of acetic anhydride vapour at with the mixture before every experiment.
t = 500 TC and p - 20 mbar. Under these condi- The ring dye laser technique used to measure CH
tions, acetic anhydride is known to decompose nearly concentrations has been described in detail in Ref. 15.
exclusively to ketene and acetic acid with a very low The resonance absorption in the Q branch of the A -
level of impurities, mostly residual acetic anhydride X(0,0) band at 431.1131 nm is known to be most effi-
[11]. Ketene was separated from by-products by cient for quantitative measurements at temperatures
passing the gas through a condensor and a cold trap, around 3000 K [16]. The absorption signals were con-
both held at - 50 TC, and was afterwards condensed verted into concentration profiles using a spectro-
in a cold trap at - 196 'C. The crude ketene was fur- scopic model for the CH line absorption [16]. Efforts
ther purified by trap-to-trap distillation at reduced to measure 'CHI concentrations by ring dye laser ab-
pressure. Gas samples were analysed by a quadrupole sorption in the b 'B, - d'A1 (0,14,0 - 0,0,0) band at
mass spectrometer. At high detection sensitivity, no A - 590 nm at single rotational line frequencies given
significant impurities were found, so the ketene can by Herzberg and Johns [17] failed even in mixtures
be estimated to have a purity level of better than containing up to 1000 ppm CH 2 CO in argon. There-
99%. The ketene/argon mixtures were prepared in an fore, kinetic information on CH2 pyrolysis was only
ultrahigh vacuum (UHV) mixing vessel made of obtained from product species measurements given
stainless steel. Only argon of highest commercially below. The ring laser was mounted on an optical table
available purity (99.9999%) was used for dilution, in a separate room and was connected to the shock
The CH 2 CO was synthesized and analysed right be- tube via an optical fiber 60 m in length. Si photodetec-
fore preparing and using the gas mixture. tors were used to monitor the incident and the ab-

The UHV shock tube used for this study has an sorbed laser light. The time resolution of the ring dye
inner diameter of 79 mm and a running section 6.0 laser spectrometer was about 3jis. The time-depend-
m in length [12]. It is equipped with two optical ab- ent absorption signals caused by the formation of
sorption diagnostics arranged in the same plane but atomic or molecular species were stored in transient
perpendicular to each other. One observation path is recorders and were then transmitted to a personal
part of an ARAS spectrometer consisting of a micro- computer for storage and further processing.
wave discharge lamp, the shock tube absorption path,
and a 1-m focal length VUV monochromator Results
equipped with a solar blind photomultiplier. All H
atom measurements were performed at the 121.6- The experiments on CH2 thermal decomposition
rm H. line. For the C atom measurements, the CI were conducted behind reflected shock waves in the
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temperature range 2200 K •- T -< 3400 K at pres- wide range of postshock conditions. It is not an easy
sures 0.7 bar -• p !5 2.4 bar. The initial concentration task to analyze the more than 69 measured concen-
of CH 2CO diluted in argon was varied between 5 and tration profiles in a simple analytical way or to reduce
75 ppm. Because of the comparable detection sen- the data to simple kinetic expressions. Although com-
sitivities for C atoms and CH radicals, the ARAS and puter modelling seems to be necessary for the corn-
the RDLS diagnostics could be applied simultane- plete discussion, we started the data evaluation with
ously; i.e., CH and C time histories were both mea- a quantity that only takes the gradients of the differ-
sured in the same experiment. To get an experimen- ent profiles at t - 0 into account. Similar to the pro-
tal overlap with the very sensitive H atom cedure discussed in the case of methyl decomposi-
measurements, C and H atoms were measured al- tion [8,18], apparent formation rate coefficients for
ternately in a mixture of 10 ppm CH 2CO/argon. the early species formation were determined:

In 45 individual experiments, absorption signals of
H, C, and CH were recorded during CH 2 pyrolysis. kxapp = (d[X]/dt),_o/[CH 2CO]o [Ar];
They were directly transformed into concentrations
by applying calibration curves (H, C) or the known X = H, C, CH.
line center absorption cross section (CH). Typical in-
dividual examples of measured time histories are The apparent rate coefficients for the different spe-
shown in Figs. la through id. In the case of H atoms, cies are summarized in the Arrhenius plots of Figs.
the signal increases after shock arrival, reaching a 2 and 3. The k values of H and CU differ signifi-
quasi-stationary value after some hundred microsec- cantly from eacf other and do not show a systematic
onds. The same behaviour was found in all other H temperature dependence; see Fig. 2. Unlike the re-
atom experiments. It is a remarkable fact that the sults of the CH 3 thermal decomposition [18], no sig-
early part of the profiles was always curved. nificant pressure dependence was observed for the

The C and CH concentration profiles in Figs. la CH formation. On the other hand, the apparent rate
through Id show sharp maxima. For low-tempera- coefficients for the C atom formation given in Fig. 3

ture experiments, the C atom concentrations in- show Arrhenius behaviour, although a grouping of
creased linearly with time within 10 to 100 ps and the experimental points with respect to the initial
decreased again quite rapidly to a constant value. The concentrations of ketene is quite obvious. From the
height of the plateau was shifted to higher concen- different behaviour of the three apparent rate coef-
trations with increasing temperature. For tempera- ficients, it seems reasonable to conclude that mainly
tures above 3000 K, no significant maximum was ob- C and not CH and H must be regarded as the pri-
served. Here, the C atom concentrations increased mary decomposition product of CH 2:
rapidly and remained constant for some hundred mi- L2

croseconds. C+
In the case of CH, all signals increased immedi- CU 2 + M C + U2 + M;

ately after shock arrival, reached a maximum value, AH298 = 79 kcal/mol
and decreased again to a low level. The half width of
the profiles was always smaller than that of the C C
atoms. Immediately after shock arrival, the slope of
the concentration profiles was found to be nearly oin- AH298 = 102 keal/mol. (R2)
ear. The yield of CH from the CH 2CO pyrolysis,

The second reaction channel has a much higher heat
YCH = [CH],m/[CH 2CO]0 of formation and seems not to contribute significantly

to the CH formation in the observed experimental
increased linearly with temperature to a maximum range. The observation that the CH formation occurs
value of about 6% near 2600 K. For higher temper- very rapidly after shock-front arrival, even at low
atures, the CH yield decreased again slightly. At tem- temperatures, leads to the conclusion that CH is ob-
peratures above 3200 K, the CH concentrations were viously produced mainly by fast bimolecular reac-
below the detection limit of the ring laser diagnostic tions of CH2. A further energetic argument also sup-
for the present experimental conditions. Table 1 ports the above hypothesis. If the reaction channel
summarizes the experimental conditions and some CH + H were the predominant formation path for
characteristics of the measured H, C, and CH con- H atoms, an activation energy close to 102 kcal/mol
centration profiles, could be expected for H atom abstraction. But the

apparent rate coefficient for H formation shows only
a little temperature dependence, which additionally

Discussion exhibits an unclear tendency. Therefore, bimolecular
reactions of CH 2 and its products are again more

The influence of temperature and pressure on the probable sources of H atoms at early reaction times,
formation of the observed species was studied in a even at high temperatures.
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FIG. 1. (a) through (d) Examples of the concentration profiles measured during the pyrolysis of ketene (open symbols

and solid line, respectively) in comparison with calculated profiles (dashed lines) based on the mechanism given in Table 2.

The apparent rate coefficients for the formation of Fig. 3, were found for those data points of k ap, that
C atoms summarized in Fig. 3 clearly show Arrhenius were obtained at lower temperatures and higher ini-
behaviour. For experiments performed in ke- tial concentrations. This can be explained by the in-
tene/argon mixtures with low initial concentrations fluences of additional bimolecular reactions contrib-
(10 and 60 ppmn) and for those performed at low uting to the CH2 consumption at very early reaction
postshock pressures (70 ppmn ketene, p -<ý I bar), the times, resulting in a decrease of the apparent C atom
individual apparent rate coefficients show a linear formation rates with increasing initial concentrations.
temperature dependence with a reasonable slope For comparison, rate coefficients given in earlier
compared to the heat of formation of reaction (112). studies [6,8,9,19] are also included in Fig. 3. These
A good fit to the experimental points by an Arrhenius values were estimated to fit experimental data ob-
expression was found to be rained from ethane or methane pyrolysis systems us-

k2 = 1.60 x 1014 ing a complicated kinetic mechanism. To our knowl-
- edge, the present study is the first direct result of C

o exp(-32200 K/T) cm'3 tol I s 1. atom abstraction during the thermal decomposition

of methylene.

For the group of experiments described above, re- The further evaluations of the measured full time-
action (a2) can be assumed to be the most important dependent concentration profiles of H, C, and CH

formation path of C atoms in the observed temper- were performed based on a kinetic model. The

ature range. Systematic deviations from the mean mechanism of Frank et al. [10] was used as a basis.
value given above, illustrated by the dashed line in It was extended by additional reactions found in the
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TABLE 1
Experimental Conditions and Results Obtained from H, C, and CH Measurements in Ketene Pyrolysis Systems

T p [CH 2CO]. (d [C]dt)X, [C] .. [C] ...., (d [CH]/dt), [CH],-
K bar ppm mol cm- 3 s-1  mtol cm- mtol cm- mol cm- 3 s-I mol cm- 3

3278 1.04 10 0.61 X 10-6 3.57 x 10-' 3.50 x 10-11 -

3309 0.99 1.00 2.56 2.56 -

3430 1.01 1.19 2.69 2.64
2455 1.26 60 0.71 3.35 0.28 1.29 x 10-1 1.49 X 10-11
2554 1.28 0.91 4.53 1.56 1.56 2.08
2501 1.06 0.70 4.01 1.55 1.04 1.76
2991 1.19 1.43 6.59 4.68 0.79 1.13
2888 1.14 70 1.51 6.38 6.38 1.15 1.66
3103 1.18 1.79 6.92 5.85 0.80 1.20
2165 1.21 0.61 2.67 0.19 1.06 2.41
2462 1.38 0.95 3.67 0.56 1.69 2.71
2410 1.29 0.48 2.71 0.31 1.52 2.71
3022 0.68 1.19 5.16 3.84 0.29 0.88
2586 0.73 0.66 2.56 1.07 0.64 1.24
2344 0.77 0.30 1.58 0.37 0.44 1.54
2599 0.66 0.48 2.79 1.38 0.42 1.15
2616 2.39 1.42 5.10 0.88 5.25 3.89
2781 2.30 1.97 6.18 2.41 4.20 3.34
2459 2.41 1.07 3.37 0.31 5.47 4.63
2936 2.42 2.31 6.92 5.06 2.96 2.66
2457 1.38 75 0.65 3.12 0.13 1.82 2.79
2348 1.29 0.42 1.57 0.17 1.43 2.32
2441 1.33 0.67 2.80 0.40 1.51 2.34
2390 1.32 0.79 3.82 0.40 1.53 2.64
2710 1.11 0.88 4.67 1.86 1.26 1.73
3071 1.24 - - - 0.99 1.43
2614 1.51 1.12 4.15 1.01 2.28 2.83
2272 1.33 0.47 2.26 0.19 1.18 1.71

T p [CHICO]. (d[H]/dt),, [H]...,,, [H] .200,,, [H4 0..1,. [H116001 ,
K bar ppm mol cm- 3 s-, mol cm- t mol cm- 3  

mol em (tool e -mI

3349 1.30 5 2.32 x 10-8 3.24 X 10-12 5.48 x 10-11 7.21 x 10-12 8.35 x 10-12

2718 1.40 3.19 2.52 3.79 4.85 5.48
2641 1.46 3.00 2.86 4.12 5.11 5.80
3132 1.43 1.90 2.27 4.04 6.33 7.72
2436 1.46 3.05 4.05 4.95 5.98 6.54
3208 1.15 7 5.13 4.47 6.43 8.45 9.73
3485 1.07 5.35 4.38 6.46 8.62 9.73
2203 1.36 4.80 5.75 7.31 8.12 8.57
2952 2.27 9.56 7.22 9.98 11.49 12.11
2625 0.65 1.42 1.48 2.21 3.16 3.67
2344 0.75 2.29 2.04 3.32 4.78 5.41
2216 0.80 1.45 1.96 3.45 4.75 5.41
3440 2.09 8.45 8.87 11.16 13.20 14.85
2936 1.09 10 13.5 4.04 6.14 8.85 10.59
3397 1.09 5.19 4.81 7.75 10.59 11.33
3237 1.12 3.85 4.30 6.33 8.63 9.23
3184 1.15 4.12 4.48 6.87 8.85 10.59
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1010 ppm C 0 C0, fore mean effective values for both energetic states
* pp CH25 0 / Ar of methylene.

- A 10 ppim CH2CO /Ar temlrato"o) 60 ppm CH2CO / Ar CH radical Besides the methylene thermal decay via reaction
- 0 70 ppmr CH2CO/ Ar (R12), the simplified mechanism of Table 2 is domi-
0 A 75 ppm CH2C0 / Ar nated by bimolecular reactions of CH 2 with meth-

1_ ylene itself and with the observed product species

S• o E CH 2 + CH 2 • products (R3)-(R6)

n •A CH2 + X t products;

108 * I X = H, C, CH. (R7)-(Rll)
0.2 0.3 0.4 0.5

103/T / K- 1  The disproportionation reactions (R3)-(R6) contrib-
ute to the formation of all three measured species

FIG. 2. Arrhenius plot of the measured apparent rate especially at low temperatures. The rate coefficients
coefficients for the H and CH formation during ketene given in Table 2 are derived from fittings of the cal-
pyrolysis. culated concentration profiles to the measured ones.

As can be seen from Table 2, the rate coefficients k3
1012 and k4 were found to be higher than k5 and k6. Our

k3 value is slightly higher than the value reported by
-101, Glarborg et al. [20]. On the other hand, k4 was found

to be a factor of 3 lower than the value estimated by
- 1010. Frank et al. [10]. The rate coefficients k5 and k6 were

0 10 ppm CH2CO / Ar, C atoms estimated from our experiments at temperatures T
o log A 60 ppm CH2CO / Ar 14 2500 K.

a 0 ppm CH2CO / Ar, p <1 ba

0 0 70 ppm CHCOr / Ar Reactions (R7)-(R10) were found to be especially
?O8 2 0 pp r CH2CO /Ar , p > 2 bar

* 7 5 ppm CH2CO / Ar sensitive to the formation and removal of C and CH.

&-0 Kiefer, Ko......1993 Starting with the rate coefficients estimated in the
3-0 Markus. Woiki, Roth 1992

107- 6--A De... Hanson 1992 literature [10,6,19,21], an optimized set of rate co-
- Smirnov et at., in press

this ctody efficients k7 to k, (see Table 2) was obtained from
106o.o0 0.1 0.2 03 0'.4 0.5 our fitting procedure. Reaction (Rll) is known to be

10
3

/T / K-! very important in hydrocarbon pyrolysis:

FIG. 3. Arrhenius plot of the measured apparent for- CH 2 + H # CH + H2. (R11)
mation rate coefficient for C formation during ketene py-
rolysis. For comparison, estimated rate coefficients for the Rate coefficients reported in the literature [10,23-
reaction CH, + M # C + H2 obtained from literature 25] range between knl = 8 X 1012 and 2 X 1014

are also included. cm3 mo1-1 s-1. Our H and CH profiles were found
to be very sensitive to reaction (R11). Best fits to our
experimental profiles were obtained with

literature [4,8,6,19,21] and by other reasonable re-
actions with estimated rate coefficients. The kinetic kll = 1.3 X 1014 cm3 mo1-' s-1
scheme was initially composed of 58 elementary re-
actions. The number of reactions could be reduced which is in good agreement with the values reported
to 20 by a detailed sensitivity analysis using the by Kiefer and Kumaran [9], Boullart and Peeters
SENKIN program code from SANDIA [22]; see [23], Bihland et al. [24], and Zabarnick et al. [25].
Table 2. The reaction scheme starts with the thermal The rate coefficient estimated in Ref. 10 is lower by
decomposition of ketene, giving the products CH 2  about one order of magnitude. Reaction (R12), to-
and CO. Other possible decomposition product gether with reactions (R13) and (R14) (see Table 2),
paths that were included in the full scheme showed was found to be important for the removal of CH,
negligible sensitivity with respect to the observed especially at temperatures above 3000 K. Good fits
species. In the present mechanism, we did not dis- were obtained with the value given in Table 2, which
tinguish between 3CH 2 and 'CH 2. The latter is is close to those given in [8,6,19]. Reactions (R15)-
widely believed to be the initial product of the ketene (R20) make only a minor contribution to the for-
decomposition. For the given experimental condi- mation and removal of the species measured in this
tions, thermal equilibrium between these electronic work.
states should be established very fast. All rate coef- A sensitivity analysis of the simplified reaction
ficients for CH-2 reactions given in Table 2 are there- mechanism of Table 2 applied to various measured
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TABLE 2

Simplified Kinetic Mechanism to Describe the Measured Concentration Profiles in CH2CO/Argon Pyrolysis Systems

A E, AH298

Reaction cm, mol-1 s-1 keal/mol kcal/mol Ref.

1 CH2CO + Ar - CH2 + CO + Ar 2.30 X 1015 57.6 78 6
2 CH2 + Ar ; C + H2 + Ar 1.60 X 1014 64.0 79 see text

3 CH2 + CH, CH, + H, 3.00 X 1013 0 -131 est., see text

4 CH, + CH2 1 C2H, + H 3.20 X 10" 0 -64 est., see text

5 CH, + CH2 CH3 + CH 5.00 ) 1012 0 -8 est., see text

6 CH, + CH2 " CHI, + C 1.00 X 1013 0 -32 est., see text
7 CH2 + CH C21H2 + H 4.00 X 1013 0 - 128 est., see text

8 CH, + CH CH + H2 8.00 X 1013 0 - 100 est., see text

9 CH2 + C # C2 + H2 6.00 X 10", 0 -64 est., see text

10 CH, + C # C2H + H 2.00 X 10"1 0 -11 est., see text

11 CH2 + H ; CH + H2 1.30 X 1014 0 -78 see text, 21
12 CH + Ar s C + H + Ar 3.00 x 1014 67.0 81 17
13 CH + C C2 - H 1.50 X 1014 0 -61 est.

14 CH + H C + H, 1.58 X 1014 0 -23 16
15 CH + C2H2 # C3H2 + H 1.26 x 10"4 0 -38 16

16 CH4 + Ar # CH3 + H + Ar 3.39 X 1017 90.8 105 4

17 C2H, + C # C, + H, 1.00 X 1014 0 -28 est.

18 C2H1 + Ar # C2H2 + H + Ar 3.00 X 10"5 32.0 38 4
19 H2 + Ar v H + H + Ar 2.24 X 1014 96.0 104 4
20 C2H2 + Ar - C2H + H + Ar 3.00 X 1016 108.0 132 4

concentration profiles obtained in a wide range of could be neglected. Some typical results obtained
experimental conditions yielded a rather complex from simulations based on the reaction scheme of

picture. The sensitivities of the bimolecular reactions Table 2 are shown in Figs. la through Id. In the
(R3)-(Rl1) with respect to the measured species are given range of experimental conditions and for all
in most cases of the same order of magnitude. In a species observed, the measured concentration time

single experiment, the sensitivities also changed with histories could be well reproduced; see the dashed
reaction time from one reaction to another. The con- lines in Figs. la through Id.
tribution of individual elementary reactions to the
formation and removal of the measured H, C, and
CH profiles depends on the nature of the species, as
well as on the experimental conditions. A clear pref- Conclusions
erence to only one or two individual reactions did
not exist. All these circumstances aggravated the The CH2 thermal decay was investigated in shock-
evaluation of the more than 69 experimental profiles heated ketene/argon mixtures at temperatures above
and made it a real kinetic puzzle. On the other hand, 2200 K. The time histories of the most prominent
the large data base, the wide range of experimental product species H, C, and CH were recorded using
conditions, and the satisfactory prediction of the ex- ARAS and RDLS. From the analysis of the measured
perimental profiles by the reaction mechanism of Ta- concentration profiles, rate coefficients for the CH2
ble 2 make the rate coefficients given there a reliable thermal decomposition and some important bimo-
data set. The present scheme appeared to be, in prin- lecular reactions including CH2, CH, C, and H could
ciple, a cutout of the complex methane pyrolysis be derived. The CH2 pyrolysis system was found to
mechanism of Kiefer and Kumaran [9], containing be dominated by the CH2 thermal decomposition re-

76 elementary reactions. Most of the estimated rate action, forming C atoms and molecular hydrogen, as

coefficients in Table 2 can be found there, with com- well as by fast CH2 bimolecular reactions, forming
parable orders of magnitude. Compared to their H, C, and CH. No significance was found for the
model, the present experimental results lead to a fur- need of a two-channel model for the methylene ther-
ther reduction of the influence of the CH 2 decom- mal decomposition. A proposed simplified kinetic
position channel forming CH + H. In the present mechanism containing 20 elementary reactions is
experimental region, the contribution of this reaction able to predict the measured concentration profiles
path on the measured H and CH concentrations within their experimental uncertainties.
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COMMENTS

Thomas Just, DLB, Germany. Going down to very low population with the ground-state triplet CH 2. Do you ex-
initial concentrations of CH 2, you might have a chance to pect that singlet and triplet methylene will have the same
distinguish better the two channels: rate for decomposition to C + H2 ?

Author's Reply. In our measurements, we cannot distin-
CH 2 - C + H2  guish between the two electronic states of CH2 and were

-CH + H only able to measure the decomposition products. In the
temperature range of the present study, ICH 2 contributes
to a maximum of about 20% of the total methylene con-

Author's Reply. This should be possible, but we have to centration. We therefore regard the present results as a
consider the limits in the detection sensitivities for the good approximation for the ground state 3CH2 thermal de-
product species, particularly for C and CH. composition. From the significant difference in the geo-

metrical structures of the two electronic CH2 states and
because of the spin conservation rule, a different decom-
position behaviour of ICH2 and 3CHQ can be expected. It

Phillip B. Westmoreland, University of Massachusetts, would be interesting to study in the future the thermal
Ansherst, USA. Ketene will produce singlet CH2, which will decomposition of methylene by direct observation of both
quickly relax at your conditions to maintain an equilibrium electronic states at high temperatures.
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THE THERMAL REACTIONS OF CH,

K. P. LIM AND J. V. MICHAEL*

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, USA

The thermal reactions of CH3 radicals have been investigated in reflected shock waves experiments at
temperatures between 1224 and 2520 K. The fast dissociation of CHJI served as the source of CH 3.
Experiments were performed at three loading pressures with variations in [CH3IL]. H atoms formed in the
reaction, 2CH 3 - C2H5 + H, were measured by the atomic resonance absorption spectrometric (ARAS)
technique. The product ethyl radicals subsequently decompose to give a second H atom and ethylene. A
reaction mechanism was used to fit the data, and the resulting value for the rate constant was 5.25 x
10-"I exp( -7384 K/T) Cm3 molecule-' s'-. This value is compared to earlier determinations. At higher
temperatures, 2150-2520 K, the H-atom formation rate was dominated by CH, thermal dissociation. With
simulations, the rate constant for CH, + Kr -* CHU + H + Kr could be determined. The rate constant
for this process is k = 4,68 X 10-" exp(-42506 KIT) Cm3 molecule-' s-1. This result is compared to
earlier experimental determinations and also to theoretical calculations using the semiempirical Troe for-
malism.

Introduction is consistent with that for the back reaction when it
is divided by Keq. In our recent work on the thermal

The thermal reactions of methyl radicals in the gas decomposition of CH 3C1 [15], a high value for 2CH 3
phase have been the subject of countless studies dur- - C2H 5 + H was obtained for 1550-1900 K. The
ing the past 40 years. Since the pioneering work of branching ratio between dissociation and elimination
Gomer and Kistiakowsky [1], there have been over continues to be a subject of research. We note that
60 publications on the CH 3 self-reactions, as noted molecular elimination has not been directly observed
in the NIST database [2]. Most have been concerned but only inferred from observations of both precursor
with the low temperature-high pressure process, (e.g., C2H6) and CH 3.
2CH 3 + M -- C2H 6 + M. However, there are sev- The confusion as to what values to use for the re-
eral high-temperature shock tube studies, where rate spective processes still persists, as seen in recent in-
constants for the molecular and atom elimination vestigations. Davidson et al. in their C2H6 [16] py-
processes, i.e., 2CH3 - C2H4 + H2 and 2CH 3 - rolysis study used an earlier value for 2CH 3 -- CAH4
C2H5 + H, respectively, [3-12] have been mea- + H2 from Just [17]. For 2CH 3 - C2 H5 + H, they
sured. used the Frank and Braun-Unkhoff [14] value. Kiefer

Warnatz reviewed this earlier work [13] and con- and Kumaran [18] have, however, used only the
cluded that k = 1.66 x 10-s exp(- 16,11 7 K/T) cm 3  Braun-Unkhoff value, thereby assuming that k = 0
molecule-' s- 1 (1500-2500 K) for 2CH3 - C2H 4 + for 2CH 3 - CAH4 + H2. Even though AH° (0 K) for
H2. Following earlier H-atom atomic resonance ab- molecular elimination is only 30.9 kcal mole- 1, their
sorption spectrometric (ARAS) results of Roth and assumption may still be sound. If either the 1,2 or
Just [11] and Roth [12], Warnatz [13] preferred k = 1,1 [19] elimination processes occur through sym-
1.33 X 10-9 exp( - 13350 K/T) cm 3 molecule-' s-' metrical transition states, then they violate Wood-
(1500-3000 K) for 2CH3 - C2H 5 + H; however, this ward-Hoffman rules. The transition states would be
has been superseded by a more recent ARAS inves- tight and both might then have quite high barriers.
tigation by Frank and Braun-Unkhoff [14] who re- If these barriers are near to or higher than that for
port k = 4.65 X 10-11 exp( -6840 K/T) cm 3 mol- 2CH 3 -- C2H5 + H, then, using Rice-Ramsperger-
ecule- 1 s- 1 (1320-2300 K). This latter value is Kassel (RRK) theory, molecular elimination would
theoretically more reasonable because this A factor be improbable because these transition states are

tighter than that for atomic elimination. Hence,
*The submitted manuscript has been authored by a con- C2H 4 would result from C2H 5 dissociation, and only

tractor of the U.S. Government under Contract No. W-31- 2CH 3 - C21H5 + H should be considered in mod-
109-ENG-38. Accordingly, the U.S. Government retains a eling the high-temperature data.
nonexclusive, royalty-free license to publish or reproduce Here, we have used the H-atom ARAS technique
the published form of this contribution, or allow others to to observe CH3 reactions after initial formation from
do so, for U.S. Government purposes. the fast dissociation of CH3I. The experiment is,
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therefore, similar to that of Frank and Braun- 8x1011

Unkhoff [14]. It is not, however, a repeat of their
study because the presently used photometer system 2
is substantially more sensitive. Thus, data can be ob- W0 I (a)

tained with much less source concentration, at both -
higher and lower temperatures, thereby diminishing . 4x101

the effects of secondary reactions. Hence, the pre- 0
sent results can be viewed as an extension of the -.

Frank and Braun-Unkhoff [14], Roth and Just [11], W 2x1On
and Roth [12] data.

0
0 2x10 11  4x1011  6x1011 8x1011

Experimental [C2H511 /molecule cm

Apparatus:

The present experiments were performed with a e? 1x1012  
6

shock tube, previously described [20], operating in
the reflected mode. Incident shock velocities were ±
measured with eight pressure transducers (PCB Pie-
zotronics, Inc., Model 1132A). Final temperature "3 5X1011

and density for each experiment were determined 2
from loading pressure and temperature and the in-
cident shock velocity. Corrections for nonidealities
due to boundary layer formation were applied , ,
[20,21]. The photometer system was radially located
6 cm from the end plate and had an optical path 0 5x1l1 lx1012

length of 9.94 cm. Transmittances and the differen- 1.81x[COCI2] /molecule cm"3

tiated signals from the pressure transducers were re-
corded with a dual-channel (Nicolet 4094C) digital FIG. 1. The plots are the steady-state yields of [HI as
oscilloscope. Since the pressures of condensable determined from the line absorption calculations vs the
gases were well below saturation, all pressure mea- initial reactant concentrations in the (a) C2H5 + M -* C2H4
surements with an MKS Baratron capacitance ma- + H + M and (b) Cl + H2 - H + HC1 studies (see text).
nometer in an all glass vacuum line were stable, and
mixture preparation by the partial pressure method
was routine. Reactant pressures were likewise mea- formed from two reactions have been measured and
sured with an MKS Baratron capacitance manometer used for calibration. Herzler and Frank [28] previ-
shortly before shock firing. The time between reac- ously used C2H5 + M - C2H4 + H + M (C2H5
tant introduction into the shock tube and firing was formed from the thermal decomposition of C 2H51)
30 seconds. as an H-atom source and have shown, from concur-

rent I-atom ARAS observations, that secondary

H-Atom Detection: chemistry is unimportant at low [C2H51]0. They also
indicated that C2H51 - C2H4 + HI should be <0.2

The ARAS technique was used to monitor [H]t. As of the total decomposition; otherwise, the H + HI
in earlier H-atom ARAS studies [22-27], the lamp reaction would affect their measured profiles. The
was operated at 40 watts microwave power and 2 torr present results (1481-2020 K) with C2H51 are shown
of prepurified He. An atomic filter section was used in Fig. la. The ordinate values are determined from
to establish the fraction of non-Ly._H light. Enough line absorption calculations [23] at the temperatures
H2 and CH 4 impurities are present in the He to give of the experiments. Assuming that k = 0 for C2H51
an easily measured H-atom signal through an 02 (1 - C2H4 + HI, the slope of the line in the figure
atm of dry air) gas filter. Under these conditions, the should be one, whereas the actual value is (0.80 ±
lamp is not reversed, and a Doppler-broadened cal- 0.03). Hence, our most pessimistic conclusion is that
culation at an equivalent lamp temperature of 480 K the line absorption calculational method can at most
with the known oscillator strength for Ly_ -H will give be in error by - + 20%; however, if HI elimination
an exact relationship between absorbance, ABS = occurs, then this error is less. In the other calibration
- In Tr, and [H], and this relationship is nearly linear experiments, we used the Cl + H2 - H + HCl
above -700 K for T, = 1/10 > 0.1 [22,23]. reaction. The Cl-atom source was COC12. We

We have carried out experiments to show that this showed earlier that 1.81 Cl atoms were formed for
procedure is accurate. Steady-state levels of [H] every molecule dissociated (i.e., 9.5% COC12 - CO
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1.0 Use of a Doppler source gives much more sensitivity
1.0 •than used in earlier ARAS studies on the present re-

action [11,12,14]. Since the method is sensitive,

00.9 blank experiments with Kr were performed since
. even research grade Kr contains small amounts of H2

and CH 4. For T •5 2520 K, the measured rate,
0.8 AH/At, from H2 or CH 4 was <15% of that when

(a) CH31 was present. This ohservation did place an up-
F 0.7 per limit on the T range of the present study.

0.6 Gases:
0 1 Timems2 High-purity He (99.995%), used as the driver gas,

4x10
11  was from Air Products and Chemicals, Inc. Scientific

grade Kr (99.997%), the diluent gas in reactant
U1 mixtures, was from MG Industries. Ultrahigh-purity

•'( 3x101  grade He (99.999%) for the resonance lamp and
high-purity H2 (99.995%) for the atomic filter were
"from Airco. Analytical grade CH 3I (99%) and C2 -151S2x1011  (99%) were from Aldrich Chemical Co. Inc. Both

2• were purified by bulb-to-bulb distillation, retaining

j 1x10 11  only the middle thirds.

0 Results and Discussion
0 1 2 3

Time /ms These experiments were carried out with low
[CH 3I] 0 (between 0.74 and 3.69 x 1013 molecules

FIG. 2. The top panel displays a typical experimental cm- 3) and low density (1.24 to 3.21 X 1018 mole-
record showing decreasing ARAS signal as H atoms are cules cm-3). In order to fit the measured [H]t, the
produced from the thermal reactions of CH3 radicals. The importance of secondary chemistry had to be as-
experimental conditions are T = 1903 K, P = 244 torr, p sessed. A numerical simulation with the known de-
= 1.240 X 10l cm-3, and Xcu, = 6.120 X 10-6. The composition rate for CH 31 [30] coupled with the

signal is converted to absolute [H] using a specifically cal- chemical mechanisms used by Roth and Just [11] or
culated curve-of-growth from a line absorption calculation Frank and Braun-Unkhoff [14] was carried out for
at 1903 K. The H-atom profile is displayed in the bottom the experiment shown in Fig. 2, giving the simulation
panel. The solid line is the [H] yield determined from the in Fig. 3. Under most conditions, similar simulations
full reaction mechanism simulation shown in Table 1. showed (1) that CH 3 was almost instantaneously

produced, (2) that [H], vs t was nearly linear, (3) that

+ C12) [29]. Figure lb shows results of between 1784 [CH 3] decreased by only 10-20%, and (4) that almost
no C2116 was formed, over the experimental times.

and 23f1 K. The ordinate values are again deter- Including the fast process, C2H5 - C 2H4 + H, k
mined from line absorption calculations [23]. The for 2CH 3 - C2H5 + H could then be calculated
slope of the line is (0.99 ± 0.03). These two calibra- to within - ± 15%, as k = 0.5 (A[H]/At)
tions show that accurate absolute [H] can be deter- (1/0.9[CH3 I]0) 2. In numerical integrations with the
mined from line absorption calculations (probably mechanism shown above the dashed line in Table 1,
better than from these two chemical methods), sim- k for 2CH 3 ' C 2H5 + H (k5 in the table) was then
ply because the oscillator strength for Ly0 u-H is the- parametrically refined by more extensive data fitting.
oretically better known than those for any other tran- This mechanism uses fewer reactions than earlier
sition in the entire field of spectroscopy. [11,12,14] because many reactions are unimportant

due to the lower [CH 3I] 0 used here. Also, 2CH3 -*

Kinetics Experiments: C2H4 + H2 is excluded for reasons given in the in-
troduction. With only the partial mechanism of Table

Thirty-four experiments have been performed be- 1, the values for k5 from the 34 experiments were
tween 1224 and 2520 K with CH3I as the CH 3  determined and are plotted in Fig. 4. Roth and Just's
source. Figure 2a shows a typical raw data signal from [11] and Frank and Braun-Unkboff's [ 14] results are
which [H], against time, Fig. 2b, can be constructed also shown for comparison. The present results are
by converting (ABS) to [H] through a line absorption almost the same as those of Roth and Just and are
calculation at the temperature of the experiment. only -20% lower than those of Frank and Braun-
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FIG. 3. A plot of reactant and product profiles from a jx10 13
3 4 5 6 7 8 9

simulation of the self-reaction of CH3 radicals based on the 10600 KIT
mechanism in Table 1. The conditions are the same as in

the actual experiment of Fig. 2. Fic. 4. An Arrhenius plot of the experimentally deter-
mined second-order rate constants for the CH, self-reac-
tion on the assumption that the [H] yield comes from only

Unkhoff. However, the derived k 5 at high T becomes reaction (5) of Table 1. Published results from other studies
strongly non-Arrhenius. This strong curvature is un- are also plotted for comparison.
reasonable because the back reaction would have to
have a rate constant many times faster than the H +
C2H 5 collision rate. Clearly, other H-producing re- recently reported results in which CH-radical
actions become important above -2000 K, and Roth [36,37], C-atom [36], and H-atom [37] concentration
et al. [8] and Frank and Braun-Unkhoff [14] have profiles were measured in hydrocarbon pyrolyses.
identified the source as being due to CHa dissocia- The respective T ranges were 2500-3800 and 2100-
tion. 3000 K. The profiles could be explained by including

Dean and Hanson [36] and Markus et al. [37] have the pyrolyses of CH3, CH 2, and CH, i.e., reactions

TABLE 1
The mechanism for the thermal reactions of CH 3a

1. CH3 I -- CH3 + I k, = p X 4.17 X 10-9 exp(-21419 K/T)b

2. I + CH3 -- CH3I k2 = k,/(2.897 x 1025 exp(- 26203 KIT)) [31]
3. I + CH 3I - HI + CH2I k = 8.32 X 10-10 exp(-1716 2 KIT) [32]
4. CH3 + CH 3 - C2H6  k4(T, p) = from [33,34,16]
5. CH, + CH 3 -* C 2H, + H k5 = to be fitted
6. CH, + CH3 -- CH 2 + CH4  k, = 1.32 X 10-12 exp(-7165 K/T) [35]
7. CH 5 - C 2H 4 + H k7 = W

8. CH4 - CH 3 + H ks = p X 3.16 x 10i T-s" exp(-58854 KIT) [18]

9. CH 3 - CH2 + H k= to be fitted
10. CH3 I CH + H 2  k= k9 x 0.886 exp( 17 18 KIT)c
11. CH 2 + CH,* C2H4 + H ku= I x 10-10o
12. CH 2 -- CH + H k12 = p X 3.39 X 10-l exp(-46100 K/T)c
13. CH, - C + H2  k,, = k12 x 0.413 exp(1 2 4 8 9 KIT),
14. CH - C + H k4= p X 1.66 x 10-10 exp(- 3 2 2 09 K/T) [18]

"All rate constants are in molecular units.

"hFrom Ref. 30, p is the total density in molecules cm- 3.
'See text.
'Estimated.
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(9), (10), and (12) through (14) of Table 1. In our 1x10n..
simulations, either set of rate constants were accept-
able but seemed to underestimate the importance of CH3 + CH3 > CA + H
molecular elimination (reactions (10) and (13)). Kie-
fer and coworkers [18,38] have on the basis of ther-
mochemistry questioned the relative branching ra- ,' 1xlO. 12

tios between atomic and molecular elimination in €0-
both CH 3 and CH 2. Use of the Kiefer and Kumaran
[18] rate constants gave [H], predictions that were .2
high, and we therefore carried out our own theoret- E
ical estimates. e

Clearly, both decompositions, CH3 and CH 2, willA4 1.1- 13

be in their low-pressure limits above 2000 K. It is "
then only necessary to evaluate the limiting low-pres-
sure rate constants. We made theoretical estimates
of kV with the semiempirical Troe method [39-41]
using JANAF thermochemical parameters [42]. We
can agree with Kiefer and Kumaran's CH 3 cracking lx10"14

rate constants to within <20% if the energy transfer 4 5 6 7 8 9
parameter AEdow = 625 cm -I (i.e., - AEai ý 112 10000 K/T
cm- 1) instead of their value of - AEaii = 150 cm- 1 FIG. 5. An Arrhenius plot of the rate constants for the
Our predicted branching ratio, reaction (10) divided CH2 self-reaction to give H + C2H. The reaction (5) val-
by reaction (9), is 0.886 exp(1718 KIT) for 2000-2500 ues are determined from fits to the data below 1938 K with
K and is about the same as Kiefer and Kumaran s the full mechanism of Table 1.
estimate, 0.87 exp(1334 K/T), for a somewhat higher
T range. Our value is also similar to that of Wagner
[43] who has fitted the lower temperature results for production (see Fig. 4) is from these pyrolyses. On
the back reactions, CH 2 + H and CH + H2 , with the other hand, they are of negligible importance be-
-AEall = 50 cm-' [44]. At 2000 and 2500 K, this low -1950 K, giving <10% of the H-atom yield. We
prediction gives ratios, 3.3 and 2.0, respectively, com- have, therefore, used only those results between
pared to the present, 2.1 and 1.8. None of these the- 1224-1938 K to determine the rate constants for re-
oretical values, which are dependent on the differ- action (5) of Table 1. Figure 5 shows the resulting
ences in the endothermicities for the two channels, Arrhenius plot with the linear least-squares line,
agrees with reported experimental values [36,37],
however, Kiefer and Kumaran [18] used their ratio k5 = (5.25 ± 1.19) X 10-11 exp(-7384
and absolute rate constants to successfully fit some
of the Dean and Hanson [36] profiles. We also car- ± 312 KIT) cm3 molecule-' s 1. (1)
ried out theoretical calculations for CH 2 cracking,
reactions (12) and (13) of Table 1. Our calculations Equation (1) is only 15-25% lower than Frank and
can again agree with Kiefer and Kumaran to within Braun-Unkhoffs [14] result (1320-2300 K) and is
<30%; however, we have to use an energy transfer therefore in excellent agreement.
parameter of AEd... = 542 cm-' (i.e., -AEal _- The fitting procedure for CH3 cracking was then
100 cm-1) in contrast to their reported value of applied to those experiments >2098 K, where the
-AEai = 43 cm -1. The predicted branching ratio effects of reaction (5), fixed by Eq. (1), gave <50%
k3/k12= 0.413 exp(1 2 48 9 KIT), showing that mo- [H],. We set kI 0/k9 at our theoretical value. The de-
lecular elimination is the only important process at rived results for CH 3 + Kr -+ CH 2 + H + Kr are
high T, and this agrees with Kiefer's [18,38] conclu- shown in Fig. 6 along with those from Dean and
sions. Hanson [36] and Markus et al. [37]. The theoretical

In our final analysis, we again fitted all of the [H], results from Kiefer and Kumaran [18] and Wagner
results using the entire set of rate constants shown [43] are also shown for comparison. Our experimen-
in Table 1. Reaction (11) is estimated from the iso- tal results give
electronic process, 0 + CH 3, and reaction (14) is
from Kiefer and Kumaran. We use our own theoret- k, = 4.68 X 10-1
ical estimates for CH 2 cracking, which are consistent
with Kiefer and Kumaran as noted above. In agree- exp(- 42506 KIT) cm 3 molecule-' s- 1 (2)
ment with Frank and Braun-Unkhoff [14], we also
conclude that H production by radical pyrolysis pre- for 2098 -- T -_ 2520 K. The points deviate from Eq.
dominates over bimolecular production, reaction (5), (2) by ± 67% at the lr level. Values for kj 0 can be
above -2100 K, and therefore, most of the excess H calculated from this equation and the branching ra-
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Ixl0"11  gimes. At low temperature and high pressure, recom-
bination to form C2H6 is the only important pathway.

lxl0"12  CH3 + [Kr] -- CH2 + H + [Kr] Because this process involves stabilization, with a de-
creasing efficiency factor as temperature increases,
its importance at pressures of -1 atm diminishes as

7 1x10"13. temperature increases above -1250 K. The 2CH3

- C2H5 + H process then accounts for nearly all of
"1xl0.14  the reactivity up to -1950 K at which point the py-

rolysis of CH3 then becomes the most important
"E H-atom-producing process. The implications of

en IlxlO 15  these results on the oxidative modeling of hydrocar-
"bons are complicated because there may be regions,

lXl0 16  14 .t.,5,dy .. , depending on pressure, temperature, and absolute
" D ... & H.. [CH3], where two or more of these three destruction

SK-,, • K-- mechanisms contribute. Detailed modeling then be-
lxIO- 17 ............ ,comes absolutely essential for explaining the experi-

- - - .... \, mental results.

1X10
18 '\ There is an important theoretical implication from

2 2.5 3 3.5 4 4.5 5 Eq. (1). In a Rice-Ramsperger-Kassel theory (RRK)

10000 K/T formulation for CH3 recombination, rate, constants
based on C2H6 formation have the form

FiG. 6. An Arrhenius plot of the rate constants for the
decomposition of CH3 to give H + CH2. The reaction (9) krecombination = k f flof(e)de (3)
values are determined from fits to the data in the temper- a (kf, + kb, + fio)
ature range, 2098-2520 K, using the full mechanism of
Table 1. Also shown for comparison are earlier experimen- where kadd, kfp, kb•, , co, andf (e) refer to (1) the high-
tal [36,37] and theoretical results. [18,43]. pressure rate constant for CH3 self-reaction; (2) the

specific RRK (or RRK-Marcus theory (RRKM)) rate
constant for forward dissociation; (3) the specific

tio. Comparing Eq. (2) to our theoretical calculation, RRK (or RRKM) rate constant for backward disso-
the collisional deactivation parameter, AEd,,, has to ciation at the threshold energy, 8o; (4) the collisional
be modified downward. Equation (2) can be recov- deactivation efficiency; (5) the collision rate constant;
ered to within ± 14% if AEd,- = 437 cm- 1 (i.e., and (6) the RRK (or RRKM) normalized distribution
-AEai i 84 cm-). Theoretical extrapolation with function for a given temperature, respectively. This
the adjusted AEdo,0 to 3000-4000 K then gives val- equation shows that the limiting high-pressure rate
ues that are exactly one-half of Kiefer and Kumar- constant should be kadd. However, rate constants
an's. We therefore agree with them that the apparent based on 2CH3 - C2H 5 + H have the form
activation energy should decrease due to falloff ef- kff(e)d
fects. Inspection of Fig. 6 shows that the present val- kbi = kkdf d (4)
ues agree within experimental error to those of Dean .L (kfý + k& + &io)
and Hanson [36] and, particularly, Markus et al. [37]. implying that at high temperature and low pressure
Finally, the theoretical results of Wagner and co- (the present conditions), ktempr-,at u kadd; i.e., kpdd is
workers [43,44] are 0.30-0.45 of Eq. (2). The point (
to this latter theoretical study was to explain the the upper limit. We note that the A factor from Eq.

lower T data on the back reactions. Using only a sin- (1) is 5.25 X 10-11 cm 3 molecule-' s-1, which is

gle energy transfer parameter, - AEa= 50 cm -'1, already the collision rate constant corrected for the

their success was impressive. Hence, if - AEai can electronic degeneracy ratio [15]. In contrast, recent

be allowed to slightly increase with increasing T (e.g., estimates based on Eq. (3) experiments and analysis

from 50-84 cm-1), then their work demonstrates from Walter et al. [33] suggest decreasing kadd values
that all existing data on both forward and back re- with increasing temperature. Their extrapolated es-actions for this system can now be reconciled with timate at 2000 K would be 1.7 x 10-11 cm 3 mole-
theory t cule-I s - 1. This disagreement requires a continuing

In summary, the present results reinforce the ex- theoretical assessment on this important combustion
planation of earlier results on the thermal reactions reaction.

of CH 3; namely, rate constants based on H-atom for- Acknowledgments
mation contain contributions not only from 2CH3 -
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CH3. With the low [CHI]0 used here, CH3 reactions Harding, and J. P. Hessler for a thorough reading of the
can be partitioned into three relatively separate re- manuscript and helpful suggestions. This work was sup-



THE THERMAL REACTIONS OF CH 3  719

ported by the U.S. Department of Energy, Office of Basic 22. Lynch, K. P., Schwab, T. C., and Michael, J. v., Int. J.
Energy Sciences, Division of Chemical Sciences, nnder Chem. Kinet. 8:651-671 (1976).
Contract No. W-31-109-Eng-38. 23. Maki, R. C., Michael, J. v., and Sutherland, J. w., J.

Phys. Chew. 89:4815-4821 (1985).
24. Michael, J. v., and Wagner, A. F., J. Phys. Chemn.

94:2453-2464 (1990).
REFERNCES25. Michael, J. V., J. Chemn. Phys. 92:3394-3402 (1990).

26. Shin, K. S., and Michael, J. v.,J. Phys. Chem. 95:5864-
1. Gomer, R., and Kistiakowsky, C. B., J. Chem. Phys. 5869 (1991).

19:85-91 (1951). . 27. Shin, K. S., and Michael, J. V., J. Chesi. Phys. 95:262-
2. Mallard, W. C., Westley, F., Herron, J. T., Cvetanovic, 27(19)

R. J, ad Hmpsn, . J~ NIT Cemial ineics 28. Herzler, J., and Frank, P., Bar. Bunsen ges. Phys.
Database--ver 3.0, NIST Standard Reference Data, Cheso. 96:1333-1338 (1992).

Gaitersbrg, D, 191.29. Lima, K. P., and Michael, J. v., J. Phys. Chems. 98:211-
3. Tsuboi, T., Jpn. J. Appl. Phys. 17:709-716 (1978). 215 (1994).
4. Gardiner, W. C. Jr., Owen, J. H., Clark, T. C., Dove, 30. Saito, K., Tahara, H., Kondo, 0., Yokubo, T., Higa-

J. E., Bauer, S. H., Miller, J. A., and McLean, W. J., shihara, T., and Murakami, I., Boll. Chesn. Soc. Jpn.
Fifteenth Symposium (International) on Combustion, 53:1335-1339 (1980).
The Combustion Institute, Pittsburgh, 1975, pp. 857- 31. Equilibrium constant calculated fromn the molecular

868. parameters given in: Herzberg, C., Molecular Spectre
5. Kern, R. D., Singh, H. J., and Wu, C. H., lnt. J. Chemo. and Molecular Structure, Van Nostrand Reinhold,

Kinet. 20:731-747 (1988). New York, 1966, p. 621.
6. Hidaka, Y., Nakamura, T., Tanaka, H., Inami, K., and 32. Based on I + CH4: Golden, D. M., Walsh, R., and

Kawano, H., lot. J. Chein. Kinet. 22:701-709 (1990). Benson, S. W., ]. Am. Chew. Soc. 87:4053-4057
7. Chiang, C. C., and Skinner, C. B., J. Phys. Chemn. (1965).

85:3126-3129 (1981). 33. Walter, D., Grotheer, H.-H., Davies, J. w., Pilling, M.
8. Roth, P., Barner, U., and Loehr, B., lnt. Symp. Shock J., and Wagner, A. F., Twenty-Third Symposium (In-

Tubes Waves Proc. 12:621-628 (1980). ternational) on Comobostion, The Combustion Insti-
9. Kiefer, J. H., and Budach, K. A., lnt. I. Chemn. Kinet. tute, Pittsburgh, 1990, pp. 107-114.

16:679-695 (1984). 34. Hwang, S. M., Rabinowitchs, M. J., and Cardiner, W.
10. Roth, P., and Just, Tb., Material Research Syrup. Proc. C., Jr., Chem. Phys. Lett. 205:157-162 (1993).

NBS Special Publication 561, 1979, Vol. 10, p. 91. 35. Calculated from backward rates with results by: Bob-
11. Roth, P., and Just, Tb., Ber. Bunsenges. Phys. Chem, land, T., DobO, S., Temps, F., and Wagner, H. Gg.,

83:577-583 (1979). Ber. Bunsenges. Phys. Chemo. 89:1110-1116 (1985),
12. Roth, P., Forsch. Ingenieurwes. 46:93 (1980). and equilibrium constants.
13. Warnatz, J., in Combustion Chemistry (W. C. Gardi- 36. Dean, A. J., and Hanson, R. K., lnt. J. Chew. Kinet.

ner, Jr., Ed.), Springer-Verlag, New York, 1984, pp. 24:517-532 (1992).
197-509. 37. Markus, M. W., Woiki, D., and Roth, P., Twenty-

14. Frank, P., and Braun-Unkhoff, M., Proceedings of the Fourth Sysnposiom (International) on Combustion,
Sixteenth Symposium on Shock Tubes and Wanes, The Combustion Institute, Pittsburgh, 1992, pp. 581-
VCH, Weinheim, 1988, pp. 379-385. 588.

15. Lima, K. P., and Michael, J. V.,J. Chemn. Phys. 98:3919- 38. Kiefer, J. H., Twenty-Fourth Symposium (Interusa-
3928 (1993). tional) on Combustion, The Combustion Institute,

16. Davidson, D. F., Di Rosa, M. D., Hanson, R. K., and Pittsburgh, 1992, p. 588.
Bowman, C. T., lnt. J. Chew. Kinet. 25:969-982 39. Troe, J., J. Chemn. Phys. 65:4745-4757 (1977); ibid.
(1993). 4758-4775 (1977).

17. Just, Tb., Proceedings of the Thirteenth International 40. True, J., J. Phys. Chem. 83:114-126 (1979).
Symposium on Shock Tubes and Wanes, SUNY, Al- 41. True, J., Ber. Bunsenges. Phys. Chew. 87:161-169
bany, 1982, pp. 54-67. (1983); Gilbert, R. G., Luther, K., and True, J., ibid.

18. Kiefer, J. H., and Kumaran, S. S., J. Phys. Chessi. 169-177 (1983).
97:414-420 (1993). 42. Chase, M. W., Jr., Davies, C. A., Downey, J. B., Jr.,

19. Raghavachari, K., Frisch, M. J., Pople, J. A., and Frorip, D. J., McDonald, B. A., and Syverud, A. N.,].
Schleyer, P. v. B., Chemn. Phys. Left. 85:145-149 Phys. Chew. Ref. Data 14:(1) (1985).
(1982). 43. Wagner, A. F., unpublished results.

20. Michael, J. v., Prog. Energy Comubust. Sci. 18:327-347 44. Wagner, A. F., and Harding, L. B., in Isotope Effects
(1992), and references cited therein, in Gas-Phase Chemistry (J. A. Kaye, Ed.), American

21. Michael, J. v., and Sutherland, J. w., lnt. J. Chew. Chemical Society, Washington, 1992, ACS Symposium
Kinet. 18:409-436 (1986). Series 502, pp. 48-63.



Twenty-Fifth Symposium (International) on CombustionfThe Combustion Institute, 1994/pp. 721-731

THE REACTION SYSTEM CH. + OH AT INTERMEDIATE TEMPERATURES.
APPEARANCE OF A NEW PRODUCT CHANNEL

ROBERT HUMPFER, HARRY OSER, HORST-HENNING GROTHEER AND THOMAS JUST

Institutftir Physikalische Chemie der Verbrennung, DLR
Pfaffeovaldring 38, 70503 Stuttgart, FRG

In an extension of our work at lower temperatures, the title reaction was measured directly in a flow
reactor at temperatures up to 700 K and at pressures of 0.65 and 3.25 mbar. OH was used in an excess
over CH.. Both reactants along with the reaction products were monitored by mass spectrometry. CH3
profiles served as the major observable quantity for the extraction of rate data by using computer sim-
ulation.

The fitted total rate coefficients were divided into individual channel rate coefficients by the mass
spectrometric measurement of the reaction products. For CH 3 + OH, this led to a rate coefficient, ki,
into the stabilization channel, and another one, k,,+,, referring to the sum of two H2-eliminating channels
yielding the biradical HCOH, and CH 2O. These latter channels have not been measured before. In order
to distinguish between them, we switched from OH to OD to get

CH3 + OD - HCOD + H2  (1'e)

- H2CO + HD (1T)

so that these channels could be determined by their byproducts, H2 and HD, respectively. The use of OD
makes it also possible to measure the channel

CH, + OD -- ICH2 + HDO (I'd)

through its byproduct, HDO.
A comparison of the rate coefficients for both systems, i.e., CH3 + OH and CH 3 + OD, indicates that,

within our error limits, no significant isotope effect takes place. By including our previous measurements

along with additional ones at 600 K, to be published elsewhere, we arrive at the following recommendations
for the channel rate coefficients in units of cm3 molec s:

k•, = 3.7 * 10-29 exp(1280/T), ka = 1.7 * 10-s0

kid = 4.4 * 101 exp(-1100/T)

kle = 9.1 * 10 11exp(-1500/T)

k5f(700 K) = 1.7 * 10-12.

Since simulation is needed for the deduction of the rate coefficients, an uncertainty factor of 2 has to be
attributed to these numbers,

The reaction channels to CH30 + H (1b) and to CH2OH + H (1c) could not be detected.

Introduction CH 3 + OH + (M) - CH 3 OH + (M)

According to its significance for virtually all hydro- -92.21 kcal mo 5  (1a)

carbon flames, the title reaction has attracted a lot of - CH2OH + H
attention during recent years, both from an experi- +3.90 kcal mol 1b)
mental [1-7] as well as a theoretical point of view [8-
12]. Its fascination arises from its occurrence via a -CH 30 + H

bound intermediate, chemically excited methanol, + 11.84 kcal mol- (1c)
which can react into a variety of product channels.
The six most important ones are as follows [12]: - 1CH 2 + H 2 0

721
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+2.2 kcal mol-' (1d) Experimental

SHCOH + H2  Flow Reactor Technique:

- 21.0 kcal mol- (le) A diagram of our reactor assembly is shown in an
earlier publication [21], and a more detailed descrip-

SCH20 + H2 tion of its operation may be found in a paper to be
- 71.85 kcal mo (f)published elsewhere [20], so only a very brief outline

will be given here. A resistance-heated copper block
surrounded by a radiation shield was suspended from

The reaction enthalpies (at 300 K) are mostly cal- the reactor top flange. It provided a sufficiently flat
culated from the Sandia compilation [13]. For the temperature profile (700 ± 5 K within the zone cov-
'CH 2 channel, we use a value as derived from our ered by the movable injector, i.e., between x = 5 cm
earlier kinetic measurements [5], and for the HCOH and x = 40 cm). For the reactor, we used a quartz
channel, we quote a value of Melius [14] obtained by tube of 55-cm length and 25.5-mm diameter. Its
BAC-MP4 calculations. walls and the walls of the movable injector were

In modern chemical kinetic data compilations [15- coated with B20 3 (see Ref. 20), resulting in wall co-
17], at best the first four of these product channels efficients of 6-8 s-1 for CH 3 and about 6 s-1 for OH,
are considered. In fact, most experimental studies are as measured in this study.

carried out at a single temperature (mostly ambient), The reactor was coupled by a conventional nozzle

and in most cases, the interest is focused on the de- and skimmer system to a quadrupole mass spectrom-
termination of the total rate coefficient, k~. Onl eter that was operated at sufficiently low electron en-
verminatly, of sythematoiac ratuy coefficien, kin uly ergies (between 11 and 20 eV; 12.1 eV for our main
very recently, a systematic study of the individual observable, CH3 ) to reduce undesired fragmenta-
product channels was started in our laboratory [4,5]. tion.
By covering the low-temperature portion (300-500
K) of the Arrhenius plot, we were able to determine Generation and Calibration of Radicals:
kia and kid and their temperature dependence. In
the present study, the temperature range is extended In the case of radical-radical reactions, it is almost

to 700 K. impossible, because of the interference of self-reac-

Folloxving a suggestion of Wagner [18], we paid tions and other side reactions, to ensure pseudo-first-

particular attention on the occurrence of channels order kinetics. Thus, computer modeling is required
pf elms for the deduction of the rate coefficients, with the

(le) and (if), in which the complex [CH 3OH]' elim- prerequisite that the concentration of the minor
inates a H2 molecule to yield the biradical HCOH or component must also be known absolutely. In addi-
formaldehyde. These channels have been considered tion, the profile of the excess component in the ab-
in the early theoretical work of Harding et al. [19]. sence of the other reactant is generally time-depend-
Very recently, Walch [12] has again postulated the ent because of self-reaction or wall loss. The need to
HCOH channel to occur with a barrier below CH3 calibrate both reactants and to measure both types
+ OH, so that it should be accessible even at am- of profiles contrasts with the more commonly studied
bient temperature. In fact, we failed to detect any radical/atom + inert molecule systems.
signals of H2 and/or HCOH/H 2CO between 300 and
500 K and consequently neglected these channels in OH sourceour ow-emp rat re tudes [,5] In the pre ent O H was used as excess com ponent since it is less
our low-temperature studies [4,5]. In the present prone to self-reaction and has a lower mass spectro-
study, however, carried out at 700 K, we clearly ob- metric sensitivity than CH3. As described in Ref. 20,
served a primary formation of molecular hydrogen it was prepared in the fixed radical source through
along with 30-amu signals from HCOH and/or H2O + F - OH + HF, the F atoms being generated
H2CO. By the use of OD instead of OH, we could in a microwave discharge of F2 diluted in He. The
show that the detected hydrocarbon species is pre- OH concentration profiles along the flow tube were
dominantly the carbenelike species HCOH (HCOD monitored by scavenging OH with an excess of
in this case), rather than formaldehyde. To our C4Hl 0 fed through the movable injector. Close to the
knowledge, this is the first measurement of this re- OH source, the obtained concentrations approached
action channel. Further measurements of CH 3 + the ones as determined from the consumption of F 2
OD at 600 K [20] revealed a strong temperature de- in the microwave.
pendence of the biradical channel, so it is plausible
that this channel escaped our detection at tempera- CH 3 source
tures below 500 K. At the same time, by extrapola- CH 3 was prepared in initial concentrations of 2.2
tion, it underscores the potential importance of this X 1lO1 molec cm- 3 through pyrolysis of azometh-
channel around 1000 K. ane:
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CH 3NNCH 3 - 2CH3 + N 2 ' 5.0

The source is a part of the movable injector, and its
design is described in detail in Ref. 20. Under typical E 4.0

conditions, 80% of the azomethane was decomposed .L

to yield nearly the corresponding amount of CH3 as 1 3.0
determined by scavenging CH3 with F 2.A small frac- '
tion of the CH3 was lost through the reaction .

2.0

CH 2NNCH3 + CH2 - CH 3NNCH 2 + CH 4 ,
.0

to form CH 4, which was measured to amount to
roughly 2% of the initial azomethane. This renders a 0 15 3

negligible kinetic contribution of the CH3NNCH 2  0 15 30 45 60 75

radicals. The potential reaction of excess OH with reaction time fms]

CH3NNCH3 surviving the pyrolytic zone was FIG. 1. OH profile as determined by scavenging with bu-
checked for experimentally. With the pyrolytic coil tane (symbols). The solid line is simulated. Conditions:
switched off, it was found that about 20% of the [OH]0 = 4.7 x 1012moleccm-3,p = 3.0mbar, v = 10m/s.
CH3NNCH3 decayed in a 20-fold excess of OH, so
that the contribution of the much smaller amount of
CH 3NNCH 3 surviving pyrolysis could be neglected. fairly strong decay is observed, resulting from the fast
We also established that distortions of the flat reactor reaction sequence
temperature profile through the pyrolytic oven could
be neglected because of its special design (see Ref. (6) OH ± OH - H20 + 0
20). At 700 K, we thus have a very suitable CH3 (7) 0 + OH - O2 +n.
source. Unfortunately, this good performance is only F
achieved in a narrow temperature window between or CH3 + OH measurements, we used a larger
600 and 800 K since at lower temperatures the per- flow velocity, and therefore, the OH loss was less

turbation of the reactor temperature profile is no pronounced than in Fig. 1. Nevertheless, the in-

longer negligible, whereas at higher temperatures a creased OH concentration toward the source region

considerable azomethane fraction dissociates up- results in an apparently increased reaction rate of

stream of the pyrolitic oven, leading to undesired CH3 + OH for high positions of the CH3 injector,
subsequent reactions, which are translated into large reaction times. Con-

sequently, our log[CH2] curves were no longer
straight lines; rather, their slopes increased with re-

Purity of gases and preparation of precursors action time. This effect and its computational assess-
Gas purity grades were as follows: helium ment are discussed in detail in Refs. 4 and 5. The

99.999%, F2 99% (4.96% mixture in helium experimental conditions of our decay measurements
99.996%). H20 was bidistilled. Azomethane was pre- are displayed in Table 1. The [F]0 concentrations cor-
pared from a CuCl- containing complex following a respond to OH concentrations at the top end of the
procedure from the literature [22]. After distillation, reactor. The initial OH concentrations as experi-
it was cooled and stored as a liquid from which gas- enced by the CHa radicals at the start of the reaction,
eous samples were drawn periodically. The purity i.e., for the lowest injector position, are lower by
was determined by GCMS to be better than 99%. roughly a factor of 2. In the quoted [F]0 range, usu-

ally 10 decay profiles of CH3 were measured, each
for a different [F]0 value. In principle, from each

Results of Experiments and Modeling profile an individual rate coefficient could be ex-
tracted. We chose rather to match the complete en-
semble with a common simulation. For this simula-

Measurement of the Total Rate Coefficient tion, the rate coefficients of Table 2 were taken from
for CHi + OH: only one source [16]' whenever possible. Results of

As mentioned, the usual scheme for the evaluation
of pseudo-first-order reactions was not used. In- *On the basis of the CEC value [16] for k6, i.e., k6 (700
stead, rate coefficients were deduced by systemati- K) = 4.1 * 10-12 cm3 molec I s - , no good match between
cally refining the simulations of the measured decay experiment and simulation could be achieved. The curve
curves. The usual kinetic procedure could only be shown in Fig. 2 was obtained fork 6 (700 K) = 3.0 * 10-12
taken to provide raw values for the simulations. The cm3 molec-1 s -, and this is the extrapolated value of an-
reason is seen in Fig. 1. Here, an OH profile is shown other recent recommendation [23]. For the wall loss, the
as determined by the scavenger butane. Obviously, a simulation yielded k, = 6 s .
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TABLE 1
Summary of experimental conditions and results

(Concentration units: 1011 cu-
3

, k in 1 0 -11 cm
3 

molec-1 s 1)

CH 3 + OH measuressents

p V t.

mbar rn/s ms [H10] [Fl] [CH3]0  k...

3.25 30.6 10.8 1300 23-163 2.2 2.1
0.65 15.4 23.4 650 24-178 2.2 1.5

CH3 + OD measurements
p v

mbar m/s t.... [D,0] [F]o [CHU]o k,

0.65 16.4 23.2 650 22-170 2.2 2.4

the simulations, along with some of the measured early steady state; i.e., any CH 3 radical entering this
profiles, are shown in Fig. 2. The resulting rate co- channel will be re-formed under the assumption that
efficients are the reverse channel is unbranched. In this case, one

gets
klot(700 K, 3.25 mbar)

knt= ka +- ke +- klf.

- 2.1 * 10-11 cm 3 molec-1 s-1

The channel rate coefficients may be written as
and

kii = l *, k1tot

kno(700 K, 0.65 mbar) and the branching ratio fl is the amount of the prod-

= 1.5 * 10-11 cm 3 molec-1 s-1. uct (i) per reactant consumed, e.g.,

As to be pointed out in the next section, these num- ra = CHUOH/ACH 3.
bers do not include the contribution of the 1CH2
channel. Reaction products were measured absolutely at a re-

action time corresponding to a CH 3 consumption of
90%.

Product Measurements and Channel For the pressure-dependent stabilization channel,
Rate Coefficients: a full falloff curve would be desirable. Given the

The aim of this study is to provide rate coefficients pressure limitations of the flow reactor technique,
into the individual product channels at 700 K. At this only the lower portion of the falloff curve of (la) is

twe did not find CH 2OH/C O s- accessible at 700 K. Relative CH 3OH yields aretemperature, wnS1 CH 3OH/ACH 3 = 0.35 at 3.25 mbar. and CH 3OH/
nals,'° so we have to deal with a simplified system: ACH 3 = 0.09 at 0.65 mbar. The resulting rate co-

efficients for the stabilization channel fit rather wellCU 3 + OH + (M)--* CU3OH + (M) (la) into a falloff analysis (see below).

- 1CH 2 + H20 (id) For the channels (le) and (if), we measured a
product at mass 30, corresponding to both HCOH

- HCOH + H2 (le) and H2CO and with an unknown sensitivity for
-* CH 20 + U, (10 HCOH. On the other hand, H2 eliminated through

both channels could be measured absolutely. For the
relative H2 abundance we got H2/ACH 3 = 0.65.

Because of the presence of a large excess of H20 as The contribution of other H2 sources such as het-
needed for the OH production, channel (1d) is in an erogeneous H2 formation at the walls could be shown

to amount to 20%, so that 80% of the measured H2
.. H atoms were detected, but we attributed them mostly abundance may be attributed to channels (le) and/

to reactions (7) and (12). or (if). This leads to
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TABLE 2
Reaction scheme and rate coefficients (rate coefficients refer to 700 K and 0.65 mbar; units of k are molec cm 3 s 1)

la CH3 + OH + (M) - CHOH + (M) 2.0 X 10-12 this work
lb CH3 + OH -- CH 2OH + H negligible
ic CH 3 + OH-- CHO + H negligible
Id CH, + OH - CH 2 + H20 9 X 10- 2 this work
le CH, + OH -* HCOH + H2  1.1 X 10-1 this work
if CH, + OH- CH 20 + H2  1.7 X 10-12 this work
5 H20 + F-*OH + HF 2.5 x 10-11 [24]
6 OH + OH- H 20 + 0 3.0 X 10-12 [23]
7 0 + OH--0 2 + H 2.4 X 10-11 [16]
8 OH + F-O + HF 5.8 x 10-11 [24]
9 OH (wall) - products 6 this work
10 0 (wall) - 1/2 02 6 estimated, this work
11 H (wall) - 1/2 H, 10 this work
12 CH3 + O--* CH 20 + H 1.4 X 101- [161
13 CH 3 + H + (M)- CH, + (M) 5 X 10-13 [16]
14 CH 3 + CH 3 + (M)-- C2HA + (M) 1 X 10-12 [16]
15 CH3 (wall) -- products 6-8 this work
16 ICH 2 + H20-- CH 3 + OH 8 x 1011 [25]
17 1CH 2 + OH - CHO + H 3 x 10-11 [15]
18 OH + H2 -H 20 + H 6 X 10-'3[16]
19 OH + CHaOH -- HO + CH2OH 3.4 X 10-12 [16]
20 OH + CH 20 -- H20 + CHO 1.8 X 10-" [16]
21 OH + HCOH - CO2 + H2 + H 1.8 X 10-11 estimated

kle+f(700 K) 1.3 * 10-11 cml3 molec- 1 s-1. k[tt, kj.a + kid + k[e + kjf.

The important point of this section is the occurrence The corresponding decay curves are steeper in com-

of H 2 -eliminating channels at intermediate temper- parison to those for CH 3 + OH, yet otherwise very

ature (700 K). similar, so that they need not be shown here. For the
experimental conditions, see Table 1. The decay
curves could be matched by using the modified

Total Rate Coefficient for CH 3 + OD: mechanism according to Table 4, and the result is

The use of OD instead of OH allows the mass k', 1(700 K, 0.65 mbar)
spectrometric distinction between channels (le) and kI2.4(700"Kcm0.m5ecbar)
(f):= 2.4 * 10- cm molee-1 s-1.

CH 3 + OD - HCOD + H2 (l'e)f Product Measurements and Channel Rate

-HCO + HD (iO Coefficients for CH3 + OD:

In order to provide more insight into the channels

In addition, in this case using OD, channel (1d) is no eliminating molecular hydrogen, we measured their

longer in an early steady state because 1CH 2 reacts complete product profiles [20]. The profiles show

mainly with the excess D20 as used for the OD pro- that the product pair HCOD + H2 is primarily

duction, to yield CH 2D: formed and is at this temperature strongly favored
over H2CO + HD. It must be borne in mind, how-
ever, that H2CO at 30 amu is not only caused by

CH 3 + OD -- 1CH 2 + HDO (I'd) channel (i'f). The reaction CH3 + 0 yields a much

'CH2 + D20 -- CH 2D + OD. (16') larger contribution. By the same token, our 31-amu
signals include a minor contribution from

The total rate coefficient is therefore given by CH 2D + O - CHDO + H (12')

For the notation, see footnote to Table 4. in addition to the main contribution from
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16.3 11.8 tration in units of 1012 molec cm 3 at
0- 1 I the top end of the reactor as ob-

0 5 10 15 tained from [F]0 . The OH concen-
tration at the start of the reaction is

reaction time [ms] lower. For further conditions, see
(b) Table 1, 3.25 mb.

CH 3 + OD -*HCOD + H, (l'e)t theses since both species were not calibrated. Rather,
their concentrations were derived by the simulation

This is shown in Table 3. Its first line displays the of the complete system and by comparison to the

product signals as measured at 90% CH 3 consump- calibrated H 2/HD signals. Contributions of reactions

tion and referring to CH3 OD, HCOD, CH2O, HDO, other than channels (1'e) and (1'f) were calculated

Sand H2. The HCOD/H2 CO data are in paren- and are shown in the second line (for a more detailed
HD, a .discussion, see Ref. 20). Subtraction leads to the cor-

rected product concentrations. For the determina-
The contribution from CH 2D + OD -- CHDO + HD tion of the channel rate coefficients, the calibrated

(1"f0 is very small and is omitted in Table 4. H 2 /HD yields were used. Fortunately, these are
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TABLE 3
Stable reaction products of CH, + OD (concentrations are in units of 1010 cm-3 and refer to 90% consumption

of [CH310 = 2.2 * l0ol cm- 3; T = 700 K, p = 0.65 mbar)

H2  HD (CH 20) (HCOH) HDO CHOD

measured yield 7 1 6 6.0 8 1.5
yield of side reactions 0.5 0 5 0.5 3 0.0
primary yield 6.5 1 1 5.5 5 1.5

fairly unperturbed. The result is as follows (for the ducing the undesired 0 atom generation, yet it would
error bars see below): do so at the expense of the experimental error bar

because of the smaller mass spectrometric sensitivity
kla = 2.0 * 10 12 cm 3 molec-1 s- 1  for OH radicals.

1 *For a sensitivity analysis of the HCOH channel see
kid = 9 * 1012 cma molec-' s-' Ref. 20.

k', = 1.1 * 10-11 cm 3 molec-I s-1

=1.7 * 10 -2 cm3 molec s Summary for the Individual Channelsk~f 1. * 0 1 cmamolc-1s-1of CH, + OH:

For an overview, we present here the results of
Discussion our earlier studies [4,5] along with those of the pre-

sent one and of a paper to be published elsewhere
Sensitivity Analysis for kltt: [20].

A sensitivity analysis was performed for a methyl Stabilization channel
decay as our main observable under the conditions Our earlier measurements for the stabilization
of our 0.65-mbar measurements. To this end, the rate Ohanel measurements foe s sion
coefficient of each reaction of the mechanism shown channel [4,5] could be fitted by a Tnr e expression
in Table 2 was either increased by 50% or decreased (see Ref. 26) using a temperature-independent high-
by 50%, and the resulting simulated decays were cmp3 moleci1 sre.
compared with the standard decay corresponding to T
the set of rate coefficients given in Table 2. The ef- the low-pressure limiting rate coefficient, k, was
feet of the five most sensitive reactions is displayed determined from
in Fig. 3. Other reactions, such as the heterogeneous k_ 1.) k * _
losses of CH 3 or OH, exhibit much smaller sensitiv- (-5a)

ities, and those of the remaining reactions may be using the Troe model along with fl, = [a/(a +
neglected. using

The mechanism underlying Fig. 3 is simple: CH3  Fek1T)], a = ao(T/o100)5, a0 = 1.5 kcal/mol, n
radicals are consumed to a large extent by the title 1.07, and Fe ranging from 1.052 at 300 K to 1.193 at
reaction, CH 3 + OH (1). OH radicals, however, re- 1000 K. This procedure led us [27] to the curves as
combine upstream and downstream of the CH3 in- shown in Fig. 4 for 300 and 480 K. By using these
jector to form 0 atoms [reaction (6)], for which a same parameters, we obtained the 700 K curve. Oh-
competition exists between the reactions O + OH viously, by some fe i tuning the match could be im-(7) and CH3 + 0 (12). Consequently, the sensitivi- proved, but on the basis of only two new measure-
(7) of these +te 0 rea2.Consequently ren signs. ments, this does not seem worthwhile. Our
ties of these latter reactions show different sin.calculation yields approximate values for k0 , whichWith the error limits taken from Ref. 16 of ± 0.15 lu
for reaction (6) and ± 0.2 for reaction (12), our sen- can be fitted by koa = 3.7 * 10-29 exp(1280/T) cm6

sitivity analysis shows that the extracted kltot values molec- 2 s-1 for temperatures between 300 and

may in the worst case vary by roughly a factor of 2 if 700 K.

k6 and k12 are varied within the given limits. If, on
the other hand, the values of k, and k12 may be taken Nonfinding of CH3O/CH 2OH
as fixed, only the experimental error bar of about These two routes may be assumed to have no bar-
25% has to be attributed to our kltot, results. riers. The CH 3O channel lies energetically too high

To work in an excess of CH 3 rather than OH would for any significant contribution at 700 K. However,
decrease the uncertainty caused by the model by re- for the CH 2OH channel with the enthalpies based
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TABLE 4
Modified reaction mechanism for the CH 3 + OD system- (rate coefficients refer to 700 K and 0.65 mbar;

units of k are molec cma3 S-1)

i'a CH, + OD + (M) -- CHOD + (M) 2.0 x 10-12 this work
i'd CH, + OD-- 1 CH, + HDO 9 X 10-12 this work
1"dil CHD±+ OD-2 CHD + HDO 6 X 10- this work
l'e CH, + OD--HCOD + H2  1.1 X 1l0"thiswork

1"eH CH 2D + OD-- DCOD + H 2  4.4 X 10-12 this work
l"eiD CH 2D + OD -- HCOD + HD 6.6 X 10-12 this work
lf CH, + OD - CH 20 + HD 1.7 X 10-12 this work
5' D20 + F--OD + DF 2.5 x 10-11
6' OD + OD--D 20 + 0 3.0 X 10-12

7' 0 + OD--O, + D 2.4 X 1011
8' OD + F-0 + DF 5.8 x 10-11
9' OD (wall) - products 6 this work
10 0 (wall) - 1/2 02 6 estimated, this work

11 H (wall) - 1/2 H2 10 estimated, this work
il' D (wall) -- 1/2 D2 10 estimated, this work
12 CH3 + 0 - CH 20 + H 1.4 X 10-10
12,' CH2D + O-- CHDO + H 1.1 x 1010
12D CH2D1 + O-CH20 + D 3 X 1011
14 CH, + CH, + (M)- C2H6 + (M) 1 X 10-12

15 CH, (wall) -- products 6-8 this work
15' CH 2D (wall) -- products 6-8 this work
16' ICH 2 + D20 -- CH2D + OD 3.4 X 10" [25]
17' 

1
CH 2 + OD -CH 2 O + D 3 × 10-1'

18' OD + H2 -HDO + H 6 x 10-13

20' OD + CH 2 O- HDO + CHO 1.8 x 10-11

21" OD + HCOD - products 1.8 X 1011

'In order to facilitate the comparison with Table 2, the same numbering is maintained. Reactions where an H atom is

replaced by D in one of the reactants are denoted by a prime. Double prime means that, in both reactants, H is substituted.

In the case of CHD reactions, a subscript H or D denotes whether H or D is affected by the reaction. Many more
reactions are possible but are not included since they play only minor roles. For this same reason, reactions (13) and (19)
from Table 2 are omitted, which is certainly justified under our conditions of low initial methyl concentrations.

0 CH3 + 0 -- > HCHO + H CH3 + OH + (M) --- > CH30H + (M); M = He

9 0 + OH -- > 02 + H 100

1 A CH3 + OH -- > prod. 7
* OH + OH -- > H20 + 0 U

+ H2 0 + F -- > OH + HF
10

o0U 
0

0 e

,"T•300 K

0.1=

le-8 le-7 le-6 le-5

0 5 10 15 20 25 Mol/cm
3

reaction time [ms] FIG. 4. Falloff curves for the stabilization channel be-
FIG. 3. Sensitivity analysis for k,,o,. tween 300 and 700 K.
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FIG. 5. Arrhenius diagram for the 'CH2 channel and for those eliminating H2. The open bars denote that here only an

upper limit can be given. The inset shows the new results for the 'CH, channel and the HCOH channel in an expanded
display.

on the Sandia compilation [13], one would expect a accurate, as reflected by the error bars of kid (shown
reaction enthalpy of 3.90 kcal/mol, and this is very in Fig. 5), yet they allow a further conclusion. The
close to the barrier found for the HCOH channel difference, k[tot - ki'd = ka + k'e + kjf = 1.5 *
(see below). Therefore, the nonfinding of CH 2OH 10-11 cm 3 molec-1 s-1 at 0.65 mbar, is in full accord
means either that this route has a very low A factor, with our result for kntot = k1a + kse + k1f at the
which is unlikely in view of its loose transition state same pressure, suggesting that the reaction into the
(TS), or that the assumed reaction enthalpy is incor- individual channels takes place without strong iso-
rect. In fact, Seetula and Cutman [28] have reported topic effects. Therefore, the primes in our notation
new measurements for the heat of formation of may be omitted.
CH 2OH resulting in - 2.13 kcal/mol at 300 K, which
is nearly 2 kcal/mol higher than the Sandia value. H2-eliminating channels
Seetula and Gutman's finding has been questioned In our temperature range, the HCOH channel
by some workers [29] and has been supported by dominates. The results of this study, along with some
others (see Ref. 25 for references). Incorporating the further measurements at 600 K [20], are also dis-
Seetula Gutman value, we recently [30] estimated as played in Fig. 5. For kie (HCOH channel), a prelim-
a preliminary expression inary rate expression can be provided as follows:

klb = 2.3 x 10-10 k1o = 9.1 * 10 11 exp(-1500/T) cm 3 molec-1 s-1.

* exp( -4120/T/K) cm3 molec s- One has to bear in mind that our activation energy

leading at 700 K to a rate coefficient of only 7 X of Ea(le) = 3.0 kcal/mol is only approximate.
10-13 cm 3 molec-1 S-1, so that indeed we would not For the H2CO channel, at present only a rate co-
see this channel, efficient at 700 K may be given:

k1f (700 K) = 1.7 * 10-12 cm 3 molec- 1 s-Q.
1CH2 channel

The new measurements for this channel extend It is in partcular for these two channels tlat mea-
our earlier results, as shown in Fig. 5. Because of surements at higher temperatures are urgently
fragmentation, our HDO measurements are not very needed.
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Domains of bistability and hysteresis in the isothermal oxidation of methyl radicals by 0 in low-pressure

flow reactors are identified by means of continuation algorithms using a mechanism based on experimental
results. Control (unfold) parameters comprise the reactants' inflows, F, residence time r, and the proba-

bilities, y, of chain carrier losses per collision with reactor walls. The effect of methane addition is also
investigated. In the spanned ranges, the singular points detected correspond to single folds of stable into
unstable branches, marking the onset of narrow hysteresis loops. Orbits of bistability were found by tracing
out the folds in two parameters: (Fr) or (F,1§). This analysis discloses the rich kinetic behavior expected

for this system, in which the "branching" reaction (H + 0, - OH + 0) produces an inert radical toward
the reactant. It also predicts the existence of high- and low-oxidation regimes under certain conditions and
provides the basis for process optimization, i.e., for minimizing methyl losses, or for maximizing methyl

yields in the sensitized oxidation of added methane.

Introduction investigate the chemistry of this system in a system-
atic manner by experimentally disengaging the

Increasingly stringent economical and environ- purely heterogeneous processes from those occur-
mental constraints require more efficient approaches ring in the gas phase [8,9]. Thus, while probing into
to the optimization of chemical processes. If nonlin- the details of gas-solid interactions, such as 02 chem-
ear features are involved, model analysis may be the isorption and methane heterogeneous oxidation on
only viable route to the detection of singular, and catalytically active metal oxides, we also focused our
perhaps desirable, behavior. In such cases, empirical attention on the kinetics and mechanism of methyl
correlations, rules-of-thumb, and trial-and-error ex- radical oxidation in flow reactors [10,11]. A very re-
perimentation must be complemented, or replaced, cent report describing high-temperature, low-pres-
by computer-aided design based on realistic models sure experiments led to rate parameters for the key
[1,2]. elementary reaction

The oxidative dimerization of methane catalyzed CH, + 02 - CH,2O + OH (1)
by metal oxides is one of the most intensively inves-
tigated processes for converting natural gas into more which have been since confirmed [11]. In the course
valuable products [3]. A well-established aspect of its of such experiments, we met with nonlinear kinetic
mechanism of reaction is the fact that methyl radi- behavior usually associated with ignition and extine-
cals, formed by heterogeneous oxidation of methane, tion phenomena, which was rationalized in terms of
desorb into the gas phase where they undergo di- a branched chain mechanism.
merization or further oxidation into CO. [4]. A recent In this context, the possibility that, by careful pro-
report on the inertness of the catalyst oxides toward cess control, one could steer the system into a steady
CH3(g) [5] suggests that the improvement of selec- state of low oxidation, and thereby improve selectiv-
tivity, i.e., the suppression of carbon oxides, partially ity, seems to deserve further consideration. In this
rests with the control of gas-phase oxidation reactions paper, we report a bifurcation analysis of the low-
[3,6]. pressure oxidation of methyl radicals in flow reactors

However, despite exhaustive testing of many cat- bearing on such issues, which reveals complex de-
alytic materials and reaction conditions, the goals of pendences of conversion on accessible parameters.
high methane conversion and selectivity remain elu-
sive [3,7]. As the limits to performance are ap- The Mechanism
proached, it appears that mixing control or catalyst
selection and preparation do not hold the key to fur- Throughout, reference is made to the mechanism
ther improvements. Some time ago, we decided to presented in Table 1. Rate constants are given in

733
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TABLE 1
Mechanism of oxidation of methyl radicals at low pressures

Reaction Rate constants,,b

(1) CH, + 02 - CH2O + OH 1.49 X 105
(2) CH3 + 0 2 -"CH 3 0 + 0 6.86 X 103

(3) 02 + H-OOH + 0 6.49 x 107

(4) CH 20 + OH - HCO + H 20 1.53 X 1010

(5) HCO + 02 - CO + HO2  2.23 X 1011
(6) CH, + HO2 - CH 30 + OH 1.99 X 101,
(7) CH 3O -* CH 20 + H 7.87
(8) OH + OH-0H 20 + 0 4.21 x 109
(9) CH3 + O-OCH2O + H 7.83 x 1010
(10) CH 20 + O HCO + OH 1.37 x 1010
(11) CH2 O + H-HCO + H 2  1.07 X 1010
(12) CH30 + 02--. CH 20 + HO 2  1.84 X 107

(13) HCO CO + H 21.9
(14) HO2 + H-- OH + OH 1.10 x 1011
(15) HO2 + OH - 0 2 + H20 1.41 X 1010
(16) CH3O + OH - CH 20 + H20 1.81 X 1010
(17) CH 3 + HO2  CH 4 + 02 3.61 x 109
(18) CH3O + H--0 CH 20 + H 2  1.99 x 1010
(19) OH + 0-02 + H 1.35 X 1010
(20) CH30 + O-- CH20 + OH 6.03 x 109
(21) CH30 + O -CH 3 + 02 2.06 X 109
(22) OH + H--H 2 + 0 1.98 x 108
(23) HO2 + H-0O2 + H 2  2.33 X 100
(24) HO2 + O-OOH + 02 2.12 X 1010
(25) HO 2 + HO2 - H20 2 + 02 1.81 X 109

'Rate constants in mole/dmi, s units, at 1025 K.

bAll rate constants, except for reactions (3) and (10), taken from Refs.

21 and 22; rate constants for reactions (7) and (9) were calculated assum-
ing identical molecule-N 2 and molecule-wall energy transfer collision ef-
ficiencies. The rate constant for reaction (3) is from Ref. 23, and for
reaction (10) from Ref. 24. Although reactions (18) through (25) have
small sensitivity coefficients under the investigated conditions, they were
included in all calculations.

dm3/(mole s) at 1025 K. This mechanism simulates subscript 0 refers to the steady-state concentration
the experiments described in Ref. 11, which involve of the same species that would be attained in the
measurements of methyl radical decay in a low-pres- absence of reaction. If Fi is the flow rate of reactant
sure, well-stirred flow tank reactor in the presence of i in M/s, then Fi = kei [Xj]0 . At low pressures, one

02(g), at temperatures above 1000 K. Methyl radicals must also consider radical losses on reactor walls. We
were generated in situ by fast decomposition of azo- deal jointly with variable residence times, - = 1/k,
methane, and detected by on-line molecular beam and with first-order losses by means of Eq. (I)
mass spectrometrywith electron impact ionization at [11,12]:
20 eV.

The inflow of reactants and effusive escape of all kei = k0 (T/Mi) 112
A (I)

species, processes that do not appear explicitly in Ta-
ble 1, were included in the differential equations for
each species Xi. Thus, under steady flow, the latter where ko only depends on reactor geometry, and A
consist of chemical terms, corresponding to the re- -> 1 is a parameter reflecting the efficiency of radical
actions in Table 1, plus a flow term, k,1 ([Xi] 0 - [Xi]), destruction on reactor walls. The term A is related to
where k,1 stands for the escape rate constant (the the reaction probability per collision y, y = (2 -
reciprocal of residence time) of species i, and the 1)k0 i//wi, where wi is the frequency of collisions made
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by species i with reactor walls; A 1 corresponds to 100

the case of inert walls [11].
Under such experimental conditions, energy trans-

fer is so slow that all radical association reactions are 80

deep in their falloff regions; their initial adducts
(such as C2H6' and CH3 02 *) cannot be stabilized
and are therefore ignored [11]. This does not detract 60
from generality because several bimolecular radical f
terminations still occur via disproportionation reac-
tions, which are not pressure limited. Simulations 40
based on the mechanism of Table 1 using k, and y,
the collective efficiency of heterogeneous radical car-
lier losses, as adjustable parameters led to 20 ............

log k, = 8.92 - 3840/T (II)

0

and to y - 7 X 10-4 above 1000 K. Very recent 0 500 1000 1500 2000

measurements of k1, carried out by Yu et al. [13] and [C1 3 ]0 /nM
by Hessler [14] are in excellent agreement with Eq.
(II) and validate the mechanism of Table 1 as a re- FIG. 1. f vs [CH 31], at [021, 1000 nM, k0 = 0.185
liable basis for the ensuing kinetic analysis. About K-1-2 s-1, 1025 K. Solid curve: A 1; broken curve: =
1000 K, the alternative initiation, reaction (2), is 19.5.
about 25 times slower than reaction (1), although its
importance increases with temperature. Anal

It should be realized that in this case reactions (2) Sensitvy ysis near Operating Conditions
and (3) in Ref. 11

Given the mechanism of Table 1, and initial
CH3 + 02 -- CH3  + 0 (2) steady-state values for the nine concentration vari-

ables (found by means of the FACSIMILE package)
H + 02 OH + 0 (3) [19], AUTO programs are able to map the evolution

of such a state upon variation of a defined control
which would be formally classified as branching, ac- parameter P(1) [20]. They also calculate the deter-
tually produce two species, CH 30 and OH, which do minant and eigenvalues of the Jacobian {0i2XV/Otaj 1,
not react directly with methyl radicals. Chain loops i.e., the stability of the solutions, identifying limit
can only be closed through OH attack on formalde- points and bifurcation points along the trajectory {Xi}
hyde, reaction (4), followed by the sequence (5-6-7), = G {X1,P (1)}. In addition, they can also perform
which slowly regenerates H. An alternative path continuation analysis from critical points as a func-
reaches step 3 via reactions (8) and (9). Thus, CH 20 tion of a second, the unfolding, parameter P (2).
is intimately involved in the development of branch- The experimental studies of Ref. 11, with A - 20
ing in the oxidation of methyl radicals. for all radicals, revealed a dominance of first-order

On closer inspection, one realizes that the se- over second-order carrier terminations. Starting with
quence (1 + 8 + 9 + 3) corresponds to the stoi- [CH 3]0  6.5 nM (nM = 10-9 M), [O2i = 1000
chiometry 2CH 3 + 202 = 2CH 2 0 + H 20 + 0, nM, k= 0.185 K-112 s 1, T = 1025 K, the complete
i.e., to a nonbranching pathway. In contrast, the cycle mechanism leads to 14% conversion, i.e.,f = 100 X
comprising steps (1 + 4 + 5 + 6 + 7 + 3) amounts {1 - ([CH 3 ]/[CH3]9)} = 14. UsingAUTO, we found
to 2CH, + 302 = 20H + 0 + CH 20 + H20, no critical points by varying the following parameters
i.e., generates two radical centers per methyl radical, one at a time, within the ranges 1.0 X 10-3 < [CH3] 0

Such complexity exceeds that of cubic autocatal- < 4.0 X 103 nM, 2.0 X 10-3 < [02]9 < 5.0 X 103
ysis, and even that of the well-investigated H2 + 02 nM, and 1.85 X 10-4 < k9 < 5.09 K- 1 2 s- 1, while
reaction [15]. Actually, the mechanism of Table 1 keeping the remaining ones fixed at their starting val-
resembles the Shell model, a generalized kinetic ues, for either A = 1 or 19.5 (Figs. 1, 2, and 3).
scheme simulating autoignition in diesel engines, in The dependence off on A is shown in Fig. 4. In-
the sense that both involve formaldehyde as the de- dividual variation of escape rate constants for OH,
generate branching agent [16]. Clearly, the so-called H, 0, and HO2 radicals, from A = 19.5 down to 1.4,
net branching factor, IPb = 2k3 [02] - kH, which merely increases f from the experimental value of
plays such an important role in the analysis of con- 14% to 26.5, 20.0, 14.4, and 15.8%, respectively.
ventional oxidations, does not represent a useful cri- However,f increases to 50% if the A's for H and OH
terion for autocatalysis in this case [16-18]. are simultaneously relaxed. As we will see in the fol-
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100 specified ranges might induce nonmonotonous re-

sponses on methyl radical concentration, we began
by mappingf at A = 1 and fixed [CH3] 0 for different

- values of [02]0 using ko as control parameter. We alsoexchanged the roles of [0210 and k0 to possibly detect

60 - disjoint critical regions, such as isolas.
Typical results of our calculations are shown in

Fig. 5. Curve a corresponds to [CH3 ]0 = [0210 =
0.16 nM. In this case we found no critical points, but

40 - an abrupt variation off with keMe. For [02]0 = 20
nM, one already finds two critical, or turning, points

20 1 and 2, in which one of the Jacobian eigenvalues
vanishes, marking the onset of an unstable branch

.... ........... (curve b). In this scale, it is not possible to discern
0 the unstable branch connecting both turning points.

The narrow hysteresis loop is blown up in Fig. 6. A
0 200 400 600 800 1000 o "memory" effect is still apparent in curve c, an oth-

[02]L /3iM erwise stable branch. Figure 7 displays the results of
the complementary analysis, using [02]0 as control

FIG. 2.fvs [Oj]o, at [CH3]o = 6.5 nM, ko = 0,185 K-1/2 parameter. The existence of "threshold" concentra-
s - , 1025 K. Solid curve: 2 = 1; broken curve: 2 = 19.5. tions, or flow rates, of dioxygen at longer resident

times is readily apparent (curves c and d).
The results of a two-parameter continuation of

100 critical points appear as loops in Figs. 5 and 7. In Fig.
5, points 3 and 4 correspond to the minimum (6.22
nM) and maximum (33.89 nM) concentrations of 02,

80 below and above which bistability ceases to exist un-
der given constraints, respectively. Alternatively, one
can continue the conjugate points 1 and 2 in Fig. 5,

60 employing [CH3]0 as bifurcation parameter at fixed
[0210. Again, one obtains an orbit defining the hys-
teresis region (Fig. 8), with points 3 and 4 marking

4'0 the convergence of ignition and extinction.

20 The Addition of Methane

We also explored the kinetic effect of methane ad-

0 ditions. This scenario is realized by gas-phase pro-
cesses taking place at low concentrations of dioxygen,

0 8 15 following the partial heterogeneous oxidation of
k / s methane into methyl radicals over metal oxides. The

(C113) analysis is now based on the mechanism of Table 1,
expanded with reactions (26) through (29):

FIm. 3. f vs k,.c,,,, at [02], = 1000 nM, [CHa], = 6.5

nM, 1025 K. Solid curve: 2 = 1; broken curve: 2 = 19.5. CH4 + H -- CH, + H 2  (26)

lowving section, limit ignition and extinction points CU4 + OH - CU3 + H20 (27)

are only possible for [02]0 values smaller than those CH, + O-CH3 + OH (28)
employed in Ref. 11, the precise values depending
on residence times. CH 4 + HO 2 -- CH 3 + H 2 0 2  (29)

with k26 = 3.29 x 10s, k27 = 1.15 x 109, k28 =
Bifurcation Analysis of the Isothermal 4.92 x 108, and k29 = 1.97 X 104 M-I S-I at 1025

Oxidation of Methyl Radicals K [21,221.
In Fig. 9, we show the results of calculations for

Since we were primarily interested in identifying mixtures of [CH 3]0 = [CH 4]0 = 0.16 nM, using
experimental parameters whose variations within [02]0 as control parameter. In this case, we display
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FIG. 4. f vs A, at [025 0 1000 nM, [CHJ, 6.5 nM, FIG. 6. Zoomed view of the section of curve b within the
k0 = 0.185 K- 1"2 s-1, 1025 K. loop in Fig. 5.

100 50

80 40

60 30

ff
40 cb 20o

20 10 " -"

0 0

0.0 0.1 0.2 013 0.4 0 20 40 60 80 100

ke, /- [02] /r1M

FIG. 7.f vs [02]b, at [CHJ]o = 0.16 nM, 1025 K. Curves
FIG. 5.f vs k, 113, at [CH 3] = 0.16 nM. Curves a, b, and a, b, c, and d correspond to k,,1,3 = 0.0765, 0.153, 0.382,

d correspond to [020] = 0.16, 20, and 50 nM, respectively, and 0.534 s - , respectively. The broken loop is a projection
The loop is the orbit of limit points, i.e., the loci of steady of the loop in Fig. 5.

states for which the Jacobian and one of its eigenvalues
vanish, enclosing the hysteresis region. Points 3 and 4 are
defined by [0,]0 = 6.22 and 33.9 nM, and their abscissas, - 60 nM. Notice that, since the oxidation of methane

respectively. produces methyl radicals, their limit orbits are anti-

correlated.
A more dramatic display of nonlinearity is pre-

the limit orbits f vs [020] for methyl radicals and sented in Fig. 10, in which the residence time is kept

methane, with ko (proportional to the reciprocal of constant, k 2cH3 = 0.153 s 1, and [CH 4] 0 is used as

residence time) as the unfolding parameter, It is the unfolding parameter. In this case, the orbit of

worth comparing the methyl limit orbit with that of limit points corresponding to the oxidation of methyl

Fig. 7, which corresponds to the case [CH 410 = 0; radicals extends into the negative quadrant, reflect-
now the upper convergence point extends up to [0,]o ing net production. However, particularly at large
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16

10

." .......... ......

12- 30 - --- --- Cf]4_

f 0

64

0 100 200 300 400 500 600

0o1 0.2 0o3 [021 / nM
k / s-

e, (Cla 3 ) FIG. 10.fvs [02]0, at kCH3 = 0.153 s-. The loops cor-
respond to the limit orbits for methyl and methane ob-

FIG. 8. f vs kCH3, at [021] = 20 nM, 1025 K. Points 1 tained using [CH4]0 as second bifurcation parameter. Solid
and 2 in this figure and in Fig. 5 are the same. The limit curve and dash-dotted curve are the steady-state branches
orbit in this case has been calculated using [CH3 ]0 as sec- for methyl radicals and methane, respectively, calculated

ond bifurcation parameter. Points 3 and 4, where ignition for [CH.]. = 0.16 nM and [CH 4]0 = 8 nM.
and extinction converge, are defined by [CHU]o = 5.6 x
10-1, 0.32 nM, and their abscissas, respectively, values of [O210, mass balance reveals that a large frac-

tion of reacted methane oxidizes to carbon monoxide
and water rather than to methyl radicals. The sta-

tionary state loci for methane and methyl, beginning
at [020] = 0, [CH3]0 = 0.16 nM, [CH 4]0 = 8 nM,

16I are also shown. Particularly striking is the fact that
16 -the methyl steady-state curve crosses its limit orbit

C113 as a stable branch. However, it should be realized
Ci. .that, at such intersection, although both curves share

12 the same values off, [02]o and kl, they have different
values of [CH4Jo. In other words, one can have two
different mixtures possessing the same steady con-

.... centration of methyl radicals, one corresponding to

f 8 .. a stable steady state and the other to a limit point.
On the other hand, at the second crossing, ca. [0210

S" .280 nM, the curve folds into an unstable branch,
marking the point where the extent of oxidation of

4 -. CH methyl radicals suddenly reverses its trend, tracking
the abrupt onset of methane ignition. Here, in con-

/ tradistinction with the first crossing, a given mixture
has two accessible stationary levels of methyl radicals.

0 This behavior contrasts with the one found in a sim-
40 60 ilar calculation for [CH 3]0 = [CH 4]0 = 0.16 nM (not

0 20 40 60 shown in Fig. 10), in which the conversions of both

[02]. /nM species are positive for all values of [0210. It is clear
that such diversity precludes obvious generalizations,

FIG. 9.fvs [0,]0, at [CH,], = [CH],0 = 0.16 nM. Solid and underscores the irreplaceable role of this type of
curve is the steady-state branch for methyl radicals at k,,, analysis in assessing the actual behavior of branched
= 0.153 s-1; long-dashed curve, the steady-state branch chain oxidations in flow reactors.
for methane at kcH4 = 0.153 s-. The short-dashed loop Process optimization, i.e., maximizing the yield of
corresponds to methyl radical, and the dotted one to meth- methyl radicals that may be produced by gas-phase
ane. oxidation of methane, amounts to locating the ex-
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A SHOCK TUBE STUDY OF THE CO + OH - CO2 + H REACTION
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The rate coefficient for the reaction

CO + OH--CO2 + H (1)

has been determined using mixtures of nitric acid (HNO3 ), carbon monoxide (CO), and argon in incident
shock wave experiments. Upon shock heating, the nitric acid rapidly decomposes into OH and NO2. The
OH subsequently reacts predominantly via reaction (1). Quantitative OH time histories were obtained by
continuous-wave (cw) narrow-linewidth UV laser absorption of the BR(5) line of the A2X -- QX2H, (0,0)

transition at 32,606.56 cm - (vacuum). In some experiments, helium was added to the reactant mixture
to examine CO vibrational excitation effects on the rate coefficient determination. It was found that the
rate of excited CO (v = 1) with OH is less than the rate of ground-state CO (v = 0) with OH, which is
in agreement with previous state-dependent work. The experiments were conducted over the temperature
range 1090-2370 K and the pressure range 0.19-0.82 atm. The second-order rate coefficient was deter-
mined to be

kl(T) = 2.12 X 1012 exp[-2630/T (K)] (cm3 mol 1 s-')

with overall uncertainties of + 16, - 12% at high temperatures and + 19, - 22% at low temperatures.
These results are in good agreement with recent studies of reaction (1) and are well fit by a chemically
activated intermediate model. The current work also provides a link to previous low-temperature data.

Introduction eral important reasons. First, the OH radical gener-
ation technique employed allows for a direct deter-

The reaction mination of the rate coefficient for reaction (1) at
high temperatures. Second, the technique results in

CO + OH - CO2 + H (1) a reduction in the scatter of the high-temperature
data, which improves the accuracy of the rate coef-

is important in both combustion processes and pol- ficient determination. Finally, this work provides a
lutant formation [1,21. This reaction is the principal link to the flow reactor results that exist at lower and
heat-releasing reaction in hydrocarbon combustion intermediate temperatures.
and is the primary channel for conversion of CO into Nitric acid (H NO 3) is used as a source of hydroxyl
CO. Warnatz [2] has identified CO + OH as a re- radicals. The nitric acid decomposes virtually instan-
action "with both considerable sensitivity and uncer- taneously (<1.5 us at 1500 K) into OH and NO 2.
tainty" with respect to gas-phase combustion. His When mixtures of nitric acid dilute in carbon mon-
investigation concludes that NO formation in pro- oxide are used, the OH radical reacts predominantly
pane-air flames and flame velocities in methane-, with CO via reaction (1). Consequently, absorption
propane-, and benzene-air flames all show significant profiles of the OH radical can be used to directly
sensitivity to reaction (1). determine the rate coefficient for reaction (1).

The CO + OH reaction has been studied exten-
sively through both experimental and theoretical in-
vestigations. The rate coefficient displays significant Experimental Details
non-Arrhenius behavior over the temperature re-
gime of 298-3000 K. Although room-temperature All experiments were conducted behind incident
evaluations appear to be in agreement [3], there is a shock waves using either of two stainless steel, pres-
significant degree of scatter in the data at higher tern- sure-driven shock tube facilities. The first shock tube
peratures. consists of a 2.3-m-long driver section and a 10.5-m-

The present investigation was conducted for sev- long driven section, with a 15.24-cm continuous in-

741
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ternal diameter. The second shock tube consists of a 400 "
6-m-long driven section (14.3-cm internal diameter) - 400

and a 2.4-m driver section (5-cm internal diameter). E_

Prior to each experiment, the driven section was 30,0
evacuated to approximately 5 X 10-6 torr; the sub- - Datae
sequent leak-plus-outgassing rate was approximately 2 --2-0Model
20 X 10-6 torr/min. Shock speeds were measured IL
using four platinum thin-film gauges equipped with 0
amplifiers that triggered three time-interval coun- 100

ters. Shock wave attenuation was typically 0.5-2% a I
per meter. All postshock conditions were calculated 0 -
using one-dimensional shock wave relations, assum-
ing a chemically and vibrationally frozen test gas. The 0 100 200 300

calculation inputs were the initial test gas tempera- 0 10 . ... .
ture, pressure, and composition, and the shock speed 5 5
at the measurement position. Helium was used as the 0
driver gasforallexperiments. 1.to , , , I 11,11,

The gases employed for reactant mixtures were Cr 0 100 200 300

Matheson Purity argon (99.9995%), Liquid Carbonic Particle Time [ýtsec]
CP grade carbon monoxide (99.5%), and Liquid Car-
bonic ultrahigh purity (99.999%) helium. The nitric FIG. 1. Comparison of experimental and calculated
acid was purchased in 90% aqueous solution and sub- Chemkin II OH profiles using best-fit k, = 2.41 x 101
sequently dehydrated using the technique described cm3 mol-I s-1, CO = 1.41%, and HNO3 ' = 607 ppm
by Wooldridge et al. [4]. All test gas mixtures were (incident shock, T = 1273 K, P = 0.486 atm). The spike
prepared using a partial pressure technique in a in the absorption trace at t = 0 is due to beam steering of
2.3-L Teflon-coated mixing tank with a magnetic stir- the laser beam by the incident shock wave.
rer. A passivation process, also described in Ref. 4,
was used to control wall-adsorption effects in the
shock tube. limit of approximately 1 ppm at T = 1400 K, P =

The diagnostic system consisted of a Spectra-Phys- 0.3 atm, and a path length of 15.24 cm.

ics 380A continuous-wave (cw) ring dye laser oper-
ated on Rhodamine 590 laser dye and pumped by a Results
Spectra-Physics 164 argon ion laser (4 W, all lines
visible). The visible wavelength output of the ring Figure 1 shows a typical low-temperature OH
dye laser cavity was monitored by a Burleigh WA-10 mole fraction profile. The experimental conditions of
wave meter, and the laser mode quality was moni- this trace are T = 1273 K, P = 0.486 atm, CO =
tored by a Spectra-Physics 470 scanning interferom- 1.41%, and HN0 3

0 = 607 ppm, where HN0 3
0 is the

eter (2-GHz free spectral range). The fundamental initial concentration of nitric acid in the shock tube
laser frequency was intracavity doubled to the UV by at the time of the experiment. The absorption data
a temperature-controlled AD'A crystal, and the laser were converted to mole fraction data by applying
was operated with the galvo tuning rhomb assembly Beer's law for a narrow-line radiation source, as fol-
in place. Wavelength control was improved by con- lows:
ducting a manual scan across the absorption line
shape in a reference flame of methane and air. The IIo = exp(-kXPoIL).
wavelength was centered at the peak absorption of
the R1(5) line prior to each experiment. The UV Here, I and 1 are the transmitted and incident ra-
beam (approximately 1.0-mm diameter) passed diation intensities, respectively, k, is the spectral ab-
through the shock tube perpendicular to the shock sorption coefficient (cm-I atm-1), P is the total pres-
tube axis through calcium fluoride windows. The sure (atm), XoH is the mole fraction of OH, and L is
beam intensity was measured before and after pass- the path length through the absorbing medium (cm).
ing through the shock tube via fast UV photodiode The absorption coefficient was calculated using the
detectors (EG&G UV100BQ, electronic 3-dB band- technique described in Wooldridge et al. [4]. The
width of 350 kHz) with 2.5-mm-diameter active sur- uncertainty in k, for the conditions of this investiga-
face areas. The incident (IJ) and differenced (1I - tion is ± 5%, set primarily by uncertainty in the os-
I) laser intensities were recorded on a Nicolet 2090 cillator strength for this transition.
digital oscilloscope using a 0.2-jis sampling rate. The The mole fraction data were converted from lab-
noise on the differenced signal was typically 0.1% of oratory time (t1 ) to particle time (tp) using the relation
the incident signal, corresponding to a detectivity tp = (p2/Pl) ti, where P, is the initial density of the
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TABLE 1
Reaction mechanism: rate coefficients in the form k = ATP exp( - 01T) (units are inol, cc, s, and K)

Reaction A #1 0 Ref.

* 1. CO + OH = C 2 + H 2.12 x 1012 0.0 2630.
= 2. HNO + M =OH + NO2 + M 1.01 x 1016 0.0 17280. 8
S3. OH + OH =H 20 + O 9.40 X 10-5 4.77 -4570. 4
= 4. N02 + H = NO + OH 1.00 X 1014  0.0 0. h

5. H + HO2 = OH + OH 1.40 X 1014 0.0 540. 18
6. HO 2 + NO = NO2 + OH 2.11 X 1012 0.0 -241. 18
7. H2 + O = OH + H 5.06 X 10

4  2.67 3166. 18
8. OH + H2 = H20 + H 1.17 X 109 1.3 1825. 18
9. N02 + M = NO + 0 + M 1.10 x 101, 0.0 33000. 19

10. N02 + O = NO + 0 2  1.00 X 1013  0.0 300. 19
11. O+ H02 = 0 2 + OH 1.40 X 1013 0.0 540. 18
12. OH + H02 = H20 + 0 2  7.50 x 1012 0.0 0. 18
13. H + 02 = OH + 0 9.33 X 1013 0.0 7448. 20
14. H2 + 02 H + HO 2  3.30 x 1013 0.0 27126. 21
15. H + H + M =H 2 + M 1.00 X 1018 -1.0 0. 18
16. H + 0 2 + M =H02 + M 3.61 X 1017  -0.72 0. 18

Enhanced efficiency for H,0 X 18.6, CO2 X 4.2, H2 X 2.9, CO X 2.1
17. CO(v = 0) + Ar = CO(v = 1) + Ar 5.13 X 1012 1.0 -213 91
18. CO(v = 0) + He = CO(v = 1) + He 6.25 x 10'0 1.0 -99 9W
19. CO(V = 0) + CO(v = 1) = CO(v = 1) 1.32 X 1012 1.0 -175 W

+ CO(V = 1)
20. CO(v = 0) + CO(v = 0) = CO(v = 1) 1.32 X 101 1.0 -175 9o

+ CO(V = 0)

•, reactions important in this study.
"-This work.
"bEstimate from NIST Chemical Kinetics Data Base, 1993.
'Rate coefficients of the form k = ATP exp( + IlT" 3), used only for high-temperature data reduction. See text for details.

test gas mixture and P2 is the density of the test gas crated by subtracting the calculated profile from the
mixture behind the incident shock wave. experimental data trace. The sensitivity analysis was

The data were analyzed using the Chemkin-II [5] used to determine the region of the OH profile
chemical kinetics simulation package, the Chemkin where the influence of reaction (1) was dominant.
thermodynamic database [6], the Senkin [7] model- The optimum fit parameters were determined by
ing package, and the reaction mechanism shown in matching the slope of the decaying OH profile and
Table 1. This 20-reaction mechanism was developed minimizing the residuals in this region. Equal
from a more comprehensive 117-reaction model us- weighting was given to each of these characteristics.
ing sensitivity analysis to eliminate reactions that Figure 2 shows that the CO + OH reaction is dom-
were unimportant for the conditions of the present inant for times after approximately 100 Pus.
study. For the high-temperature data (T > 1500 K), it

The low-temperature OH profiles (T < 1500 K) was necessary to account for the vibrational relaxa-
were analyzed as follows. First, the peak of the data tion of the carbon monoxide in the data analysis.
trace was fit by adjusting the initial amount of HNO 3  These data were reduced using the additional relax-
present. If necessary, the rate of the HNO 3 decom- ation reactions [9] shown at the bottom of Table 1,
position reaction, (2), was then adjusted to fit the which are expressed in a Landau-Teller format. In
initial rise in the OH profile (but never outside the addition, reaction (1) is modeled as a pair of vibra-
uncertainty limits quoted in Wooldridge et al. [8]). tion-level-dependent reactions
The latter portion of the profile was then fit by ad-
justing the rate coefficient of reaction (1). The de- CO(v = 0) + OH 1 CO 2 + H (la)
termination of the best fit to the experimental profile
was aided by the sensitivity analysis shown in Fig. 2 CO(v = 1) + OH - CO2 + H. (1b)
for the conditions of Fig. 1, and by the residual trace
shown at the bottom of Fig. 1. The residual was gen- The thermal rate coefficient for reaction (1) was de-



744 REACTION KINETICS

0.6 ' ' '''_'' "I I Ii I li

2 1 C0+01H = C02+Ha
0.4 2 HNO 3+M = OH+NO 2+M "Data

= HN+ -D Dta
3 OH+OH = H20+O _ o4+H- H 0 200 --- Model

O+H =NO+OH 5

5 0.2 E5
a LL0 44

o 0)10

- I0

0
0U -0.2.- ,, I ,-

Z 0 100 200 30,00 3 •

-0.0 - , , I ,L" "o
"• 20ca 0

-0.6 ... . -210E
0 50 100 150 200 250 300 ') 0 100 200 30,0cc

Particle Time (ksec) Particle Time [gsec]

FIG. 2. OH sensitivity plot for conditions of Fig. 1. The FIG. 3. Comparison of experimental aod calculated
sensitivity coefficient ax is defined as the partial derivative Chemkin II OH profiles using best-fit k, = 6.53 x 1011
ofthe species mole fractionv• with respect to the rate con- cm 3 moWI s-1, CO = 2.01%, He = 5.02%, and HNO3 o
stant parameter A, normalized by the maximum species = 338 ppm (incident shock, T = 2262 K, P = 0.199 atm).
mole fraction y'j" and the rate constant parameter Ai: cri
= (A,/yy')(8,/dA,).

Vibrational relaxation of OH is less than 2 us

termined using the Boltzmann-weighted sum of the throughout the temperature range of this study
rate coefficients: (Zuhrt et al. [11]). In addition, less than 10% of theOH is in the excited state (v = 1) even at the highest

kl(T) = f•o ksa(T) + f,•t  k 1b(T) temperatures investigated. Consequently, the OH
was treated as vibrationally equilibrated in the data

where analysis.
Figure 3 shows a typical high-temperature OH

ft=i = exp(-E,_jwRT))/Qib mole fraction profile. The OH is formed nearly in-
stantaneously (<0.5 /s) and subsequently decays as

is the fractional population of the ith state, Q,4b is the the hydroxyl radical reacts primarily via reactions (la)
vibrational partition function, E,__ is the energy of and (1b). The experimental conditions corresponding
the ith vibrational level, and T = Tbmional = to Fig. 3 are T = 2262 K, P = 0.199 atm, He =
Tyq1 •ilibrin. During the time frame of a high-temper- 5.02%, CO = 2.01%, and HN0 3

0 = 338 ppm. The
ature experiment, the CO was not vibrationally equil- best fit of the high-temperature data was determined
ibrated, and the populations of the vibrational states by adjusting the rate coefficient of reaction (la), with
were changing. We define the effective rate coeffi- klb(T)/kia(T) = 0.5, and the initial amount of HNO3
cient as follows: present in the model. As with the low-temperature

data, the sensitivity analysis and the residual were
k1cl(T) = ft=o(t)kia(T) + f=l(t)ksb(T) used to determine the optimum fit parameters. Fig-

ure 4 shows the OH sensitivity analysis for the con-
where the population fractions are approaching the ditions of Fig. 3 and indicates that reaction (la) is
thermal distribution as defined above, the dominant reaction affecting the OH profile after

The rate coefficient for reaction (lb) was set as 0.5 approximately 100 us.
times that of reaction (la), in accordance with the Figure 5 shows the evolution of the calculated
investigation by Dreier and Wolfrum [10], although keff(T) over time for the conditions of Figure 3. The
this parameter was varied to determine its effect on CO is modeled as starting entirely in the ground vi-
k,(T) (see below). brational level (v = 0); hence, ke§1(T) starts at kla(T).

Accounting for vibrational relaxation of CO is not As the v = 1 state is populated, kerf(T) approaches
necessary for temperatures below 1500 K, as at these the thermal rate coefficient kl(T). Only the thermal
temperatures, the equilibrium population of CO in rate coefficient is reported for the high-temperature
the ground vibrational level is greater than 87%. For data.
the low-temperature data, kl(T) -_ k5,(T). Additional experiments were conducted with he-
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0.3 above, incorporating the relaxation model for CO.
The experiments did not show sufficient sensitivity

la GO(v=O)+OH = C02+H to ksb(T)/kla(T) to enable a more accurate determi-
0.2 lb CO(v=l)+OH = C0 2 +H

3 OH+OH H2o+o nation of this ratio.
T 4 N02+H = NO+OH Table 2 summarizes the shock conditions and the
0 4 7 H2_+O = OH+H
F 0.1 9 NO = O++H resulting values determined for ki. The data span aa) 9 NO2+M = NO+O+M

0 : temperature range of 1090-2370 K and a pressure
range of 0.19-0.82 atm. There is no measurable pres-

0 -- --- sure dependence within the statistical scatter of the
" 3 •data. The data are plotted in Fig. 6 and fit by the

C -9.1 following expression [of the form A exp( - O/T)] for
-- . the rate coefficient of the bimolecular reaction:
0

-0.2 k,(T) = 2.12 X 1012

-0.31 ... "1,111 '1 .exp[-2630/T(K)](cm3 mol-' S-').

0 50 100 150 200 250 300 The standard deviation for this expression is 9%.

Particle Time (gsec) The total uncertainty in the rate coefficient of re-
action (1) for the temperature extremes is deter-

FIG. 4. OH sensitivity plot for conditions of Fig. 3. Re- mined by combining the effects of each of the in-
actions (la) and (1b) are described in greater detail in the dependent sources of uncertainty through the
text. relation

total uncertainty = [E(uncertainty)2]" 2.

7.75
Table 3 summarizes the results of the uncertainty

'a \\analysis for kj.
S7.50 , At high temperatures, the dominant sources of un-\

M \ -__ kleff certainty are the ratio kjbjkj and the combined ef-
7.25 k feet of the uncertainties in the rate coefficients for

7. k reactions (2) through (4), leading to an overall un-l • _ \certainty of + 16%, - 12%. At temperatures greater
7.00 than -2000 K, the uncertainty in the decomposition

"rate of NO 2, reaction (9), does affect the CO + OH
3 rate determination. A ± 25% uncertainty in the rate
0 6.75 - coefficient for reaction (9) leads to a ± 5% uncer-

N"- tainty in ki. The effect of uncertainty in the vibra-
-- - -- tional relaxation rate coefficients, reactions (17)

6.50 - .I through (20), on the k, determination was also in-
0 100 200 300 vestigated and found to be negligible. At low tem-

peratures, the dominant source of uncertainty is the
Particle Time [psec] combined effect of the uncertainties in rate coeffi-

FIG. 5. The evolution of the calculated kl,5 over time, cients for reactions (2) through (4), leading to an

approaching the equilibrium value of k, (for the conditions overall uncertainty of + 19%, - 22%. The uncer-

of Fig. 3). tainty in shock speed measurement, boundary layer
effects, and uncertainty in other rate coefficients
were found to have negligible impact on the deter-

lium included in the test gas mixture, in order to mination for kl(T) throughout the temperature
further establish the role of CO vibrational relaxation range.
in reaction (1). When these experiments were ana-
lyzed without considering vibrational relaxation, the
results were systematically about 15% lower than the Discussion
rate coefficients determined from the experiments
that did not include helium. This observation is con- Figure 6 shows the rate coefficients determined in
sistent with the results of Dreier and Wolfrum that the present work and from other high-temperature
the rate of excited CO with OH is less than the rate studies of k I. The current data are in good agreement
of ground state CO with OH. The helium data were with the recent shock tube study of Yu et al. [12] and
subsequently analyzed in the manner described with the high-temperature flame data of Vandooren
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TABLE 2
Experimental conditions and results

T P k, HNO3" CO He
(K) (atm) (cm3 mol'- s-') (ppm) (%) (%)

1086 0.248 1.76 X 10" 659 1.98
1136 0.310 1.91 X 10u, 838 2.00
1147 0.421 2.17 x 10" 666 1.95
1157 0.428 2.06 X 10" 750 2.52
1184 0.434 1.94 X 10u 900 2.00
1245 0.467 3.05 X 10" 187 2.00
1259 0.364 2.62 X 10"1 220 2.00
1265 0.478 2.60 X 1011 945 2.00
1273 0.486 2.41 X 1011 607 1.41
1278 0.192 2.92 X 10" 393 2.19
1282 0.185 2.50 X 1011 503 2.05
1292 0.425 2.84 X 1011 29 1.95
1318 0.436 3.48 X 1011 185 2.00
1319 0.473 3.34 X 10" 250 2.00
1320 0.506 2.61 X 101 867 2.00 5.11
1324 0.428 3.23 X 1011 146 2.12
1352 0.410 3.12 X 101" 51 1.94
1357 0.196 2.82 X 1011 990 2.13
1370 0.200 2.96 X 101 174 2.16
1382 0.309 3.26 x 10"1 410 2.35
1476 0.462 3.18 X 1011 198 2.00
1479 0.434 3.42 x 10" 183 1.99 9.98
1490 0.435 3.89 X 1011 90 2.00
1504 0.370 4.31 X 1011 169 2.00
1611 0.338 4.59 X 101l 212 1.04
1714 0.308 5.03 x 10' 209 1.00
1748 0.382 4.09 X 10" 192 2.00
1783 0.239 5.21 X 10ll 260 1.00
1812 0.287 5.36 x 1011 214 1.00
1816 0.292 5.29 x 101 720 1.97
1875 0.763 4.85 x 1011 493 2.31
1929 0,307 5.10 X 101 857 1.90
1957 0.815 5.26 x 10"1 325 1.09
1988 0.256 6.20 X 1011 276 1.00
2124 0,230 6.38 x 1011 315 2.01
2144 0.262 5.82 X 10"1 524 1.99 5.08
2227 0.221 6.23 X 101 335 2.00
2236 0.239 6.76 x 101 404 2.00 4.99
2262 0.199 6.53 X 10" 338 2.01 5.02
2292 0.217 6.70 x 10' 273 2.26 10.0
2318 0.205 6.86 X 1011 792 2.09 10.0
2319 0.248 6.38 X 1011 218 2.00 4.99
2343 0.200 6.96 X 10n 285 2.02
2365 0.245 6.28 X 101 260 2.02

et al. [13]. The data of Ravishankara and Thompson which lies above the data for temperatures in the
[14] end just below the lowest-temperature data range 400-1400 K.
from this investigation, but the two works agree Figure 7 is an Arrhenius diagram over an extended
within their respective uncertainties. Figure 6 also temperature regime, showing the current work along
includes for comparison the recommended rate ex- with some other investigations of k1. It is well known
pression for reaction (1) given by Baulch et al. [3], that reaction (1) exhibits a pressure dependence be-
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T [K] low temperatures of approximately 1000 K [15]. Lar-

5000 3000 2000 1500 1250 1000 son et al. [15] used a chemically activated interme-
I I , I I diate model to describe reaction (1). They concluded

that CO + OH -- CO2 + H can be modeled using

1012 the following system of elementary reactions:

"CO + OH €=> HOCO

E HOCO <= H + C0 2
E1

_. CO + OH =H + CO 2.

, q "-.. Their results for P = 100 torr are shown in Fig. 7 as

o . .. the dot-dashed line. The calculated rate coefficient
Ca falls below the results from the present study and

x x × the results from Yu et al. for temperatures above
0 7 1200 K.

1011 1 * , ., 1 Frenklach and Gardiner [16] used this same ap-

0.2 0.4 0.6 0.8 1.0 1.2 proach for their theoretical study of reaction (1).
Their findings for P = 100 torr are shown in Fig. 7

1000/T [K] as the solid line. The results by Frenklach and Gar-

FIG. 6. Arrhenius plot of rate coefficients for reaction are in good

(1), CO + OH -ý CO 2 + H, determined from the present and with the results of Ravishankara and Thompson.

experiments. Also shown are results from other recent de-
terminations of k,. The solid line is a fit to the present work,
where k, = 2.12 X 1011 exp(-2630/T [K]) (cm 3 mol-I Conclusions
s-1). The dashed line is the recommendation by Baulch et
al. [3]. The vertical error bars are the overall uncertainties The rate coefficient for CO + OH -- CO2 + H
determined for the present work (see Table 3). The sym- has been measured via narrow-linewidth UV laser
bols denote the following works: 0, current work; 0, Yu et absorption of OH. A fit to the data yields the follow-
al. [12]; El, Vandooren et al. [13]; A, Westenberg and ing expression valid in the temperature range 1090-
deHaas [17]; X, Ravishankara and Thompson [14]. 2370 K:

TABLE 3
Uncertainty analysis for reaction (1): CO + OH -+ CO 2 + H

Parameter Uncertainty Effect on k,

Dominant sources of uncertainty at high temperatures (T > 1500 K):
OH abs. coeff. (%) +5 +4.3

-5 -1.8
k2, k,, andk 4 (%) +20, +11, + 40 -9.8

-20, -16, -40 +9.6
k,/k1,, (%) 1 + 11

0.25 -3.0
k (%) +25 +5

-25 -5.0
Total uncertainty = [1(uncert.)2]05 (%): +16 -12

Dominant sources of uncertainty at low temperatures (T < 1500 K):
OH abs. coeff.(%) +5 +1

-5 -5
k2, k3, and k4 (%) +20, +25, +40 -21

- 20, - 23, - 40 +19
Total uncertainty = [Y(uncert,)2]' (%): +19 -22
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THE USE OF CARBON MONOXIDE/HYDROGEN BURNING VELOCITIES
TO EXAMINE THE RATE OF THE CO + OH REACTION

IAN C. MCLEAN, DAVID B. SMITH AND SIMON C. TAYLOR

British Gas plc
Gas Research Centre

Ashby Road, Loughborough LE11 3QU, UK

New measurements of burning velocity are reported for selected CO/H 2 mixtures in air, to provide data
for examining the rate of the CO + OH reaction. Burning velocities were obtained from measurements
on constant-pressure expanding spherical flames. Flame speeds over the first 35 mm of travel were mea-
sured by high-speed schlieren cine photography and extrapolated to infinite radius, using a simple phe-
nomenological model, to yield one-dimensional (ID) values. Extensive computational testing shows that
the burning velocities obtained are accurate to within 3%. Experimental burning velocities were then
compared with 1D computed values, obtained using full kinetics.

Fuel mixtures of 95% CO + 5% H, and 50% CO + 50% H5 with air were studied across the stoichiomet-
ric range, along with stoichiometric mixtures with varying H/CO ratio. The 95 + 5% mixture was the

prime object of study, since computation revealed that burning velocities for this mixture had the greatest

sensitivity to the CO + OH reaction. For the 95 + 5% mixture, the maximum burning velocity was 0.65
+ 0.02 m s-I at 51.7% fuel; the stoichiometric value was 0.34 m s '. For the 50 + 50% mixture, the

corresponding velocities were 1.82 ± 0.06 (at 47.2% fuel) and 1.20 m s'-.

Computed ID burning velocities agreed well with experiment when the 1976 recommendation of Baulch
et al. for the rate of the CO + OH reaction was used. A more recent recommendation gave values more
than 20% too high. Further computation revealed that the reaction exerts its influence on the burning
velocity of these flames at low temperatures, in a relatively narrow region around 1165 K. Use of different
(artificially derived) rate expressions, but having a common value at 1165 K, produced essentially the same
burning velocities. Implications of this for flame chemistry are explored.

Introduction In this paper, we extend the measurements to
some carbon monoxide/hydrogen mixtures burning

Laminar burning velocities are widely used for val- in air, with the prime aim of examining the crucial re-
idating kinetic models of flames. Although by no action CO + OH -* CO2 + H. Despite the endeav-
means a complete test, they do, nevertheless, con- ours of many kineticists, uncertainty in the rate of the

stitute a rigorous partial test of any model. For most reaction remains large, especially at high tempera-
fuels, burning velocity is sensitive to relatively few tures. The recent evaluation [3] by a European panel
reactions [1]; the validation will then focus on this of experts funded by the European Community
subset of reactions. (hereafter referred to as the CEC evaluation) con-

Clearly, for such validation exercises to have merit, cluded that the uncertainty was 60% at room temper-
the experimental data on which they are based must ature, rising to a factor of 3 at 2000 K. The evaluators'
be accurate. Unfortunately, this requirement has not commentary is particularly pertinent: "The large

always been met; burning velocity is notoriously hard scatter of the high temperature measurements does
to measure accurately. Recently, we introduced a not allow exact assignment of a rate constant. Thus, a
new method for measuring burning velocities with relatively high rate has been chosen compatible with

greater accuracy [2] and demonstrated its application flame simulations which are very sensitive to the rate
to hydrogen/air mixtures. The method measures the of this reaction" (emphasis added). Since that evalu-
speeds of expanding spherical flames and extrap- ation, Warnatz [4] has suggested that the rate needs
olates the data to infinite radius to remove stretch to be raised by a further 25%, again based largely on

effects, thus recovering the one-dimensional (1D) the needs of flame simulations.
burning velocity. A particular advantage of the In view of this uncertainty, and since carbon mon-
method is the fact that the reliability of the un- oxide/hydrogen burning velocities are particularly
derlying methodology can be tested by computer sensitive to the rate of the CO + OH reaction, the

modelling, provision of more reliable burning velocities for this
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system seems highly desirable. The paper presents to derive values for b (used for determining Mark-
new experimental data and investigates their simu- stein lengths, and to be reported in a later paper) and
lation by flame modelling. As described later, care S'. Finally, the conventional burning velocity S' is
was taken to select experiments that would provide obtained by multiplying S' by the calculated density
the most sensitive test of this reaction. ratio pl/p,, where subscripts u and b refer to unburnt

and burnt gas, respectively. This is a valid procedure
since S] is a 1D value.

Experimental

Flames were burned in a spherical bomb of 600- Modelling
mm diameter, fitted with windows allowing visible
access over the central 70-mm diameter of flame Flame modelling was used for two purposes: to
travel where the pressure rise is negligible. Flame test the validity of the experimental method and to
propagation was recorded by high-speed (4000 calculate burning velocities for comparison with ex-
frames per second) cine-photography of the schlie- perimental results.
ren image, with the camera speed calibrated by a For testing the experimental methodology, both
1-kHz timing signal. Mixtures were ignited by spark planar ID and expanding spherical flame computa-
from centrally located electrodes with a spark gap of tions were performed. The planar computations used
about 0.7 mrm. The spark energy was adjusted to the the Sandia Laboratories' PREMIX program [5],
minimum needed for ignition. slightly modified to ensure strict conservation of mass

Gas mixtures were made up in the bomb by partial and energy. Expanding flames were modelled using
pressures, stirred for 20 min to ensure thorough mix- a program developed at British Gas but derived from
ing, then left for a further 10 min to allow them to PREMIX and retaining its CHEMKIN and transport
come to rest. All mixtures were made up to atmo- property routines [6,7]. For these computationally
spheric pressure (101.3 kPa) and 298.0 ± 0.5 K. intensive tasks, mixture-averaged transport proper-
Gases used (with purity shown in parentheses) were ties were used. The computations were initiated from
carbon monoxide (99.5%) with impurities 02 (1000 a high-temperature (5000 K) central core, given by
ppm), N2 (3000 ppm), CO 2 (800 ppm), and hydro- a Gaussian profile with a width of 1 mm or less. A
carbons (100 ppm); hydrogen (99.95%); and cleaned, very simple model of thermal radiation, based on that
filtered, compressed air. of Chen et al. [8] and including contributions from

Measurements were repeated at least once as stan- CO2, H20, and CO, was incorporated into the model.
dard practice. Practical limits on operation at both The planar flame computations used for calculating
lean and rich mixtures were caused by the flames burning velocities for comparison with experiment
becoming buoyant. Close to these extremes, flame were performed using the full multicomponent trans-
records, although marginally distorted by buoyancy, port formulation. This usually led to higher burning
were deemed usable, but the resulting burning ye- velocities than when using mixture-averaged trans-
locities will have slightly reduced accuracy. port, though the differences never exceeded 5%.

The analysis of the film records yields flame The base kinetic scheme used in the computations
speeds. In traditional constant-pressure bomb exper- is shown in Table 1. Rate data are taken from the
iments, flame speed is assumed to be constant. A recent CEC evaluation [3,9] where possible and from
simple phenomenological analysis, details of which the earlier Warnatz review [10] otherwise. The rate
have been given previously [2], shows that there are of the CO + OH reaction was adjusted, as described
two reasons why this is not strictly correct: flame later, to improve the performance of the model.
stretch and density variation due to finite flame thick-
ness. The analysis shows that the flame speed dr/dt
varies with flame radius r according to Results and Discussion

dr/dt = Sý/(1 + b/r) (1) Targeting the Experiments:

with dr/dt tending to the planar 1D value S' as r In order to concentrate on the rate of the CO +
tends to infinity. The relaxation parameter b equals OH reaction in the most effective manner, ID flame
k + 1, where k is the "density correction" term and computations were performed to determine those
1 contains the Markstein length, representing the in- mixtures where the burning velocity was most sen-
fluence of stretch on burning velocity. Integrating sitive to this reaction. The optimum fuel mixture was
Eq. (1) gives the final equation found to be 95% CO + 5% H2. The pattern of major

sensitivity coefficients for this mixture over the stoi-
r + b In r = Sbt + constant. (2) chiometric range is shown in Fig. 1. Although these

data depend on the validity of the whole mechanism,
This expression was fitted to the experimental data the dependence is so weak that it would need a major
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TABLE 1
Base reaction mechanism. Rate coefficients in form k = AT" exp( - E/RT)

(units of din, mol, s, kJ)

No. Reaction A a E Ref.

1. H + 02 = OH + O 3.49E + 13 -0.70 7.13E + 01 9a
2. O + H2 = OH + H 5.12E + 01 2.67 2.63E + 01 3
3. OH + H2 =H 20 + H 1.02E + 05 1.60 1.38E + 01 3
4. OH + OH =H 20 + O 1.51E + 06 1.14 4.16E - 01 3
5. H + OH + M = H20 + M 2.21E + 16 -2.00 0.OOE + 00 3

Collision efficiencies:
N/l H20/6.4/ 3

6. H + H + M = H2 + M 9.79E + 10 -0.60 0.00E + 00 3
Collision efficiencies:
H/lI 0/0.4/ HO/6.5/ N/0.4/ Ar/0.35/ CO/0.75/ CO/1.5/ 10

7. H + 0, + M = H02 + M L4lE + 12 -0.80 0.OOE + 00 3
Collision efficiencies:
N/1/ H 20/1.1/ H,/1.5/ 3

8. H20 2 + M = OH + OH + M 1.20E + 14 0.00 1.90E + 02 3
9. H + H2 0 2 = H2 + HO2 1.69E + 09 0.00 1.57E + 01 3

10. H + H102 = HO + OH 1.02E + 10 0.00 1.50E + 01 3
11. 0 + H20 2 = OH + HO2 6.62E + 08 0.00 1.66E + 01 3
12. OH + H10. = H20 + HO2 7.83E + 09 0.00 5.57E + 00 3
13. HO2 + HO2 = H10 2 + 02 4.22E + 11 0.00 5.01E + 01 9
14. H + H02 = OH + OH 1.69E + 11 0.00 3.66E + 00 3
15. H + H02 = H2 + 0 4.28E + 10 0.00 5.90E + 00 3
16. H + H0 2 = H20 + O 3.01E + 10 0.00 7.20E + 00 3
17. O + H0 2 = OH + 0 2  3.19E + 10 0.00 0.OOE + 00 3
18. OH + HO2 = H20 + 0 2.89E + 10 0.00 -2.08E + 00 3
19. CO + OH= H + CO, 6.32E + 03 1.50 -2.08E + 00 3
20. CO + + M = C0 2 + M 5.30E + 10 0.00 -1.90E + 01 10
21. CO + 0 2 = C02 + O 2.53E + 09 0.00 2.OOE + 02 10
22. CO + HO 2 = CO2 + OH 1.50E + 11 0.00 9.90E + 01 10
23. HCO + M = H + CO + M 1.57E + 11 0.00 6.59E + 01 9

Collision efficiencies:
Ar/l/ H/2.9/ 02/1.1/ H20/18.6/ N41.1/ CO/2.1/ CO/4.3/ 10

24. HCO + 02 = CO + HO 2  3.01E + 09 0.00 0.OOE + 00 3
25. HCO + H = CO + H2 9.03E + 10 0.00 0.OOE + 00 3
26. HCO + OH = CO + H20 1.02E + 11 0.00 0.OOE + 00 3
27. HCO + O = CO + OH 3.01E + 10 0.00 0.OOE + 00 3
28. HCO + O = CO, + H 3.01E + 10 0.00 0.OOE + 00 3

departure from our current scheme to produce a sig- first step is to check the applicability of the phenom-
nificant change in the results. Except in very rich enological model. From the expanding flame code,
mixtures, the CO + OH coefficient is by far the larg- computed values of flame speed vs radius were ob-
est. This mixture, therefore, formed the main thrust tained, as shown in Fig. 2. These computed data were
of the present experiments, but to augment the ex- then treated as if they were experimental by applying
perimental database, further measurements were Eq. (2) to derive optimum values of b and S2. But in
made on a 50% CO + 50% H 2 mixture across the these computational cases, the true ID burning ve-
stoichiometric range and on stoichiometric mixtures locities can be calculated from the ID flame code,
with varying H2/CO ratio, using the same kinetic scheme and transport prop-
Test of Merties. The two sets of S' values are compared in

Table 2. Differences are within 5% and generally less

As stated in the Introduction, the experimental than 3%, with the largest difference occurring in
methodology can be verified by computation. The near-stoichiometric mixtures.
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0.5 1.0 2.0 3.0 4.0 6.0 by each curve. Symbols: detailed model. Lines: Eq. (1) us-

Equivalence Ratio ing best fit to computed data.

FIG. 1. Sensitivity coefficients vs stoichiometry for 95%
CO + 5% H, mixture burning in air. U CO + OH; * H phenomenological model. These appear to form a
"± 02; ED CO + 0 + M; L H + HO2 = H2 + 0,; V 0 trend and, therefore, probably have a systematic ba-
"+ HI; < H + 02 + M; 0 HCO + M; 0 HCO + H; sis. But since we do not yet understand them well
and A H + HO2 = OH + OH. enough to be confident of using them to correct the

experimental data, we have treated them as random.
We estimate the overall uncertainty (one standard

These computations were performed on adiabatic deviation) in the reported burning velocities arising
flames. However, in practice, heat loss occurs by ra- from these two effects to be ± 3%.
diation from burnt gases behind the flame, reducing Radiative losses are systematic, always causing an
the flame speed. Therefore, the second step in vali- underestimate of burning velocity. The experimental
dating the methodology is an assessment of the mag- burning velocities could be corrected for this error
nitude of this effect on the ID flame speeds Sb de- using the values shown in Table 2. But since these
rived by the application of Eq. (2). The results in were derived using an approximate radiation model,
Table 2 show that the effect was small in the fastest- we consider that this procedure is not warranted.
burning flames but increased towards the lean and
rich limits. The largest difference found was 5% in a Measured Burning Velocities:
lean mixture. We expect experimental data to be af-
fected in a similar way. Burning velocities for the 95% CO + 5% H2 and

By these computational checks, the methodology 50% CO + 50% H2 mixtures are plotted in Fig. 3 as
has been subjected to more rigorous testing than is a function of stoichiometry, defined as mole fraction
possible for other methods of burning velocity mea- of fuel divided by mole fraction of fuel in a stoichio-
surement. The various components in the overall un- metric mixture. Equivalence ratio is also indicated.
certainty of the experimental burning velocities have For the 95 + 5% mixtures, the maximum velocity is
been estimated as follows: First, there is random un- 0.65 ± 0.02 m s-I at a stoichiometry of 1.75 (51.7%
certainty arising in the experimental runs, estimated fuel); the stoichiometric value is 0.34 m s-i. For the
to be ± 1% over most of the stoichiometric range, 50 + 50% mixture, the maximum is 1.82 ± 0.06 m
and slightly higher near the extremes. Second, errors s -I at a stoichiometry of 1.6 (47.2% fuel), with a stoi-
of -4.1 to + 1.1% arise in the application of the chiometric value of 1.20 ms- 1. Results for stoichio-
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TABLE 2
Comparison of derived 1D flame speeds ST, (m s-') with true planar values for modelled& flames using

95% CO + 5% H2 as fuel

S?, from S•, derived from
planar ID S•, derived from expanding flame

calc. expanding flame % Difference with radiation % Difference
Stoichiometry (Col. A) (Col. B) (Col. B - Col. A) (Col. C) (Col. C - Col. B)

0.7 1.298 1.305 +0.5 1.243 -5.0
1.1 3.584 3.437 -4.1 3.295 -4.3
1.4 4.572 4.476 -2.1 4.325 -3.5
1.8 4.433 4.413 -0.4 4.412 -0.02
2.2 2.125 2.150 + 1.1 2.097 -2.5

aAll computations used base mechanism.
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Equivalence Ratio FIG. 4. Burning velocity as a function of CO/H2 fuel

composition for stoichiometric CO/H 2/air mixtures. O Pre-
FIG. 3. BurningvelocityofCO/H2/air mixtures as a func- sent experiments; 0 Gfinther and Janiseh data [12];

tion of stoichiometry for two fuel compositions. Note that ----- model, base mechanism; model, Baulch rate
burning velocities for 50% GO + 50% H2 mixtures are for CO + OH.
plotted at 1/5 scale (so burning velocity = 5 X scale read-
ing) in order to emphasize the more important 95% CO
+ 5% H2 results. 0 95% CO + 5% H2 mixtures, present metric mixtures with varying H 2/CO ratio are shown

experiments; 0 95% CO + 5% H2 mixtures, Scholte and in Fig. 4.
Vaags data [11]; A 50% CO + 50% H, mixtures, present The most widely quoted sets of data available in
experiments; A 50% CO + 50% H2 mixtures, Scholte and the literature are provided by the work of Scholte
Vaags data [11]; ----- model, base mechanism; and - and Vaags [11] and Giinther and Janisch [12]. Coin-
model, Baulch rate for CO + OH. parisons between the data of Scholte and Vaags and
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our results are shown in Fig. 3. To make this corn- CO/H 2 mixtures at a stoichiometry of 0.68. His val-
parison possible, velocities for the two mixtures were ues are higher than our 95 + 5% and 50 + 50%
obtained by interpolation of the original Scholte and results by 5-10%, but the trend is similar to ours. His
Vaags data; this leads to uncertainties of up to 0.02 measurements were made by stabilizing flat flames
m s- 1 in the derived values. For the 95 + 5% case, on a porous matrix burner, at different flow rates and
the Scholte and Vaags values are in close agreement corresponding varying degrees of heat loss. By ex-
with our data up to the maximum velocity, but fall trapolation to zero heat loss, the critical flow rate and,
below ours in richer mixtures. For the 50 + 50% hence, burning velocity was determined. Although
mixture, the agreement is not so good; Scholte and such flames are flat, they are not strictly ID since the
Vaags' data are consistently lower, with agreement flow diverges through the flame, as revealed in par-
worse in the leaner mixtures. We had previously ticle track photographs [18]. This will again lead to
found [2] fairly good agreement with Scholte and overestimates of burning velocity that, although dif-
Vaags' data for hydrogen/air mixtures. ficult to quantify, are expected to fall in the range of

The data by Guinther and Janisch [12] cover the 10-20%.
case of stoichiometric mixtures with varying H2/CO Jahn [19] produced an early and fairly compre-
ratio. Figure 4 shows that their values are signifi- hensive set of measurements, but as his CO con-
cantly higher than ours. The differences vary from tained some water, no detailed comparison with the
ca. 10% in high-H 2 mixtures to almost 40% in low present results is possible. Comparison of Jahn's val-
H2. It is noteworthy that the Guinther and Janisch ues for hydrogen and methane with some of our
data are also well above those of Scholte and Vaags other data suggests that his values are low by 7-8%.
for mixtures with varying H2/CO ratio giving maxi- In summary, it seems likely that none of these pre-
mum burning velocities. vious measurements are entirely acceptable. Those

In broad terms, the above agreements and dis- by Scholte and Vaags are probably the best, though
agreements may be explained as follows. Gtinther largely because of a fortuitous cancellation of errors.
and Janisch used a Mach-Hebra nozzle burner to Because of the validation tests performed on the pre-
obtain flat-sided conical flames. Burning velocity was sent measurements, we believe our data provide a
derived from flow velocity into the flame (measured more reliable basis for validating chemical models.
by particle tracking) and the cone angle (obtained by
schlieren photography). Their burning velocities Computed Burning Velocities:
were referenced to the unburned gas temperature.
But if, following Fristrom [13] and Dixon-Lewis and Results of ID computations using the base kinetic
Islam [14], the proper reference surface is in the hot scheme are compared with experimental burning ve-
part of the flame-as we have previously argued for locities for the 95% CO + 5% H2 mixture in Fig. 3.
hydrogen flames [2]-then divergence effects will While this mechanism very adequately reproduces
cause the Giinther and Janisch values to be too high. our experimental burning velocities for hydrogen/air
Although the size of their nozzle is not stated explic- [2], this is not so when CO is added. Now over almost
itly, a diameter of 10 mm is implied. Following the whole stoichiometric range, the computed values
Dixon-Lewis [15], this means burning velocity over- are much too high, by more than 20%. The sensitivity
estimates of ca. 20%. coefficient information (Fig. 1) leads to the strong

Scholte and Vaags used essentially the same suspicion that the CO + OH reaction is the culprit.
method for their measurements but determined the Further computations were, therefore, performed
inlet velocity from the gas flow rate divided by burner using various lower rate expressions.
area. For this to be accurate, the velocity profile from Simple sensitivity coefficient considerations sug-
the nozzle must be entirely uniform. But this cannot gested the base rate needed to be lower by 35%,
be so, as there will always be a boundary layer. Its providing the first trial expression. Agreement with
magnitude will depend on burner diameter and flow experiment was now better than 4% over most of the
rate, but one estimate [16] suggests that it is about stoichiometric range. The earlier recommendation of
20% of their burner area. The effect of this misde- Baulch et al. [20] produced very similar results, giv-
termination of flow velocity is to render the mea- ing the excellent agreement shown in Fig. 3. If one
sured burning velocities too low by the same amount. allows for radiation, the experimental values are
But, in addition to this effect, the Scholte and Vaags raised slightly, further improving the agreement.
data need correcting for divergence in precisely the The sensitivity coefficient information shown in
same way as do those of Ginther and Janisch. By Fig. 1 suggests that the only other practical means of
coincidence, the errors in divergence and flow veloc- improving the computations would be a significant
ity largely cancel out, thus explaining the broad lowering of the rate of the reaction H + HO2 - OH
agreement between Scholte and Vaags' data and our + OH. But the large change needed (a threefold
own. reduction) is well outside the uncertainty factor [3]

In addition to these principal sets of data, Yumlu and has a deleterious effect on H2/air flame simula-
[17] has reported some burning velocities for lean tions. Thus, we conclude that there is no realistic
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Temperature / K locities has interesting implications, which are now

2000 1000 670 5oo explored. The two rates have rather different tem-
perature dependences but become equal at a tem-

0 ,perature of 1165 K, suggesting that this region of the

'A \ \ flame may be significant in determining burning ve-

8.6- 6ok locity. To test this hypothesis, further computations
061 ,,were performed using artificially derived rate ex-

pressions. The first was a simple Arrhenius expres-

sion tangential at 1165 K to that of Baulch et al. Two
A ", , others were derived from this by doubling and halv-

8. \\ ing the activation energy, with corresponding adjust-
-=0 ments to the A factors to maintain the same rate con-

E 00.stant at 1165 K.

82 The startling finding was that, despite the large
Ssensitivity of this reaction, use of these artificial
"A 0"N led to only small changes in burning velocity-usu-

-.. * ally less than 3%. Thus, very different rate expres-
N\ •sions for CO + OH yield essentially the same burn-

8.0 ing velocities, as long as they have the same value at
A 0 1165 K. It seems that the burning rate of these flames

"is overwhelmingly governed by the chemistry occur-
"ring in a narrow region of the flame around 1165 K.

7.8 In contrast, the CO + OH reaction rate profiles are
2.0 broad; they start at temperatures of 500 ± 100 K

0.5 5.0 1. o (depending on stoichiometry), peak around 1300-
1000/T / K-1  1400 K, and extend up to the final flame tempera-

Fin. 5. Compilation of available rate data for reaction ture. They have no special features around 1165 K.
CO + OH - CO 2 + H. ---- CEC [3]; - Baulch It is interesting to speculate on whether this pattern

et al. [20]; ------ Warnatz [10]; ---- Bonne and Wil- of behaviour is peculiar to this system or has wider
son; ...... Gardiner et al.; - -. Kijewski and Tice; N significance. We plan to pursue this point further.
Atri et al.; 0 Brabbs et al.; A Vandooren et al.; A Peeters One immediate consequence of this is that the use

and Mahnen; 0 Westenberg and de Haas; 0 Ravishankara of burning velocities to test the rate of the CO +
and Thompson [21]. Full list of references taken from [3]. OH reaction only provides a sensitive test at this one

temperature; no direct inference can be made about
the rate at other temperatures.

alternative to adjusting the CO + OH reaction, in Although lowering the rate of the CO + OH re-
which case the earlier value of Baulch et al. [20] is action significantly improves the agreement between
strongly preferred to the more recent, higher, CEC experiment and modelling at most stoichiometries,
recommendation, for the leanest (stoichiometry <0.7) and the richest

The available rate data for the reaction are pre- mixtures (stoichiometry >2.1), computed burning
sented in Fig. 5. The lack of real evidence in favour velocities fall below experimental. The onset of buoy-
of the high recommendation of the CEC panel is ancy in slower burning mixtures can explain the dis-
particularly noticeable. The Baulch expression [20], crepancy on the lean side, but on the rich side, the
on the other hand, provides a reasonable fit to the larger differences suggest a kinetic explanation. Fig-
available data, including those of Ravishankara and ure 1 indicates the options available. Reactions 1 and
Thompson [21], which are probably the most relia- 23 were found to have insufficient variation of sen-
ble. Recalling the evaluators' assessment, quoted in sitivity coefficient with stoichiometry to influence
the Introduction, it would appear that they were mis- only the richest mixtures, and, furthermore, any
led by the apparent needs of flame simulations. In- changes adversely affected H2 or CH 4 flame simu-
sofar as burning velocities formed part of the data- lations. On the other hand, reaction 25 (HCO + H)
base used for such simulations, the likely explanation does possess the desired features: a drop of 25% in
is that incorrect burning velocity data were used in its rate (well within the uncertainty factor [3]) gives
these previous attempts at validating models. This a very reasonable fit across the whole stoichiometric
provides further evidence for the general point that range. However, the evidence for such a change is
basing rate evaluations on data other than direct ki- not strong, and any conclusion must, therefore, be
netic experiments is usually unsatisfactory. tentative.

The fact that the two alternative rate expressions Finally, computed burning velocities for the 50 +
for CO + OH indicated above (i.e., CEC rate X 50% mixture and for stoichiometric mixtures with in-
0.65 and Baulch et al.) gave very similar burning ye- creasing H2 are shown in Figs. 3 and 4, respectively,
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revealing a pattern broadly the same as for the 95 + 4. Warnatz, J., Twenty-Fourth Symposium (Interna-
5% case. That is, using the CEC rate for CO + OH tional) on Combustion, The Combustion Institute,
produced burning velocities that were too high, but Pittsburgh, 1992, pp. 553-579.
the position was again remedied by using the Baulch 5. Kee, R. J., Grcar, J. F., Smooke, M. D., and Miller J.
value. A., A Fortran Program for Modeling Steady Laminar

One-Dimensional Premixed Flanes, Sandia Report
SAND85-8240, 1985.

Conclusions 6. Kee, R. J., Rupley, F. M., and Miller J. A., Chemkin-

1. Previous burning velocities for CO/H2 provide an If: A Fortran Chemical Kinetics Package for the Anal-

inadequate basis for the accurate validation of ki- ysis of Gas-Phase Chemical Kinetics, Sandia Report

netic models. New measurements are reported SAND89-8009, 1989.

that significantly improve the database. 7. Kee, R. J., Dixon-Lewis, G., Coltrin, M. E., and Miller

2. Computed burning velocities are inconsistent J. A., A Fortran Computer Code Package for Evalua-

with these new data, if a high rate is used for the tion of Gas-Phase Multicomponent Transport Proper-
CO + OH reaction. The 1976 recommendation ties, Sandia Report SANDS6-8246, 1986.
of Bauleh et al. yields much better results. 8. Chen, J.-Y., Liu, Y., and Rogg, B., in Reduced Kinetic

3. Dropping the rate of the HCO + H reaction fur- Mechanisms for Applications in Combustion Systems,
ther improves the simulations in very rich Chap. 12 (N. Peters and B. Rogg, Eds.), Springer-Ver-
mixtures, though this conclusion should be re- lag, Berlin, 1993.
garded as tentative. 9. Baulch, D. L., Cobos, C. J., Cox, R. A., Frank, P., Hay-

man, G., Just, Th., Kerr, J. A., Murrells, T., Pilling, M.
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out some years ago by Dixon-Lewis on H5/air flames [1], notes, two of the present authors (DBS and SCT) played

and later for three further H,/air flames and two H2/CO/ a small part in that earlier study.

air flames [2] (the latter based on otherwise unpublished We are of course gratified that our conclusions agree

spherical flame speed measurements by Dixon-Lewis, with those of Dixon-Lewis. However, we would stress that

Smith, and Taylor). It is particularly noteworthy to find CO/H2 flames (at least as far as burning velocity is con-

that, after several years of additional refinements of the ceined) seem sensitive to the rate of the CO + OH re-

reaction rate expressions other than that for the OH + CO action only at relatively low temperatures (around 1165 K).

reaction, the more extensive comparison described in the Thus, burning velocities by themselves allow no conclu-

present paper confirms earlier conclusions [2] and favours sions to be drawn about the rate at other (particularly

the Baulch and Drysdale recommendation [3] for the OH higher) temperatures. We are therefore perfectly prepared

+ CO rate expression over higher valued, more recent to accept the new measurements of Wooldridge et al. [2].

recommendations. These data, taken together with the lower temperature
rates and our conclusions about the rate around 1100 K,
present an interesting challenge for the theoreticians.
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NEW RESULTS ON MOIST CO OXIDATION: HIGH PRESSURE, HIGH
TEMPERATURE EXPERIMENTS AND COMPREHENSIVE

KINETIC MODELING

TAE J. KIM, RICHARD A. YETTER AND FREDERICK L. DRYER

Department of Mechanical and Aerospace Engineering
Princeton University

Princeton, New Jersey 08544, USA

The kinetics of moist carbon monoxide oxidation have been studied experimentally for pressures from I to
9.6 atm, temperatures from 960 to 1200 K, and equivalence ratios from 0.33 to 2.1. New data were used in
combination with prior flow reactor, shock tube, and static reactor data to develop a revised comprehensive
reaction mechanism for the CO/H20/0 2 system. In particular, the new data span the explosion limit behavior
of the system and place significantly increased emphasis on the kinetics involving the hydroperoxyl radical.
Revisions of the rates recommended in an earlier comprehensive mechanism are needed in order to repro-
duce experimental observations. While six reaction recommendations were modified, the most important
were the kinetic parameters for H.0 + 0 = OH + OH and HO2 + OH = H20 + O.

Experimentally, the second limit for this reaction system was determined at much higher pressures than
previously studied. Near the limit, an increase in pressure results in a two order of magnitude decrease in
the oxidation rate. Away from the limit, the pressure dependence of the rate is similar in both the nonex-
plosive and explosive regimes. In the nonexplosive regime, the kinetics are straight chain in nature and
governed by the reactions H + 02 + M = HO0 + M, CO + HO 2 = CO 2 + OH, and CO + OH =
CO2 + H. The overall temperature dependence of the oxidation is very large (77 kcal/mol). In the explosive
regime, chain-branching phenomena dominate and are controlled by the reactions H + 0 = OH + 0,
CO + OH = CO2 + H, and 0 + H 20 = OH + OH. The overall temperature dependence of the
oxidation is significantly lower (40 kcal/mol). The sensitivity of the reaction rate to moisture saturates at
much lower moisture concentration in the nonexplosive regime. At high pressures (>25 atm), the oxidation
of CO through CO + OH = CO 2 + H and CO + HO2 = CO2 + OH is numerically predicted to
approach a limiting ratio of one-half.

Introduction ization of such reactions, and these reactions are es-
sential for modeling conventional high-pressure

Characterization of moist carbon monoxide oxi- combustion environments. This paper presents new
dation, in particular, its hydroperoxyl reaction chem- experimental data on the moist carbon monoxide re-
istry, has typically involved studies in static reactors action at appropriate pressures and temperatures to
at subatmospheric pressure and below 800 K. In ear- increase the sensitivity of observations to the abstrac-

lier work in which we developed and validated a com- tion channels for some of these reactions. The ex-

prehensive reaction mechanism for CO oxidation, we perimental data are then utilized to revise and extend

stated that the reactions involving HO 2 and H 20 2  the comprehensive reaction mechanism published

were most likely going to require further considera- earlier [4].

tion. Many of the reactions involving these species Parametric studies of the CO/H 2 0/O 2 system are

involve an association complex at low temperatures performed in a flow reactor for pressures from 1 to

and a direct abstraction reaction at high tempera- 9.6 atm, temperatures from 960 to 1200 K, and for

tures. Tbese competing channels result in an overall equivalence ratios from 0.33 to 2.1. The present data

rate constant behavior with a negative activation en- span both the explosive and nonexplosive kinetic re-
gimes as well as the boundary between them. Figure

ergy at low temperatures and a positive activation 1 displays prior data on the moist CO explosion limits
energy at high temperatures. For example, this type [5-8] in comparison to the conditions reported here.
of behavior has been recently observed for reactions
of HO 2 + HO 2 = H 2 0 2 + 02 [1] and H 20 2 + OH Experiment
= H 20 + HO 2 [2,3]. Testing reaction mechanisms
against static reactor experimental results is neces- Experiments have been conducted in a variable
sarily insensitive to the high-temperature character- temperature (600 < T < 1200 K), variable pressure

759
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Experimental Range of This Study sampling location. The reaction duct itself is quartz,
10 - 173-cm long with a 10.16-cm inside diameter. The

E Y -97 entire quartz tube is surrounded by electric heaters,
1 Non - Explosive - - which maintain the walls at the initial gas tempera-

01 B- ture. This creates a nearly adiabatic system since
3 1 .chemical energy release in this highly dilute mixture

U) "results in small gas/wall temperature gradients.
P 0.01 [] Chain Explosive In order to translate flow reactor position into re-

ly action time, the mean velocity distribution along the
0.001 n A 'centerline is measured under cold flow conditions

600 800 1000 1200 using pitot-static probe techniques. These measure-
ments are related to experimental conditions through

Temperature (K) Reynolds number correlations.
A hot water-cooled, stainless steel sample probe isFie. 1. The moist CO/O2 explosion limits that separate mounted in the reactor end flange and is used to

explosive from nonexplosive chemistry. The first and seec- continuslexract and conv e qnc a small

ond limits are given by A and B, respectively. Previous continuously extract and gonvestively quench a small

explosion limits data [6-8] are also shown. The third body,the
Mis N,. The figure key is as follows: 0 0.65% H20, (P - gas sample flow is sent to a Fourier transform infra-1, this s.tudyfigure keyV 0.65% Hp0 1.= red (FTIR), a continuous electrochemical analyzer
1, this study; V 0.65% H20, p = 0.33, this study; 0 1.04% for 02, and continuous nondispersive infrared
H20, p = 1 [8]; El 1.0% H2, P = 1 [6]; .......... 20% H2, (NDIR) analyzers for CO and CO 2. The sample tem-

= 1 [7]; ---- [M] = 2k1 /k9 . perature is measured with a silica-coated Pt/Pt-13%

Rh thermocouple. Further details concerning these

(1 < P < 20 atm) flow reactor [9-13] with residence experiments can be found in Ref. 11.

times ranging from 10 ms to 2 s. A schematic diagram
of the variable pressure flow reactor is given in Fig.
2. Carbon monoxide and water vapor, along with Reaction Mechanism
about 10% of the total nitrogen flow, are injected into
the carrier and oxidizer stream at the mixer, located The reaction mechanism resulting from this study
just prior to a conical silica foam diffuser. The mixer is given in Table 1. Reverse rate constants are derived
is jet stirred and has a nominal turnover time of about from the listed forward rates and equilibrium con-
0.5% of the total test time. A combined ferrous alloy/ stants calculated from the thermochemical data pre-
tungsten electrical resistance heater is used to heat sented in Table 2 [14,15]. The present reaction
the carrier gas upstream of the test section. The flow mechanism is a revision of the comprehensive reac-
reactor is operated as a steady, isobaric flow device, tion mechanism of Yetter et al. [4]. In another recent
and the time from mixing to sample position is varied paper [12], mixtures of hydrogen/oxygen were stud-
by moving the mixer/diffuser assembly along the ied for pressures of 1 < P < 15.7 atm and temper-
quartz test tube. atures of 850 < T < 1010 K. The H0 2 /H20 2 rate

The pressure vessel is designed to enclose not only expressions utilized earlier [4] had been critically
the reactor section (the reactor duct heaters and in- evaluated for temperatures below 800 K. For encom-
sulation) but also the positioning mechanism and passing these new experiments [12] and the ones re-
fuel/water vapor injection probe, which axially lo- ported here, reactions involving adducts and pres-
cates the fuel/carrier mixing section relative to the sure dependencies of recombination reactions

Electric Resistance EvaporatorHeater Oxidizer
Wall Heaters T-Ilet

Sam. le ~obeSlide Table

Fuel Injector FIG. 2. A cutaway view of the var-

Optical Access Ports iable pressure flow reactor.
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TABLE 1
CO/H/0 2 reaction mechanism

(units are cm3 mol s kcal K; k = ATP exp(-E,,/RT) unless specified)

log(Af) nf E,,f UFh Ta Ref.

H2-0 2 chain reactions
1. H + 02 = O + OH 14.28 0.0 16.44 2 962-2,577 37
2. O + H2 = H + OH 4.71 2.67 6.29 1.5 297-2,495 38
3. OH + H2 = H + H2 0 8.33 1.51 3.43 1.5 250-2,581 39
4. O + H20 =OH + OH 6.47 2.02 13.40 2.5 250-2,000 19

H 2-0 2 dissociation/recombination reactions
5. H2 + M = H + H + M 19.66 -1.40 104.38 3 600-2,000 18c

H 2 + Ar = H + H + Ar 18.77 -1.10 104.38 2 600-5,000 18
6. 0 + 0 + M = 02 + M 15.79 -0.50 0.00 1.3 2,000-10,000 18

0 + 0 + Ar = 02 + Ar 13.28 0.0 -1.79 1.3 2,000-4,000 18
7. O + H + M = OH + M 18.67 -1.0 0.00 10 18
8. H + OH + M = H20 + M 22.35 -2.0 0.00 2 1,000-3,000 18

H + OH + Ar = H20 + Ar 21.92 -2.0 0.00 2 1,000-3,000 18

Formation and Consumption of HO 2
9. H + 02 + M = HO 2 + M 19.79 -1.42 0.00 3 200-2,000 21,1

H + 02 + Ar = HO 2 + Ar 15.18 0.0 -1.00 2 300-2,000 40
H + 02 = HO 2  13.65 0.0 0.00 1.3 298 22

10. HO 2 + H = H 2 + 02 13.82 0.0 2.13 2 298-773 18
11. HO 2 + H = OH + OH 14.23 0.0 0.87 2 298-773 18
12. HO2 + 0 = OH + 02 13.24 0.0 -0.40 1.2 200-400 18
13. HO2 + OH = H20 + 02 16.28 -1.00 0.00 2 254-1,050 see text

Formation and consumption of H2 02
14. HO2 + HO 2 = H20 2 + 02 14.62 0.0 11.98

11.11 0.0 -1.629 3 650-800 1P
15. H20 2 + M = OH + OH + M 17.08 0.0 45.50 2 700-1,500 4111

H 2 0 2 + Ar = OH + OH + Ar 16.28 0.0 43.00 2 700-1,500 23
H 20 2 = OH + OH 14.47 0.0 48.40 2 1,000-1,500 23

16. H20 2 + H ý H 20 + OH 13.00 0.0 3.59 3 283-800 41
17. H20 2 + H = H, + HO2  13.68 0.0 7.95 5 283-800 18
18. H20 2 + 0 = OH + HO, 6.98 2.0 3.97 3 250-800 18
19. H20 2 + OH = H20 + HO2  12.00 0.0 0.00

14.76 0.0 9.56 2 250-1,250 3"

Oxidation of CO
20. CO + 0 + M = CO2 + M 13.40 0.0 -4.54 4 1,000-3,000 41

CO + 0 + Ar = CO 2 + Ar 13.34 0.0 -4.54 4 1,000-3,000 41
21. CO + 02 = CO 2 + 0 12.40 0.0 47.69 2 1,500-3,000 18
22. CO + OH CO2 + H 7.176 1.3 -0.765 1.5 250-2,500 42
23. CO + HO2 = CO2 + OH 13.78 0.0 22.95 3 700-1,000 43

Formation and consumption of HCO
24. HCO + M = H + CO + M 17.27 -1.0 17.00 5 637-832 44

HCO + Ar = H + CO + Ar 17.27 -1.0 17.00 5 637-832 44
25. HCO + 02 = CO + HO2  12.88 0.0 0.41 5 295-713 45
26. HCO + H = CO + H2  13.86 0.0 0.00 2 296-418 46
27. HCO + 0 = CO + OH 13.48 0.0 0.00 3 18
28. HCO + OH = CO + H2O 13.48 0.0 0.00 3 18

"IT is the temperature range over which the rate constant parameters are evaluated.
bUF is an estimated uncertainty factor for the specified T range; + Ak/k = UF - 1 and - Ak/k = UF 1 

- 1.
cEfficiency factors for pressure-dependent reactions with an unspecified collision partner are N, = 1.0, eH, = 2.5;

eu, = 12, eco = 1.9; eco, = 3.8. All other species have efficiencies equal to unity.
dku,j is given for reaction 15 as a Trie fit [20] with F, = 0.5 [23] and for reaction 9 as a Lindemann fit [20].
'k for reactions 14 and 19 are the sums of two rate constant expressions.
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TABLE2 1014

Thermochemical constants at 298.15 K -.-- .

(units are cal mol- deg- for Cp and S

and kcal mol for AHf r ....Q 0 24]
U) • "0 [3, 25]

Species AHf S C,, -5 10 13 [27]

E , ...... [31] A [28]

H 52.101 ± 0.001 27.416 ± 0.004 4.97" 'E V ------ [32] * [29]

O 59.55 ± 0.024 38.492 ± 0.005 5.24 ,- [18] c [30]

OH 9.318 ± 0.29 43.905 ± 0.01 7.17 [24], [20]

H, 0 31.232 ± 0.008 6.89 • 10
12  

, Prespnt work

01 0 49.106 ± 0.008 7.02 0 1 2 3 4 5
H10 -57.795 ±- 0.01 45.13 ± 0.01 8.03 (100OK) / T
HO, 3.0 ± 2.0 54.76 ±- 0.02 8 .3 4 ( 0
H201 -32.53 55.68 10.30 Fin. 3. An Arrhenius plot for the HO 2 + OH = H 20

CO -26.42 ± 0.04 47.24 ± 0.01 6.96 + 02 reaction. Recent data acquired by Keyser [24] and
CO, -94.05 + 0.012 51.10 ± 0.03 8.87 Hippler and Troe [3,25] were used to generate the curve
HCO 10.40 ± 1.9 53.69 ± 0.01 8.27 fit of this recommendation given by k,2 = 1.9 X 1016 T -1.
N, 0 45.793 ± 0.005 6.97 Also shown are the recommended fits of Tsang and Hamp-
Ar 0 37.007 ± 0.001 4.97 son [18], Keyser [24], Sridharan et al. [31], and Gonzalez

et al. [32].
"All data are from Ref. 14 except AHl/HO 2 ). Polynominal

fit coefficients from Ref. 16.
"bAHRHO 2 ) from Ref. 15. For HO2 , polynominal fit co- Hippler and Tree [3,25] are in agreement with the

efficients are derived from Ref.17. observations of Roesler et al. [33]. Using the data of
Keyser [24] and Hippler and Troe [3,25], a new rate
constant expression for k13 between 298 and 1050 K

.The rate constant ex- is reported here (Table 1).
needed to be reconsidered. ThFinally, Chaperon efficiencies for recombination/
pressions for reactions (4), (9), (13) through (15), and dissociation reactions were treated in the same man-
(19) in Table 1 have been modified in response to ner as in our earlier work [4]. The reaction parame-
recently reported elementary kinetic data and the ters for CO + 0 + M remain ill-defined, and ad-
present mechanistic studies. ditional elementary studies are needed for this

The change in k4 is predicated on the recent mea- reaction [4].
surements of Sutherland et al. [19]. Falloff for re- After conversion of the spatial flow reactor data
action (9) is expressed in terms of a Lindemann fit into reaction time using velocity data, the kinetic data
[20] using the Slack [21] low-pressure expression and were modeled assuming a zero-dimensional, isobaric,
the Cobos et al. high-pressure data [22]. Falloff for adiabatic, homogenous system. The kinetic and as-
reaction (15) is expressed in a Tree fit [20] using the sociated sensitivity equations were solved using
data of Brouwer et al. [23]. The rate constants, k14  SENKIN [47]. For modeling and data comparisons,
and k19, are from Hippler and coworkers [1,3] and model predictions were time shifted to match the
are expressed as the sum of two exponentials. point of 50% fuel consumption [8].

The rate constant k13 is based on the low-temper-
ature data (254 < T < 382 K) of Keyser [24] and
recent high-temperature data (1050 K) of Hippler
and Troe [3,25]. Figure 3 is an Arrhenius plot of Results and Discussion
these data and other kinetic studies. The data of Key-
ser [24] is the favored low-temperature rate recom- In Fig. 4, experimental and calculated profiles of
mended by two recent critical reviews [20,26]. The the CO mole fraction X(CO), as a function of resi-
high-temperature data exhibit considerably more dence time, are presented for I and 3.46 atm at 1040
scatter. In the original mechanism, reaction (13) was K ((k = 1). The symbols are the experimental data,
from the critical review of Tsang and Hampson [18], and the lines are model predictions using the refined
which was based upon the low-temperature data of (solid line) and original (dashed line) mechanisms. At
Sridharan et al. [31]. Roesler et al. [33] have shown 1 atm, the initial condition of the mixture is within
that for fuel lean CO/H 20/0 2 mixtures at 1000 K and the explosive region, which is below the second limit
1 atm, where reaction (13) is among the most sen- (see Fig. 1). Here, the predictions of the two mech-
sitive but with the largest uncertainty, the Tsang and anisms are virtually identical. As the dilute mixture
Hampson expression [18] underpredicted the nec- begins to react at constant pressure, the temperature
essary amount of termination. The measurements of of the gas rises to a final temperature of 1110 K. At
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FiG. 5. The effect of pressure on the rate of CO oxidation
at 1040 K for equivalence ratios of 1 and 0.333. The oxi-

predictions using the original mechanism of Yetter et al. I r[41 ---- an thepresnt echaism - Intia on- dation rate is given by the mean slope of dX,,dt between
[4]-..and the present mechanism . Initial con- 15 and 65% fuel consumption. Initial mole fractions are
ditions are an initial temperature of 1040 K, 1.0% CO, 1.0% CO and 0.65% HO, balance N.. Symbols are the
0.5% 02, 0.65% H20, balance N2. For the 1 atm case, the
two model predictions are essentially identical. experimental data, and lines are the model calculations.

3.46 atm, the initial condition is in the nonexplosive -" 1.0
regime, just above the second limit. The CO data -
exhibit an initial period of slow decay followed by a 0 0.8
sudden transition to fast decay. This transition occurs
at the temperature of the second limit. Calculations a 0.6
based on the original mechanism cross the second 0- 1.0 tt
limit at a lower temperature/higher X(CO) than the ® 0.4 0 2.45 atm
data, with the resulting reaction times differing by a :2 ~ v 3.46 carm

factor of 2. Predictions using the refined mechanism 0.2 V t
compare well with the higher-pressure data. U E 9.6 atm

The second explosion limit data for stoichiometric 0.0
moist CO/O2 mixtures are shown in Fig. I to corre- 0.0 0.2 0.4 0.6 0.8 1.0
late with [M] = 2k1/k9, the classical second explosion Time (sea)
limit result for stoichiometric H2/O 2 mixtures. The
effect of varying the H20 concentration at the CO/ Fin. 6. Detailed comparisons of experimental CO decay
O2 second limit has been investigated numerically for profiles (symbols) with modeling predictions based on the
a 1.0% CO, 0.5% 02 mixture at 3.46 atm [11]. As the refined mechanism (lines). For pressures from I to 9.6 atm,
X(H 20) approaches zero, the explosion temperature the initial mole fractions are 1.0% CO, 0.5% 02, and 0.65%
asymptotically increases. For X(H 20) exceeding H20, balance N2. The initial temperature was 1040 K.
0.0065, increasing X(H 20) has little effect on the ex-
plosion temperature. Thus, the H2/0 2 submechan-
ism controls the explosion condition in the present alence ratios Ik = 1 and 0.33). As the second explo-
experiments and those of Yetter et al. [8]. This result sion limit is crossed, the oxidation rate decreases by
is consistent with earlier theory [34,35]. approximately two orders of magnitude. However,

At the second limit, the effect of varying the equiv- the dependence of the oxidation rate with respect to
alence ratio was also studied. As the 0 2/CO ratio pressure is nearly the same in both the explosive and
increases, the explosion condition is shifted to higher nonexplosive regimes. The oxygen dependence of
temperatures/lower pressures (Fig. 1). This effect re- this reaction at atmospheric pressure has been shown
sults from a change in HO 2 consumption paths from to be a complex function of temperature [33]. At
a suppression of H-atom concentrations relative to 0 1040 K (Fig. 5), there is no oxygen dependence. At
and OH [33]. This trend agrees with other data [6] lower temperatures, oxygen addition inhibits the re-
and is also numerically predicted by the revised re- action, while at higher temperatures, oxygen addition
action mechanism [11]. accelerates the reaction. Here, we note similar com-

Figure 5 shows how the overall oxidation rate re- plexities in oxygen dependence due solely to changes
sponds to pressure, for a fixed temperature of 1040 in reaction pressure.
K and initial mole fraction of 1% CO and two equiv- Figure 6 presents detailed comparisons of the ex-
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FIG. 8. Sensitivity coefficients given by (aYco/1 In kj) at
FIc. 7. Numerical calculations of the time-integrated the point of 50% CO consumption for 1 and 9 atm. Yco is

CO flux at 1 atm (open bars) and 9 atm (solid bars) as a the CO mass fraction and kj is thejth rate constant. The
function of pressure. Initial conditions are the same as for mixture is the same as in Fig. 6. Reaction numbers corre-
the previous figure. Reaction numbers correspond to those spond to those listed in Table 1.
listed in Table 1.

perimental data with model comparisons for pres- 1.2
sures from 1 to 9.6 atm and (P = 1. The inhibiting - .0
effect of pressure is clearly seen on the reaction pro- C1
files. As pressure is increased, the mechanism 0 0.8
changes from explosive chemistry, to transition 7chemistry, and then to nonexplosive chemistry. Sime- • 06-

ilar agreement between experiment and model is ob- W

tained for 'P = 0.33 [11]. 0 1030 K
As the pressure is increased, different reaction sets * 0

in the mechanism become important. Numerical cal- 0.2 V 1052 K V V
culations showing the effects of increasing pressure u v 1068 K v
on the various CO fluxes are presented in Fig. 7. At 0.0

atmospheric pressure, the system is explosive and re- 0.0 0.2 0.4 0.6 0.8
action (22) consumes about 95% of the CO. As the Time (sec)
pressure is increased, the amount of termination re-
sulting from reaction (9) increases relative to the FIG. 9. Comparisons of experimental CO profiles with
branching from reaction (2). As a result, the H, 0, modeling predictions for initial temperatures from 1030 to
and OH levels are suppressed relative to the HO2  1068 K at 6.5 atm. The mixture is the same as in Fig. 6.
levels, and reaction (23) becomes important as a
means of converting CO. At 25 atm, reaction (23)
consumes over 35% of the CO, while reaction (22) than at atmospheric pressure. From reaction flux
consumes less than 60%. Note that the fluxes of re- analysis, the overall reaction is branched chain in na-
actions (22) and (23) asymptotically approach one an- ture at atmospheric pressure and driven by reactions
other. (2), (22), and (4). As pressure is increased, this

Sensitivity and reaction flux analyses were utilized branched chain sequence is heavily suppressed, and
to identi§y changes in the reaction mechanism due the overall reaction becomes straight chain, driven
to pressure (Fig. 8). At atmospheric pressure, the by reactions (9), (22), and (23). Increasing pressure
sensitivity coefficients are dominated by those for re- also slows the oxidation rate because of the increased
actions (2), (9), (22), and (4). The sensitivity coeffi- importance of terminating reactions such as (9), (13),
cients for the other reactions including (10), (11), and (20).
(20), (23), and (13) are relatively small. In contrast, Of particular interest is that the experimental sys-
the sensitivity coefficients for many of these reactions tem is highly temperature sensitive in the nonexplo-
are of comparable magnitude at 9 atm. While the sive regime. In Fig. 9, the lowest and highest initial
mechanism remains very sensitive to reactions (2) temperatures differ by only 38 K, less than a 4%
and (9), the system is more sensitive to reactions (23) change in initial temperature. However, the reaction
and (20) than to (22). Furthermore, the sensitivity of rate increases by more than a factor of 5. Model pre-
the system to reactions (13), (4), and (14) are larger dictions are again in good agreement with data, and
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an Arrhenius plot yields an activation energy for the sion systems. These data were used in combination
overall rate of 77.2 kcal/mol for the range of condi- with prior flow reactor, shock tube, and static reactor
tions studied here. This activation energy is much data to revise our previously published comprehen-
larger than the 40 kcal/mol [36] found in the explo- sive mechanism. Updates of the rate constants for
sive regime over a similar temperature range but at several HO02/1202 reactions based on new elemen-
atmospheric pressure. The noted disparity of exper- tary kinetic rate data were necessary to achieve
imental and numerical results at 1068 K at large ex- agreement between high-pressure experimental
tents of reaction points to a small remaining uncer- measurements and model predictions. The existing
tainty in the ratio for k 1k9 (which strongly affects the literature rates for reactions (22) and (23) predict
transition to explosive kinetics), that at high pressures, CO2 formation occurs through

The effects of varying the equivalence ratio on the both channels. In separate studies of high-pressure
overall oxidation rate were studied at 1040 K (Fig. hydrogen/oxygen kinetics, the present hydrogen/ox-
5). At pressures of 1 and 3.46 atm, oxygen addition ygen submechanism produces predictions in agree-
had no effect on the initial oxidation rate. The in- ment with experimental results. Thus, both the
dependence of oxygen concentration at 1 atm was present work and recent pure hydrogen/oxygen ki-
also recently reported by Yetter et al. [8]. At 2.45 netic studies [12] are self-consistent. The significant
atm, oxygen addition shifts the explosive condition to point is that literature data for the direct oxidation of
lower pressures so that the oxidation rate is reduced. CO are self-consistent at our conditions.
Experiments varying the equivalence ratio from 0.33
to 2.1 (P = 6.5 atm, Ti, = 1040 K, initial CO of Acknowledgments
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KINETIC PARAMETERS FOR THE INITIATION REACTION
RH + 0,-*R + HO,

T. INGHAM, R. W. WALKER, AND R. E. WOOLFORD

School of Chemistry
Hull University

Hull, North Humberside HU6 7BX, UK

Results from studies of the oxidation of isobutene between 400 'C and 520 'C have been used to
determine Arrhenius parameters for an important chain initiation reaction (5).

(CH3 )2C = CH2 + 02 - CH2QC(CH3)CH2 + HO2. (5)

Product analysis reveals that 2,5-dimethylhexa-1,5-diene (DMHDE) is a major product, formed in reaction
(7) which is the major termination process. With minor corrections to the relationship, ksi-C4 Hs][05 ] =

initial rate of formation of DMHDE, accurate values of k5 are determined and used to obtain log(AJdm'
mol-I s'-) = 9.68 ± 0.44 and E. = 161.2 ± 6.4 kJ mol-. These parameters are in excellent agreement
with those for the analogous reactions HCHO + 02 and C3H6 + 02. No other reliable data are available.

2CHC(CH3 )CH2 - DMHDE. (7)

Novel experiments involving the addition of small amounts of hydrocarbons (mostly alkenes) to CH6 +
0, mixtures have been used to determine k, for a number of primary initiation reactions. The approach is
extremely simple and involves only the measurement of the initial rates of formation of hexa-l,5-diene
and of propene oxide.

RH + 0,--R + HO2. (C)

A database is recommended for the Arrhenius parameters of (C) for general use in modelling.

+ 190 kJ mol-I when RH contains a tertiary C-H
Although good data now exist [1] for many of the bond, and about + 165 when RH = toluene. Many

faster exothermic elementary reactions of type A, factors have contributed to the difficulty of deter-
where mining kC

(i) Generally, chain processes dominate RH con-
X + RH - XH + R (A) sumption and product formation.

(ii) Surface initiation, with a much lower activation
X = OH, 0, CH3, for example, relatively few rate energy, often occurs at a rate many orders of mag-
constants have been obtained for slower, endother- nitude higher than (C).
mic processes where X = HO 2, R0 2, and 02, many (iii) (C) may be totally masked by secondary ini-
of which, for example (B) [2], play a key rate-deter- tiation very early in reaction [5].
mining role in the autoignition region 600-1200 K. (iv) Radical branching often occurs, such as H +

HO2 + C4H 0 -~ H20 2 + C4H, (B) 002 - OH + 0, and separation of the two processes
may be extremely difficult.

RH + 02 -R + HO2. (C) Studies [6] of C3H6 oxidation under carefully con-
trolled conditions have shown that the difficulties (i)-

Reaction (C) is a key step in determining the onset (iv) can be reduced to a minor role, essentially be-
of second-stage ignition [3], and recently, Emdee et cause the allyl radical, produced in reaction (1), is
al. [4] modelled the oxidation of toluene at about stabilised by electron delocalisation and is very un-
1000 K and claimed that the rate was most sensitive reactive towards 02. The allyl radicals are removed
to the value of kt, mainly by recombination to form hexa-1,5-diene

(HDE). As a consequence, k, can be determined
CH 5CH 3 + 02 - C6H 5CH 2 + HO2. (Ct) with only a minor (ca. 20%) correction to the simple

basic principle that, at the steady state, the rate of
Reaction (C) is highly endothermic, with AH = initiation equals the rate of termination, so that

767
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k41C3H 6 ][O 2] = RHDE (i) 0.2

where RHDE is the initial rate of formation of HDE.
Over the range 400-520 'C, A1 = 109.29±041 dm3  0.15
molis 1, andE, = 163.5 ± 6 kJ mol 1

CaHll + 02 - CH 2 CHCH2 + HO2  (1)

0.1
These parameters may be compared [7] with A2
100.31 dm 3 mol -1 s- and E2 = 163 + 6, bearing &
in mind that AH, = AH2 = 164 ± 5 kJ mob-' and
that E-1 - E- 2  0. The value of A2/A1 - 10 is 0.05
consistent with the loss of entropy of activation in the
transition state of reaction (1) due to electron delo-
calisation in the emerging allyl radical. 0

0 50 100 150 200
HCHO + 02 HCO + HO9 . (2) time/s

Studies [8] of butene-1 and trans-butene-2 oxidation FIG. 1. Product vs time profiles at 470 'C. i-C4H, = 4,
under the same conditions as used for propene oxi- 02 = 30, N2 = 26 torr. El, DMHDE; 0, methacrolein;
dation show no product evidence of an octadiene, 0, isobutene oxide; A, acetone.
which would be formed by recombination of butenyl
radicals. However, with both butenes, buta-1,3-diene
is a major initial product and is formed in reaction tention was paid to initial yields. Further particulars
(3). are given elsewhere [6].

CH 3CHCHCH 2 + 02 Results and Discussion

SCH. = CH-CH = CH 2 + HO2  (3) Figure 1 shows [product]-time profiles for the mix-

Reaction (3) is fast and leads to high concentrations ture containing 4, 30, and 26 torr of isobutene, 02,
of HO2 and H202, and as a result, factors (i), (ii), and N2, respectively, at 470 'C. The main productsand (iv) interfere waith the determination of kc. are acetone, methacrolein, isobutene oxide, 2,5-di-

In contrast, studies of the oxidation of isohutene methylhexa-1,5-diene (DMHDE), and HCHO. All
between 400 °C and 520 sC reveal that 2,5-dimeth- are formed autocatalytically and as primary products.

A number of other mixtures were studied in the same
ylhexa-1,5-diene (DMHDE) is a major initial prod- detail at 470 'C and at 400 0C, 440 0C, 500 'C, and
uct and indicate that the methylallyl radicals formed 520 at 4l0C t 40e of the mechaniC
by H-atom abstraction from isobutene are unreactive that are essential for the determination of k5 will be
towards 02, and hence undergo radical-radical re- discussed here.
actions such as (4). Determination of k5 should be Addition of Hs2 radicals to isobutene gives iso-
possible, and the study provides a very important test butene oxide in reaction (10). The key reactions for
of the validity of the data obtained for kj and of the the determination of k5 are reactions (9) and (10) and
approach used. the reactions below involving the formation and re-

2CHCCH9CH,-~CH2 = C-CHQCH2-- C =CH 2  moval of methylallyl radicals (MA).

I I (CH9)2C=CH2 + 02 -- MA + HO 2  (5)
CH 3  CH 3 OH/HO

2 + (CH3)2C=CH2 -- MA

+ H20/H 202  (6)
(CH3 )2C = CH 2 + 0, - CH2C(CH 3)CH 2 + HO 2. 2MA - DMHDE (7)

(5) MA + HO 2 - (CH2 )2C = CH 2 + 02 (8)

HO2 + H02 -H 2 0 2 + 02 (9)Experimental HO2 + (CH 3)2C=CH2 --* (CH9)2C-CH2 + OH.
Reactions were carried out in aged boric-acid-

coated Pyrex vessels. Gas chromatography was used 0
to determine product concentrations. Particular at- (10)
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The essential features are: 25
(i) (7)-(9) are termination reactions.
(ii) MA is unreactive towards 02 and undergoes

mainly radical-radical reactions. 20
(iii) OH chemistry involves only propagation steps ')

in the early stages of reaction. I 15

Determination of k5: 0
S10

On reaching the steady state (ca. 10 -3 s), the rate 0
of generation of radicals and their rate of removal
may be equated as in Eq. (ii), where RP, Rl, Rb, 5
and Rt are the initial (after 10 ; s) rates of primary
initiation, secondary initiation, radical branching, and
radical termination, respectively. 0 I I

0 50 100 150 200 250
+ R8 ± Rb = Rt. (ii) time/s

As [H20 2] is low and initial rates are used, R, is ef- FIG. 2. "Chord" plots to obtain (RDMFIIE)() at 470 °C.

fectively zero (confirmed by computer analysis). As- i-CH, 02 N,/torr
suming Rb = 0 (see later) and that, with DMHDE El 4 56 0
a major product, reaction (7) is the sole termination 4
process, then (ii) may be simplified to give (iii), where 3 4 20 26

(RDMHDE)O is the initial rate of formation of 0 4 10 46
DMHDE.

k5[C4H 8 ][0 2] = k7[MA]2 = (RDMHDE)o. (iii) The value of k 9 = 1.87 X 109 exp(- 775/T) dM3

molh1 s- 1 is known accurately [1], but no value is
The values are obtained very carefully by a "chord available for k8. However, for the analogous reaction
method," whereby mean rates of formation at each of allyl radicals, k, 1 = 1.6 x 109 dM3 mol-I s - over
time are calculated and then extrapolated back to the temperature range 380 'C-520 'C from studies
zero time to obtain (RDHMDE)o. Figure 2 shows a [9] of the decomposition of 4,4-dimethylpent-1-ene
typical plot used to obtain the values at 470 'C. The in the presence of 02 and k8 kI] will be assumed.
values of (RDMHDE)O obtained in this way are sum-
marised in Table 1 for all mixtures and temperatures CH 2CHCH2 + HO, -- CH 6 + 0,2. (11)
used. Use of Eq. (iii) then gives the values of (k5)ob,
listed in column 8 of Table 1. Over relatively wide Further, although k7 for the recombination of MA
ranges of mixture composition, the values at each radicals is not known, it is likely to be very similar to
temperature vary by no more than about 50%. They k - 3.0 X 109 dm 3 mol-i for the recombination
tend to rise as [02] increases, as observed when the of allyl radicals [10].
C3H6 + 02 system was interpreted in a similar man-

ner [6]. When compared with values from C3H6 +
02 studies, kJkl = 5 ± 2 at all temperatures, which 2CH 2CHCH2 - CH 2ýCHCH2CHX2 HCH 2 .
is consistent with a difference of 2 in path degeneracy (12)
and a slightly weaker C-H bond dissociation energy
(ca. 5 kJ mol-1) in the #1 position in isobutene. As [MA] is then calculated from [(RDMH 1E)o/k7]`

2,

little error in [MA] is likely. [HO 2] can be calculated
Refinement of the Interpretation: from the initial rate of formation of isobutene oxide

(RBo)o, since k,0 = 108.85 exp( - 6390/T) dm 3 mol-I'
The treatment of the results may be refined by s -is known very accurately from independent stud-

allowing for termination through reactions (8) and ies [11]. As will become clear later, only significant
(9). Equation (ii) is now written as in Eq. (iv), and errors in the values of k7, [MA], and [HO 2] will be
the additional contributions are then calculated, important in the determination of k5 because its

value is mainly influenced by results at low [02],
(k5)ob,[C4H8][O2̀] = k7[MA]2  where the additional termination processes (8) and

+ ks[MA][HO 2] + k9[H0 2]
2. (9) are relatively minor.

Table 1 gives the values of (RDMHDE)o and (RBO)0,
(iv) from which the values of [MA] and [HO 2] are cal-
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TABLE 1
Summary of results for the calculation of k5 and k13

1 2 3 4 5 6 7 8" 9b

Mixture/torr 10
5

(RDNIHDE)/ 105 (RBo)o/ 105k,[MA][HO2]/ 105k,[HO 2]/ (k%)o, Corr(kS)ob,/

C.,H, 0, N, torr s-I torr s-1 torr s torr s-1 dln mol-1 s-1 dml mol-u s-

520 'C
4 30 26 37.5 85.5 13.4 4.0 0.153 0.228
4 20 36 23.6 51.0 6.3 1.41 0.146 0.197
4 15 41 18.0 37.0 4.0 0.74 0.148 0.188
4 10 46 11.3 20.9 1.76 0.24 0.140 0.165
4 5 51 5.5 8.9 0.55 0.043 0.136 0.150

500 'C
4 56 0 32.0 132 24 14.5 0.069 0.151
4 30 26 16.9 49.2 6.5 2.0 0.068 0.102
4 20 36 13.7 29.1 3.4 0.70 0.082 0.107
4 10 46 5.9 11.1 0.86 0.10 0.071 0.082
4 5 51 2.9 5.9 0.32 0.028 0.069 0.077

10 30 20 32.5 88.5 6.4 1.05 0.052 0.070
470 'C

4 56 0 15.3 75.5 12.4 7.5 0.032 0.073
4 30 26 6.9 25.7 2.85 0.87 0.027 0.041
4 20 36 4.5 12.8 1.12 0.21 0.026 0.0335
4 10 46 2.03 4.50 0.27 0.026 0.0235 0.027
4 5 51 1.04 2.15 0.093 0.006 0.024 0.0265

10 30 20 15.6 44.0 2.9 0.41 0.024 0.029
440 'C

4 56 0 8.8 56.4 10.1 8.5 0.0174 0.054
4 30 26 3.2 15.9 1.70 0.68 0.0118 0.0205
4 20 36 1.85 8.4 0.69 0.185 0.0103 0.0152
4 10 46 0.86 2.8 0.155 0.021 0.0095 0.0116

10 30 20 7.8 32 2.10 0.42 0.0116 0.0155
400 'C

4 56 0 4.2 37.5 7.6 9.6 0.0078 0.040
4 30 26 1.20 10.5 1.14 0.75 0.0042 0.0108
4 20 36 0.71 4.5 0.39 0.135 0.0037 0.0067

10 30 20 3.9 1.85 1.45 0.37 0.0055 0.0080

"Column 8, use of Eq. (iii).
'Column 9, use of Eq. (iv).

culated, together with the initial rates of the two ad- Since [MA] and [HO 2] are both known, then an al-
ditional termination processes (8) and (9). Use of Eq. lowance for the effect of reaction (13) on the value
(iv) then gives the corrected values of (k5 )obs shown of k5 can be made very simply in an analytical treat-
in column 9 of Table 1. As seen, the correction is ment. Equation (ii) is now modified to (v),
significant at high [021, but relatively small at low
[02] and high [DMHDE]. However, as a conse- k5 [C 4Hs][0 2] + k13 [MA][HO2 ]
quence, the corrected values of (ks)ob, are now more n(RDMIDE)0 + k[MA][H0 2] + k 9[HO2 2  (v)
markedly dependent on O0. Reliable values of k 5
could be obtained by a simple extrapolation to zero and the left-hand side can be equated to (ks)ob8
[02], but following computer modelling of the sys- [C 4H11][0 2], where (ks)ob. is the corrected value in
tem, there is strong evidence for a radical branching column 9 of Table 1. Rearrangement of this equality
process, which may be expressed kinetically as re- then gives Eq. (vi).
action (13).

k 13 [MA][HO2]M(kAo+b kb + [H[ (v,)MA + H02 -- branching. (13) [C4Hs][O2]
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TABLE 2 gives A,, = 108.82t0.35 din3 mol-1 s-1 and E13 =

Values of k5 and k,, - 10.0 ± 10 kJ mold-1 Alternatively, between 400
TC and 520 TC, k13 = (3.5 + 1) X 109 din 3 mol 1

TP1C k5/dm3 mol-' s-' k,3/dm Mo3 M1S-' S-1.

Table 3 summarises all the data obtained for the
400 0.0017 ±0.0010 4.0 x 109  primary initiation reaction. The excellent agreement
440 0.0077 ±0.0009 3.7 X 109 of the activation energies for RH = HCHO, C3H6(,
470 0.0225 ±0.0018 3.2 x 1W9  and i-C 4Hs confirms the validity of the data and of
500 0.065 ±0.006 2.9 x 109 the method used.
520 0.125 ±0.005 3.6 x 109

Use of the C3H6 + 02 Reaction for the
Determination Of k,:

0 The success in determining directly values of rate
constants for the primary initiation process, previ-
ously virtually unohtainahle hy experiment, has led
to novel studies involving the addition of suitable hy-

-1 drocarhons and related compounds to C3H6 + 02
mixtures in order to determine other values of k,.

C0E When small amounts of compound RH containing
Co C-H bonds of dissociation energy comparahie to
'a that in the allyl C-H honds in C3H6 are added to

In
zý. -2 C3H6 + 02 mixtures, then additional primary initi-

Im ation occurs through reaction (C).

RH ± 0,2 -*R + HO 2. (C)

-3I Providing R has a facile reaction, as in all cases stud-

1.2 1.3 1.4 1.5 ied here, then [ally1] »> [RI], and the recombination
of allyl radicals (12) remains the major termination

103 K/Tstep. With the simple case where (12) is the only
FIG. 3. Arrhenius pltfor k,. termination step and low 02 pressures are used, so

plot that any radical branching reactions are negligihle,
then the ratio kJ1l can he obtained from Eq. (vii).

Plots of (ks).b, (corrected) against [MA][HOJ]/
[C4H8] [02] give very good straight lines at each tem- RHDE + k [RH] vi
perature, from which the intercepts give k5 and gra- (RHOE)o 11[C3H6] vi
dients give k13. At all temperatures, other than 400
TC, the values of k5 can be obtained accurately, and where RHOE and (RHoe)o are the initial rates of for-
they are summarised in Table 2, together with the mation of HIDE in the presence and absence of RH.
values of k13. Figure 3 shows the good line obtained Figure 4 shows typical plots for the initial yields of
from the Arrhenius plot for k5, and values of A5 = HIDE and propene oxide for the mixture containing
109.68 ±0.44 din3 mob'- s1- and E5 = 161.2 ± 6.4 kJ 12, 18, and 30 torr Of C3H6, N2, and 02, respectively,
mob' are obtained, at 470 TC in the presence and absence of 1 torr of

Importantly, virtually the same value of k5 at each penta-1,4-diene (PDE). The yields of both products
temperature is obtained from the simple interpreta- rise significantly when PDE is added. Initial values
tion using Eq. (iii), providing the results for [02] < of RIoE/(RHoE)o can be obtained accurately, and by
30 torr are used. An Arrhenius plot of the k13 values the use of Eq. (vii), values of IC/lk can be deter-

TABLE 3
Arrhenios Parameters for RH + 02 -* R + HO,

RH log(A/dm3 
mol-' S') E/kJ mool'- T1'C Ref.

HCHO 10.31 163 ±6 400-540 7
CAH 9.29 ± 0.41 163.5 ±5 400-520 6
i-C4 H8 9.68 ± 0.44 161.2 ±6.4 400-520 preseot work
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0.15 [021, as found [6] in the determination of both k, and
k5, but does not exceed about 30%. From AI = 109.29

H dm 3 mo1-' s-1 and El = 163.5 kJ mo1-1, and the

-0 0.1 mean value of k1 kl = 52.5, then kc, = 0.27 dmi
'1 mol -is-i at 470 'C (with an accuracy of about 20%).
o Relatively reliable Arrhenius parameters for

kc,(PDE) can be calculated. Allowing for the path
0-0.05 degeneracy difference of 1.5 and the extra loss (ca.
- 19 J mol ' K - 1) of entropy of activation in the for-

mation of the pentadienyl radical (where electron de-
0 localisation occurs across the full carbon chain) com-

pared with that in the formation of the allyl radical,
then AJA, = 15, and from kckl = 52.5, then El -

E, = 41.2 kJ mol-1. In consequence, A,(PDE) =
0.1 108 dnm3 mol-l s-, and with El = 163.5, E,(PDE)

S= 122 kJ mol - . The activation energy may be val-

•u idated independently. With E-, 0, so that AH,
a 0.05 (PDE) = 122 kj mol-', then with AH, for a normal

secondary C-H bond in an alkane equal to 201 kJ
mob-', the resonance energy of stabilisation in the
pentadienyl radical is 79 kJ mol -1, in exact agree-

0 ment with the value suggested by McMillen and
0 50 100 150 Golden [12]. Table 5 summarises values of c,/k, and

time s k,, determined for several additives RH. The in-

FiG, 4. Formation of HDE and propene oxide in addi- crease in the values from propene to isobutene/trans-

tion studies. ClH, = 12; 02 = 30; N, = 18 torr. El, PDE but-2-ene to 2-methylbut-2-ene to 2,3-dimethylbut-
=0; 0, PDE = 0.4 torr. 2-ene is consistent, after allowance for the differentpath degeneracies, with a systematic reduction in the

allyl C-H bond dissociation energy of 8 kJ mol-I
TABLE 4 for each additional CH 3 group in the alkene struc-

Kinetic data for PEE + O, - CHOCHCHCHCH2 + ture. Similar values of k, for but-1-ene and pent-1-
HO, at 470 'C ene are expected, as each alkene contains one allyl

CH 2 group. Similar values are also expected for iso-
Mixture/torr butene and trans-but-2-ene, and the value of

iteok,! k/k kc(isobutene)/k, is in excellent agreement with the
PDE CrH,, N, 0, [Eq. (vii)] (corrected) value obtained for kJlkl = 3.8 from the two inde-

pendent sets of Arrhenius parameters given earlier.
1.0 12 18 30 39 52 When kc,/k, falls below 5, the increase in RHDE
0.4 12 38 10 45.5 50 is too small for precise measurement unless
0.4 12 18 30 46.5 55.5 [RH]/[C 3H6] exceeds 0.1, which is undesirable.

When toluene at a pressure of 1 torr is added to the
mixture used above, the increase in RHDE is barely

mined, which are summarised in Table 4 for three perceptible, and only a maximum value of k,/k, <
mixtures. An allowance can be made for radical 0.03 at 500 'C can be determined. Recently, Emdee
branching through reaction (14) [6] and for addi- et al. [4] have modelled the oxidation of toluene at
tional radical termination via (9) and (11). about 930 'C and claim that the rate is most sensitive

to the value of k,. From their analysis, Act 3.0 X
CH 2CHCH, + 09 - 2 radicals + products (14) 101 dinM3 molb- s-I and E, = 173 kJ mol', which

give k, = 0.61 dm 3 mol-1 s - at 500 'C, which is a
CH 2CHCHQ + H02 -- C3H 6 + 02. (11) factor of 20 higher than the maximum value possible

in the present studies. The value of A,1 obtained by
[CH 2CHCH 2] is calculated from R,,, and k12, and Emdee et al. is a factor of 100 too high, and A,1
[HO 2] from the initial rate of formation of propene A, = 2.0 X 109 din 3 mol- s-1 and E, - El =
oxide (15) and k15. Details of the correction are given 163.5 kJ mol'- are more likely Arrhenius parameters.
elsewhere [6]. As AS, - 0, then A, - A, so that A, - 2 X 109

din3 mol 1 s- , in close agreement with A - 1.6
HO2 + CHl -- C3H60 + OH. (15) x 109 din3 mol-' s- 1 at 500 'C [6].

The magnitude of the correction (Table 4) rises with CH 3CH 3 + 02 - C6H5CH 2 + HO2 . (Ct)



KINETIC PARAMETERS FOR THE INITIATION REACTION RH + 02 - R + HO2  773

TABLE 5
Kinetic data"l for RH + 0, - R + HO,

RH k&/,k k,/din3 mol-' s- TAC log(A, /dm3 mol - ' S 1) E,/kJ mol-1

(CH 3,)C = CHCH3 30.5 0.0282 420 9.8 151
(CH)2C = C(CH4,) 145 0.134 420 9.9 143
t-CH3CH = CHCH3 4.3 0.075 500 9.6 158

4.9 0.0045 420 9.6 158
(CH,)2 C = CH2 5.5 0.0051 420 9.68" 161.2b

CH 2CH 2CH = CH 2  12 0.011 420 9.1 146
CHCHCH2CH = CH2  15 0.014 420 9.1 145
CH 2 = CHCH2CH = CH2 52.5 0.327 470 8.0 122
CHCH2  <2 <0.03 500 9.3" 164,

"Corrected as described in the text.
bValues obtained from direct study.
"Recommended values, see text.

Database for RH + 02 - R + HO2: REFERENCES

Although the data are limited, there is an urgent 1. Banlch, D. L., Cobos, C. J., Cox, R. A., Frank, P., Just,
need for a database for the primary initiation reaction T

which is a key elementary step in combustion mech- Th., Kerr, J. A., Pilling, M. J., Troe, J., Walker, R. W.,

anisms. Data for RH = alkane will be extremely dif- and Warnatz, J., J. Phys. Chem. Ref Data 21:411

ficult to determine experimentally, and given the (1992).

high level of consistency in the present results, the 2. Pitz, W. J., and Westbrook, C. K., Combust. Flame

following parameters are suggested. '63:113 (1986).
3. Warnatz, J., Paper presented at the 12th International

A/din3 ol-I Sm 1 Symposium on Gas Kinetics, Nottingham, UK, Sep-

(per C-H bond) E/kJ mol 1 tember, 1992.
4. Emdee, J. L., Brezinsky, K., and Glassman, I.,J. Phys.

1 7.0 X 109 AH Chem. 96:2151 (1992).
5. Walker, R. W., Reaction Kinetics, Specialist Periodical

II 7.0 x 108 AH Reports, Chemical Society, London, 1974, Vol. 1, p.
I1I 7.0 X 107 AH 161.

6. Stothard, N. D., and Walker, R. W.,J. Chem. Soc. Far-
I localised electron in free radical R (e.g., alkanes, aday Trans. 87:241 (1991).

simple oxygenates). 7. Baldwin, R. R., Fuller, A. R., Longthorn, D., and Wal-
II Delocalised electron involving loss of one rota- ker, R. W., J. Chem. Soc. Faraday Trans. 1 70:1257

tion, (e.g., alkenes, alkylbenzenes). (1974).
III Delocalised electron involving loss of two rota- 8. Stothard, N. D., and Walker, R. W., unpublished work.

tions, (e.g., CH2 = CHCH 2CH = CH2). 9. Lodhi, Z. H., and Walker, R. W., J. Chem. Soc. Fara-

day Trans. 87:681 (1991).
The database is reliable up to about 1200 K (factor 10. Bauleb, D. L., Cox, R. A., Frank, P., Just, Th., Kerr, J.
of 2) unless there is a marked degree of non-Arrhe- A., Pilling, M. J., Troe, J., Walker, R. W., and Warnatz,
nius behaviour in reaction (C). J., Combust. Flame 98:59 (1994).
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COMMENT

Joseph W. Bozzelli, New Jersey Institute of Technology, served in the initial products, but is formed in a secondary
USA. Figure 1 in your paper shows that acetone is the process from isobutene (as above) [1,2].
major product in the isobutene + 0, reaction system. It The reaction of (CH3 )JC radicals with 0, gives isobutene
is clearly higher in concentration than isobutene oxide, in a yield of 99%, the remaining 1% being isobutene oxide.
methacrolein, and DMHDE-listed in order of decreasing Further, the reaction (CH,3)C + HO 2 - (CH3)3CO + OH
concentration, would be of negligible importance because (CH3)3C + 0O

Is it likely that the acetone results from the following is very fast (k = 108 dmi s-') and [HO2]/[O,] ý 10-s. The
reaction scheme? situation with methylallyl (MA) + HO, is complet-

HO2 Addition Unimolecular Isomerization Dissociation
(H-atom shift)

C2C=C + HO - C2C(OOH)C. - C3COO. - CC. + 02

C2 C. will rapidly react with HO2 to exothermic, and more ely different. MA has no easy reaction with 02 (or any other
active, products: molecular species), so that [MA) is relatively high and the

radical is consumed mainly through radical-radical pro-

C3CO. + OH and then CCO. - CC=O (acetone) cesses:

+ CH,. MA + MA - CH2=C(CH3 )CH2CHC(CH3)=-CH2

The high (acetone) then shows the above reaction scheme MA + HO, - (CHJ),C=CH, + 02
occurs much faster than isobutene oxide formation. This
would explain results of some other researchers failing to MA + HO2 -- CH2C(CH3)CH2OOH -2

observe cyclic ethers from reactions of R. + 02, i.e., dis-
sociation of the adduct(s) to HO2 + olefin is faster than CH2 = C(CH,)CHO + OH + HO,.
the cyclic ether formation. IFast propagation of R. + HO to RO OH is further In summary, the acetone formation cannot be used to pro-

s pvide additional evidence for the R + 02 mechanism, which
supported via the methacrolein product yields from reac-
tion of MA with HO remains far from clear.

REFERENCES
Author's Reply. Acetone is undoubtedly the major prod-

uct and is formed via OH addition in the so-called Wad- 1. Baker, R. R., Baldwin, R. R., and Walker, R. W., J.
dington mechanism: Chem. Soc. Faraday Trans. 1 75:140 (1979).

0,

OH + (CH,),C=CH2 - (CH3)2 C -CH,-----s (CH3)2C-CH2
I I I

OH 0 0- CH3COCH3 + OH + HCHO.
I I

H O

When (CHJ),C radicals are formed under essentially the 2. Baldwin, R. R., Hisham, J. W. M., Keen, A., and Walker,
same conditions from isobutane (by H abstraction) and R. W., J. Chem. Soc. Faraday Trans. 1 78:1165
from tetramethylbutane (by homolysis), acetone is not ob- (1982).
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The fast flow technique combined with laser-induced fluorescence (LIF) and laser magnetic resonance
(LMR) detections have been used to obtain branching ratios for CH 30 and CHOH formation, respec-
tively, in various reactions. A detailed study of the product yields showed that reaction F + CH3ONO -
FNO + CH30 is a clean methoxy radical source at low temperature that gives CH.0 with practically
100% efficiency. The branching ratios for CH5 0 and CH 2OH formation in the reaction of F with CH5 OH
are k5j(k1, + kih) = 0.57 ± 0.05 and k,l/(k5, + kib) = 0.41 ± 0.05, respectively, between 300 and 600
K independent of temperature; F + CH 3OH -' HF + CH3O (la), F + CH3OH -- HF + CH2OH (ib).

The branching ratios for product radical formation in reactions X + CHOH -- HX + CH3O and X +
CHOH - HX + CH2OH (where X = F, OH, and Cl) were studied between 298 and 612 K. The
considerable decrease of exothermicity in the order of F, OH, and C1 reactions is expected to go with a
decrease in reactivity and a simultaneous increase in selectivity, which is indeed experienced for reactions
F + CHOH and OH + CH5 OH. However, the reaction C1 + CH3OH was found to be a "high reactivity
high selectivity" process yielding CH 2OH radicals with practically 100% yield up to about 500 K. The fast
reaction and the relatively small temperature dependences of the branching ratios indicate that some
specific effects govern the kinetics of this reaction.

Combustion implications and utilization of the results in kinetic experiments are discussed.

Introduction Competing reaction channels may yield species of
very different reactivity and with different subse-

Hydrogen atom abstraction reactions are fre- quent reactions. Therefore, the values of the branch-
quently used in flow systems to obtain free radicals. ing ratios and their temperature dependences, used
However, in such reactions, more than one reactive as inputs in combustion and atmospheric modeling
species are often formed in competing reaction chan- studies, can have a fundamental influence on the out-
nels, as demonstrated below by the reaction of the F puts of model calculations. A good example for this
atom with methanol: is provided by the hydrogen atom abstraction reac-

tions by OH radicals from methanol:
F + CH5 OH-- HF + CH 3O (la)

F ± CH3 OH -* HF + CHOH (1b) OH + CH3 OH -- H,0 + CH 3 O (2a)

The yield of product formation can be characterized OH + CH3 OH - H2O + CH2OH (2b)
by the branching ratio, which is given for the for-
mation of product i as Fi = ki/Eki, where ki is the These are the major CH 3 OH-consuming reactions in
rate constant for the formation of product i and ,ki methanol combustion and flame [1], which yield
stands for the sum of the rate constants of all parallel CH 30 and CH2OH radicals. The interest in the for-
reaction channels. Determination of product branch- mation and reactions of CH 3 0 and CH2OH has con-
ing ratios is of primary importance for the identifi- siderably increased since the recognition of methanol
cation of relatively clean, efficient radical sources and as an environmentally more acceptable alternative
for revealing side reactions that may interfere in the fuel.
application of such reactions. In this work, product branching ratios were deter-

775
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C02 - laser

Exm 1. er laser fonay-cel H

Dyron se r (EM4 101) Flow tube the Bolo
Diaphragm meter

290nro cut off
UG 11 Trig.T

PM HVH

a1 + .OH -- C1 +bO 3 ) se y al c -n a p ii r H O a i as w r
FIG 1.Detctin dvics f te fst lowsysemsus defrmntoreding a CheO byr LIf and, whi Cwere by e LMR

Cl + CH 3OH -- HCB + CHa O (3a) cessed by ao- ramp ife CH 2OH radcl w

CH 2O + HO2. Detection in the form of HO 2 pro-
F + CH3 ONO -- + FNO + CH3O (4) vided better sensitivity compared to CH 2OH and al-

lowed the use of the fast and quantitative gas titrationThe implications of the results in combustion models reactions F + H202 and HO + 02 in hydroxy-and in the application of experimental kinetic tech- methyl yield determinations. The LMR parametersniques are discussed. of the HO 2 detection were 2 = 163 itm and Bw =
0.25 Tesla [3]. The detection limit for CH 2OH was
5 d 108 cm-t (S/N = 1). Signals were found pro-

Experimental portional to concentrations.
Electrically heated quartz flow tubes of 4.0-cm in-Methoxy and hydroxymethyl branching ratios were ternal diameter were used in all experiments. Indetermined in fast flow systems operated in labora- room-temperature investigations, the reactors weretories at Budapest and Gtttingen, respectively. The coated with thin filns of Teflon. No coatings weredetection techniques employed in the investigations used above 298 K. The temperature was kept con-are presented schematically in Fig. 1. stant over the 35-cm reactor length within AT =

Methoxy radicals were detected by laser-induced ± 4 K.fluorescence (LIF) using an excimer laser-pumped The reactors were equipped with coaxial moveable

frequency doubled dye laser at 292.8 nm excitation injectors for introducing atomic and radicalre-wavelength [2] (Fig. la). The fluorescence induced tants. Fluorine atoms were generated by flowing di-by the laser pulse was collected through glass filters lute F2/He mixtures through A12fo -lined microwaveonto the cathode of a photomultiplier and was pro- discharges. The F atoms were introduced directly incessed by a gated boxcar integrator. Wood's horns the reactors or were converted into other species in-and baffles served to reduce the scattered light. The side the injector by fast reactions. Thus, the radicalsensitivity of CH3O detection was 1 X p0l cm-3 (S/ reactants Cl and OH were produced by the reactionsN = 1). F + HCp and F + H20, respectively. Reactions ofHydroxymethyl radicals were monitored with a far methoxy and hydroxymethyl formation were carriedinfraresesonance (LMR) spectrom- out in the reactors at a fixed position of the inlets
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Ii, I I i I I IFI. .Prieso m tox LF

0 1.0 2.0 3.0 4.0 5.0 Fic. 2. Profiles of methoxy LIF
-3 signals vs stable reactant concentra-1011 ICH30NO, CH3 0H, N021 /m01 cm- tions at t = 4.5 ms reaction time.

(i.e., at constant reaction time) by reacting the tran-
sient species with the stable reactants. Mixtures of F + CH 20 - HF + CHO
the stable reactants with helium entered the reactors +02
at the top through side arms. (

Helium (Messer-Griesheim, 99.9999%) was the HO 2 + CO (5)
carrier gas. Other gases used in the experiments were
of the highest purity commercially available, Meth- in the determinations of the branching ratios for
anol (->97%) was obtained from Merck. CH 20 was CH 30 and CH 2OH formation, respectively. In the
prepared by pyrolyzing paraformaldehyde, while selection of these reference reactions, it was taken
CH 3ONO was synthesized from methanol with ni- into account that the yield of product radical for-
trous acid. mation in reactions (4) and (5) was 100%, within the

The gas flows were regulated by mass flow con- limits of experimental errors, as shown by calibra-
trollers and needle valves. Linear flow rates varied in tions (see below). In a few experiments, carried out
the range v = 6-40 m/s. Typical overall pressure in above 400 K, reaction (la) served as reference re-
the reactors was P = 2.8 mbar. Concentrations of action.
CH 30 and CH 2OH radicals were in the range of 1 The branching ratio for the formation of radical R,
X 10-13-4 X 10-12 mol/cm 3 . More details of the rR, was obtained from the ratio of the radical-con-
experimental techniques can be found in Refs. 4 centration-proportional signals, SR, measured in the
and 5. studied reaction and in the reference process: FR =

(SR/Srhe) FJef, where Fflef is the branching ratio for R
Results and Discussion formation in the reference reaction. The advantage

of this method (as well as of all comparative methods)
is that a comparison of two values of the same ex-The principle of the comparative method devel- perimental observable is made, and therefore, theoped and used in this work for the determination of effect of systematic errors is either eliminated orthe branching ratios of product formation in radical minimized.

+ molecule - radical + molecule type reactions is
to compare, at a given reaction time t, the concen-
tration of the product radical (CH 3 0 and CH 2 OH, Room-Temperature CH3O and CH20H Branching
respectively) formed in the investigated reaction with Ratios in Reactions (1) and (4):
the concentration of the same radical produced in a Reactions F + CH3 OH and F + CH 3 ONO se-
reference reaction under comparable experimental lected for detailed kinetic studies may serve as ref-
conditions, The latter requirement was met if the erence reactions in other investigations.
concentrations of the free radical reactants were the The formation of methoxy radical was studied in a
same in both the studied and the reference experi- series of experiments in which the fluorine atom con-
ments and if the stable reactant was in excess large centration was kept at a constant value, and the con-
enough to assure complete conversion of the radical centration of the stable reactants was varied. Rep-
reactants into products. The reference reactions resentative methoxy LIF profiles are presented in
were Fig. 2. In the case of both reactions, the LIF signals

F + CH 3ONO - FNO + CH 30 (4) increased first rapidly with increasing concentration
of the stable reactant and then attained a limiting

and high concentration value.
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The CH 30 LIF signals were transformed into There are a number of published data available on
methoxy concentrations by a calibration procedure the methoxy radical yield in the F + CH3OH reac-
based on the complete conversion of CH 3 by NO 2  tion. Our !CH30 = 0.57 ± 0.05 value is in excellent
into CH 3O in the presence of a large excess of methyl agreement with most other direct measurements,
radicals [6]. (The CH 3 radicals were generated inside thus, with the infrared chemiluminescence results
the inlet by reaction F + CH 4.) A plot of ScH3o vs (0.53 ± 0.36 [8]) and the mass spectrometric data
NO 2 concentration gave a good straight line at low (0.59 ± 0.06 [9], 0.60 [10], and 0.58 ± 0.23 [11]),
nitrogen dioxide concentrations. Using the initial whereas it is higher than the CH 30 branching ratio

slope as the methoxy calibration factor and assuming reported in a recent LIF study (0.4 ± 0.1 [12]). Our

100% dissociation of F2 in the discharge [7], one ob- FCHsOi = 0.41 + 0.04 value is about 30% lower

tains from the limiting value of the methoxy LIF sig- than the ratio obtained by Pagsberg et al. (0.56 [13]).

nals the branching ratios given in the first and fourth The present work appears to be the first one that

row of Table 1 (T = 298 K). The error limits ap- obtains in the same study branching ratios for both
gin the table and throughout the p re CH 30 and CH 2OH radical formation in the reactionpearing ithtaeanthogothepaper ar of1 tm ibC 3 H hesmo h w rnh

standard deviation and indicate precision only. (The ofF atoms with CH3OH. The sum ofthe two branch-

estimated systematic errors are 15-SO %.) The Fval- ing ratios is unity within the limits of experimental
errors: FCH3O + fCH2OH = 0.98 ± 0.07.

ues have been corrected for the different wall con- The branching ratios determined for CH 30 and
sumption rates of the transients. CH20H formation in reaction F + CH 3OH do not

Similar studies to those of CH 3O radicals were car- fit in with the expectations based on thermochemical
ried out to obtain the yield of CH 2OH formation in and statistical considerations, which are in favor of
reaction F + CH 3OH. Typical plots of the HO 2  H-atom abstraction from the CH 3 rather than the
LM R signals as a function of methanol concentration OH group. There is probably no barrier or very small
are shown in Fig. 3. Included in the figure are also barrier for the reaction; thus, the value of the branch-
the SH2o_ vs [CH 20] plots for the reference reaction ing ratio is determined by the difference in the ac-
F + CH2O. This reaction yields CHO radicals, tivation entropies rather than the activation energies
which are then converted by the fast reaction with of the CH 30- and CH 2OH-forming channels.
02 quantitatively into H02 [7]. A calibration of the The concentration plots presented in Figs. 2 and
HO2 LMR signal with reaction F + H202 -- HF + 3 can be used to obtain estimates for the rate con-
HO 2 [7] showed indeed that reaction of the F atom stants of some of the investigated reactions. The ra-
with formaldehyde is a single-channel process form- tios of the initial slopes supply k4/k. •- 0.8 and k5
ing HF and formyl radical (which reacts with 02 to k5b - 1.4. Taking k, = 7.7 X 1013 CM3 mo1-1 s-1

give H02). Using F1402 = 1 for the reference reac- from the literature [10] and using the branching ra-
tion (5), a branching ratio of klb/(kla + k51,) = 0.41 tios determined for reaction (1) in this work, k4 -
+ 0.04 is obtained for CH 2OH formation. 3.6 X 101' CM3 mo 1-I s-I andk5 - 4.3 x 1013 cm 3

There is no published branching ratio for CH 30 mool 5 s-1 are estimated.
formation in reaction F + CH 3ONO. Our results
indicate that the yield of CH 30 formation is unity, Branching Ratios for CH3O and CH 20H
which makes this reaction a promising new methoxy Formation in Reactions ofX + CH3OH:
radical source. Since reaction (3) is both fast and
quantitative, it is well suited also for gas titrations in Free radicals CH 30 and CH 2OH can be produced
discharge flow studies. most obviously by H-atom abstraction from metha-
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TABLE 1
Branching ratios for methoxy and hydroxyamethyl radical formation

F6c..0 and TcH.oo

Reaction 298 K 390 K 482 K 612 K

F + CH 3OH - HF + CHO (la) 0.57 ± 0.05 0.62 ± 0.05
F + CHOH - HF + CH 2OH (1b) 0.41 ± 0.04 0.37 ± 0.15 0.45
OH + CH 3OH -* H,0 + CH 3O (2a) -0.1, 0.15 ± 0.05 0.23 ± 0.07
OH + CH 3OH - H 20 + CH2OH (2b) 0.71
F + CH 3ONO - FNO + CHJO (4) 1.02 ± 0.10
C1 + CH3 OH - HC1 + CHO (3a) 0.01 ± 0.01 0.04 ± 0.02
C1 + CH 3OH - HCl + CH 2OH (3b) 0.93 ± 0.05 0.88 ± 0.15

-Estim ated value (see text).

TABLE 2

Thermochemistry and overall rate constants for H-atom abstraction reactions X + CH 3OH

AHL ý;

Reaction (kJ mol- 1) (cm mol-' s-') Reference

F + CH3OH -- HF + CH3O (la) -125.9 7.7 x 1013 10
F + CH 3OH -- HF + CHQOH (lb) -159.8
OH + CH3OH -* H 20 + CH3O (2a) -54.8 5.5 x 1011 21
OH + CHOH - H20 + CH2OH (2b) -88.7
C1 + CH 3OH - HCl + CH3O (3a) 12.6 3.2 X 1013 21
Cl + CH 3OH - HCI + CHOH (3b) -21.3
H + CH3OH - H2 + CH 3O (6a) 8.4 9.0 × 108 22
H + CH 3OH - H2 + CHQOH (6b) -25.5
Br + CH 3OH - HBr + CH3O (7a) 78.2 6.1 x 106 20'
Br + CH 3OH -- HBr + CH2OH (7b) 44.3

"Calculated from k-,,, and K-b.

nol. In a series of investigations, the reactions of F, at 298 K are in accordance with previous findings
OH, and Cl with methanol (reactions (1), (2), and [9,14-16] that indicate that the methoxy radical con-
(3)) were studied. Branching ratios were determined centration produced in the reaction did not exceed
with the comparative method, using constant con- the detection limits of the applied analytical tech-
centrations of the free radical reactants and methanol niques. Reaction OH + CH 3 OH was too slow at
in excess, which assured complete consumption of room temperature to be studied in our flow systems,
the radical reactants at the selected reaction time. and the reported branching ratios show disparity. In
Branching ratios obtained in the 298-612 K temper- a laser photolysis/resonance fluorescence study k2a/
ature range are given in Table 1. (k28 + k2b) = 0.11 ± 0.03 was obtained for the

The room-temperature branching ratios show sig- branching ratio of CH 30 formation [17] in reasona-
nificant changes when the free radical reactant ble agreement with the value of 0.15 ± 0.08 derived
changes from F through OH to Cl. At room temper- from the analysis of kinetic isotope effect measure-
ature, practically all chlorine atoms are converted ments [18] and with the mass spectrometric result of
into hydroxymethyl radicals in the reaction of C1 + 0.17 ± 0.13 [9]. On the contrary, Hess and Tully
CH 3OH, while the methoxy radical yield is higher [19] concluded from their laser photolysis/LIF data
than 50% in the F + CH 3 OH reaction. Reaction OH that hydrogen abstraction from the hydroxy site is
+ CH 3OH appears to be an intermediate case. nearly inactive at room temperature. Extrapolation

The room-temperature branching ratios deter- of our 482 and 612 K data to 298 K results in a few
mined for reaction F + CH 3 OH in this work have hundredths for the CH 3 0 yield. Taking into account
been compared already with literature data. Our all these values, a branching ratio of k2a/(k5 8 + k2b)
branching ratios obtained for reaction Cl + CH 3 OH - 0.1 may be given as an estimate for the yield of
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CH 3 0 formation at 298 K in reaction OH + (410)

CH/OH. 50 m
In case of the F + CH 3OH reaction, no tempera- -H

ture dependence exceeding the error limits can be 0 - s5
seen, and we suggest kja/(ksa + klb) = 0.59 and kLb/7
(k•a + klb) = 0.41 for the whole 300-600 K temper- - 427

ature range. For reaction OH + CH 3OH, a definite -I (04r.

methoxy yield increase occurs from a room-temper- Ct
ature value of about 0.1 up to a ratio of 0.2-0.3 at 600 • -100 - H) -or-
K. Hiigele et al. [17] reported an even more signifi- • /- F

cant increase, i.e., TCH,0 = 0.11 + 0.03 and !FCH3 0 -150 - ' 7H

= 0.22 ± 0.07 at 298 and 393 K, respectively. From
these results, one can predict that formation of
CH 30 becomes dominant above 1000 K. Finally, lit- -200
tle is known of the temperature dependence of the
branching ratios in the reaction of Cl with methanol. -250
Although the error limits in our CH 30 and CH2OH
yield determinations above room temperature are
quite large, nevertheless, one can expect that the -300 HX+CH3 0 X+CIt3 OH HX+CH 20H

branching ratio for CH 2OH formation is still aroundor aove .9 t 50 K.FOG. 4. Energy diagram for the reactions X + CH3 OH
or ahove 0.9 at 500 K. (X = H, F, Cl, Br, and OH). The barrier heights given in
ratios maybe examined in terms of the brmochem- parentheses are calculated values (obtained by the BSBListry of the CH 3e and CH 2OH-forming reactions. method) and are relative to the energies of the initial states.

Recent kinetic studies suggest a heat of formation for
the CH 2OH radical that is higher by 17 kJ mol- I than There is one striking exception among the reac-
the value in common use; i.e., AHTS.8(CH2OH) = tions studied. This is reaction Cl + CH 3 tH, which
- 9 ± 6 kJ molP [5,20]. With this value and a rea- does not fit into the reaction series. The reaction rate
sonable difference for the CH 30 and CH 2OH heats is not hit an d the temperae Thendenceio f
of formation, AHj 298(CH30) = 25 kJ mol-I is ob- ss much higher and the temperature dependence of
tained [5]. Using the new heats of formation for the branching ratios appears to be smaller for reac-CH3O and CH 2OH, together with other thermo- tion Cl + CH 3OH than for the more exothermic OH

chemical data taken from Ref. 21, the reaction heats + CHo OH reaction. Note that this is the opposite
presented in Table 2 are calculated. Literature rate of what is expected from the results of BSBL calen-
constants for the overall reactions are also included lations. Moreover, it may be mentioned that no ap-
in the table. In order to extend the reaction series parent correlation was found between the reactivities

toward endothermic processes, data for reactions H of Cl atoms and OH radicals toward oxygenated or-

+ CH3OH (6) and Br + CH 3OH (7) are also given, game species including alcohols [24], whereas an es-

A significant change in the reaction heats is seen sentially linear correlation was established in the case

in the reaction series. For all members of the series of reactions toward alkanes. Either an anomalous re-

except reaction (3), the increase of exothermicities is action mechanism (different from simple H-atom ab-

accompanied by an increase in the reaction rates (ob- straction) or a specific effect, as for instance a polar

viously as a result of the decrease of the activation effect, prevails in case of reaction C1 + CH 3OH.

energies). The increasing reactivity goes with a sim-
ilarly significant decrease in selectivities (i.e., a de- Implication in Combustion-Related Kinetic Studies:
crease of the differences between !CH3O and
FCH2OH) and a small decrease of the temperature Rate parameters for CH 30 and CH 2OH reactions
dependence of the branching ratios. These tenden- are required in models of methanol combustion and
cies seem to be governed by the reaction energetics, combustion models of other organic compounds.
as shown in Fig. 4, where the energy diagrams of This work provides information on potential free rad-
reactions X + CH 3OH are presented. The barrier ical sources that can be utilized in the experimental
heights (given in parentheses) were calculated by the determinations of such type of kinetic data: (1) Re-
semiempirical "bond strength-bond length" (BSBL) action F + CH3ONO is an ideal source of methoxy
method [23], which provides predictions based radicals in fast flow studies at low temperatures, since
mainly on the properties (energies) of the breaking it yields CH 3O in a fast and quantitative reaction.
and forming bonds. Although the calculated barrier Decomposition and H-atom abstraction from
heights are probably overestimated, however, the CH3ONO may cause complications above 400 K. (2)
tendencies appear to be reliable and are in agree- Reaction Cl + CH 3OH is a clean source of CH 2OH
ment with the observations, radical below 600 K both in flow discharge and in
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flash photolytic systems. The use of Cl-atom sources Ziemer, H., Ber. Bunsenges. Phys. Chem. 97:877-884
other than C12 decomposition is recommended in or- (1993).
der to avoid chain reactions. (3) The temperature 6. Slagle, I. R., and Gutman, D., J. Am. Chem. Soc.
independence of the kinetics of radical formation in 104:4741-4748 (1982).
reaction F + CH 3OH makes this reaction a feasible 7. Temps, F., and Wagner, H. Gg., Ber. Bunsenges. Phys.
source of both CH30 and CH 2 OH in the whole tem- Chem. 88:410-414 (1984); Walther, C. D., and Wag-
perature range, where these radicals are thermally ner, H. Gg., Ber. Bunsenges. Phys. Chem. 87:403-409
stable. Use of this source may give rise to problems (1983); Temps, F., Ph.D. Thesis, Max-Planck-Institut
in product formation studies since reactions of CH 30 ffir Stromungsforschung, G6ttingen, 1983.
and CH 2OH often lead to the same products. 8. Wickramaaratchi, M. A., Setser, D. W., Hildebrand,

The branching ratios of CH30 and CH 2OH for- H., Koerbitzer, B., and Heydtmann, H., Chem. Phys.
mation in reaction OH + CH 3 OH at typical com- 94:109-129 (1985).
bustion temperatures is of primary importance, since 9. Meier, U., Grotheer, H. H., and Just, Tb., Chem. Phys.
the two radicals may enter into different reactions Lett. 106:97-101 (1984).
and react with different rates. The present results 10. Khatoon, T., and Hoyermann, K., Ber. Bunsenges.
imply that CH 3 O formation is a minor channel at Phys. Chem. 92:669-673 (1988).
room temperature, but a definite increase in the rate 11. Durant, Jr., J. L., J. Phys. Chem. 95:10701-10704
of formation occurs with increasing temperature. Al- (1991).
though the branching ratios, and especially the values 12. Bogan, D. J., Kaufman, M., Hand, C. W., Sanders, W.
for higher temperatures, are known with relatively A., and Brauer, B. E., J. Phys. Chem. 94:8128-8134
large uncertainties, we estimate on the basis of all (1990).
available data that the rate of CH30 formation in 13. Pagsberg, P., Munk, J., Sillensen, A., and Anastasi, C.,
reaction OH + CH 3OH becomes similar to that of Chem. Phys. Lett. 146:375-381 (1988).

CH2OH at combustion relevant temperatures. 14. Sander, S. P., Peterson, M., Watson, R. T., and Patrick,
R., J. Phys. Chem. 86:1236-1240 (1982).
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The addition of hydroperoxy-alkyl radicals to molecular oxygen is an important process leading to
chain branching at conditions related to autoignition and engine knock, as well as in the low-temper-
ature oxidation of paraffins. Rate constants and product channels for the reaction of hydroperoxy-pro-
pyl radicals with 0, are estimated using thermodynamic properties, bimolecular quantum Kassel anal-
ysis, and transition state theory. Thermochemistry of the relevant molecules and radicals is estimated
using group additivity and bond dissociation groups for radicals. Results show that the rates of the hy-
droperoxy-propyl radical addition to 02 are near their high-pressure limits for pressures of 1 atm and
above. The main products at 0.1-15 atm are stabilization, reverse reaction to hydroperoxy-propyl +
02, and alkyl-carbonyl-hydroperoxide + OH. Dissociation rates and product channels of the stabilized
adducts are estimated using unimolecular quantum Kassel analysis because stabilization is the most im-
portant hydroperoxy-propyl radical + 02 product channel. At low temperatures, below about 700 K,
the stabilized peroxy adducts react primarily to alkyl-carbonyl-hydroperoxide + OH, products that
lead to chain branching. At higher temperatures, above about 700 K, the stabilized peroxy adducts re-
act primarily to hydroperoxy-propyl radical + 02, initial reactants, which inhibits the overall oxidation.
The switch in decomposition product channels, from low to high temperature, correlates well with the
experimentally observed negative temperature coefficient behavior for propane oxidation. Rate expres-
sions for reaction of each of the three hydroperoxy-alkyl isomers with 02 and for dissociation of the
stabilized adducts are calculated for a series of pressures over a temperature range of 300-2100 K. Ac-
curate rate expressions for alkylperoxy and hydroperoxy-alkyl reactions are essential to predict the neg-
ative temperature coefficient behavior for alkanes.

Introduction CCC + OH T CC.C + H 20 (1)

The reaction of hydroperoxy-alkyl radicals with (alkyl radical formation)

molecular oxygen is an important process in the
low-temperature (typically below 900 K) chemistry CC.C + 02 C CC(OO.)C C CC(OOH)C. (2)

of hydrocarbon oxidation. In reduced mechanisms (addition/isomerization)
[1-3] that retain only the essential features of the
low-temperature chemistry related to autoignition
and engine knock, this is the principal reaction CC(OOH)C. + 02 - CC(OOH)COO. (3)

leading to the formation of OH radicals and chain (second addition of 02)
branching. The reaction of molecular oxygen with
hydroperoxy-alkyl radicals is also an essential part
of fully detailed chemical kinetic mechanisms used (OOH)COO. C CC( = 0)COOH + OH (4)
to simulate the chemistry leading to autoignition (isomerization/reaction)
and knock [4,5].

The addition of molecular oxygen to hydroperoxy- CC( = O)COOH C- CC( = O)CO. + OH (5)
alkyl radicals is illustrated in the following reactive
sequence: (chain branching).

783
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(In the above notation, each carbon atom is satu- / primary
rated, except where a radical site is noted.) The key E, = ring strain + Eabst secondary + AHlr
feature of this reaction sequence is that two OH rad- tertiary
icals plus an alkoxy radical are generated (reactions
4 and 5) for each OH consumed; thus, the sequence
is chain branching. Alkyl-carbonyl-bydroperoxides, where dHr is the enthalpy of reaction (only in-

as produced by reaction 4, have been measured in a cluded if reaction is endothermic). The ring strains

motored CFR engine running on n-octane, n-hep- are 6.0, 0.1, and 6.0 keal/mole for rings containing
tane, and n-pentane [6]. Rates to various product five, six, and seven members, respectively [18]. The

channels of hydroperoxyl-alkyl + 02 have not been ring strains were validated with comparisons of mod-

experimentally measured or theoretically calculated. eling and experimental results on the ethyl + 02
We estimate thermodynamic parameters, rate con- reaction system [15,19]. The activation energy for ab-

stants, and product channels for 02 addition to the straction (Eabst) was estimated from the reverse re-

three isomers of hydroperoxy-propyl radicals using action (exothermic direction). The reverse reaction

transition state theory [7] for isomerization, bimolec- is assumed to have an Eabst, which is the same as an

ular QRRK theory [8], and accurate thermochemical alkyl radical abstracting an H-atom from a propyl-

estimations [9]. Unimolecular QRRK [10] is used to hydroperoxide,
calculate the pressure and temperature dependen-
cies of the rates of the stabilized adduct decompo- CCCOOH + R. = CCCOO. + RH

sition channels. These computational tools allow a
thermochemical kinetics-based estimation [11] of the where R is an alkyl radical. The activation energy of

rates and product paths that evolve from the addition this reaction was estimated from an Evans-Polanyi

of hydroperoxy-alkyl radicals to molecular oxygen. plot (Eabst vs dHr) [20] of the similar H-atom ab-

The rate constants can then be input to a detailed straction reaction, RH + R.' = R. + R'H. A re-

chemical kinetic mechanism to elucidate the domi- duction of 0.3 keal/mole in Eabst for each keal/mole

nant reaction paths at conditions relevant to auto- of exothermicity was obtained.

motive engine knock. Pre-exponential factors for the R0 2 isomerization
were obtained using RADICALC [7], a computer
code that implements transition state theory.

High-Pressure Rate Constants RADICALC calculates the change in entropy of the
radical to the transition state due to loss or gain of

The reactions of 02 with the three isomers of internal rotors, of specific vibrations, and of optical
hydroperoxy-propyl radicals were examined: isomers. Table 3 gives the output from the
CC.COOH, C.CCOOH, and CC(OOH)C. Reaction RADICALC code, which describes these changes in
paths considered for all three cases are given in Table entropy from the CC(OOH)COO. radical to the
1. The thermodynamic properties for the relevant transition state for subsequent isomerization:
radicals and stable parents were obtained by group
additivity using THERM [9] (Table 2) with updated CC(00H)C = C C (OOH)C
H/C/O groups and bond dissociation groups [17]. I I
The thermochemical data allow calculation of re- H .00 H ---- 00
verse reaction rate constants by microscopic revers-
ibility. Results of the calculations show that the loss of in-

Several types of reactions need to be considered ternal rotors is the major contribution to the loss of
for each of the hydroperoxy-alkyl radicals. Details on entropy and, thus, the reduction in Arrhenius pre-
these k- rate constants are also in Table 1. exponential factor for these H-atom transfer reac-

tions. The pre-exponential factors show a decrease
Addition to 02 (e.g., CC.COOH + 02 -• with increasing size of the molecule in this mass
CC(OO.)COOH): range due to the increase in moments of inertia of

The forward rate constant was based on CH 2OH the rotors that are tied up in the transition state.

+ 02 times a factor of 1/2 for steric effects [12]. The
reverse rate constant was obtained by microscopic H0 2 Elimination (e.g., C.C(OOH)COOH *

reversibility. C=CCOOH + H0 2):

Hydrogen Transfer (e.g., CC(O0.)COOH The reverse rate constants for HO 2 addition to the

C.C(OOH)COOH): propene hydroperoxides (C3H60 2) species (three
isomers) were estimated, and the forward rates cal-

This reaction represents the intramolecular trans- culated by microscopic reversibility. The pre-expo-
fer of an H atom. The activation energy (E,) for the nential factor for HO2 addition was assumed similar
forward rate of this reaction was estimated by to that for addition of H02 to ethylene [15,29]. The
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TABLE 1
High pressure rate constants for reaction paths considered.

A E,
Reaction (s-I or cm"/mnole-s) (kcal/mole)

CC(OOH)C. + 02 , products

CC(OOH)C. + 02 - CC(OOH)COO. 3.0 X 1012 0.0a
CC(OOH)COO. - CC(OOH)C. + 0, 2.95 x 1014 30.62'
CC(OOH)COO. - CC.(OOH)COOH 2,02 X 10" 20.10,
CC.(OOH)COOH - CC(OOH)COO. 4.14 X 1010 15 .4 5b

CC.(OOH)COOH - CC(=O)COOH + OH 4.53 x 1011 3.00d

CC.(OOH)COOH - C=C(OOH)C + H0 2  1.42 X 1023 24.53,
CC(OOH)COO. -" C.C(OOH)COOH 4.86 X 1010 20.84'
C.C(OOH)COOH - CC(OOH)COO. 8.89 x 10" 7.66'

C.C(OOH)COOH -- C=CCOOH + HO, 1.41 X 1012 17.22g

C.C(OOH)COOH - C=COOH + CH 20 + OH 1.64 x 1013 37.04"

CC.COOH + 02 -products
CC.COOH + 02 - CC(OO.)COOH 3.0 X 1012 0.01
CC(OO.)COOH - CC.COOH + 02 8.2 X 1014 31.401
CC(OO.)COOH -- CC(OOH)C.OOH 1.45 x 1012 22.80'
CC(OOH)C.OOH -- CC(OO.)COOH 2.97 X 1011 14.71u

CC(OOH)C.OOH - CC(OOH)C=O + OH 5.07 x 10"' 3.00d

CC(OOH)C.OOH - CC=COOH + HO 2  1.41 X 1013 22.05ý
CC(OO.)COOH - C.C(OOH)COOH 2.17 x 1012 26.70i
C.C(OOH)COOH - CC(OO.)COOH 3.96 x 1010 13.551

C.C(OOH)COOH - C=CCOOH + HO2  1.42 x 1012 17.23g

C.C(OOH)COOH - C=COOH + CH 20 + OH 1.64 x 10" 37.00'

C.CCOOH + 02 -- products
C.CCOOH + 02 - .OOCCCOOH 3.0 X 1012 0.0

.OOCCCOOH -* C.CCOOH + 02 2.91 X 1014 30.60b

.OOCCCOOH -• HOOCCC.OOH 1.14 X 10'0 16.80"
HOOCCC.OOH - .OOCCCOOH 2.38 x 109 8.72"

HOOCCC.OOH - HOOCCC=O + OH 8.06 x 1O13 3.00d

HOOCCC.OOH - C=COOH + CH 20 + OH 9.75 x 101" 38.14"
.OOCCCOOH - HOOCC.COOH 4.57 x 10" 24.37"
HOOCC.COOH - .OOCCCOOH 1.29 X 1010 14.55"

HOOCC.COOH - C=CCOOH + HO2  1.14 x 1012 16.58g

"a1/2 (for steric effects) of CH 2OH + 02 (high-pressure limit) [12].

"bFrom microscopic reversibility (MR).
ýA = 101-6610As/4s degeneracy (1), AS = -10.83 cal/mole-K (loss of two rotors). E = ring strain + AH + EA,,,io,

= 6 + 4.21 + 9.9 = 20.1 kcal/mole.
dA from A = 1/2 of C2H + OH (addition) = 0.5 X 5.4 X 1012 [13] and MR. E 3.0 kcal [14].
"eA from MR and A = C2HA + HO2 (addition) = 10"-5, E = AU + 10.0 kcal/mole [15].

'A = 1 0 13.66 1 0 -s146 degeneracy (3), AS = - 15.87 (loss of three rotors). E = ring strain + AH + E,b-t,o,, = 0.1 +

13.18 + 7.5 = 20.84 kcal/mole.
gA from MR and A- = C2H4 + HO 2 (addition) = 10"". E = AU + 10.0 kcal/mole [15].
"hA and E from MR. k is 1/2 of C2H4 + CH3 (addition) where A = 0.5 X 1.26 X 101 and E = 7.7 kcal/mole

[16].
'A = 101306103S/46 degeneracy (2), AS = - 8.27 cal/mole K (loss of two rotors). E = ring strain + AH + E,0 t,,to,

= 6 + 7.64 + 9.2 = 22.8 kcal/mole.
jA 1013.6610As/4,0 degeneracy (3), AS = - 8.29 cal/mole K (loss of two rotors). E = ring strain + AH + E,b,,, 0

= 6.0 + 13.18 + 7.5 = 26.7 kcal/mole.
kA = 1013.610s/4,6 degeneracy (2), AS = - 17.96 cal/mole K (loss of three rotors). E = ring strain + AH + Eoh,_,j.i

= 0.1 + 7.5 + 9.2 = 16.8 kcal/mole.
'A = 10136610s/4 6 degeneracy (2), AS = - 10.58 cal/mole-K (loss of two rotors). E = ring strain + AH + E.,rbi,_

= 6.0 + 9.82 + 8.55 = 24.37 kcal/mole.
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TABLE 2 TABLE 3
Thermodynamic data at 298 K RADICALC transition state theory calculation

Species AH7 so CCQCOO. - CC.QCQ (transition state)
- IB/CCQC-OO/ - IP/CCQ-COO/ - V/C-H/

OH 9.32 43.89 -2V/H-C-C/ - V/H-C-O/+ V/C.H/

HO2  3.80 54.73 + 2V/H.C-C/ + V/H.C-O/ + V/5 mem ring/

CH 3  35.12 46.38
CHO -26.02 52.26 Entropy increments (cal/mol K)

C=COOH -6.37 75.63
C.CCOOH 3.44 88.60 Temperature (K) 298 1500

CC.COOH 0.79 90.51 - 1 * IB/CCQC-OO/ -6.200 -8.462

CCC.OOH -1.66 85.19 -I * IB/CCQ-COO/ -5.949 -8.675

C.C(OOH)C -0.93 86.61 -1 * V/C-H/ 0.000 -0.455

CC.(OOH)C -8.43 85.14 -2 * V/H-C-C/ -0.101 -3.777

C=CCOOH -14.24 84.00 - 1 * V/H-C-O/ - 0.076 - 2.053
V/C.H/ 0.001 0.834

C=C(OOH)C -15.57 83.54 2 * V/H.C-C/ 0.414 5.120

HOOCCC=O -67.63 92.83 V/H.C-O/ 0.207 2.560

CC(=O)COOft -70.31 91.46 V/5 mem ring/ 0.252 2.682

CC(OOH)C=O -67.63 90.65
CC(OO.)COOH -34.06 100.88 Net entropy increments applied:
CC(OOH)COO. -34.06 100.88
C.C(OOH)COOH -21.16 108.18 Temperature Entropy
CC.(OOH)COOH - 28.6,6 105.34 (K) (cal/mol K)
CC(OOH)C.OOH -26.26 103.39
HOOCC.COOH -19.44 110.70 298.1500 -11.4530
.OOCCCOOH -29.69 102.87 500.0000 -11.8756
HOOCCCOO. -29.69 102.87 600.0000 -12.0056

HOOCCC.OOH -21.89 105.38 800.0000 -12.1664

1500.0000 - 12.2271
Units: AH; in kcal/mole; S' in cal/(mole K).

A factor = 1.516 X 10/s
TEXP = 7.3741 x 10-1

activation energy was assumed to be AU + 10.0 kcal/
mole, where AU is the change in internal energy in Notation: IR denotes internal rotor; V denotes bending
the reaction [15]. The enthalpies of formation are or stretching vibration; TEXP is the temperature exponent
given in Table 2. of the modified Arrhenius form rate constant; Q denotes

"OOH."

OH Elimination (e.g., HOOC.CCOOH

OýCCCOOH + OH): Calculations

The reverse rate constant, OH addition, was esti-
mated and the forward rate calculated by micro- Energized-complex/QRRK theory, as described by

scopic reversibility. The reverse reaction is consid- Dean [10], was used to model the addition of hydro-

ered analogous to the addition of an OH radical to peroxy-propyl radicals to 02. Details of the

one carbon of the double bond in ethylene. CHEMACT code used for the calculations are given
in Ref. 8. The geometric mean frequencies required
for the calculations were obtained from the heat ca-

Alkyl Group Elimination (e.g., C.C(OOH)COOH , pacity data in Table 2, using the method described

CýCOOH + .COOH): in Ref. 21. Lennard-Jones parameters were obtained
from tabulations [22] and from a calculation method

The reverse rate constant was estimated and the based on group additivity where groups representing
forward rate was calculated by microscopic reversi- transport properties were developed [23]. Data were
bility. The reverse reaction is the addition of the alkyl also taken from estimations based on molar volumes
radical .COOH to a double bond. This is considered and compressibility [24]. The bath gas was assumed
to be analogous to the addition of a propyl radical to to be nitrogen. Important modifications to the code
one carbon of the double bond in ethylene. include use of the 02 integral [22] for calculation of
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CC(OOH)C. + 02 • 10 12 1ý_ - -

CCOH)COOCG #0H)00- 10
O10 _ _- ------

-10- CCCOH+H C=C(OOH)C +H02  a) 8
OH) +02 

) 1
-,o-\ .. +.H C

-20- E) "0 . -x -- - -x - -x

E CCOOH)COO. CC1H0O 
"6

--0--- CC(OOH)COO. -e- C -CC H +HO2 "El
-0 w102 -1- CC(--O)COO)H + OH -0©- C--C(OOH)C + HO2

-60 - • CC(=O)COOH + OH 1 0° . . , . .. . .. . .. , . .

0.001 0.01 0.1 1 10 100FIn. 1. Potential energy level diagram for CC(OOH)C. Pressure [atm]

+ 02. The line thickness gives an indication of the relative
importance for a particular reaction channel. Fin. 2. Rate constants of the various channels ofCC(OOH)C. + 02 at 800 K as a function of pressure.

the collision frequency and the calculation of the col-
lision efficiency, fi, as a function of temperature using rapidly than they add with molecular oxygen. Figure 2
the method of Gilbert et al. (Eq. (4.7) of Ref. 25) (filled circles) shows that the dominant channel forand an exact calculation of f(E). Energy transferred CC(OOH)C. + 02 is stabilization (CC(OOH)CCO.),
per collision was taken from Gardiner and Tine [26]. except at very low pressure. This is the case for oxygen
Detailed comparisons of other QRRK calculations addition to all three isomers of hydroperoxy-propyl. A
with this modified code and RRKM analysis show fraction (approximately 1% at 1 atm) of theechemicallyexcellent agreement for the major reaction channels activated CC(OOH)COO.1 reacts over the harrier to
[19]. other products. The dominant path to other products

involves an intramolecular abstraction of the H atom
that is attached to the same carhon as the hydroperox-

Results and Discussion ide group (filled squares in Fig. 2):

Chemical Activation Reactions: CC(OOH)COO. -- CC.(OOH)COOHI

CC(OOH)C. + 06 CC(OOH)COOH* -- CC(=O)COOH + OH.
The energy level diagram and input parametersare shown in Fig. 1 and Table 1, respectively. The This C-H bond is somewhat weakened (ca. 4 keal/reaction channels for CC(OOH)C0.0 include dis- mole) from the usual secondary H because of thesociation hack to reactants, stabilization to presence of the C--OO hond. The next most impor-CC(OOH)COO., and isomerization via hydrogen tant reaction is an intramolecular abstraction of theshifts with subsequent fl-scissionostabilization. The H atom that is attached to the terminal carbon atom:

harriers to isomerization are about 12 k 2al/mole
lower than dissociation back to reactants (Fig. 1) soC(50O . = C C O H C Othat there is sufficient energy in the adduct CC(OOH)C+ sa t CC( OOH
CC(OOH)COO.n to isomerine before it is stabilized.Dethiled domianrisoductfchannelabovea0latmios sta-This path is about a factor of 6 slower than carbonyl

wthe dominan prodifedcod hande abov0. analyis shot facto-apoiaey1 tIam fteceial

bilization. The next important product channel is formation at all presurets above 1 atm and 800 KCC( =)COOH + OH (carbonyl formation), which (triangles in Fig. 2). The rates for reaction to otheris the only channel considered in the literature [27]. products shown in Fig. 2 are considerably less im-The channel to .CC(OOH)COOH also has some sig- portant, except at very low pressures (0.01 atm)
nificance (Fig. 1). where the product channel C=CCOOH + HO2 be-Figure 2 shows the apparent rate constants for the comes significant. This channel results from decom-
product channels of CC(OOH)C. + 02 with pres- position of C.C(OOH)COOHI to C asCCOOH +
sure. Results are shown at 800 K because hydroper- HO2 before stabilization.oxy-alkyl + 02 reactions are most important in the Figure 3 illustrates rates vs temperature at 15 atmtemperature range of 600-900 K where low- and in- because hydroperoxy-alkyl + 02 reactions are mosttermediate-temperature chemistry controls the oxi- relevant under conditions of high pressures relateddation of hydrocarbons [4]. At temperatures above to engine knock. The dominant channels are the900 K, alkyl radicals decompose by fl-scission more same as in Fig. 2 with product paths competing more
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20 1 10- -- CC(OOH)C.+02
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,- 
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-

"- 9 " -. 
- A-It~ C=COO H +CH20 +O H '.) .• 

•.

-A-

o o107. 
A,•LO' 

cm'" 
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0.5 1.0 1.5 2.0 0
1000/T [K] 0.5 1 1.5 2

1000/T [K]
FIG. 3. Rate constants of the various channels of

CC(OOH)C. + 02 at 15 atm as a function of temperature. FIG. 5. Rate constants for the decomposition of
CC(OOH)COO. at 15 atm as a function of temperature.

1013

1 012 0- OoCC-.O0 stabilization and reverse reaction, two product chan-
%"10 0i- oc H nels are competitive. For temperatures below about

W 1010 -- C=CCOH+H02 730 K, carbonyl formation (HOOCCC=O + OH)
lla- H+OCCC.00H exceeds HOOCC.COOH formation. For tempera-

A1 0s - zO CH20 tures above about 730 K, HOOCC.COOH formation
10 l, "'-,exceeds carbonyl formation. HOOCC.COOH for-08 ""lo ",-- mation involves an intramoleeular abstraction of the

lo, X07 secondary H atom and has not been considered pre-

"06 + - ..- + viously in the literature. The HOOCC.COOH ad-

10 . duct will decompose to CýCCOOH + HO2, which

0.5 1.0 1.5 2.0 is a less reactive product set than HOOCCC=O +
1000/T [K] OH.

FIG. 4. Rate constants of the various channels of Dissociation Reactions-Fate of Stabilized Adducts:
C.CCOOH + 02 at 15 atm as a function of temperature.

The computed results for the rate of 02 addition

effectively with stabilization as the temperature in- to hydroperoxy-propyl radicals show that the main

creases. product path is stabilization for pressures of 0.1 atm
and higher (Fig. 2). It is, therefore, important to de-

CC.COOH + 02 termine the fate of the stabilized peroxy adducts as

The important product channels are similar to a function of temperature at pressures relevant to
those of CC(OOH)C. + 02 at 15 atm. Stabilization combustion applications.
of the peroxy adduct is the most important. The
channel with the second highest rate at 15 atm is CC(OOH)COO. -* products:
carbonyl formation (CC(OOH)C=O + OH). The The computed rate vs 11T for important product
third most significant path involves an intramolecular channels is shown in Fig. 5 at 15 atm. These results
abstraction of the H atom that is attached to the ter- have important implications with respect to negative
minal carbon atom to give C.C(OOH)COOH. This temperature coefficient behavior for propane oxida-

adduct will decompose to CýCCOOH + HO 2. Its tion. At 600 K, the dominant products are
rate at 15 atm is about a factor of 4 below the rate CC(=O)COOH + OH, which lead to chain branch-
to CC(OOH)C=O + OH. The rates of the remain- ing because a second OH radical is produced via
ing three products are more than two orders of mag-
nitude lower over the temperature range of interest CC(O)COOH - CC(O)CO. + OH.
(600-900 K) at 15 atm.

As the temperature is raised to 900 K, the domi-
C.CCOOH + 02 nant path is dissociation back to molecular oxygen

The apparent rate constants for six product chan- and CC(OOH)C., an alkyl radical that mainly disso-
nels at 15 atm are illustrated in Fig. 4. Again, stabi- ciates to propene + HO 2. Again, HO2 is relatively
lization of the peroxy adduct is most important. After unreactive compared to OH. Therefore, as the tem-
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TABLE 4 TABLE 4 (continued)
Rate expressions for hydroperoxy-propyl + 02 and for Rate expressions for hydroperoxy-propyl + 02 and for

decomposition of adducts decomposition of adducts

Log A n Eo P Log A n Eo P

CC.COOH + 0,-- 8 28.37 -5.30 29.07 15
1 40.98 -9.21 7.83 1 5 46.42 -10.60 41.89 1
1 31.86 -6.17 5.70 15 5 29.05 -5.24 37.90 15.
2 33.16 -6.42 12.10 1
2 26.18 -4.31 11.38 15 HOOCC.COOH -
3 17.79 -2.46 14.05 1 5 25.72 -4,47 19.75 1
3 14.58 -1.44 14.79 15 5 16.86 -1.57 17.42 15
4 43.17 -9.79 16.24 1
4 29.23 -5.35 13.86 15, CC(OOH)COO. -

5 40.79 -8.53 21.77 1 10 34.40 -7.38 26.37 1
5 30.28 -5.39 21.31 15 10 23.72 -3.96 23.35 15

4 41.24 -9.73 29.46 1"
C.CCOOH + 02 - 4 25.66 -4.75 24.95 15

6 37.59 -8.04 7.18 1
6 27.42 -4.72 4.52 15
7 33.85 -6.98 11.35 1 Products:
7 23.96 -4.04 9.40 15 1 CC(OO.)COOH
8 41.10 -9.22 15.21 1 2 CC(OOH)C=O + OH
8 25.78 -4.39 12.24 15 3 CC=COOH + HO 2
5 39.94 -8.31 20.55 1 4 C.C(OOH)COOH
5 27.26 -4.55 19.22 15 5 C=CCOOH + HO 2

6 C(OO.)CCOOH
CC(OOH)C. + O02- 7 C(OOH)CC=O + OH

9 37.73 -8.11 7.12 1 8 C(OOH)C.COOH
9 27.90 -4.88 4.62 15 9 CC(OOH)COO.

10 32.68 -6.34 11.73 1 10 CC(=O)COOH + OH
10 23.81 -3.70 10.22 15 11 C=COOH + CH 20 + OH
4 43.57 -10.05 15.31 1
4 26.70 -4.83 11.55 15" Units: cm' mole s kcal,
5 39.84 -8.46 20.53 1 k = AT" exp(-E,/RT). 300 < T < 2100 K.
5 25.10 -4.13 18.28 15 Maximum error in fit ranges from 7-35%, except as

noted. Reverse rates can be obtained using thermodynamic
CC(OO.)COOH data (Table 2) and microscopic reversibility. P is pressure

2 39.62 -8.81 30.18 1 in atm. "=" denotes a double bond.
2 29.02 -5.37 27.32 15 aMaximum error, 41-56%.
4 49.30 -11.88 36.75 1.
4 33.12 -6.63 32.36 15

perature is raised from 600 to 900 K, the dominant
C.C(OOH)COOH - path changes from chain branching and the produc-

2 44.87 -10.73 30.41 1 tion of highly reactive OH to one of chain propaga-
2 28.46 -5.61 26.93 15" tion with production of relatively unreactive HO2 .
5 26.60 -4.70 20.78 1 This switch contributes to the negative temperature
5 17.68 -1.79 18.42 15 coefficient behavior observed over this temperature

11 23.60 -3.62 38.66 1 range at 15 atm [28].
11 19.49 -2.07 38.30 15
10 41.02 -9.97 25.27 1.
10 22.83 -4.43 20.74 15- CC(OO.)COOH - products and .OOCCCOOH

- products:
.OOCCCOOH-- The trends at 15 atm are similar to CC(OOH)-

7 31.69 -6.88 22.76 1. COO. decomposition (Fig. 5), with OH production
7 21.10 -3.51 19.67 15. and chain branching dominating below 650 K and
8 45.02 - 10.66 33.72 1" reverse reaction back to O0 dominating above 650 K.

Again, this contributes to the negative temperature
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COMMENTS

R. W. Walker, Hull University, England. You estimate REFERENCE
the activation energy for R0 2 ý QOOH. May I ask how
reliable you think the estimate is? Both Pilling and I have 1. Hughes, K. J., Halford-Maw, P. A., Lightfoot, P. D.,
good experimental data that the barrier is considerably Turanyi, T., and Pilling, M. J., Twenty-Fourth Sympo-
higher than you suggest. Also is it not inevitable that Pil- sium (International) on Combustion, The Combustion
ling's data on the neopentylperoxy system can he success- Institute, Pittsburgh, 1992, p. 645.
fully modelled if the lower barrier is adopted?

Author's Reply. The estimates of activation energy for
the hydrogen transfer reactions of peroxy radicals to by- W. Tsang, National Institute of Standards and Technol-
droperoxy-alkyl radicals, ROO. - R'.COOH, have been ogy, USA. QRRK is a method for calculating specific rate
shown to accurately model the experimental data on a constants. In chemical activation or falloff calculations, an-
number of alkyl radical R. + 02 reactions. The R. + 02 other key parameter refers to energy transfer effects. The
reactions include ethyl [15], allyl, HCO, and vinyl [14]. value used whether they be #3 or a step size down or all
Additional, nonpublished calculations on R. + 02 reaction should always be reported. Only through this can we de-
systems, where our analysis shows agreement with experi- termine transferable information. In many cases, chemical
mental data in the literature, include propyl, tert-butyl, and activation results are insensitive to this parameter. This
neopentyl radical systems. We continue to model and an- should be noted. Information presented regarding these
alyze these reaction systems in order to incorporate them issues would be very valuable for users of the information
correctly in our mechanisms and to understand them more in this paper.
fully.

Our analysis and match of data on the neopentyl system
incorporate falloff effects using a quantum RRK chemical Author's Reply. We thank you for noting this omission
activation analysis, a high-pressure limit A factor for R. + and agree it should be included in this type of calculation
02, thermodynamics, and microscopic reversibility for the results. We used a AJE_,,,,. of 830 Cal, which yielded a
reverse dissociation. We use transition state theory and a JEo,_, for the first well (peroxy radical adduct) of 1.393
lower (ca. 6 kcal/mole) barrier than reported in Hughes et kcal. AE's were not changed with temperature. There is
al. [1] (below) for the hydrogen transfer isomerization, with some change in the results with different AE's. Use of a
a subsequent barrier and tight transition state for epoxide AE__,, of 350 cal yielded a calculated ARE,,o, of 776 cal
(C2CCCOC) plus OH formation. There is also a significant for the peroxy adduct. Example differences in log,, k at 1
contribution to OH formation from C3CC.OOH via a atm and 900 K for the average AE's of 830 and 350 cal are
chemical activated path. as follows: stabilization into the first well equals 12.03

An important aspect of our interpretation on these re- and 11.82, reaction of the peroxy adduct back to R + O0
action systems is that both forward and reverse reactions equals 12.19 and 12.28, reaction to major product
R. + 02 - olefin + HOD, where R is ethyl, propyl, t-butyl, CC(=O)COOH + OH equals 11.28 and 11.39 respec-
or a similar alkyl radical, are rapid at temperatures 500- tively, CC(OOH)C. + 02 system.
600 K and above. This component of the R + 02 reaction Quantum RRK theory is used to calculate k(E), and the
system is in pseudoequilibrium, with a small amount of beta collision factors (modified strong collision approach of
bleed reaction to the epoxide and other channels that pro- Gilbert, Luther, and Tree [25]) are used to calculate falloff
duce OH. Reactive OH radicals and chain branching are effects. A geometric mean set of vibrational frequencies
also produced by the reaction hydroperoxy-alkyl radicals with one external rotation included was used to calculate
(R'.COOH) with 02 which is present in combustion envi- densities of states for the adducts. The adducts have a rel-
ronments at high levels. A number of publications are re- atively large number of vibrations and a number of hin-
ferred to in this article, where the observed negative tem- dered internal rotors with relatively large moments of in-
perature regimes cannot be explained without inclusion of ertia; use of more complete vibrational sets yielded similar
these hydroperoxy-alkyl + 02 reactions, results.
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Hydroperoxyl t-butyl radicals (I) or t-butyl peroxy t-butyl radicals (II) were generated in an oxygen-free

system. This allowed an unequivocal measure of the ratio of olefin to epoxide formation to be made.

CH, 0-0-H CH3  O-O-t-Bu
\ /\ /

C C
/ \/ \

CH, CH, CH, CH 2

(I) (II)

For hydroperoxy alkyl radicals, the two paths are competitive over the temperature range 413-473 K with
olefin production becoming more dominant as the temperature is raised.

CH, 0-0-H olefin + HO 2

C,/ CH, epoxide + OH

Some controversy surrounds the primary mechanism for the oxidation of alkyl radicals at temperatures

up to 900 K. Strong arguments have been put forward for both exclusive olefin and exclusive epoxide

formation. By comparing our results with this work, we conclude that the primary path is indeed exclusive

olefin formation. The controversy may be reconciled by proposing that epoxide formation arises as the

result of secondary reactions involving the addition of HO 2 or R0 2 to the primary olefin product. Pressure-

dependent processes complicate the issue. However, it is difficult to see how any collisional stabilisation
process would lead to increased epoxide formation in view of the present evidence available. This work

shows that the addition of R0 2 to olefins results in the almost exclusive production of epoxide, at least at

lower temperatures. For t-butyl peroxy t-butyl radicals over the temperature range 363-403 K, the path

involving the production of epoxide is Ž>98%.

CH3  O-\O--t-Bu olefin + t-BuO,

C
/ C\

CH, CH2 epoxide + t-BuO

Further evidence is required on the reaction of hydroperoxy and alkylperoxy alkyl radicals.

793



794 REACTION KINETICS

Introduction tion of oxirane from the QOOH is much faster than
the decomposition back to alkene + H02. This is

In relation to the mechanism of hydrocarbon oxi- contrary to Gutman et al.'s [2] mechanism, which
dation at temperatures less than about 900 K, the considers alkene + HO 2 as the sole product from
chemistry of alkyl and alkyl peroxy radicals plays a QOOH. This last result is supported by the recent
central role [1]. The reaction of alkyl radicals R with results of Dobis and Benson over the temperature
02 can lead either to R0 2, the isomersiation of which range 243-368 K, using the very low pressure reactor
can lead to propagation and branching reactions, or (VLPR) technique [5] by definition at low pressure,
to an alkene + HO2, which can constitute a termi- and by the results of Kaiser et al. [10] over a much
nation reaction under many conditions because of wider pressure range at ambient temperatures. Di-
the relative inertness of HO 2. (H02 rect production of alkene + HO 2 has to be ruled out

because of well-documented evidence for the ob-
olefin + HO2  served negative temperature dependence of the ox-R + 02 • RO2 --- * R_ HO2H 2'idation of C2H2.

I. "H epoxide or

olefin + HO2  oxirane + OH
C2H5 + 02 - C 2H 4 + HO2

may take part in a propagation reaction with the hy-
drocarbon fuel (RH), but this process has a high ac-tivation energy and is, therefore, slow. In addition, Wagner et al. propose that oxirane production from
the pressure-dependent the H02 + C2 H 4 reaction must involve multiplesteps. Accordingly, this work seeks to provide infor-

102 + RH - 11202 + R mation on hydroperoxy and alkyl peroxy alkyl reac-
tions related to butyl radicals in an 0 2-free system.

decomposition of H1202 is also slow under these con- Two systems have been used to examine the relative
ease of formation of alkene and oxirane from thesetypes of radicals. One system generates the hydro-

11202 + M-20H + M peroxy t-butyl radical (I), and the other system gen-
erates the t-butyl peroxy t-butyl radical (II).

paths in the global scheme above governs the rate
and products of the reaction. The chemical mecha- CH, 0-0--H CH, 0-0--t-Bu
nisms involved are, however, controversial, which \ / \ /
adds considerable uncertainty to hydrocarbon oxi- C C
dation models. CH,/ \

Wagner et al. [2] have published a careful exper- CH2  CH 2  CH3  CH2
imental and theoretical description of the C2H5 + (I) (II)
02 reaction, which concludes that both the peroxy
radical and C2H40 2H (referred to as QOOH by These reactions have an important bearing on an un-
McAdam and coworkers [3,4]) are on the reaction resolved question in combustion chemistry in terms
path to C2H 4 + H02 of primary product formation.

(QOOH)
C2H5 + 02 2 C2H50 2 T C2H 4 OOH -* C2 H 4 + H02

0
/ \ + OH

CH 2-CH 2

McAdam and coworkers [3,4] consider QOOH an HCI Catalysed Decomposition of Ditertiary
unacceptable intermediate Butyl Peroxide

1. because their self-consistent set of rates for vari-
ous alkyl peroxy to QOOH isomerisations suggest The HC1 catalysed decomposition of ditertiary bu-
that the barrier between R0 2 and QOOH is too tyl peroxide (dtBP) was carried out in a static system
high; and over the temperature range 363-403 K in an appa-

2. because of their measurements of the formation ratus used described previously [6]. The method was
of oxiranes from alkanes + H02. to admit the peroxide (1-3 torr) and HC1 (1-2.5 torr)

They consider the rate-limiting step to be the addi- plus CF 4 (50 torr) from a mixing vessel to the reac-
tion to form QOOH, which implies that the forma- tion vessel. CF 4 was present mainly to allow a known
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amount of dtBP/HCl to be transferred rapidly and 1.5
efficiently to the reaction vessel. At the end of the
run (200-3600 s), the contents of the reaction vessel 0 /
were passed through a U-tube containing auramine-
which efficiently removed the HCl-and condensed -
at 77 K in two traps. Most of the CF 4 was removed - 1.0 0

at 90 K, and the contents of the traps were trans- W
ferred to a U-tube and allowed to warm to room tem- j
perature. Products and remaining peroxide were an- 0
alysed using on-line gas-liquid chromatography +
(GLC) analysis in an all glass system. Extents of re- 0.5
action amounted to no more than 10% of the per- 0
oxide decomposed. The products can be accounted
for by the following reaction scheme:

dtBP - 2 t-BuO (1) 0.0 I I I I I

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

t-BuO + HCI -- t-BuOH + Cl (2) 5 + LOG Co

FiG. 1. dtBP rate law in the HCI catalysed decomposi-
Cl + dtBP-- dtBPH + HCi (3) tion of dtBP.

isobutene + t-BuO9
a

dtBPH "% (4)
b TABLE 1

isobutene oxide + t-BuO dtBP + HCl: Variation of k,,,, with HCl concentration
at 383 K

Cl + Product -- Product H + HC1. (5)
[HCl]/M X 10-5 k,,,10- 5 s-'

The most likely product in step (5) is concluded to
be acetone produced as a result of the decomposition 3.45 1.92
of t-BuO: 5.20 2.06

6.88 2.21
M 8.62 2.07

t-BuO --- acetone + CH 3  (6) 10.3 1.89

Analysis of this mechanism leads to the following rate Average 2.03 ± 0.10

law:

d[dtBP] 2klk3 [dtBP] 2

dt k5 [Product]'
3.0

This result is consistent with the results of Flowers
et al. [7] who also studied the HCl catalysed decom-
position of dtBP over the temperature range 363-
393 K and at 50 torr. The data show that the reaction 2.0
rate is second order with respect to peroxide (2.0 ± o
0.2, Fig. 1) and inversely proportional to product 0 0
concentration and independent of HCI concentra- '-
tion (Table 1). An Arrhenius plot (Fig. 2) gives the 1o 1.0

following parameters:

log (k0bs)/S-) = 18.0 ± 1.4 0

- (169.5 ± 10.5 kJ/2.303 RT). 2.40 2.50 2.60 2.70 2.80
-- 10'/T

By substituting the Arrhenius parameters for step FIG. 2. Arrhenius plot for the HCl catalysed decompo-
(1) into the above expression [8], sition of dtBP.
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log (kl/s-') = 15.5 -+ 0.5 the hydroperoxyl alkyl radical could be generated by
allowing neat t-butyl hydroperoxide to decompose

- (156.9 ± 2.1 kJ/2.303 RT) over the temperature range 413-473 K. The method

was to admit the peroxide (1 torr) plus CF 4 (50 torr)
it may be concluded that the temperature depend- from a mixing vessel to the reaction vessel. CF 4 was
ence of the ratio k3/k5 is given by present mainly to allow a known amount of peroxide

to be transferred rapidly and efficiently to the reac-
log (k3/k5) = 2.5 + 1.5 tion vessel. Preliminary experiments soon revealed

- (12.6 ± 10.7 kJ)/2.303 RT. that conventional GLC analysis with any metal pre-
sent prior to analysis led to spurious results as a result

Any further interpretation of the Arrhenius parame- of heterogeneous decomposition of the peroxide. By

ters is not warranted in view of the relatively large using different-shaped reaction vessels and thus al-

errors involved. The radical dtBPH constitutes an tering the surface-to-volume ratio, it was easy to

alkyl peroxy alkyl radical, as noted in the introduction show that the decomposition process was affected by

as Structure II. Compared to the oxidation system the surface. Heterogeneous effects were minimised

exemplified by C2H5/0 2, this radical cannot revert by using a spherical reaction vessel coated with boric

to a peroxy radical structure. It can only react to form oxide, although this remains the greatest uncertainty.

olefin or oxiraine. One point is clear: Both stable However, no surface effects were observed when

products are observed for reactions (4a) and (4b) studying the unimolecular decomposition of t-butyl

This is contrary to the results of Flowers et al. [7] hydroperoxide in the same system [6]. Subsequent to

who found no evidence for olefin formation. This is the initiation process, it is clear that there are two

not a major criticism of their results because the ox- types of abstractable hydrogen atoms

irane accounts for Ž:98% of the product via reaction
(4b) as opposed to reaction (4a). This implies that t-BuO 2H -* t-BuO + OH (7)
the addition of alkyl peroxy radicals to olefins result
in the almost exclusive formation of oxirane. This Mt-BuO---* acetone + CU 3. (6)
conclusion has been reached at temperatures that are

much lower than those used in the work of Walker
and coworkers [3,4]. Higher temperatures in our sys- Any of these radicals (say I') may take part in the
tem result in the unimolecular decomposition of abstraction process:
dtBP taking over as the main path for production
formation. Any quantitative extrapolation of our re- R' + t-BuO 2H - R'H + t-BuO 2  (8)
sults to the temperatures of Walker and coworkers is
unwarranted in view of the small yields of olefin. R' + t-BuO 2H -* CH 2C(CH 3)20 2H + R'H.

(9)
Decomposition of t-Butyl Hydroperoxide

Thus, t-butanol, acetone, methane, and ethane were
Although the above study shows that two paths are observed as products. Also detected at the lowest

open for the decomposition of the alkyl peroxy alkyl temperatures were small amounts of ditertiary butyl
radical (II), the situation is not exactly the same as peroxide. Two studies [12,13] indicate that t-Bu0 2
the hydroperoxy alkyl radical (I). The reason for this will isomerise under these conditions. Unfortunately,
is if the parent alkyl hydroperoxide and dialkyl per- there is a conflict between these two studies in that
oxides are considered-using the same number no- one [12] finds no evidence for oxirane formation
tation-the RO-OH bond strength is some 20 kJ from the
mol-1 stronger than that in RO-OR [6]. There is
no reason for this situation to change upon the t-BuO 2 CH 2C(CH3 )2 0 2 H (10)

CH 3  O-\O--H CH 3  O-\O--t-Bu decomposition of CH 2C(CH3)202 H, whereas the

C C other [13] assumes exclusive formation of oxirane
/ \ / \ from the same radical. The Arrhenius parameters

CH 3  CH 3  CH3  CH 3  also differ from one another:
I' II'

production of the two radicals involved. The subtle g (kl 0/s') = (13.7 ± 0.5) [13]

weakening of the O-O bond in the radical (II), as - (120 kJ/2.303 RT)
opposed to the radical (I), probably explains the
dominance of oxirane formation. It was realised that log (k, 0/s-') = 13.9 - (145 kJ/2.303 RT). [12]
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TABLE 2
Experimental results for the decomposition of t-butyl hydroperoxide (1 Torr)

(Reaction time 3600 s)

t-BuOOH/10-l M Isobutene Isobutene oxide
T (K) Initial Final (10-6 M) (10-s M) ki/kl,

413 3.30 3.14 0.40 0.45 0.90 ± 0.02
423 3.22 2.99 0.69 0.71 0.97 ± 0.07
433 3.14 2.24 4.31 3.78 1.14 ± 0.2
453 3.00 2.12 4.55 3.24 1.40 ± 0.1
463 2.94 0.95 9.44 6.18 1.53 ± 0.1

1.2 - Arrhenius plot (Fig. 3) leads to the following result:
0

log (kll 6 /kilb) = 2.3 ± 0.4

1.1 -- (18.2 ± 2.9 kJ/2.303 RT).

00 Discussion
+1.0 0

This work shows that both alkene and oxirane are0 formed near 430 K from the decomposition of by-

droperoxy alkyl radicals. In addition, we may con-
0.9, elude from the Arrhenius parameters that the pre-

2.15 2.25 2.35 2.45 exponential factor favours olefin formation by a
103i/T magnitude of 100, whereas the activation energy

term favours oxirane formation. In other words, the
FIG. 3. Arrhenius plot for the decomposition of the hy- large pre-exponential factor in favour of the alkene

droperoxy t-butyl radical. is consistent with Wagner et al.'s [2] failure to ob-
serve the oxirane route, since in the R + 02 system,

In fact, at 473 K, the rate constants differ by a factor they postulate that the QOOH is produced (by iso-

of 3 X 10-3. However, it is clear from both studies merisation of R2) with plenty of energy to surmount

that extensive isomerisation of t-BuO 2 occurs under the barriers to either set of products so that the ac-

our conditions. It appears that our system is an even tivation energy terms are not important. This would

better source of CH2C(CHa)202H than we had orig- remove the objections by Walker and coworkers [3,4]

inally believed. Process (8) and (9) will lead to several referred to as (1) in the introduction.
products, but we maintain that isobutene oxide and Extrapolation of our result to the temperature
isobutene may only arise as a result of the radical range (675-793 K) of the Hull group's experiments
produced in reaction (9): at similar pressures on oxirane formation [3] gives

kia/kiib = 11 ± 4. Despite the uncertainties that
isobutene + H02 this extrapolation may involve, it is clear that the two

CH, 0-0-H i paths remain competitive. This is contrary to their
\ / , assumption [3] that all QOOH formed by addition of
C N(11) HO 2 to alkene forms oxirane rather than reverting to

/ \ b reactants and would invalidate their rate constants.
CH 3  CH 2  isobutene oxide + OH However, the correlation demonstrated between the

rate and the alkene ionisation potential is not consis-
What is immediately striking about the results is that tent with other steps in the mechanism being rate
unlike the previous study, the two routes in process determining.
(11) are competitive (Table 2). As a result of carrying An estimate of the ratio from the work of the Hull
out several runs (usually six) at each temperature, group can be obtained in the following way. They
one may determine the ratio of the rate constants have published rate data for the addition of HO 2 to
ksla/kllb with suitable reproducibility (Table 2). An isobutene [4]. The
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CH, O-O-H merisation of t-BuO 2. Although there is conflict
\ / between these two studies, their results imply rapid

HO2 + isobutene -- C (- 1la) isomerisation oft-BuG 2 under our conditions of 413-
/ \C 473 K. (Using higher temperatures than these would

CH 3  CH2  result in complications associated with the breaking
of the t-Bu-0 2 bond.) This provides strong evidence

Arrhenius parameters for this reaction are given by: that the radical I is uniquely produced in our system.
Extrapolation of our results to higher temperatures

log (k_11a/M ' s-') = 8.61 introduce uncertainties, but these results imply that
- (50 ± 5 kJ/2.303 RT). the two routes for the decomposition of the radical I

remain competitive up to temperatures of 900 K. We
By using group additivity rules [9], one may estimate find this result very relevant to combustion.

Although the picture is not completely clear, as
that AH2_5 , = -43.7 kJ mol-1 and AS'- 1 , = -121 noted above, certain conclusions may come to be in
J mol- 1 K- 1 . This gives respect of the mechanism for the oxidation of radi-

cals, such as C2H5. A generally accepted mechanism
log (kla/s-') = 13.1 - (93.7 kJ/2.303 RT). would be that given in the introduction with the ab-

sence of direct olefin production from the alkyl rad-
The rate constant for reaction (lib) can be taken ical and oxygen such that the RO 2 adduct either re-
from their estimate for several similar reactions [3] dissociates back to R and 02 or isomerises. This
to be given by isomer (QOOH) then either forms olefin + HO2 or

oxirane + OH. There is considerable evidence for
log (k11b/s-1) = 12.0 (69 ± 5 kJ/2.303 RT). the isomerisation of RO2 to a stable QOOH species,

especially for larger alkyl groups (i.e., longer chain),
Hence, their ratio for the rate constants k1l1 /k 1lb is and this is thought to play a significant role in hydro-
given by carbon combustion processes [11]. However, in the

case of the C2H5 radical, the weight of evidence
log (ksal/kilb) = 1.1 ± 0.5 [2,5,10] favours the unique formation of C2H 4 as the

primary product. This product arises as a result of
- (24.7 ± 7 kJ/2.303 RT). the addition of C2H5 to O2 rather than a direct ab-

straction process. The adduct either rearranges to
The difference from our result is largely in the pre- form C2H4 and HO2 or becomes deactivated and re-
exponential factor, dissociates to form C2H5 and 02. The discrepancy

The inconsistencies remain, and we can offer no between the work of Wagner et al. [2] and Walker
complete explanation except to note that the QOOH and coworkers [3,4] can be resolved in terms of sec-
is formed in different ways in the three experiments, ondary formation of oxirane as a result of the addition
H abstraction, HO2 addition, and RO 2 isomerisation, of RH 2 to olefins would result in almost exclusive
and there is a possibility that more than one form of formation of oxirane. The work of Wagner et al. and,
QOOH species is involved. For instance, the addition in particular, Dobis and Benson refers to very low
process will result in an initial energy-rich adduct. In pressures that favour the uncollisionised reaction of
the HCI/dtBP system, the only radical that can be RO 2 ". Higher pressures could result in the forma-
produced from the Cl sensitised decomposition of tion of different products. It is possible that the un-
dtBP is that depicted as 11. This is unequivocal. Over collisioned reaction of RO 2*' results in exclusive ole-
the temperature range 363-403 K, the dominant fin formation, whereas partial deactivation opens up
product from the decomposition of the radical II is the possibility of epoxide formation. RO2 t, as op-
the oxirane. Higher temperatures result in the uni- posed to RO 2 ", represents a partially collisionally
molecular decomposition of dtBP taking over as the deactivated alkyl peroxy radical.
dominant path for product formation, which limits
our temperature range. Our results imply that oxi- R02" ý olefin + H02
rane formation will still be the dominating decom-
position path for the radical II at higher tempera- R0 2.. + M -* RO 2' + M
tures than those used in this study. Oxirane formation
could be more important than olefin formation up to HO2' - epoxide + OH.
temperatures as high as 900 K. We find this both
interesting and very relevant to combustion. In the However, this conclusion is not supported by the re-
t-BuO 2H system, two types of radicals are produced sults of Wallington et al. [10] from studies at higher
from the radical-sensitised decomposition of the per- pressures where no evidence for epoxide formation
oxide-the radical of interest (reaction 9) and t-BuO 2  was found. Further information would be obtained
(reaction 8). Two studies [12,13] report on the iso- by studying the following:
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1. The addition of HO 2 to olefins using a time-re- Aberdeen University are acknowledged. The very construe-
solved technique. tive comments of the referees are much appreciated. This

2. The decomposition of C2 H4 02H generated via paper is dedicated to David Gutman in view of his unique
the decomposition of ethyl hydroperoxide. contribution to the field of combustion kinetics. His death

3. The addition of C2H5 to 02 over a wide temper- in November 1993 is both premature and tragic.
ature and pressure range.
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COMMENTS

R. W. Walker, Hull University, England. 1. Were you were produced. Comparable amounts of product species
able to check that the product ratio (isobutene/oxirane) did in particular isobutene were added to the reaction mixture
not vary with reaction time? If a fixed reaction time was without discernable loss. Similar experiments were carried
used, was there considerable consumption of reactant at out for reaction (11) with the same conclusions, but prod-
the higher temperatures used? If so, how would this affect uct ratios could be affected at the highest temperatures
the product ratios? employed.

2. I also ask whether t-BuO 2 - t-Bu + 02 can compete 2. Professor Walker also raises the important question
with t-BuO 2 -* QOOH and so provide an alternative source of whether reaction (12) can provide an alternative source
of isobutene? of isobutene compared to isomerisation.

Author's Reply. 1. Professor Walker raises an important t-BuO 2 - t-Bu + 02. (12)
issue concerning the product ratios in reactions (4) and
(11). For reaction (4), onlyvery small amounts of isobutene As pointed out in the paper, it was precisely this contri-
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bution that restricted the temperature range in our study makes their Arrhenius parameters for the isomerisation
of reaction (11). Slagle et al. have shown that D(t-Bu-O,) process suspect.
= 153 ± 2 kJ inol - [14]. A reasonable assumption is that The implications for the mechnism of the oxidation oft-
the pre-exponential factor A12 = 1.0 X 1014 s-1. In terms butyl and for that matter ethyl radicals remain the same.
of Baldwin et al.'s Arrhenius parameters for the isomeris- Both the epoxide (oxirane) and olefin should be primary
ation of t-BuO2 [13], the ratio of isomerisation compared products depending upon the temperature and the pres-
to bond breaking is 1000 at 473 K, i.e., reaction (12) makes sure.
no contribution to the yield of isobutene. Alternatively, if
the Arrhenius parameters of Sawerysyn et al. are taken [12]
(see text) the ratio is much smaller. These workers carried
out their experiments over the temperature range 413-553 REFERENCE
K. It is clear that at the higher temperatures employed by
these workers, the bond breaking process (12) complicates 14. Slagle, I. R., Ratajczak, E., and Gutman, D., J. Phys.
a study of the isomerisation process (10). It therefore Chem. 90:402-407 (1986).
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EXPERIMENTAL STUDIES OF Cl-ATOM REACTIONS AT HIGH
TEMPERATURES: Cl + H2 - HC1 + H FROM 291 TO 1283 K

GEORGE YAW ADUSEI AND ARTHUR FONTIJN

High-Temperature Reaction Kinetics Laboratory
The Isermann Department of Chemical Engineering

Rensselaer Polytechnic Institute
Troy, New York 12180-3590, USA

A method is presented for producing Cl atoms for kinetic experiments above 750 K. Combined with a
low temperature Cl-atom production technique, rate coefficients for the title reaction have been obtained
over a wide temperature range. The Cl atoms were generated by flash photolysis of CC], for the low-
temperature measurements and by pulsed laser photolysis of NaCl for the high-temperature measure-
ments. The relative Cl-atom concentrations were monitored by time-resolved resonance fluorescence. The
data are well fitted by the expression k,(291-1283 K) = 4.4 X 10-11 exp(-2568 K/T) cm2 molecule-'
s'-l, with 2a precision limits of ± 9 to ± 16%, depending on temperature, and corresponding 2u accuracy
limits of about ± 26%. There is good agreement between the rate coefficients measured here and those
from previous low-temperature studies, leading to the recommendation k,(200-1283 K) = 2.3 x 10 16

(T/K)1.' 3 exp(- 1592 K/T) cm 3 molecule-I s'-, with a suggested 2a accuracy limit of ±28% for the com-
bined data. A transition state theory calculation based on a semiempirical London-Eyring-Polanyi-Sato
(LEPS) potential energy surface gives excellent agreement with the combined experimental results. Ex-
tension of our previous recommendation for the reverse reaction to lower temperatures leads to k2(200-
1200 K) = 6.6 < 10-"• (T/K)144 exp(-1241 KIT) cm

3 molecule-' s-1, with 2o- accuracy limits within
± 25%. There is excellent agreement between the present data and the predicted expression from that
reaction and equilibrium data.

Introduction C1 + H2 HCI + H (1)

The reactions involving C1 atoms are of major in- which is about 4 kJ mol-' endothermic [14]. This
terest to combustion-generated pollution and flame reaction is particularly well suited for such a study,
inhibition problems [1,2]. Yet, no direct measure- as a consistency check is available from our recent
ments above about 700 K had apparently been made. study of the reverse reaction [6]:
Previously, we have reported on direct measure-
ments on reactions of 0 and H atoms at elevated HC1 + H - C1 + H2. (2)
temperatures using high-temperature photochemis-
try (HTP) reactors [3-8]. Because of their essentially Based on it and equilibrium data [14], we recom-
wall-less environment, these reactors are ideal for ob- mended
servations on such combustion intermediates, which
recombine readily on walls, a problem especially se- k1(300-1200 K) = 4.9 x 10 -
vere for halogen atoms [9]. To apply this technique
to Cl atoms, one faces the problem that common exp(-2567 KIT) cm3 molecule-1 s1 (3)
low-temperature photolytic techniques for their pro-
duction are unsuitable for higher temperatures, as an extension to which is given in the Appendix of this
they involve precursors that are thermally unstable paper.
and/or react very fast with C1 atoms. However, we Reaction (1) is a major source of HCl, an undesir-
have also studied reactions of metal atoms in a able product of combustion. Baulch et al. [15] rec-
slightly modified form of the reactors [10-13], in ommended k1(200-650 K) = 2.40 X 10-11
which metal halides are vaporized and photodisso- exp(-2200 K/T) cm3 molecule- 1 s-1 based on four
ciated. As halogen atoms are produced in this pro- sets of direct measurements. Of these, Westenberg
cess, it appears well suited for studies of their reac- and deHaas [16] employed a discharge flow system
tions. In this, the first application of this approach, it with electron spin resonance detection of the C1 at-
has been employed to extend the temperature range oms to investigate the reaction between 251 and 456
of the rate coefficient measurements of K. The other three studies used the flash photolysis-
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FIG. 1. The HTP reactor.

resonance fluorescence technique (FP-RF), of which into a helical tungsten coil. To produce C1 atoms, the
the HTP is a higher temperature variant. Davis et al. crucible was filled with NaCl and heated by passing
[17] worked only at 298 K, whereas rate coefficient current through the tungsten coil. The NaCI vapor
measurements by Lee et al. [18] covered the 200- was mixed with the Ar bath gas and H2, and Cl atoms
500 K range. Lee et al. also reported a similar study were produced by single-photon KrF laser photolysis
for the 213-350 K range by Watson et al., which has at 248 nm through a Suprasil window (2 > 161 nm).
not been published independently. Since then, Mil- Knowledge of NaCI concentrations is not needed,
ler and Gordon [9] have employed FP-RF for a study but rough estimates can be made. The number of
between 200 and 500 K. molecules of NaC1 vaporized per unit time; NNaCI can

be approximated by dividing the power generated in
the coil-crucible assembly by the latent heat of va-

Experimental porization [19]. NNaC1 is converted to a volumetric
flow rate and combined with the total gas flow to

Two experimental arrangements were used. For obtain [NaC1]. Variations in [NaCI] from 4 X 1014

experiments in the 291-800 K range, an HTP reactor to 3 X 1015 molecules cm- 3 were obtained by chang-
shown as reactor B by Mahmud et al. [5] was used. ing the current passing through the tungsten coil
That reactor was also used for the H + HCl study, and/or the total gas flow rate.
[6] where essentially the same operating and data In both reactor modes, relative C1 concentrations
analysis procedures were used [3,7,8,10]. Briefly, were monitored in real time, using atomic resonance
CC14/Ar mixtures flowed through a moveable cooled fluorescence lines between 134 and 140 nm [20]. The
inlet (to prevent thermal decomposition) and mixed source of resonance radiation was a microwave dis-
with the Ar bath gas and H2 introduced at the up- charge flow lamp through which a 0.1% mixture of
stream end of the reactor. The gases flowed toward Cl2 in He flowed at 3.2 mbar. The fluorescence in-
the reaction zone where Cl atoms were generated by tensity, proportional to [C0], was measured using a
flash photolysis of CC14 through a MgF2 window. photomultiplier tube, situated behind a BaF 2 win-

For temperatures between 750 and 1283 K, the dow (2 Ž> 134 nm) [21] and a dry N2 filter.
reactor was modified, as shown in Fig. 1, by replacing The materials used were Ar (99.998%), from the
the cooled-inlet with a vaporizer that consisted of an liquid, and pure H2 (99.999%) (Linde); CC14
alumina crucible (1.0-cm i.d. and 1.0-cm long) fitted (99.99%) and NaC1 (Aldrich); 1.09% H2 (99.9,995%)
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in Ar (99.999%) (Matheson); and 0.1% C12 (99.9%) imum of ± 17% at 291 K. Allowing for possible sys-
in He (99.999% U.H.P.) (MG industries). The tematic errors of ±_20%, probably excessive, the 2a
CCI4/Ar mixtures were prepared by controlling par- accuracy limits are estimated to range from ± 21 to
tial pressures of the components in a bulb, and the ± 26%.
compositions thus obtained were verified by gas In Fig. 3, the present data and the best fit are
chromatography. compared with results from earlier studies of reac-

Rate coefficients were obtained from fluorescence tion (1). It can also be seen that though each data set
intensity decays with time, as described in detail else- can be approximated by an Arrhenius expression, the
where [3,7,8,10]. All the experiments were carried combined results show some curvature and can be
out under pseudo-first-order conditions, [C1] << best fitted by a three-parameter expression of the
[H], for which the fluorescence intensity I decay form k(T)=A(T/K)n exp(-E K/T). A nonlinear
with time can be represented by least-squares fit of the individual data weighted ac-

cording to their associated uncertainties to that ex-
I = I0 exp(-kp8 lt) + B. (4) pression yields

Here, I0 + B is the intensity at time t = 0, kps1 the k,(200-1283 K) = 2.26 x 10-J6 (T/K)1.63

pseudo-first-order rate coefficient, and B is the back-
ground due to scattered light. The values of kp,, are exp( - 1592 KIT) cm 3 molecule - s- . (6)
obtained by fitting [22] observed I vs t profiles to Eq.
(4). The exponentiality of these plots is verified by a The associated statistical data are ac, = 2.04 X 10'
two-stage residual analysis procedure [3]. The rate A2, UAf = - 2.54 X 10-2 A, CrAE = 13.058 A, 2 =

coefficients, ki, at given temperatures, pressures, and 3.27 x 0- E = - 1.377, and 13 = 1.59 x 103.

photolysis conditions, are subsequently determined The 2c precision levels vary from ± 6% at 340 K to
from a least-squares fit to typically five or six pairs of + 19% at 200 K. Allowing again for ± 20% for pos-
kpsI vs [112] observations. sible systematic errors for the combined data leads

to a recommended 2c accuracy limits within ± 28%.
A two-parameter fit to the combined data yielded

Results somewhat larger 2c precision limits, i.e., ± 7 to
±+21%.

The 68 measurements of k, and the conditions un-
der which they were obtained are summarized in Ta-
ble 1. A plot of the data is shown in Fig. 2. We ob- Discussion
served significant signal deterioration above about
1283 K; therefore, no measurements were made The temperature dependence of the rate coeffi-
above that temperature. Plots of [k1(T) - ki]/k, (T), cients for the reverse reaction were shown to be in
where kl(T) at the given T is obtained from the ex- accord with semiempirical transition state theory
pression given below and ki are the measured rate (TST) calculations [6]. The same treatment can be
coefficients, show the independence of the results of applied here. Following the general recommenda-
the variations in total pressure P, corresponding to tion of Glasstone et al. [24], a linear transition state
total gas concentration [M], average gas velocity v, is assumed. The London-Eyring-Polanyi-Sato
flash/laser energy F, and cooled inlet-to-reaction is asmd Th Ldlng layiStozone distance a. In addition, results from two differ- (LEPS) [25-27] approach is used to calculate the po-
zonen distae Hu from two differet stential energy surface in the region of the saddle
ent H2 cylinders from two different sources agreed, point based on the following equations:
thus errors arising from interference from reaction
products, photofragments, or impurities in the gases
were negligible. The good agreement between the Qi = 1/4De [(3 + A) exp(- 2fl(R, - Re))

data from the two Cl-atom production techniques - (2 + 6A) exp(-2fl(Ri - R,))} (7)
shows the independence of the results of the Cl
source used. The combined data are well fitted by an J= 1/4D,,{(1 + 3A) exp( - 2fl(Ri - R,))
expression of the form k(T) = a exp( - e KIT) to yield

- (6 + 2A) exp(-21A(/h - R9))} (8)

kl(291-1283 K) = 4.4 X 10-1
Vl = 91 +} 92 +} 93 +{ {1/2[(J, -12)•

exp(- 256 8 KIT) cm
3 molecule- ' s- 1 (5)

+ (J2 - j3) 2 ± (J3 - J))2]}1/2 (9)
with covariance matrix elements, cra = 8.81 x
10- 3a2, cr0 = 4.12 X 10 1 a, and cFZ = 2237. These V5, = Vj/(1 + A) (10)
are combined [23] to yield 2cr precision levels of the
fit between a minimum of ± 9% at 562 K and a max- Here, Q andJ are coulombic and exchange energies,
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TABLE 1
Summary of Rate Coefficient Measurements on the Cl + H2 Reaction

,' P [M] [Photolyte] [H] z f F.E., k ± a k
(K) (mbar) (101" cm-3 ) (1015 cm-n) (1014 Cm-3 ) (Cm) (cm s-1) (J) (cm3 molecule-' s-1)

291 467 11.7 6.51' 0.0-65.4d 28' 6 25 0.81 ± 0.07(-14)"
291 333 8.3 4.5", 0.0-64.7,1 28 6 25 0.71 ± 0.05(-14)
292 200 5.0 2.7" 0.0-84.0"1 28 4 25 0.91 ± 0.03(-14)
303 467 11.2 1.5" 0.0-64.5" 28 6 12 1.30 ± 0.05(-14)
303 333 8.0 2.4") 0.0-64.2d 28 6 12 1.44 ± 0.04(-14)
304 333 8.0 3.2b 0.0-32.3"1 28 12 12 1.24 ± 0.05(-14)
306 200 4.7 4.2"b 3.7-36.9d 28 9 21 0.91 + 0.37(-14)
309 200 4.7 2.5", 0.0-70.0" 28 5 21 1.08 t 0.14(-14)
309 200 4.7 2.5", 0.0-69.0d 28 5 29 1.01 ± 0.38(-14)
318 467 10.6 6.5" 0.0-64.4"' 28 6 25 1.38 ± 0.95(-14)
319 267 6.1 3.3" 0.0-32.4d 28 12 25 1.26 ± 0.52(-14)
321 267 6.0 4.3", 3.84-26.6" 28 9 18 1.36 ± 0.03(-14)
324 267 6.0 4.4", 0.0-26.7" 28 9 25 1.57 ± 0.27(-14)
336 533 11.5 3.9t" 6.5-37.5d 28 10 18 2.08 ± 0.21(-14)
336 533 11.5 1.8" 13.1-75.0" 28 5 18 1.81 ± 0.09(-14)
336 467 10.1 3.9" 0.0-22.7d 28 10 12 1.85 ± 0.04(-14)
346 470 9.9 2.0" 16.4-93.5d 28 17 21 2.41 ± 0.14(-14)
347 250 5.2 4.8" 0.0-46.7" 28 8 21 2.36 ± 0.06(-14)
347 250 5.2 1.9" 0.0-46.9" 28 17 21 2.92 ± 0.08(-14)
360 267 5.4 2.6b 0.0-47.8" 28 8 12 2.83 ± 0.09(-14)
360 533 10.7 2.8" 0.0-46.9" 28 8 12 3.46 ± 0.05(-14)
360 267 5.4 2.4b 0.0-23.4" 28 16 12 3.03 ± 0.09(-14)
378 260 5.1 4.8" 0.0-48.5d 28 8 15 3.54 ± 0.18(-14)
379 533 10.2 1.6" 0.0-48.3" 28 8 15 4.23 ± 0.11(-14)
397 267 4.9 1.9" 0.0-48.7d 28 9 25 6.16 ± 0.31(-14)
398 533 9.7 2.9" 0.0-43.7"1 28 8 25 5.82 ± 0.21(-14)
400 560 10.2 4.3" 0.0-14.8" 28 8 15 5.11 ± 0.17(-14)
404 267 4.8 4.9" 0.0-13.3" 28 10 15 5.88 ± 0.59(-14)
406 533 9.5 4.1") 0.0-15.9" 28 10 10 7.04 ± 0.47(-14)
407 267 4.7 2.6" 0.0-17.3" 28 8 10 7.30 ± 0.21(-14)
408 600 10.7 1.0b 0.0-28.7d 28 9 21 7.28 ± 0.49(-14)
415 260 4.7 1.9" 0.0-91.0" 28 20 18 6.90 ± 0.37(-14)
420 550 9.5 3.8" 0.0-12.3"1 28 10 10 8.06 ± 0.19(-14)
422 267 4.6 1.6" 0.0-10.5" 28 20 10 7.15 ± 0.21(-14)
424 267 4.6 1.7", 0.0-12.9d 28 10 10 9.39 ± 0.36(-14)
434 683 11.4 1.6" 0.0-4.40, 28 8 15 1.34 ± 0.04(-13)
440 267 4.4 3.7" 3.84-21.9" 28 9 15 1.13 ± 0.17(-13)
440 267 4.4 2.11 1.92-9.35d 28 18 15 9.00 ± 0.16(-14)
441 683 11.2 1.51 0.63-4.30' 28 10 18 1.36 ± 0.05(-13)
480 766 11.6 1.3b 0.64-4.10' 28 10 18 1.83 ± 0.11(-13)
480 686 10.4 1.4" 0.08-4.17' 28 9 18 2.13 ± 0.03(-13)
489 326 4.8 2.8b 0.57-3.37' 28 11 18 2.37 ± 0.05(-13)
503 245 3.8 2.1" 1.84-10.5" 17 18 18 2.76 ± 0.21(-13)
518 245 3.5 2.4" 0.0-11.8" 28 16 18 2.67 ± 0.22(-13)
538 467 6.0 2.4" 0.0-11.8" 28 16 12 6.86 ± 0.29(-13)
562 326 4.2 1.6" 2.7-15.8" 22 24 21 4.66 ± 0.20(-13)
562 530 6.8 1.6") 1.6-17.0d 22 12 21 3.31 ± 0.13(-13)
572 328 4.2 3.3b 0.5-2.9, 28 12 21 4.63 ± 0.32(-13)
673 136 1.5 1.6" 0.0-1.05, 25 25 15 1.16 ± 1.94(-12)
674 267 2.9 2.6" 0.0-1.53' 15 15 15 1.09 ± 0.52(-12)
682 268 2.8 2.6", 0.42-1.85, 25 15 18 1.28 ± 0.52(-12)
739 400 3.9 2.4, 0.19-0.74, g 27 230 1.12 ± 0.09(-12)
741 400 3.9 1.5", 0.19-0.88, 20 27 10 1.14 ± 0.06(-12)
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TABLE 1
(continued)

T, P [M] [Photolvie] [HJ] z F.E., k ± ak
(K) (mbar) (10"s cm-) (1015 cm 3) (1014 cm- 3 ) (cmr) (cra s) (J) (cm3 molecule- -s-I)

746 400 3.9 0.9' 0.38-1.83, - 13 125 1.15 ± 0.13(-12)
775 134 1.3 1.4' 0.06-0.67, 20 29 10 1.87 ± 0.13(-12)
795 135 1.2 0.4, 0.08-0.541 - 29 225 2.01 ± 0.33(-12)
857 290 2.4 0.4, 0.0-0.68d 28 106 2.05 ± 1.05(-12)
857 290 2.4 2.7, 0.0-0.73, - 28 118 1.97 ± 0.06(-12)

1009 150 1.1 0.9' 0.0-0.07', - 13 113 3.85 ± 0.27(-12)
1033 213 1.5 1.3' 0z.0-0.32" - 15 113 3.37 ± 0.20(-12)
1038 137 1.0 1.8' 0.0-0.04d - 21 135 3.49 ± 0.19(-12)
1102 133 0.9 0.5' 0.07-0.271 - 27 58 5.07 ± 0.15(-12)
1103 250 1.7 1.6' 0.0-0.33" 27 245 4.85 ± 0.14(-12)
1128 149 1.0 1.2' 0.0-0.08d - 23 236 5.82 ± 0.64(-12)
1138 150 1.0 0.5' 0.0-0.21d - 21 225 6.05 ± 0.34(-12)
1257 167 1.0 0.6' 0.0-0.16d - 25 69 5.76 + 0.72(-12)
1263 172 1.0 0.6' 0.04-0.18, - 29 135 7.15 ± 0.47(-12)
1283 419 2.4 0.4' 0.02-0.17d - 28 113 7.46 ± 1.53(-12)

aa5 /T = 2%.

bUsed CCL4 as photolyte with flash photolysis.
'Used NaC1 as photolyte with laser photolysis; concentrations estimated as discussed.
dUsed pure H2.
eUsed 1.09% H2 in Ar.

1z = 28 cm corresponds to premixing of reactant and bath gases.
gUsed vaporizer in place of the cooled inlet.
"Read as (0.81 ± 0.07) X 10- 4.

T, K V1 is the London potential, A is the Sato parameter,
10.11 1000 400 250 and V, is the Sato potential. The subscript i takes the

1011 values 1, 2, and 3; R1 is the H-H distance, R2 is the

H-Cl distance, and R3 = R1 + R 2 . The Morse pa-
rameters [28] for H-H are equilibrium distance RI
= 7.41 nm, classical dissociation energy D, 1 =

10-12 458.39 kJ mol ' and molecular constant P3 = 12.75.
For H-Cl, the corresponding parameters are R,2 =

* 19.44 nm ', D,, = 445.66 kJ mol-<, and/P = 18.68
_ nm-1. The transition state is located by adjusting the

value of A to obtain approximately the experimental
l-10"=a activation energy at 300 K. That process locates the

transition state to be approximately at H-H* = 0.977
nm and H-Cl1 = 1.045 nm with A = 0.184. The
symmetric and bending frequencies for the transition

10-14. state are calculated to be 1312 and 728 cm- 1,
respectively. At this transition state, the classical ac-
tivation energy, E, of 28.9 kJ mol-I is obtained,
which is corrected [27] to give E0 = 19.1 kJ mol'1.
This E0 is combined with a theoretical A factor, ob-

10"1 4 0 tained from the symmetric and bending frequencies,
0.0 1.0 2.0 3.0 4.0 to yield

1000/T, K-1 100,1kl,,(T)= 4.44 X 10-10 T- 0
.5

FIG. 2. Summary of the present measurements for the [I exp(- 6324 K/T)] exp(- 2300 KIT)
Cl + H2 reaction: (0) NaCl photolysis; (0) CCI1 photol-
ysis; and (-) best-fit, Eq. (5). + [1 - exp( - 1888 KIT)]
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T, K T, K

10.11 1000 400 200 10.11 1000 400 200

10-12 10-12
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S S
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10.1 016 0 l-16i

0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

1000/T, K- 1  1 000/T, K-1

FIG. 3. Combined rate coefficient measurements for the FIG. 4. Comparison of calculated rate coefficients with
Cl + H2 reaction: (0) present data; (0) Miller and Gordon experimental results: (- ) best-fit to combined data,
[9]; (0) Westenberg and de Haas [16]; (+) Davis et al. Eq. (6); (---) kl,.(T), Eq. (11).

[17]; (A) Lee et al. [18]; and (-) best-fit to combined
data, Eq. (6).

[1 - exp(- 1048 K/T)]
2 

cm
3 molecule-' s-1. T, K

(11)
10"11 1000 400 200

Equation (11) predicts an increase in the apparent

activation energy from 18 to 32 kJ mol-1 over the
200-1283 K temperature range. This increase can be

attributed mostly to the temperature dependence of 10.12

the vibrational partition function of the bending mo-
tion of the transition state. In Fig. 4, the TST ex-
pression Eq. (11) is compared with the best fit to all 1.&10-13
experimental data and is seen to confirm the slight
curvature depicted by the experimental best fit,
Eq. (6). 0E

Equation (6) can also be compared to the k,(T) % 1014

expression calculated from k2(T) for the reverse re- u

action, Appendix A, and equilibrium data. Using cur- .E
rent thermochemical data [14], we obtain for the

equilibrium coefficients K(T) = k2(T)/k,(T) = 0.57 10"15

exp( 4 8 5 KIT), which yields

kf(200-1200 K) = 1.12 x 10-15 (T/K)l.44  10-16

•exp(- 1 7 2 5 KIT) cm 3 molecule-1 S-1. (12) 0.0 1.0 2.0 3.0 4.0 5.0 6.0
100051, K-1

In Fig. 5, Eq. (12) is compared to Eq. (6) and seen

to be in excellent agreement. From the present data FIG. 5. Comparison of the predicted and experimental

and those of the reverse reaction, the heat of reaction results for the Cl + H2 reaction: (- ) best-fit to com-

(1) is estimated, from E - E2 = AH, to be 4.1 kJ bined data, Eq. (6); (----) predicted k(T), Eq. (12).
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mol-1. This value is in full accord with the 4 kJ mol-1 T, K

heat of reaction calculated from thermochemical 1000 400 200
data [14]. 10.11 1

Conclusions
10-12

A photolytic method for the study of Cl-atom re-
actions at high temperatures has been developed. t
Combined with a low-temperature Cl-atom produc-
tion technique, direct rate coefficients for reaction Q
(1) have been obtained from 291 to 1283 K and have ' 1

Ebeen combined with literature data to lead to a rec-
ommendation for the 200 to 1283 K temperature E
range. The combined results are in excellent agree- "
ment with transition state theory calculations and 10-14
with those predicted from the reverse reaction. The
technique can now be applied to other Cl reactions,
such as those with hydrocarbons. It should be appli-
cable to other halogen atoms as well, of interest for
instance to halon combustion problems. As the re- 10"1 I
actor can be operated at temperatures up to 1800 K, 0.0 1.0 2.0 3.0 4.0 5.0 8.0

the upper limit of the present study can likely be 1O00/T, K-1
surpassed by other combinations of metal halides and

FIG. 6. Comparison of rate coefficient measurements forphotolysis wavelengths, the HCl + H reaction: (6) Adusei and Fontijn [6]; (EL)

Miller and Gordon [9]; (0) Ambidge et al. [29]; (A) Ben-
son et al. [30]; and (- ) best-fit to combined data, Eq.

Appendix (A2).

We previously reported [6] for the HCl + H - Cl
+ H2 reaction as it was derived from the then available data on re-

action (1).
k2 (300-1200 K) = 2.8 X 10-11
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The thermal decomposition of CH C1l has been investigated in reflected shock wave experiments at
temperatures between 1400 and 2300 K and at three different loading pressures with various initial CH2 Cl2
concentrations. The resulting product C1 atoms are monitored by the atomic resonance absorption spec-
trometric (ARAS) technique. A reaction mechanism is used to numerically simulate the measured Cl-atom
profiles in order to obtain rate constants for the two primary dissociation reactions: (1) CH2 C1Q - CHC1
+ HCI, and (2) CH3 C12  CH 2C1 + Cl. The experimental second-order Arrhenius expressions for the
two reactions are kl/[Kr] = 2.26 X 10-' exp(-29,007 KIT) cm' molecule-' s-1 and k2/[Kr) = 6.64 ×
10-9 exp(-28,404 KIT) cm3 molecule-' s-1, with standard deviations of ±43 and 40%, respectively. The
results are compared to theoretical calculations using the semiempirical Troe formalism. The best fits to
the experimental data are obtained with threshold energy and collisional energy transfer parameters of
E, = 73.0 kcal mole-i and AE,,,,,, = 630 cm-1. Similar values for reaction (2) are E, = AH" (0 K) =

78.25 kcal mole-I and AE2,,.,.. = 394 cm-

Introduction Because there are relatively few prior studies on this
and related reactions, Bozzelli and coworkers used

Because of needs in incineration strategies for the best estimates for the thermochemistry of the various
destruction of chlorocarbon molecules [1-4], we species and subsequently applied Rice-Ramsperger-
have studied the thermal decompositions of CH 3C1, Kassel (RRK) theory [10,11] to calculate some un-
CC14, and COC12 in prior investigations from this lab- known rate constants for use in the chemical model.
oratory [5-7]. The analytical method used in these The obvious question arises as to whether the pre-
studies has been Cl-atom atomic resonance absorp- dictions from theory are in accord with experiment.
tion spectrometry (ARAS). The present work on the Because the relative importance of reactions (1) and
thermal decomposition of CH2C12 is a continuation (2) can be directly assessed by observing both the
investigation on the chloromethane class of mole- rate and yields of Cl-atom formation in a dilute sys-
cules. tem using the ARAS technique, the present study is

The thermal decomposition of CH2C12 has previ- designed to answer this question.
ously been studied using tubular flow reactors with Measurements of the thermal decomposition of
1 atm Ar as bath gas by Bozzelli and coworkers [8,9]. CH2C12 have been made with three loading pressures
Because the initial reactant densities were high in in reflected shock wave experiments at low dilution.
comparison to the present work, a fairly extensive The measured Cl-atom profiles are explained by con-
chemical modeling effort with sensitivity analysis was sidering reactions (1) and (2), and the experimental
required in this work to explain both the thermal de- results for both processes are discussed in terms of
composition and subsequent experiments on the ox- Troe type theoretical fits to the data.
idation by 0 2. The oxidation proceeds after thermal
initiation through two possible reactions,

ki Experimental
CH 2 C2 - CHCl + HCl (1)

k2 Apparatus
CH 2C1 + Cl. (2)

All experiments were carried out in the reflected
"The submitted manuscript has been authored by a con- shock mode with a shock-tube apparatus that has

tractor of the U.S. Govermment under Contract No. W-31- been previously described [12]. Briefly, the shock-
109-ENG-38. Accordingly, the U.S. Government retains a tube apparatus consisted of two sections: a 7-m 304
nonexclusive, royalty-free license to publish or reproduce stainless steel tube (i.d. 9.74 cm) and a driver chain-
the published form of this contribution, or allow others to her. A thin aluminum diaphragm (4 mil, unscored
do so, for U.S. Government purposes. 1100-H18) separated the two sections. The tube was
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routinely pumped to <10-8 Torr between experi- 1.05 . . . .
ments by an Edwards Vacuum Products, Model
CR100P, packaged pumping system. The incident
shock velocity was determined from eight pressure 1.00
transducers (PCB Piezotronics, Inc., Model 1132A)
placed at fixed intervals toward the end of the tube.
Final temperature and density for each experiment • 0.95
were determined from the incident velocity of the *.

shock front and the initial thermodynamic condi-
tions. Corrections for nonidealities due to boundary
layer formation were subsequently applied [12,131. 0
The photometer system was radially located 6 cm
from the endplate and had an optical-path length of 085
9.94 cm. An EMR G14 solar blind photomultiplier
tube was used to measured transmittances from the
resonance lamp. Transmittances and the differenti-
ated signals from the pressure transducers were re- 0.80
corded with a dual-channel (Nicolet 4094C) digital 0 1 2

oscilloscope. Since the pressures of condensable Time /ms
gases were well below saturation, all pressure meas- FiG. 1. A typical experimental record showing decreas-
urements with an MKS Baratron capacitance ma- ing ARAS signal as Cl atoms are produced from the ther-
nometer in an all-glass vacuum line were stable, and ma1 decomposition of CHQCl. [Cl] rapidly attains a near-
mixture preparation by the partial-pressure method steady-state value. The experimental conditions are as
was routine. Reactant pressures were likewise meas- follows: T = 1804 K, P = 227 torr, p = 1.214 X 1018
ured with an MKS Baratron capacitance manometer cm ,and Xc,,,, = 2.885 X 10-
shortly before shock firing. The time between reac-
tant introduction into the shock tube and firing was
30 s. units of atoms Cm- 3, the values of K and a were de-

duced, giving
Cl-Atom Detection

The Cl-atom resonance lamp used in the experi- (ABS) = 4.41 X 10- 9 [CI]0 5 81. (3)

ments has been described in previous works [5-7]
and is similar to that discussed by Whytock et al. [14] This result has been corroborated by subsequent ex-
and Clyne and Nip [15]. The lamp was operated at periments using CF 3CI as the source of CI atoms
50 watts microwave power in a mixture containing 1 [16]. Since secondary reactions of Cl with the sub-
X 10-3 of Cl2 in helium. The flowing pressure in the strate are no longer possible, the Cl-atom absorption
lamp was 2.0 torr. It is important to control these signal unambiguously points to the complete disso-
conditions in order to eliminate fluctuations in the ciation of the CF 3C1 molecules. These independent
day-to-day photometer operation. This configuration experiments yielded results that were in complete
gives a multiplet (133.6-139.6 nm) structure that is agreement with Eq. (3), thus confirming the conclu-
somewhat reversed. Resonance radiation was ob- sions from the CH 3Cl study. Using the expression
served through a BaF 2 crystal window filter without from Eq. (3), the measured Cl-atom absorbance pro-
wavelength resolution. A typical experimental record files, (ABS)1, can be easily converted to Cl-atom con-
is shown in Fig. 1, where a decreasing ARAS signal centrations, [Cl],.
results after the CH 2Cl2 sample has been shock-
heated. The fraction of light that is Cl-atomn reso- Gases
nance radiation was determined earlier in CCI4 ex-
periments [5,6]. These indicated that 86(±2)% of The high-purity He (99.995%), used as the driver
the light is resonance radiation. Since this fraction is gas, was obtained from Air Products and Chemicals,
known, absorbance by CI atoms can be determined Inc. Scientific-grade Kr (99.997%), used as the dil-
from the expression (ABS)t -- -In It/o. uent gas in reactant mixtures, was obtained from MG

In earlier work from this laboratory, the curve of Industries. Airco Industrial Gases supplied the ultra-
growth for CI atoms has been established from the high-purity-grade He (99.999%) used in the reso-
measurements of long-time steady-state absorptions nance lamp. Research-grade C12 (99.999%) was ob-
of Cl atoms from the thermal decomposition of tained from MG Industries and was used as received.
CH 3CI [5]. The result of these experiments can be Analytical-grade CH 2C12 was obtained from Mal-
expressed in a modified form of Beer's law, T. = linckrodt Specialty Chemicals Co. and was purified
1J40 = exp(-K[C1]C). When [CI] is expressed in by bulb-to-bulb distillation, retaining only the middle



THERMAL DECOMPOSITION OF CHC12 811

-- state value; however, depending on temperature,
-x,13there was a subsequent small increase in concentra-

3x10 13  tion that could extend over -1 ms after the initial

rapid rise. Unlike all earlier studies from this labo-
A ratory [5-7,16], the maximum [C0] never came close
rJ to equaling the initial reactant concentration; i.e., if
W 2x1013 the experiment shown in Fig. 2 had been carried out

with the same rate of formation using CF3 Cl instead
of CH 2C12, then the dashed line in the figure would
have been observed. This depressed yield of [C1] im-

- mediately means that some reaction or reactions
Slx1013 serve to perturb the reaction away from unit stoichi-

ometry.
In order to understand the possible reaction per-

turbations that might explain the depressed yields,
0 the mechanism shown in Table 1 was numerically

0.5 1 1.5 2 2.5 integrated. With the small [CH 2CI2]0 (7-16 ppm)
Time /ms used in the experiments, reactions (3), (4), and (7) of

Fm.- 2. The experimental profile of [C1], derived from Table 1 contribute negligibly to the [CI] profile under

Fig.1. The solid line is a simulated fit that is based on the all conditions. Ifthese reaction-rate constants are set

mechanism in Table 1. The dashed line shows the [Cl] that to zero, the resulting predictions of [CI], change at

would have been observed if molecular elimination, reac- most by a few percent under all conditions. Appar-

tion (1), did not occur, i.e., if an equivalent experiment with ently, the major process that perturbs the reaction

CF 3C1 were performed. The solid-line fit required k, - from unit stoichiometry is reaction (1), the molecular

2975 s-, k2 = 1700 s1 and k5 = 300 s-. elimination channel. The long-time slow buildup of
[Cl] is formally attributed to the chloromethyl-radi-
cal decompositions, reactions (5) and (6) in Table 1;

third, before use. The sample was further subjected however, it should be noted that, if reaction (3) is
to mass spectrometric analysis to verify its purity. negligible, then reaction (6) is likewise unimportant.

We also investigated the possible contributions from
both self- and cross-recombination and dispropor-

Results tionation reactions of these chloromethyl radicals.
There are a total of nine such reactions, and Bozzelli

Fifty-two experiments were performed at three and coworkers [8] have theoretically determined rate
different loading pressures and at temperatures be- constants for these processes. With their estimates,
tween 1400 and 2300 K. The data are not shown our conclusion is that these reactions are also negli-
because of space limitations; however, a table is avail- gible under the low concentration conditions of the
able on request from J. V. Michael. Using Eq. (3), present study. Hence, all of the present experiments
the measured absorption signals were converted to can be explained by fitting the observed profiles to
[C0],. A typical result is shown in Fig. 2. We found three rate constants, (1), (2), and (5); however, even
that [Cl] always increased rapidly to a near steady- though the contributions of reactions (3), (4), (6), and

TABLE 1
The mechanism for the decomposition of CH 2C12

(1) CH 2C12 -- CHCI + HC1 k, = to be fitted
(2) CH2C1, - CHQCI + C1 k2 = to be fitted
(3) C1 + CH 2CI2 -- CHCI2 + HC1 k, = 6 X 10-" exp(-11615 KIT)'
(4) CHC1 + CH 2C12 - C9 H3C13  k4 = 2.5 x 10-""

(5) CH 2C1 -- CH2 + Cl k5 = to be fitteck
(6) CHCI2 - CHC1 + Cl k6 = to be fittedo
(7) HC1 + Kr- H + C1 + Kr k7 = 6.97 X 10-"exp(-40,765 KIT)'

"Value based on Ref. 17. Units are cm2 molecule-' s- .
bEstimated. Units are cm2 molecule-' s-.
"ýk5 and k, are taken to be equal.
"dRef. 18.
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(7) are negligible, they are included in the final sim- (1600-2100 K), over the common range of temper-
ulations. ature overlap [5].

In order to determine rate constants, the Table 1
mechanism was numerically integrated with various
values for k1, k2, and k5. The predicted Cl-atom pro- Discussion
files were then compared to experiment. Since the
values for k5 were generally less than 0.2(k1 + k2), In earlier studies from this laboratory on CH 3C1
the long-time buildup is effectively weakly coupled [5] and CF 3Cl [16], molecular elimination in com-
to the rates for (1) and (2). Hence, the values for k, petition with atomic elimination was not observed.
and k2 could be easily determined by mutual adjust- In the COC12 decomposition study [7], molecular
ment until the short-time rapid buildup matched the elimination was observed; however, it amounted to
experiment. The solid line in Fig. 2 shows a typical only about 10% of the total decomposition. These
fit for the first-order values given in the figure cap- results could be easily rationalized in terms of ther-
tion. Anticipating that the reactions will be nearly mochemistry because the molecular processes were
second-order, we determined second-order rate con- more endothermic than atomic elimination in all
stants for the entire range of experimental cases except COC,, where the threshold energy was
conditions. The results for k,/[Kr] and k2/[Kr] are substantially higher than the AH° (0 K), making mo-
plotted in Arrhenius form in Figs. 3 and 4, respec- lecular elimination less likely than simple atomic dis-
tively. Linear-least-squares analysis gives so~ciation. In the present case, it is obvious by in-

kI[Kr] = 2.26 X 10-8 exp(-29,007 K/T) cm 3 molecule-' s-1, (4)

and

k2/[Kr] = 6.64 X 10-9 exp(- 28 ,4 04 KIT) cm3 molecule- s-1. (5)

The points shown in the two figures deviate by + 43 spection of Eqs. (4) and (5) that molecular elimina-
and ± 40% from Eqs. (4) and (5), respectively, at the tion is dominating over atomic elimination. This may
one standard deviation level. The expression for the mean that the two processes occur at roughly the
atomic elimination reaction (5) is identical within ex- same threshold energy, indicating the need for a
perimental error to that for CH3Cl decomposition, careful assessment of the thermochemistry for the
1.09 X 10-8exp(-29, 325 KIT) Cm3 molecule-1 s-1 two channels.

lx10-11 lXlo-13

CH 2CI 2 -- CHCI + HCi C 2CI 2 -- CH2 CI + CI

, 1x10"14  O--, ..• 1xi0"1 5

Slx10110-10-1 A []

,• xlO-16 ,1 lxlO"16

A0A

0

lXlO-17 xx0O"170

xlO-18 1x10-11A

4 5 6 7 8 4 5 6 7 8
10000 K/T 10000 K/T

FIG. 3. The Arrhenius plot of the second-order rate con- FIG. 4. The Arrhenius plot of the second-order rate con-
stants for reaction (1) at three loading pressures: (O) 16 stants for reaction (2) at three loading pressures: (O) 16
torr, (A) 11 tort, and (E]) 6 torr. The solid line [Eq. (4)] tort, (A) 11 torr, and (E]) 6 tort. The solid line [Eq. (5)]
is the linear-least-squares fit to the data. is the linear-least-squares fit to the data.
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TABLE 2
Parameters for the theoretical evaluation of CH 2Cl2 -- CHCI + HC1l

Temperature
(K) F.,u, F,... F, (k j,/[Kr])/cm3 molecule-' s-1 S" BK , 3, F(klk, )b

1400 1.47 1.811 1.312 8.42 x 10-11 5.40 12.4 0.109 0.283
1500 1.47 1.783 1.340 3.83 X 10-15 5.56 12.3 0.096 0.296
1600 1.47 1.754 1.370 1.40 x 10-14 5.70 12.1 0.086 0.314
1700 1.47 1.726 1.400 4.31 x 10-14 5.84 11.9 0.076 0.336
1800 1.47 1.698 1.432 1.15 x 10-11 5.97 11.7 0.068 0.360
1900 1.47 1.669 1.464 2.70 x 10-13 6.08 11.6 0.060 0.385
2000 1.47 1.642 1.498 5.76 x 10-11 6.19 11.4 0.054 0.411
2100 1.47 1.614 1.533 1.12 x 10-12 6.29 11.1 0.048 0.436
2200 1.47 1.586 1.570 2.03 X 10-12 6.39 10.9 0.043 0.461
2300 1.47 1.559 1.607 3.45 X 10-12 6.48 10.7 0.039 0.484

aE' - 73.0 keal mole-' and AE1,,,,. = 630 cm-1. The JANAF molecular parameter values for CH 2Cl2 give p(Eo) =

3143 states/cal mole- 1 at the threshold energy.
bEvaluated at 11 torr loading pressure.

There are three critical evaluations of thermo- dures described by Hirschfelder, Curtiss, and Bird
chemical data for the species involved in reactions [26] along with the method of Cambi et al. [27] for
(1) and (2). The JANAF tables [19] give thermody- obtaining 912 and e82/k. With molecular parameters
namic functions for CH 2C1, CHC1, and HC1, for CH2C12 taken from JANAF, several theoretical
whereas values for CHC1 and CH2CI are listed by calculations were performed as functions of both
Manion and Rodgers [201. Lias et al. [21] have re- E' and AEldow,. The best fit was obtained with values
ported Af H° (0 K) values from appearance potential (73.0 kcal mole-1, 630 cm -1); however, (75.0, 874)
measurements for all species. There is a A H' (0 K) and (71.0, 394) also gave acceptable fits. The Troe fit
discrepancy for CHCl between JANAF (79.8 kcal parameters are shown in Table 2 for (73.0, 630), and
mole-1) and the other two compilations (70.9 kcal the predicted bimolecular rate constants are plotted
mole-'). Hence, AH1 ranges between 79.0 (JANAF) in Fig. 5 in comparison with the data at the three
and 70.1 kcal mole-' (Manion and Rodgers; Lias et loading pressures.
al.). For CH 2Cl, Manion and Rodgers give AfH° (0 If the back reaction (- 1) is assumed to have a zero
K) = 29.25 kcal mole-; however, this value is prob- barrier height, then EI would be equal to AH° (0 K).
ably only accurate to ± 1-2 kcal mole- 1. Using this Use of the previously mentioned JANAF value,
value, AH' (0 K) = 79.04 kcal mole-', indicating AH° (0 K) = 79.0 kcal mole-', requires an unrea-
that the molecular elimination channel may be lower sonably high value for AEldo. and gives fits that are
lying than atomic elimination, depending on the bar- much too steep and not a good representation of the
rier height for the reverse reaction (-1). data. Acceptance of the value implied by Manion and

Reactions (1) and (2) have been theoretically an- Rodgers, AH1 (0 K) = 70.1 kcal mole-', would be
alyzed by using the semi-empirical Troe theoretical compatible with the present results but would imply
formalism [22-24]. As in earlier studies [7,25], we a barrier height for the reverse process of 2.9 kcal
fitted the experimental data by allowing variations in mole- 1. Also, with El = 73.0 kcal mole- 1, the values
both E' and AEd 0w. The latter quantity specifies the for Kea and the high-pressure rate constant for re-
collisional deactivation efficiency factor, fil. action (1) are respectively calculated as

To our knowledge, the barrier height for reaction
(1) has never been estimated from electronic struc- Kieq = 1.135 X 1026 exp
ture calculations. It has therefore been necessary to
construct a fairly rigid transition state for this process (-33,694 K/T) molecules cm-
by empirical methods. The limiting high-pressure (±_3% at 1u) (6)
rate constant, kl,, which is dependent on El, can
then be calculated by conventional transition-state and
methods. The calculation of k'Io/ZLJ is unambiguous
[22-24] and follows procedures described earlier ki- = 3.10 X 1014 exp(-38,053 KIT) s-
[5,7,25]. The term ZLj for CH2Cl 2 + Kr collisions is ( 1% at 10) (7)
evaluated from Lennard-Jones parameters as deter-
mined from polarizabilities estimated from proce- for the temperature range 1400-2300 K. Equation
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lx°13. . corroborated by comparing theoretical kl/[Kr] to P,
CH 2C02 (+M) CHCI + HCI (+M) ko/[Kr]. The former varies from 21 to 48% of the

Ixl.'1
4  

0 C, C)latter over the temperature range, showing that re-
action (1) is nearer to the second- than the first-order

lx.10"-1  limit.
Troe calculations have also been performed to un-

lxiO"16  16Torr derstand reaction (2). Though earlier values of mo-
0 lecular parameters for CH2C1 have been reported

,.nl.10-117  and have been used for thermodynamic function
evaluation [20], here we have elected to use recent

iXu 0"1 electronic structure results from Harding [28] with
.3 the vibrations slightly scaled to reflect certain ob-

2 lx10-15  served frequencies. These calculations show that the
E structure is slightly bent from a planar configuration.

"•IxO'6  is Tor. We have calculated the absolute entropy for CH 2C1
"and find that the new calculation is only -1.2%

Ixl" 17  , higher at all temperatures than that of Manion and
0 Rodgers. Harding's estimation for ZfH

0 (0 K) is only
ixiO-14  approximate, and therefore, we have again per-

formed calculations with both E' and AE2 .,,.. as pa-

lxi&0_5  o 0 rameters. As before [5,7], k_2LJ was calculated with
0 0a Lennard-Jones collision model from estimated

xl.0-11 6 Torr CH2Cl polarizabilities [26] using the method of
Cambi et al. [27] The result between 140'0 and 2300

.10-_...................... K is k-2LJ = (5.44 ± 0.15) X 10-11 cm 3 molecule-1
4 5 6 7 8 - 1. The experimental rate constants were then com-

10000 K/T pared to Troe calculations at mutual values of E2 and

FiG. 5. A comparison of the experimental data for k / AEsd I.... ranging from 81.25 kcal mole-' and 560

[Kr] to the theoretical calculations. The solid lines are cal- cm-', respectively, to 75.25 and 268. All fits were
culated from the Troe's seriempirical theory using E• = acceptable, with the one at 78.25 and 394 being only
3.0eal from teole's andl theory ui 630 cm. slightly superior at all pressures. This latter calcula-

73.0 kcal miole- and AEld ..... = 630 em1. tion is shown in Table 3 and is plotted with the data
in Fig. 6. Between 1400 and 2300 K, the calculated

(7) divided by Eq. (6) gives an apparent high-pres- equilibrium constant can be expressed to within

sure activation energy for the back reaction of about ±2% by

8.7 kcal mole-1, but Eq. (6) can also be divided into
the calculated values for k,/[Kr] to predict values for K2eq = 2.203 X 1026 exp (10)
k- /[Kr]. For 11 torr loading pressure, between 1400 (-38,822 KIT) molecules cm- 3 .
and 2300 K,

k-i/[Kr] = 9.12 The value for the high-pressure limiting-rate con-
stant is

X 10- 25T- 2 .62 cm6 molecule- 2 S-1. (8)

Since theory fits experiment (Fig. 5), similar values k2 ,, 1.33 X 1016 exp

can be obtained by dividing Eq. (6) into the experi- - (-39,017 KIT) s- (±2% at 1a).
mental result, Eq. (4). Reaction (2) is also predicted to be near the low-

k_ /[Kr] = 1.99 x 10-34 pressure limit, as shown by comparing theoretical k2/
[Kr] to fl, ksf/[Kr]. In this case, the former ranges

Sexp( 46 87 Kf) cm6 molecule-2 s-. (9) from 65 to 74% of the latter over the temperature
range.

At this pressure, either expression, (8) or (9), shows Lastly, theoretical calculations have been carried
a negative T-dependence, whereas the high-pressure out to see whether the values for k5 that are specified
analysis yields a positive activation energy of 8.7 keal from the experimental fits are reasonable. This re-
mole- 1. This indicates that, at 11 torr loading pres- action will undoubtedly be in the low-pressure limit,
sure, the reaction is nearer to the third- than the and therefore, we have estimated fl# kgs0/[Kr] using
second-order limit and also that much of the T-de- E5 = AH.' (0 K) = 92.6 kcal mole 1. The predicted
pendence is carried in the fPe factor. This point is T-dependence is generally too steep; however, the



THERMAL DECOMPOSITION OF CHCI, 815

TABLE 3
Parameters for the theoretical evaluation of CHIC12 - CHIC' + CI"

Temperature
(K) F•,, F_, F, (kj/[Kr])/cm3 molecule-I s-1 S, B, fA, Ft(k0 k),

1400 1.47 1.832 1.291 2.02 x 10-11 5.32 12.8 0.057 0.652
1500 1.47 1.806 1.317 1.04 X 10-'` 5.45 12.5 0.050 0.662
1600 1.47 1.779 1.344 4.24 x 10-15 5.56 12.2 0.043 0.671
1700 1.47 1.752 1.371 1.44 x 10-14 5.67 11.9 0.038 0.681
1800 1.47 1.726 1.400 4.17 X 10-14 5.77 11.7 0.033 0.691
1900 1.47 1.699 1.430 1.06 x 10-11 5.87 11.4 0.030 0.700
2000 1.47 1.672 1.461 2.42 x 10-'l 5.96 11.2 0.026 0.710
2100 1.47 1.646 1.493 5.02 x 10-13 6.04 10.9 0.023 0.719
2200 1.47 1.620 1.525 9.60 X 10-'- 6.12 10.7 0.021 0.728
2300 1.47 1.594 1.559 1.72 x 10-12 6.19 10.5 0.019 0.737

E2° AH2 (0 K) = 78.25 keal mole- I and AE2,,,,,, = 394 cm- 1. The JANAF molecular parameter values for CHoCI2
give p(Eo) = 4958 states/cal mole- at the threshold energy.

bEvaluated at 11 torr loading pressure.

1x10"
13 i , magnitudes for k5 in the middle range of temperature

1x0 14 0CH 2CI2 (+M) --+ CH 2CI + CI (+M) can be justified with values of P, between 0.55 and
o 0.72.

1X10--
1  In conclusion, the main finding from this study is

that the molecular elimination process in the thermal
1x10

1 6  decomposition of CH 2 C12 predominates over the

1xUY. 16 Torr atomic process. This conclusion suggests that the
JANAF value for the heat of formation for CHC1 is

- x10u.1 . overestimated, but the value given by Manion and
Rodgers is compatible with the present result. The

'1x10o4' •heat of formation for CH1C1 from Manion and Rodg-
- ers might be high by -0.8 kcal mole- 1; however, the

present conclusion is clearly only accurate to ± 3

ix10-16  kcal mole- 1, and this is higher than the uncertainty
.0 11 Torr in their estimate. Second, we find relatively large val-

1lxi017 ues for AEd0.... in both reactions (1) and (2). For best
fits, it has been necessary to use different values for
the two reactions, and this may suggest that energy

iXio-' 0 transfer from the activated molecule may be de-
x0-1pendent on total energy. Lastly, since both reactions

ilxlT
1  

0are near to the second-order limit, the values for k-

lxl0.1
6  [Eqs. (7) and (11)] used in the calculation are not

firm but are simply implied by the theoretical for-
slxl0

17  
6 Torr malism presented.
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THE UNIMOLECULAR DECOMPOSITION OF 1-CHLOROETHYL RADICAL

V. D. KNYAZEV, A. BENCSURA, I. A. DUBINSKY, AND D. GUTMAN'

Department of Chemistry
The Catholic University of America

Washington, DC 20064, USA

AND

S. M. SENKAN

Department of Chesnical Engineering
University of California

Los Angeles, CA 90024, USA

The kinetics of the unimolecular decomposition of the 1-chloroethyl radical have been studied. The
reaction was isolated for quantitative study in a heated tubular flow reactor coupled to a photoionization
mass spectrometer. Rate constants for the decomposition were obtained in time-resolved experiments as
a function of temperature (848-980 K) and bath gas density (3-22 X 1011 molecule cm- 3) in He, Ar, and
N2. The rate constants are in the falloff under the conditions of the experiments.

The falloff behavior was analyzed using a Master Equation analysis. A transition state model was created
to obtain values of the microcanonical rate constants, k(E), needed to solve the Master Equation. The
transition state model provides the high-pressure limit rate constants for the decomposition reaction (k-
(CHCHCI - CHCHC1 + H) = 1.94 X 109 T'2 2 exp(-19,510 K/T) s-) and the reverse reaction
(k- 1 (H + CH 2CHCI - CH5 CHC1) = 3.35 x 10-14 T1s6 exp(-75.3 K/T) cm3 molecule-' s-1). Values
of (AE)do,,, for the energy loss probability were obtained for each experiment using the exponential-down
model. The values of (AE),1 o,,, display a pronounced positive temperature dependence with average values
of 255 (He), 360 (Ar), and 261 (N2) cme-1. Parametrization of the temperature and pressure dependence
of the unimolecular rate constant for the temperature range 298-1500 K and pressures 0.001-10 atmo-
spheres is provided using the modified Lindemann-Hinshelwood expression.

Introduction the reactions were estimated using a variety of ap-
proaches [8], clearly indicating the need for more

The development of a better understanding of the experimental measurements.
rates and mechanisms of the high-temperature re- Recent modeling work also reveals the need to
actions of chlorinated hydrocarbons (CHCs) is of quantitatively describe kinetics of isomer-specific re-
considerable importance to the combustion com- actions of CHCs to account for product distributions
munity because of the increasing role that incinera- observed in experiments [9,10]. This is crucial be-
tion plays in the treatment of hazardous chemical cause the rates and mechanisms of reactions of spe-
wastes that frequently contain these compounds [1]. cific isomers can be substantially different, as in the
In addition, the reactions of CHCs are also important case of the chloroethyl radicals, CH 3 CHC1 and
in the production of useful chemicals from natural CH2C1CH2, which are important in the combustion
gas via chlorination followed by the pyrolysis [2] or of virtually all chlorinated C, and C2 hydrocarbons.
oxidative pyrolysis [3] of the chlorinated components These radicals can form as a consequence of hydro-
of the natural gas. gen abstraction from C115C1 by OH, Cl, 0, and H

To date, detailed chemical kinetic mechanisms of attack. It is significant, however, to note that
oxidation and pyrolysis of several CHCs have been CH 3CHCl radicals are preferentially produced due
developed and tested to predict species concentra- to the weaker a-C-H bond dissociation energies
tion profiles measured in laboratory flames [4,5] and in C2H1C1 [10,11]. Under pyrolytic conditions, the
in flow reactors [6,7]. major reaction pathway for the CH 3 CHC1 radical is

However, an examination of these mechanisms re- its unimolecular decomposition:
veals that the proposed rate parameters of many of

CH3CHC1 + M -- C2H 3C1 + H + M

'Deceased. (AH 5 os = 39.3 kcal/mole). (1)

817
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However, in the presence of 02, the following reac- concentrations (less than 1011 molecule cm- 3) such
tion effectively competes with reaction (1): that reactions between radical products had negligi-

ble rates compared to that of the unimolecular de-
CH 3CHC1 + 02 - C2H3CI + HO2  composition of 1-chloroethyl radicals.

Pulsed unfocused 248 or 193 nm radiation (-5
( = - 10.3 kal/mole). (2) Hz) from a Lambda Physic EMG 201MSC excimer

Since reaction (1) is in the falloff regime under the laser was directed along the axis of a heatable un-

conditions of interest to combustion, the uderthe coated quartz reactor (1.05 cm i.d.). Gas flowing

nation of its rate as a function of both temperature through the tube at -4 m s-I contained the radical

and density is important for the development of de- precursor (<0.5%) and an inert carrier gas (He, Ar,

tailed reaction mechanisms. In this paper, we report or N2) in large excess. The flowing gas was com-

tahed resltsoan experimental investigation of reac- pletely replaced between laser pulses.the results of an eprmnainetgioofra- Gas was sampled through a hole (0.043 cm diam-
tion (1) in the presence of three different bath gases Gas was sampled through a h o rmediam-

and over a temperature range of 848-980 K. The eter) in the side of the reactor and formed into a
aerxaperimentaldatauwere ranalyzed ug 8 0 Mster beam by a conical skimmer before the gas enteredexperimental data were analyzed using a Master the vacuum chamber containing the photoionization

E quation/R R K M approach. Param etrization of the the gas ceam traversed the

temperature and pressure dependence of the uni- mass spectrometer. As the gas beam traversed the
molecuar rat constnt forthe temperature range of ion source, a portion was photoionized and mass se-molecular rate constant for th eprtr ag flected. 1-ehloroethyl radicals were ionized using the
298-1500 K and pressures of 0.001-10 atmospheres lect rmchlorne ra nc e lamp using e

is provided using the modified Lindemann-Hinshel- light from a chlorine resonance lamp (8.8-8.9 e.

wynod expression. Temporal ion signal profiles were recorded on a mul-
tichannel scaler from a short time before each laser
pulse up to 20 ms following the pulse. Data from
3,000 to 60,000 repetitions of the experiment were

Experimental Study accumulated before the data were analyzed.

1-chloroethyl radicals were produced at elevated The 1-chloroethyl ion signal profiles were fit
to an exponential function ([CH 3CHCl]t =

temperatures by pul bseer photolysis, and their [CH 3CHCl]0e-k't) by using a non-linear least-
unimolecular decay was subsequently monitored in squares procedure. Experiments were performed to
time-resolved experiments using photoionization establish that the decay constants did not depend onmass spectrometiy. Details of the experimental ap- the initial CH 3CHCl concentration (provided that
paratus [12] and procedures [13] used have been de- the concentration was kept low enough to ensure that
scribed before and so are only briefly reviewed here. radical-radical reactions had negligible rates in com-

1-chloroethyl radicals were produced by thepulsed,193nm ladicasplys werepof1-dichothane parison to the unimolecular reaction), the nature or
pulsed, 193 nm laser photolysis of 1,1I-dichloroethane concentration of radical precursor, or the laser wave-

193 nm length (193 or 248 nm) and its intensity. The expo-
CH3CHC12 - CH 3CHCI + Cl nential decay constants depended only on tempera-

ture and bath gas density.
- other products (3) Below 750 K, the CH3CHCI decay constants (k')

were low (typically 20-50 s-') and independent of
or 3-chloro-2-butanone temperature for any given gas density. This temper-

ature-independent loss is attributed to heterogene-
193 nm ous processes.

CH 3C(O)CHCICH3 , CH 3CHCl + products

- other products (4) CH 3CHCl - heterogeneous loss. (6)

Above 850 K, the decay constant increased rapidly
or by the 248-nm laser photolysis of 1-bromo-l-chlo- with rising temperature due to the increasing impor-
oethane tance of the thermal decomposition of the 1-chlo-

248 roethyl radical, reaction (1). The CH 3CHCI decay
CH 3CHClBr - CH 3CHC1 + Br constants were analyzed, assuming that the i-ehbo-

methyl radicals were consumed only by two elemen-
other products. (5) tary reactions (1) and (6). At low temperatures, only

the heterogeneous loss (reaction (6)) is observed.
Neither the photolysis wavelength nor the nature of Above 850 K, the sum of the two loss processes is
the radical precursor had any observable influence observed with the CH 3CHC1 exponential decay con-
on the kinetics of 1-chloroethyl radical decomposi- stants equal to k' = k1 + k6.
tion. Initial conditions (precursor concentration and Sets of experiments at five different fixed helium
laser intensity) were selected to provide low radical densities (3-23 X 1016 molecule cm- 3) and four
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FIG. 1. Plot of CHCHC1 unimolecular rate constants 1.05 1.1 0 1.1 5
(k, vs 1000/T) for different He densities. Units are atom
cm-. Densities of He are 0: 3 X 106; V: 6 X 1016; V: 1 OOO/T
12 x 1016; EI: 18 x 1016; I: 22 X 10"1.

FIG. 2. Plot of CHCHCI unimolecular rate constants
(k, vs 1000/T) for different densities of (a) Ar and (b) N2.
Units are molecule cm- 3. Densities of bath gas are 0: 3

densities of argon (3-12 x 101 molecule cm- 3 ) and X 1016; 7: 6 X 1016; V: 9 X 101"; Li: 12 X 10"; 0: 18
nitrogen (3-18 x 1016 molecule cm- 3) were per- X 1016.

formed to determine k, as a function of temperature.
The CH 3CHCI exponential decay constant, k', was
measured as a function of temperature keeping the
concentration of all gases constant. Calculations of k,
from measurements of k' require knowledge of k6 ysis process. However, the 2-chloroethyl radical is
above 750 K. Whereas k6 was directly determined expected to decompose at significantly lower tem-
below 750 K, it could not be measured above this peratures than those used in the present experiments
temperature due to the additional loss of radicals by due to a much lower C-Cl bond energy in comnpar-
unimolecular decomposition. Below 750 K, k6 was ison with the C-H bond energy. No signs of a pos-
directly determined, and it was found to be essen- sible contribution of this effect were detected at tem-
tially temperature independent. Values of k6 above peratures lower than 750 K.
750 K needed for the data analysis were obtained by The unimolecular rate constants for reaction (1)
a relatively small extrapolation, assuming that k6 re- obtained from these sets of experiments are shown
tains this temperature independence up to the high- in Figs. 1 and 2. Estimated uncertainties in the kl
est temperature of this study, 980 K. To minimize determinations vary from ± 10% in the middle of the
possible errors in the determination of k, caused by temperature range to ± 15% at the extreme temper-
the assumed continued temperature independence atures used.
of k6 above 750 K, experiments to obtain k1 were The only polyatomic product of reaction (1) ob-
conducted at temperatures sufficiently high to assure served in the present study was CH 2CHC1. The rel-
that k' > 3k6. It was this criterion that established ative sensitivity of CH 2CHCl and C2H4 was deter-
the lowest temperature used to determine k5 in each mined by adding calibrated flows of these
set of experiments. The highest temperature used at compounds into the reactor. An upper limit for the
each total gas density was determined by the fact that possible formation of ethylene was experimentally
decay constants above 500 s-1 could not be mea- estimated to be <10% of the CH2CHCI formed at
sured accurately. [He] = 6.0 X 1016 molecule cm- 3 and T = 920 K,

A potentially complicating factor in these experi- and <5% of the CH2CHCl formed at [He] = 6.0 X
ments is the possible isomerization of 1-chloroethyl 1016 molecule cm- 3 and T = 970 K. The temporal
radicals to 2-chloroethyl radicals during the photol- behavior of the rising vinyl chloride product signal
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mirrored that of the decaying 1-chloroethyl radical quencies of the transition state were selected to en-
signal. sure the same temperature dependence of the

function

Data Analysis and Discussion Aib(T) = Qvib1(T)/Qvib(T)

The unimolecular rate constants kl(T,[M]) were for both reactions (1) and (7). Here, Qibt(T) and
analyzed to obtain information on weak collision ef- Qvib(T) are the partition functions of the vibrational
fects for the bath gases used and to provide expres- degrees of freedom of the transition state and parent
sions for evaluating kl(T,[M]) values over a wide molecule, and Avib(T) represents the "vibrational
range of temperatures and pressures. component" of the pre-exponential factor. The tran-

The parameters of the potential energy surface for sition state for reaction (7) was taken from Feng et
the reaction al. [15]. The geometry and frequencies of the

CH 3CHC1 radical were taken from Chen and
H + CH 2CHCl # CHCHCl (_ 1,1) Tschuikow-Roux [17]. There exists an addition bar-

rier in reaction (- 1). Hence, the transition state is

were proposed by Barat and Bozzelli [14] based on tight, and the moments of inertia of the transition
thermochemical estimation. Their mechanism for re- state and CH 3CHC1 radical do not differ signifi-

action ( - 1.1) begins with the addition of an H atom cantly. They were taken to be equal in the model.
to the double bond of vinyl chloride, forming an ex- Frequencies and rotational constants of CH 2CHCI

cited CH 3CHCl radical. The excited CH 3CHC1 can were taken from Gullikson and Nielsen [18] and
either decompose back to H + CH 2CHC1 (route A) Hayashi and Inagusa [19]. Molecular parameters of
or isomerize via 2,1 H-atom migration forming a the 1-chloroethyl radical, the transition state, and vi-
CH 2CH 2Cl radical, which subsequently decomposes nyl chloride used in the current study are given in
to Cl + C2H4 (route B): Table 1. CH 3CHCl, CH 2CHCl, and the transition

state have no overall rotational symmetry. The hin-

H + CH 2CHCI •- CH 3CHCI - CH 2CH2C1 . dered internal CH 3 rotor in CH 3CHCl has symmetry
A B number 3, and the transition state has two optical

isomers. Hence, the decomposition reaction has a re-
C1 + C2114. action path degeneracy of 6 [21].

The heat of formation of vinyl chloride was taken
QRRK analysis by Barat and Bozzelli [14] indicated as equal to 5.5 kcal mo1-1 [22-24]. The heat of for-
that route B was the favored route. The values of mation of the 1-chloroethyl radical was determined
barrier heights for route A (43.2 kcal mol-1) and recently [17,25] based on a competitive bromination
route B (38.0 kcal mol- 1) suggested by them would study and the known value of the heat of formation
imply that the thermal decomposition of CH 3CHCl of ethyl radical. The value of the heat of formation
should also proceed via route B, i.e., the main prod- of CH3CHCl calculated by Chen and Tschuikow-
uets of reaction (1) should be Cl + C2H4 . Roux [17] is dHJgs = 18.1 ± 1.0 kcal mol-1. After

This conclusion was not supported by our experi- adjustment for the most recent value of the heat of
mental results, which indicate that the main channel formation of ethyl radical [17], the 1-chloroethyl rad-
of CH 3CHCl thermal decomposition is that of H- ical heat of formation becomes AHý298 = 18.3 + 1.0
atom elimination with the formation of vinyl chlo- kcal mol-', which coincides with the value calculated
ride. The process is similar to the H-atom elimination [17] from known heats of formation of the species
in the reaction involved in the reaction

C2H 5 - C2H 4 + H. (7) CH 3CH 2 CI + CC13 - CH3CHC1 + CCl3 H (8)

Since no experimental information is available on and the heat of reaction (8) calculated by the ab initio
the temperature dependence of the high-pressure (U)HF/6-31G' method. The resulting enthalpy of re-
limit rate constant of reaction (- 1,1), we chose to action (1) is AH' 9s = 39.3 kcal mo1-, and the cor-
create a transition state model of this reaction by responding zero level energy change AEo = 38.3 kcal
analogy with reaction (7), the high-pressure limit of mol-1.
which is known in the temperature range 200-1100 Based on ab initio calculations, Schlegel and Sosa
K [15,16]. This analogy is based on the fact that both [26] estimated that the barrier for addition of hydro-
reactions involve an H-atom elimination from the gen atom to the unsubstituted carbon of vinyl chlo-
CH 3 group with the simultaneous formation of a ride (E-1) is 1.2 kcal molP1 lower than for the ad-
double bond. Hence, one can expect the parts of the dition to ethylene. With the corresponding barrier
potential energy surfaces of both systems corre- for ethylene equal to 2.2 kcal mo1-1 [15,16], E- 1 =
sponding to this reactive motion to be similar. Fre- 1.0 kcal mo1-1, and the barrier for decomposition is
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TABLE 1 sults in the following expressions for high-pressure
Molecular Parameters of CHCHCI, CHCHC1, limit rate constants of reaction (- 1,1) at 298 K < T

and Transition State (CH 3CHCII) < 1500 K:

Vibrationalfrequencies (cm-') k= 1.94 x 109 T1 22 exp(- 19,510 K/T) s '(9)
CHCHC1 [17]

3059, 2958, 2928, 2866, 1466, 1455, 1407, 1280, 1075, k = 3.35 x 10 14 T0.86

1008, 996, 693, 463, 378 e -753 K/P cm3 molecule' s
CH2CHC1 [18] exp( .

3130,3080,3030, 1610,1370, 1280, 1030, 943,896, 724, (10)
620, 395

CH 3CHCI' The measured rate constants of reaction (1) were
3000 (3), 1350 (2), 1300, 1200, 1100, 1000, 900, 850, reproduced using Master Equation simulations. The
700, 600, 310 "exponential down" model [21,29] of collisional en-

ergy transfer was adopted to characterize the prob-
Overall rotations: rotational constants (cm -1) ability of deactivation of a CH 3CHCI molecule with

and symmetry numbers a total initial internal energy E in active degrees of
CH3CHCI [17], CH 3CHCI' freedom to a final energy E' by collision with a mol-

A = 1.401 (active); B = 0.1831 (inactive); ecule of bath gas:
C = 0.1674 (inactive); a = 1

CH2CHC1 [19] P(E',E) = Aexp( - [E - E']/(AE)do,,,);E' <E
(ABC)"3 = 0.4103; a = 1 (11)

Methyl group internal rotation in CH3CHCl [17]. where (AE)do,, is the average energy lost in deacti-
Rotational constants a = 6.569 cm' ; u 3. vating collisions and A is a normalization constant.
Rotational harrier V. 0.77 kJ mol'. The method of Gilbert and coworkers [21,30] of
Lennard-Jones paraneters [20] solving the Master Equation was employed. The en-

Gas elk (K) a (A) ergy bin size used was 20-40 cm 1. The indepen-
He 10.22 2.551 dence of the calculated rate constants on the energy
Ar 93.3 3.542 bin size in the interval 10-40 cm- 'and on the initial
N, 71.4 3.798 population distribution was separately shown for val-
CH 3CHCI 300.0 4.898 ues of (AE)do4 , from 100 cm 1 to 700 cm-I at tem-

peratures and pressures corresponding to the con-
"Taken to be the same as for C2H5CI. ditions of the experiments. By comparing exact

values of the partition functions and high-pressure
limit rate constants with those obtained by numerical

equal to El = 39.5 keal mol-1. Since hindered in- integration, it was found that errors resulting from
ternal rotation in CH 3CHC1 is treated classically, the numerical convolution of density of states and sum

energy here is calculated relative to the minimum of of states functions, as well as from numerical inte-

the potential energy of this torsional motion. We gration, are not more than 2% of the exact values at
have accepted this value for the model used in fitting the temperatures of the experiments.
the experimental data. The effect of variation of the Falloff from the high-pressure limit was repro-

decomposition energy barrier E, by ± 1 kcal mol - duced for each value of kl([M],T) by the solution of

(corresponding to the error limits of AHy0 98 the Master Equation using only (AE~dow as an ad-
(CH3CHCI)) and by ± 2 kcal mol - (corresponding justable parameter. The fitted values of (AE)d... with
to the combined uncertainty of AEo and E 1) on the El = 39.5 ± 1 kcal mol-I indicate a positive tem-
results of fitting is discussed below. perature dependence for all three bath gases used

The barrier height for internal rotation in the 1- (Fig. 3). They can be fitted to linear dependencies:
chloroethyl radical is equal to 0.77 kcal mol-' [17].
The density of states function of this hindered inter- KAE)d... = (0.66 ± 0.07) T
nal rotation required for the modeling of unimole-
cular decomposition was calculated using the for- - (350 ± 64)cm- for He;
mulas obtained by the Inverse Laplace Transform of (AE)do = (0.93 ± 0.19) T
the classical partition function [27]. The deviation of
the classical partition function from the exact values - (509 ± 175) cm - for Ar; and
[28] was not higher than 5% at all temperatures (AE)do, = (1.33 ± 0.18) T
above 298 K.

The model of reaction (- 1,1) described above re- - (867 ± 162) cm- 1 for N2.
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850 900 950 1000 kcal mol-' [31]. Usage ofthe lattervalue would sug-
I I I gest a too high value of E1 = 42.4 kcal molt-, which

400 will result in an even worse quality of fit. This con-
clusion is not absolute, however, since the sum of

00 uncertainties in all the thermochemical parameters
T 200 involved, AHN21 (CH 3CHCI), E_1, andE 1 (±_3 kcal

oE ) ol- 1), approximately equals the difference betweenthese two values of AH°218. (C2H1C1). The positive
N 0 ] 1 I temperature dependence of (AE~do was preserved

, 400 for all three bath gases in the cases of the barrier
0 height E, equal to 37.5, 38.5, or 40.5 kcal mot-.

A Almost no data are available in literature about
Lu 200 either the decomposition of 1-chloroethyl radical or
< b) the reverse reaction (- 1). The only two experimen-tal measurements of Ahmed and Jones [32] and Jones

0 I 1 and Ma [33] of the rate constant of the reaction of

400 - 3E [3 H atoms with C2H3C1 did not distinguish between
[3 "o the different routes forming 1-ehloroethyl and2-chloroethyl radical. According to estimations

200 by Barat and Bozzelli [14], the barrier height for
c) H-atom addition to the chlorinated site should be

approximately 3 kcal mo'- I higher than to the - CH2
0 Igroup. At room temperature, this results in more

850 900 950 1 000 than two orders of magnitude difference between the
T / K rate constants for these two routes, allowing us to

neglect addition to the - CHCl group of vinyl ehbo-
FIG. 3. Plot of values of (AE)do,,, vs temperature derived ride.

from the values of k, for (a) He, (b) Ar, and (c) N, as the Fitting of the results of Ahmed and Jones [32] and
bath gas. The lines through the data are from the fits of Jones and Ma [33] (which are in the falloff region)
the temperature dependencies of (AE)o,,_. using the Master Equation approach gives a value of

(JE~dw that is probably too low: 27 cm 1. Increas-
ing the barrier height for the association reaction

The average values of (AE)do... in the temperature (- 1) by 1 kcal mob-' (thus obtaining E_ I = 2.0 kcal
range used are 255 (He), 36,0 (Ar), and 344 (N2) molb1, close to the barrier for the H + C2H4 reac-
cm- 1. tion, and El = 40.9 kcal mo- 1) gives a higher value

The values of (AE)do,, resulting from the fitting of (AE)d.. = 108 cm 1 However, the quality of fit
procedure with the accepted barrier height for de- in this case is poorer.
composition (EI = 39.5 kcal moo-b1) are independent Although these two studies [32,33] agree reason-
of pressure, showing the good quality of fit. The var- ably well on the rate constant values of reaction
iation of E, by ± 1 kcal mo'-I resulted in significant (- 1), they strongly disagree on the rate constants of
changes of the fitted values of (AEdo,,: 373/185 the similar reactions of H atoms with C2H3Br and
cm 1 (He), 521/263 cm- 1 (Ar), and 518/245 cm-1 C2H3F, with discrepancies up to a factor of 2. Con-
(N2) with the lower values corresponding to the sequently, the experimental uncertainty of these
lower value of the energy barrier. A ± 2 kcal mool-I studies is at least a factor of 2, and it is impossible to
variation of E1 resulted in an even higher change of use these data to adjust the model of reaction (- 1,1).
(AE)doxn: 604/140 cm-1 (He), 843/200 cm-1 (Ar),
and 903/183 cm- 1 (N2).

The results of fitting with the barrier height E, Discussion
equal to 37.5, 38.5, or 40.5 kcal mobl- 1 exhibited no
pressure dependence within the range of scatter of The current study provides the first direct deter-
individual points. However, a change of E, by + 2 mination of the rate constant of the unimolecular de-
kcal moo'-I (E = 41.5 kcal mool 1) resulted in fitted composition of the 1-ehloroethyl radical. Under the
values of (AE)do, that exhibited visible pressure de- conditions of these experiments, the reaction is es-
pendence, indicating that this value of the barrier sentially in its falloff region. Therefore, it was possi-
height for decomposition results in a poor fit of ex- ble to quantitatively characterize the weak collision
perimental data and is unrealistic. This result sup- effects responsible for the falloff behavior of this re-
ports our choice of the value of AH129s (C2H3Cl) used action.
in the current study, 5.5 kcal mobl- , rather than the The values of (AE)dow determined in the current
higher value that can be found in the literature, 8.4 study for three bath gases (He, Ar, and N2) at tem-
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peratures 848-980 K are in the range 200-300 cm'-I temperature dependence of (AE~dow for helium, ar-
for He and 250-450 cm- I for Ar and N2. The average gon, and nitrogen as bath gas.
value for He as bath gas (255 cm-') is close to those The calculated values of k, at different tempera-
found, using similar methods, in studies of the uni- tures and pressures were fitted with the modified
molecular decomposition of C2H5 (250 cm-1) [15], Lindemann-Hinshelwood expression (15), and the
n-C3H7 (220 cm-') [34], CH 3CO (140-280 cm-') resulting parameters are (298 K -- T _- 1500 K):
[35], i-CAl7 (136-210 cm-1) [36], neo-C 5Hu] (300
cm- 1) [37], and t-C4 H9 (230 cm'-) [28]. kT = 1.935 x 109 T12 22 exp(-19,510 K/T) s 1

The fitted values of (AE)d.. exhibit an increase
with temperature for all three bath gases used in the and
current study. However, the scatter of individual data
points does not allow us to draw any conclusion about Q = 7.586 X 1016 T-6.976
the exact analytical form of this temperature de-
pendence. *exp(-22,090 K/T) cm3 molecule-' s-1

Our analysis of the C2H5 # H + C 2H 4 system Fcent = 0.6559 X exp(-T/1219 K)
demonstrated a strong dependence of (AE)(1 .. on
temperature, increasing from 70-100 cm'- at 300 K + 0.3441 X exp(-T/279.1 K)
to 280 cm- 1 at 1100 K. This dependence was best fit
with the directly proportional dependence (AE)down for helium as bath gas;
= 0.255 T cm- 1. The analysis of the i-C 3 H 7 ý H +
C3H6 system [36] also supports a strong temperature ky = 2.138 x 1016 T-6"810
dependence of (AE~d0 .... for He as bath gas. There-
fore, we recommend using the linear directly pro- • exp(-21,970 KIT) cm3 molecule-' s-
portional dependencies for evaluating the rate con- FCent = 0.6762 X exp(- T/1212 K)
stant values of reaction (1) outside the range of our
experimental conditions: + 0.3238 X exp(-T/304.2 K)

(AEýdow = 0.279 T cm 1 for He as bath gas for argon as bath gas;

(12) k° = 2.630 x 1016 T-6.821

(AE)d.., = 0.387 T cm for Ar as bath gas • exp( - 21,980 K/T) cm 3 molecule-' s-1

(13) Fce,t = 0.6702 X exp(-T/1222 K)

(JE~dow = 0.379 T cm- for N2 as bath gas. + 0.3298 X exp(- T/299.0 K)

(14) for nitrogen as bath gas.

The coefficients in formulas 12 through 14 are ob- The average deviation of the parametrized values
tained from the fitting of the data on (AE)do.. vs T. of k1 from the Master Equation rate constants over

this large range of conditions is 6%, with a maximum
deviation of 38% at 900-1000 K at the lowest pres-

Parametrization of Rate Constants sures considered.
Due to the uncertainty in the temperature de-

We use these recommended dependencies in a pendence of (AE)d.,, discussed earlier, caution is ad-
parametrizatio of kthesere liumn nndeniten, a vised in using the results of this extrapolation outsideparametrization ofkI1 in helium, argon, and nitrogen, theteprueragofhecrntsdy

which provides rate constant values throughout the temperature range of the current study.

temperature range of 298-1500 K and pressures of
0.001-10 atm. The modified Lindemann-Hinshel- Summary
wood expression [38] was used:

k, _ kO[M]/kT The unimolecular decomposition of 1-chloroethyl
kT 1 + kO[M]/kT F(Fv,,j1). (15) radical in helium, argon, and nitrogen has been stud-

ied in the falloff region. A transition state model of
reaction (1) was developed, which provides the high-

The values of the rate constant in the above tem- pressure limit rate constants. The model was used to
perature and pressure intervals were calculated by provide the values of energy-specific rate constants
the Master EquationlRRKM method using the (k(E)) for the Master Equation analysis.
model of reaction (1) described above and assuming The experimental values of k, were reproduced by
the directly proportional (Eqs. (12) through (14)) Master Equation/RRKM modeling, and the temper-
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ature dependence of KAE~dow was addressed. Fi- 19. Hayashi, M., and Inagusa, T., J. Mol. Struct. 220:103
nally, parametrized expressions are presented, which (1990).
provide values of k, over a wide range of pressures 20. Reid., R. C., Prausnitz, J. M., and Sherwood, T. K.,
and temperatures. The Properties of Gases and Liquids, 3rd. ed., Mc-

Graw-Hill, New York, 1977.
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DECAY MECHANISM OF CF3 H OR CF2 HC1 IN HJOJAr FLAMES
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Universitg Catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium

The aim of this work has been the establishment of a combustion mechanism of CF3 H and CFQHCI in
HJ/OIAr flames. The structures of a lean flame seeded with 3% of CF 3 H and of two stoichiometric flames
seeded respectively with 3% CF 3H or 1% CF 2HC1 have been investigated at low pressure (4.6 kPa) by
using the molecular beam-sampling technique coupled with a mass spectrometer (MBMS). The data
reduction of the experimental results has allowed development of a decay mechanism for CF 3H and
CFQHC1 in flames. Those mechanisms have been applied to model the investigated flames by means of
the PREMIX code using the experimental temperature profiles. The comparison of computed mole frac-
tion profiles with experimental ones allows estimation of some rate coefficients not available in the liter-
ature. A good agreement between experimental and computed profiles is observed. From the burning
velocities of CO/HJO2/Ar flames seeded with variable quantities of CF 3H or CF2HC1, the small inhibition
efficiency of CF 2HCI has been established. It is related to the elementary process CF 2H + 0 -- CF 20
+ H.

Introduction -- CO 2 + H. To test an eventual inhibiting effect of
the CF3 fragment, Vandooren et al. [5] have added

For some years, chlorofluorocarbons (CFC) and 3% CF3H to a stoichiometric CO/H 2/0 2/Ar flame.
other halocarbons have been of great public concern The inhibiting effect of CF3H has been explained by
because of their probable contribution to the strat- the competition of Reaction (8) CF3H + H - CF2
ospheric ozone depletion [1]. After the regulation of + H2 with the branching step (5) and by the con-
most of these compounds in the Montreal Protocol, sumption of OH during process (2) competing with
the replacement of CF3Br and CF 2C1Br as fire ex- the propagating steps (6) and (7). The much less im-
tinguishers is required. A systematic research of al- portant inhibiting effect of CF3H compared with
ternative compounds necessitates the detailed CF3Br was explained by the formation of HBr in Re-
knowledge of their action in flames. The decrease of action (1) instead of H2 in Reaction (8). Moreover,
the burning velocity indicates a macroscopic inhib- HBr acts also as an inhibitor by means of Reactions
iting effect [2], while more detailed information (3) and (4) while H2 is a fuel.
about the chemical burning mechanism can be ob- There also have been several numerical attempts
tained by the investigation of the flame structure. So, to model inhibition in flames. Day et al. [6] have
Biordi et al. [3] have investigated the structures of examined numerically the impact of HBr on the
flames with CF 2 Br added to CH 4/0 2/Ar flames, and burning velocity of H2/0 2/N 2 flames. From their
the structure of a CO/H 2/O 2/CF3Br flame has been comparison of calculated with experimental values, a
measured by Safieh et al. [4]. These authors ascribe simplified inhibition mechanism has been suggested.
the inhibiting effect of CF 2Br to the following reac- Dixon-Lewis and Simpson [7] have extended such an
tions: approach to H2/air mixtures seeded with HBr or

HCl. In 1983, Westbrook [8,9] suggested a detailed
(1) CF3Br + H -- CF3 + HBr mechanism for the CF3Br consumption in hydrocar-

bon/air flames using mainly the mechanism of Biordi
(2) CF2 + OH CF 2O + HF et al. [3], but adding some reactions. Unfortunately,
(3) HBr + H - H2 + Br Westbrook's mechanism has never been validated

against experimental concentration profiles available
(4) HBr + OH - H2O + Br in the literature [3,4] for low-pressure flames. Only

the structure of freely propagating flames had been
They explain the inhibition efficiency by competition simulated at atmospheric pressure, but without any
of the branching process (5) H + 02 -- OH + 0 comparison with experimental data. Of course, in-
with Reactions (1) and (3). Furthermore, Reactions hibited flames with CH4 as the fuel are already com-
(2) and (4) compete with the usual chain propagation plicated systems to model the impact of fluorocarbon
steps (6) H2 + OH - H 20 + H and (7) CO + OH additives.

825
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TABLE 1
Initial composition of the investigated flames

Flame H, (%) 02 (%) Ar (%) Halocarbon (%) v, (cm s-1)

FP1 18.6 76.5 4.9 none 59.8
FP2 17.1 76.5 3.4 CF3H = 3 59.8
FS1 25.4 12.7 61.9 none 65.4
FS2 23.9 12.7 60.4 CF 3H = 3 65.4
FS3 24.9 12.7 61.4 CF 2HCI = 1 65.4

Having these complexities in mind, we have se- mole fractions. The equilibrium constants were de-
lected in this work the H2/O 2 system as reference rived from the JANAF tables [12] at the flame tem-
flames because of their well-documented burning perature occurring at 18 mm from the burner sur-
mechanism and the relatively low number of species face. The temperature profiles have been measured
that can interact with the added compounds. We by using a Y2 0 3 -BeO-coated Pt-Rh6%/Pt-Rh3O%
have studied the influence of 3% CF 3 H on the struc- thermocouple. The measuring junction was located
ture of lean and stoichiometric H2/0 2/Ar flames. The 0.2 mm from the cone tip corresponding to the lo-
structure of a stoichiometric H 2/0 2/Ar flame seeded cation where the sampling process begins. The heat
with 1% CF 2HCl has been measured, too. A chem- losses by radiation have been corrected by using the
ical mechanism for the CF 3 H or CF 2 HCl decay has electric compensation method [13]. Then, the signal
been developed and tested by numerical modeling, intensity profiles can be converted to the correspond-
The macroscopic inhibition effect of CF 3H and ing mole fraction profiles. For each intermediate dis-
CF 2 HC1 has been investigated by measuring burning tance, the individual mole fractions have been cor-
velocities of CO/H 2 /0 2 /Ar flames seeded by CF 3H rected by the same factor, which takes into account
or CF 2 HC1 mixtures. the change of the molecular beam density with tem-

perature [11]. That factor has been calculated in or-
der to keep the sum of the mole fractions equal to

Experimental Methods and Data Reduction one.
The deduction of rate coefficients requires the

Five premixed H 2/0 2/Ar flames have been stabi- knowledge of the individual mole fluxes and the net
lized on a Spalding-Botha burner of 5-cm diameter. reaction rates of at least one reactant or product of
There were two reference flames FP1 and FS1, a the investigated reaction. For the calculation of the
lean one and a stoichiometric one, as well as three mole fluxes we took into account physical processes
flames seeded with either 3% CF 3 H or 1% CF 2 HC1. such as convection and thermal and molecular dif-
The composition of the fresh gas mixtures of the in- fusions:
vestigated flames is summarized in Table 1, as well
as the initial flow velocities at 298 K. The pressure F, = AN1 (v + V,) (1)
in the combustion chamber was 4.6 kPa for all flames.
The flame structures have been established by using where Fi is mole flux of species i (mol cm- 2 s-1); A
"a molecular beam-sampling technique coupled with is expansion area ratio; Ni is concentration of species
"a mass spectrometer (MBMS) described previously i (mol cm- 3 ); v is local convection velocity (cm s-1);
by Peeters and Mahnen [10]. The following species, and Vi is local diffusion velocity of species i (cm s-').

H, H 2, 0, OH, H 2 0, 02, and Ar have been monitored The net reaction rate A, of the individual species
throughout all flames; HF, CO, C02, and CF 2 O have i is the gradient of the mole flux F,:
been measured in flames FP2, FS2, and FS3; CF3 H
in flames FP2 and FS2; CF 2 HC1 and HCl have been I dFi (2)

monitored in the flame FS3. The structures of the P" A dz (2)

lean flames FP1 and FP2 have been described pre-
viously [11]. The signals measured in burned gases From the net reaction rates RCF3H, RcF2'HC1, and
at 18 mm from the burner surface were compared RcF 2o in flames FP2, FS2 and FS3, the rate coeffi-
with those of a calibration mixture containing H2 , O0, cients of the following elementary steps
Ar, CO, C0 2 , and CF 2 O. For H, 0, OH, and H 2 0
species, the occurrence of the partial equilibrium (8) CF 3 H + H--* products
confirmed experimentally in burned gases allows the
conversion of relative signal intensities to absolute (9) CF 3 H + 0 - CF 3 + OH
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TABLE 2
Decay mechanism of CF 3H [rate coefficients k, (cm 3 mol-' s-) = ATP exp(-E,/RT)]

No. Reaction A n E,, (cal mol-') Ref.

(7) CO + OH--CO, + H 1.29 x 10o7 1.3 -770 8,9
(-7) CO2 + H--CO + OH 1.41 x 100" 1.3 21,580 8,9

(8) CF3H + H -- CF, + H, 1.16 X 1014 0 17,470 14
(9) CF3H + 0 -- CF3 + OH 1.10 X 1012 0 3,187 14

(11) CF2O + H CFO + HF 4.51 X 10"3 0 22,864 14
(12) CF3H + OH -- CF3 + HO 2.65 x 100" 2.45 3,088 14
(13) CF3 + H-CF, + HF 5.48 X 1013 0 0 20a
(2) CF 3 + OH - CF2O + HF 3.00 X 10"' 0 0 this work
(14) CF2 + OH -'CFO + HF 1.00 X 10"3 0 0 8,9
(15) CFO + H-'CO + HF 2.50 X 1013 0 0 this work
(16) CFO + OH -- CO3 + HF 1.00 X 1014 0 0 8,9

TABLE 3
Decay mecanism of CF2HC1 [rate coefficients k, (cma mol - s-l) AT" exp( -E,/RT)]

No. Reaction A n E,, (cal mol') Ref.

(7) CO + OH- CO2 + H 1.29 x 10"7 1.3 -770 8,9
(-7) CO2 + H -'CO + OH 1.41 x 10"' 1.3 21,580 8,9
(10) CFHCI + H -- CFH + HC1 4.65 x 1014 0 15,361 14
(11) CF2O + H-- CFO + HF 4.51 X 1013 0 22,864 14
(14) CF2 + OH--CFO + HF 1.00 X 10"3 0 0 8,9
(15) CFO + H--' CO + HF 2.50 x 101" 0 0 this work
(16) CFO + OH-'CO2 + HF 1.00 X 1014 0 0 8,9
(17) CF2HC1 + OH-- CFCl + H2O 1.28 x 1012 0 3,320 21
(18) CF2H + H - CF2 + H, 2.00 x 1013 0 0 this work

(19) CF2H + 0-- CF20 + H 1.00 X 10"3 0 0 this work
(20) CF 2C1 + H -' CF2 + HC1 2.00 X 10"1 0 0 19
(21) CFCI + OH -' CF2O + HC1 3.00 x 1013 0 0 19
(22) HCl + OH-- H20 + Cl 2.25 x 10"2 0 1,021 22
(23) H + HCI-- H2 + CI 2.29 x 10"3 0 3,500 8,9

(-23) H2 + CI-HC1 + H 2.24 X 10"3 0 4,260 8,9
(24) H + C1,-- HCI + Cl 3.72 x 1014 0 1,800 8,9
(-24) HC1 + Cl-- H + C12  1.62 X 1014 0 48,180 8,9
(25) Cl + C1 + M-- Cl, + M 2.00 x 1014 0 -1,790 8,9
(-25) Cl2 + M - Cl + Cl + M 1.00 X 10"4 0 48,480 8,9
(26) H + Cl + M - HC1 + M 6.03 x 10"1 1.0 -36,520 8,9
(-26) HC1 + M--H + CI + M 6.61 X 1012 0 70,000 8,9

(10) CF2HC1 + H - CF 2H + HCl Mechanism Development

and Numerical Modeling

(11) CF20 + H -'CFO + HF All computations have been performed with the

PREMIX code [15] and the corresponding
have been deduced previously [14]. They will not be CHEMKIN thermodynamic database [16] which has
discussed further and are reported in Tables 2 been supplemented for some halogenated species
and 3. with Burcat and McBride's values [17]. Thermal and
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FIG. 1. Profile of CF20 in the stoichiometric flame FIG 2. Profiles of H, 0, OH and of the expenmental(FS2): exp.:° k2 2 10•3 (WB+):-.....-;---= 1 10O' I.2 roie fH , Hado heeprmna
(FS ): ...... ; k, = 2 10O' (WE +): -- temperature in the stoichiometric flame (FS2): H (experi-(WE + ): mental): ; H (WB +): 0- ; (experimental): 0, 0

(WB +): ------- OH (experimental): E]; OH

molecular diffusion are included in the code. Exper- (WB + ): ...... ; experimental temperature [K]: A (right
imental temperature profiles have been used. As a scale).
first step, the structures of the reference flames FP1
and FS1 have been calculated by means of the H2/02
mechanisms proposed by Miller et al. [18] and West- comes from the fact that Westbrook assumes an anal-
brook [9]. The computation confirms very well the ogy between Reaction (2) CF 3 + OH - CF 20 +
experimental results for botb HJO2 mechanisms. HF and CH 3 + OH - CH 2 + H20. But the pro-
Now, those mechanisms could be completed by the cesses are basically different: in the case of Reaction
reactions responsible for the decay of either CF 3H (2), there is F abstraction with 0 insertion, while, in
(FP2, FS2) or CF 2HC1 (FS3). The actual reaction the methyl reaction, only H abstraction occurs. Re-
mechanism includes a minimum of reactions involv- action CF 3 + 0 -* CF 20 + F has been neglected
ing radical intermediates that have not been detected since, when the rate coefficient measured by Tsai et
in order to avoid the use of poorly known rate coef- al. [20b] is used, this reaction contributes only 5% of
ficients. The reaction mechanisms of both additives the total CF 20 produced in flame FS2. Similarly, the
will be discussed separately, rate coefficient of reaction CF 3 + 02 -* products is

so small that such a process would contribute at the
Mechanism of CF3H Decay: most 1/10,00 of the actual CF 20 production. In a sim-

ilar way as for k2, the rate coefficient k15 = 2.5 X

For the modeling of the CF 3H decay, the mech- 1013 Cm3 mol-' s-1 has been selected so that the
anism is listed in Table 2. The rate coefficients of computed CO profile fits the experimental one. The
Reactions (2) and (15) have been determined in this mechanism for H12/0 combustion suggested by Mil-
work. To the best of our knowledge, there are no ler et al. [18] or the one suggested by Westbrook [9]
experimental values available in the literature for Re- induces really minute differences for the profiles of
actions (2), (14), (15), and (16), though Westbrook all species. To a first approximation, they can be con-
[8,9] has produced a mechanism involving these re- sidered to be equally good. For the sake of legibility
actions by assuming rate coefficients analogous to of the figures, we show only the results based on
those of CHj species. We have considered West- Westbrook's mechanism supplemented with the rate
brook's values for rate coefficients k14 and ki, as rea- coefficients of Table 2. This mechanism is called
sonable; they are therefore kept unchanged in the (WB +). The comparison between the experimental
actual mechanism. In addition, we have used the ex- results relative to the stoichiometric flame FS2 and
perimental value for k13 measured by Tsai and the modeling with the (WB +) mechanism is exhib-
McFadden [20a]. Rate coefficient k2 is deduced by ited in Figs. 2, 3, and 4. Figure 2 indicates a good
fitting the CF 20 profile with the experimental data. agreement for H, 0, and OH. The computed H mole
Figure 1 compares the experimental CF 20 profile in fraction near the burner remains too high since the
flame FS2 with those calculated by using West- mechanism (WB +) does not take into account even-
brook's mechanism [9] for H2/0 2 supplemented by tual catalytic recombination of H radicals on the
the data in Table 2 and by varying the rate coefficient burner surface. In Fig. 3, we notice a slight shift of
k2. A satisfactory agreement is obtained for k2 equal the computed profiles toward the burned gases re-
to 3 x 1014 Cm3 mol-I s-'. This value differs greatly gion, but the agreement is good for all carbon-con-
from Westbrook's estimated data (4 X 1012 cm 3  taining species (Fig. 4). The calculated profiles for
mo1-1 s-1) [8,9]. The reason for the discrepancy the stable species containing carbon have been com-
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puted along the same mechanism (WB +) for the will assume therefore that Reaction (19) CF2 H + 0
lean flame (FP2) using the experimental temperature - CFO + H is mainly responsible for the formation
profile recorded previously [11]. As is illustrated in of CF 2O. The rate coefficient k 18 has been estimated
Fig. 5, the agreement remains quite satisfactory, al- to 2 x 1013 cm 3 mol- I s- 1. The value of k9 has been
though the mechanism underestimates the final CO2  selected by varying k19 in such a manner as to obtain
concentration. the best agreement between the experimental and

the computed CF 2 O profiles, using Westbrook's

Mechanism of CF2HCI Decay: 112/02 mechanism supplemented with the reactions
of Table 3. This mechanism is named (WB + + ). The

The mechanism used for the modeling of the best agreement is reached for k,9 = 1 X 1013 cm 3

CF 2 HCl decay is listed in Table 3. Rate coefficient mol-' s-'. It corresponds to a ratio k1,/ki9 = 2. The
k15 is the same as for the CF 3 H decay. The estimate rate coefficients k,0 and k•l have been determined in
of the rate coefficients k1, and k]9 will be discussed a similar way by studying a flame seeded by CFCI
now, since no data are available in the literature, traces, discussed previously [19]. A few typical pro-

From previous studies [14,19], we know that about files are presented in Figs. 6 and 7. The profiles ex-
85% of the CF 2 HCl is consumed in flame FS2 by hibit good agreement, but they are shifted toward the
Reaction (10) CF 2 HCl + H -- CF2H + HCI. We burned gases. It could be due to a slight shift of the
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HIGH-TEMPERATURE REACTIONS OF PHENYL OXIDATION
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The reactions of phenyl radicals with molecular and atomic oxygen have been studied in the temperature
range 900-1800 K behind reflected shocks. The total pressure ranged from 1.3 to 2.5 bar, Phenyl radicals
were generated by the fast thermal decomposition of nitroso- of iodobenzene. Resonance absorption was
used to record the temporal concentration profiles of H, 0, and I atoms and of CO molecules. This sensitive
technique allowed study of the reaction systems under favorable conditions by applying very low initial
concentrations (0.5-250 ppm). Due to the complexity of the system, it was necessary to study in a separate
series of experiments the dissociation reactions of intermediates like phenoxy radicals and p-quinone. For
the initiation reaction CH5 + 02, two product channels were found:

CQH 5 + 0 2 -' CHO + 0 (RI)

and a fast channel, producing H-atoms,

C6H5 + 02 -- CQH 40 2 + H (R2)

with a branching ratio k,/k2 of about 3 in the investigated temperature range. Reaction (R2) seems plau-

sible; however, it presently has the status of a working hypothesis.
For

C5 H5 + O - C5 H, + CO (R5)

a rate constant of about 1014 cm3 
mtol I s5-I was deduced.

From the evaluated data, a reaction scheme for phenyl radicals is given, which is expected to improve
the modeling results of practical flames containing benzene or other aromatics.

Introduction in length. The internal diameter is 7.2 cm. The test
section was evacuated by a turbomolecular pump to

The formation and destruction of aromatic hydro- about 10-7 mbar before each experiment. Mixtures
carbons in combustion processes is still far from be- were prepared and stored in a 50 L stainless steel
ing quantitatively understood. Recently, we under- tank, which was bakeable up to 250 'C. The inca-
took some systematic investigations on the high surements were performed behind the reflected
temperature decomposition of selected aromatic shock front close to the end flange. The temperature
molecules and on the pertinent radicals phenyl and behind the reflected shock was calculated from the
benzyl [1,2]. Especially, phenyl radicals are consid- measured speed of the incident shock and by solving
ered to play an important role as intermediates in the appropriate conservation equations. A detailed
high-temperature reactions leading to the formation description of the apparatus is given elsewhere [7].
of PAH (see e.g., Ref. 3). Their reaction with acety- Atomic (ARAS) and molecular resonance absorption
lene leads to phenylacetylene [4,5]. This species is as- spectrometry (MRAS) were used to monitor the tem-
sumed to start inception of PAH formation (see e.g., poral concentration profiles of H, 0, and I atoms and
Ref. 6) as a possible pathway to soot. As a competitive of CO molecules in the wavelength range 121-165
process, the reaction of 0, O2, or OH with phenyl nm. The light sources for the absorption measure-
radicals reduces the tendency for soot precursor for- ments were microwave-excited discharge lamps con-
mation. The reaction route of phenyl oxidation by 0 taining the appropriate gas diluted in helium. Hy-
and 02 has been investigated in the present study. drogen atoms (using an oxygen spectral filter) and

one of the other species (using a vuv monochroma-
Experimental tor) can be monitored simultaneously. The transmit-

ted intensity signals were recorded by a two-channel
The high-purity stainless steel shock tube consists storage oscilloscope and fed to a personal computer

of a test section of 6 m and a driver section of 4 m for computation. The atomic and molecular concen-

833
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tration profiles reported here are based on calibra- C6 H6
tion experiments. Hydrogen- and O-atom calibration + H{
were performed by shock-heating H2-N20-Ar and +H +CHO OH

N20-Ar mixtures [7]. Iodine- and CO-calibration C OCHH
curves were evaluated from shock-heated mixtures +H
of CH3 I-Ar [8] and CO-Ar [9], respectively. +H,OH H2.H2 +O0+o . +H.I I+H)

For the series of experiments concerning phenyl - 11
oxidation, the phenyl radicals were produced by the C6H5 0 C6H4 C2 H
thermal decay of nitrosobenzene (C6H5NO) or in- H
dobenzene (C6H15). The precursor concentration co +C 2H2

ranged from 6 to 100 ppm. 02 mole fractions of 40-

250 ppm were used. Phenoxy radicals (C6H50) were C5 H5  C1oH7
produced from the thermal decomposition of anisole / o+>, OH

(methyl phenyl ether: C6H 5OCH 3) or of allyl phenyl H
ether (C6H50C3H5 ) with mole fractions of 25 to 90
ppm. The diluent in all experiments was highly pu- C5 H6  C5 H5O C5 H4 0H PAH
rifled argon (Ar = 99.9999%). The purity of all these
species was checked by mass spectrometry. The ini- I I
tial concentrations of nitroso- and iodobenzene, an- ring opening
isole, allyl phenyl ether, and p-quinone were rou-
tinely measured by uv absorption in samples drawn FIG. 1. Dominant reactions of C5 and C6 species in a
from the shock tube. benzene flame, as assumed prior to the present study.

The sensitive ARAS and MRAS techniques al-
lowed us to study the high-temperature reactions in
highly diluted mixtures. The concentrations are so CH 3 + CH3 -- C2H5 + H [8]
low that temperature effects other than those stem-
ming from the nonideality of the flow in the shock C2H5 -* C 2 H 4 + H. [13]
tube are of no importance. Further, these low initial
concentrations reduce strongly, within the timescale From these results, we concluded that phenoxy and
of the experiments (t -< 800 ys), the number of im- cyclopentadienyl do not produce H atoms at tem-
portant subsequent reactions that had to be consid- peratures T -< 1500 K. Similar conclusions from the
ered for the evaluation of the measured concentra- allyl phenyl ether decomposition could not be drawn
tion profiles, because the simulation of the H-atom concentration

profiles was not possible due to the scarce data on
high-temperature reactions of allyl radicals. At tem-

Results and Discussion peratures T > 1300 K, the unimolecular decompo-
sition of the phenoxy radical is very fast and an
immediate increase to a constant CO-level is ob-

Phenoxy Decomposition: served. Independent of the precursor and the tem-

The dominant reactions of C5 and C 6 species in a perature (1300-1800 K), we found:
benzene flame-as assumed prior to the present
study-are given in Fig. 1 [6,10]. The reaction of [COLed/[C6HsO]0 = 1.0 ± 0.1.
phenyl radicals with 02 is assumed to give phenoxy
radicals and oxygen atoms: Therefore, we have to assume

C6H 5 + 02 - C6 H50 + 0 (R1) CH 5 0 - C5 H5 + CO (R3)

followed by decomposition of the phenoxy radical to is the only or the major (-Ž 90%) decomposition
cyclopentadienyl (C5H5) and CO. channel.

Due to the scarce data on the high temperature Because the phenoxy decomposes very fast, the
decomposition of the phenoxy radical [11], we inves- temperature interval under investigation was only
tigated first the thermal decay of phenoxy by moni- 1020-1190 K. A typical CO profile, measured during
toring the H and the CO absorption. As phenoxy pre- the thermal decay of allyl phenyl ether, is shown in
cursors, anisole and allyl phenyl ether were used. Fig. 2.
Anisole decomposition experiments resulted in some The dissociation of the radical precursor anisole
H-atom production. This could be explained quan- has to be taken into account at temperatures T <
titatively by the CH 3 submechanism: 1200 K [11,14,15], whereas allyl phenyl ether decom-

poses instantaneously at temperatures T = 1060 K
CH 3 + CH3 + M - C 2H 6 + M [12] [11,16]. The evaluation of the CO profiles gave for
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FIG. 2. CO-MRAS signal from thermal decay of allyl FIG. 4. H- and O-ARAS signals from the reaction of
phenyl ether: X(C 6H5OC2 H5 ) = 41 ppm; T5 = 1090 K; p5 phenyl + 02: X(C 6H5NO) = 15 ppm; X(0 2) = 250 ppm;
= 2.36 bar. T5 = 1320 K; p, = 2.36 bar.

3.75 --- > 1500 K, the investigation of the reaction of phenyl
3.50 - 0radicals with 02 was restricted to the temperature

3.25 - range from 1000 to about 1500 K. Figure 4 shows
" -3.00 - typical experimental profiles of H and 0 atoms, pro-

duced in the reaction system of nitrosobenzene with
2.75 -0excess oxygen.

-- 2.50oThe initial increase and the maximum of the
0-atom concentration profiles can be simulated by

2.25 -, the production of 0 atoms accordingly to

2.00 -
C6H 5 + 0, -* CH 5 0 + 0 (RI)

1.75

8.5E-4 9.0E-4 9.5E-4 1.0E-3 and by the consumption of 0 atoms due to the fast
Temperature-1 [K- 1] reaction

FIG. 3. Arrhenius diagram for the phenoxy decomposi-
tion. 0: measured rate coefficients; solid line: best linear CH 5 + 0 -+ C5 H5 + CO. (R5)

fit of these values; dashed line: Arrhenius expression of Lin
and Lin [11]. Model calculations executed by varying the rate con-

stant values for reactions (RI) and (R5) (see Fig. 5)
show that the very fast increase of the O-concentra-

both precursors the same kinetic results. The result- tion profiles could only be explained by a rate con-
ingArrhenius expression for reaction (R3) is depicted stant for reaction (RI) that is about a factor of 25
in Fig. 3. The only other available data on phenoxy larger than preliminary data that Lin and Lin [17]
above 1000 K, which have been deduced from shock- (see Fig. 5) suggest. Using this high value for the
tube experiments, are those by Lin and Lin [11], O-production reaction (R1), a very high but plausible
(Fig. 3). The experimental method applied by Lin value of about 1.1 * 1014 Cm3 mol-I s-I for reaction
and Lin is comparable to that of the present work, (R5) is necessary to model the maximum and the
but the measurement of CO concentrations by IR- following decrease.
laser absorption had to occur at higher concentra- Measurements of the oxidation of cblorobenzene
tions. The rate constant values of Ref. 11 are about [18] as well as the addition of benzene to slowly re-
a factor of 3 smaller than those of the present work. acting mixtures of hydrogen and oxygen [19] at lower
This discrepancy compared to our work may be temperatures show good agreement with our value
caused by a relatively strong influence of subsequent for the rate coefficient of the reaction of phenyl +
reactions on the evaluation of data due to the larger 02 to phenoxy and 0. Recent flow reactor measure-
initial concentrations applied by Lin and Lin [11]. ments of Hoyermann [20] at room temperature on

Phenyl + 0 2/Phenyl + 0: phenyl + 0 indicate a high value of about 8 * 1013
cm3 mol-' s -1 for the rate coefficient as well. This

Due to the relatively fast thermal decay of phenyl is in good agreement with our data.
radicals (Braun-Unkhoffet al. [1]) at temperatures T The energy diagram of reaction (R5), phenyl +
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FIG. 5. Simulation of the 0 concentration profiles (ex- FIG. 7. Sensitivity of the measured O-atom concentra-
perimental conditions of Fig. 4) by varying RI and R5: tion profile (experimental conditions of Fig. 4) with respect
Circles: experimental data; full line: best fit using mecha- to the reaction mechanism of Table 1. Variation ofk6 (CH 5
nism of Table 1; dotted curve: using k of Ref. 17 for RI + 0) by factors of 1.5 and 0.5: Circles: experimental data;
and 1.0. 1013 cm3 mol - I s-I for R5; long-dashed curve: us- full line: best fit using mechanism of Table 1; dashed line:
ing 6-k of Ref. 17 for RI and 1.0 .10 cm 3 mo-i- s lfor k, ± 50%.
1E5; short-dashed curve: using 17 -k of Ref. 17 for RI and
6.0" 1011 cm3 mol I s'I for R5.

140-
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H ~30-
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101 FIG. 8. Energy diagram of cyclopentadienyl + 0. This
is a simplified diagram, Small barriers that likely occur

FIG. 6. Energy diagram of phenyl + 0. This is a sim- along the reaction paths are not shown. The heats of for-
plified diagram. Small barriers that likely occur along the mation of some molecules are estimated values.
reaction paths are not shown. The heats of formation of
some molecules are estimated values. Necessaiy group in-
crements were based upon Benson [22] and Melius [23]. C5 H5 + 0 -- C5H40 + H (R6)

must be considered, too. Figure 7 shows that reaction
0, (Fig. 6) indicates that the produced phenoxy is (R6) has a strong influence on the 0 consumption at
highly excited due to the high exothermicity of the t > t..x, so a sensitive determination of k6 was pos-
addition reaction (AH 5298 = 127 kcal/mol). There- sible. There are, to our knowledge, no literature val-
fore, it dissociates immediately to cyclopentadienyl ues available for this rate coefficient.
and CO. The second possible product pathway (R5a) The energy diagram of reaction (R6), cyclopenta-
to a ketene and H is of minor importance due to the dienyl + 0, (Fig. 8) shows that the adduct CsH50
barrier of 45 kcallmol, relative to the C5 H5 + CO is highly excited due to the high exothermicity of
exit (15), The barrier results in k5 (E) >> k5 a(E) for about AH 5os2 = 74 keal/mol. Due to this instability,
the decomposing transition states, which in turn it decomposes rapidly to cyclopentadienone and H.
means that the branching is likely in favor of C5 H5  The very fast occurrence of H atoms in the system
+ CO. phenyl + O0 (see Fig. 4) cannot be explained by the

At longer reaction times, the O-consumption re- reaction sequence (RI), (R3), (R5), and (R6), be-
action cause reaction (R6), which is the only H-producing
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3.5E13 - / plained by a bimolecular reaction of two products.

S3.OE13 - \ Further, the H production cannot originate from
E unimolecular decomposition reactions, because from

,a 2.5E13 - the preceding work of Braun-Unkhoff et al. [1], it is
2.O1 known that the thermal decay of phenyl below 1500

•*$ 2.01 "K is much too slow to account for measurable

- 1.5E I ,H-atom concentrations and because phenoxy decom-
position does not produce H atoms under the present0 1.0E13 "".'

o experimental conditions. In a separate series of ex-
-.E1 periments, it was also verified that neitber impurities

nor reaction products, possibly generated during
0 4 0 k long residence times of the nitrosobenzene-020 200 400 600 800

Time [psi mixtures in the mixing vessel, could be the sources
of the observed immediate H-atom production.

FIG. 9. Calculation of the H-atom concentration profiles Therefore, we are forced to assume that only a
(experimental conditions of Fig. 4) with k,, k, k, from Ta- second initial reaction step can account for the fast
ble 1, and variation of k,. Full curve: smoothed measured observed H-production rate. Thermochemical argu-
values; short-dashed curve: k, = 7' 10's3 cm mol-' s-I ; ments lead us to a working hypothesis that the prod-
dotted curve: k, = 1.5. 101 cm3 mol I s- ; long-dashed uct channel
curve: k, = 5 1015 Cm3 Mtol-I S-1.

C6H 5 + 02 -- C6 H 40 2 + H (1R2)

step, is a reaction of products of(R1), (R3), and (R5), which produces H atoms and p-quinone or o-qui-
respectively. The short-dashed curve of Fig. 9 shows none (see Fig. 10), is likely responsible for the very
the calculated H-concentration profiles using the fast initial H production. Our analysis is based upon
rate coefficients for (R1), (R3), (R5), and (R6), which the assumption of p-quinone being the major prod-
were deduced from modeling the 0 profiles and uct, because p-quinone stems from a transition state
from the phenoxy decomposition measurements. It with a 1,4 bridge of 02, which is subjected to less
can be seen that the increase is much too slow and stress than the corresponding transition state for
that the calculated concentrations are at all times o-quinone. From Fig. 11, it is to be seen that excel-
lower than the measured ones. By increasing k6 by a lent agreement between measured and calculated H
factor of 2.2, it is possible to fit the maximum (see profile is achieved by introducing (R2) into the re-
the dotted line of Fig. 9), but the initial increase still action scheme. The calculated H-concentration pro-
remains too slow. Even with an extremely large rate files mainly depend on three reactions: the H-pro-
coefficient k6 = 5 * 1015 cm 3 mol s1 S- close to ducingreactions (R2) and (R6) andthe H-consuming
collision frequency, we predict much too high H and reaction
much too low 0 concentrations at t > 50 us. The
initial increase of the H-concentration profiles is still C5H5 + H - C5H5 . (R7)
too slow (see the long-dashed curve of Fig. 9). We
conclude that the very fast increase cannot be ex- A sensitive determination of the rate coefficients of

130- 0
120 +

120- + cc

110- L--x " +

100-

= 90S 80-

o 70-

60- +
SFIG. 10. Energy diagram ofphenyl

+ . 50H + 02. This is a simplified diagram." 40 +CO+H Small barriers that likely occur along
30- _. o the reaction paths are not shown.
20 ,65 11 The heats of formation of some mol-<0-©Q& H ecules are estimated values. Dashed
10 - H lines: barrier heights deduced from

0- our measurements.
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5.5E13 C6 H5 + H -* C6 H6  (R8)
S3.0E13 " ..

E and

0 "''" - H + 0 2 -O +OH. (R9)S2.0E13 : """"', ... '

1.sE13 - The literature values [1,12] for the rate coefficients
of these reactions were used. In the present study,0 1.OE13 - ,

0- -...... OH-concentration measurements have not been car-
"0.5E13 -rtied out. OH radicals are mainly produced by reac-

"tion (R9), with maximum values of about 1.5" 1013
0.0 1) , , cm 3 mol -I at the end of the observation time inter-

0 200 400 600 800 val. As there are nearly no data available for high-
Timne [ps] yn aaaaial o ih

temperature OH reactions with the C6 and C5 spe-

FIG. 11. Sensitivty of the measured H-atom concentra- cies of the investigated reaction system, the modeling
tion profile (experimental conditions of Fig. 4) with respect studies had to be carried out by using estimated rate
to the reaction mechanism of Table 1. Variation of k2, kC, constants. Even with k values on the order of 5 1013

and A> by factors of 1.5 and 0.5. Circles: experimental data; cm mol-51 s1, the calculated concentration profiles
full line: best fit using mechanism of Table 1; short-dashed for H, 0, and CO were influenced only marginal.
line: k,- ± 50%; long-dashed line: k6 ± 50%; dotted line: Therefore, the influence of the OH radicals reacting
k7 ± 50%. in the system with hydrocarbons is negligible with

respect to the deduced data in this study.

these three reactions is possible (Fig. 11). The rate p-Quinone Decomposition:
coefficient of (R2) exhibits only weak interdepend-
ence with reactions (R6) and (R7) for observation In a separate series of experiments, the thermal
times •<60 ps. The rate coefficient of (R6) can be stability ofp-quinone was checked. The temporal ab-
determined by modeling the 0 (see Fig. 7) and the sorption of H, 0, and CO was monitored during the
H profiles. This rate coefficient, evaluated from two unimolecular decomposition of low initial concentra-
different measured species profiles, shows very good tions (X0 = 36-72 ppm) ofp-quinone. Only CO was
agreement. measurable in appreciable quantities. From the

With k2 and k6, it is now possible to determine k7. pseudo-first-order increase of CO and from the con-
The dotted line of Fig. 11 shows that the calculated stant CO absorption ([COILed = [C6H402]0 ) at T >-
H-concentration profiles are very sensitive to varia- 1750 K within the observation interval, it was de-
tions of k7. There are no literature values available of duced that the main decomposition channel is
this rate coefficient. The observed value of 1.0" 1014
cm

3 mol-1 s-1 is what one would expect for such a C 6H 402 -- C5 H 40 + CO. (R4)
recombination at our experimental conditions.

Less important H-consuming reactions are Under the applied experimental conditions, only

TABLE 1
Reaction mechanism and rate constants

A Ek/1 Ref.

RI CMH5 + 02.-- C6H50 + 0 2.6 X 101a 3,080 p.w.
R2 CH5 + 02 - C6H 400 + H 3.0 X 1013 4,520 p.w.
R3 CQH50 CH 5 + CO 7.4 × 1011 22,070 p.w.
R4 CH 40-- CH 40 + CO 7.4 X 1011 29,700 p.w.

R5 CQH5 + 0 C5 H + CO (9-11) X 1013 p.w.

R6 CAH2 + O- C5H 40 + H 7.0 X 10i3 p.w.
R7 C5H5 + H - CH 2  1.0 X 1014 p.w.
R8 C5H5 + H C-H1 s 7.5 X 10'3 1
R9 H + O,-0 + OH 2.0 X 1014 8,460 12

Units: cmf, mol, s, kcal.
k = A T' exp(-E,,/RT).
p.w. = present work.
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c 6H6  recently by Chevalier and Warnatz [21], and the
+0 + +H,O,Oi modeling of PAH and soot formation in flames.
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REACTIONS OF PHENOXY RADICALS IN THE GAS PHASE
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Tammannstr. 6, D-37077 Gottingen, Germany

The mechanisms and rates of the formation and the reactions of the phenoxy radical with atoms and
radicals in the gas phase have been studied at room temperature (around 295 K) and low pressure (1-5
mbar) using the discharge flow technique. Samples were withdrawn continuously by a molecular-beam-
sampling system coupled to a mass spectrometer with electron impact ionization for a specific and sensitive
detection by applying low ionization energy and single-ion counting.

Phenoxy radicals were produced by the reaction of phenol with chlorine atoms

C6H 5OH + Cl-- C6H 50 + HCI (1)

and the rate coefficient k, was determined to be

k, = (1.43 + 0.25) 101' cm3/mol s

(relative to the reference reaction CQH + Cl, ko = 3.4 1013 cm3/mol s).
Phenoxy radicals react with atoms according to

C6H 50 + 0 - C6H 40 2 (quinone) + H (2a)

-- C5Hs + CO2  (2b)

with reaction (2a) being the main pathway, and a rate coefficient of

k2 = (1.68 ± 0.35)- 1014 cm3/mol S

(measured relative to the standard reaction (01) C2H5 + 0, 0k, = 1.31 .104 cm3/mol s) and

CQH 5 O + H -- CHO/CH 5 OH (3)

with C6H.0 being cyclohexadienone, and a rate coefficient

k, = 4 1013 cm'/mol s.

(The reference reaction was (02) C2H5 + H, k112 = 3.6 10W'Imol s, and the ratio of the rate constants was
determined as k3/ko2 = 1.12 + 0.03.)

Phenoxy radicals combine with the alkyl radicals C2H5 and CH3 in two different pathways with com-
parable efficiency:

CH50 + Coil -- CH 5OC 2H5 (phenetol) (4a)

- CH 5 CH 4OH (ethylphenol) (4b)

C6H50 + CH3 -- C6H5OCH3 (anisol) (Sa)

-- CHC 6H4OH (cresol) (Sb)

((4a): (4b) = 63:37; (5a): (5b) = 59:41.)
The combination reaction of phenoxy radicals is fast:

CH 5O + CQH 5 O -. (CH 50),

k, = (2 + 2/- 1). 1013 cmV/mol s (6)

841
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Introduction ieals, and, for the reactions of phenoxy radicals with
hydrogen and oxygen atoms, (3) to ascertain the pri-

The phenoxy radical is one of the key radicals in mary products of the phenoxy radical reactions and
the oxidation of aromatics and the pyrolysis of par- to elucidate mechanistic concepts (oxygen- and/or
tially oxidized aromatic compounds in the gas phase. carbon-centered radical).
In the context of the combustion of aromatics, this
may be exemplified by the chemical mechanisms-
discussed in the literature-for the conversion of fu- Experimental
els to final products in hot reaction zones. The oxi-
dation of the classical aromatic compound, benzene, The experimental arrangement consists of a corn-
at high temperature is initiated by a hydrogen atom bination of two conventional discharge flow reactors,
abstraction via atoms (O,H) and radicals (OH,CH3 ) a molecular-beam sampling system, a mass spec-
leading to the phenyl radical C6H5 . At low temper- trometer, and a gas preparation and handling system.
atures, the complex-forming reaction C6H5 + 02 -- As the parts of the apparatus have been assembled
C6H502 is slow, whereas at higher temperatures, the from two different experimental arrangements, both
chain reaction C6H5 + 02 -- C6H 50 + 0 domi- described in previous combustion symposia [13,14],
nates, thus asking for kinetic data on the further re- only the essentials are summarized. The phenoxy
actions of the phenoxy radicals. (For a review of the radicals were produced at low pressure (0.5-10
high-temperature oxidation of aromatic hydrocar- mbar) and low temperature (290-300 K) in a flow
bons, see Refs. 1 and 2.) The decomposition of the reactor A (inner diameter: 20 HIm), where Cl atoms
phenyl-alkyl ethers and phenols, being present as (from a microwave discharge in C12/He mixtures)
products in the oxidation of side-chain-substituted were mixed with a phenol/He flow by a movable inlet
benzenes, have been studied extensively, especially probe. This inner discharge flow reactor A was sur-
with respect to the heat of formation of the primarily rounded by a second discharge flow reactor B (inner
formed phenoxy radical [3-9]. The most recent val- diameter: 40 mm), where the atoms H, D, 0, and F
ues of the heat of formation of the phenoxy radicals were produced by discharging highly diluted
range from 40.4 kJ/mol [10] to 55.3 kJ/mol [9]. Direct mixtures of H2/He, D2 /He, 0 2 /He, and F2 /He, re-
studies of the elementary reactions of the phenoxy spectively, and the radicals CH3 or C2H5 by the sub-
radicals in the gas phase are scarce. The thermal de- sequent reactions of F atoms with CH 4/He or
composition of the radical (C6H10 -- c-C5H5 + CO) C2H6/He. In order to meet the experimental con-
shows an interesting mechanism of CO elimination ditions for the residence times in the kinetic and the
under ring contraction by the formation of the cyclo- product formation studies, the linear flow velocities
pentadienyl radical [3,4]. The interaction of the (5-50 m/s) and the admixture points of the different
phenoxy radical with hydrogen atoms and methyl reactants were varied independently. The actual con-
radicals are described as a combination to yield phe- centrations are given in the figure captions. Reliable
nol [6] (by C6H50 + H -- C6H 5OH) and cresols and reproducible results could be obtained only by
[11,12,4,5,6,8] (C6H50 + CH3 -- C6 H4CH 3OH) and frequent and careful cleaning of the arrangement of
ether [11,12] (C6H50 + CH3 -- C6H5OCH 3). The flow reactors, as to be expected in the work with ar-
structure of the phenoxy radical can be presented by omatic compounds.
different limiting mesomeric structures, chemically Samples were withdrawn continuously by a ino-
seen as an oxygen-centered and/or a carbon-centered lecular-beam sampling system, differentially pumped
radical. Naturally, the phenoxy radical has only one by two large diffusion pumps (2 X 2000 U1s), and
definite molecular structure, but the reactions of the were crossing the electron impact (EI) ion source of
phenoxy radicals with an alkyl radical (as derived a mass spectrometer (pumped by a 450 Us turbo-
from the complex reaction systems of phenol and by- molecular pump). A specific detection of labile and
drochinon oxidation [11,12] or pyrolysis [8]) show stable species was performed either by the mass
formation of phenyl alkyl ethers as well as alkyl sub- spectrum at low-energy electron-impact ionization,
stituted phenols. This is described in a shorthand no- by the mass spectrum with the fragmentation pattern
tation simply via an oxygen-centered as well as a car- of the parent ion, or by a high-resolution mass spec-
bon-centered phenoxy radical, which facilitates the trum. A sensitive detection was realized by conven-
construction of reduced chemical reaction mecha- tional (analog) direct current (de) amplification, by
nisms incorporated increasingly in combustion mod- (digital) single-ion counting, and by synchronous (re-
elling. action "on"/"off") ion counting.

The objectives of this study are (1) to establish a The gas mixtures were prepared by mass flow con-
phenoxy radical source via the reaction of phenol trollers from commercially available chemicals. Con-
with chlorine atoms for high radical concentrations stant flows of phenol/He were obtained by passing
in the study of product formation in subsequent (rad- He through a long pipe filled with highly dispersed
ical + atom) reactions, (2) to determine the rate co- phenol on glass wool as the support. The purity of
efficients for the formation reaction of phenoxy rad- the chemicals was He (99.99,6%), H2 (99.996%), D2
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(a)

13 m/e

FIG. 1. Mass spectra of the prod-
ucts of the reactions C6HsOH + CI

_ . .._,__.. . - C6H 50 + HCI and CQH 0 + 0

5570 94 - products: (a) C6H5OH + Cl, re-
action (1) (p 2.7 mbar, 295 K;

[C6HOH]0  2. 10-0 mol/cm3;
[CI0 = 5"10- 11 mol/cm 3; residual( c) [Cljo > [Cl1]); -le in boxes: parent

ions and fragment ions of products;
(b) C6HOH + Cl2: background; and

J,. 
(c) C 6HO + 0, reaction (2) (mle in

__.........__ _ boxes: parent ions and fragment ions

40[ s 8' 2 88 108 from reaction (2); mass spectrome-
52 ter: electron impact ionisation, 17.5

eV).

(99.7%), Cl2 (99%), F2 (99%), 02 (99.995%), CH 4  energy (17.5 eV) was chosen in order to avoid a com-
(99.99%), C2H6 (99%), and Phenol (99.5%). plex mass spectrum due to ion fragmentation. The

m/e values, characteristic for products of reaction (1),
are shown in boxes in Fig. la, and those for C6H5OH

Results + C12 (background) in Figure 1b, are shown for
comparison. Phenoxy radicals are detected directly
at the parent ion at m/e = 93 (not obscured by a

Phenoxy Radical Formation: The Reaction C6H5OH fragment ion of the excess of C6H 5OH) and a frag-
+ Cl: ment ion at m/e = 65, which is further suppressed

The hydrogen atom abstraction of the OH group by working at lower ionization energies. A prominent
in phenol by Cl atoms is exothermic by AH° (298) product mass peak is found at mle = 186, attributed
= -70 kJ/mol; to a recombination product (C61H50) 2. The signals at

the mass peak at m/e = 128/130 show the intensity

C6HsOH + Cl - C6H50 + HCI (1) ratio (3:1) of the chlorine isotopes 35C/17C1, point-
ing to the formation of C6H5OC along the reaction

whereas substitution reactions
C6H50 + Cl2 - C6H5OCI + Cl.

C5H5OH + Cl -* C6H5Cl + OH
This was substantiated by the addition of increasing

C6H5OH + Cl - C6H4C10H + H amounts of molecular Cl2, leading to an increase of
signals at mle = 128/130 at the expense of the

are endothermic ( + 47 and 68 kJ/mol, respectively). (C6H50) 2 dimer. (The structure of the formed prod-
Therefore, reaction (1) was studied with respect to uct, described by the formula C6H5 C0 , is attributed
being a possible source for phenoxy radicals, to p-chlorophenol on the basis of the ion fragmen-

In Fig. la, a mass spectrum of the reaction prod- tation pattern of o-, m-, p-chlorophenol at different
ucts of reaction (1), together with the unreacted re- ionization energies. This C6H50 + C12 reaction is
actants and the products from subsequent reactions, out of the scope of this paper.)
is shown for an excess of C6H5OH over Cl atoms and Small ion signals at m/e = 157/158; m/e =
residual Cl 2 molecules. A moderately low ionization 100/102; m/e = 39/40 cannot be explained unam-



844 REACTION KINETICS

1.0 , (k0 = (3.4 ± 0.5)' 1013 cm 3/mol s [15]), the absolute
value of ki is obtained

S 0.8k = (1.43 + 0.14)" 1014 cm3/mol s.

As the reference reaction (0) is given an uncer-
tainty of ± 15% in the recommendation [15], and as

S0.6 our measured confidence interval is + 10%, an over-
all error of 18-20% seems to be realistic;

a.)

_0.4 k, = (1.43 + 0.25) 1014 cm 3/mol s.

Thereby, the reaction of phenol with chlorine atoms

0.2 is a suitable source for phenoxy radicals, as the re-
action is fast and shows only formation of phenoxy in
a single-reaction channel.

0.0,
0.00 0.10 0.20 The Reaction C6H50 + 0:

In { Ethanelo/ [Ethane]) The reaction of phenoxy radicals with oxygen at-
oms was studied with respect to the formation of

FiG. 2. Ratio of the rate constants of reaction (1) products at high and low excess of phenoxy radicals
CH 5OH + C1 -- C6H50 + HCI and reaction (0) C2H6 + over oxygen atoms and at different mass spectro-
Cl -- CH, + HCI. (Experimental conditions: p = 2.7 metric detection conditions (ionization energy). In
mbar, 295 K; [C6H 5 OH], = (1-20) • 10-1 mol/cm3; Fig. Ic, only one example is given as an illustration
[CH,]0 = (2-5)- 10- 1 mol/cm3; mass spectrometer: elec- for the formation of products (m/e in boxes). More-
tron impact ionisation at 17 and 22 eV.) over, the suppression of the typical phenoxy radical

self-reaction is obvious by comparing Figs. Ic and la
(phenoxy radical production).

biguously. It is assumed that fragment ion formation The results of the product formation studies are
of the unknown structure of the dimer (C 6 H 5 0)-- summarized by the reaction scheme
C,,H 10O+ (rn/e = 158) + CO gives rise to m/ec
158, as CO elimination is a common ion fragmenta- C6H50 + 0 -* C6H402 + H (2a)
tion route in aromatic oxygenated ions. (This is also
assumed for m/e = 100/102 along C6H 5 C1O+ - . C5H5 + CO2. (2b)
C5H5Cl+ (m/e = 100/102) + CO.)

The rate constant of reaction (1) was measured The benzoquinone (presumably 1,4-C 6H402 ) was
relative to the standard reaction identified by its cracking pattern at high ionization

energy (70 eV; m/e = 108, 54, 82, and 80) and
C2 H6 + Cl - C2H5 + HCI. (0) c-C 5H5 [cyclopentadienyl radical at low ionization

energy (15 eV, m/e = 65)] and by the study of the
In the absence of secondary reactions (i.e., no re- secondary reactions c-C 5H5 + 0, leading finally to

formation of C6H5OH and C2H6 and no additional CO and C2H2 . (The reaction of c-C 5H5 + 0 was
attack on C6H5OH or C2H6 by products of the re- studied separately and will be published elsewhere.)
actions (0) and (1), the ratio of the rate constants The calibration of the reaction channels (a) and (b)
follows from the relative consumption of C6H5OH by the quantitative and simultaneous determination
and C2H6 in the presence and the absence of C1 at- of the consumption of the C6H50 radical and the
oms (see Ref. 13): formation of C6H40 2, C5H5, and CO2 was incom-

plete, as only a 35% recovery rate could be estab-
k, = ko"ln{[C 6H50H1]0/[C 6H5 OH]} lished. As CO2 was detected, only as a minor com-

ponent (compared to C 6H 4 0 2 : below 15%), and as
+ ln{[C2H6]0/[C 2H6]}. CO2 is not absorbed at the reactor wall, reaction (2a)

is assigned as the major channel.
The experimental results are shown in Fig. 2, where The rate constant of reaction (2) was measured
the data points are averaged values (from 3 to 5 relative to reaction (01):
measurements), the size of the data points reflects
approximately one standard deviation reproducibil- C2H 5 + 0 - products. (01)
ity, and the slope by a linear regression analysis (95%
confidence level) is deduced as 4.22 ± 0.42. Adopt- The experimental conditions were chosen such that
ing the recommended rate constant of reaction (0) the C2H5 radicals, formed by
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' I * k2 = (1.68 ± 0.35) 1014 cm 3/lMol s.

The Reaction C6H50 + HID:

The mechanism of the reaction of phenoxy radicals
C) with hydrogen atoms was deduced from the identi-

fication of the products by the different ion fragmen-
,,. tation patterns and by the use of deuterium atoms.

Postulating two reaction sites of the phenoxy radical
"o l. -a (oxygen-centered, carbon-centered) in the course of

"the reaction with hydrogen atoms, two different
C× /products are to be expected:
a,

0*+H -* ~-OH (phenol) (3a)

0 + H C) Q=O0(-dien-one). (3b)

As the C6H-50 radicals were produced via C61-501H
0.0- (reaction (1)) and as the C6H 50 radicals react very

0.0 1.0 fast with H atoms hy comhination (C6H50H/
In J[Ethyl 10 [Ethyl ]} C6H60), a sensitive phenol product identification

was feasihle (consumption of phenol, reaction (1), vs
FiG. 3. Ratio of the rate constants of reaction (2) CH,0 formation of phenol, reaction (3a). This is exempli-

+ 0 -~ products and reaction (01) C 2 H, + 0 -products. fled hy Fig. 4. In Fig. 4c, the mass spectrum of phe-
(Experimental conditions: p =2.5 mbar, 295 K; [CH~o],, nol is shown: rn/c 95 ('3 CC5H5OH); mi/e = 66
= (0.5-1)- 10-11 mol/cm

3
; [Cý,Hj], = (0.5-1). jo- from ion fragmentation C6H 5 OH+ -~ C5H6 + GO;

mol/cm3; [O](' = (1-5) -10-" mol/cm3; mass spectrome- no mn/e = 93. In Fig. 4h, the additional mass spec-
ter: electron impact ionization at 13.2 and 14.5 eV.) trum of the phenoxy radical (hesides the residual

phenol) is shown: rn/c = 93 (parent ion of phenoxy)
mi/e = 65 from the ion fragmentation C6 H5 0+ (m/e

C2H, + Cl -* G2H, + HCl =93) -* G5H5 (rn/c = 65) + GO. The results for
the reaction with D atoms,

did not recombine or combine with phenoxy radicals.
In Fig. 3, the relative consumption of the CeH5G and 0*+ D OD 3,D
G21-15 hy the reaction with oxygen atoms is displayed, C) OD(aD
from which the relative rate constant is derived sim-
ply hy the equation .C61-50 + D C6H5DO0 (3h..D)

k, = kln{[C6H5 O10/[G 6H5O]} are given in Fig. 4a: phenoxy radicals (rn/c 93, 65)
are consumed; products [rn/c 95 (G6H5 OD*/

+ln{[C2H5]0/[C 2H5]} G6H-5DO') and rn/c = 67 (G5H5D+)] are formed.
But the fingerprint of the deuterated phenol

([C6H50]0 and [C 2H5]0 denote the concentrations in C6H5DO, ion ahundance ratio (rn/c 95) (7n/ce
the ahsence of 0 atoms, and [G6 H-50] and [G2H5] 67) ahout 16: 1, is not ohserved in the product(s), as
denote the concentrations, in the presence of 0 at- a much higher ion intensity is ohserved at rn/c = 67;
oms). A linear regression analysis (95% confidence the analysis with corrections of the phenoxy contri-
level) yields the expected straight line that intercepts hution yields a ratio of (rn/c 95)/(rn/e = 67) ahout
the origin with a slope of 1.28 ± 0.03. Using the 2: 1. These experimental findings rule out reaction
reported rate constant for the reaction (01) k01  (3a) as the only channel of reaction (3). The forma-
(1.31 ± 0.24)-1014 cm 3 /mol S [16], the ahsolute tion of cyclohexadienone (reaction of a carhon-cen-
value k2 is derived: tered C61-150 radical) and its assignment to the mass

spectra of Fig. 4 is based on the high ion signal at
k2 =(1.68 ± 0.04) -1014 cm 3/mol S. rn/c = 67 (C5H5D'+) (rn/c 66 (C5H6+) if normal

hydrogen atoms are used for reaction (3)). No mass
The small error margin of 3% reflects only the re- spectrum of the c-hexadienone is availahle for a di-
producihility. Considering systematic errors and the rect product identification. But, it is known that the
uncertainty of the rate constant k01 (18%), a value phenolic ion G6H5 0H+ and the cyclohexadienone
with a 20% error seems to he realistic: ion G6H6H+ have different ion structures, as they
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101
X
C)

65 6667 6983949
CU

65 666 b m/e 6394965

(C) 0.0
0.0 1.0

J Lý n{[Ethyl 10 / [Ethyl 11

I I II I IFIG. 5. Ratio of the rate constants of reaction (3) CAH5

65 66 67 93 95 + H and reaction (02) CA + H.

FIG. 4. Mass spectra of the products of reaction (3h-D):cetiyfaorf3)thromeprtuevlef
CQH50 + D CHD0/CH,00: (a) the reaction C6 H0 c3i ierantbyfatro3)thromeprtuevlef
+ D -~ CHD0/CH,0D (discharge "Cl2 /He" on: phen- k sgvnb

oxy radicals present; discharge "D2 /He" on: D atoms pre-
sent); (h) reaction (1) CH5OH + Cl -~ C6HO + HCl k3 = (4.04 ± 0.12)'- 1013 cm 3/mol s.
(discharge "Cl2 /He" on: phenoxy radicals present; dis-
charge "D,/He" off: no D atoms present); and (c) hack- As the uncertainty of the reference reaction is high
ground: CH5OH + Cl, + D, (both discharges off) (mass compared to reproducibility of our measurement

spectrometer: 16.5 eV'). (3%), no realistic error margins to the absolute rate
constant k3 can he assigned.

No reactions like the isotopic exchange reaction

show a different mass spectrometric fragmentation ,OH+D-C 50 C64 H+H
pattern with a more frequent decomposition of C110 +D-*CHO CHDH+H
C 6H to C5H + CO than the phenolic ion
CH 5OH. (See for example Refs. 17 and 18.) As no a
absolute mass spectrometric sensitivity for the cy-
clohexadienone and no quantitative ion abundance C6H5 eH + C 2 - products
at mn/e = 94 (interference with phenol, m5/e = 94)
is known, no branching ratio of the reaction channels were observed under our experimental conditions.
(3a) : (3b) can He derived, but the presence of channel The competing reaction
(3h) is obvious.

The rate constant of reaction (3) was determined H + Cl, - HCI + Cl
with respect to the reference reaction

(small amounts Of Cl2 from incomplete dissociation
C2Hs + H -1 2CH 3  (02) and by wall recombination) does not influence the

determination of the products of reaction (3). For the
measurements of the relative rate constants (kf/i),

The measured relative consumptions of the C6 H50 low absolute concentrations were applied, and the
and the C2 H5 radicals for different H-atom concen- influence of increasing amounts Of Cl2 addition on
trations are shown in Fig. 5. A linear regression anal- these measurements were studied independently.
ysis gives the expected straight line through the or- Simulations of the influence of secondary reactions
gin and a slope of (1.12 ± 0.033) (95% confidence and of competing reactions (like H + Cl2 ) and of
level). Adopting the recommended value [19] of the wal reactions (kr(CtH5 O) = 300-800 s 1) lead to
rate constant k02 = 3.6' 101ectm

3 /mol S (with an un- corrections of k3 below 10%.
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The products of the reference reaction (02) at low
pressure are 2CH 3 radicals (see Ref. 14). As the
products of the reactions C2H5 + C61150 (4) and (O
CH 3 + C6H 50 (5) are known from our independent
study (see below), the suppression of these compet-
ing reactions could be verified experimentally.

The Reactions C6H50 + C2H5/CH 3 :

The reactions of phenoxy radicals with ethyl and ( b)
methyl radicals were studied with respect to the for-
mation of products stemming from a C-O and/or
C-C linkage:

C6H 5 0. + C2H5 - C6H 5OC 2 H5 (phenetol) (4a) 107 122

-C6H150 + C2H15 -* C2H5C6H4OH (ethylphenol).
(4b) (C)

The assignment of the products of reactions (4b)
and (5b) to ethylphenol and cresol, respectively, fol-
lows the work of Refs. 11 and 12, as no mass spectra
of the alternate products ethyl- and methyl-hexadi- I
enone, respectively, were at hand. (Possible isomer-
ization reactions are not the topic of this paper.)

The mass spectra of the different ethylphenols ( d)
(2-(ortho), 3-(meta), 4-(para)-ethyl-phenol) are sim-
ilar but different from the phenyl-ethyl-ether (phe-
netol), especially at the masses m/e = 107 and 122.
In Fig. 6a, the mass spectrum of products of reaction
(4) is shown together with the mass spectra of the I
pure substances 2-ethylphenol (Fig. 6b) and phene- 107 122
tol (Fig. 6c). An equimolar mixture of 2-ethylphenol
and phenetol in the gas phase was prepared by mix- FIG. 6. Mass spectra of the products of reaction (4)
ing 9.7-g ethylphenol with 1.54-g phenetol in a C6 H 5O + C 2H, - C6HOC2H,/CH 4 (C2 H5)OH: (a) reac-
thermostated saturator (25 'C) and was analyzed tion (4) products (discharge A "C12/He" on and CHOH
mass spectrometrically (see Fig. 6d). A comparison addition: phenoxy radicals present; discharge B "C12/He"
between the reaction products (Fig. 6a) and the mix- on and C 2H6 addition: ethyl radicals present); (b) mass
ture (Fig. 6d) shows the presence of comparable spectrum of 2-ethylphenol (2-ethyl-2-hydroxy-benzene);
amounts of the ether and the phenol. The quantita- (c) mass spectrum of phentole (ethoxy-benzene); and (d)
tive evaluation leads to a ratio of the product chan- mass spectrum of an equimolar gas mixture of 2-ethyl-
nels (reaction (4a) : (4b)) of 63:37% with error mar- phenol and phenetole.
gins of (57-70): (43-30). They are mainly due to the
calculation of the gas-phase composition from the The Reaction C6H50 + C6H50:
data of the pure substances, assuming nearly ideal
solution behavior with small corrections [20]. By the combination of phenoxy radicals (a striking

Similar results were obtained for the reaction with feature in Fig. la), a dimer is formed whose structure
methyl radicals: could not be elucidated. No characteristic fragment

ions with high intensity (besides those from phenol
C6H 50. + CH 3 -- C6HOCH3 (anisol) (5a) and phenoxy) could be detected, Moreover, a search

for trimers and tetramers was negative, but, as stated
•C 6 H5 0 + CH3 -- CH 3 C6H 4 OH (cresol). (5b) in the experimental section, polymeric material was

easily formed.
The evaluation was based on the ion signals at the The rate of the combination reaction

noninterfering masses m/e = 107 and 108 for the
products, the anisol, the cresol, and the equimolar C6H50 + C6H 50 - (C6H 50) 2  (6)
mixture of anisol/cresol. Here, the channel ratio
(5a):(5b) of 59% (±_5):41% (±_4) was deduced. was determined indirectly by adding increasing
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amounts of oxygen atoms (reaction (3)) at a constant tion), where the radical decomposition (i.e., C61150
reaction time. The consumption of the C6H50 rad- -- C5H5 + CO) is not a main radical sink. No large
icals and the increasing suppression of the (C6H 50)2 pressure dependence of k3 is to be expected, consid-
concentration was measured by the mass spectrom- ering the large number of degrees of freedom in the
eter as a function of the oxygen concentration. A nu- combination products C6H 5 OH/C 6H60. (This is sim-
mnerical integration of the rate equations including ilar to the reaction C7 H7 + H - C7 H1 [25,26].) As
reactions (6) and (3) (wall recombination) was per- reaction (2) is highly exothermic at 300 K, a similar
formed. This leads to a rate constant of elementary reaction is to be expected at higher tem-

perature (i.e., 100'0 K). Nevertheless, high-tempera-
k, = (2 + 2/- 1) 1013 cm 3/Mol s. ture studies would complement the low-temperature

measurements.
The large error margin reflects the uncertainty in the
phenoxy wall loss reaction. Acknowledgments
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A DIRECT STUDY OF THE REACTION OF BENZYL RADICALS WITH
MOLECULAR OXYGEN: KINETICS AND THERMOCHEMISTRY

KARLHEINZ HOYERMANN AND JOHANN SEEBA

Institutftir Physikalische Chemnie
Universitdt Gittingen

Tamsnannstr. 6, D-37077 Gbttingen, Germany

The reaction of benzyl radicals with molecular oxygen was studied at low temperature (243-373 K) and
low pressure (1-4 mbar) in an isothermal discharge flow reactor with mass spectrometric detection. Benzyl
radicals were prepared by the reaction of Cl atoms with toluene and detected by multiphoton ionization
at 502.5 nm combined with mass spectrometry.

For the reaction

CH7 + 01 - C7H 705  (1)

a temperature-independent rate constant was found:

k = (4.44 + 1.3)- 1011 cm3/mol s

(246 •5 T (K) 5 300).
The equilibration of reaction (1) and reaction (1'),

C 7 H 7 02 -" Cn7 + 02 (1')

was studied at 300-343 K by the determination of the stationary benzyl concentration, leading to the

reaction enthalpy ((i)/(1')) and the equilibrium constant K,. The modified van't Hoff plot yields

ArH° = -(64.0 ± 0.8) kJ/mol

I/,(300 K) = 57,200 bar-
1

.

Adopting two recent values of the enthalpy of formation of the benzyl radical (H; (C7H 7) = 210.5 and
203.0 kJ/mol), the enthalpy of formation of the benzyl peroxy radical followed as

H;(C7H7 02) = 146 (139) kJ/mol.

The rate constant for the dissociation of the benzyl peroxy radical (reaction (1')) is given in the studied

temperature range as

V = 4.36.1011 exp(-7700/T) s-1

(246) •- T (K) -< 343).

The influence of heterogeneous reactions on the evaluated kinetic and thermodynamic data was esti-
mated by the simulation of concentration profiles of complex reaction mechanisms, supporting the reported

values.

Introduction kinetics, thermochemistry, and combustion, see
Refs. 1 through 3. Direct measurements of the rates

Combustion phenomena of hydrocarbons, as cool and the thermochemistry of the reactions of satu-
flames, engine knock, ignition, and induction times, rated and unsaturated hydrocarbon radicals with mo-
are directly linked to the reactions of molecular ox- lecular oxygen have been performed in recent years,
ygen with hydrocarbon radicals (R). At low temper- notably by Gutman and coworkers ([4,5]). The ben-
ature, complex formation and equilibration is impor- zyl radical (C7H7) is of special interest, as it is a key
tant (R + 0, - R0 2); at high temperature, radical in side-chain oxidation aromatics [6], and as
isomerization, dissociation, and OH radical forma- it, as an unsaturated resonance-stabilized radical,
tion takes over (R0 2 - ROOH - Re + OH). For a stands out from other unsaturated hydrocarbon rad-
comprehensive review of the interplay of chemical icals [3].

851
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The rate constant for the reaction 0

C7H7 + O2 - C7 1-170 2  (1)

is reported as 6.0" 1011 (300 K [7]), 9.0' 1011 (295-
373 K [8]), and as a lower limit Ž>3. 1011 cm3/mol s
[9], showing a sufficient agreement considering the -1
different techniques. However, the thermochemistry
shows discrepancies, as can be seen from the re- F[C7H7]z
ported values of the equilibrium constant Kp of re- n, . C
action (1) at 298 K ranging from 830 atm-' (esti- [0C7 H7]2.5
mation [3]), 5.2105 atm- 1 (estimation [10]), and
3.5 108 atm-1 (extrapolation [11]). In continuation
of our recent work [9] on reaction (1), the objectives -2 *2
of this study are (1) the direct determination of the
rate constant k and its temperature dependence and
(2) the determination of the equilibrium constant K,
as a function of temperature, the reaction enthalpy
A,H°, and thereby, an estimation of the heat of for- T
mation of the benzylperoxy radical C7H70 2. -DI (

2.5 5 7.5 10 12.5
Experimental Position (z)/cm

The experimental arrangement of an isothermal FIG. 1. Reaction (1) C7H 7 + 02: benzyl concentration
discharge flow reactor ( - 40 'C to 100 °C), a molec- profiles in the flow reactor as a function of the position z
ular-beam sampling system, and a multiphoton-ion- ( = reaction time) for different 0, concentrations (T = 258
ization-TOF mass spectrometer has been described K; p = 1.20 mbar; [CHs]0 = 2.0 - 10-a0; [Cl]° =

essentially in a previous paper [9], also dealing with 6.3,10-'; [O] = 0 (1); 6.2.10-10 (2); 14.9.10-10 (3);
the reactions of benzyl radicals. Therefore, only a 25.8 10-0 (4); 39.8.10-10 (5) in units inol cm-.
summary is given here. Benzyl radicals were pre-
pared by the reaction of toluene and chlorine atoms,
produced by a microwave discharge in highly diluted and reaction times (1-4 ms). The chemicals were of
C12/He flows. Molecular oxygen was added by a mov- commercial grade:
able inlet probe at different positions (z) in the flow o He (99.996%), Ar (99.996%), 0(
reactor. By varying the distance from the inlet probe (99.995%), C7H8 (99.5%), and C12 (99.8%).
to the sampling nozzle, different reaction times were
realized, calculated from the linear flow velocity and
the corrections for Poiseuille flow (see e.g. Ref. 12). Results
In order to achieve reproducible conditions in the
flow reactor when changing 02 concentrations, equal Kinetics: Rate Constant:
amounts of Ar were used as substitute. Benzyl radi-
cals were detected by mass spectrometry after mul- The rate constant k for the forward reaction (1)
tiphoton ionization (REMPI) at 502.5 nm. As for- (benzyl radical C7H 7 = R),
mation of the benzyl peroxy radical C7H70 2 was to
be expected and no REMPI spectrum of C7H70 2 is R + 02 - R12 (1)
known from the literature, a possible interference of
C7H7 and C 7H 70 2 at 502.5 nm was tested by varying O,2 - R + 02 (1)
the laser intensity and by changing the wavelength
out of reasonance; no indication of a REMPI/mass was determined under first-order conditions ([R]0
spectrometric interference of C7H7 and C7H70 2 was << [00]o) by measuring the R concentrations for
found. Mixture composition, impurities, and prod- different distances (z) between the 02 inlet probe
ucts of wall reactions were controlled by electron im- and the sampling nozzle and for different excess 02
pact ionization (El) mass spectrometry simultane- concentrations. The measurements of the relative
ously. benzyl concentrations (Fig. 1) show the expected log-

Typical experimental conditions were pressure (1- arithmic decay plots for a first-order reaction and the
4 mbar), temperature (243-373 K), concentrations increase in the slope for increasing amounts of 02
([C7Hs]0 around 3' 10-0 mol/em3; [C7H7]° around added. The evaluated first-order decay rates as fune-
1. 10-11 cm3/mol s; [02]0 = (5-45)" 10-" mol/em3), tions of applied 02 concentration are given for the
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-0.5

1000 0 2 t/10-3 s

FIG. 3. Reactions (1) and (1') C-.H- + 02 r C7H-70 2:

300 K be'bnzyl concentration time profile as a foction of 0., con-
centration (T = 333 K; p = 1.03 mbar; [0,], = 1.45 " 10-1
mol Cm-3; 1.5 [02] = 2.50' 10 mtol cm 3).

K. The stationary C7H7 concentrations are inter-
0 1 1 1 preted as the C7 H7 concentration for t -- c, i.e., the

1 2 3 4 equilibrium concentrations.[021]/10- mohcm-3
Thermochemistry: Equilibrium Constant K,:

FIG. 2. Reaction (1) C-H7 + 0,: first-order decay rates
as a function of 02 concentration for the temperature 246 In Fig. 3, the stationary C7 H7 concentrations (R)
K (p = 1.13 mbar), 258 K (p = 1.20 mbar), and 300 K (approaching the equilibrium reactions (1)/(1')) are
(p = 1.13 mbar). shown as functions of the O2 concentration. Although

there is a large scatter of the relative C 7H7 concen-
trations, no systematic variation with reaction time
was observed; secondary reactions seem to be neg-

temperatures 246, 258, and 300 K in Fig. 2, illus- ligible. The equilibrium constant is derived from the
trating the strict proportionality of the first-order rate well-known integrated rate expression for reactions
constants k10 = k" [02]. (Large intercepts of the (1) and (1'), assuming [R] << [O]0 = constant:
straight lines at [02]o = 0 are observed due to het-
erogeneous radical reactions. They have been stud- [R]/[R]o = {k[0 2]/(k[0 2] + k')}
ied separately by applying different residence times
in the absence of 02, leading to comparable wall loss exp{ - (' + k[O])t}
constants k.. The influence of the wall losses on the + k'/(k[O2] + V).
determined values of k and Kp are discussed below.)
An analysis by linear regression and the 95% confi- For t (k' + k[Oj)t « 1), this expansion
dence criterion leads to k(246 K) = (4.42 + leads to
1.3)" 1011; k(258 K) = (4.10 ± 0.2)" 1011; k(300 K)
= (4.80 + 0.5)' 1011 in units cm3/mol s. Within the
error limits, no temperature dependence is observed, [Ro/[R] = (k/k')[02] + 1
and an averaged value with the largest error limit = il 102 + 1.
from measured values is deduced:

In Fig. 4, the straight line is observed with the
k = (4.44 ±+ 1.3> i0' cm 3/mol s. ordinate value 1 and the constant slope equal to K,.

The measured values of K, for different tempera-
At higher temperatures and at reaction times tures are given in Table 1, showing larger error mar-

larger than 1 Ins, only stationary benzyl concentra- gins for the conditions where the accuracy of the rad-
tions are observed, depending on the 0, concentra- ical concentration measurements enter into the
tion. Such measurements are given in Fig. 3 for 333 determination of the equilibrium constant.
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20 OEMSO2.5

/ I0oMPTRB

71B ('75)
+ 10 1.

2.0- 0 B ('65)
(C7H7L-02 / I

[C7 H7 ] 2 IGO
"" 0

1.5

// / kw = S-1

-10 •1.0' 1 2 3 4

1!0 2.0 103 T (K )

[ 02 / 10-9 mot• cm-3 FIG. 5. Modified van't Hoff plot for the reactions C7H7
+ 02 _- C7H70 2 for T = 300-343 K (EMSD = Ref. 11;

FIG. 4. Reactions (1) and (1') C7H7 + 02 #- C7H70 2: MPTRB = Ref. 10; B ('65) = Ref. 3; B ('76) = Ref. 16;
the relative stationary C7H7 concentration as a function of arrows indicate extrapolation from T 1  0 with A S /B =
02 addition ([C7H.]+ = C7H7 with 02 addition; [C7H 7]- - 14.7, Ref. 10).
= C-H7 without 02 addition): T = 300 K; p = 1.0 mbar;

reaction time: (2.7-3.4 ins; 0 : evaluation after reactions
(1) and (1'); -: numerical simulation of the relative sta-
tionary C7H 7 concentration including wall loss rates (re- curacy than the values derived from the limited tem-
action (2); C7H7; C7H70 2 - wall; variation of k,, (2) = 0, perature range. As k' is the rate constant for the de-
100, and 1000 s-1. composition reaction of R0 2 (reaction (1')) in the

high-pressure limit, k' can be deduced from the tem-
perature-independent rate constant k by k' = k/K,.
Those values are given also in Table 1.

In Fig. 5, the equilibrium constants are shown in The evaluation of Kp (see Fig. 4) was based on the
a van't Hoff plot, including the extrapolation to lIT simple mechanism of reactions (1) and (1'), exclud-
- 0 (third-law plot). This procedure has been exten- ing wall reactions. By a numerical simulation of re-
sively described in Refs. 4 and 10, and especially for actions (1), (1'), and the wall reactions (2.1) and (2.2),
reaction (1) in Ref. 11 and, therefore, will not be
repeated here. The slope from this graph yields the R -* wall (2.1)
reaction enthalpy AfH° =- -64.0 kJ/mol and the
value of Kp(300 K) = 57,200 bar-' with higher ac- R0 2 - wall (2.2)

TABLE 1
The equilibrium C7 H7 + 02 e C7H-O7

T (K) 300 316 323 333 343

K,/10 4 bar-' 2.3 ± 1.4 1.44 ± 0.5 0.91 ± 0.2 0.82 ± 0.2 0.17 ± 0.38
In K, 10,04 9.57 9.12 9.01 7.44

AH' = - 64.0 kJ/mol, (AS°/R = -14.7)
K1, (300 K) = 57,200 bar1

k' (s 1) 310 1140 1930 3960 7760

V = 4.36" 1011 exp{ - 7700/T) s-
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the influence of the destruction of C7H 7 and C7H 702
on theKp values was analyzed. The wall removal rate
constant k. (2.1) of the C7H7 radical follows from the 0.
measurements (see Figs. 1 and 2). The measured - .
C7H7 concentration ratios (see Fig. 4) are repre-
sented best by a wall removal rate constant for the
C7H70 2 of k. (2.2) - 800 s-1 , well within the range 10
of the theoretical limits for our reactor, 0 -- 0.25
k.(2.2)/s-1 -_ 7000 (see below). In order to illustrate
the sensitivity ofkw(2.2) on the evaluation of Kp from In S
the C7H7 concentration measurements, several sit-
uations are given in Fig. 4: (1) the extreme value k. 0.1
= 0 would require a value of K,,, twice that given in
Table 1 ("best experimental values"); (2) k,, = 1000 -2..05
s- I would lead to a lower value of K,. The equivalent
simulations (k,(2.2) = 1000 s-') for the other tem-
peratures lead to a maximum deviation of !,) of 40%,
resulting in AfJ-° = - 63.2 kJ/mol. As seen from Fig.
5, our values are lower than the reported values in
the literature. This discrepancy becomes even more
pronounced by higher values of k.(2.2) (<1000 s-1; -3.0
up to 7000 s- 1) and by additional reactions of Z0  reaction time - position z
C7H702 .

Adopting the heat of formation of the benzyl rad- FIG. 6. Reaction (1) C7H 7 + 02 - C7H70 2: schematic
ical from the literature Af H' = 210.5 kJ/mol [13]; ion signal profiles at m/e = 91, assuming an ionization
AfH = 203.0 kj/mol [14]), the heat of formation o cross-section a for C7H7 and fl for C7H7O2 (see text and
the benzyl-peroxy radicals follows as H; (C7H70 2) = Fig. 1, line 4).
146 and 139 kJ/mol.

Discussion 91), and low C7H7 conversion] and reaction time, i.e.,
position z in the flow reactor (see for example Fig. 1,

The absence of overlap in the REMPI spectrum line 4: So (z = 2.5 cm, high [C7H7]), S (z = 10.5
between benzyl and benzyl-peroxy radicals is critical cm, low [C7-H7]), S - 0.06 SO). This is to be ration-
to the determination of the benzyl radical concentra- alized semiquantitatively. The ion signal S at m/e =
tion, both in the evaluation of the rate constant k and 91 of the pure radical C7H7 is to be related to the
the equilibrium constant. Several checks have been concentration of C7H7 by an ionization cross-section
performed. The REMPI spectrum of C7H7 is well a (S = a[C 7H]) and that of C7H70 2 (hypothetically)
characterized in the wavelength region of 500-517 at m/e = 91 by the fragmentation /ionization cross-
nm, and the ionization processes is assigned to a 2 section #3 (fl[C 7H 702]). Then the measured ion signal
+ 2 process, as studied by Hoffbauer and Hudgens S at mWe = 91 in the absence of O2 is SO = a[C7H7]0
[15]. In our study, the ionization spectrum (498 -• and in the presence of O2 is S = a[C7H7] +
2/nm --- 520) of pure C7H7 (condition: see Fig. 1, fl[C 7H 702] (For simplification, wall removal of C7H7
line 1, position z = 10.5 cm) and of the mixture and C7H70 2 is neglected; [C7H7]0 = [C7H7] +
C7H7/C7H70 2 (condition: see Fig. 1, line 4, position [C7H70 21.) This analysis leads to
z = 10.5 cm) was identical. A reduction of the laser
fluence by a factor of 3 lowered the ion yield corre- ln{S/So} = In{([C 7H7]/[C 7H7]O)(1 - fl/a) + #3/a}.
spondingly to the 2 + 2 ionization process of C7H7
but did not influence the wavelength dependence. If reaction (1) is strictly first order and if C7H70 2
Both observations (wavelength and fluence depend- does not fragment or ionize at m/e = 91 (P3 = 0; fl/a
ence) do not prove the absence of a contribution of = 0), the simple first-order evaluation is valid:
C 7H70 2 to the C71H7 REMPI spectrum, although this
complete coincidence seems to be purely accidental. In{S/SO0 = ln{[C 7H7]/[C7Hy]o} = -k[0 2]'t.
An indication of the absence of the contribution of
fragmentation/ionization of C7H70 2 to the C7H7 rad- Otherwise, if fl/a > 0, no straight lines are to be
ical ionization yield comes from the kinetic studies expected in the usual plots of In{S/So} vs t. This is
presented in Fig. 1. Here, a strict linear relation is shown schematically for different /3/a ratios in Fig.
observed between In [ion signal S (m/e = 91), high 6, choosing as reference the decay rate of Fig. 1, line
C7H7 conversion to C7H 70 2/ion signal So (m/e = 4. An inspection of the measured decay rates (Fig. 1)
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(straight lines within experimental scatter) and the I I
systematically curved lines in Fig. 6 points to a low
fl/a ratio (<0.05), i.e., the absence of a large overlap
in the REMPI spectrum between benzyl and ben- 6.1011
zylperoxy radicals. Therefore, the reliable determi- --

nation of the C 7H7 concentration by the REMPI 600-
spectrum at 502.5 nm is assumed.

Wall effects are considered next. As shown in the 1.0.
kinetic run in Fig. 1, line 1, (absence of 02; 02 re- -placed by Ar) appreciable C711- consumption is ob- S-1 4/ -/"10

served, which follows a first-order rate law and which S/10
is attributed to reaction (2.1): 300i

ln([C 7H7]/[C 7 H7] 0} = -k,(2.1) t.

The values of k,,(2.1) in different reactors and at
different temperatures are included in Fig. 2 (ordi-
nate at [021 = 0). A simplified equation relates k.
to the geometry of the reactor (surface/volume ratio; . 2
SA/ = 2/R for a tubular reactor of radius R), the 1.0 2.0
mean velocity of the particle i (Vd - (3RT/M)0 5), and [ 9 -3
the wall accommodation coefficient y (y = 1: every 02 ] /10 mot - CM
collision leads to destruction of the radical, y = 0:
no destruction) (see for example Ref. 12): FIG. 7. Reactions (1) and (1') C7H7 + 02 Z± C7H70 2 at

300 K (0 = measurements; - -: numerical simulation

kw = y.%i/2R. of the first-order rate constant of the disappearance of
C-H 7, full mechanism (see text), variation of k = (4-

The measurements at 300 K were performed using 6)- 10" cm3 mol- s -1).

a tubular reactor of 3.6-cm inner diameter, and the
measurements at 246 and 258 K were performed by
a 2.0-cm inner-diameter reactor. Assuming no tem- temperature-independent rate constant of k = (4.45
perature dependence of y, a slightly higher value of ± 1.3). 10" cm3/mol s in the range T = 246-393 K
k,(258 K) compared to k,,(246 K) is expected along is probable. The derived heat of reaction (zH' =
the temperature dependence ofid,, and the scatter of -64 kj/mol) matches the estimated values of Benson
the values k,(246 K) represents the reproducibility (AJ/ = -54.8 kj/mol [31, -e64.9 kJ/mol [v16]) and
after different cleaning procedures. The lower value that of Morgan et al. [10] (-70 kJ/mol) perfectly,
of k,,,(300 K) - 500 s-' is explained by the larger but it is out of the error ranges quoted by Elmai-
reactor: the change of the surface/volume ratio (1/2.0 mouni et al. [11] (- 83.7 ± 8.3 kJ/mol). The reasons
cm (258 K): 1/3.6 cm (300 K) = 1.8) would result in for the difference in the measured value of Ref. [11]k,2(258 K) - k(300 K)" 1.8 = 900 s i, as observedepnet58 An e a of300 K) e1.8 = 900s-1, ads tobse0.06 and ours are not obvious. The values of Kp(300 K)
experimentally. An evaluation of y leads to y f 0.0m6 reported so far in the literature are included in Fig.on the basis of this simplified model. 5 for a comparison.

No direct removal rate coefficient k.(2.2) of the A crison.radial ouldbe edued, s n dirct ea- A critical test of consistency of the predicted C7H7
C 7H 70 2 radical could be deduced, as no direct mea- concentration based on the derived kinetic (k) and
surements of the C7H70 2 radical concentrations thermodynamic (k' k/Kr) values and of the ina-
were feasible. However, upper and lower bounds can sured C7H7 concentrations in the transition region of
be given for our reactor at 300 K, as used below in the forward/reverse reaction at 300 K is shown for a
the simulation of the total reaction. For the limiting wide range of 02 concentration in Fig. 7. The un-
cases y = 1 and y = 0, it follows that 7000 - derlying reaction scheme was that of reactions (1),
k,(C7H 702)/si1 Ž 0. (1),

The kinetic and thermodynamic data were derived (1'), (2), and
from experiments in the limiting cases where negli-
gible interference of the forward and reverse reac- C7H5 + Cl - C7H7 + HCl (3)
tion is observed, thus avoiding complicated evalua-
tion procedures like bi-exponential fitting. No C7H7 + C12 -- C7H7 C1 + C1 (4)
temperature dependence of k was observed at T =
246-300 K here, as in the experiments of Ref. 8 (T C7H7 + C1 - C7H7CI (5)
= 295-372 K). There is an excellent agreement of
our k with the absolute value of Ref. 7. Therefore, a C7117 + C7H7 - (C7H7)2 (6)
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(k, = 3.5" 1013 [9], k, = 7. 1011 [8], k5 = 1' 10'4 D., Twenty-Fourth Symposium (International) on
[17], and k6 = 2 1012 [18] in units cm 3/mol s). Rate Combustion, The Combustion Institute, Pittsburgh,
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k.(2.1) - 500 s- 1 Figs. 1 and 2, and the derived rate and Senkan, S. M., Twenty-Third Symposium (Inter-
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COMMENTS

John H. Kiefer, University of Illinois at Chicago, USA. mally described by the alkyl radical addition both to the
These are at least three possible isomers of your C7H705  oxygen site and the phenyl ring.
adduct. Which do you think dominates, or do you think a

mixture is formed?

Author's Reply. This important structural information Horst-Henning Grotheer, DLR, Germany. Your large

cannot be deduced from our experiments by mass spec- wall loss coefficients seem to indicate that you are close to

trometry. Experiments are underway in this laboratory us- the limitations of the flow reaction method. How did you

ing in situ FT-IR spectroscopy. Our speculation (!) starts make sure that the wall effects did not change in the course

from C7H7 being a phenyl-substituted methyl radical lead- of your experiment? What is the sensitivity of your deduced

ing to the PhCH2O2 radical, similar to the mechanism of rate coefficients for an assumed change of the walls?

the 0- and H-atom attack to C7H7. However, as shown in
the study of the reactions of the phenoxy radical ("cyclic," Author's Reply. Unfortunately, wall effects in flow re-
"aromatic") with alkyl radicals (CH3, C2H 5, see this Sym- actor studies cannot be quantified directly under the C7H 7

posium), structurally different products are possible, for- + O2 condition. Reproducibility and consistency of the
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measurements under different experimental conditions the pure wall loss rate (C7 H7 + Ar/He) before and after
were taken as indirect proofs for the assignment to the gas- each run for the homogeneous reaction rate (C7H7 + 02).

phase reaction. This includes different cleaning proce- A more extensive discussion of the wall reactions and the
dures, aging and coating (Teflon) of the reactor surface, influence on the derived data (especially K, and AH) is
variation of the diameter of the flow tube, and measuring given in the paper.
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THE REACTIONS OF PHENYLACETYLENES WITH O(3P) IN THE GAS PHASE
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Institut ftir Physikalische Chemie

Universitit G'ttingen
Tammannstr. 6, D-37077 Gottingen, Germany

For the understanding of combustion chemistry and soot formation, it is necessary to know the elementary
reactions of the phenylacetylenes. In this paper, we present kinetic data and results of product analyses of
the reactions of oxygen atoms (0(TP)) with (1) phenylacetylene (CH 3-C=mC-H), (2) phenyldeuteroace-
tylene (C.Hs5-CrmC-D), and (3) 1-phenylpropyne (methylphenylacetylene, CH 5-CC---CHa).

A continuous-flow reactor was used with molecular-beam sampling and mass spectrometric detection.
Oxygen atoms were produced by chopped microwave discharges in a mixture of oxygen and helium as
carrier gas; in all cases the reactions took place under pseudo-first-order conditions in oxygen atom excess.
The kinetic measurements were carried out in the temperature range between 298 and 873 K, The kinetic
investigations show that for all three compounds, two main reaction centers have to be considered: the
phenyl group and the side chain, The electrophilic addition of 0(3P) to the aromatic ring of these com-
pounds is only important at high temperatures (above 500 K). The following Arrhenius expressions were
obtained (k = + + 

k
idh, in cmi/mol X s).

k,(T) = (2.3 t 0.5)1013 x exp((2400 ± 240) K + (3.6 ± 0.7)1012 x exp T K
T /ep(30T

k2(T) = (2.3 t 0.5)10'3 exp + (3.3 0.6)102 X exp (290 ±30) K
ex~T +T33±06)0 xy

( (2300T±240) K) ((210±0 )
k3(T) = (2.1 ± 0.5)1013 X exp -± + (3.0 ± 0.5)1012 × exp ) T

T T x~- ±0

The product analyses at roorn temperature show that in the case of the reactions of phenylacetylene and
phenyldeuteroacetylene with O(QP), the main stable products formed are benzene (C6H,) and deutero
benzene (CHD). Toluene was not detected in the reaction of methylphenylacetylene with oxygen atoms.

Introduction The obtained results are compared with the oxi-
dation mechanism of styrene and ethylbenzene with

Phenylacetylene seems to be an important inter- O(3P).
mediate for the soot formation process in combus-
tion. Frenklach et al. [1,2] computed the formation
of polyaromatic hydrocarbons (soot formation) pro- Experimental
ceeding via the formation of aromatic hydrocarbons
with acetylenic side chains. Experiments in low-pres- The reactions were investigated in a low-pressure
sure flat flames with various hydrocarbons [3] give discharge flow system with molecular-beam sampling
evidence for this mechanism. Therefore, the quan- and a quadrupole mass spectrometer for detection.
titative investigation of elementary reactions of phen- A detailed description of the experimental setup used
ylacetylene and its derivatives with radicals is of in- is given in Refs. 9 through 11. The ionization of the
terest for combustion research. There are only a few compounds in the quadrupole mass spectrometer
kinetic data of reactions with phenylacetylene in the was performed by using electron impact ionization
literature [4,5,6]. For the reaction of phenylacetylene with an ionization energy of 25 eV. The quartz re-
with O(P), no kinetic data and only two product actor can be heated up to 873 K by an electric fur-
analyses [7,8] are reported. Here, we therefore pre- nace. The oxygen atoms were produced in two side-
sent results of product analyses and kinetic measure- arms by computer-controlled, pulsed microwave
ments of the reactions of O(P) with three phenyl- discharges in an G2/He mixture at room temperature
acetylenes, namely phenylacetylene, phenyldeutero- (microwave power output 65-75 W in each resona-
acetylene, and methylphenylacetylene. tor). The aromatic hydrocarbons were introduced
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TABLE 1

Excerpt of the experimental results of the reaction 0(3p) with phenylacetylene (those results that are not listed fall
within the error limits of those indicated)

T p [0] x 1010 v k2 o X 10-12
(K) (mbar) (mol/cma) [O]/[HC]" (cm/s) (cm3/mol X s) lg ko

298 2.1 6.0 100 3470 1.31 12.12

298 4.4 9.5 80 4020 1.05 12.02

323 2.8 7.1 190 3830 1.29 12.11

323 2.8 7.7 190 3910 1.21 12.08

373 2.9 5.5 90 3740 1.52 12.18

373 3.3 4.0 110 3340 1.53 12.18

423 3.2 3.9 150 3330 2.00 12.30

423 4.5 3.9 150 3900 1.68 12.23

473 4.7 4.8 220 3800 2.04 12.31

473 4.6 5.8 260 3870 2.14 12.33

573 3.3 5.2 170 3270 2.24 12.35
573 4.8 4.5 270 3730 2.93 12.47
673 4.9 3.2 150 3660 2.45 12.39

673 3.3 2.9 130 3280 2.63 12.42
773 3.7 4.0 140 2900 4.17 12.62
773 5.3 4.5 230 3400 3.09 12.49

873 6.4 3.0 180 3450 3.32 12.52
873 5.6 4.5 250 3250 3.99 12.60

"The phenylacetylene concentration was followed on the parent peak on mass m/e = 102 as well as on a fragment

peak on mass sole = 76.

into the reactor by an axial movable injector probe not pressure dependent in the observed pressure
with helium as carrier gas. At the end of the injector range between 2.0 and 6.4 mbar. A correction of the
probe, the oxygen atoms and the aromatic hydrocar- oxygen-atom concentration was performed as in Ref.
bons were mixed and the reaction started. For each 10. The correction values ranged from 1.03 (low tem-
measurement, the intensity of the background (with- perature and low pressure) to 1.13 (high temperature
out reactant flow) was determined. The number of and high pressure). A second correction for diffusion
produced oxygen atoms was measured by the differ- effects using the expressions given by Taylor [13] and

ence of the mass signal at m/e = 32 with and without Aris [14] resulted in a maximum correction factor of
microwave discharge. Also, the intensity of the back- 1.20.
ground of this mass was taken into account. The walls
of the reactor and the injector probe were rinsed with
10% HF to reduce wall reactions. The purity of the Experimental Results
gases used (helium and oxygen; both from Messer
Griesbeim) was >99.99%. Phenylacetylene and All reactions were investigated here in the tem-
methylphenylacetylene were purchased from Aldrich perature range between 298 and 873 K. The concen-
(purities >98%). The C6H 5-- C-C--D was pre- trations of the three acetylenes were followed on the

pared by H. Ihmels [12] (purity >97%) by depro- respective parent peaks as well as on a fragment
tonation of phenylacetylene with n-butyl-lithium in peak. For both sets of investigations, the obtained
n-hexane/diethylether and addition of D 2 0 rate constants were equal each time. Further infor-
afterwards. mation and some results are given in Tables 1

For the measurements, an excess of oxygen atoms through 3.
over hydrocarbons was applied with excess ratios be-
tween 50 and 260. Therefore, the investigations took
place under pseudo-first-order conditions. The plots Product Analyses
of the measured pseudo-first-order rate constants vs
the concentration of oxygen atoms gave straight lines For the product analyses, similar conditions of
through the origin. This indicates that the wall re- pressure and excess concentrations of oxygen atoms

action between the hydrocarbons and the reactor over hydrocarbons have been used as in the kinetic
wall was negligible. The obtained rate constants were measurements. Therefore, the product analyses can
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TABLE 2
Excerpt of the experimental results of the reaction O(3P) with phenyldeuteroacetylene (those results that are not listed

fall within the error limits of those indicated)

T p [O] X 101 v k 2o × 10-•2
(K) (mbar) (mol/cml) [O]/[HC]" (cm/s) (cm'/mol X s) lg k20

298 3.3 9.3 100 3340 1.26 12.10
298 4.1 8.3 100 3560 1.23 12.09
323 3.5 11.2 70 3140 1.31 12.12
323 4.8 8.7 60 3700 1.45 12.16
373 4.3 7.2 80 3380 1.79 12.25
373 4.9 7.9 100 3600 1.46 12.16
423 5.0 7.0 90 3540 1.66 12.22
423 3.6 6.0 130 3020 2.00 12.30
473 3.7 5.1 60 2920 1.58 12.20
473 4.5 5.7 80 3210 1.84 12.37
573 4.7 6.2 100 3050 2.24 12.35
573 4.8 8.2 190 3050 2.57 12.41
673 5.8 5.3 170 3110 2.40 12.38
673 5.1 5.9 170 2870 3.16 12.50
773 5.3 5.1 130 2730 2.75 12.44
773 6.1 3.5 100 2940 3.80 12.58
873 4.3 2.3 90 3270 3.47 12.54
873 5.6 4.5 120 3250 4.07 12.61

'The phenyldeuteroacetylene concentration was followed on the parent peak on mass m/e = 103 as well as on a

fragment peak on mass in/e = 76.

TABLE 3
Excerpt of the experimental results of the reaction O(3 P) with methylphenylacetylene (those results that are not listed

fall within the error limits of those indicated)

T p [0] X 100 v k2 o X 10-'

(K) (mbar) (mol/cmu) [O]/[HC]- (coIls) (cmI/mol X s) lg k2 o

298 4.7 10.6 160 3790 1.35 12.13
298 3.3 10.2 210 3260 1.64 12.21
323 4.7 7.5 190 3760 1.58 12.20
323 4.0 8.6 200 3570 1.58 12.20
373 4.2 6.7 180 3470 1.83 12.26
373 4.1 10.0 160 3490 1.56 12.19
423 4.3 6.5 190 3340 2.00 12.30
423 5.0 5.1 160 3538 1.74 12.24
473 3.7 3.2 90 2960 2.24 12.35
473 4.5 4.3 140 3230 1.86 12.27
573 5.5 5.1 120 3290 2.57 12.41
573 3.9 6.7 140 2820 2.29 12.36
673 5.0 2.1 60 2960 2.63 12.42
673 4.9 2.9 80 2970 3.16 12.50
773 5.9 3.4 110 3040 3.80 12.58
773 4.3 4.7 130 2540 2.88 12.46
873 5.4 5.4 150 2670 4.07 12.61
873 6.0 5.3 150 2760 3.72 12.57

ý,The methylphenylacetylene concentration was followed on the parent peak on mass ole = 116 as well as on a fragment
peak on mass mle = 115.



862 REACTION KINETICS

be compared directly with the kinetic measurements. ylene group. The o(3p) as an electrophilic species
The product analyses were only performed at room may attack either of them. For the reaction of ben-
temperature. At high temperatures, no stable pri- zene with O(3p) in the temperature range between
mary products were found because the consecutive 298 and 1450 K [15] and for the reaction of toluene
reactions are too fast. The procedure used was as with O(3p) in the range between 298 and 1350 K
follows. (1) Two mass spectra were taken under the [16], linear Arrhenius expressions are described. In
same experimental conditions: spectrum 1 without 0 the case of the reaction of alkylacetylenes with O(3p),
atoms (microwave discharge off), and spectrum 2 linear Arrhenius expressions in the range 300 to 1300
with 0 atoms (microwave discharge on). (2) The K are also reported [17]. In the present investigation,
"product spectrum" results from subtraction of the the Arrhenius plot of the measured rate constants is
signal intensities of spectrum 1 from spectrum 2. nonlinear in the temperature range investigated
Positive signals indicate the parent and fragmenta- here. This can be explained, as for other 0-atom re-
tion peaks of the formed product(s). Negative signals actions with substituted aromatics, with the occur-
indicate the parent and fragmentation peaks of the rence of two important reaction channels, the attack
initial reactants. To eliminate contamination signals of 0(3p) at the acetylene group and at the aromatic
in the product spectrum, background spectra were ring. The upward bending in the Arrhenius plot in-
measured in the same manner. dicates that the total rate constant may be split in two

For the product analysis of the reaction of oxygen different channels, kar for addition to the aromatic
atoms with phenylacetylene, two main products ring and kac for the reaction with the side chain.
could be identified: CO (mass 28 u) and benzene As known from previous experiments performed
(masses 78, 77, 52, 51, and 50 u). At higher masses up to temperatures higher than those here, the Ar-
(78 to 200 u), no formation of products could be de- rhenius parameters for the addition of O(3P) to the
tected. The ratio of the product peak intensities to ring in mono-substituted aromatic hydrocarbons can
each other is constant, independent of different ex- be well correlated in Hammett plots. It is assumed
perimental conditions like reaction time, pressure, that the phenylacetylenes behave like other substi-
and concentration of oxygen atoms. tuted aromatics. For the estimation of the contribu-

A similar result shows the product analysis of the tion of the ring to the rate constant, two Hammett
reaction of phenyldeuteroacetylene with O(3p). Be- plots for the addition of O(3P) to aromatic hydrocar-
sides a strong increasing signal on the mass 28 u, bons [11] were used: the plot of the obtained acti-
fragment signals were also found on the masses 79, vation energies and the plot of the relative rate con-
53, 52, and 51 u, a clear indication for the formation stants (log ka9s/ko with k0 = k298 of benzene) vs the
of C6H5D (parent mass = 79 u). substituent constant (a+). For the reaction of O(3p)

Product analyses of the reaction of methylphe- with aromatic hydrocarbons we used the a+ values
nylacetylene with O(3P) show that toluene is not because they take the electronic density effects of the
formed in this reaction in detectable quantities. The substituent on the aromatic ring into account [18].
measured mass spectrum of toluene shows that be- The a+ values are taken from Ref. 19.
side the signal on mass 91 u there is also a signal on From this calculated k., and the experimentally
mass 92 u. The intensity ratio of both signals is 100 determined total rate constants, the rate constants
(mass 91 u) to 73 (mass 92 u). The ratio of these two for the attack of O(3P) on the C•CH side chain were
signals in the product spectrum is, however, 100 obtained (ka, = k - k0 ). The Arrhenius plot for
(mass 91 u) to 34 (mass 92 u). Therefore, one can oap) + phenylacetylene is shown in Fig. 1. The
exclude the formation of toluene as main reaction Arrhniu parameter s o hewo in channe

product. Arrhenius parameters of the two reaction channels

The main product signals of the product spectrum are listed in Table 4. Towards lower temperatures

are 28, 89, 90, 91, 92, and 120 u. A comparison of (<500 K), the contribution of the "aromatic rate con-

these "product signals" (without the signal on 28 u) stants" to the total rate constants becomes small.

with the measured mass spectrum of styreneoxide For the reactions of C6H 5-C_-C-D and

shows a similar fragmentation with similar intensity C6H 5-C- C--CH3 with O(3p), the a+ values are
ratios of the fragments. This is a hint for the forma- not reported in the literature. They should, however,
tion of styreneoxide. Because of the very small inten- be similar to the a' values of phenylacetylene be-
sities of the fragments, it is not possible to extract cause the electronic effects of these three substitu-
quantitative information about the formed sty- ents are quite similar. Therefore, the Arrhenius pa-
reneoxide. rameters referring to the aromatic reaction channel

of the reactions phenylacetylenes with O(3P) are ex-
pected to be nearly equal. This is confirmed when

Discussion of the Kinetics Results those values are calculated as mentioned below (see
Table 4) and by preliminary experiments at higher

The phenylacetylene derivatives have two differ- temperatures.
ent functional groups, the aromatic ring and the acet- The contribution of the "aromatic reaction" should
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1 4  
(kr k - kac). The Arrhenius parameters ob-

M tained are listed in Table 4."-"ý These kinetic results of the reaction of 0 atoms
.2o with the side chain can be compared with the results
S 13 of the reaction of alkylacetylenes with 0( 3p) [17,20].

The activation energies for these acetylenes are
- higher than those for phenylacetylenes. This can be

explained by an activating influence of the phenyl
12 group on the acetylene group. Figure 2 shows a plot

of the activation energies of 0-atom reactions with
different acetylenes vs the ionization potential [21].
"The correlation looks quite good.

11

Discussion of the Product Analyses
10

The formation of benzene in the reaction of phe-
nylacetylene with O(3P) can hardly be explained by
only one reaction step. Following the results of Blu-

9 .menberg et al. [7] and Sloan and Brudzynski [8]; the
0 10 20 30 40 primary reaction step should be the addition of O(3

p)
(1 / T) * 10000 K to the side chain to form a triplet biradical. After-

FiG. 1.Arrhenius plot of the reaction ofO(3p) with phen- wards, the H atom from the side chain is migrating

ylacetylene. Each filled circle is the average value of four to the carbon that is close to the aromatic ring and a
measurements of k(T). The open circles and the regression result in prouctstThisleadnto he asu tn

line represent k,,(T) = k(T),, - k_,(T). The dotted line result as main products. This leads to the assumption
represents the estimated rate constants of the reaction with that benzene is formed by a second attack of an oxy-
the aromatic ring (Hammett correlation) [24]. gen atom under elimination of a further CO mole-

cule.

therefore become negligible at temperatures below = 0(3 H q,
3
po

500 K (see Fig. 1). For the reactions of C6 H 5 - 0H
C•C-D and C6 H15-C•C-CH 3 with 0(3p), the
Arrhenius parameters of the side-chain reaction were The product analysis of the reaction of phenyldeu-
determined by using the rate constants below 500 K. teroacetylene (C6H 5-C_C--D) with O( 3p) sup-
The rate constants at higher temperatures (>500 K) ports the proposed mechanism. In this reaction, deu-
for the addition to the aromatic ring (kr) for these terobenzene (C6H15-D) was found in the product
reactions were estimated by subtracting k,, from k,,p spectrum, which should be formed in an analogous

TABLE 4
Arrhenius parameters of the reaction of O(3P) with the investigated acetylenes (ac = 0(3P) attack at the side chain; ar

= aromatic reaction channel)

Preexp. Factor A Activation Energy E, k(29s K)
Compound (cm/mol X s) (kJ/mol) (Cm3/mol X s)

CHsCsCH ar' 2.3 x 10io 20.0 7.3 x 101
ac 3.6 x 1012 2.65 1.2 x 1012

CHCýCD arh 2.3 x 101i 20.0 7.3 x i0Q
ac 3.3 x 1012 2.44 1.2 X 1012

CH 5Cý-CCH 3 arb 2.1 X 1011 19.1 9.5 X 109

ac 3.0 x 1012 1.78 1.5 x 1012

"Estimated by the Hammett correlation.
bEstimated by k,_ = k - k,,..



864 REACTION KINETICS

14 leads to benzene and CO and is very exothermic

0 1 (- 630 kJ/mol).
1 The analysis of the reaction product of methyl-

1 aphenylacetylene shows that the methyl group does

not migrate like the H or D atom. If the methyl group

10 migrated, toluene should have been found, but it was
not. Instead, styrene was detected as the main prod-

22 uct. This may be explained by the following reaction
o 6 6 mechanism. The first reaction step is the attack of
S0 O(3p) to the triple bond of the side chain, followed

4 0by the formation of the phenylmethylcarbene under
"- 6 elimination of CO. In the case of this reaction, the

methyl group would have to move to the next carbon
atom. Then-by H-atom migration-styrene could

4 be formed:

2 0 7 C6H 5-CC--CH 3 + O(3P) - [C6H--C-CH3

+ CO] -- C6Hs-CH=CH2 + CO.

0
6 9 10 11 12 A similar mechanism was proposed [23] in the case

IP / eV of dimethylacetylene. The reaction enthalpy of this
reaction channel is - 500 kJ/mol. Because of the very

FIG. 2. Correlation between the activation energies for fast reaction of styrene with O(3P) [24], one should
the reaction wxith atomic oxygen and the ionization poten- expect styreneoxide as the main stable product. This
tials for some acetylene compounds: (1) acetylene [17]; (2) is confirmed by the product analysis.
propyne [17]; (3) 1-butyne [17]; (4) 2-butyne [20]; (5) 1,3-
butadiyne [17]; (6) but-1-en-3-yne [17]; (7) phenylacety-
lene, and (8) methylphenylacetylene at a lower tempera- Comparison of Phenylacetylene with Styrene
ture (<500 K) [this work]. and Ethylbenzene

A comparison of the reactions of phenylacetylenes
way as benzene in the reaction of 0 atoms with phe- with oxygen atoms with the respective reactions of
nylacetylene. styrene and ethylbenzene seems worthwhile. The

A detectable contribution of a direct attack of 02 principal structure of these hydrocarbons is similar.
on the carbene, forming CO2, could not be found in One important difference is the character of the
the product analysis. Besides the formation of ben- C-C bonds in the side chain: a single bond in ethyl-
zene and CO, no other products could be found in benzene, a double bond in styrene, and a triple bond
appreciable amounts for the reaction of C6H5- in phenylacetylene.
C•C-H with O(3p) at room temperature. The rate The kinetic investigations of the reactions of these
constants for the formation of benzene and of CO three hydrocarbons with oxygen atoms show that the
and the consumption of phenylacetylene at room reaction of styrene [24] is the fastest and that of
temperature were found to be equal within the error ethylbenzene [25] the slowest. The activation ener-
limits. gies of these three reactions are clearly different. The

Thermochemical calculations based on the group activation energy for ethylbenzene is 15.3 kJ/mol
additivity method [22] further support this reaction (k298 = 3.6 X 1010 cm 3/mol X s) [25], followed by
channel. The two possible H-atom abstraction chan- that of phenylacetylene (2.7 kJ/mol; k298 = 1.2 X
nels are endothermic (H-atom abstraction from the 1012 cm 3/mol X s). For the reaction of styrene with
side chain equals + 120 kJ/mol, H-atom abstraction oxygen atoms, the apparent activation energy of the
from the aromatic ring equals + 30 kJ/mol). The ad- reaction at the side chain is negative (- 1.7 kJ/mol;
dition of O(3P) to the aromatic ring, forming a triplet k298 = 2.7 x 1012 cm3/mol X s [24]). The room-
biradical by destruction of the aromatic ir-system, temperature rate constants for these three reactions
leads to a reaction enthalpy of - 50 kJ/mol. In com- are indeed quite different.
parison, the most exothermic reaction with -340 The different kinetic behavior of these hydrocar-
kJ/mol is the attack of O(3P) on the triple bond of bons can be seen from the different main reaction
the side chain to form a triplet biradical. Then follows channels in the investigated temperature range. At
the formation of the phenylcarbene (C6 H5-C--H) lower temperatures, the oxygen atom attacks the side
by elimination of CO with an enthalpy of 0 kJ/mol. chain of phenylacetylene and styrene more than the
The consecutive reaction (C6 H5-C--H plus O(3P)) aromatic ring. At room temperature, the aromatic
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channel is negligible for both hydrocarbons. In the acetylene, a second attack of an oxygen atom leads
case of ethylbenzene, the oxygen atom mainly attacks to the elimination of a further CO by formation of
the phenyl group and H-atom abstraction plays only the respective benzene. In the case of methylphenyl-
a minor role. acetylene, this second reaction is negligible. Here,

This is shown by product analyses at room tern- the main following reaction is supposed to be the
perature (main channels): formation of styrene.

~wH
a) Mj-C--H + O(3p) - + CO Af H0 

=-340 kJhnol

0

b) CH--C'-rCH2  + O(3p) 3 CH--CH2 AfH0 
= -440 kJhmol

c) - 2-CHa + O(3p) HO-- --CI-ta AfH0 = -420 kJUnol
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HYDROGEN-ATOM ATTACK ON 1-PHENYLPROPENE
AT HIGH TEMPERATURES

WING TSANG AND JAMES A. WALKER

Chemical Kinetics and Thermodynamics Division
National Institute of Standards and Technology

Gaitheshburg, MD 20899, USA

The reactions of hydrogen atom with 1-phenylpropene (1PP) have been studied in single-pulse shock-
tube experiments. Contribution from a large number of the possible reactive channels has been observed.
The prime channels are the displacement of the methyl group resulting from addition to the olefinic
structure and abstraction of a hydrogen from the methyl group followed by internal displacement of the
hydrogen, forming indene. Displacement from the ring is less favored. The following rate expressions at
temperatures of 990-1100 K and pressures of 1.4-2.0 atm have been determined.

k(H + 1-phenylpropene - styrene + methyl) = 10132-:05 exp(-1200 t 1000/T)

k(H + 1-phenylpropene - propene + phenyl) = 1014,007 exp(-5300 ± 1500/T)

k(H + 1-phenylpropene-- propenyl + benzene)= 1014.2s07 exp(-6300 ± 1500/T)

k(H + 1-phenylpropene-- 3-phenylallyl + H, + H2) m< 1014,2+-° exp(-5600 ± 1000/T)

in units of cm3 mol-] s• 1, where the relative and absolute uncertainties in the rate constants are factors
of 1.10 and 1.25, respectively. An attempt has been made to relate these rate expressions to basic thermal
processes, and similarities to those for the appropriate smaller olefins have been noted. Displacement rate
constants are made smaller by the reversibility of the hydrogen addition reaction, and together with possible
isomerizations, they represent an additional complicating feature.

Introduction nels of primary interest. The letters refer to subse-
quent fast reactions that may lead to the observed

Hydrogen-atom reactions with unsaturated com- products. Although the mechanism is complex, the
pounds are of great importance in combustion. This conditions in single-pulse shock-tube studies lead to
paper reports on single-pulse shock-tube experi- simplifying features. Kinetics and thermodynamics
ments involving hydrogen-atom attack on 1-phenyl- drive reactions to completion, and many other pos-
propene (1PP). A summary of earlier work on sim- sible pathways and products are eliminated.
pier compounds and pertinent lower-temperature The experimental approach is to use the decom-
data can be found in Table 1 [1-9]. Quantitative de- position reactions of a very labile organic compound,
termination of mechanisms and rates for these re- hexamethylethane (HME), as a source of hydrogen
actions are difficult because there are numerous atoms. The processes are [10]
channels for reaction: addition to the sites of unsatu-
ration, followed by decomposition of the radical and HME = 2 t-butyl = isobutene + H (1)
hydrogen-atom abstraction. The latter will lead to the
formation of a large radical, which if not oxidized, with kI = 3 X 1016 exp(-34,500/T) s - The sub-
can grow while the former may lead to the break- sequent breakdown oft-butyl is rapid under the high-
down of the molecule to smaller fragments. The sig- temperature conditions of single-pulse shock-tube
nificance of such branching ratios to combustion studies. Other reaction possibilities are unimportant.
chemistry is clear. The general instability of nearly all large organic rad-

1-Phenylpropene is a more complicated molecule icals (certain resonance stabilized radicals are excep-
than those which have been studied. It contains both tions to this rule) under the conditions of these stud-
aromatic and olefinic structures. The large number ies (high temperatures and high dilutions of molecule
of such species present during combustion creates undergoing unimolecular decomposition) facilitates
the need for defining how information on simpler the interpretation of the data. Referring to Fig. 1,
molecules can be extended. Figure 1 contains pos- one sees the possibility of associating reaction path-
sible reaction pathways. The numbers are the chan- ways with particular unsaturated stable products.

867
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TABLE 1
Past work on hydrogen-atomn attack on organics at high and low temperatures

Rate expression
Rate constant (1100 K)

(cm mol-< s-
1
)

Compound attacked by H [Ref.] Displacement [group] Abstraction/H

A. High Temperature Results
Isobutene [2] 1.7 X 10's exp(- 1808/T)[CH3 ] 1.7 X 1014 exp(-4024/T)

3.3 X 1012 0.7 x 1012

Mesitvlenc [3] 6.7 X 10'3 exp(-3255/T)[CHj] 3.7 X 1014 exp(-4342/T)
1.2 x 101WCH, 0.8 x 1012

p-Chlorotoluene [4] 3.5 X 10"a exp(- 3710/T)[CH 3] 9.6 X 10's exp(-4265/T)
1.2 X 1012 0.6 X 1011

4.8 X 10'1 exp(-4795/T)[CI]
0.6 X 1012

Toluene [1] 1.2 x 1013 exp(-2578/T)[CH 3] 1.2 X 1014 exp(-4138/T)
1.2 X 1012 0.9 X 1012

Phenol [5] 2.2 X 1013 exp(-3990/T)[OH] 1.1 X 1014 exp(- 6240/T)
0.6 X 1012 0.4 x 101'

Chlorobenzene [6] 2.2 X 1013 exp(-4531/T)[C1]

0.4 X 1012

B. Lower-temperature results: rate constants are derived from rate expression and refer to addition without displacement.
Butadiene [8] 4.1 X 1013 exp(-655/T) (2 sites)

300 4.5 X 1012

1100 2.3 X 101'
t-Butene-2 [9] 2.1 X 1013 exp(- 1046/T)
300 6.3 X 1011
1100 0.8 X 10's
Isobutene [9] 3.7 X 1013 exp(-849/T) (terminal addition)
300 2.2 X 1012

1100 1.7 X 10'3

Benzene [7] 4 X 1013 exp(-2170/T) ( 6 sites)
300 2.9 X 10"'
1100 5.6 X 1011

Every isobutene that is generated implies a hydrogen and MES are much more stable than HME (in the
released into the system. By carrying out the reac- unimolecular sense), rate constants for products
tions in a vast excess of 1PP and mesitylene(1,3,5- from 1PP and MES can be determined from the fol-
trimethylbenzene) (MES) in comparison to HME lowing relation:
(ratio of these two compounds to HME is in excess
of 100 to 1), with the latter present in concentrations [product/1PP]/[m-xylene/MES] = k(productQ/k2.
near 100 ppm, practically all the hydrogen atoms will
react with 1PP and MES. For MES [3], the result of Substitution of the rate expression for k2 will then
hydrogen-atom attack are displacement of methyl yield rate constants for the process initiated by hy-
leading to meta-xylene formation, drogen-atom attack on 1PP.

The yields of isobutene also serve as an internal
H + MES = meta-xylene + CU 3  (2) thermometer for the determination of the tempera-

and abstraction of benzylic hydrogens, tnre of the system. The relations are

H + MES = 3,5dimethylbenzyl + H2  11T = [38 - ln(k1)]/34,500

with the rate expressions given in Table 1. Since 1FP with
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H + CAH

H

6 e
3 ,7

+CH=CHCH3  C2 H2 +CH 3 *

+ H*

+H2 + C H*

FIG. 1. Mechanism for the hydrogen atom-induced decomposition of 1PP.

k, = t-1"ln[1 - (1.03 isobutene/HMEi) of the allylic resonance energy, of the order of 50 kJ/

mol [12], is reflected in the rate constant. The data

where t is the heating time of 500 ps and the factor on butadiene and the butenes demonstrate that such
of 1.03 refers to the propene formed during isobu- effects do not occur between molecules. The same
tene decomposition. The use of the internal temper- issue arises in the present system, except that ben-
ature removes the chief uncertainty in such experi- zylic resonance is substituted for allylic resonance.
ments. It depends on HME being present in small The values of the two resonance energies are similar.
amounts relative to other reactants and short chain The differences in rate constants between trans bu-
lengths for reactions involving the main components. tene-2 and the cis compound at room temperature

Despite the large number of studies on hydrogen- are small.
atom reactions with unsaturated organic compounds, Fahr and Stein [13] have reported on the rate con-
there are no data on hydrogen-atom attack on jPP stants for phenyl and vinyl addition to benzene and
or even related molecules. The most pertinent results ethylene at temperatures very close to those used
are lower-temperature data on hydrogen-atom attack here. Their data can be related to some of the present
on the C4 olefins and benzene. These are summa- results through the thermodynamics. It will also be
rized in Table 1. The values at 1100 K from the low- used to obtain information on the specificity of ad-
temperature data are extrapolations. At room tern- dition to the olefinic portion of 1PP.
perature, the main process is addition. Displacement
does not occur, since the low temperatures prevent
radical decomposition. There are large differences in
rate constants. These can arise from small differences Experimental
in activation energy. The data in Table 1 suggest that
rate constants for addition to the aromatic ring may Experiments are carried out in a heated single-
be an order of magnitude or more smaller than ad- pulse shock tube. This permits studying the reactions
dition to an olefinic structure under the present re- of high-boiling organic compounds. Details of the ex-
action conditions. An important thrust of this work perimental procedures have been given in earlier
is to determine this branching ratio for 1PP. publications [1]. Analysis of reactants and products

For olefins, relative rate constants for addition to was by gas chromatography with flame ionization de-
a molecule are affected by the stability of the radicals tection. A 6-ft Poropak N column was used to analyze
[11] that are formed. Hence, the propensity for ter- all substances up to propene and was operated at 90
minal addition. Terminal addition to butadiene will 'C. All substances with boiling points higher than iso-
lead to a radical that is stabilized by allylic resonance, butene were analyzed with a 30-m dimethylsiloxane
and one would expect that this will be the preferred wide bore capillary column operated in the pro-
mode. There are no data as to whether the fsill effect grammed temperature mode. Trans and cis-1PP and
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MES were purchased from Chemical Samples;' Results
HME was from Aldrich Chemicals and, except for
vigorous degassing, were used without further puri- Data from studies with the first two mixtures can
fication. Argon was ultrapure grade from Matheson. be found in Fig. 2. The yields have been normalized
The only impurity was trace amounts of methane and in terms of per hydrogen atom introduced into the
was corrected for in the subsequent analysis. The ma- system. There is very little difference in the data from
jor lower boiling point impurity in 1PP was allylben- the trans- and cis-IPP mixtures, except that at the
zene. There are also some unidentified higher-boil- lower temperatures, there are more propene and
ing impurities in much smaller amounts than the benzene from the cis results. This is probably due to
allylbenzene in trans-1PP. The concentration of al- the presence of impurities. Otherwise, it is not nec-
lylbenzene in the trans compound was about 0.2% essary to draw a distinction between the two sets of
in comparison to 1% in the cis mixture. A majority results. Trans - cis isomerization is observed. This
of the data and all the quantitative results on rate has no consequence in this work.
constants were derived from experiments with the Styrene is the main product. Indene is the next
trans compound. The results on the cis compound product of importance. All other products are in
served as a convenient check of the effect of impu- much smaller concentrations. Quantitative interpre-
rities on the integrity of the results. Four sets of ex- tation of the latter will have larger errors than that
periments were carried out. The compositions of the for the major products since there may be contri-
mixtures were as follows: butions from labile impurities or small side reactions

1. 100 ppm HME in 1% trans-1PP in argon; that have been neglected in the analysis. They are a
reflection of the "noise" in such studies. Uncertain-2. 100 ppm HME in 1% cis-1PF in argon;

3. 136 ppm HME in 0.5% trans-1PP and 1.2% MES ties in the relative concentrations of the major prod-

in argon; and ucts are expected to be in the range for standard gas

4. 100 ppm HME in 0.5% cis-1PP and 1.0% MES chromatographic analysis or of the order of ±_3%.

in argon. For the minor products, this should be increased by
a factor of 2. The presence of allylbenzene as an im-

The invariance of the experimental results with purity prevented determination of contributions
changes of relative concentrations of HME, 1PP, and from this channel. The propene concentrations used
MES testifies to the absence of contributions of 1PP here have been corrected for its formation from
and MES decomposition in these studies and the va- t-butyl decomposition.
lidity of the postulated mechanism. This is a powerful Large yields of methane and ethane are found.
test. The experiments were carried out at 1.4-2.0 atm These are from fragments formed during styrene for-
pressure and in the temperature range 990-1100 K. mation. The sum of methane plus twice the ethane

is slightly larger than the styrene and other com-
*Certain commercial materials and equipment are iden- pounds, acetylene and propene from isobutene,

tified in this paper in order to specify adequately the ex- whose presence imply simultaneous ejection of
perimental procedure. In no case does such identification methyl. If the system is behaving as assumed, these
imply recommendation of endorsement by the national Bu- should be exactly equal. This may be a reflection of
reau of Standards, nor does it imply that the material or small side reactions that have been neglected. From
equipment is necessarily the best available for the purpose. the propene yields, it is clear that only small amounts
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TABLE 2
Summary of experimental rate expressions

k(Product channel)

Product channel k(Mesitylene) k(Product channel) 1100 K
(cm, mol's -1)

Styrene 0.65 X exp(2000 ± 190/T) 4.4 X 1013 exp(- 1200 ± 1000/T) 1.4 X 10ia
Indene

(from 3-phenylallyl) 12.6 X exp(-2400 ± 300/T) 8.5 X 1014 exp(-5600 ± 1000/T) 5.2 X 1012
Acetylene

(from propenyl) 2.2 X exp(-3100 ± 510/T) 1.5 X 1014 exp(-6300 ± 1500/T) 4.7 X 10"
Propene 1.6 X exp(-2000 ± 750/T) 1.1 X 1014 exp(-5300 ± 1500/T) 9.1 X 10"
Styrene + propene 0.85 X exp(1800 ± 200/T) 5.7 X 10's exp(-1400 ± 1000/T) 1.5 x 1011

Uncertainties in column 2 are least-squares values, while those in column 3 are estimates and include 4.2 kJ/mol
uncertainty in the rate expression for displacement of methyl from mesitylene. The uncertainties in the relative and
absolute rate constants are factors of 1.1 and 1.25, respectively. Variations in the A factors are commensurate with these
values. See text for further details.

of phenyl radicals are formed. Together with its high Table 2 contains a summary of the rate expressions
reactivity, this is the reason for the absence of addi- and constants derived from this study. The rate ex-
tion products such as toluene. pressions in the second column in Table 2 are given

The normalized yields of styrene are greater than in terms of the production of particular compound(s)
1. When all other products directly derivable from compared to that of meta-xylene from MES and are
hydrogen reactions with 1PP are summed, the chain a quantitative summary of the experimental results.
length is near 2.5. When MES is added, the chain The results in the third column are from multiplying
length is reduced to 1.5. Figure 3 contains rate data those in the second column by k 2. Also given in Table
pertaining to the ratio of rate constants for the for- 2 are rate constants at 1100 K. This serves as a con-
mation of the appropriate product from 1PP and the venient reference point for comparisons. The value
rate constants for the displacement of the methyl of the rate constants cover a wide range. For the less
group from mesitylene-forming meta-xylene. Also in- important channels, the rate constants, instead of
eluded are data from the cis-compound. They track rate expressions, are probably more meaningful. Es-
that of the trans mixture except for propene where, timated uncertainties for the relative rate expressions
as noted earlier, there appears to be an extraneous are 4.2 kJ/mol in the activation energy and a factor
source. of 1.6 in the pre-exponential factor for styrene and
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indene and 8.4 kJ/mol in the activation energy and a (channel 6) from the methyl group. Other reactions
factor of 2.5 in the A factor for acetylene and pro- are not included since they are much more endo-
pene. In absolute terms, the uncertainty in the rate thermic or can readily be reversed.
expgression of the methyl displacement reaction from Addition of hydrogen at the methyl site of olefinic
MES leads to an additional uncertainty of 4.2 kJ/mol portion of 1PP (channel 4) followed by ejection of
in the activation energy and a factor of 1.6 in the A methyl (reaction d) must lead to styrene and methyl.
factor. These uncertainties are larger than that de- Addition at the phenyl site (channel 3) will lead (re-
rived from the statistical scatter. They are based on action 2) to propene and phenyl. The possibility of a
experience from the consistency of earlier studies neophyl rearrangement [15] (channel b) can lead to
[10,14]. The relative and absolute uncertainties in the formation of 2-phenylpropyl-1 radical, which will
the rate constants should be factors of 1.10 and 1.25, decompose readily (channel c) to form methyl and ad-
respectively. ditional styrene. Thus, the present data does not yield

Figure 4 contains data on the ratio of products independent information on the specificity of H ad-
from hydrogen-atom attack on 1PP as compared to dition to the olefin. The sum of styrene and propene
that producing styrene and demonstrate the effect of may be a measure of addition to both sites of the dou-
MES addition. For propene and acetylene, the re- ble bond (k3 + K4). Ambiguity arises from the possi-
sults match. In the case of indene, the inhibiting ef- bility that the addition reaction (channel 3) may be re-
fect of mesitylene leads to the observed lower yields. versed. Thus, k3 + k4 so deduced must be a lower
The additional mode for indene production in the limit. However, the H + 1PP - phenyl + propene
absence of mesitylene is probably the abstraction by reaction is approximately thermoneutral at 1000 K
methyl of a hydrogen from 1PP, leading to the [16-18]. Rate constants for hydrogen and phenyl
3-phenylallyl radical. Only hydrogen-atom attack and bond cleavage may be not be far apart. Propene, a
the consequences were considered in Fig. 1. Methyl measure ofthe phenyl releasedinto the system, is only
addition processes are reversed and will not make 7% of the styrene. Thus, little error is introduced into
any contributions. the addition rate constant by the neglect of the hydro-

gen ejection channel. At 1100 K, the sum of rate con-
stants for styrene and propene formation is 1.4 X 1013

Discussion cm 3 mol- 1 s - I or very close to 0.5 times the value for
butadiene given in Table 1.

The observations summarized in the third column The results of Fahr and Stein can be used to arrive
of Table 2 will now be correlated with the thermal at an estimate of the specificity of hydrogen addition
processes given in Fig. 1. Under the present condi- to the olefinic part of 1PP (channels 3 and 4). They
tions, the thermal instability of the larger radicals found k(CcH5 + C3 H4 - styrene + H) = 2.5 x
formed from hydrogen reactions simplify mechanis- 1012 exp(-3121/T) cm 3 mol-' s-. Assuming that
tic possibilities. The only reaction they can undergo this will also hold for terminal addition to propene
is unimolecular decomposition. Figure I lists four re- and accounting for the reaction degeneracy of 2, one
action channels. Two of these involve addition (chan- finds through detailed balance k(H + 1PP - C6H5
nels 3 and 4) to the olefinic portion of 1PP. Another + C3H6) = 9.5 X 1013 exp(-3222/T) cm 3 moo'-I
process is addition to the propenyl site (channel 5) s-1 This is equal to 5 X 1012 cm 3 molb1 s-1 at 1100
on the ring and the last is hydrogen abstraction K. Combining this with the overall rate constant for
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addition given earlier, the ratio of rate constants for structures in 1PP. The data in Table 2 lead to a factor
hydrogen addition to the methyl and phenyl sites in of 33 at 1100 K. The actual value of (k3 + k4)/k5
1PP is 1.8. This value is strongly dependent upon the must be lower. If displacement of methyl from tol-
thermodynamic properties of phenyl and its combi- uene is equivalent to addition at the propenyl site,
nation rate constant. For the former, the number one obtains a value of 12. This is the same value from
used here, 328.5 kJ/mol, is from Burcat [18]. A the data on Table 1, using butadiene and benzene as
slightly higher value of 340.5 kJ/mol [19] had been a basis.
suggested and will lead to a rate constant of 1.5 X Fahr and Stein [13] found the rate expression for
1012 cm3 mol-' s- 1 for propene formation. Fahr and vinyl addition to benzene to be k(C2H13 + C6116
Stein assume a combination rate constant for phenyl styrene + H) = 1.5 X 1012 exp(- 3222/T) cm3
of 3 X 1012 cm 3 mo1-1 s-1. A value of 1013 cm 3  mo'-1 s-1 or 8 X 1010 cm 3 mol-' s-1 at 1100 K.
mob-' s-I will raise the original value to 8.5 x 1012 These are different (factor of 1.8) from the original
cm 3 mol -1 s 1. The corresponding ratios are now 8 estimate [13] since a newer value for vinyl combi-
and 0.8. Although the results have wide scatter, these nation from Fahr et al. [23] has been used. The ther-
considerations demonstrate that a significant portion modynamics and the rate expression for propene
(although less than half) of the hydrogen atoms may yield obtained here gives k(propenyl + C61H6 - 1PP
add to the phenyl site of 1PP. Benzyl resonance en- + H) = 1.6 X 1013 exp(-5940/T) cm 3 molb S-I
ergy is not a large influence on the position of hy- or 7.3 x 1010 Cm3 mol-' s'- at 1100 K. Despite the
drogen addition on the olefinic portion of 1PP. This differences in the rate expressions, agreement in the
sets a limit of 10-40% on the error introduced in rate constants at 1100 K where both measurements
assigning styrene and propylene yields to k3 + k4. were made is good. Falhr and Stein caution their

The acetylene yield can be a measure of propenyl readers on the use of their rate expression beyond
formed (channel g) if isomerization to ally] is not im- the measurement range. The estimated uncertainty
portant. Results on methyl attack on acetylene [8] in the activation energy in this study is 13 kJ/mol.
and the thermodynamics leads to 4.5 X 1013 Thus, the disagreement may not be significant.
exp( - 15,900/T) s ' as the rate expression for pro- Abstraction of a hydrogen from the methyl group
penyl decomposition. The thermodynamic proper- (channel 6) will lead to the formation of 1-phenylallyl
ties of propenyl are based on a vinyl C-H bond radical. The resonance energy of this radical is 66 or
energy of 459 kJ/mol [20] and molecular parameters 18 kJ/mol higher than those for benzyl or allyl [24].
estimated in the usual manner. Such isomerization Internal displacement of a hydrogen will lead to the
processes can be treated as an internal abstraction quantitative formation of indene [25] (channel f).
with an additional contribution to the activation en- Hydrogen, as well as methyl and phenyl, can be a
ergy from the ring strain in the transition state [21]. abstracting radical. Thus, indene concentration sets
For abstraction of allylic or benzylic hydrogens, the an upper limit for the rate constant of hydrogen ab-
resonance energy has only a small effect on the rate straction (k6). The rate expression given here can be
constants [1]. The strain energy for a four-membered compared with others leading to the formation of
ring structure is 125 kJ/mol [22]. The transition state other resonance-stabilized radicals. From Table 1, it
must be tight. A likely rate expression for isomeri- appears that the value from indene concentration is
zation is [20] 3 >< 1011 exp(-17,500/T) s-' and about a factor of 2 larger. A larger rate constant may
should be unimportant compared to decomposition, be consistent with the 18 kJ/mol extra resonance en-

Acetylene yields are not a measure of hydrogen ergy. However, earlier studies indicate that reso-
addition to the propenyl site of the ring structure in nance energy has very small effects on rate constants
1PP (channel 5), since the reverse reaction is likely for abstraction [1]. The values given here may have
to be competitive with propenyl ejection (channel e). additional contributions from methyl abstraction.
It represents instead a minimum value for k5. The This is supported by the rate expression, where the
activation energy for acetylene formation is higher A factor is larger than that for other hydrogen-ab-
than those for the displacement processes in Table straction processes.
1. This suggests that the barrier for propenyl ejection These results demonstrate that the main role of
is higher than the hydrogen addition barrier. Nev- hydrogen atoms is to strip alkyl groups from the ole-
ertheless, the rate constant is only a factor of 2.5 finic portions of large unsaturated compounds con-
smaller than that for hydrogen addition to toluene, taining olefinic and aromatic groups. Abstraction also
where displacement is a measure of hydrogen addi- makes a contribution. Next in order of reactivity is
tion. Thermodynamic factors favor the displacement the removal of alkyl structures from the ring. The
of methyl from the olefinic part of 1PP or the ab- reversibility of hydrogen addition to these systems
straction of a hydrogen by H atoms or a radical such makes removal of phenylic and vinylic structures
as phenyl in comparison to displacement of propenyl. more difficult. Under combustion conditions, most
The ratio (styrene + propene)/acetylene is an upper of these effects can be almost quantitatively inferred
limit to the ratio of rate constants, (k3 + k4)/k 5, which from data on simpler molecules. There would appear
defines H-atom addition to the olefinic and ring to be a good basis for making estimates. Complicat-
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COMMENTS

John H. Kiefer, University of Illinois at Chicago, USA. Note that the number derived from kinetic methods, as
Your agreement with the Fahr and Stein rate for C6 H5 + given in Dr. Kiefer's reference, is near 107 kcal/mol.
C2H2 depends very much on the chosen 108.5 kcal/mol for
the CH bond energy in ethylene. If you use the "latest"
value of 111.2 [Berkowitz, J., Ellison, G. B. and Gutman, R. W. Walker, Hull University, England. Do you have
D., J. Phys. Chem. 98:2744 (1994)] you would not agree at any comment on the apparently large A factor for the
all. H-abstraction reaction at the allylic position in I-phenyl-

propene? As a rotation is lost in the transition state, a valueAuthor's Reply. We are in agreement with Dr. Kiefer's nae 01mgtb xetdnearer 1013 might be expected.
conclusion. Use of the higher value would have led to a
discrepancy of a factor of 4 in the equilibrium constant. Author's Reply. As noted in the text, the rate expression
We believe that the equilibrium constant derived from the for the abstraction of the resonance stabilized hydrogen
experimental numbers is accurate to within a factor of 2. contains components from abstraction by methyl. There-
It suggests to us that the "higher" value for the heat of fore it is a maximum value. This is probably the reason for
formation derived from nonkinetic methods is in error, the somewhat larger than expected A factor.
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PYROLYSIS OF p-XYLENE AND OF 4-METHYLBENZYL RADICALS
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The thermal decomposition p-xylene (+ Ar) -- 4-methylbenzyl + H (+ Ar) (1) was studied in shock
waves between 1000 and 1800 K by monitoring UV absorptions of p-xylene and 4-methylbenzyl. A high-
pressure limiting rate constant of k, = 10157 exp(- 355 kJ mo'-/IRT) s ' was derived. The experiments
also allowed measurement of a rate constant k, = 1014.1 exp(-35 kJ mol-'/RT) CMe mohI s-I for the
secondary reaction H + p-xylene -- 4-methylbenzyl + H,. Using 4-methylbenzyl iodide as a precursor,
the decomposition of 4-methylbenzyl was investigated separately, leading to a rate constant of 10'60
exp(-360 kJ molI-/RT) s-I over the range 1200-1600 K.

Introduction than for toluene, e.g., k(1100 K) = (3.6-7.4) X 10-2

s-1 and k(1600 K) = 1.6 X 104 s-1 for p-xylene as
In spite of their general importance as fuel mole- compared to k(l100 K) = 7.9 × 10- 3 s- 1 andk(1600

cules, aromatic hydrocarbons are not yet well char- K) = 2.5 X 103 s - for toluene. The origin of these
acterized with respect to their pyrolysis and oxidation differences at present cannot be traced uniquely;
kinetics. In the case of alkyl-substituted aromatics, probably slightly smaller dissociation energies and
various C-C and C-H bond splits outside the ring higher pre-exponential factors of the high-pressure
may compete before the ring opens. The relative bond dissociation rate constants in p-xylene work to-
rates of these reactions often are still under dispute. gether. However, a high-temperature dissociation
Likewise, the oxidation mechanism with alternative study, in similar detail as for toluene, was still missing.
routes via intermediate peroxide formation or attack Apart from the primary C-H bond splits, other dif-
by HO, HO2, and 0 radicals is not understood in ferences between toluene and p-xylene may be lo-
detail. Summaries of previous results are given, e.g., cated in the competing C-C bond splits, the thermal
in Refs. 1 through 4, as well as in rate constant com- dissociation of the benzyl and 4-methylbenzyl radi-
pilations such as Ref. 5. cals, the H attack on the parent molecules, etc. First

In previous work, we have investigated in detail shock wave studies in our laboratory of p-xylene de-
the high-temperature pyrolysis [6-9] and oxidation composition, monitoring the UV absorptions of the
[10] of toluene as well as of benzyl radicals. By a parent and the 4-methylbenzyl radicals in Refs. 7, 11,
combination of thermal and laser excitation experi- and 15, showed a strong superposition of 4-methyl-
ments, the primary C-H [11] and C-C [12] bond benzyl formation and disappearance that could not be
ruptures in toluene, as well as the reverse combina- analyzed in a unique way before extensive comple-
tion of H with benzyl [13], could be measured. A mentary measurements were made. Having explored
redetermination of the equilibrium constant for tol- in the meantime optimum strategies for unravelling
uene dissociation also was necessary [14]. Secondary toluene decomposition with its complex mechanism
processes such as the attack of toluene by H and of competing primary bond ruptures, reverse, and
benzyl dissociation completed our study. The oxida- secondary processes, we were now in a position to ap-
tion of benzyl by 02 at high temperatures apparently proach the xylene pyrolysis again. With the results of
is not an efficient process. Instead, the oxidation in- the present work, we can provide an analysis of the pri-
volves benzyl dissociation forming H atoms, which mary fragmentation rate from flow system (near 1100
react with 0 2 such that a later attack of benzyl by K) [16,17] to shock wave (1200-1800 K) conditions
OH opens the major pathways for oxidation [10]. that is consistent with laser fragmentation rates [11].

As xylenes like toluene form important components Information on secondary reactions is also available
of B-T-X (benzene-toluene-xylene) fuels, it is of im- such that the differences between the toluene and
portance to obtain similarly extensive kinetic infor- p-xylene pyrolysis systems can well be localized.
mation on xylene pyrolysis and oxidation as for tolu-
ene. It appears attractive to establish analogies or Experimental Technique
identify differences. An analysis of earlier laser and
thermal excitation experiments in Refs. 7 and 11 sug- Our experiments were performed in reflected
gests a markedly larger dissociation rate for p-xylene shock waves over the temperature range 1200-1800

875
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K. Our aluminium shock tube had an inner diameter
of 10 cm and a length of the test section of 4.20 m.
The progress of reaction was followed by UV-ab-
sorption spectroscopy using a Xe-Hg arc lamp (Os-
ram XBO-250) as the light source, a GCS/McPherson
(Modell 216.5) monocbromator, a Hamamatsu
(1P28A) photomultiplier, and a microcomputer for
data recording. All further details of our technique
have been described in earlier articles such as Refs.
6 through 10. Absorption measurements were made
over the spectral range 210-350 nm. In this range,
the broad absorption continua of p-xylene and of
4-methylbenzyl radicals overlap; however, the spec-
tra can easily be separated (see below). Experimental
studies of p-xylene decomposition were done with
mixtures of p-xylene in Ar, either with very low rel-
ative concentrations of p-xylene (of the order of 10
ppm) or with very high concentrations (of the order FiG. 1. Absorption signal recorded at 265 nm in the py-
of 0.5%). The absolute concentrations of Ar behind rolysis ofp-xylene in Ar at high xylene concentrations (base
reflected shocks were varied between 10-6 and 10-5 line = no absorption; first step: incident shock; second
mol cm- 3. For separate studies of 4-methylbenzyl step: reflected shock; horizontal time scale: 90 us/mark;
spectra and decomposition rates, we used 4-methyl- conditions behind reflected shock: T = 1227 K, [Ar] =

benzyl iodide as a precursor molecule. In further 5.6 X 10-6 mol cm-3 , [C8Hjo]/[Ar] = 4.67 X 10-a).
studies of the reaction of H atoms with p-xylene,
ethyl iodide was used as a thermal source of H atoms.

rect, being due to the previous interpretation with an
incorrect toluene dissociation equilibrium constant,

Results which was revised in the meantime.)

Absorption Spectra: Dissociation of p-Xylene at 1200-1500 K:

The room-temperature spectrum of p-xylene is In a first set of decomposition studies, we followed
characterized by an absorption band centered the strategy of Ref. 9, employing large initial concen-
around 210 nm with an absorption coefficient e = trations of p-xylene. Because of the very large ab-
3500 L mol'- 1 cm I that sharply drops near 225 nm. sorption coefficient of 4-methylbenzyl at 265 nm,
At shorter wavelengths a much stronger band is lo- very small conversions of p-xylene (C8H10) lead to
cated. With increasing temperature, the spectrum measurable absorption increases such as demon-
broadens towards the red with strong contributions strated in Fig. 1. The signals initially rise linearly with
from both bands. However, near 1600 K there is still time, and by means of the known absorption coeffi-
a very strong decrease of the absorption coefficient cient of 4-methylbenzyl radicals (CWH9), the rate co-
at . > 240 nm such that values only of the order of efficient k of the time law
250 L mol-1 cm'1 are observed near 265 nm. The
4-methylbenzyl radicals have a broad absorption con- d [C8H1]9 + k[C5H50] (a)
tinuum centered around 265 nm [11]. Maximum ab- dt
sorption coefficients of 7500 L mol- 1 cmr- at this
wavelength and temperatures around 1600 K were can be determined. Following the analogous discus-
determined in the present work, in excellent agree- sion for the toluene system [9], under the chosen
ment with the laser excitation results from Ref. 11. conditions of very large p-xylene concentrations, one
The comparison of the given data clearly indicates may safely assume that the competing primary de-
that 4-methylbenzyl radicals can be studied sepa- composition steps
rately from p-xylene at 265 nm with large sensitivity.
At the same time, a superposition of the two species p-xylene + Ar -- 4-methylbenzyl
can be monitored at shorter wavelengths, with dom-
inating p-xylene absorption at A < 230 nm. (It should + H + Ar (la)
be mentioned that the present work supersedes our
earlier study [7], in which p-xylene and 4-methylben- p-xylene + Ar - 4-methylphenyl
zyl spectra could not be separated properly. Also, the + CH3 + Ar (lb)
strong differences between benzyl and 4-methylben-
zyl absorption spectra reported in Ref. 7 are incor- are rapidly followed by the reactions of the type
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FIG. 2. First-order rate constants of p-xylene decom-
position (V: Ref. 15, reported in the present work; M: this 10
work; 0: Ref. 17; 0: Ref. 18; A: Ref. 16; k = k,, + k,,,
see text; data from Ref. 15 and this work at [Ar] = 10
10-4 inol m-c, i.e., close to the high-pressure limit of the
unimolecular reaction).

H + p-xylene - 4-methylbenzyl + H2  (2) 6,20 7.00 7.80 8.60104K1 T
CHA3 + p-xylene -- 4-methylbenzyl + en 4 (3) FIG. 3. As Fig. 2, dependence of the apparent k value

4-methylphenyl + p-xylene - on [CH 15 ] (see text; [C8H,,]/[Ar] = 1.76 x 10-3 (0), 4.67
X 10-3 (E), and 7.42 x 10-3 (A)).

4-methylbenzyl + toluene (4)

such that, for each decomposing p-xylene, two 4-methylbenzyl formation [Eq. (1a)] was followed by

4-methylbenzyl radicals are formed. Therefore, the methylbenzyl decomposition

rate coefficient k from Eq. (a) corresponds to 4-methylhenzyl

k = 2(k1a + ksb). (b) + Ar- CHC6H4 CH2 + H + Ar (5)

and subsequent fragmentation of CH 2C6H 4CH 2,
Figure 2 shows the obtained results in comparison possibly leading to further formation of H atoms by

with earlier data from flow system studies at lower decomposition of CH 2C 6H 4CH2 in analogy to benzyl
temperatures of Refs. 16 through 18. The data at T decomposition. It appears plausible to assume that
> 1300 K fit very consistently to an extrapolation of the spectra of 4-metbylbenzyl and of CH 2C6H4CH 2
the low-temperature results. At 1200-1300 K, a de- are similar. Therefore, the absorption signals from
viation towards higher values is observed for lower Ref. 7 were more difficult to analyze than the signals
p-xylene concentrations where the p-xylene excess from the present work. At the concentrations em-
apparently was not high enough to "quench" all other ployed, also reverse processes such as
reaction pathways that accelerate the overall reac-
tion. This concentration effect is demonstrated in H + 4-methylbenzyl
Fig. 3. + Ar- p-xylene + Ar (- la)

Dissociation of p-Xylene at 1500-1800 K: would contribute to the absorption decay. Reanalyz-
ing the data from Ref. 7, one obtains kla values such

In previous decomposition studies from our labo- as also shown in Fig. 2. At T > 1500 K, the results
ratory [7,15] at higher temperatures, the smallest very well continue the data obtained at lower tem-
possible initial p-xylene concentrations were em- peratures.
ployed. Because of the large absorption coefficient Figure 2 only includes measurements with high Ar
of 4-methylbenzyl, relative concentrations of 15 ppm concentrations near 2 X 10-4 mol cm- 3. Working at
could easily be used. Under the applied conditions, lower pressures, down to Ar concentrations of 2 X
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10i n mol em)-3, some falloff was observed. The value As in toluene dissociation, it appears very difficult
of kl,- near 1650 K drops by a factor of 2 when [Ar] to determine in thermal decomposition studies the
is decreased from 2 X 10-4 to 2 x 10-6 mol cm-a. branching ratio T lb = kij/(kla + klb) between C-H
A comparison with modelled falloff curves shows and C-C bond splits in p-xylene. For this purpose,
[7,15] that only minor further increases of kla should by analogy to toluene [12], in separate laser excitation
occur at [Ar] > 2 X 10-4 mol cm- 3 , the limiting experiments [22] with in situ product analysis, we
high-pressure value being not more than about 30% have measured branching ratios at specific excitation
above the values given in Fig. 2. Neglecting this mi- energies of p-xylene. After conversion to thermal
nor "correction," all data of Fig. 2 between 1000 and branching ratios using SACM unimolecular rate the-
1800 K can well be represented by an Arrhenius ex- ory, somewhat smaller branching ratios than in tol-
pression uene were obtained. Values of Ylb = 0.05 at 1000

K, 0.1 at 1200 K, 0.15 at 1500 K, 0.2 at 1750 K, and
k, = 10157 exp(-355 kJ molP5 /RT) s-1. (c) 0.25 at 2000 K were calculated. These small values

indicate that Fig. 2 essentially corresponds to kla
The analysis of laser excitation rate constants and only. Nevertheless, in modelling more complex re-
their conversion into thermal dissociation rate con- action situations with equilibration of reactions (1a)
stants in Ref. 11 led to and (- la), reaction (1b) should also be included.

ki = 101625 exp(- 36 9 kJ mol-t/RT) s- 1. (d) Reaction of p-Xylene with Added H Atoms:

Equation (c) at 1650 K gives k, = 2.9 X 104 S-1, In separate experiments, we studied reaction (2)
whereas Eq. (d) gives kI = 3.7 X 104 s-1. In view in mixtures of p-xylene with excess ethyl iodide. In
of the individual uncertainties of the two sets of ex- this case, by the rapid dissociations
periments using completely different techniques, the
agreement is excellent, in particular if one takes into C2HI + Ar -- C2H5 + I + Ar (6)
account that minor falloff corrections ( + 30%) have
not yet been included in Eq. (c). C2H5 + Ar -- C2H4 + H + Ar (7)

A theoretical calculation of specific dissociation
rate constants k(E, J) for p-xylene decomposition in known amounts of H atoms are produced; the mo-
comparison to thermal dissociation rate constants lecular elimination of HI was earlier shown to be only
k. was given in Ref. 11. This analysis depends some- of minor importance under high-temperature con-
what on the accurate bond energy of reaction (la). ditions [9]. Reactions of I with benzyl iodide are
The modelled expression of Eq. (d) was based on a much slower than reactions of H with toluene [9], so
bond energy (at 0 K) of E0 = 358.9 kJ mol-P, i.e., a that one may safely assume that I atoms also react
value somewhat lower than that of toluene of 371.8 much more slowly with p-xylene than H atoms. The
kJ mol-1. The differences between toluene and p- H atoms, formed very rapidly behind the shock wave,
xylene bond energies are not yet well established, react with p-xylene via reaction (2). With increasing
differences between (1.3-1.7) kJ mol-' [19] and 2.5 4-methylbenzyl concentrations, reaction (- la) in-
kJ mol-' [20] being discussed. Replacing E0 = 358.9 creasingly consumes H atoms until 4-methylbenzyl
kJ mol - used for Eq. (d) by E0 = 370.2 kJ mol-1, reaches a "steady state." Later on, 4-methylbenzyl
instead of Eq. (d), one obtains from statistic adiabatic also decomposes or is consumed by other reactions.
channel model (SACM) calculation [11] Figure 4 shows a typical 4-methylbenzyl signal from

these experiments. At established steady state, the
k, = 10'671 exp(-382 kJ mol-'/RT) s-1 (e) relationship

which leaves the values near 1650 K and the general kl/ksa = ([CsH,]/[C8H,0]X)t.St. ()
agreement between all thermal experiments essen-
tially unchanged. The accuracy of the thermal ex- applies. With the measured signals and an assumed
periments is not sufficient to distinguish between temperature-independent value of
such small differences of the bond energies.

For completeness, we give the additional falloff ksla = 2 X 1014 cm3 molb' s-1 (g)
parameters required for modelling full falloff curves
and falloff corrections such as obtained in Ref 15. as measured for H + benzyl + Ar -+ toluene + Ar
Using the F00 ,t notation of Ref. 21, at 1500 K we have between 300 and 1700 K, the results of Fig. 5 are
k0 - [Ar] 2 x 1010 cm 3 mol-' s-l and Fcent = 0.071, obtained. So far, a value of k-,, = 1.5 X 1014 cm 3

and at 1700 K,we havek, - [Ar] 2 X 10" cm 3 mol-b mol'- s- I has been only measured at 300 K [23].
s- 1 and F,,nt = 0.034. Strong and weak collision However, the SACM modelling of Ref. 11 for p-xy-
broadening effects are included in this representa- lene as for toluene only gives small positive temper-
tion of falloff effects. ature coefficients of k - I in agreement with the H +
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FIG. 4. Absorption signal recorded at 265 onm in the py-
rolysis of p-xylene/ethyl iodide mixtures in Ar (T = 1520 FIG. 6. Absorption signal recorded at 265 nm in the py-
K, [CsHo] = 1.0 x 10-' mol cmi-3, [C2H5I] = 7 x 10-9 rolysis of 4-methylbenzyl iodide (conditions behind re-
mol cm-3; horizontal time scale: 135 xs/mark). flected shock: T = 1430 K, [CsHI] = 1.5 X 10-9 mol

Cm-3; horizontal time scale: 115,os/mark).

benzyl experiments of Ref. 13. Therefore, the value
of Eq. (g) appears well established [unless a larger
value up to 6 X 1014 cm3 mol-I s-1 applies such as
derived for ksa from Eq. (e)]. With Eqs. (f) and (g),

10 1600 1500 1400 T/ K the data of Fig. 5 are represented by
S• . * tk , = 1 0 1 4 .6

8/ 'exp(- 35 kJ mol-'/RT) cm 3 mo1-' s- 1. (h)

The small temperature range of the present experi-
6 ments does not allow reliable separation of k2 into

-A pre-exponential and exponential factor. Therefore,
0 Eq. (h) is a tentative expression. (At lower tempera-

A tures, the rate of addition of H to xylene [13] exceeds
-E - that of abstraction.)

EA

Dissociation of 4-Methylbenzyl Radicals:
o The 4-methylbenzyl radicals, formed in the pyrol-

C ysis of p-xylene, will soon lose a second H atom from
the second methyl group outside the aromatic ring.

2 , In order to learn more about this important second-
ary reaction of the pyrolysis, in separate experiments
we studied the dissociation of 4-methylbenzyl radi-
cals. We used the pyrolysis of 4-methylbenzyl iodide
in order to prepare these radicals in a clean way. We
synthesized this molecule and, because of its sensi-
tivity to light, heat, and oxygen, carefully controlled
its purity by IH-NMR spectroscopy. At first, we mon-

6.20 6.60 7.00 7.40 itored the pyrolysis of 4-methylbenzyl iodide at 265
10"K/T nm; temperatures between 750 and 1600 K and ini-

tial reactant concentrations between 2 X 10-so and
FiG. 5. Rate constant for the reaction H + p-xylene - 4 X 10-1 mol cm- 3 were applied. At 265 nm, the

H2 + 4-methylbenzyl ([CH,,]/[Ar] = 7.4 X 10- (0), 1.0 absorption coefficient of 4-methylbenzyl (e = 7500
X 10-4 (0), 2.5 x 10-4 (FI), 3.4 x 10-4 (A)). L io1 em cmI) is markedly larger than that of the
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parent molecule (e = 1500 L mol-' cm'1). The 105

absorption-time profiles, therefore, behind the inci-
dent shock show a rise of the signal (see Fig. 6). The o04
signals behind the reflected shock have a specific
structure that is due to contributions from several
reactions such as the primary dissociation and its re- -

verse (particularly important behind the incident '

shock), 102.0

4-methylbenzy] iodide + Ar 10'

-44-methylbenzy] + I + Ar (8) a

4-methylbenzyl + I + Ar 650 6,5 7,0 7,5 8,0 8,5 9,0
i0 4 

KIT

-- 4-methylbenzyl iodide + Ar (- 8)

FIG. 7. First-order rate constants of dissociation of
the dimerization of 4-methylbenzyl and its reverse, 4-methylbenzyl (0: shock wave results from this work; 0:

flow system results from Ref. 17).
2 (4-methylbenzyl) + Ar

4,4'-dimethyldibenzyl + Ar (9) However, as spectra of CH2C6H 4CH2 are not known
and as the derived value for k5 is similar to the cor-

4,4'-dimethyldibenzyl + Ar responding value for benzyl decomposition, we can-

2 (4-methylbenzyl) + Ar (9) not distinguish reaction (5) from the decomposition
of CH,2C6H 4CH2 (whose products by analogy to ben-

and the final dissociation of 4-methylbenzyl zyl decomposition could be H atoms with a stoichi-
ometry of unity and other fragments).

4-methylbenzyl + Ar

CHQCH 4CHQ + H + Ar (5) Comparison of Toluene and p-Xylene
Decomposition:

which is rapidly followed by the recombination Toluene and p-xylene decompositions differ in the
Ar rates of the primary C-H bond splits, p-xylene dis-

sociating five times faster than toluene. This differ-

-- p-xylene + Ar. (- la) ence can be attributed to the presence of two CH 3
groups outside the ring in p-xylene instead of the one

Estimating k_8 and k-, to be equal to the corre- group in toluene as well as to a slightly smaller dis-
sponding values in the benzyl iodide system [24], ab- sociation energy (slightly smaller centrifugal barriers
sorption profiles like Fig. 6 over a wide range of con- and less rigid CH,2 torsions in p-xylene may also con-
ditions could completely be analyzed, leading to tribute to some extent). The reaction of H atoms with
values for ks of [25] p-xylene is twice as fast as that of H atoms with tol-

uene. In contrast to these differences, the rate con-
k8 = 10148 exp( - 184 kJ mol-b/RT) s- (i) stants for benzyl and 4-methylbenzyl decomposition

are very similar. However, this similarity may be mis-
over the range 790-870 K and for k5 of leading. While benzyl dissociates to H and to other

fragments not well characterized so far, 4-methyl-
k5 = 101(0 exp( -360 kJ mol-'/RT) s-1 (j) benzyl may dissociate to CH2C6H 4CH 2 biradicals or

to CH,2C6H4CH2 (p-chinodimethane) molecules
over the range 1350-1600 K. The rate coefficient k8 [16-18,26]. Both in toluene and p-xylene decompo-
is practically identical to the rate constant of decom- sition, recombination reactions of H atoms with all
position of benzyl iodide from Ref. 24. Analogous to radicals formed are very fast, rate constants being
this result, agreement between the dissociation rate close to 2 X 1014 cm3 mol-1 s-1 only with smaller
constants for benzyl bromide and 4-methylbenzyl radicals such as CH3, falloff effects reduce this value
bromide was also found in Ref. 26. Our values for k5 to some extent [5]. The rate of the reaction of H
in Fig. 7 are compared with data from Ref. 17 ob- atoms with aromatic radicals in previous work has
tained at lower temperatures in a flow system. The often been underestimated [1], which had serious
values well fit together. Pre-exponential factor and consequences on modelled concentration profiles. It
activation energy of k5 well fit to the corresponding finally should be mentioned that the C-C bond split
rate constant for C-H bond split in toluene [9]. [Eq. (ib)] in p-xylene followed by C6H4CH3 + H -
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TABLE 1
Rate constants for p-xylene pyrolysis from this workl

Reaction k (s-1) T (K)

p-xylene ' C8H. + H la k, + k,, ] 1015.7 exp (-355/RT) 1200-1800
p-xylene - C7C7 + CH, lb kk, = 0.10/0.15/0.2 1200/1500/1750
H + CH,5 -- CH 1 o -la k _, = 2 X 1014 300-1700
H + CsH-,, H, + C5 H, 2 k, = 1014' exp (-35/RT) 1350-1600
CH9 - CH 8 + H 5 k5 = 1016 exp (- 360/RT) 1350-1600

"Activation energy in kJ mol -; k in Cm3 mol-I s-'; results from Refs. 15 and 22 included, k, 4 k, + kr,.

toluene may introduce toluene decomposition kinet- 8. Muiller-Markgraf, W., and Troe, J., Twenty-First Sym-
ics into p-xylene pyrolysis. A summary of the rate posium (International) on Combustion, The Combus-
constants relevant for p-xylene decomposition, such tion Institute, Pittsburgh, 1988, pp. 815-824.
as determined in our laboratory, is given in Table 1. 9. Hippler H., Reibs, C., and Troe, J., Z. Phys. Chem. NF
Together with previously determined data for the tol- 167:1-16 (1990).
uene system, this set was sufficient to reproduce all 10. Hippler, H., Reihs, C., and Troe, J., Twenty-Third
observations of the present work. Symposium (International) on Combustion, The Com-

bustion Institute, Pittsburgh, 1990, pp. 37-43.
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COMMENTS

David M. Golden, SRI International, USA. How do you Author's Reply. In our experiments, we only used time-
rationalize the high (-1016 s-1) A factors for C-H bond resolved UV absorption spectroscopy as a detection tool.
scissions? Transition state theory implies an entropy in- However, it has previously been shown that p-chinodime-
crease of approximately 9 eu, even though it is only a light thane (C5H,), obtained via loss of two hydrogen atoms, one
H atom leaving a large molecule and the rotor is being tied from each methyl group, is an essential product in the
up as a result of benzyl resonance. p-xylene (CH,0) pyrolysis. The dimer (C15H,6 ) together

with a CHs polymer have been identified as reaction prod-
Author's Reply. The A factor is not unusually high for an ucts [1-]. For C8 Hl, there exist two mesomeric structures,

H atom leaving a radical in a simple bond fission reaction. e.g., the chinoidal or the biradical form, where the chinoi-
As A factors always depend on the partitioning of the rate dal structure is likely to be more stable by about 10 keal/
constant between Boltzmann factor and A factor, it is easier mol [5]. To our knowledge, there is no indication for the
to rationalize the result by looking at the rate constant of formation of the carbene isomer of the CH8 which might
the reverse reaction, i.e., the H addition to the radical, be obtained through intermolecular H-atom migration.
Here, one obtains 2 x 101 cm3 mol' s-1, which is normal. The product analysis did not show specific products from
Compared with the prediction by phase space theory (i.e., ring enlargement and contraction that are typical for car-
completely loose transition state theory), which, e.g., for H benes.
+ benzyl - toluene gives k1s'. = 1016 cm3 mol-I s-I (see

Troe, J.,J. Chem. Soc. Faraday Trans. 87:2299, 1991), this
is even a low value. Other H-atom additions to radicals
have similar rate constants such as H + CH3 - CH-, (._ REFERENCES

2 X 1014 cm
3 

mol-' s-').
1. Szware, M., J. Chem. Phys. 16:128 (1948); Levy, M.,

Szware, M., and Throsell, J., J. Chem. Phys. 22:1904
(1954).

John C. Mackie, University of Sydney, Australia. Did 2. Schaefgen, J. R., J. Polym. Sci. 75:203 (1955).
you observe any high molecular weight material? If so, 3. Cram, D. J., and Steinberg, H., J. Am. Chem. Soc.
could the postulated biradical really be a carbene, which 73:5691 (1951).
could undergo ring enlargement and contraction. These 4. Errede, L. A., Gregorian, R. S., and Hoyt, J. M.,J. Am.
carbene reactions could lead to high molecular weight Chem. Soc. 82:5218 (1960).
products often observed in pyrolysis of toluene and other 5. Coulson, C. A., Craig, D. B., MaccoIl, A., and Pullman,
methyl-substituted aromatics. A., Discuss. Faraday Soc. 2:36 (1967).
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REACTION MECHANISMS FOR TOLUENE PYROLYSIS

M. B. COLKET AND D. J. SEERY

United Technologies Research Center
East Hartford, CT 06108, USA

The rich chemistry occurring during the pyrolysis of toluene has been investigated by studying its
decomposition in a single-pulse shock tube coupled with detailed chemical kinetic modeling to describe
product formation. This work provides information on the initial decomposition steps of toluene and its
primary radical benzyl as well as the detailed steps leading to the formation of polyaromatic hydrocarbons.
Temperatures ranged from approximately 1200 to 1850 K for 1% toluene in argon, total pressures of
approximately 10 atm, and residence times near 600,us. Pyrolysis products were collected and analyzed
using gas chromatography. Profiles of hydrogen and hydrocarbons ranging from methane to pyrene were
obtained. These semiquantitative data have been interpreted to help resolve many of the existing uncer-
tainties involving the pyrolytic process. In particular, this work supports arguments for a low activation
energy process for benzyl radical decomposition as evidenced by the low-temperature formation of cyclo-
pentadiene and the radical recombination product, benzyl-cyclopentadienyl (b-cpd). Also, the data support
suggestions for an important role of the methylphenyl radical, specifically in the formation of isomers of
dimethyldiphenyl and as a key intermediate in the production of anthracene. Minimal evidence for rapid
toluene decomposition to phenyl and methyl was found. Importantly, the data support general mechanisms
proposed for ring growth sequences, although an additional important step involving ring closure and
direct H. elimination is suggested by the data. In addition, the data indicate rapid anthracene/phenanthrene
isomerization above 1600 K.

Introduction ene decomposes rapidly (above 1500 K). Subse-
quently, additional work was performed, including

The pyrolysis of toluene and related chemistry (1) pyrolyzing compounds such as allene, cyclopen-
have been studied by many authors [1-13]. The prin- tadiene, norbornadiene, and phenylacetylene, and
cipal reason for the more recent studies has been that (2) collection and identification of high molecular
toluene is one of the smallest aromatic molecules im- weight species [14] using a gas chromatograph/mass
plicated in both soot inception and soot growth. Most spectral detection. The allene work was described
of these studies have been limited to the initial de- previously [8] and helped to identify rapid formation
composition steps with little work on subsequent of benzene from C3 species. In this paper, the recent
processes, particularly those involving polyaromatic results on the pyrolysis of toluene will be presented
hydrocarbon (PAH) growth mechanisms. Further- and interpreted.
more, there remains a substantial rift between Eur-
opean [9,12,13] and U.S. [8,10,11] authors regarding
the relative importance of the primary initiation steps Experimental Apparatus and Procedures
in toluene decomposition, and definitive evidence
identifying benzyl radical reaction products is lack- Experiments were performed in a 3.5-cm single-
ing. pulse shock tube using hardware and procedures pre-

It is the objective of this study to present some viously described [15]. Modifications were made to
new data and interpretations that will clarify these the gas sampling and analysis systems to collect and
primary uncertainties and provide new information more readily identify high molecular weight species.
on PAH formation. The modifications included higher sample line tem-

Toluene pyrolysis studies were initiated in this lab- peratures (150 °C) and use of a thermal conductivity
oratory using a single-pulse shock tube (SPST) more detector for hydrogen analysis and a mass selective
than 10 years ago [8]. Only trace concentrations of detector for identification. A flame ionization detec-
odd carbon species (except for methane) were ob- tor was used for quantification. Concentrations of the
served, yet proposed mechanisms included initial larger PAH's reported in this study may be in error
formation of C5 and C3 species from fragmentation by as much as a factor of 2 as a result of uncertainties
of benzyl radicals. In addition, recovery of carbon in collection efficiencies and calibration procedures.
was less than 25% near temperatures at which tolu- More than 50 individual peaks were identified as

883
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FIG. 1. (a) Formation of aliphatic products during SPST FIG. 2. (a) Formation of single-ringed species during py-
pyrolysis of 1% toluene at 10 atm and 600 pm. (b) Model rolysis of toluene, (b) Model predictions of single-ringed
predictions of aliphatic products during pyrolysis of tolu- species during pyrolysis of toluene.
ene.

temperatures ranging from about 1200 to 2000 K.
products, and the more dominant are reported. Ben- Many features of these data have been reported in
zyl-cyclopentadienyl (b-cpd) was identified by its to- previous studies using a variety of experimental tech-
tal mass (156) and two very strong peaks at 91 (ben- niques [1,4-6,11,16]. Methane, acetylene, diacety-
zyl) and 65 (cyclopentadienyl). The seven isomers of lene, and benzene are dominant low molecular
dimethyldiphenyl were not individually identified, weight products. Ethylene has been reported [11],
The data reported here are the combination of all but also observed here are vinylacetylene, propene,
the isomers (total, not average). Five isomers of di- C3H4's and cyclopentadiene. Most of the high mo-
phenylnethane at 168 amu and four isomers of py- lecular weight species observed here have been re-
rene at 202 amu were similarly combined. The data ported previously [2,6,16]. Of particular note is the
presented in Figs. l a through 4a were obtained from new observation of b-epd presumably formed as a
two separate series of experiments, although some of result of the simultaneous presence of benzyl and
the data were averaged to clarify the figures. cyclopentadienyl radicals. It should be recognized

that some products (such as b-cpd) may have been
formed at least in part during the quenching process
in the SPST.

Description of Results

Toluene (1% in argon) has been pyrolyzed at total Discussion
pressures of about 10 atm for approximately 600 ps.
Final products for a series of individual runs are pre- A detailed chemical kinetic mechanism has been
sented in Figs. la through 4a for initial post-shock constructed for comparison with these data. This
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FIG. 4. (a) Formation of PAH hydrocarbons during py-
mechanism is reproduced in Ref. [17]. Because of rolysis of toluene. (b) Model predictions of PAH hydro-
space limitations, only key reactions and their asso- carbons during pyrolysis of toluene.
ciated rate constants are listed in Table 1. The re-
action sequence was constructed initially from that
reported by Brouwer et al. [12] but was modified netic set, both a reaction path analysis and SENKIN
substantially to include steps describing the forma- [22] were used.
tion of aromatics and other species. Also, reactions Identification of the decomposition pathways of
involving the methylphenyl radical, as earlier sug- toluene and its initial radicals remains a significant
gested by Rao and Skinner [10] and by Pamidimuk- uncertainty in recent literature. Brouwer et al. [12]
kala et al. [11], and related steps were included. The suggest that k2 - 0.1k1 , whereas Pamidimukkala et
reaction sequence involving light species is similar to al. [11] require k2 - 2.5k1 in order to interpret laser
those reported in Refs. 16, 18, and 19. Thermody- schlieren data. The primary formation of benzyl vs
namic data for several aromatic species were ob- phenyl leads to substantially different decomposition
tained from the literature, and unavailable thermo- pathways. The conclusion in Ref. 11 that k20 is faster
dynamics were estimated using group additivity than ki seems to be unusual in light of the endo-
techniques. Thermodynamic data for selected (aro- thermicities of the two reactions (about 88 and 102
matic and polyaromatic) species are also provided in kcal/mole for Reactions 1 and 2, respectively). The
Ref. 17. CHEMKIN II [20] and a modified version 14 kcal/mole differential represents two orders of
of the Sandia shock-tube code [21] were used to per- magnitude in the Boltzmann term and would be dif-
form the kinetic calculations. Modifications enabled ficult to overcome by differences in the A factor.
inclusion of experimental pressure decays (along with Tsang [23] has recently offered a possible interpre-
temperature decays assuming isentropic, adiabatic tation that, following Reaction 1, subsequent thermal
expansion) to estimate the effects of the quenching equilibration and recombination of the products, H
process. Predictions are plotted in Figs. lb through + benzyl =* (C7H-)', lead to formation of a ther-
4b. In order to understand the behavior of this ki- mally excited toluene molecule with sufficient energy
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TABLE 1
Proposed Mechanism for Toluene Pyrolysis

(log k = log A - E/R/T/2.303; units: cm3 mole s keal)

Forward rate constant Reverse rate constant

Reactions log A E log A E

1 C-HA = benzyl + H 15.45 88.9 14.24 -0.2
2 C7H, = phenyl + CH 3  16.00 97.0 12.92 -0.8
3 C-H, + H = benzyl + H2  14.10 8.4 13.50 23.7

4 C7H, + CHI = CH 4 + benzyl 12.20 11.1 13.08 27.1

5 C6H6 = phenyl + H 16.76 116.0 14.46 6.4
6 C6 H, + H = phenyl + H2  14.40 16.0 12.71 10.7

7 C61H•6 + CH 3 = phenyl + CH 4  13.30 16.0 13.10 11.5

8 C-Ha + H = C6H 6 + CH3 13.08 5.1 12.30 17.0
9 2 benzyl = bibenzyl 12.70 0.5 14.93 60.0

10 benzyl = c-C.H3 + C2H2  13.78 70.0 11.57 8.3
11 benzyl = C4H4 + C3H13 14.30 83.6 8.28 -15.6
12 benzyl + c-C 5 H5 = b-cpd 12.70 0.0 13.81 49.3
13 c-C3 H3 = C2H2 + C3H3  15.00 71.0 9.75 -3.2
14 C3H, + benzyl = naphthalene + 2H 11.78 0.0 0.0 0.0
15 naphthalenyl + C6H6 -- pyrene + H + H 2  12.00 5.0 0.00 0.0
16 naphthalene + phenyl - pyrene + H + H2  11.00 5.0 0.00 0.0

17 DPM = fluorene + H2  8.00 32.0 10.24 18.3
18 o-benzyltoluene = dihydroanthracene + H2  8.00 40.0 9.67 10.7
19 anthracene = phenanthrene 12.90 65.0 12.73 67.0

to decompose to any of a variety of products. At low sition product of benzyl or phenyl) are cyclopenta-
pressures, this process might be likely since colli- diene (cpd) and benzyl-cyclopentadienyl (b-cpd).

sional deactivation is slow. For the high pressures in This latter product is almost entirely formed during
this study, the Tsang suggestion appears less likely, the quenching process via the recombination of the

At low temperatures (-1200-1300 K in this two stable radicals, benzyl and cyclopentadienyl.
study), benzene, methane, hydrogen, and bibenzyl Traces of several other C5 species at masses 66 and

are dominant products. The first two products could 68 were observed at levels typically 5-10 times below
be the result of initiation by Reaction 2, but we favor those of cpd. The presence of the C5 compounds
Price's [4] interpretations that these products are due supports arguments for decomposition of benzyl rad-
principally to the sequence 1,8,4, whereas hydrogen ical. Cyclopentadienyl is preferred since cpd offers
and bibenzvl are formed from Reactions 3 and 9, the lowest energy path for decomposition (64 kcal!
respectively. Indeed, reaction pathway and sensitivity mole). The mechanism for this process has not been
analysis support this interpretation, at least for the described well. Thus, we explored the reverse pro-
mechanism used in this study. In Ref. 11, contribu- cess by comparing results from cpd pyrolysis with
tions from Reaction 8 were not included, since this those of cpd/CH, pyrolysis [24]. The rate of toluene
reaction is nearly thermally neutral and should not formation was enhanced by about an order of mag-
by itself influence the laser schlieren data. nitude in the presence of acetylene. Following a sug-

Use of the high value for k2 obtained in Ref. 11 gestion [25], the toluene formation may arise from
led to substantial overpredictions for methane, eth-
ane, benzene, and ethylbenzene, as well as further c-C5 H6 + C2H 2 €=* norbornadiene ýz5 toluene
increasing the otherwise high prediction for diphenyl (A)
production (see Figs. 3a and 3b). Use of the alter-
native reaction set [12], with its high relative rate for
initiation of toluene to benzyl + H, leads to high or
acetylene predictions, as shown in Fig. lb. Much of
this acetylene is lost to further molecular weight c-C5 H 5 + C2 H 2 4r* norbornadienyl <=* benzyl

growth that is not accounted for by the limited mech- (B)

anism used in this study.
Two low-temperature products coincident with Known rates [26] for (A) do not account for the

the formation of acetylene (presumably a decomp~o- high-temperature dependence (60 kcal/mole) of tol-
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by Rao and Skinner [29], although the final products
suggested here differ from the previous proposal.
C4 H3 + C3H4 was not included since it is endother-

__ -- 115.1 mic by 120 kcal/mole compared with about 60 and
0 • / 0 ckoefrRatos1 n 1 epciey
E I/h 15 ~10ka/oefrRatos1 n 1 epciey

-*• + C2H, The rate selected in Table 1 was selected principally- bytepa©rdcino iyaeyee
O II\IpeIpoucinofvnleeyee
6 HC;H x-Other steps for decomposition of toluene/benzyl

wu could involve the metbyiphenyl (CH 3C6H4) radi-S~cal(s). Pamidumukkla et al. [11] suggested tbe for-

mation of such radicals by H abstraction from the
-- 47.8 kcal ring. They then allowed its subsequent decomposi-

tion following rate kinetics of the phenyl radical. Al-
though this is probably a low limit estimate of the

FIG. 5. Low temperature route for decomposition of decomposition rate constant, the use of tbis rate leads
beozyl radical, to a negligible contribution to overall ring fracture

relative to the direct decomposition of benzyl radical.
Growth steps have been nearly ignored by most of

uene formation observed in our cpd/C 21-1 ex-peri- the recent kinetic studies despite substantial docu-
ments. We favor (B), which had been suggested [27] mentation of PAH production at lower [2,3,5] as well
for the reverse of benzyl decomposition. Norborna- as comparable temperatures [16]. Brouwer et al. [12]
diene was also shock heated; only traces of the parent included bibeozyl and trans-stilbene in their model;
remained even at 1100 K, along with the products, however, the SPST results indicate that the spectrum
cpd, toluene, cycloheptatriene, and acetylene, con- of products is much richer. Some of these high mu-
sistent with known isomnerization and decomposition. lecular weight species are products of combining sta-

Consequently, Reaction 10 was adopted as the ble, long-lived radicals, such as benzyl, cyclopenta-
preferred low-temperature benzyl decomposition dienyl, and indenyl, partially or wholly in the
path. A schematic representation of this process is rarefaction wave. Condensed ring aromatics and
depicted in Fig. 5. The cpd and b-cpd production other species such as diphenyl and diphenyhmethane
were used to help determine a rate for benzyl radical (dpm) are principally formed during the period of
decomposition. Unfortunately, a sensitivity analysis high-temperature pyrolysis, although concentrations
indicates that the concentrations of these species are can be altered by about 10% as the reacting gases
dependent on both the rates for decomposition of begin to cool.
benzyl (Reaction 10) and for cyclopentadienyl radi- Figure 3 indicates that, although bibenzyl is the
cals (Reaction 13).The rates suggested in Table 1 for dominant high molecular weight species at low tem-
these two reactions should be considered accurate to perature (and presumably at eadly pyrolysis times),
about a factor of 3 in the temperature range of 1300- the combination of dmdp (dimethyldiphenyl) iso-
1500 K. The activation energies used here (70 and mers and dpm isomers each attain nearly comparable
71 kcallmole) are significantly higher than some val- levels. These high relative levels of dmdp are cm
ues reported previously (44.7 and 40, respectively parable to those obtained by Brooks et al. [5]. The
[12]). dmdp production steps included in Table 1 are log-

In another decomposition path, norbornadienyl ical extensions of the reactions involving the meth-
could isomerize to cycloheptatrienyl and subse- ylphenyl radical, whose possible role in toluene py-
quently decompose. Alternatively, cycloheptatriene rolysis was discussed [11]. Some dmdp can also be
could be formed directly from a thermally excited formed by benzyl addition to toluene. Diphenyl-
henzyl by bridging of the CH 2 group to the ortho methane could be formed by H-atom substitution on
position, followed immediately by ring enlargement dmdp or benzyl radical addition to benzene.
and decomposition directly into two acetylenes and As shown in Fig. 4a, several three-ringed species
a propargyl radical. This overall process requires 142 eventually attain levels similar to those of bibenzyl,
kcal/mole and therefore appears unlikely. including fluorene, anthracene, phenanthrene, and

As indicated in Table 1, an alternative mechanism acenaphthylene. Two unusual features are apparent.
for benzyl decomposition was included in part be- First, fluorene was produced at fairly high levels for
cause of the results of Riefs. 6, 16, and 28 suggesting the low-temperature pyrolysis. Second, anthracene
two competitive decomposition processes, and the was initially produced at levels substantially greater
observations of vinylacetylene in this study. Predic- than its more stable isomer, phenanthrene. Several
tions of vinylacetylene were found to be neadly di- attempts were made to model fluorene production.
rectly proportional to the rate constant selected for Following dpm production, abstraction of an ortho
benzyl decomposition to C4H4 + C3 ll3. The initial H atom should lead to rapid ring closure and H-atom
step for this process may be similar to that suggested elimination. Unfortunately, unless an unreasonably
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PROPOSED PATHS FOR PAH PRODUCTION ratios are plotted as a function of temperature. The
& . -H ratios from phenylacetylene pyrolysis are near 10 at

0- a - low temperatures, but from toluene pyrolysis are
benzyl diphenylmethane fluorene H2 about 0.5. As temperature increases above 1600 K,

the ratios are both driven to equilibrium levels near
2.5. To explain the disparate results at low temper-

0 + +o.K> 0 •.H2 dihydroanthracene atures, the middle reaction depicted in Fig. 6 is
o-benzyltoluene - proposed. Anthracene is assumed to be formed
.___. _ / -.11 ra nhc from a specific isomer of dimethyldiphenyl, i.e.,

H
2  

anthracene C6 H5 CH 2 C6H 4CH3 or o-benzyltoluene, where the
fluoranthene attached methyl group is located in the ortho posi-

naphthalene. - c tion. Dihydroanthracene can be formed by abstrac-
222• - .2@ tion of the benzyl H from the ortho methyl group,

subsequent ring closure, and H-atom elimination, or
by direct ring closure and H.2 elimination. Dehydro-

Fic. 6. Proposed paths for PAH production. genation of dihydroanthracene is assumed to occur
at a rate comparable to that for dehydrogenation of
1,4-cyclohexadiene [26]. Several authors have re-

12 ported the early formation of anthracene [3,31]. The
Data from phenylacetylene pyrolysis proposed mechanism for formation of anthracene is

10- similar to a previous suggestion [32]. The facile con-
version of o-benzyltoluene has been demonstrated by

_. 8- Errede and Cassidy [3], who found a 91% conversion
C of o-benzyltoluene to anthracene.
M 6- The rapid formation of phenanthrene during the

El phenylacetylene pyrolysis presumably is due to0 4- Equilibrium
5 4phenyl addition to phenylacetylene followed by a cy-

2 Model prediciodns._ I clization process. This sequence is likely similar to

0,- - roluene pyrolysi's the conversion of cis-stilbene to phenanthrene plusS...A~ b")t f'%rom oueepryss H2 '

1200 1400 1600 1800 2000 The fastest step for forming naphthalene is as-
TEMVPERATURE(K) sumed to be Reaction 14, isomerization of the re-

combination product of benzyl and propargyl. There
FIG. 7. Experimental and equilibrium phenanthrene/an- is little previous evidence for this step, but more con-

thracene ratios as a function of temperature. + Ratios de- ventional processes (i.e., sequential addition of acet-
termined from pyrolysis of phenylacetylene; A ratios de- ylene to phenyl [33] and methyl addition to indene)
termined during pyrolysis of toluene; - equilibrium did not result in reasonable naphthalene production
ratio; --- predictions from chemical kinetic model, rates. A variety of steps have been included in an

attempt to describe pyrene formation. By far the
most important is phenyl addition to naphthalene (or

low activation energy was assigned to the H-atom naphthalenyl addition to benzene) followed by a
abstraction process, fluorene production was more four-centered H2 elimination and ring closure to
than an order of magnitude too slow. As an alterna- form fluoranthene (see Fig. 6). Subsequently, fluor-
tive, a direct four-center elimination of H2 and ring anthene may isomerize to pyrene or one of the other
closure is proposed (see Fig. 6). The low preexpo- isomers at mass 202.
nential (108 s-r) and the activation energy (32 keal/
mole) seem acceptable. Calculations [30] indicate Conclusions
that reorientation of dpm, so that the ortho H atoms
are within close proximity, requires only 5-10 kcal! Single-pulse shock-tube pyrolysis of toluene and
mole. Previously, Badger and Spotswood [2] impli- detailed chemical kinetic modeling have been used
cated recombination of phenyl and benzyl as a pre- to clarify several uncertain features of the decom-
cursor to fluorene formation, position path and PAH growth processes. Initiation

Low-temperature production of anthracene led to of the reaction occurs principally by decomposition
unusually low phenanthrene/anthracene ratios; typi- of toluene to benzyl + H. Primary C-C cleavage also
cally, equilibrium levels had been attained in other occurs, more slowly. Benzyl radical decomposition to
SPST pyrolyses at elevated temperatures. In con- acetylene plus cyclopentadienyl radical was esti-
trast, the opposite trend was observed during phe- mated to have a rate constant of 6 X 1013

nylacetylene pyrolysis in the SPST. In Fig. 7, exper- exp(- 70,000/RT) s-1 in support of Ref. 12, but four
imental and equilibrium phenanthrene/anthracene times above the revised determination [13] at 1400
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K. Formation of norbornadienyl is proposed as an 13. Hippler, H., Reihs, C., and Troe, J., Z. Phys. Chem.
intermediate in this decomposition process. The Neue Fo. 167:1 (1990).
large concentrations of dimethyldiphenyl isomers are 14. Colket, M. B., Hall, R. J., Sangiovanni, J. J., and Seery,
consistent with earlier results [2] and support the D. J., The Determination of Rate-Limiting Steps Dur-
suggestion [12] of the importance of the methyl- ing Soot Fornation, United Technologies Research
phenyl radical. Mechanisms and associated rate con- Center Report No. UTRC89-13, 1989.
stants for formation of fluorene and anthracene are 15. Colket, M. B., Twenty-First Symposium (Interna-
proposed, and evidence for the anthracene <* phen- tional) on Combustion, The Combustion Institute,
anthrene isomerization is presented. An estimated Pittsburgh, 1986, pp. 851-864.
rate constant 8 X 1012 exp(-65,000/RT) s-I is sug- 16. Smith, R. D., Combust. Flame 35:179 (1979).
gested. Ring growth steps follow similar paths and 17. Colket, M. B., Hall, R. J., and Smooke, M. D., Mech-
rates as indicated in previous studies [33], except that anistic Models of Soot Formation, United Technologies
additional possible processes have been identified. Research Center Report No. UTRC94-28, 1994.
First, four-centered, concerted reactions involving 18. Kiefer, J. H., Mitchell, K.I., Kern, R. D., and Yong,
direct H2 elimination and ring closure with rate con-
stants of 10s exp(-E/IRT) s-, where 30 < E < 40 19. W N.,a. Phys. Chew. 92:677 (1988).
keal/mole, are suggested. Second, phenyl addition to (1987).
naphthalene leading to fluoranthene formation and (8.isomerization to pyrene is indicated by the data. 20. Kee, B. J. Rupley, F. M., and Miller, J. A., CHEMKIN

II: A Fortran Chemical Kinetics Package for the Anal-
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COMMENTS

John C. Mackie, University of Sydney, Australia. Can Nevertheless, it is apparent that the acenaphthylene for-
you rule out the seven-membered ring cycloheptatrienyl mation model used in this paper is probably incomplete.
intermediate rather than the bridging methylene interme-
diate in the decomposition of benzyl?

Author's Reply. Benson and O'Neal [26] cited the known
transitions of norbornadiene to the three (sets of) products: Jiirgen Troe, University of Gbttingen, Germany. 1. Is it

(1) toluene, (2) cyclopentadiene plus acetylene, and (3) cy- possible that diphenyl methane is also formed by combi-

cloheptatriene. Assuming these processes to be reversible, nation of phenyl with benzyl such as dibenzyl is formed by

it is reasonable to assume that benzyl radical could decom- combination of two benzyl radicals?

pose via any of the analogous pathways, especially since 2. The dissociation of benzyl is not any longer so badly

barriers to the isomerizations would be lower because characterized as you suggest [see H. Hippler, C. Reihs, and

fewer H-atom transfers would be required. The exact path J. Troe, Z. Phys. Chem. NF 167:1 (1990)]. Above 1500 K

for acetylene elimination from the C7 moiety is perhaps clearly a high activation energy (350 kJ moP-1) is observed

speculative. We favor norbornadienyl as the key interme- which probably corresponds to the high-energy ring-open-

diate, not only because of the analogy to a straightforward ing + chain-breaking pathway. At lower temperatures,
Diels-Alder decomposition, but because a path involving other pathways appear, which all seem to be ofbimolecular

a cyclic C7 species would likely require another interme- nature but often conserve the high-temperature stoichi-

diate, a linear C7 species, before acetylene elimination can ometry of one H atom formed per benzyl consumed. For

occur. Our estimate for the heat of formation for this linear example, we investigated (S. Frisch, H. Hippler, and J.

species is about 130 kcal/mole, which is 82 kcal above ben- Troe, Z. Phys. Chem., in press) the "stilbene pathway" in

zyl and 15 kcal/mole above the cyclopentadienyl product, which two benzyls combine to dibenzyl, a hydrogen is ab-

The 82-kcal barrier is about 10 kcal above the observed stracted from dibenzyl by benzyl or other radicals, and the

(overall) values for benzyl decomposition from this work remaining radical splits off a hydrogen atom.

although it is more consistent with the values from Ref. 13.
Despite our preference, accurate estimates for the ther- Author's Reply. 1. We did not include the phenyl-benzyl
modynamics of intermediates and transition states depicted radical recombination as a source of diphenylmethane in
in Fig. 5 have not been obtained, and so we cannot argue our model. Your suggestion is quite reasonable. We have
exclusively against a cyclic C7 intermediate. Likely, as tem- quickly estimated the rate of this recombination relative to
peratures increase above 1600 K, both decomposition our predicted rate of diphenylmethane formation. At
paths contribute. 1300-1400 K, this recombination should increase the pre-

dicted rate by 20-40%, and its relative contribution should
increase at higher temperatures as the benzyl/toluene ratio
increases. Thank you for the observation; we will include

Chava Lifshitz, The Hebrew University of Jerusalem, Is- this step in our future work.

rael. We suggest that acenaphthylene is formed from phen- 2. We agree that the work performed in Germany by

anthrene by acetylene elimination. This leads to a five- many authors and in different laboratories now seems wellantheneby cetlen elmintio. Tis ead toa fve- characterized and the results seem consistent with each

membered ring motif which appears in fullerenes and may oterin a nd to r eemwithsmostnconclusions
form a connection between PAHs, fullerenes, and soot for- other. In fact, we tend to agree with most conclusions
fmat oon n drawn from those laboratories. However, competent work
mation, has also been performed elsewhere (Ref. 11) also using

shock tubes but with significantly different diagnostic ap-

Author's Reply. We have not included decomposition of proaches. These alternative approaches have yielded a dif-
phenanthrene as a source of acenaphthylene in our mech- ferent recommended decomposition pathway and neces-
anism, perhaps in large part since we focused on modeling sarily different conclusions regarding the rate constants for
growth of PAHs rather than their decomposition. Acenaph- individual reactions. Some of the uncertainties regarding
thylene was assumed to be formed by acetylene addition these differing interpretations remain to be resolved. For
to the naphthalen- 1-yl radical. As can be seen by comparing example, the production of one H atom per benzyl decom-
Figs. 4a and 4b, acenaphthylene predictions are low rela- posed might be questioned from the results of our work
tive to the experimental data, and the data could support since cyclopentadienyl radical appears to be the preferred
arguments that acenaphthylene formation is linked or is decomposition product. This radical doesn't lose H atoms
parallel to the formation (not the destruction) of phenan- readily and in fact may be an H-atom sink rather than a

threne and anthracene. At 1400 K, it seems unlikely that source. The formation path for stilbene production to
large amounts of phenanthrene could decompose over the which you refer is the most dominant path we observed as
residence time of these experiments (0.6 ms) although at well; thus we are in agreement with your earlier conclu-
higher temperatures, your suggestion may likely occur. sions regarding the source of stilbene.
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REFERENCE

Phillip R. Westmo•reland, University of Massachusetts, 1. Prado, G., et al., "Formation of Polycydic Aromatic Hy-
Amherst, USA. It will be of interest that we have observed drocarbons in Premixed Flames, Chemical Analysis and
Amherst, USA. Ithe wle arof interest thatwe hlaveobser Mutagenicity," in Analytical Chemistry and Biological
many of the same aromatics in toluene/0 2 flames [1j. Fate (M. Cooke and A. J. Dennis, Eds.), Battelle Me-
Whole exhausts of sooting, 1-atm flat flames were trapped morial Institute, Columbus, OH, 1981, p. 189.
for soot with a filter and for vapor-phase hydrocarbons with
XAD-2 resin. Extracts in CHQC1, were analyzed by GC- Author's Reply. Thank you for the information. It is al-
MS. Whether from radical addition or combination in the ways a comfort to learn of similar results obtained using
flame, exhaust, or sampling, many species appeared which different approaches. The nonequilibrium phenan-
could be benzyl, phenyl, and toluyl combination (bibenzyl, threne/anthracene ratios obtained here presumably are due
diphenylmethane, etc.). However, phenanthrene and an- to the lower temperatures (1400-1500 K) and the shorter
thracene were closer to an equilibrium ratio, times (0.6 ms) of the present work.
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KINETICS OF THE THERMAL DECOMPOSITION AND ISOMERISATION
OF PYRAZINE (1,4 DIAZINE)
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Department of Physical and Theoretical Chemistry

University of Sydney
NSW 2006, Australia

The isomerisation and decomposition of pyrazine have been studied over the temperature range 1200-
1480 K. The major products of decomposition were found to be acetylene and HCN, with cyanoacetylene
and acrylonitrile also being significant products, although lower yields of these products were observed.
The decomposition has been successfully modeled using a free radical mechanism, with the major chain
carriers being CN radicals and H atoms. The initiation reaction was found to be C-H bond fission, to
yield H atoms and pyrazyl radicals. Kinetic modeling allowed the rate of initiation to be determined,
yielding a first-order rate constant given by the expression k = 10'5 exp( -96.5 kcal mol-/RT) s-Q The
importance of CN radicals as chain carriers appears to be a significant difference in the decomposition of
the diazines compared with pyridine or 2-picoline.

Accompanying the decomposition of pyrazine was the isomerisation of pyrazine to pyrimidine. By kinetic
modeling, the isomerisation of pyrazine to pyrimidine was found to occur via a fulvenelike intermediate.
The rate and mechanism of the isomerisation are analogous to the isomerisation of fulvene to benzene
described by Melius and Miller.

Introduction pyrazine is a molecule in which the thermally in-
duced migration of aromatic ring atoms can be ob-

This study of the thermal decomposition and iso- served. In the case of benzene and pyridine, ring
merisation of pyrazine is part of a systematic study atom migration would only be detectable by studying
of the thermal reactions of N-containing heterocy- isotopically labeled nitrogen or carbon atoms. The
cles. The thermal reactions of these species are being pyrazine case differs in that the products of ring atom
studied because of their relevance to the mechanism migration can be simply detected as the distinct
of formation of NO, through the oxidation of fuel- chemical species, pyrimidine or pyridazine. Obser-
bound nitrogen (FBN) in coal during the combustion vation of the migration of ring atoms in pyrazine
of coal and heavy fuels. could be seen as support for the facile rearrangement

Previous XPS (X-ray photoelectron spectrometry) of fulvene to benzene studied theoretically by Melius
studies of coal [1,2] have indicated that nitrogen in and Miller [5] and experimentally by Stein et al. [6].
coal is principally in the form of five- and six-mem- A major aim of this study has been to develop a
bered rings. Analysis of coal tars [3] suggests that N detailed reaction mechanism describing the decom-
heterocycles containing two nitrogen atoms (such as position and isomerisation reactions of pyrazine. A
the diazines) in the aromatic ring could be a signifi- 36-step mechanism for the decomposition and iso-
cant source of coal nitrogen. Of the diazines, pyrim- merisation of pyrazine has been developed using the
idine would be expected to be the most likely to be CHEMKIN [7] kinetic modeling code. The kinetic
present in material of biological origin, because of model has been shown to successfully reproduce the
the positioning of the nitrogen atoms ortho to each expermental data over the temperature range 1200-
other, as is the case for the DNA base pairs. This 1480 K.
study of pyrazine complements our study of pyrimi-
dine [4] by further exploring the thermal decompo-
sition reactions of the diazines. Experimental

The present study of the decomposition and iso-
merisation of pyrazine is also of significance since The thermal decomposition and isomerisation of

pyrazine have been studied over the temperature
range 1200-1480 K using the single-pulse shock tube

"*Present address: Oxford Centre for Applied Kinetics, technique. Typical reaction pressures were 13-14
Physical Chemistry Laboratories, Oxford University, South atm, with an average residence time behind the re-
Parks Rd., Oxford, UK OXI 3QZ, fleoted shock front of 850 ( ± 50) p s. Reactant con-
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FIG. 1. Temperature dependence of percent pyrazine FIG. 2. Temperature dependence of the yield of HCN
remaining in the pyrolysis of pyrazine (0.2-0.4 mol%). 0, (@) and acetylene (0) from pyrolysis of pyrazine (0.2-0.4
represent experimental points; curve represents model mol%). Solid curves represent model predictions for the
predictions. Data point given with temperature error bar yield of HCN; dashed curves represent model predictions
refers to typical run conducted in 1: 4 H2/Ar. for the yield of acetylene. Data points given with temper-

ature error bar refer to typical run conducted in 1 : 4 H2/
Ar.

centrations were measured accurately immediately

prior to each run using high-resolution gas chroma-
tography (HRGC), utilising a flame ionisation detec- is
tor (FID). Product analysis was carried out using 16

HRGC/FID. Products were identified by gas 14

chromatography/mass spectrometry and confirmed 12

by retention time matching with samples of known a, to
composition. Hydrogen was measured using packed I
column gas chromatography (GC) and thermal con- 6.. •
ductivity detector (TCD). Details of the shock tube 4
and quantitative GC analysis have been given else- 2 . ,------- ---------

where [8]. H2CCCN
Pyrazine (Fluka, >98%) was used without further 1200 10 10 130 40 110 120 1 30'0 1350 1 400 1 450

purification to prepare, by sublimation, mixtures of Temperature (K)

the vapour dilute in argon of concentrations beween
0.2-0.4 mol%. The only impurity detected in the re- FmG. 3. Temperature dependence of the yield of cy-
actant mixtures was pyrimidine, present at a level of anoacetylene (0) and acrylonitrile (0) from pyrolysis of
<0.1% of the pyrazine concentration. To gain insight pyrazine (0.2-0.4 mol%). Solid curves represent model
into the modes of formation of products, some ex- predictions for the yield of cyanoacetylene; dashed curves
periments were carried out using 0.2-0.4 mol% pyr- represent model predictions for the yield of acrylonitrile.
azine dilute in a mixture of 1:4/H 2 :Ar. Data points given with temperature error bar refer to typ-

ical run conducted in 1 : 4 H,/Ar.

Results that the decomposition of pyrazine is approximately
first order with respect to reactant concentration.

Pyrazine was found to decompose over the tem- Relatively few minor products were detected. At
perature range 1200-1500 K. The major products of moderate to high extents of decomposition, traces of
decomposition were acetylene and HCN. Cyanoac- cyanogen, methane, ethylene, and vinylacetylene
etylene and acrylonitrile were also present in signif- were detected. Most interestingly, one of the diazine
icant, although considerably lower, concentrations, isomers of pyrazine, pyrimidine, was observed as a
Hydrogen was present as a major product at high minor product. Although only present at a maximum
extents of decomposition. Temperature profiles for yield of 2%, pyrimidine was present at considerably
the disappearance of the reactant and formation of higher levels in the products' mixture than the very
products are given in Figs. 1 through 3. Although the small impurity level (<0.1% of the initial reactant)
concentration of pyrazine in the reaction mixture was of pyrimidine in the reactant mixture.
varied between 0.2 and 0.4 mol%, the yields of all Experiments carried out in a bath gas of 1:4/H 2 :Ar
major products, and the overall rate of pyrazine de- showed no change in the product distributions except
composition, were only dependent on the reflected for the ratio of cyanoacetylene/acrylonitrile. Experi-
shock temperature. It could therefore be concluded ments conducted in hydrogen showed a greatly in-
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creased yield of acrylonitrile, to the extent that ac- 8 .

rylonitrile concentrations were a factor of 5 greater 7

than those of cyanoacetylene. The total yield of cy-
anoacetylene and acrylonitrile, however, did not
change relative to the other products in the presence ý 6

of hydrogen. Product yields from a typical run in H2/ I

Ar are included in Figs. 1 through 3. 5

For each experimental run conducted, the total
concentration of nitrogen in the product mixtures
was calculated as a percentage of the nitrogen pre- ,
sent in the reactant mixture. The calculation showed 6.50E-4 6.75E-4 7.00E-4 7.25E-4 7.50E-4 7.75E-4 8.00E-4

that the percent N recovered lay between 90 and I/Temperature (K-1)

120%, and there was no systematic change in the
percent N recovered with temperature. The N-bal- FIG. 4. Arrhenius plot for the rate constant kdi, for overall

ance calculations therefore show that there were no disappearance of pyrazine. 0, kdis from end-product analy-

major involatile products formed in the decomposi- sis; 0, points used in regression fit; solid line, regression

tion of pyrazine. fit.

Discussion be in the high-pressure limit under the conditions of
this study. For the thermal decomposition of pyrim-

The pyrolysis of pyrazine yields a number of prod- idine [4], Arrhenius parameters for the rate of dis-
ucts that are not related in concentration to each appearance of reactant were also found to be consid-
other by any simple whole-number ratio. This type erably lower than that expected for the principal
of product distribution is typical of that produced initiation reaction. This suggests that the decompo-
from free radical decomposition. The presence of cy- sition kinetics of the diazines are strongly influenced
anogen, HCN, and hydrogen also suggests that the by the rates of propagation steps.
decomposition of pyrazine is free radical, as these Pyrazyl radicals are the likely products of a C-H
products would be expected to form in the radical fission of pyrazine and of ring abstraction by H and
abstraction and recombination reactions of the likely CN radicals. Decomposition of the pyrazyl radical
chain carriers, H atoms and CN radicals. would be expected to lead to the observed products.

Since all four hydrogen atoms of pyrazine are The heat of formation of pyrazyl would therefore be
equivalent, the only possible initiation would be fis- important in determining the decomposition kinetics
sion of a C-H bond to yield pyrazyl radicals. If the of pyrazine.
C-H bond in pyrazine is of similar energy to the The pyrazyl radical possesses a radical centre ortho
C-H bond in the ortho- position of pyridine, an to a nitrogen atom. Interaction between the nitrogen
activation energy for the initiation reaction [9,10,11] lone pair and a radical centre ortho to the N atom
would be expected to be close to 100 keal mol -1. has been shown in studies of the thermal decompo-

For the decomposition of pyridine [101 and 2-pie- sition of pyridine to lower the heat of formation of
oline [8,12], the Arrhenius parameters for the overall the radical. This conclusion is supported by ab initio
rate of decomposition of reactant were found to cor- molecular orbital calculations [13] on ortho-pyridyl.
respond to the parameters for the major initiation In the study of the initiation reaction of pyridine by
reaction, viz., C-H bond fission. Arrhenius parame- Leidreiter and Wagner [9], the ortho C-H bond
ters for the rate of disappearance of pyrazine ob- dissociation energy was found to be 100 kcal mol 1.
tained by regression analysis of the data of Fig. 4 are In the study of Mackie et al. [10] on the pyrolysis of
as follows: pyridine, the bond dissociation energy was optimised

using kinetic modeling and determined to be 98
kas = 1o013.5(+0.9) (-±3) kcal mo1-1. If the C-H bond energy in pyr-

azine is estimated as being the same as the ortho
xp[ -68.3(+5.3) kcal mol-'/RT] s-1. C-H bond energy in pyridine, a heat of formation

for the pyrazyl radical close to 95 kcal mol- would
Fission of the C-H bond in pyrazine would be result.

expected to possess an A factor of at least 1014.5 S-1 Through the optimisation of the kinetic model for
and an activation energy close to the C-H bond pyrazine decomposition, discussed below, to best fit
dissociation energy (100 kcal mo'- 1). If the pressure the experimental data, a heat of formation of 92 ( ± 3)
dependence of the rate constant for pyrazine decom- kcal molb-' was obtained. This represents a bond dis-
position is similar to that of pyridine, from the falloff sociation energy of 96.5 keal mol-', which falls
curves of Leidreiter and Wagner [9], it can be con- within the error limits of the C-H bond energy
eluded that the initiation reaction of pyrazine should found for pyridine [10]. It therefore appears that the
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N _CN
NHCCH N=CH HCNNCH• (NCHCN) +

(LPYZYL) CN

(PYZYL)

HC=NN.HCC CN

HC=CH

(NFULV) (NC3H3CN) SCHEME 1. Reaction scheme for
6N decomposition of the pyrazyl radical.

~CN Species symbols used in Table 1 are
HCN + HC lfCH included in brackets.

pyrazyl radical is stabilised to a similar extent to the more efficient than H chains, and hence where a CN
ortho-pyridyl radical. The optimised rate constant for chain is dominant, different overall kinetics might be
the initiation reaction yielding pyrazyl and H atoms observed.
from pyrazine was found to be 1015-7 exp( - 96.5 kcal Although f-fission steps can explain the mode of
mol-'/BIT) s-1. formation of HCN and acetylene, simple fission,

The pyrazyl radical could undergo fl cleavage to however, cannot explain the products cyanoacety-
yield either a cyano-substituted vinyllic radical or an lene, acrylonitrile, or pyrimidine. These products
acetylenic imino radical. Using group additivity [14], contain three contiguous carbon atoms and therefore
the vinyllic cyano radical was estimated to be 125 kcal can only form from pyrazine if a rearrangement of
mol- 1, 35 kcal mol -5 more stable than the acetylenic the carbon skeleton occurs.
amino radical. The dominant pathway for the decom- Scheme 1 includes a possible mechanism for the
position of pyrazyl would therefore be expected to rearrangement of the open chain radical formed
be ring fission to yield the vinyllic cyano-radical. from pyrazyl to yield an intermediate radical that

The major products, acetylene and HCN, can eas- could decompose to form a precursor of acrylonitrile
ily be explained by a series of simple fission steps of and cyanoacetylene. The novel step in the mecha-
the open chain radical formed from pyrazyl. These nism involves the 1,4 transfer of a CN group. The
reactions are illustrated in Scheme 1. The final step rearrangement of saturated nitrile radicals in solution
in the series of fission reactions generates the CN [15] has been observed, and it is therefore reasonable
radical, which could H-abstract from pyrazine to to expect that unsaturated species would undergo a
form HCN and the pyrazyl radical. The chain carrier similar rearrangement, provided the strain of the cy-
in this important radical chain is therefore the CN clic intermediate does not result in a prohibitively
radical. This differs from the previously studied N high activation energy. The cyclic intermediate
heteroaromatics pyridine [10] and 2-picoline [8,12], shown in Scheme 1 would he expected to possess a
where the radical chain carriers are H atoms or relativelyhem e 1 worid Te rated to possess a
methyl radicals. In the study of the decomposition of relatively small ring strain. The rate of the ring-cos-pyrimidine [4], CN radicals were also found to he ing reaction in the rearrangement would be similarimportant radical chain carriers, suggesting that de- to the rate of ring closure for a saturated nitrile rad-iompositiontby a CN radical chain is a characteristic ical that has been measured previously [16].composition by teristic The 1,4-CN transfer reaction would yield a

The reason for the importance of CN radicals in C3H3NCN radical, which has been shown to be im-

the decomposition of pyrazine can be attributed to portant in the decomposition mechanism of pyrimi-
the higher heat of formation of the diazines com- dine [4]. In the pyrimidine mechanism, this species
pared \vith the pyridines, coupled with the lower heat was postulated to decompose to HCN and cyanovinyl
of formation of the products formed from this route. radicals. Cyanovinyl radicals either decompose to cy-
The total endotherm for the generation of acetylene, anoacetylene and H atoms or H-abstract from the
HCN, and CN radicals from pyrazyl is 100 kcal reactant to yield acrylonitrile and pyrazyl.
mol-1. For pyridine decomposition, the analogous Experiments in which pyrazine was pyrolysed in
process would be the generation of two acetylenes the presence of hydrogen give support for this mech-
and a CN radical of total endothern 130 kcal mol -5 . anism of formation of acrylonitrile and cyanoacety-

In contrast to pyridine, Arrhenius parameters for lene from cyanovinyl radicals. In the presence of a
the rate of overall decomposition of pyrazine have large excess of hydrogen, the cyanovinyl radical could
been shown to be influenced by the propagation react directly with hydrogen to yield acrylonitrile and
steps of the chain mechanism. A possible explanation H atoms. The experimental results showed that, in
for this difference in behaviour between pyrazine the presence of hydrogen, the yield of acrylonitrile is
and pyridine could be associated with the different greatly increased and that of cyanoacetylene de-
chain carriers in the two cases. CN chains could be creased. This suggests that these two products are
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formed from a common precursor, probably cyano- Mehaism A:N
vinyl. N _ H-CCH " CN 5

'N=CH 
N b

"N
Isomerisation of Pyrazine to Pyrimidine /

N N C

azine decomposition shows that there must be a
route for the migration of aromatic ring atoms in pyr- (PMD) (P-PMDYL)

azine. Although the yield of pyrimidine was always
less than 2%, the observation is significant since it Mechanism B:
poses the question as to the mechanism of the rear- N
rangement. N

The mechanism for formation of pyrimidine from H- cn ýCN -
pyrazine could be related to the mode of formation "N=cCH N
pyrazine outldbenrelated tontl the modeofformation- N
of cyanoacetylene and acrylonitrile in the decompo- .
sition of pyrazine. In the formation of pyrimidine, N N
cyanoacetylene, and acrylonitrile, the carbon skele- HN ' N
ton of pyrazine must be rearranged. The C3 H3NCN ON N U
radical, which is the precursor of cyanoacetylene and

acrylonitrile in the decomposition of pyrazine, could
undergo ring closure to yield para-pyrimidyl. This Mehanism C
reaction is the reverse of the ring-opening reaction
of para-pyrimidyl, which was postulated to be im- N / N
portant in the decomposition of pyrimidine [4]. The
recombination of para-pyrimidyl with H atoms N N
would yield pyrimidine. This possible mechanism for (NHFULV)
the formation of pyrimidine from pyrazine is illus-
trated in Scheme 2 and is labeled mechanism A. SCHEMe 2. Reaction scheme of possible mechanisms of

The proposed mechanism of formation of acrylo- isomerisation of pyrazine to pyrimidine. Species symbols
nitrile and cyanoacetylene in the decomposition of used in Table 1 are included in brackets.
pyrimidine involves a cyclic radical that is of the same
empirical formula as the pyrimidyl radicals (see
Scheme 1). Ring expansion of this cyclic radical rate constants given by Melius and Miller [5]. Ther-
would yield para-pyrimidyl. Recombination of H at- mochemical estimates for the heat of formation of
oms with para-pyrimidyl would yield pyrimidine. the di-imino fulvene analogue were made by group
The mechanism for the formation of pyrimidine via additivity [ 14]. The entropy and heat capacity of this
a ring-expansion pathway is illustrated in Scheme 2 species were estimated using an approximate statis-
and is denoted as mechanism B. Although this path- tical thermodynamic method, wherein the vibra-
way involves a tight three-membered ring as a tran- tional modes were estimated by analogy with the vi-
sition state and would therefore possess a relatively brational and rotational spectrum of fulvene [17,18].
large barrier and low A-factor, this pathway may be In the kinetic model, the isomerisation pathway is
faster than mechanism A since the concentration of
the cyclic radical may be higher than that of simplified to two steps consisting of ring contraction
C3H3NCN. The ring-closing reaction of C3H3NCN of pyrazine, followed by ring expansion to pyrimidine
to yield para-pyrimidyl would have to compete with (see Table 1, reactions 11 and 12).
the faster fission reaction of C3H3NCN, possibly lim- Concentrations of pyrimidine predicted by the
iting the likely yield of pyrimidine from this pathway. three mechanisms of formation from pyrazine are

An alternative to the above free radical mecha- compared with the experimental results in Fig. 5.
nisms would be the direct unimolecular rearrange- The figure shows that mechanisms A and B grossly
ment of pyrazine to pyrimidine. The pathway for underestimate the yield of pyrimidine observed. The
such a unimolecular rearrangement would be anal- only mechanism that shows agreement with the ex-
ogous to the mechanism of benzene T± fulvene re- perimental data is mechanism C, the intramolecular
arrangement studied by Melius and Miller [5] and isomerisation of pyrazine to pyrimidine via the di-
also postulated as a pathway to benzene in flames by imino fulvene analogue. The comparison in Fig. 5
Stein et al. [6]. The analogous rearrangement of py- suggests that formation of pyrazyl via mechanisms
rimidine to pyrazine via a di-imino fulvene analogue involving radical recombination would be too slow to
is shown in Scheme 2 as mechanism C. The reaction account for the concentrations of pyrimidine ob-
rate estimates for the process were taken from the served.
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TABLE 1
Reaction model for pyrazine isomerisation and pyrolysis,

Forward reaction Reverse reaction

Reactions log A n E log A n E Ref.

1 PYZYL + H a:• PYZ 13.60 0.00 0.00 15.72 0.00 9'6.45 S
2 PYZ + CN a:> PYZYL + HCN 13.78 0.00 3.00 12.80 0.00 29.19 est.
3 PYZ + H a PYZYL + H2  13.00 0.00 4.00 11.50 0.00 11.97 S
4 HCCHCN + PYZ17 a PYZYL + H2CCHCN 11.78 0.00 5.00 11.56 0.00 14.42 S
5 LPYZYL a=> PYZYL 11.30 0.00 5.00 15.12 0.00 40.33 est.
6 CH2 + NCHCN a= LPYZYL 12.90 0.00 2.00 14.36 0.00 29.19 S
7 HCN + CN <-a NCHCN 13.48 0.00 0.00 14.12 0.00 30.68 est.
8 LPYZYL a=> NFULV 12.00 0.00 15.00 15.24 0.00 17.27 S
9 NFULV a=> NC2 H3CN 14.95 0.00 14.00 11.72 0.00 12.05 est.
10 NC 3H2CN a:* HCN + HCCHCN 14.00 0.00 10.00 12.83 0.00 9.10 4
11 PYZ <-a NHFULV 14.00 0.00 80.00 13.26 0.00 56.65 S
12 NHFULV a7> PMD 13.48 0.00 58.00 13.92 0.00 82.08 S
13 O-PMDYL + H a-* PMD 13.56 0.00 0.00 15.11 0.00 95.24 4
14 P-PMDYL + H <=> PMD 13.58 0.00 0.00 15.44 0.00 102.24 4
15 H + PMD a-* O-PMDYL + H2  12.70 0.00 8.00 11.76 0.00 17.18 4
16 CN + PMD a= HCN + O-PMDYL 13.30 0.00 6.00 12.89 0.00 33.40 4
17 HCCHCN + PMD a* H2CCHCN + O-PMDYL 11.30 0.00 10.00 11.65 0.00 20.64 4
18 H + PMD aý> P-PMDYL + H2  12.78 0.00 10.00 11.53 0.00 12.18 4
19 CN + PMD a-* P-PMDYL + HCN 13.30 0.00 9.00 12.59 0.00 29.40 4
20 HCCHCN + PMD a= P-PMDYL + H2CCHCN 11.48 0.00 11.00 11.52 0.00 14.64 4
21 C3H3NCN a:* O-PMDYL 11.00 0.00 5.00 15.08 0.00 41.94 4
22 C2H2 + HCNCN > C3H 3NCN 12.48 0.00 4.00 14.46 0.00 36.32 4
23 CN + HCN a:* HCNCN 13.00 0.00 2.00 13.13 0.00 27.87 4
24 C2H3NCN a=> BC4H 3N2  12.85 0.00 24.50 12.84 0.00 29.50 4
25 HCCHCN + CN a:* BC 4H3N2 13.60 0.00 5.00 14.02 0.00 27.66 4
26 P-PMDYL a NC3H3CN 14.90 0.00 37.00 11.13 0.00 7.06 4
27 HCCHCN + M a=* HCCCN + H + M 15.85 0.00 43.00 16.62 0.00 3.99 8
28 H + HCCHCN az* H2CCHCN 13.30 0.00 0.00 15.20 0.00 105.88 est.
29 H + HOCCHCN <a, C2H, + HCN 13.00 0.00 7.00 11.03 0.00 6.85 est.
30 H + H2CCHCN a=* H2 + HCCHCN 13.00 0.00 8.00 11.72 0.00 6.55 est.
31 H + C2H1 (+ M) a= C21-3 (+ M) 13.00 0.00 2.70 12.73 0.00 43.07 21
32 2H + M a=* H 2 + M 18.00 -1.00 0.00 15.05 0.00 101.76 22
33 CN + HCN a: C2 N2 + H 7.58 1.57 0.09 14.60 0.00 11.22 23
34 CN + H, a-* HCN + H 5.69 2.44 2.12 14.91 0.00 26.84 24
35 C2 N2 + M a-* 2CN + M 16.86 0.00 100.40 14.29 0.00 -29.18 25
36 HCN + M a=> H + CN + M 15.66 0.00 105.30 14.52 0.00 -17.33 25

"Units for A, cm' mtoo - s-I or s-1 as appropriate. Units for E, keal mo1-1. In col. 8, S indicates rate constant to which
the model predictions are sensitive; est. indicates rate constant to which model predictions are not sensitive. AH;3So

estimates in parentheses following species (units kcal mol-1): PYZ = pyrazine (46.9, Ref 26), PYZYL (92), LPYZYL
(125), NCHCN (102), NFULV (124), NHFULV (70.0), NC2 H2 CN (125). Refer to Ref. 4 for thermochemistry of pyrim-
idine submechanism species.

Experiments carried out in 1:4/H2:Ar bath gas give Kinetic Modeling
qualitative support for the formation of pyrimidine
through the intramolecular isomerisation ofpyrazine. The pathways for decomposition of pyrazine dis-
Yields of pyrimidine were unaffected by the presence cussed above have been used to generate a reaction
of hydrogen. If pyrimidine were formed from para- model for the decomposition of pyrazine. The model
pyrimidyl, the presence of hydrogen would greatly is given in Table 1. Where necessary, thermochem-
increase the yield of pyrimidine over that observed ical estimates were made of intermediates using
in the hydrogen-free mixtures, group additivity [14]. Initial estimates of reaction
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COMMENTS

John Kiefer, University of Illinois at Chicago, USA. azines, especially s-tetrazine, where there are two pairs of
There is evidence that the higher heterocycles like s-tri- adjacent N atoms, a concerted path is a real possibility.
azine and s-tetrazine decompose by a concerted path to
3HCN and 2HCN + N, respectively. Is it possible some REFERENCE
concerted decomposition also occurs Jto 2HCN + CAH,)
in p)Tazine? 1. Jones, J., Bacskay, G. B., Mackie, J. C., and Doughty,

A., to be published; Jones, J., B. Sc. (Hons.) Thesis,

Author's Reply. The observation that the major products University of Sydney, Australia, 1993.

are not in simple proportion to one another together with
the observation of products of the propagating radicals' re-
combination-especially cyanogen-is strong evidence in Assa Lifshitz, The Hebrew University ofJerusalem, Is-
favor of the postulated chain decomposition mechanism rael. What is the ratio of C2N2/HCN that was found in the
involving CN and H radicals as the major decomposition postshock mixtures? According to your suggested mecha-
route. We cannot completely rule out the possibility of a nism, you should have gotten a relatively high concentra-
simultaneous minor concerted route. However, we have tion of C2N 2 as a result of CN recombination.
carried out ab initio quantum chemical calculations [1] to
search for possible transition states involving conceited de- Author's Reply. The maximum yield of cyanogen was
composition paths in the diazines. For pynumidine (1,3-di- observed to be 2( ± )1 yield %, corresponding to a ratio of
azine) and pyrazine (1,4-diazine), the calculations indicate C2N 2/HCN of 1:50. This concentration is relatively low
that a concerted path would have too high an activation considering the importance of the CN radical in the reac-
energy to compete witls C-H fission. Nevertheless, xvith the tion mechanism, but can be explained by the high rate of
1,2-diazine, pvridazine, a concerted path might possibly be H abstraction by CN, resulting in the concentration of CN
able to compete with bond fission. This apparent lowering radicals being relatively low compared to the concentration
of the activation energy for a conceited path would appear of chain carriers in H or methyl chains. The CN recom-
to be associated w4th the juxtaposition of the two nitrogen bination is also well into the falloff at the pressures of the
atoms in the ring. This would suggest that in the higher stud)'.
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Methanol oxidation has been studied experimentally in a variable-pressure flow reactor, from 1 to 20
atmospheres and from 752 to 1043 K. These conditions encompass both the high- and intermediate-
temperature chemical kinetic regimes, as defined by the transition between H + 02 branching and re-
combination. The overall consumption path of methanol is unaffected by this transition; however, the data
indicate an increasing trend toward molecular hydrogen formation at the high-temperature conditions,
with an accompanying delay in energy release.

A detailed chemical kinetic model has been developed that successfully reproduces most of the features
of methanol oxidation over the conditions studied. Reaction path and sensitivity analyses clearly indicate
the importance of the hydroperoxyl radical throughout the conditions, predominantly through the branch-
ing reaction path RH + HO, , R + H20 2 , H,,O, (+ M) ; 2 OH (+ M). Under high-temperature
conditions, HO2 also provides a strong termination effect through its reaction xwdth atomic hydrogen. The
formaldehyde mole fraction is very sensitive to the rate constant ratio, k(,n0+x/ko,,0 11+x, where X = H
and OH. Optimal results are obtained with a rate constant for CHO + X approximately 4.7 times faster
than CH3OH + X, for both H and OH.

Introduction H + 02 + M ; HO2 + M

The use of methanol as an automotive fuel has is a constant value (also referred to as the "extended
attracted considerable interest in the past decade, for second explosion limit" for hydrogen oxidation [5]).
a number of economic, ecological, and political rea- Clearly, the mixture does not reach the high-tem-
sons [1]. The likelihood of its implementation in this perature regime prior to either flame passage or au-
capacity requires a higher level of understanding and toignition.
knowledge of the oxidation processes occurring in a To gain a more detailed understanding of metha-
spark-ignition engine cylinder, nol oxidation in the intermediate-temperature re-

Preflame reactions are controlling factors in at gile, experiments have been performed in a vari-
least two phenomena of vital interest to the auto- able-pressure flow reactor (VPFR) over a wide range
motive and fuel industries: autoignition and un- of temperatures and pressures. A detailed chemical
burned hydrocarbon emissions. Both are strongly in- kinetic model has been constructed and validated by
fluenced by the chemistry occurring during com- comparison to these data. The controlling kinetics in
pression by the piston and advancing flame front, both the high- and intermediate-temperature chem-
Figure 1 shows, as symbols, the measured intake con- ical kinetic regimes are examined using reaction path
ditions and knock points on a temperature-pressure and sensitivity analyses.
plane from two studies, one using alkane fuels and
one using methanol, with polytropic fits to the ex-
tremes of the data. The fuel/air mixture follows a
similar trajectory during the compression process. Experimental
Also indicated on the figure, the dividing line be-
tween the intermediate- and high-temperature The construction and operation of the VPFR have
chemical kinetic regimes is defined by the density at been discussed in detail in earlier work [6,7]; thus,
which the ratio of the rates of only a brief description is given here. Nitrogen car-

rier gas (Liquid Carbonics, >99.998%) is preheated
H + 02• OH + 0 by an electric resistance or electric are heater to the

and desired reaction temperature and mixed with a small

901



902 REACTION KINETICS

1200 • H2 is measured by a selective thermal-conductivity

[M] =3kabcsm.• ... "Knock points detector. The accuracy of the individual speciesVPF R b .0' measurements is approximately ±_5% [7], In all ex-
VPFR experiments ..... periments, the carbon balance is constant to within

0, ... o ±+ 3% of the mean value.
.•The distance from the fuel injection point to the

.. °sampling location is converted to time by integration
2 8 .of the centerline axial velocity. The velocity profiles
a are measured by pitot tube at ambient conditions and
E /Reynolds numbers similar to the experimental con-

600 ditions.

6000

400 ° n ctExperimental Results

s 1 100 The initial conditions for the methanol experi-
Pressure (atm) ments are listed in Table 1. Data for three represen-

tative experiments are shown as the symbols in Figs.
FIG. 1. Spark-ignition-engine end-gas trajectories in two 2 through 4. The primary intermediate species de-

knocking engines. Open circles: Gluckstein and Walcutt tected were formaldehyde, carbon monoxide, and
[2]; open squares: Smith et al. [3]; filled circles: Driver et hydrogen. Formic acid was detected in relatively
al. [4]. small quantities (20-50 ppm), as was methane (•ý10

ppm), in all experiments. For the fuel-rich, high-
pressure experiments, a small spectral absorption

amount of oxygen (Airco, 99.993%) at the heater exit. feature, attributed to 1,2-ethanediol (ethylene glycol,
The mixture enters a 10.2-cm-diameter quartz tube, < 10 ppm), appeared after the oxygen was consumed.
which forms the reactor volume. Liquid methanol In agreement with previous studies [10], methanol
(Aldrich, HPLC grade, 99.9%) is vaporized into a reacts via a relatively simple dehydrogenation path,
diluent nitrogen flow (approximately 5% of the total CH 3OH - CH 20 - CO, followed by carbon mon-
flow). The fuel vapor/diluent stream enters the re- oxide oxidation at high temperatures. At the lower
actor through a 2.0-m-long, radiation-shielded injec- temperatures of the high-pressure studies, the CO
tor tube. At the exit of the injector, the fuel/diluent oxidation proceeds at a very slow rate. In contrast to
flows radially outward through sixteen 250-/pm-di- methanol's alkane homologue, methane, very few re-
ameter holes. The main carrier gas/oxidizer flow is combination products are measurable. Formic acid
forced radially inward through a 0.6-cm gap between is likely to be an oxidation product of the hydroxy-
a quartz baffle plate and the upstream edge of a 10O- methyl radical (CH 2OH), while 1,2-ethanediol is
divergence-angle silica diffuser. Recent experiments clearly a self-recombination product of hydroxy-
demonstrate that mixing is complete within 5% of methyl [7].
the total available reaction time in the experiment One objective of this study is the examination of
[8]. The residence time is varied by moving the point the shifts in reaction paths between the high- and
of fuel injection with respect to the fixed sampling intermediate-temperature chemical kinetic regimes.
position, where a small fraction of the reacting gases Besides the obvious change in the overall reaction
is extracted for analysis by a water-cooled, convec- rate, some of the species profiles and the energy re-
tion-quenching, stainless-steel probe. The sampling lease patterns change dramatically below the ex-
process has been demonstrated to have a negligible tended second explosion limit. These trends are
effect on stable species mole fractions [7]. At the shown in Figs. 5 and 6, where the time axis has been
same axial location, a silica-coated type R thermo- replaced by the fractional fuel consumption. The car-
couple measures the gas temperature to an accuracy bon-containing species distributions are relatively in-
of approximately ± 2 K. sensitive to the kinetic regime, although the rate of

Infrared spectra of the quenched sample gas are carbon monoxide oxidation late in the reaction de-
collected by a Fourier transform infrared spectrom- creases sharply as the conditions become nonexplo-
eter (Nicolet 730), with an 8.6-m-pathlength multi- sive. The relative amount of molecular hydrogen
pass gas cell. Individual species identification and formed is greatly reduced at the expense of water
quantification are performed by partial least-squares formation at the lower-temperature conditions. The
fitting to reference spectra [9]. Also, CO and CO2  energy release patterns reflect this trend as well-
are measured by nondispersive infrared analyzers the partial oxidation of methanol to CO and H20 is
(Horiba PIR-2000), 02 is measured by an electro- responsible for almost 60% of the available chemical
chemical analyzer (Infrared Industries, IR 220,0), and enthalpy. The delayed oxidation of H2 and CO at the
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TABLE 1
Initial Conditions

Pressure Initial temperature Initial CH3OH Equivalence Residence
(atm) (K) mole fraction X 103 ratio time (s)

1.0 1043 3.44 0.86 0.12
2.5 949 3.33 0.83 0.33
2.5 907 3.33 0.33 0.35
2.5 911 3.33 2.17 0.35
5.0 860 3.72 0.93 0.75
5.0 858 3.72 0.37 0.73
5.0 857 3.72 2.32 0.75

10.0 810 4.15 1.04 1.6
10.0 810 4.15 0.42 1.5
10.0 811 4.15 2.60 1.6
15.0 783 4.15 1.04 2.4
15.0 781 4.15 2.59 2.4
20.0 752 3.64 0.93 3.8
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FIG. 2. Methanol oxidation: is = 0.86; T= 1043 K; p FIG. 3. Methanol oxidation: (p = 1.04; T= 810 K; p =

1 atm; XCHoa = 0.00344. Symbols represent data 10.0 atm; Xco,0  = 0.00415. Symbols represent data
points; solid lines are calculations of base mechanism; points; solid lines are calculations of base mechanism;
dashed lines are modified mechanism, as described in text. dashed lines are modified mechanism, as described in text.
Calculations are shifted - 0.055 s. Calculations are shifted -0.75 s.

high-temperature conditions is responsible for the sive model for methanol oxidation has been devel-
delayed energy release. oped for and validated against flow reactor, static re-

actor, shock tube, and flame speed experiments [7].
Space limitations preclude a full listing of the mech-

Computational anism; however, a brief description follows.
The mechanism is developed hierarchically, based

The development of detailed chemical kinetic on the CO/H2/O2 model of Yetter and Dryer [11],
models serves two primary purposes. First, they may with minor modifications based on more recent work
be used to simulate reacting systems at conditions [12]. The formaldehyde submechanism is from the
similar to the models' range of validity. More impor- comprehensive study of Hochgreb and Dryer [13].
tantly for this work, detailed models allow interpre- The methanol submechanism is a substantial revision
tation of the kinetic behavior of the experiments used of Norton and Dryer's mechanism [10,14]. To ac-
in their validation. Recently, a detailed, comprehen- count for potential effects of the small CH 3 levels in
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FIG. 4. Methanol oxidation: (p = 2.60; Tj = 811 K; p =

10.0 ati; X0 :j11 ojjj = 0.00415. Symbols represent data FIG. 6. Mole fraction profiles of water, molecular hydro-

points; solid lines are calculations of base mechanism; gen, and fraction of total energy released by reaction, as

dashed lines are modified mechanism, as described in text. measured by temperature rise, for several different pres-

Calculations are shifted -0.72 s. sures and initial temperatures. Mole fractions are normal-
ized by initial methanol mole fraction; x axis is fraction of
methanol consumed.1 .0,,, . . .

I- o at 14: K' i tm, 1043 K]

0 2.5 1t.. 949 K0 10., 1 •0-• K •,-The treatment of the important CH 3OH + OH re-

o1 5 M.tm. 783K actions differs substantially among the three, how-
0 ever. The mechanism of Egolfopoulos et al. [16] uses

0.6 the estimated rate coefficient of Bowman [18], with
50% of the abstraction reaction occurring at the by-

. droxyl site. Direct measurements of this reaction rate
are in excellent agreement with one another [19,20]

e 0and yield rate coefficients roughly a factor of 3 higher0.2 than Bowman's value. Grotheer et al. [17] use Hess
0.2

and Tully's rate coefficient [19] but assign only 15%
of the abstraction rate to the hydroxyl site, in contra-

0.o diction to experimental and theoretical evidence that
__supports an increasing contribution from this site at

0.00 high temperatures.
0.00 05 0A zero-dimensional, adiabatic and isobaric exper-I"F/F1  iment is simulated using the SENKIN code [21]. The

FIG. 5. Mole fraction profiles of carbon monoxide, car- adiabatic assumption is approximated by the exter-

bon dioxide, and formaldehyde for several different pres- nally heated and insulated reactor tube, and its low
sures and initial temperatures. Mole fractions are normal- pressure drop permits the isobaric assumption. Be-

ized by initial methanol mole fraction; x axis is fraction of cause of the high convective velocities and large

methanol consumed, width of the reaction zone, diffusion in the axial di-
rection is usually negligible compared to the convec-
tive and reactive terms in the governing equations.

methanol oxidation, a C2 submechanism was added, The negligibility of radial diffusion has been dem-
based primarily on the compilation of Tsang and onstrated in a flow-tube experiment operating in a
Hampson [15]. Because the C2 submechanism had similar configuration [22]. Omission of the diffusive
no significant effect on any of the oxidation condi- terms permits the zero-dimensional approximation.
tions studied, it is not used for the present work. Mixing and fluid mechanical processes in a flow-

Recently, two other detailed mechanisms for tube experiment can be quite complex, and diffusive
methanol oxidation have been reported [16,17]. terms become non-negligible near the mixing point.
These other mechanisms are fairly similar to the pre- Thus, zero-dimensional calculations often predict a
sent work and predict roughly the same species pro- relatively long chemical induction time not apparent
files for the experimental conditions reported here. in the experiments. Postinduction chemistry has
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been shown to be very insensitive to initial condition conversion of methanol to CO remains essentially
perturbations [7], however. Thus, the timescale of unchanged:
the calculated profiles is offset to match the experi-
mental fuel profile at the point where 50% of the CH 3OH + X CH 2OH/CI130 + XH
initial fuel has been consumed. The exact amount of
the applied "time shift" is noted in the figure cap- CH 2OH + 0,2 CH 2O + HO2

tions. CHO(+ M) 7 CHO + H(+ M)
Sensitivity analysis is used extensively in the de-

termination of kinetically important reactions and CH 2O + X;,- HCO + XH
rate coefficients. The sensitivity of z20-80, defined as
the time between 20 and 80% of the fuel consump- HCO + [M/O 2} ; CO + [(H + M)/H0 2}
tion, to individual reaction rate coefficients is calcu-
lated from the gradient sensitivity coefficients re- where X represents an active radical, primarily OH,
turned by SENKIN [7]. This factor represents the H, and HO2. Methanol is unusual in that thermal
sensitivity of the overall fuel consumption rate to the decomposition of the primary fuel radical, hydroxy-
reaction rate coefficients. The sensitivity of inter- methyl (CH 2OH), is relatively unimportant below
mediate species yield at a constant fractional fuel about 1500 K. Because of its high production rate
consumption is calculated by a brute-force method, from the CH 2OH + 02 reaction, the hydroperoxyl
in which reaction rate coefficients are individually radical (HO2) plays a significant role in methanol ox-
perturbed by a factor of 1.1. The response of the idation well above the extended second explosion
calculated species mole fraction approximates the limit.
normalized sensitivity coefficient, d ln(Xj)/d ln(kj) - The different consumption paths of the two fuel
A ln(X•)/A ln(kj), where X, is the mole fraction of radicals, hydroxymethyl and methoxy (CH 30), re-
species i, and k is the rate coefficient of reactionj. quire consideration of abstraction from both sites.

Hydroxymethyl formation is generally favored, due
to the relative weakness of the C-H bond (94 keal/

Results mol, vs 104 keal/mol for O-H). However, isotopic
substitution experiments with OH as an abstractor

The calculated species profiles for the flow reactor suggest an increasing contribution from the hydroxyl
experiments, using the baseline mechanism, are de- site at high temperatures, with nearly equal rates for
picted as the solid curves in Figs. 2 through 4. In the two sites as the temperature exceeds 700 K [19].
general, the agreement with overall rate of reaction The H atom formed by methoxy decomposition con-
and intermediate species yield is within experimental tributes to chain branching above the extended see-
error with two exceptions. The calculated formalde- ond explosion limit, making the abstraction branch-
hyde yield is always higher than the experimental val- ing ratio a sensitive parameter. Below the extended
ues by factors of 1.3-1.6, and in the fuel-rich cases, second explosion limit, the H atom formed by meth-
the amount of methanol remaining after total oxygen oxy decomposition rapidly either recombines with 02
consumption is calculated to be less than half the or abstracts a hydrogen from a stable species. Thus,
measured value. The major reasons for these dispar- abstraction from either site yields equivalent prod-
ities will be discussed in a following section. uets. For this study, the rate and branching ratio of

The agreement between model and experiment Hess and Tully [19] were used for CH 3OH + OH.
for the full parameter range is comparable to that
shown in Figs. 2 through 4. At the highest-pressure High-Temperature Conditions:
condition (not shown), the calculated overall reaction
rate is approximately 50% slower than the experi- Although the mechanism responsible for the con-
mental value, most likely due to deficiency in the sumption of carbon-containing species is not strongly
hydrogen peroxide submeehanism [7]. At atmos- affected by the temperature and pressure conditions,
pheric pressure (Fig. 2), the calculated rate of the underlying radical kinetics undergo a fundamen-
CO/H 2 oxidation is much faster than the observed tal shift near the extended second explosion limit.
rate. At this point, the rapid decrease in local ehem- The sensitivity of r20-80 to the reaction rate coeffi-
ical characteristic time invalidates the zero-dimen- cients is shown in Fig. 7 for the 1 atm, 1043 K (high-
sional assumption (i.e., axial diffusion is no longer temperature) and 10 atm, 810 K (intermediate-tem-
negligible). perature) conditions.

The high-temperature kinetic regime is dominated

Overview: by the chain-branching H + 02 reaction, demon-
strated by the high sensitivity of r20-80 to its rate

As the pressure and temperature conditions coefficient. Many reactions with large sensitivity co-
change from the high- to intermediate-temperature efficients in the high-temperature regime affect sup-
regime, the sequence of reactions responsible for the plies or sinks of the H radical.
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extended second explosion limit. However, the rad-
H + 02=OH +0 ical kinetics shift dramatically. Below the second

HO2 + H = OH + OH limit, the hydrogen radical quickly loses importance,
due to the dominance of the pseudotermination re-

HO+H 2 +H am, 1043 K action:

HO, + OH = H'0 + 2 0 10 atm, 810 K

2 HO2 -H 2 O 2  
H + 0,2 + M - HO2 + M

H0, (+ M) = 2 OH (+ M) over the branching step. Also, the primary source of
CH20 + OH HCO I H20 H atoms is thermal decomposition of the formyl rad-

CH2O + HO2 = HCO + H202  
ical. Below about 100,0 K, at 0.6% oxygen, the lower

CH3OH + H = CH2OH + Fý activation energy reaction HCO + 02 is much faster
than decomposition. Evidence of the decreased H

CH3OH + OH = CH2OH + H20 atom levels is seen both experimentally and compu-

CHOH + OH = CH3 H200 tationally in the depressed levels of molecular hydro-

CH3oH + HO, = CH2OH + HOO, gen, produced by

-1 0 RH + H R R + H2 (RH = CH2 OH, CH2 O).

dun t2,_4•o)/d(In k) Without the influence of the H + 02 branching

FIG. 7. Sensitivity coefficients of r2,>10 at near stoichio- reaction, the overall rate of methanol consumption
metric conditions, 1 atm, 1043 K; 10 atm, 811 K. becomes almost entirely controlled by HO2 kinetics.

At high temperatures, competition for the H atom
dominates the list of sensitive reactions, while the

The hydroperoxyl radical exerts two opposing in- competition for HO2 between branching and
fluences in the high-temperature regime. As men- straight-chain paths is important at intermediate
tioned previously, hydroperoxyl is rapidly produced temperature:
by the reaction of 02 with CH 2OH. The HO2 sub-
sequently reacts via RH + HO2 ;R R + H20 2

H02 + H •- + H2 15% 2HO2 •:0 2 + H2 0 2.

H02 + OH 02 + H 20 5.7% Finally, the thermal decomposition rate of hydrogen

H02 + H 20H 45% peroxide is beginning to become a sensitive param-
eter. At the conditions of the 1-atmosphere, high-

21102 02 + H202 22% temperature experiment, its characteristic decom-
position time is 3.2 ms, while it is 0.25 s at the

RH + HO2  R + H202, 5.5% 10-atmosphere conditions. Because this time is com-
RH = CHdOH, CH 20 parable to the experimental time, significant H20 2

accumulates. Other, nonbranching reactions, such as

The numbers in the right-hand column represent the
fraction of HO2 consumed by the corresponding re- H202 + OH w H20 + HO 2
action. The first two reactions are strongly chain ter-
minating and display positive sensitivity coefficients can now compete with the decomposition reaction,
for r204 0 (Fig. 7). The termination reaction involving making its rate coefficient a more sensitive parame-
H has a particularly strong effect, since it also de- ter.
pletes the system of an important branching agent.
The third and fourth reactions are chain propagating Formwldehyde:
once the decomposition of H2 0 2 to two hydroxyl rad-
icals is taken into account. Very little HO2 or RH is The relative amount of formaldehyde present as
consumed by the abstraction reactions. However, an intermediate species is important, particularly due
2-80 is very sensitive to their rate coefficients be- to concerns over its presence as a toxic emission

cause the overall reaction path is chain branching, product in methanol-fueled vehicles. However, it is
due to hydrogen peroxide decomposition, precisely this point where the model disagrees sys-

tematically with the experiments. Possible causes for

Intermediate-Temperature Conditions: the discrepancy are discussed below.
Sensitivity coefficients (Fig. 8) clearly indicate a

As previously mentioned, the overall reaction path strong relationship between formaldehyde mole frac-
for methanol oxidation remains unchanged across the tion and the abstraction rates of CH3OH + X and
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rate constant of CH 3OH + H have been conducted
CH2O + H at elevated temperatures.

I atm, 1043 .=i.0 The formaldehyde reaction with H has only re-
S1 10atm,810K,$=1.0

CHO + OH 10 atm, 810 K, ,=2.5 cently been measured at high temperature. The re-
sults of Choudury and Lin [26] indicate a rate con-
stant for CH 20 + H three times slower than Tsang's

CH20 + HO2  rate at 1000 K. Their values rely heavily upon the
rate constants for HCO + M ; H + CO + M and

CH30H + H HCO + H • H2 + CO. Because these were mea-
sured at much lower temperatures than the formal-
dehyde study, the quoted uncertainty factor of ± 0.6

CH3OH + OH for the CH 2O + H rate constant may be optimistic.
By multiplying the rate constant of CH 20 + OH

CH3OH + HO2  
by 1.4, CH 2O + H by 2.2, and CH 3OH + H by

_ _0.45, excellent agreement with the measured for-
o 1 maldehyde is obtained (dashed lines in Figs. 2

d(In XCH•o)/d(In k) through 4). To decrease the methanol consumption
rate for the high-temperature conditions, the rate

FIG. 8. Normalized sensitivity coefficients of the for- constant of HO2 + H is returned to its literature
maldehyde mole fraction at a constant methanol mole frac- value [15], in contrast to earlier work [7] that sug-
tion (50% of initial value). Abstraction rate constants from gested an increase of 50% was necessary.
both sites on methanol were varied simultaneously; thus,
coefficients represent both product paths at constant
branching ratio.

Summary

CH 20 + X, where X is primarily OH and, to a lesser The oxidation of methanol has been studied over
degree, H. The coefficients for the reactions with wide pressure (1-20 atmospheres), temperature
methanol and formaldehyde are approximately equal (752-1043 K), and equivalence ratio (0.4-2.6) ranges
in absolute value and opposite in sign, indicating that in a variable-pressure flow reactor. The atmospheric-
the ratio, rather than magnitude, of their rate con- pressure results are consistent with earlier atmo-
stants controls the formaldehyde level, spheric-pressure flow reactor data [10], while the

This disagreement between model and experiment high-pressure results represent the first data of their
increases with temperature and equivalence ratio, kind in this pressure-temperature regime. In addi-
conditions that are more sensitive to the ratio of H- tion to species previously observed in methanol ki-
atom abstraction rate constants. Systematic variation netic studies, small amounts of formic acid and 1,2-
of the OH and H rate constant ratios, while holding ethanediol were detected. The relative amount of
the total rate constant fixed, provides a best fit of the energy released during the reaction does not eorre-
data with the ratio of kci20+x/kCH3 Hox - 4.7 for late well with the amount of carbon monoxide
both H and OH. The values in the baseline meeha- formed. A considerable fraction of the "late heat re-
nism are 1.1 and 3.4, respectively, lease" reported for high-temperature methanol oxi-

The expression of Hess and Tully [19] for CH 3OH ion [10] is du to delayed hydrogen xidat in
+ OH, used in the baseline mechanism, is in excel- dation [10]arsodu moto xde oxidatione.1 0

lent quantitative agreement with the measurement addition toncrbo mode daton.
of Bott and Cohen [20] at 1200 K. Bott and Cohen The detailed kinetic model demonstrates good
also provide a direct measurement of CH 20 + OH agreement with most of the flow reactor data, in-
at 1200 K that is 20% lower than Tsang's expression, eluding those of previous studies [10]. Disagreement
as used in Ref. 13 and the present mechanism. The in peak formaldehyde levels between the model and
required adjustments are probably within the uncer- experiment is indicative of errors in the relative by-
tainty level of either rate constant. drogen abstraction rates from methanol and formal-

The H-atom reactions are less well defined. The dehyde. Reaction path and sensitivity analyses allow
expressions of Tsang [15,23] for both formaldehyde identification of important kinetic routes and reac-
and methanol are considerably in excess of more re- tion rates that strongly affect the calculated profiles.
cent measurements. The base model uses the rate The hydroperoxyl radical plays a dominant role in
constant recommended by Warnatz [24] for metha- methanol oxidation through its effect on radical
nol. This expression is in good agreement with the branching and termination, even at temperatures
more recent results of Cribb and Dove [25] at their where H + 02 branching dominates H + 02 + M
high temperatures. No direct measurements of the termination.
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C,/C 2 CHEMISTRY IN FUEL-RICH POST-FLAME GASES:
DETAILED KINETIC MODELLING
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Department of Chemical Engineering
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New South Wales 2006, Australia

Measurements have been made of concentrations of hydrocarbons from C, to C, in sooting and non-
sooting postflame gases at atmospheric pressure. The experimental results have been compared with the
predictions of the detailed Miller-Melius mechanism for the interactions of hydrocarbons up to CQ.

The modelling of the postflame behaviour of small hydrocarbons is extremely sensitive to the rates and
mechanisms of oxidation of C2H. and CH. by OH. The Miller-Melius mechanism underpredicts the rates
of both processes by a large amount but needs modification of only a few reactions for it to be accurate
for postflame hydrocarbons up to at least C,.

The oxidation of acetylene by OH is effectively irreversible and may be described simply as

C0 H2 + OH - CHCO + H (R113)

with kl = 1.1 x 1013 exp(-7170 cal mol -/RT) cm 3 mol s (±_30%).
The underprediction of the rate of CH. oxidation (via CHa + OH ý CH2OH + H - CH 20) in the

Miller-Melius mechanism derives mainly from the reversibility of the process under postflame conditions.
A substantial increase in the rate constant assumed for the unimolecular decomposition of CH 2OH is
indicated. The rate constant for

CH, + OH - CHOH + H (R-32)

is found to be k12 = 1.9 X lo0l cm 3 
Mol s (±30%).

An additional process is responsible for substantial destruction of C,'s in the richest flames. This is
suggested to be

CH 2CO + CH, - C2H, + CO (R220)

with k220 = 5 x 1012 Cm Mtol s (±50%).
The modelling of the concentrations of the higher hydrocarbons is governed by a tendency towards

partial equilibria with the C,'s and C2's. Despite good agreement between measurement and prediction,
the present results do not allow a detailed assessment of the mechanistic details in the model.

Introduction gases are low, and the species 0 and 02, in particular,
are at such low concentrations that they cannot con-

Hydrocarbons, chiefly methane and acetylene, tribute significantly to the overall post-flame hydro-
break through the primary reaction zones of suffi- carbon oxidation, which is determined more by OH
ciently fuel-rich flames. In the postflame gases, these reactions.
hydrocarbons catalyse the recombination of flame In an earlier paper [2], we reported an experimen-
radicals such as H and OH, react with NO to form tal study of the behaviour of methane and acetylene
HCN, may react to produce larger hydrocarbons and in the postflame region of the laminar, premixed,
aromatics, and, in the presence of soot, may increase fuel-rich, nonsooting flames, at atmospheric pres-
the soot mass by surface growth. sure. Through identification of appropriate species

Despite the relative simplicity of the postflame detic a of appropriat sec
zone, combustion models developed for describing pools, the kinetics of the key C1/C2 hydrocarbon re-
flame-zone phenomena have generally performed actions in these flames were established. The objec-
poorly in describing postflame behaviour [1,2]. The tive in the present work is to develop complete chem-
free radical concentrations in fuel-rich postflame ical kinetic mechanisms that describe the behaviour

of hydrocarbons up to C4 in the postflame gases of
premixed fuel-rich ethylene/air flames under both

*Presently at Dames and Moore Pty Ltd, Sydney. nonsooting and sooting conditions. We employ the
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mechanismn, presented recently by Miller and Melius 104

[3], for the formation of higher aliphatic hydrocar- - -
bons and benzene under very fuel-rich conditions, as 3

the basis for comparison with our experimental 10
measurements. [ 2 H2]

102••2

Method 0 o

The experimental apparatus and procedure have - 101 0 
0

been described previously [2,4]. Briefly, laminar, E [CH 4 ]
premixed ethylene/air (+oxygen) flames were sta- 1000 . 4

bilised at atmospheric pressure on a water-cooled , ýo ---

Meker-type flat-flame burner. The nonsooting flames c 0. .
[2] ranged in temperature from 1950 K near the "L 500
flame zone to 1760 K far downstream (t -~ 30 ins). t 0

The sooting flames [4] had initial temperatures in the 0.
range of 1780-1920 K and downstream temperatures 0 0
of 1640-1800 K; final soot volume fractions ranged u
from I to 5 x 10-7. 400

Concentration profiles for major species and C1 to
C4 were determined by gas chromatography of sam-
ples withdrawn from the postflame gases via a water- 2 - _. .
cooled aerodynamic-quench probe. The concentra- 200
tion of hydrogen atoms was determined by the Li/
LiOH method and temperature by the sodium line-
reversal and Kurlbaum methods. 0

The sooting flames required some special treat- 0 10 20 30

ment. In particular, the exit of the sampling probe
was equipped with a glass fibre filter to trap soot Time (ms)

ahead of the analysis train. The soot volume fraction FIG. 1. Concentrations of CAH0 , CIs (chiefly CH4), and
and particle number density within the flame were H-atoms in nonsooting flame N2 (T0 = 1950 K, T5 _,, =

determined by conventional scattering and extinction 1850 K). The dashed lines represent the predictions of the
methods. The measured Li absorbance was corrected original Miller-Melius model; the solid lines are the results
for the extinction due to soot-the necessity for this obtained with the modified model described in Table 1.
correction limited the maximum soot volume frac-
tion in the test flames to less than 5 x 10-7.

are substantially higher, and their rates of change
much lower, as shown for flame S1 (Tinitiai = 1800

Results K, Tsnas = 1670 K) in Fig. 2. It is characteristic of
these very rich flames that [C2H2] > [CH 4] through-

Experimental: out the flame and that there is no obvious increase
in [CH 4] as C2H2 decays. As is also found in the non-

The experimental results obtained in the nonsoot- sooting flames, the [H] is within 15% of the equilib-
ing flames have been presented in detail in previously rium concentration appropriate to H2 <- 2H, except
[2]. The dominant species initially is C2H2, which in the earliest postflame regions. The results for the
subsequently decays to very low concentrations, at a other sooting flames not shown are qualitatively sim-
rate depending on the postflame conditions. The Cl's ilar to those shown in Fig. 2.
(CH 4 + CH 3) are initially present at much lower Higher aliphatic hydrocarbons (allene, C3H4; di-
concentrations than C2H 2, but their concentration acetylene, C4H2, and vinylacetlyene, C4H4) are
begins to increase as acetylene decays, before falling found in the gases sampled from the sooting flames.
off further into the postflame gases. The concentra- The grouped concentrations of "C3's" (= [C3H4])
tions of hydrogen atoms are within 15% of the equi- and "C4's" (= [C4H2] + [C4H4) found in Flame S1
librium appropriate to H2 + 2H, except in the early are shown in Fig. 2.
postflame regions where [H] - 3 X [H]eq. Only the
results for [C2H2], [Cl's], and [H] in flame N2 (Tiniail Computer Modelling:
= 1950 K, Tfnnl = 1850 K) are reproduced here
(Fig. 1). The base mechanism of 218 reactions was

In sooting flames, the hydrocarbon concentrations taken from Miller and Melius [3]. Their reaction
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4 measured values for [H], [C2H 9], [C3H 4], [C4 H2],
[C 2 H2 ] [CO], [CO2], [H,21, [H20], and [N21. The measured

3 ---------------- - initial CH 4 concentration was distributed as [CH 3]
and [CH 4] (approximately 90%) according to the par-

Stial equilibrium CH 3 + H 2 - CH 4 + H. Initial es-
6 2 [C's] -.... timates of [OH] were determined from the partial
Sequilibrium H + H2O -2 OH + H2. The justification

for these partial equilibrium assumptions is the fact
- --6 -c• that the characteristic times for their establishment

were determined from the model to be <0.1 ms; it

. o200 should also be noted that, since [OH] << [H] and
[CHs] << [CH 4], the model results are not signifi-

01 tO [H] cantly sensitive to the precise initial values of [OH]
01 0 o and [CH3].

> 0 The measured initial [C3's] were distributed ap-
proximately according to partial equilibria amongst
{C3H2, H2CCCH (propargyl), C3H 4 (allene)) and the

S0 C4's amongst {C4H2 and H2CCCCH}, with the start-
S 1000 ing concentrations of the remaining C3 and C4 spe-

• ,O [C4'S' 1cies in the mechanism being taken as zero. Initial
concentrations of all other species were taken as zero.

The dashed lines in Figs. 1 and 2 represent the
500 _ [ - predictions of the Miller-Melius mechanism. The

[solid lines in the figures are the predictions of the
- 0 model when modified, as shown in Table 1. The non-

0 .... - - dimensional sensitivity coefficients for the depend-
0 Z OR ence of the predicted mnole fractions on the values of

0 3 0 the rate constants at constant temperature, Sj = a
0 10 20 30 lnxi/d InA, are shown for C2H2 and CH 4 in Figs. 3

"Time (ms) and 4, respectively. These coefficients pertain to the
modified model (Table 1), and only reactions exhib-FIG. 2. Concentrations of C ,H2, C1's (chiefly CH4), iting a significant coefficient (>0.1) are identified in

H-atoms, C3's, and C4's in sooting flame S1 (T, = 1800 K, the plots.

T, = 1670 K). The dashed lines represent the predictions

of the original Miller-Melius model; the dotted lines are
the results for the modified model (Table 1) without re- Discussion
action R220; the solid lines are for the complete modified
model described in Table 1. The Miller-Melius mechanism grossly underpre-

diets the observed extent of C2H2 decay in both the
sooting and the nonsooting flames. The downstream

identification numbers are employed in this paper, decay of the C1 's in the nonsooting flame is also
and the mechanism is not tabulated here. Computer- greatly underpredicted, and in this light, the reason-
kinetic modelling was carried out using the Sandia able fit of the nearly constant [C,'s] profile in the
SENKIN/CHEMKIN II package [5,6]. All reactions sooting flame appears simply coincidental. In both
were treated as reversible, with reverse rates being flames, the tendency of the initial superequilibrium
calculated from the forward rates and the Sandia [H] to relax quickly to equilibrium is confirmed by
thermodynamic database [7]. the modelling.

No allowance was made in the modelling for dif-
fusional transport. The largest diffusion velocities Acetylene Decay:
arising in this system were determined to be due to The modelling of the decay of acetylene under our
the initial concentration gradients for [H] in all f h codionin theMer-Melen ism
flames and for [C2H2] in the leanest nonsooting fuel-rich conditions in the Miller-Melius mechanism

flames. In no case did these initial diffusional veloc- depends on the theoretical analysis by Miller and

ities exceed 15% of the bulk gas velocity; diffusion Melius [8] of the oxidation of C2H2 by OH:

always contributed less than 5% of the species fluxes C2H2 + OH • HCCOH + H (11112*)
for t > 3 ins.

The experimental temperature profiles were used - CH2CO + H (R113*)
in the modelling. The initial values of the concentra-
tions for the simulations were taken as the earliest - CH 3 + CO. (R1114')
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TABLE 1
Summary of changes to the Miller-Melius mechanism. The modified parameters were used to generate the predictions

shown by solid lines in Figs. 1 and 2. Parameters in cm3 mole see cal units. k = AT' exp(-E/RT).

Original rate parameters Modified rate parameters
A n E A n E

32 CILOH + H * CH3 + OH 1.00 X 1014 0 0 2.00 x 1011 0 0
37 CHOIl + M ' CHOO + H + M 1.00 X 1011 0 25,000 4.40 x 1010 0 30,000

112 C.,H, + OI - HCCOH + H 5.04 x 105 2.3 13,500 -- -
113 CH2 + OH - C 2CO + H 2.18 X 10-4 4.5 -1,000 1.10 X 101, 0 7,170
114 CH. + OH - CH, + CO 4.83 x 10-4 4.0 -2,000 -- -
219 CHQCO + OH *CH 20 + HCO - - - 2.80 X 1013 0 0

220 CH2CO + CH3 -' CH,5 + CO - - - 5.00 x 1012 0 0

118 118 " - - -
126 - 118-

219 - -126"1186- 0 ... ...... 113

- - 219

S- . . . . . 220 -

".2 -2 32 0

a)
0

o 113
3 -3U

. -2

a -4

In 32
iC 2 H2  a i = C 4  3

-3

-5 -- .. onsooting (N2) 113 -- Nonsooting (N2)
--- Sootin g (Si) Sooting (SI)

-6 -4 I

0 10 20 30 0 10 20 30

Time ( ms ) Time ( ms )

FIG. 3. Nondimensional sensitivity coefficients (Suj = 1 FIG. 4. Nondimensional sensitivity coefficients (SVj = a
Inx,/a h-An) for prediction of [COHO] with the modified nx/O lAJ) forprediction of[CH4] with the modified mech-
mechanism (Table 2) in the nonsooting (solid line) and anism (Table 2) in the nonsooting (solid line) and sooting
sooting (dashed line) flames. Results are shown only for (dashed line) flames. Results are shown only for reactions
reactions with [S I > 0.1. with ISul > 0. .

The sum of the forward rate constants of reactions We [2] have previously analysed our results for the
R.112-114 is 4.9 x 1011 cm 3/mol/s, at 1800 K, with nonsooting flames in terms of the decomposition of
fractional contributions 0.72, 0.26, and 0.02, respec- the total hydrocarbon pool, {[C 2H 2] + [Cl's]}, and
tively. All the reactions are nominally reversible, but found that the rate constant for the reaction C2H2 +

only the reverse of reaction R112 is fast enough to OH at 1800 K is 1.5 x 1012 cm 3 /mol/s and that the
be significant under the present conditions, reaction is effectively irreversible. This rate constant

is a factor of three higher than that used by Miller

*The numbering of the reactions follows that of Miller and Melius [3], but even that difference is not
and Melius [3]. While all reactions in the model are treated enough to account for the discrepancy between the
as reversible, some are effectively irreversible under the measurements and the Miller-Melius predictions
present conditions. These reactions are written as irrevers- shown in Figs. 1 and 2. This discrepancy derives
ible (--) in the text. chiefly from the fact that R112 is reversible (k- 2
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5 X 1013 cm 3/mol/s) and that it is removal of by- Methane Decay:
droxyacetylene (HOCCH), which is rate controlling. The Miller-Melius mechanism includes a number
According to the mechanism, decomposition of of reactions capable of destroying the ketene pro-
HCCOH occurs via duced by the initial oxidation of C2H2:

HOCCH + H - CH2 CO + H. (Rl15) CH2CO + H -- CH3 + CO (RI118)

The rate constant for this process would have to ex- CH2CO + M _ 3CH2 + CO + M (R122)
ceed 1015 cm 3/mol/s for R112 to be rate controlling
in flame N2 (Fig. 1). Even if a plausible route for the CH 2CO + H,OH,O - HCCO
extremely rapid rearrangement of hydroxyacetylene + H2,H 2 0,OH (1119-R121)
to ketene could be found, the net result would be
that R112 effectively forms ketene irreversibly under The H-atom abstractions, R119-R121, tend to be
postflame conditions. We have, therefore, chosen to balanced under the present postflame conditions.
model the overall reaction in these terms. Therefore, it is the further reaction of the ketyl rad-

Our pool analysis of the results for the nonsooting ical, HCCO, that determines the effective rates of

flames, coupled with an evaluation of other data on ketene destruction by R119-11121. Destruction of

the reaction C2H2 + OH, led to an estimate of the the ketyl radical occurs almost exclusively via R126,

rate constant, for the formation of ketene, of 1.1 X leading to the formation of a C1 species:

1013 exp(-7170 cal mol-1/RT) cm 3/mol/s [2]. This
is the value that has been used in the modified model HCCO ± H -- 'CH 1 + CO. (R126)
as k113, as described in Table 1. Clearly, there is now Reactions R118 and B122 also give rise to Ci's so
very good agreement between experiment and pre- that there is predicted to be approximately one C,
diction, extending over nearly three orders of mag- formed for each C2H 2 oxidised. However, while the
nitude in [C2H2] in the nonsooting flame N2. experimental results show a clear increase in [C1's]

Examination of the sensitivity coefficients for early in the nonsooting flames when acetylene decay
C21H2 in Fig. 3 confirms the importance of the rmod- is most rapid, this is clearly much less than 1: 1.
ified reaction Rl13 in determining the [C2H2] pro- The Miller-Melius mechanism does not allow for
files, at least in the nonsooting flames. The ability of the oxidation of ketene by OH, which is generally
the model to describe accurately the experimental presumed to occur in atmospheric and combustion
observations when the sensitivity coefficient is as systems [9,10]. Although there is some uncertainty

high as six also suggests that the overall rate constant as to the precise nature of the oxidation products

for the reaction of C2H2 + OH to form ketene is [11], the reaction may be presumed to remove ke-

very precisely determined. Similar results are oh- tene without forming C1 species. This process is in-

tained for the other nonsooting flames, without the cluded in the modified model as reaction 219, where

need for any adjustments to the values of any of the HCHO and HCO do not count as C1 species because

rate constants in the model. Within the context of of their C=O bond [2]:

the model, the uncertainty in the value of k 113 is less
than 10%; the absolute uncertainty is estimated to be CH2 CO + OH -- HCHO + HCO. (R219)
+ 30%. In including this reaction in the mechanism, we have

In the sooting flames, the rate of decomposition of taken the rate of Vandooren and Van Tiggelen [9]
acetylene is relatively slow, and the predictions are (k219 = 2.8 X 1013 cm3/mol/s), which lies well within
not particularly sensitive to the assumed rate of C2H12 the range of 1013,1 suggested by Baulch et al. [11].
+ OH, SC212,113 < 0.1. The loss of C2H2 by surface Oxidation of the C1 species also limits the extent

growth reactions on the soot particles is negligible, of increase in [C1's]. This occurs almost exclusively

and the differences between the original Miller-Mel- via R-32:

ins mechanism and the present modification is very
clear. In these flames, the reversibility ofR112 makes CH 3 + OH - CH 2OH + H. (R-32)

this route practically inoperative, and the effective
rate according to the Miller-Melius mechanism is at As shown by the dashed lines in Fig. 1, the Miller-

least one order of magnitude lower than given by the Melius mechanism predicts relatively little C, oxi-

revised expression for R113. dation, despite employing a very high value of k32 =
Other reactions to which the predictions of [C2H2] 1.0 x 1014 cm 3/mol/s. This is because, in the mech-

are sensitive relate to the decomposition of ketene anism, the decomposition of CH 2OH, which occurs

(R118, R126, and R219) and Cl's (R32). almost entirely via R37, is rate limiting:
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CHMOH + M - CH120 + H + M. (R37) position of ketene (Rl1S, R119, R219) could be
found to provide an alternative explanation, over the

Despite the importance of reaction 37 in the com- whole range of conditions studied, for the removal of
bustion kinetics of methanol, there remains consid- acetylene without concomitant C1 formation.
erable uncertainty in the value of the rate constant. Our pool analysis of the nonsooting flames [2] led
Recent estimates [12] have been higher than the to the conclusion that some additional process must
value employed in the Miller-Melius mechanism by be capable of limiting C1 formation from ketene.
one to two orders of magnitude. In modifying the This was suggested to be R220 (AHW9 = -21 kcal
original mechanism, the value reported by Hidaka et mol- 1)

al. [13] has been assumed-this is approximately 10
times faster than the Miller-Melius rate under the CH 2CO + CH3 - C2H5 + CO. (R220)
present conditions. With this assumption, the re-
moval of C1's proceeds much faster and is deter- As shown by the solid lines in Figs. 1 and 2, the in-
mined only by k- 32. clusion of R220, with k220 = 5 X 1012 cm 3/mol/s, in

The sensitivity of the predicted [Cl's] profile in the the modified mechanism leads to very good agree-
nonsooting flames to the value of k-3 2 is very high ment between experiment and prediction over the
(Fig. 4), and a precise estimate of this value can be whole range of conditions studied here. The same
obtained by fitting the experimental data. As shown results are obtained if the products of R220 are al-
in Fig. 1, the data are accurately modelled when the ternatively assumed to be C2H4 + HCO. The sen-
rate constant for the reverse reaction (CH 3 + OH) sitivity coefficients in Figs. 3 and 4 reveal that vari-
is taken as k-32 = 1.9 X 1013 cm 3/mol/s (Table 1). ations in the value of k220 strongly affect only the
This confirms the estimate of 1.7(_± 0.4) X 10'3 ob- predictions of [Cl's] in the sooting flames. Despite
tained from our earlier pool analysis of the nonsoot- the relatively high value of the sensitivity coefficient,
ing flames [2] and is in good agreement with other no adjustment in k220 is required to fit all the sooting
values that have been reported for the rate of this flames. The estimated uncertainty in the magnitude
reaction-Roth and Just [14] obtained k_32 = 2( ± 1) of k220 is + 50%.
X 1013 in the temperature range 1800-2300 K; There have been no reports in the literature with
Dombrowsky et al. [15] reported 1.5(± 0.5) x 1013. which to compare k220. Methyl additions to alkenes
In the context of the revised model, our value ofkc 32  generally have A factors around 3 X 1011 cm3/mol/s,
is uncertain by no more than 20%. reflecting a tight transition state; they also have ac-

The value of k32 employed in the modified mech- tivation barriers around 8 kcal mol. Since R220 prob-
anism (Table 1) is determined from k- 32 and the ably proceeds via the addition complex CH 3CH 2CO,
equilibrium constant for the reaction. The thermo- our value for k220 seems high. However, the occur-
chemistry of CH20H is uncertain, but the value for rence of the =O substituent may affect these class
AHo29s(CH 2OH) = -4.21 kcal mol - in the Sandia rules-at the very least, the exothermicity of the ad-
database [7] is close to the value of - 4.5 kcal mol - dition step in this case (- 34 kcal/mol) is such that
determined recently by Traeger and Holmes [16]. the activation barrier is likely to be very small [18];
Using the Sandia data, the equilibrium constant for also, the transition state will occur much earlier and
R-32 is approximately 10.5 at flame temperatures, may be quite loose compared to the usual case [19].
giving k32 = 2.0 X 1014 cm 3/mol/s, or twice the value
used in the original mechanism. This very high value Radical Equilibrium:
is barely acceptable on kinetic grounds, and it may
be that the reaction CH 3 + OH proceeds to other The model reproduces the experimental observa-
primary products. However, the QRRK study of tion that [H] falls rapidly from its initial superequi-
Dean and Westmoreland [17] found the path to librium value to a value near to that corresponding
CH 2OH + H (R-32) to be the most likely at higher to the equilibrium H2 - 2H. In the nonsooting
temperatures. The alternative products CH 3O + H flames, this behaviour is due primarily to the catalytic
(R-33) are frequently invoked, but this channel is un- cycle of the balanced reactions as also found by Kai-
likely to contribute significantly, as it is thermody- ser [20]:
namically even more unfavourable than R-32. The
H-atom abstraction routes to 3CH 2 + H20 (R34) or CH4 + H - CH3 + H2  (R25)
'CH 2 + H20 (R141) do not lead to C1 oxidation and
have no influence on the predictions. CH 3 + H + M - CH4 + M. (R23)

In the sooting flames, the oxidation of CH 3 is pre-
dicted to be insignificant, as shown by the dotted line In the sooting flames, the higher concentrations of
in Fig. 2a, but the experimental [Cl's] decrease nev- CH 4, and the involvement of many other hydrocar-
ertheless. The amount of acetylene taken up as soot bon pairs such as H2CCH/C3 H2 in the catalysis of
by surface growth reactions is negligible, and no re- the radical recombination, reinforce the equilibra-
alistic combination of rate constants for the decom- tion of the radicals. Now, however, the calculated
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initial approach to equilibrium is substantially faster too low and because their primary channel (CAH2 +
than observed experimentally-the reason for this OH - HCCOH + H - CH 2CO) is reversible under
discrepancy is not clear, but its impact on overall abil- postflame conditions.
ity of the model to describe our results is not signif- The underprediction of the rate of CH 3 oxidation
icant. (via CH 3 + OH - CH2OH + H -- CH 2 0) in the

Miller-Melius mechanism also derives mainly from
Higher Hydrocarbons: the reversibility of the process under postflame con-

ditions. A substantial increase in the rate constant
The modified mechanism describes accurately the assumed for the unimolecular decomposition of

behaviour of the C3's and C4's in the sooting flames. CH 2OH is supported by other estimates for this rate
For the C4's, this is more a reflection of the fact that and removes the bottleneck limiting the overall rate
the various hydrocarbons are largely equilibrated of CH 3 oxidation. The rate constant for
among themselves than a testament to the accuracy
of the mechanism as such. For example, the balanced CH 3 + OH - CH 2OH + H (R-32)
reactions R-101 and R124 have long been known to
tie the major C2 and C4 components to their equilib- is foundtobek- 32 = 1.9 X 101e m mols (±30%).
rium proportions [21]: An additional process is responsible for substantial

destruction of Cl's in the richest flames. This is sug-
C2H2 + H - C2H + H2  (R-101) gested to be

C2H + C2 H2 - C4 H 2 + H. (R124) CH 2CO + CH3 - C2 H, + CO (11220)

Partial equilibria are not so clearly established be- with k220 = 5 X 1012 cm 3 mol s ( ± 50%).
tween the Cj's and either the C2's or the C4's. Nev- The modelling of the concentrations of the higher
ertheless, the reversible addition of CQ's to C2's to hydrocarbons is governed by a tendency towards par-
form C3's (e.g., R160) and to C3 's to form C4's (e.g., tial equilibria with the CI's and C2's, and the present
R171) does ensure strong coupling between these results do not allow a detailed assessment of the
various classes of species [20]: mechanistic details in the model.
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COMMENTS

J. Warnatz, IT, Stuttgart University, Germany. What coefficient of 5.5 x 10'3 e-150i1 cml/mole-s which is oxi-
is the role of C, and C, species in oxidation by OH at the dative in nature as well as exothermic.
conditions of your work?

Author's Reply. The Miller-Melius mechanism does not REFERENCE
include any OH-oxidation reactions for species larger than
C,'s. Of the Cj's and C,'s, only CH2 and CH, are oxidized 1. S. D6 b6 et al., Gas Kinetics Symposium, Dublin, Sep-
by OH, with rate constants approaching gas-kinetic limits. tember, 1994.
Since these species are the dominant forms of the C, and
C, species, respectively, the model tends therefore to give
something approaching an upper-limit estimate of the ti-
portance of the oxidation of C3's and C4's by OH.

In the modelling of our flames, <10% of C0O bonds James A. Miller, Sandia National Laboratories, USA.
are formed by oxidation of CAH, and CAH,, resulting in How would it have affected your analysis if our mechanism
negligible additional uncertainty in the analysis of the over- had included fairly rapid reactions in which hydroxyl and
all rate of hydrocarbon oxidation. Oxidation of higher hy- hydrogen atoms abstract a hydrogen from the OH end of
drocarbons would be negligible if it were included, because hydroxy-acetylene, i.e., OH + HOC2H 4 HCCO + H20
of the very low concentrations of these species under our and H + HOC2H 4- HCCO + H 2? The ketenyl radical
conditions. would naturally feed into the rest of the mechanism. I think

this is the most likely way of breaking the "bottleneck" to
which you refer in your paper.

Horst-Henning Grotheer, DLR, Germany. You describe Author's Reply. The rate of removal of HOC2H to oxi-
"a fast reaction of CH3 + OH into oxidative channels with dation products needs to be higher by one to two orders
"a rate coefficient of 1.9 x 1013 cm'/mole-s obtained with of magnitude to enable us to describe the overall oxidation
"a high sensitivity. On thermochemical grounds, you doubt of C2H, via HOC2H.
that this number refers solely to the channel CH2OH + The reaction H + HOC2H - CHCO + H is already
H since in this case the reverse reaction would be close to in the mechanism with k = 1011 em'/mol s. Addition of
or even larger than collision frequency. This argumentation the parallel channel H + HOCH - HCCO + H2, with
is supported by new measurements of D6 b6 et al. [1] lead- a similar rate constant, would therefore do little to resolve
ing to dHf (CHOH) = -2.5 kcal/mole at 300 K. This the bottleneck observed under our conditions. However, if
conflict might be resolved by inclusion of the product chan- one, or both, of these reactions were taken to have a rate
nel HCOH + H, (this Symposium) with a tentative rate constant of 2-5 X 1014 cm3/mol• s, the bottleneck would
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indeed be removed. Of course, the rate constant for the adversely affect other predictions of the Miller-Melius

overall reaction C9H2 + OH would still have to be as re- mechanism?
ported here, rather than as found described by Miller and Anthers Reply. The modelling of any situation where
Melius. oxidation is driven mostly by 0 or 02 is unlikely to be af-

fected by the changes we propose. Such situations include
very fuel-rich flame zones, as modelled by Miller and Mel-
ins in their original paper (our Ref. 3). We have in fact
confirmed, using the PREMIX code, that the changes pro-

Stephen Niksa, SRI International, USA. Did you check posed do not significantly influence the predictions shown
to see if the changes you made to the rate constants will in that original paper.
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KEROSENE COMBUSTION AT PRESSURES UP TO 40 ATM: EXPERIMENTAL
STUDY AND DETAILED CHEMICAL KINETIC MODELING

PHILIPPE DAGAUT, MARCELLINE REUILLON, JEAN-CLAUDE BOETTNER AND MICHEL CATHONNET

Laboratoire de Combustion et SystWies Rdactifs-C.N.R.S.
1 C, Avenue de la Recherche Scientifique

45071 Orleans, Cedex 2, France

The oxidation of TRO kerosene (jet Al aviation fuel) was studied in a jet-stirred reactor (JSR) at pressures
extending from 10 to 40 atm, in the temperature range 750-1150 K. A large number of reaction inter-
mediates were identified, and their concentrations were followed for reaction yields ranging from low
conversion to the formation of the final products. A reference hydrocarbon, n-decane, studied under the
same experimental conditions gave very similar experimental concentration profiles for the main oxidation
products.

Because of the strong analogy between n-decane and kerosene oxidation kinetics, a detailed chemical
kinetic reaction mechanism describing the oxidation of n-decane was built to reproduce the present ex-
perimental results. This mechanism includes 573 elementary reactions, most of them being reversible,
among 90 chemical species. A reasonably good prediction of the concentrations of major species was
obtained by computation, covering the whole range of temperatures, pressures, and equivalence ratios of
the experiments.

A kinetic analysis performed to identify the dominant reaction steps of the mechanism shows that, under
the conditions of the present study (intermediate temperature and high pressure), HO 2 radicals are im-
portant chain carriers leading to the formation of the branching agent H20 2.

Introduction jet-stirred reactor (JSR) at atmospheric pressure, a
quasi-global model was proposed to reproduce the

Numerical modeling has become an essential part concentration profiles of the major chemical species.
of combustion research for a better prediction of per- However, the validity of such a quasi-global meeha-
formances and emissions of many combustion sys- nism cannot be extended to the whole range of op-
tems. In combustion models, the importance of crating conditions of an engine, particularly at high
chemical kinetics has increased continuously. It has pressure. Because of the superiority of detailed
been proved, in fact, that a good representation of chemical kinetic mechanisms over quasi-global mod-
chemistry interactions is essential for the predictive els for predicting combustion chemistry features, we
capabilities of numerical models. Moreover, the va- have begun to develop detailed mechanisms for the
lidity domain of a given model and of its chemical oxidation of higher alkanes in the intermediate- and
kinetic submodel in terms of temperature, pressure, high-temperature ranges [2,3].

and equivalence ratio has to be large enough in order In the present study, new experimental data have
to include the wide range of operating conditions of been obtained for the oxidation of kerosene in a JSR

many combustion systems. This is particularly true at 10, 20, and 40 bars. A detailed chemical kinetic

for the simultaneous prediction of carbon monoxide reaction mechanism built for the oxidation of n-dec-
and unburnt hydrocarbons, which arc intermediate ane was tentatively used to model the present exper-in ehyd ongs, mhariinlfrmediat iments in order to show that, to some extent, major
products of combustion in engines, mainly formed at experimental species concentration profiles obtained
low ratings, and of nitrogen oxides, which are mostly in kerosene oxidation in a JSR from 10 to 40 bars can
produced at high temperature. Numerous studies in reasonably be predicted.
the field of chemical kinetics have been done in the
past, leading to the conception of reaction mecha-
nisms with growing complexity to describe the oxi- Experimental Study
dation of a great variety of fuels. However, the mod- Experimental Details:
els used for the combustion of commercial fuels are
restricted to single-step empirical expressions or A new experimental setup was built for the study
global multistep schemes. of liquid fuel oxidation at high pressure. It is derived

In a previous study [1] on kerosene oxidation in a from previous jet-stirred reactor experiments in this
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laboratory [2,4] and has been described elsewhere the main intermediate molecular products of kero-
[5]. The quartz jet-stirred reactor is enclosed in a sene oxidation are carbon monoxide, lower alkenes
stainless steel pressure-resistant jacket filled with in- (ethylene, propene, 1-butene), methane, and lower
sulating material. A regulated nitrogen flow in the unsaturated hydrocarbons (acetylene, propadiene,
outer part of the reactor balances the pressure inside propyne). Among other products, we detected C6-
the reaction cell, allowing operation at pressures as C9 alkenes and aromatics (benzene, toluene, and xy-
high as 40 bars. The reactor is heated by a regulated lenes). Figure 1 shows an example of the concentra-
electrical resistance system. tion profiles of major products and intermediates

Before its introduction into the reactor, the liquid from low to high reaction extent.
fuel is atomized through a small annular orifice in a A previous study [6] on n-decane oxidation at at-
nitrogen flow and prevaporized in a heated vaporizer. mospheric pressure showed that the main products
The vapors are mixed with a preheated nitrogen and identified were also found in kerosene oxidation [1].
oxygen flow at the entrance of the injectors. The fuel n-Decane oxidation was examined again, under the
is delivered at a precise flow rate into the vaporizer experimental conditions of the present study, i.e., at
by a high-pressure liquid chromatography pump, and higher pressure and reaction yield than before, and
the flow rates of the gases are measured and regu- these new experiments showed that, in n-decane and
lated by mass flow controllers. All the gases are pre- kerosene oxidation, most of the products are the
heated before injection by a regulated 12.5-kW in- same. The main difference between the two fuels is
duction heating system. the presence of aromatics in significant amounts in

The temperature of the gases inside the reactor is kerosene oxidation. These aromatics are mostly pro-
measured by moving an uncoated chromel-alumel duced from the aromatic fraction of kerosene. In ad-
thermocouple of 0.16-mm diameter along a whole dition, our experiments show that the reactivities of
diameter. Heat losses by radiation are neglected n-decane and TRO-kerosene are very similar, as can
since the reactor wall temperature is nearly identical be seen in Fig. 2, where the concentration profiles
to that of the gases. Heating of the entering gases of the main products of kerosene and n-decane oxi-
and of the reactor permitted operation up to -1300 dation have been plotted vs the temperature for
K with temperature gradients across the reactor of identical initial conditions. This similarity between
less than 10 K. Because of the high dilution of the the reaction products of kerosene and n-decane is
fuel (0.1% or less by volume), no flame occurs in the not restricted to our experimental conditions, since
reactor, and operation at steady state is possible. it was also observed in a low-pressure flat-flame ex-

Gas samples are collected at low pressure (20-30 periment [7].
torr) through a sonic quartz probe. In this study, in
order to follow the fuel oxidation from low to high
conversion, the temperature of the gases in the re- Chemical Kinetic Modeling
actor was varied stepwise at a constant mean resi-
dence time. The strong analogy between kerosene and n-dee-

Several gas chromatographs equipped with capil- ane oxidation led us to represent kerosene oxidation
lary columns and a GC/MS system were used for the by a detailed chemical kinetic mechanism built for
analysis of the samples, as described elsewhere [5]. n-decane oxidation.
Carbon balance was checked for every sample and
was found good within •ý5%. Elaboration of a Detailed Reaction Mechanism:
Experimental Results: The main sequences of reactions occurring in the

oxidation and ignition of higher alkanes have been

The oxidation of TRO kerosene (Jet Al aviation described in several papers [8,9,10,11,12,13]. Be-
fuel) was studied in the temperature range 750-1150 cause many small hydrocarbons are found as inter-
K for an initial fuel concentration ranging from 0.025 mediate products in the oxidation of large hydrocar-
to 0.1% at equivalence ratios extending from 0.5 to bon fuels, a detailed chemical kinetic reaction
1.5. The concentration profiles of stable species were mechanism for large hydrocarbons has a hierarchical
obtained for different mean residence times in the structure. The basis of the detailed mechanism de-
reactor (0.5-2 s), corresponding to reaction yields veloped for n-decane oxidation was the mechanism
ranging from low conversion to the formation of the previously written for n-heptane oxidation [3], and
final products, validated by extensive comparison between experi-

The experimental procedure used allowed inves- ments and simulations for lower hydrocarbons. Re-
tigation of a very large temperature interval and actions of species with more than seven carbon atoms
showed that, at temperatures lower than 750 K, the were added, using the procedure described in Refs.
oxidation is governed by low-temperature chemistry, 10 and 11 for reaction classification and rate constant
as described elsewhere for n-heptane [5]. In the tem- values. However, the present study is restricted to
perature range considered, as shown previously [1], the intermediate-temperature regime, and conse-
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FIG. 1. Experimental concentration profiles obtained for the oxidation of kerosene at 10 atm. Initial mole fractions

were 10 s for kerosene and 1.65 x 10-2 for 02; equivalence ratio = 1; residence time = 0.5 s. (a): )< 02, 0 CO, 0
CO2, V H2, + CH2O, LI n-decane, 0 1,2,4-trimethylbenzene; (b): * C2H2, LI CH4, X C 2H 6s, 1-butene, + C2H6, 0
C2H2, V 1-pentene, 0 propyne, A propadiene; (c): ± 1-hexene, * 1-heptene, 0 1-octene, 0 1-nonene, LI benzene, X
tolnene, A o-xylene, S p-xylene.)

quently, the chemical mechanism is simpler than the alkyl radical pius an alkene, as descrihed for octyl
one developed in Ref. 11, since low-temperature re- radicals hy Dryer and Brezinsky [8]. Isomerization of
actions can he neglected. n-decyl radicals must also he taken into account,

The first part of the mechanism consists of reac- mainly hy H-atom migration across five carhon at-
tions consuming n-decane: initiation and reaction oms, hut also across four and six carhon atoms. In
with radicals. Initiation occurs mainly through ther- the present mechanism, these reactions (thermal de-
meal decomposition forming two alkyl radicals, hut composition and isomerization) have heen written
also through H-atom ahstraction by 02. Reactions for alkyl radicals from C4 to C10. They control the
with radicals consist of the ahstraction of an H atom distrihution of intermediate hydrocarhons. The elab-
from n-decane to form five different n-decyl radicals oration of the >C7 mechanism subset was not suhject
depending on the site of the ahstracted H atom. Each to kinetic parameter tuning as was necessary in the
n-decyl radical then thermally decomposes to give an quasi-glohal scheme.
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The complete mechanism includes 573 elemen- 10-2 (4 -(.
tar> reactions, most of them being reversible, among 10
90 chemical species. The rate constants for reverse
reactions were computed from the forward rate con-
stants and the appropriate equilibrium constants, - 10-3 A

which were calculated from the sources listed in Ref. .2
3. In addition, the pressure dependence of unimo-
lecular reactions and of some pressure-dependent bi- L 1 -4 E
molecular reactions was taken into account when in- .2 1P
formation was available, as described in Ref. 14. 0

10-o
Comparison with Experiments: El

The chemical kinetic reaction mechanism used in 10.6 I I I
this study was first checked against experimental pro- 700 800 900 1000 1100 1200
files obtained in a study of n-decane oxidation at 1
and 10 atm for several equivalence ratios (0.1-1.5). Temperature/K
A good agreement was observed for major species (a)
(n-decane, oxygen, carbon oxides, ethylene, and
methane). Although minor species concentrations 0.002
are not so closely reproduced, it was not attempted
at this stage to tune some rate constant values for a 0.001
better agreement between computations and exper- E] E E
iments. [ H

The same mechanism was then used for the pre- E H , 1)[
diction of kerosene experiments. As expected from - 2,10-"4
the similarity between n-decane and kerosene oxi- L !

dation under the present experimental conditions, IL 1*10.04 u
the n-decane mechanism can predict with sufficient 7 0\

accuracy the observed reactivity of kerosene up to 40 2
atm: the concentration profiles of oxygen, CO, and
CO2 are well reproduced, as can be observed in Figs. 2-10-o5  El
3 through 7. Concerning other products, most of 1*10_ ;
them are reproduced within an order of magnitude . I I I
or better (Figs. 3 through 7). A similar agreement 700 800 900 1000 1100 1200
was observed [15] for the prediction of previous ex-
perimental results obtained at 1 atm [1]. Temperature/K

(b)

Kinetic Analysis: Fig. 2. Comparison between the experimental concen-

Kinetic analysis is useful to understand the main tration profiles obtained for the oxidation of n-decane

frame of a complex mechanism and to determine the (filled symbols) and of kerosene (open symbols) at 10 atm.

most important reaction routes, in particular when Initial fuel mole fraction = 10-1; equivalence ratio = 1;

the mechanism has to be reduced. Such kinetic anal- residence time = 0.5 s. (a): 0-0 02; U-L CO; A-A CO2;

yses have been described in detail in our previous (b) U-L CH4; 0-0 CH.)
studies on large alkanes (n-pentane [2] and n-hep-
tane [3]) oxidation. They showed some differences in nant reaction routes under the present expenmental
the predominant reaction steps near 1000 K under conditions.
the conditions of our jet-stirred reactor experiments It is clear that the conditions of the present study
with the high-temperature regime (shock-tube ex-periments, or higher temperature well-stirred reae- (pressure higher than 1 atm and temperature be-
tor experiments [16]), although some reaction pro- tween 800 and 1100 K) are those of the intermediateplayex anrim portant16 roleainhboh somes Heiower,- temperature range where HO 2 radicals play a signif-cesses play an important role in both cases. However, icant role [12]. Kinetic analysis shows that these rad-these experimental studies on higher alkanes [2,3] icals are mainly formed by reaction of alkyl radicals
have been performed at atmospheric pressure, and icl acd
those on hydrocarbons up to C4 [17-20] were re-
stricted to 10 atm. Since the present work extends to
40 atm, it is interesting to investigate the predomi- R + 02 = alkene + HO2 (a)
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FIG. 3. Comparison between computation (lines) and FIG. 5. Comparison between computation (lines and
experiments (symbols) under the following conditions: P small symbols) and experiments (large symbols) under the
= 10 atm; initial fuel mole fraction = 10 3; equivalence following conditions: P = 10 atm; initial fuel mole fraction
ratio = 0.5; residence time = 0.5 s. + -.... 02; 1]- = 10 3; equivalence ratio = 1.5; residence time 0.5 s.
CO; A --- CO,; 0 '-- CH4; * -- CH. + .--.-- 02; El-CO; A--- C0 2 0- CH 4 ;

*--- C2HA; 0 - CHO.

10-10.2

_.e / •.A + u_ 10.
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700 800 900 1000 1100 1200 10-6, ' .. I.. .. •..
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FIG. 4. Comparison between computation (lines) and
experiments (symbols) under the following conditions: P FIc. 6. Comparison between computation (lines and

= 10 atm; initial fuel mole fraction = 10-; equivalence small symbols) and experiments (large symbols) under the

ratio= 1.0; residence time = 0.5 s. + .... 03; LI- following conditions: P= 20 atm; initial fuel mole fraction

CO; A--- CO 5; 0--- CH4; *--- CH 4 ; 0 ... =5 X 10-4; equivalenceeratio = 1; residenceetime = 1.0

CH 50. s. +-..... 03; ELI- CO; A--- CO 5; 0--'- CH4;
*-- C 2 H 4 ; ... CHO.

However, since we measured decenes only at trace kenes through reaction (a). However, at high reaction

levels in ri-decane oxidation, the major pathways for extent, HCO radicals become the main source of

large alkyl radicals are thermal decomposition and HO 2 radicals through reaction (b):

isomerization; consequently, reaction (a) was only
written for radicals with seven carbon atoms or less. HCO + O2 = CO + HO 2. (h)

Kinetic analysis shows an important contribution

of ethyl, propyl, hutyl, and pentyl radical reactions When pressure increases, the importance of reaction

with O2 at high pressure with the formation of al- (b) decreases because of the competitive process (c):
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present study, reaction (d) dominates over the high-
_ -_ ........ temperature chain-branching process:

H + 02 = OH+ (i)

o , since, at 1150 K, the ratio of the rates of these two

a o0-reactions, R,/li, is equal to 10 at 40 atm and to 2.5
S'" \at 10 atm. However, its value at 1 atm and 1150 K is

C.• •.• •.only 0.25, showing that, under the conditions of our
S2 'previous study [1] (1 atm and around 1000 K), re-

10.o ! action (i) competes with reaction (d), which is also
the case at higher temperatures than those of the
present study for pressures above 1 atm [12].

Finally, the chain-branching process under the

10.6 .... I . , . present experimental conditions is controlled by the
700 800 900 1000 1100 1200 reaction sequence (g) + (h), which forms two OH

Temperature/K radicals from a single HO 2 radical through H20 2 de-
composition. This statement is confirmed by sensi-

FIG. 7. Comparison between computation (lines and tivity analysis, which shows that, in the major portion

small symbols) and experiments (large symbols) in the fol- of the temperature range of this study, the compu-
lowing conditions: P = 40 atm; initial fuel mole fraction tation is very sensitive to the rate constant of reaction

= 2.5 X 10- ; equivalence ratio = 1; residence time = (h). However, at 1150 K, although reaction (d) is
2.0 s, + -.... 02; [-1- CO; A--- C0M; 0-- CH4; largely dominant over reaction (i) in the range 10-

*-- CH 4; 0- ..- CH2O. 40 atm, with large amounts of HO 2 and H2 O2 being
formed as shown above, the most sensitive reaction
is reaction (i).

HCO + M = H + CO + M (c)

and a growing fraction of HO2 radicals is formed Discussion
from H atoms through reaction (d):

Our modeling study shows that the oxidation
H + 02 + M = HO2 + M. (d) mechanism of a single alkane, n-decane, can predict

the overall combustion behavior of a commercial fuel
Reactions of HO 2 radicals form H20 2, which is like TRO (Jet Al) kerosene. This result can be ex-
mainly produced at low reaction extent, by reaction plained by the composition of this aviation fuel where
with n-decane: alkanes constitute the major fraction. It also means

that aromatics, which represent less than 20% in vol-
Cl 0H 22 + HO 2 = Cl 0 H 21 + H 20 2  (e) ume of this fuel, do not have a pronounced effect on

the overall combustion chemistry of the alkane frac-
As soon as HO2 radicals concentration begins to tion under the conditions of this study.
grow, their self reaction becomes the main source of The present kinetic analysis confirms earlier ob-
11-02: servations on the chemistry of higher alkane oxi-

dation [2,3,12,15] and the effect of pressure
HO 2 + HO2 = H 20 2  (f) [19,20,21,22] in the intermediate-temperature range.

In this oxidation regime, at high pressure, the oxi-
wvith a smnall contribution of H-donor intermediates: dation process is dominated by HO2 and H20 2 chem-

istry. In the same temperature range, the main re-
XH + HO, = X + H202 . (g) action paths of large alkyl radicals are their thermal

decomposition and isomerization, a reaction that also
In the temperature range of the present study, H202  prevails in the high-temperature regime. In addition,
decomposes to form two OH radicals: sensitivity analyses show that the high-temperature

branching process through H atoms, reaction (i),
H202 + M = OH + OH + M. (h) controls the oxidation sequence at 1 atm and for the

highest temperature of the present studies. For this
Under the present experimental conditions, the OH reason, the same mechanism could be used for ker-
radical was found to be the most important chain osene oxidation in the high-temperature range in
carrier for the consumption of n-decane and of in- shock tubes, as shown for n-pentane [2] and n-hep-
termediates, including CH 20 and CO. tane [3] oxidation, or in flames.

Even at the highest temperature (1150 K) of the This kinetic analysis thus demonstrates the impor-
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tance of experimental studies at high pressure for 4. Dagaut, P., Cathonnet, M., Ronan, J.-P., Foulatier, R.,
extending the validity domain of detailed mecha- Quilgars, A., Boettner, J.-C., Gaillard, F., and James,
nisms. Our experimental technique was shown to be H., J. Phys. E: Sei. Instrum. 19:207 (1986).
useful for such studies in a large temperature range, 5. Dagaut, P., Reuillon, M., and Cathonnet, M., Comn-
including the intermediate- and low-temperature bust. Sci. Technol. 95:233 (1994).
ranges corresponding to the ignition domain in in- 6. Balbs-Guhret, C., Cathonnet, M., Boettner, J.-C., and
ternal combustion engines [23]. Gaillard, F., Energy Fuels 6:189 (1992).

7. Vovelle, C., Delfau, J.-L., Reuillon, M., Akrich, R.,
Boubria, M., and Sanogo, 0., 202nd ACS National

Conclusion Meeting, American Chemical Society, Washington,
DC, 1991, Vol. 36, no. 4, p. 1456.

This study provides new experimental kinetic data 8. Dryer, F. L., and Brezinsky, K., Combust. Sci. Tech-
on kerosene oxidation from 10 to 40 bars. A detailed nol., 45:199 (1985).
chemical kinetic reaction mechanism written for ~nl,4:9 18)

9. Wamatz, J., Twentieth Symposium (International) on
n-decane oxidation was used to predict with reason-
able accuracy the main combustion characteristics of Cmsi, Th C o t t
kerosene in the conditions of this study. A kinetic 1 1985, p. 845.analysis was performed inorder to identify the con- A0 xeisson, E. I., Brezinshy, K., Dryer, F. L., Pits, W. J.,
aalyis was ror ino the con- and Westbrook, C. K., Twenty-First Symposium (In-

As demonstrated by previous studies of light hy- ternational) on Combustion, The Combustion Insti-

drocarbon oxidation [24], the use of a detailed mech- tute, Pittsburgh, 1987, p. 783.

anism involving a great number of chemical inter- 11. Westbrook, C. K., Warnatz, J., and Pitz, W. J., Twenty-

mediates validated on JSR data gives the warranty of Second Symposium (International) on Combustion,

the mechanism's predictive capability in a wide range The Combustion Institute, Pittsburgh, 1988, p. 893.

of temperature, pressure (up to 40 bars in the present 12. Dryer, F., in Fossil Fuel Combustion (W. Bartok and

case), and equivalence ratios and the possible exten- A. F. Sarofim, Eds.), John Wiley & Sons, Inc., New

sion to higher temperature conditions. For this rea- York, 1991, p. 121.

son, although most of the experimental data used for 13. Wamatz, J., Twenty-Fourth Symposium (Interna-

the mechanism's validation were obtained in the in- tional) on Combustion, The Combustion Institute,
termediate-temperature range, it could also apply Pittsburgh, 1992, p. 553.
with a reasonable degree of confidence to the high- 14. Dagaut, P., Cathonnet, M., and Boettner, J.-C., Int. J.
temperature regime. However, this study shows that Chem. Kinet., 23:437 (1991).
more precise modeling of kerosene combustion re- 15. Cathonnet, M., Balbs-Gu6ret, C., Chakir, A., Dagaut,
quires some improvements of this mechanism. In- P., Boettner, J.-C., and Schultz, J.-L., Third European
eluding the aromatic hydrocarbon chemistry is prob- Propulsion Forum, Association Astronautique et
ably necessary. The inclusion of soot precursor A6ronautique de France, Paris, 1991, p. 313.
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validation (including flame structure predictions) of Malte, P. C., Combust. Flame 72:45 (1988).
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COMMENTS

TimothyJ. Held, Princeton University, USA. In the 10- However, Fig. 2 shows that kerosene oxidation forms
atm n-decane experiment, a small increase in reactivity at slightly less ethylene than n-decane oxidation. The reason
low temperature could be noted, consistent with the high- is that many of the paraffinic constituents of kerosene are
temperature side of the negative temperature coefficient branched alkanes, and their oxidation forms less ethylene
regime. This feature was absent from the kerosene exper- than linear alkanes do. The same is true for the oxidation
iments. Have you conducted experiments on n-decane ox- of naphtenes and aromatics. Nevertheless, it appears that
idation with an appropriate amount of a representative ar- the difference in the concentration levels of ethylene in the
omatic compound added, to determine whether the oxidation of n-decane and kerosene is much smaller than
aromatic fraction of kerosene is responsible for the differ- that we observed in the comparison between the oxidation
ence? of a linear alkane like n-heptane and that of a branched

alkane with many tertiary C atoms like iso-octane [1]. This
Author's Reply. In kerosene oxidation, the negative tem- justifies the choice of a linear alkane, n-decane, as repre-

perature coefficient was observed: It is less marked than in sentative of kerosene.
n-decane oxidation. This is due to the fact that kerosene
reactivity in the lower temperature range (<750 K in the
conditions of our experiments) is lower than n-decane reac- REFERENCE
tivity, probably because of the presence in kerosene of ar-
omatic hydrocarbons. However, we have not performed, 1. Dagaut, P., Reuillon, M., and Cathonnet, M., Combust.
in this temperature range, experiments on n-decane oxi- Sci. Technol. 95:233 (1994).
dation with some amount of aromatics added.

A. E. Jacob Akanetuk, Stanford University, USA. Results
Vladhnir Zarmansky, Energy and Environmental Re- were presented showing concentration vs temperature at

search Corp., USA. Kerosene includes significant amounts fixed residence times. How do these residence times com-
of aromatic, cyclic, and nonsaturated hydrocarbons. Could pare to the characteristic reaction times? If the residence
you comment on why there is no visible difference between times were longer than characteristic reaction times, then
the major oxidation products of kerosene and n-decane. how effective was the model used in describing transient

evolution of species profiles?
Author's Reply. The chemical composition (in weight) of

the TRO kerosene (Jet Al aviation fuel) used in the present Author's Reply. The working conditions in the reactor
study is the following: 79% alkanes, 10% naphtenes, and are such that the characteristic reaction times are longer
11% aromatics. Unlike gasoline, kerosene contains almost than the residence times. This is verified by the facts that
no unsaturated hydrocarbons. Since alkanes are the main the reaction never goes to completion and that the reaction
constituents of kerosene, and since they are more reactive yield varies with the mean residence time. The control of
than naphtenes and aromatics, it is not surprising that the the chemical time is obtained by keeping the fuel mole
concentration profiles of the main oxidation products of fraction at a low level, using nitrogen as diluent, and by
kerosene are similar to those of a parent alkane, n-decane. limiting the experimental temperature to 1200 K.
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COOL FLAMES AND OSCILLATIONS IN HYDROCARBON OXIDATION

A. A. MANTASHYAN

Institute of Chemical Physics NAS of Armenia
375044 Yerevan, P. Sevak str. 5/2, Armenia

Stabilized cool flames and oscillations of propane and butane have been studied. An experimental tech-
nique has been developed, which enabled for the first time the detection of free radicals in stabilized cool
flames of hydrocarbons. For this purpose, a two-section flow reactor has been constructed. Cool flame
appears in the second section and stabilizes there.

In order to detect free radicals and examine their behaviour, a small part of the gas flow was sampled
from each section continuously and directed at low pressure to a freezing pin at liquid nitrogen temperature
inside the cavity of an electron paramagnetic resonance (EPR) spectrometer.

It has been shown that when passing from the first section (preflame zone) to the stabilized cool flame
zone, the concentration of radicals increases abruptly. For example, in the case of propane (C2 H,:O2 =
1:1; P = 270 torr; T = 320 °C), the radical concentration makes up 6 • 1012 molecules/cma, whereas in

the cool flame zone it is 3 • 1014 molecules/cmr at the same temperature. This abrupt change of radical
concentration is caused by the self-accelerated chain process.

The temperature increase in the cool flame zone results in an increase of the radical quantity. The

further temperature increase leads to the decrease of radical quantity, and the flame fades at T = 370 'C
to 380 'C.

Asymmetric profiles of temperature, radical concentration, and stable products appear in the cool flame
zone along the vertical cross section of the reactor.

It is shown that the regularities observed are the results of nonlinear processes with the participation of
free radicals. The same results are obtained for other hydrocarbons and mixtures.

By changing the process parameters, damped and stable oscillations are observed, which are correlated
to cool flame characteristics.

Stabilized cool flames of propane and butane have been studied in a special two-section reactor.
Direct experimental data have been obtained on the behaviour and nature of free radicals in the sta-

bilized cool flame. It has been ascertained that the appearance and stabilization of the cool flame are
accompanied by an abrupt increase of radical concentration caused by the rapid self-accelerated chain
process. The temperature increase above 350 'C to 360 'C adversely affects the process development. The
radical concentration is decreased, and the cool flame is damped.

The oscillation regimes of the oxidative process have also been studied in the two-section reactor.
A correlation between the cool flame phenomenon and the oscillations has been verified.

Introduction Experimental

Direct experimental data on free radicals in the A special two-sectional flow reactor [10,11] was

chain reaction of hydrocarbon oxidation obtained for developed to study stabilized cool flames with mea-
the first time in Refs. 1 through 9 confirmed, in many surement of free radicals. In such a system, it is pos-

respects, our ideas about a mechanism of these com- sible also to realize and study the oscillatory oxidation

plex chemical reactions. At the same time, a necessity regimes [12,13]. The reactor sections consist of two

was revealed to study cool flames, oscillatory pro- cylindrical vessels of the same diameter (d, = d2 =

cesses, and combustion chemistry as a whole on a 6.1 cm), made from glass or silica, and different

new level. In the present report, the results of studies lengths (11 = 28 Cm; 12 = 11.5 cm), connected to
each other through a narrow tube (d = 0.7 cm)

performed at the Laboratory of Hydrocarbon Oxi- [10,11] (Fig. 1). Each section was heated separately.

dation of the Institute of Chemical Physics NAS of The temperature profiles in the zone of stabilized

Armenia are summarized. cool flame were measured by means of thin chromel-
These results permit evaluation of a mechanism of alumel thermocouples. Samples of the reacting gas

cool flames and oscillations on the base of direct ex- mixture were taken from the stabilized cool flame

perimental data on free radicals. zone for chromatographic analysis.
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] V /the radical termination were realized on the two

2' 2 covers of differential thermocouple and, therefore,
" 1 -- F>- different heat releases on these surfaces. The differ-

-J I I r• I F ential thermocouple registers the change in temper-

i ature difference-AT, which is related to the changing
___- radical concentration in time.

The study of stabilized cool flames was carried out

4 Ir' at pressures in the range 250-350 torr and RH:02 =

... .......... It should be noted that for all the systems studied,
cool flame appearance is accompanied by an abrupt

L.4• temperature increase in the second section of the
__.__ "_ .•.reactor. It takes place at well-defined residence times

in the preflame zone. At the given temperature, the

FiG. 1. Schematic diagram of reaction system. I: pre- flame is stabilized, and the definite heat regime is
flame region; II: stabilized cool flame region; 1,1': slit di- established. Experimental results obtained for pro-
aphragm; 2,2': pin for radical accumulation; 3,3': EPR pane-oxygen mixture show that at a pressure of about
spectrometer cavity; 4,4': thermocouple. 270 torr and at the same initial temperature in the

first and second sections (T1 = T2 609 K), cool
flame appears at a residence time r = 28 s in the

In order to measure free radical concentrations first section.
and to examine their behaviour, a small part of the It has been shown that an abrupt increase of free
gas flow was sampled continuously from each section radical concentration compared to that in the pre-
of the reactor through a diaphragm. Gases were col- flame takes place in the stabilized cool flame zone.
lected at low pressure for freezing at liquid nitrogen At the above-mentioned conditions, the concentra-
temperature. Paramagnetic specimens accumulated tion of free radicals in the first section is about
in a freezing pin placed into the cavity of an EPR 6 • 1012 molecules/cm 3 , whereas in the stabilized
spectrometer. Registration of EPR spectra was per- cool flame zone it is 2.3 1014 molecules/cm 3 at ap-
formed during the course of free radical accumula- proximately the same temperature [10,11]. In this
tion. Othy about 3% of the total amount of gases case, propane conversion does not exceed 5%. The
passed through the reactor was sampled through the temperature near the reactor wall in the second sec-
diaphragm. Therefore, the process was essentially tion is 618-619 K, and in the middle of the reactor,
not disturbed. The kinetic method of radical freezing it is about 624 K. As a result, the temperature of the
is described in detail in Refs. 1 and 2. stahilized cool flame is higher by only 20'-24' than

Cool flames were studied for the oxidation ofhydro- that of the first section. Thus, the abrupt increase of
carbons with different structure: propane [10,11,16- the rate of oxidation reaction cannot be caused by
18], propylene [19], normal and iso-botanes [20-23], th rate ofeoxiatin ration cn otahe au
and also their mixtures [23]. Weak blue luminescence, such small overheating. The rate of propane oxida-
well visible in a dark room, is typical for stabilized cool tion would only be changed negligibly due to such

flames. The technique enables one to change the tem- temperature change, in accordance with Arrhenius

perature of a stabilized cool flame by changing the law. The observed abrupt increase of the radical

heating of the second section keeping the tempera_ quantity may be caused by a self-accelerated chain

ture of the first one constant. In this way, it is possible process.
to study the structure of stabilized cool flame at the To examine the temperature dependences of the
different temperatures and therefore to obtain infor- radical concentration in the cool flame, its tempera-
mation for all conditions appearing in cool flame flash ture was changed by changing the heating of the see-
in an isolated reaction vessel. ond reaction section.

The two-sectional reactor also enables the study of In the stabilized cool flame zone, the nonuniform
the oscillatory oxidation regime under definite con- temperature field is established, and the temperature
ditions [12,13] (velocity of gas flow, temperature, was also measured at the radical sampling point [11].
etc.). Oscillations were observed as the temperature It should be noted that EPR spectra of free radicals
changes in time. A differential thermocouple was detected before the appearance of cool flame (in the
used to determine the oscillations of the radical con- first section) and that the spectra of the radicals fro-
centration. Each joint of the thermocouple was zen out from the cool flame zone are identical over
placed in thin-wall covers made from silica [24]. A the whole temperature range studied (T = 603-663
surface of one of the covers was treated by diethyl- K; Fig. 2) [11]. The registered spectra correspond to
ether of ortho-silic acid. Such treatment enables to EPR spectra of alkylperoxy radicals R02 or the mix-
change the probability of the radical termination on ture of HO 2 and R0 2 radicals. The temperature de-
the surface. As a result, two different probabilities of pendences of the radical concentration at constant
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/0S FIG. 3. Temperature dependence of radical concentra-
tion in a stabilized cool flame. A: concentration of radicals

in the preflame zone (P = 270 torr; CH,:O2 = 1:1)

FIG. 2. EPR spectrum of peroxy radicals frozen from
propane oxidation reaction.

temperature (T = 600-603 K) in the preflame zone
(in the first section) are presented in Fig. 3.

As can be seen, with the temperature increase to
620-630 K, the concentration of the radicals also in- 0 I I 0
creases and then abruptly decreases. At 660-680 K, 600 650 700
the radical concentration decreases to a level of slow T, Kf
oxidation reaction, and the flame dies out. The same
picture is observed for the brightness of cool flame FIG. 4. (1) Dependence of the maximum radical con-
luminescence. centrations on temperature and (2) dependence of the

Using the radical freezing method, other authors maximm of propane oxidation rates on temperature.
[25,26] showed that in a cool flame of ether [25] and
n-heptane [26], the radical concentrations decrease
as the temperature increases, while no rise in con- case was the same as for stabilized cool flame. The
centration has been observed. It must be noted that temperature suppresses a development of the cool
these authors performed the experiments in a very flame like as if it suppresses the slow reaction under
narrow range of the cool flame. conventional conditions of thermal oxidation (Fig. 4).

In our previous work [27], the behaviour of the Temperature dependences of the radical concen-
radicals in propane oxidation in the negative tem- tration in stabilized cool flames of n- and iso-butanes
perature coefficient (NTC) region had been studied, and propylene [13] are presented in Fig. 5.
The temperature dependence of the radicals in this In all the cases studied, the appearance of cool
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FIG. 5. Dependence of the concentration of radicals in 2
stable cool flame on temperature. 1-iso-C4 H10 + OQ at P
= 280 torr; 2-s-C 4 H 10 + 02 at P = 216 torr (dark symbols 0
= concentrations of radicals in preflame zone).

0 20 /0 450 to /00
flame is accompanied by the abrupt increase of rad- A 7
ical concentrations. The self-heating is higher than
those in the preflame zone, while the initial temper- FIG. 6. Temperature profiles and radical concentrations
ature in both sections was kept the same [18,22]. along the vertical axis of the reactor.

Temperature profiles were studied in detail both
in slow reaction and in the stabilized cool flame of
propane [18] and butanes [22]. It has been shown Concentration profiles of free radicals, as well as
that the temperature is constant along the horizontal the stable reaction products (aldehydes, alcohols,
reactor axis, whereas it is changing along its vertical peroxides, CO, C0 2, and others) coincide with the
axis. Asymmetric temperature profiles with the max- temperature profiles (Fig. 6). Thus, the cool flame
imum temperature above the horizontal axis of the may be considered as a complex chain process.
reactor are established (Fig. 6) [23]. As it has been shown [12-15], the different re-

The maximum temperature in these profiles in- gimes of oscillatory oxidation may be realized in a
creases with the increase of radical concentration, two-section reactor under certain flow conditions.
and then decreases at the higher temperatures in the The oscillatory oxidation has been studied by other
NTC region [23]. The appearance of such high self- researchers [30-32] in the well-stirred flow reactor.
heating in the cool flame is obviously connected with Data obtained in this two-section reactor evidence
the abrupt increase of free radical concentration, that the oscillations may also appear under conven-
Taking into account a small conversion of hydrocar- tional flow conditions without special stirring. Fac-
bon, it is natural to assume that the high values of tors such as gas flow velocity, equalizing of concen-
heat release may be caused by the mutual interaction tration and temperature profiles due to stirring, rate
of the radicals. of heat removal, and so on are only able to vary the

parameters at which the different types of oscillations
1. R0 2 + R0 2 -* 2aeO + 0a2 - AH 2  may occur. But the phenomenon itself is connected
2. R0,2 + R02 -- aldehyde + alcohol + 02 - AH with the chemistry of the process.
3. RO + R0 2 -* ROOH + aldehyde - AH3  It has been shown for propane [12,13], propylene,
4. RO + RO -- aldehyde + alcohol - AH4  and propylene-propane mixtures [13,14] that two
5. R0 2 + HO 2 - ROOH + 02 - AH1. types of oscillations-damped and stable-occur in

According to thermochemical data, the value for the course of oxidation (Figs. 7 and 8). Oscillations
AH for reactions (3) and (4) may be equal to 65-95 occur during the cool flame stabilization. Tempera-
kcal/mol depending on BO radical structure. In these ture oscillations are observed after the abrupt tem-
reactions, particularly in reaction (4), there is a pos- perature increase in the second section of the reactor
sibility of the generation of excited formaldehyde up to the cool flame stabilization (Fig. 7). Cool flame
molecules, which, as it is known [28], are responsible stabilization takes place with a damping of oscilla-
for the luminescence in cool flame. It has been tions. The duration, frequency, and amplitude of
shown [29] that the excited formaldehyde molecules damped oscillations are dependent on initial experi-
are formed by the mutual interaction of RO radicals, mental conditions-initial temperature in the first
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FIG. 9. Regions of existence of different regimes of ox-

380 L idation of the mixture C3H.:O = 1:1 at P = 320 torr: (a)
slow reaction; (b) nondamped oscillations; (c) damped os-
cillations; and (d) stable cool flame.

360
temperature of the stabilized cool flame. Different
types of stable oscillations, harmonic, quasiharmonic,
and relaxational (Fig. 8) [13], have been observed.
For the last case, the time between two flashes is

60 -- considerably higher than that in the case of harmonic
oscillations which are sinusoidal. In addition, the am-

I ) I• •plitudes of relaxational oscillations considerably ex-
,30• V Vceed those of harmonic ones, reaching up to 40-50',

while the amplitudes of harmonic oscillations are
only a few degrees, sometimes only fractions of a

,_ _ _ _ degree. Maximum amplitudes typical for harmonic

oscillations do not exceed 10-15'.
Oscillations of free radical concentrations [24] for

the oscillation regimes studied were detected by
C means of a differential thermocouple. The difference

39 • -in temperature can reach up to 10-15' depending on
the absolute concentration of the radicals in the ox-
idation process. Under oscillatory regime, the differ-
ential thermocouple registers the oscillations of free

3'-i0 - radical concentrations. Oscillations of the radical
concentration during propane oscillatory oxidation
have been detected in this manner [24].

The regions of parameters for different regimes of
20/ oxidation in the case of propane-oxygen mixture at P

= 4.2 . 104 Pa are shown in Fig. 9 [13].
t Vrol") The whole set of the experimental data indicates

that there is a firm correlation between the phenom-FIG. 8. Different types of oscillations at IT = 12 s: (a) T., enon of cool flames and oscillations.

= 586 K; (b)T2 = 584 K; and (c) T2 = 581 K.

and second sections, gas flow velocity, and pressure. Conclusions
Damped oscillations may transform to the stable
ones with the constant amplitude and frequency de-
pendent on initial parameters. One can obtain stable 1. A new method of cool flame stabilization in a two-
oscillations by varying pressure, gas flow velocity, or section reactor has been developed. The method
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The autoignition characteristics of the reference fuels i-octane, n-heptane, and their mixtures at ten-
peratures 600-1500 K and pressures ranging 0.3-4.2 MPa are studied by means of a reduced kinetic
mechanism comprising five species in six reactions altogether. The scheme is readily adaptable to mixtures
of the primary reference fuels via input of an octane number between 0 (= n-heptane) and 100 (=
i-octane). Emphasis is placed on the dependence of ignition delay on gas temperature, on the evolution
of reaction as portrayed in the temperature-time records, and on the multitude of dynamic features, e.g.,

two-stage (or multistage) ignition and negative temperature coefficient characteristics inherent to alkane
combustion.

The reduced model was fitted to numerical results derived from quantitative kinetic modelling and
validated against currently available data from experimental systems. It was originally designed for appli-
cation in a computational fluid dynamics code based on a transport equation for the joint probability density
function (PDF) of the reacting species. Flame propagation and engine "knock" may thus be described by
one consistent model.

Introduction sofar that an extrapolation to engine operation con-
ditions of the models that are validated against these

The autoignition characteristics of higher hydro- results has to be on the basis of ill-defined reactant
carbons-the main constituents of Otto-engine pressure or concentration dependences. The most
fuel-are usually expressed in terms of an empirically notable exception are the extensive shock-tube stud-
derived octane number (which describes the "knock" ies of n-heptane and iso-octane ignition at pressures
properties of an appropriate mixture consisting of up to 4.2 MPa, as reported in Refs. 4 and 5.
n-heptane and iso-octane). Thus, mixtures of n-hep- Due to the very long ignition delays of iso-octane,
tane and iso-octane are the natural choice for sub- the available residence time (<10-2 s) of the reactive
stituting the kinetics of the extremely complex and gas mixture in the "control volume" of shock tubes is
virtually impossible to model, "real" fuels. However, not sufficient to allow for a satisfactory resolution of
a cautionary note has to be added, since real fuels the low-temperature range (T < 1000 K). On the
contain aromatics and olefins, which have distinctly other hand, rapid compression machines (RCM) face
different autoignition chemistries than do paraffins. the problem of prereactions occuring during the
In this case, the Research and Motor octane qualities compression stroke. The characteristics of heat dis-
may differ by 5-10 points (for the primary reference sipation, as pertaining to the particular experimental
fuels, they are equal by definition), device employed, play a major role in determining

Recently, there has been remarkable progress in the overall ignition delay. In order to avoid unac-
understanding the ignition behaviour of these fuel ceptable distortions, these effects would have to
substitutes, thanks to excellent experimental and the- be corrected most accurately in all modelling
oretical work [1-7]. However, in most of the cases, approaches [8]. We therefore chose to derive the
the experiments were limited to comparatively low general properties of the reduced five-step scheme
pressures (<1 MPa) and/or covered only a small directly from results obtained by a more comprehen-

range of temperature, pressure, and mixture com- sive kinetic modelling approach [7], thus avoiding
position. This makes modelling quite speculative in- ambiguous boundary conditions. Only then was the
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TABLE 1
Five-step reduced scheme for i-octane (n-heptane)

Reaction H~() (kJ/mol) A (mol m3 s) E/R (K)

1 F -- X 709.9 5.0 x 108 18,050
2 X 4- 12.5 (11) 0, -- P -4709.9 7.0 x 101 7,200
3 F + 202 -'1 -53.9 3.5 X 10i (3.85 X 1010) 19,500
3I - F + 20, 53.9 6.0 X 1027 37,500
4 1 -* 2Y -60.0 6.0 X 107 (2.0 X 10ý) 5,000
5 Y + 0.5F + 11.5(10)0, - P -3913.1 1.0 x 109 16,500

Arrhenius parameters for the rate constants k, = Ai exp( - E/RT) of the five-step scheme. The stoichiometric coeffi-
cients apply to i-octane combustion; the appropriate values for n-heptane oxidation are in parentheses. Coefficients for
mixtures must be interpolated.

model validated-as far as possible-against specific of a variable octane-number, while retaining its gen-
experimental combustion studies. eral simplicity, and (3) to explore the pressure de-

Several reduced models of the chemical kinetics pendences of the autoignition delay predicted by a
of hydrocarbon fuel autoignition exist to date. The very simple formal structure.
first was the so-called Shell model [9], which takes a When comparing the numerically obtained results
very generalized form. It was made more explicit by with experiments, we emulated the specific condi-
Cox and Cole [10] and Cowart et al. thereafter [11]. tions as far as possible, e.g., by considering the com-
All these models have in common that only those pression stroke in a rapid compression machine.
reaction paths in the low-temperature range, which
have a direct impact on the time of occurrence of
autoignition, are included. As a result, the high-tem- Kinetic Model and Its Application to Primary
perature (T > 1000 K) chemistry, important for de- Reference Fuels or Their Mixtures
scribing, e.g., flame propagation, are excluded.
Miller et al. [12] discuss a global kinetic model to The basic structure of the reduced kinetic model
represent the oxidation of n-heptane over the entire is shown in Table 1. The first two reactions ((1) and
temperature range 600-1500 K. The concept of a (2)), which govern the high-temperature oxidation,
model that has a minimal number of variables is ex- correspond to the original model [12], whereas the
tremely attractive, e.g., in multidimensional compu- low-temperature steps ((3) through (5)) were modi-
tational fluid dynamics (CFD) calculations, but it is fied to represent the degenerate branching charac-
essential that the underlying kinetic and thermal teristics of hydrocarbons in a most simple, albeit
properties of the combustion system must be encap- qualitative manner. We applied a sensitivity analysis
sulated in the structure, if the model is to have the to the more detailed reference scheme and thus ex-
potential for practical application. Unfortunately, dif- tracted the main constituent species [product spe-
ficulties arise with the model of M6ller et al. [12] cies, comparatively stable intermediates (i.e.,
because the prediction of ignition throughout the en- HO2QO, which initiates low-temperature chain
tire temperature range rests exclusively on thermal branching), and "representative" radicals]. Conse-
feedback [13]. This results in a qualitative failure to quently, we derived a somewhat larger set of "global"
predict a negative temperature dependence of igni- reactions for the entire reaction regime. The high-
tion delay, as is manifested by many hydrocarbons temperature chemistry could readily be summarized
and measured in the experiments against which the by only two global reactions [12]. Empirical modifi-
scheme was validated [4]. There is no possibility of cations, motivated by the structure of the previously
recovering the negative temperature coefficient (ntc) derived global reactions, were necessary to reduce
in the absence of some form of chemical autocatalysis the low-temperature part to only three reactions. By
coupled to competitive nonbranching reaction identifying the rate-determining reactions, we had an
modes that are favoured as the temperature is in- estimate of the order of magnitude of the reaction
creased. For details, the reader should consult the rates.
definitive, mathematical analysis by Gray and Yang In the revised form, chemical autocatalysis (reac-
[14]. tion (4)) occurs in competition with the reverse re-

The purpose of this paper is (1) to develop the action (3), e.g., of the "O2QOOH-type equilib-
thermal scheme [12] in a more satisfactory form by rium." In reaction (3k), both the first and the second
introducing chemical autocatalysis, (2) to extend its 02 addition are subsumed, the product oxygenated
applicability to fuels other than n-heptane via input radical being represented as species I. The variable



REDUCED THERMOKINETIC MODEL FOR THE AUTOIGNITION OF FUELS 935

Y represents a chain-propagating species, which 3

would for many be considered to be Oil. Although
there is no need to specify a particular identity for Y, 2

in order to maintain element and enthalpy balances, ", x

Y might be regarded to include additional interme- E Ep i
diates, such as 0-heterocyclic compounds or other ý -1' .. -1ar [16]

partially oxygenated products. Low-temperature ox- 3) x-------- - 13 bar [ 51
-2 A•.,[ 13 bar[ 51]

idation is completed in reaction (5). The kinetic 0 - 1 bar[16]

"switch" from the branching to the nonbranching • 30bar[16]
mode-responsible for the ntc of reaction rate- ..

rests exclusively on the reversibility of reaction (3). 0.8 1 1.2 1.4 1.6 1.8

The activation energy of the backward reaction (3) 1000 K T

is taken to be much larger than that of the forward FIG. 1. Total ignition delay times of stoichiometric i-oc-
reaction (3+). Branching via reaction (4) can only tane/air mixtures plotted against the inverse temperature.
take place at low temperatures, when (3-) is unim- Four pressures, 10, 15, 30, and 40 bar (top to bottom), were
portant, thus opening the route to the low-temper- investigated. Combustion occurs at constant volume. The
ature oxidation step (5). Higher temperatures, how- solid lines are the results obtained from the five-step
ever, preclude this route since the backward reaction scheme. The broken lines represent calculations with a
(3) dominates over the forward reaction, quantitative kinetic reference model [7]. The symbols refer

While retaining a constant value for the heat ca- to high-pressure rapid compression studies by Voinov and
pacity (36 J/mol K), the reaction enthalpies were Skorodelov [16] and to shock-tube studies of Adomeit and
adapted to ensure that the adiabatic flame tempera- Fieweger [5].
ture was reached at the end of combustion. In accord
with Hess's Law, the overall enthalpies of the high-
temperature (reactions (1) and (2)) and low-temper-
ature oxidation paths ((3) through (5)) are identical: were matched to those of typical shock-tube experi-
2(AH, + AH2) = AH, + zH 4 + 2AH 5. The reac- ments. The resulting system of ordinary differential
tion rates are given by equations for concentrations and temperature was

solved by an adaptation to the LSODAR integration
R, = kl[F](p/po)0) 5  (1) package [15].

R2 = k2[X][O2][M] (2) Iso-Octane:

R3+ = k3+ [F][O2[M]( p/p0)-2"2 C31 (3) The reduced kinetic model, as shown in Table 1,
along with the Arrhenius parameters, emulates the

R3- = k 3-[I]( p/po)-35 (4) oxidation of i-CsH2 s (F), yielding the intermediates
3C2H, + CH 2 + CH, + H(X) at high tempera-

R4 k4[I]C 4  (5) tures, and the free radicals OCsH 150 2H + H20 (I)
and (Y) at low temperatures. The final products (P)

R5 = k5[0 2][Y] (6) are assumed to be 8C0 2 + 9H 2 0.
The ignition delay times (defined by the maximum

where [M] = p/RT represents the total concentra- pressure gradient) for stoichiometric i-octane/air
tion of all species (C3+ and C4 are defined below), mixtures at different pressures are shown in Fig. 1.
Since the mechanism is aimed at predicting alkane The adjustment of the five-step model to the more
oxidation over a wide range of pressure, a corrective detailed model appears to be excellent. Further-
term (p/po) had to be introduced, in which the ex- more, some experimental results have been included
ponents were chosen such that the region of negative in Fig. 1. While the calculated low-temperature
temperature dependence shifts to higher tempera- branch agrees well with the rapid compression stud-
tures as the pressure increases. Thus, the consistent ies [16], there are discrepancies at intermediate and
(and more meaningful) kinetic structure of the re- high temperatures. Experimentally determined ig-
duced scheme was retained, and the inevitable quan- nition delays tend to be longer than those derived
titative "fitting" was diverted to the corrective terms. numerically. Nonetheless, at least the transition from
The reference pressure P0 corresponds to 10 bar (1 the high-temperature branch to the ntc branch is in
MPa). good accord with the calculations. The shock-tube

Using a recently developed, more comprehensive studies of Ref. 5 are limited to the high-temperature
kinetic model of alkane oxidation, as in Ref. 7, we set branch, because of the comparatively short residence
out to adjust the five-step model. Thereby, all cal- times available (e.g., <10 Ins).
culations were performed assuming spatially homog- The evolution of the calculated temperature and
enous conditions, while the boundary conditions concentration profiles of F, X, I and Y are shown in
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FIG. 2. Calculated temperature- and concentration-time profiles for the combustion of a stoichiometric i-octane-air
mixture at three different temperatures and constant volume conditions ( p, = 10 bar). (a) T. = 600 K: At low temper-
atures, ignition is the result of chain branching. Note that I is in steady state, while the total species concentration
represented by Y increases continuously. It exceeds the fuel concentration after approximately 110 ms. (b) T0 = 780 K:
At intermediate temperatures, ignition evolves in two stages. While the first stage has kinetic origins (note the rise of Y
up to the first stage), "hot" ignition is thermal. (c) T,, = 1000 K: On further increasing the initial temperature, the
concentration of Y diminishes right after the start. There is no scope for a chain-branching explosion. However, the
steady temperature increase finally leads to thermal runaway. Note that the product of fuel pyrolisis, X, follows the
temperature.

Fig. 2 for three different initial temperatures, 600, temperature route plays no part until a very late stage
780, and 1000 K, respectively. At To = 600 K, igni- of the development of ignition from To = 600 K.
tion is a one-stage event (Fig. 2a). Its nature is chain At To = 780 K, a two-stage ignition occurs, and
thermal, with chain branching occuring via reaction the kinetics are at their most complex (Fig. 2b).
(3W) in conjunction with reaction (4). The reverse While the first stage again has its origin in branching
reaction (3-) does not come into play, and since re- reactions (3k) + (4), the reverse reaction (3-) can
action (4) evolves on a much faster timescale than no longer be neglected. This is borne out, e.g., in the
reaction (3+), c.f. Fig. 6 below, the intermediate I is decrease of L After the first stage, Y decreases con-
in steady state throughout most of the induction pe- tinuously, since there is no replenishment of I. How-
riod. The species concentration Y grows continu- ever, the temperature at the end of the first stage is
ously, finally leading to ignition. (Note that the total sufficiently high to bring about thermal ignition via
species concentration represented by Y exceeds that reactions (1) + (2). (Note that the increase of T pre-
of F halfway through the induction period.) The cedes the rise of X.)
same applies to X: since production via reaction (1) Finally, at To = 1000 K, a single-stage ignition
occurs on a much slower timescale than depletion via occurs (Fig. 2c). Oxidation of Y (and, initially to a
reaction (2), it remains in steady state, too. The high- lesser extent, X) causes the temperature to rise, thus
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FIG. 4. Ignition delays of stoichiometric n-heptane/air
FIG. 3. Dependence of ignition delay on fuel/air equiv- mixtures at different initial pressures. Results from the five-

alence ratio. Solid lines represent calculations with the five- step model are marked by solid lines, while symbols rep-
step model. The symbols denote results obtained from the resent the shock-tube experimental data [4].
kinetic reference model [7], po = 11.2 bar.

internal H-atom abstraction and thus of low-temper-
paving the way for the high-temperature combustion ature branching. We adapted the scheme to the
to occur via reaction (1) + (2). Reactions (3k) and higher reactivity of n-heptane (ON = 0) by modi-
(3) are in equilibrium throughout the entire induc- fying the pre-exponential factors of the branching se-
tion period. Another interesting point is that the max- quence (3+) + (4).
ima of I and Y in Fig. 2c are close to their concen- The ignition delays for stoichiometric n-heptane-
trations at the end of the first stage in Fig. 2b. air mixtures calculated with the adjusted scheme are

The dependence of ignition delay times on the shown in Fig. 4 along with the shock-tube results of
fuel/air equivalence ratio ( p = 11 bar) is depicted Ref. 4. The reference-model results were left out for
in Fig. 3. Ignition delays are shorter for rich mixtures clarity (they are virtually congruent with the five-step
and grow longer for lean mixtures. The five-step scheme values). However, at p = 3 bar, the five-step
scheme and the more detailed model are in excellent scheme tends to overestimate ignition delays on the
agreement, and there are some tentative experimen- low-temperature branch. The overall agreement be-
tal results that seem to verify these findings [17]. tween experiment and calculation appears to be ex-
However, at elevated temperatures (T > 1300 K), cellent.
the reverse trend is observed experimentally, i.e.,
lean mixtures ignite more rapidly. This feature is not tures ofi-Oc
reproduced appropriately by the reduced mecha-
nism. Further tests on experimental data, such as in The reference fuels i-octane and n-heptane set the
rich mixtures of shock-heated gases and also experi- limits for the ignition delays of any arbitrary fuel mix-
ments other than shock tubes, e.g., CFR engine stud- ture with an octane number 0 < ON < 100. How-
ies or flow reactors (cool flames) are to be performed ever tempting, it is not permissible to linearly "inter-
[18-20]. polate" the frequency factors of reactions (3+) and

(4) between the respective values for i-octane and
n-heptane. As demonstrated by Park and Keck [1],

n-Heptane: the ignition retarding effect of a fuel grows progres-
The five-step scheme was adapted to n-heptane sively with its octane rating. Our choice of C3 + and

oxidation with reference to a more detailed mecha- C 4 as controlling parameters for the low-temperature
nism [21,22] from which the generalized scheme [7] oxidation rates ensures a replication of this behaviour
was derived. in the five-step scheme. For convenience, the cor-

The only qualitative differences of the five-step rective factors Ca+ and C 4 were parameterized with
structure pertained to stoichiometric factors re- the octane number of the fuel:
quired to maintain element balances (given in paren-
thesis in Table 1). Following Ref. 12, one may asso- C,. = [(110 - ON)/10] and (7)
ciate the intermediates 3C2H 4 + CH 3 + H with X C4 = [(110 - ON/10]"5

and OC7H130 2H + H20 with I; P, obviously, cor-
responds to 7CO + 8H20. Thus, if ON = 100, C3.+ = C4 : 1, and the original

The structure of the fuel molecule (i.e., branched frequency factors for i-octane are recovered. On the
or straight chain) strongly affects the likelihood of other hand, if ON = 0, branching is strongly em-
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FIG. 5. Calculated ignition delays vs results from rapid 1200 1100 10o0 900 8000 70 T [K] 60
compression studies [1] for fuels with different octane
numbers (i.e., different i-octane/n-heptane ratios). The Fic. 6. Characteristic times for the reactions of the five-
pressure of the charge was approximately Pc = 18 bar at step model at Pc = 10 bar in an Arrhenius diagram (solid
TDC. The symbols represent the experimentally derived lines). The broken line represents a characteristic time for

ignition delays, while the solid lines mark the calculated the branching sequence. It exhibits a local minimum, which
results (five-step scheme). --+" refers to the rapid comn- marks the onset of a negative temperature dependence of
pression experiments by Voinov et al. [23], which were per- reaction rate. Beyond the point marked "A," chain-branch-
formed at a slightly lower pressure, p,. = 15 bar. The cor- ing runaway is not possible.
responding calculations are represented by the broken line.

(3+), shown in Fig. 6 as a function of T0 (at P0 = 1.5
phasized, and the A-factors for n-heptane are in ef- MPa). We calculated the characteristic times of the
feet. reaction following Ref. 12. The reaction rates are es-

Fig. 5 shows the calculated ignition delays of dif- timated by setting the concentrations of F, 02, and
ferent primary reference fuels (PRFs) along with the T equal to their initial values and taking the concen-
values obtained by Park and Keck [1] in a rapid corn- trations of the intermediates X, I, and Y to be (con-
pression machine (RCM) at a pressure of 18.5 bar at stant) fractions of the initial fuel concentration [Fo].
top dead center (TDC). The agreement is excellent, All reaction rates were normalized with [F0], thus
at least as far as the experimentally investigated low- yielding, e.g., (rs) -' o k5[O2 ,0][M].
temperature branch is concerned (most certainly the The conservation equations for I and Y can he
result of the near-adiabatic RCM operating condi- written as
tions). The ignition delays of a 60 PRE at approxi-
mately 15 bar examined by Voinov et al. [23] are also d [I]/dt = R3 + - R3 - - R

included. Given the uncertainties in initial conditions
of the experiments, the agreement is very good. Note =k 1 + [F][O2][M]
that the model was left unaltered after calibration.-(k-+k)I(8

d[Y]/dt 2R4 -

Kinetic Foundation of the Negative 2k[]-kO[] ()
Temperature Dependent Region=24[]-kO][. (9

Degenerate branching via reactions (3) and (4) is (For simplicity, the pressure correction term and oc-
responsible for the negative temperature depend- tane rating are neglected.) At sufficiently low tem-
ence of reaction rate at intermediate temperatures. peratures (T < 800 K at 1.5 MPa), I can be assumed
In order to understand the nature of this phenome- to be in quasi-steady state. Then, we obtain from Eq.
non in terms of the five-step mechanism, it is helpful (8) the following:
to have a closer look at the development of the low-
temperature branching agent Y. Only if a net growth [I1t. = k3,+ [F][Oj][M]/(k3 - + k4). (10)
in Y can be sustained throughout the induction pe-
riod is there a chance for a branched chain explosion. The characteristic time of (2-k4[I]00) is plotted as
At low temperatures, this certainly is the case, since broken line zr.) in Fig. 6. A necessary condition for a
the characteristic time r3 -of reaction (3-) is much chain explosion to he possible is that the net branch-
longer than the characteristic time /7+ of reaction ing factor be greater than zero, meaning d[Y]/dt > 0

X 75 T4
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in Eq. (9). The intersection of cy and C5 (marked as rating alone may not be a sufficiently accurate char-
"A" in Fig. 6) marks the upper temperature limit. If acterization of autoignition behaviour.
a chain explosion can be thus ruled out, ignition is
thermal and governed by reactions (1) + (2). Acknowledgment
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COMMENTS

F. L. Dryer, Princeton University, USA. (Similar ques- were set up to reproduce the autoignition delay times of
tion asked by Osner L. GiCder, National Research Council particular PRF blends. Therefore, only those reaction
of Canada, Canada.) Regarding your conclusion that your paths in the low-temperature range that have a direct im-
method can easily be extended to include other fuel species pact on the time of occurrence of autoignition are included
and complex mixtures: while high-temperature reactions were virtually excluded

1. Does your model reproduce the well-known nonlin- (c.f. introductory section of the paper). The model as pre-
earity in octane effects of blending reference components sented here has been designed to describe the entire an-
above ON = 87 (i.e., typical of conventional unleaded gas- toignition process up to the adiabatic flame temperatures
olines), and the much more linear behavior at ON - 50 reached directly after autoignition. In the first (chain-ther-
- 60? mal) stage of ignition, only 5-20% of the fuel is consumed.

2. Does your model have the ability to more generally In the second (thermal-or "hot") stage, the remaining fuel
include octane blending number effects, particular those and intermediates are oxidized, thus leading to tempera-
associated with aromatics, oxygenates, and diolefins? tures above 2300 K. Given the restrictions imposed by the

model's low dimensionality, we believe the fuel consump-
Author's Reply. The results presented are at conditions tion and energy release rates to be quite reasonable (c.f.

that match experimental studies of PRF fuel blends in ex- second paragraph of the paper).
perimental systems that are more simple than engines (e.g.,
shock tube, rapid compression machine). The model does
reproduce the nonlinearity in octane effects in terms of the I. Glassman, Princeton University, USA. It would appear
factors C3. and C4. The ignition-retarding effect of a fuel that your figure which shows agreement between octane
grows progressively with iso-octane rating [1]. It can be number and ignition time could be fortuitous. Octane
taken from Fig. 5-where the ignition delays are plotted numbers are measured after the compression stroke. The

on a logarithmic scale-that the ignition-retarding effect temperature of the intake charge in a SI engine is about

becomes stronger with increasing octane numbers. How- 500 K. For most compression ratio ranges, the temperature
ever, more detailed examinations of the intermediate just before firing is about 1200 K. It is in this temperature

ranges (ON = 90-100, ON = 50-60) would be an inter- range that essentially the octane rating is made. Yet your

esting exploration. We require experimental results for ig- ignition times were measured at a much lower tempera-

nition delay in fuel mixtures of the kinds that you mention ture.
in order to test the applicability of the model, It is possible Author's Reply. Obviously, you refer to the measure-
to tune the model empirically to reproduce the ignition ments made by P. Park andJ. C. Keck [1]. The temperature
delay times of more complex fuels. The question remains, of the intake charge of typical SI engines lies in the range
to what extent empiricism can be replaced by physically 300-360 K, thus far below the suggested 500 K. Assuming
more meaningful numbers. We have no reason to change the compression ratio to be CR = 10 and an isentropic
the structure of the model, since such fuels are still cali- compression (y - 1.3, stoichiometric octane-air mixture),
brated in PRF reference engines, a maximum compression temperature T, - 720 K is

reached. Certainly, 1200 K is not a realistic assumption for
the charge temperature in SI engines just before firing!
However, CARS experiments performed at our Institute

Nicholas P. Cernansky, Drexel University, USA. While [1] show that the end-gas temperature in the late stages of
the "shell" model and its later extensions by Keck and co- combustion in a SI engine may reach 1200 K prior to an-
workers could be "tuned" to match ignition delay data, the toignition (which may then lead to the onset of knock).
models give unrealistically high fuel consumption (near
100%) with too little specific energy release prior to an- REFERENCE
toignition. What are the typical fuel consumption and spe-
cific energy release ranges predicted by your model, and 1. Briggemann, D., Wies, B., and Zhang, X. X., "CARS-
do you consider them reasonable? Messungen in einem klopfenden Motor bei gleichzei-

tiger Beobachtung der Flammenausbreitung,"VDI Ber-
Author's Reply. The "shell" model and its extensions ichte 765:493-503 (1989).
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REDUCED MECHANISM OF SOOT FORMATION-APPLICATION
TO NATURAL GAS-FUELED DIESEL COMBUSTION

Y. YOSHIHARA,* A. KAZAKOV, H. WANG AND M. FRENKLACH

Fuel Science Program, Department of Materials Science and Engineering
The Pennsylvania State University, University Park, PA 16802, USA

Stochastic simulations of soot formation were performed for the combustion of natural gas in a glow-
assisted direct-injection diesel engine. A simple fluid dynamic method was employed, which describes
turbulent mixing by random collision and coalescence of individual fluid cells. The composition of each
fluid cell is homogeneous and changes with time under the control of the chemical kinetics. The reaction
mechanism was comprised of three parts, each reduced with a different method, keeping the chemistry
and physics as uncompromised as possible. The computational results demonstrate that the model of soot
formation, developed and tested on laminar premixed flames, is capable of predicting the right amount of
soot produced under the conditions of turbulent combustion. The model predicts that soot mass is mostly
gained at rather high temperatures, 2100-2400 K, and a narrow range of fuel-air equivalence ratios, 2.6-
2.8. The production of soot in diesel combustion was found to be controlled by particle nucleation, mass
growth by surface reactions of acetylene, and surface oxidation by OH.

Introduction This approach is based on the method of Curl [6],
which describes turbulent mixing by random colli-

Although many questions on physical and chemical sion and coalescence of individual fluid cells. The
details of soot formation remain unanswered [1], at- composition of each fluid cell is homogeneous and
tempts to model the process in more practical environ- changes with time under the control of the chemical
ments have been increasing [2]. Most of these compu- kinetics. At the onset of combustion, only fuel and
tational efforts have focused on a more accurate air cells exist. Their proportion is determined by the
description of the fluid dynamics but at the cost of equivalence ratio. A total of 197 cells of equal mass,
greatly oversimplified chemistry. In this study, we at- 190 of air and 7 of fuel, were considered in the pre-
temptthe opposite: to use asimple model forturbulent sent study. The composition of the initial fuel was
mixingbutwithchemistryandphysicsasuncomprom- assumed to be 88% CH 4 - 6% C2116 - 6% CaHs,
ised as possible. Similar ideas have been pursued by which differs slightly from the experimental com-
others in different areas of turbulent combustion [3]. position. The small amount of C4H10 present in the

We present computer simulations of soot forma- experiment was incorporated into C3Hs, in order to
tion for the combustion of natural gas in a glow-as- restrict the size of the reaction set.
sisted direct-injection diesel engine. The computa- The stochastic process of mixing was modeled as
tions were carried out under the conditions of an a Markovian sequence of "collisions" between two
actual experiment [4]: engine speed 1800 rpm, single cells chosen at random. The collisions occurred with
cylinder, water-cooled, naturally aspirated, four-cy- a constant frequency, 2.5,us during the fuel injection
cle, swirl ratio 2.7, compression ratio 16, fuel-air and 10 tus after the injection. The injection period
equivalence ratio 0.65, and the composition of nat-
ural gas 88% CH 4 - 6% C2H 6 - 4% C 3 H8 - 2% was from -20w to --5i crank angle. The eollision
C4 1 10 . The measurement of soot was performed frequency was obtained by fitting the rate of heat
only at the engine exhaust, with the soot mass frac- release (Fig. ib). Upon each collision, an instanta-
tion estimated to be 5 x 10-5. neous mixing was assumed: The two colliding cells

were replaced with two new identical cells whose
composition and temperature were determined by

Computational Model averaging the corresponding properties of the initial
cells.

A stochastic approach developed for turbulent Between the collisions, the time evolution of each
combustion [5] was employed in the present study. cell was modeled as a zero-dimensional process. A

set of ordinary differential equations, repeated for all
"*Onleavefromthe Department of Mechanical Engineer- differing cells, each with appropriate initial condi-

ing, Ritsumeikan University, Kita-Ku Kyoto 603, Japan. tions, was integrated using either an implicit Euler
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100 aMain Combustion Reactions

80 ...... - Although the primary concern of the present study
Run 2 is the formation of soot, accurate prediction for sev-

S60eral of the principal gaseous species-H, OH, 02,
. 40 /,.C 2H2, and benzene-is critical for quantitative mod-

eling of soot formation.
0j . ------ These considerations underlie our interest in

0maintaining this part of the chemical model as truth-
7 100 ful as possible, while keeping its size at a bare mini-
.E b mum. We approached this goal with a technique

8Run 2 called detailed reduction [8]. The initial, "full" re-
60 action mechanism for methane combustion was

taken from Ref. 9. It was reduced in size at the con-
ditions typical of diesel combustion to a 21-species

S20 mechanism, listed as reactions 1 through 70 in Table
"1. The reduction was performed at the level oft =
0.02 [8], after which two additional reactions were

"-60 -40 -20 0 20 40 60 added to account for the oxidation of acetylene, C2H2

Crank angle (degree) + 0 -_ 
3CH2 + CO (reaction 105 in Ref. 9) and

C2H2 + 0-- 'CH9 + CO (combination of reactions
FIG. 1. Experimental (dotted lines) and calculated (solid 102 and 106 in Ref. 9). This reduced mechanism in

lines) (a) pressure and (b) rate of heat release. Run 1 and combination with a set of NO, reactions taken from
Run 2 represent two different collision histories. Miller and Bowman [24] was able to predict the ex-

haust concentration of NO in similar diesel engine
simulations to within a factor of 2 [25]. The set ofor, for soot-producing cells, Livermore solver for or- reactions 1 through 70 was augmented with dissoci-

dinary differential equations (LSODE) methods. ation of propane, reactions 71 and 72, and formation
When the number of moles of OH in a cell exceeded of CaH• species and henzene, reactions 73 through
10 and that of CH4 was below 10-6, a state of 78 (Table 1).
partial equilibrium was assumed for all species
smaller than henzene.

The initial temperature of all fluid cells was 50'0
K, with the exception of three, which were kept at PAH Growth1350 K during thle injection time to simulate the glow A reaction sequence leading from benzene to py-
assistance. Heat losses were estimated with Annand rene, adopted for the present study, is shown in Fig.and Mas empirical formula [7]. The system pressure 2. This reaction scheme is based on both past results
was adjusted at every integration step. Two sources [20,26-28] and on a reaction flux analysis performed
of the pressure change were accounted for: the mo- in the present study, using a more extensive reaction
tion of the engine piston and the energy release in un the contistud ypica of extensive rereacting cells. The pressure increments computed set under the conditions typical of high-pressure tur-bulent combustion. The nomenclature for chemical
for the individual cells were averaged over the entire
system, as the pressure redistribution was assumed species used in Fig. 2 and throughout the manuscript
to occur instantaneously. The computed and exper- has heen introduced previously [16]. Briefly, c rep-
imental pressure profiles are shown in Fig. la. The resents a species composed of i-fused aromatic rings;calculations wvere performed using an IBM RISC e.g., A1 is henxene and A4 is pyrene. A,*C2H is an A1

calclatonswer peformd uingan BM ISC aromatic with one of its H atoms suhstituted with6000-580 workstation, with a typical run taking about CoH i A i- ote a ica frefomsAust and
20 CPU hours. C2H. A- denotes a radical formed from Ai, and

AiC 2H
4 denotes a radical of AiC 2H with the unpaired

electron located next to the C2H group. P2 represents
Reaction Mechanism biphenyl, an aromatic molecule with nonfused rings,

whose importance was predicted for the conditions
The entire reaction mechanism-from methane to rich in benzene [29]. As will be demonstrated later

soot particles-was divided into three parts, each re- in the text, the P2 channel plays a key role under the
duced with a different method: small-molecule re- conditions tested in the present study.
actions describing the main combustion environment Assuming steady state for all the radicals in the
and the formation of benzene; growth of benzene to sequence shown in Fig. 2 and partial equilibrium for
pyrene; and nucleation, growth, and oxidation of soot reactions 85 and 86 (see Table 1), we obtain an an-
particles. The details of these submodels are given alytical expression relating the concentrations of py-
below. rene and benzene,
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TABLE 1
Mechanism of Methane Oxidation and Aromatics Formation

k =AT-"e e-RT

A E References/
No. Reactionr (cm, tool, s) n (kJ mol-1) Comments

Methane oxidation
1-70 1-4, 8-10, 12-15, 19, 22-25, 32, b

35, 36, 38, 40, 44, 46, 51, 52, 57-
63, 65-72, 74, 76-82, 86-88, 105,
106, 117, 120, 121, 125, 128-132,
139, 143-149
Propane reactions

71 CH, ; CH, + C,H5 7.90 (+22) -1.79 371.0 10
72 C31H, + H - CH, + CHI, + H2 1.33 (+06) 2.54 28.3 11

Benzene fon•nation
73 2CH, + C2H, CAH, + H 1.20 (+13) 27.7 11
74 CH, + CH2 C31H, + H 2.72 (+ 18) -1.97 84.6 12
75 CH4 + M = CAH + H + M 4.70 (+18) 334.7 13
76 CA-I + H CAH + H, 1.00 (+ 12) 6.3 14
77 CH, + OH C±,H, + HO 2.20 (+07) 1.9 4.7 c
78 CAH, + CHA - benzene 1.00 ( +11) 15

PAH growth
79.J A, + H - Aj- + H, 2.50 (4+ 14) 66.9 d,e
80. A, + OH Aj- + HO 2.10 (+13) 19.1 d,f
81.i A- + H A, 5.80 (-12) 8.29 -33.8 g,h
82.J A, + OH - products 1.00 (+ 11) di

83.J A,- + 0, -products 2.00 (- +12) 31.3 g,j
84 A1- -' linear products 1.04 (+29) -4.26 324.0 k
85 A1- + CA Z:± ACH + I1 2.34 (+34) -5.71 129.4 1
86 A2- + C2H, ;- A2C2H + H 4.63 (+31) -5.05 123.0 1
87.4 AC 2H + CH2 1'k +1- 3.31 (+50) -10.95 112.8 ,is
88 A3- + CH2 t-A, + H 1.27 (+44) -8.71 138.2 1
89 A1 + A1 - - P, + H 1.30 (+03) 2.72 11.3 n
90 P1 - + C2H2 0 - A3 + H 1.27 (+44) -8.71 138.2 kg, = k88

'The rate coefficients for the reverse directions were determined via equilibrium constants.

"Reactions 1-70 were obtained by a detailed reduction of the methane oxidation mechanism in Ref 9. The numbers
shown under the "Reaction" column indicate the reaction number in Table 1 of Ref. 9.

Ck77 = k(C2H6 + OH • C2H, + H,0 ).
dA, represents A1, A1C2H, A2, AOCH, A3, and P, [16].
,Taken from Kiefer et al. [17] for the analogous reaction of benzene.

fTaken from Madronich and Felder [18] for the analogous reaction of benzene.
9A,- represents A1 -, A1C2H°, A,-, A2C2H', A,-, and PF- [16].
"hBased on RRKM calculations for the phenyl and hydrogen atom association reactions at 10 bar with the parameters

taken from Rao and Skinner [19]. The forward rate coefficient k = AT" exp(-E/RT - 2.77 × 10.- T - 5.58 X 10 -
T 2 ).

'For i = 1, a linear hydrocarbon product is assumed; for i > 1, the product is an aromatic molecule with two carbon
atoms less than A,. The rate coefficient is estimated [20].

iFor i = 1, a linear product is assumed; for i > 1, the product is an aromatic radical with two carbon atoms less than
A,. The rate parameters were taken from Lin and Lin [21] for the analogous reaction of phenyl.

'Assigned the rate coefficient of the ring opening reaction A, - -' n-C,H5.
'Based on RRKM calculations at 10 bar with parameters taken from Ref. 15.
,i = 1, 2.

"The rate coefficient expression was obtained using RRKM calculations, fitted to the experimental data of Fahr and
Stein [22] and Scaiano and Stewart [23].
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d [A41 k[CH 2] (1) iOH A, OH. linear products

d products 0 P2

( [Ai] Bi + BE + D linear

products OH

where 
AI 2H OH

B1 = ks 7[C2H.]{k 7_s,2 + ks[C9 H2]_ + k83[O2] 02 AIC2H* 02 _" linear
02 A1QHproducts

+ Z,5k85 [OHI]/(ZI, 5 + k8s[OI])}-' 1k
B2 = Z5,4(Z2,4 + k87[C9H2] ± k830 2] 0. OH A

-872B)_ - ------- A2Q2H

B3 = ks6[C20 2]/(k-s6[H]) 1o
B 4  = ksT[C2H. H(k _-,t + k 03 1O_] + Z2 .3) 0 A2C-H* OH

B5 = ZJ2(Z 2,2 + k87[C2H2] + k&3[0 2] AY A3  P2

- k 87'IB4)- 1  OH'

B6 = ks5 [C2H2]/(ks 54[H]) A4

B 7 = Z1,1{Z2,1 + k83[O21 + k84 + Zl,6ksg[Al]/[Z5,6  FIt. 2. Reaction scheme of PAH growth.

+ k-89[H] + Z 5,6ks9[H]/(k90[C 2H2])]}-1

C = Z,6B-k950Iks[C9H2][A5]2{Z5,ckgo[C2H2] 10-s

"+ k-9[H](Z 5,6 + k90[C 2H2])}-1

"h
5

92[kJHl[fl 4J a b
10-6+ ks2OH][4]•' tO-7

D = Z~5C{(Au5 7,9 + Icss[C 9•H2] + Isc[Oj)(ZL55
- ¢4 10-8

10-

E = k7, 2D{Z2 ,4 + ks 7 [C2H 2] + k83 [0 2]

- k-87,2BIc1
10-11

Zi= k7 5,i[H] + ksoi[OH] + k-1ic 0.0 0.2 0.4 0.6 0.8 1.0

Z. = ik-79,H 2] + ksojI[HQ0] + kijl,[H]. Time (ms)

Ftc. 3. Calculated mole fraction of A for the conditions of
The rate coefficients appearing in the above equa- a single fluid cell: P, = 39 atm, T. = 1954 K, 0 = 3.68, and
tions are given in Table 1 (reactions 79 through 90). initialmoleffractionofA4 9.3 X 10-'1. (a)Computedwiththe
They were obtained from RRKM calculations [28] fill reaction scheme for PAH growth (Fig. 2 and reactions
for a pressure of 10 bar and temperatures from 50'0 79-90 in Table 1). (b) The same as (a) but without the P, re-
to 3000 K. The rate coefficients evaluated at 10 bar action channel (i.e., without reactions 89 and 90). (c) Coin-
are within a factor of 2 from the values at 100 bar putedwith the reducedmodel ofPAH growth, Eq. 1.
and were, therefore, assumed to be pressure inde-
pendent in the present calculations.

The accuracy of the reduced model of PAH a more accurate reduced model for the reaction
growth, Eq. (1), was tested by performing kinetic cal- scheme in Fig. 2 resides in the complex behavior of
culations on an individual fluid cell whose initial con- A2 and A3. Assuming their formation irreversible and
ditions were typical of those producing the most soot omitting the P2 channel predicts well the initial part
in the stochastic diesel simulations. The results, of the A4 profile but greatly underpredicts it in the
shown in Fig. 3, indicate that the reduced model ov- range of interest. Assuming A2 is in a steady state or
erpredicts the pyrene concentration in the begin- neglecting A2 altogether overpredicts the A4 concen-
ning, but gets closer to it at times around 1 ms, the tration at all reaction times. The physical reason for
average cell reaction time. The difficulty of obtaining this is the compound kinetics of A2: It accumulates
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at first, and then reacts at the later stages of reaction. 100 0-
A compromise solution was obtained by assuming the 20 CO2  H2

formation of A2 irreversible, neglecting the formation CH,
of A1C2H in the oxidation of A2 by OH, and including 10-2
the P2 channel, whose importance in this case was
evident (compare, e.g., curve b with a in Fig. 3). In
doing so, species P2, P2-, and A3 were assumed to be C 2

in steady state. co

UA
Soot Particle Model: : 10-6

The physical model adopted for soot particle for- ,
mation, growth, and destruction is as follows. The
nucleation of particles is described by coalescence of 10-8
pyrene into dimers. We ignore in the present study C T
the growth of PAHs beyond pyrene, included in our A,
detailed model [20,26--28]. This was done to shorten 10_10
the computational time, as it has been our experience
that the difference in the final amount of soot caused
by this assumption does not exceed a factor of 2,
which is not critical for the present study. 10-12

The dimers formed by the PAH coalescence col- -20 0 20 40 60
lide with each other, thus initiating particle coagu- Crank angle (degree)
lation. The particle coagulation was treated as free
molecular. Simultaneously with coagulation, parti- FIG. 4. Species mole fractions averaged over all the fluid
des undergo surface processes: physical condensa- cells calculated during Run 1.
tion of gaseous pyrene, chemical growth by the
H-abstraction-C 2H 2-addition (HACA) reaction se-
quence, and oxidation by 02 and OH. The particle one-ring aromatics, benzene, and phenyl, are speci-
dynamics were modeled by the method of moments fled in Refs. 19,26-28.
[30], which reduces the corresponding detailed de- A detailed understanding of soot particle oxidation
scription to a small number of differential equations by OH is still lacking, and hence, it was described,
for the moments of the particle size distribution as was done previously [19,26-28], following Neoh
function (PSDF). Solution of these equations deter- et al. [31], by the probability of reaction upon a col-
mines all the necessary properties of the particle lision of OH with the particle surface, you. For its
cloud. The mathematical closure, which requires the value, we used the following expression:
knowledge of fractional-order moments, is accom-
plished in our method by interpolation among the tanh(2664 - 2.80 + 1 (3)
computed whole-order moments, i.e., without a YoT = 

0 42 t T .1 1
priori specification of PSDF.

A fifth-order model, the same as in our previous which was obtained by fitting a hyperbolic tangent
studies [20,26-28], was employed in the present switch function to new experimental data [32]. The
computations. The specific equations used are re- sensitivity of the model predictions to the choice of
ported in detail in Ref. 27 and, hence, will not be you was investigated and will be discussed in the next
repeated here. As previously described [20,26-28], section.
the surface growth by HACA and oxidation by 02
were described in terms of elementary surface re-
actions, whose rates were given as Results and Discussion

k, C9 ax'.S (2) The numerical predictions of the model for several
selected species, those of interest to modeling soot

where k, is the per-site rate coefficients; C9 is the formation, are shown in Fig. 4. The predictions for
concentration of the colliding gaseous species; a is the amount of soot computed in a number of runs
the fraction of surface sites available for a given re- are displayed in Fig. 5. Inspection of these results
action, assumed to be unity in the present study; x,, indicates that the time history of the soot formed
is the number density of corresponding surface sites; exhibits a distinct maximum, characteristic of diesel
and S is the total surface area of the soot particle engine combustion [33]. We observe that the final
cloud. The surface reactions and per-site rate coef- soot mass fractions computed in the base-case runs,
ficients, based on analogous gas-phase reactions of denoted as Runs 1 and 2 in Fig. 5, are very close to
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10-2 OH. Assigning, following Neoh et al. [31], the OH
In-

3  
Run 2 Run I reaction probability a constant value, YOH = 0.13,

i0-: instead of the temperature-dependent function used
in the base case, Eq. (3), the soot mass fraction ap-
pears to drop dramatically at larger crank angles, as

1=-6  shown by the curve marked Run 3 in Fig. 5.
Figure 6 presents the distribution of particle mass

lo0, obtained in the base-case calculation, run 1. Inspec-
10 -tion of these data indicates that in time (i.e., with the

Run 3 increase in the crank angle), the particle mass distri-
S r ,bution narrows and is shifted to smaller average par-

-20 -10 0 10 20 30 40 50 W tidle mass. Both of these trends are the result of soot

Crank angle (degree) particle oxidation by OH and fluid cell mixing.
Examination of the numerical results of base-case

FiG. 5. Soot mass fractions summed over all the fluid run 1 indicated that soot is mostly produced at rather
cells. Solid lines: calculated with You given by Eq. (3); dot- high temperatures, 2100-2400 K, and a narrow range
ted line: computed using the same collision history as Run of fuel-air equivalence ratios, 2.6-2.8. The growth of
1 but with You = 0.13 [31]. The arrow on the right vertical soot mass occurs predominantly by the acetylene
axis marks the experimental soot mass fraction, 5 x 10-1, (i.e., HACA) surface reactions with the A4 conden-
determined in the engine exhaust [4]. sation being 102-103 times slower. Although most of

the soot mass is gained at these high temperatures,
the nucleation of soot particles takes place at tem-

the experimental value of 5 x 10-5 [4] (perhaps for- peratures around 1800 K, similar to the nucleation
tuitously so, in light of the model uncertainties). The temperatures computed with essentially the same
base-case runs 1 and 2 were performed under iden- model for laminar premixed flames [20,26-28].
tical conditions, except for different stochastic se- Under the conditions of diesel engine combustion,
quences of cell collisions, originating from different the model predicts that the initial soot forms in a small
"seed" numbers for the random number generator. number offluid cells. The fate ofthis sootis determined
These two runs test the "reproducibility" of the sto- by the subsequent history of mixing. A soot-producing
chastic simulations. The close proximity in the time fluid cell has only a limited amount oftime for reaction,
profiles obtained indicates that the 197 cells seem to on the average 1 ms (10.8' of the crank angle), before it
provide an acceptable level of statistical variance for collides with anotherfluid cell. Such collisions alterthe
the present study. cell environment, most often to the degreethatthe soot

The oxidation of soot particles by OH was tested production is stopped and replaced by the soot oxida-
computationally. With this reaction switched off, i.e., tion. Only when the initial soot-producing fluid cell
You = 0, the calculated mass fraction increases, collides with fuel-rich cells or with cells containing
without displaying a maximum, to a value -40 times cold-burned gases does soot survive until the exhaust.
larger than computed in the base cases. The oxida- In run 1, for example, about 70% of the final soot mass
tion by 02 is on the average -102 slower than by came from such asingle soot-producing"survivor"cell.

0,04

0,0?

0.02

Mo

20 -12
Crank angle - 10

(degree) 0 x

-6 logl(mnass fraction)
-4

Ftc. 6. Smoothed particle mass distribution obtained in Run 1.



REDUCED MECHANISM OF SOOT FORMATION-APPLICATION 947

Conclusions Symposium (International) on Combustion, The Com-
bustion Institute, Pittsburgh, 1992, pp. 1023-1030;

Stochastic simulations of soot formation were per- Honnery, D. R., and Kent, J. H., ibid. pp. 1041-1047;
formed for the combustion of natural gas in a glow- Fairweather, M., Jones, W, P., Ledin, H. S., and Lind-
assisted direct-injection diesel engine. The simple stedt, R. P., ibid. pp. 1067-1074; Leung, K. M., Lind-
fluid dynamic method of Curl [6] was employed, stedt, R. P., and Jones, W. P., Combust. Flame 87:289-
which describes turbulent mixing by random colli- 305 (1991); Kennedy, I. M., Wolfgang, K., and Chen,
sion and coalescence of individual fluid cells. The J.-Y., Combust. Flame 81:73-85 (1990).
composition of each fluid cell is homogeneous and 3. Pratt, D., Prog. Energy Combust. Sci. 1:73-86 (1976);
changes with time under the control of the chemical Correa, S. M., Combust. Flame 94:41-60 (1993); Cor-
kinetics. The reaction mechanism was comprised of rea, S. M., and Braaten, M. E., Combust. Flame
three parts, each reduced with a different method. A 94:469-486 (1993).
set of small-molecule reactions describing the main 4. Ikegami, M., Shioji, M., Zhu, Q.-M., Hotta, Y., and
combustion environment and the formation of ben- Endo, H., JSAE 24:64-69 (1993).
zene was reduced in size using the technique of de- 5. Ikegami, M., Shioji, M., and Koike, M., Twentieth
tailed reduction [8]. Growth of benzene to pyrene Symposium (International) on Combustion, The Coin-
was described by an analytical expression based on bustion Institute, Pittsburgh, 1985, pp. 217-224.
the assumptions of steady states and partial equili- 6. Curl, R. L., AIChE J. 9:175-181 (1963).
bria. Nucleation, growth, and oxidation of soot par- 7. Annand, W. J. D., and Ma, T. H., Proc. Inst. Mech.
ticles was modeled by the method of moments [30]. Eng. 185:976-986 (1970).

The computational results demonstrate that our 8. Frenklach, M., Kailasanath, K., and Oran, E. S., Prog.
model of soot formation, developed and tested on Astronaut. Aeronaut. 105 (2):365-376 (1986); Wang,
laminar premixed flames [20,26-28], is capable of H., and Frenklach, M., Combust. Flame 87:365-370
predicting the right amount of soot produced under (1991).
the conditions of turbulent combustion. The model 9. Frenklach, M., Wang, H., and Rabinowitz, M. J., Prog.
predicts that soot mass is mostly gained at tempera- Energy Combust. Sci. 18:47-73 (1992).
tures of 2100-2400 K and under a narrow range of 10. Tsang, W., J. Phys. Chem. Ref Data 17:887-951
fuel-air equivalence ratios, 2.6-2.8. The production (1988).
of soot in diesel combustion was found to be con- 11. Btihland, T., Temps, F., and Wagner, H. Gg., Twenty-
trolled by particle nucleation, mass growth by the First Symposium (International) on Combustion, The
acetylene (i.e., HACA) surface reactions, and surface Combustion Institute, Pittsburgh, 1988, pp. 841-850.
oxidation by OH. 12. Dean, A. M., and Westmoreland, P. R., Int. J. Chem.

The present experience indicates that further re- Kinet. 19:207-228 (1987).
duction in the model size can be attempted by using a 13. Hidaka, Y., Nakamura, T., Miyauchi, A., Shiraishi, T.,
Peters-Williams type [34] reduced mechanism for and Kawano, H., Int. J. Chem. Kinet. 21:643-666
main combustion chemistry and a simpler, three-mo- (1989).
ment model (Method I in Ref. 30) for particle dynam- 14. Kiefer, J. H., AI-Alami, M. Z., and Budach, K. A., J.
ics. Also, the present model of turbulent mixing can be Phys. Chem. 86:808-813 (1982).
improved by increasing the number of the fluid cells 15. Wang, H., Ph.D. Thesis, The Pennsylvania State Uni-
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the activation energies and compared them with that for Symposium.

02 at temperatures from 800 to 1200 K. The reaction rates
in pure oxidizer/nitrogen mixtures are comparable between 0

1450 and 1500 K. Are you planning on considering or have Yigoanig Jo, Tohoku Unieersity, Japan. If reactionj was
you considered the alternative sources of oxidizing species removed according to the following rules
(of H20 and CO2 ) at the much higher temperatures in
which you are interested? lB2 I < er ref

[!Qj.I < e, max{RjQ,}

Author's Reply. In our previous studies [1] of soot for- and if the flame condition, such as temperature, was
mation in laminar premixed flames, using essentially the changed, reactiondj may become important again, so you
same model, surface reactions with mia , CO2, and CO need to include this reaction in the reaction scheme again.
were foun e insignifcant. Scontnutsons Did you consider this in your procedure of reaction mech-
to soot oxidation by H20 and CO 2 are reported in expeni- anism reduction?
mental studies of laminar diffusion flames [2]. Based on
these results and relatively high overall activation energies Author's Reply. Yes, the above conditions were applied
you report, the role of H20 and CO2 in soot oxidation is to the entire space of conditions. That is, reactionj is re-
probably minor. However, your suggestion is well taken, moved only if the above two inequalities are satisfied at
and we will test these reactions under the conditions of every grid of the integration procedure. Further details of
turbulent combustion in future studies. our reduction method can be found in Ref. 8 of the paper.
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APPLICATION OF REPRO-MODELING FOR THE REDUCTION
OF COMBUSTION MECHANISMS

T. TURANYI

Central Research Institute for Chemistry
P.O. Box 17, H-1i525 Budapest, Hungary

The basic problem of mechanism reduction methods is to find functional relationships between selected
state variables (e.g., some concentrations and temperature) and their rates. However, this information is
present during the simulations with the full chemical model.

As a new application of the repro-modeling approach, information for rates is extracted from detailed
chemical calculations and stored in the form of high-order multivariate polynomials. For an efficient
utilization of the polynomials, a computer program was written that rearranges them to the form of mul-
tivariate Homer equations. The repro-modeling method is an alternative to the application of the quasi-
steady-state approximation (QSSA) and of the low-dimensional manifold method. Pros and cons of these
three methods are discussed in detail considering the preparations required, the accuracy attainable, the
yield in computer time, and the limitations of the techniques.

Simulations of the combustion of wet CO using two-variable and three-variable repro-models were
24,000 and 11,700 times faster, respectively, than the SENKIN calculation using the full model. These
calculations represent the first use of repro-modeling for combustion mechanism reduction.

Introduction [2], the basis of this phenomenon was frequently mis-
interpreted (see Ref. 3 for a brief history of QSSA).

Due to rapid progress in the research of elemen- Three methods are available for the identification
tary gas reactions, more and more information has of fast variables. According to a "chemical" rule, a
become available for the rate coefficients and stoi- QSSA species has a low net production rate com-
chiometry of reaction steps. When these data are in- pared to its production and consumption reaction
corporated into detailed models, the mechanisms ob- rates [4]. The "mathematical" methods are based on
tained reproduce the ignition times and species the eigenvalue analysis of the Jacobian of the kinetic
profiles of flames with fair accuracy for most practi- ordinary differential equations (ODEs). The method
cally important fuels. These mechanisms typically of computational singular perturbation (CSP) [5,6]

contain 20-50 species and 70-200 reactions. Apply- provides a list of fast variables (called CSP radicals).
ing detailed chemistry, the calculation of spatially ho- Recently, a method was published [3] for the iden-

mogeneous systems and one-dimensional flames is tification of QSSA species and for the calculation of

straightforward using generally available hardware QSSA errors. According to this article, the error of a

and software, while calculation of two-dimensional QSSA species is equal to the product of its lifetime

laminar flames requires several hundred hours of su- and net production rate.

percomputer time and the simulation of three-di- After a transition time, concentration changes in a
mensional deflagrations is not possible. Also, it is still chemical system are determined by n = n, - nf -impossible to do turbulent flame calculations with n, variables, where n, is the total number of state
detailed chemistry. variables (e.g., concentrations and temperature), nrethled helminati re n sis the number of fast variables, and n, is the numberThe elimination of redundant species and redun- of onservation equations such as atomic conserva-
dant reactions from detailed mechanisms may speed oi consrationer

up the calculations by a factor of 10 [1], but it is still Hin selet e mbr i
not nouh i mos caes.Having selected this minimal number of variables,

not enough in most cases. the next step is to correlate their values to their rates,
Fortunately, in chemical kinetic systems, the allowing the simulation of a system containing only

chemical changes span very diverse timescales. Start- n variables. Two basically different methods have
ing with arbitrary initial conditions in composition been proposed for the calculation of such relations:
space, the concentration of fast variables (i.e., QSSA
species) is determined soon by the concentration of 1. Quasi-steady-state approximation: In each step of
slow variables (non-QSSA species). Although this be- the simulation, the concentrations of QSSA spe-
havior of chemical systems was observed very early cies are calculated from the concentrations of
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non-QSSA species, and the production rates of Application of Repro-iviodeling for
non-QSSA species are calculated using the Combustion Simulations
original system of kinetic ODEs.

2. The intrinsic low-dimensional manifold method Reactive flow problems can be characterized by
[7,8]: n variables are selected, and the values of the following system of partial differential equations
other variables are determined on the basis of the deduced from the conservation equations:
Jacobian. Production rates for the n variables are
calculated using the original system of kinetic dU/dt = A(U) + B(U) (1)
ODEs in each point of an n-dimensional grid and
tabulated. In each step of the solution of kinetic where U is the vector of state variables (e.g., species
ODEs, the nearest values in the table are looked mass fractions, temperature, density, and velocity
up, and the production rates are estimated using field), A is the rate of state variables due to transport
multilinear regression. (advection and diffusion), and B is the rate of state

variables due to chemical reaction. Inputs of function
In this paper, a third method is described for the B are the temperature and the species concentrations

generation of reduced models, which is also based on and the output is their rates.
the existence of diverse timescales in chemical ki- While Eq. (1) has a simple form, it is difficult in
netic models: most cases to solve it numerically. In the case of two-

and three-dimensional systems, the method of op-
3. Repro-modeling: Several hundred simulations of erator splitting is common for the solution of Eq. (1).

the original mechanism are carried out, and the Using this method, the changes of state variables dur-
values of n variables and the rate information cor- ing time interval At are calculated from
responding to these variables are collected. The
data are fitted using high-order multivariate pou- U(t + At) - U(t) = T(U,At)C(UAt) (2)
ynomials. Then, in each step of the simulation,
these polynomials are evaluated, where T is the operator of changes of state variables

due to transport and C is the operator of changes of
concentrations and temperature due to chemical re-
action. The inputs of operator C are the concentra-

The Repro-Modeling Approach tions and temperature at time t and the outputs are
the same variables time At later. It has been shown

Very frequently, complex computational models that the method of operator splitting is well appli-
have CPU time-consuming submodels, which may cable for the calculation of deflagrations (see Ref. 15
be used several million times during a single simu- and citations therein). Operator C is also well appli-
lation. The input of such submodels usually covers a cable in turbulent flame calculations using the prob-
well-defined region. Based on several thousand sim- ability density function (PDF) approach (see e.g.,
ulations with typical input data, the input-output re- Ref. 16).
lations of the submodel can be approximated by ex- The concentrations of all those species have to be
plicit empirical equations. This approach is called calculated by Eq. (1), which are interesting for the
repro-modeling [9] and was successfully applied to, purposes of the simulation. The chemical term B
for example, the modeling of freeway control. As the usually determines other species, which have an in-
evaluation of explicit equations is much faster than fluence on the concentration of important species
the simulation of the submodel, the simulation of the (and temperature) and which have to be calculated
original model can be sped up significantly. as well. The fewer chemical substances considered,

Models of reactive flows have a similar structure, the faster the calculation of transport. The chemical
as the calculation of chemical rates is a very time- term is also the source of another problem. The
consuming submodel of the transport model. The chemical equations are usually very stiff, and there-
spread of air pollution is one of the applications of fore, a small time step has to be used for the solution
reactive flow models, and repro-modeling has been of Eq. (1), even if the accuracy and stability of trans-
applied to atmospheric chemical problems [10-12]. port equation allowed a longer time step. This prob-
Repro-modeling has also been applied to a liquid- lem is eliminated when the operator-splitting
phase chemical reaction [13]. A similar approach was method is used, but evaluation of operator C is time-
used for the modeling of electronic circuits [14]. consuming due to the stiffness of the kinetic equa-

The approximating empirical function has to be tions.
simple for a fast evaluation and flexible to mimic well The repro-modeling technique can be used for the
the submodel. Continuous piecewise linear functions calculation of both chemical rates B and operator C.
[9], second order polynomials [10,11], and high-or- The repro-model uses the minimal number of state
der polynomials, evaluated in Homer form, [12,13] variables, which influence the selected state vari-
have been successfully used. ables. Creation of the repro-model starts with the
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creation of a big table, which consists of some se- in the table is impossible. If the table is prepared
leeted state variables and information about their carefully, it contains rate information for all regions
rates. The procedure can be summarized by the fol- where the repro-model is intended to be used. The
lowing steps. table of the low-dimensional manifold method also

contains information for nonrealistic combinations of
state variables.

Tabulation of Variable Value-Rate
Relationships

Due to the existence of diverse timescales and
conservation relations, chemical changes in a longer Fitting a Polynomial to the Data of the Table
timescale have much less degree of freedom than the If the physical model suggests some special func-
number of species. As a first guess, n = nt - nf - tions, then these functions have to be used for fitting
n, slow variables have to be selected from the state the table. In our case, there are no such "natural"
variables. Since some of the slow variables may be f ctions, and any function is good, which is simple
redundant in the original chemical mechanism, the aunct i ble. Our c tice is the whicati s sigh-
final repro-model may contain even less variables. A and flexible. Our choice is the application of high-
good fit can be obtained if the repro-model has equal order multivariate polynomials. As a general tenth-
to or more variables than the degree of freedom of order five-variable polynomial has 3003 coefficients,
the mechanism. This provides a suggestion for the application of such polynomials is only feasible if

degree of freedom in an indirect way. However, a most of the parameters are set to zero, and there are

repro-model with less variables is not senseless since at most a few dozen nonzero parameters. The fitting
the error induced by the inadequate number of vari- procedure has to be suitable for fitting a polynomial

ables is minimized as a consequence of the least- to tens of thousands of data points, determining the

squares fit. noneffective parameters of the polynomial and fitting
the rmiigprmtr sn h ehdo es

Proper preparation of the table is the crucial step remaining parameters using the method of least
of repro-modelling. Values of the selected n state squares. An algorithm, which meets these require-
variables (e.g., temperature and some concentra- ments, was described in detail in a recent article [13].
tions) have to cover the whole region where the A series of polynomials, having a discrete orthonor-
mechanism is intended to be used. In the case of a mal property on the input data set, is constructed and
working reactive flow model, a possible solution is to used for the least-squares approximation. Orthonor-
use the model with several representative input data mal polynomials, which do not decrease the root-
and record the input and output of chemical kinetic mean-square error more than a predefined limit, are
calculations, i.e., the values and rates of selected vari- rejected, and only the effective orthonormal poly-
ables. If the construction of the final model is im- nomials are used for the construction of the approx-
possible, then probing the chemical mechanism with imating polynomial. In the final step, the sum of or-
similar concentrations and temperatures can be car- thonormal polynomials is converted into a single
ried out using spatially homogeneous or one-dimen- multivariate polynomial.
sional calculations. It is important that the recorded It is well known that the evaluation of polynomials
rates must belong to relaxed values of fast variables, can be made faster using appropriate factorization.
and therefore, the rates obtained, for example, from In the case of a single variable, the generation of a
spatially homogeneous calculations, have to be re- Horner equation is straightforward. An algorithm
corded only after some initial induction time. was given in Ref. 13 for the construction of multi-

The rate information collected may be either the variate Homer equations, and a FORTRAN program
time derivative of the variables or the changes of vari- was provided, which produced a FORTRAN func-
ables during time At. In the first case, the repro- tion including the multivariate Horner equation.
model can be used for the calculation of chemical Evaluation of such functions is very effective on com-
rates B in Eq. (1). In the second case, the repro- puters with scalar processors. However, this function
model is applied as chemical operator C in Eq. (2). is not easy to parallelize, and therefore, a new variant
In this case, the table has to contain the values of for the construction of FORTRAN functions is also
state variables at time t and their values At time later. used here. In this version, the powers of variables are
Time interval At has to be chosen according to the calculated sequentially and these values are used
stability and accuracy requirements of the transport during the calculation of monomials. While this ver-
calculations and to keep the error induced by the sion is less effective on scalar computers, the calcu-
operator splitting low. lation of monomials is independent here, and there-

The table obtained resembles the table that is the fore, it is expected to be faster on multiprocessor
final result of the intrinsic low-dimensional manifold computers.
method. The main difference is that the input vari- The set of FORTRAN functions obtained repre-
ables do not form a grid, and therefore, a fast search sents the reduced mechanism.
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0.1 80 FiG. 1. Carbon monoxide-oxygen

0.162 phase plane. The solid lines give the

trajectories corresponding to a start-

0 1 26ing temperature of 1000 K and fuel-0.126 ,to-air ratios 0.5, 1.0, 1.5, respec-
0.1 08 tively, until simulation time 0.01 s.

gooo . ,., ." .The upper ends of the lines belong
072 tt")5r. "" " 'to the initial unburned mixture. In

0.072. the case of the simulations applied

0.054 for the preparation of the table, the
0.06N. t .? initial composition of the mixture

was uniformly distributed between 4
0.018 = 0.5 and 1.5. Dots represent the

0.000 , dependent variables CO and 02 used
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 in the table. Only a part of 30,000

X(CO) data points are plotted on the figure

for clarity.

Example: Ignition of a Wet Carbon Monoxide- f-cuo1 h?2 (y)
Air Mixture d ... ý. on yl!,) a:(2•)

data a/ 1.25887E.04, -9.6455OSE+00, -4.77828E+04, 6. S1249E+01,"-i.27202E+.0 -1. 73470E+04,-2.09878E+04,-8.07198E+04, 1.70698E-06,
"-2.62401E-02, 1.73978E-02, 2.16879E+01, 1.51000I+04,-1.13259E+06,

To promote a direct comparison with the results -+.21as3bE-bo, 3.26415E-06,-4.65053E-06, 1.36031E-03, 3.39191E+02,

described in the papers by Maas and Pope [7,8], the si,
3 5

04 
2 

,3l3?)a(7)+y( 3.0 (33(+04).y(3)

mechanism used in those papers is used here without :'(22)))+Y(2)*(ý(6)+YC3)*y(3}'.(21)+y(2) {( !3)+y(3)-a(20))))+y(1)."(a(2)+y(a)-(a(5)+y(3l1a. 12) ]+Y(g)'(a(4)+y,(a)-y(3)-ý(19) )+y( I)-(y(3

modification. In accordance with Ref. 7, the repro- :)*afl),+y2}'(alO)+y(2Pa(18)l+y(1)'(a({)+y(3)'(17)+yC2)'a(16)+y

modeled process is the ignition of a carbon monox- reton

ide-hydrogen air mixture at 1-atm constant pressure end

with a hydrogen-to-carbon atom mole ratio of 1:10. FiG. 2. An example for a computer-generated multivar-
Our aim was to create a repro-model that de- iate Horner equation. The repro-model obtained consists

scribes the combustion of wet CO at ambient tem- of a set of such FORTRAN functions. This function cal-
peratures between 990 and 1010 K and fuel-to-oxy- culates the temperature 10-1 s later, given the temperature
gen ratios from 0.5 to 1.5. The choice of these limits and mole fractions of CO and 02.
is arbitrary. Wider limits can also be chosen or dif-
ferent repro-models can be used for different regions
of ambient temperature and concentrations. As Maas about 25 s on an IBM RISC 6000/340 workstation.
and Pope have successfully used tables with one and For the rates of the three variables, polynomials with
two chemical species concentrations, as a first step, 22-25 nonzero parameters were fitted. The average
two species concentrations and temperature were se- deviations between the tabulated rates and the fitted
lected as variables of the repro-model, values were below 0.26%.

All in all, 300 initial conditions, uniformly distrib- The fitting program provided the powers of vari-
uted •ithin the above limits, were selected by a ables in each monomial and the corresponding co-
random number generator and used in spatially ho- efficients. These data were converted to a
mogeneous simulations. The calculations were car- FORTRAN function by the appropriate program
ried out by program SENKIN [17]. Temperature and that created multivariate Horner equations. An ex-
mole fractions of CO and 02, together with their rate ample for the obtained function is given in Fig. 2.
information, were recorded at every 10-4 s until the Another program produced alternative FORTRAN
final simulation time of 0.01 s. The distribution of functions. In these functions, the powers of variables
the input variables of the table is illustrated in Fig. are calculated sequentially and then applied for the
1. The rate information was the values of these three independent calculation of monomials.
variables one time step (10-4 s) later. The table con- Recursive calculation of the values of variables re-
tained 300 x 100 = 30,000 entries, but the rate sulted in temperature-time and concentration-time
information belonging to the initial induction time, curves. A sample result for such a calculation is given
when the concentrations of QSSA species have not in Fig. 3. The repro-model was randomly checked
reached their quasi-stationary value, was not used. using other initial conditions within the limits applied
Therefore, data with a temperature above 1100 K in the preparation of the repro-model, using initial
were used only, and these approximately 20,000 data temperatures greater than 1100 K only. In a series
were fitted by the polynomial. of such calculations, similarly good agreement was

Fitting fourth-order polynomials to the data took obtained to the SENKIN solution.



APPLICATION OF REPRO-MODELING FOR THE REDUCTION OF COMBUSTION MECHANISMS 953

0.50 T 2700 mials, and the multivariate Horner equations, re-
2500 spectively.
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" .5 1 900 Comparison of the Features of the Three
-1700 Methods
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1300 QSSA:
-1100

0.0090
0.00 0.00 0.003 0.004 0.006 0.007 0.009 0.010 Preparations

time/s Setting the left-hand side of the kinetic ODEs for

FIG. 3. Concentration-time and temperature-time the QSSA species to zero always provides algebraic
curves for 1000 K initial temperature and a stoichiometric equations for the concentrations of QSSA species.
mixture. Solid lines represent the SENKIN solution, and The numerical solution of these equations is very
dots were calculated using a three-variable repro-model, time-consuming [3], and therefore, in practical ap-
Calculation of the curves with the repro-model was 11,700 plications, explicit expressions have to be derived for
times faster. the calculation of the concentration of QSSA species.

Since the conversion of a system of algebraic equa-
tions to explicit expressions is not always possible

T 2700 even using algebraic manipulation programs [3], in
2500 most cases, the algebraic equations have to be trun-
2300 cated [18]. Note that the CSP can provide hints for

0.20 2100 such a truncation. Explicit expressions can be sup-
0.15 1900 plemented by inner iteration for some QSSA species

S01700 [19]. Anyhow, the generation of a reduced model

S0.10 1500 containing explicit QSSA expressions always requires

1300 significant human effort. On the other hand, identi-
0.05 1 fication of QSSA variables provides a physical insight
0.00 'L _ ' _ _ 9001100 into the model.

0.000 0.001 0.003 0.004 0.006 0.007 0.009 0.010

Accuracy
FIG. 4. Concentration-time and temperature-time It is well known that the QSSA is a first-order ap-

curves for the same initial concentrations as in Fig. 3. Solid proximation only [20]. In principle, much more ac-
lines represent the SENKIN solution, and dots were cal- curate higher-order QSSAs can be derived as well
culated by a two-variable repro-model. Calculation of the [21], but generation of such approximations is only
curves with the repro-model was 24,000 times faster. possible in the case of small systems.

Further errors are induced when the algebraic
equations are truncated. Application of partial equi-

When the polynomials were calculated without librium for some species can also be considered as a
any factorization, the repro-model calculation was 68 truncated QSSA equation.
times faster than the SENKIN simulation. Applying
independently calculated monomials, the repro- ld in computer time
model was already 2220 times faster. Using the mul- Yielthoute time
tivariate Horner equations, calculation of time curves Although the calculation of rates requires the pre-
with the repro-model was 11,700 times faster than vious calculation of the concentration of QSSA spe-
the simulations with the full mechanism using pro- ties, the evaluation of the rate equations is very fast.
gram SENKIN. Unfortunately, there are no data for computer time

In a similar way, a two-variable repro-model was yield for this system, but in the case of mechanisms

also prepared. The two variables selected were tem- of similar size, application of QSSA usually results in

perature and mole fraction of CO. In this case, fifth- 20-50 times increase in calculation speed.

order polynomials gave a better fit to the tabulated
data. The temperature-time and CO concentration- Limitations
time curves obtained are given in Fig. 4. Now, the As in the case of the other two methods, the QSSA
agreement is not as perfect as in the previous case, is not applicable until the radical concentrations have
but it is still good. In this case, the repro-model cal- approached their QSSA values, i.e., a short time in-
culation was 162, 5300, and 24,000 times faster than terval after the ignition. It has been demonstrated in
the SENKIN simulation, using the direct calculation several cases that the same QSSA equations are ap-
of polynomials, the independently calculated mono- plicable for a wide range of conditions.
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The Intrinsic Low-Dimensional Manifold Method: Yield in computer time
When the repro-model provides the rates of state

Preparations variables, these rates are calculated from the values

Generation of the tables has not been automated of variables in one step and not in two stages like in

and requires considerable human effort. The rates the case of QSSA calculations. Calculation of QSSA
are calculated by a special program that has not been concentrations might involve time-consuming cal-published h culation of square roots, while the equations of the

repro-model are always polynomials, which can be

evaluated very quickly using their Homer form.
Accuracy Therefore, application of repro-models allows faster

The calculated rates correspond to a high-order calculations of rates than using the quasi-steady-state
QSSA and, therefore, can be more accurate than the approximation. Then, the calculated rates are used
rates calculated by the QSSA. This feature becomes in the usual simulation models.
apparent at low temperatures. Using adaptive grid- When the repro-model provides the changes of
ding in the preparation of the table, the interpolated state variables over time At due to chemical reac-
values can also be accurate, but at the expense of tions, the solution of stiff kinetic equations is re-
significantly increased size of the tables. placed by the evaluation of polynomials. This version

allows a several thousand time increase in the speed

Yield in computer time of the calculation of chemical changes.
Finding the nearest entries in the big table is very

time-consuming, and therefore, the calculation of the Limitations
rates is much slower than by the QSSA. Note that The repro-model contains information only for the
this drawback of the method could have been elim- conditions of the simulations used for the generation
inated if the information of the table were stored in of the tables. However, these conditions can be very
multivariate polynomials. For the wet CO ignition wide, and also, different sets of polynomials can be
example, this method was 16 times faster than the used for different conditions.
simulation of the full mechanism [8]. There is very little experience on the maximum

applicable number of variables in a repro-model. Re-
Limitations pro-models with 13 and 15 variables have been re-

The table contains information for every combi- ported (see Refs. 12 and 11, respectively). This limit
nation of species concentrations, provided that they seems to be rather high, which might allow the ap-
remain within predefined limits. The table becomes plication of repro-modeling in reaction-diffusion cal-
too big if the number of variables is more than five. culations for most of the fuels.
In case of reaction diffusion systems, this limit seems
to be too tight. Application of polynomials, instead
of tables would also solve this problem. Note that Conclusions
application of polynomials instead of look-up tables
is a good alternative in the case of turbulent-flame This paper represents the first application of re-
calculations as well. pro-modeling to combustion simulations. Several

other variants of this technique have been used in
Repro-Modeling: other areas of computer modeling, especially in air

quality simulations. Repro-modeling seems to be
competitive to previous mechanism reduction pro-

Preparations cedures, considering the human effort needed andThe original simulation program with minor mood- the accuracy compared to the full mechanism. Fur-

ifications can be used for the generation of the table. thermore, repro-models allow about two orders of

The table has to contain data for all realistic combi-

nations of the state variables, and pof such magnitude faster calculation of chemical changesnatonsofthestte aribls, ndpreparation osuh than the reduced mechanisms obtained in the usual
a table requires attention. Fitting of the polynomials

and conversion of the polynomials to a Homer form way.
Further work is needed for a detailed assessmentrequires small programs, which are available from of the possibilities of repro-modeling in combustion.

A series of repro-models has to be produced for the

combustion of other fuels and for other reaction con-
Accuracy ditions. In each case, the relation of efficiency and

The table contains not approximated rates but the accuracy to the number of variables and parameters
"real" rates of variables. The polynomials approxi- of the repro-model has to be investigated. Poten-
mate the tabulated values with an accuracy well be- tially, the most important field of application of
low 1%. repro-modeling is the simulation two- and three-di-
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ANALYSIS OF A SYSTEMATICAL REDUCTION TECHNIQUE
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The systematical reduction of chemical reaction mechanisms is studied by using a first-order sensitivity
analysis. Two important aspects in the reduction strategy are considered here: the identification of the
steady-state species and the truncation of the resulting algebraic equations for these species. The analysis
is applied to the four-step model of Peters et al. based on the skeletal mechanism for lean methane-air
combustion.

The identification of the steady-state species with the sensitivity analysis confirms the choices made by
Seshadri and Peters. Even more, with the analysis it is predicted that the differences in burning velocity
between the four-step mechanism and the skeletal mechanism can be reduced, by taking CH, not in steady
state, effectively yielding a five-step model.

The effect of truncation is also investigated, and the differences of several approximations in the four-
step model are studied systematically. With the sensitivity analysis introduced here, we are able to predict
the qualitative effect of truncation. Applied to the truncation of the expression for OH mole fraction, it
shows that the performance of the four-step model can be improved considerably if another reaction is
included in this expression. The computations of the burning velocity with this "extended" OH expression
confirm the prediction.

It can be concluded that the presented sensitivity analyses can be used effectively to analyze and de-
termine systematically reduced mechanisms.

Introduction NO. Since exhaust limitations due to governmental
regulations become more and more important, this

Currently, simple flame systems are easy to model limits the use of a global reaction model as an engi-
for almost any fuel as long as the detailed chemical neering tool for commercial purposes. In recent
mechanism is known. Some simple more-dimen- years, new approaches have been introduced to re-
sional systems (see Ref. 1) can be modeled using duce the problem size (and stiffness) of the reactive
complex chemical reaction mechanisms. These cal- flow equations, still keeping the essential information
culations give large sparse matrix equations, with a of the detailed chemical model (computational sin-
leading dimension proportional to N, X NP, where gular perturbation [9,10] and mathematical reduc-
N, is the number of species and N,, is the number of tion techniques [5,6]).
mesh points. However, for the development of en- In this paper, we present a study of the so-called
gineering tools to model realistic (domestic) burner systematic reduction of detailed chemical mecha-
systems or for the direct computation of large-scale nisms [12]. This technique reduces the size of the
reactive flow configurations, detailed models are still matrix equations to be solved, is less specific for the
impractical. To perform modeling studies of this type of flame considered, and retains the information
"type, reducing the problem size (through N,) and re- on specific species. Unfortunately, much of the effort
ducing the stiffness in the equations is the best way necessary to deduce a reduced mechanism is related
to proceed. to the experience of the researcher.

In the early years of combustion modeling, so- A systematic approach to deduce a systematically
called global reaction models were used frequently. reduced mechanism, using first-order sensitivity
Today, most modeling studies on more-dimensional analysis, is presented. The concepts of the systemat-
reactive flows still use a global reaction model [2,3]. ical reduction technique are briefly introduced in the
However, these global reaction models suffer from next section. In the subsequent section, the specific
important drawbacks. The fitting parameters are spe- implementation of a sensitivity analysis is introduced.
cific for the composition of the fuel for which they The method is applied to the four-step premixed
are obtained and cannot be guaranteed to apply for methane-air mechanism of Seshadri and Peters [12].
different types of flames. Furthermore, these global Finally, it will be shown that effects of steady-state
models cannot provide information for species like approximations and truncation of the steady-state ex-

957
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pressions can be analyzed using special sensitivity state. Almost as important is the second aspect in
analyses. These analyses are confirmed by the pre- these models: the so-called truncation of the alge-
mixed flame computations. braic expressions for the species that are to be con-

sidered in steady state.
Two important features in the systematic reduc-

General Principles tion of the detailed chemical mechanisms are the
steady-state approximation and the partial equilib-

Generally reactive flows are described by the con- rium approximation. The application of both
servation of mass, momentum, and energy together assumptions is straightforward. The only difficulty is
with balance equations for every species in the mix- the identification of the species for which the steady-
ture and the equation of state. For the isobaric pre- state assumption applies best and the manipulation
mixed adiabatic one-dimensional flame, these can of the resulting algebraic set of equations [12,14,15].
adequately be approximated by the set of equations
given by Smooke et al. [14]. The Use of Sensitivity Analysis to Identify Steady-

To tackle the equations numerically, we apply a
finite-volume discretization, as proposed by Thiart State Species:
(or Ghilani and Larrouturou) [8,7], and put all equa- The success of reducing the detailed chemical
tions in a residual formulation, yielding model is strongly related with the ability of applying

the steady-state assumptions to the proper set of spe-
l'j = Sij + aijyi(j- ) cies. Classically, this is done by simply comparing the

contributions of the different parts (convective, dif-
- bijyij + cijYi(j+l) (1) fusive, and reactive terms) in the balance equation

isemesh index and y(i = ... N, ±2) is and a detailed investigation of the magnitude of the
wherej is theatin for th s i m ... N C chemical source term. Many authors simply refer to
a compact notation for the species mass fraction i E the maximum weighted mole fraction of the inter-
[1,NV,], the temperature i = N8 + 1, and the mass mediatespiefothfaeunrcnidain

flow rate i = N, + 2. The source terms sij are equal species for the flame under consideration
ts f • (see e.g., Ref. 12). For a group of intermediates, the

to vAri a bi for the species and -r -1 hi o)i for the tern- weighted maximum mole fraction stays below 1 %.
perature variable, where Mi is the molar mass and h, It is now common practice to consider this group to
is the molar enthalpy of species i. To find the steady- be in a steady state. The main argumentation for this
state solutions of these coupled equations, we em- observation is that due to fast reactions involving
ploy a modified damped Newton-Raphson method: these species, reactions creating these species are ef-

fectively balanced with a set of reactions consuming
Y = -2nJ- 5 r (2) it. Therefore, the maximum mole fraction stays low

and the steady-state assumption applies.
where n is the iteration index and the Jacobian matrix Although this heuristic reasoning is often used, it
J = dr/dy, combined with a time-stepping algorithm is unsatisfactory since it gives no direct indication of
whenever Newton's method fails. The Jacobian is the effect of the steady-state assumption on the flame
only re-evaluated periodically. The structure of this structure or flame properties (such as the burning
matrix equation is determined by the ordering of the velocity). Here, we present a first-order sensitivity
variables in the vector y. Grouping the variables and analysis that gives an indication of these effects. A
residuals per mesh point leads to the well-known sensitivity analysis, often used in combustion studies
block-tridiagonal Jacobian matrix equation [11], (see e.g., Ref. 13), deals with predicting the effect of
which can be solved easily. The computations with a vector of parameters k on the observables y, shortly
the four-step and detailed chemical models are per- written as 8y/dk. Simple algebra now leads to
formed with this approach.

Effectively, the objective of the systematic reduc-
tion strategy will be the replacement of the (partial) J_ - dr (3)
differential equations for some species by algebraic
expressions that, in principle, reduces the computa-
tional effort. In general, the reduction strategy is where we used d[r(ylk)]/dk = 0. Typically, this anal-
based on two distinctive tasks. First, there is the ac- ysis can be performed as a postpro~cessor since the
tual reduction of the number of differential equa- Jacobian J is already available and very little effort is
tions that has to be solved. This directly leads to a needed to evaluate the sensitivities dy/Bk or the re-
quadratic decrease of the dimension of the Jacobian lated weighted or logarithmic sensitivity matrix Sk =
matrix, which now will contain (N" + 2) X (Np + a ln(y)/d ln(k).

2)-blocks instead of (N, + 2) X (N, + 2) for detailed The use of a sensitivity analysis with respect to the
computations. Here we introduced Np' for the num- systematic reduction of the detailed chemistry will
ber of species that are not considered to be in steady be treated here. We will introduce a vector of
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dummy parameters 9- in the residual formulation of

the discretized equations, according to 0 tj.i

rij= -isij +- aij i(j_I) - bijyj + cijyi(ji) (4) -1 56

thus yielding the set Jfi, i E [1,N, + 2] corresponding e -a
to the variables yi. In the course of the flame calcu-
lation, these parameters are all fixed and equal to one -3
and do not affect the solution. After the flame cal-
culation, however, the sensitivity matrix S9" is evalu- -4
ated. For any observable y,, the smallest sensitivity I:CH4 2:CO 3:CO2 4:1H2

coefficients Vi, correspond to the variables yi', -5 1 502 6: 1,o 7: H
y~ IU I iI

which can he considered in steady state. Specifically, 0.6 0.7 0.8 0.9 1.0 1.1

if the main objective of the reduced mechanism to 9
be derived is to predict the burning velocity and tem-
perature profile well, the sensitivity coefficients 0.1
S•si) and S,6 are to be considered, where the latter
is a function of positioo (through j). The choice of
the species yi, to be considered in a steady state will
then be the ones that yield the smallest sensitivity 0.0s
SFL) and S'.-

The basic idea behind this method is observed in 3
the following. It can be understood that a scaling of , 4l

the residual ri, aceording to 0 9  ,UH U IJII

rij = 5si[sij ± aijyi1_l) - bijyij + CijYi(j+1)l 1:1CH, 2:CH30 3:0CH3071 4HC 04

has no effect on the solution, as it is a global scaling. -0.05 1:0 6: OH 7 0 H0 8: H202 9: 1 I

Therefore, a low sensitivity to the scaling applied in 0.6 0.7 0.8 0.9 1.0 1.1

Eq. (4) indicates that the residual in good approxi-
mation behaves like FIG. 1. The steady-state sensitivity of the burning veloc-

ity for lean flames. In the top figure, the major species are
rij= S (5) plotted. The steady-state species are given in the bottom

figure. The sensitivity of the atomic hydrogen is plotted in
for species i, which is precisely the implementation both figures with a solid bar.
of the residual of a steady-state species. Physically,
this means that the mole fraction is determined by
the balance of chemical production (wo,) and chem-
ical consumption wo , rather than a balance of dif- in magnitude, the values are separated in two groups,
fusive, convective fluxes and the net chemical source one involving only the species that are taken in steady
term coi (= coil - wi). We will refer to this type of state later on and one involving the others. For all
analysis as the steady-state sensitivity in the follow- equivalence ratios, the species that are chosen to be
ing. Note that inerts will yield steady-state sensitivi- in steady state by Seshadri and Peters show the small-
ties that are small as well, although the physical rea- est steady-state sensitivity on the burning velocity.
soning sketched above is not valid in that case. The steady-state sensitivity of the temperature pro-
However, like for reactants, steady-state assumptions file for p0 = 0.9 gives the same picture. We plotted
never apply to species that are present in the fresh only the steady-state species in Fig. 2. The sensitiv-
mixture, and the sensitivity for these species does not ities of the non-steady-state species are larger by or-
have to be considered. In fact, this steady-state sen- ders of magnitude.
sitivity analysis should only be applied to species that Both the steady-state sensitivity analysis of the
are possible candidates, i.e., intermediates and prod- burning velocity and the temperature profile confirm
uct species, the choice for the steady-state species based on the

The method is tested for the deduction of the ear- weighted maximum mole fraction. However, this
lier-mentioned four-step model based on the skeletal method gives a more straightforward approach to se-
mechanism. We performed the sensitivity analysis for lect the steady-state species and can in principle be
the adiabatic burning velocity and the temperature "tuned" for these observables that are chosen to be
profile. In Fig. 1, we plotted the sensitivity of the predicted well by the reduced mechanism. The im-
burning velocity for some equivalence ratios between plementation is as easy as any "ordinary" sensitivity
(p = 0.6 and T = 1.1. Because of the large variation analysis at almost no extra costs.
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FIG. 2. The steady-state sensitivity of the temperature FIG. 3. Burning velocity SL as a function of (p. The solid
for ( = 0.9. Only the species for which a steady-state as- line is the full scheme calculation with constant Lewis
sumption is applied in the four-step model are presented. numbers. The dotted line indicates the results of the com-
The profile of H is included as a reference. The species in putations with eight steady-state approximations and with-
the caption are not plotted since they are too low, out any truncation (four-step scheme). At (p = 0.6, 0.8, and

1.0 computations are included where the steady-state as-
sumption for CH3 (0), 0 (open square), or OH (solid tri-

Results and Discussion angle) has been dropped, respectively (five-step model).

If the steady-state assumptions are applied to the
skeletal mechanism to obtain a four-step model, we
can eliminate at least one reaction rate for the eight mation apart from the steady-state assumption,
species that are considered in a steady state. This which may affect the solution.

process then gives the well-known four-step global To circumvent this and deduce the effects of the

mechanism with the reaction rates given by Seshadri steady-state approximations alone, we modified our

and coworkers [12,14]. The set of algebraic equations detailed flame code. For the steady-state species, we

that determine the mole fractions of the steady-state implemented approximation (5) directly. Since there

species are truncated and approximated in such a way is no other assumption introduced, this is the most

that they yield an easy-to-evaluate explicit set of ex- accurate four-step model possible based on the skel-

pressions. Here, we will investigate and predict the etal mechanism and for the given steady-state as-

effect of several levels of approximation within the sumptions. In Fig. 3, the resulting burning velocity

Peters model. First, we will study the effect of ap- is compared with the full calculation [using Eq. (1)

plying the steady-state assumption alone. The effects instead of approximation (5)] as a function of the

of truncation will be presented subsequently. It will equivalence ratio p. On the lean side, the four-step

be showvn that a sensitivity analysis can be used to model predicts the burning velocity well. Near the

systematically analyze the effect of the different lev- stoichiometric point, the difference increases to ap-

els of approximation, for the application of the proximately 3 cm/s. The calculations with the five-

steady-state assumption as well as for the truncation step model (indicated with symbols at p0 = 0.6, 0.8,

of sand 1.0) show that this difference can be reduced by
o the steady-state expressions, taking CH 3 not in steady state. This effect can be

predicted with the use of the sensitivity analysis. In

Analysis of the Effect of the Steady-State Fig. 1, it can be seen that the steady-state sensitivities
Assumption: at stoichiometric conditions for CH3 and 0 are com-

parable with that of H. However, the sensitivity of

Normally, the objective of the reduced chemical the methyl radical, with respect to the burning ve-
model is to reduce the memory and CPU demand of locity, has a negative value. This indicates that ap-
a flame computation. However, if no truncation is plying the steady-state assumption to CH 3 will lower
used, the resulting set of algebraic equations for the SL. Obviously, taking CH 3 not in steady state will
steady-state species is nonlinear as well and is not increase it, which is confirmed by the results of the
easy to solve. Therefore, these expressions are often five-step calculation. Similarly, since the sensitivity
truncated in such a way that they form an easy-to- of the hydroxyl radical has a positive sign, leaving OH
evaluate (sometimes explicit) set of equations. This out of the set of steady-state species will lead to a
procedure, however, introduces an extra approxi- further decrease of the burning velocity. This is con-



ANALYSIS OF A SYSTEMATICAL REDUCTION TECHNIQUE 961

firmed by the direct calculation. For matters of com- 45 26
pleteness, we included results of the five-step model 40 r i5

with the 0 radical excluded as well in Fig. (3). Since
the magnitude of the steady-state sensitivity of this 35- -r9
species is much lower than that of OH and CH3, we r- r '

observe a smaller effect in Fig. (3).30

It should be stressed that this implementation of 205

a four-step model does not lead to a reduction of the t 20
problem size. For modeling purposes, it does not

perform "better" than a detailed calculation. It is, 15
however, easy to implement and gives an ideal tool
to predict the fundamental limits of any systemati- 10

cally reduced model. 5 .

0.6 0.7 0.8 0.9 1

Analysis of the Effect of Truncation:

To have any advantage of the implementation of a
four-step model, the set of coupled algebraic nonlin- FIG. 4. Burning velocity S, as function of (p. The solid
ear relations for the steady-state species have to be line is a full four-step reference calculation without trun-
replaced by easy-to-evaluate, preferably explicit cation. The dotted (0) line refers to test case A. The dotted
equations. For the skeletal mechanism, Seshadri and (0) line represents the results obtained with the model
Peters truncate this set of algebraic equations. The defined in test case B. Test case C is indicated with the
numbering of the reaction rates k1{ that is used cor- square symbols (0). The q = 0.8 results are represented
responds to one introduced by Smooke [14]. For fu- again in the upper part of the figure. The effect of inclusion
ture use, we slightly modify the original expression of reactions r, r, r, r,, ( + marks), and r15 (0) in the
for the OH radical: expression for [OH] is presented. The "untruncated" four-

step calculation is now indicated with the solid triangle.
[H9O][Hlkr + [H][O0214{

[OH] = [H 3k• + [Hl[O . (6)
3 1 [Obviously, test cases B and C are not explicit, and

The other expressions are identical to the ones given th

by Seshadri and Peters [14]. The set of equations is state species has to be solved with some kind of it-

explicit, for known temperature and concentrations eration process. We use the so-called "inner itera-

of non-steady-state species, only if partial equilibria tion" procedure [4]. The other species and the

(ra and r 4) are used for the expression for [0] * in Eq. temperature are modeled by using the Newton/time-

(6), yielding iteration method mentioned earlier.
In Fig. 4, the burning velocities of the three test

2 K [H 2O][H] 2  cases are compared with the values resulting from
[O]* = K3/K4 ]2 (7) the "untruncated" four-step model mentioned in the[H2]2  previous section. The results show that due to the

To systematically analyze the effect of this last as- truncation of the steady-state expressions alone (0),
sumption alone on the flame properties, we per- a decrease of approximately 10% in SL is introduced.

formed calculations for the expression for [O] with Furthermore, if the partial equilibria (7) are intro-

the complete expression for [0] as given by Seshadri duced to render the expressions explicit, a further

and Peters also. Furthermore, from a sensitivity anal- deviation (0) from the theoretical four-step model

ysis, it was found that the inclusion of reaction 15 in without truncation is introduced. The results oh-

the expression for OH would lead to an improved tained with test case C (0) indicate that the effect

prediction of the burning velocity; we performed cal- of the classical truncation can be canceled if reaction

culations with this reduced model as well. The stud- 15,
ies we will perform differ only in the expression for
[OH], which is applied. The equations for the other CH 2O + OH - HCO + H2O
steady-state species remain unaltered. The three test
cases are briefly summarized below, is included in the expression for OH.

Test case A: expression (6) + partial equilibrium This effect can be predicted if an approach is used
expression (7) for [0]". very similar to the steady-state sensitivity analysis.

Test case B: expression (6) + [0]' equal to [0] We computed the sensitivities Sty for all steady-state
given by Seshadri and Peters [14]. species in the "untruncated" four-step model imple-

Test case C: like test case B with r 15 included in mentation. In Fig. 5, we plotted these for the OH
expression for [OH]. radical with respect to the reactionsj for three equiv-
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2 n culate the rates of all the reactions present in the

1.5- O =0.6 basic detailed chemical scheme. Furthermore, the
ip=0.8 transport and thermodynamical properties are still

m 91.0 formulated in terms of all species. The steady-state
species are evaluated prior to any residual compu-

.t. 0.5 tation, including the ones needed for the numerical
evaluation of the Jacobian. Due to these reasons, the

C 0 evaluation time tf for one residual vector r will only
-0.5 be marginally shorter than that of the detailed chem-

istry implementation. It can thus be shown that the
-1 amount of work is then proportional to (Nn + 2) X

1 2 3 4 6 8 9 12 15 22 23 24 tf, where N: equals the number of non-steady-state

Reaction Label j species. Since in the detailed computation the effort
is proportional to (N, + 2) X tf, an implementation

FIG. 5. The sensitivities S",, for the OH radical (i index) of a reduced model will lead only to a linear decrease
for the reactionsj present in its source term si = Yjvijqj in computation time, approximately equal to 10/18
for three values of (p. - 0.56, which indeed is observed previously. The

difference between test cases A and B and C origi-
nates from the application of the "inner iteration"

alence ratios. It is shown that reaction r1 and r3 show procedure applied in test cases B and C. Since test
the largest sensitivities, which is in accordance with case A uses explicit expressions, only one "sweep" in
the assumptions made by Seshadri and Peters [12] the inner iteration loop is necessary to evaluate the
[see also Eq. (6)]. For all three selected equivalence steady-state species aceurately. For both cases B and
ratios, the sensitivity of reaction (15) is large as well. C, the steady-state equations are processed several
It is even larger than that of r3 at p = 0.6. To illus- times to obtain a sufficiently accurate solution for the
trate the implication of the value of the sensitivities steady-state expressions.
Sý1., we performed several simulations at (p = 0.8. From a numerical point of view, this reduction of
Starting with the result of test case B (0), for each work remains the main advantage of the reduced
simulation we included one of the reactions r 2, r 4, rg, model. The gain in CPU time might be increased if
r12, and r15 in the truncated expression for [OH]. To the evaluation of the chemical source terms is tuned
show the effect, we magnified the region around p9 to the reduced chemical model. It is worth mention-
= 0.8 in Fig. 4 and inserted the simulations with ing that the so-called "Partial Explicit" approach pro-
cross marks + (r15, (0)) in the left upper corner. It posed by Wang and Rogg [4] will only lead to a minor
shows that a negative sensitivity has a positive effect decrease in CPU time necessary to evaluate the Ja-
on the burning velocity. Furthermore, there is a di- cobian (a factor of 0.43 instead of 0.46 was found).
rect correlation between the magnitude of the sen-
sitivity coefficient Sgy, and the effect of the inclusion
of reaction j in the expression for species i on the Conclusions
burning velocity SL- Since reaction (15) shows a large
sensitivity for all three computed equivalence ratios We presented two implementations of a first-order
(Fig. 5), this suggests that the inclusion of reaction sensitivity analysis that can be used to deduce and
(15) will lead to a higher burning velocity for the analyze systematically reduced reaction schemes.
complete T range that is found indeed. The sensitivity analysis was applied to the four-step

From a numerical point of view, the use of re- methane-air mechanism of Seshadri and Peters [12]
duced chemical models is justified only by the de- and confirmed the choices made for the steady-state
crease of the computational effort. Since in most species. The steady-state sensitivities can be used to
flame applications by far most of the CPU time is analyze the differences with the original detailed
needed to evaluate the Jacobian, we will, therefore, chemical model systematically. Even more, it can be
consider this process in more detail. The leading di- used to minimize the differences between the origi-
mension of the matrix Eq. (2) is reduced considera- nal model and the reduced scheme.
bly. Now, 10 X 10 sub-blocks appear in the Jacobian A second implementation of the sensitivity analysis
instead of 18 X 18 sub-blocks for the full detailed is described to predict the effects of the truncation
model. This leads to a decrease in the (CPU expen- of the expressions for the steady-state species. Using
sive) Jacobian evaluation time, equal to 0.46, 0.52, this analysis, we have shown that a slight modification
and 0.53 for test cases A, B, and C, respectively. Al- to the truncated expressions for the [OH] radical
though there is a decrease in the evaluation times, could improve the predicted burning velocity by the
the reduction is not quadratic in the number of vari- four-step model for all modeled equivalence ratios
ables as might be expected. This is related with the in the range 0.6 < p0 •< 1.0. Computations with the
implementation of the reduced model. We still cal- modified expression confirm this assumption.
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ANALYSIS OF THE REACTIONS H + N2 0 AND NH + NO: PATHWAYS
AND RATE CONSTANTS OVER A WIDE RANGE OF TEMPERATURE

AND PRESSURE

JOSEPH W. BOZZELLI, ALBERT Y. CHANG AND ANTHONY M. DEAN

Corporate Research Labs
Exxon Research and Engineering

Annandale, NJ 08801, USA

We have analyzed H + N20 by considering formation of chemically activated adducts with a master

equation formalism to account for collisional stabilization. We consider four product channels for the
addition of H atoms to NO:

H + N20 = HNNO (la)

H + N20 =N + OH (ib)

H + N0= NH + NO (ic)

H + N 90 = NNH + 0. (1d)

The calculations are in good agreement with the available data. At higher temperatures, the NH + NO
channel is predicted to be comparable to the N, + OH channel, while the NNH + 0 channel is less
important but still significant. An interesting feature of the calculations is the suggestion that HNNO

formation could be important at lower temperatures.
This same potential energy surface is also used to analyze the reaction between NH and NO. There are

three principal product channels:

NH + NO = N, + OH (2a)

NH + NO = NO + H (2b)

NH + NO = NNH + 0. (2c)

Our predictions are in good agreement with the available data. Below 3000 K, H + NO is predicted to
be the major channel for the NH + NO reaction. However, the NNH + 0 channel is predicted to be
important at combustion temperatures and should be considered for inclusion in combustion models.

We recommend use of the following rate constants, in units of cm 3 mole-' s I (T = 300-4000 K, unless
specified otherwise):

k = 8.0 X 1024 T -4 9 exp(-5300/T), for T = 300-1200 K, P = 1 atm N,

k, = 2.2 X 1014 exp(-8430/T), for T = 1000-2000 K

k, = 6.7 X 10"2 T -2 Ilexp(- 18,700/T)

kd = 5.5 X 10Is T- .'' exp(-23,800/T)

k2,, = 6.1 X 1013 T- 5" exp(-60/T)

k, = 2.5 x 1016 T- I"' exp(-420/T)

k2ý = 5.6 x 1012 T•-1 exp(-5470/T).

Introduction is an important intermediate formed during propel-
lant combustion [1]. The reaction between H and

The reaction between H and N2 0 is quite inter- N 20 is a key reaction in N 20 flames and one of the
esting in combustion chemistry. For example, N 20 few that can convert N20 into N2 , thus avoiding pro-
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H + N2O HNNO and NNOH, and the reactants, which is man-

ifested as a relatively low A factor for dissociation of
120- NNH + 0 the adducts to reactants. Finally, there are data avail-

NH + No able for this reaction in both directions, providing a
90 good opportunity to test application of chemical ac-

tivation theory to this system. The goal of such an
H Nýo oanalysis is to understand the observed effects of tem-

so -NOO perature and pressure and then to use this under-
standing to extrapolate measured rate constants to

40 - other temperatures and pressures of interest.

20 - N2 + OH Experimental Measurements

Fio. 1. Potential energy diagram for H + N20. Note Reaction (1b) has been reasonably well character-
that both adducts (HNNO and NNOH) can be formed ized. Hidaka et al. [7] used a computer model in con-
directly from the reactants. junction with their shock tube observations in N20/

Ar and N20/H2/Ar mixtures, while Marshall and co-
workers [2,8] measured the reaction directly in a

duction of undesirable nitrogen oxides in the atmos- worke measure themion direct. There

p h e r e . H o w e v e r , a n a l t e r n a t e c h a n n e l p r o d u c e s N H i s a d i f f e r e n c e n p t h e oh hg h e r -t e e e r a t u r e n r a t e h e o n

+ NO, thus serving as a source of NO. In addition, is a difference in the higher-temperature rate con-

N20 is an important greenhouse gas. As a result, it t. sinhewoptcemaltue.Teator
0is an important togunderstandothe tempeg and pres- point out that their earlier work employed a capped

is important to understand the temperature o- inlet that might have led to premature dissociationsure dependence of these reactions so that appro- of some of the N20, thus introducing some error. As
poate rate constants can he incinded in combustion a result, we only consider the later data. These rate

A potential energy diagram, following Marshall et constants, as well as an earlier shock-tube modeling

al. [2], for this reaction is shown in Fig. 1. Aspects of analysis by Dean et al. [9], are compared to the rec-

this system have also been addressed in several re- ommended values given by Hanson and Salimian

cent calculations [3-6]. Althongh some of these ma1 e [10] and Tsang and Herron [11] in Fig. 2.

the distinction between ciA- and trans-HNNO, the Data for reaction (1c) are more scattered. The
overalltinction aetwereasonably smislan trans-aNh more recent information is shown in Fig. 3. Cattolicaoverall features are reasonably similar to that shown ea.[12] used measured NH and OH flame profiles

in Fig. 1. We selected a barrier hegtof 9 keal/mole et al.[1]uemasrdN anOHfmepois
height in N20/H2 flames to obtain estimates for this ratefor addition to form HNNO, since this value is rep- constant. The two shock-tube measurements of the

resentative of that calculated in the recent work. We reverse reaction [13,141 report markedly different
use 18 kcal/mole for addition to form NNOH, since values. Also included in this plot is the value obtained
this is close to that obtained in all the calculations. by using the recommended value given by Miller and
Following Melius [5], we use a barrier of 29 kcal/ Bowman [15] for the reverse reaction; their assign-
mole for the isomerization. ment is based primarily upon comparison of com-

There are four product channels for this reaction: puted and experimental N20 profiles in ammonia

flames.
H + N20 = HNNO (la) A confusing aspect of the NH + NO reaction is

that it can yield multiple products:
H +N 2 0O= N 2 +OH (ib)

NH + NO = N2 + OH (2a)
H +N 2 0 =NH +NO (ic)

NH + NO = H + N2 0 (2b)
H + N2 0 = NNH + 0. (Id)

NH + NO = NNH + 0. (2c)
Figure 1 suggests that the major channels, particu-
larly at lower temperatures, would be HNNO or N2  Mertens et al. [14] report a branching fraction for
+ OH. At higher temperatures, the initially formed the N2 channel [k2,/k0to] = 0.19 ± 0.10 at 3000 K
adduct could have sufficient energy to dissociate to from measurements of NH and OH. Shock-tube
one of the higher-energy exit channels. This reaction measurements of emissions from electronically ex-
has a variety of interesting features. First, the H atom cited OH and NH in mixtures of HNCO/NO/Ar
can add to either end of N2 0, which leads to different [16,17] were used with a complex model to infer a
products. Also, the low entropy of H atoms leads to branching fraction of 0.32 ± 0.07 for the N2 channel
unusual equilibrium constants between the adducts, at 3500 K. However, an analysis of ammonia flames
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H + N20 = N2 + OH H + N20 = NO + NH

14 14
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FIn. 2,. Comparison of calculated and measured valuesFor. the romate ions fo Halculated + N aue vaNlhes FIG. 3. Comparison of calculated and measured values
for the rate constant for H + N20 = N2 + OH. Thev)
recommended value is that of Marshall et al., for temper- W2

atures above 1000 K. The calculations (P = 1 atm N2) signifies that the rate constant was obtained via the equi-
include contributions to this channel from both the HNNO librium constant from measurement of the reverse reac-

and the NNOH adducts. tion. The calculated values are independent of pressure.

constants span a relatively narrow range of about 1
[18] suggests that the N2 channel is 4-6 times larger X 1013 cm 3 mole- 1 

s-1, there is a dramatic variation
than the N20 channel at 2000 K. The more direct in reported temperature dependence. The high-tem-
nature of the Mertens et al. experiments suggest that perature shock tube results exhibit a substantially dif-
their data are the most reliable. At low temperatures, ferent temperature dependence than the lower-tem-
Harrison et al. [19] suggest that their measurements perature data or the calculations of Miller and
best be interpreted with the N2 channel as being the Melius.
dominant one. Yamasaki et al. [20] report direct
measurements of OH at 300 K and claim that this is
the exclusive channel. They also reported failure to Calculations
detect H, confirming this assignment. However, very
recent work by Durant [6] indicates H + N20 is the A method to treat chemical activation systems was
dominant channel at room temperature, with a developed by Dean [23]. This provides a simple
branching ratio of 0.8 ± 0.4. Calculations by Harri- framework by which the effects of temperature and
son and Maclagen [21] have been used to support pressure can be readily understood and evaluated.
the claim of OH + N2 as the dominant channel. This approach is based on the quantum version of
However, other calculations by Melius and Binkley the Kassel theory to estimate the dissociation rate of
[22] and by Miller and Melius [3] indicate that the the energized adduct, often described as QRRK the-
N20 channel is the predominant one over the entire ory. The quantum Kassel approach has been used to
temperature range. Recent modeling efforts in low- analyze a variety of chemical activation reaction sys-
pressure, stoichiometric H2/N20/Ar flames [1] have tems [24-28], where there was ample literature data
used the branching fraction reported by Miller and to evaluate the predictions. It was shown to be suc-
Melius. Given this ambiguity concerning the low- cessful in these applications.
temperature branching fractions, we have plotted the Since this approach can use Arrhenius A factors
various reported values for the total rate constant for from the literature, there is significantly less oppor-
NH + NO in Fig. 4. Although the reported rate tunity (or temptation) to adjust the input parameters.
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NO + NH Products to heat capacity data, as described by Ritter [33].
14 These have been shown by Ritter to accurately re-

produce molecular heat capacities and vibrational
state densities. This approach offers the advantage of

-----..... avoiding the specification of the complete frequency
---...--- -. distribution of the adduct; for many of the molecules

... - " - of interest, such information is unavailable. We be-
lieve that this three-frequency model provides a suit-

13 able approach to analyze both unimolecular falloff
'-• .- -" - -Mrtand bimolecular chemical activation reactions. The

0 code has also recently been generalized to allow mul-
E

a....Hard- 0o 1. (1996) tiple wells to be connected in many ways.
....X. MiI.,,-BowM•n(1989) The calculations reported herein are done using a

-- *-- Baulcha•.(,i master equation analysis to account for collisional
M A Ya.asaki, at al. stabilization, as opposed to use of the modified weak-
-o 12 (1991) collision assumption in our earlier work. In general,

V Vndo, .. ,.a, results for the major product channels are virtually

(lii1) identical. A detailed comparison will be the subject
.. -- - Mille-Melius (1992)

(Calulated) of a separate paper. The three-frequency model has
Calculated•(•his mwo) been retained. However, the constant A term in the

QRRK expression for k(E) has been replaced by a
temperature-dependent A factor. This accounts for

11 'curvature in k-(T). Although this approach is not rig-
0 1 2 3 4 orously correct, it gives comparable results to a more

1000 K/T general inverse Laplace transform approach. Com-
parisons of these two methods to RRKM will be de-FIG. 4. Comparison of calculated and measured values scribed in a forthcoming paper [34].

for the rate constant for NO + NH = products. Note that

our calculations indicate an increase in the rate constant at
very high temperatures, in qualitative agreement with the

data of Mertens et al. Results

The input parameters are listed in Table 1. (Note
the use of a more complex form for k(T); this was

Data required include high-pressure-limit A factors chosen to more accurately fit the rate constant over
for dissociation of the adduct, which can be based on the extended temperature range of 300-4000 K.) We
measured values or transition state theory (TST) es- also explored use of a more complex system, with
timates based on isoelectronic or structurally similar separate cis- and trans-isomers of HNNO, as de-
reactants with known kinetic parameters. We rec- scribed by both Walch [4] and Durant [6]; these re-
ommend use of the equilibrium constant in conjunc- sults were very similar to those presented below. We
tion with the reverse reaction rate constant, since prefer the simpler analysis, since there remains con-
there is usually more data available for the reverse siderable ambiguity as to the relative energies of the
(bimolecular) reaction, or it is easier to provide a re- isomers, cf. Walch. This reaction system is unusual
liable estimate for this rate constant. This avoids the in that the addition reaction to form HNNO has a
use of any adjustable parameters for the unimolecu- higher effective A factor than the reverse unimole-
lar dissociation and guarantees thermodynamic con- cular dissociation. This unusual case of a higher A
sistency. The information required for the quantum factor for addition than for the (reverse) dissociation
Kassel reaction analysis is available from the litera- is a result of the low entropy of the reactants H +
ture, from thermodynamic parameter estimation N20, combined with loss of a rotor in the dissocia-
codes [29], TST calculation codes [30], and transport tion. Thus, the HNNO adduct will have a signifi-
property estimation methods [31]. The reader is re- cantly longer lifetime, leading to a higher probability
ferred to a recent review [32] for further discussion of stabilization.
of the QRRK technique.

Our initial analysis employed a single geometric-
mean frequency for describing the energy distribu- H + N20 - N2 + OH and H + N20 = HNNO
tion of the chemically activated adduct. Our most N2 + OH can be formed via both adducts. Ad-
recent analysis [27] incorporated a three-frequency dition of H to form NNOH will lead immediately to
model to better represent the vibrational energy dis- N2 + OH, and the rate constant for production of
tribution of the adduct. The three frequencies and N2 + OH via this channel is simply the rate of for-
the associated degeneracies are computed from fits mation of the complex; no chemical activation cal-
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TABLE 1
H + NNO = products

Reaction' A (s-1 or cm3/mole s) n a E. (kcal/mole)

H + NNO = HNNOb 8.46E13 0.0 0.0 9.0
HNNO = H + NNO" 4.19E12 0.306 2.62E-04 24.8
H + NNO = NNOH = N2 + OHa 1.26EI4 0.0 0.0 18.3
HNNO = NH + NO, 1.32E16 0.0 5.42E-04 50.9
HNNO = 0 + NNH' 1.13E16 0.0 3.82E-04 62.2
HNNO = NNOH = N2 + OHs 6.80E12 0.0 0.0 29.4
HNNO: v, = 567 cm-I (degen = 1.99); V2 = 1174 cm 1 (2.49); v, = 2517 cm- (1.53); a = 3.77 A, elk = 280; AE..

= 1000 cal (N2), 750 cal (Ar).

-k = AT' exp(-aT) exp(--E,/RT).
bThis study, E, consensus value (cf. text).
'Microscopic reversibility (MR).
dThis study, E. consensus value (cf. text); A based upon H + NO, from Ko and Fontijn [37]. (This channel is effectively

a direct route to N2 + OH. This component is added to that calculated in the chemical activation analysis (cf. text).)
'Via ke,,vand MR with ke,. 3.46E13, Harrison et al. [19].
'Via k_ and MR with k,. = 7.5E13 (based upon 0 + C2 H,, Tsang and Hampson [38]).
s'Transition state theory, AS = -3.3 (lose 1 rotor), E, from Melius [5] (rate-controlling step for N2 + OH).

culation is needed. This rate constant is added to that trate this, we include two calculations in Fig. 5; in
obtained from the chemical activation analysis for ad- the first, AEd0.. is fixed at 0.75 keal/mole, which
dition of H to form HNNO to obtain the total for yields a room-temperature value of AEavera consis-
this channel. The high-temperature predictions, tent with those tabulated [35]. In the secon , AEda,..
above 1000 K, are in good agreement with the data is assumed to scale linearly with temperature [36],
for the N2 + OH channel (cf. Fig. 2). This is partic- with a value of 0.75 kcal/mole at 300 K. As expected,
ularly encouraging since no parameters were ad- the latter case shows increasing stabilization at higher
justed in the calculation. However, this prediction temperatures. Nevertheless, the correspondence be-
does not account for the observed rate constant at tween the predicted temperature where stabilization
lower temperatures. This strongly non-Arrhenius dominates and that at which the data of Marshall et
temperature dependence has been attributed to tun- al. depart from linearity is striking. Moreover, we
neling by Marshall et al. [2]. They point out that tun- point out that the strong temperature dependence of
neling is also consistent with the observed isotope the data, as well as limited number of experiments
effects in their rate constant measurements for the at constant temperature and various pressures by
D + N20 reaction [8]. Although these researchers Marshall et al., might not preclude some experimen-
rule out stabilization as a major pathway on the basis tal dependence on pressure. We feel that additional
of their observed lack of pressure dependence, our experiments are needed to identify the source of the
calculations suggest that stabilization is an alternate higher observed rate at lower temperatures. In the
explanation for the lower-temperature data. interim, we cautiously suggest use of a calculated sta-

In Fig. 5, we compare our predictions for all the bilization rate constant. At 1 atm N2,
channels to the data of Marshall et al. [8]. The cal-
culations used a pressure of 0.5 atm Ar, conditiosis kfl = 8.0 X 1024 T-4-39
typical of those used in the experiments. Below 900
K, the stabilization of the HNNO adduct is predicted exp(-5300/T) cm3 mole i
to become important. (As discussed above, the low for T = 300-1200 K.
A factor for dissociation of this adduct back to reac-
tants makes this channel particularly susceptible to Over the interval 600-900 K, where this reaction
stabilization.) The temperature range over which sta- might be important, it is approximately in the low-
bilization dominates coincides with the region of sig- pressure limit so that the rate constant can be scaled
nificant non-Arrhenius behavior seen in the experi- linearly with pressure.
ments of Marshall et al. and might account for the Given the ambiguity concerning the lower-tem-
unusual behavior. The degree of stabilization should perature behavior, we are reluctant to conclude that
be viewed qualitatively, because the calculated all of the observed loss of reactant in this regime can
amount of stabilization depends critically upon the be attributed to production of N2 + OH. However,
amount of energy transferred per collision. To illus- above 1000 K, it appears that the measurements of
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H + N20 = Products NO + NH = Products
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FIG. 5. Arrhenius plot for the various channels of H + FIG. 6. Arrhenius plot for the various channels of NH
N20 = products, as predicted by the calculations (for P = + NO = products, as predicted in this work and that of
0.5 atm Ar, representative of the conditions used by Mar- Miller and Melius. Also included is the total rate constant
shall et al.). Two calculations are included for the stabili- predicted in our calculations. The change in temperature
zation channel, using different expressions for AE,1,,,, (cf. dependence near 2500 K in our predicted total is due to
text). Also included are the measurements of Marshall et the increasing importance of 0 + NNH. At lower tem-
al. for the total rate constant. Note the importance of the peratures, H + N20 is predicted to be dominant, in agree-
HNNO stabilization channel at lower temperatures, lead- ment with the calculations of Miller and Melius.
ing to upward curvature in the Arrhenius plot, similar to
that seen in the measurements. At high temperatures, the
NH + NO channel has grown to become almost as im-
portant as N2 + OH, and NNH + 0 is also predicted to sure over the range 10-3-100 atm. These calcula-

be important. tions indicate that, at the higher temperatures, the
NH + NO channel becomes increasingly important
and is comparable to the N2 + OH channel near

Marshall et al. [8] describe this reaction (cf. Fig. 5). 2500 K (ef. Fig. 5). Selection of a preferred rate con-
Thus, we recommend use of the high-temperature stant here is difficult. The data of Mertens et al. [14]
component of their rate expression: are obtained from the measurement of the reverse

reaction, and we suspect there might be some am-

ksb = 2.2 X 1014 exp(-8430/T) cm3 mole-1 s-I, biguity in assignment of product channels (see be-
low). This would lead to a lower activation energy for

for T = 1000-2000 K. kI,, bringing that value closer to that obtained from

detailed modeling (of the reverse reaction) by Miller
(We have extended the high-temperature range since and Bowman [15], as well as that calculated in this
that value is consistent with the shock-tube data.) work. Our analysis is remarkably similar to the Mil-
Our analysis suggests that there should be virtually ler-Bowman value, and we suggest using our caleu-
no effect of pressure (or collision partner) on this lated value:
channel above 1000 K and below 100 atm.

H + N2 0 = NH + NO k, = 6.7 x 1022 T-2'16

The predicted rate constant for the NH + NO exp(- 18,700/T) cm3 mole-' s-
channel is compared to the measurements in Fig. 3.
We predict this channel to be independent of pres- for T = 300-4000 K.
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H + N20 = NNH + 0 energy is appreciably higher for the NH + NO re-
There is very little information available on reac- action, thus allowing easier access to the endother-

tion (1c). The results in Fig. 5 suggest that this chan- mic NNH + 0 channel. This seems to be the most
nel becomes important at higher temperatures. The plausible explanation for the observed temperature
0 + NNH channel has a smaller rate constant, due dependence in the shock-tube experiments. This re-
to the higher barrier for this reaction. Our results can action should be included in high-temperature mod-
be described by the following expression: els, as it provides an efficient route to convert both

NO and NH to N2 (via the very rapid dissociation of
kid = 5.5 x 1018 T-1'06  NNH to N2 + H).

None of these channels are predicted to have any
exp(- 23,800/T) cm 3 mole - 1 s-l, pressure dependence. Given the amount of energy

for T = 300-4000 K. in the adducts, as well as the low-energy dissociation
channels, this behavior is expected-the unimolecu-

This value is lower than that used by Miller and Bow- lar dissociation events are much too rapid to be in-

man [15], which is based on an estimate for the re- tercepted by collisions. Our predicted rate constants,

verse reaction. The calculations indicate that this in units of cm3 mole- 1 s-1, are

channel has no pressure dependence. k2a = 6.1 X 1013 T-0 -50 exp(-60/T)

NH + NO = products k2b = 2.5 x 1016 T-1.03 exp(-420/T)

We have then used this same potential energy sur- k2, = 5.6 x 1012 T1 21 exp( - 5470/T)
face to consider the reverse reaction of NH + NO =
products. These results are compared to the obser- These are applicable over the range 300-4000 K.
vations in Fig. 4. The parameters for this calculation
were all fixed at the same values used for the H +
N20 reaction, and they seem to account for most of Conclusion
the features reported in the experiments, including
the increase in rate at high temperature. Predictions We observe that the chemical activation calcula-
for the various channels are shown in Fig. 6; also in- tions for the reaction H + N20 are consistent with
cluded are the results of Miller and Melius [3]. The what little information is available concerning the
stabilization channels are predicted to be unimpor- branching ratio. At higher temperatures, the NH +
tant, even at the lowest temperatures. The major NO channel is predicted to be comparable to the N2
product channel, except at the highest temperatures, + OH channel, while the NNH + 0 channel is less
is predicted to be H + N2O and agrees well with the important. A particularly interesting feature of the
calculations of Miller and Melius. Our analysis leads calculations is the suggestion that the upward curva-
to somewhat less of the N2 + OH product channel ture in the Arrhenius plot at lower temperatures could
than predicted by Miller and Melius. At 3000 K, we be due to stabilization, as opposed to tunneling. One
predict that k2a/ktot = 9%, as compared to 19 ± 10% expects stabilization to be much more important than
measured by Mertens et al. [14]; Miller and Melius usual in this system, given the unusually low A factor
report 29%. We note that the reports of N2 + OH as for dissociation of HNNO back to reactants.
the dominant channel at lower temperatures would H + N20 is predicted to be the major channel for
suggest that the barrier to the HNNO = NNOH the NH + NO reaction. It is difficult to reconcile
isomerization used in both this work and Miller and this result with the experiments of Yamasaki et al.
Melius is too high. While a detailed evaluation of the [20], but the very recent data of Durant [6] are con-
effect of this barrier on the product distribution is be- sistent with this conclusion. At high temperatures,
yond the scope of this paper, we note that changes of one expects the 0 + NNH channel to become im-
the magnitude needed would require a substantial portant, and this is consistent with the temperature
decrease in the barrier height, well beyond the ex- dependence reported in the shock-tube work by
pected uncertainty in the Melius calculation. Such a Mertens et al. [14]. This is a product channel that
conclusion is consistent with the recent data of Du- should be considered for inclusion in combustion
rant [6], who reports that the N20 channel is domi- models.
nant at room temperature. A particularly encouraging feature of these calcu-

An additional feature of interest in Fig. 6 is the lations is the agreement with a wide range of exper-
predicted importance of the NNH + 0 channel at iments on both forward and reverse reactions. This
the highest temperatures. These results suggests gives us reasonable confidence that the predictions
that the NNH + 0 channel is a major product in for the various channels at other temperatures and
the Mertens et al. shock-tube experiments. This pressures should be sufficiently accurate for use in
channel is more important for the NH + NO reac- combustion models, until additional experimental
tion than the H + N20 reaction since the available data become available.
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COMMENTS

Thomas Just, DLR, Germany. The channel NH + NO dominate collisional stabilization for all conditions of in-
to NNH + 0 should show a rather strong pressure de- terest. In this case, the competitions are among all the uni-
pendence. Did you investigate that? molecular pathways of the adduct, since the sum of uni-

molecular rate constants for these channels completely

Author's Reply. Our calculations show no pressure effect dominates the stabilization pathway. Thus, none of these
for this channel. This is consistent with the fact that the channels, even the higher energy one to 0 + NNH, show
activated adduct has so much energy, relative to the low- any significant pressure effects for P -• 60 atm. The reason
lying exit channels, that the unimolecular reaction rates 0 + NNH is important, in spite of its higher energy, is
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that the A factor for this pathway is higher than the other shed results suggests that both tunneling and stabilization
routes, so that this becomes increasingly important at might be important in this system. We simply point out
higher temperatures. that our calculations suggest that stabilization might play a

role in this system and we feel additional experiments are
needed to resolve this issue.

J. R. Richard, CNRS/LCSR-Orleans, France. One of the
goals of your analysis was to give values or trends over a
wide range of temperature and pressure for the reactions V. M. Zasnansky, Energy and Eneironmental Research
H + N20 and NH + NO. Unfortunately, no data are given Corporation, USA. I think this work is very important for

for the pressure dependency of the above reactions, ex- comparison of different channels for the H + N20 reac-

plaining for instance the experimental fact that an increase tion. There are many experimental measurements for tle

in the pressure decreases N20 and NO. Do you think that major channel (into N, + OH), but I am aware of only

the different routes you proposed can explain the experi- one experimental high-temperature measurement [1] for

mental observation of the pressure influence? the NH + NO channel. As a comment, I would like to
compare the calculated rate constant with the experimental
one. We measured the rate constant of the reaction H ±

Author's Reply. We have not attempted to incorporate ne. We NH + NO exprimntally, rc H

our rate constants into a kinetic model to test the effect of N2O ý NH + NO experimentally, k = 1014.

pressure on a specific system. For this system, the only exp( - 14,500/T) cml/mol s, by studying ignition delays in

channel that we expect to have a significant pressure de- N2O/H 2 mixtures at T = 850-2000 K. That time we con-

pendence over the normal range of pressures for combus- sidered only two channels in our mechanism: into N, +

tion is that for formation of HNNO from H + NO. We OH and NH + NO. The comparison shows that the cal-
would need more information about the specific system to culated rate constant in your work is about three times

address the issue as to whether use of the rate constants lower at 1000 K and two times lower at 2000 K than the

discussed in this paper (as well as all the others needed for experimental value.

such a model) could explain the observed pressure effects.
However, we do expect that there will be systems where REFERENCE
there is a need to account explicitly for the pressure effects
on the branching ratios of chemically activated reactions. 1. Borisov, A. A., Zamansky, V. M., and Skachkov, G. I.,
One of the purposes of this paper was to illustrate a method Kinet. Catal. 19(1):26-32 (1978) (transl. from Russian).
by which these pressure effects can be estimated in a
straightforward manner. These rate constants can then be Author's Reply. The agreement between our calculated
incorporated into mechanisms that should permit better value for H + NO = NH + NO and the measurements
descriptions of pressure effects on systems of interest, of Borisov et al. is even better than cited in the comment.

Our calculations are about a factor of 2 low at 1000 K and
* within 5% at 2000 K.

Joseph Durant, Sandia National Laboratories, USA. Can
you comment on the isotope effect that you would expect
for the H + N20 reaction given the fact that your model J. R. Pels, Delft University of Technology, The Nether-
invokes collisional stabilization to explain the observed cur- lands. Do your results simply show that at low temperature,
vature in the Arrhenius plot? e.g., in SNCR or FBC of coal, the reduction of NO by NH

(from NH,) goes primarily through NO + NH - NO +
Author's Reply. Our original calculations did not address H - N2 + OH rather than directly NO + NH - N2 +

the effects of isotopic substitution on the H + N20 reac- OH?
tion. To address this question, we have calculated the heats Is NO + OH -* N2 + HO2 or NO + OH ý NH +
of formation, entropy, and C,,(T) to reflect deuterium sub- O an important channel at these low temperatures?
stitution in order to explore the effect on the stabilization
channel. We assume the same k, as the H + N20 case and Author's Reply. 1. Our analysis suggests that the major
use microscopic reversibility to obtain k - for dissociation product channel for NH + NO at low temperatures is H
of DNNO to D + N20. These changes result in a slightly + N20, not N2 + OH. As pointed out in the text, this
deeper well (-1.8 kcal/mole), with a slightly larger pre- conclusion is consistent with recent experimental measure-
exponential term for DNNO dissociation. These changes ments of Durant. This could have significant implications
resulted in a -20% increase in stabilization for DNNO at in the modeling of lower temperature systems, like SNCR
600 K and 0.5 atm Ar relative to HNNO. Under these or FBC of coal. The NO formed via NH + NO could
conditions, the experiments (cf. Ref. 8) showed a slight react with H to form N2 + OH, the major low-temperature
decrease in overall rate with the deuterium substitution, channel for this reaction, but there are many other reac-
which would suggest stabilization is not important. On the tions of N2 0, such as those with atomic oxygen, that also
other hand, Prof. Lin's comment concerning his unpubli- need to be considered.
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2. There is recent evidence that the rate constant for our paper at the last Symposium (Miller, J. A., and Melius,
NO + OH = N, + HO, is appreciably slower than ear- C. F., Twenty-Fifth Symposium, p. 719) discusses the ef-
lier literature reports. An analysis of NO decomposition feet of the NH + NO - NNH + 0 reaction prominently.
by Allen et al. [1] reports that use of the Miller-Bowman We also attributed the rise in the total rate coefficient ob-
value results in much too high a yield of NO, with too little served by Mertens et al. [lInt. J. Chem Kinet. 23:173
NO. Their kinetic analysis showed that a much better fit to (1991)] to the influence of this channel. We assumed a rate
the data could be obtained if this rate constant were low- coefficient of 5 X 1013 cm>/mole-s for the reverse reaction
ered by a factor of 160. [This change reduces the amount occurring on the 2A" surface and computed the forward
of HO2 formed, which is responsible for converting NO to rate coefficient from the thermochemistry.
NO, under their conditions.] Author's Reply. We are sorry if we did not properly ac-

The reaction NO + OH = NH + 02 is --52 kcal/mole knowledge the previous work by Miller and Melius on the
endothermic, and is unlikely to be important. A more likely 0 + NNH channel. We appreciate this opportunity to dis-reaction is NO +r OH + M = HONO + M. This reaction O+NN chne.Wapritehsopruiytod-
hasctheiotential N O serve OH + sk = r O , + s relactio cuss the significant differences between our results and
has tlse potential to serve as a sink for OH, as well as a those referred to by Miller. For example, they concluded
route to NO, via the reaction X + HONO = HX + NO2, that the 0 + NNH channel only occurs via the excited
where X is a radical such as H, OH, etc. state surface, and that "on the ground state surface this

channel cannot compete with the N20 + H and N2 + OH
channels, which are much more readily accessible ener-

REFERENCE getically." Our calculations show that reaction to 0 +
NNH on the ground state surface is important. They also

1. Allen, M. T., Yetter, R. A., and Dryer, F. L., "The De- conclude that the 0 + NNH channel is negligible com-
composition of Nitrous Oxide at Elevated Pressures," pared to the other two channels below about 2000 K, while
Spring Western States Section Meeting of the Coin- our value at 2000 K is -2 X 1012, clearly a nonnegligible
bustion Institute, 1994, Paper #94-012. value. Perhaps more importantly, our value was derived

from an explicit chemical-activation analysis with a master
equation approach to treat collisional stabilization, where
all of the channels are included, rather than an isolated

Jamws A. Miller, Sandia National Laboratories, USA. calculation, based on an estimate for the reverse rate con-
Contrary to the statement you made in your presentation, stant.
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Taomsnssnstrafle 6, 37077 Gtittingen, Germany

In the combustion of nitrogen-containing systems and fuels, the radical NH can play an important role.
Many reactions of this radical in its electronic ground state are supposed to be very slow at room temper-
ature. Therefore, experiments have been performed behind shock waves to study some reactions of
NH(X3Z-) that are of interest in combustion processes.

As a source of NH(X 2Z-), HN, was used, which dissociates sufficiently fast above 1000 K. In order to
achieve high sensitivity, NH(X 3Zj) concentration was measured with a ring dye laser.

The reactions of NH(XZ-) with the water gas components H2 (2), H)0 (3), and CO2 (4) were inves-
tigated in the temperature range of 1100-2000 K. The reactions of NH(XZj-) with H20 and CO, proved
to be rather fast. The rate constants obtained were as follows:

k, = 1014.0-±O2 exp[ -(10,100 ± 200) K/T] cm'/mol s

k, = 10113-02 exp[-(6 9 7 0 ± 200) K/T] cmh/ol s

k- = 10130s0.2 exp[ - (7220 ± 200) K/T] cmim/mol s

Rate constants for the reverse reactions are also given. While the reaction of NH(XZj) with H, proceeds
in the expected way, the reactions of CO, and H20 rapidly form species with N-O bonds like HNO.

Introduction Besides that, the reactions of NH are of general
interest in chemistry. The NH radical is isoelectronic

Methods for the reduction of NOx in the burned to CH 2 radicals and to 0 atoms. These three species
gases of combustion processes such as, e.g., thermal have triplet ground states and singlet first excited
DeNOx [1] or RAPRENOx [21 use the addition of electronic states that show a very special reaction be-
certain substances that form essentially NH 2 to re- haviour with respect to the elementary reaction
move NO. The NH 2 radical reacts rapidly with NO mechanisms. In addition, the singlet states of these
in a well-known reaction forming N2 [3]. It is very radicals exhibit high reaction rates already at room
important for these processes that the NH,2 is avail- temperature, which are partly due to electronic de-
able under certain well-defined conditions in the activation but in many eases nearly completely to
combustion process [4]. The important reactions of chemical reactions [5]. This is of practical impor-
NH 2 with many different species possibly present in tance in combustion processes, e.g., for CH 2. The
the combustion process have been investigated in energy difference between the triplet and singlet
some detail (see, e.g., Ref. 5). Much less quantitative states of NH is 151 kJ/mol [6]. Therefore, rather high
information is available about reactions of NH with temperatures are required for electronic excitation
these species. Usually, when NH 2 is present in of NH(X)> -) to NH(a5 A) except in cases when
flames, NH can also be formed. If HNCO is used as NH(alA) is formed as reaction product.
an additive for NO, reduction, the NH may even be In the present paper, we will report experimental
generated directly to some extent. The reactions of results about the reactions of NH(X3Z-) with H2,
NH are also of importance in combustion of nitro- H20, and CO 2. These results will be discussed in
gen-containing fuels, connection with other NH-consuming reactions with

The reactants to be considered for NH-consuming species that might be present in the domain where
reactions in flames are of course 02, hydrocarbons NO , can be removed [7,8,9,10].
(especially saturated ones), and also the main com- There are only a few rough estimates available in
bustion products, the water gas components H2, the literature about the rates of NH reactions in its
H20, CO 2, and CO, as well as the radicals H, 0, and electronic ground state with most of the species men-
OH. tioned. This indicates that the NH(X3Z) reactions
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with these components are very slow at room tern- 9.5
perature [11,12]. For the rate constant of the reac-
tion of NH(X 3 ZJ) with H2 in the temperature range
of 2600-2800 K, a directly measured value has been "9
reported by Dove and Nip [13]. L 9.0

Here measurements of NH reaction rates behind E
shock waves in the temperature range of 1000-2000 - " -'-- AV
K are described. In order to reduce secondary re- u a

actions, a very sensitive detection method for N 8.5
NH(X 3Zj) is required. For the determination of the
reaction products, the often-used method of photol- z
ysis at room temperature was not very useful because "d
the reactions proved to be very slow indeed. Fortu- 6" 8.0
nately, thermodynamic data allow selection of the re- -

action channels in some cases. Otherwise, product
measurements in shock tubes had to be performed. 7

Source of NH(Xa3 Z) was HN3 , which decomposes 1200 1600 2000
sufficiently fast above 1000 K and which was estab-
lished as a well-suited source for NH(X,3 Zj). T/K

FIG. 1. Absorption coefficient of NH at the QA(0,0)

Experimental bandhead of the A3H -- X/Z- transition at 336. 100 nm;
U, Chang and Hanson [15]; 0, this work.

The experiments were performed behind incident
shock waves using an aluminium shock tube with an A flow of about 10 cm 3/min (298 K, 1.013 bar) of the
internal diameter of 20 cm, described in Ref. 14. The HN3 mixture was diluted with a flow of about 5000
light source for the absorption measurements was an cm3/min of a 0.5-2.5% mixture of the other reactants
Art laser (Innova 200-15, Coherent) pumped ring in Ar. With this device, the initial concentration of
dye laser (899-21, Coherent) with internal frequency HN3 could be varied between 1 and 30 ppm.
doubling unit (8100, Coherent). The bandwidth of The absorption coefficient of NH at 336.100 nm
the laser was smaller than 1 GHz, which is sufficient was determined by absorption measurements with
for high-temperature, atmospheric pressure mea- highly diluted HN/Ar mixtures (<2 ppm) in the
surements, where linewidths typically are about 10 temperature range of 1400-1800 K where HN3 de-
GHz. composes completely into NH(X3Z-) and N2 The

A part of the UV beam passed an ammonia/oxygen known initial concentration [HN 3] 0 and the mea-
flame as a stationary NH source. The laser wave- sured light intensity at the end of the reaction I, were
length was adjusted to the maximum of QI(0,0) band- used to calculate the absorption coefficient:
head of the A 3H --X3 Z- transition of NH at 336.100
nm. Then the UV beam was divided into reference
and analysis beams. The analysis beam passed a = ln(Io/I4/[HNao d.
through the shock tube. The difference between the
two beams was amplified electronically and recorded The term d is the shock tube diameter. The results
on a digital storage oscilloscope (9484, LeCroy). of these experiment are summarised in Fig. 1. Ad-

The substances used for the experiments were Ar ditionally, the value given by Chang and Hanson [15]
(99.998%), H2 (99.999%), and CO 2 (99.995%). The for the maximum of the QI(0,0) bandhead is out-
gases were obtained from Messer-Griesheim and lined. They calculated e using spectroscopic data and
were used without further purification. Water was measured broadening coefficients that were found to
distilled twice and passed directly into the tube via a be independent from the rotational quantum num-
double saturator in the carrier gas flow. ber. The measured and the calculated absorption co-

The HN3 was prepared by heating a mixture of efficients are in reasonable agreement. For the con-
NaN,3 (99%, Merck, Germany) with an excess of ste- version of the absorption profiles into NH(X 1Z-)
aric acid (97%, Merck, Germany) to 140 -C. The concentration profiles, a temperature-independent
formed gas passed a U tube, filled with CaCl2 to re- averaged value of 3.4. 108 cm 2/mol (base e) was used.
move water, into a 20-L glass flask. The HN 3 was
then diluted with Ar to concentrations of about 2500
ppm. The purity of HN3 was checked, and impurities Results
of less than 0.3% were found [6]. The test gas
mixtures were prepared before each experiment us- For the detailed investigation of the NH(X 3Z§)
ing a flow system with mass flow controllers (MKS). reactions, it was necessary to inspect the thermal
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decomposition of HN 3 and to check whether the
spin-allowed but thermodynamically less favourable 1 2
reaction channel leading to NH(oal) shows a pro- T
nounced influence. For details, see Ref. 16. Briefly, 0
it was found that, under the conditions of interest, ,) 9
NH(a'A) formation in the thermal decomposition E
can be neglected. For the rate constant of HN 3 de- U

composition, which is equal to the rate constant of
NH(X3Z3 ) formation, a value of k = (8 ± 4) 1014 • 6

exp( - 18,280 KIT) cm 3 mol' s- 1 in Ar as carrier gas
was obtained. This result is in excellent agreement
with the value given by Kajimoto et al. [17] and fits - 3
to the data of Zaslonko et al. [18] obtained at higher z
pressures.

Using these data, the HNjreactant system for the
species investigated in this work can be described by 0

the following simple reaction mechanism: 0 1 00 200 300 400

t / As
HN 3 + M -NH(XQ -) + N, + M (1)

FIG. 2. Typical NH(X 3Zj) concentration profile of the
NH(X'Z-) + R-* Prod. reaction of NH(XLZ-) with H20; T = 1491 K; p =

R = H2(2), H20(3), CO2(4). 3.8-10-r mol/cm'; [UN2 ]0 = 6 ppm; [H20] = 0.6%; -----
experiment; -, calculation.

This simple mechanism results in an analytical ex-
pression that can easily be used to evaluate the ex- stants obtained for this reaction are given in Table 1,
perimental results [9]. Because of the low initial con- part obtand in thin an aregenin p lem-centrations of HN 3 and therefore of NH(Xaz-), part (a) and in Fig. 3 in an Arrhenius plot. A temn-
secondary reactions of primary reaction products perature range of 1100-1700 K was covered. In thisshcouldardy plyactiony role atp rima r eaonta pocn- case data for the reverse reaction (- 2b) are availableshould hardly play any role at the experimental con- [19-23], and there is also one direct determination
ditions chosen here. The corresponding rate law was [2 a thereyis so one drect determ in
checked by experiments with different initial con- in a 3 p
centrations of HN 3 and especially of CO2, H20, and The results obtained in this work are in good
H 2 (not show n here). ag re sult ot ta i ve n in Ref. 13 a nd i n be

A comparison of measured with calculated agreement with the data given in Ref 13 and can he
NH(X3Z-) concentration profiles for the reaction of described in the temperature range of 1100-1800 K
NH(X3Zj) with H,0 is shown in Fig. 2. The dashed by the following Arrhenius expression:
line represents the measured profile. After the schlie- k2 = (1 ± 0.5) 1014
ren signal, the NH(XZj-) concentration rises as a
result of the decomposition of HN 3 and then de- • exp([ - 10,100 ± 200) KIT] cm 3/mol s.
creases. This decay can be attributed to the reaction
of NH(X30-) with water. The signals were fitted us- The Reaction NH(X3ZX) + H 9 0 (3):
ing the rate constant of HN 3 decomposition given
above and by varying the rate constant of the reaction For this reaction, the following reaction channels
of NH(XZj-) with the reactants. The measured pro- may be considered:
file can be approximated well with this simple mech-
anism given above. NH(X3Z-) + H20

-H 2 NOH AH'8gs = - 173.6 kJ/mol (3a)

The Reaction NH(X3 2-) + H2 (2): -* HNO AH2%s = -38.7 kJ/mol (3b)

For this reaction, the mechanism is 112 .-HNO + H2 298~g = - 24.6 kJ/mol (3c)

N - NH 3 + 0 ArH's = 80.4 kJ/mol (3d)
NH(X3,f-) + H2 -*N1432

ArH29s = -410.4 kJ/mol (2a) - NH2 + OH A4H1, = 110.0 kJ/mol (3e)

-- NH 2 + H - NH 20 + H A ,H 2 9 = 161.8 kJ/mol (3f)
ArH'9s = 46.3 kJ/mol. (2b) - NO + H2 + H 29/1%s = 186.0 kJ/mol. (3g)

The experimental conditions and the rate con- The thermodynamic data indicate that most of
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TABLE I
Experimental Conditions and Results for the Reactions of NH(X3.E-) with H2 , H20, and CO, ( R)

Experiment
no. T (K) 10 p (mol cm 3 ) 1011 k, (cm'3 mo1- s-I) x(HN,) (ppm) x(R) (%)

(a) NH(X3Z") + H,

H, - 1 1685 2.7 2.6 9 2
H, - 2 1684 3.0 2.3 9 2
H, - 3 1582 3.5 1.2 9 2
H, - 4 1397 4.1 0.7 9 2
H, - 5 1319 4.9 0.4 9 2
H, - 6 1233 5.1 0.3 9 2
H, - 7 1156 5.6 0.2 9 2
H, - 9 1280 4.1 0.4 9 2

(b) NH(XA•Z) + HIO

HO - 1 1681 2.6 3.2 6 0.6
HIO - 2 1683 2.7 3.5 6 0.5
H20 - 3 1906 2.5 4.8 6 0.7
HO - 4 1586 3.3 2.2 6 0.7
HO - 5 1491 3.7 1.7 6 0.6
HIO - 6 1448 3.9 1.4 6 0.7
HO - 7 1329 4.5 1.1 6 0.7
HO - 8 1670 2.9 2.8 6 0.6

(c) NH(X 3Z) + CO2

CO, - 1 1736 2.7 1.7 6 1.5
CO2 - 2 1615 3.0 1.2 6 1.5
CO2 - 3 1583 3.4 1.0 6 1.5
CO, - 4 1431 4.0 0.7 6 1.5
CO2 - 5 1834 2.5 1.8 6 1.5
CO, - 6 1893 2.2 2.0 6 1.5
CO, - 7 1912 2.2 2.0 6 1.5
CO, - 8 1201 5.1 0.3 12 2.0

these reaction channels are rather strongly endo- reactions and-more important-the reaction leads
thermic. A range of 1300-1900 K was covered for to the formation of a N-O bond.
the measurements of reaction (3). The experimental
results are given in part (b) of Table 1, and the tem-
perature dependence of the rate constants is shown
in Fig. 3. From these measurements, the following The Reaction NH(X3Z-) + CO2 (4):

rate expression results: For this reaction, all reaction channels are endo-

k3 = (2 ± 1). 1 0 13 thermic. The least endothermic channels are

exp[(-6970 ± 200) KIT] Cm3/mol s. NH(X3Z•-) + CO2

The apparent energy of activation of 58 kJ/mol for
the temperature range covered indicates that the - HNO + CO AH/ = 6.61 kJ/mol (4a)
main reaction channel cannot be H abstraction (3e). -* HNCO + 0 AH'- = 158.6 kJ/mol (4b)
Depending on pressure, one of the three first reac-

tions must take place, probably mainly (3c). This - NO + HCO AH2/9 = 158.8 kJ/mol (4c)
needs further clarification. In any case, H atoms will
be formed at elevated temperatures in consecutive - HCN + O2 AH 2.9 8 = 162.6 kJ/mol (4d)
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1 2.0 with an extended reaction mechanism. Most of the
reactions had hardly any influence for HN 3 initial
concentrations below 10 ppm. For higher HN 3 con-

T centration, the signals could be fitted somewhat bet-
11.5 ter by including these reactions-especially NH +

"NH-in the evaluation. The rate constants obtained
0 0by these computer simulations agreed, however, with
E110 those of the analytical evaluation.

As mentioned above, the rate constants of reaction
o9 NH(X3 j-) + H, -* NH 2 + H (2b) are in good

agreement with the results obtained in a less direct
u) 10.5 way in Ref. 13. For the reverse reaction NH 2 + H
0 -- NH(X3Z-) + H2 (-2b), the rate constant ob-

tained from k2b and the thermodynamic data given
in Ref. 23 lead to k_ 2b = 6.3 1013 exp( -4450 KIT)

10.0 cm3/mol s. This reaction is of interest, because it may
5 6 7 8 9 be a source of NH in some gas phase NO-reducing

1 0000 K / T mechanisms. At room temperature, it is quite slow,
but at the temperatures of interest here, the rate con-

FIc. 3. Temperature dependence of the rate constants stant is high. This value for k_ 2b is in fair agreement
of the reactions NH(X 3Zj) + H2 (2), []; NH(X32Z-) + with the results obtained in shock tube studies of
H 20 (3), A; and NH(X 3Z-) + CO2 (4), 0; - , least- ammonia [22] and hydrazine [19] pyrolysis by fitting
squares fit to the data points, to a complex mechanism. The other possible reaction

channel of the reverse reaction NH 2 + H + M
NH 3 + M gains importance only at elevated pres-

--* HON + CO AHs = 164.4 kJ/mol (4e) sures.
-OCN + OH ArI/U98 = 203.9 kJ/mol (40 It should be mentioned that the apparent energy
- HNC + 02 AJJ/ 9s = 213.2 kJ/mol (4 g) of activation of 84 kJ/mol obtained for the "H atom
- NO + CO + H ArH29s = 217.2 kJ/mol. (4h) abstraction" reaction NH(Xa'-) + H2 - NH 2 + H

here fits well into the Evans-Polanyi plot for the hy-
The rate measurements of this reaction covered a drogen abstraction reactions from hydrocarbons by

temperature range of 1200-1900 K. The experimen- NH(XZ-). These reactions have been investigated

tal results for the rate constants are given in Table 1, in some detail recently [10]. The main reaction chan-
part (c), and the temperature dependence is shown nel is the formation of NH 2. The temperature range
in Fig. 3. The measured rate constants can be rep- that could be covered for these investigations be-
resented by an Arrhenius expression came smaller with increasing number of C atoms be-

cause self-reactions of the alkanes become increas-
k4 = (1 ± 0.5)' 1013  ingly important. For the reaction of NH(X3 E ) with

methane, ethane, propane, and, as a species with a
exp[(-7220 ± 200) KIT] cm 3/mol s low C-H bond energy, acetaldehyde, the following

rate constants were obtained:
with an apparent energy of activation of 60 kJ/mol.
It is worthwhile noticing that the apparent energy of keth = (9 ± 3) 1013
activation of this reaction is similar to that of reaction
(3). As the thermodynamic data indicate, the main .exp[ -(84 ± 5) kJ mol-I/RT] cm 3/mol s
reaction channel must be reaction (4a) with the for-
mation ofa N-O bond and at elevated temperatures keth = (7 ± 3)' 1013

of H atoms via HNO dissociation. All other reaction -exp[-(70 ± 5) kJ mol- 1/RT] cm 3/mol s
channels are too endothermic to be of practical im-
portance in combustion processes. kpmp = (6 ± 3). 1013

"exp[-(61 ± 5) kJ mol-1/RT] cm 3/mol s

Discussion kaet = (5 ± 3)" 1013

As mentioned above, the role of subsequent re- 'exp[ -(48 ± 5) kJ mol-'/RT] cm 3/mol s.

actions was assumed to be unimportant under the
experimental conditions in this work. To check the The apparent energies of activation of these
influence of possible consecutive reactions, the sig- reactions fit well into an Evans-Polanyi plot. Thus, it
nals were also evaluated using computer simulations becomes possible to extrapolate to higher alkanes
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and to compare their reactivity with other possible
abstraction reactions by NH(X3 Z-). 12.0

For the reactions of NH(X3 Zj-) + H20 (3), this 1'.,..HNO+H2
Evans-Polanyi plot would require an apparent en-
ergy of activation of about 150 kJ/mol for the for- 11 .
mation of NH 2. The enthalpy of reaction of step (3e) 7.5
is 110 kJ/mol. The experimental results give an acti- .

vation energy of 58 kJ/mol that is definitely much E 1 .0

lower. In fact, it is so low that only reaction channels 02

(3a,b,c) are thermodynamically feasible. Already the Z"
next channel giving NH 3 and 0 (3d) can be excluded CH 10.5 -,.

on the basis of the present thermodynamic data. 0
Therefore, the rate constant of reaction (3) in the •.,
temperature range of interest for combustion is not 1 0.0
only quite high, but it also leads to a direct formation cH'
of a N-O bond. One may consider a reaction mech- 5 6 7 8 9 10
anism that forms an [H2ONH]o complex that prob- 10000 K T
ably undergoes an a-a H2 elimination, so that (3c)
seems to be the main channel under normal com- FIG. 4. Rate constants of some NH(X'Z-) reactions: E,
bustion conditions. In that case, a rate constant of reaction (2); A; reaction (3); 0, reaction (4); NH(X 3 Ej-)
about k -. = 1 1014 exp(-8055 KIT) cm3/mol sin + CH4 [10]; NH(X 3 '-) + CH 6 [10]; NH(X'Z-) + ClH,
the temperature range reported here with an appar- [10]; NH(X3

Z-) + 02 [9]; reverse reactions: HNO + CO
ent energy of activation of 67 kJ/mol for the reverse - NH(X3 Y-) + CO2; HNO + H, ý NH(X3'L-) + H0'.
reaction (--3c) would result. These data for the re-
verse reactions also depend, of course, on the accu-
racy of the thermodynamic data.

A similar situation is found for the reaction of these reactions and the formation of NO under the

NH(X 3Z-) with CO 2 (4). Based on the thermody- conditions mentioned is about 10-5 s.

namic data, the only reaction channel that is ther- The influence of fuel molecules or oxygen present

modynamically feasible in the temperature range in the burned (or mostly burned) gases can also be

employed here and consistent with the apparent en- determined using the rate constants given in Fig. 4.

ergy of activation of 60 kJ/mol is the formation of The rate constant for NH(X3Zw-) + m , is taken from

HNO and CO (4a). The NH(X3Z"§) reacts like the Ref. 9, for NH(X3E-) with methane, ethane, and

isoelectronic 0(3p) atom but with more favourable propane, from Ref. 10. The rate constants of the

thermodynamics and a rather high rate constant for higher hydrocarbons are, as expected, somewhatthrmdnaic nda ahe ig rt cnsat o higher. For the reactions of NH(X3Z"-) with unsat-
this reaction. For the reverse reaction (-4a), a rate hih rorbthe reactions-
constant of about k4, = 2. 1012 exp( - 6192 KIT) CM3/! the situation is similar.

mol s is obtained.thsiuioisimlrThe reactiotaned. ofFor a combustion situation on the lean side, the
The reaction of NH(X3Z"-) with CO should not remaining oxygen in the burned gases may have some

play an important role in the temperature range of influence on the NH consumption, which can be es-
interest for combustion processes. It proceeds via the timated using Fig. 4, but H20 and CO 2 should re-
intermediate NHCO, which might have a minor main the more important reactants except in an ex-
channel leading to NCO. tremely lean situation.

The rate data and mechanisms of the reactions of On the fuel-rich side, the hydrocarbon concentra-
NH(X 3Zj) with the water gas components discussed tion on the burned-gas side will be definitely lower
here do have rate constants that are rather high and than the concentrations of the water gas components
that might not have been expected to be so high. Let CO,, H20, H2, and CO. The influence of these hy-
us for the reason of simplicity discuss the situation drocarbons on NH consumption should therefore re-
for a temperature around 1000 K, where NO, is often main small. In addition, the product of the NH re-
removed in combustion processes. The influence of actions with alkanes and H2 is, however, NH 2 and no
higher or lower temperatures can easily be judged NO is formed directly. The rate constants for the
using the data reported. For combustion at atmo- reactions (- 3c) and (- 4a) given above are also high
spheric pressure the mean concentrations of CO 2  enough to compete with HNO dissociation and may
and H2 0 in the burned gases at temperatures around break the NO bond, at least towards higher temper-
1000 K are approximately a few times 10-6 mol/cm 3. atures.
The rate constants for the reactions considered here In the case where unburned gas volumes rich in
are near or above 1 0i0 cm 3/mol s (see Figs. 3 and 4). fuel or oxygen or both are mixed into the burned gas,
Therefore, the lifetime of NH(X2-Y) with respect to the situation is not as simple as discussed above, but
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A SHOCK TUBE STUDY OF THE REACTIONS OF CN AND NCO WITH NO2

STEVEN T. WOOLDRIDGE, JOHN D. MERTENS,' RONALD K. HANSON AND CRAIG T. BOWMAN

High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering

Stanford University, Stanford, CA 94305, USA

The total rate coefficients for the reactions

CN + NO, -- products (1)

NCO + NO 2 - products (2)

were measured at temperatures between 1000 and 1600 K and pressures near 1.4 atm in a shock tube.
Narrow-line laser absorption was utilized to record time histories of CN and NCO radicals in C2NJNO,/
Ar laser photolysis experiments. In the experiment, CN production is nearly instantaneous via photolysis
of C2N2; production of NCO radicals follows from the main product channel of reaction (1). A least-squares

fit to the results for reaction (1) is given by the expression

k, = 1.59 X 1013 exp(570/T [K]) cm
3 mol-1 S-1

with corresponding uncertainty factors off = 0.91 and F = 1.09 at the low-temperature extreme;f =

0.84 and F = 1.17 result at the high-temperature extreme. The uncertainty factors give the limiting values
of the rate coefficient: k ,2 = fkl,,,,6,, k_.... = Fkb-,,t,. The rate coefficient of reaction (2) was measured as
k, = 4.5 X 1011 cm3 mol-k s-1 (f = 0.75, F = 1.27) for temperatures near 1250 K. Incorporating the
data from the present study with the results from lower-temperature studies gives the following empirical
expressions for the total rate coefficients valid for temperatures ranging from 300 to 1600 K:

k, = 6.16 X 1015 T [K]-. 75
1
2 exp(- 173/T [K]) cm3 mol I s-I

k, = 3.25 X 1012 exp(356/T [K]) cm3 mol -' s -.

Introduction continuous-wave (cw) laser absorption diagnostics
are utilized to monitor the concentration time his-

Nitrogen dioxide, NO 2 , is an important oxidizing tories of CN and NCO. The measured concentration
species in the combustion of nitramine-based pro- profiles are analyzed using a detailed kinetics model
pellants [1,2]. Oxidation of HCN, which is present in in order to determine the total rate coefficients (to
the system in high concentrations, leads to the for- all product channels) for the two elementary reac-
mation of CN and NCO radicals; therefore, the re- tions
actions of CN and NCO with NO 2 are important in
models of these combustion processes. CN + NO 2 - NCO + NO

In this study, these reactions are studied in re-
flected shock experiments using C2N 2/NO 2 mixtures AHIoooK = -243 kJ mol-

dilute in argon. The reflected shock conditions span -* N 20 + CO
the temperature range 1000-1600 K and the pres-
sure range 1.2-1.5 atm. In order to produce measur- AH1000K = -495 kJ mol-
able concentrations of CN and NCO at low reflected - CO2 + N2
shock temperatures, 193-nm excimer photolysis of
C2 N 2 is employed. The photolysis scheme produces AHaoooK = -861 kJ mol1. (1)
CN radicals nearly instantaneously; rapid kinetic pro- NC
duction of NCO radicals via the main product chan- 0 + NO 2 - N2 0 + CO 2
nel of the CN + NO 2 reaction follows. Narrow-line AHsoooK = -476 kJ mol-

-NO + NO + CO
'Assistant Professor at Trinity College, Hartford, CT

06106, USA. AH1oooK = -95.9 kJ mol-. (2)

983
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Existing high-temperature data for these reactions Ar+ Pump Laser A rF Delay
are scarce. Wang et al. [3] measured the total rate Wavemet ý Excimer i

coefficient for reaction (1) using a two-laser pump- Laser
probe technique with ICN/NO 2 mixtures for tern- Interferometer
peratures between 297 and 740 K, and obtained the Counter-
least-squares expression for the rate coefficient ki - Ring Dye Laser
8.12 X 1018 T [K]-1.78 exp(-591/T [K]) cm 3 nol 1.

s-1. They found the reaction to be pressure inde-
pendent for total pressures ranging from 50 to 322 -

torr and also observed a negative temperature de- Legend
pendence. You and Wang [4] used a similar pump- -i- Aperture Detector
probe technique to measure the rates of both reac- Beam Splitter
tions at room temperature and obtained k, = 4.3 X Thin Film
1013 and k2 = 1.3 X 1013 CM3 mol-I s-1. In two 4 Lens
recent studies, Park and Hershberger [5,6] used laser - Mirror Storage Sck Tube

photolysis and infrared diode laser absorption spec- Scope
troscopy to monitor time histories of CN, NCO, CO, Spectral Filter
CO., NO, and N20 in ICN/NO 2 and BrNCO/NO 2  FIG 1. Experiment
mixtures. They measured the overall rate coefficients . al configuration for shock tube pho-
and the product branching ratios of both reactions tolysis experiments.

for temperatures between 298 and 500 K and ob-
tained kz = 3.02 x 1013 exp(171/T [K]) and k2 =
2.51 X 1012 exp(441/T [K]) cm3 mol-' s 1. The also used after purification via vacuum distillation at
measured room-temperature branching ratios were 195 K.
87% for the NCO + NO channel of reaction (1) and The laser diagnostic system for CN and NCO de-
92% for the N20 + CO2 channel of reaction (2). tection is described in detail in Ref. 7. Exalite 392E

The present experiments are conducted in three laser dye is used for the CN diagnostic, and Stilbene
phases. First, vibrational relaxation and recombina- 420 is used for the NCO diagnostic. Briefly, CN is
tion rates of the CN photolysis fragments are mea- probed at the P-branch bandhead of the B - X (0,0)
sured in baseline photolysis experiments involving transition at 388.444 nm (vacuum). NCO is moni-
C2N2/Ar mixtures. Next, photolysis of C2N2 in the tored at the P2 + PQ12 bandhead of the A(000 0) -
presence of NO2 is used in order to measure kl. Fi- X(0010) transition at 440.479'nm (vacuum). The CN
nally, NCO absorption is measured for the determi- absorption coefficients are calculated for the re-
nation of k2. flected shock test conditions using the methods de-

scribed by Wooldridge et al. [7,8].
A Lambda Physik model EMG 150 MSC excimer

laser operating at 193 nm (ArF) in the single-pulse
Experimental Apparatus mode is used to produce CN radicals from the C2N2

precursor. As illustrated in Fig. 1, an end wall illu-
The experimental configuration, shown in Fig. 1, mination scheme is used in the experiments. Two

consists of three main components: the shock tube, 95% reflectors (fused silica substrate, Acton 193/FR/
the cw ring dye laser system, and the excimer pho- 45 coating) are used to turn and rotate the vertically
tolysis laser. aligned laser pulse onto the UV-grade fused silica

The pressure-driven shock tube is composed of a window mounted horizontally in the shock tube end
6-in driven section (14.3-cm internal diameter) and wall. A 500-mm focal length MgF 2 cylindrical lens
a 2.4-mn driver section (5-cm internal diameter). To expands the horizontal dimension of the photolysis
minimize the effect of impurities on the experiments, beam from 2.5 cm to approximately 14 cm. The ver-
the shock tube is evacuated with a Varian V 1000 tical dimension of the beam is 6 mm. The diagnostic
turbomolecular pump for at least 1 h between port centerline is approximately 1 cm from the end
shocks, resulting in leak plus out-gassing rates of less wall. A typical pulse energy/duration is 40 mJ/15 ns
than 2 X 10 6 torr/min. Reflected shock conditions incident on the test gas. Relative pulse energies for
are calculated assuming frozen chemistry and vibra- the experiments are measured with a Molectron
tional equilibrium. Gas mixtures of C2NJ/NO2 in ar- J50HR pyroelectric joule meter located behind the
gon are prepared in a 20-L stainless steel mixing tank. first turning reflector to monitor the 5% transmitted
Research-grade argon (99.9995%) from Liquid Car- fraction. The photolysis pulse is timed to occur ap-
bonic, 1.09% C2N2 in argon (Matheson Certified proximately 50us after the reflected shock passes the
Standard), and 529 ppm NO 2 in argon (Liquid Car- diagnostic port by utilizing a time delay generator
bonic Certified Standard) are used without further connected to the last thin-film amplifier circuit.
purification. Pure NO 2 (99.5%) from Matheson is Verification of minor photolysis of the NO 2 in the
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_. . . .. . ' Division by the equilibrium fraction of the ground

E 0.6 . vibrational state converts the absorption coefficient
a -. for total CN concentration to a CN,_0 absorption

0. - coefficient. As Fig. 2 illustrates, the photolytic pro-
t0.4 - duction and relaxation rise are present in the exper-

• - |imental trace, as well as a long-time decay due to CN
a) recombination. The short time scale of the signal rise
o 0.2 observed in all baseline traces suggests that a very
0 efficient, near-resonant V-V energy transfer between

z CN and C2N2 controls the relaxation process. The
observation that an increase in the initial C2N2 con-

E centration reduces proportionally the relaxation time
a 0 .10  , I constant supports this conclusion.

-0 0. - The calculated CN trace, shown in Fig. 2, is pro-

_-005 duced using Chemkin-JI [10], the Chemkin Ther-
0 2041000 modynamic Data Base [11], and the reaction mech-anism shown in Table 1. The NCO heat of formation

Time, jis of ZHJS298K = 31.5 kcal mol-1 [12] is used in all ki-
netic modeling; this value is significantly lower than

FIG. 2. Baseline CN absorption trace (- ) from the the JANAF recommendation of 38.1 kcal mol-'. The
photolysis of 587 ppm C2N, in Ar compared with a Chem- mechanism in Table 1 was pared from a 43-reaction
kin-II calculation ( ------ ). Shock conditions are T = 1084 mechanism using sensitivity and contribution factor
K and P = 1.58 atm. The two signal spikes preceding the analyses to identify reactions important to the C2N2/
photolysis pulse are effects of beam steering due to the NO/CN system. For the baseline experiments, only
passage of the incident and reflected shock waves, reaction (4) contributes to a kinetic perturbation of

the CN profile. Conversion of the calculated CN pro-

reactant mixtures was accomplished by performing a file to a CN,=o profile is accomplished by multipli-

set of 130.5-nm a 0-atom ARAS experiments on NO cation by a time-evolving fraction of the ground vi-set f 10.5nm -atm ARS epermens o 0N / brational state. This fraction initially starts at the level
Ar mixtures. For NO 2 mixtures of approximately 580
ppm, a calibrated photolysis yield of less than 0.1 produced by the photolysis pulse [F.-o(t = 0)] and
ppm 0 atoms was observed for the pulse densities relaxes to the equilibrium fraction. The nonequili-
typical of the winetics experiments. Therefore, pho- brium vibrational condition is solely a probing con-
tolysis of Nt2 is neglected in the data analysis, cern; no vibrational enhancement of the CN kinetics

is assumed. Consequently, two parameters are ad-

justable in modeling the baseline traces: F,-0(t = 0)
and the relaxation time constant c,. The measured

Results level of CN,=O, combined with F=0o(t = 0), gives the
photolysis yield of CN from C2N2; hence, the pho-

ON Absorption Measurements: tolysis yield is directly determined by the value of
F_=0(t = 0). Variations of the parameters alter the

ArF excimer photolysis of C2N2 results in the pro- calculated trace in two ways: a shift in magnitude of
duction of vibrationally hot CN fragments, with the the equilibrated level of CNV.0, or a change in the
majority of the CN produced in the electronic time scale required to reach the equilibrated level.
ground state [9]. The nonthermal vibrational popu- For conditions spanning the temperature range
lation of CN relaxes to a Boltzmann distribution 1084-1667 K, the vibrational relaxation parameters
through vibrational-translational (V-T) and vibra- are F,=o(t = 0) = 1.107 - 3.244 X 10-4 T and
tional-vibrational (V-V) energy transfer between the logs0 (Pc2N2 T [atm ps]) = -3.295 + 19.45/T"/3.
CN molecules and the other species present in the For a single experiment, the parameters could be
gas mixture (primarily C2 N2, NO 2, and Ar). In order determined to a precision of ±+25% for r,, and
to characterize the vibrational relaxation process, a ± 10% for Fvo(t = 0).
set of baseline C2N2 photolysis experiments was con- Figure 3 is a representative data trace from the
ducted. Since ground-state CN is probed, one ex- CN + NO 2 experiments and includes the absorption
pects the CN absorption signal to rise instantane- measurement, the calculated CN profile, and the
ously because of the photolytic production of CNu_0, mole fraction residual. The residual is the experi-
followed by an increase in signal over the time frame mental profile minus the calculated profile and aids
of vibrational relaxation. Figure 2 shows this see- the determination of the "best-fit" value for the total
nario. For all CN absorption experiments, the ab- rate coefficient of reaction (1) for each experiment.
sorption signal is converted to CNO_ mole fraction The fast decay of the CN absorption signal after pho-
via the Beer-Lambert law for narrow-line radiation. tolysis is due to reaction with NO 2. Figure 4 shows
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TABLE 1
Reaction mechanism

Reaction log10(A) B 0 Ref.

1 CN + NO 2 a products 13.20 0 -570
2 NCO + NO2 " products 12.65 0 0
3 NO, + M*-*NO + 0 + M 16.04 0 33,000 13
4 CGN 2 + Ma-*CN + CN + M 34.03 -4.32 65,420 14
5 C2N2 + O - CN + NCO 14.11 0 7,130 15
6 C2N 2 + CN - C3 N3  12.35 -0.28 1,568 16
7 NO + O - NO + 02 13.00 0 300 13
8 NCO + NO*-*N 20 + CO 18.15 -1.73 384 17
9 NCO + O -,NO + CO 13.67 0 0 17

10 CN + O CO + N 13.89 0 0 18
11 CN + NCO - NCN + CO 13.26 0 0 19

Rate coefficients are in the form k AT5 exp(-0/T) cm 3 mo- 1 s-1, (6 and Tin [K]),
"This work.

0.8 . 0.4

E 0.6 CN+NO2 -NCO + NO
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FIG. 3. CN absorption trace (- ) from the photol- FIG. 4. Calculated CN sensitivity coefficient profile for
ysis ofa585 ppm C2N2,80ppm NOin Arandthe Chemko- the conditions of Fig. 3. The sensitivity coefficient for re-

II calculation ( ------ ). Shock conditions are T = 1073 K action (i) is defined as aieCN = (A/xcN,,,) X (aXCN/6Ai).

and P = 1.54 atm.

tions at high temperatures and the influence of CN
vibrational relaxation preclude the use of a pseudo-

the sensitivity plot generated from SENKIN [20] for first-order scheme for data reduction.
the conditions of Fig. 3. The CN time history is dom- The results from Table 2 are plotted in Fig. 5. The
inated by reaction (1), with a minor contribution expression
from the CN recombination reaction.

The data reduction scheme consists of converting ki = 1.59 X 1013 exp(570/T [K]) cm3 mol-1 s- 1

the absorption signal to CN,= 0 mole fraction and
then adjusting the magnitude of k, in the model until fits the data to within 6% for temperatures between
the residual is minimized. The input conditions to 1073 and 1582 K.
the model are the test gas temperature, pressure,
C2 N2 and NO 2 mole fractions, and the initial mole NCO Absorption Measurements:
fraction of CN produced by photolysis. Table 2 shows
the experimental conditions and results for this set Figure 6 shows a sample NCO absorption trace
of experiments. Interference from secondary reac- used for the determination of k2 . For the NCO ab-
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TABLE 2
Results for CN absorption experiments

T P NO 2  C2 N, k, x 10-11
(K) (atm) (ppm) (ppm) (cm 3 mo1-1 s-1)

1073 1.54 80 585 2.85
1097 1.48 468 2165 2.5
1114 1.42 233 2215 2.7
1136 1.56 151 1099 2.6
1181 1.42 80 585 2.7
1240 1.44 80 585 2.45
1289 1.52 468 2165 2.25
1311 1.45 233 2215 2.6
1346 1.35 468 2165 2.3
1347 1.37 233 2215 2.55
1415 1.35 468 2165 2.25
1430 1.36 233 2215 2.5
1562 1.28 468 2165 2.25
1582 1.26 80 585 2.35

Temperature, K -3 \ Slope-30400 S
1

1014 1600 1400 1200 1000 0.03 4

1o1 -'4.0 --
o0•--6-

0.02
-7

C,E co-

-) 0 50 100 150
(I)03 0.01Time,/.ts

".5 0 0

0
0
D 0

0 50 100 150

10131
6 7 8 9 10 Time, Rs

104/T, K-1  FIG. 6. NCO absorption trace from the photolysis of
0.98% C2N2, 500 ppm NO 2 in Ar. Shock conditions are T

FIG. 5. Arrhenius diagram for reaction (1), CN + NO2 - 1221 K, P = 1.34 atm. The slope of the inset figure is
"products. The solid line is a least-squares fit to the data: equal to - k2 X [NO2]

kI = 1.59 X 1011 exp(570/T [K)) cm2 mole - s - [O

sorption experiments, the decay of the signal is k 2 = - ln{ -ln(I/Io)}/(At[N0 2]).
pseudo-first-order after the initial production of
NCO via reaction (1), as confirmed in the sensitivity The inset in Fig. 6 displays the rate coefficient de-
plot of Fig. 7. The photolysis yield of 30 ppm CN termination from the decay of the NCO trace. Table
used in the sensitivity analysis is derived from the 3 gives the results and experimental conditions for
measured pulse energy relative to the C2N 2 baseline the NCO + NO 2 reaction. No temperature depend-
traces. The yield observed in the baseline experiment ence of the total rate coefficient is discernible within
for conditions near the NCO experiment is scaled by the scatter of the data. Therefore, an average value
the pulse energy and initial C2N2 mole fraction. The of k2 = 4.5 X 1012 cm 3 Mol -1 s -I for temperatures
value of k2 is obtained from the expression near 1250 K is reported.
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Discussion

0.50 -- NCO + N02 _. N20 + CO2
0C -\+Uncertainty Analysis:
.__ / -- -- -- CN + N02 --• NCO + NO

-. CN25 +-Non The total uncertainties at the temperature ex-
0 Other Reactions tremes for k5, estimated using independent error

0i - propagation analysis, are given in Table 4. Different
S 0 . ., sources of uncertainty are important at high or low

"temperatures. For low temperatures, only the vibra-
-. tional relaxation parameters influence the results,S-0.25

O whereas at high temperatures, interference from see-

z ondary reactions emerges. The uncertainties associ-
-0.50 ated with the vibrational relaxation parameters are

based on the scatter observed for the entire data set,
I I I not thefitprecisionassociatedwithaparticularbase-

0 50 100 150 line experiment. The uncertainty factors off = 0.91
and F = 1.09 are derived for the low-temperature

Time, lgts extreme; for the high-temperature extreme,f = 0.84

FIG. 7. Calculated NCO sensitivity coefficient profile for and F = 1.17 are determined. The value of k, falls

T = 1221 K, P = 1.34 atm, 0.98% CAN2 , 500 ppm NO., betweenf x k, and F x k,.
and 30 ppm CN. The primary contributors to the uncertainty of k2

TABLE 3
Results for NCO absorption experiments

T P NO, C2N2  k, X 10-ý2

(K) (atm) (ppm) (ppm) (cme mo1-P S-x)

1147 1.39 500 9810 3.9
1148 1.40 432 2001 4.7
1221 1.34 500 9810 4.6
1245 1.34 432 2001 4.5
1334 1.26 432 2001 4.8

TABLE 4
Uncertainty analysis for k,

Parameter Uncertainty (%) Effect on k, (%)

Low-temperature:
r, factor of 1.7 -5 +5
F,=,(t = 0) +10 -5

-10 +5
Least-squares fit -5 +6
Total uncertainty = [E(uncertainty)1]05 -9 +9

High-temperature:
7, factor of 1.7 -10 +7
F_,(t = 0) +10 -10

-10 +7
k3 +40 +10

-40 -5
k5 +20 +7
Least-squares fit -5 +6
Total uncertainty = [I(uncertainty)-]0o -16 +17
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Temperature, K Comparison with Low-Temperature Studies:

1014 15001000 500 300 Figure 8 shows the results of the current study for
k, and k2 and the low-temperature results from Refs.

, CN + NO2  , 3 through 6. A least-squares analysis of the data yields
U +the following empirical expressions for the total rate

Ecoefficients of reactions (1) and (2) valid for temper-
atures between 300 and 1600 K:

- Ik, = 6.16 x 1 0 15 T [K]-°752

A1)

"1o13 exp(- 173/T [K]) cm3 Mol- ' s I

o 0I = 3.25 x 1012
0)0

0 NCO + NO 2  exp(356/T [K]) cm3 mo1-1 s 1.

The apparent negative temperature dependence of

.. 10 1. 20 2. 30 3 both reactions can be explained via analogy with the
5 10 15 20 25 30 3 reaction mechanism associated with the NCO + NO

1o4rr, K-1 reaction [21,22]. Park and Hershberger interpret
their branching ratio results for reaction (1) in terms

FIG. 8. Arrhenius diagram for the total rate coefficients of the formation and dissociation of a NC-ONO col-
of reactions (1) and (2). Data for reaction (1) are repre- lision complex [5]. Isomerization of this complex to
sented by filled symbols, and data for reaction (2) are rep- the OCN-NO intermediate associated with the NCO
resented by open symbols. 0, 0 this study; * Ref. 3; 0 + NO reaction was postulated as the mechanism
Ref. 4; E, El Refs. 5 and 6. The least-squares data fits are responsible for the minor N20 + CO and CO 2 +
given by k, = 6.16 X 1015 r[K] -0.751 exp( - 173/T [K]) and N 2 channels. The observed temperature dependence
k2 = 3.25 X 1011 exp(356/T [K]) cm 3 mol - S. of k, results from a redissociation of the NC-ONO

complex into CN and NO 2 at higher temperatures,
which is similar to the NCO + NO reaction [21].

are the decrease of the N02 concentration due to The barrier height for the primary dissociation chan-
reactions with CN and NCO, and the uncertainty of nel (NCO + NO) is likely to be somewhat smaller

rh eation ars w ith CNadNo ,n the uncd-lrtrertaeinyof than that associated with the isomerixation channel;
the least-squares fit to the pseudo-first-order region both barriers are less than the energy of the transition
of the data trace. Exact quantification of the NO 2  state of the redissociation process.
decay is difficult because of branching ratio and di-
agnostic uncertainties, but as much as 10% could be
consumed. Under the pseudo-first-order assumption, Conclusions
a low determination of k2 occurs. Combination of this
uncertainty with the ± 25% uncertainty of the The total rate coefficients for the reactions
pseudo-first-order linear curve fit results in uncer-
tainty factors off = 0.75 and F = 1.27. CN + NO 2 -products (1)

Reaction (1) Product Channel: 
NCO + N 2 -- products (2)

were measured using narrow-line laser absorption of
The assumed product channel for reaction (1) i Nand NCO radicals in C2N2/N0 2/Ar photolysis ex-

the analysis of the CN absorption data is NCO + periments. Empirical expressions for the rate coef-
NO. Two other channels are active at room temper- ficients valid for temperatures ranging from 300 to
ature: N20 + CO and CO2 + N2 [5]. The choice of 1600 K were derived from available data:
branching fractions has no effect on the determina-
tion of kl. However, some information can be ex- k, = 6.16 x 1015 T [K] -0.752

tracted from the NCO data concerning the impor-
tance of this channel. The rapid rise of the NCO -exp(- 173/T [K]) cm 3 mo'-1 S-1
signal indicates that the NCO + NO channel is ac- k2 = 3.25 x 1012
tive at 1250 K; however, the magnitude cannot be
quantified until an accurate measurement of the exp(356/T [K]) cm 3 molb1 s-1.
NCO absorption coefficient at the conditions of the
present study is available. Uncertainties concerning the products of both re-
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actions still exist. However, correlation of the results 10. Kee, R. J., Rupley, F. M., and Miller, J. A., Chemkin-
from this study with previous studies conducted at II: A Fortran Chemical Kinetics Package for the Anal-
different temperatures suggests that reaction (1) pro- ysis of Gas-Phase Chemical Kinetics, Sandia National
ceeds primarily toward the NCO + NO channel, and Laboratories Report No. SAND89-8009, 1989.
reaction (2) most likely results in N20 + CO 2 prod- 11. Kee, R. J., Rupley, F. M., and Miller, J. A., The Chem-
uets. kin Thermwdynamic Data Base, Sandia National Lab-

oratories Report No. SAND87-8215B, 1990.
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COMMENTS

M. C. Lin, Emsory University, USA. The reaction of CN product channel is dominant for the NCONO and CNNO2
with NO 2 may take place via three possible intermediates: intermediate pathways. The measured room-temperature
NCONO, NCNO, and CNNOQ. The first intermediate, branching fractions for N20 + CO (7.6 ± 3.2%) and CO,
which you proposed, may not undergo rearrangement to + N2 (5.6 ± 6.0%) (Ref. 5 of our paper) can be recovered
produce other products (than the direct decomposition only when the reaction is assumed to proceed entirely
products, NCO + NO). The third intermediate CNNO2 , through the CNNO2 /OCNNO channel. These results are
however, may rearrange to give OCNNO, leading to the not surprising if the underlying processes associated with
production of N20 + CO and N2 + CO2, similar to the OCNNO decomposition are considered. According to Lin
NCO + NO reaction. et al. (Ref. 21 of our paper), the transition states for

OCNNO decomposition to N20 + CO and CO 2 + N 2 are
very tight, while decomposition to NCO + NO occurs

Author's Reply. Assuming that the CNNO2 intermediate through a loose transition state. As a result, if the reaction
isornerizes to OCNNO, calculations of the branching frac- of CN with NO 2 occurs via the formation of CNNO2 and
tions for CN + NO 2 using the QRRK treatment for chem- its subsequent isomerization to OCNNO, the dominant
ically activated reactions [1] indicate that the NCO + NO products will be NCO + NO.
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REFERENCE Author's Reply. The high-temperature products of the
NCO + NO 2 reaction are not established. At room tem-

1. Dean, A. M., Bozzelli, J. W., and Ritter, E. R., Combust. perature, Park and Hershberger (Ref. 6 of our paper) re-
Sci. Technol. 80:63-85 (1991). port that the branching fraction of the N20 + CO2 channel

is 92%. They propose that these products are formed from
an O2NNCO intermediate, while the minor product chan-

John H. Kiefer, University of Illinois at Chicago, USA. nel of NO + NO + CO occurs through an ONONCO
What are the products of your second reaction, NCO + intermediate. The choice of products does not affect our
NO2 - products? determination of the overall rate of reaction (2).
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KINETIC STUDIES OF THE REACTIONS NH(X3E-) + NO AND NH(XaZ-)
+ 02 AT ELEVATED TEMPERATURES

HANNELORE LILLICH, ALEXANDER SCHUCK, HANS-ROBERT VOLPP AND JURGEN WOLFRUM

Physikalisch-Cheinisches Institut der Universitdt Heidelberg
in Neuenheimer Feld 253, 69120 Heidelberg, Germany

AND

PRAKASH D. NAIK

Chemistrj Division, Bhabha Atomic Research Centre
Bombay-400 085, India

Absolute rate coefficients for the reaction of NH(XE ) + NO - products (k,) and NH(X'3  ) + 0,
products (k2) were measured as a function of temperature in a heatable quartz reactor by means of the

laser photolysis/laser-induced fluorescence (LP/LIF) pump-probe technique. NH(X 3E-) radicals were pro-
duced by the 193 rn photolysis of isocyanic acid in the presence of a large excess of xenon. The measured
rate coefficients can be described by the following expressions: k,(293 < T < 1085 K) 1014,18 X (T/298
K)(->1 60±0°) exp(-3.8 ± 0.2 kJ mo-k/RT) cm 3 mol-h s-'; k,(293 < T < 793 K) = 10ý (T/298
K)(

3 3
4-01

5
) X exp(2.3 ± 0.4 kJ mol-'/RT) cm 3 mol-I s-1. For the reaction NH(X3I-) + NO (1), the

branching ratio /# = k,,,/k, into the OH product channel-NH(X31-) + NO - OH + N2 (la)-was
measured by means of a calibration method to be / = (0.15 _t 0.05) at 300 K. In addition, the following
temperature-dependent removal rate coefficient for NH(X3Y-, v c 1) by NO was measured: k ,,,-)(293
< T < 922 K) = 10'"I X (T/298 K)-" 7 1 X exp(0.27 ± 0.01 kJ mol-/RT) cm 3 mol' S-.

Introduction and values of/# = (0.19 + 0.10) at 3000 K [11] and
/I = (0.32 ± 0.07) at 3500 K [12] were reported.

The reactions of NH(X3E-) with NO (1) and 02 Very recently, Durant measured a room-temperature
(2) are important in a variety of combustion process- branching ratio of (0.8 ± 0.4) into the N 20 + H
es including the oxidation of ammonia, the Thermal channel of reaction (1) [13]. Also very recently, Hack
DeNO3 , and the RAPRENO, process [1-4]. et al. [10] determined values of k1(298 K) = 3.6 x

1013 cm 3 mo1-1 s-1 and kta(298 K) = 3 X 1012 cm 3

NH(X3E ) + NO - N2 + OH (la) mol-1 s-1 from which a value of = 8.3 X 10-2

can be derived. Reaction dynamics studies were car-
-*N 20 + H (ib) ried out by Patel-Misra and Dagdigian [14], who

NH(X3 E-) + 02 -- products (2) measured the vibrational and rotational state distri-
butions of OH radicals produced in reaction (1). For

Several experimental studies on the kinetics of the reaction (1), several theoretical studies were carried
reactions (1) and (2) were carried out, but there is out [15-18]. Although the results of these studies
still a lack of rate constant data in the temperature vary widely, they agree that the transition state for
range relevant to combustion, the formation of H + N20 is lower in energy than

For reaction (1), values between 2.3 X 1013 cm 3  the one leading to N2 + OH. Miller and Melius re-
mo1-1 s-1 and 3.6 X 1013 cm3 mol-1 s-1 were mea- ported expressions for the rate coefficients of reac-
sured for the room-temperature rate coefficients [5- tions (1) and (2) for the temperature range 300-3300
10]. Harrison et al. found the rate constant of reac- K, and a value of/I = 0.19 at 300 K [19] was found
tion (1) to be temperature independent between 269 for reaction (1).
and 377 K [8]. In a room-temperature study, Harri- For reaction (2), Hack et al. determined that at
son et al. could not detect OH as a product of reac- room temperature the OH-producing channel is the
tion (1) [8]. By way of contrast, Yamasald et al. re- main channel [20] and that room-temperature mea-
ported N2 + OH to be exclusively formed in reaction surements yielded values of 5.6 X 109 cm3 mo1-1

(1) at room temperature [9]. High-temperature s-1 and 5.1 x 109 cm 3 mol t S1 [20,21]. An upper
branching ratios fi = kla/kl for reaction (1) into the limit of 2 X 1010 cm 3 molP1 s-1 for k2 was deter-
OH-producing channel reaction (la) were measured, mined at room temperature by Pagsberg et al. [22],

993
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and Hack et al. found that k2 increases in going from with p-Terphenyl dye was used to detect NH(X3
1-,

room temperature to 543 K [20]. v = 0, 1) radicals by LIF at the NH(A3H - X3E ;
High-temperature data for reactions (1) and (2) 0-0, 1-1) transition around 336 nm. The frequency-

were obtained in flame [23-25] and shock tube stud- doubled output of a second dye laser (Lambda FL
ies [11,12,26]. For reaction (2), rate constants have 2002 EC, operated with Rhodamine B dye)-
also been determined at intermediate temperatures pumped by the same XeCI excimer laser-was used
985 < T < 1729 K by Henning et al. [27]. to detect OH(v = 0) radicals by LIF in the OH(X2HI

In the present study, rate constant measurements - A2E+; 0-0) system around 308 rm. In the 193 nm
for reactions (1) and (2) were carried out at elevated photolysis of H20 2, OH is produced almost exclu-
temperatures that allow a direct comparison in par- sively in the vibrational ground state [40]. Under our
ticular with the results of the calculations carried out experimental conditions-due to the large OH vi-
by Miller and Melius [19] and Fueno et al. [28]. In brational quenching rate of NO-vibrationally ex-
addition, the branching ratio f# was measured for re- cited OH produced in reaction (1) was completely
action (1) at room temperature using a calibration quenched to the OH vibrational ground state [41].
method. The photolysis and the probe laser beams propagated

in opposite directions through the side arms of the

Experimental reactor. Both dye laser beams were attenuated until
the measured fluorescence signal showed a linear de-

The measurements of the absolute rate coeffi- pendence on the probe laser intensity. NH and OH
cients for reactions (1) and (2) in the temperature fluorescence was collected by a lens perpendicular to
range between 293 and 1085 K and between 293 and the laser beams direction and focused upon the cath-
793 K, respectively, were carried out in a heatable ode of a photomultiplier (EMI 9781). To reduce the
quartz reactor (depicted schematically in Fig. 1), NO background fluorescence generated by the pho-
which has been described in detail elsewhere [29], tolysis laser pulse, a filter (Schott KG 4 or UG 5) was
using the laser photolysis/laser-induced fluorescence used in front of the photomultiplier when NH or OH
(LP/LIF) pump-probe technique. In the present was detected, respectively. The photomultiplier sig-
study, NH(X 3 j-) radicals were generated by laser nal was measured by a Boxcar integrator (SR 250)
photolysis of HNCO at 193 nm, which is known to and transferred to a microcomputer (Hewlett Pack-
proceed predominantly via C-N bond breaking lead- ard series 90,00, model 320), which was also used to
ing to NH(a'A) + CO [30,31]. Recently, the branch- control the timing of the whole experiment by means
ing ratio into the H + NCO channel was measured of a delay generator (SR DG 535). Fluorescence sig-
to be 0.05 ± 0.006 [32]. The present experiments nals were normalized to both probe and photolysis
were carried out in a large background of xenon in laser intensities, which were measured by photodi-
order to ensure the rapid quenching of the initially odes. Mixtures of HNCO and Xe were prepared in a
formed NH(a'A). Detailed studies are reported on 101 storage vessel by evaporating 7 torr of HNCO
the electronic quenching of NH(a 1A) with various and adding 753 torr Xe. The gas flows were regulated
collision partners [33,34], in which xenon was found by calibrated mass flow controllers (Tylan). The total
to be an efficient quencher for NH(a'A) [35-38]. A pressure in the reactor was measured by means of a
quenching rate coefficient of 7 X 1012 cm 3 mol-1 MKS Baratron. Typical partial pressures of the gases
s- was measured, and the rate was found to be al- used are listed in Tables 1 and 2. The gases used had
most temperature independent between 298 and 476 the following purities: Xe > 99.99%, NO > 99.8%,
K [35]. The formation of vibrational-excited and 02 > 99.999% (all Messer Griesheim). To re-
NH(a'A) in the 193-nm photolysis of HNCO was move NO 2 impurities, which could lead to additional
also observed. Bohn and Stuhl determined the (v = formation of OH by reacting with the H atoms gen-
1)/(v = 0) vibrational population ratio to be 0.26 crated in the HNCO photolysis, the NO flow was
0.05 [39], and the total population of higher vibra- passed through a two-stage methanol-dryice trap
tional states was reported to be less than 3%. Inves- asd thrOH two-stag thanory Ic ap
tigations of the electronic quenching of NH(alA) by and over KOH before entering the reactor. In addi-
xenon showed that this process occurs predominantly tion, a mixture of HCl (1.5 mbar) and NO (3 mbar)
vibrationally adiabatic [14,36-38]. Due to the slow was photolyzed at 193 nm, and no OH radicals could
vibrational relaxation rate (kre1 < 108 cm3 mo1- 1 s -) be detected, verifying that the NO used in the ex-
of NH(X3E, V = 1) by xenon [36], it was also possible periments was free from NO2 . The H20 2
to measure the rate constants for NH(X3E-, v = 1) (PEROXID Chemie) used in the calibration meas-
removal by NO. urements for the OH radicals was pumped through

HNCO was photodissociated at 193 nm using the the reactor for at least 48 hours until it reached a
output of an ArF° excimer laser (Lambda LPX 205). final concentration of more than 9,9% (determined
A XeCI excimer laser (Lambda EMG 210 MSC) by titration). Typically, H20 2 partial pressures of 200
pumped dye laser (Lambda FL 2002 EC) operated mtorr were used in the calibration measurements.
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Experimental conditions for all measurements are tolysis laser intensities used in our study. A biewpo-
listed in Tables I and 2. As it can be seen, in all nential expression
experiments, high concentrations of xenon were pre-
sent to ensure the fast electronic quenching of the f t) = A [ x ( -k ay0 - e p -k , 01 (4NH(a'A) in order to minimize the loss of NH(a'A) Ift)=A[x( deat)-xp krst] (4
radicals via the fast reaction (3) [42]:

was fitted (using a least-squares procedure) to the
NH(a'A) + HNCO -- NH, + NCO (3) measured NW(XE-) fluorescence vs time profiles,

with A, kdeeay, and ks,• as fit parameters. From the
Under the conditions listed in Tables I and 2, even slope of kdecay (kde-,ay - k [X] +- ]D, where kD ac-
in the case of the fastest reactive removal of counts for additional NH loss processes mainly
NH(X3YE-), NH(alA) quenching was faster by at least caused by diffusion of NH radicals out of the detec-
a factor of 10. All experiments were carried out under tion volume) vs [X] (X = NO and 02, respectively)
pseudo-first-order conditions. NO and 02 concentra- plots, the bimolecular rate constant k was deter-
tions were typically between two and four orders of mined, as shown in Figs. 2 and 3.
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TABLE 1
Experimental Conditions and Results from the Study of Reaction (1). The Reported Errors of k Represent Two

Standard Deviations.

T P [Xe] [HNCO] [NO] kg--j£ k
[K] [torr] [10-s mol cm a] [10, s-'] [1013 cm3 

mol-' s-]

293 26 139 1.3 0.68-4.30 18-134 3.29 ± 0.17
558 26 73 0.7 0.30-1.20 5.5-27 2.33 ± 0.15
752 28 58 0.6 0.24-1.14 4.3-22 2.01 ± 0.12
943 29 48 0.5 0.15-0.94 2.8-15 1.50 ± 0.10

1085 29 42 0.4 0.17-0.76 2.2-8.4 1.23 ± 0.17
293, 27 144 1.3 0.44-1.40 14-54 4.27 ± 0.46
560., 27 75 0.7 0.33-0.65 8.0-17 2.84 ± 0.21
751, 27 56 0.5 0.23-0.92 5.8-21 2.34 ± 0.26
941,, 24 40 0.4 0.15-0.43 1.7-7.2 2.01 4- 0.18

a'NH(X'.-, v = 1) + NO

TABLE 2
Experimental Conditions and Results from the Study of Reaction (2). The Reported Errors of k Represent Two

Standard Deviations.

T P [Xe] [HNCO] [02] Um-. k k

[K] [torr] [10-8 mol cm-3] [103 s-1] [101 cm
3 

mol-h s-1]

293 55 87 0.8 41-194 5.9-15 5.68 ± 0.46
397 45 59 0.6 20-131 3-20 14.8 ± 2.0
464 50 53 0.5 12-125 4.1-24 16.8 ± 0.9
563 45 63 0.6 13-64 4.8-23 32.2 ± 6.1
640 45 55 0.5 11-56 7.5-27 46.4 ± 11.0
716 46 50 0.5 4.1-18 5.4-15 70.7 ± 13.0
793 51 31 0.3 2.2-19 10-28 87.9 ± 6.8

3.0 -1.6., ,

1.2
2a.0

0.8--

-1.0

0.4

0.0 I I I I 0.0 I I
0 2 4 6 8 10 5 10 15

[NO] in 10-9 mol cm-3  [02] in 1.7 m0i cm"3

FIG. 2. Plots of pseudo-first-order rate constants (k,,,,y) FIG. 3. Plots of pseudo-first-order rate constants (kdec,y)
for reaction (1) at 943 K. for reaction (2) at 464 K.
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Possible reactions that could contribute to T [K]
NH(X31X) removal are as follows: 2000 1000 500 333 250

NH(X3 Xj + HNCO - NH 2 + NCO (5) ....

NH(X3 X-) + OH-* products (6) ,1 *

E 13.3--
NH(X3 Xj) + N20 -products (7) E I .

NH(X3,) + H -products (8) g 13.1 S
o p

However, with k5 = 2 X 1013 X exp(- 12,000 K/T) 12.9 I I i I I I
taken from the literature [43], at the conditions of 0 1.0 2.0 3.o 4.0
the present study, reaction (5) could not significantly r 1 [10-3 K"1]
compete with the title reactions, due to its high ac- - this work, v=O 5 Yamasaki at al. 1991 [91
tivation energy. The subsequent reactions (6) A Gordon at al. 1971 [5] 0 Vandooren at al. 1991 [24]

through (8) of NH(X 3 Xj-) radicals with reaction prod- 0 Hansen et al. 1976 [6] - - Mertens et aL 1991 [111

ucts formed in reactions (1) and (2) can be neglected X Cox at al. 1985 [71 Miller & Melius calc.
due to the low concentration of the reactants em- Harrison at al. 1986 [8] 1992 [19]

ployed in the study.
The branching ratio / for the OFi-producing chan- FIG. 4. Arrhenius plot for the reaction of NH(X3 Xj) rad-

nel of reaction (1) was determined at room temper- icals with NO.
ature by calibrating the OH signal from reaction (1)
against well-defined OH concentrations from the
H20 2 photolysis [44]. For this purpose, the location NH(a'A) + NO -• N90 + H (10a)
of the maximum 1,1 J(OH reaction) in the OH LIF
vs time profile in reaction (1) was determined. The - N2 + OH (10b)
branching ratio was calculated using the following
equation [45]: The value of a was determined by numerical mod-

eling of the reaction system (1), (5-8) on a computer
1 = {Im.J(OH, react)/I(OH, calib)} (9) including the physical quenching by NO and Xe and

the NH(aeA) consuming reactions (3) and (10). For
x {[OH]caiti/[NH(X

3
X )]init} the experimental conditions used in our calibration

measurement, we determined a value of about 0.95
Here, I(OH,calib) is the OH LIF signal measured in for a. With this value, we calculated a branching ratio
the H202 photolysis, and [OH],alib is the correspond- of f# = (0.15 ± 0.05) for the OH-producing channel
ing OH radical number density. The term Im_,(OH, of reaction (1) at room temperature, which is within
react) is the OH LIF signal (both OH LIF signals the experimental error limits in good agreement with
were corrected to account for the different fluores- the theoretical value of#/ = 0.19 reported by Miller
cence lifetimes arising from the different fluores- and Melius [19]. Within the combined error limits,
cence quenching conditions) measured in reaction our value is also in reasonable agreement with the
(1), and [NH(X3Y]-)]nit is the initial number density result of Hack et al. [10]. The measured OH con-
of NH(X32 -) radicals. At the low photolysis laser in- centration vs time profiles clearly showed that OH
tensities, Iphoto, used in our experiment, [OHIcalib can removal is too slow to influence the measuredfl value
be calculated using the linear relationship [OH]C.lib significantly. Computer simulation of the reaction
= 0kOH 01902 [H12021 Iphoto, where Ooll denotes the system (1), (6-8) including the OH-producing reac-
OH quantum yield of the H202 photolysis at 193 nm tions (10b) and (3) and (5) followed by (11) [45,47].
and CH2O0 is the corresponding absorption cross sec-
tion [46]. [NH(X3Xj-)]iit is given by the following NH 2 + NO-N2 + OH + H. (11)
similar expression: [NH(XVj] 0init = a 0N1(alA) Cr-

HNCO [HNCO] Iphoto. Here, 4
Ntha*A is the NH(aoA)

quantum yield of the HNCO p.iotolysis at 193 nm showed that under our experimental conditions,
and 91-INCO is the corresponding absorption cross see- these reactions can only lead to a OH production of
tion [31]. The parameter a accounts for the fact that less than 1%.
a certain amount of the initially formed NH(alA) In Figs. 4 and 6, the measured temperature-de-
radicals can react with HNCO-via reaction (3)-or pendent rate coefficients of reactions (1) and (2),
with NO-via reaction (10)-before being quenched which can be described by the following modified
to NH(X2 X): Arrhenius expressions
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k1(293 < T < 1085 K) = 1014.18 T [K]
1000 500 333

X (T/298 K)(- 160 t0o.0l) exp( - 3.8 8 I

+ 0.2 kJ mol-'/RT) cm 3 mol-S1 s-13.6

and • 13.4

k,(293 < T < 793 K) = 109.38 S

X (T/298 K)(
3 34 -

0 15) X exp(2.3 S 13.2-

+ 0.4 kJ molh'/RT) cm 3 mol]- 1 s t
13.0t I I I

respectively, are shown and compared with earlier 0.5 1.0 1.5 2.0 2.5 3.0 3.5

experimental results, as well as with the theoretical r' [1O K-1i]

results reported by Miller and Melius [19] and Fueno [ - NHH(X3 rv=0) -- NH(X3,-,v=t)

et al. [28]. The above-listed Arrhenius expressions
were obtained by fitting (using a least-squares pro- FiG. 5. Arrhenius plot for the reaction of NH(XaX-, v
cedure) the measured rate constant values according = 0) and NH(X'X-, v = 1) radicals with NO.
to

k(T) = A X (T/298)" X exp(-EA/RT). (12) 2000 1000 T [K]

5000 00 333 250
13 js4 n a

The error bars in Fig. 4 represent two standard de-
viations (2a) of the least-squares fit shown in Fig. 2. 1 2 -- ,"We suggest that this value is a reasonable estimate .,

of the overall accuracy of our measurements (see Ta- ",
bles land 2). E

In the case of reaction (1), our values are in rea-
sonable agreement with earlier low-temperature 1011 10
measurements [5-10]. In qualitative agreement with
theory [19], our results show that the rate coefficient
decreases significantly with increasing temperature 9 I I
between 293 and 1085 K. This together with the 1 - [10-32 ] 4

high-temperature results [24,25] suggests that the -** this wor Van..o.ren at al. 1991 £241

rate constant has a minimum somewhere between 0 Hack.et at19O5520] X Za•t.zac & Hansen 1978[21]
1000and 2000 K. The following A Henineta.1993 [27] W- -- Mibet Melnus 1992 (calc.) [19]

1000 an 0gincrease of the rate - Merles at al. 1991 [111 Fuseo et al 1992 (calt.) [28]

coefficient between 2220 and 3350 K, as observed by
Mertens et al. [11], was attributed to the opening of FIG. 6. Arrhenius plot for the reaction of NH(X'X-) rad-
the NNH + 0 channel in reaction (1) at high tem- icals with 0,.
peratures [19]. In order to find the exact location of
the minimum in the rate constant of reaction (1),
additional high-temperature measurements that [35]), indicating that in reaction (1), reactivity is not
bridge the gap between our present results and the significantly enhanced by vibrational excitation of
flame studies [24] and the shock tube studies [11] are NH.
clearly desirable. From Fig. 5, it can be seen that the As shown in Fig. 6, in the case of reaction (2), our
total removal rate for NH(X3a-, v = 1) by NO, present results are in good agreement with earlier
which can be described by the following Arrhenius measurements at lower temperatures [20,21]. In ad-
expression dition, the results of the high-temperature flame

studies by Vandooren et al. [24] and the shock tube
kl(,> 1j(293 < T < 922 K) = 101368 studies of Mertens et al. [11] seem to coincide also

X (T/298 K)- 0 71 X exp(0.2 7  with the values that could be extrapolated from our
Arrhenius expression. However, at this point, it

_+ 0.01 kJ mot'/RT) cm3 moo' s1 should be noted that our Arrhenius expression has

been derived only in order to represent our mea-
is only slightly higher than the rate constant for the sured values most accurately (without attributing any
reaction of NH(X3E-, V = 0) with NO (vibrational physical meaning to the parameters). To derive a re-
quenching by Xe can be neglected even with the liable expression for extrapolation to the high-tem-
large Xe background present in our experiments perature range, additional theoretical considerations
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(as described in detail in Refs. 48 and 49) would be laboratory. A comparison between the results of
necessary. these investigations and the results from Ref. 19 will

In the temperature range 400 < T < 793 K, our allow a rigorous test of the currently available poten-
measured values are clearly higher than the values tial energy surfaces for reactions (1) and (2).
calculated by Miller and Melius (taken from Table
III of Ref. 19). Measurements in the intermediate Acknowledgments
temperature range 985 < T < 1729 K [27] gave also
values that are slightly higher than the results ob- The financial support of the research association
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COMMENTS

John Hershberger, North Dakota State University, USA. 0
You quoted slightly higher decay rates for vibrationally ex-
cited states of NH relative to the ground vibrational state Joseph Durant, Sandia National Laboratories, USA. Can
in the NH + NO reaction. Is this effect a true increase in you comment on the pressure dependence of the product
the reaction rate constant, or a vibrational relaxation effect? branching fractions you observed in this work?

Author's Reply. We cannot rule out completely that Author's Reply. We have not yet studied the pressure

the slightly higher decay rates for vibrationally excited dependence of the product branching fractions in the re-

NH(Z-) in the NH(3
f-) + NO reaction are a vibrational actions NH(35.- ) + NO and NH (31-) + 02. In very

relaxation effect. But from the fact that the measured over- recent experiments carried out in our laboratory, we found

all rate for NH(3Z-; V = 1) is only slightly higher than the that at room temperature the rate constant for the reaction

rate of reaction of the NH(,Z") radical in the vibrational NH(3_5 -) + NO - products and NH(3Z-) + 02 -- prod-

ground state, we can see that vibrational excitation of the ucts is pressure independent.

NH bond does not increase reactivity in the NH(3Z-) +

NO reaction very much. Actually, this is what one expects
for a reaction for which a "loose" NH-NO transition state
(for which the bond lengths and frequencies are close to M. C. Lin, Emory University, USA. The formation of H
those for NH and NO) determines the total rate coeffi- + NO 2 from NH + 02 is exothermic by about 30 kcal/
cient. mole. Did you attempt to detect H or NO2 in this reaction?
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Author's Reply. We have not yet investigated the differ- are underway. Very recent experiments carried out in our

ent possible product channels in the reaction NH(3Q-) + laboratory indicate that at room temperature the OH +

02 at higher temperature. Experiments in which we will NO producing channel clearly dominates. By means of a

investigate the formation of H atoms and 0 atoms from calibration method, we determined the OH yield from the

the reaction NH(3E-) + 02 as a function of temperature reaction NH( 2'Ei) + 02 to be (1.05 ± 0.15) at T = 294 K.
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HYDROCARBON-NO, INTERACTIONS AT LOW TEMPERATURES-
1. CONVERSION OF NO TO NO, PROMOTED BY PROPANE

AND THE FORMATION OF HNCO
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Reactant conversions and product distributions for reactions between NO (0-350 ppm), propane (425-
1000 ppm), and 0, (2.3-16%) in a laminar flow reactor at temperatures in the range 500 'C-800 'C have
been determined by long-path-length Fourier transform infrared (FTIR) spectroscopy. Addition of NO
significantly decreases the temperature at which oxidation of propane commences, but the formation of
intermediate products (the olefins, ethylene and propylene, and formaldehyde) occurs over a wider tem-
perature range than does the formation of these products in the absence of added NO. Oxidation of the
propane coincides with NO to NO, conversion, although significant NO to NO2 conversion occurs before
substantial oxidation of the hydrocarbon. The NO to NO2 conversion occurs in stages and increases when
the intermediate carbon-containing products begin themselves to oxidise. For experiments in the presence
of added NO, CH4 is not observed as a product, implying that steady-state concentrations of CH, radicals
are low; rapid conversion of CH, to CHO, followed by reaction of CHO, with NO is a probable reason
for this observation. At high NO and propane concentrations (350 and 1000 ppm, respectively), HNCO
was detected as a product of these reactions. Formation of HNCO coincides with NO to NO2 conversion.
These observations provide evidence for hydrocarbon-NO interactions that result in the formation of
species containing C-N bonds occurring at lower temperatures than previously reported.

Introduction plete conversion of NO to NO 2 also suggests a pos-

sible control technology for NO, emissions from sta-
The oxidation of NO to NO 2 in the presence of tionary combustion sources since NO 2 is significantly

oxygen has been shown to be strongly promoted, at more soluble than NO, and may therefore be re-
temperatures as low as 300 'C, by the presence of moved by scrubbing processes. These processes may
low concentrations of hydrocarbons, CO and H2 [1- be profitably combined with the removal of S02 from
4]. At the same time, the oxidation of the hydrocar- flue gases using similar means. A number of studies
bon is greatly sensitised, giving rise to the formation [7,8] have reported the use of methanol to promote
of oxygenated species, such as aldehydes, and unsat- the conversion of NO to NO 2 for this purpose.
urated hydrocarbon compounds. Addition of hydrocarbons, H2 and H20, has also

Emissions of NO 2 from combustion appliances been used to modify the range of temperatures [9,10]
such as gas cookers and heaters [5] and gas turbines for which the selective noncatalytic reduction
[6] are most probably the result of these interactions. (SNCR) of NO with NH 3 is effective in achieving
It has also been demonstrated [3] that trace concen- acceptable reductions in NO emissions. Clearly, in-
trations of NO (as little as 0.02 ppm, similar to that teractions between the added hydrocarbon and NO
often found in urban air) have a profound promoting will be important in determining the overall effi-
effect on the oxidation of n-butane, suggesting that ciency and product distributions in industrial appli-
hydrocarbon-NO interactions may also be important cations of hydrocarbon-promoted SNCR.
in experimental studies of low-temperature ignition The ability of hydrocarbon fragments such as CH,
and in ignition phenomena in automotive and other CH 2, and, possibly, CH 3, to reduce NO to HCN is
engines, employed in "reburning," or fuel staging, when by-

The facile and, under some conditions, near-coin- drocarbons are injected into hot combustion gases.

1003
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The subsequent reoxidation of HCN (and the in- flow controllers. Total gas flows were of the order of
jected hydrocarbon) results, under appropriate con- 40-80 mL/min, with resultant residence times of the
ditions of air/fuel ratios, in substantial formation of order of 0.6-1.3 s. Experiments were performed by
N2 and thus leads to a net reduction in the overall establishing the required gas composition and then
NO emissions. While the reburning process is gen- varying the reactor temperature.
erally carried out at high temperatures, similar inter- Experiments were performed under the same con-
actions could be expected if reactive hydrocarbon ditions of temperature range and residence time with
fragments were available at lower temperatures. and without added NO. Reactant and product gas

It has also recently become apparent that some compositions were determined on line by long-path-
selective catalytic reduction (SCR) catalysts, such as length FTIR spectroscopy. The entire gas flow was
Cu- or Co-exchanged ZSM-5, effect the reduction of passed through a multipass cell (Infrared Analysis
NO to N2 in the presence of hydrocarbons at tem- Model 3.2, total path length 3.2 m on a base length
peratures in the vicinity of 3010 'C-400 TC [11-13]. of 10 cm, volume 100 mL). The residence time of
The relative contributions of gas- and surface-phase the sample in the tubing (stainless steel, 1/16-in. o.d.)
reactions are unknown. There is evidence [12,14,15] connecting the reactor to the cell was less than 1 s at
that these reactions proceed via an NO 2 intermedi- a flow rate of 80 mL/min, and the average residence
ate; hence, gas-phase reactions producing NO 2 may time of the gas in the cell at this flow rate was ap-
play an important role in the overall conversion of proximately 2 min. Calculations and measurements
NO to N.. at much shorter cell residence times demonstrated

There is thus considerable justification for both ex- that negligible conversion of NO to NO 2 by the ther-
perimental and modelling studies of reactions be- mal (Bodenstein) oxidation reaction occurred under
tween hydrocarbons and NO, in the presence of 02, these conditions.
for the temperature range of 300 'C-800 'C. Previ- Most of the species of interest can be determined
ous work has concentrated on rather low concentra- by this technique apart from 02 and H2. Concentra-
tions of NO [3], typical of those found in household tions of O 2 were always in large excess compared with
appliances and/or gas turbines. In this work, we have those of propane or NO, and the concentrations of
investigated the interaction of propane with NO in 02 would not have been significantly different in re-
the presence of oxygen, at somewhat higher concen- actants or products.
trations more relevant to those found in flue gases Spectra were collected at a spectral resolution of
from coal-fired power stations. 0.25 cmr- 1 by the coaddition of 64 or 256 scans. The

The major aim of this study was to identify the species determined and the features used for quan-
hydrocarbon and nitrogen-containing products aris- titative analysis were as follows: C3 Hs (2968 cm- 1),
ing in this system. The detection of NO 2 in most C 3 H6 (912 cm- 1), C2114 (949 cm'1), CH 4 (3086
previous studies has been performed by the indirect cm'1), HCHO (1746 cm-1), CO (2120 cm-'), CO 2
technique of NO and NO, analysis by chemilumi- (721 cm-1), NO (1876 cm-1), NO 2 (1615 cm-1), and
nescence. In this study, we report direct measure- HNCO (2269 cmr-). Acetaldehyde (CH 3CHO), re-
ments of NO 2, and of other hydrocarbon and nitro- ported as a product of the reaction of hydrocarbons
gen-containing species, by long-path-length Fourier and NO at somewhat lower temperatures [3], was not
transform infrared (FTIR) spectroscopy. detected in the present experiments (detection limit

5 ppm). Other products whose features did not ap-
pear in the spectra were HONO, HNO3 , ethylene

Experimental oxide, propylene oxide, and acetone. A weak feature
was observed under some conditions at 712 cm-1

Experiments were conducted in a ceramic tube and may have been due to HCN. For some of these
reactor (Alsint, 4-mm i.d.) heated electrically. Two products, particularly HNO3 , the sampling arrange-
ceramic thermocouple sheaths were positioned in ments may not have been appropriate to ensure
the reactor above and below the heated zone, and transport of the material to the cell, and so caution
temperatures were measured at the top and bottom is required in the conclusions drawn from these null
of this region. The length of the approximately iso- observations. Nitrous oxide (N20) was present in
thermal (± 5 'C) heated zone was 200 mm. Based on trace quantities in the NO reactant gas; no additional
previous work with n-butane and other hydrocarbons N20 was produced by the reaction.
[3,5] in which reactor materials and geometry were The concentrations of the hydrocarbons, carbon
varied with little effect on results, heterogeneous ef- oxides, and nitrogen oxides were determined by cal-
fects are unlikely to play a significant role in this sys- ibrating the FTIR using the same gas cell and
tem, particularly at the temperatures and residence mixtures prepared from standard gas mixtures. The
times employed here. standards were diluted with N2 and/or He using mass

Gas mixtures were prepared by mixing flows of the flow controllers to give a range of concentrations coy-
gases propane in He (1570 ppm), NO in He (3600 ering that observed in the experiments. The effects
ppm), 02 in He (7.6%), or 02 in N2 (21%) using mass of differential broadening due to different dilution
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gases were evaluated, and the calibrations were ex- 500 1 ,
tended to high concentrations to determine the ex- A b
tent to which the Beer-Lambert absorption law ap- CO-A '_c0
plied. 400 A

The calibration for HCHO was obtained from the E A

USEPA Technology Transfer Network [16] and is CL A
based on duplicate analyses of 100 ppm HCHO in ,- 300 A
an 11.25-m cell at the same resolution as used in this .2 A
study. An estimate of the concentration of HNCO is 0- A

based on published spectroscopic data [17,18]. 200
aA

g A

Results and Discussion (3 100 e. AO
100 *

Product Distributions from the Oxidation of a

Propane with and without Added NO: 0 -S

Mixtures of propane (425 ppm) and 02 (16%) S • O 0 '0 a

were prepared with and without added NO (67 ppm) 400 0
and propane conversions and product formation de- 0
termined for temperatures in the range 500 'C-800
'C. The results, shown in Fig. la, demonstrate that O_ 300 0
NO addition reduces the temperature at which C3H8 4 S
begins to oxidise by approximately 100 'C. Figure lb .
shows concentrations of the major carbon-containing O 2

products, CO and C2H4. In the presence of added E 0
NO, formation of these products obviously com- a
mences at lower temperatures, but perhaps of more
interest is the fact that the concentration profiles as 0 100 0
a function of temperature are much broader in the
case of the experiment with added NO. In the ab-
sence of NO, ethylene is observed only over a very 0 0"
narrow temperature range, and the formation of CO 500 600 700 800
is similarly much more sensitive to temperature.
Without NO, the behaviour is akin to an ignition ex- Temperature (0C)
periment, with intermediate products only apparent
over a very narrow temperature range and CO 2 and FIG. 1. Concentrations of (a) C2H8 and (b) CO and C2 H4
CO being the ultimate carbon-containing products, as a function of temperature. Inlet conditions: filled syrn-

Figure 2 shows some additional results from the bols: C3H, (425 ppm), NO (67 ppm), 02 (16%), balance
experiment with added NO and provides some in- N2 (76%), He (8%); open symbols: C3H, (425 ppm), 02

sight into the means by which NO changes the oxi- (16%), balance N2 (76%), He (8%). Residence time 0.7 s.
dation of the propane. Measurements of NO, shown
in the bottom section of Fig. 2, reveal that the onset
of oxidation of the propane is accompanied by a de- conversion of NO to NO 2.This phenomenon is much
crease in the NO concentration and a corresponding more evident at higher NO and propane concentra-
increase in concentrations of NO 2. The decrease in tions and will be discussed below.
NO is greater than the increase in NO2 . There are a The major carbon-containing products of the re-
number of possible explanations for this observation, action in the presence of NO are CO, HCHO, C2H4,
Additional nitrogen-containing products may have and C3H 6. In fact, up until the completion of oxi-
been produced; however, none were detected under dation of the propane, these products account for at
these conditions by FTIR spectroscopy. An alterna- least 90% of the carbon-containing products. At
tive explanation is that the calibrations for NO and higher temperatures, CO2 becomes an important
NO 2 (based on separate standards of NO and NO 2) product. Hence, the majority of the reacted propane
are not internally consistent. is converted to four simple products, and more com-

A high correlation is evident in Fig. 2 between the plex organic oxygenates and/or nitrogen-containing
small changes in NO and NO 2 concentration after organic species must contribute, at most, a minor
the initial major adjustment in the NO/NO 2 ratio. In part of the products.
particular, Fig. 2 also reveals that the onset of oxi- The fate of the reacted C31ls may be further in-
dation of product ethylene coincides with additional vestigated by the calculation of carbon selectivities.
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60 FIG. 3. Carbon selectivities for carbon-containing prod-
E NO nets as a function of CaHl conversion. Conditions as for
,.P Fig. 1, with NO addition.
a
0 0
$0 40 der these conditions appears as olefins, C3H 6 , and

C2 H4 , and the bulk of the remainder as HCHO.
Uo Previous workers (1-5) have discussed mecha-
o O nisms for the conversion of low concentrations of NO20 - to NO 2 promoted by hydrocarbons. It is generally
Z NO, O 0 agreed that the conversion is a result of reactions of

0 the general type:
0

0 6 700 800 NO + R0 2 - NO 2 + RO (1)500 600 700 800

where R = H, CH 3, C2 H5.  C,,H 2 1+1, and thatTemperature (oc) the addition of NO significantly perturbs the steady-

FIG. 2. Concentrations of (a) NO and NO 2, and (b) des- state concentration of the reactive OH radical. It is
ignated products as a function of temperature. Conditions generally accepted that this class of reactions is also
as for Fig. 1, witb NO addition. responsible for the conversion of NO to NO 2 in the

free atmosphere, where subsequent photolysis of the
NO 2 results in ozone production and photochemical

The basis for this is that the amount of C appeaning smog formation.
in each of the four major products as a proportion of Detection or nondetection of minor products in
the C reacted from C3H8 is calculated as a function this system also provides insight into the likely mech-
of propane conversion. It should be noted that the anism of the reaction. The FTIR measurements
propane oxidation occurs over a temperature range showed that, for the experiments with added NO, no
of 50 'C, so that a temperature effect is also included CH 4 or C2H6 (detection limits 2 ppm) was formed.
in the functional dependence of the selectivities on By contrast, small but significant concentrations of
conversion. Results for this calculation are given in CH 4, reaching a maximum of 22 ppm at about 750
Fig. 3. From this it can be seen that C3H6 is the 'C, were determined in the experiments without
predominant initial product, and for conversions less added NO. This implies that steady-state concentra-
than 10% accounts for more than 50% of the prod- tions of CH 3 in the C3H8/NO/0 2 system are very low
ucts on a C basis. Propylene was also observed [5] as as a consequence of rapid conversion of CH 3 to
the major initial hydrocarbon product of the C3H1/ CH 30 2 and reaction of CH 30 2 with NO:
NO/O 2 system at lower temperatures, lower inlet NO
concentrations, and longer residence times. It is also CH 3 + 02 -+ CH 30 2  (2)
instructive to consider the selectivities in conjunction
with the NO and NO 2 data of Fig. 2. Most of the NO CH 30 2 + NO - CH 30 + NO 2. (3)
to NO•2 conversion occurs for C3Hs conversions of
less than 10%. More than 75% of the reacted C un- Reaction (3) is, of course, a special case of reaction
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.04A b 550 'C, NO concentrations decrease by about 15%.
.04 A AAs for the previous experiment, the increase in NO9

.03 HNCO concentration is less than the decrease in the NO,
SA A A but in this case, another nitrogen-containing species

Q .02 was detected; the identity and concentration of this
o A species will be discussed below.
Z .01-"- A A At higher temperatures (>600 TC), there is an ad-

0.00 - A ditional decrease of about 17% in NO, resulting in a

350 -a total decrease of 32% of the inlet concentration. As
e - was the case with the previous experiment, this ad-

300 NO * * * * e ditional decrease corresponds with the onset of C2H4
oxidation and is accompanied by a corresponding in-E 2 5 0 -•

crease in NO 2 concentrations. At higher tempera-
.2 200 tures, the NO concentration returns to the inlet
SCvalue, and C3118 conversion is largely to CO 2.
6 150 A The identity of the additional nitrogen-containing

A species was established on the basis of its FTIR spec-
0 100 A trum. Figure 5a shows a section of the spectrum in

50 NO2  A * * the range from 2300-1500 cm-1, with absorption

o * a N * U * * features due to CO, NO, HCHO, NO 2, and H20. A
0 , characteristic additional feature is evident, centred
500 550 600 65o at about 2269 cm - 1, and Fig. 5b shows an expanded

Temperature (0C) version of this spectrum in the range from 2300-2220
cm- 1.Based on previous spectroscopic investigations

FIG. 4. (a) Concentrations of designated species as a [17,18] and kinetic experiments [19] on pure com-
function of temperature. (b) HNCO absorbance, measured ponents, this feature may be positively assigned to
at the maximum of the R branch of the feature centred at HNCO, which, to our knowledge, has not previously
2269 cm 1. Inlet conditions: CAlH (1000 ppm), NO (350 been reported in combustion systems at this tem-
ppm), 0, (2.25%), balance He. Residence time 0.6 s. perature.

Data reported in Herzberg and Reid [17] and
Steiner et al. [18] enable an absorption coefficient of

(1). In the absence of added NO, the reverse of re- 25 ± 10 cm-I atm- 1 to be calculated for the maxi-
action (2) will provide sufficient CH 3 for the forma- mum of the R branch of this feature. Based on this
tion of CH 4. value for the absorption coefficient, the peak absorb-

Bromly et al. [3] reported results for interactions ance for HNCO of 0.04 (see Fig. 4b) corresponds to
between NO and n-butane in air at temperatures a concentration of 3.6-8.3 ppm. This calculated con-
from 330 'C-450 'C and postulated the reaction centration should, however, be treated as a guide

only, since the reported spectra [17,18] were ob-
NO + OH + M - HONO + M (4) tained at low pressures of pure HNCO.

The results provide evidence for hydrocarbon-NO
as an important mechanism for the scavenging of re- interactions at low temperatures that result in the
active radicals by NO, particularly at high [NO]/ formation of species containing C-N bonds. The
[n-butane] ratios. In the present experiments, no formation of HNCO is of particular interest given its
HONO was detected (detection limit -0.5 ppm). high toxicity, which could have substantial impacts
However, the higher temperatures and lower [NO]! on the use of hydrocarbons in NO, reduction tech-
[propane] ratios of the present study may be the rea- nologies and on air quality. At present, kinetic inves-
son for the failure to detect HONO. tigations of reactions between hydrocarbon fragment

radicals and NO [20], detailed kinetic models of hy-
Evidence for Reburning Reactions at Temperatures drocarbon oxidation [21-23], and NO formation and
between 550 eC and 650 i C: destruction [21] are unable to account for these ob-

servations. Here we simply raise a number of possi-
Similar experiments were also conducted with a bilities.

reactant mixture comprising C3H18 (1000 ppm), NO Reburning reactions are thought to proceed
(350 ppm), and 02 (2.25%). This NO concentration through reactions of the general type
is more typical of that which may be found in the
flue gases from a coal-fired power station. A selection CHi + NO- products (e.g., HCN, CN .... ) (5)
of the results for this experiment is given in Fig. 4a,
which shows NO and NO 2 concentrations as a func- where i = 0-3. Although the rates of the most im-
tion of reaction temperature. Between 525 'C and portant of these reactions are now known reasonably
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FIG. 5. FTIR spectrain the region (a) 2300-1500 em ,(b) 2300-2220 cm'. Spectra recorded at 0.25-cm- 1 resolution.

well [20], inadequate information is presently avail- higher temperatures would most likely be HCN +
able for the product branching ratios, particularly at H20 and/or H2CN + OH, but clearly, direct deter-
intermediate and higher temperatures. Recently, for minations of product branching ratios for this reac-
example, the reaction between CH 2 and NO was tion are required.
shown [24] to proceed through formation of the ad- Finally, the reaction
dition complex CH 2NO; rearrangement or reaction
of this complex to form HNCO may be possible. HCCO + NO - HCNO + CO (7)

Concentrations of C and CH would probably be
too low at these temperatures for these species to could conceivably play a role, although it is more
participate. However, some CH 2 may be formed likely to be important for fuel-rich conditions [21],
from decomposition of the intermediate oxidation unlike those pertaining to this experiment.
product, ketene (CH 20), for example. Detection of The present results clearly require the modifica-
small but significant concentrations of C2H 2 in the tion and further development of models for hydro-
present experiments, conceivably formed from re- carbon-NO interactions, particularly at intermediate
combination of CHU, makes this a not impossible temperatures. A model recently developed for the
pathway to HNCO production. H 2/0 2/NO system [27] represents initial progress in

Reactions between methyl radicals and NO are the development of such models.
also a potential source of HNCO. The reaction

CH 3 + NO - products (6) Conclusions

has been extensively studied at room temperature Results of experiments performed in a laminar

[20], where it yields CH 3NO. A recent shock tube flow reactor at temperatures in the range 500 'C-800

study [25] of this reaction demonstrates that the rate 0Cwith NO (0-350 ppm), propane (430-1000 ppm),
of this reaction may be significantly higher at com and 02 (2.3-16%) lead to the following conclusions.

bustion temperatures than previous estimates and 1. Addition of NO significantly decreases the tem-
measurements [20] suggest. Theoretical calculations perature at which oxidation of propane com-
predict [26] that the products of this reaction at mences, and the formation of intermediate prod-
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ucts (the olefins, ethylene and propylene, and 7. Murakami, N., and Izumi, J., U.S. Patent 4,350,669,
formaldehyde) occurs over a wider temperature 1982.
range than does the formation of these products 8. Lyon, R. K., Cole, J. A., Kramlich, J. C., and Chen, S.
in the absence of added NO. L., Combust. Flame 81:30-39 (1990).

2. Oxidation of the propane coincides with NO to 9. Lyon, R. K., and Hardy, J. E., Ind. Eng. Chem. Fun-
NO 2 conversion. The NO to NO2 conversion oc- dam. 25:19 (1986).
curs in stages, commencing before significant ox- 10. Pohl, J. H., Yang, S.-C., Sowa, W. A., and Dill, J. W.,
idation of the propane but increasing when the ACS Div. Fuel Chen. Preprints 38:708-717 (1993).
intermediate products begin themselves to react. 11. Truex, T. J., Searles, R. A., and Sun, D. C., Platinum
The major part of the reacted propane is initially Met. Rev. 36:2-11 (1992).
converted to olefins (C3 H6 and C2 H 4), and C3H16 12. Iwamoto, M., and Mizuno, N., Proc. Inst. Mech. Eng.
is the major carbon-containing product during the D 207:23-33 (1993).
period when most of the NO is converted to NO9 . 13. Li, Y., and Armor, J. N., Appl. Catal. B 1:L31 (1992).

3. In experiments with added NO, CH 4 is not ob- 14. Valyon, J., and Hall, W.K., J. Phys. Chem. 97:1204-
served as a product, implying that steady-state 1212 (1993).
concentrations of CH3 radicals are very low; rapid 15. Petunchi, J. 0., and Hall, W. K., Appl. Catal. B 2:L17-
conversion of CH 3 to CH 30 2 followed by reaction L26 (1993).
of CH 30 2 with NO probably accounts for this ob- 16. USEPA Office of Air Quality Planning and Standards
servation. (OAQPS) Technology Transfer Network (TTN), EM-

4. At high NO and propane concentrations (350 and TIC Bulletin Board, Innovative Technologies Section,
1000 ppm, respectively), HNCO was detected as node name: ttnbbs.rtpnc.epa.gov.
a product of reactions in the C3H8/NO/0 2 system. 17. Herzberg, G., and Reid, C., Discuss. Faraday Soc.
Formation of HNCO coincides with NO to NO2  9:92-99 (1950).
conversion. These observations provide evidence 18. Steiner, D. A., Polo, S. R., McCubbin, T. K., Jr., and
for hydrocarbon-NO interactions at lower tem- Wishah, K. A.,J. Mol. Spectrosc. 98:453-483 (1983).
peratures than previously reported, which result 19. He, Y., Liu, X., Lin, M. C., and Melius, C. F., Int.
in the formation of species containing C-N bonds. Chem. Kinet. 23:1129-1149 (1991).
The source of the HNCO is at present unknown, 20. Mallard, W. G., Westley, F., Frizzell, D. H., Herron,
but reactions involving CH3 or CH 2 radicals with J. T., and Hampson, R. F., NIST Chemical Kinetics
NO are plausible suggestions. Database Version 5.0, National Institute of Standards

and Technology, Gaithersburg, MD, 1993.
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COMMENTS

J. Houston Miller, George Washington University, USA. both processes, collaborating with C. F. Melius of Sandia
These questions concern the band centered at 2269 cm-1. National Laboratories.
First, is there evidence for CO, in your spectra? Secondly,
what is the rotational constant observed as fine structure Author's Reply. The additional mechanisms for HNCO
in the band and is that consistent with HNCO? production suggested are interesting. In the case of the first

suggestion
Author's Reply. Spectral features due to CO2 are ob-

served at higher temperatures when oxidation of the pro- HNC + NO 2 -- HNCO + NO
pane proceeds to completion. Under these conditions, the
region around 2269 cm - I is obscured by lines due to '3CO,2 there is still a problem with the reaction that gives rise to
Measurements of the rotational constant of the band give HNC (or HCN) at these rather low temperatures. In the
a value of 0.36 ± 0.03 cm'- 1, in good agreement with the case of the second suggestion, we find significant amounts
value reported by Steiner et al. [13 of 0.37 cm-'. of HNCO at temperatures where the concentration of

HCHO is continuing to increase, but clearly this reaction
offers a plausible route to HNCO at these temperatures.

REFERENCE

1. Steiner, D. A., Polo, S. R., McCubbin, T. K., Jr., and
Wishah, K. A., J. Mol. Spectrosc. 98:453-483 (1983). A. E. Jacob Akanetuk, Stanford University, USA. The

experimental regime of 500 'C-800 'C corresponds to con-
* ditions in the flue stream in a practical combustor. How

realistic is 16% excess oxygen, which was one of the ex-
M. C. Lin, Emory University, USA. Your observation of perimental conditions?

HNCO is interesting. Aside from what you have proposed,
there are other possibilities for its formation: (1) HNC + Author's Reply. This study was not attempting to simply
NO 2 -' HNCO + NO, if both HCN and NO, are present, investigate NO to NO2 conversion catalysed by propane
and (2) HCO + HNO - HC(O)N(H)O -- HNCO + OH, under conditions similar to those found in the flue gases
if CH20 and NO are present. The former process was from practical combustors. Oxygen concentrations in coal-
found to occur in our study of the thermal reaction of HCN fired power stations are usually less than 10%, and some
with NO, below 800 K. The latter was observed to take of the experiments in our study were done at 2.25% 0,,
place when we pyrolyzed CH20 and NO above 700 K. Ab typical of flue gas concentrations. Effects of systematic var-
initio molecular orbital calculations have been made for iations in 02 concentration are part of our ongoing studies.
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ASPECTS OF NITROGEN FLAME CHEMISTRY REVEALED BY BURNING
VELOCITY MODELLING

MARTIN J. BROWN AND DAVID B. SMITH

British Gas (plc)
Gas Research Centre

Ashby Road, Loughborough LEI] 3QU, UK

By using detailed modelling of flames, previous burning velocity data of Gray and coworkers have been
corrected to yield a reliable and consistent set of data for the four systems: H2-N.0, NHa-0 2, NH3-NO,
and NHa-N 20.

The original measurements were made from flame radius vs time records of expanding spherical flames,
burning at low pressure (70 torr (92 mbar)) and 60 'C. Expanding flame computations reproduce the broad
features of the experiments, allowing flame speeds to be derived by the same means as used in the exper-
iments. But from planar one-dimensional (1D) computations, true ID burning velocities were also ob-
tained. The ratio of the two computed values gives a correction factor that is then applied to the experi-
mental data. Corrections range from 10% in the most favourable cases up to a factor of 2 in mixtures
where the original flame radius/time records were markedly nonlinear.

Planar 1 D-computed burning velocities were then compared with the corrected experimental data, with
modifications made to the kinetics to improve the agreement. For H2-N20, excellent agreement was
obtained after relatively modest changes to the H + N20 and N,0 decomposition reactions. For
NH3-02, reasonable agreement was found with changes to HNO + OH and HNO decomposition reac-
tions. The NH.-NO system was sensitive to both the overall rate and branching ratio of the NH 2 + NO
reaction:

NH 2 + NO -- N2 + H + OH

- N2 + H20.

A satisfactory simulation of burning velocities required adjustment of the total rate, while reproduction of
gross flame features required the contribution from the first reaction to be approximately 80% at the high
temperatures of these flames. Finally, burning velocities for NH3-N20 mixtures were sensitive to all the
above-mentioned reactions, and an excellent simulation was achieved without further changes.

Introduction ities. This view receives support, perhaps unwitting,
from the recent work of Sausa et al. [2], in which

There is continuing interest in the combustion detailed modelling was compared with experimental
chemistry of nitrogen-containing fuels and oxidants, flame structure data obtained by molecular beam-
straddling propellant chemistry, the formation of NO mass spectrometry. Despite a thorough study, they
in flames, and operation of various NO control meth- were unable to unravel significant issues in the chem-
ods. In this paper, we examine aspects of the flame istry.
chemistry of four systems, H 2-N 2O, and NH 3 with The NH 3-NO/N 2 0 systems are particularly inter-
02, NO, and N 20, by comparing experimental burn- esting because of the spotlight they throw on the re-
ing velocities with the results of modelling using de- action: NH 2 + NO - products, which is thought to
tailed kinetics. Since burning velocities are normally be the key to the operation of the Thermal De-NO0
sensitive to few reactions, this exercise may be re- process [3,4]. The critical issue is the branching ratio
garded as providing a rigorous partial test of the ki- between the possible product channels:
netic model.

Despite relatively simple chemistry, the H 2-N 20 NH 2 + NO N2 + H + OH (36)
mechanism is still not fully resolved. In an earlier
modelling study of H2 -N2 0, Coffee [1] was hindered NNH + OH (36a)
in the validation of his reaction scheme by the lack N2 + H 20 (37)
of experimental data. He concluded that the most
useful contribution would be reliable burning veloc- (reaction numbers taken from listing in Table 1) with
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PREMIX program [12] was used, slightly modified
0.9 to ensure strict conservation of mass and energy.

For expanding spherical flames, the unsteady ID
0.8 conservation equations at constant pressure are

0.7 solved, using a program developed at British Gas but
o °derived from PREMIX and retaining its CHEMKIN

0.6 and transport property routines [13,14]. Adaptive re-
0.0 gridding was used, with the grid being checked after

Z0.5 0 / ... each time step and recomputed when necessary to
achieve maximum computational efficiency. To ini-

. tiate the expanding flame calculations, a high tem-
0.3 0 perature (300,0-4000 K) was set in a central core hav-

ing a width of 2-12.5 mm, depending on ease of
0.2 ignition, equivalent to 1-75 mJ. Repeat runs were

0.1 % performed to locate the minimum ignition energy,
although, except in its earliest stages, flame growth

0 -- showed little dependence on ignition energy.
0 500 1000 1500 2000 2500 The base mechanism largely follows that of Miller

T.mperat-r. /K and Bowman [4], with their rate data used for the

FiG. 1. Compilation of available data on branching ratio nitrogen steps. Two further reactions (NH 3 decom-
[kJ(k13 + k69, where 36 may include 36a] for the NH2 + position and NH 3 + 02 - NH.2 + HO2, reactions
NO reaction: .... Miller and Bowman [4]; 0- Van- (73) and (74)) were added to assist the initiation of
dooren et al. [5]; A Hall et al. [6]; U Kimball-Linne and NH 3-02 flames. For the H2/O2 reactions, rate data
Hanson [7]; L] Silver and Kolb [8]; 0 Bulatov et al. [9]; 0 mainly from the recent evaluation of Baulch et al.
Atakan et al. [10]; and A Stephens et al. [11]. [15] were used together with minor refinements to

certain rate coefficients by the same authors, as de-
tailed by McLean et al. [16]. Modifications were

channels (36) or (36a) producing reactive species, made to the model to improve its performance, as
while channel (37) is terminating. The various deter- described in the Discussion. This optimised mecha-
minations of the branching ratio, shown in Fig. 1, nism is shown in Table 1; for brevity, the H2/O2 re-
clearly demonstrate the lack of consensus. Miller and actions are omitted but are listed elsewhere [16].
Bowman [4] favoured a temperature-independent
value of 0.51, largely to suit the needs of their ther-
mal de-NO0 model. Vandooren et al. [5] also derived Methodology
high branching ratios, based on NH 3-flame structure
studies. On the other hand, the three most direct In order to validate a kinetic model using burning
determinations [9-11] yield significantly lower val- velocity data, such data must obviously be reliable,
ues. Although the results of Bulatov et al. [9] may be although in practice this requirement proves hard to
compatible with the Miller-Bowman value [4], the meet. There have been several determinations of
other two are not. They cover wider temperature burning velocity for the systems of interest [17-21],
ranges than Bulatov, are in excellent agreement with though none in recent years. We have chosen to use
each other, and appear to offer persuasive evidence the data set provided by Gray and coworkers [17,18]
in favour of a lower branching ratio, which, as Ste- for three reasons: (1) it provides a consistent set of
phens et al. [11] argue, has considerable implications data for the systems of interest; (2) we believe their
for the thermal de-NO chemistry. However, the data can yield accurate burning velocities after cor-
overlap of the Stephens et al. study with the oper- rections are applied, as described below; and (3)
ating range of thermal de-NO, is small. As demon- burner methods also need significant correction
strated later, burning velocities of the NH 3-NO sys- [16,22], but because of the more complex geometry,
tem in particular are overwhelmingly sensitive to this the factors are much harder to quantify.
reaction and can help to fix the branching ratio at The technique Gray and coworkers used [17,18]
high temperature. was to bum expanding spherical flames and deter-

mine the flame speed at constant pressure from ra-
dius vs time data obtained from the schlieren image

Modelling Details of the flame. Although for many experiments the
flames apparently settled to a constant speed after

Two types of flame were modelled: planar one- only a short initial acceleratory period, in some
dimensional (1D) and expanding spherical. Mixture- (mainly rich) mixtures, more prolonged acceleration
averaged transport properties were used in all com- was observed. They followed the traditional approach
putations. For planar flames, the Sandia Laboratory by assuming that flames travelled at constant speed.
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TABLE 1
Optimised reaction mechanism

Number Reaction A n E

19 NH + 0, = HNO + 0 1.00E + 13 0.00 12000.0
20 NH + 02 = NO + OH 7.60E + 10 0.00 1530.0
21 NH + NO = N20 + H 3.34E + 14 -0.46 0.0
22 N20 + OH = N2 + HO, 2.OOE + 12 0.00 10000.0
23 NO + H = N2 + OH 2.23E + 14 0.00 16946.0
24 N 2 0 + M = N2 + O + M 1.60E + 14 0.00 51600.0

Enhancement factors: HO = 5, H 2 = 1.5, NO = 10.
25 N20 + 0 = N, + 0, 1.00E + 14 0.00 28200.0
26 NO + 0 = NO + NO 1.OOE + 14 0.00 28200.0
27 NH + OH = HNO + H 2.OOE + 13 0.00 0.0
28 NH + OH = N + HO 5.OOE + 11 0.50 2000.0
29 NH + N = N2 + H 3.OOE + 13 0.00 0.0
30 NH + H = N + H2 1.00E + 14 0.00 0.0
31 NH + O = NO + H 2.OOE + 13 0.00 0.0
32 NH 2 + 0 = HNO + H 6.63E + 14 -0.50 0.0
33 NH 2 + O = NH + OH 6.75E + 12 0.00 0.0
34 NH 2 + OH = NH + HO 4.OOE + 06 2,00 1000.0
35 NH 2 + H = NH + H2 6.92E + 13 0.00 3650.0
36 NH, + NO = N, + H + OH 6.51E + 11 0.00 0.0
37 NH2 + NO = N2 + H2 0 1.40E + 20 -2.60 924.0
38 NH 3 + OH = NH 2 + H20 2.04E + 06 2.04 566.0
39 NH 3 + H = NH 2 + H, 6.36E + 05 2.39 10171.0
40 NH3 + 0 = NH, + OH 2.10E + 13 0.00 9000.0
41 NNH + M = N 2 + H + M 2.OOE + 14 0.00 19870.0
42 NNH + NO = N2 + HNO 5.OOE + 13 0.00 0.0
43 NNH + H = N, + H, 1.00E + 14 0.00 0.0
44 NNH + OH = N2 + H,0 5.OOE + 13 0.00 0.0
45 NNH + NH 2 = N2 + NH 3  5.OOE + 13 0.00 0.0
46 NNH + NH = N2 + NH2  5.OOE + 13 0.00 0.0
47 NNH + O = NO + H 1.OOE + 14 0.00 0.0
48 HNO + M = H + NO + M 6.02E + 20 -1.61 50837.0

Enhancement factors: H2O = 10, 02 = 2, N2 = 2, H 2 = 2.
49 HNO + OH = NO + HO 4.80E + 13 0.00 1000.0
50 HNO + H = H2 + NO 5.OOE + 12 0.00 0.0
51 HNO + NH2 = NH:3 + NO 2.OOE + 13 0.00 1000.0
52 N + NO =N 2 +O 3.27E + 12 0.30 0.0
53 N + 03 = NO + 0 6.40E + 09 1.00 6280.0
54 N + OH =NO + H 3.80E + 13 0.00 0.0
55 HO 2 + NO = NO 2 + of' 2.11E + 12 0.00 -479.0
56 NO 2 + H = NO + OH 3.50E + 14 0.00 1500.0
57 NO 2 + 0 = NO + 03 1.00E + 13 0.00 600.0
58 NO 2 + M = NO + O+ M 1.10E + 16 0.00 66000.0
59 NH 2 + NH = NH, + H 5.OOE + 13 0.00 0.0
60 NH + NH= N, + H + H 2.54E + 13 0.00 0.0
61 NH 2 + N =N, + H + H 7.20E + 13 0.00 0.0
62 N2H, + M = NNH + H + M 5.OOE + 16 0.00 50000.0

Enhancement factors: HO = 10, 02 = 2, N2 = 2, H2 = 2.
63 N2H2 + H = NNH + H, 5.OOE + 13 0.00 1000.0
64 N2H, + 0 = NH 2 + NO 1.00E + 13 0.00 0.0
65 N 2H 2 + 0 = NNH + OH 2.OOE + 13 0.00 1000.0
66 N2 H2 + OH = NNH + H,0 1.00E + 13 0.00 1000.0
67 N2H 2 + NO = N20 + NH2  3.OOE + 12 0.00 0.0
68 NHI + NH = NNH + NH 2  1.OOE + 13 0.00 1000.0
69 N2H2 + NH 2 = NNH + NH 3 1.OOE + 13 0.00 1000.0
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TABLE 1
(continued)

Number Reaction A n E

70 NH, + NH, = N2H2 + H2  5.OOE + 11 0.00 0.0
71 NH 2 + 02 = HNO + OH 4.50E + 12 0.00 25000.0
72 NH 2 + HO2 = NH, + 02 3.00E + 13 0.00 3011.0
73 NH 3 + M =NH 2 + H + M 2.50E + 16 0.00 93791.0
74 NH + NO = N2 + OH 2.16E + 13 -0.23 0.0

Rates in the form k = ATl exp( - E/RT), in units of cm, mol, s, cal. (For brevity, reactions (1) through (18) are omitted,
but they can be found in Ref. 16.)

There are two reasons why this is not strictly correct: valid. In general, they were, except where the cor-
flame stretch and finite flame thickness. Our own rections were particularly large (lean H2 -N2 0, for ex-
studies [16,22] of spherically expanding flames show ample), in which case, a further iteration of stages 2
that the assumption of constant flame speed will not through 4 was carried out. The reason for this staged
yield accurate burning velocities. Thus, the burning approach is that ID computations are much quicker
velocities as reported must be suspect. (typical central processing unit (CPU) time of a few

The method adopted for correcting the data has seconds or minutes for ID, compared with many
four stages. First, expanding spherical flames were hours for the expanding flame cases).
computed, using the base mechanism, with no ad- Errors in the original experimental data were as-
justments made to bring the computed radius vs time sessed [17] to be about 2%, increasing to 5% when
plots into close agreement with the experimental. acceleration occurred, i.e., in rich mixtures. The cor-
However, it is worth noting that the main features of rection procedure introduces additional uncertain-
the experiments were reproduced, with lean mixtures ties. We estimate the combined errors in the cor-
settling down fairly quickly to apparently constant rected data lie in the range of 3% in favourable cases
speeds and rich mixtures being subject to pro- up to 15% in the worst (i.e., accelerating) cases, when
nounced acceleration. These computed radius/time the radius at which the speed was originally deter-
plots were then analysed by the same procedure as mined is imprecise, making the match with experi-
used in the experiments. That is, flame speeds were ment more uncertain.
determined at a radius of 3 cm or slightly larger when
prolonged acceleration occurred.

The second stage was to compute planar 1D flame Results and Discussion
speeds, using the same kinetic mechanism and trans-
port properties. The ratio of the flame speed derived Representative results of the expanding flame
from the expanding flame to the ID value provides code are shown in Fig. 2 for the H2 -N 20 system.
a correction factor, which is then applied to the real Over much of the stoichiometric range, the radius vs
experimental data to convert them into ID values, time plots, after a settling period, appear fairly linear,

These corrected experimental data can then be as shown in Fig. 2a. But even in these cases, the
compared with the results of ID computations, speed vs radius plots (Fig. 2b) reveal that the speed
Since, up to this point, all computations had used the is not quite constant at 3 cm, though differences from
base scheme with no attempt at optimisation, signif- ID values are small (within 25%). Thus in these
icant differences between experimental and com- cases, the experimental data need only modest cor-
puted velocities were anticipated and indeed found. rection. Towards the lean and rich composition ex-
Therefore, the third stage of the methodology was to tremes, marked nonlinearities were observed.
modify the kinetic mechanism to improve the agree- Flames in lean mixtures were decelerating up to and
ment. A simple optimisation routine, using sensitivity beyond the region of measurement. The deceleration
coefficients from ID modelling and uncertainties in is a manifestation of flame stretch with a negative
rate constants as inputs, was employed to identify Markstein length and is expected in lean mixtures of
appropriate changes. However, the results of the op- a light fuel with a heavy oxidant [22]. In rich
timisation were not then applied in an automatic mixtures, on the other hand, computations showed
fashion but were rather used as a guide to the pre- flames to have a very pronounced acceleration char-
ferred kinetic modifications. acteristic of stretch with normal Markstein behaviour

The fourth stage was to rerun the spherical cases (Fig. 2a). The first case is not commented on by the
using the optimised scheme, to check whether the experimenters, though the second is specifically re-
correction factors obtained in stage two were still ferred to [18]. In both cases, as shown in Fig. 2b,
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(a) FIG. 3. Burning velocity of hydrogen/nitrous oxide as a
s0 - function of stoichiometry at 60 'C and 70 torr (92.05 mbar);

0 experimental data [18]; 0 corrected experimental; ....
45 computed values using base model; and computed

values with adjusted rates.
40

35 .NH 3-0 2, NH 3-NO, and NH 3-N20, since they form

230 a hierarchical set progressing from H2-N20, as the
simplest, up to NH 3-NO/N20, as the most complex.

All the experiments were carried out at initial con-
S20 ditions of 60 'C temperature and 70 torr (92.05

mbar) pressure. Although the original experimental
15 ............ 4 data were reported as Sb, in the following discussion,

10 velocities have been converted into the more con-
ventional S, by multiplying by the burned to unbur-

5 ned gas density ratio. Since the correction procedure
0 Iyields ID values, this is a valid procedure.

0.0 2.0 4.0 6.0 8.0 10.0

Fm... odi.... u Hydrogen-Nitrous Oxide:
(b) The original experimental and corrected burning

FIG. 2. (a) Computed flame radius vs time data for H.- velocities are shown in Fig. 3. After correction, the
N20 expanding flames. Percent H, in mixture: A 30%; El stoichiometric burning velocity is 3.63 m/s, and the
50%; 0 60%. (b) Flame speed vs radius data for flames maximum value is 4.11 m/s. Because the correction
shown in (a). factors vary with stoichiometry, the position of the

maximum is shifted from 50% H2, as found in the

speeds at 3 (or 4) cm are very different from 1D original experiments, to 60%.

values. Corrections to experimental data are now As shown in Fig. 3, the base mechanism provides

large, up to a factor of 2. a poor simulation of burning velocity, always under-

For the ammonia systems, over most of the com- predicting the corrected experimental values. Sensi-

position range, radius vs time records were reason- tivity analysis reveals that the most sensitive reactions

ably linear, showing that the experimental data need are

only 10-20% adjustment. Towards the limits (partic- H + N20 <- N2 + OH (23)
ularly rich), larger corrections were again needed.
However, in the case of NH 3-NO, achieving such H + N20 <-> NNH + 0 (-47)
behaviour put significant constraints on the kinetic
mechanism, as discussed later. N 20 + M <-> N2 + 0 + M (24)

The four systems are now discussed in turn. The
systems are treated in the following order: H2-N20, with reaction (24) exerting its main influence in lean
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FIG. 4. Burning velocity of ammonia/oxygen as a func- FIG. 5. Burning velocity of ammonia/nitric oxide as a

tion of stoichiometry at 60 'C and 70 torr (92.05 mbar): 0 function of stoichiometry at 60 'C and 70 torr (92.05 mbar):

experimental data [17]; 0 corrected experimental;. 0 experimental data [17]; @ corrected experimental,.

computed values using base model; and - computed computed values using base model; and - computed

values ,vith adjusted rates, values with adjusted rates.

mixtures. The following changes were introduced: a HNO reactions are important, particularly under
higher rate for reaction (23) taken from Marshall et lean conditions, because NH3 oxidation is channelled
al. [23]; and varying the collision efficiencies for re-
action (24) to 5 for H 20, 1.5 for H 2, and 10 for N2 0. through the reaction NH 2 + 02 s c HNO + OH.
These efficiencies are not well characterised [24], a Reaction (48) then acts as a source of H atoms and
point made previously by both Coffee [1] and Sausa has positive sensitivity, while reaction (49) is termi-
et al. [2]. Sausa et al. found the reaction with N 20 as nating.
partner to be particularly significant. Using the recommendations of Tsang and Herron

With these relatively modest changes, the mech- [25] (which represent a significant decrease in the
anism provides an excellent simulation of the burning rate of reaction (48), particularly at higher temper-

velocities. Agreement between corrected experiment atures, and a slight increase in that of reaction (49))

and model is within 5%, except for the richest point, improved the simulation significantly, although dif-

where the difference reaches 15%. But in this case, ferences are still in the region of 20-25%. Given the

the marked curvature found in both experimental uncertainties in the high-temperature rates of the

and computed radius/time records increases the un- three sensitive reactions (factors of 3 for reactions
certainty in the corrected burning velocity, to a value (48) and (49) [25] and 2 for reaction (1) [15]), judi-
possibly as high as 15%, as described in the earlier cious selection of rates would undoubtedly improve
section on Methodology. the fit, but such an exercise seems unjustified. We

conclude that the modified mechanism provides an
Ainmionia-Oxygen: adequate simulation of the burning velocities of the

NH 3-0 2 system.
The original experimental and corrected burning

velocities are shown in Fig. 4. After correction, the
maximum velocity is 1.37 m/s in a mixture containing Asnmonia-Nitrc Oxide:
55% NH3, very close to stoichiometric.

The base mechanism overpredicted the burning The original experimental and corrected burning
velocities for all mixtures (see Fig. 3). The sensitive velocities are shown in Fig. 5. After correction, the
reactions are maximum velocity is 0.84 m/s in a 45% NH 3 mixture;

the stoichiometric value is 0.81 m/s.
HNO + M <-> H + NO + M (48) The NH 3-NO system proved to be the most inter-

HNO + OH <-÷ NO + H2 0 (49) esting, because gross features of flame propagation
depended markedly on the branching ratio of the

H + 02 -> OH + 0 (1) NH 2 + NO reaction:
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NH 2 + NO--N 2 + H + OH (36) 0.9

-NNH + OH (36a) 0.8

-* N2 + HO (37) 0.7

while burning velocity was overwhelmingly sensitive 0
to the overall reaction (36) + (37). Modelling con-
firms that, for these high-temperature flames where 0.05

NNH is unstable, the choice of channel (36) or (36a) _ 04

makes essentially no difference to the computed o
flame structure or burning velocity. 0.3

Stoichiometric requirements for the overall oxi-
dation of NH 3 by NO [5] dictate that there must be 02

a dissociation reaction, and this is provided mainly 0.1
by reaction (36). Using the Miller-Bowman branch-
ing ratio of 0.51 [4], too much is routed into reaction 0 0 i 5 i 0 3 i 0

(37). Temperatures and H2 and H 20 concentrations 10 10 20 20 30 30 40 45 50

reach transient levels well in excess of equilibrium. 803 1%

And, although this behaviour was found to some ex- FIG. 6. Burning velocity of ammonia/nitrous oxide as a
tent in the other systems, it was particularly notice- function of stoichiometry at 60 'C and 70 torr (92.05 mbar):
able here-with temperature excursions greater than 0 experimental data [17]; 0 corrected experimental; ....
200 K. The final phase of the flame is then a slow, computed values using base model; and - computed
endothermic process (mainly dissociation of water) values with adjusted rates.
delaying the attainment of equilibrium. The overall
effect is to cause radius vs time records to become
grossly curved, to such an extent that correction fac- low, largely a result of their low branching ratio. A
tors could not sensibly be assigned. satisfactory simulation was provided by reducing the

On the other hand, the rate constants of Van- Vandooren values for reactions (36) and (37), both
dooren et al. [5] (with a higher branching ratio) pre- by 30% to maintain their high branching ratio. This
vented these adverse features (temperature over- yields the adjusted fit shown in Fig. 5. This modified
shoot of only 30 K) and yielded much more linear rate agrees reasonably well with the Atakan et al. data
radius vs time behaviour. This puts a significant con- (which are the most reliable up to 1000 K) but has a
straint on the branching ratio, since Andrews and different temperature dependence above 1000 K.
Gray [17] make no comment about anomalous ra-
dius/time behaviour. While this does not of itselfjus- Ammonia-Nitrous Oxide:
tify the Vandooren et al. value, the clear implication
is that the branching ratio must be high enough to The original experimental and corrected burning
allow sufficient dissociation to prevent the slow at- velocities are shown in Fig. 6. After correction, the

tainment of equilibrium, maximum velocity is 0.89 m/s in a stoichiometric
Our study does not allow a precise temperature to (40% NH 3 ) mixture. In this case, the stoichiometric

be determined over which the NH 2 + NO reaction mixture lies in the region of marked acceleration in

exerts its greatest influence on burning velocity, al- flame propagation, resulting in an uncertainty in this

though it should be noted that these are hot flames, burning velocity of around 15%.
having final temperatures up to 2700 K. Even so, it The burning velocities for this system are sensitive
is clear from Fig. 1 that for a high-temperature to five reactions: H + N20 (reaction (23)), N20 de-
branching ratio around 0.8 to be compatible with the composition (reaction (24)), HNO decomposition
low-temperature data [10,11] requires the ratio to be (reaction (48)), and NH 2 + NO (reactions (36) and
markedly temperature dependent above 1000 K. It (37)). Incorporating the modifications to these reac-
also seems to rule out the value adopted by Miller tions as required for the other systems produced the

and Bowman [4]. adjusted fit shown in Fig. 6. The result is seen to be
In addition to the radius/time behaviour being de- an excellent simulation. The worst agreement is 8%

pendent on the branching ratio, the burning velocity in a stoichiometric mixture that, as indicated above,
of NH 3-NO mixtures is overwhelmingly sensitive to is the most imprecise measured/corrected value.

the overall rate of reaction (36) + (37). Using the Over most of the range, agreement is within 3%.
values of Vandooren et al. [5] [k36 = 9.3E11 cm 3

mol- 5 s-%; k37 = 2.0E20 T-26 exp(-924 cal
mol'1/RT) Cm3 mol- 1 s-5 ] overpredicted burning Conclusions
velocities by at least 20%. In comparison, the Miller- 1. Modelling of expanding flames allows the exper-
Bowman rates gave burning velocities that were too imental burning velocities of Gray and coworkers
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to be corrected, to yield reliable ID burning ve- 8. Silver, J. A., and Kolb, C. E., J. Phys. Chem. 91:3713-
locities. Corrected data are reported for four sys- 3714 (1987).
tems: H2-N 20, NH 3-0 2 , NH 3 -NO, and NH3-N20 9. Bulatov, V. P., Ioffe, A. A., Lozovsky, V. A., and Sar-
and compared with the predictions of ID kisov, 0. M., Chem. Phys. Lett. 161:141-146 (1989).
simulation. 10. Atakan, B., Wolfrum, J., and Weller, R., Ber. Bunsen-

2. Comparison of experimental and computed burn- ges. Phys. Chem. 94:1372-1375 (1990).
ing velocities suggests that the following changes 11. Stephens, J. W., Morter, C. L., Farhat, S. K., Glass, G.
are needed to the Miller-Bowman scheme [4]: P., and Curl, R. F., J. Phys. Chem. 97:8944-8951
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b. modifications to the collision efficiencies for A., A Fortran Program for Modeling Steady Laminar
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(43) and a slightly higher rate for HNO + OH 13. Kee, R. J., Rupley, F. M., and Miller, J. A., Chemkin

(reaction (49)), in line with Tsang and Herron's H1: A Fortran Chemical Kinetics Package for the Anal-

recommendations [25]; and ysis of Gas-Phase Chemical Kinetics, Sandia Report
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tio of the NH 2 + NO reactions (36) and (37) 14. Kee, R. J., Dixon-Lewis, G., Coltrin, M. E., and Miller,
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NO, formation in catalytically stabilized and noncatalytic combustion of lean, premixed, atmospheric,
propane/air mixtures is experimentally and numerically investigated. For this, the combustion of preheated
(400 'C) mixtures with adiabatic flame temperatures from 1300 to 1500 'C is stabilized by catalytically
active and inactive ceramic foam structures in an adiabatic combustion chamber. To study catalytically
stabilized combustion, a fraction of the fuel is converted catalytically within the active foam. In noncatalytic
combustion, no fuel is converted within the inactive foam. In both cases, a complete burnout is accom-
plished downstream of the foams in a homogeneous combustion zone. For the modelling, the homogeneous
combustion is represented by a one-dimensional, adiabatic, premixed, laminar flame. A detailed chemical
mechanism for propane combustion and NO, formation is included.

Experimental and numerical results for NO, emissions are presented, and the channels of NO, formation
are identified. The numerically obtained NO, emissions compare well with the experimental data. The
calculations show that only little thermal NO, is formed in the burnt gas by the Zeldovich mechanism
because of the low flame temperatures. The NO, emitted is mainly prompt-NO formed within the com-
bustion zone by the Fenimore, the Zeldovich, and the NO mechanisms. Under the conditions above, the
formation of NO reacts most sensitively with respect to the reaction rates of the reactions CH + N2 -,

HCN + N and CH + 02,O0 + CHO.
The NO emissions of the catalytically stabilized flames are remarkably lower than those of the noncatalyt-

ic flames and depend on the fraction of catalytically converted fuel. The higher this fraction is, the lower
the NO, emissions are. The calculations indicate that the reduction of prompt-NO formation in catalytically
stabilized combustion is due to a decrease in the NO formation via the Fenimore and the NO mechanisms,
whereas NO formation via the Zeldovich mechanism is scarcely influenced.

Introduction concepts have to be designed whereby the catalyst is
kept at significantly lower temperatures than the

In catalytically stabilized thermal (CST) combus- flame temperature. This can be achieved by burning
tion, hydrocarbons are consumed simultaneously by part of the fuel within the catalyst while combustion
heterogeneous reactions on a catalyst surface and by is completed behind the catalyst (see also Ref. 5).
homogeneous gas-phase reactions. The combination The catalyst acts as a preconverter/stabilizer for the
of these two reaction mechanisms allows stable and subsequent homogeneous combustion process.
complete combustion of lean premixed fuel/air A different technology already in practice is the
mixtures at high power density and low NO, emis- noncatalytic, lean premixed combustion [6,7]. The
sions. Little thermal NO is formed because of the stabilization of this type of combustion is difficult at
low combustion temperatures [1-4]. low combustion temperatures.

CST combustion is applicable in gas turbines. The CST combustion and noncatalytic, lean premixed
combustion temperature must be at least as high as combustion are both applicable in a range of com-
the turbine inlet temperature, which lies currently bustion temperatures from 1300 'C to 1500 'C. The
above 1200 'C. To improve gas turbine efficiency, question arises as to what mode of combustion shows
the desired turbine inlet temperature will increase in lower NO, emissions under otherwise equivalent op-
the future. Since present-day catalysts are not stable erating conditions.
enough at these temperatures, catalytic combustion It must therefore be ascertained to what extent the
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air pure propane (>99.95% C3H1) is injected. The static

bloe mixer generates a homogeneous fuel and tempera-
blower ture distribution. To prevent the development of ra-

dial temperature profiles, all tubing is maintained at
I electric Tin by a heating tape. The combustion chamber is

preheater strongly insulated to obtain approximately adiabatic

C3H1 conditions.

static mixer The combustion process is stabilized by ceramic

heating foam structures made of Mullite (3A120 3 "2SiO2) with
tape 20 pores per inch. To investigate CST combustion,
wire mesh these foams are coated with platinum on an A120 3
(several layers) washeoat. Ceramic foams allow better radial mass
ceramic foam and heat transfer than honeycomb monoliths and""r,- - • (catalytclyatv

x=(mm or inert) thereby produce homogeneous concentration and

-probe 1 temperature profiles [8,9].
(watercooled) At the inlet of the combustion chamber, a fine wire

homo- wall •mesh in several layers guarantees constant velocitycmutogeneous J temp.
ceneust emp over the cross section. The upstream radiation heat

zone ilosses from the foam are absorbed by the mesh and
uniformly transferred to the incoming fuel/air mix-

Sx=550mm ture.
The wall temperatures of the combustion chamber

exhaust are measured with Pt/Rh thermocouples located
close to the surface. The cross-section diameter D
open to fluid flow is 90 mm.

window probe 2 Concentrations of CO, C0 2, 02, CxHy, NO, and
(watercooled) NO, at different positions inside the combustion

chamber are sampled by means of two water-cooled
FIc. 1. Schematic of flow system and combustion chain- stainless steel probes. Probe 1 is adjustable in radial

ber. position and enables the measurement of gas con-

centrations immediately after the catalyst (x = 0

ratio of catalytically/homogeneously converted fuel mm). Probe 2 is adjustable along the axis from x =
0 to x = 550 mam. Probe I is completely removableaffects NO0. production. Catalytic (heterogeneous) 0t 5 m rb scmltl eoal

and hOmog uction C hanis differ to avoid biasing of the measurements at the position
and homogeneous reaction mechanisms differ in of probe 2. Both probes are cooled with water of 60
principle. It is evident that the use of a catalyst affects °C, and all tubings to the analyzers are heated; thus,
NOx production rates in the flame zone, whereas no the condensation of water vapour in the sampled gas
influence on the NO, formation in the "postflame is prevented. NO, measurements are made on a wet
zone" is to be expected. ss pvted. NO0 ms en are md on a e t

In this work, NO, formation in CST combustion basis with a TECAN (CLD 700 EL ht) chemilumr-
and noncatalytic, lean premixed combustion is inves- nescence NO/NO0 analyzer.
tigated both experimentally and numerically. Burner
inlet temperatures of 400 TC and adiabatic combus- Procedure and Conditions of Experiments:
tion temperatures from 1300 'C to 1500 'C corre- In the CST combustion experiments, part of the
spond to those of modern gas turbines. The investi- fuel is converted within the catalyst. The remaining
gations are carried out under atmospheric fuel is burnt homogeneously downstream of the eat-
conditions. Propane is used as fuel since it is easy to alyst.
ignite catalytically and produces, compared with alys tmethnemorepropt-N duing he omogne- To vary the part of fuel converted within the cat-
methane, more prompt-NO during the homogene- alyst, the flow velocity, the catalyst length (14-35
ous combustion. mm), and the activity of the catalyst have been var-

ied. The activity of the catalyst has been reduced
Experimental stepwise by exposing it repeatedly for a short time to

temperatures well above 1300 TC.

Experimental Setup: The amount of fuel converted within the catalyst
was evaluated at the outlet of the catalyst bed (x =

The flow system and the combustion chamber are 0) by measuring the gas composition with probe 1 at
shown schematically in Fig. 1. By means of an elec- different radial positions and determining an area-
tric preheater, the air flow is heated to an inlet tem- weighted average.
perature Ti, of 400 TC. Via a mass flow controller, The inlet temperature was fixed at Ti, = 400 TC,
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and the adiabatic flame temperatures Tad were 1300 includes recently evaluated kinetic data of the CEC
'C, 1400 'C, and 1500 'C, corresponding to equiva- evaluation group [14]. The NO mechanism is taken
lence ratios of 4) = 0.379, 0.428, and 0.478. from Bockhorn et al. [15a,b], completed with the lat-

The experiments in noncatalytic mode were car- est data for the "reburn reaction" CH3 + NO
ried out with a catalytically inactive ceramic foam, so HCN + H20 from Gardiner et al. [16], and ex-
that the total conversion occured homogeneously tended by NO 2 - NO reactions from Miller and
downstream of the foam. Ignition was accomplished Bowman [17]. The complete mechanism comprises
with a spark plug. The inlet temperatures were fixed 488 elementary reactions among 53 chemical spe-
at Tin = 400 'C as well, and the adiabatic combustion cies.
temperatures were varied from 1290 'C to 1540 'C.

All experiments were carried out at stationary con-
ditions and with complete burnout at the outlet of Results and Discussion
the combustion chamber (probe 2, x = 550 mm:
[CýHl] < 1 ppm, [CO] < 10 ppm). The adiabatic Noncatalytic Premixed Combustion:
flame temperatures were evaluated from the mea-
sured gas composition of the completely burnt gas. Calculated and measured NO, emissions in de-

pendence on the adiabatic flame temperature are

Modelling shown in Fig. 2 for noncatalytic combustion. The
computations were performed for residence times of

For the modelling of catalytically stabilized com- 60 and 80 ms, corresponding to the experimental res-

bustion, the following assumption is made: The cat- idence times. The calculated NO2 concentrations are

alyst converts a part of the fuel heterogeneously to negligibly small, whereas the measurements occa-

the oxidation products CO2 and H20 according to sionally show significant NO 2 concentrations. The

C3Hs + 502 -* 3CO 2 + 4H 20. No intermediates observed NO 2 is formed from NO as a result of probe

and, in particular, no NO,, are desorbed from the effects [18,19]. Therefore, it is assumed that the sum

surface. To simulate varying degrees of catalytic con- of the detected NO and NO 2, reported here as NO.,

version, the associated partially reacted gas mixture represents the true emissions of NO in the experi-

and temperature are used as inlet conditions for the ment.

calculation of the homogeneous combustion zone. Measurements of axial concentration profiles with
A complete description of the homogeneous com- probe 2 showed that the combustion zone was lo-

bustion zone for both the noncatalytic and the cata- cated at or near the outlet face of the noncatalytic

lytically stabilized combustion would require a two- foam over the whole cross section [20]. This validates

dimensional model describing all chemical and the assumption of a flat flame for the modelling. Be-

physical mechanisms that occur in the practical com- cause of the size and the cooling effects of the probe

bustion system used for the experiments. In partic- and nonisokinetic sampling, the resolution of the ax-

ular, the influence of the combustion chamber walls ial concentration profiles is not accurate enough to

on the processes in the gas phase should be consid- be compared with the calculations.

ered. This work, however, is focused on the effect of The measured NO, values in the exhaust gas up to

catalytic conversion on NO formation, which can be 7 ppm are slightly lower than the predicted NO, val-

described with a simpler model. Therefore, the ho- ues, showing generally good agreement. The differ-

mogeneous combustion along the centerline of the ences calculated for the highest and lowest residence

combustion chamber is assumed to be represented times are within the variance of the experiments.
by a one-dimensional, adiabatic, laminar, premixed, In Fig. 3, NO formation rates and the gas tem-

and freely propagating flame including detailed perature for a noncatalytic propane/air flame (Tin =

chemistry with special regard to NO formation 400 'C, Tad = 1500 'C) are plotted vs residence time.

mechanisms. NO is formed via the Fenimore mechanism [initial

The governing equations for this model are de- reaction: CH + N2 - HCN + N, kr459 = 4.4. 1012

scribed elsewhere [10]. The transport properties are exp( - 92,000/RT)], the Zeldovich mechanism [initial

evaluated according to Curtis and Hirschfelder [11]. reaction: 0 + N2 - N + NO, kr457 = 1.8 1014

The differential equations are transferred into a sys- exp( -319,000/RT)], and the N20 mechanism (for-

tem of algebraic equations by finite-difference ap- mation of NO via N20). NO formed within the flame

proximations. This system is solved by a combination diffuses in the upstream direction into cooler flame

of time integration and the damped modified New- zones where it is oxidized to NO 2 via

ton algorithm [12]. 0 + NO + M-- NO 2 + M

Reaction Mechanism: kr4Si = 2.75" 1015 exp(7820/RT)

The calculations were performed using a detailed
reaction scheme for the C/H/N/O system [13], which and
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caic. (60ms)
-----. calc. (80ms) :,

6 Vi.n = 2.6 ~s J ........ ..... • .......

S Vin = 3.5 m/s

4

2
FiG. 2. Measured and calculated

NO, concentrations at combustion
chamber outlet (x = 550 mm) in de-

0 pendence on the adiabatic flame

1250 1300 1350 1400 1450 1500 1550 temperature T,,i for noncatalytic pre-
mixed propane/air combustion; T,,

Adiabatic flame temperature Tad /C = 400 'C, atmospheric pressure.

HO2 + NO--OH + NO 2  CH + N2 -' HCN + N (r459).

kr483 = 2.11" 1012 exp(2000/RT). The CH radicals are formed mainly via (r53)

The NO 2 moving downstream into hotter flame OH + 3CH 2 - CH + H20zones is then "recycled" back to NO via which explains the high positive sensitivity of this re-

H + NO 2 -- OH + NO action. Reaction 49, on the other hand, removes CH
radicals via

kr 4s5 = 3.5. 1014 exp(- 6300/RT).

CH + 02-0 + CHO
Figure 4 shows for the same flame the NO concen-
trations and the contribution of the different for- so that the Fenimore mechanism is suppressed.
mation mechanisms vs residence time. NO is mainly Therefore, the mole fraction of NO is very (negative)
formed within the flame zone as prompt-NO. All sensitive to changes in the rate coefficient of reaction
three mechanisms contribute to the formation of 49 (compare Bockhorn [15a,b]). Yet, the experimen-
prompt-NO (at t = 12 ms: total-NO = 4.6 ppm, via tally determined rate coefficients of reactions 459
Fenimore: 57%, via Zeldovich: 21%, via N20: 19%). and 49 are somewhat uncertain.
In the postflame zone, the NO concentration in- The rate coefficient of reaction 459 used in this
creases linearly with residence time. Here, NO is work, kr459 = 4.4.1012 exp(-92,000/RT), corre-
mainly formed via the Zeldovich mechanism and a sponds to the value reported from Dean et al. [21].
small part via the N20 mechanism. In this flame, the Different values for this reaction are given, for ex-
contribution of postflame-NO to total-NO is rela- ample, from Glarborg et al. [22], kr4 59 = 4.0 1011
tively small. Figure 4 again indicates that there is only exp( - 56,900/RT), from Lindackers et al. [23], kr415
little variation of NO with residence time. For lower = 6.1' 1011 exp( - 58,200/RT), and from Miller and
adiabatic flame temperatures, Figs. 3 and 4 do not Bowman [17], kr 459 = 3.0" 1011 exp(-56,940/RT).
change qualitatively. However, NO formation in the The rate coefficient for reaction 49, kr49 = 3.0.1013,
postflame zone via the Zeldovich mechanism is neg- is close to the recommended value kr49 = 3.3 1013
ligible. from Baulch et al. [14]. The confidence region of this

In Fig. 5, the 10 largest, absolute, first-order sen- rate coefficient covers the range from 1.0 -1013 to
sitivities of the mole fraction of NO are plotted 1.0. 1014 [14].
against residence time. The absolute sensitivity of The uncertainties in these two rate coefficients
NO with respect to a reaction j is defined as the could explain the differences of the measured and
change in the mole fraction of NO if the rate of re- calculated NO concentrations (The change in NO
actionj (and its backward reaction) is increased by mole fraction if the rate of one of these two reactions
10%. is increased by only 10% is shown in Fig. 5.)

The NO mole fraction is most sensitive to the ini- The sensitivity of the mole fraction of NO against
tial reaction of the Fenimore mechanism the initial reaction of the Zeldovich mechanism
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1.2 1500

temperature

,20.8
o 1000 U.

Bo
I-. N 20-mechanism 410

0.4 V
/. i.' \ Zeldovich*10o .. \500

1.0 FIG. 3. Calculated NO formation
Z NO/NO2 _reactions rates of the different mechanisms

0 and gas temperature vs residence

0 1 3 4time of a noncatalytic propane/air0 1 2 3 flame (Ti,, = 400 'C, T~, = 1500 'C,

residence time /ms atmospheric pressure).

7 - N2 directly to NO. The Zeldovich mechanism, which

6 -is opened by 0 + N2 -* N + NO (r457), forms NO
directly from N2 but also via N radicals. The amount

- Total NO of N radicals formed either by the Fenimore or the
Feniore NO Zeldovich mechanism is indicated by dotted lines in

a4 - . Zeldovich NO
NO via N20 Fig. 6. About 78% of total N2 0 is formed from N2

3 i Others through the reaction

-1 -. - .. -. "- - -... ."-- .kr 4 6S = 4.36.101' exp( - 60,380/RT)

0 20 40 60 80 and 22% via N 2 H by the reaction chain
residence time /ms

H + N2 + M -+N 2H + M
FIG. 4. Calculated contribution of the different NO for-

mation mechanisms to total NO vs residence time for the kr454 = 7.08. 1014 exp( - 108,280/RT)
flame of Fig. 3.

O + N 2 H-- H + N 20

0 + N2 -- N + NO kr46 5 = 1.0.1014.

(r457) is considerably lower within the flame front, However, the destruction of N2 0 to N2 through re-
but it is increasing linearly with increasing residence actions
time in the postflame zone. After 80 Ins, the sensi-
tivity of reaction 457 is as large as that of reaction H + N20 -- OH + N2
459. The (positive) sensitivity of reaction 473,

0 + N2 0- NO + NO kr461 = 7.6 1013 exp( - 63,590/RT)

OH + N 20 -- HO 2 + N 2
is slightly increasing in the postflame zone as well.

Figure 6 shows the main channels for the forma- kr47 1 = 2.0- 1012 exp(-41,840/RT)
tion of NO in the same propane/air flame. The thick-
ness of the arrows corresponds with the total mole 0 + N20 -0 2 + N2
fraction of NO formed over a residence time of 20
ms. The figure reveals as important channels the con- kr 475 = 1.0. 1014 exp( - 118,000/RT)
version of N2 via HCN and NCO to NO, of N2 via
N to NO, of N20 to NO (N20 mechanism), and of is predominant over the formation of N20 from N2
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0.3 r459

_L, 0.2 /r53

.°= " ": :r473 r4-57.

o 0.1

r39\ ----

-0.3

2 3 4
residence time /ms

FIG. 5. Absolute, first-order sensitivities of the mole frac-
tion of NO for the 10 most sensitive reactions vs residence
time for the flame of Fig. 3 (see text). Reaction rate coef-
ficients are in the form k, = k2T1 exp(-E,,/RT).

reaction k, (cm mol s) /5(-) E, (kJ/mol)

r459: CH + N2 , HCN + N 4.4 . 1012 0.0 92.0
r457: 0 + N2  N + NO 1.8 .1014 0.0 319.0
r49: CH + 0OO + CHO 3.0 .1013 0.0 0.0
r1: H + 02. 0 + OH 2.0 -104 0.0 70.3
r53: 2CH, + OH --' CH + HO 1.91.1012 0.0 -77.5
r473: 0 + NO -'NO + NO 1.0 .1014 0.0 118.0
r9: H + 02 + M -- HO, + M 2.3 .1018 -0.8 0.0
r186: 0 + CHCO--+H + CO + CO 9.6 .1013 0.0 0.0

r39: OH + CO- H + CO 2  6.0 • 10>' 1.5 -3.1
r76: 'CH 2 + 0, H + OH + CO 1.3 .1011 0.0 6.2

[ PP- NH of NO is formed via the N2 0 mechanism. Since the

N N2 0 formation via reaction 468 from N 2 and the
N2H formation via reaction 454 are both "third-body
reactions," it is evident that the N20 mechanism will

N - NO <zz NCO be more important at higher pressure.
Destruction of NO occurs mainly by the reaction

N,0 CH, + NO-' H2 0 + HCN

N5 H [k,411 = 1.2 - 1 0 14 exp( - 121,20,0/RT)]

HC C Subsequently, the HCN reacts to NO through the
HCN CN Fenimore mechanism. However, this "reburning

mechanism" of NO is not important in this flame.
FIG. 6. Main reaction channels for the formation of NO

for the flame of Fig. 3 (residence time = 20 ms).
Catalytically Stabilized Combustion:

through reaction 468. Thus, a net flux of N20 to N2 In Figs. 7A through 7C, calculated and measured

appears in Fig. 6. N20 forms NO via NO, concentrations for adiabatic flame temperatures
of 1300 TC, 1400 'C, and 1500 TC in dependence on

0 + N2 0 - NO + NO the fuel conversion within the catalyst are given. The
calculations for the different adiabatic flame tem-

kr473 = 1.0" 1014 exp(-- 118,000/RT) peratures were carried out for both the upper and
lower limits of residence times (corresponding to the

In this flame, at a pressure of 0.1 MPa, about 20% flow velocities) of the experiments.



NO, FORMATION IN COMBUSTION OF PROPANE 1025

1.5 5.0

A- Tad = 1300'C total NO

50 550 ram 4.0S~~x:0mm 5 ,--..
1.0 -- t = 22ms Fenimore NO

0.5 2.0

.o.. .. .

4j Zeldovich NOo o o° o/others S..../.......................... 
...........I

0.0 0.0 .

0 20 40 60 80 100 0 20 40 60 80 100

fuel conversion within catalyst /% fuel conversion within catalyst /%

(a) FIG. 8. Calculated contribution of the different NO for-

mation channels to total-NO vs fuel conversion within cat-

3.0 _ _ _ _alyst (propane/air, T,, = 400 'C, T,, = 1500 'C, residence

B: Tad = 1400'C time = 20 ms, atmospheric pressure).
2.5 x ..... 50• =Sm mn~ ~~x o .... =mm,

. . tm s The NO, emission decreases with increasing con-
2.0 . ..... t= 62ms version within the catalyst. The calculated depend-

ence is not linear, however. At high conversion within
the catalyst, the dependence on conversion is stronger

1.0 .. than at low conversion. This nonlinearity is more pro-
0' .. nounced at high adiabatic flame temperatures.
Z 0.5- Measured NO, values at the catalyst outlet larger

. othan zero come from interferences with CHY and

0.0 °CO of the analyzer used for the measurements. At
0 20 40 60 80 100 low conversion within the catalyst, only interference

fuel conversion within catalyst /% of CH, is present, whereas, at higher conversion,

(b) interference from CO may be present as well. In ad-
dition, probe effects could contribute to the mea-
sured values, since the sampled gas at higher con-

8.0 versions is extremely reactive. However, the good
aC: T = 1500'C agreement of measured and calculated NO,, concen-

T x = 550mm trations at the outlet of the combustion chamber

S6.0 -. x= o shows that the assumption of vanishing NO forma-l = 24ms
"" t= 29ms tion within the catalyst holds.

.o Apart from this, NO formation due to homoge-
4.0 .. neous reactions within the catalyst, which may be

relevant at higher catalyst temperatures (i.e., high
fuel conversion within catalyst at high adiabatic flame

2- temperatures) needs further investigation.
Figure 8 shows the calculated NO concentrations

0.0 for adiabatic flame temperatures of 1500 'C and res-

0 20 40 60 80 100 idence times of 20 ms vs fuel conversion within the

fuel conversion within catalyst /% catalyst. The contribution to total-NO of each of the
main NO formation mechanisms is shown as well.

(c) The decrease of total-NO, which is more or less lin-
FIG. 7. Measured and calculated NO, mole fractions in ear up to about 80% fuel conversion within catalyst,

dependence on fuel conversion within catalyst for different is mainly due to the decrease of the contributions of
adiabatic flame temperatures Ta. Propane/air, T,. = the Fenimore and the N2 0 mechanisms. The con-
400 'C, atmospheric pressure, flow velocity at inlet: A: 2.7- tribution of the Zeldovich mechanism remains al-
10.6 mi/s; B: 3.5-8.9 m/s; C: 7.1-8.7 m/s. [Lines: calcula- most constant. For fuel conversions within the cata-
tions with t = corresponding residence time for minimum lyst higher than 80%, the contribution of the
and maximum flow velocity; symbols: measurements at Fenimore and the N 2 0 mechanisms decrease rap-
combustion chamber outlet (x = 550 mm) and at catalyst idly, so that most of the total-NO is formed via the
outlet (x = 0 mm).] Zeldovich mechanism.
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NO, FORMATION IN GEOMETRICALLY SCALED
GAS-FIRED INDUSTRIAL BURNERS

A. D. AL-FAWAZ, L. M. DEARDEN, J. T. HEDLEY, M. MISSAGHI,-
M. POURKASHANIAN, A. WILLIAMS AND L. T. YAP*

Department of Fuel and Energy
The University of Leeds

Leeds, LS2 9JT, UK

Scaling of NO, formation from two geometrically similar 0.067-MW and 0.266-MW industrial-type
natural-gas-fired burners was investigated experimentally and theoretically. The scaling criterion employed
in this study was constant-velocity scaling. Detailed in-flame measurements are presented for baseline
flames produced from both burners. In-furnace measurements were taken from a refractory-lined rapid-
heating furnace for an excess air level of 12%. Comparisons of temperature and species concentration
measurements were made and were corroborated by theoretical predictions from computational fluid-
dynamic calculations. The mean turbulent NO production rate is obtained using the probability density
function (pdf) formulations. Theoretical results are used as a platform to interpret the increase in the
baseline NO, emission. The theoretical results are explained in terms of differences in flame characteristics
leading to differences in contribution from thermal- and prompt-NO due to velocity scaling. Furthermore,
there was reasonably good agreement of the experimental as well as the numerically calculated exhaust
NO, emissions of these complex burners when using a flamelet-based scaling correlation for simple tur-
bulent diffusion flames. Additionally, the lower prompt-NO contribution compared with thermal-NO for-
mation predicted by the detailed calculations for the larger burner was in noteworthy agreement with the
flamelet-based scaling arguments.

Introduction ing of fluid-dynamic and thermochemical aspects of
the combustion system, is required to develop scaling

When designing a new burner for industrial use, as an appropriate design tool. It has been recognised
it is often preferable to use a significantly smaller that the flow fields and scalar fields of bench-scale
scaled version to ascertain its characteristics. Finan- experiments are not related to the full-scale version
cial constraints and overall practicality are the usual in a simple manner [1]. This is a result of the complex
reasons for this approach [1]. It is therefore necessary manner in which various nonlinear physical and
to know how various flame characteristics scale as a chemical phenomena interact. Despite these hur-
result of different geometrical scales of the burner, dies, the identification of significant dimensionless
Currently, with increasing emphasis being placed on numbers and correlations that may be found between
decreasing NO, emissions, the need for reliable scal- these quantities can be invaluable to burner design-
ing relationships is becoming an economic necessity. ers.

The use of dimensional analysis and of similarities Experimental and theoretical temperature and
has proven to be of considerable value in the inves- species profiles generated by two geometrically sim-
tigation of many physical problems. However, di- ilar burners are presented here. The constant inlet-
mensional analysis is too ambiguous to be success- velocity scaling approach is employed to examine NO
fully applied to the analytical study of combustion formation in turbulent flows. NO concentrations
problems, which typically contain a large number of generally form only in trace quantities. Hence, the
variables. For many years, similarity techniques have NO formation does not affect the thermochemistry
been applied in the combustion field [2,3,4]. Here, of the flow field significantly. As a result, the NO
the ultimate goal of similarity considerations is to formation rate calculations can be decoupled from
provide a quick and economical route to full-scale the calculations for the flow field and solved sepa-
burner systems. However, detailed understanding of rately by postprocessing. Detailed NO predictions
pollutant formation processes, as well as understand- were accomplished utilising reduced reactions for

the complex chemical mechanisms of thermal- and
prompt-NO formation. A joint probability density

*BOC Group Technical Center, Murray Hill, NJ, USA. function (pdf) approach was employed to address the
"*FLUENT Inc., NH, USA. interaction of chemistry and turbulence.
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FG. 1. Schematic diagram of the

Experimental Method 
TABLE 1

Burner Characteristics and Experimental and PredictedMeasurements of Temperature, NOdi, and Elof,

The Experimental Furnace: in the exhaust

Experimental tests were performed in a 1.8-m by Burner Burner
0.9-in by 0.6-m refractory-lined rapid-heating fur-
nace, shown in Fig. 1. A multisectioned water-cooled A B
base provided an adjustable load that could be tai-
lored in a longitudinal direction. Six ports were Thermal output (MW) 0.067 0.266

located along the length of the furnace, enabling Gas flow rate (m3/h) 6.75 27.00

measurements of species and gas temperature. A wa- Air flow rate (m3/b) 72.72 290.16

ter-cooled quartz-lined probe was employed for on- Fr,B (Froude number) 3,504 1,797

line analysis of the in-furnace combustion gases CO, Re, 13,028 26,188

CO,, NO, NO2, and 02. The CO and CO2 concen- Measured exhaust temperature 885 1,201

trations were measured using nondispersive infrared (°C)
analysers. A chemiluminescence detector was used Measured exhaust NO, and 56 {49} 91 {70}

to determine NO and NO 2 concentrations. In addi- {NO} concentration (ppm)

tion, Pt-Pt-13% Rh (25 um) thermocouples were Predicted exhaust-NO 58 81

used to monitor flame and wall temperatures, and concentration (ppm)

water inlet and outlet temperatures were measured EINo, based on the 1.179 1.940

with K-type thermocouples. measurement of total NO, in
the exhaust gases (g/kg)

ElNO, based on the prediction 1.469 2.071
The Experimental Buners: of total NO.. in the exhaust

gases (g/kg)
The natural-gas burners of 0.067 MW (burner A) EINoý, based on the prediction 0.383 0.464

and 0.266 MW (burner B) were designed for use in of prompt-NO in the exhaust
compact industrial boilers. Both burners are char- gases (g/kg)
acterised by an adjustable gas nozzle that provides
stable firing over a large range. Combustion air is
provided by a centrifugal impeller fan. Details of the
burners are summarised in Table 1. Numerical Simulation

Velocities were effectively maintained constant:
the primary combustion-air velocity, up = 11.9 m/s, Identifying the important scaling parameters is
the secondary combustion-air velocity, u, 10.5 crucial for scale-up of research data obtained for
1h/s, and the natural-gas flow velocity, ug = 19.5 small prototype burners. However, even for a rela-
mns. For each flame, the burner was fired at the rated tively simple combustion process involving gaseous
thermal input, and the furnace was allowed to reach fuels, the number of important dimensionless num-
thermal equilibrium (3-5 h). For each condition, in- bers can be prohibitive. Generally, it is not possible
flame measurements of gas composition and gas tem- to maintain more than one of these dimensionless
perature were made. In the furnace exhaust, gas sam- numbers constant.
ples were extracted with a stationary water-cooled However, using a flamelet-based model for buoy-
probe. A flow-rate correction was carried out accord- ancy-dominated turbulence flames, RBkke et al. [5]
ing to the velocity profile of the exhaust gas. derived a simple scaling correlation:
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EINoPOaO 111.2  the total-NO concentration at high pressures result-
° - 44Fr"5 l (1) ing from more effective three-body reactions. There-
do d 0)-fore, in this study, only thermal- and prompt-NO

which collapsed the NO, emission measurements for pathways were considered. The postprocessing code

various fuels from different studies over five orders [7,8] employs a joint variable pdf technique to ad-

of magnitude of Froude number. In this equation, Pa dress the interaction of turbulence and chemistry. In

= fuel density (kg/m 3), u0 = average exit velocity addition, partial-equilibrium radical atom formation

(n/s), do = exit diameter (in), and Fr = Froude for 0 and other species such as OH is considered,
number. giving a result for [0] and [OH] that would be wrong

In this investigation, the emission index of NO• by a factor of 2.
SThermal-NO is formed via the extended Zeldovich(EINox), expressed as g NOj/kg natural gas, was cal- mehns[1]

culated from the expression mechanism [10]:

EI~o, (XNOMWNo) + (XNO°MWNo0) Xk 1000= xoO O+ N 2 ,•-NO +N (R1)
"Xco02M1VCi1f, - 1

(2) k,

where Xi is the mol fraction of species i and MWj is N + 02 )F NO U O (12)

the molecular weight of species i. The above equa-
tion assumes that all the carbon from natural gas is and when OH >> H > 0 (i.e., for rich mixtures):
oxidised to CO 2, which is a reasonable assumption in
postflame and exhaust gases. k,

In this study, the effect of scaling on the prompt- N + OH NO + H. (R3)
and thermal-NO emissions was investigated. In the k-3
present study, the burner was scaled in accordance
with the following: (1) the geometric similarity that The rate of formation of NO is obtained as a function
was achieved by fixing all geometric dimensions in of the rate constants (k4-k3) and (k 1-k 3 )- With the
proportion with each other, and (2) kinematic or "quasi-steady-state" assumption for nitrogen atom
aerodynamic and mixing similarity. In general, mix- concentration [10], the rate-limiting step is deter-
ing depends on the pattern of flow, which, in turn, mined by
will depend on the forces that influence the flow pat-
tern producing parameters. The ratio of momentum d [NO]r
flux at source can be kept constant by maintaining &
the primary and secondary air velocities constant.
This will lead to a similarity in initial mixing charac- 1 - [NO] 2/K[O2][N 2] 1
teristics for both burners under investigation. = 2k[O][N2] 1 1 + -J[NO]/k2[2] + k3[OH]

The flow-field predictions are obtained by solving (3)
the Reynolds-averaged conservation equations using
the SIMPLE algorithm of Patanker [6] for the pres- where K = (k1/kl)(k2/k 92) is the equilibrium con-
sure/velocity coupling. Turbulence closure was oh- stant for the reaction between N2 and 02.
tained using the k-e model. Concentrations of NO Here,
are small in comparison with other stable species
formed during the combustion process. Therefore, kI = 1.84 x 1014

the NO formation mechanism has no significant ef-
fect on the flow field and the flame chemistry. Here, exp( - 76,250/RT) cm3/mol s (4)
NO concentrations are calculated using a postpro-
cessing code [7,8]. In the first stage of numerical in which R is the universal gas constant and T is the
analysis, grid dependency of the solution of the nu- temperature.
merical model for the baseline flame was deter- Prompt-NO is produced by reactions of N2 with
mined. The finer mesh produced significantly smaller fuel-derived radicals in fuel-rich regions. These fuel-
differences in the results. rich zones generally occur in the vicinity of the

In general, during natural-gas combustion, the NO burner in low-temperature regions. Various species,
formation is controlled by (1) thermal-NO, (2) for example, CH, CH 2, etc., resulting from fuel deg-
prompt-NO, and (3) N20 to NO route [9]. In this radation have been proposed as precursors for
investigation, burners were operated under fuel-lean prompt-NO formation [10], but the major route is
conditions (12% excess air). Formation of NO via CH.
through the N2 0 route was considered to be negli- The amount of prompt-NO produced in combus-
gible, since N20 can only contribute significantly to tion systems is relatively small compared with the
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M Meaured Termperature (K) (Burner A) may interact with fluid-mechanical time scales.
10-6 .. y Hence, considerable errors may result when calcu-

.1- lating mean NO reaction rates using mean temper-
- roature and species concentrations. Therefore, the

00 transport equation for NO was solved in which the
1260 source term included the effects of turbulence/

0. 0o :; 0 ' ........ chemistry interaction.
(a) oThe present work employs a joint two-variable pdf,
(a) which has proved successful in previous studies

[7,8,11]. The turbulent rate is computed by using an
Measure d 02% (Burner A) assumed-shape pdf closure assumption. The pdf is

.�\-3-2 \.I based on two parameters: temperature and oxygen,
, 2.4-and temperature and mean fuel mass fraction. These

= -were chosen as the two variables for thermal- and
So2 -2.4 2.0. _. prompt-NO production, respectively. The shape of

/the pdfis assumed to take the beta function form.
0 0.25 ,.5 0.75 Y.00 1.2i . . ;,.,d The mean turbulent reaction rate ff is described

Axial Distance (m) in terms of the instantaneous rate w and a joint pdf

(b) of various variables:

FIG. 2. Contours of temperature (a) and 0 (b) for 1 = fw (01,02) P (0l,02) dVl,O2  (6)
burner A.

where v, V2 are temperature and mixture fraction and

total NO, formation. Here, a global kinetic rate was P is the joint probability density function. For statis-
used to predict prompt-NO emissions [7]: tically independent variables, the two-variable pdf, P

(Vlo9, can be expressed as
d [NO],, -= f ThA,, [Oa2][N 2][fuel]b exp(- E/RT) P (VI,V2) = P1 (V9 P2 (V2) (7)

dt
(5) where P1 and P2 are two-moment beta functions. The

equation for the beta function P(o) depends on the
where f is a correction factor applicable for All ali- mean value of the appropriate quantities, (0l) and its
phatic alkane hydrocarbon fuels and for air/fuel ratios second moment (-72). The second moment (-72) is
of 0.75-1.56. The term TP represents the non-Arrhe- assumed to be related to the first by
nius behaviour of Eq. (5) at experimental conditions
where the maximum flame temperature is very high
(e.g., oxy-fuel combustion) or very low. In this inves- V,2 = S(Ui - 57) (8)

tigation, a ft value of zero was used, indicating normal
air-natural-gas combustion. The preexponential fac- where S is a coefficient that represents fluetua-
tor Ap, has a value of 6.4 X 106(RT/P))>+Iwhere P is tion intensity and i = 1 and 2. High S values corre-
pressure. The terms a and b are the reaction order spond to high Damkohler numbers. In this study, S
for oxygen and fuel, respectively, and vary between parameters are selected based on sensitivity analysis
0 and 1 depending on the rate of consumption of of the variation of NO, concentrations with the S
oxygen and fuel. Finally, the activation energy has a parameter. A full description of the code is given
value of 303 kJ/mol. elsewhere [11].

In order to apply Eq. (5) for different hydrocarbon
fuels and different air/fuel ratios, a correction factor
off = 4.75 + Cln - C20 + C3 0 2 

- C4 03 was used Results and Discussion
where C 1-C 4 are constants with values of 8.19 X
10-2, 23.2, 32, and 12.2, respectively. Here, n is the Experimental Results:
number of carbon atoms per molecule for the hydro-
carbon fuel type, and 0 is the equivalence ratio. The In this study, the constant-velocity scaling method
correction factorfis based on experimental values by was examined by performing in-flame measurements
investigation, and full details are given elsewhere [7]. on geometrically similar 0.067-MW (A) and 0.266-

In most practical combustion systems, the flow is MW (B) natural-gas burners. Under these condi-
highly turbulent, suggesting that temporal variations tions, the flue gas temperature was measured to be
in species concentration and temperature will influ- approximately 915 K for burner A and 1220 K for
ence flame properties. Because of the high activation burner B.
energy chemistry of NO, NO-formation time scales The experimental results are presented in Figs. 2
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Measured CO% (Burner A) Measured CO% (Burner B)

n~e o.0"d 0 .0. 3 ' .o 0.4 .-

.02 N ) / .02 .

0.00 0.25 .5 ... 0.i 'o ... 0.00 0.Zs 0.50 0.70 1.00 1.Z5 7.00 7. O....175

(a) (a)

Measured NOs, ppm (Burner A) Measured NOx, ppm (Burner B)

~~52
-52 -- -- - 0.4-

0.0

Axa itn e( )0 .0±2 .0 07 1. 0 125 .0 '.

(b) Axial Distance ()
0,_________50_________8

FIC. 3. Contours of CO (a) and NO, (b) for burner A. FIG. 5. Contours of CO (a) and NO, (b) for burner B.

Measured Temperature (K) (Burner B)
50. ° 60 "1,0o6 values show that the amount of excess air utilised was

"; 0.4 -- -- 16570 12%. Lower concentrations of 02 in the initial part
g -- "-- of the furnace for the small burner (Fig. 2b) indicate

0.0 consumption of 02 in a reduced volume evidencedby- the small flame length.

0.00 . .. eoo 0.75 .00 ... ... ... Figures 3a and 5a show the CO concentrations for

(a) the respective burners. Exhaust CO produced by the
small burner is negligible, indicating that there was

Measured 02% (Burner B) sufficient time for CO to be completely oxidised to

50.6-ý I -_ .-- CO 2 , With the presence of a much longer flame from
,• . the larger burner, CO levels were significantly

0 ,4  - greater, highlighting the lower efficiency of the
Ch V 0.266-MW burner within this furnace.

So2 Figures 3b and 5b confirm that the areas of highest
S. .. " , . . 0. NO, concentration occur in the highest temperature

0.00 0.05 0.50 0.75 1.00 1. 0 .50 1.75 regions. The spacial maxima of NO, concentrations
Axial Distance (m) are found close to but downstream of the maximum

(b) temperature zones. This indicates that NO, forma-
tion rates are highest in the high-temperature zones.

FIG. 4. Contours of temperature (a) and 02 (b) for As a result, NO, emissions are suggested to be dom-
burner B. inated by thermal-NO. The higher NO, concentra-

tion from burner B can be attributed to the elevated

through 5 for the individual burners, which show the temperatures within the combustion chamber.
temperature and species concentrations. The bound- To examine geometrical scaling, ratios of temper-
aries of the combustion zone and an approximate ature, NO, concentration, and EINO, indices of the
flame length can be estimated from the temperature large to small burners are plotted in Fig. 6 in burner-
contours. Estimated flame lengths of 0.8 and 1.2 m size nondimensionalised coordinates (x/do and rido,
were obtained for the small (A) and large burner (B), where d, is the burner diameter). The NO, concen-
respectively, when taking 1400 K as the ad hoc min- tration ratio, close to unity up to x/d, = 3, suggests
imum temperature boundary for the flame. Visual the dominance of the prompt-NO contribution in the
observation and video photographs indicated an ap- near-burner zone (NBZ). Downstream, the NO, con-
proximate flame length of 0.76 m for burner A and centration ratio and the temperature ratio increase
1.26 m for burner B. over unity to 1.9 and 1.3, respectively, emphasising

Exhaust 02 concentrations of 2.6% were obtained the greater contribution of thermal-NO. These re-
for both burners, as shown in Figs. 2b and 4b. These sults appear to indicate a greater contribution of
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Temperature ratio for B/A burners Predicted therenal NO, ppm (Burner A)

2 0.9 6 -l2-

~~~- 15 7~

7 2 3 4 0 6 7 S to ft 07 2 4 a a to 72 74 70 is 00 2

(a) (a)

NOx ratio for B/A burners Predicted prompt NO, ppm (Burner A)

2

0 .. I2 I

o 0 2 4 74 70f 9 20 22
0 7 2 3 4 5 0 7 a 9 70 it(b(b) (b)

EINos ratio for B/A burners Predicted total NO, ppm (Burner A)

2 
11 

Iý2

. .. . =' ' ,,o ' N, ° 57o , , ' • .. .

0 0 2 4 0 S 70 72 14 70 78 20 22
0 7 2 2 4 (C) 0 7 0 9 70 x/dA

(c)
FIG. 6. Contours of the normalised temperature (a), NO, FIG. 8. Predicted thermal- (a), prompt- (b) and total-NO

(b), and EI ,,,, (c) ratio for burner B/burner A. ( I) 8. b re r A.(c) for burner A.

EINOC (g/kg) (Burner A)

:2 ' P 14' Predicted thermal NO, ppm (Burner B)1. 0 "

0 2 4 0 a 70 72 74 10 78 20 22 30/,-

0 7 2 3 4 5 6 1 A 9 70 It

(a) (a)

EINO, (g/kg) (Burner B)
2 . Predicted prompt NO, ppm (Burner B)

/2.2 B(

0 7 3 4 0, 0 9 o it7 7 0 I ,, ,

x/dB 0 7 2 3 4 a (b0 7 a 9 70 it

(b)

FIG. 7. Contours of Elo0 for butner A (a) and burner B 2 Predicted total NO, ppm (Burner B)

(b).
85 'ý 8

prompt-NO to the total NO, emissions for the 00 1 2 3,4 59

smaller burner. x/dB
Figure 7 shows the EINo,, from simultaneous local (c)

measurements of NO, N 02 and CO2 concentration
for both burners. It is evident that EINO, remains FIG. 9. Predicted thermal- (a), prompt- (b) and total-NO
fairly constant where combustion is complete, high- (C) for burner B.
lighting that, in these areas, NO, is neither formed
nor destroyed in postflame regions. Figure 7b indi-
cates that the EINO, for the large burner is lower in viously by the authors [7]. Figures 8 and 9 present
the NBZ region, again indicating the high contribu- the predicted thermal-, prompt-, and total-NO con-
tion of prompt-NO to total NOQ for the small burner. entrations for burners A and B. Computer predic-

Numerical Calculations: tions indicate that the thermal-NO (Figs. 8a and 9a)
is produced mainly in the flame front, and its con-

The combustion model employed in this investi- centration follows closely the temperature profiles.
gation uses a two-step reaction mechanism used pre- Prompt-NO contributes (Figs. 8b and 9b) approxi-
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10' a decrease in the ratio of exhaust prompt- to exhaust
thermal-NO emission indices from burner A to
"burner B. This decrease was anticipated by the fla-

10• melet-based correlation within 12%.
N ÷The correspondence of the trends between mea-
t e÷ surements, calculations, and the scaling correlation

° wl A of Rokke et al. [5] suggests that the decreased con-
.I0 mtribution of prompt-NO in burner B can be attrib-

A uted to the lower level of scalar dissipation rates in
o othe flame. Lower scalar dissipation rates result in
S xo• x Ahigher temperatures, increasing the high-activation-

A energy thermal-NO formation in the oxygen con-
x sumption zone, while leaving the low-activation-en-

o02 ergy prompt-NO formation rate unaffected in the
1 1 ...... 10.... . 10 ...... to 10. thin fuel-consum ption zone. C onsidering the large

Froude number, Frange of phenomena involved in developing the scal-
ing correlations, which are not well understood, the

Fie. 10. Correlation of EINo, for different flames (as pre- agreement between our complex burner data and the
sented in Ref. 5) and data obtained during this study: scaling laws, developed for "simple" turbulent dif-
Rokke et al. (A, CAH,, + CH,), Turns and Mylhr ( CH,, fusion flames, is encouraging.
V CH,, El CO/H,, CHl), Chen and Driscoll (X CH4,

H,), Lavoie and Schlader (0 H,), Bilger and Beck (E
H,), Buriko and Kuznetsov (Y CAlls), Takagi et al. ( CHs) Conclusions
Turns and Lovett ( CSHs), Burner A (X experimental, 0
theoretical), Burner B (Q experimental, 0 theoretical), In-flame measurements of 02, CO, and NO, are
and- 44Fra"5. presented for 0.067-MW and 0.266-MW geometri-

cally similar burners firing in a rapid-heating furnace.
In the near-burner zone, the prompt mechanism

mately 15-21% to the total-NO emitted in the dominated NO, formation, while downstream, ther-
postflame, in comparison with 50-70% in the NBZ. mal-NO contributed more for the larger burner. Cal-

The predicted and measured exhaust-NO emis- culations suggest prompt-NO contributions to the to-
sions are summarised in Table 1. In general, pre- tal exhaust-NO for the small and large burners of 21
dicted NO concentrations are approximately 10-18% and 16%, respectively. This demonstrates the impor-
higher. Figure 10 shows the results of a flamelet- tance of prompt-NO even with high-temperature
based scaling correlation for EINOO, [5]. This corre- processes.
lation was based on the derivation of explicit expres- The results of the experiments as well as the de-
sions for local instantaneous NO production rates tailed calculations are in reasonable qualitative
using 14 elementary steps in a two-reaction-zone agreement with scaling correlations developed from
laminar flamelet model. Average NO production a laminar flamelet model [5]. The agreement is en-
rates were obtained using asymptotics in the approx- couraging and may allow the wealth of scientific data
imation of a joint pdf for mixture fraction and scalar on NO, emissions in turbulent flames to be used
dissipation. The current experimental results for var- more effectively in the development of complex in-
ious turbulent diffusion flames are well correlated. dustrial burner systems.
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COMMENTS

Roman Weber, International Flame Research Founda- Froude number and did not make any attempt to decon-
tion, The Netherlands. Your two flames possess very dif- volute them. The correlation shown in Fig. 6 is practically
ferent thermal characteristics. The in-flame temperatures useless due to the logarithmic scale, which masks a very
of the 67-kW flame are around 300 'C lower than those wide spread in the data. The spread will remain wide until
for the 266-kW flame. The furnace exit temperatures a series of systematic measurements is carried out to de-
(885 'C vs 1201 °C) indicate that for the first flame around convolute the effects discussed above.
60% of the thermal input was extracted, and for the second
flame around 40%. Consequently, the 67-kW flame jet en- Author's Reply. Indeed, not geometrically scaling the
trains much cooler combustion products than the 266-kW furnace confinement with burner size may affect some of
flame. In a paper by Sayre et al. (this volume), you can find the flame characteristics. As shown in the paper, detailed
that for nonsooty flames such a difference in the energy calculations were necessary to extract detailed scaling in-
entrained into the flame jets can alter the NO, emissions formation. No simple substitutes for this are apparent.
by as much as 30%. Your flames were sooty and of sub- However, as argued in the discussion, to a leading order,
stantially different surface to volume ratio. Furthermore, the NO, emissions from as complex a burner can indeed
the confinement, defined as ratio of furnace to burner di- be interpreted in terms of "simple" turbulent diffusion
ameter, is very different for both flames and therefore, in- flames. In this respect, the corroboration of our computa-
furnace fluid dynamic similarity may not hold. To my un- tional and experimental results with an analytical flamelet-
derstanding, you have clustered all these effects into the based model for NO, emissions is very encouraging.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1994/pp. 1035-1041
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This paper presents the influence of gasdynamic parameters on NO, emissions from large diffusion type
flames with coaxial air and gas flow. The objective of this study was to explain the observed differences in
NO, emissions with changes in air to gas velocity ratio (w,/w,) for natural gas flames, and to understand
the interrelations among NO, and flow conditions at burner outflow. A broad range of parameters was
used: sevenfold velocity variation for both air and gas flows, air preheating up to 450 'C, and furnace wall
temperatures up to 1100 'C. It was found that the largest values of NO, were obtained for the ratio of air
to gas velocity (w./w,) close to 0.8, which separates the luminous [(w,/wg) < 0.8] from non-luminous
flames [(w./wg) > 0.8]. For luminous flames, NO, increases, while, for non-luminous flames, NO, decreases
with the (w,,Io,) ratio. It has been shown also that NO, formation is mainly a burner phenomenon; the
value of air ratio 2m. at which NO, reaches its maximum depends on the furnace temperature. The
influence of air preheating on NO, was established to be dependent on the air to gas velocity ratio (w./w,),
so that, for high values of this ratio, NO, is much more sensitive to air temperature. The most important
finding is that, for coaxial air-gas flow flames, it is possible to scale the NO, emission with two dimensionless
parameters, (pgw,/pow,) and (w,/w,), combining both the air preheating and the flame gasdynamics.

Introduction There is experimental evidence that the burner
design and combustion parameters at the burner out-

Energy savings in high-temperature industrial pro- flow influence the level of NO, emission from dif-
cesses favour high combustion air temperature in fusion flames. Because of the complex geometry of
furnaces, which is commonly believed to be the main industrial burner nozzles, a full-scale experiment is
reason for large NO, emission. It has already been required for determination of NO.. A compounding
shown that, even in furnaces with air preheating as factor is the lack of reliable theoretical design criteria
high as 1000 'C and combustion chamber tempera- for low NO, burners. These full-scale tests gathered
ture up to 1400 'C (measured as flue gas temperature much valuable data on NO, from flames produced
at chamber outlet), the emission of NO, can be re- by a variety of burners, as a function of the combus-
duced well below 200 ppm [1]. Although the for- tion air ratio, swirl number, combustion air preheat,
mation of NO, is mainly a burner phenomenon, the and furnace temperature [2-6]. Despite the enor-
combustion chamber has substantial influence on the mous practical importance of these data, it is very
amount of NO, produced [2,3]. For gaseous fuels, it difficult to utilize them for testing of mathematical
is believed that control of the thermal mechanism models due to the three-dimensional flow in indus-
will lead to reduction of NO, emission. The most trial furnaces, difficulties in determination of bound-
effective way of designing low NO, industrial gaseous ary conditions, and the complex chemical kinetics of
burners is to guarantee good mixing of the combus- hydrocarbon combustion.
tion air with the flue gases before the flame reaches The above-mentioned difficulties, among others,
its maximum temperature. In the case of external were the main reasons that a simple diffusion jet
recirculation of the flue gases, the degree of mixing flame in still air has been the subject of many inves-
with the combustion air is determined by the recir- tigations. Bilger and Beck [7] related the level of NO,
culation device only, but in the case of internal re- emission to the Reynolds number at constant Froude
circulation, the degree of mixing depends on many number at the fuel gas nozzle outlet. Peters and Don-
parameters whose quantitative influence is not well nerhack [8] have shown that there exists a Reynolds
known. The NO, scaling relations can be developed and Froude numbers dependence of the NO, emis-
only by proper understanding of the detailed flame sion index. Chen and Driscoll [9] found that, using
structure, considering chemical kinetics, fluid me- both Reynolds and Damkdhler numbers, it is possi-
chanics, and radiative heat transfer. ble to correlate the NO, emission from hydrogen

1035



1036 NO,

Gas . . .. .
I,9

125
250 FIG. 1. Burner diagram.

flames. The observed (for hydrogen flames) "fuel- periments for preheated air were carried out with
rich" shift of nitric oxide formation [7,10] was not one size of the air nozzle [5,6]. In the last case, it is
confirmed for hydrocarbon flames where the shift difficult to distinguish the influence of the combus-
was towards the "fuel-lean"-reaction-zone side [11]. tion air preheating from the influence of the in-
As a possible explanation, the soot radiation cooling creased air velocity due to higher temperature.
of the flame was presented [11]. A significant role of Analysis has shown that systematic experiments in
radiative heat losses by high-temperature flames has which both the air and fuel gas outflow parameters
been ascribed to gas molecular radiation rather than will be varied appear to be necessary to establish the
to soot radiation [12,13]. For low-temperature lu- influence of gasdynamics on NO, emissions. A coaxial
minous flames, the chemical interactions between air-gas burner has been chosen, because for long dif-
soot and NO also can influence the NO, emission fusion flames it gives the lowest NO, emission. The
[12,14]. aim of the present research was to determine possi-

In practical combustors in which both the fuel and bilities for minimization of NO, from industrial
air are forced to flow out of the burner nozzles, the flames produced by such burners and to separate the
NO, emission predictions must include the air flow effects of air preheating from fluid mechanics.
conditions because the shape, volume, and proper-
ties of diffusion flames are controlled by the gasdy-
namics of the air stream. For coaxial air-gas diffusion Experimental
flames, a ratio of the air to gas velocity (wa/wg), de-
termining the forced air mixing, together with the Investigations were carried out in a horizontal re-
Reynolds number, which determines the Kolmogo- fractory-lined combustion chamber of inner dimen-
rov time scale, were proposed by Chen and Driscoll sions 3.3 X 1 X 1 m. The temperature of the walls
[9] to be important for NO, prediction in small dif- was measured by means of PtRh-Pt thermocouples.
fusion flames. Using a simple theoretical model by NO, emissions were measured at the chamber out-
Peters and Donnerhack [8] and a Dahm and flow using a water-cooled stainless steel sampling
Mayman [15] equation for flame length of coaxial air- probe. The cooling of sampled gases was adequate
gas diffusion flames, they were able to predict a de- to quench NO, reactions. After removing the con-
crease of NO, level with the ratio of (w0/wg) in hy- densed water vapour, the sampled gases were passed
drogen flames. This was explained by a reduction of through a calibrated (Testoterm testo 33) analyzer.
the reaction zone volume at higher air velocity. This The burner used in experiments is presented in
simple modelling has failed, however, for coaxial air- Fig. 1. The uncooled burner stone placed in front of
methane flames in which the NO, emission increased the burner has a length of 250 mm and outflow di-
with the ratio (wa/wg), despite a decrease in the flame ameter of 180 mm. The burner enables changes of
length [9]. In natural gas diffusion flames, Chen and the cross-section areas of the gas and air nozzles, so
Driscoll [9] have found that coaxial air cannot be various velocity ratios (wa/wg) could be obtained at
used to reduce NO, emissions if (wa/wa) < 0.15. constant burner load without interference in the
They have anticipated, however, that NO, reduction shapes of the jets. The range of parameters used in
in methane-air flames would require larger values of the experiments is presented in Table 1, encompass-
(w0/w). Literature results for industrial-type natural ing six values of air nozzle cross sections and seven
gas burners show in all cases a decrease of NO, emis- gas nozzle diameters. Both gas and air velocity could
sion with the increased air velocity [2,5]. be varied by a factor of 7. The combustion air could

There are very limited data concerning the influ- be preheated up to 450 'C. All investigations were
ence of gasdynamics on NO, emissions for high-tem- conducted for three values of the combustion cham-
perature combustion air [2] because most of the ex- ber wall temperature, 100 'C, 500 'C, and 1100 'C.
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TABLE 1
Range of investigated parameters

Parameter Value Dimension

Thermal power-P 290 kW
Gas nozzle diameter-ri 9.5-25 mm
Air nozzle cross-section area (1.35-5.4) 10-1 M2

Air velocity-re,, 15.5-111 m/s
Gas velocity-wg 17-119 m/s
Air ratio-2 1.09
Air temperature-T, 20-450 0C
Furnace temperature-Tf 100, 500, 1100 C
Gas temperature 20 C
Gas density 0.74 kg/mi
Gas heating value (lower) 34.7 MJ/m 3

The wall temperature is a mean value of 13 mea- AO
surements along the chamber. The largest difference
between the individual points was below 100 K. 60 /

The composition of the natural gas during the ex-
periments was fairly constant, and the heating value A / a
did not vary by more than 2%. Within the period of Ij /X C
investigation, the average gas composition was as fol- \
lows: CH 4 = 95.5%, C2H 6 = 0.6%, 02 = 0.2%, N2 E
=3.7%. a. 50

The evaluation of experimental results depends on
the main parameters influencing the NO, formation: 0 0

air and natural gas streams as a base for the air ratio Z

2 calculation, combustion chamber temperature Tf,
and air temperature T,. During the tests, the air ratio 40\
2 was controlled through oxygen measurement at the
chamber outflow. The air ratio determined on basis
of oxygen measurements (02 = 2.5% in flue gas) did X

not differ by more than 2.5% from the value deter-
mined by means of the air and natural gas streams. 30 ---
The combustion air temperature was not influenced 0 1 2 3
by the conditions during the tests, because the air Velocity ratio w /w
was preheated in a separate furnace. At the high g

chamber wall temperatures (1100 'C) of the experi- FIG. 2. NO, as function of velocity ratio (w,,/w,) for P =

ments, substantial influence of this temperature on 290 kW, A = 1.09, T, = 1100 'C, T, = 20 'C, and A
NO, emission could be expected. For this reason, = 45.3 i/a, 0 w = 37.m/sX---w. =29
special precautions were taken to keep this temper- m/s.
ature in a range as narrow as possible. The largest
variation of the chamber wall temperature during the
test series was less than 50 K, which, on the basis of erable increase in NO, emissions until a maximum
our initial tests and the literature information [2,3], at (w, wg) - 0.7-0.9. Further increase of this ratio
would give an error in NO, measurement within 3- causes a sharp fall of the NO, level, until (w,/wg)
5%. 1.5-2.0, when NO, increases again. To confirm this

observation, experiments were reproduced for three
different gas velocities (Fig. 2). This unexpected re-

Results sult also was confirmed when the ratio (w,/wg) was
varied at three different air velocities (Fig. 3). During

It was found that coaxial air strongly influenced the these experiments, the value of the air ratio 2 = 1.09
NO, level for a constant gas velocity (Fig. 2) and for was constant. The measurements confirm the find-
a constant air velocity (Fig. 3). Increasing the ratio ings by Chen and Driscoll [9] that, for methane-air
of air to gas velocity (w,/wg), we observe a consid- flame, the NO, level increases with the (w,/wg) ratio
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290 kW, 2 = 1.09, Tf = 1100 'C, T, = 20 'C, and A ---
iv, = 48 mi/s, 0 - w, = 35 oils, X -.- w, = 27 rn/s.

dynamics on NO5 cannot be explained by means of
the Peters and Donnerhack [8] model with Dahm

for small values of this ratio. For higher values of the and Mayman's [15] flame length equations. Follow-
ratio (w,/lw), the results are also in agreement with ing the proposal by Buriko and Kuznetsov [11] on
the observed decrease of NO5 with the increased air the role of flame radiation, it is believed that the
velocity [2,5]. The present conditions did not allow mode of methane combustion should help to explain
exploration of the range of (w 6 /wg) > 1.5 sufficiently the results presented in Figs. 2 and 3. The influence
with other parameters constant, of gasdynamics on the properties of large natural gas

For enclosed flames, NO, is often presented as a diffusion flames has been reported by Tomeczek and
function of the air ratio 2. The function NO,(2) has Gebhardt [17], where the ratio of the air to gas mo-
a maximum at 2 above unity. For a given type of mentum determined the crossover between the lu-
burner, the position of this maximum is related to minous and non-luminous flames. When this ratio is
the combustion air temperature [2]. Both thermo- 13, the flame can vary its properties in a steplike
dynamic equilibrium calculations and experiments manner from luminous to non-luminous and vice-
have shown that the position of NOx(2)m. shifts to- versa. For the natural gas used (3.7% N2 ) and the
wards larger values of 2 as the combustion air tem- value 2 = 1.09 from Figs. 2 and 3, (w,/wg) = 0.8 at
perature increases [2,3,16]. We are aware of only one the luminous-non-luminous border. This agrees sur-
experiment in which the influence of the combustion prisingly well with the position of the maxima in Figs.
chamber temperature on the position of the maxi- 2 and 3. Hence, it is anticipated that, for luminous
mum was investigated; however, the results were un- flames, the NO, emission increases with the ratio
clear [3]. Figure 4 presents two normalized profiles (w0 /wg), while, for non-luminous flames, NO , de-
NO,(;) for two levels of the furnace temperature Tf. creases. For the value of the ratio (wa/wg) > 2 within
During these experiments, the gas flow was constant, the non-luminous flames, a second increase is evi-
and the value of 2 was varied only by means of the dent.
air flow, so that velocity ratio (w 5 w/s) varied from Because the level of NO, is very sensitive to
0.89 to 1.45. It can be seen that the position of max- (w 1w ), as can be seen in Figs. 2 and 3, it must be
imum NO, shifts towards higher 2 with the furnace considfered in the presentation of results in which
wall temperature. both the air and gas velocities are varied. Thus, we

have taken from experimental results only those
which have at least five points of exactly the same

Discussion (w/wg). The attempts to apply the air and gas Reyn-
olds numbers gave poor collapse of the experimental

Chen and Driscoll [9] have shown that, in coaxial data. The problem was caused by data at the highest
methane-air diffusion flames, the influence of gas- values of gas velocity, about 100 m/s. If the gas ve-
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(pgwglp/w) for P = 290 kW, 2 = 1.09, Tf = 500 'C, T,
= 20 °C-450 'C, and 0 - w, ,= 0.41, X - w,/vg = Pg wg/PWaw

0.53, A - ww, = 0.94,0 - w/w, = 1.3. FIG. 6. NO, as function of momentum density ratio

(p&rc,/pw,) for P = 290 kW, 2 = 1.09, Tf = 1100 'C, T,,

locity was limited to only 67 m/s, then the depend- = 20 'C-450 'C, and 0 - w,1/te = 0.41, X - w,/wg =

ence of NO, emission on air and gas Reynolds num- 0.53, A - w,/wg = 0,94, 0 - w,/wg = 1.3.

bers was acceptably described by

eW w)0.5 curves have a slightly smaller slope, which can be

NO, = A + B - \wJ (1) seen by comparing Figs. 5 and 6.
Re, \w9 The relation between the NO, level and the ther-

where, for a constant furnace wall temperature T/, mal and gasdynamical parameters allows us to ana-
the values of A and B could be determinedfwith cor- lyze the influence of burner parameters. The corre-

the alus o A ad Bcoud bedetrmied wth or- lation lines in Figs. 5 and 6 can be presented in a
relation coefficient 0.98 for Tf = 500 'C and 0.94 for form

Tf = 1100 'C. Unfortunately, with all experimental

points, including these for gas velocity up to 119 m/s, IV
the correlation coefficient droped to only 0.76. How- NO, = C1) (w+
ever, we did not want to reject these points, which +wa (pt gaw)

may have practical significance, so we decided that( - (wg
the relation NO, (Re,,Reg) is not satisfactory. The = Cw- + Fl- )(pg/p,)N. (2)
best presentation of the experimental data is ob- kwn) \,

tained in terms of two dimensionless parameters: the The influence of the air to gas velocity ratio (w,/w,,)
velocity ratio (wa/wg) and the momentum density ra- on NO, can be found from Eq. (2). An analytical
tin (PgWg/PaWa). Figure 5 presents the NO,, emission solution is possible for the coefficient N = 1 in Eq.
for furnace temperature Tf = 500 'C and Fig. 6 for (2). If the functions F(w lwa) and C(wg/w,) are
Tf = 1100 'C. The experimental points include re- known, then we can find t&e derivative at constant
sults for various air preheat temperatures within the combustion air temperature (p, = const)
range T. = 20 'C-450 'C. The lines at constant ve-
locity ratio (w,,/wg) present the influence of combus- dNO, dC dF
tion air temperature on NO,. emission separated from=- ± - (3)
the gasdynamics. It can be seen that, for low (w /w ) ~ g dI-61 ) d(-W (--
the influence of combustion air temperature is refa- \wi,/ vp/o') \w, kw,/

tively small, while, for high (wa/wg), the NO, emis- The ratio (wb/wg) at which the increase of air velocity
sion is much more sensitive to air temperature. The ation(tan g) at ch the N crease o ai
reason for such behaviour is radiation heat exchange be found from the condition
between the flame and the furnace walls. High com-
bustion air temperatures can give only a moderate d
increase in the luminous flame temperature, while, dO > 0. (4)
for non-luminous flames, the increase is much d (W -
higher. For lower furnace wall temperatures, the w) (pgl•)
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A good correlation for the functionf(vwg/wa) in Eq. Conclusions
(2) can be obtained in a linear form, and the function
F (ucg9 lva) can be written as The ratio of the coaxial air to gas velocity is an

important parameter determining NO, emissions

Fwg)=! f(g_• wg ffrom turbulent diffusion natural gas flames. The in-
Ica crease of air velocity at constant gas velocity and con-

(5) stant air ratio leads to a decrease in NO, emissions
(A wg wg if (w/w ) > 0.63 for combustion air temperature 20

= A - B 0C w- T and (wa/wg) > 0.68 for 450 TC.
The influence of gasdynamics on NO, emissions

The function C(tcgVa) can be described by a linear from large coaxial air-gas diffusion flames can be de-
form scribed well by the velocity ratio (Wa/Wg) and the

momentum density ratio (pawa/pgwg) at constant air

C( a - b/wg\] ratio 2 1.09 and within the velocity ratio (w(,/wg)

=a - bwj"( (6) = 0.41 - 1.3. At constant (wawg), the emission of
NO from luminous flames is less sensitive to com-

~e can find thenr, that for the ratio bustion air preheating than from non-luminous
flames.

The air ratio 2 at which NO,(2) reaches its max-
w, A B (7) imum shifts towards higher values with the in-
w9 A- b(p,/pg) creased furnace wall temperature. This shift is

caused by a reduced flame cooling effect due to
increase of air velocity at constant gas velocity leads heat radiation and recycled flue gases (in furnaces
to a NO. decrease. with hot walls).

The experimental points in Figs. 5 and 6 allow us
to determine the coefficients A and B in Eq. (5) and
b in Eq. (6). Using Eq. (7), we obtain the limit ratio
values
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The rich-quench-lean (RQL) combustor technology is a promising concept for advanced low-emission
aeroengines. In the present study, the RQL concept has been investigated with primary emphasis on the
influence of elevated pressure levels and inlet air temperatures on NO, emissions. Supporting the exper-
imental study utilizing a model combustor, a detailed numerical simulation of the chemical kinetics has
been performed. The RQL combustor consists of two stages, in which fuel is burnt first under fuel-rich
and subsequently under fuel-lean conditions.

It was found that-in contrast to the final emissions-the primary stage emissions are widely unaffected
by pressure, a result which is in good agreement with predictions from the chemical kinetics simulation.
The lowest concentrations of totally fixed nitrogen (TFN) produced in the primary zone are obtained with
air fuel ratios of 2prim- 0.63. The minimum NO, emissions at the combustor exit were observed at higher
primary air fuel ratios (2 p.. - 0.67-0.73). As the pressure level increases, the minimum is shifted toward
higher NO, concentrations and higher primary air fuel ratios. Both effects are mainly determined by the
mixing of dilution air to the primary stage exhaust gas.

Thus, it can be concluded that a suitable approach to achieve low total NO, emissions is to optimize the
quenching zone in such a way that the mixing-induced emission minimum of the quenching zone occurs
at the same value of the air fuel ratio as that of the primary stage.

Introduction peratures. However, the critical factor in achieving
very low NO, emissions is a uniform and rapid mixing

The reduction of NO, emissions is a major issue of the dilution air to the main flow. Otherwise,
in gas turbine combustor development. Since the NO regions of stoichiometric conditions and locally high
formation is strongly promoted by elevated temper- temperatures are formed promoting an extensive for-
atures, the improvement of the thermodynamic ef- mation of thermal NO. Successful applications of
ficiency of gas turbines by increasing combustion staged combustion at moderate temperatures are re-
pressure and temperature has an adverse effect on ported in literature elsewhere [3,4], with special em-

the efforts in NO, reduction. To overcome this dis- phasis on fuels with nitrogen content.

crepancy, advanced low-emission combustor tech- However, with respect to gas turbine applications,
nologies are required. In preliminary studies of the two major issues have to be addressed: the elevated

NO5 reduction potential of several low-emission combustor inlet and dilution air temperature and the

combustor technologies [1], a reduction potential of elevated pressure level. It is well known that both

70-80% is assigned to the lean premixed combustion enhance the NO formation rate. Therefore, the ob-

and 70% to the staged or rich-quench-lean (RQL) jective of the present study was to evaluate the influ-

combustion. While the concept of lean premixed ence of the pressure level on NO5 emissions in the

combustion is already applied in modem stationary staged combustion process at typically high combus-
gamustubiones anedy wepllidomed in tdern lteatuare tor inlet temperatures. The influence of the pressure
gas turbines and well documented in the literature level on thermal NO formation under fuel-rich con-
[2], the RQL concept has not been sufficiently in- ditions is different from fuel-lean conditions [5].
vestigated for gas turbine applications. Generally, in the fuel-rich environment, thermal NO

Typically, the RQL combustor concept consists of formation is hardly affected by pressure, while it in-
a fuel-rich primary zone, a quenching zone, where creases significantly with growing pressure levels un-
additional dilution air is injected, and a fuel-lean see- der fuel-lean conditions. Due to this different impact
ondary zone. In both, the primary zone and the sec- of pressure on the NO formation, the total NO, emis-
ondary zone, the NO formation rates are low due to sion of an RQL combustor might be a complex func-
nonstoichiometric conditions and relatively low tem- tion of the pressure level.
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Primary Stage

Mixing Zone

Primary Air Secondary Air, Secondary Stage

E 7.h.....SInsuilation

C~To

-U0 .i. FIG. 2. Scheme of the experimental combustor.
0.6 0.9 1.2 1.5 1. ,8 , ý'

X prims teflon for the uniformity of the temperature distri-

FiG. 1. Calculation of NO production rates in a perfectly bution in the mixing zone. Analyzing the basic
stirred reactor as a function of air fuel ratio and pressure contributions of the different parameters influencing
level at a temperature of T = 2000 K and at a residence the momentum flux ratio, the following expression
time of 10 ms. can be derived:

Influence of Pressure in Staged Combustion (ttal -- pri(... ...

J 
Mail

NO-Forosation Processes: Apim

Generally, from nitrogen-free fuels, two different Ti's Aprim 2
mechanisms have to be considered in analyzing the ) (1)
NO formation in staged combustors: the well-known To. \ Ajets
Zeldovich mechanism, and-in fuel-rich zones-the
prompt NO mechanism [6,7]. In order to demon- For a given geometry, J is mainly influenced by the
strate the dependence of NO production rates on the primary air fuel ratio Aprim. The effect of the overall
pressure, a calculation was carried out using the per- air fuel ratio 2 total and temperatures is of minor sig-
feetly stirred reactor (PSR) model of the CHEMKIN nificance. It is also obvious that J is independent of
code [8] and implementing the NO formation mech- pressure.
anism of Miller and Bowman [9]. This calculation
was performed for several air fuel ratios 2[A =
(11air/hhlfuel)/(¼hair/lrlfuel)stoiclj]. A residence time of 10 Model Combustor and Measurement
ms was selected to reach the state of equilibrium of Techniques
oxidative radicals. In addition, a constant tempera-
ture of T = 2000 K was chosen to illustrate exclu- The test combustor used in this study was installed
sively the influence of pressure on the NO formation in the high-pressure/high-temperature test facility of
rate. Obviously, this approach is limited to a theo- the "Institut foir Thermische Str6mungsmaschinen."
retical consideration, since in reality a variation of 2 This facility, which has been described in detail ear-
causes a change in temperature. lier [13], is capable of supplying preheated nonvi-

Figure 1 illustrates the different NO production tiated air up to 1123 K at a maximum pressure level
rates under fuel-rich and fuel-lean conditions as a of 10 bar.
function of the pressure level. It is found that the A scheme of the cylindrical model combustor is
production rates increase significantly with growing shown in Fig. 2. The preheated primary air enters
pressure at air fuel ratios 2 > 1, while a slight de- the combustor with a strong swirl through a dump
crease is observed with a growing pressure level at diffusor (aperture angle of 15'). The fuel nozzle is
fuel-rich air fuel ratios, located at the center of the diffusor. The inner di-

ameter D of the combustor is 120 mm. In order to
Mixing Effects: obtain a nominal residence time of 100 ms at 2 -

= 0.7, a length of = 418 mm was selected for
Our own studies [10] as well as investigations of the primary zone.

jet mixing in nonreacting and also in reacting flows Secondary air is injected into the mixing zone
[11,12] revealed that the mixing effectiveness in case through 20 mixing holes arranged in one row along
of an invariable geometry mainly depends on the mo- the perimeter. The diameter of the holes can be var-
mentum flux ratio of the mixing jets and the main ied by inserting new casings. The residence time in
flow at constant main flow Reynolds numbers. There- the secondary stage (length l, = 784 mm) was cho-
fore, the mixing effectiveness can be used as a cri- sen to be 100 Ins at an overall air fuel ratio of utotal
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TABLE 1 p
Test conditions C p=2.O bar P=50 kW

300- A p=3.5 bar P=80 kW300

Pressure level p 2-5 bar o p=5.0 bar P=100 kW

Inlet temperature T 673-823 K
Primary air fuel ratio <P'h, 0.5-0.95
Thermal power P 50-100 kW
Mixing jet diameter d 12-14 mm

6 200

= 2.4 to ensure complete CO oxidation. The inner
walls of the primary and the secondary stage are in-
sulated by means of cylindrical ceramic tubes to min- 100o
imize heat losses.

For the sampling of the exhaust gases, multihole
probes are located at the end of each stage, respec-
tively. Multihole probes were used to get average val-
ues of the species concentration over the cross sec- 0 - . ..... 7. .
tion. For suppression of secondary chemical 0.5 0.6 0.7 0.8 0.9 1.0
reactions, the probes are water cooled. The dry ex- Prim
haust gas was analyzed by a chemiluminescence
NO/NON meter and a chemical cell 02 meter. FIG. 3. Effect of pressure level on TFN concentrations

The NO/NON meter was also used to evaluate the in the primary stage for Ti., = 673 K and d = 14 mm.

totally fixed nitrogen (TFN) concentrations in the ex-
haust gas of the primary stage. The TFN comprises Primary Stage:
the stable nitrogen species NO, NH 3, and HCN. Ac-
cording to the data provided by the manufacturer of The results plotted in Fig. 3 illustrate the influence
the NO/NO0 meter, the conversion rate of TFN to of the pressure level on the TFN emissions at the
NO has been estimated to be about 80%. Therefore, end of the primary stage (Ti., = 673 K). The diam-
the measured TFN values represent a lower limit of eter of the mixing holes was adjusted to d = 14 mm.
the real values. Because of the relatively large diameters of the holes,

a backflow of dilution air into the primary stage can
be excluded. For all test cases, a characteristical
TFN-minimum was found at a primary air fuel ratio

Results and Discussion of about 2 Am= 0.63. The increase of TFN in di-
rection to tigher air fuel ratios is an effect of pro-
nounced thermal NO formation. On the other hand,

The present investigation was directed toward the the occurrence of the intermediates HCN and NH 3
evaluation of the staged combustion concept for gas is responsible for the increase at more fuel-rich con-
turbine applications. Particular emphasis was put on ditions. Furthermore, it can be noticed that over the
the influence of the pressure level, the air inlet tem- entire air fuel ratio range, the TFN-concentrations
perature, and the geometry of the mixing zone on of the three test series differ only slightly from each
NO0 emissions. Therefore, the operating conditions other. As a final result, a pronounced influence of
of the combustor have been varied over a wide range pressure on primary stage TFN-emissions was not
(Table 1). found. The absolute level of NO-emissions also de-

For all series of experiments, the residence time pends on the heat losses of the combustor. The eval-
in both the primary and the secondary stage was kept uation of the magnitude of this effect is presently
constant at the same value of 2 pnim. This was achieved under investigation.
by adjusting the appropriate air mass flow and ther-
mal power corresponding to the pressure level. Secondary Stage:
Therefore, the variables remaining were the pressure
level, the air inlet temperature, the diameter of the The influence of pressure on overall NO.-emis-
mixing holes, and the primary air fuel ratio. Thus, sions at the combustor exit is shown in Fig. 4 for the
1p,_ was varied while keeping the total air fuel ratio same operating conditions as considered in Fig. 3. In
constant at Atotai = 2.4. According to this approach, order to eliminate dilution effects by excess air, the
the Reynolds number characterizing the primary NO. concentrations are corrected to 15% excess ox-
stage flow increased with growing pressure and pri- ygen, as it is convenient for gas turbine emission
mary air fuel ratio. measurements.
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200
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FIG. 4. Effect of pressure level on overall NO, emissions FIG. 5. Contributions of the primary stage and the mix-
for T,., = 673 K and d = 14 mm. ing zone to the overall NO, formation for the case p = 5

bar and d = 14 mm.

Typically, a minimum in NO.-concentrations for
each of the three conditions exists. Remarkably, Primary Miing Zone
these minima occur at higher air fuel ratios than the Stage
TFN minima of the primary stage. Furthermore, Fuel
with growing pressure, the NO, concentrations in-
crease at 2Anm < 0.75, and the minima are shifted 1 - 2.4
toward higher primary air fuel ratios. As these effects Air
cannot be explained by the primary stage TFN emis-
sions, the enhancement of the overall NO, emissions
and the shift of the minima with increasing pressure X = 0.6 -0.9
have to be attributed to the NO formation during the
mixing process.

To achieve a more detailed understanding of the Air Air Air

NO, emission characteristics of the primary and mix- FIG. 6. Scheme of the mixing model. Each box corre-
ing zones, the contributions from both zones are plot- sponds to a single PSR.
ted in Fig. 5 together with the total emissions for the
conditions ofp = 5 bar and P = 100 kW. The TFN
concentrations of the primary stage also are cor- minimum for the NO, concentrations to higher 2 prim
rected to an exhaust volume corresponding to 15% causes advantages in the operation of the RQL con-
excess oxygen. The NO, concentrations formed in cept, as the soot formation in the primary stage is not
the mixing zone have been derived from the differ- quite as pronounced. On the other hand, to achieve
ence of the total and the primary stage emissions, lower emissions using this combustor concept, the
The diagram demonstrates that the minima of the lowest NO, concentrations formed in the mixing
emissions of the primary stage and mixing zone are zone must occur at the same Aprm, at which the pri-
found at different Apnm. Since the variation of 2A m mary stage produces the lowest emissions.
was achieved by decreasing the primary stage air ffow In analyzing the effect of pressure on chemical ki-
and simultaneously increasing the dilution air flow, netics in the mixing zone and on the shift of the see-
the momentum flux ratio of both air flows was altered ondary zone NO, minimum, the mixing process is
(see Eq. (1)). Therefore, the minimum of NO, for- simulated simply by using 30 subsequent PSR (Fig.
mation in the mixing zone can be attributed to op- 6), with the outlet of one PSIR connected to the inlet
timum mixing conditions. The location of the total of the next one. Additional air is added in every PSR
NO, emission minimum results from the superposi- to enhance linearly the air fuel ratio until the overall
tion of both partial emissions. The shift of the overall air fuel ratio of A = 2.4 is reached in the last PSR.
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200
0 p = 2 bar 0 p=2.0 bar P=50 kW
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FIG. 7. Calculated effect of pressure level on N0 for-
mation using the mixing model. The point of fastest mixing FIG. 8. Effect of pressure level on overall NO emissions

is assumed to occur at 2,,.m = 0.85. for TI = 673 K and d = 10 mm.

The reaction is started in the first PSR under fuel- 200 c
o T = 673 K

rich conditions representing the primary zone con- A = 823 K
ditious. In this model, the residence time in the mix-
ing zone (consisting of 30 PSR) is a degree for the
mixing effectiveness. According to the experimental N 150
observations (p = 5 bar; P = 100 kW) the best mix-
ing, i.e., the smallest mixing time, was assigned to o

= 0.85. Because the momentum flux ratio is
relatively unaffected by pressure (see Eq. (1)), it is
assumed that the mixing time does not depend on 0 100
pressure.

Figure 7 shows the result of this simulation. As E
pressure increases, the total NOQ minima are clearly .-

shifted toward a value of 2 = 0.85, representing the
air fuel ratio of best mixing. In agreement with the z 50
experimental results, NO formation under fuel-lean
conditions (mixing zone) is promoted by pressure,
while TFN formation (primary zone) is influenced
only slightly by pressure. Therefore, at this high inlet 7__
air temperature, the NO formation in the mixing 0.,, .... 0....6 0.7 0.8 0.9 1.0
zone becomes more and more dominant with in- Prim
creasing pressure and determines the overall NQ,
emissions. Therefore, the location of the NO, mini- FIG. 9. Effect of air inlet temperature on overall NO,
mum at high-pressure levels is found close to the air emissions for p = 3.5 bar and d = 14 mm.
fuel ratio of best mixing. This interrelation reveals
that the minima of the total emissions are shifted to
higher 2pim due to the pressure dependence of the out. The overall NO, concentrations are shown in
NO formation in the mostly fuel-lean mixing zone, Fig. 8 for the operating conditions discussed in Fig.
even if the mixing effectiveness is not influenced by 4, except for a smaller mixing hole diameter of d =
pressure. 10 mm. Because of the smaller diameter of the mix-

To check this effect, additional investigations using ing jets, the momentum flux ratio at the same Aprim
a slightly different mixing configuration were carried is higher than for the larger diameter. But also the
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spacing between the edges of the orifices is enlarged. sion characteristics of the mixing zone that shows an
Despite of the significant differences in the mixing opposite tendency compared to the primary stage. At
configuration, a similar effect of pressure on the the optimum operating point of the primary stage,
NO,-emissions is found. But due to the modification, NO is extensively formed in the mixing zone and vice
the NO,-oncentrations at low air fuel ratios are re- versa. Therefore, the major conclusion of the present
duced for this jet diameter. This effect indicates, that study is that the NO formation in the mixing zone is
the mixing effectiveness is obviously improved by this critical for the overall emissions under extreme com-
configuration, because the TFN-formation in the pri- bustor inlet conditions. Significantly lower NO, emis-
mary stage was not affected by this modification. The sions of the staged combustion concept can be
pronounced influence of pressure also represents a achieved by adapting and tuning the mixing zone.
comparison of the results between both mixing con-
figurations. It is found that the differences in con-
centrations and the location of the minimum are Nomenclature
quite small for p = 2 bar, while these are more sig-
nificant at the elevated pressure levels. A cross section (m2 )

The influence of enhanced air inlet temperature J momentum flux ratio (-)
on total NO5 -emissions, which is a major issue for gas P thermal power (kW)
turbine applications, was also studied (Fig. 9). The T temperature (K)
test conditions selected were p = 3.5 bar and d = d mixing jet diameter (m)
14 min. As expected, the higher temperature (Ti., = p pressure (bar)
823 K) leads to higher NO.-concentrations, but also rh mass flow (kg/s)
a shift to lower %ri,,, is observed. The same tendency 2 air fuel ratio (-)
was found for the other pressure levels investigated.
The shift of the minimum leads to the conclusion, Subscripts
that the NO-formation in the primary stage, which prim primary stage
determines to a great degree the total emissions at sec secondary stage
high air fuel ratios, is more promoted by the elevated
temperature than the NO-formation during the mix- Acknowledgments
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EFFECT OF NO AND 02 CONCENTRATION ON NO FORMATION
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COMBUSTOR: MODELING RESULTS
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This paper addresses the issue of understanding the NO and N20 formation kinetics during char com-
bustion in a fluidized-bed combustor. A single-particle numerical model that simulates the combined
internal diffusion and reaction equations is developed. Kinetic parameters for the char oxidation, CO and
CO 2 formation, NO formation and destruction both by char and by a char-catalyzed CO reaction, and N20
formation and destruction reactions have been estimated using fractional order kinetics. Modeling results
have been compared with the experimental data. Primarily, N20 is formed by the reaction of NO with
char nitrogen in the presence of O. Formation of N20 increases with increases in the bulk NO concen-
tration. N20, however, is not formed in the absence of oxygen, as oxygen is required to release the char
nitrogen bound in aromatic rings. A higher 02 concentration in the feed gas gives higher concentrations
of NO and N 20. The instantaneous conversion of char nitrogen to N0 increases, whereas the conversion
to NO decreases, with increases in bulk 02 concentration. The char-catalyzed NO/CO reaction at low
temperatures and high 02 concentrations is the dominant destruction mechanism for NO. At high tem-
perature, NO is destroyed mainly by its heterogeneous reaction with char.

Introduction lumped reaction rates derived from a 15-step het-
erogeneous kinetic mechanism was reported in an

Increases in coal consumption continue to be con- earlier paper [3]. However, lumping of the reactions
strained by the emission of the acid rain precursors could not explain the effects of NO on N20 forma-
SO2 and NO, and the greenhouse gas CO 2. One of tion in the absence of ambient 02. Therefore, the
the promising technologies that can utilize coal effi- present paper attempts to develop a single-particle
ciently and minimize the impact on the environment model based on more elaborate rate formulations.
is pressurized fluidized-bed combustion. Pressurized Kinetic parameters of the reactions involved in the
fluidized-bed combustors, when used as part of a NO and N20 formation have been estimated using
power generation cycle, increase the thermal effi- inverse optimization techniques. The model is then
ciency, provide in-bed capture of sulfur oxides, and used to explain the following experimental effects of
reduce nitric oxide emissions. One of the potential bulk NO and 02 concentrations on NO and N20 for-
problems of fluidized-bed combustors, however, is mation from char:
the formation of N20. N20 is known to be a green- 1. the increase in N20 formation with increases in
house gas and is formed in the temperature window NO concentration in the presence of 02, and
in which fluidized-bed combustors are operated. 2. the increase in N20 formation and decrease in
N20 has a lifetime of 150 years and can possibly con- 2. the increase in and ecrasin
tribute to the ozone destruction chemistry in the NO formation with increases in 02 concentration.
stratosphere. It is produced by the oxidation of ni-
trogen organically bound in coal, with the contribu-
tion from char oxidation being somewhat larger than Experimental
that from the volatiles [1]. Though the homogeneous
gas phase chemistry of N20 has been studied in de- Batch combustion experiments were performed in
tail [2], the heterogeneous chemistry is relatively a small-scale quartz glass bubbling fluidized-bed re-
poorly understood. An analytical model based on actor with an inner diameter of 57 mm. A bed of

silica sand (particle size 150-212 um) with a bed
height of approximately 50 mm was fluidized by 02

*Hitachi Research Laboratory, Japan. or 02 and NO in helium. The oxygen concentration
*Chalmers University of Technology and University of in the inlet gas stream was varied from I to 12% and

G6teborg, S-412 96, G6teborg, Sweden. NO from 0 to 700 ppm. The composition and flow
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rate were controlled using mass flow controllers. The 1 5
flow rate was set to 2.5 L/min at STP conditions. Coal O2 0+ (-CN) --- (-CNO) or (-NCO)'

particles, 4 mm in diameter, were burned at three NCO) 6 CO + (-N)
different temperatures of 750 TC, 800 TC, and 850 -C 6'
'C, and the concentrations of the combustion prod- (-CNO)-- NO + (-C) b
ucts, viz., N20, NO, 02, C0 2, CO, and CH 4, were 1 7
measured using a Fourier transform infrared (FTIR) - 02 + (- N) -- (- NO)
spectrometer equipped with an MCT detector and a 28
low-volume gas cell of 223 cm 3 . The path length was ( NO) - NO + - C
set to 7.25 m. A detailed description of the reactor (4)
and the experimental setup can be found in Refs. 4
and 1. The experimental raw data for NO and N20 Destruction of NO and Formation of N20
in the form of concentration vs time were converted
into instantaneous and net conversion of char nitro- 9
gen to NO and N20 data using Eqs. (1) and (2). NO + (-C) ----*-N2 + (-CO)}c

2-
([0]- [N.2 0]1 ,)

fN.2o = N (1) NO + -C-10(-NO)
-([CO] + [C021 + [CH41]) CO + -C--- (-NO) dC 11

CO + -C------(-CO)d

ft 2([N20]• - [N20]•)dt (-NO) + (-CO)---- N2 + CO 2 + 2 - C
FNOO = N(2)

-- f/ 13
N2 Nf ([CO] + [C0 2] + [CH 4]) dt 2 1C NO + (-N)--- (-N 20)

13'

xWhere N/C is the ratio of nitrogen to carbon present NO + ( NCO) ( - N20) + ( -CO) e (5)
in char and ['], and [']i,, are the concentrations of 14N20)- N20 + -C
species "i'" in the effluent and inlet to the reactor,
respectively. An equation similar to Eq. (1) was used
to evaluate fNo. The following sections present the Destruction of N20
heterogeneous kinetic mechanism, the single-parti- 15
cle model, parameter determination studies to cal- N+
culate the rate constants, and the modeling results N20 + (-C)-- N2 + (-CO)Jf (6)
explaining the experimental observations. where "-C" is a free site and other "-XK' denotes

the surface bound species, X. The mechanism out-
Heterogeneous Kinetic Mechanism lined above is tentative and is developed from the

experimental observations of Refs. 5 and 1. The re-
A 15-step mechanism for NO and N20 surface ki- action rate formulations are linked to the mechanism

netics was proposed in an earlier paper [3]. Based on via the superscripts a-f and are presented in Table
this mnechanism, an analytical single-particle model 1. The analytical model [3] uses the equivalent
that used lumped chemistry was developed. How- pseudo-first-order reaction rates obtained by lump-
ever, due to lumping of the reactions, the predictive ing the reaction rates (a-f) of the numerical model.
ability of the analytical model was limited. Therefore, The mechanism proposes that 02 first reacts with
in this section more thorough rate formulations char carbon to form CO and CO 2. 02 also breaks the
based on the 15-step mechanism given below are de- aromatic rings bound to the char surface and forms
veloped. an active intermediate, I, such as - CNO or - NCO.

Formation of CO and CO2  This active intermediate, I, decomposes to form NO
or reacts with NO to form N20. The fraction k5/(k,

1 0 + k2 [NO]) as in RNo denotes the probability that
2-2 + (-C)- (-CO) the reactive intermediate, I, forms NO, and

2
CO) CO + -C k2[NO]/(k1 + k 2[NO]) as in RNO gives the proba-

13 a (3) bility that it reacts with NO to form N20. An earlier
-02 + (- CO) - (- CO2) study [5] has reported that N 20 is not formed in the
2 4 absence of 02. Therefore, the N20 formation term

(- C0 2) -- CO02 + - C in RN20 has a dependence on [02]. A single-particle
numerical model that uses the kinetic rate expres-

Formation of NO sions given above is developed in the next section.
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TABLE 1
Expressions for the net rates of formation and destruction for 02, CO, CO, NO, and N20

used in the numerical model

Rate Expressions

Bo I k0 0[CO][0o["1]
22

Roo ko0 [O] - k0 o(JCO][o02

Roo, k,:o[CO][O 2]12

RONk 0, [0J k,+ kNJNO'J - k,,.,JNOI[C02 1 - N k0J2 [0 2]I I
° (k, + k2[NOO _ C 2](k, + kJNO]/

R° N k° ]({2 k2[NO] Y - k,°[N2Oq
C 02 (k, 1 + kNO]/ -

The superscripts a-f relate the rate expressions to the proposed mechanism. k, is the reaction rate constant for reaction
"J" and R, is the net rate of formation and destruction of species "i," viz., 0,, CO, CO, NO, and N,0.

The rate parameters are then estimated from the pa- in Table 1. We have five equations in the form of Eq.
rameter determination studies. (7) for five species, viz., 02, CO, CO2, NO, and N20.

These five equations, which are second-order non-
homogeneous ordinary differential equations involv-

Model Development ing nonlinear terms, are then solved simultaneously
using a finite-element code that allocates the node

The single-particle model solves for the diffusive points using the collocation method.
transport and the kinetics of reactants and products
in a shrinking char sphere. The model is based on
the following assumptions. Parameter Determination

1. The char particle is spherically symmetric; The model developed in the previous section was
2. The system is in pseudo steady state; and used to obtain the kinetic rate parameters by fitting
3. Ash falls off from the particle surface under the the model to the experimental data of Ref. 1. The

fluidizing conditions, concentration vs time raw data for NO and N20 were
transformed into instantaneous conversion of char

The governing mass conservation equations are nitrogen data as a function of instantaneous particle
radius using Eqs. (1) and (10).

"t + 7oi7/)+ Ri([.]) = 0 (7)
R(t) = R0(1 - X,(t))/1 3  

(10)

The boundary conditions are where R(t) is the particle radius at any given time
and X, (t) is the conversion of char carbon on a

a['] mol/mol basis. The objective function, 2E2, mini-
@ r = 0 -r eter = 0 (8) mized was a weighted least-square error norm [Eq.

(11)] for the observed and predicted instantaneous

0['] conversion data. Minimization of -T2 was done with
r p1,respect to the rate constants, viz., k0 2, kco, kNo,

pr surface k]NO-co, kN20, k2/kI, and the effective diffusivity, 9P,

= kg([']L - (9) of char treated here as a constant during reaction.

[N
where UP is the particle diffusivity and [].- and [L S], = _ (

1N O laO2 = N (fNO,.• f O.,o)

are the concentrations of species "i" in the bulk and t
the particle surface, respectively, k9 is the external N
mass transfer coefficient, and r is the radial position + w)2o X (fN2 0 .p - (11)
inside the particle. The term Ri is the same as defined j
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T= 750°C .'o 0 T = 800°C If,, .
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0.2 0.2

0.~ 0 
0 0 0
o 0 00

0 0 I I
2 1.8 1.6 1.4 1.2 1 0.8 2 1.8 1.6 1.4 1.2 1 0.8

Particle Radius [mm] Particle Radius [mm]

FIG. 1. Comparison of the experimental and model pre- FIG. 3. See Fig. 1 caption.
dictedfNO andfr_20 profiles for three particle temperatures
of 750 'C, 800 'C, and 850 

0
C, two oxygen concentrations 1

of 4 and 8% in helium, and one initial particle radius of 2 T =850C' fo
mm. Comparisons for only four of the six experimental data . [02] = 4% fuO 0

sets used for the study are shown here. model fit - •

fNo 0.6

fN 20 0.41 I I •i

T = 8001C JfNo 0.2'•
0.8 lo= =t % 21 =o 4% 0 0

model fit - **.*0

fNO 0-6 - . *... 2 1.8 1.6 1.4 1.2 1 0.8

fN 2 0 0.4 *o0 Particle Radius [mm]

0.2 00FI. 
4. See Fig. 1 caption.

0000 0

2 1.8 1.6 1.4 1.2 1 0.8 Effect of [O2] and [NOV on NO/N 20
Particle Radius [mm] Formation: Modeling Results

FIG. 2. See Fig. 1 caption. Having done the experiments, developed the
model, and estimated the rate parameters, we then
explored the model performance over a wider range
of operating conditions. The analyses of the addi-

where N is the total number of data points for a given tional experimental data that were not used for the
experimental condition. ThefNo and thefN2 o profiles parameter determination studies are divided into two
exhibit random variation and were used to test the sections, as follows: (1) the effect of NO concentra-
more elaborate chemistry of the model. The search tion on N 20 formation, and (2) the effect of O2 con-
for the optimal parameter values was carried out us- centration on NO and N2 0 formation.
ing the Davidson, Fletcher, Powell [6] optimizer and
six experimental data sets (three temperatures of 750
0C, 800 0C, and 850 0C for each of the two O2 con- Effect of NO Concentration on N2 0:

centrations of 4 and 8%). The weights WNO and Figure 5 shows the comparison of the model re-
WNo were chosen in such a way that the search path suits and the experimental data for the instantaneous
took minimum CPU time to find the point ofminima. conversion profiles of char nitrogen to N2 0. The
Figures 1 through 4 show the comparison for four of comparison is carried out for three different concen-
the six experimental data sets used for the study. This trations of NO, viz., 723, 205, and 0 ppm, in a gaseous
suggests that the more elaborate kinetic model is able feed of 2% oxygen in helium, and one particle size
to explain the experimental observations and that it of 4 mm burning at 750 0C. The results show that
can be used as a predictive tool for other experimen- the presence of NO in the feed augments the for-
tal observations. Table 2 shows the optimal values of mation of N20. ThefN2o values for all values of car-
the rate parameters estimated and their comparison bon conversion increase with increases in NO con-
with other values reported in the literature [5]. The centration. NO present in the feed diffuses into the
optimal activation energy for the char oxidation re- char particle. It then reacts with the char nitrogen
action is close to the values reported in Ref. 7 for sites formed during the opening of aromatic rings by
different coal types. the oxidation reactions to form N20. Since the N2O
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TABLE 2
Estimated pre-exponential factors and activation energies for the rate constants shown in Table 1

Standard error

A exp -- E,, ln(A) and E_
Rate constant (units) \ T/ R Coal type Reference

[ 253
ko1(1/s) 1.24 101 exp( - 6253) (±0.36), (±400) Newlands present work

kco ( M3/2 1.20 l10 exp( ---- 454 (± 0.97), (± 1041) Newlands present work

kNO(1/s) 2.09 101 exp( 1•45) (±0.79), (+860) Newlands present work

_g___a __[_1_900 Cedar Crove char

kNo(gN 9.3 10-1 exp( -162T) (-), (35-5 0 h deSoete [5]gcs~a T(35-50,um)

kNo( g) 1.2 100 exp( - 16) Prosper char) deSoete [5]

k(-N- 5.) 108 17,8001 (() () Eschweiler char deSoete [5]

No5.P ep[ T - -(35-50 rm)

kNo M3 3.68 10- exp( _ 13097) (±1.11), (±+1083) Newlands present work

9.0 102 exp( - ) (±0.16), (±171) Newlands present work

4.8 101 exp( -169823) (±0.764), (±818) Newlands present work
kNo(S-1)T

kN 1O( gNa) 0.68 exp( _ 12200) (-), (-) Prosper char deSoete [5]

kN2o( gN) 0.9 exp- 1 ) (-), (-) Cedar char deSoete [5]

kNo( ) 0.14 exp( - ---- (-), ( - ) Eshweiler char deSoete [5]

formation rate depends on the NO concentration, it 0 ppm, only the NO formed in the pore diffuses out.
increases with increases in NO concentration, Con- As the particle shrinks with increasing burnout, the
sequently, more N20 is produced as the NO concen- diffusion path decreases and the N20 concentration
tration in the feed is increased. This behavior is ob- within a pore decreases, approaching zero in the limit
served throughout the particle burnout. As the of complete burnout. The decrease in fNso with in-
carbon conversion reaches unity, the fNgo profile creasing burnout is consistent with this behavior. On
drops to zero when [NO]. = 0 ppm, for the 205- the other hand, when [NO]. = 723 ppm, the balance
ppm case decreases but does not go to zero, and ex- between the NO formation and destruction reactions
hibits a steep increase when [NO], = 723 ppm. The within the pores apparently gives a concentration
change in fNzo with changes in conversion can be that is initially less than that in the free stream. In
understood by noting that the NO concentration to other words, at high conversions, the net diffusion of
which a char particle is exposed is determined by the NO is out of the pore for [NO], 0 ppm and into
balance between NO diffusing into a pore and get- the pore for [NO], = 723 ppm. The increase or de-
ting partially reduced, and NO being formed in the crease in thefN2o profiles reflects the increase or de-
pore and diffusing out of a particle. When [NO], = crease in NO concentration within the pores. The
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FIG. 5. Comparison of the experimental and model pre- 0 0.2 0.4 0.0 0.8 1
dicted profiles for instantaneous conversion of char nitro-
gen to NO at three bulk NO concentrations of 0, 205, and Xc

723 ppm at a temperature of 750 'C and an oxygen con- FIG. 7. Comparison of the experimental and model pre-
centration of 2% in helium. dicted profiles for the instantaneous conversion to NO for

different bulk oxygen concentrations of 1, 2, 4, 8, and 12%

0.3 in helium at a temperature of 750 'C.
0.25 -Coal =8% * T= 750 'C
02 dolat- model = 12% the rate of fraction of char nitrogen intermediate re-

Char Char -acting with NO and forming N 2 0. Increasing [O 2 ]L

FN2O0 0.15 combustion also increases the CO concentration in the pores and

0.1 000000 consequently the rate of destruction of NO with CO

0.05 _ on char surface. The NO/CO char-catalyzed reaction
0 1 is found to be important as the sum offNo andfN2o

0.2 0.4 0.6 0.8 1 (instantaneous conversion of char nitrogen to NO
X, and N20) at a given carbon conversion decreases as

the 02 concentration in the bulk increases. Had the

FoG. 6. Comparison of the experimental and model pre- increase in NO destruction rate with increase in

dicted profiles for the cumulative conversion of char nitro- [0 2]- been due to the NO + (I) reaction only, all of

gen to NO for different bulk oxygen concentrations of 4, it should have formed N 20, keeping fNo + fN20 con-

8, and 12% in helium at a temperature of 750 'C. stant. On the contrary, both the experimental and
modeling results show a decrease in the fractional
conversion of char nitrogen to the sum of the nitro-

fractional conversion to N 20 is, therefore, a mini- gen oxides. For example, the modeling results show
mum at complete burnout when [NO]- = 0, and a that, at a carbon conversion of 40%,fNo + fN20 =
maximum when [NO]- = 723 ppm. 0.585 for [0 2L = 2%, and 0.395 for [0 2 ]- = 12%.

Figure 8 shows that instantaneous conversion of char
Effect of[fOnt on NO and N2 0 Formnation: nitrogen to free molecular N2,fN2, increases with in-

creases in bulk 02 concentration at a given bed tem-
Experimental observations of Refs. 5, 8, and 9 sug- perature. At low temperatures, NO is destroyed

gest that N2 0 is formed from NO but only in the mainly by the char-catalyzed NO/CO reaction. The
presence of oxygen. This fact was incorporated into reaction becomes more important with increases in
the kinetic mechanism and the rate expressions de- [0 2]. At high temperatures, the reaction of NO with
veloped earlier. The effects of bulk 02 concentration char (carbon and nitrogen) becomes the dominant
levels on cumulative N2 0, FN2o, and instantaneous destruction mechanism. These observations suggest
NO, fi, o, formation in absence of ambient NO are that the decrease infNo with increases in [02] is due
shown in Figs. 6 and 7. The FN2O values at a given to increases in rates of formation of NO and CO and,
value of carbon conversion increase as oxygen con- therefore, in their concentrations in the pores. It
centration increases. These effects can be explained should be noted that, thoughfNo decreases with in-
by noting that, with increasing [0]2, the rate of NO creases in [0 21, the NO concentration in the pores
production increases, and therefore, the concentra- still increases. At high carbon conversions, the frac-
tion of NO in the pores increases to provide the driv- tion of the char nitrogen converted to NO is under-
ing force for NO removal by either diffusion or re- predicted and that converted to N20 overpredicted.
action with the char. The increase in instantaneous These deviations are possibly due to an increase in
conversion of char nitrogen to N2 0 and the decrease the effective diffusivity as a consequence of increase
to NO are, therefore, partly due to the increase in in porosity at high conversions. Such an increase
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T [02] falls as NO diffuses out of the particle rapidly in the
7 4%[O absence of NO in the free stream.

0.6 750°C 8% * The rate of surface catalyzed NO/CO reaction is
80C4%:

800oC 8% * enhanced by increases in the oxygen concentration,
0 . 8'oC 4% AS which explains the experimental decrease in instan-

o, * ** A . 850'C 8% taneous conversion of bound nitrogen to NO and• *'' , " "" "• . N20. The understanding of the major global path-
0.4* * ways to NO and N20 formation can be used to im-

A • *A ***4 prove strategies for the control of the emissions.

03 . . 0
A *0* *ooo

0,2 A Nomenclature

A pre-exponential factor (units depend0.1

2 1.8 1.0 1.4 1.2 1 on tie order of the reaction)
R [mm] Ea activation energy (J/mol or cal/mol)

apm effective diffusivity of species "i" in-

FIG. 8. Experimental profiles for instantaneous conver- side the particle pores (m2/s)
sion of char nitrogen to N2 for three temperatures of 750 fNo, fN20, fN2 instantaneous fractional conversion
'C, 800 'C, and 850 'C and two oxygen concentrations of of char nitrogen to NO, N20, and

4 and 8%. This figure highlights the importance of the char- N2, respectively
catalyzed NO/CO reaction. FN2o cumulative conversion of char nitro-

gen to N20
ki rate constant for reaction '7" (units

would allow the reaction products, including NO, to depend on the order of the reac-
diffuse out of the particles more rapidly, reducing tion)
their concentration in the pores. The fraction of the k9 external mass transfer coefficient

char nitrogen converted to N20 will, therefore, de- (nils)

crease as the NO concentration decreases. _T. least-square norm used in parameter
estimation

N/C ratio of nitrogen to carbon content in
char

Concluding Comments ['], concentration of species "i" in the ef-
Previous studies [5] have provided a solid foun- fluent and inlet gas stream, at the

surface of the particle, and the
dation for understanding the formation of NO and bulk, respectively (mol/in 3 )
N20 during the oxidation of char nitrogen. The pre- r radial distance inside the char parti-
sent study shows that a model modified to include cle (in)
the reaction of an oxidized char nitrogen intermedi- R(t) particle radius at any given time, t
ate, I, with NO to form N20 provides a good fit of (i)
the experimental data over a range of oxygen con- Ri net rate of formation of species "T'
centrations and with varying levels of NO in the flui- = 02, CO, C02, NO, and N20
dizing gas stream. The parallel reactions of the in- (mol/m3s)
termediate can be represented by R0 initial radius of the char particle (in)

T temperature of the char particle (K)
NO WNO, WN2o weights with respect tofNo andfN20o,

/0 respectively, in the evaluation of

charo- N -I the objective function

NO X(t) fractional conversion of char carbon
NO "-at any given time t (mol/mol)N 2 0

The path to N20 is favored by high local NO con- Acknowledgments
centrations. This explains the increase in FN2o and
fNo when NO is added in the feed, or when the local Financial support for this research was provided by the
NO concentration in the pore is increased by increas- Hitachi Research Laboratory and the Martin Foundation.
ing [O2].. This reaction also explains the decrease in SKG wishes to thank Dr. Narsimha Acharya for his help in

fN2o at high conversions when the NO concentration developing the finite-element code.
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COMMENTS

John Kramlich, University of Washington, USA. In this burning char particle of -1-mm diameter to be 5 0C-
paper, and in other recent publications by your group, you 30 'C above bed temperature when [O] is between 5 and
make a convincing argument that significant N2O is formed 12%. According to pyrometric measurements that we have
from the NO + char nitrogen reaction only if free oxygen made, the temperature rise would rather be 50 'C-150 'C
is available to activate the char nitrogen. This offers a plau- under these conditions. Do you have some comment on
sible mechanism explaining the appearance of N.0 in corn- this?
bustion fluidized beds. Pilot-scale data on a circulating flui-
dized bed, however, show that the addition of 360 ppm Author's Reply. The temperature difference between a
NO to the combustion air failed to yield any change in N,0 coal particle and the bed is a complicated function of both
profiles through the bed (Moritomi, H., and Suzuki, Y., inert and active (coal) particle sizes, fluidizing velocity, dif-
"N20 Emissions from Circulating Fluidized Bed Combus- ference of active and inert particle densities, residence
tion," 4th China-Japan Fluid Bed Symposium, 1991). On time of the active particle in the bubble and the emulsion
the surface, these data do not appear to support the im- phases, and bed temperature. In our experiments, the inert
portance of your mechanism in practical systems. Could and active particle sizes were 212 pm and 2 mm (on av-
you comment on the role of your mechanism for N20 for- erage), respectively. Modeling results based on the work of
mation in fluidized beds, and on the broader issues of ho- Agarwal, P. K., [Twenty-Second Symposium (Interna-
mogeneous vs heterogeneous formation? tional) on Combustion, The Combustion Institute, Pitts-

burgh, 1988, pp. 279-286] show that this difference at a
Author's Reply. In a practical bed, a large number of the bed temperature of 750 'C and 2% oxygen concentration

nitrogen oxides produced by the particles are destroyed is 5 'C and 35 'C for 12% oxygen in the feed. As the inert
later by carbon and bed material. It is, therefore, difficult and active particle sizes increase (much higher than our
to draw any inferences on the formation mechanism from experiments), the temperature difference also increases
experiments such as those of Moritomi and Suzuki. The and may be as high as 100 'C-300 'C [see, e.g., Linjewile,
char nitrogen we believe must be released by the mecha- T. M., and Agarwal, P. K., Twenty-Third Symposium (In-
nism we propose although the net emissions will be gov- ternational) on Combustion, The Combustion Institute,
erned by the destruction mechanism. No simple answer Pittsburgh, 1990, pp. 917-925]. Possibly the differences
can be given on the role of volatiles in a practical bed since between the bed particle sizes and fluidization velocity in
it is complicated by the extent to which combustion occurs the experiments you report and those in our laboratory are
in the bed, bubbles, or the freeboard and the volatiles can responsible for the differences in the observed tempera-
reduce the nitrogen oxides as well as contribute to their ture difference.
formation [see, e.g., Amand, L. E., and Leckner, B.,
Twenty-Third Symposium (International) on Combustion,
The Combustion Institute, Pittsburgh, 1990, pp. 927-933].
For single particles, the role of volatiles can be established, Jiirgen Warnatz, Stuttgart University, ITV, Germany.
and they contribute less to the formation of NO and N20 Your way to determine rate parameters by inverse optimi-
than does the char [1]. zation looks very optimistic to me. What you are looking

for are global minima, but what you are finding are local
minima. Could you comment on that?

Jari Stenberg, Tampere University of Technology, Fin- Author's Reply. The minimization exercise was aimed at
land. In your paper, you estimated the temperature of a finding the best estimates of the kinetic parameters. In or-
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der to achieve this aim, the reported values in the literature tion to it? If so, what pore classes and diffusional processes
for these parameters were taken as initial guess and a point govern here?
of minima was obtained. This point was perturbed and
again used as an initial guess for the minimization exercise. Authors Reply. 1. The rate constants were calculated for
This step was iterated until the initial point converged to five global reactions representing the formation of CO and
the optimal estimates. Secondly, the span of search for op- CO2 , and formation and destruction of NO and NJ). These
timal parameters included the entire feasible domain of reactions are indeed necessary to represent the entire
kinetic parameters. On further broadening tse domain, the mechanism. A study on the sensitivity analyses done for
optimal rate parameters were found to be infeasible (either these reactions is reported in Ref. 3. Separate experiments
very high or very low activation energies). Therefore, the like the ones to calculate the rate constants for NO and
domain of search was also kept optimal fbr the search of NO destruction reactions can be done separately. More-
the parameters. To countercheck that the rate constants over, flurther experiments are required to determine the
calculated were indeed the optimal ones, the conversion rate constants of the elementary reactions of the mecha-
data were subjected to fractional factorial design studies. nism. The minimization exercise can then be performed to
In these studies, the search parameters were normalized calculate the rate constants.
over small domains to lie between - 1 and 1. The value of 2. The effective diffusivity D, was calculated to lie be-
the objective function was then calculated for each param- tween 10-5 and 10-13 mn/s. The term D, determines Bi,,,,
eter at its extreme values of - 1 and 1. A second-order which, in turn, determines the external mass transfer rates.
polynomial was then fitted through the values of the ob- Since the surface boundary condition for the model is
jective function, and its point of minima was calculated based on external mass transfer, the model predictions are
analytically. This exercise was repeated over the entire do- very sensitive to effective diffusivity. The calculated value
main of search and the parameters thus calculated were of D, corresponds to Knudsen diffusion in mesopores.

compared with the ones obtained rising the optimizer. It is
not necessary that we look for the global minima but the
best minima in the domain of search. The global minima
may lie outside the practical domain and hence may not be Stephen Niksa, SRI International, USA. How many pa-

of any significance. Further details of the optimization ex- ram eters were adjusted freely in your minimization, and

ercise may he found in Ref. 3, how many were specified from reports in the literature?
Are the assigned magnitudes consistent with expected val-
ues?

Author's Reply. The kinetic parameters were estimated

Robert Hurt, Sandia National Laboratorries, USA. 1. for global reactions of char oxidation, CO oxidation, NO
Have yor performed sensitivity analyses to see if each of destruction on char and by CO on the char surface, and

your model parameters can be accurately determined by N 20 destruction. All of these rate constants were estimated

your approach? Are additional separate experiments nec- in the minimization exercise, and none were specified from
essary to uniquely define some of the kinetic constants? literature. The values of the activation energies for differ-

2. What value for the effective diffusivity does your op- ent reactions are given in Table 2 and are compared with
timization routine yield, and is it determined wvith sufficient the values reported in literature. The comparison shows
accuracy (i.e., is the model prediction sufficiently sensitive that tre activation energies for different chars are in close

to diffusivity) to allow you to attach a physical interpreta- agreement.
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TRANSITION AND STRUCTURE OF JET DIFFUSION FLAMES
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The transition behavior froom laminar to turbulent flames of fuel jet diffusion flames, observed experi-
mentally, is described and compared witls the behavior of unignited cold jets. The transition is caused by
Kelvin--Helmholtz instability of the jet flow, and the mechanism is essentially the same as that wvlich causes
transition of cold jets. The effects of the flame on this mechanism are discussed. Next, the successful
application of a numerical experiment, combined wvith the flame surface model, to reveal the significant
roles played by the density change and the increase in transport coefficients in the flame is described. The
concept has been applied further to understand the flame structure in the transitional region froom laminar

to turbulent jet diffusion flames, s\here large-scale vortex motion (dominates the mixing process and the
laminar flamelet concept can be applied safely. Finally, nmserical modeling of interactions between flow

fields and chemical reactions in turbulent diffusion flames in the laminuar flamaelet regime is discussed. It
is shown that the concept of local scalar dissipation rate, combined scith a flame surface ninodel, is vený

useful for numerical modeling of the interactions.

Introduction coherent structures dominate the mixing process and
the concept of laminar flamelet model [1] can safely

The diffusion flame betwveen a fiel jet and a co- be applied. Finally, the discussion will be extended
flowing air stream is an important flame of fsmda- to numerical modeling of the interaction between
mental and practical interest and has been the sub- flow fields and chemical reactions in turbulent
ject of many investigations. Especially when the jet flames. Modeling is another popular aspect of comn-
velocity is increased and the flow becomes turbulent, bustion, with many researchers concerned with de-
we have a turbulent jet diffusion flame, which is fre- veloping appropriate models [4,5].
quently used in industry. Understanding the struc- In the formation of pollutants such as NO, and
ture of turbulent jet diffusion flame is a very popular soot, chemical kinetics will play a significant role, and
subject of combustion research at present, and three the description of the formation processes in turbu-
excellent reviews of these studies have appeared in lent reacting flow requires calculations based on de-
past Symposia [1-3]. One point common to these tailed kinetics, on the one hand, and includes effects
reviews is that they are all concerned xsdth the fully of fluctuating three-dimensional velocity, tempera-
developed turbulent flame, and they do not mention ture, and concentration fields on the other. The si-
the transition problem from a laminar to a turbulent multaneous calculation of both these aspects is not
flame. However, this transition is very interesting, feasible at present, so physical models are needed to
and understanding it proxides clues about fully de- separate the kinetics calculations from the flictua-
veloped flame structure. This is the reason why tran- tion calculations. In the final part of the present re-
sition characteristics, observed experimentally, are view, one possible approach in this direction xvill be
described in the first part of this reviewx described.

In the course of studies on transition, we have
found that numerical experiments are ef fective for
understanding the underlying phy'sics of' the phe- Transition in Fuel Jet Diffusion Flame;
nomenon. We believe that the accuracy of numerical Experimental Observation
calculations has reached a level where the approach
can be applied to combustion problems, and that this ransition in Cold and Flame Jets:
approach will be powerful for certain problems.
Then, in the next part of this review,x we shall de- The transition in fuel jet diffusion flames, as well
scribe how the approach has suicessfullv been ap- as in unignited cold jets, was reported, and its prac-
plied to understand transition behavior, and flame tical importance was pointed out, in twvo early pio-
structure in the transitional region from laminar to neering works [6,7]. Above a certain fuel injection
turbulent of jet diffusion flames, where large-scale velocity, there appeared along the flame a definite
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point where a sudden breakdown of laminar flow oc- /.. .
curred, and the flame became blurred downstream
of this point. The flow and flame became turbulent
downstream. On the basis of these findings, Schole-
field and Garside [7], and later Gaydon and Wolfhard
[8], suggested correctly that there might exist two
turbulence-generating mechanisms: pipe flow tur-
bulence inside the injector and the friction of fuel
and air at the boundary of free jet. In general, the
transition behavior depends crucially on the flow . .
characteristics of pipe flow in the injector and of the
coflowing air stream. In many cases, in practical
burners in industry, or even in laboratory burners,
the transition is masked by accompanying turbulent
flows and is seldom observed. In addition, to observe
the transition, the flame should be stable enough at
the injector rim to sustain the flame up to a certain FiG. 1. Instantaneous schlieren pictures of a hydrogen
fuel injection velocity. Systematic studies on the tran- laine jet and a cold jet for Re = 1074, u,, = 106 ins.
sition are very limited, and some early and recent
studies are reviewed, respectively, by Lewis and von
Elbe [9], Gavdon and IWolfihard [8], and Chigier [10]. ________________________
In a series of studies [11-14], we made careful ex-
periments in which a low turbulence level was main-
tained within the pipe flow and the coflowing air
stream, to study the transition mechanism by varying
the type of fuel and the fuel injection velocity. A long
narrow injector was used, and the transition behavior
was studied as related to the pipe flow characteristics Fie. 2. City gas jet flame with a characteristic configu-
by using instantaneous (1 ps) sehlieren pictures and ration comprised of an upstream slender laminar flame and
high-speed-motion sehlieren movies (10,000 pps). a downstream blurred turbulent flame.
Some characteristic features of the transition of jet
diffusion flames found from this work will be de-
scribed in the following.

Hydrogen and acetylene flames were very stable,
and we could sustain the flame up to very high in- .
jeetion velocities wvithout any additional stabilization
mechanisms. In the case of city gas (a mixture of H2,
CH 4, CO, and other gases), we used a heated eoflowv-
ing air flow to stabilize the flame. The flame config-
uration depended on the injection Reynolds number
Re = p,,u,,d/1p, where p,, 1,10 d, and u, are fuel den- FIG. 3. Instantaneous sehlieren picture of a hydrogen
sitv, fuel injection velocity, injector diameter, and vis- flame jet for Re = 1345, u,, = 133 m/s.
cosity coefficient of fuel, respectively. Figure 1 com-
pares the instantaneous sehlieren picture of the
ignited hydrogen flame jet with that of the unignited
cold jet for Re = 1074. The flame jet is laminar transition point in the jet very near the axis, whereas
through the xvhole flow field, whereas there exists a large-scale fluctuations are observed outside the
transition point along the cold jet, and downstream flame.
of this point, the flow becomes turbulent. As Re was When Re was increased further, the transition
increased, the transition point in the cold jet moved point in the flame jet, as well as in the cold jet, moved
upstream, and it appeared along the flame jet as well. upstream, as shown in Fig. 4. In the figure, the tran-
Then the flame took the characteristic configuration sition length XL from the injector exit to the transi-
comprised of the upstream slender laminar flame and tion point, observed in the sehlieren pictures and
the downstream blurred turbulent flame. An example made nondimensional by d, is plotted against Re for
of this configuration for the city gas flame is shown both the hydrogen flames and the cold jets. When Re
in Fig. 2. Hydrogen flames were difficult to photo- reached the critical value of 1950, where pipe flow
graph, and Fig. 3 shows a sehlieren picture of this inside the injector entered into the transition region,
configuration of hydrogen flame for Re = 1345. A intermittent flow fluctuations begin to be ejected into
sinusoidal small-scale fluctuation is observed at the the jet from the injector. Then the transition point
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SMCI
" I .FIG. 6. Instantaneous schlileren picture of a fully tur-

bnlent acetylene flame jet witll superimposed direct images
P 20 of a luninous flame for Re = 3479 and u,, = 31.3 in/s.

. makes a sharp contrast to hydrogen and city gas

10.•flames, and the difference can be explained in terms
of a large increase in kinematic viscosity in the flame

, [13]. When Re reached 1950, the flame became tur-
lb hulent suddenly, and the whole flame began to fluc-

tuate incessantly. Figure 6 shows a typical schlieren
0- picture of the fully developed turbulent flame with

1600 2000 2400 2800 superimposed direct images of luminous flame. It is
Reynolds Number, Re interesting to note that the luminous flame is tur-

bulent with rather large-scale fluctuations, in contrast
FIn. 4. Nondimeosional transition leogth of hydrogen to the original small-scale fluctuations ejected from

flames and cold jets. the injector.

Effects of Flame on Transition:

-- The above-described recent experimental studies
have confirmed the old suggestion of two distinct
transition mechanisms: hydrodynamic instability of
the fuel jet very near the axis and pipe flow turbu-
lence inside the fuel injector. The latter mechanism

FIG. 5. Instantaneous schlieren picture of a fully tur- is easy to understand, and the transition can be pre-
bulent hydrogen flame jet for Re = 3016, u, - 299 mI/s. dicted in terms of Re. On the other hand, the tran-

sition by the former mechanism is rather compli-
cated, and now we shall concentrate on this

in the flame began to shift back and forth, in accor- mlechanislm. This is essentially the same as that which
dance with the ejection of fluctuations, and the tran- causes transition in cold jets and is called Kelvin-
sition length depended on the instant when the Helmholtz instability of the jet velocity distribution.
schlieren picture was taken. As Re was increased fur- The physics of this instability is clear, yet no theory
ther, the frequency of the shift, and hence thie frac- has successfully been developed so far to predict the
tion of time when the transition point is located at transition point. The presence of the flame fmrther
the upstream position, increased. Finally, when Re complicates the phenomenon. The above-described
reached 2500, the pipe flow now entered into the experimental observations, and those by other inves-
fully developed turbulent region, the shift occurred tigators [15-18], have shown that the transition is de-
almost continuously, and the transition point was al- layed remarkably by the presence of the flame. Then
ways located at the upstream position. Then it would one problem to be solved is the question of how the
not move for a further increase of Re. The flanle be- flame delays the transition. Another experimental oi-
came fully turbulent, and the whole flame was servation is that there are two types of fluctuations
blurred except the smlall portion immediate down- in the flame jet: a small-scale sinusoidal fluctuation
stream of the injector exit. A typical schlieren picture near the jet axis and a large-scale fluctuation outside
of this state is shownl in Fig. 5. the flame. The former fluctuation is caused by Kel-

Acetylene flames did not take the characteristic vin-Ielhnholtz instability. The second problem to
configuration, comprised of the upstream laminar solve is to determine the origin of the outer fluctu-
and downstream turbulent flamnes, when Re was ation. We [12-14] and Takahashi et al. [16] suggested
smaller than the critical value of 1950. The transition that the outer fluctuation is triggered by the internal
point appeared in the cold jet, but the whole flame one and they are of the same origin. However, there
and flow remained laminar in the flame jet. This were some arguments [15,17,18] that the outer flue-
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tuation is caused by mechanisms other than Kelvin- value, z., of conserved scalar at the flame surface,
Hlelmholtz instability. given by the following equation, is 0.05504.

One suggestion was that fluctuation can be attrib-
uted to another hydrodynamic instability that devel- Z. = Y 0o(jY",o + Yo,0 ) (1)
ops in the interfacial zone bet•veen the hot combus-
tion gas and the surrounding air [18]. This makes the where Yo,, and Y10.o are mass fractions of oxygen in
argument somewhat confusing. It has long been coflowing air stream and of fuel in the fuel jet, re-
known [9] that, in any vertical jet diffusion flame with spectively. The termj is the mass of oxygen required
slow fuel injection velocity, the buoyancy induces a to burn a unit mass of fuel completely. The air and
low-frequency instability at the interface, which fuel are at room temperature, To = T, = 30'0 K.
causes flame flickering. The most familiar example is The adiabatic flame temperature is T' = 2225.9 K,
the flickering of a candle flame. Recent experimental and the resulting nondimensional flame temperature
and numerical studies have shown that this is, in fact, 0' = T1/To = 7.419. The time-dependent Navier-
the case [19-21]. The fluctuation at issue is observed Stokes equations for a variable density, with the
for jets having high injection velocity in horizontal equation for the conserved scalar, were solved nu-
flow configurations, and has nothing to do with this merically using a finite-difference method in order
buoyancy-driven instability. Are there any new insta- to study the time-dependent flame surface behavior.
bilitv mechanisms other than this instability and Kel- The temperature dependence of the transport coef-
vin-Helmholtz instabilitv? This is the second ficients was taken into account, and the results were
question, and we have to answer these trvo questions, compared with results for constant transport coeffi-

cients, to study the effect of property variation on the
flame surface behavior. The approach may appear to
be somewhat different from usual numerical calcu-

Transition in Jet Diffusion Flames; lations. We did not intend to simulate exactly or to
Numerical Experiment reproduce, we should say, the actual phenomenon.

We only tried to find out the underlying physics by

Numerical Approach: making a numerical experiment. That is, if the cal-
culation is accurate enough to reproduce the essen-

In order to answer these questions, we have to tial features of the real phenomenon, then we can
know details of velocity, temperature, and concen- make use of the calculation to understand the un-
tration fields in the very narrow region just down- derlying physics. A two-dimensional calculation was
stream of the injector rim. In addition, we want to made, in spite of the fact that actually there are no
know, if possible, the separate effects of the various two-dimensional jets, since we believe that the un-
parameters on these fields. An experimental ap- derlying physics should remain the same for planar
proach would be very difficult, and the fields are too and -aisymmetric jet flames. We adopted some un-
complicated for a theoretical analysis such as linear realistic assumptions concerning the transport coef-
stabilitv theory [22]. This suggests a numerical ap- ficients in order to clarify their individual effects.
proach. It has been stressed in our experimental Once we admit this concept of numerical experi-
studies that the structure of the laminar portion of ment, we will find several advantages over actual ex-
the flame is suitably described in terms of a flame periments, since we can very easily control the re-
surface model of infinite reaction rate. In addition, spective parameters involved.
in the transition problem, the direct effect of chem- Some examples of the calculated results will be
ical reactions on the flow instability is not important. described in the following. Figure 7 compares the
It is the resulting variations of density and transport instantaneous temperature distribution with the
properties that are expected to play a decisive role in time-averaged distribution for Re = 2000. Each
the flow-stabilizing effect. This can well be studied color represents the value of the non-dimensional
in terms of the flame surface model, provided the temperature explained in the scales below each fig-
temperature dependence of the density and trans- ore. The flame takes a familiar configuration com-
port coefficients is fully taken into account [12-14]. prised of a upstream laminar and downstream tur-
We can stud)' the transition problem by adopting this bulent flame. In the laminar portion, the cold fuel jet
model without being involved in the complicated in blue is on the axis and is surrounded by the hot
chemical reaction mechanisms. In addition, the burned gas produced by the flame surface. It should
Le\is number may be assumed unity to make full be noted that the temperature gradient is steep in
use of Shvab-Zeldovich formulation of the conserved the outvard direction, but is quite gradual in the in-
scalar, z [23]. ward direction, which produces thick high-tempera-

In our numerical study [24], the transition from a ture strips. The instantaneous distribution shows that
laminar to a turbulent flame within a plane tho-di- a small-scale sinusoidal fluctuation of the fuel jet ap-
mensional fuel jet is studied in terms of a flame sur- pears at the coldest temperature (blue color) on the
face model. The fuel selected was methane, and the axis, and develops into a large-scale eddy motion
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to increase on the axis. Figure 8 shows the calculated

FIG. 7. Comparison of (a) instantaneous and (B time- dependence of the nondimensional transition length
averaged temperature distributions for Be = 2000. on Reynolds number, Re. For the purpose of com-

parison, results for the two cases when v, was taken
to be 0.02 and 0.1 are shown. Although the curve is

downstream. The outer large-scale fluctuation, on shifted with the critical values, the qualitative behav-
the other hand, starts downstream of the incipient ior correlates quite well with the experimental ob-
point of the inner fluctuation and merges with it to servations shown in Fig. 4. The transition in the jet
produce large-scale eddy motion along the flame sur- is delayed by the presence of the flame. The above-
face downstream. In the time-averaged distribution, described results of the calculations correlate with
the points of incipient instability for the inner and the experimentally observed flame behavior, and now
outer fluctuations are more apparent, since the dis- we believe that the numerical calculation is accurate
tributions start to diverge at these points. In the enough to reproduce the transition phenomenon.
downstream turbulent region, the averaged flame Therefore, we can make use of the calculation to
temperature becomes lower than the adiabatic flame carry out numerical experiments to answer the two
temperature because of mixing wvith the cold air. It questions mentioned before.
is interesting to note that the time-averaged flame
surface shrinks and then diverges again at the outer Origin of Large-Scalc Fluctuations:
transition point because of the sudden increase in
radial transport of heats and mass. This behavior cor- The first question is, what is the origin of the large-
responds well to experimental observations using di- scale fluctuation outside the flame. To answer this
rect photography [11,12]. question, another PDF was introduced to represent

The numerical calculation described above made the number of times the flame surface is situated at
it possible to define the transition length, and to coin- a particular position. Figure 9(a) is an illustration of
pare this length for the flame jet and the cold jet. the color representation of this PDF, which shows
The calculation revealed that the quantity most sen- that, at nondimensional axial distance x = 22, the
sitive to fluctuations is the transverse velocity, and PDF begins to widen to represent incipient flame
then we introduced a probability density function fluctuations. On the other hand, Fig. 9(b) shows the
(PDF), which represents the number o(f times that root-mean-square (rms) of the transverse velocity.
the nondimensional transverse velocity v exceeds a The upstream end of the blue color region represents
certain critical value v, along the axial distance for the transition point of the inner fluctuation, and this
constant transverse distance [24]. The transition region begins to widen downstream, suggesting that
point was defined as the point where the PDF starts the inner fluctuation is transferred outward. Figure



1066 INVITED LECTURE

9(c) is the superposition of (a) and (b), and shows
clearly how the flame surface begins to fluctuate
when the inner velocity fluctuation reaches the flame
surface at x = 22. This suggests that the outer flame
fluctuation is eventually induced by an instability
originating on the axis as a result of Kelvin-Helm-
holtz instability. That is, the small-scale fluctuation
near tile jet axis and the large-scale fluctuation out-
side the flame are of the same origin.

Effect~s of Variable Density (a)

and Transport Coefficients:

The second question is, how does flame delay the
transition? In order to study the effects of variable
density and transport coefficients, calculations were
done for the following six cases, and comparison was
made of the flow stability: (A) fuel to fuel jet, no den-
sitY and temperature distributions, constant transport
properties; (B) frozen jet, density distribution due to
mixing, constant transport properties; (C) normal
flame jet, densitv, and temperature distributions, in-
crease in viscosity and diffusion coefficients; (D) hy-
pothetical flame jet, density, and temperature dis-
tributions. constant viscosity coefficient; (E)
hypothetical flame jet, density, and temperature dis- (b)
tributions, constant diffusion coefficient; and (F) hy-
pothetical flame jet, density, and temperature distri-

butions, constant viscosity and diffusion coefficients.
The results showed that the flow is stable in the order
of C, D, A, B, E, and F. That is, the normal flame jet
is most stable. Figure 10 shows the transverse distri-
butions of mass fraction of species i, nondimensional
density, temperature, diffusion coefficient, viscosity,
kinematic viscosity, axial and transverse velocities at
the upstream laminar portion (x = 10.7) of the nor-
meal flame jet. The flame surface is located at the po-
sition where )> = '() = 0, and 0 becomes maxi-
mnium. There are four characteristic features to be
noted; as follows. (1) At the flame surface, the tem-
perature gradient is steep in the outward direction (c)

and gradual in the inward direction. (2) The transport FIn. 9. Relation between (a) flame surface PDF and (b)
coefficients become very large at the flame surfhce. root-mean-square transverse velocity for Re = 2000. (c)
(3) Thick viscous layers are produced just inside the shows superposition of (a) and (b).
flame surface. (4) The flame surface is located out-
side the axial velocity distribution.

The thick viscous layer of (3) is the result of (1) is not very significant as long as the highly viscous
and (2), and the shift of flame surface outside the layer remains thin. (iii) The increase in diffusion co-
shear layer is the result of increases in the diffusion efficient has a most important stabilizing effect
coefficient. In this way, we notice that the increase through the shift of flame outside the shear layer and
in transport coefficients has profound effects on the production of a thick viscous layer. The last two
transverse distributions. The comparison of the stabilizing mechanisms will be especially important
transverse distributions and the degree of flow sta- in most hydrocarbon flames in whichj is large and
bilitv of six cases has brought about the following z0 is very small. LargeJ will decrease the inner tem-
three conclusions. (i) jet flows of lower density is more perature gradient at the flame surface and thus con-

unstable, and hence, the large density decrease in the tribute to produce a thick viscous layer, while small
flame tends to make the jet unstable if there are no Z' will locate the flame surface at the outer edge of
additional stabilization mechanisms. (ii) The increase the shear layer so that it is more readily affected by
in viscosity has a considerable stabilizing effect, but such influences.
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ability of the viscous layer becomres more powerful
1 P as the layer moves into the shear layer.

S y -- In the past, there has been someconfusion about0 .0 Y the explanation of flaine-stabilizing effects. This can
2 .0 -, be attributed to the complex combination of the

L _-above-described stabilizing and unstabilizing effects.
SlThe numerical experiment has shown very clearly the

0.0 .o respective contributions of these effects, and the im-
portance of the increases in viscosity and diffusion

1.0 coefficients. Although the finding is based on results
20 .0 for a specific case, the implications seem quite plau-

. -sible and universally important.
20.0

Flame Structure in Transitional Region

10-

Gasdynamie Aspects of Heat Release:

-0.1 The modeling of turbulent reacting flow is a very
1.0 - popular subject, and most models are concerned with

how to describe the effects of finite-rate chemistry
10.0 _5 0 5.0 10.0 [4,5]. However, it seems that some important aspects

Y of gasdynamics associated with heat release in tur-

FIG. 10. Transverse distributions of mass fractions Y, bulent flows have not been properly understood as

nondimensional density p, temperature 0, diffiision coef yet. The above-described approach using numerical

ficient D, viscosity coefficient /t, kinematic viscosity i, experiment in terms of a flame surface model can

transverse velocity v, and axial velocity n for Re 212000 at easily be extended to study these aspects of the tran-

a nondimensional axial distance of'x = 10.7. sitional region of jet diffusion flames, without being
involved with the complicated interactions between
reactions and turbulence. In addition, we can study

Effects of Fuel Properties: the behavior of large-scale coherent structures in
twro-dimensional flow calculations, since they remain

Further numerical experiments were conducted to two-dimensional in the transitional region. Tile
study the effects of fuel properties on transition small-scale three-dimensional turbulence may mod-
[25,26]. When fuel is changed in usual experiments, ifv their evolution process, but will not alter their
properties such as density, transport coefficients, ad- essential characteristics [30]. In general, the heat re-
iabatic flame temperature 0*, andJ change simulta- lease wvill affect the flow field through a reduction in
neously, and it is difficult to distinguish the respective the density, and an increase in the transport coeffi-
effects of these properties. In the numerical experi- dients, du(n to the temperature increase. In the fol-
ment, on the other hand, the parametric study can lowing, some results of the numerical experiments
easily be done to study the separate effects of each [25-29] on the effects of heat release Mill be
of these properties. This study has revealed that an described.
increase in 0' contributes to suppression of the in-
stability through an increase of the viscosity. One in- Effects of Decreased Density:
teresting finding was the effect ofz° given by Eq. (I).
This quantity depends not only on fuel properties lut It has been found that the density reduction has
also on the dilution of fuel and air, and is very im- no remarkable effect on the axial velocity distribution
portant since the value determines the location of the in the laminar portion of the flame jet [24,29]. The
flame surface relative to the axial velocity distribu- flame jet is a free jet, in which the pressure remains
tion. In a case where pure methane is injected into almost constant through the whole flow field. OnIl
a coflowing air stream, z' is as small as 0.05504, and the transverse velocity toward the jet axis is acceler-
in this case, the flame surface is situated outside the ated because of the entrainment of coflowing air into
shear layer of jet velocity distribution, as seen in Fig. the jet. The smaller density is favorable for increasing
10. What happens if the flame surface is located in- the entrainment [29]. In the downistream transitional
side the shear layer? As z' is increased for a constant region of the flame, on the other hand, the reduced
flame temperature 0', the flow was found to become density tends to suppress the lateral expansion of the
more stable. This occurs because the highly viscous induced fluctuating flame surface. This is because the
layer is located just at the very position where the momentumn of transverse velocity fluctuation be-
axial velocity is changing. That is, the suppressing comes relatively small as compared with the momen-
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turn of the coflowing air stream, which makes it dif-
ficult for the fluctuation to expand laterally [28]. That
is. the blurred turbulent flame width becomes
smaller than might have been expected from the lat-
eral expansion of the cold jet.

Effects of Increased Viscosity:

The time-dependent flame surface behavior in the
transitional region is closely related to the transverse
velocity fluctuations [24]. It has been found that, at
any instant, most of the velocity fluctuations are con-
fined inside the instantaneous flame surface, al- FIG. 11. Instantaneous distribution of conserved scalar
though some small fluctuations survive outside the fur Re = 2(X)0 wxith a white line superimposed upon the
flame surface [28]. In other words, the velocity flue- flame surface.
tuations disappear quickly as they approach the flame
surface and enter the highly viscous layer. Since the
flame surface is always located at the outer edge of
the distribution of the conserved scalar, z, this sug-
gests that its lateral movement is mostly determined
by the transverse velocity fluctuation. That is, the

for fuel transport to the flame surface, and the flame
surface is alwavs located at the outer edge of the
velocity fluctuation. Another effect of the increased
viscosity in the viscous layer, just inside the flame
surface, is to suppress the development of the am-
plitude of flame surface fluctuations. That is, the am-
plitude of fluctuations would diverge quickly if there
were no such highly viscous layers, and it is much ... .4

smaller than might have been expected from the be-
havior of the corresponding cosld jet [28].

B reek-off of Flaiow Surface:

Another interesting finding was the behavior ofthe
flame at the dhownstream end, or the flame tip. In the
present numerical experiment, the computational
domain is restricted to the upstream portion of the / -392.0
turbulent flame. This is the reason why we use the
expression "transitional region," and we do not men-
tion the fully developed turbulent flame structure - --

farther downstream. When pure fuel is injected, the
flame length becomes much longer than the down-
stream end of the computational domain, and we : :
cannot study the flame tip behavior. However, if the . .. .. . ......
injected funel is diluted by an inert gas, Z h becomes -.... . . .. . .

larger and the flame tip shifts upstream. When meth- / =3936

ane is diluted by a hypothetical inert gas of the same .
molecular weight up to YFto = 0.1, z* becomes as
large as 0.36809. The adiabatic flame temperature 0*
is decreased to 5.292. Figure II shows the instanta-
neous distribution of the conserved scalar z for Re =
2000. The instantaneous flame surface is superim-

posed and is shown by white lines. As is seen in the

figure, the flame surface is pinched off at the tip to .3 .5.2
produce several flame islands. The details of the pro-
cess leading to this pinched-off behavior are shown FIG. 12. Instantaneous lotal velocity vector and flame
in Fig. 12, in which the instantaneous local velocity surface z' wqth 0.5z* and 2.0z' contours.
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vector, relative to the outer uniform air flow, and the sophisticated supercomputers [3,32]. In addition, if
flame surface z0 , with 0.5z* and 2.0z' contours, are we want to include the detailed kinetics, the corn-
shown with a nondimensional time interval of 1.6. putational work becomes so enormous that imple-
The dimensional time t° is made nondimensional by menting the calculation is out of the question. This
diun. This is the same phenomenon as the one ob- is the reason why we need to develop a physical
served before for the oscillating flame [27]. Since we model to make the numerical calculation actually
have assumed an infinite reaction rate, the breakoff possible. There are many models proposed at pre-
of the flame surface at t = 393.6 has nothing to do sent, and excellent reviews of these models are given
with finite-rate chemistry. This is caused as a result by Williams [4]. In the following, we shall describe
of fuel shortage in the vicinity of the flame surface the model developed in our studies.
at the instant when a large amount of air is entrained
by large-scale vortex motions. In the vicinity of the Effects of Chemical Reactions on the Flow Field:
flame tip, the concentration gradient of fuel is very
small, and hence, the supply of fuel to the flame sur- The key to success of the model is how to separate
face by molecular diffusion is very slow. If the air the kinetics calculation from the flow calculation. In
entrainment is rapid enough, the convective air flow the following, we shall concentrate on the turbulent
is faster than the molecular diffusion, which pro- diffusion flame in the laminar flamelet regime [33-
duces a point along the flame surface where no fuels 35]. We shall consider how to describe the interac-
are present momentarily, leading to the breakoff of tion between the flow field and chemical reactions in
the flame surface. this regime. In the beginning, we have to consider

Although the above-described flame tip behavior how to describe the effects of chemical reactions on
is observed for the rather special case of large fuel the flow field. The respective elementary reactions
dilution, there is a fair chance that similar breakoff themselves are not important for the local flow field,
should occur even at the flame tip of the undiluted and what is important is the resultant heat release
normal flame. The fuel concentration gradient be- and the density change produced through it. That is,
comes very small in the same way, and the flame the reactions will affect local flow field only through
surface is very likely to be affected by large-scale con- the density change. In the laminar flamelet regime,
vective air motions. Of course, whether or not the most chemical reactions are concentrated in a rather
fully developed turbulent flame structure in the narrow high-temperature region, and the heat is re-
downstream region is in the laminar flamelet regime leased only in this narrow region. In general, the
would be controversial. We believe, however, that width of this zone is smaller than the representative
the above explanation seems very plausible and uni- scale of flow fluctuations, and therefore, the density
versally applicable. Even -when the structure is not change produced can be predicted well in terms of
in the laminar flamelet regime, this process will ac- the flame surface model with simplified one-step ki-
tually happen, and some of the local interruptions netics. Then the time-dependent flow field can be
and extinctions of OH and CH distributions observed predicted by solving the Navier-Stokes equation with
experimentally [31] may be explained by this mech- variable density, simultaneously with the equation of
anism, and are not caused by finite-rate chemistry. conserved scalar, in the same way as described above.

Interaction between Flow Fields and Chemical Effects of Local Flow Field on Chemical Reactions:

Reactions in the Laminar Flamelet Regime The next problem is bow to describe the effects of
the local flow field on chemical reactions in the thin

Introduction of Physical Model: reaction zone. The asymptotic analysis predicts that,
in the species conservation equation, the contribu-

The computational work needed for the numerical tion of the convective term is not important in this
experiment described above is not so large and can thin zone, and the chemical reaction must be bal-
be handled very easily by any common large com- anced by the molecular diffusion [23]. Figure 13
puter. The approach seems very successful for un- shows the contribution of the respective terms in the
derstanding the gasdynamic aspects of fuel jet dif- thin reaction zone, compared to contributions in the
fusion flames in the transitional region, as well as in outer diffusion layer. The available reaction time for
the laminar region. However, it should be remem- the reaction in the zone is determined by the char-
bered that any turbulence models are not included acteristic diffusion time in this zone. In the outer
in the approach, and that it is based on the extremely diffusion layer, on the other hand, there are no chem-
simplified assumption of infinite reaction rate. If we ical reactions, and the molecular diffusion is balanced
want to describe the flame behavior in which three- by convection. Hence, the local flow field affects the
dimensional turbulence plays a significant role, then concentration distribution. Since the concentration
the calculation required for direct numerical simu- must be continuous at the boundary, the distribution
lation becomes too large to be handled even by most in the outer layer will mostly determine the charac-
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teristic molecular diffsssion time in the thin reaction • 2.0
zone. In this wax, the local flow field affects the re- 6
actions in the thin reaction zone through the char- - 0

acteristic diffusion time. The latter, in turn, may be W 1.5
evaluated in terms of the local scalar dissipation rate 00

[23] at the thin reaction zone. o1.0 o

Prerdiction of NO Emiss'ion Index of Turbulent 0
Difftision Elane: 0.5 o 0

On the basis of these considerations, we have de-
veloped a numerical method to predict the emission 0.0
index of NO for turbulent diffusion flames [33-35]. 0.0 2.0 4.0 6.0 8.0 10.0
The procedure for the actual calculation is as follows. Dq(dZ/dX)q2 (I/s)
First, we calculate the emission index of a counter-
flow laminar diffusion flame as a function of velocity FIG. 15. Dependence of NO emission index on scalar
gradient by using detailed kinetics of large mecha- dissipation rate, at an apparent flame surface position in a

nisin [:36]. It should be remembered that, within the methane/air counterflow diffusion flame.
thin reaction zone, the chemical reaction is balanced
by only the molecular diffusion, and hence, the re-
lation between the representative reaction time and flame surface position. These values change with the
molecular diffusion time is independent of flow field. velocity gradient, as shown in Fig. 14. It can be seen
Therefore, we can calculate the relation in any flow that zq remains ahlost constant at a value nearly
field, and we may do it in the counterflow flame, for equal to za = 0.05504 calculated for simple one-step
which we can adopt a similarity solution to simplify kinetics. On the other hand, the scalar dissipation
the calculation. In the calculation, we can study the rate increases almost linearly with the velocity gra-
heat release rate distribution in the reaction zone. dient. This suggests that the characteristic diffusion
Usually, the distribution gives a sharp peak at a cer- time is almost proportional to the representative flow
tain position, which we can define as the apparent time. Figure 15 shows how the emission index de-
flame surface position. On the other hand, we can creases with the scalar dissipation rate.
introduce the conserved scalar in terms of nitrogen The second step of the calculation is to make the
concentration and then obtain the scalar dissipation jet flame calculation in terms of the flame surface
rate. Then we can evaluate the values of this scalar model, in the same way as described in the transition
Z- and the scalar dissipation rate at the apparent problem. Then we can calculate the scalar dissipation
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at the flame surface provides a powerfol means to
understand, and hence to predict, flame behavior.
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structure was also observed in our reacting shear laver low, and the whole flame remoained laminar, was the down-
computation even with constant temperature-iodependent stream portion of the flame caused to curse upward slightly
diffosivities, and therefore we suspect that the destabili- as a result of buovanoc.
zation of the flame is due to the vorticitsm and not the tern- 2. I aml not sore if the stabilization mechanisms sug-
perature-dependent diffusivities. gested in the present paper alssays play dominant roles in

3. \Vlhat was the initial perturbation imposed o00 the jet? any conditions. Another mechanism mayu come to play
some roles in other conditions,

Awthor's Reply. 1. The experiment was done in the hor- 3. No artificial disturbances were introduced, and if tlse
izontal flow configuration with coflowing air stream of 5.0 floss was onstable, the fluctuations were generated spon-
m/s. Only when the filel injection velocitys was extremely tancousls.
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Laser diagnostics and flow simulation techniques are now providing information that, if available 50
years ago, would have allowed Damk6hler to show how turbulence generates flame area. In the absence
of this information, many turbulent flame speed models have been created, most based on Kolmogorov
concepts that ignore the turbulence vortical structure. Over the last 20 years, the vorticity structure in
mixing layers and jets has been shown to determine the entrainment and mixing behavior, and these effects
need to be duplicated by combustion models. Turbulence simulations reveal the intense vorticity structure
as filaments and simulations of passive flamelet propagation show how this vorticity creates flame area and

defines the shape of the expected chemical reaction surface. Understanding how volume expansion inter-
acts with flow structure should improve experimental methods for determining turbulent flame speed.
Since the last decade has given us such powerful new tools to create and see turbulent combustion mi-

croscopic behavior, it seems that a solution of turbulent combustion within the next decade would not be
surprising in the hindsight of 2004.

Introduction ture? Since the simulation of turbulence and com-
bustion combined is too much for computers of to-

Forman Williams, in the last Hottel lecture, de- day, we look for ways to separate these two problems
scribed the role of theory in combustion science. He and focus the computer power on just one aspect.
excluded modeling and simulation based on com- From personal experience, my viewpoint is that vor-
putation, and this is the theme of our review. One ticity and its structure are vital to entrainment and
area of combustion modeling that has grown since molecular mixing and, therefore, vital to combustion
Williams's lecture [1] and the book with Lifidn [2] is models. In jets and mixing layers, these moving struc-
the linear eddy work by Kerstein and coworkers. This tures produce a smooth time-average Eulerian ye-
model uses random stirring with a deterministic locity field which does not resemble the Lagrangian
structure in scalar diffusion and reaction, but details flow pattern around the structure. The important
of this work will be left to their symposium papers. point is that flame motion occurs in the Lagrangian
Computer capability has also grown, and there are frame, and the historical difficulty is that experimen-
simulation papers within these proceedings that tal information was acquired in the Eulerian frame.
should be consulted: Grinstein and Kailasanath have Grasping how these views differ is now easier with
simulated reaction in a jet that starts with a square simulation techniques and with global information
cross section, and the vorticity dynamics are related given by laser sheet techniques. When viewed in its
to the entrainment and the resulting reaction; Kaplan reference frame, the local swirling motion around a
and coworkers have included radiation in a reacting vortex is a simple flow pattern; the experimental dif-
jet and investigate the stabilization mechanism of a ficulty is finding that reference frame.
lifted jet; and Patnaik and Kailasanath simulate de- A complete review of combustion modeling is not
tailed chemistry in microgravity. Also, the current possible within the given space limitations, and so, in
Hottel lecture by Frank Marble on Gasdynamic En- this review, we give a brief description offlowvorticity
hancement of Nonpremixed Combustion provides an- structure and a more detailed presentation of com-
other reason for ignoring non-premixed combustion puted turbulence structure. We then discuss flamelet
in this review. Pmodels that are used to decouple chemistry from

Therefore, which new aspects of combustion sci- turbulence. The propagation offlamelets through this
ence should concern modeling premixed combus- structure has provided concepts for modeling turbu-
tion? My favorite is the structure of turbulence. Nu- lent, spherically expanding flames and steady planar
merical simulations of turbulence have revealed an flames. A recent example of detailed chemistry with
intense vorticity structure that is tubelike at a low simulated two-dimensional turbulence shows what
Mach number and sheetlike at larger flow speeds [3]. will become common with the larger and faster com-
How will a premixed flame move through this struc- puters of tomorrow.
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Flow Vorticity Structure sional effects combined with this spreading create no
backflow in the minor axis plane. Understanding and

It has been 20 years since the Brown and Roshko then controlling these three-dimensional structures
publication on the vortical structure of a mixing layer offers a way to control mixing and, hence, combus-
[4]. In these layers, the Kelvin-Helmholtz instability tion. Jets with axial forcing controlling the lifted
creates spanwise vortical rollers, and these structures flame behavior are in Ref. 11, and additional azi-
pair together and form larger structures; this process muthal perturbations are in the study by Lasheras et
continues as long as the outer flow conditions main- al. [12]. Details of a swirling jet flow are given next
tain a velocity difference across the layer. Between [13].
these rollers, there appears counter-rotating vortex Swirling flows are often used to promote mixing
pairs orientated in the streamwise direction. Pairs of with controlled residence times, yet the analysis of
opposite rotation will form, if the spanwise vorticity the instantaneous flow structure has not developed
is pulled into the flow direction, acquiring a horse- to the point that even mean spreading angle of the
shoe shape. A straight vortex tube has a symmetric flow can be predicted. While some success has been
rotation about its axis and, therefore, no net flux in achieved with a second-order closure of the Reyn-
any plane containing the axis. However, a counter- olds-averaged Navier-Stokes equations, there is con-
rotating pair, similar to a vortex loop, will create a cern regarding the use of the Reynolds' decomposi-
net flux of momentum and scalar normal to the plane tion in this swirling flow, especially when dispersion
of the loop. The loop shape may not remain in the of spray droplets and the resulting unsteady evapo-
initial plane because the self-induced velocity de- ration must be included for combustion applications.
pends on the curvature magnitude, and this will form In this swirl flow, there is a center body, which
curved vortex sections in planes normal to the initial houses the spray mechanism, and so, the axial flow is
plane. The topology may also change via a reconnec- an annular jet with reverse flow along the centerline
tion process [5]; a common sight are the loops near the exit plane. All components of the mean ve-
formed in the contrails behind a high-altitude jet- locity indicate an axisymmetric pattern, with large
these loops often form a regular structure with down- fluctuation values compared to the mean values.
ward motion. However, instantaneous images of the swirling jet

The current understanding [6] of the mixing be- fluid do not resemble an axisymmetric pattern but
havior in these flows is that the second vortex pairing indicate a Kelvin-Helmholtz roll-up on the outer
creates a mixing transition (the streamwise vortical edge, which is not symmetric with respect to the cen-
structure has formed), and at this flow location, there terline. These outer structures form an eddy of very
is a scalar distribution, which does not change shape large scale, and this eddy moves downstream along
with location across the layer; the third vortex pairing a path with increasing radius. Images taken normal
creates a broad-marching distribution, that is, the to the axial flow give the impression of a helical struc-
peak scalar value changes with location. The large- ture, a left-handed helix with a pitch corresponding
scale structures affect the overall mixing process, and to the jet diameter; the flow swirl is right-handed, see
the number of pairings, rather than the Reynolds Fig. 1. Thus, the instantaneous flow pattern does not
number by itself, characterizes the mixing behavior, resemble the time-average mean flow, and so, the
From direct numerical simulations of a mixing layer, motion of drops as calculated from the Reynolds-
Lopez and Bulbeck [7] have examined the vorticity decomposition may not resemble the actual drop
structure in the streamwise direction and find that motion. In particular, measurements indicate regions
the Burgers' vortex is a valid solution where the axial where the average radial velocity is outward, as are
strain is extensional, but where it is compressional, drops above a certain size (-20 /m), but smaller
the vorticity spirals opposite its own swirl direction, drops are moving inward at this location. The for-
This vortex breakdown mechanism may set the mation of these structures creates a fluctuation ve-
length scale of the vortex. locity that is larger than the mean velocity, and so, in

The streamwise vorticity structure in ajet has been this spatial region, the mean velocity no longer has
determined by Liepmann and Gharib [8]; using the much meaning.
DPIV technique, they find that these structures dras-
tically alter the entrainment process and become
more dominant than the ring mode of vorticity; sim- Vorticity Structure in Turbulence
ulations are given in Ref. 9. Jets with a non-round
orifice have been used to enhance entrainment via The equations of motion were developed by New-
the deformation of the vortex structures; Hertzberg ton in 1686 and those for a viscous fluid by Navier in
and Ho [10] have examined a rectangularjet in which 1822 and Stokes in 1845. Just 100 years ago this
the downstream wall confinement is a constant dis- spring, Reynolds suggested a decomposition into a
tance from the orifice perimeter. Freely expanding mean velocity and the temporal fluctuation about
non-round jets exhibit a larger spreading in the minor that mean to describe turbulence. Taylor, in 1935,
axis plane; in this confined flow, the three-dimen- developed a statistical approach. In 1941, Kolmogo-
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Meanflow / mation via interactions between eigenfunctions that
,in,,-z plane ,are not orthogonal to one another. The review by

N Trefethen et al. [15] describes the effect of a stream-

-, Positive helical wise vortex in a shear flow, in which the fluid motion
in bulk amplifies in an inviscid manner before the effect of

H>1- • // viscosity occurs. "Such behavior is physically straight-
forward, appearing complicated only when inter-

path of / rn /t I preted in the basis of eigenmodes."
ortex sheet

-- _ Status of the Largest Turbulence Simulations:

Using a parallel computer (CM-2 at Los Alamos
"National Laboratory), simulations of forced and de-
caying turbulence have been performed with a grid

Negative helical mesh of 5123; the largest Reynolds number is Re;,
vorticity in vortex sheet 200, see Chen et al. [16] and She et al. [17]. The

focus of these large simulations is understanding the
Fine. 1. Sketch of swirling vortex structure the vortieity intermittent turbulence structure. Kolmogorov

lines are wound in a left-hand helix, which creates a right- added a third hypothesis in 1962 to account for flue-
hand flow rotation. This unsteady Lagraugian structure tuations in the energy dissipation, but until recently,
convects spray droplets to different locations depending this intermittency effect eluded theory and experi-
upon droplet size and instantaneous location of the vortic- mentation. Their 5123 results are (1) energy spectra
ity, and this dispersion pattern does not correlate very well scaled by kp and E (k0 ) collapse and agree with ex-
with the time-average axisymmetric flow pattern. perimental results at much higher Reynolds number;

(2) variation ofk,, which is the peak wave number in
the dissipation spectrum, is consistent with the 1941

rov assumed that the velocity difference between two Kohnogorov theory in that k. has a linear relation to
points separated by the distance r would depend on kf>, the Kolmogorov wave number (ki = Ely

3); and
that distance, viscosity, and energy dissipation in the (3) velocity increment results indicate intermittency
turbulent flow. When the distance grew large, the growth with decrease in distance. Given results 1 and
effect of viscosity would disappear, leaving only the 2 in contrast to 3, why is the Kolmogorov theory so
energy dissipation to characterize a turbulent flow. good for the energy spectrum but not for the higher
This implies (though not contained within the 1941 powers of the velocity increments? She suggests [17]
paper) the - 5/3 power law wave number depend- that structures that dominate intermittency do not
ence of the energy spectrum, have a large contribution to the mean transfer of en-

The experimental techniques and, thereby, the ergy. However, the swirling flow about these struc-
conceptual view promoted the Fourier description of tures creates flame area and curvature, and for this
the flow, and hence, the energy spectrum was the reason, we concentrate on their features in this re-
focus. The physical flow pattern was dismissed as too view.
complicated: it was turbulent. Also, the phase angle
of the Fourier modes was too much to deal with. Models of Turbulence Structure:
Only with the decade of the 1980s were computers
and computer graphics advanced enough so that sim- Experimental measurement of higher powers of
ulated turbulence and the flow pattern could be eas- the velocity difference do not agree with the 1941
ily examined. The critical importance of phase angle theory, which gives a spatial scaling with exponent of
is shown by She et al. [14] in which the computed p/ 3 for the power p of the velocity difference, or in-
flow vorticity is imaged along with "vorticity" from crement. She [18] has used the filament shape of the
the same Fourier modes but with random phase an- intense vorticity, revealed by direct numerical sim-
gles. The two flows have exactly the same spectrum ulations of turbulence, in order to develop a universal
but do not look alike in physical space. For combus- scaling of the velocity increments without adjustable
tion models, which need entrainment and molecular parameters. There are two assumptions: (1) succes-
mixing, the physical flow pattern is of vital concern, sive moments of the energy dissipation averaged over
and not just any phase angle with a given energy a volume of size I have a universal relation to the
spectrum will do. infinite moment of the dissipation and (2) the struc-

The structure of vorticity and its role in stability tures that give the most intermittent events are fila-
has recently been recognized as being more essential ments of vorticity. The filamentary nature sets a co-
than previously assumed. A significant concept dimension in the model and the resulting exponents
change is the use of three-dimensional, nonmodal of the velocity increment to the power p are =p =
fluid motion which leads to finite amplitude defor- p/9 + 2[1 - (2/3)P1

3
]. The correction to the energy
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spectrum with this scaling model is small, Axial Strain Rate
-k-(5/,

3)-0 0 3, but the departure from higher expo- / ",
nents of the Kohnogorov theory is large, and this new
scaling gives values of ý,,, which are within experi-
mental uncertainty; for example, the tenth power
model result is 2.593, the experimental value is 2.60,
and the Kohlnogorov is 3.33.

Computed Vortical Structure: Swirl Velocity

Jim6nez et al. [19] have performed direct numer- -" """
ical simulations with four grid sizes, 643-5121, with - Vorticity
35 < Re,. < 170, where the Reynolds number is
based on the Taylor scale A. These simulations are at
constant dissipation; the forcing used a negative vis-
cosity in the lowest wave numbers so that Kq - 2, FIc. 2. In a Burgers' vortex, the axial strain rate main-
where K is the largest resolved wave number. The tains a Gaussian vorticity distribution; from the simulations,
dissipation is determined from the energy spectrum, the l/e radius is 4q, and the circulation is 22v Re,, which
and this, in turn, defines the Kolmogorov length as e gives a maximum swirling velocity of W'. Passive propaga-
= v3/114, and the Taylor microscale is defined by e = tion normal to the vortex axis is shown in Fig. 3.
15 v,-'2 /2.2 The energy dissipation, reduced by inte-
gral scales, is A/u', - 6.5/-,,Re, for Re; < 100. Fig-
ure 2b of Ref. 19 indicates nonisotropic behavior for might be important in the dissipation of mechanical
the small scales, which may be caused by the deter- energy. Replacing the time variable in Oseen's vortex
ministic forcing scheme (the negative viscosity im- with an axial strain, Burgers shows the balance be-
poses a V2 pattern). Large scales creating determin- tween strain rate s, and kinematic viscosity v creates
istic small-scale structure have been examined by a Gaussian radial distribution of vorticity which cre-
Yeung and Brasseur [20]. ates a swirling velocity around the vortex axis of

From distributions of vortex size and circulation,
they [19] find intense vorticity with an apparent F [1 - exp(-sr2/4v)] (2)
Gaussian radial distribution. The l/e radius is ap- U0  2 [7r
proximately 4q1, and the estimated circulation is F -
22,/W'2v. They suggest that a square-root behavior where r is the radial distance. A constant axial strain
develops from shear layers that have a velocity dif- rate of u'/A would be consistent with the I/e radius
ference of u' and a layer thickness that has been of 4q1. When the axial strain ceases, then the vortical
squeezed down to the Kolmogorov length. This gives core expands but expands slowly as 4vt, and while
u' -•P1/, and so, u'r/1v - Flv, and with the relation it is expanding, any radial location outside the decay-
2/rl - 2 ruqo/v, they obtain ing core still responds to the circulation F contained

within that radial location. Therefore, while the vor-

i r U tex is decaying, the swirling flow outside the decay

u'r _ - ' (1) region does not yet realize that the axial strain rate
v v ýhas disappeared.

The maximum swirling velocity U, produced by
and thus, pieces of these thin shear layers that roll the Burgers vortex is close to the l/e radial location,
up into vortex tubes will have the square-root cir- and with u')1/v = ,ju'/4v, we obtain
culation behavior. They comment that these tubes
appear on the edges of regions which are nearly uni-
form in their velocity values-this feature would im- U, _ 0.63 F/v 0.63[2(F/v)/,u '2/v] 1 (3)
ply that collisions between fluid volumes creates u' 87rqu'/v 87r
shear layers that sometimes roll up into vortex tubes.
This mechanism may require an oblique impact an- when F = 22u,.v is used. Thus, the maximum
gle between the two fluid volumes, according to swirling velocity is the root mean square velocity.
Ruetsch and Maxey [21]. The collision process may This observation may explain why much of the ex-
create an extensional strain rate in the direction of perimental turbulent flame speed data has ST/SL
the vorticity, and it is this axial strain rate that can u'/SL, because this swirling motion around the vortex
maintain the Burgers' vortex as a steady, viscous so- tube axis creates flame area, see Figs. 2 and 3. (This
lution. As a footnote in a 1939 meeting paper [22], intense vortex tubestructure and its effect on flame
Burgers presented this solution in response to Tay- shape and propagation is theessential concept of this
lor's 1938 paper which stated that vortex stretching review.)
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Fic. 3. Passive propagation in the swirling flow shown in Fig. 2, u, = (7/4)(n'/r)[1 - exp(-r 2)], where the radial

distance is in units of 4q. The time interval between images is 21/S. The filled circles are points which are moved in the

direction normal to the local flame surface, and the change in their spacing indicates the flame stretch (excessive positive

stretch also shows the segments used to define the motion). (a) u' = 0.5 S,; the sixth image shows a compression region,
but with uo < SL, there is no cusp at this time. (b) u' = 0.8 SL; the sixth image does show a cusp formation. From passive
turbulence simulations, approximately 30% of the flame surface has compressive strain. Generation of flame area may
exhibit a different functional behavior when cusp formation is possible, and so, extrapolation of S, vs u' from u' > SL
towards u' of zero may require different functions. These images neglect the radial strain rate; to include it would require
specification of Re, (in order to define 2 compared to qi).

Flow around a vortex may also describe a behavior strain rate normal to vortex axis and the outward cen-
found in direct simulations of particles within a tur- trifugal force. A certain range of Stokes number
bulent flow. Yeung and Pope [23] computed trajec- would allow the particle to ride around the vortex at
tories of Lagrangian particles, and they found that the maximum swirling location. Smaller values would
the time correlation of an acceleration component spiral inward, and larger values would be affected by
goes through zero in 2.2 Kolmogorov time units, in- neighboring structures. Fully interacting simulations,
dependent of the Reynolds number. If the particle but with decaying turbulence, have been performed
is going around the vortex axis, at the maximum swirl- in Ref. 25, and within a two-dimensional periodic
ing radius, then the acceleration would correspond vortex field, the dynamics of buoyant and heavy par-
to the centrifugal force, and this acceleration in Car- ticles has been simulated [26].
tesian coordinates would appear as sinusoidal in
time-the period from maximum to zero would be Summary of Structure
one-quarter of a rotation around the vortex axis. The
time for one rotation is t. = 27rR/Uo, where R is the The numerical simulations of turbulence allow ex-
location of maximum swirling velocity, -41q. Scaling amination of microscopic flow patterns which affect
one-fourth of this time with the Kolmogorov time r, turbulent combustion. These simulations are large
gives tu/4r, = mRers/2UQ, where we assume that enough to show agreement with experimental re-
ze,0 - 1. The shear ers and the angular velocity U8 /R sults, and so, models of the vortical structure should
have the same dependence upon F/IR2 and, thus, be developed in order that their effect upon turbu-
have the same Reynolds number dependence. lent combustion can be modeled. Turbulent com-
Therefore, this acceleration time period has no bustion models based on the energy-cascade concept
Reynolds number dependence. of Kolmogorov have been reviewed by Bray and Cant

Another particle behavior that might be related to [27]; in the following, we give new concepts about
vortex structure is the condensation of Stokes parti- propagation through this vortical structure and the
cles within computed turbulence [24]. Capture of a resulting turbulent flame speed models that can be
particle might result from the balance of inward created.



1080 TURBULENT FLAMES

Flamelet Models tion velocity and w is the reaction term. For pre-
mixed combustion, this results in a flame zone that

To investigate flame stability, Markstein wrote a should be thin in physical space, while for nonpre-
flame evolution equation in 1964, but without a non- mixed reaction, the chemistry should occur within a
linear tool, he was restricted to a stability analysis narrow range of mixture fraction.
[28]. Osher and Sethian developed a technique [29] Neither flamelet equation has a chemical source
to follow a front as one level surface in a continuous term. Since Z is a conserved scalar with respect to
field, and thereby, topology changes are easily chemical reaction, it is clear why there is no source
treated. Passive front propagation through a flow term for Z. But this is less clear for the G equation,
structure can be done if volume expansion is ignored, where the gradient of G times the burning velocity
but these constant-density flames appear so artificial appears. This scalar has been created in order to
that one hesitates to use them; however, we find they track a front; the scalar gradient defines the flame
reveal concepts of turbulent propagation. Therefore, normal as n = - VG/IVGI and is used in the kine-
the flamelet assumption has been exploited in order matic balance describing Huygens' propagation. This
to decouple the complexity of chemistry from that of scalar gradient has a smooth variation through the
turbulence. Markstein's notation was f for a flame thin reaction zone, and so, in this sense, the right side
with volume expansion; while a passive formulation of the G equation is not a chemical source term, but
[30] has acquired the letter G; we distinguish be- it is a kinematic source term for Huygens' propaga-
tween these flamelet models by using fwhen volume tion. Note that this propagation is not a diffusive one,
expansion is considered and G when it is not. The and therefore, there is no diffusive term in the G
special initial condition formulated by Kerstein is G equation.
= x for the evolution equation We now describe G-equation simulations with

computed three-dimensional Navier-Stokes turbu-
aG lence; the turbulent kinetic energy has been main-
-a + u VG = SLIVG I (4) tained at a constant value so that steady propagation

can be observed within a periodic domain.

xvhere the right side describes Huygens' propagation. Geometry of the C Surface:
This nonlinear term makes the initial condition very
special: It provides a connection between flame area The curvature of computed G surfaces has been
and the gradient of G. The scalar gradient corre- taken in two-dimensional slices that mimic laser-pro-
sponds to the flame surface density, that is, flame duced flame images. Comparison throughout a tur-
area per unit volume. This formulation allows a nu- bulent flame zone [32] shows that one length scale
merical simulation that follows Damkthler's idea: normalizes experimental results into agreement with
Creation of flame area by turbulent motion causes computed curvature distributions. The mean positive
the larger consumption rate. Now, with the passage curvature does not change with location, but the
of 50 years, the computer tool can easily determine mean negative curvature increases with distance
passive flame area within a turbulence simulation, from the leading edge of the zone.
and the motion can be forced so that a statistically A full surface definition is given by the normal vec-
steady propagation is obtained. tor n and two eigenvectors of curvature h, and h2,

where 1h,1 s 1h21. The ratio of these two eigenvalues
The G Equation and the Z Equation: hj/h 2, the shape factor introduced by Pope [27], in-

dicates the most likely shape is that of a cylinder. This
Flamelets within non-premixed combustion have cylindrical feature is caused by the swirling velocity

a long history, and now with the scalar G equation, around the intense vorticity; Fig. 3 shows how this
Peters [31] has unified the procedure to obtain a one- swirling motion distorts the flame and creates an
dimensional temperature equation for a premixed alignment between h, and the vorticity vector [33].
and nonpremixed reaction, the latter using the mix- Previous results have shown that vorticity aligns with
ture fraction Z and the former using the G equation. the intermediate strain direction f# (where the eigen-
The temperature equation for a premixed flamelet is values are a -Ž /p Ž y), and Fig. 4 shows that the
obtained by a transformation from physical space to alignment probability of the flame cylinder axis is
G space. Using a coordinate normal to the flame sur- very similar to the alignment of intermediate strain
face, x,, = G/1VGC , and the propagation equation, with vorticity. The extensional strain rate in the plane
the one-dimensional temperature equation is of the flame is usually smaller than the rms estimate

of ý7.5/X ; the former is closer to u'/2.52 .
ST ST ±( ST

"P pD +T) + (5) G-Fluctuations and the Mean Progress Variable:

The initial condition G = x allows fluctuations of
where the burning velocity SL replaces the convec- G to describe the flame spatial displacement, and this
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Strain Rate a> Ip> Y diffusivity. A first approximation [34] for the spatial
gradient of the mean progress variable is

Flame ii,A,4• with H>I S1x)

o a=(x)[1 - 5(x)] (8)S - Vorticity 6)b A

"and in the full numerical solution, the variation in
a - the a coefficient is only noticeable near -- 0. There-

fore, with a constant coefficient, the spatial distri-
bution is 3(x) = [1 + exp(-ax)]W', and by differ-

- (0 entiation of Eq. (6), the approximate distribution for
0 ,- scalar fluctuations is
-D

cum~~~ P(' exp(aG')
.. ....................................................................... ......... P (G ') = x ~ G )(9 )

.cum [I + exp(aG')]
------------- --- *"

............................... and this approximation agrees with the simulation
0.2 0.4 0.6 0.8 results. These P (G') distributions have a larger prob-

Cosine of Alignment ability near the origin than the Gaussian distribution.
nwith the c These G simulations, which are based on Huygens'FIn. 4. Flame surface alignmnent wihtecompressive propagation into the unburnt gas, give ensemble re-

strain rate is given by n- y; the cumulative probability of

this distribution shows that more than half of the flame sults which are well described by the reaction-dif-

surface is within 370 of the y direction. The intermediate fusion balance in the KPP model. Yet, the micro-

strain rate P and the smallest curvature eigenvalue h, align scopic flame dynamics are not diffusive. Therefore,
with the vorticity direction, which is consistent with the even though the ensemble behavior is given by a dif-

yfor a cylindrical flame shape. fusive model, diffusion-based models of microscopiclarge probability fdynamics may give the wrong combustion dynamics.

Hence, in a Large Eddy Simulation, how large must
information can be related to the mean progress var- the space and time domain be for a diffusive subgrid
iable, and so, contact with flamelet models based on model vs a nondiffusive one?
a progress variable can be made [27]. In the G sim-
ulation, the initial mean gradient is maintained with Partially Premixed Flamelets:
a jump periodic boundary condition in the x direc-
tion, the mean propagation direction. The average of Early injection of fuel into the diesel engine may
G over a constant x plane is (G (x,)), and the scalar create regions of partially premixed fuel and air, and
fluctuations on that plane, G' = G (x,,, y, z) - after ignition, there will be flame propagation
(G (x,)). These scalar functions correspond to the through the regions which are connected and within
flame displacement from its mean location G' = the flammability limits, The remaining charge may
-xd, where xd1 is the displacement of the surface, be considered as a nonpremixed reaction. The burn-
From simulations [32], the probability distribution of ing velocity exhibits a large variation within the flam-
scalar fluctuations determine the mean progress var- inability limits, and this variation may affect the pre-
iable as mixed flame shape. Near stoichiometric conditions,

the flame normal should be normal to the mixture
c W P(G') dG' (6) fraction gradient, but near lean and rich pockets, the
c(L) - , gradient of G aligns with the gradient of Z. Propa-

gation along a stoichiometric contour may be sensi-
where the total integral of the probability density tive to heat loss when the flame dimension normal to
P(G') is unity. The value of 5(x) can also be computed the contour approaches the flame thickness: A gap-
by measuring the displacement of selected G sur- quenching mechanism might occur. Ignoring some
faces; the direct result agrees with the G' result. The of these complications at this time, Peters [31] has
mean progress variable is also given by a traveling formulated a passive partially premixed flame prop-
wave solution to a nonlinear reaction diffusion mech- agation based on the G equation and the Z equation.
anism, the KPP equation: From the known behavior of SL(Z), the Huygens'

propagation is simulated in a Z field, which has a
ac a2a constant variance in addition to a constant turbulent
- = wi (I -5ý) + D - (7)at axa2 kinetic energy. Pockets of Z that are too rich or too

lean in comparison to Z,, retard the local propagation
where w is the reaction rate and D is the turbulent of a G surface. Some dynamics of these pockets will
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depend on volume expansion effects, which are not the engulfment time period is LIST. The computed
included in this passive formulation. The burnout of and experimental flow-flame pattern exhibits a di-
a rich pocket should be important in soot production. minishing row of unburnt pockets behind the leading

front when u' >> SL, but the flame advancement
appears to depend upon how the flame reaches the

C-Equation Applications: next eddy; thus, variations in the shape of the com-
Collins [35] has used two-dimensional spectral puted eddy do yield large variations in ST.

simulations to obtain the correlations given in the
analysis by Peters [36] for the spatial correlation of
scalar fluctuations. By choice, the simulation forcing Turbulent Flame Speed
style suppresses coherent flow structures, and the lo-
cation of the forcing wave number creates an energy Is there a generic "Turbulent Flame Speed" or is
spectrum with either a - 5/3 or a - 3 power law. In it the net result of many interacting effects? Consider
the x, y domain, the mean scalar gradient is enforced the possible effects in the reaction-sheet regime: the
by using G = x + g, where g is the scalar fluctuation, laminar burning velocity SL, the volume expansion
and it is periodic in all directions. The propagation Tb/T., the turbulence structure u', A, the change in
equation is SL due to strain rate and curvature, the Lewis num-

ber, the flame shape and size, and the flow confine-
ment. To emphasize these many effects, we call ST

dg ,/= g )2 2 the turbulent flame speed rather than a burning ve-
at + W+ + u'Vg =SL +) locity. Variations in the unburnt gas flow structure,\Qy/ which have usually not been measured, may explain

part of the historical confusion regarding turbulent
(10) flame speed data. Another part is knowing the actual

mass flux that is entering the flame zone. For exam-
where w', the velocity fluctuation in the mean prop- ple, the double-kernel method has been used in a
agation direction, = u' i (this is Eq. (5) in Ref. 30). fan-stirred chamber with the assumption [39] that as
The mean scalar gradient makes the scalar fluctua- the two flames meet, they will approach each other
tions anisotropic via the w'w' term in the equation at twice the ST value. However, if the flow induced
for (w'g). This makes (w'g) negative in value, and it by volume expansion is considered, then as Shepherd
is the principal source term for the scalar spatial cor- illustrates [40], the mass flux away from the line join-
relation (g(x)g(x + r)). The current simulations by ing the two flames is not entering the flames, and so,
Collins yield a scalar spectrum with a power-law be- this method yields an overestimate of ST- Variations
havior, and the power depends upon the shape of the in flame shape and size as the two flames meet could
energy spectrum. Peters uses a different approach; produce large variations in the ignored mass flux, and
he considers a field in which flamelets travel from all this may partly explain the large scatter in the ST
directions into a certain spatial domain, and so, the values given by this technique. The concept of a tur-
mean gradients cancel, and the scalar fluctuations are bulent flame speed has generated many model ap-
those of an isotropic field. The scalar spectrum ob- proaches and many functional forms-most have
tained by Peters has a - 5/3 power law modified by been based on the Kolmogorov cascade concept and
exponential factors, one of which contains the Gibson not on particular flow patterns creating flame area.
length scale. Wirth and Peters [37] have obtained the Within the engine community, the current practice
scalar spectrum from two-dimensional flame images is a two-zone model of flame propagation; the burnt
within an engine by a complex Fourier transform of zone is separated from the unburnt zone by a spher-
the image geometry in terms of the arc length along ical surface and a simple cutoff is used where the
the flame. These experimental results are then used sphere extends beyond the piston-cylinder walls.
to determine the Gibson length by a fitting process Thus, volume expansion is not allowed to interact
using the analytical expression, with the walls and deform the flame surface (the tulip

Zhu and Ronney [38] have performed what they flame deformation has been numerically examined
call a Huygens-DNS simulation (specified flame ye- by Gonzalez et al. [41]). These methods require a
locity within a computed flow) of a Taylor-Couette turbulent flame speed model, and we now describe
flow with a single scale of counter-rotating eddies. some of the current models.
This flow with liquid flames can produce propagation
with u' a thousand times SL, and the resulting ob- Engine Combustion Models:
served behavior is ST ln(ST/SL) - u'. This relation-
ship indicates a flame perimeter that grows in pro- The February SAE meeting papers and the work
portion to its length over the time period in which presented at the KIVA Users meeting reveal the cur-
the advancing flame engulfs the vortex; that is dL/L rent models used in engine combustion analysis.
- dt/r, where r - L/u' is the eddy rotation time and Commerical codes are available, and with 104-105
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elements, very realistic engine flow geometry can be ?R2
computed. Computation times range from hours to CS = TSL R12 (11)
tens of hours. The turbulence model is usually k -
a, and the Magnussen model of elk for the reaction for R -> RH; there is no velocity effect within the
rate is a popular choice. The next level of flame de- s
scription is the Coherent Flame Model, which uses sphere, and the surface velocity does not depend

a balance equation [42] with assumed flame area upon size. However, if the flame is wrinkled and not

growth and destruction terms. Another approach is confined to the sphere surface, then the volume
the Fractal Flame Model, which uses the experimen- pansion effect at the largest flame radii will be dif-ferent than at smaller radii. To estimate this effect,
tal fractal dimension of flame contours to produce assume a spherical shell with a constant flame den-
the total flame area [43]. Bielert et al. [44] have con- s this conesponds to a uniform distribution of vol-
structed a two-dimensional flame model in which the sity,; [xpansiond ito a unif of fistebthioness.ohe
leading edge of the flame front is tracked, and con- assumed flame surface density is
sumption of eddies behind this front, over a finite
time period, gives a turbulent flame zone with finite
thickness. Concentrating on only the early flame
growth and using measurements of flame radii from (IVG 1) - (12)
3 to 11 mm, Boulouchos et al. [45] have constructed 2m2 S

a spectral model that allows the range of flow scales
that create flame area to grow with the flame size. based on passive G-equation simulations. When u'
They also use a two-step model: laminar growth with >> SL, the heat release should limit the flame area,
a step change to turbulent propagation. Both these but this effect is neglected. The inner radius R, and
models can describe the rather sparse data set of outer radius R. define the flame zone, and this dis-
flame radii. They have also considered the Gibson tributed volume production will create a flow veloc-
scale idea-that scale being the minimum scale that ity of
wrinkles the flame-but they find it gives unrealistic
behavior over the conditions of the data set. , R& 2 dR,

Within the engine community, there has been a Va = rSL S I - (13)
debate on the existence of a steady turbulent flame S, f7T R' 2irX

speed. To answer this question, Checkel has con-
structed a 5-in. cube [46], within which turbulence for R R , Integration gives
is created by pushing a perforated plate through the
chamber before ignition. The flame radius can then cSLRo
be observed as a function of time. The results of Ting V.= £- a [1 - (l/RH)1 (14)
et al. [47] reveal continual flame speed growth for 62 SLt(
flame radii up to 55 mm, and so, for dimensions typ-
ical of a car engine, the turbulent burning rate does for the flow velocity at the largest flame radius RH.
not seem to have a constant value. A model of this When the inner radius is a small fraction of the outer
engine-type propagation has been developed [48], radius (a thick flame zone), then the velocity of the
and even though the current model may not be cor- outer flame ball will depend upon the flame size.
rect in all aspects, the concepts do illustrate how fla- However, if the flame zone is thin (A -- RH), then
melet simulations, combined with turbulence simu- the bracketed term will vanish, and the velocity will
lations and experimental information, can lead to a be independent of flame size, as in the laminar case.
propagation mechanism that is based on realistic flow (Thus, the turbulent flame speed growth with size is
patterns rather than assumed flow concepts. aconsequence of volume expansion distributed

throughout theflame ball.) The turbulent flame
speed estimate is

Flame Speed and Flame Size:

The experimental results yield a turbulent flame -S _l1--C R (15)
speed which increases with the size of the flame ball, SC 64 LS

whereas a spherical laminar flame ball has a constant
speed of SL + tSt, where the first term is the burm- where CR is the bracketed term value. Now, we re-
ing velocity advancement into the gas ahead of the place the Taylor scale with the integral scale A and
flame, the second term is the velocity created by vol- find a linear dependence upon the ratio u'/SL. By
ume production, and the heat release parameter r is using A/A = ý A/i5v and replacing the kinematic
the temperature ratio minus unity. The velocity field viscosity with the thermal diffusivity, v = 0.7 a, and
created by volume expansion confined to a spherical by using an estimated flame thickness, 6f = 7.4 a/SL,
surface, with radius R,, is we obtain
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ST 0.045C1 r1 U' and by making small changes in some of their A es-
S- 1- (16) timates, the above relation describes all their data

A~f L, points. A different estimate, also based on passive

G-equation simulations, is given by Wirth and Petersand so, the linearity in u'/SL is the product of two [37] as

square root terms. The data indicate that Ca is near

unity, which implies that Ri is about half the flame
radius, if the 27z2 factor is correct. A flame zone that ST = (SL + 0.8 SrL' + 1.5u')

grows, L - R,/2 also implies a constant burnout ( LM u-'(
time, as used in Ref. 44. A1 -

1 .4  -SL) (19)
In a numerical study of flame-ball development,

Kwon et al. [49] assumed that the velocity field cre- the square r
ated by volume expansion confined to a single spher- where oot term is the C-equation result
ical surface could be combined with velocity fluctu- and the term with u' is the assumed large intensity
ations in order to simulate the flame dynamics. This limit, but modified by the last factor, which includes

single sphere with a thin flame-zone assumption re- the flame thickness compared to the flow length

stricted their results to a turbulent flame speed that scale.

does not grow with flame size, except through the
creation of extra flame area by the fluctuation veloc- ST VS u'-The Bending:
ities.

How many phases does the flame-ball growth We now discuss the "bending" feature of ST vs u'.
have? After spark ignition, the early flame surface The linearity of ST with respect to u' may depend on
may encounter flow structures that are large in com- how the length scales change as u' is increased in an
parison to the burnt volume at that instant, and so, experimental configuration. The passive G-equation
the flame-flow interaction in that case may not re- simulations imply that variation Of ST with u' depends
semble the spherical velocity distribution used upon SL and Re,, where the Reynolds number de-
above. After the flame ball has developed to a size pendence is related to flame propagation through a
where there are many flow structures interacting nonspace-filling vortical structure [52]. Thus, the
with the flame at once, then the uniformly distrib- bending effect could be a structural effect of the tur-
uted volume source solution may be reasonable. bulence. This vortical structure concept differs from
Changes from the spherical shape are observed, in- that of Bradley [39], who considers bending to be a
dicating that the spherical shape may not be a stable strain-rate reduction of SL, and so, flame stretch is
one. Indeed, an ellipsoid will create a larger flow ve- the key parameter that causes bending. The Karlovitz
locity in the major axis direction, but while making stretch factor is
the flame motion faster, this expanison effect will in-
crease the unburnt gas divergence, and this may re- K = 0.157 (u' (20)
store the spherical shape. As mentioned above, the 0 Re,
heat release parameter could also determine an up-
per limit for the flame-surface density. but using this stretch relation to define ReA in Eq.

(18), we find agreement [48] with the summary plot
Steady, Planar Flame Speed: of ST given in Figure 4 of [39] for u' < 6 SL. Thus,

flame stretch may not be the only cause of bending.
Given a spherically expanding flame, can we ex- Models which incorporate the statistical behavior of

tract a value for steady propagation in other config- flame stretch found in simulation results are given by
urations? Normalizing the flame radius with ]221, the Kostiuk and Bray [53].
geometric mean of the two length scales, which can Another possible contribution to bending is the re-
distort the flame surface, we have from Eq. (15) duction in flame folding when volume expansion is

included; that is, the flame surface will interact with
ST K u' A itself through the Biot-Savart interaction, and this
SL ,XA 5 L 2• (17) interaction will inhibit the folding seen in a passiveflame simulation. Additionally, the flame shape may

and the last term, by itself, collapses experimental induce a mass flux away from the flame, and thereby,
data of steady, planar turbulent flame speeds [50]. reduce the burning rate.
Changing the length scale ratio into Re,, this same To resolve the relative importance of vortical
relation fits the data of Liu and Lenze [51]: structure vs strain rate vs volume expansion, we need

simulations with heat release and over a range of
TRe2  Reynolds numer, say for example 30 < Re. < 150

S- - 1 = 1.75 (18) with values of u' up to 10 times the burning velocity.
SL 1 The questions to be explored are as follows: (1) As
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Re, is increased, does the vortical structure have gaps trends as seen in the experiments, and therefore,
that cause bending, or are there many little tubes that more study of this flow should provide the quenching
fill in the gaps and yield a more linear behavior in ST concepts for this vortex-flame interaction.
vs u'? (2) Given this vortical structure, for various A direct numerical simulation of two-dimensional,
mixture fractions and Lewis numbers, how large is decaying turbulence interacting with a H2/O2/N2
the effect of flame stretch upon the total flame area? system has been performed by Baum et al. [57]. They
(3) How does total flame area change with increasing have selected the 9-species, 19-reaction scheme de-
heat release? vised by Miller, Mitchell, Smooke, and Kee, and so,

this should be considered a "full" kinetics flow sim-
ulation by comparison to previous efforts. While very

Vortex-Flame Interaction costly in computer resources, this type of work pro-
vides a standard against which reduced-kinetic mod-

Creating a known vortex structure and letting it els may be judged. For example, the peak H atom is
interact with a flame has recently been performed by near the flame, i.e., the peak heat release, but there
several groups. Santavicca et al. [54] used a V-shaped is a long diffuse region in the products. The peak OH
flame interacting with a Kfrlngm vortex street. is well behind the flame and does not remain as a
Ground state OH is imaged in a plane of laser light, connected contour, and so, images of this species
Samaniego [55] puffed a vortex pair from a slot into would not be a valid experimental indicator of the
a V-shaped flame and observed a quenching, reig- heat-release connectivity.
nition process. Roberts et al. [56] created vortex rings These simulations with volume expansion require
which meet a propagating flame and determined the inflow/outflow boundary conditions, and as discussed
vortex strength/size combinations that wrinkle the by Poinsot [58], the compressible formulation with
flame and those that locally quench the flame. Their its explicit tracking of acoustic wave motion allows
definition of quenching is any local flame section that an easier boundary treatment. The acoustic time-step
exhibits a peak OH intensity, which is less than 0.01 restriction does make this formulation more costly if
of the undisturbed flame intensity. Their configura- a near-zero Mach number system is considered, but
tion is a vertical tube with premixed methane air in acoustic effects are needed if combustion stability
which a nearly flat flame propagates upward, while questions are to be included. Currently, simulations
the vortex ring moves down; the resulting interaction in two-dimensions, which include detailed chemistry
may quench the flame or create unburnt pockets, or and heat release, are at the limit of computer capa-
not even wrinkle the flame. The observed minimum bility and, therefore, are done for that reason [58].
vortex size that wrinkles the flame is UA/SL = 2.56/ However, as discussed by Collins [35], details of the
dc, where the flame thickness 3 is estimated as being forcing scheme may encourage the formation of vor-
7 .4 a/SL, with a the thermal diffusivity, and the esti- tical flow structures, and it would be good to exploit
mated core size d, is 0.2D, where D is the orifice the two-dimensional system so that it mimics some
diameter that creates the ring. To quench a thin features of the three-dimensional vortex structure.
flame, the effect of flame stretch upon quenching is For example, as a function of Reynolds number, the
thought to be a function of the Karlovitz relation, vortex circulation and core diameter and the spacing
which for this vortex-ring case is (U0 /d,)(6/SL). How- between the vortices could be made to match the
ever, as the vortex size is changed, their single vortex- three-dimensional structure.
ring quenching data do not exhibit a constant value
of this Karlovitz parameter until the core size be-
comes large, dc > 106, and then, the value is 2.2. The Turbulent Future
They conclude that small vortices are not as effective
in quenching the flame as the Karlovitz concept When will the turbulence problem be solved?
would predict. Since the flow is a nonlinear problem, then progress

However, a P6clet number is constant along their before the computer, the tool for developing nonlin-
quenching boundary. We see that the vortex-ring pa- ear solutions, was limited. Additionally, before the
rameters that cause quenching are UO/SL - laser-slice technique, the experimental information
9.26/dr, and this expression is also a P6clet number was also obscured by line of sight information and
by replacing the flame thickness with 7.4 a/SL. Thus, pointwise, random-looking signals. Growth in the
the quenching P6clet number is UQd/a = 68. The computer tool has occurred during my career: 30
ratio of (Uo/d,) to (dy/a) could reflect a flow time- years ago, I used an IBM 1620 with card input and
scale relative to a heat transfer timescale. In sum- card output; 20 years ago, I used 1000 CDC 6600
mary, in their single vortex-ring flame interaction, a hours to generate molecular dynamics simulations
P6clet number below 20 causes no flame distortion, that reproduced the shear viscosity of liquid argon;
and a P6clet number above 70 creates a local quench- 10 years ago, other people were using 50 h on a
ing. Noteworthy is that a two-dimensional, single re- CRAY-1 to simulate turbulence with a million grid
action step flame simulation has the same quenching points; today, the CM-2 produces flow fields with 64



1086 TURBULENT FLAMES

Giga-bytes of information, and 10 years from now, REFERENCES
turbulence will be solved! The explosive growth in
the nonlinear tool, combined with its widespread use 1. Williams, F. A., Twenty-Fourth Symposium (Interna-
and experimental flow images, means that sooner or tional) on Combustion, The Combustion Institute,
later someone will create a model with the right per- Pittsburgh, 1992, p. 1.

spective and, thereby, capture the essence of turbu- 2. Lififn, A., and Williams, F. A., Fundamental Aspects

lent combustion, of Combustion, Oxford University Press, Oxford, 1993.

For premixed flame propagation, where do we 3. Chen, J. H., Turbulent Shear Flows, Springer-Verlag,

stand? Will we understand the dynamics of the re- New York, 1992, Vol. 8, p. 297; Chen, J. H., et al.,

action-sheet regime? For passive propagation, I think Proc. Summer Program 1990, Center for Turbulence

the understanding has started with the use of the G Research, NASA-Ames/Stanford University, 1990

equation: The constant energy turbulence simula- (compare Figure 10 with 14).
4. Roshko, A., "Instability and Turbulence in Shear

tions allow a statistically steady flame motion to de- Fos .' InT til and Applencs 1992,
velop, and the probing of that flow allows models to Fos"I hoeia n ple ehnc 92
vebulop, and, hence, pro ing ofgthatflow all odel t- (S. R. Bodner, et al., Eds.), Elsevier Science Publishers
be built, and, hence, understanding gained. Cur- B.VAsedm193

renty, e fnd tat tw-dimnsinalflam-votex B. V., Amsterdam, 1993.
rently, we find that a two-dimensional flame-vortex 5. Boratav, 0. N., Pelz, R. B., and Zabusky, N. J., Phys.
interaction is a good configuration for exploring the Fluids A 4:581 (1992).
effects of turbulence upon detailed flame structure. 6. Karasso, P. S., and Mungal, M. G., "LIF Measure-
Going beyond these passive simulations requires the ments of Mixing in Turbulent Shear Layers." Sixth In-
inclusion of heat release, and this calls for an adaptive ternational Symposium on Applications of Laser Tech-
grid in order to resolve the desired thin flame zone niques to Fluid Mechanics, Lisbon, Portugal, July,
with large density change. The questions to be an- 1992; Karasso, P. S., "Experiments on Scalar Mixing
swered are as follows: Does the baroclinie production and Reaction in Plane and Curved Turbulent Shear
of vorticity change the flame surface geometry in a Layers," Thesis, Stanford University, Stanford, CA,
significant way from the passive flame? Does angular 1994.
momentum within the vortex tube respond to the 7. Lopez, J. M., and Bulbeck, C. J., Phys. Fluids A 5:1694
density change across the flame in ways that change (1993); erratumn 3013.
propagation? Does the volume expansion affect the 8. Liepmann, D., and Gharib, M., J. Fluid Mech. 245:643
unburnt vortical structure? Does the pollutant for- (1992).
onation depend upon flame shape? 9. Abid, M., and Brachet, M. E., Phys. Fluids A 5:2582

(1993).
10. Hertzberg, J. R., and Ho, C. M., AAIA J. 30:2420

Acknowledgments (1992).
11. Chao, Y.-C., and Jeng, M.-S., Twenty-Fourth Sympo-

sium (International) on Combustion, The Combustion
This work was supported by the United States Depart- Institute, Pittsburgh, 1992, p. 333.

ment of Energy through the Office of Basic Energy Sci- 12. Lasheras, J. C., Lifiln, A., Lecuona, A., and Rodriguez,
ences, Division of Chemical Sciences. Their support of fun- P., Twenty-Fourth Symposium (International) on
damental work without imposing specific short-range goals Combustion, The Combustion Institute, Pittsburgh,
has allowed a very open approach, and by looking back, 1992, p. 325.
one can see many interconnections that were not visible 13. Edwards, C. F., Fuel 72:1151 (1993).
when thinking ahead. 14. She, Z.-S., Jackson, E., and Orszag, S. A., Nature

I met Norbert Peters at the 1979 Shear Flow confer- 344:226 (1990).
ence, and although I was 48 hours ahead at birth, he clearly 15. Trefethen, L. N., Trefethen, A. E., Reddy, S. C., and
has led me into the combustion world. During a 1980 CRF Driscoll, T. A., Science 261:578 (1993).

research visit, Bob Bilger suggested that the premixed 16. Chen, S., Doolen, G. D., Kraichnan, R. H., and She,

problem was in great need in comparison to non-premixed. Z.-S., Phys. Fluids A 5:458 (1993).

Interactions with Forman Williams started in 1980 and 17. She, Z.-S., Chen, S., Doolen, G., Kraichnan, R. H., and

have always been enjoyable and encouraging, as have the Orszag, S. A., Phys. Rev. Lett. 70:3251 (1993).
18. She, Zhen-Su, and Leveque, Emmanuel, Phys. Bee.

many trips to Cal Tech since the 1983 invitation by Paul Lett. 72:336 (1994).
Dimotakis. Alan Kerstein joined the group in 1981, and the 19. Jim6nez, J., Wray, A. A., Saffman, P. C., and Rogallo,
many wild-idea, bad-pun sessions produced some of the R. S., J. Fluid Mech. 255:65 (1993); Jim6nez, J., and
work given above. By sharing their computer results, Parviz Wray, A. A., Meccanica Sept. (1994).
Moin and Mike Rogers got us into the DNS world. By 20. Yeung, P. K., and Brasseur, J. G., Phys. Fluids A 3:884
creating the Center for Turbulence Research, Moin and (1991).
Reynolds will continue to aid the whole combustion com- 21. Ruetsch, G. R., and Maxey, M. R., Phys. Fluids A
munitv. 4:2747 (1992).



MODELING TURBULENT FLAME PROPAGATION 1087

22. Burgers, J. M., Verhandel. Kon. Nederl. Akad. W7eten- herd, I. G., and Kostiuk, L. W., Combust. Flame
schappen Amsterdam, Afdeel. Naturkunde 1940, Vol. 96:371 (1994).
43, pp. 2-12; Burgers, J. M., Advances in Applied Me- 41. Gonzalez, M., Borghi, R., and Saouab, A., Combust.
chanics Academic Press, New York, 1948, Vol. 1, Flame 88:201 (1992).
p. 171. 42. Duclos, J. M., Veynante, D., and Poinsot, T., Combust.

23. Yeung, P. K., and Pope, S. B.,J. Fluid Mech. 207:531 Flame 95:101 (1993).
(1989). 43. Chin, Y.-W., Matthews, R. D., Nichols, S. P., and

24. Squires, K. J., and Eaton, J. K., Phys. Flnids A 2:1191 Kiehne, T. M., Combnst. Sci. Technol. 86:1 (1992).
(1990). 44. Bielert, U., Klug, M., and Adomeit, G., SAE 940211,

25. Elghobashi, S., and Truesdell, G. C., Phys. Fluids A 1994.
5:1790 (1993). 45. Boulouchos, K., Steiner, T., and Dimopoulos, P., SAE

26. Tin, K.-K., Lifimo, A., Lasheras, J. C., Gafidn, A. M., J. 940476.
Fluid Mech. 254:671 (1993). 46. Checkel, M. D., and Thomas, A., Combust. Flame

27. Bray, K. N. C., and Cant, R. S., Proc. B. Soc. London 96:351 (1994).
A 434:217 (1991). 47. Ting, S.-K., Checkel, M. D., Haley, R., and Smay, P. R.,

28. Markstein, G. H., Nonsteady Flame Propagation, SAE 940687. Flame radii up to 84 mm are in Palm-
Pergamon Press, Oxford, 1964, p. 8. Leis, A., and Strehlow, R. A., Combust. Flame 13:111

29. Osher, S., and Sethian, J. A., J. Compos. Phys. 79:12 (1969).
(1988). 48. Ashurst, Win. T., Checkel, M. D., and Ting, D. S.-K.,

30. Kerstein, A. R., Ashurst, W. T., and Williams, F. A., "The Eddy Structure Model of Turbulent Flamelet
Phys. Rev. A 37:2728 (1988). Propagation, the Expanding Spherical and Steady Pla-

31. Peters, N., "Premixed, Non-Premixed and Partially nar Cases." Combust. Sci. Technol., 99:51 (1994).
Promised Turbulent Combustion with Fast Chemis- 49. Kwon, S., Wu, M.-S., Driscoll, J. F., and Faeth, G. M.,
try," Proceedings of Joint Meeting of the British and Combust. Flame 88:221 (1992).
German Sections of The Combustion Insititute, Cam- 50. Gtilder, 0. L., Twenty-Third Symposium (Interna-
bridge, March, 1993. tional) on Combustion, The Combustion Institute,

32. Ashurst, Wm. T., and Shepherd, I. G., Combust. Sci. Pittshurgh, 1991, p. 743.
Technol., to be submitted (1994). 51. Liu, Y., and Lenze, B., Twenty-Second Symposium

33. Ashurst, Wm. T., "Constant-Density Markstein
Flamelet in Navier-Stokes Turbulence," Combust. Sci. (International) on Combustion, The Combustion In-
Technol., in press (1994). stitute, Pittshurgh, 1988, p. 747.

34. Murray, J. D., Mathematical Biology, (Springer-Ver- 52. Ashurst, Win. T., Cam bust. Sci. Technol. 92:87 (1993).
lag, New York, 1989, p. 282. 53. Kosiuk, L. W., and Bray, K. N. C., Combnst Sci. Tech-

35. Collins, L. R., "Spectral Analysis of a Simulated Pre- nol. 95:193 (1994).

mixed Flame Surface in Two Dimensions," submitted 54. Lee, T.-W., Lee, J. G., Nye, D. A., and Santavicca,

to Computers and Fluids, 1994. D. A., Combust. Flame 94:146 (1993).

36. Peters, N., . Fluid Mech. 242:611 (1992). 55. Samaniego, J.-M., "Stretch-Induced Quenching in

37. Wirth, M., and Peters, N., Twenty-Fourth Symposium Flame-Vortex Interactions," Center for Turbulence

(International) on Combustion, The Combustion In- Research, Annual Research Briefs 205, 1993.

stitute, Pittsburgh, 1992, p. 493. 56. Roberts, W. L., Driscoll, J. F., Drake, M. C., and Goss,
38. Zhu, J., and Ronney, P. D., "Simulation of Front Prop- L. P., Combust. Flame 94:58 (1993).

agation at Large Non-dimensional Flow Disturbance 57. Baum, M., Poinsot, T. J., Haworth, D. C., and Dara-

Intensities." Combust. Sci. Technol., in press (1994). biha, N., "Using Direct Numerical Simulation to
39. Bradley, D., Twenty-Fourth Symposium (Interna- Sturdy H2/0 2/N2 Flames with Complex Chemistry in

tional) on Combustion, The Combustion Institute, Turbulent Flows," J. Fluid Mech., in press (1994).
Pittsburgh, 1992, p. 247. 58. Poinsot, T. J., "The Combustion Program at CTR,"

40. Shepherd, I. G., Some Effects of Heat Release in Pre- Center for Turbulence Research, Annual Research
mixed Flames, Western States, March, 1994; Shep- Briefs 195, 1993.

COMMENTS

Paul Bonney, University of Southern California, USA. This might be a useful issue to consider, since you refer
Do you think the flamelet regime is the most relevant one? back to Damk6hler, who also proposed the relation Sr/IS.
Do you have an opinion as to what happens at high Kar- = DDr/ID, where D is a relevant diffusivity, in the limit
lovitz numbers, where nonflamelet behavior might occur? of very high Ka.
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Author's Reply. Damk6hler did suggest the above form that is, with respect to a laminar flame ball the model allows
when the fine-body turbulence is judged to be more im- turbulence to create more flame area but the model does
portant than the coarse-body effect. Formation of opinions not include the integrated effect of distributed volume ex-
should be based on numerical simulations and comparable pansion [see Eq. (14) and the following discussion]. With
experimental results. Calculations that include detailed regard to an arbitrarily large S, value, the discussion notes
chemical structure, such as given in Ref. 57 (to appear in that changes in the turbulent flame zone thickness would
J. Fluid Mech.), are needed. Three-dimensional simula- modify S, as indicated by the ratio of B/kR,, in Eq. (14). A
tions, with a simple nonpremixed reaction, are given in No- similar inner and outer flame-ball radius ratio has been
mura and Elghobashi [Theor. Comput. Fluid Dyn. 5:153 included as an empirical modification by Groff to the Bli-
(1993)]. zard-Keck-Tabaczynski entrainment model of turbulent

flame propagation [Combust. Flame 67:153 (1987)]. Inclu-
sion of this radius ratio improves the model result for flame
acceleration compared with experimental results for radii

Matt Hall, Unicersity of Texas, USA. Your rule of thumb up to 40 mm in a fan-stirred chamber. It is vear interesting
estimate of the diameter of a vortex tube as approximately to see what this empirical modification does to the entrain-

41j would lead to diameters as large as 200/pm based upon ment model: The burnt radius velocity is given as dr/ldt

typical Kohnogorov scales of 10-50 pm. Within engines, = (dm,/dt)(3/4zrpjr,), and the assumed mass burning rate

PIN and LDA measurements give integral scales of 2-4 is (in,, - ms)SL/X where m, is the entrained mass enclosed

amm. In view of this order of magnitude difference, with within radius r,. and the time constant assumes eddies of

what turbulent length scale would you associate the vortex Taylor size burning at the laminar burning velocity. The

tube size? burnt radius velocity becomes drb/dt = (me - m,)(S,
2)(3/47rpjr)b). Now, even though the flame surface is known

Author's Reply. From the cited simulations, the mean to be greatly distorted so that a spherical shell between rl,Reply.and r, includes both burnt and unburnt mass, we assume
vortical radius is approximately 4q [see text above Eq. (1)]. a t r, can be burn t aa sphe rea mass, w e bume

Using the apparent values of EA/n' 3 
- 6.5/JRe., then the that r, can be defined as a spherical shell outside the burnt

ratio of integral scale to vortex diameter, A/8y, would be volume and use m,v - mi , = 4t r,,/ ( r,)/3. The burnt

tw o for Re, of 25 and 10 for R e,. of 81; this range corre- radius v e re a t or orI h s e m l plied a

sponds to low-speed engine results. The Taylor scale has rividre(r?/rE) where a factor of go has been multiplied and

less variation over this Reynolds number range: 2/8 is 1.3 divided on the right side. Now the interesting part is that

and 2.1, and so the Taylor scale may approximate the vortex

diameter over a restricted range of test-engine results. A trainment velocity. By including this factor in the above

caution about the simulation results should be noted: The equation for the burnt radius velocity, we obtain the func-

resolution of the integral scale is not as good as the Kol- tional form given in Eq. (14)-with the minor difference
miogorov scale because the large scales are undersampled of density ratio instead of temperature ratio minus unity!
in comparison with the smarg scales. A further caution: Thus, distributed volume expansion may cause flame ac-

Does the simulated box turbulence also exist within an en- celeration-until limited by turbulence decay and/or by an

gine chamber? PIV determination of engine flow structure upper limit on flame surface density due to volume expan-
s1on.

should be compared wvith computed vortex strncture.

S. B. Pope, Cornell University, USA. In a previous mod- J. Chsomiak, Chalmers University of Technology, Swe-
elling study [Pope, S. B., and Cheng, W. K., Twenty-First den. In your presentation, you have emphasized the role of
Symnposiumn (In tern ational) on Combustion, The Combus-SypoimIteatoa)oCobsonThCo us concentrated vortex structures in turbulent flame devel-
tion Institute, Pittsburgh, 1986, p. 1473], the increase of opment. The current DNS simulations of turbulence show
turbulent flame speed with flame-ball radius was observed opment the re DSsmationstof turbulen esin accord wvith ex-periments. But for large times, the model indeed that they are permanent, long lasting (typical life-
inpaccoreditstha exprissments.oButic for lar times, te modl times of the order of five large eddy turnover times), and
predicts that 5ST is asymptotic to a constant times u'. Your extending over several integral length scales so they are the
model formula for S, appears to have a linear dependence true coherent structures of large Re number turbulence.
upon B, so that S,. can become arbitrarily large compared However, their distribution is random in space, and so on
to it'. average their inclination angle to the flame has to be about

450. In your model, you assume that they are always parallel
Author's Reply. In the Pope and Chengxwork, the largest to the flame. Can you comment on the accuracy of the

flame radius was 20 omm, whereas the experiments cited in assumption.
Ref. 47 indicate a radial growth up to the maximum ob-
served radius of 84 mm. Additionally, in the Pope and
Cheng model the inclusion of volume expansion appears Author's Reply. The current modeling viewpoint does
to be in the same manner as that done by Kwon et al. [49], not assume a particular flame-vortex configuration, but
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does assume that the vortex structure may determine the bursting mechanism proposed by you in the Sixteenth Sym-

flame surface density and that the integrated effect of vol- posium. Simulations and experiments that provide known

ume expansion determines the turbulent flame speed. The flame-vortex interactions along with the resulting flame

passive flame simulations and experimental results that led speed are now possible, and it is this new work that will

to this viewpoint, Refs. 47 and 48, do not rule out the vortex determine which modeling concepts are viable.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1994/pp, 1091-1098
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The dynamic equations for integral quantities relevant to turbulent flames are developed based on a
theorem of geometric measure theory. The total area of level surfaces is considered in detail using mixture
fraction, a quantity which is important for non-premixed combustion, to define the level surfaces. The
level surface corresponding to its stoichiometric value is defined as the flame surface. It is shown that the
rate of strain generated by the motion of the fluid, coupled with molecular diffusion and source terms of
the scalar variable defining the level surface, determines the evolution of the surface properties. Direct
numerical simulation (DNS) results obtained for a low-Reynolds-number turbulent non-premixed flame
are used to evaluate the effects of strain rate and scalar dynamics on the surface area of level surfaces,
including the flame surface.

Introduction bridge between volume integrals and iso-surfaces,
and it is the main tool for the derivation of transport

Global properties of turbulent flames are of sig- equations governing global properties of iso-surfaces
nificant practical interest. For instance, the emission such as surface area.
index for NO in turbulent flames is defined as the Velocity and scalar fields generated by direct nu-
ratio of the total NO flux to the fuel mass flux. The merical simulation of a non-premixed flame in de-
total NO flux depends essentially on the reactive vol- caying turbulence [5,6] are used to evaluate the
ume (see Chen and Kollmann [1]), which, in turn, is terms in the transport equation for the surface area
defined as the instantaneous volume bounded by the of level surfaces. It is verified that the curvature term
two iso-surfaces C(xt) = z, + Az and ((x,t) = z. is not negative definite and that the in-plane stretch-
- Az, where ( denotes the mixture fraction, z5t its ing term produces significant increase in the area of
stoichiometric value, and Az the thickness of the re- the iso-surfaces as the upper and lower limits for mix-
active zone. The propagation of the two bounding ture fraction are approached.
level surfaces determines the statistics of the reactive
zone and thus the expectation of the NO flux. It fol-
lows that the dynamics of iso-surfaces are at the heart The Relation of Iso-Surfaces to Mixing
of the prediction problem for the NO-emission in- and Chemical Reactions
dex.

Iso-surfaces are known to be smooth for almost all A major obstacle in the development of a closure
level values if the generating scalar field is infinitely scheme for turbulent combustion is the construction
often differentiable (see Maz'ja [2], Chap. 1.2, p. 35). of a realistic model for mixing that satisfies all math-
It is clear that the extremal level values of r0 do not ematical constraints [7,8]. Several models for mixing
necessarily correspond to surfaces, but may produce in turbulent flows have been developed so far [7,9-
sets of isolated points or subsets of the flow field 2 13], but none of them is perfect. For instance, the
with positive volume. If such level values are avoided, model based on the notion that pairwise interaction
the iso-surfaces are accessible to analysis using clas- of fluid volumes, small compared to the relevant
sical topology and differential geometry [3,4]. A the- scales of the flow in a continuous medium [9,10], is
orem of geometric measure theory [2] provides the oversimplified for the following reasons, and more-
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over, is incorrect in the asymptotic limit t - - [14]. 1 (5
First, it should be noted that discretization of the n - __I_ (4)

scalar space into regular and local grid cells corre-
sponds to a discretization of physical space deter- pointing into the region where A(x, t) < (p holds. The
mined by families of iso-surfaces. These iso-surfaces divergence of the unit normal vector of a level sur-
do not provide a discretization of physical space into face can be shown to be determined by the mean
local cells but into highly complicated subregions, curvature H of the level surface [4]
which may be distributed over the entire flow field.
Consider such a subregion determined as the set of
points A,,(t) -- {xl ,, -- 5(xt) - g+1}. This set A. (n• =-2H (5)
is bounded by two iso-surfaees, 5(x, t) - 0,, 0 and
5(x,t) - p,,+4 = 0, which do not intersect as long
as the scalar 0 is at least a continuous function of here H -= 1/2(k1 + k2) and k1, k2 are the principal
location x. The set A,, may be the union of a finite curvatures of the surface (see Do Carmo [3] for def-

number of disjoint sets, each ofwhich may have non- inition). It follows that the relative progression ve-
triv•al topological properties (intrinsic properties as locity V is determined by three distinct phenomena

given by the Euler-Poincar6 characteristic and the
number of disjoint pieces and embedding properties V 2FH + I- +n (
such as braiding, linkage, and knottedness). Further- IV OILpan an)
more, the set Af,, may be closed or it may intersect
with the boundary of the flow domain. The evolution where a/a,, -- n V. The first contribution is purely
of this set for a short time interval (short compared geometric, as it is proportional to the mean curvature
to the time scales of the flow; for larger time intervals, of the level surface, the second is due to the diffusive
self-intersection of iso-surfaces may occur) is com- flux normal to the level surface, and the last term
pletely determined by the motion of the bounding represents the motion of the level surface due to the
iso-surfaces. If the scalar 5(x, t) is nondiffusive and production or destruction of the scalar 05.
conserved, the iso-surfaces are materially invariant It is easy to see that the relation (1) for the relative
and, therefore, cannot change their topology, and no progression velocity follows at once from the dy-
mixing takes place. It follows that mixing is due to namic equation (3) for the scalar defining the level
the motion of the iso-surfaces relative to the fluid surface if Eq. (3) is written as [17]
(the fluid velocity v is the macroscopic average of
molecular motion without regard to species), and the as + V = 0. (7)
amount of mixing is given locally by the relative pro- +t 0  IV a -x0.x7
gression velocity V of the interfaces in the direction
normal to them. This relative progression velocity This equation can be regarded as the dynamic equa-
\t n, which is the difference between the velocity vW tion for the scalar 0 that is convected with the sur-
of-the level surface and the fluid velocity v, is by no face velocity
means constant on the iso-surface. It varies with the
curvature of the iso-surface, as can be deduced from V as
the relation to the scalar 0 defining the iso-surface v u, -vy (8)
[4,15,16] Nol ax"

1 [1 a 1 as) + } where the superscript s refers to the iso-surface.
V= p + W= (jf (1) Equation (8) simply states that the iso-surface 0 =

9O moves relative to the fluid with the speed V in its
normal direction. It is important to notice that the

where the equation for the iso-surface is given im- fluid velocity and the modified velocity are funda-
plicitly by mentally different. The fluid velocity induces a

smooth one-to-one mapping of the flow field, which
S (x,t,0) = 5(x,t) - ( (2) is the solution of the kinematic equations (Lagran-

gian frame, a is the label variable defined as the lo-
and the scalar 05 defining the iso-surface is gov- cation of a material point at the reference time zero)
erned by

dX.
0as as a0 1  1 t \ 0d•-= v. [X(a,t),t], X(a,O) = a (9)

pl- + v.÷ -i = alpF--l + pW ,50). (3) ....
\at i/ 9\ ax!

but the surface velocity vs does not. It is well known
The unit normal vector of the iso-surface is de- that the surface velocity vs determined by V = con-
fined by stant leads to cusp singularities, and self-intersection
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of iso-surfaces is possible. If the relative progression faces. The dynamic aspect will be considered in the
velocity V is given by the diffusion and source in Eq. following section.
(3), no self-intersection is observed, but topological A global variable is defined by
change of iso-surfaces can occur.

The spreading of the iso-surface relative to the
fluid is proportional to the scalar dissipation rate, as Rt(p,t) J dA(x)f(x,t) (13)
can be seen from [18]

wheref(x, t) is a smooth function of location and time
(VIV06(S))((y) = ((e = )f,) to allow differentiation. Application of Eq. (11) to

Eq. (13), differentiation with respect to time, and

+ w"(T)f" (10) using the properties of the Dirac function lead to

wherefr denotes the Eulerian pdf of the values of $ a0 0 Id. -
at x and time t. The relation (10) shows that transport at a+ - _ at
in scalar space must occur if mixing and chemical
reactions are to take place. It also shows that mixing = &(0( - T)IV- of
and chemical reactions are local in scalar space de-d( - at
pending on the local values of the conditional dissi- Vol
pation rate and the scalar pdf. + fa dxd($ - 9j)1 at V (14)

sfor Global Properties Three contributions to the time rate of change of the

Transport Equationsf a global variable ),(T,t) emerge: a convective trans-
port term in scalar space and two source terms de-

The tool for the derivation of transport termined by the evolution off and IV0I. It is straight-
eprincipal forward to establish equations equivalent to Eq. (14)

equations for integral properties of scalar fields is the using the surface velocity v_ defined in Eq. (8) and
relation the relation (11). It follows that

Sdxf(x)6(0(x) - y)IVI aR- (T,t) = f dxd($-9T)

= dA (,A f (11) 
at (f(x,t)IA $)

Fat -

valid for differentiable functions f(x). It is a conse-
quence of the general theorem 1.2.4 in Maz'ja [2] + V-(x't)1V01) (15)
(Chap. 1.2.4, p. 37) for nonnegativef(x); the condi-
tion f Ž> 0 can be removed easily for differentiable
functions. The surface area ,,((p) is an important holds. The relation (11) can be applied once more to
special case that follows at once from relation (11) Eq. (15), and a third equivalent version emerges in
by settingf(x) = 1 as terms of surface integrals only,

sA ( p) f cd n(5(0 x) - y)IVo$I (12) =a T t) FA D J

All relations hold under the condition that the level + fa log(cvo]) + f (16)
surfaces S,/(y) are contained in the domain 6. +I

Kinematic Relations: where DslDt a- al1t + v. a/ax, denotes the time rate
of change following points on the level surface. The

Transport equations for global (integral) proper- time rate of change of the global variable R is caused
ties follow from the representation (11) by differen- by the change of the functionf(x,t) on the level sur-
tiation with respect to time. The nature of the re- face and the time rate of change of log (IV $1) on the
sulting equation to be established in the present level surface.
section will be kinematic, expressing the time rate of It is straightforward to show that the transport
change of global variables in terms of the progression equations (15), (19), (20) are equivalent to the the-
velocity and geometric parameters of the level sur- orem stated by Candel and Poinsot [19] in the form
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ds fs {aG dynamic change of the scalar field defining the level
dt ,(,) dAG'n = n dA - + (v. V)G surface. In particular, the surface area changes be-cause of the rate of strain acting in the tangential

- plane and the change of the scalar variable 0 defining
-(G- V)c + G(V" _) • the level surface, but both phenomena may increase

or decrease the surface area. The strain rate has ei-

if the function f(x) is regarded as the flux normal to genvalues that add to zero for incompressible flows

the level surface f G- n. This result builds the or to the rate of volume expansion for reacting flows,
bridge to the equations for surface quantities oh- but in both cases, positive and negative eigenvaluestaied hy Candel and Poinsot [19] and Bideaux et al. may be present. Suppose the coordinate system is[20]d brotated such that the third direction is parallel to the[20]. surface normal; then we obtain

Dynamic Relations: av 8ia acP 1  0 av2

The main tools for the derivation of dynamic equa- ax(, nonf axa x1 ax 22
tions governing the evolution of global variables are
one of the kinematic relations (14), (15), (16) and the
dynamic equation (3) for the defining variable O({, t). which shows that the change of surface area is indeed
The scalar f(x,t) appearing in the global variable is due to the in-plane strain rates. As can be seen from

governed by Eq. (19), expansion in the tangential plane will in-
crease the surface area and compression will de-

aj• + a afl 0 ) crease it. The dynamics of the scalar variable defining
a x + =7p + pWf (f). (17) the level surface appear in Eq. (19) as molecular dif-

(at aý fusion and source term. It is clear that both may be
positive or negative and, hence, increase or decrease

The kinematic relations (1) and (8) express the pro- the surface area as time evolves. The molecular dif-
gression velocity V of the level surfaces in terms of fusion term can be analyzed in more detail if the
the scalar field 10 and fluid and surface velocities. It variation of density is disregarded and the diffusivity
is straightforward to establish the dynamic equation is assumed constant. It follows then that it is giv-
for the global variable )3, using relation (15) in the en by
form

a_ _ fia ( _ 1 ad n, n an, n , ann,n a20 (0at- = dA---- oh,•-&: x/ (20)
at ax, a ax, ol ax, ax, ax\f ax7 1VOI VIaxax

+ - nfn. av1n The first term on the right side is purely geometrical+ +fax, a,,) since it only depends on the mean curvature H

+ V PT (pF ) + W 1 (noa
- - 2H

(18) 
a

which is valid if the area of the level surface satisfies whereas the second term depends on the variation of
A,, -> 0. This is one of several equivalent versions of the defining scalar normal to the level surface aOla,
the dynamic equation for the global variable R¢(o, t). = n- VO. It is easy to see that Eq. (20) can be recast
As a special case the equation for the surface area in the form
A¢(p,t) is also given:

1 an H a20
f--nVlOn• = 4H 2_- 2a- an 2 (21)

at Js(') lax, - ax,

+ 1 F1aaP . ln.j which proves that the effect of molecular diffusion
+ m 1 al. PF- + ý on the surface area is not definite: The first term on

the right side in Eq. (21) always decreases the surface

(19) area [note the negative sign in Eq. (19)] if the mean
curvature H is nonzero, but the second term may

The surface area changes as a result of the defor- decrease or increase it depending on the signs of the
ination caused by the motion of the fluid and the normal derivative and the mean curvature.



DYNAMICS OF THE FLAME SURFACE AREA IN TURBULENT NON-PREMIXED COMBUSTION 1095

Direct Simulation Method

Direct numerical simulations (DNS) of a turbulent q
non-premixed flame are performed for the study of
the dynamics of level surfaces by solving the com-i
pressible reacting Navier-Stokes species and energy
equations. The present formulation includes variable 2
density, variable dynamic viscosity, and heat release
effects. An Arrhenius two-step chemical kinetics e -
model is used in the present DNS, chosen to study
the effect of a fast-diffusing radical-like species such
as OH. In the model, a radical I is produced in the
first step and then consumed in the second step

A(fuel) + B(oxidiser)

I (intermediate, radical-like species) (22) 0.00 0202 0.04 0.06 0.08 0.10 0'.12 0.14 0.16

A
A(fuel) + I(intermediate) -- P(product). (23) FIG. 1. Error e as defined in section V ("Triangulation

The values of the parameters in the two-step mech- Procedure for Iso-Surfaces") in the surface integral com-

anism are chosen to correspond to global methane- putation for a sphere with the analytic velocity field given
air combustion. The effect of differential molecular in section V as a function of the surface area. The exactaircobutio. heeffctofdiferntal olcu ar uorte neral is zero.
diffusion is studied by varying the Schmidt number value for the integ

of the intermediate species between unity and one-
half (Chen et al. [5]) while taking the Schmidt num- 2Y, - Yt - 2Y, + 2
ber of all other species to be unity. In the present Z= (24)
study, for the purpose of studying the effects of strain 4
rate and scalar dynamics on the flame surface area,
the effect of differential diffusion is neglected, and such that in the unmixed A stream, Z = 1, and in
the Schmidt number of all of the species is taken to the unmixed B stream, Z = 0. When all the molec-
be unity. ular diffusion coefficients are equal, Z is a conserved

The initial distribution of reactants and product scalar. In the limit of infinitely fast chemistry, at the
concentrations are obtained from a onedimensional flame YA = YB = Yt = 0, giving Z, = 1/2, whereas
computation of an unstrained plane laminar non-pre- if the second step is relatively slow compared with
mixed flame. Subsequently, an initial turbulent ki- the first step, at the flame YA = YB = 0, Y1 = 1,
netic energy spectrum is prescribed, and the plane giving Z42 = 1/4. Thus, these two limits of Z identify
laminar flame is allowed to interact with the isotropic the locations of the reaction zones under these lim-
turbulence field. The initial Reynolds number based iting cases.
on the Taylor scale and cold fluid viscosity is 50, and
the ratio of the initial reaction zone thickness to the
Kolmogorov scale is 10. The effect of the turbulence Triangulation Procedure for Iso-Surfaces
on the flame is to convect, distort, and stretch the
flame, whereas the effect of the flame on the tur- A numerical procedure based on linear interpola-
bulence, through increases in dynamic viscosity and tion of scalar field data given on a threedimensional
through dilatational effects, is to dampen the tur- lattice of grid points and triangulation of the level
bulence in the vicinity of the high-temperature re- surface defined by a prescribed level value has been
action zone. If the chemical kinetics are fast in com- developed (see Chen and Kollmann [21] for a de-
parison to characteristic flow times, then the flame tailed description). Once the triangulated surface is
burns fully. However, if the chemistry and the fluid established, surface integrals such as surface area and
mechanical time scales are of the same order of mag- the terms in the transport equation (19) can be com-
nitude, then local extinction occurs in regions that puted. However, the accuracy of this numerical in-
are unable to sustain the large tangential strain rates. tegration procedure must be established before the

In the present study, the level surface defined by application to turbulent reacting flows can be at-
the mixture fraction is used to study the dynamics of tempted. The computation of the strain rate term
the flame surface area. For the two-step DNS, the
mixture fraction, defined for our choice of stoichio- - Av
metric coefficients, molecular weights, and unmixed IA -s n- n .
stream concentrations, is given by I 5(V) Lax 0 0a x,
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is plotted as a function of the level value. It is evident
that accuracy of the numerical integration over the
spherical level surfaces is satisfactory.

The accuracy of the numerical calculation of the
curvature term on the right side of Eq. (19)

rr12 1dA IFAO a
Error Jso(0 ) IvoI ax

W can be tested using the same solution (25) of the
diffusion equation. A simple Iculation shows that

12 = -87rF{3 + 2 log[qp(2 7rFt)3]} holds. The rel-
ative error between numerical and analytic integra-
tion is plotted in Fig. 2 for the spherical level surfaces
defined by the solutions of Eq. (25). It is seen that

c0 025 0.50 0.75 1 1.25 1.50 1.75 2 2.25 the accuracy is satisfactory.
A

Results for a Non-Premixed Turbulent Flame
FIG. 2. Percent error in the surface integral for the cur-

vature term for diffusion from a point source as a function Velocity and scalar fields obtained by direct nu-
of the surface area of the spherical level surfaces. merical simulation of a non-premixed flame in de-

caying turbulence allow the calculation of surface

can be tested using the Gauss divergence theorem if area and the terms in its transport equation (19). The

the vector field b, = n a 9vc1 x, is solenoidal. It fol- strain rate term I, is shown in Fig. 3 as a full line

lows then that 1, must be zero for all level values. together with the incompressible part, I =
The scalar field is defined for this test as the solution - fso(,) dAn~n5 av,3/&o, as a broken line. The mini-

mum of generation of surface area occurs close to

I= 1x,,o} the stoichiometric value (ýst = 0.5 in the present
(X' t)_ - exp - (25) case), and it appears that the expansion rate due to

(2n,/7rt) L 4Ft* the heat release of the reactions has no effect at this
value of mixture fraction since both curves agree.

of the initial value problem of The effect of heat release is significant at lean and
rich mixtures, and I1 and Ii approach each other as

= - O the limits of the range of mixture fraction are
Dt at reached. The rapid increase of production of surface

area near these limits is due to the fact that those
where the fluid velocity is zero and the domain 2 = limit values are maintained at the upstream and
B3 ,with the initial condition O(x, 0) = 6(x). The vec- downstream boundaries of the flow domain. The ac-
tor field b is given by tual production rate of surface area due to straining

sin kjx1 sin(r k 2 X2 sin k'x 3

L \ L2 L3 /

kIL 3 Cs(_ k~x1\ n71 k2 X2) Co(, k3X3) +k 2L3 CS7r kl sxini k2x12) si 7E kaXj\
k 3L1 \ Lu ', L 2 / 3 L 3  2 k (L L, )1  L 2  L 3 /

The result (k, = k2 = k3 = 4.0 and L1 - L2 = L 3  and the effect of the curvature term in Fig. 4 is flat
= 1.0) of the integration over the spherical level sur- in the center of the range of level values, and destruc-
faces defined by Eq. (25) is shown in Fig. 1, where tion of surface area becomes significant only near the
the error limits zero and unity for the level value. It is evident

that the curvature term is positive for level values
fs dAn,,b, between 0.1 and 0.8, verifying that the curvature

term is not negative definite. The surface area for

f dAIlb mixture fraction is shown in Fig. 5 for two times as
sO) - a function of the level value, illustrating that it in-
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0 0.1 0.2 0.3 0.4 0.5 0,6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIG. 3. In-plane stretching terms 1 (full line) and IP (bro- FIG. 5. Surface area of level surfaces of mixture fraction
ken line) in the equation for the surface area of the level at times t = 8.75 (broken line) and t = 13.2 (full line) as

surfaces of mixture fraction. Velocity and scalar fields are a function of the level value.
taken from DNS results for a non-premixed flame in de-
caying turbulence.

S ........ .....................................

]i

0 0. .2 0.3 0.4 06.5 .0 0.7 .8 0.9 1

FIc. 4. In-plane stretching (broken line) and curvature
(full line) terms in the equation for the surface area of level and the level value o m 0.025.
surfaces of mixture fraction. Velocity and scalar fields are
DNS data for a non-premixed flame in decaying turbu-
lence. Conclusions

The transport equation for integral variables such
creases in time consistent with the time rate of as surface area was established using a theorem of
change (the sum of the curves) in Fig. 4. The level geometric measure theory. The equation for the sur-
surface at t = 13.2 and the level value ( = 0.025 in face area was considered in detail, and it was shown
Fig. 6 illustrate the amount of wrinkling for a level that the rate of strain produces surface area, and the
value close to the lower bound zero of mixture frac- term arising from the diffusive flux of the scalar de-
tion. fining the level surface is able to destroy and produce
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surface area. DNS results for a non-premixed flame 6. Vervisch, L., Chen, J. H., Mahalingam, S., and Puni,
in low Reynolds number turbulence were used to I., "Numerical Study of Finite Rate Chemistry Effects
evaluate the terms in the equation for the surface and Unequal Schmidt Numbers on Turbulent Non-
area. The simulation started with a plane flame front premixed Flames," Ninth Symposium on Turbulent
and it was found that the surface area increases with Shear Flows, Kyoto, Japan, 1993.
time even though the turbulence decays. The wrin- 7. Pope, S. B., Prog. Energy Combust. Sci. 11:119 (1985).
kling of the level surfaces is much more pronounced 8. Kollmann, W., and Chen, J. -Y., in Major Research
for level values near the limits zero and unity than Topics in Combustion, (M. Y. Hussaini, A. Kumar, and
near the stoichiometric value. R. G. Voigt, Eds.), Springer-Verlag, New York, 1992,

Future work will include a new simulation with a
random distribution of burning reactants to investi- p. 359.
gate the possibility of interactions between flamelets .JnkJobeW. and omnJ9n.
that could lead to mutual annihilation and topological lib. Thsermodyn. 4:27 (1979).
change of the level surfaces for mixture fraction. Fur- 1. Dopsazo, C., Phys. Floids 22:20 (1979).
thermore, the influence of differential molecular dif- 1. Kerstein, A. R., Combust. Sci. Technol. 60:391 (1988).
fusion between species on the dynamics of the flame 12. Vervisch, L., Garreton, D., Borghi, R., and Van-
surface area and the differences in the flame surface dromme, D., Computation of a Diffusion Flame Ex-

area defined by a conserved scalar quantity such as periment Using Two pdf Methods, 1994, to be pub-

the mixture fraction and by a reactive scalar field lished.

such as the intermediate species I mass fraction will 13. Vervisch, L., A Proposition to Improve the Simplified
be investigated. pdf Method Hades-Peul Used in Turbulent Diffusion

Flame Combustion Modelling, CTR-Notes, Stanford
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COMMENT

Cavaliere Antonio, DIP. ING. Chimica, Italy. Did you of genus was observed a few times for level values close to
observe any annihilation of iso-level surface in your DNS? zero. The reason for the rare occurrence of annihilation is

due to the initial conditions, where a single-plmne laminar

Author's Reply. The annihilation of iso-surfaces would flame is embedded in homogeneous turbulence, and the

lead to a change of the genus of the surfaces, which was moderate turbulence level.

computed for all level values at several time steps. A change
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PARTIALLY PREMIXED TURBULENT FLAME PROPAGATION
IN JET FLAMES
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Templergraben 64, 52056 Aachen, Federal Republic of Germany

Flamelet formulations for premixed and non-premixed combustion are combined in order to treat par-
tially premixed combustion in the fast chemistry limit. The flamelet concept for non-premixed combustion
is based on the equation for the mixture fraction Z(x,t), while that for premixed combustion uses a field
equation for the scalar field G(x,t), whose level surfaces G = Go represent the flame surface. The laminar
burning velocity appearing in this equation is assumed to depend on the local mixture fraction field Z(x,t)
and the scalar dissipation rate y. The formulation is used to determine flame propagation and liftoff heights
in turbulent jet diffusion flames of methane. The analysis is viewed as a first step to resolve the previous
controversy about the stabilization mechanism-premixed flame propagation vs diffusion flame quench-
ing-since both effects are found to be important and to influence the liftoff height.

Introduction metric mixture at the position where the axial mean
velocity equals the turbulent burning velocity. This

If chemistry is fast compared to the characteristic model has been followed by Eickhoff et al. [13] and
timescales of turbulence, combustion tends to occur Kalghatgi [ 14]. On the contrary, Peters and Williams
in thin layers called flamelets. The flamelet concept [15] have argued that in a non-premixed flow field,
views a turbulent flame as an ensemble of thin flame- flame propagation will proceed along instantaneous
lets, whose structures are essentially one-dimen- surfaces of stoichiometric mixtures up to the point
sional [1,2]. For non-premixed combustion, an equa- where the flame is quenched. Since the flame at the
tion for a conserved scalar, the mixture fraction surface of stoichiometric mixture was viewed as a dif-
Z(x,t), is solved, and the flamelets are located on the fusion flamelet, flamelet quenching was thought to
surfaces Z(x,t) = Zt, with the stoichiometric value be the essential mechanism. Broadwell et al. [16],
Z5 t being fixed. Similarly, in a recently developed Miake-Lye and Hammer [17], Schefer et al. [18], and
flamelet formulation for premixed turbulent com- recently Chao and Jeng [19] have presented addi-
bustion [3], a field equation of the scalar G(x,t) is tional and complementary interpretations. A thor-
used, where level surfaces G(x, t) = Go represent the ough review on the liftoff problem has been given by
flame surface. The latter formulation can be derived Pitts [20].
from first principles and has much of the essential
physics in common with the Bray-Moss-Libby
model [4]. In this paper, we present a unified ap- A Laminar Flamelet Model for Partially
proach based on the two scalar fields Z(x,t) and Premixed Combustion
G(x,t). At the intersection of isolines, G(x,t) = Go
and Z(x,t) = Z,,, two-dimensional flamelet struc- We will start from the flamelet model for premised
tures occur, corresponding to triple flames that have combustion [21] based on the equation for the sca-
been analyzed in a series of papers by Dold and co- lar G:
workers [5-8], by Buckmaster and Matalon [9], by
Wiehman [10], and recently by Kioni et al. [11]. Such aG + 'VG = SLIVGI. (1)
triple flamelets may be viewed as typical structures at
responsible for flame propagation in a partially pre-
mixed turbulent flow field. The flame position is defined by G(x,t) = Go, where

There has been a long-term controversy about the Go is an arbitrary constant. Values of G > Go define
stabilization mechanism in lifted turbulent diffusion the region of burnt gas, and G < Go define that of
flames. The mechanism proposed by Vanquicken- the unburnt mixture. Equation (1) was first written
borne and van Tiggelen [12] suggests that flame sta- down by Markstein [22] and was independently for-
bilization occurs on the contour of mean stoichio- mulated by Williams [23]. It may be derived from a
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X2

G=G

G < Go

- SL

lean premixed flame

Cdiffusion fla~me Z -=Z, G>G0

rich premixed flame --

Z =Zst ..................----

G =Go FIG. 1. Flame propagation
through a nonuniform mixer de-

P scribed by the two scalar fields Z(x,t)
0XI and G(x,t).

kinematic balance between the flame propagation analysis of flame propagation in nonhomogeneous
velocity, the flow velocity, and the burning velocity mixtures is the so-called triple flame, which is blown
normal to the instantaneous premixed flame front up in Fig. 1. This is a flame structure that propagates
[3]. Therefore, the velocity vc is the conditioned ye- within a non-premixed mixing field essentially follow-
locity immediately upstream of the front, if SL is de- ing a surface of stoichiometric mixture. The structure
fined as the burning velocity with respect to the un- of a triple flame is composed of a fuel-rich premixed
burnt mixture, flame branch that leaves unburnt fuel, carbon mon-

In a non-premixed flow field, the burning velocity oxide, and hydrogen behind it; a fuel-lean branch
will depend predominantly on the local fuel-air that leaves excess oxygen behind it; and a diffusion
equivalence ratio 0, which is related to the mixture flame that is located at Z = Z,. Such elementary
fraction by flame structures are being observed experimentally

in layered mixtures [11]. Their structure and dynam-
Z (1 - Z8 t) ics are influenced by a number of external conditions

0= Zt (I Z)" (2) such as the local strain rate and the mixture fraction
gradient.

We will outline the general features of a theory of
The equation for the mixture fraction field is writ- partially premixed flamelets by assuming that the lo-

cal burning velocity depends only on the local mix-
ture fraction and the mixture fraction gradient, ex-

p Z + pvVZ = V(pDVZ). (3) pressed in terms of the scalar dissipation rate

x = 2DIVZI2 . (4)
Here, p is the density and D is the diffusion coeffi-
cient, assumed to be equal for all species and the The burning velocity SL is expected to decrease with
enthalpy. For illustration purposes, we assume the increasingx and to vanish at a value Xq, which should
scalar fields of G(x, t) and Z(x, t) to be given within a be of the same order of magnitude as the dissipation
spatially slowly varying velocity field and try to con- rate at quenching for a non-premixed diffusion
struct a flame front. Since the laminar burning ve- flamelet [1]. Assuming a linear decrease, one may
locity is the largest close to Z = Z,, (or 0 = 1), flame express the dependence of the burning velocity on Z
propagation will be faster in regions close to Zt than and X as
in regions where the mixture is either very rich or
very lean. This is shown schematically by the length sL(Z,x) = SL(Z) I - a (5)ofvte(f (5)of the arrows for SL in Fig. 1. A key element of the\ q
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1 Favre averaged velocity i is expected to siow down
in front of the flame and to accelerate after passing

A the flame front. The use of Eq. (8) for the condi-
2 tioned velocity guaranties that this velocity continues

- to decrease during the passage through the flame
Yst- ,"-- - ---- front. This may be justified by observing that in the

SL case of a steady one-dimensional flame where
dGldx = 1, fr3 is the mass flux through the mean
flame surface, whereas PA,SL, now multiplying IVGI
on the right-hand side (rhs), is the mass flux through
the instantaneous flame surface area represented by

z VIGI.
The remaining problem is the modeling of the

FiG. 2. A schematical illustration of triple flamelets for rhs of Eq. (7). Denoting the scalar gradient IVGI
two different mixture fraction gradients. by a, the ensemble average of the source term in

Eq. (7) is

where a is assumed to be constant. For two different SL(Z,Z)IVGI
presumed mixture fraction gradients in the y direc-
tion, the corresponding triple flamelet structure is - f ' S(9)
schematically shown in Fig. 2. If, as in case 1, the J 0 J Z J(

mixture fraction gradient in the vicinity of Z5 t is small
(and therefore, X is small), the triple flamelet is broad Here, P(Z, z, a) is a joint probability density of Z, y,
in physical space, and its propagation speed relative and a. In general, one may not assume these to be
to the flow is mainly determined by the premixed statistically independent. In fact, scalar gradients of
burning velocity SL(Z,9). If, on the other hand, as in G will tend to align with gradients of Z in very lean
case 2, the mixture fraction gradient and z are large, and rich parts of the mixture, while the gradient of
the triple flamelet structure is narrow. Its leading G is nearly normal to that of Z around Z = Z,
edge will propagate with a lower burning velocity We will for simplicity, however, assume statistical
since it looses heat not only by preheating the un- independence and, furthermore, neglect fluctuations
burnt mixture upstream but also that on both sides ofz. The joint probability density function (PDF) is
in the y direction. As Z approaches Z,,, the heat loss then written
mechanism toward the sides becomes dominant, and
the triple flamelet structure is quenched in a similar P(Z,Z,a) = P(Z)P(a)3(Z - Z). (10)
way as a one-dimensional diffusion flamelet.

We now want to derive an equation for the mean Then, the integral in Eq. (9) takes the form
scalar field G. As in Ref. 21, we may split the scalar
G into a mean value G and a fluctuation G' SLZ_)IG_ _G 1-/

SL(Z,%)IVGI = IVGiI1 - a -
G(x,t) = G(x,t) + G'(x,t). (6) q)

It may be shown [4] that scalar level fluctuations G' f SL(Z)P(Z) dZ. (11)
correspond to spatial flame displacements around the 0

mean flame contour located at G = Go. The turbu- Here, one may exploit the fact that the huming ye-
lent counterpart of Eq. (1), the equation of the mean HocityoneZ)aaseapstrongheak in the vic nitof vea
scalar G, is then written as ecrity SL(Z) has a strong peak in the vicinity of Zlet and

decreases rapidly for Z < Z,, toward the lean side

aG and for Z > Zt toward the rich side. A convenient
+ VVG = SLIVGI. (7) approximation for the integral in Eq. (11) is, there-

0t fore,

In this equation, no turbulent scalar flux terms ap-
pear. However, the conditioned mean velocity V J SL(Z)P(Z) dZ = sL(Zt)P(Z5 t)(AZ),.. (12)
needs to be modeled. We have adopted the formu-
lation which defines the width (.AZ),1L. This is essentially the

-- j range in mixture fraction space where the burning
-V = PV (8) velocity is a significant fraction of the maximum

A" A" burning velocity. It will depend on the shape Of SL(Z)

where p, = p,,(Z). Due to expansion effects, the and via P(Z) on Z and Z2. For simplicity, we have
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assumed (AZ),L to be constant in the calculations be- used cylindrical brass tubes with a sharp upper edge,
low. a length of 115 mm, and inner diameters D of 4, 6,

If Eq. (12) is inserted into Eq. (11), the pro- and 8 mm. A stainless steel mesh was installed in the
duct SL(ZAt) IVGI appears. For premixed turbulent inlet of the tubes. Methane with a purity of 99.5%
combustion, it has been argued [21] that was used as fuel, the fuel mass flow was measured by

flowmeters. The exit velocity UO was defined as the
SLIVGI = sT IVGI (13) area-averaged velocity at the nozzle.

To visualize the flame front, the fuel flow was
where sT is the turbulent burning velocity and IVGI seeded with club moss spores and illuminated with a
is the absolute gradient of the mean G field. This is laser light sheet. The club moss spores scatter the
equivalent to Damk6hler's suggestion that the ratio laser light in the unburned mixture and burn in the
of the turbulent to the laminar burning velocity flame front; thus, there is no light scatter in the
should be proportional to the flame surface area to burned gas. As a light source, we use a 20-W argon-
the cross-sectional area of the mean flame. For the ion laser; the light sheet is focused through the axis
turbulent burning velocity, an ansatz of the form of the burner. Flame propagation is recorded with a

HYCAM high-speed camera at 200 frames per see-

ST = SL + b2(sLv')"12 + blv' (14) ond perpendicular to the laser light sheet. An electric
spark from a conventional transistor ignition system

has been used [21] when stretch effects are ne- is used to ignite the flame. The spark is positioned
glected. It describes the increase of ST due to tur- on the axis of symmetry at a height, where a fuel lean
bulent fluctuations. Inserting Eqs. (12) through (14) mixture is expected.
into Eq. (11) leads with SL = SL(Z.) to In order to determine the burning velocities, the

lowest visible flame front position on each image of

SL(Z,Z)IVGI = STIVGI (15) the film is marked. From the images, it can be seen
that local propagation velocities are influenced by

where three-dimensional structures moving sometimes in

ST= {SL(Z8 t) + b2[sL(Zst)o']"2 + blv'} P(Zt)(z1Z)1 (I - a X )

premixed flame propagation partial flamelet (16)
premixing quenching

This formulation contains three contributions: spirals around the axis of symmetry. By the two-di-
1. A term accounting for premixed flame propaga- mensional laser light sheet, this effect cannot be re-

prelmixd bsolved in the measurements but is visible since the
tion with the maximum laminar burning velocity lowest flame front position often switches from the
SL(Z.t), which is enhanced by turbulent velocity right to the left side of the jet's axis.
fluctuations.

2. A term due to partial premixing, which restricts
flame propagation to regions where the probabil-
ity for stoichiometric conditions is large. There- Numerical Calculation of Flame Propagation
fore, the first term in Eq. (16) is multiplied by and Liftoff
P(Zt). This conditioning is less severe if (AZ)SL is
larger. The model described in paragraph 2 has been used

3. A term accounting for flamelet quenching. The to calculate the unsteady flame propagation and the
turbulent burning velocity decreases if the mean stabilization in turbulent jet flames. For this purpose,
scalar dissipation rate increases, indicating that the KIVA II code [24] was modified to include Eq.
laminar triple flamelets are less able to propagate (7) with Eqs. (15) and (16). The second set of con-
due to increasing local mixture fraction gradients. stants from Ref. 25 was used for the k-c model and

the mixture fraction equation and its variance. The
G field was initialized with C = 0 for unburnt con-

Experiments on Downward Flame Propagation ditions. Combustion was initiated by setting G = 0.1
in Vertical Jet Flames in one cell. The evolution of the G field then led to

values G > Go, where Go was chosen as Go = 1.0.
To determine instationary propagation velocities If G increases beyond G = 2.0, it is set equal to that

in turbulent jets, we use a simple experimental setup value.
that consists of a burner, an ignition device, a high- The combustion model of KIVA was removed, but
speed camera, and an argon-ion laser. As nozzles, we equations for the mean mixture fraction Z and its
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variance Z"2 were included. In addition, an equation where the variance G'2 is assumed proportional to
for the mean total enthalpy h was solved: the square of the integral length scale [41 1, =

k3/2/8. The proportionality factor was varied between
+ V(vh) += + V 0.5 and 1.0, depending on the numerical grid size, in

SvV(17) order to obtain stable solutions.at at \ut The temperature T in the cell was calculated from

This was necessary because KIVA II is a compressi- the mean enthaiphy hy

ble code, which uses a Arbitrary Lagrangian Eulerian
(ALE) algorithm, where in a first Lagrangian step, • ihi(t) = (x,t) (23)
the diffusion and acoustic terms are solved implicitly.
In the second Eulerian step, the convection terms
are treated explicitly by subcycling the implicit time where the specific enthalpies are taken from NASA
step. Therefore, the enthalpy equation cannot be polynomials. The numerical constants used in Eq.
coupled to the mixture fraction equation, but must (16) were b2 = 0.20 and b, = 0.46 and a = 3.8 with
contain the first two acoustic terms on the rhs of Eq. sL (Z8 ,) = 39 cm/s, (AzZ)9 L 0.23 and ZX - 5/s [1].
(17). The rather large value for (AZ)SL was necessary in

The mass fraction of the chemical species were order to obtain sufficiently large turbulent burning
determined by using a flamelet library for laminar velocities that were able to compete with the flow
counterflow diffusion flames for different velocity velocity. The scalar dissipation rate y in Eq. (16) does
gradients [25]. There are two possible states for a not take mixture fraction variations into account [4]
diffusion flamelet that are conditioned by the value but was defined as
of G: If in a computational cell C >> Go, it is con-
sidered to be completely burnt and the mass frac- - A
tions are determined by 2 -z (AZ) ~ (24)

where (dZ)F is the flame width in mixture fraction
Yilb(Z, Z"2', ) =J0 Yi(Z,a)P(Z) dZ (18) space, assumed here as (AZ)F = 2Zt. The velocity

fluctuations were modeled in the same way as the

where Yi(Z,a) is taken from the library of burning conditioned mean velocity by v' = /p1 1  2/3k.
flamelets setting the velocity gradient a of the flame- The conditioned mean velocity and the conditioned

let equal to the local strain rate velocity fluctuation were taken at the mean flame
front. The temperature profile and, due to thermal

-expansions, the velocity change at the flame front G
a = (19) = Go are continuous over a few grid points due to

K the weighting used in Eq. (21).

of the turbulent flow. In Eq. (18), a beta func-
tion PDF [25] was used. The integration was per- Results
formed in advanceand values for Yib were tabulated
as functions of Z, Z" 2, and ii.

If G < < Go in a computational cell, the mass frac- Propagating Flame Fronts:
tions are those of fuel and air in an unburnt mixture In order to simulate a propagating flame front
at the local value Z through a turbulent methane jet into still air, one

computational cell of the steady cold flow field was
Yi. = Yi,u(Z) (20) initiated with C = Go on the centerline downstream

of the position of mean stoichiometric mixture. The
If the computation cell is located within the flame flame ignition and propagation is then driven by the

brush thickness, the weighted sum G gradient toward the neighboring cells, which were
originally set to G = 0. An example calculation is

Yi = fYib + (1 - f)' 1 , (21) shown in Fig. 3, where the axial distance between
the flame base and the nozzle is plotted vs time. The

is used. The fraction of burnt flamelets in each cell solid line denotes the calculation, and the dashed line
calculated by assuming that G fluctuations are Gaus- represents the ensemble average of the measured
sian distributed [4]. Then, values from different experimental runs. Error bars

identify the maximum scatter of the experimental
I r (G -G)~ data.

f = M exp (G,)2dG (22) It is seen that the slope of the calculated curve
JG= Go 5 xp 2G' 2 J and, therefore, the propagation velocity agree well
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55 •NN••methane/air

calculation D = 8 [mm]

so 50=-40 rn/a50 I •TITTTT T maximu sca..tter of Uo=4m/

experimental data

45

ET

40

C 35

0
o 30

25 ensemble average

20 of experiments Fmc. 3. Axial coordinate of the

15 flame base over time during un-

0 0.05 0.1 0.15 0.2 0.25 0.3 steady propagation of a flame burn-
ing in an ignited turbulent cold jet of

time [sec] methane into still air.

with that of the experimental runs. A closer inspec- 10-

tion of the calculations shows that flame propagation 0
follows the surface of mean stoichiometric mixture
and depends on the velocity fluctuations there. The
experiments, seem to show a transport of the flame
by the large structures at the edge of the jet. There-
fore, there remains a substantial difference between 0.2G Go
the very crude turbulence modeling based on the
k-e model and the large-scale dynamics in a jet. Mod- 2
eling of these features goes beyond the scope of this 5 -

paper.
iso -Z -contours

Liftoff Heights:

When the unsteady flame front propagation n
reaches a steady state, the liftoff height can be de- methane
termined. Figure 4 shows a blowup of the stabiliza- = Xq D = 4 [mm]
tion region in a turbulent m ethane jet flam e with a 0.0- 1 U =____ 7 --------s

diameter D = 4 mm and a fuel exit velocity U0 of 20 4.0
20 m/s. The shadowed area indicates the burnt gas F
region G > Go, and the solid lines are isocontours of r [cm]
the mixture fraction. The expansion by the flame de-
flects the stream lines and, thereby, the mixture frac-
tion isocontours at the flame base.

Figure 5 shows a schematic presentation of pro- FIG. 4. Stabilization region of a lifted turbulent jet dif-

files of the Favre mean velocity i, the conditioned fusion flame.
mean velocity v7, and the mean scalar C normal to
the flame front at the leading edge. The expansion
effect leads first to a decrease of the Favre mean flame moves upstream. This term takes a value of 0.9
velocity i with a local minimum in front of the flame downstream but reaches 0.3 when the stabilization
and to an acceleration further downstream. The con- height is approached. This indicates that flamelet
ditioned velocity v7, however, continues to decrease quenching is rather unimportant during the flame
through the front. Therefore, flame propagation al- propagation phase but becomes the dominant mech-
ways proceeds toward an increasing velocity reaching anism for flame stabilization.
a stable position when flow velocity and burning ve- In Fig. 6, calculated nondimensional liftoff heights
locity are equal. The burning velocity decreases due HID of turbulent methane jet diffusion flames are
to the flamelet quenching term in Eq. (16) as the plotted vs the jet exit velocity. They are compared
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'• G0

Vc

G/

FIG. 5. A cut following the line of
mean stoichiometric mixture at the

line of mean stoichiometric mixture stabilization height.

50 methane/air

D=4 [mm] D=8 [mm]
40 -

.___calculation

30
0 o

20 - Donnerhack, Peters
X 0 K (1984)

0 Kalghatgi (1984)
r•/ (4.06 u. 8.3 ram)

10 00 M3 iake-Lye, Hammer

(1988), ( 3.8 mm)

o.o I I I
0 20 40 60 80 100 120 140 FIG. 6. Measured and calculated

U0 [mis] liftoff heights of methane/air jet dif-
fusion flames.

with experiments of different authors. The calcula- propagation and liftoff in jet diffusion flames. The
tions have been performed for two nozzle diameters, resulting expression for the turbulent burning veloc-
D = 4 and 8 mm, and a wide range of jet exit veloc- ity combines the two different stabilization mecha-
ities. The computed liftoff heights depend on the nisms, partially premixed flame propagation along
value of the parameter a, which was fitted as a = 3.8 the surface of mean stoichiometric mixture and
for these calculations. If the stabilization heightwas flamelet quenching. While the unsteady flame prop-
determined by = Xjq, as by the flamelet quenching agation is essentially dominated by the first mecha-
criterion, the liftoff height is underpredicted. This is nism, the flame is stabilized close to but downstream
also evident from Fig. 4, where the position of X = of the position Z = Xq, indicating that flamelet
5.0/s lies upstream of the stabilization region. There- quenching is important for flame stabilization of
fore, both effects, premixed flame propagation and lifted flames.
flamelet quenching, add to the stabilization mecha-
nism.

Acknowledgment
Conclusions

A flamelet formulation for partially premixed tur- The measurements of flame propagation have been car-
bulent combustion has been used to predict flame ried out by Ms. Mechthild Hesselt in a diploma thesis.



1106 TURBULENT FLAMES

REFERENCES Symposium (International) on Combustion, The Com-
bustion Institute, Pittsburgh, 1985, p. 311.

1. Peters, N., Prog. Energy Combust. Sci. 10:319-339 14. Kalghatgi, G. T., Combust. Sci. Technol. 41:17 (1984).

(1984). 15. Peters, N., and Williams, F. A., AIAAJ. 21:423 (1983).

2. Peters, N., Twenty-First Symposium (International) 16. Broadwell, J. E., Dahm, W. J. A., and Mungal, M. G.,
on Combustion, The Combustion Institute, Pittsburgh, Twentieth Symposium (International) on Combustion,1986, pp. 1231-1256. The Combustion Institute, Pittsburgh, 1985, p. 303.3. Peters, N.,]. Fluid Mech. 242:611-629 (1992). 17. Miake-Lye, R. C., and Hammer, J. A., Twenty-Second

4.Bry,.NC.an Peters, N., in Turbulent Meactive 242:Symposium (International) on Combustion, The Com-
4. Bray, K. N. C. and Peters, N., in Turbulent Reactive bustion Institute, Pittsburgh, 1989, p. 817.

Flows (P. A. Libby and F. A. Williams, Eds.), Aca- 18. Schefer, R. W., Namazian, M., and Kelly, J., Twenty-
demic Press, New York, 1994. Second Symposium (International) on Combustion,

5. Dold, J. W., Prog. Astronaut. Aeronaut. 113:240-248 The Combustion Institute, Pittsburgh, 1989, p. 833.

(1988). 19. Chao, Y.-C., and Jeng, M.-S., Twenty-Fourth Sympo-
6. Dold, J. W., Combust. Flame 76:71-88 (1989). sium (International) on Combustion, The Combustion
7. Hartley, L. J., and Dold, J. W., Combust. Sci, Technol. Institute, Pittsburgh, 1992, pp. 333-340.

80:23-46 (1991). 20. Pitts, W. M., Twenty-Second Symposium (Interna-
8. Dold, J. W., Hartley, L. J., and Green, D., in "Dynam- tional) on Combustion, The Combustion Institute,

ical Issues in Combustion Theory." IMA Volumes in Pittsburgh, 1989, pp. 809-816.
Mathematics and its Applications (P. C. Fife, A. Linan, 21. Wirth, M., and Peters, N., Twenty-Fourth Symposium

and F. A. Williams, Eds.), Springer, New York, 1990, (International) on Combustion, The Combustion In-

pp. 83-105. stitute, Pittsburgh, 1992, pp. 493-501.

9. Buckmaster, J., and Matalon, M., Twenty-Second 22. Markstein, G. H., Nonsteady Flame Propagation, Per-

Symposium (International) on Combustion, The Coin- gamon Press, Oxford, 1964, p. 8.

bustion Institute, Pittsburgh, pp. 1527-1535. 23. Williams, F. A., in The Mathematics of Combustion (J.

10. Wichman, I. S., Combust. Sci. Technol. 64:295-313 Buckmaster, Ed.) SIAM, Philadelphia, 1985, pp. 97 ff.
24. Amsden, A. A., O'Rourke, P. J., and Butler, T. D.,

(1989). KIVA II: A Computer Program for Chemically Reac-
11. Kioni, P. N., Rogg, B., Bray, K. N. C., and Linan, A., tine Flows with Sprays, Los Alamos National Labora-

Combust. Flame 64:276-290 (1993). tory, Report LA-11560-MS, 1989.
12. Vanquickenborne, L., and van Tiggelen, A., Combust. 25. Janicka, J., and Peters, N., Nineteenth Symposium (In-

Flame 10:59 (1966). ternational) on Combustion, The Combustion Insti-
13. Eickhoff, H., Lenze, B., and Leukel, W., Twentieth tute, Pittsburgh, 1982, p. 367.

COMMENTS

R. W. Bilger, University of Sydney, Australia. In 1978, Ralph C. Aldredge, University of California, Davis, USA.
Sir William Hawthorne proposed to set the following prob- Does your model assume that variations of G occur over a
lem for John Moore's Combustion class at Cambridge Uni- much larger scale than that over which the mixture fraction
versity. "A slab of combustible mixture lies between semi- variable changes by amounts of order unity?
infinite inert gases. What will be the propagation speed of
the laminar combustion wave through the mixture?" The Author's Reply. No, because changes of the mixture fray-
students were expected to recognize this as an application tion will only modify the turbulent burning velocity that is
of Actuator Disc Theory and show that the speed was the assumed to be a known quantity for the solution of the G
laminar flame speed times the square root of the density equation. Variations of G occur over a scale that is of the
ratio. The flow diverges ahead of the flame, slowing the order of the integral length scale.
unburnt mixture so that overall the flame travels faster than
the planar laminar flame speed. This effect is evident in
your modelling of the lifted diffusion flame. It seems to be Robert Dibble, University of California, Berkeley, USA.an important component of the stabilization mechanism. RoetDblUirsyofCioraBklySA

Does your model predict the effect of coflow air velocity
and also addition of air to the fuel? Coflows in excess of 1

Author's Reply. I agree that this effect is very important m/s cause a lifted flame to blow off.
also for the turbulent flame propagation process and flame
stabilization. It is this effect that explains the relatively Author's Reply. The model would predict the effect of
large upstream propagation velocities that we have meas- coflow air velocity and of premixing the fuel jet with air.
ured in these flames. Blow-off will occur when the flame propagation velocity in

the laboratory frame of reference is smaller than the coflow
velocity.
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A LAGRANGIAN MODEL FOR PREDICTING TURBULENT DIFFUSION
FLAMES WITH CHEMICAL KINETIC EFFECTS

M. OBOUNOU, M. GONZALEZ AND R. BORGHI

University of Rouen,
URA CNRS 230/Coria, France

The present study is a new step in the development of a lagrangian turbulent combustion model devoted
to the prediction of non-premixed flames in which kinetic effects occur. Taking into account, in a refined
manner, the interaction between chemical reaction and turbulence, the model includes a spectrum of
turbulent timescales instead of a single mean timescale. The more recent improvement of the model
consists in including a library of chemical delay times derived from a six-step reduced reaction mechanism
for methane-air combustion, which is valid over a wide range of equivalence ratio. The predictions of the
combustion model in which the library was implemented were compared with experimental data on tur-
bulent jet diffusion flames near extinction. These calculations were performed with a finite volume tech-
nique devoted to variable density Navier-Stokes equations. A standard two-equations turbulence model
was used and provided reliable results for dynamic variables (mean velocity and kinetic energy of turbu-
lence). Comparisons between computed and measured mean mixture fraction and mixture fraction root
mean square (rms) are quite satisfactory, proving that scalar transport is correctly modeled. The more
salient point is the prediction of partial extinction and reignition phenomena, in agreement with experi-
ments. This result clearly demonstrates the ability of the turbulent combustion model to simulate the
interaction between turbulence and chemical reactions, which occurs in flames displaying kinetic effects.

Introduction probability density function (pdf) of composition, ve-
locity and dissipation that should provide information

The prediction of extinction (or partial extinction) on the turbulent scales. However, this method has
regimes requires refined modeling of the interaction not been applied to practical calculations up to now.
taking place between turbulence and chemical re- Following the ideas previously presented in Ref.
actions. Kinetic effects appear when some chemical 7, the Modfle Intermittent Lagrangien (MIL) was
reactions are not too fast with respect to turbulent devised [8]; it includes a distribution of turbulent
strain. Overlapping between chemical and turbulent time scales and is devoted to the thickened-wrinkled
timescales may thereby occur, for they reach com- flames domain. This model requires the knowledge
parable orders of magnitude. Chemical rates are of a local "chemical delay time," the nature of which
therefore altered by the exact shape of the turbulent will be discussed further and which, in the early ver-
timescales spectrum, which spreads from the small sion, had been approximately estimated using an Ar-
dissipative scales up to those of large structures. rhenius law. At that time, comparisons with experi-
Then, knowing the relevant turbulent scales that in- mental data on flames near extinction showed that
teract with combustion reactions turns out to be a the model had the capability to display kinetic effects
more acute problem than in the case of fast reactions, but that it did not succeed in predicting reignition.
Indeed, fast chemistry implies that chemical and tur- We have improved the chemical delay time calcula-
bulent timescales are quite separated, and in that tion by means of a six-step and ten-species reduced
case, a single mean turbulent timescale provides suf- reaction mechanism that has been derived under
ficient information to the model. On the contrary, consideration of atomic flux graphs [9]. It was used
when kinetic effects are present, the turbulent entry for building a library in which the local chemical de-
required by the combustion model is not likely to be lay time is given as a function of the instantaneous
a single timescale but has to include a distribution of mixture fraction, provided that two parameters re-
turbulent timescales. A number of previous models lated to local mixing, i.e., mean mixture fraction and
[1-3] neglected this point. The approach of laminar oxygen mean mass fraction are known.
flamelets models [4,5] addresses the probleni byj con- Finally, the predictions of the extended MIL
sidering a distribution of strain but is restricted to model were tested against experimental results on
the domain of wrinkled flames. On the other hand, turbulent jet diffusion flames near extinction ob-
Pope and Chen [6] proposed an equation for the joint tained by Masri et al. [10]. Since the model appears

1107
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to simulate extinction-reignition effects, these com-
parisons are satisfactory and prove that the refine--A
ment in computing the chemical delay time is a de-
cisive improvement.

It is to be noted that other attempts [11-13] were -

made to calculate the flames investigated by Masri /
et al. [10]. Chen et al. [12] used a second-order mo- Z.
ment procedure for flow computation and a joint pdf
equation for scalar transport. They tested two re-
duced reaction mechanisms but did not succeed in ..-
simulating the kinetic effects and suspected an arti- s - "
fact of the current Monte-Carlo procedure. Mashi -- ,-

and Pope [11] solved a velocity-composition joint pdf
equation by the Monte-Carlo method. Their results .'
were satisfactory only for flames far from extinction, -

for their simple thermochemical model did not ac-
count for kinetic effects. Vervisch [13] tested the La-
grangian PEUL model [15] as well as a pdf proce-
dure. Both methods, implemented in a k-e flow
calculation, provided correct predictions. B 1

The MIL model consists, as well as the PEUL FF

model, in approximating the joint pdf of reactive spe- FIG. 1. Trajectories of fluid particles in the phase plane
cies by its skeletal shape in the composition space. fuel (Y,)/mixture fraction (0) in the case of a diffusion
However, there exists a twofold difference between flame.
these models. On one hand, MIL assumes high
global activation energy combustion that, although
including some restriction, is realistic for reactants
consumption, formation of main products, and heat Yi'Yj as well as the modeled pdf equation of Dopazo
release; it will be seen below that this hypothesis sim- and O'Brien [1].
plifies the determination of the joint pdf shapes in In the framework of MIL, the exchange time r,
the composition space. On the other hand, the allow- instead of being unique, is assumed to obey a tur-
ance for a distribution of turbulent timescales is an bulent timescales distribution that will be discussed
essential feature of MIL, which is not considered in later.
the PEUL model. Assuming "sudden combustion," i.e., high global

activation energy is the second main hypothesis of
the model. Sudden combustion implies that chemical
reaction starts with quasi-negligible consumption of

The Turbulent Combustion MIL Model reactants and very low heat release and, after an "ig-
nition delay," terminates rapidly, most of the con-

The MIL model originates from the IEM (Inter- sumption of reactants and heat release occurring in
action by Exchange with Mean) model [14] in which a short time interval compared to the ignition delay.
the diffusion term in the lagrangian equation for the This picture differs radically from the infinitely fast
reactive species mass fractions is modeled as an chemistry hypothesis that states any chemical times-
exchange with the mean value cale to be negligible in comparison of all turbulent

timescales and that, thereby, precludes considering

d Yi Yi - Y. a chemical delay.
- + ti(Yjtj=s..,, T) (1) We consider the case of non-premixed combus-

dt T tion. Let us depict the history of fluid particles in a

phase space (4), YF) (Fig. 1), where 4) is a mixture
where Yi is the instantaneous mass fraction of species fraction defined such that 4) = 1 in the fuel inlet
i and 7'• is its statistical mean value; sO, is the instan- (point A) and 4) = 0 in the oxidizer inlet (point B)
taneous reaction rate of species i, depending on the and YF is the fuel mass fraction. On Fig. 1, M is the
mass fractions of all other species and temperature; point the mean value (4), YF) is located in the phase
11- is the frequency of exchange that, in the IEM space and S is the point corresponding to stoichio-
model for homogeneous media, is unique and related metric conditions. In a homogeneous turbulent me-
to the kinetic energy of turbulence k and its dissi- dium and assuming sudden combustion, Eq. (1) im-
pation e by stating ak/e. Borghi [15] extensively dis- plies that the trajectories on which fluid particles
cussed this model and demonstrated that Eq. (1) al- move are made with paths along the mixing lines AM
lows to derive the classical equations for 1i and and BM when weak reaction occurs or paths along
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FLAME 6 Uj= 48 ms' Fig. 1 together with the equations of IEM for 4) and
YF- Mathematical details are given in Ref. 8; then,

X/tD, = 30 the mean reaction rate writes
2 -. =P(,d (2)

= P9(4)) Jrg(o) r4~~r4 2

"where
2000'

' ''."•..- w& =-Y/r/ for4)a•<)S
1-• = - [NH' - 4)9

50- 15 • + ( ( - ¢ )] r( 1 - 0 ,J) fo r (P (p (3 )

C . "where (p, is the stoichiometric value of mixture frac-
tion, P,(O4) is the pdf of 0, and P(r) is the distribution

-IOU of turbulent timescales; as far as we know, neither
"theoretical nor experimental works have been carried
out for determining P(r). Direct numerical simula-
tion of non-premixed flames [ 17] could be a valuable

500 guidance for getting more insight into such a distri-
bution and, also, for including chemistry effects in
the modelling of the micromixing process. Here, we
follow the experimental study of Bray et al. [18] and

, S.tt FIll tassume an exponential function:00 0.'05 11 3 0.5 0 .7

MIXTURE FRACTION P(r) = exp[-(r - r'K)l/r - zK)]/(rt - rK)

FIG. 2. Scatter plot of the instantaneous temperature vs for r - rTK and P(r) = 0 for z < T K
mixture fraction in a jet diffusion flame of methane near
extinction (from Masri et al. [16]). (4)

where rK is the Kolmogorov timescale and r, a k/c;
AS and BS when reaction is very fast. The fluid par- ig(P) is the chemical delay time; a way of computing
tides skip from the former to the latter as soon as this parameter is shown in the next section.
ignition conditions are fulfilled. Jumps from mixing
to equilibrium lines are very fast, and thus, the prob- Building the Library of Chemical Delay Times
ability to find a fluid particle elsewhere than along for Methane/Air Combustion
AM, BM, AS, and BS is quite small. Consequently,
the projection of the joint pdf P,,r (0, YE) on the (4), The reaction rates are given by a six-step reaction
YF) plane lies only on AM, BM, AS, and BS. mechanism that was derived by means of the atomic

In actual fact, we deal with nonhomogeneous flux graphs technique [9]. This chemical scheme in-
flows, and as a consequence, the projection of cludes 10 species and writes
PyF (4, YE) rather looks like a picture made with the
equilibrium lines and one cloud of points around the CH4 - CH3 + 1/2 H2 (11)
mixing lines. This approximated shape of the joint
pdf that arises from the MIL model is far from being CH, + 1/2 02 - CH 20O + 1/2 H2 (R2)
unrealistic. Scatter plots in a mixture fraction/tem-
perature plane provided by the Masri et al. experi- CH 2O + 1/202 -2 CO + H20 (R3)
ments [16] indeed show that, in flame zones near
extinction, such a description holds, at least for lean H2 + 1/202 - H20 (R4)
to slightly rich mixtures (Fig. 2). In regions that are CO + 1/2 02 C co 2  (R5)
further from extinction, the measured scatter plots
display dense clouds of points in the vicinity of the N2 + 02 ;7 NO + NO (1R6)
equilibrium lines, a picture that, obviously, also sup-
ports the MIL model assumptions. The corresponding reaction rates are reported in

The mean consumption rate of fuel, in the frame- Ref. 9. This scheme was fitted for equivalence ratio
work of a global one-step reaction approximation, is and temperature ranging, respectively, from 0.2 to 2
derived considering the trajectories described on and 900 to 1500 K. It provides quite a good predic-
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0.4 0.5 0.6 0.7 08 09 (Ps '. FIG. 3. Sample of the chemical delay time

0b library for different couples (4, Yo,).

tion of ignition times [9]. Since nitric oxide produc- accounts for mixing with hot products through
tion is only weakly coupled with other reactions, the Yo" (and then T) and, consequently, for radicals
chemical reaction (116) is neglected in the compu- production through the increase in temperature.
tation of chemical delay times. Accounting for the presence of radicals in the

The chemical delay time that is considered in the mean mixture requires extending the library to
model is not the ignition time of a mixture at given include Y"CH3 and YCH2o as two additional param-
initial equivalence ratio and temperature. In point of eters and solving their respective transport equa-
fact, our chenmical delay time, in addition to kinetic tions. Although quite tractable, this task (espe-
processes, takes into account local mixing effects. cially the derivation and the implementation of a
More precisely, it has to be viewed as th e delay time five-parameters library) is rather tedious. This is
during which a fluid particle proceeds to ignition the reason why this improvement, which is at pre-
while experiencing mixing. sent seriously considered, is still under progress.

Then, the chemical delay times library is built up It will also be shown below that the already im-
as follows. Reaction rates being known due to the plemented three-parameters libary leads to quite
reduced scheme (R1 through 115) system (1) (includ- reliable results.
ing an equation for temperature) can be solved pro- 3. System (1) is solved for temperature, mixture frac-
vided that the mean values Yi, T, as well as the tion, and Yj's (i U CH 4 , 02, CO2 , H20, CO, H2,
exchange time r are given. Notice that the solution CH3, CH 20). One couple (Y0, 0(k)) heing given,
of the lagrangian equation for an inert species (e.g., integration is performed for one value r' of r. Ig-
mixture fraction 04) is analytical. The under men- nition is detected whenever temperature experi-
tioned procedure is used: ences a sudden increase (e.g., at time tig); then,
1. Selecting values for -o2 and ý allows to deter- integration is stopped and one value of the chem-

mine the main _species mean mass fractions, delay time tig is stored in the library as rig =
-ine t _(k) p.(k) 0. ) where Oig is the mixture fraction
Y'CH 4, Yco 2, and YH2o and the mean temperature 0wi
T, assuming global reaction, adiabaticity and equal at time t g Afterward, the system is integrated

diffusivities. again for another value of r, providing another

2. Minor species, including carbon monoxide, hy- T., and so on. The library is completed using the2 . i n r s e c e s , i n l u i n g c a b o n n m o x d e , h y a ~ v e t e h n i q u e f o r a n u m b e r o f c o u p l e s

drogen, and radicals are neglected as far as their K above the forain o u
mean mass fractions are concerned: Yco ý 0, jg o ) in t domain [0 -( o Yo25, 0 2B

Y0ad0Iso t j 1 (where Yo2B is the oxygen mass fractionY112 -• 0, "YCH, ý 0, and YCH20 - 0. It is to be
noticed that in the present scheme, CH3 and in air inlet) and various values of r ranging from

CH20 stand for the radical pool of the detailed 10 to 10 -a5s
scheme, i.e., 0, H, OH, CH3 .... Although pro- Since for each value of r, integration of (1) is per-
duction of radicals during the ignition process is formed with initial conditions corresponding once to
duly taken into account, the previous hypothesis pure fuel and once to pure air, two ignitions may be
implies that we will compute chemical delay times found, one on the rich side and the other on the lean
in mixtures that would be initially free of radicals. side. For this reason 'ir (0), for given values of
This restriction is, of course, questionable since Yo 2 and ', is representedlgy U-shaped curves (which
we know that mixing with radicals may strongly take a V shape in a semilog plot), as displayed by Fig.
influence ignition. However, the library we build 3.
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Finally, the chemical delay times library completes 1.0
the MIL model. This model is used with a global 1, l-
reaction assumption for heat release and main spe- i 0.8 - - -
cies but includes complex chemistry through the
chemical time zig.

c 0. - -. I ? _5~f a

Comparison of MIL Predictions with 0.4 - .
Experimental Data

MIL was used for predicting turbulent diffusion 0-0.2 ..

flames near extinction investigated experimentally by i - -

Masri et al. [10]. Their experimental setup consists
of a burner with a central jet of methane in a coflow- -/Dj0 1
ing air stream. The burner stability is ensured due to
a burnt gas flow provided by a pilot flame surround- ,
ing the methane jet. Experimental conditions are as g0.2 Di 1t0- ;
follows: air coflow: U, = 15 ms -1; pilot burnt gas

Upb = 24 mIs-1 ; Tpb = 2400 K. Flame character- X/Dj=30
istics are varied by changing the methane bulk ve-
locity: U. = 36 m's- 1 (flame A), UL = 41 ms-1 0.1 A
(flame L, U= 48m's-5 (flameB) U.= 55m's-I'1 j
(flame M). The diameter of the central jet is Dj =
7.2 mm.

The flow was computed by a numerical procedure 0.0 A

for two-dimensional compressible flows [19,20]. Spa- 0 1 2 3 4 5
tial discretization is performed with a finite volume rID
technique and time integration with a semi-implicit
factored scheme. The main equations to be solved
are the Favre averaged transport equations for mass, FIG. 4. Radial profiles of mean mixture fraction and mix-
momentum, energy, and fuel; in addition, this set ture fraction rms at axial locations x/Dj = 10, 20, 30, and
includes an equation of state. Transport equations for 50 (flame B).
kinetic energy of turbulence and its dissipation are
also needed since the k-e model is used. The pdf of the mean mixture fraction. For rms mixture fraction,
mixture fraction P6(k) in Eq. (2) is approximated by the agreement is not perfect, but the main behavior
means of a presumed pdf method [2] that requires is correctly captured. Moreover, these results are
solving equations for the mean mixture fraction and substantially better than those obtained by Chen et
mixture fraction variance. al. [12] who used a second-order modeling.

The fuel mean reaction rate wTF of the MIL model Flame A, although not fast burning, does not ex-
is implemented in the fuel-averaged equation. At perience extinction. Despite slight underestimation,
each point, the oxygen mean mass fraction Y02 is calculations display a correct temperature evolution
computed from YF and k and the couple (YoF, k) (Fig. 5).
provides the entry in the chemical delay times library Comparison with experimental data from flame B
for determining Zig ((P). is more fruitful. First, Fig. 6 shows that methane

The boundary conditions for velocity and kinetic mean mass fraction is quite well predicted. Similar
energy of turbulence at the burner inlet are taken results were obtained in flames A and L but are not
from the actual ones [11]. reported here.

Experimental data on velocity and turbulent ki- The salient phenomenon that was experimentally
netic energy were available for flame L only. Nu- put into evidence in flame B is the partial extinction
merical predictions of these variables (not shown occurring in the region located between 10 and 20
here) are almost satisfactory and consistent with the jet diameters and further reignition [10,16]. Indeed,
middling ability of the standard k-e model to predict measurements clearly show (Fig. 7) that the maxi-
variable density jet flows, mum temperature reaches 1400 K at x/D. = 10, de-

Figure 4 shows mean and root mean square (rms) creases to 800 K at x/Dj = 20, and afterward, in-
mixture fraction calculations in flame B. The dissi- creases progressively downstream (1000 K at x/D =
pation of mixture fraction fluctuations, e, was mod- 30, 1400 K at x/Dj = 50). It seems that such a be-
eled in a usual way, assuming e g- CD e/k (4"2 (with havior is not easy to explain, at first sight. Neverthe-
CD = 2 as recommended by B6guier et al. [21] for less, pdf measurements [16] support the idea that
jet flows). The numerical results are rather good for although high strain drives the flame to be extin-
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E FIG. 7. Radial profiles of mean temperature at axial lo-
cations xlDj 10, 20, 30, and 50 (flame B).

E A .

...... .. ..... ae...... Mean temperature is reasonably well predicted in
0.2 . flame B (Fig. 7). The shift of the calculated profile

. 0.toward the periphery of the jet at x/D. = 20 is rather
- surprising, for this trend is not displayed at other see-

0.0 tions. This discrepancy could be explained by possi-
0 2 3 ble inaccuracies in flow computation but, unfortu-

r/Dj nately, experimental dynamic variables were not
available for flame B.

FIG. 6. Radial profiles of methane mean mass fraction The computed temperature profiles of Fig. 7 have
at axial locations xIDj = 10, 20, 30, and 50 (flame B). been put together on Fig. 8. Then, looking at the

longitudinal evolution of the maximum temperature,
it clearly appears that partial extinction (between

guished, pockets of burnt fluid are still encountered x/D. = 10 and 20) and further reignition (x/D. = 30
and are helping to keep chemical reaction alive fur- and50) are predicted. These results demonstrate the
ther downstream. Thereby, close to extinction, com- ability of the model to calculate the main trends of

bustion occurs in a quasi-bimodal regime, and the flames near extinction.
flow displays either burnt gas or mixing fluid. This
picture is in agreement with the "intermittent" na-
ture of the MIL model previously reported (Fig. 1). Conclusion
Moreover, in the framework of MIL, strain effects as
well as thermal influence over chemical reaction are Additional extension of a lagrangian model devised
taken into account, the former via the turbulent for predicting turbulent diffusion flames that display
timescales distribution (which includes the turbu- kinetic effects has been achieved. The model as-
lence Reynolds number (rt/rK)2 ) and the latter via sumes high activation temperature reaction and re-
the chemical delay time cig. It is also clear that the quires two main entries: a distribution of turbulent
two Damk6hler numbers rK/rg are key parameters timescales and a chemical delay time. This formula-
of the model (formula 2). tion allows accounting for turbulence/chemistry in-
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COMMENT

J. Chomiak, Chalmers University of Technology, Sweden. nition plhenomeenon may be explained through the exis-
Foryour model to be applicable,you must be sure that there tence of fully burned pockets that provide possible
are no flamelets in the reaction domain or that the flamelet reignition in regions close to extinction [1]. Clearly, this
combustion is negligible as compared with the distributed behavior may be simulated through the intermittent nature
reaction combustion. Do you have an estimate of the impor- of our model which takes into account turbulent exchanges
tance of the flamelet combustion on the predictions? with the environment.

Author's Reply. After the pdl's measurements of Masri REFERENCE
et al. [16], it is not clear to what extent flamelets take part
in the flame structure. Furthermore, their results on con- 1. Masri, A. R., Bilger, R. W., and Dibble, R. W., Comnbust.
ditional pdfs indicate that the partial extinction and reig- Flame 74:267-284 (1988).
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TWO-DIMENSIONAL NONSTATIONARY CAUSAL STOCHASTIC MODEL
FOR TURBULENCE/RADIATION INTERACTIONS IN FLAMES

S. H. CHAN,' X. C. PAN** AND J. ZHANG'

Depart7ment of Mechanical Engineering
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201, USA

A new stochastic method is presented to treat turbulence/radiation interactions. In order to simulate
the random field of instantaneous mixture fraction distributions along the radiation path, a two-dimensional
(2D) nonstationary causal stochastic model is proposed. The model can account for not only the first-order
correlations both in time space and geometric space but also the first-order cross correlation. Also pre-
sented is a general proof that in the simulation of the mixture fraction, the contributions from the first-order
correlations in time and geometric spaces are important and so is the contribution from the first-order
time-geometric space cross correlation. Furthermore, the second- and higher-order correlation terms are
proved to be negligibly small. They provide the foundation for the general development of the present
two-dimensional and future three-dimensional stochastic models for turbulence-radiation interactions, Fi-
nally, application of the proposed two-dimensional causal model to simulate the radiation process in tur-
bulent carbon monoxide/hydrogen/air flames is illustrated. The predicted mean and fluctuating radiation
properties are found to be in good agreement with experimental data.

Introduction can be better simulated and studied by a stochastic
approach. If the instantaneous mixture fraction dis-

Theoretical and experimental studies have shown tribution along a radiation path is simulated stochas-
that turbulence/radiation interactions in turbulent tically as a two-dimensional (2D) (time space t, ge-
diffusion flames have a significant influence on ra- ometric space s) random field (see Fig. 1), radiation
diation. This is due to temperature and species con- intensities can be calculated by solving the radiative
centration fluctuations and the strong nonlinear re- transfer equation along the radiation path since the
lationship between radiation and temperature. Cox radiation properties such as temperature and species
[1], Kabashnikov and coworkers [2,3], and Grosshan- concentrations can be considered as functions of mix-
dler and Joulain [4] studied the turbulent effects on ture fraction, and the radiation statistics can be read-
radiation by using simplified flame radiation models. ily computed from the instantaneous radiation inten-
The results showed that turbulent fluctuations in- sities. Therefore, radiation statistics can be calculated
crease mean radiation properties from the level simply from the simulation of instantaneous mixture
based on the mean scalar property distribution pro- fraction distributions along the radiation path. Jeng
files in a flame. Nelson [5] used a simple band radi-atio moel o ealuae te iporanceof eanand et al. [7] provided a first attempt to use a stochastic
ation model to evaluate the importance of mean and approach to study the turbulence/radiation interac-
fluctuation parameters. It was illustrated that the ira- tions. It was assumed that the flow field consists of
portance of fluctuations is largely confined to varia- numerous statistically independent turbulent eddies,
tion in the Planck function. Chan and Chern [6] pro- each of them having uniform properties, which are
posed a method to consider the turbulence/radiation only a function of mixture fraction. The cumulative
interactions for multiphase diffusion flames, by solv- distribution function of mixture fraction was ran-
ing the energy equation with a radiative source term. domly sampled by selecting a random number in the
A linear relationship assumption between enthalpy ro f sampled ty instantaneom mibtrrinfrhe
and mixture fraction and a PDF method with three- range of 0-1 to find the instantaneous mixture frac-
dimensional (mixture fraction, enthalpy, and scalar tion. That is, the mixture fraction at (rn) was sim-
properties) state relationships were used. ulated independent of the mixture fraction in t and

Generally, the turbulence/radiation interaction s directions (Fig. la). There was no temporal or spa-
tial correlation consideration. Using the time-series
technique for a first-order autoregressive process,

"*Wisconsin Distinguished Professor. Kounalakis et al. [8] modified the approach to ac-
"-Graduate Student. count for temporal correlations of mixture fraction,
'Assistant Professor. whereby the mixture fraction at (m,n) was simulated
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E3- t cross-correlation terms. Therefore, the objectives of

the present study are several. First, a general two-
dimensional causal stochastic model for the simula-
tion of mixture fraction in turbulent reacting flows is

N,N-i N,N-i presented. The model can account for precorrela-
N-, N-I, tions in time and geometric spaces as well as the cross

-, --correlations (Fig. Id). This makes possible a straight-
forward extension of the present 2D model to a
three- or higher-dimensional model. Second, it aimsCal Ill to provide a proof that, in the mixture fraction sim-

ulation, the contributions from the first-order cor-
relations in the time and geometric spaces and the

- ,-2 first-order cross correlation are significant, but not
N,' from the higher-order correlations. This provides a

N, - ,useful rule for the development and considerable

simplification of the present and any stochastic mod-
- - -I, els for the analysis of turbulence-radiation in flames.

Finally, for illustration, the proposed two-dimen-
Isional nonstationary causal model is used to predict

mean and fluctuating spectral radiation intensities of

FIG. 1. The two-dinensional random field for the exist- carbon monoxide/hydrogen/air turbulent diffusion
ing and present models, flames, and the results are compared to the existing

experimental data to show the validity of the model.

by correlating with previous time space in the t di-
rection (Fig. 1b). There was no spatial correlation Two-Dimensional Stochastic Model
consideration. Following the time-series technique
to consider both temporal and spatial correlations of The existing stochastic models are essentially
mixture fraction, Kounalakis et al. [9] later assumed based on the concept of the time-series technique
that the mixture fraction could be constructed as an intended for a one-dimensional process. The present
additive function of a first-order autoregressive pro- work, however, is based on the recent advances in
cess in time space and a pth-order (p Ž> 1) moving the field of image processing, which has developed a
average process in geometric space. That is, the mix- model capable of simulating a two-dimensional ran-
ture fraction at (n,n) was simulated using the cor- dom field [10]. Nevertheless, the latter is for a sta-
relation with the mixture fraction at the previous tionary field; namely, the mean and variance of a sca-
time in the t direction and, with that, at all previous lar are treated as constant in the field. In combustion,
locations in the s direction (Fig. 1c). It was simply the mean and variance of mixture fraction are a fune-
based on the assumption that the one-dimensional tion of position. Therefore, a two-dimensional model
random processes in the t and s directions are addi- for a nonstationary random field suitable for general
tive. The prediction of mixture fraction at (re,n) was use in turbulent combustion is developed below.
only expressed as the sum of the one-dimensional Consider the instantaneous mixture fraction dis-
predictions of mixture fraction in each direction, tributions along a radiation path as a two-dimensional
namely, the prediction at (m - 1, n) in the t direction (time space-geometric space) random field. Let
and at (m, n - 1), (in, n - 2), etc. in the s direction. z(m,n) be such a two-dimensional random field with
Consequently, the contribution flrom cross locations, a mean value f(m,n) and covariance r(m,n; m - k, n
such as (in - 1, n - 1), cannot be accounted for - 1). For the simulation of mixture fraction, m and
since there was no temporal-spatial correlation con- n represent the location of time space and the loca-
sideration. As to be seen later, in the simulation of tion of geometric space, respectively. It is noted that
mixture fraction at (m,n), the contribution from the in can also designate the location of another geo-
cross location at (an - 1, n - 1) is in fact more metric space. For a two-dimensional nonstationary
significant than from the second-order location at (in, random field, the linear prediction of z(m,n) under
n - 2) or (in - 2, n). minimum variance representations is simulated as

In sumnmary, the above review reveals lack of a
systematic formulation and rigorous model to simu- z(nn) =3 k , - n - 1)z
late radiation-turbulence interactions. There is a (Ul) ES

need to develop a general two-dimensional stochastic
model to simulate a radiation field in turbulent (in - k, n - 1) + e(m,n) (1)
flames. Also needed is the assessment of the relative
significance of the contribution from cross- and non- in which S is the prediction region, and the predictor
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St

0

-2, "+N-I NN I

- -N,•IN.

(a) (b) (C)

Fic. 2. (a) The causal prediction region S and the corresponding finite prediction region WV, (b) initial conditions for
a causal system (At: time-space increment; As: geometric-space increment), and (c) the two-dimensional random field
for the second-order causal model.

coefficients a's, unlike the prior work [10], are now (m - k, n - 1) + e(m,n) (6)
allowed to be a function of m - k and n - 1. The
term 6(m,n) is the zero mean prediction error that is which shows that z'(m,n) is another two-dimensional
governed by the present state (m,n) and is independ- nonstationary random field with zero mean and co-
ent of all the other states such that the following ex- variance r(m,n;m - k, n - 1). Therefore, the sim-
pectations hold: ulation of z(m,n) can be shifted to the simulation of

z'(m,n). This is the approach used in the present
E[e(ma,n)] = 0, study.

E[e(m,n)z(m - k, n - 1)] = fl#,,,5(k, l) (2) Causal Prediction:

in which fi2,, -_ E[c(m,n)e(m,n)] is the variance of A causal predictor is characterizedin terms of pre-
e (m,n), and 5(k,l) = 0 when k # 0 U 1 # 0 and 6(k,l) vious predictions. The proposed two-dimensional
= 1 when k = I = 0. Decomposing z(m,n) into stochastic model is causal in both dimensions, and its
mean and fluctuating parts as prediction region is (Fig. 2a)

z(m,n) = (m,n) + z'(m,n) (3) S = (k -- 1, V1} U {k = 0, 1 -> 1}. (7)

and substituting Eq. (3) into Eq. (1), The special case of the single-quadrant causal pre-
diction region is

f(m,n) + z'(m, n) = • a(m - k, n - 1)k(k,l) es S = {k >-! 0, 1 >- 0, (k,1) 3 (0,0)1 (8)

(m - k, n - 1) + E a(m - k, n - l)z' which is called a strongly causal predictor and is used
(k,l) e.s in the present simulation.

In practice, only a finite neighborhood WV, WV C
(m - k, n - 1) + e(m,n). (4) S, is used in the prediction process, so Eq. (6) be-

Taking the time average of Eq. (4) yields comes

z'(m,n) = • a(m - k, n - 1)z'f(m,n) = a(m - k, n - l)£ (t,l) eW (9)

lk,l) e.I)Gl, 9
r(m - k, n - 1) + e(m,n)

(?n - k, n - 1). (5)
in which W (Fig. 2a) can generally be described by

By substituting Eq. (5) into Eq. (4), we have
WV= {0<k p, 0 -5l < :q, (k,l) = (0,0)}. (10)

z'(m,n) = • a(m - k, n - 1)z'
kl) Q§ For the causal simulation, the prediction output
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z'(m,n) can be uniquely computed recursively from , a(i - 1 n)am as
the past outputs {z'(n - k, n - 1), (k,l) E W} and
the present input e(in,n). Therefore, the causal sim- +
ulations are recursive. Pm-1,,;,,- + a(m, n - 1)aYmaiPmani;m kan-

+ a(mn- 1, n -- 1)'~~ ~-~-;-~
First-Order Causal Model:

The first-order causal model for the simulation of + r,(m,n; In - k, n - 1). (17)
the two-dimensional nonstationary random field is
presented next. By setting p = q = 1 in Eq. (9), Applying the above to the three nodal points next to

z'(inn) = a(m - 1, n)z'(i - 1, n) (mn) in Fig. Id and using Eqs. (15) and (16) yield

"+ a(m, n - 1)z'(i, n - 1) U,,n~n-1,,,. ,, = a(m - 1, n)aun ,,

"+ a(n - 1, n - 1)z'(m - 1, n - 1) + a(m,n -

+ (in,n). (11) + a(in - 1, n - ),,,

Multiplying both sides ofEq. (11) byz'(in - k, n - "P,,1,;-1,ý, (k = 1,1 = 0)
1) and then taking expectations yield an,,,n-i = a(m

r(m,n; m - k, n - 1) = a(m - 1, n)r + a(m,n -1)a -I

-(n - 1,n;m - k,n -1) + a(m,n - 1)r + a(m- ,n -

(7n, n - 1;i -- k, n - 1) + a(m - 1, n - 1)r * PA ,,- i - ....... 1, (k =0,1 = 1)

U,,,,,p .. ,,,, n -1,n-I = a(m - 1, n)a6,,,

(mn - 1, n - 1; m - k,n - 1) • ,,-1,^,,-1,,n i + a~m n -17...

+ rl(m,n; m - k, n - 1) (12) " + a(m - I, - 1)

where a,,,-i,,_, (k = 1, 1 = 1) (18)

r(m,n; m - k, n - 1) from which the predictor coefficients a(m - k, n -

E[z'(m,n)z'(m - k, n - 1)] (13) 1) can be readily solved in terms of variance L;,,.. and
correlation P,,;,n-k,,n -' As in image processing [10],

k 1) the correlation function Pm,n;m-kn-a is taken as sep-
r,(m,n;i - k,n - 1)arable,

= E[e(in,n)e(m - k, n - 1)]. (14)

Pm,;m-k,-1- =P ...m-kP.,n. - (19)
It is noted that

Substituting Eq. (19) into Eq. (18) and then solving
E[e(mn)z'(in - k, n - 1)] = E[c(m,n)e(m for the coefficients,

- k, n - 1)] = fl,2I,3a(k,l) (15)

Using Eq. (15) and the definition of the correlation a(Ta - 1, n) = '... Pa -i
at lags k and 1, mi 1,n

E [z'(m ,n )z'(m - k, n - 1)] a( , n - 1) = "in, P a...n

Pma-- Om-kn 1
Pm -k,,,-I -E[z'2(m,n)]E[z ,2(m - k, n - 1)] a .

a( . . .. 7i ' Pm,rn-lPn,n-l"

r(m,n; m - k, n - 1) 1 -ma ,n-1a,,•,,a,,_k• 1(20)

(16)
Here, Po-kmn = P.,m -k andP -l.a = Pa,a -l have been

whereo.1 ,,, is the variance ofz'(m,n); Eq. (12) is ex- used. Therefore, the two-dimensional nonstationary
pressed as first-order causal model is expressed as
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nanski and Fiedler [13], and Frenkiel and Klebanoff
z'(m,n) = P- 1,n) [14], the temporal and spatial correlations are ex-

rn - 1,n pressed generally in terms of exponential forms. The

+ ... n prediction error, e(t,s), is chosen to be an uncorre-+ ....fl...., lz(nn -1) lated Gaussian random variablewýith a zero mean and
a variance given by

Ui'n Pin, i - lPn,n-IZ'2 
t)[

Pm 1,n-1 /ni = u2 o[1 - RI(At)][1 - R2(AS)] (25)

* (m - 1, n - 1) which is obtained from Eq. (22) by setting k =

+ e(m,rn) (21) 1 = 0.
Equation (24) can be solved recursively, if a(t,s)

and the covariance function of e is obtained by mul- and the initial values z'(O,s), z'(t,O), and e(t,s) are
tiplying e(m - k, n - 1) on both sides of Eq. (21) known. To obtain the solution at location A, we only
and by taking the expectation of the resulting equa- need the previously determined solutions at locations
tion, B, C, and D and the random variable e at location A

(Fig. 2b). The initial values z'(O,s) and z'(t,O) can be
r,(r,n; m - k, n - 1) simulated by using the one-dimensional time-series

technique.
2, (1-p' )(1p - p2,,)3(k l). (22) Since the mixture fraction has a clipped Gaussianprobability density function, it can be obtained from

It is noted that in the limit when the variances are the causal simulation of Eqs. (23) through (25) with
assumed to be constant, urn, = Umrnin,, = Un, n.. - = the following stipulation:
Umlini = U", Eqs. (21) through (22) do reduce cor-
rectly to the stationary model [10]. f = z, 0 - a - 1; f = 0, z -< 0;

f= 1, zŽ1. (26)

Mixture Fraction Stochastic Simulations

As in Eq. (3), the instantaneous mixture fraction Carbon Monoxide/Hydrogen/Air Flames

distributions along the radiation path z(s,t) can be
decomposed as The present causal model is applied to buoyant

turbulent round jet diffusion flames of a carbon mon-

z(ts) = f(s) + z'(t,s). (23) oxide/hydrogen mixture burning in still air. The ex-
perimental data of such flames are available from

It is noted that the mean value of mixture fraction z Kounalakis' work [11]. Two flames were considered.

depends on location s only. When z'(s,t) is consid- Their Reynolds numbers at the burner exit were

ered as a first-order causal field and the correlation 7,400 and 12,700. The radial radiation paths were at

function is treated as separable, the above two-di- x/d = 30, 40, and 50. The measured time-averaged

mensional nonstationary first-order causal model, mean and variance of mixture fraction distributions

Eq. (21), can be simplified as for the three radiation paths in each flame were
given. The measured temporal and spatial correla-

z'(t,s) = R(At)z'(t - At, s) tions, the integral length, and timescales along the
radiation paths of two flames were also available.

+ Us R(As)z'(t, s - As) Those measured quantities are useful in the later val-
+S - As idation of the proposed two-dimensional stochastic

model.
US- R(At)R(As)z'" The prediction of radiation statistics began with

-U• - As the simulation of instantaneous mixture fraction dis-
tributions along a radiation path, which was per-

(t - At, s - As) + 0(t,s) (24) formed by using the two-dimensional nonstationary
first-order causal model. It was required to generate

since the variance of mixture fraction U
2 is only a a set of random numbers ranging 0-1. The random

function of location s; that is, ot_Ats = Uts = U,. In numbers were chosen to be equal to the cumulative
Eq. (24), the temporal correlation R(At) - distribution function of the unclipped Gaussian pow-
f'(t)f'(t - At)/f't, the spatial correlation R(As) - der diffraction file (PDF) of a(s,t) with zero mean
f'(s)f'(s- As)/[ = (s) f' 2 (s - As)] are equiva- and a variance given by Eq. (25). The measured cor-
lent to pm...- and p,,,-, in Eq. (21), respectively, relations, R(At) as a function of x/d and At, and R(As)
As shown experimentally by Becker et al. [12], Wyg- as a function of x/d and As, and the variance of mix-
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TABLE 1
Predicted and measured radiation properties

i(Kw/m
2 uem sr) i'( /il (%)

Predicted Predicted Predicted Predicted
x/d Data 2D Causal [9] Data 2D Causal [9]

(Re = 7,400, 2 = 4.5 pm)
30 8.7 8.6 9.8 20 21 16
40 11.2 11.0 10.3 18 20 19
50 11.0 11.2 9.7 26 24 27

(Re = 7,400, 2= 2.8gum)
30 2.6 2.2 2.3 24 25 23
40 2.9 2.5 2.7 27 30 29
50 2.8 2.7 2.5 35 33 36

(Re = 12,700, 2 = 4.5 emn)
30 9.2 9.0 10.1 15 19 15
40 11.4 10.8 12.0 13 17 13
50 12.4 11.8 11.7 16 16 16

(Re = 12,700, 2 = 2.8,prm)
30 2.2 1.8 2.5 25 26 21
40 3.3 2.4 3.4 22 26 21
50 3.6 2.9 3.3 26 27 27

ture fraction o-, taken from Kounalakis [11], were tral radial radiation intensities are summarized in Ta-
used in evaluating Eq. (25). With e (s,t), Eq. (24) was ble 1 together with the experimental data. The re-
solved to yield z'(t,s). Then the unclipped instanta- sults are given at two spectral wavelengths: 2 = 2.8
neous mixture fraction z was computed from Eq. pm and 2 = 4.5 pm. For each wavelength, the in-
(23), in which the measured values [11] of the mean tensity at three axial locations of x/d = 30, 40, and
mixture fraction f(s) were used. The clipped f was 50 are given. The comparison between the present
finally determined from Eq. (26). The corresponding prediction and the measured mean spectral radiation
instantaneous species concentrations and tempera- intensities in Table 1 shows a good agreement, with
ture of the reacting mixture were calculated from the an average error of about 10%. Similarly, the pre-
state relationships of a radiating flamelet with a scalar dicted fluctuations of spectral radiation intensities
dissipation rate of x = 1.0, as shown in Ref. [15]. given in Table 1 are close to the measurement values
The relationships were obtained by solving flamelet with an average discrepancy less than 10%. This
conservation equations using a reduced three-step small difference may be attributed to the use of the
chemical kinetic mechanism and an energy equation predicted flamelet state relationships since the state
with an optically thin radiation model [15]. The relationship data for the experimental conditions are
flamelet with y = 1.0 corresponds to a 10% loss of unavailable. For completeness, the prediction by
heat of reaction by radiative transfer [15]. Kounalakis et al. [9] is also listed. However, it should

This simulation was made for the two carbon mon- be pointed out that they used equilibrium state re-
oxide/hydrogen/air turbulent diffusion flames speci- lationships with a 10% radiative heat loss. Further-
fled above. The radiation paths were discretized into more, for CO/H2 /air flames, radiative transfer is rel-
37 segments. The sampling frequency for the sto- atively weak, and thus, no great difference is
chastic simulation was 20,000 Hz so that the fre- expected between the present results and Kouna-
quency of experimental data up to 10,000 Hz could lakis' results.
be resolved. Therefore, At = 1/20,000 s was used.
The space increment was chosen to coincide with
data location; i.e., As = 0.3, 0.4, and 0.5 d for x/d =
30, 40, and 50, respectively. The total number of re- Higher-Order Model
alizations was 2000 to yield stable radiation statistics.
The spectral radiation intensities were calculated us- The causal model presented above is of the first-
ing the RADCAL algorithm of Grosshandler [16], order realization. In practice, the higher-order cor-
which was based on a narrow-band model. relation predictors can be neglected since they have

The two-dimensional nonstationary first-order little effect on simulation when compared to the con-
causal predictions of the mean and fluctuating spec- tributions from the first-order correlation predictors.
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This is proved next by the presentation ofthe second- 1 (k = 0, 1 = 1; k = 0, 1 = 2; k = 1, I 0; k = 1,
order realization. 1 = 1;k = 1,1 = 2;k = 2,1 = o;k = 2,1 = 1;k

In reference to Fig. 2c, the two-dimensional non- = 2,1 = 2) yields a set of eight long equations similar
stationary second-order causal model can be oh- to Eq. (18). Then, solving simultaneously with con-
tained by setting p = q = 2 in Eq. (9): siderable manipulation yields

2

z'(m,n) = • a(m - i, n)z'(m - i, n) a(m - 1, n) = " ... nl,
2 Ur n - - 1, 0

+ 0m a(m - i, n - 1)z'(m - i, n - 1) a(m - 1,n - 1) - il
i=0

2 a(U - 2, n) = "n n
+ ' a(m - i, n - 2)z'(m - i, n - 2) m - 2, n k,'

i=0

+ e(m,n). a(m - 1, n - 2) = - .... A.10.2

(27) a-I,n-2

Multiplying both sides of Eq. (27) by z'(m - k, a(m, n - 1) = U.... n

n - 1) and then taking expectation yield 1?-..

r(in,n; m - k, n - 1) a(m - 2, n - 1) - .. U2qni0
-n - 2, n - 1

2

= a(m - i, n)r(m -i, n;m - k, n -a(m - 2, n) = 42,i17 0-m 2,.

2 a(m - 2, n - 2) = - -,n, n(,.2 4
Pn2 (30)

+ • a(m - i, n - 1)r 6,n-2,.-2
i=0

where
(m- i, n - 1; m - k, n - 1)

2 Pi,i- - Pi-lj-2Pi-2

+ a(m - i, n - 2)r A1 = 1 - I-2

• (m - i,n - 2;m - k,n-l) n -i2 = Pij- 2 Pii-lPi-li-2
I -PII-2

+ r,(m,n;m - k, n - 1). (28) i = m,n. (31)

As in the first-order model, we assume that the cor- Therefore, the two-dimensional nonstationary see-
relation function is treated as separable. By substi- ond-order causal model can be expressed as
tuting Eqs. (16) and (19) into Eq. (28), U

z'(m,n) = a .. mz'(m - 1, n)
O7m, n APn,n - k 1&, l -

1
,fl

2 + Om ........ 2z'(m - 2, n)
= - a(m - i, n)U-ai,,p-i,makPn......1 0

7m-2,.
i=1

2 + 0- ... ,z'(mn, n - 1)
+ I a(in - i, n - 1)OE,1_, i,,kPi-1 0-...1

+ (,,l 2 z'(m, n - 2)
2 

0
-r,na-2

+ • a(m - i, n -
2

)Ua-i,ni-2Pm -i,..-kPa-2,-1-I

Um,n n 1

+ r ,(mn,n; m - k, n - 1). (29)

+ '"a (11)a2z'(m - 1, n - 2)Using Eqs. (15) and (29) for different values ofk and a ,
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+2 4 - - Upon substituting Eq. (35) into Eq. (34) yields 0P12
+ , 2 ,,n2¢•l - 2 -I = 0 and 4Ps2 = 0. Thus, the terms II, IV, VI, VII,

and VIII of Eq. (33) become zero. Equation (33) is

+ 71,1, 4,) 2 4, 2 z'(m - 2, n - 2)] then reduced to
Um2n2,,-2 z'(ts) = , z'(t - At, s)

+ 6(Onn). (32)

+ us s l'P1z(t, -- AS)
As in Eq. (24), for the simulation of mixture frac- as_4

tion fluctuations, Eq. (32) can be simplified as
+ as O¢¢SjZ'(t -At, s - AS)

Z'(t, S) = OPtZ'(t - At, s) + (Pt2z'(t - 2At, s) + -' s - A

II + e(ts) (36)

which is identical to Eq. (24), the two-dimensional
+ US Os Iz2 (t, s - As) + U- tk 2z'(t, s - 2As) nonstationary first-order causal model by noting that

t•s -A, (Pt, = R(At) and 'Psi = R(As).

III IV It is therefore concluded that the terms involving
second-order correlations, namely, terms II, IV, VI,
VII, and VIII and Eq. (33) can be neglected in the

_ 'Pt,4yiz'(t - At, s - As) mixture fraction simulation and that the contributions
from the first-order correlation predictors and the

V first-order cross-correlation predictor are more im-
portant than that from the second-order correlation
predictors or second-order cross-correlation predic-

+ -t 0,,2Z'(t At, s 2As) tors. It can be proven that the same conclusion is also
valid for higher-order realizations. The consequence

VI of negligible second- and higher-order terms is caused
primarily by the exponential form of the spatial and

'P,2 'Ps1z'(t- 2At, s- As) temporal correlations. Comparing to the recent
+ a_.9  Kounalakis' approach [9], it assumes the mixture frac-

VII tion as an additive function of a first-order autoregres-sive process in time space and a pth-order moving av-
p r g esA , Aerage process in geometric space. In view that the

+ C7- 0t20,2Z" (t -2At, s - 2As) + 8(t, s) pth-order moving average process is afinite form of a
I_ I higher-order autoregressive process since the latter

VIII IX can be expressed as an infinite weighted sum of pre-
diction errors, the approach includes the relatively in-

(33) significant higher-order spatial correlation predictors
but cannot include the much more important first-or-

where der cross-correlation predictor. In contrast, the pre-
sent two-dimensional nonstationary first-order causal

R(Ai)[1 - I(2Ai)] model purposely ignores the higher-order spatial cor-
1 - R (Ai) relation terms but includes the first-order cross-cor-

-R2 (Ai) relation term. Thus, the proposed model is more re-
'Pi2 - R(2Ai) - =2(Ai) i = st,3s alistic and theoretically sound.1 - RN(Ai) (34)

Conclusions
and the time-space increment and the geometric- 1. The instantaneous mixture fraction distributions
space increment are taken as constant. As noted be-
fore, both the spatial and temporal correlations often along a radiation path has been considered as ahave exponential form, R(At) = exp( - A/r) and two-dimensional (time space-geometric space)
h(As) = exp( - As/F), in which F and v are the spa- nonstationary random field, and has been simu-lated on the basis of the realization of its fluctu-
tial integral scale and the temporal integral scale, re- ation.
spectively. Therefore, 2. In the simulation of mixture fraction, it is proved

B(2At) = exp(- 2At/-) =R2(At), that the contributions from the first-order corre-
lation predictors in time and geometric spaces and

1(2As) = exp(-2As/F) R2(As). (35) from the first-order cross-correlation predictor
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are important, but not from higher-order predic- Superscripts:
tors. This conclusion is also valid for other tur-
bulent quantities, such as velocity, since their cor- ()' instantaneous fluctuation from
relations exhibit an exponential functional form. time-averaged mean value

3. A two-dimensional nonstationary causal model (.) time-averaged mean quantities
has been proposed. It accounts for not only the J ('5 root-mean-squared fluctuating
first-order correlation predictors in time space quantities
and geometric space but also the first-order cross-
correlation predictor. It is more general than the
existing models and provides a more realistic and Acknowledgments
accurate approach for the simulation.
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measured values of the mean and fluctuating ra-
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EFFECTS OF MOLECULAR TRANSPORT ON TURBULENCE-CHEMISTRY
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AND
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A numerical simulation of entrainment, turbulent advection, molecular transport, and chemical kinetics
in a turbulent diffusion flame is used to investigate effects of molecular transport on turbulence-chemistry
interactions. The simulation is implemented on a one-dimensional domain representing the jet centerline.
Turbulent eddies are represented by rearrangement events that capture the folding and compressive-strain
effects of vortical motion. A full finite-rate chemical mechanism is used to represent the combustion of a
hydrogen-argon mixture issuing into air. Results based on incorporation of differential diffusion and vari-
able Lewis number are compared to cases with the former effect, or both effects, suppressed. Significant
impact on radical species production and on NO emission index (based on a reduced mechanism for
thermal NO) is found. A reduced mechanism for hydrogen-air combustion, omitting both effects and
incorporating other simplifications, performs comparably except that its NO predictions agree well with
the case of full chemistry and molecular transport, possibly due to cancellation of errors.

Introduction entrainment process [9]. Representation of all these
processes is achieved by performing a stochastic sim-

There is increasing experimental evidence [1-3] of ulation on a line corresponding to the jet centerline,
the sensitivity of combustion chemistry in turbulent with sufficient spatial and temporal resolution to al-

diffusion flames to molecular transport mechanisms low mechanistically literal implementation of species
in the flame zone. Previous models of the three-way and enthalpy transport. Limitation of the simulation

coupling of flow, chemistry, and molecular transport to one spatial dimension allows computationally af-
mechanisms have involved idealized laminar config- fordable simulation at full resolution for Reynolds

urations [4,5] or turbulence models [1,6,7] that do numbers (Re) corresponding to typical laboratory ex-

not account for the local time scales governing mo- periments (jet Re of order 104).
lecular mixing. To represent this coupling quantita- To investigate the three-way coupling of flow,
tively in a model, the minimal requirements are (1) chemistry, and molecular transport, results based on

a validated chemical mechanism, (2) a mechanisti- a full implementation of the model are compared to

cally literal treatment of molecular transport, and (3) cases in which the molecular transport mechanisms

an accurate representation of the length and time are simplified, either by suppressing differential mo-

scales governing the formation and strain history of lecular diffusion or by suppressing both differential

the flame. diffusion and Lewis-number (Le) variations. A re-

A model conforming to these requirements is ap- duced chemical scheme [8] that omits differential

plied here to the combustion of a turbulent jet of diffusion and Le variations is also considered. Sen-

hydrogen-argon issuing into air. The chemical mech- sitivity of species concentrations, temperature, and

anism for this system is well established [8]. The NO emission index to the alternative formulations is

treatment of turbulent flow and molecular transport examined.

is based on the linear-eddy model [9,10]. The for-
mulation applied here incorporates the entrainment
of air parcels into the jet, their breakdown by tur- Model Formulation and Numerical Method
bulent eddies, the molecular mixing of fuel and air,
chemical conversion, thermal transport, and the con- The simulation model is based on Kerstein's lin-
pling of density variations in the jet interior to the ear-eddy model [9-11], which preserves the basic
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mechanistic distinction between convective transport air entrainment, and fuel feed from the jet is incor-
and molecular transport by incorporating them as porated as described earlier [9,11].
two concurrent processes along a one-dimensional This formulation embodies the principal mecha-
line representing the centerline of the jet. Molecular nisms causing large-scale and small-scale unsteadi-
transport (and chemical production) is incorporated ness of the flow and of the combustion process, and
by the finite-difference solution of the diffusion the couplings among these mechanisms. The model
equation: is implemented as a Monte Carlo simulation, starting

from an initial jet of air into air, switching to fuel
8¾k WkWk 1 a feed at time zero, and igniting a few cells near the

- -- (pAYkVk) (1) nozzle. After an initial transient, statistical station-
pt p pA ax arity is achieved. Species and temperature data are

subsequently collected and reduced in a format akin
where Ykf, Wk, Vk1 , and wk are, respectively, the kth to data collection and reduction in laboratory exper-
species mass fraction, molecular weight, diffusion ve- iments.
locity, and molar production rate. Here, p is the mix- Hydrogen-air kinetics is modeled [8] using a 10-
ture density, and A is the jet area. The diffusion ve- step reaction mechanism supplemented by a three-
locity is approximated by [12] Vk = - (Dk/Xk)8Xk1/x, step Zeldovich mechanism for thermal NO produc-
where Xk and Dk are, respectively, the kth species tion. In all, there are 11 species (H2, 02, 0, H, H20,
mole fraction and mixture-averaged diffusion coef- OH, HO 2, N2, N, NO, and Ar) diffusion equations
ficient. For the cases with finite-rate kinetics, a one- and one equation for temperature that are solved si-
dimensional thermal diffusion equation is also solved multaneously. Using simplifications such as equal dif-
along with the molecular diffusion equation. Since fusivity, Le = 1, and partial equilibrium of the bi-
chemical reactions and diffusion/mixing occur at the molecular reactions, a reduced mechanism [8] in
small scales, the strategy is to resolve all relevant terms of a mixture fraction and progress variable has
length scales by using a one-dimensional represen- also been investigated.
tation of the streamwise evolution of the jet at its The solution procedure for simulating both the full
centerline. More details of this approach are given and reduced kinetics has been discussed elsewhere
elsewhere [11,13]. [13]. The reduced mechanism was implemented us-

Turbulent convection is represented by randomly ing a look-up table approach [8], while for the full
occurring rearrangement events that punctuate the kinetics, the CHEMKIN software package [12] was
ongoing molecular transport and chemical kinetic employed. An implicit predictor-corrector scheme
processes. Each event is the model analog of a tur- was employed to advance the solution in time. To
bulent eddy. The event is a "triplet map" applied to reduce the computational time, the code was imple-
a randomly chosen segment of the computational do- mented efficiently on a massively parallel computer,
main, representing the folding and compressive Kendall Square Research (KSR1) [13]. All finite-rate
strain effects of an eddy of that size on the concen- calculations were carried out on a 32-processor
tration and thermal fields. The rearrangement pro- KSR1.
cess is formulated so that the sequence of events re-
produces the eddy size-vs-frequency distribution for
inertial-range turbulence, based on the Kolmogorov Results and Discussion
cascade picture. Again, for brevity, details discussed
in the cited references are omitted. The effects of molecular transport on the finite-

The basic processes of convective and molecular rate kinetics of a H2-22%Ar jet flame are investi-
(mass and thermal) transport and chemical kinetics gated. The test geometry is similar to a previous ex-
are supplemented by application-specific processes periment [15] with fuel nozzle diameter d, = 0.0052
that are designed to incorporate the specific aspects m, fuel jet velocity of 75 m/s, and Reynolds number
of the problem under study. The present formulation (based on nozzle diameter) of 9000. The fuel and
incorporates two application-specific processes: air ambient air temperature are initially 300 K, and the
entrainment and streamwise flow. Air is entrained in pressure is 1 atm. A streamwise domain extending to
discrete parcels introduced at randomly chosen times x/d0 = 228 has been discretized into 1250 cells, with
and locations. The dependence of parcel size and en- the resolution scale increasing linearly with x. This
trainment event frequency on location is determined discretization does not resolve the cold-flow Kol-
by an empirical entrainment law [9] based on data mogorov scale but is adequate for the combustion
correlations developed by Beeker and Yamazaki [14]. application involving temperature-dependent viscos-
The entrainment law incorporates buoyancy effects ity. Adequacy of resolution is verified by examining
caused by combustion-induced density variations, instantaneous spatial profiles of species concentra-
thus introducing dynamic coupling of chemical heat tion and temperature in flame zones within the sim-
release and turbulent mixing. The streamwise motion ulation.
caused by thermal expansion (due to heat release), Four cases are discussed here: (1) the reduced
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mechanism, and three cases with full finite-rate 21 00
chemical mechanisms (2) Le = 1, no differential Reduced Meh.

diffusion (case A), (3) variable Le, no differential dif- 1800 Case A
Case B

fusion (case B), (4) variable Le and differential dif- .--. o- Case C

fusion (case C). Thus, the effect of the partial equi- .S 1 500
librium assumption in the reduced mechanism can

be addressed by comparing with case A. Lewis num- ¢3 1200

ber (i.e., thermal conductivity) effects can be inves- ' \
tigated using case B results, while both thermal and H 900
molecular differential diffusion effects can be stud- 600
ied using case C results. 6

Both time-averaged axial profiles and scatter plots 300
at a chosen location are examined. Care needs to be 0 40 80 1 20 1 60 200
taken when interpreting the time-averaged data be- x/d 0
cause of the complex nonlinear interaction between
air entrainment, mixing, heat release, and thermal (a)
expansion processes simulated here. Differences be- 1 . 2
tween heat release in different cases must precede Case A
differences in mixing and entrainment, because var- 1 . 0 Case B

iations in the mixing process are caused by thermally -. Case C

induced viscosity changes and entrainment rate var- 8
iations are caused by thermally induced density //

changes [9]. Thus, when flow properties are time av- D 6 /
eraged, differences among cases at small x must re- 4 |
fleet differences in time-averaged heat release due to 4
different transport mechanisms (cases A through C)
and chemistry (reduced case).

Keeping this in mind, we consider the streamwise 0
variation of the time-averaged temperature (Fig. la) 0 40 80 1220 1 60 200
and density (Fig. 1b). High temperature (for cases A x/do
and B) causes lower density (Fig. lb), which in turn
causes enhanced buoyancy and entrainment. The (b)
mechanism leading from this to a faster temperature 24
falloff for cases with higher peak temperature (cases 21 /
A and B) can be interpreted as follows. The air en-
trainment flux at locations farther downstream is in- 1 8 /
creased, increasing the dilution rate of the fuel and 1 5
thus moving the crossover point from overall fuel- 71
rich to overall fuel-lean mixture to smaller x. After 1>2- /,

this crossover, the main effect of dilution is to lower 09 // -- Reduced Meh.hS/// --- CaseA

temperature and increase density. This explains the 06 Case B
more rapid falloff of temperature for cases A and B 06 Case C

than for case C. However, in Fig. 1b, for large x, . 03
there is a recrossing because the higher density for 0
cases A and B in the range 40 < x/do < 120 even- 0 40 80 1 201 60 200
tually decreases the entrainment such that case C x/d.
catches up and overtakes them. This occurs because
the empirical entrainment law used here is nonlinear (c)
and time lagged, and an additional time lag is intro- FIG. 1. Time-averagedsxial profiles of flow properties in
duced by the mixing process [9]. Although the en- a H,-22%Ar-air turbulent jet diffusion flame. Fuel jet ve-
trainment law is based on time-averaged correlations locity is 75 m/s, and Reynolds number (based on jet di-
that may not fully reflect the unsteady dynamics, it ameter, d,, = 0.0052 in) is 9000. Four cases are shown: (1)
is at least indicative of the flow-chemistry interac- reduced mechanism, (2) Le = 1, no differential diffusion
tions that are likely to occur. (case A), (3) variable Le, no differential diffusion (case B),

Thus, the near-field sensitivity of the flow prop- and (4) variable Le, differential diffusion (case C). (a) Tem-
erties to transport is a direct effect of the molecular perature variation as a function of x/d,,, (b) density variation
transport and chemical kinetics assumptions in cases as a function of x/d,,, and (c) molecular oxygen mass fraction
A through C and the reduced mechanism, but the (Yno) variation as a function of x/lc,.
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far-field sensitivity largely reflects differences in 0040
overall stoichiomety due to entrainment effects. 003 Reduced Mch.

socimtyCase A
The temperature profile for case B reaches a Case B

higher maximumn than the other cases. The differ- .0030 e Case C

ence from case A is due to a reduction in the thermal . 0025 ,
conductivity in case B, indicated by a rapid decrease 0020
in Le from 0.95 at x = 0 to about 0.6 at x/do = 40. > C 0

Slower diffusion of heat than for the Le = 1 case 001 5
causes higher temperatures in flame zones, acceler- .00 1 0
ating the exothermic reaction steps. This acceleration
increases the average temperature in the near field, 0 /
affecting entrainment and mixing rates and thereby 08 40 80 1 2 60 200
inducing the far-field effects discussed earlier. Case

C, with both variable Le and differential diffusion, x/do
has a lower maximum of the temperature than case (a)
B, indicating that differential molecular diffusion
tends to cancel the thermal conductivity effects.

The density (Fig. 1b) and Y0 2 (Fig. 1c) profiles 008Reduced Mch.
indicate that Le and differential diffusion sensitivi- 0024 Case A

ties, though magnified in the far field as a result of Case B

turbulence-chemistry interaction, are not as impor- 0020 - Case C

tant in the near field as the difference between full 0 01 6
and reduced chemical-kinetic mechanisms. In the re- a
duced mechanism, fuel and 02 can react at 30,0 K, 0 0 1 2
so mixing with hot products is not required for ig- . 0008
nition. This causes underprediction of Y0 2 concen-
tration in the near field. In fact, the mixing of 02 and .0004
fuel is fast enough so that the fast reaction causes the
Yo0 concentration to be negligible initially and causes 0 40 80 120 160 20

the density to decrease initially as a function of x. In 00 d0

contrast, both of these quantities increase initially in X

cases A through C as cold, dense 02 is entrained and (b)
mixed, but is not consumed until it subsequently FIG. 2. Time-averaged axial profiles of radical species in
mixes with hot products. Significant deviations per- a HF 22%Ar-air turbulent jet diffusion flame. Conditions
sist until about x/cd = 50, where convergence of the a -2cas r sam e n F et d ron ma ss fraction
reduced mechanism and case C profiles occurs. In aud c as a as in Fig. 1. (a) Hydroxyl mass fraction
view of the near-field artifacts of the reduced mech- (YoF) as a function of x/do, (b) atomic oxygen mass fraction
anism, and their likely magnification due to turbu-
lence-chemistry interaction, this convergence indi-
cates a cancellation of errors rather than a The overprediction of H (not shown) by the reduced
mechanistically based performance improvement, mechanism is a result of the partial equilibrium as-
This interpretation is supported by the persistence of sumption, because H radicals are instantaneously
temperature deviations (Fig. la) in the far field de- generated when fuel and oxidizer are mixed, irre-
spite a crossing of the reduced mechanism and case spective of the temperature. This overprediction of
C temperature profiles near xid,, = 50. H radicals is consistent with earlier partial equilib-

A variety of other properties were analyzed. For rium calculations [8].
brevity, only representative results are discussed. Figures 2a and 2b show the OH and 0 mass frac-
The profiles for the principal product YH20 (not tion profiles, respectively. The OH profiles reflect the
shown) follow the trend seen in the temperature pro- temperature differences seen earlier. The reduced
files. In the near field, profiles for cases A through C mechanism overpredicts OH by the largest amount
are nearly identical, while the reduced-mechanism even where it underpredicts the temperature. This is
case shows a larger concentration of water due to the consistent with the overabundance of H and 0 rad-
instantaneous conversion of the reactants upon mix- icals for this case. Relaxing the partial equilibrium
ing. assumption (case A) results in a reduction of OH rad-

Radical formation shows much greater sensitivity ical, while relaxing the Le = 1 assumption (case B)
to molecular transport as well as chemical kinetic as- has a counteracting effect. This is consistent with the
sumptions. The reduced mechanism overpredicts by increased flame zone temperatures caused by re-
a large amount the formation of H, 0, and OH while duced thermal conductivity. The OH production is
underpredicting significantly the formation of HO2. decreased when both Le and differential diffusion
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effects are allowed (case C), indicating a cancellation .01 2
of the effects of thermal and molecular diffusion on t Equil.
radical formation. The 0 profiles in Fig. 2b show 1 0 / Reduced MA h.SCaseB
significant overproduction by the reduced mecha- / Case C
nism. Relaxation of partial equilibrium (case A) re- . 008
duces 0 production significantly. Case C predicts Z
lower 0 radical than case B, partly because of re- o 006- 8
duced temperature and perhaps, as noted above, as X
a result of a counterbalance between thermal con- 004
ductivity (Le) effects and molecular diffusion effects.

Scatter plots at x/d5 = 30 were also analyzed. All . 002
variables were conditionally averaged as described
elsewhere [1], and the mixture fraction ý was calcu- 0
lated according to the formula [1,8] 0 . 1 2 . 3 . 4 .5

Mixture Fraction,

2[H5 ] + 2[H 2 0] + 39.9[Ar] (a)

2[H 2 ] + 18[H 20] + 32[02] + 28[N 2] + 39.9[Ar] .0
(2)

where [Ar] is assumed to be given by [Ar] =
0.22/0.78 ([H2] + [H20]) as done earlier [1]. With .0 10
this definition, ý = 1 corresponds to pure fuel and ____ Equil.

= 0 to pure air, with t
stoic = 0.1632. o

The scatter data (approximately 6000 data sam-
ples) at x/do = 30 were conditionally averaged as .005/
described by Barlow et al. [1] over bin width in mix-
ture fraction space of 0.02. The local equilibrium
limit was also determined by volumetrically mixing
fuel with air at different values of ý and allowing the 0 .
mixture to adiabatically react to its equilibrium com- 0 . 1 .2 .3 . .5
position. Because of volumetric mixing, the adiabatic Mixture Frac Lion,
equilibrium limit implicitly assumes that both mo-
lecular diffusion and Lewis number effects are ab-
sent. Although the conditionally averaged data for all .01 5
the properties were analyzed, because of lack of
space, only representative results are shown here.

Conditionally averaged temperatures (not shown)
for case B indicate a significant superequilibrium of .0 1 0
temperature on the fuel-rich side relative to the ad- Equil.
iabatic equilibrium line. With differential diffusion 0
included (case C), the temperature values fall below >•
equilibrium [13]. These results suggest that the su- .005
perequilibrium of temperature is a direct Lewis
number effect rather than a differential diffusion ef-
fect. For opposed flow, non-premixed laminar
flames, Barlow et al. [1] attributed superequilibrium 0
temperature to differential diffusion effects, but they 0 . 1 .2 3 . 4 . 5
did not separate Lewis number (i.e., thermal con- Mixture Fraction,
ductivity) effects from species diffusion effects. (c)

Strong differential diffusion effects are also seen
in conditional averages of YF0 o [13], with a large de- Fin. 3. Conditional average and scatter plots of hydroxyl
parture from equilibrium on the rich side for case C. mole fraction as a function of mixture fraction [Eq. (2)] for

Figure 3a for OH mole fraction shows that all cases conditions and cases noted in Fig. 1. Also shown is the
exhibit the experimentally observed [1,3] superequi- adiabatic equilibrium curve (obtained with Le = 1 and no
librium, with the peak OH occurring near stoichio- differential diffusion). (a) Conditional average of hydroxyl
metric mixture fraction. Superequilibrium occurs on mole fraction at x/d, = 30, (b) scatter plot of hydroxyl mole
both the lean and rich side, and significant OH is fraction at x/d,, = 30, and (c) scatter plot of hydroxyl mole
found away from ,stoic, even at locations where the fraction at x/d,, = 50.
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2.01 _._ Conclusions

A computational model incorporating simplified
Case A but plausible representations of molecular transport,
Case B convective transport, and chemical kinetic processes"-• e-/ Case C2" Cin a turbulent jet diffusion flame has been used to

2 / investigate the interactions among these processes.
8 . -- - - ----- - For hydrogen-air combustion, it is found that Lewis-

S/ ,number and differential diffusion effects impact the
7 4heat release rate in the near field, affecting the buoy-

.4] 7/ •-ancy of the jet and thus the entrainment of air farther

0 ,downstream. A two-way coupling between molecular
0 40 80 1 20 1 60 200 processes and the large-scale development of the jet

x/do is obtained. The back-coupling is due to the effect of
the entrainment rate on the overall stoichiometry at

FIG. 4. Emission index of NO (gm/kg of fuel) as a func- a given streamwise location.
tion of axial distance for conditions and cases noted in It is shown that this feedback process can either
Fig. 1. amplify or suppress errors introduced through model

simplification. It is not obvious whether the specific
trends noted here extrapolate, e.g., to higher Reyn-

adiabatic equilibrium curve predicts zero OH mole olds numbers for which buoyancy effects are re-
fraction. Case B with variable Lewis number shows duced. Nevertheless, the results indicate the likeli-
the largest departure. This is consistent with the hood that the magnitude of the effects can be
higher temperature seen in this case. Although the significant in practical situations.
reduced mechanism and case A are in good agree- Significant superequilibrium of OH mole fraction
ment near stoichiometry, they begin to diverge in the is obtained, as in experiments. The results for OH
lean limit. This is consistent with previous work [1], and other radicals are sensitive to molecular trans-
in which it was determined that partial equilibrium port assumptions. Adoption of a reduced chemical
should be a good approximation near o while be- kinetic scheme based on partial equilibrium leads to
coming inaccurate as the local temperature drops be- higher concentrations of H, 0, and OH radicals and
low 1600 K for off-stoichiometric conditions, lower HO concentration than obtained with full mo-

Superequilibrium of OH is observed even farther lecular transport and chemical kinetics (case C).
downstream. Figures 3b and 3c show the scatter plot Overprediction of 0 tends to cause overprediction of
for case C at xid, = 30 and 50, respectively. Farther NO. Predictions of the NO emissions index based on
downstream, superequilibrium occurs mostly on the the full and reduced formulations, respectively, are
lean side, and the data are closer to equilibrium, nevertheless in good agreement because of temper-
These results are consistent with experimental ob- ature suppression in the latter formulation, a conse-
servation [1] and with the notion that the increase of quence of the coupling between heat release and en-
the local turbulent time scale for mixing and of the trainment. This cancellation of 0 overprediction and
residence time with axial location allows more time temperature underprediction is sensitive to the
for the radical to approach equilibrium, strong couplings among the molecular, convective,

The emission index for NO (EINO) is shown in and chemical processes determining NO emission.
Fig. 4. Both cases A and B show large values of
EINO, primarily due to the high peak temperature Acknowledgments
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number effects found are much stronger than expected. pendence on Le number has not been observed; however,
Could this be an artefact of the way the chemistry and local the effects of the thermal and molecular differential dif-
molecular diffusion are handled? As I understand it, this is fusion were not separated. The Case C results appear to
done by a technique similar to operator splitting. Chem- agree with this observation. The numerical scheme is an
istry and local molecular diffusion are not handled simul- implicit predictor-corrector method that employs partial
taneously. Doesn't this lead to errors? decoupling of diffusion and chemistry in the predictor

step and then in the corrector step. The final update of the
Author's Reply. The strong Lewis number effects were full equations is obtained implicitly using the predicted

noted only for Case B (variable Le without molecular dif- values to determine the nonlinear coefficients. We believe
ferential diffusion) while for Case C (variable Le and dif- that this procedure does not introduce any significant er-
ferential diffusion) the effects were not that pronounced. rors.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1
9
9

4
/pp. 1133-1139

SIMULTANEOUS MEASUREMENT OF CONSERVED AND REACTIVE
SCALARS IN TURBULENT DIFFUSION FLAMES FOR ASSESSMENT

OF PDF MODELS

T. S. CHENG

Department of Mechanical Engineering
Chung-Hua Polytechnic Institute

Hsin Chu, Taiwan, R.O.C.

AND

R. W. PITZ

Department of Mechanical Engineering
Vanderbilt University

Nashville, TN 37235, USA

Simultaneous measurements of temperature, major species concentrations (H2, 0, N2, H20), and OH
concentration have been made in turbulent swirled and unswirled hydrogen jet diffusion flames. These
quantities are measured nonintrusively by Raman scattering and predissociative fluorescence induced by a
KrF narrowband excimer laser. From the experimental results of the major and minor species concentra-
tions, the simultaneous values of the mixture fractionf and the reaction progress variable q are calculated
for each laser pulse assuming a partial-equilibrium model. The measured mean and root-mean-square (rms)
OH concentrations are compared to equilibrium and partial-equilibrium values predicted from the instan-
taneous temperature and major species concentration measurements. The comparisons show strong super-
equilibrium OH values in both swirled and unswirled flames. Assumed shape joint probability density func-
tion (pdf) combustion models commonly assume thatfand q are statistically independent. This assumption
is evaluated by calculating the correlation coefficient betweenf and q from simultaneous measurements of
fand q in swirled and unswirled turbulent diffusion flames. The mixture fraction and the reaction progress
variable are found to be highly correlated in all the flames, suggesting that statistical independence is a poor
assumption. Thus, assumed shape joint pdf models of turbulent combustion that assume statistical inde-
pendence may incorrectly predict radical concentrations and other nonequilibrium effects.

Introduction Considerable improvement has been made in
modeling the fuel/air mixing process using an as-

The development of engineering computer mod- sumed shape joint probability density function (pdf)
els for practical combustors holds the potential for of the conserved mixture fraction f and the reactive
computer-aided combustor design with lower devel- scalar q to account for turbulence-chemistry inter-
opment costs, higher combustion efficiencies, lower action in turbulent diffusion flames such as jet flames
pollution emissions, and wider fuel specifications. [2-5], recirculating flames [6], and supersonic flames
However, to be reliable over a wide range of condi- [7]. With this approach, the main hypothesis is the
tions, such models should be based upon a funda- statistical independence off and q. Hence, the co-
mental, quantitative understanding of the complex
interaction of fuel/air mixing and chemical reaction. variance fq" and the correlation coefficient between

In many turbulent reacting flows, departures from f and q would be zero. The assumption of statistical

chemical equilibrium appear at conditions where the independence of the mixing and reacting scalars has

characteristic turbulent mixing time becomes com- been examined by Pope and Correa [8] in a study of
parable with the characteristic chemical reaction a syngas turbulent diffusion flame. Their model pre-
time. Significant departures from chemical equilib- dicts the joint pdf by solving a pdf transport equation
rium can occur in turbulent flows by intense mixing. that does not assume statistical independence off
Modeling these highly turbulent flames with the fast and q. Pope and Correa's calculations demonstrate
chemistry assumption may fail to predict the concen- that f and q are highly correlated. They compared
trations of radicals that are considerably higher than predictions from both an assumed shape joint pdf
their equilibrium values [1,2]. model and a joint pdf transport model to OH mea-
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surements and found that the pdf transport model (<20 K). Additional details on the jet combustors can
gave superior results. Correa and Pope [9] have also be found elsewhere [10-12].
extended their joint pdf transport model to predict Using a single narrowband KrF excimer laser at
nonequilibrium chemistry in recirculating bluff-body 248 nm, the major species and temperature are de-
stabilized syngas diffusion flames. However, the issue termined by Raman scattering, and the OH concen-
of statistical independence off and q has not been tration is determined by laser-induced predissocia-
definitively evaluated by direct measurement in a tive fluorescence (LIPF). Under normal conditions,
turbulent reacting flame. the major contributor to the uncertainties for both

Simultaneous measurements of temperature, ma- concentration and temperature measurements is
jor species (H2, 02, N2, H20), and minor species shot noise resulting from the probabilistic nature of
(OH) concentrations have been made in turbulent the electron emission from the photomultiplier tube
unswirled [10] and swirled [11,12] lifted hydrogen jet photocathode. The experimental relative standard
diffusion flames into still air with Raman scattering deviations for single-shot temperature and OH con-
and predissociative fluorescence induced by a KrF centration measurements are 11.7 and 13.2% in the
excimer laser. In this paper, the instantaneous values stoichiometrie flame, respectively. For lower OH
off and q are calculated from the concentration and concentration measurements (•<0.1% mole fraction),
temperature measurements. The measured mean the relative standard deviation can be up to 30%. The
and root-mean-square (rms) OH values are com- spatial resolution of the Raman system is 0.4 mm.
pared to OH equilibrium and partial-equilibrium val- This experimental resolution would capture at least
ues calculated from temperature and major species 85% of the scalar variance for both swirled and un-
concentrations to assess the amount of superequilib- swirled flames based on the estimation of Mansour
rium in the flames. The simultaneous measurements et al. [15]. The measurement method and calibration
of the mixing and reactive scalars are also used to procedure have been described in detail by Cheng
evaluate the assumption of statistical independence et al. [10].
off and q commonly used in assumed shape pdf non-
equilibrium combustion models.

Thermochemical Model

In H2-air flames, an eight-step reaction mecha-
Hydrogen Jet Flames and Raman System nism has been widely used in the thermochemical

model. The two-body shuffle reactions
The multispecies measurements are made in un-

swirled and swirled hydrogen jet diffusion flames. H + 02 OH + 0 (R1)
The jets both have a converging nozzle with a nom-
inal 2-mm exit diameter [10-12]. The actual meas- 0 + H2, OH + H (R2)
ured exit diameters are 1.80 and 1.87 mm for the
unswirled jet and swirled jet respectively. The un- H2 + OH 1H20 + H (R3)
swirled jet flame is formed by injecting hydrogen
(0.169 g/s) through a straight tube into atmospheric OH + OH 1 H20 + 0 (R4)
air. The calculated exit conditions are as follows: a
velocity of 750 m/s, a Reynolds number of 14,000 are assumed to be in partial equilibrium.
based upon nozzle exit diameter (1.80 mm), and a Therefore, the progress of chemical reactions is
liftoff height of 8 diameters based on visual obser- determined entirely by the slow three-body recom-
vations. The swirled combustor is operated with fuel bination reactions:
either axially and/or tangentially supplied to the com-
bustor with each of these flows being controlled sep- H + OH + M H120 + M (R5)
arately. The calculated exit conditions are the follow-
ing: a velocity of 660 ni's, a Reynolds number of H + 0 + M OH + M (R6)
12,500, and a visual liftoff height of 6 diameters. For
these conditions, three flow regimes are investigated: H + H + M 1H2 + M (R7)
an axial jet flame (axial = 0.157 g/s, S = 0.0), a mixed
jet flame (axial = 0.079 g/s, tangential = 0.079 g/s, H + 02 + M H 02 + M. (R8)
S = 0.12), and a tangential jet flame (tangential =
0.157 g/s, S = 0.5), where S is the geometric swirl The assumption of partial equilibrium of reactions
number [13]. The swirled jet flame is very similar to (RI) through (R4) has been justified for tempera-
that studied byYuasa [14]. The Mach numberis 0.52 tures above 1200 K [3]. But detailed kinetic modeling
and 0.60 for swirled and unswirled jet flames, re- [16] and experiments in premixed H2-air flames [17]
spectively. The calculations demonstrate that Mach suggest that the assumption is valid for temperatures
number effects on temperature are not important greater than 1500 K. In this work, experimental data
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that have instantaneous temperatures above 1500 K ZH,, (<0.001) are not included in the mixture frac-
are used in the calculation off and q. tion calculation for these experiments, because the

To reduce the number of conservation equations error in mixture fraction is small.
to be treated, a linear combination of mass fractions Based on the mixture fraction, the OH mole frac-
is used as proposed by Dixon-Lewis et al. [18]. The tion can be determined from adiabatic-equilibrium
combined mass fraction YI*, is given by calculations [10]. The OH equilibrium value for each

laser shot can be averaged at a position in the flame
1 MH, to give the average OH value in the fast chemistry

YH2 = + 2 M oll limit.
OtL For a given mixture fraction f, the variable YH02

B 3MI varies between its frozen and its equilibrium value,
+M 2 Y1 + H (1) leading to the definition of the reaction progress var-

S 2 MH iable

where Yi and Mi are the mass fraction and molecular
weight of species i, respectively. The rate of change q - YA 2 (7)
of YAI2 is determined only by the rates of the recom- H2 H2
bination reactions (R5) through (R8).

Since the mass fractions of major species (H2, 02, where the superscripts u and e denote unburnt and
N2, H20), minor (OH) species, and temperature are completely burnt (i.e., equilibrium) mixtures. The re-
simultaneously measured, the mass fractions of 0 action progress variable q has a value of unity when
and H atoms and OH molecules can be calculated the reactions reach the equilibrium state and a value
through the partial-equilibrium assumption by of zero when there is no reaction. This value is cal-

culated from the concentration and temperature
MY K = YOH 2 MH20  (2) measurements from each laser shot using Eqs. (1)

o= o4 4 0Moll) Y
HO through (4).

The Favre averages and the corresponding rms

17 (YOH MMfluctuations off and q are calculated from the Raman
YH(=°M M°-Mn2 lean (3) measurements. The correlation coefficient R be-

MHK•I \Mo1 / Y1o2 0Bo tweenf and q is defined by

YH= M• 3 YOU Y112 M1120  rich (4) -
MOHI M1 2 YI-120 R =- f"q" [f'f" q"q"]- 1/2 (8)

K• 1/2 (/O yH y 1/2 fq f n ssaeY0 H = MO 2 K 23 (5 where is the covariance off and q. As stated

K4 \Mo2 M12) earlier, with a spatial resolution of 0.4 mm, we esti-
mate >85% of the scalar variance is captured by the

where K2 I, K,3, and K,4 are the equilibrium constants Raman measurement. We expect the Raman mea-
of reactions (RI), (R3), and (R4) evaluated at the surement to slightly underestimate the covariance
measured temperature T. Thus, the values of YH*2 and and the correlation coefficient as well.
partial equilibrium YOH can be determined from the
concentration and temperature measurements for
each laser shot from Eqs. (1) through (5). Results and Discussion

The mixture fraction,f is calculated from the Ra-
man scattering measurements of the major species Radial profiles of mean and rms OH mole fractions
concentrations for each laser shot as the mass origi- determined from LIPF measurements, equilibrium
nating from the fuel stream divided by the total mass calculations, and partial-equilibrium calculations are
[19,20]: compared in Fig. 1 at x/D = 33, 111, and 194 in the

unswirled turbulent jet flame. At each radial location,
2[H 2] + 2 [H20] 1000 independent laser shots are taken. The mean

f=32[02] + 28[N 2] + 18[H 2O] ± 2[H 2] - Z OH mole fractions from the LIPF measurements
[ 1- Z+ 1shown in Fig. la are much larger at x/D = 33 and
1 - ZH, 111 than the mean equilibrium OH mole fractions

(6) calculated from Raman data assuming adiabatic
equilibrium. The measured peak values are about 2-

where ZH, is the mass fraction of hydrogen atoms in 2.5 times larger than the calculated equilibrium val-
the still air. This is given by ZI-Ia = (2/18)[wo/(1 + ues. Far downstream (xID = 194), the measured OH
wo)] where wo is the specific humidity (kg H20/kg dry values are nearly equal to the calculated equilibrium
air) in the ambient air. The OH concentration and values. The partial-equilibrium OH values shown in
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0.008
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y/D 0o.006

FIG. 1. Comparison of OH mole fraction radial profiles -o

of (a) measured mean (open symbols) and calculated mean E 0.004

equilibrium (closed symbols), (b) calculated mean partial I :
equilibrium, and (c) measured rms (open symbols) and cal- 0 "
culated rms partial equilibrium (closed symbols) in an un- 0002 . , "-.

swirled turbulent flame (Re = 14,000). 0: x/D = 33; E: '....

xWD = 111; A: x/D = 194. -- z. -...

0 4 8 12 16 20 24

y/D
Fig. lb are calculated from Eq. (5) using the mea-
sured mole fractions of H2 and 02. Since the mole 0.010
fraction of either H2 or 02 is small (<1%), the Ra- Tangential

man scattering signal is weak, and the error in cal- (s=0.5)
culating the OH partial-equilibrium value is large. 0.008

The OH partial-equilibrium values should be viewed C
as qualitative, and they illustrate the problems of z 0.006
measuring small concentrations with Raman scatter-
ing. When compared to Fig. la, they are generally _) ------

smaller (except for x/D = 33) and shifted to the rich 0
E 0.004

core of the jet. The rich shift is probably due to the
breakdown of the partial-equilibrium assumption in 0 ......
cold rich gas. At x/D = 194, the partial-equilibrium 0.002 - -¢ \n" "
OH values are unrealistically small from errors as- r. "

sociated with measuring small (< 1%) H2 mole frac- - • , ...z ..
tion. As shown in Fig. 1c, the calculated rms partial- 0.000o , - 16 24

0 4 8 1 16 20 2equilibrium OH mole fractions are much larger at y/D
x/D = 33 and 111 than the measured rms OH mole
fractions in the rich-flame region. These are mainly FIG. 2. Comparison of radial profiles of measured av-
due to shot noise resulting from the small 02 values. erage OH mole fractions (open symbols) and calculated

Figure 2 shows similar comparisons of the mea- average equilibrium OH mole fractions (closed symbols)
sured and calculated adiabatic-equilibrium OH mole in (a) unswirled, (b) low swirl, and (c) high swirl turbulent
fraction at x/D = 21, 53, and 107 in unswirled (S = flames (Re = 12,500). 0: x/D = 21; El: x/D = 53; A:
0), low swirl (S = 0.12), and high swirl (S = 0.5) x/D = 107.
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1.000

0.020 C K/D 33
=0000 x/D 56

x/D ,3,3 (a) 0.600 AAAAX/D 111
(0000-0O x/D 194

0.015 RC

/-,; " qq ._ 0.200
,,fqx10 \ a

0.010 / S A..
0

/ \0 -0.200ff X 10 \ \

0.005 V

" Cj -0.600

0.000 - - - - - - - -- - -.....- -

-1.000 I I
-0.005 0 5 10 15 20 25 30

0.0 2.0 4.'0 6.'0 8.'0 10 .0 12.0 y/D
y/D FIG. 4. Correlation coefficient R vs y/D at x/D = 33, 56,

0.020 111, and 194 in unswirled turbulent flame (Re = 14,000).

x/D =56 (b)

0.015 .
turbulent flames of the swirl combustor. For these

qq three different operating conditions (Figs. 2a, 2b,
0.010 f 1• 0 'o and 2c), the peak average OH mole fractions deter-

.-... . , mined from radial profiles also show large differences
"between the LIPF and equilibrium values. These su-

0.005 " N perequilibrium effects, which are similar to that of
f 1 O ,,the unswirled flame as shown in Fig. 1, are large close

- -, -to the nozzle and smaller downstream.
0.000 .. The superequilibrium OH measurements made in

unswirled and swirled turbulent diffusion flames are
in qualitative agreement with previous laser satu-

-0.005 A 0 1rated fluorescence (LSF) measurements made in a
0 2 4 6 a 10 12 14 1r'6 18 turbulent hydrogen Re = 8500 flame [21]. The com-y/O parisons of the measured OH mole fractions with the

0.020 equilibrium and partial-equilibrium calculations (as
shown in Figs. 1 and 2) show that using the fast

x/D = 111 (c) chemistry or partial-equilibrium assumption in the
0.015 thermochemical model may fail to predict the con-

centrations of radicals in turbulent flames.

The results of the variances f'f" and q"q" and
0.010 covariance f'q" calculations can be used to test the

q validity of assumed shape joint pdf models. A major

/ \\ assumption made in the assumed joint pdfs is thatf0.005 1 and q are statistically independent. If this were true,

fq x 1- - the covariance f"q" and the correlation coefficient R
ff 10 -.--.-- ...--- betweenf and q would be zero. In the unswirled

0.000

flame, the variances f'f" and q"q" and covariance
f,• are shown in Fig. 3. The absolute values of

-0.005 Nilf,[ and f"q" are smaller than Pope and Correa's0 3 6 9 I12 1=5 1=8 2'1 2'4 27y/D [8] calculations in a syngas flame since the stoichio-
metric mixture fraction for hydrogen is about 10

FIm. 3. Favre average variances and covariance off and times smaller than the syngas flame (0.028 vs 0.3).
q vs y/D at x/D = 33, 56, and 111 in unswirled turbulent The correlation coefficient R for the unswirled
flame (Re = 14,000). flame is shown in Fig. 4 at x/D = 33, 56, 111, and
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194. The values of correlation coefficient R are far
from zero except at large y/D and far downstream 1.000
(x/D = 194). This indicates that f and q are highly
correlated. Fig. 5 represents the correlation coeffi- Axial /D 21(S=0) a/×fD = 53(s~o) bn x/D 53
cient at x/D = 21, 53, and 107 in unswirled (Fig. 5a), 0.600 - a/lx/D 107
low swirl (Fig. 5b), and high swirl (Fig. 5c) flames of
the swirl combustor. These profiles also demonstrate
thatf and q are highly correlated and far from being U o.200
independent. 0

The correlation calculations deduced from the ex- 0

perimental data of unswirled and swirled hydrogen o -0.200
flames are in qualitative agreement with the joint pdf S
calculations made by Pope and Correa [8] in a study
of a syngas turbulent jet flame. Both our measure- 0 -0.600o
ments and Pope and Correa's calculations show that
the conserved and reactive scalars are not independ-
ent. Assumed shape pdf models that assume statis- -1.0001
tical independence have been used to predict hydro- 0 12 16 20 24
gen jet flames [2,3,5], syngas jet flames [4,6], y/O

recirculating flames [6], and supersonic flames [7]. 1.000
Our results suggest that these assumed shape joint Axial & Tangential (b)
pdf models may incorrectly predict the minor species (=. 12)21
and subsequent nonequilibrium effects in these tur- o.6oo a/fl X 53
bulent reacting flows. The use of a model that does fa'ff x/O 107
not assume statistical independence (e.g., Pope and (D
Correa [8]) is necessary to properly predict nonequi- .
librium effects. 0.

0

o2-0.200
Conclusions 5

a)
Experimental results of the major and minor spe- U 0.600

cies concentrations made in unswirled and swirled
turbulent hydrogen diffusion flames are used to com-
pare with the fast chemistry limit and the partial- -10000 8 12 16 210 24
equilibrium assumption and to test the validity of as- y/D
sumed shape joint pdf models. The comparisons of
measured OH concentrations with equilibrium and 1.000
partial-equilibrium values show that a simple fast W
chemistry or partial-equilibrium assumption made in Tangential(S=0.5) (XX]x/D =21

some combustion models may fail to predict the so- 0.600 a/fl /D 107

perequilibrium concentrations of radicals. The mea-

sured covariances of the conserved and reactive sea- .
lars f'q" and their correlation coefficient B in swirled 0_ 0.200

and unswirled turbulent diffusion flames are high, 0
indicating that these scalars are highly correlated. o I

The measured correlation coefficients are in agree- .0 -0.200
ment with pdf transport model predictions by Pope ._
and Correa. These measurements suggest that the
common assumption used in assumed shape joint pdf U -0.600
models that the mixing and reactive scalars are sta-
tistically independent is a poor assumption. Predic-
tions of turbulent reacting flames using assumed -1.ooo 40 4 8 2 1'6 20O 24
shape joint pdf models may incorrectly predict OH y/D
concentrations and other nonequilibrium effects. A
joint pdf transport model such as Pope and Correa's FIG. 5. Correlation coefficient B vs y/D at x/D = 21, 53,
that does not assume statistical independence of the and 107 in (a) unswirled, (b) low swirl, and (c) high swirl
conserved and reactive scalars must be used to prop- turbulent flames (Re = 12,500).
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COMMENTS

E. P. Hassel, Darmstadt, Germany. As your working focussing laser lens limits the laser power density and
group pointed out in earlier publications, there is a certain hence the two-photon photodissociation in the measure-
probability to dissociate the water molecule by a KrF-ex- ment zone. Then the OH fluorescence signal is calibrated
cimer laser beam with 248 nm. We also observed this in in an adiabatic Hencken multielement diffusion flame at a
our lab. If this would have happened in the described ex- range of fuel/air ratios. The calibration point is downstream
periments, it would have had a big impact on the measured (5 cm) where the OH concentration has equilibrated. At
OH superequilibrium concentrations and thus on the cor- rich or lean conditions where we do not expect any OH
relation between mixture fraction and reaction progress signal, we do find some fluorescence signal possibly due to
variable. Would you please comment on this? production of OH from two-photon H,0 photodissocia-

tion. This baseline signal is subtracted out in the calibration
Author's Reply. To minimize two-photon HO photodis- and does not affect the OH superequilibrium measure-

sociation to form H and OH, the laser is tuned to a ments in the turbulent flame. This is confirmed by OH
248.623-nm wavelength that is away from any strong two- measurements far downstream in the turbulent jet where
photon HO absorption lines. In addition, a long 2-m the OH concentrations are at equilibrium values.
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WIDE-FIELD CONSERVED SCALAR IMAGING IN TURBULENT DIFFUSION
FLAMES BY A RAMAN AND RAYLEIGH METHOD

J. B. KELMAN, A. R. MASRI, S. H. STARNER AND R. W. BILGER

Department of Mechanical and Mechatronic Engineering

The University of Sydney

NSW 2006, Australia

A new experimental approach to two-dimensional (2D) measurements of mixture fraction and other
scalars in turbulent flames has been developed, based on simultaneous fuel Raman and Rayleigh imaging.
The inherently weak Raman signal is enhanced by high laser energy, lowf-number optics, and a multipass
cell. Measurements have been obtained in piloted flames of air-diluted methane, at Reynolds number
28,000-53,000. With the assumptions of unity Lewis number and a one-step reaction, single-shot images
of mixture fraction, fuel mass fraction, and temperature have been derived with spatial resolution of about
10 Kolmogorov scales. Advantages and difficulties in the use of the multipass cell are discussed and some
early results presented. The wide-field images enable determination of scalar turbulence macroscales that
are found to be anisotropic and to vary with radius. The location of the instantaneous stoichiometric mixture
fraction contours indicates that there is little reaction in the outer regions where entrainment takes place.
Generally, the stoichiometric contour is aligned with regions of high scalar dissipation.

Introduction measured simultaneously. The tight field optimises
signal quality, enabling good statistics of mixture

Direct mixture fraction and scalar dissipation fraction and scalar dissipation rate to be calculated,
measurements in fully turbulent jet diffusion flames but with the loss of macroscale two-dimensionality.
have been a long-standing requirement of modellers In this paper, we image a wider field (around four
and theorists [1-3], who have hitherto relied largely integral lengths), using Rayleigh scattering to derive
on data from nonreacting flows for testing of hypoth- temperature and spontaneous Raman scattering to
eses and model validation, especially where scalar record fuel concentration, with a multipass cell to
gradient information is involved. It should be em- maximise the Raman signal-to-noise ratio (SNR). In
phasised that only by imaging of a conserved scalar other work [4,5], laser-induced fluorescence (LIF)
such as the mixture fraction can the structure of from a special fuel (or a fluorescing marker in the
flames and nonreacting flows be properly related, fuel) is used to obtain the rather high SNR required
The imaging of mixture fraction can, at least in prin- for deriving the scalar dissipation rate, X = 2DVJ Vf
ciple, allow the imaging of the (single step) fuel re- [where D is the diffusivity (calculated as a function
action rate, which would give a true representation of mixture fraction from predictions for opposed-
of where the reaction zone lies within the flame. Re- flow laminar flames of the same composition), f the

cent studies [4-6] have explored a two-scalar method mixture fraction, and V the gradient operator]. These

for imaging mixture fraction. This approach has been alternative approaches will provide valuable compar-

tested against single-point measurements [7] as re- isons, although unresolved queries exist as regards

gards scalar statistics, but the gradient data needed the effects of pyrolysis and temperature-dependent

for determining scalar dissipation (by far the most LIF cross sections of such markers. Although similar

demanding aspect) are new and require extensive Raman/Rayleigh wide-field imaging has been re-

comparisons with data obtained by alternative meth- ported previously [11], this is the first time that a
eods.Among oither studies onht opicd is althie Rlegh- quantitative analysis in terms of a conserved scalar is
ods. Among other studies on this topic is the IRayleigh carried out.
imaging in a H2 flame at moderate Reynolds number Here we present details of the two-scalar method
[8], as well as Rayleigh imaging in cold flows [9,10], for mixture fraction measurements applied to full
used to discuss flame structure. The most detailed two-dimensional (2D) imaging with a multipass cell.
quantitative imaging work to date [6] uses the same Advantages and difficulties are discussed and early
two-scalar approach as in this paper, but with very results are shown, with a brief examination of struc-
narrow field ("ribbon") imaging in which a focused tural features. An analysis of the complete results (in-
laser beam is retroreflected with a slight vertical off- eluding both methane and methanol fuels) is sched-
set, so that two scalar gradient components may be uled for a paper to follow.
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Simum number of passes is obtained, and where the
Dye laser stripe effect of the nonuniform incident beam is min-
532 nm ,imised. The multipass cell has a lower sheet intensity

where the beam enters at the top end of the cell,
increasing as the laser beam "walks" down the mir-
rors. For visualisation and calculation of large scales,

Multi-pass mirror the whole image can be used (50 X 33 mm in the
object plane), whilst only the lowest third of the

0f-- --flame would normally serve for calculation of scalar
----- -.- statistics. The main disadvantage of the multipass cell

lies in the broadening of the beam waist due to beam
Raman CCD Rayleigh CCD steering in the flame, which causes an increase from

- Multi-pass mirror 0.6 mm to around 1 mm, thus limiting the spatial
resolution. The beam steering also increases the stri-

FiG. 1. Plan view of optics layout. piness of the image. Further difficulties encountered
in the use of the multipass cell include low-level Ray-
leigh cross talk to the Raman channel, due to incom-

Experimental Arrangement plete rejection of the 532-nm scattering by the 632-
and Data Reduction nm filter; a narrower-bandwidth filter should reduce

this interference. Also, the high Rayleigh back-
The flames chosen as test objects, methane diluted ground, arising from scattering off the cell mirrors,

with air (1/3 by volume), have been extensively doc- appears to increase with the strength of the refractive
umented by point Raman/Rayleigh/OH LIF mea- index gradients in the flame brush; the many passes
surements [12,13], which enables validation of the through the flame are thought to amplify this effect,
new method, except as regards scalar gradients and which is not easily quantifiable and therefore makes
length scales. Such validation has been pursued in a the scalar outputs semiquantitative. It is estimated
companion paper by StArner et al. [6]. The 7.2-mm that errors result in instantaneous temperature and
jet nozzle, surrounded by an 18-mm pilot annulus, is mixture fraction data of up to 15 and 25% of local
placed in a vertical coflow of 15 m/s. The premixed values, respectively.
pilot composition is such that the C/H ratio equals The integral length scale varies between 4 and 8
that of the main jet. Further details may be found in mm at the measurement location chosen, x/D = 22
Ref. 13. Jet Reynolds numbers vary from 28,000 to (x being the distance from the nozzle and D the noz-
53,000. zle diameter); we use the procedure described in

The optics arrangement shown in Fig. 1 is quite Ref. 6 to estimate the Kolmogorov scale at 0.2 mm.
simple: 1.3-J pulses, 3-pus long, from a flashlamp- As argued in Ref. 6, it seems unlikely that all of the
pumped dye laser at 532 nm are formed to a sheet scalar dissipation can be captured, especially close to
and passed through a multipass cell [11]. The cell the nozzle and near the axis; however, in the reaction
mirrors are at 300-mm centres, with a radius of cur- zone, the scales are substantially larger, so the error
vature of 150 ram. All C-H stretches in the flame are should be much reduced. To be compatible with the
recorded by vibrational Raman scattering with a lens- beam waist thickness, the Raman images have been
coupled, intensified charge-coupled device (CCD) smoothed 5 X 5 pixels, which at worst would cor-
camera, with f/1.1 collection optics. A 10-nm band- respond to a resolution of 0.85 mm; thus, spatial res-
width, 632-nm centred interference filter is used to olution remains limited by the beam thickness, and
reject luminosity and Rayleigh scattering. The Ray- the SNR of the Raman data is raised to 35. The sim-
leigh data are recorded on a similar camera, but with ilarly processed Rayleigh data (after the usual cor-
neutral density filters to attenuate the very high Ray- rections and smoothing 3 X 3 pixels) have an SNR
leigh signal level obtained in the multipass cell. This of 80, measured in cold air on corrected images.
attenuation is needed to enable the intensifier to op- Calibration of the Raman channel is obtained by
crate in its design range, and is preferable to reduc- cold-flow measurements in a uniform field of known
ing the collection aperture, which tends to cause se- concentration. The Raman cross section is assumed
vere vignetting. The resolution of the collection to be temperature independent. Interference from
optics is 85 pm. By comparison, the point measure- all sources, including soot precursors, on the fuel Ra-
ments in Ref. 14 have a spatial resolution around 1 man line is believed to be insignificant. StArner et al.
umn, and effective bandwidth is 3-4 nm [14]. [12,13] found that soot interference in a similar flame

The multipass cell serves exclusively to increase and location was small. The Rayleigh field of view is
the SNR of the Raman data; the SNR of the raw such that unmixed coflow air is present at the edge
signal on the axis (binned 2 x 2 pixels on transfer to of each image: this allows shot-to-shot laser energy
the computer) varies from 9 in the upper part of the monitoring and correction of both channels, as well
multipass cell to 14 at its lowest part, where the max- as partial correction for residual stripes in the images.
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The data reduction technique is fully described
elsewhere [7]. Briefly, we assume that the flow has
uniform inlet composition and unity Lewis number,
and that the chemistry is in the form of a one-step
reaction. A conserved scalar is defined, based on total
enthalpy (with radiation neglected): f = f +
cpT/Q, where Yfý is the fuel mass fraction, cp the spe-
cific heat at constant pressure, and Q the lower heat
of combustion. The mixture fraction, f, can then be
defined as

fl-f - Yf + cpQ/(T-T,)
f - Yf, + cp/Q(T,- T2 )

where subscripts 1 and 2 denote fuel and air streams.
With some manipulation,f can then be expressed in
terms of the Rayleigh (Ra) and Raman (Rm) sig-
nals as

f- Wa§Rm + C2(aT/Ra - T2) (2)

where C, and C2 are calibration constants, W the
mixture mole weight, and ao proportional to the Ray-
leigh cross section. Predictions for opposed-flow lam-
inar flames are used to produce the fully reacted state
at various strain rates and to determine values for aT,
W, and cp dependent onf[6]. As aT, W, and cp vary
somewhat with f, an iterative method is used; typi-
cally, convergence to 0.1% is reached within four it-
erations. A reaction progress variable can then be
defined as b = (T - T9)/(T, - T2), subscript r de-
noting the fully reacted state. This important quan-
tity gives a direct indication of local extinction in
highly loaded flames and is readily calculated here.

Results and Discussion

Figures 2 through 4 show representative instan- FIG. 2. Two sets of instantaneous images of flame at 50%
taneous Rayleigh and Raman images (corrected), as of blow-off velocity, centred on x/D = 22, Rej,, = 28,000.
well as the corresponding calculated mixture fraction The flow is upwards; the flame axis marked with a tick.
and temperature images, all centred on x/D = 22 (x Object size 31 x 26 mm. From above: Raman and Ray-
being the distance from the nozzle and D the nozzle leigh intensity (both corrected), mixture fraction, and tem-
diameter), and with jet velocity varying from 50% perature. The bottom images show the mixture fraction
(Fig. 2) to 95% (Fig 4) of blow-off velocity Ub, (de- overlaid with the stoichiometric contourf (black) and con-
fined here as the velocity at which no significant re- tours of near-peak scalar dissipation X (white).
action occurs downstream of the flame "neck,"
around x/D = 15; Ub, = 115 mIs). Figure 2 repre- 5 which shows the variation of the integral length
sents a steadily burning flame without local extinction I
at the neck. As reported elsewhere [151, the small- scalell = f RIdx with radius for the three velocities
scale structure on the axis changes into larger scales 0
in the flame zone (which roughly coincides with the of Figs. 2 through 4. The autocorrelation coefficient
middle of the shear layer at this axial location) be- RI1 is calculated in the axial direction, using the mix-
cause of the increased viscosity that reduces the tur- ture fraction images. For the fully burning flame, 11,
bulence Reynolds number Ret. This scale change is grows with radius by almost a factor of 2 from the
a particular feature of the upstream region of tur- low on the axis, whilst for the almost extinguished
bulent jet diffusion flames and is quantified in Fig. flame of Fig. 4, there is little change in 111. Also, it is
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FIG. 3. Flame at 75% of blow-off velocity, Rej, = FIG. 4. Flame at 95% of blow-off velocity, Rej -

42,000. Other data as in Fig. 2. 53,000. Other data as in Fig. 2.

seen that, on the axis, 1, is smaller for the fully burn- integral length scale 1,, = f Raadr is found to be
0

ing flame than for the nearly blown-off case; this is 0.83411 near the centreline and 0.58l11 in the shear
interpreted as an indication of how the flame enve- layer; this is consistent with results for a lifted jet
lope around the central jet impedes the mixing, as flame [17].
also instanced by the 15% higher centreline mean The high value off, here (f = 0.353) is likely to
mixture fraction in the case of Fig. 2 than in the have further effects on flame structure: A study of
colder jet of Fig. 4. (This simply illustrates the fact the images reveals that, inside the large eddies sur-
that the mixture fraction decays less rapidly in a flame rounded by strands of entrained air, the mean mix-
than in the corresponding cold jet.) One may expect ture fraction is around 0.18, i.e., well below stoichi-
the growth in 1,s with radius to be even more pro- ometric, with excursions to 0.05 and 0.25. Thus, one
nounced in flames with much lower stoichiometric does not expect the interface between these eddies
mixture fraction (e.g., CH 4, f, = 0.055) since the and the entrained air to contain much burning fluid.
profile off, then lies largely outside the shear layer By contrast, in a pure CH 4 flame, withf = 0.055,
at this axial location [16]. In the radial direction, the these eddies would typically be surrounded by the
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1 1 reaction zone is narrow. It would be of great interest
to determine whether the reaction zone shifts from

0.8 " ' " the stoichiometric contour towards peaks in X, as ar-

50% gued in Ref. 9 for downstream regions in reacting
flows. Although it is possible, at least in principle, to

0derive the instantaneous single-step reaction rate Wfu0.6 = - p/2yd 2 Y,/clfl on the hasis of the data collected,

R,1/FI 75% the low signal quality of the Raman data in this ex

0.4 - periment precludes a meaningful calculation of
% d2Yf1 /df2 at present.

0.2 Concluding Remarks

0 IThis work illustrates that meaningful instantane-
0 0.5 1 1.5 2 2.5 ous conserved scalar images can be derived from fuel

Raman/Rayleigh imaging in a turbulent hydrocarbon
r / R flame. It should be stressed that it is not the assump-

F tions in the two-scalar method that render the pre-
FIG. 5. Radial profiles of integral length scale 1,, f sent wide-field results less than fully quantitative, but

R 1dx for flames at 50, 75, and 95% of blow-off velocity, a combination of inadequate Raman signal strengthn fora lamise hy ath mtu fracnd95%of hlf-rdu velocit, and difficulties arising from the use of the multipassnormalised by the mixture fraction half-radius Ry. cell. There are several ways to improve this situation:
Steps are now taken to optimise the Raman diagnos-
tics by the use of a more sensitive image intensifier,

stoichiometric contour, with the richer interior of better filtering, higher laser energy, increased mag-
each eddy comprising fuel and products. This differ- nification and possibly replacing the multipass cell
ence in structure between flames of low and high f, with a single retroreflected and cavity-dumped beam
is likely to be a contributing reason for the observed (as in Ref. 6 but with a wider field). Estimates, partly
difference in extinction behaviour [12,13]: A pure based on Ref. 6, indicate that these improvements
CH 4 flame has a wide range of velocity in which local will enable calculation of full scalar statistics, includ-
extinction gradually increases, whilst the diluted ing mean scalar dissipation, with errors no larger than
flame of this paper shows much more abrupt extinc- those inherent in the two-scalar method itself. It may
tion when velocity is increased, also be possible to derive at least a qualitative instan-

Although the instantaneous scalar dissipation rate taneous distribution of wf.
(calculated here as X = Zx + xr, neglecting the azi- The alternative two-scalar method for mixture
muthal component) is likely to be substantially atten- fraction measurements, using fuel/LIF/Rayleigh [4],
uated by the limited spatial resolution, it can be used still presents serious obstacles due to parent fuel py-
to demonstrate adequately the distribution of x rel- rolysis (a relatively minor problem in the present
ative to the stoichiometric contour. It is found that work) and LIF cross-section variation with temper-
there is a clear tendency of X to align with ~f, The ature [19]. Although the very strong LIF signal is a
mixture fraction images in Figs. 2 through 4 provide major asset in wide-field imaging, present indications
some illustration. In direct numerical simulations of are that the simpler and more direct fuel Raman
isotropic turbulence [18] at a low Re, range of 41- route, when optimised, will yield the more reliable
85, the overlap off, and contours of high x is more statistics.
complete than in the results at 50% of blow-off, It would be most useful to record CH or OH LIF
where Re, - 250. Results for a cold jet [9] of Re, = as a reaction zone marker, simultaneously withf and
140 also show that patches of intense X "are aligned x; to this end, it is intended to add a third camera
in general with the isopleth ... surfaces of mixture and second laser to the existing diagnostic tools.
fraction." Although at first sight these results do not
appear to run counter to the flamelet modelling as- Acknowledgment
sumption that y in the reaction zone can be approx-
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COMMENTS

S. B. Pope, Cornell University, USA. You observe that characterized flame with a thin and/or convoluted flame
the peak scalar dissipation occurs close to the stoichiomet- zone in order to determine the systematic errors associated
ric contour. Isn't this conclusion limited to the particular with the measurement, for example with respect to noise,
location that you have chosen to image? If you examined spatial resolution, and camera alignment? If so, what errors
the fields further downstream, you would expect to find the were found?
peak scalar dissipation at lower values of mixture fraction.

Author's Reply. Yes. Preliminary measurements were
Author's Reply. The peak scalar dissipation does appear carried out in a laminar methane-air (1:3 by volume)

to lie close to the stoichiometric contour, and this is limited flame. This was a laminar jet flame, 1-in. burner diameter.
to the chosen location. Peak scalar dissipation does not nec- Mixture fraction and temperature results were in good
essarily occur at stoichiometric, but more often at the edge agreement with those from laminar flame computations.
of high-temperature regions. At locations further down- Errors in camera alignment, or poor resolution, will show
stream, obviously peak scalar dissipation cannot occur at clearly when processed. No errors due to this were ob-
stoichiometric as mixture fraction values will have reduced. served. The laminar flame did show evidence of interfer-
It is expected that scalar dissipation will peak at lower val- ence from soot precursors, close to the tip of the flame.
ues of mixture fraction and correspond to the high-tem- This did limit measurement to axial locations less than 30
perature gradients. Unfortunately, due to soot precursor jet diameters in the turbulent flames.
interference measurements downstream were not possible.

Godfrey Mungal, Stanford University, USA. Your flames
J. M. Seitzman, Georgia Institute of Technology, USA. are diluted with air, which contains oxygen; how would

Did you perform measurements with your system in a well- your results and interpretations change if you had diluted
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with nitrogen (e.g., width of flame zone, shape, convolu- tion, and this would have led to a generally less convoluted
tions, etc.). flame. We were interested in a more turbulent flame, and

this is why air was chosen as the dilutant.
Author's Reply. The fuel was diluted with air for two

reasons. One, to reduce soot interference on the Raman
measurement, and two, to move the reaction zone into the REFERENCE
shear layer. If the flames had been diluted with nitrogen,
the stoichiometric mixture fraction would have moved 1. Stdrner, S. H., Bilger, R. W., Dibble, R. W., Barlow, R.
away from the shear layer compared with the air-diluted S. "Piloted Diffusion Flames of Diluted Methane Near
flame [1]. Attainable Reynolds numbers would have re- Extinction: Detailed Structure from Laser Measure-
duced for compatible values of stoichiometric mixture frac- ments," Combust. Sci. Technol. 72:255-269 (1990).
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SIMULTANEOUS NO AND TEMPERATURE IMAGING MEASUREMENTS
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A quantitative laser-induced fluorescence imaging technique was developed with sufficient sensitivity to
detect low NO concentration levels present in turbulent flames. For this linear fluorescence technique,
quenching and population corrections are necessary for quantitative NO imaging. A correction procedure
was developed that utilizes temperature measurements and flamelet or distributed reaction model results.
The model results showed that the quenching correction can be related to temperature.

Simultaneously with NO imaging, Rayleigh scattering imaging was used to determine the temperature.
The measured temperature was combined with model results to estimate the quenching and population
corrections for the NO signal. Analysis showed that this data reduction methodology has less than 10%
error and the total error is within 25%. The imaging setup uses a multipass cell, to create a thin sheet of
laser light, and a 0.8/f collection optics for the NO signal. The in-flame detectability of the imaging system
is 1 ppm. To validate the technique, NO was measured and compared at two different rotational levels.
Imaging results were also compared with NO, probe and thermocouple temperature measurements. The
results of different measurement methods compared well, thus confirming the validity of the technique.

The technique was applied to the flame initiation zone of lifted turbulent non-premixed-methane flames.
NO was found to correspond closely to the temperature field. As the turbulence altered the structure of
the temperature field, NO was similarly altered. Distributed reaction model results were favorably com-
pared to the imaging data. This further supports the validity of both experimental and model results.

Introduction ments [4-6]. Therefore, there is no fundamental lim-
itation in achieving the same detectability using im-

Planar imaging of NO provides multipoint statis- aging techniques. In the current experiments, a
tics needed to relate NO formation to flame zone and multipass cell [7] is used to raise the energy density
local turbulence characteristics. These measure- in the sheet to near what is available in point mea-
ments provide information useful in developing and surements. This overcomes the first limitation cited
validating models. The development of an NO im- above.
aging technique for turbulent flames has been lim- The fluorescence signal depends on collisional
ited (1) by the low NO concentration present in these quenching rates, which vary across the flame and are
flames and a near 1-ppm detectability requirement a function of local temperature and major species
and (2) by the NO signal dependence on local flame concentrations. To obtain quantitative NO measure-
temperature and species concentrations. The exper- ments from the images, major colliding species con-
imental and data reduction methodology, described centrations, their respective quenching cross sec-
in this paper, overcomes both of these limitations. tions, as well as temperature must be known at each

Planar imaging of NO has been demonstrated at point in the image [5]. This is a difficult task in im-
high (100s ppm) NO concentrations [1-3]. In these aging measurements. However, using the current un-
experiments, the laser beam is spread into a sheet, derstanding of the turbulent flame structure [8,9] al-
thus reducing the laser energy density to orders of lows the task to be simplified. As shown below, this
magnitude lower than what is available in point is achieved by relating the major quenching species
measurements. Near 1 ppm, NO detectability has concentrations to temperature. Using this data re-
been achieved in NO fluorescence point measure- duction methodology, simultaneous temperature and

1149
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NO images are sufficient to correct the NO image 1.0
for both quenching and population effects. This ap- 0.9 - et
proach overcomes the second limitation cited above. e Distdbutd ReactIon *

As expected, estimating quenching species con- 0
centrations from temperature measurements intro- 0.7 -

duces some error. Analytical models and cross-see- 0.6
tion data [10-12] are utilized in the error analysis 10.
section to estimate the magnitude of the error in NO
measurements. In the experimental section, a com- 0.4

bined NO and Rayleigh imaging system is described 0.3
and applied to a methane-air laminar flat flame and 0.2
a methane turbulent-lifted flame. The turbulent 0.1
flame has been extensively studied by the authors 0,0 I I -
[13,14]. The imaging results are then compared to 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

sampling probe data and model results to validate the Trrs
technique. Finally, the relationship between the in-stantaneous NO and temperature fields are dis- FiG. 1. Quenching cross section (ar), vstemperature (T).
cussed. Both axes are normalized by the respective stoichiometric

values: flamelet a, = 15.8 A2, T, = 2174 K; distributed
reaction a, = 14.9 A2 , T, = 1990 K. Fuel is methane.

Error Analysis

In the linear fluorescence regime, the fluorescence A(NO) (1 - CqestCfeýt/CqactuaLCft,,,i)NOactual

signal (Sfl), or the number of photons generated, can NOm-x NOmyx
be related to the NO mole fraction, XNO, by the fol- (4)
lowing relation:

where NOm is the maximum NO concentration. To

f T determine XNO from the laser fluorescence images,
XNO = Cref 9- (1) a, T, and F (T) in Eq. (1) must be estimated. Rayleigh

E F (T) scattering will be used to determine T and F(T).

Most importantly, a method will be described where
o1 in term of a reference XNOCf. T can also be used to estimate a.

Flame zones in turbulent combustion have been
XNO = XNO,,,CCqCf (2) predicted by flamelets or distributed reaction mod-

els. The flamelet model best corresponds to condi-

where C,, C,1, and Cf are SfI/E, a, and T/F(T), re- tions where the turbulence scale is large compared

spectively, each normalized by the reference values, to the flame thickness. In contrast, the distributed
determined at the stoichiometric mixture condition, reaction model best corresponds to conditions where
Note that in these relations, E is the laser energy per the turbulence scale is similar to the flame thickness.
unit frequency per unit area, F (T) is the population Therefore, these two models represent the bounding
fraction in the pumped state, T is the temperature, cases for turbulent combustion. Both of these models
and a is the mixture-averaged quenching cross see- were utilized to estimate a and the error in NO. For
tion defined by the model calculations, a modification of the PROF

code [15] was used to predict flamelet and distrib-

( MNo 1/2 uted reaction cases.
=• Xia 1+ I (3) Figure 1 shows the model-derived quenchingXi MJ cross section plotted against the temperature for

these two flame cases. Both coordinates are normal-
where X1, a,, and Mi are the mole fraction, the ized by their corresponding stoichiometric values.
quenching cross section, and the molecular mass of Model calculations were used to determine Xi in Eq.
the quenching species i, respectively, and MNO is the (3), and each species' cross section was obtained from
NO molecular mass. To quantify the NO signal, the Paul et al. [10]. The upper and lower segments of
product Cq.Cf or the normalized value of the curve in Fig. 1 correspond to the air and fuel
aJT/F (T), must be calculated. Error is introduced sides of the flame, respectively. Over most of the do-
when estimated, rather than actual; Cq and Cfvalues main, CO 2 and H20 represent over 80% of the total
are used in Eq. (2). quenching cross section. These two species are sta-

It can be shown that the magnitude of this error ble, and their level is similar for a range of flames,
relative to peak NO is from flamelet to distributed reaction limiting cases.
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This is the major reason for similarity between the 10 i I ' I
two cases shown in Fig. 1.

The close correspondence of flamelet and distrib-
uted reaction results suggests that the cross-section 5

correction procedure can be effectively applied to a
broad range of turbulent flame conditions. This is 0
also supported by turbulent flame experimental re-
sults. Multispecies and temperature measurements tW
in low- or moderately stretched turbulent non-pre- -5
mixed flames reveal that, in the mixture fraction co-
ordinate, all the major species and temperature data
are scattered around flamelet calculation results 010 ' 0 0 0 1.00.0 0.2 0.4 0.6 0.8 1.0
[16,17]. Furthermore, by conditioning the data on Conserved Scalar
the temperature, Starner et al. [17] shows that there
is a deterministic trend in the data. The higher values Fm. 2. Estimated error defined by Eq. (4), for combined
of the major product species concentrations (e.g., NO-Rayleigb technique. A conserved scalar value of 0.055
CO 2 and H20) are associated with higher tempera- represents stoichiometric condition.
tures. This is reasonable. In the absence of prefer-
ential diffusion and limited radiation heat loss (i.e.,
early part of flame), it is expected that there will be mm, in the results presented below). These are ac-
a relationship between the local temperature and ceptable error levels considering that correction fac-
concentration of these two product species and, for tors (i.e., f- Cq in Eq. (2)) can be as high as 5. This
that matter, all other stable species. The theoretical analysis support using a combined NO and Rayleigh
framework for this turbulent flame picture has pre- imaging setup for quantitative NO imaging.
viously been established by Bilger [8]. Note that the error levels estimated above repre-

Given the similarity of the model results in Fig. 1, sent the error due to the data reduction methodol-
the supporting experimental evidence in Ref. 17, and ogy. The experimental error needs to be combined
theoretical framework support in Refs. 8 and 9, it is with this error. Near the peak values, the combined
concluded that temperature can be used, with the errors are within 15 and 25% for temperature and
model results in Fig. 1, to correct NO measurements NO, respectively. For the NO, the shot noise (10-
for quenching effects. In addition, the temperature 15%, depending on the axial location) is the domi-
can be used to correct the data for population effects. nant error. This error can be reduced by increasing

The flamelet calculation results were used as a the laser energy.

base to estimate the magnitude of the error in tem-
perature and the NO measurements. It is assumed
that the temperature will be measured by Rayleigh Experimental Setup, Procedure, and Results
scattering and that the Rayleigh cross section for air
was used uniformly across the flame. The tempera- The two-camera setup is shown in Fig. 3. Ultra-
ture error was found to be within 10% in the flame violet laser light (A = 225 nm, Av = 0.3 cm- 1 ) for
zone and on the lean side of the flame, where meth- the fluorescence excitation of the NO molecule, was
ane concentration is low. The error increases as the provided by an Nd: YAG-pumped dye laser system.
center of the jet is approached. The maximum error The frequency-doubled output of an Nd: YAG laser
in the jet flame of interest is 50%, estimated for the (6-ns pulse, 500-mJ pulse) was used to pump a
cold center of the jet. Therefore, the NO and tem- pulsed-dye laser with LDS 698 dye with a tunable
perature data, near the center of the jet, should be output around 676 nm. A small fraction of this beam
ignored. was split and directed to a wavelength meter, for con-

This estimated temperature and the correspond- tinuous wavelength verification. The remaining por-
ing flamelet model species concentrations were then tion of the output of the dye laser was frequency
used to estimate NO quenching cross section (Cqest) doubled and mixed with the dye beam in a BBO crys-
and population corrections (Cf1 .1,). Results are shown tal. With this configuration, about 0.5 mJ of laser en-
in Fig. 2, where the error as defined by Eq. (4) is ergy was obtained at around 225 nm, which was used
plotted for J = 18, which is the line used in the to pump the NO A25(v" = 0), X 2H(V' = 0) elec-
subsequent experiments. The error was found to be tronic band. A polarization rotator was used to adjust
insensitive to J. The population and quenching errors the UV beam polarization to eliminate Rayleigh scat-
partially offset each other, resulting in less than 10% tering. For the imaging experiments, the beam was
error in NO. Around the stoichiometric conditions formed into a 0.5-mm-thick and 50-mm-high sheet
(Z = 0.055), the error is less than 5%. The local error of light by a multipass cell consisting of two cylin-
as defined by (1 - CfCq)est/(1 - CfCq)actiai is also drical reflectors coated for high reflectivity (-Ž99%)
less than 10% for Z < 0.4 (corresponding to Y < - 4 at 226 nm. Near 30 overlapping passes were used in
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the cell, providing near 106 W/cm2/cm-1 energy data were normalized by the images obtained from
density. The fluorescence signal was collected with 6.7 and 67 ppm NO uniformly seeded in air for
anf/0.8 lens system and detected at 240 nm (25-nm Q1(18) and Q1(26), respectively. In the second ap-
bandwidth) using an intensified camera. Use of this proach, data were normalized by images obtained
filter was necessary to block soot emissions and other from a lean premixed flame (q5 = 0.7) seeded with
non-NO signals that are present in the flame. Exper- 40 ppm NO. Both approaches resulted in the same
iments were performed using the Qi(18) and Q1(26) reduced data set. This indicates that laser broadening
lines of NO. and shift is insignificant. The Rayleigh data were con-

For the Rayleigh measurements, the Sandia Coin- verted to temperature by applying the air Rayleigh
bustion Research Facility's flash lamp-pumped dye cross section uniformly across the flame.
laser (1.8 `us pulse duration, ) = 440) was used. Be- The NO signal was corrected for population and
fore combining with the UV beam, the beam diver- quenching effects. The temperature, measured by
gence was adjusted in a cylindrical telescope, to com- Rayleigh, was used for this purpose. For the popu-
pensate for different focusing properties of this beam lation correction, the Boltzman relation was used. To
and the UV beam in the multipass cell [14]. The correct for the quenching effects, the measured tem-
beam was combined with the UV beam using a di- perature was normalized by the corresponding lam-
choric reflector and formed into an overlapping sheet inar flame stoichiometric mixture temperature (T, =
in the multipass cell. The cell was also coated for high 199'0 K), and results of Figure 1 were used for the
reflectivity at 444 nm. The Rayleigh signal was col- correction.
lected with a 55-mm camera lens and detected by Thermocouple temperature measurements and
the second camera, gated for 4 ,us. In the initial ex- NOx sampling were also performed in the jet flame
periments, two vidicon cameras [13] were used. A for comparison with the laser-based data. A 0.05-mm
majority of the data was obtained using photometric (0.002 in.) thermocouple wire was used to minimize
charge coupled device (CCD) cameras, described by the effect of radiation. Since NO can be converted
Schefer et al. [18]. A 4 X 4 pixel averaging was used, to NO 2 within the probe, only NOx data are used for
resulting in 0.5-mm nominal resolution. comparison. As in Drake et al. [19], an uncooled

All of the images were corrected for shot-to-shot quartz probe was used for these measurements.
variations in laser power. Two approaches were used To further support the validity of the laser-based
to normalize the NO data. In the first approach, NO measurements, experiments were performed at two
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separate lines, Ql(18) and Qi(26). Two different j 70 D Cuttan, mnging Data i

levels were intentionally chosen that have signifi- , Methane Oxygen-Nitegen Data&• Calculated 'Thermal" NO Data

cantly different population corrections (Cf in Eq. 60 Calculated 'PrpThermal NO Data

(2)). As an example, the Cf values at T = 300 K are
2.87 and 0.216 forJ = 18 andJ = 26, respectively.
Note that, as in Eq. (2), these values are referenced T 40
to the stoichiometric temperature and calculated for o A

the flamelet with T, = 2174 K. The ratio between z 20

these two correction factors is around 13. Thus, two - 0
substantially different correction factors are applied 0 0, 1
to each data set. Similarity between the NO data ob- 06 0.6 1.0 1.2 1.4 1.6 1.8
tained from these two separate lines should verify the Equivalence Ratio

approach. FIG. 4. Comparison between imaging data and calcu-
A 50-mm-diameter laminar flat flame burner was lated and probe NO data in a laminar flat flame. To convert

used for laminar flame imaging and to obtain cali- equivalence ration, p, to conserved scalar, Z, use Z =
bration images of seeded NO. For the turbulent jet- i/(17.2 + (p) for methane.
flame measurements, the burner consisted of a 5.4-
mm-diameter tube. Methane was injected through
the fuel tube at a velocity of 21 m/s (Reynolds num- son. The sampling data are taken from Fenimore
ber 7000), creating a lifted flame with 30-mm aver- [21]. The correspondence of imaging data with the
age liftoff height [13]. calculations and sampling measurements is good,

verifying the imaging system in laminar premixed

Signal Verifications: flames.

Using point measurements, NO spectra were ob- Turbulent Flame Imaging Data:
tamed in an NO/N 2 calibration mixture and in pre-
mixed laminar flames and, compared to the calcu- To verify the technique in the turbulent jet flames,
lated spectra [20], to verify the signal and to identify the mean values obtained from the QI(18) and
the spectral lines. The data demonstrated that satu- Qi(26) lines were compared with each other and with
ration is possible in the NO/N 2 mixture at a spectral the probe sampling data obtained in the jet flame.
power density higher than 0.5 x 107 W/cm 2/cm-1, An example is shown in Fig. 5. The mean profiles
but not in the flame, where only linear fluorescence were obtained by averaging 200 images. In this fig-
is possible. In the imaging experiments, the spectral ure, Y = 0 represents the center of the jet. As shown,
power density is 106 W/cm 2/cm - 1, which is well into the profiles obtained at two J values are similar, ex-
the linear regime. Thus, laser power variation and cept near the centerline, where the temperature
quenching corrections are necessary to obtain quan- measurements and signal corrections are not valid.
titative NO information from fluorescence signals. The peak values for these lines are within 10%. This

is typically found to be the case for other axial loca-
Imaging System Detectability: tions. At some axial locations, up to 20% difference

was found. This is reasonable, considering that each
The detectability of the imaging system was found line can have 25% error, as discussed above.

by imaging 5 ppm of NO seeded in air using QI(18). The peak NOx value measured by the sampling
From these images, the signal-to-noise ratio was probe at X = 40 mm is 30 ppm. At higher axial lo-
found to be 5, for 5 ppm NO. This translates into a cations, the peak NOx and NO increased. As an ex-
0.2-ppm detectability limit for the system in a NO/ ample, at 70 mm, the upper part of the imaging re-
air mixture. Using the temperature effect and prod- gion, the peak NO and NOx, were 35 and 39 ppm,
uct composition quenching data, it is estimated that respectively. These results suggest that NOx consists
the current imaging system has a lower detectability of around 80% NO, with the remainder NO 2. This is
limit of about 1 ppm NO in the flame. reasonable [19].

The imaged temperature data and thermocouple
Laminar Flat Flame Data: data are also presented in Fig. 5. Near the jet cen-

terline (Y > -4 mm), the imaged temperature data
To verify the quantitative imaging capability of the have a substantial error, as discussed above. How-

current system, it was applied to a laminar flat flame ever, away from the centerline, i.e., at the left of Y
burner. The fuel-to-air equivalence ratio was varied = -4 mm, the imaged temperature data compare
to detect NO levels under different quenching con- well with the thermocouple data. These, and other
ditions. Figure 4 shows a plot of the measured NO results not presented, show that the average peak
levels along with the sampling probe data and pre- flame temperature, obtained from imaging data, is
mixed laminar flame calculations [15] for compari- within 100 K of the thermocouple data.
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The purpose of planar imaging measurements is 60 (a) '-. - (.b)

to capture the instantaneous spatial structure of the 55
temperature and NO fields. As is well known, NO 50
production rates cannot be determined from average
temperatures. By measuring instantaneous temper-
atures and NO concentrations, the relationship of 40
these parameters over the complete field can be de- 35
termined. Also, the structure of the NO and T fields " 30
can be related to large-scale turbulence structures. E 0

This will yield important information on how tur- v 60 (c)- (d) - -

bulence affects combustion and NO formation. Some
imaging data are included below as an example of 55

the type of information provided by this imaging 50

technique. 45 ....... .......
Figure 6 shows representative instantaneous con- 40

tour plots of NO and temperature in the jet flame
highlighted above. In these images, the 5.4-mm jet
is located at X = 0 and at Y = 0. Only the left side 30

of the flame is contained in the image. The flame is 15 10 5 15 10 5
lifted and, in Fig. 6a, NO is below 2 ppm (dotted Y (mm)
line) upstream of the 35-mm axial location. The cor- Y (m)
responding temperature contour (Fig. 6b) shows that FIG. 6. Instantaneous contour of NO (left) and temper-
at this axial location, the temperature is around 1500
K, but 2 mm below this location (X = 32 mm) the ature (right) in the lifted turbulent jet flame. Dot: 2-ppmK, bt 2mm blowthi loctio (X= 32mm)the NO and 500 K; dashed: 5-ppmn NO and 1000 K; solid: 10-
temperature drops below 500 K. Beyond this flame ppm NO and 1500 K.
initiation location, both the NO and temperature
have a similar structure. The similarity in structure
between NO and temperature can also be observed needed to correctly predict NO production rates in
in Figs. 6c and 6d. These images were obtained on turbulent flames. To support this, distributed reac-
the same flame at a different time. Interestingly, the tion model results, utilized in the quenching correc-
images in Figs. 6c and 6d show separated "islands" tion procedure, were compared to the NO and T im-
of NO and temperature. The presence of a cooler aging data. The good comparison of the distributed
region separating two high-temperature zones is reaction model results with CH, CH 4, and OH im-
probably a result of local turbulent quenching of the aging data [13,14] supports using this model to pre-
flame, dict NO and T.

These images, as well as many others, show the According to the prior experimental and model re-
strong correlation of instantaneous NO to tempera- sults [13,14], intense reaction of the lifted flame oc-
ture. As noted above, instantaneous temperatures are curs in a region surrounding the k = 1 condition. At
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the flame initiation point, reactions are nearly extin- Conclusions
guished. According to the distributed reaction
model, the local residence time at this point should A quantitative laser-induced fluorescence NO im-
be 0.1 ms. If a region that covers up to 10 mm down- aging technique has been developed and validated
stream of the initiation point is used in the compar- that is capable of measuring low NO levels, charac-
ison of model to experimental results, the maximum teristic of those found in turbulent flames. The tech-
residence time would be bound by the convective nique uses a simplified quenching and population
time over the 10-mm domain. For the 5 m/s axial correction procedure that was developed from the
velocity, measured by LDV at the 0 = 1 line, the current understanding of turbulent flames. Using
maximum residence time would be 2 ms. Therefore, turbulent flame models, it was shown that corrections
model results for residence times between 0.1 and 2 are only a function of temperature. Therefore, by
ms should bound the data. Furthermore, the model measuring temperature, with Rayleigh scattering,
results give the local NO production in the peak tem- and using turbulent flame models, the NO imaging
perature zones. As the NO diffuses outward, both data can be corrected. Analysis showed that the error
NO and temperature will decrease by dilution with using this correction approach is less than 10%. The
surrounding gases. Therefore, predicted dilution re- combined experimental and data reduction approach
suits should be considered in combination with the error is within 25%. Only in the cold center of the

NO production results. jet flame, where fuel concentration is high, do the

Figure 7 compares the model and imaging results, temperature and NO measurement errors become
Points on this figure, taken from the images, are in- unacceptable. The technique was validated by im-

stantaneous NO and temperature data at the base of aging NO and temperature and comparing results at

the lifted flame. The solid line represents the distrib- two different rotational levels for NO. In addition,

uted reaction model results for 05 = 1, at different good comparisons of time-averaged NO and tem-

residence times. The dashed lines joining the (P - 1 perature imaging results with probe and thermocou-
leinentothe aiesThent conditione(T jo300nKNO 0) = ple data in premixed laminar and turbulent jet flames

support the validity of the approach. Instantaneous
represent dilution of the NO produced at 0k = 1 and NO and temperature images illustrate the close cor-
at the specified residence time. As noted above, the respondence of NO and temperature fields in tur-
data should be bound by the 0.1- and 2-ms residence bulent non-premixed flames. Good comparison of
time model results. This is found to be the case. imaging results with distributed reaction model re-

From this comparison, it can be concluded that sults, at the flame initiation point, provided further
prompt and thermal NO mechanisms used in the validation of the imaging technique and the model.
model can correctly predict NO production in tur-
bulent flames. Furthermore, the comparison of Acknowledgments
model results and data gives additional support to the This work was supported by the Basic Research De-
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COMMENTS

N. M. Laurendeau, Purdue University, USA. What are there fundamental limitations such as the presence of soot,
the confidence limits on the quoted uncertainties in tem- that prevented you from studying the flame tip, where most
perature and NO concentration? How does the uncertainty of the NO is believed to be formed?
in temperature affect the uncertainty in NO concentration?
What are the total uncertainties including the calibration Author's Reply. As shown in Fig. 1 of the paper, the
procedure for both temperature and NO concentration? quenching correction value is different for the fuel and air

sides of the flame. As long as the wrinkling of the flame
Author's Reply. The confidence level on the quoted un- permits this distinction, the technique can be applied, with

certainties (errors) is 99%. the errors cited in the paper. If the fuel and air sides of the
In determining the error in the data reduction meth- flame are not distinguished, due to the extreme wrinkling

odology for NO, the Rayleigh error is already included, of the flame, additional error will be involved. This error
To determine the sensitivity of NO to temperature error, can be estimated from Fig. 1.

the model was run for J = 18 and assumed 10, 20, and The NO imaging can be performed in the presence of
30% error in peak temperature. The corresponding error some soot. However, as you are aware, soot interferes with
in peak NO was found to be 3, 6, and 10%, respectively. the Rayleigh signal. Alternative temperature measurement

The total relative uncertainties for temperature and NO, techniques need to be considered in this case. Also, the
for the current experiment, are 15 and 25%, respectively, data reduction model needs to include the radiation effect.

0 S

James F. Driscoll, University of Michigan, USA. Your Houston Miller, George Washington University, USA.
images were obtained at upstream locations where the Are the quenching corrections in the flamelet model in-
flame is nearly vertical and is not significantly wrinkled. Are dependent of scalar dissipation rate even for high stretch
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conditions close to extinction where both temperature and stoichiometric temperature, T,, in the reaction zone will
combustion product concentrations (i.e., CO2 and H20) are depend on the strain parameter in the case of the flamelet
lower than in low stretch flamelets? calculation and the residence time in the case of the PSR

calculation. In your NO data reduction, what value of T,
Author's Reply. We do not claim that the absolute was assumed for Fig. 1 and how do variations in the strain

quenching corrections are independent of the scalar dis- parameter and residence time affect the calculated varia-
sipation. Instead, we claim that, when normalized by the tion of absolute a with absolute T?
stoichiometric values, the corrections are self-similar and Author's Reply. The variation in the strain rate, or resi-
should collapse on Fig. 1 of the paper. We have not tested dence time, affects the stoichiometric temperature (T.) and
this theory for highly stretched flames. However, we are quenching rate (a,) used to extract the quenching correc-
reasonably confident that they will collapse on Fig. 1, as tions from Fig. 1 of the paper. However, the variations are
the trend of data suggests. As you correctly state, the in the same direction and partially offset each other. In the
stretch reduces temperature and CO2 and H20. This re- present experiment, assuming a constant T, and a, results
sults in lower values of quenching correction. A lower in 3% error in NO.
quenching correction for a lower temperature is consistent The T, and a, assumed for the data reduction were 1990
with the trend of Fig. 1 data. K and 14.9 A

2, respectively. These values are calculated for

a stoichiometric well-stirred reactor at approximately 1-ms
residence time. These conditions are consistent with the

distributed reaction zone model previously developed for
James Kelman, University of Sydney, Australia. Has the the base of this flame (see Refs. 13 and 14 of the paper).

author considered the effect of variable strain rates in the Increasing the residence time increases T,. Accordingly, a,
flame on the quenching correction coefficients of NO? As increases, which compensates for some of the T, variation.
the strain rate is increased in the laminar flame computa- As an example, at 9-ms residence time, representative of
tions, the stoichiometric temperature will drop and an am- the time scale at the top of the images, T, and u, are 2130
biguity in the quenching rate correction will arise. K and 15.5 k2, respectively. The ratios between these val-

Robert W. Pitz, Vanderbilt University, USA. Your NO ues to those at the bottom of the image are 1.07 and 1.04,
concentrations are corrected by a mixture average cross for T, and aq, respectively. Therefore, assuming a constant
section, a, that is calculated for both a flamelet and a dis- T, and a, for this flame results in approximately 3% error
tributed reaction [i.e., perfectly stirred reactor (PSR)]. The in a and NO values.
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Three different experimental approaches for making instantaneous, two-dimensional (2D) measure-
ments of the mixture fraction in turbulent nonpremixed hydrocarbon flames are presented. The availability
of spatial information on the mixture fraction provided by these techniques makes determination of the
scalar dissipation feasible. Each of the techniques to be presented is based on simultaneously imaging fuel
concentration and Rayleigh scattering. Measurement of the fuel concentration can be accomplished in a
number of ways, including (1) Raman scattering from the fuel, (2) fluorescence from the fiuel, or (3)
fluorescence from a molecular tag added to the fuel. Preliminary results for experiments utilizing each of
these approaches will be presented.

In one experiment, joint Rlaman/Rayleigh measurements were perfonned in a turbulent methane flame.
This approach worked quite well and was able to provide valuable mixture fraction statistics. However,
the weak Raman signal required a tradeoffbetween signal/noise and spatial resolution. A second experiment
involved imaging fuel fluorescence from an acetaldehyde flame. The acetaldehyde fluorescence/Ravleigh
images obtained in this experiment were of high quality. On the fuel-rich side of the flame, however, the
calculated mixture fraction shows a (dip and plateau. These irregularities may be the result of fuel pyrolysis
and could represent a limitation of this approach. A third method of mixture fraction measurement was
to introduce acetone as a fuel tracer and image its fluorescence. Acetone fluorescence proved to be prob-
lematic when excited at a wavelength of 320 nm. Our measurements show indications of a temperature
dependence of the fluorescence yield, making it difficult to interpret the signal.

Introduction bulent nonpremixed H, flame. Because image data
were available, it was possible to calculate the scalar

In modeling of turbulent nonpremixed flames, the dissipation as well as infer reaction rates in this zero
quantity most often used to describe the flow is the heat release "flame." The use of cold-flow images to
mixture fraction. The mixture fraction is defined as infer nonpremixed flame structure was also em-
the mass fraction of all atoms originating from the ployed in a recent study by Buch et al. [5]. In both
fuel stream and is one of many possible conserved of these studies, valuable insight was gained. Hov-
scalars that can be defined in the flame. Each of these ever, since the images that served as a basis for the
conserved scalar quantities is independent of the analysis were from cold flows, the heat release in ac-
chemical reaction. Under idealized conditions, tual flames is not present, and questions of the gen-
knowledge of a single conserved scalar can be used erality of the conclusions persist.
to derive essentially all of the scalar quantities of in- Experimentally, the determination of the mixture
terest in the flow. fraction in flames is difficult since it involves simul-

In nonreacting flows, determination of the mixture taneous monitoring of a large number of species. The
fraction is straightforward since only a single species mixture fraction has been determined at a single
must be monitored, and quantitative information in point from measurements of the major species using
two and three dimensions is available [1,2]. Bilger spontaneous Raman scattering [6], and the results
and coworkers [3,4] used cold-flow images of the from these studies are among the most complete sets
mixture fraction to infer flame structures in a tur- of experimental data available in turbulent nonpre-
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mixed flames. The data from single-point mea- Flashlamp-Pumped DyeLaser
surements are incomplete, however, because of the
lack of multidimensional informlation required to ob-
tain gradients. The scalar dissipation, x (defined as /
= 2DV&- VJ, with D the diffusivity and _ the scalar),
determines the rate ofmolecular mnixing and is widely
used in moldeling turbulent reacting flows. There-
fore, techniques capable of two-dimensional (2D) or 532 nm
preferablv three-dimensional (3D) measurements of 3n
the mixture fraction are needed.

StuArner et al. [7] have demonstrated a mleans of
determining the mixture fraction in a flame without Rayleigh CCD Raman CCD
measuring all of the major species. In that work, it
was shown that the mixture fraction can be deter-
mined from simultaneous measurement of only two
quantities. The method pursued in the present study Burner
involves the simultaneous measurement of fuel con-
centration and Rayleigh scattering. The method as-
suimes unitv Lewis number and a one-step reaction
between fuel and oxidizer. The two measured quan-
tites are used to form a conserved scalar from which Mirror

the mixture fraction is determined in an iterative pro- FIn. 1. Experimental configuration for Raman/Rayleigh
cess. While a complete discussion of the approach is line imaging.
beyond the scope of what can be presented here (see
Ref. 7 for details), the basics are outlined below.

A conserved scalar,#, based on the fuel mass frac-
tion (Y•f) and the enthalpy (H = c 1,T/Q) serves as the Experiments
basis for determining the mixture fraction:

f# =yf + c, T/Q Raman/Raolleigh Line Imaging in a Methane Flame:

In one set of experiments, the concentration of
f) - f f _ f + c/Q(T T2) fuel was inferred from the Ramnan scattering of the
ft Y f I + c1,/Q(Ti T9) vibrational C-II stretch of the hvdrocarbon fuel. Anadvantage of this approach is that no special fuel or

where the subscripts denote the fuel (1) and oxidizer fuel tags are required; Raman scattering should be
(2) streams. The mixture fraction can be expressed equally applicable to nearly all hydrocarbon fuels.
in terms of the fuel concentration signal (obtained The main drawback to Ramlan scattering is the ex-
from Raman or fluorescence techniques), F, and the tremnely small Raman-scattering cross section and,
Rayleigh signal, Ra, as follows: consequently, the difficulty in getting sufficient sig-

nals. Ramlan imaging of the fuel has been used pre-
_ CjaOTF + CT(da/Ra - Tnblent) vIously in a number of experiments [8,9], and simul-

- WRaF. 1 + a taneous Raman and Rayleigh imaging has been
demonstrated [10], although the data were not used

where C 1, C,, and F., are calibration constants, a,, is to determine mixture fraction. Each of these previ-
proportional to the local Rayleigh cross section, and ous Raman imaging experiments made use of a mul-
IF is the local mixture mole weight. Since aT and IV tipass optical cell to form the illumination sheet. In
are both functions of 4, an iterative process must be this work, a multipass cell was not used, but a two-
used on a pixel by pixel basis to derive the temper- pass arrangement allowed two components of the
ature and mnixture fraction. The procedure converges scalar gradient to be determined along a line.
quickly, usually within less than four iterations. The experimental configuration used for simulta-

In the following sections, three different experi- neous Raman and Rayleigh line imaging is shown
mental approaches to determining the mixture frac- schematically in Fig. 1. A flashlamp-pumped dye la-
tion in turbulent nonpremixed hydrocarbon flames ser (Candela LFDL-20 using pyromethene 546 dye)
will be explored. Each of these techniques is based provided up to 1 j of energy at 532 nm. The laser's
on sinmltaneous monitoring of the fidl concentration 2-ps pulse duration was short enough to freeze the
and Rayleigh scattering. The main difference in the motion in the flames studied. To reduce the beam
approaches is the mneans for determining the fuel divergence of the laser and thereby reduce the waist
concentration. Details of the experimental configu- of the focused beam, the laser cavity was lengthened
ration will be given along with representative results, to 3.1 m. The beam was focused into the flame ini-
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tially by a 15-cm f.l. spherical lens. After passing Shot1

through the flame, the beam was recollimated by a
30-cm f.1. lens, reflected from a planar mirror, and
refocused into the flame. The two beams were .Eyt'T

7  7
aligned so that the reflected beam passed just over Rayleigh
the top of the incoming beam. This two-beam ap-
proach allowed gradients to be obtained in both the
radial and axial directions. The beam vwaist was meas-
ured to be 0.6 rmm, which was roughly 6 times the
smallest flow scales [11]. Raman .

The scattered Raman and Rayleigh light was de- Shot 2

tected by two intensified charge-coupled device
(CCD) detectors oriented perpendicular to the laser
beam as shown in Fig. 1. The Ramnan-scattered light r-• s-- -÷ '--...
was isolated by an interference filter [center fre- Rayleigh
quency 630 nm, 10 nm full wvidth at half maxinmunm
(FWHM)] and focused onto a single-stage image in-
tensifier by an fl.2 camera lens. The output of the
intensifier was optically coupled to a cooled CCD Raman

detector (Photometrics Star 1). An f4.0 camera lens
imaged the Rayleigh scattering onto a two-stage FIG. 2. Two pairs of Riaman/Rayleigh images from a tur-
image intensifier, which was optically coupled to bulent methane-air flame. Scattered intensity along each
the second cooled CCD detector (Photometrics of the lines is represented as a false color image, and di-
KAF4200). Both image intensifiers were gated co- rectly above it, the intensity along one of the lines is plot-
incident with the laser pulse to eliminate flame lu- ted. For the data shown, the Reynolds nhmber was 20,600,
minosity. (Note that the use of the intensifiers was and the bealns intersected the flow 25 nozzle diameters
primarily for gating rather than for high gain.) The downstream.
digitized output from both cameras was read into a
single lab computer.

The raw Raman and Rayleigh line images were
corrected for background and nonuniform detector
response. In addition, since the magnification of the the intensity along one of the lines is plotted. For the

two images was slightly different, the necessary ro- data showni, the Reynolds number was 20,600, and
tation, translation, scaling, and cropping were ap- the beams intersected the flow 25 nozzle diameters
plied to the images to allow them to be compared on downstream. The signal/noise for the ambient air in
a pixel-by-pixel basis. The volume corresponding to the Rayleigh images is -200. Because of the weak-
each pixel was 0.09 x 0.09 X 0.6 mm3 , .vith the ness of the Raman signal, the signal/noise for those
largest value corresponding to the beam thickness, images is roughly 15. Determination of the error in
Since the beam thickness represents the main limi- the mixture fraction and temperature based solely on
tation to the spatial resolution in these measure- the signal/noise of the Raman and Rayleigh data is
ments, the signals were integrated in the cross beam not straightforward because of the iterative proce-
direction, and 3-pixel smoothing was applied in the dure involved in calculating these quantities. Proba-
radial direction. The resulting images consist of two bly the best approach for finding the overall uncer-
lines radially across the flow corresponding to the tainty vould he from an ensemble of measurements
main and reflected beams wvith a pixel resolution of in laminar flames, where the mixture fraction could
0.27 X 0.45 x 0.6 mO3. be obtained independently. Such a data set is not

The flame investigated was an axisvylmetric, pi- cun
loted methane-air flamre. The main fuelI nozzle had a urently available.

diameter of 3.8 mm. The main jet was surrounded Figure 3 shows the calculated mixture fraction and

by an annular premixed pilot flame (pilot diameter temperature corresponding to the data from the two

15 ram). A low-speed annular coflow of filtered air laser shots shown in Fig. 2. Again the scalar values

surrounded the burner to eliminate particles from are represented as a false color image with the scalar

the flow, which would interfere with the Rayleigh value along one of the lines plotted directly above.

scattering. The methane was diluted 3/1 on a volume Sets of 500 instantaneous shots were taken at a numn-

basis to eliminate soot. An example of the corrected her of different locations within the flame to allow

Raman and Rayleigh images obtained from two dif- statistical characterization of the mixture fraction and

ferent laser shots is shown in Fig. 2. In the figure, the scalar dissipation. A complete description of the
the scattered intensity along each of the lines is rep- results obtained from this measurement approach is
resented as a false color image, and directly above it, presented elsewhere in this conference [11].
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Shot 1 Flashlamp-Pumped Nd:YAG-Pumped Dye Laser

Dye Laser

Profile
CCD

320 nm SHG Ll

S5 3 2 n m n i

Mixture Fraction Dye

Cell

Fluorescence CC2 Rayleigh CCD

[T77 emperature EH ~ Q :.r =1
• • ''aBurner

Ftc. 4. Optical configuration for fluorescence/Rayleigh
r- expe~riments.

Mixture Fraction

FIG. 3. The calculated mixture fraction and temperature
corresponding to the data from the two laser shots shown no interference between the detected signals from
in Fig. 2. The right side of the image corresponds to the the two laser sheets, but was short compared to the

jet centerline and the measured region extends 17 mm in smallest flow time scales. The laser excitation wave-
the radial direction, length of 320 nm was chosen to be above acetalde-

hyde's dissociation wavelength at room temperature
[16,17]. Earlier experiments in our laboratory

Fluorescence/Fayleigh aing in showed that, with 280-nm excitation (near the peak
an Acetaldehyde Flame: of the acetaldehyde absorption spectrum), a signifi-

cant amount of temperature-sensitive dissociation

The second approach used for measuring the fuel occurred in the flame, which caused unacceptable
concentration involved detection of acetaldehyde flu- errors in the mixture fraction calculation.
orescence [12,13]. Acetaldehyde (CH 3 CHO) was The vessel containing the acetaldehyde, which is
chosen for its relatively high fluorescence yield and supplied as a liquid, was immersed in a liquid bath
small variation of fluorescence yield with tempera- with a temperature of 40 'C. This provided a suffi-
tire, which allows quantitative measurements of the cient amount of vapor for the experiments described
fuel concentration to be made with relatively simple here. The flow lines and rotameters used for the pure
calibrations [14,15]. acetaldehyde vapor were maintained at an elevated

The experimental configuration used for acetal- temperature to prevent condensation. Dilution of the
dehyde fluorescence/Rayleigh imaging is shoxvn pure vapor with air immediately after the rotameter
schematically in Fig. 4. The flow was illuminated by prevented any further condensation problems. The
two overlapping laser sheets. The first, formed from final temperature of the acetaldehyde-air fuel mix-
the second harmonic of a Nd:YAG-pumnped dye laser ture was not significantly above ambient tempera-
(320 11n, 1 lnJ per 10-ns pulse, 10-mam sheet height), ture.
excited fluorescence from the acetaldehyde fuel. The The raw fluorescence and Rayleigh images were
second illumination sheet, from a flashlamp-pumped corrected for background, nonuniform detector re-
dye laser (532 nm, 1 J per 2 -/ps pulse, 2-cm sheet sponse, and differences in magnification. A small
height), excited Rayleigh scattering. The imaging fraction of the 320-nm beam was split off, formed
configuration was similar to that described for the into a sheet, and focused into a cell containing a weak
Raman!Rayleigh experiments. The fuel fluorescence solution of fluorescent dye. The fluorescence gener-
was imaged onto a gated image intensifier that was ated was imaged onto a CCD detector. The image
optically coupled to a cooled CCD detector (Photo- from this detector could be used to compensate for
muetrics KAF 4200). The Rayleigh scattering was shot-to-shot variations in the UV laser sheet intensity
imaged onto a separate gated intensifier that was op- profile. Variations in the intensity profile from the
ticaliy coupled to the second CCD detector (Photo- flashlamp-pumped dye laser were measured by mak-
metrics Star 1). The two lasers and image intensifiers ing certain that the edge of each image contained a
were fired sequentially with a pulse separation of -3 region of ambient air. Rayleigh scattering from this
/is. This temnporal separation ensured that there was region was used to compensate for profile variations.
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Shot I Shot 1

Rayleigh Mixture Fraction (0 -8)

Fluorescence Temperature (300 - 1900)

Shot 2 Shot 2

Rayleigh Mixture Fraction (0- .8)

Fluorescence Temperature (300- 1900)

Min Max Min Max

FIG. 5. Images from a piloted, turbulent diffusion flamie FIG. 6. The conserved scalar and temperature fields cal-
of acetaldehyde (Re = 18,000). The measurements have culated from the data of Fig. 5. In each image, the scalar
been made 25 d downstream (d = 3.8 onu) and cover 4.5 value is represented by a linear false color map.
mm in the axial direction lv 23 mm in the radial direction.
The Rayleigh image shows the distribution of light scat-
tered elastically from the flame and the ambient air, while
the fluorescence image is indicative of the distribution of burned regions near the center of the jet and is near
unburned fuel. In each image, the scalar is represented by the stoichiometric value where the temperature
a linear false color map. peaks (ýst = 0.228). The spatial scales in the mixture

fraction images vary significantly, with relatively
complex structures in the unreacted center part of
the fuel jet and with larger, simpler structures in the

Figure 5 shows two pairs of matched, corrected flu- outer hot region of the flame. This change of scale
orescence and Rayleigh images from a turbulent ac- due to heat release is not present in mixture fraction
etaldehyde-air flame. The fuel was a mixture of ac- images of cold flows.
etaldehyde diluted 1/1 by air (on a mass basis) to A closer inspection of the mixture fraction images
eliminate soot. It emanated from the burner de- in Fig. 6 shows a slight decrease in the mixture frac-
scribed above with a velocity corresponding to Re = tion on the rich side of the stoichiometric value,
18,000. The signal/noise for the fluorescence images where the temperature has not yet peaked. A similar
is 50; for the Rayleigh images, signal/noise is near dip in the mixture fraction on the rich side of the
200. flame front was noted in measurements performed

Figure 6 shows the calculated temperature and in a laminar flame. One explanation of this behavior
mixture fraction corresponding to the instantaneous is pyrolysis of the acetaldehyde fuel. To investigate
fluorescence/Rayleigh images in Fig. 5. Evident in this, experiments were done in which the acetalde-
the temperature omappings are the highs-temperature hyde fluorescence and fuel Raman scattering were
zones on the outer edge of the flame. Peaks in the measured simultaneously. The C-H Raman scatter-
measured temperature are very close to the adiabatic ing should be relatively insensitive to the breakup of
flame temperature (T4 d = 1880 K) of our fuel. As the acetaldehyde into other hydrocarbon fragments.
expected, the mixture fraction is greatest in the un- The fluorescence, on the other hand, is expected only
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(a) -- Raman flame. The combustion characteristics of acetalde-
Fluorescence hyde appear to differ significantly from those of

nmethane, so that the two-scalar approach that
worked well for methane and propane may not work
as well for acetaldehyde. It is likely that the mixture

(b) fraction derived from this technique is apt to be quite
satisfactory for mixture fraction values large enough
that the fuel is still intact and for mixture fraction less
than the stoichiometric value (where ý is determined

I.. .. . from the Rayleigh signal alone). However, for a sig-

nificant range of mixture fraction values from stoi-
S(c) chiolnetric to the rich side of the flame, errors due

to pyrolysis are likely. As one way to check that the
results of the calculation are in agreement with the
experimental data, the computed results were usedL . . . . . . . to generate plots of the expected Raman and fluo-

Radial Position rescence signals. The results were in good qualitative

Fir. 7. Comparison of Balnan and acetaldehyde fluo- agreement with those shown in Fig. 7.

rescence intensitv at various downstream locations in a

laminar acetaldehx'de-air flame. Shots (a) through (c) co, Fluorescence Imaging in an Acetone-Seeded

respond to different downstream locations from a 16-mm- Methane Flame:

diameter nozzle. Downstream locations wvere (a) 33.5, (b) Another technique that has been proposed as a
23.5, and (c) 1:3.5 mm. The fluorescence was excited at 320 way of marking the fuel in hydrocarbon flames is to
0n0. introduce acetone as a tracer and detect acetone flu-

orescence [13,19]. Acetone is easily seeded into flows
and has only mild toxicity. However, an unresolved
issue related to the use of acetone as a fuel tracer in

from the acetaldehvde mnolecule itself, so differences flames relates to the behavior of the fluorescence as
in the Raman and fluorescence traces may be indic- a function of temperature. To test the use of acetone
ative of pyrolysis. Tie experimental configuration as a fuel tracer for determination of mixture fraction,
was nearly the same as for the fluorescence/Rayleigh the fluorescence/Raman setup described above was
expeiments. Two changes were required: First, the used to investigate laminar and turbulent acetone-
appropniate interference filter was added in front of seeded methane flames.
tile detector used to detect the Raman scattering, The acetone was seeded into the methane fuel by
and second, the flashlamp-puniped dye laser was fo- bubbling methane through liquid acetone heated to
cused to a line rather than a sheet to provide in- 30 'C. The methane and acetone vapor were diluted
creased Ranian signal. Figure 7 shows a comiparison with air, giving a final mixture of 70% air, 25% meth-
of acetaldehyde fluorescence and C-H Raman inten- ane, and 5% acetone by volume. The laminar flame
sity along lines intersecting a laminar flame. The was stabilized on a 16-mm-diameter nozzle, and the
agreement is quite good despite the relatively noisy gas mixture had a Reynolds number of 70'0 at the
Raman signal. Experiments in a turbulent flame nozzle exit. Results of the fluorescence/Raman com-
showed similar agreement. These results support the parison in the laminar flame are shown in Fig. 8. A
assertion that acetaldehyde fluorescence is a good al- clear departure between the normalized fluores-
ternative to Raman scattering as a means of marking cence and Raman signals is evident, with the fluo-
the fuel [13], but do not explain the anomalous dip rescence signal exceeding the Raman signal in the
in the mixture fraction on the fuel-rich side of the fuel-rich region of the flame. This behavior is
stoichionletric value, consistent with the fluorescence increasing as a func-

A recent calculation of acetaldehyde chemistry in tion of temperature as reported by Tait and Green-
a counterfiow flame by Lindstedt and Long [18] halgh [13]. A comparison of the normalized Raman
sheds considerable light on the mixture fraction ob- and fluorescence signals in a turbulent flame showed
tained in these experimnents. Calculation of the mix- similar results, with the fluorescence signal greater
ture fraction from the computed temperature and than the Raman signal in some locations.
fuel mass fraction using the two-scalar scheme out-
lined above results in a dip in mixture fraction on the
rich side of the flame similar to those obtained in the Discussion and Conclusions
experiments. One of the most striking features of the
calculation is the high concentration of CO (a maxi- Three different methods of measuring instanta-
muni miole fraction of nearly 20%) present in the neous mixture fraction have shown varying poten-
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Raman - Fluorescence to be problematic when excited at a wavelength of'
320 no. Our measurements show indications of a

(a) temperature dependence of the fluorescence yield,
making it difficult to interpret the signal. The use of
other excitation wavelengths may demonstrate fur-
ther possibilities for this technique. Even if the tem-

• : .. .. . . . . . perature-dependence issues can be resolved, it is not

clear that the chemnistry of acetone is sufficiently
(b) close to that of simple hydrocarbon fuels to allow the

accurate determination of mixture fraction.
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COMMENTS

R. V. Serau.skas, Gas Research Institute, USA. In using Ian Kennedy, University of Calfornia, Davis, USA. Your
the 320-nmm laser wavelength in the acetaldehyde experi- definition of mixture fraction as a coupling function as-
ments, aren't you alreadv close enough (or beyond) the sumes a Lewis number of 1. The Lewis numbers of acet-
photodissociation threshold for the higher flame tempera- aldehyde and acetone are probably somewhat greater than
tures? 1. Does this have an impact on your interpretation of the

data as mixture fractions? Can it account, to some extent,
Author's Reply. At higher temperatures, some photodis- for the anomalous dip you observed in the acetaldehyde

sociation ma' occur. However, the agreement of the ac- experiment?
etaldehyde fluorescence and C-H Raman signals in a lam-
inar flame (see Fig. 7) indicates that photodissociation is Author's Reply. The assumption of unity Lewis number
nut a prominent feature. Any acetaldehyde molecules that is a limitation of this method of determining mixture frac-
dissociate into other hydrocarbons would contribute to the tion and may well contribute to the dip in mixture fraction
Raman signal, but not tie fluorescence. If photodissocia- that was observed in the acetaldehyde flame. However,
tion occurred only in regions of elevated temperature, the both experiments and calculations indicate that the most
normalized PRaman and fluorescence profiles would not co- significant source of error is from the pyrolysis of acetal-
incide, dehyde. Pyrolysis causes a loss of the fuel fluorescence sig-

nal far to the rich side of stoichiometric. Corrections to this
difficulty are not likely with the acetaldehyde fluores-

Nigel Tait, Cranfield University, UK. What would you cence/Rayleigh technique presented in this paper. The rea-

estimate the error in the measurement of the mixture frac- son is that the Rayleigh signal is not very sensitive to

tion to be near the stoichiometric contour? Have you tried changes in mixture fraction at elevated temperatures on

correcting the measurements with acetone using its known the rich side of stoichiometric where fuel pyrolysis occurs.

(near linear) temperature dependence? There might be an
advantage in this approach since, as the graphs in your
paper illustrate, the LIF signal from acetone extends
nearer tlse stuielsiometric contour than both the Raman E. P. Hassel, Darmstadt, Germany. The biggest problem
and the acetaldehyde signals. It might, however, still have in the application of Rtaman spectroscopy in hydrocarbon
potential problems due to the differences between its flames is LIF from soot and PAHs. You stated that you
chemistry and that of methane, diluted your flame to reduce this problem. What are your

Author's Reply. In order to provide an adequate estimate experiences in dealingwith soot? Were you able to measure
of the accuracy of our- mixture fraction measurements, ex- in all flame regions? What was the percentage of evaluable

perinients in which mixture fraction can be determined a pectra?
independently using major species concentrations should
be conducted. These experiments have not been done as Author's Reply. Valid Raman scattering measurements
vet. were obtained both at 25 and 35 nozzle diameters down-

We have nit investigated the possibility of correcting the stream in the air-diluted methane flame reported here.
acetone measurements for the temperature dependence of However, LIF interference could be significant further
the fluorescence yield. Even with a correction, it is not downstream, especially near the flame tip, and in flames
clear whether mixture fraction could be unambiguously de- with less dilution. In highly sooting flames, the use of joint
termined in a turbulent flame. As you point out, imaging a Raman/Rayleigh imaging for mixture fraction measure-
fuel marker rather than the fuel itself has some significant ments will not be applicable. One case of interest where
disadvantages. we have applied this technique to an undiluted flame is in

the stabilization region of a nonpremixed lifted methane
flame.
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RAMAN MEASUREMENTS AND JOINT PDF MODELING OF A
NONPREMIXED BLUFF-BODY-STABILIZED METHANE FLAME

SANJAY M. CORREA AND ANIL GULATI
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Schenectady, NY 12301, USA

AND

STEPHEN B. POPE
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Ithaca, NY 14853, USA

Mixture fraction, temperature, and major species in a recirculation-stabilized nonpremixed methane-air
flame are (1) measured using laser Raman scattering and (2) calculated using the joint velocity-composition
probability density function (PDF) model, appropriately combined with an elliptic mean flow solver. The
Raman system was modified to account for the significant levels of laser-induced fluorescence (LIF) and
incandescence encountered in the rich sooty zone of the flame. The joint PDF contains three velocity
components, which are modeled by Langevin equations, and five thermochemical scalar variables with
mixing given by linear deterministic relaxation to the mean and chemistry by a four-step steady-state
reduced scheme. The flame is characterized by significant finite-rate chemistry, including, unlike a
CO/HJN 2 fuel in the same apparatus, strong bimodality in the temperature-mixture fraction scatter plots.
Calculations are compared with Raman data on temperature and major species. The agreement is in general
reasonable, with the largest discrepancies being caused by the breakdown of the assumption of a chemical
steady state for the cool fuel-rich gas at the core of the flame. Large discrepancies are found on the peak
CO, as in other similar studies, confirming a need for better measurements of CO than Raman spectroscopy
can provide. The model overpredicts the degree of extinction. The radial flux of the mixture fraction
calculated directly from the joint PDF is compared with the flux given by an a posteriori gradient diffusion
calculation, indicating no (radial) counter-gradient diffusion and a "turbulent Schmidt number" of about
0.4.

Introduction found in practical burners. Bluff bodies also elimi-
nate the pilot stabilization necessary in jet flames at

Chemical kinetics and their interactions with tur- high Reynolds numbers.
bulence control combustion phenomena such as There are other approaches, intermediate in com-
emissions and the related issue of flame stability, plexity and cost, between the assumed-shape PDF
which have become significant technology drivers model (No. 1) and the joint velocity-composition
[1,2]. The pressure-corrected mean Navier-Stokes/ PDF transport model (No. 4). The "conditional mo-
assumed-shape PDF/k-e turbulence model does not ment closure" model (No. 2) solves conventional
account rigorously for the turbulence-chemistry as- time-averaged field equations for the means of re-
pects of these issues, but affords significant geomet- active scalars conditioned on the mixture fraction
ric flexibility and rapid convergence for pressure- [10] and is applicable only when fluctuations about
dominated internal flow [3]. On the other hand, the this conditional mean are small. The scalar PDF
joint (velocity-composition) probability density func- model (No. 3) does not treat the velocity part of the
tion (PDF) transport model includes turbulence and PDF, using instead conventional turbulence model-
chemistry with single-point closure [4]. The PDF ing to supply the scalar (and momentum) fluxes [11].
model has been widely used to compute turbulent Arguments of computational cost are usually made

jet flames, both in the composition-only form [5] and to support model numbers 1 through 3; however, the
in the joint velocity-composition form [6-8]. More speedup achieved in parallelizing particle tracking
recently, the joint PDF model has been extended to PDF computations shows that they can be usable in
"elliptic" (recirculating) flow and applied to the com- practical design codes [12].
putation of CO/H 2 bluff-body flames [9], marking a Methane is of particular interest in this context for
step toward the recirculation-stabilized flow fields scientific reasons, because it affords strong finite-rate
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FIG. 1. Non-premixed bluff-body-stabilized methane flame; d is the jet diameter.

chemistry effects and well-studied reduced kinetic 15 cm, large enough not to interfere with the flame.
schemes, and for practical reasons, because there is (The calculations are made for a circular duct of the
a significant worldwide natural-gas economy. For ex- same cross-sectional area.) Visual observations of
ample, about 50 GW of new gas-fired power plants methane flames at various air and fuel-jet velocities
are being sold annually. The development and qual- were used to select the conditions for the Raman-
ification of predictive tools-with the required ge- scattering measurements reported below. This flame
ometry, chemistry, and turbulence capabilities-will is anchored by the bluff body and is almost extin-
aid this industry. guished in the neck region, before reigniting further

Of the many prior bluff-body flame studies, the downstream.
most closely related is that of Masri et al. [13] who The Raman system is based on a flashlamp-
also used fluorescence-corrected Raman spectros- pumped dye laser that provides pulses of -1 J in 2-
copy of methane-air flames. The present work uses 4/ys, within a 0.2-nm bandpass at 488 nm at a rep-
a jet that is twice as big and stresses the jet-domi- etition rate of 10 Hz. The light scattered at right
nated regime, which is less susceptible to large-scale angles is collected by two lenses, separated in fre-
shedding off the bluff body; greater degrees of ex- quency by a 0.75-m-spectrometer, and is detected by
tinction are found. Hence, the new contributions of eight photomultiplier tubes (PMTs). The PMTs de-
this paper are Raman temperature and major species tect anti-Stokes vibrational Raman scattering from
measurements in the jet-dominated regime of a bluff N2, Stokes vibrational Raman scattering from N2, 02,
body-stabilized nonpremixed methane-air flame, H2, H20, CO, and C0 2, and Rayleigh scattering. The
and comparisons with predictions of the joint PDF/ temporal resolution (2-4,us) of the technique is lim-
elliptic mean flow computational fluid dynamics ited by the laser pulse length, the spatial resolution
(CFD) model. (0.2 x 0.2 X 0.6 mm) is limited by the spectrometer

entrance slit and the collection optics, and the data

Experimental Setup and the Raman acquisition rate is limited by the laser repetition rate.

Measurement Technique The flame luminescence was broadbanded through-
out the visible region and was reduced by a polari-

The bluff-body burner and the inflow conditions zation filter in the collection optics. The polarization
are shown in Fig. 1. The axisymmetric bluff body has vector was aligned to pass horizontally polarized Ra-
an outer diameter of 38.1 mm with an axial jet of man- and Rayleigh-scattered light.
3.18-mm diameter "d'" located in the center. It is well The instantaneous temperature on every laser shot
known that parts of this flow field-notably, the an- was determined in three independent ways: (1) the
nular shear layer shed off the bluff body-can be Stokes-anti-Stokes (SAS) ratio from nitrogen, which
dominated by unsteady effects. Care was taken to yields the temperature directly [14]; (2) an iterative
operate in a velocity (jet and coflow) regime where scheme in which an initial temperature is guessed,
the flame was steady. The cold jet Reynolds number based on which the mole fractions of all major spe-
is 12,000, based on the jet diameter and jet exit ve- cies are calculated using their measured vibrational
locity of 62.5 m/s. The coflow air velocity is 18 mns. intensities. The mole fractions are then corrected us-
The back surface of the bluff body is coated with a ing high-temperature correction factors to account
thermal barrier material to reduce heat loss. The for changes in the fraction of the Raman band falling
flame is stabilized by the recirculation zone provided in the exit slits provided for the respective photo-
by the bluff body. The tunnel cross section is 15 X multiplier tubes. The iteration process is repeated
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until the sum of the mole fractions is unity; and (3) 2250

Rayleigh scattering: Raman data on the major species 2000
were used to obtain the Rayleigh cross section of the
mixture and thus provide temperature in an iterative 1750
manner. Y 1500

The last two methods agreed best, to within 10 K 2
on mean temperature and to within 50 K on a shot- • I
to-shot basis. Hence, method (2), based on the sum 1000 I-
of mole fractions of major species, is reported below. 750-----

Initial measurements with the Raman system 4. I

showed that there was significant laser-induced flu- 500
orescence (LIF) interference throughout the flame, 250
as has also been reported elsewhere [15,16]. The LIF
was fairly broadband and contaminated all Raman
channels, but it was negligible in the Rayleigh chan- 0.35
nel. An additional difficulty encountered in the ap- 0.30 CH
plication of Raman to this flame was the cross talk
between CH 4 and other Raman channels, primarily 0.25
02. For the 488-nm excitation used here, the Raman o
interference in other major species was insignificant. i 0.20

To account for these two additional sources of con- 0 +--
tamination in the signals, the system and calibration '. 02

procedures were modified. Additional PMTs were o.10 / -, x'
installed in two Raman-free regions of the spectra to >4 N

monitor the LIF on a shot-to-shot basis. These 0.05 "
PMTs, termed F1 and F2, were located at 540 nm

(between 02 and CO 2) and at 590 nm (between CH 4  0 0.2 0.4 0.6 0.8 1.0

and H20), respectively. These two signals were MIXTURE FRACTION
found to correlate very well with each other and with
all other Raman signals so that the use of F1 was FIc. 2. Raw and fluorescence-corrected Raman data.
found to be sufficient to allow corrections in all other Temperature: X = raw data; U = corrected data; solid
channels. line = laminar flame calculation from Ref. 5. Species (raw

A calibration procedure was used to correct for the data): * = N2; + = 02; and X = CHG ; corrected data:
LIF [15]. A 38-mm-diameter honeycomb burner was 0 = N,; A = 02; and = CH,.
built to provide laminar diffusion flames of 30%
CH 4/70% CO. The flame was visibly sooty and yellow
at the downstream end and contained enough soot culations, which are omitted for clarity. The calibra-
precursors and LIF at the upstream end to allow cal- tion procedures were repeated before and after each
ibrations. The calibration factors were obtained by set of measurements.
iteration. First, the raw data were used to calculate Radial profiles of temperature and mole fractions
the temperature (from the sum of mole fractions) of major species were measured at axial locations of
and mole fractions of major species. The contami- x/d = 5, 10, 20, 30, 50, and 70 and along the cen-
nation caused by fluorescence was particularly evi- terline. Since not all these data can be discussed here,
dent in the fuel-rich regions of the flame. The next attention will be confined to the region of maximum
step was to estimate correction factors for each of turbulence, 10 =< xid _-< 20.
the major species based on the raw data and to sub-
tract a term equal to the product of the correction
factor for species i and the value of the fluorescence Joint PDF/Elliptic Mean Flow CFD Model
signal measured in photomultiplier tube Fl. The cal-
culated temperature and mole fraction profiles were To extend the PDF model from parabolic to ellip-
then compared with the predicted values. The pro- tic flows, an iterative PDF/elliptic computational
cess was iterated to convergence, Figure 2 shows the fluid dynamics (CFD) approach has been developed
temperature and selected species so obtained. The [9]. The highly nonuniform CFD grid accounts for
temperature agrees fairly well with the predicted the disparate flow scales imposed by the jet and bluff
laminar flamelet calculations [5] for an assumed body dimensions, with enough resolution and with
stretch of 5/s; the calculations did not depend a second-order accurate numerical discretization
strongly on this assumed value. The corrections for scheme to eliminate numerical "diffusion" errors [3].
N2, 02, and CH 4 are substantial, and the corrected In the joint PDF model, the turbulent flow is de-
species data again agreed with the laminar flame cal- scribed by the velocity U, the mixture fraction ý, and
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the reactive scalars in the system. In the PDF trans- 0. 3.o

port equation, these become the independent vari- - 6
ables denoted by V, w, and ok(k = 1. 4), 0.4 * 2.5 .V

respectively. The joint PDF evolves in this eight-di- z , .1. 0)
o ++ , +z

mensional velocity-composition space as well as in + ±-2.0
the two-dimensional x-r physical space. A one-point • 0.3 ' , . _> 9Z

statistical description in terms of the joint PDF of aw+ 4+ 1 i

the velocity and these scalars is sought. If the flow is 0.2 ,,

statistically stationary, all one-point statistics depend . 1.0
only on the spatial coordinates. All one-point statis- 4-±
ties are recovered from this PDF because the com- • 0.1 + --, + +" 0.55•

position is a known function of the above scalars. The . Z+ V
velocity-composition joint PDF evolution model re- 0 4 o' 0

laxes many of the assumptions made in the standard -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

closure, such as PDF shape, statistical independence RADIAL POSITION,

of scalars, and gradient diffusion of scalars. Closure
of the nonlinear chemical source term and the "tur- FIc. 3. Comparison of mean and rms mixture fraction
bulent fluxes" of scalars are given directly by the profiles at x/d = 20. Raman data: U and +; Calculations:
PDF. solid lines.

Turbulent mixing of the scalars is modeled as a
linear, deterministic relaxation to the local mean,
sometimes called Interaction-by-Exchange-with-the- Discussion
Mean (IEM) [17]. The IEM model has been isolated
and studied in detail in the partially stirred reactor The following discussion focusses on the region of
model [12,18]. Regarding the velocity term, the flue- strongest turbulence (10 =< x/d :_ 20), where the off-
tuating component of acceleration (arising from the axis recirculation zone provides intense mixing at the
fluctuating pressure gradient and viscous forces) is edges of the jet.
modeled by the simplified Langevin model [9,19]. Computed radial profiles of the mean and root
The Seshadri-Peters, four-step reduced scheme is mean square (rms) mixture fraction at x/d = 20 com-
adopted for the kinetics [20]. A look-up table of re- pare well with the Raman data (Fig. 3). The meas-
action rates, density, and temperature is constructed ured radial profiles are shown in full, revealing the
on a nonuniform 20 x 10 X 10 x 10 x 10 grid. degree of symmetry, while the computed profiles are

The axisymmetric elliptic mean flow CFD model by assumption axisymmetric. The comparisons indi-

and the PDF model communicate with each other cate that the calculated mixture fraction field is ac-

iteratively. Details are given in Ref 9. On each time curate enough to permit a meaningful evaluation of
step, the fields of the mean velocity and the turbu- the reactive quantities. The mean temperature peaks
snep, fin the recirculation zone with a maximum of less than
lence frequency, obtained from the local turbulence 1000 K, a result of the strong turbulence. Compu-
kinetic energy (TKE) and dissipation rate, are passed tations and data agree quite well (Fig. 4), although
from the CFD model to the PDF model. A shift and the temperature is underpredicted by almost 250 K
a uniform stretching in V space are applied to the along the centerline. The mean major species profiles
PDF so that the mean velocity and the TKE of the also agree quite well (Fig. 5). The mean 02 is de-
two submodels are in agreement. Thus, the no-slip pleted in the wake of the bluff body but coexists with
boundary condition is automatically satisfied at walls. mean CH 4, a consequence of finite-rate chemistry.
Stochastic Lagrangian particle evolution, per the The O2 returns to ambient levels at the edge of the
IEM model and the reduced scheme, occurs at the bluff body (r - 0.02 in). The model predicts more
above frequency. The mean density field is passed mean O2 than measured at the centerline, which is
back to the CFD model, and the two submodels are consistent with underprediction of the mean tem-
iterated to convergence. The 75 x 60 cell, -o105 par- perature in Fig. 4.
tide calculation, was run until a statistical steady- Scatterplots provide an instructive format in which

state was achieved. For display purposes, lower m- to study turbulence-chemistry interactions and best

ments such as the means were averaged over the last utilize the power of the time- and (not quite) space-
200 time steps of the PDF evolution, re sta- resolved Raman spectroscopy and the PDF model.

reducing - The measured temperature-mixture fraction scatter-
tistical fluctuations in the results. Scatterplots were plot using all data from x/d = 10 and x/d = 20 is
prepared from the calculations by saving several re- shown in Fig. 6a, along with the calculated laminar
alizations of the PDF particle array after stochastic flame profile for a stretch of 5/s [5]. Unlike in the
convergence and then postprocessing the more than CO/H 2 flame [9], bimodality is clearly evident. A sig-
106 particles so obtained. nificant number of points has mixture fraction values
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line is laminar flame calculation, from Ref. 5. (a) Raman
data, (b) computed points.

close to stoichiometric but temperatures that mani-
fest localized extinction, while other points are clus-
tered along the line of strained flamelet tempera- peratures were above 1500 K but prematurely pre-
tures. The physical picture that emerges from the dicted blowout relative to the 77 -step scheme. This
scatterplots is that of a recirculation zone (which an- behavior is similar to the overprediction toward ex-
chors the turbulent flame), connected to a jetlike re- tinction in the present study.
gion by a narrow neck of high shear with a significant The coexistence of fuel and oxygen is again appar-
amount of local extinction. The corresponding cal- ent in YcH,-Yo, scatterplots (not shown), from both
culated scatterplot (Fig. 6b) is similar, although the the data and the model. The measured and calcu-
predicted points exhibit a greater trend toward ex- lated scatterpoints at x/d = 20, both of T-ý and
tinction. On a related note, stochastic calculations of YCI1 4-Y0o, were closer to the chemically "frozen" line
lean methane-air combustion in a partially stirred re- than those at x/d = 10, in accordance with Raman
actor [12] showed that the parent starting scheme data and with visual observations of the flame.
used to develop the four-step model agreed with a The calculated CO scatterplots have maxima at 3%
77-step scheme reasonably well when the mean tem- (inset, Fig. 7), whereas the data peak at about 10%
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(Fig. 7), well above the flamelet maxima. Similar 10% - (u1/p) &•/ar, the latter computed from the mean
levels were measured in Masri et al.'s bluff-body fields; /j is the turbulent viscosity computed from the
flame [13] and in pilot-stabilized flames [5], and 2- k-E equations. Both fluxes were calculated a poste-
3% peaks were predicted in the latter using the four- riori, since they were not needed for the main com-
step scheme within a (scalar) PDF/Reynolds stress putation. Figure 8 shows that in the presence of the
model [5]. Hence, this discrepancy on CO maxima strong radial gradient a4/ar, (radial) transport of the
has appeared in diverse circumstances (but always in mixture fraction is consistent with the notion of gra-
combustion gases that are near local extinction). dient diffusion; i.e., there is no countergradient dif-
There are many potential contributors, including (1) fusion. The magnitude of v'c' is, however, much
the assumption of a steady state for the radicals in greater than that of - (u#t/) ar/ar. The indicated
the four-step mechanism; (2) the errors in Raman- "turbulent Schmidt number" is about 0.4.
based CO and CO2 data, as discussed above and in
Refs. 5 and 13 and as seen by direct comparison with
predicted mean CO and CO 2 profiles in the CO/H2  Conclusions
bluff-body flame of Ref. 9; and (3) neglection of phe-
nomena such as unsteady flamelets or micromixed Complementary Raman measurements and joint
gases (perfectly stirred reactors) that have been PDF modeling have been used to study a turbulent
shown to lead to high CO [21,22]. In intense turbu- nonpremLxed methane-air flame stabilized behind a
lence, however, the microscale may be better simu- bluff body. The study demonstrates several points:
lated by the PaSR since it is the degenerate form of
the PDF equation for spatially homogeneous sys- 1. The bluff-body burner provides a strongly tur-
tems. For example, at 30 atm, the PaSR indicates that bulent field leading to localized extinction, with-
approximately 2% peak CO levels are encountered out the need for a pilot flame. Thus, the two-
until the fuel is pyrolyzed and CO oxidation can com- stream nature of the problem is preserved, unlike
mence [23]. It seems clear that CO is an important many piloted jet-flame studies where the com-
clue to the microstructure of highly turbulent com- position or the excess enthalpy of the pilot flame
busting gases and that accurate measurements will can cause modeling difficulties. The present re-
be critical. circulation-stabilized flame is also much closer to

The very large scatter about the conditional mean practical burners.
indicates that the CMC model [10] is inapplicable to 2. By correcting for fluorescence, Raman measure-
this flow. ments can be made in bluff-body CH 4-air flames;

Because the joint PDF contains the velocity com- however, the errors in certain species (e.g., CO
ponents of each particle, the scalar fluxes can be ex- and C0 2) may be so large that models should not
amined. Figure 8 shows the computed radial trans- be changed on the basis of such data alone.
port v'C' of the mixture fraction at xad = 20, 3. Given the similarity in scatterplots, it is clear that
calculated by summing over particles in 20 radial the pointwise structure of the above bluff-body
bins. Also shown is the gradient diffusion flux flame and the piloted jet flame are quite similar,
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in agreement with previous work. A greater de- 8. Norris, A. T., and Pope, S. B., "Modeling of Extinction
gree of local extinction is measured here. in Turbulent Diffusion Flames by the Velocity-Dissi-

4. The limitations of PDF shape assumption, statis- pation-Composition PDF Method," submitted to
tical independence of scalars, and gradient diffu- Twenty-Fifth Symposium (International) on Combus-
sion are removed from this "elliptic" model. The tion, Irvine, CA, July 31-August 5, 1994.
consequences of these can be seen in joint scat- 9. Correa, S. M., and Pope, S. B., Twenty-Fourth Sym-
terplots and in convective fluxes. posium (International) on Combustion, The Combus-

The acquisition of Raman data and the three-ve- tion Institute, Pittsburgh, PA, 1992, pp. 279-285.

locity/five-scalar joint PDF calculation in this bluff- 10. Smith, N. S. A., Bilger, B. W., and Chen, J.-Y., Twenty-

body methane flame takes each "discipline" to the Fourth Symposium (International) on Combustion,
limits of the present state of the art. Any significant The Combustion Institute, Pittsburgh, PA, 1992, pp.

further progress is likely to require improvements in 263-269.
major species measurements, complementary veloc- 11. Chen, J.-Y., and Kollmann, W., Twenty-Third Sym-
ity and minor species measurements, and parallel posium (International) on Combustion, The Combus-
computers. Reduced chemistry schemes that relax tion Institute, Pittsburgh, PA, 1990, pp. 751-757.
steady-state assumptions (and are likely to require 12. Correa, S. M., and Braaten, M. E., Combust. Flame
additional scalars) will have to be developed and as- 94:469-486 (1993).
sessed in simpler contexts. 13. Masri, A. R., Dibble, R. W., and Barlow, R. S., Twenty-

Fourth Symposium (International) on Combustion,
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EFFECT OF DILUTION ON THE LIFTOFF OF NON-PREMIXED
JET FLAMES
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Seoul 151-742, Korea

Effects of fuel dilution on the characteristics of lifted, non-premixed jet flames have been studied
experimentally by using nitrogen as a diluent in the fuel stream. Depending on the nozzle diameters and
the degree of dilution, the liftoff behavior can be classified into three different modes: (1) both the liftoff
and blowout happen in the laminar regime, (2) the liftoff occurs in the laminar regime, while the blowout
takes place after the fluid undergoes the transition to turbulence, and (3) both the liftoff and blowout occur
in the turbulent regime.

For the transition case (i.e., case 2), the flame is lifted off in the laminar regime, and the liftoff height
increases rapidly until the height becomes comparable to the breakup length of the jet. At this point, both
the liftoff height and breakup length decrease slowly with the jet velocity. As the jet velocity increases
further toward the critical Reynolds number for transition to turbulence, there is a sudden decrease in the
liftoff height. After this transition, the liftoff height increases linearly with the jet velocity.

In the laminar regime, the liftoff height scaled with the nozzle diameter squared can be correlated with
the jet velocity, and the preferential diffusion between the fuel and diluent is observed to play a significant
role for a diluted jet. In the turbulent regime, the linear dependence of the liftoff height on nozzle diameter
has been shown by a correlation between the nozzle diameter, the level of dilution, and the jet velocity.

Introduction For all these experiments, laminar and turbulent-
lifted flames are separately investigated due to limi-

Liftoff characteristics of non-premixed jet flames tations in selecting nozzle diameters and flow veloc-
have been studied extensively in conjunction with ities. If a continuous transition from laminar- to
flame stabilization in combustion equipments such turbulent-lifted flames can be observed, it will fur-
as boilers or gas turbines. These investigations have nish better insights into the understanding of the lift-
focused either on turbulent or laminar cases. For off characteristics in both regimes. Motivated by this
laminar lifted flames [1,2], it has been demonstrated challenge, experimental observations reported here
that the flame near the stabilization point has a tri- include transition characteristics by diluting the fuel
brachial structure involving rich and lean premixed stream using nitrogen. Experimental methods are
flames and a diffusion flame all extending from a sin- discussed in the next section followed by results and
gle stabilization point; thus, it possesses the charac- discussions.
teristics of a stoichiometric premixed flame. Based
on this observation, a correlation has been derived
from cold jet theories for momentum and mass trans- Experiment
ports, which relates the liftoff height with the nozzle
diameter and the jet velocity. Also, the significant The experimental setup consisted of a nozzle, a
role that the Schmidt number plays on the existence fuel supply system, and a visualization setup. The
and behavior of lifted flames has been demonstrated nozzles used were stainless steel tubes with i.d.'s of
for hydrocarbon flames, where propane and butane d = 0.74, 1.6, 2.6, and 3.6 mm and lengths of 70 cm
jets have lifted flames, while methane and ethane jets to ensure a fully developed flow at the nozzle exit.
blowout directly from nozzle-attached flames [2]. Flow rates of the fuel and nitrogen were controlled

For turbulent non-premixed jets, there are many by microneedle valves and rotameters calibrated us-
experimental results and several competing theories ing a wet-test gas meter. The fuel used was C.P.-
in explaining the liftoff characteristics [3-11]. These grade propane (>99%). A cathetometer, a 35-mm
include explanations based on turbulent premixed camera, and seblieren optics were used for visuali-
flames near the flame base [4,5], on the quenching zation and dimension measurements. The scblieren
of laminar diffusion flamelets [6], and on the large- light source used was a 60-W xenon lamp. To mini-
scale mixing [7,11]. mize disturbances from the ambience for the laminar
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the fluctuation of the fuel concentration in a mixture
by venting, the pressure at the fuel and nitrogen-
mixing junction was kept constant. A gas chromato-
graph was used to monitor the mixture composition
at the nozzle exit.

Liftoff heights were measured by using a cathe-
tometer. For turbulent cases, the height was defined
as an average position of the flame base. Various
flame dimensions were measured from photographs,
and the breakup length of the jet was determined
from schlieren images.

Results and Discussions

Various laminar flames are observed for a mass
(a) (b) (C) (d) (e) fraction of propane Yp, o = 0.28 in a jet with a di-

ameter d = 2.6 mm, as shown in Fig. 1, where the
Fin. 1. Photographs showing attached, lifted, and en- subscript P and o indicate propane and the condition

larged flame shapes for propane with Yh.o = 0.28 and d = at the nozzle exit, respectively. As the average nozzle
2.6 mm, (a) U. = 0.60 m/s, (b) 1.44 m/s, (c) 2.37 m/s, (d) exit velocity Uo increased, the flame changes from
3.10 m/s, (e) 3.35 mn/s, and (f) 3.10 m/s. the nozzle attached (a) to stable laminar-lifted flames

(b) through (d). Further increases of Uo lead to blow-
out from the nearly flat flame (e). The enlarged pie-

cases, a 50 X 50 X 200 cm enclosure having meshes ture (f) shows clearly the tribrachial nature of lifted
and acryle plates at the sides surrounds the nozzle; flames near the base. It has rich and lean premixed
the effect of the enclosure on liftoff heights in the flames and a faint blue diffusion flame all extending
laminar regime is found to be negligible, from the same point near the flame base where the

Experiments were conducted by mixing the fuel flame is stabilized. Both the liftoff and blowout occur
and diluent at certain concentrations, and the flow in the laminar regime.
rate was controlled by partial ventings. To prevent Figure 2 shows the schlieren photographs for Ypo

(a) (b) (c) (d)

Fin. 2. Schlieren photographs of propane/nitrogen jet for Y,.,, = 0.51 and d = 2.6 mm, (a) U = 4.50 m/s, (b) 4.80
m/s, (c) 9.56 ois, and (d) 12.23 ois.
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FIG. 3. Boundaries of three different modes of liftoff FIG. 4. Flame characteristics with nozzle exit velocity for
(B.O.: blowout; L.O.: liftoff; shaded area: after blowout, d = 2.6 mm and Y, = 0.28.
reigniting stabilize the flame with some increase of flow
rate; symbols indicate the experimental conditions).

400

YP.o = 0.51

Sd = 2.6 mm

= 0.51 and d = 2.6 mm. By increasing U0, the flame 300 00 Flame height
0 0]

changes from a laminar-lifted flame (a) to a lifted E3 3 0 E0 3

flame after the jet breakup (b). Then, the liftoff E3 0

height decreases with U0 due to the decrease in the 200 Breakup height
Mb(old jell

breakup height until the Reynolds number Red, (with flame)
based on the diameter, reaches a critical value for o-r B.O.
transition to turbulence (c), and the liftoff height in- -10 0]- Liftoff height

creases with U0 until blowout occurs (d). Case (c) has L.O.

a Reynolds number of Red = 3100, based on the
viscosity of the fuel mixture calculated from Wilke's 0 2 4 6 a tO 12 14
formula. U. [m/s]

Depending on d and Yp,, the lifted flames have

three different modes, as shown in Fig. 3: (1) liftoff FIG. 5. Flame characteristics with nozzle exit velocity for
occurs and persists until blowout in the laminar re- d = 2.6 mm and Y,,, = 0.51.
gime, (2) liftoff occurs in the laminar regime and
undergoes the transition to the turbulent regime
when blowout occurs, and (3) both liftoff and blow-
out occur in the turbulent regime. The general trend laminar and turbulent regimes. In the experiment
is observed to be that Y,,, of these boundaries de- using pure fuel [2], it was predicted that HL at the
creases with increasing d, which can be influenced blowout would be proportional to d' in the laminar
by several factors such as the breakup characteristics regime. Thus, for the present diluted jets using a
of the jets, the effect of dilution on the flame speed, much larger nozzle diameter, the observed maximum
and the flame-anchoring mechanism. The shaded HL is expected to be much larger.
area indicates the region where the lifted flame first For Yp,, = 0.51, the flame initially lifts off in the
extinguished in the jet breakup region, and with fur- laminar regime, where HL is rapidly increased with
ther increases in Uo, it was reignited by an external U., as is shown in Fig. 5. As Uo is further increased,
source and stabilized the flame again in the turbulent HL decreases with U. in the region of 4.8 < U, < 7
regime. m/s. This region corresponds to the jet breakup, as

Liftoff heights, flame heights, and jet breakup seen in Fig. 2b, where the jet breakup is defined as
heights in the respective modes are plotted in Figs. the location of laminar-to-turbulent transition along
4 through 6 for d = 2.6 rmm. Figure 4 shows results the jet [3]. This jet breakup height is plotted in Fig.
for Yp,, = 0.28, where the liftoff and blowout are all 5 for both the cold jet and a jet flame, whose differ-
observed in the laminar regime. After the blowout at ence is negligible because the flame is stabilized
U0 = 3.35 m/s, reigniting was unsuccessful. The lift- above the jet breakup height, and the flame base has
off height HL is nonlinear to U0 and will be discussed a limited influence on the upstream (Fig. 2b). The
later. The maximum HL is higher than 50 cm, which decrease in HL in this range can be attributed to the
is much larger than previous observations for the decrease in the breakup height with U,. For U, > 7
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Fin. 6. Flame characteristics \vith nozzle exit velocity for FIG. 7. Liftoff height characteristics for laminar-lifted
d = 2.6 mm and Y'.,, = 0.61. flames (U,, in m/s) for Sc = Sep in abscissa.

m/s, which corresponds to Red = 2300, the breakup follows. The axial velocity in the jet theory can be
height decreases rapidly. As U,, is further increased written as [2]
(S < U, < 9.6 mis corresponding to Red - 2600-
3100), H1. rapidly decreases with U, (Fig. 2c). Thus, 3 J 1
this rapid decrease in HL arises from the transition 7 - (2)
to turbulence inside the nozzle. After this transition, 87vx p (1 + i2/8)(
H1, increases slowly and linearly with U0, as was pre-
viously observed [5,10]. where u is the axial velocity; v is the kinematic vis-

For Yp,, = 0.61, the liftoff only occurs in the tur- cosity; p is the density; q = 1/S(Uod/v)(r/x), the
bulent regime, as shown in Fig. 6, when U,, = 6.9 similarity variable; x and r are the axial and radial
m/s, corresponding to Red = 2500. coordinates, respectively; andJ is the momentum flux

at the nozzle exit defined asJ = 7rpUd 2/3, assuming

Laoinar LiftoffHeight: a fully developed Poiseuille flow at the exit. This can
be applied in the far field region, and the centerline

In the previous work with a pure fuel jet [2], the velocity uc = U2od2/(8vx) should be smaller than the
following relation had been derived: maximum nozzle exit velocity 2U,, for the Poiseuille

flow, corresponding to x/d 2 > U0/(16v). This criterion
HL/ o U§(2sc-1)/(sc -) (1) is plotted in Fig. 7 for v = Vair and vp. Since the far

field region is farther away from this criterion, it is
where Sc is the Schmidt number of fuel. This deri- clear that the rapid increase of HL/d2 for small U• is
vation was based on the laminar cold jet theory and outside of the applicability of the jet theory; in other
the tribrachial nature near the stabilization point [2]; words, the liftoff height is too small for the jet theory
thus, the influence of the flame base to the upstream to be valid.
was 0 (1 mio) corresponding to the laminar flame In the high-velocity regime, the slope of HL/d 2 in
thickness. Also, the concentration at the flame base Fig. 7 is decreasing with the decrease in Ypo from
should be stoichiometric, since rich and lean pre- unity and is weakly dependent on diameter, as can
mixed flames as well as a diffusion flame coexisted be seen for Ypo = 0.28. In Fig. 8a, the slope of the
there. Hence, for the flame to be stationary at the curves in Fig. 7 for large U. is plotted. The slopes
flame-anchoring point, the axial velocity should be are close to unity for 0.6 < Ypo -- 1.0 and decrease
equal to the laminar burning velocity of the stoichio- rapidly with the decrease in Yp,, for Yp,, < 0.6. These
metric mixture. slopes can be used in determining an effective

The present experimental data of HL for the di- Schmidt number for the diluted fuel mixture by us-
luted fuel are plotted in Fig. 7 using Eq. (1), where ing Eq. (1) and treating the fuel mixture as a single
Sc = ScP = 1.376 for propane into air has been used component. However, the calculated effective Se is
in the abscissa. This demonstrates several marked larger than the Sc of propane or nitrogen, which
differences from the pure fuel data of Ref. 2, where seems physically unrealistic. Thus, propane and the
the slopes were all unity irrespective ofd for the pure diluent nitrogen in the fuel stream should be consid-
propane jet. First, the slopes are much larger than ered separately because of their respective different
unity for small U,,. The reason can be explained as mass diffusivities; in other words, nitrogen and pro-
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1.0 the detailed kinetic mechanism of Peters [13]. The
* results are normalized and correlated as

0.9 -1.0
Calculation u° = 17.41YP* - 0.602, 0.045 < Y; < 0.060

S Scd = 0.74
S 0.8 -

SCNd =0"74

C. (4)
0
W 0.7 A Experiment with the correlation coefficient larger than 0.995

* d=0.74 mm where the superscript * indicates the flame stabili-
* 1.60.6 . 2.6 zation point. Here, Y* = 0.060 corresponds to the

5A 1 3.6 stoichiometric propane/air without the nitrogen di-
0.5 0 lution, whose flame speed was adopted to be 0.44 mis

0.2 0.4 0.6 0.8 1[4]speY [14].
Considering the tribrachial nature at the stabili-

1 (a) zation point (x*, r'), where x' is HL, the axial velocity
Canculation hecomes u and Yair/Y = AF, where AF is the stoi-

Sc =1.0 Blowout chiometric air to propane mass ratio. In Eq. (2), (1
c10o diti + q-/8)• can be expressed by uo and x" and when

E - substituted into Eq. (3), one finds

E
lu YP ýj j (5)+1010.90. yjo 1-2S c • d 2 S ej- 1 -Scjy o

Y 0.

Z 0. 0whereaj = (1 + 2Scj)8Sev(S'-1)/32. One can express
x /d2 from Eqs. (4) and (5) and Uo from Y1 + Y*, +
. = 1 as functions of u* and Y,, resulting in

102 x =/d2 u*(opY p,,O)(2SeNdl 1)/SeNd- Sep)
Uo(2Sc-1 )/(So-l) 

\ P PMP

(b) (aNdYNd,,/Y-d)(2 sP-I)/(scc-SeNdi) (6)

FIG. 8. Liftoff characteristics: (a) slope as functions of u O (a= Y ]V)(SCNd-1)/SCNd-Scp)
dilution from experiment in Fig. 7 and (b) theoretical pre-
diction of flame behavior. • (aNY~Nd,,,Y/Nd)(sc1'l)/(SCP-s5

Nd) (7)

Since (I + q"2/8)2 > 1 in Eq. (2), xr/d 2 <
U2o/(8vu°), which corresponds to the blowout condi-

pane have different proportions in the flow field. To w o

demonstrate this preferential diffusion effect, we tion [2] when u = a" and Y. = Yp4 contours cross

start from the profiles of species concentrations writ- on the centerline. Also, UCL < 2 U., as was previously
mentioned. Calculations are conducted within thesetwo limits by varying a" and determining Y1, from

(2Scj + 1) Ij 1 Eq. (4), then from Eqs. (6) and (7), xr/d2 and U,, can
Yj- 87X p0 (I -+- 12/8)'2J (3) be calculated. The air viscosity, Scp = 1.376 and

SCN1. = 1 are used since Sc of nitrogen into air is
close to unity. The results are shown in Fig. 8 with

where 19 is the mass flow rate forjth species defined linearly fitted slopes. The experimental results and
as I = nrpUod 2y./4 and the subscripts j = P and calculations agree well, substantiating the impor-
Nd stand for propane and diluent nitrogen, respec- tance of the preferential diffusion and the effect of
tively. Here, we have treated the diluent nitrogen flame speed variation with nitrogen dilution.
and the nitrogen in air separately, and air is treated Several points are worth mentioning. First, the
as a single component in deriving the equation. The derivation shows that x°/d 2 is independent of d,
effect of the radial velocity is neglected since it is which agrees with the experiment. Another point is
much smaller than u. that the abscissas in Figs. 7 and 8b are different on

Based on the tribrachial nature of the flame, pro- the order of 100. Knowing that the jet theory gen-
pane and air should be in stoichiometry, and the axial erally has inaccuracies in the absolute velocity pre-
velocity is the laminar flame speed of this mixture, diction, this can easily compensate for the difference
To determine the flame anchor position, flame speed of the order of 100, since the abscissa used is U4. 66

information is needed. The laminar flame speed, u", for Se = 1.376. To test the sensitivity of SCNd, the
of the stoichiometric propane/air with nitrogen di- data for ScNd = 0.74, which corresponds to the self-
lution is calculated by using Smooke's code [12] and diffusion coefficient of nitrogen [15], are plotted
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80 (d Concluding Remarks
" 0.74, 0.93/

1 0.74,1.0 Liftoff characteristics of nitrogen-diluted, non-. 1.6,0.79~

60 12" o ) premixed jets have been studied experimentally. Theo / • ( 2 . 6 , 0 .7 0 )6 ,2 1.V.• observed liftoff can be classified into three different
6 1 3005, modes depending on flow characteristics at the liftoff

40 CHc ýF.o [9] * and blowout. For the lifted flame with transition, i.e.,

/ , °.0 *where the fluid undergoes the transition from a lam-
0 0.69 - inar flow to a turbulent flow, the liftoff height initially
.0 " N"- 10 grows rapidly in the laminar range until the height

*J * 0.85
. •.o 0.6 becomes comparable to the jet breakup length, then

0 50I 0.44 it decreases with the jet velocity. After the sudden
0 . I I

50 100 150 200 decrease at the transition to turbulence inside the
U0 YF,F [m/s] nozzle flow, the liftoff height increases linearly in the

turbulent regime.
Fim. 9. Turbulent-lifted flame height with nozzle exit For laminar-lifted flames, the effect of preferential

velocity, diffusion and flame speed variation by nitrogen di-
lution has been demonstrated. For turbulent flames,
HL/d vs UoYpo correlates well for the fully developed
nozzle flow conditions in an enclosure employed in

showing a decreasing slope, which is faster than SCNd this investigation.
= 1.
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Flame lift and stabilization are studied using numerical simulations of diffusion flames resulting from a
methane jet injected into an air background. The numerical model solves the time-dependent, axisym-
metric, multidimensional Navier-Stokes equations coupled to submodels for chemical reaction and beat
release, soot formation and radiation transport. Simulations are conducted for an undiluted methane jet
and for two nitrogen-diluted jets (CH 4 : N,/3: 1 and CH 4 : N/1 : 1). The jet exit velocities range from 20 to
50 m/s through a 1-cm-diameter nozzle, coflowing into a 30-cm/s air stream. The flame liftoff height
increases linearly with jet exit velocity and the stabilization height increases as the nitrogen dilution of the
jet increases. The computations show that the flame is stabilized on a vortical structure in the inner shear
layer, which is on the stoichiometric surface at a height where the local axial velocity is approximately
equal to the turbulent burning velocity. There is no appreciable chemical heat release in the region below
the stabilization point, although a stoichiometric surface exists in that region. The flame base moves upward
with the vortical structure to which it is attached, and then quickly jumps down to attach to a new, lower
vortex, resulting in an oscillating (1-2 cm) flame liftoff height. The results corroborate parts of both the
premixedness and extinction stabilization theories, and suggest that the liftoff mechanism is a result of
complex fluid-chemical interactions, parts of which are incorporated in the simplified theories.

Introduction burning. Other measurements of jets of mixtures of
natural gas and hydrogen [3,4] showed that the most

Although a great deal of research has been devoted likely radial position for combustion to occur is along
to the study of liftoff and blowout of turbulent jet the mass-fraction contour where the laminar flame
diffusion flames, the physical mechanisms responsi- speed is maximum. Extensive experimental studies
ble for flame stabilization are still controversial. A by Kalghatgi [5] for a variety of fuels and a wide range
recent review by Pitts [1] summarized published ex- of jet diameters and velocities have resulted in em-
perimental and theoretical results and has concluded pirical correlations between liftoff height, jet veloc-
that none of the theories currently available is totally ity, and maximum laminar flame speed. Observations
satisfactory. Pitts [1] further concludes that the cur- for lifted natural-gas flames have been reported by
rent experimental characterization of flame stabili- Eickhoff et al. [6] and Sobiesiak and Brzustowski [7]
zation is insufficient to determine the actual physical and for propane flames by Savas and Gollahalli [8].
processes that determine liftoff and blowout. Analysis of the experimental studies has resulted

The phenomenon of liftoff has been experimen- in the development of theoretical treatments of flame
tally investigated for many decades through flow stabilization. Vanquickenborne and van Tiggelen [21
visualization studies. Vanquickenborne and van suggested that the stabilization of lifted turbulent jet
Tiggelen [2] provided extensive experimental mea- diffusion flames can be understood by assuming that
surements of nonreacting and reacting turbulent jets the fuel-air mixture is fully premixed at the base of
of methane over a broad range of jet exit diameters the lifted flame. They then define a local flame speed,
and velocities. Their findings [2] show that lifted which is determined by the local turbulence struc-
flames are stabilized in a turbulent region of the jet ture. The flame is stabilized at a position where the
near the radial position where the time-averaged fuel local time-averaged axial velocity along the stoichio-
mass fraction equals that required for stoichiometric metric mass fraction contour equals the local flame
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speed. Results of other experiments [3-7] have sup- scribed in detail [15-17], and are not discussed here.
ported this premixedness model. However, the algorithms for chemical reaction and

Several more recent theories challenge this by pro- soot formation are different than those used previ-
posing that the stabilization of lifted flames results ously [15,16], and therefore are described below. We
from flame extinction processes that occur in tur- represent the chemical reaction and energy-release
bulent structures of the nearby unignited flow. Many process phenomenologically using a finite-rate, sin-
different types of extinction processes have been sug- gle-step, quasi-global Arrhenius expression [21]
gested [9-14]. Peters and Williams [9] analyzed the
problem in terms of the laminar flamelet model, in d[CH4] = 2.3
which flamelets are extinguished when the local tur- dt
bulence-induced concentration gradients are suffi-
cient to quench combustion. Flame stabilization oc- e -30,000 1
curs at the point where combustion extinction and tRT j
propagation are balanced. Janicka and Peters [10] (1)
considered the effects of assumptions concerning the
scalar dissipation on calculated values of liftoff
height. Donnerhack and Peters [11] tested a local where T is temperature and to is the universal gas
quenching theory, in which they state that extinction constant. Equation (1) is used to calculate the rate of
occurs when the rate of heat conduction to the sides depletion of Ch 4 . In order to prevent an infinite re-
of the flame exceeds the rate of heat production due action rate when the CU4 is fully depleted, we as-
to chemical reaction. Byggstoyl and Magnussen [13] sume a zero reaction rate when the CU4 concentra-
suggest that the extinction occurs in the smallest vor- concnatos of 0 C 10,a N are Theconcentrations Of 02, C02, H20, and N2 are then
tices of the flow, while Broadwell et al. [14] suggest calculated hased on their respective stoichiometric
that lifted flames result from flame extinction in calcients. The cheir release stoishenlarg-scle urhlentstrctues.coefficients. The chemical heat release rate is thenlarge-scale turbulent structures.de rm n df o

In this paper, we describe results from a time-de- determined from
pendent numerical model used to study the unsteady d [CH4]
behavior of an axisymmetric coflowing methane-air Q - AH, (2)
jet diffusion flame. First, we use a series of calcula- dt
tions with increasing jet exit velocities to demonstrate
that the numerical model can, in fact, simulate the where AH, is the heat of combustion for CH 4 oxi-
phenomenon of flame lift and that the results are dation.
consistent with the correct physical behavior. Then The evolution of soot number density and soot vol-
we analyze these flames to determine trends in liftoff ume fraction is represented by two coupled ordinary
behavior and make comparisons with some of the differential equations derived by Syed et al. [22]
current theories of flame stabilization, based on their experimental measurements in meth-

ane-air diffusion flames, and include terms for soot
nucleation, surface growth, and coagulation on the

Numerical Method soot formation rate.

The numerical model solves the time-dependent dnd
equations for conservation of mass density, momen- dt
tum, energy, individual species number densities,
soot number density, and soot volume fraction [15]. - C- T"/2 n2  (3)
The solution to the conservation equations includes No
both radial and axial components of molecular dif-
fusion, thermal conduction, viscosity, radiation trans- drf, - 1 [ 1/n

3
(paaf3pT1/2Xr -ieTt/T

port, and convection; that is, we do not make bound- dit P [ (Pýoo0f)0PT Xfee
ary-layer approximations and do not restrict the

Lewis number to unity. These equations are rewrit- + CjCap 2T1/2 Xfunee-Ta/T] (4)
ten in terms of finite-volume approximations on an
Eulerian mesh and solved numerically for specified where nd is the soot number density, No is Avogadro's
boundary and initial conditions. The model consists number, p is the fluid density, Xful is the fuel mole
of separate algorithms for each of the individual pro- fraction, andf, is the soot volume fraction. The con-
cesses, which are then coupled together by the stants, C., Cfl, C•, C4, Ta, T, are taken from Ref. 22,
method of timestep splitting [15-19]. and p~oot, the density of a soot particle, is assumed to

The different algorithms and how they are applied be 1.8 g/cm 3. The soot volume fraction and number
to solve for the convective [20], diffusive, and radi- densities, as calculated in Eqs. (3) and (4), are further
ation transport processes have already been de- reduced by a soot oxidation algorithm [15].
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Outflow Fuel Mole Temperature Soot Volume showed that the flame reached the steady state shown
Fraction Fraction by 12,000 timesteps (0.12 s). The contours of fuel

10 .mole fraction, temperature, and soot volume fraction

predict that the flame height is approximately 8 cm,
based on the height of the sooting layer. The maxi-
mum soot volume fraction is 3.6 X 10-7, and is lo-
cated on the fuel-rich side of the high-temperature
region. Figure 2 compares experimental and com-
puted radial profiles of temperature at selected
heights above the burner for which experimental
data were presented [23]. The dashed line is the
curve drawn by Mitchell et al. [23] through their ex-

0.5 cm perimental data points (error bars are not included
with the experimental results). In general, the agree-
ment is quite reasonable, although there is a ten-
dency for the simulations to predict a flame sheet

0 3 thickness that is wider than those observed experi-
Fuel Air coflow r (cm) mentally at lower heights in the flame.

FIG. 1. Initial conditions and computed contours for a
laminar methane-air diffusion flame. Unsteady Lifted Methane-Air Diffusion Flame:

Simulations of lifted flames were then conducted
Results for cases in which the fuel mixture flows at a high

velocity through a 1.0-cm-diameter jet into a low-

Steady Methane-Air Diffusion Flame: velocity (30 cm/s) coflowing air stream. The fuel
streams considered included undiluted methane

Simulations were first conducted for a steady- and also nitrogen-diluted (CH4: N2/3: I and
state, laminar methane-air diffusion flame for which CH 4 : N2/1 : 1) fuel mixtures. Figure 3 shows contours
the experimental data of Mitchell et al. [23] are avail- of temperature, chemical heat release rate, and radial
able. Figure 1 shows a schematic of the computa- velocity for cases in which the undiluted methane
tional conditions and results from a simulation in fuel jet velocity varies from 20 to 50 m/s. The location
which undiluted methane flows at 5 cm/s through a of the stoichiometric surface is shown by the solid
1.2-cm-diameter tube, while air flows at 10 cm/s line with black circles superimposed. The radial ve-
through the outer annular region. The full compu- locity contours show the Kelvin-Helmholtz instabil-
tational grid is 10 X 20 cm and consists of 128 X ities, which form in the shear layer between the high-
152 cells. Cells of approximately 0.02 X 0.02 cm are and low-velocity streams. The dashed lines in the
concentrated around the jet exit; the grid spacing is radial velocity contours correspond to counterelock-
then gradually stretched in both the radial and axial wise rotating structures, while the solid lines corre-
directions [15-17]. This time-dependent calculation spond to clockwise-rotating structures. As shown in

2000 1.2cm height 2.4 cm height 5.0 cm height- Sim-o-Sm.Sim..
1500- exp. [231] -- exp. [23] --- exp. [23]

S 1000
a)

E
I-

0 1 2 3 0 1 2 30 1 2 3

r (cm) r (cm) r (cm)

FIG. 2. Comparison between simulation and experimental results [23] for laminar methane-air flame. The dashed line
is the curve drawn by Mitchell et al. [23] through their experimental data.
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20 m/s 30 m/s

7.2 cm

(a) (b) (

40 m/s 50 m/s

12.5 cm

9.4 cm

FIG. 3. (a) Temperature (K), (b)

"chemical heat release rate (ergs/cm3-

s), and (c) radial velocity (cm/s) con-
• ' ' tours for undiluted methane fuel jet;

a(.-J jet inflow velocities 20-50 m/s.

Heavy solid line with solid circular
(a) b) (a) symbols corresponds to the location

0 2 of the stoichiometric surface. Arrow
. (cm) points to liftoff height.

Fig. 3, the liftoff heights are 4.6, 7.2, 9.4, and 12.5
cm for the 20, 30, 40, and 50 sn/s cases, respectively.
For all of the cases shown, the base of the lifted flame
is situated on the stoichiometric surface, and is at-
tached to a Kelvin-Helmholtz structure; that is, the
stoichiometric contour passes through the vortical
structure at the flame stabilization location. 25 - I I

Figure 4 shows that there is reasonable agreement * Sim. (undiluted)
between the simulation results and the experimental o
data of Kalghatgi [5]. Both show a linear relationship 20 o Exp [5] (undiluted)

between flame liftoff height and jet exit velocity. Fig- A, Sim. (50% diluted)

ure 4 also shows results from a simulation in which A
the fuel jet is diluted with nitrogen (CH4: N2/1 : 1). 15

As expected, the liftoff height is greater for a given 7 A
jet inflow velocity for the nitrogen-diluted case, as CD
the residence time (chemical time) is longer when 10 oW
the fuel stream is diluted. For the nitrogen-diluted A N o
case, the liftoff height is again a linear function of o 0
the jet exit velocity, but the slope of this line is 5 0

greater than that for the undiluted case. This phe-
nomenon of a steeper slope with increasing nitrogen
dilution has also been shown experimentally [11,24] 0 * * *

in studies of the effect of jet dilution on liftoff height. 20 30 40 50
The liftoff heights presented in Fig. 4 were taken

from instantaneous temperature images at one par- Uo (mWs)
ticular timestep (15,000 timesteps). However, ani-
mations of this unsteady flame show that the liftoff FIG. 4. Liftoff height as a function of jet exit velocity for
height fluctuates. That is, the base of the flame moves simulations (undiluted fuel jet and 50% diluted fuel jet)
up with the vortical structure to which it is attached, and experimental measurements (undiluted fuel jet).
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TABLE 1
Comparison of turbulent burning velocity (S,) to fluid axial velocity (from the simulations) at the liftoff height. Method

used to calculate S, is outlined at bottom.

Axial velocity
R, at S, (approx.) at liftoff

Jet Liftoff liftoff at liftoff height, from
velocity height height height, simulations

(mi/s) (cm) (approx.) S,/S,,' (cm/s) (en/s)

20 4.6 38 1.7-2.6 70-105 60-100

30 7.2 50 1.9-3.0 75-120 80-110

40 9.4 87 2.6-4.0 105-160 110-170

50 12.5 144 3.3-5.1 130-205 140-220

aFrom Eq. (6).
bFrom Eq. (5), and experimental results [5,25].
"Based on S,, = 40 cm/s, and SIS,, from previous column.

and then quickly jumps down to attach to a new, turbulent burning velocity to laminar burning veloc-
lower vortex, resulting in an oscillating flame height. ity as a function of Ry'/ by Smith and Gouldin [25].
The fluctuation in liftoff height due to this movement That is, the experimental data points of Smith and
is approximately I to 2 cm. Gouldin [25] fall within the range of values of St/Su

for a given RI from Eq. (5). Therefore, using values
Tests of Flame Stabilization Theory: of u' = 2 m/s (simulation results show rms velocity

fluctuations on the order of 1 to 2 m/s), and calcu-
The computations have shown that the numerical lating 1 based on correlations from Abramovich [26]

model does indeed simulate the phenomenon of and Davies et al. [27],
flame liftoff, and the results are consistent with pub-
lished experimental data. Now, we compare the sim- I = Cz (7)
ulation results with some of the current theories of
flame lift. One of the important hypotheses from the (where C is a constant, and z is the axial height), we
premixedness theory of Vanquickenborne and van calculated values of R, at the flame lift height from
Tiggelen [2] is that the base of the flame stabilizes Eq. (6), and used that value to calculate a range of
on the stoichiometric surface at the height where the S/S,, from Eq. (5). Table 1 lists the values of these
local axial velocity is equal to the turbulent burning quantities for the four cases in which the jet is un-
velocity. In order to evaluate this hypothesis, we cal- diluted. Based on a maximum laminar burning ve-
culated the ratio of the turbulent burning velocity to locity S, = 40 cm/s for methane-air flames, we cal-
the maximum laminar burning velocity (St/S,) at the culated the range of turbulent burning velocities, St,
liftoff height based on a correlation by Kalghatgi [5] at the liftoff height, as shown in Table 1.

We then compared these calculated values of St

-- = RI' f 4(W', i)" K (5) with the axial velocity at the liftoff height based on
the simulation results. The axial velocity fluctuates
considerably (varies from negative to positive values)

wheref 4 and K are constants taken from Ref. 5 (f4 within the rotating vortical structures to which it is
= 0.138, K ranges from 0.56 to 1.3). The term R, is attached. However, the axial velocity is always posi-
the turbulent Reynolds number, given by tive (flowing upwards) in the region immediately be-

low the vortical structure to which the flame is at-

R, = u' (6) tached. For each of the jet velocities considered,
vs Table 1 shows the range of axial velocity values in

the region immediately below the vortical structure
where u' is the root mean square (rms) fluctuation to which the flame is attached. As shown, this range
velocity, I is the turbulent integral length scale in the of axial velocities based on the simulations is approx-
jet mixing layer, and v, is the kinematic viscosity at imately the same as the range of calculated [from
the base of the flame. In Ref. 5, the values of Se/S,, Eqs. (5) and (6)] turbulent burning velocities at the
as a function of RFiy from Eq. (5) are favorably com- liftoff height.
pared with an experimentally determined ratio of Although the results above show that the simula-
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tions do, in fact, corroborate some parts of the pre- (NAS), the Pittsburgh Supercomputing Center, and the
mixedness theory [2], this does not imply that the Naval Research Laboratory. The authors acknowledge Drs.
simulations conflict with some of the proposed ex- F. Williams, P. Tatem, and J. Boris for providing the nec-
tinction mechanisms [9-14]. In fact, the computa- essary resources and environment for the accomplishment
tions show that although a stoichiometric surface ex- of this work.
ists in the region below the stabilization point (as
shown in Fig. 3), there is no appreciable chemical
heat release or formation of products in that region. REFERENCES
This lack of heat release may be due to a local
quenching process within the turbulent structures of 1. Pitts, W. M., Twenty-Second Symposium (Interna-
the jet. The simulation results show that strain rates tional) on Combustion, The Combustion Institute,
in the highly turbulent structures near the jet exit are Pittsburgh, 1988, pp. 809-816.
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COMMENTS

Yei-Chin Chao, National Cheng Kung University, Tai- Author's Reply. Computational cells are 0.02 X 0.02 cm
wan, ROC. The lifted flame at the present conditions usu- near the jet exit, and then are slowly stretched in both the
ally stabilizes downstream of the end of the potential cone radial and axial directions. At the flame stabilization loca-
where the near-field large coherent structures start to cas- tions, the cell size is 0.02 cm in the radial direction and
cade into small eddies and the helical stability modes step varies in the axial direction according to the problem mod-
in, or dominate the flow. What is the computational grid eled. For the 20 m/s jet, stabilized at z = 4.6 cm, Az =
size at the flame base and how does it compare with the 0.07 cm, while for the 50 m/s case, stabilized at z =
small-eddy scale? How do you take the helical mode into 12.5 cm, Az = 0.15 cm. These computational cell sizes are
consideration in your computation? The lift-off height fluc- substantially smaller than the small-eddy scale, which is
tuation in your animation indicates the jump of flame base about -0.4 cm.
from a vertical structure to another. Did you find "braids" This computation is a direct numerical simulation that
(Ref. 1) formed between vortices before flame jumping? solves the multidimensional, axisymmetric, time-depend-

ent, reactive-flow Navier-Stokes equations. Because it is
basically two-dimensional, we cannot see a three-dimen-
sional helical mode.

REFERENCE Contours of fuel mole fraction, temperature, and the
stoichiometric surface show significant deformation and

1. Chao, Y. C., and Jeng, M. S., Twenty-Fourth Sympo- stretching as the flame base moves from one vortical struc-
sium (International) on Combustion, The Combustion ture to another. This stretching is very similar to the "braid-
Institute, Pittsburgh, 1992, pp. 333-340. ing" phenomenon shown in Fig. 4 of the referenced paper.
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EFFECT OF TURBULENCE ON EXTINCTION OF COUNTERFLOW
DIFFUSION FLAME

HIROSHI TSUJI, AKIRA YOSHIDA AND NOBUYUKI ENDO

Department of Mechanical Engineering
Tokyo Denki University, Tokyo, Japan

A laminar counterflow diffusion flame established in the forward stagnation region of a porous cylinder
has been used widely for the laminar flame studies. In the present study, this flame was applied to inves-
tigating the extinction of a diffusion flame due to air stream turbulence. Propane or methane was ejected
from a 30-mm porous cylinder. The turbulence was given to the counterflowing air stream by perforated
plates. The results of this study show that the air stream turbulence causes large-scale distortions with
small amplitude on the apparently laminar diffusion flame, and the time-averaged thickness of this flame
is three times as large as the purely laminar flame. Even if the air stream becomes turbulent, there exists
a critical stagnation velocity gradient beyond which the flame can never be stabilized, however large the
fuel ejection velocity is. Local extinction near the stagnation region always leads to global extinction of the
whole flame. As expected, the critical velocity gradient decreases as the turbulence intensity increases.
This flame is subjected to the sum of the bulk stretch rate exerted by the mean flow and the turbulent
stretch rate exerted by small eddies of Kolmogorov scale. The critical total stretch rate at which the
extinction occurs is nearly constant for each fuel for all turbulence conditions tested in the present study
and coincides with the critical stagnation velocity gradient of the laminar diffusion flame, that is, the total
stretch rate without turbulence. This fact suggests that large-scale eddies are not so effective for the local
extinction and that the chemical reaction that occurs in molecular scale is not affected by small eddies of
the Kolmogorov scale.

Introduction out of the jet diffusion flame [6]. However, data were
scattered, and the extinction mechanism due to

Extinction of diffusion flames can be caused when large-scale stretch rates is rather inconclusive.
the reaction rates of fuel and oxidizer become slower On the other hand, based on the small-scale
than the rate at which reactants are supplied to the stretching of laminar diffusion flamelets, a critical
reaction zone by diffusion. The steep velocity gradi- value of the scalar dissipation rate has been intro-
ent and high strain rate associated with flame stretch duced to predict the liftoff heights of the jet diffusion
cause an excess amount of heat convection, which flame [7]. The importance of the Kolmogorov-scale
leads to reduction of temperature. As a result, the eddies has been also suggested [8]. In this model,
chemical reaction is retarded, and flame extinction extinction occurs when the mixing rate in Kolmogo-
can occur. The extinction of laminar diffusion flames rov-scale eddies is faster than chemical reaction rates
due to flame stretch has been studied mostly by using [8]. In the counterflow geometry, the bulk flow
the counterflow diffusion flame established in the stretch rate can be estimated by the velocity gradient
forward stagnation region of a porous cylinder [1-4]. of the mean flow. In addition to the bulk flow stretch

Turbulence provides additional diffusion process rate, Kostiuk et al. [9] introduced the small-scale tur-
and stretch rate through eddy motion. For diffusion bulent stretch rate based on the Kolmogorov time
flames in the turbulent shear layer, extinction occurs scale and showed that the extinction of turbulent pre-
when a large-scale aerodynamic time scale is small mixed flames occurs when the sum of bulk flow
compared with the chemical reaction time scale [5]. stretch rate and small-scale stretch rate exceeds a
It is natural that the extinction of such a flame is critical value [10]. Also, for the partially premixed
affected by large eddies rather than by small dissi- and nonpremixed turbulent flames, extinction limits
pative eddies, because the flame is at first subjected were found to be correlated by the sum of the bulk
to shear-generated large eddies that break down to flow stretch rate and small-scale stretch rate [11,12].
small-scale eddies downstream through the turbulent Total stretch rates when extinction occurs follow a
energy cascade. Even for fully developed turbulent single curve as a function of air volume fraction in
flow, it has been suggested that large-scale eddies the fuel [11].
play an important role in the lifting off and blowing In the present work, we adopted the counterflow

1191
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Vycor TABLE 1.

G as s Turbulence-Producing Grids and Turbulence
Characteristics for V = 2.0 m/s

I I Porous
Cy I i nd er Hole Distance

Fuel Flame Grid diameter between holes v' L a,
Sno. (mm) (mm) (m/s) (mm) RL (I/s)

Duct None - - 0.013 - - -

P1  2.0 3.5 0.266 7.7 130.9 195.3
I Perforated P2  3.0 4.0 0.124 5.8 46.0 81.3

P1lat e P3  5.0 8.0 0.185 4.8 56.7 165.3

Air/ Converging
Nozzle in order to prevent ejection of the fuel into the wake

produced downstream of the cylinder. The ejection
velocity was calculated by dividing the volume flow

" Settling rate of fuel by the ejection area of cylinder surface.
It is noted that no turbelence was added to the fuelSCha mber flow, although the air stream was turbulent. Fuels

used were propane (98.7% pure) and methane
(99.8% pure).

The configuration of flame stabilized in the for-

Fin. 1. Burner assembly. ward stagnation region of the cylinder was recorded
by means of direct time exposure and instantaneous
schlieren photographs. Flame geometry was also re-

geometry established in the forward stagnation re- corded on the frame memory of a computer through
gion of a porous cylinder, from which fuel gas was a charge-coupled device (CCD) camera. The loca-
ejected uniformly into the counterflowing air stream. tion and the thickness of the flame were measured
The specific objectives were to measure extinction using the stored data, and the distance from the cyl-
limits as a function of bulk flow and turbulent stretch inder surface to the flame was determined. The tur-
rates and to determine which scale of eddies is ef- bulence characteristics of the air stream were meas-
fective, large scale or small scale, for local flame ex- ured by a hot-wire anemometer.
tinction.

Experimental Results and Discussion
Experimental Apparatus

Flow Configuration:
The experiments were performed using a rectan-

gular chamber of 30-mm X 120-mm cross section In the present study, when estimating the flow-
and an uncooled porous cylinder 30 mm in diameter field parameters, we used the values of the mean ye-
and 30-mm long, as shown in Fig. 1. The air stream locity, the turbulence intensity, and the length scales
at the exit of the converging nozzle had a uniform at the center of the extension duct exit, 55 mm up-
velocity profile and was of low turbulence level. A stream of the cylinder surface. The flow field was
turbulence-producing grid was installed at the nozzle measured under isothermal flow conditions by a hot-
exit. A constant area extension duct 100 mm in length wire anemometer. Table 1 shows the specifications
was placed on the turbulence-producing grid to en- of perforated plates used and characteristics of tur-
sure the establishment of fully developed isotropic bulence for the mean velocity V = 2.0 m/s. Hence,
turbulent flow. In the present study, three kinds of v' is the turbulence intensity, L the integral scale of
perforated plates were used to vary the turbulence turbulence, and RL the Reynolds number based on
characteristics, the integral scale. The turbulent stretch rate at will

The porous cylinder was made of sintered bronze be mentioned later. Figure 2 shows the lateral pro-
of nominal porosity of 2 pm and 5 mm in thickness. files of mean and fluctuating velocities at the exten-
The cylinder spanned the short 30-mm dimension of sion duct exit for P2 grid and V = 2.8 m/s. Mean and
the combustion chamber, and the center of the cyl- fluctuating velocities are uniform across the exit cross
inder was located 170 mm downstream of the tur- section except for the boundaries.
bulence-producing grid. The downstream side of the Figure 3 shows the mean and fluctuating velocity
cylinder surface was coated with heat-resisting paint profiles along the stagnation stream line for the P2
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FIG. 2. Lateral profiles of mean and fluctuating velocities
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- 0.1 m/s. (a) Laminar flame, (b) turbulent flame, v' = 0.13 m/s.
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10 20 30 40 50 6to the bulk flow stretch [15]. The independence of

y (m m) the mean flow from the turbulence suggested in Figs.
2 and 3 implies that the mean and the turbulent field

FIG. 3. Mean and fluctuating velocity profiles along stag- can be described independently.
nation stream line for V = 2.0 m/s.

grid and V = 2.0 m/s, the origin being placed on the Flaine Appearance:

cylinder surface. The velocity profile for the laminar Figure 4(a) shows an instantaneous schlieren pho-
case is also shown by a solid line for comparison. The tograph of a thin laminar diffusion flame of methane
mean velocity gradually decreases toward the cylin- for V = 1.0 m/s and v. = 0.26 m/s, where v., is the
der surface, and the flow field with constant velocity fuel ejection velocity. The purely laminar diffusion
gradient is established near the forward stagnation flame is stabilized at some distance from the cylinder
region. The stagnation point lies on the cylinder sur- surface in the forward stagnation region. When the
face, because no fuel was ejected in the measure- turbulence producing grid P1 was installed, the tur-
ments of flow field. The mean velocity profile for bulence intensity of the air stream v' was 0.13 m/s,
turbulent flow is similar to that for laminar flow. The and the flame shape changed as shown in Fig. 4(b).
mean flow is decelerated along the stagnation stream Large-scale distortions with small amplitude were
line, whereas the turbulence intensity is fairly con- generated on the apparently laminar diffusion flame.
stant even near the cylinder surface. This finding is The time-averaged flame thickness increases due to
consistent with the results obtained in the stagnating these distortions, which move rather rapidly in space
flow toward the flat plate [13,14]. The scale of tur- and time. The flame thickness measured from the
bulence was also found to be unchanged along the long-exposure photograph by the CCD camera was
stagnation stream line except for the vicinity of the about 3 mm and trebled compared with that of the
stagnation point [13]. The initial turbulence pro- laminar flame. It is noted that the stagnation point
duced by the perforated plate will decay with dis- lies between the flame and the cylinder surface and
tance from the plate. This decay of turbulence should that the distance between the flame and the cylinder
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velocity gradient 2V/R, where R is the cylinder ra-
dius. The ejection velocity at the extinction limits is
small over a wide range of the stagnation velocity
gradient and increases slightly with increase of the
stagnation velocity gradient. However, if the stag-
nation velocity gradient becomes a very large value,
the ejection velocity at the extinction limits increases
steeply, and there exists a critical stagnation velocity
gradient (2V/R),, beyond which the flame can never
be stabilized. The extinction of the flame occurred
very abruptly at flow rates reproducible to within 3%.

The extinction at small values of the ejection ve-
locity is mainly due to thermal quenching of the
flame natecyider surface. On the other hand,

Fic. 5. Instantaneous direct photograph of side view of the near the cylinr stagnathe oty ha-
turblen mehan difuson famefor~ =1.0~ - the extinction at the critical stagnation velocity gra-turbulent methane diffusion flame for V 1.0 m/s, v. = dient is due to chemical limitations on the reaction

rate in the flame zone, because the temperature gra-
dient becomes zero at the cylinder surface when the

0.4 ...... fuel ejection velocity is appropriately high [2], and
therefore, at this extinction limit, the heat loss from
the flame to the cylinder is negligible. As a result,

0.3 0 this extinction is clearly discriminated from the ex-

0 Propane 0:) tinction due to thermal quenching. Figure 6 shows

) El Methane C] that the critical stagnation velocity gradient (2V/R),
E Mof the propane flame is slightly larger than that of the
E 0.2 00 methane flame.

Do) The stagnation velocity gradient has the dimension
> C10 of the so-called reaction frequency (time- 1), and

0.1 0 thus, the critical stagnation velocity gradient may be
r0 q thought to represent a measure of the overall reac-

0.n o tion rate or the flame strength for each combination
0,0E C•. [:y Jo O. of reactants [1].

10 102 103

2V/R 1/s Effect of Turbulence on Extinction of Laminar
Diffusion Flames:

FiG. 6. Extinction limits of laminar methane and pro- When the air flow becomes turbulent, the extinc-
pane diffusion flames. tion is expected to occur at a smaller stagnation ve-

locity gradient than in the laminar flame, because
surface is so large that the flame does not come in additional stretch is imposed by turbulence. Figures
contact with the cylinder. 7 and 8 show the extinction limits of turbulent meth-

Figure 5 shows the instantaneous direct photo- ane and propane diffusion flames, respectively. The
graph of the side view of the same flame taken with extinction limits of the laminar diffusion flames are
the exposure time of 2 ms. It is clearly shown that also shown for comparison. In general, it can be
the scale of distortions is significantly large compared found that the higher the turbulence intensity is, the
with the local flame thickness. From these visual ob- smaller the critical stagnation velocity gradient be-
servations, the local structure of this contorted flame comes.
seems unchanged from the laminar diffusion flame Following Ref. 9, we estimate the nominal total
shown in Fig. 4(a), and this comparison gives us an stretch rate a, acting on the flame as the sum of the
incorrect insight into the extinction mechanism such bulk flow stretch rate ab and the turbulent stretch
that only large-scale eddies play a dominant role (see rate at.
below).

aT = ab+0. (1)

Extinction of Laminar Diffusion Flame: Here, based on potential flow theory for nonreacting
Figure 6 shows the extinction limits of laminar stagnation flows, the bulk flow stretch rate in the lat-

propane and methane diffusion flames as a function eral direction near the forward stagnation region of
of the fuel ejection velocity v. and the stagnation a cylinder is expressed by 2V/R.
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FIG. 7. Extinction limits of turbulent methane diffusion FIG. 9. Extinction limits of turbulent methane diffusion
flames, flames as a function of total stretch rate.

0.4 . ....... 0.4 ... . I.. ... I

0.3 Fuel: Propane 0.3 Fuel: Propanes
0 Pi 0 P1

S0 P2 * *P2
"0P3 Ro -: P3

E 0.2 -- Laminar (100 -- Laminar

Flame 1 Flame

0.1 9 0.1

0 .0 . c) , 0 .0 . . . .. .. . .
10 102 103 101 102 10 3

2V/R 1/s aT 1/S

FIG. 8. Extinction limits of turbulent propane diffusion FIG. 10. Extinction limits of turbulent propane diffusion

flames. flames as a function of total stretch rate.

ab = 2V/R. (2) for isotropic turbulence. Dryden [16] has used ex-

perimental data and shown that

Even though the small eddies of the Kolmogorov 22 48.64(Lv/v'). (5)
scale contain less turbulent energy than the large ed-
dies, the stretch rate produced by these eddies is the
largest and may lead to local extinction of the reac- Therefore,
tion zone. The stretch rate due to the small-scale
turbulence at is assumed to be equal to the inverse e = 0.3084(v' 3/L). (6)
of the Kolmogorov time scale.

The values of at for each grid at 55 mm upstream of
a, = (a/v)" 2. (3) the cylinder surface are shown in Table 1.

Figures 9 and 10 show the extinction limits as a
Here, v is the kinematic viscosity and a the dissipation function of fuel ejection velocity v,, and total stretch
rate. The dissipation rate e can be related to the tur- rate ap. In these figures, the extinction limits of lam-
bulence intensity v' and the Taylor microscale 2 by inar diffusion flame are also shown by a solid line for

comparison. The total stretch rates at extinction
S= 15v(v '2/22) (4) estimated by using the turbulent stretch rate of
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small-scale eddies coincide with the critical stagna- The same is the case for the turbulent diffusion
tion velocity gradients at extinction of the laminar flame except that the diffusion flame cannot propa-
diffusion flame. Therefore, it can be concluded that gate by itself. Therefore, the concept of the total
the small-scale eddies play an important role for local stretch rate cannot be applied directly to predict
extinction of laminar flamelets and that the overall global extinction in more complicated geometries,
reaction rate or the flame strength is unchanged by such as bluff-body- or swirl-stabilized flames. In
turbulence. This fact implies that the chemical re- these complicated practical geometries, however, a
action in molecular scale is not affected by small- fundamental aspect of the extinction phenomenon,
scale turbulence. This can be also conceivable from namely, the effect of turbulence on local extinction
the fact that the time scale of chemical reaction in of laminar flamelets, is obscured, because we can ob-
molecular scale is much smaller than the turbulent serve only global extinction. In the counterflow ge-
time scale. ometry formed near the forward stagnation region of

When the stagnation region is approached where the cylinder as used in the present study, extinction
the flame is produced, anisotropy of turbulence pre- occurs very abruptly. The local extinction that occurs
vails mainly in the large-scale eddies, and the tur- in the vicinity of the forward stagnation region where
bulence intensity and also the integral scale change the total stretch rate is the largest leads necessarily
significantly in the vicinity of the stagnation point to global extinction. The residual flame is blown off
[13]. Even so, however, it is well established that the by the air flow, because away from the stagnation
small dissipative eddies should be rather isotropic in region, the air flow velocity increases along the in-
the inertial subrange. terface between fuel and air flow. Therefore, we

The stretch rate of large eddies, for example, of could extract fundamental aspects of extinction phe-
the integral scale can be estimated by at = v'/L and nomena, the local extinction of flamelets by small-
is found to be much smaller than that of small eddies scale turbulence.
(see Table 1). It is well known that the flame curva-
ture is another origin of flame stretch. The stretch Conclusions
rate produced by the flame curvature, ac, was esti-
mated by a, = v'/p, where p is the mean radius of
flame curvature. The flame curvature stretch rate a I
thus estimated ranges from I to 25 s- 1 depending on ejected from a porous cylinder in the counterflowing

the flame curvature and is negligibly small compared turbulent air stream, and the extinction process due

with the turbulent stretch rate at. to turbulence was investigated. Conclusions of the

Using the counterflow geometry of opposed jet present study are summarized as follows.

configuration, Mastorakos et al. [11] found that the 1. The air stream turbulence causes large-scale dis-
total stretch rate at which extinction occurs in tur- tortions with small amplitude on the apparently
bulent flows is close to that of laminar flow; however, laminar diffusion flame, and the time-averaged
it is consistently smaller than the latter. The reason flame thickness is three times as large as the lam-
why the discrepancy exists is not yet known. On the inar flame.
other hand, for the turbulent premixed flames, the 2. Even if the air stream becomes turbulent, there
total stretch rate that causes extinction is 3-5 times exists a critical stagnation velocity gradient be-
larger than the laminar premixed flames [10]. The yond which the flame can never be stabilized,
reason why the turbulent premixed flames are not however large the fuel ejection velocity is. The
extinguished even in a flow with a higher stretch rate local extinction near the stagnation region always
is due to the statistical nature of turbulence. The tur- leads to global extinction of the whole flame. The
bulent strain exerted by small dissipative eddies is critical velocity gradient decreases with increasing
concentrated in local regions of high vorticity, where turbulence intensity.
the local extinction occurs and a hole without flame 3. The counterflow diffusion flame in the turbulent
is formed. This local extinction does not necessarily air stream is subjected to the sum of the bulk flow
lead to global extinction of the whole flame, because stretch rate exerted by the mean flow and the tur-
these holes can be reignited if the total area of holes bulent stretch rate exerted by small eddies of Kol-
is small. However, when the mean turbulent strain mogorov scale. The total stretch rate at which the
exceeds some critical value, the total number of these extinction occurs is nearly constant for each fuel
holes increases and global extinction will occur [10]. for all turbulence conditions tested in the present
Global extinction is important from a practical point study and coincides with the critical stagnation ye-
of view. Transition from local to global extinction is locity gradient of the laminar diffusion flame.
another issue that may include the effect of bulk flow 4. Small-scale eddies of Kolmogorov scale are much
configurations as well as the large-scale eddy motion; more effective than large-scale eddies in the local
the holes where local extinction occurs may be ex- extinction, and the chemical reaction that occurs
tended, reduced, or reignited depending on bulk in molecular scale is not affected by the small ed-
flow and large eddy motion, dies of the Kolmogorov scale.
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Dynamic and scalar structures of turbulent premixed flames stabilized in the opposed jet configuration
are investigated. The opposed jet burner facility allows control of many parameters of turbulent premixed
combustion, including the bulk and turbulent strain rates. The main mixture streams are enveloped in
coflowing air to reduce flame bouncing, to render the turbulence structure more isotropic and homoge-
neous at the stagnation plane, and, therefore, to better match the major modelling assumptions. Detailed
investigation of the velocity field confirms the strong variation of the initial turbulence parameters as the
flow stagnates, and the similarity between nonreacting and reacting flow fields. It is clearly demonstrated
that turbulent premixed flames stabilized in the opposed jet configuration are ideal for turbulent combus-
tion model validation, as modification of the turbulence field by the flame is minimized.

Two different extinction regimes of opposed jet turbulent premixed flames are identified. For small and
moderate burner separations, the total strain rate causes extinction. For large separation distances, mixing
and dilution by the external air are the causes of flame extinction, For the first regime, it is confirmed that
bulk and turbulent strain rates should be taken into account simultaneously to establish the robustness of
turbulent premixed flames.

For the first time, the scalar structure of opposed jet turbulent premixed flames is explored by laser-
induced Rayleigh light-scattering technique. All the relevant parameters of instantaneous flame fronts are
determined, and estimates of the flame surface density are proposed. It is shown that, for constant mixture
composition and constant initial turbulence structure, the flame surface density increases with the bulk
strain rate before its extinction value is closely approached. This result is discussed by using various ingre-
dients of flamelet models.

Introduction and the stagnating mean flow field is not trivial and
needs to be addressed in detail. More specifically, the

Turbulent premixed counterflow flames stabilized influence of the mean strain rate on the axial and
in the vicinity of a stagnation plane, which is formed radial variations of turbulence intensities and time
when two identical gaseous turbulent streams of pre- scales has been found to be significant [11,12].
mixed reactants are opposed to each other, have been A counterflowing turbulent premixed flame facility
recently introduced into turbulent combustion stud- has been developed at the CNRS-LCSR. The main
ies, both experimental [1-6] and theoretical [7-10]. difference between this facility and that used by Kos-
Advantages of this laboratory turbulent flame config- tiuk [1] is that our burner provides a coflowing air
uration include the absence of any contact with a envelope around the main streams. Previous work
flame holder or a pilot flame, the possibility of vary- has indeed shown that the influence of the coflow on
ing the imposed mean velocity gradient within the the nonreacting flow characteristics was substantial
flame brush and thus approaching global flame ex- [13,14].
tinction, and the possibility of a theoretical analysis One objective of the present paper is to widen the
based on a similarity formulation of the flow field, existing knowledge on the extinction regimes of tur-

This peculiar turbulent flame configuration is, bulent premixed flames by controlling the mean and
however, not as simple as these advantages would turbulent strain rates imposed on them. A second
suggest; it needs a huge amount of control effort to objective is to explore the scalar structure of opposed
be stabilized correctly, i.e., effectively in the vicinity jet flames in order to identify and analyze the effects
of the stagnation plane. Optical access, which may of stretch on the mean reaction rate, and to provide
seem easier at first glance, is seriously hindered by some input for turbulent combustion modeling ef-
beam steering and flame radiation. Finally, the in- forts based on the flame surface density concept. In
teraction between the initial turbulence structure the following, the experimental setup and diagnostics

1199
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D (LDA) measurements, an additional air stream flows
through seeders containing aluminum oxide parti-
cles. The coflow can also be seeded, and its flow rate
is controlled by calibrated sonic nozzles. The burners
are mounted on a computer-controlled two-axes trav-
erse system that also commands the burner separa-
tion H. The origin of the coordinate system is placed
on the actual stagnation plane (Fig. 1).

The turbulence structure of the mixture is varied
by using two different perforated plates, fixed 2 mm

+ + upstream of the center nozzle exit section. The finer

U plate PP1 has a mesh size of 1.3 mm and a hole di-
ameter of 0.8 mm, giving a blockage ratio of 0.66. It

Z) produces a turbulence intensity of 8% and an integral
H vlength scale of 5 mm. The corresponding parameters

for the coarser plate PP2 are, respectively, 3.6 mm,
3 mm, 0.37, 13%, and 8 mm. With the turbulence
parameters evaluated at the burner exit section and
a characteristic chemical time evaluated by using the
unstretched laminar flame propagation velocity and
the Zeldovich laminar flame thickness, the turbulent

Perforated Reynolds number based on the integral length scale

Plate can be varied between 10 and 60, and the Damkbhler
number between 10 and 25, so that all the investi-
gated flames lie, a priori, in the flamelet regime [14].
Two-component LDA is used for velocity measure-

A ments [13,14].
The instantaneous scalar structure of turbulent op-

posed jet flames is explored by laser-induced Ray-
CH +arleigh light scattering, which allows the statistics of the

H4+ air presence and passages of instantaneous flame fronts
to be determined in the turbulent premixed flame
brush [15,16].-The present Rayleigh scattering setup

FIG. 1. Experimental apparatus. uses the green line (7 W) of a cw Argon-ion laser (20
W). The laser beam is focused down by a 242-mm
focal length lens. The scattered light is collected by

are first presented. The structure of the nonreacting a photomultiplier through a pinhole of 300-,um di-

flow field with and without coflow and the global ameter. The volume of the measuring probe is about
characteristics and extinction limits of lean methane- 5.3 10-3 mm3 . Many problems due to this peculiar
air turbulent flames are discussed next. The last see- flame configuration had to be solved to optimize the
tion of the paper concerns the scalar structure of op- quality of the Rayleigh signal according to flame con-
posed jet flames explored by the Rayleigh ditions [14]. They include strong flame radiation,
light-scattering technique. The effects of the bulk beam steering, and the choice of the appropriate
strain rate on flamelet temporal and spatial dynamics measurement volume dimensions. The data acquisi-
and on the flame surface density are discussed. tion system collects 500 X 1024 samples per meas-

uring point with a sampling rate of 100 kHz. The
major achievement of the Rayleigh scattering system

Experimental Setup and Optical Diagnostics and the corresponding data-analysis methodology
that we developed [16] is the possibility of estimating

Two identical burners are opposed to each other all the relevant time and space scales of flamelet dy-
vertically and separated by a distance H (Fig. 1). The namics. Of particular importance is the estimation of
center nozzle (diameter D = 25 mm) is fed by a the velocity of the flamelet surface at a point of in-
methane-air mixture. The enveloping nozzle is pro- terest within the turbulent flame brush by determin-
filed (exit section diameter 50 mm) and carries the ing the transit time of the flamelet over this point.
coflowing air. The upper burner is water cooled. The The methodology used to convert this information
precise control of the mixture equivalence ratio is into an estimate of the flame surface density and of
achieved by regulating the mass flow rates of the air the mean reaction rate is fully explained in Refs. 14
and methane flows. For laser-Doppler anemometry and 16.
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TABLE 1 of turbulence characteristics [13,14]. Therefore, the
Influence of the coflow on the bulk strain rate flames stabilized with coflow better match the hy-

potheses of modeling attempts. The decrease of the
With axial fluctuation velocity is directly related to the ben-

Case Without coflow coflow eficial effect of the coflow on the instability of the
stagnation plane and on flame bouncing. This is also

a,, a5, ab confirmed by the spectral analysis of the axial flue-
No. U. H (1/2 dn/dz-) (de/dr) (1/2 dn/dz) tuating velocity [13]. The detailed study of the tur-

bulence field as the flow stagnate shows that the axial
I 4.5 30 210 213 150 and radial integral time scales increase strongly in all

111 4. 60 340 350 300 cases, i.e., even in the absence of bouncing for H <
III 9 60 340 350 300 2D [13,14]. The flow stagnation effects on the initial

turbulence structure are therefore not trivial and
need careful analysis. These observations also indi-

4 FlameFront cate that extreme care should be taken in interpret-
ing the structure of turbulent premixed flames sta-

S* bilized in the vicinity of a stagnation plane, in terms
"3 • of turbulence data collected far upstream of this re-

.0 gion.
a2 -+ +•o0 0

"Z 1 21 RA`, 4AA General Observations on Opposed Turbulent
> Jet Flames and Extinction Limits

SThe flames stabilized between two identical op-
-30 -25 -20 -15 -10 -5 0Z (mm) posed turbulent streams of lean methane-air

mixtures are circular in the mean, bluish, and about
FIG. 2. Variation of the fluctuating velocities vs the axial 80 mm in diameter. Pictures of the flames obtained

coordinate. Case III of Table 1. 0: u' without coflow; 0: by laser tomography [14] show that the twin flames
u' with coflow; ( u' reacting; A: v' without coflow; A: v' are well separated for H - 2D, and they progressively
"with coflow; +: v' reacting. approach each other for H < 2D, at constant exit

velocity and equivalence ratio. For H > 2D, without
coflow, the flames stabilize closer to the upper

Nonreacting Velocity Field burner; the low-frequency longitudinal oscillation
("bouncing") of the flame is quite apparent. Also, the

The knowledge of the structure of the nonreacting flame is not entirely planar, but curved upward at its
flow is needed, as the flow structure at extinction is periphery. With the onset of the coflow, the flames
by definition equivalent to that of the nonreacting are stabilized much closer to the symmetry plane,
case. The influence of the coflow on the mean strain larger, more planar, and stable. These observations
rates is summarized in Table 1 for three combina- can be explained in terms of the characteristics of the
tions of the mean exit velocity and the burner sepa- nonreacting flow with coflow, i.e., larger stagnation
ration distance with PP2. The bulk velocity of the plane, more spatially homogeneous and isotropic tur-
coflow is 1 m/s. For the three cases, the bulk strain bulence, and less energetic low-frequency compo-
rate ab is lower with coflow, the difference being nents of the longitudinal velocity spectrum.
smaller for larger strain rates. Table 1 compares also With the present flame configuration, as in Ref. 1,
the values of ab obtained from both terms of the con- but contrary to stagnation plate experiments [17,18],
tinuity equation. The main influence of the coflow is axial variations of the unconditional mean and flue-
to increase the radial extension of the stagnation tuating velocities are quasi-similar to those of the
plane [14]. nonreacting counterflow. In particular, as shown in

Centerline variations of the velocity fluctuations, Fig. 2, the fluctuating velocity profiles present no
presented in Fig. 2 for case III of Table 1, show that sharp increase through the turbulent flame brush.
u' increases strongly in the absence of coflow when Bray [9] explains the differences between the two
the flow stagnates. The coflow exerts different effects stagnation flame configurations in terms of a
on the two fluctuating velocity components: u' de- Damk6hler number defined as DT = 1/(abtT) where
creases strongly, whereas v' is approximately un- tc,1 is a "turbulent reaction time." It is further argued
changed. Consequently, the isotropy of the turbu- that smaller values of Dt (corresponding to larger
lence field is largely improved with coflow. The bulk strain rates as in the case of opposed jet flames)
coflow also homogenizes the transverse distributions lead to smaller mean reaction rates and, therefore,
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12 - TABLE 2
0- Values of the strain rates at extinction

10

8 a,. (s ) o, (s 1) a, (s-9)

F PP1 PP2 PP1 PP2 PP1 PP2

4 • PP1 /Phi =0.7 0.8 350 480 240 60 590 540
4 0.7 260 450 240 60 500 510

2 PP1 /Phi= 0.8

2 '• PP2 /Phi = 0.8

0 1 PP2 / Phi = 0.8 the extinction limits are narrower for flames exposed

0 50 100 150 200 250 to smaller-scale turbulence generated by PPI. These

H (mm) results confirm the idea that extinction of turbulent
premixed flames is controlled by the combination of

Fim. 3. Extinction limits for lean methane-air mixtures. bulk and turbulent strain rates [9]. Table 2 presents
the bulk strain rates at extinction abe deduced from
the extinction limits displayed in Fig. 3. The values

to weaker differences in the axial velocity distribu- of ab, for PP1 indicate that smaller turbulence struc-
tions of reacting and nonreacting flows. tures produce flames less resistant to the bulk strain

It can easily be shown that DT is a combination of rate. To implement this idea an estimate of the tur-
four time scales and can be written as DT = bulent strain rate can be based on the inverse of the
gtf/(abt0 T). In this relation, g is a constant depending turbulent integral time scale determined on the stag-
on the distribution functions of flamelet passage nation plane. Typical values of ate for an exit velocity
times, tf the average transit time of flamelets over a of 7.5 m/s and H = 2D are shown in Table 2 and
given point in the flame brush, t, the characteristic confirm that higher turbulent strain rates are pro-
chemical time estimated as the ratio between the duced by PP1. It is worth noting that, for all cases,
laminar flame thickness and the laminar flame prop- the sum ab,e + ale = a, is of the same order of
agation velocity, and T the integral time scale of the magnitude and lies between 500 and 600 s-1. How-
flamelet crossing time series. With g = 1 (see below), ever, the total extinction strain rate is lower for the
it is found that the "turbulent reaction time" tr is in leanest two flames. If the stretch rate ac,e caused by
fact equal to tTi/tf. This is indeed a time scale that flamelet propagation and curvature is taken into ac-
combines the characteristic chemical time of the count by estimating ac,e as SLIR where R is a char-
flamelet and its dynamic time scales. This interpre- acteristic flamelet wrinkling scale, two competitive
tation will be further pursued below during the dis- effects can act on a,,,. One is the highest SL for 0 =
eussion of extinction limits and the effect of bulk 0.8, which will increase ace; the other is the increase
strain rate on the structure of turbulent opposed jet of u'/SL for 0 = 0.7, which may decrease the char-
flames. acteristic flamelet wrinkling scales. The net effect of

Figure 3 shows the extinction limits of methane- this competition remains to be analyzed more fully
air flames for two equivalence ratios and two turbu- in order to deepen the notion of total extinction
lence structures. These limits are only slightly influ- stretch parameter for turbulent premixed flames.
enced by the coflow and by the mass flow rate of the Some more evidence on these mechanisms is pro-
coflow [14]. For all cases, two regimes of extinction vided in the next section where the scalar structure
are observed. The regime on the left of the maximum of two opposed jet flames, one with moderate and
stabilization velocity represents the extinction limit the other with strong bulk strain rates, is explored by
due to the imposed total stretch rate. In this regime, the Rayleigh light-scattering technique.
the two unsymmetrical flames move closer to each
other as the extinction limit is approached. On the
right of this region, for larger burner separation dis- Influence of the Bulk Strain Rate on the
tances, another extinction mechanism due to the di- Structure of Opposed Jet Flames
lution of the reactive mixture by mixing with the sur-
rounding air is observed. In this case, before The Rayleigh light-scattering technique is used to
extinction, the flames are well separated but more explore the dynamics of flamelet crossings and the
unstable; increased flame bouncing and individually related structural parameters of two flames, A and B,
burning flame parcels are also observed. In the fol- obtained with coflow and with PP2 for an exit cen-
lowing, we shall only concentrate on the extinction terline velocity of 6 m/s and an equivalence ratio 4P
limits due to stretch. = 0.8. They only differ in terms of the bulk strain

As expected, for both turbulence conditions, rate, where ab = 240 si (H = 2D) for flame A, and
flames closer to stoichiometry are more robust. Also, ab = 400 s-1 (H = 1.2D) for flame B. As
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FIG. 4. Variation of the mean progress variable vs the FIG. 5. Variation of the flamelet crossing frequency vs t

normalized axial coordinate. 0: Flame A; -4: flame B. 0 Flame A, 4 flame B.

documented previously [14-16], the Rayleigh scat- from each other and well away from extinction con-
tering signal can be used to estimate various time ditions. The curves on this figure represent the pre-
scales of instantaneous flame fronts within the flame diction of v following the Bray-Moss-Champion-
brush and also the mean progress variable (c) defined Libby model as v = 4 v.. (c) (1 - Kc)). The good
as (tp)/((tr) + (t)) where (tr) and (t) are the mean agreement confirms that these flames are in the
time intervals during which the fixed Rayleigh scat- flamelet regime. The independent determination of
tering probe stays, respectively, in the reactants or the integral time scale t of the flamelet crossing time
products between two consecutive passages of the series and of v permits to estimation of the parameter
flamelet. They are also used to determine the g, which is found nearly equal to unity, as in Ref. 1,
crossing frequency of flamelets in a given point indicating smaller probabilities for the occurrence of
within the flame brush, as v = 2/((t,) + (t )). Bray shortest time intervals between two consecutive fla-
[9] has further shown that an estimate of the flame melet crossings, compared to Bunsen flames [15].
surface density can be obtained as I = v(1/V,), This behavior is also consistent with the observation
where (Vs) is the average flamelet transit (or convec- of much smaller flamelet crossing frequencies found
tion) velocity over a fixed point within the flame in opposed jet flames compared with conical flames,
brush. This important parameter can be estimated stabilized with the same initial turbulence structure
from the flamelet transit time data provided by the [15].
Rayleigh scattering technique [14-16]. As T and v are related to each other by t = g(c(1

The analysis of the probability density functions - (c))/v [9], the increase of v with ab implies de-
(pdfs) of flamelet crossing time series, not shown creasing values of T, i.e., smaller intervals between
here, indicates bimodal shapes equivalent to those two consecutive flamelet crossings. On the other
obtained with turbulent Bunsen flames [15]. As hand, Fig. 6 shows that the amount of mixture re-
shown in Fig. 4, the mean progress variable (c) can acted per flamelet crossing, co/fIp = SL/(V.), esti-
be satisfactorily normalized for both lower flames mated as explained in Ref. 16, is not sensitive to the
(open symbols) and upper flames (dark symbols), by variation of the bulk strain rate under the present
the respective turbulent flame brush thickness 6T, conditions. This indicates that the local flamelet
which is 5-6 mm, as predicted in Wu and Bray [10] structure is not modified, so that flamelet extinction
for the experiments of Ref. 1. An important feature is not expected. Finally, Fig. 7 shows the variation of
of the bulk strain effects is depicted in Fig. 5, which the estimated flame surface density, which is higher
shows that the flamelet crossing frequencies are for the highest strain rate flame B.
strongly increased for flame B, which has the highest The extinction Damkdhler number introduced by
bulk strain rate (400 s-1). Note that the extinction Bray [9] can be written as DT = 4/(puabeT) by using
bulk strain rate for these flames is 480 s-1 (Table 2). the flamelet hypotheses [15,16]. We have shown
This figure also shows that v is clearly decreasing to- above that for the same mixture and initial turbu-
ward the products zone for both flames ((c) = 1), lence conditions, increasing ab decreases t. There-
indicating that the twin flames are well separated fore, if the local stretch effects are moderate so that
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0.5 dence time within the turbulent flame brush is no
more counterbalanced. It is also worth noting that

0.4 the bulk strain rate characterizing flame B is equal
to 5/6 of abe; one can therefore speculate that ex-
tinction conditions of turbulent premixed flames can

0.3 be reached for slight modifications of flow and tur-
& bulence conditions, so that the approach to extinction

"4< is a "catastrophe-like" phenomenon and not a gradual
1 0.2 - 0 4 one.

0.1

Conclusions
0.0- I I I I

0.0 0.2 0.4 - 0.6 0.8 1.0 Dynamic and scalar structures of turbulent pre-
C mixed flames stabilized in the opposed jet configu-

Fic. 6. Variation of vs O: Flame A, 4: flame B. ration have been investigated. The opposed jet
burner facility allows control of many parameters of

turbulent premixed combustion, including the bulk

0.6 - and turbulent strain rates. The use of a coflow con-
tributes to reduce flame bouncing, to render the tur-

05 4 1 bulence structure more isotropic and homogeneous
0.5- at the stagnation plane, and, therefore, to better

< < match the major modeling assumptions. Detailed in-
0.4 - nvestigation of the velocity field confirms the strong
0. variation of the initial turbulence parameters as the

E 4 flow stagnates and the similarity between nonreact-
S0.3 - ing and reacting flow fields. It is therefore clearly

S4 4ratn

< demonstrated that turbulent premixed flames stabi-
0.2 - < lized in the opposed jet configuration are ideal for

° * * o o io turbulent combustion model validation as the mod-

0.1 - 00 0 • ification of the turbulence field by the flame is min-
imized.

10 Two different extinction regimes of opposed jet
0.0 ' turbulent premixed flames are identified, depending

0.0 0.2 0.4 0.6 0.8 1.0 on the separation distance between the burners. For
small and moderate separations, the total strain rate

C causes extinction. For large separation distances,
mixing and dilution by the external air are the causes

FIG. 7. Variation of the flame surface density vs 5. 0: of extinction. For the first regime, the present results
Flame A; -4: flame B. confirm that bulk and turbulent strain rates should

be taken into account simultaneously to establish the
robustness of turbulent premixed flames.

flamelet extinction is not the dominant mechanism For the first time, the scalar structure of opposed
(i.e., Jj/pý is constant as in Fig. 6), this expression of jet turbulent premixed flames is explored by laser-
the extinction Damkihler number clearly indicates induced Rayleigh light-scattering technique. All the
that the increase of ab (the reduction of the residencetime within the turbulent flame brush) is first hal- relevant parameters of instantaneous flame fronts are
anted by the decrease of the temporal (or spatial) determined by this technique, and estimates of the

ancd b te dcreseof he emora (o satil)flame surface densit are proposed. It has beenspacings between flamelets so that the turbulent ty P p
burning rate is maintained and even strengthened. shown that, for constant mixture composition and ini-
This can be interpreted as the production of addi- tial turbulence structure, increasing the bulk strain
tional flame surface area by strain as suggested by rate to the 5/6 of its extinction value increases the
the coherent flamelet model [19]. Extinction will flame surface density. This result has been discussed
therefore occur when flamelet annihilation due to by using the various concepts of flamelet models,
the closeness of successive flamelet crossings will such as the extinction Damkthler number, and the
dominate so that the decrease of the reactants' resi- ingredients of the coherent flamelet model.
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EXPERIMENTAL INVESTIGATION OF A PREMIXED FLAME
IN AN IMPINGING TURBULENT STREAM

S. C. Ll, PAUL A. LIBBY AND F. A. WILLIAMS

U•icevrity, of California (it San Diego

La Jolla, CA 92093, USA

Flames in stagnating turbulence provide usefld vehicles for fnndaniental studies of trhbulent reacting
flows. We present here experimental data on premixed flames in a turbulent methane-air mixture impinging
on a wall. Turbulence generators with two different hole sizes and therefore resulting in turbulent strcams
with two different integral scales are employed. Time-resolved axial and radial velocity components are
measured at many positions along the axis. Corrections for the density and velocity biasing associated with

the different seeding levels in reactants and products are made in terms of particle fluxes. The aerother-
mochemical conditions are such that the flame is found to he free standing, i.e., separated floon the wall.
Histograms of the axial velocity, within the flame are interpreted so as to yield the progress variable and
thus the density with the consequence that the pairs of velocity data are supplemented with state data.
Both conventional and Favre-averaged quantities are thereby obtained. Generation and redistribution of
turbulent intensities wijthin the flame are observed. The infloence of the integral length of the turbulence
on the character of the flame is in accord with physical arguments.

Introduction present at the wall all of the time. The theory for
free-standing flames is under development and will

The experimental results presented here supple- be reported elsewhere.
ment and extend those of Cho et al. [1,2], Liu and Although not quantitatively applicable to the pre-
Lenze [3], and Asato et al. [4] on premixed flames in sent experiments, the theory of Refs. 5 and 6 for thin
a turbulent stream impinging on a nearby wall. The flames in stagnating turbulence and the Bray-Moss-
attractiveness for fundamental combustion studies of Libby (BML) theory of premixed turbulent combus-
these flames, and indeed the whole range of flames tion (ef., e.g., Refs. 7 and 8) supply important insights
in stagnating turbulence, is reviewed by Bray et al. into the characteristics of the flames considered here.
[5]; in brief, a relatively simple and convenient setup In particular, we know that countergradient diffusion
permits the entire range of behavior from chemical arises in free-standing flames because of the drop in
equilibrium to extinction to be studied experimen- mean pressure which prevails within them. We also
tally. Moreover, the complementary theoretical anal- know that the thickness of the flame, sometimes
ysis so important for advancing understanding of the termed the "brush," is proportional to the integral
processes involved in turbulent combustion leads to scale of the turbulence approaching the flame. 1Iow-
systems of ordinary, differential equations whose ever, an unexpected and as yet unexplained feature
treatment is considerably simpler and therefore less of these flames found by Cho et al. relates to the
prone to uncertainties than the partial differential absence of production of intensity of the axial veloc-
description required in many other flows. ity component. The theory of infinite planar flames

The only theory for turbulent flamnes in impinging (ef. Refs. 7 and 8) predicts that the interaction be-
reactant streams is due to Bray et al. [6], but it as- tween density inhlomogeneities due to heat release
sumes that the flame is adjacent to the wall; i.e., the and mean pressure drop results in significant in-
rate of strain imposed on the flame is large. In this crcases in the intensity of the normal velocity within
case, reactant is present at the wall some of the time. the flame. The intensity of the tangential velocity
While this situation is of interest in connection with component is predicted to be unchanged. These pre-
the study of extinction, it does not permit comparison dictions are confirmed by experiments on unstrained
with the detailed data concerning the velocity and flames in open burners (cf, e.g., Ref. 7). Because this
state fields in either the experiments cited earlier or interaction also prevails in the free-standing flames
in those reported here. In the experiments in ques- considered here, it is expected that the intensity of
tion, the rate of strain imposed on the flame is suf- the axial velocity in the product stream would be
ficiently low for the flalme to be free standing, i.e., greater than that in the reactant stream and that
removed from the wall, and thus for products to be there would be little change in the intensity of the
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radial component. However, the data of Cho et al. stainless steel plate
[2] do not support these expectations. Clarification as a tagnation plane

would appear to rely on appropriate theoretical con- r,u
sidcrations.

The present experiments involve two different tur-
bulence generators so that we examine the influence methane-air
of turbulent scales on the structure of free-standing premixed
flames. Measurements along the axis of the axial and flame

radial velocity components determine the mean axial
velocity and the intensity of these two components. grid to generate
From the bimodality of the probahility density func- turbulence o -Nitrogen
tion of the axial velocity within the flame, we deduce mixture
values for the progress variable and are therefore Of
able to determine a variety of useful statistical infor- methane f
mation. Following a discussion of the experimental with air tansparent
arrangement and data collection and analysis, we window
present and interpret the data and draw conclusions.

Experimental Arrangement

The flow under consideration and the duct ar-
rangement establishing that flow are shown sche-
maticallv in Fig. 1. An axisymmetric duct containing
a turbulence grid discharges reactants against a wall.
Associated with the coordinates r and z are the ve-
locity components u and ti, respectively. The exit
plane of the duct is located a distance d from the
wall, a value sufficiently small compared with the di- methane-ak
ameter of the duct so that mixing between the jet flow flow
and the surrounding ambient negligibly influences
the flow in the neighborhood of the axis. The data MgO
are conveniently presented in terms of a dimension- particles
less axial coordinate C - z/d so that the wall is C = with air

0 and the exit plane of the jet is ý = 1. At the exit FIG 1. Schematic representation of the flow and the
of the duct, the mean axial velocity has a magnitude

Thw xtdimtrof vlct experimental arranigemnent.

The exit diameter of the duct is 4.5 cm, the sep-
aration distance is d = 3 era, and the mean axial
velocity at the exit of the jet has a magnitude W, of
3.6 mi/s. Perforated grids, each with 50% blockage as
a result of holes of either 4- or 6-amm diameter, de-
noted h, are located 3 cm upstream of the exit plane.
These features differ significantly from those in the
experiments in Refs. I and 2, where d = 7 cm or
more. The gas stream consists of a mixture of air and
methane at an equivalence ratio of 0.89. The value
of the heat release parameter r = (T,,T,) - 1 in the
BML theory is 6.0. Here T, and Tp are the temper-
atures in the reactants and products, respectively.
Figure 2 is a photograph viewing the wall from
slightly below and showing the flame in the neigh-
borhood of the wall.

Velocity Measurement and Data Processing

The gas stream is seeded with MgO particles with
diameters smaller than 1 pm. A tvo-component FIn. 2. Photograph of the flame.
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phase doppler particle analyzer is used as a laser- pies [1], but this procedure is only accurate if the
Doppler velocimetry to measure the axial and radial data rates are suitably high in boeh reactants and
velocity components on the axis from the exit plane products. This is not the case in our experiment: i.e.,
to the wall. At each measuring location along the axis, the seed loading within product is too low. Accord-
approximately 3000 pairs of velocity samples are col- ingly, we are forced to an alternative procedure to
lected and stored on disc for subsequent processing, account for the low density and high velocity in prod-

A feature important for data analysis is seen in Fig. uct gas within the flame.
3, which shows histograms of axial velocity, at five Seed density is expected to be proportional to gas
representative axial stations. The first and last of density [9,10] and the number of seed particles pass-
these histograms correspond to points in the product ing through the probe volume per unit time to be
and reactant streams, respectively, and to nearly proportional to gas velocity [11]. Two limiting
Gaussian distributions. On the contrary, the middle choices for the correction parameters would be Bp,,
three correspond to locations within the flame and = BI = 1 and Bp,) = lip,, B,_ = lip,-, the former
are clearly bimodal, with the left mode given by being appropriate for stationary, unstrained flamelets
products and the right mode by reactants. To inter- and the latter for homogeneous, isotropic turbhi-
pret these data, we adopt the thin flamelet approxi- lence. Our flow is intermediate betveen these himi-
mation according to which each data point corre- ting cases and can be treated by a seed flux balance
sponds to either reactant or product. Moreover, we based on the approximation that, in the neighbor-
associate all points to the left of the minimum in the hood of the axis, flux in the axial direction is domi-
histogram with product and all to the right with re- nant. We are thus lead to correction parameters Bp,
actant. The significant separation of the maxima in = (p,, ic) I and B,-, = (picv,<) -l, where each datum
these histograms leads to results for statistics involv- involves a measured axial velocity. Errors in this pro-
ing state variables within 10% of those given by con- cedure are proportional to fluctuations in the radial
siderably more elaborate interpretations, e.g., those velocity component. However, since the intensities
given by partially overlapping Gaussian approxima- of the fluctuations of both velocity components are
tions for reactants and products separately. comparable and relatively small, the errors in this

If a(t; r, z) denotes the time history of a generic procedure can be estimated from the formulas
flow variable at a fixed spatial location, then its con-
ventional mean is B), = [p, (j, ± ]

,, B,; = [p, (ýW , + " " 1/2)] - (3)
3Bino1,, + 3B,_j,_i,

ad(r, = w, xvhere IV,. and 1,7p are the conditioned mean axial ve-
locity \vithin reactant and product, respectively, and
iv-2 ,vith subscripts r and p denote conditioned in-
tensities of the axial velocity component. The result-

while its Favre-averaged mean is ing enhanced weighting factor of product data in-
volves multiplication by 2 or 3 rather than by over 6,
xwhich would be the case if density weighting alone

1p, 3 Bpiap, + p 3 B,-,a,-, were employed. In all the following figures, the ver-
a (r, z,) (2) tical error bars correspond to the plus and minus

P, 3 Bl'i + P, i B,,i signs of Eqs. (3).

where the subscripts r and ) denote reactant and Experimental Results
product, respectively, and where N,. and N,, are the
number of samples in reactant and product, respec- The biniodalitv in Fig. 3 is expected on the basis
tively. Finally, in these equations, BF- and B,.j are cor- of the BML theorv and can be understood from the
rection parameters to account for Xensity and veloc- equation for the Favre-averaged intensity of the axial
ity biasing in the laser-Doppler velocimetry velocity, namely
measurements. Such biasing is negligible in the two
constant density' regions, i.e., outside the flame, On pIC "2
the contrary, within the flame, large changes in ve- / _)2

locity and density across flamelets result in corre-
sponding changes in the density of seed particles and + c + c (4)
in the lower probability' of collecting data in product
than in reactant [9,10]. Under some circumstances, where standard notation applies; here c (r, z, t) is the
bias can be removed by weighting each individual progress variable, which according to the BML the-
datum by the time interval between consecutive sam- oiT has essentially one of two values: zero within re-
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actants and unity within products. It is related to the -

instantaneous gas density by WV - V= - w" = - r - (5)

(p,/P) - 1 That the mean of the Favre-averaged fluctuation 0
is important is indicated by its appearance multiply-
ing the pressure gradient term d13/dz in the z-mo-

We see from Eq. (4) that the unconditioned intensity mentum equation. The implication is that this prod-

depends on two mechanisms, one due to differences uct describes the interaction between the force field

in the conditioned mean velocities within reactants due to the mean pressure gradient and density in-

and products and a second due to fluctuations within homogeneities. It is this interaction that results in

the two gases. If only the first mechanism were op- countergradient diffusion and, in infinite planar

erative, the three histograms in Fig. 3 corresponding flames, in turbulence production. The correlation in

to points within the flame would be delta functions the last of Eqs. (5) is the mean axial flux of the pro-

at W, and U'), with -WI, > - IV,, but fluctuations gress variable.I We see from Fig. 4 that WV > WV, implying that
within the two gases result in the observed distribu-
tions. We note that the corresponding histograms of pc"c" < 0, but according to gradient transport,

the radial velocity (not shown) are symmetric with a
zero mean value as expected on the axis. However, nc - 83

the intensity of the fluctuations of the radial velocity A dz
reflected in these histograms is greater by a factor of
roughly 2 within products than in reactants under the In the coordinate system used here (cf. Fig. 1), the
differential influence of the curvature of the mean gradient on the right side of this equation is negative,
pressure in the neighborhood of the axis. so that gradient transport implies that the flux is pos-

The distribution of the mean axial velocity in terms itive. We thus have clear experimental evidence of
of conventional averaging V7 (C) for the grid with h = the countergradient diffusion shown earlier by Cho
4 mm is shown in Fig. 4. We see that initially there et al. [2].
is a monotonic decrease in the magnitude of the The remaining results in Fig. 4 are the variation
mean axial velocity until, in the neighborhood of ý - of the Favre-averaged progress variable. The c curve
0.2, there is a significant increase in - 11, followed in the main figure clearly shows the location of the
by a further decrease to zero. The implication from flame brush within which 0 < 8 < 1. The inset in
this distribution is that the flame is located in the Fig. 4 indicates that the bias-corrected Favre-aver-
narrow range between ý = 0.2 and C = 0.08, an aged progress variable lies between the upper limit
implication supported by the Favre-averaged mean (B,,i = i/p,, and B,- 1/p,) and the lower limit (BI,
velocity W(C). In the reactant and product streams, = B,., = 1). Although results in all figures remain
these mean velocities are, of course, equal since the qualitatively unchanged even if either limit is em-
density is constant there, but within the flame they ployed, the bias correction is considered to improve
differ, the BML theory relates these means with the accuracy of the results.
other quantities of interest according to Examination of Fig. 4 suggests a significant differ-
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0.30 0.12 is sufficiently large so as to balance the mass entering

W2 1 /2 the cold side of the flame with a reduced flux through
0.25 (ww. /)l/2 the hot side. The further implication is that the radial

S1/2 rate of strain generates fluctuations in the radial ve-~0.08 5 1,' locity at the expense of fluctuations iu the axial di-

0.20 rection. We later discuss this point further.
The distributions of the Favre-averaged intensities

S0.04 of the axial and radial velocity components are shown
0.15 / in Fig. 5. The intensity data indicate that our tur-

r / 1 , bulence generator yields somewhat anisotropic tur-

*. 0 The br-sh 1fla bulence at the exit plane of the jet with the axial
0.10 .05 .10 0.15 0.20 0.25 contribution greater than the radial and that this an-

= o/d isotropy increases under the influence of the rate of
(I OoocO

00° .0. o o o o c c c o strain field associated with the stagnating flow and
o ..... . ........ . ... .. .. . increases further within the flame. However, in the

lpuu" / 1/2 2 1/2 product gas downstream of the flame, as the wall is
0.2 1 pww approached, the intensity of the axial velocity de-

o o2 0.4 0.6 0.8 1.0 creases more rapidly than that of the radial compo-
Dimensionless distance from the wall, z/d ouent so that, in the product stream, the turbulence

is again highly anisotropic but wvith the two intensities
Fc;. 5. The root-mean-square (rms) of the intensity of reversed in relative magnitude. Important in terms

the radial and axial velocity components for h = 4 oan. of our earlier discussion of the radial rate of strain is
the observation from the inset in Fig. 5 that the con-
ditioned intensities of the axial velocity within reac-
tants and products are essentially the same through-

0.00 -- out the flame and relatively small, the implication
being that the unconditioned intensity of the axial
velocity is largely associated wvith differences in the
conditioned mean velocity within the two gases. We

-0.05 also see from this inset that the intensity of the radial
0 velocity within the light products is higher than

xithin the heavy reactants across the entire flame.
V The present results for the axial velocity are in agree-

-0.10l ment with those of Cho et al. [2] but differ with re-
spect to the radial velocity; they show that the dif-

h4mh= 8ference in the conditioned radial intensities vanishes
at the edges of the flame, whereas we find a nearly

-0.15 constant increment. The difference in the two ex-
0.00 0.10 0.20 0.30 0.40 0.50

Dimensionless distance from thewall, = /d perinments is presumably associated with the higher
mean rate of radial strain, i.e., the higher curvature

FIG. 6. The mean axial flux of the progress variable for in the radial direction of the mean static pressure,

two different values of h. imposed on the flame in the present experiment.
We also note from the main portion of Fig. 5 that

there is essentially no increase in the unconditioned
ence between the flames considered here and un- intensity of the axial velocity across the flame, while
strained flames dealt \vith previously. We refer to the there is a significant increase in the intensity of the
increase in the mean axial velocity. In the latter radial velocity. This behavior is contrary to that in
flames, with a representative value of a of 6, the mean infinite planar flames, in which there are significant
axial velocity increases by that value, but we see from increases in the intensities of the normal velocity and
Fig. 4 that M71 only increases by a factor of 2.0 The no change in that of the lateral velocities. Again, the
implication is that, within the thickness of the flame, radial curvature of the mean static pressure may ac-
the radial gradient of the radial flux of mass, namely count for the difference in the two flows. It would

be interesting to determine if the observations con-18 __

put cerning the unconditioned and conditioned intensi-
r ar ties and the differences in strained and unstrained

planar flames are supported by appropriate turbu-
*It is interesting to note il this regard that 117, is roughly lenee modeling.

2.5 times W, elithin the flame, as may be seen from the In Fig. 6, we show the mean axial flux of the pro-

middle three histo(grais of Fig. 3. gress variable, everywhere negative, implying coun-
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Fic. 7. Comparison of the mean axial veloc'ity, i(Q) and

the root-mean-square (rins) of the axial velocity fir two Fit;. 8. Comparison of the mean progress variable and

values of h. the intensity of the progress variable for two values of h.

tergradient diffusion. Note that we are unable to re-
solve the small edge region where theory and Conclusions

physical considerations indicate that gradient trans-
port should prevail [8]. We report the results of' measurements in two pre-

p[mixed flames in stagnating turbulence arising from
the impingement of a reactant stream against a wall.
Direct time-resolved measurements of the axial and

The Influence of the Integral Scale radial velocity components along the axis are ana-

lyzed so that data on the progress variable and there-
The influence of the size of the holes in the tur- fore on the density are also obtained. Corrections for

bulence generator is shown in Fig. 6 and in the re- measurement bias in terms of the flux of seed parti-
maining figures. It is clear from Fig. 6 as well as from des are made. Two turbulence generators wvith dif-
Fig. 7 and especially from Fig. 8 that, with an in- ferent hole sizes are employed. The aerothermo-
crease in hole diameter in the turbulence generator chemical conditions are such that the flame is free
and therefore with an increase in the integral scale standing, i.e., removed from the wall. The intensity
of the turbulence, the thickness of the flame in- of the radial velocity in product is higher than in re-
creases. Specifically, when h = 6 mm, the flame ex- actant across the entire flame, a result differing from
tends from ( = 0.3 to j = 0.1. Note that, as ex- previous data and from planar unstrained turbulent
pected, the increase in thickness is roughly flames. We provisionally attribute this finding to the
proportional to the increase in i. Figure 7 shows the radial rate of strain associated with the radial curva-
mean axial velocity in terms of (pQW"i antI the - ture of the imean static pressure in stagnating tur-

ts o /2 bulence, but further consideration of these differ-
for both values of hi. Again, we see the increase in ences by appropriate analysis is indicated. The
thickness of the flame. Note that the muaxi mum val- intensities of the radial velocity within both reactants
ues of the intensity shown in Fig. 8 in the two cases and products increase across the flame, so there is
are equal, in accord svith the BML theory, but the turbulence production associated with heat release.smaller thickness fur flames with h= 4 mleads turuecordcinascitdwt etrlae
s ler taicnets. fIn Figs. 6 through =, the increase to It is found, as expected, that the thickness of the
larger gradients. Iflame is proportional to the hole size, i.e., to the in-
thickness is accompanied by a shift in position of the Han

cold edge toward the exit plane of the jet and an tegral scale of the turbulence.

increase in the intensity and Favre-averaged flux; this
could be interpreted as an increase in turbulent Acknclentý
flame speed, but in view of the three dimensionality
of the flow, such an interpretation is problematic de-
spite its previous use [1-3]. It is also noted from Figs. The research reported here seas supported by the De-
6 and 8 that the average gradient of' the progress partinent of'Energy, Office of Basic Energy Sciences inder
variable decreases while countergradient diffusion Contracts Nos. DE-FG03-86ER13527 and DE-F003-
increases vith increasing turbulent intensity. 87ER13685.
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THE FORMATION AND DESTRUCTION OF AROMATIC COMPOUNDS
IN A TURBULENT FLAME

JOHANNES H. THIJSSEN,° MAJED A. TOQAN,"' JANOS M. BEER AND ADEL F. SAROFIM

Department of Chemical Engineering and Energy Laboratory
Massachusetts Institute of Technology

Cambridge, MA 02140-2390, USA

Systematic, detailed studies of the effects of temperature and fuel type on polycyclic aromatic compound
(PAC) emissions from turbulent flames were carried out in a well-controlled, pilot-scale turbulent flame.
Benzene and toluene were injected as a secondary fuel into the hot combustion products of a fuel-lean
natural gas air flame at 1350 and 1550 K. The experimental results show a strong combined influence of
fuel type and temperature on the PAC emissions. At 1350 K, the PAC yield was approximately 10 times
higher than that of soot, while at 1550 K, the soot yield was 10 times higher than the PAC yield, indicating
a much faster formation and conversion to soot of PACs. At the higher temperature, the product distri-
bution of PACs shifted toward species containing cyclopenta-fused rings.

At 1550 K, the fuel type had virtually no impact on either the total yield of PACs and soot or the product
distribution, while at the lower temperature, a large difference in yield and product distribution were found
between the experimental fuels. At 1350 K, toluene injection produced up to 25 times more PACs and 30
times more soot than the injection of benzene. Also, the peak concentrations of soot and PACs in the
benzene flame occurred later than in the toluene flame. A numerical model based on a segregated flow
analysis was used to quantitatively analyze the experimental data. The treatment of the experimental flames
by the model showed that the PAC emissions from the flames were affected by both chemistry and mixing.
The model correctly predicted the trends of formation, and destruction of most compounds included in
the model, and the absolute concentrations of individual species vary from within a factor of 5 (for major
species) to within two orders of magnitude (for trace pollutants).

Introduction staged air combustion is applied to reduce NO, emis-
sions, such flames comprise a high-temperature fuel-

Combustion processes may be responsible for the rich (pyrolysis) zone, in which conditions are favor-
emission of a broad range of pollutants, some of able for hydrocarbon molecular weight growth,
which, including several polycyclic aromatic com- possibly leading to formation of PACs and soot. This
pounds (PACs), are thought to have adverse health fuel-rich zone is usually followed by a fuel-lean zone,
effects [1-3]. The PACs, particularly those with four intended for the oxidation of the products of incom-
or five aromatic rings, are known to cause mutations plete combustion formed in the previous zone. The
in bacteria and human cells and cancer in rodents survival of PACs and soot will depend on the effect-
[4-6]. Because of this, PACs are among the hazard- iveness of the oxidation that follows the mixing of
ous air pollutants regulated under the 1990 amend- combustion products from the fuel-rich zone with
ments to the U.S. Clean Air Act, as well as under the rest of the combustion air. Despite such care,
environmental laws in several other industrialized measurable quantities of PACs can be emitted from
countries. Because combustion systems are among stationary combustion systems, especially when the
the prime sources of PACs [7,8], the understanding temperature distribution or the fuel air ratio deviate
of their formation and destruction in flames is key to from desin conditions. The mixin rocesses in the
minimization of their anthropogenic emissions. The combustion system, through their effects on the py-
flames in most practical stationary combustion sys-
tems are turbulent diffusion flames. Especially if rolysis and oxidation reactions, play important roles

in the emission of trace concentrations of toxic com-
bustion by-products. Of particular importance is the

"*Present address: Arthur D. Little, Inc., Acorn Park, mixing of "raw" fuel with hot combustion products.
Cambridge, MA 02140-2390, USA. Such conditions are purposely caused in staged com-

"'Present address: ABB Combustion Engineering, bustion systems that apply fuel staging as a NO, re-
100OProspect Hill Road Bldng 301, Windsor, CT 06095- duction strategy. The purpose of the present study
0339, USA. was to quantitatively determine combustion process
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primary air secondary secondary exhaust Hydrocarbon PAC Measurement:fuel air

first stage second oxidation Since the sampling and analysis of combustion
stae zone products to determine their concentration of hydro-

a ncarbons and PACs is a time-consuming operation,
the MIT-LIF system [10] was used to measure the

gun rner p detailed spatial distribution of the sum of PACs in

samn Pt the test section. This PAC map was then used to de-
termine the locations where extractive samples for

FIc. 1. Configuration of the MIT CRF. The first stage, light hydrocarbon and PAC measurements were to
second stage, and oxidation zone are refractory lined. The be taken.
CRF has sampling ports for physical and optical access on Gas samples for light hydrocarbons (C1 to C4)
either side of the furnace, were drawn into 0.5 1 gas bottles through a water-

cooled, stainless steel probe. A fraction of the sam-
ples was injected on a Hewlett Packard model 5334

parameters that lead to the emission of PACs from gas chromatograph (GC), fitted with a 4-m Porapak
stationary combustion sources. To investigate the ef- B and a 6-m molesieve (Suppelco) column in series,
fects of temperature, fuel composition (in particular, interfaced with a thermal conductivity detector and
aromatic methylation), and turbulent mixing, the hot a flame ionization detector (FID).
combustion products of natural gas-air flames were Sampling for PACs was performed using a dich-
doped with benzene and toluene, at two different loromethane (DCM) based sampling train [11]. This
temperatures, under well-controlled, turbulent plug consisted of a water-quenched, stainless steel, water-
flow conditions. Fluid dynamic and detailed chemical cooled sampling probe, a soot trap (collecting soot
kinetic modeling were employed to analyze the data. on a preweighed filter paper), three cooled DCM

impingers in series, a flow meter, and a vacuum
pump. After sampling, the soot filter and water are
extracted with DCM in a Soxhlet apparatus for ap-

Experimental Equipment proximately 16 h. The soot filter was then dried and
weighed to determine the soot weight. The DCM

The combustion equipment used in this study was solution was then combined with the DCM from the
the flame tunnel of the MIT Combustion Research impingers and concentrated in a Kuderna-Danish
Facility (CRF), which had been configured to in- evaporative concentrator to a volume of approxi-
clude a turbulent, near plug-flow test section (Fig. mately 125 mL. If the tar concentration, as deter-
1). A swirl-stabilized burner [9] was used to introduce mined by evaporation of a 100 pL fraction of the
a stoichiometric mixture of natural gas and air into concentrate, was less than 2 mg/mL, the concentrate
the 1.2 x 1.2 x 1.5 m first stage of the flame tunnel, was further processed in a smaller Kuderna-Danish
The firing rate of the burner was adjusted to control evaporator.
the temperature at the end of the first stage. As the A fraction of this concentrate was injected on a
hot combustion products entered the second stage, Varian model 3700 (GC), interfaced to a Finnigan-
they were doped with the liquid secondary fuel, MAT 211 double-focusing mass spectrometer (MS)
which was injected radially through an eight-hole N2- for identification. The GC was fitted with a 15-m
assisted atomizer. The contribution of the secondary DB5-fused silica capillary column, having a 0.32-mm
fuel to the total heat input ranged from 8 to 11%. diameter and a 0.25-pm film thickness, and was
This arrangement provided near plug-flow conditions dippe d a 0.25-m lm iness, It was
in the test section, which consisted of three 0.5-m equipped with a cold-on-column injector. It was pro-
diameter, 1.0-m-long, refractory-lined, water-cooled grammed with an initial hold at 45 °C for 2 mi fol-
cylindrical sections. Ports in the sections allowed suf- lowed by a ramp of 10 °C/min to 280 TC for 5 min.

ficient optical and physical access to the furnace for The MS was operated at 70-eV electron energy,
spatially detailed measurements. At the end of the 4.5-A filament current, 3000-V acceleration poten-
second stage, secondary air was added to the com- tial, and an ion source temperature of 180 TC.
bustion products through eight nozzles, to ensure Another fraction of the concentrate was injected
complete burnout. The operating conditions for the on a GC of the same type and fitted with the same
experiments are listed in Table 1. type of column as the one used with the MS, but

Measurements of temperature (using a suction py- interfaced to a FID. Quantification of PACs was re-
rometer), velocities (using a five-hole hemispherical alized by comparison with a standard mixture of 17
impact tube) and major gaseous species concentra- components of known concentrations, consisting of
tions (02, CO, C02, and NO., using paramagnetic, the EPA 16 PAH standard plus cyclo-
NDIR, and chemiluminescent analyzers) were made penta(cd)pyrene (CPP). For the quantification of
to establish the experimental conditions in detail. monocyclic aromatic compounds (MACs), a special
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TABLE 1
Operating conditions of the CRF during tests

First stage Units 1350 K 1550 K

Thermal input fuel MW 1.84E - 01 2.77E - 01
Air preheat temperature K 4.69E + 02 4.83E + 02
Natural gas flow rate Nm3/s 6.12E - 03 9.22E - 03
Burner air flow rate Nm3/s 7.53E - 02 1.14E - 01
Fuel equivalence ratio 7.70E - 01 7.67E - 01
Exit temperature K 1.35E + 03 1.54E + 03
Mole fraction CO 2  - 7.48E - 02 7.48E - 02
Mole fraction CO - 1.40E - 04 2.01E - 05

Mole fraction 02 - 4.25E - 02 3.46E - 02
Mole fraction H 20 - 1.50E - 01 1.05E - 01
Flue gas flow rate m3/s 4.03E - 01 7.OOE - 01
Residence time s 5.37E + 00 3.09E + 00

Second stage Units 1.350E + 03 K 1.550E + 03 K

Toluene Benzene Toluene Benzene
Fuel flow rate kg/s 7.07E - 04 7.01E - 04 8.77E - 04 7.36E - 04
Fraction of heat input through fuel - 1.11E - 01 1iOE - 01 9.28E - 02 7.90E - 02

Atomizing fluid flow rate kg/s 5.83E - 05 5.83E - 05 8.13E - 05 8.13E - 05

standard was prepared, containing benzene, o-xy- variation in any of these measured quantities was less
lene, phenyl-acetylene, styrene, and toluene. than 20% over any of the cross sections. This war-

Finally, a fraction of the concentrate was injected ranted the characterization of the PAC and hydro-
on a high-performance liquid chromatography carbon concentrations along the flame by centerline
(HPLC) for qualitative assessment of the concentra- measurements only.
tions of PACs with molecular weights higher than
300 amu. The Effect of Fuel Type at 1350 K:

The temperature and major species concentra-
Experimental Results and Discussion tions distributions in the 1350 K benzene and toluene

flames were similar, except for the CO concentra-
Four test series were conducted: operating the pri- tions, which were significantly higher in the benzene

mary combustion stage at two firing rates and inject- flame. The PAC and soot concentrations (Fig. 2a)
ing benzene and toluene, respectively, as secondary showed a remarkable dependence upon the fuel
fuels into the exhaust from the first stage (Table 1). type: they were much higher in the toluene than in
As the residence time in the first stage was long (3- the benzene flame. The average net production rate
5 s) and the first stage was operated under fuel-lean of PACs from injection to peak value was 25 ,ug s-I
comditions, ample time was available for the com- cm-a in the toluene flame, while in the benzene
plete combustion of the fuel. The exhaust of the first flame, it was no higher than 1.0 pg S-1 cm-3. The
stage entering into the second stage was shown to fractional PAC yields at the peak concentration
contain no measurable amounts of PACs or small hy- (based on the amount of secondary fuel injected)
drocarbons. were 0.28 and 0.14. The rate of formation of soot in

The additional heat input through the secondary the toluene flame was also higher than in the benzene
fuel was offset by the increased heat extraction flame (15 vs 0.5 pg s-I cm-3), leading to correspond-
caused by strongly increased soot concentrations so ingly higher soot yields (0.7 vs 0.17). Noteworthy is
that the temperature was not affected significantly that in the benzene flame, the ratio of soot to PACs
(rise of less than 20 K). Spatially detailed mapping (5 was only half that in the toluene flame. Qualitatively,
cm in radial and 20 cm in axial direction) of the con- these results are in good agreement with expecta-
centrations of major species and temperatures in the tions: under the experimental conditions, toluene is
flame confirmed that the conditions in the second less stable (i.e., more easily oxidized) than benzene.
stage approximated by plug flow in all cases, as the In addition, there exist more direct pathways to PAC
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3ooo50 250o zene flame (Fig. 2b). The PAC concentrations grew
E E rapidly in both flames until a distance of 30'0 mm (or
S2000 ) 20 ms) from the secondary fuel nozzle then dropped

"o2000 1 with a near exponential decay to values close to the
10 o -• detection limit of the chemical analytical techniques.

o The formation of soot followed the formation of
1 0 PACs with approximately a 50-ms delay. The simi-

o 500 8 larity of the soot and PAC concentration profiles may
0 - - -- F 6 be explained by the fact that the earlier-mentioned
a-' 0 W higher stability of benzene (compared to toluene)

0 0.2 0.4 0.6 0.8 1 1.2 does not play a significant role at 1550 K.
500 4000

1550 K
E 2
6 400 -1 The Effect of Flame Temperature:
E 3000 E
o300 Net PAC formation rates were found to be highest

2000 "5 in the 1350 K toluene flame, followed by both 1550
200 f K flames (Table 2). The net yield of PACs in the 1550

o K flames was substantially lower. The net rate of for-
o 1000 o mation of soot in the 1550 K flames was more thano ioo
0 "6 10 times higher than that in either of the 1350 K

0 0 flames. Therefore, the lower net production of PACs
0 0.1 0.2 0.3 0.4 0.5 in the 1550 K flames (compared to the 1350 K tol-time (sec.) uene flame) is likely to have been a result of a rapid

Fic. 2. Concentrations of PACs and soot in the (a) 1350 conversion of PACs into soot. The higher tempera-
K and (b) 1550 K flames. Open symbols refer to the ben- ture is also likely to cause a higher fraction of the
zene flames; closed syinbols refer to the toluene flames. O PACs to be in the radical form, leading to higher
and 0 represent the total PAC or tar concentrations, as rates of formation of soot [12]. This, together with
measured by the evaporation of 100 pL of the sample; N the fact that the formation of soot from PACs is vir-
and El represent the soot concentrations. tually irreversible, explains that the ratio of PAC to

soot concentrations in the 1550 K flames is much
smaller than in the 1350 K flame (Table 2).

formation from some of the reaction products of fuel- When contrasting the 1550 and 1350 K flames
rich toluene oxidation (such as benzyl radical and with respect to the fraction of individual PACs in the
acetylene) than some of those of benzene oxidation DCM extractable material (Fig. 3), the main differ-
(such as phenol). This is partly aided by the higher ence is that in the 1550 K flames, PACs with cyclo-
concentrations of H atoms occuring in the fuel-rich penta-fused rings (such as acenaphtylene, fluoran-
oxidation of toluene. thene, and cyclopenta(cd)pyrene) were more

prevalent. This is consistent with observations by

The Effect of Fuel Type at 1550 K: Bockhorn et al. [13] and Frenklach and Warnatz [14],
and more recently by Marr [15] who found cyclo-

At 1550 K, no substantial difference was found in penta-fused PACs to play a key role in the molecular
the concentrations between the major species, PAC, weight growth of PACs. It is also consistent with ob-
and soot concentrations in the toluene and the ben- servations by Mulholland [16] who found increased

TABLE 2
The average PAC and soot production rates and yields in the four flames. Production rates are averaged bet",een the
injection of tlse secondary fuel and the peak concentration of the species of interest. The yield is based on the total

PAC concentrations, as measured by evaporation of a 100-pL sample, and on the amount of secondary fuel injected.

T PAC production PAC yield Soot production Soot yield
Fuel type (K) (Cog s' Cm-3) (g/g fuel) (og s-1 cm-3) (g/g fuel)

Toluene 1350 2.5 0.28 15 0.7
Benzene 1350 1.0 0.14 0.5 0.17
Toluene 1550 15 0.04 150 0.41
Benzene 1550 10 0.03 150 0.48
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[0 1 6 2 Ml 3 [R 4 oxidation' in 1550 K flames and the 1350 K toluenein 0.08
o flame was 3.2, which would indicate an activation en-

ergy of 26 keal/mol, not too far from the 39 kcal/mol
0.06 found by Lee et al. [18]. As the temperature was
0 4 increased, the rate of destruction of PACs increased

o somewhat more than that of soot.S0.04
U Quantitative interpretation of the results from the
2 studies described above is greatly facilitated by the
S 0.02 use of numerical modeling tools. Because of the na-
o ture of the flames of interest and our interest in in-
E dividual PACs emitted, treatment of both mixing and

cTheical kinetics in some detail was necessary.
2 2a) Therefore, a combined but decoupled use of a de-a) a) a aa tailed fluid dynamic code and a detailed chemical

& P kinetic mechanism was applied. This is possible be-
a C 0 cause the micropollutants of interest (such as NO,c 0 and PACs) are present in low concentrations (mole

FIG. 3. Comparison of the relative abundance of indi- fractions typically between 10-9 and 10-4) and do

vidual key PACs. The values are a mass fraction of the total not play an important role in branching reactions
amount of PACs that each of the individual PACs account (such as 0, H, and OH radicals do) so that the effect

for. they have on density changes in the flow is minor.
The modeling approach was implemented using

the commercial computational fluid dynamics (CFD)
package, Fluent, and a chemical kinetic model based

formation of cyclopenta-fused PACs at higher tem- on Sandia's CHEMKIN [19,20]. The chemical ki-
peratures during pure pyrolysis of both chlorinated netic model and the thermodynamic database used
and nonchlorinated monocylcic aromatic compounds are drawn from Marr's molecular weight growth
(MACs). From the point of view of health effects, model [13] supplemented with the benzene and tol-
this is important because various toxicological studies uene oxidation reactions from the toluene oxidation
have indicated that cyclopenta(cd )pyrene and fluor- model of Emdee et al. [21]. The resulting model con-
anthene account for most of the mutagenicity and tained 127 chemical species and 382 elementary re-
carcinogenicity of combustion by-products in both actions. Of those reactions, 240 described hydrocar-
bacterial, human cell, and animal tests [5,6,17]. Nev- bon chemistry up to C4 and the pyrolysis and
ertheless, the total mutagenicity (mutagenic poten- oxidation of benzene and toluene; the rest were used
tial of the sample per unit energy associated with the to describe the formation and destruction of PACs
sampled gas) emitted from the 1550 K flames was (and some of their related radicals) up to pyrene. A
smaller than that emitted from the 1350 K flames, detailed description of the modeling approach is
because the absolute yield of mutagens was still lower given elsewhere [22]. Briefly, an axisymmetric rep-
in the 1550 K flames than in the 1350 K flames (the resentation of the flow with the fluid dynamics pack-

total PAC concentrations are approximately 10 times age is used to estimate the mixing rate between see-

lower). This agrees with earlier findings [4], which ondary fuel and the hot combustion products from

suggested that reduction of the total PAC emissions the first stage, as well as the temperatures in the sys-

is the most effective way of reducing the .c tem. The rate of toluene consumption in the CFD
potential from combustion sources ( mutagenic code was assumed to be purely mixing controlled.
unitentiyaltfro ugh ombustion surem (mutations per Mass-weighted averaging of the axial flux of uncon-
unit energy), although the tar emitted is more mu- verted toluene and of the temperature in radial di-
tagenic (mutations per gram DCM extractable ma- rection then yielded the mass fraction of unmixed
terial). toluene and the temperature as a function of time.

The destruction of PACs and soot in the second These profiles were then fitted by a simple exponen-
stage of the 1550 K flames also showed strong simi- tial function and a third-order polynomial, respec-
larities between the benzene and the toluene flames. tively, for use with the segregated flow model. The
The rate of destruction of PACs was, as in the 1350 segregated flow model used in this study treats the
K toluene flame, substantially higher than the rate of flow as two discrete phases: one with unmixed fuel
destruction of soot. When the decay part of the con- and one with a mixture of fuel and combustion gases.
centration curves of soot and PACs was fitted with At discrete time steps, a fraction of the contents of
an exponential function, the time constants obtained
for PAC destruction were approximately 0.1 s while
the time constants for soot destruction were approx- 'Defined as in k,,, d [s ot] - k,,,,", [soot]. [02].
imately 0.2 s. The ratio of the rate constants for soot cit
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FIG. 4. Relative importance of mixing and chemical ki- -- 0 2
netics in the system: (1) segregated flow model considering 0 10r4 ...... 3
both mixing and chemical kinetics; (2) model assuming o
mixing control; (3) model assuming chemical kinetic con- a -

trol; and (4) experimental data. £ - -'-- --..• " 10-6
0 rA A...
E 0

the first phase is allowed to mix with contents of the A'L

second phase, according to the mixing function A

described above. The solution of the mixing and 10-1 .s ......
chemical kinetic problems are implemented in a 0.1 0.2 0.3 0.4

FORTRAN computer code, using Sandias CHE- time (s) b
MKIN II subroutine library as a basis. The initial
mole fractions of the individual species in each of the FIG. 5. Selected results of the segregated flow analysis
reactors were calculated by treating the first stage as for (a) the 1350 K benzene flame and (b) the 1550 K tol-
a PSR (using Sandia's PSR code). uene flame. Lines represent modeling results; symbols rep-

Figure 4 shows a comparison of the measurement resent experimental results; species: (1) toluene; (2) naph-
of secondary fuel destruction with a mixing model thalene; (3) phenanthrene.
(assuming mixing control), a homogeneous plug-flow
model (assuming kinetic control), and the segregated
flow analysis. A description of the system by a ho- a well-controlled, pilot scale, turbulent flame. The
mogeneous (one-phase) flow would yield a good ap- exl-cont al tion and de
proximation, if PAC and soot formation and destruc- expeimental studies of PAC formation and destruc-
tion were kinetically controlled, whereas a tion showed strong combined influences of temper-
description of the fuel concentration decay based ature (in the region between 1350 and 1550 K) and
solely on the mixing rate would describe reality if it fuel type. At 1350 K, the PAC yield was approxi-
were mixing controlled. Clearly, both turbulent mix- mately 10 times higher than that of soot, while at
ing and detailed chemistry need to be addressed in 1550 K, the soot yield was 10 times higher than the
order to make accurate predictions. Figure 5 shows PAC yield. As expected, the formation of PACs and
the capacity of the model in predicting concentra- their conversion to soot occurs much (approximately
tions of individual PACs. The trends of PAC forma- two times) faster at 1550 K than at 1350 K. At the
tion and destruction are predicted correctly over a higher temperature, the product distribution of
wide range of concentrations and conditions. The PACs shifted toward species containing cyclopenta-
most significant discrepancy between predictions and fused rings, while direct polymerization products of
measurements concerns the larger (three and four the fuel were found at lower concentrations.
ring) PACs, which are overpredicted, especially at At 1550 K, the fuel type had virtually no impact
1550 K. The reason for this discrepancy is the ab- on either the total yield of PACs and soot or the
sence of the treatment of soot formation in the product distribution, while at the lower temperature,
model; soot serves as a sink for carbon, especially a large difference in yield and product distribution
affecting the concentrations of these higher molec- were found between the experimental fuels. At 1350
ular weight species. K, toluene injection produced up to 25 times more

PACs and 30 times more soot than the injection of
Conclusions benzene. Also, the peak concentrations of soot and

PACs in the benzene flame occurred later (at ap-
Systematic studies of the effects of temperature proximately 1 s) than in the toluene flame (approxi-

and fuel type on PAC emissions were carried out in mately 0.15 s). This difference is consistent with the
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COMMENTS

A. E. Jacob Akanetuk, Stanford University, USA. What
was the actual oxygen level at the injection point of the
toluene (as it was not explicitly stated)? It appears that the P. Tesner, All Russian Institute of Natural Gas, Russia.
processes studied in the experiments were pertinent only 1. What is the concentration of acetylene as compared with
to the upper furnace and convection section of a utility the concentration of PAH?
boiler, and the oxygen level in the experiments should have
been stated to be at a value typical of the convection section 2. Was the dispersion of soot measured?
of a utility boiler.

Author's Reply. 1. Acetylene concentrations (mol frac-
Author's Reply. The oxygen level at the injection point tions) were generally two orders of magnitude higher than

of toluene was about 4%. We agree that the experimental those of the PAHs. (Typically 10-, compared with 10-6.)

conditions (temperature and 02 concentrations) are perti- 2. The distribution of soot concentration (mg/m3 ) has
nent to the processes in the upper furnace of an industrial been measured both by laser light scattering and also by
or utility boiler, sampling along the flame axis.
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TEMPORAL EVOLUTION OF TURBULENCE/CHEMISTRY INTERACTIONS
IN LIFTED, TURBULENT-JET FLAMES
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Flame ignition, extinction, and reignition that control flame stability are inherently time-dependent
phenomena. To better understand and quantify these important characteristics, two-pulse images of the
instantaneous CH/CH4 distributions, with a variable time delay between images, were used to study the
temporal evolution of turbulence/chemistry interactions in lifted, turbulent CH 4-jet flames. The jet-exit
velocity was 21 m/s, corresponding to a jet-exit Reynolds number of 7000. The results are presented to
emphasize the interactions between turbulence structure and the flame that lead to the large fluctuations
in flame liftoff height observed experimentally. The results show that the flame envelope curves around
semiorganized, large-scale vortical structures formed along the periphery of the jet. Interactions between
these vortical structures and the flame cause excessive stretch that leads to local flame extinction. Extinction
occurs on both the downstream edges of the structures and on the upstream sides. Once the flame is
extinguished by a vortical structure, the flame stabilization point can be carried significant distances down-
stream by the vortex. The return to an upstream stabilization location occurs through turbulent premixed
flame propagation. The images clearly show upstream propagation of the flame within the plane of the
image. Evidence also exists for the importance of flame propagation in the azimuthal direction normal to
the image plane.

Introduction air are not premixed at the flame stabilization point
and that liftoff can be explained in terms of laminar

Flame stabilization theories generally recognize flamelets in which extinction occurs where the local
the importance of local ignition, flame propagation, value of scalar dissipation exceeds a critical value, and
and extinction phenomena as having a major influ- the flame is quenched. The flame is stabilized where
ence on flame stability. These theories have in large scalar dissipation is below this critical value. Extine-
part been developed based on experimental obser- tion has also been proposed by Byggstoyl and Mag-
vations in turbulent, lifted-jet flames. An understand- nussen [4] as the mechanism controlling flame sta-
ing of the stabilization mechanism for lifted flames is bilization. In this model, stabilization is determined
essential to a better understanding of flame stabili- by extinction at the smallest turbulence scales.
zation in general since lifted flames include many of The role of large-scale turbulence structure in
the fundamental mechanisms controlling flame sta- lifted-flame stabilization has also been examined
bilization in practical burners. [5,6,7]. Miake-Lye and Hammer [5] proposed a

Theories for lifted-flame stabilization have been model for lifted-jet flame behavior based on large-
reviewed by Pitts [1]. Early theories were based on scale flow dynamics that was consistent with experi-
the concept of premixed flame propagation. Van- mental findings for undiluted and slightly diluted fuel
quickenborne and van Tiggelen [2] proposed that, in mixtures. In the model, large-scale strain imposed on
lifted flames, the fuel and air are premixed prior to the concentration field determines the stability cri-
ignition and that stabilization occurs where the local terion. Inherent to the model is upstream propaga-
flow velocity along the stoichiometric contour is tion of the flame from one large-scale structure to
equal to the turbulent flame speed. Flame extinction the next. Such propagation occurs provided the strain
forms the basis for several more recent theories. Pe- rate between structures is below a critical value.
ters and Williams [3] have argued that the fuel and Broadwell et al. [6] consider large-scale motion and

1223
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small-scale mixing between the fuel and air. In the olds number of 7000. The visible flame was lifted and
proposed model, hot combustion products are car- stabilized at an axial position approximately 30 mm
fied by large-scale motion from inside the jet to the downstream of the burner face. This flow has been
outer edges where they are subsequently reentrained studied previously using single-shot imaging of CH,
with outer air. Provided sufficient mixing time is CH 4, OH, and temperature [8,10].
available, the reentrained mixture acts as an ignition The experimental system used here is similar to
source for the fuel, resulting in the formation of that used previously with appropriate modifications,
flame sheets at near-stoichiometric conditions along as described below, to provide two laser pulses with
the interface between the entrained fluid and fuel- an adjustable time delay between pulses. For the CH
rich jet. While this model gave good agreement with and CH 4 measurements, the laser was tuned to pro-
experimentally measured blowout velocities, Pitts [1] duce a 431.5-nm wavelength beam. The 431.5-nm
has shown that extension of the model to predict lift- beam (1.8-ps pulse duration) was used to excite the
off is not consistent with experimental data. (0,0) band of the A2 D-X2 II system of CH, and the

Single-shot images of the instantaneous CH, CH 4, fluorescence of the (0,1) transition was observed at
and temperature fields in lifted, turbulent CH 4-jet 489 nm. Simultaneously, spontaneous Raman scat-
flames were used in a previous paper [8] to evaluate tering from CH 4 also occurred near 489 nm for the
several of the above theories. The results showed that 431.5-nm excitation. The beam was formed into a
the magnitude of the scalar dissipation at the flame 0.2-mm thick sheet of light by a multipass cell con-
base is considerably below the critical value that sisting of two cylindrical reflectors. The combined
could result in extinction and that scalar dissipation CH fluorescence and CH 4 Raman-scattering signals
is not important to flame stabilization. This result were collected at a right angle to the laser sheet by
might be expected since sufficient time is available two 55-mm focal length camera lenses (f/1.2) and
upstream of the flame stabilization location for fuel focused onto intensified Photometrics CCD cameras
from the central jet to mix with air from the sur- located on opposite sides of the laser sheet. The light
rounding fluid. The low scalar dissipation rates meas- passed through 10-nm bandwidth filters centered at
ured reflect the degree of premixing that has oc- 489 nm that transmitted only the combined fluores-
curred upstream of the flame. Alternatively, it was cence and Raman signals to the cameras. The camera
concluded that local stoichiometry and turbulence intensifiers were gated to stay on for 4 ps to reduce
characteristics are the primary factors controlling flame luminescence and background-scattered light.
flame stability. When operated in the previous single-pulse mode,

Since flame ignition, extinction, and propagation the laser consisted of one oscillator and three ampli-
are time-dependent phenomena, time-resolved fier stages. To provide two temporally separated
measurements are needed to more fully understand pulses, the laser was reconfigured into two separate
their role in flame stabilization. Recognizing the im- lasers, each consisting of a single oscillator and am-
portance of such measurements, we have obtained plifier stage. Each laser produced a 300-mJ beam.
two-pulse images of the CH/CH 4 distributions in a The beams from the two lasers were orthogonally
lifted, turbulent CH 4-jet flame. In the remainder of polarized, which allowed the beams to be combined
the paper, the experimental system will be described, using a polarizing beamsplitter. Once combined, a
and selected experimental results will be presented. Pockel cell was used to rotate the polarization of the
The data reveal a wide diversity of turbulence/flame horizontally polarized beam to vertical. The time-de-
interactions that cannot entirely be included in the layed beams were formed into overlapping sheets in
present paper because of length limitations. We have the multipass cell. Timing pulse generators were
therefore chosen to focus on those interactions that used to fire both lasers with a variable time delay up
explain the fluctuations in liftoff height that have to 500 ms specified by the user, and to gate both
been observed experimentally [5-8]. These fluctua- camera intensifiers so that the first laser shot was re-
tions are on the order of the local jet diameter, which corded on one camera and the second shot on the
has led investigators to conclude that large-scale other camera. Both camera detectors were operated
structure plays an important role in the stabilization in a 256 X 192-pixel format, providing a spatial res-
mechanism. The present results will attempt to fur- olution of about 20,0 X 200 pm. This resolution was
ther elucidate this interaction, comparable to the Kolomogorov scale, which varies

from 0.1 mm near the flame initiation point to about
0.2 mm at downstream locations.

Experimental System Calibration in a flow of 100% CH 4 at room tem-
perature and pressure allowed the CH 4 Raman signal

The burner consisted of a 5.4-mm diameter fuel to be converted to number density. The shot noise
jet located in the center of a plate. Methane was in- of the system was estimated as 5% of the signal from
jected through the central fuel tube into surrounding pure CH 4, based on the calibration data. No attempt
still air. Measurements were obtained at a jet-exit was made to quantitatively relate the CH signal to
velocity of 21 m/s, corresponding to a jet-exit Reyn- number density. The CH could be differentiated
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FIG. 1. Two-pulse images of the CH/CH4 distribution in a lifted, turbulent CH4-jet flame. Jet velocity is 21 m/s. Figure
lb was taken 1 ms after Fig. la.

from CH4 by both the stronger CH signal and its In Fig. 1, the high-CH region, or flame zone, is lo-
location [11] and was thus used as a spatial indicator cated between 5 and 10 mm from the centerline
of the flame zone. The combined CH/CH 4 data are along both sides of the central jet. The exact radial
presented as a normalized concentration, where the location varies with both axial location and from shot
combined CH/CH 4 number density is normalized by to shot as the flame zone responds to variations in
the number density of pure CH 4 at room tempera- the fuel jet boundaries. The central fuel jet is indi-
ture. Each image was corrected for background sig- cated by the light gray area between the two flame
nal and shot-to-shot variations of laser power. zones. In this upstream region of the flow, reaction

is confined to the mixing region adjacent to the cen-
tral jet. Note that the high-CH region begins several

Results millimeters downstream from the bottom of the im-
age. In Fig. la, the flame on the left side of the jet

Previous single-shot images indicate that vortical is first seen at about 30 mm downstream, while the
structures formed in the mixing region adjacent to flame on the right is at 23 mm. These points corre-
the fuel jet may play an important role in lifted-flame spond to the location where the lifted flame is sta-
stabilization [10]. Further evidence supporting this bilized, or the flame liftoff height. The liftoff height
view is provided by the present data, where progres- varies from shot to shot and is typically not the same
sion of the vortex rollup can be seen from the images. on both sides of the jet.
Figure 1 shows combined CH/CH4 images obtained The insert in the upper right corner of the figure
in the lifted flame. The CH/CH 4 distribution is pre- shows the probability distribution of axial velocity
sented as a gray scale, with higher concentrations in- (measured using laser-Doppler velocimetry) along
dicated by lighter shades. The size of the imaged area the time-averaged stoichiometric line, which coin-
is 60 mm in the axial direction, x, by 40 mm in the cides with the maximum CH, at the average flame
radial direction, y, and the fuel-jet exit is located 10 liftoff height of 30 mm. The velocity distribution ex-
mm below the bottom of the images. The image to tends from slightly negative numbers to about 10
the left (Fig. la) was taken during the first laser shot, m/s. The arrow below the distribution indicates the
1 ms before the image to the right (Fig. 1b). The distance a structure could travel over the time delay
high-CH region can be identified by both its location between images if moving at the maximum velocity
and magnitude relative to the local CH 4 signal. As of 10 mis.
described in previous papers, the CH forms in a nar- Vortical structure growth can be seen along the
row region along the periphery of the central jet [8]. right edge of the jet. In Fig. la, the flame zone is
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FIG. 2. Two-pulse images of the CH/CH4 distribution in a lifted, turbulent CHUjet flame. jet velocity is 21 m/s. Figure
2b1 was taken 2 ms after Fig. 2a.

relatively straight, with only a single outward bulge instability. At the Reynolds numbers of the present
near the center of the image at x = 40 mm. At this jet, it was found that the outer vortices are no longer
location, the flame curves outward around the struc- well defined, and flame curvature results primarily
ture. One millisecond later, Fig. lb shows the de- from interactions between the flame and the inner
velopment of three outward bulges, or vortical struc- vortices. Given the close correspondence between
tures. The structure located in the center continues the radial location of these inner vortices and the
to roll up and increase in size, while those located at location of the present flame, it is concluded that the
x = 30 and 60 mm develop from relatively straight flame bulges seen in Figs. 1 and 2 are the result of
flame regions. The flame zone at these locations is similar interactions between the flame and these in-
forced outward in response to the structure growth. ner vortical structures.
Note the lack of symmetry in these two images, with Figures 1 and 2 both show a flame that remains
vortical structure growth limited to the right side of connected from the flame liftoff height to the top of
the flame. The flame zone on the left side remains the images, and a connectivity that is not affected by
straight, with a minimum of structure apparent. Fig- the presence of vortical structures. Figure 3 shows
ure 2 shows another example of vortical structure two images with a time delay of 2 ins. The vor-
growth. In contrast to the asymmetry in Fig. 1, two tex/flame interaction along the right side of the jet is
large vortical structures form nearly symmetrically on similar to those described previously, with no evi-
both sides of the central jet in the downstream region dence of flame extinction. In contrast, along the left
of the images. This observation is consistent with the side of the jet, a single vortical structure with a con-
axisyrnmetric stability mode for the jet proposed by tinuous flame formed around the structure is seen
Dahm and Dimotakis [12]. Again, the vortical struc- near the center of the image in Fig. 3a. Further de-
tures develop with time over the 2-ms delay between velopment of the structure and some downstream
Figs. 2a and 2b. movement are seen in Fig. 3b. However, no CH ex-

Similar flame/vortex interactions were observed in ists upstream of the structure, and the flame stabili-
buoyant jet-diffusion flames using planar flow visu- zation point coincides with the upstream edge of the
alization [13]. Two different vortical structures were vortex. Examination of the entire data set of 900 im-
identified in these flames; small rollup vortices inside ages shows that extinction of the flame at the up-
the luminous flame zone and larger toroidal vortices stream edge of the vortex occurs numerous times.
outside the flame zone. The small inner vortices were Images with longer pulse delay times further show
attributed to Kelvin-Helmholtz instability of the jet, the flame stabilization point can be carried significant
while the outer vortices are due to buoyancy-driven distances downstream by the vortex.
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FIG. 3. Two-pulse images of the CH/CH, distribution in a lifted, turbulent CH.1-jet flame. jet velocity is 21 n/s. Figure
3b was taken 2 ins after Fig. 3a.

While the above discussion establishes the impor- cepts of Vanquickenborne and van Tiggelen [2], in
tance of large-scale structure in flame stabilization, which a turbulent flame propagates through pre-
the data further support the existence of turbulent mixed fuel and air. It is important to note that pre-
flame propagation through the fuel/air mixture along vious imaging of CH/CH 4 and temperature in the
the jet periphery. This upstream propagation occurs present flames shows that the fuel and air are pre-
irrespective of the presence of structure. One ex- mixed at the flame stabilization point [10]. This re-
ample of this is seen along the right side of the jet in sult, taken in conjunction with the present images,
Fig. 3a, where the flame zone extends a short dis- supports concepts inherent in the Vanquickenborne
tance upstream of the vortical structure in the center and van Tiggelen premixed flame propagation the-
of the image. In Fig. 3b, the flame has propagated ory.
about 4 mm upstream of its original location. Given Interactions between turbulence and the flame
the straightness of the flame in this region, this prop- also result in local flame extinction and reignition.
agation apparently involves no vortical structure. A Two examples of these are shown in Fig. 5. In Fig.
second example of upstream propagation is shown in 5a, the flame along the right side of the jet is contin-
Fig. 4, where the flame along the right side of the jet uous downstream of the flame liftoff position and, in
has propagated nearly 10 mm further upstream dur- particular is continuous around the vortical structure
ing the 4-ms pulse delay, again in a region where the located at about 35 mm downstream. The image in
jet exhibits no apparent larger-scale structure. Fig. 5b, taken 2 ms later, shows a break in the flame

It is noteworthy that, along the left side of the jet where the vortical structure expands radially out-
in Fig. 4a, no flame exists upstream of x = 30 mm.
Figure 4b, however, shows the sudden appearance ward. Other images show that flame extinction most

of a flame segment between 15 and 19 mm down- frequently occurs at the location where a vortical

stream. Since the sudden upstream appearance of a structure results in an outward bulge in the flame.

flame requires an ignition source, this event is taken This is an example of flame extinction due to inter-

as evidence of the three dimensionality of the flow. actions between the flame and large-scale turbulence
We speculate that this upstream ignition results from structure, which result in excessive stretch imposed
flame propagation in the azimuthal direction normal on the flame. Examples of reignition are also seen.
to the image plane. Numerous other examples of up- Along the left side of the jet in Fig. 5a, at about 50
stream ignition can be found in the data. mm downstream, a break resulting from an outward

These observations are consistent with the con- bulge in the central jet is seen. Figure 5b shows that
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FIG. 4. Two-pulse images of the CH/CH4 distribution in a lifted, turbulent CH4-jet flame. Jet velocity is 21 mi/s. Figure
4b was taken 4 ms after Fig. 4a.

the flame has reignited and again formed a contin- previously, the liftoff height varies over a distance
uous flame where the break previously existed. comparable to the local jet diameter. In the present

flame, the time-average liftoff height is 30 mm, with
a rms value of about 25 mm [8]. The magnitude of

Discussion these fluctuations is comparable with other studies
[5,9]. Further analysis of the images shows that the

Current theories for lifted-flame stabilization can mechanisms controlling these fluctuations can be
be categorized as to whether they are based on the conceptualized into (1) extinction events resulting in
concept that (1) flame stabilization is controlled by downstream movement in the stabilization point, and
premixed flame propagation, or that (2) extinction (2) premixed flame propagation that results in a re-
due to vortex/flame interactions controls flame sta- turn of the stabilization point to an upstream loca-
bility. It is important to recognize that these theories tion. Considering extinction events first, it was shown
do not necessarily represent opposing theoretical that vortex/flame interactions lead to flame extinction
viewpoints and that the present data show both pre- in several ways. From interactions such as shown
mixed flame propagation and vortex/flame interac- along the left side of the jet in Fig. 3, extinction can
tions. In general, the flame burns in a premixed mode occur at the upstream edge of a vortex, and the sta-
and appears to stabilize where the premixed flame bihzation point can be carried considerable distances
velocity just balances the local flow velocity, in agree- downstream. Extinction also can occur along the
ment with earlier theories of Vanquickenborn and downstream edge, as was seen along the right side of
van Tiggelen [2]. However, when large-scale struc- the jet in Fig. 5. In the latter case, it is observed that,
tures interact with the flame, the data show flame once extinction occurs, the upstream segment of the
extinction that can cause local breaks in the flame flame is often extinguished, and the stabilization
surface or result in the flame being carried significant point is carried downstream by the structure. The
distances downstream by the structure. The presence reason why extinction of this upstream segment oc-
of mechanisms inherent to both categories of lifted- curs requires further study. However, in all images
flame theories perhaps explains to some extent why analyzed, large-scale movement of the stabilization
each theory has demonstrated some degree of suc- point downstream is initiated by an extinction event
cess in predicting lifted-flame behavior. due to flame/vortex interactions.

An important objective of the present work is to Extinction along the downstream edge of vortical
further elucidate the mechanism whereby large flue- structures is consistent with Pitts [7], who concluded
tuations in the flame liftoff height occur. As noted that flame extinction is most probable along the
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FIG. 5. Two-pulse images of the CH/CH4 distribution in a lifted, turbulent CH4-jet flame. Jet velocity is 21 mIs. Figure
5b was taken 2 ms after Fig. 5a.

downstream edge where high shear exists. Flow vi- related to interactions with vortical structures. Ex-
sualization and numerical simulations that were used amples of upstream propagation of the flame are
to study vortex/flame interactions in a periodically seen in Figs. 3 and 4. Propagation can occur either
forced jet-diffusion flame further support local flame along relatively straight jet boundaries when no vor-
quenching due to high strain rates along the down- tical structures are present, or it can occur along the
stream edge of the vortex [14]. On the other hand, outer vortex boundaries when strain is below the crit-
Pitts also concludes that stabilization of the flame is ical value for extinction. Also note from the discus-
likely on the upstream side of the structure, which is sion of Fig. 4 the potential importance of flame prop-
often not the case in the present images. agation in the azimuthal direction, which can result

A possible explanation for these different obser- in rapid upstream jumps in the flame stabilization
vations can be found in the model proposed by point. The picture presented by the data is consistent
Broadwell et al. [6]. This model, which is based on a with that proposed by Miake-Lye and Hammer [5],
balance between mixing times and chemical reaction in which the flame can propagate upstream from one
times, was developed to predict blowout velocities. structure to the next when the strain between these
Pitts [1] later showed that extension of the model to structures is sufficiently low. Note that this model as
predict flame liftoff was not consistent with experi- developed is two dimensional and does not account
mental findings. This failure was attributed to as- for three-dimensional effects.
sumptions concerning mixing time estimates for
reentrained hot combustion products, fuel and en-
trained air. He further argued that the appropriate Summary and Conclusions
mixing time may be the mixing time at the upstream
edge of vortical structures. Given these considera- Two-pulse images of the instantaneous CH/CH4
tions, it is feasible that the present observations are distributions with a variable time delay between im-
consistent with the Broadwell model and that extinc- ages were used to study the temporal evolution of
tion occurs along the upstream edge of vortical struc- turbulence/chemistry interactions in lifted, turbulent
tures when insufficient residence time is available for CH 4-jet flames. The results are presented to empha-
combustion to be maintained, size the interactions between turbulence structure

The data further show that the primary mecha- and flame chemistry that lead to the large fluctua-
nism by which the flame stabilization point returns tions in flame liftoff height observed experimentally.
upstream is more consistent with upstream propa- The results show that the flame envelope curves
gation of the flame along the jet periphery and is not around semiorganized, large-scale vortical structures
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mental and LES (large eddy simulation) studies or round since these interactions are more easily observed when the
jet mixing indicate that there are at least four other major image plane is orientated parallel to the jet axis.
modes of instability apart from the toroidal vortex mode
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The present study has been performed to accumulate reliable experimental data on aspects of the
chemically reacting zone of methane-air and propane-air turbulent premixed flames in a regime in which
the Kolmogorov scale is 46 prm, which is smaller than the laminar premixed flame thickness. The charac-
teristics of measuring systems adopted in this study are discussed, and the microelectrostatic probe is
pointed out to be the most desirable one.

Based on the data obtained by a specially designed microelectrostatic probe with two fine sensors, it is
shown that the local reaction zone thickness in the flame brush of a turbulent premixed flame is little
different from the thickness of a laminar premixed flame whose equivalence ratio is the same as that of
the turbulent flame. Also, the radii of the local reaction zone curvature for methane-air flames are larger
than those for propane-air flames. These results imply that the radius increases as the local reaction zone
thickness increases. At the same time, by comparing the mean radii under the conditions for the same
local reaction zone thickness and different Lewis numbers Le, it can be found that the mean radius for
Le > 1 is larger than that for Le < 1.

Introduction Under the inconsistent circumstances as men-
tioned above, it has been shown that the local reac-

Since Damkdhler [1] introduced the hypothesis of tion zone thickness of propane-air turbulent pre-
a propagation mechanism of premixed flames in mixed flames, in a regime in which the Kolmogorov
small-scale turbulence, a number of flame models scale is smaller than the laminar flame thickness, is
[2-10] have been proposed for the fine structure of similar to that of the laminar premixed flame [12].
small-scale and high-intensity turbulent premixed However, the result obtained in this study has not
flames. These flame models can be reduced into been universally accepted because the experimental
three ideas: (1) turbulence does not wrinkle the flame conditions are limited to a near stoichiometric pro-
front significantly but alters the effective transport pane-air flame under different characteristics of tur-
properties in the reaction zone, consequently the re- bulence. In order to overcome the inconsistent
action zone thickness increases [1,2]; (2) local extinc- circumstances and distinguish among various hy-
tion occurs due to the local flame stretch [3,5,6]; and potheses, we believe it is indispensable to accumulate
(3) combustion takes place in a vortex tube of a di- accurate experimental data on aspects of the chem-
ameter equal to the Kolmogorov scale, subject to ically reacting zone of turbulent premixed flames in
stretching by eddies of the Taylor microscale this category. In our previous studies, the attempts
[4,7,10]. These ideas are somewhat contradictory have been made to accumulate accurate experimen-
with each other. In addition, most of these ideas have tal data on the configuration of the local reaction
been proposed based on hypotheses. It seems that in zone of near stoichiometrie propane-air flames under
the absence of accurate experimental evidence, any different characteristics of turbulence [15], the spa-
idea will continue to be speculative. Therefore, the tial distribution of the local reaction zone curvature
fine structure of turbulent premixed flames, in a re- in a turbulent flame brush [17], and the configuration
gime in which the Kolmogorov scale of turbulence is of the local reaction zone under different mixture
smaller than the laminar premixed flame thickness, ratios of propane-air flames and burner sizes [18].
still remains one of the outstanding problems in tur- In the present study, efforts have been concen-
bulent combustion [11]. trated to accumulate accurate experimental data on
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the fine structure of chemically reacting zones of TABLE 1
methane-air and propane-air turbulent premixed Time and spatial resolutions of typical diagnostics used
flames of various mixture ratios in a regime in which in turbulent flame studies and their abilities
the Kohnogorov scale is smaller than a laminar pre- to detect chemically reacting zone
mixed flame.

Time Spatial Detect

resolution resolution chemically

Time and Spatial Resolutions Required for (s) (mm) reacting zone
Diagnostics for Measurement of Fine

Structure of Turbulent Premixed Flames Rayleigh 10-2 10-1 no
CARS 10-2 ? no

In order to accumulate reliable experimental data LIF 10-2 10-1 yes
on the aspects of chemically reacting zones of small- Thermocouple 10-4 10-1 no
scale and high-intensity turbulent premixed flames, Electrostatic probe 10 -10-7 10-2 yes
diagnostics with spatial and time resolutions ade-
quate to detect the fine structure of a chemically re- CARS: coherent anti-Stokes Raman spectroscopy; LIF:
acting zone must be used. It seems that most diag- laser-induced fluorescence.
nostics used in the previous studies [2,4,6,8-10] are
not accurate enough to study the fine structures men-
tioned in the previous section. Therefore, discussion 1s0
on the fine structure of turbulent premixed flames
has been based on hypotheses without proof. 50

Generally, in experimental studies on turbulent
flames, the measuring points are fixed at an arbitrary
point in the turbulent flame brush. In these cases, 0

the obtained data is a function P(t) of time. In order
to discuss the fine structure of turbulent premixed
flames, the function P(t) must be transformed into a
function of space Q(r), where r is the position vector. 100

For that purpose, Q(r) must have the spatial reso- 0 2 4 6 8 10

lution of the order of 10-2 mm because the fine t(MS)

structure of a chemically reacting zone will be of the FIG. 1. Typical ion current records obtained by the elec-
order of 10-1 mm. Suppose a chemically reacting trostatic probe with two identical sensors.
zone is passing the measuring point at about 10 m/s;
the time required for the zone to pass the measuring
point is of the order of 10-5 s. Therefore, the time which is of the order of 10-4 s [14]. Unfortunately,
resolution required for accurately recording P(t) as is obvious, it is not of a necessary resolution to be
measurements is of the order of 10-1 s. able to detect the fine structure of typical chemically

The time and spatial resolutions of typical diag- reacting zones.
nostics used in turbulent flame studies are presented In our previous study [15], the electrostatic probe
in Table 1. Although modern laser diagnostics util- was shown to be able to detect the difference in the
izing a pulsed laser such as CARS have a higher sam- local reaction zone thicknesses of turbulent premixed
pie hold resolution of the order of 10- 8 s, the pulse flames whose equivalence ratios were 1.0 and 1.2. We
frequency is of the order of 102 pulse/s. Conse- concluded that nothing but a well-designed electro-
quently, the time resolution for repeated P(t) mea- static probe can satisfy the time and spatial resolu-
surements is of the order of 10-2 s. Therefore, an tions required for the measurements of the fine
adequate time resolution for P(t) measurements can- structure of small-scale and high-intensity turbulent
not be achieved. The planar laser-induced fluores- premixed flames.
cence, which might be one of the most promising Even though an electrostatic probe has the spatial
diagnostics, can conduct two-dimensional measure- and time resolution required to measure the local
ments. However, the optical detector such as that of reaction zone structure of turbulent premixed
charge coupled device (CCD) camera is of a spatial flames, the effect of disturbances caused by inserting
resolution of only the order of 10-1 mm/pixel [13], the probe on data obtained is frequently questioned.
which is not sufficient for measurements of fine Typical records of ion currents obtained in a turbu-
structure of turbulent flames too. lent premixed flame by using the microelectrostatic

It has been reported that the vortex tube structure probe with two identical sensors are shown in Fig. 1.
of the turbulent premixed flame has been success- The polarity of the ion current obtained by one sen-
fully examined by using the thermocouple with a sor is made opposite to that obtained by the other.
compensation system [8-10], the time resolution of In the figure, j, and j2 represent the ion currents
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recorded by the sensors placed upstream and down- amined by analyzing ion current records [19-21].
stream, respectively. The pairs of ion current records The process for determining the local reaction zone
indicate that the variation of the ion current to one thickness is briefly summarized in the following.
sensor is very similar to that of the ion current to the The local reaction zone thickness can be measured
other sensor. Therefore, the fine structure of a chem- by assuming that the region where ion density is par-
ically reacting zone can be inferred to change very ticularly higher than that of surroundings represents
little between the two sensors; i.e., the disturbance the local reaction zone. It is seen from Fig. 1 that
caused by inserting a probe is negligibly small [16]. there are various shapes of ion current fluctuations

In the present study, therefore, a microelectro- and periods during which no ion current is recorded.
static probe with two identical sensors has been used The nonion current periods should correspond to the
as the diagnostic to measure the fine structures of periods during which the sensors are in a space where
chemically reacting zones of turbulent premixed no chemical reaction occurs, i.e., a space occupied
flames, by either an unburned mixture or burned gas. On the

other hand, recording a significant ion current must
correspond to the period during which the sensors

Experimental Apparatus are in zone with appreciable chemical reaction. It has
been shown in our previous study that the ion current

The turbulent flame burner used in the present characteristics represented by the half-value period
study is a cylindrical burner 26 mm in diameter ti, and the maximum ion currentj,, can be expressed
[15,17,18]. The burner consists of a tube long enough as follows [20,211:
to establish a fully developed turbulent flow. A uni-
form methane-air or propane-air mixture is supplied th = f(61, Vf, a) (1)
at an average velocity of 7.0 m/s to the burner. The
equivalence ratios, 4, of the mixture are 0.95, 1.15,
and 1.23 for methane-air flames and 0.85, 1.10, and j,, = g(Vf, a) (2)

1.37 for propane-air flames. The laminar burning ve-
locities of 0 = 0.95 and 1.23 of methane-air flames where 637 denotes the local reaction zone thickness,
and 0 = 0.85 and 1.37 of propane-air flames are the Vf denotes the reaction zone velocity when it passes
same, respectively, the sensors, and a denotes the angle of the reaction

The characteristics of turbulence of the unburned zone to the probe axis. The velocity Vf can be mea-
mixture stream are examined by using a hot wire ve- sured by using the microelectrostatic probe with two
locimeter. The data acquisition system for turbu- identical sensors as the average velocity between two
lence measurements is composed of a 10-bit, 32-kHz sensors. Based on Eq. (1), the local reaction zone
A/D convertor, a 256-kword buffer memory, and a thickness 61, can be estimated by considering the var-
16-bit microcomputer. A typical data number proc- iations of the angle a in the turbulent flame brush. It
essed for a measurement is 5.12 X 106 words. The is clear that the profile of the probability density
turbulence intensity u' is 1.41 m/s. The integral scale function of the half-value period ti, depends on the
L., obtained from the autocorrelation coefficient, is probability density of the angle a and the local re-
6.5 mm. The microscale h,, obtained from the power action zone thickness (T. Thus, the local reaction
spectrum density function, is 2.1 mm. Therefore, the zone thickness can be estimated by comparing the
Kolmogorov scale q is inferred to be 46 pm, and the experimentally obtained probability density function
turbulent Reynolds number RL based on the integral for th with the predicted ones assuming definite
scale is 587 [18]. The turbulent premixed flames es- thicknesses of the local reaction zone [11,15,19].
tablished in such flows under the conditions u' > SL Dependence of th on 4) obtained when an electro-
and p/< <L, where SL and 6L represent the laminar static probe passes through methane-air and pro-
burning velocity and the laminar flame thickness, re- pane-air laminar premixed flames parallel to the sen-
spectively. sor axis is shown in Fig. 2 [19,21]. In this case, the

The microelectrostatic probe and data acquisition relative velocity of the flame to the electrostatic
system for ion current measurements are the same probe V (essentially equals Vf) is 3.0 m/s, and the
as those used in our previous studies [15,17,18]. The angle a = 0. The flame thickness 6L, estimated
typical data number processed for each ion current roughly by 6L = tV, is also indicated in Fig. 2. Al-
measurement is 1.28 X 106 words, though the absolute value of the high ion density re-

gion thickness, which includes the thickness of ion
sheath established around the sensor [20], is approx-

Local Reaction Zone Thickness imately 30% larger than the laminar flame thickness
predicted on the basis of the laminar burning velocity

It has been shown in our previous studies [22], Fig. 2 clearly shows that the electrostatic probe
[11,15,19] that the local reaction zone thickness of can detect the difference in flame thickness due to
turbulent premixed flames can be successfully ex- the difference in the fuel and/or mixture ratio. The
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FIG. 2. Dependence of the half-value period of ion cur- FIG. 4. Frequency distributions of the radii of the local
rent of methane-air and propane-air laminar premixed reaction zone curvatures convex toward burned gas of
flame on the equivalence ratio of mixture, methane-air and propane-air turbulent premixed flames.

N: Numbers of r in each 0.25-mm interval; N,: sample size.

2.0
2.0 ness whose equivalence ratio is the same as that of

E the turbulent flame [22].
E
CIO .Local Reaction Zone Configuration

A A It has been shown in our previous studies
1.0 S= 6T [15,17,18] that the local reaction zone configuration

of turbulent premixed flames can be successfully ex-
amined in terms of the radius of the local reaction
zone curvature by analyzing the ion current record

* propane-air [19-21].

'a methane-air The local reaction zone curvatures for both convex
toward the burned gas and convex toward the un-

0 ,^burned mixture have been examined for methane-air

0 1.0 2.0 and propane-air turbulent premixed flames. In these
cases, the equivalence ratio of the mixture is about

S L (m m) 1.1. The measured frequency distribution of radii of
local reaction zone curvatures for convex toward the

FiG. 3. Comparison between the local reaction zone burned gas and the unburned mixture for methane-
thickness of turbulent premixed flames and the thickness air (4) = 1.15) and propane-air turbulent premixed
of laminar premixed flames. flames (4) = 1.10) are respectively shown in Figs. 4

and 5, where N is the number of curvatures within a
0.25-mm interval and presented in the value nor-

thickness of a methane-air flame is larger than that malized with the sample size N, [14,16,17]. The radii
of a propane-air flame at the same equivalence ratio, of the local reaction zone curvature of the methane-

Figure 3 shows predicted local reaction zone thick- air flame are distributed over a wider range than
ness 6

T, also estimated roughly by 6T = hVf, of a those of the propane-air flame. The smallest, the
turbulent premixed flame plotted against the laminar most probable, and the mean radii of the local re-
flame thickness 6L whose equivalence ratio is the action zone curvature for both convex toward burned
same as that of the turbulent flame. It is seen that 6T gas and unburned mixture of the methane-air flame
= (5L. When the mixture ratio or fuel changes, the are larger than those of the propane-air flame. Note
laminar flame thickness and the burning velocity that the smallest radius of the local reaction zone
change; consequently, the chemical and thermal curvature of the methane-air flame, as well as in the
strnctures of the flame should change. Even for a propane-air flame [18], is much larger than the Kol-
variety of conditions, the local reaction zone thick- mogorov scale of turbulence in the unburned mix-
ness almost equals the laminar premixed flame thick- ture stream.
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thickness and Lewis number is qualitatively the same
as in the stretched cylindrical premixed flames [23].

.0.21/

Dominant Transport Mechanism in the Local
Z" Reaction Zone

0.15s

0propane-air =5.13mm If turbulence within the reaction zone includes

0.10= =965 small-scale eddies that significantly change transport
properties in the reaction zone, the local reaction
zone thickness should increase. However, as shown

0.05 T= 7.7',nm under a variety of conditions, the local reaction zone11 methane-=air

Ns- 1122 thickness is little different from the laminar flame

0 10 15 20 thickness whose equivalence ratio is the same as that
0 5 10 15 20 of the turbulent premixed flame. In addition, the ef-

r (mM) fect of the Lewis number on the radius of the local

FIc. 5. Frequency distributions of the radii of the local reaction zone curvature suggests that the molecular
reaction zone curvatures convex toward unburned mixture transport is dominant even in the local reaction zone.
of methane-air and propane-air turbulent premixed flames. If a flame would propagate through a vortex tube
N: Numbers of r in each 0.25-mm interval; N,: sample size. structure of a diameter close to the Kolmogorov

scale, the smallest radius of the local reaction zone
should be of the order of the Kolmogorov scale. Al-
though the spatial resolution of the detective system

S10 is much higher than the smallest radius, the smallest
E a radius of the local reaction zone curvature observed
E a throughout the present study is much larger than the

I - A a'Kolmogorov scale.
Hypotheses concerning turbulent flame structures

have been proposed based on the characteristics of
turbulence in an unburned mixture stream. The re-

S• o sults of this experimental study imply the need to
question the ability of the small-scale turbulent ed-
dies to expand the local reaction zone or survive

* propane-air through the preheat zone.
* methane-air

0 l I '1I Conclusions0 aI I0.8 0.9 1.0 1.1 1.2 1.3 1.4 ocnin
In the present study, efforts have been concen-

FIG. 6. Mean radii of the local reaction zone curvatures trated to accumulate reliable experimental data on
of methane-air and propane-air turbulent premixed flames. some aspects of the chemically reacting zone of tur-

bulent premixed flames in a regime in which the Kol-
mogorov scale is smaller than the laminar premixed
flame thickness. The major conclusions obtained

Figure 6 shows the mean radii of the local reaction flame thickness en majre onlonso
zone curvatures convex toward unburned mixture of throughout the present study are as follows:

methane-air and propane-air turbulent premixed 1. The local reaction zone thickness in the flame
flames are plotted against mixture ratio. The mean brush of a turbulent premixed flame is little dif-
radii for methane-air flames are larger than those for ferent from the thickness of laminar premixed
propane-air flames. The mean radius is minimum flames whose equivalence ratio is the same as that
when the equivalence ratio is about 1.1. This result of the turbulent premixed flame.
implies that the mean radius of curvature increases 2. The radii of the local reaction zone curvature for
as the local reaction zone thickness increases. At the methane-air flames are larger than those for pro-
same time, by comparing the mean radius under the pane-air flames. The radius increases as the local
conditions for the same local reaction zone thickness reaction zone thickness increases. At the same
and different Lewis numbers Le, it can be found that time, by comparing the mean radius under the
the mean radius for Le > 1 is larger than that for Le conditions for the same local reaction zone thick-
< 1. The dependence of the radius of the local re- ness and different Lewis numbers Le, the mean
action zone curvature on the local reaction zone radius for Le > 1 is larger than that for Le < 1.
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COMMENTS

Jerzy Chomiak, Chelmers University of Technology, reaction zone thickness still equaled the laminar flame
Sweden. 1. The typical recombination time for comhustion- thickness. This is probably because, as verified by recent
generated chemi-ions is shout 1 ins, so the technique does studies [1], in turbulent flows small-scale structures with
not seem to he well suited for internal flame structure stud- high strain rates are very localized and infrequent events.
ies even if the response of the Langmuir probe is very fast. Consequently, only in very limited regions of space and

2. The turbulence parameters of your burner are such time are the strain rates high enough to cause local disrup-
that one expects thse flame to be in the laminar flamelet tion of the laminar flame structure. Or, the small-scale ed-
regime, and consequently no flame structure change could dies that cause local disruption of the laminar flame struc-

be observed as shown, tore may not survive in the local reaction zone.

Author's Reply. 1. The most important requirement for REFERENCE
the diagnostics is thse temporal and spatial resolution. The
temporal results of the electrostatic probe are of the order 1. She, Z. S., Jackson, E., and Orzag, S. A., Proc. B. Soc.
of 10-6 s. The position of the region in which ions exist (London) A 434:101 (1991).
precisely corresponds to the position of the local reaction
zone. Moreover, ions do not exist where no chemical re-
action occurs. As shown in Fig. 1, the ion current decreases
very rapidly even in the burned gas. Benoit Bedat, Lawrence Berkeley Laboratory, USA. The

2. In Ref. 12, we measured the local reaction zone thick- turbulence level that you obtain is about 20%. The value
ness under conditions where the turbulence intensity was for a fully developed turbulent flow obtained in a pipe is
much higher and the scale was much smaller. The local about 5%.
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As you mentioned in your talk, the choice of the turbu- flame has long been discussed based on the characteristics
lence measurement location and the fact that the turbu- of turbulence in the cold flow. However, there is no com-
lence was measured only in a nonreacting flow indicate that mon understanding for estimation of the characteristics of
you measured mainly a shear-stress turbulence induced by turbulence. For example, at which point should we mea-
mixing of a nonreacting jet flow with quiescent air. So the sure the turbulence? The absence of common understand-
turbulent fluctuation u' of 1.4 m/s is not relevant in reacting ing causes confusion in comparing the one experimental
conditions. The Taylor and Kolmogorov scales in your result with the other.
study are largely underestimated. I believe that in your ex- In our opinion, we should not discuss the structure of
periment the Kolmogorov scales are larger than the flame turbulent premixed flames based on the characteristics of
front thickness, turbulence in the cold flow but discuss based on the char-

acteristics of turbulence in the local reaction zone or at the
Author's Reply. The structure of turbulent premixed leading edge of the local reaction zone.
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COMPARATIVE EXPERIMENTAL AND NUMERICAL INVESTIGATION
OF A PILOTED TURBULENT NATURAL-GAS DIFFUSION FLAME

T. W. J. PEETERS, P. P. J. STROOMER, J. E. DE VRIES, D. J. E. M. ROEKAERTS AND C. J. HOOGENDOORN

Section Heat Transfer, Department of Applied Physics
Delft University of Technology

P.O. Box 5046, 2600 GA Delft, The Netherlands

A turbulent natural-gas diffusion flame is investigated both experimentally and numerically. Measured
quantities involve mean velocity, turbulence characteristics, mean temperatures, visualisation of the OH
reaction zone and passive scalar concentration, and statistical analysis of OH concentrations. The config-
uration is a laboratory-scale piloted diffusion flame with annular coflowing air, placed in a ventilated
confinement, of well-defined initial and boundary conditions. The fuel jet velocity is 23.2 m/s, and the
annular air velocity is 5.1 m/s,

The techniques used are laser-Doppler anemometry (LDA), thermocouple measurements, and ID- and
2D-laser induced fluorescence (LIF). The mathematical model is based on a constrained-equilibrium
conserved-scalar model, resembling a laminar flamelet model, with a standard k-e turbulence model and
a four-flux radiation model.

Comparisons up to 42 jet diameters downstream of the burner nozzle show good agreement for mean
axial velocity and temperatures. The turbulence quantities are qualitatively reproduced by the k-e turbu-
lence model. The OH radical concentrations are underpredicted because of the lack of superequilibrium
effects in the chemistry model. In addition, the profile shapes do not correspond very well. The data
support the applicability of a conserved-scalar model with an assumed f-function probability density func-
tion (PDF) shape for mean temperature predictions. For OH predictions, however, the conserved-scalar
approach does not hold.

Introduction approximations. This work is part of a long-term pro-
ject to construct a database with experimental and

The investigation of turbulent natural-gas diffu- numerical results for a large number of relevant
sion flames is of practical and fundamental interest. quantities in this flame.
Natural gas is a widely used type of fuel, especially
in The Netherlands, in industry as well as household
appliances. Dutch natural gas mainly consists of ni- Flow Configuration
trogen-diluted methane. The modelling of methane The burner was designed to yield a turbulent non-
combustion is fundamentally difficult because of fi- premixed was desina turallent no n-
nite-rate chemistry effects, prohibiting the applica- premixed flame. Fuel was natural gas (approximately
tion of so-called conserved-scalar models to describe 81% CH4 , 3% CsHe, 15% N2 by volume); the oxi-

the interaction between turbulence and chemistry. diser was air. The burner was axisymmetric and con-
The preseracti betudy comprbuen a cnserved-sc r sisted of a fuel jet and a primary air annulus (Fig. 1).Thel presentasty evelompadbyres an cosrved-cr [ Two duplicates of the same burner were used in sep-

model originally developed by Bilger and Stlrner [1] arate LDA and LIF setups, in order not to contam-
with experimental results obtained for a laboratory- inate the burner used for the LIF experiments. De-
scale diffusion flame. The comparison comprises ye- spite the fact that the burners are exact duplicates,
locities, turbulence quantities, OH radical concen- the initial conditions may suffer from slight differ-
trations and their statistics, and mean temperatures. ences, which we believe to be unimportant. The
The experimental methods used were laser-Doppler burner was placed in a throat, and the flame was
anemometry (LDA), ID- and 2D-laser induced flu- confined by an enclosure. The low-velocity coflowing
orescence (LIF) of OH, 2D-LIF of NO seeded to air from the throat prevented recirculation in the
the fuel, and thermocouple measurements. flame chamber. The fuel jet nozzle was 6 mm in di-

The objective of this paper is to compare the mea- ameter. The burner was 1-m long, ensuring a well-
sured data with the model predictions, to gain a qual- developed turbulent pipe flow at the burner exit. The
itative insight into the physics and chemistry of this inner diameter of the annulus was 15 mm and the
flame, in particular the validity of conserved-scalar outer diameter 45 mm. To stabilise the flame, pilot

1241
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mode. The output of a 4W Ar÷-ion laser was coupled
through a fibre-optical system with the LDA optics.
The optics were oriented in such a way that the green
beams (

2
gr = 514.5 nm) measured the axial velocity

component of the flow, and the blue beams (2
41 =

488.0 nm) measured the radial velocity component.
In order to eliminate directional ambiguity, an ef-

fective frequency preshift was used by means of
acousto-optical modulation. A120 3 seeding particles
(nominal diameter 1 flm) were provided by cyclone
seeders to both the gas jet flow and the air annulus.

45 Light scattered by particles in the probe volume (el-

lipsoidal shape, diameter 0.15 mm, length 1.9 mm)
15 -was collected by two separate photomultipliers. The

resulting LDA signals were processed by a TSI,
model IFA-750, signal processor. Single-particle de-
tection was ensured by a coincidence window of 10
us. For each data point, 10,240 individual realisations
were averaged to obtain mean velocity components,
the corresponding root-mean-square (rms) veloci-
ties, and Reynolds shear stresses. No attempts have
been made to correct for velocity bias. The accuracy
of the measurements was checked by reproduction
of independent measurements and found to be bet-
ter than 5%.

LIF:

In the LIF experiments, the emphasis was on the
spatial structure of the OH radical and inert species

7 .,I, concentrations. Two-dimensional detection by pla-
nar laser induced fluorescence (PLIF) [3] was used
for visualisation and one-dimensional detection for

FIG. 1. Schematic representation of burner nozzle; top the semiquantitative processing of the OH measure-
view and cross section. All measures in mm. ments [4]. Broadband fluorescence was detected, sothe signal was influenced by collisional processes

such as rotational relaxation and quenching [5].
flames issued from the 9-mm-wide burner rim, sup- For statistical processing, 5000 one-dimensional
plied by twelve 0.5-mm holes located on a 7-mm- OH measurements were used. The one-dimensional
diameter ring. The pilot flames consisted of a hydro- OH measurements obtained in the turbulent flame
gen/acetylene/air mixture, with a C to H ratio equal were put on a semiquantitative basis by comparing
to that of the natural gas [2]. The throat and the flame the measurements with a measurement in a laminar,
chamber were octagonal, 0.57 m from side to side, premixed flat flame, using exactly the same detection
and the flame chamber was 0.90-m high. The mean configuration. A location of 25 mm above the burner
exit velocity of the fuel jet was 23.2 m/s and of the surface was chosen because of small gradients of spe-
primary air flow 5.1 m/s. The velocity of the coflowing cies and temperature at this position. The flame was
secondary air was 0.3 m/s. The thermal power of the operated with methane and air at an equivalence ra-
flame was about 20 kW. The fuel jet Reynolds num- tio of 0.88. The OH concentration, temperature, and
ber and the primary air annulus Reynolds number, main species concentration profiles were calculated
based on the respective mean exit velocities and their with the PREMIX code [6]. We included heat losses
hydraulic diameters, were both nearly 104. due to radiation of CO 2 and H20 in this model,

which gave an OH concentration equal to 2.13 X

Laser Diagnostics 1015 cm-3 at x = 25 mm and a temperature of 1760
K. Because of this calibration and the use of broad-

LDA: band detection, the fluorescence profile is systemat-
ically affected by about 50%.

Instantaneous velocity measurements were per- The NO-seeding concentration (7400 ppm) was
formed with a two-dimensional laser-Doppler ane- chosen to be orders of magnitude larger than the NO
mometer operating in the dual-beam, backscatter concentrations produced by the flame itself. Since at
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the relatively low temperatures the chemical destruc- 2500 0.006
tion and production rates are sufficiently small, it is
assumed that NO serves as a passive scalar, to be 2000 -
interpreted as an inert fuel concentration. However, (K) A 0.004
near the reaction zone quenching, mainly by H20, 1500

occurs. T YOH
OH radicals were excited and detected in the A - 1000 0.002

X (0,0) band, where the Q, (8) line (2 = 309.239 -0.002
nm) was chosen for minimum temperature sensitivity 500
of the Boltzmann factor. NO was excited in the A -
X (0,0) band and detected in the (0,1) band in order 0. 0
not to detect PAH fluorescence, using an interfer- 0 0.05 0.10 0.15

ence filter (bandwidth 18 nm, centred at 245 nm).
The Q, (19) excitation line (2 = 225.806 nm) com- FIG. 2. Temperature and OH mass fraction as a function
bined a sufficiently large signal with a small temper- of the mixture fraction for laminar diffusion flames and the
ature dependence of the Boltzmann factor. constrained-equilibrium model. Symbols: flamelet 0 a =

One- and two-dimensional detection of fluores- 10 s-, ,< a = 100 s-, Aa = 300s', and--constrained
cenee was done by means of a diode array OSMA equilibrium.
camera (700 pixels) and a Proxitronic charge-coupled
device (CCD) camera (720 X 575 pixels), respec- apfxp 1arpi½
tively, both gated and enhanced. The gate time of 2(4)) + - -
the diode array camera was 40 ns and of the CCD ax r ar
camera 100 ps. The field of view of the diode array a ' .a 1 a (rt aqr
camera was 106 mm and of the CCD camera 100 ... .-- (2)
mm horizontal X 80 mm vertical for the OH visual- ax r a- \a
isation and 63 mm X 50 mm for the NO xisualisa- and the term on the right-hand side of Eq. (1) rep-

The r t aresents the mean source term. A four-flux radiationThe epeitin rae o th NdYAG ase wa 10 model [8] was used to simulate radiative heat losses.
Hz in the one-dimensional measurements and 8.3 Hz modelimi w a to simulate rdai e tl e
in the two-dimensional measurements; the pulse du- In the limit of a high Damkbhler number, the
ration was 5 ns, short enough to freeze the turbulent chemistry will attain equilibrium even within the

fluctuations in the flame. The laser beam was fo- smallest turbulent eddies, before the turbulent mix-

cussed with a f = 500 mm fused-silica lens in the ing processes will disturb this chemical equilibrium.

one-dimensional measurements. For the two-dimen- By the Shvab-Zel'dovich assumptions [9], all ther-

sional measurements, a thin laser sheet was created mochemical variables are related to the mixture frac-

with af = 1500 mm spherical lens in combination tion ý, which is a conserved scalar. Hence, if the

with a cylindrical lens. In both setups, imaging of the probability density function P(f) is known, the mean

fluorescence signal was done by means of a UV Nik- values of all dependent properties can be deter-

korf = 105 mm camera lens. mined. In the present model, a fl-function PDF is
assumed for P(ý), which is completely determined by

the mean ý and the variance _,,2 . Transport equa-
tions are solved for these moments to calculate the
PDF in each grid point.

The mathematical model was based upon the Fa- The assumption of equilibrium chemistry does not

vre-averaged transport equations for mass, momen- hold in methane flames under laboratory conditions,
tum (including buoyancy), and enthalpy, in cylindri- since the burnout of GO and the three-body recoi-

cal coordinates. Turbulence was modelled by a bination reactions are not in equilibrium at these rel-

standard k-e model with a correction for round-jet atively low temperatures. As a remedy, the con-

development [7]. This model was checked to give the strained-equilibrium model of Bilger and St~rer [1]

correct spreading rates for velocity and a passive sea- was used. This model imposes constraints for the by-

lar in isothermal turbulent round jets. No further ad- drocarbons, thus reducing the CO level on the rich

justment of constants was performed for this partic- side, whereas the full equilibrium is retained around
ular flamen stoichiometric, where temperatures are highest.

The general transport equation reads as follows: Nonadiabaticity was accounted for [10].
Laminar diffusion flame calculations using the

OPPDIF code [11] show that the maximum temper-
(1) ature decreases with increasing strain rate, a, but that

the OH-radical profile is rather insensitive to the
where the elliptic transport operator t2 is given by strain rate (Fig. 2). The constrained-equilibrium
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model does not account for strain rate variations and 25
therefore predicts rather high temperatures near
= -t The constrained-equilibrium OH results differ 20
from the laminar flamelet model by a factor of 2.
Besides, the laminar flamelet model gives a maxi-
mum OH concentration at the lean side of stoichi- 15

ometry. Differences between the two models are (m/s)
mainly attributed to the superequilibrium OH con- 10
centrations in the laminar flamelet model.

5-

Nuinerical Aspects:
0 6The set of coupled nonlinear elliptic differential -30 -20 -10 0 10 20 30

equations was solved by a finite-volume discretisation Y (mm)
and an alternating-direction implicit (ADI) tech-
nique for the resulting set of algebraic equations. The Fic. 3. Comparison of measured mean axial velocity and
computer code used an upwind discretisation numerical results, at x = 50, 150, and 250 mm. Symbols:
scheme for convection and a 50 x 50 rectilinear non- experiments o x = 50 mm, A x = 150 mm , x = 250
uniform grid, with many grid points close to the noz- xm. Lines: predictions - x = 50 mm x 150 mm,
zle and the axis of symmetry.

Inlet conditions were prescribed at the nozzle exit
plane by using piecewise uniform velocity profiles 4
and a turbulence intensity of 5%. The inlet dissipa- 0 0o

tion rate was estimated from P = 01' 2 /(0.03D), where
D is the hydraulic diameter of the respective inlet 3-
regions. The inner burner rim was implemented as 0o
an impermeable wall, whereas the outer burner rim (m/s)
was taken to be infinitely thin. Other boundary con- 2 - 0 0..... . .... 0.

ditions were a symmetry axis at r = 0, an imper- .. ° ..t 0 0

meable wall with standard wall functions at r = Um o ./ A"

0.285 m, and zero-gradient outlet conditions. 1 • .. / 0 A\

The conserved-scalar model was implemented by 0N N / 0
constructing a nonuniform table, locally refined to

- 0I
minimise interpolation errors, with h, I, and ý,2 as -30 -20 -10 0 10 20 30
independent variables. All PDF-averaged dependent P (mm)
properties (temperature, mass fractions, molecular
transport properties, density) were stored in this ta- Fti. 4. Comparison of measured axial rms velocity fluc-
ble in a preprocessing step. A lookup procedure dur- tuations and numerical results, estimated from uFig., = 3 2.
ing the iterative solution process thus saved a large Lines aud symbols are the same as those of Fig. 3.
amount of computing time. A typical run took about
30 minutes on a CRAY YMP-4 supercomputer. Sue- values of ii between the jet and the annulus flow, near
cessive grid refinement to 100 x 75 grid pointsshowved that results were grid independent. Y = ± 8 mm, can be explained by the bluff-body-

like character of the burner rim. Consequently, a re-
circulation zone exists right above the burner nozzle,
which is slightly underestimated by the numerical

Results and Discussion predictions. At x = 150 rmm, the correspondence
between the numerical and experimental results is

Velocities and Turbulence Characteristics: particularly good. For x = 250 mm, the mean veloc-
ities are underestimated by the model.

The mean axial velocity component di, for various In Fig. 4, the radial profiles of the rms axial velocity
radial positions on three different heights, is given in U'r'ms are presented at three x values. The profiles peak
Fig. 3. As in the sequel, the lines correspond to the at the maximum gradient of the mean velocity. For
numerical results, whereas the symbols represent x = 50 mm, the numerical results show lower cen-
measurement data. treline and peak turbulence than the experiments.

For x = 50 mm, the velocity has a maximum on Again, for x = 150 mm, the correspondence between
the centreline and then rapidly decays with radial the LDA results and the model is fairly good, con-
position at the edge of the central jet and increases sidering the slight asymmetry of the measurements
slightly in the annular jet. The lower experimental and the limitations of the k-e model. At x = 250 mm,
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FIG. 5. Comparison of measured shear stress and nu-

merical results, estimated from u"v" = -v,(au/lr + 4-
ats/ax). Lines and symbols are the same as those of Fig. 3. .
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FIG. 6. Comparison of measured mean temperatures
and numerical results. Lines and symbols are the same as
those of Fig. 3.

FIG. 7. Instantaneous images of OH and NO seeded to
tthe fuel. The OH images (left) cover x = 15-93 mm, and

the ms eloitie ar uneresimaed y th moel, 100-178 mm. The NO images (night) cover 25-75, 75-125,
which may be due to the simple estimation u1"2 = and 125-175 mm. For clarity, in every region the grey level
k, which is not generally true. Furthermore, it is still of the NO signal is scaled with the maximum signal.
disputable whether the LDA experiments Yield
Reynolds or Favre-averaged velocities.

The measured Reynolds shear stresses u"v" are maximum temperature reveals that the spreading of
shown in Fig. 5. Correspondence with the numeri- the reaction zone is predicted accurately by the
cally obtained results is qualitatively correct. model.

The differences between measured and calculated
maximum temperatures are small, but seem to in-

Temperatures: crease slowly with x. This is attributed to soot radi-

In Fig. 6, the mean profiles of the measured tem- ain, which was not included in the present model.
peratures are compared with numerical results. Tem-
peratures were measured with a 50-,um Pt-6% Rh/Pt- OH- and NO-Seed Visualisation:
30%Rh thermocouple and corrected for radiative
and conductive heat losses. Correspondence be- In Fig. 7, instantaneous images of both OH- and
tween the measured and simulated temperatures is NO-seeded fuel are shown. Close to the burner, our
excellent, talkng into account the experimental ac- NO visualisations reveal typical Kelvin-Helmholtz
curacy of 70 K. Inspection of the radial location of instabilities in the fuel flow, whereas downstream
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FIG. 8. Radial mean OH concentration profiles. Lines FIG. 9. Distribution of instantaneous maximum OH con-
and symbols are the same as those of Fig. 3. centration at various x-values: - x = 50 mm, -- x = 150

mm, x = 250 mm.

well-developed turbulence is found. Figure 7 shows
that the NO field is only detected on the rich side of superequilibrium levels of OH. The predicted con-
the reaction zone, indicated by OH. This is due to centrations therefore are too low. The shape of the
quenching of excited NO molecules by combustion predicted profiles does not match with the experi-
products and 02. Hence, the NO data could not be ments. To investigate the sensitivity of predictions on
used for quantitative conserved-scalar measure- the assumed PDF shape, we replaced the fl-function
ments. mixture fraction PDF by a top-hat distribution. This

OH is produced in the region of the stoichiometric deteriorated the mean temperature as well as the OH
isopleth where temperatures are highest. Near the predictions: Both the temperature and OH profiles
nozzle, the OH zone is not strongly convoluted by showed lower maximum values, and OH profile
the shear layer turbulence. This is a consequence of shapes deviated even more strongly from the exper-
the reaction zone not coinciding with the highest iments. We conclude that the conserved-scalar
shear stresses, because of the low stoichiometric mix- model with a fl-function PDF performs well for mean
ture fraction (ýst = 0.07). The turbulent eddies in temperature predictions, but fails to represent the
the annular air flow are too small to cause a roll-up shape of the measured mean OH profiles. It is un-
of the OH zone. With increasing axial distance, the likely that substituting the fl-function PDF by any
eddies grow and the reaction zone overlaps the shear other PDF shape will significantly improve OH pre-
layer, giving a stronger convolution of the OH zone. dictions without harming the mean temperature pre-

About 10 diameters downstream of the burner dictions. The observed differences cannot be attrib-
nozzle, frequently holes are observed in the OH uted to the assumed PDF shape, but are inherent to
zone, which is evidence of local extinction. At high the conserved-scalar chemistry model for OH.
strain rates, the reaction zone is stretched, and pen- Looking at the trend for larger downstream dis-
etrating eddies cause local extinction. Further exper- tance x, the experiments show a decay of maximum
iments showed that local extinction was sensitive to average OH values, whereas the conserved-scalar
an increase of the annular flow rate. Further down- model gves a maximum OH level at the flame tip
stream, the decreased shear stresses lead to a thicker where ý = ý,t and fluctuation levels are small.
OH zone with fewer holes. The experiments disagree with such a trend, even for

x > 250 mm. Soot radiation is held responsible for

Statistical Aspects of OH Concentration this effect.

Fluctuations: The distribution functions of the peak OH con-
centration in every instantaneous radial profile exhib-

Radial profiles of the average OH concentration ited a most probable instantaneous peak concentra-
oCn are shown in Fig. 8, for x = 50, 150, and 250 tion of 12 X 1015 cm- 3 (see Fig. 9). The distribution

mm. On the centreline, the average OH concentra- functions all have a bimodal shape, with a peak near
tion and its standard deviation did not increase sig- coH,n. = 0, indicating the existence of local extinc-
nificantly up to x = 250 mm. Therefore, the reaction tion. The low probability of finding peak OH con-
zone does not reach the jet axis for x smaller than centrations between 2 and 7 X 1015 cm-3 suggests
250 mm. The measured maximum average OH con- that concentration fluctuations at a fixed position in
centrations were about 4 X 1015 cm 3 and remained space are mainly due to turbulent displacements of
fairly constant with x. the reaction zone or to local extinction, rather than

Predictions of the OH concentrations by the con- lower concentration in the reaction zone itself.
strained-equilibrium model do not take into account Laminar flamelets are believed to describe the OH
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chemistry in a more realistic manner than (con- T temperature (K)
strained) equilibrium models. The laminar flamelet u axial velocity (m/s)
data of Fig. 2 are equivalent to peak OH concentra- v radial velocity (m/s)
tions of 20 X 1015 cm-3, indicating that the mea- x axial position (m)
sured values may be too low by a factor of 1.6. De- y radial position (m)
spite this difference, the measurements still Y species mass fraction (-)
represent the actual OH distributions of the flame.

Returning to the radial mean OH profiles, it is in- Greek symbols
teresting to see whether the laminar flamelet model
would predict the experimental shape of these pro- e viscous dissipation rate (m2/s3)

files. In the flamelet model, OH depends on ý simi- • mixture fraction (--)
larly to the constrained-equilibrium model (Fig. 2). ut turbulent dynamic viscosity [kg/(m s)]
Hence, the use of a flamelet model (retaining the v, turbulent kinematic viscosity (m 2

/s)

scalar mixing model) will not alter the shape of the p density (kg/m3 )

radial mean OH profiles. a5  turbulent Prandtl or Schmidt number (-)

Subscripts
Conclusions st stoichiometric value

A turbulent natural-gas diffusion flame was inves- rms root-mean-square value

tigated numerically and experimentally. The mean
velocities were reproduced fairly well, and the tur- Superscripts

bulence quantities as predicted by the k-e model
yielded qualitative agreement with the experiments. Reynolds-averaged value
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with the thermocouple measurements. The assumed Favre fluctuation
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Flamelet models are now widely used to predict turbulent premixed combustion because they allow the
separation of chemical features from the description of the turbulent flow field. Some of them introduce
a flame surface density (flame surface per unit volume) modelled either by an algebraic closure (Bray-
Moss-Libby model) or from a transport equation. This equation may be exactly written but needs closure
assumptions. In the present work, a two-dimensional turbulent premixed propane-air V flame is studied.
Velocity profiles are obtained from laser-Doppler velocimetry. Flame front visualizations are achieved by
tomography with high-speed cinematography using a copper vapor laser. Images are then processed to
extract flame front characteristics (flame surface density, vector normal to the flame front, curvature). The
Bray-Moss-Libby model is found to have a good trend but needs a precise closure of the flame wrinkling
length scale. Then some terms of the exact transport equation for flame surface density are examined. A
simple model is proposed to close the strain rate term acting on the flame surface and due to the mean
flow. Curvature and propagation terms are found to act as a source term on the fresh gases side and as a
consumption term on the burnt one. This fact points out a lack in the generally used closures of the flame
surface density equation where the propagation term is neglected and the curvature term modelled as a
destruction one.

Introduction Then, the flame surface density has to be obtained.
In the current formulation of the Bray-Moss-Libby

Flamelet models are now one of the most common model (BML) [1,2,4,7], Z is determined with an al-
approaches for turbulent premixed combustion [1- gebraic closure
11]. Under the assumption of a reaction occurring at
fast time and short length scales relative to the tur- ga( - ()
bulence, these models are very attractive because a- L(
they separate the chemical problem from the de- y
scription of the turbulent flow field. In all flamelet where g is a constant of the order of unity, u an
models, the reaction is assumed to take place in thin orientation factor assumed to be a universal constant
flame sheets separating unburnt and fully burnt of the model, and L. a length characterizing the
gases. Then, the reaction rate of the mean progress flame wrinkling and assumed constant across the tur-
variable 5 may be expressed as 0t = w,, Z, introduc- bulent flame brush. This closure is established from
ing the flame surface density Z (flame surface per a statistical analysis of a random telegraph signal [4].
unit volume) and w,_ the mean propagation speed Another approach is to write a modelled transport
of the flame front. Chemical effects, included in w_.. equation for the flame surface density Z"
will not be discussed here. The action of the turbu- [5,6,8,9,11,15-19]. This equation was firstly postu-
lent flow on the flame surface (convection, distor- lated for turbulent diffusion flames and based on
tion, . . .) [12] is described through the flame surface phenomenological analysis [15]. Recent theoretical
density X2. Experimental [13], theoretical, and nu- work has produced a more rigourous approach
merical [14] evidences suggest that the domain of [10,11,12] that leads to an exact formulation. Split-
validity of the flamelet approach is indeed large, and ting the velocity in Favre average and fluctuations u
many practical reacting flows occur in this regime. = U + u", the Z-equation may be written [11]

*Also with Centre de Recherche sur la Combustion Tur- - + V" CZ + V. (u")SZ + V' (wn)sz
bulence (C.R.C.T.), Ecole Centrale Paris-C.N.R.S.-In- at
stitut Franpais du Pbtrole. (AT)sZ + (aT)sZ + 2(wH)sZ (2)
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grid rod

Air-C3H-8I
Inflow )

FIG. 1. Experimental combustion chamber. An instantaneous binarized (white in fresh gases, black in burnt gases)
view of the flame front is added to the flame sheet and visualizes the zone analysed by tomography.

where n is the vector normal to the flame front point- terms [11] but are restricted to some well-defined
ing towards the fresh gases, H the flame front cur- problems. Few experimental data are available:
vature (positive convex towards the fresh gases), and Flame surface densities have been measured by Des-
w the local propagation speed of the front. The term champs et al. [21] in a methane-air conical turbulent
( )S denotes the average along the flame front sur- premixed flame with a Rayleigh scattering technique,
face. The last three terms on the left-hand side rep- but this work is restricted to the determination of the
resent, respectively, convection by the mean flow, BML model constants, and no analysis of theZ equa-
turbulent diffusion, and flame propagation. The tion has been conducted. Santavicca and coworkers
source terms on the right-hand side correspond, re- have obtained flame statistics such as orientation fac-
spectively, to the strain rate of flame surface due to tor or curvature as functions of the turbulence level
the mean flow field, turbulent strain rate, and com- or Lewis number from laser-induced fluorescence
bined effects of flame curvature and propagation. data [22,23], but flame surface densities are not ex-
The two strain rates are given by amined. The aim of the present work is to obtain

experimental data on a two-dimensional premixed V
(AT)s = V U - (nn)s:VC7 flame to analyse flame surface densities and some

terms of theE equation. Measurements are based on
6O( laser-Doppler velocimetry and flame front visuali-

=(j -- (nin1)s) O~ (3) zation by high-speed tomography.

(aT)s = (V'u" - nn:Vu")s
Experimental Methodsnn" nn --j (4)

( Experimental Setup and Diagnostics:

where 3i9 is the Kronecker symbol and 0i and ni are, The experimental setup is displayed in Fig. 1. A
respectively, the x; components of the mass average premixed propane/air flow is injected with an up-
velocity and of the vector normal to the flame front. stream velocity of 8 m/s (air mass flow rate of 35

Unfortunately, the Z equation remains unclosed g/s) and an equivalence ratio of 0.7 into a rectangular
and requires modelling assumptions. A summary and combustor through a grid. The height, depth, and
a comparison of various closure schemes may be length of the combustion chamber are, respectively,
found in Ref. 20. Information about flame surface 50, 80 and, 300 mm. The lateral walls are transparent
density and surface averaged quantities in a turbulent artificial quartz windows allowing visualization of the
flow is difficult to obtain. Direct numerical simula- whole chamber. The upper and lower walls are made
tions are a powerful tool to study the Z equation of thick ceramic material including two narrow
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windows used for laser sheet. The flame is stabilized and xj(s) signals, leading to the flame front normal
by a small cylindrical rod of 3-mm diameter (block- vector components (ni) and to the flame curvature
age ratio of 6%) embedded in the lateral windows, H. The measuring domain is divided into overlapping
allowing measurements upstream from the rod. A square boxes of 15 X 15 pixels (about 2 X 2-mm
two-dimensional V flame with a half angle of about square), a good compromise between processing
6' is observed, noise appearing with a low pixel number and artificial

Velocities are measured with a two-component la- diffusion introduced by larger boxes. In each box, the
ser velocimeter. The measuring volume is 0.3-mm arc length of the flame front is computed from s (or
diameter and 1.2-mm length. The flow is seeded with is set to zero if no flame is present). Results are then
magnesium oxide, and a mean data rate of about 5 averaged over the 200 available frames, divided by
kHz is achieved. Transverse mean velocity profiles the box surface, leading to a flame surface density
are measured both for cold and combusting flows for affected to the center point of the box. The surface
various downstream locations. The upstream flow is average of all other quantities Q is determined in
found to be established with a turbulence level of each box according to
about 10% and an integral turbulent length scale,
estimated from the Taylor hypothesis and the time
autocorrelation function, of about 3 mm correspond- f QdS
ing to the grid mesh. The turbulent Reynolds num- (Q)s - (5)
ber and the ratio u'/SL between turbulent fluctua- dS
tions and laminar flame speed may be estimated,
respectively, to 150 and 2.5. The Strouhal frequency
of a von Kdrmdn street (about 530 Hz) is clearly ap- Data reduction procedures have been carefully
parent in velocity data obtained without combustion, tested and validated both with synthetic images and

Flame front is visualized by tomography [24]. The experimental data.
flow is seeded with small droplets of groundnut oil
burning at the flame front. Only fresh gases, includ-
ing droplets, diffuse the laser light whereas burnt Results and Discussion
gases appear as dark areas. A copper vapor laser
(pulse duration about 40-ns repetition rate from 3 to Velocity Profiles:
20 kHz) is synchronized with a high-speed 16-mm
camera operating at 5000 frames per second. On Transverse mean velocity profiles are displayed for
these time-resolved visualizations, the combusting different downstream locations in Fig. 2. The wake
flow exhibits strong coherent structures, starting at due to the flame holder is progressively reduced with
the rod and growing when moving downstream. Un- the distance from the rod. An increase in the axial
like von Kdrmdn streets, these structures are sym- velocity, due to the thermal expansions of hot gases,
metrical between the two flame sheets. Then, only is apparent on the profiles 0.08 and 0.210 m down-
the upper flame sheet is analysed by image process- stream the rod: The velocity reaches a maximum on
ing. Two hundred images are digitized with a charge- the centerline (up to 30 m/s), and the flame brush
coupled device camera (400 X 120 pixels, leading to acts as a convergent wall leading to an increase in
a pixel resolution of 0.14 mm) and a microcomputer. fresh gases velocity (up to 20 mis compared with 8
The zone analysed corresponds to a rectangle 5.6-cm m/s at the chamber entrance). The thermal expan-
long and 1.68-cm high starting 1.12 cm dowstream sion also has an important consequence on the flame
the rod, the lower edge corresponding to the com- dynamics, clearly apparent on the high-speed tomo-
bustion chamber axis. The images are then binarized graphic film: In the first part of the chamber, the
(c = 0 in the fresh gases, c = 1 in the burnt gases) coherent structures embedding the flame front turn
allowing the determination of the flame front coor- clockwise (counterclockwise) in the upper (lower)
dinates. An example of a binarized image is displayed flame sheet, as in classical von Kdrmfdn streets, except
in Fig. 1. The Reynolds averaged progress variable a for their symmetry. When the centerline velocity be-
is obtained by averaging all the binarized images. comes higher, the upper (lower) coherent structures

start to turn counterclockwise (clockwise). This phe-

Flame Front Statistics and Data Reduction: nomenon probably reduces the increase in flame area
density due to mean strain rate.

Under the assumption of a two-dimensional in-
stantaneous flow (no evidence of three-dimensional Mean Progress Variable and Flame
effects has been observed), flame surface statistics su
may be determined from tomographic images. The rface Density:

distance along the flame front s is computed from Five transverse flame surface density profiles are
the front coordinates. Cubic spline functions are displayed in Fig. 3. As the flame sheet becomes
used to provide first and second derivatives of x1(s) larger, the maximum value of Z decreases slightly
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300-01 350- -x = 0.02
1X0.02 . .... .x = 0.03

25 .. x=0.04 300----- .. - X =0.04
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20- -x=0.21 250- x -0.06
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FIG. 4. Transverse flame surface density I profiles for
1.5- -x=0.01 five downstream locations plotted as a function of the mean

1.0- .... -0.04 progress variable e.
0.5-.0

0.0- 2000- ,.1

1500-

-1.5 - - -1 
1000- "...... ..'.

-X1x = 0.02

500 1 x= 0.04
FIG. 2. Transverse velocity profiles for several down- --- x=0.06-- x =0.05

stream locations (m/s). (a) mean axial velocity, (b) mean 0

transverse velocity. Downstream locations are in meters 0.0 0.2 0.4 0.6 0.8 1.0

from the rod. Transverse locations, in meters, originate at FIG. 5. Transverse profiles of Z/[t(1 - g)] (in m'-),

the combustion axis. corresponding to g/[a5 L,] in the Bray-Moss-Libby for-

mulation, plotted as a function of the mean progress vari-

350- able t for five downstream locations.
300x 0-0230o0., .-. , • 0gi

250 - decreases slightly with the downstream location, cor-
200- responding to a flame wrinkling length scale aYLY

150- f increasing from 0.7 to 0.9 mm, about four times

100-. lower than the integral length scale 4, of the cold flow.

50 . Desehamps et al. have found that 4, and a YrLY are

0 .. ............... .......... .. equal, but their flame surface densities are about four
O 4 8 0 2 14 times lower. This discrepancy may probably be ex-

0 2 6486 10 12 14 16 tre

x1o plained by the different nature of the two experi-
ments and shows a limit of the BML approach that

FIG. 3. Transverse mean flame surface density Z profiles requires a precise model for the flame wrinkling
plotted for five x, locations (in meters downstream the sta- length scale, depending on various effects (strain
bilizing rod) as a function of the transverse coordinates (in rate, curvature .... ) included in the Z equation.
meters from the combustion chamber axis). Unit of I is
m-. Results are obtained by averaging 200 images. Strain Rate Due to the Mean Flow:

The only unclosed terms in the strain rate (AT)s
with the downstream location and is shifted towards due to the mean flow [Eq. (3)] are the surface av-
the fresh gases. The flame surface density profiles are eraged cross products (ninj)s, which act as orientation
plotted as a function of the mean progress variable c factors. Following Cant et al. [5], the component of
in Fig. 4. Unlike the direct numerical simulation re- the normal vector may be split between mean and
sults in a propagating turbulent flame [11], the pro- fluctuating parts: ni = Mi + mi with (a1)s = Mi and
files are symmetrical and look like a parabola as sug- (mis = 0, leading to
gested by Eq. (1). Figure 5 displays the computed
values ofF/[V(1 - g)], which is g/[ryL5 ] in the Bray- (njnj)s = MiMj + (mnjo)s. (6)
Moss-Libby formulation. This quantity may be as-
sumed to be constant between tt = 0.2 and 5 = 0.8. The mean normal vector to the flame front M is a
These results are in qualitative agreement with those function of the mean progress variable e and the
of Deschamps et al. [25]. Nevertheless, this constant flame surface density F [5]
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in the case of a two-dimensional flow involving mix-
0.8- .ing layers and coherent structures (the previously
0.6 M2M2 .presented models involve turbulent flame propaga-

...... MM2 __ tion in homogeneous turbulence). Defining direction
mlrl2 V1' tangential to the iso mean progress variable c and

0.2- ......... mm2> 2' normal to this direction, one may write

0.(n0nj}s 1 -MM;

I .............................. -------- In- s I -M2 2

0.0 0.2 0.4 o.6 0.8 1.0 (n'on') 5s = 2;

FIG. 6. Profiles of the components of the strain rate due (n%') = 0 with M e - . (1l
to the mean flow. Mean (MMj) and fluctuating ((rn)mm) -1

parts are plotted as a function of the mean progress variable
1 for x, = 0.03 m. Moving in the laboratory frame, we obtain

Vt (osnj)s = (1 - M2 - M2) M2M + M1M
M (7) (M2 + M) '

1 2

fluctuating par -r~~ M2) M1M5  MM
Now, only the fluctuatingpart raim.s, remains un- (n2n'2)s = (1 - M 2 - (M2 + M2) + M2M2

closed. Cant et al. [5,9] assume isotropic fluctuations

and write (njn2)s = [2(M2 + M2) - 1] MIM2 (12)1 2 (M2 + M2)

ýnmimj~s (I -M-M) 8
3= -(1 - M'M). (8) where M, and M2 come from Eq. (7).

The velocity gradients may be roughly estimated

Mantel and Borghi [191 have, indirectly, proposed from velocity data to about 400 s-1 for 8UJ1/8x 2, 150
another closure scheme for 80J21/x2, 50 for 80t1/dl, and OCJ2 /8x1 is negligible.

Then, assuming (njn5)s = 0.2, (nan2)s = 0.8, and
(n ln 2)s = - 0.1 leads to a contribution of each term,
respectively, of about 40, 30, 40, and 0 s-1. The three

nn)s= u (9) first terms are of the same order, and the strain rate
2k (ATs cannot be reduced to the main gradient

where k is the turbulent kinetic energy. a8U5/dx,.. Another important point is that velocity gra-
Transverse profiles of MiM- and (in.}s are dlott ients may change sign as ds/a 2 and BUiax1 doSa f os r pt clearly on velocity profiles, and thus, the strain rate

as a function of the mean progress variable t for a5 cnanspstv
= 0.03 m in Fig. 6. A strong dissytmetry is oh- o and negative contributions. This

served: The higher term, (nsna)s, is mainly due to the point needs further precise investigation.
mean vector (M2M2). On the other side, (nlna)s
comes from its fluctuations ((mrmljs). The cross Curvature and Propagation Terms:
product (njn2)s remains low and may be approxi- These terms (2(wH)sZ and V" (wn)2s) contain the
mated by its mean value M5M2. These results are local propagation speed w that cannot be obtained
summarized as from our measurements and requires modelling. The

(njn 5 = ( jmj~s = 1 - M2M2; MIMI = 0 term w depends on laminar flame characteristics and
includes complex stretch and curvature effects

(n2n2)s = M2M2; (m2m2) = 0 through the Markstein length [25]. We have chosen
here to assume a constant value of w. Because of a

(nin2)S = MIM2; (miM2) = 0. (10) Lewis number greater than unity (about 1.9) and the
measured curvatures, a curvature-dependent propa-

The same trend is observed for other downstream gation speed will slightly reduce the effects observed
locations with a slight increase in (mjm1)s with the here, but the general trend will be maintained. This
downstream location on the burnt side of the reac- point will be examined in a further work.
tion zone (and a corresponding decrease in M2M2). Transverse profiles of the mean curvature are plot-
Expression (7), connecting M with c and Z, is found ted as a function oft in Fig. 7. Curvatures are positive
to be very well verified in our results, validating the on the fresh gases side (up to t = 0.6 or 0.8) and
processing procedure, negative on the burnt gases side. These results cor-

Then a simple model may be proposed for (ndnjs respond to the ones obtained by Trouv6 and Poinsot
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600-- x = 0.02 turbulent flame stabilized behind a small rod. DataS.....x =0.03

400- m. ...... x =0.04 have been analysed by comparison with flamelet
M--- x = 0.05 models, both with an algebraic closure and a trans-

""- -- 0 .. 06 port equation for the flame surface density. The main
0 "- conclusions are as follows:

-200- 1. The Bray-Moss-Libby closure provides a good
-400- trend for the flame surface density profiles, at

least for a mean progress variable o lying between
-00- 0.2 0 , 40.2 and 0.8. Nevertheless, the flame surface wrin-
0.0 0.2 0.4 0.6 0.8 1.0 kling length scale needs to be carefully modelled

FIG. 7. Transverse profiles of the mean curvature (H)s and depends on the downstream location. Our re-
plotted as a function of the mean progress variable e for sults are not exactly similar to those of Deschamps
five downstream locations. Curvatures are positive towards et al. [21], and the discrepancy may be explained
the burnt gases. Unit is m-n. by differences between experimental geometries

and flame characteristics.
2. Orientation factors (ninj)s intervening in the strain

200- . V.<n>E rate (AT)s exhibit a strong anisotropy. This is of im-
-2 HI - v-. portance because the higher velocity gradient

(aU2/&x2) is affected by a small coefficient and be-
Sc.......... omes of the same order as other components. A

------- simple model is proposed for (nin)s in such two-di-
-1o0- mensional mixing layer configurations where the

-200 -assumption of isotropy of the normal vector fluc-
__ tuations is no longer valid.

0.0 0 .2 0.4 0.6 0.6 1.0 3. As observed by direct numerical simulations [11],
the curvature term acts as a source term on the

FIG. 8. Transverse profiles of propagation (- V (n)sZ), fresh gases side and a consumption term on the
curvature (2(H)s5 ), and combined (2(H)sX - V. (n)sZ) burnt one. The propagation term is found to have
terms as a function of the mean progress variable c for the the same order and the same trend.
downstream location x, = 0.03 m. The modelled con- 4. A lack in the flame surface density transport equa-
sumption term -Z-/(1 - e) is also computed. Comparable tion closure lies in the consumption term mod-
results are obtained with other downstream locations, elled as - E

2/(1 - j). By comparison with the

exact Z equation, this term has a good trend on
in direct numerical simulations [11]. Accordingly, the the burnt gases side (c > 0.85) but acts too soon
third term of the right-hand side in Eq. (2) acts as a on the fresh gases side where it should be a source
source term for fresh gases and a consumption term term.
for burnt gases. The same trend is also observed for
the propagation term ( - V- (ns Z). A comparison of Nomenclature
propagation (- V -ns) Z), curvature (2(H)s 1), and
combined (2(H)s Z - V" (n)s 1) terms is displayed (aT}S turbulent strain rate acting on the flame tan-
in Fig. 8 for x, = 0.03 m. These terms are of the gent plane
same order. The term - Z2/(1 - c) is also computed. (AT)s strain rate due to the mean flow
This term is generally used to model the consump- c progress variable (0 in fresh gases, I in burnt
tion term in the Z equation, and Vervisch et al. have gases)
shown that it is included in a combination of propa- Reynolds averaged progress variable
gation and curvature terms [26]. This consumption
term has a good trend on the burnt gases side (0.85 g constant of the Bray-Moss-Libby model

H local flame curvature (positive convex to-
Another 1) but acts too soon on the fresh gases side. wards the fresh gases)
Another important failure of classical closure of the k turbulent kinetic energy
flame surface density equation is to neglect the i integral length scale of the cold flow
source term due to propagation and curvature for c L l
-< 0.5, whereas its order is comparable to strain and B length characterizing the flame wrinkling

convctie tems.(BML model)convective terms.Mi mean component of the vector normal to

the flame front M
Conclusion mi fluctuating component of the vector normal

to the flame front
Velocity and flame surface property measurements n vector normal to the flame front (pointing

have been conducted in a two-dimensional premixed towards the fresh gases)
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ni component of the vector normal to the 8. Boudier, P., Henriot, S., Poinsot, T., and Baritaud, T.,
flame front Twenty-Fourth Symposium (International) on Coin-
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COMMENTS

F. C. Gouldin, Cornell University, USA. In turbulent (Z), surface radii of curvature, and correlations between
flows, velocity fluctuations and contortions of scalar level components of flamelet surface normal. These results are
surfaces, e.g., isothermal surfaces, are three dimensional, obtained by analysis of flamelet visualization data obtained,
The authors present results for flamelet surface density in turn, by laser tomography. Large amounts of data are
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obtained, and the data analysis is extensive. However, the dient of the progress variable. This method does not re-
tomography method visualizes the lines formed by the in- quire the flame front determination but is somewhat rough
tersection of the plane of laser sheet illumination and the with bimodal signals as in our experiment.
flamelet surface. Given that the visualization data do not Nevertheless, the instantaneous curvature signal is
allow one to find surface properties directly, how do the blurred by noise, and only an average over a great number
authors justify the interpretation of their results as surface of images leads to a good result. Improvement of the flame
properties rather than line properties? front curvature determination is one of our objectives in a

next step. One has also to mention that all the processing
Author's Reply. As pointed out in the comment, velocity technique is based on the assumption of a two-dimensional

fluctuations and contortions of scalar level surfaces are flow.
three dimensional in turbulent flows. In the present work,
the data analysis is based on the assumption of a two-di- 0
mensional flow to extract surface properties from quanti- Salah Ibrahim, British Gas, England. You have shown
ties that are rigorously line properties. In our experiment, S i l r esul, B ri th term Eng la - c)] h s
this assumption is not too crude because the flow field and expenimental results for the term a/n(1 - t)] which is
the flame front movement are mainly dominated by large equivalent to g/[reLx], and which is vesy important in mod-2D coherent structures. In the cold flow, the classical von elling turbulent premixed combustion using the laminar
K2rD cohrent stclearlyuares.Inthe coldflowthe a clical vor- flamelet concept. Have you tried to extract results for the
KArm~n street is clearly apparent with a frequency corre- flmsceLfrmyuexrintIsowhtste
sponding to the well-known Strouhal number of 0.2. Of flame scale, ha from your experiments? If so, what is the
course, the mean flow is also two dimensional. Accordingly, relative behavior of that term at the leading and trailing
our data may be analyzed as surface properties without the edge of the flame brush? And how is that compared with
introduction of a too important bias effect. Prof. K. N. C. Bray's empirical correlation?

Author's Reply. In fact, this work is mainly focused on
an experimental analysis of the flame surface density trans-
port equation. Of course, our data allow a determination

Ian Shepherd, Lawrence Berkeley Laboratory, USA. of the wrinkling scale Ly used in the Bray-Moss-Libby al-
The curvature determination will be sensitive to many fac- gebraic closure for the flame surface density, and the ratio
tors: interpolation method, number of points in the fit, etc. g/a5 L. is plotted on Fig. 5. This ratio is found to be almost
Have you investigated such sensitivity in your results? constant along a transverse profile for the Reynolds aver-

aged progress variable c lying between 0.2 and 0.8. But this
Author's Reply. The curvature determination is very sen- constant is found to decrease slightly with the downstream

sitive to many factors because it required the determina- locations, corresponding with a scale ay L5 increasing from
tion of the second derivatives of the flame front coordi- 0.7 to 0.9 mm about four times lower than the integral
nates. The method retained here is based on a smooth of length scale of the cold flow, which is not in quantitative
the flame front coordinate signal as a function of the arc agreement with the experimental results of Deschamps et
length along the front. These two signals are then inter- al., as pointed out in the text. The wrinkling length scale
polated using cubic spline functions (from NAG scientific L, seems to decrease at the leading and trailing edge of the
library) providing directly the first and the second deriva- flame brush. Nevertheless, no precise determination of the
tives allowing the curvature determination. Of course, var- wrinkling scale L, and comparison with the Prof. K. N. C.
ions tests have been done, especially with synthetic signals Bray empirical correlation have been conducted in this
such as circle and sinusoidal functions. This technique is work, but will be done in a further analysis, even Ly is
found to be satisfactory. Another approach has also been probably a very difficult quantity to model through an al-
tested, generally used to process direct numerical simula- gebraic closure. But, to our thinking, a flame surface den-
tion data (see Trouv6 and Poinsot) and based on the gra- sity transport equation provides a more promising way.
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LARGE-EDDY SIMULATIONS OF BLUFF BODY STABILIZED FLAMES

C. FUREBY AND C. LOFSTROM

Division of Combustion Physics
Lund Institute of Technology

Lund, Sweden

The objective of this paper is to extend a previously developed large-eddy simulation (LES) model,
originally developed for anisochoric high-Reynolds- (Re-) number flows, to include chemically reacting
flows as well. The LES model, developed from a physical model founded on modem continuum-mechan-
ical mixture theories, includes a complete treatment of the subgrid stresses and fluxes. Different multistep
global reaction schemes have been adopted along with a combustion model that considers the influence
of subgrid effects on the effective chemical reaction rates. In order to study the predictive capabilities of
this LES model, numerical simulations of the flow behind a two-dimensional generic bluffbody in a straight
channel have been undertaken, and results are compared with measurements from experimental investi-
gations. In the simulations of reacting flow situations, the fuel was propane, and premixed conditions were
enforced. The measurements were done with nonintrusive methods such as the 22-CARS technique, giving
temperature probability density functions (pdfs) and profiles, as well as traditional gas analysis, giving
temperature profiles. Comparison of simulated and measured temperature pdfs and profiles indicates that
the LES technique works well for unsteady premised flows, and it mimics most of the significant flow
features, including typical unsteady flow structures and the flame-front dynamics.

Introduction A Physical Model for Chemically
Reacting Flows

Turbulent combustion is the dominant process in
most practical combustion systems. Although tur- By adopting the principles of Trusdell [6], balance
bulent combustion is widely used, a detailed knowl- equations for mass, momentum, moment of momen-
edge and understanding of the process are not yet tum, and energy can be formulated. To close the set
present. Improvement of current simulation models of balance equations, constitutive equations, express-
and development of new simulation models for tur- ing the physical properties of the mixture and de-
bulent reacting flows are of key interest. By combin- scribing the interactions between constituents, must
ing detailed measurements with detailed numerical be formulated [1,7]. We further assume that (1) the
simulations, we can learn much more about such mixture has only one temperature; (2) the stress ten-
complicated dynamic systems. sor is symmetric; (3) body forces and radiation are

The objective of the present work is to investigate neglected; and (4) the fluid is linearly viscous with

the predictive capabilities of a large-eddy simulation Fourier heat conduction. Thus,
(LES) model [1]. The studyinvolves numerical exper-
iments of unsteady turbulent wakeflow behind a two- '(pA) + div0pYA (i + UA)l = mA

dimensional generic bluffbody, as well as comparison at
with physical experiments made on a similar test rig tp + div(pi) = 0
[2]. The LES methodology has been employed by sev- at
eral groups for nonreacting turbulent flows with sue- a
cess [3,4], but only a few attempts have been made to - (pi) + div(pi &i) = - grad p + div S
include combustion, [1,5]. The extension from non- a
reacting to reacting flow is a difficult task since (1) -(ph) + div(phi) = + - div[c/CP)grad h]
transport equations for each constituent must be at
solved. Often computer memory and speed limit the (1)
number of constituents possible to handle, and, thus,
detailed reaction mechanisms are excluded; (2) it is where p is the density, YA are the mass fractions, i is
difficult to formulate accurate reduced reaction the velocity, uA are the diffusion velocities, ma are
mechanisms; and (3) the description of the reaction the mass supply terms, p is the thermodynamic pres-
rate is strongly affected by the turbulent flow field, sure, S is the viscous stress tensor, h is the specific

1257
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entropy, Ij is the substantial time derivative of pres- while the cross quantities and Reynolds quantities
sure, 4) is the dissipation function, K (p,O) is the heat must be modeled. Following Ref 8, we have adopted
conductivity, and C, is the specific heat at constant a scale-similarity model for the cross quantities and
pressure. The thermodynamic pressure and the spe- calculated, with the aid of Taylor series expansions,
cific enthalpy h are calculated by the ideal gas law the sum of Leonard and modeled cross quantities
and the caloric equation of state. The equation of according to
motion for each constituent is cast into an algebraic
relation, expressing the diffusion velocities in terms
of mass fraction gradients and temperature gradients {L + C =(x S x - x® &) k/LLT

UA = KYA grad(ln YA) - KOA grad(ln 0) (2) lh + ch k( ih - ib) Ok2L grad h

where KYA(P,O) and KOA(p,O) are material coefficients IYA + CyA ---- ( XYA - XY*A) -i k 2L grad YA

and 0 is the temperature. (5)

where V = fDG(X - z, A)(x - z)2d 3z and L =
The Large-Eddy Simulation Model grad i. Finally, the Reynolds quantities are modeled

by
The main limitation of numerical simulations of

high-Reynolds- (Re-) number flows is the inability to 2

deal simultaneously with the wide range of length R - D cjHA211DJJI - 2cDkA 2
1f1lDDD

scales present. A remedy can be sought so that phe-
nomena occurring at scales smaller than the resolv- -rh - -2cH/A2llI3[grad fi (6)
able scales are separately modeled [3]. This approach
has been termed large-eddy simulation (LES), and yryA - -2cyA 2lIflgrad t A
in comparison with direct numerical simulation, it
allows the simulation of flows with practical physical
parameters. The methodology involves decomposing where 1DD is the deviator of the rate of strain tensor
the variables into large-scale and subgrid-scale (SGS) D, HD[ID is the Frobenius norm of D, while c1, CD, CH

components, followed by prefiltering of the fluid dy- = cD/PrT, and cy = CD/SCT are dimensionless model
namics equations (1) by coefficients; see also Ref. 9.

What remains to be specified is the filter function
-Z G = G (x - z, A) and a relation between the filter

p4)(x,t) = G(x - z, A)p(z,t)4)(z,t)d 3 z (3) width A and the local geometry on the grid. On a
nonuniform grid, it is not obvious how to determine

where G = G (x - z, A) is an appropriate filter func- the resolved length scale. Several measures have
tion with a characteristic width A, 4) represents the been proposed [3,10]; here we have followed Ref. 3;
filtered variable, and the integration is over the entire further, a Gaussian filter function is adopted.
computational domain. The remaining portion of 4),
i.e., 4", is defined as the SGS field. Thus,

Chemical Reaction Modeling

(bY) + div[bYA(i + UA)] = - div byA Chemistry makes itself felt in reactive flows

at +dthrough the mass supply terms mhA appearing in the
O + div(/ix)= 0 mass balance equations (41). To obtain expressions

a - + for mhA, consider a reaction mechanism involving N
S(fix) + div(fix x) = -grad p + div(S - B) constituents and M reaction steps of the form

at (2ph + div(ji/xh) = + 0- - div[(K/Cp)grad hs - bh]

(4) A kjb A

where B = L + C + R, bh = l, + Ch + rh, and A E [1 ... N], j E [1 ... M] (7)
byA = IYA + eCA + ryA in which {L,lh,lyA} are the
Leonard quantities, {C,c,,CYA} are the cross quanti- where e.J and oAP are the stoichiometric coefficients
ties and (R,r/,,ryA} are the Reynolds quantities; see for reactants andproducts, respectively, ZA denotes
Ref, 1. the constituents, and and kjb are the forward and

The Leonard quantities can be directly calculated, backward rate constants expressed in Arrhenius
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form. For constituent A, the contributions of all re- onset of chemical reactions. Based on the energy cas-
actions may be expressed as follows: cade theory [12], one can assume that the local re-

action rate can be influenced by the time scales of
M the turbulence. One finds eddies with characteristic

mA = MA I (v;J - I J)w time scales from the time scale for turbulent mixing
to the small Kolmogorov scales. Thus, we have mod-

j= j A - (8) eled the filtered mass supply terms as the minimumof one kinetically controlled and one mixing-con-
trolled component:

where MA is the molar mass of constituent A and w
is the reaction rate of reaction j composed of the mA -- MA Y (VAj - O) min[wjmix, w)']

forward and the backward reaction rates, respec- A

tively. { p min[YA/(VAjMA)1 min[YAIVAjMA)]}.

This paper focus on premixed hydrocarbon com- Wil, A A(P) ae(lR)

bustion. The oxidation of a hydrocarbon fuel CH,, (10)
consists primarily of the sequential fragmentation of
the initial fuel molecule into smaller intermediate The kinetically controlled reaction rates Wkin of Ar-
constituents that are ultimately converted into final rhenius type use the large-scale components. The
products dominated by H20 and CO2 . We have mixing-controlled mass rate of production, wm•, is
adopted the following sets of global reaction mech- assumed inversely proportional to a mixing time, Trnh,

anisms founded on the sequential burning structure determined by the SGS kinetic energy and the SGS
of hydrocarbons: dissipation according to

ClHm2 + (n + 4)02 -- nCO2 + 'E H 20 (91) mffi , qsGs/Pscs ' G
2ssqscs = cDA/2qscs

CH,,n + (i + 40)01 -* nCO + "' H20 (11)
where qsus is the SGS kinetic energy and 8 scs is its

LCO + l 0.2 <o co2  (92) dissipation rate. For the calculations presented here,the proportionality constant was chosen to 1.

C,,Hm + • 2 - nCO + "' H fNumerical Simulation Methods
CO + 2 0 C0 The governing equations (4) are diseretized on a

H2  02 H20.(93) staggered mesh by a finite-volume technique based
on the SIMPLER method [13]. For convective

Since the reduced mechanisms (9) approximate the terms, the use of central differencing leads to un-

effects of many elementary reactions, the reaction physical oscillatory behaviour at low Re numbers and
rates must represent an appropriate average of the to divergence of the solution as the Re number is

individual kinetic reaction rates involved. We have increased. We have instead made use of a second-
used kinetic reaction rate expressions from West- order accurate upwind scheme [14] combined with

brook and Dryer [11]. a flux-corrected transport algorithm [15] giving third-
In the LES model, the mass supply terms will be order accuracy. For the diffusive terms, traditional

filtered by Eq. (3). The calculation of the filtered central difference schemes of third-order accuracy
mass supply terms results in complicated expressions have been used. The time advance was made with a

accounting for the alteration of the mass supply second-order accurate implicit scheme with typical

terms as given by the product of large and SGS com- time steps of 25-50,us. For the spatial discretization,
ponents of rate constants, temperature, and mass two meshes of 30,000 and 90,000 cells, aiming at

fractions. Hence, other avenues, such as phenome- keeping the grid spacing between 2.0 and 0.1 mm
nological modeling, should be considered. (finer mesh in shear layers and at walls), have been

Phenomenological models that aim at describing used. For the simulations, workstations and a Cray
the SGS mixing and chemical reactions together with X-MP/416 have been used; typical run times are

algorithms responsible for coupling between the SGS about 75 cpu h for the three-step reaction mecha-

activity and the coarsely resolved macroscopic fluid nism on the Cray.

dynamic fields must include a wide range of phenom-
ena such as (1) explicit feedback mechanisms for en- Physical and Numerical Experiments
ergy transfer between macroscopic fluid dynamics
and SGS mixing, (2) smooth coupling of macroscopic In order to study the predictive capabilities of the
and SGSs at the cell cutoff wave number, and (3) LES model, numerical experiments on a test rig [2]
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L =02310 aL=0.690m

FIu. 1. Validation rig. Outline of the computational do-
main, coordinate system, and overall dimensions.

have been carried out. The rig consists of a rectilinear FIG. 2. Snapshots of velocity vectors: (a) nonreacting
channel, with rectangular cross section, divided into case, (b) reacting case.
an inlet section containing fuel and air inlets as well
as a honeycomb screen, and a combustor section con-
taining a triangular-shaped bluff body (see Fig. 1). fields obtained from the simulations are shown in
The fluid is air, which is assumed to be composed of Fig. 2. Unsteady behaviour is due to vortex shedding,
79% N2 and 21% 02; the pressure is atmospheric. In with vorticities alternatively shedding from the upper

the nonreacting case, the inlet air was at 298 K, while and lower edges of the bluff body, forming a von-
in the reacting case, it was at 600 K premixed with Kirmin vortex street behind the bluff body. In the
propane, giving an equivalence ratio of k = 0.61. nonreacting case, the shedding frequency is 104 Hz
The Re number, based on the flame holder height, (measured 105 Hz), and in the reacting case, fre-
the inlet temperature, and the inlet velocity, was Re quencies from 20 to 1100 Hz are found (experiments
= 45,000 in the nonreacting case and Re = 27,700 indicate no dominating frequency).
in the reacting case. In the simulations, no velocity An important effect of heat release, due to chem-
fluctuations were prescribed; the flow was allowed to ical reactions, is that the strength of the vortex shed-
evolve naturally. At outflow boundary, zero gradient ding is much weaker in the reacting case compared
conditions were used. with the nonreacting case. As seen in Fig. 3, the vor-

As the test rig was a premixed turbulent device, ticity field is more diffuse in the reacting case, and
the coherent anti-Stokes Raman spectroscopy the large-scale vortices are broken up directly after
(CARS) temperature measurements were done with they have been formed. This seems to be a result of
2-2 CARS [16]. This method gave a signal strength the thermal expansion in the vortex cores, as dis-
34 times higher than a conventional broadband cussed by McMurtry et al. [17]. The heat release has
CARS. As the uncertainty in the nonresonant signal also caused the vorticity field to take on a less struc-
was considered a minor problem compared with the tured appearance. Because the simulation is limited
uncertainty coming from nonuniform temperature in to two spatial dimensions, some potentially important
the probe volume, the higher signal strength was physics, e.g., vortex stretching, have been lost. An-
used to decrease the probe volume length. The mea- other effect of heat release in reacting flows will be

surements were done with a measured probe volume
having 99% of the signal from a length of 1 mm and
a diameter of 0.1 mm. The probe volume was ori- a
ented in the x direction. Using the method on a con-
stant-temperature source with known temperature
gives in the interval 600-1800 K an uncertainty of
20-60 K. We have estimated an uncertainty due to " -- _

the nonresonant signal to be 20 K. We get a maxi-
mum uncertainty due to nonuniform temperature in
the probe volume to be 100 K, when mixing 20% of
600 K with 80% of 1900 K. Mixing with other ratios
gives a smaller error. The last uncertainty always un-
derestimates the temperature, but the others can be C
positive or negative. In the experimental pdfs, the
precision of the method has been deconvoluted.

Comparison of Physical
and Numerical Experiments FiG. 3. Snapshot of vorticity and heat release: (a) vortic-

ity in the nonreacting flow situation, (b) vorticity in the
To illustrate the difference between nonreacting reacting flow situation, and (c) heat release in the reacting

and reacting flow situations, instantaneous velocity flow situation.
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One-step mechanism 1 1

0.5 0.5

Two-step mechanism

J .. T (K) 0T (K)

0 1000 2000 0 1000 2000

Three-step mechanism

0.5 0.5

FIG. 4. Instantaneous temperature contours for different
reaction mechanisms. Isochors are drawn for each 100 K. 0 T0T (K) 0T (K)
(a) One-step chemistry, (b) two-step chemistry, and (c) 0 1000 2000 0 1000 2000
three-step chemistry. FIG. 6. Temperature probability density functions at the

four points (a) (0.080, 0.348), (b) (0.080, 0.460), (c) (0.080,
0.686), and (d) (0.060, 0.460). Measured pdfs are indicated

T(K) T(K) with dotted lines .... ), while simulated pdfs (three-step
b chemistry) are indicated with straight lines (- ). The

2000 Rcrois 2000 - pdfs are normalized with respect to their maximum value.

1500 1500 ,

1000 a 1000 a

500 500

0- y(m- 0- ) well in general with measurements; and (2) the one-
00 0.05 0.1 0 0.05 0.1 step mechanism predicts overly high mean temper-

atures (see also Ref. 16). The overall impression isFtc. 5. Temperature profiles in two cross sections down- that the LES method is in good agreement with

stream of the flameholder: (a) z = 0.348 m, (b) z = 0.686 measurements and that the agreement increases

m. Crosses (+) represent CARS measurements [2], while when more accurate chemical reaction mechanisms

circles (0) represent gas analysis based on one-step chem- are adopted.
istry [2]. Dashed lines ( --- ) represent simulations with the aeaotd
ine-stry [2].cDanish ld lines (- -) represent simulats wFigure 6 shows a comparison between predicted
one-step mechanism; solid lines (.) represent simula- (LES) and measured (CARS) temperature probabil-
tions with the three-step mechanism fity density functions (pdfs) in some points behind the

bluff body. The predicted pdfs were obtained from

to increase the viscosity, thus lowering the Re num- a time interval of 0.1 s (5000 samplings), while the

ber and having a stabilizing effect on the flow, measured pdfs were obtained by 1000 samplings, at
To illustrate the impact of multistep mechanisms, 5 ns, spread out over an interval of 3 min. It is ob-

Fig. 4 shows instantaneous snapshots of the temper- served that the movement of the flame front is well

ature field for the one-, two-, and three-step reaction captured in the LES model and thus gives rise to pdfs
mechanisms. Comparison reveals that the tempera- that qualitatively are similar to the measured ones.
ture is overpredicted by the one-step mechanism The aberration in Fig. 6c can be explained by the
while it is more realistically predicted in the two- and fact that the measurement was probably performed

three-step mechanisms, which yield almost identical at a lower equivalence ratio, 4P - 0.56, and that low-

temperatures. From Fig. 4, we observe that the dy- frequency noise was observed during this run. In

namics of the flame front is strongly affected by the general, we note that the simulated pdfs are narrower
reaction mechanism utilized; this can also be oh- than the measured pdfs, mainly because of limited

served from inspecting the temperature profiles of simulation time.

Fig. 5.
Figure 5 shows time-averaged temperature pro-

files at two different locations downstream of the Concluding Remarks
flameholder. Comparison is made both with CARS
measured temperature profiles [2] and temperature The results indicate that the LES technique works
profiles obtained from gas analysis based on one-step well for unsteady reacting flows. The method mimics
chemistry [2]. The following features may be ob- most of the significant flow features, including typical
served: (1) Predicted flame propagation compares unsteady flow structures. From Figs. 5 and 6, it can
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be observed that the movement of the flame front is International Conference on Numerical Combustion,
captured by the simulations and thus give rise to tem- Garmisch-Partenkirchen, Germany, 1993.
perature pdfs that qualitatively are similar to the 2. Sjunneson, A., Olovsson, S., and Sj6blom, B., Valida-
measured ones. Although the present simulations of tion Rig-A Tool for Flame Studies, VOLVO Flyg-
reacting vortex-shedding flows do not provide a com- motor AB, S-461 81, Trollhaittan, Sweden, 1991.
plete picture, certain trends can still be discerned. 3. Deardroff, J. W., J. Fluid Mech. 41:453 (1970).
Fine spatial grids, preferably with high grid density 4. Zang, T. A., Dahlburg, R. B., and Dahlburg, J. P., Phys.
in the shear layers, must be used to resolve this par- Fluids A 4:127 (1992).
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COMMENTS

Sebastien Candel, CNRS, Ecole Centrale, France. 1. equivalence ratio by about 20%, a broader symmetric flame
Your LES simulations of the reacting flow show a large- is produced; in the latter case, symmetric pulsations are
scale motion of a sinusoidal antisymmetric type. This is observed and verified by experiments [1].
seldom observed in this configuration. Could you explain 2. No reactions take place upstream of the flameholder
this peculiar phenomenon? as can be seen from Fig. 4.

2. I noticed that you had reaction taking place on the
upstream side of the bluff body. This is at variance with
experiments. The flame is stabilized on the downstream REFERENCE
side of the body. Could you explain this behavior and eval-
uate its influence? 1. Sjunneson, A., Henrikson, P., and L6fstrdm, C., Cars

Measurements and Visualization of Reactive Flows in a
Author's Reply. 1. This sinusoidal antisymmetric large- Bluff Body Stabilized Flame, VOLVO Flygmotor AB,

scale motion seems to be closely related to the mass flow S461 81, Trollhdittan, Sweden.
through the combustor and the equivalence ratio. By de-
creasing the mass flow by about 10% or increasing the
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J. Chomiak, Chalmers University of Technology, Swne- This means that in some parts of the computation domain
den. You were able to predict well the large-scale flapping the effective reaction rate will be determined by kinetics
of the reacting wake behind the flameholder. I wonder and in some parts by SGS mixing. From the simulations,
however how important this phenomenon is in terms of we have found that the SGS mixing is rate determining at
contribution to the turbulence energy spectrum and reac- the flame front and at locally isolated small regions within
tion dynamics. Have you compared your LES simulations the flame. The characteristic SGS mixing time, c c qie, is
with stationary ones using the same subgrid mechanisms, here independent of the filter width, but that depends on
and what are the results of such comparison? how the SGS kinetic energy q is modeled and also on

whether or not the simulations are resolved down to the
Author's Reply. We have not compared the results with Taylor microscales. The simulations presented here are re-

stationary simulations of the same type for the plain reason solved down to the Taylor scales and thus the k- 5
11 law

that the flow observed from experiments is unsteady. How- together with the SGS model for q can be used to deter-
ever, we have made comparisons with stationary RANS us- mine the SGS dissipation rate -. At this resolution, the re-
ing the k-e model and various combustion models (EDC, suilts are only slightly sensitive to alterations in the filter
BML, etc.), and the results indicate that the LES could width, but if the cutoff wave number is much smaller the
describe the flow much more accurately than the RANS. LES will turn into a coherent scale capturing simulation
For example, the length of the wake was overpredicted by and then our spectral assumptions on which the SGS model
a factor of 2 in the RANS while accurately predicted by is based are no longer valid.
the LES. Of course, in this type of flow, most of the kinetic
energy is contained in a narrow wave number range cor-
responding to the large-scale motion.

Roman Weber, International Flame Research Founda-
tion, The Netherlands. Could you comment on sensitivity

S. Elghobashi, University of California, Irvine, USA. of the predicted temperatures to the constant(s) of the
What is the ratio of magnitude of the reaction rate term eddy breakup model? Which values did you use? Did you
obtained from the SGS part and the exact (large-scale) use the same value for all three chemical mechanisms you
part? investigated?

A. Ghoniem, Massachusetts Institute of Technology,
USA. You model the reaction rate as min ((Oki,,, ln,0,). In Author's Reply. A complete sensitivity analysis for this
this flow, it seems that the burning rate should be governed particular SGS model has been carried out for the two-step
by mixing. How many times in a typical time step was (Okk. mechanism and will be presented elsewhere in more detail
selected over o),,Q,? What was the ratio of the laminar bum- [ 1]. The value of the constant used for the fuel conversion
ing velocity to one incoming flame speed? reaction affects the temperature field, while the ratio of the

constants affects the amount of CO formed. The range of
Author's Reply. The ratio of magnitude of the SGS mix- the constants can generally be divided into three intervals.

ing controlled reaction rate and the kinetically controlled At low values, the flame depends strongly on the values of
reaction rate (based on the large or resolved scales) varies the constants (small values lead to local extinction), at in-
strongly over the computational domain. In some parts, the termediate values only a weak dependence is found (char-
reaction rate is SGS mixing controlled, predominantly acterized by the shape of the flame), and at high values the
along the flame front where the length and time scales are dependence is almost negligible. In the simulations pre-
very small, and in some parts it is kinetically controlled, sented here, the same value was used for the fuel conver-
typically outside of the flame front. The ratio of the reac- sion reactions in the different mechanisms. Another value
tion rate components (wk,,/w • therefore varies between was used for the CO-conversion reaction in the two- and

zero and infinity. three-step mechanisms, and yet another value was used for

the H5-conversion reaction in the three-step mechanism.

Salah Ibrahim, British Gas, England. Your reaction rate
is raised on the eddy breakup (EBU) model, which is dom- REFERENCE
inated by the mixing rate term, r. Have you examined the
sensitivity of your results to the filtration scale, A, which is 1. Fureby, C., and Miller, S-I., "Large Eddy Simulations
a major factor in determining the mixing rate, r from your of Reacting Flow," in progress.
SGS (subgrid-scale) model.

Author's Reply. The model for the filtered mass supply 5

terms, inh, is based on a combination of the EBU formu-
lation proposed by Magnussen and Hjertager and the large- Jay Boris, Naval Research Laboratory, USA. Research
scale kinetics obtained from the Arrhenius expressions, at NRL that has been corroborated at Minnesota, Liver-
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more, Stanford, and in the weather predictions community trolled. It is also doubtful whether the truncation error can
has shown that the complex subgrid-scale models can be represent backscatter.
dropped from a nonreacting large eddy simulation without
appreciably changing the result. The monotone CFD
model, such as you employ, produces the necessary subgrid
mixing intrinsically. Have you done the equivalent "exper- T. Poinsot, IMF Toulouse and Cerfacs, France. What is
iment" (turn off your subgrid model), and what was the the effect of box length on the results? Which boundary
result in the reacting case? conditions were used at the outlet?

Author's Reply. If by box length is meant the width of
Author's Reply. Yes, we have done the same "experi- the kernel G (x - zA) in the case of a box-shaped filter

ment" both in the nonreacting case and in the reacting case. function, we have tested three different box lengths Ax,,
We also found, in both cases, that the SGS terms affect the 2A4xi, and 4Axi is the grid spacing in direction i. The mag-
results only to a limited extent. It is important, however, nitude of the SGS quantities depends on the box lengths
to recognize that switching off the explicitly provided SGS since the effective viscosity increases quadratically in box
model means that the truncation error instead acts as an length. A larger box length then leads to somewhat
implicit SGS model. For example, using a second-order smoother results. Only small differences were found but a
accurate numerical method having a truncation error of good choice seems to be 2x,, which has been recom-
O(Ax4) would then, in some sense, be comparable to the mended by other investigators as well. At the outlet, Neu-
Smagorinsky model, which is of O(A2). Relying on the trun- mann conditions were used for the balance equations of
cation error to produce the necessary SGS mixing can be mass, momentum, and energy while Dirichlet conditions
dangerous since the amplitude cannot be efficiently con- were used for the Poisson equation governing the pressure.
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THE VORTICITY DYNAMICS OF AN EXOTHERMIC, SPATIALLY
DEVELOPING, FORCED, REACTING SHEAR LAYER

MARIOS C. SOTERIOU AND AHMED F. GHONIEM

Department of Mechanical Engineering
Massachusetts Institute of Technology

Cambridge, MA 02139, USA

The effects of combustion exothermicity on the vorticity dynamics of a low Mach number, forced,
spatially developing, high Reynolds number, reacting shear layer are investigated using the results of a
two-dimensional numerical simulation. The chemical reaction is modeled by single-step, irreversible, Ar-
rhenius kinetics with a high Damkohler number, a moderate Karlovitz number, and significant heat release.
The numerical solution is obtained using the Lagrangian transport-element method. Results indicate that
a fast exothermic reaction, with the concomitant density variation, modifies the shape, size, speed, and
orientation of the large-scale vortical structures and their downstream interactions, leading to an overall
reduction of the cross-stream growth of the mixing region. These changes are traced to the two primary
mechanisms by which density variation due to heat release modifies vorticity: volumetric expansion and
baroclinic generation. It is shown that the weakening of the vorticity due to volumetric expansion diminishes
the cross-stream mixing zone by aligning the eddy major axis with the flow direction. Baroclinic vorticity
generation, on the other hand, is responsible for the formation of a band of positive vorticity on the outer
perimeter of the large eddies, whose vorticity is predominantly negative, which inhibits entrainment and
alters the eddy interaction mechanism from pairing of adjacent eddies to tearing of smaller eddies by their
larger neighbors. Both mechanisms contribute to the acceleration of the eddies in the streamwise direction.

Introduction of the temporal model, conclusions drawn from these
studies must be treated with caution; e.g., it is well

Post-transitional, exothermic, reacting shear layers known that asymmetric entrainment cannot be re-
are encountered in many combustion systems. The produced by this model [8-12]. Moreover, the non-
flow, which arises due to the intrinsic instability of premixed calculations [5,6] were limited to a tem-
the shear region between two reacting streams orig- perature-independent (zero activation energy)
inally moving at different velocities, is endowed with reaction rate, and a low Damkohler number.
mechanisms that enhance mixing and combustion On the other hand, numerical studies of spatially
rates. Experimental studies [1,2] indicate that the es- evolving layers have been restricted to cases where
sentially two-dimensional (2D) vortical structures, or the effects of combustion on the flowfield are negli-
eddies, which characterize the early stages of the gibly small [13,14]. An exception is presented in Ref.
nonreacting flow, persist in their reacting counter- 15, where a large-scale simulation of a compressible
part, despite the significant effects of combustion ex- shear layer with variable transport properties and
othermicity. Moreover, most of the products are temperature-dependent kinetics was performed.
found within these structures, exemplifying their im- However, combustion heat release was kept low and
portance to the combustion process and motivating the effect of the activation temperature was dimin-
further studies into their properties. The latter are ished by raising the background temperature.
essentially controlled by vorticity dynamics. In this paper, the vorticity dynamics of a forced,

The effects of combustion exothermicity on a post- spatially developing, exothermic shear layer are in-
transitional shear layer have been the subject of sev- vestigated, while allowing for temperature-depend-
eral studies. Experimental investigations [1,3,4] in- ent Arrhenius kinetics and significant exothermicity.
dicate that heat release reduces the shear-layer Results are obtained using direct 2D transport-ele-
growth and diminishes the rates of mixing and com- ment simulations. The numerical scheme makes it
bustion. Numerical studies, mostly restricted to the possible to use a higher activation energy and Dam-
idealized temporally evolving flow, have been carried kobler number than previously attempted. The ef-
out for both nonpremixed [5,6] and premixed [7] lay- fects of combustion exothermicity on the vorticity dy-
ers and have, to some extent, been able to reproduce namics are analyzed in terms of the contributions of
this behavior. However, due to the idealized nature the two major mechanisms of vorticity modification,
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i.e., volumetric expansion and baroclinic vorticity and Pe = AUdia, respectively, where v is the kine-
generation. matic viscosity and a is the thermal diffusivity. g =

Vfl is the gradient of the SZ-variable fP = 2 or y,
where 2 = Yj - OY2 and y =T - (Qo4V/(l + 4p))

The Governing Equations YP. The term Y1 is the mass fraction of species i with
Y1 + Y2 + YP = 1; 4P is the mass stoichiometric

A two-dimensional reacting shear flow in which ratio; 4P = 04 M1/M 2, Mi being the molar mass of
gravitational effects are negligible and compressibil- species i; Qo = Ahf/c To is the normalized enthalpy
ity effects are limited to the low Mach number re- of reaction, with cP being the mixture specific heat;
gime [5] is considered. We assume that all species it = Afp2Y1Y2 exp(-Ta/T) is the reaction rate,
behave as perfect gases with equal molecular masses where Af = Afpod/AU is the frequency factor and Ta
and equal and constant mass diffusivities and specific = E0/RT 0 is the activation temperature, with Ea and
heats. The momentum and thermal diffusivities are R being the activation energy and the universal gas
also constant, and the Lewis number is equal to unity. constant, respectively.
Combustion occurs according to a single-step, irre-
versible, mole-preserving Arrhenius reaction, i.e.,

(Poql + r72 -* (1 + 4°)r/,, where qj denotes species Numerical Solution
(i = 1 and 2 for the reacting species and i = p for

the product) and 4P is the molar stoichiometric ratio. We use the transport-element method to perform
We use the Helmholtz decomposition to recast the the numerical simulation (for details, see Ref. 12). In

equations into their vorticity-streamfunction-velocity this Lagrangian, grid-free scheme, the vorticity, vol-
potential form, and Shvab-Zeldovich (SZ) variables umetric expansion, SZ gradients, and product mass
to simplify the scalar-transport equations. The equa- fraction are discretized among a large number of el-
tions of the SZ variables are then transformed into ements of finite area and overlapping Gaussian cores.
SZ-gradient equations. Since combustion occurs at a The vortical and expansion contributions to the ye-
finite rate, and thus the SZ variable solutions alone locity are computed using convolutions over the
cannot yield the complete reacting field, one reacting fields of vortex and expansion elements, respectively.
variable is solved for in primitive form. The resulting The SZ variables are obtained from the correspond-
equations, in nondimensional form, are ing discrete gradient fields via a similar convolution.

The contribution of the boundary conditions is ob-
S1 dP Vtained using conformal mapping and the method of
p ' V images.

The evolution of the flow and scalar fields is ob-

and V2 4p = 0 (la,b,c) tained by integrating the governing equations, writ-

ten for each element, in two fractional steps. In the

do+ VpxVp first step, which includes all processes except diffu-
=_(v2 u)ok + 2 V2 w)k (2) sion, the elements are advected with the local veloc-

dt Re ity vector and the relevant source terms are inte-

1 grated; e.g., the circulation of an element is modified
= - g" Vu - gx(cok) + e V2g (3) by the baroclinic term according to the cross product

dt of the material acceleration and the density gradient.
The SZ-gradient equation is substantially simplified

dYp _ 1 V2y, + (1 + 4) -. (4) using kinematical relations between the gradient and
dt Pe p the stretch of the associated material line. The inte-

gration of the product-mass fraction equation, care-
The velocity vector, u = (u,v), is reconstructed as u fully performed to eliminate conventional sources of
= V4P, + V4p + Vx(wk). To non-dimensionalize, numerical errors, modifies the local concentrations
we use the initial thickness of the vorticity layer, d, according to the reaction source term. In the second
the velocity difference between the two streams, AU, fractional step, diffusion effects are incorporated via
and the initial global temperature and density, To and a novel implementation of the core expansion
P0, respectively. x = (x, y) is a right-handed Cartesian scheme in which after each core expansion, the
coordinate system, t is time, V = (a/ax, alay) and d/dt strength of the elements is recomputed using the
= d/&t + u V. 4P, is the expansion velocity potential, original core size [12].
(P,, is the velocity potential related to the boundary The severe distortion of the flow map, which could
conditions, vis the streamfunction, co(wk = Vxu) is lead to insufficient core overlap and deterioration of
the vorticity; k is the unit vector normal to the plane the numerical accuracy, is accommodated by contin-
of motion, p is the pressure and p is the density, uously inserting/removing elements in regions of
which is related to the temperature, T, via pT = 1. high tensile/compressive strains, as assessed by the
The Reynolds and Peclet numbers are Re = AUd/v distance between neighboring elements. This inser-
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FIG. 1. The flowv field ii, tie uniform-dejisih (top) and vaniabl.-densit (bottom) cases at t -64, depicted usVig the

vortex elements, and their velocity vectors measured with respect to the mean flow. The top and bottom number of
elements are 5389 and 4034, respectively. 1, arid S denote examples the fludamental eddies that form during the first

and second halves of the subharmnonic forcing finction. Arrows indicate the location of eddies forined at the same time.

tion/removal of elements is carned out while satis- = Amp,. = 0.32d. This forcing, which promotes roll-
fying local conservation laws. up and pairing in the uniform density flow [16], re-

sults in the formation of two eddies of unequal size
per cycle. A large eddy, referred to in this text as the

Geometry and Boundary Conditions L-eddy, forms when the two components of the sig-
dnal act constructively, and a small eddy, the S-eddy,

The shear layer evolves downstream of a thin plate forms when they act destnitively (see Fig. 1).
in a two-dimensional channel of height H and length
X .. , = 5H between two parallel streams of unequal
velocities but same temperature and density (T0 , Po), Results and Discussion

each stream carrying a single reactant. The top and
bottom walls are modeled as rigid, slip, impermeable, Parameters:
and adiabatic planes. At the exit, a condition of van-
ishing gradient is imposed by deleting the elements The following parameters are used. The inlet ve-
as they cross the boundary. At the inlet section, (1) locity ratio is r = 0.5, Re = 500, T,, = 10, Af = 100,
errorfunction profiles with equal thicknesses are as- (t = 1, and Q0 = 6, corresponding to a Dimnkohler
sumed for u and 2, rendering the no and V;. profiles number, Da =dif/Tcs, = 1026, where rdi, -- (12/a
Gaussians, with a standard deviation a; (2) y is taken is the diffusion timescale and TQ,], = (Tf/Af)
to be unity; and (3) a finite amount of product is exp(T,/Tf) is the chemical reaction timescale, anda
introduced, in the form of a Gaussian profile with a Karlovitz number, Ka = rajrs,, = 0.49, where rnTw
standard deviation, a, and a peak value of 0.4 to en- = diAU is the flow timescale. The vorticity dynamics
force ignition. The scaling of a, where d = 2a, with of the reacting layer are investigated by (1) compar-
H is such that two wavelengths of the most unstable ing the results of constant-density (CD) and variable-
mode of the uniform-density shear laver fit within density (VD) simulations, (2) analyzing the distribu-
the channel height. tions of the vorticity modification terms, and (3)

The calculations are initialized by assuming that comparing results of simulations in which one of the
the inlet conditions persist throughout the domain. vorticity modification mechanisms is removed. Un-
Square elements of side h = 0.0195H are distributed der the assumptions of our model, the effects of the
over nine horizontal material layers lying \vithin the exothermic energy are confined to density variation.
support of the discretized quantities. The core radius
is such that ,5/h = 1.2. The Flow Field:

External forcing is implemented at the inlet by dis-
placing the elements in the cross-stream direction. Figure 1 displays a comparison between the CD
The forcing signal consists of in-phase components and the VD layers, both depicted in terms of the
of the most unstable mode of the uniform-densitv vortex elements and their velocity vectors measured
layer and its subharlnonic, both at an amplitude Aoipf with respect to the inlet mean velocity. In agreement
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FIG. 2. The temperature fields of the uniform-density (top) and variable-density (bottom) cases at t = 64. The blue
to red color bar describes the temperature scale: 1 -• T •- 3.75.

with experimental observations, the flow in both control the mixing of the two reactants and, hence,
cases is dominated by large scale vortical structures are where combustion takes place. The plot also pro-
that form due to the destabilization of the initial vor- vides a clear indication that significant phenomena
ticitv layer via the amplification of the Kelvin-Helm- occur at scales smaller than those of the vortical
holtz instability, the rollup of the fundamental eddies structures. Density variation is more closely related
and their interactions due to the subharmonic insta- to the rollup of the material layer initially positioned
bilitv. The figure shows that density variation modi- between the two reactants, which for 4 = 1, coin-
fies the evolution and interactions of the vortical cides with the vorticity layer. The density experiences
structures leading to an overall reduction of the a minimum in the vicinity of this layer, confirming
cross-stream growth, that this is where most burning occurs. Thus, analysis

In the VD case, the vortical structures accelerate of the flow and reaction fields can best be accom-
in the streamwise direction. At the initial stages, the plished by investigating the dynamics of the vorticity
fundamental eddies are larger, primarily in the mean layer.
floss' direction; i.e., they are less rounded. At the later
stages, the pairing-merging of fundamental eddies
into larger, coherent, and rounded structures ob- Vorticit Dynamics, Preliminaries
served in the CD case is impaired and replaced by
tearing of the S-eddy between its two neighboring The combustion-related density field can influ-
L-eddies. This results in subharmonic structures that ence the dynamics in several ways. Mass conservation
are less rounded and, in contrast to the CD case, tend implies that a density decrease causes volumetric ex-
to keep their major axis aligned with the streamwise pansion, which, since the flow is semiconfined,
direction. As a result, the layer cross-streain growth causes a streamwise acceleration. The vorticity equa-
is significantly inhibited. tion indicates that in a 2D, VD field, the vorticity of

a fluid element is modified by three mechanisms:
Volumetric expansion, - (V. u)60; baroclinic gener-

The Temperature Field: ation, (Vp x Vp)/p2; and viscous diffusion,

Since the effect of combustion on the flow is felt (1/Re)V20w. In an exothermic field, V u is generally
solely through the density field, one should be able positive, and volumetric expansion reduces the ele-
to explain the various phenomena described above ment vorticity while preserving its circulation; the
bv reviewing the density, or temperature, field and decrease of the vorticity is equal and opposite to the
the mechanisms by which this field influences the increase in area, without changes in sign.
flow. Figure 2 presents instantaneous, 2D maps of Baroclinic vorticity generation arises from the mis-
the temperature, which in the case of the VD flow is alignment of the pressure and density gradients and
equivalent to inverse density, while in the CD case is capable of producing vorticity of both signs. Since
it is artificially decoupled from the flow, for the two the pressure gradient is mainly a manifestation of the
cases of Fig. 1. It is clear that the region of temper- fluid acceleration, vorticity is formed as neighboring
ature variation is the same as the region where vor- elements experience differential accelerations due to
tical structures exist. This is because these structures their different density. Because of its directional na-
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FIG. 3. The vorticity distribution in the mniform-density (top) and variable-densitv (bottom) cases at t = 64. The blue
to red color bar describes the vorticity scale: -1.095 -• wo -• 0.235.

zoo," 'k,".

FIG. 4. The distributions of the rates of vorticity modification by baroclinie generation (top) and volinetric expansion
(bottom) at t = 64. The blue to red color bar describes the vorticitv-rate scale: -0.02 •< i - 0.02.

ture, baroclinic vorticity generation is strongly linked dicing vorticity of both signs, the positive vorticity
to the geometry of the flow map. must be a manifestation of this mechanism.

Viscous diffusion acts to smooth out vorticitv var-
iations. However, when the Reynolds number is
high, viscous diffusion plays a minor role. Baroclinic Vorticity Generation:

Figure 4 (top) shows the baroclinie vorticit} pro-

Vorticity Distribsution: duction term at the same time step as before, with
red and blue indicating positive and negative rates.

Figure 3 presents the vorticity distribution of the The complexity of this figure can be unraveled by
two cases shown in Fig. 1, with blue and red indi- considering the action in the neighborhood on a sin-
eating positive and negative vorticit)y, respectively. gle eddy during rollup. This is done in Fig. 5, where
The most striking difference betwveen the two cases schematic diagrams of the geometric evolution of the
is the presence of positive vorticity, in the VD ease, layer are drawn, and the corresponding baroclinic
on the outer rims of the vortical structures whose term is estimated by considering the cross product
vorticity is, primarily, of a negative sign. Most of the of the density gradient and the fluid acceleration.
negative vorticity has its origin in the incoming flow. During rollup, the layer acquires a "Z" configu-
Since only the haroclinic torque is capable of pro- ration. Throughout this process, fluid from the braids
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Vp outside, particularly on the upper-left and lower-
cOb =a x p right sides, as shown in Figs. 4 and 5. Adding an

overall negative vorticity to this picture would result
G pin the vorticity field shown in Fig. 3.

eo (-ve) 0 This rearrangement of the vorticity has significant
aZ implications. For example, positive vorticity around

a@ the eddies decreases the entrainment of irrotational
a®+ fluid into the large structures, since it weakens the

Vortic ity Layer V field created by the original negative vorticity. Fur-
thermore, it may upset the eddy interaction mecha-
nism that is responsible for pairing in the CD flow.

(b) . Change in Divergence:
"adirection The effect of the expansion term on the vorticitydieo field can be inferred from the vorticity plots. Figure

c 3b shows that the vorticity occupies more area and

+ that the negative vorticity is weaker than in the CD
case. To highlight the zone where volumetric expan-
sion has the strongest effect on the vorticity, we plot

(c) in Fig. 4 (bottom) the distribution of the - (V' u)co
term, i.e., the rate of vorticity change due to diver-
gence. Since divergence is essentially due to the La-
grangian change in density, this zone can also be con-
sidered as where tile flame is located. In this regard,
the figure indicates that most of the burning occurs
within the braids, which is expected since D,, is high,
while K, is moderate. Evidently, the expansion in the

FIG. 5. Schematic illustration of the process ofbaroclinic braids weakens the vorticity there, and through the
NOrticit- generation.,), is the initial vortieit/, and ;),, is the roll-up, leads to the formation of less vigorous eddies.

xorticity generation rate. Vp is the density gradient, and a

is the material acceleration.
Separating the Mechanisons.:

is accelerated in the streamwise direction toward the The above discussion indicates that the approach
evolving structure. This acceleration changes its di- of analyzing the effect of the different mechanisms
rection as one crosses the stagnation point, defined of vorticity modification using simulations that in-

in the frame of reference mloving with the eddy, be- volve all the terms in tile governing equation has the
tween the neighboring strnctures. The density field following limitations: (1) it is not obvious how the
is such that the density gradient is approximately nor- two mrechanisms interact, and (2) it is not clear
inal to the layer, changing sign across it, while the whether tile changes in tile evolution of individual
local stretch ensures that the magnitude of the gra- eddies, e.g., acceleration, or the shift of the eddy in-
dient stays large. Thus, in the braids, the enhanced teraction mechanism from pairing to tearing is a re-
density gradient and the fluid acceleration are mnu- sult of expansion, baroclinicity, or both. To overcome
tuallv normal, and the contribution of the baroclinic these limitations, the calculation for the VD case was
term is mraxinmmil. The arrangement of the vectors repeated twice, but at each time, one of the two
involved creates positive and negative vorticity on tile mechanisms of vorticity modification was eliminated
upper and lower sides of the braid on the left-hand in an attempt to distinguish between the phenomena
side of the eddy, respectively, while the opposite oc- attributable to each mechanism. These simulations
curs on the right-hand side. are labeled baroclinicity-only and expansion-only to

Closer to the center of the structure, which in tile distinguish the active mechanism in each case.
moving reference famle is also a stagnation point, tile Figure 6 displays the results of these calculations.
acceleration on both sides reverses sign, and so does The figure shows that the suppression of pairing and
the generated vorticity. The baroclinic term becomes the onset of tearing are due to the baroclinic gener-
weaker as the fluid acceleration is increasingly dom- ation, while the alignment of the major axis of the
inated by rotation and the density gradient zone structure with the streamvise direction is due to vol-
thickens. As rollup continues, a region of negative umetric expansion. In the expansion-only simulation,
vorticitv is established inside the eddy core, sur- Fig. 6 (bottom), pairing occurs in a way similar to
rounded by a band of strong positive vorticity on the that found in the CD flow. In this case, the vorticity
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Ill
FIG. 6. The baroclinicit-only (top) and expansion-only (bottomn) Cases at t - 64 shown in terms of the vortex elements

and their relative velocity. The top and hottoin l1llnleber of elements are 92(32 and 3818, respectively. Arrows indicate the
location of eddies formed at the same time. The lines on the left and right sides of the arrows correspond to the locations
of the same eddies in the uniform and variable density cases, respectively, shown in Fig. 1.

layer thickens due to volmnetric expansion, and tially developing shear layer. It flattens the eddies
rollup is slowed down dne to the weakened vorticity. and complicates their vorticity distribution, increases

IJ the baroclinicity-only case (Fig. 6 (top)) on the their speed, alters their interaction mechanism from
other hand, the S-eddies are tornhbetxeentheirneigh- pairing to tearing, and keeps their major axis aligned
boring L-eddies, similar to the VD case. Positive vor- with the flow direction. Consequently, the size of the
ticity surrounding the vortical structures inhibits the mixing region is reduced.
spiraling of the fundamental eddies aromlnd a common The alteration of the edd shape is a consequence
center. This allows enough time for the larger L-ed- of the baroclinic torque, which significantly compli-
dies to gain fluid at the expense of the S-eddies. The cates the eddy vorticity field and reduces entrain-
above argument implies, as shown before [17], that in ment. Vorticity generation is also responsible for the
the absence of external forcing, baroclinic vorticity modification ofthe eddy interaction mechanism. The
generation suppresses eddy interactions.

Comparisons between the fundamental eddies of alignment of the eddy major axis with the streanswise
the CD anl haroclinicitv-only case inslicate that direction is a manifestation of the weakeningvorticity

these eddies are smaller and more elliptical in the field due to volometric expansion. The acceleration

latter; i.e., baroclinicitv is responsible for reducing of the eddies is a combined effect of both mecha-

entrainment, as mentioned earlier. Figure 6 also re- nisms: volumnetric expansion because of confinement
veals that the acceleration of the vortical structures and baroclinic generation because it induces vorticity
in the streamwise direction is not ony siue to voln- asymmetry within each individual eddy.
metric expansion but also due to baroclinicity. This At the initial stages, baroclinie generation reduces
has been observed before in the study of the non- the eddy size by suppressing entrainment while vol-
reacting VD flow [18]. This acceleration is due to the umetric expansion increases it while weakening the
redistribution of the vorticitv inside the structures existing vorticity. Farther downstream, where eddy
and the loss of eddy symmetrýy, which arises from the interactions take place, both mnechanisms act to de-
unequal tearing of the S-eddy toward its neighboring crease the mixing region: baroclinic generation by
L-eddies. resisting pairing and volometric expansion by align-

Finally, the number of elements used to discretize ing the eddysl major axis with the flow direction. For
the evolving material layers indicates that baroclinic forced shear lavers, this latter effect is bv far the
vorticity generation increases the edldy-induced more significant.
strain, while volumetric expansion reduces it.
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COMMENTS

J. Chomiak, Chafhm'rs Univrccsityu of Teihnology, Sire- the increase in the number of elements corresponds to an

den. To evaluate correctlh the haroclinie effects, you have equivalent decrease in the size of each element, i.e., the

to resolve the flow field dorwun to the local laminar flamelet smallest scale. Given that we are simulating a 2D flow, the

thickness (7p) and enrvatnre (Vp)). Is this feasible for truly scale oftthe element is - 1// N, where N is the total nunber

high Revnolds number flow simulations? of elements, i.e., the smallest scale is -0.01. If the same

3D Kohnogorov sealing is used in 2D, and given that our

Autithor's Rcply. We agree wvith the comment and add Reynolds number is 500, then the Kolmogorov scale is

that one of the primary motivations behind developing our -0.01, i.e., we use one element to resolve a Kohnogorov

Lagraugian scheme is the need to address these issues. As eddy. It should be noted however that the resolution of the

mentioned in the response to an earlier question (see the schemes is higher than one element size since a core func-

answer to Elgobashi's question), for a moderate Reynolds tion is used to describe the variation syithlin an element.

number, our scheme resolves scales down to the Konlmo-

gorov scale, i.e.. the diffusion thickness of the flame, re- 0

quired to compute Vp, is properly captured, and the local

strain field and flame surface curvature needed to obtain Ruipedt Klein, atyu1, RsVTH Alacrgel, Gefinutn. You have

the pressure gradient, are well resolved. At higher Revo- eniphsasized that von are using a large but finite rate s:em-oilts snumbers, as articulatedi eamrlier', wse expect tise number istry' model. I have two questions:
fs s t d ee 1. Where in your mathematical model does the finite rate

of elements required to grow as Re". chemistry model enter?

2. Have you also used an infinite rate model and com-

pared it to the present results?

S. Elghobashi, Unicersity of Califonnia, Irvine, USA. Author's Reply. The finite rate chemistry model is used

flow isam elements exist in an eddy of the Kohnogorov in comprting the chemical source term in Eq. (4) which,

length size? as described in the paper, has an Arrhenius form. Since our

Damklihler number is very high, 1026, the burning rate is

Author's Reply. The total number of computational el- governed by the mixing, or molecular diffusion rate. We

ements in the simulation increases from less than 1000 at have actually shown in an earlier publication (Soteriou and

i = 0 when the shear layer is lamninar up to more than Ghonieni, 32nd Aerospace Sciences Meeting, January

10,000 after the large eddies have "equilibrated." The in- 1994, AIAA-94-9777) that an infinite rate model can be

crease in the number of elements is to accommodate the used to obtain similar results, as far as the impact of the

small scales that form as a result of the high strain rates combustion heat release on the flow, if the Slhvab-Zeldov-

exerted In the large eddies. Since the flow is nearly inviscid, ich formulation is used.
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STRAIN RATE MODELLING FOR A FLAME SURFACE DENSITY EQUATION
WITH APPLICATION TO NON-PREMIXED TURBULENT COMBUSTION

F. FICHOT, B. DELHAYE, D. VEYNANTE AND S. M. CANDEL

E.12. C Laboratory, CNRS, Ecole Cenit rle Paris
.92295 Cliatcinay-iala nbrj, Frane

Flamelet models of trlbulent combustion have been the subject of cootimitous interest becarise they
decouple the description of the flaoelet structure from that of the turbulent floss field. While these con-

cepts are now widely osed to calculate premixed and non-premixed flames, many issues remnain unsettled.
Formulations based on a transport equation for the flame surface density, like that used in this article,
require a set of closure roles that were previously defined from physical considerations. The objective of
this article is to show hoss these roles may be improved by malkng use of direct nmnerical simulations. A
refined description of the strain rate that effectively produces flame area is proposed and included in the
model. Unsteady flainelet effects are also taken into account. Experimental data on flame surface density
are obtained by processing a series of instantaneous planar laser-indiced fluorescence (PLIF) images of
a 2D noii-premixed trlbulent burncr. Results from the model are compared with these expenimenetal
measurements of flame sur•ace drensitv. Their excellent agreement shows the accuracy of' the new for-

mulatioi of the strain rate.

Introduction justs the level of flame shortening. A single-step, ir-
reversible, and fast reaction is assumed. The three

The flamelet approach is now widely used to terms on the right-hand side respectively correspond
model turbulent combustion. One advanttage of this to turbulent diffusion of the flame surface, flame sur-
concept is that it decouples the description of the face production under strain rate E,, and flame sur-
local reactive elements from that of the turbulent face annihilation due to reactant consumption. Tile
flow. When this analysis is applicable to non-pre- strain rate may be modelled as the absolute value of
mixed configurations, the reaction rate may be ex- the transverse gradient of the mean axial velocity in
pressed in terms of the scalar dissipation of the mix- mixing layer configurations [:3] or from the inverse of
ture fraction [1,2]. Alternatively, the flame surface a turbulent time. An exact equation for the strain rate
density (FSD) I may be evaluated and the mean E, mayibe obtained from recent studies [6,7,8,9]. The
consumption rate calculated as the product of this strain rate has the form E, = (A,) s + (a-,)s where
density by the mean consumption rate per unit flame
surface (XA)s = V'U - (nn)s:VU

'O f.(1) = [3 uos 2(3)
Kinetics, transport, and local strain rate effects are
included in the determination o(f S1 while the FSD (a,)s = (V'u' - nn:Vu')s
is suitably described with a transport equation < ') s
[3,4,5]. The balance equation for the FSD, originally = ( 3 l - nni- sý 5
derived from physical arguments, takes the form \ -x - sf

where 63i is the Kronecker symbol, Ui and ni are,
a1 ax a axz respectively, the xi components of the mass average
-- + ui-- = -- y - velocity ad ofthe vectorn normal to the flame front,at axi axi pointing towards the fuel side, and ( )s denotes the

average along the flame front surface. The terms
f + 2. (A1)s and (aoys are the strain rates respectively due+ E + 2. (2 ) to the mean and turbulent flow fields. Our attention

is focused on the closure of (AT)s, the strain rate due
to the mean flow, which is analyzed using a direct

In this equation, /3 is a constant coefficient that ad- numerical similation of a t-wo-dimensional reactive

1273
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mixing laver. In the second section, a model for the y+
total strain rate is derived. Unsteady effects of the
strain rate on the mass consumption rate per unit F
surface are then taken into account with an additional
transport equation as proposed iy Haworth et al. [10] 0
(third section). Experimental measurements of the
flame surface density are obtained from planar laser-
induced fluorescence (PLIF) images of a non-pre- x+= 40
mixed burner (fourth section). Expressions for the
strain rate derived from direct simulations are in- FIG. 1. Shear layer configuration. Instantaneous distri-
cluded in a turbulent model. The data are then used bution of product mass fraction calculated by (irect nu-
to directly evaluate numerical calculations based on nerical sinulation.
this model of the same configuration (fifth section).

Modelling of the Strain Rate pressible with a constant viscosity. The fuel and oxi-

dizer, initially separated by a splitter plate, react after
We wiqll successively consider the two components contact (Fig. 1). The chemical evolution is described

that form Es. The strain rate due to mean flow (AT)s by a single-step, infinitely fast irreversible reaction,
features a surface average of the cross products F + sO - (1 + s) P, where s designates the mass
(njin1 s that act as orientation factors. Following Cant stoichiometric ratio of oxidizer to fuel.
et al. [8], the normal vector may be split between Under these circumstances, the reaction zone is
mean and fluctuating parts: ri = Mi + mi with (ui)s localized on a thin sheet separating the reactants and
- Mi and (mins = 0, leading to essentially controlled by the mixing dynamics. Den-

sitv variations associated with the reaction heat re-
(nnilj)s - MMli1j + (inyn)s. (5) lease are neglected. This thermodiffusive approxi-

mation is classically adopted in theoretical studies
Expression (3) maxy he rexvritten [12,13] and also used in direct simulations [14,15,16].

It decouples the calculation of the flow field from the

A)s. .(j MiMj) aUi aUi determination of the chemical species mass fractions.
" - (mnnm,)5  (6) From the mixture fl-action Z, one may deduce theother chemical variables as well as the temperature

To use this, it is necessary to estimate MAMM and [1,2,17,18].
(mimn)s. First, the mean normal vector is parallel We focus on the large-scale vortices resulting from
to VZ. Next, the fluctuations are assumed to be iso- the Kelvin-Helmholtz instability that are typically
tropic [8]; thus, the folloxving expression applies: obsenred in such configurations. Because of their

typical time, the smaller eddies are less efficient and
S (1 - (7 are more rapidly dissipated by viscosity. The simu-

=3 (1 - AIM,). lations are performed in trvo dimensions, but we are

aware that three-dimensional effects are significant
One may also link (injns to the velocity flue- at the smallest scales or at high Mach numbers; how-

tuations according to Mantel and Borghi [11] ever, they will not be described here. The Navier-
Stokes equations are solved by a 2D finite volume

I technique using a centered second-order scheme.
(ni ,)s - k (8) The mixture fraction equation is resolved with a

fourth-order compact implicit scheme. Further de-
These two closure schemes essentially assume that tails may be found in Braza [19] and Delhaye et al.

the turbulent field is homogeneous and isotropic, [20].
which is inadequate for a shear layer configuration.
In the folloxwing subsection, the values of the orien-
tation factors, and the corresponding strain rate due
to the mean flow, are deduced from direct numerical Results
simulations.

A typical distribution of product mass fraction is
Direct Numerical Simulation shown at the top of Fig. 2. Transverse profiles of

MAMJ and (Omnif)s are deduced from the simulation.
Consider a plane mixing layer established between The surface-averaged value of the quantity Q is de-

two reactive fluids. The flow is assumed to be incom- termined by
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1.0 K. 2O2)S K 0212),s, M2M_9 << 01)12"0S (11)

K01110S - 0111"0S, 1I]MM2 << (mnmn)s (12)

While on the edge of the mixing layer,
0.5

05(11210S - M.M 2, Kim2,5s << M21M-1 (1:3)

(1'11)s -• I•M2 , Kmino2)s << V1M 2. (14)

0.0 Using the mass conservation and the assumption
of a constant density, expression (3) may be simpli-
flied as

8U1

-0.5.. (A )s ((nlI)s - (n2rl2)S) o x)
7.0 8.0 9.0 10.0 11.0 12.0

FIG. 2. Mean transverse profiles of the terms M,M1 and _ (t 5 U09) . (15)

(mmjh deduced from the direct sinullatio (x+ = 40). ([D) axl
MIMI; ( • ) MIMI; (A) MM1 1; IV) (mnn< (<i) (n1n 2;;
(>) (ilmmos. The two terms of this equation are plotted in Fig. 3.

In the center of the mixing layer, the gradient of
mean transverse velocity reaches its maximum value

0.10 (IdUu/dx21 - 0.3), which is about six times higher than
the result provided by direct simulation. This indi-

0.05 eqcates that the assumption commonly used in this con-
0.05 figuration to estimate the strain rate due to the mean

flow field (KAT)s = IdU,1/dx1) is not valid.
To include these results in a turbulent combustion

0.00 model, one has to define two regions corresponding
to the previously described center and edges of the
mixing layer. When VZ = 0, the vector normal to

-0.05 the flame is assumed to consist only of fluctuations.
A modelling similar to that of Mantel and Borghi [11]
is chosen because it does not assume the isotropy of

-0.10 the fluctuations, In this case, Knjn1)s is expressed as
7.0 8.0 9.0 10.0 11.0 12.0 in Eq. (8). When VZ is not zero, it is assumed that

y Eqs. (10), (13), and (14) are valid in a frame linked
to the mean gradient of Z. To find the five unknownsFiG. 3. Mean transverse profiles of" tihe terms of the M, M9 , Kmlmi)s, Kmsma~s, Kml ,2)s, one needs three

strain rate equation [Eq. (1.5)] (x' = 40). (D) A - 1 -,0110,0111)S '111S n ed he
more equations. A first equation is given by writing

-(a0n)5 4U1/lx2 + oU(JOx); (( ) B = (012101 - (1 II) ) that n is parallel to VZ. The norm of n is unity (n2

4U/8x,. Solid line (- ) A + B = (A,),. = 1), which provides another equation. The system

is closed by assuming that Knuro s = (min )s =
it'u'/(2k) in the previous frame, which refers to the

QdS modelling proposed by Mantel and Borghi [11]. The

MQ)s = - (9) resulting formulation is

PS(az 2~

Results are plotted in Fig. 2. They exhibit a strong (
anisotropy of the fluctuations, and consequently, Knini)s- (VZ)2
(miran) and (m,1m2,) are quite different. It is found
that, everywvhere in the mixing layer, [az 1Z

Kiil)S• •Kinim,)s, MIMI << Knlli)s. (10) /-L aX/

+ Y - (16)
In the center of the mixing layer, one has (VZ) 2 (VZ)2



1276 TUIBULENT COMBUSTION

( /2 lation (1). The local flamelet is modelled as a coun-
(Z terflow laminar diffusion flame. Under the assump-

ax jtion of infinitely fast chemistry and constant density,
this flame element mav be described by a single, one-

- (VZ)2  dimensional equation for the passive scalar

2z' aazz aaZ - Z - - E,-~ - D -- (21)

at ax ax 2

+ Y2• ax ax, (17) with the following initial and boundary conditions

(VZ)2  Z(x, 0) = H(x), Z( - -, t) (22)

AZ Z = 0, Z(+ +, t) = 1

S1 0aX 2 'where Ejt) is the strain rate, D a constant diffusion
(n 2)s = (22 1) A x(VZ)2  (18) coefficient, and H(x) is the Heaviside function.

Assuming a constant strain rate E,(t) = A, this

with d defined as equation leads to the classical solution [3], where ,
is the global equivalence ratio

DA) I'A + 1
Y,. = = 1c (23)

'2 
5

/ (VZ§- 2k
2/ width

0Z

-5 Ax1 Ax.'2  i tw = erf-h k . (24)

(VZ)
2  2k (VZ)

2  k (19)

In practical applications, the flame element is
transported in a field of variable strain, and this pa-

The strain rate (hie to velocity fluctuations is mod- rameter changes sometimes quite rapidly. This is the
elled as case in the injection zone where the shear takes large

values along a flamelet trajectory. It is known (for
=a,)s - ae/k (20) example, Ref. 10) that the flamelet response time

cannot be neglected. MauB et a]. [21] and Th6venin
where a is a constant, k the turbulent kinetic energy, and Candel [22] have shown that variable strain ef-
and e its dissipation, fects should be included to account for local extine-

One should note that the behavior of the moment tion or to describe the ignition of a non-premixed
terms as described above is typical of flows contain- configuration. One may introduce an equivalent
ing well-defined coherent structures. If these struc- strain rate A(t) defined at each time as the strain rate
tures are weaker, the moment terms may be differ- of the stationary flamelet having the same reaction
cot. However, comparisons between simulations and rate as the real one, and one may derive a transport
experiments indicate that the model will still apply equation for A(t) (Haworth et al. [10])
for a realistic class of flows. Another question that
may be raised is that of 3D effects. The model de- dA
visend for the mean strain rate and the experiment is d - 2A2(t) + 2E(t) A(t). (25)

essentially two dimensional while the description of it

the strain rate associated with the fluctuations is 3D. This equation describes the relaxation of the strain
However, a fully 31) model ma'y be derived along rate to its local value.
similar lines of reasoning.

Determination of Flame Surface Density From
Local Consumption Rate of the Flamelets OH PLIF Imaging

The local fuel consumption rate per unit of flame The experimental setup is shown in Fig. 4. An air

area 17 is needed to express the reaction rate in re- flow at 10 m/s is injected into a rectangular combus-
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Photomultiplier
Tube 

•Air0 Lens A"

10 cm

10cm Hydrogen
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5cm

30 CM

Combustion Hydrogen
Chamber

tm Air

FIG. 4. Schematic view of the experimental setup.

tion chamber. Hydrogen (14 mi/s) is introduced 1 L(i)
through six narrow slots ol the upper and lower sides = - 26)

of three injection blocks at the upstream entrance of i S

the chamber. The lateral walls are artificial quartz
windows and allow optical imaging. Planar induced The validity of this expression and influence of the
fluorescence of the OHI radical is conducted and pro- cell size are discussed in Delhave et al. [20]. The

vides flame images recorded with a charge-coupled flame surface density is evaluated from 2D slices. At

device camera. The OH radical is assumed to be a present, this is the on\y applicable but approximate

good marker of the flame reaction rate in this non- method.
premixed combustion case. Details about the exper- The observation of the experimental result (Fig. 6)

imental setup and imaging system may be found in indicates that combustion occurs mainly in a narrow

McManus et al. [23]. region where flame surface denisity is high and

In the example showni in Fig. 5, a well-defined reaches a maxinmlln about 1.5 cm downstream of the

flame front and its distortions are clearly apparent. injector. Further downstream, the flame extends

There is no evidence of local extinction, and the over a broader region, and the flame surface density
flame looks like a surface distorted by turbulent takes lower values. The flame surface density takes

structures. Accordingly, a flamelet model seems to small values close to the injector because the diffu-

be well adapted for numerical simulations of such a sion flame is extinguished by the high initial strain

flame. The flame surface density may be estimated rates. The reaction zone is clearly embedded in the

by averaging a sufficient number of images and the mixing layer between the two air and hydrogen
result may be compared to model predictions. streams, justifying the direct numerical simulation

On each image, the flame sheet is localized as the used previously to analyse the closure of the strain

maximum OH fluorescence. The flame is repre- rate due to the imean flow.

sented by a line of pixels, on which a curvilinear ab-
scissa is measured. Tests show that this method is
accurate and reliable but limited to cases without Results and Discussion
front interaction (which does not occur in our data
set). Another limitation is due to the pixel size. Any The previous model is now examined numerically
structure smaller than this size (0.26 X 0.26 mnim) by solving conservation equations for mass, momen-
cannot be detected by the algorithm. Flame fronts tum, enthalpy, chemical species, flame surface den-
are extracted from a set of 30 images. Each image is sity, and turbulent kinetic energy and its dissipation
divided into cells of area S where the flame are length (the k - r closure model is used). The equations are
L is measured. The flame surface density Z is esti- discretized and solved with a finite volune tech-
mated by averaging over all the set of images nique. A centered scheme is used to compute the
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FIG. 5. Example of an OJI-PLIF image of tie six flames, V,, = 10 m/s, V,= 14 mn/s. Vertical dimension ofcombustor
10 cm. Injection slot thickness 0.3 cm (McManns et al. [2:3]).

MIN = 0.0 E+00 MX = 4.576E+03

~~~~~~~~: ... .. .. . .. .....-........:::!~~!i!:iiiil..•.''.:ii : •gii::iiii::!i•ii•} :!i: i:!:i:

FIG. 6. Experimental flame surface density (in f), V 7 10 m/s, V,1 = 14 m/s. The density is plotted on a scale of
gray levels: the darkest symbol corresponds to the maxinmm, which is located at about 1.5 cisl.

fluxes, and a seiii-implicit fractional step mnethod is
adopted to advance the solution in time (ADI 8
method). The domain of computation represents
one-sixth of the real combustion chamber, which
means that only one flame is calculated and the other 6000.0 <a>

ones are assumed to be symmetrical. Mesh size andl
time step are selected to ensure a low numerical dif- .E
fusion and a good accuracy of the steady-state solu- • 4000.0
tion. Parameters of the model are chosen as follows: .S

a = 4andfi = 0.5.
Figure 7 shows that the turbulent strain rate KaTtS 2000.0

is larger than the strain rate due to mean flow (A9 5s,
except on the outer boundaries of the mixing layer
where they become comparable. A large peak in 0.0
(A1)s shows the position of the hydrogen jet, whereas y (CM)
a smaller peak can be observed on the edge of the
recirculation zone. This is consistent with the results FIn. 7. Cross section of the mean flow ((At),), turbulent
of the second section and indicates the importance ((o)}), and total (E,) strain rates at 0.75 cm of the injector.
of the mean velocity gradients in the initial part of Hydrogen is injected between y = 0.62 cm and y = 0.65
the jet, The large peak decreases as one moves down- cm and air betveen y = 0.65 cm and y = 1.62 ens.
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MIN =0.00E+00 MAX 4.412E+03

(a)

MIN 0.000E+00 MAX = 2.603E+03

.......~~~~~~~~~........ ......... ............. ........ .. .

(b)

FIG. 8. Local instantancous turbulenmt strain r te (a) aid equivalent strain rate (b) experienced Oy the flamelets (s ').

MIN 0.00E+00 MAX = 3.865E+03

....................' ."....,...".......:...i ......... ...............................................0 _............i .............. .. i ~ i • i !
FIG. 9. Comparison between the calculatcd flame surface density (top) and the experioental data (bottom, this figure

is a reverse view of Fig. 6) (m 1), V = 10m i/s, V, = 14 m/s.

stream. At about 2 cm from the injector, only the than the maximum value of Ka,)s. Accordingly, the
peak on the edge of the recirculation zone remains, region of high local reaction rate (i.e., high value of

The strain rate is also an important ingredient of A) is longer and lies further away from the injector.
the mean local consumption rate per unit of flame The difference between the local and equivalent
area. As previously described, unsteady effects are strain rates stresses the importance of unsteady fla-
taken into account by introducing an equivalent melet effects in this geometrn where large velocity
strain rate. In Fig. 8, the local turbulent strain rate gradients exist near the fuel injector.
KaT)s is compared with the corresponding equivalent The numerical flame surface density field is dis-
strain rate A intervening in the local consumption played in Fig. 9. The macroscopic strain notably in-
rate. The maximum equivalent strain rate is lower fluences the spreading of flame surface density into
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a long and narrow region detached fiom the injector, a, /3 coefficients of turbulent combustion
which is in good agreement .vith the experimental model
observation. The length of the flame is also predicted E dissipation rate of the turbulent kinetic en-
correctly, and the order of magnitude of the maxi- ergy
mum is the same as the experimental one. Because ( global equivalence ratio
the spatial extent of the heat release is well described, v, turbulent viscosity
the mean flow variables are also well calculated. p density

Z mean flame surface density
mean consumption rate of fuel

Conclusion (")+ dimensionless variables
Reynolds averaged variables

A model has been proposed for the flame surface K )s averaged variables along the flame surface

density transport equation in the case of non-pre-
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Baki Cetegen, University of Connecticut, USA. Could
you please comment on the contribution of the small tur-

bulent fluctuation length scales to the generation of flame
surface area? It appears that length scales smaller than lo-

cal diffusion flame thickness would not affect the genera- Jerzjy Chomiak, Chalmers University of Technology,

tion of flame surface area. Sweden. In your model, you simply add the flame surface
generation by smean flow and turbulent stretching whereas

Author's Reply. It is indeed probable that turbulent fluc- we know that stretching of the flame by mean flow svill
tuations with scales smaller than the flame thickness will damp the perturbation of tse flame by turbulence.

not influence the generation of flame surface area. This is
well demonstrated in direct simulations of premixed flames

propagating in a turbulent field (see, for example, Poinsot
et al. [1]). The same small-scale cut-off isechanisms is ex- Author's Reply. It is certainly true that stretching at the
pected in the case of diffusion flames. larger scales will influence the amplitude of the perturba-

tions produced by the smaller scales. While this mechanism
REFERENCE is not taken into account in the present model, it certainly

deserves further analysis. In the present article, we only
1. Poinsot, T., Veynante, D., and Candel. S.,. Fluid Alech. devise an improved but still approximate model of the ef-

228:561-606 (1991). feetive flame stretch that produces flame area.
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NUMERICAL SIMULATION OF LOCAL EXTINCTION EFFECTS IN
TURBULENT COMBUSTOR FLOWS OF METHANE AND AIR

I. R. GRAN, M. C. MELAAEN AND B. F. MAGNUSSEN

Division of Thermodynamics
University of Trondheim

Trondheim, Norway

The finite-volume approach together w4th body-fitted curvilinear nonorthogonal coordinates and a non-
staggered grid arrangement is used for investigating turbulent reacting flows inside gas-turbine combustion
chambers. The high Reynolds number k-c turbulence model was employed to model the turbulence. Two
different combustion models, the eddy dissipation concept (EDC) and the laminar flamelet model have
been employed to account for the turbulence chemistry interaction. An extinction model for the eddy
dissipation concept is presented, and a new extinction model for the laminar flamelet model is set forth.
First, the combusting flow in a sudden expansion axisymmetric can combustor is studied. The agreement
between calculations and measurements is good only when the effects of local extinction are taken into
account. Second, the effects of extinction on the combusting flow in an annular gas-turbine combustor
with a complex 3D geometry are examined. Significant impact on the reaction rate in the primary and
intermediate zones of the combustor due to local extinction effects is predicted.

Introduction Overall mass conservation

A method for calculation of turbulent reacting flow a
inside combustors is set forth. The high Reynolds a (57j) = 0 (1)
number k-e model with wall functions is used for
modeling the turbulence inside the combustors. Two Conservation of momentum
different combustion models, the eddy dissipation
concept (EDC) and the laminar flamelet method, a_( F(a1 + s
have been used. Inclusion of finite-rate chemical ki- 0(fjfk) p[
netics in turbulent combusting flows increases the t [I jxk)1

computational task substantially compared with cal- _- 2 _
culations based on the fast chemistry assumption - (P + +Jk ± :zt (2)
[1,2,3]. Thus, models that can account for effects of aX 1\ 3 ax:
finite-rate chemistry such as ignition, extinction, and Equation for turbulent kinetic energy
NOx formation without significantly increasing the
computational effort are needed. In the present pa- a a ( + G (3)
per, one extinction model for each of the two com- - (ajuk) = ( --
bustion models has been tested. -. 07x .TaXi

The text is divided into three parts. The first part Equation for the dissipation rate of turbulent kinetic
describes the mathematical models used. In the sec-
ond part of the paper, it is shown that the extinction energy
models are able to account for important effects of a a fa
finite-rate kinetics in a confined axisymmetric com- -- (Thj 1 ) = a
bustor flow of methane and air. Finally, the effects 'x/ (c, axj/
of local extinction in a complex three-dimensional 6 -2

gas-turbine combustor are studied. + C, G - C2 s - P (4)
k k

Mathematical Modeling where the rate of turbulent kinetic energy production

Governing Equations: is given as

The Favre-averaged equations for steady com- as?1* +s? 5k a?*_
pressible flow when using the high Reynolds number G =1t x + Ij / (5)
k-c model are as follows: \aXk axV8 axk

1283
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and p, = C, /3 k2/3 is the turbulent eddy viscosity and the eddy dissipation concept expresses the chemical
standard coefficients are selected in the k-c model. reaction rate as [5,6]
Wall functions are employed for solid boundaries.

The EDC Combustion Model: kS - C•zc - min[Ymin' Yp, (Ymin + YP)YA]

The EDC combustion model is an extended ver- Ynin = min[YF, Y0]. (12)
sion of the well-known combustion model proposed
by Magnussen and Hjertager [4]. This model has the The mass fraction occupied by turbulent fine struc-
ability to handle premixed, partially premixed, and ture regions, y,., is expressed as
nonpremixed combustion with accuracy [5], and it is
currently one of the most popular concepts for mod- (V= I(1

cling local reaction rates in practical turbulent com- V

bustion systems.
In the model expressions, the mass fraction of the and the correlation factor for nonpremixedness, K, is

individual species, Yi, is used. The equations for con- written
servation of individual species for a mixture of N spe-
cies can be written (imin + YP) 2

7t) a+ (14)
"xi |ay axi The terms C., and C, are constants with values 11.1

+/ = 1 ... , N (6) and 2.1, respectively [5].

The mixture fraction is defined as the mass frac-
where the chemical source term 65i expresses the net tion of burned and unburned fuel:
rate of production of species i due to chemical re-
action. + (15)

Under certain simplifying assumptions, the energy
conservation in terms of enthalpy is The EDC Extinction Model:

a A' Local extinction can influence combustion char-
3 h/j) = ajj). (7) acteristics of main importance for the performance

OX1 
0
Ch of combustion chambers. Here, a model for predict-

The mean temperature is found from ing local extinction in reacting turbulent flows pro-
posed by Byggstoyl and Magnussen [7] is presented.

N The model is based on the eddy dissipation concept,
S= h Yihi(T) (8) and the extinction is assumed to take place in the

turbulent fine structures [5]. The characteristic time
scale for the turbulent fine structures is deter-

The mean density is determined from the equation mined as
of state for a mixture of perfect gases: 1/2

- = 0.41(P. (16)
P N . (9)

TIE , 3I This time scale is compared with a chemical time
7 1 A• scale, 'ch, in order to establish whether extinction is

expected or not. If the turbulent fine structure is
Assuming that the combustion can be suitably rep- treated as a perfectly stirred reactor (PSR), PSR cal-
resented by the single irreversible one-step reaction culations can guide the choice of rch. Figure 1 shows

1 kg fuel (F) I + frF kg oxidizer (0)J PSR results indicating r16 for methane and air for
different inlet temperatures and compositions. Ex-

((1 + rp) kg product (P)) (10) tinction is predicted if r' < T1h, and the chemical
source term Coi in Eq. (6) is set equal to zero where

and the following set of normalized species concen- such conditions prevail.
dans ae fined According to the extinction model, a lifted diffu-trations are dsion flame will be stabilized at the position where the

turbulent fine structure time scale equals the chem-
F 0 = LO + " (11) ical time scale. The extinction model has been tested
I rF 1+ r by performing calculations of jet flows and then ex-
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10.2 T Mean values can then be found by using the Favre
I T = 300 K joint probability density function (PDF) P(fZ) of the
T = 500 K / scalar variables:

ST=700K f I
a.) p Iw(fz)P(fZx)dfdz. (19)" 10-3 ------------. T=90OK o/

/ \ Since Favre averaging is used, special care is taken
/ o, when evaluating time-averaged quantities [9, p. 73].

f In the present study, P(f,x) is found from the pre-
"10-4 ,sumed-shape method. First, it is assumed thatf and

, x are statistically independent:

P(fZ) = Pf(f)P1 (x) (20)

10-1 - where Pf andP, are the marginal PDFs.
0.25 0.50 0.75 1.00 1.25 1.50 1.75 The term Pfis then assumed to be a/ Pfunction:

Equivalence ratio, f/f , F(a + -)]
FIG. 1. Thh for different inlet temperatures and compo- ff(f) = fa'- )(1 - f)(i1) F(21)

sitions.
The parameters a and #l are related to the first- and
second-order moments off by

tracting the quenching time scales by comparison

with experimental data [7]. Excellent agreement be- a . (2
tween theoretical and measured time scales was f 12  + (22)
achieved. +3 1+ a + /"

An equation for the mean mixture fraction f is ob-
The Flamelet Combustion Model: tained if Eq. (15) is introduced in Eq. (6).

Flamelet methods assume that turbulent reacting a ay (23)
flows consist of an ensemble of reaction-diffusion lay- ( - ( ). (23)
ers that are continuously displaced and stretched t Sit
within the turbulent medium. The structure of the
flamelets can be approximated by employing the The equation for the variance of the mixture fraction
flame sheet model or by assuming equilibrium or f,, 2 is written
partial equilibrium. A more detailed description of
nonequilibrium effects is achieved by extracting data 0 , 0 [
from measurements or by performing numerical -- (putf"s) = I
laminar flamelet calculations with detailed chemistry X)j Stjj ' -&\1 /
[8, p. 328]. After that, it is necessary to build the /U' a af 8
turbulent reacting field by a convenient collection of + axc , cs p , (24)
such flamelets. This can be done by tabulating the
state, characterized by the state vector, Wfn, in the where c1 = c2 = 2.0.
flamelet as a function of the mixture fraction f for The term Z is assumed to be log-normal distrib-
different rates of scalar dissipation Z: uted:

1 = Wf](f,Z). (17) 1 ) exp 1 (In 1 - 1) l (25)

The instantaneous scalar dissipation rate is de- T,(2 I 2 I

fined as where p and a relate to the mean and variance of X
according tox = 2D fof(18)

axj axi Z = exp(u + U
2/2) ;(112 = Z(2[exp(ac) - 12 .

where D is the diffusion coefficient. The term X may (26)
be interpreted as the inverse of a characteristic dif-
fusion time [8, p. 323]. The modeling assumption
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= c2(/lk)f" 2  (27) (19), the following expression for the mean state y
appears:

used in the derivation of Eq. (24) gives an expressionn

for 2. Instead of solving a model equation for W "f [WPb + W,(I - l p)df (33)
the common assumption of using a fixed value a 2 = i2

2.0 was employed [8, page 333].
In the present work, the instantaneous values of where

y were obtained from the flame-sheet model by
Burke and Schumann [8, page 328]. 1

In the Burke-Schumann model, it is assumed that 1 1 ]/ +

'Vs is independent of y: Pb = 2 + 2 erf (2)1/22 (34)

We = Wf(f). (28)

This results in a significant computational advantage, In the extinction model presented in Ref. 8, Eqs. 5.2
since Eq. (19) reduces to and 5.3, Pb is taken outside the integration in Eq.

(33) and evaluated by using mean values. When this
p is used, the results obtained are significantly different

W = f n l(f)fP(f) df. (29) from those obtained with the present extinction
model.

Instead of using the assumed-shape method, a trans-
port equation for the velocity-composition joint PDF Nomerical Solution:
could have been solved [1,2]. The solution of PDF
transport equations is very expensive. The essential To model the complex combustor geometry, a cur-
advantage of this approach is that the effects of non- vilinear nonorthogonal grid arrangement is selected.
linear chemical kinetics appear in closed form. This Based on earlier experience, a nonstaggered (collo-
advantage is not realized if the state is determined cated) grid arrangement is preferred [10,11]. The
from Eq. (17) or Eq. (28) [2]. convective terms are discretized by the second-order

upwind scheme (SOU), but the numerically more
stable power law scheme is employed to start the

A New Flamelet Extinction Model: calculations. For the nonstaggered (collocated) grid

At a certain rate of scalar dissipation, the laminar arrangement used, the Cartesian velocity compo-

flamelet is extinguished. This scalar dissipation can nents are stored in scalar grid points so that velocity

be characterized by the scalar dissipation rate eval- interpolation is needed when the convective flux at
uated at the stoichiometric contour, yt = z(f the control volume faces is to be estimated. This is
Thus, extinction occurs if751 exceeds the quenching achieved by the Rhie and Chow interpolation

value, Z'- With this assumption, Eq. (28) can be ex- method [12]. The SIMPLE algorithm is chosen to
pressed as [8, page 335]: find updated velocity and pressure fields obeying the

discrete momentum and continuity equations for the
converged solution. In addition to the k and E equa-

Wf LW(f) if>Zt > Y (30) tions, the h and Yi equations or thef and f"2 equa-tions are solved depending on the combustion model

where W•i and W,, designate the state in a burning used. The equations are solved sequentially by line-
and an extinguished flamelet, respectively. Numeri- by-line TDMA together with block correction, and
cal values for Z, have been deduced from analyzing the process is repeated until convergence. The so-
experimental data and by analytical and numerical lution is regarded as converged when the 1-norm of
calculations. For a methane-air diffusion flamelet, the residuals scaled against a representative inflow
the value Z, = 8.0 s-1 is estimated [8, page 331]. flux is less than 10-5 for all variables.
This value has been adopted in the present work.

An approximate relation between / and Z5t can be
written [8, page 325] Axisymmetric Combustor

Z = zqt2  (31) The combusting flow investigated experimentally
by Lewis and Smoot [13] is studied. In this experi-

2 = exp{2[erfc1(2f•t)] 2 - 2[erfc-i(2f)]2}. (32) ment, nonswirling coaxial streams of natural gas
(mainly methane) and pure air are injected into a

By inserting Eqs. (20), (25), (30), and (31) into Eq. sudden-expansion chamber (see Fig. 2).
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Fin. 2. Streamlines in axisymmetric combustor: (a) with- FIG. 3. Temperature profiles at x = 95 mm, Solid line:
out extinction, (b) with extinction. EDC without extinction; dash-dotted line: EDC with ex-

tinction; dashed line: flamelet model without extinction;
dotted line: flamelet model with extinction.

Previous Simulations:

The computational grid used in the present cal-
culations has 61 X 47 nodes in the axial and radial When extinction is accounted for, however, the
directions, respectively. The reason for this is to allow correspondence between the calculated and mea-
comparison with previous numerical predictions of sured temperature is good. As expected, the temper-
this case presented by Nikjooy [14], who used a sim- ature near the axis is lower when extinction is mod-
ilar grid. The results of Nikjooy closely resemble the eled. The effect that the temperature close to the
present results obtained when extinction is not ac- wall is higher in the calculations with extinction de-
counted for [6]. serves some discussion, however. The outer half of

the temperature profiles in Fig. 3 are inside a recir-
Grid Dependency: culation bubble (see Fig. 2). The mixture in the re-

circulation bubble has enough time to react, so the
To ensure that the calculations are grid independ- temperature in this region is determined by the

ent, additional calculations have been performed amount of fuel that diffuses through the annular air
with a coarse 22 X 22 grid, a medium grid with 42 jet and out to the recirculation zone. The expansion
X 42 nodes, and a fine grid with 102 X 102 nodes between the coannular fuel and air jets when extinc-
for the flamelet model without extinction. The results tion is not modeled does not lead to a significant
obtained using the medium and fine grids were al- increase in the turbulence energy production rate, so
most impossible to distinguish, and it is therefore the kinematic eddy viscosity v, is essentially un-
concluded that the results obtained with the 61 X changed. Because of the higher temperature without
47 grid are grid independent, extinction, the density is reduced, leading to a lower

dynamic turbulent eddy viscosity, pt = Pvt, and, thus,
Results: a slower radial transport of fuel away from the center

axis. At the same time, the size of the recirculation
Calculated streamlines without and with extinction bubble is reduced by the expanding gases (see Fig.

are shown in Figs. 2a and 2b, respectively. Figure 3 2). The calculated reattachment lengths are 410 mm
shows radial temperature profiles 95 mm down- when extinction is modeled and 370 mm when ex-
stream of the inlet. When extinction is not accounted tinction is not modeled.
for, both the EDC model and the flamelet model fail Figure 4 shows radial profiles of the mixture frac-
to reproduce the qualitative trends in the measure- tion 327 mm downstream of the inlet. As for the tem-
ments. The cause for this discrepancy is that the perature, the calculated results are seen to be in
flame is lifted from the fuel-air inlet. The lowest val- agreement with the measurements only when the ef-
ues for the turbulent fine structure time scale To and, feets of extinction are taken into account. The reason
correspondingly, the largest strain rates Z, are found for the results seen here is the same as for the tem-
in the shear layer between the fuel and air jets and perature results. The larger dynamic turbulent eddy
in the shear zone between the air jet and the recir- viscosity when local extinction effects are taken into
culating zone. account leads to a faster axial decay of fuel along the
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FIG. 4. Mixture fraction profiles at x = 327 mm. Solid FIG. 5. Perspective of grid system for the annular com-
line: EDC without extinction; dash-dotted line: EDC with bustor.
extinction; dashed line: flamelet model without extinction;
dotted line: flamelet model with extinction.

center axis and a higher value for the mixture fraction
close to the combustor wall.

The EDC model and the flamelet model give rea-
sonably similar results. Also, when the two extinction " ,
models were used, the results were as similar as one
would expect from two such different models. This
is also the case for other axial positions not presented
here. If the reactants are partially premixed prior to
entering the calculation domain, the flamelet model '
used here is inadequate. It is then necessary to add
a reactive variable in the formulation that leads to a
multidimensional PDF. The EDC model however,
has been developed for diffusion, premixed, and par- FIG. 6. Velocity vectors at side-view plane No. 9.
tially premixed combustion [5]. Since the results ob-
tained with the two models are essentially similar, the
EDC model is preferred since it is simpler, yet more obtained wiv ot thute extinction model. Therefore,
general. only the velocities without extinction are shown. Ve-

locity vectors for side-view plane No. 9 are seen in

Fig. 6. Side-view plane No. 9 cuts through the middle

Prediction of an Annular Combustor of the swirl cup and the primary dilution jets. The
flows from the dilution jets are easily identified. Two

The calculated annular gas-turbine combustor is counter-rotating vortices in the primary zone of the

periodic with 20 fuel injectors, so just a single IS' comnbustor recirculate combustion products and thus
sector of the flame tube was modeled in the calcu- provide sufficient reaction time and temperature to

lations. The 46 X 18 X 26 (axial X radial x cir- anchor the flame.
cumferential) grid system used is shown in Fig. 5.
The grid resolution is quite coarse, but it is regarded Temperature Field:
as sufficient for demonstrating the effects of local
extinction in this combustor. Calculations for this In Figs. 7 and 8, temperature contours at side-view
combustor have previously been reported in several plane No. 9 are shown. In the simulations, the most
papers, for example Ref. 15. profound effect of local extinction is observed where

the primary dilution jets that are aligned with the

Velocity Field: swirl cup impinge. This can be clearly seen by com-
paring Figs. 7 and 8. This is not unexpected, since

The velocity fields obtained with the extinction the impingement results in a high level of turbulence
model can hardly be distinguished from the fields and, accordingly, a small turbulence time scale -c*. In
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EDC combustion model, inclusion of a radiation
model is straightforward.

Conclusions

The conclusions of this paper are summarized as
Temp. [K] follows.

2600 1. The EDC and the flamelet combustion models

2200 with and without extinction models are compared.
II 2. In the axisymmetric sudden-expansion combustor

1800 studied, the effects of local extinction can be ad-
1400 equately handled by both of the extinction models

discussed.
1000 3. The EDC model and the flamelet model give es-

sentially similar results. Therefore, the EDC
FIG. 7. Temperature field without extinction at side-view model is preferred since it is simpler and yet more

plane No. 9. general than the flamelet model.
4. The very high levels of turbulence in modem gas-

turbine combustion chambers lead to kinetically
limited reaction rates. The present calculations in-
dicate that the effects of local extinction have a
significant impact on the reaction rate.

Nomenclature
Temp. [K] f mixture fraction

2600 h, hi enthalpy, enthalpy of species i
2 k turbulent kinetic energyS2200 eeg

M molecular weight of species
1800 P joint Favre probability density

1400 -function 
(PDF)

Pjf, P fractional PDFs forf and X
1000 p pressure

Pb burning probability
FIG. 8. Temperature field with extinction at side-view &• universal gas constant

plane No. 9. rF stoichiometric oxidizer require-
ment

T temperature
addition, the dilution jets are cool, so the chemical u Cartesian velocity component
time scale Tch is (relatively) large (see Fig. 1). xj Cartesian coordinates

Yi mass fraction of species i
D s 7mass fraction of turbulent fine

Discussion: structures

The effects of extinction on the predicted reaction e dissipation rate of turbulent kinetic
rate in the primary and intermediate regions of the energy
combustion chamber illustrate the importance of fi- P parameter in log-normal distribu-
nite-rate chemistry in gas-turbine combustor flows. tion
Since no measurements inside of the combustor are Pt, vt dynamic and kinematic turbulent
available, it is difficult to assess whether the present eddy viscosities
extinction model is sufficient to account for the v kinematic viscosity
chemical kinetics effects on the heat release. With P density
calculated peak temperatures exceeding 2600 K, the a parameter in log-normal distribu-
assumption of an irreversible one-step reaction [Eq. tion
(10)] leads to some error. In addition, the effects of ah, ak, Uy turbulent Prandtl/Schmidt num-
radiative heat transfer should be included. With the bers
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COMMENTS

T. W. J. Peters, Delft University of Technology, The tion have not been included in the computations. Another
Netherlands. 1. In your axisymmetrical combustion chain- possible reason for the underpredicted centerline temper-
her case, the measured centerline temperature is signifi- ature is that the fuel is preheated by the cofiowing air be-
cantly higher than the predicted values, even with your fore entering the combustor. We have found that the fuel
extinction model. Did you include nonadiabaticity effects inlet temperature will be 460 K instead of 300 K, provided
due to radiation, to account for fuel and air preheating? that the inner tube is made of metal.

2. In Fig. 3b, your flamelet prediction shows a wiggle 2. The "wiggle" in the flamelet calculations where ex-
around r = 0.025 m. Is this related to the fact that your tinction is accounted for is what is left of the reaction zone
flamelet library consists of two flamelets only? around the stoichiometric contour. This wiggle is not a re-

sult of a coarse flamelet library, but rather that the extinc-
Author's Reply. 1. Nonadiabaticity effects due to radia- tion model allows for some reaction in the lean region of
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the shear layer where the turbulence level is sufficiently would like to know the value of the extinction strain rate
low. However, the size of the wiggle would have been -,, that you have used.
smaller if a flamelet library that accounted for the high Authors Reply. 1. We have not examined the grid de-
strain rates in the burning fiamelets had been used. pendence of the predictions of the gas turbine combustor.

As pointed out in our paper, we regard the grid resolution
as sufficient for demonstrating the predicted effect of ex-
tinction.

Salah S. Ibrahim, British Gas, England. In your gas tur- 2. For the axisymmetric combustor, we use X,, = 8.0 s-
bine combustor calculations, the flow is generated from as the extinction strain rate. In the gas turbine combustor,
two opposed like jets that generate a strong recirculating only the eddy dissipation concept (EDC) is applied. In the
complex flow. Have you examined the dependence of your EDC model, an extinction time scale r,1 rather than a strain
predictions on the computational grid resolution? Also, I rate is used (see Fig. 1 in the paper).
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TURBULENT BROADENING OF AUTOIGNITION LIMITS

SANJAY M. CORREA AND ANTHONY J. DEAN

General Electric Research Center

Schenectady, NY 12301, USA

We present a model for calculating the autoignition time in a turbulent flow in which fuel and air are
being mixed. The model is applied to the 40-atm heptane-air system. Chemical kinetics are described by
a four-step reduced mechanism or a 19-step reduced mechanism. Mixing is described by a particle-tracking
probability density function (PDF) model. The model requires five dependent variables (temperature and
four species) in the four-step mechanism and 14 dependent variables (temperature and 13 species) in the
19-step mechanism for each of the N1, particles used to discretize the PDF. The system is studied for 800
-- T, <-- 1000 K, an initial mean equivalence ratio of 0.5 or 1.0, initial fuel-air distributions with a range

of variances, and mixing frequencies (ao) from 10 Hz to 10 kHz. If the initial fuel-air PDF approaches a
delta function, the predicted autoignition times (r,,) agree well with published data from shock tubes.
Agreement is also obtained regardless of initial fuel-air distribution for so -- 10 kHz, because the initial
differences are mixed away before the chemical kinetics can act. For ao •5 1 kHz, c,, decreases by up to
a factor of 2 as the initial variance is increased. Particle locii in phase space are used to indicate the relative
roles of mixing and chemistry in lean vs rich gas. The behavior of the four-step mechanism is very similar
to that of the 19-step mechanism, across the mixing frequency range 10 Hz to 10 kHz.

Introduction induced by acoustic waves, "statistical variations,"
and so on. The first and second of these are not

Autoignition is of interest in spark-ignition engines strictly defined as autoignition. The third can be
and in diesel engines, where its relationship to quantified: the temperature rise AT caused by a pres-
"knock" is widely appreciated. It is also of interest in sure rise Ap is given by linear acoustics as AT/To =
lean premixed combustion (LPC) for low-NO, gas [(y - 1)/y]Ap/po, where subscript "0" refers to the
turbines; for example, 25 ppm NO, at 15% 02 is now base quantity and y is the ratio of specific heats. A
routinely attained in utility-class natural gas-fired severe combustion pressure oscillation in an LPC gas
LPC gas-turbine power plants [1]. More stringent turbine is 2-3% of the base pressure; hence, the tem-
regulations apply in certain areas of the world [2]. perature rise is 20 K or less, which is insufficient to
Similar performance will be expected with liquid hy- lead to dramatically different autoignition behavior.
drocarbon fuels. At the same time, the pressures and We focus here on the effect of nonuniformities in
temperatures of the gas-turbine cycle are being in- the fuel-air ratio on the autoignition time.
creased in the interest of thermal efficiency: com- The notion of "turbulence broadening" of reaction
pressor discharge (combustor inlet) temperatures zones has been discussed before; e.g., the broadening
and pressures may be as high as 800-1000 K and 30- of thermal NO, formation zones by superequilibrium
40 atm, respectively. A major concern in LPC under in the oxyhydrogen radical pool was reviewed in Ref.
such conditions is autoignition of the fuel-air mixture 1. Others have considered the effect of temperature
during prevaporization and premixing. Since the au- fluctuations specifically on autoignition. Tsuge and
toignition time determines the maximum time avail- Sagara [7] started with the Boltzmann equation and
able for premixing, it is a determinant of the ultimate found that, in principle, turbulence would decrease
NO, emission levels. Hence, it is necessary to un- the effective activation energy and so broaden the
derstand-and ideally to predict-autoignition times autoignition limits. Closed-form analyses of single-
in the turbulent mixing field of a premixer. step Arrhenius law models in the context of turbulent

Laboratory measurements are usually made in the fluctuations gave similar results [8]. It is difficult,
well-characterized and well-controlled environment however, to relate these studies to the stiff multistep
of shock tubes [3], flow reactors [4], or rapid com- kinetics of practical fuels. Recent advances in chem-
pression machines [5]. In practice, however, autoig- ical kinetic mechanisms [9] and turbulence modeling
nition can deviate from these laboratory data. Pos- [10-13] make it worthwhile to revisit this problem.
sible explanations for the discrepancies involve This paper presents a model for calculating au-
flashback through boundary layers, flame stabiliza- toignition time in a turbulent flow in which fuel and
tion in regions of separated flow [6], temperature rise air are in the process of being premixed. The method
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is applied to the 40-atm heptane-air system, which is where wo is the mixing frequency, wj') is the molar
of interest because (1) autoignition times are on the production rate of species k per unit volume for the
order of 1 ins, much more relevant here than the 10- nth particle, Mk is the molecular weight of species k,
20 ms times measured in lower-temperature ranges and p(l) is the density of the nth particle. The IEM
in rapid compression machines [5], and (2) a four- model is preferred to others such as the Curl model
step reduced kinetic mechanism has been developed [16,17] because (1) mixing and chemistry are ac-
for heptane ignition by Muller et al. [9] and com- counted for simultaneously and (2) it is almost per-
pared well with the data of Ciezki and Adomeit [3]. feetly "parallelizable," i.e., suited to parallel comput-
Reduced mechanisms are potentially usable in com- ers [15]. The latter feature is not essential here
putational fluid dynamics (CFD) design tools and, because of the relative simplicity of the kinetics [9]
hence, merit investigation in the parameter spaces in relative to full mechanisms. The calculations re-
which they will be used, e.g., turbulent mixing pa- ported below are not computationally intensive; thus,
rameters. Finally, although detailed flow-field cal- no special algorithms or computers are required. The
culations are not presented here, the turbulence- temperature equation is analogous to Eq. (2).
chemistry interaction submodel is derived from the For all co # 0, the effects of mixing and chemistry
Monte Carlo/PDF transport closure model used in are simultaneous and cannot be reproduced by sum-
flow codes [10]. The present calculations can be ming up Np plug flow results with the initial condi-
viewed as a test of the probability density function tions for NP particles; a calculation of the latter kind
(PDF) approach within each computational cell of a would not capture the mixing.
CFD/PDF calculation, since the subgrid is homo- To start with, the four-step four-variable mecha-
geneous. nism is adopted [9]. This mechanism predicts

heptane-air autoignition times in agreement with

The Model shock-tube data [3], although the negative tempera-
ture-dependence regime is not reproduced. In it,

The PDF P(P) denotes the probability density fuel is oxidized as follows:

function of the scalar set denoted by the vector '. F -- X (I)
In a spatially homogeneous but unmixed reacting
flow, P evolves according to [10,11] X + 1102 -* P (1I)

all( P F + 20.2 ±TY (1I1)

tiP d[p(a')S ('P)P] _K v, +2 2 nY II
p(T) at + my0 S(,o (1) Y + 90 2 -+P (IV)

where the density p is a function of the scalar vari- where F denotes the fuel (C 7H16 ), X and Y denote

ables ', S,(M) is the reaction rate, and the term in the groups of intermediates 3C 2H4 + CH 3 + H and

angle brackets is the conditional flux J] of the scalar H0 2R"O + H20, respectively, and P denotes the

denoted by a in the direction i. The terms describe, group of products 7C0 2 + 81120. Hence, the de-

respectively, the evolution of the PDF, the transport pendent variables in Eq. (2) are Y(") Yk) Y'), and
of the PDF in composition space q/. by reaction Y( for each particle n. The source terms w[n) for

Sa('), and the transport of the pdf in composition each particle in Eq. (2) are identical to the source
space by molecular fluxes. The terms on the left-hand terms in Ref. 9, up to factors in molecular weights to
side are exact, while that on the right-hand side re- convert from mole to mass fractions. Reaction III is
quires modeling. Here, the PDF P describes the reversible, with the reverse rate having a much larger
mass fractions Yk. of chemical species and is repre- activation energy than the forward rate; however, at
sented by the Np-nember ensemble Y(n), where 1 - the -Ž800 K inlet temperatures considered below, the
k -< N, and 1 •< n - NP; N. is the number of species, reverse rate is always important and even dominant.
and N, is the number of particles. Each of the mem- In Ref. 9, this mechanism was favorably compared
bers n is referred to as a "particle." The PDF evolves with shock-tube data [3] at the conditions (p, Ti,, 4))
under the combined influence of mixing and reac- considered below. The corresponding equation for
tion. the nth particle temperature TV) is written as in Ref.

The mixing term is modeled by "interaction-by- 9 with T1 - T4 being constants (the ratios of reaction
exchange-with-the-mean" (JEM), which is expected enthalpies to average specific heats), k, - klv being
to be accurate if the scalar field is not intermittent in the rate constants, and Xk being the mole fraction of
physical space [12,13]. The N, species conservation species k,
equations for the nth particle become [14,15] dT(T+

d _t = Md o(T() - T) + [TkiXF + T2ktiXxXo
dt Co_ (Yk{' - + k (2) + TS(kIItfXFXo - kiiibXY) + T4kivXyXo](n)
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where T is the ensemble mean temperature. Hence, 1500
the model consists of 5 x Np first-order-coupled or- ERICH

dinary differential equation in time; N - 100 in the 1400
calculations reported below. Integration is per- ,
formed numerically using a Gear method [18]. It L- 1300
should be emphasized that in the Lagrangian frame
this is an initial value problem with no inflow or out- • 1200- 0 MEAN
flow; hence, Monte Carlo operations on the particles ---- ,-

are not required. The particle count affects accuracy u 1100 - -l-- LEAN
through discretization of the PDF and not through " -

Monte Carlo operations. 0 1000 -
A 13-species/19-step reaction mechanism [19] will gm

also be considered below, in which case the model 900
consists of 14 X N1, equations.

The autoignition delay time can be defined in 800
many ways and is not always stated clearly. The fol- 0 0.1 0.2 0.3 0.4
lowing criteria are used here: (1) With the four-step
mechanism, the temperature rises from the begin- TIME, ms.

ning of the calculation but accelerates upon passing FIG. 1. The evolution of temperature for 4 = 1, g = 9
about 1300 K. Hence, ignition was defined as the X 10-4, Tr,, = 1000 K, and co = 1000 Hz. The richest and
time when 25% of the particles attained 1300 K. leanest particles are shown along with the ensemble mean.
Changing this fraction had no influence on the The locii start at t = 0.01 ms (0) and end just before
trends. (2) With the 19-step mechanism, the criterion autoignition at t = 0.33 ins (U); the arrows indicate ad-
is when the (mean) temperature gradient exceeded vancing time.
5 K/pS. The ignition time is not sensitive to this value
because the rise during autoignition is so fast.

-3

Discussion of Results: Lu
The Four-Step Mechanism

w• --4

The particles' compositions and temperatures can RICH
be initialized according to any desired PDF. Here, '
we will prescribe uniform initial temperatures, how- -
ever, with a Gaussian distribution of fuel-air ratio. z MEAN
The predicted autoignition time, therefore, depends -

on four inputs to the model, viz., the mean equiva- <
lence ratio (4)) and the variance (g) of the initial fuel- - 6

air distribution, the initial temperature (Ti.), and the LEAN

turbulent mixing frequency (Wo). In the code, the dis- BJ
tribution is specified via the fuel mass fraction (to 0
which "g" refers), but the initial mean will be re- -7
ported in terms of the equivalence ratio for ease of -2 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8

reading. If the variance is too large, the PDF is LOG[MASS FRACTION OF FUEL)
clipped to ensure positive initial fuel mass fractions.

Before the parametric study, a single simulation FIG. 2. The evolution of fuel and intermediate X for the
will be analyzed in detail. The conditions are 4 = 1, conditions of Fig. 1. The richest and leanest particles are
g = 9 X 10-4, Ti, = 1000 K, and to = 1000 Hz. shown along with the ensemble mean. Symbols are as in
Figure 1 shows the evolution of the temperature of Fig. 1.
the "richest" and "leanest" particles and of the en-
semble, from t = 0.01 ms to just before autoignition.
[The term richest (leanest) particle describes both leaner particles. Figure 2 shows corresponding locii
the initial and the instantaneous equivalence ratio, in the YF-YX composition subspace. Different effects
because according to the IEM model, the richest of mixing and reaction in the richest and leanest par-
(leanest) particle will always remain the richest (lean- tides are readily distinguished in Fig. 2: the lean par-
est); of course, its stoichiometry will decrease (in- tide moves up on the YF axis, showing that the fuel
crease) during mixing.] The rich particles lead the mass fraction must be increasing, because of mixing,
ignition process, because the heat and intermediate faster than any decrease caused by reaction I. In con-
species generated in the rich particles mix into the trast, the rich particle moves down in YF under the
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-2 0.55

0. 50 variance, g data from Ref. 3
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z 0 1.OE-04 . . " /

_o H. /
-4 0.4 /

< II 0.345

o 1.0E-03 . . ..-5

-2 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 0.3

1 10 100 1000 10000

LOG[MASS FRACTION OF FUEL] MIXING FREQUENCY Hz

FIG. 3. The evolution of fuel and intermediate Y. Con- FIG. 4. The effect of mixing frequency on autoignition
ditions and symbols are as in Fig. 1. time. The curves are parameterized by the initial variance.

Conditions are 4I = 1 and T,, = 1000 K.

combined influence of mixing and reaction I. The
projected length of the locus indicates the net change 1.2
in species, which is greatest for the rich particle. The data from Ref. 3
corresponding locii in YF-Yy space (Fig. 3) show that variance, g

there is a rapid (t < 0.01 ms) production of inter- 1.0 1.0E-07 ,
mediate Y, due to reaction III (forward). This reac- , 1/
tion does not require radical species and, hence, IDE-O-

commences immediately at t = 0. The rapid pro- • ,
duction of Y is followed by a slower decay to products z 0.8 - //

via reaction IV. The fuel tracks are, of course, iden- _ - /

tical to those in Fig. 2. z 1.OE-04----
0

< 0.6 A

The Effects of M ixing Frequency and Nonunifors<n 1.0E-03 .......

Initial Distribution:

Figure 4 shows the effects of independent in- 0.4
creases in wo and in g of the initial (Gaussian) fuel-air 1 10 100 1000 10000
distribution on the autoignition time, wign. The mean
is stoichiometric (4) = 1). Both co and g are carried MIXING FREQUENCY, Hz

to extreme values, as may be expected in the near FIC. 5. The effect of mixing frequency on the autoigni-
field of a fuel injector in a premixing tube. For low tion time. The curves are parameterized by the initial var-
(oIs, the autoignition time drops as the initial g in- iance. Conditions are 4 = 0.5 and T,, = 1000 K.
creases, because the richer particles lead the process,
as discussed in Figs. 1 through 3. As wo becomes large
(co -* 10 kHz), the autoignition times approach a crease in (k, in the range 0.5 < 4k < 2 [3]. Hence, in
common value regardless of the initial g, because the the present study, as g increases at constant (k in the
mixing is fast compared to any of the chemical rates. initial PDF, the system is affected by the shorter ig-
This common value of 0.5 ms compares well with the nition times of the richer particles.
data [3] and the original computations per the four- To understand the behavior of zi with mixing fre-
step mechanism [9]. The decrease in T'ign with g is quency, the intrinsic chemical time scales were ex-
greater if the mixture is overall lean (4 = 0.5; Fig. amined. The evolution of species in a single isolated
5): a factor of about 2 is apparent. particle is shown in Fig. 6, prior to autoignition and

From the above calculations, the autoignition time at initial conditions of 1000 K, 40 atm, and 4) = 1.
Tign decreases as g increases at both values of 4). The Species Y is formed very rapidly via reaction (JIIf)
reason is found in the original shock-tube data: the until the concentration of Y is sufficient for reaction
autoignition times decrease monotonically with in- (IJIfl to be nearly balanced by reaction (IIb). Ini-



TURBULENT BROADENING OF AUTOIGNITION LIMITS 1297

0 1.2-

-1 02 1.1 800K

1.0.

-2 F 0
IE - 0.9-

0
3 -3 0.6-

0
L-4

-W 10.7 9000K
o 5 0.6

0.3

-7 0 1 2 3 4 5 6 7 8 9 10
0 0.1 0.2 0.3 0.4 0.5

104 x VARIANCE
TIME, ins.

FIG. 8. The effect of the initial temperature and initial
FIG. 6. The evolution of species in a single isolated par- distribution of fuel-air ratio on the ignition time. Condi-

tide at initial conditions of 1000 K, 40 atm, and P = 1. tions are 0 = 1 and a) = 1000 Hz.

105_ taneous time constant of a species IdXk/dtl/Xk. Figure
7 shows the chemical frequencies for each species
calculated at the conditions of Fig. 2. Species F, 02,
and Y are removed while species X is formed. The

S 1chemical frequencies range from about 300 to 3 X
14Y104 Hz. This range is consistent with the observedX effect of mixing frequency on autoignition in Fig. 4.

At frequencies at or below 100 Hz, the mixing fre-
S10quency is lower than any of the chemical frequencies,

10o3  and so the effect of concentration variation on au-
L 02 toignition is at a maximum. At a high mixing fre-

quency of 104 Hz, the mixing frequency is on the
-2 same order as the highest chemical frequency, so the

102 0.5 influence of the initial concentration variation is ef-0 0.1 0.2 0.3 0.4 0.5 fectively eliminated, and autoignition reverts to the

TIME, ms. well-mixed case. At intermediate mixing frequencies,
the chemical frequencies are only slightly faster than

FIG. 7. The evolution of the characteristic inverse time the mixing frequency, and so the influence on an-
constants, corresponding to Fig. 6. X (k) is the mole frac- toignition is at an intermediate value between the
tion of species k. two extremes.

tially, reaction (I) is very slow. Prior to ignition, the
overall temperature gradually increases, the concen- The Effects of Initial Temperature and Nonuniform
tration of Y decreases and the concentration of X Initial Distribution:
increases. At about 1300 K, the rate of reaction (I)
becomes sufficiently fast for autoignition to occur. The variation of rig with g is shown for I = 1 in
For initial temperatures between 700 and 1100 K, Fig. 8. At all temperatures, r'ig decreases in a linear
the shape of the species time histories are very sim- manner as g increases. It is also apparent that rign
ilar to Fig. 6. decreases as the inlet temperature Ti, increases;

The influence of mixing frequency on the chem- however, shock-tube measurements (which are rel-
istry can be understood by examining the formation evant for the case g = 0) indicate the well-known
or removal frequency (in other words, the chemical negative temperature dependence in the range Ti,
frequency) of each species. The chemical frequency 850 K to Ti. - 1000 K [3]. This discrepancy is in-
for a species is defined as the inverse of the instan- trinsic to the four-step mechanism [9].
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FIG. 9. Comparison of the 19-step (solid line) and the FIG. 10. The effect of mixing frequency on autoignition
1011-step mechanisms (A symbols). 4) = 1. time, using the 19-step mechanism. The curves are para-

meterized by the initial variance. Conditions are 'P = 1
and T,, = 1000 K.

The 19-Step Mechanism

The diversity of turbulence-chemistry interactions four-step mechanism reproduces the results of the

depends on the complexity of the reaction pathway, 19-step mechanism to a reasonable degree in the

specifically, on the number of (significantly) different range 10 < Co < 104 Hz. This agreement occurs be-

timescales in the chemistry. The four-step mecha- cause although some of the additional species in the

nism does not have as many timescales as full mech- 19-step mechanism have timescales as small as 10-4

anisms, and hence, the above response to changes in to 10-5 s, they are not influential after the preignition
the turbulence may be misleading. To investigate this stage. Since 10 < (o < 10' Hz spans the expected

further, a 13-species/19-step reaction mechanism turbulence in multidimensional flow [15,21], the

[19] was applied to the same shock-tube data set. four-step mechanism can be regarded as usable for
This reduced mechanism is based on the so-called CFD-based studies.
Shell model [20]. It has been modified by other work-
ers to predict autoignition for a variety of fuels in
rapid compression machines, successfully reproduc- Conclusions
ing the two-stage ignition observed there.

Here, the 19-step mechanism was further modi- Recent developments in stochastic mixing models
fled. The rates of three reactions involving fuel or and algorithms, combined with developments in re-
fuel fragments (reactions (1), (3), and (8) in Ref. 18), duced chemical kinetic mechanisms, have led to a
were adjusted in the present work to match the an- model for the computation of autoignition in imper-
toignition times predicted by the 1011-step mecha- fectly premixed systems. The model is used to study
nism as reported in Ref. 9. The pre-exponential fac- the evolution of a nonuniform heptane-air mixture
tors of reactions (3) and (8) were increased by factors under the simultaneous influence of mixing and ig-
of 2 and 3, respectively, while the activation energy nition chemistry, at high pressures and high initial
of reaction (1) was reduced by 6 keal/mol. These temperatures. The model behaves according to ex-
changes can be justified on the basis of different fuel pected bounds in the limits of (1) very narrow initial
structure (n-heptane instead of octane) and of dif- PDFs of fuel-air ratio and (2) a very high mixing fre-
ferent initial heating of the fuel-air mixture. With quency. The predicted values of autoignition time in
these modest changes, the predicted autoignition these limits agree well with shock-tube data. A com-
times agree well with those of the 1011-step mech- putational study of the autoignition time as a function
anism, including the negative temperature depend- of the initial temperature, of the initial mean and
ence (Fig. 9). The autoignition time is at a local max- variance of the PDF of the fuel-air ratio, and of the
imum at T,,, = 1000 K. mixing frequency, has been carried out. The four-

The case T,,, = 1000 K was selected for parametric step mechanism agreed well with a 19-step mecha-
simulations over g and to (Fig. 10). By direct com- nism in the range 10-104 Hz (mixing frequency).
parison of Figs. 4 and 10, it is concluded that the The model based on the four-step mechanism is



TURBULENT BROADENING OF AUTOIGNITION LIMITS 1299
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capture the negative temperature-dependence re- 7. Tsuge, S., and Sagara, K., Combust. Sci. Technol.
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The instantaneous mixing and reactive scalar fields have been measured in the recirculation zones of
turbulent non-premixed flames stabilized on a bluff body, using the spontaneous Raman scattering tech-
nique. The measured means and rms fluctuations of mixture fraction, temperature, and the mass fractions
of stable species are presented for various axial locations in the recirculation zone of CHJ/CO and CH4 /H 2
flames. The diameters of the bluff body and the central fuel jet are 50 and 2 mm, respectively. Both flames
are about 40 cm in length and have a full, luminous recirculation zone that extends for about one bluff-
body diameter from the exit plane. Two regions of almost homogenous mixture are identified within the
recirculation zone: A large outer region, which on average is fuel lean, and an inner region, which is smaller
and closer to the central fuel jet. Combustion is more intense in the inner region, where mean mixture
fraction is stoichiometric and the peak values for temperature and mass fractions of combustion products
are reached. Finite-rate chemical kinetic effects exist but not at high enough levels to cause localized
extinction in the recirculation zone.

Introduction flames is now the subject of intense research. This is
a step forward toward achieving the long-term ob-

Bluff-body combustors are used in many industrial jective of developing computer codes that may be
applications because they provide excellent turbulent used as design tools for the optimization of practical
mixing characteristics, improved flame stability, and combustors. Standard codes using k - e turbulence
ease of combustion control. Experimental studies of closure models predict the global structure of the
bluff-body stabilized flames [1-5] have identified flow but are unable of resolving the details of the
three main controlling parameters. These are (1) the recirculation zones [5,6]. Reynolds stress closure
strength of the circulation vortex, which scales linear- models perform slightly better but are much more
ly with the coflow air velocity, u,; (2) the fuel-jet mo- complex, as they require the solution of six modeled
mentum, which is a function of the fuel-jet velocity, equations for the six turbulent stresses [7]. Current
iii; and (3) the diameter of the bluff-body, DB, rela- efforts are underway to modify the k - e approach
tive to the fuel-jet diameter, Dp. Two main types of using renormalization group models of turbulence,
bluff-body flames [2] have also been identified: (1) where the k - e constants will have a functional de-
fuel-jet dominant flames, which are conical in shape pendence on the flow [8]. Although problems still
and are stabilized to the burner by hot recirculating exist in computing the flow field, the mixing and re-
gases; and (2) coflow-air dominant flames, which active scalar fields are even more difficult. Correa
have a luminous recirculating flame on the face of and Pope [9] have used a hybrid approach, which
the bluff body. The occurrence of these flames de- combines a Lagrangian Monte Carlo solution tech-
pends on the relative fuel-jet velocity and coflow air nique for the velocity-composition probability den-
velocity, sity function (PDF) with a finite volume method for

Computing the structure of bluff-body stabilized the k - e model of turbulence.

1301
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The main difficulty with these flows lies in the re- ing air is supplied through a shroud with an internal
circulation zone on the face of the bluff body, where diameter of 86 mm. Both burner and coflowing air
the velocity, mixing, and reactive scalar fields are very shroud are centered in a wind tunnel providing an
complex. Current turbulent combustion models do outer coflowing stream of air at 2.0 m/s. The air
not provide a very good description of even the ve- through the shroud is supplied by a separate com-
locity and mixing fields and need further develop- pressor and the coflow velocity is 25 m/s. Two fuel
ment in these areas before the reactive scalar fields mixtures are used: CH 4/CO = 1/1 (by volume) and
can be computed with confidence. Such an effort re- CH 4/H 2 = 2/1 (by volume). The stoichiometric val-
quires extensive measurements in the recirculating ues of mixture fraction are • = 0.114 and 0.052,
regions of the flows. Measurements of the velocity respectively. The addition of CO or H2 to the meth-
and turbulence fields have been reported by others ane is necessary to prevent the formation of soot in
[1,10,11]. Thermocouple and probe sampling data the recirculation region. With these fuel mixtures,
have been reported for temperature and the com- the ceramic on the face of the bluff body is red hot,
positional structure of recirculation zones [12-15]. It and the flame in the recirculation zone appears to be
is well known, however, that the flow there is very soot free. It should be noted that an inert diluent,
sensitive to probe interferences. The purpose of this like N2, could replace H2 or CO, but this will shorten
paper is to present nonintrusive, spontaneous Raman the flame, decrease its temperature, and reduce its
measurements of species concentration and temper- stability. The following flames are investigated:
ature in the recirculation zone of bluff-body stabi-
lized non-premixed flames. Maps of the temperature Fuel uij Ie Re1  f, Recirculation
and mixture fraction fields are provided. Fuel (ni/s) (m/s) zone
mixtures of CH 4/CO and CH 4/H 2 are used to ensure CH4/CO 97.6 25 12,156 0.114 light to
that the recirculation zone is free from soot. dark blue

CH 4/H 2 167.1 25 15,183 0.052 blue/pink

Experimental The jet Reynolds number, Re1 is based on the central
jet exit conditions. The visible length of the flame is

Spontaneous Raman scattering measurements of about 40 cm, and the length of the recirculation zone
temperature and the concentration of many species is -5 cm for both fuels. Blowoff occurs at UaBO
are performed in the center of the recirculation 103.4 mis for the CH 4/CO flame and at fBo - 186.0
zones of two flames. The measurements were per- mis for the CH 4/H 2 flame. At these velocities, the
formed at the Combustion Research Facility, Sandia flames blow off in the intense mixing zone, which
National Laboratories, Livermore, CA. The laser extends from x/Ds - 1.0 to 2.0, while a stable flame
beam from the facility dye laser, DIANA (dye: still exists in the recirculation region. For each data
COUMARIN 521, A = 532 nm, AA = 0.3 nm, 1.0 point, temperature is determined from the sum of
J/pulse, 2-/ps pulse width), is focused to a 500-pum- the species number densities, and the mixture frac-
waist diameter. The laser energy in the probe volume tion, ý, is calculated as follows:

2
(Zc - ZCo) + (ZH - ZHO) (Zo - Zoo)

WVC 2WH WO
2

(ZCF - Zco) + (ZH,F - ZH,O) (Zo,F - Zoo)

WC 2 WH WO

is effectively doubled by reflecting the laser beam where Zi is a conserved scalar given by the total mass
back onto itself using a spherical mirror. The signals fraction of element i and Wi is the molecular weight
from the Stokes vibrational Raman scattering from of element i. This formulation preserves the stoichi-
CH4 , C02 , 02, CO, N2, H20, and H2 are collected ometric value of the mixture fraction regardless of
by photomultiplier tubes placed at the exit plane of differential diffusion effects.
the polychromator. Three other photomultiplier
tubes are stationed around the Raman signals at 556,
583, and 645 nm. These monitor the fluorescence Results and Discussion
that interferes, in varying degrees, with each of the
Raman signals. More details on the optical setup and Measurements have been made at various axial lo-
the data processing procedure can be found else- cations in the recirculation region of CH 4/CO and
where [16]. CH 4/H 2 flames. The measured mean values of mix-

The burner has a bluff-body diameter, DB = 50 ture fraction ý and temperature T are shown in Fig.
mm and a fuel-jet diameter, D1 = 2.0 mm. Coflow- 1 at the corresponding measurement location in the
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X/DB ment locations.

CH 4/CO flame. Also shown on Fig. 1 are contours of mixture fraction results. For convenience, however,
isotherms and isopleths. Interpolation has been used these inner and outer regions of uniform composition
where needed to complete these contours. Two are referred to, in the rest of the paper, as the inner
regions of almost-uniform temperature and mixture and outer vortices, respectively.
fraction are identified. A large, outer region on the Figure 2 shows scatter plots for the measured tem-
air side of the flow extends to about x/DB - 1.0 and perature and mass fraction of H20 plotted vs mixture
is centered at r/R = 0.65, x/DB = 0.4. It has a fuel- fraction at x/DB = 0.4 and 0.8 in the CH 4/CO flame
lean average mixture fraction with ý - 0.08 and T - and at x/DB = 0.8 in the CH 4/H 2 flame. The three
1600 K. The inner region is much smaller in size, profiles shown on each plot represent the computed
closer to the jet exit plane and centered at r/R = structure of laminar flames of the same fuel and over
0.15, x/DB = 0.3. It has a mean mixture fraction very three different stretch rates ranging from low to in-
close to stoichiometric and a mean temperature of termediate to close to extinction. The overshoots in
about 1980 K. Contour plots generated for other re- the peak temperature and mass fraction of water are
active species (not shown here) reveal a similar struc- mainly due to experimental error and represent only
ture. These regions correspond closely to the double a very small proportion of the number of data points
vortex structure, which has previously been observed shown on each scatter plot. The data generally follow
[1-6] in the velocity field of such flows. The size and the laminar flamelet contours. Local extinction is
center of these vortices do not necessarily match rarely observed, regardless of the axial location
those identified here from the mean temperature and within the recirculation zone in both CH4/CO and



1304 TURBULENT COMBUSTION

CH4 / CO x/DB= 0.4 tions (± +r) of the scalar on each side of the mean.
300• 0.20 L _ 1 _ i I All the results are plotted vs r/R, where RIis the radius

2400 0.106 of the bluff body (R = 25 mm).
012 Figure 3 shows radial profiles of the measured tem-•" •lI • • l perature, T, mixture fraction, ý, and the mass fractions
20.04 of CH 4 and 02 measured in the CH 4/CO flame. Fig-

600 .054 ure 4 shows four plots for the mass fractions of CO,

0.00 o25 0.50 075 1.00 0.00 0.25 0.50 G.75 O. C0 2, H2, and H 2 0 for the same flame. Each plot
MIXTURE FRACTION MIXTURE FRACTION shows three radial profiles measured within the recir-

culation zone at x/DB = 0.2, 0.4, and 0.8. At x/DB =
CB C/o x/D5 : 0.8 0.2, the mean-measured mixture fraction decreases

3000 0.20 from = 0.84onthejetcenterlineto= 0.11atr/R
202400 0 =012, which is within the inner vortex. For the same

1000 a 0respective locations, the mean-measured tempera-
1200 . o8 ture, T, increases from 512 to -2000 K. In the range

600 0.04 0.25 -- r/B •- 0.8, the mean-measured values of tem-
perature and mixture fraction are nearly constant at

0M0.25 0,50 0.75 00 0.00 025 0.50 0.75 1.00 -1780 K and 0.087, respectively. At x/DB = 0.4, theMIXTURE FRACTION MIXTURE REACTION" -"region of constant ý is slightly narrower and extends
CH4/ H2 XiDB= 0.8 from /IR = 0.4 to 0.8, where ý - 0.08. The mean tem-

3000 0.20 perature in the center of this constant ý zone is about
WT,.. , 1600K. Theregionofconstant tand inthecenterof

2400. 016 hboth recirculation zones implies that the fluid in both
1800 Z 0.12 vortex cores is, on average, well mixed and nearly ho-
1200. .. o. mogeneous. At x/DB = 0.8, which is close to the recir-
600 0.04 culation zone tip, the rms fluctuations of mixture frac-

0.00 0.25 0150 075 1,00 0.00 025 0.50 075 1.00 tion 'arelarge, causingthehighrmsoffluctuationsin
MIXTURE FRACTION MIXTURE FRACTION temperature.

At a given axial location, the radial decrease in the
FIG. 2. Scatter plots for temperature, and the mass frac- mean mass fraction of CH 4 is faster than that for CO.

tion of H20 vs mixture fraction measured at xiDB = 0.4 This implies that, while no CH 4 is left in the core ofthe
and 0.8 in the CH/CO flame and at xiD0 = 0.8 in the inner vortex, the mean level of CO is still 2%. At x/DB
CH4/H 2 flame. Solid and broken lines represent "fully = 0.2, the mean mass fractions of CO 2 and H20 reach
burnt" and "fully stretched" flamelets, respectively, while their peaks of 27 and 7% at /R = 0.12, then decrease
the "intermediate" flamelet is represented by + ." to a uniform level of 25.5 and 5.5%, respectively, in

the region r/R = 0.20-0.85. Further downstream, the
peak mean level of CO2 decreases to 14% at x/DB =

CH 4/H, flames. This is remarkable considering that 0.8, while that of H20 increases to 8.3%. The peak
these flames are at about 95 and 9'0% of the respec- mass fractions ofCO2 measured atx/DB = 0.2andO.4
tive blowoff velocities and show significant localized are higher than the theoretical limit of 19%, implying
extinction further downstream of the recirculation that this Raman line is affected by other interferences.
zone in the intense turbulent mixing neck. The scat- Plots of the fluorescence interference on the Raman
ter in the data and the coexistence of fuel and oxygen signals (not shown here) indicate a peak at r/R = 0.08
(not shown here) is evidence of the presence of fi- and 0.13 at x/DB = 0.2 and 0.4, respectively. The error
nite-rate chemistry, albeit not large enough to induce on CO2 , however, covers the whole width of the bluff
local extinction. This implies that transient extine- body and implies the existence of extraneous, narrow
tion/reignition processes need not be considered in band interference, which is possibly due to emission
modeling combustion in such zones. Although it is from soot precursors or the ceramic on the face of the
still necessary to account for the finite-rate chemistry bluff body.
effects, the next most important step in the compu- The measured mass fraction of hydrogen peaks in
tational development is to improve on the calcula- rich mixtures close to the flame centerline and out-
tions of the mixing field in these recirculating zones, side the core of the inner vortex. Oxygen penetration

Figures 3 through 5 each show plots for radial pro- into the recirculation zone is significant, with mean
files of various scalars measured in the recirculation mass fractions reaching 6% at x/DB = 0.2 and in-
zone of the CH 4/CO and CH 4/H 2 flames. Each plot creasing to 11% at x/DB = 0.8. Nitrogen penetration
contains two or more radial profiles. The solid lines (not shown here) in the recirculation zone is consis-
represent the measured mean profile. The vertical tent with that shown here for oxygen. All measured
bars shown with the measurements are not error scalars confirm that the fluid within the core of both
bars, as they represent measured turbulent fluctua- inner and outer vortices is, on average, well mixed
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0.10 0.10 FIG. 3. Radial profiles of the mean
0.05 temperature, T, mixture fraction, •,

0.00 Iand the mean mass fractions of CH 4,

0.30 XXI/0.2 02, measured at three axial locations
0.20 in the recirculation zone of the

0.20 0.15 CH4/CO flame. The height of each

0.10 0.10 vertical bar represents one rms fluc-
0.05 - tuation (o r) of the scalar on each_.0 1. . 1.0 0.0 r/R 1.0 side of the mean.

and nearly homogeneous. The recirculating air mixes CO at x/DB = 0.3 and 0.8 in the CH 4/H 2 flame. The
with jet fuel to stoichiometric proportions and burns vertical bar shown at each measurement location
intensely in the inner vortex, where the mean tem- represents one rms fluctuation of the scalar on each
perature is about 200-300 K higher than that in the side of the mean (± a). The solid line passes through
outer vortex, where mixture is, on average, fuel lean. the mean value. The mixing characteristics here are
The rms fluctuations of all scalars peak in the region generally similar to those of the CH 4/CO flame. Al-
r/R = 0.2-0.4 at x/DB = 0.8, which is close to the though not enough data exist for this flame to gen-
tip of the recirculation zone. It should also be noted erate contour plots, the inner and outer regions of
that the low rms of fluctuations measured on the air homogeneous mixture can also be identified from the
side of the recirculation zone confirms the absence available profiles. At x/DB = 0.3, the mean temper-
of instabilities, which leads to the periodic shedding ature peaks at 2125 K at r/R = 0.17, where ý is al-
of vortices, most stoichiometric at 0.05 and the inner vortex is

Figure 5 shows plots for mixture fraction, temper- expected to exist. Both t and ý decrease to constant
ature, and the mass fractions of H2, H20, 02, and levels of -2050 K and 0.045, respectively, in the
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FIG. 4. Radial profiles of the mean
0.00 i++4H-1---_ 0.0 I mass fractions of H, H,0, CO, and

0 . X/D%=0.2 X/De=0.2 CO, measured at three axial loca-

0.40 0 tions in the recirculation zone of the
0.30 CH4/CO flame. The height of each
0.20 0.10 vertical bar represents one rms fluc-
0.10 tuation (a a) of the scalar on each

O/R 1.0 0.0 r/R 1.0 side of the mean.

range r/R = 0.2-0.9, where the outer vortex is lo- CH 4/CO flame. The faster radial decay in CH 4 is a
cated. Peak mean mass fraction of H20 increases consequence of the chemistry rather than differential
from 11.8% at x/DB = 0.3 to 12.4% at x/DB = 0.8. diffusion since the mixture fractions calculated from
The peak CO levels occur on the rich side of stoi- the carbon and hydrogen atomic balances are very
chiometric. As for the CH 4/CO flame, the rms flue- close to those determined using Eq. (1).
tuations peak for all scalars toward the end of the The results presented here reveal that the outer
recirculation zone at x/DB = 0.8. vortex entrains enough air closer to the fuel jet to pro-

The mean mass fraction of CH 4 decreases to 1% duce a combustible mixture in the inner vortex, which
of its centerline value at r/R - 0. 15, and 0.42 at x/Da appears to be responsible for main heat release. Coin-
= 0.3 and 0.8, respectively. A slower rate of decay bustion products peak at the inner vortex region and

is measured for H2 , where the 1% level of the cen- are then carried radially out to the outer vortex. The
terline value is reached at r/R - 0.25 and 0.58 at outer vortex is fuel lean with ý - 0.08 but is still reac-
x/Ds = 0.2 and 0.8, respectively. The inner vortex, tive since the lean reactive limit of the CH 4/CO fuel
therefore, has some H2 but no CH 4 left in its core, mixture is j -• 0.05. It should be noted here that the
and this is consistent with the behavior of the inner region, although referred to here as a vortex,



THE STRUCTURE OF THE RECIRCULATION ZONE OF A BLUFF-BODY COMBUSTOR 1307

MIXTURE FRACTION TEMPERATURE

0.75 X/D 8=0.8 2000 X/DB=0 "8

1500
0.50

1000
0.25 5000.000

0.00 --- *------0
075 XIDB=0.

3  
200 =.3

0 .7 2000

0.50 1500

1000
0.25 500

r l i • i i,, i I r'i i-5 0i0 . . . . I. . . .. . i i i • i

0.0 OR 1.0 0.0 nR 1.0

H2 H20

X/DB=0.8 0.15 X/DB=0.8

0.030
0.10

0.02 0

0.010 0.05

0.00

X/oo=0.3 0.15 X/Do=0.3

0.030
0.10

0.020

0.010 0.05

0.0 r/R 1.0 0.0 r/R 1.0

02 CO

0.20 X/Do 8=0 0.030 X/E.=0.8

0.1500.020

0.10 0.010 Fic. 5. Radial profiles of the mean
0.05 mixture fraction, temperature, and
0.00 0.000 - the mass fractions of H1, H20, 02,ooX/=0,.3 0.03 X/D=0"3 and CO measured at two axial loca-
0.20 tions in the recirculation zone of the
0.15 0.020 CH,/H1 flame. The height of each
0.10 vertical bar represents one rms flue-
0.05 tuation (_ a) of the scalar on each

0.0 r/R 1.0 0.0 1.0 side of the mean.

does not necessarily imply a second full recirculating flames. Two zones of almost homogeneous mixture
inner zone. The existence of such a zone in these flows are identified within the recirculation zone: A large
must be confirmed from velocity measurements. outer region or vortex, which is fuel lean on average,

but still within the lean reactive limit. An inner,

smaller region that is close to the central fuel jet and
Conclusions has a stoichiometric mean mixture fraction. Peak

temperature and mass fractions of combustion prod-
The spontaneous Raman scattering technique is ucts are reached within this inner region. Although

successfully used to perform measurements of mix- chemical kinetic effects are still significant, they are
ture fraction, temperature, and the concentration of not high enough in the recirculation zone to cause
stable species at various axial locations in the recir- localized extinction, even in flames that are very close
culation zone of bluff-body stabilized diffusion to blowoff.
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RICH METHANE/MR FLAMES: BURNING VELOCITIES, EXTINCTION
LIMITS, AND FLAMMABILITY LIMIT

MARY N. BUI-PHAM AND JAMES A. MILLER

Combustion Research Facility
Sandia National Laboratories

Livermore, CA 94551-0969, USA

A theoretical investigation has been conducted to establish a reliable chemical kinetic mechanism that
can determine the extinction limit of opposed-flow, strained, rich premixed methane-air flames. In the
process of developing this kinetic representation for rich methane-air flames, we found that a value of
102.5 kcal/mol for the heat of formation at 298 K for singlet methylene, which is 1 kcal/mol higher than
the currently available thermochemical data, gives the best agreement with experimental data on burning
velocities for equivalence ratios between 0.5 and 1.7. Using this value for AHfcH, in our calculations, the
extinction stretch rate, K,_,, was found to be K, = 2250 s for 4) = 1.0, K,. = 2000 s- for 4> = 1.1, and
K, = 1400 s-1 for 4, = 1.2. These results agree better with experiments than those using a lower heat of
formation of singlet methylene. In comparison with previous calculations made by Kee et al., our predic-
tions are basically the same, except that our extinction stretch rate is slightly higher at 4) = 1.0 and that
our location of the maximum extinction stretch rate is closer to that found in experiments. In addition, we
establish the rich flammability limit using two different criteria to be approximately between (P = 1.62
and 4) = 1.68, which agrees very well with an experimental value of 4) = 1.67.

Introduction extinction conditions. In the process of constructing
this kinetic representation, we discovered that the

Understanding the structures and extinction con- heat of formation at 298 K of singlet methylene
ditions of combustion processes continues to be a (AHfJCH9 ) plays a significant role in the determina-
challenging problem due to the chemical and fluid tion of burning velocities and extinction limits of
mechanical complexities involved. In recent years, methane-air flames. This occurs because of the very
thanks to the advance of computing technology, fast reaction 5CH2 + H20 : CH 3 + OH, whose
mathematical modeling has become a very useful and rate coefficient was nearly the collision rate at room
even essential tool in predicting the structures and temperature, as determined by Hack et al. [5]. In our
critical conditions, as well as in determining the prin- model, we input the reaction as written with Hack's
cipal chemical paths, of many combustion systems rate coefficient (kf = 1 X 1 0 14 cm

3/mol• s), but the
using detailed chemistry. In this paper, we present reverse of this reaction actually takes place in meth-
our findings in the continuing research on premixed ane flames, thus causing the thermochemistry
methane-air flames. (through the equilibrium constant, which is used to

Previously, the chemical kinetic mechanism used calculate the reverse rate) to have a direct effect on
by Kee et al. [1], which is essentially that of Miller the kinetics. The situation is further complicated by
and Bowman [2], produced high burning velocities the fact that, using the best available thermochem-
under rich conditions [3]. As a result of these more istry, one would calculate this singlet methylene re-
robust rich flames, the extinction stretch rates, Ki, action with water to be about 0.5 kcal/mol endother-
calculated by Kee et al. [1] for an opposed-flow, mic. Clearly, this is not consistent with such a fast
strained premixed flame were significantly higher reaction.
than those measured by Law et al. [4] (at least this To address the validity of the new mechanism, we
is one possible explanation). These findings provide employ mathematical modeling to determine the
the impetus for developing a more reliable mecha- structure and burning velocity of freely propagating
nism to predict accurately the extinction limit for rich methane-air systems and compare these results with
methane-air flames. In order to accomplish this goal, experimental data for a range of equivalence ratios
we first need to assess how well this mechanism per- from 0.5 to 1.7 at atmospheric pressure. Sensitivity
forms in freely propagating systems, since if it cannot and reaction rate analyses are also performed to pro-
determine burning velocities accurately, there is no vide further insight into the chemical behavior and
reason to believe that it will produce correct critical principal path of oxidation, as well as the flammability

1309
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limit of these rich flames. In our calculations, we test
three different values for the heat of formation for
'CH 2 : (1) the currently accepted value of AHficH0
= 101.5 keal/mol, (2) a high value of AHficu2 =

104.5 kcal/mol, and (3) an intermediate value of
AHfpcH0 = 102.5 kcal/mol. Comparison with exper- Stagation

iments [6,7] reveals that the intermediate value for Point Flame

AHfcH2 = 102.5 kcal/mol gives the best agreement
for burning velocity predictions. This value of the
heat of formation of singlet methylene is then used
in extinction limit calculations for an opposed-flow,
strained methane-air premixed flame for 40 = 1.0, Fl

= 1.1, and 40 = 1.2, and the results are compared Flame

with Law's experiments [4]. In addition, we also at-
tempt to establish the flammability limit of rich
methane/air flames using two different criteria: (1) High Contraction
the composition that yields V,, = 5 cm/s (a qualitative Nozzle

rule proposed by Westbrook [8]) and (2) a kinetic
criterion reported by Law and Egolfopoulos [9],
where the competition between branching and ter- Premixed Fuel

mination reactions is considered. and Oxidizer

Ftc. 1. Configuration used in opposed-flow model with
separation distance of 7 mm.

Formulation for the Mathematical Problem
Governing Equations

Chemical Kinetic Mechanism: Freely Propagating Premixed Flame:

The present kinetic scheme is derived primarily The mathematical formulation for a steady, planar,
from Miller and Melius [10] with some improve- adiabatic deflagration at low Mach number has been
ments. The main modifications are as follows: extensively cited in the literature [17,18] and will not

be presented here. The mass flow rate Mý is an ei-
1. The new rate used for the reaction OH + 0 = genvalue and must be determined as part of the so-

H + 02 comes from Masten et al. [11]; this rate lution; therefore, in addition to the usual boundary
coefficient is consistent with Hessler's measure- conditions, the location of the flame is chosen to be
ments at very high temperature [12] and also fixed by specifying the temperature at one point. This
agrees with Miller and Melius's trajectory calcu- is sufficient to obtain the solution for the flame speed
lations using Varandas's potential energy surface eigenvalue. As an improvement over previous cal-
over a very wide temperature range. The rate ex- culations, thermal diffusion and multicomponent
pression kf = 2.02 x 1014 T- 0.4 cm 3/mol s ap- transport [19] are included, and central differencing
pears to represent the kinetic data available from techniques are employed.
below room temperature to above 5000 K [13],
where the subscriptf denotes the forward direc- Strained, Opposed Premixed Flame:
tion of the reaction.

2. The inclusion of the methanol subset, which is Figure 1 is an illustration of the configuration used
comprised mostly of compilations by Tsang of the in modeling strained, opposed premixed flames; a de-
National Institute of Standards and Technology tailed description can be found in Ref. 1. The mixture
[14] and the European group (CEC) [15], with composition, temperature, and inlet velocity are
the use of Choudhury's rate constant for reaction specified at the nozzle exit, and symmetry conditions
CH3O + M = CH 2O + H + M (kf = 5.45 X are applied at the stagnation or symmetry plane. The
1013 exp(- 13,497/RT) cm 3/mol s) [16]. nozzle separation distance for the present calcula-

tions is chosen to be 7 mm, because this is one of the
This new scheme consists of 239 reactions involving separation distances used by Law et al. [4] in their
53 chemical species (including up to C6 chemistry). experiments, with which we compare our predic-
Because of its length, the mechanism is not listed tions. In this fixed-domain approach, the inlet veloc-
here but can be obtained from the authors. ity is assumed to be purely axial at the nozzle exit,
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CH 3 + OH + (M) - CH 3OH + (M) (1)

CH3 + OH- CHOH + H (2)

-A CH 3 0 + H (3)

I--'CH2 + H 2 0 (4)

-
3CH 2 + H 20 (5)

--* HCOH + H12. (6)

The first five paths are included in our mechanism,
and of these, reaction (4) is the most important under
flame conditions. Reaction (6) has only recently been

1/U introduced by Waleh [20] as a possibility from elec-

FIG. 2. Illustration of arc length continuation method. tronic structure calculations. The sensitivity analysis
for the mass burning rate of a freely propagating
methane-air premixed flame for an equivalence ratio

and the radial pressure gradient eigenvalue is com- of 1.6 shown in Fig. 3 reveals that the reaction CH 3
puted. The extinction limit is calculated with the aid + OH = 'CH 2 + H20 plays an important role.
of the arc length continuation method. Figure 2 il- Hack et al. [5] measured the reverse rate of this re-
lustrates this method using a plot of one component action, i.e., 'CH 2 + H20 -- CH3 + OH, in a quasi-
of the solution (maximum flame temperature) as a static flash photolysis system and found it to be ap-
function of some parameter (velocity). Given a so- proximately gas kinetic at room temperature (on the
lution at point 1, the goal is to calculate the solution order of - 1014 cm3/mol. s). In our model, we include
at point 2 efficiently. Using the normalized arc length this reaction, as measured by Hack, in the ( - 4) di-
continuation method, the relationship between point rection; however, in methane flames, this reaction
1 and point 2 can be written as actually proceeds in the forward (4) direction. In our

flame calculations, reverse rates are determined from
equilibrium constants and forward rates (k, =

Tm 0,2 - T.... I)2 +(U -U .1)2 kf/Kegq); this fact causes the thermochemistry to have
As =- a direct effect on kinetics. Furthermore, from the

best available thermochemical data, one could de-
termine reaction (-4) to be approximately 0.5

This procedure involves a change of variables, where kcal/mol endothermic. This is not consistent with

the independent parameter (velocity) becomes a de- such a large rate coefficient. Later, in 1992, Oser et

pendent variable, and the arc length As becomes the al. [21] performed direct measurements of the

parameter. Equation (1) is then solved together with methyl reaction with OH for a range of temperatures

the other governing equations for a specified value from 300 to 480 K. They investigated the 'CH 2 prod-

of As (which decreases in value as the extinction limit uet channel by measuring the increase in water signal

is approached). The most important feature of the upon reaction. To avoid counting the water forma-

continuation procedure is its behavior near the ex- tion through OH recombination, they used OD in-

tinction limit-a turning point in the solution (where stead of OH so that water from recombination would
vertical tangency occurs in Fig. 2). At this point, the show up as D20, and water from (4) would appear

Jacobian of the original system is singular, whereas as HDO. By combining the results from Hack et al.

the Jacobian of the augmented system is well be- [5] for the reverse reaction and their own observation

haved. Therefore, this method is a great tool in ac- for the forward path, Oser et al. [21] concluded that

curately predicting flame extinction limits, the heat of formation of 1CH 2 should be AHfIcH2 =
103.9 keal/mol. This conclusion motivated us to test
several values of the heat of formation for 'CH 2 be-
cause, although the separation energy for 3CH2 -

Result and Discussions 'CH 2 - 9 kcal/mol is fairly reliable and accepted
[22], the error limit for the heat of formation of trip-

Burning Velocity: let methylene is subject to some uncertainty [23,24].
The three values used are (1) the currently accepted

Under stoichiometric and slightly rich conditions, value of AHfycFi9 = 101.5 keal/mol, (2) a high value
reaction with OH is one of the dominant removal of AHflCH 2 = 104.5 kcal/mol, and (3) an interme-
paths for methyl radicals; this reaction CH 3 + OH diate value of AHfPCHo = 102.5 keal/mol. The heats
= products has several channels; of formation used for triplet methylene (3CH 2) were
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O+OH=O +H

2O+ 2 O+ H+O2+M=HO2+M

SCH 3+CH 3 (+M)=C 2 H6 (+M)

CH4+H=CH +H2=r

:CH 3+HO 2=CH 30+OH
HCO+OH=H 0+CO

HCO+M=H+CO+M

HCO+H=CO+H
2

OC+OH=CO2 +H

C2 H 5+H=CH 3+CH 3 FIG. 3. Normalized sensitivity for

CH2 +0 2=CO+OH+H *0 the mass burning rate of freely prop-

CH +H 0=CH +OH PI p=1.3 agating methane-air premixed

2 2 3 flames (defined as (cM)(8M/8s1),
*b = 1.6 where e, is a temperature- and pres-

I I II I I I I I sure-independent factor in the ith

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 rate coefficient.

AHfcHo = 104.5 kcal/mol and AHfcH, = 95.5
kcal/mol. From this plot, it is easily observed that the

40/ 1 YL...L. low heat of formation of singlet methylene produces
-- OAAGIAAL methane-air flames that are too robust and that a

, " - _- HIGH higher value (slightly higher than that recommended
S30 - - [NTERMEDIATE by Oser et al.) was tested to yield burning velocities

0 .that are too low. Therefore, an intermediate value
25 (denoted by *) of AHflcCH = 102.5 kcal/mol and

a " AH2d CHL = 93.5 kcal/mol were used and, as shown
in Fig. 4, yield the best agreement with available ex-

o- o perimental data. From this plot, it is abundantly clear
7° that there is a direct relationship between the bum-

ing velocity of methane-air flame and AHfjc12 from
lean to rich conditions and that the intermediate40 8.0 12.0 16,0

PERCENT OF MEHANE value of AHflcH2 results in the best match with ex-
perimental data. Given the uncertainty in determin-

FIG. 4. Burning velocity as a function of equivalence ing this quantity, it is worthwhile to entertain the
ratio 4i for freely propagating methane-air premixed possibility that IHJfCH, - 102.5 kcal/mol. This value
flames: 0 Yu et al.; <> Yamaoka and Tsuji; --- calculated is closer to that suggested by Oser et al. [21] and is
results using AHf0-, = 104.5 keal/mol; * calculated results well within the uncertainty reported by Borland et
using AHf,... = 102.5 kcal/mol; - calculated results al. [23].
using AHfl1CI = 101.5 kcal/mol.

Flammability Limit:

appropriately changed to correspond with those of Although the definition of the flammability limit is
singlet methylene using the separation energy of -9 clear, i.e., the state at which steady propagation of
kcal/mol. the one-dimensional, planar premixed flame in the

Figure 4 represents the burning velocity as a fune- doubly infinite domain fails to be possible [25], the
tion of equivalence ratio (P. Theoretical predictions theoretical determination of such a limit remains
are compared with experimental data from Yu et al. problematical. It is not clear when and if such a limit
[6] (denoted by 0) and Yamaoka and Tsuji [7] (de- even exists theoretically. In this work, we compare
noted by 0). The smooth line (- ) represents cal- limits based on two different criteria:
culations using AHflcH-s = 101.5 kcal/mol and
AHPcII' = 2. kca/mol; the dotted line (---) rep- 1. The critical composition that produces a burning
resents a higher value of the heat of formation for velocity of 5 co/s: because the model is adiabatic,
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FIG. 5. Temperature at maximum branching and ter-
mination rate as a function of equivalence ratio. FiG. 6. Axial velocity profile of a strained premixed

flame; the stretch parameter K is defined as the maximum
axial velocity gradient.

it continues to calculate flame propagation at any
equivalence ratio, although the burning velocity is
small; Westbrook [8] reported a qualitative rule lations 1.69). It is interesting to note that the
that V. < 5 cm/s corresponds to a nonflammable two different definitions yield very similar results; it
mixture, and is safe to say at 4 > 1.68, methane-air flames do not

2. The critical composition where the rate of the pri- propagate at atmospheric pressure.
mary chain-termination reaction is equal to that
of the chain-branching reaction (Law and Egol- Extinction Limits:
fopoulos [9]). For the opposed-flow, strained premixed flame

Using the above criteria, we observe from Fig. 4 (*) computations, a stretch parameter K is defined as the
that 4) = 1.68 renders a burning velocity of 5 cm/s. maximum axial velocity gradient - du/dx, as shown
To use Law and Egolfopoulos' criterion, which is in Fig. 6. The velocity profile in Fig. 6 is initially that
based on the concept that competition between of a stagnation flow characterized by the specified
branching and termination reactions must be impor- negative slope. It reaches a minimum, then increases
tant for the weakly reacting flames close to the flam- because of thermal expansion, and finally, when heat
mability limits, a sensitivity analysis was conducted release is complete, it decreases in accordance with
for a rich condition (0) 1.6) to establish the most the stagnation flow requirement. Figure 7 shows
important chain-branching and chain-termination maximum flame temperature as a function of the re-
reactions. Figure 3 shows that these reactions are H ciprocal stretch rate, 1/K, where a vertical tangent
+ 02 -4 OH + 0 and CH 4 + H - CH 3 + H 2 , can be drawn at extinction. Table 1 summarizes ex-
respectively. Once the dominant branching and ter- tinction results for different heats of formation of sin-
mination paths are identified, it is found that their glet methylene and gives values of K,• = 2700 s-I
respective rate profiles approach each other at the and T,,,, = 1763 K for a stoichiometric methane-air
flammability limit; this was also reported by Law and flame and K, = 2600 s- 1 and T.., = 1814 K for 4)
Egolfopoulos [9]. This behavior can be seen in Fig. = 1.1, using AHfICH, = 101.5 kcal/mol and
5, which presents the temperature at the maximum AH cH2 = 92.5 keal/mol, while AHpcH, = 102.5
rate of each reaction as a function of equivalence kcamol and AHfCi2 = 93.5 kcal/mol yield K, =
ratio. In order to establish a quantitative critical com- 2250 s- 1 and Tm, = 1775 K for 4) = 1.0, K, =
position, a parameter a (termed the "flammability ex- 2000 s-' and T.n_ = 1824 K for 4P 1.1, and K,
ponent") was proposed by Law and Egolfopoulos [9] = 1400 s-5 and Tmo = 1854 K for )= 1.2. Coin-
to be a = d(ln coT)/d(ln woB), where co =w net rate and parison of the present model with experiments con-
T and B denote termination and branching, respec- ducted by Law et al. [4], which give values of K, =
tively. The critical composition, where a = 1, rep- 1650 s-1 for methane-air flame at 4) = 1.0, K, =
resents the flammability limit, and from our calcu- 1250 s-1 at 4) = 1.1, and K, = 750 s-1 at 4) = 1.2,
lations, a = 1 at 4) = 1.62. This value agrees very shows better agreement for the higher heats of for-
well with Law's experiments (4) = 1.67) and calcu- mation. In comparing with previous calculations
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2100- distance was fixed at 7 mm. A second reason may be

that we have modeled the flow exiting the nozzles as
- - - a simple plug flow where, in reality, there may be

S2"some radial spreading at the nozzle exit. A third rea-
20= .1 - °, son for the discrepancy may lie in the method of

<- calculating Key; this method is used in both experi-
1/ments and models and requires some judgment to

ýi 1°00decide exactly where to define the axial velocity gra-
"/= 1.2 dient. In the simulations, we observe that there can

0 ?Q•" / be a -100 s-I variation in the velocity gradients de-
pending on exactly where they are evaluated. Thus,

1800 - some disagreement seems inevitable in this compar-
* 4=i1.o ison.

Concluding Remarks

1700 ' i 'i 'i 'i ' In the present investigation, we have reported our
0.0002 0.0004 0.0006 0,0008 0.0010 0.0012 efforts in developing a reliable kinetic representation

RECIPROCAL STRETCH RATE I/K that can accurately predict the extinction limits of

FIG. 7. Maximum flame temperature as a function of the rich methane/air flames. During this process, we oh-

reciprocal stretch rate, 1/K, for 4s = 1.0, 1.1, and 1.2 meth- served that the heat formation of singlet methylene
ane-air premixed flhmes. The symbols represent calculated significantly influences the determination of the
results using AH^,cH = 101.5 kcal/mol and AHlcH. = 92.5 burning velocity; an increase of only 1-3 kcal/mol of
kcal/mol, and the lines represent calculated results using this quantity results in an average decrease of 2-7
AHfcH = 102.5 kcal/mol and AHpc,0 _ = 93.5 kcal/mol. cm/s in burning velocity from lean to rich conditions.

In comparing with existing experimental burning ve-
locity data, we established that values of AHfscH, =

made by Kee et al. [1], our model gives basically the 102.5 kcalfmol and AIfIcu5 = 93.5 kcal/mol give

same results, except that our extinction stretch rate the best agreement between modeling and experi-

is slightly higher at 4 = 1.0, and the location of the ments. Thus, this change was incorporated into our

mimum sitextinction stretch rate in our calculations mechanism. Our predictions of the extinction limit
maximum ex perio n bette An ou r esting for three equivalence ratios, (k = 1.0, (k = 1.1, and
matches that of experiments better. An interestingwith experiments
point to note here is that the peak burning velocity if this intermediate value of the heat of formation of
for a freely propagating premixed methane-air flame 1CH 2 is used, although there is still a discrepancy in
occurs at about 4) = 1.1 and the peak KY. for an the quantitative comparison that requires further in-
opposed-flow, strained flame occurs at a slightly lean_ vestigatitammabity that weres deter-
er condition; this observation was found for both ex- vestigation. Flammability limits were also deter-periments and calculations., mined using two different criteria, and both yield val-

Judging from the comparisons, one can observe ues that are essentially the same; what this means isjudgng romthecomarisnsonecanobsrve that at (k -- 1.68, methane-air flames will not prop-
that although there is good qualitative agreement, agate under atmospheric pressure.
there is still a quantitative difference. Kee et al. [1]
proposed several possibilities for the discrepancy. Acknowledgments
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TABLE 1
Summary of calculated and experimental extinction results for methane-air flames

A.29WCH. = 1.0 =1.1 4s=1.2

101.5 kcal/mole K-, = 2700 s-1 K, = 2600 s-1
T,., = 1763 K T, = 1814 K

102.5 kcal/mole K, = 2250 s- K- = 2000s-1 KYx = 1400 s-I
Ta = 1775 K T,, = 1824 K T, = 1854 K

Law et al. K- = 1650 s- K, = 1250 s I K- = 750 s- 1
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LAMINAR FLAME SPEEDS AND EXTINCTION STRAIN RATES
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METHANE, AND AIR
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Los Angeles, CA 90089-1453, USA

The effect of hydrogen and methane addition on the propagation and extinction of atmospheric CO/air
flames was investigated experimentally and numerically. Experiments were conducted by using the coun-
terflow, twin-flame technique and laser-Doppler velocimetry for the determination of laminar flame speeds
and extinction strain rates. The simulation was conducted by using the one-dimensional flame code, and
by solving the conservation equations of mass, momentum, energy, and species along the stagnation stream-
line of the counterflow. In both cases, detailed description of the chemistry and transport was used. Results
indicate that the addition of small amounts of hydrogen and methane to CO flames increases the laminar
flame speeds and extinction strain rates by accelerating the main CO oxidation reaction. The sensitivity of
the mass burning rate to this reaction is particularly high when trace amounts of hydrogen and methane
are added. For large amounts of additives, the chemistry shifts toward that of the additive, and the advan-
tages of the CO kinetic simplicity are lost. The experimental data were closely predicted by the numerical
calculations for both propagation and extinction, indicating that existing CO, hydrogen, and methane
kinetics can be used with confidence for similar studies. Detailed analysis of the flame structure revealed
that, when CO and methane are both supplied as reactants, the CO oxidation follows that of methane,
and that, for methane-rich mixtures, the supplied CO remains unreacted until the intermediate CO has
been completely formed.

Introduction tailed numerical modeling, and experiments, unam-

biguously demonstrated that, even though there are
The accurate knowledge of fundamental proper- finite-domain effects, the technique is indeed viable

ties of laminar flames is very important for practical and leads to values very close to the true laminar
purposes, as well as for the modeling of chemical flame speed for large values of the ratio between the
kinetics and turbulent combustion. The one property flame thickness and the nozzle separation distance.
that has been the subject of extensive investigations The detailed numerical modeling and experiments
is the laminar flame speed, which contains essential show that, for atmospheric hydrogen/air and hydro-
information regarding the mixture's exothermicity, carbon/air mixtures, the true laminar flame speeds
diffusivity, and reactivity. However, its accurate ex- can be closely determined for nozzle separation dis-
perimental determination has been a source of con- tances larger than about 14 mm and by obtaining
troversy since reported data appear to have substan- data at the lowest possible strain rates.
tial scatter [1] that cannot be explained by simply While the counterfiow technique has been exten-
considering experimental uncertainties. sively used for the determination of laminar flame

Recently, it has been realized that, in many of the speeds of a wide range of mixtures and pressures
existing techniques, the flames are not one-dimen- [3,6-9], CO flames have not been studied systemat-
sional, and they are strained [2]. Subsequently, Law ically. The knowledge of the properties of CO flames
and coworkers [2,3] introduced the counterflow, is of particular interest because it is a practical fuel,
twin-flame technique, which systematically accounts and it is also widely used for modeling purposes be-
for the strain effect and subtracts it out. The coun- cause of its kinetic simplicity. Furthermore, the dy-
terflow technique has also been criticized [4,5] for namics of the CO flames, in which a small amount
overpredicting the true laminar flame speed because of hydrogen-containing species has been added, are
of finite-domain effects, given that the experiments dominated by the CO + OH = CO 2 + H reaction,
are conducted by using two opposing nozzles at a the rate of which is well known. Therefore, they are
finite distance. However, further studies [6,7], which ideal environments for kinetic studies of additives
were conducted by using asymptotic analysis, de- that can effectively perturb the rate of the CO oxi-

1317



1318 LAMINAR FLAMES

dation reaction, and this approach is extensively fol- to obtain data at the lowest possible strain rates in
lowed by Dryer, Yetter, and coworkers [10-12] in order to assure reliable linear extrapolations.
homogeneous, low- to intermediate-temperature By increasing the nozzle exit velocities, K in-
flov reactors. These kinetic studies can be enhanced creases, and the flames are pushed toward the stag-
by further validating proposed kinetic models against nation plane, and for further increase of K, extinction
data determined in flames in which the kinetics are is eventually obtained. For selected mixtures, the ex-
also sensitive to species diffusion and to large tern- tinction strain rates, K&xt, were also determined by
perature gradients. using L = 14 mm. The accurate knowledge of L is

In view of the above considerations, the main ob- important for the comparisons with the numerical
jective of the present study was to experimentally simulations, since, in one of our studies [13], it has
determine the laminar flame speeds and extinction been found that the values of Kxt can be affected by
strain rates of CO/air flames with the addition of hy- the magnitude of L.
drogen and methane by using the counterflow tech- The volume flow rates of the gases were deter-
nique, and through comparisons with detailed nu- mined by flowing them through sonic orifices, which
merical calculations to assess the validity of existing were calibrated by using a wet test meter. For the
kinetics. The experimental data on propagation and cases in which very low flow rates of either hydrogen
extinction will be the first to be derived from strained or methane were added to CO, a small-scale flow-
flames, and they are expected to be of particular in- meter was used that was calibrated by using the soap
terest for practical and modeling purposes, given that bubble technique. The addition of trace amounts of
the hydrogen/CO and methane/CO systems are hydrogen and methane resulted in flow rates as low
among the simplest ones in terms of CO oxidation, as 1-3 cm 3/s, and the lower limit of addition was re-
Furthermore, since CO is an important intermediate stricted by the accuracy of the laser-Doppler velo-
of methane oxidation, their mixtures will be of prac- cimeter for flame speeds below 6-7 cm/s.
tical relevance in terms of their possible mixing in
turbulent environments in which either fuel-rich
combustion locally prevails or partial extinction and Numerical Methodology
subsequent reignition have occurred.

The laminar flame speeds were calculated by using
the one-dimensional code of Kee and coworkers [14].
Numerical simulation of the counterflow configura-

Experimental Methodology tion was conducted by solving the conservation equa-
tions of mass, momentum, species concentrations,

The counterflow opposed jet technique for the de- and energy for the stagnation streamline. The for-
termination of laminar flame speeds and extinction mulation of the stagnation-point flow has been the
strain rates is well documented [2,3,8,9]. It involves subject of extensive investigations for the past 10
the establishment of two symmetrical, planar, nearly years [15,16], and the governing equations and the
adiabatic flames in a nozzle-generated counterflow appropriate boundary conditions are now reasonably
configuration, and the subsequent determination of well established. Under the assumption that the axial
the axial velocity profile along the centerline of the velocity, temperature, and species concentration pro-
flow by laser-Doppler velocimetry. A typical velocity files are uniform in the radial direction, the original
profile has a near zero gradient at the nozzle exit, and stagnation code [16,17] uses the radial pressure cur-
it gradually develops an increasing slope, which be- vature and the velocity gradient at the exit of the
comes maximum just before the minimum velocity nozzle as the two parameters characterizing the flow.
point at which the heating starts. This maximum ye- The code was further modified for more efficient
locity gradient in the hydrodynamic zone is defined convergence, more accurate calculation of the mass
as the imposed strain rate, K, and the minimum ve- diffusion velocities, and the ability to obtain solutions
locity as a reference upstream flame speed, S,1 d as through continuation for increasing and decreasing
has been proposed by Law and coworkers [2,3]. For nozzle separation distance.
a given mixture, the variation of S.,, with K is mon- Both codes were integrated to the Chemkin-JI
itored, and by linearly extrapolating to zero K, the [18] and Transport [19] subroutine packages, which
laminar flame speed, S', is determined. The K vari- provide the detailed chemistry and transport infor-
ation is obtained by keeping the mixture equivalence mation. The kinetic scheme used was a hierarchically
ratio constant and varying the amount of flow rate to developed C2 mechanism [8,20] that satisfactorily
the burners through a bypass valve. In the present predicts a wide range of oxidation properties of hy-
study, a nozzle separation distance, L, equal to 22 drogen, methane, ethane, ethylene, acetylene, and
mm was chosen for the experimental determination methanol.
of all S°'s in order to minimize finite-domain effects, The calculations of the laminar flame speeds using
as mentioned in the Introduction. Furthermore, in the one-dimensional code were conducted by using
all experimental runs, every possible effort was made the upwind difference for the convective terms since
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40 Experimental indicating that the sensitivity of the CO system to the
35 t - Numerical t12 addition is heightened in this regime. This is due

(Xco +X2) = 0.20 to the fact that, when XHE - 0, any small H2 addition
aos noticeably accelerates the rate of reaction (R24),

which critically controls the rate of the overall reac-
25 tion progress [12]. This can be further seen in Fig.

S20 0.17 2a, in which the normalized sensitivity [14] of the
0 _most important reactions on the mass burning rate is

1• .1shown for the Xco + X12 = 20% case and for var-
0 3.14ious values of X1; the results were obtained by de-

tailed numerical calculations. The dominance of re-
5 action (1R24) on the mass burning rate is apparent for

CO/I2/Air, p=1 atm all cases, and for low X 12 values, the sensitivity of the
0.00 0o.0 0.02 0.03 0.04 0.0s 0.06 0.07 mass burning rate on reaction (R24) increases with

H2 Mole Fraction in the Mixture, XH2  XiI1. However, as X1l 2 further increases, the hydrogen
chemistry starts becoming more important, and the

FiG. 1. Experimentally and numerically determined lam- sensitivity of the mass burning rate on reaction (R24)
inar flame speeds, S, as a function of X,, + X,,., and starts reducing. It is also of interest to note the re-
Xc1, for atmospheric CO/hydrogen/air mixtures. duced, compared to hydrocarbon flames, sensitivity

on the main branching reaction

convergence with the central difference is not pos- H + 02 = OH + 0, (R1)
sible in our computational facilities. However, the
numerical diffusivity that is introduced by using the the somehow greater sensitivity on the branching re-
upwind difference can affect S' [7], and it can be action
minimized by further refining the computational

mesh. The reported data were obtained by plotting O + H2 = OH + H, (112)
S' vs 1/N and extrapolating to 1/N = 0, which cor-
responds to the limit of infinitely large number of the dominant termination effect of the three-hody
grid points, N. reaction

Results and Discussions H + 02 + M = HO2 + M, (R9)

and the increasing role of the HO1 chemistry at the
CO/Hydrogen/Air Mixtures: higher X1 2 values, through reactions

The effect of hydrogen addition to CO/air
mixtures can be seen in Figs. 1 through 3. The data H + HO 2 = OH + OH (1118)
were determined for total fuel (CO + H2) mole frac- H + HO 2 = H2 + 02 (Rig)
tion in the mixture, Xco + Xu0, equal to 12, 14, 17,
and 20%, and for each case, the amount of mole frac- OH + HO 2 =H 20 + 02. (R20)
tion in the mixture of the added H2, X 12, was varied
to the lowest possible concentration. In Fig. 1, the The termination effect of reaction (1120) is due to its
laminar flame speeds, S', are shown for Xco + X112 effect on the OH radical pool, which is crucial for
= 14, 17, and 20%, and it can be seen that SU de- the progress of reaction (1124).
creases as, for fixed Xu the Xco + X11 is reduced In Fig. 1, numerical results are also shown as in-
and, as for fixed Xco + X1,1 the XH2 is reduced. The dependently obtained by using the one-dimensional
reduction with Xco + XH2 is due to the fact that the flame code, and it can be seen that the agreement is
flames studied herein are overall fuel lean, and the very close. This indicates that the CO/H 2 chemistry
reduction with XH2 is due to the kinetic effect that used in the present investigation, which is mainly
the H2 addition has on the overall branching of the based on the work of Yetter et al. [10], is quite ac-
system and that directly affects the rate of the CO curate in predicting properties of flames, which are
main oxidation reaction: inherently diffusive and variable-temperature sys-

tems.
CO + OH = CO2 + H. (R24) Extinction strain rates, Kex,, were also obtained for

Xco + Xu, = 12 and 14% and various XH2 values,
For a fixed Xco + Xu9 , it is interesting that the S' and the results are shown in Fig. 3, along with nu-
reduction is quite gradual for the larger values of merical results obtained by using the counterflow
X12, and it becomes more noticeable as X4 -s 0, code. It can be seen that K,, decreases as both Xco
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CO+OH=CO2 +H

( H2aHOOH=H20+OHH=120 ((XCO+X2 = 0.20)

CO/Hz/Air, p=1 atm

. ..+O2+M=HO 2+M M XH2= 0.06
of (r 

Xaa2= 0.04
drogen/air XH2= 0a X+1

(a) H+02=OH+O • X+X 2= 0.001

4+OH=CH3 +0 .20 
(CO/CH4 /Air, p= . CmtmCO+OH=-CO2 +H ,¢•,¢ ,g/. /./,"

N orma ized4= 0s0i Fit. 2. Normalized sensitivity onSH+2+MH02M XCH= 0.041 the mass burning rate as a function
2- 0- of (a) Xc80 for atmospheric CO/hy-~drogen/air mixtures and Xco + XH2

(b) 7+OH+•Xc 0+X.14,) =-0"c 0.20, (b)X for atmospheric-0.4 -0 .2 0.0 0.2 0,4 0.6 08 CO/methane/air mixtures and Xco +
Normalized Sensitivity on Mass Burning Rate XoH .• =o15.

tExperimental 3OO 0.0
600 Numerical 25.08

0.12 iS.

450 5 coICH4 /Air, p4= atm)

S50 0 -

o0 45s ( XCO+XCH,) 0 015a
40

200 35

100 (CO/H2/Air, p=l atm) 25 01
0 i , i • 120 

[

0.01 0.02 0.03 0.04 0.05 0. 06
H2 Mole Fraction in the Mixture, XH2 0D

5.00 5.02 0.04 Ot.O 0.08 0.10 0.12 0.14 0.16
FIc. 3. Experimentally and numerically determined ex- CH4 Mole Fraction in the Mixture, XCH4

tinction strain rates, K,,,, as a function of X., + X., and

X, for atmospheric CO/hydrogen/air mixtures. FIG. 4. Experimentally and numerically determined lam-
inar flame speeds, So, as a function of Xco + Xc, and
Xcu, for atmospheric CO/methane/air mixtures.

+ XH2 and X112 decrease, which is reasonable since
the XCo + X1,, reduction leads to fuel-leaner, weaker tamed b usin a value of L that is not close to the
mixtures, and the XH2 reduction leads to a lower rate t y g
of reaction (24) and, therefore, lower heat release expenmental one [13].

rate and lower flame resistance to extinction. It is also
of interest to note the very close agreement between CO/Methane/Air Mixtures
the numerical simulations and the experiments,
which further validates the CO/H 2 kinetics used The effect of methane addition to CO/air mixtures
herein. This agreement becomes even more impor- can be seen in Figs. 4 through 7. The data were taken
tant by considering the fact that our experiments for total fuel (CO + CH4 ) mole fraction in the mix-
were conducted in a finite-domain configuration, ture, Xco + XCH,, of 8, 10, 11.6, 12, 14.6, and 15%,
with nozzle separation distance of L = 14 mm, and and for each case, the amount of mole fraction in the
this value was used in the numerical simulations. For mixture of the added CH 4, XCH4, was varied. In these
a given kinetic scheme, disagreements can be ob- experiments, the amount of methane addition was
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800 0.146 1 varied from trace amounts up to 100% methane in
01700 the fuel mixture. This was done because there are no

'• safety considerations as compared to large hydrogen

ý460o 1 additions, and in order to assess the effect of CO
ý /addition to methane, given that CO is a significant

P4 5intermediate of the methane oxidation..3 0.10
400 In Fig. 4, the laminar flame speeds, So, are shown

300 for the Xco + XCH 4 = 8, 10, 12, and 15% cases. For
0f " the Xco + XCH4 = 8 and 10% cases, it can be seenS 200 0 Experimental that S' decreases as, for fixed XCH 4 , the Xco +

W- 100 XcH, is reduced and as, for fixed Xco + XCu4, the
1CO/CH4 /Air, p=l atm XCH4 is reduced. In the limit of Xco - 0, these two

0.. .0 . . cases correspond to fuel-lean and near-stoichiomet-
0.01 0.0z 0.03 0.04 0.05

CH4 Mole Fraction in the Mixture, XCn 4  ric methane/air mixtures, respectively, and the cor-
responding values of S' are reached, which are

FIG. 5. Experimentally and numerically determined ex- higher compared with the mixtures with finite values
tinction strain rates, K_,, as a function of X(, + X,, and of Xco. The monotonic increase of S' with XCH4 is
Xc, for atmospheric CO/methane/air mixtures, due to the increase of the rate of reaction (R124) as a

result of the H addition through CH 4.

0.16 6.0e-4 3.0e-4

0.14 •5.0e-4

0.12

4.0e-4 2 2.0e-4 .•
. 0.10 -CO "U

0.08 3S- o-
CH4 *S 0.06 -
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0.04 e o FIG. 6. Spatial variation of the nu-
CO/CH4/Air, p=l atm 1.0e-4 merically determined mass fractions

0.02 XCO+XCH4 = 0.15 of CO, methane, and OH for atmos-
0.02 XCtH 4 - 0.001 0.0%+0 O .oe+o pheric CO/methane/air mixture with0.00 , ,* '• e.:... O.Oe+0
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Spatial Distance, cm 0.001.

0.12 0.08 6.0e-4

0.10 8 5.0e-4

0o60

0.08 4.0e-4
COCO

. 0OH • 0.04 3 3.0e-4

U 0.04 - U 2.0e-4

0.0a 0.02

0.02 c = at1.0e-4 FIG. 7. Spatial variation of the nu-
merically determined mass fractions

A X4 4= 0.12 of CO, methane, and OH for atmos-
0.00 0.00 -'.Oe+0

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 pheric CO/methane/air mixture with
Spatial Distance, cm X(.o + Xcn, = 0.15 and Xc,1= 0.12.
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For the Xco + XCF 4 = 12 and 15% cases, it can Xco + XCH4 = 10, 11.6, and 14.6% and various
be seen that there is a nonmonotonic variation of Xcn 4 values, and the results are shown in Fig. 5 along
S1 with XCH4. More specifically, at low values of with numerical results obtained by using the coun-
Xcjr, S" increases with XcH4 , and then it reaches a terflow code. It can be seen that, similarly to the CO/
maximum and eventually decreases toward the S' H2/air flames, K,, decreases as both Xco + Xcn 4 and
values of the pure methane/air mixtures at the limit XcH4 decrease, which is reasonable since the Xco +
of Xco - 0; in both cases, the methane/air mixtures XcH4 reduction leads to fuel-leaner, weaker mixtures,
are fuel rich. This behavior is due to the fact that, in and the Xcn 4 reduction, for fixed Xco + XCH4 values,
the low XCH4 regime, the CH 4 addition increases the leads to a lower rate of reaction (R24) and, therefore,
rate of reaction (R24), which has a significant effect lower heat release rate. Similarly to the CO/H 2/air
on the mass burning rate. However, in the higher flames, there is also close agreement between the
Xcn., regime, the flames start behaving more like rich experimental data and the results of the numerical
methane flames, and analysis shows that the sensitiv- simulations. This further provides confidence to the
ity of the mass burning rate on reaction (R24) re- kinetics used in this study.
duces rapidly with Xcn4. Physically, this happens be- The effect of CH 4 addition to the flame structure
cause there is not enough oxygen to oxidize CO, was also examined numerically, and results are shown
which eventually becomes an abundant species, and in Figs. 6 and 7, in which the mass fraction profiles
its rate of destruction is not crucial anymore on the of CO, CH 4, and OH are plotted vs the spatial dis-
overall reaction progress. tance. In Fig. 6, the results correspond to an overall

Furthermore, it can be seen that the sensitivity of fuel-lean case with Xco + XCH4 = 15% and XcH4 =

S, to the CH 4 addition for low Xci 4's, and for flame 0.1%, and it can be seen that the CO oxidation fol-
speeds as low as 2 cm/s, is clearly heightened only lows the CH 4 oxidation and that the OH radical pool
for the Xco + XCH 4 = 15% case, for which the val- starts increasing after the CH4 has been completely
ues of S' are well in the range of 5-10 er/s, and the consumed. Analysis showed that CH 4 is consumed
numerical calculations are possible. It is expected basically by OH via reaction (182), which has a faster
that, even for the other cases, such an effect would rate compared to the CO oxidation reaction (R24).
be seen at the very low S., regime. Therefore, only after CH 4 has been consumed to a

The normalized sensitivity of the mass burning large extent will the OH radicals be readily available
rate on the most important reactions is shown in Fig. for reaction (R24). These results are also in agree-
2b for Xco + Xcrr 4 = 15% and for various Xcn 4  ment with the findings of Ref. 12. In Fig. 7, the re-
values ranging from trace to large amounts of added sults correspond to an overall fuel-rich case with Xco
CH 4. It can be seen that, for small XCH4, the mass + Xcri4 = 15% and XcH4 = 12%, and it can be seen
burning rate is dominated by the rate of reaction that, similarly to Fig. 6, the OH radical pool starts
(R24), but this sensitivity is rapidly reduced for large increasing after the CH 4 has been completely con-
Xcu4 , for which the mixture behaves like rich meth- sumed. However, in this fuel-rich case, the CO,
ane/air. It is also seen that, as Xcn1 4 increases, the which is also supplied as reactant, does not have a
sensitivity on the main branching reaction (R1) is chance to be oxidized during the CH 4 oxidation stage
substantially heightened, while the termination ef- in which intermediate CO is also produced. There-
feet of reaction (R9) is reduced. Furthermore, the fore, the CO mass fraction keeps increasing up to the
HO 2 chemistry plays only a minor role, while the point that the OH pool reaches a maximum, and a
termination effect of the added CH 4 through the gradual consumption commences. In the case of Fig.
OH-consuming reaction 7, the supplied in the initial mixture CO behaves

practically as an inert, and it follows the fate of the
CH 4 + OH = CH3 + H20 (R82) CO that is produced by the CH 4 oxidation.

is not as strong for any Xcn 4. That indicates that re-
sults on flame speeds might not be appropriate for Concluding Remarks
the validation of the rate of such a reaction which can
potentially perturb the rate of reaction (R24). In the present study, the effect of hydrogen and

In Fig. 4, the experimental results are also com- methane addition to CO/air flames was examined
pared with the numerical results independently ob- both experimentally and numerically. The experi-
tained by using the one-dimensional flame code, and ments included the use of the counterflow, twin-
it can be seen that the agreement is close. This agree- flame technique, and laser-Doppler velocimetry for
ment was anticipated because the existing kinetic the determination of laminar flame speeds and ex-
scheme has been extensively validated against various tinction strain rates. The data are expected to be
properties of CH 4/air flames, and as already men- valuable for practical and modeling purposes. The
tioned, its CO subset is also considered to be well simulations included the use of detailed description
known. of chemical kinetics and molecular transport for both

Extinction strain rates, Kext, were also obtained for the one-dimensional flame and the counterflow
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codes. The latter was used for the integration of the 5. Dixon-Lewis, G., Twenty-Third Symposium (Inter-na-
conservation equations in finite-domain configura- tional) on Combustion, The Combustion Institute,
tions that closely describe the actual experiments. Pittsburgh, 1990, pp. 305-324.

Results show that the addition of small amounts of 6. Chao, B. H., Egolfopoulos, F. N., and Law, C. K.,
hydrogen and methane results in the increase of the "Structure and Propagation of Counterflow Premixed
laminar flame speeds and extinction strains since the Flames in a Finite Domain," submitted (1993).
added H radicals lead to increased branching and 7. Vagelopoulos, C. M., Egolfopoulos, F. N., and Law,
accelerate the rate of the CO oxidation reaction. This C. K., Twenty-Fifth Symposium (International) on
increase is more profound when trace amounts of Combustion, The Combustion Institute, Pittsburgh,
hydrogen and methane are added, and sensitivity 1994, pp. 1341-1347.
analysis shows that the response of the CO/air system 8. Egolfopoulos, F. N., Do, D. X., and Law, C. K., Comn-
is dominated by the CO oxidation reaction. However, bust. Technol. 83:33-75 (1992).
for large amounts of additives, the chemistry can shift 9. Egolfopoulos, F. N., Do, D. X., and Law, C. K.,
toward the kinetics of the additive, and the rate of Twenty-Fourth Symposium (International) on Corn-
the CO oxidation reaction is not as crucial for the bustion, The Combustion Institute, Pittsburgh, 1992,
overall reaction rate. It was also found that the ex- pp. 833-841.
perimental results were closely predicted by the nu- 10. Yetter, R. A., Dryer, F. L., and Rabitz, H., Combust.
merical calculations, which provides increased con- Sci. Technol. 79:97 (1991).
fidence to existing CO, hydrogen, and methane 11. Yetter, R. A., Dryer, F. L., and Rabitz, H., Combust.
kinetics. Sci. Technol. 79:129 (1991).

Finally, analysis of the detailed flame structure for 12. Yetter, R. A., and Dryer, F. L., Twenty-Fourth Sym-
the case of methane addition shows that the oxidation posium (International) on Combustion, The Combus-

of the CO is slow until the methane has been con- tion Institute, Pittsburgh, 1992, pp. 757-767.

sumed to a large extent, since during the methane 13. Egolfopoulos, F, N., "Geometric and Radiation Effects

oxidation stage, the OH radicals react with the meth- on Steady and Unsteady Strained Laminar Flames,"

ane through a faster reaction compared to the reac- Paper 25-629, Twenty-Fifth Symposium (Interna-

tion of CO oxidation. For the case of substantial tional) on Combustion, The Combustion Institute,
methane addition and under overall fuel-rich con- Pittsburgh, 1994, pp. 1375-1381.

ditions, it was found that the supplied as reactant CO 14. Kee, R. J., Grcar, J. F., Smooke, M. D., and Miller J.

remains unreacted until a substantial amount of OH A., A Fortran Program for Modeling Steady Laminar

radicals has been reached, and the intermediate CO One-Dimensional Premixed Flames. Sandia Report

has been completely formed from the methane oxi- SAND85-8240, 1985.

dation. 15. Miller, J. A., Kee, R. J., Smooke, M. D., and Grear, J.
F., "The Computation of the Structure and Extinction
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ASPECTS OF LAMINAR PREMIXED FLAME EXTINCTION LIMITS

GRAHAM DIXON-LEWIS

Department of Fuel and Energy University of Leeds Leeds LS2 9JT, UK

Numerical methods have been used to examine (1) the combined effects of stretch and upstream heat
loss on the properties of a stoichiometric, laminar, pre-mixed methane-air flame, and (2) the combined
effects of stretch and an extended, radiative heat loss on the properties of a fuel-lean methane-air flame,
equivalence ratio 0 = 0.57. Appropriate opposed flow configurations were investigated in both cases. In
the first case, fresh gas was discharged towards the stagnation plane from identical, coaxial, plug flow
nozzles maintained at constant temperature and separated by a fixed distance. Continuation methods were
used in tandem with Newton solutions to study the flame behaviour as the stretch rate (or nozzle inlet
velocity) was varied. High and low stretch extinction limits were observed as positions of vertical tangency
on the steady-state solution curves of flame property vs stretch rate. The complete series of solutions
between these positions formed a limit cycle with both stable and unstable branches. The chemical be-
haviour at the limits and along the unstable branch is discussed.

The effect of radiative losses on the fuel-lean flame was studied in the unburnt-to-unburut (UTU)
configuration as above, but also in the unburnt-to-burnt (UTB) configuration where the ignited unbumt
stream is opposed by a stream of its own equilibrium combustion products. If the flame is adiabatic, the
product stream is input at the adiabatic equilibrium flame temperature. Such a system shows no abrupt
extinction limits. On the other hand, if the radiative "sink" temperature is below some critical value, then,
irrespective of the magnitude of the heat loss rate on a volumetric basis, the unburnt-to-burnt system will
show abrupt extinctions if the stretch rate is increased sufficiently. Because of extremely slow numerical
convergence, the numerical investigation of these limits for the methane-air system is not yet complete.
However, such an investigation is in progress, and this combination of stretch and radiative loss effects is
clearly of importance in relation to behaviour at composition limits of flammability.

Introduction In the context of the commonly occurring flames

of hydrogen or hydrocarbons in air, important in-
A still insufficiently explored topic in laminar flame sights into the chemical and physical mechanisms

propagation is that of the abrupt extinction of single governing the low-temperature limits are likely to be
premixed flame fronts, such as is observed at com- gained by consideration of the combined interactions
position limits of flammability. It is well known that of heat loss and stretch effects with the detailed flame
such abrupt limits are not predicted by theoretical chemistry. This paper deals with two such situations.
treatments of unstrained planar one-dimensional ad- Firstly, a continuation method is employed to ex-
iabatic premixed flames, and effects of stretch alone amine numerically the effect of a nonextended, up-
in the relevant adiabatic unburnt-to-burnt counter- stream heat loss on the behaviour of a planar, steady-
flow configuration also fail to predict such limits [1- state, laminar stoichiometric premixed methane-air
9]. As was discussed some 30 years ago by Mayer [10] flame in the back-to-back (or unburnt-to-unburnt),
and Spalding [11], by far the most likely cause is non- axisymmetric, opposed flow configuration. For the
adiabaticity in the form of extended, radiative heat single composition, the combination of possible
losses from the flame and burnt gases. Such heat stretch and heat loss conditions, as the flames are
losses impose a residence time criterion, indepen- made to move between the nozzles and the stagna-
dently of flame stretch, in the high-temperature re- tion plane, leads to a series of solutions that form a
gion of the flame. The idea has recently received limit cycle with stable and unstable branches, and
strong support from the extensive experimental and with both high and low stretch rate extinction limits.
theoretical studies of spherically expanding, near- The use of the detailed multistep reaction mecha-
limit flames, under microgravity conditions, by Ron- nism allows identification of the more important
ney and coworkers [12-17]; from numerical studies chemical processes controlling these limits. See-
of such flames by Lakshmisha et al. [18,19] and Si- ondly, for a single low stretch rate, results are pre-
bulkin and Frendi [20,21]; and further from studies sented that illustrate the effect of radiative heat loss
of unstrained planar flames by Law and Egolfopoulos on the thermal structure of a fuel-lean (0 = 0.57),
[22]. laminar premixed methane-air flame in both the un-

1325
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burnt-to-unburnt (UTU) and unbnrnt-to-burnt calculated as described elsewhere [26,27]. Mixture
(UTB) opposed flow configurations, viscosities p are calculated by Buddenberg and Wil-

Counterflow (droplet) diffusion flames with (1) ke's formula [28]. We note here that for planar flames
upstream heat loss on the fuel side plus radiative loss lying in the radial coordinate direction, all these
from the droplet, and (2) radiative heat loss from the quantities are functions of axial distance alone. It
flame itself, have been examined previously by T'ien should be added that viscous dissipation and pressure
[23] and Chao et al. [24], respectively, by use of high work have both been neglected in the derivation of
activation energy asymptotics. Provided that, as the Eq. (3).
temperature falls, the rate of heat loss diminishes For any specific flat flame, the quantity J in Eq.
more slowly than the rate of heat generation by com- (2) is an eigenvalue pressure curvature or stretch rate
bustion, both situations are shown to lead to heat loss that controls the particular condition [25]. The ei-
induced extinction phenomena, and to possibilities genvalue J may also be expressed as a velocity gra-
of closed loop response curves. dient a, = (-J/p,)T/ 2, where Pe is the unburnt free

stream density. With the introduction of this relation,
and the nondimensionalization of qy, U, and F by

Mathematical Formulation
o = fa/(pp)5 1) 2 '" (7)

We consider first the general case of coaxial, op-
posed flow nozzles, each with uniform exit velocity. 0 = U/{(pp•C aC}52 (8)
With the use of density-weighted axial distance r7 =
f-• pdx, where x represents the physical distance, the P = F/a, (9)
equations governing a steady-state flow system be-
come [25] Eqs. (1) through (4) become

dU citdU + F = 0 (1) d-O + = 0 (la)

cF dq diF
2U- =F dippd-~ 1 - F2 (2) dcI =i / dt\

ci d: \ q c 20-- - C2- -IC--P (2a)

dh _ d It
2Uc i (QD + QQ) + Q- (3) ) d

2U dc' d\/ (4) + ih
_ d d a(}) (4) ja)

+ (i = 1,2,.. .,N). 20 - = - {(P4)e a d- 1 (4a)
Pdo] dof (m), (4a)

Here U = pp,2 and F = K/2, where u is the axial Ri (i1,2 N)
velocity and K is the strain rate in the axisymmetric + pa---2 ....

flow, h is the specific enthalpy of the mixture, ai =

Yihni, where Y,, is the mass fraction and mi the mo- where C = (pu)/(pp),.
lecular mass of the ith component, and Ri is the mo- All stretch rates in this paper are quoted as velocity
lar volumetric rate of formation of the species. For gradients a,. It is important [25] to note the distinc-
nonadiabatic flames with extended (radiative) heat tion between stress (or stretch) and strain.
losses, q1, similarly represents a volumetric rate of Finally, Eqs. (1) and (2) arise as a consequence of
receipt of heat from the surroundings. The density p the conservation of radial momentum in the system.
and the enthalpy h are given by The corresponding Navier-Stokes equation for axial

SRT N momentum leads to an expression for the normal
P = ai (5) pressure gradient across the flame. Although these

p =-1 pressure gradients are very small in slower burning

N flames, so that the assumption of constant thermo-
h = aiHi (6) dynamic pressure remains valid, the gradients are

i-] nevertheless essential for the acceleration of the
gases through the flame front. A necessary conse-

where the molar enthalpies Hi are polynomial func- quence of this combination of circumstances is that
tions of the temperature T and p is the pressure. The all real flames other than stationary spherical flames
diffusive fluxjf and the energy fluxes QD and QT are are subject to some degree of strain.



ASPECTS OF LAMINAR PREMIXED FLAME EXTINCTION LIMITS 1327

Boundary Conditions icals, if necessary with a species already present at
the boundary, to give some combination of H2, H20

Symmetric Unburnt-to-Unburnt or CO. In this circumstance, the upstream heat loss

(UTU) Configurations: Z at the boundary is given by

Since the configurations are symmetrical about the Z = QT,L + IiRi,A,. (12)
stagnation plane at x = 0, the boundary conditions
there are Unburnt-to-Burnt (UTB) Configuration:

x = 0: r 0, U = 0, There is now no symmetry condition, and in the

dF dT dai absence of "upstream" heat losses at the ends of the
- 0, - 0, -r=-0. (10) computational domain, the boundary conditions at

di1  each end are of the type of Eq. (11). For the radiative

For these UTU computations, the nozzles are as- loss problem, there is the added condition that the
domain must be large enough for the diffusive fluxes

sumed to be separated by a fixed distance 2L. The at its ends to be small. At the burnt end of the UTB
state of flow at the nozzles is defined by an axial ve- domain, the boundary conditions, at distance Lb from
locity UL and a strain rate FL. Here FL = 0 corre-
sponds with plug flow, and FL = (PJPL)11

2 ae [or FL the stagnation plane, are

= (pIPL)" 21 corresponds with potential flow condi-= fL d
tions at x = ± L. Diffusive conditions are assumed x = Lb: 7Lb = pdx,
for both species and energy at the boundaries. The
adiabatic "free" upstream boundary conditions are U = ULb, F = FL7,
thus 2 ULh(ZiGibHijemi - EiiLH,Lb) = (QD + QT)Lb

xL 2UL7,(CGi/mi - ai,L7,) = (ji/Mi)Lb (i = 1, 2 . N.., N).
X = LA r/ -j= pux, (13)

U = UL, F = FL It remains to define the Gib and Hi. If the radiative

(2U exchange is with the surroundings at T, it follows
2

UL GiuHu/m1 - E QiLHiL = (QD + QT)L that Tb T=,, Hib = Hi,,, and that the Gib can be

determined straightforwardly.
2UL(Giu/mi - 9i,L) (ji/mi)L (i 1, 2 ... , N)

(11)
Method of Solution

where the Gi, are the mass fractions of the respective
components i in the input stream and the subscript Solution was by an implicit finite-domain proce-
u refers to input stream conditions at ± x. The quan- dure. Discretization of Eqs. (la) through (4a) into
tity rL is the mass of fluid contained between 0 and mass intervals was performed on a new independent
L in a cylinder of unit cross-sectional area that lies variable wo, defined so that il = Lco. The cell bound-
along the central axis of flow. If L is fixed, r/L becomes ary between nodes at co. and eo. + 1 was located at
a further dependent variable. 1/2 (co + o). On the assumption of linear varia-

Upstream heat losses are introduced by the as- tion ofF, T, ui, Ri/p, and qh/p with co between nodes,
sumption of a fixed temperature T. at the upstream Eqs. (la) through (4a) may be integrated analytically
boundary, together with zero concentrations of free across individual cells to give a large set of algebraic
radicals there, The new boundary conditions are equations of the form

x ±L qL I pdx, f(T, ai, F, U, qiL, a,) = 0 (14)

U UCL, F = FL, T = T,, where the arguments are the solution vectors. The
terms r/L and L are related by

2UL(Gjm, - ai,L) =(j 7/m,)L

- RiL (i = 1,2 N) ..... if,1

QL = 0 for all radicals 'iL = L/j p 1 dO (15)
(1la)

where, again between nodes, p-1 can be expressed
where the RiL are rates of formation of species due as a product of two linear functions of co [see Eq.
to diffusive arrival and instantaneous reaction of rad- (5)]. The physical distance intervals remaining in the
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discretized expressions for the transport fluxes may -.- 21
be evaluated by use of similar equations. CDB

Both initial and continuation solutions of Eq. (14) c, 3
were obtained by Newton's method, with grid ad- E Tfspace

Tf 1integral
aptation by an equidistribution procedure between E rate 17
each continuation solution, before computing the fol- Z 417

lowing predictor. For stable flames where Newton's "0
method failed, adaptive time steps were used to bring M
the solution into the method's domain of conver- m Li/
gence. The strategy broadly follows that outlined by -i 0/
Smooke [29], Giovangigli and Smooke [30], and Kee 13
et al. [31]. Details will not be given here. 1 2 3

The reaction mechanism and rate parameters for log (ae/ (s-i))
the methane-air flames were those used by Dixon- F, space integral rate -
Lewis and Islam [32]. They have previously been FIG. 1. Variation of Tr , Te and theisaetral rane-
used successfully for the computation of the struc- 0f Rc,,4dx, with stretch rate a,,, for stoichiometric methane-
tures and properties of lean and slightly rich meth- air flame in UTU opposed flow configuration with plug flow

ane-air flames. Enthalpies were expressed as func- (F = 0) at T,, = 295 K from nozzles with fixed separation

tions of temperature by way of the NASA fifth-order 2L 7 mm.

polynomials. On the assumption that the flames were
optically thin, radiative losses (-q,) were calculated
by use of Eq. (16): are shown in Fig. 1 for the specific boundary condi-

tions. The T1 were computed on the assumption of a
qh = -4aa(T4 - T,) (16) radical pool consisting of (H + 20 + OH + CH3

+ C2H5 + HO, + HCO). Also shown in Fig. 1 are
where c is the Stefan-Boltzmann constant, T. is the the computed maximum (stagnation plane) temper-
ambient temperature, and ap is the total Planck's atures Tf achieved in the flames, and the space in-
mean absorption coefficient of the gas. It is related tegral rates - fL Rc,,dx for methane removal. The
to the mean absorption coefficients ai belonging to notional burning velocities calculated from these
the pure components by space integral rates vary from near 36 cm s-I for a

stretch rate of 103 s-1 to almost precisely 1 cm s
a, = 3 aipi (17) near the low stretch rate extinction limit at L.

The extinction limits are at the points of vertical
tangency, L and H in Fig. 1. Between these positions,

where pi is the partial pressure of the component i. the upper branches of the solution curves refer to
Here CO 2 and H20 are assumed to be the sole emit- stable flames and the lower branches to properties of
ters, and mean absorption coefficients for these are unstable steady-state solutions. The high stretch rate
given as a function of temperature by Hubbard and limit is entirely strain induced, and the flame here is
Tien [33]. adiabatic. By contrast, the low stretch limit L is cer-

tainly not adiabatic. It is determined by a balance
between decreasing stretch and increasing upstream

Result and Discussion heat loss per unit volume of combustible mixture, as
the flames move towards the nozzle exits at T,. We

Stretched, Stoichiometric UTU Methane-Air Flame note that the limits L and H are each near a local
with Upstream Heat Loss: minimum in the temperature difference (Tf - T1).

However, even at the low stretch rates and Iow tem-
The specific input conditions for these computa- peratures near L, Tf is always above T1 by some 16

tions were as follows: L = 3.5 mm, FL = 0, T, = K. The frequently made assumption that the low-
295 K, p = 1 atm, GCH4 ,,, = 0.05515, GN2,,, = temperature limits are determined by equality of Tf
0.72485, and Go, = 0.22002. The computational and T, is therefore an oversimplification. For con-
domain for each flame contained between 80 and 90 stant T1 combined with a sufficiently low concentra-
nodes, and the limit cycle was made up from full tion of either fuel or oxidizer between Tj and TI, the
Newton solutions for several hundred flames. temperature difference (Tf - Ti) is notionally a mea-

Perhaps the most important single chemical fea- sure of the high-temperature radical source strength
ture of the flames of hydrogen and hydrocarbon fuels in the flame. Thus, given the necessity for the pre-
in air, certainly near the low-temperature extinction vention of fuel or oxidizer breakthrough under pre-
limits, is the temperature Ti, akin to an ignition tem- vailing conditions, the single chemical factor con-
perature, at which radical production commences in trolling the limits is the further necessity for a
the flame. Values of T1 as a function of stretch rate balance between the high-temperature radical
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c-8
E 1.5 CH4 breakthrough R XH + 2Xo + XOH

s1.0 unstable l

E 0.5 _. E

R2 30

Iog(ae / (s-i)) 1 1 2 3

FIn. 2. Variation of heat loss per unit volume at nozzles, log (ae / (s-i))
and methane breakthrough to the stagnation plane, in

flames of Fig. 1. Fin. 4. Variation of maximum radical pool concentration
(H + 20 + OH) and maximum CH3, in flames of Fig. 1.� ••00 from nonignited states, that detailed chemical rate

GO interactions are dominant in determining the behav-
,-breakthrough iour. The CH3 concentration, Ti, and Tcurves all

/ rate from this limit, the (H + 20 + OH) radical pool

o continues to decrease towards a minimum at around
E 20 s-1, before the maximum CH4 breakthrough at
c us stable H about 30 s1. Finally, the CO breakthrough does not

S \ •--•maximize until a stretch rate of about 300 s - . Note
k =XH + 2X0 + XOH also the very considerable CO breakthrough on the0 stable branch near each extinction limit, but partic-1 i 2 ularly at H.

log (ae / (s-i)) The T2 curves of Fig. 1 and the CH3 mole fraction
curve of Fig. 4 are both "twisted," in that between

Fin. 3. Variation of CO breakthrough to the stagnation stretch rates of about 12 and 50 si , the unstable
plane, and maximum radical pool concentration (H + 20 branch lies above the stable branch. The high values
+ OH) near the low-temperature extinction limit, in of T( on the unstable branch in this region are caused

flames of Fig. 1. by the chain-terminating capability of the Cal rad-
ical and are thus an indirect consequence of the hy-
drocarbon fuel breakthrough.

source strength and the radical removal rates over

the whole flame. This feature is of crucial importance
in the search for efficient chemically active flame in- Effects of Radiative Heat Loss on the Thermal

hibitors and fire suppressants. Structure of a Weakly Stretched, Fuel-Lean,
Figure 2 shows the methane breakthrough to the Premixed Methane-Air Flame:

stagnation plane and the upstream heat loss, for both
the stable and unstable branches of the solution A specific radial stretch rate ao = 2.5 su was used
curve. These branches show zero upstream heat loss in the computations of the structure of a methane-
at stretch rates above 300 and 40 ss t respectively, air flame with equivalence ratio n 0.57, Tbu 295

Figure 3 shows the breakthrough of CO to the K, p 1 atm, and zero upstream heat loss. An im-
stagnation plane in the various circumstances, while portant part of the early computation is the estima-
Figs. 3 and 4 show the maximum radical concentra- tion of a satisfactory length of computational domain.
tions achieved in the flames, The vertical arrow be- To simplify matters in this connection, as well as to
low the abscissa in each case denotes the position of avoid complications in comparisons of flame profiles
maximum Ci 4 breakthrough on the unstable branch due to fluid dynamic effects near nozzles, the poten-
of the solution curve. Of particular interest overall tial flow boundary conditions Heat L (pjpo,)i/h and
areite behaviours of the temperature and the inter- FLb F(aLb)i/ were used.
mediate species concentrations along this unstable For the fixed radial stretch rate of 2.5 s-'i, Fig. 5
branch. It is here, at the ridge which divides ignited shows the temperature profiles computed on the ba-
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FIG. 5. Temperature profiles of fuel-lean methane-air FIG. 6. Dimensionless strain (full lines) and "stretch"

flame (0 = 0.57) at radial stretch rate a, = 2.5 s-1 in (dashed lines) rate profiles for flame of Fig. 5. The stretch

adiabatic UTU configuration, and in UTU and UTB con- rate profiles are simply profiles of (pp)"2 (see text).
figurations with radiative loss.

unstrained flame. Abrupt extinction limits were
sis of (1) an adiabatic UTU configuration, (2) a UTU found for sufficiently subadiabatic conditions (Tb <
configuration with radiative heat loss, and (3) a UTB Tad). Darabiha et al. [7] also numerically examined
configuration with radiative heat loss. It should be the extinction behaviour of a lean propane-air flame
added that, within the range of distances shown in in the same configuration, and again observed abrupt
Fig. 5, the adiabatic UTB curve (not calculated) will ignition and extinction transitions when the product
be indistinguishable from the adiabatic UTU profile. stream was sufficiently cool (Tb < ca. 1500 K). The
However, whereas the adiabatic UTU profile is sym- flame had Tad = 1965 K.
metrical about the stagnation plane at x = 0, the In this context, the present UTB result demon-
adiabatic UTB curve will continue indefinitely at the strates some far-reaching consequences of radiative
high temperature on moving in the direction of pos- or similar extended heat losses from flames. If such
itive x. losses can bring the product temperature below some

The main flame zone in all the above cases was critical value, then, no matter how small the rate of
represented by upwards of 110 grid intervals, with a loss on a volumetric basis, an abrupt extinction limit
further 30 or so intervals to represent the burnt gas will be observed if the stretch rate is increased suf-
region up to the stagnation plane in the UTU cases, ficiently. This in turn implies that, although a radia-
and some 50 intervals for the burnt gas in the UTB tive or similar loss is an essential ingredient of the
configuration. In order properly to accommodate the extinction mechanism, observed flammability limits
curvatures in the UTU profiles near the stagnation are also stretch-related phenomena-a feature that
plane, the distance intervals in the region were pro- may contribute both to the observed variation in limit
gressively decreased to 0.07 mm at the symmetry composition with direction of propagation, and to the
plane itself. Otherwise, by fixing maximum values of fact that, for methane in air, the limit burning veloc-
6o) in the unburnt and burnt gases, maximum dis- ity in a gravitationally affected environment is greater
tance intervals of approximately 0.2 and 3 mm were than that observed for spherically expanding limit
enforced in these regions. The maximum tempera- flames at zero gravity [12].
ture difference across a grid interval on the far burnt A novel feature of the result described in the pre-
side of the UTB flame was held at less than 60 K by ceding paragraph is that, in the limit of low radiative
a special interpolation procedure, and the tempera- heat loss on a volumetric basis, the flame and burnt
ture intervals in the cooler regions (T < 1000 K) of gas profiles become indistinguishable from those of
all the flames were similarly restricted to less than 30 the otherwise identical adiabatic UTB configuration
K. Within the reaction zones and in the near burnt (that is, the configuration having Tb = T.). However,
gas regions, the temperature intervals were much the extreme slowness of computational convergence
less than this, and the adaptive gridding there was by for the flames has meant that the details of behaviour
the normal equidistribution procedure. near the extinction limits have still to be worked out.

To digress briefly, Libby and Williams [2] and For the adiabatic UTU flame with 40 = 0.57, the
Libby et al. [4] have investigated theoretically the computed extinction limit is at a stretch rate of 229
UTB system for situations where the burnt temper- s-1.
ature TI may be above, equal to, or below the adia- The unbroken lines in Fig. 6 show the dimension-
batic equilibrium temperature for the corresponding less strain rate profiles for the three configurations.
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Also shown in Fig. 6, as the dashed lines, are the the burnt stream is below some critical temperature.
corresponding profiles of (pjp)"2. Since the eigen- In practice, for single, isolated laminar flames, such
value J = pa2 = pe~a, these latter profiles are in a mechanism is always provided by extended, radia-
effect "fully developed" dimensionless strain rate tive heat losses from the flame and combustion prod-
profiles that would apply if the systems were devoid ucts. Radiative loss is capable of cooling the burnt
of hysteresis effects. It is interesting that, although gas right down to ambient temperature, and a mech-
marked hysteresis effects are observed when a flame anism is thus restored for the production of stretch-
is present, the strain rate on the burnt side of the induced limits. The magnitude of the limiting stretch
UTB configuration adjusts almost instantaneously to rate will of course depend on the magnitude of the
the density changes there. volumetric rate of extended heat loss, but in princi-

Yet another property shown by Figs. 5 and 6 is the ple, so long only as such loss can reduce the temper-
movement of the flame towards the stagnation plane ature of the burnt stream sufficiently, there will al-
when radiative losses are included in the computa- ways be a stretch rate at which an abrupt extinction
tion. Some of this movement is undoubtedly associ- will occur.
ated with the changes in density and strain rate struc- We note also that the above arguments apply for
ture between these and the adiabatic flame. a UTB system having a fixed unburnt thermodynamic
However, the radiative loss causes also a change in state within the flammable range. By the same rea-
the space integral rate across the flame, and hence soning, a composition extinction limit, or in particular
of notional burning velocity. For the unstrained circumstances a composition limit of flammability,
methane-air flame with j = 0.57, the computed may be defined for any fixed combination of stretch
space integral rate for methane consumption is rate and nonzero extended heat losses that satisfies
0.1814 mol m-2 s -, and the corresponding burning the temperature conditions outlined.
velocity is 7.7 cm s -. For the adiabatic UTU flame For the commonly occurring flames of hydrogen
with radial a, = 2.5 s-1, the integral increases or hydrocarbons burning in air or oxygen-containing
slightly, to 0.1841 mol m-2 s-1, with the small in- atmospheres, the most important single chemical
crease probably due to preferential diffusion effects. factor controlling the flame is the temperature Ti at
The space integral rates for both the UTU and UTB which net radical production commences. This tem-
flames with radiative loss were 0.1721 mol Mi-2 s 1, perature and the interval (Tf - Ti) vary with unburnt
a fall of some 7% compared with the adiabatic flames. composition and with the conditions of burning. At
In connection with the effect of strain rate history on the low stretch extinction limit for the (otherwise ad-
the flame location, it is observed that, of these two iabatic) stoichiometric methane-air flame in the
flames with the same space integral rates, the UTB UTU configuration with upstream heat losses, Ti =
flame is approximately 0.4 mm nearer to the stag- 1306 K and (Tf - Ti) = 16.5 K. Similar values will
nation plane than the UTU. probably apply at low-temperature extinction limits

for other hydrocarbon-air flames. Given the necessity
for prevention of fuel or oxidizer breakthrough under

Conclusions prevailing conditions, the single chemical feature
controlling the extinction limits is the further neces-

Abrupt premixed flame extinction limits arise as a sity for a balance between the high-temperature rad-
result of a failure of the flame chemistry to match ical source strength and the radical removal rates
residence time conditions that may be imposed on over the whole flame.
the reaction zone by external factors, so that no so-
lution of the governing equations can be obtained.
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COMMENTS

F. A. Williams, University of California, San Diego, USA. paper. These last were obtained by integration across the
The isola is quite reasonable for the back to back (unburnt whole spectrum to give effective "grey body" absorption
against unbumt) flames. Experiments (by S. H. Schrub, I coefficients for the two species. The procedure may be
think) show about a 50-K temperature minimum in this open to some question, but it is unlikely that the errors will
configuration as a result of radiant heat loss. Your calcu- much exceed ± 20%, with the primary line absorption co-
lations seem to show a difference closer to 500 K, although efficients being much better known.
at a lower strain rate. Is the difference explicable entirely It should be added that decreasing stretch rate in the
by the lower strain rate of the calculation? Are emissivities UTU configuration is accompanied by increased flame sep-
knowvn well enough to make accurate calculations? What aration, and thus by an increased residence time in the
are the estimated error bars? radiative loss region. This will automatically lead to a

deeper temperature well at the lower stretch rate. Con-
Author's Reply. The radiative loss computations de- versely, little or no temperature well is to be expected at

scribed in the paper are of an exploratory nature, and used the extinction limit in this configuration. One notes that
the thin flame approximation with an added correction buoyancy effects will not permit experimental achievement
term (insignificant in the region of most interest) so that of the a,, = 2.5 s -I condition in a normal gravitational en-
the loss became identically zero at a "sink" temperature T vironment. However, measured and computed burnt gas
= T,,. Only radiation from CO2 and H20 was considered, temperature profiles at higher stretch rates should provide
and mixture emissivities were computed from the Planck data from which the appropriate grey body emissivities can
total mean absorption coefficients given in Ref. 33 of the be independently estimated.
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EFFECTS OF PRESSURE AND DILUTION ON THE EXTINCTION
OF COUNTERFLOW NONPREMIXED HYDROGEN-AIR FLAMES

P. PAPAS, I. GLASSMAN AND C. K. LAW

Departnent of Mechanical and Aerospace Engineering
Princeton University Princeton, NJ 08544, USA

To increase the understanding of the critical phenomena of ignition and extinction in high-speed pro-
pulsion devices, an experimental and computational study has been conducted on the strain-induced ex-
tinction of nonpremixed counterflow flames of diluted hydrogen against air. The study reports laser-Dopp-
ler velocimetry- (LDV-) determined local extinction strain rates of these flames, with various amounts of
dilution and at pressures of 0.5 and 1.0 atm. The measured data compare well with results obtained from
computational simulations with detailed chemistry and transport. Additional computational study on the
effects of dilution and pressure shows that the extinction flame temperatures and strain rates exhibit a
nonmonotonic variation with increasing pressure, which is characteristic of the explosion limits of homo-
geneous hydrogen-oxygen mixtures. This behavior is explained on the basis of the intrinsic chain branching-
termination kinetics of hydrogen oxidation. The similarity in the dominant kinetic steps responsible for
both the ignition/explosion and extinction phenomena is discussed.

Introduction been substantial uncertainty in comparing these data
with results from computational studies based on lo-

Recent interests in high-speed aeropropulsion cal strain rates. Thus, there exists the need for sys-
have led to considerable research on hydrogen-oxy- tematic, benchmark experimental data on hydrogen-
gen chemistry [1,2] and its coupling to fluid flows, air flame extinction based on local measurements.
Because of the high-speed nature of the flow, the Consequently, local near-extinction strain rates of by-
available residence time for mixing and chemical re- drogen-air counterflow flames with different extent
actions is significantly reduced, leading to extreme of dilution, and at 0.5 and 1 atm pressure, were meas-
difficulties in achieving ignition and preventing ex- ured using laser-Doppler velocimetry (LDV). Com-
tinction. Consequently, studies of the ignition and parisons of these experimental data with results ob-
extinction phenomena involving hydrogen-air tained from computational simulations utilizing
mixtures are of importance to the development of detailed transport and chemistry are then appropri-
high-speed aeropropulsion. ate. When making these comparisons, the effect of

Recent studies on hydrogen-air flames have mostly the imposition of the various boundary conditions at
been theoretical in nature, involving analyzing the the reactant stream exits in the computational sim-
structure and extinction limits of counterflow non- ulation will be addressed.
premixed flames. Prominent contributions include Furthermore, computational simulations permit
Dixon-Lewis's detailed computational study [3] of the study of the influence of pressure on the extine-
the chemical flame structure and extinction limits in tion states of hydrogen-oxygen flames. In this regard,
terms of the strain rate and oxygen concentrations, it is to be noted that the combustion chamber within
Gutheil and coworker's [4,5] computational and as- aeroengines will not only operate at different pres-
ymptotic analysis with emphasis on reduced mecha- sures, but the chamber pressure can also undergo
nisms, and Darabiha and Candel's [6] computational strong fluctuations. Very few studies have been con-
study of the temperature effects on the ignition and ducted on the effect of pressure on hydrogen-air
extinction limits. Experimentally, Pellett and co- flame extinction. Gutheil and Williams [5] have
workers [7,8] have determined the extinction strain shown that the extinction strain rate increases with
rates of diluted counterflow hydrogen-air flames pressure. Because of the inherent chain nature of the
based on global experimental parameters such as the hydrogen-oxygen chemistry, however, the explosion
average air velocity and nozzle diameter, limits of homogeneous hydrogen-oxygen mixtures ex-

The present investigation aims to complement the hibit a nonmonotonic behavior with pressure, as
previous studies along the following directions. Since shown in Fig. 4. Similar behavior has also been re-
the experimental extinction strain-rate data of Pellett cently observed for the counterflow ignition of a hy-
et al. [7,8] are based on global parameters, there has drogen jet by a heated air jet [9]. Thus, it is of both
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Simulation (Potential Flow B.C.) be discussed, experimental axial velocity gradients
- - - Simulation (Intermediate Flow B.C.)
-------- Simulation (Plug mow B.C.) were determined by fitting a straight line through the
0 Experiment LDV measurements.

250 Tpra 1200

200 1000 Computational

150 Te/p8ertuen to00/In order to allow for comparison with experimen-
-100....- Er tal data, numerical simulations were conducted using

o-N-600 • a quasi-one-dimensional opposed jet nonpremixed
7". • laminar flame model along the stagnation point

50 -Air Stmrea . Fuel Stream 400-em •- streamline of the axis of symmetry. The correspond-
ing steady-state mass, species, momentum, and en-

0.0 200 ergy conservation equations are solved using detailed
0.0 0.2 0.4 0.6 0.8 1.0 chemical and transport schemes. The numerical code

x- Direction, cm employed in this work is based on the scheme of

FIG. 1. Axial velocity profiles near extinction for a 16% Smooke and coworkers, which has been extensively
hydrogen-84% nitrogen mixture impinging air at 1 atm. described elsewhere [11]. Boundary conditions are
Reactant stream exit temperatures are 300 K. applied at the air and fuel exits. The mass conserva-

tion that applies at the exit boundaries is 2b = - (du/
d), where u is the axial velocity. Conventionally, the

fundamental and practical interest to explore if non- outer frozen fields are assumed to be described by
monotonic behavior also exists for flame extinction potential flow. The strain rate at the air boundary, K
of counterflow nonpremixed flames. = b0, then describes the constant axial velocity gra-

In the next two sections, the experimental and dient. Another boundary condition commonly ap-
computational aspects of this study are discussed and plied at the exit is that of plug flow (bo = 0), where
the results of the investigation reported. the radial velocity is zero. Typically, the experimental

boundary conditions of counterflow burners lie be-
tween those of potential and plug flows [10]. The

Experimental boundary condition imposed in such cases would be
determined from the experimental axial velocity gra-

The extinction conditions of nonpremixed hydro- dient at the exits, namely, b0 = - (du/dx)0/2 and b,
gen-air flames were experimentally determined in a = - (du/dx)1/2. The potential and plug flow bound-
nozzle- or tube-generated counterflow configuration ary conditions may, therefore, be viewed as limiting
[10]. The fuel streams consisted of 12.0-18.5 mole% cases [10]. The choice of boundary conditions for the
hydrogen in nitrogen, and the oxidizer stream was outer frozen flow fields will be discussed further in
air. The diameters of the converging nozzles and the course of this paper.
tubes were between 0.7 and 1.4 cm. The separation The detailed hydrogen-oxygen reaction mecha-
distance between the nozzle and tube exits ranged nism used consists of 19 elementary reaction steps
from 0.6 to 1.4 cm. For each fuel concentration stud- with reverse reaction rates determined from equilib-
ied, extinction was accomplished by gradually in- rium [1,2,12]. This mechanism is based on the
creasing the velocities of both streams. Near-extinc- scheme of Yetter et al. [1,2], which has been used to
tion strain rates were determined by LDV from axial predict a variety of experimental data over a wide
velocity profiles obtained along the centerline [10]. range of conditions [1,12]. The scheme utilized in
In this study, the strain rate, K, is defined as half of this study, listed in Table 1, includes pressure falloff
the measured axial velocity gradient upstream of the for the reaction H202 + M = 20H + M. Ther-
flame on the air side. Typical experimental measure- mochemical properties of the nine species in the re-
ments of axial velocities near extinction are given in action mechanism are also taken from Yetter et al.
Fig. 1. The case depicted is for a 16% hydrogen mix- [2]. The molecular parameters used in the numerical
ture impinging onto an air stream at 1 atm pressure simulation to evaluate the transport properties were
and room temperature, where x is the axial coordi- obtained from the CHEMKIN data base [13].
nate, with x = 0 and 1 cm corresponding to the air Numerical simulations were conducted for various
and fuel stream exits, respectively. The open circles total pressures of a nitrogen-diluted hydrogen stream
in this figure represent the average of many dual- impinging an air stream. In particular, the steady-
beam LDV measurements (usually 30) at a particular state condition just prior to extinction is examined.
axial location along the stagnation streamline. The Figure 2 represents the variation of the maximum
accuracy of these experimental measurements is flame temperature of several mixtures as a function
within 10%, with measurements near the stagnation of the inverse of the air-side strain rate, 1/K. The
plane having a higher degree of inaccuracy. As will numerical simulation shown in Fig. 2 utilizes poten-
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TABLE 1
Hydrogen/oxygen reaction mechanism,

Af E,,f T,E..,
(mole cm3 s) nf (KJ/mole) (K) Reference

Chain reactions:
1. H + 0, = OH + 0 1.92 X 1014 0.00 68.78 962-2,577 15
2. H2 + 0 = OH + H 5.08 x 1014 2.67 26.33 297-2,495 16
3. H2 + OH H + H20 2.16 x 100s 1.51 14.35 250-2,581 17
4. OH + OH = H20 + 0 1.23 x 1001 2.62 -7.86 250-2,000 18

Formation and consumption of HO 2:
5. H + 02 + M = HO, + M, 6.70 X 1019 -1.42 0.00 200-2,000 19
6. HO2 + H = OH + OH 1.69 X 1014 0.00 3.66 298-773 20
7. HO 2 + H = H, + 02 6.63 x 1011 0.00 8.89 298-773 20
8. HO 2 + OH = HO + 02 1.45 x 1016 -1.00 0.00 298-1,400 20
9. HO 2 + 0 = 02 + OH 1.81 X 101" 0.00 -1.66 200-400 20

Recombination/dissociation reactions:
10. H2 + M = H + H + M, 4.57 X 1019 -1.40 436.80 600-2,000 20
11. 0 + 0 + M = 02 + M' 6.17 X 1015 -0.50 0.00 2,000-10,000 20
12. H + OH + M = H20 + M' 2.25 x 1022 -2.00 0.00 1,000-3,000 20
13. O + H + M = OH + Mc 4.72 x 102  -1.00 0.00 20

Formation and consumption of HOOH:
14. HO 2 + HO, = H 20 2 + 02 300-1,100 21

k = 4.20 X 1014 exp(-50.13/RT), + 1.30E11 exp(6.816/RT)
15. H20 2 + M = OH + OH + Ml' 22

k, = 1.20 X 10'7 exp(- 190.37/RT), F, = 0.5
ký = 2.95 X 1014 exp(-202.65/RT), N = 1.13

16. H20 2 + OH = H 20 + HO2  250-1,250 23
k = 1.00 x 101" + 5.80 X 101" exp(-39.99/RT)

17. H20 2 + H = H2 + HO2  4.82 × 1011 0.00 33.25 283-800 20
18. H202 + H = H20 + OH 1.00 x 101, 0.00 15.02 283-800 24
19. H20 2 + 0 = OH + HO2  9.55 X 1011i 2.00 16.61 250-800 20

-k = AT exp(- E/RT); f denotes forward rate value.

k kj• [+kk)]l ' F X = [1 + [Iog(k,,/k.)/N] 2}-1.

q[M] = [N2] + [02] + 2.5[H 2 ] + 12[H20] + [H] + [0] + [OH] + [H20 2] + [HO2 ].

tial flow boundary conditions at the exits (300 K). It perimentally and numerically determined near-ex-
is seen that, for a given mixture and stream exit tem- tinction strain rates agree well. The only other ex-
peratures, as the inverse strain rate, 1/K, is decreased, perimental values for hydrogen-air extinction were
the maximum flame temperature decreases until the reported by Pellett and coworkers [7,8]. Their value
characteristic extinction turning point is exhibited. for the extinction strain rate of a 21% mole fraction
Extinction is then identified as the state of the turn- hydrogen (79% nitrogen) mixture (622/s), shown in
ing point. Fig. 3, was obtained with global experimental param-

eters, UiJD0 , where Ud,r is the average air exit ve-
locity and D, represents an empirically selected

Results weighting factor used to achieve agreement between

opposed jet tubular and nozzle exit extinction results.
Figure 3 shows the experimental and numerical Therefore, there is considerable uncertainty con-

density-weighted near-extinction strain rates, pKext, cerning this result.
plotted as a function of the fuel-stream hydrogen Also shown in Fig. 3 are the computed results of
mole fraction, where p is the exit air density and Kx Gutheil and Williams [5] and Darabiha and Candel
is half the air axial velocity gradient. Overall, the ex- [6], using the potential flow boundary condition. The
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o Extinction State 102
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l/K, s FIG. 4. Explosion limits for a stoichiometric hydrogen-

FIG. 2. Maximum flame temperature as a function of air mixture, the "extended second limit," and extinction

inverse strain rate for 20, 17, 15, 13, and 12% hydrogen- temperatures of a nonpremixed 13% hydrogen/87% nitro-
nitrogen mixtures impinging and an air stream at 1 atm. gen-air flame as a function of pressure.

Reactant stream exit temperatures are 300 K.

and plug flows. Plotted in Fig. 1 are the near-extine-
extinction strain rates calculated by Gutheil and Wil- tion axial velocity profiles for a 16% hydrogen mix-
liams [5] are in close agreement with the calculated ture issuing from a converging nozzle with diameter
results of this study. Darabiha and Candel's extinc- of 1.4 cm. The numerical simulations are the near-
tion strain rate for 16% mole fraction hydrogen in extinction axial velocity profiles using potential, plug,
nitrogen, denoted by an arrow, is about 20% lower and an intermediate boundary condition. The inter-
than the present value. Since the transport descrip- mediate boundary condition in Fig. 2 represents the
tions utilized by Darabiha and Candel and the cur- extinction state for exit velocity values that are the
rent study are similar, the difference in the calculated average of the plug and potential flow cases. The
extinction strain rates may be attributed to differ- strain rate defined from the experimental velocity
ences in the reaction schemes used. profile over a region extending about 0.2 cm up-

At this point, it is necessary to examine the sensi- stream from the reaction zone (x - 0.4 cm) is 200/s.
tivity of the results to the boundary conditions Similarly, a strain rate of 245/s can be defined for the
adopted. As stated previously, the experimental potential flow boundary condition. The extinction
boundary conditions lie between those of potential strain rates defined in the potential flow cases are

Numerical Simulations, Current Study (Potential Flow B.C.)
- Numerical Simulations, Current Study (Plug Flow B.C.)

-....... Numerical Simulations, Gutheil et al. (Potential Flow B.C.)
---n0o Numerical Simulation, Darahiba et al. (Potential Flow B.C.)

0 Experiment, Pellett et al.
T 1.4 Experiments, Current Study

1.2

4 1.0 P= 2 atm P =1 atm
it

Z 0.80 o6 o
0.6 o

" " FIG. 3. Experimental and numer-
0.4 P = 0.5 atm ical values of air density-weighted

,F) extinction strain rates as a function

"0.2 of hydrogen mole fraction in nitro-
.:• .gen in the fuel stream. Reactant

.0.0 IIstream exit temperatures are 300 K.

0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 Unless specified otherwise, numeri-
cal simuulations incorporate poten-

Hydrogen Mole Fraction in Fuel Stream tial flow boundary conditions.
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independent of the axial coordinate in the outer fro- 104

zen flow field. Moreover, numerical simulations per-
formed in this study have also demonstrated that the 10 soO K

definition of the extinction strain rate for the poten- .
tial flow is, to a great extent, also independent of the A 2 - " - .- 1200

stagnation point location. For the plug and inter- 11200 K

mediate flows, however, the axial velocity gradient - - - - -",

varies throughout the domain between the bounda- 10 -

ries. Essentially, the strain rate defined for these - . 1100 K

cases just upstream of the reaction zone on the air 100 . ,

side is represented by the maximum strain rate over 1000K
the air-side axial domain. The maximum strain rate 10-1 -- .

defined for the plug flow case of 185/s is 25% lower 0.1 1 10 100
than the potential flow extinction strain rate. The Pressure, atm
flame temperature profiles near extinction of the nu-
merical simulations for the case represented in Fig. FIG. 5. Maximum reaction rate as a function of pressure
1, however, are largely independent of the type of for a 1% hydrogen, 0.5% oxygen, and 98.5% nitrogen mix-
boundary condition at the frozen reactant exits. ture at initial temperatures of 1000,1100, 1200, and 1500 K.

Maximum density-weighted extinction strain rates
at 1 atm, obtained with plug flow boundary condi-
tions, are plotted in Fig. 3 as a function of the by- • 1.2
drogen mole fraction in the fuel stream. The stag- 1.0
nation point locations for these plug flow cases are
midway between the exits (0.5 cm). As expected, the C 0.,
experimental extinction strain-rate results of this .14% 2/86% N2 versus Air

study lie between those obtained with the potential V 0.6
and plug flow boundary conditions.

It is also important to realize that, similar to the . 0.4 13% H2/87% N2 versus Air
computational results, the experimentally defined ex-
tinction strain rates also depend on several secondary . 0.2
factors and, therefore, are not unique. These factors r 0.0 12% H2 /88%. N 2 versus Air

include the axial velocity gradients at the nozzle exits, 0 10 20 30 40 50 60
the location of the stagnation plane, and the region Pressure, atm
over which strain is defined. Consequently, the ex-
tinction strain rates reported here should be treated FiG. 6. Air density-weighted extinction strain rates as a
as approximate values. The experimental strain rates function of pressure for 14, 13, and 12% hydrogen-nitrogen
in Fig. 3 are based on local definitions obtained from mixtures impinging an air stream. Reactant stream exit
least-squares fits of the experimental data immedi- temperatures are 300 K.
ately upstream of the reaction zone on the air side.
These data have an uncertainty of 10% for the 12-
16% hydrogen mixtures at 1 atm, 25% for the 17.0 states, while the region to the left represents extin-
and 18.5% mixtures at 1 atm, and 20% at 0.5 atm. guished states. Thus, an increase in pressure could
Error bars for the 0.5-atm data also reflect uncer- cause a mixture to change from an extinguished state,
tainties in the system pressure. In general, Fig. 3 to a burning state, and back to an extinguished state.
shows that the experimentally determined strain The above results can best be understood on the
rates for the dilute mixtures studied herein are char- basis of the pressure effects on hydrogen oxidation,
acterized well by the numerically calculated values, by examining the maximum hydrogen consumption

The effect of pressure on extinction of diluted hy- rate for a honwgeneous stoichiometric mixture re-
drogen-air mixtures was also numerically investi- acting in an adiabatic system without mass and heat
gated, using the potential flow boundary conditions transport [2]. The maximum reaction rate is defined
for simplicity. Calculated maximum flame tempera- here as the maximum slope on a hydrogen concen-
tures at extinction for a 13% hydrogen mixture are tration vs time profile. The computational model de-
shown in Fig. 4 as a function of the system pressure. scribing this closed system at constant pressure is de-
The temperature at both exits is 300 K. The relation- scribed elsewhere [14]. Figure 5 shows that, for a
ship of extinction temperatures with pressure for this given initial temperature, the maximum reaction
system exhibits the familiar nonmonotonic pressure rate, IdH2/dtl.., first rapidly increases with pressure
dependency as observed for the homogeneous hy- until a pressure is reached that is indicative of the
drogen-oxygen explosion limits. Specifically, the re- "extended second limit" [2] shown in Fig. 4. At this
gion to the right of this curve represents burning pressure, the reaction rate decreases rapidly but then
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increases again with pressure. The kinetic details for rates for counterflow nonpremixed flames of diluted
this behavior are well documented [2]. Specifically, hydrogen against air at 1.0 and 0.5 atm. A numerical
as the pressure is increased at a given temperature, model incorporating a detailed hydrogen-oxidation
the well-known fast reaction proceeds through the mechanism was used to describe the experimental
bimolecular branching reactions such as H + 02 = results and elucidate the important chemical pro-
OH + 0. The subsequent drop in the maximum cesses near extinction. The predicted extinction
reaction rate is the result of the slow reaction that strain rates agree with the experimental values to
proceeds as a consequence of the chain- inhibiting within 20%. A very important observation has been
reaction H + O + M = HO 2 + M. It is the com- that the calculated extinction flame temperatures
petition between the chain branching and inhibiting (and strain rates) for given hydrogen concentrations
reactions that explains the second explosion limit and exhibit a nonmonotonic pressure dependence, which
defines the extended second limit. The third explo- is similar to the homogeneous hydrogen-oxygen ex-
sion limit is the result of the production of H20 2 via plosion limits, as well as the calculated ignition tem-
2HO1 = H20 2 + 02 and HO 2 + H2 = H20 2 + peratures of nonpremixed counterflows of hydrogen-
H and the decomposition of H20 2 via H20 2 + M = nitrogen and air. The effect of pressure on
20H + M. Thus, for a given temperature, the re- homogeneous hydrogen-oxidation kinetics effec-
action rate for pressures above the extended second tively explains the nonmonotonic pressure depend-
limit increases again as the reaction path H + 02 + ency.
M = HO2 + M becomes propagating. The pressure
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FURTHER CONSIDERATIONS ON THE DETERMINATION OF LAMINAR
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The accuracy of the laminar flame speed determination by using the counterflow twin-flame technique
has been computationally and experimentally examined in light of the recent understanding that linear ex-
trapolation of the reference upstream velocity to zero strain rate would yield a value higher than that of the
laminar flame speed, and that such an overestimate can be reduced by using either lower strain rates and/or
larger nozzle separation distances. A systematic evaluation of the above concepts has been conducted and
verified for the ultralean hydrogen/air flames, which have relatively large Karlovitz numbers, even for small
strain rates, because of their very small laminar flame speeds. Consequently, the significantly higher values
of the previous experimentally measured flame speeds, as compared with the independently calculated lam-
inar flame speeds, can now be attributed to the use of nozzle separation distances that were not sufficiently
large and/or strain rates that were not sufficiently small. Thus, by using lower strain rates and larger nozzle
separation distances, the experimentally and computationally redetermined values of these ultralean hydro-
gen/air flames agree well with the calculated laminar flame speeds. The laminar flame speeds of methane/air
and propane/air mixtures have also been experimentally redetermined over extensive ranges of the equiva-
lence ratio and are found to be slightly lower than the previously reported experimental values.

Introduction One of such efforts was the development of the
counterflow twin-flame technique for the determi-

Because of the fundamental and practical impor- nation of S' [3,4]. Specifically, a twin-flame config-
tance of the laminar flame speed, S', commonly uration is established in counterflow created by im-
known as the laminar burning velocity, extensive ef- pinging two identical, nozzle-generated flows of the
forts have been expended over the years toward combustible mixture of interest onto each other. By
achieving accurate determinations of their values, mapping the flow field using laser Doppler veloci-
The early efforts, however, have resulted in data with metry (LDV) and identifying the minimum in the
substantial scatter, even for experiments apparently velocity profile as a reference upstream burning ye-
conducted with great care. Furthermore, the extent locity, S,,ut and the velocity gradient ahead of the
of scatter also did not improve with time, as dem- minimum point as the strain rate experienced by the
onstrated by the summary plot of Andrews and Brad- flame, K, Sret can be plotted for various K (see inset
ley [1]. While it was recognized quite early that the of Fig. 1 for definition). Based on the behavior of the
laminar flame speeds could be substantially modified experimental data and the results from theoretical
by aerodynamic stretch, with or without the addi- studies, it was suggested that Su,rd should vary line-
tional influence of preferential diffusion [2], it was arly with K, for sufficiently small values of K, such
not until recently that systematic efforts have been that a linear extrapolation to K = 0 should yield the
mounted toward eliminating these stretch effects ei- S' of the unstrained flame (see Fig. 2 for represen-
ther during experimentation or through further data tative extrapolations). The extrapolated experimental
processing. A strong motivation for such efforts was values thus determined appear to agree quite well
the recent interest in partially validating chemical with those obtained through independent numerical
kinetic schemes through numerical simulation of the computation of the unstrained planar flame with de-
flame structure and hence the associated S,. tailed transport and chemistry, for systems whose
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Karlovitz Number the extrapolation yields S' = 39.6 cm/s, while direct
4 .1 2 3 4 5 6 7 8 9 10 11 12 13 computation yields 36.7 cmn/s. The results of Ref. 6

3-7 talso did not show any dependence on the separation
30 -7 °distance of the nozzle.
30 • Chao et al. [7] subsequently performed an asymp-

4 totic analysis of the counterflow problem, allowing
S25 for the plug flow boundary condition and a finite noz-
S20 zle separation distance, L. The solution again yields

the nonlinear variation as K -- 0, although it also
15 22showed that, for a given flame thickness, the over-
10 estimate can be reduced by either decreasing K or

increasing L such that perturbation of the flow field
5 s, l-D Code (H2/Air, p=I atm, • =0.3 by the flame is minimized. Note that, since a larger

0 ['*'-So, 260 360 40 5L implies the use of a proportionally larger nozzle if
o ' 100 '200 300 400 '500 60 the ratio of L to the nozzle diameter is to be kept

Hydrodynamic Strain Rate, s-I fixed, this requirement could have practical experi-

FIu. 2. Variation of the numerically determined S,, mental limitations due to either inadequate flow rate

with K. andVarvitzonofth numherifor y de=0atemohned or safety considerations when working with a large
with K and Karlovitz number for L = 0.3 atmospheric flow rate of combustible gas. Chao et al. [7] further
hydrogen/air mixture and L = 7, 14, and 22 mm. performed detailed numerical simulation and exper-

imentation with methane/air flames of selected stoi-

chemistry is considered reasonably well known as far chiometries. Results demonstrate that, contrary to
as the computation of S. is concerned, the finding of Ref. 6, the overestimate indeed can be

The technique discussed above is based on the as- progressively reduced by using larger values of L.
sumption of a linear relation between S,.rf and K for Furthermore, for the mixtures and hence the range
small K. Tien and Matalon [5], however, subse- of burning velocities studied, results obtained with
quently showed through asymptotic analysis that the nozzle separation distances of 14 and 22 mm show
relation is actually not linear as K -- 0, and that a little difference, indicating that the use of L within
linear extrapolation would yield a slightly higher this range should yield laminar flame speeds of rea-
value than the true S.. This point was further sub- sonable accuracy, at least for methane/air mixtures.
stantiated by Dixon-Lewis [6] through detailed nu- The objectives of the present study are to further
merical simulation of the counterflow flame with a explore, computationally and experimentally, the in-
finite separation distance L between the nozzle exits. fluence of the separation distance on the accuracy of
The difference observed [6], however, was again the laminar flame speed determination, and to re-
small in that, for stoichiometric methane/air flames, determine thelaminar flame speed values for the im-
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portant fuel/air mixtures of hydrogen/air, meth- nozzle separation distances were 7, 14, 22, and 50
ane/air, and propane/air. Based on the results of mm.
Chao et al. [7], we expect the revision from previ- Typical numerically determined velocity profiles
ously reported S' to be small for methane/air and of the counterflow flame are given in Fig. 1 for a fixed
propane/air flames. The revision, however, is needed strain rate of K = 308 s- Upon exiting the nozzle,
because recent advances in the kinetic database re- the velocity gradually develops an increasing slope,
quire an increased accuracy for resolution. For hy- which becomes maximum just before the minimum
drogen/air flames, we shall limit our study to ultra- velocity point at which the heating starts. This max-
lean mixtures for safety considerations. For these imum velocity gradient in the hydrodynamic zone is
very weak flames, however, the influence due to the defined as the imposed strain rate, K, and the mini-
finite separation distance is also expected to be the mum velocity is a reference upstream flame speed,
greatest because they are most susceptible to stretch S,,ref, as mentioned earlier. Typically, a numerical so-
effects. We are especially interested in resolving the lution is obtained at the lowest possible strain rate K
discrepancy observed in our previous work [8] that required for convergence, and then, by using contin-
the experimentally measured S' for these flames uation for the nozzle exit velocity, the dependence
were substantially higher than the calculated values of Su,ref on K is determined.
based on apparently reliable hydrogen oxidation ki- The calculations were performed by using upwind
netics. In light of the new understanding that linear differencing for the convective terms since conver-
extrapolation tends to result in overestimates, it is gence with the central difference has been found to
possible that these previous experimental values be difficult in our computational facilities. Similarly,
could indeed be too high. Thus, for these flames, the it was found in an earlier study [8] that the effect of
revision is crucial because of the substantial discrep- numerical diffusivity, introduced by using upwind
ancy in the earlier data and because of its fundamen- differencing, can be minimized by further refining
tal implications on the hydrogen oxidation kinetics, the computational mesh. Thus, by increasing the

The numerical and experimental methodologies number of grid points, N, the calculated flame speed
will be presented in the next two sections, which will decreases for the methane/air and propane/air
be followed by results on hydrogen/air, methane/air, mixtures and increases for the ultralean hydrogen/air
and propane/air flames. mixtures. The reported data were obtained by plot-

ting S' vs 1/N and extrapolating to 1/N = 0, which
corresponds to the limit of infinitely large N. This
approach reduced the stoichiometric S. values for

Numerical Methodology methane/air and propane/air mixtures by about 3
cm/s and increased the S' value for the k 0.35

Numerical solutions for the one-dimensional and hydrogen/air mixture by 5 cm/s.
counterflow flames were obtained using well-estab-
lished formulations and computer codes [6,9-12].
The counterflow code was further modified for more Experimental Methodology
efficient convergence, more accurate calculation of
the mass diffusion velocities, and the ability to obtain The counterflow opposed-jet technique for the de-
solutions for increasing and decreasing nozzle sepa- termination of laminar flame speeds and extinction
ration distance through continuation. Both codes strain rates is well documented [3,4,15,16,21]. In the
were integrated to the Chemkin-II [13] and Trans- present study, the nozzle separation distance was var-
port [14] subroutine packages, which provide the de- ied, and in agreement with our previous study [7], it
tailed chemistry and transport information. The ki- was found that, by using L larger than about 14 mm,
netic scheme used was a hierarchically developed C2  the experimental data on S' are minimally affected
mechanism [15,16], which satisfactorily predicts a for methane/air and propane/air mixtures. Thus, the
wide range of oxidation properties of hydrogen, car- flame speeds for these flames were all obtained with
bon monoxide, methane, ethane, ethylene, acetylene, L = 22 mm. For lean hydrogen/air flames, values of
and methanol [15,16,17-19]. For the numerical de- L equal to 7, 14, and 22 mm were used to demon-
termination of the propane/air laminar flame speeds, strate the influence of the finite separation distance.
the C3 kinetics of Pitz and Westbrook [20] were Efforts were made to obtain data under very low
added to the C2 mechanism, strain rates so as to minimize the stretch effect. Ex-

In addition to solving the one-dimensional un- periments were conducted under atmospheric pres-
strained laminar flames of hydrogen/air, methane/air, sure for the entire flammable range of methane/air
and propane/air mixtures, the counterflow flame was and propane/air mixtures, and for lean hydrogen/air
also solved for lean hydrogen/air mixtures in order to flames. For all cases, L was equal to the nozzle di-
identify the influence of the separation distance on ameter, D, although additional measurements with
such weak flames. For the counterflow solutions, zero the maximum D = 22 mm and L = 7, 14 mm in-
velocity gradient was used at the nozzle exit, and the dicated no effect on the flame speed data. This is due
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to the fact that measurements were taken along the Karlovitz Number

centerline, in the vicinity of which the nozzle diam- 200 0.4 0.8 1.2 1.6 2.0

eter effect is not important. Furthermore, formula-
tion of the counterflow equations realistically models 18

our data because these equations represent an as- 16 L-22 mm
ymptotic expansion around the centerline of the sys-
tem. Deviations would be expected if measurements u' 14
were taken at radial distances of the same order as o 12
the nozzle radius. The uncertainty of the reported
experimental data is limited by the accuracy of the c 10
LDV, which is estimated to be about ± 1 cm/s. 50

8

Results on Ultralean Hydrogen/Air Flames 6 1-D Code CH, /Air, p=l atm, 4=0.3
4 10 10 20 30 40 50 60 70 80 90 100

The effect of the finite domain on S' was first nu- 20 30 40 s8

merically examined for the ultralean, 4) = 0.3 by- Hydrodynamic Strain Rate, s-

drogen/air mixture at L = 7, 14, and 22 mm. This FIG. 3. Variation of the numerically determined S.,f for
range of the nozzle separation distance is represen- low values of K and Karlovitz number, for (P = 0.3 atmo-
tative of that adopted in previous experiments. We spheric hydrogen/air mixture and L = 22 and 50 mm.
expect that the influence of L is most severe for these
mixtures. Figure 1 clearly shows that the reference
velocity, S,,rf, increases with decreasing L for the lated to S' through &(p1u SJ) = (A/c,) where pu is
same value of K. That is, since the influence of the the density of the unburned gas, A the thermal con-
finite flame thickness on the flow velocity increases ductivity, and cp the specific heat, and the subscript
with decreasing L [7], as the freestream flow ap- "u" designates the unburned mixture. It represents
proaches the flame, the effect of thermal expansion the characteristic diffusion thickness and is well de-
is more readily felt by the flow for small L. This leads fined once SU? is given. Alternatively, an empirical
to an earlier turnaround in the velocity profile and flame thickness can also be defined by measuring
hence a higher S,,,,rf, as well as a higher strain rate some effective thicknesses of the experimentally or
within the reaction zone [22]. It is further seen that numerically determined temperature profile across
the influence is especially significant for L = 7 mm the flame, for example by using the tangent definition
and diminishes for larger values of L. [23], which would yield a flame thickness typically

In Fig. 2, Suref is plotted vs the strain rate K for larger than the diffusion thickness by a factor of
the three separation distances. It is seen that overall about 3 and more for the present flame. Either def-
the data show a curved behavior, which becomes inition can be used for the present purpose, as long
more prominent at the lower K values, and that Surf as it is used consistently in the comparisons. Thus,
is uniformly higher for smaller separation distances. by using the tangent method, the Karlovitz numbers
The dependence on L, however, diminishes with in- for the strain rates of Fig. 2 have been evaluated and
creasing L such that the differences between the re- indicated. It is seen that, even for the lowest strain
sults for L = 14 and 22 mm appear to be quite small, rate of K = 50 s- 1 obtainable in the experiments,
A linear extrapolation of the L = 7 mm and 22 mm the Karlovitz number is still 0(1). This is to be con-
data would yield flame speeds of about 15 and 10 trasted with the values of 0. 1-0.2 (for the same range
crm/s, respectively. Such a significant difference was of strain rates) obtained for methane/air flames [7],
not observed for the previous study of methane/air for which linear extrapolation yields values close to
flames [7], which showed only about 10% difference. the independently calculated laminar flame speeds.
Furthermore, even the 10 cm/s data for L = 22 mm This exceptionally large Ka is due to the very small
substantially overpredict the independently calcu- flame speeds and larger flame thicknesses for these
lated one-dimensional laminar flame speed of 6 cm/s. lean mixtures.

In order to identify the observed sensitivity on the In order to further improve the accuracy of the
separation distance, we have evaluated the Karlovitz extrapolation, we have extended the calculations for
number experienced by the flame, defined as Ka = L = 22 mm down to lower rates of strain such that
K3/SJ,, where 5 is a characteristic flame thickness. Ka is around 0.2, as shown in Fig. 3. It is seen that
Since Ka represents the ratio of the characteristic the extrapolation now places the flame speed to 8.5
residence time in the flame zone to that of the hy- cm/s, which is closer to the laminar flame speed of 6
drodynamic zone, a smaller Ka implies a thinner cm/s.
flame and hence a correspondingly smaller influence An alternate approach to increase the accuracy is
of the finite separation distance. To evaluate 5, the to further increase the separation distance. Hence,
basic laminar flame structure requires that 3 be re- by using L = 50 mm and very small strain rates, Fig.
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Hydrodynamic Strain Rate, sq' Fic. 7. Experimentally and numerically determined lam-

FoG. 5. Variation of the experimentally determined S.•,f inar flame speeds, S,, as a function of the equivalence ratio,
with K and Karlovitz number for 05 = 0.30 atmospheric 4), for lean atmospheric hydrogen/air mixtures.
hydrogen/air mixture and L = 7, 14, and 22 mm.

respectively. It is seen that, since the minimum Ka
3 shows that the extrapolated value is now 6.6 cm/s, is about 1 for the 4) = 0.3 flames, accuracy of the
which is within 10% of the laminar flame speed. linear extrapolation is not assured. Indeed, extrapo-

Figure 4 shows the corresponding ease of 4) = lation yields 9 cm/s, which still substantially overpre-
0.35. Here, even though the change in 4) from 0.3 is diets the calculated S' of 6 cm/s. This overprediction
slight, the calculated S' increases to 14.5 cm/s. Thus, was anticipated from the numerical solution of Fig.
the Karlovitz number is reduced for the same phys- 2. However, for the 4) = 0.35 flame, the minimum
ical strain rate. A linear extrapolation with L = 22 Karlovitz number is about 0.4. Consequently, the ex-
mm and K = 50 s-I in this case yields 15.5 cm/s, trapolation is quite accurate, again in agreement with
which is close to the laminar flame speed. the numerical results.

Figures 5 and 6 show the experimental results for Figure 7 compares the experimentally measured
the 4) = 0.3 and 4) 0.35 hydrogen/air mixtures, laminar flame speeds with the independently com-
respectively, with L = 7, 14, and 22 mm. The min- puted ones over the range of 4) = 0.3-0.55. It is seen
imum strain rates that could be established for 4) = that, apart from the 4) = 0.3 value, which shows a
0.3 and 0.35, with L = 22 mm, without inducing relatively higher experimental value, comparisons for
flashback in our system were about 50 and 100 s-, all the other cases are very close in terms of the rel-
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45 Previous Expt. Data - - speeds are indeed lower than the previous values,
40 -particularly for rich propane/air mixtures. The dif-

ferences, however, are much smaller than those for
"•35 the ultralean hydrogen/air flames. This is reasonable

6 30 XT .based on considerations of the Karlovitz number for
the experimental conditions. In addition, we have

S25I also compared the present experimental data with
20 Nthe calculated data by using the one-dimensional

flame code. The comparison also shows close agree-
15 Iment, especially for the methane/air flames.

W 10 It may be noted that, in our previous studies for

the methane and propane flames [4,15,16,21] using

- Present Expt. Data CH4/Air, p=1 atm smaller separation distances, reasonably good agree-
0 0 .6. . ments between computed and experimental values

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 were also obtained. Such an agreement is a conse-
Equivalence Ratio, quence of the higher experimental flame speeds due

FIG. 8. Experimentallyand numericallydeterminedlam- to the small L used, and the higher computed flame
inar flame speeds, SO, as a function of the equivalence ratio, speeds based on previously accepted kinetic data.
0f, for atmospheric methane/air mixtures. Agreement is again found in the present study be-

cause, while the experimental flame speeds are now
45 reduced, the computed values obtained by using re-

Previous Ep. D cent kinetic data and improved numerical accuracy
40 -x are also reduced. The important points to note are

3 that the computation and experiments were always
- t I I - V independently conducted, that the differences be-

630 tween the previous and present values are actually
n 25 - -- quite small, that the present results are consequences

Nmrclof improvements in chemical kinetics and the exper-
.20 a imental and numerical techniques, and that the pre-

t5 ]sent agreement also includes the rich propane/air
flames.

1 0 -Present Expt. Data_ i
0CH/Air, p=1 atm Concluding Remarks

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Equivalence Ratio, • In this study, we have provided further insight into
the accuracy of the linear extrapolation associated

FIG. 9. Experimentally and numerically determined lam- with the determination of laminar flame speeds by
mar flame speeds, S,7, as a function of the equivalence ratio, using the counterflow twin-flame technique, and
(P, for atmospheric propane/air mixtures. identified approaches toward minimizing the inac-

curacies. Specifically, it is shown that the accuracy of
the linear extrapolation increases with decreasing

ative extent of deviations. We have also plotted the Karlovitz number, that the Karlovitz number needs
experimental values determined previously [8] with to be reduced to 0(0.1), based on the tangent defi-
larger strain rates. It is seen that these values are nition of the flame thickness, in order for the linear
substantially higher than the calculated values. Thus, extrapolation to be accurate, and that the accuracy
the present result provides a satisfactory resolution can be improved by either reducing the strain rate
of this previously observed discrepancy. or increasing the nozzle separation distance. Perhaps

the most significant consequence of the above con-
siderations is that our redetermined laminar flame

Results on Methane/Air speeds of ultralean hydrogen/air mixtures now agree
and Propane/Air Flames well with the independently calculated values,

thereby satisfactorily resolving the previously ob-
Figures 8 and 9, respectively, compare the present served discrepancy of the much higher values of the

experimental data, all obtained with a nozzle sepa- experimental data. The redetermined values of the
ration distance of 22 mm, with the previous data methane/air flames also show closer agreement with
[4,15,16,21], obtained mostly with L = 7 and 14 mm, the calculated values obtained with the recent kinetic
for methane/air and propane/air mixtures. The com- data of methane oxidation.
parison shows that the present experimental flame Under most common situations, the counterflow
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During the last 10 years, a great success has been achieved in the field of detailed mathematical modeling
of combustion processes. However, most detailed models are restricted to the simulation of simple one-
dimensional laminar flames, and the extension of detailed kinetic models to general reacting flows of
practical importance (e.g., turbulent flow in internal combustion engines) is computationally prohibitive.
Thus, simplified kinetic models have to be used. Recently, we presented a mathematical model, the method
of intrinsic low-dimensional manifolds (ILDM), which reduces the chemical kinetics automatically. The
only inputs to the procedure are the detailed reaction mechanism and the desired number of degrees of
freedom. The reduction of the kinetics is performed using the assumption that the fastest timescales are
in local equilibrium and can be decoupled. This paper discusses the implementation of the method in
reacting flow calculations. The procedure is developed for general three-dimensional reacting flows, which
are governed by the system of conservation equations, and the coupling of the reduced chemical kinetics
with molecular transport processes and convection is discussed. Then, the mathematical model is verified
by sample calculations of structures of laminar premixed flat flames, which provide a simple, but realistic
test case. Examples, which verify the approach, are shown for H,-O2 and syngas-air flames. Even for these
simple examples, a considerable speedup of the computations is observed. However, the method can also
be used for other fuels and, thus, will allow an efficient treatment of combustion systems of practical
importance.

Introduction reactor [9] have shown that the method yields good
results and is able to describe the coupling of chem-

During the last 10 years, the interest in simplified ical reaction with physical processes like mixing or
descriptions of chemical reaction systems for the molecular transport.
simulation of complex combustion processes has in- A nice test case for the application of the ILDM
creased considerably, and a variety of different ap- method in reacting flow computations are laminar
proaches can be found in the literature [1-7]. The flames. Although being sufficiently complicated sys-
main motivation for the use of reduced mechanism tems with various practical applications, they never-
is the fact that due to the complexity of the combus- theless allow a direct comparison with results of de-
tion processes usually encountered in practical ap- tailed calculations. Various investigations over the
plications, methods have to be found to describe the last few years have shown that up to two-dimensional
chemical reaction by only a small number of species, laminar flame structures can be calculated using de-
while still retaining the essential dynamics of the sys- tailed reaction and transport models [10-12]. In most
tem. Recently, we developed a method, the method cases, the agreement with experimental results is
of intrinsic low-dimensional manifolds (ILDM), very good. Typical one-dimensional laminar flame
which provides a simplification of the chemical ki- calculations take less than 1 h on modern work sta-
netics starting from a detailed reaction mechanism. tions. However, structures of laminar flame calcula-
The method is based on the dynamic systems theory. tions are tabulated quite often for use in flamelet
Besides the detailed reaction mechanism, the only models of turbulent flames [13,14]. In this case,
input to the scheme is the desired number of degrees many (sometimes more than 1000) flame structures
of freedom (i.e., the number of reaction progress are needed, and the use of detailed kinetics then
variables). Sample calculations for a perfectly stirred causes an enormous computational effort. In the sim-
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ulation of two-dimensional laminar flames, the corn- = specific mole number of species i (49i = Wi/Mi),
putational effort is tremendous [11,12], and reduced Wi = mass fraction of species i, Mi = molar mass
mechanisms are desirable anyway. Thus, because of species i, ji = diffusion flux density of species i,
laminar flames allow a good comparison between re- and oi = molar rate of formation of species i. The
duced and detailed reaction mechanisms and be- symbol 0 denotes the dyadic product of two tensors,
cause their fast simulation is of practical importance, and: denotes the twofold contraction of two tensors.
it shall be shown in the following that the concept of This choice of the dependent variables is quite ar-
intrinsic low-dimensional manifolds can be applied bitrary. Other formulations, like conservative, could
successfully to these systems. be used, too. The termfP describes the time behavior

of the pressure. Because a constant pressure is used
quite often in laminar flame calculations (fp = 0),

Mathematical Model this term shall not be written down explicitly in this
paper. Furthermore, note that the - terms are com-

Governing Equations: plicated functions of the scalars, the velocity field,
and the first and second spatial derivatives.

The dynamic behavior of a chemically reacting
flow is governed by the system of conservation equa-
tions, namely, the conservation of mass, momentum, Coupling of Chemical Kinetics with Convection
energy, and species masses [15,16]. These equations and Molecular Transport:
can be rewritten to yield equations for the scalar field
of a reacting flow, which is described by the state The basic assumption of manifold methods for the
vector v = (h, p, 4 1, k2, . ., 4.,O)T. Here, a formal reduction of chemical kinetics is that the state y is
separation into physical processes - and chemical (at any time and at any point in the flow) close t6-an
production terms F shall be made. We obtain attracting low-dimensional manifold (of dimension

N). Then the dynamics of the reactive system can be
ah approximated by assuming that the state is confined

= Fh + f, to those N-dimensional manifolds and is thus a func-
tion of N variables only, which describe the dynamics

P = F, + - within the manifold. It has been shown in Refs. 8 and
at 1' 9 that the method of intrinsic low-dimensional man-

ifolds can be used to simplify chemical kinetics. This
- = Fi i= 1, 2, ... , (1) is done by projecting the governing equation system
at for the scalar field onto the low-dimensional mani-

folds. In this way, the (2 + n,)-dimensional equation
or in vector formulation system 2 is transformed into an equation system

of much lower dimension (N) for the variables r =
av ('C1, C2, ... , zN)T. The simplification of the detailed

= F + 3 (2) reaction mechanism yields y(r), which is the equa-
tion of the low-dimensionar--manifold, S, and, in ad-

with F = (Fh, Fp, Fol, F'61... FA,,)T and S = (Sh, dition, provides information on how to project the
p, -61, 0'1,"_ and physical processes S onto the manifold. The variables" "-c a are, e.g., enthalpy, pressure, variables specifying

g 1 1 the element composition, and reaction progress vari-
F, = 0; v grad h - div q - ables. Usually, the results of the mechanism reduc-

P P P tion (i.e., the low-dimensional manifolds) are tabu-

1 (01 lated in terms of the variables r = (r,2, 2 .  N)T

* fi: grad v + - div pv + - and stored for subsequent use in other reacting flow
P P codes. This includes, e.g., the storage of the reduced

F1, = 0; = reaction rates S (rates of change of the reaction pro-
gress variables), the species mass fractions, and in-

- 1 formation about the local timescales. At this time, we
Fi = ~i/l); Zi -- PA divj - v grad 4; want to emphasize the numerical issue that the re-

action rates obtained directly from the reduction pro-
i = 1, 2 ... , n, (3) cedure are stored and used in the laminar flame cal-

culation. Evaluating the reaction rates from the
where t = time, h = specific enthalpy, p = pres- stored species mass fractions might lead to large er-
sure, p = density, v = velocity vector, fi = pressure rors, as can be shown by some simple examples [21].
tensor, q = heat flux density, (oh = source term for Details about the mechanism reduction, the choice
energy (e.g., radiation), n, = number of species, 4i of the reaction progress variables, the tabulation pro-
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cedure, and the subsequent table lookup and inter- V
polation can be found in Refs. 8 and 9.

Physical perturbations tend to move the system off ILDM

the intrinsic low-dimensional manifolds. However, if
slow physical processes move the system off the man-
ifold, the fast chemical processes cause a relaxation
of the system back to the manifold. It can be shown
that convection always leads to movements within
the manifold. Thus, the only physical perturbation,
which tends to move the system off the manifold in - - .&[V]

the equations above, is molecular transport. _L__ _ _ _ _ _ _

Let the reacting system be described by the (2 + ±2
n, + n,) parameters h, p, Z1 . . ., X, and 1, = (z,'i,
S... I, ,,"JT of the reduced scheme, where Xj denote FiG. 1. Intrinsic low-dimensional manifold and its con-
the n, specific element mole numbers (zx = w./.)j, tinuation into the domain of negligible chemistry.
w. denote the mass fraction of elementj, M, denote
the molar mass of elementj, n, denotes the number
of elements in the reaction system, and -•,i denote of the reduced scheme (this can be done very easily,
the reaction progress variables. Then the state V is a because the state V of the system is a known function
known function of these parameters 'r = (h-, x-, i, of the variables of the reduced scheme). In this case,
.... Icn, r•, -..... cn,,), the molecular transport coefficients can be calcu-

Using the results of Ref. 9, it can be shown (see lated during the mechanism reduction and do not
appendix) that the governing equations of Eq. (1) can need to be evaluated during the reacting flow cal-
be rewritten as follows: culation [20].

Some complications can arise in the computations
ah due to the fact that initial or boundary values might

-t = h not correspond to states on the manifolds. A detailed
discussion of this problem cannot be given here;

ap however, there are methods to solve it [20]. Here,
at - the basic idea in the case of laminar reacting flows

shall be outlined briefly. Suppose that we have a one-axi T- dimensional manifold, which is defined in the param-
at nY i - 1, 2, ... ne eter range T1 < r < r2 and where the boundary con-

dition is given by y/o (Fig. 1). For r < 'c, chemistrya-rc-=- S + ZZ (4) is very slow, and diffusion governs the dynamics of

t - the process. Thus, we have a pure diffusion problem,
which is characterized by the two conditions yo and

where S, = (T't, 3 r..., J, and S are rates of y[_r]. From this, it can be seen that the msihifold,
production of the reaction progress variables and Z which is not defined in the interval r < 'C, can be
is an n, X (n, + 2) projection matrix. The variables approximated in this region by assuming a linear
S and Z are functions of the parameters 'r, which are shape (corresponding to a linear mixing process). In
calculated in the mechanism reduction and tabu- this way, it is possible to define reasonable initial and
lated. boundary conditions for the system. If these condi-

Thus, we have equations for 2 + n, + n, depend- tions lie outside the domain of sufficiently fast chem-
ent variables _c, namely, for the enthalpy, for the pres- istry, the dynamics are governed by molecular trans-
sure, for each of the specific element mole numbers, port, and the overall process can be viewed as a
and for each of the reaction progress variables. The movement into the domain of sufficiently fast chem-
implementation of the reduced mechanism is now istry, relaxation toward the manifold, and finally, a
very simple: At each point in the flow, the initial val- movement within the manifold.
ues of the dependent variables are known. Then we
know the rates S of the reaction progress variables
and the thermochemical state q' of the system, which Simulation of One-Dimensional Laminar
are stored in the tabulation of the manifold. From Premixed Flames
this, we can compute the physical processes - and,
using tabulated values for the projection matrix Z, Above, it was shown that the reduced kinetics
calculate the total rates of change of the reduced based on intrinsic low-dimensional manifolds can be
variables. It shall be noted that the calculation can used to simulate laminar reacting flows. Although re-
be further simplified by rewriting the molecular duced mechanisms are of special interest in multi-
transport terms in terms of gradients of the variables dimensional problems, simple laminar flat premixed
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flames shall be considered here. They provide a nice, wi T (K)
simple test case for the verification of the model and 100 3000
are usually more sensitive with respect to the reac-
tion mechanism than diffusion flames. The governing 2500
equations form a partial differential equation system
with the time and one spatial coordinate as the in- 10-1 2000
dependent variables. Transformation into a moving
coordinate system allows the flame front to be fixed 1500
such that a stationary solution is obtained for t - -.
The governing equations form an initial-boundary 1,-

2  
1000

value problem, which can be solved numerically. H20 H
Howvever, special properties of the equation system H00

(like its stiffness) require special solution methods, 0 T

and an implicit method, adaptive in space and time, 10-3 0
has been chosen: Spatial discretization using finite 4.9 5.0 5.1 5.2 5.3 5.4 5.5
differences on a statically adapted mesh leads to large z (mm)
systems of ordinary differential equations, which are
solved numerically using an implicit extrapolation FIG. 2. Calculated structure of a stoichiometric laminar
method with variable order- and stepsize control. premixed hydrogen-oxygen flame (points: reduced mech-
Details on this method and references can be found anism; lines; detailed reaction mechanism).
in Refs. 17 and 19.

An existing program for detailed chemistry calcu- 2. Food diffusivities, Le # 1. In this system the el-
lations of one-dimensional instationary flames [17] e. composition is syst the el-
has been modified such that the tabulated reduced ement composition is constant, but the enthalpy
mechanism can be used in the simulation. The ad- changes. In addition to the two equations for the
ditional subroutines are written in a modular way and reaction progress variables, a conservation equa-can be used in other computational fluid dynamics tion for the enthalpy has to be solved (Oh/at # 0).
(CaD) codes, too. The system is described by the three variables 01

c t= 010, 02 = 011, and 03 = h (corresponding to
a three-dimensional manifold).

Laminar Premixed H2-02 Flames: 3. General case. In the general case, differential dif-
fusion changes the element composition. Differ-

The first example considered here are laminar sta- ential equations are obtained for the specific en-
tionary premixed flat H2-O2 flames. The H2-02 sys- thalpy, a specific element mole number (only two
tem consists of (n, = 8) chemical species (H20, H2, elements in the system), and the two reaction pro-
02, H, 0, OH, H02, and H202). Furthermore, there gress variables. Thus, the system is governed by
are (n, = 2) elements (H and 0). Thus, a 10-dimen- the four variables 01 = OH2o, 02 = 4'f, 03 = h,
sional state space, an 8-dimensional composition and 04 = XH.
space, and a 6-dimensional reaction space are ob-
tained. Two reaction progress variables shall be used, The specific example considered here is a stoichio-

which (for simplicity) shall be given by the specific metric flame at 1 bar and with a temperature of 298
mole numbers of H20 and H (01 = q(HO, 02 = 1H). K in the unburnt gas. As an example, Fig. 2 shows
The notation 0 is introduced here to denote those the calculated flame structure for equal diffusivities
variables rT, which change in the reaction system. The but with a nonunity Lewis number. Good agreement
other variables r, which do not change, can be is not only obtained for the stable species but also for
treated as constants of the system. the radicals, although only two reaction progress vari-

Three cases of different complexity are obtained: ables are used to describe the whole system. The
different transport models are compared in Fig. 3,

1. Equal diffusivties, Le = 1. Although this approx- which shows H-atom profiles for Le = 1 as well as
imation leads to large errors in the H2-02 system, for equal diffusivities but with Le # 1. Plotted is only
it shall be considered here, because it is used quite the small region of the flame front, where the main
often in the simulation of turbulent flames [18]. changes in the profiles occur. It can be seen that the
Starting from this assumption, the specific en- differences between the transport models are larger
thalpy, as well as the element composition, is con- than the differences between reduced and detailed
stant (Oh/at = 0, Op/at = 0, and aOi/at = 0). The reaction mechanism. Furthermore, the results of a
system can be described completely by the reac- very detailed transport model (including thermal dif-
tion progress variables, and the scalar field is de- fusion) are plotted in the figure. Calculations for this
termined by two partial differential equations for transport model, using the reduced mechanism, can
the two variables 01 = Hi.2o and 02 = 'PH of the be done too [20]. Other profiles show similar results
two-dimensional manifold. but are not plotted due to space limitation. Compar-
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FIG. 4. Calculated structure of a syngas-air flame (points:

FIG. 3. Calculated profiles of the H-atom mass fractions reduced mechanism, lines: detailed mechanism).
in a stoichiometric laminar premixed hydrogen-oxygen
flame for different transport models. -- : detailed transport
model, including thermal diffusion; lines: detailed reaction front. This is caused by the fact that at the low tem-
mechanism; points: reduced mechanism; 0: Le = 1; A: peratures (T < 1000 K), the decoupled timescales
Le # 1. are of the order of the timescales of diffusion and

heat conduction. However, if an additional reaction
progress variable were used, the results would be-

isons of the burning velocities show that the error of come much more accurate. The small deviations be-
the reduced scheme is less than 3% for the specific hind the flame front can be attributed to discretiza-
example considered here. A detailed discussion of tion errors in the numerical simulation (the points
burning velocities and flame structures for different reflect directly the mesh used in the computations).
fuels (e.g., methane) and stoichiometries is beyond In order to allow a realistic comparison between
the scope of this work and will be given in a future central processing unit (CPU) times for reduced and
paper [20]. detailed chemistry calculations, we performed com-

putations where the initial profiles were assumed as

Laminar Premixed CO-H2-Oa-N2 Flames: step functions between burnt and unburnt gas com-
position. Of course, this is an extremely bad initial

The second example is a syngas (40 vol.% CO, 30 guess, and it turns out that very small time steps are
vol.% H2, 30 vol.% N2)-air system at p = 1 bar and needed in the detailed chemistry calculations. Sur-
with a temperature of 290 K in the unburnt gas. The prisingly, those problems do not arise, if the reduced
fuel/air ratio is 6/10. The low-dimensional manifold mechanism is used. Because 16 partial differential
used for this calculation corresponds to the one used equations have to be solved for detailed chemistry
in Ref. 9 for homogeneous systems. The fact that the and only five if reduced chemistry is used, the re-
same manifold is used reflects that the method of duction of the computational effort can be estimated
intrinsic low-dimensional manifolds yields general to be a factor of 6 (due to the small number of equa-
reduced mechanisms. An adaptation to the specific tions, there is not yet the quadratic dependence of
problem is not necessary. (Furthermore, this re- the CPU time on the number of equations, which is
duced mechanism has been used for the simulation typical for implicit methods). However, the compar-
of turbulent jet diffusion flames [23], where the mix- ison of the CPU time shows that the detailed chem-
ture fraction was used as an additional tabulation co- istry calculations need 844 CPU seconds on a Silicon-
ordinate for the manifold.) Graphics Indigo, and the calculations with the

The influence of simplified transport models has reduced scheme only 86 CPU seconds, which cor-
been described in the last section. Here, for the sake responds to a speedup of a factor of 10. The main
of simplicity, only systems with equal diffusivity shall reason for this behavior is that much of the stiffness
be considered, because this section shall mainly dis- is removed by the mechanism reduction, and large
cuss the influence of the tabulation on the results and step sizes are chosen by the integrator. Further re-
computational aspects. Figure 4 shows profiles of search will show whether explicit methods can lead
CO2, H20, OH, and H in the flame both for reduced to a further speedup of the computation. It is an in-
and detailed kinetics. Good agreement is obtained in teresting and promising result that the mechanism
the flame front as well as behind the flame front, generated by the ILDM method does not cause con-
where the slow equilibration process takes place. Dif- vergence problems in the numerical simulations,
ferences are observed at the beginning of the flame which are usually observed, if reduced mechanisms
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are used [1]. The reason for this behavior is mainly o2 (mole/kg) 02 (mole/kg)

that the fast timescales are really decoupled locally, 4 4
whereas the global conditions of other reduced I I I I
mechanisms do not guarantee this. 3 3

One further aspect, which has to be discussed, is
the influence of the tabulation procedure on the ac- 2 2
curacy of the results. It is evident that the reduced - - -
mechanisms are improved, if more reaction progress --- ------ 1
variables (degrees of freedom) are used. Neverthe-- .........-- .- . -

less, tables of higher dimension are only possible if r .... .
coarse grids are used. Thus, following a suggestion of 0 1 2 3 4 5 0 1 2 3 4 5

Gran [22], we performed calculations with tables 0 , (mole/kg) ,0, (mollkg)

having different levels of refinement (ef. Ref. 9 for
the tabulation procedure). The different tables are 4 N

shown in Fig. 5, and the results obtained with those
grids are shown in Fig. 6 for the OH profiles together +
with the results of the detailed reaction mechanism
(the other profiles show a similar-trend, but they 2 2-

show less significant deviations). Only the coarsest
grid leads to large errors, especially in the region of 1
the equilibration zone. But even the use of the sec-
ond coarsest table, which uses only about 100 kbyte 0, 1 3 4 5 00 1 2 3 4 5
of storage, yields good results. From this, it can be 0, (mole/kg) 0, (mole/kg)
seen that even higher dimensional tables can be pro-
duced with a reasonable storage requirement. Better FIG. 5. Structures of the different tables. Upper part:
refinement strategies and better interpolation meth- Table 1 (left) and Table 2 (right); lower part: Table 3 (left)
ods can further reduce the storage requirement. and Table 4 (right).

Conclusions

'OH

It has been shown that the method of intrinsic low- 5.0 103
dimensional manifolds can be used successfully in
the simulation of laminar reacting flows. There is in 4.01
principle no restriction to simplified transport mod-
els, but processes like nonunity Lewis number, dif-
ferential diffusion, or thermal diffusion can be 3.010o-

treated by the method very easily. The results are in
very good agreement with results from detailed 2.0 10
chemistry calculations, which verifies the approach
and allows the conclusion that the method can be
used in turbulent flame calculations for a reliable de- 1.01
scription of the chemistry. The computational effort
in the laminar flame calculations is reduced consid- 0.0100 1.. .
erably. Convergence problems, known from simula- 5.0 6.0 7.0 8.0 9.0 r (mm)
tions with reduced reaction mechanisms, are not ob-
served, but, to the contrary, the method of intrinsic FIC. 6. Comparison of tables with different refinement
low-dimensional manifolds yields reduced reaction levels; 0: detailed mechanism; A: Table 1; 0: Table 2; El:
mechanisms, which simplify the numerical integra- Table 3; 0: Table 4.
tion to a great extent and might even allow the use
of explicit integration methods. It can be estimated
that the method can speed up calculations of flames Appendix
with more complex fuels (like octane) by a factor of
much more than 1000. Within the concept of intrinsic low-dimensional
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S= y(4r,t]). (5) specific enthalpy, pressure, or element composition,
do not have to be projected. The physical reason for

Let the parametrization be given by the matrix C, this is that processes, which perturb in direction of
eigenvectors with zero eigenvalue (i.e., which change

dT = Cdli. (6) variables conserved in chemical reaction), have no
relaxing component.

Then, projection of the (n = n, + 2)-dimensional Using this property, we obtain from Eq. (1) for the
equation system (2) yields [9] scalar field of a reacting flow

ar ah
- = CF + CP-,. (7) at h

at - -

The projection matrix P is given by [9] _ _ P

P = I - Vf ýf (8) a•i T-

at Pi -0 1,2, n,

where V denotes the (n X nf)-dimensional matrix
of the "fast" right eigenvectors and V denotes the C, F + C
corresponding (nf X n) matrix of the {eft eigenvec- at (13
tors (see Ref. 9).

The parametrization matrix can be split into two with - = (2E1, _70, ... , _7,,)T.

components, namely, one describing the specific en- Thus, we have obtained equations for specific en-
thalpy, the pressure, and the element composition thalpy and pressure, 0n equations for the specific el-
and another describing the reaction progress vari- ement mole numbers, and n, for the reaction pro-
ables. Then we obtain gress variables. Because qi, and thus also F, -7, and P

are defined by the lot--dimensional manifold in

C (ýe) (9) terms ofh, p, X, and I., the equation system can be
C= solved numerically.

where C, is the (nc x n)-dimensional matrix for the
reaction progress variables and C, is the (n, + 2 x REFERENCES
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o 1 0 ... 0 2. Peters, N., and Rogg, B., Reduced Kinetics Mecha-

Ce 0 0 _ - 1 nisms for Applications in Combustion Systems.
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In an axisymmetric counterflow configuration, acetylene was blown against the hot post flame gases of
a rich premixed acetylene-air flame stabilized on a sinter metal, thereby creating a broad pyrolysis zone.
This one-dimensional configuration has several interesting features for soot formation studies. Tempera-
ture, oxygen leakage through the premixed flame, and residence time in the pyrolysis region can be in-
dependently controlled by varying the stoichiometry and composition of the premixed flame and the
velocity of the fuel counterflow. The thickness of the pyrolysis region, where the soot formation occurs, is
large and, thus, experimentally well accessible and resolvable.

Along the axis of symmetry, concentration profiles of various stable species up to C4 hydrocarbons were
measured by gas chromatography. Thermocouples were used for temperature measurements. The soot
volume fraction was determined by a laser-light extinction method and Abel's inversion.

The experimental results were compared with one-dimensional calculations using a kinetically based
soot model. The reaction mechanism contains 62 species and about 400 reactions. The soot formation
mechanism accounts for all possible coagulation processes between polyaromatic hydrocarbons (PAH) and
soot particles, namely PAH-PAH coagulation leading to particle inception, PAH-particle coagulation, and
particle-particle coagulation, for surface growth by C2H2 addition and for oxidation.

The results of the numerical simulation and the experiment show a good agreement for temperature
and major species. The prediction for the maximum value of the soot volume fraction is quite good, but
deviations in the measured and calculated profiles suggest an underestimated soot particle diffusion, in-
dicating an overprediction of the particle sizes in the soot formation model.

Introduction butions, it is important to control the amount of
C2H2 and PAHs independently. In premixed flame

Understanding and modeling soot formation in experiments, the C2H2 originates from the fuel, and
combustion processes is important because soot is a its concentration in the soot formation region is very
dangerous pollutant due to the carcinogenic effects sensitive to oxygen concentration and pressure [8].
of the soot particles themselves and the hydrocar- In the counterflow configuration proposed here for
bons adsorbed on their surface. Also, soot formation soot formation studies, C211 2 may be added into this
reduces the effectiveness of the combustion and can region by the counterflow stream.
clog and erode components of the combustion sys- We use an axisymmetric counterflow burner with
tem to an intolerable extent. Soot formation is a ma- a rich, premixed acetylene-air flame stabilized on the
jor problem in diesel engines, which on the other upper sinter metal nozzle. A pure acetylene flow
hand have a high environmental potential due to from the lower nozzle creates a broad pyrolysis re-
their high efficiency and thus low CO2 production. gion below the premixed flame. Besides being rea-

It is believed that soot formation proceeds through sonably one-dimensional in the vicinity of the axis of
the polymerization of small to large PAHs, which co- symmetry, this configuration allows to independently
agulate forming particles [1-4]. In premixed sooting control temperature, oxygen leakage through the
flames, it is observed that in early stages the PAH premixed flame, and residence time in the pyrolysis
coagulation is the dominant mechanism forming soot region by varying the stoichiometry and composition
nuclei, whereas at later stages in the hot combustion of the premixed flame and the velocity of the fuel
products, the surface growth rate is mainly due to counterflow.
the addition of C2H2 [5-7]. If PAHs are still present Along the axis of symmetry, concentration profiles
at that later stage, they may also contribute to the of various stable species up to C4 hydrocarbons were
mass growth rate of soot [5]. measured. The measurements were made by remov-

In order to differentiate between the two contri- ing gas samples from the reaction zone with a quartz

1357
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N thermal influence of the counterflow does not cause
water cooled soot formation in the exhaust gases of the premixed

acetylene/air sinter metal flame, the configuration was tested with a pure ni-
SN9Ncm/s trogen counterflow. This did not lead to soot for-

mation. The counterflow mass flow is about 50 times
pemied smaller than that of the premixed flame and, thus,

0o000o0 N flame has hardly any influence on the temperature profiley • in regions where PAHs are still present.
Along the axis of symmetry, gas samples were

pyrolysis taken using a quartz microprobe with an outer di-
region ameter of about 600 jm and a nozzle diameter of

140,um. Along a probe length of about 20 mm, the

nitrogen A nitrogen diameter of the capillary increases by a factor of 50
- 7 cm/s | to ensure a rapid expansion and thus cooling of thegas sample. A heated stainless steel tube connects the

acetylen probe directly with the gas sampling loop of the gas
- 1 cm/s chromatograph. To prevent condensation, the tubing

is kept at a temperature of about 380 K. The overall
FIn. 1. Burner and flame configuration, volume of the gas sampling system is about 6 Cm3,

ensuring very short sampling times and, thus, pre-

glass probe and analyzing them using a gas chromat- venting blockage of the quartz glass probe by soot.

ograph. Also along the axis temperatures were meas- The probe was mounted on a microslide and was

ured with platinum/platinum-rhodium thermocou- introduced into the flame through a sealed vertical

ples. Using a laser-light extinction method and Abel's slot on the side of the outer tube. The microslide had

inversion, the soot volume fraction on the axis was a positioning accuracy of ± 10 ,um, thus making the

determined, nozzle diameter of the probe the determining factor

For the one-dimensional numerical simulation of for spatial resolution.

the configuration, a recently developed program A gas chromatograph (equipped with a 3-mL gas

written in an object-oriented language was used. The sampling loop), a thermal conductivity detector, and

conservation equations for energy and momentum in a flame ionization detector were used for gas analysis.

axial direction and the balance equations for mass Packed columns were used, allowing the injection of

and species concentration have been solved. The re- large amounts of gas sample to ensure a good quan-

action mechanism uses 62 species and about 400 re- titative detection of light gases like hydrogen, oxygen,
actions. A detailed soot formation model is used and or nitrogen. The columns employed in the analysis

will be described in the "Numerical Simulation" see- were a molecular sieve, a porous polymer column,

tion. and a column with Bis-2(ethoxyethyl)adiapate on
Chromosorb P-AW. Helium was used as carrier gas.
The pressure in the sample loop prior to injection
was measured with a piezo-resistive pressure sensor,

Apparatus and Procedure and the temperature was maintained at 380 K. As-
suming an ideal gas, the amount of substance in the

Figure 1 illustrates the flame configuration. The sample could be determined and used as an external
burner consists of two tubes with sinter metal plates standard to calculate the mole fraction of the de-
at the exit, with the upper sinter metal being water tected gases.
cooled to prevent ignition of the premixed gases on The soot volume fraction on the axis was measured
its backside. The diameter of the lower tube is with a laser-light extinction method. An argon ion
smaller than that of the upper tube, because this and laser beam at 488 nm is split with a semitransparent
the outer nitrogen flow help to stabilize the pyrolysis mirror to obtain a main and a reference beam. The
region. The mass flow rate of the premixed acety- main beam is focussed on the axis of symmetry of the
lene-air flow is 1.92 10-4 kg/s; the equivalence ratio flame configuration, and the transmitted intensity as
is k = 1.47. The mass flow rate of the pure acetylene well as the reference beam intensity are measured
is 3.5' 10-6 kg/s and that of the outer nitrogen flow using photo multiplier tubes. To diminish the influ-
is 5.87 10-4 kg/s. Technical grade acetylene was ence of temporal fluctuations in beam intensity, the
used containing an acetone impurity of 0.8%. signals are recorded and averaged over several see-

The mass flow rates were measured using rota- onds. An intensity averaging over the beam diameter
meters with uncertainties expected to be lower than is achieved by diffusing screens in front of the photo
± 3%. The distance between the two nozzles is 22 multiplier tubes. Thus, the influence of local inhom-
mm; the diameter of the upper and lower nozzle is ogeneities in the beam intensity is diminished. In two
48.5 and 18.5 mm, respectively. To ensure that mere successive measurements, with and without soot in
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the configuration, the intensities are measured; the ture or size distribution, or concentration of large,
reference beam intensity is then used to normalize absorbing PAH's may lead to different values of m.
the transmitted intensity. Temperature measurements were performed with

For light transmission through a homogeneous platinum/platinum-rhodium thermocouples. Both
particle cloud with the particle number density N coated and uncoated thermocouples were tested. No
along the optical path length L, the Lambert-Beer catalytic effects were observed with the uncoated
law is applicable. For spherical particles with a di- thermocouples, and since they have lower radiative
ameter smaller than one-tenth of the wavelength of losses and better spatial resolution, they were used
the light, the following approximation may be used for measurements. The thermocouple temperatures
[9]: were corrected, taking into account convective heat

transfer and radiative heat losses. The correction was

where = kext made assuming (1) an ideal spherical shape and (2)
It... = I• eLN Chenxt N� an ideal cylindrical shape for the thermocouple. Val-

ues for the temperature-dependent emissivity of
kdh - 1 platinum and platinum-rhodium surfaces were inter-

2 \m2 + 2! polated from values given in Ref. 12. The thermo-
couple wires had a diameter of 0.1 mm, the bead had

Here, 'trans is the intensity of the transmitted light, one of about 0.2 mm, and thus, a good spatial reso-
Cent is the extinction cross section accounting for in- lution was possible. Since the bead geometry is nei-
cident light absorption and scatter, kext is the extine- ther an ideal cylinder nor an ideal sphere, the cor-
tion coefficient, k = 27r/2 is the wave number, and rections assuming ideal shapes are believed to give
m is the complex refractive index. The soot volume an upper and a lower temperature estimation for the
fractionf 0 can be written as actual gas temperature.

= dN =d
3  Uext

6 Cext 6 m2 Numerical Simulation
For the axisymmetric counterflow configuration, a

For transmission of the laser light through the radial similarity solution exists requiring to solve a set of
symmetric flame, one can write one-dimensional equations only. Following Ref. 13,the balance equations for mass, transverse momen-

tum, single species, energy, and a mixture fraction
F(x) = In = kxt(z) dz variable Z can be written in the limit of low Mach

) numbers assuming u = G(y) x as
= 2 , r. ket(r) d ~v

rt rd - -2pG(y) (1)

where z is the coordinate along the beam and x is thecoordinate in the direction rectangular to beam and dG dy+ ± _d L)

axis of symmetry. With Abel's inversion [10], one ob- dy dy (2)
tains

I fe F'(x) , d jk + fk (3)
kesi(r) = - - d(dy dy

Measurements were taken for different values ofx to pvc, d - ± ; dT-) h
obtain values for F(x), then coefficients for an ap-

proximating function were determined, and F'(x) was dT
calculated. With the measured temperature profile - cp'di d + qR (4)

and an interpolation of the values of the refractive
indices given by Ref. 11, m was calculated as a func- dNi/p d ( dN,/p)
tion of the height y above the lower nozzle. As PI y IpDPJi -ly)
pointed out in Ref. 11, the refractive index for soot dy dy \
does not differ substantially for different flame con- d p Ni dT\
ditions. Still, one has to keep in mind that deviations + - y( -T + NV
between the conditions m was determined for in Ref.

11, and the present conditions concerning soot struc- i = 1 . . (5)
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Closure of the system is the ideal-gas equation of The source term of Eq. (10) is given by a detailed
state. The diffusion fluxes Jk were approximated by soot formation model, similar to that developed by
the Hirschfelder-Curtiss approximation [14], aug- Frenklach and coworkers [4,19,20]. It accounts for
mented by a simple correction velocity to ensure particle inception due to PAH coagulation, conden-
mass conservation [15]. The chemical production sation of PAHs on the soot particle surface, coagu-
rate rhk contains contributions from all reactions: lation of soot particles, and soot growth and oxidation

due to surface reactions.
rnk = Mt • W14 wI, (6) This model is subdivided into three logical parts:

1. The chemistry of the gas phase to small PAHs.
where Mk is the molecular weight of species k, vk 'IS This part is described using a detailed kinetic
the matrix of stoichiometric coefficients, and w, is the mechanism provided by Warnatz and Chevalier
vector of reaction rates; qR denotes the radiation heat [21] for the fuel pyrolysis and oxidation and for
loss term, which includes radiation of the gaseous the formation of soot precursors up to benzene.
and particle phase. Assuming an optically thin me- This kinetic mechanism was supplemented by
dium, these terms are given by Ref. 16. tis from Ref.an2, as supplem ence

In Eq. (5), Ni is the number density of soot par- actions from Ref. 22, accounting for the influence
tides of size class i, which is defined by Vi = iVi, of the acetone impurity on the acetylene pyrolysis.

where V1 is the volume of the smallest molecule The further growth of the small PAHs follows

structure occuring in soot particles, which is assumed Frenklach and Warnatz [20]. The whole mecha-

to be a benzene ring. The diffusion coefficient for nism contains about 400 elementary reactions and
the particles Dp i varies in the free molecular regime 62 chemical species.
with d- 2 [17], where d is the particle diameter. Thus, 2. The further growth of PAHs is assumed to be a
we can write fast polymerization process. This is based on a

steady-state assumption for the PAHs and results
Dp~i = i- D3 Dp,. (7) in an algebraic equation for each PAH species

taken into account [23].
The second term on the right-hand side of Eq. (5) 3. Theformation andfurther growth of soot particles,
accounts for thermophoretic transport, where including all the above-mentioned coagulation

processes and surface reactions. All coagulation

a 3 (8) processes are assumed to follow Smoluchowski's
4(1 + r A/8) coagulation equations in the free molecular regime

[24]. The evaluation of Smoluchowski's equations

and the accommodation coefficient A is usually taken follows [18]. Polyaromatic hydrocarbons are
to be 0.9 or 1.0 [17]. To handle the infinite set of allowed to coagulate when they consist of at
equations (5), the method of moments [18] is used. least four aromatic rings. Coagulated PAHs are
Introducing the size-dependent diffusion coefficient counted as soot, thus leading to smallest soot par-
and the definition of the statistical moment, ticle sizes of eight aromatic rings. The heteroge-

neous surface growth and oxidation is described
by the H-abstraction/C2H2-addition reaction se-

itN r = 0...(9) quence and further 02 and OH oxidation reac-
tions [4].

in Eq. (5) we obtain a transport equation for the sta- The boundary conditions for the velocity were de-
tistical moment: termined from the experimental mass flow rates. The

dyipp_ d( d )radial velocity components at the nozzles were set to
pdy dy lpDI (dUr-/)J) zero. Boundary conditions for species were derived

" dy rp rp /y from an interface balance. Complete radical recom-
+y (a p y, dT9 + /1r. (10) bination is assumed on the sinter metal surface. The

+ r T p dpy temperature values at the nozzles were taken from

the experiments.

The values for the fractional moments appearing in The numerical calculations were performed with

Eq. (10) are determined by logarithmic interpola- a newly developed finite difference code. It features
tion. a very stable grid refinement technique that derives

For the present paper, we did some numerical ex- a weight function for adjusting cell sizes from an ap-
periments to test where to truncate the infinite set proximation of the local truncation error of the com-
of equations (10), and we found that there is no need puted solution by extrapolating a fine and a coarse
to retain more than the first two statistical moments. grid solution.
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FIG. 3. Comparison of measured and calculated profiles calculated species and temperature profiles in Figs.
of CO and CO. 2 and 3 is satisfactory, and we can assume that the

basic structure of the configuration is sufficiently well
described by the numerical simulation.

Results The soot volume fraction shown in Fig. 4 has a
maximum value of about 510 -7 at y = 8 mm. At

Figure 2 shows measured and calculated concen- that height, the temperature is already as low as 900
tration profiles for acetylene and the temperaturepart of the pyrolysis regon,
profiles as function of height y above the surface of as the is ig. 1,mis not enthelysidenion,
the lower sinter metal. The two dashed profiles result as sketched in Fig. 1, is not entirely identical with
from the thermocouple temperature correction as- the soot formation region. Obviously, the tempera-
suming cylindrical (higher values) and spherical bead ture in the lower part of the pyrolysis zone is not high
shape. Figure 3 compares carbon monoxide and car- enough to lead to visible soot radiation.
bon dioxide profiles. The measured and calculated soot volume fraction

The burner-stabilized premixed flame burns close profiles show good agreement for heights above 9
to the sinter metal of the upper nozzle. The experi- mm, but there is a steep gradient about 0.5 mm be-
mental resolution, approximately given by the di- low the stagnation plane in the calculated profile that
ameter of the capillary of the quartz glass probe, does does not appear in the measurements. As shown in
not seem to be sufficient for the thin premixed flame. Fig. 5, the profiles for diacetelyene compare fairly
In addition, the flame is visibly displaced by the well, the maximum value of propadien differs by a
probe when sampling in the premixed flame. Below factor of about 5 in the pyrolysis region.
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400 ,,,,,,,, . ..... , 2100 TABLE 1

.....-. ........... "H"..."". 1800 Important Reactions in This Configuration Leading to

C4H0 Benzene and PAH (Nomenclature according to Ref. 25)
100 n

S.... Number Reaction
1200 •.

0 200 1 C2H2 + 3-CH2 , C3H, + H

"Pr900 ien 2 2C3H3 ", A,
7 100 e 600 ' 3 A A,- + H

4 A,+CH 2  AC 2H + H
-..4...... .......- ....... 300 5 AC 2H + H -- AC 2H +H 2

6 AjC 2H* + C2H 2 - A1C2HAC
0I' 0 7 AIC 2HAC - A2-X

0 4 8 12 16 20
Height Above Lower Nozzle [mm] 8 A + C2H, AR 5 + H

9 A2R + H -- A2 R 5- + H 2

FIG. 5. Comparison of measured and calculated profiles 10 A2R5 - + C2H2  - A2R5C2H + H
of CH 4 and C4H,. 11 A2RCH + H - A2RC 2H' + H2

12 AQR5C2H° + C 2H 2 -' ANC2 HAC

13 ANC 2HAC -- A3R5

.OC 2H2  14 A2 R5 + C2H, - A3 R5AC

C3 H3 •C 4 H5

C3H3 We found that the most important path is via pro-
C4H pargyl (C3H3), benzene, and PAHs, where C3H3 is

formed due to CH2 or CHCO addition to acetylene
and combines directly to benzene. This path ac-
counts for more than 60% of the benzene formation.

C4 H3  There are some additional, but less important, ben-

zene formation chains via linear C6H5 and C6H7. Ta-
ble 1 lists reactions leading to benzene and, beyond

I I 5 that, turned out to be significant in this configuration.
Starting from benzene, the formation of PAHs viaC 65 4 CH the H-abstraction/C21H2-addition reaction sequence

is significant for the soot mass balance, especially be-
"6tween 12 and 16 rm height. This PAH growth oc-
curs up to a PAH size that allows them to coagulate
forming soot nuclei, since this then becomes the
dominating process. In a similar way, the soot surface
Sgrowth due to acetylene addition is less important
than the coagulation of PAHs. This corresponds tot.'00 the findings of Ref. [5].piH As shown in Fig. 4, the calculated maximum of the

APAH volume fraction is located at about 13 mm.

Here and slightly lower, particle inception and soot
mass production reach peak values. The temperature
at this location is about 1600 K, and the acetylene

SOOTmole fraction is about 5%. At lower heights, PAH
formation decreases because of the low tempera-

FIG. 6. Schematic illustration of the reaction paths lead- tures, at higher heights, it decreases because of lower
ing to benzene. acetylene concentration. The resulting particles are

transported by convection toward the stagnation
plane, increasing due to coagulation of PAHs with

Discussion soot and surface growth by the H-abstraction/C21il-
addition reaction sequence. As mentioned before,

An analysis of the kinetic soot formation mecha- the latter mechanism is not important here, since the
nism used in the calculations is illustrated in Fig. 6. radical concentration is very low in this region, and
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DYNAMICS AND STRUCTURE OF UNSTEADY, STRAINED,
LAMINAR PREMIXED FLAMES

FOKION N. EGOLFOPOULOS
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The influence of unsteadiness on the structure and dynamics of counterflowing, strained, premixed
methane/air flames was investigated by conducting a detailed numerical study. The unsteady conservation
equations of mass, momentum, energy, and species were solved along the stagnation streamline of the
counterflow, in an opposed-jet, finite-domain configuration, by using detailed description of chemistry and
transport. The unsteadiness was introduced by imposing sinusoidal variations of the reactant velocity at
the exit of the nozzles. Results demonstrate that the flame response is quasi-steady at low frequencies,
while at high frequencies it fails to respond to the imposed velocity oscillations. The flame frequency
response was physically explained by analyzing the instantaneous flame structure and realizing that the
velocity oscillations in the hydrodynamic zone cause reactant concentration oscillations in the diffusion
zone. The diffusion processes attenuate these oscillations in a manner analogous to the Stokes' second
problem, and the angular frequency at which substantial attenuation commences was found to be of the
order of [2(S,)2/a], where S,, is the laminar flame speed and a an average heat diffusivity of the mixture.
The validity of the analog, was confirmed by examining flames at a wide range of unsteadiness. The effect
of unsteadiness on extinction was also assessed, and the phenomena of partial extinction, reignition, and
extinction delay were identified. These phenomena were found to be controlled by the relative magnitudes
of the time scales of the imposed oscillations and the time required for permanent extinction.

Introduction conducted for unsteady premixed and diffusion
flames, respectively. In all studies, it has been re-

Strained laminar flames have been the subject of ported that the amplitude of the flame response to
extensive investigations over the last 10 to 20 years strain oscillations is reduced at high frequencies, but
because of their relevance to turbulent combustion a rigorous physical explanation based on first princi-
[1-3]. The majority of these studies, however, have ples was not provided.
been conducted under steady conditions, and the ef- Recently, Egolfopoulos and Campbell [15-17]
feet of steady strain on the flame structure and dy- conducted a detailed numerical simulation of un-
namics has been extensively assessed (e.g., Refs. 1- steady, counterflowing, strained CH4/02/N2 diffu-
6). In a turbulent environment, if laminar flamelets sion flames, and by analyzing the detailed transient
indeed exist, it is expected that they will be embed- flame structure, the physical "attenuation" mecha-
ded into flow fields which are highly nonuniform and nisms were identified; the unsteadiness was intro-
also highly unsteady. Under such conditions, the time duced in terms of far-field oscillations of reactant ve-
scales of the flow field disturbances can couple with locity, concentration, and temperature. The central
the time scales of molecular transport and chemical idea of the finding is that velocity oscillations induce
kinetics and lead to phenomena that cannot be pre- reactant concentration oscillations at the beginning
dicted from steady analyses. of the diffusion zones in a manner analogous to the

Although the importance of unsteadiness on lam- Stokes' second problem. Furthermore, the flame
inar flame combustion has been recognized [2], the properties' amplitudes were found to scale very
relevant studies are limited [7-14]. The majority of closely with the nondimensional parameter, q, of the
these studies are theoretical, and the effect of strain Stokes' second problem, which is simply the ratio of
oscillations on the flame dynamics was assessed; the the reactant diffusive thickness over a characteristic
only experimental data were reported by Saitoh and "penetration" length of the disturbances. In the same
Otsuka [9]. Theoretically, the studies were con- studies [15-17], phenomena related to transient ex-
ducted with simplified chemistry and transport, with tinction were also investigated.
the exception of the works of Stahl and Warnatz [11] In the present investigation, the main goals were
and Darabiha [13] in which detailed modeling was to investigate the effect of flow field velocity unstead-
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1366 LAMINAR FLAMES

iness on the structure and dynamics of strained, lam- considered. Furthermore, although a pressure gra-
inar, premixed CH 4/air flames by conducting de- dient is imposed in the momentum equation as the
tailed numerical modeling and to provide physical driving force of the flow, the effects of pressure var-
insight into the elementary controlling mechanisms. iation (in space and time) on the density and chem-

ical kinetics were not considered, so that the effect
of the unsteadiness on the flame structure and dy-

Numerical Methodology namics due solely to the velocity fluctuations was as-
sessed.

The numerical simulation of the counterflow was The premixed flames studied herein result from
conducted by solving the unsteady conservation the impinging of two identical streams of CH 4/air
equations of mass, momentum, energy, and species premixtures emerging from the opposing burner
concentrations along the stagnation streamline: nozzles. Because of the symmetry of the system

across the stagnation plane, the equations were for-

ap a(pu) mulated and solved between one nozzle and the stag-

at + 2pG + ax = 0 (mass conservation) nation plane. As plug flow (zero divergence) bound-
ary conditions at the exit of the nozzles were

pG2 + a ( aG) = assumed, the boundary conditions at the exit of the
at - _G_ + ax+ J _ 7-} burner (x = L) and stagnation plane (x = 0) are as

follows:

(momentum conservation)

PT aT 1 a ( aT\ aP x = 0: u = 0, dYk/dx =o,

at + pu a 1 e,)axk ax) at dT/dx 0, dG/dx = 0
+ K K aT 1 K x = L: YO2 = YOmx=L, YCH4 = YCH4,x=L,

+ YkcpkVk - + - I hkoOk = 0
cp c=l ax cp k=1 YN2 = YN2,x=L, G = 0.

(energy conservation) The unsteadiness was introduced for the reactant

p -a + Pu O--f + - (p- Vk) - Wk-okw = 0 velocity at the exit of the nozzle, Uexit, by imposing
at ax ax sinusoidal variations of a given amplitude, Uexdt,A

(species conservation) around a mean value, u•,ato [15-17]. The solution of
the equations was obtained by modifying the steady,

with G -- av/ar = v/r = G(x) andj - (1/r)(aP/ar). premixed flame, stagnation-flow code of Kee and co-
In the above equations, p is the density; P is the workers [5,18] and introducing the second-order

pressure; p is the mixture viscosity; A is the mixture Crank-Nicolson scheme for the time marching. The
conductivity; c is the mixture specific heat- c k is the code was integrated into the CHEMKIN [19] and
specific heat ofspecies k; hk is the enthalpy'o?,species transport [20] subroutine packages. The kinetic
k; cok is the production rate of species k; Wk is the scheme used is a hierarchically developed C2 mech-
molecular weight of species k; Yk is the mass fraction anism [21,22].
of species k; u is the axial velocity component; v is
the radial velocity component; K is the total number
of species; and 1k is the mass diffusion velocity of Results and Discussion
species k.

The solutions were obtained in a finite-domain The flame response to far-field velocity unsteadi-
configuration in order to simulate actual experiments ness was examined for atmospheric CH 4/air flames
that are anticipated in the near future; the present for three different equivalent ratios, namely ek = 0.7,
formulation models the region around the centerline 0 = 1.0, and 0 = 1.3, for unburned mixture tem-
of the experimental counterflow configuration. It was perature of 300 K, for various nozzle exit velocities,
also assumed that the gases leaving the nozzles have and for nozzle separation distance 2L = 0.7 cm. For
no radial variations in velocity, temperature, and con- simplicity, the flames were classified with the Roman
centrations. As a consequence, the whole flow field numerals I through VI, and their properties will be
is characterized by a uniform radial pressure curva- given the first time they are mentioned.
ture, J, which is an eigenvalue of the problem An examination of a typical flame structure reveals
[5,6,11]. that the temperature rises from its free stream value

The aP/at term in the energy equation was ne- at the nozzle exit to a maximum value, Tm., at the
glected for the present study, in which open flames stagnation plane that is in general less than the equi-
were considered so that the pressure is largely con- librium value because of the limited physical space.
trolled by the far field. This term, however, has to be Furthermore, the velocity decreases as the flame is
retained if reacting processes in closed vessels are approached from the nozzle side; then it increases as
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1940 170 FIG. 1. Variation of u.,j, and T,.,,,
0.0 0.5 1.0 1.5 2.0 2.5 3.0 with t' for Flame II at different fre-

t' = time/period quencies.

a result of thermal expansion and further decreases • 2000

toward the zero value at the stagnation plane. The Pa 0 al
imposed aerodynamic strain rate, K, is determined 198o0

as the velocity gradient at the quasi-linear part of the 13

profile before the minimum point ahead of the flame. 196 11
Such definition of the strain rate is consistent with . 0

its experimental determination [3,4], and it is a mea- E 1940 Tg Vlue

sure of the convective transport in the hydrodynamic Trough Value

zone. 1920

For Flames I (41 0.7, Uit,o = 70 cm/s, ueitA 100

= 20 cm/s), 11(1 = 1.0, xit,o = 200 cnl/s, ne6dtA 80
= 25 cm/s), and III (11 = 1.3, ueiVt = 60 cm/s,
utA = 20 cm/s), the oscillation of nexit induces os- 0 60

cillation of the flame location, since for higher values
of uexit the flame moves closer to the stagnation plane 4
in order to be stabilized at a location where its prop- 9 10
agation speed will equal the local flow velocity. In
Fig. 1, the variation of T,,.., as induced by the oscil- 10 100 1000
lation of the Uexit, is shown as a function of a nondi- Frequency, Hz

mensional time, t', for different frequencies. The
peak values of T.. occur when U,.it is at its trough Foe. 2. (a) Frequency response of T amplitude and
value and the flame is closer to the nozzle, allowing (b) phase shift for Flame II.
for more time to reach equilibrium at the stagnation
plane. Therefore, Tm.. is a "marker" of the flame lo- in Fig. 2. Results indicate that the amplitude of the
cation. Figure 1 shows that, for higher frequencies, frequency response is reduced at higher frequencies,
the amplitude of oscillations decreases and the phase while at low frequencies, the flame responds to the
shifts to the right, in agreement with previous obser- uit oscillations in a quasi-steady manner. Further-
vations [7-17]; similar behavior was observed for all more, while the amplitude reduction occurs sym-
flame properties. Furthermore, properties such as metrically for T.., and all properties for Flames I,
the maximum heat release, Q and maximum hy- II, and III, an asymmetry can be induced as the am-
drogen radical concentration, [H]m,. provide a bet- plitude of oscillations is increased. More specifically,
ter measure of the burning intensity of the flame with it was found that, for large amplitudes of uexit, when
respect to the mixture's Le number. For Flame I (Le K is at its peak value, the flame responds to K vari-
< 1), Qmax and [H], peak when the uneit and, there- ations more rapidly compared with the part of the
fore, K peak, and the opposite is true for Flame III cycle in which K is about its trough value. This is due
(Le > 1), in agreement with previous findings [3]. to the higher sensitivity of the flame to strain rate

The detailed frequency response of the peak and variations when it is highly strained, as compared to
trough values of T,,_ and its phase shift are shown a low strain rate state [15-17].
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1.0 3A graphic illustration of this point can be seen in Fig.
0.9 3b, which shows the mass fraction of CH 4 at a given"• 0.8 C ,

0.7 location, X95%, at the beginning of the diffusion zone.
QM 0.8 225 The X95% spatial location was determined as the
X 0.5 = 175 cm/s mean location of the cycle at which the mass fraction

e 0.4 of CH 4 is 95% of its free stream value under quasi-
U 0.2 steady conditions.

0.1 WSimilarly to diffusion flames [15-17], a close anal-
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 ogy of this phenomenon is the Stokes' second prob-

S5.e-2 Distance from Stagnation Plane, cm. lem, in which the disturbances caused by an oscillat-

6- ,= ing plate propagate into the stagnant fluid through
P " momentum diffusion. The Stokes' second problem

5 .0@2 solution scales with a nondimensional spatial coor-
"dinate qz = z (o/2v)1/2 [23], where z is the dimen-

° 0 a sional distance from the plate, wo = 27f the angular
S4.5e-2 n frequency, and v is the kinematic viscosity of the

fluid. Results show that attenuation of the signal due
40e ( ~ to diffusion occurs at large values of qz (large z or

.0.0 0o.5 1.0 1.5 2.0 2.5 3.0 large io). At high frequencies, the wavelength of the

t, time/period disturbances is reduced so that the diffusive fluxes
increase, causing, thus, substantial attenuation, and

Fin. 3. (a) Variation of the CH4 mass fraction normalized noticeable amplitude reduction occurs closer to the
by its free stream value throughout the flame zone for plate (smaller z's).
Flame I and f = 1 Hz. (N) Variation of the CH, mass In the present problem and similarly to the dif-
fraction with t' at the spatial location X951, for Flame I and fusion flames' response [15-17], the reactant mass
f = 1 Hz. fractions oscillate at the beginning of the diffusion

zone. The end of the diffusion zone corresponds to
the main reaction region at which the mass fractions

Physical insight into the results of Figs. 1 and 2 of both reactants are at fixed values as determined
was provided after assessing the various processes by equilibrium. Therefore, as the frequency in-
controlling the instantaneous flame structure. As Uext creases, the mass fraction oscillations can be atten-
varies with time, the flow field adjusts nearly instan- uated within the diffusion zone when its thickness
taneously in the hydrodynamic zone since the dis- becomes of the same order with the physical pene-
turbances propagate with the speed of sound. These tration length of the disturbances. This will result in
disturbances subsequently will be sensed by the main substantial attenuation of the oscillations in the con-
reaction zone through diffusive processes within the centration gradients immediately before the main re-
main diffusion zone in which diffusion dominates action zone, leading to reduced flame response, as
convection. Therefore, a coupling is expected be- the processes inside the main reaction zone are only
tween the fluid mechanics and the chemical/trans- sensitive to the concentration gradients in its im-
port processes of the flame, leading to the distortion mediate neighborhood.
of the local velocity field, as will be further explained The frequency responses of Flames I, II, and III
in a later part of the text. The observed phase shift can be seen in Fig. 4a, in which the normalized (by
was found to correspond to the transport time within their quasi-steady values) amplitudes of Tm. oscil-
the diffusion zone, causing a "delay" that is more ap- lations are shown as functions of the frequency; the
parent at higher frequencies. normalization with the quasi-steady amplitude ac-

The mechanisms responsible for the amplitude re- counts for the amplitude effect of the imposed os-
duction at high frequencies were identified by real- cillations. The results show that, at low frequencies,
izing that the ueit time variations result in variations the flame response is quasi steady with values of the
of the flame location since the flame is free to move normalized amplitude close to 1, while at higher fre-
toward the location which satisfies the stabilization quencies, the amplitude decreases. However, the
criterion. In Fig. 3a, the profiles of the mass fraction amplitude reduction occurs at higher frequencies for
of CH 4 (normalized by its free stream value) are plot- the higher burning rates because the flame thickness
ted vs the spatial location for Flame II atf = 1 Hz, is reduced, and higher frequencies are required for
for the peak and trough values ofueit. It can be seen the attenuation mechanism of Stokes' second prob-
that the unt oscillations result in an effective oscil- lem to work.
lation of the reactant mass fraction; similar argument The analogy with the Stokes' second problem was
can be made for the temperature at the beginning of demonstrated by quantifying the frequency response
the diffusion zone. This oscillation has to propagate of Flames 1, 11, and III in terms of a nondimensional
largely by diffusion into the main reaction zone. A parameter q = d (wo/2a)" 2 instead of the frequency; q
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1.0, i Hit III -ýa shown, and it can be seen that the data "collapse"
0. .' close to a single curve. The data of Fig. 4b indicate
•0.7' that q is the appropriate nondimensional parameter

.6 controlling the frequency response of the flame. It is
H .also of interest to note that a drastic drop of the nor-

0.3 * FLAME I, malized temperature amplitude starts for values of qi
0 2 FLAME m1 - --- around 1, indicating that, when the characteristic dif-

-0.- - fusion thickness 3 is of the same order with the char-Z 0,- 1 10 1 00 1000

Frequency, Hz acteristic penetration length for the oscillations (2a/
1.0 Ib -)1/2, the "attenuation" effect starts influencing the
o FLAME I structure of the diffusion zone. Therefore, it is pro-

0.8 sx=19.0 cm/s posed that the characteristic angular frequency at0o.7 c =2.0 cm2/s

0.6 8=0.105 cm which substantial attenuation commences is of the0 . , 5 [ order of [2($S)/a].
o 0.4 * FLAME II A FLAME III

0.3 S° =39.0 cm/s S=26.8 cm/S The effect of the frequency on the flame structurem 0.2 a• =3.0 cm21/s ý-. M/

0.s 8=0.077 cm -. C4 is shown in Fig. 5, in which the total (convective +
. , , ,,1 diffusive) mass fluxes of CH 4 are plotted for the con-0.01 .1 ditions corresponding to the peak and trough values

Stokes' Parameter, rj= 8" ((02a0)"= (1/Sý) (o-c'/2)1 of Uexit for Flame I, atf = 1 Hz andf = 800 Hz. At

Fic. 4. Variation of the T_,, amplitude normalized by its f = 1 Hz, there is a distinct "displacement" between

quasi-steady value for Flames I, II, and III with (a) fire- the trough and peak flux profiles, indicating that the

quency and (b) Stokes' parameter, q. oscillations propagate through the diffusion zone and
are sensed by the reaction zone. On the other hand,
while at f = 800 Hz the flux profiles are distinctly

will be referred to for convenience as Stokes' param- different in the hydrodynamic zone, they merge
eter. In this definition, 3 is a measure of the thickness within the diffusion zone. Note that "negative" mass
of the diffusion zone, and a is a characteristic diffu- flux gradients of CH 4 can be seen in Fig. 5 for the
sion coefficient. By further realizing that, for pre- trough value Of Ueit andf = 800 Hz, which suggests
mixed flames, 3 scales with the laminar flame speed, that mass is being accumulated.
S', and a as6 - a/Sl,°, then q = (lIS,°)(aco/2)1/2 . Mathematically, the mass accumulation can be

In the present analysis, a was chosen to be an av- caused by the apl/t term in the continuity equation.
erage value of the mixture thermal diffusivity; the Since no pressure variation effect on the density was
values of 6, a, and S,', determined by detailed nu- considered in the present analysis, the time variations
merical calculations, are shown in Fig. 4 for Flames of the density can be mainly induced through time
I, II, and III. In Fig. 4b, the variation of the nor- variations of the mixture temperature; the concen-
malized amplitudes of T,,,, oscillations with q are tration effect is small in dilute mixtures. By defini-

,,5.Oe-3

";(FLAME ) Flow Direction -

4.0e-3 exit = 90 cm/s I N

> 3.0e-3

> 
-exi 50 Cn/s

o 800 Hz a=

u 2.0e-3
+> 0•

4-C 1.0e-3 Nozzle Exit FIG. 5. Variation of the total (dif-

1 Hz fusive + convective) CH4 mass flux
throughout the flame and hydrody-

Snamic zones for Flame I at uo.,, = 50
00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 cm/s and u,,,, = 90 cm/s, andf = 1

Distance from Stagnation Plane, cm Hz andf = 800 Hz.
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tion, there are no temperature variations in the by- was found that, under unsteady conditions, extinction
drodynamic zone, while in the main diffusion zone, initiates when the K reaches the Kext value, but
substantial attenuation of the temperature amplitude whether the extinction will be permanent or not de-
has been induced at high frequencies. At the inter- pends on the frequency. The results for the transient
face of the two zones, however, strong time variations extinction of Flame IV are shown in Fig. 6a in terms
of the temperature and, therefore, density were iden- of T.m variation with t' at different frequencies. It
tified at high frequencies. Physically, this happens can be seen that, while atf = 1 Hz permanent ex-
because when uedt is at its peak (trough) value, the tinction occurs when K reaches the value Kxt = 835
flame is stabilized at a nearly fixed location that is s 1, extinction is suppressed atf = 180 Hz, and it is
closer to the nozzle (stagnation plane) compared with delayed for two periods atf = 170 Hz.
its quasi-steady location, and the convective transport In order to identify the mechanisms responsible
just before the flame substantially varies as the Uexit for the flame survival at higher frequencies, even
oscillates between its peak and trough value. There- though K exceeds Kxt, the variations of K and the
fore, since the amount of heat transfer from the flame maximum rate, R_ of the main branching reaction
is fixed, increased (reduced) convective mass flux re- H + 02 = OH + 0 (B) are simultaneously shown
suits to a lesser (greater) extent of heating, leading in Fig. 6b for the case off = 170 Hz; reaction (B)
to lower (higher) temperatures and eventually to was chosen because extinction is particularly sensi-
large values of ap/dt at the interface of the hydrody- tive to its rate. Results indicate that, when K = &,
namic and diffusion zones, especially at high fre- = 835 s -, extinction initiates as shown by the de-
quencies. This mass accumulation process leads to creasing trend of R.., which is a consequence of
the modification of the local velocity field just before reactant leakage and subsequent reduction of Tm.
the diffusion zone. for the case of the Le < 1 Flame IV [3]. Permanent

For Flames I, II, and III, the induced maximum extinction, however, is not reached instantaneously,
strain rate, K, does not lead to permanent extinction, and a finite time is required for the complete shut-
However, a further increase of Uxit and, subse- down of all chemical processes. At low frequencies,
quently, K can cause extinction when K reaches a the time during which the flame experiences unfa-
critical value. In order to study unsteady extinction, vorable straining is greater compared with the re-
the conditions of Flames 1, 11, and III were modified quired time for extinction, and permanent extinction
by allowing for larger values of K, leading to extinc- is observed. At higher frequencies, it is possible that,
tion. These will be referred to as Flames IV (b) = hefore the flame reaches permanent extinction, it will
0.7, uc'it,o = 160 cm/s, UeitA 30 cm/s), V (4) = experience a favorable straining, and reignition can
1.0, zcexitO = 330 coi/s, u, = 60 cor/s), and VI (4) occur, as can be seen in the first cycle of Fig. 6b. For
= 1.3, ueit'o = 70 cm/s, Ue•xtA = 20 cm/s) respec- the case off = 170 Hz, it was found that, after reig-
tively. The steady extinction strain rates, Kext, for nition, the radical pool is reduced compared with the
Flames IV, V, and VI were determined in order to state inducing partial extinction, the flame overall is
compare with the results of transient extinction. It weaker during the second cycle, a lower favorable
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strain rate will not be readily encountered, and per- scales closely with q, and the angular frequency at
manent extinction occurs. Atf = 180 Hz, the favor- which substantial attenuation commences was found
able strain rate is applied well before the flame has to be of the order of [2(S')2/a].
been substantially weakened during the partial ex- Finally, the phenomena of partial extinction, reig-
tinction stage, and reignition occurs, leading to a nition, and extinction delay were explained based on
strongly burning flame that survives all subsequent the interaction between the processes of aerody-
partial extinction stages. For Flame IV at f = 170 namic straining and chemical kinetics. It was found
Hz, it was found that the flame weakening during the that, for certain strain rates and frequencies, extinc-
first cycle is due to the accumulation of substantial tion can be initiated but not completed if the time
amounts of 02 during the partial extinction stage, required for the establishment of favorable straining
which during reignition disproportionately deplete is small compared with the time required for extinc-
the H radicals through reaction (B). Since the supply tion, so that reignition occurs. Extinction delay oc-
of H radicals is limited by the fuel consumption, curs when, after reignition, the H radical pool is re-
which is reduced during both the partial extinction duced, leading to gradual flame weakening and
and reignition stages, it is possible that, under certain permanent extinction after a number of cycles.
conditions, the H radical pool will not completely
recover after reignition. Acknowledgments
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COMMENTS

A. C. McIntosh, Leeds University, UK. In your numerical arguments it can be seen that the time variation of YcH4
study, you are imposing velocity fluctuations and finding will be more gradual around its peak value compared with
that the amplitude of consequent temperature oscillations the variation around its trough value. In any case, there is
decreases with frequency. There must be an acoustic field periodicity in the Ycm variation at the beginning of the
set up by these oscillations. If you were to impose a pres- diffusion zone, which allows for the use of the Stokes' sec-
sure fluctuation (as against velocity), would you still find ond problem as an analogy.
that the amplitude of the temperature oscillations de-
creases with frequency? For a flat flame, there is a growth
in amplitude [Combust. Sci. Technol. 91:329-346 (see Fig.
la)]. Marios Soteriou, MIT, USA. In your presentation, you

suggested that quenching of the flame may take place dur-
Author's Reply. Your point is well taken. In the paper, ing the second (or subsequent) cycles of the strain oscil-

however, it is stated that only the effect due to velocity lations and that this phenomenon is a consequence of the
(strain rate) unsteadiness is assessed. Clearly, effects due multistep chemistry as intermediate reactions may quench.
to pressure fluctuations can be important if one considers In the work that led to our paper (Ghoniem, Soteriou,
them, and they can couple with the velocity effects. For Knio, and Cetegen) published in the Twenty-Fourth Sym-
low frequencies, however, it is not expected that pressure posium, we noticed the same phenomenon (i.e., quenching
(acoustic) effects will be as important. The experimental after the first strain cycle) even though we were using a
data of Ref. 9 show that the frequency response of the single-step chemistry mechanism. Our explanation was that
flame is reduced at high frequencies. We are currently con- there was not enough time for the temperature field (which
ducting experiments on unsteady premixed and diffusion is oscillating out of phase with the strain field) to totally
flames to examine the validity of the present calculations. recover after the first cycle and hence quenching was ex-
We are also in the process of conducting detailed calcula- perienced in the second. Could you elaborate on this dis-
tions in which the pressure effect will be also included. crepancy? Are there two mechanisms that may lead to this

phenomenon?

Author's Reply. Your observation was unknown to me
H. G. Im, Princeton University, USA. Most of the flame since it was not included in your paper in the Twenty-

responses appear to be sinusoidal in shape, but variation of Fourth Symposium. The assessment of the extinction be-
the CH, mass fraction shown in Fig. 3 does not, i.e., the havior by using one-step and multistep chemistry may be
peaks are more blunt than the troughs. Do you have any different since the details of the kinetics become impor-
physical explanation of this nonlinear behavior? taut. The extinction response of any practical flame is

highly sensitive to the main branching reaction, H + O2
Author's Reply. This asymmetry exists because the pro- = OH + H, since it is the main source of radicals, and

file of the CH 4 mass fraction, Yc,,, appears to have larger therefore, it greatly contributes to the overall exothermic-
curvature around the peak value compared with the cur- ity. In the present work, the fate of H radicals and 02 mol-
vature around the trough value at the X151 location, as can ecules was monitored during the extinction stage, and the
be seen in Fig. 3a. Therefore, by using simple geometric reported trends are physically reasonable. It is not possible
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to assess the phenomenon that you have observed and sup- of any combustion problem cannot be underestimated. The
port your explanation since I have not done one-step cal- present work is a forward step, and Ghoniem et al. in Ref.
culations. Extinction can be captured by using either one- 14 indicate in their conclusions the need for the detailed
step or multistep chemistry, and I think that different solution of the problem. The detailed approach provides
controlling mechanisms can be identified. In one-step cal- results that can be compared with experiments (which are
culations, clearly the response of the temperature field is underway at present), and there is no need to assume con-
the only parameter that can be used to explain extinction. stant or equal transport coefficients and, more important,
In my previous work on flammability limits with C. K. Law, to assume values for the activation energy. Such assump-
as well as in some of my recent unpublished work on ex- tions will depend on arbitrary choices which are clearly not
tinction using a multistep approach, it has been seen that valid in an actual turbulent flow field in which the local
extinction is controlled by an appropriately formulated sen- conditions, including stoichiometry and pressure, can
sitivity coefficient between the main branching and main change in space and time and, therefore, the prevailing
termination reactions; such effects cannot be captured by overall activation energy can be substantially stratified.
using one-step solutions. Therefore, it is possible that our Furthermore, only by conducting detailed calculations can
conclusions may be different due to the different ap- the flame structure be meaningfully resolved in terms of
proaches that we used. It should be realized, however, that intermediate species which can have vastly different time
there is a direct coupling between temperature field and scales of oxidation and which can be important to both the
kinetics, heat release and pollutant formation.

2. I disagree with this point. In no previous work has the
physical mechanism of amplitude attenuation with fre-
quency been directly identified and explained from first

D. Milov, RBA, USA. 1. Does the author need a full principles. The phenomenon has been simply reported.
The analogy with the Stokes' second problem is an impor-kinetic mechanism to solve this prohlem? A. Choniem et tant contribution since besides quantifying the important

al. solved the same prohlem (for diffusion flames) in a scaling laws, it provides substantial physical insight into the
much simpler manner using a one-step reaction, actual mechanisms of amplitude attenuation, which is a

2. The Stokes' second problem has little to do, except very important phenomenon and possibly the only one that
for dimensional analysis, with the present problem. An as- can be accurately quantified in experiments. Furthermore,
ymptotic analysis method could provide a much more phys- it is important to know whether or not a flame responds to
ical, appropriate, and analytical solution. (See H. G. Im et unsteadiness in a turbulent flow field. Finally, the impor-
al., this Symposium, Combustion and Flame.) tance of asymptotic analysis is not underestimated, but it

is clear that much can be learned by following different
Author's Reply. 1. The use of detailed description of and frequently complementary approaches such as the one

chemical kinetics and molecular transport for the solution of H. G. Im et al. as well as the present one.
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A detailed numerical investigation was conducted on the effects of the domain size and radiation on the
dynamics of opposed jet, strained, laminar premixed, and diffusion flames. The simulation was performed
by solving the conservation equations along the stagnation streamline of the counterflow and by using
detailed description of the chemistry, molecular transport, and nonluminous thermal radiation at the op-
tically thin limit. Results indicate that the hydrodynamic extinction strain rate increases with the nozzle
separation distance because of the reduction of the values of the strain rate distribution within the main
reaction zone. The predictions of extinction strain rates in the present study agree well with available
experimental data on premixed flames, after using nozzle separation distances equal to the experimental
ones. Furthermore, the inclusion of the Soret effect was found to increase the predicted strain rates for
near stoichiometric flames. The effect of radiation was assessed for both steady and unsteady flames. The
unsteadiness was introduced through sinusoidal variation of the nozzle exit velocities around some mean
values. The results indicate that the effect of the radiation on the flame response and extinction becomes
important only for near-limit premixed flames and weakly strained diffusion flames, which are characterized
by large thicknesses. An asymmetry was also identified in the response of unsteady diffusion flames for
which the trough value of the strain rate is near-zero, while the peak value causes substantial straining.
The results were explained based on the competition betveen the mechanisms of reactant leakage and
radiative loss as the strain rate is reduced.

Introduction still found for near stoichiometric and fuel-rich
mixtures. In addition to the domain effect, the com-

Strained laminar flames have been extensively parison between numerical and experimental data
studied over the last 15 years, and it is expected that can be further complicated if the radiative heat loss
the results will be useful toward the understanding is neglected, especially when the burning is weak. In
of turbulent combustion in the laminar flamelet re- the majority of the detailed numerical simulations of
gime [1-7]. Among the various model systems, the strained flames, the radiation effect has not been ad-
opposed flow, stagnation-type configuration offers dressed, with the exception of Ref. 8.
great mathematical simplicity and well-defined strain The role of the geometry and radiative losses in
rate, and thus, it has been used in the majority of the counterflow configurations can have significant con-
studies, sequences for various reasons. First, when the vali-

A potential problem in this approach is that al- dation of a chemical kinetic scheme is based on com-
though the theoretical analyses are typically con- parisons between experimentally and numerically
ducted by assuming potential flow free stream con- determined extinction strain rates, it is possible that

ditions, actual experiments can only be conducted by if the exact experimental nozzle separation distance
gopposed nozzles at finite distances, Recently, is not accounted for by the model, then the disagree-

using et nozzed at substan cepances ments can be falsely attributed to the kinetics instead
Kee et al. [4] realized that substantial discrepancies of to the possible finite domain effect. Second, in
exist when the theoretical results obtained by using cases of weakly burning flames, the omission of the
the potential flow assumption for the far field are radiative heat loss can result to misleading compari-
compared with experiments, and the quasi-one-di- sons with experiments, overestimation of the burning
mensional conservation equations were formulated intensity of the flame, and false description of the
for finite domain configurations to closely describe extinction characteristics. The understanding of the
actual experimental conditions. By using the new for- mechanisms controlling the response of weakly burn-
mulation, closer predictions of the experimentally ing flames is of particular interest in terms of safety
determined extinction strain rates of Law et al. [3] and also the coupling between the system losses and
were obtained, although distinct discrepancies were crucial chain kinetic mechanisms [9].
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In view of the above considerations, the main oh- of 2400 K) resulting from calculations at the optically
jectives of the present investigation were to conduct thin limit. In the present investigation, the worst case
detailed numerical simulations of the counterflow is a similar diffusion flame at the lower pressure of 5
and systematically quantify the effects of the system atm, and it is expected that a correction of less than
geometry and thermal radiation on the dynamics of 0.2% in the maximum flame temperature will not
strained laminar flames, both premixed and diffu- critically affect the physical conclusions. Further-
sion. In addition to steady calculations, unsteady cal- more, the majority of the results will be obtained at
culations were also conducted in order to demon- a pressure of 1 atm, which further relaxes corrections
strate the coupling between the time scales between due to reabsorption. For the premixed flames studied
the imposed oscillations and the thermal loss mech- herein, the flame thickness is smaller by at least a
anisms. factor of 2-4 compared to the low-strain diffusion

flames, and therefore, reabsorption is not expected
to influence the underlying physics.

Numerical Methodology The premixed flames studied herein result from
the impinging of two identical streams of CH 4/air

The numerical simulation of the counterflow was premixtures emerging from the opposing burner
conducted by solving the steady and unsteady con- nozzles. Because of the symmetry of the system
servation equations of mass, momentum, energy, and across the stagnation plane, the equations were for-
species concentrations along the stagnation stream- mulated and solved between one nozzle and the stag-
line and by assuming that the gases leaving the noz- nation plane. As plug flow (zero divergence) bound-
zles have no radial variations in velocity, tempera- ary conditions at the exit of the nozzles were
ture, and concentrations. The unsteady equations are assumed, the boundary conditions at the exit of the
reported in detail in Refs. 10 through 12 (this Sym- burner (x = L) and stagnation plane (x = 0) are
posium), with the only difference being the intro-
duction of the radiative heat loss rate per unit volume x = 0: u = 0, dYk/dx = o,
term, q", in the energy equation, similarly to the ap-
proach of Ref. 9. Assuming that the flames of interest dT/dx = 0, dG/dx = 0
are optically thin, we have [13] x = L: Yo2 = os,x=L,

q"= 4au(T - T1 j) YCII 4 = YCH..x=L, YN2 = YN2,x-L,

where a is the Stefan-Boltzmann constant; T is the G = dr/dr = v/r = 0
temperature; T,, is the ambient temperature, which
is set to be the unburnt reactant temperature; and a0 where u is the axial velocity, v is the radial velocity,
is the total Planek's mean absorption coefficient of Y is the mass fraction, and r is the radius.
the gas. In the present calculations, radiative loss The diffusion flames result from the impinging of
from C0 2, H20, CO, and CH 4 was included because a fuel stream emerging from the upper burner nozzle
they are considered to be the primary radiating spe- onto an oxidizer stream emerging from the lower
cies in methane flames. The Planet mean absorption burner nozzle. The fuel stream was a mixture of CH 4
coefficient ai's for the radiating species are given for and N2 and the oxidizer stream a mixture of 02 and
optically thin conditions by Tien [14] and Hubbard N2 .Similarly to the premixed flame formulation, the
and Tien [15] as functions of temperature. Then, the boundary conditions at the exit of the lower (x = 0)total mean absorption coefficient, 0,, is given by a and upper (x = L) burners are

= 1aipi where pi is the partial pressure of species i.
The assumption of optically thin conditions was cho-
sen in the present work in order to facilitate calcu- x = 0: Yo0 = o,, Ycl = 0,
lations and still provide meaningful physical insight. YN2 = YN2,X-o, G = 0
The thin limit assumption, however, can lead to dis-
torted results when reabsorption is important, and x = L: Yo2 = 0, YCH4 = YCH 4,x=L,
for these cases, a more rigorous radiation model must
be used. In the present investigation, the assumption YN2 = YN2,X-L, G = 0.
of the optically thin limit is valid, and it is supported
by the detailed calculations of Vranos and Hall [8], The unsteadiness was introduced for the reactant
who used gas band radiation description and allowed velocity at the exit of the nozzle, uet, by imposing
for reabsorption. Calculations for a diffusion meth- sinusoidal variations of a given amplitude UedtA
ane/air strained flame at 10.5 atm show that reab- around a mean value Uexit,o. Details about the solu-
sorption becomes important only at very low strain tion approach and the handling of the spatial and
rates, and for a strain rate of 30 s- 1, a 0.2% correction temporal pressure variations can also be found in
is required in the maximum flame temperature (5 out Refs. 10 through 12. The code was integrated into
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I05 I I- ratios, 4), with L = 14 mm for 4b < 0.7 and 4)> 1.2,
S 1800 ' - and L = 7 mm for 0.7 • 4, 1.2. Given that in the
10° h Ex.Dis opposed jet experiments, the L is of the order of the160 _ Expt. Data O

1 1 '(Law t al,. [3]) nozzle diameter, d, the choice of the d was based on
7 Ithe requirement that laminar flows must be main-

4 1200[[ tained at the very high values of K near extinction.
1000 Comparisons of the experimental results with the nu-
800 merical results by using the appropriate L show a

I 00 I - /A close prediction of the experimental K!,t for the first
' Numerical Data time, since in previous attempts [4,201 the K, xt values

S 400• L =14 mm With Thermal Dit. of Ref. 3 were overpredieted for near stoichiometric
"X 200 0QL=14 mm Without Themtal Oif and moderately rich flames. One important feature

4X OL=7 mm With Thermal Dif. of the present calculations is that the maximum Kext
95 0.6 5,7 0.8 0.9 1.0 1.1 1.2 13 14 1 1.6 was found to occur at about 4 = 0.95, which is in

Equivalence Ratio, ¢ agreement with the experiments and which was not

FIG. 1. Comparisons between the numerically deter- captured by the calculations of Kee et al. [4]; this

mined extinction strain rates, K,,,, and the experimental behavior has been previously explained based on the

data of Law et al. [3] for atmospheric CHI/air flames. Le number effect [3,5]. The close agreement found
herein indicates that the present kinetic scheme,
which has also been successfully tested against ex-

the CHEMKIN [16] and transport [17] subroutine perimental data for laminar flame speeds [21], can
packages. The kinetic scheme used is a hierarchically be used with confidence in describing at least the
developed C2 mechanism [18,19]. dynamic behavior of atmospheric CH 4/air flames.

For both premixed and diffusion flames, the flow Additional calculations with L = 22 mm show a fur-
exits the nozzles with a zero velocity gradient, it then ther increase of Kext, which was found to be equal to
gradually develops an increasing velocity gradient, 2120 s-i for 4) = 1.0, and which is substantially
which becomes maximum just before the local ve- larger compared to the experimental value of 1680
locity minimum and is defined as the imposed (hy- s- [3] and to the numerical value of 1760 s- for L
drodynamic) strain rate, K, which is consistent with = 7 mm.
its experimental determination [3,5,6]. For the dif- The explanation for the finite domain effect on Kext
fusion flames, K was determined by using the velocity can be provided by considering the strain rate distri-
profile on the oxidizer side so that it relates to the 02 bution throughout the flame zone for the same K and
leakage through the main reaction zone. different L's. The results of such calculations are

shown in Fig. 2a in which the density, p, weighted
strain-rate p4 G is shown throughout the domain for

Results and Discussions 4h = 1.0, K = 1500 s-1, and L = 7, 14, and 22 mm.
While G = dv/dr is a measure of the local straining

Finite Domain Effects: in terms of the velocity field, puG provides a more
physical picture by accounting for the radial mass flux

The effect of the nozzle separation distance, L, on gradient that balances the d(pu)/dx term in the con-
the extinction strain rates, Kext, of atmospheric, pre- tinuity equation [12], and therefore, it better relates
mixed, laminar CH 4/air flames can be seen in Fig. 1, to the local burning rate. By examining the p0 G pro-
in which numerical results are compared with the files throughout the flame, it can be seen that, for the
experimental data of Law et al. [3]. The calculations same K, their values are systematically lower inside
(adiabatic and steady) were conducted for L = 7, 14, the main reaction zone for the larger L's. Physically,
and 22 mm, although in Fig. 1, only the results for L this happens because for larger L, the flame is located
= 7 and 14 mm are shown, since these are the L's at a greater distance from the stagnation plane, and
used in the experiments of Ref. 3. Furthermore, in hence, there is more physical space for the thermal
Fig. 1, the effect of the thermal diffusion (Soret ef- expansion to take place. This leads to lower strain
feet) on extinction is shown for the L = 14 mm case. rates inside the main reaction zone, which directly
Results indicate that by increasing L from 7 to 14 affect the burning intensity by controlling the rate of
mm, the predicted extinction strain increases by transport from and to the zone of the major chemical
about 10%. Although this difference can be consid- activity. Therefore, as L increases, greater values of
ered as minor for weak flames, which are character- K will be required for extinction.
ized by small K,0 t values, and it can be well within The effect of thermal diffusion (Soret effect) on
the experimental uncertainty, it is substantial for near KeAt can also be seen in Fig. I for L = 14 mm. Results
stoichiometric flames by as much as 200 s - 1. How- show that the inclusion of the thermal diffusion leads
ever, the experiments of Law et al. [3] were con- to the increase of Ket by about 5-7% for near-stoi-
ducted with different L's for different equivalence chiometric flames, while its effect is minimum for
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U' 170 ýl 250 300 350 400 450 0 FIG. 3. For near-limit, lean, atmospheric CHa/air flames:
Hydrodynamic Strain Rate, K, s-' (a) variation of the numerically determined extinction

FiG. 2. (a) Spatial variation throuahout the flame of the strain rates with radiation, t as a function of the equiv-

numerically determined density, p, weighted radial velocity alence ratio, 0 and (b) variation of the ratio between the

gradient p*G for 40 = 1.0 CH 4/air counterflow premixed numerically determined extinction strain rates with radia-

flame under hydrodynamic strain rate K = 1500 s-' and tion, Ko,,t,, and without radiation, K.,,,id,, as a function of

for various L's. (b) Variation of the numerically determined the equivalence ratio, 4).
maximum flame temperature, T ,,. with strain rate for
counterflow diffusion flames and for various L's. Previous study [9] has shown that for one-dimen-

sional premixed flames, the burning intensity is sig-
near-limit flames for which the H radical pool is sub- nificantly influenced by radiation only for stoichi-
nearlmit feducds iometries close to the flammability limits. For

stantially reduced. This is p Hysially reasonable since diffusion flames and strains that are low compared to
the thermal diffusion forces the H radicals toward the extinction values, the flame temperature is
the hotter region of the flame, and for highly strained roughly fixed around its stoichiometric value, and theflames, the flame temperature at the stagnation plane radiative loss can he enhanced by increasing the

increases in a way analogous to the Le < 1 strained, fadiathiekness [8];the raeaocerdiativclossiirette

premixed flames [3,5]. Therefore, the thermal dif- flame thickness [8]; the rate of radiative loss directly
fusion results to stronger flames and higher Kt val- depends on the gas volume, which is proportional to

the flame thickness.
ues. For strained diffusion flames, the flame thickness

Tire effect of the domain size on the extinction of 3 scales with the reactant diffusivity D and strain K
strained, laminar diffusion flames is shovn in Fig. 2b as 3 - (D/K) '2 and, therefore, can become arbitrarily
for L = 11 and 22 rmm, and a reduction of the K0 xt large for small values of K. This is physically reason-
from 480 to 410 s- I can be seen as L is reduced from able, since by increasing K, the convective transport
"22 to 11 mam. Similarly to the premixed flames, anal- balances the diffusive fluxes at spatial locations that
ysis of the flame structure reveals that, for the same are closer to the main reaction zone, and lower 5's
K, the strain rates inside the main reaction zone are are obtained. In contrast, the thickness of premixed
lower for the larger L's, and therefore, larger K's will flames minimally depends on K for vigorous burning
be needed for extinction, and scales with D and the flame speed, Su, as 3 -

D/S, so that its magnitude is largely determined by

Radiation Effects on Steady, Strained Flames: the mixture initial conditions and the loss mecha-
nisms via S. reduction.

The effect of nonluminous radiative loss was as- The effect of radiation on the extinction of near-
sessed for both premixed and diffusion, steady, limit CH 4/air flames can be seen in Fig. 3. In Fig.
strained, laminar flames. In general, the inclusion of 3a, the extinction strain rates calculated with radia-
radiation leads to the reduction of the flame tem- tion, Kextrad, are shown, and it can be seen that Kext,rad
perature and, therefore, the reduction of the overall decreases as 4 decreases since the burning intensity
reaction rate. This reduction, however, can have a is reduced. In Fig. 3b, the ratio between Kesrt,rad and
noticeable effect on the flame dynamics, only if the the adiabatic extinction strain rates Kxt,adiab are
rate of radiative heat loss is comparable to the rate shown as a function of 4P. It can be seen that, in
of heat release. While diffusion flames are always agreement with findings for one-dimensional flames
stoichiometric, premixed flames can exist at various [9], the radiative losses critically affect flame extinc-
stoichiometries with various flame temperatures. tion as the lean flammability limit is approached, and
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Methane Mass Fraction in Fuel Stream FIG. 5. Variation of the numerically determined maxi-
FIG. 4. Comparison of calculated maximum flame tern- mum heat release Q,......and the imposed uo., with t' and

perature, T,,, for counterflow diffusion flames under adi- frequency under adiabatic and nonadiabatic conditions for
abatic and nonadiabatic conditions with (a) p = 1 atm and a 0a = 0.5 atmospheric CH4/air flame and L = 14 mm.
nozzle exit velocity uo, = 180 cm/s; (b) p = 1 and 5 atm The unsteadiness was introduced by oscillating u,,it around
and u0 ,i = 5 cm/s. a mean value of 30 cm/s with an amplitude of 5 cm/s.

the radiation leads to the substantial reduction of the the Tm.,,, and the different YCH4 values at extinction.
Kxt compared to the adiabatic calculations. How- Such effect is due to the increased magnitude of the
ever, the inclusion of radiation for (P greater than radiative loss, as induced by the increased flame
approximately 0.6 has practically no effect on the ex- thickness and, therefore, volume. In Fig. 4b, results
tinction behavior; flames close to the rich flamma- are also shown for 5-atm flames, and it is seen that
bility limits were not considered herein. As it has as the pressure increases, the Tm.. increases and that
been reported in a previous study [91, as the flam- the temperature reduction due to radiation increases.
mability limit is approached, the sensitivity of the This is reasonable since the gas emissivity increases
chain mechanism H + 02 = OH + 0 (B) and H directly proportional with pressure. Furthermore, it
+ O2 + M = HO 2 + M (T) is substantially height- is seen that the limit YCH 4 values at extinction are
ened, the main termination reaction (T) assumes higher for the 5-atm case, and this is reasonable be-
greater importance compared to the main branching cause as extinction is approached, the main termi-
reaction (B), and the flame becomes particularly sen- nation reaction (T) has a gradually increased effect
sitive to loss mechanisms, independently of their on the overall reaction progress. At higher pressures,
magnitude. the rate of the three-body reaction (T) is favored over

The effect of radiation on the extinction of diffu- the rate of the two-body main branching reaction (B),
sion flames due to the reduction of the methane mass and extinction is facilitated at larger YCH4 values. The
fraction, YCH4 , in the fuel stream can be seen in Fig. radiation enhancement at low strain rates has also
4 for L = 22 mm and fixed nozzle exit velocities. In been reported in Ref. 8.
Fig. 4a, Uxiet = 180 cra/s, which results to large K
and therefore, small flame thickness 6. It can be seen Radiation Effects on Unsteady Strained Flames:
that as YCH4 is reduced, the flame temperature, T._,.
is reduced and extinction is obtained at sufficiently The effect of radiative loss under the presence of
low YcH4 values as indicated by the rapid reduction unsteady strain was also examined for both premixed
of the Tm,. However, the overall response of the and diffusion flames. For the premixed flames, cases
flame to YcH4 variations minimally depends on radi- close to the lean flammability limit were studied. For
ation. This indicates that for flames with small thick- the diffusion flames, conditions allowing for elevated
ness, the magnitude of the radiative loss is reduced, and near-zero strain rates during a cycle were ex-
and its effect on the flame characteristics and extinc- amined.
tion is not crucial. In Fig. 5, the effects of unsteady strain and radi-

In Fig. 4b, results similar to Fig. 4a are shown but ation on the dynamic response of a 0 = 0.5 CH 4/air
with Uexit = 5 cm/s, which results to substantially atmospheric flame are shown in terms of the varia-
reduced K and, therefore, increased flame thickness. tion of the value of the maximum heat release, Qm...
The results demonstrate that the inclusion of the ra- vs a nondimensional time, t', resulting from the seal-
diative loss mechanism indeed affects the flame re- ing of the real time with the period. It can be seen
sponse, as indicated by the substantial reduction of that by conducting adiabatic calculations, the flame
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1980 2.5 Hz 0 tured that when uedt = 5 em/s, the radiation will be

enhanced compared to the u,,it = 55 cm/s condition.
S-This is indeed shown in Fig. 6a in which the variation

070o o. of the maximum flame temperature, Tm_, is shown
W 4 ot 0. 0o as a function of t'. It can be seen that, at low fre-

10 H quencies, as the utxit is reduced from its mean value,
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, 1, duction of T.. is observed, although Uedt keeps de-

SI 4Hz creasing, and this is due to the radiation effect that
02 0 7 1H 1 results from the increased flame thickness as uexit is
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400 N2 23 6% large enough to cause substantial 0, leakage and T..

[../sc0)b_ reduction. When uexit is at the upper part of its cycle,
0.0 02 0.4 00 0.0 ,t the asymmetry observed in the lower part of the cycle

Distance from Oxidizer Nozzle, cm is not seen anymore, and the flame responds to the
Uoxit variations according to the mechanism of 02

FIG. 6. For a counterflow diffusion flame with L = 22 leakage; the Tmoo values are in all cases lower com-
mm under nonadiabatic conditions: (a) variation of the nu- pared to the ones resulting from adiabatic calcula-
merically determined maximum flame temperature, T_,... tions. As the frequency increases, it can be seen that
and the imposed u,, with t' and frequency; the unsteadi- there is a tendency for "smoothing" of the T._ asym-
ness was introduced by oscillating uo.,, around a mean value metry in the low part of the u0 it cycle, and for fre-
of 30 crm/s with an amplitude of 25 cm/s. (b) Spatial vari- quencies higher than about 5 Hz, the Tin_ variation
ation of the numerically determined temperature and cool- with t' is controlled by the mechanism of 02 leakage.
ing time due to radiation, to,,1 , for uo, equal to the mean This indicates that the characteristic time of oscilla-
value of 30 cm/s. tions becomes comparable or even smaller compared

to the characteristic time for the flame cooling as
caused by the thermal radiation loss. Calculations

responds in a sinusoidal manner to the imposed si- were conducted for the determination of the char-
nusoidal Uexit variations and permanent extinction acteristic cooling time, t,.0o, of the flame, by dividing
does not occur. More specifically, Q..... which is di- the local energy density throughout the flame by the
rectly proportional to the mass flux under vigorous rate of the radiative loss, q". Results are shown in
burning conditions, assumes its peak (trough) value Fig. 6b, and it can be seen that at the vicinity of the
when ucxit is at its peak (trough) value. The inclusion maximum flame temperature, t~oo0 assumes values at
of radiation, however, leads to reduced flame the vicinity of 0.25-0.75 s. This explains the fact that
strength, and permanent extinction is obtained at low the mechanism of flame cooling due to the radiative
frequencies. At higher frequencies, extinction is ei- loss couples with the imposed oscillations at fre-
ther delayed or suppressed, which depends on the quencies of the order of 2-4 Hz.
relative magnitudes of the time required for extinc-
tion and the time during which the flame remains in
the "unfavorable" strain regime [10-12]. For the
1-Hz-adiabatic and the 40-Hz-radiative cases, it can Concluding Remarks
be seen that although permanent extinction does not
occur, partial extinction and subsequent reignition do In the present investigation, the effect of finite size
occur, as indicated by the reduction and subsequent domain and radiation on the dynamics of both steady
increase of Qi.... at the high-strain part of the cycle, and unsteady strained laminar flames was numeri-

In Fig. 6, the effect of unsteady strain and radia- cally assessed. The analysis included the solution of
tion on the response of a diffusion flame is shown, the conservation equations along the centerline of
The results have been obtained for L = 22 mm, for finite domain counterflow configurations, by using
a mean UxitO = 30 cm/s and an amplitude Uexit,A = detailed description of chemical kinetics and molec-
25 cm/s, which results to peak and trough values of ular transport. The radiative loss was introduced in
ucxit equal to 55 and 5 cm/s, respectively, and, there- the energy equation, and the emissivities of C0 2,
fore, to large variations of the flame thickness H2 0, CO, and CH 4 were calculated at the optically
throughout the cycle. For this reason, it was conjec- thin limit. The unsteadiness was introduced by sinu-
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EFFECTS OF CURVATURE AND UNSTEADINESS IN DIFFUSION FLAMES.
IMPLICATIONS FOR TURBULENT DIFFUSION COMBUSTION

B. CUENOT AND T. POINSOT

LM.F.T. (C.N.R.S.) and C.E.R.F.A.C.S. 42 Av. G. Coriolis, F-31057 Toulouse Cedex, France

Direct numerical simulations (DNS) of flame-vortex interaction are used to study the validity limits of
the laminar flamelet assumption (LFA) in diffusion flames. Flame structures measured from DNS are
compared with laminar flamelet library predictions obtained from asymptotic analysis performed with
similar chemical and transport models (finite rate chemistry and variable density are fully accounted for).
Domains where the LFA applies for flame-vortex interaction cases are presented in a (length scale-velocity
scale) spectral diagram. Three main effects limit the LFA domain: (1) unsteady effects (the flame structure
does not respond fast enough to hydrodynamic excitation), (2) curvature effects (nonlocal effects modify
the one-dimensional structure of the flame), and (3) quenching. All these effects are evidenced through
numerical simulations and presented on the spectral diagram. As a result, quantitative information is
obtained on the exact limits of the LFA for turbulent diffusion combustion. Results show, for example,
that quenching is obtained in conditions that are beyond the LFA domain and that, in certain cases,
quenching strain rates in turbulent flames may not be obtained from simple laminar flamelet concepts.

Introduction question. Fuel and oxidizer concentrations, fuel and
oxidizer temperatures, and flame strain are com-

The validity of flamelet models for turbulent dif- monly used parameters. However, some authors dis-
fusion flames has been the subject of many recent pute these choices and argue that reference fuel and
studies [1-5]. Such models are very attractive, as they oxidizer states are not relevant in turbulent diffusion
conveniently separate the combustion problem from flames since mixing may lead to different states on
the analysis of the turbulent flow field. Various de- both sides of the flame sheet [9,10]. Along the same
grees of refinement are possible within the flamelet lines, strain is probably not a good quantity to char-
approach and accordingly a variety of models are cur- acterize a diffusion flame, and scalar dissipation
rently studied. All flamelet models share the follow- should be preferred [1,6]. The exact LFA limits are
ing assumptions: (1) the flame sheet topology-the difficult to provide and are still being discussed. Pe-
reaction takes place in relatively thin layers that sep- ters [1] argues that curvature effects are negligible
arate pockets of oxidizer and fuel; (2) the flamelet as soon as the Kolmogorov scale is larger than the
decomposition-the flame front may be considered diffusion thickness, while Bilger [2] proposes that the
as a collection of individual reactive elements and Kolmogorov scale should be larger than the reaction-
each flame element retains an identifiable structure, zone thickness (which is more restrictive). While
Flamelet models differ essentially in the description these results are mainly based on dimensional anal-

of the flamelet structure, i.e., in the way the char- ysis and physical intuition, it is of interest to quantify
acteristics of the flamelet structure are related to the them, as done in the next sections.

turbulent flow properties. Our objective is to perform a direct investigation

Despite their popularity, the exact definition, as of the validity of LFA in a simple case where precise

well as the usefulness, of the flamelet concepts for diagnostics may be used: a flame-vortex interaction

asubject of open (Fig. 1). We will study the tip of a flame that is curvedturbulent combustion models is still a sbetoopn and strained by a vortex pair in two ways:

discussion. In this paper, we are interested only in

the laminar flamelet assumption (LFA), in which we 1. Perform a direct numerical simulation (DNS) of
assume that each flamelet in the turbulent diffusion the interaction to obtain the exact result.
flame behaves like a larninar diffusion flame. The 2. Use scalar dissipation at the tip (as measured in
derivation of the equations of the laminar flamelet the DNS) and a flamelet library (based on the
model can be found in Refs. 6 through 8. The struc- asymptotic approach of Cuenot and Poinsot [6])

ture of this turbulent flamelet corresponds to the to predict flame structure using the LFA.
structure of the laminar diffusion flame if certain pa- Comparison between these two techniques will
rameters have the same values in both cases. What produce a quantitative estimate of the LFA validity
these "control" parameters should be is still an open in terms of the instantaneous flame structure. More

1383
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An unstrained diffusion flame is initialized in the do-
TYPE A Flame front main: temperature, fuel, and oxidizer mass fractions

for this initial flame are obtained from asymptotic
analysis [6]. The fuel and oxidizer streams are initially
at temperature To and consist of pure fuel and pure

Vortex pair oxidizer (initial mass fractions are 1 in both sides). A
D r vortex pair is imposed at time t = 0 in front of theflame, in the oxidizer side. This pair corresponds toDiagnostic axis Oseen vortices of equal radii R separated by a dis-

tance 1 [12,14]. It has a zero circulation in the far
field so that the initial vorticity is located only on the
oxidizer side. Two flow configurations are consid-
ered. In the first (type A), the vortex pair is counter-

OXIDIZER FUEL rotating, and the flow direction along the axis of sym-
metry is towards the flame. In this interaction, the
flame is pushed outward, and the characteristic

FIG. 1. Configuration A of the simulation, length is r = 1 + 2R. In the second configuration

(type B), the vortex is also counter-rotating, but the

pirecisely, we will compare the maximum flame tem- flow direction along the axis of symmetry is away

perature and the total reaction rate, which are im- from the flame. In this interaction, the flame is

portant quantities for turbulent models. This infor- pinched, and the characteristic length is 1 - 2R. In

mation will be used to construct a spectral diagram both configurations, the characteristic velocity is the
in wichLFAlimis wll e deive, a wel asthe absolute value of the maximal initial velocity inducedin which LEA limits will be derived, as well as the

quenching limits. Section 2 ("A Spectral Diagram for by the pair u'.

Flame-Vortex Interaction in Diffusion Flames") will The behaviour of the flame-vortex interaction is

present the parameter controlling flame-vortex in- controlled by three time scales:

teraction and the resulting spectral diagram. Section 1. The intrinsic time scale of the flame (in the ab-
3 ("An Asymptotic Flamelet Library for Diffusion sence of vortices) ti. This time changes slowly
Flames with Finite Rate Chemistry") will present the compared to the other time scales and may be
principles of the LFA as used here and describe the taken as a constant during the computation, equal
parameters that control LFA validity in our situation. to its initial value:
Section 4 ("Numerical Method for Flame-Vortex In-
teraction") will give a brief description of the nu- ti = 1/(Dth(VZfV)
merical method. Section 5 ("Results") will present
results where LFA is or is not valid and give the va- where Dth is the thermal diffusivity, z is the pas-
lidity limits of the LFA in a (vortex length scale- sive scalar (as defined in Ref. 6), V represents the
velocity scale) diagram. derivative across the flame front along the axis of

symmetry, and the subscriptsf and i refer to the
stoechiometric point and the initial state, respec-

A Spectral Diagram for Flame-Vortex tively.
Interaction in Diffusion Flames 2. The chemical time scale r which takes into ac-

count all chemical characteristics of the flame
A classical way of addressing the problem of tur- (and is derived from asymptotic analysis [6]).

bulent combustion regimes is to use turbulent com-
bustion diagrams [1,11,2]. When flame-vortex inter- 1
actions are studied, diagrams have also been - = 40-oA1p6°+• (1 + af)2 

6 o+cFpl
proposed and derived for premixed flames [12,13].

We will first derive similar diagrams for diffusion (Te
flames. • exp- aTcd

Consider a one-step diffusion flame vFF + v0 0
P where the reaction rate of species F is given by where qi is the stoechiometric ratio, pf, zf =

- 1)/(d5 + 1), and Tad are the values at the flame,
6F = VFAnpvO°+vF yF y"' exn(-- L-9| (1) respectively, of the density, the passive scalar, and

F F '\ TT the temperature, and c is a small parameter char-
acterizing the width of the reaction zone, defined

where A* is the pre-exponential factor and Tact is the by e = (T&2)/(TatQ/C ), where Q is the heat re-
activation temperature. The configuration chosen for lease per unit mass of fuel consumed.
the flame-vortex interaction is the following (Fig. 1). 3. The flow time scale defined by tf = 1/(Dth(VZf)2),
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where Vzf is the passive scalar gradient imposed Flamelet library (asymptotic
by the flow. Note that (VZf) 2 is proportional to the Direct Numerical method for difJfsion flames

scalar dissipation at the tip of the flame. Simulation with finite rate chemistry)

The Damkthler number is defined by Da = - Scalar dissipation X on th - Explicit expressions for

(1/r)/(1/tf). The length scales to consider are the ini- diagnostic axis (symmetry T(z,X),YF(Z,Z),Yo(z,X)

tial thickness of the flame 6i = 1/(Vzf)i and the vortex axis)

size r. The velocity scales are the initial characteristic - Flame structure - Flame structure (predicted
speed 4il/r and the vortex speed u'. The flow time (measured from DNS by asymptotic analysis
scale tf is inversely proportional to the vortex strain results) on the axis: library) on the axis:

--- Maximum temperature --- Maximum temperature
A = u'/r. The proportionality coefficient can be es- --- Total reaction rate --- Total reaction rate
timated by analogy with a laminar plane flame sub- .

mitted to a strain A. Asymptotic analysis [6] leads Comparison
to tfA = tf/(r/u') = 71 exp(2a 2)/2, where a = erf - FIG. 2. Correspondence between DNS and asymptotic
(zf (erf is the classical error function). From these analysis.
definitions, we choose r/i and (u')/(6i/r) as coordi-
nates for the spectral diagram of Fig. 6.

Three main assumptions are used to support the 3. Curvature effects will be significant for small vor-
LFA approach [1,3]: tices r/b, •- (r/4l) 5,t with reasonably large Reyn-

olds numbers (otherwise they will be dissipated
1. The flame must not be quenched. by viscous effects). In this ease, lateral diffusion
2. Unsteady effects inside the flame zone must be becomes significant enough to alter the one-di-

negligible (the flame must adjust instantaneously mensional structure of the flamelet.
to changes in strain rate).

3. Curvature effects must be negligible. Finally, we can measure the ratio of curvature ef-
fects with unsteady effects using the Reynolds num-

The previous three effects may be described in the ber of the vortex:
spectral diagram:
1. Quenchingwill occur for Da = Daext, where [6,7] Revorte - u'r _ Dai u' r

v Pr 6 /rc 6i

= exp(2 2) J f)hF where Dai is the initial Damk6hler number: Dai =(1/r)/(1it,), v is the viscosity of the fluid, and Pr is the
2 (1 - 1  + V( ) +Prandtl number. This corresponds to a line of slope

k Vo! - 2 1 in the log-log spectral diagram.
We will estimate (ri)erit and DaLFA using DNS of

In the spectral diagram, the quenching limit is flame-vortex interactions. We will also investigate
therefore represented by the line whether LFA applies close to quenching conditions

Da o Daext.
a' 1 r

61-c Dext 4i An Asymptotic Flamelet Library for Diffusion

2. Unsteady effects will appear when the vortex time Flames with Finite Rate Chemistry

scale r/u' is too small compared to the chemical
time scaler: (r)/(u'r) << 1 or (u')i(//r) >> r/gi, To compare DNS results and a flamelet library
meaning that the flame cannot adjust fast enough (Fig. 2), we first need to construct the flamelet li-
to hydrodynamic excitations. Therefore, time de- brary. Asynptotic analysis shows that any laminar
rivatives in the final equation cannot be neglected planar diffusion flame (steady or not, strained or not)
anymore (see Ref. 1). This criterion is essentially its a good prototype of a turbulent diffusion flame if
equivalent to Da << DaLFA. Whether DaLFA is it has the same scalar dissipation [1,6]. As proposed
larger or smaller than Dae,,t (or in other words, sin Refs. 7 and 8, asymptotic techniques have been
does extinction occur before or after the LFA used in Ref. 6 to predict the response of a laminar
ceases to apply) is to be determined. In the spec- flame submitted to a given scalar dissipation. This
tral diagram, the unsteady effects limit is repre- library is valid for different Lewis numbers in oxi-

sented by a line dizer and fuel, variable stream temperatures, and fi-
nite rate chemistry. The chemistry corresponds to

a 1 r Eq. (1). In this paper we have used unity Lewis num-
bers for all species so that the binary diffusion coef-

6i/1c DaLFA 4i' ficients between fuel and mixture DF, oxidizer and
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FIG. 5. Reaction rate and vortieity contours for a ýtye A
simulation.

FIG. 4. Temperature and vorticity contours for a type A
simulation.

The DNS code uses the same assumptions as the
asymptotic analysis described above. It solves the full

mixture Do, and the viscosity v are given by D- compressible Navier-Stokes equations, including

Do = vo(Polp)2/Sc and v = vo(Po/lpf). heat release, variable diffusion and viscosity coeffi-
cients, and finite rate chemistry. The algorithm is ex-
plicit in time (fourth-order Runge-Kutta scheme)

Numerical Method for Flame-Vortex and is based on a sixth-order compact scheme [15]
Interaction for space differencing. The NSCBC boundary con-

ditions are used for inflow and outflow [15]. Perio-
A two-dimensional DNS code was used to inves- dicity is assumed in the direction parallel to the initial

tigate flame-vortex interaction in diffusion flames. flame.
The objective was to create an intrinsically unsteady The DNS code was tested in numerous cases
strained, curved diffusion flame that would be a good [12,15] and self-consistency between DNS results
prototype of a turbulent diffusion flamelet. A typical and asymptotic results was checked by comparing

time evolution of flame-vortex interaction is given in both techniques for a laminar unsteady unstrained
Fig. 3: passive scalar isolines are plotted at different flame: in this situation, flame structures and global

instants and show how the flame is affected by the quantities (such as total reaction rate and maximal

pair. Temperature and reaction rate contours are temperature) obtained from DNS or asymptotic for-
plotted along with vorticity isolines in Figs. 4 and 5. mula match within 1% [6].

By changing the size and the velocity of the vortex
pair, different regimes of combustion may be ad-
dressed and the LFA validity may be checked. Now, Results

of course, this configuration does not exhibit all pos-
sible situations encountered in real diffusion flames. We will first present a case (case A) where the LFA
However, it offers a real quantitative assessment of clearly applies, then a second ease where curvature
the LFA. Clearly, the LFA must be valid here if it is effects are evidenced (dase B), and last a case where
to be satisfied in turbulent flames - unsteady effects appear (case rc. Finally, a case
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FIG. 6. Spectral combustion diagram for diffusion flames.

where quenching occurs is shown (case D). For each unsteady effects, and conclude that (r/16),,rt < 3 and
case we will locate corresponding conditions in the DaLFA < 0.1.
spectral diagram of Fig. 2. Parameters that are fixed
for the simulation are the following: VF = 2, vo = Case B: Effects of Curvature:
1, 05 = 8, zf = 0.778, (Tact)/(Q/Cp) = 0.9, Da,,, =

5.089 x 10 8, Q/C = 6000 K, Re = 10', Pr = We are here in a type B configuration, leading to
0.75, (T0)/(Q/Cp) = 0.05, (Tad)/(Q/Cp) = 0.161. To a strong curvature of the flame front. Curvature ef-
give an estimate of the different critical values of the fects appear clearly in Fig. 8: lateral diffusion be-
Damk6hler number, other calculations are repre- comes large enough to make the temperature drop
sented in Fig. 2 for each combustion regime. below the LFA value, and the total reaction rate in-

creases as a consequence. Therefore, we can say that
Case A: a Situation Where the LFA Appli:(r/6), > 0.1. A limit point gives (ri6)o,:jt = 0.5.

Applies: Curvature effects were never obtained in a type A

The values of the corresponding coordinates in the configuration. When reducing r, and to avoid vanish-
spectral diagram and the Damk6hler numbers are ing of the vortex pair due to a too small Reynolds
given in Table 1. They indicate that we are far from number, we had to increase u' so much that unsteady
quenching. After a short transition phase, we see in effects appeared, completely hiding possible curva-
Fig. 7 a very good agreement between the numerical ture effects.
values and the one-dimensional laminar flamelet
value, as given by asymptotic analysis. We use Vzf to Case C: Effects of Unsteadiness:
measure the hydrodynamic excitation of the flame
(for a planar flame, Vzf is proportional to flame As indicated by the values of the Damk6hler num-
strain). When far from extinction, the total reaction bers in Table 1, this vortex has a high rotation speed
rate increases with Vz while the maximal tempera- but is still far from extinction conditions. The results
ture decreases. Both flame temperature and total re- are shown in Fig. 9. Unsteadiness leads to a maximal
action rate are correctly predicted using only the temperature that is greater than the predicted value,
value of the scalar dissipation at the flame and the whereas the total reaction rate is smaller. The tem-
library. We do not see any curvature effects, nor any poral evolution of the flame lags the temporal evo-
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TABLE 1
Characteristics of the different test cases

Case Comment bi/r r/(3 Doi Da

A LFA applies 32.375 3.158 2.051 9.75 X 10-2

B curvature effects 23.564 0.1 2.051 0.134
C unsteady effects 623.9 5.789 0.102 9.28 X 10-1
D extinction 4760 1.76 0.110 3.70 X 10-4
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FIG. 9. Nondimensionalized total reaction rate and non-

FIG. 7. Nondimensionalized total reaction rate Z)to, = dimensionalized maximal temperature vs Vzfp for case C.
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ture T7,, = (T,,. - To)/(T,_, - T,)ini, vs Vzf+ = LVz, for

case A. 1.5 1.5
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0 2 4 6

GRADZf nondimensionalized maximal temperature vs Vzf+ for
case D.

FIG. 8. Nondimensionalized total reaction rate and non-

dcimensionalized maximal temperature vs Vzf+ for case B.
Case D: Quenching Conditions:

In this last case (Fig. 10), we show a quenching of
lution of the flow, and an oscillatory regime is in- the flame due to a strong strain rate. However, the
stalled, due to the trials of the flame to adjust. We strain rate at which the flame gets quenched is much
do not observe any curvature effect here, as in case larger than the prediction of the flamelet library; this
A. Therefore, DaLFA > 9.28 x 10-3. Other points is due to strong unsteady effects that allow the flame
on the diagram lead to DaLFA ý 9.5 X 10-3. to burn beyond the laminar critical Damkihler num-
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COMMENTS

V. B. Katta, Systems Research Laboratories, USA. You analysis as used here shows clearly tbat pre-exponential
implemented the finite-rate chemistry effects into the cal- constant and activation energy values do not play any role
culations by using a single-step global mechanism. As a in the results. Only reduced numbers (like the Damkblsler)
consequence, all your results depend on the pre-exponen- are important. There is no doubt that effects described
tial and activation energy you considered for the reaction here will appear if the corresponding reduced parameters
rate. For example, if you choose a very high pre-exponen- are reached. Even in the present symposium, experimental
tial value then all the Damkdhler-number effects you in- evidence of these effects (see paper by Rolon, Aguerre, and
dicated will disappear. I feel your results are exaggerating Candel) is provided: Quenching will occur if the strain rate
the problems one might see with the laminar-flamelet the- is large enough. The value at which this quenchsing will
ory. Do you expect similar results if you use a full-chemistry occur will be different from the flamelet library prediction
model? because unsteady effects will be important. That does not

mean that the flamelet approach is not valid. It is valid in
Author's Reply. It is doubtful that complex chemistry a certain range, and we provide limits for this range in our

situations may be understood if one does not understand work.
first simple chemistry cases. Asymptotic analysis togethser
with simple chemistry simulations provides unique tools to
understand flame-vortex interactions. Actually, asymptoticS
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S. Shy, Nation~al Central University, Taitoan, B.OGC. The Author's Reply. The only relevant Reynolds number in
Reynolds number near the flame interaction region was not a flame-vortex interaction is the vortex Reynolds number.
a constant. What is the effect of HRe on the domain of the This number chaoges for each point of the diagram as size
laminar flamelet assumption in a length-velocity-scales and velocity are changed.
spectral diagram you presented?
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Two aspects of stretched flame dynamics are investigated via the model problem of the stabilization and
geometry of Bunsen flames. Specifically, the possibility of stabilizing a Bunsen flame without heat loss to
the burner rim is experimentally investigated by examining the temperature of the rim, the temperature
gradient between the rim and the flame base, and the standoff distance of the flame base in relation to
the flame thickness. Results show that, while heat loss is still the dominant stabilization mechanism for
flames in uniform flows and for strong flames in parabolic flows, adiabatic stabilization and, subsequently,
blowoff are indeed possible for weak flames in parabolic flows. The adiabatically stabilized flame is then
modeled by using the scalar field formulation and by allowing for the effects of curvature and aerodynamic
straining on the local flame speed. The calculated flame configuration agrees well with the experiment for
the adiabatically stabilized flame but not for the nonadiabatic flame. Results further show that active
modification of the flame curvature is the dominant cause for the flame to maintain adiabatic stabilization.
Implications of the present results on turbulent flame modeling are discussed.

Introduction The first objective of the present study is to extend
the concept of adiabatic flame stabilization, demon-

Recent studies on flame dynamics have led to sig- strated for inverted flames, to the more practical sit-
nificant advances in the understanding of flame uation of the Bunsen flame. Contrary to the axisym-
stretch and its influence on the structure and prop- metric inverted flame studied previously [4,5], the
agation of laminar flames. Consequently, some of the base of the Bunsen flame experiences strong concen-
well-established concepts in flame phenomena have tration asymmetry due to the presence of the ambi-
been revised and reinterpreted. One of these is the ent gas, and it is not clear a priori whether adiabatic
mechanism through which a Bunsen flame is stabi- stabilization can still be achieved. Furthermore, we
lized over the burner rim. shall also study effects of the mixture strength and

Conventionally, heat loss is believed to be the sta- flow nonuniformity on stabilization. For the former,
bilization mechanism through which the flame can we shall scan through the fuel/air equivalence ratio,
adjust its local speed to dynamically balance the local from lean to rich, and identify the influence of the
flow velocity [1]. However, earlier [2] as well as re- burning intensity and hence the laminar flame speed
cent studies [3] have shown that, in addition to heat on stabilization. For the latter, we shall experiment
loss, the flame speed can also be modified by the with both the parabolic and uniform flows, and assess
preferential diffusion of heat and mass as well as the relative ease with which adiabatic stabilization
flame stretch, which is manifested by flame curva- can be achieved in these flows.
ture, flow nonuniformity, and flame motion. Recog- To discuss our second objective, we first recognize
nizing the potential significance of these additional that the bulk configuration of the Bunsen flame is
stabilization mechanisms, Sung et al. [4] recently expected to be sensitively affected by the configura-
demonstrated that there indeed exist situations un- tion of the flame base at the rim because, allowing
der which flame stabilization can be accomplished for the symmetry boundary condition at the flame
without heat loss. Specifically, it was experimentally tip, the flame base provides the second boundary
shown for inverted flames that the flame could be condition for the entire flame. Since the configura-
lifted, and still stabilized, sufficiently away from the tion of the flame base is in turn intimately affected
stabilization rod such that heat loss to the rod became by the extent of heat loss to the rim, we would then
negligible. Theoretically, it was also shown that this expect that the entire flame configuration should be
adiabatic stabilization was achieved through modifi- influenced by heat loss. Consequently, when this heat
cation of the flame speed by flame curvature and flow loss is eliminated or minimized for an adiabatically
straining. These results on the adiabatic stabilization stabilized flame, and since the unavoidable down-
of inverted flames [4] were further experimentally stream heat loss is expected to be of only secondary
confirmed by Nomura et al. [5]. importance for the flame response sufficiently away
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from the extinction state, the entire flame can be con- 4.0 345

sidered to be nearly adiabatic. Thus, the second ob- 340

jective of our study is to employ the adiabatically sta- 3.4 o

bilized flame as a prototypical curved and strained o 335

flame, and attempt to describe the experimentally - . o
determined flame surface configuration through the 2.7 0 330

scalar field formulation [6]. Because of the nonuni- 325
form flow field and the fairly complex variation of the 2.1

flame curvature over the surface of a Bunsen flame, 0 320
a comparison of the present nature provides a fairly (a)

stringent test of the adequacy of the scalar field for- 1.5 45 50 55 60 315

mulation and the associated description of the dy- . 620

namics of stretched flames. It is to be noted that such 0.9 620

a description is also of relevance to the modeling of
turbulent flames through the concept of stretched 600 -3

laminar flamelets [7-9]. Since the effect of turbo- 0.8 00000000000000 o .o

lence on the laminar flamelets is to wrinkle their sur- 580
faces and modify the local burning velocity, it is im- 0.7
portant to properly describe the flame surface * 560

geometry and stretch-affected responses such that (b)
the mean turbulent reaction rate can be calculated. 0.6' 120 I4 S 2 540

100 10 10 10 10 20 220
The experimental specifications are given in the Um(Crrs)

next section, which is followed by presentation of the
experimental results on flame stabilization. We shall FIG. 1. Standoff distance and burner rim temperature as
then discuss the scalar field formulation and the flow functions of mean exit velocity for methane/air flame in
field description for the present problem, and the parabolic flow field: (a) (P = 1.33, (b) 4) = 1.05.
comparison between the experimental and calcu-
lated flame configurations.

burner. Sensitivity to the temperature difference was
9.75 K.

Experimental Specifications

Bunsen flames produced by both parabolic and Results on Flame Stabilization
uniform flows were studied. The parabolic flow was
generated by a tube burner with 14.5-mm diameter, An extensive number of experiments have been
0.25-mm tube thickness, and 120-cm length to en- performed as a part of this research program for both
sure a fully developed flow. The uniform flow was methane/air and propane/air flames, although only
generated by a contoured nozzle with 13-mm diam- results on methane/air flames will be presented be-
eter and 0.4-mm wall thickness. The combustible cause of space limitation. Suffice it to note that re-
mixture was surrounded by a nitrogen shroud flow. sults on propane/air flames are qualitatively similar
The flow velocity was measured by an Argon-ion to those of the methane/air flames to be reported in
LDV system, with 0.3-yin alumina particles and a the following.
0.1-mmrn-diameter x 1.0-mm-length measurement Figure la shows a typical behavior of the flame
volume. The flame shape was recorded by a charge- base standoff distance h and the rim temperature
coupled device (CCD) camera supported by an im- Trl,, as functions of the mean exit velocity U,,, for a
age-processing system. rich methane/air flame with equivalence ratio of 1.33.

Since heat loss to the burner rim is key to the pre- To eliminate transients caused by varying flow veloc-
sent investigation, the extent of heat loss was deter- ity, temperature measurement data are taken when
mined with two means. Quantitatively, the temper- the system is in steady state. It is seen that, with
ature at the surface of the burner rim was measured increasing Ur, h increases while Trim decreases.
by a 0.003-in.-diameter thermocouple. Qualitatively, However, before the flame is blown off at the state
shearing interferometry [10] was used to examine the immediately beyond the last data point, there exists
temperature gradient, and hence the presence of a flat regime for Trm at which Trnm is about 320 K.
heat flux, between the flame base and the burner rim. The results that Trim is only slightly above the am-
By adjusting the etalon orientation, the setup was bient temperature and that it does not further de-
arranged such that the fringe shift was caused by the crease with increasing h strongly suggest that the
temperature difference between two spatial points flame is adiabatically stabilized in this regime. It is
that were separated by 0.64 mm normal to the also reasonable to expect that, in the absence of con-
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FIG. 3. Standoff distance and burner rim temperature at
the state of blowoff as functions of equivalence ratio for
methane/air flame in parabolic flow field.

10-4 W/cm-K, as a representative thermal conduc-
tivity for the gas between the flame base and the rim,
then the maximum conductive heat flux from the
flame base to the burner rim can be estimated to be
about 0.045 W/cm2 . This is much smaller than the
chemical heat flux, 81 W/cm 2, generated by the flame
[4,11]. It is therefore reasonable to suggest that the
absence of fringe shifts indicates the corresponding

[fi I Ij Iabsence of significant heat transfer.
0 1 2 3 4 5 (mm) Adiabatic flame stabilization and blowoff, how-

ever, do not always occur, especially for the strongly

FIG. 2. Interferometer fringe for methane/air flame in burning flames. For these flames, the propagation
parabolic flow field (0 = 1.33): (a) U 46.3 cm/s, (b) velocity is so high that they cannot be substantially
U,j= 58.8 cm/s. reduced by stretch. Consequently, the flame will

propagate toward the burner rim and eventually be-
come stabilized through heat loss at a distance which
is of the order of the flame thickness. This is dem-

ductive heat transfer, radiative transfer from the onstrated in Fig. lb for a near-stoichiometric meth-
flame can contribute to the 20 K increase in the rim ane/air flame, with 4 = 1.05. It is seen that, with
temperature from the ambient temperature of about increasing Um, while h remains close to the rim at an
300 K. Since radiative heat transfer is a long-range almost constant distance of about 0.8 mm, Tim first
process, it is not coupled to the flame stabilization remains almost constant and then decreases rapidly
mechanism. The final point to note is that, at blowoff, because of the strong convection. The important
the flame standoff distance is greater than 3.5 mm, point to note is that Trm remains at a high value
which is well in excess of the flame thickness. (-540 K) at blowoff. These results, together with

To further demonstrate the absence of conductive those from shearing interferometry, clearly indicate
heat transfer, the possible existence of a temperature the presence of conductive heat loss and demon-
gradient between the flame base and the burner rim strate that it is the dominant stabilization mechanism.
was investigated by using shearing interferometry. Figure 3 summarizes the results on Tim and h at
Figure 2 shows the fringe shift for two values of Umn. blowoff as functions of 'k for methane/air flame in
It is seen that, when Um is 46.3 cm/s (Fig. 2a), with the parabolic flow, with the superscript * indicating
the corresponding Tim and h being, respectively, 343 the state of blowoff. The results show that there are
K and 1.7 mm, severe fringe shift is observed, indi- basically two kinds of stabilization behavior. For
eating the presence of a temperature gradient. On weaker flames with (P < 0.76 and 4 > 1.28, adiabatic
the other hand, when U,,, is 58.8 cm/s (Fig. 2b), the stabilization is possible, for which the flame standoff
corresponding Tim and h are 320 K and 3.5 mm, and distance at blowoff is far from the rim in terms of the
there is no fringe shift near the burner rim. Since the flame thickness while the rim temperature is also
detection sensitivity of temperature gradients for the close to the ambient value. For strong flames with
present interferometer setup is 15 K/mm, and if we 0.9 < 4P < 1.2, heat loss is the dominant stabilization
use the thermal conductivity of air at 350 K, 3 X mechanism, with the flame standoff distance at blow-
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5.0 in the radial direction generated in the mixing layer
4 "700 between the uniform flow and the ambient gas [1].

4.0-.

600
3.0 H Formulation and Results on Flame Geometry

. 2 .0o J Having identified regimes in which the flame is
adiabatically stabilized, the configurations of these

-. o 0 400 flames have also been determined photographically.
- 0000000. Since the flames are very thin as compared to the

0.0 300 overall dimension of the flame, such a determination
0.5 0.7 0.9 1.1 1.3 1.5 is appropriate and accurate. To obtain a correspond-

ing theoretical description of the flame geometry, we
need to specify the dynamics of the flame surface in

FiG. 4. Standoff distance and burner rim temperature at a flow field, the flow field itself, and the propagation
the state of blowoff as functions of equivalence ratio for velocity of the stretched flame. These are discussed
methane/air flame in uniform flow field, in the following.

When the thickness of a flame is small compared
to the hydrodynamic length scale, the flame can be

250 treated as a surface propagating in the hydrodynamic
flow, and its shape can be described by the so-called

200 0 o-- parabolic flow G equation through the scalar field formulation [6]

z 150 o aG + VIwýO-'VG = s,,IVGI (1)

E 100 o where VIG-0- is the flow velocity along the flame
0 0 00 front and G (r,t) the scalar field whose zero-value sur-

50 o * face represents the flame front, with 0- designating
0 uniform flow the unburnt side of the flame. It is noted that the

0 hydrodynamic flow convects the flame front, while
0.5 0.7 0.9 1.1 1.3 1.5 the flame front affects the hydrodynamic flow

45 through thermal expansion. Since, for the present
flame, the burnt gas is convected into an open at-

FIG. 5. Mean exit velocity at the state of blowoff as a mosphere, we shall assume that the influence of ther-
function of equivalence ratio for methane/air flame in par- mal expansion on the upstream flow field is small
abolic and uniform flow fields. such that the flame is simply a passive surface con-

vected by an incompressible flow of given v such that
VIG0- can be solved separately. We note that, while
previous studies [12] involving strongly burning Bun-off being the same magnitude as the flame thickness sen flames ((P = 1.1) have shown deviation of the

and the rim temperature being much higher than the flow velocity from the cold flow value sufficiently up-
ambient value. Transition from the two modes of sta- stream of the flame, the present adiabatically stabi-
bilization occurs in the intermediate regimes of 4). lized flames are much weaker, implying that thermal

Heat loss, however, is much stronger for flames expansion effects are correspondingly weaker.
situated in the uniform flow. Figure 4 shows that h' Further recognizing that the flow is of the bound-
is always very small and that Trt, is still higher than ary-layer type because its radial velocity is expected
400 K, even for the weakest flames that can be sta- to be much smaller than its axial velocity, the non-
bilized. The results therefore imply that adiabatic sta- dimensional continuity and axial-momentum equa-
bilization in a uniform flow is not favored. tions are respectively given by

Figure 5 compares the mean exit velocity at blow-
off, U,,,, for the parabolic and uniform flows. Since a 86 U
higher U,,, indicates a stronger stabilization tendency, + -+ - = 0 (2)
the results show that stabilization is maximized f + F
around the same range of 4P (1.05-1.1) at which the -5 a5 I (a26 _1 a5D
flame speed is maximized, as is reasonable to expect. -- + 5 - - - + (3)
Furthermore, it is seen that the parabolic flow has a 82 82 Re \8?2 T aF /
greater tendency for stabilization than the uniform
flow. This is due to the very steep velocity gradient where 2 is the radial velocity, l the axial velocity,
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the radial coordinate, Z the axial coordinate, and Re
the Reynolds number based on the burner radius r,
Furthermore, the spatial coordinates are nondimen-
sionalized by ro, and the velocities by U. The bound-
ary conditions for the tube burner are 2 = 2(1 - 2.0
ý2 and U- = 0 at i = 0. ee

A fully implicit scheme is adopted to numerically
solve these boundary-layer-type equations. Figure 6
shows typical calculated axial velocity profiles at sev-
eral axial distances. To further ascertain the validity 1.0

of the boundary-layer approximation and the accu-
racy of the calculation, the computed results have 2.41
been further compared with those obtained from
solving the full Navier-Stokes equation [13] and
from laser Doppler velocimeter (LDV) measure- 0°0 0.5 1.0 1.5
ments. Figure 6 shows close agreement between
these three independent means of determining the z20
velocity profile, and hence demonstrates the ade-
quacy of the boundary-layer assumption in the pre-
sent formulation. It is noted that, at Z, = 2.41, which,
is roughly the flame tip location, E(7 = 0) has only
decayed about 2% of its exit value, from 2 to 1.96. 1.0

In order to solve the G equation, the weak-stretch
flame speed expressions of Chung and Law [14] and 0.38
Matalon and Matkowsky [15] were used in the cal-
culations and comparisons. Specifically, Chung and 0.0
Law [14] give 00 0.5 1.0 1.5

=~ 6 1 3. n + 1 (i ~ K] 2.0L + - ,i j (4)
Su.

where s' is the adiabatic laminar flame speed, 6' the
corresponding preheat zone thickness, n the local 1.0
normal of the flame surface pointing toward the
burned mixture, a = (EI/RTad)-1, E, the activation S

energy, B the universal gas constant, Tad the adiabatic 0.1
flame temperature, Le the Lewis number, and c the
stretch rate defined as o.0 .000.5 1.0 1.5

K = -n'V X (vICo- X n) + (V'n)(V-n) (5)
2.0

where V is the local flame front velocity.
The expression of Matalon and Matkowsky [15] is

given by KI V/ .
S, =S2I - ak?.-j (6)s,, =s° 1- oa s,°Z/to=0

where °l
0.% .0 4 1.5

a - I (I + )shroud flow

qC FIG. 6. Axial velocity as a function of radial coordinate
Tad (Le 1) C at different axial locations. (0: LDV measurements; solid

+ T • j ln(1 + 7,e) d7, (7) line: results based on boundary-layer assumption; dotted

line: results based on solving full Navier-Stokes equation).
T__ is the cold reactant temperature, and -, =

(Td/T ) - 1.
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For the steady axisymmetric configuration, with r 3.0
(r,z), v = (uIV), V = 0, and G(r,t) = z - f(r), * experiment

substituting Eq. (4) into Eq. (1) yields 2.5E
--___ Eq. (4)

d_ D2 2.0 Eq.(6)

dc D + (U-9 - Y)(1/Le - 14)/2e f/r0 1.5

L r0.5 (a)S[kYID(I• _ e) + _D9 _5 1.0 ,..

+ 2e- Le 1 z g2 ,+ g00. . .' ,........ ,az 0.0

+ g -t + -z + + (8)
av av r1/J (8.5

while substituting Eq. (6) into Eq. (1) yields

f/ro 1.0,

dT a(D + U- fl) D2r 
'

0.5

+ flD(z4/ - (9) (b)

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

where y = ro/d f, 5' = U,,Is$,, = d/fdr = dfcld?, and r/r0
D = (1 + 2)'/ 2. Coupling 5 = f(?) with either
Eq. (8) or Eq. (9), with the symmetry boundary con- Fin. 7. Computed and experimental flame shape as a
dition g(F = 0) = 0, and the flame height informa- function of radial coordinate for methane/air flame (0 =

tion f (IF = 0) = f0, the shape of flame front in a 1.33) in parabolic flow field: (a) U,, = 58.8 cms, (b) U,, =
given hydrodynamic flow field can be readily calcu- 46.3 cm/s.
lated. It is to be noted that, because of the uncer-
tainty about the proper boundary condition to be
specified on the rim side of the flame, we have used
the experimental value of the flame height (at ?- = 71.3 kcal/gmol-K, and a = 2.638. Figure 7a shows
0) as an additional boundary condition. We further the comparison for the adiabatic flame, with U, =
note that there are two dominant effects in the 58.8 cm/s. It is seen that both stretched flame speed
expression of flame stretch, namely flame curvature, expressions qualitatively reproduce the overall trend
V n, and the axial velocity gradient in the radial di- of the flame configuration, especially in capturing the
rection, ad/a•, which represents the flow nonuni- curvature reversal behavior. This demonstrates the
formity. By evaluating the magnitudes of these two importance of properly accounting for stretch effects
terms near the flame base, we have found that the in the flame speed expression. Figure 7a further
curvature term has a much larger effect and hence shows that the expression of Ref. 14 seems to provide
can be considered as having the dominant role in a closer quantitative fit with the experimental data.
stabilizing the adiabatic Bunsen flame. In this regard, we note that, in studies of the curva-

In evaluating the above expressions, the Lewis ture of the Bunsen flame tip, it has been suggested
number is taken to be the ratio of thermal diffusivity, [17,18] that the expression of Ref. 15 would agree
D_, to the controlling mass diffusivity, which is be- more closely with their experimental data if a larger
tween the deficient species and the abundant inert value for the flame thickness were used. We have
species, N2. The preheat zone thickness, 6'T, is de- found that this also holds for the present comparison.
fined as D,/s' according to the definitions [14,15]. However, since the flame thickness is defined
The overall activation energy, E, is determined from through the flame speed and the thermal diffusivity,
fitting the numerically calculated laminar flame and since the flame speed is already a given quantity
speeds with detailed transport and chemistry [16]. and thermal diffusivity (D.) a well-defined quantity,

Figure 7 compares the experimental flame config- we have chosen not to additionally specify/modify the
urations with the calculated one by using both flame flame thickness.
speed expressions for the adiabatically and nonadi- Figure 7b compares the calculated and experi-
abatically stabilized flames with 4 = 1.33. The var- mental configurations for the situation of i, = 1.33
ious thermochemical parameters used are as follows: and U,, = 46.3 cm/s, for which heat loss is clearly
Le = 1.1, D,, = 0.224 cm 2/s, s' = 28.5 cm/s, E, = present. It is seen that the calculated flame profile,
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which assumes flame adiabaticity, significantly un- dicates the potential utility of the scalar field for-
derpredicts the experimental profile such that the ex- mulation and the stretched flame expressions for the
perimental flame base is much higher than the cal- description of wrinkled flame dynamics in nonuni-
culated value. This is physically reasonable because, form flows, especially in turbulent flows. As far as
with the flame base suffering heat loss, its flame calculation of the Bunsen flame configuration is con-
speed is reduced, and it will be blown to a higher cerned, it may be noted that the present calculation
position such that heat loss is reduced and dynamic requires input of the experimental flame height as a
balance can again be achieved. boundary condition. So far, an appropriate boundary

We close this section by noting that the weak- condition to use on the rim side of the flame has not
stretch, linearized flame speed expressions used may been identified. Further study on this issue is needed
require revisions for large stretch rates. The present toward the formulation of a totally predictive theory
calculations have shown, however, that the Karlovitz for the stabilization and blowoff of adiabatic Bunsen
number, defined as Ka = rdj•s2,, is much smaller flames.
than unity over most of the flame shoulder. The
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The effect of rotation on the stability and structure of a tubular flame has been experimentally investi-
gated. The concentration field of OH radical has been measured by laser-induced fluorescence, and the
temperature field was examined using a fine thermocouple. Results show that, with increasing intensity of
rotation, the lean limit of methane flame is decreased, and the stable flame region is expanded. The flame
diameter is increased, and the inner flame structure is also changed. Namely, when the rotation is weak,
the radial OH distribution takes an M-shaped profile; the concentration is low in the outer region of the
unburned gas, increases and takes a local maximum value in the reaction zone, then falls around the center.
With decreasing the fuel concentration 2, the peak positions approach and the profile becomes H-shaped.
With further decreasing 2, the profile becomes A-shaped; eventually, the flame is extinguished. Corre-
spondingly, the peak value is decreased, increased, and decreased with decreasing 2. However, when the
rotation is intensified, the variation of the peak value becomes moderate, and the M-shaped profile is
maintained close to extinction. The temperature measurement shows that, with increasing intensity of
rotation, a temperature dip appears around the center and its magnitude becomes larger. Although this
dip is usually attributed to radiative heat loss, the temperature at the center remains unchanged while the
reaction zone temperature is increased; i.e., a protrusion in the reaction zone temperature occurs. This
aspect resembles the excess enthalpy flame. Although the details of the extension mechanisms are unclear,
these results suggest that the stability of the flame is enhanced by rotation through a mechanism like the
excess enthalpy flame.

Introduction However, in studies on plasma jet igniters, the
flame stability is enhanced because the radical is en-

In regard to modeling turbulent combustion in the capsulated near the center of the vortex [16]. Also,
flamelet regime, the characteristics of elementary the radicals play an important role in the vortex-flame
flames have been extensively studied. In these stud- interaction [17,18]. The flammable range in a rotat-
ies, there are two important fluid-dynamical factors ing flow field is shifted as a result of nonunity Lewis
that influence the flame characteristics. One is number and expanded [19]. Hence, the study on the
stretch and the other is rotation, effect of rotation is inadequate in the fundamental

Concerning the stretched flames, numerous stud- field of combustion.
ies have been made. By using a twin flame estab- In this study, the effect of rotation on the stability
lished in a counterflow field [1-3], or a tubular flame and structure of premixed flame has been investi-
in an axisymmetric flow field [4], extinction limits and gated. The distribution of OH has been measured
separation distances have been determined. One of with laser-induced fluorescence (LIF) because of its
the new findings is the Lewis number effect, which well-known spectroscopic structure [20] and impor-
is now well known and well understood [1-5]. tant role in combustion.

As for rotation, the flame development in a vortex
flow has been numerically simulated [6-9], and the
characteristics of the twin flame and the tubular Experimental
flame around the axis of symmetry have been inves-
tigated [4,5,10-12]. However, in the case of the tu- Figure 1 shows the swirl-type burner used in this
bular flame, little attention is invested in the effect study. A combustible mixture is tangentially ejected
of rotation on the flame structure [13-15] because it into a glass (quartz) tube and exits from both ends of
has been found that the rotational flow field is un- the burner; hence, a rotating, stretched flow field is
coupled from the radial and azimuthal flow fields and established [4]. The rotational velocity profile is anal-
does not affect the flame structure [13,14]. ogous to Rankine's combined vortex, while the radial
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the vortex tube. The resulting fluorescence IL from
the OH is detected at right angles to the laser beam
axis by a gated image-intensified vidicon detector
with a spatial resolution of 0.1 X 0.1 mm. To elim-

"(46,19 X 120) inate the reflection of the light at the glass, two rings
of inner diameter 14 mm are attached to the burner
ends as a beam trap. The laser intensity Io, which
fluctuates pulse-to-pulse, is monitored to calibrate

::20 W the LIF signals. Fluorescence images obtained from
excitation on and off resonance with an OH transition

: Fuei+Airil /are subtracted to obtain pure OH images. It is im-
portant to note that the LIF signals depend on the
temperature and the collisional quenching rate [22],
which cannot be neglected at atmospheric pressure.
However, the population of N" = 8 rotational state

FIG. 1. Experimental setup. has only a small temperature dependence [23]. Fur-
thermore, the variation of the fuel concentration 02
is so small (4.8 - 6.0%) in this experiment that the

and axial velocity profiles are analogous to those in influence of the collision process can be considered
an axisymmetric stagnation-point flow. The details of to be small. Therefore, LIF images obtained with
the flow field can be found in Ref. 5. P1(8) excitation directly represent the relative OH

In order to obtain different intensities of rotation, concentration profiles, and the variation of the LIF
we used three burners of different slit widths (W = signal can be attributed to the variation in the OH
4.5, 3.0, and 1.5 mm) with the same tube diameter concentration.
(D = 19 mm). The mean tangential ejection velocity The fuel is methane. The flame configurations are
17 is given as Vt = Q/(W X L), while the mean axial recorded by direct photography. Temperature mea-
velocity 17 is given as V, = Q/2 S where Q is the surements are made by using a silica-coated Pt/Pt-
volume flow rate of the mixture, L is the inner length 13%Rh thermocouple (wire diameter, 0.1 mm); no
of the slit (74 mm), and S is the cross-sectional area correction for thermometric error due to radiation is
of the tube. Thus, by decreasing W, the rotation can made. The radiative loss estimated is about 60 'C at
be intensified; i.e., V1 = 1.70V,, 2.55V•, and 5.11V, 1200 'C for emissivity a = 0.22 [24].
in the burners of W = 4.5, 3.0, and 1.5 mm, respec-
tively. Hereafter, the three burners are respectively
called the weak, moderate, and strong (rotation) Results
burners. If the flame is rigorously cylindrical and the
flow is incompressible, the stretch rate becomes sim- Appearance of Flame:
ply proportional to the gradient of V, [Eq. (8) in Ref.
5]. Actually, the flow field is coupled with the tem- When a lean mixture is ejected and ignited at the
perature and concentration fields due to combustion, burner end by a torch flame, a tubular flame with a
and in addition, a recirculating flow may occur es- circular cross section is established [4,21]. The flame
pecially in the strong burner, because the estimated diameter is almost constant along the axis and de-
swirl numbers [4] are 0.8, 1.3, and 2.9 for the weak, creases with decreasing fuel concentration •2 (%);
moderate, and strong burners, respectively. How- eventually, the flame extinguishes.
ever, it is expected that, if V, is maintained at a con- Figures 2(a), 2(b), and 2(c), respectively, show the
stant value, the intensity of rotation will vary, while side views of the tubular flame obtained by the weak,
the stretch rate will remain almost constant in the moderate, and strong burners, in which Vt is 2.4, 3.7,
three burners. The outer length of the center slit is and 7.3 m/s, respectively, while V, (= 1.4 mirs) re-
80-mm long, and those of the side slits are each 20- mains constant. With increasing intensity of rotation,
min long. Nitrogen, originally for rich mixture ex- the flame diameter increases while the thickness of
periments [21], is ejected from the side slit at the the luminous zone becomes thinner.
same value of V, of the combustible mixture to yield
a uniform flow field. Extinction Limit:

The distribution of OH concentration is measured
with laser-induced fluorescence. A Nd: YAG- First, without the beam-trap rings, the extinction
pumped pulsed dye laser with frequency doubling is limits for the three burners are measured as func-
used to excite the OH A2 Z+(v' = 0) - X2Hl(v" = tions of •2 and V,. Results are shown in Fig. 3, in
0) transition. The laser beam is focused to a light spot which the equivalence ratio 4P is also indicated. Al-
with a cross section of 2 X 1 mm and is propagated though •2 at extinction slightly decreases with de-
through the flame normal to the longitudinal axis of creasing V, in all burners, the value in the moderate
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WEAK . STRONG
ROTATION ROTATION

o VtV V FI. 2. Configurations of the tu-

Vt Vt •Vt bular flames obtained by the three
burners of different intensities of ro-

W W w tation: (a) W = 4.5 mm, V, = 2.4
m/s, (b) W = 3.0 mm, V, = 3.7 m/s,

(a) W=4.5mm (b) W=3.Omm (c) W -1.5mm (c) W = 1.5 mm, V, = 7.3 m/s; V.
= 1.4 m/s, 2 = 5.3%; with the

Vt -- 1.70Va Vt = 2.5 5Va Vt = 5.11 Va beam-trap rings, D,,,, = 14 mm.

0.54- _54 in the moderate burner, determined at a section 30
0.52- 6.2| -LEAN LIMIT STABLE FLAME 2 mm inside from the burner end along the horizontal

• /4.5 REGION axis. In this figure, direct photographs are also shown,0-.5o0- 15-o01 0 where x is the distance from the center of the burner.r lw=3- Ao. A Each profile is obtained with the fluorescence excited

048- 48 (MODERATE ETINCTION by a single laser pulse. The spatial resolution is better

0.46L 4.68- 1STRONG) _than 0.1 mm; thus, the flame zone is well resolved.
o2 3 Above each of the OH profiles, the locations of the

luminous flame zone are indicated by hatching.
FIG. 3. Extinction limits obtained by the three burners When 2 is large [Fig. 4(a)], the distance between

of different intensities of rotation; D = 19 mm, without the luminous flame zones is large. The OH signal is
the beam-trap rings. almost zero outside the flame, but increases as the

center of the flame is approached and takes its max-
imum slightly inside the luminous flame zone. Since

burner is about 4.9%, which agrees well with the the right and left peaks are almost the same, the ab-
value of 4.9% previously obtained by the burner of sorption of the laser beam, which is observed in Ref.
18-mm inner diameter and 3-mm slit width [5]; 26, seems negligible. Then, it decreases and takes a
hence, the reproducibility is good. In the weak and local minimum around the center of the flame. The
strong burners, the values are about 5.0 and 4.8%, profile looks "M-shaped."
respectively. Therefore, the extinction limit is ex- In the tubular flame, the outside is the unburned
tended as the rotation is intensified. It is interesting gas and the inside is the burned gas [4]. The un-
to note that 2 at extinction is smaller than the stan- garnd the inies th e b ned s the un-
dard flammability limit (5.0% [25]). When the beam- horned gas comes from outside, enters the flame
trap rings are attached (Fig. 5), the values of 2 at zone, and reacts to become a burned gas, which flows
extinction increase to about 5.3, 5.1, and 5.0% for in the axial direction and exits from both of the
the weak, moderate, and strong burners, respec- burner ends. Thus, the outside region of zero signal
tively. This can be understood as follows: When the corresponds to the unburned mixture, while the re-
rings (inner diameter 14 mm) are attached, the ef- gion near the local minimum value corresponds to
fective diameter becomes smaller than the burner the burned gas.

9mm), and as a result, ( at extinc- When 2 decreases, both the distance between theinner diameter (19 luada eul,2a xic

tion increases as observed in the experiment with dif- luminous flame zones and that between the peak po-

ferent burner diameters [5]. sitions decrease, and the dip in the OH profile be-
comes smaller. This results in a fl-shaped profile in
which the value around the center is almost constant

Radial Distribution of the OH Concentration and [Fig. 4(b)]. If •2 is further decreased, the distance
Its Peak Value:

between the peak positions becomes completely
To better understand the extension of the stability zero, and the OH profile becomes A-shaped with one

limit, the OH distributions are measured with vary- peak [Fig. 4(c)], although the luminous zones do not
ing (2 while maintaining V, = 1.4 m/s. Figure 4 completely merge.
shows the radial distributions of the relative intensity Figure 5 shows the variations of the peak value in
of the OH signal across three representative flames the OH profile with £2. The boundaries of M-, H-,
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U..(aN (b) (c

"1 FIG. 4. Radial distributions of the

relative intensity of OH signal for

o M "",.A different fuel concentrations: (a) £2
= 5.8%, (b) £ = 5.4%, (c) 2 =
52/;V,, = 1.4,r/s,W = 3.0mm,

-5 0 5 5 0 5 5 0 5 V, = 3.7 m/s; with the beam-trap
X(mm) X(mm) X(mm) rngs;,D, = 14mm.

and A-shaped profiles are also indicated. In these condition of intense rotation, the flame is maintained
measurements, five runs were made, and their results even though the OH concentration is reduced.
were averaged. The error bars refer to the maximum
and minimum valies in the five runs.

In the weak burner [Fig. 5(a)], the peak value in- Temperature Distribution and Flame Temperature:
itiallv decreases gradually with decreasing £2. How-
ever,Next, the temperature field is examined. Figure 6ever whn Dbecmes maler hanabou 5.2%,t e shows the radial distribution across the flame (02 =
OH profile is converted into the H-shaped profile, shows the rtion acro e fae (2and the peak value steeply increases. When £2 is fur- 5.6%; V/,, = 1.4 m/s) in the strong burner. The OH

distribution and the luminous flame zones are also
ther reduced to about 5.32%, the OH profile is con- indicated.
verted into the A-shaped profile, and the peak value The temperature distribution is almost symmetri-
decreases again; eventually, the flame extinguishes at cal, and its axis of symmetry is located near x = 0
£2 = 5.26%. ram, the radial center axis of the burner. The local

In the moderate burner [Fig. 5(b)], the peak value minitum temperature Tr at the center is smaller
varies as in the weak burner; however, the rate of than the maximum temperature Tf around the lu-
decrease/increase is slow, and the flame extinguishes minous flame zone by 75 TC. Such a temperature dip
at 2 = 5.05%. has not been seen in previous experiments with no

In the strong burner [Fig. 5(c)], the peak value also rotation [15] or with small swirl number [4], except
varies, but the rate of change is much smaller than in the experiment with D = 19 mm and W = 3 mm
the previous two, and the M-shaped profile is main- [19], in which a very slight temperature hump had
tained even close to extinction. By measuring the dis- been observed. Thus, we measured Tf and Tr as func-
tances between two peaks, it is found that, when the tions of £2.
peak value starts to increase with decreasing £2, the The results are shown in Fig. 7. In this figure, the
distance is about 6 mm in the strong and moderate boundaries of the M-shaped, H-shaped, and
burners, and around 3-6 mm in the weak burner; A-shaped profiles of OH distribution are indicated.
i.e., the distances are almost the same. The scatter in For comparison, the value of T, in the weak rotation
the last case is due to ambiguity of the local minimum burner [Fig. 7(a)] is also plotted (solid triangle) in
position. Figs. 7(b) and 7(c). As seen in Fig. 7, the difference

It is interesting to note that the peak value at ex- between Tf and T, increases as the rotation intensi-
tinction becomes lower as the rotation is intensified; fies. At £ = 5.3%, the differences are 20 TC, 35 TC,
that is, IL/Io = 2.8, 2.0, and 1.8 for the weak, rood- and 40 'C where the observed flame diameters de-
crate, and strong burners, respectively. Thus, at a fined by the luminous flame zone are 2.8, 3.4, and
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<, / _______I _ _ FIG. 6. Temnperature distribution across the flame in the" A I M J- strong rotation burner (Q = 5.6%, V, = 1.4 mds, W =1-

4.8 5.2 5.6 6.0 1.5 amm); with the beam-trap rings; D,,, = 14 mm..

£ (%CH4)
tinction is caused by insufficient residence tirne for

FIG, 5. Variations of the peak value in the radial distri- the radical formation reaction, i.e., incomplete re-
butions of OH signal with the fuel concentration: (a) W = action [1-4].
4.5 mm, V, = 2.4 mi/s, (b) W = 3.0 umm, V, = 3.7 m/s, (c)
W = 1.5 umm, V, = 7.3 m/s; V, = 1.4 m/s; with the beam-
trap rings; D,,,g = 14 mm. Discussion

Before discussing the extension of stability limits

5.8 mm in the weak, moderate and strong burners, by rotation, it may be useful to recognize that the
respectively. At • = 5.6%, the temperature differ- tubular flame has two features. One is stretch; thus,
ences are, 40 'C, 65 'C, and 75 'C, and the corre- it has aspects similar to the twin flame in a counter-
sponding flame diameters are 6.5, 6.5, and 7.2 mm flow premixed stream. The difference is whether or
for the forementioned burners, not the flame has a curvature. The second feature is

If there is no heat loss, the temperature profile rotation. The aspect of stretch is discussed first, fol-
should be plateau-shaped in the burned gas region. lowed by the rotational aspect.
Thus, the temperature fall in the twin-flame georn- In a one-dimensional flame of lean methane
etry is attributed to radiative heat loss [27]. However, mixtures in a uniform stream, the OH concentration
it is interesting and important to note that T, are increases sharply through the flame front to its max-
approximately the same in the three burners, while imum nonequilibrium (superequilibrium) concentra-
Tfincreases as the rotation intensifies. Thus, the tem- tion and then decreases slowly as a result of recoin-
perature dip cannot be solely explained based on the bination reactions to its equilibrium value [17,18,22].
radiative loss consideration and suggests an alterna- The superequilibrium concentration is highest at /P
tive extension mechanism of the stability limit in the = 0.9 and monotonically decreases with decreasing
strong burner, fuel concentration [28].

Another aspect of Tf is that the value abruptly de- In the tubular flame, however, the peak value did
creases when the OH profile converts into the not monotonically decrease with decreasing fuel con-
A-shaped profile. This can be seen clearly in the centration. According to the recent studies by Stahl
strong burner [Fig. 7(c)] and may indicate that ex- et al. [29] and by Rogg [30], it is shown that, with
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1300 1 O---Tf 29 and 30. It is important to note that, because of
S5.28 0 0 symmetry, there is no radical loss by diffusion behind
S1200 A A z-Tc_ the flame, resulting in extension of stability limit.1200 - However, when the rotation is intensified, theM-shaped profile in the OH distribution is still main-

-lOL tained even if 02 is reduced [Fig. 5(c)], and the sta-
A _l M ] bility is further extended. To account for this, a ro-

100o- I tational effect should be taken into consideration.
An interesting feature is the temperature differ-

S3 b) I , ence, Tf - T, Usually, such a difference is attributed
bT 10 3f 0O to radiative heat loss, and in the counterflow twin

H- 5.03 O 0 0 ,0 l flame, the magnitude considered is about 20 'C for
1200- 0 6I_.ý - a 6.18% methane flame, whose separation distance

120-Tc is 11 mm and temperature is 1220 TC. However, in

1100_ the present strong burner, a temperature fall of 75
"C has been observed in a 5.6% methane flame,

1000 0A - whose diameter is 7.2 mm and temperature is 1250
1C. If the radiative mechanism is applied, this 75 TC

1400 fall is inconsistent with the 20 TC fall, because the
T(C) t 0 0 radiating volume of the tubular flame is smaller than

1300 0 0 that of the twin flame. Also, the values of Tf - T, at
H 0000 A £2 = 5.3 and 5.6% indicated previously do not seem

,-O LA 4 to be simply dependent on the radiating volume of
1200- o CP w440 - - the hot gas cylinder. Therefore, the temperature fall

4.97 OA ", cannot be explained by radiative heat loss alone. It

1100 - should be remembered that, with increasing intensity
of rotation, T, remains unchanged while Tfincreases;

100 AII7 I M namely, a protrusion in the reaction zone tempera-
10004.8 5.2 5.6 6.0 ture occurs. This aspect resembles what is called ex-4. (%CH45 cess enthalpy flame. In the excess enthalpy flame,heat is recirculated from the back side of the burned

Fic. 7. Variations of the flame temperature Tf(maximum gas to the unburned gas, resulting in an increase of
temperature in the reaction zone) and the local minimum the reaction zone temperature while the final burned
temperature T, at the axis of rotation with the fuel concen- gas temperature is unchanged. Because of this mech-
tration (a) W = 4.5 mm, V, = 2.4 m/s, (b) W = 3.0 mm, anism, the extinction limit is extended to the equiv-
V, = 3.7 m/s, (c) W = 1.5 mm, V, = 7.3 m/s; V, = 1.4 alence ratio of 0.10 [31,32]. Therefore, it is reason-
mi/s; with the beam-trap rings; D,,g = 14 mm. able to consider that such an excess enthalpy

structure may be induced by rotation.
Since the radical concentration field also changes

increasing strain rate, the twin flames are pushed to- with rotation, a possible mechanism may include the
ward each other, and the two reaction zones of the transport of radicals in the flame zone. Namely, the
flame approach the stagnation plane. As a result, radicals are transported into the reaction zone, de-
peak values of the mass fraction of the H atom (Y4) activated, and their chemical enthalpy is converted
slightly increase, but the level of the H atom at the into the thermal energy to increase the reaction zone
stagnation plane rapidly increases. As a result, the YH temperature. Next, the heat is convected toward the
profile changes from a double-peaked function (M burned gas side and increases the burned gas tem-
shape), which attains its local minimum at the stag- perature, while the thermal energy is converted to
nation plane, to a single-peaked function (A shape), the chemical enthalpy to produce the radicals, re-
which attains its maximum at the stagnation plane. sulting in a decrease of the burned gas temperature
When the strain rate is increased further, instationary to the original temperature. As a result, the temper-
flame extinction occurs. ature at the center remains unchanged while the

Since the tubular flame is also formed in a temperature in the reaction zone increases. The ro-
stretched flow field, similar behavior may occur. tation may act as a promoter in this recirculating sys-
Note that increasing strain rate and decreasing fuel tem. The change in the rotational flow structure,
concentration in lean mixtures have the same effect such as the size of a forced vortex core and the for-
on the flame behavior because both reduce the mation of a recirculating flow, may also be coupled
Damk6hler number. Hence, the variations in the with this mechanism.
shape and the peak value with decreasing Q2 (Figs. 4 This mechanism is not conclusive. Since the wid-
and 5) can be understood within the work of Refs. ening of stability limit by rotation is of practical im-
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THE INITIAL DEVELOPMENT OF A TULIP FLAME
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The initial development of a "tulip flame," often observed during flame propagation in closed tubes, is
attributed to a combustion instability. The roles of hydrodynamic and of the diffusional-thermal processes
on the onset of instability are investigated through a linear stability analysis in which the growth or decay
of small disturbances, superimposed on an otherwise smooth and planar flame front, are followed. A range
of the Markstein parameter, related to the mixture composition through an appropriately defined Lewis
number, has been identified where a tulip flame could be observed. For a given value of the Markstein
parameter within this range, a critical wavelength is identified as the most unstable mode. This wavelength
is directly related to the minimal aspect ratio of the tube where a tulip flame could be observed. The time
of onset of instability is identified as the time when the most unstable disturbance, associated with the
critical wavelength, grows at a faster rate than the flame front itself and exceeds a certain threshold. This
occurs after the flame has propagated a certain distance down the tube: a value which has been explicitly
determined in terms of the relevant parameters. Experimental records on the tulip flame phenomenon
support the findings of the analysis. That is, the tulip flame forms after the flame has traveled half the
tube's length, it does not form in short tubes, and its formation depends on the mixture composition and
on the initial pressure in the tube.

Introduction vanced measurement techniques, recent experi-
ments [3,4] have provided more detailed information

This study is concerned with the evolution of pre- on the flow and pressure fields. There have also been
mixed flames in closed tubes. In a typical experiment, several numerical studies aimed at reproducing the
the combustible mixture is ignited at a point at one tulip flame and possibly clarifying the physical mech-
end of the tube. During the first phase of the burning anisms responsible for its formation [4-8]. Based on
process, a spherical flame centered around the igni- these studies, various possible explanations have
tion point propagates outward, as would be the case been suggested as responsible for the formation of
in an unbounded domain. It then gradually develops the tulip flame. Although valuable insight has been
into a hemisphere that continues to grow until it gained thus far, the actual cause for the formation of
makes contact with the side walls of the tube and the tulip flame has not yet been conclusively deter-
subsequently flattens out in the center. At the begin- mined.
ning of the second phase, the flame is nearly planar. In the present study, a different approach than
In short tubes, of aspect ratio < 2, the flame remains those undertaken previously is followed. The initial
smooth until it reaches the far end of the tube. In development of a tulip flame is identified as the onset
longer tubes, however, an instability develops after of an instability on an otherwise smooth flame front.
the flame has reached a certain distance downstream. By examining the evolution of small disturbances su-
The flame acquires a peculiar shape in which its cen- perimposed on an initially planar flame, we have de-
ter part forms a cusp pointing toward the burned gas. termined explicit conditions for the occurrence of an

The first observation of this phenomenon, now re- instability along with the time of its onset. Our results
ferred to as a "tulip flame," was reported by Ellis [1]. are distinguished from all previous works on two
This work and the subsequent studies by Gudnoche counts. First, we have identified a critical wavelength
[2] revealed that the formation of the tulip flame de- for the most unstable mode, which is directly related
pends in part on the mixture composition and on the to the minimal aspect ratio of a tube where a tulip
initial pressure in the tube. Making use of more ad- flame could be observed. Second, we have identified

the role of diffusional-thermal effects on the onset of
*Currently at the Department of Mathematics and Phys- the instability and have quantified this result in terms

ics, Philadelphia College of Pharmacy and Science, Phila- of an appropriate range of Markstein length where a
delphia, PA 19104, USA. tulip flame could be observed. By identifying the role
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of the various parameters included in the model, this Y>x
work sheds additional light on the mechanisms re-
sponsible for this initial stage of the phenomenon.
The actual development of the tulip flame requires Burned Unburned

examining the evolution of finite amplitude distur- (F<°) (FO)
bances, the subject of a future publication.

x=O F(x,y,t)=0 x=1

Formulation FIG. 1. Schematic representation of a flame propagating
in a closed tube.

A homogeneous combustible mixture of density
P0, pressure po, and temperature To occupies the vol-
ume of a closed tube of length L. When ignited, a pT = P (4)
flame propagates to the right throughout the tube.
The process is considered to be adiabatic. Further- where v is the velocity field. These equations are to
more, the analysis assumes that at time t = 0, a flat be solved subject to the Rankine-Hugoniot condi-
flame has been established at the left end of the tube tions across the flame front, namely,
and follows its evolution thereafter. The model is
based on two main assumptions: [p(v'n - Vf)] = 0 (5)

1. The flame speed (typically -50 crm!s) is much
smaller than the speed of sound. Hence, the rep- [v X n] = 0 (6)
resentative Mach number VU? = S,(ypo/po)-12,
with y being the ratio of specific heats and SL be- [p + P(v" n Vf)2] = 0 (7)
ing the laminar flame speed, is very small.

2. The flame thickness, characterized by the diffu- [T] = q (8)
sion length LD = 2/pc SL, with A and cp being
the thermal conductivity and specific heat of the where H (')bur - (')..b denotes the jump in the
mixture, respectively, is much smaller than the where [ er n ()unb denotes the ju m e
length of the tuhe. Typically, LD -10-2 cm L - quantity. Here, n is a unit vector normal to the flame
10 cm, and the ratio Tpay LDIL « 1. front pointing toward the burned gas, Vf is the ve-

locity of the front measured with respect to the lab-
The first assumption implies that acoustic distur- oratory frame of reference, and q = Q/cp To is the

bances propagate infinitely fast so that the pressure heat release parameter, where Q is the specific heat
is almost instantaneously equalized throughout the of combustion. If the flame front is described by
tube. When scaled with respect to Po, the pressure F (x,t) = 0, such that the unburned gas occupies the
may be expressed in the form P(t) + y$YPp (x,t) + region F > 0 (see Fig. 1), then
... , where the small pressure variations from the
mean are included here, as they are needed to bal- VF 1 dF
ance the small change in momentum that results as n - -V Vf = ivF
the flame propagates through. The second assump-

tion implies that the flame may be treated as a sur- The only relevant boundary condition is the require-
face of discontinuity with the flow field obeying the ment that at the walls, the normal velocities vanish.
Euler equations on either side. The internal structure m plete the none nees vanish.
of the flame is needed only to determine the prop- To complete the formulation, one needs equatioe s
agation speed. rv or e uivalently for the burning rate MP

If L, SL, and L/SL are used as units of length, p(vUn - 17 (), and for the mean pressure P.
speed, and time, respectively, and the state of the Using Eqs. (3) and (4), the continuity Eq. (1) can
fresh unburned gas is used to nondimensionalize the be rewritten in the form
temperature T, density p, and pressure p, the gov-
erning equations become V = v (1/TP)dP/dt. (9)

1 Dp +When integrated over the whole volume of the tube,
-p- + V'v = 0 (1) the only contribution from the left side of the equa-p Dt

tion comes from the surface integrals along the flame
Dv front. Using relation (5) and the definition of M, one

P- = -Vp (2) obtains

PDT - y- dP (3) dP/dt = yq{f MdA (10)

Dt y cdt
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where Af is the flame surface area (per unit area of ciently less than 1 correspond to rich mixtures of
the tube cross section). heavy fuels. Thus, y depends on the mixture com-

Next, we note that the energy Eq. (3) can be re- position. Such a dependence is also anticipated in the
written in the form present case.

The flow in the unburned gas region is homen-
D PI) tropic (S = 1) and therefore irrotational. The veloc-
S= 0.I ity field can therefore be deduced from a potential v

= VP, which must satisfy V2'k = - PIyP, where the

This implies that the state of the unurned gas re- "dot" represents differentiation with respect to t. The

mains spatially uniform, though it varies in time as momentum equations serve only to evaluate the

the pressure level in the tube increases. Hence, pressure variations p.
On the other hand, the flow in the burned gas

p = Py, T = P (3-l)/v for F > 0. (12) region is rotational, as there are two sources of vor-
ticity. First, a curved flame generates vorticity be-

gcondition (8), one also finds that the flame cause, as a result of thermal expansion, the flow is
Usingtcondition by refracted on passage through the front. Second, spa-
temperature is given by tial nonuniformity in the density and pressure fields

produce a nonzero baroclinic vector Vp x Vp, which
Tf = q + P(r-l)/• (13) appears as a source term in the vorticity equation. In

the burned gas, one must, therefore, address the
where the excess of heat that causes the flame tem- complete Eqs. (1), (2), and (11).
perature to exceed the adiabatic flame temperature
T, =_ 1 + q comes from the adiabatic compression
process. Note that the entropy, proportional to S -= Analysis
p'1P'4, is also conserved along particle paths in the
burned gas region. However, as a result of the tem- The description of a planar flame, which consti-
perature jump across the flame, the temperature and, tutes our basic state, is given in Ref. 9. As the flame
hence, the density, are no longer spatially uniform. propagates down the tube, the fresh mixture is com-

The analysis of the flame structure [9] suggests pressed and pushed toward the right end, while the
that burned products move away toward the left end of

the tube. The flame front is located at x = xf(t),
M = M0(1 + uV'n) (14) where

Mo = P1"2(Tf/Ta) 31 2 exp(fl/2T0 - fl/2Tf) (15) xf = P-1"(4KPe - P)/(P, - 1) (16)

where Ma is the burning rate of a flat flame, and a with P, = 1 + yq representing the ending pressure.
Markstein-like model [10] has been assumed for the The pressure is determined by solving Eq. (10). One
dependence of M on the local curvature. Note that finds that the pressure, and hence the burning rate
in free space, where P = 1, the burning rate is that M0, increases continuously in time.
of a plane adiabatic flame, M0 = 1, as expected. In To examine the stability of planar flames, we con-
a confined environment, M0 increases due to the in- sider the following initial value problem. Small dis-
crease in pressure and temperature as the flame trav- turbances, characterized by Id << 1, are introduced
els down the tube. The parameteru, often referred at a sufficiently small time t = t,, and their evolution
to as the Markstein length, is of the order of the is followed thereafter. Only two-dimensional distur-
thickness of the flame zone and accounts for diffusive bances are considered here with u, v and x, y rep-
effects within the flame. Since it has been scaled with resenting axial and transverse velocities and coordi-
respect to the length of the tube, / = 0(6) - 10-3. nates, respectively. If the basic state is denoted with
An expression for the Markstein length has been de- an "overbar" and the disturbances with "primes," all
Heed for the case of a freely propagating flame variables are expressed in the form
[11,12], showing an explicit dependence on the heat
release parameter q, the activation energy parameter U = d(Xt + CU'(x,t)eiky
fl = E/RTo, where E and R are the overall activation
energy of the chemical reaction and the gas constant p = P (x,t) + -p'(x,t)eiky

respectively, and the Lewis number Le = 2/pcpD, V = Cei (xt)eiki
where D is the mass diffusivity of the deficient com-
ponent in the mixture. Of particular importance is P = 3(X,t) + 6p'(x,t)eiky

the finding that a is proportional to Le - 1. Values S = S(t) + eS'(x,t)ei'
of Le sufficiently larger than 1 correspond to lean
mixtures of heavy fuels, while values of Le suffi- M = Mo(t) + eM'(t)eikyJ
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where k is the wave number of the disturbance order accurate Crank-Nicolson/Adams-Bashforth
(made dimensionless with respect to L 1). Similarly, scheme. The momentum and energy equations are
the flame front is given by x = xf(t) + eA(t)eiky. solved for u, v, and S iteratively with a Poisson equa-
Substituting into the governing equations and line- tion for the pressure [9]. Since the conditions of Eqs.
arizing about the basic state yields (22), (23), and (26) are sufficient for the solution of

the Euler equations, the additional jump in pressure
u, - kv = 0 (17) (Eq. (24)) is used for the determination of C (t). Fi-

nally, Eq. (27) is solved for the amplitude A(t).
±(u, + -u•, + •u,) = -p, + (NI/j)p (18)

&c, + Uvc) = -Ikp (19) Results

S, + tiS. + Su = 0 (20) Due to the unsteady nature of the basic state, sev-
eral remarks regarding the notion of "stability" are in

pS + /3S = 0 (21) order [13]. First, since the burning process takes
place in a closed tube, the evolution is followed dur-

where the primes have been dropped for conven- ing a finite time interval. Consequently, stabil-
ience and the subscripts x, t have been used for par- ity/instability reflects the tendency of the planar
tial differentiation. It should be noted that upon tak- flame, at a given moment, to become more and more
ing the curl of the momentum equations, Eqs. (18) or less and less distorted. Second, one must observe
and (19), the terms on the right-hand side are the the growth/decay of the amplitude of the disturbance
ones producing the nonzero baroclinic vector - relative to the velocity of the advancing flame front.
Pp - Pip. The jump conditions of Eqs. (5) through For, if at a given instant in time the disturbance is
(8), evaluated across the mean position of the flame growing but the flame front is moving more rapidly,
front x = xf(t), become a local displacement would appear as decaying in the

eye of an observer and the flame would be consid-
[i] = - [fuJA - qp-h M (22) ered momentarily stable. Conversely, if the distur-

bance is growing more rapidly then the flame front,
[c] = k(P/yP)A (23) a local disturbance would appear as growing in the

eye of an observer and the flame would be consid-
[p] = - [iJ]A - 2(P•/yP)M (24) ered momentarily unstable. Third, since an instability

becomes visible in an experiment only after the mag-
[S] = -[SJA. (25) nitude of the disturbance has grown sufficiently

large, the determination of the critical time t, for the
In addition, the solution must satisfy the boundary onset of instability is not obvious. Here, it will be
conditions assumed that t, corresponds to the time when the

amplitude of the disturbance, which is now growing
u(0,t) = u(1,t) = 0. (26) more rapidly then the flame itself, reaches the value

A/ixf = 1. Other definitions of t, leads to qualitatively
Finally, Eq. (14), for the burning rate, yields equal results; the precise definition can only be made

by direct comparison to experimental data.
A - u-,A = u + P - 1 M at x = xf (27) A small disturbance is introduced at time t,

0.005 on a nominally flat flame located at xf - 0.03.
where M = -p(P/yq)k2 A. The initial time t = t, constitutes approximately 1%

Since the state of the unburned gas is spatially uni- of the total time of the combustion process and is
form, it is unaffected by any disturbance; hence, S sufficiently small to ensure numerical stability. The
= p = 0. The flow and pressure fields in the un- initial amplitude A(tJ.) has been chosen so that the
burned gas can then be determined explicitly as disturbed flame front assumes the initial form x =

xf(t,){1 + e cos ky}. The results reported below are
u = -kC sinIc k(1 - x), based on the following choice of parameters: y

V = WC cosh k(1 - x), (28) 1.4, q = 6, and # = 20.
The growth of the amplitude of a disturbance of

p = _ p"ý' [C cosh k(1 - X) wave number k relative to the unperturbed flame is
shown in Fig. 2 for the value p = 0.004. For long

- (P/yP)Ck(1 - x) sinh k(1 - x)] (29) wavelength disturbances (k < 13), the ratio Aix1 re-
mains small and never exceeds its initial value. The

where the function C (t) remains to be determined, flame reaches the right end of the tube before the
In the burned gas region (0 < x < xf(t)), the problem perturbations have developed to a significant mag-
is solved numerically based on a two-level second- nitude. For moderate wavelength disturbances, A/xf
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FIG. 2. The growth of the amplitude A relative to the FIG. 3. The growth of the amplitude A relative to the
moving flame for selected values of thie wave number k and flame position for selected values of the wave number k
for / = 0.004. and for the following two values of the Markstein param-

eter: p = 0.005 (solid curves) and p = 0.001 (dashed

first decreases, reaches a minimum, and then in- curves).

creases rapidly in time. After the flame has reached
a certain distance down the tube, flame front distur- 5=.0035
bances grow at a faster rate than the flame itself, 5° _ _

which indicates the onset of an instability. Indeed, as .0038

the flame nears the right end of the tube, the per- 4 ---

turbations decay because the gas is coming to rest. 4o
Before reaching this stage, however, some distur- .0042

bances have been amplified to an extent that the k ,0-
flame front has been significantly distorted. For ex- lc 3o .0046

ample, for k = 30, the relative size of the amplitude ,
of a disturbance A/xf - 3, whereas for k = 20, the .0050

value Aix - 7. The assumption of small disturbances 20-

eventually breaks down, and the inclusion of nonlin-
ear effects (not discussed here) is needed for the de-
scription of the new flame structure. For small wave- 10.4 06 0.8 (0

length disturbances (k > 40), the ratio A/xf decays 37
quite rapidly to zero without exceeding its initial
magnitude. FIG. 4. Neutral stability curves for selected values ofau,

The above results indicate the existence of a range indicating the range of the unstable modes along with the
of moderate wave numbers that correspond to grow- position xf for their onset. The dashed curve represents the
ing modes. In particular, a maximum value k = k, critical value k, vs xý.
exists (k, - 30 in Fig. 2), corresponding to the first
growing disturbance. All disturbances with k > k, are
damped out, while those with k < k, begin to grow number of disturbances that start growing, after
at increasingly later times. Thus, k, identifies the dis- reaching the position xJ (the value ofxf at the turning
turbance that is most likely to be manifested first as point). The disturbance with wave number k = k,
an instability in an experiment. grows first and is, therefore, the most dangerous

The results of Fig. 2 are representative for values mode. The dependence of kc on xj is identified by
of p in the rangep. <,u <1 r*, wherep. - 0.001 and the dashed curve in Fig. 4, while its dependence on
p* - 0.006. Outside of this range, the planar flame p is shown in Fig. 5.
is either absolutely stable (forp >/up) or unstable to Our predictions can be understood as resulting
all disturbances (forp < yQ), as exemplified in Fig. from an interplay between hydrodynamic and diffu-
3. Note that when the disturbances are damped out, sional-thermal influences, modified by the effects
small wrinkles decay much more rapidly than large due to confinement. The density decrease across the
wrinkles. But when amplified, small wrinkles begin flame gives rise to the well-known hydrodynamic in-
to grow earlier and at a faster rate than the large stability [14,15]. Accordingly, disturbances of all
wrinkles, wave numbers grow; in particular, short waves grow

Neutral stability curves are shown in Fig. 4 for po faster than long waves. Under confinement, however,
<pu <p'*. For a given p, there exists a band of wave the amplification rate is lower than in open space [9],
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50- typical in the reported experiments. Second, as ob-

served, the instability develops after the mean posi-
tion of the flame exceeds xi, with x* > 0.5. Multicells

40 with n > 2 may also develop at tLe onset of the in-
stability in wide tubes. However, as the flame travels

f-arther down the tube, the longer waves (k > ko)
appear to grow faster (Fig. 2) and will eventually

30o dominate the flame shape. Hence, multicells may
quickly disappear in favor of a single-cell structure.
Multicells have been reproduced in a numerical
study [6] that simulates ignition at the left end of the

20o tube at two points. This situation is effectively similar
to a one-point ignition in a wider tube, which is in
agreement with our prediction.

10 0.0 The perturbed flow field during the initial devel-
0.003 0.004 0.004 0.005 opment of the tulip flame consists of two recircula-

AL tion zones in the unburned gas, one on each side of
the mid plane. When the intrusion of the flame front

FIo. 5. The depenengce of the critical wave number k at the center of the tube is convex toward the burned
0n the Markstein length u, gas (e < 0), the circulation appears clockwise, in

agreement with experimental measurements [3]. Al-
though this circulatory motion may not be consid-

because the time for the development of a distur- ered as the main factor in the development of the
bance is limited and because, relative to an acceler- instability, it probably has an effect on the eventual
ating flame, disturbances grow slower. Hence, the formation of the tulip flame. As disturbances grow,
very long waves are not sufficiently amplified to de- the perturbed flow, which opposes the gas motion at
velop into an instability. On the other hand, diffu- the center of the tube, may become sufficiently large
sional-thermal effects within the flame often exert so as to advect the flame into a shape, whereby its
stabilizing influences, thereby stabilizing the small center part becomes increasingly more convex with
wavelength disturbances. In this case, there will be respect to the burned gas. Consistent with this, one
only a narrow band of growing wavelengths, as pre- finds that the flame temperature, and hence the
dicted. Otherwise, disturbances of all wavelengths burning rate, decreases at the convex portion of the
are amplified. Diffusional-thermal effects are known flame front.
to have stabilizing effects in mixtures for which Le It should be pointed out that the linear stability
> Le., for some Le. slightly below 1 [11,12], or theory is limited to the determination of the condi-
equivalently for p > uv as our results indicate. tions for the onset of an instability and does not com-

Although the analysis puts no restrictions on the pletely determine the new structure that develops
lateral dimension, the results can be applied to a thereafter. Indeed, the present theory suggests that,
flame propagating in a tube of finite width if one at the onset of the instability, a flame shape that is
focuses on that portion of the flame surface that exists convex toward the unburned gas at the center of the
between two streamlines that are 27i/k apart. The tube (i.e., with 8 > 0) is equally probable. A nonlinear
flow field in the region - 7r/k < y < r/k would then theory, which accounts for finite amplitude distur-
correspond to an idealization of that within the tube, bances, is needed to determine the unique flame
because the transverse velocity component Re(v) shape that is observed experimentally as well as the
then vanishes at both sides. Consider now a mixture formation of the cusp at the center of the tube.
in a tube of aspect ratio (length to width) AR. Our
results suggest that for/p > ,u, no instability will be
observed when AR < k0/27r, and the flame will re- Conclusions
main planar throughout the propagation. In longer
tubes, however, the initially planar flame evolves into The initial development of a tulip flame has been
a corrngated front identified by a wave number ko -Ž identified as the onset of an instability on a nominally
k•, where k. = 2nn AR, with n being an integer. A planar flame. As the planar front accelerates down
one-cell structure indented toward the burned gas at the tube, the fresh mixture ahead is compressed and
the center of the tube, thus resembling the initial pushed downstream, whereas the burned products
form of the tulip flame, results when n = 1 and e < expand and move upstream. The density decrease
0. These results are in complete agreement with the across the flame gives rise to a hydrodynamic insta-
experimental observations referred to earlier [1-4]. bility (the Darrieus-Landau instability). The limita-
First, the predicted critical wave numbers (Figs. 4 tion imposed by the finite duration of the process
and 5) correspond to AR in the range 3-8, which are does not allow the long wavelength disturbances to
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An experimental study has been conducted on the effect of unburned mixture properties on flame
front disturbance induced by acceleration. Experiments were performed using a rectangular combus-
tion chamber of 80 X 80 X 440 ram. The flame front disturbance was observed in two different
directions by high-speed schlieren photography. Mixtures used are of three different concentrations
(4> = 0.8, 1.0, and 1.25) of methane/air and two different concentrations (0 = 1.0 and 1.5) of pro-
pane/air. For the methane/air mixture of 4s = 1.0, experiments were performed at three different
initial pressures (P, = 50, 70, and 101 kPa). The observed disturbance was of a very fine structure
of circular spikes, which penetrated into the burned gas. The scales of disturbance were measured
and indicated to be in the range of 1.7-4.0 mm. The circular spike shape is a typical structure in-
duced by accelerating the flame front where the density changes steeply. However, the shape of the
disturbance observed for a rich propane/air mixture was not of circular spikes but of a net of ridges,
For the rich propane/air mixture, the effect by preferential diffusion was remarkable and the distur-
bance of a different structure was generated. For the methane/air mixtures, the scale was the small-
est at s = 1.0 and larger at (P = 0.8 and 1.25. The scale for the propane/air mixture of 4 = 1.0
was slightly larger than that in the methane/air mixture of 4) = 1.0. The scale became larger with
the decrease of the initial pressure. The measured scales were compared with the preheat zone
thicknesses of corresponding flames. It was shown that the scale is closely related with the flame
thickness. The scale of disturbance is found to be about 15 times as large as the preheat zone thick-
ness.

Introduction sent experimental study, because it can be easily con-
trolled. Indeed, so many examples can be found of

Knowledge of the disturbance appearing on a the disturbance appearing on a flame front acceler-
propagating flame front is indispensable in under- ated by a pressure wave [2,7-15].
standing the behavior of gas explosions [1-3] and the This type of flame front disturbance induced by an
characteristics of reciprocating engines [4,5]. There- acceleration has been studied by several researchers
fore, it is necessary to study the flame front distur- who were interested in the instability of the flame
bance for an accurate prediction of gas explosion be- front as an interface of different density gases [13]
havior and an appropriate improvement of and the interaction of the flame front with acoustic
reciprocating engines, waves [11,12]. In our previous studies [2,10], fine dis-

Disturbance on a propagating premixed flame turbance was found to be generated on a laminar
front is known to be generated by several causes such propagating flame front when it was stimulated by a
as turbulence of the approach flow, hydrodynamic weak pressure wave. Such disturbance was easily en-
instability, diffusion-thermal instability, and nonuni- hanced or suppressed, respectively, by accelerating
fortuity of the unburned mixture [6]. Among these or decelerating the flow field. We have also made
causes, the hydrodynamic instability, especially that simultaneous observation in the two different direc-
induced by an acceleration of the flame front, has tions of the flame front disturbance to elucidate its
been examined in this study. A weak pressure wave three-dimensional structure [14,15]. As a result, the
was applied to accelerate the flame front in the pre- structure of disturbance was found to be in the shape

1415
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of a circular spike. However, detailed characteristics Knife Edge U

of the circular spike have not sufficiently elucidated. High Speed Camera
The objective of the present study is to examine the
effects of unburned mixture properties on the be- FIG. 2. Schematic of the high-speed schlieren system.
havior of the circular spike. The results will be useful
to predict the flame front disturbance induced by
acceleration. sure, the paraffin paper sheet broke suddenly. Then,

a rarefaction wave started to propagate toward the
combustion chamber, and a pressure wave started to

Experimental propagate in the opposite direction and reflected at
the end wall of the small chamber. The part of the

The combustion chamber used in the present ex- flame front propagating toward the glass window of
periments is schematically shown in Fig. 1. It is rect- the end wall first decelerated by passing of the rar-
angular, with internal dimensions of 80 x 80 mm in efaction wave and successively accelerated by passing
cross section and 440-mm long. On the upper wall, of the pressure wave. Disturbance on the flame front
a pressure relief membrane is installed, circular in was generated by the acceleration. The advantage of
shape and 40 mm in diameter. Both side walls hold using such a weak pressure wave as generated by the
windows, each of which is fitted vith an 80- × 180- breakage of paraffin paper is that flame front distur-
mm optical glass plate. One end wall of the chamber bance can be generated without distorting the whole
also holds a window fitted with an 80- x 80-mm flame shape [2,10]. At the final stage of each test, the
optical glass plate. At the other end, a small chamber pressure relief membrane failed to provide a vent to
is connected to the combustion chamber. The cross prevent the windows from breaking due to an exces-
section of the small chamber is the same as that of sive pressure rise.
the combustion chamber, and its length is 40 mm. A The flame front disturbance was recorded on high-
spark gap is installed at the center of the cross section speed sehlieren photographs taken simultaneously in
in the combustion chamber 30 mm away from the two different directions through the windows of the
end of the small chamber. combustion chamber [14,15]. The schlieren system

The combustible gases used were methane and used in the present experiments is shown schemati-
propane. These gases were mixed with air in a mixing cally in Fig. 2. The schlieren photograph of a flame
tank before each test and subsequently introduced front observed in the direction normal to it was taken
in the pre-evacuated combustion chamber. The ini- through the glass window of the end wall. The light
tial pressure of the combustion chamber was set to from the argon laser used as a light source was guided
be a prearranged value. At the start of each test, the by an optical fiber into the combustion chamber. A
gas was quiescent and the concentration distribution point light source at the end of the optical fiber was
of the combustible gas was uniform in the combus- located near the ignition point. The light emitted
tion chamber. An electrical spark at a spark gap was from this light source passed the flame and glass win-
used to ignite the mixture. The small chamber was dow of the end wall and was focused by convex
used to generate a weak pressure wave. Before start- lenses. After being partly cut by a knife edge near a
ing each test, the small chamber was separated from focal point, the light reached a high-speed camera.
the combustion chamber by a membrane of paraffin The camera used in the present experiments was a
paper and filled with the same mixture at the same 16-mm high-speed cine camera operated at a fram-
initial pressure as the combustion chamber. After ig- ing rate of 4000 frames/s. The advantage of this sys-
nition, when the pressure in the combustion cham- tem is to reproduce a situation in which (a) the light
ber became about 30 kPa higher than the initial pres- source is placed inside of the flame sphere and (b)
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there is only one objective flame front in the schlie- creases more rapidly after this point. This rapid pres-
ren optical path. At the same time, the schlieren pho- sure increase must be caused by the increase of the
tographs taken in the direction of the tangent line of flame front area by generated disturbance.
the leading flame front were taken through the win-
dows installed in both side walls by using a mercury- Effect of Mixture Properties on Disturbance:
vapor lamp and concave mirrors with a 3000-mm fo-
cal length. This traditional setup of schlieren The flame front disturbance was observed for the
photography was adopted because the photograph cases of five different mixtures of methane/air with
taken by this system and the previous one may give 4) = 0.8, 1.0, and 1.25 and propane/air with 4) = 1.0
us an image of the three-dimensional structure of and 1.5. In Fig. 6, five pairs of photographs are
flame front disturbance. The schlieren photographs shown, which represent the flame front disturbance
taken in the tangent direction of the leading flame for the above five cases. As pointed out in the pre-
front were recorded by a high-speed 16-mm cine vious section, the shapes of disturbance observed in
camera synchronized with the camera used to take the cases, except for that of a propane/air mixture of
schlieren photographs in the direction normal to the 4) = 1.5, are seen to be of circular spikes. In the case
flame front. of the propane/air mixture of 4) = 1.5, no circular

disturbance can be found but a net composed of
thick lines is seen in the front view. In this rich pro-

Results and Discussion pane/air mixture, the preferential diffusion effect is
known to be remarkable. This effect limits the de-

Aspects of Disturbance: formation of flame front to a certain amplitude. The
deformation caused by the preferential diffusion ef-

Typical results are shown in Fig. 3. The combus- feet develops to the next point along the flame front.
tible mixture was of methane/air of (P = 1.0, and the This results in ridge shapes of disturbance, instead
initial pressure was 70 kPa. The series of high-speed of circular spike shape. This should be the reason
schlieren photographs shown in Fig. 3 were simul- why circular spike shapes of disturbance were not
taneously taken in two different directions. The var- observed only for the rich propane/air mixture.
iable t represents the time from ignition. The The diameters of circles representing the circular
photographs on the left side in the figure were taken spike shapes of disturbance and the distances be-
in the normal direction to the flame front (front view) tween the centers of two neighboring circles were
and photographs on the right side were taken in the measured as representing scales of turbulence. The
tangent direction of the leading flame front (side mean value of the measured diameters and distances
view). Movement of the leading flame front was ex- are shown in Table 1. The range of the measured
amined on the sehlieren photographs, and the posi- values are also listed in the same table. It is seen that
tion and velocity of the leading flame front are seen the diameter is the smallest for the methane/air mix-
in Fig. 4. The leading flame front is shown to first ture of 4) = 1.0 (1.7 mm) and the largest for the
decelerate by being passed by a rarefaction wave and methane/air mixture of 4P = 0.8 (2.6 mm). The dis-
subsequently accelerate by a weak pressure wave re- tance is also the smallest for the methane/air mixture
flected at the end wall of the small chamber. For t of 4P = 1.0 (2.2 mm) and the largest for the propane/
= 27.31 ms, no disturbance is observed in both the air mixture of 4) = 1.0 (2.9 mm). For the methane/
front and side views. Nonuniform images seen in the air mixtures, the scale is smaller at 4) = 1.0 and larger
background of front view photographs were caused at 4P = 0.8 and 1.25. For the propane/air mixtures,
by interference of the laser light. In the side view, the scale is smaller at 4) = 1.0 and larger at 4) = 1.5.
small-scale disturbance appears at t = 27.57 ms. The The scale for the propane/air mixture of 4) = 1.0 is
side view of this disturbance has been observed in slightly larger than that for the methane/air mixture
our previous studies [2,10,14,15]. This disturbance of 4) = 1.0.
seems to be caused by penetration of the flame front
into the burned gas. Circular images of disturbance Effect of the Initial Pressure on Disturbance:
suddenly appear in the front view at t = 28.09 ms,
about 1 ms after the start of acceleration. Individual Experiments were performed for three different
shapes of disturbance are inferred to be of circular initial pressures of the methane-air mixture of 4) =
spikes. The scale of these spikes is in the range of 1.0. The results are shown in Fig. 7. The circles rep-
1.7-4 mm. It is shown that very fine disturbance is resenting circular spike shapes of disturbance are ob-
generated on the flame front within a very short pe- served in the front views for every initial pressure.
riod, less than 1 ms. Pressure variations in the com- The scales (the diameter and the distance) of these
bustion chamber under several conditions are shown circles were measured and listed in Table 1. It is seen
in Fig. 5. The pressure increases smoothly at an early that the scale of flame front disturbance becomes
stage after ignition and starts to oscillate after the larger with the decrease of initial pressure. The larg-
separating paper breaks. The mean pressure in- est scales were observed at the lowest initial pressure
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Front view Side view

Unburned gas side Burned gas side

t=26.52ms

t=26.78ms 4 ,4,; >,

t=27.04ms

t=27.31ms

t=27.57mst

t=27.83ms

t=28.O9ms ~\

t=28.35ms

t : imefro igitio Scle 0mmFIG. 3. High-speed schlieren pho-
Timefromigniion cale10mmtographas taken in two different di-

rections. Mixture: methane/air of 0
0mm L= 1.0; initial pressure p,: 70 kPa.

I I (50 kPa), and they are 3.9 mm (diameter) and 4.0
,, mm (distance).

200 605
V iscussion:

0) 0

41 It has been postulated that the shape of flame front
40 *~disturbance is closely related to the mechanisms that

S sustain or enhance the disturbance [7,14, 15]. In this
S study, the flame front disturbance is induced by the

-20 acceleration during pressure wave passing. This type
C ý. of disturbance is understood to he formed by the

Onset of - difference of induced velocities across the flamne
ditubac > front where the steep density change exists. The in-

L _ ' A0 duced velocity can be evaluated by using the follow-
22 24 26 28 30 ing equation [8]:

Time from ignition, , Ims

FiG. 4. Position and velocity of the leading flame front. do lwlb-1pnX( p 1
Mixture: methane/air ofo = 1.0; initial pressure p,: 70 kPa. = d 1t- /~ n p 1
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I I I point where the angle between the vector n and Vp

iInitial pressure is larger. Thus, the top of the hollow-shaped distur-
bance develops rapidly in the direction to the burned
gas. The small fluctuation is believed to grow to be a

200 spike-shaped disturbance.
In the above discussion, the disturbance grows

rapidly as its scale becomes smaller. However, the
observed scale of disturbance is finite (1.7-4.0 mm),
so that the rate of disturbance growth must be lim-

Pi=10lkPa ited. Thus, the mechanism by which the scale of this
kind of disturbance is determined seems to be im-

100 0 =0.83 portant to predict the rate of disturbance growth but
7Pi=7OkPa has not been elucidated sufficiently. Searby and

Rochwerger [11] studied cellular flames formed in a
Pi=50kPa tube where acoustic standing waves existed and pro-

S0 posed a model to explain the stability limit and the
20 4( scale of disturbance. In this study, the scale of cel-

Time from ignition , t, Ins lular structure in an acoustic field was determined by
the coupling mechanism between the flame and the

FIG. 5. Pressure variations in the combustion chamber, acoustic field. Whereas, in our study, the disturbance
Mixture: methane/air of 0 = 1.0, except for one datun (0 is generated by only one pulse of acceleration, and
= 0.8). there is no coupling of periodic phenomena. The

scales observed in the present study were much
smaller than that observed in the acoustic field.

where do/cdt is the rate of vortex generation at the If the scale of disturbance becomes much smaller,
flame front, 6 is the flame front thickness across the rate of disturbance growth is considered to de-
which the density changes from the density of un- crease because the transport of momentumn, heat,
burned gas p,, to that of burned gas Pb,, n is the unit and species becomes extremely large. Therefore, the
vector normal to the flame front and pointing to the balanced scale might exist in which the disturbances
unburned gas, and Vp is the pressure gradient across can develop most effectively. It is known that trans-
the pressure wave. The induced velocity along the port occurs effectively in the flame front where the
flame front can be evaluated by the value dw/dt. If temperature and concentration of species change
a small fluctuation like a hollow convex to the burned steeply. Thus, there must be a certain relation be-
gas side exists, the indtced velocity is larger at the tween the scale of disturbance and the flame front

Front view Side view
Mixture

Unburned gas side Burned gas side

Methane 08 10mma/Air =0.8 •

% 0mm

Methane 10 Scale
/Air

Methane • 1.25
/Air

Propane =1.01.0

' ' *;••:* •'• : FIG. 6. High-speed sehlieren pho-Propane .,,0 tographs representing the effect of

Propane •,=1.5mixture properties on the flame front
/Air disturbance. Initial pressure pi: 101':)•• ""f't ! kPa.
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TABLE I
Measured scale of the flame front disturbance

Pressure at Preheat zone
the onset of Diameter of Distance of thickness

Initial pressure p, disturbance circles- circles 65,.
Mixture Concentration (kPa) (kPa) (mm) (mm) (mm)

Methane/Air 05 = 0.8 101 167 2.6 2.8 0.22
(2.1-3.1) (2.5-3.2)

05 = 1.0 192 1.7 2.2 0.14
(0.8-2.4) (1.5-3.0)

4) = 1.25 162 2.1 2.4 0.17
(1.6-2.7) (2.2-2.7)

Propane/Air 4P = 1.0 177 2.3 2.9 0.18
(1.3-2.8) (1.9-3.3)

45 = 1.5 167 (not circular) (not circular) 0.26
Methane/Air 05 = 1.0 70 131 3.1 3.7 0.21

(2.1-4.8) (2.8-4.8)
50 103 3.9 4.0 0.26

(1.4-7.6) (2.5-5.7)

"Mean value. The range of the measured values is shown in parentheses.

Initial Front view Side view where A is the conductivity, cp is the specific heat, p,
pressureUnburned gas side Burned gas side is the density of unburned gas, and S. is the burning

I velocity. Here, 35pr was calculated for each test at the

same pressure and temperature as the moment when
1010. disturbance was observed. The measured value was

used for the pressure in the combustion chamber.
The temperature was estimated by assuming adia-

" , b hatic compression of the unburned mixture. The re-
7ltk ,, sults of experimental measurements [17,18] were
7 •used for the burning velocity. The calculated preheat

zone thicknesses are listed in Table 1 and plotted in
• , Fig. 8 against the diameter of the circular spike shape

50kPa .circular spike shapes. It is seen that a mutual corre-
lation exists between the scale of disturbance and

Scale Iamm preheat zone thickness. It is also seen that the scale
of disturbance is about 15 times as large as the cal-

0mm[ culated thickness of the preheat zone.

FIc. 7. High-speed schlieren photographs representing Conclusions
the effect of the initial pressure on the flame front distur-
bance. Mixture: methane/air of 04 = 1.0. Detailed structure of flame front disturbance in-

duced by a weak pressure wave has been studied ex-

thickness. The comparison has been made between perimentally, and the following conclusions were de-

the observed scale of disturbance and the preheat rived.
zone thickness, which is assumed to represent the The observed disturbance was of a very fine struc-t ure of circular spikes, which penetrated into the
flame front thickness. The preheat zone thickness 6 hPurned gas. The scales of disturhance were measured
was calculated by using a simple heat transfer rela- and indicated to he in the range of 1.7-4 mm.
tion given by the following equation [16]: The circular spike shape is a typical structure in-

duced by accelerating the flame front where the den-
6

51_ = In 100 (2) sity changes steeply. However, the shape of the dis-
c1,, p S" turbance observed for a rich propane/air mixture was
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O : Diameter of circles representing disturbance Transfer 108:877 (1986).
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* Distance between the centers of 3. Tamanini, F., and Chaffee, J. L., Twenty-Fourth Sym-
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COMMENTS

A. C. McIntosh, Leeds University, UK In recent work trmded into the burnt side. Your paper does not mention
[1], it has been demonstrated that the Rayleigh-Taylor ef- this. Did you observe this phenomenon?
feet at a flame induced by a pressure gradient interacts with
the diffusional-thermal instability (i.e., there is a Lewis REFERENCE
number dependence). Thus, forfuel-rich hydrocarbons the
spikes will occur much more readily than on the fuel-lean 1. Edwards, McIntosh, and Brindley, Combust. Sci. Tech-
side. For a constant value of pressure gradient (burnt to nol. 99:179-200 (1994).
unburnt), you need to plot instability growth against mix-
ture strength to demonstrate this. Author's Reply. 1. The objective of this study is to elu-

Secondly, in the same paper (above) the mushrooming cidate the characteristics of the structure and scale of dis-
effect was demonstrated as the spikes of unburnt gas pro- turbance induced by the hydrodynamic instability (the Ray-



1422 LAMINAR FLAMES

leigh-Taylor effect) to understand the initiation of when it is accelerated. In this study, small perturbations of
disturbance on the propagating laminar flame front. The laminar flame front grow to be spike-shaped disturbances.
dependence of the growth rate on the Lewis number is out In a turbulent flame, convex parts of the distorted flame
of our scope in this study. front will develop and protrude toward the burned gas side.

The flame front disturbance induced by the Rayleigh- Such phenomena were observed at the final stage of an
Taylor effect is essentially different from that induced by experiment when disturbance of flame front was fully de-
the diffusion-thermal effect (Lewis number effect). The veloped. A spike-shaped disturbance was observed to ap-
former must grow more rapidly as the amplitude increases, pear in the side-view high-speed schlieren photographs.
although the growth of the latter must be balanced at a However, the shape of the flame front was very compli-
certain amplitude. Therefore, the structures of these cated and the detailed structure, such as the scale of the
should be quite different (see Ref. 14 in our paper). The disturbance, could not be examined.
structure of the former becomes the spike shape (three-
dimensional structure). On the other hand, that of the lat-
ter becomes the ridge shape (two-dimensional structure).
If these two effects are interacting, the structure of the H. S. Mukunda, Indian Institute of Science, India. The
disturbance can not be a circular spike shape, but a com- governing instability in the experiments appears to be of
plex shape. In the case for a rich propane/air mixture when Landau-Darries type. Linear stability results are available.
the Lewis number effect is efficient, we have observed the Also, some recent computations of linear stability with var-
front view composed of variously shaped lines (see Fig. 6). iable properties seem to indicate most unstable wavelength

2. We have never observed the formation of the mush- to flame thickness ratio (for H5-air system) of 13 for con-
room-shaped structure, although we have performed a lot stant properties and 30 for variable properties [see Mu-
of experiments in methane/air and propane/air mixtures. kunda and Drummond, "Two Dimensional Linear Stability

of Premised Laminar Flames under Zero Gravity," Appl.
10 Sci. Res. 51:687-711 (1993) or NASA TP 3131]. These

seem to be in a range similar to the values you are reporting
Kuldeep Prasad, Yale University, USA. Is there an ex- from your experiments.

planation for flame deceleration before it accelerates under
the influence of the pressure wave? Author's Reply. The governing instability in our experi-

ments should not be of the Landau-Darries type but of the
Author's Reply. In our experimental setting, the pressure Rayleigh-Taylor type. The Landau-Darries type instability

of the small chamber is lower than that of the combustion is a fluid dynamical instability induced by an expansion of
chamber when the separating membrane breaks. There- gas at a flame front. It must occur without stimulation by
fore, a rarefaction wave passes the flame front before the a pressure wave; however, no disturbance was observed in
passage of the weak pressure wave. The passage of the our experiments unless a pressure wave was applied. The
rarefaction wave decelerates the flame front. Rayleigh-Taylor type instability is observed at an interface

between two fluids of different densities when the interface
is accelerated toward the heavier fluid side. Spike-shaped
disturbance was observed to appear not only on a flame

Bernhard Baiierle, Inst. fair Technische Verbreunung, front but also on a nonreacting interface where no expan-
Gernany. Do you expect that the flame front disturbances sion occurs [1].
you observed in your flame fronts could also occur in tur-
bulent premised flame fronts?

REFERENCE
Author's Reply. It is expected that the flame front dis-

turbance could develop also on a turbulent flame front 1. Lewis, D. J., Proc. R. Soc. London, Set. A 202:81 (1950).
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The combustion process of polymers is a complex coupling of energy feedback from a flame to the
polymer surface with gasification of the polymer to generate combustible degradation products. Although
there are extensive studies of the effects of wind velocity, gas phase oxygen concentration, external thermal
radiation, and gravity on the combustion of polymers, the effects of polymer characteristics on combustion
and flammability are not nearly as well understood as those in the gas phase. At present, detailed governing
equations for continuity, momentum, energy, and chemical species concentration in the gas phase can
readily be written with appropriate boundary conditions, and their solutions can be derived for various
cases. However, even those governing equations cannot be derived for the condensed phase without
understanding of the governing chemical and physical processes that control the gasification of polymers.
This paper concentrates on describing various observed phenomena in polymers (which have been often
ignored or neglected) during their combustion, some or all of which might have significant effects on the
burning rate and flammability properties. Because of a lack of understanding of the basic combustion
mechanisms of polymers, theoretical models able to predict combustion phenomena and flammability
properties are not available. In order to overcome this problem, global material characteristics are currently
measured by well-defined test methods, and the results are used as inputs to fire growth models intended
to predict behavior of the materials in specific fire scenarios. To improve the fire performance of polymers,
a nonhalogenated char-forming flame-retardant approach is suggested, and its benefits are discussed.

Introduction understand how synthetic polymers burn and how to
modify the materials to make them less flammable

Synthetic polymers are a pervasive part of today's in order to pass such tests without compromising the
society. They can be found in nearly every commer- uniquely valuable physical properties. This paper de-
cial building, residential house, transportation vehi- scribes the current understanding of the role of the
cle, etc.; they permeate our surroundings. Total poly- condensed phase in combustion of synthetic poly-
mer production in the USA in 1992 was roughly 26 mers, theoretical modeling in the condensed phase,
million tons [1] (additional 5 million tons for syn- flammability measurement, and methods to reduce
thetic rubber and fibers), and it is expected that a their flammability.
similar amount of polymer production will continue.
Today, synthetic polymer materials are rapidly re- Combustion Process
placing more traditional materials such as steel and
nonferrous metals and natural polymeric materials Combustion of synthetic polymer materials is
such as wood, cotton, natural rubber, and so on, but characterized by a complex coupling between con-
they also are original materials in their own right, densed and gas phase phenomena. Furthermore, the
possessing uniquely valuable physical properties, phenomena in each phase consist of a complex cou-
However, one weak aspect of synthetic polymer ma- pling of chemical reactions with heat and mass trans-
terials compared with steel and other metals is that fer processes, as described later. Since the gas phase
these materials are combustible under certain con- phenomena, such as chemical reaction, turbulence,
ditions. Thus, the majority of polymer-containing soot formation, and so on, have been extensively
end products (for example, cables, carpets, furniture) studied and described elsewhere, this paper concen-
must pass some type of regulatory test to help assure trates on the less-explored condensed phase phe-
public safety from fire. Therefore, it is important to nomena and their role in flammability.

Radiative Heat Transfer:

"Contribution from the National Institute of Standards In order to burn a polymeric material, thermal en-
and Technology; not subject to copyright. ergy must be added to the material to raise its tem-
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sample.-" There are no published papers concerning
how significantly the bubbles affect the heat transfer
process in the sample by modifying heat conduction
and/or scattering the incident external radiation, but

02 -- ,j 02 potential effects could be large.

Gas phase Degradation Reactions:

When temperatures near the surface become high,
Bubbles Polymer thermal degradation reactions occur and evolve small

(thermoplastics) gaseous degradation products. The majority of the
S Temperature evolved products is combustible. Depending on theTeDipeturen nature of the polymer, thermal degradation reactions

may proceed by various paths. Since there are several

FIG. 1. Shebenatic illustration of (t pla ) recent books and articles describing thermal degra-
gasification. The solid line is thi potyner dtieropastic) dation chemistry in detail [15-17], only an extremely

for an opaque material, and the dashed line is for a dia- brief discussion is presented here. It has been ac-

toernic mnaterial. cepted that the majority of vinyl polymers degrade
thermally by a free radical chain reaction path. Free
radical chain reactions consist of random or chain-

perature sufficiently to initiate degradation. This en- end-initiated scission, depropagation, intermolecular
ergy could be from an external source, in the case of or intramolecular transfer, and termination reactions.
an ignition event, or from an adjacent flame as energy Polyethylene (PE) is a typical example of a polymer
feedback in the case of flame spread and burning, that undergoes scission at random locations on the
Thermal radiation is a primary mode of energytrans- main chain to yield many smaller molecular frag-
fer from the flame to the polymer surface except for ments. Polystyrene (PS), polypropylene (PP), and
small samples (roughly less than 10-cm diameter) polymethylacrylate (PMA) belong to this group.
[2-6]. The amount of energy absorbed by the poly- Polymethylmethacrylate (PMMA) undergoes a re-
meric material depends on the level and the spectral versal of the polymerization reaction after the initial
characteristic of the radiant flux, absorption charac- breakage and yields mainly monomer molecules.
teristics of the material, and the material surface re- Polyoxymethylene, poly-a-methylstyrene, and poly-
flectance with respect to the emission spectrum of tetrafluoroethylene belong to this group. These two
the incident radiation [7-10]. Generally, the emis- groups of polymers undergo almost complete deg-
sion spectra of large flames are continuous in the radation while leaving hardly any char (carbonized
infrared, as a result of high-temperature soot parti- polymer residue). Polymers with reactive side groups
cles, with additional strong emission bands from H2 0 attached to the backbone of a polymer chain may first
and CO2 [6]. The absorption spectra of polymeric degrade as a result of interactions or instabilities of
materials consist of numerous absorption bands in these groups; such reactions may then lead to scission
the infrared wavelength region, depending on the vi- of the backbone. Polyvinylchloride (PVC) and poly-
bration modes of the molecular bonds in the polymer vinyl alcohol (PVA) are examples of such polymers.
structure [11,12]. If the effective absorption coeffi- This group tends to undergo cyclization, condensa-
cient of the material with respect to the external ra- tion, recombination, or other reactions that ulti-
diation is small, a large amount of the material be- mately yield some char. Diene polymers, polyacry-
neath the surface is heated, which slows the rate at lonitrile, and many aromatic and heterocyclic
which the material approaches its degradation tem- backbone polymers also belong to this char-forming
perature range. However, if the effective absorption group. Common to the pyrolysis of all these polymers
coefficient is large, most of the radiation is absorbed is the formation of conjugated multiple bonds, tran-
close to the surface, and a thin layer of the material sition from a linear to a cross-linked structure, and
is rapidly heated to its degradation temperature an increase of the aromaticity of the polymer residue
range. In this case, the ignition delay time becomes [18]. For polymers containing aromatic carbon and/
shorter for the same external radiant flux [13,14]. or heterocyclic links in the main chain of the polymer
Also, the maximum temperature in the material is at structure, general features of their pyrolysis and char
the surface with an opaque material instead of below
the surface with in-depth absorption [9,10,13]. Two -Most linear or branched polymers can be made to
different temperature distributions are shown in Fig. soften and take on new shapes by the application of heat
1. The solid line is the temperature distribution for and pressure. These polymers are said to be thermoplastic.
an opaque material, and the dashed line is for a dia- The cross-linked polymers (with cross-linkages among dif-
thermic material. As described below, bubbles are ferent polymer chains) cannot be made to soften and/or
often formed at/near the surface of a thermoplastic melt.



POLYMER COMBUSTION AND FLAMMABILITY-ROLE OF THE CONDENSED PHASE 1425

yield have been derived [19,20]. Some features are 6 ,,
as follows: (1) the thermal stability and the char yield R
increase with the relative number of aromatic groups . 12 860
in the main chain per repeat unit of the polymer

chain; (2) the thermal stability of heterocyclic poly- ,r..'t ._ 04 15 450
mers increases with the aromatic component of the
heterocycles; and (3) pyrolysis begins with the scis-
sion of the weakest bonds in the bridging groups con- . 21 180
necting the aromatic rings or heterocycles. Char-
forming thermoplastics often swell and intumesce .... . . ' 27.5 102
during their degradation/combustion, and one recent
flame-retardant approach is to promote the forma- . 30 72
tion of such intumescent char, as discussed later in
this paper. FIG. 2. Cross sections through samples of acrylic sheet

Degradation of a polymer is often affected by the that had been ignited at different external radiant fluxes
presence of abnormal structures that are usually less but immediately quenched (Ref. 26).

thermally stable than the regular structures. Some
such structures are inherent consequences of the
method of polymerization. If a vinyl polymer is poly- phase and the condensed phase and also to avoid a
merized with a free radical initiator, termination re- co
actions yield unsaturated end groups and also a head- izontal vs veratio e n energyon; also samplf rae h eo-
to-head linkage within the chain. These abnormal fects), another approach, using a well-controlled
structures were found in PMMA, and it was shown fet)anhrapocusgawl-otoldsthactuhey lwerefound the thermal sa ity o s theol r external thermal radiation flux simulating the energy
that theylowered the thermal stability of the polyr er feedback from a flame, has been used to study the
and reduced ignition delay time and increased burn- polymer gasification process [27-33]. Advantages of
ing rate [21,22]. this approach over a burning polymer configuration

are as follows: (1) heat flux can be independently
Mass Transport: changed, and (2) the surrounding gas composition

As described above, the type of polymer structure, can be also independently changed. Vovelle et al.
thermal properties, and the amount of heat trans' [34] and Kashiwagi and Ohlemiller [25] studied the

ferred to the polymer determine the depth over gasification rate of PMMA. They observed an in-

which the polymer is heated sufficiently to degrade. crease in the transient gasification rate after surface
Since the boiling temperatures of some of the deg- temperature reached a constant value and concludedboilin deg- that degradation in the subsurface region of the sam-

radation products are much less than the polymer pie gronti on in the ra e reg ion Afth ough

degradation temperatures, these products are super- ple contributes to the rate of gasification. Although

heated as they form. They nucleate and form bub- it has been assumed that the degradation products

bles. Then, these bubbles grow with the supply of generated in the subsurface region are instantane-

more small degradation products to the bubbles by ously transported to the sample surface [34], the

diffusion from the surrounding molten polymer [23]. transport might become a rate-controlling step par-

Since the polymer temperature is higher near the ticularly at high temperatures [25] and at high heat-

surface than further below, the polymer sample is ing rates [35]. As discussed above, polymer melt vis-

more degraded there, and its molecular weight, M, cosity could have significant effects on bubble
is lower. Since the viscosity of the molten polymer, transport through a thermoplastic. The effects of ini-
q, depends strongly on molecular weight and tem- tial molecular weight of PS (about a factor of 2) on
perature (for example, p = cM3.4 or q = expI - M1 gasification rate were studied at external radiant
(E (T - Tg)} [24]), the viscosity near the surface is fluxes of 1.7 and 3.9 W/cm2 . However, here it was
much less than that in the interior. The net result is found that the effects were not significant, probably
a highly complex generation and transport of bubbles because of a rapid reduction in molecular weight by
containing small molecules from the interior of the chain scissions, which would reduce the difference
polymer melt outward through a strong viscosity gra- in molecular weight between the two samples used
dient that heavily influences bubble behavior. A qual- [22]. At present, it is clear that the subsurface deg-
itative description of this complex transport process radation is important for the gasification, but it is not
and its effect on gasification rate has been given in clear what the main transport process for the small
Ref. 25. These complex effects of the temperature degradation products to the sample surface is and
distribution in PMMA and the bubble formation at also how rapid this transport is. It appears that dif-
the time of piloted ignition are clearly seen in Fig. 2 fusion of small molecule gases through a polymer is
[26]. too slow to be responsible for the transport of the

To avoid the complex coupling between the gas products [36].
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Oxidative Degradation: 00 PMMA - Radiant Flux at 1.7 W/cm 2OxidtiveDegadaton:0.50 , , _ ,T_

Not only pyrolysis reactions but also oxidative deg- 0.45 N2

radations in the condensed phase might significantly 0.40 --- 5% Oxygen

affect the gasification rate of a polymer if enough gas .... 20% Oxygen

phase oxygen is transported to the polymer surface ----- - ------•4 0% Oxygen ----

during combustion of the polymer. In order to de- 0.30
termine the effects of oxidative degradation on the • 0.25 .. .

gasification process, further studies of radiative heat- 0.20 .*" . .

ing behavior have included measurements of the mo- C > ./ '".-

lecular weight distribution [28,37] and temperature
distribution in the sample [34], the oxygen concen-
tration in the sample by elemental analysis [28], bub- 0.05
ble sizes (qualitatively) [25], and evolved gas analyses 240"360 430 000 720 8
[28]. Brauman [38] concluded that surrounding ox- TIME AFTER 3 RRADIATION [ 7]

ygen does not affect the polymer degradation process T aF

in steady-state burning or in steady-state radiative

gasification of PS and PMMA. In contrast, in the PMMA - Radiant Flux at 4 W/cm 2

burning of small-diameter rods of PP, they inferred 1.5 -
that condensed phase oxidation occurs, and they sug- - 2
gested that the polymer degrades by oxygen-pro- 10% Oxygen
rooted pyrolysis [28,38]. Stuetz et al. [39] concluded a 12 - 20% Oxygen

that thermal oxidative reactions at and near the PP - ------- 40% Oxygen

surface are the main energy source for the burning • 0.-
process instead of energy feedback rate from the gas- "
eons flame. Their conclusion was based on the meas- /
ured oxygen concentration (about 26% at the sur- . //
face) in the quenched sample obtained using neutron a ,/
activation analysis. However, since oxygen cannot be 0.3
activated by neutrons, the validity of their measure- -
ment is highly questionable. Significant importance
of condensed phase oxidation was also found for 24 48 72 96 120 144 168'

steady-burning small-diameter rods of PE and TIME AFTER IRRADIATION (s)

PMMA [40] and also for a PE opposed diffusion (b)
flame [41]. The latter study estimated that surface
oxidation at most accounted for 20% of the energ Fy . 3. Histories of mass flux from PMMA (Romin &
required for pyrolysis, with the remainder of the en- Haas Plexiglas g 15-mam thick) after the start of irradiation
ergy being delivered to the surface from the flame, with various oxygen concentrations in the gas phase: (a) 1.7
These studies measured various gas phase species W/cmn, and (b) 4 W/cm2 (Ref 25).
concentration distributions above the fuel surface,
including CO and H20, and the importance of the transport, which is affected by the sample orientation
condensed phase oxidation was determined from the and size, and also on the surrounding flow condition;
gradients of the oxidized species at the sample sur- the range of possibilities has been only lightly ex-
face. However, some caution is needed regarding the plored. The contribution of oxidative degradation
quantitative accuracy of the gradients, as pointed out could be important for ignition processes at low
by the comments at the end of Ref. 41. These results fluxes (low heating rate) as a result of the fact that it
indicate that oxidative degradation can be of some increases the gasification rate. Since the surface heat-
importance when the gasification rate is relatively ing rate of a PMMA sample during surface flame
low and the evolving gaseous degradation products spread is of the order of 5 TC-10 °C/s [43,44], it ap-
do not strongly block diffusion of surrounding oxygen pears that the effects of oxidative degradation of the
into the degrading surface [25]. Such a case is shown PMMA would be negligible under such high heating
in Fig. 3 at an external flux of 1.7 W/cm 2. When the rates [42]. However, this does not necessarily mean
gasification rate becomes high [25] or the heating that the contribution of oxidative degradation to
rate is high [42], oxidation reactions appear to be less flame spread is always negligible. There is some ev-
important or insignificant; this trend is shown in Fig. idence to demonstrate the participation of oxidative
3 at 4 ýE/cm 2. Still, further careful studies are needed degradation in the flame spread process; this includes
to clarify the potential role of oxidative degradation detection of peroxide and carbonyl moieties on the
because the competition between pyrolysis and oxi- surface of PP beneath a horizontally traveling flame
dative degradation depends on attendant oxygen front [45]. Further studies with PP and other poly-
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mers are needed to determine the extent of the ef- cesses, reflecting a greater understanding of the gas
fects of oxidative degradation on flame spread. phase phenomena compared with those in the con-

densed phase.
Theoretical Models: The most commonly used approach in fire re-

search (for example, Ref. 67) is the use of Spalding's
Theoretical models describing the above-dis- transfer number concept (B number) or the global

cussed coupling between the condensed phase and heat of vaporization concept [65,66], which aims to
the gas phase are rather limited, although some parts simplify still further the condensed phase treatment.
of the processes have been modeled in detail. The This approach (sometimes called a thermal model)
details of the thermal degradation of relatively simple requires only a few quantities describing the con-
polymers such as PE, PS, and PMMA have been densed phase: the pyrolysis surface temperature,
studied by using molecular dynamic calculations heat of vaporization, and specific heat of the material.
[46,47], the Monte Carlo method [48,49], and kinetic (Basically, it is assumed that the heat transfer char-
calculations [50-53]. These studies are able to de- acteristic time in the condensed phase is much longer
scribe the thermal degradation behavior of polymer than the degradation reaction time and characteristic
chains in a polymer sample and the resulting degra- time of mass transport through the sample.) Al-
dation products, but they are based on imposed spa- though this approach is very convenient for the rel-
tially uniform temperatures, and no transport pro- ative determination of material combustibility and is
cesses are included (Some of these calculations were often used for engineering analysis of fire growth
similar to thermogravimetric experiments, i.e., linear modeling, this can only apply strictly for the steady-
temperature increase with time.) Although mass state-burning case [22], and further refinement is
transport of degradation products has been included needed to extend its application for more common
for wood [54,55] and bubble growth for coal [56,57], time-dependent cases and also for char-forming ma-
these processes are hardly included or even consid- terials [68]. This concept has been further extended
ered for the gasification of synthetic polymers except to charring materials, assuming a constant char-form-
for Wichman's work [58] on steady-state gasification ing degradation temperature and heat of formation
of PMMA under a specified external flux. A model of the char. Once the char is formed, it is assumed
describing the time-dependent gasification rate of to be inert, acting only as an insulation layer [69]. A
PMMA has been described using a one-step global more global approach has been used to express the
in-depth degradation reaction (no discussion was transient gasification rate of PMMA and particle
given for the kinetic constants used) with heat con- board, heated by external radiation, as a function of
duction and with no mass transport process; the nu- the transient total amount of energy stored in the
merically calculated results show reasonable agree- sample [30-32]. This was demonstrated for the case
ment with the experimentally measured gasification of a constant external radiant flux [31] and also the
rates under various external radiant fluxes [34]. Re- case of a variable external radiant flux in a nitrogen
cently, a simple model based on four different chem- atmosphere [30]. Agreement between the model and
ical reactions, one in the condensed phase and three experimental results for the effect of surrounding ox-
in the gas phase, was published; but it appears that ygen on particle board and the effect of the sample
this model is rather limited because no transport pro- thickness [32] are not as good as in the case for
cesses are included in either the condensed phase or PMMA.
the gas phase [59].

There are numerous models based on the partial
differential equations for conservation of mass, mo- Measurement of Flammability Properties
mentum, energy, and chemical species applied to and Their Use
specific aspects of combustion of synthetic polymers
such as ignition, flame spread, and extinction. Re- As described above, the theoretical models are not
viewing these papers is beyond the scope of this pa- advanced enough to predict flammability character-
per; excellent review articles are already available istics of new polymers. Furthermore, since there is
[60-63]. However, almost all these models are based an endless number of polymer products having dif-
simply on condensed phase heat conduction with a ferent molecular weight and additives (often not de-
one-step global degradation reaction at the surface scribed in the final products), it is impossible to mea-
of the polymer sample or distributed in the sample sure all necessary material characteristics for each of
without any mass transport in the sample. Generally, these products in an attempt to predict their flam-
the gas phase phenomena are treated in much more inability characteristics. For this reason, flammability
detail. One of the models is extended to include a characteristics of commercially available polymer
detailed description of radiative heat transfer from products, including the experimental polymers, are
the flame to the sample surface [64]. It is clear at measured by various bench scale test methods (The
present that the models for the gas phase are more main reason to measure flammability characteristics
advanced and include many important physical pro- is that these materials must meet required fire per-
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formance levels, as described in the Introduction.) nearly a constant (13.4 MJ/kg) for all organic mate-
Such tests do pick up significant effects of composi- rials [76], the transient heat release rate can be cal-
tional changes on flammability, but they cannot be culated as the product of this constant and the mass
used to predict what these effects may be. consumption rate of oxygen. The development of ox-

ygen consumption calorimetry has made a significant

Test Methods: impact on the advancement of fire research, not only
because heat release rate is one of the key parameters

There are many different tests for assessing the determining fire characteristics but also because this
flammability of materials. In general, all of the tra- technique allows measurement of the transient heat
ditional tests express their results in terms of certain release rate of large objects such as furnishings burn-
observations or measurements. These are then used ing by themselves or in a room [77]. This information
to derive a relative ranking scale or index on which can be used to predict the gas flow motion induced
to evaluate materials. Unfortunately, the bases of by the fire and also the transport of combustion prod-
these ranking scales are arbitrary, and therefore, re- ucts in a building [78].
sults from one test do not necessarily agree with an- Another modern test is the LIFT (Lateral Ignition
other [70], nor do they reflect how a material might and Flamespread Test, ASTM 1321) [79]. This test
behave in a real fire. t However, more recent test is designed to measure lateral (opposed flow) flame
methods tend to measure various flammability prop- spread rates over the range of fluxes or surface pre-
erties of materials under well-defined conditions that heat temperatures typical of fire. The size of the
usually include an external radiant flux, and the re- LIFT flame spread sample is about 15 X 80 cm. The
sults are used as inputs to fire growth models or the external flux from a gas-fired radiant panel varies
results are analyzed using theories of combustion to from a high value at the end closest to the panel to
derive values of critical parameters that determine a low value (a few percent of the high value) at the
flammability properties [71]. Here, a brief descrip- other end furthest from the panel (the panel is placed
tion is given only of flammability test methods that at an angle relative to the sample surface instead of
are commonly used in studies to understand the ef- parallel to it). Piloted ignition is performed at the
fects of the polymer chemical structure on flamma- high flux end, and arrival times at fixed locations of
bility. More detailed discussion of many tests can be the traveling flame front along the sample surface
found, for example, in Refs. 72 and 73. from the high flux end to the low flux end are mea-

The oxygen index test (ASTM D 2863, often re- sured. A flammability diagram consisting of ignition
ferred to as the LOI test) measures the minimum delay time and flame spread rate vs external flux can
concentration of oxygen in a flowing mixture of ox- be derived. Three important material characteristics
ygen and nitrogen that just supports flaming com- are derived from this test: inferred gasification sur-
bustion of a sample that burns downward in a can- face temperature, the product of thermal conductiv-
dlelike configuration (width 6.5 mm X length 70- ity, density, and specific heat of the material, kpc, and
150 mm X thickness 3 mm). Problems caused by energy feedback function from the flame front to the
melting and the results depending on the sample sample surface [79]. These parameters and the mod-
thickness and geometrical configuration were re- els of which they form elements can be used to de-
ported for this test [74]. The relevance of this test to scribe the behavior of the material in the context of
real fires has been questioned (the test measures the a compartment fire.
trend of an extinction limit of a material only under
the specific conditions tested), but many chemists Upward Flaine Spread on a Wall:
have long been using this test since the required Flame spread up a vertical wall is a component of
equipment is inexpensive and only a small sample many fire scenarios; it is important to be able to pre-
size is required. dict whether a flame will spread up the wall or not

More modern tests that can measure the flam- (and, if so, how fast) when a small ignition source is
inability characteristics of ignition, heat release rate, located at the bottom of the wall. If the flame spreads
and combustion products are the Cone Calorimeter partially, how far up will it go? There are several rel-
Test (ASTM E 1354) [75] and Factory Mutual Re- atively simple models to answer such questions using
search Corporation's Flammability Apparatus [66]. material parameters inferred from the Cone Calo-
These tests determine transient heat release rate by rimeter and LIFT or equivalent tests [80-83].
measuring transient oxygen consumption rate in the Slightly more detailed models are also available
exhaust gases. Since the heat release from the unit [84,851k but the most simplified model [83] is used
mass of oxygen consumed during combustion is

tThere are more detailed models of flame spread, but
'One of such tests is the UL-94 test, which is commonly they are beyond the scope of this paper; generally, how-

used in industry. However, the test is only relevant to the ever, the increased detail is in the gas phase instead of in
fire scenario in which a small sample is ignited by a small the condensed phase. They can be seen in the recent re-
external fire source such as a flame. view article [62].
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here to demonstrate how the flammability properties the same molecular structure, and there might also
measured in the above tests can be used to predict be significant differences in additives, molecular
upward flame spread phenomena. The advantages of weight, branching, copolymers, and so on. Further-
this most simplified model are that an analytical so- more, sample size, particularly thickness, must be
lution can be derived and the physical factors influ- kept the same between the samples if flammability
encing upward flame spread can be clearly identified. results are to be compared. Although a conventional
In this model, the movement of the pyrolysis front approach provided useful global trends of materials
measured relative to the bottom of the wall, Yp, is composition on flammability properties [91], the re-
expressed as [83] sults obtained from this type of study cannot clearly

show what chemical and physical characteristics are
- (a + 1) 1 most important for flammability behavior. One ap-

- e- ... . .a proach, which chemists use often, is the pyrolysis
study, generally a thermogravimetric study [92] or

where a - kQ', - 1, o is the initial pyrolysis differential scanning calorimetry [93], to elucidate
lg - to the igtto syrolysi, y flammability performance of polymers. Van Krevelenlength due to the ignition source, and Y0 =kto

The parameter kt is a constant in the relation be- [19] combined a thermogravimetric study to deter-

tween flame tip height and total heat release rate per mine char residue in wt% at 850 TC with limiting
unit width [86], and Qvg is the average heat release oxygen index data and derived a simple empirical
rate per unit area of the pyrolyzing material, @Q6 is correlation.the heat release rate of the ignitor per unit width Other empirical correlations have been derivedand r heatitl. where tof is ignition delay time of the between LOI and the heat of combustion of poly-material at twhe average flame heat flux. The param- mers instead of with char yield [94,95]. Althougheter a must he greater than zero in order for the there is some question about the applicability of theeterd aflame spread process to accelerate, as shown LOI data to actual fire performance, as described
in Eq. (1). The values of Q*vg and toc are measured above, it has been demonstrated that higher charin the ahove tests. The calculated results show area- yield polymers have lowered gasification rate [96],sonahle agreement with the experimental data in and also that physical char structure has significantRef. 83. However, some uncertainty in the measure- effects on flammability properties [97,98]. As a latterment procedure for the flammability properties of example, the addition of a small amount of polydi-

polymer materials that intumesce during burning was methylsiloxane into polycarhonate does not signifi-
raised [87]. Similar concern was raised for composite cantly change char yield but generates a foamy bet-

materials due to the delamination of the materials ter-insulating char that reduces the peak heat release

and the preferential transport of degradation prod- rate significantly [98].

ucts through the composite materials, although the Since the viscosity of a molten polymer depends

comparison of the calculated flame spread behavior strongly on molecular weight [99], the initial molec-

agrees reasonably well with the experimental data for ular weight of a polymer sample might have signifi-

a large-size composite panel [88]. This type of ap- cant effects on the transport of the degradation prod-

proach using a fire growth model in combination with ucts generated by in-depth thermal degradation

flammability properties measured by well-defined reactions to the burning surface. In order to deter-

tests as inputs to the model is more scientifically mine the effects of molecular weight and thermal

sound for assessing material behavior in fire than the stability of polymers on flammability, materials must

previous ad-hoc-type screen tests. Thus, further re- have almost the same thermal properties to assure

finement of models and analysis of flammability their having the same heat transfer characteristics

properties are in progress [89]. and also almost the same degradation products to
insure that the same gas phase reaction characteris-
tics occur. In a study of these issues, two types of

sof Polymer Structure on Flammability polymers, PMMA and PS, were selected because the
Effects thermal degradation of PM MA is controlled by weak

linkages in the polymer chains [100,101], and the
Although values for flammability properties of thermal degradation of PS is controlled mainly via

many synthetic polymers can be found in the pub- intermolecular- and intramolecular-transfer reac-
lished literature, some caution is needed in inferring tions, not by weak linkages [102,103]. Thus, it is ex-
the effects of polymer structure on this flammability. pected that the thermal stability of PMMA is
The same generic name applied to two commercial sensitive to initial molecular weight because of a
polymers [90] does not necessarily mean they have change in the number of weak linkages, but the ther-

mal stability of PS is not sensitive to initial molecular
§There is some uncertainty in the concept of this model weight. Two PS samples with two different initial

regarding under what external flux these values should be molecular weights should indicate only the effects of
measured. melting characteristics of the sample on flammabil-
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it>. Two PMMA samples with two different initial 1000 1 1 1OHi~gh MW PMMAmolecular weights should indicate the combined ef- 800 A OLw MW PMMA

fects of melting characteristics and thermal stability AHigh MW PS
of the sample on flammability. Using these four dif- 600- ALow MW PS

ferent samples, the effects of melt viscosity and ther- a
mal stability on piloted ignition [104], flame spread ._ 400
[22], and burning rate [36] were examined. The re- 0- 0

sults indicate that the transport of in-depth degra- .5
a)dation products of PS and PMMA through the mol- c

ten polymer layer inside the sample has a negligible g 200
effect on both piloted ignition and burning rate at an
external flux of 40 kW/m 2. However, the thermal sta- a,
bility of PMMA has a significant effect on both its
ignition delay time (more stable, longer ignition delay 100 0
time) and its surface temperature at ignition (ignition 80

temperature increased from a range of 260 'C-270 0.8 1.0 2.0 4.0
TC to a range of 320 TC-340 'C for the two types of Incident External Radiant
PMMA samples used in Ref. 104) and also on burn- Flux (W/cm 2)
ing rate at an external flux of 40 kW/m2 [36]. The
ignition data are shown in Fig. 4. The initial molec- (a)
ular weight of the samples (both PS and PMMA) has
a significant effect on horizontal flame spreading be- 400
havior and its rate. The samples with a high initial 2
molecular weight form a thin molten polymer layer A • A AAt

A
near the flame front, and that layer does not signifi- 350-

cantly affect flame spread. However, the samples - ••* *
with low initial molecular weight form a substantial r-- O•i"h 0MWPMF ' OHigh MW PMMA

molten polymer layer that exhibits an opposed, slow 300 OLow MW PMMA0- ý,High MW PS
flow fluid motion along the inclined vaporizing sur- - 30 Aowh MW PS

r_ CdALow MW PSface against the traveling flame. This phenomenon = 0
significantly affects horizontal flame spreading be- f 250 o 00 00 0 0

havior, forming a wall-like step ahead of the flame 25 .0 .5 2.0 2.5 3.0

front and reducing its spread rate [22]. Downward

flame spread over the high molecular weight PMMA Incident External Radiant Flux (W/cm 2)

sample did not show any dripping, and the flame (b)
spread steadily. However, the flame spread over the FIG. 4. (a) The relationship between piloted ignition de-
high -olecular weight PS sample spread with a lay time and incident external flux. (b) The relationship
much-enhanced rate compared with the rate for hor- between surface temperature at ignition and incident ex-izontal flame spread, as a result of streaking of small ternal radiant flux (Ref. 104).
molten polymer balls. The flame over the low mo-
lecular weight PS and PMMA samples was self-ex-
tinguished during downward flame spreading be- stead of polymer structure) is that a thermally thin
cause of heat loss from streaking downward of small material burning on both sides will do so at a rate
burning polymner molten balls to the cold sample sur- significantly more than twice the value seen when
face [22]. Clearly, if the burning sample surface is only one side is burning [106]. Two simplified models
vertical, the effects of polymer melt viscosity are po- demonstrate that this is a consequence of the Arrhe-
tentially much greater. nius temperature dependence of the gasification rate

These results indicate that, in certain experimental of the solid.
configurations, the melting of thermoplastics has sig- With the advancement of the polymer synthesis
nificant effects on their flammability properties field, many new inorganic polymers have been for-
[22,90,105]. However, this phenomenon has been ig- mulated. Their backbone elements are mainly sili-
nored or avoided by using nonmelting or nonflowing con, nitrogen, and phosphorus rather than the carbon
polymer samples, with the result that there is little of organic polymers. Their combustion behavior
quantitative (or even qualitative) understanding of could be significantly different from that of the car-
how melting affects flammability. Since almost all bon-based polymers. One such example is the com-
thermoplastics soften above their glass transition bustion of polydimethylsiloxanes, PDMS. PDMS
temperature, some will exhibit flow motions in the samples having low initial molecular weights burn
polymer melt. Another interesting recent observa- similarly to hydrocarbons except for the formation of
tion (although this is a sample thickness effect in- silica particles in the flame [107]. However, PDMS
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samples having a high initial molecular weight form potential environmental effects of halogenated com-
a layer at/near the surface consisting mainly of silica pounds and an increase in worldwide legislation on
(35-45% of original Si), and this layer becomes corrosivity of fire products, studies aimed at devel-
thicker and has greater mechanical integrity as mo- oping other types of flame-retardant treatments are
lecular weight increases. Energy feedback from the on-going.
flame is inhibited sufficiently by this layer to cause Although there are many possible approaches to
self-extinguishment [108] or to yield a near-constant nonhalogenated flame retardancy, such as the use of
burning rate even with an increase in external flux aluminum trihydrate or magnesium hydroxide (both
[109]. The accumulation of silica at/near the surface generate water and act as a heat sink), intumescent
of the PDMS samples couldbe caused eitherbyther- coatings, and so on [113,114], an interesting and
mal degradation in the condensed phase or by down- promising approach is the formation of char; only the
ward transport (convection/falling/thermophoresis) current status of this latter approach is discussed in
of silicate particles formed in the flame. this paper. There are three mechanisms whereby the

formation of char reduces flammability: (1) part of
the carbon (and hydrogen) stays in the condensed

Flame Retardants phase, thus reducing the amount of gaseous com-
bustible degradation products evolved; (2) the low

The fire safety of materials can be enhanced by thermal conductivity of the char layer over the ex-
increased ignition resistance, reduced flame spread posed surface acts as thermal insulation to protect
rates, lesser heat release rates, and reduced amounts the virgin polymer beneath [115]; and (3) a dense
of toxic and smoke products, preferably simultane- char acts as a physical barrier to gaseous combustible
ously. The use of more thermally stable polymers, of degradation products [116]. As described in Ref. 19,
which many are available, might be a valid solution some polymers form char when degraded in a fire,
to these requirements, but generally, the cost of but others do not. In order to understand how to
these materials is relatively high, and furthermore, form char or increase its amount, it is important to
their physical properties or processability may not be study the chemical and physical structure of char.'
as desirable as those of less stable polymers. The Reference 18 presents excellent work on detailed
most common approach to enhance fire safety per- analysis of the residues formed from aromatic engi-
formance is the use of flame-retardant additives to neering polymers to determine their chemical struc-
inexpensive polymers (large volume commodity ture. Elemental analysis of the chars formed from
polymers such as PE, PP, PS, PVC, and so on). The bisphenol A polycarbonate, BPA-PC, indicates that
additives must have a minimum impact on physical an increase in pyrolysis temperature increases C/H
properties and product cost. Although halogenated ratio from an initial value of 1.14 to 1.87 at 591 'C.
flame retardants are highly effective for reducing the The Raman spectra and the photoacoustic Fourier
heat release rate of commodity polymers, the future transform infrared (FTIR) spectra of the chars show
use of these retardants faces some questions. The the presence of small graphitic regions in the chars.
environmental impact of the processing and com- The infrared spectra of the BPA-PC chars (Fig. 5)
bustion of certain halogenated flame retardants has show progressive changes in the material, revealing
become an issue in Europe. Laboratory and field loss of the carbonate group (1775 cm'- ) and aliphatic
studies indicate that one class of brominated flame C-H groups (2982 and 1385 cmr-1), and the growth
retardants, the brominated diphenyloxides, may or appearance of hydroxyl groups (3580 cm -1), aro-
serve as precursors for the formation of potentially matic C-H groups (3012 and 3058 cm-1), ester
hazardous polybrominated dibenzo-p-dioxins and groups (1740 cmf1), ether groups (1170 and 1260
polybrominated dibenzofurans in yields of up to 16% cm-1), and new aromatic groups (1900, 1610, 752,
[110,111]. Furthermore, there is some concern re- 820, and 880 cm'-). These results and the solid state
garding the potential production of bromodioxins 13 C NMR results indicate that, when BPA-PC and
and furans from combustion of waste plastics con- other aromatic polymers are heated, they lose most
taining such brominated flame retardants during in- of their aliphatic groups, resulting in predominantly
cineration. The environmental effects of the wide- protonated and unprotonated aromatic carbons in
spread use of chlorinated compounds was debated in the residual char. It should be noted that char has no
a recent publication [112], and concern over the pos- unique structure but rather reflects the starting poly-
sible corrosion damage to metals by the combustion mer and its heating rate history.
products from fire in which plastics containing halo- As noted in the previous section, the physical
genated additives or groups are involved may impact structure of char has significant effects on polymer
the use of halogenated compounds. As our society
becomes more dependent on high technology, the 'There are numerous publications on the formation and
corrosion threat from fire in communication and characterization of carbon. Although these publications are
electronic systems could become a major problem, relevant to char, this subject is beyond the scope of this
Because of an increase in public awareness of the paper.
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melt prior to or during esterification so that when the
polyol decomposes via dehydration (forming a car-

Un e bon-inorganic residue), the released blowing agent
nheated and the evolution of other nonflammable gases cause

the char mass to intumesce and foam. The insulation
efficiency of the char depends on the cell structure
formed. The structure in turn depends on the staging

473° / of the blowing agent relative to the formation of a
critical viscosity in the semimolten layers. If the
blowing agent action occurs too early, the intumes-
cent action is reduced because the molten material
is too viscous. If the action occurs too late, solidifi-
cation of the char inhibits intumescence. If the mol-

.528°C/N2 ten material becomes too fluid (the viscosity becomes
very low), large cells are formed during the blowing
process and in the char. These large cells are rela-

548C/N2  tively ineffective as insulators, and the char can be-
come quite fragile. Thus, if any one of the steps does
not proceed at the required time, intumescence does

P591 not occur or is severely limited. Although a large ef-
fort is being carried out by industry to develop new,

r Cmore highly effective systems, more systematic stud-
ies are needed to understand chemical and physical

I I I I I I mechanisms of this complex intumescent char-form-
4000 3000 2000 1000 ing process. In order to complement this effort, de-

WAVENUMBER velopment of theoretical models to describe the in-
tumescence process is also needed. Previously

FIG. 5. Photoacoustic FTIR spectra of bisphenol A poly- published models of intumescent char formation
carbonate (Ref. 18). [121,122] are rather limited, and further progress is

critically needed.

flammability. It is generally preferable to form an
intumescent char (swollen char) having a cellular in- Conclusions and Future Needs
terior structure consisting of pockets of trapped gas
[117]. The dominant protective role of an intumes- The above discussion clearly shows that funda-
cent char is mainly via its thermal insulating capa- mental understanding of chemical and physical
bility [116,117] rather than an obstacle to the passage mechanisms in the condensed phase during combus-
of volatile and low-viscosity products into the gas tion of polymers is severely lacking compared with
phase because low-viscosity polymeric melts can rise that in the gas phase. Although the overall thermal
through an intumescent char layer as a result of the degradation mechanisms of vinyl polymers are rela-
capillary forces [118]. tively well known compared with those for engineer-

The majority of commodity polymers do not form ing polymers, available models do not have the ca-
char during their combustion, and current research pability to predict the evolved rate of degradation
seeks to determine how to form an intumescent char products from these polymers except in a few limited
in these polymers. A precise sequence of events is cases that exclude any transport processes. Some of
required to form an intumescent char when a poly- the difficulties are a lack of kinetic constants for spe-
mer is exposed to heat. This is illustrated by the se- cific degradation reactions such as intermolecular
quence employed in commercial intumescent coat- transfer reactions, which are often not only a function
ing. After the coating sample is sufficiently heated to of temperature but also the mobility of polymer
become softened, a blowing agent must be released. chains and the degree of tangling of polymer chains
The blowing agent can be released by endothermic (cage effects). Furthermore, if these kinetic con-
decomposition of a hydrated salt that releases water stants are available, generally they are measured at
as the blowing agent or the decomposition of an acid much lower heating rates than those encountered in
salt to yield an anhydrous acid. This anhydrous acid fire. It is still debatable whether application of kinetic
is capable of esterification of polyols. The acid acts data from low heating rate experiments to high heat-
as a dehydration agent that, with subsequent heating, ing rate fire processes is appropriate or not.
leaves a carbonaceous residue. The "timing" (the The heat and transport processes in the polymers
temperature sequence of each step) is very important must be better understood, particularly the latter.
[114,117,119,120]. The acid-organic polyol must The roles of bubbles and of oxygen in the gasification
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process must be clearly understood. If the gasifica- gineering Conference, Vol. 1, ASME, New York,
tion is significantly affected by bubbles, the transport 1987.
mechanism of bubbles through the molten polymer 10. Manohar, S. S., Kokani, A. K., and Thynell, S. T., "In-
layer to the sample surface must be understood. An- Depth Absorption of Externally Incident Radiation in
other important transport process is polymer melt Non-Gray Media,"J. Heat Transfer, to appear.
flow. Using the information available in the field of 11. Comeford, J. J., Combust. Flame 18:125-132 (1972).
polymer processing (injection molding), it might be 12. Buckius, R. 0., and Tien, C. T., Int. J. Heat Mass
feasible to characterize the polymer melt flow given Transfer 20:93 (1977).
the distributions of temperature and molecular 13. Kashiwagi, T., Combust. Sci. Technol. 8:225-236
weight. (1974).

Elucidation of char-forming chemical mechanisms 14. Ohlemiller, T. J., and Summerfield, M., Thirteenth
and of the chemical and physical structures of chars Symposium (International) on Combustion, The
is needed to permit the enhancement of the forma- Combustion Institute, Pittsburgh, 1971, pp. 1087-
tion of char. The thermal properties of char, the heat- 1094.
ing effects on char yields, and porosity of char must 15. Mita, I., "Effects of Structure on Degradation and
be studied to find the optimum char structure for Stability of Polymers," in Aspects of Degradation and
maximum reduction in flammability. Stabilization of Polymers, Chap. 6, (H. H. G. Jellinek,

Ed.), Elsevier Scientific, Amsterdam, 1978.
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COMMENTS

R. H. Essenhigh, Ohio State University, USA. 1. Can you in 1969 and 1973 [Essenhigh and Dreier, Fuel 48:330
comment on the fragment size of the decomposed poly- (1969) and Waibel and Essenhigh, International Sympo-
mers, either from measurements or from modeling. Did sium on Combustion, 1973, p. 1413] on combustion of a
the polymers degrade to monomer (or were they assumed range of thermoplastic polymers. We concluded from anal-
to do so) and/or did the monomers themselves also de- ysis of data on flame standoff distance and particle/droplet
grade? The background to my question is work wve reported temperatures that the evaporating fragment was generally
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2-10 monomer units in size; the polymers did not degrade ation? So, maybe oxygen- or nitrogen-containing materials
to monomer. One associated consequence was that the can be developed that when pyrolysing produce reduced
large molecular weight resulted in smaller diffusion coef- soot amounts (because of oxidation or inerting). The same
ficients compared with oils, resulting in smaller flame materials must also have charring or intumescent behavior.
standoff distances, and hence with steeper temperature
gradients the evaporation and thus the burning rates were Author's Reply. Although a reduction in the radiative
correspondingly increased. The measured burning rates feedback rate from the flame to the fuel surface could be
were roughly three times faster than light oil drops. Is this considered as one way to reduce the burning rate of poly-
factor likely to be relevant in your studies? mers, generally a reduction of soot is more frequently

2. With reference to the thermoplastic nature of the sought due to the need for meeting soot-related regula-
polymers with viscosity, a definable function of tempera- tions. These regulations are set to increase visibility and
ture, you may know that this is also true for coals. Coin- thus make evacuation from a fire scene easier. Char for-
parisons with coals might be informative. mation tends to reduce the amount of evolved combustible

gases which, in turn, reduces flame height and also radia-
Author's Reply. 1. Only a few polymers, such as poly- tive feedback rate (shorter radiative path). An increase in

methylmethacrylate (PMMA), poly a-methylstyrene, and the amount of char often requires incorporation of aro-
polytetrafluoroethylene, generate monomers as the main matic rings into the polymer chain, which might increase
degradation products. It appears that the effects of higher the soot yield. Therefore, the location of these rings in the
heating rate on PMMA degradation products are negligi- polymer chain becomes very important to avoid the gen-
ble. [Seshadri, K., and Williams, F. A., J. Polymer Sci: Poly- eration of soot while enhancing the formation of char
mer Chemist Ed. 16:1755-1778 (1978).] All polymers used (Polystyrene does not generate any char, but poly p-phen-
in the paper you cited, except PMMA, generate many dif- ylene generates a lot of char.)
ferent sizes of fragments. The pyrolysis occurs at the sur- Yes, the addition of oxygen and nitrogen into a polymer
face or in depth depending on the heating rate and the chain tends to reduce the generation of soot. The former
thermal stability of the polymers. After reading the two also reduces the heat of combustion, but the latter might
papers you cited, it appears that degradation reactions oc- generate HCN.
curred over some depth in the samples but not necessarily
over the entire volume. The competition between polymer-
ization and depolymerization is determined by the ceiling Richard G. Gann, NIST, USA. In this talk, you have
temperature of a polymer. If the polymer temperature is shown that improved fire performance can be achieved by
higher than its ceiling temperature, depolymerization ex- chemical changes in the material, changes that have little
ceeds polymerization. This temperature depends on the effect on the material's physical properties. Conventional

type of polymer; for PMMA it is 197 'C, and for styrene it models of hurning and flame spread center on thermo-

is 384 'C [16]. Since the measured polymer temperatures physical properties (e.g., n , p, c). What, then, are the irm-

are much higher than these values, the polymerization sug- phica tien of these fng for ing

gested in the paper appears to be negligible and large frag- plications of these findings for flammability modeling?

ments are generated directly by degradation reactions. Thephscland chemical processes observed in the burnin Author's Reply. Since there are an endless number of
physical heres cit ed in the b grning polymer products having different molecular weights and
ofadditives (often not described in the commercial products),
senhigh are directly relevant to our studies. itives(en notscbe the al product)

2. The melt viscosity of polymers is well studied and it is essentially impossible to measure all necessaryphysical2e plo lere s .and chemical characteristics for each of these products inquite definable. A good reference is Brydon, J. A., Flout
Properties of Polymer Melts, George Godwin Limited, an attempt to predict flammability characteristics. There-

London, 1981. Many different approaches and techniques fore, chemical effects are globally included through the val-

taken in coal research are quite useful to pursue for poly- ues of gasification (pyrolysis) temperature, ignition tem-

mer combustion research. However, since chemical and perature, or global heat of vaporization. However, if we

physical structures of polymers are much more clearly de- want to improve the flammability of a specific polymer or

fined than those of coals, quantitative information about develop a new approach to flame retardancy, we need to

coal might not be as useful as qualitative information, model in detail the physical and chemical processes in the
condensed phase using the well-defined polymer. Such de-
tailed models serve a research role distinct from more em-
pirical models that attempt to relate small-scale test be-

D. Milov, RRA, USA. This was an excellent presentation havior to full-scale fire performance.

and review. The author, however, completely ignored an
issue: radiation from the flames of pyrolysing gases. This
radiation drives the fire growth process. Does the author A. M. Kanury, Oregon State University, USA. You de-
agree that some (or a lot of) effort should be directed to- scribed clearly the very interesting and important feature
ward formulating new materials that (1) produce char (as that low molecular weight polymers tend to melt more eas-
the author also proposes) and also (2) reduce (soot) radi- ily and flow ahead of a downward propagating flame and
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that such a melt flow can even produce flame quenching. Andreas Hornung, Universitae Kaiserslautern, Ger-
Can you comment on whether this reduction in bumning to many. How did you calculate the high activation energy of
quenching can be modelled by viewing the drip process as about 700 kJ/mol for the decomposition of C-C double
either reducing the effective heat of combustion or increas- bond systems like polyacetylene and in which temperature
ing the effective latent heat (Lgjo,,i,,) of phase change? range does the decomposition takes place?

Author's Reply. Although it could be possible to model
these phenomena as you suggested, I would like to see Author's Reply. The slide that shows the relationship be-
models that describe the observed physical phenomena tween bond dissociation energy and external radiant flux
correctly. Since research on polymer processing such as was provided by Dr. Richard Lyon at the Technical Center
injection molding and compounding is quite active and has of Federal Aviation Agency, Atlantic City, NJ, and he used
provided much relevant information, it is quite feasible to the data from CRC Handbook of Chemistry and Physics,
model polymer melting flow phenomena explicitly. 63rd ed., The Chemical Rubber Co., Cleveland, 1982/83,

p. F-198.



Twenty-Fifth Symposium (International) on Combustion/The Combustion Institute, 1
99

4/pp. 1439-1446

BEHAVIOR OF FIRES SPREADING DOWNWARD OVER THICK PAPER

MASATARO SUZUKI, RITSU DOBASHI AND TOSHISUKE HIRANO

Department of Chemical System Engineering
The University of Tokyo

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan

To explore the flame spread mechanisms over solid fuel sheets, downward flame spread over paper
sheets from 0.4 to 10-mm thick have been examined.

The dependence of flame spread rate V on thickness 5 indicates that the spreading behavior can be
divided into four types observed under conditions in four regions. The flame spread is found to take place
for sample thickness 65 < 8.4 mm in the present experiments under the conditions of natural convection.
Near the limiting thickness, unstable flame spread is observed, and its behavior is examined. The length
L of pyrolysis region is measured as a characteristic length representing the pyrolysis area. In the range of
6 < 7.5 mm, the value of L increases as 6 increases.

A simple heat transfer model is proposed in this paper to examine the heat transfer for charring materials.
It is assumed that the heat transferred through the solid surface ahead of the leading edge of the pyrolysis
region is constant and that penetrating through the pyrolysis region is proportional to the area of the
region. An equation as a function of V and L is derived from this model, which expresses the relation
between L and p6V. The heat flux penetrating through the pyrolysis region is estimated much smaller than
that through the solid surface ahead of the leading edge of the pyrolysis region. It is also inferred that the
flame stagnation is caused by the decrease of the fuel gas ejected from the unit area of the pyrolysis surface.

Introduction Experimental

Flame spread over solid fuel is a basic problem in Sample paper sheets are made from filter paper
the field of fire research. The flame spread rate de- for various thicknesses from 0.4 to 10 mm. The pro-
pends on the rate of heat transfer from the flame into cess is as follows: first, a certain amount of filter paper
the preheat region. When the solid fuel is thin, the is ground to make its fibers suspended in pure water,
heat transfer through the solid phase can be ne- and then it is poured into a bucket, whose bottom is
glected compared to that through the gas phase [1,2], made of wire gauze. Pressing and drying processes
but when the solid fuel is thick enough, the heat follow. No glue is used to make up lumps. The den-
transfer through the solid phase has been found to sity of sample sheets depends on the pressing process
become comparable or more [3]. The estimation of and on the density of original filter paper, In this
the heat transfer through both phases is important case, the sample sheets of density 2.8(± 0.2) × 10-4
for further understanding. g/mma are obtained from original filter paper of den-

Heat transfer through the solid phase has been sity 3.2 x 10-4 g/mm 3. The sample sheets have been
discussed based on the results obtained in the ex- marked on both surfaces with pencil lines at 10-mm
periments of flame spread over noncharring solid intervals for measurement and have been dried in a
fuel such as PMMA sheets [4]. However, it is not desiccator. It is almost impossible to dry out per-
clear how to proceed with thermally thick charring fectly, and the humidity in the desiccator is con-
materials [5], although many cellulosic materials are trolled within the range of 33 ± 2%.
used as building materials that are deeply concerned The arrangement used in this study is shown in
with the characteristics of building fires. Pyrolysis of Fig. 1. A sample sheet is clamped between pairs of
cellulose involves many steps [6], and its reaction is metal straps at both sides and suspended in the air
dependent on a heating rate [7-9]. The process of without surroundings that limit the supply of air. Its
pyrolysis affects the formation of a char layer, which area of 70 X 70 mm is exposed to burn. A slit burner
covers over the surface of the solid and decreases the is used, igniting a sample sheet on its top edge. To
heat transfer into the solid [10].These characteristics observe unstable spreading behavior, as is described
of cellulose should be estimated. In this study, there- later, both surfaces of the sheet are videotaped dur-
fore, downward flame spread over paper sheets have ing the flame spread. Except for the case of thick
been examined for a wide range of thicknesses, and sheets which cause flame spread to be unstable, the
heat transfer mechanisms are discussed, flame spread rate has become almost constant in a
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70 mmFLAME70mm

SAMPLE '

" - ~SHEET

(a) 6=1.4mm (b) 3=4mm (c) 6= 8 mm

FIG. 2. Sketches of typical flame shapes and sectional

SUPPORTING STRAPS pyrolysis structures.

FIG. 1. Experimental arrangement used in this study.

(Fig. 2b). In the case of a further thick sample, as it
is illustrated in Fig. 2c, unstable flame spreading is

distance of 10 mm from the ignited edge of the sheet. observed. In this case, flames on both surfaces seem

A value of the rate is calculated from the time re- to progress and stagnate alternately. It has also been
quired to spread between the pencil lines marked found that flame spread can take place for the sample

beforehand. thickness 6 < 8.4 mm. In the case of the flame spread

After smothering the fire in C0 2, the sheet is cut over a sample of 6 = 8.4 mm, stagnation of flames
along a vertical cross section, and the length L of the occurs on both surfaces at the same time after the

pyrolysis region is measured, which is schematically igniting burner has removed, and the flames become
shown later (Fig. 6); L is defined as a distance from small and finally extinction occurs. This fact contrasts

the middle point of color-change fronts on both sur- to the fact that there is no thick limit for the flame
faces to the point where color changes completely spread over noncharring material such as PMMA [3].
into black. These color changes are sufficiently dis- The geometrical configuration of a diffusion flame
tinguishable. depends on the balance of mass transfer rates of fuel

and oxidizer gases, which are closely related to the
flow field, so that it is considered that the profiles of
gas flow can be inferred from the flame shape. From

Results the above observations, it can be inferred that the
flow rate of combustible gas per unit area is small for

Three typical flame shapes and sectional pyrolysis thick samples compared to that for thin ones.
structures, which depend on the sample thickness,
are sketched in Fig. 2. If a sample is thin, the leading
flame edge extends downward about 1 mm from the Spread Rate:
pyrolysis front, and the flame front following it is at
an angle of a few tens of degrees to the pyrolysis Figure 3 shows the dependence of flame spread
region surface (Fig. 2a). This flame shape is similar rate V on thickness 6. As indicated in this figure, the
to those in previous observations [2,4]. On the other spreading behavior can be divided into four types
hand, a rather thick sample sheet has a pyrolysis front observed under conditions in four regions.
just underneath the leading flame edge, and the fol- Region I is in the range of 6 < 1.5 mm, where
loAing flame is nearly parallel to the sample surface flame spreads stably. In this case, the flame spread
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Fic. 3. Dependence of flame spread rate V on thickness 6. Fin. 4. Typical position-time diagrams of flame front in

Region III (3 = 8.1 mm).

rate is inversely proportional to the thickness, as in-
dicated by the solid line in Fig. 3. This region can be
called the "thermally thin" region, where spread rate udies. It should be helpful to examine the detailed
V can be predicted by the relation, namely, p6V equal st ior t understand the dethic edto acontantvale. Mny tudis hve ben one behavior to understand the effect of thickness onto a constant value. Many studies have been done flame spread mechanisms. Figure 4 shows typical po-
with ordinary paper sheets, the flame spread over flame dmanisms. Figure spical o-
which is included in this region. A constant value of sition-time diagrams, which indicate spread of the
poV estimated on the basis of the results of measure- leading flame edges on both sides of a sample sheet
ments in the present study is about 1.9 x 10-4 g/ of thickness 3 = 8.1 mm. The variable t is the time

mm s. This value agrees quite well with that for var- after the leading flame edge on one side (side A)

ious kinds of filter paper used in the previous studies passes a marked line that is 10 mm ahead of an ig-

[1,3]. nited edge. Usual forward flame spread proceeds

Region II is in the range of 1.5 mm s 5 < 7.5 during t from 1.5 to 3 min. Both of the leading flame
mm, where the flame spreads stably also, though the edges are almost at the same location, spreading at a
decreasing rate of V becomes smaller as the thickness velocity of 0.16 mm/s. Then, typical unstable behav-
increases. In the range of 3 > 5 mm, the value of V ior is seen to start.
seems to become a constant value, 0.2 mm/s. A sim- The alternating movements of the leading flame
ilar disposition has been observed for PMMA plates edges on both sides are illustrated in Fig. 5. The pre-
and has been explained that this is because of the ceding leading flame edge on side B stops its progress
growth of internal heat transfer from the pyrolysis and moves backward to stagnate at a line behind the
region to the preheat region [3]. leading edge of the pyrolysis region, while the leading

Region III is in the ranges of 7.5 mm •< 3 < 8.4 flame edge on side A moves downward continuously
mm, where the flame spreads unstably and the in- (Fig. 5a). The stagnating line is about 1.2-2.0 mm
stantaneous value of V fluctuates. The mean value of behind the color-change front on the surface. The
V is about 0.12 mm/s. This value is appreciably small stagnation on side B lasts for 0.5-1.0 min; mean-
compared to that in the previous region. Region IV while, the leading flame edge of the other side (side
is in the range of 3 Ž- 8.4 rmm, where continual flame A) goes ahead (Fig. 5b). After the leading flame edge
spread cannot progress any longer. These results sug- on side A precedes, that on side B begins to move
gest that 8.4mm is the limiting value of thickness for again (Fig. 5c), and the situations of both sides
downward flame spread over paper in the present change over.
experiments under the condition of natural convec- As indicated in Fig. 5b, the flame on side A should
tion. overtake that on the side B when the alternating
Unstable Behavior in Region III: spread cycle goes on. This suggests that heat transfer

into the preheat region on side A exceeds to that into

The unstable flame spread in Region III is a side B. This phenomenon seems to be attributable
unique one that has not been investigated in previous to the difference of the thicknesses of char layers
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(a) (b) (C) FIG. 6. Variation of pyrolysis region length L with paper
thickness 5.

FIG. 5. Illustration of fluctuated movements of the lead-
ing flame edges observed in Region III.

Discussion

established over the surfaces that hinder heat trans-
fer. Heat Flow Model:

It may also be assumed that preheating by the pre- Heat transfer to the preheat region has strong in-
ceding flame on the other side is needed for the stag- feanc e r on f he spreea t region heat tra n g m n-
nating flame to restart spreading. In other words, if heuence on flame spread. Several heat transfer modelsthe lams onhot surace stanat at he ame have been proposed for explaining the spread ratethe flalmes onl both surfaces stagnate at the same [3,12]. However, these models are not practicable totime, then they will not spread any more. This is just [,2.Hwvr hs oesaentpatcbet
the case in Region IV. estimate the spread rate if the fuel is not quite thinnor quite thick. Thus, a simple heat flow model

should be assumed to interpret the observation.
Internal Pyrolysis Structure: Figure 7 shows a sketch of an assumed heat flow

Combustible gas is ejected from the pyrolysis sur- model. The horizontal distance from the center plane

face, its amount depending on the area of the pyrol- of the sample is represented by y, and x represents
ysis region. The occurrence of pyrolysis can be dis- the vertical distance from the leading edge of the
tinguished by the color change of cellulosic fibers. pyrolysis region. On the x-y coordinate, there is a
Though the color changes gradually at the inside of flow of solid fuel in the positive direction of x at the

the sample after the flame passes the surface, the velocity of V (mim/s). The temperature in the preheat

fibrous structure remains until the color becomes region ranges from the initial temperature To (K) to

completely black. The main pyrolysis layer is as the pyrolysis temperature T,. In such a situation, the

sunmed to be a narrow layer where the color starts to energy equation for a control volume defined by the

change to completely black. This layer can be distin- central plane and the boundary of virgin material is

guished clearly by observation, represented as follows:

The length L of the pyrolysis region, previously
defined, can be considered a characteristic length Qtot - 1 phVC (Tp - To) = 0
representing the pyrolysis area. Figure 6 shows the
variation of the length L of the pyrolysis region with
paper thickness 6. In the range of 6 < 7.5 mm, the where the first term, Qtot (J/s), is the total heat input
value of L increases as 6 increases. The increasing from the flame per unit time, the second term is the
rate of L is large in the ranges of 6 < 1.5 mm and 4 convective heat loss by the flow of solid fuel, p
mm -• 6 < 7.5 mm, though it is small in the range (g/mm3) is the density, h (mm) is the horizontal width
of 1.5 mm -s 6 < 4 mm. The data presented in the of the control volume, and C (J/g s) is the heat ca-
range of 7.5 mm -• 6 < 8.0 mm are of the unstable pacity.
flame spread. The term Qtt is expressed as
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Thus, the relation between spread rate V and L
IV To -- can be written approximately as

I- pbV = 2(Q.h + LqP)/C(T1 - TO). (1)

FIG. 7. Sketch of the assumed heat flow into the virgin
material. Figure 8 shows the variation of p6V with L ob-

tained by the experiments in the range of 6 < 8.4
mm and suggests that the relation can be expressed
by this simple equation quite accurately. The esti-

Q. = Q, + Qp mated values from this figure are 7.0 x 10-5 (g/mm
s) for QJhC(T - TO) and 1.1 X 10-5 (g/mm2 s) for

where Q, (J/s) is the heat transferred through the q1J/C (TI - To). Main heat flux ahead of the pyrolysis
solid surface ahead of the leading edge of the pyrol- region is supposed to be within 2 mm in the x direc-
ysis region and Q. (J/s) is that penetrating through tion [11] so that the mean value qJC (T - TO) per
the pyrolysis layer; Q, can be regarded as a constant, unit length of QghC (TP - TO) is roughiy estimated
since the temperature profile near the leading flame to be 3.5 X 10- (g/mm2 s), where q, is the heat flux
edge would not change appreciahly for steady down- ahead of the pyrolysis region. The value of is much
ward spread, and Q, is given as smaller than q, though the value of Qp exceeds Q

when the sheet is thick enough. This result is reason-
rS. (aTd able because the heat transferred through the char

Qp = -ho ds layer established over the pyrolysis layer is supposed
to be small.

where 2 (J/mm s K) is the thermal conductivity of
unburned solid fuel, S is the distance from the line Limit Thickness for Downward Spread:
x = 0, y = 6/2 along the boundary of unburned and
pyrolysis region, and S. is S at x = L and y = 0, (aT! As described before, the stagnating behavior of the
an)b is the temperature gradient at the boundary in flame occurs for a thick sample. To explain the lim-
the normal direction to it. iting thickness for downward spread, the rate of com-

Based on the results of observation and measure- bustible gas supply seems to be important. The com-
ment at the cross section of extinguished samples, bustible gas is ejected from the pyrolysis region
(aT/dn)b is assumed to be constant. Also, S. is as- surface. Total mass Mg (g/s) of the generated gas per
sumed to be approximately equal to L. Then, Qp can unit time is expressed as Mg = aphdV, where a is a
be expressed as QP = hLqp, where qp (J/ram 2 s) is mass ratio of the generated gas to consumed virgin

-2(aT/&n)b. material. The mean mass flow rate mg (g/mm2 s) per
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× 10-5 is quite small. This should be the process how the
5 , flame stagnation occurs in the case for thick sam-

"ples.
4

Region IV Conclusions

Region 1I~ •Downward flame spread over paper sheets of

S3 thicknesses from 0.4 to 10 mm have been examined,
" o•"and the following conclusions are derived.

CS
S•* 1. The dependence of flame spread rate V on thick-

° ,ness 8 indicates that the spreading behavior can
Q °be divided into four types observed under con-

J ditions in four regions. The flame spread is found
1 Region I to take place for the sample thickness 8 < 8.4 mm

Region in the present experiments under the conditions
of natural convection. Near the limiting thickness,

0 1 29 unstable flame spread is observed. The flames onboth sides stagnate and spread alternately for 7.5
Thickness 8, mm mm < 8 < 8.4 mm.

Fin. 9. Variation on mean mass flow rate per unit area 2. The length L of the pyrolysis region is measured

p8V/2L with thickness (5. as a characteristic length representing the pyrol-
ysis area. In the range of 6 < 7.5 mm, the value
of L increases as 8 increases.

3. A simple heat transfer model is proposed. It is
unit area is given by dividing Mg by the area 2hL of assumed that the heat transferred through the
the pyrolysis region surface, i.e., solid surface ahead of the leading edge of the py-

rolysis region is constant and that penetrating
mg = Mg/2hL = ap8V/2L. (2) through the pyrolysis region is proportional to the

area of the region. An equation pb8V = 2(QJh +

Equation (1) is substituted into Eq. (2), and the fol- Lq_/C (TI, - TO) is derived, which expresses the

lowing relation is derived: relation between L and p6V in the present exper-
iments. The heat flux qP penetrating through the

a /pyrolysis layer is estimated to be much smaller
mg ' - + qP). (3) than q, through the solid surface ahead of the

-C (T- To) (hL leading edge of the pyrolysis region. It is also in-

ferred that the flame stagnation is caused by the
Equation (3) indicates that g decreases with the decrease of the fuel gas ejected from the unit area
increase of L and approaches to a constant value, of the pyrolysis surface.
aq/C (Tf, - TO).

Figure 9 shows the variation of p6V/2L( = mg/a)
with 8 obtained by the experiments. It is seen that REFERENCES
flig decreases as 8 increases in the range of 8 < 7.5
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COMMENTS

Howard D. Ross, NASA Lewis Research Center, USA. 1. Author's Reply. In this paper, a profile of heat flux from
For each of the fuel thicknesses, how did the flame cur- the flame to the solid was assumed to be a step function in
vature vary across the sample width (i.e., was there sub- which the relation between measured parameters could be
stantial curvature with the slower spread rate associated expressed. This assumption should be verified in a future
with the thick samples)? Did you image the flame both in study by examining the temperature profile. With the as-
edge view (as shown in the presentation) and in plan view? sumption, the explanation of the unstable flame spread was
With substantial curvature, might transverse flame spread made by considering the decrease of mass flux of evapo-
occur at times, and create the irregular spread behavior? rated fuel. The estimated value of the mass flux is a func-

2. What causes the flame extinction with thicker solids tion of the thickness 6 and the pyrolysis length L in the
in air? analysis [Eq. (3)]. However, it should be a function of only

5. The dependence of L on 6 should also be cleared by
Author's Reply. 1. Because of the heat loss to supporting examining the thermal structure in the solid phase.

straps, the flame front near the straps was curved, but the The causes of the onset of unstable flame spread are
central part of the flame front was almost straight when considered to be the change of governing transport mech-
flame spreading was stable. For the thickness 3 > 5 mm, anisms, and the proximity of the extinction limit.
the flame front within 20 mm from each of the straps was In this case, the critical length scale associated with the
observed to curve. For 5 mm - 3, the curved part was change in governing transport mechanism if we define it
within 10 mm. may be equal to the threshold flame sheet thickness as the

When the spread was unstable, the flame front some- commenter pointed out.
times curved irregularly because the flame stagnation
sometimes occurred partially. In this case, the behavior was
not two-dimensional. However, the movement of the
flames on both sides along the center line was alternating Takashi Kashiwagi, National Institute of Standards and
as indicated in Fig. 5 in the text. The edge views that are Technology, USA. 1. Why does the first slowdown of flame
shown in Figs. 2 and 5 were not imaged directly since the Tec curlo n one 1. of the face?
three-dimensional effects at the edges were not negligible, spread occur on one side of the surface?
These sketches were based on the observations of front 2 the s am e spre phomenacu forcros-secionl viwsa thicker sample or the sample whose back side iscross-sectional views.qu nh d

2. As shown in Fig. 9, the mean mass flow rate per unit quenched?
area was estimated to decrease as the thickness increases.
We suspected that the decrease of fuel evaporation causes Author's Reply. 1. There is no doubt that the fluctuating

the flame stagnation and that the simultaneous stagnation behavior cannot start if the sample sheet is perfectly uni-
on both sides results in the flame extinction, form and the ignited flame is perfectly symmetrical. How-

ever, in the actual experiment, the asymmetrical situation
is caused by some small disturbances. At first, the sample
is excessively heated by the flat burner so that the flame

David N. Schiller, University of California, Irvine, USA. spread on both sides can proceed. As it proceeds, the ex-
How can an explanation of the cause of unstable flame cessive heat is consumed, and the situation becomes un-
spread (Region III) be based on an energy balance that stable. This would lead to the unsteady behavior.

does not include either heat conduction from the gas phase 2. For a sample that was thicker than the limit thickness,
to the solid fuel or temperature data? Is a change of gov- the unsteady behavior was seen, though it did not last.
erning transport mechanisms (e.g., gas-phase conduction As was described in the paper, the stagnating flame on
vs solid-phase conduction) responsible for the onset of un- one side needs additional heat from the preceding flame
stable flame spread, or is the phenomenon due to the prox- on the other side to restart spreading. If the back side is
imity of the extinction limit? Is the threshold flame sheet quenched, there would be no preceding flame on that side.
thickness (8.4 mm) for the onset of unstable flame spread Thus, the unsteady phenomena would not occur.
related to a critical length scale associated with a change
in governing transport mechanisms?
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D. Milov, RRA, USA. How are the different terms de- REFERENCES

fined in the analysis? Is it not that the oscillatory type of

spread is due to laboratory-induced flow asymmetry? What 1. Di Blasi, C., Prog. Energy Combust. Sci. 19:17-104

is the length of the burnout region? (1993).
2. Frey, A. E., and Tien, J. S., Combust. Flame 36:263-

289 (1979).
Author's Reply. In the present analysis, two quantities 3. Kim, J. S., and Back, S. W., Combust. Sci. Technol.

are defined for heat flow into the control volume. The first 88:133-150 (1992).
question may be asking the definition of these quantities.

The heat flux profile through the surface of the solid fuel
has been examined and presented by several researchers
[1,2,3]. The flux increases and decreases rapidly as the

leading flame edge passes, then becomes almost constant. Subrata Bhattacharjes, San Diego State University, USA.

By a rough estimation, this profile could be expressed by a Could you comment on whether or not the oscillations you

step function, in which a strong heat flux is followed by a have observed with the flat samples would disappear in a

small flux. In the analysis, the location where the heat flux cylindrical configuration?

changes was regarded as the location where the pyrolysis
starts. Author's Reply. It is expected that the flame stagnates

Our experiments were done at natural convection. The partially when the diameter of the fuel cylinder is large
sample sheet was fixed by the straps on a table. The dis- enough. However, the diameter for the unsteady-spread

tance from the bottom of the sheet to the table surface was condition would be larger than the thickness for region III

280 rmm. Cameras are set at 1 m away from the sample in this paper, because the cylinder has more flaming area

surfaces. There were no other surroundings near the sam- per unit volume than the plate if the diameter and the

ple sheet. Thus, the induced flow should not depend on thickness are the same. This suggests that the stagnating

the laboratory configuration, part of the flame is not significantly affected by the part of

The length of the burnout region is affected not only by the flame on the opposite position. Thus, the unstable be-

the thickness of the sample sheet but also by the igniting havior is supposed not to be oscillating type, but it is ex-

condition. It was about 10-20 mm in the case of a 10-mm- pected that the stagnating part of the flame moves along

thick sample. the flame front around the cylinder.
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AN INSTRUMENT FOR CHARACTERIZATION OF THE THERMAL AND
OPTICAL PROPERTIES OF CHARRING POLYMERIC MATERIALS

MICHAEL A. SERIO, DAVID S. PINES,' ANTHONY S. BONANNO AND PETER R. SOLOMON

Advanced Fuel Research, Inc.
87 Church Street, East Hartford, CT 06108, USA

AND

GIRARD A. SIMONS

Simons Research Associates
3 Juniper Road, Lynnfield, MA 01940, USA

A test instrument was developed and used to characterize the changes in the thermal and optical prop-
erties of charring polymeric materials when exposed to radiative heat fluxes. The system is based on a
bench-top emissometer apparatus, which was developed originally to simultaneously measure the surface
temperature and spectral properties of materials at elevated temperatures and was modified in this work
to study charring polymers. An advantage of using a modified emissometer is that the front surface tem-
perature is measured optically instead of with a thermocouple. Time-resolved measurements of the front
surface temperature, along with thermocouple measurements of the interior and back surface temperatures
can provide information on the changes in thermal conductivity and thermal diffusivity with the extent of
charring, assuming that the heat of gasification is known. In addition, this apparatus measures the changes
in the material's spectral emissivity and functional group composition as it chars. Data are presented for
experiments on two different samples of 3.2-mm-thick polyurethane, heated using radiant fluxes from 22
to 32 kW/m 2. Analysis of the surface temperature and emissivity data indicates that the samples undergo
a transition from a volume to a surface absorber during initial irradiation. Quantification of this behavior
will be a critical element in predicting the flammability limits of these materials.

Introduction charring polymers in fires. These models require in-
put data on the thermal and optical properties at

An important consideration in the combustion of combustion temperatures. This paper describes an
polymers is the pyrolytic degradation processes that apparatus that has been developed to obtain the rel-
lead to the production of volatile fuel, smoke, toxic evant data for charring polymers.
gases, and char [1,2]. While test methods allow rea-
sonable assessments for noncharring polymers, test
methods for charring polymers have not been as well Experimental
developed, and there is no accepted methodology for
prediction of their behavior in a fire [3]. The current Samples:
polymer decomposition models have also focused
primarily on the predictions of relatively simple, non- The apparatus was developed and tested using two

charring polymers such as PMMA [4-8]. Recently, samples of polyurethane (Mobay 110-25) obtained

the study of charring polymers under fire conditions from General Motors in flexible sheets of -3.2 mm

has begun to receive more attention [9-13]. How- in thickness. The monomeric components of the Mo-

ever, there is no currently available model for the bay 110-25 polyurethane are diphenylmethane di-

pyrolysis of charring polymers that provides a good isocyanate and polyether polyol. The samples were

description of the char physical properties (thermal cut into discs that were 7.1 mm in diameter. The

conductivity, heat capacity, emissivity, and oxygen initial density of the material was estimated to be

reactivity). The development of such a model would -1.08 g/cl. One of the samples was reinforced with

be of significant benefit in modeling the behavior of 15% mica.

'Current address: Department of Environmental Engi- Apparatus:

neering, University of Massachusetts, Amherst, MA 01002, A bench-top emissometer was developed at Ad-
USA. vanced Fuel Research (AFR) to simultaneously mea-
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FIG. 1. Schematic diagram of the Bench-top emissometer.

sure the surface temperature and spectral properties ple at the other focus, where it is reflected (scattered)
of materials at elevated temperatures [14-16]. A by the sample into the interferometer. The reflec-
schematic of the bench-top emissometer is shown in tance and the sample radiance are measured to-
Fig. 1. The hemiellipsoidal mirror has both foci in- gether when the aperture on the chopper rotor is in
side the mirror, with a source located at one of the place over the source (chopper open condition).
foci and the sample located at the other focus. This When a cold blackbody is substituted for the aper-
mirror geometry, combined with the radiating char- ture over the source (chopper closed condition) it is
acteristics of the blackbody source, provides a means the sample radiance alone that is measured. Both the
of irradiating the sample both hemispherically and radiance and directional-hemispherical reflectance
diffusely. Therefore, the measurement of reflected can be obtained from these two spectra and their
radiation from the front surface in a given direction difference.
is that of directional-hemispherical reflectance since For the transmission measurement, radiation from
the sample is irradiated uniformly from all directions. the source is collected by the hemiellipsoidal mirror
Likewise, for transmissive samples, the back surface and directed to the sample. In this case, the radiation
measurement is of directional-hemispherical trans- directly and diffusely transmitted by the sample is
mittance. directed by the selector mirror into the FT-IR spec-

An integral part of the optics is the rotating chop- trometer for measurement. Again, the directional-
per system that moves either an aperture or a cold hemispherical transmittance and radiance from the
blackbody element in front of the source. The Fou- sample's back surface is. obtained by comparing the
rier transform infrared (FT-IR) data collection sys- spectra for the two chopper positions.
tem is synchronized with these two states and allows In the bench-top instrument, two separate detec-
for the discrimination of sample radiation from re- tors are normally utilized to measure the near- and
flected/transmitted radiation as follows. For the re- mid-IR energy. A room-temperature indium-gal-
flectance measurement, the IR beam originates at lium-arsenide detector is sensitive to near-IR energy
the blackbody source at one focus of the hemiellip- (0.8-1.6 pm), and a liquid nitrogen-cooled mercury-
soidal mirror. The radiation reflects from the cadmium-telluride detector is used for longer wave-
hemiellipsoidal mirror and is focused onto the sam- lengths (1.6-20,pm). Both spectral regimes are mea-
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sured simultaneously. However, for the work done face) but at two different radial positions (2 mm right
on the current project, the former detector was not of center and 2.8 mm left of center), were measured
installed. using thermocouples for a polyurethane sample with

In order to provide the information required to a 750 'C source furnace. Since the measured tem-
characterize the properties of a charring polymer that peratures were within 2 'C of each other, the one-
is exposed to a radiant heat source, several changes dimensional assumption was assumed to be valid.
were made. The emissometer was modified to in-
clude an inert gas purge over the sample's front sur- Theoretical Background:
face, temperature measurements of the interior and
back surface using thermocouples and insulation of For the front surface sample measurements, the
the sample with a block of calcium silicate to ensure cold blackbody element of the rotor is in place over
one-dimensional heat transfer. It is planned to in- the cavity radiation source. The measurement MI
elude a load cell (for weight loss measurements) and will be the sample's directional spectral radiance:
a provision for analysis of evolved gases in the final
version of the instrument. The thermocouples used Ml1 = e,,(Ts) R1 (T,) (1)
were type K (Omega no. CHAL-005) of 0.13-mm
diameter that were inserted through predrilled holes where e,, is the emissivity of the sample at tempera-
in the calcium silicate block and covered (except at ture, T, , and R' is the Planck function at temperature
the tip) with a ceramic insulator. A schematic of the T.. The subscript v indicates spectral quantities.
sample holder is shown in Fig. 2. With the aperture of the rotor placed over the

In order to simplify the interpretation of the mea- blackbody source, the measured radiation, M2, will
sured thermal and optical properties, it is desirable include that emitted by the sample (Ml,) and the
to have a uniform heat flux. In a hemiellipsoid mirror, blackbody source radiation reflected by the sample
the magnification of an image at one focus onto the in a spectral directional-hemispherical mode,
other focus depends on the distance between the two
foci. In order to determine the heat flux profile of M2, Ml= + p,.(T8 )Bb(Tt,8 ) (2)
the bench-top emissometer at the sample focus from
a 750 °G source furnace (25 X 25 mm), a power where Tbb is the constant blackbody temperature of
gauge with a 3.6-mm aperture was used to measure the source radiation and p, is the spectral directional-
the heat flux at various locations around the sample's hemispherical reflectivity. The difference of the two
focus [17]. The ellipsoidal shape of the profile was measurements is thus
consistent with the experimental and analytical ray
tracing done by Neu [18]. The heat flux profile in- M2, - MI, p=,(T)R,'(Tbb). (3)
dicates that the energy is more constant in the ver-
tical direction than the horizontal. In order to keep The constant source radiation is quantified by re-
the heat flux over the entire sample within 10% of placing the sample with a perfect reflector (a gold
the average flux, a sample size of approximately mirror, p. = 1.0) and measuring the spectrum in the
7-mm diameter was selected. To verify the one-di- chopper open condition:
mensional heat-transfer assumption, the tempera-
tures, at the same depth (1.6 mm from the front sur- Mýe = pgold R•(Tbb) = Rý (Tbb). (4)
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The ratio of Eq. (3) to Eq. (4) results in the mea- sponding to radiant heat fluxes ranging from 22 to 32
surement of the directional-hemispherical reflec- kW/m 2. The sample was initially heated with a 600
tance of the sample, p,., at the unknown temperature, 'C blackbody source. When the sample had reached

steady state, radiance and radiance plus reflection
measurements were taken from the front surface

(M2, - M1,.)/MW•f (Fig. 3a). The selector mirror was then flipped, and
radiance and radiance plus transmission measure-

= [p,,(T9)R{'(Tbb)1/R0(Tbb) = pV(T). (5) ments were taken from the back surface (Fig. 3b).
The two back surface measurements were identical

For an opaque sample, the spectral emittance, E,,, can below the 4500 cm -I wave number, which indicates
now be determined from closure: that the sample is opaque in this region. By closure

(1 - p - z), the emittance was calculated and is
I= - p,, (6) presented in Fig. 3c. Finally, the normalized radi-

ance of the front surface (radiance/emissivity) along
Once e,. is determined, the precise sample tempera- with a Planck blackbody curve at 229 'C is presented
ture is found by rearrangement of Eq. (1): in Fig. 3d.

These preliminary tests demonstrated the feasibil-
R{(T,) = [MI,/E,,(T8)]. (7) ity in using the bench-top emissometer to measure

the surface temperature and the spectral changes in
For nonopaque samples, the directional-hemispher- a charring polymer. Consequently, the bench-top
ical transmittance, r,, is measured by flipping the se- emissometer was modified to include a nitrogen
lector mirror and measuring the back surface radi- purge, and a special sample holder was designed and
ance (M3,.) and back surface radiance plus constructed, as described in the experimental section
transmittance (M4,,). The source radiation is quanti- (see Fig. 2). The first tests performed with the mod-
fled with the sample absent, and the analysis to de- ified apparatus were to measure the front, middle,
termine r, follows that for pv. The more extensive and back surface temperature as well as the spectral
closure relationship is then used to determine E,,: properties of the front surface as the sample was be-

ing heated at different radiant heat fluxes (22, 26.5,
r, = 1 - p, - r,. (8) and 32 kW/m2). The 15% mica-reinforced sample

was selected because it is opaque. Therefore, tran-
Advantages of Emnissometerfor Charring sient temperature measurements can be made using

Polymer Applications: a single scan without having to flip the selector mir-
ror. The front, middle, and back surface tempera-

An advantage of using the modified emissometer tures as a function of time at the middle heat flux are
for studying the behavior of charring polymers ex- shown in Fig. 4. In addition, the average emissivity
posed to radiant heat is that the front surface tem- between 6500 and 500 cmr1 wave numbers is shown
perature is measured optically instead of with a ther- (right-hand scale). The results at the low (22 kW/m 2)
mocouple. Front surface temperatures are difficult and high (32 kW/m 2) heat fluxes are qualitatively sim-
to measure accurately with a thermocouple because ilar [17].
they are affected by the radiant heat source. It is also In all three cases, the polyurethane became more
true that small changes in the placement of the ther- reflective as it was charred. The spectral changes in
mocouple (slightly above or below the surface) can the emissivity as the sample was heated at the 26.5
give a significant difference in the temperature mea- kW/m 2 heat flux are shown in Fig. 5. Initially, the
surement. In addition to measuring the thermal virgin material is a gray body due to self-absorption.
properties in cases where the heat of gasification is As the surface is charred, it becomes more reflective
known, this apparatus will measure the change in the and exhibits very strong spectral features with an
material's emissivity as it chars. Knowing the emis- isocyanate peak( N=C=O antisymmetric stretch at
sivity is necessary in accurately predicting a material's 2275 cmr- 1), a N-H-free stretch at 3350 cm- ', and
flammability since radiation is usually the main heat- an O-H stretch at 3625 cm 1. There is initially an
transfer mechanism in a fire. aliphatic peak at 2950 cm -1, which then disappears

as the polymer becomes charred, with the appear-
ance of a strong aromatic peak at 3079 cm- 1 . The

Results change from an aliphatic to a more stable aromatic
structure is consistent with previous studies involving

Preliminary testing of the polyurethane samples the pyrolysis of charring polymeric materials [2].
was conducted using the existing emissometer prior These changes are not only a function of tempera-
to making any modifications. The sample without ture, but are also time dependent, which is consistent
mica reinforcement was tested at blackbody source with the finite-rate chemistry of the charring process.
temperatures ranging from 600 'C to 850 'C, corre- The ability to see the spectral detail of the char is
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TABLE 1
Exponential decay constants for temperature profiles in polyurethane slabs

Heat Flux Location

(kW/rn 2) Front surface 1/16" depth Back surface

22 0.022 0.012 0.008
26.5 0.023 0.013 0.009
32 0.027 0.012 0.008

quite surprising since it was expected that the char overshoot of the front surface temperature is char-
would exhibit gray body behavior similar to the virgin acteristic of the virgin material. However, there is no
material. More work is needed to understand why such observation for the precharred material [17].
the spectral features are so strong. However, it is The temperature rise of the virgin material is nearly
likely that this is related to the change of the material linear, whereas that of the precharred material is ap-
from a volume absorber to a surface absorber as char- proximately the square root of time. This observation
ring proceeds. Further evidence for this phenome- suggests that the virgin material is a volume absorber,
non is obtained from an analysis of the temperature whereas the precharred material is a surface ab-
profiles, as discussed below. sorber: relating the heat flux I to the temperature rise

This measurement technique provides the impor- AT (t), we write
tant advantage of being able to monitor the chemical
changes in the polymer's surface during the charring It = pcp AT3 (10)
process. The 25% decrease in the average emissivity
indicated in Fig. 4 reduces the radiation absorbed where p -1 g/cc, cp 2 J/g K, and ( is either the
and, therefore, inhibits further pyrolysis of the optical or the thermal depth ofthe energy deposition.
interior. Knowing how the emissivity changes with The surface temperature data for the virgin material
charring is an important parameter in being able to (AT(t) 4t) suggests that 6 = constant optical
accurately predict the behavior of a polymer that is depth = 4 mm, while that for the precharred ma-
exposed to a radiant heat source. terial (AT(t) = 50 t 12) suggests that 6 is a thermal

The temperature profiles of the front, middle, and diffusion depth (4at)'12 corresponding to a = 2 X
back surfaces of all three tests showed an exponential 10- 8 m2/s. A value of 3 mm was independently mea-
decay response from room temperature to an asymp- sured for the optical absorption depth of the virgin
totic maximum temperature. The profiles were fitted material in the near IR (1.5 to 2.7 pm) and a value
using the following formula, and the exponential fac- of 2 to 4 X 10- 8 m2/s for the diffusivity of the char
tors were compared for the three cases: [17]. These data clearly demonstrate that the char-

ring is controlling the evolution of the material from
T = (T,, - T,) [1 - exp(-mt)] + T1  (9) a volume to a surface absorber and a thorough un-

derstanding of this aspect of the charring process is

where T is the temperature at time t (0C), Ts, is the necessary to predict the temperature profile and ig-

asymptotic steady-state temperature (C), T1 is the nition characteristics.
initial temperature at t = 0 s (C), t is time (s), m is
the exponential constant.

It is interesting to note that the exponential factors Conclusions
for the interior and back surfaces are approximately
the same for the three different heat fluxes. As ex- A test instrument was developed and used to char-
pected, the exponential factor for the front surface acterize the changes in the thermal and optical prop-
increased as the heat flux increased. erties of charring polymeric materials when exposed

Recent studies conducted on the ignition of solids to radiative heat fluxes. The system is based on a
have treated the optical depth as a constant or as zero bench-top emissometer apparatus, which was devel-
for the case of a pure conductor (e.g., see Ref. 11). oped originally to simultaneously measure the sur-
While in-depth pyrolysis has been described as the face temperature and spectral properties of materials
source of the combustion products, the subsequent at elevated temperatures and modified in this work
effects of the internal pyrolysis have not been studied to study charring polymers. Time-resolved measure-
extensively. The temperature profiles of the virgin ments of the front surface temperature, along with
materials, shown in Fig. 4, indicate that temperature thermocouple measurements of the interior and back
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CARBON MONOXIDE FORMATION IN FIRES BY HIGH-TEMPERATURE
ANAEROBIC WOOD PYROLYSIS
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Building and Fire Research Laboratory
National Institute of Standards and Technology

Gaithersburg, MD 20899, USA

Building fire fatalities often occur at locations remote from the room where the fire is actually burning.
The majority of these fire deaths are the result of smoke inhalation, primarily due to exposure to carbon
monoxide (CO). Although causing nearly 2500 deaths per year in the United States, the mechanisms for
the formation of CO in building or enclosure fires remain poorly characterized.

In order to test the hypothesis that high concentrations of CO can be generated by pyrolysis of wood
in a high-temperature, vitiated environment, a series of natural gas fires, ranging from 40 to 600 kW in
heat release rate, were burned inside a reduced-scale enclosure (RSE). The ceiling and upper walls of the
RSE were lined with 6.4-mm-thick plywood. During each burn, the concentrations of CO, C0 2, and 02
were monitored at two locations within the upper layer. Oxygen calorimetry was used to monitor the total
heat release rate for each fire. Vertical temperature profiles for two positions within the enclosure were
also recorded.

Much higher levels of CO were generated with the wood-lined upper layer than with comparable fires
fueled only by natural gas. Volume concentrations as high as 14% were observed. The fires with wood in
the upper layer had higher heat release rates and depressed upper-layer temperatures. The major conclu-
sions of this work based on the experimental findings are (1) the pyrolysis of wood in a highly vitiated,
high-temperature environment can lead to the generation of very high concentrations of CO in enclosure
fires; (2) the overall wood pyrolysis is endothermic for the experimental conditions studied; and (3) the
maximum mass loss rate of wood under the experimental conditions is on the order of 10 gs-I m-2 with
the majority of released carbon being converted to a roughly 1: 1 mixture of CO and CO,.

Introduction for stoichiometric burning. The existence of these
correlations has been termed the "global equivalence

The majority of fire deaths within buildings [1] oc- ratio concept" [9].
cur as the result of smoke inhalation from "flashed Gottuk et al. [10] demonstrated that the concen-
over" [2] fires at locations remote from the fire itself. trations of combustion species generated within an
Postmortem analysis of fire victims [3] as well as stud- enclosure carefully designed to create an environ-
ies of the causes of fire death reported by medical ment similar to the hood experiments were also well
examiners [4] indicate that roughly two-thirds of all correlated with 4Pg, even though the correlations dif-
building fire deaths are the direct result of exposure fered slightly from the hood results due to higher
to the carbon monoxide (CO) generated by the fire. upper-layer temperatures in the enclosure fires.
Although this represents nearly 2500 deaths per year Work reported by Bryner et al. [11] and discussed by
in the United States [5], very few systematic inves- Pitts [12] demonstrated that the GER concept can
tigations of CO formation during enclosure fires have breakdown when air is entrained directly into the up-
been reported, and the mechanism(s) for generating per layer of an enclosure with a single doorway. Even
CO in such fires remain poorly characterized. in the latter case, however, observed CO concentra-

Earlier idealized experiments [6-8] in which fires tions for underventilated burning were only 50%
burning in an open laboratory were quenched upon higher than predicted by the GER concept.
entering a hood containing combustion gases showed In 1987 in Sharon, PA, there was a fatal townhouse
that concentrations of the combustion gases, includ- fire, where deaths occurred on the second floor, even
ing CO and fuel, could be correlated in terms of the though the fire was essentially localized in a first floor
global equivalence ratio (GER), Og, which is defined kitchen. One of the victims had an extraordinarily
as the mass of material in the upper layer derived high level of carboxyhemoglobin, suggesting expo-
from fuel divided by the mass of material derived sure to very high concentrations of CO. Levine and
from air normalized by the fuel to air ratio required Nelson [13] investigated this fire in detail and
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decided to simulate it in the full-scale burn facilities be summarized here. The RSE is a two-fifths-scale
at the National Institute of Standards and Technol- model of a standard full-scale room widely used for
ogy (NIST). fire testing [17,18]. The RSE has inside dimensions

In order to simulate the wood paneling and cabi- of 0.98-m wide X 0.98-m tall N 1.46-m deep and a
nets in the kitchen, a heavy fuel loading of wood, 184 single doorway, which is 0.48-m tall X 0.81-m wide.
kg, was used. Concentration measurements of CO The inside of the enclosure is lined with two layers
and other flame gases were made at the soffit of a of 1.27-cm-thick calcium-silicate boards, which are
doorway located at the base of a stairway leading to supported by a steel framework.
the second floor as well as in a "bedroom" located on A 15.2-cm-diameter burner is positioned in the
the second floor. Volume concentrations of CO as center of the RSE 15.2 cm above the floor. The flow
high as 8% were observed downstairs, while concen- rate of the fuel, natural gas, to the burner is moni-
trations in the upstairs bedroom exceeded 4%. tored using both a diaphragm test meter and rota-

Beyler [7] had burned wood in a "hood" experi- meters. The burner is ignited by a small propane pilot
ment and found that CO volume concentrations of flame. Flow rates are adjusted to provide a range of
3.2% were generated during underventilated burn7  fire sizes (assuming complete combustion and using
ing. Similar results were reported by Gottuk et al. heats of combustion based on the known composi-
[10] for their idealized enclosure. Concentrations of tion of the natural gas) up to 600 kW.
CO observed in the Sharon fire test are, therefore, Gas concentrations within the RSE are monitored
at least 2.5 times higher than predicted by the GER at two locations by continuously extracting samples
concept. Such a large difference cannot be attributed through 0.95-cm-diameter tubing and, after drying,
to a temperature effect or entrainment of air directly using nondispersive infrared analyzers (CO and CO 2)
into the upper layer. Another mechanism for CO and paramagnetic analyzers (02). Gas sampling lo-
generation must exist. cations are 10 cm from the ceiling (well within the

In this paper, it is shown that direct pyrolysis of upper layers of the fires). The front sample probe is
wood in highly vitiated (anaerobic), high-tempera- 10 cm from the front wall that contains the door and
ture flame gases generates very high concentrations 29 cm from a side wall. The rear sample probe is
of CO, thus providing a likely explanation for the located 29 cm from the side and rear walls. Temper-
failure of the GER concept to predict the generation atures are recorded at several heights using two ther-
of CO during the Sharon fire test. Despite an exten- mocouple trees placed in the front and rear of the
sive literature on the pyrolysis and burning behavior enclosure at locations 20.3 cm from the side and end
of wood and similar substances, we have found no walls.
experimental investigations of wood pyrolysis for the The RSE is placed under the large hood of the
conditions of interest to this investigation. However, NIST furniture calorimeter [19], which utilizes oxy-
there are numerous studies in the literature suggest- gen calorimetry [20] to measure the heat release rate
ing that wood can be efficiently converted to CO (HRR) of a fire. Note that measured HRRs reflect
when small particles are exposed to high tempera- burning both inside and outside of the enclosure.
tures under anaerobic conditions. The results of an extensive series of natural gas

Milne [14] summarizes a number of experiments burns are discussed elsewhere [11,12]. These earlier
in which wood and related substances were rapidly studies found that the natural gas fires became un-
pyrolized at high temperatures in inert environ- derventilated for HRRs greater than 200 kW. As the
ments. Many of these studies reported significant fires became underventilated, the concentration of
mass conversion to carbon oxides with the CO to CO2  CO observed in the upper layer increased quickly
ratio being generally greater than one. Brink et al. with fire size, reaching asymptotic values of approx-
[15] studied wood particle decomposition in a flow imately 2 and 3 vol.% in the rear and front of the
reactor over a 300 TC to 900 TC temperature range. enclosure, respectively. Upper-layer temperatures
The degree of conversion to gas increased with tem- were quite high and also were found to differ in the
perature as did the CO :CO 2 volume ratio. For front and rear of the enclosure (typically 1000 'C in
600 TC, this ratio was nearly 1 and increased to 12 by the front and 850 'C in the rear). For underventilated
900 TC. Arpiainen and Lappi [16] reported similar burning, oxygen concentrations were very close to
findings for the flash pyrolysis of pine bark with high zero as expected for well-mixed rich gases at these
conversion to carbon oxides and a CO:C0 2 ratio of temperatures [9,12,21].
1 near 600 TC and of 4 for 800 TC. For the current study, the ceiling and upper walls

(36 cm down from the ceiling) of the RSE were lined
with 6.4-mm-thick Douglas fir plywood in order to

Experimental test the hypothesis that pyrolysis of wood in high-
temperature, anaerobic environments can generate

The experiments were performed in the reduced- high concentrations of CO. The total mass of wood
scale enclosure (RSE) test facility at NIST. This fa- was approximately 10 kg. Natural gas fires of various
cility is described fully elsewhere [11] and will only sizes were then burned, and the concentrations of



FORMATION BY ANAEROBIC WOOD PYROLYSIS 1457

320 34
wood down 12

0 wood falling

0>8 A
0 1

S10o 6 A
AU AAAAA

A A
17O 5 00 "& AkAýý'A

U A

(5 , . . .. . ' , ' , , ' , , ' o .. . , ... ,-,, , , .. .. . .. . . . S • Z
o) A

CZ 0 0 -- - - --- _ --. A

0 200 400 600 800 1000 -50 0 50 100 150 200 250 300

Time (s) Time (s)

FIG. 1. Volume concentrations (dry) vs time for a fire FIG. 2. Volume concentrations (dry) of CO vs time for

within the RSE fueled by a natural gas flow corresponding a 50-kW natural gas fire (0 = rear; O = front) and for a
to 400 kW and a plywood lining on the ceiling and upper 50-kW natural gas fire with a plywood lining on the ceiling
walls. Results for CO (0, 0), CO2 (E], U) and 0, (A, A) and upper walls (A = rear; A = front). The fire was ig-
are shown. Samples were measured at front (filled symbols) nited at time = 0 s, and the wood began to fall at 320 s.
and rear (open symbols) locations. The fire was ignited at
time = 0 s. Times for when the wood first began to fall
from the ceiling and walls and for when the wood had col-
lapsed are indicated, wood collapsed. Dry CO concentrations reached 7%

at the front sampling position and 14% in the rear.
Note that oxygen concentrations in the upper layer
were very nearly zero during this period as expected.

CO, CO2, and O2 were monitored at the two ioca- Concentrations of CO2 were also quite high with the
tions within the upper layer. Vertical temperature higher levels again found in the rear of the enclosure.
profiles for the two positions within the enclosure It is significant that following the full collapse of
were recorded. The furniture calorimeter was oper- the wood, the CO concentrations in the front and
ated to provide heat release data for the fires. A series rear of the enclosure fell very rapidly, despite the fact
of 12 fires were burned in which the size of the nat- that significant combustion of the wood (as deter-
ural gas fires was varied from 40 to 600 kW. mined by the measured heat release rate) was still

occurring. Clearly, the high CO levels are associated
with the presence of the wood within the upper layer.

Results The time profiles indicate that the burning wood on
the floor significantly disrupted the upper layer (e.g.,

Figure 1 shows time histories of CO, C0 2 , and 0, significant 02 is observed in the rear of the enclosure
concentrations at the two sampling positions within immediately following the wood collapse). However,
the upper layer for a nominal 400 kW natural gas fire as the wood burning eventually died down, the ob-
in the presence of the wood lining. Time zero cor- served concentrations returned to levels typical of a
responds to the ignition of the natural gas. For all of 400 kW natural gas fire in the absence of wood [11].
the fires in which wood pyrolysis occurred, it was High CO levels were generated in all cases where
found that the wood lost its structural integrity and natural gas HRRs were greater than 45 kW. For the
fell from the walls and the ceiling to the floor after a smallest fires, an induction period was observed fol-
period of time. When the wood fell to the floor, it lowing the start of the natural gas fire before the CO
would generally burn intensely with a bright flame concentration began to increase. Note that fires hay-
for a short period before settling into a smoldering ing HRRs less than 200 kW are overventilated in the
mode. The vertical lines in Fig. 1 indicate when the absence of wood. The observation of high levels of
collapse of the wood began and was completed. Gen- CO requires that the wood generate sufficient fuel
erally, the wood near the doorway of the enclosure to cause the burning to become underventilated.
collapsed first, but there was only a short delay before Figure 2 compares the time behaviors of CO con-
nearly all of the wood had fallen. centration for two 50 kW fires-one with and one

The most dramatic effect in Fig. 1 is the rapid without a wood lining. Only the period from just be-
growth and peak levels of CO observed before the fore the start of the fire until the start of the collapse
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FIG. 3. Volume concentrations (dry) of CO vs time for FIG. 4. Heat release rate (kW) vs time for four fires.

"a 400-kW natural gas fire (0 = rear; S = front) and for Each fire was fueled by a plywood lining on the ceiling and
"a 400-kWV natural gas fire with a plywood lining on the upper walls and a natural gas flow corresponding to 50 (0),
ceiling and upper walls (A = rear; A = front). The fire 100 (0), 200 (0), or 400 (A) kW. Time zero is defined as
was ignited at time = 0 s, and the wood began to fall at the time when the HRR of the fires increased due to the
205 s. pyrolysis of wood. The wood began to fall at approximately

210 s.

of the wood is shown. The effect of the wood on
the observed CO concentrations is obvious, since generated from pyrolyzed wood are known to vary,
essentially no CO was detected in the fire without generally increasing with time [22]. Due to the corn-
wood. For the wood case, the induction period be- plex nature of the process, these values are also de-
tween the start of the fire and the generation of sig- pendent on such experimental parameters as heating
nificant concentrations of CO is apparent. rate and pyrolysis temperature [22].

Similar plots of CO concentration vs time are In order to provide an estimate for the mass loss
showvn in Fig. 3 for nominally 400 kW natural gas rate, the heat of combustion for a radiatively pyro-
fires. Again, the presence of the wood results in sig- lyzed sample of the plywood obtained from a Cone
nificantly elevated concentrations of CO compared Calorimeter [23,24] measurement was utilized. This
to the fire without a wood lining. Significant CO con- measurement displayed two distinct temporal
centrations are observed in the fire without wood, regions that are interpreted as corresponding to di-
since this fire is underventilated. Additional CO gen- rect formation of gases by the wood and subsequent
erated by the wood appears shortly after ignition. pyrolysis of the char that is generated during the di-
Comparison of Figs. 2 and 3 shows that the growth rect gasification stage. The average heat of combus-
rates of CO concentration with time and the ultimate tion during the gasification stage was 12 MJ/kg, while
levels achieved are nearly identical in both cases the pyrolysis of the char stage yielded a much higher
where wood is present. value of 25 MJ/kg.

Plots of measured HRRs vs time are shown in Fig. Since the times during which the high concentra-
4 for wood-lined enclosure fires in which the heat tions of CO are observed in the current experiments
release rates for the natural gas fires were nominally are for the initial wood pyrolysis and the periods are
50, 100, 200, and 400 kW. It is clear that the wood reasonably short, the value of 12 MJ/kg was used to
is contributing significantly to the total HRR of each estimate the wood mass loss rate for the period until
of these fires. the wood fell. As a check of the approach, it was

It is possible to subtract the HRRs for the known assumed that the low HRR applied for the period
flow rates of natural gas from the observed overall when the wood was located in the upper layer, and
values in order to estimate the HRRs due to gases the high value was appropriate after the wood fell.
generated by wood pyrolysis as a function of time. If These values, along with estimated HRR data for the
the heat of combustion of the pyrolyzed gases gen- wood during the entire burns, allow estimates of the
erated by the wood were known, it would now be total mass of wood consumed during each burn. The
possible to calculate the mass loss rate of the wood. results are within 30% of the initial mass of wood.
Unfortunately, the heats of combustion for gases Figure 5 shows the calculated results for the mass
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FIG. 6. Temperature vs time for a 360-kW natural gas
FIG. 5. Mass loss rate of wood (g/s) vs time for the same fire (open symbols) and a 360-k\V natural-gas fire with a

four fires as in Fig. 4. Each fire was fueled by a plywood plywood lining on the ceiling and upper walls (filled sym-
lining on the ceiling and upper walls and a natural gas flow bols). Thermocouples were located 92 cm (0, 0), 88 cm
corresponding to 50 (0), 100 (K0), 200 (0I), or 400 (A) (l, E), and 84 cm (A, A) from the floor. The ceiling is 98
kW. Time zero is defined as the time when the HRR of cm from the floor. All of the thermocouples were on the
the fires increased due to the pyrolysis of wood (note the tree located in a front corner of the RSE. The fire was
change from earlier figures). The wood began to fall at ignited at time = 0 s, and the wood began to fall at 230 s.
approximately 210 s.

enclosure fires. It is likely that this finding provides
loss rate of wood as a function of time over the period the explanation for the very high levels of CO ob-
before the wood collapses for the 50, 100, 200, and served in the Sharon fire test [13] and for the failure
400 kW natural-gas fires. of the GEt concept to predict the observed levels of

A comparison of upper-layer temperature profiles CO.
for comparably sized natural gas fires with and with- It is at first glance somewhat surprising that higher
out the wood lining allows an assessment of the over- concentrations of CO and CO2 are observed in the
all energetics of the wood pyrolysis process for cases rear of the RSE than in the front (Fig. 1). Temper-
when the natural gas fires alone are underventilated. atures in the rear are somewhat cooler than in the
Figure 6 shows temperature-time traces for 360 kW front and the wood pyrolysis rate should be slower.
natural gas fires with and without wood at several The buildup of high concentrations of wood pyrolysis
vertical positions in the front of the enclosure. In the products in the enclosure rear is the result of flow
presence of wood, the temperatures are significantly patterns within the enclosure. Gases in the rear of
lower. Similar results were found for the other fires the enclosure have a much longer residence time
having HRRs greater than 200 KW. Assuming that than the gases flowing out the doorway near the front
the heat loss mechanisms are not significantly differ- [12]. As a result, the gases at the front sampling po-
ent for the wood-lined and bare enclosures, this re- sitions are diluted more by gases generated by the
quires that the gases generated by the wood pyrolysis natural gas fire plume than the gases in the rear
cool the combustion gases generated by the natural where the gases from the wood pyrolysis accumulate.
gas fire, and the overall wood pyrolysis process must, The details of the pyrolysis of wood within the
therefore, be endothermic. tSE are much too complicated to describe in detail.

However, the general processes responsible for the
generation of gas by wood pyrolysis can be discussed.

Discussion Here, we adopt the early description of Browne [25].
Pyrolysis is viewed as occurring in four distinct

The hypothesis that the pyrolysis of wood in high- zones:

temperature, highly vitiated upper layers results in Zone A (up to 200 °C): Wood is dehydrated and only
the generation of very high concentrations of CO is small amounts of decomposition take place.
confirmed by the results shown in Figs. 1 through 3. Zone B (200-280 °C): A large number of chemical
To our knowledge, this is the first demonstration of compounds are generated, and charring of
such a mechanism for the direct formation of CO in the wood begins.
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Zone C (280-500 'C): Rapid pyrolysis of wood is io- of small particles of wood (see the discussion in the
itiated, releasing and/or generating a wide Introduction), this suggests that the average surface
range of chemical products, which call un- temperature for the wood pyrolysis is on the order
dergo secondary reaction, as well as formning of 600 TC. The estimated temperature of the pyro-
charcoal. lyzing wood surface is considerably lower than the

Zone D (greater than 500 °C): The surface temper- upper-layer gas temnperatures (see Fig. 6). This is not
atore of the charcoal is sufficient to induce too surprising since there are at least two heat loss
secondars' reactions such as mnechanisms. The wood surface is cooled by heat con-

duction to the interior, and it has been found exper-
C(s) + I1tO(g)- CO + 112 (1) imentally that the wood pyrolysis is overall endo-

thermiic, thus requiring heat absorption to proceed.
and

C(s) + CO., -- 2CO. (2) Final Remarks

When the wood in the RSE is exposed to flame The major findings of this study are
gases, it begins to heat fromn the exposed surface i- 1. The pyrolysis of wood in a highly vitiated, high-
ward. A series of zones develop with the lower-tern- .thperature enpyrolysis odin a ly toated, high-
perature zones moving into the wood and the surface tempern hiroonment can lead to tie produc-
temperature of the wood increasing. If the surface tion of very high concentrations of CO in enclo-sure fires.
temperature exceeds 500 TC, the fire environment sure fires.
ssall result in more complicated reactions than simple 2. The overall wood pyrolysis is endother.ic foi the
prosis nder inert conditions since significant cn-conditions studied.

3. The maximnum mass loss rate of wood under the
centrations of CO, and H,0 are present in the flame experilntal conditions is on the order of 10 gs-
gases, thus enhancing reactions (1) and (2). e

Even though the wood pyrolysis process cannot be m-2, xvith the majority of carbon being converted
u to roughly a 1: 1 mixture of CO and CO9 .

studied im detail, it is possible to make checks to see
if the results are reasonable. From Fig. 5 and similar These findings have important implications for un-
results for other fires and using the known surface derstanding smoke inhalation deaths that occur in
area of the exposed wood, it is possible to estimate fires, As noted, the conclusions explain the high con-
the wood mass loss rate as increasing fromn 0 to ap- centrations of CO generated by the Sharon fire test
proxilnately 10 gs-1 111-2 during the periods before [13)-a recreation of a fire where CO was known to
the wood collapsed. The maximum levels are comn- be responsible for the death of one of the victims.
parable to observed mass loss rates (10-15 gs- m21 ) Fire investigations by NIST researchers have pro-
for samples of the plysvood subjected to 50 and 75 vided anecdotal evidence that the generation of CO
lWA/in 2 levels of infrared radiation in the cone calo- by wood pyrolysis under conditions similar to those
rimeter during the period that direct vaporization tested for this study is important in numerous mnul-
was occurring. The measured mass loss rate of the tideath fires. Recent examples include the Happy-
wood in the enclosure is consistent with strong heat- land Social Club fire in the Bronx, NY, which killed
ing of a wood sample. 87 persons in 1990 [26], and the Johnson City, TN

It is not possible to determine the chemical coin- nursing home fire, which killed 16 people in 1989
position of the gases generated by the wood pyrolysis. [27]. The New York fire resulted from an arson in
However, it is clear that large amounts of CO and which gasoline was poured and ignited within a small
CO. are produced. As a consistency check, it has entryvay room lined with plywood and having a f6-
been assumed that pyrolysis of wood generates only berboard ceiling. These conditions are very similar
CO, CO,, and H2, and the mass production rates to those studied here and would be expected to gen-
have been computed on a global basis using data such crate very high concentrations of CO. Most of the
as shown in Fig. 5 for the wood mass loss rate as a fire victims were on the second floor of the building
function of tine. Since the flow rates of the natural and died as the result of smoke inhalation. The Ten-
gas and production rates of CO and CO2 can be es- nessee fire occurred on the first floor of a multistory
timated for the natural gas component of the fuel, it building. Victims were found scattered over several
is possible to estimate the overall composition of the floors with the highest being the tenth. Most deaths
upper layer by assuming a CO CO, mass generation were again attributed to smoke inhalation. Investi-
ratio for the wood pyrolysis. Such calculations yield gation showed that there was a hidden ceiling above
predictions for the observed CO: CO, concentrations the fire, which consisted of wood fiber tiles attached
in the front of the enclosure that are consistent with to wood furring strips and framing members. During
experimental observations. The required CO:CO9  the fire, flames broke through the false ceiling and
ratio is on the order of 1 : 1. Based on the ratios for entered air spaces adjacent to the false ceiling. Again,
the generation of CO and CO. observed for pyrolysis this is a situation similar to the current experiments.
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Very high concentrations of CO should have been 12. Pitts, W. M., The Global Equivalence Ratio Concept
generated, consistent with casualties far from the fire and the Prediction of Carbon Monoxide Formation in
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Additional studies are clearly needed. For in- 13. Levine, R. S., and Nelson, H. E., Full Scale Simulation
stance, it is necessary to determine the conditions for of a Fatal Fire and Comparison of Results with Two
which CO generated within a compartment can exit Multi-Room Models, NIST Internal Report 90-4268,
and be transported without additional reaction. 1990.
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ditions responsible for generating dangerous concen- Technology (T. B. Reed, Ed.), Noyes Data Corpora-
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COMMENT

Carlos Fernandez-Pello, University of California, Berke- Author's Reply. References 14 through 16 describe stud-
ley, USA. Is there experimental evidence of CO production ies in which wood or related materials were rapidly heated
during the pyrolysis of wood in an inert atmosphere such in inert atmospheres to temperatures characteristic of up-
as nitrogen (in a TGA analysis, for example). per layers in underventilated enclosure fires. In each case,
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a large fraction of the pyrolyzed material appeared as car- REFERENCE
bon monoxide for temperatures greater than 900 K. Only
one study was identified in which thermogravimetric anal- 1. Hileman, F. D., Wojcik, L. H., Futrell, J. H., and Ein-
ysis of wood under inert gases at these temperatures was horn, I. N., in Thermal Uses and Properties of Carbo-
employedwith chemical analysis of pyrolysis products. Hil- hydrates and Lignins (F. Shafizadch, K. V. Sarkanen,
eman et al. [1] found that a Douglas fir sample pyrolyzed and D. A. Tillman, Eds.), Academic Press, New York,
at 823 K in helium gave a yield of 21% of its mass as CO. 1976, pp. 49-71.
The observed CO: CO, ratio was 3.7: 1.
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SIMULATION OF SMOKE PLUMES FROM LARGE POOL FIRES

H. R. BAUM, K. B. McGRATTAN AND R. G. REHM

National Institute of Standards and Technology

Gaithersburg, Maryland 20899, USA

A large eddy simulation model of smoke plumes generated by large outdoor pool fires is presented. The
plume is described in terms of steady-state convective transport by a uniform ambient wind of heated
gases and particulate matter introduced into a stably stratified atmosphere by a continuously burning fire.
The Navier-Stokes equations in the Boussinesq approximation are solved numerically with a constant eddy
viscosity representing dissipation on length scales below the resolution limits of the calculation. The ef-
fective Reynolds number is high enough to permit direct simulation of the large scale mixing over two to
three orders of magnitude in length scale. Particulate matter, or any nonreacting combustion product, is
represented by Lagrangian particles that are advected by the fire-induced flow field. Background atmo-
spheric motion is described in terms of the angular fluctuation of the prevailing wind and represented by
random perturbations to the mean particle paths. Sample computations are presented and compared with
plumes generated by large crude oil pool fires. Also presented is an assessment of the potential environ-
mental hazard posed by burning marine oil spills.

Introduction the component of the fluid velocity in the direction
of the ambient wind is literally the wind speed. The

There is growing interest in the environmental neglect of streamwise perturbations to the ambient
consequences of large fires, since the transport of wind is an old idea in aerodynamics, where it has
combustion products by a windblown fire plume can been used to study aircraft wake dynamics since the
distribute potentially hazardous materials over a wide 1930s [5]. Once this approximation is made, the
area. Pools of burning oil and other petroleum prod- plume (or wake) can be studied as a two-dimensional,
ucts are of particular concern due to the vast flow of time-dependent entity. The large-scale structure of
these materials through the global economy and be- the plume can then be determined in detail at mod-
cause of the fragility of the environment in many erate computational cost. The small-scale "subgrid"
regions where oil is extracted or transported. The mixing and dissipation is represented with a constant

present work is part of a larger study of a closely eddy viscosity. This permits the mathematical struc-
related issue, the feasibility of cleaning up oil spills ture of the Navier-Stokes equations to be retained.
on water through burning [1]. The effective Reynolds number, defined by the

Buoyant windblown plumes have been studied buoyancy-induced velocity, plume height, and eddy
since the early 1960s. A summary of the early work viscosity, is chosen to be above 104. Thus, at least two
together with a useful bibliography is given by orders of magnitude of dynamically active length
Turner [2]. For summaries of more recent work, see scales in all coordinate directions are permitted, leav-
Turner [3] and Wilson [4]. Virtually all the models ing open the possibility of comparison with labora-
described in these works are integral models, where tory scale experiments (where the Reynolds numbers
the profiles of physical quantities in cross-sectional are low enough to be simulated directly). It is in this
planes perpendicular to the wind direction are as- sense that the model described here is a large eddy
sumed, together with simple laws relating entrain- simulation.
ment into the plume to macroscopic features used to This approach was first used to study the settling
describe its evolution. A great many of the models in of a smoke plume in an unstratified atmosphere by
use for air quality assessment simply use Gaussian Ghoniem et al. [6]. That study was performed using
profiles of pollutant density. Unfortunately, the Lagrangian vortex dynamics techniques. More re-
plume structures actually observed are too complex cently, Zhang and Ghoniem have studied plume rise
to be described in terms of a few simple parameters. in a linearly stratified atmosphere using this meth-

Most of the assumptions required by integral mod- odology [7]. In these studies, the main emphasis was
els can be removed by taking advantage of the enor- on the mixing process as it affected the plume struc-
mous advances in computational fluid dynamics that ture. The present work uses finite-difference meth-
have occurred since most of these models were de- ods to determine the large-scale mixing combined
veloped. This is especially true if it is assumed that with Lagrangian transport of the smoke or other pol-
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lutants. The effect of subgrid scale velocity fluctua- The ambient density is related to the background
tions on the dispersion of the smoke is accounted for pressure through the hydrostatic balance
explicitly, and the ambient temperature profile is
subject only to the constraint that it is stable over the dpo
altitudes occupied by the plume. In addition, more dz - Pog. (2)

emphasis is placed in the present study on applica-
tion of the model to some typical fire scenarios, in- Assuming that the perturbations to the background
eluding large-scale experiments conducted at the temperature and density are small beyond a few di-
U.S. Coast Guard Fire and Safety Test Detachment tempin MobileeAlabamah[1fametdownwind of the firebed, we can
in Mobile, Alabama [8]. write the conservation equations describing the

steady-state plume in the Boussinesq approximation
as follows:
Conservation of mass:

Mathematical Model

The plume is described in terms of steady-state -- + -- = 0. (3)
convective transport by a uniform ambient wind of ay az
heated gases and particulate matter introduced into
a stably stratified atmosphere by a continuously burn- Conservation of lateral and vertical momentum:
ing fire. As described above, the most important as-
sumption is that the component of the velocity in the P( uv -+ Vv r+ W -

direction of the wind is the ambient wind and thus a Bx By d wz
is known. Since the firebed itself is not the object /f_ = 02v a2v)
under study, only the overall heat release rate and +d B+ (4)
the fraction of the fuel converted to particulate mat- aY aii a2

ter need be specified. The simulation begins several
fire diameters downwind of the fire, where the plume P0U aWw") ++ fi
is characterized by relatively small temperature per- dx By Ba z+
turbations, and minimal radiation effects. In this re- -/02, a2w
gion the plume gases ascend to a point in the atmo- + Pg = IU - + -). (5)
sphere of neutral buoyancy and then gradually By2  a2

disperse. The trajectory of the plume is governed by
the ambient \wnd, the atmospheric stratification, and Conservation of energy:
the buoyancy-induced convection. As it is not our
objective to calculate the local meteorology, it is as- (U BT T dT\
sumed that the ambient temperature profile as a PoC - y d I+

function of height is available. The problem can now _ ap o k

be reduced to the study of an equivalent two-dimen- + (T0  ()

sional unsteady problem in the crosswind plane mov- \dz - Ppo )Iw By2  da2  (
ing downstream at the ambient wind speed.

Given these assumptions, the mathematical model where c , is the specific heat of air, k is the thermal
of a smoke plume consists of the conservation equa- conductivity, and p is the dynamic viscosity. The vis-
tions of mass, momentum, and energy that govern cosity and thermal conductivity are to be regarded as
the temperature T, pressure p, density p, and cross- "eddy" coefficients whose primary role is to provide
wind velocity components (v,w) in a plane (y,z) nor- sinks of kinetic and thermal energy that are actually
mal to the direction (x) of the uniform ambient wind. the result of subgrid scale dissipative processes. In
It is convenient to divide the temperature and practice, they are used to set the dynamic range of
pressure fields into mean background values To(z) length scales employed in the simulation. This point
and po(z) plus perturbations induced by the fire, t is discussed further below. The uniform ambient
and ji. Similarly, the density p is decomposed into an wind speed U is taken to be constant and larger than
ambient density Po and a small thermally induced the crosswind velocity components. This assumption
perturbation f, which is related to the temperature is quite realistic several flame lengths downwind of
perturbation through the equation of state taken in the firebed. Since U does not change, there is no
the small disturbance, low Mach number form ap- need for a windward component of the momentum
propriate to this problem: equations. The details of the firebed are not being

simulated, so the only information about the fire re-
p -Tquired is the overall convective heat release rate Q

P - Po T - To~ (1) and the particulate mass flux M. The initial temper-
P0 TO ature distribution in the plume cross section is as-
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500 Fic. 1. Three-dimensional viewe of

1000 the 10 pg/os particulate contour ofa computed smoke plume fromn a 204

-02 M1MW fire. All lengths are given in sie-

ters.

sumed to be Gaussian and satisfies the following in- p1oVL /'c,
tegral: Re Y Pr = k (13)

o mp 3 UT clz ddy= Q. (7) Following this scaling, the three-dimensional, steady-
' state system of equations above can be considered as

a two-dimensional, time-dependent system. We now
The particulate matter (or any nonreacting combus- have an initial value problem in which the solution is
tion product) is tracked through the use of Lagran- initially prescribed in a plane perpendicular to the
gian particles, which are advected with the overall direction of the prevailing wind. This initial plane is
flow. The initial particulate distribution mimics the taken to be a few fire diameters downwind of the
initial temperature distribution, fire.

The equations of motion are made nondimen- The dimensionless form of the conservation laws
sional so as to maximize the amount of information for the large eddy simulation of a smoke plume tra-
that can be extracted from each run. First, the wind- jectory are
ward spatial coordinate is replaced by a temporal co-
ordinate, at ad:v 07 +7 = 0(14)

t = -X (8)

+ c7) + &c-z + -= -I + -A (15)
where the plume height L is given in terms of the a a(1 az Re \a2 8z21

potential temperature of the undisturbed atmo- O a t
sphere 0(Z): -+. + + &-

L1( cTo) O(z) =I (9) + - I (= + ( a6)

rlzou za0 0BZe Kap &:22

The potential temperature is related to the actual aT aT aaT
temperature through the relation - + c - + '

p OTc(z )T o ) = 1)0(0 ) " 0 (z ) (1 0 ) 0 1 (aR T 2 (17)+ ic =5 - e ,- + Ao (17

where K = /B/c, and B is the gas constant for dry air. 00 Re Pr aq2 372

The characteristic velocity of the fluid is given by subject to the initial condition

,V=-( Qg t/2' (11)
S(cPt iJ Tq,)dld- = 1. (18)

The characteristic length L and velocity V scale the The crosswind velocity components C and &t are as-
crosswind spatial coordinates (y,z) = LQ),2) and ve- sumed to be zero initially, although this assumption
locities (vsv) = V(6,&). The temperature perturba- is not restrictive. No-flux, flee-slip boundary condi-

tion T is made nondimensional by the expression tions are prescribed at the ground, consistent with

the assumed uniformity of the prevailing wind and

Q- T (12) the resolution limits of the calculation. At the outer
c,3po UL2  and upper edges of the computational domain, the

perturbation temperature, perturbation pressure,
Finally, the turbulent Reynolds and Prandtl numbers and windward component of vorticity are set to zero.
are defined Figure 1 shows the results of a sample computation,
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illustrating the position of the initial slice and the [11]. Generally speaking, k is on the order of several
extent of the computational domain. The plume is minutes, and it does not have much of an effect on
visualized by interpolating the particle locations onto the outcome of the simulations. The initialization of
the computational grid and then plotting the isosur- the recursive relation (19) and the corresponding re-
face on which the particulate density is a chosen lation for w' determines the overall level of turbu-
value. This example will be discussed further in the lence in the atmosphere. The initial velocity pertur-
Results section. bations v'(0) and w'(0) are randomly assigned from

Atmospheric turbulence effects mixing on a wide Gaussian distributions with mean zero and standard
range of scales, extending to scales that are smaller deviations extracted from anemometer measure-
than the resolution of the calculations performed ments suitably averaged over a timescale appropriate
here. There are two sources of turbulence: one due for the problem. Reference 12 has suggested values
to the fire-induced flow field and the other due to for these parameters.
the background atmospheric motion. The small-scale
mixing is represented in the model by a constant
eddy viscosity p, which is taken to be three orders of Numerical Method
magnitude greater than the actual viscosity of air.
The choice is governed by the desire for resolution Equations (14) through (17) constitute a mixed
limits in the 5-15 m range, which are needed to cap- system of partial differential equations; i.e., the equa-
ture the large-scale, fire-induced eddy motions. This tions for the temperature and velocity components
requirement, together with the knowledge that the are parabolic, and the equation for the pressure
dissipative effects operate at a scale Re- 1/2 times (which is derived from the incompressibility condi-
smaller than the overall geometric scale (the stabili- tion) is elliptic. The equations and the associated
zation height of the plume for this problem), trans- boundary conditions are solved using a relatively sim-
lates into Reynolds numbers of the order 104. Ther- ple finite-difference technique. The computational
meal conductivity is treated in a similar manner to domain spanning the crosswind plane is one unit in
viscosity; thus, the Prandtl number Pr = cpl/k re- the vertical direction and (typically) four units in the
mains of order unity. horizontal direction, representing a physical domain

The viscosity and thermal conductivity included in L units high and 4L units wide. This area is divided
Eqs. (3) through (6) does not account for larger scale, into rectangular cells (preferably square) with a uni-
background atmospheric motion. For the present form spacing in each direction. The horizontal veloc-
purposes, this motion may be expressed in terms of ity C is taken on the left and right boundaries of each
variations of the prevailing wind over time scales of cell; the vertical velocity &t is taken at the top and
minutes to hours. These deviations can be measured bottom, and the perturbation temperature T and
and are introduced into the model through random pressure / are taken at cell centers. This placement
perturbations to the trajectories of the Lagrangian of the flow variables leads to a very natural and effi-
particles that represent the particulate matter. Thus, cient differencing scheme for the equations. Central
the motion of each particle is governed by the fire- differences are used for all spatial derivatives, with
induced velocity field (UV,w), found by solving the the momentum equations represented in vector in-
conservation equations above, plus a perturbation ve- variant form. The time advancement (i.e., the evo-
locity field (0,',w'), which represents the random lution of the plume downwind) is performed with a
temporal and spatial variations of the ambient wind. second-order Runge-Kutta scheme. The particulate
The perturbation velocity component v' is derived matter or any other pollutant is treated as a passive
from the recursive relation (the component w' is scalar and represented by Lagrangian elements that
handled in a similar manner) are advected with the flow. The pressure is found by

applying the divergence-free condition to the mo-
v'(t + C) = R,(Ct)v'(t) + v". (19) mentum equations, which yields a Poisson equation.

The Poisson equation is solved using CRAYFISH-
The term v" is a random variable with Gaussian dis- PAK [9], a package of noniterative Helmholtz equa-
tribution whose variance is that of v' multiplied by tion solvers. The overall scheme is an adaptation of
(1 - R2), ensuring that the variance of the velocity a code developed for enclosure fire convection prob-
does not change from one time step to another. The lems. It is described in detail in Reference [10].
function Rl (Ct) is a Lagrangian correlation coeffi- The computational resources required to perform
cient, taken as exponential these calculations are modest. For the example

shown in Fig. 1, the computational cells are about 8
R,(U) = e-Mf/c. (20) m on a side in the cross-flow plane, and the time-

step size roughly corresponds to 4-m steps in the
The parameter r, is indicative of the period of at- windward direction. This computation employed a
mospheric fluctuations. Appropriate values for vari- grid of 192 X 768 cells in the cross-flow plane, 2400
ous meteorological conditions are given by Draxler "time" steps, and a Reynolds number of 24,000. The
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1500 4 m/s; the temperature profile was estimated to be
1 linear with a lapse rate of - 9.2 °C/km. The values

oW for the standard deviations of the lateral and vertical
wind fluctuations were taken as 50 and 30, respec-

-0ooo -2000 -1000 0 1000 2000 3000 tively. These values correspond to lightly shifting
CROSSWIND DISTANCE (m) winds, typical of the coastal region where the exper-

.150o0 iment was conducted. The computational domain

1000 was divided into a rectangular grid 192 cells high and
768 cells wide, which yields cells S m on a side. The
Reynolds number for the calculation, based on the

-SOOO -2000 -1000 0 1000 2000 3000 height of the computational domain, was 24,000. The
CROSSWIND DISTANCE (m) initial cross section of the plume was assumed to be a

1 [ circle with a radius of 20 m, centered approximately
S40 m off the ground, and located 110 m downwind of

.2 5°0 the heat source. This is based on the observed plume
trajectory reported in Table 18 of Reference 8.

-S000 -2000 -1000 0 1000 2000 3000 Figure 1 shows the development of the plume in
CROSSWIND DISTANCE (m) the first 10 km downwind of the source. Shown is an

FIG. 2. Cross-sectional slices of the plume shown in Fig. isosurface on which the particulate concentration is

1, showing contours of particulate concentration. The 10 pg/m3. Of particular interest in this figure are the
darker areas correspond to levels above 50 pg/mr. two main vortices that entrain a large amount of the

particulate and surrounding air. In fact, observations
from ground observers indicate that a "hole" between

CPU time on an IBM RISC/6000 (model 550) for a the two large swirling vortices develops in the rising
10-km calculation was 2.5 h. Most of the current plume that allows one to see right through to the sky
workstations available can handle these types of cal- above. This phenomena is seen more clearly in Fig.
culations very easily. 2, which shows computed particulate density cross

sections 2, 5, and 10 km downwind of the fire. Figure
3 compares the "centerline" plume trajectory with

Results the observed data. Considering the assumptions of
the model and the difficulty in determining the input

Two sets of results will be displayed: a simulation parameters, the agreement between the experimen-
of a crude oil burn conducted at the U.S. Coast tal data and the calculation is very encouraging. Mak-
Guard facility in Mobile, Alabama, for which quan- ing this case particularly difficult is the fact that the
titative plume trajectory data exists, and a calculation atmosphere is only slightly stable and, thus, has a
performed as part of an environmental hazard as- relatively small Brunt-Vd.isalli frequency.
sessment. The first permits a comparison with ex- Downstream of the fire, the particulate matter
periment, while the second shows a typical applica- will, in general, rise with the heated plume and later
tion of the model, descend after the plume has cooled. Since the com-

The comparison is made using data from one of a bustion products and the particulate matter will pro-
series of mesoscale burn experiments, which are de- duce a cooled plume only slightly more dense than
scribed in Reference 8. Briefly, crude oil was burned the surrounding air, the descent of the plume will be
in a 15-m square pan, but only a portion of the pan rather slow compared to its rise. Background atmo-
was used. The effective burning diameter was esti- spheric motion, manifested by fluctuations of the
mated to be 12 m. The heat release rate was esti- prevailing wind, plays a greater role in dispersing the
mated to be 204 MW, the mass flux of smoke was pollutants at distances greater than a few kilometers
0.5 kg/s. The wind speed was measured to be about from the fire. The balance between the stabilizing

1000

E800-

S600-
:: 400.C 0

0 FIG. 3. Centerline plume trajec-
20 200 0 tory for the case shown in Fig. 1. The

computational trajectory is denoted
0 500 1000 1500 2000 2500 3000 by a solid line, the actual observed

DOWNWIND DISTANCE (m) trajectory by circles.
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700 depends on the resolution of the calculation. For this
calculation, it consists of roughly the first 10 m of the

600 atmosphere or the width of a grid cell. It is assumed
that the standard deviation of the wind direction dis-

500 tribution is 100 in the lateral direction and 6' in the
vertical. These values are appropriate for sampling

oa times on the order of 10 min to an hour for a neu-S400 trally stable atmosphere [12]. This case may be con-
sidered severe due to the presence of an inversion

300 layer close to the ground. This condition, common
La over water where warm air flows over the relatively

200 cool surface, tends to trap the plume close to the
ground and is of most concern to public health. If in

100 situ burning is adopted as an oil spill mitigation tech-
nique, this type of meteorological condition would

0, , be least desirable because it can potentially yield
-3 -2 -1 0 1 2 dangerous concentrations of pollutants at the

TEMPERATURE (C) ground. For the case shown in Fig. 1, however, the
model predicts very little, if any, particulate matter

FIG. 4. Atmospheric temperature profile corresponding reaching the ground beyond a few hundred meters
to an inversion, of the burn site due the relatively high ascent of the

plume. In that case, the lapse rate was estimated to
be -9.2 °C/kmi.

effect of the atmospheric stratification and the dis-
persion induced by wind fluctuations is illustrated in
Fig. 2, which shows the breakup of the fire-induced Conclusions
vortices beyond 5 kin.

Of concern to the inhabitants of populated areas The model of plume dispersion presented above
downwind of a fire is the ground level concentration is best described as a large eddy simulation valid in
of smoke and pollutants, particularly in the presence an intermediate region downstream from the fire
of a temperature inversion. To assess the potential source but close enough to assume that the atmo-
hazards from a fire burning during a period where sphere does not change with downwind distance.
the temperature of the atmosphere increases with Nearer to the fire, the temperatures are high, the
height, a simulation was performed for an atmno- radiation field intense, and the Boussinesq approxi-
sphere that exhibits a temperature inversion (see Fig. mation is not valid. Also, the approximations that al-
4), and the resulting particulate density field was an- low replacement of a three-dimensional steady
alyzed to determine how far dowvnwind one might plume by a two-dimensional, time-dependent one
expect to find high ground-level concentrations. The are not valid near the fire because the buoyant ve-
results are shown in Fig. 5, which displays the hour- locity of the plume is comparable to the cross wind.
averaged ground-level concentrations of particulate In this region, a fully three-dimensional and time-
matter downwind of a 15 m, 450 MW fire that gen- dependent model of the plume rise in a cross flow
erates particulate matter at a rate of 1.2 kg/s. This must be developed. However, within these limits, the
scenario is typical of the type of fire generated during present model offers a high resolution representation
an actual in situ burn. The meaning of "ground level" of a smoke plume that is consistent with both the

7
L 5025r-500 --25

I-0ý
0 ~ ~ 00 7 75-5 -__________-?:25

0( -1000o

0 1 2 3 4 5 6 7 8 9 10
DOWNWIND DISTANCE (kin)

FiG. .5. Hour-averaged, ground-level particulate concentration in units ofug/in' for a 450 M\V fire roughly 15 m in
diameter. This example shows the effects of a temperature inversion that tends to trap the phlme close to the ground,
leading to relatively high concentrations of particulate matter.
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current understanding of plume dynamics and with Cambridge University Press, Cambridge, 1967, pp.
such experimental data as is available. Moreover, the 580-593.
computations reported here are well within the range 6. Ghoniem, A. F., Zhang, X., Knio, 0. M., Baum, H. H.,
of current generation workstations (where in fact and Rehm, R. G., J. Hazardous Mater. 33:275-293
they have been performed). It is hoped that future (1993).
work will improve the current capabilities of the 7. Ghoniem, A. F., and Zhang, X., "A computational
model. model for the rise and dispersion of wind-blown, buoy-

ancy driven plumes," Atmos, Environ. (in press).
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COMMENT

A. C. McIntosh, Leeds University, UK The paper is a tex breakdown with wind speed. This assumes that the total
very useful numerical simulation of smoke plumes. Could heat release rate and atmospheric stratification remain un-
you comment on the dependence of the distance to vortex changed as the wind speed increases. Whether these quan-
breakdown on the wind speed for two cases: (1) constant tities will remain fixed when the wind speed changes is
wind speed, (2) wind speed as a function of height (which determined by the local meteorology and the combustion
is more usually the case in the real atmosphere), processes in the pool fire, neither of which has been ad-

Author's Reply. For the case of a constant wind speed, dressed in the present study. We regard these as input pa-
which is the only class of simulations performed to date, rameters which are assumed to be known before the sim-
the model predicts a linear dependence of distance to vor- ulation is performed.
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SIMULTANEOUS OPTICAL MEASUREMENT OF SOOT VOLUME FRACTION,
TEMPERATURE, AND CO2 IN HEPTANE POOL FIRE

M. Y. CHOI,* A. HAMINS, H. RUSHMEIER°° AND T. KASHIWACI

Building and Fire Research Laboratory
National Institute Of Standards and Technology

Gaithersburg, MD 20899, USA

Detailed measurements of the temperature, soot volume fraction, and CO2 have been performed for a
10 cm diameter heptane fire. In addition, the concentrations of H20 and CO were inferred from gener-
alized state relationships. The heat feedback to the surface was calculated by using a reverse Monte-Carlo
method in conjunction with RADCAL. The calculated heat fluxes to the surface with and without gas
emission indicate that the contributions from the gaseous combustion products to total radiation are sig-
nificant for heptane due to its mildly sooting nature.

Simultaneous optical measurements using two probes were performed to investigate the importance of
temporal correlations on the heat transfer calculations. Measurements made throughout the fire indicate
that nonsimultaneous data sets can be used to accurately predict the heat transfer to the fuel surface.

Introduction this assumption yields reasonable results for fuels like
toluene, for mildly sooting fuels such as heptane, ne-

For liquid pool fires, the dominant mode of heat glecting gas emission may significantly underestimate
feedback to the fuel surface is related to the size of the overall heat transfer to the surface [6]. Thus, ac-
the pool [1,2]. For small fires (less than 10 cm) that curate assessment of the surface heat transfer re-
produce quasi-laminar flames, conduction and con- quires radiation contributions from gaseous combus-
vection are the dominant modes of heat transfer. tion products.
However, for intermediate to large fires, it has been The goal of this study is to perform a parametric
found that radiation plays a significant role in the study investigating the importance of the radiative
heat transfer process. Therefore, detailed examina- component of the heat transfer to the fuel surface
tion of the radiative heat transfer mechanism is cru- for different fuels and pool dimensions. In this paper,
cial to the understanding of the burning rate and the results for a 10-cm-diameter (intermediate sized)
flame spread rate. These processes are key factors in heptane pool fire are presented.
assessing potential fire hazards. The local instantaneous temperature, soot volume

Thermal radiation from the fire to the fuel surface fraction, and CO2 concentrations were measured
is controlled by the emission from the soot and prod- throughout the flame. The measured CO2 concen-
uct gases. Radiation analysis using average temper- trations were used to estimate the concentrations of
ature, average species concentrations and constant H20 and CO using the generalized state relationship
cylindrical flame shapes can diminish the turbulent developed by Sivathanu and Faeth [7]. The distri-
enhancement of the heat flux [3]. Thus, accurate butions of T, f,, C0, H20, and CO were used to
modeling of turbulent radiative heat transfer re- calculate the radiative heat feedback to the surface
quires the instantaneous distribution of the local scg a reverse Monte-Carlo heat transfer model that
temperature and emissivity within the region be- uingarevr te -CarloRheatLtransfer model that
tween the fuel surface and the flame. incorporated the RADCAL radiation model devel-

In a previous study that analyzed radiative heat oped by Grosshandler [8]. RADCAL is a model that

feedback to the surface, the relative importance of solves the equation of transfer for a nonhomoge-

gas emission was considered negligible for a flame neous emitting/absorbing medium composed of soot

with high levels of soot concentration [4,5]. Whereas and gaseous combustion products.
Accurate modeling of the nonsteady heat feedback

to the surface requires the instantaneous tempera-

*Present Address: Department of Mechanical Engi- ture and emissivity distributions above the pool sur-
neering, University of Illinois at Chicago, Chicago, IL face. However, acquiring such information is not
60607-7022, USA. practical, considering the turbulent three-dimen-

-'Computing and Applied Mathematics Laboratory, sional nature of these large fires. In order to under-
NIST, Gaithersburg, MD 20899, USA. stand the importance of simultaneous measurements
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Flame

I I

Pr e 2 14Probe B2

ProbeL ProbeBAl

A 900 rm Filter and Photodiode
A B C D B: 1000 nm Filter and Photodiode

C: 900 nm Filter and Photodiode
D: 1000 mn Filter and Photodiode
E: 10 cm Diameter Pool Burner
F: Fuel Reservoir
*: Solenoid Valve
H: Distance between Probes Al and A2

Distance between Probes B I and B2
I: Ports for Slow Nitrogen Purge
J: Bifurcated Fiber Optic Bundles
L: Probe Length: Distance between Probes FIG. 1. Diagram of the experimen-

Al and BI, A2 and B2. tal apparatus.

on the radiative heat transfer calculations, experi- a mechanical chopper, and an infrared lens. Nitrogen
ments were performed using a dual probe assembly was purged slowly through ports labeled I (in Fig. 1)
to obtain simultaneous emission information at var- at a rate of 2.5 cm 3/min to prevent thermophoretic
ious locations throughout the fire. deposition of soot. The detection systems were cali-

brated using a high-temperature blackbody source
and calibration factors were checked frequently and

Experimental Technique were found to be constant before and after the ex-
periments. The burner was 10 cm in diameter and

The schematic diagram of the experimental ap- was water cooled. The fuel was gravity fed and main-
paratus is shown in Fig. 1 [9]. Probes Al and A2, tained 0.5 cm below the rim of the burner.
which were used for temperature and soot volume
fraction measurements, consisted of 6.4 mm diame-
ter stainless steel light guides (length 15 cm), and Temperature andfve Measurements
were surrounded by water-cooled jackets. The emis-
sion intensity from the luminous path (L in Fig. 1) The temperature and soot volume fraction mea-
was carried through two bifurcated fiber optic bun- surement technique is similar to that used by Klassen
dies. The emission intensitywas monitored at central and coworkers [4,5]. The emission intensities mea-
wavelengths of 900 and 1000 nm (both with 60 nm sured at two wavelengths were simultaneously solved
half-bandwidths) using two separate biased silicon to determine the local soot volume fraction, fe, and
photodiodes. The use of the fiber optic bundle facil- temperature, T.
itated the movement of the probes through the fire,
circumventing the cumbersome task of moving the f IbF9oo (1 - eK d
burner with respect to the probes. Probe B1 was used 19oo = (1) 2.L/
to monitor emission from CO 2 and consisted of a 6.4 F
mm diameter light guide attached to an aluminum f IbF100, (I - eef/) d2
box housing a PbSe infrared detector, 4350 nm cen- 1o= (2)
tral wavelength filter (with 180 nm half-bandwidth), f Flooo.d2
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1500 1 1 1 1 1 2 CO 2 Measurements

Temp 1.6 For typical temperatures encountered in fires, the
1000 o CO, emission spectra extends from 4100 to 4700 im

"2 1.2 [8]. The contributions of the various components to
Sthe total emission detected by the PbSe detection

- 0.8 3 systemn were analyzed using RADCAL for a typical
, 500 condition: T = 1500 K,f,, = 1 ppm, and mole frac-

o 0.4 tions of CO,, H9O, CO, and N, equal to 0.1, 0.1, 0.1,
and 0.7, respectively. The interference filter (4350-

0 0 onm central wavelength) was chosen to provide trans-
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 mission of only the radiation emitted by CO, and

r/D reject emission from the other species. The contri-
Fin. 2. Average temiperature mneasoremeots as a bution from CO, emission to the total intensity meas-FIG.2. verae tmpeatuead f,. mesreei a red by the present PbSe detection svstenwaa-

function of radial position at an axial positiion of 10 ciii piro e lb y 9 %wherpe e as the d c o titions t m s fro
above the pool surface. proximately 94%, whereas the contributions from

CO and H9 O emission were negligible and the con-

tribution from soot emission was only ,5%.
The PbSe detection system was calibrated with a

where F; is the wavelength-dependent sensitivity of blackbody source at various temperatures (150 °C-
the detection system, K, is the dimensionless soot 1000 'C). Using the temperatures determined from
absorption constant, L = 1.5 min was the distance emission at 900 and 1000 mn [Eqs. (1) and (2)], the
maintained betveen probes At and B1, and I,, is CO, concentrations were calculated iteratively until
Planck's function: the emission intensity (betwveen 4100 and 4700 nm

transmitted through the filter finction) predicted by
RADCAL was equal to the intensity measured by the

I= 2,, (3) PbSe detection system.
- Because of the nonsteady nature of fires of this

size, the emission data exhibited sporadic periods
during which the emission signals at 900 and/or 1000

where h is Planck's constant, c is the speed of light, nim were too low to determine the temperature and
kb is Boltzmann's constant, and T is the temperature soot volume fraction. Typically, "low" emission per-
of the radiating particles. Equations (1) and (2) were iods occurred from .5 to 15% of the observation time,
solved iteratively for the two unknowns, tempera- depending on location. For these periods, the tem-
ture, T, and soot volume fraction,,f_., perature was set at 1000 K, which is the approximate

To be consistent visth the practice employed by lower-limit temperature for the detection of soot par-
researchers in the fire community [4,8,12], the di- tidle emission [19], and this temperature was used in
mensionless soot absorption constant used in this the RADCAL calculations for determining the CO 2
work was determined from the indices of refraction concentrations. The CO2 gas temperatures are ex-
of soot reported by Dalzell and Sarofim [10]. The pected to be somewhat higher than the soot temper-
uncertainty in the temperature measurements is ap- atures [20]. Although the choice of temperature af-
proximately 50 'C, and the uncertainty in f., is ap- fects the calculated CO, concentration, calculations
proximately 10% [9,11]. show that the impact on the CO, radiation intensity

Figure 2 displays the measurements of the average is small, typically less than 10%.
temperature and soot volume fraction as a function
of radial location at an axial position 10 cm above the
pool surface. The data was acquired at 200 Hz for a
period of 50 s. The average root-mean-square (rms) Simultaneous Emission Measurements
values of the temperature and soot volome fraction
were 350 K and 0.40 ppm, respectively. The sym- As mentioned in the Introduction, the calculation
metry exhibited by the data in Figure 2 indicates that of the radiative heat flux to the fuel surface requires
measurements performed over half the radial do- the spatial and temporal measurement of the flue-
main (from r = 0-5 cm) were sufficient. It was also tuating temperature and soot volume fraction. The
found that, for fires of this size, positions beyond 30 flame for the 10 cm heptane pool exhibits buoyancy-
cm above the pool surface produce only sporadic per- induced fluctuations wvith an average frequency of
iods during which the emission from soot or gaseous approximately 11 Hz [13]. To determine the impor-
products can be measured [6]. Thus, most of the tance of using nonsimultaneous data for heat transfer
thermal radiation emanates from positions below calculations, simultaneous information at various lo-
30 cm. cations must be obtained. The sensitivity of the cal-
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culated heat transfer to this effect can be determined For pool fires, periodic fluctuations (caused by
by uncorrelating the simultaneous data sets. buoyancy) of the outer flame surface occur along

For this purpose, simultaneous emission measure- both the vertical and horizontal axes. Along the cen-
ments were performed using two pairs of identical terline (only vertical fluctuations are present because
probes (see Fig. 1). The vertical separation distance of the symmetry exhibited by the fire), temporal
between the probes is defined as H. The horizontal shifting of the simultaneous data sets does not affect
distance between the probes was maintained at L = the heat transfer calculations. This was verified by
15 mm. The simultaneous temperature and soot vol- shifting the time series in increments of 0.005 s for
umne fraction information at two discrete locations a period of 0.5 s (which corresponds to approximately
was determined [from Eqs. (1) and (2)] and was used five flame pulsation periods) and calculating the a.
to calculate the radiative heat transfer (using Even for the time shifts producing maximum cross
RADCAL) from the top probe position through the correlation between the data sets (H divided by the
lower probe position to the plane just below the hot- fluid velocity), the a values varied by only 1%. How-
tom probe, ever, it is unclear how the correlations will affect the

The effect of temporal correlation of the simulta- radiative heat transfer when both modes of fluctua-
neous data sets from two locations on the radiative tion are present. Experiments performed for various
heat transfer was tested by shifting one time series radial positions (r from 0 to 5 cm) at x locations of 5,
with respect to the other. In effect, the simultaneous 10, and 15 cm also indicated only small changes in
(therefore correlated) data sets were effectively un- heat transfer as a function of time shifting of the data
correlated. The average of the shifted heat transfer sets.
normalized by Qo is defined as a: These findings suggest that, throughout the fire,

the heat transfer calculation is relatively insensitive

a l to the temporal correlation between data sets. This
21 (4)= - 10 is important because it suggests that nonsimulta-

neous data acquired at different locations can be
which is an indication of the effect of the time shift used to calculate the heat transfer to the pool surface.
on the heat transfer calculations. The term Q0 cor- This practice will be employed for the heat transfer
responds to the time-averaged heat transfer calcu- calculations discussed in the next section.
lated with the simultaneous data sets; Q, corresponds
to the time-averaged heat transfer calculated with a
1 s shift in the time series; and Q2 corresponds to the Reverse Monte-Carlo Technique
time-averaged heat transfer calculated with a 2 s shift
in the time series, and so on. The heat transfer was Because of the complexity of the problem, early
calculated for time shifts between - 10 and + 10 s attempts at modeling the nonsteady radiative heat
in 1 s increments. A value of a close to unity suggests feedback mechanism involved several limiting as-
only a small change in the heat transfer as a function sumptions, including the use of average flame emis-
of the time shift. sivity and constant or mean flame temperatures and

Simultaneous emission measurements were per- absorption/emission coefficients as a function of
formed for the following conditions: L = 15 mm and height and effective flame shapes. However, it has
H = 15, 20, 25, and 30 mm. The center of the probe been demonstrated that the use of mean radiative
assembly was placed at x = 10 cm and r = 0 cm. properties to calculate heat feedback can lead to sig-
Using the shifted time series modifies the instanta- nificant differences between the predicted and mea-
neous heat flux calculations, however, the average sured fuel burning rates in these turbulent fires
value of the heat flux was relatively insensitive to time [3,4,5].
shifts. For all of the probe separation distances, the In this study, a reverse Monte-Carlo integration
calculated a was near unity with a standard deviation technique was used to calculate the incident flux at
less than + 5%. Thus, for positions above the pool the fuel surface. The technique is equivalent to the
surface and the various separation distances, uncor- technique described by Carter et al. [14] and Walters
relating the simultaneous data sets had negligible ef- and Buckius [15].
fects on the calculated heat transfer. The approach has several important advantages.

Measurements of a were also performed at various First, it avoids aliasing errors that can be important
locations above the pool surface along the center line if the "hot" volumes (localized regions of high tem-
using L = 15 mm and H = 30 mm. The center of perature or high soot volume fraction) are small. Fur-
the assembly was placed at axial positions, x, between thermore, the number of directional rays can auto-
3 and 30 cm (with r = 0 cm) in increments of 3 cm. matically be determined by setting acceptable
The calculated a for all positions was near unity with sample standard deviations. The sample standard de-
a standard deviation less than ± 5%. This suggests viation is an indication of the magnitude of the error
that there is no effect of correlation between the si- in the results.
multaneous data sets on the calculated heat transfer. The incident radiative flux q, received at area el-



MEASUREMENT OF SOOT VOLUME FRACTION, TEMPERATURE, AND CO, 1475

ement dA on the fuel surface is given by the following 10000 , I 1
equation: - 10 rays

a - -1 rays8000 . .... --- 1,000 rays-- o-- 10,000 rays

q= ii (0,doi) cos 0i do,) (5) E 60o0 100,000 rays
n =•6000-

where the integral is over the hemisphere of incident .
directions above dA and i, (0,0,) is the incident total . 4000• - - . ------
intensity. The total incident intensity is given by . ." .

2000(0ii= £s KI s)l;(° 0o
'o

exp{ - [k,(s) - k;;(s']} ds,'d2 (6) 0 1 2 3 4 5

Radial Position (cm)

k2(s) F (K,(s*) dýs (7) FIG. 3. Calculated heat flux to the pool surface as a func-
-o tion of radial position using 10, 100, 1,000, 10,000, and

and the coordinate s is measured along a path in di- 100,000 random rays.

rection (0,0o).
Equation (6) can be rewritten as products are known at a set of discrete values of r

and x. The integration is performed by considering
62 (0, 04) the cylindrical geometry as a stack of cylindrical

q1 o I0d rings. For each cylindrical ring, the ray pierces the
distance through the ring, and the data for that ring

S[2 cos 0, sin OidO,] [d4,/(2zr)]. (8) are stored in an array. The arrayofdata is thenpassed
to RADCAL, which performs the integral given in

That is, the flux is equal to mi,(0,do,) integrated over Eq. 6.
0i and oi with weighting functions of 2 cos 01sin4do Figure 3 displays the irradiance along the pool sur-
and 1/27n, respectively. The flux can be estimated face as a function of the number of rays used in the
then by taking the average of many trial values of calculations. The use of 10 rays produced very large
ri, (0,, 4o) evaluated at random values of Oi and oi errors and standard deviations in the heat flux due to
chosen using the weighting functions as probability aliasing errors. Both the errors and standard devia-
density functions (pdfs). tions decreased as the number of rays increased until

The evaluation of the flux requires the selection of the calculation converged for 10,000 rays. For the
a random direction (0"', 4o) and then the evaluation cases in which 10,000 and 100,000 rays were used,
of the incident intensity along that path. Using the the irradiance decreased smoothly as a function of
appropriate pdfs, the random direction is chosen us- radial position with the highest value occurring at the
ing pool center. These results indicate that arbitrarily

2 , choosing the number of rays can produce large un-
d" 27rR¢,, 0i = arcsin(R.) (9) certainties in the heat flux calculations.

where R10 and R, are random numbers. After N trials
using N directions, the estimated q' is

Generalized State Relationships

q= nj N (10) In this study, the emission and absorption char-

acteristics of hydrocarbons and pyrolysis gases were

The magnitude of the error in this estimate is indi- not considered. However, in the 10 cm heptane fire,
cated by the sample standard deviation: the impact on the total radiative heat transfer cal-

culations is estimated to be modest. The concentra-
N -'- tions of hydrocarbons decreased rapidly both as a

Aq (q)- (11) function of radial and axial positions above the pool7E = (N -I) I2  N surface [18]. Orloff [21] also estimated that the ra-
diation blockage due to pyrolysis gases was not im-

The line integral in Eq. (7) needs to be evaluated portant for fires of this size.
for each trial. For each line integral, a ray is followed To incorporate the effects of radiation from gase-
through the cylindrical geometry in which T, soot ous combustion products, CO 2 emission at 4350 n
volume fraction, and mole fractions of the gaseous was monitored. CO 2 produces a well-defined emis-
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sion hand that can be distinguished from the emis- and the energy required for fuel heat-up using the
sion of other components [16]. For example, the measured fuel consumption rate of 0.08 g/s) is 43.2
emission line for H.,0 at 2700 un is difficult to sep- XV. Thus, the radiative flux to the surface of the 10
arate from the CO., emission at 2700 nmu. CO radi- cm diameter heptane fire represents 40% of the total
ation at 4600 nm cannot be extracted from the dora- heat required for fuel vaporization, which is a signif-
inant emission from CO2. icant fraction. The remainder of the heat feedback

To estimate the concentrations of 1120 and CO, was attributed to convection, which is important for
the generalized state relationships for gas-phase pool fires ofthis size [17].
components of diffusion flames [7] were used in con- Figure 6 also displays the radiative heat flux cal-
junction with the measured concentrations of CO2. culations for the same condition when gas emissions
However, there are two solutions for the concentra- were suppressed. The average value also asymptoted
tions of H.O and CO from the CO2 measurements, to a steady-state value wvithin 2 s for this calculation.
depending on whether the local equivalence ratio is The steady-state value of 11.6 ± 1 W represents
lean or rich. In this work, the concentrations were
calculated for both the rich and lean conditions. nearly a 40% decrease in the heat flux to tem surface

Figure 4 displays the time-averaged measure- compared to the case in wvhich gas emission was in-
ments of T,f•,,, and COD, and inferred values of 1120 cluded. The radiation from soot represents approxi-
and CO distributions calculated assuming rich con- mately 60% of the total radiative heat flux to the sur-
ditions. Both the average temperature and soot con- face. Thus, for heptane pool fires of this dimension,
centration are highest along the centerline above x gas emission represents a significant fraction of the
- 7 cr. Thie reduction of the average T andf], as a total flame emission and therefore must be included
function of radial position occur due to the realiza- in the heat transfer calculations. This is in contrast
tions of low emission data. The distributions of the to a very sooty fuel like toluene where calculations
average gaseous species concentrations look similar performed using centerline measurements indicate
because the H.0 and CO concentrations were de- that the contributions from the gaseous combustion
rived from the CO, measurements. products represent approximately 10% of the total

Figure 5 compares the instantaneous heat flux in- radiation to the surface [4,5].
tegrated over the pool surface using time series of
the temperature, soot volume fractions, and species
concentrations from all locations above the pool sur-
face for both the rich and lean cases. For the rich
case, the average heat flux was approxilniately 10% Average vs Instantaneous Values
greater than the average heat flux calculated for the
lean case. This is expected since higher concentra- Fischer et al. [18] reported a significant difference
tions of gaseous products are formed under rich con- in the calculated radiant intensities when time-av-
ditions and therefore can contribute to the total ra- eraged values of tile temperature were used instead
diation. The difference in the total heat flux was of the instantaneous values. Using the time-averaged
modest, partly because the dominant radiation emn- values of T, C0 2 , H20, CO, andrf,, can diminish the
anates from soot particles. Thus, in consideration of effects of turbulent fluctuations of temperature and
this small variation in the calculated beat flux be- species concentrations on the radiative heat transfer
tween the lean and rich cases, the remainder of the as a result of the nonlinear dependence of radiation
paper \ill discuss results obtained using the rich con- on these parameters. Furthermore, the occurrence
ditions. of low emission periods will reduce the magnitude of

the average values and increase the magnitude of the
rms values [19]. Thus, the use of time-averaged val-

Contributions from Gas Emission ues does not provide a true representation of the
Figure 6 displays tie heat Hux integrated over the time-averaged heat transfer.

6 dThe radiative heat transfer calculations were also
entire pool surface using the nonsimultaneous T,f,:,I performed for the case using time-averaged values.CO 2, H2 0 and CO data as a function of time st perfrepo.h aeuin ieaeae aus
CO.,, 6 adsCO display s th a r functioenaverage.oep. For this case, the calculated heat flux was approxi-
Figure 6 also displays the running time isverage. For iaey1. .A ttderir h vrgthis case, both gas and soot emissions were consid- mately 14.0 ± 1 W. As stated earlier, the average
ered. There were significant time-varying fluctna- heat flux calculated using the instantaneous values
tions in the instantaneous heat flux to the surface was 17.7 + 1 W. This suggests the importance of
(due to fluctuations in the temperature and/or spe- using local instantaneous measurements from various
cies concentrations). However, within 400 time steps locations above the pool surface for calculating the
(corresponding to 2 s), the heat flux reached a steady- heat transfer to the fuel surface. This finding is in
state value of 17.7 ± I WV. The heat flux required to qualitative agreement with the results reported by
vaporize the fuel (including the heat of vaporization Fischer et al. [18].
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Temperature CO 2  H20
30 cm

1500 4.0 7.0

300k 0 0 0

-5 0 5
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3.0 0.5 ppm

0 0.0

CO Soot
FIG. 4. Time average distributions of temperature, CO, H2 0, CO, andf,, above the pool surface.

40 1
____ Instantaneous soot & gas radiation
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r I Time (s)
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Time (s) FIG. 6. Calculation of the instantaneous integrated heat
flux to the pool surface as a function of time for the case

FIG. 5. Comparison of the (calculated) integrated heat considering gas (rich) and soot emission. The running av-
flux to the pool surface as a function of time for rich and erages of the cases with and without gas emission are also
lean cases. plotted.
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Conclusions 4. Klassen, M., Ph.D. Thesis, University Of Maryland,

College Park, MD, 1992.
Detailed measurements of the temperature, soot 5. Klassen, M., Sivathanu, Y. R., and Gore, J. P., Corn-

volume fraction, and CO2 distributions have been bust. Flame 90:34 (1992).
made for a 10 cm diameter heptane fire. The emis- 6. Choi, M. Y., Hamins, A., Rushmeier, H., Hubbard, A.,
sions from the gaseous combustion products, both and Kashiwagi, T., "Simultaneous Optical Measure-
measured (in the case of CO 2 ) and estimated from ments of Soot Volume Fraction and Temperature in
the generalized state relationship (for H 2 0 and CO), Heptane Pool Fires," Eastern States Section of the
were calculated using RADCAL in conjunction with Combustion Institute, Princeton, NJ, October 25-28,
the reverse Monte-Carlo method. 1993.

Simultaneous emission measurements made for 193
ulocations a iov tme ns pl f 7. Sivathanu, Y. R., and Faeth, G. M., Combust. Flame

various locations above the pool fire surface indicate 82:211 (1990).
relative insensitivity of the heat transfer to the tem- 8 Crosshandler, W. L., "RADGAL: A Narrow-Band
poral correlation between the data sets. This finding Model for Radiation Calculations in a Combustion En-
suggests that the use of nonsimultaneous data is ad- Moden for Tionicalcu ote 10 1992.
equate to predict the heat transfer to the surface for vironment," NIST Technical Note 1402, 1992.
large fires where simultaneous measurement over 9. Choi, M. Y., Hamins, A., Mulholland, G. W., and Kash-

the entire flame volume is impractical. iwagi, T., "Simultaneous Optical Measurements of

The results indicate that, for the case of a 10 cm Soot Volume Fraction and Temperature in Premixed

diameter pool fire burning heptane (which is a mildly Flames," Combust. Flame, in press.

sooting fuel), radiation contributions from the gas 10. Dalzell, W. H., and Sarofim, A. L., J. Heat Transfer

phase represent a significant fraction of the total ra- 91:100 (19,69).

diative heat transfer to the surface of the pool. How- 11. Choi, M. Y., Mulholland, G. W., Hamins, A., and Kash-

ever, this fraction is a function of the amount of soot iwagi, T., "Comparisons of Soot Volume Fraction
produced by the flame and therefore a function of Measurements Using Optical and Isokinetic Sampling
the fuel structure and pool dimension. The effect of Techniques," Eastern States Section of the Combus-
using average values of T, fe, CO2, H20, and CO tion Institute, Princeton, NJ, October 25-28, 1993.
indicates that the heat flux was underpredicted when 12. Sivathanu, Y. R., and Faeth, G. M., Combust. Flame
compared to the case in which instantaneous values 81:150 (1990).
were used. 13. Hamins, A., Yang, J. C., and Kashiwagi, T., Twenty-
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COMMENTS

PatrickJ. Pagni, University of California, Berkeley, USA. REFERENCES
Have you compared your soot volume fractions with the 1. Bard, S., et al., "Spatial Variation of Soot Volume Frac-
pool-fire soot volume fraction measurements in the litera- tions in Pool Fire Diffusion Flames," in Fire Safety Sci-
ture [1,2]? ence-Proceedings of the First International Sympo-
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sium (C. Grant et al., Eds.), Hemisphere, New York, Author's Reply. In turbulent fire studies, researchers
1986, pp. 361-369. have to reconstruct the temperature and emissivity distri-

2. Markstein, G. H., "Measurements on Gaseous-fuel Pool bution using mean values from sets of nonsimultaneous
Fires with a Fiber-Optic Absorption Probe," Combust. data collected at various locations within the fire [1,2]. The
Sci. Technol. 39:215 (1984). purpose of the present study was to directly measure the

effects of using nonsimultaneous data on the radiative heat
Author's Reply. Comparisons with the pool fire results transfer process without relying on the use of mean tem-

in the literature [1-4] reveal that the time-averaged soot peratures and soot volume fractions and the statistical var-
volume fractions measured in the present experiments are iation of these parameters. In this work, the radiation char-
of the same order of magnitude. In a previous study per- acteristics were measured simultaneously in pairs of two
formed in a steady-state and homogeneous environment of spatial locations with separations of H equal to 15, 20, 25,
premixed flames [5], the soot volume fraction measure- and 30 mm (with the lower limit being determined by the
ments were found to be very sensitive to the refractive dimensions of the optical probes). These separation dis-
index used to calculate the soot optical properties. In the tances are of the order of the integral scale lengths reported
present study, the refractive indices of Dalzell and Sarofim in the work by Kounalakis et al. [3]. Since the emission
[6] were used to be consistent with previous investigations data were acquired simultaneously for the top and bottom
of radiative characteristics of liquid pool fires [3,7]. probes, this study provided a unique opportunity to deter-

mine the spatial correlation coefficients as a function of
time shift between the data sets. The spatial correlation

REFERENCES coefficients were calculated for the H = 30 mm case for
heights ranging from 3 to 30 cm above the burner surface.

1. Bard, S., et al., "Spatial Variation of Soot Volume Frac- The average coefficient was approximately 0.2 for zero time
tions in Pool Fire Diffusion Flames," in Fire Safety Sci- shift and 0.5 for cases when the time shift was equal to H/u
ence-Proceedings of the First International Sympo- (where u is the local velocity of the flame). Based on meas-
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1986, pp. 361-369. tude of these coefficients is expected to decrease as H is
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3. Klassen, M., Sivathanu, Y. R., and Gore, J. P., Combust. ing the data (collected at more than 100 locations above
Flame 90:34 (1992). the fire) is equivalent to a random temporal ordering. Al-

4. Sivathanu, Y. R., and Faeth, G. M., Comhust. Flamse though the instantaneous heat transfer between the two
81:150 (1990). locations changes as a function of time shift, the integrated

5. Choi, M. Y., Hamins, A., Mulholland, G. W., and Kash- heat transfer varied negligibly with random time shifting.
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In-situ burning of fuels spilled on water is of interest as a means for cleaning up these spills. It also is
a potential important hazard in unwanted fires. This paper reports the results of small-scale experiments
that investigate the combustion of thin layers of heating oil on water, and the events that take place in this
complex combustion process, which can lead to the occurrence of explosive burning, normally referred to
as boilover. The work concerns primarily the influence of the initial oil-layer thickness and pool diameter
on the burning rate, time to the start of boilover, burned mass ratio, boilover intensity, and temperature
history of the oil and water. The temperature measurements show that the phenomenon may be doe to
boiling nucleation near the oilAvater interface, in sublayer water that has been superheated. The violent
eruptive vaporization of the water bubbles tends to atomize the oil layer above, with subsequent projection
of burning droplets. The boilover intensity appears closely related to initial oil-layer thickness and pan
diameter. This is discussed in terms of surface tension effects, and growth and expansion of the water
bubbles at the nucleation sites.

Introduction fuels (particularly crude oils or other heavy oils),
leading to explosive vaporization of the water often

Pollution and fires fromn accidental liquid fuel spills present on the bottom of the tank but it can also
in open waters are problems of increased concern, occur with the burning of thin layers of these liquids
and studies of methods to clean up these spills have floating on water. The heat transfer through the fuel
gained more attention over the past few years. arises from the phenomenon of hot-zone formation,
Among the different methods being considered, it a zone of practically uniform temperature and com-
appears that in-situ burning may be an interesting position that propagates through the interior of the
-alternative, since it avoids the recovering and storage fuel. The hot-zone fonriation in large storage tanks
stages of the cleaning process, in addition to elimi- and its extent are normally explained by the gener-
nating the spilled fuel. ation of continuous and vigorous convective mixing

The pool burning of a thin fuel layer on water is within the liquid, stimulated by selective evaporation
similar to that of the single fuel, although it presents of the light ends or by the generation, ascent, and
the important difference of the heat loss from the growth of vapors released throughout most of this
fuel to the water underneath. This, together with sur- zone [1-3].
face temperature and surface tension effects, is the Studies specifically concerning thin-layer boilover
major reason why the fuel layer must have a mini- of pure or multicomponent fuels are, on the whole,
mum thickness to be ignited. Furthermore, the heat much more recent. Most of these studies have been
transferred to the water can induce water boiling and conducted on small- or medium-scale fires in a lab-
splashing, a phenomenon referred to as thin-layer oratory, which helps to reduce the formation of fuel
boilover. surface waves and ensures caln external conditions,

In general, boilover occurs with fuels whose boil- which help the onset of nearly uniform boiling at the
ing temperature is higher than that of the water. This fuel/water interface. Twardus and Brzustowski [4]
phenomenon is often encountered with fires involv- proposed a simple one-dimensional model of the
ing large storage tanks containing multicolnponent problem that was later improved to include the ab-
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sorption of radiation within the fuel layer as well as 2

the effect of wind [5]. Alramadhan et al. [6] extended ."
that work by incorporating into the model buoyant '
turbulent motion and the explicit effect of the radi- E 1.5

ation. Petty [7] conducted a series of experiments to A

simulate large-scale crude oil fires (2 m in diameter), ,
and concluded that fuel surface temperature remains
unchanged throughout the burning process, in con- x

tradiction to the interpretation of fuel burning as a .2 x 15cm
distillation process. Koseki and Mulholland [8] and ' a. - .23cm
Koseki et al. [9] reported that fuel thickness is an N30Cm
important factor in regard to boilover: the thicker the W A50CM

fuel layer, the more violent is boilover. Also, tem- 0
perature measurements indicate probable super- 0 5 10 15 20
heating of the water when boilover occurs. Arai et al. Initial fu~el layer thickness (mm)
[10], in studies with simple and multicomponent fu-
els, brought out some fundamental aspects of the ef- FIG. 1. Regression rate as a function of initial fuel-layer

feet of a boiling water sublayer on the behavior of thickness for different pool diameters.
the pool fires.

In spite of extensive studies on the problem, it ap-
pears that a complete understanding of boilover is combustion progresses, the freeboard length in-

still lacking, most likely because of the complexity of creases during the experiment. However, as will be

the mechanisms involved. The objective of this work seen later, this freeboard length increase, as well as

is to investigate the effect of fuel-layer thickness on an observed light increase of the fuel surface tem-

the burning of this fuel layer spilled on water in the perature (the lighter volatiles tend to burn off first),

case of test pans of small diameter (•<50 cm). On the appeared to have only a minor effect on the mea-

basis of the obtained results, the mechanisms that sured combustion rate.

may cause the thin-layer boilover to occur are dis- Fuel and water temperature were measured with

cussed. an array of four, stainless-steel-sheeted, chromel-al-
umel thermocouples of 0.5-mm diameter inserted
horizontally through the side wall of the pan with

Experiment their junction located along the centerline. Efforts
were made to remove from the experiments any sig-

To reduce possible experimental complications nificant perturbing influence of their presence and

peculiar to multicomponent fuels, we have selected particularly any preferential onset of water boiling at

heating oil for our experiments. Since it is composed the fuel/water interface.

of a mixture of C14-C 21 hydrocarbons, it offers a rel- After a short period of time from ignition, the

atively narrow range of boiling points (250 °C-350 burning rate reached steady-state, defined here as

°C), while its burning temperature is high enough to the pre-boilover burning rate. At the onset of thin-

heat the water underneath to its boiling point. Thus, layer boilover, the burning rate increased widely,

even if it presents a more restricted range of hydro- with intense splashing of water and fuel.

carbons than the crude oils, it appears well suited for
a study of thin-layer boilover.

The pool burning tests of a fuel layer floating on Results
water were conducted in a large-scale test cell vented
by natural convection. Stainless-steel pans 6-cm deep Burning Rate:
and of inner diameters 15, 23, 30, and 50 cm were
used in the experiments. The pans were placed on a Figure 1 shows the surface regression rate as a
load cell to measure the consumption of fuel as a function of the initial heating-oil-layer thickness, for
function of time. The load cell had a response time the different pool diameters tested. It can be ob-
of 60 ms and an accuracy within ± 0.5 g. It was fre- served that the regression rate increases first with
quently calibrated to insure reliable measurements. increasing initial fuel-layer thickness, and then

For each pan diameter, different initial fuel-layer reaches a constant limiting value that is characteristic
thicknesses were tested (ranging from 2 to 20 mm). of each pan size. This limiting burning rate increases
Before each test, water was first poured on the pan with pool diameter, as has been previously observed
and next the fuel until it reached 1 mm below the for this range of pool sizes [11]. Moreover, the lim-
pan lip. During the combustion, the location of the iting values are in good agreement with those ob-
fuel/water interface remained fixed. Therefore, since served for the burning of the same fuel without the
the height of the burning fuel surface decreases as water sublayer [11]. The present results seem to in-
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1000 TABLE 1

Thermal penetration rate results

.23 cm"_
70 :30 cm Pan diameter (cm) 15 23 30 50

A50cm Regression rate X 102 (mm.s- 1
) 1 1.1 1.3 1.7

0 Slope of a linear fit to the data X
* 500 102 (mm .s-1) 1.9 2.4 2.7 3.5

Thermal penetration rate X 102
A (MImTs- 1 ) 0.9 1.3 1.4 1.8E

iT 250

60
0

0
0 5 10 15 20 A

50
Initial fuel layer thickness ( mm)

FIG. 2, Pre-boilover time as a function of initial fuel- E 40

layer thickness for different pool diameters. 0

dicate that these limiting values are reached for layer > 20

thicknesses around 1 cm or larger. The variation of 3,
the combustion rate with the initial fuel-layer thick- 10

ness is due to heat losses to the water layer under- .
neath. When the fuel thickness is small, the water 0

acts as a heat sink, and the burning rate is reduced. 0 5 10 15 20

In some specific test, it was observed that, if the fuel Initial fuel layer thickness ( mm)
layer becomes thin enough (around 0.5 mm), the
combustion can be quenched by heat loss to the wa- FIG. 3. Burned mass ratio as a function of initial fuel-

ter. When the fuel thickness is increased, this influ- layer thickness for different pool diameters.
ence lessens, and there is time for the fuel to reach
steady-state burning. A test made with a deeper pan their test results, they only deduced an average ther-
(20 cm instead of 6 cm) showed that the water depth mal penetration rate from a linear fit to the data.
had no significant effect on the boilover character- if the regression rate of the fuel surface is known,
istics. Thus, the pans used are deep enough so that then it is possible to deduce, by difference from the
any effect of water depth is removed from our ex- fitted slope, the effective thermal penetration rate
periments. responsible for boilover. The calculated values are

reported in Table 1. It is noticed that the thermal

Time to the Start of Boilover: penetration rate is of the same order of magnitude
as the heating-oil surface regression rate.

Figure 2 shows the time to the onset of boilover

as a function of the initial fuel-layer thickness. It is Borned Mass Ratio:
seen that the dependence appears practically linear.
If, as explained below, it is assumed that thin-layer The burned mass ratio is defined as the ratio be-
boilover starts when the temperature at the heating tween the amount of fuel burnt before occurrence
oil/water interface reaches a given value (nucleation of boilover and the initial amount of fuel. This ratio
temperature), then these straight lines can be con- can be determined either by comparison of the fuel
sidered to be representative of a constant, average, thicknesses or from the mass loss. Figure 3 shows
apparent thermal penetration rate (actually, this in- this ratio as a function of the initial fuel-layer thick-
terface is not really calm and well defined because of ness. Independent of the diameter used, a limiting
the occurrence of some frothing). The larger the pool value of about 50% is reached when the initial layer
size, the higher the penetration rate, which is consis- thickness exceeds about 1 cm. This limiting value is
tent with the increase of burning rate with the pool consistent with the values of thermal penetration
size. It can also be observed that these lines cut the rate, responsible for boilover, and the fuel regression
thickness coordinate, showing that there is a mini- rate, respectively. It is also consistent with the onset
mum thickness for the combustion to be sustained, of boilover at a constant temperature at the oil/water
Similar experiments are reported by Koseld et al. [9], interface. In the case of initial fuel-layer thicknesses
with crude oil and a larger range of pan diameters smaller than 1 em, the comparison between regres-
(0.3-2.7 m). However, as a result of large scatter in sion rate and thermal penetration rate permits one
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to assess quite well the measured values of burned ify the radial temperature variation showed that the

mass ratio reported in Fig. 3. variations were not significant whatever the initial

fuel-layer thickness. Figure 5 also illustrates the var-
Boilocer Intensity: iation of the fuel surface temperature with time in

The intensity of hoilover is defined here as tie the pre-boilover stage. Contrary to the constant value
I ireported by Petty [7] with crude oils combustion, an

ratio between the mass loss rate of fuel during the appreciable increase in temperature with time is ob-
boilover period and the nmaximum fuel combustion servable here.
rate during the pre-boilover period. Note that the
load cell signal is very noisy and that the associated
uncertainty is within 20%. Moreover, one must be
well aware that this corresponds to fuel burnt during
eruptive vaporization and also to burning droplets
randomly ejected outside the pan, together with an Previous models of the combustion of a thin fuel
appreciable amount of water. An estimation of the layer on water have been formulated incorporating
amount of lost water can be made from the differ- absorption and radiation in depth, in addition to con-
ence between the total mass loss recorded and the duction [5,6]. Here a simple one-dimensional steady-
initial mass of fuel. In any case, the estimation of the state conduction approach has been used to correlate
boilover intensity is very approximate and only can our measurements. As shown below, such analysis is
be viewed as indicative of the intensity of the phe- applicable only for the thickest initial fuel layer (more
nomenon. Figure 4 shows the boilover intensity thus than approximately 8 mm). For thinner layers, a tran-
estimated as a function of the initial fuiel-layer thick- sient treatment is required to describe the results.
ness, for the different pool sizes. It is seen that the If heat transfer from the fuel surface to the liquid

intensity increases with the thickness but decreases phase is assumed to be limited to conduction, and

strongly wvith the pool diameter. The last observation assuming a constant surface regression rate and that
was previously reported hy Koseki et al. [9] xvith both the oil and water have approximately the same
crude oil. thermal diffusivity a, the following conduction equa-

tion can be used to predict the spacial temperature
variation:

Liquid Temperature History:

Figure 5 shows the variation of the temperature d2T - rsLT (1)

with the distance from the fuel/water interface, for clx( a dx
different times after the start of the test (boilover
occurs at 630 s), for the case of an initial fuel-layer where time has been replaced by x/r (where x is the
thickness of 11 lnn. Also presented in the figure is depth from the oil surface and r the regression rate,
the evolution of the fuel surface level for the differ- assumed to be steady). With the boundary conditions
cot periods of time considered. All the temperature that x = 0, T = Tj and x -- -, T = T_, solution of
mleasurements presented were made with the small- Eq. (1) gives the following for the tenlperature dis-
est pan (15 cm in diameter). Tests conducted to ver- tribution in the liquid phase:
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1.5 Fuel surface can act as nucleation sites (heterogeneous nuclea-
C " •tion) and lower the limit of superheat to values that

can be close to the liquid saturation temperature. At
ci " the interface between two liquids, one with higher
S 0.5 A saturation temperature (host liquid) than the other,
2 Z . * Fuellwater once nucleate boiling is initiated in the one that is

0 s superheated, boiling will occur explosively with an
meas ured intensity that depends primarily on the surface ten-

.0_° -0.5 * sions of the two liquids, the difference between the@/ A measured

/ 3boiling point of the less volatile liquid and the limit
E -1 . measured of superheat of the more volatile, and the ambient

630s
-calculated pressure, among other factors.

-1.5 0 0 Not many studies have been conducted of the bub-
0.25 0.5 0.75 1 ble nucleation in a water/hydrocarbon interface.

Dimensionless temperature, (T - TJ)I(T - T) Lasheras et al. [13] and Wang and Law [14] observed
the explosive burning of droplets of water in hydro-

FIG. 6. Correlation of temperature data from measure- carbon paraffin emulsions and concluded that mi-
ments of Eq. (2) in terms of mr/a vs (T - T-)/(T, - T.). croexplosions occur if the boiling point of the hydro-

carbon is larger than the limit of superheat of the
water. This occurs for paraffins with carbon number

T - T__ _ - a ). (2) larger than 14 (tetradecane).
T, L (-a In the present experiments, the fuel (heating oil)

has boiling points ranging from 250 TC to 350 'C. As
Note that the use of the above formulation gives is seen from the results of Fig. 5, the oil temperature

a simple staggering of the profiles with time that re- at the oil/air interface reaches fairly soon a value
sults from the recession of the oil surface. A com- close to 350 TC. Thus, heat is transferred from the
parison with measurements obtained at three differ- surface to the liquid interior, causing the tempera-
ent time periods during pre-boilover stage is ture at the oil/liquid interface, and at the water in-
presented in Fig. 6. The agreement appears satisfac- terior, to increase to values well above the water sat-
tory (particularly as the time after the start of the test uration temperature at the corresponding pressure
increases) and shows that a simple treatment, based (approximately 100 'C); i.e., the water becomes su-
only on conduction in the fuel layer and steady sur- perheated. Under these conditions, bubbles in the
face regression, is realistic and may be used to predict superheated water could nucleate, most likely het-
the time required to reach boilover. erogeneously at the oil/water interface, and grow ex-

An interesting result is that boilover appears to oc- plosively. The violent eruption of the water bubbles
cur in all cases when the temperature at the oil/water will cause the breakup, and possibly the atomization,
interface reaches a value of approximately 150 TC. of the oil layer above, projecting the oil outward. The
The above-described experimental observation that projected oil burns with the ambient air, increasing
there is a rapid transition from normal pool burning the flame extension and, if the explosive nucleation
to disruptive burning, together with the observation is sufficiently strong, generating a flame-ball-type
that this transition occurs at an approximately fixed burning.
temperature that is well above the saturation tem- The evolution of the oil/water interface tempera-
perature of the water, indicates that the phenomena ture with time is shown in Fig. 7, for different initial
may be caused by the boiling nucleation of the water thicknesses of the oil layer. It is seen that the onset
at the water/oil interface, of boilover occurs at an oil/water interface average

It is well known [12] that a liquid that is not in temperature of approximately 150 T. Although this
contact with a gas phase can be superheated, at con- temperature is difficult to measure accurately be-
stant pressure, to temperatures that are well above cause of liquid motion and, sometimes, foaming at
the liquid saturation temperature. Under these con- the interface, it appears that the value increases
ditions, bubble nucleation will occur within the liq- slightly as the oil-layer thickness increases. As de-
uid at a fixed temperature, called the "limit of su- scribed above, it is suggested that the event is caused
perheat." Boiling nucleation can occur at the interior by the onset of boiling nucleation at the oil/water
of a liquid (homogeneous nucleation), or at an inter- interface. Also consistent with this process is the ob-
face between two liquids of different volatility, or be- served rapid drop in temperature at the interface,
tween a liquid and a smooth solid surface (hetero- which is due to the liquid motion at the vicinity of
geneous nucleation). Heterogeneous nucleation the nucleation site, and the rapid exchange of liquid
generally has a lower limit of superheat than homo- as colder water fills the void left by the water bubbles
geneous nucleation. Also, if there are impurities in as they leave the site, or explode. The water temper-
the liquid, such as solid particulate, the particulate ature at which boilover occurs is lower than that
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2475 effect is naturally bigger the higher the internal pres-
sure. The effect of pool diameter on the weight in-

9 m A crease, and, for that matter, on the intensity of the
425 5,, fire after boilover, is probably due to surface tension

effects at the oil surface (oil/air interface). This sur-
2mm face tension will tend to deter the growth of the bub-

375 bles underneath, and the subsequent breakup of the
! oil layer. The smaller the pan diameter, the stronger

will be the oil surface tension effect because of the
S325 capillary forces at the contact between the oil and

the pan edge.
C) With the hypothesis that boilover will occur when

LL 275 the temperature at the water/oil interface reaches the
0 250 500 750 water nucleation temperature, Eq. (2) can be used

Time ( s to predict the time required to reach boilover by sim-
ply setting the temperature equal to the water nu-

FIG. 7. Fuel/water interface temperature as a function cleation temperature, T = Tn (150 TC in this case),
of time for different initial fuel-layer thicknesses. and x = h - r" tb, where h is the initial oil-layer

thickness, r the surface regression rate, and tb the
time to boilover. The predictions of the analysis agree

0 150 well (approximately 10%) with the experimental ob-
. E 2 100 servations for oil-layer thicknesses greater than 8Z 50 50 Tu-mm, where the steady-state model applies best.

*0
c x 40 733 733.5 734

M >
Sc 30

Conclusion

The present study of the combustion of a fuel
r 0  a 15 spilled on water emphasizes the importance of heat

S30 20 transfer in the direction normal to the fuel and sub-
O M 0 5 layer surfaces. It is shown that the fuel-layer thick-

0 5 10 15 20 ness is an important factor in regard to the surface-
Initial fuel layer thickness ( mm) layer energy balance, the combustion of the fuel, and

the possible onset of boilover.
FIG. 8. Apparent increase in pressure at the onset of The results show that, at least within the limits of

boilover as a function of initial fuel-layer thickness for dif- the investigated sizes, the combustion efficiency ap-
ferent pool diameters. An example of trace recorded by the pears to be independent of the pan diameter and of
load cell submitted to this sudden increase is also shown the initial fuel-layer thickness for layers thicker than
[detail (a)]. 10 mm. It is also observed that the time to the start

of boilover corresponds to the time to reach an ap-

measured as the limit of superheat of droplets wa- proximately fixed temperature at the fuel/water in-

ter/paraffin emulsions (of the order of 250 'C [13]). terface. This result is particularly verified by the ex-

Although the value of 150 'C could be the actual limit periments, provided that the burning rate becomes
well established.

of superheat for water in the oil used in the experi-
ments, it is most likely that the low value indicates The characteristics of the boilover intensity lead
that the nucleation is of the heterogeneous type in to consideration of the fundamental aspects that
these experiments, and probably is suppressed some- cause this phenomenon to occur. The observations
what by impurities in the fuel. that the transition to boilover is fast and has a violent

The sudden increase in liquid weight observed at explosive character, together with the observation
the onset of boilover [weight at boilover minus that the water temperature reaches approximately
weight before boilover, as shown in Fig. 8, detail (a)] 150 'C, well above its saturation temperature, sug-
gives further information about the events taking gest that the event is due to the onset of boiling nu-
place during this onset. This apparent change of cleation in the superheated water at the fuel/water
weight may be transformed into change of pressure interface. However, the sudden growth and expan-
(Fig. 8). This pressure shock is due to the sudden sion of the water bubbles at the nucleation sites seem
expansion of water vapor at the nucleation site. The to depend greatly on the surface tension forces.
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COMMENTS

R. B. Williamson, University of California at Berkeley, perimental Study of Boilover in Crude Oil Fires," Fire
USA. The term "boilover" has usually been applied to a fire Safety Science-Proceedings of the Third International
scenario in which an open top tank containing burning Symposium, 1991, pp. 865-875.
crude oil, after a long period of quiescent burning, shows
a sudden increase in fire intensity associated with the ex- Author's Reply. No, we have not observed any indication
pulsion of burning oil from the tank [1]. It is generally of the formation of a hot zone, either visually or through
thought that boilover occurs when the residues from the the temperature measurements as shown in the paper. This
surface burning become denser than the unburned oil and is due to the nature of the fuel used (narrow range of boil-
sink below the surface to form a hot layer that progresses ing points) and the small thickness of the fuel layer. Hot
downward much faster than the regression rate of the liq- zone boilover is normally observed with fuel having a large
uid surface. When this isothermal hot layer, or "hot zone," range of volatilities and large depth, as in crude oil tanks,
reaches a layer of water or water-in-oil emulsion that al- as you indicate in your comments.
most always exists in crude oil tanks, the water first is su-
perheated and subsequently boils almost explosively, over-
flowing the tank. Oils subject to this form of boilover are Richard G. Gann, NIST/BFRL, USA. In looking at the
thought to have a wide range of boiling points so that a data here, it appears that the study needs to be extended
viscous residue forms after some of the lighter components to larger pan sizes if the real situation is to be well repli-
have burned off, and this allows the formation of the hot cated. In Fig. 1, the regression rate is continuing to rise,
zone. Recently, the term boilover has also been applied to and in Fig. 2, the time for boilover is still falling as a func-
the burning of thin layers of oil on the surface of water in tion of diameter. In addition, Fig. 4 shows the boilover
order to limit the spread of oil after leakage of oil from a intensity rapidly falling toward 1 at d - 0.5 m. This is in
tanker or other spill accident [2], The research in this paper conflict with the observations by Koseki, Kokkala, and Mul-
focuses on the second fire scenario, and it provides useful holland (Third International Symposium on Fire Safety
information for future research. Is there any indication of Science, Elsevier, London, 1991), of vigorous enhancement
the formation of a hot zone before the boilover occurs? from 0.3-2.7 m diameters, with crude oil as the fuel. Would

you also please comment on how you became assured that
the thermocouples were not affecting the boilover behav-

REFERENCES ior?

1. Henry, M., and Klein, T., "Scores Die in Tank Fire Boil- Author's Reply. We do not think that extending the pan
over," Fire Service Today, June 1983, pp. 11-13. size to larger sizes will change the nature of our results

2. Koseki, H., Kokkala, M., and Mulholland, G. W., "Ex- since the present observations are more vigorous at the
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smaller sizes. Concerning the observation of Ruchi and narrow range), we should point out that our observation
Mulholland, at the deadline to reply to this comment, we that the boilover intensity decreases with the diameter is
have not been able to obtain a copy of the work; thus we in agreement with observations of Koseki et al. [9].
cannot comment on it. Although the discrepancy in the Regarding the effect of the thermocouples on the boil-
observations may be due to the difference in fuels (crude over behavior, we have made the same observations with
oil has a wide range of volatilities vs our fuel, which has a and without thermocouples.
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The objective of this work seas to specify the mechianism of flame inhibitioo by compouods that do not

contain bromioe. Mole fraction profiles have been measured by molecitlar beam-mass spectrometer teol-
nique in a stoichioinetric C 11/O0/Ar low-pressore flame seeded with and without I l% hexafl oroethane
((],F,,). For both flames, stable and reactive species concentrations have been comiputed and compared

with experimental results in order to validate a detailed mechanism. Extension of the niechlanism to at-

mospheric pressm-e was car-ried out by sibstituting the rate constant of a few reactions by high-pressure
values. Mole fraction profiles compuisited il -ato -pressure stoichionietric tiethane-air flame were iin verv

good agreement with Bechtel's experimeital results. Thus validated, the mechanism was llsed to cotmpute

the reduction in flanse velocity that results frons the addition of increasing amoiints of the inhibitor to a
methane-oxygen-nitrogeu flame. Calculated flame velocities are in very close agreement with experimental

valucs obtained svitli a premixed flame stabilized on au open tuhitlar bhrner. This shows that inhibition

efficiency of fluorinated eompounds can be predicted very accurately.

Introduction erted by bromine. Some of the consequences of CF13
addition to a flamse can be assessed from the results

There is a need for new inhibitors that maintain of Vandooren et al. [6] on the structure of a
the positive properties of CF25Br but exhibit mull or CO/H2/02/Ar flame seeded with CF:3H, but these
negligible ozone depletion potential (ODP). One way results do not refer directly to an hydrocarbon
to reach this objective is to remove bromine friom the flame.
inhibitors, since this element is responsible for the In this paper, we present results of an experi-
high ODP, mental study on the structure of a stoichiometric

Derivation of an inhibition index from velocity CII4/0O/Ar low-pressure flame seeded with and
measurements of flames seeded xwith compotn(ds without 1% (molar ratio) hexafluoroethane (CaFej).
containing CF3 has shown that this radical contrib- This fluorinated additive is a good representative of
utes 25% to the overall efficiency of CF.3Br [1]. CF3 donor compounds, and it is expected that con-

Hence, it can be expected that atn increase in the clusions drawn in this work can be extended to

number of CF43 groups contained in a given mole- other CF3 donors. Mole fraction profiles have been

cule will increase its inhibition efficiency up to an coninputed as well, and comparison of simulated

acceptable value for fire prevention. This assump- against experimental profiles was used to validate a

tion is supported by measurements of critical agent detailed nmechanism. An atmospheric-pressure ver-

concentration required to extinguish a liquid fuel sicn of the iehanisni was derived by computingd fhigh-pressure values for the kinetic parameters of adiffusion flam-e (cup burner test) that lead to values fe ecin.Ths hne i ntafc e7
respectively eal to 7.9% and 6.1% fr CF few reactions. These changes did ot affectCeseciv [2].Theseuvalushv to he9%ad6.% coparec it a tions involving fluorinated species, so that valida-
C33F [2]. These values have to e e cox pared with tion of the atmospheric-pressure mechanism was
3.1% for CF,3Br. To a large extent, experimental and carried out by comparison of mole fraction profiles
computational studies on inhibition mnechanisms computed in a methane-air flame against the exper-
have focused on bromine and chlorine derivatives imental results of Bechtel et al. [7]. At the end, and
[3,4]. Mass spectrometric measurements of species since one main criterion to test an inhibitor is the
concentration in a stoicliiometric methane flame reduction of flame velocity, a comparative study of
seeded with CF:sBr performed by Biordi et al. [5] measurements and simulation of the effect of C2F5
give some data on intermediate species formed from addition oni the velocity of a stoichliometric
the CF4 group. However, the inhibition effect of CH 4/0O/N, flame stabilized on a tubular burner
this group is hindered by the strong influence ex- has been performed.

1489
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Experimental 2500

Flam•e Structure Studies: 2000iIHL . .•
Flames were stabilized on a water-cooled flat- 20

flame burner enclosed in a low-pressure chamber. 5
The matrix was made of a brass disc drilled with
1-mm-diameter holes on a 9.0-cm-diameter circular 2 1500p
area. .

Two premixed flat flames have been stabilized at
4.2 kPa with initial molar composition as follows: E 1000
flame I: CH 4 (17.0%), 02 (34.0%), Ar (49.0%); flame
II: CH 4 (16.8%), 02 (33.6%), Ar (48.6%), C2F6
(1.0%). For both flames, the unburned gases velocity 500
(at 298 K and 4.2 kPa) was equal to 53.7 cm/s. The
burner can be moved vertically, and the flat flames
were sampled along the symmetry axis with a quartz
cone (aperture diameter 0.1 mm, angle 600). Sudden 0 I ' I ' I
expansion across the cone orifice created a super- 0.0 0.5 1.0 1.5
sonic jet that preserves atoms and radicals. After se- 0.0 0.5 1.0 s.5
lection of its central part by a skimmer and modu- Distance from burner surface (cm)
lation by a chopper wheel, the jet entered the FIG. 1. Temperature profiles in flames I and II (P = 4.2
ionization source of a mass spectrometer. Signal from kPa). (0, 0): Ti thermocouple bead located 0.2 mm under
the mass spectrometer was corrected for residual gas the cone tip; (U, E): T2 thermocouple bead located 20
and isotopic contributions and converted into mole mm under the cone tip (open symbol = uninhibited flame;
fractions by using calibration factors. These factors filled symbol = inhibited flame); curves: computed per-
resulted from direct measurements of mixtures of turbed profiles ( . uninhibited flame; = in-
known composition for stable species and from cal- hibited flame).
culation of ionization cross sections for atoms and
radicals. H, 0, and OH have been calibrated by as-
suming partial equilibrium for some reactions of the Modelling
H2/0 2 system in the postcombustion region.

Temperature profiles were measured with fine The computation code developed by Warnatz [8]
(wire diameter 0.05 mm) Pt-Pt 10% Rh thermocou- was used for the simulation of the structure of the
pies coated by a ceramic deposit to prevent catalytic low-pressure premixed flat flames. Species concen-
recombination. Heat losses by radiation were elimi- trations were computed with the perturbed-flame
nated by using the electrical compensation tech- temperature profile taken as input data in the code.
nique. To take account of flame perturbation by the It has been shown earlier [9] that this procedure most
quartz cone, temperature profile measurements were accurately describes the flame in the computation.
repeated for several distances between the thermo- The free-flame option of the code was used to com-
couple bead and the cone tip. A "perturbed-flame" pute flame velocity of the atmospheric-pressure
temperature profile was derived from the set of flames.
curves thus obtained. This profile reproduces the Thermodynamic data needed to compute the ki-
progressive change from a temperature markedly af- netic parameters of the backward reactions were
fected by the cone when samples arewithdrawn close taken from Kee et al. [10] or JANAF tables [11].
to the burner surface up to a temperature that is only
slightly perturbed when the cone is far from the
burner. Results and Discussion

Flame Velocity Measurements: Flame Structure of Low-Pressure Flames:

A conical flame was stabilized at atmospheric pres- Figure 1 shows that the additive concentration
sure at the exit of an open tubular burner (diameter used in this work (1%) is low enough to avoid any
1.4 cm). Volumetric flow rates for the reference change in the temperature profile, so that differences
flame were as follows: CH 4 : 16.3; 02: 32.6; N 2 : 122.0 observed between flames I and II can be attributed
cma/s. The flame velocity was expressed as the ratio to chemical effects. Two sets of data points corre-
of overall volumetric flow rate to flame area. The sponding respectively to measurements performed
latter was derived from photographs of the flame with the thermocouple located 0.2 (T1) and 20 mm
front. (T2) under the cone tip have been plotted on this
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TABLE 1
Detailed mechanism for the combustion of methane at 4.2 kPa (units: kJ, mol cm3 s)>

No. Reaction A n E Ref.

62 C 2HO + 0 -CO + CO + OH 1.46 102 0.0 10.46 20
119 CH4 W CH3 + H 1.88 1021 -2.75 403.9 15
120 CH 2O + H 0 + CH, 9.25 1014 0.0 291.4 15
121 C2HA - CH3 + CH3 1.1 1060 -13.6 429.54 16
122 CHO + H 2 - H + CH9 O 2.0 1012 0.0 78.1 15
123 CHO + H20 -* OH + CHO 1.03 1013 0.0 129.0 15
124 H2 + C2H3 -. H + CdHt 9.6 1012 0.0 32.6 15
125 C2H 2O + H -- OH + C2H, 3.09 1033 -6.75 117.9 15
126 02 + CH, = CHOO + H + 0 3.0 1013 0.0 120.08 15
128 0, + CH3 = CH20 + OH 3.31 10" 0.0 37.24 16
130 OH + CHI = CH 20 + H2 8.0 1012 0.0 0.0 17
132 OH + CH3 = CH20 + H + H 4.56 1014 0.0 64.8 17
134 OH + CHI = CH, + H20 1.5 1013 0.0 20.93 17
136 H + CH3 = CH, + H, 1.8 1014 0.0 62.9 15
138 CH3 + CH 20 = CHO + CH, 5.54 10'1 2.8 24.53 16
140 CH, + CH, = C2H. + H, 3.20 1013 0.0 0.0 13
142 0 + C2H, = C2HO + H 3.0 1013 0.0 0.0 13
144 02 + C2H2 -- CH 20 + CHO 5.4 10'1 0.0 0.0 16
145 CQHO + OH- CHO + CO + H 1.0 1014 0.0 0.0 15

'Reactions added to Warnatz's [12] mechanism.

figure. The curves represent the perturbed-flame used to compute the mole fraction profiles of the
temperature profile and have been derived from T, fluorinated species. Reactions B5 through B8, B18
and T2 values by assuming that cooling by the quartz through B20, B25 through B35, B37 through B50,
cone is proportional to the local temperature: and B52 of Ref. 21 account for the consumption of

CF3 radicals (66 reactions counting the forward and
Tper(Z) - 300 = [TI(z) - 300] X R backward reactions as two reactions). They are num-

bered 146 through 211 in this work. Only one reac-
with R = (T2 - 300)/(T1 - 300) computed at the tion was introduced to form CF 3 from C2F 6, while
position corresponding to the maximum 7T value. 14 additional reactions (here again counting the for-

Species detected and analyzed in flame I include ward and backward reactions as two reactions) shown
CH 4 , O, Ar, H 2 0, C0 2 , CO, H 2 , C2 H4 , C2H 2 , in Table 3 were incorporated into the mechanism to

CH20, CH,, CHO, H, OH, 0, and H02, and besides improve the agreement with the experimental re-
these, C2F6 , HF, CF 20, CF 2 CH2 , CF 2 , and CF 3 in sults. Changes in the kinetic data of six reactions also
flame II. Mole fraction profiles for the former group contributed to improvement of this agreement (Ta-
were computed with a detailed mechanism that we blevalidated recently for a rich acetylene flame [9]. This le3). The overall mechanism involves 225 reactions
validated recently forimarich aclednte set [. raTions (145 for methane and 80 for the fluorinated additive)mechanism is primanily based on the set of reactions ad32sei.
proposed by Warnatz [12] to model combustion of and 32 species.
alkanes. Reactions 1 through 75 of Ref. 12 were used In Figs. 2 through 4, mole fraction profiles mea-

here, with Reactions 9 through 15, 27, 29 through sured in both flames (uninhibited and inhibited) have

40, 43 through 46, 48, 49, 52, 53, 55, 56, 59, 61, 63 been compared with the corresponding calculated

through 70, 72, 73, and 75 taken as reversible and profiles. Before the accuracy of the model is dis-

Reaction 62 neglected. These changes correspond to cussed, these results can be examined to identify the
an initial version of the mechanism [13] and intro- changes introduced by the inhibitor. Comparison of
duce 43 reverse reactions that are numbered 76 the experimental profiles reveals that the addition of
through 118. The mechanism was supplemented by C2F6 does not markedly affect the structure of the
Reactions 62 and 119 through 145, listed in Table 1, stoichiometric methane flame. However, slight
while Table 2 mentions the reactions that have been changes are observed for some species: In the burned
used with new values of the kinetic data. gases of the uninhibited flame, H 2 0 and H have

Part of the mechanism proposed by Westbrook higher mole fractions (respectively, 0.253 and 0.017)
[21] to predict flame inhibition by CF 3 Br has been than in the inhibited flame (0.223 and 0.014), while
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TABLE 2
Detailed mechanism for the combustion of methane at 4.2 kPa (units: kJ, mol cm3 s)f

No. Reaction A n E Ref.

5 OH + H,-- H20 + H 6.38 101 2.0 12.39 14
6 HO + H-' OH + H, 6.20 107 1.9 77.03 15
16 CO + OH-'CO, + H 6.32101 1.5 -2.07 16
18 H + CH, -- CH, 5.11 1022 -3.58 3.67 16
25 0 + CH3--* CH2O + H 8.40 1013 0.0 0.0 16
26 H + CH,O - CHO + H2 2.3 1010 1.05 13.67 16
34 CHO + M--CO + H + M 2.36 1017 -1.0 71.06 18
40 0,+ CH = CO + OH 4.0 101' 0.0 0.0 15
41 CH2 + CHI -- CHl 1.51 1052 -12.3 50.32 16
42 CHI + CH -2 C211, + H 3.0 101' 0.0 52.28 16
47 C2H 5 + H - CH2 + CHI 3.6 101' 0.0 0.0 16
53 OH + CH, = C2H3 + HIO 2.05 10's 0.0 24.75 16
54 H + C 2 H., - CIH 3 ± H1 8.0 101' 0.0 42.7 15
57 CH3 -- C2H2 + H 9.98 10.17 -8.53 190.5 16
58 C Ha + H -+ CH, 2.69 10"4 -1.0 6.12 16
60 OH + CH-I.-, C,H 20 + H 1.0 10.22 -6.9 23.6 15
64 H + C,H 2 0 = CHI + CO 1.4 1013 0.0 12.5 15
66 OH + CaHlO = CH 2O + CHO 7.0 1013 0.0 0.0 15
68 C2H2 + 0 = C2HO + H 8.0 10"4 0.0 50.7 15
69 H + C2HO = CH, + CO 1.4 10"4 0.0 0.0 19
70 O + C2 HO = CO + CO + H 1.0 1014 0.0 0.0 19
71 H + CH 2 - H, + C2H 5.0 1012 0.0 39.72 15
72 OH + C2H2 - H20 + CM 2.5 1013 0.0 29.3 15
74 H, + CH - H + C2H2  3.70 10'3 0.0 12.10 15
75 CH + 02-CO + CO + H 3.0 101.1 0.0 6.3 15

"Changes in the kinetic data with respect to Warnatz's [12] mechanism.

TABLE 3
Detailed mechanism for the consumption of C2F6 (units: kJ, mol cm2 s)>

No. Reaction A n E Ref.

212 F + HO, = HF + O. 5.0 1013 0.0 0.0 26
214 FO + FO= F + F + 0 2  1.26 1013 0.0 0.0 27
216 FO + FO-- F2 + 02 1.0 1012 0.0 0.0 27
217 FO + O = 0 2 + F 3.0 1013 0.0 0.0 28
219 CF + OH = FCO + H 1.0 1013 0.0 0.0 b

221 CF + H--CH + F 3.7 1013 0.0 78.9 29
222 CF + 02 = FCO + O 1.0 1013 0.0 0.0

224 CF3 + CF 3 - C 2F6  7.08 10" -9.06 40.56

225 C2F, -• CF3 + CF, 5.94 1045 -9.40 420.0 b

B25 CF, + H = CF2 + HF 5.5 1013 0.0 0.0 22
B41 CF 2O + 0 = FCO + FO 5.0 10"2 0.0 320.8 b

B42 CFO + OH = CO2 + HF + F 7.9 10" 0.0 0.0 b

B43 CF2 + H = CF + HF 2.0 1013 0.0 0.0 23
B45 CF, + OH = CFOO + H 5.0 1012 0.0 0.0 24
B39 CFCH2 + 0 = CH2O + CF, 1.51 10's 0.0 0.0 25

"1212-225 Reactions added to Westhrook's [21] mechanism; B25-B39 changes in the kinetic data with respect to West-
brook's [21] mechanism.

"Kinetic data estimated in this work.
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1.OE+O 1.OE-1

1.OE-2

1.OE-1

1.0E-3

S 1.0E-2 - 1.0E-40, 0
1.0E

1.1E-3

+ 1.0E-6

1.0E-4 ' II 1.0E-7 - I

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Distance from burner surface (cm) Distance from burner surface (cm)

FIG. 2. Comparison of computed (curves) and measured FIG. 4. Comparison of computed (curves) and measured

(points) mole fraction profiles in flames I and II (P = 4.2 (points) mole fraction profiles in flames I and II (P = 4.2

kPa). (0, 0): CH4; (E], W): 02; (02, *): H2O; (A, A): kPa). (0, 9): H; (E], M): HCO; (20, *): C2H4 (open sym-
C0 2; (+, +): CH. (open symbol, -= uninhibited bol, -= uninhibited flame; filled symbol, ----
flame; filled symbol, - .... inhibited flame). inhibited flame).

CO and OH exhibit an opposite variation (0.037 and
0.014 in flame I; 0.045 and 0.016 in flame II).

For most species, predictions of the model are in
close agreement with the measured profiles, and it is
especially interesting to note that changes in H 20,

1.0E-1 H, and CO concentrations with C2 F6 addition are
well reproduced by the model (mole fractions are
respectively 0.262, 0.019, and 0.045 in flame I; 0.231,
0.017, and 0.050 in flame II). Only two discrepancies

*"-I1-1--- between computed and experimental profiles have

been observed. The first one concerns OH, for which
the concentration in the postcombustion zone is pre-
dicted to decrease, in contradiction with the experi-

mental result. The second one is related to CH 3 ,
W) which is overpredicted by the model in both flames.
o Addition of consumption reactions for this radical

S1.0E-3 A (Table 1) was ineffective in improving the agreement
with the experimental results. Analyses of the CHa

A Aradical were carried out with an electron energy ad-
justed at 12 eV, only 2.2 eV above the ionization po-
tential. Use of so low a value was necessary to avoid

A methane fragmentation in the ionization source of
1.0E-4 - Ithe mass spectrometer, but it reduces the accuracy

0.0 0.5 1.0 1.5 of the analyses. Additional measurements of CH 3

Distance from burner surface (cm) concentration were performed, but they all con-
firmed the results of the previous determinations. To

FIG. 3. Comparison of computed (curves) and measured complement this discussion on CH 3, it should be
(points) mole fraction profiles in flames I and II (P = 4.2 noted that overprediction by a model has been re-
kPa). (0, 0): H2; ([], M): CO; (Ky, *): OH; (A, A): CH20 ported as well by Hennessy et al. [30].
(open symbol, -= uninhibited flame; filled symbol, Figure 5 compares measured and computed mole
- --- inhibited flame). fraction profiles for the fluorinated species. A very
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1.OE-1 A CF 3 + H = CF2 + HF (B25)

1.OE-2 CF, + = CF2 O + F. (B26)

1.OE-3 - * CF 2 consumption occurs by

1 QE CF 2 + H = CF + HF (B43)o 1 .OK-4 M CF

.h- - and to a lesser extent by reactions with OH and 0

75 1.0E-5 1that form FCO. CF radicals react with 02:
E

CF + 02 = FCO + 0. (222)1.OE-6CF3

CF 2O and FCO are consumed by reactions with H

CF 2 CH 2  and OH:

1.0E-8 I a I CF 2 0 + H = FCO + HF (B40)

0.0 0.5 1.0 1.5
Distance from burner surface (cm) CF 20 + OH = CO 2 + HF + F (B42)

FIG. 5. Comparison of computed (curves) and measured FCO + H = CO + HF (B49)
(points) mole fraction profiles in flame II (P = 4.2 kPa).
(0): CF 6 ; (M): CF0O; (*): CF2 CH 2; (A): HF; ([I): CF2; FCO + OH = CO 2 + HF. (B52)
(0): CF3.

Fluorine atoms react with H2 to form HF.
This mechanism predicts that fluorine and carbon

good agreement is obtained for the consumption of initially present in the inhibitor are entirely con-
the inhibitor and the formation of the main products: verted into HF, CO, and CO2 . These reactions con-
HF, CF20, and CF 2 CH 2 . Large discrepancies are stitute a trap for the chain carriers of the methane
observed for CF 3 and CF 2, but here again, very low combustion mechanism, H and OH. CF 3, CF 2, CF,
electron energies (respectively, 12.4 and 11.0 eV) had and FCO are very active intermediates in this con-
to be used to prevent fragmentations. However, for version, so these four species are in stationary state.
these radicals, the accuracy of the experiments is not This explains why predictions of C2F6 consumption
necessarily the unique cause of the discrepancies and and HF formation are in very good agreement with
the viability of the kinetic mechanism can be ques- the experimental results in spite of large discrepan-
tioned as well. So far, no experimental data are avail- cies for CF 3 and CF 2.
able in the literature on CF 3 concentrations in
flames, so the prediction of the mole fraction of this Extension of the Mechanism
species could not be validated. tonof he Mechunes

Consumption of the inhibitor and formation of in- to Atmospheric Pressure:
termediate or final fluorinated species can be speci- The low-pressure mechanism was used for mod-
fled from the reaction rates computed by the model. elling at atmospheric pressure with only four changes
Decomposition forming two CF 3 radicals (Reaction concerning reactions that are in falloff. Troe formal-
225) is the only reaction that has been considered for ism [31] was used to compute atmospheric values for
the consumption of C2F 6. Its rate constant has been the kinetic parameters of these reactions, and the
computed from the equilibrium constant and a value results have been compared to the low-pressure val-
calculated by applying Troe formalism [31] for the ues in Table 4. These changes affect only the meth-
reverse reaction. It is likely that other reactions (at- ane combustion mechanism, so validation of the at-
tack by H, 0, OH) should have been considered as mospheric-pressure mechanism was performed by
well, but (1) there is a lack of kinetic data for these comparison of computed mole fraction profiles
reactions, and (2) our interest was not in a detailed against experimental results obtained by Bechtel [7]
description of the very first step of the consumption for a stoichiometric methane-air flame. Predictions
of C2F 6 but rather in checking the accuracy of an of the model are in very good agreement with the
existing model for the next steps, starting with CF3  experimental profiles for all species analyzed by
consumption. Bechtel: CH 4 , 02, C0 2, H 20, CO, H2 , OH. Of

Reactions with H and 0 atoms dominate CF 3 con- course, this comment does not apply to F chemistry
sumption: that could not be validated at atmospheric pressure.
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TABLE 4
Low- and high-pressure values of the kinetic data of reactions in falloff (units: kj, mol cm 3 s)

4.2 kPa 101 kPa

Reaction A n E A n E

CH 3 + H = CH4  5.1 1022 -3.6 3.7 1.9 103c, -7.0 37.9
CH, + CH3 = C2H6  1.5 1052 -12.3 50.3 1.7 1053 -12.0 81.3
C2H 3 = C2H, + H 9.9 1037 -8.5 190.5 1.6 1032 -5.5 193.3
CH2 + OH = CH 2 0 + H 1.0 1012 -6.9 23.6 1.7 1034 -6.7 41.4

1.00 locity are as follows: CF 3 + H = CF3 + HF (B25);
CF 3 + ± = CF20 + F (B26); CF20 + H = FCO
+ HF (B40); CF20 + OH = CO2 + HF + F

0.80 (B42); and CF 2 + OH = CF 20 + H (B45). [Sen-
, sitivities, expressed as dLn(Xi)/dLn(k,.) are respec-

tively - 0.037, 0.034, - 0.014, 0.013, and 0.012.] For
reactions B25 and B26, kinetic data measured re-

0.60 - cently [23,33], confirm the values used in this work.

VNO So far, we have considered inhibition by C2F6 as
resulting from a change in the chemistry of the flame.

0.40 * However, physical effects could also contribute to a
reduction in the flame velocity. We took advantage
of the adiabaticity of the conical flame to measure

0.20 the evolution of the maximum temperature with the
inhibitor concentration. In the range 0-3%, no tem-
perature changes were detected, and this result sup-

0.00 -ports 
a chemical mechanism of flame inhibition.

0.0 1.0 2.0 3.0 Conclusion
% C2 F6

A two-step procedure has been adopted to studyFrn. 6. Comparison of calculation (curve) and measure- flame inhibition by C2F6. A detailed mechanism was

ments (points) of the evolution of flame velocity with the validated by comparison of computed mole fraction

initial concentration of inhibitor CH,(9.5%)-O,(19%)- valided by corisondingcomputed meactin

N2(71.5%) flame stabilized on a tubular burner (P = 101 profiles against corresponding profiles measured in a

kPa). low-pressure methane-oxygen-argon flame. Species
analysis was carried out by molecular beam-mass
spectrometry so that atoms and radicals were ana-

Effect of C2F 6 on Flame Velocity: lyzed in addition to stable species. The confidence in
the predictions of the model is reinforced by its abil-

The atmospheric-pressure version of the mecha- ity to correctly predict mole fraction profiles of active
nism was used to calculate the velocity of flames species. Pathway analysis shows that CF 3 radicals
seeded with increasing amounts of the inhibitor. For formed by decomposition of the inhibitor are con-
the uninhibited flame, the model predicts a velocity sumed by chain reactions with CF 2, CFO, and CF as
equal to 40.9 cm./s, in close agreement with the 40.2 intermediates. These reactions lead to the formation
cm/s measured by Egolfopoulos et al. [32]. of stable species CO, C0 2 , and HF and constitute a

Figure 6 compares the evolution, with the initial trap for H and OH. In a second step, the mechanism
content of inhibitor, of the ratio Vinh/Vo computed by was extended to atmospheric pressure by substituting
the model and measured in a flame stabilized on a the kinetic data of four reactions by high-pressure
tubular burner. A very good agreement is observed values. This new version of the mechanism was val-
up to 2% C2F 6. For higher values, measurements of idated by comparison of computed mole fraction
the flame front area become less accurate, but it is profiles in a stoichiometric methane-air flame with
also likely that the model should predict a decrease Bechtel's experimental results. Thus validated, the
in the slope of the curve when the inhibitor concen- mechanism was used to compute flame velocity of a
tration exceeds 3%. Sensitivity analysis shows that re- methane-oxygen-nitrogen flame seeded with an in-
actions with the highest influence on the flame ve- creasing amount of the inhibitor. The evolution of
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SUPPRESSION OF HIGH-SPEED C2H 4/AIR FLAMES
WITH C,-HALOCARBONS

GRZEGORZ GMURCZYK AND WILLIAM GROSSHANDLER
National Institute of Standards and Technology

Building and Fire Research Laboratorj
Gaithersburg, MD 20899, USA

Experimental investigations of the effect of the presence of five C,-halocarbons (CF4, CHF3 , CF 3I,
CHFCl, and CFBr) on the suppression of premixed high-speed turbulent flames and quasi detonations
have been carried out in a 7.5-m long, 50-mm diameter tube. Lean and stoichiometric C2H4/air mixtures
in the absence of any halocarbon, initially at 100 kPa and 295 K, constitute the reference states. A primary
objective of the work has been to determine the relative suppression efficiencies of different agents under
highly dynamic situations, without the undue influence of either the ignition event or the mixing of the
agent into the flame front. This was accomplished by generating a highly turbulent flame/quasi detonation
in the driver section, which contained no suppressant, followed by measurements of the velocity and
pressure ratio as the wave front entered the test section of the tube, which contained suppressant premixed
with the same fuel/air combination. A turbulence generator in the form of a spiral obstruction was used
in the tube to broaden the gas-dynamic conditions attainable by the flame. Flame and shock wave velocities
up to 1300 m/s, pressure ratios across the shock fronts over 26:1, and shock wave/flame spacings of the
order of 10 cm were measured with piezoelectric pressure transducers and fast photodiodes. The experi-
mental facility was successfully employed to clearly discriminate among the dynamic characteristics of the
five compounds, revealing behavior distinct from what was observed in companion studies using atmo-
spheric nonpremixed flames. The suppression process is strongly influenced by the concentration of an
agent, the structure and composition of an agent molecule, and the composition of the combustible mixture
itself.

Introduction on this observation to study quasi detonations in hy-
drogen/air and hydrocarbon/air mixtures. A quasi

A shock wave preceding a turbulent flame can oc- detonation propagates more slowly than a true det-
cur in a combustible mixture that is confined in space onation as a result of pressure losses in the flow, but
when the mixture composition falls within an appro- its structure is more complex than a true detonation,
priate range. Obstructions in the flow can promote and the mechanism of its propagation is not fully un-
the intense mixing of the fresh reactants with the derstood. Although an obstructed flow is more diffi-
combustion products and can cause pressure waves cult to analyze than the flow in a smooth-walled tube,
to interact with the mixing region. Given enough dis- the former arrangement was chosen for the current
tance, the flame may accelerate dramatically, reach- study because it more closely simulates a potentially
ing a supersonic regime of flow. Depending upon the damaging condition that could occur should fuel leak
geometric details, the wave can approach its theo- into a confined space aboard an aircraft in the pres-
retical Chapman-Jouguet velocity and accompany- ence of an ignition source. The desire to rapidly sup-
ing high-pressure ratio. Even a slight variation in press a flame and the associated pressure buildup in
composition of the reactants near the limit of differ- such a situation is the primary motivation behind this
ent combustion modes can cause a dramatic change study.
in the wave velocity and destructive pressures to be Halon 1301 (CF 3Br) has been used effectively on-
attained, board aircraft for a number of years to protect con-

An extensive literature describes the kinetics and fined spaces called dry bays. However, new produc-
dynamics of flame/shock wave systems formed within tion of CF 3Br has ceased because of the deleterious
classical detonation tubes [e.g., 1-4]. Chapman and role played by the bromine atom in stratospheric
Wheeler [5] noted as far back as 1926 that a meth- ozone destruction [7]. The work presented here is
ane/air flame could be accelerated to a terminal ve- one part of a comprehensive research program fo-
locity in a shorter distance within a circular tube by cused on the search for alternatives to CF 3Br for pro-
placing obstacles into the flow. Lee, et al. [6] built tecting aircraft in flight [8,9].

1497
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C IP 6.4-mm stainless steel rods with a pitch equal to the
inner diameter of the tube were inserted into the

E E tube to produce an area hiockage ratio of 44%, close
to the value shown by Lee et al. [6], to promote a
quasi detonation in their facility.

The second section of the deflagration/detonation
tube contains the gaseous agent along with the same

Is DS TS - fuel/air mixture used in the driver section. The di-
1ameter is the same, and its length is 2.5 m. An iden-

4 5 tical spiral insert was used to maintain a high level of
mixing. The two sections are separated from each
other by a 50-mm inner diameter, stainless steel,

F 0 A high-vacuum gate valve, which remains closed until
just before ignition. Two pressure transducers and

SCOPE photodiodes are located 2.2 m beyond the gate valve
and 0.3 m from the end of the tube. Their output

FIG. 1. Schematic of the deflagration/detonation tube was recorded on a multichannel, digital, storage os-
faeility. DS-driver section, TS-test section, V-vacuum cilloscope.
gate valve, CP-dual circulating pump, VP-vacuum The whole system was evacuated to 10-1 Pabefore
pump, E-exhaust, IS-ignition source, F fuel, O-oxi- filling the two sections separately with the desired
dizer, A-agent, 1 triggering transducer, 2,3-piezo- mixtures, which were attained through the method
electric dynamic pressure transducers, 4,5-visible radia- of partial pressures. The fuel/air ratio and total pres-
tion fast photodiodes, SCOPE-collects two signals from sures were held constant across the gate valve. The
pressure transducers plus two signals from photodiodes. oxidizer used in all experiments was breathing-grade

air. Ethene (CP grade, 99.5% vol. purity) was chosen
as the fuel because it has been demonstrated [10]

Experimental Facility and Operating that subsonic flames, quasi detonations, and full det-
Procedure onations all can be obtained in a tube of this geom-

etry simply by varying the stoichiometry. After filling,

The effectiveness of a fire-fighting agent in sup- the gases were homogenized independently using a

pressing a high-speed, premixed flame or quasi det- double, spark-free circulating pump, recirculating
onation can be rated by the extent to which it decel- the entire tube volume a total of 20 times. The
erates the propagating wave and simultaneously mixtures were left for 5 min to become quiescent.

attenuates the hazardous shock that is always ahead About 10 s prior to ignition, the gate valve was

of the flame. Because the fire extinguishant is un- opened manually.
yto he released prior to the estahlishment of a After ignition, the flame propagates through thelikely tob eesdpirt h salsmn fa driver section and accelerates quickly hecause of the

turbulent flame, the traditional experiment in which intense turbulence created by the interactions of the

the flame inhibitor is premixed with the fuel and air flow with the obstacles, generating a shock wave

prior to ignition does not replicate the chemistry crit- aheadfow ith te pass ing a shock wave

ical to the actual situation. Each dry bay on an aircraft valve, the flame/shock system encounters the same
has a different geometry, and the release of the agent combustible mixture and a certain amount of agent
once a fire is detected is highly variable. The com- in the test section. A rendering of the flame/shock
plexities and biases associated with the fluid dynam- system passing through the gate valve is shown in Fig.
ics of release can be avoided by premixing the agent 2. Depending on the concentration of the agent, the
with the fuel and air in a portion of the tube distinct flame may or may not be extinguished and the pres-
from where the flame is initiated, sure wave attenuated.

A two-section, deflagration/detonation tube has A protocol was chosen [9] that minimized the im-
been designed to produce the desired environment pact of any of these parameters and allowed flame/
for both the flame initiation and flame suppression shock speeds to be obtained that were reproducible
regimes. A repeatable, uninhibited turbulent flame from run to run within ± 2% (maximum deviation).
is fully established in the driver section, which is Pressure ratios downstream of the shock wave exhib-
based directly upon the design of Peraldi et al. [10]. ited a higher variability, ±20% (maximum devia-
The driver section, shown to the left in Fig. 1, is 5-m tion), because of the complex interactions between
long and is equipped at the closed end with a spark the spiral rod insert and the shock wave.
plug. This section was filled with the combustible
mixture only. The ignition energy is delivered in a Experimental Results and Discussion
microexplosion of a tin droplet short-circuiting the
tips of nichrome electrodes connected to an 80-V The experiments were conducted for equivalence
power supply. Spiral-shaped obstructions made of ratios of 0.75 and 1.00, which correspond to com-
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periment was concluded before the arrival of the
shock wave reflected from the end plate.) The dis-
tance between the leading shock wave and the flame
front was quantified by the time lag between the pho-
todiode and pressure transducer response at the
identical location.

2 1 Table 1 summarizes the results with no suppres-
sant in the test section, and compares the Mach num-
ber, pressure ratio, and flame spacing to the situation

C H Ht
2 4 C2H4  in a "fully suppressed" flame, in which pure nitrogen

ARAIR was located in the test section. Note that neither the
Mach number nor pressure ratio goes to zero for the
fully suppressed case because total dissipation of the

AGENT shock wave would require a substantially longer tube.
On the other hand, the flame radiation disappears
entirely; hence, the infinite separation distance.

The chemical compounds investigated in this
study all contain a single carbon atom covalently

4 5 6 bonded to four atoms chosen among fluorine, chlo-
rine, bromine, iodine, and hydrogen. Despite some

FIG. 2. Schematic of the flame/shock system propagation similarities in structure, the behavior of each chem-
and suppression/attenuation processes. 1-shock wave, ical as it interacted with the shock wave and flame
2-turbulent flame, 3-gate valve, 4-driver section, 5- front was distinct.
spiral obstruction, 6-test section,

positions by volume of 5.00 and 6.53% ethene, re- Tetrafluoromethane, CF4:

spectively, in the air plus ethene mixture. The initial The distance between the shock wave and flame
reactant temperature was ambient (295 ± 3 K), and front increases by more than an order of magnitude
the initial total pressure was maintained constant at with as little as 2% (partial pressure) of CF 4 added
100 ± 0.1 kPa. to the test section. Figure 3 shows that the separation

Three dependent parameters were measured as a distance reaches a plateau at 60 mm for the stoichi-
means to characterize the extent of flame suppres- ometric flame. Decreasing the equivalence ratio to
sion: Mach number, pressure ratio, and the distance 0.75 increases this distance to 80 mm.
separating the leading shock wave from the radiating The shock Mach number is plotted in Fig. 4 for
flame. The Mach number was based upon the time all five compounds under lean conditions. A 2% par-
it took for the pressure wave to travel the distance tial pressure of CF 4, plotted as V, reduces the Mach
between the two pressure transducers, normalized by number from 3.4 to 2.4. Additional tetrafluoro-
the sonic velocity of the reactant gases in the test methane further reduces the speed of the shock, un-
section. The pressure ratio was evaluated from the til at 12%, the shock has been decelerated to about
average amplitude of the first pressure pulse to be 1.4. When the fuel/air mixture is stoichiometric, the
recorded by each transducer, normalized by the ini- same behavior is observed; however, the value of the
tial pressure (100 kPa). In many cases, the first pres- Mach number is uniformly higher over the range of
sure pulse was less than the maximum measured, partial pressures examined.
Consecutive pressure jumps occurred, possibly in- The shock pressure ratio is affected by CF 4 in a
dicating that localized explosions in the mixing region manner similar to the Mach number. Under lean
between the spirals were present. (An individual ex- conditions, it decreases from its maximum value of

TABLE 1
Summary of flame parameters for ethene/air mixtures under suppression extremes

Equivalence Amount of N, added Pressure Flame/shock separation
ratio to test section % Mach number ratio distance (rum)

0.75 0 3.4 0.1 18 + 2 3 1
0.75 100 1.25 ± 0.05 2.5 + 0.1
1.00 0 4.1 0.1 26 3 2 1
1.00 100 1.25 ± 0.05 2.5 ± 0.1
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FIG 3. Effect of the CH 4 /air mixture equivalence ratio FIG. 5. Suppression/attenuation effect of the C1-balo-
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conditions: pressure, 100 kPa; temperature 295 K. Vol. C2H4/air mixture. Initial conditions: pressure, 100 kPa;

temperature, 295 K.
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FIG. 4. Suppression/attenuation effect of the C1-halo- FIG. 6. Effect of the C2H 4/air mixture equivalence ratio

carbons based on the flame/shock Mach number in the lean in the presence of CHF3 on the flame/shock distance. Ini-

5% vol. C2H4/air mixture. Initial conditions: pressure, 100 tial conditions: pressure, 100 kPa; temperature 295 K.
kPa; temperature, 295 K.

Trifluoromethane, CHF3:

18 when no CF 4 is present to about 3 when a partial The lone hydrogen on trifluoromethane reduces
pressure fraction of 12% is added to the test section, the suppression behavior of this compound. The dis-
as can be seen in Fig. 5 (V symbols). Experiments tance between the flame and the shock wave is about
with stoichiometric ethene/air revealed nothing un- half that of CF 4 when the mixture is stoichiometric.
expected in the behavior of the pressure ratio. The Figure 6 (open circles) shows that the flame begins
value of P1/P0 was greater than that measured for to lag a substantial distance behind the shock only
lean combustion conditions, and it decreased mono- when the partial-pressure fraction is increased to
tonically with increasing CF 4. 10%. The difference in performance between CHF3
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and CF 4 is even more apparent when the lean mix- the amount of CF 3Br, followed by the expected de-
ture is used. A 7% partial-pressure fraction of the crease for large concentrations. The reversal, while
nonhydrogenated compound leads to a flame sepa- small, is greater than the uncertainty in the data.
ration distance four times that for the hydrogenated
compound. Iodotrifluoromethane, CF I:

The Mach number is reduced very little when
CHF 3 is added to the stoichiometric mixture, until The CF 3I in small concentrations is almost as ef-
the partial pressure exceeds 7% in the test section. fective as CF 3Br in attenuating the shock wave. The
The effect of small amounts of CHF 3 on the lean reversal, which is slight with the bromine-containing
mixture Mach number is more apparent, as can be compound, becomes obvious with the iodide. The
seen by the open squares plotted in Fig. 4. As in the Mach number at a partial pressure fraction of 4% is
flame/shock separation distance, a plateau occurs be- 1.7, the lowest of all the agents examined. (See the
tween about 2 and 10%. open circles in Fig. 4.) However, an increase in par-

The open squares plotted in Fig. 5 represent the tial pressure to 6% increases the Mach number to
pressure ratio in the lean CHF 3 experiments. This 2.7, which is equal to or larger than the Mach num-
curve differs from the CF 4 not only in magnitude but bers measured at that concentration for all the other
also in slope. The trifluoromethane in concentrations agents except for CHF 2CI. The reversal in perform-
below 10% (partial pressure) contributes enough hy- ance is even more striking in Fig. 5, where the partial
drogen to the reactants that the shock pressure is pressure ratio more than doubles as the level of CF3I
substantially enhanced, reaching a maximum of 23:1 increases from 2 to 6%. At the latter concentration,
in 10% mixtures. An increase in shock pressure ratio the situation is made worse by the presence of the
does not occur under stoichiometric conditions, but CF 3I than had no agent been added. A similar be-
the reduction in P1/Po is modest when compared to havior was observed when iodotrifluoromethane was
the reduction caused by tetrafluoromethane at sim- added to the stoichiometric ethene/air mixture.
ilar concentrations.

Interpretation of Results:
Chlorodifluoromethane, CHF2CI: The shock pressure ratio and Mach number yield

Replacing an additional fluorine with a chlorine qualitatively similar results. Effective suppression is
atom further diminishes the agent's ability to sup- accompanied by the reduction of both. The change
press the high-speed flame. The shock Mach number in one as a function of concentration or equivalence
(Fig. 4, open triangles) is unaffected by the presence ratio is generally mirrored in the other. An exception
of up to 10% CHF 2Cl. Even when the test mixture is the reduction in Mach number caused by inter-
contains 20% by partial pressure chlorodifluoro- mediate levels of CHF3. It is clear that the hydrogen
methane, the Mach number remains close to 2. The is contributing to the heat release behind the shock
pressure ratio variation with the addition of CHF 2CI wave because the pressure ratio remains high. The
is similar to what occurs when CHF 3 is added, up to mechanism by which this occurs at the same time
about 10%. Both compounds lead to substantially that the Mach number decreases is not revealed in
higher pressure ratios than occur when no agent is the experiments.
added to the ethene/air mixture. For higher partial- Increasing the amount of tetrafluoromethane di-
pressure fractions, the non-chlorine-containing com- minishes both the pressure and wave velocity in a
pound becomes significantly more effective, manner that suggests the molecule is acting primarily

as a thermal sink. This would be expected since CF 4

Bromnotrifluoromethane, CF3Br: is known to be extremely stable. The C-H bond is
weaker than the C-F bond, so that CHF3 can ther-

The bromine atom in CF 3Br is known to inhibit mally decompose to H and CF 3.The hydrogen atom
laminar flames by scavenging hydrogen atoms from intensifies the combustion for moderate concentra-
the chain-branching radical pool. At the lowest con- tions of CHF 3, but eventually the inhibiting effect of
centrations examined in the deflagration/detonation the CF 3 kicks in. This can be observed in the en-
tube, CF 3Br is the most effective in reducing both hanced performance of CHF 3 under stoichiometric
the Mach number and pressure ratio across the shock conditions, where the additional hydrogen atom has
wave. The results are plotted with solid circles in less of a positive effect on the combustion.
Figs. 4 and 5. Bromotrifluoromethane is also the Chlorodifluoromethane was observed to be rela-
most effective at higher concentrations, suppressing tively effective in suppressing atmospheric-pressure,
the flame at a partial pressure fraction of 10% to the nonpremixed flames in another portion of this re-
same extent as if the test section were completely search program [11]. However, it has also been
filled with nitrogen. An unusual behavior occurs observed to react violently with air under high pres-
when the concentration is between 2 and 3%. Both sure [12]. An intermediate behavior has occurred
the Mach number and pressure ratio increase with here; however, the complex reaction mechanism
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TABLE 2
Performance of C1-halocarbons relative to CF3Br in suppressing high-speed flames

100% suppression 50% (M) 50% (PIP,)

Suppressing Equivalence Relative Relative Relative Relative Relative Relative
agent ratio mass moles mass moles mass moles

CF4  0.75 0.80 1.20 0.49 0.75 0.50 0.80
CHF3  0.75 0.82 1.50 1.41 3.00 1.20 2.70

CHF 2CI 0.75 1.54 3.00 1.9'6 3.75 1.87 4.00
CF3 I 0.75 1.18 1.00 1.91 1.75 1.62 1.60

could not be expected to be revealed by the experi- other chemicals, including CF 3Br, if one uses a 50%
ments performed. reduction in either the pressure ratio or Mach num-

The bromine- and iodine-carbon bonds are suc- ber as the appropriate criterion. Both the 50% pres-
cessively weaker than the C-F and C-Cl bonds. sure ratio and Mach number reduction approach
The nonmonotonic behavior of both CF3Br and yield a consistent ranking of agents, whether one uses
CF 3I as their concentration was increased suggests a mole or mass basis. For the conditions covered in
competing reactions are present. One can speculate Table 2, the effectiveness of the agents on a mass
that the shock wave is sufficient to break the iodine basis, in decreasing order, is as follows: CF 4, CF 3Br,
bond before the flame arrives, setting up the iodine CHF3, CF 3I, CHF 2C1. The ranking is similar on a
to scavenge the hydrogen atoms. The separation dis- mole basis, except that trifluoromethane and trifluo-
tance between the flame and shock wave in the CF 3I roiodomethane exchange places. No experiments
experiments was twice that measured in CF 4. The were run with CF 3Br under stoichiometric condi-
iodine is more effective than the bromine at partial- tions, but the relative effectiveness of CHF 3 in-
pressure fractions below 5% because it is likely to be creased for an equivalence ratio of unity.
present in higher concentrations. At higher partial
pressures, the iodine atom may combine to form I2,
which does not interact with the combustion reac- Conclusions
tion. The fact that the CF3I works counter to a sup-
pressant in concentrations between 4 and 8% might The experimental conditions in the deflagration/
be in agreement with the observation of Rollefson detonation tube facility differ significantly from those
and Faull [13] that iodine can enter into a catalytic found in low-speed deflagration flames [8,11,14].
cycle with an organic molecule to actually enhance The main qualitative difference is the occurrence of
the overall process, a strong shock wave ahead of the flame. That wave

influences the gas-dynamic, thermodynamic, and
Rating the Agents: chemical state of the pure combustible mixture in the

One objective of the research program was to de- driver section and the mixture containing an agent in
v neopa fajcilie forratig the frea pprore asiton ca- the test section. Another feature is a high level of

velop a facility for rating the fire suppression eapa- turbulence within the flame due to its high speed and
bilitv of alternatives to CF3Br. Table 2 ranks the five the interactions with the spiral obstruction. The
chemicals in three performance categories: amount quantitative difference is a supersonic regime (rela-
required for total suppression (i.e., flame radiation tive to the undisturbed mixture) of flame/shock sys-
goes to zero, Mach number and pressure ratio ap- tem propagation and strong pressure changes (due
proach 100% N 2 values), amount required to dimin- to confinement and shock) during the process. Thus,
ish the Mach number by 50% of maximum, and the oxidizer, fuel, and agent molecules undergo pre-
amount required for 50% of maximum pressure re- liminary processes before entering the flame zone.
duction. In all three cases, the performance of CF 3Br The following statements can be made based upon
under identical fuel/air conditions is used to normal- the results obtained:
ize the results.

The relative values depend upon whether one 1. Suppression of highly dynamic flames can be ef-
chooses the mole fraction of the agent (which is as- fectively studied in the two-sectional tube, per-
sumed to be identical to the partial-pressure fraction) mitting clear discrimination of performance
or the mass fraction of the agent. On a molar basis, among various extinguishing compounds.
CF3I is equal in performance to CF3Br if one con- 2. The high-speed turbulent flame and the flame in
siders 100% suppression as the appropriate condi- the quasi detonation wave under suppression
tion. Tetrafluoromethane is superior to all of the strictly follows the shock wave, which is always
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A detailed reaction set is composed for fluoromethanes in flames, and the competing roles of suppression
chemistry, oxidation chemistry, and heat capacity are analyzed. The set is constructed using (1) thermo-
chemistry from the literature, from group additivity, and from BAC-MP4 ab initio-based calculations and
(2) kinetics from the literature, from simple analogies, from thermochemical kinetics, from BAC-MP4
transition-state calculations, and from Quantum-RRK and RRKM/Master Equation calculations.

Structures of freely propagating laminar flames are then predicted and analyzed. A 6.4% CH 4 /air flame
(equivalence ratio 0.65) is the base case with dopant CF 4 , CHF5 , CHF., or CH, to make up 1 ppm to 2
mol% of the feed. CF., which proves to be inert, slows the adiabatic flame speed and reduces the adiabatic
flame temperature by dilution and its heat capacity. CHF, causes chemical suppression effects, slowing
adiabatic flame speed below that with CF4, despite increasing adiabatic flame temperature. Adding CH 2F2,
CHF, or CH 4 increases both flame speed and temperature.

The chemical cause is competition between chain termination, primarily by chemically activated HF
elimination, and chain propagation by normal oxidation pathways. Like methane, fluoromethane flame
chemistry is dominated by abstraction and by chemically activated reactions. However, abstraction of H
is greatly favored over abstraction of F, due to the higher bond strength of C-F, and chemically activated
species containing H and F can rapidly eliminate HF. Thus, OH + CH3 -* CH 3OH' slowly forms CH3 OH
by third-body stabilization, but OH + CF3 - CF3OH* goes rapidly to CF20 + HF. Slow destruction of
CFO formed by this reaction and by CF3 + 0 helps suppress the CHF3 -doped flame, but CH 2F2 and
CH3 F are accelerants because they are oxidized easily.

Introduction CF3Br was experimentally identified in the 1940's
as very effective for extinguishing flames, although

CF3Br (Halon 1301) has been widely used as a its mechanism of action was not understood. Being
chemical fire extinguisher in ships, aircraft, and com- nontoxic made it even more attractive. In the early
puter rooms; however, its production was banned 1970's, Biordi et al. [3] constructed one of the first
worldwide as of January 1, 1994, because of its po- flame-sampling molecular-beam mass spectrometers
tential for depleting stratospheric ozone [1]. To ad- in the U.S. to understand how CF3Br acted on
dress the need for replacement, 11 alternative agents flames. They mapped radical and stable species in
for flame suppression have been evaluated by exper- various CF3Br-containing CH4 flames and inferred
iments and modeling at the National Institute of rate constants for some elementary reactions that
Standards and Technology [2]. The ozone depletion were involved, culminating in Ref. 3.
potential of CF3Br is caused by bromine, so perfluo- In 1984, Westbrook's pioneering work was the first
rocarbons and hydrofluorocarbons are among the to model CF3Br chemistry [4]. He showed that bro-
candidates. mine suppressed flames by removing H atoms cata-

1505
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lytically but that the fluorocarbon part of the mole- and methanals. Values had to be predicted for fluoro-
cule also removed H atoms, accounting for the methanols, methoxys, hydroxymethylenes, vinyls, ac-
superiority of CF 3Br over CH 3 Br or HBr. etals, acetyls, ketenes, and ketyl. Generally, group ad-

The present paper seeks to establish flame chem- ditivity is not applicable to these one- and two-carbon
istry for the fluoromethanes: CH 3F, CH 2F 2, CHF 3, species.
and CF 4. A full set of species and elementary reac- Entropy and specific heat can be often predicted
tions was composed for fluorine-containing C,/H/O with good accuracy by relatively simple statistical me-
and C2/H/O species. The general approach was to be chanics, using structures and frequencies from anal-
comprehensive in developing thermochemistry and ogy [10] or semiempirical molecular-orbital theory.
kinetics, to predict flame structures for freely prop- These methods were used when possible. However,
agating flames, to analyze these results identifying often no analogies are available. Furthermore, lower
the key steps, to re-examine each of these steps using levels of theory do not predict sufficiently accurate
higher levels of molecular or reaction theory, and heats of formation.
then to recalculate and reanalyze when indicated. As a consequence, the BAC-MP4 method of Mel-

ius[ 11] was used extensively. Using Gaussian 92 [12]
to make Hartree-Fock calculations with a 6-31GC

Developing the Reaction Set basis set, geometry is optimized and frequencies are
calculated. Single-point energies are computed using

Thermodynamic properties, reaction rate con- this geometry: Moller-Plesset fourth-order pertur-
stants, and reaction branching have been measured bation theory and a 6-31GC" basis set. Finally, in-
for relatively few fluorocarbons. Initial values were ternal rotations are identified; entropy, heat capacity,
taken from the literature or estimated from theory. and zero-point energy are computed; and MP4
Parameters that proved crucial were then revisited energy is corrected for type and length of bonds
using progressively higher levels of theory. and for spin contamination. C-F bond corrections

were all based on AfH 2%g(CF4) = -934.3 kJ/mol

Species and Reactions: (- 223.3 kcal/mol). For CHF and certain molecular-
elimination transition states, a check of the RHF -

A species list was composed by considering UHF stability failed, preventing BAC-MP4 correc-
C/H/O species having up to two carbons and up to tions [11]. In such crucial cases, G2 calculations [13]
two oxygens (35 species), then substituting fluorines were also performed.
for hydrogens to identify possible fluorine-containing Predictions of AfH298 were compared to literature
species (119 more). This increase is caused by dif- values where possible (Table 1). The most serious
ferences in the number of fluorines, as among the outlier appeared to be CF 20. JANAF used three sim-
fluoromethanes, and in their positions, as in the fluo- ilar experimental results to obtain AfH'ss =

roethenes. (-639.3 ± 7.1) kJ/mol, which was used here. The
Hydrocarbon reactions and kinetics were initially BAC-MP4 prediction is 40.9 kJ/mol (9.8 kcal/mol)

taken from the set of Miller and Bowman [5]. Re- higher. A G2 calculation [15] gives a much closer
actions were added for CH 3OH [6,7], and new ki- number, 15.9 kJ/mol higher than the JANAF value.
netics were included for C2H5 + O2 [8], C 2 H 4 + Because the reverse of CF 20 reactions were negli-
Ol [6], and C2H3 + O2 [9]. C2 H, C4H2, and C4H3  gible, this uncertainty has no direct effect.
(important to fuel-rich flames) proved unimportant
in this study and were deleted. Kinetics:

The possible reactions for F-containing species are
analogous to C/H/O reactions but have an important The literature on reaction kinetics for these spe-
difference: thermal or chemically activated species cies was reviewed, critically assessed, and used when
containing H and F can often eliminate HF by 1,1- possible. The NIST Chemical Kinetics Database [6]
or 1,2-eliminations. In contrast, such eliminations of and the reaction set developed by Westbrook [4]
H, are uncommon. This difference affects thermal were two important sources. However, for many re-
decompositions like CHF 3 - 1CF 9 + HF and, more actions, data are available only at low temperatures,
importantly, chemically activated reactions like H + at low pressures, and/or for reactants with unspeci-
CF3 - CHF 3 ' - 1CF2 + HF. Flame modeling fled products.
shows that these channels often dominate the fluo- To extrapolate and to resolve crucial uncertainties,
rocarbon chemistry. rate constants were estimated by a hierarchy of the-

oretical methods. Direct analogy is feasible in some
Thermochemistry: cases, such as the high-pressure limit for radical-

radical combinations. Estimates of A factors were im-
The literature gives AfH298, S298, and C,(T) for proved for some tight transition states by use of ther-

several fluorinated species of interest here, including mochemical kinetics [10], and BAC-MP4
fluoromethanes, methyls, ethanes, ethyls, ethenes, calculations were made for selected transition states.
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TABLE 1
Heats of formation AfIHI, (kJ/mol) for C/H/F/O species in the reactions table (Table 2). Values used in modeling are

italicized. Predictions are by BAC-MP4 calculations and literature values are from Ref. 14, except as noted.

Predicted Literature Difference

F 79.08 79.5 ± 42 -0.4
HF -273.30 -272.4 ± 0.8 -0.9
CH2F, -451.08 -450.6 +0.8
CHF3  -699.44 -697.1 -2.4
CHF2 -247.27 -247.3 0.0
CF3  -471.91 -470.3 ± 4.2 -1.6
CHF 131.8W 125.5 ± 29 [16] +6.3
CF2 ('A1) -203.34 -182.0', [16] +21.3
CF 236.43 255.2 ± 8.4 -18.8
CHFO 382.29 -376.6 -5.7
CF20 -598.40, -639.3 ± 7.1 +40.9,
CFO -182.88 - 171.5d -11.4
CF 2=CO -290.45 -

CH2=CHF -139.20 -138.9 ± 1.7 -0.3
CH 2=CF2  -340.12 -336.8 +3.0
CF 2=CH -67.66 -

"G2 calculation; BAC-MP4 calculation was incomplete because RHF -- UHF stability test failed.
bVersus -205.0 ± 12.6 [14], - 190.0 by G2 calculation [15].
0G2 calculation gives -623.4, A = + 15.9 kJ/mol [15].
dVersus -175.7 (A = -7.2) in Ref. 16.

Bimolecular Quantum-RRK rate constants [17,18] from flame data at 1800 K, but their k could be two
were calculated for association reactions such as H orders of magnitude too fast. Electronic-structure
+ CFO -* HF + CO via chemically activated calculations also identified a direct, concerted tran-
CHFO*, and RRKM calculations [19] were made for sition state for CF 20 + H20 - CF(O)OH + HF.
thermal dissociations such as CHFO - HF + CO. The fluoroformic acid, formed hot, was assumed to

Rate-constant parameters and their sources are decompose rapidly to CO 2 + HF.
listed (Table 2) for the reactions that were most im- Such calculations were also performed for many
portant for flame predictions with CHF 3 dopant. species and reactions not included in Table 2, and
Many of the reactions are chemically activated as- transport properties were estimated for many fluori-
sociations, and estimates of their rate constants de- nated species. A total of 872 reactions involving 93
pend on the relative energetics of the association and species were evaluated or estimated (details in Ref.
decomposition channels. If sufficiently exothermic, 2). Many of these reactions proved unimportant in
the association/decomposition reaction proceeds at the fuel-lean CH 4/air flames, e.g., reactions involving
its high-pressure limit for association (e.g., CF 3 + H FO, HOF, F 20, F0 2, HOOF, and F 20 2. However,
S CF 2 + HF). This is the case for many radical- by using a reaction set that was as complete as pos-
radical combinations forming adducts that can elim- sible and by then focusing on reactions that proved
inate HF, as is frequently the case for C/H/O/F spe- critical in the flame modeling, a useful, fundamental
cies. mechanism has been developed.

Reactions of CF 20 with H and H20 require spe-
cial comment. Abstraction of strongly bound F from
CF 20 is much slower than abstraction of H from Results of Flame Modeling
CH 20; BAC-MP4 calculations give k = 109-15' T1.73
exp( - 72100/T) for the F abstraction. Instead, BAC- Freely propagating, adiabatic flames were mod-
MP4 calculations identified the most feasible route eled with the reaction set described above. De-
for H + CF 20 as addition of H to the carbon, fol- creased adiabatic flame speed corresponds to flame
lowed by chemically activated isomerization suppression, while an increase is characteristic of ac-
(CHF 20* - CF 2OH*) and HF elimination. Biordi celeration. Flame predictions were made with the
et al. [3] had estimated k(H + CF 20 -- CFO + HF) Sandia PREMIX code [26] including thermal diffu-
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TABLE 2
Kinetics of key reactions for F-containing species in CHF3 -doped CH 4/air flames (0 = 0.65);

rate constants are in the form A T b exp( - C IT).

Reaction A (cml/mol s) b C (K) Comments

CHF3 + H T CF3 + H, 1.70.104 3.0 4,300 Fit to data for CHF3 + H [6] with b
= 3 as for H + CH4 [20].

CHF 3 + OH 4 CF3 + H,0 5.77.101 1.8 2,160 Ref. 21.
CHF 2 + H 4 CHF2 + HI 1.65 103 3.0 2,800 Fit to data for CHF 3 + H [6] with b

= 3 as for H + CH4 [20].
CHOF 2 + OH 4 CHFI + H20 2.8 107 1.7 1,280 Ref. 21.
CF 3 + H - CF 2 + HF 5.5" 1013 0. 0 Ref. 22, extrapolated with BAC-MP4

and BiQRRK.
CF3 ±+ 0 CF 20 + F 1.9-1013 0. 0 Est. k-, BiQRRK.
CF3 + OH 4± CF 2O + HF 2-1013 0. 0 Est. k. and BAC-MP4 k for

decomposition of CF 3OH.

CF 3 + CH3 4 CH 2 =CF2 + HF 5.53- 1019 -1.94 1,230 BAC-MP4 for CH 3CHF 2, RRKM.
CHF, + H 4 CHF + HF 1.49.1014 -0.11 51 BAC-MP4, BiQRRK.
CHF, + O 4 CF20 + H 3.7- 1013 0. 0 Est. k&, BiQRRK.
CHF 2 + OH 4 CHFO + HF 2.5.101' 0. 0 Estimated kI, BAC-MP4

decomposition k, BiQRRK.

CHF2 + CH3 T CHcCHF + HF 1.90-1015 -0.586 320 BAC-MP4 for CHCHF,, RRKM.
CF 2 + H - CF + HF 2" 1014 0. 0 Estimate.
CF2 + 0 ± CFO + F 5-1013 0. 0 Estimate.
CHF + H # CH + HF 2' 1014 0. 0 Estimate based on kz3, [22].
CHF + 0 z- CO + HF 9.1013 0. 0 Estimate based on k303 [23].
CF + 0, 4 CFO + 0 3 1013 0. 0 Estimate.
CF + H20 - CHFO + H 3- 1013 0. 0 Estimate.
CHFO + M 4 CO + HF 2.48 1025 -3.0 21,640 Extrapolation/fit of Ref. 24.
CHFO + H 4 CFO + H2 1.10"108 1.77 1,510 k(CH20 + H) [20]1/2.
CHFO + OH 4 CFO + H20 1.72-101 1.18 -225 k(CH 20 + OH) [20]/2.
CF2O + H 4 CFO + HF 2.91.1013 -0.03 16,560 BAC-MP4, BiQRRK.

[4-1013 0. 10,300 A = 4-1013 from BAC-MP4 k. for H
+ CF 20 (to carbon) and k (1800 K)
= 1.3 1011 [3].)

CF2 O + H20 - CO 2 + 2HF 3.92 101 3.08 13,900 BAC-MP4 transition state to
FC(O)OH + HF with fast

decomposition assumed.
CFO + H 4 CO + HF 1.2-1014 - - BAC-MP4, BiQRRK.
CFO + OH 4 CO1 + HF 3.1013 - - Estimate.

CH 2=CF2 + 0 4 CHF2 + HCO 4.3- 109 1.0 750 Extrapolation of Ref. 25.

CH 2=CF. + OH 0 CF2 =CH + 2.0 106 2.0 1,430 Fit of k (C2H4 + OH-- C3 H3 +

H20 H20), corrected for reaction path
degeneracy.

CF,=CH + 02 4 CF3 O + HCO 4.48- 1026 -4.55 2,760 BiQRRK, as in Ref. 9.

CF 2=CH + 0 4 CF2CO + H 3. 1013 0. 0 BiQRRK.
CFCO + H 4 CHF2 + CO 1.13.1013 0. 1,730 Analogy to Ref. 5.
F + 110 4 OH + HF 1.30 109 1.50 0 Fit of selected data [6].
F + CH 4 4 CH 3 + HF 5.90- 1012 0.50 230 Fit of selected data [6].
F + H1 4- H + HF 2.56.1012 0.50 330 Fit of selected data [6].
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FIG. 1. Principal fluorine-containing species predicted 2000-
in a freely propagating, lean methane/air flame (4) 0.65
with 1 ppm each of CH3F, CH2F 2, CHF3, and CF4 ; 298 K
unburned, 1 atm). The zero reference position was at 1900-
400 K. Adiabatic 1900

flame "V
temperature, / A

K
sion (NIST modifications of PREMIX version 2.5 1800-

and CHEMKIN II version 3.2; TRANFIT version
1.6). Reaction paths were analyzed with a graphical o
postprocessor written at NIST. 1 0

To assess suppression, CF 4 , CHF 3, CH2E 2 , CH 3 F, 0 0.01 0.02 0.03
and/or CH 4 were added to a 4) = 0.65 methane/air Additive mole traction
blend such that the additive was 1 ppm to 3 mol%
of the resulting mixture. Lean conditions were cho- FIG. 2. Effects of additives on adiabatic flame speed
sen to focus on oxidation and to minimize molecular- (top) and temperature (bottom): CF 4 , 0; CHF 3, 0;

weight growth, such as by combination of hydrocar- CH 2 2, A; CH 4, V; and CHF3 with alternative rate constant
bon and fluorocarbon radicals. The unburned gas was for H + CFQO, U.
at 298 K, and the flame was isobaric at 0.1 MPa (1
atm).

Figure 1 shows a typical profile of the principal must also be caused by chain-terminating or chain-
fluorine-containing species for a flame containing 1 slowing chemistry.
ppm each of the fluoromethanes. At these concen-
trations, fluorine chemistry does not perturb the
flame. CF 4 is rather inert, but the other fluorome- Discussion of Mechanisms
thanes are rapidly consumed in the flame. The inter-
mediate in highest concentration is CF20, followed Mechanisms of suppression by CHF 3 and accel-
by CH 2CF 2 . All fluorine eventually is converted to eration by CH 2F 2 are established by identifying the
HF. Computed adiabatic flame speed is 17.97 cm/s, key reactions that convert these species to CO 2 (Ta-
and adiabatic flame temperature is 1743 K. ble 2). Formation and destruction rates are com-

Adiabatic flame speeds and temperatures for the puted and compared for each species at each position
flames are shown in Fig. 2. Like CH 4 , CH 2F 2 accel- in the flame.
erates the flame. It is not as effective a fuel as CH 4 ,
burning to CO 2 + 2HF with a lower, though signif- Suppression by CHF3:
icant, heat of combustion (488 vs 802 kJ/mol). CF 4
appears to act as an inert, high-Cp diluent to decrease CHF 3 suppresses the flame because it burns pri-
the flame temperature and, consequently, the flame madly to CF20, which then reacts slowly, and be-
speed. CHF 3 has fuel characteristics, raising the tem- cause its oxidation chemistry involves chemically ac-
perature, but it reduces flame speed more than an tivated HF eliminations, which often are exothermic
equal amount of CF 4 . Because CHF 3 has lower CP but chain terminating. Relative importance of the re-
than CF 4 and is completely consumed in the flame, actions is shown in Fig. 3 (left-hand side).
this observation shows that suppression by CHF 3 Abstraction of H from CHF 3 generates CF 3 . Even
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CHF 3  CH2 CF2  0H 2 F2  CH 2CHF used an Arrhenius dependence from the measure-
,OH •C +HOH f •C ment and the BAC-MP4 association A factor.

Ct Nearly as much of the CF 3 consumption rate

+H i (42%) is by a faster oxidation route via H + CF 3.
CF 2 F2O' CHF 0 F 2 0 CfF=O From chemically activated CHF3, CF 2 forms and re-

1CF2 ICHF acts with H to make CF, again by addition/elimina-
+H, \N , "+H +0H HHO Jr tH. tion. Some CF goes to CFO directly, but it mostly

CF CH proceeds through CHFO (insertion into H20 with
, +2) ,HF elimination).

CF= OF Some suppression effect is due to CFO oxidation

+ +OHO +H ,^ +OHO via H and OH. Chemically activated eliminations
Ht'+1HX yield HF + CO and C0 2 , respectively, which are

co 'u co02 co .;+ c,02 very exothermic yet chain-terminating. In contrast to
the fast decomposition of CHO, CFO decomposes

FIG. 3. Reaction paths in lean methane/air flame with ve st d ec aus iti on g C F d e rate

1% CHF3 (left) or 1% CH2F72 (fight) added. Thickness of very slowly because of its strong C-F bond; the rate
constant was calculated to be k (CFO + M ;7 CO

an arrow indicates the relative importance of carbon con- + F) = 1.89" 1018" T- 0 815 exp(- 19,600/T). This
version rates from the starting fluorocarbon. strong bond also prevents fast reaction with 02,

which proceeds rapidly for CHO because internal H
abstraction can occur in chemically activated

at this lean condition, CHF 3 is primarily destroyed CH(O)OO.
by H. That reaction proceeds twice as rapidly as OH Bromine from CF 3Br participates in homogene-
+ CHF3, mainly because of the faster rate constant ous catalytic cycles of suppression [4], but the fluo-
for the H-atom reaction. From this point, the chem- romethanes do not. This difference makes the fluo-
istry can be used for CF 3Br oxidation, which pro- romethanes less effective as flame suppressants.
ceeds with Br and fluorocarbon chemistries that are Qualitatively, the prediction that CF 20 is the major
uncoupled after Br is abstracted [4]. flame intermediate agrees with the CF 3 behavior in

A significant fraction of the CF3 consumption rate data from CF 3Br-doped methane flames.

(45%) is CF 20 formation. CF3 reacts with O-atom
by fast radical-radical combination analogously to Acceleration by CH2F2:
CH 3 + 0 -- CH 20 + H, making a chemically ac- The reactive-flux diagram (Fig. 3, right-hand side)
tivated methoxy that decomposes immediately to shows that abstraction of H from CH 2F 2 forms
CF 20 + F. (Although H reacts with 02 to causechain branching, F instead abstracts hydrogens, CUF 2, but this radical is oxidixed to CO2 more ef-
propagatingthe chain but removing F from further fectively than is CF3. Most of the CHF 2 consumption
propagating tis to CHFO and to CHF, and fluoroethene formation
reaction.) CF 3 reacts with OH in similar fashion, rap- is still minor but more important than from CF 3.
idly forming CF 20 by 1,2-elimination of HF from Only 13% of the CHF 2 consumption forms CF 20.

chemically activated CF 3OH. A minor contribution The increased rate of oxidation raises the tempera-
is from CF3 + CH3 , again eliminating HF to make ture much more than with CHF 3 additive, acceler-
CH 2CF 2. These latter two reactions are technically ating H + 02 chain branching. CH3F accelerates the
chain-terminating, converting two radicals to two sta- flame still more by being an even better fuel.
ble species. They are also much faster than the cor-
responding C/H/O reactions (CH3 + OH + M -*
CHUOH + M, CH 3 + CH 3 + M -* C2H, + M). Conclusions and Recommendations
However, they are both quite exothermic (-338.9
kJ/mol and -480.3 kJ/mol), which raises the tem- Flame speeds, temperatures, and reaction paths
perature and thus accelerates the H + 02 chain- were calculated for adiabatic, freely propagating,
branching reaction. lean CH 4/air/fluoromethane flames using a mecha-

The relative inertness of CF 20 makes it a high-Cr nism derived from the literature and a hierarchy of
diluent like CF 4. As described above, the fastest the- predictive methods. Calculations show that CF 4 sup-
oretical rate constant for CF 20 + H involved addi- presses the flames by being an inert diluent. CHF3
tion with chemically activated isomerization and instead has chemical effects through chain-terminat-
decomposition. Analysis shown in Fig. 3 gives slow, ing reactions, exothermicity, and generation of
similar rates for this reaction and for CF 20 + H 20. CF 20, which is relatively inert. CH 2F 2 and CH3 F
As shown in Fig. 2, an Arrhenius expression based have more fuel behavior, accelerating rather than
on k(CF 20 + H, 1800 K) by Biordi et al. [3] (Table suppressing the flames.
2) caused little change in the predicted suppression The reactions that cause these effects are radical-
or flame temperature. The alternative rate constant radical combinations with chemically activated HF
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eliminations. HF is a strong, favored bond. Its con- 7. Dean, A. M., and Westmoreland, P.R., Int. J. Chem.
certed 1,1- or 1,2-elimination usually has a lower bar- Kin. 19:207-228 (1987).
rier than C-H, C-C, or C-O bond breaking, so 8. Bozzelli, J. W., and Dean, A. M., J. Phys. Chem.
when the latter bonds form, the chemical activation 94:3313-3317 (1990).
of the adduct causes fast HF elimination. 9. Westmoreland, P. R., Combust. Sci. Technol. 82:151-

Experimental tests of fluoromethane-doped 168 (1992),
flames are needed to help answer uncertainties in the 10. Benson, S. W., Thermochemical Kinetics, Wiley, New
mechanism. The most serious uncertainty appears to York, 1976.
be the destruction chemistry of CF20. There are de- 11. Melius, C. F., in Chemistry and Physics of Energetic
tailed data [3] on CF 3 Br-doped flames, so predictions Materials, (S. U. Bulusu, Ed.), Kluwer Academic Pub-
with the larger reaction set are being developed to lishers, Dorderecht, 1990, p. 21; Ho, P., and Melius,
test the present mechanism. Future modeling will C. F., J. Phys. Chem. 94:5120-5127 (1990).
also include the effects of fluoroethane additives. 12. Frisch, M. J., et al., Gaussian 92, Revision E.1, Cans-

sian Inc., Pittsburgh, 1992.
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The combustion of a hydrocarbon fuel removes molecular oxygen (02) from the atmosphere and releases
equivalent amounts of water (H20) and carbon dioxide (CO2 ), almost always with trace amounts of nu-
merous other compounds including hydrocarbons (CH 4, C2H2, C2H4 , C2H1, CH, C6H,, CHCHO, etc.),
carbon monoxide (CO), nitrogen oxides (NO, N20) and reduced nitrogen (NH, and HCN), sulfur gases
(SO2 , OCS, CS2), halocarbons (CH2 C1 and CH3Br), and particles. A review of the atmospheric budgets of
these gases shows that burning of fossil fuels and recent biomass has led to global alterations in the
composition of our atmosphere. Combustion is clearly responsible for most of the enhanced greenhouse
forcing to date (through CO2, tropospheric 03, soot) and also some counteracting effects (through SO2).
It has had minimal impact on stratospheric 03 (through CH2 CI, CH3Br, CH4 ), but has likely changed the
tropospheric oxidant levels (through CO, NO,, NMHC), at least over the northern hemisphere. Most of
the important greenhouse gases and tropospheric oxidant gases have significant natural sources, which are
not well defined today and may be changing; and thus, quantifying the role of combustion is difficult.

Introduction the composition of our atmosphere. Concern over

such changes focusses on (1) the greenhouse effect,
The combustion of a hydrocarbon fuel removes (2) depletion of the ozone layer, and (3) the level of

molecular oxygen (02) from the atmosphere and re- tropospheric oxidants. Arrhenius [2] pointed out that
leases equivalent amounts of water (H20) and carbon CO 2 would act as a greenhouse gas, and recent sci-
dioxide (CO 2), often with trace amounts of other spe- entific assessments [3] show that increases in CO2
cies. When recently photosynthesized material is and other greenhouse gases (GHGs) will inevitably
burned, oxidation and decay of biomass are acceler- lead to a warmer climate. Stratospheric ozone loss
ated. When fossil fuel is burned, this activity reverses associated with halocarbons [4] or with nitrogen ox-
the geologic process whereby the biosphere has ides from high-altitude aircraft [5] has prompted in-
slowly accumulated an oxygenated atmosphere by ternational treaties (Montreal Protocol on Sub-
laying down organic, carbon-rich sediments [1]. In stances that Deplete the Ozone Layer, Final Act,
either case, numerous other compounds are emitted 1987) controlling ozone-depleting gases (ODGs).
in trace amounts, including nitrogen oxides (NO, Short-lived hydrocarbons and nitrogen oxides can
NO 2 , N 20), sulfur gases (SO2, OCS, CS 2 ), carbon produce unhealthful increases in oxidants (03 and
monoxide (CO), hydrocarbons (CH 4 , C2 H 2, C2 H 4, NO 2) in polluted urban regions [6], and subsequent
C2H6 , C3H8, CeHe, CH 53CHO, etc.), reduced nitro- understanding of global tropospheric ozone has
gen compounds (NH 3 and HCN), halocarbons shown that these oxidant gases (OXGs) have likely
(CH 3C1 and CH3Br), and particulate matter. Some increased concentrations of tropospheric 03
of these products are limited by the trace elements throughout much of the northern hemisphere [7].
in the fuel (e.g., S, Cl, and Br), but overall the emis- Concentration of the hydroxyl radical (OH), the pri-
sion of trace products depends very much upon the mary sink for most atmospheric compounds, may
conditions of combustion, have been modified by emissions of CO, hydrocar-

The burning of fossil fuels (coal, oil, and gas) and bons, and NO2 from combustion [8,9].
of recent biomass (savannas, forests, biomass fuels, This paper reviews the role of combustion insofar
and agricultural waste) leads to global alteration in as it changes the composition of the atmosphere on
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a global scale, i.e., away from regional pollution in Photochemical Loss of Trace Gases:
the boundary layer. We estimate how much of this
change since preindustrial times can be ascribed to Most chemical cycles in the atmosphere are initi-

combustion. A summary of atmospheric chemistry ated by ultraviolet sunlight. Since only light with

given here emphasizes the troposphere and is taken wavelengths greater than 290 nm reaches the tro-

from a chapter one of the authors (MJP) prepared posphere, the number of compounds that can be

for the new climate assessment [10]. We follow with photodissociated directly is limited. Most of the pho-

an examination of how combustion affects the natural tochemical chains of interest begin with the dissoci-

levels of each compound. For the consequences of ation of ozone (03) at wavelengths below 320 nm

an evolving atmosphere on both chemistry and cli- (e.g., Ref. 15).

mate, the reader is referred to recent international 03 + UV-sunlight - 02 + OUD). (1)
assessments [11,3,10] and reference texts [12,13,14].

A fraction of this highly reactive, metastable form of
atomic oxygen, O('D), reacts with water vapor (1120)

Atmospheric COverview to form the primary source of tropospheric hydroxyl
radicals (OH),

The gases N2 (78% of dry air), 02 (21%), and Ar O(1D) + H20 - OH + OH. (2)
(1%) comprise the bulk of the Earth's atmosphere.
Their abundances are controlled over geologic timescales by the biosphere, uptake/release from the In the troposphere, the OH radical is the most im-
scruales matherbiapandedegsi ofpth/e erior. Wter portant cleansing agent. It reacts with virtually allcrustal material, and degassing of the interior. Water molecules containing hydrogen atoms (e.g., CH4)
vapor (H20) is the next most abundant, but highly m olecu es cti h as (erg., Gile
variable, species in the lower atmosphere, where the and also oxidizes species such as carbon monoxide
cycles of evaporation and precipitation result in (GO), nitrogen dioxide (NO 2), carbonyl sulfide
abundances ranging from 4% in the tropical bound- (OGS), and sulfulr dioxide (5o2). In the unpolluted
ary layer to 4 x 10-6 in the lower stratosphere. Of troposphere, the major reactions of OH are with the
the remaining gases that play a role in the Earth's molecules:
chemical or radiative balance, all but CG2 are con- net
trolled in one way or another by chemical processes. OH + CH 4 + 02 -' CH00 + H20 (3)
The cycles of atmospheric aerosols also involve
chemical reactions. Atmospheric trace gas composi- OH + CO + 02 -C GO2 + H02. (4)
tion and its change since the preindustrial era are
summarized in Table 1. This loss of OH is followed by production of peroxy

The atmospheric abundances of these trace gases, radicals (H02, CH300). When OH reacts with
most often designated in volume mixing ratios (e.g., other, nonmethane hydrocarbons (NMHG) such as
parts per billion = ppb = 10`1 vol/vol), are deter- ethane, analogous organic peroxy radicals are
mined by a balance between sources and sinks. The formed. Subsequent oxidation of CH 300 and
sources are typically surface emissions, such as those NMHC analogues leads to production of one or
associated with combustion, and the sinks are chem- more H02, which are recycled to OH by the reac-
ical processes in the atmosphere that in general ir- tions
reversibly oxidize the gas (e.g., CH 4 is oxidized to
CO, and then to CO 2). The combined strength of HO2 + NO -- OH + NO2  (5)
these sinks determines the atmospheric residence
time of a gas, i.e., the e-folding of an instantaneous H102 + 0, - OH + 02 + 02. (6)
emission. Most of the atmospheric mass, and con-
sequently the mass of most trace gases (except 03), The reactions (3) or (4) followed by (5) or (6) form
resides in the troposphere, which comprises on av- a catalytic chain that destroys methane and carbon
erage the lowest 13 km of the atmosphere. The bulk monoxide but regenerates OH. The cycling of OH
of the remaining atmosphere (-15%) resides in the and H02 is closed off by several reactions involving
stratosphere from 13- to 50-km altitude, the region OH, H02, and NO2 . These regenerate H20 or form
containing most of the ozone (O). In the tropo- hydrogen peroxide that is subsequently removed by
sphere, the major sink for many gases is through re- clouds and precipitation. In a polluted environment
actions with the hydroxyl radical (OH), while in the with large concentrations of NO 2, the major loss of
stratosphere removal is dominated by ultraviolet OH is through formation of nitric acid (HNO3).
photodissociation. Once a constituent becomes
"sticky" or soluble, tropospheric removal in clouds OH + NO 2 -- HNO. (7)
and precipitation or surface deposition proceed rap-
idly. This reaction is also the major loss mechanism for
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TABLE 1
Radiatively and chemically active gases

Concentration (10-1 vol/vol) Residence % Change due

Compound Preindustrial Current time (yr) to combustion Impact

carbon dioxide
CO, 278,000 356,000 120E, >90 GHG

methane
CH, 700 1,714 14 10 GHG, OXG, ODP

nitrous oxide
N2 0 270 310 120 20 ODP, GHG

chlorofluorocarbon- 11
CFCl3  0. 0.268 50 0 ODP, GHG

cblorofluorocarbon-12
CF2 C12 0. 0.503 102 0 ODP, GHG

hydrochlorofluorocarbon-22
CHF 2C1 0. 0.105 13 0 ODP, GHG

methyl chloroform
CH 3 CC13  0. 0.160 5.4 0 ODP, GHG

methyl chloride
CH 3 Cl <0.600 0.600 1.3 >0 ODP

methyl bromide
CHBr 0.006 0.012 1.4 50 ODP

tetrafluoromethane
CF, 0. 0.070 >999 0 GHG

carbon monoxide
(northern hemisphere)
CO 60 120 0.2 >90 OXG

nitric oxides (free troposphere)
NO, ? 10-1,000 <0.03 >50 OXG

nonmethane hydrocarbons
NMHC ? ? 0-0.24 >0 OXG

tropospheric water
(t)H20 10,000,000 same 0 GHG, OXG

stratospheric water
(s)H20 3,500 5,500 -2 10 GHG, ODG

tropospheric ozone
(t)O 25 50 <0.10 >50 GHG, OXG

stratospheric ozone
(s)O" 4,000 3,800 -2 <5 GHG, ODG, OXG

carbonyl sulfide
OCS <0.500 0.500 30 >0 anti-GHG, ODP

sulfates
SO2/SO; ? >? >90 anti-GHG

black carbon aerosols
soot C ? >? >90 GHG

"Variable, see text.

NOx (NO + NO2) throughout the troposphere, since NO2 + UV-sunlight - NO + 0 (9)
most of the HNO 3 is washed out of the atmosphere.
Like the OH-HO 2 pair above, the NO, pair is tightly 0 + 02 + M -03 + M (10)
coupled through the reactions

where M is N2 or 0t.NO + Oa NO2 + 02 (8) In addition to the daytime photochemistry, there
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are some nighttime, nonphotolytic reactions that im- all of the same order of magnitude on a globally av-
pact 03 and NO,. The most important process is the eraged basis.
reaction of NO 2 with 03 to form a nitrate radical Ozone is produced in the oxidation of CO by re-
(NO 3 ), which can further react to form nitrate aer- actions (4), (5), (9), and (10), with (OH + H02) and
osol, thereby removing both ozone and NO,. Mole- NO being recycled. If insufficient NO is present, ox-
cules that escape tropospheric oxidation by OH, or idation of CO leads to removal of ozone, reactions
removal by clouds and precipitation, will reach the (4) and (6), with no effect on OH. Ozone is also pro-
stratosphere where they encounter sunlight with duced by oxidation of CH 4 and NMHC. The balance
much shorter wavelengths, as low as 180 nm. These between in situ production and loss of 03 depends
photons have sufficient energy to dissociate directly on the NO concentration: Production by reaction (5)
many of the compounds that could not be destroyed is favored over loss by reaction (6) when the NO:0 3
in the troposphere. Photolysis initiates the oxidation concentration ratio exceeds about 10 ppt:30 ppb.
processes that, for example, turn CFCs into C0 2, (One ppt, or part per trillion, is 10-12 vol/vol mixing
HF, and a mix of chlorine compounds. In addition, ratio.) In most parts of the troposphere, therefore,
concentrations of O(ID) [reaction (1)] are higher in the addition of NO will induce additional production
the stratosphere and contribute to the loss of the of 03, but in the heavily polluted urban environment,
more stable gases. For gases destroyed primarily in with already high concentrations of NO., addition of
the stratosphere, lifetimes range from 40 to 200 yr NO can lead to a reduction in local 03 concentra-
and are limited by the rate of transport of air into the tions. CH 4, CO, NMHC, and NO, are considered as
stratosphere. A few fluorinated gases (e.g., CFC-115 OXGs.
= CF3CF 2Cl, CF 4, C2F 6, SF6) of concern as GHGs
are identified with industrial sources, but not with Atmospheric Chemical Feedbacks and Greenhouse
combustion. They are not easily destroyed in the tro- Gases:
posphere or stratosphere and have lifetimes exceed-
ing 1000 yr [16,17]. The varied chemical and physical couplings in the

atmospheric system mean that a perturbation to one
Ozone: gas propagates through a series of feedbacks, per-

turbing many other species. Methane has an espe-
Sunlight of wavelengths 180-230 nm also dissoci- cially large number of identified couplings and is

ates molecular oxygen (02), generating 03 in the pro- used as an example to illustrate this point. Methane
cess [18]. Because of this absorption by a major at- originates primarily through biological processes,
mospheric constituent, these wavelengths do not both current and ancient (i.e., fossil fuels) and is re-
reach below about 20-km altitude in the atmosphere. leased near the surface of the Earth. The typical CH 4
The stratospheric column of 03 is controlled by a molecule travels about 14 years from pole to pole and
balance between this production, atmospheric trans- occasionally into the stratosphere before being de-
port, and the catalytic loss cycles involving Cl and Br stroyed by reaction with OH. During this period, the
species, NO,, OH, and H02. Today about 80% of molecule acts as a GHG, second in importance only
stratospheric chlorine and a large fraction of the bro- to CO 2. When CH 4 is destroyed in the troposphere,
mine are released from the industrial halocarbons. its decay products can react with nitrogen oxides to
Stratospheric NO. is generated by N20 and has in- produce additional 03, another GHG. When NO is
creased by about 15% since preindustrial times, not present, the CH 4 decay products help to destroy
based on data from bubbles trapped in ice cores [19]. 03. In addition, the loss of CH 4 removes OH and
Stratospheric H 20-the source of OH and H0 2-is thus increases indirectly the abundance of other
expected to increase along with the observed in- OXGs (e.g., CO, NMHC, NO.) and some GHGs
creases in atmospheric CH 4. The stratospheric 03 (e.g., the HCFCs, HFCs, and CH 3CC13) that rely on
column is the major absorber of solar UV between OH for their sink. When CH 4 is destroyed in the
220 and 320 nm, and hence depletion of strato- stratosphere, it suppresses the chlorine and nitrogen
spheric 03 is likely to change tropospheric chemistry cycles that destroy ozone, thus changing the effect-
in two ways: (1) by lowering the flux of 03 into the iveness of some ODGs and increasing stratospheric
troposphere, and (2) by increasing tropospheric UV, 03 abundances. The stratosphere is exceptionally dry
enhancing production of OH. and the H20 from CH 4 decay contributes half of the

The exchange of air from troposphere to strato- water vapor in the stratosphere today. Even at these
sphere in the tropics represents a loss for many of low abundances in the stratosphere, H20 acts as a
the long-lived species, and the return flux in the mid- CHG and, by enhancing catalytic loss through H02
latitudes brings significant sources of 03 into the up- and OH reactions, as an ODG. The additional by-
per troposphere. There are four important contrib- drogen that CH 4 carries through the cold trap at the
utors to the budget of tropospheric ozone-input tropopause reaches the highest altitudes of the
from the stratosphere, deposition at the surface of Earth's atmosphere, the exosphere, where atomic H
the Earth, chemical production, and chemical loss, (half of it from CH 4) is the predominant constituent.
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Budgets and Trends of Trace Gases from industrial processes and is included in totals of
fossil/industrial CO 2 released.) Individual events may

Our knowledge of the atmospheric budgets of seem to be a large perturbation; however, the Ku-
most trace gases (i.e., sources and sinks) is based on waiti oil fires consumed about 4.6 million barrels of
a combination of source inventories, atmospheric ob- crude oil per day, only 3% of the worldwide emis-
servations, and chemical models. Rarely does a single sions of CO 2 from fossil fuels at the time [28], and
approach give a reliable budget. The observed abun- were even less important as sources of N20, CH 4,
dance of a compound together with an estimate of and CO.
the residence time yields the total sink, and conse- The amount of biomass burned each year is much
quently the source if the compound is in steady state, more difficult to estimate. Savanna burning, defor-
Conversely, if the magnitude of the source of a gas estation, wildfires, burning of agricultural residues,
and its abundance are well known, the magnitude of and domestic use of wood and other biomass fuels
the sink can be estimated. The most useful example provide important sources of fuel. The total amount
of this case is methylehloroform (CH 3CC13), an in- of C burned is 3 to 5 Gt(C)/yr with about 80% of this
dustrial solvent, which is removed primarily by OH. in the tropics [29,30,31].
The budget of CH 3CC13 has been used to infer glob- Emissions from fossil and biomass fuels depend
ally averaged concentration of OH (e.g., Ref. 20) and on the combustion conditions and are typically more
to test global models of OH (e.g., Ref. 21). A cali- variable and less well known for biomass fuels than
brated model for OH can then be used to infer the for fossil fuels. For fossil fuels, the largest yields of
removal rate of other compounds such as CO, CH 4, reduced gases such as CO and hydrocarbons are from
NMHC, and HCFCs that are removed by OH. Ac- gasoline-powered vehicles, while for biomass fuels,
curate source inventories are available only for pri- the largest yields are from forest fires [32,33,34]. In
mary compounds of industrial origin (e.g., CFCs). contrast to combustion conditions for fossil fuels,
Estimates of emissions from processes such as de- temperatures in biomass fires are not usually high
forestation, savanna burning, and agriculture prac- enough to produce thermal NO,.
tices (e.g., CH 4 from paddy rice and cattle) are un-
certain, and constraints on the total source of a gas C02 and 02:
are particularly useful. For species with large natural
sources (e.g., CH 4 and N20), it is difficult to partition There is currently an observed imbalance in the
the total emissions between anthropogenic and nat- atmospheric carbon-oxygen cycles with increasing
ural. CO2 [22,3] and a corresponding decrease in 02 [35].

The balance between sources and sinks is most Although absolute changes are comparable, the rel-
accurately inferred from the observed trends in at- ative change in 02 is inconsequential to chemistry or
mospheric concentration. The long-term changes in climate, but the changes in CO2 are large in terms
many trace gases can also be used to infer the an- of potential effects on climate: In the 1980s, CO2 has
thropogenic sources, providing natural sources (and changed by + 0.5%/yr or + 1.6 ppm/yr (ppm =
sinks) remain constant. Critical data include both re- 10-6) or 3.4 Gt(C)/yr. The change in CO9 is currently
cent atmospheric observations [e.g., CO2 [22]; CH 4  the single most important contribution to climate
[23] and measurements of the composition of air change [36]. Apparently only a little more than half
bubbles trapped in large ice sheets (e.g., Refs. 24, 25, of the fossil-fuel CO2 [5.4 Gt(C)/yr] remains in the
19). The concentrations of C0 2, CH 4, and N20 in atmosphere; the ocean provides a sink for 2.0 Gt(C)/
ice cores that date from the preindustrial period be- yr, and it has been proposed that there is an unknown
fore 1850 are all less than today's levels and consis- terrestrial sink of 1.2 Gt(C)/yr [37,3]. Combustion of
tent with recent atmospheric increases. Further, for biomass that regrows quickly does not affect the CO 2
the thousand years prior to 1850, the fluctuations in balance. However, deforestation releases carbon that
their concentrations (presumably a measure of the has accumulated in the biosphere over decades, and
natural variations in their sources and sinks) were represents a net source of CO 2. Changes in land use
much smaller than the change from preindustrial to are estimated to contribute 1.0 Gt(C)/yr to the at-
present. mosphere. The global carbon cycle involves exchange

of the atmospheric CO 2 with carbon reservoirs in the
ocean and biosphere over several time scales. Some

Fuel Burned are rapid enough to absorb about half of the fossil
CO2 within a year, but others take much longer to

Fossil-fuel use is reasonably well documented equilibrate. There is no simple lifetime for the decay
(e.g., Ref. 26). The total amount of fossil C burned of a CO 2 perturbation, but time scales are estimated
in the 1980s was 5.4 Ct(C)/yr (i.e., 5.4 X 109 metric to be about a century (JPCC, 1992).
tonnes of carbon per year), and during 1991 emis- There is clear evidence that CO 2 concentrations
sions were 6.2 Gt(C)/yr [27]. (Cement production ac- have risen in parallel with, and are caused by, com-
counts for a small percentage of the CO 2 released bustion of fossil fuels. The ice-core record shows sta-
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ble levels of 278 ± 10 ppm for 1000 years prior to total direct contribution of combustion to the global
the industrial era [19]. The increase to current levels methane budget is about 10%. If the fossil-fuel "in-
of 357 ppm has been documented as part of a con- dustry" were included, this would rise to about 25%,
tinuous record of atmospheric concentrations at which is consistent with observations of the isotopic
Mauna Loa since 1957 [22], and at many other lo- abundances of CH 4 from live and fossil sources [44].
cations in recent years. Furthermore, changes in CO 2
isotopes, '3CO 2 and 14C0 2, have the same isotopic N2O:
signature as fossil C. The best current models predict
that even a freeze in current emissions would lead Nitrous oxide is important as a GHG and, by sup-
eventually to more than a doubling of natural levels plying the major source of NO to the stratosphere
[10]. Scientific assessments of climate change note [45], as an ODG. The current imbalance in N20 is
that such CO2 increases will eventually lead to a substantial: The atmospheric content is currently in-
warmer surface climate, a colder stratosphere, and creasing at a rate of about 4 Mt(N)/yr [46], and strat-
possible changes in weather patterns. CO 2 does not ospheric losses are about 12 Mt(N)/yr. The change
impact atmospheric chemistry except indirectly in mixing ratio since preindustrial times is + 15%,
through changes in temperature and circulation, based on ice-core records, and much of this can be

attributed to anthropogenic sources that are not well
quantified. Originally, combustion of fuel-N in coal-

H20: fired power plants was identified as the major indus-
Water inthe form ofvaporandcloudsis the single trial source [47,48,49], but recent work has shown
Water im n theformofsvapoerian cldstisthent sningle that artifact N20 was being produced by secondary

most important atmospheric constituent controlling reactions in the sampling flasks [50]. Current esti-
the temperature of the Earth. An increase in water mates are that combustion is a minor source [51],vapor paralleling that of temperature significantly providigamot1M(/ywhhafrmboas

amplifies the expected warming for a doubling of ing at most 1 Mt(N)/yr, with half from biomass

CO, (IPCC, 1992). Although H20 is a major by- burning and half from fossil fuels [52]. Fluidized-bed

product of combustion, this addition to the lower at- combustors emit a significantly higher yield of N20
mosphere is a small perturbation when compared than other types of combustion systems [53]. The

with the global hydrological cycle of evaporation and largest anthropogenic sources of N20 appear to be

precipitation. Emissions of H20 from aircraft fleet agricultural activity and industrial processes involv-

cruising at 10-13 km in the drier regions of the at- ing nitric acid.

mosphere have a greater potential to augment nat-
ural levels, but recent estimates [38] suggest a minor Halocarbons
impact. Similarly, rocket exhaust is expected to lead
to minor enhancement in upper stratospheric water Methyl chloride (CHC1) and methyl bromide
[39]. In the future, however, the impact of a pro- (CH3Br) have long been thought to be the "natural"
posed fleet of 500 High-Speed Civil Transports scH s be though to be the "nata
(HSCT, supersonic aircraft) cruising at 20-km alti- sources of stratospheric Cl and Br. Volcanic andtudemaye sgnifcan. Crren asessentspreict other soluble sources of Cl/Br do not appear to pen-tude m ay be significant. C urrent assessm ents predict e r t h od c n e s t o r p b t e n t e s r tthat a Macb 2.4 HSCT fleet would increase strato- etrate the cold condensation trap between the strat-
sphei 2 by 102 0% in fleeth woloe screatosphereat -osphere and troposphere [54]. The primary emis-spheric H20 by 10-20% in the lower stratosphere t sions of methyl halides were attributed to the oceans,northern midlatitudes [40]. but recent work has shown that biomass burning may

contribute to current levels of both species [55,56].

CH4: Agricultural use of CH3Br is an important anthro-
pogenic source of CH3Br. The atmospheric resi-

More than half of current CH 4 emissions, 375 of dence time for both species, about 1.4 yr, is deter-
550 Mt(CH 4)/, can be attributed to human activities, mined by OH, although substantial oceanic uptake
Many sources of CH 4 have been identified, with wet- reduces the CH3Br residence time [57]. Preliminary
lands providing the largest natural source [41]. An- estimates suggest that combustion could provide 10-
thropogenic sources that are associated with biolog- 50% of the source of CH3C1 and CHI3Br.
ical processes (e.g., rice paddies, cattle, landfills, and The major source of atmospheric chlorine today is
waste treatment) make up about 50% of the total; from thechlorofluorocarbons(e.g.,CFC-11 = CFC13,
sources related to fossil fuels, about 18%. Most of CFC-12 = CF 2C12, CFC-113 = CF 2C1CFCI2) and
the fossil-fuel sources are associated with fugitive re- carbon tetrachloride (CC14). These are industrially
lease of CH 4 from coal mines, natural gas distribu- produced compounds with long atmospheric resi-
tion, and petroleum processing. Low-temperature dence times (>40 yr) and no known natural sources.
combustion of coal has been identified as a source at Methyl chloroform (CH3CC13) is also an industrial
the 3% level [42], and combined with a biomass halocarbon with large emissions, with a shorter res-
burning source of about 30-40 Tg(CH 4)/yr [43], the idence time (5.4 yr). There is no evidence for CFCs
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in ice cores, and the current atmospheric abundance tration of NO. There are minor sources from the
and trend are consistent with known production and oceans, and vegetation.
emissions [58,59,60,61]. Likewise, the bromofluoro- Average CO levels are about 50 ppb in the south-
carbons (e.g., halon-1211 = CF 2ClBr, halon-1301 ern hemisphere and about 120 ppb in the northern
CF 3Br) are also synthetic and emitted only over the [69]. This imbalance is consistent with the short res-
last 50 years [62]. All of these compounds are insol- idence time of the gas, about 2.5 months, and the
uble and relatively long lived. They supply 80% of preponderance of sources in the northern hemi-
the Cl and 30% of the Br to the stratosphere today. sphere. Through the 1970s and 1980s, increases in
Solid rocket motors provide an extremely small com- CO concentrations of the order of + 1%/yr have
bustion-related contribution to the atmospheric C1 been observed in northern midlatitudes (e.g., Ref.
burden [63]. Ironically, the major use of halons is 70) with no obvious changes in the southern hemi-
combustion related, as a fire extinguisher. sphere. Since 1990, however, CO in the northern

The dramatic rise in stratospheric Cl and Br in the hemisphere has decreased, a change caused in part
past 20 years has led to the formation of the Antarctic by regulation of vehicular emissions in the U.S. since
ozone hole and is responsible for the extensive ozone about 1970, and in Western Europe in the 1980s
depletion over the northern hemisphere today: about [68,71]. Overall, combustion has probably increased
5% loss over the past two decades at 45°N [11,64,65]. CO in the northern hemisphere by a factor of 2.
(Some of this recent loss may have been accelerated Carbon monoxide is the primary sink for OH in
in 1992-1993 by the large enhancement of strato- the troposphere. In the northern hemisphere, three
spheric sulfate aerosols from the Mt. Pinatubo vol- times as much OH reacts with CO as with CH 4, while
cano). These changes pose a significant environmen- in the southern hemisphere, the ratio is closer to 1:1.
tal threat, and the Montreal Protocol (1987) and its Thus, CO controls the level of OH; oxidation of CO
subsequent amendments have led to the interna- in the presence of NO, also provides an important
tional phaseout of these compounds. The CFCs and source of tropospheric 03 as discussed above.
halons also act as GHGs (e.g., Refs. 66, 67). The
CFCs are being replaced by hydrochlorofluorocar- NMHC/VOC:
bons (HCFCs), which have shorter residence times
as they react with OH in the troposphere. Conse- The nonmethane hydrocarbons include gaseous
quently, a much smaller fraction of the C1 reaches compounds of the form CH,. These are short-lived,
the stratosphere. These gases also act as ODGs and highly reactive gases whose oxidation also leads to
GHGs. production of tropospheric 03 in the presence of

NO,. The longest lived NMHC is C2H6 with a life-
time similar to CO. Another term used to describe

CO: hydrocarbons is volatile organic carbon (VOC),
which includes NMHC as well as oxygenated species

Carbon monoxide is emitted directly into the at- such as aldehydes and alcohols. A recent estimate of
mosphere by incomplete combustion, and it is pro- the anthropogenic source of VOC is 110 Mt/yr [72]
duced in situ by the oxidation of CH 4 and NMHC and includes significant contributions from gasoline
(e.g., Ref. 15). The predominant sink is tropospheric vehicles, solvent evaporation, wood fuels, and bio-
OH, about 2100 Mt(CO)/yr, with a small additional mass burning. Natural emissions of isoprene and ter-
sink from uptake by soils. Oxidation of atmospheric penes from vegetation appear to be much larger than
CH 4 is the largest source of CO, about 33%. The anthropogenic sources, but these estimates are highly
source from biomass burning is hard to quantify ac- uncertain, in the range of 400-800 Mt/yr. Oceanic
curately, since the combustion conditions determine emissions of C2H4 and C3H6 are important in remote
the yield of CO and NMHC: Smoldering fires can environments. These biogenic hydrocarbons tend to
emit several times as much per C atom burned com- be very reactive and are usually destroyed in the
pared to a fast-burning grass fire (e.g., Refs. 68, 31). boundary layer near their source. The hydrocarbons
Estimates range from 12 to 30% of the total source, in combination with NO, (from fossil-fuel combus-
The burning of fossil fuels, primarily gasoline, is re- tion) provide a source of ground-level ozone, elevat-
sponsible directly for about 14% of the total source, ing concentrations in the U.S. and other countries to
with an additional 3% from the oxidation of NMHCs unhealthful levels in warm, stagnant weather condi-
from technological sources. Thus, combustion as a tions [73]. Similarly, NMHC and NO, from biomass
whole accounts for about 40% of the CO source if burning provide an important source of 03 in the
we include the secondary sources from CH 4 and tropics [31].
NMHC. The fossil-fuel source is most important at
northern midlatitudes, while the biomass source is NOý:
most important in the tropics. Oxidation of isoprene,
a natural hydrocarbon, also provides a source of CO, The nitrogen oxides, NO and NO 2 (NOt), are es-
with the yield of CO depending on the local concen- sential to the photochemical formation of 03 in the
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troposphere [6]. They are the single most important SO2 from emission to sulfate to wet or dry deposition
OXG. The lifetime of NO, is short, often less than 1 at the surface is only a few days.
day. Thus, concentrations are highly variable Combustion of fossil fuels provides a source of SO2
throughout much of the troposphere and depend on of about 80 MT/yr (as S), metal smelting about 8
the rapidity of transport from distant sources. In the MT(S)/yr, and biomass burning about 2 MT(S)/yr.
free troposphere away from boundary-layer sources, Natural sources (oceanic emissions, vegetation, soils,
concentrations range from 0.01 to 1 ppb (e.g., Ref. and volcanoes) emit about 25 MT(S)/yr of various
74). NO, is the limiting species for production of sulfur compounds (e.g., Ref. 82). Combustion clearly
ozone in most of the troposphere, dominates the sulfur budget of the troposphere.

NO, is emitted primarily as NO by a large variety The reflective nature of the sulfate aerosols makes
of sources. Lightning is the largest natural source of SO2 an effective anti-GHG [83]. Sulfate aerosols can
NO, in the free troposphere but is not well quanti- also impact cloud formation, generally producing
fled: Literature estimates range from 2 to 150 Mt(N)/ more reflective clouds with more small droplets. It
yr (e.g., Refs. 75, 76), but it is likely that the source has been proposed that the increase in sulfate aero-
is much smaller, in the range 8-16 Mt(N)/yr [77]. sols since the preindustrial era has offset a large part
Soil emissions represent a natural source of about 12 of the greenhouse forcing from CO2 increases [84].
Mt(N)/yr. Fossil-fuel combustion is the largest Sulfate aerosols in the stratosphere interact
source of NO,, about 24 Mt(N)/yr centered equally strongly with the NO, chemistry and can greatly en-
in North America, Europe, and East Asia. Biomass hance catalytic loss of 03 (e.g., Ref. 85). The large
burning is smaller, about 8 Mt(N)/yr, centered in the combustion source of S02 at the surface is rapidly
tropics (IPCC, 1994). Emissions from jet aircraft are converted to sulfate and does not reach the strato-
often considered separately: Although only a fraction sphere, but explosive volcanoes can inject SO2 di-
of the fossil-fuel source, about 0.4 Mt(N)/yr, they are rectly into the stratosphere. Based on a possible de-
emitted in the upper troposphere [78,79]. The large cadal trend in background, sulfate levels over
surface sources of NO, are consumed primarily in Wyoming (between large volcanic injections) and a
the boundary layer, and only a small fraction is ex- calculation of jet-fuel use, aircraft S02 was proposed
ported to the free troposphere (e.g., Ref. 80). Thus, as the major source of stratospheric sulfate layer [86];
aircraft and stratospheric injection [also a small a simple analysis of the stratospheric sulfur budget
source, <0.2 Mt(N)/yr] may compete with these that includes OCS and simulation of aircraft S02 us-
much larger sources in remote regions. NO, is con- ing an atmospheric model [87] ruled out this hy-
verted to PAN (peroxynitric acid) in polluted source pothesis.
regions. Once PAN escapes the boundary layer, it is
long lived, and its decomposition may provide a OCS:
source of NO, in remote areas.

Combustion has led to a fourfold increase in the Carbonyl sulfide is moderately long lived in the
source of tropospheric NO.; however, such increases troposphere (about 30 years against reaction with
would not be uniform as emissions near the ground OH) with primarily oceanic sources [88]. As an in-
(e.g., automobiles) are more readily oxidized than soluble sulfur compound with an abundance of about
those aloft (e.g., lightning). The large variability in 500 ppt, it is believed to be the major source of the
NO, concentrations makes it inappropriate to assume stratospheric sulfate layer during volcanically quies-
an equivalent increase in the "mean" NO, abundance cent periods [89]. However, during the past two dec-
throughout the free troposphere. Nevertheless, there ades, the median stratospheric sulfate abundance
is indirect evidence of NO, increases since preindus- was at least four times this background. Combustion
trial times through the accumulation of nitrate (the sources of OCS from fossil fuel have been identified
end product of NON) in Greenland ice [81]. [90], but these are not believed to be important glob-

ally. There is an indication of possibly larger sources
S02 and Sulfate Aerosols: from biomass burning [91]. Significant uncertainty

remains in understanding the global OCS budget
The sulfur in fossil fuel is usually emitted as SO2. [92]. It is possible that OCS from biomass burning

The sulfur content of coal and oil is 0.5-2.5% by has increased the nonvolcanic, background sulfate
weight; in contrast, the sulfur content of biomass is layer and impacted ozone, but we have no strong
small (e.g., S/C <0.001 in savanna), much smaller evidence for a change in OCS since preindustrial
than the fuel nitrogen (e.g., N/C = 0.06 in savanna), times.
The atmosphere continues to oxidize this S(IV) to
S(VI) and eventually forms sulfates (S04-), which
become part of the atmospheric aerosols. The sul- Soot
furic acid formed from S02 (and to a lesser extent
the nitric acid formed from oxidation of NO.) is the Black carbon aerosols, comprised of graphitic car-
primary source of acid deposition. The life cycle of bon or soot, act as strong absorbers of sunlight in the
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atmosphere [93]. Even small amounts of soot within rapid transport of short-lived compounds from the
liquid sulfate aerosols or water droplets can decrease boundary layer to the upper troposphere by cumulus
the single scattering albedo and reduce the short- convection [106] are important components of the
wave albedo of clouds [94,95]. Combustion is the tropospheric 03 budget.
only source of soot, and it is possible to distinguish There is evidence that the concentrations of sur-
fossil-fuel sources from biomass burning sources face ozone in Europe, including high mountain sites,
[96]. Combustion and subsequent photochemical have doubled over this century [107,108]. Such are
generation from combustion products (e.g., SO2 , broadly consistent with global model simulations
NMHC) generate very fine particles that, once lofted (e.g., Ref. 109). Measurements of the vertical distri-
into the upper troposphere, have a long residence bution of ozone since the late 1960s show increases
time and can be transported globally [97]. Arctic haze in tropospheric ozone over northern midlatitudes of
consists of graphitic carbon with some other partic- <1-2% per year (e.g., Refs. 110,111). There are sig-
ulate carbon produced in lower temperature com- nificant spatial variations in the trends, and indica-
bustion or from photochemical oxidation of VOC, tions that the trend over North America and Europe
but it is the absorbing properties of the soot that are has levelled off in the last decade [112]. There is no
of major concern [98]. Soot from fossil fuels and bio- evidence for long-term trends in ozone at southern
mass burning [99] may have global impact as a GHG, midlatitudes, based on a 30-year data record. Long-
but predictions are difficult as the formation of fine term data for the tropics are lacking.
black carbon aerosols varies greatly depending on the Nitrogen oxides are the limiting species for ozone
conditions of combustion. For example, the Kuwaiti formation, and emissions of NO, from combustion
oil fires were expected to have a large climatic impact have levelled off in both the US and Western Europe
with soot production almost matching current global in the past decade, due to a combination of slow
emissions of about 50 kt/day, but measurements [68] growth in fossil-fuel combustion, and regulation of
showed that these well fires were relatively efficient vehicular emissions in the U.S. Emissions are grow-
(96% as C02), and thus soot emissions were much ing rapidly in China and the far East (excluding Ja-
smaller, only 3.4 kt/day. pan) because of large increases in consumption of

fossil fuels, 5% per year [113]. Aircraft emissions of
NO- from have grown rapidly in the past 20 years,

Tropospheric 03 and there is much current interest in possible effects
on ozone in the upper troposphere. Ozone is a GHG,

Ozone can be produced rapidly by a mix of com- and surface temperatures are most sensitive to
bustion products and natural emissions in the pres- changes in ozone near the tropopause. The budget
ence of sunlight (e.g., Refs. 6, 73). In the boundary of NO,, and hence of ozone, in the upper tropo-
layer over the U.S. away from cities, empirical evi- sphere is notwell quantified at present.
dence shows that between 5 and 8 ozone molecules
are produced per NO, molecule emitted, before the
NO, catalyst is removed by oxidation to nitrate [100]. Conclusions
Surface ozone values commonly exceed 100 ppb in
the eastern U.S. in summer under meteorological Combustion of fossil and recent biomass has
conditions favorable for photochemical formation of rly changed
ozone, high temperatures and stagnant air (e.g., Ref. cla chansibhe composition of the atmosphere.
101). Emissions from biomass burning also produce It is responsible for most of the enhanced green-
enhancements of ozone [102]. The impact of massive house forcing to date (through C0 2, tropospheric 03,

bums in tropical regions during the southern dry sea- soot) and also some counteracting effects (through

son (August-October) can be seen in satellite data SO 2 ). It has likely changed the tropospheric oxidantlevels (through CO 1 NON, NMHC) but has had mai-
for tropospheric CO and 03 [103,104,105]. There is imal impact on stratospheric 03 (through Cm3C1,

a large region over South America, southern Africa, CHBr c t o f therimportathoR Cad C
and the south tropical Atlantic Ocean where ozone CH3B3r, CH4). Most of the important GHG and OXG
and th ae sot treopicl Atlantwice Ocan wghee ozner have significant natural sources, which are not well
and CO values are more than twice as high as over dfned today andmyechnigadthsqu-

the central Pacific Ocean at the same latitudes In defi d may be changing; and thus, quan-

remote marine air, photochemistry provides a net tifying the role of combustion is difficult.

sink for ozone, as concentrations of NO, are exceed-
ingly low, <10 ppt in the boundary layer.
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COMMENTS

P. Wiesen, University of Wuppertal, Germany. You have have changed over the past decade. Most species have con-
shown quite nicely the tremendous increase in the concen- tinued to increase, but their growth has slowed. In some
trations of different atmospheric trace gases during the last cases, such as the CFCs, we can relate this to the phaseout
150 years. More recently it was observed, however, that of production (and hence emissions) as prescribed under
the rates of increase of the concentrations of carbon mon- the Montreal Protocol and its amendments. Some HCFCs
oxide and nitrous oxide and, in particular, methane have used as CFC substitutes are increasing more rapidly. In
decreased during the last two years. Could you please com- the case of CO2 and CH,, the slowdown in growth during
ment on that? the period 1991-1993 cannot be easily explained, and

measurements into 1994 indicate a return to more rapid
Author's Reply. Yes, the growth rates in many trace gases growth. The immense injection of stratospheric sulfate by
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Mt. Pinatubo changed global temperatures and strato- and models for the current atmosphere alone. The models
spheric ozone over the two years following eruption in must predict the impact of large effluents of NO, and H20
1991, and may he in part responsible for some of these at supersonic cruise levels (15-20 km) in a future strato-
variations. For CO, the recent data show a dramatic decline sphere. The most recent NASA assessment from the High-
in absolute concentrations that is not yet understood. For Speed Research Program (Wesoky and Stolarski, 1994)
N,O, the trend varies from year to year, but has been reg- notes that a large fleet of HSCTs would indeed perturb
ular, about 0.25%/yr over the past decade. The record of stratospheric NO, (by up to 50%) and H1,O (by up to 25%),
CO,, C11, and N(,O in ice cores shows that some natural but that these changes in background trace gases would
variabilit- in these trace gases preceded global perturba- have only a small impact on stratospheric ozone. The crux
tions by humanitv. of this evaluation is the recent recognition of heterogene-

ous chemical reactions on the stratospheric sulfate particles
that reduce the role of NO, as an ozone-destroying catalyst
in the lower stratosphere.

Dr. Hma.s-Robert Volpp, University of Heidelberg, Ger-
man0y. I would like to comment on Dr. Wiesen's (Univer-
sity of Wuppertal) question concerning the recently ob-
served stagnation of the tropospheric methane Jan R. Pels, Delft University of Technology, The Neth-
concentration. Could it be possible that this effect is due erlands. Fluidised-bed combustion of coal produces NO
to an increase in the OH radical concentration in the tro- levels much higher than conventional methods. Please

posphere in recent years rather than due to an reduction comment on the estimations given by G. G. de Soete, who
of the global methane release rate? calculates that, if all coal used for power generation would

be burnt in FBCs, the emission of NO from combustion
Author's Reply. The slowdoxwn in CH., growth to almost would be as big as the natural sources.

zero in 1992-1993 cannot be explained by increases in the Do you think that knowing this, FBC should be limited
CH, sink alone, because the most rapid observed change unless it can be applied with strongly reduced NO emis-
was in the latitudinal gradient, implying a drop in high sion?
northern latitude sources. There are several recent predic-
tions that the decrease in stratospheric ozone driven by Mt. Author's Reply. This question is appropriate. We have

Pinatuho could have contributed to this decline in CHI not yet found all of the anthropogenic sources of N,0 that
growth, but these cannot explain the change in north-south we know are needed to explain the increase since the pre-
gradient. Also, svith the recent recalibration of the industrial. The original identification of N20 from coal-

CII.3CC13 measurements made by the ALE/GAGE net- fired power plants was erroneous, and only recently has it
work, there is no longer an), evidence for a change in the been shown that these measurements were corrupted (N,0
OH reactivity of the troposphere over the past decade. was produced in the samples before measurement). The

role of FBC as a significant NO source needs to be con-
* firmed.

David B. Crosley, SRI International, USA. You singled
out aircraft as a special NO, emission source because of
the altitude at which the emissions occur. Would you comn- Bruce W. Gerholh, Phillips Petroleum Company, USA.
ment on the effects of the current subsonic and projected Atmospheric mixing distributes the "greenhouse" gases
supersonic fleets on the atmosphere? (CO, for example) at least around a hemisphere. On the

other hand, "anti-greenhouse" particulates (SO,, soot) re-
Author's Reply. The current subsonic fleet is predicted main localized around a source, roughly around the con-

by some models to increase background levels of NO, in tinents. Thus, over North America and Europe, incoming
the upper troposphere by as much as 30% in the northern solar radiation will be reflected, thereby counteracting part
midlatitudes. The ensuing calculations of ozone increases of the greenhouse warming. In contrast, the oceans have

due to this NO, are typically 5% at the most impacted lo- little particulate cover and the climate is subject to full
cations. These predictions need to be re-examined from greenhouse warming. Do models account for local varia-
scratch using three-dimensional models for tropospheric tions? Might global warming be seen first in remote is-
cheinistrv that are currently being developed, but they are lands?
not reads, for such assessments. Moreover, we must de-
velop a larger, more coherent database of upper-tropo- Author's Reply. Yes, the long-lived greenhouse gases like
spheric measurements that provirde the essential ealibra- CO 2 and CHn are well mixed and have a rather uniform
tion for these models. It will still be difficult to radiative forcing of the climate (although this simple view
quantitatively determine the role of aircraft NO, relative to does not take into account that cloud cover and water vapor

the other natural and anthropogenic sources. can dramatically change the regional impact of even these
The assessment of supersonic aircraft (High-Speed Civil well-mixed gases). The two examples of radiative forcing

Transports) cannot rely on a combination of measurements that is spatially variable are aerosols and ozone (both strat-



COMBUSTION'S IMPACT ON TILE GLOBAL ATMOSPHERE 1527

ospheric and tropospheric). Several model studies have re- Montreal Protocol process. Also significant is the effect of
cently assessed the question of whether the aerosol "cool- environmental concerns on combustion in spurring exten-
ing" could offset an equivalent CO, "warming." The models sive halon replacement research. While global warming in-
do include the spotty distribution of aerosols around pol- pact of suppression candidates at the quantities required
lution regions, and do include the effects of clouds and should be very low, the restriction exercised by govern-
land-ocean differences. Thus far the results are inconclu- ments on their implementation in practical systems must
sive, but the recent international climate assessment be considered. Environment legislation, not the quantified
(IPCC) has strongly warned that equal but opposite radi- impacts detailed in this paper, frequently dominates.
ative forcings may not cancel in terms of regional or even Author's Reply. Production of halons (used in fire sup-
hemispheric climate impacts. pression) has been halted. There is still a considerable bank

of halons that can be recycled while substitutes are sought.
The concentration of the short-lived halon-1211 has al-
read)' been observed to decline.

Ronald S. Sheinson, Naval Research Laboratory, Wash- Yes, it is the responsibility of the scientific community
ington, DC. Combustion, or rather suppressing combus- through national and international assessments to help
tion via halons (brominated halocarhons), has a profound guide policy so that regulations (which are almost always
effect on stratospheric ozone. Halon production has al- painful to some community) achieve the desired goal of
ready been stopped in the developed countries under the improving the global environment.
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The form of the ignition branch for steady, counterflow, hydrogen-oxygen diffusion flames, with dilution
permitted in both streams, is investigated for two-step reduced chemistry by methods of bifurcation theory.
Attention is restricted to fuel-stream temperatures less than or equal to the oxidizer-stream temperature
T_ and to T. larger than or of the order of the crossover temperature T,. at which the rates of production
and consumption of H atoms are equal. Two types of solutions are identified, a frozen solution that always
exists in this kinetic approximation because all rates are proportional to the concentration of the inter-
mediate H atom, and an ignited solution, represented by a branch of the curve giving the maximum H
concentration in terms of a Damk6hler number constructed from the strain rate and the rate of the
branching step H + O -s OH + 0. For T_ > T,, the latter bifurcates from the frozen solution if the
Damkbhler number is increased to a critical value. For T. larger than a value T, > T,, the effects of
chemical heat release are small, and ignition is always gradual in the sense that the limiting ignited-branch
slope is positive (supercritical bifurcation) and there is no S curve. For T. in the range T, < T, < T,, the
heat release associated with the radical-consumption step causes the limiting ignition-branch slope to
become negative (suberitical bifurcation), producing abrupt ignition which leads to an S curve. For values
of T. below crossover, the ignited branch appears as a C-shaped curve unconnected to the frozen solution.
The method of analysis introduced here offers a first step toward analytical description of nonpremixed
H2-O2 autoignition.

Introduction chain-branching reaction H + 0
2 - OH + 0 and

the chain-terminating reaction H + 02 + M -- HO2
Because of interest in applications such as aero- + M. For initial temperatures on the order of T,

space propulsion, considerable attention has been Trevifio [1] deduced a five-step mechanism, which
given in the literature to the study of ignition of hy- can be further simplified by neglecting the initiation
drogen-oxygen mixtures. Trevifio [1] investigated ig- step H 2 + 02 - HO2 + H and assuming that the
nition in an isochoric, adiabatic, homogeneous reac- hydroperoxyl radical HO 2 is in steady state [6,7]. Re-
tor and systematically reduced the well-known duced chemistry of as few as two steps has been pro-
detailed reaction mechanism [2-5] to small numbers posed for high-temperature ignition above crossover
of global steps for different pressure and tempera- [8].
ture regimes. He found that the ignition process is Autoignition in practical systems generally occurs
strongly dependent upon the initial temperature of during mixing of cool hydrogen with a hot oxidizing
the mixture. A relevant parameter in the description gas, leading to the establishment of H12-0 diffusion
of H 5 -0 2 ignition is the so-called crossover temper- flames. In such nonpremixed environments, some
ature T, the temperature at which the rates of pro- details of the chemistry may differ from that in ho-
duction and consumption of H radicals are equal. mogeneous systems because of complications asso-
The two determinant reaction rates are those of the ciated with H2 diffusion into the O2 inert mixture.
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ST =T ployed. A limiting temperature T. > Tc that
determines the criticality of the bifurcation will be

YR,.. identified. Above this temperature, the chemical heat
To=Ts "- . .. release is negligibly small, and a progressive transi-

tion from frozen flow to the equilibrium diffusion-
SA:' flame solution takes place. We shall show that, for

YHm stream temperatures below T8 , the exothermicity as-
, sociated with the radical recombination changes the

"- •character of the solution, and an S-shaped curve
A more typical of diffusion flames is reproduced. As T,

YHmar is approached, the strain rate at which ignition occurs
decreases, becoming zero at crossover. If the initia-

.- tion step is neglected in the kinetic mechanism, no
A'k chain-branched autoignition is possible below cross-

T- over, and the ignited and frozen solutions are
unconnected. The ignition behavior shown in Fig. 1

Fie. 1. Ignition behaviors present in high-temperature is in qualitative agreement with the numerical results
ignition of H,-O, diffusion flames. available [8,9].

While numerous investigations have been reported Kinetic Mechanism and Formulation
on H2-0 2 ignition histories in homogeneous systems,
only a few studies of ignition of H-2-0 2 diffusion The high-temperature ignition of H2-02 mixtures
flames are available [8,9], and they are purely nu- can be described [1] by the reduced kinetic mecha-
mericalo and are restricted to steady flows so that nism H2 + 02 -+ HO 2 + H, 3H12 + 02 -+ 2H +
ignition times cannot be determined, although criti- 2H20, H + 02 + M -- H02 + M, 2H 2 + HO 2 -

cal conditions needed for ignition to occur are ob- 21120 + H, HO2 + H -- H2 + 02, where 0 and
tained. Except for one study [10] including model OH are assumed to be in steady state. Although the
branched-chain kinetics for a premixed system first of these five steps is important at early times
exposed to a hot inert gas, previously published an- during initiation, once trace amounts of radicals are
alytical investigations of the ignition branch of the S present, its influence becomes negligible, and we ne-
curve have been restricted to one-step chemistry. glect it here. A steady state for hydroperoxyl is an

The main objective of the present paper is to apply excellent approximation [6-8], and since this radical
the reduced kinetic mechanism derived by Treviflo appears in four of the five steps, its steady state re-
[1] to study the ignition of strained diffusion flames. duces the chemistry to a two-step mechanism. if (a-I
Stead), counterflow systems are addressed, following - 1) denotes the ratio of the rate of the elementary
preliminary ideas developed [11] in considering co- step H102 + H -* OH + OH to that of the step H02
flow mixing layers. To simplify the analysis, an invis- + H - H2 + 02, then this two-step mechanism is
cid potential solution is adopted to describe the flow
field. Although the model retains the physical char- 3112 + 02 - 2H + 21120 (I)
acteristics of the problem, a more thorough descrip-
tion of the flow field is required if quantitative agree- (2 - 3a)H,2 +

ment with numerical results is to be obtained.
For high-temperature H,2-02 diffusion flames, Fig. (1 - a)02 + 2aH -* 2(1 - a)H,20 (II)

1 summarizes the different shapes that the ignition
curve may exhibit in a plot of the maximum radical with rates given, respectively, by those of the ele-
concentration as a function of the inverse of the mentary reactions H + 02 -- OH + 0 and H + 02
strain rate. For oxidizer-stream temperatures above + M - H02 + M. The specific reaction-rate con-
T,, the ignited branch bifurcates from the frozen so- stants for these two elementary reactions will be de-
lution at a finite value of the strain rate. The occur- noted by k, and k2, respectively. This same two-step
rence of ignition as a bifurcation as opposed to a description has been employed in a recent analysis
smooth turning point as in conventional one-step as- of the premixed H2-air flame [13] and elsewhere [6].
ymptotic analyses [12] is a consequence of the au- From the latest data available [8], it can be shown
tocatalytic character of the kinetic mechanism em- that a - 1/6 over the temperature range of interest.

Thus, only a small fraction of the H02 produced is
'An exception is a recent study by activation-energy consumed by H02 + H - H12 + 02, partially atten-

as)ynptotics (S. R. Lee and C. K. Law, Combust. Sci. Tech- uating, therefore, the chain-terminating effect of re-
nol., to appear, 1994) that does not address bifurcation the- action II. The overall step I is weakly exothermic, its
or-. heat of reaction being roughly an order of magnitude
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smaller than that corresponding to II. For values of The boundary conditions for the above equations
the mixture temperature sufficiently above To, pro- are YH - 0, YHu 1, yo -- 0, and 0 - 0-_ =-
duction of HO, can be neglected entirely, and the (T-, - TJ)IT, as - - and yP - 0, YHO - 0,
kinetic mechanism reduces to the overall step I. The Yo0 -- 1, and 0 - 0 as ( - + c.
ignition process is then a typical chain-branching ex- Here y is the transverse coordinate with origin at
plosion with a fairly small heat release effect. As the the dividing fluid surface, T is the temperature, and
temperature of the streams approaches T2, step II YH, YH1 2, and Y0 2 are the mass fractions of atomic
gains importance. The ignition is still characterized hydrogen, molecular hydrogen, and oxygen, whose
as a chain-branching explosion, but now the exo- Lewis numbers are denoted by LH, LH0,, and Lo0,.
thermicity of II as well as its chain-terminating effect Hydrogen is approaching from - - with mass frac-
play an increasingly important role in the ignition tion YH2 , and temperature T_, while the oxidizer
process. Both behaviors will be analyzed in this pa- flows from + -, where the oxygen mass fraction is
per. Yo02 and the temperature is T.. The thermal diffu-

Attention will be restricted to stagnation-point sivity of the mixture is given by D = 2/(pc ) where
counterflow of H2 and 02, dilution with an inert be- A is the thermal conductivity, p is the fluis density,
ing permitted in both feed streams. We shall assume, and cp is the specific heat at constant pressure, all
for the sake of simplicity, that the strain rate, density, taken to be constant. The reaction-rate constant, ki
specific heat, and transport coefficients are constant; = A1T1i exp(-E 1/R

0T), has been approximated by
these assumptions are readily removed through suit- k, = B1 exp(-f#1 ) exp(fltO), where B1 is a new fre-
able well-known transformations. The equations that quency factor given by B, = AIT21 and #I1 is the
describe the flow are then given by nondimensional activation temperature f#, =

E1/(R°TJ). The variation of k2CM with temperature
+ + H = -y [exp(f_10) - A] Yo2Y (1) has been neglected, so that k2CM = A2 Th2 PI(R°T.),
±K2 CM being the efficiency-weighted sum of third-body

concentrations. Updated values of the reaction-rate

Poo- L+ 82 constants in mol/cm 3, s-1, K, and cal/mol are [8] A1
- + - sA[exp(fPIO) = 3.52 X 1016, A2 = 6.76 x 1019, E1 = 17,070, nIC Lo,2 =C -0.7, and n2 = -1.42. The W's are molecular

+ (1 - a)y/a] Yo0YH (2) weights, A is the constant strain rate, P is the uniform
pressure across the mixing layer, and q,! is the heat

8o a20 release associated with overall step i. Six parameters
C + LH - = - A[qI exp(ft10) appear in the equations, namely, A, s, 0_, y, q,, and

ac K
2  qu, besides the constant a, the Lewis numbers, and

+ qny/a] YPooYH (3) the activation-energy parameter fll. Here A is an ap-
propriate nondimensional. Damk6hler number, s is

and an oxygen-to-fuel mass ratio corresponding to the ap-
proaching streams, 0- accounts for the temperature

=YH2 +3 xp2 Y112difference between the streams, y is the ratio of con-
P 2 + a(2 3A[exp(#) sumption to production rates of H radicals by the two
ac L1, 1C

2  competing reactions evaluated at T = T., and q' and

+ (2 - 3a)y/(3a)] PocPH qu are the nondimensional heats of reaction associ-
ated with each global step. The use of T_ as the rel-

(4) evant characteristic temperature is dictated later by
the location of the reaction region.

where the nondimensional variables are defined as The problem defined by Eqs. (1) through (4) ad-
mits two types of solutions. The first corresponds to

(LHA'\ 1  
YH the trivial solution Pu 0, YO, Pocfi 0 = Of, Puc

C = YH - ' = yHf, where yof, Of, and ync#f, are the frozen pro-
files corresponding to yo, 0, and yHo, respectively.

P Yo_2 -O T - T,' Y, These solutions, which exist for all values of A, are
Yo02 Yo' T= y_- Y.H- given by

A -2B exp(-ftl)PY02o, W02 Y7H-_• L 1
Wo0 A s WHO yJyof = 1- erfc(2 /

q ' Y1H,-_ A2 P exp(ft1 )a -erfc(C/L2).

cpT7 WH,' A 1 ROT`Y'-1n2)' P2 2
(5) (6)
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For A sufficiently large, another solution exists as admits two different types of solutions, whose be-
well. Before studying this ignited solution, further haviors as C - - are given by •[x1-)-1] exp(-C 2 /2)
constraints, arising from the physics of the problem, and C-10 -Y), respectively. For values of C beyond the
must be identified. depletion point, the solution to Eq. (1) is propor-

A first constraint is that the solution must give pos- tional to erfc(C/VN2). Matching of the values of the
itive values of yH everywhere in the mixing layer. This frozen and nonfrozen solutions and their slopes at C
imposes an upper limit to the range of A for which = Cd reveals that solutions with algebraic decay are
a solution can be found for a given value of Yn, not admissible for C < (d. Therefore, to find the so-
termed YHn,,. A second constraint is that yHn must be lution for the ignited branch for small values of
positive for the validity of the two-step kinetic YHm... we can ignore Eq. (4) and replace the Heavi-
scheme. As a consequence of the reduced mecha- side function on the right-hand side of Eqs. (1)
nism adopted, Yt12 does not appear in the chemical through (3) by the requirements of exponential decay
production terms on the right-hand sides of Eqs. (1) of YH as C - - and YH > 0 throughout the mixing
through (4). Therefore, Eqs. (1) through (3) can be layer. It is worth observing that use of this modifi-
solved separately, and YH, can be obtained afterward cation causes the solution in the vicinity of the
from Eq. (4). When YH2 is calculated in this way, it bifurcation point to be independent of the H2 dif-
is found that there exists a value of C, termed (d, such fusion coefficient; i.e., the results are independent of
that YH2 < 0 for C > Cd; (d decreases with increasing the value of Ln2.
yH,,,_. To avoid negative Yu,2 the chemical-reaction For values of YHna = r << 1, we can introduce
model must be modified at sufficiently large C to ac- the asymptotic expansions
count for H2 depletion. The kinetic mechanism
adopted holds only for values of C such that the re- A 01A 0 + 8S4l42 A1 ,
sultant mixture is not too fuel lean, and for large val-
ues of ý, where YH2 is very small, this mechanism fails YH = Yluo + 82sO102YH
and should be replaced by an alternative developed
by Trevifio and Lifihn [11] for lean mixtures. The Y02 = Yo2f -SO102Yo2o,
revised formulation would result in a profile of H2  0 = 801(qI + qljy/a) 0o (7)
smoothly decaying to zero as C increases. The ap-
proach employed here is simpler in that we assume where 01 (1 - y)-1, 02 = [I + (I - a)y/a], and
that the kinetic mechanism for lean and stoichio- yo 2f is given by Eq. (6). Here Yuo is scaled so that its
metric mixtures holds as long as YH2 > 0, and for maximum value is unity. Introducing the above ex-
values of C larger than the depletion point Cd, the pansions into Eqs. (1) through (3) and collecting
chemical reaction is completely frozen. This approx- terms with the same power of e, we obtain the equa-
imation is motivated by the low rate of the alternative tions
path, controlled by 0 + H2 -* OH + H, in the
region C > Cd, where the concentrations of both H2 9YHO
and the radicals are very small. The freezing of the C y- + 2OH0 = - Aoyo 2fYHo (8)
reaction can be introduced formally into Eqs. (1) C aC2

through (4) by multiplying the chemical production ayo BO0 + LH
term by a Heaviside function H(C - Cd). The prob- C H = oYofYHO (9)
lem defined in this form with the boundary condi- C2

tions previously stated has a unique nontrivial solu- and
tion for a given value of the depletion point (d. C ayH1 2

CKH + a,2  
=--AoYo~fYH1

Linear and Weakly Nonlinear Analysis
for T. => T, + A0[1 - 0yojf]Yo02oYHo - AjyofyHo (10)

The value of the critical Damk6hler number for with boundary conditions that YHo, Y020, and YH1 ap-
ignition of the autocatalytic reaction, A¢, as well as proach zero as C -- ± c. The equation that deter-
the slope of the bifurcated ignited branch, can be mines 00 is simply 00 = Yos0. The form of the ex-
obtained by solving the linearized version of Eqs. (1) pansions in Eq. (7) is such that the only parameters
through (3) and the equations for the second pertur- left in Eqs. (8) through (10) are LH and £2 = fl1(qI
bation. We consider first the problem in which both + qjy/a)bik/(s•2).
streams have the same temperature, 0- = 0, and
assume that Lo, = 1. Since near the bifurcation Critical Dainkbhler Number for Ignition:
point Y-H,n, << 1 and depletion of H2 occurs far from
the stagnation plane, a further simplification can be For a given value of the Lewis number of the fuel,
introduced. For large values of C and C < Cd, Eq. (1) Eq. (8) with the stated boundary and nonnegativity
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1.7 mal-runaway process governed by a different kinetic
mechanism [1,7].

1.6

1.5 IBifurcation Character:

1.4 The parameter A 1, which gives the slope of the
bifurcated branch, can be obtained by integrating

1.3 A Eq. (10) or by using the solvability condition

01.2 / -(A) 0  [A2/ 0Yo [(oyoo( - 11Yof)

S -- lyo 2f] exp(C2 /2) d4 = 0 (11)

1
0 0.2 0.4 0.6 0.8 1 1.2 which can be solved for A1 to give A5 = (1 -

Li HlQ2/£)( Al)o, where

FIG. 2. Variation of the critical Damkbhler number, 2
slope of the bifurcation, and criticality condition parameter YO,0YH0 exp(Yo/2)do

with the Lewis number of hydrogen. £2s = (12)Y0f_ Y 20y exp((2/2)dý7YorfYo2oYIho

conditions represents an eigenvalue problem and has and
a nontrivial solution for only one value of A0. The
results obtained for different values of LH are shown y e
in Fig. 2. The critical Damkihler number for ignitionJ yoHo yho exp({2/2)dC
is then given by A. = d 0/(1 - y). To understand the (A5 )0 = A0. (13)
significance of this result, one must recall that the Yo exp(( 2/2) d(
Damkihler number A is constructed from the strain no ex

rate and the rate of the branching step H + 02
OH + 0, while y, > 1 for T. < T•, is the ratio of The results of these integrations for different values
the rate of radical consumption to that of radical pro- of the Lewis number of the fuel are shown in Fig. 2.
duction. Therefore, the quantity (1 - y)A,, a con- The criticality of the bifurcation is governed by the
stant of order unity for a given value of L1, repre- parameter 2 that measures the counteracting effects
sents the ratio of the characteristic strain time to the of oxygen consumption and temperature increase re-
characteristic chemical time of the two-step kinetic sulting from heat release. The behavior of the igni-
mechanism necessary for ignition to occur. As T. ap- tion branch can be explained by considering the
proaches T•, the chain-terminating character of step right-hand side of Eq. (1). When 2 is larger than Q,
II causes the value of y to increase, which corre- the effect of temperature rise dominates the ignition
sponds to an increment of the characteristic chemical process through the exponential term exp(/Is0), caus-
time of radical production. Therefore, the lower the ing the Damkihler number to decrease as ylHmx in-
temperature is, the lower is the value of the critical creases, resulting in a subcritical bifurcation. On the
strain rate at ignition. A chain-branching explosion is other hand, for small values of 2, corresponding to
no longer possible for T_ below the crossover tem- large T, and small Yo9•, the effect of oxygen con-
perature at which y = 1, and the critical Damk6hler sumption takes over, giving an overall decreasing
number becomes infinite. For T. < T•, the frozen [exp(fl0) - y]yoI term. To balance this effect, as
and ignited branches are unconnected, and the latter YH,,, increases A must increase, and the bifurcated
becomes a C-shaped curve standing above YHma = branch becomes supercritical.
0. Connection between both branches can be recov- The equation£2 2= , determines a limiting tem-
ered if the initiation step H2 + 02 -+ HO2 + H is perature T, that clearly separates abrupt ignition be-
retained in the kinetic scheme. For sufficiently large haviors from smooth transitions to the diffusion-
values of the Damk6hler number, the characteristic flame solution. For values of T, far above the
residence time A-I becomes a large quantity of the crossover temperature, y becomes negligibly small,
order of the chemical time associated with the initi- and£2 reduces to flsqljs. Numerical evaluation of this
ation step, and production of H radicals by this step expression reveals that the heat release associated
is no longer negligible. Ignition in this case is gov- with step I is too small to change the character of the
erned by this step that provides a smooth connecting bifurcation, so that it remains supercritical as long as
branch between the frozen and ignited curves. For the production of HO2 is negligible. Since qn,/a >>
even lower temperatures, ignition occurs as a ther- qj, as T_ decreases the value of £2 increases signifi-
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cantly, and a subcritical character is achieved some- 1.8 -

what above crossover, i.e., T, > T. The curves char- [ - LH=O.1 * [A 0.AiLH)
5 ]1/(Ac°

acterizing the ignition behavior sketched in Fig. 1 can 1.6 - L H=0.2

be plotted for a given value of Yo,. by using the equa- - - H=0.5

tions y = 1 and 9 = Q2,. Typically, as P varies from 0 1.4 L-- - =0.8 --
10-1 to 102 atm, T, varies from 800 to 1400 K, and H 08

T5 - T, remains about 200 K, as may be obtained C
more accurately by the definition of A. < 1.2 .

Effect of Different Temlperatures: 1 -

To study the effect of different temperatures of 0.8_.. .. .. .. .. ... ,.. .. ..
the approaching streams on the values of A, and A1, 0 1 2 3 4 5 6

it is convenient to consider first the physically rele- -

vant limiting case LH << 1. We show below that,
with the inviscid potential solution adopted for the FIG. 3. Effect of the fuel stream temperature on the
flow field, the shape and location of the bifurcated critical Damkbhler number.
branch in this case are independent of the fuel
stream temperature. Taking the limit L0 .- 0 in Eq.
(6) yields the asymptotic frozen profiles Yoif = 0, Of expansion in the small parameter VL of the form
= 0, for C < 0, and Yo0 = 1, Of = 0 for C-> 0. The A, = A0 + VLuI.Aj + LHA 2 + ... . In this limit,
shape of these functions agrees with the fact that the the solution can be found by dividing the flow field
transverse coordinate of the mixing layer, C, has been into three distinct layers, two outer layers on the fuel
nondimensionalized with the characteristic diffusion and oxidizer sides with characteristic nondimensional
length corresponding to H. In the limit L, - 0, the length of order unity and an inner layer, located
hydrogen diffusivity is much larger than the oxygen around C = 0, with characteristic nondimensional
and thermal diffusivities. Therefore, diffusion of 0 length of order L0 . Equation (8) must be solved
and heat conduction take place in a thin layer located separately in those three layers, and the value of A,
around C = 0. The oxidizer is unable to reach the can then be found by matching the different solu-
fuel side of the mixing layer. The reaction is frozen tions. Let yi, yr, and yi denote the value of YHO in the
for C < 0 because of the absence of oxygen. The left outer, right outer, and inner layer, respectively.
values of A, and A1 are, therefore, only determined If one neglects exponentially small terms in Eq. (8),
by what occurs on the oxidizer side of the mixing the solutions in the outer layers can be shown to be
layer and become independent of the temperature y- = 2[1 - 1/2 erfc(4/v/2') and y, = C exp( - 42/4)
of the fuel stream. At this point, it becomes clear that U(1/2 - A, 4), where U is the Whittaker's function
T. is the most relevant temperature for the ignition as defined in Ref. 14. In deriving these expressions,
problem and is properly selected to nondimension- the boundary conditions of Eq. (8) have been used,
alize the equations. The analysis above indicates that, and the arbitrary value of yj at C = 0 has been chosen
when the temperatures of the approaching streams to be unity. The value of the constant C must be
are different, Fig. 2 still gives the critical Damkihler determined from the matching conditions with the
number for ignition of the autocatalytic reaction and inner layer as an expansion in the small parameter
the slope of the bifurcated branch, provided LH LH.
<< 1. To describe this inner layer, a stretched coordinate

To study departures from this result, we consider /o L must be introduced, and the value of yi has

the case T, >> T0, i.e., y << 1, so that A, = A0 and

the effect of T__ < T, reduces to the appearance of to be expanded in the form yi = (yi)o + N/L-H(yi)1+ ... This hond of formulation results in a set of
an additional factor exp(fllOf) multiplying the right-
hand side of Eqs. (8) through (10). Figure 3 shows equations for the inner layer that must be solved or-

the ratio AI(A,)o, in which (A,)o is the value of A, der by order by matching with the solutions for the

corresponding to 0- = 0. As can be seen from this outer layers given above. Solution to the first three
graph, although Fig. 2 loses accuracy as Lu increases, orders provides expressions for A0 and A1, which can

it still gives a reasonably good approximation for the be shown to be

critical Damk6hler number for ignition.

Solution for Small LH: N/T -- 2)

In the limit LH << 1, Eq. (8), modified to account A-
for different stream temperatures, can be solved in
the case T_ >> T, to determine A, as an asymptotic (14)
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A =2z A0  riving Eq. (16), the boundaiy conditions of Eqs. (1)
A 1 A=A0_ • 0 through (3) have been used to integrate linear corn-

-2 2 2 -binations of Eqs. (1) and (2) and of Eqs. (1) and (3),
respectively. A similar linear combination of Eqs. (1)

f (1 (-\ \Of) and (4) was integrated to obtain yHj + 3yH = 1/2
2 erfc-, f ct (15) erfc(C/V22), which was used wben determining the

boundary conditions at ( = C& The ignited solutions

where F and -' are, respectively, the gamma and of this problem were obtained by numerical

digamma functions and F is defined as F(x1, X ) = 1 integration using a simple shooting method.' For a
+ (x I - 1) exp(XIX2) - x, exp[(1 - x1)x21. It can be given value of (,1, integration of the equation starting
shown that the only value of A0 that is a solution of from C = Cd determines a unique value of A for

Eq. (14) and also satisfies the additional constraint which the solution is positive everywhere and also
U(1/2 - Ar, () > 0 is given approximately by A0 = satisfies the boundary condition at - c-. Different so-
1.4251. Comparison of the two-term asymptotic ex- lutions obtained for increasing values of the param-
pansion for A, with the result obtained by numerical eter Q = /fllq/s are shown in Fig. 4. The bifurcated
integration is shown in Fig. 3 for the case LH = 0.1. branch becomes subcritical when the value of •2 ex-
As can be seen, retaining two terms in the expansion ceeds the Q2, predicted by the weakly nonlinear anal-
suffices to give a good approximation in this case. ysis. Away from the bifurcation point, the consump-

The value of A1 becomes zero when the two ap- tion of 02 eventually takes over, and the subcritical
proaching streams have the same temperature. In bifurcated branches turn around, beginning to re-
that case, the analysis, which is valid for y v, 0, must produce the S-shaped curve typical of diffusion
be carried to a higher order if the effect of LH vi 0 flames.
is to be taken into account. The next two terms in The asymptotic value approached by the bifur-
the expansion for A0 were found to be A, = 2 cated branch for large values of A was also deter-
Ao/[Vf(1/2 - Ao/2) - '(1 - AJ/2)] - 0.3866 and mined. Since the model employed accounts for H2
A3 = -(VF2/3)AoA 2  - 0.2597. The expansion A0  depletion, the limit A -- cc consistently gives the
= A0 + LHA 2 + L1IA 3 gives the value of A0 for flame-sheet approximation. In the limit A -- , H2
equal stream temperatures within 1% accuracy for and 02 do not coexist, and the chemical reaction is
values of LH as large as 0.45. confined in an infinitesimally thin layer located at C

= C,. The location of the flame is obtained from the
jump condition at the flame sheet,

Nonlinear Analysis of a Simplified Model *We can anticipate the results of the numerical integra-

lthough a simple weakly nonlinear analysis suf- tion of Eq. (16) by using a simple lumped approximation

flees to determine the dependence of the shape of for the equation. In this approximation, attention is re-

the ignited branch on the different parameters pre- stricted to the reaction region, where yu - y,,,,,. The dif-the gnied ranc onthediffren paametrs re-ferential operator on the left-band side of the equation,

sent in the problem, calculation of the solution away whial reresen the leftradide of dif eusion,

from the bifurcation point involves numerical inte- ich represents the loss of radicals by diffusion, is re-

gration of a four-equation boundary-value problem, placed by the term - ayop,, with a of order unity, and the

A significant simplification is obtained if we restrict fuoctions yJwf and exp(flOf) by their values in the reaction

our attention to the case T. >> T0, i.e., y << 1i and region, yof and exp(flf0;), both quantities of order unity.
also assume that the Lewis numbers of all s With these approximations, Eq. (16) reduces to the simple

present in the mixture are unity. This assumption is ebraic equation

clearly inaccurate for hydrogen, whose diffusivity is ay0,,,,.. = A exp(f•lf) exp(/,q 1y1,,_,) (yo, - sy.,,,,,) y,.<
much higher than that of heat or oxygen. Therefore,
the results presented below are not intended to be This equation admits two different solutions, Y, = 0 and
accurate but rather qualitatively correct. The results A = a[yofexp(f,O;)]-' exp(f•,q,y,,,,,<,)[1 - (s/yo2f)y.J -,
would also be quantitatively correct if the chain- corresponding to the frozen and ignited solutions, respec-
branching species were 0 or OH instead of H. tively. Some characteristics of the ignited branch that ap-

In this case, the problem reduces to that of solving pear in the numerical results are summarized here. The
the differential equation ignited branch departs from the frozen one at a critical

value of the Damkbhler number of order unity given by
YyH + o2y [ Y)2f exp(fiOO)]-'a. By linearizing the expression for the

C -- + =~-~' ignited branch for small values ofy,,,,, it can be seen that
a( KC2  the bifurcation is supercritical as long as fiq,/s < [yg)of] - ,
- A exp(/Jl0f) exp(flsqIYH)(yo2f - SYH) Y1u (16) again a quantity of order unity. Away from the bifurcation

point, the ignited branch evolves so that the Damkdbler
subject to yn( - cc) = 0, YH(Cd) = 1/6 erfc(Ccu/V/2) number becomes infinite as y,,,,,,, approaches a value of or-
and dyn/dC(Cd) -(1/6) 2/nrexp(-CJ/2).Inde- ders s.
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0.04 ____- was found for T. > T, to be supereritical. This cor-
0.035 Q 2.5 responds to a smooth transition from a frozen solu-0Q 2 tion to a diffusion flame as the Damkdhler number

0.03 •- _ ..... n• J428 increases. This lack of abrupt ignition for T. > T, was
0.025 - - 0 = C also observed in the numerical solutions [8,9]. The

YHmax 0.02 ,/ large heat release associated with the recombination

015 / - changes the character of the bifurcation to subcritical
when T. = T., and an abrupt type of ignition is ob-

0.01 L tained below this temperature.
0.005 -Because of the chain-terminating effect of the

0 .principal heat-release step, the value of A, increases

1.3 1.4 1.5 1.6 1.7 1.8 1.9 significantly as T. approaches T•, in qualitative agree-

A ment with results of previous numerical studies [8,9].
At crossover, A, becomes infinite; i.e., the critical

FIG. 4. Effect of heat release on the shape of the ignition strain rate becomes zero, and below this tempera-
branch for s = 20 and L,, = 1. ture, the solution consists of a C-shaped curve un-

connected to the frozen solution.
F 8 YH Oyo ]a,_Although the kinetic model employed qualitatively

+101 0 (17) reproduces the numerical results shown in previousL - , =01 studies [8,9], further quantitative comparisons with
numerical and experimental work are required to test

which can be used to find the asymptotic values of the parametric results presented here. In addition,
Qfj and y1 ii,,=.. further analytical study must be given to conditions

with T, << T4, where a thermal-explosion character
( 6 is anticipated, before simple results can be presented

V2 1 that can be used widely in engineering practice.
s + 3 es + 3
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EFFECT OF THE INITIAL TEMPERATURE AND COMPOSITION OF A HOT
TRANSIENT JET ON THE IGNITION OF H 2-AIR-DILUENT MIXTURES

N. DJEBAILI, R. LISBET, G. DUPRE AND C. PAILLARD

Centre National de la Recherche Scientifique
Laboratoire de Combustion et Systtnws Reactifs and Universit6

1C, Avenue de la Recherche Scientifique
45071 Orldans Cedex 2, France

An original facility has been built, which consists of a shock tube connected to a combustion chamber
via an injector, in order to analyze the ignition of a combustible mixture by a subsonic hot gas jet. Using
this technique, it is shown that the stagnation temperature, just prior to ejection, of an H 2-Ar mixture
heated behind a reflected shock wave between 750 and 3000 K is the main parameter for igniting H2-air-
diluent (CO2 or H20) mixtures. The minimum stagnation temperature to ignite an H2-air mixture is ap-
proximately equal to the self-ignition temperature of this mixture. If CO, or H20 is added to the com-
bustible mixture, the minimum stagnation temperature must be increased. Beyond the critical diluent
concentration, the mixture cannot be ignited whatever the initial jet temperature is. The temperature
corresponding to the critical composition is called the minimum critical temperature. Under these con-

ditions, the ignition limits by a hot jet constituted of a shock-heated H2-Ar mixture have been determined
for H2-air-CO 2 and H2-air-H 20 mixtures. The conditions for which ignition is no longer observed for an
H2-air-H 20 mixture are the following: equivalence ratio k = 0.55, initial temperature and pressure, re-
spectively, of 403 K and 100 kPa, and mol% H20 = 48. The ignition limits are compared with the classical
flammability limits. The influence of the composition of the hot gas jet on the ignition limits of H_-air-
H20 mixtures has been analyzed and discussed. The present results provide a new assessment, particularly
important for nuclear reactor safety.

Introduction a temperature exists beyond which combustion al-
ways takes place, whatever the strain rate is. In the

In many practical applications, a hot gas jet is in- ease of the ignition of a combustible mixture by a hot
jected into a combustible mixture. Many configura- fuel jet, the ignition around the jet is followed by a
tions of this type do exist: For example, in the case flame propagation. Wolfhard [4] and later Vanp6e
of a jet engine combustor, the hot products and un- and Bruszack [5] were among the first who studied
burnt fuel flow from the primary zone and encounter the ignition of a combustible mixture by a steady lam-
air streams. In this example and in many others, one inar jet of hot gas. Wojcicki [6] has studied the un-
stream is initially at high temperature, and intui- controlled ignition due to hot gas emission in the
tively, the subsequent combustion and the diffusion atmosphere. More recently, Enomoto et al. [7] de-
flame will be dependent on this temperature. In termined the ability of a hot jet, either air or nitrogen,
some scenarios of a severe accident that may occur to ignite an H2-air mixture with regard to the initial
in nuclear power plants, because of deficient nuclear temperature of the hot gas. In these previous studies,
reactor cooling, a hot hydrogen jet may be injected the initial temperature, at the jet orifice, did not ex-
into an explosive H2-air-H 20 mixture. The main ceed 1500 K. However, in several hazard applica-
question is to determine precisely the conditions in tions, the explosion occurs in the early stage of the
which an explosion can be initiated by the hot jet. hot gas flow, and therefore, studies on the ignition
The ignition mechanism of a fuel jet flowing into an by an unsteady flow are more realistic. Phillips [8]
oxidizer stream has been theoretically analyzed by carried out experiments and proposed a model of the
Fendel [1] and Lifian [2]. Darabiha and Candel [3] ignition of a combustible mixture by ajet of hot prod-
have shown that the initial temperature of one of the ucts, in order to serve as a means of MESG (Maxi-
streams has a great influence on the critical condi- mum Experimental Safety Gap) determination.

tions of ignition and extinction. In particular condi- However, the initial conditions, such as the initial
tions, a change in the oxidizer stream temperature temperature and pressure that generate the jet, were
from 300 to 1000 K increases the critical strain rate not well defined. Knystautas et al. [9] discovered that
at extinction by a factor of 10. It was also found that a jet of hot products could be used to initiate deto-
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nations. Later, Schildknecht et al. [10], Mackay et al. mounted flush with the inner surface of the shock
[11], and Shepherd and Krok [12] described the ef- tube, and of five transducers (labelled CC 1-CC 5) in
fect of the jet characteristics on the regime of the the combustion chamber. Coupled to these pressure
combustion initiated by a hot gas jet. However, these gages, four optical quartz windows (W) are located
experiments were carried out with a gas flow gener- across from UV-sensitive photomultipliers (labelled
ated by a very high pressure ratio, and in some cases, PM 1-PM 4) for the detection of the flame front pas-
a spherical shock wave could propagate in the corn- sage.
bustible mixture and induce changes. The principal advantage of this hot jet production

In the present paper, an original method is pro- method is that, prior to ejection, the initial parame-
posed to generate a subsonic turbulent jet of hydro- ters such as temperature, pressure, and composition
gen and argon heated to 750-3000 K behind a re- are well known with a 1% accuracy. The hot flow
flected shock wave and to let it flow downstream into duration, not exceeding a few milliseconds, is a tran-
a combustible mixture of H2-air, either diluted or not sient flow. For these experiments, an ignition will be
by steam or carbon dioxide. In the previous studies considered as positive when the jet induces the ig-
cited above, the initial conditions before ejection nition of the combustible mixture and the propaga-
were not well known since the hot products cooled tion of the flame in the whole combustion chamber.
very rapidly and the pressure drastically decreased. As observed from a fast video camera, a flame can
On the other hand, with the shock tube method, the be initiated around the jet without propagating in the
gas parameters heated by the reflected shock wave, combustible mixture. In this case, the ignition is con-
prior to ejection, are well defined for several milli- sidered as negative.
seconds. Using a coupling between a shock tube and
a combustion chamber, ignition limits by a hot gas
jet could be determined and provided new basic in- Results
formation for H2-air explosion hazards. The impor-
tance of both the initial temperature upstream of the Deternination of the Temperature and Composition
jet and the jet composition has also been shown, of the Hot Gas to be Ejected:

As mentioned above, the shock temperature and
Experimental Setup pressure remain constant for several milliseconds be-

fore they decrease, due to wall heat losses and to the
The main idea of the present experiments is to use collision between the reflected shock wave and the

a shock tube to heat a gas to a given high temperature contact surface. The first parameter to be deter-
before being ejected through an orifice (2.5-mm i.d., mined is the delay of the terphanefoil rupture, zr.p,
0.4-mm thick) into a combustible mixture contained under the impact of the reflected shock wave-that
in a combustion chamber. The experimental setup is, the delay between the shock reflection and the
has been described previously by Djebaili et al. precise time of the foil rupture. The knowledge of
[13,14]. The mixture to be ejected, containing 60% this delay provides information on the exact com-
H2-40% Ar (H2 can be partially substituted by H20 position and temperature of the gas at the beginning
or CO2 ) is heated by the reflected shock wave to a of the flow. The rupture delay is deduced, as shown
temperature ranging between 750 and 3000 K and a in Fig. 2, from the recording of the pressure signal
pressure of 101-520 kPa. The combustion chamber, delivered by the last pressure gage (TC4) on the
in which the jet emerges, is filled with an H2-air mix- shock tube (from the simultaneous knowledge of the
ture, either diluted or not by CO 2 or H20, at an initial incident and reflected shock wave velocities), and of
temperature of 298, 373, or 403 K. The initial pres- the emission signal given by the first photomultiplier
sure of the combustible mixture varies between 100 of the combustion chamber (PM1). In all experi-
and 500 kPa. At a given initial pressure of the com- ments, zrp is found to vary between 10 and 500,us.
bustible mixture, the pressure of the shocked gas to The gas mixture heated by the reflected shock
be ejected is adjusted behind the reflected shock wave will be partially dissociated. However, the equi-
wave, in such a manner that a subsonic flow is gen- librium composition is not instantaneously reached.
erated. Therefore, the pressure ratio between the First, the equilibrium composition is calculated using
shock tube and the combustion chamber does not Stanjan code [15]. Second, a kinetics modeling code
exceed 1.4. Both premixed mixtures, for the shock [16] is used to determine the concentration profiles'
tube and the combustion chamber, are prepared us- evolution behind the reflected shock wave. It is
ing the partial pressure method and stored in two 20- therefore possible to estimate the composition of the
L tanks. To use steam, the whole experimental facil- ejected gas as the terphane foil is ruptured. From
ity is trace-heated and insulated in order to vary the these profiles, a characteristic time, Xq, defined as
initial temperature from ambient to 423 ± 2 K. the time necessary to get an H-atom concentration
The layout of instrumentation (Fig. 1) consists of in the ejected gas equal to 90% of the equilibrium
four piezoelectric transducers (labelled TC1-TC 4), value, can be deduced. In Fig. 3, the comparison
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CC$ CC4 CC.3 CC2 CCI \ -INJECTION SYSTEM

1: Stainless steel plate 0.4 mm thick, with
a 2.5 mm diameter hole in its center

2: Terphane foil, 12 gm thick FIG. 1. Schematic of the injection
3: Terphane foil support system.
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FIG. 2. Pressure signal delivered by thle last transducer FIG. 3. Evolution of the equilibrium time vs the shockof the shock tube (TC4) and emission signal given by the temperature of a 60% H,40% Ar mixture at a shock pres-

first photomultiplier (PML) of the combustion chamber. sure of 113 kPa.
The ejected mixture is 60% H2-40% Ar, and the combus-
tible mixture is 18% H,-82% air, initially at 100 kPa and
298 K. bustible mixture is called the ignition temperature.

In the case of an 18% H 2 in air mixture, initially at

between the rupture delay, Zrup, and the character- 298 + 2 K and 100 + 1 kPa, ignited by a shocked

istic time, Teq, for an H, + Ar jet shows that the 60% H 2-40% Ar mixture, it was shown that the crit-
equilibrium state would he reached only at very hot ical stagnation temperature is about 750 K for a sub-

temperatures, higher than 2800 K. Therefore, be- sonic flow. This ignition temperature has to be com-
cause of H 2 dissociation, the temperature behind the pared to the autoignition temperature determined by
reflected shock wave (called stagnation temperature) Conti and Hertzberg [17] by another technique, i.e.,
decreases. Thus, the ejected gas temperature de- a furnace. They found that, for lean mixtures, the

pends on rupture time. When the stagnation tem- autoignition temperature decreases slightly from 890

perature is of the order of 2000 K, the influence of K to reach a value of 750 K as the mixture equiva-
H 2 dissociation on the temperature of ejected gas is lence ratio tends to 1. If only argon is ejected into

negligible, the combustible mixture, the ignition becomes more
difficult, and the ignition temperature must be

Ignition Temperature by a Hot 112-ArJet: higher. The presence of hydrogen in argon makes the
ignition easier. This behavior can be due to the high

The temperature of the gas, just before its ejec- diffusivity of hydrogen atoms and their great reactiv-
tion, which represents the stagnation temperature, ity with oxygen. Furthermore, the jet properties are
will constitute an important parameter on which the changed if only argon is ejected since, with a heavier
following discussion is based. The critical stagnation component, the entrainment rate and the heat con-
temperature of the hot gas necessary to ignite a com- ductivity are not the same.
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temperature (required for ignition at this point) close
" 8 8oo to 2000 K. After ignition, the flame propagates in the

combustion chamber.
["" El • IGNITION

NO IGNITION
.4 Ignition Limits by a Hot Transient Gas Jet:
z
O4f0. •The results concerning the ignition limits by a hot

C jet of hydrogen and argon are presented in this sec-
tion. The effects of jet parameters and initial condi-

z tions on the flame characteristics have been previ-
U ously described by Djebaili and coworkers [13,18];
Z therefore, the sole effect on ignition limits that is
0

0 described here in detail is the effect of the addition0.0 +- E 0 of a diluent (CO2 or H20) to the combustible mix-
S o 1000o 2000 3000 ture.

INITIAL JET TEMPERATURE (K) The ignition limit is defined as the minimum con-
centration of a diluent added to the combustible mix-

FIG. 4. Concentration limit of CO2 added to the 18% ture above which no flame propagation is observed
H.-82% air mixture, initially at 100 kPa and 298 K, vs the in the combustion chamber, if the stagnation tem-
initial jet temperature of the ejected gas containing 60% perature is equal to or higher than the minimum crit-
H,-40% Ar. ical temperature previously defined.

In Table 1, a comparison is given between the dil-
Effect of the Dilution of H9-Air Mixtures on the uent concentrations at the ignition limit of the com-

Ignition Temperature: bustible mixture, containing initially 18% H2-82% air
and diluted either by COs or by H20. These limits

The ignition temperature is noticeably increased are determined for different initial temperatures and
when the H2-air mixture is diluted. For example, the pressures of the combustible mixture. The gas jet
ignition temperature, in the case of the 18% H2-82% used to induce ignition is a 60% H2-40% Ar mixture,
air mixture, is about 750 K. But, if 35% of CO is heated to 20.00-2600 K, that is at a temperature
added to the combustible mixture (that is, for an higher than the minimum critical temperature. The
11.7% H2 + 53% air + 35% CO 2 mixture), then the ignition limits obtained for H2-air-CO2 mixtures can
ignition temperature must be at least equal to 1200 be compared to the classical flammability limits given
K in order to induce a flame propagation in the com- by Zabetakis [19], who found that 50 Mol% CO2 is
bustion chamber. As shown in Fig. 4, the required needed to avoid combustion in the 18% H1-82% air
stagnation temperature increases with the CO2 con- mixture; in our case, only 44 Mol% CO2 is needed.
centration of the test gas. With a value greater than If the initial pressure is raised at a given initial tem-
45 mol% CO2, no ignition or flame propagation is perature, the CO2 concentration limit remains ap-
observed in the combustible mixture, even if the proximately constant, while the steam concentration
stagnation temperature of the ejected gas is in- limit increases. If the initial temperature is varied
creased to 2700 K. This CO2 asymptotic concentra- from 298 to 403 K at a given initial pressure, the
tion defines both the so-called ignition limit for a hot diluent concentration limit is strongly enlarged. At
transient gas jet and the corresponding minimum 100 kPa and 403 K, steam is more efficient than car-
critical temperature that is the critical stagnation hon dioxide to avoid ignition and the subsequent

TABLE 1
Evolution of the diluent concentration limit added to an 18% 1-12-82% air mixture at different initial temperatures, as a

function of the initial pressure of the combustible mixture

Ti = 298 K Ti,,i = 373 K Ti,,, = 403 K

(kPa) mol% C2 lim mol% H20 liM mol% CO 2 im mol% H20 lim mol% CO2 irM

100 44.0 ± 0.5 39 ± 0.5 50.0 ± 0.5 48 ± 0.5 56.0 ± 0.5
150 47.5 ± 0.5 >(41 ± 0.5) 48.0 ± 0.5 51 ± 0.5 55.0 ± 0.5
200 43.5 ± 0.5 - 50.0 ± 0.5 54 + 0.5 53.0 + 0.5
300 43.5 ± 0.5 - 51.0 ± 0.5 60 ± 0.5 51.0 + 0.5
500 43.5 ± 0.5 - 50.0 + 0.5 - 51.0 ± 0.5
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0 to 66.0 ± 0.5 tool% H2 in air, which is significantly
lower than the flammability limit (72 mol% H2) re-
ported by Langer and Stock in the case of upward

-% -propagation. For both H2-air-CO 2 and H2-air-H20
Pmixtures, the ignition area is smaller than the clas-

14ý sical flammability area, with a noticeable reduction
X '6 on the rich side. For C02-diluted mixtures, no data

are available at 403 K. For H20-diluted mixtures, the
ignition area is directly compared with the flamma-

s-tud-. 3 ,,bility area determined between 393 and 403 K by
I ZLanger and Stock [20]. The discrepancy between ig-
S. 2nition and flammability areas can be explained first

by the fact that the ignition limits are determined in

152 PERCENT a horizontal configuration while the flammability lim-
its were determined in an upward one. Second, the

FIG. 5. Ignition limits of H 2-air-CO2 mixture, initially at ignition by a hot jet is initiated in the near field of
100 kPa and 403 K, by a hot 60% H2-40% Ar jet ejected the jet where a higher hydrogen concentration exists,
through a 2.5-mm-diameter hole at an initial jet tempera- due to the mixing with the 60% H2-40% Ar jet. When
ture ranging from 2300 to 2700 K. Comparison is with both H2-air-C0 2 and H2-air-H 20 ignition areas are
Zabetakis [19] flammability limits at 298 K. compared, one observes that the first is situated out-

side the second ignition area. This result can be sur-
prising, since the molar heat capacity of CO2 is
slightly higher than the molar heat capacity of H20.
Therefore an inverse effect could be expected, or at
least, one could expect that both domains would be

- the same. Since the H2-air-C0 2 ignition area is larger
o than the H2-air-H 20 area, another phenomenon,

that is, a chemical effect, must be taken into account.
- - - - -Steam and carbon dioxide added to the combustible

mixture act as a third body in the reaction (1):

LTI4>43KH +0,2+ M -- HO, + M (1)

-10- This important reaction [with respect to its high ex-
100 75 50 2 oothermicity (AH298 = - 197 kJ)] competes with the

H2PERCENT chain-branching reaction (2):

FIG. 6. Ignition limits of H2-air-H20 mixture, initially at H + 02 - OH + 0 (2)
100 kPa and 403 K, by a hot 60% H2-40% Ar jet ejected
through a 2.5-mm-diameter hole at an initial jet tempera- At moderate initial pressure, CO2 and H20 behave
ture ranging from 2300 to 2700 K. Comparison is with like inhibitors. Because of the low reactivity of HO2 ,
Langer and Stock [20] flammability limits between 393 and reaction (1) actually behaves as a chain-terminating
403 K. step, while, at high initial pressure, reaction (1) in-

duces a thermal runaway. So, the rate constant of this
reaction is of great importance in the mechanism of

flame propagation, while the behavior is inversed if ignition and flame propagation. If the values of the
the initial pressure is increased, collision efficiency of H20 (6.5) and CO2 (1.5) rela-

The ignition areas of H2-air-C0 2 mixtures and H2- tive to H 2 collision efficiency given by Warnatz [21],
air-H20 mixtures, at 100 kPa and at 403 K, are given are taken into account, it is clear that the ignition of
in Figs. 5 and 6, respectively. In both cases, the ig- an H2-air mixture becomes more difficult at moder-
nition is produced by a 60% H2-40% Ar jet ejected ate pressure if the diluent is steam instead of carbon
at an initial temperature of 2500-2700 K. Three dioxide, since steam is at least four times more effi-
equivalence ratios are chosen: , = 1, 0 = 0.55, and cient than carbon dioxide.
, = 0.25. The lower ignition limit of the undiluted

H2-air mixtures is found to be equal to 4.5 ± 0.25 Effect of Diluent Added to the Jet on the Ignition
mol% H 2 in air. This value agrees well with the lower Limits:
flammability limit of H2-air mixtures obtained by
Langer and Stock [20]. For rich undiluted H2-air The final part of the present paper deals with the
mixtures, the upper ignition limit is found to be equal effect of a partial substitution of the hydrogen con-
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behavior is observed if H20 is substituted for H2 in
480 Co4u.0ibl. Miture the jet mixture (Fig. 7). The H20 concentration limit

(-,)[0.13H2+0.Slar + x H20 decreases to 37 mol%, as the amount of H20 in the
Z 440- : c02 ejected gas increases to 36 mol%.
o 4.0- The ignition limits of H2-air-H20 slightly differ

* *:* H20 when H20 or CO2 is substituted for H2 in the jet.
40.0 This result could be expected since, in the case of

the H2-CO 2-Ar mixture heated to 2600 K, the water
gas reaction is important and leads to H20 and CO

J. -production. A discussion previously given by Djebaili
0.6 IxDi1unt-x)H12 +o.4 a& i et al. [18] concerning the exact composition of the

32.0- ejected gas shows that about half of the initial CO2
is converted into approximately equal quantities of

7,, H20 and CO because of the water gas reaction (Fig.
0.0 10.0 20.0 30.0 40.0 50.0 8). As a result, a similar diluent effect of H20 and

DILUENT MOLAR FRACTION IN THE JEr (%) CO2 is found.

FiG. 7. Steam concentration limit added to the 18% H2- The present experiments show the importance, in
82% air mixture, initially at 100 kPa and 403 K, vs the molar the case of a subsonic jet, of the initial jet tempera-
fraction of the diluent (CO2 or HO) added to the hot gas ture on the ability to ignite a combustible mixture,
ejected at an initial temperature close to 2700 K. and on the restriction of the ignition area when hy-

drogen is partially substituted by carbon dioxide or
steam.2800- 0.40

[CO2] [H~xlE+2
2700-0.30 0

[CO]Conclusions

2600- 0.20 An original experimental facility has been built to

o3 study the ignition of a combustible mixture by a hot
2500 - gas jet. This device provides good control of the ini-

mperature z tial parameters of the jet.
S[I-Il The present paper deals with the critical condi-

o I I I I 0.00 tions of a transient jet heated to 750-3000 K for ig-
0 200 400 600 900 1000 1200 niting a combustible mixture of H2-air, diluted either

TIME (ps) by H20 or by CO2 . From the experimental data, two
important parameters emerge:

FIG. 8. Evolution of the temperature and the composi-
tion of a 36% CO2-24% H0-40% Ar mixture behind the 1. The stagnation temperature is found to be a pre-
reflected shock wave vs time, using the Chemkin code [16]. ponderant parameter that governs the ignition of
The initial time corresponds to the shock impact at the the combustible mixture by a hot gas jet.
shock tube end. Shock temperature and pressure are 2628 2. The nature and composition of the gas in the hot
K and 113 kPa, respectively (determined by Stanjan code jet also play an important role in the ignition
[15]). The combustion chamber is initially at 100 kPa. mechanism.

The ignition limits of H2-air-CO 2 and H2-air-H 20,
tained in the jet by CO 2 or H20 on the ignition limits determined by using the shock-tube-combustion-
of the 18% 112-82% air mixture diluted by H20. chamber coupling, constitute a new data base, par-

When the stagnation temperature of the hot gas, ticularly for the assessment of nuclear power plant
prior to ejection, is around 2600 K, the substitution safety, since no information is found in the literature
of H2 in the hot gas by CO2 or H20 leads to a strong with this peculiar hot gas jet.
decrease of the steam composition of the combusti-
ble mixture at the limit (Fig. 7). For example, if the Acknowledgments
jet contains 24% C0 2-36% H2-40% Ar, the ignition
limit decreases to 39 mol% H20, and it drops to 32
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Ar. However, if the stagnation temperature is lower, TEN) under Contract No. NC9298. One of the authors
about 2000 K, the ignition limit will decrease as well, (N. Djebaili) acknowledges financial support from
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USA. In the present study, the authors correlate the hot 2000 K. At this temperature, the presence of reactive spe-
jet ignition of their test gas with the temperature of the jet. cies is necessary to ignite the same mixture by a transient
It is well known that the ignition phenomenon is also jet whose duration does not exceed 8 ms. Thus, the chem-

strongly influenced by gas dynamic effects. The gas dy- ical reaction rate, mostly dependent on temperature, plays
namic effects manifest themselves in the mixing of the hot the main role in the ignition process of a combustible mix-

jet gas and the test gas and are usually characterized by the ture by a subsonic hot gas jet. However, it is evident that
jet Reynolds number. Are there any plans to investigate the gas dynamic effects must be taken into account in order to
gas dynamic effects in the future? model in detail the ignition mechanism. For example, the

Author's Reply. Obviously, the jet temperature is not the influence of jet diameter plays a certain role: With a 1i-mm-

sole parameter to affect the ignition process. Indeed, the diameter jet, we have found that ignition is much more

ignition mechanism by a subsonic hot gas jet is not a purely difficult than with a 2.5-mm-diameter. The influence of the

thermal mechanism. If a jet, constituted of pure argon, is structure of the jet emerging into the combustible mixture

used, a temperature higher than 3000 K has to be reached and subsequently gas dynamic effects will be investigated

to ignite an H./air mixture. If 2 or 3 mol% H_ are added in the near future.
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DIFFUSION AND PREMIXED FLAME IGNITION DYNAMICS IN A FIELD
OF VARIABLE STRAIN RATE

D. THEVENINW AND S. CANDEL

Laboratoire d'Energttique Moliculaire et Macroscopique, Combustion
UPR 288 du C.N.R.S. and Ecole Centrale Paris

Grande Voae des Vignes, F-92295 Chltenay-Malabry, France

Theoretical studies as well as experimental evidence indicate that the strain rate determines in many
cases the structure, consumption rate, and dynamics of diffusion and premixed flames. Large values of the
strain rate can lead to extinction of the flame, whereas the level of strain rate controls in many situations
the process of ignition. In typical cases of practical interest, a reactive element is transported in a field of
variable strain rate. This takes place, for example, when two streams of reactants come into contact and
form a mixing layer. In a frame of reference attached to this reactive element, one may describe the
external flow field in terms of a time-dependent strain rate, and the response of the reactive element may
then be modeled by examining the unsteady behavior of a fixed reactive sheet submitted to a strain rate
evolving with time. Combining asymptotic analysis with numerical calculations, systematic studies have
been carried out for this generic problem. Comparisons with experimental results relevant to supersonic
combustion as well as to the stabilization of premixed flames on flameholders show adequate predictions
of the ignition distance and of the stability domain.

Introduction Haworth et al. [91 show the necessity of considering
the true time-dependent value of the strain rate at

Problems of ignition in premixed and non-pre- the reactive interface when using flamelet modeling.
mixed shear flow configurations are of considerable Further studies sharing similar lines of reasoning
technological importance and have received contin- are due, for example, to Lifidn and Williams [5,10]
uous attention in the past. Many studies have con- and Th6venin and Candel [11]. In the last reference,
cerned the ignition of a stream of premixed reactants it is indicated that one may describe the conditions
by a stream of hot gases [1-3]. This geometry is typ- of ignition by examining the nonsteady response of a
ical of that found in the flame stabilization by bluff reactive element in a field of variable strain. It is
bodies, and it may be used, for example, to analyze shown that results obtained for this generic problem
the conditions of flame stability, the standoff distance may be used to predict the ignition of non-premixed
of the ignition point, and the blowoff phenomenon. shear flows formed at the confluence of hot and cold
The problem of ignition of non-premixed reactants streams. This analysis is extended in the present ar-
in mixing layers has also been examined in relation tidle to premixed as well as partially premixed con-
with supersonic combustion applications. This prob- figurations.
lem is equally relevant in diesel engine modeling Given a specific aerodynamic flow like a mixing
r4,5t. The fon-premixed configuration often gives layer, jet, or wake, the spatial distribution of strain
rise to triple flames, including premixed and diffusion rate is first determined. A transformation into a mov-
branches, and such structures have been analyzed in ing frame of reference attached to a reactive element
many theoretical articles. Much of the recent work in f ra e of r Fenc attche to amreatie elemen
extends the classical ideas of Marble and Adamson is then carried out (Fig. 1). In this frame, the strain
[1] and the pioneering work of Lifitn and coworkers rate appears as a time-dependent parameter. This
[6,7]. One interesting contribution is due to Niioka yields the complete history of the strain rate, which
[8], who models the ignition of a jet diffusion flame acts on the reactive sheet. An asymptotic analysis
by examining strained flames. The results obtained then provides the ignition time. Using the convection
are then used to describe the process of ignition of a velocity of the flow being modeled, it is possible to
fuel spray in a high-temperature atmosphere. deduce an ignition distance. When the ignition time

becomes infinite, the ignition point is rejected to in-
finity, and this condition defines flame blowoff.

'Present address: Institut for Tecbnische Verbrennung, An important advantage of the present analysis is
Universitidit Stuttgart, Pfaffenwaldring 12, D-70550 Stutt- that it is applicable to a variety of shear flows. It is
gart, Germany. shown in the present article that it may be used to
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local interfacial element

Oxidizer Mixing layer

(a) Strain rateS(t)Flm
Fuel\

4

Fuel + Oxidizer Fla\me
SStrain rate

-D Mixing layer
Hot gases A

FIG. 1. Principle of the model,
showing the relation between a mix-

Fuel + Oxidizer ing layer and a one-dimensional
(c) 1 Hot gaes strained interface between two

streams.

deal with non-premixed and premixed situations, that the thermodynamic properties as well as the dif-
Partially mixed flows that are also encountered in fusion coefficients are constant and identical for all
practice (for example in afterburners) may be treated species and that the Lewis number is equal to unity.
as well but will not be considered in this paper. The viscous dissipation term is also neglected. This

The problem is formulated in the next section. The term could be important when modeling ignition in
numerical procedure and the strain-rate estimation boundary layers [15], but it is generally too small in
method are briefly described in the third and fourth mixing layers to lead to significant changes in tem-
sections. Examples of application and comparisons perature [16]. While these hypotheses are quite re-
with experiments are then provided in the last see- strictive, it appears possible to get a good agreement
tions of this paper. with experiment by working in this frame.

Initial and boundary conditions used in the anal-
ysis are as follows. Mass fractions and temperature

Reduction of the System of Equation are kept constant at z = +o -and z = - -. At t =
0, all parameters are represented by a step function
between their value at z = + - and z = -i-, the

In this analysis, we only consider two different re- step being located at z = 0. Variables with subscript
acting species: one fuel (index F), and one oxidizer 0 (respectively 1) designate initial values for z < 0
(index 0). These two species react according to vFF (respectively z > 0) and, at the same time, boundary
+ v 00 - vpP. The kinetics of this single-step reactive values for z = - - (respectivelyz = + cc). In a coun-
process are described by an Arrhenius law. All other terflow configuration with strain rate e, the system of
species that are or might be present, e.g., the product equations can be written as follows:
of the reaction (index P) and possibly a diluent, are
grouped under the form of a "global" species (index ayF ayF a5YF VFWF .

G).Z D -C (1)
The thermodiffusive hypothesis [12,13] may be at a a

used in this analysis because, during the ignition pro- Oyo ayo a2y - voW (
cess, the changes of density due to the reaction are 6z - - -D - - -o (2)
small and may be neglected. One may equally as-

sume that the transverse coordinate is weighted by aT aT B2T vpWpQ
the density (using the Levy-Lees transformation t az D 2 co (3)
[14]) so that the governing equations take the con- az
stant-density form. Pressure is assumed to be uni- YF + Yo + Y1 = 1. (4)
form and constant, which is a good approximation in
many experimental configurations. We also consider The reaction term cb has the Arrhenius form
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O = Apo('F+÷ O)y•yýjTI exp -a. (5) YF = (T0 + YFO) Z - T (13)
T (_T) o = To foo Z T. (14)

A more compact set of equations may be deduced The system of Eqs. (6) through (8) is therefore equiv-
from the previous system. One first defines 2F = YF alent to
- YF, YO = (YO - Y 0 1), and T - CI( - T1)-Q,
where a = vFW 8/(voWo) is the stoichiometric co- az az a2z
efficient and Q is the heat released by the reaction - - - D- = 0 (15)
per unit mass of fuel. The system becomes at az aZ2

a8
F ay, a2 T F aT a' a2T

t 8z - - D - = -Q (6) ez - D-= -- VFWFAp 0(•+"°-')T#
at az aZ2  a z az2

y-D a2y 0  "exP( - )[(f[o + YF0 ) Z - T + YF1 ]IF- . .. ay - - (7) T
at az az2

AoT aNT aD-T N ()•[(To + Y00) Z-NT1 • (16)at az - D 3Z2 = (8) (16)

If 8(t) designates the actual value of the strain rate at
with b = vFWic/po. The problem can be further the interface (z = 0), and el represents the maximum
simplified by introducing Zeldovich's variables [17] value of p, one may define the following dimension-
Z1 and Z2 defined by less space and time coordinates as

N+ 1F ()t
Z, - + F (9) Z(t) (r) dr (17)

T + Y,0
Z2+= - o + (10)

T+ 00  = y(t)t (18)

Considering Eqs. (6) through (8), it is obvious that
Z1 and Z2 are solutions of the same differential equa- (9
tion, without the source term: \D

azi eZ az O a Z1 The system thus becomes-- z--D- = 0, i = 1, 2. (11)
at az az2

az aZ e a2Z
- - - = 0 (20)

From the definition of the initial and boundary con- at af 8 a; 2
ditions, it can also be seen that the equations for Z1
and Z 2 are to be solved with the same initial and aT aT el a2'T VFWFA ('E+o
boundary conditions. It follows that the two variables -- - - - =

Z1 and Z2 are identical. The frozen temperature Tfr at 3, a 2  0
corresponding to the same configuration in the ab- -T
sence of chemical reaction is also governed by an expIl8 [('0+ Y8 o) Z -+ +
equation in the form of Eq. (11). Now, the reduced T/
variable Tfi0 possesses the same initial and bound-
ary values as Z1 and 72 and, therefore, coincides with [121
these variables at all points and for all times: [(TO + Y0o) Z - Ti + Y0 1o . (21)

Zl(Z, t) = Z2(z, t) = Tfr(Z, t)/o T Z(z, t). (12) It is convenient to define a reduced temperature pa-
rameter Tred = CpT 1 Q as well as a temperature in-

The initial and boundary conditions associated with crement above the frozen temperature given by 0 =
variable Z are Z(z = - , t) = 1 and Z(z = + -, t) (T - T)/,u. The quantity/u is a small parameter and
= 0, and at t = 0, Z(z) is a jump function that will be defined later. Here, 0 is the first-order term
switches from 1 to 0 at z = 0. Knowing Z and T, it in the expansion of the temperature T with respect
is possible to compute back all the variables of the to the small parameter a [7], the temperature being
system. For the mass fractions, one has, e.g., written as
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T = 7f,_ + T p + p 202 +,- 3
03 + .... (22) 0max I I I

10

We write for convenience T, = C,,T,/Q. Now, as
long as the reaction remains weak, T - T7f. Using 1

these new parameters, one can therefore write at first
order, before the thermal runaway, 0.1

exp( - Tj) = exp( - 0

0.001
/T ) ooo _ _ _ ,r) 0.000

0 0.001 0.002 0.003 0.004 0.0057%"

cx <T 0)2 (23) FIG. 2. Example of the evolution of the maximum value
\(Tf,. + Tred)2/ of 0 with nondimensional time during a typical ignition

Neglecting all the terms of higher order in u, the process.

temperature equation takes the form
switches from I to 0 at z = 0. At t = 0, 0 is uniformly

ao aO e, a20 vF11WFA equal to 0. This system is to be solved with the
--- C a ,

2  VI 0 boundary conditions Z(z = - ,t) = 1, Z(z = +x,
t) = 0, O(z = -,t) = 0, and 0(z = +, t) = 0.

cxp +7ra ex(( PT"'0 )2)
( epr + Trde e (Tf,- + T,,d Numerical Procedure

(To + <FO) Z - 'f,-+ Y 1]''F The simplifying assumptions used in the above
analysis yield a system of two uncoupled Eqs. (26)

{1 [24± and (27) in place of a system of three fully coupled
t7 [(To + Yo± ) Z - T +oz• (24) Eqs. (1) to (3). The solution of the resulting system

is straightforward and is obtained with an implicit
We already know through Eq. (12) that TfI ToZ. method, as both equations may be discretized as tri-
It is now adequate to choose y = Týed!t, as the small diagonal systems. Knowing the solution at time t.,
temperature expansion parameter, and to define a the equation for Z is integrated in a first step leading
reduced strain rate 6 = 8/8, and a Damk6hler num- to the value Z(z, t,+ ). One then uses this new value
her given by of Z to integrate the equation in 0. The solution of

both tridiagonal systems is obtained with a recursive
VF'VFA (algorithm [18]. The computing time needed to get a

A- PO - 1VFA1+ (25) solution is negligible (about 20 s CPU on a standard
El// workstation).

The system of equations is noO\ reduced to A typical temporal evolution of the maximum
value of 0 is presented in Fig. 2. At a certain instant

8Z aZ I in time, 0_ rises quickly toward infinity, which in-
aZ Z a s2  0 (26) dicates that ignition is taking place. One may con-

at a, e a,5 sider that the ignition corresponds to 0m,, > 50 and
may stop the computation when this criterion is sat-

a0 a0 1 ia 2 0 A( TZ + Y isfied.

a- a ;as • 4 - l+ An example of the evolution of the ignition dis-tance when increasing the strain rate is displayed in
T F[ 7T \2 1 Fig. 3. This figure corresponds to the stabilization

ex exp_ Ted experiment of Scurloek [19] for 0 = 0.7, which is
• e T0Z + red) L\ToZ + Tred/ J described later in this paper. In this case, the strain

rate is directly proportional to the inflow velocity.
[YFoZ + )FI(1 - Z)]I[YooZ When the velocity is increased, there comes a point

+ Yol(1 - Z)]"0. (27) where the ignition site moves rapidly toward infinity.
The velocity for which this happens will be consid-

The initial solution for Z is a jump function that ered as the blowoff velocity given by the model.
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300 TABLE1

Comparison of computed and experimental ignition
250 distances for four supersonic combustion cases involving

diffusion flames
S200

15 Experimental dr Computed d, d, in
150 Ref. (cm) (new model) Ref. 11

C100 20 rd, < 6.2 3.76 3.87
S21 10.32 < d, < 17.8 16.95 16.9

55 22 -5.07 5.28 5.26
23 10 < d, < 20 9.21 9.22

0 2 4 6 8 10 12 14 16

Inflow velocity (mis)

using a more restrictive formulation than that de-
FIG. 3. Evolution of the computed ignition distance with rived in this article. Both models are identical for

an increasing inflow velocity for 0s = 0.7 (experiment de- diffusion flames but that of Ref. 11 is unable to deal
scribed in Ref. 19). Parameters of the computation are with premixed situations. As a first test, it is worth
listed in Table 2. showing that the present formulation is equivalent

for non-premixed flames to that used previously. For

Evolution of the Strain Rate this, we use the new model to obtain predictions of
the ignition distance corresponding to four basic ex-

In order to solve Eqs. (26) and (27), one has to periments pertaining to supersonic combustion [20-

speify oher timsolveEs.26)nt evolu onofthe strain 23]. A summary of the parameters used for thesespecify the time-dependent evolution of tesri opttosi ie nRf 1
rate at the interface between the two streans. This computations is given in Ref. 11.

evolution is given by phenomenological considera- Table 1 shows the experimental ignition distances

tions based on the principles given in Fig. 1. along with the computed ones given by the present
tions bashear laye the bsinci gidea consiss of c model and by the previous one described in Ref. 11.For a shear layer, the basic idea consists of corn- Cmue ausgvnb h e oe ra

puting the spatial evolution of the strain rate in terms Computed values given by the new model are, as

of the velocity difference between the two streams expected, similar to those found previously. The very

AV = IV, - 171 and of the width of the mwixed zone slight difference observed corresponds to the modi-
AV t= e tw-1ano streas wiv~ leadthnog the iefication of the formulation, leading to a small change
between the two streams s(x), leading to in the criterion used to stop the computation as 0,,

AV goes toward infinity. A good agreement with all four
e(x) = w(x) (28) experimental results is observed, which proves that

the present model is able to describe the ignition of

This modeling does not allow that w(x = 0) = 0. diffusion flames in supersonic flows.

We introduce, therefore, a value w0, giving the size
of the mixed zone between both streams at the level
of the first contact point. In the typical case of two Premixed Flame Cases
coflowing streams separated by a splitter plate, w0 is
the width of this splitter plate. In axisymmetric jet We now consider the problem of flame stabiliza-
cases, w0 corresponds to the difference between the tion in a premixed stream. Numerous experiments
inner and outer radii of the inner nozzle, were carried out in this configuration [19,24-27]. In

The spatial evolution of e is converted into a tern- what follows, we refer to the experimental results of
poral one by working in a frame of reference attached Fetting et al. [26], concerning the stabilization of a
to a convected interfacial element. This modeling premixed flame on a 5-mm diameter cylindrical bluff
can be used as well in planar two-dimensional cases body. In this work, the domain of stable combustion
as in axisymmetric ones. Further details on this phe- is given as a function of the equivalence ratio of the
nomenological representation of the strain-rate evo- fresh gas. The principle of the transformation into a
lution are given in Ref. 11 and were used without strained interface model is analogous to the one used
changes here. for mixing layers and is presented in Fig. 1. We con-

sider that, behind the bluff body, the velocity is zero
and that the temperature is equal to 90% of the adia-

Diffusion Flame Cases batic flame temperature of the incoming mixture.
Both hypotheses yield fair approximations of the real

The study of the ignition dynamics for diffusion situation [29]. The adiabatic flame temperature is
flames submitted to strain is presented in Ref. 11 by computed as a function of the equivalence ratio using
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TABLE2 80 .,

Parameters used to model the experiments described 70 7

in refs. 19 and 26 , '

Parameter Value [19] Value [26] ' 00
50 0

Equivalence 40

ratio 4 = 0.6 to 1.6 i.d. 0

0

Fresh gas
temperature 300 K i.d. 10

Fresh gas 0 .... ...
pressure 1 atm i.d. 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Initial mixing equivalence ratio

width 3 X 10-5 m 2.1 X 10-1 m FIG. 4. Comparison of the experimental and computed
Bluff body domains of stable combustion for the experiments de-

outer scribed in Refs. 19 and 26. Ref. 19: 0, experiment; dashed
diameter 2.39 x 10-3m 5 x 10-1 m line, computation. Ref. 26: 0, experiment; solid line, com-

putation.

the equilibrium chemistry hypothesis. To describe two comparisons show that the present model is ap-
the reactive process, we take T, = 12,000 K [28] and plicable to premixed configurations, which was not
Q/Cp = 2.7 104 K [30]. Writing the chemical reac- the case of the original formulation given in Ref. 11.
tion as a single-step process would lead to vF = 1
and vo = 5, which is of course unrealistic, as real Conclusion
reactions can only be bi- or trimolecular. In order to A model is formulated for ignition and flame sta-
retain partially the dissymetry between the fuel and bilization in shear flows. Numerous comparisons with
oxidizer (as it appears also in the experimental re-sults), we choose vF = 1 and Vo = 2. Initial densit experiments of the predicted ignition distances and

sity blowoff velocities have been carried out. They refer
is computed using a perfect gas law. The value of the to several experimental results corresponding to var-
pre-exponential factor is not known a priori and is
chosen in order to get the correct value of the blowoff sous premixed and non-premixed flames (two-dimen-
velocity at 4 = 1, which leads to A = 1.89 X 1011 sional and axisymmetric) and two different fuels (hy-

in SI units. drogen and propane). In all cases, the present model

The experimental parameters needed by the predicts the autoignition site and stability domain

model are listed in Table 2. The computed stability with good accuracy. This tends to prove that the

domain is compared in Fig. 4 with the experimental strain rate is a leading parameter that controls the

doane, showing vompryd agreemen. 4 Ui ng t the same ignition distance in all the experimental studies used
one, showing very good agreement. Using phess, for comparison. This would not be the case if bothset of parameters to describe the chemical process, streams were injected with the same velocsties (no

we now compare predicted values with experimental strams or if with t hera me velocitio

results given in Ref. 19, also used in Ref. 24. The strain) or if both temperatures were low (ignition

appropriate maximum blowoff velocity is obtained by dominated by chemical effects). But, in most self-
apprright changinthe value of the parameter wb , as ignition cases of interest, the proposed model is ableslightly changing the vatue o ne her w0, it to accurately reproduce the evolution of the ignition
given in Table 2. It must be mentioned here that it distance and the stability limits as a function of all
is difficult to clearly define the value of this param-
eter in the case of cylindrical bluff bodies, as no ob- major parameters. It requires very short computing
vious partially premixed zone exists at the first con- times, making it quite attractive for systematic stud-ies.
tact point between fresh gas stream and recirculation The results also confirm that flamelet modeling
zone. The value of w0 should probably depend also may be used to predict ignition processes, provided
on the turbulence intensity in the fresh gas, and this that a time-dependent strain rate is included in the
value is often not given in the original articles. In fact, thatuatim n d
one also finds a certain scatter in the experimental computation.
results obtained by different groups for comparable Nomenclature
operating conditions. Using the value of w0 given in
Table 2, the agreement with the experiment de- A pre-exponential factor
scribed in Ref. 19 is good, with a slight deviation from Cp heat capacity at constant pressure
experimental results for rich mixtures (Fig. 4). These (J/(kg K))
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D diffusion coefficient (m 2/s) R. J., Twenty-Second Symposium (International) on
di ignition distance (m) Combustion, The Combustion Institute, Pittsburgh,
Q heat released by the reaction by kg fuel 1988, pp. 589-597.

(J/kg) 10. Lifian, A., and Williams, F. E., Fourth IDEA Work-
T, T temperature (K) and nondimensional tem- shop, April 8-10, 1991, Cambridge, 1991.

perature (-) 11. Th6venin, D., and Candel, S. M., Combust. Sci. Tech-
Ta activation temperature (K) nol. 91:73-94 (1993).
Ta reduced activation temperature (-) 12. Marble, F. E., in Recent Advances in the Aerospace
Tf, frozen temperature (K) Sciences (C. Casci Ed.), Plenum Press, New York,
Tred reduced temperature parameter (-) 1985, pp. 395-413.
w(x) width of the mixing layer (m) 13. Clavin, P., Prog. Energ. Combust. Sci. 11 (1985).
w0 initial mixing width (m) 14. Lees, L., J. Heat Trans. 104:329-337 (1956).
Wj_ molar mass of species i (kg/mol) 15. da Silva, L. F., Deshaies, B., and Champion, M., Thir-
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COMMENTS

H. G. lo, Princeton University, USA. Your asymptotic steadiness. As you indicate, you are using the simple defi-
analysis appears to be inconsistent when T, is of the same nition of stretch rate because of simplicity of the approach.
order as T,.,. In such a case, while z varies from 0 to 1, the This is desirable. For it to be satisfactory, it will be nec-
exponential factor in the reaction term changes exponen- essary, I believe, to relate the overall stretch rate to the
tially for large activation energy. What it implies is that in controlling stretch rate and assure that it is monotonic (or
such a case reaction is confined to an asymptotically thin perhaps linear, if it so turns out to be). Would you care to
layer near the hot temperature side. If you perform an comment on this?
appropriate local analysis, the problem is reduced to a sim-
ple ODE type, and an explicit expression for ignition con- Author's Reply. At this point, using the tangential value
dition has previously been obtained [1]. Have you tried to of the strain rate to model its global effect seems to be the
compare your numerical result with the previous study? only practical solution. On the other hand, unsteady effects

are fully taken into account, and curvative effects are ne-
glected. Further studies are clearly needed to assess the

REFERENCE relative importance of these effects, as well as to relate
tangential strain rate and controlling stretch (see, e.g., the

1. Lifian and Crespo, Combust. Sci. Technol. (1976). work of Fichot et al., this symposium).

Author's Reply. By making further hypotheses on the 0

relative values of the temperature, it would be possible to S. K Aggarwal, University of Illinois at Chicago, USA.
simplify further the equations along the lines of Liflan 1. Developing an ignition for a time-varying strain rate and
(Refs. 6 and 7 of this paper). We have checked previously applying it to a supersonic shear layer is quite interesting.
that our analysis agrees with the results of Lifian in the case Have you examined the correlation between ignitability
of a constant strain rate. Nevertheless, we do not want to and convective Mach number?
make any hypothesis on the temperature ratio in the gen- 2. Is there any significance of oscillating strain rate in
eral case, and it is in this frame impossible to reduce further the supersonic shear layer?
the system of equations, which must then be solved nu-
merically. Author's Reply. 1. The effect of convective Mach num-

ber on the ignition distance was examined in the case of
supersonic combustion in our previous work (Ref. 11 in
this paper).

H. S. Mukunda, Indian Institute of Science, India. As 2. Trying to model the influence of vortices through os-
you are aware, the ignition dynamics governed by the early cillating strain rate would certainly be interesting. Flames
roll-up of vertical structures influence the phenomena submitted to sinusoidal strain rates have already been ex-
through curvature tangential (velocity) strain rate and un- amined (see, e.g., Im et al., this symposium).
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SELF-IGNITION OF EXPANDING HIGH-TEMPERATURE H 2-AIR AND
CH 4-AIR MIXTURES

H.-J. WEBER, A. MACK AND P. ROTH

Institut ftir Verbrermung und Gasdynamik
Universitiit Duisburg

D-47048 Duisburg, Gernany

The influence of rarefaction waves on the ignition characteristics of H,- and CHR-air mixtures was studied
by solving the corresponding conservation equations for mass, species, energy, and momentum in a one-
dimensional model. The numerical solution was based on the method of lines and on a dynamic adaptive
mesh technique. Because of the stiffness originating from the detailed kinetic mechanism, the resulting
system of ordinary differential equations was integrated by a BDF-code.

The rarefaction wave running into the initially homogeneous, quiescent, high-temperature gas was ini-
tiated by a piston moving with constant velocity. The wave causes a space- and time-dependent temperature
profile resulting in space-dependent ignition processes. Because of the complicated interaction between
gas dynamics and induction process, different combustion regimes arise. Nearly constant volume explosion
regimes were obtained for low piston velocities. An increased piston velocity resulted in a combustion
wave with a peak pressure exceeding the constant volume explosion pressure significantly. This is a quite
unexpected result because a stronger expansion wave is associated with a temperature and density decrease.
The observed peak pressure increase is a consequence of the wave-induced temperature gradient, creating
an ignition wave that in turn interacts with its own pressure wave, resulting in a strong coupling between
both waves. This effect was first revealed by Zeldovich for hot-spot temperature gradients and could now
be shown to be also valid in the presence of rarefaction waves, A further increased piston velocity reduced
the arising peak pressure, because the coupling mechanism failed as a result of the stronger temperature
gradient.

Introduction in detonation initiation arise, depending on global
one-step or chain-branching chemical models.

In recent years, there has been a growing interest It has previously been established numerically by
in detonation formation due to initial temperature Goyal et al. [11], Mack et al. [12], Frolov et al. [13],
or/and concentration nonuniformities. Zeldovich et and Weber et al. [14,15] that a detonation can be
al. [1] were the first who investigated numerically the initiated in a confined combustible mixture by proper
interaction between pressure and combustion waves temperature or radical concentration gradients in
leading to a detonation. Several years later, Zeldovich H12/ and C2HJO5 /N2 mixtures. All models take full
[2] introduced the concept of a spontaneous flame transport and detailed reaction mechanisms into ac-
arising under conditions close to self-ignition. A se- count. Those nonuniformities were chosen as initial
ries of investigations [3,4] followed this approach. He conditions, but all processes by which they were pro-
and Clavin [5] gave a more sophisticated analytical duced were ignored.
criterion for detonation initiation and failure. Short In this work, a rarefaction wave running into an
and Dold [6] extended Zeldovich's. concept by in- initially homogeneous, quiescent, high-temperature
eluding compressibility and expansion effects. Jack- gas mixture was generated by a moving piston. The
son et al. [7] discussed the dynamics of ignition from wave caused a space- and time-dependent tempera-
reaction centers and showed the preeminence of the ture profile, thus initiating space-dependent ignition
constant volume thermal explosion as the first event processes. Different combustion regimes were ob-
in an ignition sequence. Later, Kapila and Roytburd tained as a result of the complicated interaction be-
[8] and Bdzil and Kapila [9] investigated in detail the tween gas dynamics and induction processes. The
transition of a shockless weak detonation into a ZND numerical method applied in this study was based on
detonation. All these previous studies were using nu- the method of lines combined with an adaptive mov-
merical or perturbation techniques assuming one- ing mesh technique [18,19,20]. Detailed transport
step chemical kinetics. Recently, Dold and Kapila and kinetic models for H9/0 2 and CH4/IO mixtures
[10] indicated that significant qualitative differences were incorporated.
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where 0 - a
Notation: q1 = Lagrangian mass coordinate, t =

time, x = Eulerian coordinate, p = pressure, T =
temperature, wi = mass fraction of species i, p =

p mass density, NST = number of species, Mi = mo-

t = 0 lecular weight of species i, ri = molar rate of for-
P0  mation of species i, c P = specific heat capacity at

", : constant pressure of species i, cp = specific heat ca-
t> 5 pacity at constant pressure of the mixture, A = ther-

-----, . . rmal conductivity of the mixture, y = dynamic vis-
- cosity, Vi = diffusion velocity of species i, hi =
X specific enthalpy of species i, and RM = universal gas

IG. 1. Initial temperature and pressure distribution for constant. Thermodynamic properties and the mix-
the mov.ing piston problem. ture-averaged transport properties where evaluated

on the basis of CHEMKIN [16] and the correspond-
ing transport subroutine library [17].

Description of the Model Besides the conservation laws, physical boundary
and initial conditions are required to state a well-

This study was based on the following one-dimen- posed problem. The boundary conditions are valid
sional model (see Fig. 1). A homogeneous fuel/air for adiabatic, solid walls. The initial conditions define
mixture is confined in a closed volume at tempera- the initial state of the mixture, which is given by pres-
tures above autoignition conditions. At t 3> 0, the sure, velocity, composition, and temperature for
piston at the right boundary is accelerated to reach t = 0.
a constant velocity, thus causing a rarefaction wave,
which runs into the fuel/air mixture. The resulting Initial conditions Boundary conditions
space- and time-dependent temperature profile T(0,V) = T0(V) aT(t,O) MT(t,imax)
causes a series of space-dependent ignition pro- = 0 = 0
cesses.

The mathematical model used is given by the one-
dimensional conservation laws in Lagrangian coor- wi(O'lv) = w' awi(tO) =- 0 witm_ ) -- 0

dinates for mass, Eq. (1); species, Eq. (2); energy, ay'
Eq. (3); and momentum, Eq. (4). Furthermore, the
Lagrangian transformation, Eq. (5), and (6), the p(0,y) = po v(t,O) = 0 v(t,Y.mx) = vp(t)
equation of state for ideal gases, were used.

v(O,y') = 0 x(t,O) = 0
ap + 2 v 0()

+t P1 The piston is accelerated between t = 0 andt t
and moves for t > t, with the constant velocityar (pwVE) =1. S

+- i ... S (2) v0i,,,. The boundary condition for the piston velocity
at aw P VP is
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t -- 0: vpct) = 0 In this equation, B is a singular matrix, because of
the discretised Li-grangian transformation (5) and

( < tv) the equation of state (6). It contains the coefficients
0 <t •- t: Vt) = 0.5. ..... - cos K )) of the time derivatives of the ordinary differential

equations. U is the solution vector containing the val-

t > t': vc(t) = VPc1. ues of the dependent variables at the NP + 2 grid
points. The point above U indicates the time deriv-

The nonlinear initial boundary value problem was ative. The system (10) was solved with the BDF-code

solved as follows. The discretization of the differen- DASSL [21].

tial Eqs. (1) through (5) in their spatial coordinate
results in a system of nonlinear ordinary differential
equations (method of lines). This system is stiff as a Computational Results and Discussion

result of the nonlinearity in the chemical source
terms. It was therefore solved with an implicit BDF- Ignition processes in the presence of rarefaction

code. Besides the temporal stiffness, the system has waves were studied both for stoichiometric 112-air

very different characteristic length scales; for exam- and CH 4-air mixtures. The reaction mechanism for

ple, the geometrical vessel length, the flame front H2-air consisting of 18 elementary reactions for nine

thickness, or the pressure wave structure, which re- species was taken from Refs. 22, 23, and 24. The

sult in additional spatial stiffness. Since the propa- CH 4-air mechanism consisted of 58 elementary re-

gation of a deflagration wave is driven by transport actions for 21 species and was based on works by

and reaction processes in the flame region, it is nec- Warnatz [25] and Skinner et al. [26]. The maximum

essary to resolve the spatial structure. This was made velocity of the moving piston was varied between 50

possible by applying an adaptive moving grid method m/s • vP. •!5 600 m/s. The acceleration time was

[12,19,20], which used a minimum number of grid always t, = 1 ps. In the following sections, five dif-

points to resolve the different moving wave struc- ferent examples of calculated self-ignition in expand-

tures. ing mixtures will be presented.

The main idea of the moving grid method is to The first two examples deal with simulations of

equidistribute the arc length of some characteristic ignition in the presence of weak rarefaction waves.

physical variables in the NP + 1 different intervals. The initial conditions of the stoichiometric hydro-

The arc length can be calculated from the distance gen/air mixture (example 1) are

of the grid points and a function G, which contains
the weighted gradients of some physical variables uj~i. To = 1100 K P0 = 1.0 bar

Here, j denotes the variable (e.g., temperature or
pressure) and i the grid point. With x,,,) = 7 cm Vp.. = 50 m/s.

(u.i+ . u. .
2  The corresponding pressure and temperature pro-

Gi = + j, (nji+ 1, Uj,) d V i (7) files are shown in Figs. 2 and 3. The sharp decrease
-\ W+ ! of pressure and temperature down to zero indicates

the position of the moving piston. At t = 0 a rare-

1i - . ..NP (8) faction wave is produced, propagating into the hot
i - Vi =,hydrogen/air mixture. The pressure decreases from

1.0 bar down to 0.93 bar, see Fig. 2, while the tem-
the equidistribution principle was formulated as fol- perature decreases from 1100 K down to 1075 K, see
lows: Fig. 3. As a result of the small temperature and pres-

sure difference between the right and the left bound-
ni-1 ni ( ary, the mixture ignites after 100 us nearly simulta-

Gi 1  - Gi' i . .., NP. (9) neouslyin the entire volume. The peak pressure does
not exceed the constant volume explosion pressure

It can be transformed by some spatial and temporal of 2.4 bar. Only at the end of the ignition process
does the reflection of the weak pressure wave lead to

smoothing into an ordinary differential equation de- n therefle of the wa k pressure waveoleadbto
scribing the position and movement of the grid anincrease of the maximum pressure up to 2.8 bar.
points. Details are given in Refs. 12, 19, and 20. In example 2, the ignition of a methane/air mixture

The spatial discretization of Eqs. (1) through (5) is presented:
together with Eq. (6) and the differential equation of
the grid-point movement can be written in the fol- = 1850 K Pu = 1.0 bar
lowing compact form: =7 cm C7)01 = 50 i/s.

xBU 7F() em0 
= 

.. 
(10)

_B(U) = F(U), U(0) = U0 (10) In Figs. 4 and 5, results obtained for the develop-
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FIG. 4. Time-dependent pressure profile of the igniting
FIG. 2. Time-dependent pressure profile of the igniting methane/air mixture for a piston velocity of 50 m/s.

hydrogen/air mixture for a piston velocity of 50 m/s.
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FIG. 5. Time-dependent temperature profile of the ig-
FIG. 3. Time-dependent temperature profile of the ig- niting rnethane/air mixture for a piston velocity of 50 nm/s.

niting hydrogen/air mixture for a piston velocity of 50 m/s.

ment of pressure and temperature structures areTo=10 K p=1.ba

summarized. Again, a weak rarefaction wave is pro- x,,10 = 7 cm VM ..... = 200 m/s.
dueed at t = 0, running into the hot filel/air mixture.
Pressure and temperature decrease down to 0.94 bar The results in Figs. 6 and 7 show a stronger decrease
and 1822 K, respectively. At t = 100,us, the rarefac- in pressure and temperature compared to examples
tion wave reaches the left boundary, leading to a sud- I and 2, and decrease down to 0.71 bar and 1003 K,
den pressure decrease. At t = 125 us, ignition oc- respectively. The mixture ignites after 100,us at the
curs, resulting in a pressure and temperature hot-temperature boundary, generating a pressure
increase. The peak pressure of 1.75 bar is reached wave. It propagates thru the rarefaetion-wave-in-
after the pressure wave is reflected at the wall. dueed temperature gradient region and focuses the

In the next taro examples, the intensity of the rar- ignition, giving rise to an interaction between com-
efaetion wave is increased by accelerating the piston bustion and pressure wave. During this process, the
to 200 m/s. The stoiehiolnetrie hydrogen/air mixture intensity of the pressure wave increases to a value of
Ihas the following set of initial conditions: 3.5 bar and exceeds the constant volumne explosion

2 _ . ; ,N
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FIG. 6. Time-dependent pressure profile of the igniting FIG. 8. Time-dependent pressure profile of the igniting
hydrogen/air mixture for a piston velocity of 200 o-ls. methane/air mixture for a piston velocity of 200 mn/s.
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FIG. 7. Time-dependent temperature profile of the ig- FIG. 9. Time-dependent temperature profile of the ig-
niting hydrogen/air mixture for a piston velocit-v of 200 m/s. niting methane/air mixture for a piston velocity of 200 m/s.

pressure significantly. This wave shows a detonation- wave causes a large temperature drop in the ignition
like structure, but peak pressure and velocity of 1550 region, thus enlarging the ignition delay time. The
m/s (with respect to the unburnt gas) are too small pressure in Fig. 8 decreases down to 0.75 bar in the
for a CJ-detonation (5.3 bar and 1880 m/s) tinder rarefaction wave and results in a temperature de-
such conditions. crease from 1850 K down to 1739 K, see Fig. 9. At t

Example 4 is again a methane/air mixture with the = 110 ps, ignition occurs in the higher pressure re-
following set of initial conditions: gion of the mixture, leading to a pressure increase up

to 1.6 bar. Afterwards, a pressure and a combustion
To= 1850 K ps = 1.0 bar wave start to propagate into the unburnt mixture. As

a result of the high temperature of the unburnt gas,
"0= 10 cm ejh.... = 200 m/s. the pressure wave ignites the gas nearly instantane-

ously, resulting in a strong coupling between both
The initial length of the vessel x,,,, was increased from waves. The pressure wave increases up to 3.2 bar and
7 to 10 cm. The reason is that the stronger rarefaction forms a detonation-like structure that propagates
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FIG. 11. Time-dependent temperature profile of the ig-

FIG. 10. Time-dependent pressure profile of the igniting niting hydrogen/air mixture for a piston velocity of 600 m/s.

hydrogen/air mixture for a piston velocity of 600 m/s.

5.

with a velocity of 1500 m/s with respect to the un-
burnt gas. The corresponding CJ-detonation would Hyd~rogen/Air

have a velocity of 1700 ru/s and a peak pressure of 4 - v_ 50 M/s
..... v,_ = 200 mis

3.6 bar. During wave reflection at the moving piston, --- v_= 600 m/s
the peak pressure increases again.

The piston velocity vp,.,... and the associated 3- Methane/Air

strength of the rarefaction wave were further in- _ .. = 50 Mrs
creased in the last example. Initial conditions for the v.. = 200 Mr/s

stoichiometric hydrogen/air mixture are a-.2/ CHlAir
H/Air

To= 1100 K P0 = 1.0 bar

I = 10 cm = 600 m/s.
0- I I

According to Figs. 10 and 11, the rarefaction wave 050 100 150 200

causes a strong pressure and temperature drop to

0.33 bar and 819 K, respectively. After ignition at t t / [,S
= 100,us at the hot boundary, the pressure increases
up to 2.1 bar. In this case, the resulting pressure wave FIG. 12. Peak pressure over time history for different
is steepened up to a shock wave, which moves faster piston velocities.
than the reaction wave, leading to a decoupling of
both waves, whereby the strength of the wave de-
creases. At t = 125 us, a new pressure peak behind on the basis of the peak pressure time history, see
the existing wave appears, which has its origin in the Fig. 12. For low piston velocities (Vp.. = 50 m/s),
moving reaction wave. Its interaction with the shock- the peak pressure over time diagram shows a value
compressed unburned gas causes an increased inten- that does not exceed the constant volume explosion
sity of the pressure up to 1.75 bar. The second pres- pressure of about 2.4 bar for hydrogen/air and 1.7
sure wave starts to overtake the precursor shock bar for methane/air mixtures. The constant volume
wave, but does not reach it until it is reflected at the explosion pressure is calculated on the basis of the
moving piston. initial conditions at t = 0. The low peak pressure and

The five different examples describe the influence the nearly simultaneous ignition in the entire volume
of a rarefaction wave on the ignition of high-temper- lead to the conclusion that this ignition process can
ature fuel/air mixtures. It has been demonstrated that be considered as a kind of a constant volume explo-
the piston velocity has a strong influence on the re- sion.
sulting combustion regime, which can be classified An increase of the piston velocity to vp = 200
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gates through the rarefaction wave. The temperature York, 1988, Vol. 114, pp. 99-123.
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The kinetics of the oxidation of natural gas and blends (CH 4 /C2 H1, CH,/C 3H,, CH4 /C9 H6/C3 1H,) has
been studied in a jet-stirred reactor (800 •< T/K !5 1240, 1 -• P/atm • 10, 0.1 -- equivalence ratio •- 1.5).
The concentration profiles of reactants, intermediates, and products measured in a jet-stirred reactor (JSR)
have been used to validate a detailed kinetic reaction mechanism. Literature ignition delay times measured
in shock tube have also been modeled. A generally good agreement between the data and the model is
found. The same mechanism has also been used to successfully represent the oxidation of methane, ethyne,
ethene, ethane, propene, propane, n-butane, and 1-butene in various conditions including JSR, shock tube,
and flame. The present study clearly shows the importance of trace hydrocarbons in the oxidation of
methane. The computations indicate that the oxidation of methane is initiated by its reaction with 02 when
no other hydrocarbon is present. In natural gas and blends, higher hydrocarbons react before methane,
leading to the formation of OH, H, and 0 radicals, which in turn initiate methane oxidation. This work
demonstrates that methane cannot be used safely to represent the kinetics of natural gas combustion.
However, simple blends like methane-propane or methane-ethane-propane could be used.

Introduction wide range of conditions. The results of these studies
are reported here.

Natural gas is a major fuel used on earth. In order
to sustain and enhance the competitiveness of natural
gas use, it is important to provide engineers with pre- Experiments
dictable tools usable for designing higher perform-
ance combustors. One of these is a predictable re- The high-pressure jet-stirred reactor (JSR) exper-
action mechanism. There is a wealth of data imental setup has been presented in detail elsewhere
concerning methane combustion and ignition. How- [6,7] and will only be reviewed briefly here. It con-
ever, very few studies concern the oxidation of nat- sists of a 40-am fused silica sphere (to prevent wall
ural gas, which is a mixture of methane (typically catalytic reactions) equipped with four nozzles of
>90%) with higher hydrocarbons, in various 1-mm diameter for the admission of the gases achiev-
amounts, depending on the source. It is known from ing the stirring. The inside volume of the reactor is
previous shock-tube studies that methane ignition is 35 cm 3. It is surrounded by a regulated electrical re-
boosted by small quantities of heavier fuels [1-]. sistance system and located inside a stainless steel
Preliminary interpretations have been proposed [51 pressure-resistant jacket. It can operate at pressures
but needed further investigation, especially detailed as high as 10 atm. The hydrocarbon and oxygen flow
kinetic modeling. It was also interesting to investigate rates are measured and regulated by thermal mass-
natural gas oxidation at a pressure representative of flow controllers. These gases are diluted by a flow of
gas turbine conditions (typically -10 atm). nitrogen and mixed at the entrance of the injectors

As part of a continuing effort in this laboratory to after preheating. The pressure inside the reactor is
better understand the kinetics of fuel combustion, a kept constant in time using a pressure regulator on
series of experimental and computational studies has the exhaust line. Good thermal homogeneity was ob-
been carried out with natural gas and blends in a served for each experiment along the whole vertical

1563
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TABLE 1
Experimental conditions in the jet-stirred reactor

Reactants mole fractions

Higher
r/s TIK P/atm 02 CH 4  C2H6  C3 H8  fuels-

0.14-1.4 883-1240 1-10 0.006-0.008 0.003-0.004 0.0003-0.0004 none none
0.14-1.3 903-1213 1-10 0.006-0.008 0.003-0.004 none 0.0003-0.0004 none
0.14-1.2 903-1210 1-10 0.006-0.0053 0.003-0.004 0.0003-0.0004 6.75 x 10-1 none

to
9 X 10-1

0.14-1.2 883-1225 1-10 0.006-0.0053 0.003-0.004 0.0003-0.0004 6.3 x 10-5 1.05 x 10-5

to to
8.4 10-5 3.6 x 10-1

-The total mole fraction of higher fuel (other than ethane and propane) concentration is given in the table. It corre-

sponds to n-butane (2.4 x 10-6 to 3.27 X 10-1), i-butane (3.1 X 10-6 to 4.1 X 10-s), n-pentane (1.7 X 10-6 to 2.3
X 10-6), i-pentane (1.7 x 10-6 to 2.3 x 10-6), n-hexane (1.7 x 10-1 to 2.3 X 10-6).

axis of the reactor by uncoated chromel-alumel ther- was used. The concentration of the gases within the
mocouple (0.16-mm diameter) measurements. Typ- JSR is determined from the balance between the net
ical gradients of •<5 K have been measured in the rate of production of each species by chemical re-
present work. Because of the high dilution of the fuel action and the difference between the input and the
(0.3-0.5% by volume), the temperature rise due to output flow rates of the species. At each mean resi-
reaction was less than 20 K. The wall temperature is dence time considered, r = pV/rh (where p is the
very close to the reactor gas temperature, so ther- mass density, ?h is the overall mass flow rate of the
mocouple heat losses can be neglected. The experi- gases, and V is the volume of the reactor), we have
mental temperature has been recorded for use in to solve the set of nonlinear algebraic equations (i =

modeling calculations. Low-pressure samples of re- 1, 2,... IJ = 1, 2.... I):
acting mixtures have been taken through a sonic
quartz probe and stored in 1-L bulbs at -25 torr for I
further gas chromatography (GC) analyses. The sam- rh(la - ai)/V - 3 (a0j - flij)(Rj - R j) = 0
pling procedure has been described previously [8].
The samples are further pressurized at 760 torr using where aT and ai are the concentrations (mol/g) of
homemade pistons before injection in the GC, in or-
der to increase the sensitivity. Capillary columns of species i, respectively, on input and output; ai0 and

0.53-mm i.d. (Poraplot U and Q, Molecular sieve 5A) Ai are the stoichiometric coefficients of species i in

were used with FID and TCD detection for GC reaction j; B1 and R.J are the rates of elementary

measurements of, respectively, hydrocarbons and reactions respectively forming and consuming spe-

permanent gases. Carbon balance was checked for cies i. These rates are computed from the kinetic

every sample and was found good within •55%. mechanism and the rate constants of the elementary

In the present work, the JSR oxidation of methane- reactions at the experimental temperature, using the

ethane, methane-propane, methane-ethane-propane, modified Arrhenius equation

and methane-ethane-propane-butane-i-butane-pen- k = A X Tb X exp(-E/RT).
tane-i-pentane-hexane mixtures diluted by nitrogen
was studied. The evolution of hydrocarbon oxidation
from low to high conversion as well as that of inter- The set of nonlinear algebraic equations is solved
mediates and final products was followed for equiv- by the Newton-Raphson method. The rate constants
alence ratios, 4s, of 0.1-1.5, pressures of 1-10 atm, for reverse reactions were computed from forward
and initial temperatures ranging from 800 to 1240 K rate constants and the appropriate equilibrium con-(see Table 1). stants calculated using the Chemkin thermnodynamici

data base coefficients [10] and Burcat thermochem-
ical data [11,12] for compounds not found in the

Modeling and Reaction Mechanism Chemkin data base.
The computer code [9] employed in this work to

The computer program developed previously in model ignition behind reflected shock waves uses the
this laboratory for a JSR [9] operating at steady state constant density approximation [13]. The integration
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method is that of LSODE [14]. In the present work, 0.003

the ignition delay time is defined as the time at which A-., . I

the rate of temperature rise reaches its maximum 0.0025 .*l
(i.e., dT/dt = maximum). .2 B

The reaction mechanism base set is the compre- " 0.002 I
hensive mechanism developed for the oxidation of '
methane, ethane, ethylene, propane, and propene as R 0.00150I
individual fuels [15,16]. It has heen revised and up-

dated to represent acetylene combustion as well as :T 0.001 i. I
Z:.I Ethat of natural gas and blends in a wide range of 0 i I

conditions (flow reactor, JSR, flame, shock tube, 5"10°4 o I
0.02-10 atm). The entire mechanism cannot be in- .hbi
cluded in this paper but is presented, as well as the 0 ' .

thermochemical data for the reverse rate constant 1100 1150 1200 1250

computations, in a recent paper [17]. The pressure Temperature/K
dependence of unimolecular reactions and of some
pressure-dependent bimolecular reactions was taken FIG. 1. JSR oxidation of methane and mixtures of meth-
into account when information was available [i.e., ane with higher hydrocarbons (r = 0.14 s, 1 atm, A: CH,
k(P,T)], and modified Arrhenius expressions were 0.3%, 02 1.2%; B: CH 4 0.3%, 02 1.2%, C2HA 0.03%; C:
derived for particular pressures. CH4 0.3%, 02 1.2%, CAll 0.03%; D: CH 4 0.3%, 02 1.2%,

As previously mentioned, the present mechanism C2HA 0.03%, CAlH 0.0046%; E: CH4 0.3%, 02 1.2%, C2HA
has a strong hierarchical structure. Since most of the 0.033%, C2 H, 0.0063%, n-C4H1 0 0.00024%, iso-C4HA0
present mechanism has been presented in detail in 0.00031%, n-CGH 1 2 0.00017%, iso-CGH 1 2 0.00017%,
recent articles, only the major changes will be pre- n-C5H>4 0.00017%). The symbols represent experimental
sented below, data while the lines are the present computed results.

For reaction

H + H02 = H20 + 0 (15) CH 3 + H0 2 = CH 30 + OH (46)

Our rate constants for Reactions (178) and (179)
we used the rate constant recommended by Baulch are taken from Michael and Wagner [24] with a
et al. [18] [k15 = 3 x 1013 exp(-866/T) cm 3/mole/ branching ratio k175/(kQ78 + k179) = 0.8.
s].

The kinetics of CH 3 reactions with 02 have been C2H 2 + O = CH 2 + CO (178)
reevaluated based on several recent studies.

CH 3 + 0 2 =CH 3 0 + 0 (53) 2 2 + HCO H (179)

CH 3 + 02 = CH 20 + OH. (54) Results and Discussion

The rate constant used for Reaction (53) is that Experimental and modeling results for the JSR ox-
recommended by Baulch et al. [k53 = 1.32 x 1014 idation of natural gas and blends are presented in
exp( - 15,830/T) cm 3/mole/s). This value is in close Figs. I through 5. In order to better evaluate the role
agreement with other measurements. Although Re- of higher hydrocarbons on methane-oxygen oxida-
action (54) has been extensively studied, the rate con- tion, we present the experimental and modeling re-
stant for this reaction remains uncertain, especially sults obtained for four mixtures of methane-oxygen-
in the low-temperature range (T < 1000 K). Several higher hydrocarbon and for a methane-oxygen
recent studies [19,20] suggest that the rate constant mixture. In all of these experiments, we kept CH 4
for this reaction has a high activation energy, while and 02 initial mole fractions constant. From Fig. 1,
others proposed a low activation energy for this re- it is clear that methane oxidation is boosted by the
action [21,22]. The rate constant used in our mech- addition of small quantities of higher hydrocarbons
anism [k54 = 3.1 X 1010 exp(-4409/T) cm 3/mole/ and that the effect increases with the carbon chain
s] was measured by Braun-Unkhoff et al. [22] in length of the additive. In Figs. 2 and 3, we present
shock tube. experimental and computed results obtained for the

The kinetics of Reaction (46) representing a key oxidation at atmospheric pressure of, respectively, a
step for methane ignition has been reinvestigated at lean CH 4 -C3 H8 mixture, and a slightly rich natural
high temperature by Troe [23], who found a rate con- gas mixture. In Figs 4 and 5, we present experimental
stant of 8 + 2 X 1012 cm 3 mol-1 s -. A value of 4 and computed results for the oxidation of, respec-
X 1012 is used in this mechanism. tively, a stoichiometrie CH 4-C2H6 mixture and a stoi-
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FIG. 3. Comparison between experimental (symbols)
2.10-04 - W " -0- --- and computed (lines) results for the oxidation of a natural

1 *10-14 .. ,? C2 H6  gas mixture in a JSR (r = 0.14 s, 1 atm, CH 4 0.375%, 0,

1"10°4l-"• o •-- , -- >.-- 0.7%, CAHI, 3.927 x 10-6, C 3HA 7.497 x 107 n-C4Hlo
" C2H2 2.83 X l0-6, iso-C4H1 ,, 3.64 X 10-6, n-C 5HI 2.02 X 10-6,

-.1X---- iso-C , H, 2.02 X 10-', n-CH 1 4 2.02 X 10-6).

B 2 ~io~C 2H4
LL
0 C3H6 C 2H6 -* CH3 + CH3 .3 1.10°11

X ,Methyl radicals then mainly react with molecular ox-
- xygen, ethane, or recombine

2"10° x ''I . -l..." CH,-I- 02 -- CH20 + OH

1120 1130 1140 1150 1160 1170 1180

Temperature/K CH 3 + C2H6 - CH 4 + C2ll5

FIG. 2. Comparison between experimental (symbols) CH3 + CH3 - C 2H6.
and computed (lines) results for the oxidation of a meth-
ane-propane mixture in a JSR (r = 0.14 s, 1 atm, CH 4  Ethyl radicals mainly decompose and become the
0.25%, C3Hs 0.025%, 0, 1.2%). major H-atom source.

C2H 5 - C 2H 4 1,+ H.

Finally, H and OH radicals react with methane, in-
chiometric CH 4-C2H6-C 3H1 mixture at 10 atm. As creasing the radical pool
can be seen from these figures, a general good agree-
ment between the data and the modeling is observed. OH + CH 4 - H20 + CH3
From Figs. 2 through 4, one can see that the higher
hydrocarbon oxidation starts first, followed by meth- H + CH 4 - H2 + CH 3.
ane consumption.

In order to interpret the above results, species flux Less important is the influence of 0 atoms formed
analyses were carried out, showing that the higher through
hydrocarbons (ethane, propane, ... ) react more
readily than methane to produce OH, H, and 0 rad- CHG + O,- CH30 + 0
icals that finally contribute significantly to the initi-
ation of methane oxidation, otherwise dominated by which further react with methane,
CH4 + 0 reaction. Because of low C-C bond en-
ergy found in higher hydrocarbons, primary alkyl 0 + CH-4  OH + CHG .
radicals are easily formed; their further reactions lead
to methane consumption. When propane is added to methane, the methane

When ethane is added to methane, ethane starts consumption scheme is initiated by propane decom-
to decompose first, position:
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FIG. 4. Comparison between experimental (symbols) and computed (lines) results for the oxidation of a meth-

and computed (lines) results for the oxidation of a meth- ane-ethane mixture in a JSR (r = 1.4 s, 10 atm, CH 4 0.3%,

ane-ethane mixture in a JSR (r = 1.4s, 10 atm, CH., 0.4%, C2H, 0.03%, CGHl 6.76 x 10-3%, 020.6%).

C2H6 0.04%, 0, 0.8%).

C3 H1, - CH, + G9H,. 0 + C3 H8 -o C3 H7 + OH

and methane oxidation is mainly initiated by reac-
Methyl radicals mainly recombine to form ethane tions with H and OH,
(-70%) and to a lesser extent react with 02,

OH + CH, -- CH 3 + H 20
CH3 + 0,- CH3 O + 0

H + CH 4 -- IIH + CH 3.
CH 3 + 02--4 CH 2 O + OH It should be noted that -50% of methane initial con-

while ethyl radicals decompose, producing H atoms sumption is due to its reaction with OH radicals
when ethane or propane are added. The remainder
is due to reactions with H and 0 atoms. This con-
trasts with the oxidation of methane alone, where the

initiation involves 02.
Oxygen atoms are converted into OH radicals by re- When higher hydrocarbons are added to methane,
action with methane and propane, the same reaction sequences as above operate, and

the radical pool is increased more rapidly and to a
0 + CH4 - CH 3 + OH higher level with increasing hydrocarbon chain
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length. As a result, at 1 atm, the mixture containing 3.2
ethane \vll react at 80 K lower than the CH 4-0 2 mix- 0- / /

ture; when propane is added, a 90-K shift is observed, /L V /
while, for natural gas, a 125-K shift is obtained (Fig. 3 0 "
1). At 10 atm, the stoichiometric mixtures containing Of 7, +

ethane or propane react at a temperature nearly 60 / 0 +1+
K lower than the CH 4-O2 mixture. U) 2.8 +

Sensitivity analyses were carried out for pure 6,o0 6 " +
methane oxidation and natural gas blends oxidation. 0 /

The)' show that the model predictions are influenced g 2.6 0 /
by the kinetics of Reactions (133) and (149) when A/ +
ethane is added and by the kinetics of Reaction (234) 0 , /+ & 9.5%OH4-19%O2

when propane is added. 2.4 I0 * f +.9CH
C3 2.4 ,0 + +0.475%C3 H8

C2H6 + CU3  CH 5 + CH 4  (133) 0 0
-- •" - q+ -"F"- +O.95%03 H8

2.2 . '
C2 H4 + O- CH, + HCO + H (149) 6.5 7 7.5

C3 Hl -- CoH 5 + CH3 . (234) 104/T /K<

FIG. 6. Comparison between experimental (symbols)
As expected, the sensitivity coefficients for these re- and computed (lines) ignition delay times of methane-pro-
actions remain much lower than for the usual im- pane-O2 -Ar mixtures measured by Frenklach and Bornside
portant steps of methane oxidation: [25] in shock tube.

H + 02-OH + O (6)
lower temperature than observed for pure methane

CH 4 + H -- CH 3 + fl, (41) oxidation under the same experimental conditions.
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times [5,25] of natural gas blends. The present model
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SHOCK-INITIATED IGNITION IN ETHYLENE OXIDE, PROPYLENE OXIDE,
1,2-EPOXYBUTANE, AND 2,3-EPOXYBUTANE

ASSA LIFSHITZ AND AYA SUSLENSKY

Department of Physical Chemistry
The Hebrew University, Jerusalem 91904, Israel

Ignition delay times in ethylene oxide CH 2-CH\ , propylene oxide CH 3CH-CH2, 1,2-epoxybutane

0 0
C2H5CH-CH2, and 2,3-epoxybutane CH2CH-CHCH3, in mixtures containing oxygen and a diluent

0 0
(argon or nitrogen) were measured behind reflected shock waves in a single-pulse shock tube over a wide
range of composition, pressure, and temperature. Parametric relation corresponding to the equation

r = 10' exp(E/RT) [Fuel]f[Oj]iz[M],, (s)

were deduced for the four fuel molecules. In distinction from hydrocarbon ignition where #f_,1, is always
found to be positive, flr,_ in the ignition of the epoxy family of molecules is negative, close to unity,
indicating a strong enhancing effect of the fuel. The reason for this enhancement is twofold. Upon sub-
jection to shock heating, the unstable three-membered rings open and undergo exothermic isomerizations
to more stable molecules such as ketones, aldehydes, alcohols, and ethers. These isomerizations, which
take place during the induction period, release a considerable amount of heat and raise the temperature
of the system. The second and more important reason is the high rate of initiation caused by the decom-
position of the isomers, which are formed thermally excited with sufficient energy to dissociate into free
radicals. The diluent, which is present in large excess, shows a positive power dependence (inhibiting
effect) due to its quenching of the thermally excited species and preventing dissociation and due to ad-
sorption of a large amount of heat generated during the induction period.

Introduction of ethylene oxide [3,4], we are not aware of any thor-
ough, comparative investigation of other epoxy com-

When a mixture of a fuel and an oxidant is sud- pounds. On the other hand, the thermal decompo-
denly raised to a high temperature, if certain condi- sition of several of these compounds has been studied
tions are fulfilled, it ignites, following an induction [5-10]. In view of the instability of the epoxy ring,
period known as "ignition delay time." In order that they tend to isomerize and decompose at rather low
an ignition will occur, the reaction profile (temper- temperatures. It is thus of great interest, from a
ature, pressure, free-radical concentration, etc.) must chemical kinetic viewpoint, to examine the incorpo-
obey an exponential law. Such a profile may result ration of the decomposition processes in the overall
from either chain branching reactions or adiabatic combustion mechanism.
temperature increase during the course of the reac- This article presents a detailed investigation of the
tion. If such a profile is then viewed with a linear ignition of four members of the epoxy family of mol-
device, a sensation is obtained that "nothing hap- ecules; it deduces parametric relations for the igni-
pens" for a certain period of time and then "every- tion delay, and provides an explanation for the pa-
thing happens" at a very short time. If the reaction rameters obtained.
is exothermic and a considerable amount of heat is
released, then a phenomenon of ignition occurs.

Many combustion systems have been studied in Experimental
the past where ignition delay times serve as the basis
for computer simulation of the combustion process Apparatus:
[1,2]. In view of the high sensitivity of the ignition
delay to portions of the kinetic scheme, it is possible The ignition delay times were measured behind
on the basis of its measurement to analyze the kinetic reflected shocks in a pressurized driver single-pulse
behavior of each system, shock tube made of 2-in. id "Double Tough" pyrex

Although information is available on the ignition tubing. The driven section was 4-m long and the
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driver was 2.7 m. A 36-L dump tank was connected 4

to the driven section at 450 angle toward the driver,
near the diaphragm holder, in order to prevent re- "
flection of transmitted waves. The driven section was ._-
separated from the driver by "Mylar" polyester film -
of various thickness, depending upon the desired ,,
shock strength. -0 Ignition

Reflected shock parameters were calculated from S 2

the measured incident shock velocities using the

three conservation equations and the ideal gas equa- -,
tion of state. The incident shock velocities were 1 1 Ignition
measured with two miniature, high-frequency pres-
sure transducers (Vibrometer Model 6QP500) n Reflected Shock
placed 230 mm apart at the downstream end of the .• Heating
driven section. The signals generated by the shock 0
waves passing over the transducers were connected 0.0 0.5 1.0 1.5

in parallel and were fed through a piezo amplifier to
one beam of a Nicolet Model 3091 dual beam digital t (mis)
oscilloscope. Time intervals between the two signals
shown on the oscilloscope (approximately 300 us) FIG. 1. Pressure record showing shock heating and ig-
were obtained digitally with an accuracy of 2/,s cor- nition. The time interval between the two is the ignition
responding to 10-15 K, depending upon the shock delay.
temperature.

The duration of the induction period was deter-
mined from pressure observations with the aid of a Chemical Company Inc. Argon was Matheson ultra-

third transducer (P.C.B. Model 113A26) located at high-purity grade, listed as 99.9995%, and helium

the center of the end plate of the driven section. It was Matheson pure grade listed as 99.999%. All the

was taken as the time interval between the reflection materials were used without further purification.

of the shock wave from the end plate and the sudden
increase in pressure caused by the onset of ignition.
Reaction dwell times varied between 2.5 and 3 ins, Results
which set an upper limit for the delays that could be
measured. The induction times were read from the In order to measure ignition delay times and their
second beam of the oscilloscope with an accuracy of dependence on the composition, pressure, and tem-
-10% at low induction times (around 100 ps) and perature, several groups of experiments, in each one
-5% at high induction times in which the pressure of the four molecules studied, were performed. The
jumps were sharper. A typical pressure record show- reaction mixtures were chosen in such a manner that
ing the shock heating and the ignition phenomenon the effect of each one of the components (A11's) on
is shown in Figure 1. the induction times could be independently evalu-

Prior to performing an experiment, the tube and ated. More accurate values of the parameters that
the gas handling manifold were pumped down to ap- appear in the equation
proximately 2 x 10-5 torr. A more detailed descrip-
tion of the tube has been presented in previous z (s) = 100 exp(E/RT)[Fuel1]i•[O]2fl2[M]fl3
publications [11].

were later evaluated by least-squares analyses.

Materials: The following are three groups of figures showing
plots of log t. vs 1T from which the effects of the

Reaction mixtures (except for ethylene oxide) were fuel, the oxygen, and the diluent on the ignition delay
prepared by injecting a measured volume of the liq- times can be seen. Figures 2 and 3 show the results
uid fuel into 12-L glass bulbs, which were then filled for ethylene oxide. Figure 2 shows the effect of the
with a desired mixture of oxygen in argon to 700 torr. fuel and oxygen. The upper line (N) corresponds to
Both the bulbs and the vacuum line were pumped a stoichiometric mixture of 2% ethylene oxide and
down to better than 10-5 torr before the preparation 5% oxygen. The oxygen is increased by a factor of
of the mixtures. Mixtures of ethylene oxide and ox- two (A), and then both the fuel and the oxygen are
ygen in argon were prepared manometrically. increased by the same factor (0). Each such increase

Ethylene oxide was obtained from the Matheson shortens the ignition delay, indicating that both the
gas company and was listed as 97% pure. Propylene fuel and the oxygen have an enhancing effect on the
oxide (99 + % pure), 1,2-epoxybutane (99%), and progress of the combustion process. Figure 3 shows
2,3-epoxybutane (96%) were obtained from Aldrich a comparison between two groups of experiments
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en ooxide9 propylene oxide1

P,=2.5-3.5atm 01000 P=2.-3.5atm
1 0 CH,O 2% , 0, 5% / .-. CHý 0 2% , Oý 16%

U) • C ,HýO 2%, 02 10 0% • •

4• C,-2H,O 2%, 0, 10% a•
1000

C2 1H0 4%, H, 10% CCHH6 4%, 02 16%
z 503e

100 0

0.80 0.90 1.00 1.10 0.75 0.85 0.95 1.05

1000I/T (K ') 1000I/T (K-1)

FIG. 2. Logty,, vs l/T for three mixtures of ethylene oxide FIG. 4. Ignition delay for three mixtures of propylene

and oxygen in argon. They show enhancing effects of both oxide and oxygen in argon. They show enhancing effects of

fuel and oxygen. The induction times get shorter when both both fuel and oxygen. The induction times are shorter

fuel and oxygen concentrations are increased, when both fuel and oxygen concentrations are increased.

lethylene oxidel [propylene oxide A

"1000 A

1000 C,H 4 0 1%, 0,5%
1 HO1-t, O•S%9 t- C3HO 2%, 28%

p,5=5-7atm

A CH402%,O,10% 100 CHO04%, 02 16%

100 P,=2.5-3.5atm A . p,=2.5-3.5atm

40 '
50 0.75 0.85 0.95 1.05

0.80 0.85 0.90 0.95 1.00 1.05

1000/T (K') 1000/T (K-)

FIG. 3. Ignition delay for two mixtures of ethylene oxide FIG. 5. Ignition delay for two mixtures of propylene ox-

and oxygen in argon. The mixtures differ only in their argon ide and oxygen in argon. The mixtures have the same fuel

concentration. A strong inhibiting effect of argon can be and oxygen concentrations and differ in their argon con-
seen. centration. A strong inhibiting effect is demonstrated.

butanes (the behavior of 1,2- and 2,3-epoxybutane
that differ only in the argon concentration. The are practically identical).
higher the argon concentration (0), the longer the The quantitative values of the concentration
ignition delay times, indicating that the argon plays power dependences as well as the temperature de-
the role of an inhibitor. Similar behavior can be seen pendence are determined by a linear least-squares
in the ignition of the other members of the epoxy analysis, which was performed on values of log ti,,.
family. Figures 4 and 5 show similar plots for pro- The results of these analyses are demonstrated
pylene oxide. Figure 4 shows an even more pro- graphically in Figs. 8 through 10 for ethylene oxide,
nounced enhancing effect of both the fuel and the propylene oxide, and 1,2-epoxybutane. They show
oxygen. In Fig. 5, we can see the strong inhibiting plots of r/([Fuel]#'[O2 ]J2[Ar]fl) vs lIT, where a, E, Ill,
effect of the argon. The higher the argon concentra- P2, and #3 are evaluated by the least-squares analyses.
tion (A), the longer the induction times. Figures 6 As can be seen, the data points from all the series of
and 7 show similar behavior for one of the epoxy- experiments for each molecule scatter along one line.
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11 2-epoxybutanel 3.5 ,

Ethylene oxideP,=2.5-3.5atrnm

a 3.0
1,2-C,H2 0 1.45% E E

1000

nE 2.5 oo

* 12-C4HO 2.9%

" 0-on 0,8% c 2.0

A MA

100 o 1,2-C0H,0 2.9% 0 1.5

02 16%
50 1.0

0.70 0.80 0.90 1.00 1.10 0.75 0.85 0.95 1.05 1.15

1000/T (K-) 1 OOO/T (K-')

FIG. 6. Ignition delay for three mixtures of 1,2-epoxy- FIG. 8. LogX vs lIT for the data points obtained in the
butane and oxygen in argon. Strong enhancing effects of six series of experiments performed wth ethylene oxide-
both fuel and oxygen can be seen. The induction times are oxygen-argon mixtures; 2 is calculated from the correlation
shorter when both fuel and oxygen concentrations are in- 2 = r!{[Fuel]PO.44[O]-0,72[Ar]0.78}.
creased.

-2.25

AA Propylene Oxide o
AA 0

1,2-epoxybutane 1.45% -o -2.75 Ao v A

1000 - A A E
.0,8% AAES• 

o A

P,=5-7atm E 'A t

• 0 -3.25 eA • A

0J AA

A- A< A

o A 1,2-epoxybutane 2.9% 0/ -3.75

100 0,16% --

P5 =2.5-3.5atm

50 
-4.25

0.80 0.85 0.90 0.95 1.00 1.05 0.80 0.85 0.90 0.95 1.00 1.05

1 OOO/T (K-1) 1 OOO/T (K-1)

FIG. 9. Log A vs lIT for the data points obtained in the
FiG. 7. Ignition delay for two mixtures of 1,2-epoxybu- five series of experiments performed with propylene oxide-

tane and oxygen in argon, which differ only in their argon oxygen-argon mixtures; 2 is calculated from the correlation
concentration. A strong inhibiting effect is demonstrated. 2 = zi{ [Fuel] -1.07[] -0.52[Ar]078].

The five sets of parameters that were obtained from The inhibiting effect of the fuel, which is normally
this evaluation are summarized in Table 1. observed in hydrocarbons and similar systems, is at-

tributed to the competition reaction H' + RH - H2
+ R'[2], where a reactive H atom is replaced by an

Discussion unreactive hydrocarbon residue, a step that takes
place on the expense of the major branching reaction

As can be seen in Table 1, the common features H' + 02 -- OH' + O'. Although this effect does
in the ignition of the epoxy group of molecules is the play a role in any C-H system, including the epoxy
strong enhancing effect of the fuel (a large negative family of molecules, it is compensated in the present
value for flfj) and the large inhibiting effect of the line of fuels by two other phenomena that do not
diluent. This observation is in complete contradiction exist in simple hydrocarbons. These phenomena will
to the ignition characteristics of hydrocarbon fuels in now be discussed.
which flt0uo is positive. The three-membered epoxy rings, being unstable
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-1.5 vv

1,2-Epoxybutane • _

"o -2.0 ACH + CHO
E Ae A

A 0
E N

-2.5 A ~C

: "0) 57.2S-3.0 ot E kcal/mol

2 1.6 83.5
• kcal/mol

-3.5 -12.6
0.75 0.85 0.95 1.05 OH-OH 2

1000/T (K-) 0

FIG. 10. LogX vs lIT for the data points obtained in the -39.6
five series of experiments performed with 1,2-Epoxybu-
tane-oxygen-argon mixtures; 2 is calculated from the cor- CH 3C HO
relation 2 = r/{[Fuel] -0,86[0] -s 72[Ar 592j.

FIG. 11. Energy diagram for the isomerization and de-

structures, tend to open and isomerize to more stable composition of ethylene oxide.

molecules such as ketones, aldehydes, alcohols, and
ethers. (The isomerization products obtained in eth- Hydrocarbon fuels dissociate from a state of Boltz-
ylene oxide and propylene oxide can be seen in Figs. mann distribution corresponding to the temperature
11 and 12.) In view of the large differences in the of the reaction mixture. Since this is in most cases a
heats of formation of the epoxy molecules and their slow process, the contribution of simple fuel disso-
stable isomers, the latter are produced with large ex- ciation to free-radical production is negligible. Chain
cess of thermal excitation. This excess energy is equal branching takes over already at the very early stages
to Eaet + AH6 , where E., is the activation energy of of the combustion. The competition reaction He +
the isomerization process and AH, is the exotherm- RH - H2 + Re, which is a fast and important re-
icity of the isomerization reaction (the difference be- action, is not compensated by any enhancing reac-
tween the heat of formation of the isomers and the tions in which the fuel is involved.
epoxy molecule) [12]. Energy diagrams for the isom- In the epoxy line of molecules, the initiation pro-
erizations in ethylene oxide and propylene oxide are cess is very fast compared to a normal hydrocarbon
shown in Figs. 11 and 12. dissociation. Its contribution to the overall produc-

The thermally excited products can either lose tion of free radicals is, therefore, important during
their energy by collision to produce stable isomers most of the induction time and can compete with the
(which is their main reaction) or decompose to pro- contribution from the chain-branching processes.
duce free radicals that initiate and support the chain This contribution overrides the inhibiting effect of
reactions in the combustion process. This feature, the fuel and leaves an overall enhancing effect. This
which is common to all the epoxy molecules, is re- effect expresses itself experimentally by the high neg-
sponsible for the high production rate of free radi- ative power dependence of the induction times on
cals. the fuel concentration.

TABLE I
Experimental ignition parameters for various epoxy fuels
to fit the equation r = l0Oexp(E/RT)[Fuel]",'[O0,]f'2[M /1

Components a fE A f&3

Ethylene oxide, oxygen, argon -12.62 29.6 -0.44 -0.72 0.78
Ethylene oxide, oxygen, nitrogen -12.81 30.8 -0.82 -0.91 1.48
Propylene oxide, oxygen, argon - 14.28 33.6 -1.07 -0.52 0.78
1,2-Epoxybutane, oxygen, argon -14.56 31.5 -0.86 -0.72 0.92
2,3-Epoxybutane, oxygen, argon -15.73 34.3 -0.92 -0.76 0.89
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Thermally excited i CHCH=CH2+OH cyclopropane
CH,+CHO A

"GH,+GHcHO CH,+CHC;HOJ ...

CH/CO+ AH81000.0

AHz83-85 kcael/mol ,

2 T ~koel/molMAH-62

N AI-18
E-59±2 casAH=8l"Ekcal/mol k

E I 1 ,2-C 4H80 ethylene oxide

-2 1 100.0 2,3-C4H810 *. propylene oxide

S. ................ ..... .. .. ... ....0.. - ...... .....
CHCH ____ 50.0

CH,=CH-O-0H, -9.4 0.6 0.7 0.8 0.9 1.0 1.1

-22.7 CH,=CHCHOH

CHOCH ,CHO HO 1 OOO/T (K-')

CHCOCH, FIG. 13. A comparison of ignition delays for cyclopro-

FIG. 12. Energy diagram for the isomerization and de- pane and for the epoxy line of molecules.

composition of propylene oxide.

studied. As can be seen, they are comparable, mean-
Another interesting feature in the epoxy group of ing that the general behavior of the fuels is deter-

fuels is the strong inhibiting effect of the diluent, mined merely by the unstable three-membered ep-
argon or nitrogen. In simple hydrocarbon ignition, oxy ring and by its characteristic thermal reactions.
the diluent plays two different roles in the induction It should be mentioned that all the C-C bonds in
period. One is the role of a third body in dissociation- ethylene oxide, propylene oxide, and 2,3-epoxybu-
recombination reactions. Due to chain branching re- tane are of sp 2 characteristics, and they are strong
actions, the concentrations of free radicals in the sys- bonds. The CH 3-CH 2 bond in 1,2-epoxybutane is
tern overshoot their equilibrium concentrations of an spa nature and is thus considerablyweaker. This
already at the early stages of the reaction. The role fact does not make the 1,2-epoxybutane more reac-
of argon or nitrogen as third bodies is thus to enhance tive (see Fig. 13), which is an additional support for
recombinations rather than dissociations and to de- the assumption that initiation does not occur by the
crease the overall concentration of free radicals. This dissociation of the reactants but from the thermally
would normally manifest itself by a positive, although excited isomeric products. For comparison, Fig. 13
small, power dependence. The second effect of the shows also the ignition delay of cyclopropane for sim-
diluent is a "cooling effect." Since in most cases heat ilar initial conditions of pressure and composition
is generated as the reaction proceeds, the tempera- [13]. This three-membered ring opens and isomer-
ture and the overall rate increase. An increase in heat izes to propylene with an activation energy of -62
capacity for the same amount of heat released, by kcal/mol [14], which is not much different from the
increasing the diluent concentration, depresses the one required to open the ring in ethylene oxide (57.2
temperature elevation and thus inhibits the progress kcal/mol) [3]. However, since there is only a small
of the reaction. In the epoxy line of molecules, a con- difference in the heat of formation of cyclopropane
siderable amount of heat is generated in the process (AHI(29s) = 12.8 kcal/mol) [15] and propylene
of isomerization so that this effect becomes very sig- (AlHl(98) 4.8 kcal/mol) [15], the latter does not
nificant. have enough energy to dissociate from its thermal

A third and perhaps the most significant inhibiting excited state and loses its energy before dissociation.
effect in this system is the quenching of the thermally As can be seen in Fig. 13, the induction times in
excited species that are formed in the isomerization cyclopropane are longer than those of the epoxy of
(Figs. 11 and 12). Since these excited species can lose molecules at the same temperature by an order of
their excess thermal energy by collisions with argon magnitude.
(or nitrogen), an increase in the diluent concentra-
tion will increase the quenching rate and prevent the Conclusion
thermally excited molecule from dissociating to free
radicals. The study of ignition delay times in the four epoxy

These three roles of the diluent in the epoxy sys- molecules can be summarized in the following state-
tern result in a very high-power dependence of the ments:
induction time on its concentration.

Figure 13 shows a comparison of ignition delays 1. The ignition delay times of molecules containing
in comparable mixtures of the four molecular fuels a three-membered ring epoxy structure are very
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COMMENT

Laurent Catoire, LCSR-CNRS-Orleans, France. Did and a retarding effect of the diluent. We have not tried to
you try to correlate your ignition delays with those of Bur- correlate our data with the parameters obtained by Burcat
cat for ethylene-oxide-oxygen-nitrogen mixtures and with and by Yoon et al. and the parameters that we obtained are
those of Yoon et al. for ethylene-oxide-oxygen-argon the outcome of a least-squares analysis of our results.
mixtures? How can you explain the dispersion observed for I do not have a clear explanation of why our propylene
the propylene-oxide-argon mixtures? Compositions for the oxide data show such a dispersion using the correlation
six series of experiments performed with ethylene-oxide- obtained by least-squares analysis of the data. What we can
argon mixtures are given. What are the two others? see in Fig. 9 is that there is no dispersion between the

groups and the data of all the groups of experiments mixed
Author's Reply. Burcat's correlation for ignition delay in together. This is a good indication that the correlation is

ethylene-oxide-oxygen-nitrogen mixtures as well as the correct.
one of Yoon et al. for ethylene-oxide-oxygen-argon The other compositions used in the ethylene oxide ex-
mixtures is, at least qualitatively, similar to ours. All clearly periments were ethylene oxide 4% and oxygen 10% at p.
show an enhancing effect of both the fuel and the oxygen - 1, 1.5, 2, and 3 atm.
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SHOCK-TUBE INVESTIGATIONS ON THE SELF-IGNITION OF
HYDROCARBON-AIR MIXTURES AT HIGH PRESSURES

K. FIEWEGER, R. BLUMENTHAL AND G. ADOMEIT

Institut ftir Allgesneine Mechanik, RWTIH Aachen
D-52056 Aachen, Gertoiany

The self-ignition behaviour of various fool-air mixtures has been investigated without inert gas dilution
using a high-pressure shock tube. In order to obtain data directly applicable to the modeling of engine
combustion, the shock-tube facility was designed to handle fuel-air mixtures up to initial pressures of more
than 40 bar and to achieve measuring times up to 10 ms. As typical representatives of engine fuel com-
ponents, n-heptane, benzene, iso-octane, methanol, and methyl-tert-butylether (MTBE) were investigated.
Two pressure levels for the investigation, 13 bar and nearly 40 bar, have been chosen. The ignition of
n-heptane begins with a rapid pressure increase, especially at higher temperatures. Benzene, iso-octane,
methanol, and MTBE show a slow initiation of the ignition without distinct pressure peak (mild ignition)
at low temperatures, which at higher temperatures changes to a rapid pressure increase after a variable
time lag (strong ignition). The strong ignition limit depending on temperature, pressure, and fuel was
determined. An investigation was made of the dependence of the ignition delay times of iso-octane and
benzene on equivalence ratio and temperature at nearly 40 bar. A comparison of the ignition delay times
of all the fuels investigated is presented for stoichiometric mixtures and at two pressure levels.

Introduction feet specifically. They found that the replacement of
an argon heat bath by nitrogen led to a change of the

Information on the self-ignition of hydrocarbon- ignition delay of up to a factor of 10. Gasdynamic
air mixtures is of basic importance, as much for the features of the self-ignition process also change con-
direct implications for practical combustion and ig- siderably with dilution.
nition processes as for the possibility of deriving ki- In our case, the desire to obtain data directly ap-
netic information from these data. plicable to the modeling of engine self-ignition and

The modeling of the autoignition process, e.g., in knock phenomena was the motive to develop a
engines, is possible if the chemical kinetics of the shock-tube facility capable of handling fuel-air
combustion reactions is known. Hence, a wealth of mixtures up to initial pressures of more than 40 bar
experimental data has been gathered about this pro- and measuring times up to 10 ms. The ignition delay
cess. The shock tube is a very suitable tool here be- times obtained in this manner can be used for de-
cause of the sufficiently short heating and compres- veloping and validating kinetic models, especially for
sion time by the shock wave. The conditions achieved the relatively high pressures and low temperatures
behind the reflected shock wave are homogeneous. occurring in engines [2]. Also, the validation of re-
The main reaction-determining parameters, such as duced mechanisms (e.g., Refs. 3 through 6) can be
temperature, pressure, equivalence ratio, additives, done by adjustment to these data. The gasdynamic
kind and degree of dilution, can be adjusted inde- features observed in these experiments should also
pendently. be of direct relevance to corresponding engine phe-

However, almost all of the data obtained have nomena, e.g., knock. Therefore, this work fits well
been gathered making use of a heat bath, i.e., a large into the rapid compression device investigations, ex-
fraction of inert gas dilution. A major reason for this tending their data to smaller values of ignition delay
is the fact that the final pressures after ignition are and higher temperatures. In this region, the shock
drastically decreased by this measure, which reduces tube has definite advantages concerning compression
considerably the experimental expenditure, as safety times, cleanliness, and complete coverage of pres-
measures, etc. The temperature increase caused by sure and temperature range without the necessity to
the reaction is also reduced, simplifying the kinetic change the composition of the inert fraction of air.
analysis. However, it has various drawbacks. The Because commercial fuels consist of a great num-
composition of the heat bath is an influence that has her of components, typical representatives of differ-
to be considered and is less obvious than may be ent fuel groups were investigated: n-heptane and
assumed. Zallen and Wittig [1] have studied this ef- iso-octane (2,2,4-trimethylpentane) for paraffins,
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benzene for aromatics, methanol for alcohols, and 70 benzene

methyl-tert-butylether (MTBE) for ethers. Mixtures

of n-heptane and iso-octane are used as primary ref- 6o

erence fuels to determine the octane number. 50

n-Heptane also possesses a cetane number typical for 40

a good diesel fuel. The other possible fuel compo- P

nents, benzene and MTBE, improve knocking prop- [bar] 30 strong ignition T5=1082 K

erties 20

10 IdT\14

Experimental 0mil ignItion 2

The experimental device is a single-pulse high- t [mis]
pressure shock tube with an inner diameter of 87 FIG. 1. Pressure histories of a stoichiometric benzene-
mm, which is described in detail in previous air mixture; transition from mild to strong ignition.
publications [9-12]. The high-pressure part has a
length of 5.3 mn; the low-pressure part is 6.3 m long.
In order to conduct experiments under conditions
relevant to engine combustion, the final length of 3.3 Pressure Ibari
m of the driven section used at the moment has been go-
designed for a maximum static pressure of 50'0 bar.

The measuring plane with 10 radial access ports is 60 -

located 15 mm in front of the end wall of the low- ,o
pressure part. It is equipped with an acceleration
compensated piezoelectric PCB 113A pressure
transducer, a thin-film heat-transfer gauge, and ob-
servation windows. Three more pressure transducers .200

and observation windows are placed at a distance of ,0

100 mm each from the measuring plane. Through ,0on
the windows, a volume element at the shock-tube 0 80o Temperature [K]

axis is focussed on a fused silica fibre optic. The CH- FIG. 2. Pressure histories for various temperatures; iso-
band emission at 431 nm is selected using interfer- octane 0 = 1.0, p5 - 13 bar.
ence filters and detected by photomultipliers.

Three thin-film heat-transfer gauges are mounted
flush to the shock-tube wall along the shock-tube the ignition is divided into two parts. A moderate
length to measure the velocity of the incident shock pressure rise occurs at the beginning of the main ig-
wave. With this information, the temperature T5 be- nition at ri1. After a distinct time, a further rapid
hind the reflected shock wave has been calculated by pressure increase occurs at Ci,2, which finally shows a
solving the gasdynamic balance equations, consider- sharp peak, followed by pressure oscillations. The
ing also real thermodynamics behaviour of the gases time history of the light emission has a similar be-
(see, e.g., Refs. 13 and 14). Further information and haviour and shows definitely that, at rij1 , the main
details about the apparatus, the measuring equip- ignition process begins. No such preignition process
ment, and the operating modus have been presented as observed for n-heptane [11] occurs for benzene.
in Refs. 10 and 11. Oppenheim and coworkers investigated the gas-

dynamic processes connected with self-ignition be-
hind the reflected shock wave. They observed the

Results and Discussion same phenomenon: Two different types of ignition,
which they named mild and strong ignition, occur

Gasdynamic Features of the Self-Ignition Process: depending upon temperature [15,16]. This phenom-
enon is not confined to shock-tube experiments. Sim-

Figure 1 shows two pressure histories of a stoichi- ilar observations have been reported for investiga-
ometric benzene-air mixture plotted into one dia- tions in rapid compression devices [17].
gram. The initial pressure is about 13 bar; the tem- The development of the pressure traces for a
peratures of the two experiments differ by only 40 larger range of temperature is illustrated in Fig. 2 at
K. At lower temperatures (here, 1040 K), the pres- a pressure level of 13 bar for stoichiometric iso-oc-
sure trace shows only a single distinct maximum. tane-air mixtures. It can be seen that the ignition
Pressure oscillations, which are characteristic of the characteristic of iso-octane is very similar to that of
n-heptane self-ignition process, are not observed benzene. There is a clear discontinuous transition
here. At a slightly higher temperature (here, 1080 K), from mild to strong ignition. The sudden pressure
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FIG. 3. Summary of the results of stoichiometric ben- 20 F

zene-air mixtures on a pressure-temperature diagram de- 02 4 6 8 10 12
lineating the strong ignition limit zone. time [ms]

FIo. 5. Pressure and CH-emission signals plotted against
60 mild i time for a mild ignition process (T5 = 810 K, stoichiomet-

...trngigntin0 ric iso-octane air mixture). The incident (IS) and the re-

4 0 0 0 flected (RS) shock wave are marked with dashed lines. The
0 figure contains the signals measured at four different lo-

0 C9 o cations in the driven section of the shock tube.
. -.,
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FIG. 4. Summary of the results of stoichiomnetrie iso- 300

octane-air mixtures on a pressure-temperature diagram 0[ . . .

delineating the strong ignition limit zone. 6102
6l0 .•

3001
increase connected with strong ignition (described as 240 -------
ra2 in Fig. 1) shifts towards the initial pressure rise 180 -

120 - IS RS
of the self-ignition (Qi, in Fig. 1). The amplitude of 60
the pressure pulse connected with the strong ignition 02 3 4 5 6
decreases with increasing temperature. time [ms]

All experiments with stoichiometric benzene-air
mixtures (Fig. 3) and stoichiometric iso-octane-air FIG. 6. Pressure and CH-emission signals plotted against
mixtures (Fig. 4) are summarized in the following time for a strong ignition process (T5 = 980 K, stoichio-

two temperature-pressure diagrams. The points with metric iso-octane-air mixture). The incident (IS) and the
solid circles indicate mild ignition, while at the points reflected (ES) shock wave are marked with dashed lines.
marked with a hollow circle, strong ignition occurred. The figure contains the signals measured at four different
Obviously, there is a distinct demarcation between locations in the driven section of the shock tube.
the two ignition modes, which is named the strong
ignition limit [15]. For iso-octane (Fig. 4), this limit
shows a marked dependence on pressure, which is chiometric iso-octane-air mixtures. Each figure con-
not the case for benzene (Fig. 3). tains the signals measured at four different locations

Figures 5 through 7 show histories of pressure and in the driven section of the shock tube. Number 1
CH emission at 431 nm for different initial temper- (upper plot) stands for the measuring plane 15 mm
atures, at an initial pressure of about 30 bar, for stoi- in front of the end wall; the other measuring planes
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locations in thle driven section of the shock tube. 1 U O

A0 Is-Co
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• ou q• =2.52 through 4 are located with a distance of each 100 BE

B '0d=1.0nn in direction to the high-pressure part. o

Figure 5 sPows the pressure and Cl-I-emission sig- 00bt7 i n0s.' t 1 0190 11 ' 1 0 ." 1.2 .. 3 .. 4 10.

nab plotted against time for a mild ignition process 1000 K/T5

Mtri= 810 K). The incident (IS) and the reflected
(RS) shock wave are marked with dashed lines. The FiG. 9. Ignition delay times of iso-octane-air mixtures

signals of the CH emission show that, in this exper- with the equivalence ratio varied; p. 36 bar.

iment, the ignition starts close to the second mea-
suement porl 115 nn before the end wall (second tl e w.T
plot) and generates a smooth pressure increase, 0 D .

which spreads along tile tube axis. The reaction front, reaction front leaves with very high speed from the
indicated hy the CH-emission signals, moves more end wall and catches up with the reflected shock

slowly than the pressure wave iinto the unburned gas. wave between the second and the third measuring
The plots of an experiment a a higher initial ten - planes. The arising shock wave, which is coupled with

perature (T15 = 90 K) are presented in Fig. 6. Self- the reaction front, shows a stepike pressure signal

ignition starts in the measuring plane cose to the end without a single strong peak.

wall (signals in the top part of the figure), generating The pressure traces of methanol and MTBE also

a smooth pressure increase in the same way as the show features similar to those described for benzene.

Illild igndition process. This pressure wave moves to- A slow initiation is followed by a rapid pressure in-

wards the high-pressure part into the unburned gas. crease and consecutive osecillations at high tempera-
At the second measuring location (115 mm in front tures. At low temperatures, twh trace is smooth and

of the end \all), the temperature increase connected possesses only one maximum.

wigt tile [tresslire e mecauses a stronlg ignition process
with a very rapidt and strong pressure rise. This pres- Ignition Delay Tiies:

sure wave is coupled with the reaction front. Both
move together with very high speed throu ththe tube In Fig. 8, the ignition delay times t of betzene for

(measuring points 3 and 4), effecting a very fast ox- various equivalence ratios are plotted logarithmically

idation of the fuel. vs the inverse of the temperature behind the re-

If the initial temperature is increased further (Fig. flected shock 100p0/T 0 The initial pressure P5 is kept

7, T o = 1115 K), the behaviour of the self-ignition approximately equal to 39 bar for all the data points.

process reflected in the pressure and CH-emission The results of the experiments with iso-octane (P5
signals changes again. The self-ignition starts near about 36 bar) can be seen in Fig. 9. Both diagrams
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FIG. 10. Ignition delay times of various fuels; d5 = 1.0, p, 13 bar. The symbols with the arrows indicate the transition

from mild to strong ignition. (n-Heptane data, see Ref. 11; benzene data, see Ref. 12.)

show that lean mixtures of the two fuels have longer notonous dependence upon temperature. At the
ignition delay times for temperatures smaller than pressore of 13 har, the delay times of benzene hie
ahout 1000 K. The results of the rich and the itni- ahove those of n-heptane, except for a small range
chiometric mixtures differ only slightly, around 1000 K. This intersection disappears for

in the last two figures, the resolts for stoichiornet- higher pressures, and the differences between the
ric mixtures of all the fuels investigated are com- ignition delay times hecome larger, as Fig. 11 shows.
pared. The pressure P5 is ahout 13 bar for all the data This hecomes particularly pronounced in the impor-
points in Fig. 10. In Fig. 11, it varies from fuel to tant region where n-heptane displays the s-shaped
fuel hut is close to 38 bar, as indicated more accu- dependence, which should be of significance with re-
rately in the figure caption. spect to antikoocking properties.

For n-heptane, the ignition delay dependence The MTBE ignition delay shows also the mounot-
upon the temperature hoth in the high- and in the onous dependence upon temperature, as ohserved
low-temperature region can he expressed approxi- for benzene. The overall gradient, however, is
mately hy straight lines. In an intermediate range, steeper, which leads to ignition delay times helow
the dependence hecomes strongly nonlinear and is those of n-heptane at high temperatures and low
represented hy the well-known s-shaped depend- pressures. The data overlap in a region around 900
ence. In this region of negative temperature coeffi- K. At around 38 har, the high-temperature values of
cient, the alkylperoxy radical reactions become dom- MTBE and n-heptane are close together, differing,
inant (see, e.g., Ref. 2). Increasing the pressure, the however, considerably in the low-temperature tran-
s-shaped part is shifted to higher temperatures and sition region. This again is indicative of the MTBE
lower ignition delay times, which is ohvious when antiknock properties. Comparing the lowv-pressure
Figs. 10 and 11 are compared. data (Fig. 11), methanol shows a very similar behav-

The iso-octane data plotted in Figs. 10 and 11 al- iour to MITBE. This may he caused by the decom-
most coincide with the n-heptane data for tempera- position of MTBEF into methanol and isobutene [ 18].

F tures higher than 1000 K ait 13 har and 900 K at 38 The point of transition from strong ignition to mild
bar. Lowering the temperatures, the ignition delay ignition is marked for every fuel except n-heptane in
times of iso-octane become longer by a factor of Figs. 10 and 11. This point is located hetween 1060
ahout 10, which explains the large difference of the K (13 har) and 990 K (38 har) for benzene and be-
two fuels in relation to the octane number. The data t-veen 960 K (13 bar) and 700 K (38 bar) for iso-
of iso-octane showv a weak s-shaped dependence octane. MTBE shows this transition hetween 910 K
upon temperature at about 850 K in the Arrhenius (13 har) and 900 K (38 bar) and methanol at 890 K

diagram at the 38-bar pressure level. (13 har). n-Heptane shows strong pressure oscilla-
SThe ignition delay times of henzene shoxv a mu- tions at all investigated temperatures [11].
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FiG. 11. Ignition delay times of various fuels; 0 = 1.0, n-heptane 42 bar, benzene 39 bar, iso-octane 36 bar, MTBE
34 bar. The symbols with the arrows indicate the transition from mild to strong ignition. (n-Heptane data, see Ref. 11;
benzene data, see Ref. 12.)

Conclusions sition between the two modes starts for the other
fuels.

The self-ignition behaviour of n-heptane, benzene, The fact that the strong ignition limit of iso-octane
iso-octane, methanol, and MTBE was investigated is shifted to very low temperatures for higher pres-
under conditions relevant to engine combustion us- sures indicates that, in this region, a behaviour sim-
ing a high-pressure shock tube. ilar to n-heptane with negative temperature

All fuels investigated except n-heptane show a slow dependence can be expected. The results of recent
initiation of the ignition without distinct pressure rapid compression device investigations, e.g., Ref. 19,
peak (mild ignition) at low temperatures, which at for lower pressures show this at low temperatures
higher temperatures changes to a rapid pressure in- with long ignition delay times.
crease after a variable time lag (strong ignition). Op- Ignition delay times of iso-octane and benzene
tical observations by Oppenheim and coworkers were obtained in dependence on equivalence ratio
[15,16] reveal that mild ignition at its onset is con- and temperature at initial pressures of nearly 40 bar.
nected with the formation of flame kernels usually A comparison of the ignition delay times of all fuels
developed in eorner eddies. Strong ignition was dis- investigated was presented for stoiehiometric
tinguished by the fact that, at first, a front of a blast investatd wa presene r estoiciot\x'av is . mixtures and two pressure levels. These results will
wave is formed by the deposition of the exothermic be helpful for further development, adjusting, and
energy in the reactive medium without any prior ev- testing f furthe me nt, benzene,
idence of flame kernels. The strong ignition limit de- testing of kinetic schemes of iso-octane, benzene,
pending on temperature, pressure, and fuel was de- MTBE, and methanol, especially for low tempera-
termined for iso-octane and benzene. tures and higher pressures. Without these results,

For n-heptane, the well-known s-shaped depend- only qualitative conclusions can be drawn from our

ence of the ignition delay time upon the reverse of data.
temperature in the Arrhenius plot, connected with a Detailed simulations of the processes within the

two-step self-ignition process, was found in our re- shock tube during self-ignition using a Godunov-type
cent investigations [11]. The full kinetic scheme by method with both detailed and reduced reaction
Chevalier et al. [2] and reduced mechanisms by schemes are in progress now. We hope to clarify the
Mtiller et al. [3] are able to model this behaviour by interaction of gasdynamic processes with chemical
the inclusion of peroxide reactions. No mild ignition reactions that is expressed in the mild and strong self-
was observed for n-heptane. This may be caused by ignition processes. These phenomena cannot be ex-
the fact that the ignition delay times become shorter plained by usual zero-dimensional kinetic computa-
again at temperatures around 100,0 K where the tran- tions.
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IGNITION AND COMBUSTION OF MAGNESIUM
IN CARBON DIOXIDE STREAMS

SABURO YUASA AND APORO FUKUCHI

Tokyo Metropolitan Institute of Technology
Asahigaoka 6-6, Hino-shi, Tokyo 191, Japan

The prospects for using Mg as fuel in a CO-breathing engine in Mars atmosphere without oxygen led
to this experimental study on the ignition and combustion of Mg performed in pure CO2 and COO/CO
streams over a wide range of pressure, velocity, and CO concentration of the streams. The critical ignition
temperature of Mg in CO, streams decreased with decreasing ambient pressure, and was insensitive to
the stream velocity. The ignition temperature in CO/CO streams varied little at first, but increased with
decreasing CO2 concentration. Ignition occurred in two distinct stages, the first being surface reactions
controlled by chemical kinetics and the second being gas-phase reactions controlled by CO2 diffusion. The
breaking of a thin protective film formed in the first stage played a crucial role in the ignition process,
leading to the beginning of the gas-phase reactions and then to ignition.

During combustion, several flames appeared sporadically and intermittently over the swelling sample
surface, which was coated with a thick porous layer. The flames produced CO in the gas phase, while, on
the nonflame surface, the reactions of Mg with both CO diffusing from the flames and CO/CO in the
streams generated condensed MgO and C that built the porous layer. The pulsating manner of the flames
can be explained in terms of the ahrupt breaking of the layer followed by its blockage due to the surface
reaction with CO.

Introduction vestigate and detail the ignition and combustion pro-
cess of Mg and to reveal the effects of pressure on

We have proposed a C0 2-breathing jet engine us- it. The experiment was carried out in a stagnation
ing metals as fuel for a future aircraft-type vehicle in region of CO2 streams, in the same manner as that
Mars atmosphere, consisting of CO2 [1,2]. One of the of our previous studies of various metals [1,5]. In
attractive metal fuels for the engine is Mg. We have order to increase understanding of the ignition and
performed an experimental study on the ignition and combustion mechanism in C0 2, C0 2 /CO mixture
combustion of Mg disks in a CO 2 stream at 1 atm streams were also used as oxidizers.
[1]. We found that Mg had easy ignitability and a fast
burning rate. During combustion, intermittent Experimental Apparatus and Procedure
flames appeared sporadically over the Mg surface to
produce CO by gas-phase reactions. Recently, Shaf-irovch nd Gldslege [3 hav mae anexpri- Figure I shows a schematic of the experimental
irovich and Coldshleger [3] have made an expert- apparatus [5]. C0 9 /CO mixtures at room tempera-
mental study on the combustion of Mg particles in- ture issued through a nozzle (25-mm diameter) into
troduced into high-temperature C0 2/CO mixtures at a combustion chamber. The mixtures impinged on a

I a om. They concluded that the heterogeneous re- sample holder of BN (20 mm in diameter), which
action of Mg with CO occurred during combustion was situated 17 mm downstream of the nozzle exit.
in CO2, in addition to the homogeneous reaction of A machined Mg sample (9.5 mm in diameter, 5 mm
Mg with CO 2. However, detailed experimental in height, purity 99.9%) was mounted in a depression
knowledge of the ignition and combustion processes, of the holder through a thin exchangeable receptacle
such as the interactions between the homogeneous and a crucible, both of which were made of stainless
and heterogeneous reactions and the surface reaction steel.
layer structure, has been insufficient. Thus, the ig- In C0 2/CO mixture streams, the experiments
nition and combustion mechanisms still remain ob- were performed at combustion chamber pressures
scure. In particular, since the atmospheric pressure P from 8 to 101 kPa, and at the nozzle exit velocities
of Mars is about 0.6 kPa [4], information about the V, from 0.5 to 5 m/s, with CO2 mole fractions
ignition and combustion of Mg at low pressures will Xco2 varying from 0 to 1. Before each test, the Mg
be required to develop a combustor for the engine, sample was heated in an Ar stream at a predeter-

The present experimental study was made to in- mined pressure and flow rate. When the sample tem-
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perature reached a predetermined value, the test run T1,n abuve which a sample heated up hy itself tu g
was started hy changing Ar tu a CO2 /CO mixture uf nition.

the same pressure. Figure 2(1) shows the variation of T0 r with Pm in
The sample temperature was measured by a CO 2 streams at Vr 1.5 m/s. Here Tcr decreased

chrome-ap me thermocouple. Changes in sample ap- with a decrease in Po. This tendency was different
pearances were continuously recorded by two video from that in 0A and air atmospheres [6,7]. Even at
cameras, as shown in Fig. 1. Microphotographic oh- the lowest pressure, T.r in CO 2 was higher than that
servation was made of samples that were quenched in air at 1 atm [6-8]. Mg in CO2 streams, as well as
during the ignition and combustion process by in- in 0. and air atmospheres [9,10], could hum at suf-
jecting Ar into the chamher. Condensed combustion ficiently low pressures. Figure 2(2) shows the effect
products gathered after the experiment were ana- of V,,, on the Tse at P,,, = 41.3 kPa in CO 2. Here Tcr

lyzed chemically and by an x-ray diffractometer, varied little with Vm. This result suggests that the
ignition process of Mg in COs is not controlled hy
CO2 diffusion through the boundary layer over the

Experimental Results sample surface, hut hy chemical kinetics. It also sug-
gests that a heat-loss variation with Vm has only a

Criticg intion Temperature: slight influence on Tpr . Figure 2(3) shows Ter plotted
against Xco, at Pm, = 21.3 kPa and V 0 = 1.5 r/s.

In this study, ignition was defined as a first ap- Here i tr hardly varied when Xco2 decreased from
pearance of a flame on the sample suraace. The ig- 1.0 to 0.5, but rapidly increased when Xco2 decreased
nition temperature Tig was the sample temperature from 0.5 to 0.1. Below Xcon = 0.1, the sample could
at ignition. To determine an ignition limit, the igni- not ignite even at the boiling point of Mg (937 °C
tion delay time td, the interval to ignition after the [11]) at XmC 21.3 kPa. The dependency of T. on
gas replacement of Ar by a CO2 stream had taken Xco2 was substantially the same over the Pae range
place, was measured as a function of the initial sam- tested, and when Xco 2 remained constant, ecr de-
ple temperature Tin, defined as temperature at the creased with decreasing Pu.

gas replacement. Regarding the CO2 streams, it was
found that, at higher pressures, td hardly varied with Ignition and Combustion Process:
decreasing Tin (3-10 s), while, at lower pressures, td
increased slightly with decreasing Tin (up to about 30 Sample appearance and temperature behavior
s). When Tin reached a critical value, ignition did not Figure 3 shows a typical example of the time var-
occur even after an interval of 10 min. The critical iation of the sample temperature after the gas re-.
ignition temperature Tr was defined as the lowest placement at P, = 41.3 kPa. The sample appear-
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FIG. 2. Variation of critical ignition temperature: (1) with ambient pressure in pure CO2 streams at V,, = 1.5 m/s, (2)
with C 02 stream velocity at P,, = 41.3 kPa, and (3) with CO concentration in CO,/CO streams at 21.3 kPa and V,, =

1.5 m/s.

(ple temperature at "transition," where the heat-

release mechanism drastically changed. Finally,
when one or more of the bubbles burst at (c), incan-

lis Id) • descent flamelets appeared locally, indicating igni-
(c (d.. tion at Ti - 888 TC. However, when Tin was lower

o., • than Tcr, h•e temperature increased just after the gas

B.00 Preplacement, but this was not followed by the ap-
.B.P. = IO3 'C XcoP = 1. 0 pearance of bubbles, and the sample temperature

Pr = 41.3 kPa decreased with time, resulting in nonignition.o•Vrn= 1.5 m/s

S950 The first flamelets at ignition did not spread over
the whole sample surface and quenched quickly

(a) (d(about 0.1 s). However, many flamelets continued to

03 900 appear sporadically and intermittently over the sur-

E 87- -ronsition Ib) face with bubbles, repeating the process from igni-
1- tion to quenching. When the frequency of the ap-

850 pearance increased substantially, stable combustion
0 10 20 30 40 of the sample was attained at about (d). This behavior

Time , I (sec) • is different from that in the air stream, in which a
one-dimensional flame appeared over the Mg sample

FIo. 3. Time variation of sample temperature and video surface without a reaction film [8]. Figure 3 shows
photographs in a CO0 stream. T,,= 873 °C, P,, = 41.3 that, during stable combustion, the sample temper-
kPa, V,, = 1.5 m/s. ature remained almost constant at a value close to

the boiling point of Mg (1003 TC [11]) at the ambient
pressure, in agreement with results for Mg in the air

ances corresponding to (a) through (d) are also shown stream [8]. Figure 4 shows a sequence of the devel-

in the figure. In an Ar stream, the Mg surface was oping process of a typical intermittent flamelet that

clean and actively ejected Mg vapor. As soon as the formed during combustion at P_ = 41.3 kPa. Figure
sample was exposed to the CO2 stream, the surface 4(a) represents a red-hot bubble that appeared near
was uniformly covered with a reaction film that the top of the surface. As soon as the bubble began
stopped the vapor ejection. Simultaneously, the sam- to rapidly increase in luminosity, it burst to eject
ple temperature began to increase, and the surface white smoke into the open space, generating an in-
as a whole became red-hot at about (a). As time pro- candescent flamelet like a jet diffusion flame [Figs.
ceeded, many "bubbles" appeared over the surface 4(b) and 4(c)]. After the flamelet had continued to
at about (b). They further increased in size and num- burn for a while, it was quenched just after (d). The
her with a corresponding rapid increase in the sam- corresponding spectrum of the flamelets showed that
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FIG. 4. Video photographs of a flame-developing process
in a CO, stream. P,, = 41.3 kPa, V, 1.5 m/s. pearance decreased, but the scale of bubbles and the

height of the swelling surface increased. Individual
flamelets continued to burn for about 0.1-0.2 s, and
this was observed to be insensitive to the ambientMg lines and MgO hands were visible, in agreement pressure. At P,, = 8 kPa, ignition occurred when a

with observations of Mg in 0 a and air atmospheres surface film burst extensively without generating

[8,101. CO was measured in the gaseous combustion bubbles and surface swelling, resulting in a jet rif-

products. It is of interest that the nonflamelet surface busion suaae.

area continued to be heated red-hot during combus- fusion flame.

tion. These results indicate that gas-phase reactions Effect of CO concentration
of the flamelets produced CO, xvhile surface reac- Addition of CO to CO, led to noticeable changes
tions also occurred on the nonflamelet surface areas. Addition o n combusto noceaslechang
After the stable combustion continued for a few in the ignition and combustion process. Decreasing
minutes, flamelets vanished and the surface with Xco 2 from 1.0 to 0.25 caused the bubbles to become
bubbles became dark, resulting in quenching of a bigger, and the sample swelled significantly higher.

whole sample. A thick black and white shell remained In the range of Xco9 below 0.5, t, at the ignition

on a quenched sample. limits became much longer than that in CO2. At
lower Xco2, individual flamelets burned slowly and
weakly for a few seconds. Corresponding to this, q

Effects of pressure and velocity was smaller than that in CO2 streams. The total burn-
The above-mentioned ignition and combustion ing time of the whole sample remarkably increased

process in pure CO5 streams was found to be essen- with decreasing Xco,; for example, at P,,, = 21.3 kPa
tially similar over the range of pressure tested, except and V,,, = 1.5 m/s, about 100-160 s at Xco 2 = 1.0
for the case of P,, = 8 kPa. However, pressure has and about 170-300 s at Xco2 = 0.5. These results
effects on the following characteristics. The Tig scat- suggest that the reaction rate of Mg with CO is con-
tered in the range of 870-920 'C seems to decrease siderably slower than that with CO. It is noteworthy
slightly with decreasing pressure. The averaged heat- that pulsating combustion of the whole sample, such
release rate q was estimated from the temperature as that reported by Shafirovich and Goldshleger [3],
increase rate of the sample between transition and was observed over the wide range of Xco2 from 1.0
stable combustion by assuming that the sample mass to 0.5 in the present experiment.
and the reaction surface area were kept constant at When XC02 was less than 0.25, the behavior of the
original values. Here q was about 3-12 J/(cm2 s) and sample appearance changed drastically. When igni-
decreased with decreasing pressure from 101 to 21.3 tion took place at lower pressures, an abrupt bursting
kPa, as shown in Fig. 5(1). Corresponding to this, the occurred just after gas replacement, and was fol-
total burning time from ignition to quenching in- lowed by a large jet flame of Mg vapor without any
creased greatly with pressure: about 50-80 s for 101 flamelets.
kPa and about 100-160 s for 21.3 kPa. With increas-
ing 1,,,, q also increased, as shown in Fig. 5(2), which Combustion Products and Reaction Fihsn Structure:
implies that, after ignition, CO2 diffusion through the
boundary layer became the rate-limiting step. With Figure 6 shows a typical example of the cross sec-
a decrease in pressure, the frequency of flamelet ap- tions of quenched samples at certain intervals after



IGNITION AND COMBUSTION OF MAGNESIUM IN CARBON DIOXIDE STREAMS 1591

Mg
Thlý Lay r' I fer gniton.t=I 4sec

S.W h i t e P r o d u c t s

-c lac) Products

SThickThinaye/ •)•, Layer 3

To t lMg -

Si Thick

Layer FIG. 6. Cross-section photographs
of quenched samples in a CO,]- stream at P, =101.3 kPa and V,, =

Mg 1.5 mn/s: (a) after ignition t = 2.3 s,
Stratified Layer W Toothl Cavity . (b) t = 9.4 s, and (c) t = 46.3s. Ti,

I M4.3sec IM I = 900 °C.

ignition at 101 kPa in a CO2 stream. During the ig- pressures. The differences were that the initial thin
nition stage, a thin gray reaction film about 0.1-mm film decreased in thickness and that the black prod-
thick formed and adhered [Fig. 6(a)]. At the next uet layer, including stratified protrusions, became
stage, a black product layer was generated over the more complicated and much thicker, for example, up
thin film. It increased in thickness with time, while to about 5 mm at P, = 41.3 kPa. On the other hand,
the thin film maintained an almost constant thick- adding CO to the CO 2 streams made the layer both
ness. As time went on, the unevenness and thickness more complicated and thicker. In the quenched lay-
of the black product layer increased, and many pro- ers, stratified protrusions were not observed, but Mg
truding parts, like "teeth", filled with Mg appeared metal existed in a coral formation.
on the rough surface [Fig. 6(b)]. It should be noted After the test run, the shell of the black product
that their bottoms attached to the thin gray film, and layer was analyzed chemically. It was confirmed that
the black layer was covered with white powder prod- the shell was composed of combustion products,
ucts in spots. All the samples quenched at this stage MgO and carbon, and of unburned Mg. The mole
had cavities inside. They became larger in diameter fraction of carbon in the combustion products, Xc =
as combustion proceeded. This observation supports molc/(molc + molMgo), was about 0.15 in CO 2
the fact that the sample was boiling during combus- streams. One possible explanation for the carbon for-
tion. As combustion continued, the black product mation is surface reactions, as the gas-phase reactions
layer became more complicated and much thicker. between Mg vapor and CO 2 produce only CO [1].
Eventually, several stratified protrusions like "cab- Figure 7 shows the variation of Xc with Xco. in
bages" formed [Fig. 6(c)]. They consisted of alter- C0 2/CO streams at P = 21.3 kPa. With increasing
nately arranged thin metallic layers and thin gray lay- CO concentration, Xc increased. This tendency ofXc
ers and had paths from the Mg sample. The layer on Xco2 remained similar over the range P, tested.
number of a stratified protrusion was nearly equal to The STI curve represents the stoichiometric values
the pulse number ofthe corresponding flamelet. This for the case when only CO in the mixtures of
suggests that the protrusions were alternately strati- C0 2/CO is perfectly reduced to C through the het-
fled by Mg and combustion products. The growth of erogeneous reaction Mg (1) + CO = MgO (c) + C
the black product layer indicates that it was appre- (c). The ST2 curve represents the case in which all
ciably porous and nonprotective, thus allowing fur- CO and CO2 in the mixtures are stoichiometrically
ther gas-phase reactions to occur close to or inside converted to C through the heterogeneous reactions
it. After combustion, the black product layer existed Mg (1) + C0 2/2 = MgO + C/2 and the above re-
almost entirely clear of white products, remaining as action. The difference between the experimental val-
a shell covering the receptacle. ues and the STI curve is considered to be equal to

When the ambient pressure was lower, the layer the amount of carbon formed from the reaction with
structure was essentially the same as that at high CO 2. This consideration may imply that, below ap-
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FIG. 7. Carbon mole fraction in combustion products FIG. 8. Standard free energy change as a function of
against CO2 mole fraction in CO/CO streams at P,, 21.3 temperature.
kPa and V,, = 1.5 m/s.

can take place, but Reactions (2) and (3) cannot.
proximately Xc0 2 = 0.5, CO 2 in the mixtures did not However, below about 2100 K, close to the flame
take part in the surface reactions to produce carbon, temperature of Mg with CO (2040 K [12]), CO can
In addition, the amount of carbon corresponding to react with Mg vapor to form carbon. However, the
the difference between ST2 and the experimental present experimental results related to Tr, the com-
values was probably generated as CO without con- bustion products and the burning time suggest that
version to carbon, the reaction rate of CO with Mg was not as fast as

that of CO 2. It is interesting to note that, on the burn-
ing Mg surface at about 100'0 K, Reactions (2) and

Discussion (3) can occur, producing carbon.

Reaction Kinetics: Ignition and Combustion Process:

A proper understanding of the Mg-C0 2/CO re- From the present experimental results and the
actions proil be necessary to make the ignition and above considerations, we postulated an ignition andcombustion process of Mg clear. Possible overall ki- combustion mechanism of Mg in CO2 as follows. Asnetics between Mg and CO2/CO are as follows: soon as CO 2 impinges on a clean Mg surface, Reac-

tion (1) occurs in the gas phase to form CO. Part ofReaction 1the CO can diffuse back to the surface to produce
AH = - 318.9 [kJ] MgO and C on the surface because the rate of Re-

/+ C/2 action (3) is slow in the gas phase. These products
form a somewhat protective initial film, inhibiting

AH = -404.7 [kJ] further gas-phase oxidation. Since the rate of the sur-
g+ CO = MgO + C face reaction through the film is considered to be

much slower than gas diffusion, a kinetic process may

AH = -490.9 [kJ]. control the early ignition stage. As time goes on, at
transition, the film will become nonprotective and

Figure 8 plots the standard Gibbs free energy change allow passing of liquid or gaseous Mg. This may be
against temperature for Reactions (1) through (3) at due to the significantly high pressure of Mg. Since
101 kPa. It is known that, if the value is negative, the the film is not perfectly broken, Reactions (1) and (3)
reaction can proceed spontaneously and that, the occur only close to the film surface. Thus, the reac-
lower the position of the line, the more stable the tions look as if they are pure surface reactions, and
product. At the flame temperature of Mg with CO, produce a porous layer, composed of MgO and C,
at stoichiometric ratio (2952 K [1]), only Reaction (1) filled with Mg. When the liquid Mg vaporizes vig-
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CO :React i on 3 Rag i on nism postulated in this study.

orously inside the layer because of heat caused by supported by the result of Fig. 2(2), leads to the fol-
the reactions, the unevenness of the layer increases; lowing explanation of the dependency of T, on P,

in particular, it grows into bubbles. If the vapor pres- It is known that the oxidation of metals without sig-
sure in a bubble is increased by local heating, the nificant scale cracking proceeds at rates proportional
vapor will be ejected into the open space through a to the (1/n)th power of the oxidizer pressure [13].
hole to form a luminous jet diffusion flame, leading Generally, n is positive. Thus, the lower the level to
to ignition. which the ambient pressure is decreased, the thinner

Figure 9 explains schematically the burning of Mg is the film that forms. This tendency is confirmed by
in CO 2. As the vapor pressure of Mg in the bubble our present observation. If transition from a protec-
decreases, part of the CO produced in the flamelet tive film to a porous one occurs by cracking of the
can diffuse back again to clog its hole with reaction film due to the pressure difference between the ex-
products MgO and C, resulting in quenching. How- ternal ambient pressure and the internal vapor pres-
ever, at the other nonflamelet parts of the surface, sure, a thinner film is more likely to break, and to
the gas-phase and surface reactions continue to occur begin the gas-phase reactions. This consideration
in the vacant space near the outer edge of the layer. could explain how a decrease of P, facilitates ignition
This is followed by the occurrence of the next flame- at lower Ti.. In this case, the heat loss dependent on
lets over the surface, leading to the appearance of P,,, has only a minor effect because its order is the
intermittent and sporadic flamelets. If a flame forms same as that of V,,, shown in Fig. 2(2).
intermittently at the same place, the layer stratifies On the other hand, increasing V,,, and P. causes
and the flame appears as pulsating combustion. Dur- an increase in mass transfer in the stagnation region
ing combustion, consequently, CO2 diffusion due to a decrease in thickness of the boundary layer
through the boundary layer over the sample surface over the surface. In the diffusion-controlled regime,
becomes a rate-limiting step because it is much the decrease effects an increase in the burning rate
slower than the gas-phase reactions. of Mg, resulting in higher q, as shown in Fig. 5.

Effects of Ambient Pressure and Impinging Effect of CO Concentration:
Velocity: The experimental fact concerning the slow gas-

We proposed that the rate-limiting step is changed phase reaction rate of Mg with CO may allow a pref-
from chemical kinetics to CO 2 diffusion in the igni- erential reaction of CO2 with Mg. Thus, the ignition
tion process. The chemically controlled mechanism, process, controlled by chemical kinetics, should be
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The purpose of this work is to establish a comprehensive theoretical model for studying the degree of vul-
nerability of nitramine-based propellants subjected to hot fragments within a partially confined enclosure.
The model simulates the complicated processes of heat transfer and displacement of the hot fragments,
generation of a foam layer caused by liquefaction and decomposition of the propellant, and regression of the
propellant. A lumped-parameter analysis is considered for the determination of instantaneous temperature,
pressure, and species concentrations of the gas phase within the enclosure. A reduced chemical Idnetic
scheme for RDX decomposition has been adopted to simulate the chemical reactions at the propellant/foam
layer interface, the foam layer, and gas-phase regions. The developed model has been used to study the ef-
fects of initial temperature of hot fragment, size of hot fragment, and size of chamber exhaust port on ig-
nition of XM39 propellant. The go/no-go ignition boundary of the highly confined case was found to be
lower than that of a partially confined condition by about 150 K and is in good agreement with data obtained
from experiments. This is mainly caused by the fact that under highly confined conditions, the accumulation
of pyrolysis products and results chamber pressurization significantly enhance the exothermic heat release
associated with the gas-phase reactions between CHQO and NO 2 species.

Introduction spall fragments [3,4]. The model describes heat
transfer and displacement of the hot particle, gen-

Hot fragment conductive ignition (HFCI) studies eration of melt (or foam) layer caused by liquefaction
help to determine the survivability of weapon sys- and decomposition of the propellant, regression of
tems (such as tanks, ships, etc.) containing stowed propellant, and time variation of its temperature dis-
ammunition. The hot fragments can be generated tributions. The model was validated by HFCI test
during penetration of shaped charge jets or kinetic results obtained under constant-pressure environ-
energy penetrators through armor plates. One way ment. However, the model cannot be readily applied
to reduce the threat of propellant ignition by hot to partially confined environments in which the size
fragments is to use a propellant that is resistant to of exhaust area is limited and, hence, could result in
conductive ignition. Considerable effort has been a chamber pressure increase. The main objective of
devoted to the development of low vulnerability this investigation is to present a modified model for
ammunition (LOVA) and high-energy LOVA partially confined HFCI (PCHFCI) environment so

(HELOVA) propellants. that the effects of accumulation of pyrolysis products

Several attempts have been made to model the in the enclosure and heat transfer on the ignition

ignition process encountered in HFCI experiments behavior of LOVA and HELOVA propellants can be

[1,2]. However, because no gas-phase reaction meeh- studied. Because of space limitation, only results of

anism was considered and no foam layer reaction was the XM39 LOVA propellant are included.

simulated in most of these models of conductive ig-
nition, their validity and usage are limited. In recent Model Description
years, Hsieh and coworkers developed a comprehen-
sive theoretical model for studying the degree of vul- A schematic diagram of the physical model con-
nerability of various solid propellants heated by hot sidering various processes occurring during the in-

1595
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1-' Aexit amount of the crystalline cyclic nitramine RDX (cy-
clotrimethylenetrinitramine). For example, XM39
contains 76% of RDX by weight, and the average

Spall Particle ,GasPhase Region crystal size is approximately 5 pm. Table 1 shows the
(Treated by Transient (Treated by a chemical reactions considered at the propellant/foam
2D Axisymmetric ped Parameter layer interface, the foam layer, and gas-phase
Analysis) Analysis) regions. The rate constants for these reactions are

Initial Position of.,., listed in Table 2. At the propellant/foam layer inter-
Propellant'S Top > •- ----- Foam Layer face, the solid RDX filler and binder go through a

,-}.. ',ZZ' (Solved as a melting process to form liquid RDX and binder. The
Reacting decomposition process of RDX has been studied ex-
Region) perimentally [5,6] and theoretically [7]. Although the

decomposition mechanism appears to be quite com-
- - ----------- plex, it can be split into two general pathways. These

Solid Propellant- two reaction pathways, which differ from RDX evap-(Treated as a y/////// Graphite

Transient oration, are shown in Table 1. According to this
Heat-Conduction • scheme, the formation of CH 2 O and N 20 is favored
Region at the lower temperatures, and the formation of
witeSrfaeo Teflon HCN and HONO is favored at the higher tempera-Regresion Insuatin material)i Itures. Because HONO is generally regarded as a

short-lived species, it will be assumed that HONO
Ftc. 1. Schematic diagram of the PCHFCI model, rapidly decomposes into H20, NO, and NO 2.

The XM39 propellant contains 12% of cellulose
acetate butyrate (CAB), 7.6% of acetyl triethyl citrate

teraction between the hot spall fragment and the pro- (ATEC), 4% of nitrocellulose (NC, 12.45% N), and
pellant sample is shown in Fig. 1. For mathematical 0.4% of ethyl centralite (EC). Because of its chemical
convenience, both the spall fragment and the initial stability, the effects of EC are assumed to be negli-
propellant sample are considered as cylinders, whose gible. Regarding the other binder ingredients, the
diameters are 0.63 and 1.27 cm, respectively. The thermal decomposition behavior of NC has been
model includes four separate regions in the analysis: studied extensively. The thermal decomposition
the spall particle, the foam layer, the solid propellant, mechanisms of CAB and ATEC have not yet been
and the gas-phase region. Of these four, the foam established. In order to arrive at the assumed decom-
layer is the most complex, and the physical and position products shown in Table 1, the following
chemical processes occurring in liquid and gas phases aspects have been considered.
within the foam layer are treated separately. In this First, the decomposition mechanism should be
work, the previous HFCI model is extended in three neutral or slightly endothermic [8]. Second, products
different areas [3,4]. First, the accumulation of py- that are likely to appear and some of which already
rolysis products occurs within the confined region, have been observed in thermolysis experiments must
Second, heat transfer and chemical reactions occur- be chosen. Third, the decomposition mechanism
ring within the gas-phase region of the partially con- must be based on mass conservation. Fourth, since
fined enclosure are described. Finally, a more real- soot formation is observed, both within or at the sur-
istic chemical kinetic scheme of the propellant's face of the foam layer as well as within the dark zone
thermal decomposition and ignition is incorporated, region, precursors to soot formation are likely formed

In order to predict the occurrence of ignition, it is by either CAB or ATEC. Fifth, relatively stable prod-
necessary to include an approximate chemical kinetic ucts are formed (e.g., OH is excluded). The decom-
scheme. For LOVA propellants, the scheme must position mechanism shown in Table 1 considered
consider decomposition of RDX crystals and binder these aspects, but it should be stressed that correct
materials. In particular, it is desirable to incorporate mole fractions as well as correct thermal decompo-
the rate of binder decomposition by utilizing results sition product species types for CAB and ATEC may
from separate thermal decomposition experiments. not have been selected in this reduced chemical ki-
Since events leading to ignition are of particular in- netic scheme.
terest to PCHFCI studies, important chemical re- The dissolved gases (including CH 20, N20, HCN,
actions occurring over the temperature range from NO, NO 2, H20, C2H4, CO, C2H2 , and CH 4) are as-
400 to approximately 1000 K must be accounted for. sumed to desorb from liquid at a rate governed by
In the case of nitramine-based LOVA propellants, the pyrolysis rate of the XM39 propellant determined
these reactions occur within the foam layer and the from differential scanning calorimetry (DSC) exper-
fizz zone; that is, reactions occurring within the dark iments of Miller [9]. For gas-phase reactions in bub-
or luminous flame zones are of lesser importance. bles, the competing decomposition reactions of RDX

The LOVA propellants contain a significant are considered together with the major exothermic
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TABLE 1
Simplified chemical kinetic scheme for ignition study of XM39 propellant

1. XM39 Solid Propellant / Foam Layer Interface:

XM39 [Bnr(,) -ý RDX0) + Binder0)
-Binder(s)

2. Foam Layer:

kD1X.# 3 CH20(egi) + 3 N20(dgl) (AHr = -894.4 J/g-RDX)
RDXj 0)

k, 3 HCN(dg1) + 3 HONO(dgl)

Fas-+HC~,,+ 3-NO~d,) + NO~di) + aH 2O(d,) (Ar = 587.1 J/gRDX)
2 2 2

Fast 7 ATEC -* 5 CH20(•) + 3 C2 1-I l) + 3 CO(gl

Binder05-"* - NC -P2.45 NO4ei) + 2 CH20(i) + 2 CO(,gi)
"+ C 2H2(dg) + H20(dgi)

CAB = 6 CH20(ei) + 3 C2H(dgj) + CHI-,) + 2 CO(dgi)

Liquid/Gas Bubble Interface:

k3
Ai(4 -' Ai(g) (AH, = 322.6 J/g-liq)

Where Ai include RDX, CH 20, N20, HCN, NO, NO 2, H20, C2H4 , CO, C2H2, and CH4

Gas Bubble=

k>_,,3 CH20(g) + 3 N20(g) (AHr = -1318.4 J/g-RDX)

RDýg)===== k\23 HeN(g> + NO(g)+ -1 NO2>g) + 3 H20(%) (AHr= 162.6 J/g-RDX)

NO 2(g) + 5 CH2O7gi NO~g) + � C g + 3CO• g +, I H2O 1g) (AHr = -4182.5 J/g-NO,)

3. Gas-Phase Region:

1 3 CH20(g) + 3 N20(g)
RDX(,--- , X

R*k'\2 3 HCN~g1 + a NO(,) + 3 NO2(g) + 3 H20(g)
2 2 2

NO 2(g) + 5- CH20(g)k--4 NO(g) + 72 CO2(g) + 3a CO,,) + 5 H2O(g)
77 7 7

reaction between NO 2 and CH 2O [10], These three analysis. Details of this development are available
reactions are also considered for the gas-phase region [11,12].
above the foam layer.

In formulating the theoretical model, four sets of
governing equations, as well as their boundary and
initial conditions, were derived. These governing Discussion of Results
equations were formulated by considering the hot
spall particle, adequately treated by transient two- Governing equations for heat conduction within
dimensional axisymmetric heat conduction; the spall particle and inert heating of the propellant were
LOVA propellant, treated as a transient heat-con- recast into ordinary differential equations by integral
duction region with surface regression; the foam methods. The overall PCHFCI model consists of a
layer, solved as a reacting two-phase region; and the total of 34 ordinary differential equations that were
gas-phase region, treated by a lumped-parameter solved simultaneously by Gear's method [13].
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TABLE 2 100 ,,,L .. . I .. . ... , . I

Frequency factors and activation energies of rate RDX

constants used in chemical Idnetic scheme
of XM39 propellant 1o 1-CH20

Kcal - *--A .-..- C..

k =Aexp[-E/RoT] A kgmoIe) Ref. 10"2 ,- . LI- -

(i/s) 10o CO "NO

k, 2 x lOW 45.0 7 CO 2 XM39 Propellant
(s) /NO Ait =0

exit
ký, 1.98 X 101' 38.2 9 10.4  L = 1.27 cm

(l/s) 11 K
k., 1012 19.0 10 STi= I100K

(cmig mole s) 10.5

0 5 10 15 20 25 30 35 40
Time, Sec

1200 .... ........... 6 FIG. 3. Composition changes of species in the gas-phase

XM39 Propellant 5 t region induced by a spall particle initially at a temperature
1000xit lt of 1100 K within a totally confined enclosure (A,,,, = 0)..,exit =0 4

1000 , L= 1.27 cm3

14. T5i=II00K 2
2 atures occur around 2 s and beyond this peak the

"800- ---- • T•- foam-layer temperatures gradually decrease. The

0 temperature along the bottom surface of spall, TSB,

600 sb decreases due to the heat transfer to the foam layer

- < -.. T by conduction and to the gas-phase region by both

IT convection and radiation. The thermal response by

400 T if the gas-phase region, denoted by T is slightly de-4 layed but rapidly reaches a value of atout 510 K. This
Inert Heating Time temperature remains fairly steady for about 13 s, be-

200 1 ...- i ...... i...i.. i.' cause heat losses to chamber walls are balanced by
0 5 10 15 20 25 30 35 40 heat gains from an influx of hot gases from foam layer

Time, Sec and chemical reactions. Since calculations show a

FIG. 2. Variation of temperatures and pressure cansed gradual decrease in all temperatures beyond a time
by a 2. spa]]articleation o temperatures and pressure e d of about 15 s, a rapid heat release indicative of ig-

hy a spall particle initially at a temperature of 1100 K within nition was not predicted.
a totally confined enclosure (Ae,, = 0). Figure 3 shows the calculated time variations of

species in the gas-phase region. Examination of this

Species, Temperature, and Pressure Variations: figure reveals that there are no significant reactions
between CH 2 0 and NO 2 species which cause an ap-

To study temporal variations of species, tempera- preciable increase in the temperature of the gas-

tures, and pressure for a totally confined enclosure phase products, as shown in Fig. 2. For the larger
(Aevit = 0), initial spall temperatures of Ti = 1100 times, the spall's temperature becomes too low to
and 1150 K were considered. For these two cases, a promote extensive chemical reactions in the foam

spall of height L, = 1.27 cm and radius r, = 0.317 layer. The predicted decrease in the mass fraction of

cm was employed in the numerical simulation. Fig- NO 2 is believed to be due to two aspects. First, a
tire 2 shows the calculated time variations of tem- slow reaction occurs between CH 2 0 and NO 2 spe-

perature and pressure for a spall whose initial tem- cies. Second, the RDX(5 ) decomposition follows pri-
perature was 1100 K. Initially, the solid propellant is marily the low-temperature pathway, which does not

subjected to an inert heating period of about 1-s du- reduce the total amount of NO 2 gas present in the
ration. Once the inert heating period is complete, gas-phase region but reduces only its mass fraction.
both the calculated gas-bubble and liquid-phase tem- An increase in the initial temperature of the spall
peratures increase rapidly. The initial temperatures from 1100 to 1150 K produced an ignition in the gas-

of the liquid (T0f) and gas (Tg) in the foam layer were phase region. Figures 4 and 5 show the calculated
assumed to be 460 K. Peak values of these temper- time variations of temperatures and pressure as well
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1200 .... 6 1650 - .. - .... .... .... I . ..

P 5 - g 1550 Zone of Sustained Ignition

4g , (Partially Confined, A it= 3.17 105 2
1000 XM39 Propellant 4 s 1450Aexi = 0Experimental Results

S-,Ls-- 1.27 cma 2 130

p800 - '' Ti= 1150K 1 It 1250 - -
4 T 0 11 Calculated Results

I, - . sb -

S600 , T 1050
.. Tg 90 (Highly Confined, A .si 0)g" 950si

T"r Zone of No Ignition400 if
0 1 2 3 4 5 6

Inert Heating Time Spall Mass, gm
200 "l.... .... I.... I.....I..... ........ 1,

0 5 10 15 20 25 30 35 40 FIG. 6. Comparison of predicted and experimentally de-
Time, Sec termined go/no-go ignition boundaries for XM39 propel-

lant (circles: ignition; triangles: no ignition).
FIG. 4. Variation of temperatures and pressure caused

by a spall particle initially at a temperature of 1] 50 K within
a totally confined enclosure (Ait = 0). ignition has occurred, the temperature of the gas-

phase region decreases rapidly. This decrease is due
to heat transfer to the isothermal chamber walls and

100 , . I . .• .. .... I. to the propellant. The effect of heat release from
HNO chemical reactions between CH 20 and NO 2 on gas-

HCO bubble temperature is relatively small because their
10" - - - -- -o 2- mass fractions are relatively small; these species were

__VEHCC) consumed during ignition, and the rate of replenish-

"e÷- -,4--CH 0 mert is low, as shown in Fig. 5. It should also be
o i102  '• - "rC2H4 pointed out that the reduced chemical kinetic

o0- 0- -O -0- CH4  scheme has been developed to capture the highly

A exothermic reaction between CH 20 and NO 2 spe-
N02 cies; subsequent reactions among other species in the

- .. 2 gas-phase region would add to the exothermicity of

I XM39 Propellant the ignition event.

e0i A.t = 0 Figure 4 also shows that almost a fourfold pressure
L= 1.27 cm increase occurs due to ignition. However, the pres-

T s= 1150 K sure continues to rapidly increase after ignition, be-

i05  S1 cause of accelerated vaporization of the XM39 pro-
0 5 10 15 20 25 30 35 40 pellant and subsequent decomposition of gaseous

RDX. Enhanced heat transfer rates by convection to
Time, Sec the foam layer take place as density and temperatures

FIG. 5. Composition changes of species in the gas-phase rapidly increase. Figure 5 shows the rapid consump-
region induced by a spall particle initially at a temperature tion of CH2 t and NO 2. The primary product speciesof 1150 K n ithin a totally confined enclosure (A,ni, = 0). are NO and HCN, which are common dark zone spe-

cies of nitramine-based propellant flames. It is also

of interest to observe a combined mass fraction of

as species mass fractions in the gas-phase region, re- acetylene and ethylene of about 2%; it is possible that
spectively. The ignition event occurs at about 8 s after these species are the precursors to soot formation,
the spall's initial contact with the propellant. Because which has been observed in XM39 propellant flames,
of the higher initial temperature of the spall and high as well as in the formation of a carbonaceous residue
gasification rates of the propellant, the temperature on the burning surface of the XM39 propellant.
of the gas-phase region monotonically increases until
ignition occurs. Although gas-bubble temperature is
higher than liquid temperature in foam layer, "igni- Go/No-Go Ignition Boundaries of XM39 Propellant:

tion" does not occur within the gas bubbles, because The establishment of a go/no-go ignition boundary
(1) heat transfer rates to liquid phase are high due to for XM39 propellant is of practical interest. Figure 6
small bubble sizes, (2) the vaporization rate of liquid illustrates a comparison of experimental data with
is limited, and (3) the void fraction is small. Once calculated go/no-go ignition boundaries for XM39
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propellant in different confined enclosures. The ex- thereby inducing ignition at lower initial spall
perimental setup, test procedure, and results are temperatures.
given in Refs. 12 and 14. Although the calculated 3. For very small spall fragments, ignition threshold
go/no-go ignition boundaries of XM39 propellant for becomes independent of the degree of confine-
the range of spall fragment sizes tested are not in ment. This is believed to be caused by the shift of
perfect agreement with the measured values, both ignition location from the gas-phase region in the
the calculated and experimental results show that the enclosure to the gas bubbles in the foam layer
go/no-go ignition boundary of the highly confined beneath the surface of high-temperature spall
case is much lower than that of the partially confined fragments.
condition. Several interesting ignition characteristics 4. The reduced chemical reaction mechanism pro-
can be observed from Fig. 6. First, the minimum posed by Brill [5] appears to be quite adequate,
fragment temperature required for conductive igni- based upon the reasonable agreement between
tion decreases with increasing fragment size, since the calculated and measured ignition boundaries.
more thermal energy can be stored in larger frag-
ments. Second, ignition is most easily achieved if the Acknowledgments
system is highly confined with a very limited venting
of pyrolyzed gases through a hole in the cartridge or This work was performed under Contract No. DAAL03-
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Third, the predicted go/no-go ignition boundaries are
in reasonable agreement with experimental data; this Nomenclature
implies that the chemical kinetic scheme employed
in the calculation is quite adequate. Finally, the con- A Arrhenius frequency factor of chemical re-
vergence of the two sets of ignition boundaries into action
one for the smaller size spall fragments (upper-left A exit area of chamber exhaust port (M

2
)

comer region of Fig. 6) corresponds to the ignition E activation energy of chemical reaction
induced by chemical reactions occurring within gas (Kcal/g mole)
bubbles of the foam layer beneath the surface of the AH, heat of reaction (J/g)
hot spall fragment. L, height of spall particle (m)

Mspal mass of spall (kg)
Summary and Conclusions rs radius of spall particle (m)

T9 bulk temperature of gas in chamber (K)

A model for predicting conductive ignition behav- Tf mean gas-bubble temperature in foam
ior of solid propellant in a confined environment has layer (K)
been developed and presented. The model, utilizing Tif mean liquid temperature in foam layer (K)

the reduced chemical kinetic scheme suggested by T8b temperature of bottom surface of spall (K)
Brill [5] for RDX decomposition and associated ki- To initial temperature of spall (K)
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SOLID-FUEL REGRESSION DURING IGNITION TRANSIENT IN A RAMJET

JING-TANG YANG AND CLIFF YUH-YIH WU0

Department of Power Mechanical Engineering
National Tsing Hua University

Hsinchu, Taiwan 30043, Republic of China

The transient regression and ignition of a solid fuel in a hot-oxidizing flow in a simulated combustor of
a solid-fuel ramjet (SFRJ) were experimentallyinvestigated. The local regression of solid fuel was measured
at various intervals before ignition, and the controlled variables of the experiments were the inlet flow
velocity, gas temperature, oxygen content, and step height. The maximum regression was located at 5.0-
5.5 step heights from the entrance. The results of regression tests indicate that the influence of heat transfer
was more important than the flow structure of the separated-reattaching flow. The regression rate increased
with increasing the flow temperature and mass flow rate but decreased with increasing step height. The
oxygen content had no significant influence on the regression before ignition. The transport phenomena
in the combustor before ignition were closely related to the ignition mechanisms, which were diffusion
control and chemical kinetics control. Diffusion control applied in the region of oxygen concentration
greater than 20%, and the ignition delay decreased as pyrolyzed fuel vapor increased during the preignition
period. Chemical kinetics control applied in the region of oxygen concentration less than 15%, and the
flow feature of flame stabilization was more important than pyrolysis for decreasing the ignition delay.

Introduction heights downstream from the step [5,6]. The maxi-
mum rate of heat transfer to the solid surface oc-

The solid-fuel ramjet (SFRJ) offers significant ad- curred near the reattachment point [7-9]. Yogesh
vantages of economy, simplicity, and good perform- and Raghunandan [8] reported that the heat flux in-
ance. However, it is difficult to control the transient creased with increasing velocity of the free stream
process of solid-fuel ignition in a ramjet combustor and decreased with increasing step height. Richard-
because of the complicated flow field and heat trans- son et al. [10] conducted experiments in a SFRJ sim-
fer. Study of the ignition process thus becomes im- ulator with mass blowing on the wall behind a back-
portant for the design and development of a SFRJ. step and concluded that the size of the recirculation

The SFRJ combustor is simulated by a combustor zone diminished with increased blowing. Combus-
with a two-dimensional backward-facing step. Sud- tion experiments with polymethylmethacrylate
den expansion of the incoming air generates the flow (PMMA) in a SFRJ conducted by Korting et al. [11]
recirculation zone, which is necessary for flame sta- showed that the maximum regression was located at
bilization. After reattachment of the flow directly be- 8.5-9.5 step heights from the entrance; the regres-
hind the recirculation zone, a redeveloping boundary sion rate increased with mass flux, content of oxygen
layer starts to build. The solid fuel pyrolyzes, and in the oxidizer, temperature of the inlet air, and step
then the fuel vapor mixes and reacts with the air. height. Temporal data of local fuel regression meas-
Theories of ignition of solid fuel are classified as in ured by Zvulony et al. [12] indicated that the local
the solid, heterogeneous, and gas phases [1]. It is rate of regression was closely related to the local con-
generally agreed that ignition of solid fuels occurs in veetive heat flux.
the gaseous phase [2-4]. Thus, the ignition process Most previous work on combustion in solid-fuel
is expected to have an intimate relationship with the ramjets stressed the global characteristics. Current
pyrolysis of solid fuel. understanding of local regression of the slid fuel dur-

For flow over a backward-facing step, considerable ing the ignition transient in a SFRJ is not thorough.
work was reviewed by Eaton and Johnston [5]. The The objective of this work is to study the interactions
reattachment point was deduced to be 5-8 step among the flow, heat transfer, regression, and mech-

anism of ignition in a SFRJ. Experiments were per-
*Researcher of Mechanical Industry Research Labora- formed on the ignition process in a combustor with

tories, Industrial Technology Research Institute, Chutung, a backward-facing step by measurement of the local
Hsinchu, Taiwan, currently a Ph.D. candidate at the De- regression of solid fuel before ignition to relate it to
partment of Power Mechanical Engineering, National mechanisms of ignition. The ignition of solid fuel by
Tsing Hua University. a hot flow was used to simulate the pyrogen igniter.
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Pitot tube
LPG thermometer--oxygen
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vitiator honeycob V solid fuel gate
hIoneycomb - -- 1video

19 camera
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Fabsorber motion
analyser

Roots blower

FIG. 1. Schematic diagram of the experimental apparatus.

Experimental Design TABLE 1
Properties of the polymethylmethacrylate slab

(Fernandez-Pello et al., 1981; Ref. 17)
Test Rig and Instrumeotation:

The experiments were performed in a wind tunnel Density 1.19 g/cm3

that supplied a hot-oxidizing flow stream under spec- Specific heat 2.1 J/(gK)

ified conditions. A schematic diagram of the experi- Thermal conductivity 0.0027 J/(cm s K)
mental apparatus appears in Fig. 1. The air flow was Vaporization temperature 668 K

supplied by a 75-kW Roots blower with speed con- Effective heat of vaporization 1.6 kJ/g-fuel
trolled by a frequency inverter (HITACHI). The Heat of reaction 13.5 kJ/g-oxidant
blower provided a maximum flow rate of 50 m3/min. Activation energy 151 kJ/mol
An acoustic absorber was set behind the Roots
blower to minimize pulsation of the flow. The hot-
oxidizing gas was generated by burning liquefied pe- porter 400-mm long and 196-mm wide. The bottom
troleum gas (LPG) with air in a specially designed and two sides of the fuel slab were connected with
vitiator. Without addition of oxygen, its concentra- adiabatic material. Therefore, the difference of the
tion in the hot flow was 12-15% depending upon the fuel thickness between the centerline and the side
temperature at the inlet of the combustion chamber. was less than 5%. The properties of PMMA are listed
The flow rates of LPG and oxygen were adjusted with in Table 1. Each side of the combustor was fitted
needle valves and measured with rotameters to con- with a quartz window to enable visual inspection of
trol the temperature and the concentration of oxygen the ignition. When the inlet flow remained stable in
in the hot gas. A divergent section, a settling chamber the specified experimental conditions, the fuel slab
with stainless-steel honeycomb, and a convergent with its supporter was slid promptly into the test sec-
section with a contraction ratio of 13.6 were set be- tion through the gate (Fig. 1) and slid out promptly
fore the test section to diminish the turbulence of after a prescribed duration of heating. The duration
the flow stream. of heating was measured with a stop watch.

The cross section of the combustor entrance was The inlet velocity was measured with a Pitot tube.
50-mam high and 200-mm wide. The aspect ratios The temperature of the inlet gas was measured with
(channel width to step height) for two step heights, a K-type thermocouple and a digital thermometer
29 and 20 mm, were 6.9 and 10, respectively. A (FLUKE 2190A). The concentration of oxygen was
polynmethylmethacrylate (PMMA) slab 10-mm thick, measured with an oxygen analyzer (SIGNAL Model
400-mm long, and l10-mm wide was used as the fuel. 8000). All inlet conditions were monitored just be-
The fuel slab was laid in the center of a steel sup- fore the entrance of the combustion chamber. The
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tested fuel slab was cut through the centerline, and - o 10 - -___-__.__-::-_ o_-_ .. ..

the thickness along the centerline was measured with - " ;-n-... - -----
a calipers. The thickness of the fuel slab was uniform "0 1 ""*Zt7 it 2-
before heated, so the local regression could be de- 6 ,.,. ,
termined by the variation of the thickness. The ig- 600

nition delay was recorded by a video camera (SONY
CCD-340) operating at 30 frames per second. 1E 2 I

S100 200 300 400

Test Conditions and Data Accuracy: Horizontal Distance (mm)

The local regression of solid fuel was determined FIn. 2. Thickness of solid-fuel slab after various dura-
at various intervals after the solid fuel was exposed tions of heating: 100, 200, 300, 400, 500, and 600 s (inlet
to the hot flow in the combustor. In experiments on temperature 600 'C, step height 29 mm, flow velocity 25
transient regression, the intervals of exposure were m/s; uncertainty in fuel thickness is less than ± 4.3%).
set at 100,200,300,400,500, and 600 s at inlet velocity
25 ois, step height 29 mm, and gas temperatures 600
"C and 700 'C. At 800 'C, only intervals 100, 200, ? o - -

and 300 s of exposure were tested, because the ig-
nition occurred at an exposure interval longer than 2 -
300s. 6 -

The main parameters of the regression tests were 6a -'

the gas temperature (600 GC - 800 'G), flow velocity 4 700sC

(20 - 45 ois), oxygen concentration (13 - 25%, and 200so
step height (29 and 20 mm). The corresponding 200 300 400to 200 300 400

Reynolds numbers based on the inlet velocity and the Horizontal Distance (mm)

step height were 3.2 X 103 - 13.1 x 103. The ig-
nition tests were performed at gas temperature FIG. 3. Thickness of solid-fuel slab after 300 s of heating
800 'C, oxygen concentrations 13 and 25%, step at inlet temperatures: 600 'C, 700 'C, and 800 'C (step
heights 29 and 20 mm, and various flow velocities, height 29 mm, flow velocity 25 m/s; uncertainty in fuel
The maximum uncertainties of the ignition delay and thickness is less than ± 4.3%).
the fuel regression were 7.3 and 4.3%, respectively.

variations along the horizontal direction, as shown in
Results and Discussion Fig. 2.

The maximum regression was located at 5.0-5.5
Transient of Regression: step heights from the inlet, which corresponded to

the location of the reattachment point determined
The solid fuel was heated from ambient temper- from the flame configuration after ignition [13]. The

ature (about 25 °G) to the pyrolysis temperature reattachment point is a kind of stagnation point, at
(about 400 °G); then the rate of regression became which the redeveloping boundary layer began and
larger. As the transport phenomena before a stable also the convective heat transfer, and hence the re-
flame formed were transient, it is not feasible to take gression rate was generally greater than at any other
the average transport characteristics, such as rate of location [14]. In the region near the inlet step, the
regression, species concentration, flow field, or pro- regression was small because of the locally small tem-
file of temperature. The instantaneous regression of perature and velocity. Downstream from the reat-
solid fuel was measured instead, and the amount of tachment point, the growth of the boundary layer
fuel regression revealed the extent of pyrolyzed fuel hampered the convective heat transfer and hence the
vapor. The instantaneous regression values were ob- rate of regression. This interpretation is consistent
tained by running many repeated tests with various with the heat transfer analysis of Sparrow et al. [7].
durations of heating. Figure 2 shows the fuel regres- The inlet temperature had a strong influence on
sion after 100-600 s of heating at the inlet temper- the regression. Variations of the thickness of solid-
ature 600 'C and flow velocity 25 m/s; the original fuel slab being heated for 300 s at a constant mass
thickness of the solid fuel was 10 mam. The local con- flux (91 g/s) of the flow with various temperatures are
vective heat transfer increased gradually from just shown in Fig. 3. The regression at 800 'C was much
downstream of the inlet step to a maximum of a few greater than those at 600 'C and 700 'C, especially
folds greater near the reattachment region. Further in the region near the inlet step. Ignition failed to
downstream, it decreased monotonically along the occur even after the solid fuel was all pyrolyzed when
combustor [12]. The shape of the instantaneous rate the inlet flow temperature was 600 or 700 'C. The
of regression on the fuel surface exhibited similar solid fuel was ignited after 621 s of heating, and the
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FIG. 4. Time dependence of the maximum regression of FIG. 6. Effect of inlet temperature on the maximum re-
solid fuel at inlet temperatures: 600 'C, 700 'C, and 800 gression of solid fuel at two different conditions: velocity
'C (step height 29 mm, flow velocity 25 m/s; uncertainty 25 m/s and mass flux 91 g/s (step height 29 mmm duration
in fuel regression is less than - 4.3%). of heating 400 s; uncertainty in fuel regression is less than

±+4.3%).

6 -

0velocity. However, the rate of increase diminished as
5 othe flow velocity went up.

24 Figure 6 shows that the maximum regression in-
a creased nearly linearly with flow temperature. In ad-
.2 3 •dition, the slope of the curve at constant mass flux,

which was 91 g/s based on 25 mns at 700 'C, was
on

2 greater than that at a constant velocity 25 m/s of flow.
Hence, the influence of heat transfer on pyrolysis of
solid fuel was more significant than the flow effect in
the combustor.

0 !i The effect of oxygen concentration on regression
20 25 30 35 40 45 was investigated at the inlet conditions of tempera-

Flow Velocity (m/s) ture 700 'C and velocity 25 m/s with the step height
29 mm and heating for 400 s. At the oxygen concen-

FIG. 5. Effect of flow velocity on the maximum regres- trations 15, 17.5, and 29% by volume, the maximum
sion of solid fuel at heating duration 400 s (inlet tempera- regressions were 3.0, 3.2, and 2.9 mm, respectively.
ture 700 'C, step height 29 mm, flow velocity 25 mos; un- There are no data for greater concentrations of oxy-
certainty in fsuel regression is less than ±_4.3%). gen because the solid fuel invariably ignited before

being heated for 400 s. The results indicate that vary-
ing the oxygen concentration between 15 'C and 20

ignition initiated near the step within the recircula- 'C had no major influence on the regression of solid
tion zone at the inlet conditions of temperature 800 fuel before ignition. In previous work on combustion
'C, velocity 22 m/s, and step height 29 mm. The rate [11,15], the regression or rate vaporization generally
of regression is regarded as the slope of the curve of increased with oxygen concentration because the ox-
regression vs time in Fig. 4. In the initial period of ygen stimulated the rate of combustion and hence
heating, the regression rate was small but thereafter the heat flux to the fuel. However, the consumption
increased gradually. The rate of regression was much of oxygen was slight before ignition. The oxygen con-
enhanced at flow temperature 800 'C. centration thus did not affect the heat flux and hence

the regression of solid fuel.

Effect of Inlet Conditions: The effect of step on the regression of solid fuel is
depicted in Fig. 7. The maximum regression with

Four parameters-flow velocity, gas temperature, step heights 29 and 20 mm was located at 5.5 and

oxygen content at the inlet, and step height-were 5.3 step heights from the step, respectively. The re-
systematically tested. The variation of the maximum gression in the reattachment region with step height
regression with flow velocity after heating for 400 s 20 mm exceeded that with step height 29 mm. At
at inlet temperature 700 'C is depicted in Fig. 5. The other places, the regressions for these two cases were
maximum regression increased with increasing flow nearly the same because of the same inlet tempera-
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FIG, 9. Ignition delay with two step heights in the region

free stream 0 initial flame kernel of chemical kinetics control (inlet temperature 800 'C, ox-
ygen concentration 13%; uncertainty in ignition delay is

dividing less than ± 7.3%).
step streamline (a)

fuel slab Consequently, the initial flame kernels formed in the
reattachment region in which abundant fuel vapor

free stream 0 initial flame kernel was pyrolyzed. Conversely, chemical kinetics control
1. applied when the oxygen concentration was less than

dividing 15 percent. The residence time was important for a
step streamline (b) mixture with a small rate of reaction, so the most

suitable location for ignition was the recirculation
zone.

fuel slab The larger the step height, the better is the sta-

Ftc. S. Schematic diagrams of two controlling mec- bilization of the flame and the greater the residencen-time [161 of mixture in the recirculation zone. In thenisms of ignition: (a) ignition controlled by diffusion, (b) tm 11o itr ntercruainzn.I bignition controlled by chemical kinetics, region of chemical kinetics control, the ignition delaywith 29-mm step height was less than that with 20-
mm step height (Fig. 9) due to the greater residence

ture and mass flux. According to Fig. 7, the case of time. Decreased flow velocity decreased the ignition
step height 20 mm produced more pyrolyzed fuel delay because it increased the residence time.
vapor in the reattachment region. The large regres- In the region of diffusion control, the initial flame
sion with a small step corresponds to the study of kernels formed near the reattachment point, and the
heat flux from a hot gas stream to the wall performed ignition delay depended upon the extent of diffusion
by Yogesh and Raghumandan [8]. However, that of fuel vapor into the oxidizing gas. More fuel vapor
conclusion conflicts with the result of the regression pyrolyzed in the reattachment region with a 20-mm
tests conducted by Korting et al. [11]. The discrep- step height (Fig. 7). Therefore, the ignition delay
ancy might be caused by the test conditions, which with a 20-mm step height was shorter than that with
for the latter were a cold inlet flow with combustion a 29-mm step height (Fig. 10). Figure 10 also indi-
in the test section. cates that increased flow velocity decreased the ig-

nition delay because it enhanced the rate of convec-
tive heating and then augmented the pyrolyzed fuel

Ignition Mechanisms: vapor. The maximum fuel regression vs flow velocity

Two control mechanisms of solid-fuel ignition in a depicted in Fig. 5 related well to the ignition delay
sudden-expansion combustor were observed [13], shown in Fig. 10.
diffusion control (Fig. 8a) and chemical kinetics con- Conditions with large fuel regression, which cor-
trol (Fig. 8b). They are identified by the concentra- responded to the smaller step height in this experi-
tion of oxygen in the inlet flow. The ignition with ment, favored ignition in the regime of diffusion con-
oxygen concentration greater than 20% was con- trol. Conversely, a flow with good flame stabilization,
trolled by the diffusion process, because of a brief which corresponded to the greater step height, was
duration of chemical reaction. Diffusion of fuel vapor more important than pyrolysis for ignition in the re-
into the oxidizing gas was the rate-controlling step. gime of chemical kinetics control.
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SUPERCRITICAL AND SUBCRITICAL COMBUSTION OF LOX WITH
HYDROGEN IN AN AXISYMMETRIC LAMINAR DIFFUSION FLAME

AN-SHIK YANG, KENNETH K. KUO AND WEN H. HSIEH

Departnent of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802, USA

Combustion of liquid oxygen (LOX) with H, under super- and subcritical conditions was studied both
theoretically and experimentally. In the theoretical work, a comprehensive model was formulated and
solved numerically to simulate combustion processes of LOX, supplied from a circular tube at its rate of
consumption, with ambient hydrogen gas flowing parallel to the axial direction of LOX-supplying tube.
The model was based on the conservation equations for a multicomponent system, with consideration of
gravitational body force, solubility of ambient gases in liquid, and variable thermophysical properties. A
fugacity-based multicomponent thermodynamic analysis with quantum-gas mixing rules was carried out to
characterize the solubility of ambient gas at the LOX surface. A stable onion-shaped LOX/H/He diffusion
flame was achieved at a pressure of 30 atm. The calculated flame shape agreed well with the shape of the
observed luminous flame. Under a supercritical combustion situation at 68 atm, the calculated flame shape
exhibited a pearlike contour. From the simulation results, it was found that two counter-rotating vortex
structures existed in the flame region due mainly to the combustion-induced baroclinic torque as well as
buoyancy-induced flow acceleration and entrainment of the surrounding H2/He mixture. From the com-
parison of calculated results using the flame-sheet model and those based upon equilibrium calculations,
the flame-sheet model was found to be able to predict the location of the flame front as well as distributions
of temperature, velocity, and major constituent species with reasonable accuracy.

Introduction tigation [10]. Among these unresolved areas, the
fundamental study on the evaporation and chemical

Liquid oxygen (LOX) and hydrogen have been reaction processes of liquid oxygen droplets with hy-
used in various types of liquid rocket engines because drogen under the supercritical condition plays a vital
of their high specific impulse and low exhaust pol- role in advancing the knowledge of overall spray
lution.The oxygen and hydrogen are usually injected combustion. Therefore, the present research is mo-
into a combustion chamber inside a liquid rocket en- tivated to explore the transport behavior and struc-
gine. Through the large shear force between the fuel ture of a LOX/H2/He diffusion flame at elevated
and oxidizer streams, the primary atomization of ox- pressures. There are two reasons for considering H2/
ygen is accomplished to form a spray of droplets. The He mixtures: (1) Ha/He is more safe to handle than
large liquid oxygen droplets then go through second- pure H2 and (2) the diffusion characteristics of He
ary atomization, evaporation, and combustion pro- are close to that of H2 due to the proximity of their
cesses at pressures far beyond their thermodynamic molecular weights.
critical point. Numerous flow and chemical com- One of the major obstacles involved in evaporation
plexities have attracted significant attention from and combustion studies of a single LOX droplet is
many researchers [1-9]. Experiments have been car- that the size of the droplet in a spray is usually too
ried out to determine the effects of important factors small to allow detailed measurements of flow prop-
such as droplet size, environmental pressure and erties in its neighborhood. To overcome this prob-
temperature, and composition of the ambient gas on lem, an alternative liquid strand test setup was em-
the combustion characteristics. Theoretical models ployed [11,12]. The basic concept is that the
have also been presented to elucidate experimental evaporation and combustion processes of oxygen
observations and predict burning rate and/or lifetime droplets can be studied much more easily by consid-
of droplets. However, the underlying mechanisms in ering a limiting case in which the radius of curvature
the phenomena associated with liquid jet breakup, of a droplet is very large. The limiting condition is
atomization, droplet interaction, and droplet evapo- achieved by keeping the top surface of a column of
ration and combustion in high-pressure environ- liquid oxygen at a fixed location.
ments still remain uncertain and need further inves- Meanwhile, Hj/He mixture is supplied through a

1609
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porous plate in the circumferential region surround- F- Exhaust Gases

ing the center tube for LOX. Hence, an axisymmetric ,
diffusion flame can be established above the exit port
of the oxygen feeding tube, and the burning behavior
of LOX with hydrogen under broad ranges of pres-
sure and temperature can be fully characterized us- 77
ing various combustion diagnostic tools.

In the past, there have been very few fundamental
studies on the combustion process of LOX because
of the difficulties in handling cryogenic fluids. The
overall objective of this investigation is to achieve a ....
better understanding of the combustion process of - h -

liquid oxygen with a gaseous hydrogen/helium mix --- Ro/

ture under high-pressure conditions. l

Theoretical Formulation I
and Numerical Method

Physical Model and Governing Equations:

A comprehensive theoretical formulation has been
carried out to study combustion characteristics of -- [
LOX with a hydrogen/helium mixture under super- 1T• LIII Ill
critical conditions. The physical model considers the
cylindrical reacting flow field above the porous plate,
including the intense reacting diffusion flame formed
at the port of the LOX feeding tube (see Fig. 1). 7 -/) (D LOX Supply Tube with

Steady-state calculations were performed by consid- ( D Sintered Porous Plate
ering the LOX being supplied at a certain feeding For H2/He Mixture

rate that kept its surface stationary. The gaseous ox- LN ( Diffusion Flame

ygen and hydrogen react and form a diffusion flame 70 no ® Window Assembly

anchored near the exit of the inner tube. 14o

The model consists of a set of conservation equa-
tions for a multicomponent system with considera- Foe. 1. Cross-sectional view of windowed high-pressure
tion of gravitational body force, ambient gas solubil- combustor.
ity, and variable thermophysical properties. To allow
diffusion in the axial direction, the present approach
treats the fully elliptic problem. The governing equa- apuv+ apvrv tP V 2 a

tions were derived under the following assumptions: ax rtr ar r 2  3 5r
(1) flows are steady state, (2) flow field is axisym-
metric, (3) viscous dissipation is neglected, (4) Du- a Ou a v + 2/,] (3)
four and Soret effects are insignificant, (5) effects of + 7  • + J+r aFr K(
radiative heat transfer and turbulence are negligible,

(6) Fick's law of mass diffusion is valid, and (7) the where
LOX surface is in thermodynamic phase equilibrium.
The governing equations are given below. V" = lu + arv (4)

Continuity equation: ax rar

(pu) + (pro) = 0. (1) Energy equation:

x-Momentum equation: apuh + _- U + Va a
ax rar ax a r

o apvru -aP 2 aaxu + _fl apg7- 5 -7(,V N ata ( 2ah

+pug ax ax kC, ax)
•V) + a.(2pua) + a- [rt ( + . (2)

0 x rarLar ja 2a a

r-Momentum equation: ray CP Or & i71 Cp) ax
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a AT y fFa~
+ rpill h L' (5) 1'__F,- ,jý-+ PW--art.,ax- h, - Do,7,-) -ac I

where h stands for the specific enthalpy of the gas + a [rp(D, -- D ý-) (9)
mixture, defined as rar ar

where
h= Yjh,=• °,j+ CjdT Yi. (6)

L fl = Y+ - (F/o),,Yo (10)

ith species equation: and ( represents the mixture fraction, defined ac-
cording to Ref. 14 as

apuy, + -pv = a (pDjj -m fl - flo

ax rar ax ax / - 0

+ ' (ri D aY' + 6, (7) [Yi - (F/0)Y]- [YF - (F/o),Yo]o
rr = [YF -- (F/O)stYO]F -- [YF - (F/O),tYo]o"

The ideal-gas law was used to solve the gaseous den- (11)

sity. However, near the LOX surface, the tempera- Solving the transport equations of mixture fraction
ture of the mixture may drop to 90 K. Because the and the mass fraction of the diluent species (helium)
ideal-gas equation could lead to some errors in together with other conservation equations, the dis-
determining gaseous density at low temperatures, a tributions of thermodynamic and flow properties
ninth-order polynomial was used for density calcu- were determined. The mass fractions of various
lations in the 90-250 K range [13]. chemical species were then computed from Eq. (11).

The flame front location was also identified.
9

p= cT" = co + ciTp -0 Boundary Conditions:

+ C2 T 2 + .+ c9T
9  (8) Since the conservation equations are elliptical in

where coefficients c,, are functions of pressure. form, appropriate boundary conditions for each de-
pendent variable must be specified in accordance
with experimental conditions. In this study, the flow

Combustion Model: properties of the LOX surface and the surrounding
purge flow at the inlet were set to be uniform andIn consideration of the source term in the species treated as input parameters, based upon flow rate

equations, the flame-sheet approximation was and local temperature measurements.

adopted as one of the options available in describing At inlet plane (x = 0), for r <e nt:

the laminar diffusion-flame structure. Other options

included chemical equilibrium approximation and, if
necessary, a set of full-blown detailed H2/0 2 chem- n =u +, v 0, h = h
ical kinetics model. Although it is fashionable to ap- Yi Yi =+. (12)
ply complex chemical kinetics to combustion prob-
lems, the authors believe that this is not always At inlet plane (x = 0), for R, < r < R,:
necessary for all combustion problems. In this study,
the flame zone was mainly characterized by a very u = u0 , v = 0, h = h,
low Mach number flow yet having a fast H2/02 re-
action rate. Hence, the assumption of infinitely fast Yi Yio, =0 (13)
chemistry can be considered very reasonable. In the
approach of infinitely fast kinetics, the combustion Along the axis of symmetry (r = 0):
process was modeled by a single irreversible reaction.
The following mixture fraction equation was utilized: an = ah = _ ay a(1

apu_ + apvrc a Da) ar ar ar ar

ax rar ax ax At wall (r R,):

+ a C+ (F/O), h a_ Y, _ (15)r a + (5Fi-fi o) ar ar ar
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TABLE 1
Methods employed for evaluation of thermodynamic and transport properties

High-pressure
Property Baseline method, correctionb Mixing rule,

Specific heat Fourth-order Sychev et al. [13] Mass fraction
polynomial of weighting
temperatured

Viscosity Lucas [15] Lucas [15] Lucas [15]
Thermal Fourth-order Laesecke et al. [16] Mole fraction

conductivity polynomial of weighting
temperatured

Diffusion Chapman and Takahashi [18] Wilke [19]
coefficient Cowling [17]

"For pure component at low-to-moderate pressure.
"`For pure component.
'For mixture.
"Coefficients of polynomials are fitted from the data of Daubert and Danner [20] as well as McBride and Zeleznik

[21].

At a large distance from the outlet station (x = L), liquid surface [Eq. (12)], thermodynamic phase equi-
the flow field becomes much more uniform than the librium is imposed upon the gas/liquid interface. In
flame region; therefore, the axial variations of de- high-pressure environments, a fugacity-based multi-
pendent variables are negligible. Also, the radial ve- component thermodynamic analysis for vapor-liquid
locity component becomes negligible at such a large phase equilibrium must be conducted to fully ac-
distance; hence, count for ambient gas solubility and real gas effects.

The high-pressure vapor-liquid equilibrium relation-
au ah Oy, _ d 0 andv=0. (16) ships for each component can be expressed as

---- -=- = 0 anv=0.(6
k ax ox ax f() = p) (17)

Evaluation of Thermodynamic V0 = T1 ). (18)
and Transport Properties:

In order to simulate various realistic features in- The fugacity for species i can be integrated through

volved in the evaporation and combustion processes the following relation [22].

of LOX, the pressure and temperature dependence p(V) = pY) (19)

of thermophysical properties must be treated prop-
edly. In this study, the specific heat of each species
was determined from a fourth-order polynomial of RTlnI ' =
temperature. Different sets of coefficients taken \XiP)
from the experimental correlations of Sychev et al.
[13] were used for high-pressure correction. The spe- fv"F(OnP - ]•Tldv- kTlnZ (20)
cific heat of the mixture was calculated using the Jv j)rTvnj VJ
mass-fraction weighted method. Table 1 outlines the
methods employed for evaluation of thermodynamic To compute the integral term in Eq. (20), the Red-
and transport properties. These properties were first lich-Kwong (R-K) equation of state was employed.
calculated as functions of temperature and pressure The two mixture parameters in the cubic-type R-K
for each constituent species. Properties for the mix- equation of state were determined from quantum-
ture were subsequently determined by means of ap- gas mixing rules [22].
propriate mixing rules.

Numerical Algorithm:
High-Pressure Phase Equilibrium: The aformentioned governing equations and

To determine the species-concentration boundary boundary conditions were solved using an iterative
conditions for each species immediately above the SIMPLE (semi-implicit method for pressure-linked
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Tube Exit and FIG. 2. Predicted and experimen-
Location of the LOX Surface tally observed flame shape with an

oxygen supply rate of 0.024 gm/s at
a pressure of 30 atm (subcriticalH2 / He LOX H2/ He combustion).

equations) algorithm [23]. To implement a finite con- all other dependent variables. A more detailed nu-
trol-volume approach, the partial differential equa- merical solution procedure is given in Ref. 12.
tions were first integrated over discrete cells formed
by the numerical grids. The line-by-line tridiagonal
matrix algorithm (TDMA) method was employed to Experimental Apparatus
solve the resulting discretization equations for the
entire calculation domain. Because of the staggered In this study, the experimental setup consists of a
grid arrangement, velocity grids were segregated (1) a windowed high-pressure test chamber, (2) com-
from scalar grids and lie directly on the surfaces of puterized chamber pressure control system, (3) LOX
the control volumes. The power-law scheme was ap- feeding system, (4) gas supply system, (5) igniter, (6)
plied to model both convective and diffusive fluxes multichannel data acquisition system, and (7) various
across the faces of two finite-difference cells. The safety devices. For the gas-pressurized LOX feeding
harmonic-mean technique for various transport system, gaseous oxygen was delivered into a cylinder
properties at the interface between cells was incor- immersed in the liquid nitrogen bath. Cooled by liq-
porated in accurately represent the diffusion-flux uid nitrogen, the oxygen was liquefied and eventually
terms over adjacent control volumes. To avoid diver- filled the interior space of the cylinder serving as a
gence during the iterations, underrelaxation was also reservoir for LOX. By adjusting the opening of a mi-
adopted, with a factor of 0.6 for pressure and 0.4 for crometering valve, the LOX mass consumption rate
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H2 / He LOX combustion).

was controlled to maintain a stable surface at the exit surface was below the exit of the feeding tube by
of the LOX feeding tube (6.35-mm diameter) under about 1.5 mm. The position of the LOX surface was
prespecifled steady-state operating conditions. The determined by traversing the thermocouple for sur-
chamber pressure was maintained at a prespecified face temperature measurement along the center of
level by a computer feedback-controlled gas supply the LOX supply tube. To raise the LOX surface to
system. A quartz gas-sampling probe was used in the port of the feeding tube, the oxygen supply rate
conjunction with fast actuating valves to extract sam- was gradually increased. When the LOX surface ap-
ples of combustion products from given locations for proached the tube exit, the region near the tube rim
GC analysis. Several J-type thermocouples were in- was cooled down to a greater extent by the LOX. This
stalled at various locations in the test rig. A detailed decrease in temperature caused increase of heat loss
description of various components of the experimen- from the flame as well as reduction of radical con-
tal setup as well as temperature and oxygen concen- centrations in chemical reactions, and thus, the flame
tration and flow rate measurements can be found in tended to detach from the tube rim. This quenching
Refs. 11 and 12. effect sometimes even cawed extinguishment of the

flame. Due to the sensitive flame holding behavior,
Discussion of Results establishment of a stable diffusion flame at the exit

of the LOX feeding tube was found to be much more
In the combustion tests, a stable onion-shaped difficult than in the case of GOX/H 2/He diffusion

LOX/H2/He diffusion flame was achieved at a pres- flame. Attempts were also made to conduct in situ
sure of 30 atm. The laminar diffusion flame studied observation of the LOX surface during combustion;
had oxygen, hydrogen, and helium supply rates of however, due to the brightness of the diffusion flame,
0.018, 0.052, and 0.12 gm/s, respectively. The LOX the surface region cannot be clearly observed.
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To verify the axisymmetric steady-state combus- determined to be 0.981 from phase equilibrium anal-
tion code, several numerical simulations were con- ysis. Comparison between predicted and experimen-
ducted; one corresponds to the LOX surface fixed at tally observed steady flame shape for the coflowing
the exit of the feeding tube. Boundary conditions LOX/H 2/He laminar diffusion flame also showed
wed in this case correspond to those given in Eqs. close agreement [12]. The measured radial hydrogen
(12) and (13), with the gas velocity above the LOX concentration distributions in the stations beyond the
surface at 0.7 cni/s. Figure 2 presents the predicted flame height where the quartz probe can survive also
and observed flame shape at a pressure of 30 atm. It matched well with predicted results [12].
should be noted that this flame picture represents an In order to explore the flame structure of a LOX/
image before gradual detachment of the flame from H2/He laminar diffusion flame, the theoretical model
the tube rim. From fine-wire thermocouple mea- and numerical scheme described in previous sections
surements, the LOX surface temperature was found were adopted to study the combustion process of
to be 136.2 K. The temperature of the surrounding LOX in the surrounding flow of a hydrogen/heliumn
hydrogen/helium mixture was 295 K. In general, the mixture (with a mass ratio of 30/70) at a pressure of
calculated flame shape was in reasonable agreement 68 atmospheres. The phase equilibrium analysis was
with the observed luminous flame surface. To study used to determine boundary conditions of species
the influence of the LOX surface position on the concentration at the LOX surface.
flame shape, another simulation was carried out for Figure 3 shows temperature contours with respect
the case in which the LOX surface was maintained to both axial and radial coordinates. The calculated
1.5 mm below the exit of the feeding tube. In this peak temperature along the centerline was about
case, the gas velocities of the H2/He mixture and va- 3310 K. The flame height, defined as the location of
porized LOX were 1.5 and 0.523 cm/s, respectively, the peak centerline temperature, was found to be
The oxygen mass fraction at the LOX surface was 1.66 cm above the tube exit. Steep axial temperature
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gradients were noted in the vicinity of the LOX sur- gen. Oxidizer and fuel diffused in opposite directions
face, indicating a strong heat feedback from the toward the flame zone and reacted very near the stoi-
flame to the LOX surface to provide the energy re- chiometric interface. In the meantime, helium, the
quired in the phase change of oxygen from a com- diluent species, penetrated through the flame enve-
pressed liquid to a superheated vapor. The buoyancy lope and reached the LOX surface, and as a result,
force accelerates the flow in the reaction zone the helium could dissolve in the LOX at high-pres-
thereby increasing the entrainment of the surround- sure conditions.
ing H2/He mixture. This suctionlike effect induces In a diffusion flame, the vorticity field plays an
an inward radial flow motion near the port exit plane important role in characterizing the mixing and com-
to enhance combustion and drive the flame closer to bustion processes. Figure 4 exhibits the vorticity con-
the centerline. Therefore, the flame contour be- tour for the coflowing LOX/hydrogen/helium laminar
comes pear-shaped instead of onion-shaped, diffusion flame at a pressure of 68 atm. Two counter-

The calculated water vapor mass fraction contours rotation vortex compartments, generated by buoy-
(not shown here) are very similar [12] to those shown ancy-induced flow acceleration, were distinctly ob-
in Fig. 3. The flame envelope separated oxygen above served inside a center column. The location of the
the LOX feeding tube from the surrounding hydro- interface boundary of these two compartments was
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in accordance with the flame envelope. Originating 3. The chemically reacting flow field was found to
from the inner side of the tobe rim, the negative be influenced strongly hy the vorticity field gov-
vortex region displayed a clockwise rotational pat- erned hy the comhustion-induced haroclinic
tern. Across the flame, the fluid in the positive vortex torque and vorticity dilatation effects.
region tended to flow toward the centerline. 4. The predicted results using the flame-sheet ap-

Having descrihed the vortex structure of the flame, proach compared very closely with those hased
the vorticity generation mechanism and transport upon full equilihrium calculations, except a minor
process were further examined. It was found that the deviation of temperature and water vapor concen-
vorticity dilation (•ŽV- V) and haroclinic torque (Vp tration from their equilihrium values in the neigh-
X VP/p2) terms in the vorticity equation play ima- horhood of the flame front due to the effect of
portant roles in the vorticity distrihution. The vortic- high-temperature dissociation.
ity! dilation is related to the effect of variahle density
in the fluid. A positive value of the vortex dilation
leads to a decrease in the magnitude of vorticity. The Nomenclature
haroclinse torque represents the generation of vortic-
ity through a nonalignment of the density and pres- Cp constant-pressure specific heat
sure gradients; these effects are usually negligihle for Di, effective mass diffosivity of speciesi
a nonreacting low Mach-numher flow. However, in h~ inary mass diffusivty
this comhustion prohlem, these two terms can he f fugacity
significant due to the existence of strong density var- hi enthalpy
iations. As reported in Ref. 12, the amplitude of hoth hf heat of formation
vorticity dilation and haroclinic torque grew consid- L length for computational domain
erahly as a consequence of heat release. It was also N total numher of species
noted that the magnitude of the haroclinic torque ni numher of moles of speciesi
was suhstantially larger than that of the vorticity di- p pressure
lation. This indicates that the vorticity field is gen- R1 , Ko inner and outer radius for computational
erated mainly hy misalignment of density and pres- domain
sore gradients in the flame. R•, universal gas constant

In order to examine the degree of hroadening of r coordinate in transverse direction
the reaction zone resulting from dissociation, the T temperature
predicted centerline temperature and species-con- u, v velocity components in x and r directions
centration distrihotions from the flame-sheet model V total volume or velocity vector
have heen compared with those of equilihrium cal- W molecular weight
culations (see Fig. 5). Below 2800 K, the difference x coordinate in axial direction
was found to he within 2.5%. However, the flame- X mole fraction
sheet model overpredicted the peak temperature hy y mass fraction
8.5% at the axial location of the flame front (x = 1.66 Z compressihility factor
cm). For species profiles along the centerline, the Greek Symbols:
oxygen and hydrogen were ohserved to diffuse to- a thermal diffusivity
ward the thin reaction zone where the water vapor • mixture fraction
concentration attained its maximum value. The (2 vorticity
rounding of the temperature profile, as well as the
coexistence of the oxygen and hydrogen in the nar- Superscripts:
row flame zone, indicates a reaction-zone hroadening ()o phealstae
due to the dissociation effect at high temperatures. ( )(t) vapor phase

Subscripts:

Conclusions (), speciesi
)0 gas-phase inlet conditions of surrounding

1. Under a suheritical condition at p = 30 atm, an purge flows
onion-shaped LOX/HH/He diffusion flame was oh- ()X surface value
served experimentally. The calculated flame () +,( ) -interfacial conditions on gas and liquid
shape was found to agree well with the shape of sides
the ohserved luminous flame.

2. Under a sopereritical condition at p = 68 atm, Acknowledgments
the calculated flame shape exhihited a pearlike
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A synergistic hierarchy of numerical and analytical models is used to simulate three-dimensional com-
bustion instability in liquid rocket engines. Existing phenomenological models for vaporization and at-
omization are used in quasi-steady form to describe the liquid phase processes. In addition to a complete
nonlinear numerical model, linearized numerical and closed-form analytical models are used to validate
the numerical solution and to obtain initial estimates of stable and unstable operating regimes. All three
models are fully three dimensional. The simultaneous application of these approaches permits computa-
tionally inexpensive surveys to be performed in rapid parametric fashion for a wide variety of operating
conditions. Stability maps obtained from the computations indicate that, when droplet temperature fluc-
tuations are present, vaporization and atomization can drive instability. The presence of droplet temper-
ature fluctuations introduces areas of instability for smaller drop sizes and colder drop temperatures. The
computational procedures are demonstrated to accurately capture the three-dimensional wave propagation
within the combustion chamber. The validated results indicate excellent amplitude and phase agreement
for properly selected grid resolution. The nonlinear model demonstrates limit cycle behavior for growing
waves and wave steepening for large-amplitude disturbances. The current work represents a validated
computational testbed upon which more comprehensive physical modeling may be incorporated.

Introduction can be used to test the sensitivity to various param-
eters.

Combustion instability continues to be a recurring A major issue in applying a CFD instability testbed
problem in the development of practical combustion is that each numerical solution indicates only
systems. Evidences of instability are encountered in whether one particular set of conditions is stable or
afterburners, dump combustors, ramjets, solid pro- unstable. Voluminous numbers of computations are
pellant motors, and liquid rocket engines. Although required to discern trends or to ascertain mecha-
the instabilities in these diverse systems are generi- nisms responsible for instability. An equally impor-
cally similar, they differ considerably in detail. One tant issue is the need for validating the accuracy of
characteristic that distinguishes liquid rocket insta- the CFD solutions. In the present paper, we address
bilities and which makes their understanding partic- both of these requirements by introducing a three-
ularly difficult is the inherent multidimensional char- tiered analysis that includes full numerical solutions,
acter of the disturbances. Additional challenges arise linearized numerical solutions, and closed-form an-
from the complex physics of the gas-liquid flow field alytical solutions. The closed-form solutions and lin-
and the propensity for both linear and nonlinear dis- earized numerical formulation together predict
turbances. At present, the most pressing issue in liq- trends in an efficient fashion and serve as a validation
uid instability modeling is the identification of the standard at small amplitudes, even though the phys-
dominant driving mechanisms for various operating ical modeling is somewhat restricted. The full nu-
conditions. merical solution allows more complete physics to be

Until recently, the multidimensional character of modeled.
the disturbances prohibited the application of com- Several previous applications of CFD procedures
putational fluid dynamic (CFD) techniques to liquid to liquid rocket instabilities have been reported, but
rocket instability problems. Computational methods none of these has as yet considered the full three-
have recently progressed to the point where the ac- dimensional problem. Habiballah et al. [1] have de-
curate simulation of three-dimensional, unsteady veloped the most complete model and applied it to
flows is becoming practical. The purpose of the pre- existing engines with some success; however, this
sent paper is to assess the prospects for developing a model is two dimensional, and little emphasis has
computational testbed for combustion instability that been placed on deducing dominant instability
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mechanisms. Similarly, work by Liang et al. [2] has directly. Until appropriate unsteady models are de-
included relatively complete physical submodels but veloped, such quasi-steady models must serve as the
has not been used parametrically to understand in- basis for instability analyses. Improved physical sub-
stability mechanisms. Less complete models have models are an important issue in instability research
been reported by Kim et al. [3], Jeng and Litchford and one for which the combined application of com-
[4], Wang et al. [5], and the present authors [6]. putational testbeds and experimentation is particu-

Priem and Breisacher [7] have formulated a three- larly attractive.
dimensional frequency domain analysis that includes The equations governing a droplet are written as
empirical models for atomization and vaporization. dQft dt = Hd where Qd = [md, u,, Td]T and Hd =
This approach provides rapid solutions for single fre- [- i , lFi/md, AEJT. The source term, Hd, pro-
quencies but is less effective in simulating broadband vides For mass, momentum, and energy exchange
unsteady disturbances. We follow their approach for with the gas as the droplets traverse the chamber.
modeling atomization and vaporization, but whereas Summing Hd contributions from all droplets in a dif-
they use the nonlinear models with their linear gas ferential volume constitutes the gas phase source,
phase solutions, we linearize these models for our Hliq. Here, md1 and rhap are the droplet mass and
linear analyses and retain the complete nonlinear for- vaporization rate, respectively. The drag forces Fi
mulations only in our nonlinear simulations, arise as a result of differences between the gas ve-

locity and droplet velocity, ui. The determination of
the droplet temperature involves an appropriate sur-

Governing Equations face energy balance noted here in symbolic form.
The current results utilize an infinite thermal con-

The equations that govern liquid rocket instability ductivity approximation in the droplet interior as an
include conservation laws for both the gas phase and initial investigative assumption.
the distributed liquid phase. Each of these includes Atomization is represented by the Mayer [8], In-
appropriate source terms that couple the effects of gebo [9], and Nurick [10] models, while vaporization
momentum exchange, vaporization, and combustion is determined by Priem-Heidmann [11] and Abram-
between the two phases. The Euler equations, with zon-Sirignano [12] models. The atomization models
interphase transport terms added, are used to model are implemented as a collapsed zone at the injector
the gas phase since they provide an accurate descrip- face, although distended models are easily accom-
tion of the wave dynamics and require less computer modated. The entering liquid is partitioned among a
resources than the Navier-Stokes equations. Fur- number of droplet classes to approximate the droplet

distributio funcion Sinc thee- e currentns woruisfo
ther, an accurate, validated Euler solution is a nec- distribution function. Since the current work is fo-
essary precursor to a full Navier-Stokes solution. In cused on global understanding, a monodisperse drop
cylindrical coordinates, these can be expressed as, size is used in the predictions. Unsteady droplet ve-

locity fluctuations are ignored in the current work

SQ SaE iSFr aG 1 such that the local unsteady relative velocity arises
- +x ++ + S =r(HIg% + Hfiq) (1) from the gas phase perturbation only.

aOx r ar raO0 rAdditional potential instability mechanisms such
as chemical reactions, species transport, injector cou-

where Q is the vector of primary dependent variables pling, and droplet collisions and coalescence are
and E, F, and G are the conservative flux vectors [6]. omitted here, but can be easily incorporated into a
The source vectors, Hiui and Hgas, contain the cou- CFD instability testbed from appropriate phenom-
pling terms between the gas and liquid phases and enological models.
terms that arise because of cylindrical coordinates.
The quantities x, r, and 0 are the axial, radial, and
azimuthal coordinates. We close the system by the
perfect gas relation. The full numerical equations are Separation of the Equations into Mean
solved by an explicit four-step Runge-Kutta method and Disturbance Components
using central differencing in space in the axial and
radial directions, and a Fourier spectral method in Although the complete equations must serve as
the azimuthal direction. Details of the method are the primary approach for combustion instability sim-
given in Refs. 6 and 13. ulations, a simpler analysis that will provide guidance

The description of the liquid phase must invoke and qualitative insight, while also serving as a vali-
substantial physical modeling to represent the com- dation procedure for the full numerical solutions, is
plex processes that occur on the droplet scale. Here, needed. We obtain such a simplified analysis by lin-
we choose a Lagrangian description and implement earizing Eq. (1). To do this, we split the vectors into
available phenomenological models for atomization mean and unsteady parts as Q = Q + Q', where
and vaporization in quasi-steady fashion. This allows overbars refer to the mean flow and primes to
experimentally observed effects to be incorporated unsteady perturbations. We then linearize the flux
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vectors as E = E + AQ', where the matrix A = variables. These effects are retained in the full nu-

at/aQ, etc. [13]. Substituting these expansions into merical analysis. The atomization response to gas

Eq. (1) and restricting the mean flow to axial varia- phase oscillations then becomes

tions with zero transverse mean velocities allows the
perturbation equations to admit a separable solution d' L-' + (4u

involving Bessel and trigonometric functions [j, and d = p n
Z = C1 cos(/a0) + C 2 sin•aO), respectively],

For the Mayer model [8], the nondimensional coef-

F (x,t)j,,Z ficients are a, = - 2/3y and /& = - (4tt/3firei). Val-
ues for the Ingebo and Nurick models are given in

$u"t(x,t)J1 Z Ref. 13.
Qf' = IV(x,t)J,Z/ (2) The vaporization correlations can be linearized in

similar fashion by expressing the vaporization rate as
pW(x,t)JZ'/2r 1i kp= 0;vap(1, u; T1), where the vapor-pressure de-

(x,t)jZ pendence has been expressed in terms of the liquid
temperature through the Clausius-Clapeyron rela-
tion. The dependence on the liquid temperature can

where primes denote differentiation. The constant ; then be eliminated by companion linearized expres-
is determined by the nonpenetration condition at the sions for the heat flux to the droplet and the energy
wall, r•, namely, J, (Xrj) = 0. balance for the droplet temperature [13]. Because

These simplifications provide the variables sepa- this latter relation is a differential equation, a phase
rable expression, lag is introduced such that the nondimensional va-

porization coefficients become complex:
-- +- + BQ , (3)

at aAx =5
at i (3) = mivap a. + fl* (5)

where 4) f i$ of T th arxAi dne Jo = , v , the matrix A is iden- Frequency-dependent expressions for a' and fla are
tical to its standard form, and B refers to a slightly given in Ref. 13 for the Priem-Heidmann and
modified form of A [13]. This disturbance amplitude Abramzon-Sirignano models.
equation contains only one spatial variable and can
be solved at a small fraction of the computational
effort of the fully nonlinear set. The resulting solu- Results and Discussion
tions represent meaningful three-dimensional distur-
bances that can be used effectively for performing To demonstrate the synergistic application of the
exploratory stability surveys prior to attempting com- numerical solution procedures in simulating instabil-
plete nonlinear computations. ity, a cylindrical combustion chamber of length 0.36

By further requiring a constant axial mean flow, m and radius 0.23 m was used as a baseline geometry.
the disturbance amplitude equation can be solved The gas phase composition was taken to be H12/0 2
analytically [13]. This closed-form solution allows nu- combustion products at a nominal temperature of
merical accuracy to be verified in the small pertur- 3000 K and a total flow rate of 1.5 kg/s. To compare
bation limit and provides understanding of the role the nonlinear, linear, and closed-form analytical so-
the various physical processes play in instability. The lutions, constant mean flow conditions were assumed
combination of closed-form models and full CFD so- for the chamber. Unsteady vaporization contribu-
lutions provides an effective tool for studying insta- tions were considered over a variable fraction of the
bility characteristics as demonstrated in subsequent chamber length fixed by droplet size, relative veloc-
sections. ity, and mean vaporization rate. These simplifications

are readily removed for the numerical computations.
Linearization of Atomization In general, monodisperse liquid oxygen droplets of

and Vaporization Models 110 pm were specified with an inlet temperature of
125 K and velocity of 100 m/s.

To complete our linear analysis, we must also lin-
earize the atomization and vaporization models. The Linear Numerical Model and Analytical Solutions:
atomization models can be expressed in the fuinc-
tional form, d = d(p, u; T1, ul), where the subscript The linearized vaporization relations express the
1 refers to the liquid phase. For simplicity, we con- stability characteristics in terms of the parameters a'
sider constant liquid properties and a fixed droplet and #P. The range of a' and /P values for the rep-
velocity to eliminate the dependence on the last two resentative liquid rocket operating conditions stated
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FIG. 1. Comparison of linearized pressure coefficients
for Priem-Heidmann and Abramzon-Sirignano vaporiza- FIc, 3. Stability map as a function of the linearized pres-
tion models. T,, = 300:0 K, d = 110 pm. sure and velocity coefficients. Models indicate constant

temperature droplets Tli, = 125 K, d = 110 uro, T.1-

5.0 30100 K, Pg,,, = 40 atm.

Corresponding results for the velocity coefficient,
4.0 fl., are given in Fig. 2 as a function of droplet Reyn-

Priem-Heidmann olds number, pglureld/,g. The velocity coefficient
curves for both -models have the same functional

3.0 shape, but the levels differ because of the density
S404 used in the Reynolds number definition. As the mean

30Pam) relative velocity approaches zero, the velocity coef-
2.0 P(atm) 3 0 ficient increases rapidly, indicating a more sensitive

20 dependence on the perturbation velocity. The veloc-
ity coefficient is also weakly dependent on the mean

Abramzon-Sirignano chamber pressure.
Figure 3 presents the constant droplet tempera-

ture stability domain determined by using both the
0 200 400 600 800 1000 linearized numerical model and the closed-form an-

Droplet Reynolds Number alytical solution. This stability domain is presented in
terms of the a' and fl' coefficients. The results cor-

FIG. 2. Comparison of linearized velocity coefficients for respond to a vaporization zone of 50% of the com-
Priemi-Heidmann and Abranzon-Sirignano vaporization bustor length, determined by the mean flow vapori-

emodelds. an,,,=3000Kd = o i n vaporio zation rate. Multiple modes exist at each point on the
P 3stability plane, and Fig. 3 indicates the most unstable

first tangential, first radial, and arbitrary longitudinal
above are given in Figs. 1 and 2 for the case of a mode (IT, I1R, nL) at each a*-PJ3 location (typically
constant droplet temperature. For this case, the pa- n = 1 or 2). The neutral stability curve is indicated
rameters ao and #' are real. Figure 1 shows the var- by the solid line and separates unstable (U) and sta-
iation of the pressure coefficient a* for chamber ble (S) regions. Positive contour labels indicate un-
pressures ranging between 20 and 45 atm. As can be stable growth (percent growth per cycle), while neg-
seen, a' is negative (h,.ap decreases as pressure in- ative values indicate decay. The unstable region lies
creases) and approaches zero as chamber pressure in the positive a*-/fl quadrant. Recall that both va-
increases for both the Priem-Heidmann and Abram- porization models considered give negative values of
zon-Sirignano models. There is also a weak depend- a*.
ence on droplet Reynolds number. The effects of in- The approximate ranges of the linearized coeffi-
creasing liquid droplet temperature (not shown) are cients for the Priem-Heidmann and Abramzon-Sir-
to drive the pressure coefficients toward more neg- ignano vaporization models for reasonable operating
ative values, conditions are indicated by the shaded regions on
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400 entering droplets. Again, these results correspond to
- the most unstable (I1, IR, uL) mode. The triangular

upper bound on the stability map corresponds to an

"E 300 Vozn arbitrary constraint that only droplets that vaporize
Vaporiation Exceeds --. inside the chamber were considered. The lower limit

Chanter Length " on Fig. 4 represents the minimum drop size consid-

" Unsteady Atomization ered (20 pm), which resulted in a vaporization length
E200 of 14% of the chamber. The neutral stability curve
M - ', and growth and decay contours are again indicated.
" Steady Atomizat0)on S The results in Fig. 4 indicate that realistic values of

"75 a' and fi' result in instability if droplet temperature

2 100 fluctuations are included. The instabilities occur
o 15 . U when the droplets are small, and stability is regained

- for larger drop sizes. As noted by the dashed contour,
"-" the combined effects of unsteady atomization and

S1240 145 vaporization again predict a larger unstable region
than the effects of vaporization alone. Analogous re-Droplet Temperature (K) suits for axisymmetric disturbances indicate that the

4. S map as a function of diameter unstable region is considerably smaller than that for
FIG. 4.Stability ma safnto fdroplet dimtr three-dimensional disturbances.

and liquid temperature. Fluctuating-temperature droplets;

Tg, = 3000 K, Pg.,, = 40 atm.

Full Euler Equation Solutions-Small Amplitudes:

Fig. 3. Note that both models lie well inside the sta- The previous results have compared the hinearized
ble region. This indicates that vaporization coupling numerical solutions with the analytical results, and
is insufficient to drive pressure oscillations for con- investigated representative characteristics of typical
stant temperature droplets. When we combine the stability maps. We now investigate solutions from the
effects of atomization with vaporization, the operat- full nonlinear analysis, concentrating first on small-
ing domain moves closer to the neutral stability amplitude disturbances. To demonstrate the validity
boundary, as indicated by the additional shaded of the nonlinear analysis, we begin by comparing pre-
regions. Despite this, no instances of instability were dictions of the temporal development of pure mode
found for constant droplet temperature cases. disturbances with analytical results. A comparison of

As a next step in investigating instability charac- the pressure oscillation as a function of time at the
teristics, we add the effects of unsteady temperature injector face/wall/zero-degree location is shown in
fluctuations in the liquid droplets. Because the ao-fl' Fig. 5. This computation employs the Priem-Heid-
coefficients are now complex, the stability plane be- mann vaporization model (d = 110 am and Re,, =
comes multidimensional and cannot be presented in 690. This corresponds to a IT, 1R, IL mode that
the manner of Fig. 3. Instead, Fig. 4 presents stability grows at approximately 5% per cycle. The grid size
results in terms of the temperature and size of the chosen was 201 x 51 grid points in the x-r plane by

0.001 ____

Numerical

Anatyticat

py/P 0.000

-0.001

0 2 4 6 8 10 12

Time, tJ/L

FIG. 5. Comparison of numerical and analytical pressure fluctuation vs. time traces at injector faceA/all/zero-degrees
location; pure mode initial conditions, fluctuating-temperature droplets Tl,, = 125 K, d = 110 pm.
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three Fourier modes in the tangential direction. The 0.001
agreement between the numerical and analytical
pressure oscillations indicated in Fig. 5 demonstrates
the accuracy of the numerical solution. The two so-
lutions are nearly indistinguishable over many cycles
of oscillation. Similar accuracy is observed for other
locations in the combustion chamber.

Numerous other computations over a variety of P'IP 0
operating conditions were investigated to verify the
physical trends predicted in Figs. 3 and 4. For in-
stance, when the injected drop size is increased to
160 pm, a stable (iT, 1R, IL) solution is indicated,
in agreement with Fig. 4. (This is in contrast with the
unstable solution in Fig. 5 for a smaller drop size and -0.001 L •
shorter vaporization length.) Likewise, if constant- 0 5 10 15 20 25
temperature drops are considered with the original Time, tD/L
110-lim diameter, decaying pressure oscillations re-
sult as predicted in Fig. 3. In all cases, the numerical FIG. 6. Numerical pressure fluctuation vs. time trace at
solutions indicate similar accuracy to the result injector face/wall/zero-degrees location; pulsed mode ini-
shown in Fig. 5. tial conditions, fluctuating-temperature droplets rli = 125

Having established the accuracy of the solution K, d = 110 pm.
procedure in this low-amplitude regime, the nonlin-
ear numerical results may subsequently be extended
to more general cases in which less restrictive mean 1.0
flow variations and/or finite-amplitude effects may be
significant.

Pulsed Mode Pressure Oscillations:
0.5

Extensions of the nonlinear calculations to finite-
amplitude disturbances are next demonstrated by
simulating stability "bombs" like those used for sta- P'/P
bility rating of liquid motors. Here, we impose a
three-dimensional pressure pulse of small amplitude 0.0
near the injector face as an initial disturbance in a
steady-state chamber. The pulse gives rise to a rich
variety of multidimensional disturbances. In the
longtime limit, we expect the most unstable mode
(predicted by the analytical method) to dominate in -0.5 ....

the absence of nonlinear effects. 0 50 100 150 200 5 300 350

The broadband pressure response to a pulse at the Time, t&-L
chamber wall/injector face/zero degree is shown in
Fig. 6. Initially, there is a rapid decay that is later Fm. 7. Limit cycle behavior for strong high-amplitude
followed by steady growth. Power spectrum analyses nonlinear effects.
of the response show that the short-term solution is
dominated by low-frequency stable modes while the
long-time spectral analysis indicates that most of the bounded by physical constraints. An important task
fluctuation energy resides at the most unstable mode of a nonlinear numerical approach is to model such
of the chamber. Consequently, the nonlinear model nonlinear effects. Figure 7 demonstrates represen-
faithfully models the broadband amplifier character- tative results of this nature. Here, the temporal re-
istics of these operating conditions. Similar pulsed sponse to an unstable, single-mode initial condition
cases for constant-temperature droplets (not shown) like those discussed above is shown for long-time so-
indicate the expected stable oscillating decay back to lutions. The early-time (linear) response for this case
the mean chamber pressure. Additionally, pulsed closely matches the corresponding analytical results.
pressure responses for axisymmetric modes indicate The higher amplitudes at long times exhibit strong
similar stability characteristics. This is consistent with nonlinear effects that eventually produce a limit cy-
the stability results obtained earlier. cle in amplitude. Typical solutions exhibit strong

In the long-time limit, the exponential growth of wave steepening that results in a propagating trian-
small-amplitude unstable disturbances must be gular wave structure. The entropy losses in the
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CHARACTERISTICS OF WATER-BASE FOAM COMBUSTION

V. S. BABKIN, N. A. KAKUTKINA AND V. V. ZAMASCHIKOV

Institute of Chemical Kinetics and Combustion
Siberian Branch of Russian Academy of Sciences

630090 Novosibirsk, Russia

Systematic experimental studies have been carried out to characterize the combustion of water-base

foams with various hydrogen- and methane-air mixtures. The dependencies of the combustion wave speed

(S) on the expansion ratio of foam (K), concentration of surface-active agent (SAA) in detergent solution,
and bubble size of foam have been investigated.

The combustion of foams with hydrogen mixtures has been established to be steady state. The effects
of unsteadiness arising from combustion of methane foams are due to sound generation in the system and
its interaction with the flame.

The flame speed in foam with rapidly burning gas mixture has been demonstrated to decrease with
decreasing expansion ratio and the foams with slowly burning mixtures have demonstrated to be a non-
monotonic function of K, including an anomalous region of increasing flame speed with decreasing K.

It has been demonstrated that the increase in both the SAA concentration in a detergent solution and
the mean size of foam bubbles have no effect on the form of S(K) dependence but leads, however, to the
increase in the flame speed values.

The characteristics of foam combustion have been shown to be due to the effects of heat transfer from
the gas to foam films and aerosol droplets forming upon destruction of foams by a flame front. Taking into
account the interphase interaction provided the basis for derivation of a simple model of foam combustion
and allowed to predict the flame speed dependences on the controlling parameters. The characteristic of
combustion predicted by the model are in fair agreement with experimental data.

Introduction The foam was passed through a three-way tap to
testing tube 3, filling it up to an open end. Transpar-

Foams are the variant of two-phase gas-liquid sys- ent glass tubes with diameters of 55 and 105 mm and
tems that often occur in nature, form in many tech- lengths of 0.52 and 2.75 m were used. To prevent
nological processes, and are used in fire extinction, liquid from flowing out from the foam, the testing
In some technologies, the water-combustible foams, tube was rotated with a frequency of 1 Hz by alec-
i.e., water-base foams with a combustible gas phase, tromotor 5.
can form as basic products or by-products. A prin- Prior to the experiments, the foam expansion ratio
eiple possibility of deflagration and detonation wave and dispersion (the mean size of bubbles) were de-
propagation in such foams has been demonstrated in termined. To this end, the foam sample was taken
Refs. 1 through 3. through three-way tap 1. The foam expansion ratio

The purpose of this contribution is to study the (K) is the reciprocal of the volume fraction of liquid
character of combustion as well as the trends in flame in foam and is estimated by weighing a selected sam-
speed in foams as a function of the main system pa- ple. The expansion ratio was varied by dosed injec-
rameters. tion of a detergent solution into the foam using per-

istaltic pump 2 at the inlet of the testing tube; K was
varied from 30 to 1600, due to foam stability.

Experimental The mean size of foam bubbles (d,,) was varied
from 2 to 4 mm by changing the size of holes in the

The scheme of experimental setup is given in Fig. gauze of the foam generator. Here, d,,, was measured
1. Foam was obtained in foam generator 6 by passing by replicas of foam left on a special fixing substrate
a combustible gaseous mixture through a copper (glass plate covered with aqueous solution of rhoda-
gauze submerged in a foaming solution (sulfonol min-colored gelatin).
aqueous solution). Homogeneous methane- and by- The foam was ignited at the open tube end with
drogen-air mixtures for frothing were prepared in either electric discharge 4 or open flame. Flame
mixer 10 and were supplied to the foam generator propagation in the tube was recorded by scanning
through reductor 9 and flow meter 8. device 11-15. Rotating mirror 11 (rotation period 62

1627
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16 17 FIG. 2. The typical dependencies of flame front coordi-

FIG. 1. Scheme of experimental setup. nate on time for hydrogen (curve 1, K = 1400) and meth-
ane (curve 2, K = 1250; curve 3, K = 84; and curve 4, K
= 350) foams.

ms), depending on its position, projected the image
of the given part of the tube through the diaphragm those of the "methane" foams. Upon combustion of
on photomultiplier 13. Thus, the mirror periodically thane oa the chan e r o f U p ropagation
scanned the whole tube. The sign of the beginning methane foams, the character of flame propagation
of scanning was created by laser beam 14 reflected substantially depends on the expansion ratio. With
from the second mirror situated on the common ro- large K, the flame slows down (curve 2, Fig. 2). In
tation axis with main mirror 11. The time of tube this case, the combustion is accompanied by a strong

scanning was 6.5 ins. The signal from photodiode 15 hum. In the intermediate expansion ratio range (K

about the beginning of scanning and tbe signal from 300), the flame propagates practically in a steady-
photomultiplier from luminous flame front went to state mode (curve 4, Fig. 2) and without any sound,
amplifier and then to analog-digital transformer 16 and with low K, it propagates in a steady-state way

and computer 17. Here, the time between the signal with acceleration at the end of the tube (curve 3, Fig.

of the scanning start and information signal (flame 2), which is followed by a stronger sound.

luminescence) was stored. Taking this into account, the flame speed was de-
termined as the slope of curve l(t) for the case of
steady-state propagation and as the mean rate all the
way through the tube in the absence of a steady-state

Experimental Results part.

The following parameters, defining foam state,
were chosen as variable: the type and concentration Flame Speed:
of combustible gas mixture, surface-active agent The influence of expansion ratio on the flame
(SAA) concentration in foaming liquid, foam expan- speed (S) in methane (solid curves 1 through 3) and
sion ratio, and foam dispersion, hydrogen (solid curves 4 through 7) foams is dem-

onstrated in Fig. 3. Upon transition from curve 1 to

The Character of Flame Propagation: curve 7, the character of the given dependence is
observed to change. Curve 4 includes all the char-

Figure 2 depicts the typical trajectories l(t) of acteristic features of the other curves. Therefore, it
flame front in foams containing methane- and hydro- should be considered it in detail. Here, the three
gen-air mixtures. The character of flame propagation characteristic sections can be distinguished. In the
in these foams appears to be quite different. In "hy- first one (K > KI), the decrease in K leads to the
drogen" foams, the flame propagates in a steady-state decrease in flame speed. However, beginning with K
way, except for a short start period. The propagation = K5, the dependence becomes anomalous: the de-
is followed by a weak sound, and flame speeds exceed crease in expansion ratio leads to the increase of
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X the curve, in its place, changes the slope, being still
XX X monotonic, and with 15%, the character of the de-

0 0l i --do r' pendence is the same within the whole range of K.
1,8 2,6 3.4 Thus, it is concluded that the anomalous second sec-

tion is typical of foams with slowly burning gas
I g Kmixtures and degenerates with increasing burning

FIG.3. he dpenenceof he lamesped inmetane velocities of the mixture. Note that the K, value, eor-

(curve 1, 7%; curve 2, 8%; and curve 3, 9.5%) and hydro- rema nined paticll the beginin uof the schandgeton,
gen (curve 4, 10%; curve 5, 11.5%; curve 6, 13%; and curve rmie rcial h aeuo h hneo
7, 15%) foams on expansion ratio. Dashed lines are cal- the combustible gas and varying reactivity of the mix-

culated from the model: curve 4, fl = 4.-10-4; curve 5,f ture.
=1.3"- 10 - ; curve 6, fl = 2.-10 -3; and curve 7, //= Curve 1, corresponding to the foams Aith 7%

2.8.-10-'; X = 2.8 in all cases. methane mixture, displays the range of expansion ra-
tio at which the foam is incapable of flame propa-
gation. This range lies in the vicinity of the K1 value,
corresponding to the flame speed minimum for the

flame speed (the second section, K, < K < K2). In foams with other mixtures. it is noteworthy that the
the third section (K < K2), the flame speed decreases determined value of the ex~pansion ratio limit is in
with decreasing K. fair agreement with that measured in Ref'. 2.

On the other curves in Fig. 3, some of the sections The S value increases with increasing burning ve-
described are either absent or change. There is no locity of gas mixture (Fig. 3). Flame speed in foams
third section in curves 1 through 3. This is due to the may be less or more than burning velocity of the gas
fact that for methane foams, K2 is less than the rain- mixture filling the foam. Figure 4 shows the S/u' de-
imum K value performed in experiments. pendencies for 9.5% methane and 15% hydrogen

The second, anomalous, section regularly trans- foams (burning velocity data were taken from Refs.
forms upon transition from curve 7 to curve 1. For 4 and 5). The methane foams are observed to burn
the foams under discussion, the increase in the reac- mainly more slowly than the gas mixture that fills
tivity of the gas mixture makes this section less pro- them up, whereas the hydrogen ones burn faster.
nounced. When hydrogen content is 11.5%, the sec- The increase in the mean size of foam bubble d.
ond section degenerates into a plateau. With 13%, fails to cause any change in the character of the S(K)
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foams burn with acceleration. The fact that the ac-
celeration and retardation of flame arise only with

C) substantial sound accompaniment suggests an acous-
WLJ tic nature of the unsteadiness. The assumption has

0,8 been tested by special experiments on the effect of
X sound on the combustion of hydrogen foams. A dy-

namic loudspeaker was placed at the open end of the
wt - testing tube, and sound was switched on during com-
w 4 bustion. According to the experiments, under the ac-

tion of sound the flame speed of foams with a high

0,6 expansion ratio decreased, and that with a low ex-
pansion ratio increased. Thus, the application of

<k sound to the combustion process of hydrogen foams
3 has given the same effects that are observed upon

combustion of the naturally sounded methane foams,
2 which confirmed the acoustic nature of unsteadiness.

0, The Mechanism of Flame Propagation:

1 A substantial peculiarity of the combustion of wa-
1,4 2,2 3,0 ter-base foams is the nonmonotonic dependence of

flame speed on expansion ratio, including the range
Ig K of K values within which the increase in K leads to

the decrease in S. Thus, an assumption has been
FIG. 5. The S(K) dependence for foams with 10% hy- made on the parallel existence of a number of pos-

drogen-air mixture with the different sulfonol concentra- sibly competing elementary processes in the com-
tion in liquid phase: curve 1, 0.2%; curve 2, 0.5%; curve 3, bustion wave. This viewpoint is verified by Fig. 4,
1%; and curve 4, 3%. testifying to the fact that the foam can lead to both

accelerated (in more reactive mixtures) and retarded
(in less reactive mixtures) combustion relative to the
gas mixture filling the foam.

dependence but just leads to the increase in the ab- The important elementary processes include the
solute values of flame speed. process of foam destruction, without which combus-

Figure 5 demonstrates the influence of sulfonol tion is impossible. The combustion of methane
content in foam on the combustion. With constant foams, as has been mentioned, is followed by sound
K, the S value increases with increasing sulfonol con- generation with intensities being no more than 70
tent. A gradual decrease of sulfonol concentration dB. Special experiments show that the foams irradi-
leads to a regular transformation of experimental ated with sound up to 135 dB do not fail. Therefore,
curves. When concentration decreases, the position it is assumed that the destruction of foams upon com-
of the minimum in the S(K) dependencies noticeably bustion has a thermal rather than mechanical nature.
shifts to the higher expansion ratio. In parallel, the The destruction of foams results in the formation
position of the maximum shifts. of liquid aerosol and its heating and evaporation.

Since water vapour has no promoting effect on the
methane [6] and hydrogen [7,8] flames, aerosol heat-

Discussion ing and evaporation can only slow down combustion.
Therefore, the acceleration of combustion observed

The Nature of Unsteadiness: in hydrogen foams is, probably, due to a generation
of a weak gas turbulence upon the breakage of foam

Experiments performed have revealed rather bubbles and the expansion of combustion products
complex and sometimes unexpected regularities of in aerosol medium.
foam combustion. Of essence is the question of the It is evident that the process of heat transfer to
existence of steady-state combustion regimes. The aerosol and its evaporation are more effective in
character of the combustion of methane and hydro- slowly burning mixtures due to a long residence time
gen foams appeared to be different. The foams with of aerosol in the flame zone. According to experi-
hydrogen-air mixtures burn in a steady-state way. ment, just these mixtures display the most anomalous
The combustion of methane foams displays the ef- S(K) dependence (Fig. 3, curves 1 through 4) and
fects of unsteadiness. In this case, the effects are dif- combustion slow down (Fig. 4, curve 2). Note, how-
ferent for different expansion ratios: with high ex- ever, that a substantial part of aerosol passes the
pansion ratios, flames slow down, and with low ones, flame zone without evaporation. Indeed, in accord
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with Refs. 6 and 9 30-40% water is quite sufficient
to extinguish the stoichiornetric methane-air flame. (a)
The total quantity of water entering the zone of 0,7
chemical reactions in the form ofvapours and aerosol -12 2c
is 60% for K = 1000 and 94% for K = 100. Nev- C) V)
ertheless, flame extinction is not observed within the U ) 0,
whole range of K, except for the 7% methane mix- x
ture. r1,,i/'i ,

To elucidate the role of aerosol and water vapours , 0. U
in combustion, the flame speed was measured to- 7- 0.4 // n 4
gether with the aerosol size distribution behind the ? i i
flame front. To this end, a hole 5 mm in diameter o (b)

was made in the tube. A plate covered with a fixing -"
staff was put under the hole. Aerosol droplets, re- U-
sulting from combustion, passed through the hole to 1,2 A 0
the plate and, after drying, left replicates which were
examined under a microscope. The rotation of the * 2
testing tube was stopped upon sampling of aerosol. 1\ \0,3
The measurements allowed us to determine the 0,,

mean particle diameter D1, the mean cubic diameterik
of droplets D3, and the number concentration n. 0,4 *, 0,2

According to the measurements, for all the foams, I \____" I i
the decrease in expansion ratio leads to the increase 1,6 2,4 3,2
of the mean droplet size. However, these changes are
nonuniform: with high expansion ratio, the size re- Ig K
mains practically the same, and for the low ones, the FIG. 6. The S(K) (curve 1) and q-' (K) (curve 2) de-
changes are rather substantial. When the gas mixture
is changed, D1 and D3 change little with the given pendencies. (a) 10% H, + air, 0.5% sulfonol; (b) 9.5% CH,

expansion ratio. The increase in either sulfonol con- + air, 3% sulfonol.

centration in the foaming solution or bubble disper-
sion causes the increase of D1 and D3.

The obtained data have been used to estimate the foam destruction needs irreversible consumption of
degree of aerosol particle evaporation in the flame a certain quantity of heat qf, which leads to the drop
zone. It appeared to be quite low and not to exceed in the maximum temperature in the flame zone.
5% for experimental conditions. On the other hand, Hence, the thicker the foam film is, the stronger the
the data obtained allowed us to determine the value drop in temperature and the lower the flame speed
of heat losses from flame to droplets q,. As it is are. This point of view is in agreement with the S(K)
known, q. = 2irgnD1 (T - Tj) [10], and giving n in dependence for hydrogen foams in which the influ-
terms of D3 and K, we get q. = 122DM (T - ence of heat transfer to liquid aerosol on combustion
Ta)/(K.D). is comparatively small. Indeed, the smaller K is, the

Figure 6 gives the value measured for S and cal- larger the film thickness and the smaller the flame
culated for qap1. It is seen that the values qualitatively speed (curve 7, Fig. 3).
correlate and have the minimum for the close values The physical model of foam combustion under dis-
of K. Thus, it is assumed that the decrease of the cussion is in agreement with other experimental
flame speed below un, the anomalous behavior of the trends. The increase in sulfonol content for the given
S(K) curve and the appearance of the limits of flame value of K, according to measurements, leads to the
propagation by K (Ref. 2 and curve 1 in Fig. 3,) are increase of the mean size of aerosol particles, the
due to the change in aerosol dispersion with the ex- decrease in number concentration n, and as a result
pansion ratio at which the maximum of heat losses of these changes, to the decrease of heat losses q,,
in the gas phase is reached and, correspondingly, the and the experimentally observed growth of S (Fig.
temperature minimum in the flame zone. 5).

The lower the burning velocity is, the larger the The increase ofd,,, causes two opposite tendencies.
heat losses from gas and the smaller the flame tem- On the one hand, there is the increase of the foam
perature. On the contrary, the higher the burning film thickness and the corresponding increase of qf,
velocity is, the weaker the heat transfer at the drop- while on the other hand, there is the increase of aer-
let-gas interface and its influence on the chemical osol particle diameter and the decrease of their num-
reaction rate. her concentration resulting in the decrease of q,. Ac-

A detailed mechanism of the thermal destruction cording to experimental data, the heat losses to
of foam is not clear yet. However, it is assumed that droplets dominate in this case.
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Phenomenological Model of Foam Combustion: Here, Q, takes into account the heating of water va-

Foam combustion is modeled as gas combustion por evaporated from foam films, and Q4 takes into
Wi tona l c stiflow to liquid films and droples account those evaporated from droplets; Q2 is the

with additional heatts heat transfer to droplets, and Q3 takes into account
Consider now, in the one-dimensional approxima- the heating of vapors evaporated from droplets from
tion, the influence of the evaporation of droplets and the temperature of droplet surface T. to the gas tem-
films on the parameters of a steady-state combustion perature T.
wave. Let us take the following simplifying assump- Assuming the Arrhenius dependence of Won tem-
tions: perature and the similarity between the profiles of

1. The heat consumed by droplets and films is lost temperature and fuel concentration and integrating
by their evaporation. The energy lost by the heat- Eq. (1), we get the relations for the maximum flame
ing of droplets and films is insignificant for the temperature (Tb) and the flame speed (S):
total heat balance.

2. The relatively large droplets have been consid- Tfl - Tb = [L + (Tb - T0)c1 I] &

ered the evaporation of which in the flame front Kpoc
causes no noticeable changes in the size.

3. Addition of gas mass due to evaporation of drop- + 6D (Tb - T)p 0u-cN+ - (2)
lets and films is not essential for the total balance KD Lpou~c + qj C (

of gas mass.
4. The flame front in each region is considered to be S = Zu,, = zu' exp[E(Tb, - TI)/(2RT22)]. (3)

flat and laminar. The total increase of combustion
surface due to the burn out of gas bubbles is taken In order to verify the adequacy of the model pro-
into account by the empirical factor of turbulence posed for foam combustion, Eqs. (2) and (3) have
generation ;.- been solved numerically, and the calculation results

5. The discretely situated foam films are substituted (dashed lines in Fig. 3) have been compared with the
by an imaginary constantly acting film, the heat experimentally measured dependencies of the flame
transfer to which equals the volume-averaged speed on k for various foams. The following values
heat transfer to real films. of parameters were used in calculations: L =

6. The destruction of foam films is realized by the 2.26" 103 J/kg, CH = 2 103 J/kg K, c = 1. 10i J/kg
leading flame front at some distance XL fr-om the K, p = 103 kg/i 3 , po = 1.29 g/m 3 , E = 1.3" 105

zone of chemical flame reactions. After destine- J/mol for hydrogen, and E = 1.03 10 J/mol for
tion, the films are spontaneously dispersed to methane. Parameters fP and X were chosen to reach
form aerosol. Beginning with coordinate XL, foam the best agreement with experimental dependencies.
combustion is considered as the gas combustion Some qualitative trends can be predicted directly
with distributed water droplets. from the analysis of Eq. (2). The two terms in braces

in Eq. (2) correspond to the two different compo-
Assuming the transfer coefficients to be constant, nents of heat losses. The first one depends on the

the equation for energy balance for the system under interaction between flame and foam films, and the
study is as follows: second is determined by the interaction with aerosol.

With large burning velocities of the gas, filling the
dT d2T - foam, the second term becomes negligibly small. In

pocd-- = A i 2 
- this case, the foam flame speed must monotonically

decrease with decreasing expansion ratio, which is
- ±+ QW actually observed for the foams with rapidly burning

dT hydrogen mixtures (see the data for 15 and 13%
X XL: T = T, Adx = qf = ZuaLpfl/K mixtures in Fig. 3). For the slowly burning mixtures,X: T-the second term in the braces in Eq. (2) becomes the

main one, and the character of the S(K) dependence
x = 0: T = TIb (1) is determined by the heat losses for droplets (q,) that,

as has been shown, are usually the nonmonotonic
where function of K, which gives the nonmonotonous S(K)

dependence (curves 1 through 4 in Fig. 3).
qfCH dT For the medium values of u,_, both of the terms

Q1 - cix' Q2 = nINuDln(T - T,), are commensurate, and more complex "mixed" de-
L dx" pendencies with the different degree of the expres-

Q3 = 7r)NuD 1ncH(T - T,J2/L, sion of the minimum are observed (Fig. 3).
As is evident from the analysis, the model pro-

Q4 T .tH , (T - TJdx. posed can be used for a qualitative description of all

L Ax trends observed upon foam combustion. Adjusting
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the parameters #1 and X, one can reach a quantitative T temperature
agreement between experimental and calculated To initial temperature
S(K) dependencies. The S(K) dependencies calcu- Tb foam flame temperature
lated by the model for a series of foams are depicted TB adiabatic temperature of gas mixture burning
by dotted lines in Fig. 3. T, droplet surface temperature

t time
Q thermal effect of reaction

Conclusions qo volume rate of heat transfer from gas to drop-
lets

1. A steady-state combustion regime has been estab- qf n volume rate of heat transfer from gas to films
lished for water-base foams. It is shown that the , burning velocity of gamis a burning velocity of foam
combustion of foams with hydrogen mixtures is W rate of chemical reaction
steady state in all the cases. The effects of un- po, p density of gas and liquid
steadiness arising in a number of cases upon com- jj empiric coefficient
bustion of methane foams are caused by the influ- temperature conductivity
ence of sound on combustion. 2 heat conductivity

2. The dependencies of flame speed on expansion
ratio have been studied for foams with different Acknowledgownt
gas compositions, liquid phase composition, and
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COMMENTS

R. H. Woodward Woesche, Science Applications Inter- Author's Reply. The diaphragm of the loudspeaker was
national Company, USA. Please amplify the statement (p. placed axially close to the open reaction tube without con-
7) that "foams irradiated with sound up to 135 Db do not tacting the foam. The frequency of sound was 20-20,000
fail." Was the sound applied directly to the foam (through Hz. The foam structure was altered by the external sound
direct coupling to the wall, then to the foam)? Was the [see ColloidJ. 54(2):192 (1992)]. Application of sound af-

character of the foam altered by the external sound? What fects flame speed in different ways depending on the foam
frequencies were applied? Did the application of sound expansion ratio: Flame speed decreases at high expansion
affect flame speed? ratio and increases at low expansion ratio.
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RDX FLAME STRUCTURE
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Nonintrusive diagnostics were used to measure temperature and species profiles during neat RDX
deflagration at I atm. UV-visible absorption was measured to obtain absolute concentration profiles of NO,
NO2, CN, NH, H2CO, and OH. Temperature and species concentrations were obtained by spectral fitting.
Planar laser-induced fluorescence (PLIF) of these same species was also measured to obtain two-dimen-
sional (2D) profiles in the flame with excellent spatial resolution. The flame structure is characterized by
a "dark zone" close to the surface and a visible flame sheet above the dark zone. For CO 2 laser-assisted
deflagration, the narrow flame sheet NH profile peaks 2.3 mm above the surface at a value of 100 ppm.
The CN profile is slightly wider and peaks at 2.5 mm at a value of 660 ppm. The OH profile peaks outside
the CN/NH flame sheet with a mole fraction of 0.055. The dark zone species studied here were NO2 and
NO. The NO2 peaks very close to the surface at about 0.17 mole fraction and decays rapidly to 0 at 1.5
mm. Close to the surface, the NO mole fraction is about 0.2 and falls sharply to 0.05 at 2.5 mm as NO is
consumed in the CN/NH flame sheet. No formaldehyde was detected. Rotational temperature profiles
were measured from OH PLIF and NO absorption spectra. The NO gas temperature near the surface is
in good agreement with prior thermocouple measurements. The temperature rises sharply to about 1500
K at 0.3 mm and then turns over to a much more gradual slope in the dark zone. At about 2 mm, it
becomes steeper again and finally levels out to 2600 K at 3.0 mm, at the top edge of the CN flame sheet.

Introduction creasing temperature, while that leading to CH 20
and N20 decreased.

The purpose of this work was to measure gas phase The TOF-MS work [6] was done on flames of RDX
species concentrations and temperatures as valida- at 0.5 atm and led the authors to conclude that the
tions to kinetic models of neat RDX deflagration. important reaction in the luminous zone is not CH2O
Nonintrusive diagnostic techniques were used to + NO 2, but HCN + NO, and that the overall equa-
minimize perturbation of the flame. tion of the decomposition products of RDX is

Measurements of species concentrations and pro-
files have been made in nitramine flames using planar R
laser-induced fluorescence (PLIF), with external DX2 -- 0.35 CO + 0.55 CO2
CO 2 laser heat flux [1-4], high heating rate thermol- + 0.62 N2 + 0.35 N2O + 1.9 NO
ysis with Fourier-transform infrared spectroscopy
(FTIR) detection [5], time-of-flight mass spectros- + 0.19 NO 2 + 1.95 H 2 0
copy (TOF-MS) [6], microprobe mass spectroscopy + 1.9 HCN + 0.19 HNCO.
with external CO 2 heat flux [7], absorption spectros-
copy [8,9], and coherent anti-Stokes Raman spec-
troscopy (CARS) [10]. As discussed in Refs. 5 and 7, melt-layer thickness

The PLIF measurements [1-4] thus far have could be a major factor in the profiles obtained.
mapped out a number of species profiles in HMX Thick melt layers, as seen with the low burn rates
monopropellant flames, including CN, NH, NO 2, found in atmospheric or subatmospheric deflagration
and OH (and partially NO), during the ignition phase without high external heat fluxes, lead to longer res-
as well as self-deflagration. The current work has ex- idence times in the melt, higher proportion of de-
tended the PLIF and absorption results to RDX composition via condensed phase vs gas phase path-
flames at 1 atm. ways, and more H2CO + N20 with less HCN +

In the high heating rate thermolysis of RDX with NO2 . These condensed phase decomposition prod-
rapid scan Fourier-transform infrared spectroscopy ucts may not be seen for the higher burning rates
detection [5], the decomposition pathway leading to and, therefore, thinner melt layers that are present
HCN, NO, and NO 2 was seen to increase with in- in rocket motors. The TOF-MS work was done at 0.5

1635
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atm without external heat flux, conditions that would NEUTRAL -4-- SPHERICAL MIRRORS

give rise to a relatively thick melt layer. DENSM,

UV-visible absorption measurements have been - 1ý ER

made in flames of HMX "model" propellants burning
in 15 atm of N2, and both temperature and species
profiles were produced for CN, OH, and NH [9]. cYL sPM. Xe Arc

Flames of neat HMX burning at 1 atm [8] were stud- LENS LENS IRIS LAMP
ied with UV-visible absorption, yielding temperature 0.22m SPECTROGRAPH

and species profiles for NO, NO 2, and CN. The ;RAP

CARS measurements were done on HMX model MIRROR PRISM H
propellants and other propellants [10,11], for which PAIR LEkNS

stable species were mapped out. It is difficult to com-
pare neat HMX flames with HMX propellant flames Fic. 1. Apparatus used for UV-visible absorption exper-
because the binder in the propellants acts as a heat iments (multipass configuration shown). The source was a
sink and greatly stretches out the flame structure. 75 W Xe arc lamp fitted with condensing lens. After passing

Theoretical modeling of nitramine flames using through an iris at the focal point, the beam was collimated
detailed chemical kinetics has been initiated with and then rotated with a pair of prisms. The beam was
promising results [6,12,13]. Melius [12] modeled steered toward the pair of spherical mirrors, the five tran-
RDX combustion and saw an increase in [NO] with sits of the beam all focussing at two points about equidis-
distance from the surface and then a gradual decay, tant from the two mirrors. The sample was positioned be-
while the [NO 2] rose rapidly to a peak and then de- low one of the two foci, and an iris downstream was used
creased farther from the surface, similar to the re- to eliminate optical emission from entering the optical mul-
sults of Ref. 5. His model for 17 atm pressure showed tichannel array (OMA) detector.
a high HCN/N 20 ratio, a peak [NO] of about 0.24
mole fraction, a peak [NO2] of about 0.056 mole frac- Absorption:
tion, and a value for [CN] and [NH] of 500 ppm and
260 ppm, respectively. [NO2 ] for 0.5 atm was at least The experimental layout for the absorption mea-
0.1 mole fraction. surements is shown in Fig. 1. The samples used were

Hatch [13] modeled HMX combustion using a set either 6.4- or 9.5-mm-diameter, 6-10-mm-tall cyl-
of 77 reaction equations assuming different starting inders of RDX formed by pressing neat RDX powder
condensed-phase decomposition products. If he to a density of 96-98% TMD. The samples were ig-
chose NO2 + HCN + H as the sole decomposition nited at 1 atm in air with a CO2 laser at a flux of 145
pathway, he obtained the correct slope for the burn cal/cm 2-s. For species in large concentration (like
rate, but values were low by a factor of 2.5. He noted NO and NO 2), a single-pass absorption configuration
that HCN and NO were the dominant reactive spe- was sufficient; for those species of low concentrations
cies, with NO 2 and H being consumed mainly in the nitramine flames, a multipass configuration
through H + NO 2 -÷ NO + OH producing slowly was employed [14].
reacting NO. The spatial resolution in the vertical (flame flow)

Hatch also tried modeling HMX combustion, as- dimension was directly measured to be 0.05 mm. The
suming that the decomposition products were strictly spectral resolution was measured as 1.9 A full width
CH20 + N20, but was not able to achieve conver- at half-maximum (FWHM). The surface was allowed
gence. A mix of the decomposition pathways adjust- to regress during the burn. The OMA time integra-
ing the relative branching ratios to match the burning tion of 0.033 s/frame and aforementioned burning
rate at 1000 psi did converge. As the branching frac- rate of 1.6 mm/s gave an additional equivalent spatial
tion for the CH 20 + N20 pathway was increased, averaging of only 0.05 mm/frame.
the burning rate was found to increase dramatically. The details involved in converting absorption
The peak [NO2], [NO], and [CN] obtained were spectra to mole fractions and temperatures have
about 0.045, 0.085, and 390 ppm, respectively, these been discussed [8]. Basically, Beer's law is used, and
being lower than the values obtained in Ref. 8. concentrations obtained converted to mole fractions,

using the perfect gas law. The parameters used for
NO and CN spectral fitting have been given [8].
Wavelengths for the molecular transition databases

Experimental were obtained from Ref. 15 for NO, Ref. 16 for OH,
Ref. 17 for CN, and Ref. 18 for NH. The H6nl-

Results presented here are for self- and laser-sup- London factors are given by the equations of Earls
ported deflagration of neat RDX pellets burning at 1 [17] for NO. A/B in Earls's formulas, as well as ro-
atm. The burn rate for self- and laser-assisted defla- tational energies and transition wavelengths and fre-
gration was measured from the video images to be quencies for OH, were obtained from Ref. 16. Ein-
0.51 and 1.60 mm/s, respectively, stein B factors for OH were available [19] and were



RDX FLAME STRUCTURE 1637

•.mm mm•150 WATT C02 'LASER

DIAGNOSTIC CYUNDRICAL BEAM

LASER SHEET LENS EXPANDER

NABLE DYE LASER FIG. 2. Apparatus used for laser-
1 Dinduced fluorescence (PLIF) meas-

SAMPLE S urements. The probe laser sheet was

ONIC produced using beam-expanding op-
INTERFERENCE tics and a cylindrical lens and passed

FTER STthrough the center of the flame and
into a beam dump. A 150-W CW
CO, laser was focussed down to pro-
duce a flux of 150 cal/cm2-s at the

COMUTE sample surface for a preset duration,
COMPUTER AND at which time the probe laser fired

SYNC, DATA ACQUISITION and the resultant laser-induced flu-

SVIDEO orescence imaged onto a 752 X 240
pixel array CCD camera fitted with
the relevant interference filter. The
Nd3 -YAG laser sync controlled the
timing during the course of the ex-

CCD CAMERA periment.

used instead of calculating the line strengths. HMnI- RDX Laser-Assisted Deflagration

London factors used for CN and NH were found in 1 Atmosphere Air

Ref. 20. The band oscillator strengths for NH were 0.3 TEMPERATURE 3000NH
found in Ref. 18. (x2600) N

The collision widths used were obtained from NO (x400)

Refs. 14, 21, and 22 for CN, OH, and NH, respec- .802 2000
tively. Because the broadening parameter obtained Q NO 2
for NH with Ar was quite close to that for OH [22], "

the broadening parameters for OH with H2O were P

used for NH. H2 0 was assumed to be the major 00.1 1000
broadening collision partner. OH

The path lengths used in the simulations were de- 0
termined from PLIF 2D images and emission images
from the current work. Peak concentrations quoted 0202 0.0 . .0 4...00
are the result of deconvolution of the absorption spa- Height Above Surface [min]
tial resolution over the measured PLIF profile shape. FIG. 3. Species concentrations in a 1-atmosphere laser-

assisted combustion flame of RDX.

PLIF:

The PLIF apparatus shown in Fig. 2 has been de- Results and Discussion

scribed previously [1-4]. A high-resolution gated in- Absorption spectra were measured for NO 2, OH,
tensified charge coupled device (CCD) camera pro- NO, NH, and CN. The PLIF measurements were
vided a field-of-view of 6.5 mm (240 pixels) across also done for laser-assisted deflagration of RDX for
the pellet and 8.7 mm (752 pixels) above the pellet. CN, NH, OH, and NO as well as for self-deflagrating
For CN, the (B-X) (0,0) band head at 388.3 nm was RDX for CN. The centerline profiles obtained from
pumped by the laser and the (0,1) band at 420 nm the PLIF images, calibrated by absorption measure-
was monitored. For NH, the (A-X) (1,1) band at 305 ments, are collected in Fig. 3. The flame consists of
nm was pumped and the (0,0) and (1,1) bands were a dark zone (seen here as NO and NO 2) capped with
monitored, and for OH, the (A-X) (1,0) band at 281 a thin flame sheet (CN and NH). The temperature
nm was probed and the (1,1) and (0,0) bands were profile shown in Fig. 4 was obtained by piecing to-
monitored around 311 nm. gether the NO and OH rotational temperature re-
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3000 RDX LASER-ASSISTED DEFLAGRATION
1 ATM

2500 .J
2000 -

0.2
.- 1500 , C
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1000 ..... 011 T• (PLIF) OH
00000 NO T, (absorption)

500 oo- NO T, (absorption)
Thermocouple 0 0. 1

1-2 -1 0 .... ' .... .... . .... ... 6 , 6
Height (mm)

FIG. 4. Temperature in a 1-atmosphere laser-assisted

combustion flame of RDX. 0.0 -0 ......... 2 3
mm Above Surface

orPDX Self-Defagration FIG. 6. NO absorption concentration as a function of
CNAbsop=tion, Seagao height off the surface in a laser-assisted RDX flame.
[WNlave=330 ppm, [CNlpeak =66pp

Tr -- Tv = 2800KI
r6 1 ATm in Air 6 rotational temperature of 2772 K at the peak of the

[CN] profile for HMX [1-4] and the PEP thermo-
chemical code [23] yields an equilibrium tempera-
ture of 2902 K. The current work (below) yields an
OH rotational temperature determined from laser-
saturated fluorescence of 2657 ± 109 K. Hatch [13]

2- obtained a value for [CN] of about 330-390 ppm
from detailed chemical kinetics calculations for
HMX. Melius [12] obtained a peak [CN] of 500 ppm

0 for RDX deflagration at 17 atm.
3800 3820 3840 3860 3880 3900

Angstroms NO:

FIG. 5. CN absorption spectrum and spectral fit in aflame of self-deflagrating RDX in air at I atmosphere. [NO] was obtained as a function of distance for
laser-assisted RDX deflagration using the single-pass

configuration. The [NO] profile and temperature
suits obtained in this work and previous thermocou- were obtained by fitting with calculated spectra [8].
ple temperature data [1]. The concentration profile in Fig. 6 (and Fig. 3) shows

the [NO] highest near the pellet surface, nearly con-

CN: stant with distance, and then dropping rapidly with
a maximum [NO] of about 0.2 mole fraction, com-

Figure 5 shows ajl example of a CN absorption pared with 0.22 mole fraction obtained for HMX [8].
spectrum and spectral fit (dashed line). Temperature Ermolin et al. [6] measured NO profiles in their
at the flame front was obtained from the CN fitting TOF-MS and showed the [NO] peaking at the sur-
process to be between 2600 and 2800 K for self-def- face and falling off toward higher distances, similar
lagration of RDX. The differentiation between 2600 to the [NO2] profile with peak [NO] of 0.23 mole
and 2800 K in the fits obtained was minor, and the fraction. Melius [12] obtained a peak [NO] of 0.24
peak value of [CN] was from 595 to 660 ppm using mole fraction at 17 atm. The PLIF measurements
these two temperatures. The [CN] of laser-assisted (current work and Refs. 1 through 4 for HMX) in-
RDX deflagration was obtained by using tempera- dicated that [NO] extends out to just below the [CN]
tures between 2600 and 2800 K, yielding peak values peak. Hatch [13] showed a profile similar to the
of [CN] from 460 to 510 ppm. For HMX self-defla- measured one in Fig. 6 with a peak [NO] of almost
gration, the peak [CN] was determined for a vibra- 0.32 mole fraction, using the decomposition products
tional and rotational temperature of both 2800 K to NO 2 + HCN + H, and 0.085 mole fraction at 100
be 485 ppm [8]. psi when he added in some CH2O + N20. There-

These values compare favorably with those in the fore, for the conditions of this work, it appears that
literature. Parr and Hanson-Parr measured an OH the major decomposition channel was that of N-
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4 R5,) OH (A-X) (1,0) R1 Lines RDX Laser-Assisted Deflagration
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FIG. 7. OH rotational temperature fit for a selected dis- z
tance off the sample surface. Elk is the rotational energy
of the lines monitored using laser-saturated PLIF, and g,
and g, are the degeneracies of the upper and lower states 0.00 ..... ......... 5 .

of the transition. The negative inverse of the slope yields a Height (mm)
temperature of 2653 K. FIG. 8. Absolute [NO2] profile from RDX laser-assisted

deflagration at 1 atmosphere.
NO2 bond scission, in agreement with the conclu-
sions of Ref. 5. Because the [NO] was nonzero at the
surface, it appears that some condensed-phase de- of these spectra verified that a temperature of around
composition occurs. Fetherolf et al. [7] showed a 2600 K fit the data, and maximum [OH] of 0.055
maximum [NO] of about 0.24 mole. mole fraction was obtained, 2.15 times that for ther-

mochemical equilibrium. Vanderhoff [9] has re-
OH: ported a measured [OH] of 1.7 times that for ther-

Laser-saturated PLIF measurements were used to mochemical equilibrium in a stoichiometric

obtain the temperature of OH as a function of dis- CH 4/N 20 flame and a flame temperature of 2360 K,
tance off the surface of laser-assisted deflagration of compared with an adiabatic temperature of 2922 K.

RDX at 1 atm. The R/(3), R1(8), RI(10), R1(12), No results for [OH] from modeling were available.
R,(14), and R1(18) transitions of A-X (1,0) band were
pumped by the UV laser, and the LIF was imaged NO2:
using a 311 nm, 5 nm FWHM interference filter in

front of the CCD camera. Lines above K = 18 were Figure 8 (and Fig. 3) shows the concentration pro-
found to not fit a Boltzmann plot; the RI(1) and R5 (2) file obtained for NO 2 for laser-assisted deflagration
lines were left out of the analysis because of serious of RDX. Spectra were all obtained for the single-pass
Lambda-doubling perturbation. Analysis of laser-sat- configuration close to the surface and with the mul-
urated OH signals has been discussed previously tipass configuration (five beams at the crossing point)
[2,3]. A plot of ln(Ifj(1/g1 + 1/g2)) vs Er/k for a se- away from the surface where the [NO2] was small.
lected distance from the BDX surface is shown in Several attempts were made to measure [NO2] for
Fig. 7, where I# is the LIF signal, gs and g2 are the self-deflagrating RDX but were not successful due to
degeneracies of the upper and lower levels of the the fact that [NO2] peaks so close to the surface and
absorption transition, and E2/k is the rotational en- the self-deflagration flame is compressed with re-
ergy divided by the Boltzmann constant. Figure 4 spect to the laser-supported deflagration.
shows the temperature profile above the surface of The NO 2 spectrum is much too complex to sim-
laser-assisted deflagrating RDX. ulate. Absorption cross sections for the 360-680 nm

OH radical absorption measurements were made region were available in the literature [24,25] and
of burning RDX pellets using the multipass config- were used to obtain the concentration as a function
uration. No concentration information for OH can of distance. The absorption cross sections were for
be obtained below the flame front for the line-of- room temperature, however. No cross sections for
sight absorption experiments, as there is OH sur- elevated temperatures were available in the litera-
rounding the flame front "arc." Therefore, only spec- ture to the authors' knowledge, so our measurements
tra obtained above the flame front were used to are in error if the spectrum changes significantly with
obtain [OH] and OH temperature from the absorp- temperature. The absorbance at three wavelengths
tion measurements. From the PEP code [23], an (475, 488, and 505 nm-peaks and nearby valleys)
equilibrium [OH] of 0.0256 mole fraction would be were measured for each frame, and then the concen-
expected in the burnt gas region above the flame tration was calculated using Beer's law and the dif-
front at an adiabatic temperature of 2902 K. Analysis ference of the absorbances, peak to valley.
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Mole fractions of NO2 in an RDX flame were ob- spectrometry in some studies [7] and not in others
tained from the concentrations obtained for room [6]. The CO2 laser flux level was varied from 12
temperature using the perfect gas law and the ten- callcm2-s, which pyrolyzes but does not ignite RDX,
perature curve in Fig. 4. The [NO2 ] profile in Fig. 8 up to 50 cal/cm 2-s to match that of Ref. 7. Using
(and Fig. 3) shows the [NO 2] rising from the surface literature extinction coefficients [26], as well as ab-
to a 0.17 mole fraction peak at a distance from the sorption measurements of formaldehyde gas from
surface corresponding to a plateau in the tempera- paraformaldehyde, the formaldehyde concentration
ture curve, similar to the [NO] behavior, and then in the RDX pyrolysis plume was less than 0.005 mole
decreases rapidly to zero at about 1.5 mm, at which fraction, much below the levels cited in Ref. 7 but
distance the [NO] starts to decrease rapidly. closer to the levels calculated in Ref. 12. H2CO and

Melius [12] shows a peak [NO 2] of at least 0.1 mole NO have the same mass and similar appearance po-
fraction for RDX at 0.5 atm and 0.056 at 17 atm. tentials [7], leading to difficulty of separation in mass
Hatch [13] shows a peak [NO2] of about 0.1 mole spectrometry studies.
fraction for HMX at 1000 psi for the HCN + NO 2
+ H decomposition channel and about half that
value when CH 20 + N20 were added to the decom-
position products. Ermolin et al. [6] obtained a max- Summary
imum concentration (near the surface) of only 0.01
mole fraction. Fetherolf et al. [7] reported a peak Nonintrusive diagnostics were used to measure
[NO 2] of about 0.09 mole fraction for a laser flux of temperature and species profiles during neat RDX
50 cal/cm 2 s at 1 atm. Because of their presumed deflagration at 1 atm. UV-visible absorption was
thicker melt layer and, therefore, more condensed- measured to obtain absolute concentration profiles
phase decomposition, the lower [NO 2] in their work of NO, NO 2, CN, NH, and OH. Temperature and
was expected. The fact that the [NO2] of this work species concentrations were obtained by spectral fit-
increased initially above the surface indicates that gas ting. Planar laser-induced fluorescence (PLIF) of
phase RDX was present and decomposing above the these same species was used to obtain 2D profiles in
surface. The large value of [NO 2] seen in our exper- the flame with excellent spatial resolution. The flame
iments (coupled with the large [NO]) indicates the structure is characterized by a dark zone close to the
predominance of the N-NO2 bond scission channel surface and a visible flame sheet above. For CO 2 la-
under our conditions of high heating rate and thinner ser-assisted deflagration, the narrow flame sheet NH
melt layer. Since actual rocket motor conditions lead profile peaks 2.3 mm above the surface at a value of
to even higher heating rates (i.e., less time spent at -100 ppm. The CN profile is wider than the NH
lower temperatures) and thinner melt layers, the profile and peaks slightly further from the surface in
N-NO2 bond scission channel will predominate agreement with results obtained for HMX [1-4]. The
even more. peak is at 2.5 mm with a value of 660 ppm. The OH

profile peaks outside the CN/NH flame sheet with a

NH: mole fraction of 0.055. The dark zone species studied
here were H2CO, NO 2, and NO. The NO 2 peaks very

NH radical absorption measurements were made close to the surface at about 0.17 mole fraction and

for self-deflagrating RDX pellets using the multipass decays rapidly to zero at 1.5 mm. Very close to the
(five beams at crossing point) configuration. Because surface, the NO mole fraction is about 0.2 and falls
the spectral resolution was not good enough to re- sharply to 0.05 at 2.5 mm as NO is consumed in the
solve rotational lines and the amount of ahsorption CN/NH flame sheet. If formaldehyde is present in
was so small, two simulated spectra were calculated, the flame, it has a mole fraction less than 0.005. Ro-
one for a temperature of 2600 K and the other for tational temperature profiles were measured from
2900 K (adiabatic RDX flame temperature at 1 atm), OH PLIF and NO absorption spectra. The gas tem-
yielding [NH] of from 97 to 107 ppm (6.4-mm di- perature near the surface is in good agreement with
ameter sample). A separate test (9.5-mm diameter) prior thermocouple measurements. The temperature
yielded [NH] of from 69 to 76 ppm. Figure 3 shows rises sharply to about 1500 K at 0.3 mm and then
the profile for [NH] obtained from a PLIF image for turns over to a much more gradual slope in the dark
laser-assisted deflagration. Thermochemical equilib- zone. At about 2 mm, it becomes steeper again and
rium calculations [23] show that [NH] in the burnt finally levels out to 2600 K at 3.0 mm, at the top edge
gas region should be 0.35 ppm. Melius obtained a of the CN flame sheet.
peak [NH] of 260 ppm at 17 atm.
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COMMENTS

0. Korobeinichev, Institute of Chemical Kinetics and lagration (for example, with slightly preheated RDX or at
Combustion, Russia. A very impressive technique has been higher pressures).
developed and very interesting research has been done. Author's Reply. We did do some experiments under self-
The results are very important for understanding combus- sustained combustion with RDX. The CN flame sheet un-
tion chemistry of solid propellants. But the chemical mech- der these conditions, even at 1 atm, is only 0.46 mnm above
anism of CO2 laser assisted combustion may differ from the surface, compared to 2.5 mm for laser assisted. This
self-sustained deflagration. So it will be very important to makes resolution of the structure too difficult. Since it is
perform experiments under conditions ofself-sustaineddef- easy to add the extra laser heat flux to computer models,
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our data can be used to validate these models with the extra formaldehyde and N20. Our calculations indicate a third
laser flux, which can then easily predict the flame structure channel, leading to HONO + HCN, that has a barrier a
without the extra flux. Working at elevated pressures re- few keal/mole below the energy necessary to rupture the
duces the length scales even further (Parr and Hanson- NN bond. What role do you see for this channel?
Parr, Proceedings of the 26th JANNAF Combustion Com-
mittee Meeting, CPIA Publication 529, 1989, Vol. I, p. 27), Author's Reply. This channel, i.e., 5 center elimination
making resolution of structure even more difficult. of HONO and ring fragmentation to HCN, would be in-

distinguishable in our present results from the (global) NO2

+ H2CN channel. With the steep temperature rise region

H. S. Mukunda, Indian Institute of Science, India. Con- close to the surface, HONO would rapidly disproportionate

cerning the differences between the two-stage flame struc- to 1/2 NO + 1/2 NO2 + 1/2 H20 while H2CN would very

ture and lack of it in theory, it appears to me that while the quickly decompose to H + HCN and the H would react

theory is "clean," the experiment has a liquid bubbly layer rapidly with the NO 2 to form 1/2 NO + 1/2 NO 2 + 1/2

with tiny droplets shooting into the flame zone. Depending H20. Thus, the products and concentrations are the same

on the density of the droplets in the flame zone, the phe- in both cases. To distinguish between them, we would have

nomena of vaporisation and decomposition will affect the to make HONO measurements very close to the surface.

perceived thermal/chemical behavior. The point is that to Although HONO cannot be detected via LIF due to pre-

expect correspondence between the theory and experiment dissociation, Wittig [Chem. Phys. Lett. 111:25 (1984)] has

may be too much to ask for. developed a pump-probe technique that dissociates the
HONO to OH and NO and then monitors the product NO

Author's Reply. This is true, but difficult to overcome, or OH by LIF. In our system, where there is an extreme

At low pressures, even without external laser flux, the burn amount of natural NO we would have to monitor OH,

rate of nitramines is low and the melt layer quite thick, which, from our measurements, has a low natural concen-

leading to ejection of droplets from the bubbling liquid. At tration near the surface. We may undertake such experi-

high pressures, the burn rate is higher, the melt layer much ments in the future and thank Prof. Page for pointing out

thinner, and droplets are probably no longer ejected. But, their importance.

at these pressures, the flame length scales are much too
small to resolve with any diagnostic technique. Perhaps we
can quantify our measured droplet density, size distribu-
tion, and spatial distribution and have this information Jay Jeffries, SRI International, USA. With the large OH

added ad hoc to the theoretical models, allowing the rest concentration, would you comment on how you avoided

of the model to be validated by our species and tempera- optical depth difficulties in the OH PLIF and OH rota-

ture profiles. This might require some more double pulse tional temperature measurements?

images to be taken to measure the evaporation rate versus
height in the flame for input into the model. Author's Reply. If there were rapid vibrational energy

transfer (VET) from the excited v = 1 state to the v = 0
state, then a significant fraction of the LIF emission would
be in the (0,0) band which would suffer from radiation

Dieter Bruggemann, ITLR/University of Stuttgart, Ger- trapping due to the high concentration of v = 0 OH in our
many. At 2.5-mm height above the surface, you measured flames. Several factors conspire to minimize this problem.
a NO concentration of 5% while at larger distances no data First, rotational energy transfer (RET) is typically faster
points are shown. Does this mean that you stopped the than collisional quenching in flames [Crosley and Garland,
measurements at this point or that the NO concentration Appl. Opt. 24:4229 (1985)], so no matter what rotational
fell below the detection sensitivity? I would not exclude level is pumped, most of the emission comes from a ther-
NO to appear as a major species at larger heights above malized distribution. Thus, there is little systematic error
the surface. between various levels pumped, just a constant loss of sig-

nal for all levels that is ratioed out in the calculation for
Author's Reply. We mainly concerned ourselves with temperature. The predominance of RET over quenching

measuring species concentrations and temperatures in the was confirmed (in a Bunsen flame with lower [OH]) by a
dark zone and secondary combustion zone up through the largely thermalized spectral distribution of LIF emission
CN flame sheet. We have some limited data, however, that (Parr and Hanson-Parr, Chap. 8, in Nonsteady Burning
indicate that the NO concentration decreases very slowly and Combustion Stability of Solid Propellants, Progress in
with distance above the CN flame sheet. We'll do more Astronautics and Aeronautics, AIAA Inc., New York, 1992,
measurements in the future to quantify this. Vol. 143). The three lines connected to the pumped level

were found to be only slightly enhanced over neighboring
RET populated lines (although we did not analyze this

Michael Page, North Dakota State University, USA. You emission spectrum for thermal distribution). Secondly,
show two competing pathways for the decomposition of VET is typically slower than RET or quenching in 1-atm
1/3 RDX: one leading to NO, and the other leading to pressure flames so most of the emission we monitor comes
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from the (1,1) band, which is why we use a 315-nm filter 5 mm. Also, there is almost no evidence that the OH PLIF
rather than a 309 nm. The LIF emission spectrum again signal from the edges of the flame (short trapping path
verifies that a majority of the detected emission is from length). Finally, the facts that the Boltzmann plots were
(1,1) not (0,0). Since the population of the v = 1 level is linear and that the PLIF-measured OH peak temperature
only 1/8 that of the v = 0 level at the measured temper- matches that measured by absorption and is not far below
ature, it is less susceptible to radiation trapping. Third, the the adiabatic flame temperature give us further confidence
maximum path length for emitted fluorescence is less than in our measurements.
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LASER RECOIL, PLUME EMISSION, AND FLAME HEIGHT COMBUSTION
RESPONSE OF HMX AND RDX AT ATMOSPHERIC PRESSURE

JERRY C. FINLINSON, TIM PARR AND DONNA HANSON-PARR

Naval Air Warfare Center Weapons Division
Propulsion Research, Code C02392

China Lake, CA 93555, USA

The laser recoil technique was used to measure the combustion response of neat HMX and RDX at
atmospheric pressure in air. Heat flux was modulated approximately sinusoidally at frequencies from 2.5
to 1000 Hz and heat fluxes of 8-52 W/cm2 . Thrust, light emission, and flame position were measured
simultaneously so that amplitude and phase relationships could be determined as a function of frequency.
Thrust was measured using a microforce transducer, light emission was measured by photo diode, and the
flame height was photographed using a gated intensified charge coupled device (CCD) camera. The CCD
camera recorded CN radical chemiluminescence, which is a measure of flame structure for the final
(secondary) flame sheet.

HMX had a broad flat thrust response, suggesting that the recoil technique needs further improvement.
HMX had a light emission resonance at 10 Hz. RDX thrust and light emission oscillations were about half
the amplitude of HMX. Monopropellant burn rates were 0.080 cm/s and 0.054 cm/s for HMX and RDX,
respectively. HMX flame height was found to vary sinusoidally with phase angle, having a response peak
between 8 and 50 Hz and crossing from phase lead to phase lag at about 20 Hz. The flame height response
function of HMX was similar to light emission response. The resonant peak occurred at approximately the
same frequency, the phase reacted the same as a function of frequency, and no unusual effects were seen
at high frequency. Based on this data, the flame is reasonably quasi-steady below 40 Hz, in that the
difference in phase lag between thrust and flame oscillations is less that 30' with almost no difference at
the response peak of 10-20 Hz.

Introduction nent to oscillating pressure component normalized
by the steady values, (in'hfz)/(p'/j). A minimum

To gain insight into the fundamental controlling quantity of 500 g of propellant is required for
mechanisms of solid propellant combustion instabil- T-burner testing over a range of frequencies. In com-
ity, we are studying the response of solid propellant bustion response modeling, the problems are non-
samples to oscillatory CO2 laser heat flux. The system dimensionalized using the equation, (2 = 2nrfa/(i 2,
for laser-driven combustion response measurement wheref = frequency in Hz, a = thermal diffusivity
was developed in previous work, and similar tech- (0.0024 cm2/s for HMX-pressed pellets at 25 'C,
niques are used by other researchers [1-12]. Basi- 0.0016 cm2/s at 106 'C) [13-15], and ? = mean burn
cally, a CO 2 laser is modulated by a sine wave at a rate (0.08 cm/s for HMX). A thermal diffusivity of
chosen frequency to supply the igniting heat flux and 0.0024 cm 2/s was used for both HMX and RDX
an oscillatory heat load to the propellant sample. The throughout this paper. T-burner experience suggests
resulting sinusoidal thrust oscillations are measured that common composite propellants typically have a
by a force transducer. The phase relation of the im- response peak near a nondimensional frequency, Q2,
posed heat flux and the propellant thrust signal is of 10 [6]. An (2 of 10 corresponds to about 5 Hz for
determined using cross correlation. A photosensor HMX and 2 Hz for RDX at the laser-augmented
measures total light output, and a CCD camera re- burn rates studied here. Previous research has veri-
cords the flame position relative to the sample sur- fled that both HMX and RDX form melt layers on
face. the surface at pressures below 1000 psi [13-15]. Us-

Propellant response functions are used to compare ing the radiative absorption coefficients measured at
the sensitivity of different propellants to combustion 10.6 cm, the lie transmission thickness for HMX is
instability. The most widely used and accepted ex- 1 pm and for RDX is 2 pm [19]. The thermal wave
perimental method of measuring the pressure-cou- thickness, Xt = a/i, for HMX at these conditions is
pled response, R,, is the T-burner. The term Rý, is 200-300,pm. Since the transmission thickness is so
defined as the ratio of oscillating mass loss compo- small compared to the thermal wave thickness, the

1645
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samples are opaque enough to demonstrate mea- Function Generator
sureable response without adding carbon black ad-
ditive. Laser Control

The laser recoil technique has the advantage of Levd DIGITAL
small sample sizes, which is important for new ingre- DELAY

dients that are difficult to obtain. Using sharp pulses 250W C02 Laser

and spectral techniques, or more recently a logarith- Bmm Integrator
mic frequency sweep, the entire thrust response Propellant Sample

function has been obtained using a single 0.5-g sam- Widos4pp ire

ple [7]. However, these data were done with a fixed wao GATE
frequency during each test, to allow the CCD camera Transistor GATE

to synchronize with the oscillations. I

The ability to measure phase angle is an added -N2 Purge / VIDEO

advantage of this technique over T-burner testing. Force Transducer GATED

However, instead of measuring the pressure -coupled INTENSIFIEDLowpass Piezotron 752 x 488 CCDcombustion response, the device measures the radi- Filters Amplifier

ant heat flux response, Rq = (m'lhh)/(q'/q), where q' _ WorktatonI
is the oscillating component of heat flux and q is the GPIB
steady component of heat flux. A transfer function
between the heat flux response, R. and the more
useful pressure response, RB, has teen developed
and is being verified [6-11]. FIG. 1. Schematic of the Laser Recoil Apparatus. Force

The response of the gas-phase flame to oscillatory transducer below sample measures thrust, photo transistor
heat loads between very low (-2.5 Hz) and high (-1 measures light emission, and gated intensified CCD cam-

KHz) frequencies was investigated. Previous mod- era measures flame position.
eling of solid propellant combustion instability [6-
12] has nearly universally assumed a quasi-steady-
state response of the gas phase; i.e., gas-phase con- The laser beam had a nonuniform energy profile, and
vection and kinetics, and therefore flame height, re- multiple mirror beam integration was used to spread
sponds to changes in the propellant burning rate the energy distribution in the laser beam into a top
almost immediately, and the resonance is controlled hat profile of a 2.25-cm 2 area [7]. This created a
by the lag-lead properties of the condensed-phase 15-mm square beam that totally covered the samples
temperature profile. It should be noted that the with a relatively flat heat flux profile. The power
quasi-steady assumption also involves a quasi-steady transmission loss through the optics was about 33%,
surface reaction zone [11]. We wished to validate the and the exhaust plume absorbance was about 10%
gas-phase assumption by imaging the gas-phase [7,8]. The mean heat flux delivered to the surface was
flame structure using flame chemiluminescence from therefore about 35 W/Cm 2. The laser energy was
the CN radicals in the flame front. The frequency modulated approximately sinusoidally from a mini-
and phase angle responses of the flame height were mum of 8 W/cm 2 to a maximum of 52 W/CM2.
quantified for neat HMX. All data reported in this The force magnitude was calibrated by setting
paper were taken in open atmospheric pressure (13.6 small weights on the transducer and removing them
psi). to determine the step change in force due to a loss

in weight. The resonant frequency of the force trans-
ducer system determined by impulse testing was

Apparatus 69,00 Hz. Since we operated below 10,00 Hz, far from
the resonant peak, we expect the phase influence to

A schematic of the laser and data acquisition be small. Laser output was calibrated by using an
equipment is shown in Fig. 1. A 3.5-L combustion HgCdTe detector to monitor the beam power as a
bomb was used at atmospheric pressure with its top function of frequency. The laser power amplitude
cover removed for better exhaust venting [6]. Light decreased by 50%, and the phase lag increased from
emission from the combustion was monitored by a 16 to 40 degrees as frequency increased from 10 to
photosensor. The light was gathered by a glass fiber- 1300 Hz. The data were corrected to account for
optic bundle that monitored emission from the sur- these effects. Data were sampled at least 20 times
face to 5 cm above. The fiberoptic and silicon pho- the test driving frequency, to allow for at least an 18'
todiode had a spectral bandpass of 400-1050 nm. phase resolution on the cross-correlation calculation.

A 240 W continuous CO2 laser (10.6pm) was mod- The flame structure could be measured either with
ulated sinusoidally by a function generator that con- planar laser-induced fluorescence (PLIF) imaging of
trolled the modulation frequency (1-1000 Hz) and radicals [14-17] or by direct imaging of natural flame
amplitude (30-195 W) of the heat flux oscillations. chemiluminescence. The PLIF imaging monitors the
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ground electronic state of flame species, while che- 2
miluminescence comes only from excited electronic >.
states formed in low probability energetic reactions. 1.5 1
Chemiluminescence is sometimes a poor choice to -
monitor flame structure, because it tracks low prob- I 1
ability secondary reactions rather than the main LIGHTEMISSION -1

n
flame chemistry pathways. For example, OH che- n 0.5
miluminescence does not track ground state OH rad- -3
ical concentrations at all [18]. We have found that in . 0
propellant flames, CN emission tracks CN ground -5
state PLIF very well, so imaging chemiluminescent '-0.5
emission is a good measure of the flame structure. FORCE = MASS + THRUST
All data reported here are from emission images -1 -7
rather than PLIF images. There is one difference TIME, S
caused by monitoring emission rather than PLIF:
here, we report the flame height as being the top of FIG. 2. HMX laser recoil combustion test record. For a
the flame, where CN population has fallen back to a 7.9 Hz driving signal, the laser control, light emission, and
low value beyond its peak. In previous PLIF papers, thust signals are recorded.
the flame height was reported as being at the center
(peak) of the narrow CN profile, which is a difference
of about 0.34 mm. mass as it burned. The molten layer may act as an

The CN radical chemiluminescence was moni- oscillation damper and modify the thermal profile
tored using a gated image intensified CCD of 752 by into the sample. Monopropellant burn rates were
480 pixel resolution. The gate time was 10us, which 0.080 cmn/s and 0.054 cm/s for HMX and RDX, re-
completely froze the flame structure. The CN emis- spectively.
sion was selected using a 65-nm bandwidth interfer- The amplitude and phase lead were determined
ence filter centered at 400 nm; this filter passes both by performing a discrete-time cross correlation of the
&c = 0 and & = 1 bands of the CN B-X transition, laser control signal compared to the thrust or pho-
yet blocks most other flame radiation, including the tosensor response. This algorithm assumes sinusoidal
310-nm A-X OH bands. Previous PLIF work on laser input signals, which is slightly violated, since the
HMX and RDX showed that CN radicals are asso- power output of the laser is somewhat nonlinear.
ciated with the final (i.e., secondary) flame sheet Root mean square (rms) values were used for signal
where the adiabatic flame temperature is reached. amplitudes. To reduce data scatter, cycles were an-
The secondary flame sheet was imaged because the alyzed and averaged over half-second time incre-
primary flame is much too close to the sample surface ments. By performing similar tests at various fre-
to resolve and does not emit chemiluminescence. quencies, the magnitude and phase of the propellant

response as a function of frequency was measured.
Figure 3 is a plot of HMX oscillation amplitudes

Experimental Results and Analysis for thrust and light emission as a function of fre-
quency. The thrust response was flat and approaches

Each sample (a pellet of oxidizer 9.5 mm in di- zero at frequencies above 200 Hz. Ideally, we should
ameter and 4-6-mm high) burned for up to 8 s at compare our results to pressure-coupled T-burner
atmospheric pressure. Once ignited, HMX and RDX data, but we are unaware of any for pressed HMX or
combust vigorously while subjected to laser radia- RDX. Error bars indicate standard deviation of data
tion, although they tend to smoke profusely until ig- scatter within one test. HMX light emission showed
nition occurs. Ignition delay was reduced by placing a pronounced response peak from 6 to 25 Hz, with
a thin sliver of N5-catalyzed double-base propellant the maximum around 10 Hz, where the light phase
on the pellet. Figure 2 shows the laser control, light changes from lead to lag. Light oscillations were es-
emission, and total force signals from an HMX com- sentially zero at frequencies above 200 Hz. The re-
bustion test at 7.9 Hz. The three large thrust oscil- sponse peak was much easier to detect using the op-
lations near the beginning are due to N5 combustion; tical techniques, suggesting that the thrust technique
also, light emission is initially higher due to N5. The needs further development. The phase has excessive
HMX ignited evenly and gave relatively constant data scatter at high frequencies because of low signal
thrust and light oscillations until burnout began. The magnitude.
force signal shows a downward trend due to mass loss Figure 4 is a plot of the phase lead of the thrust
of the sample (0.731 g/V). Compared to HIMX, RDX and light emission oscillations as a function of fre-
gave smaller thrust and light oscillations. Because quency. HMX thrust shows a phase lead at frequen-
RDX has a lower melting temperature, 205 TC as cies below 30 Hz and a phase lag approaching 70' at
compared to 280 'C for HMX, it formed a molten 200 Hz. Since the thrust phase changes from lead to
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FIG. 6. BDX thrust and light emission phase response.

FIG. 4. HMX thrust and light emission phase response.

tunately, only one test was performed at frequencies
lag around 28 Hz, the resonance peak should be in below 7 Hz. The thrust response of HMX is double
that range [12]. From the phase information, we can that of RDX, 20 vs 10 mV rms. Both HMX and RDX
safely conclude that there was only one resonance thrust crossed from phase lead to lag near 25 Hz.
peak. Additional resonance peaks would require an RDX light emission showed a resonant peak from 8
additional phase shift from lead to lag. to 15 Hz, at half the magnitude of the HMX peak,

Note in Fig. 4 that the light phase lagged behind and corresponds to £2 values of 38-72. RDX thrust
the thrust phase. This is reasonable, because the phase lead at low frequencies was smaller than for
thrust is produced by the condensed-phase decom- HMX, which may be due to the thick melt layer.
position, uii, and light emission results from gas-phase Future plans include tests at higher pressures, where
combustion in the 5-cm plume and, therefore, has a the increased burn rate shifts the resonant peak to a
convective delay. Since the photosensor is monitor- higher frequency.
ing a 5-cm plume height, part of the light emission Flame structure (CN emission) was monitored
comes from late in the plume rather than from the with the CCD camera at 50-yim resolution. The cam-
secondary flame zone. Calculations show that the era was allowed to free run and the gate pulse digi-
time constant of the gas-phase light emission de- tized so that each image's phase angle could be cal-
creases as frequency increases. At 7 Hz, the light culated post test. Test frequencies were selected
emission lags 300 behind the thrust, which corre- such that the beat between this frequency and the
sponds to a time delay of 12 Ins. At 22 Hz, the light constant 59.95 Hz framing rate of the camera would
lags 62' or 8 ms behind, and at 42 Hz, it is 720 or 4.8 map out 12 relatively evenly spaced phase angles.
ms behind. Since the gas velocity coming from the Selected test frequencies used were 2.5, 5.0, 6.0, 7.0,
secondary flame is approximately 1400 cm/s, these 7.9, 8.6, 10.9, 12.9, 16.1, 21.8, 32.4, 41.6, 55.0, 76.4,
time delays are larger than expected, strictly from 106.0, 200.0, 304.6, 401.2, and 1000 Hz. At the re-
convective delay arguments. sponse peak frequency, the HMX flame sheet

The thrust and light emission responses for RDX hopped up and down in response to the varying laser
are shown in Figs. 5 and 6. The thrust response peak flux. The flame sheet thickness stayed approximately
for RDX in Fig. 5 appears to be about 7 Hz. Unfor- constant through the cycle. In each image, the flame
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FIG. 8. HMX CN chemiluminescence flame height am-
FIg. 7. CN chemiluminescence flame height vs phase plitude response compared with thrust and light emission

angle for HMX at 10.9 and 55 Hz. amplitude response.

height was measured at several points across the im- 100
age field of view on a graphics workstation and the -

average value reported. Figure 7 shows HMX flame 5 50 - -a0
heights plotted vs the phase angle in the forcing cycle 0 "7 p
for forcing frequencies of 10.9 and 55 Hz. The flame 0
heights were least-square fitted to a sine wave, shown s -50
as a solid line. The laser flux would be a sine wave
crossing zero at 00 and reaching a peak at 900 on these c,1 o 1Mx THRUST
plots. The 10.9-Hz images show a flame height am- -150 A HMX LIGHTEMISSION
plitude variation of 2.36 mm and a phase lead of 31. m HMX A FLAME SlEIGHT

This is near the resonant peak for HMX under these 20.Ths sner h rsnat ek orHX nerths -0 10 100 1000

conditions. For 55 Hz, the amplitude variation is FREQUENCY, HZ
smaller (0.94 mm) and has a phase lag of 1120. At
frequencies above 200 Hz, oscillation amplitudes FIG. 9. HMX CN chemiluminescence flame height

were too small to obtain meaningful data. Similar phase response compared with thrust and light emission
plots were made at each frequency and the ampli- phase response.
tude and phase were determined and summarized in
Figs. 8 and 9.

Figures 8 and 9 show the HMX CN chemilumi- happened at high frequencies; there was no signifi-
nescence flame height amplitude and phase response cant secondary rise in response, as would be expected
compared with the thrust and light emission data from another resonant peak or mechanism. To the
from Figs. 3 and 4. We were pleased to measure such degree that the flame height oscillation is in phase
a large response peak with the phase changing from with the thrust oscillation (or offset only hy the con-
lead to lag near the center of the peak. The optical vective transport delay), we could say that the com-
techniques have much better defined peaks than the bustion is quasi-steady. Based on this data, the flame
laser recoil technique, suggesting that the recoil tech- is reasonably quasi-steady below 40 Hz, in that the
nique needs more improvement. In Fig. 9, it is sur- rence in phase lag hetween thrust and flame us-
prising that the flame height phase is leading the cillations is less than 300 with almost no difference

thrust phase at low frequencies. All three techniques at the response peak of 10-20 Hz.

cross from lead to lag between 10 and 30 Hz. As
frequency increases, the thrust and flame height
phases are diverging, indicative of a convective delay. Conclusions
At 50 Hz, the flame lags 540 or 3.0 ms; at 100 Hz,
the flame lags 840 or 2.3 ms; and at 200 Hz, the flame These laser recoil response measurements help
lags 110' or 1.5 ms. Since the time delay is getting validate some theoretical predictions and increase
smaller at higher frequencies, it is not just a constant our understanding of oxidizer combustion behavior.
convective transport delay. Besides, we expected the Pressed pellets of HMX and RDX were tested at 1
convective transport delay to be approximately 0.8 atm in air for laser recoil response over the frequency
ins. Based on a primary flame temperature of 1200 range 2.5-1000 Hz. RDX thrust and light emission
K, the surface gas velocity is about 425 cm/s, and the oscillations were about half the amplitude of HMX.
measured flame height of 3.4 mm yields a convective Because RDX has a lower melting temperature, 205
transport delay of about 0.8 ms. Nothing unusual 'C, it formed a molten mass as it burned, which could
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damp thrust oscillations. Monopropellant burn rates AIAA 14th Aerospace Sciences Meeting, Washington,
were 0.080 em/s and 0.054 cm/s for HMX and RDX, DC., Jan. 1976.
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sion, and flame position oscillations were measured 4. Zarko, V. E., Simonenko, V. N., and Kiskin, A. B., Fiz.
and reported. Goreniya Vzryva 23 (5):521-530 (1987).

HMX had a broad flat thrust response, suggesting 5. De Luca, L., J. Italian Assoc. Theoretic. Appl. Mech.
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ment. RDX thrust response peak appears to be 6. Finlinson, J. C., Hanson-Parr, D., Son, S. F., and
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200 Hz. No. AIAA-91-2194, June 24-26, 1991.

CN radical chemiluminescence images recorded 8. Brewster, M. Q., Hites, M. H., and Son, S. F., Corn-
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of frequency. HMX flame height was found to vary University of Illinois at Urbana-Champaign, October,
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phase lag between thrust and flame oscillations is less York, 1984, Vol. 90.
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COMBUSTION SYNTHESIS OF ZnS IN MICROGRAVITY
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The self-heating nature of SHS (Self-propagating High-temperature Synthesis) makes it particularly
suitable for microgravity processing of materials where weight and power requirements are severely re-
stricted. The absence of convection, hydrostatic pressure, and phase separation permits the combustion
front dynamics and solidification processes of SHS to be studied under controlled conditions. This paper
describes recent ground-based and inicrogravity (NASA KC-135 parabolic flight) experiments on SHS
processing of ZnS. A novel technique was used for preparing the precursor mixture of Zn + S by mixing
the zinc with molten sulfur, which allows the synthesis of a high-density and high-purity product. The
flame speed, quenching diameter, and temperature profile in the flame front and crystal structure of the
synthesized samples have been determined. Thermocouple measurement of the temperature profile in the
flame front indicates that the thermal thickness of the flame is less than 0.3 mm. The average flame speed
is of the order of 7 mim/s, and slightly lower values (-4 mm/s) are observed near the quenching limit. It
was found that the flame speed is not stable along the samples with diameters more than 12 mm. The
quenching diameter is found to be of the order of 5 mm (in microgravity less than 4 mm). X-ray diffraction
data show a wurtzite structure both in ground-based and in-flight synthesized samples, and the lattice's
parameters are most similar to the ideal ZnS wurtzite structure in the outer part of samples synthesized
in microgravity. The ability to provide containerless SHS processing of molten ZnS in microgravity also
has been demonstrated.

Introduction Preliminary studies of Self-propagating, High-
temperature Synthesis (SHS) in microgravity have al-

Access to the microgravity environment provided ready been initiated by Shteinberg and co-workers
by the use of drop towers, parabolic trajectories of [1], who demonstrated that TiC produced in micro-
aircraft and rockets, and shuttle and space station gravity can have a highly porous (95% porosity) struc-
orbits has permitted material scientists to investigate ture. Odawara et al. [2] have reported work on
a number of problems associated with gravitational thermite reactions in short-duration microgravity ex-
effects on material processing. In the absence of periments, and Moore [3] has investigated the influ-
gravity, buoyant convection, hydrostatic pressure, ence of microgravity on the porosity and structure of
and the separation of phases of different densities are combustion-synthesized metal-matrix composites.
eliminated, providing the ability to synthesize new or The present paper describes the SHS studies re-
improved materials. Conventional methods of ma- cently initiated at McGill University on the SHS of
terial processing require a heat source (i.e., a fur- ZnS in microgravity.
nace); thus, the maximum temperature and sample
size are severely limited in a microgravity environ-
ment as a result of the size and operational limits of General Considerations:
the furnace. Combustion synthesis does not require
an external energy source; hence, it is particularly The material of interest in our study is ZnS. Zinc
advantageous in a microgravity environment where sulfide has a variety of luminescent properties (e.g.,
weight, volume, and electrical power requirements x-ray, photo-, electro-, as well as triboluminescence)
must be strictly limited. It is anticipated that contain- depending on the dopant used, as well as semicon-
erless material processing and solidification in a mi- ductor and piezoelectric properties. The conven-
crogravity environment will very likely result in the tional method of producing fine crystalline or amor-
manufacture of materials with a high purity and the phous ZnS powders for luminescent applications is
possible synthesis of new, unique materials. The use via precipitation from an aqueous solution of zinc
of combustion synthesis eliminates the furnace, al- sulfate with hydrogen sulfide [4]. Larger single crys-
lowing for the first time a true containerless environ- tals can be obtained from melt or by condensation
ment. from the gaseous phase [5,6]. Uniform doping with
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small concentrations of impurities and the growth of The difference of the sample structure prepared by
large crystals are difficult using conventional meth- cold-pressing and mixing molten sulfur with zinc
ods of synthesis [7]; therefore, a suitable industrial powder is illustrated in Fig. 1.
technology for fabricating large ZnS single crystals Eliminating the gases trapped in the pores of the
does not currently exist, pressed reactant mixture allows us to produce a final

Zinc sulfide can also be produced by the SHS pro- product with a density that is very close to the the-
cess. This was first achieved by the group at Odessa oretical value. The synthesized ZnS samples have a
in 1986 [8] where a compacted mixture of zinc and density not less than 98.5% of theoretical, compared
sulfur powders reacted to form ZnS. The SHS-syn- with the best results of 91% obtained with a cold-
thesized ZnS was found to have a polycrystalline pressing method [8]. It can also be seen from Fig. 1
structure with a density of less than 91% of the the- that the zinc particles in a cold-pressed mixture are
oretical value. The structure of the products depends concentrated along the deformed borders of the ini-
on the combustion and solidification front dynamics, tial sulfur particles. This nonuniformity in zinc con-
and the purity of the product was not high enough centration after cold-pressing decreases the com-
for electronic applications. Therefore, it is necessary pleteness of the chemical reaction and is the cause
to achieve a better understanding of these processes of the dependence of the purity of the final product
before the desired structure and purity of ZnS syn- on sulfur particle size [10]. Unlike the cold-pressed
thesized by SHS can be achieved. Both the combus- powders, a mixture prepared from molten sulfur is
tion and the solidification processes are strongly de- highly uniform, and completeness of the chemical
pendent on temperature, and hence on the mode of reaction is higher.
heat transport, as well as boundary conditions. In mi-
crogravity, convection- and gravity-induced flow of Reactor and Microgravity Experimental Package:
the melt is absent, permitting better observation of
the combustion and solidification processes. In ad- The boiling points of sulfur (717 K) and zinc (1179
dition, in a long-duration microgravity environment, K) are less than the temperature in the combustion
there is the possibility of growing single crystals from front (2200 K [8]), and at low pressures, the subli-
SHS-generated ZnS melt. mation temperature of ZnS is lower than the melting

point [11]. Therefore, one needs to carry out the pro-
cess of ZnS-SHS synthesis within a pressurized inert

Experimental Details gas environment. The first experiments of ZnS-SHS
synthesis [8] showed that the final product could be

Charge Preparation: synthesized in molten form only if the total pressure
in the reactor was more than 50 atm. In general, the

High-purity zinc (-325 mesh) and sulfur (- 100 completeness of the chemical reaction and the qual-
mesh) powders (supplied by Aldrich Chemical Coin- ity of the product are also higher for higher pressures
pany, Milwaukee, WI) were used for preparation of [8].
the charges. The powders were mixed in a proportion The SHS-ZnS synthesis equipment consists pri-
close to stoichiometric in accordance with the reac- marily of a high-pressure reactor vessel (Clover Leaf
tion Zn + S - ZnS. Since part of the Zn in the zinc Reactor, Model CL-9, High Pressure Equipment
powder is in the form of an oxide (ZnO), a small Company, Erie, PA) capable of withstanding a static
empirically determined excess of sulfur (0.01-0.05%) pressure > 1000 atm. The reactor is rated for a work-
is added in order to compensate for the oxygen. In ing temperature up to 120 'C and includes a quick-
order to increase the luminescent efficiency of the opening cover.
synthesized samples, some quantity of regular acti- A schematic of the experimental flight package and
vators such as Cu (0.01-0.05%) or Mn (0.1-1%) was the pneumatic control circuit is given in Fig. 2. The
added to the Zn-S powder mixture. amount of gas in the high-pressure bottle (400 atm)

The traditional method of sample preparation in is enough to refill the reactor up to 35 times to the
SHS technology is to compact the powder mixture 100 ± 10-atm working pressure. The high-pressure
before firing in a steel die by a cylindrical press [9]. in-line relief valve prevents the high-pressure mani-
This requires a pressing force of up to 50 tons/cm 2, fold from overpressurization, and the low-pressure
but the final density of the sample for Zn + S is in-line relief valve prevents overpressurization of the
typically less than 85% of the theoretical density [10]. plane's overboard vent manifold. The overboard

Our innovation in SHS sample preparation is to pressure under regular flight conditions is consider-
melt the component with the lowest melting point, ably lower than the pressure inside the cabin. There-
For the Zn + S, this corresponds to mixing of molten fore, a special manifold with a low-pressure gauge is
sulfur with zinc powder. This novelty not only greatly used to equalize the pressure in the reactor and cabin
simplifies the preparation of samples of different before it is opened. An electric ignition circuit and
shape and geometry but eliminates trapped gases, flame-speed measurement circuit are linked to the
improving the quality of the synthesized product. reactor cover.
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FIG. 1. Schematic illustrations of the structure of the samples prepared by cold-pressing and mixing of the liquid sulfur
with the zinc powder: (1) initial powder mixture; (2) compacted powder mixture; (3) melted sulfur mixed with zinc
powder.
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FIG. 2. The schematic of the flight experiment package
(A) and the pneumatic circuit (B). FIG. 3. The arrangement of the sample for flame-speed,

temperature, and quenching-distance measurements,
The microgravity flights are carried out on the

NASA KC-135 aircraft. Usually, a total of 40-50 pa-
rabolas are flown per flight with a 5-minute break in
between each set of 10 parabolas. Retrieving the "ionization" probes used to measure flame speed and
sample and reloading the reactor with a new charge the fine thermocouple embedded into the central
are carried out during the 5-minute break periods. axis of the charge used to measure the temperature
Hence, about 4 or 5 samples are synthesized per profile as the flame propagates past the thermocou-
flight. ple. Charges of the mixture of Zn + S of different

diameters are placed in an inner aluminum cylinder,
Samplesfor the Flame-Speed and Quenching- which in turn is inserted into the larger heavy-walled
Distanpes fasureQuennt aluminum container. At one end of the Zn + S

charge is a pressed pellet of Ti + C, which serves as

The final temperature of the synthesized sample the ignition source. The Ti + C pellet is ignited by
is close to the adiabatic temperature, i.e., 2200 K. To a tungsten wire.
minimize the heating of the gas inside the reactor, The initial Zn + S mixture, because of the very
each sample was placed inside a heavy-walled alu- high resistance of sulfur, is an insulator. The final
minum container (12-cm long, 8.5-cm diameter), as product, ZnS, is a semiconductor at room tempera-
shown in Fig. 3. The container absorbs almost all of ture and has a high resistance of the order of 10s-
the enthalpy of reaction, and its final temperature 1010 (2 cm [6]. However, the molten ZnS within the
does not exceed 150 'C. Figure 3 also shows the five combustion wave apparently has a conductivity that
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approaches that of metals.* We used this phenome- 20

non to design the circuit that is similar to the con-
ventional one used for ionization probe flame-speed
measurements of detonation and deflagration modes
of propagation in a combustible gas. Unlike the ion- 15 .........

ization probes used in gases, as a result of the high
conductivity of the ZnS melt and the low flame - -0-
speed, the voltage is comparatively low, i.e., 45 V. E S~~~~~~~~~~. ............. . ..............................
The 0.5-mmr graphite rods are used as probes and P 10 '

allow easy replacement of the sample. Because of the .2 - -- 'Q- -

large charging time of the RC circuit, all of the >
probes are connected to one channel of the digital _:_
oscilloscope. The sequential triggering of the ioniza- 5

0 - - -j-:Z:f . . .. : . o . . .- -

tion probes signaling the arrival of the flame at each
of the probe locations is used to determine the flame
speed.

For the unconfined charge experiments, the inner 0

aluminum cylinder that surrounds the sample was 10 20 30 40 50 60 70 80

remnoved, leaving an air space between the charge Distance (mrm)
and the outer aluminumn container wall. In order to
synthesize pure samples suitable for x-ray and lumi- FIG. 4. Changing of the flame speed along the charge.
nescent analysis, some samples were enclosed in
quartz ampoules. The space between the walls of the
quartz ampoule and the wall of the aluminum con- purities in the combustion synthesis of ZnS. If the
tainer was filled with 2-3-mm alumina beads. SHS product is solid, it consists after unstable com-

bustion of layers of different chemical composition
and structure that can be used to study the parame-

Results ters of unstable combustion [9]. But this conven-
tional method of studying unstable SHS regimes

Flame Speed aod Quenchinog Distance does not work, of course, if the combustion product

in Confined Charges: is in the liquid phase, as in the case of ZnS-SHS proc-
essing. The violent convection that occurs in the non-

For confined charges in aluminum cylinders where uniformly cooled high-temperature melt at normal
the heat losses are very high, quenching diameters gravity annihilates any footprint of the unstable burn-
have been measured. In normal gravity, a minimum ing. The fast solidification of the ZnS-SHS melt in
diameter of about 4.5-5 mm is required for flame microgravity is the only way to have this "footprint"
propagation. However, in microgravity, self-sus- available for study.
tained propagation is observed for charges less than The variation of the average flame speed with the
4 mnl. The absence of convection in the ZnS melt charge diameter is shown in Fig. 5. In general, a
in micrograxity may play a role in reduction in the slight increase in the flame speed with charge di-
quenching diameter. In particular, the elimination of ameter is observed, indicating the effect of heat
convection in microgravity will reduce the heat trans- losses. The downward-propagating flame in a wide
fer rate and hence reduce the quenching diameter. channel (d > 12 mm) usually has a speed lower than

The variation of the flame velocity with distance is that of an upward-propagating flame, and the value
shown in Fig. 4 for a few charge diameters. For the of the flame speed in microgravity is close to the
small-diameter charges, the velocity is found to be speed of a downward propagating flame. However,
very stable, and the flame propagates at 4-5 mm/s. as a result of the limited data available in micrograv-
For the larger charge diameters, the velocity fluctu- ity as well as the instability of the flame speed itself,
ates, indicating a nonsteady flame propagation. In this dependence is not clear.
this case, the flame may exhibit a pulsating or spin-
ning instability as observed by other investigators in
different SHS systems [9,12]. The phenomena of un- Synthesis of Unconfined Charges:

stable combustion may be the major source of im- Since the product of the ZnS combustion synthesis
is in the liquid state, in normal gravity it is not pos-

'The conductivity of the molten ZnS has not yet been sible to carry out experiments with an unconfined
measured. We did this rough estimation using our own charge because of the gravity-induced flow of the
preliminary measurements, melt. In our microgravity experiments, it was found

°\We did not manage to obtain quenching of the flame that complete combustion of an unconfined charge
in micrograNrit as yet. was possible. However, as a result of the poor heat
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transfer between the melt and the gaseous environ- The theoretically estimated adiabatic flame tem-
ment, the ZnS was still in the molten state upon re- perature in the Zn-S combustion front is about 2200
turn to normal gravity. G-jitter and the large accel- K. Only high-temperature thermocouples based on
eration associated with the sudden return of normal W-Re alloy can cover this temperature range. At the
gravity at the end of the 20-s microgravity period can same time, the thickness of the combustion front in
introduce significant inertial forces on the melt and our case is very small, so that thermocouples with a
cause it to fragment into droplets. Even during the very small response time are required to resolve the
microgravity period, strong Marangoni convection reaction front. The thermal thickness of the flame is
and turbulence effects may also disrupt the melt in- of the order of L - ý,CX.p 5 V, where A5, C8, and p,.,
terface. For the unconfined charge experiments in are the conductivity, specific heat, and density of the
microgravity, we recovered solid spherical ZnS par- unburned mixture, respectively, and V is the flame
tides with a wide size spectrum ranging from frac- speed. Assuming that the thermophysical properties
tions of a millimeter to 5 mm after the synthesis. If of the mixture are close to those of liquid sulfur, one
an integral solid sample of ZnS is desired, it is nec- can estimate for a measured flame speed of 0.5 cm/s
essary to arrange for rapid quenching within the that the flame thickness is of the order of 50-100
20-s parabolic flight microgravity duration. p/m.t Correspondingly, the flame passes through the

thermocouple in about 10-20 ms. The response time
estimated for the 75-pum W-Re thermocouple is

Temperature Profile in the Flame Front: about 50 ms. Therefore, the measured value of the

The first objective of the thermocouple measure- flame thickness should be considered as an estimate.
ments was to estimate the thickness and temperature The results of the flame structure measurements
profile of the combustion wave. In order to accom- with the different thermocouples are given in Fig. 6.

plish this, a fine thermocouple was emnbedded into To plot this graph, the time from the direct temper-
the central axis of the charge to measure the tem- ature measurements was multiplied by the average
perature profile as the flame propagates past the flame speed in the channel of that diameter (0.7 cm/
thermocouple. Three types of unsheathed fine-gauge s), and the point at which the temperature first begins
thermocouples were used: type K (chromel-alumel, to rise was set to a value of 0.2 mm on the horizontal
maximum temperature 1523 K), diameter 25 pm; axis. It is clear that the measured flame thickness
type S (Pt/Pt-10% Rh, maximum temperature 1723 shrinks as the thermocouple size decreases, and
K), diameter 50,pm; and type C (W/5% Re-W/26% therefore, the flame thickness is clearly not more
Re, maximum temperature 2593 K), diameter 75u im. than the lowest measured value of about 300,pm.
The thermocouple was shielded in a two-hole alu- It was found that the high-temperature Zn-S melt
mina ceramic tube with outside diameter 1.5 mm and
a length of 60 mm. The junction and 5 mm of the 'There are no data available for the sulfur properties at
thermocouple wire were exposed. The output from such high temperatures in the literature. We did the esti-
the thermocouple was amplified with a 50 X DC am- mation by extrapolation of the available data into the high-
plifier and recorded by a digital oscilloscope. temperature region.
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0 0.2 0.4 0.6 0.8 1 1.2 FIG. 6. Temperature profile in the

Distance (mm) flame front.

is an extremely chemically aggressive environment F ,
for all types of thermocouples. It is quite possible, as
a result of the chemical reaction with sulfur, that
thermocouples usually break at temperatures much ' .
lower than the maximum thermocouple temperature .I" : .
limit (see above). The W-Re thermocouples break at
temperatures close to 2000 K. Even the Pt-Rh ther-
mocouple, which is usually resistant to the oxidizing r"
environment, breaks at a lower temperature than its
theoretical temperature limit.

Crystal Structure and Composition - - I
of Synthe~sized Samples: i.•:::

Thin polished sections (-50-pm thick) of samples . . , 4-r i e
synthesized in the quartz ampoules (i.d. 20 mm) were
prepared in order to determine their crystal struc ....
ture. The sections were studied with an optical mi-. ,

croscope under polarized light. The typical structure ]-:Z
of the cylindrical sample consists of three zones along , ::-
the sample's radius, as shown in Fig. 7. The first zone, , /,
on the outer boundary of the sample, has a thickness 4.--
of about 1-2 mm. This zone consists of small (-50- b;,-.

100 /m) crystals of approximately rectangular shape.
The borders of the crystals are very close to each o r 0
other. The bulk of the sample consists of a region :
containing very long (5-7 mm) radially oriented co- en- .... I I A
umnar crystals. The thickness of the crystals in- FI. 7. The typical structure of the synthesized sample:

creases and reaches about 0.1-0.2 mm near the cen- (1) rectangular crystal zone; (2) columnar crystal zone; (3)
ter of the sample. Columnar crystals are separated equiaxial crystal zone.
by "dark spaces." (the presence of the dark spaces
under polarized light usually means the existence of
the amorphous phase). As the thickness of the colum- The samples that were synthesized in microgravity
nar crystals increases, the dark spaces between crys- also exhibit the tree zones observed in ground-based
tals also become wider. The central third zone has a samples, although there are a number of differences
diameter on the order of 5-7 mm and consists of present. For example, for the microgravity samples,
equixial crystals. The size of the crystals is about the outer zone 1 is about 30-50% wider and consists
0.5-1 mm, and they are separated by wide dark of rectangular crystals almost twice as large as the
zones. ground-based samples. It is also interesting to note
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that the samples synthesized in the flight have a 4. Thermocouple measurements of the temperature
shorter columnar crystal zone. Because the complete profile in the flame front indicate that the thermal
solidification time of the cylindrical samples in a thickness of the flame is less than 0.3 mm.
quartz ampoule is longer than the microgravity du- 5. Containerless processing of ZnS is achieved in mi-
ration, only the outer part of the sample can solidify crogravity, although the abrupt return to gravity
in microgravity. Therefore, the larger rectangular and G-jitter cause the melt to break up into a
crystals obtained during microgravity flights may be spectrum of drop sizes prior to solidification.
due to the more uniform cooling of the liquid in the 6. X-ray diffraction data show a wurtzite (hexagonal)
absence of convection. However, the effect of the structure both in ground-based and flight-synthe-
shrinking of the zone of columnar crystals is probably sized samples. The lattice's parameters are the
the consequence of the intense mixing of the melt most similar to the ideal ZnS wurtzite structure in
by the violent convection that starts in the nonuni- the outer part of the sample synthesized in micro-
formly cooled liquid during the "pull down" 2 -g ac- gravity.
celeration.
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Nonadiabatic heterogeneous flame propagation and extinction in self-propagating high-temperature syn-
thesis (SHS) are analyzed based on a premixed mode of propagation for the bulk flame supported by the
nonpremixed reaction of dispersed nonmetals in the liquid metal. The formulation allows for volumetric
heat loss throughout the bulk flame, finite-rate Arrhenius reaction at the particle surface, and temperature-
sensitive Arrhenius mass diffusion in the liquid. Results show that, subsequent to melting of the metal, the
flame structure consists of a relatively thin diffusion-consumption/convection zone followed by a relatively
thick convection-loss zone, that the flame propagation rate decreases with increasing heat loss, that at a
critical heat-loss rate the flame extinguishes as indicated by the characteristic turning-point behavior, that
the surface reaction is diffusion limited such that the nonlinear, temperature-sensitive nature of the system
is actually a consequence of the Arrhenius mass diffusion, and that extinction is sensitively affected by the
mixture ratio, the degree of dilution, the initial temperature of the compact, and the size of the nonmetal
particles. An explicit expression is derived for the normalized mass burning rate, which exhibits the char-
acteristic turning point and shows that extinction occurs when this value is reduced to e - 2, which is the

same as that for the nonadiabatic gaseous premixed flame. It is further shown that the theoretical results
agree well with available experimental data, indicating that the present formulation captures the essential
features of the nonadiabatic heterogeneous SHS processes and its potential for extension to describe other
SHS phenomena.

Introduction melted by the approaching flame. In order to de-
scribe this inherently heterogeneous mode of flame

Practical significance of the self-propagating high- propagation, especially its dependence on the parti-

temperature synthesis (SHS) process for the com- cle size and the nonpremixed nature of particle con-
bustion synthesis of novel solid materials is well rec- sumption, a theory based on spray combustion [6]

ognized and established [1-3]. An extensive body of was formulated [5]. This theory satisfactorily ac-
theoretical analysis for the various aspects of the SHS counts for the premixed mode of the bulk flame
phenomena also exists, as was recently reviewed by propagation supported by the nonpremixed mode of
Margolis [4]. Most of these studies are based on the particle consumption. Appropriate flammability lim-
premise that the synthesis is accomplished through its are also identified, based on considerations of the

the passage of a premixed flame in a homogeneous overall energetics. The theory further allows for a
medium, finite surface reaction rate and the inherently Arrhe-

An alternate flame propagation mode was recently nius nature of the liquid-phase mass diffusion. Pre-

proposed [5], suggesting that most SHS processes in dicted burning rates and flammability limits agree
solid compacts without external forces could actually well with the experimental results [5,7].
involve flame propagation in a two-phase heteroge- The theory of Ref. 5 is adiabatic and hence is in-

neous medium consisting of solid nonmetal particles capable of describing the experimentally observed

immersed in the fluid phase of the metal which is phenomena of flame extinction due to heat loss from

1659
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P I I

---- Adiabatic m/ma = 1 -u! FIG. 1. The representative flame

S•(dg/dCf) - Nonadiabatic M/ma =0.6 • structure for the temperature r, the
' solid mass fraction (1- ), and the

1.0 - ----------- reactant consumption rate (dl/du),
along the nondimensional distance;
the mixture ratio is ,u = 1.0, the de-
gree of dilution K = 0, the initial
temperature T. = 450 K, the Lewis

hetero- equilibrium number Le. = 100, the initial
0. l geneous reaction 2 Damk6hler number Dao = 101, and

n c in pu the adiabatic mass burning-rate ei-
genvalue A. = 6.109 X 10-1. Solid

zjP- curves are those with heat loss;

(m/mr) = 0.6 and P = 3.347 x

0 10-2. Dashed curves are those with-
01 2 out heat loss; (m/m,) = 1 and I =

Cf 0.

the high-temperature combustion process. From the between the solid N and molten M then takes place
practical viewpoint, it is also important that extine- at the particle surface at a finite rate and proceeds
tion can be properly described and hence controlled until all of the nonmetal particles are consumed. The
in SHS. enthalpy of phase change is neglected because it is

In the present study, we have extended the adia- much smaller than the heat of combustion. The prop-
batic theory to allow for volumetric heat loss. This agation considered here is nonadiabatic, with heat
nonadiabatic theory then successfully describes loss to the ambience occurring throughout the entire
flame extinction and the various parameters that flame structure. Consequently, in contrast to the ad-
characterize it. Furthermore, the present results iabatic theory in which temperature increases mon-
show that extinction for the mixture systems studied otonically to the adiabatic flame temperature, the
is actually caused by the temperature-sensitive Ar- temperature would gradually decrease to the ambi-
rhenius mass diffusion, not by the surface reaction, ent value after the maximum "flame temperature."
which is basically diffusion limited. Predictions from Conservation equations are as follows [5,61:
the theory yield satisfactory agreement with the ex- Continuity:
perimental results.

(Ptu) = (ptu)o = m (1)

Formulation M Conservation:

The problem of interest, shown as the inset of Fig. (&L)(dYm' (Y+1)Z (Y +1)Z (2)
1, is the one-dimensional, planar, heterogeneous nm dx A
flame propagation in the doubly infinite domain of a
condensed medium, originally consisting of a mixture Energy Conservation:
of particles of nonmetal (or higher-melting-point
metal) N, lower-melting-point metal M, and an inert d [(.11c) (dT -

I that can also be the product P of the reaction be- dx m 1x - {(T T0 )
tween N and M according to: L

- (Z- Zo)} -mIq (3)

v.11M + VNN - vpP (R)

where vi is the stoichiometric coefficient of the re- N Consumption:
action. For simplicity, we shall assume that the non-
metal particle-size distribution is monodisperse, with (dz(4)4rP~noRo](UOz)(1-Z (4)an initial radius R0 and number density no. Further- A, L G ~ /\ -- Zo, (4

more, there is no reaction between N and M until
the mixture has been heated to the melting point T,, where pf is the fluid density, p, the mass of solid phase
of the metal, at which all the lower-melting-point per unit spatial volume, Pt = Pf + p, the total den-
metal particles instantaneously melt. The reaction sity, Z = Pf/Pt, YM the mass fraction of M in the fluid,
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T the temperature, u the velocity along the x coor- In the above, m, and A0 are, respectively, the mass
dinate, m the mass burning rate (per unit area) of the burning rate and the mass burning-rate eigenvalue
flame, R the particle radius, 2 the thermal conduc- in the adiabatic limit.
tivity, c the specific heat, D = Do exp( - T,7/T) the Equations (6) through (8), together with the mass
Arrhenius mass diffusivity with an "activation tem- burning rate m, are to be solved subject to the bound-
perature" of Td, T = cT/q, YM = YM/f, f = ary conditions
(VMWM/VNWN) the stoichiometric mass ratio, Wi the
molecular weight, q the heat of reaction per unit U = 0: r = a,, 'c = 0, • = 0 (9)
mass of N, L the volumetric heat-loss rate satisfying
the requirement that L -0 as T - To, and "0" and (dc) 0(')
"-" the subscripts respectively designating the un- - : d = (/ _)(1- Zo)'
burned and burned states in the adiabatic condition.
The surface regression rate Z, defined by dRldt = (d•) (dl) .
-x/R, is given [5] as Ka) = 0 0. (10)

(p&D-) [ I I / ( A v- Note that the cold boundary difficulty is eliminated

k 1 + A by specifying that the reaction is initiated at the melt-
(5) ing point of M. Furthermore, the downstream

boundary condition for c, based on convection-loss
where A = Da 'exp( - T,,/T), Da = (B -I')/D, B, and balance, requires a short domain of integration.
T, are, respectively, the reduced Damk6hler num-
ber, the Damkbhler number, the frequency factor,
and the activation temperature of the surface reac- Computed Results
tion.

Defining nondimensional variables and parame- Values of the physicochemical parameters em-
ters as ployed are those for the Ti-C system: q = 15 MJ/kg,

T - - - c = I kJ/(kg- K),pM = 4.50 X 103 kg/m 3 , PN = 2.25
0- TN O X 103 kg/m3, WA = 47.9 x 10-3 kg/mol, WN =

T- TO' Y -- "AM,0' 12.0 x 10-3 kg/mol, T,, = 1973 K, T, = 3 X 104
K. For the mass diffusivity, D = 2 X 10-7

Z - Zo [(1 - Zo)m1,] exp(- 1.66 X 104/T) m2/s [8] is used. As for the
1- Z0 ' a = L (/c) Jx Lewis number, Leo = 100, because experimental re-

F I 1 Zsults [9] for various particle radii have been corre-

[ (1 Zo))mla Leo- (Oc) lated for this value and B P> 103 m/ns [5]. The total
L47r(pMDo)(2/c)noRoJ' (ptD)o' densities before and after the combustion are as-

sumed to be equal. Note that the thermophysical
S (2/c)L properties used here implicitly account for effects of

•( -nq(T. - T0) compact density, gases in void spaces, gas evolution,
etc.

with We further define the initial molar ratio of N to M
divided by the corresponding stoichiometric molar

T I,= 1- Z0 + T0, ratio as p and the initial mass fraction of diluent as
K. These two parameters are commonly used as the

YM= (YF2 ,o + 1)Z0 - 1 controllable variables in experiments to specify the
nature of the initial compact, and are related to the

the governing equations are reduced to initial mass ratio Zo through

C oLeo(pop,) exp(t )- - K)

1i ) z J (6)
(t) [j ( - Z0 + (1- Z) () In the calculations, the heat loss is assumed to be

Newtonian such that 4) (a) = aý- z. The specific ex-
dc2r (m) cd (a -)(r) pression approximating radiative heat loss will be

dca2  " d"c Im/ Z0 - (1 -Zo)2 (7) given later.
Figure 1 shows representative flame structure for

d(1 - )1/3  the stoichiometric mixture (p = 1) with no dilution
-- ( o ((8) (K = 0). Profiles of the temperature r, the solid mass

.(ono ,,opt (Ipl fraction (1 - C), and the consumption rate (dC/da),
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f•(a) x•=0 Ib) .~

1.0 - 1.010- / \ Consumption/Convection

// 5 /Consumption 0. 005
IConvection 05-a 7 0.8 0. 0. 0.1

0.5 0.7 - 0.5 .2 -

Ls(450K) (450 K)

0 1 1 I 0 1 1

Diffusion 0 0.02 004 0 002 004

-10 4*11*

0 1 2 FIG. 3. The nondimensional mass burning rate (m/mn,,,)
o as a function of the nondimensional heat loss P' =

FIG. 2. The representative profiles of the diffusion, con- (m"/m°,")2" !s ' with the mixture ratio p and the degree of

stnuption, convection, and loss terms in the energy con- dilution K taken as parameters; the initial temperature is

servation equation, along the nondimensional distance. T, = 450 K. The values of numerically obtained (m/m7.,),a

Conditions are the same as those in the nonadiabatic sit- corresponding to the turning point are indicated by the

nation in Fig. 1. horizontal solid lines; those of analytical ones are indicated
by the dashed lines.

with and without heat loss, are shown respectively by adiabatic condition. Results exhibit the characteristic
solid and dashed curves as a function of the nondi- extinction turning-point behavior, with the upper
mensional distance a. The position at which r = ,,, ibranch being the stable solution and the turning
is set as the origin. In the adiabatic limit, as v in- branc be ing the stabe olu tion ad th tricreases fr'om r,,, (melting point of the metal) to 1 point designating the state of extinction. With de-
cadiabat fromlaC(me ltiem p ontur the so mass fraction creasing p or increasing K, the mass burning rate at
(adiabatic flame temperature), the solid mwhich extinction occurs gradually decreases. Since
(1 - f) rapidly decreases from 1 to 0. The con- both
sumption rate (dW/da) initially increases as a result of '"ns,) and (m0 /sn05 5 )5 V1 strongly depend on
the increase in temperature, and consequently do- in, we have used the parameters (mini,) and 9J to
creasesreasthe rnteat rantsure, depletd. Itseqie -s obtain the extinction condition, with P' being a mea-
creases as the reactants are depleted. Its profile spars sure of heat loss to the heat release. It has been found
approximately the same range over which r increases, that, depending on p and K, the values of (n/mm,)r
demonstrating the heterogeneous nature of reactant
consumption and hence the flame structure. For the corresponding to flame extinction range from 0.50 toconsuption0.70.

prescribed conditions with R0 = 10 pm, the flame Effect of heat loss on the burning velocity is also
thickness and burning velocity are predicted to be investigated. Here, we use the following relation [5]:
about 1 mm and 10 mm/s, respectively.

The nonadiabatic situation is close to the extinc- +f ,l /2]tion state. Decrease in T reduces the consumption (u0"! R0) = Do 3(Le0"-A0)(PM/PN), ,
rate (dý/da) and hence the normalized burning rate U I - K

(mi/i,). The reactant consumption zone is also (12)

broadened because of heat loss.
To further identify the flame structure for the non- Figures 4a and 4b respectively show (uo" B0) as fune-

adiabatic case of Fig. 1, we have plotted in Fig. 2 tions of p and K, with 9', the heat-loss parameter,
the four terms constituting Eq. (7), that is, taken as a parameter and with To = 450 K (To =

(d'rddo$, [(m/m,.,)/(1 - Zo)](dt/da), - [(m/mn)/(1 - 0.03). Because of the increased amount of volumetric
ZO)](dr/dor), and - k(r)/(1 - Zo)2, which respec- heat release, (uO" R0 ) significantly increases with ei-
tively represent diffusion, consumption, convection, ther increasing p or decreasing K. For a given p or
and loss. It is clear that the flame consists of a K, (u00 B0 ) decreases with increasing P1 and reaches
relatively thin zone of diffusion and consump- the extinction limit shown by the dashed curve. The
tion/convection, which is followed by a much thicker range for steady flame propagation is contracted be-
zone of convection and loss. The existence of an ex- cause of the heat loss. Although not shown here, the
tended zone of downstream heat loss is similar to the same trends as those in Figs. 4a and 4b are observed
nonadiabatic homogeneous gaseous flame, for the higher value of To = 975 K. For this tem-

Figure 3 shows variation of the nondimensional perature, the results show that flame propagation can
mass burning rate (m/m,,t) as a function of the non- be sustained for higher 9' as a result of preheating

dimensional heat loss 9'o = (mimn,,t)'2. 91, with /, effect.
and K taken as parameters. Here, m,,5 t is the mass Figures 5a and 5b respectively show the effect of
burning rate for the stoichiometric mixture in the p and K on the critical heat-loss parameter 9'Cr, with
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100 1 100 the last term on the right-hand side of Eq. (6) to zero.
X(a =0 b K) a-]. This yields an explicit relation between • and • as

0 = 0.0 T 1=0.0

a 0.01 0.01 r-
002 0.02 Zo + (1 - Zo)

-
0 0 2•\ 

.0

50 - 0 0 0.03 Equation (13) indicates that, because of the exces-

\\! sively slow rate of diffusion as compared to the rates
4° fS/ of thermometric conductivity and reaction, concen-

x" =0.03 tration of the molten metal in the compact is affected
(450 K) (450 K) 5 mainly through consumption instead of diffusion.

Numerical results obtained by solving Eq. (13) in-
"0 0.5.0 stead of Eq. (6) for C were found to be practically

0.5 1. 0 0.5 indistinguishable.

We next note that while the surface regression rate
Fin. 4. (a) The combination of(u" R,,) as a function of the X and hence the reactant consumption rate depend

mixture ratio p, with the heat-loss parameter qJ taken as a on chemical reactivity through 2 as well as the mass
parameter; the degree of dilution is K = 0 and the initial diffusivity, in most SHS processes, the reduced Dam-
temperature To = 450 K. (b) (u,, -R,) as a fiuction of K, with kobler number A is sufficiently large such that 2 -
Vjtaken as a parameter; p = 1.0 and T, = 450 K. ln(i + Y5M), and reactant consumption becomes dif-

fusion limited. Numerical calculations performed in

0.06 a06 this limit were again found to be indistinguishable
(0a) x=0 (b) 1.01 from those obtained with finite but large values of A.
.{ ) - This result has the following significant implication.

%=00B T0=o0o Since extinction in combustion is frequently asso-
004 - 004 0065 ciated with the nonlinear, highly temperature-sensi-

-0.065 0.065 tive nature of the Arrhenius kinetics, the loss of its
005 0'05 - influence in the diffusion limit implies that extinction

as shown in Fig. 3 is actually caused by an alternate
0.02 .o03 002 003 factor that also has a nonlinear influence on flame

a02 0.02 propagation. This factor is the liquid mass diffusivity,
a s which varies in a sensitive, nonlinear, Arrhenius man-

S0 5 1. ner with temperature. Thus, in the present diffusion
o 0 0.5 1.0 0 0.5 1.0 limit, the particle regression rate is still an Arrhenius

SY function of temperature, with the large activation

Fin. 5. (a) The critical heat-loss parameter qj, as a func- temperature for diffusion, T4, exerting the dominant

tion of the mixture ratio I, with the initial temperature T, temperature sensitivity.

taken as a parameter; the degree of dilution is K 0. (b) Finally, an explicit relation can also be derived for
asafunction T. taken as a parameter;thedegreeodih i = 1.0. (b)the state of extinction. In the thin diffusion-con-Sas a fulnction of K, with T 0 taken as a parameter;/y = 1.0. smto/ovcinzncnrbto ftels

sumption/convection zone, contribution of the loss
term is very small. Equation (7) then becomes

the initial temperature To taken as a parameter. We dr in) 'r - (1
see that the change in VJr is gradual when eitheru (4-) (__ .
or K is away from the flammability limit, and that dr Kn) K - Z 1

Tfrr decreases rapidly as this limit is approached. We Eliminating a from Eq. (14) with Eq. (8) and noting
also see that Vrr increases with increasing To for a E f
given y or K. This suggests that, even if there exists that Q(TIIT) - / (T,4T) + ,# (1 - r), where /l =

heat loss, flame propagation can be sustained when [TI(T - To)]/T, we have

To is high. Note that there exists a maximum in V, dr /c •2 tPo0
at high To. -= t) A.t-)

Further Theoretical Considerations(1 -

The heterogeneous SHS flame propagation has • ep (I - Z0)(1 ) e-1
some additional features that can be contrasted with
the homogeneous gaseous flame propagation. First, + 0
we note that because of the very large Lewis number >8! (15)
of the condensed phase, with Le > 104 in the con-
sumption zone, Ym can be approximated by setting which upon integration yields
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e -~1 [M / n 0.68 = 0.6Ib 1-- n)- A fl, o ..• (a) 11=0 (b) :
ma A\)t/t 0.7 T0=0.02 - 0.7 %=0

7 0.03 003S0.6 --- ---

•p (1 - Z0)(1 - 0).0 0.
S 0.08" o.08

(16) 0 1 0 1

Taking account of the adiabatic condition, that is, r 0 05 1.0 0 0.5 1.0
= 4 = ( = 1, and m = mi, we obtain the following P

relation to the lowest order, evaluated at the edge of FIE. 6. Comparisons between numerical and analytical
the downstream boundary. solutions for the critical value of the mass burning-rate ra-( 9tio; (a) (m/m,, as a function of p, with T,, taken as a pa-

= e (17) rameter; (b) (m/ni), as a function of K, with T, taken as a

In, = parameter.

Here, use has been made of 4' 1 because reaction
is nearly completed even under the nonadiabatic ture in the consumption zone, which is typically
condition. higher than 2000 K. For a cylindrical compact with

Integrating and evaluating Eq. (7) at the down- radius r, the lateral heat loss can be expressed as L
stream edge of the consumption zone, we obtain = ( 2h,.ad/r)" (T - TO), where hrad = ca(T 2 + Td)

- (T + TO) is a radiative heat-transfer coefficient, e
(92/,8) the emissivity, and a the Stefan-Boltzmann constant.

( - 29) - (m/m()
2  (18) Then, the heat-loss parameter !' can be expressed

as

where ý2b 2c(T2 + Tg)(T + To) R2

~(r)(§7) (p~c(ooco)2 (21)

(9/fl) dr + Ob(r,) (19)

JO T
Note that J depends not only on the physicochem-

and use has been made of the upstream relation of ical parameters but also on the particle radius R0 and
(dr/du) = (m/m)[r/(1 - Zo)] and the downstream the eompact radius r. Here, !P is evaluated at the
boundary condition of Eq. (10). Equation (17) can maximum temperature of the flame.

then be rewritten as First, predicted results are compared with exper-
imental data for the Ti-C system. The values of the

1m112 (2 0 physicochemical parameters are as follows: 2/(ptc)
In ( = -Qn 10) m/s [13], v = 0.4 [10], c = 1.0 kJ/(kg K), and

\mI1 In a = 5.67 X 10- ' kJ/(m2 . s K4 ). In accordancewith
experimental data [9,11], the compact has a radius r

It is seen that (m/inhn), = e 12 = 0.6065 and that = 9 mm and a relative density 0.6.
the state of extinction is the same as that for the ho- Figure 7a shows the range of flammability under
mogeneous premixed flame [6,15]. Figure 3 shows heat-loss condition; the abscissa isp and the ordinate
that this analytical extinction state compares well the-initial particle radius Bo. The initial temperature
with the numerical value. Figures 6a and 6b further is To = 0.03 (450 K). Extinction is anticipated to
showv (/m•)hn) as functions of p and K, with To taken occur when IF in Eq. (21) reaches the critical heat-
as a parameter. It is seen that the numerical and an- loss parameter V 0r in Fig. 5a. We see that, while the
alytical solutions for (in/n,,)0 differ by 15%. This dif- range of flammability spans from 0.448 to 1 when Bo
ference is further reduced to less than 4% in the -4 0, it contracts with increasing R0. It further shows
determination of 9">. that the flame front cannot propagate through a com-

pact when B0 is larger than 21.0 pm. Experimental
results [9,11] are also shown in Fig. 7a. Fair agree-

Experimental Comparisons ment is demonstrated for particles that are smaller
than 7.5 im, while discrepancy becomes large for R0

There exist several sources of experimental data = 12.5 pm. This is attributed to the effect of smaller
that can be compared with calculated results. In particles because there exists particle size distribu-
comparisons, we tried to keep as many parameters tion. Note that the extinction limit obtained here cor-
fixed as possible. For the beat loss, only thermal ra- responds to that for the steady flame propagation.
diation is considered because of the high tempera- When the process occurs in an unsteady mode, as a
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FIG. 7. (a) The range of flammability for the Ti-C system "
under heat-loss condition as functions of the mixture ratio FIG. 8. (a) The range of flammability for the Ti-C system
,u and the initial particle radius R,; (0) shows the steady under heat-loss condition as functions of the degree of di-
propagataion, ((I) the pulsating combustion, (A) the flame lution K and the initial particle radius Ro; (0) shows the
extinction during the propagation, and ( X ) the nonignition; steady propagation, (41) the pulsating combustion, (A) the
(b) (uo0 R0) as a function ofp, with R0 taken as a parameter. flame extinction during the propagation, and ( X ) the non-
Data points are experimental [9,11]. ignition; (b) (uo ' Ro) as a function of K, with R0 taken as a

parameter. Data points are experimental [11].

result of loss of stability of the steady propagation, the
limit of self-sustained combustion can be modified ac-
cordingly. Figure 7b shows (u0 • Ro) as a function ofp. [12] measured the boundary of SHS in the boride
The agreement is again fair, as far as the trend and ap- synthesis of Ti, Zr, and Hf at several ambient (or ini-
proximate magnitude are concerned. Figure 7b also tial) temperatures. Their test specimen (19 mm in
shows that (u0 " R0) is one of the important parameters diameter and 0.65 in relative density) is composed
in correlating experimental results. of tens of layers, each of which is 5-mm thick and

The range of flammability with respect to the de- has a certain degree of dilution, which increases
gree of dilution is also obtained (Fig. 8a). The range gradually. Average size of the boron particles is
of flammability becomes narrow with increasing Ro. about 1 pm in diameter. Figure 9a shows the limit
Experimental results [11] are also shown in Fig. 8a. of dilution for the Ti-B system. The values of physi-
Again, fair agreement is demonstrated for particles cochemical parameters are A/(ptc) = 1.6 X 10-5

that are smaller than 7.5 pm, while discrepancy be- m2/s [13], e = 0.6 [14], and c = 1.0 kJ/(kg- K). We
comes large for R0 = 12.5 pm. Figure 8b shows see that the range of flame propagation expands
(uo" R0) as a function of K. The same comments as with increasing To. For a given To, the range of
those for Figs. 7a and 7b can be made. flame propagation narrows with increasing radius of

There exists another source of experimental data boron particle, R0. Figure 9b shows results for the
that can be used for comparison. Munir and Sata Hf-B system with IV(ptc) = 1.8 X 10-5 m2/s [13], a
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900 1 1 1 1 present system is the same as that for the gaseous
a ) Ti -B / £ premixed flame.

U7 Finally, the fair agreement between calculated and

_ Data from . experimental values, in trend and in approximate
• •unir a S ] magnitude, suggests that the present analysis has

600 M un r and Sata captured the essential features of the nonadiabatic
----•-•-- heterogeneous flame propagation process in SHS.

The analysis therefore forms the basic framework for
further studies of other SHS phenomena such as

0
spinning and pulsating combustion, in which heat
loss could be important.
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COMMENTS

A. M. Kanury, Oregon State University, USA. 1. What = 100 correlates well with the experimental data [9] for a
do you assume for the thermal conductivity and its de- Ti-C system whose relative density is about 0.6. Since Leo
pendence on the degree of compaction of the reaction mix- = 100 corresponds to (2/pc) - 1 X 10-5 m

2
/s, use has

ture? been made of this value. Consequently, the experimental
2. Your analysis appears to ignore expansion of the solid data [9,11] for the burning velocity and the flammable

upon reaction. Is this realistic? range used in the present comparisons are restricted to
those with 0.6 relative density.

Author's Reply. 1. In this formulation, what we are con- 2. We experimentally observed that there was axial ex-
cerned about is the conservation in the reaction zone. The pansion of 30% at the most, depending on the mixture
thermal conductivity (2) which always appears in the form ratio, degree of dilution, relative density, and/or particle
of thermometric conductivity (2/pc) depends on the mix- size of powder. However, since expansion occurs mostly
ture ratio, degree of dilution, and relative density (degree after the combustion wave has passed, and since flame
of compaction). Since its dependence on these parameters propagation is primarily controlled by the state of the un-
is complicated, a representative value is used. In our pre- burned mixture, the present results are not sensitive to this
vious work [5], it has been shown that Lewis number Le, small amount of expansion.
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A DMS KINETIC STUDY OF THE BORON OXIDES VAPOR IN THE
COMBUSTION FRONT OF SHS SYSTEM MO + B

OLEG E. KASHIBENINOV AND IGOR A. YURANOV

Institute of Structural Macrokinetics
The Russian Academy of Sciences

142432 Chernogolocka, Moscow Region, Russia

The distribution of the boron oxides vapor in the combustion wave of the SHS system Mo + B has
been studied by the dynamic mass spectrometry technique (DMS) to test the thermodynamically based
hypothesis for the key role of gas-phase transport in solid-state combustion. The molecular beam sampling
of the gases over the burning tablet was performed by a stationary probe cone from the moving combustion
wave. Ion currents of boron oxides were recorded at 10-20 ms intervals that afforded spatial resolution of
0.1-0.2 mm. It has been found that the distribution of the boron oxides vapor pressure along the com-
bustion wave corresponds to the known zones of preheating, reaction, and postcombustion. The rapid
increase of B102 pressure takes place in the preheating zone as a result of the reaction B(s) + BOj(g) -

B205 (g). Boron oxides are not observed over the reaction zone because of their complete decay in the
reaction with Mo(s) to form molybdenum boride(s). The appearance of boron oxide vapors over the
posteombustion zone is due to the evaporation of B50 3(1). The effective kinetic parameters are estimated
from the data obtained. The results show that solid-state combustion of the Mo + B system proceeds
predominantly through formation of gas-phase boron oxides.

Introduction absorbed or occluded oxygen. The typical quantity of
oxygen contamination in the starting sample of the

Gasless combustion of solid reactant mixtures [1] above-mentioned systems is more than enough to
is usually concerned with the self-propagating high- supply the oxide vapor pressure needed for effective
temperature synthesis (SHS) of inorganic materials gas-phase transport [7]. Four stages were revealed for
[2]. Though much progress has been achieved in the process in the Mo + B system. Redistribution of
SHS over the past few years [3,4], many details of oxygen between the Mo- and B-subsystems (stages 1
the kinetics and chemical mechanism of the pro- and 2) was determined as a precursor of the main re-
cesses remain unstudied. Among other things, one of actions of molybdenum boride formation (stages 3
the key questions not yet clarified is how the fast and 4) that can be presented as
reactant transport is performed when the adiabatic
temperature of the combustion front is lower than ,-- -

melting points of the reactants and possible eutectics. 3B202(g) + 4Mo54s ) 2MoA(S) , 2B2o(g

It is quite evident that solid-state diffusion in SHS"15 -- 2

systems cannot maintain the combustion rates oh- 2Bo),g)÷ BI• 3B2 (Q)

served [5]. Therefore, it is reasonable either to as-

sume some unknown peculiar mechanism of ultrafast aB2ot(g) + Wo•s • - 2oB<s) 2B20ý(9)

solid-state diffusion, or to accept that reactant trans- B-b~y~t-

port comes about through the gas phase formed in
the combustion wave. The known type of condensed The later stages were assumed to be the cycling
systems combustion with gasification of components process providing the regeneration of oxygen [5]. Es-
is realized in the latter case. timated gas-phase transport rates can lead to essen-

The thermodynamic calculations performed earlier tially complete reactant conversion in the combus-
[5,6]forthesystemsofthistype(Mo + B,W + B, Ta tion front [6].
+ C) show that gas-phase transport of one or both re- Experimental results obtained by the dynamic
actants is most probably in the form of volatile oxides. mass spectrometry technique (DMS) with molecular
These oxides can a priori exist as a film on the surface beam sampling of high-temperature vapors from var-
of reactant particles and can be formed in the com- ious zones of the combustion wave in the Mo + B
bustion wave through the interaction of reactants with system are presented in this work.

1669
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FIG. 1. Schematic of DMS apparatus used: CRS--con-
trolling and recording system; QMS quadrupole mass
spectrometer MS-7303; AC-analyzer chamber; CC-col- _v,
limator chamber; SC-skimmer chamber; RC-reaction
chamber; CRM-system for combustion rate measure- COMBUSTION WAVE
ment; GS-gas supply and exhaust system; 1-tablet; 2-
adjustment system; 3-beam chopper; 4-QM S ion FIG. 2. Relative position of probe cone and tablet during

source, runs with sampling: (a) on surface; (b) from channel.

ambient gas (Ar, 99.98%) in the reaction chamber
Technique was equal to 1 bar.

The quadrupole mass spectrometer (QMS) MS-
The method used was based on the assumption 7303 with a mass number range 1-500 was used to

that the gas phase inside the sample (in pores) is analyze the molecular beam. The energy of the ion-
related to that on the surface. The observed intensive izing electrons varies from 20 to 100 eV (usually 50
gas release from the burning "gasless" SHS systems eV). Secondary electron multipliers (SEM) VEU-2
[8,9] is evidence in favor of this. Available data on and VEU-6 were used for monitoring the ion cur-
the thermal structure of the combustion wave in SHS rents _10-15 and :10-16 A, respectively. A com-
systems indicate that the difference between the puterized control and recording system (CRS) al-
temperature in volume and on the surface does not lowed measurement of the ion current for a given
exceed 100 TC [10] for the samples of ordinary size. mass with a period from 1 ms. The minimum time
Therefore, one can consider the gas sampled on the interval increased to 13 ms if the ion currents for
surface as representative of the composition of the several masses were measured simultaneously.
gas in the sample. The system used for molecular beam formation

The installation used is sketched in Fig. 1. Cylin- was described elsewhere [11]. In our case, the "sam-
drical tablets 10 mm in diameter and 15-20 mm in pling spot" (the area of gas composition averaging)
length were pressed from equimolecular molybde- for molecular beam formation at the surface is A =
num and boron powder mixtures. The sample was 0.3. d" a" 2 , where d is the orifice diameter of the
placed into the reaction chamber and ignited by a probe cone and a is a dimensionless parameter with
molybdenum coil from the face. The quartz probe an order of magnitude of -100. We can state, there-
cone with a sampling orifice 30-70 pim in diameter fore, that taking into account the frequency of ion
was centrally positioned over the sample. Gas was current recording and the rate of combustion front
sampled on flat surfaces as well as from cylindrical propagation, the spatial resolution in our experi-
channels in the sample body with diameters ranging ments ranged from 0.09 to 0.21 mm.
from 2 to 4 nmn and about 5 mm in length. In the Taking into consideration the sensitivity of SEM
latter case, the probe and channel were coaxial. The in use and deterioration of the beam from the probe
relative positions of probe cone and sample in runs cone to the ionization area, the pressure sensitivity
of these types are shown in Fig. 2. The pressure of at the point of sampling was not worse than 0.1 Pa.
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even when ionizing electron energies of up to 100
1.5 eV were used.

8202 SURFACE The ion currents of B', BO', B202+, and B203+were monitored. According to known data [12], B+
u 0.6 cm/s and BO+ ions are formed by a complex mechanism

involving dissociative ionization. For this reason, the
intensities of their ion currents could not be used for

2 1,0 Zn+ quantitative estimations, and therefore, only the time
(1- ,•+variations of the ion currents of B202+ + and B20j

I / 203formed from the corresponding molecular precur-
WQI sors are used in the following consideration. The ion
f. current is assumed to be proportional to the partial

o 0 1! \ pressure of the corresponding component of gas
Z 0.5 phase in the sampling spot.

I 5. \".. ~Structure of Combustion Wave:
02 . The recording of ion current as a function of time

. -u --- at a known and constant combustion rate u allows us
0 1.'4 1.6 1. 2.0 2.2 t s to obtain the spatial structure of combustion wave

I I 1 assuming that 1 = u At, where 1 is the distance along
t. t1  t2  t3  the front propagation and At = tj - to. The mea-

sured combustion rate of the samples under study
5.0 ranged from 0.5 to 0.7 cm" s-1 and was taken to be

0 0.6 1.8 3.1 5.0 Lmm 0.6 cm. s-I in the subsequent calculations.
Data obtained reveal four regions in the spatial

Fin. 3. Time dependence of ior currents and spatial distribution of gas components over the combustion
regions of combustion frout for the SHS system Mo + B wave. Vigorous release of boron oxides (B120 2,

plg mainly) takes place in the comparatively narrow (0.6
mm) Region I (to - tj; see Fig. 3). Release of boron

The combustion rate was measured concurrently oxides in a wider (1.2 mm) Region II (t, - t2 ) de-

with the ion currents, and the sweep of the QMS was creases sharply and then ceases. A noticeable in-

initiated by the starting pulse of the CRM (see Fig. crease of boron oxides is again observed in Region

1) with a controlled time delay. III (t - t3 -1.3 mm). Finally (t > tW), the decrease
Zinc (99%) powder with a particle size of o<80 am of all gas components released from the sample,

was inserted into the samples in quantities of 0.02- takes place in a wide Region IV (>3.7 mm).

0.03% by mass as a marker to detect the combustion
front passing through the probe cone. The samples sampling from Channel:
were prepared from Mo (99.9%) and amorphous B a
(99.5%) powders with particle size •<5 and •-1 umn, The spatial distribution of boron oxides from the
respectively. channel is more complicated and depends on the

channel diameter (d,). The data obtained for d, =
3.5 m are shown in Fig. 4 and demonstrate the mixing

Results of the gas components released from various regions
into the channel when d, -> 5, where 3 is the width

Figure 3 demonstrates the typical time depend- of the combustion wave. In our experiments, the dif-
ence of ion currents obtained by gas sampling from fusion through the comparatively narrow gap (=1
the surface of a burning sample. In the beginning of mm) between the sample and probe cone was not
the process (before the combustion wave reached the probably fast enough, and boron oxides accumulate
probe), only the background ion current for any of to some extent in the channel (their partial pressure
the oxide masses is monitored. Some release of H2 is about two times higher than at the sampling on the
and N2 (or CO) took place ahead of the combustion surface; see Figs. 3 and 4). One can suppose that such
wave and was terminated about 200 ms before the accumulation proceeds until the wave leaves the
wave reached the probe location. When the com- channel. Comparison of Figs. 3 and 4 indicates that
bustion wave reached the sampling region an ion cur- the curves for boron oxides release recorded at sam-
rent from boron oxides appeared. No molybdenum pling on the surface and from the channel are quite
oxides were measured at the highest sensitivity of similar in spite of obvious differences in Region I.
SEM during the whole period of sample burning, The time borders of Region II are also similar.
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TABLE 1
Equilibrium Partial Pressure of the Main Gas

3.0 Zn'ý CHANNEL 03.5mam Components in the System B + B2O3 (Pa)

u0.6c/
1000 K 1800 K

IB - 2.3 )< 10-4

SRBO 4.0 X 10-9 0.55
BI RO2 2.6 X 10-9 1.2 X 10-5

II B,O -1.6 )< 10-7Laii I~ t

X BO, 2.1 x 10- 4.5
"D 20 2.9 x 10- 1.2 X 10-2

z
2 1.0 I .

r! batic one, is probably reached there. The decrease
!V of Zn+ ion current in Regions III and IV can be at-

tributed to depletion of Zn.
0;~ I)j

0 1.0 1.2 1.4 1.6 t S Discussion

to tl t2  It is quite natural to consider the dependencies

I I obtained in terms of the combustion wave structure
0 3.5 4.6 L mm in SHS systems where the zones of preheating, re-

action, and postcombustion are commonly recog-
FIG. 4. Time dependence of ion currents and fluctua- nized [4].

tions of boron oxide pressures in the SHS system Mo + B
ýeith sampling from the channel.

Region h
Temperature Profile: Region I can be identified with the preheating

zone. The relatively narrow part of the preheating

As noted above, zinc additives were inserted into zone closest to the reaction zone is probably observed
the samples as a marker. The ionization potential for in our experiments. The temperature there is high
Zn (9.39 eV [13]) is considerably lower than for BO, enough to evaporate the boron oxides (see Table 1).
B202, and B203 (-14 eV [13]). The time of zinc Based on the model of the gas-phase reactant trans-
(-10-3 gcem3-) heating in the combustion wave port in the Mo + B system [6], this part of the pre-
from room to adiabatic temperature (Tad = 1800 K heating zone can be considered as "setting the stage"
[10]) by the heat of reaction Mo(s) + B(s) MoB(s) for the main reaction in the system (Stages 1 and 2).
+ 71 kJ mool-' does not exceed 0.5 ms. Its complete The appearance of B202+ different from the back-
vaporization at T2d and an external pressure of 1 bar ground value could then be taken as the origin of
needs at least 0.1 s. This process thus cannot disturb coordinates for the quantitative analysis of the pro-
the thermal structure of the combustion wave since cesses in the combustion wave in time as well as in
the heat of vaporization of zinc is 120 kJ" mol- 1 [14]. space (to).

To estimate the possible effect of ZnO presence Maximum pressures of boron oxides in Region I
in the system, the corresponding thermochemical are reached in time At = ts - to = 100 ms that
data are needed. Unfortunately, these data are not corresponds to a width of 0.6 mm in the region. If
available. However, the boiling point for Zn (=1180 one assumes that the maximum Zn+ is detected at
K) is about 1000 'C lower than melting point for ZnO the maximum temperature of the combustion front
(=2250 K), suggesting that the effect of ZnO is neg- Tad = 1800 K, and the temperature gradient in front
ligible. is equal to 530 deg" mm-' [10], then the tempera-

Therefore, one can consider the vaporization of ture in the beginning (to) and in the end (tj) of Re-
zinc from the sample and its corresponding ion cur- gion I is equal to 910 and 1230 K, respectively. These
rent as adequately responding to the temperature temperatures are rather high. Our estimation shows
change in the combustion wave. The data obtained that the convective flow of the admixed gases from
show (see Fig. 3) the sharp and strong increase of the sample pores through thermal expansion is neg-
the Zn< ion current at the end of Region II. The ligible by the time they are reached. The lack of Zn+
maximum temperature, which is equal to the adia- in Region I is probably due to the fast reaction (k1mO°K



A DMS KINETIC STUDY OF THE BORON OXIDES VAPOR 1673

10-13 cm3
_molecule-'-s-1 [15]) of zinc vapor X 103.cm 2 forVr = 0.19cm3.The activation energy

with oxygen. estimated from Eq. (B) is equal to 140 kJ t mol-I and
From general considerations, it is clear that boron unexpectedly fits well the endothermicity of reaction

oxides in Region I are mainly evaporated from the (2). Thus, reaction (2) can be considered as the main
binary system B + B203. The observed relationship source of B20 2(g) in the combustion wave of the Mo
of B202' and B20 3' ion currents qualitatively cor- + B system.
responds to the data presented in Table 1 (PB2o0»

PB2o0). Besides, these data allow us to consider B20 2  Region IL
as the main component of the gas phase in the com-
bustion wave of the Mo + B system. The rapid decrease of boron oxide and its absence

In principle, two reactions between the solid bo- in a fairly long zone of Region II in the wake of the
ron and B20 3 result in B2Oj(g) formation: fast increase in Region I can be caused by the fol-

B(s) + B2O I() 
lowing:

1. the termination of boron oxide formation or va-
1.5 B20 2 (g) + 522 kJ-mol- 1  (1) porization,

2. the decay of boron oxide in the reaction(s) occur-
B(s) + B203(g) ring in the sample volume with the rate equal to

-+ 1.5 B20 2(g) + 147 kJ. mol- 1 (2) their formation rate.

The estimate using k2 = 14 s-1 and the value of
Reaction (2) is thermodynamically preferred. For ki- equilibrium partial pressure of B20 3(g) at 1000 K
netic evaluation, it is necessary to determine the rate reveals that boron oxide vapor formation in Region I
coefficient for this reaction. Such evaluation based results in a negligible consumption of B(s). There is
on the data obtained is possible only with some errors no reason to suppose that pores in the sample be-
originating from the nonisothermicity of Region I come closed because of the formation of oxideless
and the movement of combustion wave relative to liquid phases with the result in arrest of oxide vapor-
the probe. ization. Hence, the involving of boron oxides in the

The rate coefficient for reaction (2) was estimated reaction(s) with molybdenum can be the only reason
assuming the average temperature in the whole Re- for the absence of the detected oxide ion current at
gion I to be 1070 K. The ion current of B2 0 2 in this high temperature of the combustion front. If one
region increases with a width of <0.3 mm at a reli- considers B202(g) as the main component of the
able spatial resolution of >0.14 mm. Therefore, if equilibrium gas phase in the system, then the follow-
one neglects the effect of the combustion wave prop- ing reaction dominates in Region II:
agation on such a relatively short length, the rise to
the first maximum can be considered as the depend- B20(g) + Mo(s)
ence of B20 2 + on time in the sampling spot.

When the process starts, the total surface of boron MoB + ... (x = 1,2). (3)
particles changes insignificantly, and heterogeneous
reaction (2) can be described by the first-order ki- Figure 3 shows that the ion currents of the boron
netic law on B20 2(g). Then the treatment of the oxides increase significantly after the passing of Re-
curve from to to t, by gion II. This can be attributed to the Mo(s) vanishing

in the system as a result of reaction (3). The rela-
2= - B102)] t-' (A) tionship between the ion currents of B20 2+ and

B2O3+ changes drastically (PB2o0- > PBe0o) in com-
where IB,2o is the ion current of B202+ in relative parison with Region I and indicates, with the data of
units, yields the value k2 = 14 s 1. Using the known Table 2, that B(s) is also converted completely for
equation [16], the effective rate coefficient for het- the period (t2 - t,. These facts are of particular
erogeneous reaction (2) at fully reactive surface can importance for the following estimates.
be described by The spatial extension of Region II does not allow

us to neglect its movement relative to the probe cone
k2 = SB" Vg'. (kT/2nmB202)l/2. exp(- E/IRT) (B) and consider the dependence of B202 in this region

only as a function of time. Besides, the surface of
where inB2 O2 is the mass of molecule and SB is the boron particles changes substantially in Region II.
accessible surface of boron particles in the reaction Therefore, kinetic equations for two subsequent re-
volume V,. Taking the average radius of boron par- actions of pseudo-first-order cannot be used here.
tidles equal to 5 X 10-5 cm and assuming that, in On the assumption of complete boron conversion
the equimolecular Mo + B mixture, the reactant in Region II during the period oft 2 - tl = 200 ms
concentration is equal to 0.043 mole. cm- 3 at a rel- and domination of the reaction (3), the specific rate
ative density of 0.6, it is easy to calculate SB = 1.8 ofthis reactionis equaltow 3 = 0.2mole.cm -. s-1.
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TABLE 2 described by equal rate coefficient as the experi-
Equilibrium Partial Pressure of the Main Gas ments verify (see Figs. 3 and 4).

Components over B9O0(1) (Pa) The interval where B3 20 and B20 3' ion currents
increase sharply is rather small (like Region I) and

1000 K 1800 K allows us to treat the curves I(t) using the kinetic
equations for the first-order processes. The calcu-

B - 2.2 x 10-''. lated value of the rate coefficient for B1203() evap-
BO 4.5 x 10-"' 7.2 x 10-2 oration is equal to k4 - 20 s- 1.
BO, 4.3 x 10-' 0.22 According to the theory of evaporation of liquids
B,O - [18], the equation for the rate coefficient of direct
B1,O, 6.3 x 10-" 7.2 x 10-2 reaction [Eq. (4)] can be represented as
B•,O3  2.9 x 10 7 30 xk4 = (kT/2n7-r°

0 3)"2  
(C)

S(022/t-2f) exp( - EJRT)
According to the data available [5,17], the transfer of
boron takes place in the reacting Mo + B system, where 2 is the proper volume of molecule, Of is the

and MoB formation occurs on the Mo surface. The free volume, and E, = AHL - RT (AH, - evapo-

rate of boride layer growth in towards the particle ration heat). Evaluations for Tad = 1800 K using tet-

body is higher than along its surface, and a noticeable rahedral radii of B and 0 atoms (0.88 and 0.66 A,
part of the molybdenum surface remains uncovered respectively) to simulate ( give us the values of E,
by boride up to the final stage of the process. This = 345 kJ" mol-1 and AH_ >- 360 kJ mol. The lat-
allows us to assume that the area of reactive surface ter value fits the tabulated one [14].
of molybdenum particles changes negligible during The decrease of boron oxides and Zn' ion current

reaction (3). In such a case, the effective rate coef- in Region IV (t > t3) could be explained by the sam-
ficient for reaction (3) calculated with a B202(g) con- ple cooling.
centration corresponding to the equilibrium partial
pressure at Tad = 1800 K [6] is equal in order of Sampling from Channel:
magnitude to k3 - 101 s - '. Assuming the probability Two features attract attention in the data obtained
of collisions of B20 2 molecules with the surface of by gas sampling from the channel in the burning tab-
molybdenum (SM,,,- 6 > 103 cm-) in the volume let. Representative results of such experiments are
of Region II (V,- - 0.38 cm 3) as equal to unity, one shown in Fig. 4 for a channel 3.5 mm in diameter.
can estimate the activation energy for reaction (3) First, the width of Region g, 1 = u" At, corresponds
using equation (B). The estimate gives the value E3 to width of R e on the u lttlcorreson
S0. The absence of an activation barrier in reaction ttthe channel diameter. Second, the multiplicity of
(3) allows the conclusion on the kinetic but not dif- corresponds to the ratio p/a = 3. These data are in
fusion mode for molybdenum boride formation in correspond to the r alue o 3 thes at ar
the combustion front of the Mo + B system. The good agreement with the value of. 3 obtained at gas
widths of Region 11 (1.2 mm) and combustion front sampling from the surface.ci- The fine structure of the curves 1(t) and the cor-
for the Mo + B system measured earlier [10] coin- responding distribution of boron oxide partial pres-
cide very closely. sures correlates with the known oscillations [19] of

the combustion front in the SHS system Mo + B.

Regions III and IV: The absence of the fine structure from sampling at
the surface (see Fig. 3) is attributable either to their

If the reaction of molybdenum boride(s) formation small scale, which is smaller than spatial resolution
is completed in Region II, it leaves behind the prod- of the wave, or to the minor (below the sensitivity
uct and B320(l) with equilibrium vapor as the major limits) changes of boron oxide partial pressures in the
contamination. Therefore, the relationship between pulse. The sampling from the channel lifts both re-
ion currents of B13 20 and B2030 in Regions III and strictions. It is interesting to note that the distance
IV has to correspond to evaporation of B203(l) in the between the peaks of the fine structure coincides
absence of B(s). At 1800 K, the equilibrium with the thickness of layers (0.2 mm) into which the

cooled tablet of molybdenum boride breaks down

B120,() 4:= B320(g) + B202(g) after combustion in the oscillating mode.

+ ... + 375 kJ mol- (4) Acknowledgments
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THEORY OF SPIN AND SPIRAL GASLESS COMBUSTION

BORIS V. NOVOZHILOV
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Moscow, 117977, Russia

Experimental investigations of gasless condensed-system combustion have resulted in the discovery of
new interesting regimes of reaction zone propagation. Among them are spin and spiral modes. The former
is combustion of a cylindrical sample when a reaction hot spot moves in helical fashion along its surface. The
latter represents combustion with a spiral trajectory on a planar sample. From a theoretical point of view,
both the spin and spiral combustion are very strongly nonlinear phenomena. An approximate analytical
method is formulated for the spin and spiral combustion modes in this paper. Because the surface regimes
are considered, one can investigate only a two-dimensional problem, which can be reduced to a one-dimen-
sional one by averaging the temperature over the spin step. The reaction zone is assumed to be infinitely
thin in one dimension and of finite length in the other, Finally, it is supposed that two velocity components
of the hot spot differ greatly. The conditions for existence of the spin and spiral regimes are obtained. They
depend on the cylinder diameter or spiral radius and heat losses. Explicit analytical expressions for various
quantities of interest, including the propagation spin and spiral velocity components and the temperature
profile, are given. It is possible in the framework of the theory to explain multicenter spin and spiral re-
gimes. Wherever possible, conclusions of the theory are compared vith the experimental data.

Introduction the volume spin burning [5-7]. A comprehensive re-
view of these studies, in which the bifurcation theory

Over the past decades, new interesting wave re- was used, was given by Margolis [8]. Several math-
gimes were discovered in gasless combustion, i.e., ematical models of spin combustion have been pro-
when the chemical transformation takes place in posed and numerical results were obtained in the
solid fuel and when the combustion products are instability region of the steady-state regime with very
condensed. The most unexpected and puzzling phe- small diameters of samples [9-11].
nomena are spin and spiral combustion modes. A real spin observed experimentally is a very

Surface spin burning was first observed by Mer- strongly nonlinear regime, and its characteristics dif-
zhanov and coworkers [1] in studies of the burning fer greatly from those obtained in cited theoretical
of porous metallic specimens in gaseous oxidizers studies. The concept of two types of spin-strong and
where only a thin surface layer is consumed during weak-was advanced Refs. 12 through 14. In the next
combustion. On igniting the cylindrical sample, a section, this concept is discussed.
glowing spot of small diameter appears on its lateral A mathematical theory of the very strong regimes
surface and spirals along the surface. The spot leaves must be strongly nonlinear. In this field, few precige
a bright trace, which gradually merges with a similar solutions are accessible. The features of the strong
trace of the previous turn. There also exists another spin and spiral phenomena permit one to construct
type of the spinning mode, namely volume spin com- approximate methods to solve the problems. The
bustion [2]. In this case, combustion occurs through- methods are described in the next three sections of
out the volume of the cylindrical specimen. the paper. The paper closes with a comparison of

There is only one experimental work devoted to theory with experimental data.
spiral combustion modes [3]. This type of nonsteady
burning regime represents combustion with a hot
spot spiral trajectory on a thin planar sample. Weak and Strong Nonlinear

Besides the spin and spiral modes, other regimes Combustion Modes
of front propagations in gasless combustion are pos-
sible. Recently, a review was published by this author The spin and spiral combustion, as well as other
[4] to provide readers with numerous experimental, nonlinear nonsteady phenomena observed with
analytical, and numerical results obtained in this field solid-phase product systems, are related directly to
of the combustion science. the existence of stability boundary of a steady-state

Most theoretical investigations consider mainly plane reaction wave. To investigate these burning

1677
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FIG. 2. Different modes of combustion propagation
along a cylindrical sample. C: steady-state planar wave; W:
weak spin solution; M: multispot unsteady combustion; S:

FIG. 1. Schematic drawing of (a) surface planar wave and strong spinning g

(b) surface spin combustion. C: hot spinning spot; s: spin
step; h: combustion layer thickness; u, v: velocity compo- by means of the bifurcation theory. This theory deals
nents. with the determination of perturbation amplitudes

only in the vicinity of the stability boundary where
the departure of a burning regime from the steady

modes, one must study propagation regimes in the state is a small correction. We called this the weak
instability domain. spin regime [12-14]. There is no experimental evi-

It was shown by Makhviladze and Novozhilov [15] dence of existence of a weak spin. One can say the
that the domains of stability can be expressed in same about the spiral mode of combustion. The weak
terms of parameter k, defined as spiral problem was discussed theoretically in Ref. 16.

The real spin and spiral combustion regimes ob-
k = (TPI - Tr,)d lnu5/dTpJ (1) served experimentally are strongly nonlinear. The

characteristics of these strong spin and spiral modes
whose explicit expression depends on the type of differ greatly from those ofweak regimes in three ways.
steady-state burning law un (TM). When k exceeds a First, it should be emphasized that a flame front
critical value, k1, the instability of steady-state re- in the bifurcation theory is considered as a stationary
gimes with multidimensional perturbations, arises plane front with a small time-dependent correction.
more readily than in the one-dimensional case, and Thus, in such a case, the front is continuous and dif-
the stability loss is of oscillatory nature. In Eq. (1), fers only slightly from the steady-state one. On the
T,, and TI, are the initial temperature and adiabatic contrary, both a strong surface spin and a spiral mode
burning temperature, and the quantities pertaining have disrupted fronts (reaction spots). Second, it can
to the stationary comnbustion regime are labeled with be easily shown that the bifurcation theory is able to
a zero superscript. consider only the case of small sample sizes, d <

In order to illustrate the stability loss, two cases, a 6y/u°, where v is the thermal diffusivity. Real exper-
planar stationary wave and a spin-combustion re- iments are run with specimens of much larger sizes.
gime, respectively, are shown in Figure 1. If k < ki Third, the ratio of the two velocity components v/u
(k, - 4-the stability boundary), a steady-state sur- in the bifurcation theory is between 3 and 4. These
face planar wave propagates along the cylinder. At k values are not large enough to explain experimental
> k2(60 > k6), there exists a spin regime. Numerous data. In fact, spin and spiral combustion experiments
experiments show nonstationary multispot combus- [17] show that the ratio of velocity components v/u
tion between k, and k2. The sequence of combustion ranges from 10 to 30.
modes, with increasing k, from steady-state planar
wave to the strong spinning regime, is shown in
Fig. 2. Approximate Theory of a Strong Spin

To describe the nonsteady modes of combustion
on the unstable side of the stability boundary, a non- The approximate analytical approach for investi-
linear analysis is needed to calculate the finite am- gation of a surface spin regime is presented below.
plitudes. As mentioned above, numerous papers Let us first enumerate the main approximations
were devoted to the searching of the spin problem that can be made in solving the strong surface spin
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is considered to occur in a strip, infinite in x-direc-
tion, and having a width I = nd, resulting from the
unfolding of a cylinder of diameter d. The coordinate

A / system is chosen so that the burning zone is fixed,A while the mass flows in x- and p-directions with ve-

locities u and v, respectively.
v The width of the combustion zone is equal to spin

-_ -- step s. The law of mass conservation gives lu = sv.
u Ci •Taking into account the inequality I >> s, the tem-

perature is averaged over the thin substance layer of
x width s. This layer may be considered as a reactor

receiving the flux of unburned mixture in direc-
tion x.

FIG. 3. Sketch of a burning strip. A: initial substance; B: tin x.

combustion prodncts; C: flame front. Within this layer, we have the stationary heat con-
ductivity equation in the p-direction:

z--T - vy--dy + q - q2- q3- q4 = 0 (2)

V where
E3

q, = (T, - T) (convective energy flux)
S~s

-q2 = a s7 (T - Ta)
S2

ZE - (heat losses into the green mixture)

= q3-=(T - T1,)
n~S2

(heat losses into the combustion products)

h,2 (T - T)

Fic. 4. Graphs of tbe left (V) and right (E) sides of Eq. (heat losses into the surroundings).
(7). s: solution corresponding to strong spin combustion; u:
unstable solution; n: physically nonexisting solution. The values a and ,# are the corresponding coeffi-

cients of heat losses. The effective thickness of the
layer in radial direction h is introduced to character-

problem. First, the reaction zone is assumed to be ize the heat losses in that direction.
infinitely thin in one dimension and of finite length The combustion zone can be conveniently placed
in the other. This length is equal to a spin step. These at y = 0, the corresponding boundary conditions be-
approximations are based upon the fact that, as a ing the following:
rule, chemical combustion reactions have large acti-
vation energies, so consumption of reactive sub- Tl,5_ = T!,•_
stances occurs within a very thin layer. Second, it may
be supposed that the reaction zone is oriented along dT dT (3)7 -- ~ Z =v(Tb -Ta). (3

the axis of the cylinder. This assumption may be jus- dy y , p ,=0
tified by the fact that the ratio of two spin velocity
components is large. Dealing with the surface spin The combustion zone thickness must be the same
regime, one can investigate only the two-dimensional order of magnitude as the thickness of the heated
problem. To consider the strong surface spin regime, layer along the x-axis; s = bZ/u, where b is a coeffi-
it is convenient to cut the cylinder surface along the cient of order unit. From the last correlation and the
direction parallel to its axis and unroll it. This reduces relationship s = ul/v, we have s = (bz1/v)i/2.
the geometry one has to consider to an infinite strip We assume the Arrhenius dependence of burning
whose width equals the length of the circle of the rate on the temperature of the combustion zone: v
cylinder. = A exp(E/RgT,). Then, let us introduce the dimen-

The problem is illustrated by Fig. 3. The process sionless variables and parameters:
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V = r/110, U n /A
0

, L = luO/Z, 5

H = 1u/ 1, 00 = T,0/TI, 0,, = T,r/Tb (4)

where u0 A exp(-E/RgT,,) is the burning rate,
corresponding to the front temperature Tb.

Equations (2) and (3) can be easily solved to yield 4
the temperature of the combustion zone:

= (1 + a/b + LA112)0', + fl/b 2
1 + (a + #)/b + LATH5  

- -. -_4- .....

(1 - 0,)(e2 -e) (5) 0.5 1.0 1.5 2.0 2.5 e.0 3.5

S(1 - e)((e - 1) (gL

where FIG. 5. The dependencies of transversal spin velocity on
the cylinder perimeter for k = 5, 0, = 0, and various heat

el = exp[-(R + 1)LV/2], losses. (1) H = 1.78; (2) H = 2.00; (3) H = 4.00; (4) H
= 7.50; (5) H = c. The dashed curves show unstable

e, = exp[(R - 1)LV/2], solutions.

R = [1 + 4(b + a + /i)/bLV + 4/H2V2]1/2.
40

(6)

The correlation (5) and the relationship between
reaction rate and temperature at front

V = exp[k(1 -1/0,)/(1 - 0,)], 20

k = (1 - OA)E/2RITb (7)

allow us to obtain all the characteristics of spin com-
bustion V(L), U = (bV/L) 112 , and V/U = (L/bV)"5 . 0

Figure 4, in which the left part (L) and right part 0.5 1.0 1.5 2.0 2.5
(E) of Eq. (7) are plotted, illustrates the solution of IgL

Eqs. (4) and (6). Curves E1 or E3 show only one so-
lution. Curve E, shows three, but only one of those FIe. 6. The ratio of two spin velocity components vs the
is a strong spin solution. The other two are either cylinder perimeter for H = 3, 0,, 0, and various values
unstable or physically nonexistent. of the stability parameter, k. (1) k 4 5; (2) k = 6; (3)4 =

It is worth pointing out that the model presented 7. The dashed curves show unstable solutions.
above is quite similar to the simplest theory of critical
diameter of combustion [18]. However, two major Figures 5 and 6 show the dependence of the trans-
differences should be mentioned. They are, first, the verse burning rate, and the ratio of transverse and
condition of cyclic recurrences (3) that determines longitudinal rates on the sample diameter, at differ-
the temperature in combustion zone and, second, the ent values of the stability parameter and at different
fact that heat losses are affected not only by external intensities of heat losses to the environment. The ex-
conditions (through parameter h) but also by internal istence of spin limits both of diameter and heat losses
characteristic of the process, i.e., the burning rate and the values V/U are in agreement with experi-
along the x-axis conforming to the burning rate in the ment.
perpendicular direction. It should be noted that conditions for existence

The relative width of spin step b as well as the and characteristics of multihead spins can be re-
heatloss coefficients a and /3 depend, obviously, on vealed quite easily within the framework of the pre-
the actual temperature profile in the x-direction. If sented model. It can be shown that V,,(L) = VI(L/n),
it is treated as Michelson's profile, corresponding to where V,, is the velocity of the n-head spin.
burning rate u, then we obtain

a = (e 1) )- , fl = e, and b = 1. Quasi-Stationary Theory of Spiral Combustion

These values have been used in calculations, the There is a significant difference between the spin
results of which are given below, and the spiral combustion regimes. The former is a
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V ý = -+ t = to + -r - (10)

1r0 ur fvd U

The explicit expressions for the trajectory and time
dependencies of all variables in question can be ob-
tained if we note that the experimental data [3] and
the spin theory give the orbital velocity v very close
to a constant value v0 .The initial coordinates may be
chosen as to = 0 and qp0 = 0. Then, we obtain

Uo = (bZvo/2nro)"/2 , u = uo(ro/r)1/2,

r(y) = r0 (1 + uoy/2vo)2. (11)

The hot spot thus will trace out a trajectory, which
is an algebraic spiral (a generalized Archimedian spi-
ral or the special case of a Galileo spiral).

The hot-spot coordinates vary with time as

_o(t) = (2vo/uo)[(1 + 3uot/2ro) 1/3 - 1],

FIn. 7. Sketch of a spiral combustion mode. A: initial r(t) = r0 (1 + 3uot/2ro)2 /3 . (12)
substance, B: combustion products, C: flame front.

It should be noted in conclusion that, in the frame-
work of this approach, one can also obtain multispot

steady-state regime that can be described in a suit- spiral regimes.
able coordinate system by stationary equations. On
the other hand, the latter represents an essentially
nonsteady phenomenon. Nevertheless, a quasi- Cornarison with Experimental Data
steady spiral burning theory can be formulated based p p
on the above strong spin theory and on the large ratio Let us now consider experimental data and com-
of two hot spot velocity components. Let w the e-derim e taca a p-

Figure 7 illustrates spiral combustion. First, one pare them with the above-described theoretical ap-
should consider a fast motion of the hot spot around pralach. It should be noted that although spin and
a ring of a constant radius r and width s. A slow ex- spiral combustion modes have been known for about
pansion of the ring, at this step of solution procedure, 20 years, these interesting phenomena have been lit-
is neglected because it is of the order of u /v. It will tle investigated quantitatively. That is why it is im-

be readily seen that the solution of this fast part of possible to make an accurate quantitative comparison

the spiral combustion problem amounts to solving of theory and experiment at the present time. We

the set of spin Eqs. (2) and (3), in which the y-co- can only pose the question whether certain effects

ordinate must be replaced by ryp, where p is the an- predicted by the theory do exist, and if so, whether

gular coordinate. Thus, the dependencies of the ve- they are comparable at least in the order of magni-

locity components on a radius u (r), v (r) can be tude

found from Eqs. (5) through (7). First, the approach presented in this work gives

We next describe the slow radial expansion by the spin and spiral combustion limits both of the perim-
simple kinematic equations eter of the sample or the diameter of the spiral andof heat losses. This fact and the order of the ratio of

v dpov croy (8) the velocity components v/u are in agreement with
d= O~ t r drt (8) the experiment.
dt dt r' dt v The presented model of spin also results in an in-

teresting corollary. It follows from the relations vs =
with the initial conditions ul and s = bX/u that the ratio of the squared velocity

along the axis of the cylinder and the frequency of
t = to, (p = (p0, r = r0 (9) spin v = v/1 must be constant and of the same order

of magnitude as the thermal diffusivity u2/v = bZ.
where (po and r0 are the hot spot coordinates at the The dependencies of burning rate u and frequency
moment it appears. v on the sample diameter d are given in Ref. 17. It

The trajectory of the hot reacting zone r((p) and is seen from Table 1 that the frequency decreases
time dependencies r(t) and (p(t), therefore, are found approximately threefold and the velocity approxi-
from mately by a factor of 2 as the diameter varies from
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TABLE 1 not claim detailed quantitative description of the pro-
Experimental dependencies of spin axial burning rate u cesses considered. The simple model adopted in the
and frequency v on the sample diameter d [17] and the paper only crudely reflects the real physicochemieal

ratio u2/v calculated from the experimental data processes occurring in gasless processes. Neverthe-
less, as seen from the previous section, there is qual-

d v u (u/V) 102 itative, and in some cases quantitative, agreement be-
(cm) (s-J) (cm S'1) (cm2 

s-1) tween theory and experimental data. The
mathematical side of the theory can certainly be im-

0.8 0.70 0.13 2.4 proved, for example, by eliminating the temperature
1.0 0.70 0.13 2.4 averaging over the spin step. However, in our opin-
1.5 0.55 0.11 2.2 ion, further progress in the theory of phenomena
1.8 0.20 0.07 2.5 such as the ones treated in this paper will depend on

advances in experimental investigations.

1.2-

Nomenclature

b dimensionless spin step

c specific heat
8d diameter

0 el function defined by Eq. (6)
e2  function defined by Eq. (6)
E activation energy

0.4 - h burning layer thickness
H dimensionless burning layer thickness

o k dimensionless parameter defining depend-
ence of steady-state burning rate on initial
temperature

0' 1 perimeter
4 8 12 16 L dimensionless perimeter

r, MM n the number of spin heads
q, convective energy flux

FIG. 8. Comparison of calculated spiral combustion ve- q2 energy flux into the green mixture
locities with experimental measurements [3]: co = 2Qrv. q3 energy flux into the combustion products

q4  energy flux into the surroundings

0.8 to 1.8 cm. Meanwhile, the ratio u2/v, calculated Q thermal effect

from the experimental data, remains nearly constant R function defined by Eq. (6)

and equal to 2.4 X 10-2 cm 2/s. This value of the R uni on stan t

thermal diffusivity is quite reasonable [19]. For the a s universal gas constant
s spin or spiral step

spiral burning, we have the relation 2scru2/v = bZ. t time
The experimental data presented in Ref. 3 show that T temperature
this expression is very close to a constant on the order u axial spin or radial spiral velocity
of 10-2 cm2/s, that is, again in the vicinity of the U dimensionless axial spin or radial spiral veloc-
thermal diffusivity of the mixture investigated [19]. ity

Finally, in Fig. 8, we try to compare quantitatively v orbital spin or spiral velocity
the theoretical and experimental data concerning the V dimensionless orbital spin or spiral velocity
dependencies of the velocity components for the spi- x space coordinate
ral combustion on radius of the spiral. The best
agreement is for E = 50 kcallmol, v(Tb) = 0.15 y space coordinate

Z pre-exponential factor in Arrhenius equationcims, b =135 K T0 = 30 K ad h= 02 c. a coefficient of heat losses into the green mix-
These values are also quite reasonable [20]. ture

I? coefficient of heat losses into the combustion
products

Conclusion 0 dimensionless temperature
y thermal diffusivity

It should be emphasized in conclusion that the v angular spin velocity
theory presented is a very approximate one and can- p angular coordinate
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BUOYANT DOWNWARD DIFFUSION FLAME SPREAD
AND EXTINCTION IN PARTIAL-GRAVITY ACCELERATIONS
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This paper describes experissental ol servatiois of downward, opposed-flow flame spreading made iiiider
palrtial-gravit conditions aboard NASA research aircraft. Special apparatus and technicjues for these tests
are described, ililuding schlierei I inaging of di is iear-limit flames. Flame-spreading and flam mability
lisit behaviors of a thiis cellulosic fuel, 1 X l0o-. g/cio 2 tested at 1 atm of pressure in oxvgen/nitrogen
mixtures of 13-21% oxygen bv voluiie, are described for effective acceleration levels raiging fromn 0.05
to 0.6 timies normnal earth gravity (1 0). Dosvnward-biirning 11amumabililtv icreases in partial gravit, with
the limiting oxvgei fractioi falling fromi 15.6% oxvgen i(i 1 g to 13-14% oxsgen in 0.05-0.1 g. Flaisse-
spread rates are showni to peak in partial graxitv, increasiig by 20% over te 1-g value in ar (21U oxygen).
Partial-gravity flame-spreading results, corrected for fuel density aid thickesss, are consisteit vith results
obtained at acceleration levels above I g us a centrifuge. The results compare qualitatively with predictions
of flame spreading in buoyant floss by imodels that include fimite-rate csemiical kinetics asd surfamee and
gas-phase radiative loss iiechanisiss. A correlation of experimenital buoyant dowvisvard flaHie-spread results
is introduced that accounts for radiative heat losses using a dimsensionless spread rate, I'", a radia-
tioin/coiduction numsber, S, and the Damskohler inumber, Da, as parameters. The correlation includes
data fronm 0.05 g to 4.25 g and oxvgem/nitroges issixtures frioin 14% to 50% oxvgei.

Introduction in inicrogravity, using drop-tower [9,10] and space
shuttle facilities [11], demonstrated the predicted

Flame spreading over solid fuels is a phenomena spread rate and quenching effects. In purely buoyant
of fundamental interest and of practical value in the flow, however, downward-burning experiments were
study and control of fire. In flame-spread studies, dis- limited to normal earth gravity (1 g) and elevated grav-
tinctions between flames in flows opposed to and ity using a centrifuige [12]. While noting a low-gravity,
concurrent with the flame-spread direction, between quiescent study perturbed by unsteady accelerations
thermally thin and thick fuels, and between flows fin- [13], this paper reports the first systematic observa-
posed externally (forced) or by gravity (buoyancy) tions offlames spreading in purelybuoyant, low-speed
have been identified. Several reviews articulate the flows induced by accelerations below I g.
subject [1,2]. We conducted a series of aircraft-based tests to

Access to microgravity environments motivated observe both downward and upward flame-spreading
theoretical and experimental explorations of low- and flaimmability behavior of thin solid fuels in sus-
speed flow regimes in which buoyancyforces could be tained partial-gravity accelerations betwveen 0.05 and
reduced or eliminated. Numerical modeling quanti- 1 g. To obtain these data, special apparatus and tech-
fied surface and gas-phase radiation mechanisms [3- niques were developed. This paper concerns the
6] and predicted the influence of radiative loss in downward-spreading case only and provides an op-
spread-rate reductions and quenching. Numerical portunity to evaluate models of flame spreading in

evaluations of velocity-profile effects [7] and predic- purely buoyant flow.

tions that near-wall velocity gradients would correlate
spreading behavior [8] led us to suggest separate ex- Experiments
perinientad observations of flaimes spreading in low-
speed pusrely forced and purely buoyant flows. An apparatus was devised to observe flame spread

Purely forced, opposed-flow, and quiescent studies over solid fuels in partial-gravity accelerations aboard

1685
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NASA aircraft facilities. The apparatus provides 24 T... FT,

seiniautononions operation, capable of several tests 22
per flight, either attached to the airframe or floated *** ** *
freely in the aircraft cabin. The apparatus includes a 20
2 6 -liter cylindrical chamber, 25.4 cln in diameter and 1*
50.8 cm in length; simultaneous schlieren and con- 18

ventional imaging; provisions for atmosphere re- a 1 6 as. o'
placement; thermocouple, ignition, and lighting cir- X 0 . 6

cuitrv; and a flanged end plate wvith a quick-release x- 1 4
binding for rapid specimen replacement. 1 2

Test specimens, 8-cmr long and 7-cmr wide, were
made of thin cellulosic tissues (tradename Kim- 1 0
wipes), which were used previously in drop-tower 8
tests [9,10,14]. This material has a half-thickness area
density (i.e., mass density x thickness) of 1.0 6 -..

ing/cnm2 and was used because of its high flame- 1 0- 1 00 1 01
spread rate compared to other fuels and because it 9/gEorth
tends to remain flat wvhile burning. The samples were
taped across a 25.4 X 5 cm gap in 0.05-cm-thick FIG. 1. Flammability map in 0, mole fraction vs accel-

stainless-steel sample holders that fill a diametrical eration for thin cellulosic fuels, with downward burning in

plane of the cylindrical chamber, thereby exposing purely buoyant flows in 1-atm pressure. Solid symbols rep-

fuel, 8 cm in the (axial) burning direction by 5-ern resent flammable conditions; hollow symbols represent

wide, to the atmosphere on both sides. nonflamnmable conditions. Data near 4 g are from Ref. 12.

Control of the fuel moisture content was con- The solid line estimates experimental flammability bound-

strained. Prior to takeoff, premounted samples were asýs; the dotted line is the boundamr predicted in Ref. 6.

stored in vacuum for approximately I hour. At alti- The micrograxity limit, not shown, is reported as 21% 02

tude, where atmospheric moisture content is low, the [9]
samples were exposed to the aircraft cabin. A vacumn
exposure in the test chamber before filling and ig- lerian trajectories (parabolas) to simulate gravita-
nition lasted approximately I rin. Sa)Fples were ig- tional accelerations between 0.05 and 0.6 g, including
nited by resistance-heating a thin wire for 0.10 s, re- lunar (0.16 g) and miartian (0.38 g) levels [17]. The
leasing 36 j to ignite a strip of nitrocellulose (10.5 first parabolas ever attempted at 0.05 and 0.6 g were
mng, +/- 1%), releasing an additional 26 j [15] in a performed for these tests. Local three-axis accelera-
flame ball, bathing the ignition region. This tech- tions were measured with a duplicate of the NASA
nique prosided a consistent deposition of ignition en- Space Accelerometer Measurement System [18].
ergy compared to the hot wire used alone.

The test atmosphere was replaced for each test.
After replacing the spent test specimen, the chamber Results
was evacuated to a pressure of less than 0.0ý08 atm
and then filled with a commercial oxwgen/nitrogen Acceleration Environ ment:
mixture certified to +/-0.03% absolute oxygen con- Wind, atmospheric turbulence, and pilot and air-
tent. The residual air after evacuation introduced craft performance introduced continuous variation
<0.06% error absolute oxygen content. All experi- into the measured acceleration levels. Parabolas at
ments were conducted at an initial pressure of 1 atm, the lowest set points (0.05-0.10 g) were perturbed

measure(] with a transducer calibrated daily. typically y high-frequency (>0 1 Hz) variations, often

Flames were visualized with a color schlieren sys- called g-jitter, of about 0.02 g. Higher set points
ten[16]. The schlieren system was sensitive to the (5.16-0.6 g) were additionally perturbed hy lower-

component of' the refractive-index gradient normal frequency variations (t0.2-1.0 Hz) of ahout 0.04 g.

to the fuel surface, in a cylindrical detection volume The avr ationsof.2heHparabo ut 0.04 g.

7.9 cmn in dliameter. Ray deflections, attrihuted to Th aerage duration of the parabolas increased with
fl dame-induced densityvariations, xveretdicrimated t partial-gravis level, from about 8 s for the shortest
fahme- plane dei aains mirore d m atd 0.05-g parabola to about 50 s for most 0.6-g parab-

of the scien i using a olas The parabolas begin and end with a pull-up ma-
color transparency varying linearly in hue with lateral neuver at ust under 2.0 g acceleration, to which
displacement and then imaged with a video camera. flames
Conventional images of the top view of the flames exposed.
were recorded using a 16-1nln motion picture camera Flammability:
operating at 24 frames/s.

The tests were conducted aboard the NASA KC- Figure 1 summarizes the test matrix and shows a
135 at the NASA Johnson Space Center flying Kep- flammability boundaiy based on acceleration level
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and atmospheric oxygen content. In 1 g. the same
apparatus and fuel (5-cm wide) were used to deter-
mine the limit using partial-pressure mixtures of the
certified 15% and 16% mixtures. In I g, the speci-
mens never burned more than 2-3 cm below the
ignitor in 15.5% 0,; they usually burned 4-5 cm, but
never the full 8 cm, in 15.6% 0,; and they usually,
but not always, burned the full 8 cm in 15.7% O. .
Completely burning 0.08 gm of cellulose reduces (by
calculation) the oxygen in the chamber from 15.6 to
15.53%, constraining the limit determination to a
precision of about 0.1%. Based on the behavior de- "
scribed, a 1-g limit of 15.6% 0, is shown in Fig. 1.

Obtaining the precision of the l-g limit criteria was
not practical in the aircraft because test opportunities
were limited. In 14% 02 at 0.18 g and 0.38 g, flames _-rdN-

propagated 1.4 and 0.4 cm, respectively, and
quenched before the onset of high accelerations,
while in 15% 02 (same accelerations), the samples
burned completely. In 14% 02 at 0.05 g and 0.1 g,
flames progressed 3.1 and 2.4 cm, respectively, FiG. 2. Rainiow schlieren images of dowuward-burning
spreading in partial gravity for 8-9 s and then extin- thin fuel in 15% 0.: on the left at 0.10 gg,,, on the right
guishing during high accelerations. These are inter- near the blowoff linit at 0.6 g/g,,,,1,.
preted as flammable conditions. Samples ignited in
13% 0, quickly quenched.

The reported 1-g downward-burning limit of 16.0- limit flames in microgravity tests are dim and difficult

16.5% 02 for 3-cm-•ide samples of this fuel [9] was to capture by direct imaging, either by video or by

higher than results obtained with 3-cmr-wide samples motion picture film [9-11,13,14]. Measures to en-

in the aircraft apparatus, where using the above prop- hance film images, including forced film processing,
agation criteria provided a limit of 15.8% 02. The low fraaming rates, and small f/numbers, reduce

earlier tests were ignited with a heated wire and may flame-tracking precision. Short focal-length lenses,
have been influenced by a nearby mirror present to typical of compact microgravity experiment designs,
obtain an orthogonal view. The higher flammability introduce spatial distortions from magnification var-
limit might be attributed to differences in the useful iations across wide flames.
ignition energy or heat losses to the mirror. This Schlieren imaging provided increased dim-flame
comparison suggests that the quiescent microgravity detection sensitivity and constant image magnifica-
limit of 21% 02 (the logical extreme of the buoyant- tion across the flanie width. At ignition, an expanding
flow case), obtained in drop-towver tests [9], is rea- ball of heated gases was visible to the schlieren sys-

sonable to within 1% 02 However, because drop- tern, reaching 2-3 cm below (upstream of) the ignitor

tower accelerations have not been measured, that (for <1 s) before buoyancy displaced it upward. Con-
limit could not be included in Fig. 1. Limniting ac- ventional visible photography showed a smaller flame
celerations between 4.0 and 4.25 g in 21% 02 for a surrounding the ignitor. Extinguishing flames were
similar fuel were reported in centrifuge tests [12] and clearly defined in the schlieren images, shrinking to

are shown in Fig. 1. t-2-3 mm in length before disappearing. Figure 2
Reducing accelerations froli 4 to 0.05 g monoton- shows schlieren images of a flame spreading first at

ically enhances downward-burning flamuiability. The 0.1 g in 15% 0,, a nonflanmmable condition in 1 g,
microgravity limit of 21% 02 implies, however, that and then, as the flame nears blowoff extinction, at

the flammability boundary curves upward at smaller higher accelerations at the end of the test.
accelerations and that a minimally flammable oxygen
environment exists for this fuel, for dowunward burn- Flaote Spread:
ing, at or below 0.05 g. The analogous flammability
boundary, predicted by a numerical model [6], is in- Flame propagation rates were obtained from the
eluded in Fig. 1 for comparison and later discussion. schlieren results. Figure 3 shows the flame displace-

ment with time, synchronized with the component

Flaine Imaging: parallel to the flame spreading direction of the in-
stantaneous local acceleration, for a test in 15% 02,

Recorded schlieren flame images were fundamnen- where the slope of the displacement plot indicates
tally different friom earlier gravity-related flame- flame-spread rate. At the end of the parabola, the
spreading results. Visible-light emissions from near- increase in local acceleration accompanied a slowed,
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FIG. 4. Flame-spread rates of thin cellulosic fuels in

TIME (SEC) 0,/N., mixtures at i-atm pressure vs local acceleration.

FG. 3. Synchrionized-spreading flame position ansI local Data above I g/g are from Ref. 12. The dotted line rep-
acceleration xs tune Cur losnwarl-lunuing thin fuel i resents predicted spread rates from Ref. 6. Vertical linesae5Cr O,. represent flammability limits: blowoff limits at higher ac-celerations (14% from this work, 21% from iRef. 12) and

radiative quenching limit at lower acceleration (theoretical

then extinguished, flame. Figure 2 shows schlieren prediction [6]).

images from that test before and during the higher
accelerations, illustrating how the flame narrowed as Discussion
it approached extinction. The flame was extinguished
as the local accelerations crossed the flammability
boundary of Fig. 1, at about 0.6 g. I Compou-son ith Theory:

Spread rates were influenced by g-jitter to the ex- Two numerical models predict downward flame-
tent that reporting spread rates averaged over the spreading behavior at partial-gravity accelerations
test time showed unacceptable scatter. The partial- [6,8]. Both calculations utilize a one-step, finite-rate,
gravity results, shown in Fig. 4, were obtained, in- gas-phase chemical reaction model and estimate ra-
stead, by measuring flame displacements during brief diative losses from both the fuel surface and the gas
time periods, Ž3 s, ofslnallerg-jitter. This procedure phase. Reference 8 presents calculated spread rates
was considered acceptable since flames responded to and extinction limits in 50% 02-50% N2 , at 1.5 atm,
perturbations in much less than 1 s (e.g., at time 10 from 10(' g to 10 g, and in 21% 02-79% N. at 1-4
s in Fig. 3). Figure 4 also includes 1-g results, oh- g. Reference 6 presents spread rates and extinction
taincd in the aircraft, drop-toxver [9], and centrifuge limits in 21% 0.-79% N2, at I atm from 0.012 to4.3
[12] test chambers, and centrifuge data in 21% 02 g, and a flammnability boundary over the same range
up to 4.25 g. All spread rates are corrected for fuel of accelerations. The data of Ref. 6 are included as
area densitv, p,, where p r, the mass the dotted lines in Figs. 1 and 4.
density times the fuel half-thickness. This correction The predictions of spread rate show qualitatively
folloxxws from the assertion in the early heat transfer the peak spread-rate feature observed experimen-
model [19] that p,-,.,9,.f - constant for thin fuels tally in 21% and 18% 0, at intermediate gravity lev-
and has been used successfilly [9,10,12]. els. From the peak, falling spread rates at higher

Partial-gravity spread rates in 21% 0, fall naturally gravity are attributed to decreased reactant residence
along the trend of the centrifuge data, peak at an time in the flame zone (compared to the chemical
acceleration level near 0.6 g, then decline with fur- reaction time) and reduced forward heat transfer
ther decreases in acceleration. Spread rates at 1 g from flames receding with respect to the pyrolysis
from the three different test chambers agree to front. Falling spread rates at lower gravity are attrib-
wvithin .5%. Prediction of spread-rate behavior for a uted to lower flame temperatures, resulting from an
thin fuel in 21% 09 from a mimerical model [6], cor- increasing ratio of radiative loss to chemical heat re-
rected for p,,, is included for comparison and later lease, and reduced forward heat transfer from cooler
discussion. Spread rates in 18% 0, show a similar flames
noniionotonic spread-rate variation wvith accelera- farther from the fuel surface. The spread-rate pre-
tion. Spread rates in 14-16% 0, show only the down- dictions of Ref. 6 for 21 % 03 are higher (Fig. 4) than
ward slope. experimentally observed in partial gravity, though
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they agree well with experiments at normal gravity are successful. This approach neither succeeds wvith
and above. The predictions in Ref. 8 also reproduce data from microgravity-Forced flows nor with partial-
the observed experimental results at and above I g gravity data, because it does not account for radiative
in 21% 02, as shown , and also in 50% 0.,, at 1.5 atm. losses from these flaoes.

Both models predict a high-gravity extinction limit We revisited the formulation of the data correla-
(viz. , a blowoff limit) and a low-gravity extinction tion for purely buoyant flame-spread data [12], to
limit (viz. , a radiative quenching limit). These flam- include the partial-gravity data. We evaluated Da
inability limits are attributed to the dominance of the similarly:
flame-retarding mechanisms described above. The
flammability boundary predlictedi io Ref. 6 (Fig. 1) is -:3

U-shaped, showing a minimally flammable oxygen Biiiixj(, B
concentration between 0.2 g aod 0.3 g. The flame- Da = _"

inability boundary suggested by the experimental c l, b0  E (AHd xF
data does not show such a minimum, but the re- L ic,
ported quiesceot microgravitv lii it for this fulel, 21%
02 [9], suggests that it exists •50.05 g. The predicted exp
flammability boundary agrees well with experimental (XI fJ
observations above normal gravity but diverges from
the observed boundary at normal gravity (13.2 vs where the pre-exponential constant B = 5.69 109
15.6% O2) and below (21% 0. limit at 0.012 g vs m13/mole-s; the activation energv = 167.35 Kj/Kg-
-microgravity [9]). K; the heat of combustion AH, = 16,740 Kj/Kg;

The sources of discrepancy between prediction [6] mox. and Mox are the ambient 0, mass fraction and
and observed partial-gravity flammability and spread- molecular weight, respectively; the stoichiometric
rate behavior are not clear but mnay involve the choice oxwgen/fuel mass ratio i = 1.18,5; and 2. and cp are
of kinetic and radiation parameters. The spread-rate the gas thermal conductivity and specific heat, eval-
peak and the (presumed) mininmum-oxygen limit uated for the initial 02/N, mixtures at the fuel va-
arise from competition, under finite kinetics, be- porization temperature T, = 618 K. We evaluated
tween the heat-release rate reduction (due to short- Tf differentlv, however, using the STANJAN equilib-
ened residence time) and the radiative heat-loss rate. rium code for a stoichiometric, adiabatic flame temn-
An underestimation of the radiative loss rate comn- perature, allowing for dissociation, and we evaluated
pared to the chemical reaction rate might explain the V1, using T77 The pre-exponential constant, which
differences at 1 g and the partial-gravity levels but does not affect the shape of the resulting data pres-
would not reconcile the limiting accelerations in 21% entation, was adjusted from the literature value [12]
oxygen. to bring Da - 1 at blowoff extinction. The grouping

(AIId,1ox lic,) in the cubic factor is a reference tem-

Flame Spread-Rate Correlation: perature i[12 that varies only with the explicit 02
content.

Correlations of measured flame-spread rates have The dimensionless spread rate, defined [12] as
been achieved for purely buoyant flows [12] and for
forced-convection flows in normal gravity [20] using cc (T -

formulations of dimensionless spread rate, Vf, vs Da- V17 = = p.,.,Vf' 1 -

mkohler number, Da. Formulations of Da, nominally Vf2 (T"
a ratio of reactant residence time in the flame to
chemical reaction time, have included simple pre- where V17f is the spread rate in the no-loss, infinite-
exponential chemical models (without Arrhenius fac- kinetics liiiit, and the solid-fuel specific heat e, =
tors) [21,6], models with strong flame temperature 1.26 Kj/Kg-K. A radiation parameter, S11, derived
dependence [12], and additional provisions for fuel- through a dimensional analysis of the energy equa-
vapor diffusion from the surface [20]. Velocity char- tion [3,4,6] as a ratio of radiation to conduction over
acterizations for residence-time estimates have in- one thermal length, $I• = (aT4)/[iT,!(aV '.)] =
eluded a buoyant velocity, 1/, (u(T 1/,- 7')/T,) : aTl3/p,,t1cV, where c is the Stefan-Boltznmann Con-
[21,12,8], where Tf and T., are flae sine d ambient stant and V1, is the reference velocity for the flow (in
temperatures, and a is the thermal difuisivity, or the the buoyant case, V,_ = 17i,). We hLve used SR as a
free stream velocity, U.,_ alone [20] or including con- correction to 1! , suggesting that it estimates the ad-
sideration of the boundarv-layer structure [22]. The ditional spread-rate deficit, due to radiative heat loss,
term VJ, corrected for p,,,,,, is a ratio of actual spread from the no-loss miaximum spread rate. Figure 5
rate to the spread rate possible without heat loss in shows a plot of" • SR vs Da for flames spreading in
the infinite chemical-rate limit [19]. Where the purely buoyant flow, in partial gravity (data of Fig.
flame-retarding mechanism is associated wvith limited 4), and in the centrifuge (21% 0, and 50% 02 1 atm
residence time, Da correlations of flame-spread rates from 1 g to 4 g [12]).
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0.05 - Since the flammability boundary prediction [6] sug-
gests that quenching in decreasing accelerations

0.wA \ould be observed first in lower 02 environments,
4A we suggest that a correlation of quenching limits can-

not be achieved until the T/ estimate used in Da is
"of 0.03 A altered to represent the cooling effect of radiative

An lOSS.
* lAs numerical predictions suggest [8], we at-

> 0.02 e 14%02 tempted to include forced-flow flame-spread data
o 15% 02 [9,10,201 into this correlation, using the free-stream
o 16702
0.01 AX 02 velocity V, = U. Generally, the lnicrogravity (low

It A 21%02 opposed-flow speeds) data [9,10] fell to the right of
v 50 02 the curve in Fig. 5, while the normal-gravity (high

0.00 i0opposed-flow speeds) data [20] fell to the left. Esti-

0 5 1 0 1 5 20 mates of the Blasius boundary-layer thickness ahead
Do of the flames in those experiments suggest that they

FIm. 5. Dimensionless spread rate corrected using a ra- propagated inside a boundary layer (except the qui-
escent microgravity case, which has none). Mixeddiation parameterl S,u = aTtJicll,V, s Damkohler m0% e0 a f.orced- and buovant-flow flames have been char-forbtained ing > 1oin ed from g/g acterized using dw a plus an estimate of the boundary-

obtained i./-4.2 , > "from Ref. 12.0 Pre-e nentiaromstit /, layer structure [22], which depended upon the near-
=0.05-.25 (> 1 (1 froom Ref. 12). Pre-exponential constant wall velocity gradient. It remains unclear whether theii Da adijsted so that Da = I at blowoff extinction, flames of Refs. 9, 10, and 20, particularly the micro-

gravity flames, were deep enough in their boundary
We considered that calculating TI independentlv, layers to be affected only by the near-wall gradient

while using w 1, and AH, evaluated as in Ref. 12, might or by more of the velocity profile, since the flame
suggest an inconsistency in evaluating 17 -S•1 and Da. standoff distances were not quantified.
The T7 values estimated using AH,. c, evaluated at We sought to obtain estimates of acceleration lev-
T, for the 0,/N, mixture, vithout dissociation [12], els where quenching of partial-gravity flames would
are much higher than ours, which we believe to be occur. Mindful of the uncertain comparison of forced
minore realistic. A correct c, value is implicit, however, and buoyant cases we have described, we used the
in the equilibrium calculation, allowing dissociation, flammability limits observed in forced flows at mi-
of Tf. Remaining uncertainty in calculating Tf lies in crogravity to estimate partial-gravity flammability
the chosen value of AH, which both formulations limits. Figure 6 shows an approximate flammability
use. The roles of cp and j in V7•. 1 3 and Da are pri- map for opposed-flow flames, including the data of
marily associatedl with forwsard heat conduction, so Fig. 1 plus near-Linit microgravity data [9,10], where
the evaluation for the ambient ON 2 lmixture at an each is characterized by V, = Va1 or U_. Adjustments
intermediate temperature, T. is appropriate. The to U, values for boundary-layer influences, even sub-
constants H,., i, and e, in the reference temperature stantial fractional reductions, would not change the
do not affect the shape of the data presentation, position of the flamnmability curve appreciably.

This presentation smnooths the scatter in spread Within the limitations we have discussed, the forced-
rates seen in Fig. 4. The scatter has no trend attrib- flow data suggest that quenching of partial-gravity
utable to 02 content. The data in 21% 0, span the flames should be observable at acceleration levels of
acceleration range of 0.05-4.25 g and also the length _10a-10-2 g in 14% oxygen, -10- 410-3 g for
of the correlation curve, xvhile the data in 50% 02 15% oxygen, and -10-6-10-5 g for 21% ogen.

span only 1-4 g and lie within the 21% 0, data. Near
blowoff extinction, V17÷" SI vs Da values for 15% 02
at 0.6 g, 15.6% 0, at I g, and 21% 0, at 4.25 g lie
together at the left-hand end of the curve. Conclusions

The question arises whether the low-gravity ex-
tinction boundary predicted [6] would, like the blow- Using parabolic trajectories in aircraft, we have
off extinction, have similar Da for varving g and conducted the first experiments in buoyant diffusion
oxygen contents. Since the predicted low-gravity flame spread over a thin solid in a partial-gravity
quenching was not observed in the attainable accel- range of 0.05-0.6 times normal earth gravity. Sue-
eration range, we cannot determine any quenching cessful operation in this unusual environment re-
values for Da or the nature of the V. SR curve at the quired the development of special apparatus and
quenching point. Using an adiabatic T Da increases techniques, including a schlieren system for imaging
with oxwgen content (i.e., the chemicafrate increases dim near-limit flames, a fast acting and repeatable
faster than V1) and wvith decreasing acceleration, ignition system, precise acceleration measurements,
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COMMENTS

Pati Ronnet, Universily of Southern California, USA. original solution requires the use of linearized adiabatic
Your radiation parameter does not include a Planck ab- stoichiometric flame temperature. The differences be-
sorption coefficient, which indicates that vou are not con- tveen these two temperatures are quite large, especially at
siderinug gas-phase radiation. One then infers that your ra- high oxygen concentrations, If the linearized adiabatic tern-
diation parameter refers to surface radiation with constant perature was used, how would that affect your correlations?
emissisity. Do you believe that the quality of your corre-
lation then suggests that surface radiation is more impor- Author's Reply. In developing the correlation presented
tant than gas-phase radiation? in this paper, we first reproduced the correlation of flame

spreading presented in Altenkirch et al. [12] in which a
Author's Reply. The radiation parameter, S,, indicates calculated stoichiometric, adiabatic flame temperature

the increased importance of radiation losses to the envi- with no dissociation appeared in the formulation of the
ronosent as the convecting flow velocity decreases. For the Damkbhler number, Da, and dimensionless spread rate,
low-speed flow conditions observable only in reduced gray- V7, for purely buoyant flows. These temperatures are very
ity, we have used S, to compensate the dimensionless flame high (e.g., 2822 K at 21% oxygen mole fraction) compared
spread rate for these radiative losses. Without a third pa- with realistic flame temperatures, but serve to represent
rameter to account for radiative loss, dimensionless spread the release of all conceivably available energy to maintain
rates in low-speed flows do not correlate well with Dam- the flame reactions and drive the buoyant flow.
k6hler number, despite the success of this approach for In that formulation, V7 approaches unity as Da in-
higher-speed flows, creases, in accordance with the scaling of the measured

The form of S. used in the correlation seems to suggest spread rates with the spread rate at the condition of the
that gas-phase radiation loss is not important in the range maximum conceivable forward heat transfer rate, and the
of conditions tested. This S, describes loss fiom the fuel data, over a wide range of atmospheric oxygen content, lie
surface and is proportional (for a 2D flame) to g-". Be- along a smooth curve. Modifying Altenkirch's formulation
cause gas-phase radiation loss grows with the flame volume, only by allowing for dissociation in the stoichiometric, ad-
a gas-phase S, is proportional (for a 2D flame) to g-2s. iabatic flame temperature calculation (e.g., 2182 K at 21%
Consequently, while at normal gravity gas-phase loss is oxygen) disrupts the smooth curve seen in Ref. 12, creating
much smaller than surface loss, gas-phase loss is amplified a family of curves that differ by oxygen content. However,
with respect to surface loss as gravity becomes small. Nu- when the partial-gravity data we obtained are included in
merical modeling (e.g., Ref. 6 in the text) predicts that at this formulation a useful property emerges: blowoff extinc-
sufficiently low gravity, spread rates with gas-phase loss are tions occur at very similar Da for 21% oxygen mole fraction
lower than spread rates with surface loss. We suggest that at 4.25 times normal Earth gravity (g), 15.7% oxygen at 1
the lowest partial-gravity level available in the aircraft tests g, and 15% oxygen at 0.6 g. Introducing the radiation pa-
(i.e., 0.05 gp,,,,,) is not low enough for gas-phase loss to rameter, S5, removes the oxygen-content dependence of
dominate spread rate behavior, the dimensionless spread rate (incidentally, using 1/V,

without the gas properties in Sn does not succeed). The
combination of using realistic flame temperatures and cor-
recting the dimensionless spread rate for radiation losses

S. B1hattacharjee, San Diego State University, USA. You provides a correlation that is independent of gravity level
evaluated the flame temperature that appears in the and oxygen content over wide ranges of these dimensional
deRis/Delichatsios formula using STANJAN, while the parameters.



Twenty-Fifth Symposium (International) on Conbnustioii/he Combustion Institute, 1
9 9

4
1
pp. 1693-1699

FLAME PROPAGATION EXPERIMENT OF PMMA PARTICLE CLOUD
IN A MICROGRAVITY ENVIRONMENT

HIDEAKI KOBAYASHI, NAOMICHI ONO, YOZO OKUYAMA AND TAKASHI NIIOKA

Institute of Fluid Science

Tohoku University
nlolabira, Sendali, Miyagi 980, Japan

The flame propagation experiments on clouds of purely spherical PMMA particles in a microgravity
environment were conducted by using the Japan Microgravity Center (JAMIC) drop shaft, where a mi-
crogravity condition of' 10-4 g for 1(0 s is available. The exact measurement of the burning velocity of the
particle cloud was impossible due to the particle sedimentation in normal gravity up to now. The particle
cloud was created using a fluidized-bed-type device and suspended in the flame propagation tube. The
cloud was ignited at the open end of the tube, and the flame speed was measured by charge coupled device
(CCD) video camera images. The flame speed in normal gravity was also measured, and the two groups
of results were compared. The results showed that the flame speed in normal gravity was considerably
larger than for ordinary gaseous flames, since turbulent combsustion occurred due to the residual turbulence
of the flow and the turbulence generated by the particle sedimentation. On the other hand, in the micro-
gravity environment, when the cloud was ignited 6 s after the release of the capsule, the particles were
quiescent and dispersed Nvith sufficient uniformity, indicating the effectiveness of the long duration mi-
crogravity environment on the decay of turbulence. The flame speed decreased drastically in comparison
with normal gravity cases, but the dependence of the flame speed on the particle concentration was similar
to that in normal gravit\.

Introduction physical and chemical properties, i.e., the size, shape,
and composition, are not necessarily uniform, and

The combustion of solid particle clouds, such as therefore, the vaporization and combustion pro-
those of coal, solid carbon, metal, and fuod, has re- cesses are fairly complicated. In addition, the dura-
ceived attention from those interested in the effec- tion of the microgravity of the drop tower used in
tive use of fossil fuels and in safety engineering, the aforementioned research ranging from 1.4 to 2.2
Many experimental and theoretical studies on parti- s is insufficient, and the microgravity level for aircraft

cle cloud combustion have been made [1-5]. The experiments is relatively high (+/-0.02 g, as re-
major problem in measuring the combustion char- ported in Ref. 7). A long duration and high-quality
acteristics such as burning velocity, quenching dis- microgravity environment are essential to realize an
tance, ignition limit, and flame structure for com- ideal particle cloud combustion because sufficient
bustible particle clouds is the existence of gravity, time must be allowed for turbulence attenuation be-
Gravity causes particle sedimentation. In normal fore ignition and elimination of the movement of par-
gravity, the particle has a relative velocity to the str- tides relative to the surrounding gas.
rounding gas, which depends on particle size and The final aim of this study is to establish a more
makes uniform dispersion of particles difficult, idealized model for particle cloud combustion. To

Recently, the use of microgravity environments for this end, we conducted flame propagation experi-
particle cloud combustion research has become of ments on a polymethylmethacylate (PMMA) parti-
interest. Ballal [6] has measured the burning velocity cle cloud by using the Japan Microgravity Center
of coal, carbon, alumninum, and magnesium particle (JAMIC) drop shaft, where a microgravity condition
clouds using a drop capsule. A microgravity experi- of 10 -4 g for 10 s is available. The PMMA particle is
ment was also made by Ross et al. [7] and Berlad and useful as a model particle because its molecular
Tangirala [8] by using the NASA-Lewis drop tower structure and physical properties are well known. In
and aircraft, where the burning velocity was mieas- addition, the particles are perfectly spherical, and the
ured for lycopodium, coal, and cellulose particles, distribution of particle diameters can be successively
However, for comparison with former theoretical measured. The JAMIC drop shaft used in this ex-
analyses or to develop a new model of particle cloud periment can provide the longest duration of high-
combustion, these particles are not ideal because the quality microgravity of any drop tower in the world.
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FIG. 1. Schematic diagram of the experinmental setup.

Using this facility, we first measured the flame speed The state of the flame propagation was recorded
of PMMA particle clouds, by a charge coupled device (CCD) video camera and

a motor-driven 35-amm camera. A time series of the
flame front was analyzed using the recorded images.

Experimental Apparatus The flame speed vf ( = dD/dt, where D and t denote
distance and time, respectively) was calculated fromFigure 1 shows the experimental apparatus sche- the gradient of distance from the plot of the ignition

maticallv. Four propagation tubes are made ofmacicly. Fhose lenghadinne d te are 500eand point vs the arrival time, as shown in Fig. 2. In order
acrylic, whose length and inner diameter are 500 and to observe the motion of particles during the drop, a38 amm, respectively. A particle-supplying device us- laser tomographic image using a semiconductor laser
ing a fluidized bed with a vibrator is installed at the as the light source was recorded by another CCD
bottom of the tube. At the top of the tube, a nozzle video camera.
is fitted in order to reduce combustion fluctuation. vid e amera.Dried air, measulred using a critical orifice flo All these apparatuses were installed in the exper-

Driedeir, mdeasured usinto te crtic orifie fluzow imental container (dimensions of 870-mm long bymeter, is dispensed into the bottom of the fluidized 425-mm wide by 981-mm high), whose size is one-
bed and mixed with PMMA particles. The particle hal-f wide by 981-rop haft wyose sidering
cloud is made in the bed and flows into the propa- half of the JAMIC drop shaft payload. Considering
gation tube from the bottom. The relationship be the efficiency of drop experiments, four propagation
tween the air flow rate and the mass concentration tubes were installed in the container and ignited si-
of particle cloud (mg/L) was calibrated before com- multaneously. Air was supplied into the fluidized bed
bustion experiments. When the calibration was 5 s before the dropping of the capsule in order to fill
made, the amount of wall adhesion, which was re- the tubes with particle clouds. The air was stopped
lated to the air flow rate, was measured and then upon release of the capsule, and the particle clouds
subtracted from the total particle loaded in order to were ignited 6 s after the release.
determine the mass concentration of actually sus- Flame propagation experiments were also con-
pended particles. The experimental conditions for ducted on the ground in order to investigate the par-
the suspended concentrations were determined by ticle motion and flame propagation characteristics of
using this calibration curve. The particle cloud is ig- PMMA particles in normal gravity. In this case, the
nited by a spark igniter or a heated Nichrome wire particle cloud was ignited 1 s after the stoppage of
installed 100 mm below the outlet of the tube. the air supply because particles would have sedimen-
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FIG. 2. Relationship between the distance from the ig- d00

nition point and the arrival time of the flame front (dP = d = 721m

7.2 pm; mass concentration: 260 mg/L, in normal gravity). 80-

tated, and the mass concentration and particle dis- 6o-
tribution in the tube would have changed if more
time had elapsed before ignition. The laser Doppler Z- I0-

velocimetry (LDV) measurement of the particle mo-
tion was made at a position 150-mm below the ig- 2
nition point, where the small, flat glass window to 20
introduce laser beams was installed on the tube wall.

Three kinds of PMMA particles, whose mass-av- 0
eraged mean diameters dp were 4.8, 7.2, and 18 pm, 1.e 2.0 4.0 8.0 16.0 32.0
respectively, were present in this study. Because of Particle Diameter (Im)
the limited number of opportunities for repetition,
the microgravity experiment was made only for the FIG. 4. Distribution of the PMMA particle diameter for

particles of mean diameter of 7.2 pm. The shape of 7.2 pm in mean diameter.
the PMMA particle is perfectly spherical, as shown
in Fig. 3. The distribution of the particle diameter, particle diameters than for large diameters.
whose mean diameter is 7.2/urm, is shown in.Fig 4. smalpriedamtsthnfrageimtr.ig. 4. The clouds of larger PMMA particles have the max-

imum flame speed in the richer side compared to the
clouds of smaller particles. For the small particles,

Results and Discussion i.e., 4.8pum, the flame speed decreases rapidly in both

the rich and the lean side, but for larger particle di-
Normal Gravity Experiment: ameters, i.e., 7.2 and 18 pm, the flame speed de-

creases gradually in the rich side. For particles with
Figure 5 shows the relationship between the flame a larger mean diameter, flame propagation is possible

speed and the mass concentration of PMMA particle even for the considerably large equivalence ratios
clouds for three mean particle diameters. The broken (Fig. 5). This is because, as pointed out in the analysis
line shown in this figure is the position whose con- by Seshadri et al. [5], the effective gas-phase equiv-
centration corresponds to an equivalence ratio of alence ratio in the reaction zone can be small even
unity. We can see that the flame speed has the max- if the global equivalence ratio based on solid-fuel
imum value in the fuel-rich side for all particle di- loading is greater than unity.
ameters, and the maximum flame speed is larger for Smoot et al. [2] measured the burning velocity of
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coal dust for various particle diameters by using a
downward-flowing flat flame burner. The variation of tidles move in the upper direction of the tube, and
the burning velocity with coal particle concentration the negative velocity indicates movement in the
and its dependence on the particle diameter has a lower direction. The air supply was stopped at time
tendency similar to the one obtained here. However, zero in these figures. The particles began to fall at
the propagation velocities measured in this study are time zero, after which the particle velocity becomes
considerably larger than the data by Smoot et al., that negative. The velocity components of particles shown
is, they showed that the burning velocity for 10-/rm in Fig. 6 have a minimum value just after time zero
Pittsburgh coal was 16-33 cm/s, similar to the burn- and then the velocity converges to zero while fluc-
ing velocity of gaseous fuel and air mixtures. We ob- tuating. The fluctuation of the axial velocity is the
served the flame front region using a CCD video result of nonuniform sedimentation velocity, which
camera and a 35-mm camera and found that the re- is due to both variation in particle size and air tur-
gion has a blue flame followed by a long yellow lu- bulence in the propagation tube. On the other hand,
minous zone that may be caused by soot. The flame it is believed that the fluctuation of the radial velocity
front was very rough and corrugated. component mainly represents the latter (Fig. 7).

Figures 6 and 7 show the time series of the axial These results indicate that the particle sedimentation
and radial velocity components of particles in the just after the stoppage of the air is of the type where
propagation tube measured by LDV, respectively, sedimentation interacts with large-scale vortices
The positive velocity in Fig. 6 indicates that the par- formed in the propagation tube.
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Based on Figs. 6 and 7, we can say that more than sured the flame speed when the MgO particles were
5 s are necessary to allow for sufficient decay of the dispersed in the mixture and compared the two
intensity of turbulence. Because particle clouds were measurements. Figure 8 shows the effect of the par-
ignited 1 s after the stoppage of the air supply in the tide sedimentation on the flame speed, indicating
normal gravity experiments, considerable turbulence that the flame speed is accelerated by the sedimen-
must remain in the propagation tube, meaning that tation of the nonreactive MgO particles.
the roughness of the flame front is due to the tur- Although it is difficult to determine which turbu-
bulent combustion. lence is the major cause for the turbulent combustion

The sedimentation velocity is large at first and then of particle clouds, i.e., the residual turbulence due to
gradually decreases, as shown in Fig. 6, since the the air supply or the turbulence generated by particle
large particles sediment first, followed by small par- sedimentation, it is clear that the particle cloud com-
tides. This gradually makes the average size of the bustion under normal gravity is highly affected by
particles in the propagation tube small, and there- turbulence.
fore, if ignition were delayed until the turbulence
diminished, the concentration and the mean diame- Microgravity Experiment:
ter of particles in the propagation tube would change.

Mitani and Niioka [9] have shown that when the Figure 9 shows the result of microgravity experi-
nonreactive alumina particles are added to the com- ments of the flame propagation of PMMA particle
bustible mixture, the burning velocity decreases with clouds, whose mean diameter is 7.2 /m. The data
increasing mass concentration of particles due to the from the normal gravity experiments are also shown
thermal effect. However, in that case, the mixture in this figure for comparison. The flame speed under
flow is laminar, and the particle velocity relative to microgravity conditions was about 35% lower than
the mixture velocity is very small. Concerning the that in normal gravity over the whole range of par-
effects of the particle motion on the burning velocity tide concentration, and the maximum flame speed
of the gaseous mixture, Klemens [10] conducted ex- was about 60 cm/s. However, the dependence of the
periments on the flame propagation of gases contain- flame speed on the particle concentration has a ten-
ing neutral particles in a normal gravity environment dency similar to that in the normal gravity, indicating
and found that within a certain range of particle con- that the flame speed decreases sharply in the lean
centration, the gaseous flame accelerated consider- side while gradually in the rich side. The concentra-
ably. He concluded that the main reason for this phe- tion at the maximum flame speed, about 350 mg/L,
nomenon is turbulence of the gas mixture caused by seems to be the same for both gravity conditions.
falling particles. Particle motion under microgravity was observed

In order to know the effect of the particle sedi- using laser tomography during the dropping. Large-
mentation on the gaseous flame propagation, we scale vortexlike motion was seen just after release,
measured the flame speed of propane-air mixtures but the motion diminished gradually. When the par-
by using the same propagation tube. We also mea- ticle cloud was ignited 6 s after release, it was con-
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firmed that the vortexlike motion stopped, and each tion and observation of the flame front structure have
particle became stationary/ to be done.

it was very difficult to take clear photographs of
the flame front in microgravity because of the at-

tachment of particles on the inner wall of the tube,
and so the photographs of the propagating flame Conclusions
front successfully taken were limited. Flame photo-

graphs, however, showed that the flame front was Th
sufficiently smooth and slightly convex. The actual The flame propagation experiments on clouds of
area of the flame front was calculated from a few spherical PMMA particles in a microgravity environ-
unidirection photographs, assuming the shape of the ment were conducted using the JAMIC (Japan Mi-
flame front was axisymmetric with the axis of the crogravity Center) drop shaft, where a mierogravity
flame propagation tube. This showed that the aver- condition of 104o g for 10 s is available. The particle
aged ratio of the cross-sectional area of the flame cloud was formed by a fluidized-bed-type device and
propagation tube to the area of the flame front was suspended in the propagation tube. The cloud was

0.69. Therefore, although the exact determination of ignited at the open end of the tube, and the flame

the burning velocity and its dependence on the mass speed was measured by CCD video camera images.

concentration is somewhat uncertain, the burning ve- The flame speed in normal gravity was also mea-

locity is roughly estimated to be about 0.69 times sured, and the two groups of results were compared.

smaller than the flame speed. The broken line in Fig. The experimental results in normal gravity show
9 illustrates this estimated burning velocity. the clear dependence of the flame speed on the par-

The maximum value of the burning velocity in mi- tidle size and concentration. However, the flame

crogravity is equal to or a little bit larger than that of speed is considerably larger in comparison with or-

the gaseous hydrocarbon flames. The particle cloud dinary gaseous flames due to the turbulent combus-

combustion, however, is essentially a heterogeneous tion, resulting from the residual turbulence of the air

combustion. Weak turbulent combustion may occur supply and the turbulence generated by the particle

even if the cloud is quiescent in the propagation tube. sedimentation, which cannot be avoided in a normal

Actually, the flame shape often curves and wrinkles gravity environment.
during propagation. The existence of this phenome- In the microgravity environment, when the cloud

non is considered to possibly be the result of incom- was ignited 6 s after the release of the capsule, the

plete dispersion uniformity and/or the agglomeration particles were stopped and dispersed almost uni-

of particles, but the most plausible reason may be formly, indicating the effectiveness of a compara-

that turbulence is induced by the particles them- tively long duration-microgravity environment. The

selves during flame propagation and that turbulent flame speed was about 35% lower than that of the

flame propagation is an inherent feature of particle normal gravity case, but the dependence of the flame
cloud combustion. In order to confirm these hypoth- speed on the particle concentration was similar to
eses, more precise measurements of the particle mo- that in normal gravity.
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COMMENTS

Kalyan Annamalai, Texas A&M University, USA. Your may suppress turbulence when the velocity of the particles
experiments seem to indicate that introduction of particles is smaller than the local turbulence velocity. However, in
(MgO) seems to increase flame velocity, which you attrib- normal gravity, because particles always have a relative ve-
ute to sedimentation and turbulence. However, particles locity to the surrounding gas due to sedimentation, the tur-
are known to suppress turbulence due to inertia of parti- bulence generation effect must be significant in compari-
des. Is it possible that sedimentation causes combustible son with the suppression of turbulence.
gases to be dragged and hence increase flame velocity? Can It is considered that the drag of combustible gas induced
you comment? by particle sedimentation generates turbulence that in-

Author's Reply. In microgravity, the inertia of particles creases the flame speed in the normal gravity.
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THE EFFECT OF GRAVITY ON A LAMINAR DIFFUSION FLAME
ESTABLISHED OVER A HORIZONTAL FLAT PLATE

J. L. TORERO, L. BONNEAU, J. M. MOST AND P. JOULAIN

Laboratoire de Chimnie Physique de la Combustion
Universit6 de Poitiers-URA872 an CNRS

ENSMA, Site du Futuroscope, BP109 Chasseneuil du Poitou
86960 FUTUROSCOPE CEDEX, France

An experimental study is conducted on a laminar diffusion flame established over a horizontal flat porous
burner. The objective of this study is to provide further understanding on the transport mechanisms
controlling a diffusion flame, with particular interest on the role of buoyancy. Fuel is injected through the
burner and the oxidiser is provided by a forced flow parallel to the surface. The fuel used is ethane and
the oxidiser used is air. Experiments are conducted in normal and microgravity conditions, and information
about the flame is obtained from video records, temperature measurements, and gas analysing of the global
combustion products. The parameters varied are the air-forced flow velocity and the fuel injection velocity.
In normal gravity, the flame can be divided in two well-determined regions: a boundary layer region (where
inertia dominates) and a plume region (where buoyancy dominates). In the boundary layer region, air
entrainment, induced by the plume, adds to the forced flow, resulting in flames closer to the burner and
premature extinction. When gravity is eliminated, the plume region disappears; therefore, the overall air
flow velocity is reduced to that of the forced flow, and thus, the standoff distance increases and higher air-
forced flow velocities are necessary for extinction to occur. The flame is found to establish, both in normal
and microgravity, in a line where fuel and oxidiser rates of delivery are in stoichiometric proportions.
Experimental results and a scaling analysis of the region close to the flame show that in microgravity,
assumptions typical to boundary layer flow, such as stationary regime or neglectable mass transport in the
direction perpendicular to the forced flow plane are no longer valid. The good agreement between theory
and experiments confirms the important role of gravity in the determination of the characteristics of a
diffusion flame.

Introduction pyrolysis. The works of Williams [2] and Drysdale [3]
provide extensive reviews on the subject.

Condensed combustible materials often bum such Limited attention has been given, however, to the
that a diffusion flame is established over its surface. aerodynamical structure of the flow and the effect of
After ignition occurs, the flame spreads through the gravity. Hirano and coworkers [4,5] used a porous
material, and if the oxidiser flows parallel to the com- plate through which a gaseous fuel was uniformly
bustible surface, a stationary diffusion flame will es- injected. Velocity overshoots were found near the re-
tablish in the boundary layer generated over the fuel. action zone along with pressure distortions near the
Heat transfer from the flame to the surface vaporises leading edge. Ramachandra and Raghunandan [6],
the condensed fuel which is transported towards the on a similar burner, studied the effect of injection
flame by convection and diffusion. When the fuel and free stream velocities on the stability of vapor-
reaches the flame, it exothermically reacts with the ised n-heptane flames. By substituting the combus-
oxidiser and provides the necessary heat to sustain tible fuel by a porous gas burner, the problem is sim-
further pyrolysis. This form of fuel burning is com- plified significantly: Fuel supply is no longer coupled
monly encountered in fires and, thus, is of particular to heat transfer, and therefore, fuel and oxidiser sup-
interest in the fire safety field. ply to the reaction can be varied independently. Al-

Emmons [1] showed that the evaporation rate of though the similarity solution, obtained by Emmons
the fuel could be expressed as a function of the mass [1], is no longer possible, this configuration allows for
transfer number only. Numerous studies have been a better study of phenomena such as entrainment
conducted on the flat plate, boundary layer, diffusion due to thermal gradients.
flame combustion of condensed fuels. The main fo- There are very few studies dealing with the effect
cus has been to understand the mechanisms con- of gravity on a chemically reacting boundary layer.
trolling heat transfer, reaction chemistry, and surface Fernandez-Pello and Pagni [7] introduced a single

1701
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nondimensional parameter to study forced, mixed or were conducted at the drop tower of the University
free combustion of a vertical fuel surface. Pagni [8] of Bremen (ZARM) and by using the Caravelle air-
pointed the importance of buoyancy in the deter- craft of CNES. At the drop tower facility, a free fall
mination of the flame length. Kodama et al. [9] and provided microgravity periods of up to 5 s (gravity
Mao et al. [10] included a buoyancy term in numer- levels of 10-5 go). Following a parabolic trajectory,
ical solutions of a burning vertical wall. By using a up to 25 s of reduced gravity were obtained with the
porous burner, Bonneau et al. [11] obtained some Caravelle (gravity levels of 10-3 go).
preliminary experimental results on a vertical flame A more detailed description of the experimental
in microgravity. In a horizontal configuration, a buoy- hardware and procedures can be found in the work
antly induced pressure gradient parallel to the wall of Bonneau et al. [11].
was discussed by Lavid and Berlad [12]. These stud-
ies provide enough information to show that buoy-
ancy has a significant effect on the flame length, ig- Experimental Results
nition, and extinction limits, all of extreme
importance for fire prevention and control. The description of the experimental results will be

In this work, a porous gas burner is used to deter- divided into three parts: extinction limits, physical
mine the effect of gravity on the flow structure of a characteristics of the flame, and qualitative results
chemically reacting boundary layer. The parameters obtained from the temperature measurements and
varied are the oxidiser flow velocity and fuel injection gas samples.
velocity. Experiments are conducted in normal and To study the effect of gravity on the extinction lim-
microgravity and the results compared to theoretical its, the flame was established, and then the air flow
predictions. velocity was increased until extinction occurred. For

low air flow velocities, the fuel injection velocity was
varied until the flame extinguished. The results are

Experimental Apparatus presented in Fig. 1; the data points represent the
values of air and fuel velocities at which extinction

The experiments are conducted in a small scale, occurred. In normal gravity, for U, < 0.03 m/s, all
horizontally oriented, combustion tunnel along with flames extinguished. Close to the extinction limit, the
the supporting instrumentation. The test section is flames were almost vertical and very close to the
270-mm long and has a rectangular cross section 120- leading edge of the plate. For 0.03 m/s < U, < 0.1
mm wide and 90-mm tall. Three of the walls are Py- mis, flames extinguished at an almost constant value
rex windows to enable visual observation. Ethane, of VF. For U. > 0.1 mis, the extinction limit de-
99.4% pure, is uniformly injected through a porous pended on both fuel and oxidiser velocity, with the
burner, 200-mm long and 50-mm wide, mounted on dependence on the former becoming less significant
the floor of the combustion chamber. Compressed as U, increased. The extinction curves, in normal and
air flows through a settling chamber before entering microgravity, were similar with the latter, signifi-
the test section. The air and fuel velocities are gov- cantly displaced towards the left. It is important to
erned with controlled mass flow meters. note that the difference between normal and micro-

Information on the flame is obtained from two gravity extinction limits decreases as U. increases.
CCD video cameras, six Chromel-Alumel thermo- For U, < 0.07 m/s, perturbations in the gravity level
couples, and two gas collectors. The video cameras become important, rendering the microgravity ex-
provide a top and a side view of the flame. The ther- tinction limits unreliable.
mocouples are placed on a vertical line with their By using an image processing system, boundaries
junction located on the plane of symmetry. The ther- for the yellow and blue zones of the flame are ob-
mocouples generate significant perturbations on the tained (Fig. 2). The images correspond to a specific
flow; therefore, they are placed far away from the flame (U, = 0.115 m/s and VF = 0.0052 m/s), but
leading edge (120 mm). It is important to clarify that the observations are applicable to most other con-
the measurements are not representative of the ditions. Figure 2a shows the flame in normal gravity;
flame temperature but only give a characteristic tem- close to the leading edge, the flame is blue and es-
perature of the combustion products. Two gas-sam- tablished in a boundary layer fashion. Farther up-
pling bottles where placed in the exhaust tanks. Both stream, the flame turns yellow, and the boundary
tanks and bottles remain in a vacuum during normal layer is substituted by a plume. It is important to
gravity and are only filled, with the combustion prod- observe that the flame propagates opposite to the
ucts, in microgravity. The results obtained from these forced flow in the upper part of the chamber. The
samples only provide a comparative idea of the com- transition from normal to microgravity is presented
pleteness of the global combustion process and do in Fig. 2b. The plume disappears as the flame turns
not attempt to describe the chemical reactions oc- almost entirely yellow, remaining blue only very close
curring in the chamber. to the leading edge. In microgravity, the flame estab-

Experiments under reduced gravity conditions lishes in an almost straight line, and the angle be-



THE EFFECT OF GRAVITY ON A LAMINAR DIFFUSION FLAME 1703

0.4

EXTINCTION0.3 ooS..

~ 0.2 se
0.2 NORMAL GRAVITY

E ÷ EXTINCTION 0 AIR VELOCITY VARIED
x GAS VELOCITY VARIED

A,-MICRO-GRAVITY
0.1 +- AIR VELOCITY VARIED

0 x A GAS VELOCITY VARIED

FIG. 1. Effect of the free-stream

0.0 EXTINCTION .................. K x.., ..... ......... ... ... .- air velocity and fuel injection velocity
0.0 ' on the stability of a boundary layer
0.000 0.002 0.004 0.006 0.008 0.01 0 dfuinfaei omladmcodiffusion flame in normal and micro-

V,(m/sec) gravity environments.

tween the flame and the burner (0) increases with cation of the flame will be determined by assuming
time. As 0 increases, the flame turns blue (Fig. 2c). that the flame is located where the fuel and oxygen
Half a second after transition to microgravity, a small rates of delivery are in stoichiometric proportions
yellow spot appears on the flame (Fig. 2d), which [13]. The fuel and oxidiser reaching the flame are
expands until it covers the first 60 mm of the flame determined by an overall oxidiser velocity (UA), the
(Fig. 2e). This expanding reactive zone is convected oxygen mass fraction (Yo,i), the fuel injection velocity
downstream (Fig. 2f), leaving behind a blue flame (VF), and the fuel mass fraction (YFi). To determine
similar to that of Fig. 2d. the value of UA, the combined effects of forced and

The sequence explained above will repeat itself buoyantly induced flows will be studied. A boundary
periodically; each time the distortion of the flow will layer region (where inertia dominates) and a plume
be more significant and the characteristics of each region (where buoyancy dominates) will be deter-
structure less obvious. The top view shows that the mined as a function of the distance from the leading
flame in normal gravity remains on top of the porous edge [13]. An entrainment velocity (UB), induced by
burner; when gravity disappears, the flame propa- the buoyant plume, will be calculated and super-
gates towards the lateral windows. The characteristic posed to U.. Finally, characteristic parameters de-
yellow colour of the expanding reactive zone was ob- scribing the flame location will be calculated and cor-
served to come mainly from the lateral side of the related with experimental values. The finite
flame. geometry of the chamber has a slight effect only on

The size of the expanding reactive zone was ob- the plume; however, the main focus of this work is
served to increase with the forced flow velocity and on the boundary layer region, and the plume region
was not affected by the fuel injection velocity. The will only be considered in what regards its interaction
frequency at which the reactive zones would appear with the former.
seemed independent from the forced flow and It was observed that extinction limits in normal
seemed to increase with the fuel injection velocity, and microgravity conditions are significantly differ-

Thermocouple measurements showed that the ent. The results of the scaling analysis along with a
temperatures decreased on the order of 100 K when phenomenological explanation of the extinction pro-
the flame makes the transition from normal to mi- cess [6,9,14] will be used to explain these differences.
crogravity. The magnitude of the temperature The flame location analysis makes use of the
change decreases as the flame moves towards extinc- boundary layer theory to describe the problem even
tion. Analysis of the combustion products showed though the experimental observations show that in
that oxygen consumption is greater in normal gravity. microgravity, assumptions such as stationary regime
Oxygen consumption was found to decrease when or neglectable mass transport in the direction per-
the forced flow and the fuel injection velocity were pendicular to the forced flow plane are no longer
varied towards extinction. These observations point valid. To provide an explanation of the observed phe-
towards a lower overall combustion completeness in nomena, a scaling analysis of the region close to the
microgravity and close to extinction, flame is conducted.

At the leading edge, diffusion and convective mass
Discussion and Data Correlation transport are of the same magnitude, and the process

can only be described by the solution to the complete
The boundary layer theory and scaling analysis will two-dimensional Navier-Stokes equations. This

be used to describe the above observations. The lo- complex problem has been previously studied nu-
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m. The interpretation of the results will not include

t = -5.00 sec. an analysis of this region, since the resolution of the

measurements is not adequate for this length scale.

B 3LUE Flame Location

The stoichiometric line=0 (a) xAway from the leading edge, diffusion mass trans-
t = 0.05 sec. fer can be neglected and the oxygen and fuel con-

centrations considered stationary. Forced convection
BLUE of the fuel and oxidiser will determine the flame lo-

YELLOW . ,cation, and the mass conservation equations for ox-

BLUE - ygen and fuel can be expressed as follows:

x-0I m m ( b ) = x 2 0 0 n u np ru . a o _ -pU• W
t = 0.10 sec.

YELLOW °V YF y WO

BLUE ay 45

By scaling the oxygen and fuel mass fractions by Y0oj
(Yoi = 0.23) and YF,, (YFi = 1.00), respectively, it

S = 0cM x=200cm can be demonstrated that oxygen and fuel will be

t 0.50 sec. delivered in stoichiometric proportions at a straight

BLUE line that has a slope defined by the following expres-
sion:

YELLOWSO YELLOW tan 0 - "Y.J--). (1)

Sx=0mm (d) "; x2oo
I = 0.90 sec. Since the characteristic length scale of the leadingYELLOW edge region is very small, the flame is assumed to be

BLUE anchored to the upstream edge of the burner (Fig.

YELLOW 3). So if 6s is the standoff distance, then

bs-x -tan 0.

X =0mm (e) x = 200 mm Inherent to this analysis is the assumption that 6s is
t 2.00 sec. greater than the momentum boundary layer (3 M). To

YELLOW verify this assumption, an approximate value for the
BLUE momentum boundary layer thickness can be deter-

BLUE mined by equating inertia and viscous terms in the
momentum equation. For all experimental condi-

__ tions studied, bM <«< s; thus, the flame will establish

x = 0mm () x = 200 num outside the momentum boundary layer, and UA and
VF can be used as characteristic values for the veloc-
ity in the x and y directions, respectively.

FIG. 2. Processed images of a boundary layer diffusion
flame in normal and microgravity (U. = 0.115 m/s and VF The role of buoyancy
= 0.0052 m/s). As it is shown in Fig. 3 and previously observed by

Apte et al. [15], in normal gravity, the flame zone can
be divided into two different regions: a boundary
layer region, controlled by an overall flow parallel to

merically and experimentally [9,10,14]. The charac- the surface (UA), and a plume region, where buoy-
teristic scale of the leading edge region was defined ancy dominates. Hot gases in the plume move up-
by Chen and T'ien [14] as 3 = a/U. and, for all ex- ward, entraining air at the bottom of the chamber;
perimental conditions studied, is of the order of 103 when the hot gases reach the ceiling, they are forced
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upstream and downstream. A recirculation pattern is and an almost vertical plume is observed to appear
therefore established upstream of the plume (Fig. at a small distance from the leading edge. If U. is
2a). The dimensionless parameter large, inertia is always dominant; the plume is hardly

noticeable, but gravity and inertia forces are always
Grx of comparable magnitudes.

Re5/2e. Overall air flow velocity (UA)

describes the ratio between buoyant forces and in- The characteristics of the boundary layer region
ertia [12]. In general, ý < 1 indicates a predomi- are determined by the overall flow UA, where
nantly forced convection flow perturbed by natural UA = U_ + UB. (2)
convection; ý > 1 suggests a predominantly free con-
vection flow perturbed by forced convection. The The following expression provides an order of mag-
former is representative of the boundary layer region nitude for UB [16]:
and the latter of the plume region. A variation of ý
with x is presented in Fig. 4 for two extreme values 4a
of U. and VF. If the magnitude of the forced flow is UB H -a 1 /4

small and VF is large, the flame is buoyantly domi-
nated, the boundary layer region will be very small, where
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1.5 .. nally, the flame establishes in the stoichiometric line
* Normal Growiy corresponding to UB 0.
+ Mcro-Grocity

Flame Extinction:

. •A phenomenological explanation of the extinction
process in terms of a critical Damk6hler number is
provided in the work of Kodama et al. [9]. The Dam-

505 kbhler number is defined as the ratio between the
4 flow (residence) time to the chemical time for the

reaction. For a fixed oxygen concentration (fixed
chemical time), as the flow velocity increases, the

00 . flow time decreases, and consequently, so does the
0.0 05 1.0 1.5 Damk6hler number. If the injection velocity in-

tan 0 creases, the standoff distance increases, and heat
(Calculated) losses from the flame to the burner decrease [11]. It

can be concluded that increasing U. or decreasingFic. 5. Comparison of experimental and calculated VFvilfouexnco.

slopes for the stoichiometric line (the dashed line corre- Depending on the magnitudes of Uin and V, the

sponds to absolute agreement), flame will be more sensitive to one of the two mech-

anisms explained above. In normal gravity, if U. is
small, the residence time will be determined by UB;

gH3 (T, - T therefore, it will be almost constant. Under these
Ra= -- a conditions, extinction will be strongly dependent on

av \ Tg " VF. As the magnitude of U. increases and becomes
comparable to Us, extinction will depend on both U.

The ceiling of the chamber limits the extension of and VF. Finally, for large values of U_, UB becomes
the plume; thus, the height of the chamber (H) is small compared to U.; therefore, extinction will be
considered as the characteristic length of the prob- dependent mainly on the magnitude of U..
lem. All gas properties are determined at an average For a fixed value of U., the total air flow velocity
temperature (T = (T, + Tg)/2) [14], where Tg is (UA) is smaller in microgravity; therefore, for each
obtained from the thermocouple readings. A char- value of VF, a higher forced flow velocity (U.) is
acteristic value for Us is calculated for all experi- needed to extinguish the flame. The difference be-
mental conditions and found to be of the order of tween normal and microgravity extinction limits will
0.1 m/s. This value is comparable to the forced flow decrease as the magnitude of Us becomes small com-
velocity, which ranges from 0.03 to 0.3 m/s. pared to that of the forced flow (U, > 0.2 m/s).

In normal gravity, extinction was also observed for
U, < 0.03 mrs; for these fuel and oxidiser velocities,

Data correlation the plume region appeared very close to the leading
The value of tan 0 is measured from the video edge of the burner; the flame establishes almost ver-

images for normal and microgravity experiments. tically and downstream of the flame front. Fuel is
The results are compared to those predicted by Eq. injected and not burnt; thus, fuel accumulates and
(1) and presented in Fig. 5. In microgravity condi- extinction follows.
tions, Us is neglected and UA = U, (Eq. (2)). For
normal and microgravity, Eq. (1) predicts very well Deviations from the Boundary Layer Regime:
the location of the flame for tan 0 < 0.7. For tan 0
> 0.7, the flame establishes in the fuel-rich zone; this For all experimental conditions, fuel injection ve-
deviation from the stoichiometric line might be due locities are of the same order as diffusion velocities
to the effect of the chamber ceiling on the flow. and approximately 50 times smaller than the oxidiser-

For equal air-forced flow velocities and fuel injec- forced flow velocity. Therefore, a boundary layer is
tion velocities, flames will be significantly closer to expected to be formed only on top of the burner, and
the burner in normal gravity. When transition to mi- the influence of the air flowing through the sides of
crogravity occurs, the flame, located at the stoichio- the burner is supposed to be negligible.
metric line corresponding to UA = U, + Us, is left The video images show a very different scenario.
in the fuel-rich zone; thus, the flame colour changes To explain the observations, a new co-ordinate sys-
towards the yellow (characteristic of a fuel-rich tem of (x'-y') anchored to the stoichiometric line is
flame). The flame then starts moving towards the ox- defined (Fig. 3). The flame thickness or characteristic
idiser (0 increases), and the colour changes back to length (e) is obtained by equating forced convection
blue (characteristic of a stoichiometric flame). Fi- and diffusion. Forced convection is characterised by
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the summation of the y' components of both fuel and the plume. The gas will partially react while con-
oxidiser velocities. Therefore, the expression ob- vected and complete its oxidation at the plume. A
tained for the flame thickness is as follows: study of the exact mechanisms of local air entrain-

ment induced by buoyancy and thermal gradients at
a a the flame will require local velocity and temperature

UA sin 0 + VF cos 0 Uy," measurements that escape the possibilities of micro-
gravity facilities and the purpose of this work.

The characteristic reaction time (r) is defined as the
time the fuel and oxidiser need to diffuse in stoichio-
metric proportions through 8. Therefore, Concluding Remarks

&e2 A diffusion flame established over a flat plate po-S- DY°'i. rous burner in the presence of a forced flow parallel
to the surface was experimentally studied. Experi-

For all values of fuel and oxidiser velocities studied, ments conducted in normal and microgravity envi-
e - 1 mm and r - 0.15 s. The reaction between the ronments provided further understanding on the ef-

y'-components of the fuel and oxidiser will then oc- fect of gravity on mass transport in a diffusion flame.

cur in a zone of approximately 1 mm in a period of In the absence of buoyancy, the flame establishes
0.15 s. In the ' direction, the oxidiser in the line where the fuel and oxidiser are delivered

and fuel separate from each other with a velocity in stoichiometric proportions. In microgravity, thegiven by assumptions of stationary flow and no mass transport
in the direction perpendicular to the forced flow

,= UA cos 0 - VF sin 0 plane are no longer valid. Fuel is accumulated in the
stoichiometric line until it reacts with the oxidiser

the product of 'r and U, pro-vides a quantitative idea transported by diffusion from the sides of the burner.

of how much fuel and oxidiser have separated before This results in an expanding reactive zone that ap-

the reaction can occur. If ha/ ve > 1, the fuel and pears periodically at the stoichiometric line.

oxidiser arriving parallel to the x' axis will react; if In normal gravity, the flame can be divided in a
odr <a' lplume region and a boundary layer region. Thermally
8/rUx, < 1, the oxidiser will escape before being able induced density gradients in the plume region result
to react with the fuel. For all experimental conditions in the establishment of a recirculation zone upstream
studied e/vU., << 1; therefore, the oxidiser escapes of the plume. The magnitude of the entrained veloc-
and fuel accumulates at the stoichiometric line. ity is comparable to the air-forced flow velocity for

The fuel will be convected upstream with a veloc- the entire experimental range.
ity VF sin 0, which is comparable to that of diffusion For a constant fuel injection velocity, flames in mi-
in the z direction; therefore, the accumulated fuel isexpeted o ract iththe xidser omig frm t ecrogravity extinguish at air-forced flow velocities sig-expected to react with the oxidiser coming from the nificantly higher to those in normal gravity due to the
sides of the burner, generating the previously de- nificantly herto ths inmno gravity duetscribed reacting zones. It is important to notice that previously mentioned entrainment velocity induced
furibel racc utingzone t is ind peent tof nc thu, e- by the plume. This observation is of capital impor-
fuel accumulation is independent of U-; thus, ex- tance in any attempt to determine fire risks in space-panding reactive zones will occur for all values of UL. craft.
The extent of the accumulation zone is determined The experimental limitations imposed by micro-
by the distance the oxidiser can be convected along gravity facilities do not allow for better quantitative
the stoichiometric line before it can diffuse a distance information on the flame. Due to the lack of quan-
8; therefore, it can be approximately determined by titative information, the theoretical analysis con-

ducted on the flame only attempted to obtain orders
1 = (UA cos O0). of magnitude that were in very good agreement with

the experimental results.
The value of 1 is proportional to U. and ranges from

10 mm, for the smallest air flow velocities, to 50 mm,
for the largest air flow velocities studied. The orders
of magnitude for I agree well with the experimental Nomenclature
observations.

Expanding reactive zones were not observed in D diffusion coefficient
normal gravity; oxidiser entrainment by the plume g gravitational acceleration (g.

noruý ~= 9.81 /2does not allow for diffusion to be the controlling mass 2T, tanx s2)
transport mechanism in the z direction. Buoyantly Grx = ta
induced air flow transports the unburned gas towards Ta+ TgI 2

the plane of symmetry and then upstream towards modified Grashof number
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COMMENT

Howard D. Ross, NASA Lewis Research Center, USA. floor of the chamber are not of extreme accuracy since
How were the cold flow velocities (both fuel and air) char- the geometry of the chamber and seeding problems did
acterized experimentally, particularly near the leading edge not allow for high-quality measurements. The results
of the plate? show that, upstream of the leading edge, the oxidiser ve-

locity remains almost constant through the entire cham-
Author's Reply. Two-dimensional velocity measure- ber height and, in the same manner, the fuel injection

ments were conducted by using laser-Doppler velocime- velocity is also constant along the entire burner. All
try. All measurements were done with cold flow, and in measurements were conducted in normal gravity, and the
most cases the ethane was substituted by air to avoid un- results through conclusive, are still preliminary and need
burned fuel mixtures. The measurements close to the further verification.
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ON BURNER-STABILIZED CYLINDRICAL PREMIXED
FLAMES IN MICROGRAVITY

J. A. ENG, C. K. LAW AND D. L. ZHU

Department of Mechanical and Aerospace Engineering
Princeton University

Princeton, NJ 08544, USA

The structure and response of the curved but unstretcebcd cylindrically symmetric one-dimensional
premixed flame generated by a cylindrical porous burner has been studied using (1) activation energy
asymptotics with one-step reaction and constant properties, (2) numerical computation with detailed chem-
istry and transport, and (3) drop-tower microgravity experimentation. The study emphasizes the relative
importance of heat loss (to the burner surface) vs flow divergence as the dominant mechanism for flame
stabilization, the possibility of establishing a one-dimensional, adiabatic, unstretchcd, premixed flame in
microgravity, the influence of curvature on the upstream and downstream burning rates of the flame, and
the relation of these burning rates to those of the inherently nonadiabatic flat-burner flame as well as the
freely propagating adiabatic planar flame. Results show that, with increasing flow discharge rate, the dom-
inant flame stabilization mechanism changes from heat loss to flow divergence, hence demonstrating the
feasibility of establishing a freely standing, adiabatic, one-dimensional, unstretched flame. It is further
shown that, in this adiabatic, divergence-stabilized regime in which the burner discharge flux exceeds that
of the adiabatic planar flame, the doxnstream burning flux is equal to the (constant) burning flux of the
adiabatic planar flame while the upstream burning flux exceeds it, and the upstream burning velocity
exhibits a maximum with increasing discharge rate. Based on the property of the downstream burning flux,
it is also proposed that the laminar burning velocity of a combustible can be readily determined from the
experimental values of the burner discharge rate and flame radius. Microgravity results on the flame radius
compare favorably with the computed values, while the corresponding laminar burning velocity also agrees
well with that obtained from independent numerical computation.

Introduction stretch effects can significantly modify the flame
properties from the idealized, freely propagating,

The configurational simplicity of the stationary adiabatic, one-dimensional planar flame in the don-
one-dimensional flames renders them intrinsically at- bly infinite domain [1].
tractive for fundamental flame structure studies. The A class of one-dimensional premixed flames that
possibility and fidelity of studies of such flames on has the potential of eliminating heat loss and stretch

earth, however, have been severely restricted by the effects is the burner-generated cylindrical and spher-

unidirectional nature of the gravity vector. To dem- ical flames, where a premixed gas flows through a

onstrate these complications, let us consider the sta- porous cylindrical or spherical burner, and the re-

tionary, one-dimensional, premixed flame stabilized sulting flame is formed at some distance from the

over the flat-flame burner (Fig. la). This flame is in- burner, as shown in Figs. lc and Id. To demonstrate

herently nonadiabatic because it is stabilized through that such flames are curved but not stretched, we

heat loss to the burner surface. Furthermore, radicals consider the general expression for the stretch rate

generated at the flame potentially can also diffuse experienced by a flame surface [1,2],

back to the burner surface and become deactivated. 1 dA
Such loss processes can introduce uncertainties into K= --
the study of flame chemistry by using the flat-burner A dt

flame. Furthermore, while a nearly adiabatic, planar, -n. V x (uf x n) + (sf n)(V n) (1)
quasi-one-dimensional flame can be produced by us-
ing the counterflow burner (Fig. lb), where two syrn- where A is the area of an infinitesimal element of
metrical planar flames are formed in the two-dimen- the flame surface, uf the flow velocity evaluated at
sional stagnation field of two opposed jets of the flame, sfthe velocity of the flame, and n the unit
premixed gas, the flame is aerodynamically strained normal vector of the surface. Equation (1) shows
by the nonuniform flow field. The associated flame that, since the flame is stationary (sf = 0), and the

1711
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experimental investigations of the cylindrical flame.
Plane lane low The results are presented in the following sections.Poros _ For previous studies on spherical [3-6] and cylin-
Plate .. s. drical [3,7] flames, either burner-stabilized [3,7] or

Poe ioeP•ti Plaon supported by point and line sources [4,6,7], we note

the approximate solutions of the gross flame prop-
Prernixotre erties [4,5,6], activation energy analysis of flame-

a) Flat Burner Flame b) Counterflow Burner Flame front instability [7], and experimental observation of

the near-burner flames [3]. Since the present ap-
proach and results are quite different from these ear-
lier works, we simply refer the reader to their

S., sources.
Herne i:;-e_ here':• yine

Porous ar

At Asymptotic Analysis and Qualitative Behavior

V. The problem analyzed is shown in Fig. 1c. Here a
Premixmre Premsooure premixture of temperature T, and mass flow rate m,

c) Cylindrical Burner Flame d) Spherical Bumer Flame consisting of a deficient, rate-limiting reactant F
(fuel) with mass fraction Yp,,, issues from a unit-

Fin. 1. Vmious one-dimensional flame configurations: length, internally cooled porous cylinder that has a
(a) flat-butner flame: planar, nonadiabatic, unstretched; (b) radius r• and surface temperature T,. From conti-
comitterflow-burner flame: planar, adiabatic, stretched; (c) nuity, the mass flow rate i = 27-,pt is a conserved
and (d) cylindnchal and spheiical flanie: cnved, nonadi- quantity along the radial distance r, where u is the r
abatic/adiabatic, unstretched. velocity and the subscript s designates the burner

surface. Upon ignition, a cylindrical flame is estab-
lished concentric with the burner, with the thin re-

flow is normal to the flame surface (uf X In -a 0), the action zone located at rf and the preheat zone ex-

stretch rate vanishes identically. Furthermore, while tending from the burner surface to rf, where the

such a flame can be stabilized by heat loss to the subscript f designates the reaction zone. From the

burner, the divergent nature of the flow provides an experimental point of view, the parameter that can

additional stabilization mechanism. That is, as the be independently and conveniently controlled is in.

flow rate is continuously increased, the flame recedes Thus, for a given m, the cooling rate of the burner

from the burner, and heat loss can be eventually re- and hence the heat loss rate friom the flame, Q0., can

duced to become negligible as compared with the be adjusted to achieve a constant Ts. The flame tem-

heat generated at the flame. At this point, the flame Perature T1 and flame standoff location will also

temperature is expected to be close to the adiabatic adjust accordingly for the given in and T,.
flame temperature. Further increase in the flow rate With conventional constant property assumptions,
is then accommodated by an increase in the flame the nondimensional conservation equations for tem-

standoff distance to a position where the flame speed perature T and mass fraction Y, of F are, respec-

again balances the flow velocity. Thus, the cylindri- tively,

cal/spherical geometry offers a unique advantage for F / ]

the study of adiabatic, one-dimensional, stretch-free mrt - (T + Y ,) - - i' k (t + = 0 (2)
flames that is not present in other commonly used dr dL d\ Le
experimental systems. Such flames, however, can
only he established, and studied, in a mnicrogravity dT d i~ dT(""M 7 - = - (3)
environment because of the distorting nature of the dF W TT
buoyant flow under normal gravity conditions.

In view of the above considerations, an experi- where
Ilental and theoretical program on cylindrical and
spherical premixed flames in microgravdty has been ti = (Dao)%32 Yi exp(- T1"T) (4)
initiated. We are especially interested in (1) assessing
heat loss vs flox divergence as the dominant stabili- is the nondimensional reaction rate for an assumed
zation mechanism, (2) understanding the effects of second-order reaction,
flame curvature on the burning intensity, and (3) de-
termining the lanminar burning velocity by using this B Ip 2\
configuration. In the present study, we have per- Da = IY (., (5)
formed analytical, computational, and microgravity- Wo //c
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is the Damkbhler number, Le is the Lewis number, For large values of ?f, the above solution ap-
-i m/(27r2/cp), T = c,)T/IY,,q,, Y1, = YJ/F,,, p proaches the adiabatic limit, with q-, 0, Tf- Tf,

= P/Pb, r = r/c9 , 7'T, is the activation temperature, and A (7f) - A (Tj), which is a constant. The last
p the density, Yo the mass fraction of the abundant relation, when interpreted in the context of Eq. (11),
species, A the thermal conductivity, c,, the specific implies that (i5/lf) becomes a property of the mix-
heat, q, the chemical heat release per unit mass of ture in this limit, being independent of the burning
fuel, and B the frequency factor. The subscripts u rate iii and the flame curvature that is proportional
and b respectively designate the unburnt and burnt to <p1 . This result has the following implications.
states of the flame. We shall also assume that there First, since <f - ii, the flame accommodates an
is no downstream heat loss such that Tf - T11. increase in the mass flow rate from the burner by

The boundary conditions are moving to a larger radial distance and hence attaining
a larger flame surface area. The flame is therefore

r= 1: T = T0. (6) stabilized through flow divergence. This stabilization
mechanism and hence flexibility do not exist for the

1 dY,, flat-burner flame, which loses its planar nature when
Le -d (7) the burner discharge rate exceeds that of the adia-

batic value.

Sc: T = ,(8) Second, if we evaluate ii at the reaction zone, then(8 OII/f) = (pof r•)/(l/c )) is simply a nondimensional
0. mass flux at ýf sayff -where f = ft, /(2/c0 ) is the

(9) nondimensionalf Furthermore, since this quantity

Thus, for given io and t> one can solve for the spe- is independent of ff and hence the flame curvature
ciesog n and temperature profiles as wlle a the fme- in the adiabatic limit, it must be equal to the (con-
cies and temperature profiles as well as the flame stant) mass flux of the adiabatic planar flame, 70 =
response parameters Tf, &f and the specific heat loss - =7, for which r9 can be considered as an arbi-
p er unit length of burner, q , w hich is defined by f r r lengt for no nd bens on sidereon . se anh e efor

trary length for nondimensionalization. We therefore

diT have the following sequence of identities in the adi-
dVt= = na 9  (10) abatic limit:

where Q = [r/(YF,,, q,)1q( (ff2 (70)2 Le A. (18)
A straightforward application of activation energy

asymptotics yields the following flame responses: The invariance of to flame radius variations pro-

vides a simple relation for an experimental determi-
Le A (11) nation of the laminar burning velocity of the one-

dimensional planar flame. That is, since m (=
2mrrfpluf) is given while the flame radius can also be

Tf = (T• + T•0 _ ,) _ (12) easily measured photographically, the laminar burn-
ing flux is simply

= tr's,• (13)

with the leadingorder temperature (To) and species f° = (19)
concentration (YF,0) profiles respectively given by 27rf

S -f - -- Furthermore, sincef0 = fif = p,,un, the laminar
(rf T.) - (rFi 1) (14) burning velocity is then given by s, = I I = f/p,,.

- - Our experimental result agrees well with Eq. (19), as
will be shown later.

(I Yo) (15) Third, since/c = f, while/c < , because of flow
(i 17, divergence, we must havef; <f,. Thus, iff, is iden-

tified as the flame propagation rate relative to the
r -f: TO = Tf = Tb (16) freestream, then the concave nature of the present

cylindrical flame causes it to have a higher flux and

7 'F,0 = 0 (17) hence propagation rate than the planar flame. This
- --) is the same curvature effect that causes the tip of a

where A(Tf) = 2Da(T/T0 )2 exp(-T,,/Tf) is a re- unity Lewis number Bunsen flame to have a higher
duced Damk6hler number, T7 the adiabatic flame burning velocity than its shoulder.
temperature, and the superscript "0" designates the The characteristics of the cylindrical flame can be
adiabatic, one-dimensional planar flame. better demonstrated with the following quantities:
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, 2= ( 0.06

F( -5 

cylindrica (a)

- epf T4 (20) < 0.04 r....m.planar: -) (20) 0'c ----
(1 ad T f -- ....

0.03 , x. r,= 0.5 cm

= q =(21) 0.02

0.01.

where iii is the ratio of the mass burning rate of the
cylindrical flame to that of the adiabatic planar flame 0.001

"wi the same cylinder surface area, or in?' 25.0 (b)b
27rr-p. s'. We also define a flame standoff distance d- '/
= G;• - <,,with r, 0 for the planar case, and non- 8 20.0
dimuensionalize it by the laminar flame thickness 6'
= ( /1c ,/f ° such that df = df/3 °. r0 rcm

For comparison, we note that, for the nonadiabatic r,= "

planar flame stabilized over a flat burner [8,9,10], 10.0
ft = f = f/f' such that . c

5.0 r 0.5 cm

= (.1)= exp Tj-4- - (22) 0.\Tad/ Ta10d Tf1.05 
C

0, = ,exp(-64d 1f) (23) t 1.oo r= 5 cm

while Eq. (12) still holds for the relation between
T/and q1. • 0.95

Figure 2 shows Q- df, and Tf/Tf as functions of . r,= 0.5cm
61, for the planar case as well as the cylindrical case o.90
with Cs = 0.5 and 5 cm. The solutions were generated
with T,, 300 K, T7 = 1800 K, T, = 20,00,0 0.85s
K,f" = 0.022 g/cM2u-s, and (l/c, ) = 0.001 g/cm-s.
It is seen that both the planar and cylindrical cases 0.8o
yield a dual solution behavior in that there are two 0.0 0.5 1.0 , 1.5 2.0 2.5
values of the mass burning rate siii for either a given

beat loss rate Q., or a given flame standoff distance Fic. 2. (a) Heat loss rate to the burner surface, (V) flame
d The behavior for the planar case is a well-known standoff distance, and (c) flame temperature as functions
o{;servation [11,12,13] that has also been recently ex- of the flow discharge rate for the flat burner and the cylin-
plained [9,10] by noting that, by taking 1i5 as the in- drical burner with different radii.
dependent parameter with, T, fixed, the flame re-
sponses in terms of Q, and df are actually unique. By
similar reasoning, we then expect that the responses the cylindrical flame, m, with that of the adiabatic
of the cylindrical flame are also unique when 6,, is planar flame that has the same surface area as the
the independent parameter. cylindrical flame (in = 2nrfp,,s,), that is, @i =

For the cylindrical flame, it is seen that, when the m/nf, for the r7 = 0.5 cm case. It is seen that mf
cylinder radius is large (5 em), the flame behavior 1 for 61, < 1.5, but hf- 1 for larger values of ii,.
follows closely that of the planar flame up to 1s f - 1, This demonstrates that the mass flux in the reaction
as expected. In this regime, heat loss is the dominant zone approaches that of the adiabatic planar flame as
flame stabilization mechanism. For f6t, > 1, the pla- the flame becomes near adiabatic.
nar flame does not exist, while the cylindrical flame To identify the influence of curvature on the burn-
can still be maintained because of flow divergence. ing flux at the upstream boundary of the flame, in
tIh this regime, the flame is practically adiabatic, with Fig. 3 we have also plottedf1  = f/f,, with the un-
Q, - 0 and Tf T/. For smaller cylinder radius (0.5 burnt state evaluated at the location of the 1% tem-
cm), the response of the cylindrical flame deviates perature rise from the freestream temperature ac-
significantly from that of the planar flame. The flame cording to the suggestion of Tien and Matalon [14].
is almost adiabatic and is stabilized by flow diver- The results are quite insensitive to the actual state
gence at higher values of fts. selected as long as it is close to the ambient state. It

In Fig. 3, we compare the mass burning rate of is seen that, with increasing ftnj, initially increases
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1.50 Microgravity Experimentation

The experimental apparatus for the cylindrical

1.00 flame is shown in Fig. 4. The cylindrical burner was
made of a porous bronze tube with 5-pum pore size,
1.25-cm diameter, and 3.76-cm active length. The

'E thickness of the porous wall is 4.7 mm. Since unifor-
0.50 mity of the flow through the porous wall depends on

the pressure differential across it, the reactant mix-
ture was supplied from both ends of the burner tube
so as to minimize the internal pressure gradient in

0.00 0the axial direction of the cylinder. Furthermore,
rM, stainless steel tubes with small holes at various lo-

cations were positioned inside the burner to further
FIG. 3. Normalized mass burning rate and upstream even the axial pressure distribution. A cross-sectional

burning flux for the cylindrical flame stabilized by a cylin- view of the burner with the internal tubes is shown
drical burner with 0.5-cm radius, in the inset of Fig. 4. The axial pressure distribution

was measured (under normal gravity conditions) by
drilling small holes in the porous wall and connecting

to values off0 > 1. It then decreases and eventually water manometers to the pressure taps. For the best
approaches the adiabatic, planar case off,, = 1 as achieved design of the number and placement of the

-f - o. The important point to note is that fl, can holes in internal tubes at a typical flow rate, the inlet
exceedfC', in agreement with the previous discussion gage pressure to the burner was 60 cm water and the
of curvature-enhanced burning flux and hence burn- axial pressure variation was + 2 cm water, a 10% vari-
ing velocity. ation.

Porous
Cylinder

Cylindrical L
flame

Main Ignition
Flow Flow

System Ssteme
If Pres o Sonic

Nozzle
Pressure Ignition

Regulator coil

Solenoid Valve
Filter

On/Off Volve

MiaareThermocouples Foe. 4. Schematic of the experi-
Took mental apparatus. Inset is the cross

section of the cylindrical burn~er.
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Because of the small burner size and the limited 2.5 minimumndistance p c a8.0,\ poos cylindrical •

duration of the microgravity experiments, no cooling ,• t bu.. 7.0

was used for the burner. A thermocouple was in- 1 6.0
serted inside the burner wall to record the burner 5.0

temperature. A hot wire mounted on a rotary sole- c 1.5 5.0

noid was used to ignite the mixture. Experiments 3i.0

were performed under Microgravity conditions at the 1 1.0 3.0

NASA-Lewis 2.2-s drop tower. Mass flow rates were r 2.0
measured by using sonic flow nozzles whose up- • 0.5 2.U_ compVtaion"

stream pressures were recorded by using pressure ae e
transducers. A video camera was used to record the 0.0 0.00.6 0.8 1.0 1.2 1 .4 1.6 1.8 2.0

flame shape and standoff distance. m,

Fin. 5. Computed heat loss flux and flame standoff dis-
tance, and experimental flame standoff distance, as func-

Computational Simulation tions of the discharge rate. Inset is a representative exper-
imental flame configoration.

The experimental situation was numerically sim-

ulated by using the Sandia premixed flame code [15],
with modifications to ensure strict mass conservation weak wrinkling. This wrinkling is believed to be
in the divergent flow field. The program solves the caused by the pressure variation in the burner and
governing equations of mass, energy, and species us- leads to a variable standoff distance of ± 15% in the
ing finite-difference approximation, allowing for de- axial direction. The spread in the experimental data
tailed chemical kinetics, multicomponent diffusion, therefore represents the extent of flame nonuniform-
and variable thermal properties. The chemical mech- ity as measured by the minimum and maximum
anism used was that developed by Egolfopoulos et standoff distances. The flame location for the nu-
al. [16], which has 30 species and 153 reaction steps. merical results is taken as that of the maximum CH

The independent variable for the burner-stabi- radical concentration, since this species is chiefly re-
lized flame is the mass flow rate in. The necessary sponsible for the luminosity of the flame and assumes
boundary conditions are the burner surface temper- its maximum concentration in the active reaction
ature, TF, and the reactant mixture mass flux frac- zone of the flame. The heat loss to the burner is also
tions. The boundary conditions imposed on the prod- presented for the calculated results and shows that,
uct side are vanishing gradients for species and around a normalized flow rate of ih5 -• 1.4, the heat
temperature, dYi/dr and dT/dr. The program solves loss is essentially zero. At this point, the stabilization
the governing equations to determine the tempera- mechanism has changed from heat loss to flow di-
ture profile through the flame, from which the flame vergence. The figure also shows that all the micro-
location and heat loss to the burner can be found, gravity data are in the regime where the flame is sta-

bilized by flow divergence. This is further
substantiated by the experimental result that the

Experimental and Computational Results thermocouple temperature basically remained at the
ambient value during the experiment. The compar-

A mixture of CH 4 + 202 + 7.52N2 + 5.665He, ison shows that the flame is situated further away
with an effective Lewis number of 1.88, was used for than calculated, with about 1-2-mm differences.
the cylindrical flame experiments. Helium was added Overall, the experimental and computational results
to enhance flame-front stability. There are two agree quite well, at least qualitatively, considering
causes for the enhanced flame stability with helium the difficulties usually associated with microgravity
addition. First, the effective Lewis number of the experimentation.
mixture increases, which reduces the thermal-diffu- Figure 6 compares the calculated and observed
sional instability. Second, the adiabatic flame tem- mass flux through the reaction zone. As discussed,
perature is reduced, which reduces the density jump the calculated result in the adiabatic limit should be
across the flame and the propensity to develop the close to the independently calculated laminar burn-
hydrodynamic (Landau) instability. For this mixture, ing flux for the adiabatic planar flame. Exact agree-
the adiabatic flame temperature for the unburned ment is not expected because, while the calculated
mixture temperature of 300 K is 1885 K, and the result is a constant for the planar flame, it depends
calculated laminar flame speed is 20.8 emL/s, which on the present choice of the maximum CH radical
corresponds to a mass burning flux of 0.016 g/cm 2-s. location as that of the reaction zone for the cylindri-

Figure 5 compares the calculated and measured cal flame. The uncertainty, however, is not expected
flame standoff distance as a function of the normal- to be large because the flame thickness is much
ized mass flow sh5. The inset shows a typical recorded smaller than its standoff distance. It is seen that the
flame configuration, which exhibits some large-scale, calculated laminar mass flux attains a value of about
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0.016 cially within the context of laminar flamelets in the
0.014 0 0 modeling of turbulent flames.

- 0.012- We have also successfully produced a nearly cylin-
drical and adiabatic flame in the microgravity envi-

. ronment of the drop tower. While the quality of the
0ýq 0.000 flame still needs to he improved, the viability of the"N 6concept is nevertheless established, especially in light
a t 0.006
"E 0 of the favorable agreement between the microgravity

00results and detailed numerical computation.
0.002 1 experiment A further contribution of the present study is the-computation

0.000 1.0 possibility of determining the laminar burning veloc-
0.6 0.8 1.0 m.2 1.4 1.6 1 . 2.0 ities of combustible mixtures by using the cylindrical

flame in the nearly adiabatic regime. While micro-
FIG. 6. Computed and reaction zone mass flux as func- gravity experiments are fairly complex and possibly

tion of the discharge rate. also costly in terms of their operation, the simplicity
of the experimental configuration and concept ren-
ders this methodology a useful substantiating alter-
native to other approaches for such a determination,f. = 0.0156 g/cm2-s in the divergence-stabilized re- at least for reasonably smooth flames.

gime, which compares very favorahly with the inde- Finally, we do wish to emphasize again the diffi-
pendently calculated value off' = 0.016 g/cm2-s for culty in obtaining perfectly cylindrical flames without
the adiabatic planar flame. Figure 6 further shows wrinkles, even with the addition of helium. If such
that the experimentally measured values also agree wrinkles are inherent to the flame, as manifestations
well with the computed results, being slightly larger. of some hydrodynamic instabilities [17], then there
This demonstrates the feasibility of determining the would exist a limitation on the quantitative accuracy
laminar burning flux, and hence the laminar burning in determining the flame responses such as the burn-
velocity, by using the cylindrical/spherical flame as ing rate of practical combustion mixtures. Studies are
proposed herein, currently underway to assess the nature of such wrin-

The difference between the calculated and mea- kles. Experiments will also be conducted with spher-
sured values for the flame location and burning flux ical flames; it is anticipated that the additional cur-
can be attributed to the small influence of gas-phase vature could partially "absorb" the extent of
heat loss in the experiment, which is not included in wrinkling.
the calculations. Perhaps most importantly, while the
calculation assumes an adiabatic downstream, in the
experiments, the downstream temperature is that of Acknowledgments

the ambience. This downstream heat loss reduces the
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There have been many studies of hot surface ignition of premixed gases. However, using the experi-
mental results obtained up to this time, it is difficult to understand the basic mechanism of ignition by
heated surfaces because these experiments were made under the normal gravity condition, suffering from
the effect of natural convection.

In the present study, experiments were made on the ignition of mixtures by heated nickel, tungsten,
and platinum wires under normal gravity and microgravity conditions. With a methane-oxygen mixture
ignited by a heated tungsten wire, a strong gravity effect on the ignition delay is observed. On the contrary,
there is almost no gravity effect observed with a methane-air mixture. Results of calculations show that
ignition experiments under the microgravity condition are simulated successfully by this numerical model.
It is shown from the numerical results that the ignition point in the methane-oxygen case is apart from
the hot-wire surface, while, in the methane-air case, this point exists near the hot-wire surface. Therefore,
natural convection has little effect on the ignition delay of a methane-air mixture.

Experimental results of hydrogen-air mixtures ignited by heated platinum wires show that chemical
species are supplied to the platinum vire surface by natural convection, and therefore, the surface reaction
is promoted under the normal gravity condition. Experimental and numerical results show that the surface
reaction is the most energetic when the equivalence ratio of the mixture is 0.3, which conflicts with the
result obtained by Coward and Guest that the rate of catalytic reaction attains a maximum at stoichiometric
composition. This contradiction may be due partially to the gravity effect in their experiments.

Introduction imum at stoichiometric composition. These conclu-
sions are generally accepted, and their experimental

There have been many studies of hot surface ig- results have been cited in some textbooks [8]. Ash-
nition of premixed gases [1-7]. Coward and Guest man and Bibchler [4] measured ignition delays and
[1] measured ignition temperatures of natural gas ignition temperatures of hydrogen-air and methane-
and air mixtures with heated platinum and nickel air mixtures with heated wires. Adomeit [5] mea-
bars. They showed that the minimum ignition tem- sured the temperature field around the igniter of a
peratures of platinum are much higher than those of heated circular rod with a Mach-Zehnder interfer-
nickel, and that, when they are plotted against the ometer. Laurendeau [9] reviewed previous work and
equivalence ratio, the maximum can be seen near investigated the influence of surface size, pressure,
stoichiometric composition. From these results, they and flow velocity on the ignition temperature theo-
concluded that a powerfully catalytic surface requires retically.
a higher temperature to ignite the mixture, and the We think that, using these experimental results, it
maximum of the platinum temperature curve indi- is difficult to explain the basic mechanism of ignition
cates that the rate of catalytic reaction attains a max- by heated surfaces because these experiments were

1719
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FIG. 2. Ignition circuit diagram.

Top view

nection of RA to RB and RC to the hot wire drives

Combustion Chamber the OP-amp, whose output current is amplified by
transistors. Therefore, the change in resistance of the
hot wire yields the desired feedback effect, so that

Photo diode COD the temperature of the hot wire remains constant.
The constant value had been adjusted beforehand by
varying resistance Rc. When the hydrogen-air mix-
ture is ignited with the platinum wire, the platinum
wBere is heated by the heat release due to catalytic
reaction on the platinum wire surface (designated as
surface reaction), and the platinum wire temperature
cannot be kept constant. In this case, the platinum
wire is monitored with a charge-coupled device

Side view (CCD) camera during the experiments, and the his-
tory of the platinum wire temperature is obtained

FIG. 1. Schematic diagram of experimental apparatus, from the light intensity of the wire. The relation be-
tween light intensity and the wire temperature mea-

osuffering sured by the optical pyrometer was obtained in ad-
made under the normal gravity condition, vance. The free-fall method was adopted to obtain
from the effect of natural convection. Additionally, the microgravity condition using a drop tower 11 m
knowledge of the hot surface ignition of combustible in height, which can realize about a 1.4-s micrograv-
mixtures under the microgravity condition is needed ity condition, at the Department of Aeronautics and
to achieve proper designs of space system that should Astronautics, University of Tokyo. To minimize the
guarantee safe operation and reasonable construc- influence of air drag, the experimental apparatus was
tion costs. mounted inside the drag shield.

In the present study, experimental and numerical The inside the drag shield
studies were made on the ignition of mixtures by w experimental apparatus and the drag shield
heated nickel, tungsten, and platinum wires under the hung hy a te el wire. The initial pressure and
the mierogravity condition. For comparison of the the initial temperature of mixtures were atmosphericresults, experimental studies under the normal gray- pressure and room temperature, respectively. Im-

itin wxerimentalseso c nducthed nmediately after the wire is cut by a cutter, the switch
ity condition were also conducted. of the ignition circuit is turned on. It takes some mo-

ments from the accomplishment of heating up the
Experimental Apparatus wire until the mixture ignites. This is defined as ig-

nition delay. When the mixture around the hot wire
The experimental apparatus is given schematically ignites, it is detected as a sudden heating of the hot

in Fig. 1. The combustion chamber is a duralmin wire and, consequently, in a sharp decrease in OP-
cylinder, 60 mm in diameter and 16 mm in length, amp output voltage. Accordingly, ignition can be de-
fitted with parallel glass windows. The wire in the termined by change in the OP-amp output voltage.
chamber is heated electrically up to the desired tem- In the platinum wire case, the OP-amp output
perature in a short period (about 10 ms) and main- voltage sharply decreases to zero because of the heat
tained at constant temperature thereafter by the ig- release due to surface reaction, and ignition of the
nition circuit, which is shown in Fig. 2. The hot wire mixture cannot be detected by this method. There-
plays a function as one resistor of the Wheatstone fore, a photodiode was used to detect the ignition, as
bridge. The potential difference between the con- shown in Fig. 1. The photodiode and CCD camera
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were not used in the nickel and tungsten wire ex- 00 1 1 1 1
periments. *i" Normal gravity

A Micro gravity
Numerical Model Description U 0.86 calculation

Numerical calculations were carried out to sirmu- > * *
late the ignition phenomena under the microgravity " 0.6-
condition. The numerical model is as follows: A cy- * *
lindrical heat source, or hot wire, is surrounded with .
a mixture, and its length is assumed to be infinite. . 0.4 6 *
Partial differential equations that govern mass, en- * g *
ergy, and species concentrations are stated in one-
dimensional cylindrical coordinates. Axial symmetry, 0.2

zero azimuthal velocity, and no gradient along the
axis are assumed. Because of low Mach numbers, 0
constant pressure is assumed, and therefore, mo- 1300 1350 1400 1450
mentum equations are not used.

The transport properties such as coefficients of vis- Wire temperature [K]
cosity, diffusion, and thermal conductivity are cal- FIG. 3. Ignition delays of stoichiometric methane-oxygen
culated theoretically [10,11]. The elementary reac- ixture.
tion mechanism involves 134 reactions and 29 m
species for the methane-air and methane-oxygen
mixtures and 21 reactions and 9 species for the hy- of the place where the heat-release rate due to gas-
drogen-air mixtures. It is drawn from Kee et al. [12] h
without any modification. Thermochemical proper- phase chemical reaction takes the local maximum
ties are obtained from JANAF tables [13].

The boundary conditions for the case without cat-
alytic effect are given by

Results and Discussion

r = r, T = T,, V = 0, = 0Or

Methane-Oxygen and Methane-Air Mixtures:
OT OV Odfk dly o h oermn

r c: 0, -- = 0, -- = 0 Ignition delays for the stoichiometric mixture of
Or Or Or methane-oxygen were measured under normal grav-

ity and microgravity conditions, using tungsten wire
where T,, r., V, and Pk are the temperature and the 0.15 mm in diameter and 40 mm in length. Their
radius of the hot wire, the velocity of radial direction, dependence upon the hot-wire temperature is plot-
and the mole fraction of species k, respectively, ted in Fig. 3. The solid line represents the result of

When the catalytic effect is included, (OPk/Or)F_.., calculation. The catalytic effect is not included in the
is not zero. Adsorption and desorption of the species calculation. At lower temperatures, the ignition de-
and the catalytic reaction mechanism on the plati- lays under the microgravity condition are shorter
num surface used here were developed in the study than those under the normal gravity condition, and
of Ljungstrom et al. [14]. the difference between them becomes remarkable as

As the heat balance of the hot wire, heat transfer the wire temperature decreases. These results may
to the ambient mixture Q1, radiation Q,, heat re- be due to convective cooling, which results in a long
lease due, to surface reaction Q, (for the platinum ignition delay under the normal gravity condition,
wire case), and electric power Q,, are considered. and this gravity effect intensifies with the increase in
Electric power is supplied to the hot wire so as to ignition delay.
keep the wire temperature constant, and is given by Ignition experiments on the stoichiometric meth-
the following equation: ane-air mixture give results that differ from the

methane-oxygen experiments. That is, the effect of
Qp = Qht + Qracd - Q.,- gravity is not observed. Ignition delays obtained un-

der normal gravity and microgravity conditions al-
When Qep becomes less than zero, it is set to zero, most agree with each other, as can be seen in Fig. 4.
and the hot-wire temperature does not keep constant Generally speaking, the strength of the gravity effect
in this case. can be estimated with the Grashof number, which is

Ignition occurrence is defined as the appearance given by
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FIG. 4. Variation of ignition delay with wire temperature FIG. 5. Ignition delays of stoichiometric methane-air
for stoichiometric methane-air mixture obtained under mixture.
normal gravity and microgravity conditions.

3000 , ,
L3p'g(T• - r,,)

Cr, = 0CH4-0 2

where L, p, g, T, T, T,, and p are the diameter of

the hot wire, densitT of the mixture, acceleration of 
0'

gravity, temperature of the hot wire, temperature of E
the mixture, the average temperature of T,, and Tg, S
and viscosity of the mixture, respectively. For ex- - 2000
ample, methane-oxygen and methane-air mixtures
ignited by hot-wire temperatures of 1250 and 1450 CHg-Air
K show almost equal ignition delay (about 0.3 s) un- H-
der the microgravity condition and different
strengths of the gravity effect. The Grashof numbers
in the methane-oxygen case and methane-air case are
0.27 and 0.30, respectively. This result does not ex- 1000[-
plain the difference in the strength of the gravity ef- 0 0.2 0.4

feet under these two conditions. Distance from the wire surface [mm]

The numerical result in Fig. 3 almost agrees with FIG. 6. Calculated temperature profiles at ignition for
the experimental result obtained under the micro- stoichiometric methane-oxygen mixture with wire temper-
gravity condition. This shows that the ignition phe- ature 1290 K and stoichiometrie methane-air mixture with
nomena under the microgravity condition can be wire temperature 1414 K.
simulated successfully by this model.

Figure 5 shows the calculated ignition delay de-
pendence upon the noncatalytic hot-wire tempera- Figure 6 shows calculated temperature profiles at
ture for the stoichiometric methane-air mixture un- ignition. Methane-oxygen and methane-air mixtures
der the microgravity condition. The calculated are ignited by wire temperatures of 1290 and 1414
ignition delay is shorter than the experimental result, K, respectively. Ignition delays of both conditions are
and the difference between them increases with in- almost equal to 0.3 s. The difference in the strength
creasing wire temperature. This may be due to the of the gravity effect between the methane-oxygen
oxidation of the tungsten wire, by which the wire and methane-air experiments can be explained by
diameter decreases gradually. The decrease of the this figure. Arrows in the figure exhibit the ignition
wire diameter causes decrease of the wire tempera- points, which are the places where the heat-release
ture, because the resistance of the hot wire is kept rate due to the chemical reaction have taken the local
constant by the ignition circuit. This effect of oxida- maximum value with time for the first time. The ig-
tion multiplies with increasing wire temperature. nition point in the methane-oxygen case is apart from
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FIG. 7. Numerical and experimental results of initial FIG. 8. Numerical and experimental results of initial
platinum wire temperature with which ignition delays of platinum wire temperature with which ignition delays of
hydrogen-air mixtures are 0.3 s. hydrogen-air mixtures are 0.6 s.

the hot-wire surface because the hot wire absorbs
heat from adjacent gas as the chemical reaction de-
velops. On the other hand, the ignition point in the 1' en
methane-air case is nearby the hot-wire surface be- 0 A AA

cause the hot-wire temperature is so high that the 2 1200 A A
adjacent gas suffers less heat loss to the hot wire. L A
Therefore, natural convection has little effect on the • A

ignition delay in the methane-air case. in: =0.2

=0. : 3
Hydrogen-Air Mixtures: 1000 o " =0.4

: =0.8
Platinum and nickel wires 0.1 mm in diameter and .• n : ¢ =0.8

40 mm in length were employed as hot wires in this A =1.2

experiment. In the platinum wire case, a surface re- =1.2

action accompanied by heat release starts soon after I F

the platinum wire is heated up to the arranged tem- 800 0 0.2 0.4
perature. The electrical power is supplied to the plat- Time [sec]
inum wire so as to keep the platinum wire temper-
ature constant. Therefore, the voltage supplied to the FIG. 9. IHistories of platinum wire temperature calcu-
platinum wire sharply decreases to zero. Neverthe- lated with initial platinum wire temperature 875 K.
less, the platinum wire temperature continues to in-
crease, and the heated platinum wire ignites the mix-
ture. the figures represent the results of calculation. It is

The ignition delay dependencies upon the initial shown that the critical initial temperatures under the
platinum wire temperature were obtained experi- normal gravity condition are lower than those under
mentally for mixtures of equivalence ratio 0.3-1.6. the microgravity condition in both cases. This is due
Initial platinum wire temperatures by which the mix- to natural convection, which supplies chemical spe-
ture is ignited with ignition delays of 0.3 and 0.6 s cies to the platinum wire surface and promotes the
were obtained from interpolations of those results, surface reaction. The experimental and numerical re-
which are shown in Figs. 7 and 8. These tempera- sults are different from each other especially on the
tures are critical initial wire temperatures for ignition lean side. This may be due to the fact that the acti-
when ignition is defined as an ignition delay shorter vation energy of the surface reaction is different from
than 0.3 and 0.6 s. The mixture of equivalence ratio the real value. On the other hand, they agree with
0.2 cannot be ignited even by a platinum wire tem- each other on the point that lean mixtures can be
perature near the melting point. The solid lines in ignited by a lower initial platinum wire temperature
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FIG. 12. Histories of platinum wire temperature ob-
FIG. 10. Histories of heat release due to surface reaction tained from the light intensity of the platinum wire with

calculated with initial platinum wire temperature 875 K. initial platinum wire temperature 1225 K.
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FIG. 11. Histories of platinum wire temperature ob-

tained from the light intensity of the platinum wire with FIG. 13. Results of ignition experiment with nickel wire.
initial platinum wire temperature 875 K. Success means that the ignition delay is smaller than 0.3 s.

in comparison with rich or stoichiometric mixture explained as follows: The diffusion coefficient of ox-
cases. ygen is smaller than that of hydrogen, and it is gen-

Figure 9 shows histories of platinum wire temper- erally accepted that hydrogen is easily adsorbed to
ature calculated with the initial platinum wire tem- the platinum surface in comparison with oxygen.
perature of 875 K. The increase rate of the platinum Therefore, the rate-controlling step of the surface re-
wire temperature becomes high with decreasing action is the adsorption of oxygen to the platinum
equivalence ratio, and highest when the equivalence surface. When the equivalence ratio is 0.3, the ad-
ratio is 0.3. This is because the surface reaction is the sorption rate of oxygen matches that of hydrogen,
most energetic at this equivalence ratio, and surface reaction occurs most vigorously. This re-

Figure 10 shows the histories of heat-release rate sult conflicts with the conclusion of Coward and
due to surface reaction, calculated with the same Guest [1] that the rate of catalytic reaction attains a
conditions as in Fig. 9. It is confirmed by this figure maximum at stoichiometric composition. This con-
that surface reaction is the most energetic when the tradiction may be due partially to the gravity effect
equivalence ratio of the mixture is 0.3, This result is in their experiment.
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Figures 11 and 12 show the histories of platinum ists nearby the hot-wire surface. Therefore, natural
wire temperature that were obtained from the light convection has little effect on the ignition delay of a
intensity of the platinum wire. In the rich mixture methane-air mixture.
case of Fig. 12, the platinum wire temperature in- Experimental results of hydrogen-air mixtures ig-
creases rapidly at first and then remains at almost nited by heated platinum wire show that chemical
constant value under the microgravity condition, species are supplied to the platinum wire surface by
This shows that the surface reaction is suppressed by natural convection, and therefore, the surface reac-
the rate of oxygen supply to the platinum wire sur- tion is promoted under the normal gravity condition.
face. In the normal gravity case, the platinum wire Experimental and numerical results show that the
temperature keeps increasing because oxygen is sup- surface reaction is the most energetic when the
plied to the platinum wire surface by natural con- equivalence ratio of the mixture is 0.3, which con-
vection. The increase rate of the platinum wire tem- flicts with the result obtained by Coward and Guest
perature becomes high with decreasing equivalence [1] that the rate of catalytic reaction attains a maxi-
ratio, which agrees with the result of calculation. mum at stoichiometric composition. This contradic-

An ignition experiment with nickel wire was con- tion may be due partially to the gravity effect in their
ducted to compare the results with those of the plat- experiments.
inum wire case. Because the ignition delay of the
nickel wire case scatters extensively, the experiment REFERENCES
was carried out five times for each condition. The
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Using least-squares routines, temperatures have been obtained from fitting computer-generated spectral
shapes of collapsed N2 and 0, Q-branch coherent anti-Stokes Raman scattering (CARS) spectra to exper-
imental data at high densities between 120 and 725 amagat (1 amagat = 2.67 x 1011 cm-3) in the
temperature range from 300-850 K. Experimental data were obtained from high-pressure gases enclosed
in a temperature-controlled vessel that is equipped with sapphire windows for optical access. In the fitting
codes, for each temperature iteration step, densities have been readjusted by calculating pVT data from
equations of state. Inelastic rotational energy transfer rate constants, necessary for spectral modeling, were
calculated from known energy gap scaling laws. Alternatively, temperature-fitting results from the modeling
of unresolved Q-branch band shapes using a quasi-classical description of rotational relaxation are pre-
sented. Within the pressure range investigated, for nitrogen at 300 K, best agreement is obtained for the
polynominal energy gap (PEG) law, whereas the classical model is reasonably good at 700 K. For oxygen
at 300 K, the modified exponential gap (MEG) model and, at higher temperatures, the quasi-classical
model are preferred.

Introduction gations mostly has been done by adiabatically ex-
panding the reaction mixture to ambient pressure

In recent years, there has been growing interest in and temperature and separating gaseous and liquid

the field of high-pressure high-temperature kinetics components for subsequent, e.g., mass spectrometric
and combustion. In particular, reactive fluid systems or gas chromatographic, analysis. For "in situ" optical
at high densities have demonstrated very efficient de- probing, Raman or infrared spectroscopy has been
struction of liquid and gaseous toxic wastes in aque- widely used [6,7]. These methods don't suffer from
ous solutions at temperatures and pressures beyond quenching effects, often a problem in other detection
the critical point of water [1-4]. It has been shown methods, such as laser-induced fluorescence, which
recently that, in a mixture of methane, oxygen, and rely on prolonged re-emission from excited states.
water above the critical point, a diffusion flame can Being a nonlinear optical method, coherent anti-
be sustained [5]. On the other hand, there is very Stokes Raman scattering (CARS) in addition offers
limited knowledge about a detailed understanding of some attractive features in the diagnostics of high-
the chemical kinetics in such reaction systems. Also, pressure media. One of these is the line-of-sight de-
because of the limited availability of experimental tection capability through small apertures, whose
data, chemical kinetic modeling still is at its begin- number and size often limit optical access in high-
ning. pressure vessels. Furthermore, in unsteady flow con-

One reason for this deficiency is engineering prob- ditions, broadband vibrational or rotational CARS
lems in the design of chemical flow reactors for spectroscopy still is one of the few methods for "in
kinetic studies. Probing of these systems for concen- situ" single-pulse thermometry [8,9]. The general
tration measurements in chemical kinetics investi- procedure in this technique is that, in a Raman-en-
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hanced four-wave mixing interaction, spectra ac- CARS probe volume in the center of the vessel by a
quired experimentally from a small probe volume, ehromel-alumel thermocouple, inserted through a
determined by focused and crossed laser beams, are 1/4-in. stainless steel T connector (HIP). This tubing
compared to computer-generated spectral shapes in also gives access to the high-pressure pump (NOVA)
"a least-squares fitting algorithm with temperature as and the gas supply system. Resistive heating wires
"a variable parameter. In this respect, nitrogen CARS are wound on bronze sleeves that closely fit around
thermometry is well characterized in flames at pres- the cell body. Pressures can be read from two Bour-
sures up to 4 MPa [10]. don gauges with a precision of 1% (full scale). To

Using stimulated Raman scattering (SRS), a attain the proper final pressure load at higher tem-
method less often applied for thermometry in prac- peratures, the cell first is filled to a lower pressure
tical combusters, similar investigations at medium and then gradually heated up to the desired temper-
pressures for N2 and 02 have been reported recently ature with appropriate pressure relief, if necessary.
by Millot et al. [11]. The purpose of the present pa-
per is to investigate-from experimentally acquired
CARS spectra, taken under well-defined conditions Theoretical Framework
of temperature and pressure-the possibilities of vi-
brational CARS thermometry in high-density nitro- In the present investigation, the main purpose is
gen and oxygen. Calculation of collapsed Q-branch to reveal uncertainties that can arise in CARS tem-
spectral shapes is done by employing various stan- perature determinations at high densities when ex-
dard empirical scaling-law expressions to determine isting theories are used to model collisionally nar-
the elements of the relaxation matrix in the Founrer rowed Q-branch spectra. These effects include
representation of the spectrum. For the first time, broadening and interference of adjacent rotational
CARS thermometry using a quasi-classical approach lines accompanied by the characteristic collisional
[12] for the calculation of unresolved spectral shapes narrowing of the whole Q-branch manifold at high
is presented. It is shown--not unexpectedly-that pressures. This behaviour, verified experimentally for
strong discrepancies in the fitted temperature exist Raman [16] and CARS [17] spectra, can well be de-
between spectra deduced from using the various scribed by some of the methods listed below.
modeling approaches. Taking the Laplace transform of the time corre-

lation function of the polarizability operator, the
spectral response can be calculated, and one obtains

Experimental for the CARS spectrum [18,19]

The experimental equipment for obtaining nitro- 2
gen and oxygen CARS spectra is only briefly de- ICARs(Co) c(ll) &
scribed here. A more detailed account of the exper- J
imental procedure and the acquired data is given in 2
Ref. 13. A scanning CARS spectrometer is used, con- =Iý1a(0 10)1 2  [G"(o4]jpj (1)
sisting of a single-mode Nd: YAG pump laser (Spec- Ji
tra Physics, GCR-3) and a Stokes dye laser (Quanta
Ray, PDL-1A) pumped by the same Nd: YAG laser. which can be solved for every frequency interval by
The optical setup is similar to one described in Ref. inversion of the G Matrix, whose elements are given
14, except that a planar BOXCARS configuration by
[15] is realized by splitting the 532-nm pump beam
into two parallel beams separated by 14 mm on the G(/o)j, i co + A,
focusing lens. Simultaneously with the CARS signal Gp= -- o 0 1 + -

from the high-pressure vessel, a collinear CARS sig-
nal in ambient air is generated in a reference channel bjj, + I}, (2)
and detected by a separate photomultiplier tube
(Valvo, XP2020) at the exit plane of a filter mono- where [Tjj + 61 (1/1ra + iAn)] denotes the matrix
chromator. During the dye laser scan, this enables a element of the relaxation operator (for Q-branch
precise absolute wave number scale to be generated transitions: Iv = 1,jf(v = 0,j I - Iv = i,j'b(v = 0,
for the collisionally narrowed spectrum by fitting syn- j'l). Here 6- is the Kronecker symbol. The frequency
thetic signatures to the simultaneously recorded ro- of the respective vibration rotation transition is de-
tationally resolved reference N2/0 2 spectrum, noted by wijo1 , and the sum in Eq. (1) runs over all

The pressure cell is made from a high-strength populated rotational levels. Efficient methods have
nickel alloy (steel no. 2.4969) and fabricated as a cy- been employed to diagonalize the dynamic part of
lindrical 200-mm-long vessel with a 6-mm bore. Op- the G matrix and perform the inversion only once for
tical access is via two 10-mm-thick sapphire windows each spectrum generation [20]. The unitarity of the
on each face. Temperature is measured close to the relaxation matrix leads to
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FJJ + 3 Ij) = 0 (3) in the literature. However, its spectral structure and
jD molecular parameters being very similar to nitrogen,

we arbitrarily used these values for oxygen. For the
which, together with the detailed balance principle ECS-(E)P and SPEG models, parameters for N2 and
for the off-diagonal elements, 02 are given in Refs. 29 and 30. A critical review of

current scaling laws for nitrogen has been given by
jj = 2j' + 1 Ej,\ Steinfeld et al. [31] and Temkin et al. [30].

+ 1 exp -:kT) (4) Within the framework of the classical approach,the angular momentumj is treated as a continuous

determines an inversion method for the development variable, and instead of the sums overj',j in Eqs. (1)

of scaling-law expressions from experimental temper- and (3), corresponding integrals have to be written,

ature-dependent line-broadening coefficients [21]. e.g.,
These consist of analytical expressions for the relaxa-
tion rates F ., that have to be in accord with Eqs. (3) 1j+ I §1 - 1'5(y - p
and (4), anw~hose set of at least three variable param-
eters is derived from a fit to accurately measured colli- f Q', j)I dj (7)
sional broadening coefficients for nitrogen [19,22]
and oxygen [23], or to directly measured state selec-
tive relaxation rate constants [24]. We have tested four where -r (= 1/Ij = const) means the average time

of the most popular scaling laws for modeling N2 and between successive collisions and f(JJ) [1j7• =

02 CARS spectra: the modified exponential gap law -f(jj)/r] describes the probability density to

(MEG) [22,25], the energy-corrected sudden (expo- change the angular momentum from j to j' as the

nential) power law [ECS-(E)P] [19], the polynomial result of a single collision. For this function, one of

energy gap law (PEG) [26], and the statistical polyno- the most general phenomenological models off-the

mial energy gap law (SPEG) [27]. As an illustration, in Keilson-Storer model [32]-was considered:

the MEG model, the rate of upward transitions fromj F. 1

toj'(j' >j)isgivenby[22,25] fKs'j- - l=( - I1

N~ d (I - y 2 ) 
0

Ld(I1- y2)JSoxp -m M)9
-Fjj = nAo 1 - exp(-i ) (T•( exp 2 I +-)8

M a with the Bessel function of zeroth order I0 and d
aEj exp(-fiEj/kT) (5) hkT/8&2Bc. Instead of integrating the inverted G op-

wh t a erator [Eq. (2)] over all values of the angular mo-
kT /mentum in Eq. (1), this expression is evaluated here,

as outlined in Ref. 33, by using a continuous fraction
with the energy gap Ej, - E = E. In this expres- form. The temperature dependencies of the cross
sion, n is the density, a, A0, N, m, 3, and fP are ad- section of the rotational energy relaxation (aG = (1
justable temperature-independent parameters, and - y2)/nvr) and the correlation parameter (y) are de-
To = 295 K is a reference temperature. Their values termined by the following empirical relations: Ux =
in the present calculations are those of Ralm and Pal- a(300/T) and Y = c exp( - dl•T). The following fit-
mer [25] for N2-N2 and of Millot et al. [23] for 02-OO2 ting parameters have been derived from the mea-
collisions. For the PEG model, various expressions sured CARS spectra: aN2 = 35 A2, bN2 = 0.11, CN-

were originally tested by Lavorel et al. [26] for pure = 4.29, d1N, = 46.03, and ao, = 28.9 A2, b0 2 =
nitrogen, and the form that is used here was em- 0.41, c0 = 1.96, do2 = 20.55.
ployed by Sala et al. [28] in reproducing the SRS
spectral shape at pressures up to 14 MPa. It reads
for the upward rates as follows: Fitting Codes

-F. = n (T pf(T) 3 CE;i (6) Spectral calculations and temperature evaluations
T /ý0 using the scaling laws are performed within a stan-

dard least-squares Newton fitting algorithm. The
with fitting parameters C1 and N, E, and n as defined program structure is more closely described in Ref.
in Eq. (5), and pf,(T) the equilibrium population in 34.
the nuclear spin modification I of rotational levelj' In a temperature iteration step at high pressure,
at temperature T [Ejtopf.(T) = 1]. For this expres- the corresponding density changes are significant and
sion, suitable parameters for oxygen are not available have to be taken into account. Since the relevant re-
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laxation rates, as determined from the scaling laws, m 300 K, 115 MPa

are considered to be proportional to density, this A 565 K, 144 MPa A

density adjustment has a significant influence on the 9 845 K, 180 MPa A A

calculated spectral width and shape. Therefore, each - K, 0.1 MPa
new temperature iteration necessitates that the den-

sitv be recalculated. For this purpose, within a sub-
routine of the program, densities are derived from "
an equation of state [35] using second-order virial ."
coefficients of Lennard-Jones-type potentials. The A

hard sphere diameter is assumed to be slightly tem-
perature dependent. For N 2 and 02, the calculated ' *

values lead to densities within 5% of current litera- •
tore values [36]. The CARS spectral intensity can 0

A A

then be calculated, whatever the pressure and tem-
perature, provided the relaxation matrix is com-i
pletely determined (via scaling-law expressions). In-
tensity convolutions in the spectrum due to .
correlated CARS pump beam arrangements (cross- 1548 1550 1552 1554 1556 1558

coherence effects) are done according to Greenhalgh Raman frequency [cm- 1]

and Hall [37]. The finite spectral width of the Stokes Fic. 1. Experimental 02 CARS Q-branch spectral pro-
laser is modeled as a Gaussian with full width at half files at high densities (solid symbols). In addition, a 0.1-
maximum (FWVHM) of 0.14 cm-1. The spectrum MPa room-temperature oxygen spectrum from the calibra-
then is normalized by the zeroth moment of the sam- tion channel is shown for comparison (dotted line). The
ple spectrum, and the peak intensities of calculated instrumental spectral resolution is indicated by arrows. The
and measured spectra are brought into coincidence result from a temperature fit of the high-pressure spectra
on the frequency axis by an overall relative frequency using the MEG law is illustrated by solid lines.
shift A. Temperature and this shift are fitted itera-
tively to compensate the uncertainties introduced by
the density-dependent overall frequency shift as ex-
trapolated from the low-density linear line-shift data
of Ref. 38. The same strategy was followed in Ref.
11. For the quasi-classical model, the sum of least-
squares intensity deviations between observed and
calculated spectrum was directly minimized during * 300 K, 100 MPa

the temperature fit. The calculated spectrum was A 700 K, 180 MPa A 3 --B1--"
then obtained as the result of the direct numerical 300 K, 0.1 MWa A'

integration of the appropriate convolution expression t A

of susceptibility and laser bandwidths [39].

Results A

Figure 1 gives an impression of the appearance of -
measured oxygen CARS Q bands as a function of 5 A DA
pressure and temperature in comparison with a ro- m

tationally resolved spectrum at 0.1 MPa from the cal- 0'
ibration channel. It is seen that increased tempera-
ture is accompanied by a larger FWHM of the " "

collapsed band due to a larger Boltzmann population
spread within the rotational levels. In addition, a shift 2322' 2324 2326 2328 2330 2332
in peak position to lower Raman wave numbers at Raman frequency [cm"1]
higher densities can be noticed due to the density-
induced shift and a higher population in higher ro- Fin. 2. Experimental N2 CARS Q-branch spectral pro-
tational states. Shown as solid lines are calculated files at high densities (solid symbols). In addition, a 0.1-
best-fit temperature spectral shapes using the MEG MPa room-temperature nitrogen spectrum from the cali-
model. A similar comparison for nitrogen is pre- bration channel is shown for comparison (dotted line). The
sented in Fig. 2 at 300 and 700 K, respectively, with instrumental spectral resolution is indicated by arrows. The
the PEG law employed in the temperature fitting, result from a temperature fit of the high-pressure spectra

The main results of the present temperature-fit- using the PEG law is illustrated by solid lines.
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15 the horizontal axis, the given pressures for each tem-
l- O 300 K 700 K perature setting are indicated. Grouped together for

each temperature and pressure reading, the vertical
5- bars indicate the fitting results using the various seal-

ing-law and quasi-classical approaches.
In the case of nitrogen (ef. Fig. 3) at room tem-

perature, all quantum-mechanical scaling laws, ex-
0 -cept PEG, lead to an underestimation in the given
U -_10 temperature of the gas. The negative deviations AT

= (Tfit - T,) between the fitted and measured tem-
-15 N MEG perature all increase with pressure, reaching almost

-20 ECS-P 100 K at the highest pressure of 180 MPa when the

-2 fl PEG SPEG law is used. The PEG law, on the other hand,
-25l SPEG clearly reproduces the thermocouple temperatures-25- 0 ECS-EP at all pressures studied (cf. Fig. 2 for spectral ap-

-30. I QCL pearance). This finding is in accord with experiments
30.1 100 180 40 100 180 of Lavorel et al. [40] and Bouche et al. [14] that show

-35 good agreement to PEG but a corresponding over-
sample pressure [MPa] estimation of measured high-resolution SRS and

CARS linewidths in the same order, when ECS andFIn. 3. Relative percentage deviation a = (r2 , - T,,,)/T,,, MEGaremlydithcauaios

between calculated (T,) and measured (T,,,) temperatures At are employed in the calculations.
for nitrogen at 300 and 700 K, respectively, and several At higher temperature (i.e., 700 K), trends among

presure. Te sectal odeingin he ARSfitingal-the different laws as a function of pressure are lesspressures. The spectral modeling in the CAlS fitting al- obvious. At lower pressures (40 MPa), most of the
gorithm is done using quantum-mechanical scaling-la - laws lead to temperatures above, and at higher pres-
pressions and a quasi-classical theory (QCL). sures (180 MPa), to values below the thermocouple

25- -readings. The PEG law, although for this tempera-
300 K 565 K 845 K ture gives best agreement with the thermocouple

20 readings, deviates significantly (AT O 80 K) at the
M MEG highest pressures investigated. It should be noted

15. ECS-P that other causes for line broadening, e.g., vibrational
ll PEG

10- • ECS-EP dephasing, that exhihit different temperature de-
[] QCL pendencies are not taken into account in the calcu-

5s llations and might be the cause for the varying ten-
dency of the fitting results with pressure. This is

o 0- -, because the fitting algorithm, in the attempt to min-
o- imize the mean squared sum of the residuals, only

counteracts by adjusting temperature and density ar-

-10 bitrarily. The classical model at room temperature
also shows significant a values that increase with

-15- pressure. At 700 K, the deviations are considerably
smaller.

-20- Similar trends and discrepancies are to be noticed
53 1151 196 70 130170 38 80 144 for oxygen at room temperature (cf. Fig. 4). This

time, however, the MEG law, as already depicted in
sample pressure [M~al Fig. 1, gives the best agreement to the thermocouple

FIG. 4. Relative percentage deviation a = (Tr, - T,,)IT,,, readings, although deviations in AT are larger than
between calculated (Tr,) and measured (T,) temperatures for PEG in the case of nitrogen. For the PEG model,
for oxygen at 300, 565, and 845 K, respectively, and several it has to be emphasized that, for oxygen, no consis-
pressures. The spectral modeling in the CARS fitting al- tent set of parameters exists, and therefore, the same
gorithm is done using quantum-mechanical scaling-law ex- set as for nitrogen was used. Contrary to nitrogen,
pressions and a quasi-classical theory (QCL). the ECS laws give nearly identical deviations that

both increase with pressure. The situation at higher
temperatures (546 and 845 K, respectively) is more

ting procedure are summarized in Figs. 3 and 4 for complicated. In general, the deviations between
nitrogen and oxygen, respectively. For each temper- thermocouple readings and fitted temperature in-
ature investigated, shown on the vertical axis are the crease with increasing temperature, approaching
relative percentage deviations a = (Tflt - TI)/T, about 150 K (AT/Tn = 18%) with the ECS-P law at
with Tm, from the thermocouple reading, while along 38 MPa and 845 K. Still, the ECS-(E)P fitting results
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agree with one another but deviate significantly from 8 .j 2 7 12
the known temperature of the probe volume, gen- * * A ECS
erally decreasing with increasing pressure. Similar to 7n o o A PEG
the room-temperature results, the MEG law gives - n o v MEG

the overall best agreement at higher temperatures 6 T6=700K

and higher pressures, although deviations amount to /
a significant fraction of the measured value. The clas- E 5- / .-A
sical method quite satisfactorily reproduces the tem-
perature readings, the deviations decreasing with in- SL 4 -

creasing pressure. a
S-3

In the previous paragraphs, an attempt was made 1 •-wN.._
to estimate the possibilities of nitrogen and oxygen
vibrational CARS thermometry of high-pressure gas- .
eous samples. It is shown that the usual practice in 0 5 10 15 20 j, 25
the computational CARS spectrmn generation-the .

incorporation of various scaling-law approaches for tio.n .aluelax e ati onsin trog nt frtat e-00K -sigtate rota-P
the determination of relaxation matrix elements- MEGa reaatind PGsainnirgenlaw exresin fo sinita sthe ES-
partly leads to significant deviations between known =MEG , and 12G asafung-aweprsions offnafotationital statesjan
temperatures and the result from the fitting algo- tur 2,7nd The astraighntio olinesare shownationa guide thenrithm. The sare behaviour is true when a classical 1

analytical model is used in the calculation of the eyen
CARS susceptibility for the smoothed Q-branch pro-
file. There is no clear trend with pressure and tem- isotropic spectra at high density, the simultaneous
perature in using any of the applied calculation meth- fitting of width and t cats stattome problems if
ods. only first-order derivatives with respect to tempera-

In the following, possible causes of the scatter be- ture are considered in the least-squares minimization
tween the evaluated and measured temperatures are procedure. To circumvent ambiguities in finding a
discussed. First of all, it is obvious that the temper- local minimum, second derivatives have to be in-
ature sensitivity of the high-density smoothed cluded. Furthermore, it has to be emphasized that
p-branch profile is less than that of the rotationally existing scaling laws and their parameter sets for N2
resolved spectrum at lower densities, where the and 02 collisions are optimized to best reproduce
width and intensity of individual rotational lines vary measured pressure-broadening coefficients of indi-
significantly rith temperature. This richness of sper- vidual rotational lines in the resolved spectrum. This

tral information within a small bandwidth is one of does not necessarily imply equally precise modeling
the key advantages of vibrational CARS thermometry of the collapsed Q-branch structure at high densities.
in flames. At high density, only the width and shift Figure 5 illustrates the variation in the calculated rate
of the fully collapsed isotropic Q branch provides coefficients from some of the employed scaling-law
temperature-sensitive information. At low tempera- expressions. At high densities, these off-diagonal el-
tures, collisional narrowing of the line can even re- ements of the relaxation matrix become more im-
duce this sensitivity. Within the pressure range portantin determining the line shape. For the clas-

investigated here, this narrowing is less severe at sica modetermoecut the temperatue

higher temperatures. To still maintain enough sen- sical model to be more accurate, the temperature

sitivity to temperature variations in the spectral con- dependence of the energy relaxation cross section 0rE

tour, high spectral resolution and low laser-based and the correlation parameter y in Eq. (8) have to be
spectral noise are required if multiplex CARS spec- determined more accurately, either by experiment or

trometers are employed in practical situations. This theory [13,30]. This then enables the development
can be achieved when single-mode pump lasers and, of reliable analytical expressions for interpolation
e.g., modeless Stokes dye lasers [41] are used for purposes during the temperature-fitting procedure.
CARS signal generation. On the detection side, un- Finally, rotational CARS thermometry [9] should be
intensified charge-coupled device cameras with high a potential alternative since the anisotropic polariz-
quantum efficiency and large dynamic range should ability components of 0- and S-branch structures are
reduce saturation and pixel cross talk [42]. In the less influenced by collisional narrowing, the spectral
CARS fitting codes, the main problem is in the flex- contour is broad compared to otherwise limiting in-
ibility and accuracy of the Gaul3 Newton minimiza- strumental functions, and some structure still is dis-
tion algorithm. Because of the narrow line shapes of cernible in the spectrum at high densities.
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COMMENTS

Marcus Aldeis, Lund Institute of Technology, Sweden. very high pressures, do you have to worry about variations
To what degree are stimulated processes influencing the in background gas composition effects on the Raman line-
CARS spectrum at these pressures? widths? If so, what would your strategy be for analyzing

the CARS signatures to obtain temperature measure-
Author's Reply. In our experiments, it was always en- ments?

sured that stimulated Raman and Brillouin scattering were 2. You mentioned that rotational CARS might be an at-
undetectable at the anti-Stokes wave-length by attenuating tractive alternative to vibrational CARS for high-pressure
both pump and Stokes beam intensities below their re- thermometry. At very high pressures, where the rotational
spective threshold values, lines broaden to the point of significant overlap, wouldn't

you need to take collisional narrowing into account as well?

P. Ewart, Oxford University, UK. Could you comment Author's Reply. 1. We found experimentally [1] that for
on how the degree of cross correlation between pump and oxygen in argon (12% 02) or nitrogen (20% 02) at 300 K,
Stokes lasers was quantified and on the degree of sensitivity the FWHM of the collapsed Q branch of oxygen varies by
of this correlation at the elevated pressures in your exper- less than 20% (with a measurement accuracy of approxi-
iments? mately 10%). Also, the shift of the bandhead maximum at

300 K is the same in these gases. But clearly, other collision
Author's Reply. In the modeling codes, cross-coherence partners may behave differently and have to be investigated

effects between pump laser photons were accounted for by about their effect on broadening and shift of the 9-band
the formalism expressions as outlined in Refs. 39 and 37 of shape.
the paper. The sensitivity of this correlation with pressure 2. For pure rotational CARS, collisional narrowing sets
(when the Q-branch profile narrows and thereby the de- in at much higher pressures than in the vibrational Q
gree of overlap between pump and Stokes modes and the branch since spectral exchange takes place across a much
homogeneous Raman line varies) was not investigated, larger energy spread determined by o0r
However, the cross correlation between pump photons
should be minimized because of the single-mode nature of REFERENCE
the Nd:YAG laser.

1. Dreier, T., Schiff, G., and Suvernev, A. A., J. Chem.
Phys. 100:6275 (1994).

Larnj A. Raoh, Sandlia National Laboratories, USA.
Have you considered the relatively sensitivity to tempera- Douglas Greenholgh, Cranjield University, UK Many
tore ofthe width vs the frequency shift ofthe high-pressure years ago when Fiona Porter, Simon Barton, and myself
CARS spectrum? As collisional collapse proceeds at very formulated tbe PEGL model, we chose it because there
high pressures, the width will be dominated by vibrational wformulated the Gw hs a t because there
dephasing while the frequency will be shifted by collisions was essentially no data for the y's and because the PECL
as well as the averaged vibrational-rotational interaction. could be uniquely fit to match the known line widths, F.f
The latter may be more sensitive to temperature at high Now there are much more data and, for pressures to 40

pressures. The collisional shift, however, will also have a bar, it is clear that exponential gas models such as MEG
rdependence, are much better. PEGL smears out energy transfer rates

away from small Fj and small Yjk's to larger values, which

Author's Reply. In the current fitting codes, we have not will be less strongly overlapped at a given pressure. There-
included the variation of a temperature-dependent shift for fore, the difference between PEGL and MEG is rather as
several reasons: (1) With our currently achievable accuracy if the PEGL is including effects similar to vibrational de-
of experimental data, the shift of the spectrum is difficult to phasing. I think the best way forward is to use MEG-like
fit because of the narrow shape of the Q-branch line at high models with improved vibrational dephasing effects.
densities in order not to end up in a wrong local minimum. Author's Reply. It is true, and has recently been inves-
Therefore, higher order fitting procedures have to be em- in a of various seal-
ployed. We tentatively tried to incorporate measured shift igated theore ti ona co parive proc ari m-coeficent ino te fttig cdes wheb orkd fne or i- ing laws (1], tbat vibrational dephasing processes are ima-
coefficients into the fitting codes, which worked fine for wi- portant to be considered in a correct description of the
trogen but not for oxygen. (2) Within the temperature win- density dependence of the collapsed Q-branch structure of
dow investigated in our study, the temperature depend- nitrogen throughout the density range investigated in this
ence of the frequency shift is relatively small and can barely study. Dephasing contributions will be considered in future
be resolved. With higher resolution instruments, however, developments of our temperature-fitting codes.
it should be possible to increase temperature accuracy.

REFERENCES

Alan Eckbreth, United Technologies Research Center, 1. Bulgakov, Yu. I., Storozbev, A. V., and Strekalov, M. L.,
USA. 1. In performing measurements in actual flames at Chem. Phys. 177:145 (1993).
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This is the first report of pure rotational coherent anti-Stokes Raman spectroscopy (CARS) measure-
ments in an internal combustion (IC) engine. Single-shot, dual-broadband rotational CARS (DB-RCARS)

spectra were recorded both prior to ignition and in the postcombustion gases. From these spectra, both

temperature and relative oxygen concentrations were evaluated. The pressure was registered simultane-
ously with the CARS measurements in the spark-ignition engine burning natural gas and air. Prior to

ignition, normally at temperatures below 1000 K and pressures below 2 MPa, a rotational CARS spectrum
is very temperature sensitive, and the technique can be used for temperature measurements with high

accuracy. Evaluated temperatures show a negligible dependence on uncertainties in parameters such as

the nonresonant susceptibility of the gas and the slit width. Moreover, no collisional narrowing of the lines

has to be taken into account. The relative standard deviation of evaluated temperatures and of relative

oxygen concentrations from single-shot measurements were as low as 1, and 1.4-1.9%, respectively. In the
postcombustion gases at temperatures above 2000 K and pressures above 1.5 MPa, the nonresonant CARS

background gave a large contribution to the total spectrum. In this temperature and pressure range, the
evaluated values of temperature and nonresonant susceptibility are not independent, and the nonresonant
susceptibility had to be fixed at a precalculated value to get a reliable temperature evaluation. The advan-
tages and disadvantages of rotational CARS in comparison with vibrational CARS for IC engine measure-
ments are discussed.

Introduction wavelengths. Since the temperature and, in many
cases, concentrations are evaluated from the shape

To gain a better understanding of fundamental of a spectrum and not the signal strength, the poten-
chemical and physical processes in combustion, there tial practical problem of attenuation of the signal by
is a need for spatially and temporally resolved infor- contaminated windows is of minor importance.
mation on parameters such as temperature and spe- The most commonly used CARS technique is vi-
cies concentrations. Because of these requirements, brational CARS, in which the signal originates in
laser-based techniques will play an increasing role in transitions between rotational levels of the same ro-
combustion diagnostics in the near future. One of the tational quantum number, j, in different vibrational
most widely used laser diagnostic techniques is co- levels of the probed molecule. Nitrogen is the natural
herent anti-Stokes Raman spectroscopy (CARS), of choice for thermometry since it has a well-studied
which different aspects have been reviewed in a spectrum and a high mole fraction (0.60-0.70) in
number of papers, e.g., Refs. 1 through 4. Over and practical air-fed combustion. In the most common
above high spatial and temporal resolution, the setup for vibrational CARS thermometry of nitrogen,
CARS technique has several merits for diagnostics in a Nd:YAG laser (with laser frequencies cop) is used
hostile combustion environments. The CARS signal together with a dye laser using a rhodamine dye or a
is generated as a beam of high intensity, and conse- mixture of rhodamine dyes (with frequencies o),).
quently, the isotropic background fluorescence is The CARS frequencies, co., are generated at o). =
easily suppressed. Moreover, the CARS signal will op + COR, where coR = iop - ao) are the Raman
appear at wavelengths shorter than the laser wave- frequencies.
lengths, whereas potential fluorescence interference Several successful temperature measurements
usually occurs at longer wavelengths than the exciting have been performed in internal combustion (IC)
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FIG. 1. Experimental arrangement
aCL for dual-broadband rotational..... Sp I ---- CARS. M = mirror, DM = dichroic

,SPEngine . mirror, L = lens, BS = beam split-
BS DM ter, A = aperture, SP = short-pass

, filter, ND = neutral density filter,
DM CL = cylindrical lens, DA = diode-

" "array detector, OMA = optical mul-
SiM L. -. - l - - -Jtichannel analyser.

engines using vibrational CARS [5-12]. Some studies are driven by pairs of photons, one from each of the
have been concerned with the problem of engine dye spectral profiles, separated by the Raman fre-
knock prior to ignition [13-16]. Of relevance for en- quency of the transition, which are then coupled to
gine knock are the conditions prior to ignition with the narrowband laser frequency to create the CARS
typical temperatures of 600-1000 K and pressures of frequencies. DB-RCARS has several merits; most
1-2 MPa. In this range of temperatures and pres- importantly, there is a spectral averaging effect re-
sures, a vibrational nitrogen CARS spectrum has a sulting in a high single-shot precision. In addition,
low temperature sensitivity. The appearance of the red stable dyes can be used, and experiments are
hot bands will increase the accuracy of a temperature easily arranged utilising a planar, BOXCARS, phase-
measurement, but the first hot band will not emerge matching scheme even though rotational Raman
until the temperature is above -1000 K. Further- transitions are probed.
more, collisional narrowing leads to the collapse of In a previous study, DB-RCARS proved to be an
the individual peaks into a single peak [17]. This efficient thermometer in the region from ambient
leads to a decrease in the temperature sensitivity of temperature and pressure to 870 K and 1.5 MPa in
the spectrum, and an uncertainty in the value of the nitrogen [26]. Moreover, the dependence of the eval-
nonresonant susceptibility of the gas will give a larger uated temperature on uncertainties in the nonreson-
uncertainty in the evaluated temperature [18]. It has ant susceptibility is negligible for rotational CARS in
also been shown that the laser field statistics of the this region, and no effects of collisional narrowing
Nd:YAG laser photons affect the CARS intensities in have to be taken into account until pressures of tens
such a way that the ratio between the resonant and of MPa are reached. Motivated by these facts and
the nonresonant CARS signals will depend on the the inherent problems in vibrational CARS at higher
time correlation between the Nd:YAG photons [19]. pressures described above, the potential of using
In the USED CARS phase-matching scheme [20], DB-RCARS for nitrogen thermometry and oxygen
the time correlation between the pump beams is nor- concentration measurements in an IC engine, both
mally uncontrolled, which leads to uncertainties in before ignition as well as in the burnt gases, has been
the evaluated vibrational CARS temperatures, as dis- investigated. The diagnostic aspects of the technique
cussed in Ref. 12. for measurements in IC engines have been critically

Instead of utilising Raman transitions between dif- compared with vibrational CARS.
ferent vibrational levels as in vibrational CARS, Ra-
man transitions between different rotational levels Experimental Arrangement
within a vibrational level are used in pure rotational
CARS [21-23]. The vibrational Raman shifts of most The experimental arrangement is shown in Fig. 1.
molecules are above 1000 cm-1, whereas the rota- A Nd:YAG laser (YG 68iC-10) was used, giving 550
tional Raman transitions present in a rotational mJ/pulse at 532 nm in a bandwidth of 0.7 cm-I [full
CARS spectrum of nitrogen have Raman shifts below width at half maximum (FWHM)] with a duration of
500 co-I even at flame temperatures. Rotational - 10 ns. Ten percent of this radiation was used in the
CARS measurements are normally made using the CARS-generating process, while the remaining 90%
dual-broadband rotational CARS (DB-RCARS) ap- pumped a Quantel TDL 50 HE dye laser. Using a
proach [24,25]. For this technique, a beam from an DCM dye, with a FWHM of -280 cm-1, -90 mJ
arbitrary, narrowband laser is used together with the was obtained in each laser pulse. The dye laser beam
beam from an arbitrary, broadband dye laser split was separated into two beams of equal pulse energy,
into two beams. The rotational Raman coherences the beam at 532 nm was superimposed on one of the
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dye laser beams using a diehroic mirror, and all three ments but had a negligible effect on the detection of
beams propagated parallel to each other towards a the signal. In this investigation, the probe point was,
focusing lens with a focal length of 300 mm. A planar for most measurements, chosen to be -3 mm below
BOXCARS setup was used, and the distance between the spark plug, which is positioned at the centre of
the superimposed beams and the single red beam the cylinder. Both the crank angle degree and the
was 14 mm on the focusing lens, giving a probe vol- equivalence ratio of the fuel-air mixture were varied
ume of approximately 30,pm in diameter and 1 mm during the measurements.
in length. The maximum laser pulse energy in each At each chosen crank angle degree and equiva-
of the beams was limited to 30 mJ, because the win- lence ratio, generally 100 single shots were recorded.
dows allowing optical access through the cylinder For each of the cycles, the pressure development
head could be damaged at higher energies. during the cycle was recorded. To suppress the image

The CARS signal was recollimated using an f = lag of the detector, one readout of the detector was
500 mm lens. The superimposed primary laser beams performed between each real measurement. To
were directed to a beam dump before the recolli- compensate for the different sensitivity of the diode-
mating lens to minimise stray light reaching the de- array pixels, and for the differences in the available
tector. Dichroic mirrors transmitted most of the dye beam energy for generating a CARS photon at dif-
laser energy while reflecting the rotational CARS sig- ferent Raman frequencies, the experimental spectral
nal. The CARS signal was focused on the entrance intensity was divided by a nonresonant CARS spec-
slit of a home-built 1-m spectrograph using an f = tral intensity. Such an accumulated, averaged spec-
80 mm cylindrical lens. The grating with 600 grooves/ trum was generated in flowing argon with the top of
mm and a blaze 2.5 pm was used in the fourth order the cylinder removed before the measurements were
with a dispersion of 10 cm- 1/mm. After alignment of started. This was an acceptable approach since the
the setup, the rest of the dye laser radiation was sup- nonresonant CARS spectral distribution is very stable
pressed using a short-pass filter at 560 run. Stray light using the DB-RCARS approach, and it showed a
(at 532 nm) from optical components and surfaces negligible change during the measurements.
was suppressed by several apertures. Neutral density A problem with strong scattering at the Nd:YAG la-
filters were used to attenuate the signal, so that the ser wavelength of 532 nm was present over about 30
detector would not be saturated. The CARS signal crank angle degrees around top dead centre (TDC).
was detected using a diode-array detector and proc- This stray light "filled" the spectrograph and saturated
essed by an optical, multichannel analyser (OMA III, the detector with a strong background. By using a
EG&G, PARC). The diode array consists of 1024 pix- notch filter in the detection path to suppress light at
els, each 25 pm X 2.5 mm. The detector and the the wavelength 532 nm, this background was rejected
laser were triggered by a pulse from the engine at a and the signal could be detected, except over a period
certain crank angle position, of about 20 crank angle degrees around TDC, where

The measurements were performed in a six-cyl- no rotational CARS signal could be detected at all.
inder Volvo (TD-102) diesel engine, rebuilt as a This was probably because of strong density fluctua-
spark-ignition engine. One of the cylinders was ex- tions in the combustion chamber, which disturbed the
tended by a spacer, through which optical access overlapping of the three primary beams and/or the
could be obtained through four rectangular quartz propagation direction of the CARS signal.
windows positioned orthogonally to each other. The
distance between opposite windows was 121 mm.
The piston head was elongated to maintain a com- Evaluation Procedure
pression ratio of 10:1.

The temperatures and relative oxygen concentra-
tions were evaluated using a least-squares fitting of a

Measurements library of calculated spectra to the experimental
spectra. The evaluation procedure and computer

The engine was run at 1200 rpm since this value code are described in Ref. 23. In the evaluations pre-
meant that the Nd:YAG laser was triggered to op- sented here, a straightforward inclusion of oxygen in
erate at a repetition frequency of 10 Hz with one the calculations of the spectra has been made. The
measurement for each cycle. The engine was run ei- molecular constants for oxygen were taken from
ther continuously or in a skip-fired mode. When us- Refs. 27 and 28, and the semiclassical, rotational Ra-
ing the skip-fire mode, the cycle-to-cycle repeatabil- man linewidths for nitrogen [29] were used as the
ity will be enhanced since the effect of residual gas oxygen linewidths. The error in the temperature
from the previous cycle is minimised. The fuel mix- when using this approximation is negligible for tem-
ture consisted of natural gas (91% methane by vol- peratures below -1000 K [30]. The nitrogen Raman
ume) and air. This fuel was chosen since it produced linewidths were calculated according to the energy
only little contamination of the windows. Some oil corrected sudden (ECS) model, which has been
was deposited on the windows during the measure- shown to give the best temperature accuracy [23].
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Currently, we are using precalculated linewidths in A ' I't I N2
the temperature range 30'0-2100 K, in steps of 100 1 02
K. Consequently, all temperatures above 2100 K
were evaluatedvwith extrapolated linewvidths.

The parameters varied in the spectral fitting were,
apart from the temperature, also the linear disper- n 0.5
sion, and the reference pixel for the Raman shift of .2
a rotational CARS peak, which determines the exact
frequency scale of the experimental spectrum. The -2
frequency scale was very stable, the maximum shift 0
of the reference CARS line was 2 pixels (-0.5 cm-1) Ž
in both the spectra recorded before and after com- 2 1B
bustion. In the spectra recorded before ignition, the
nonresonant susceptibility was also fitted, and the re-
sulting values were in good agreement with the the-
oretical prediction of the nonresonant susceptibility 0.5
of the natural gas-air mixture. After combustion, the
nonlresonant susceptibility was fixed at the value 0.89
X 10-17 esu (1.2 times the nitrogen value) [31], since 0

we assume that the gas in the measurement volume 50 100 150 200 250
is completely combusted. Before ignition, oxygen Raman shift / cm"1

concentrations were evaluated from least-squares fits
of experimental spectra to theoretical spectra at dif- FIG. 2. Single-shot spectra recorded at different crank
ferent oxygen concentrations. The oxygen concentra- angle degrees prior to ignition for a mixture of natural gas
tion in the theoretical spectra was varied in steps of and air (0 q 0.6). Below the spectra, the difference spec-
0.5%. trum between the experimental spectrum and the best-fit

theoretical spectrum is displayed. The time, pressure, and
evaluated temperature are the following; A: t = - 62 CAD

Results and Discussion BTDC, P = 0.41 MPa, T = 490 K; B: t = -22 CAD
BTDC, P 1.61 MPa, T = 706 K. Both the oxygen and

In Fig. 2, two single-shot spectra recorded at po- nitrogen peaks are evident in the spectra.
sitions prior to ignition are shown. Spectrum A is
recorded at -62 crank angle degrees (CAD) before
top dead centre (BTDC), and spectrum B at -22
CAD BTDC, just before ignition of the mixture,
which occurred at -20 CAD BTDC. Both nitrogen
and oxygen lines can be seen in the spectra. The
methane does not give rise to any rotational CARS TABLE 1
spectrum, because of the symmetry of the molecule, Results of single-shot precision measurements of
and will contribute only to the nonresonant suscep- temperature and oxygen concentration are shown for four
tibility of the mixture. In spectrum B at a pressure series of 100 single shots recorded prior to ignition at
of 1.61 MPa, the lines are much broader than in spec- different times."
trum A at 0.41 MPa as a result of pressure broad-
ening. The higher evaluated temperature for spec- Time (P) (T) or ofT [O] a a0/[Qj
truna B of 706 K in comparison with 490 K for (CAD) (MPa) (K) (K) (%) (%) (%) (%)
spectrum A can be observed as a shift of the maxi-
mum intensity towards higher Raman shifts, and a -82 0.26 426 4.6 1.1 20.9 0.4 1.9
broader spectral envelope. The single-shot peak sig- -62 0.41 49,0 4.9 1.0 21.0 0.3 1.5
nal strength was -4 X 104 counts for spectrum B; -42 0.78 585 5.9 1.0 21.0 0.3 1.4
thus, neutral density filters had to be used to get a -22 1.61 706 7.7 1.1 21.2 0.3 1.4
signal strength within the nonsaturated regime of the
detector. ;Column 1: Position in crank angle degrees (CAD); col-

In Table 1, the results are summarised from the umn 2: average pressure (P); column 3: evaluated average
evaluation of 100 single-shots at four different crank temperature (T); column 4: temperature standard devia-
angle degrees prior to ignition. On the average, two tion (a); column 5: relative temperature standard deviation
spectra in each series were not evaluated because of (alT); column 6: evaluated average oxygen concentration
spectral interference, possibly originating from laser- [02]; column 7: oxygen concentration standard deviation
induced breakdown of the gas mixture. The com- (a); column 8: relative oxygen concentration standard de-
pression of the gas in an internal combustion engine viation (oa/[OJ])
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is considered to occur under adiabatic conditions A
with a constant value of p)'T` . Using the measured 1
pressures and evaluated average temperatures in Ta-
ble 1, a y (- CI/C) of 1.38 was calculated, which is
equal to the value of the natural gas(methane)-air 0.5
mixture (at 05 = 0.6) found in the literature, in this

temperature range [32]. The relative standard devi- ,
ation of the pressure of 100 cycles at all four crank 0
angles was - 1%, which for adiabatic conditions gives 2 '__________________ ' _____'_"t"___ _

a cycle-to-cycle variation in temperature of -0.3%.
The relative standard deviation of the evaluated tem- -- B
peratures was at all four crank angles 1.0-1.1%. The C
oxygen concentration (of the air) was evaluated to be S?
in the range 20.9-21.2% at all four crank angles, with -a

a very high precision for the standard deviation in 0.5

oxygen concentration, 0.3-0.4%, and a relative stan-
dard deviation of 1.4-1.9%. A brief explanation for
these low values will be given here. For DB-CARS, 0 ..L A .. .x 4 ...... LA.111 .
mode-amplitude fluctuations (which are the domi- l00 150" 200 250 30 350
nating source of noise for vibrational CARS) have a Raman shift/ cm- 1

minor influence due to spectral averaging even on a
single-shot basis [21]. Instead, according to a model FIG. 3. Single-shot spectra recorded at different crank
described in Refs. 21 and 33, the noise-to-signal ratio angle degrees in the postcombustion gases for a stoiehio-
in DB-RCARS is mainly described by metric mixture of natural gas and air. Below each of the

spectra, a difference spectrum between the experimental
{((2n)"12/TF)( + PFA/W-)" + (,Q,/2mrT)}"/ 2  spectrum and the best-fit theoretical spectrum is shown.

The time, pressure, and evaluated temperature are the fol-
where T is the duration of the CARS signal, 1, and lowing; A: t = 32 CAD ATDC, P = 3.20 MPa, T = 2550

F, are the Nd:YAG laser linewidtls and Raman line- K; B: t = 56 CAD ATDC, P = 1.55 MPa, T = 2435 K.
width, respectively, W is the slit width, and 2, is the The peak single-shot signal strength is -1000 counts in
mode spacing of the broadband dye laser. Both terms both spectra.
in the expression are associated with phase-mode
fluctuations. For our experimental setup, it turns out
that the second term dominates at atmospheric pres- demonstrated that the difference between evaluated
sure, giving rather poor precision [21]. However, in CARS temperatures and temperatures measured
the present investigation under the conditions prior with thermocouples in an oven at atmospheric pres-
to ignition, the second term loses its importance (be- sure increased for increasing temperatures above
cause of increase in Fr), and the noise will be deter- 1500 K. An evaluated temperature of 2500 K can,
mined by the first term, resulting in the low relative according to Ref. 23, be estimated to be 300-400 K
standard deviations in Table 1. A consequence of the too high. It appears that the lack of knowledge of the
investigation in Ref. 33 is that use of a single-mode correct rotational Raman linewidths for high rota-
Nd:YAG laser instead of a multimode Nd:YAG laser tional quantum numbers (J) at high temperatures
will (to a first approximation) lead to the disappear- limits the accuracy of rotational CARS at high tem-
ance of the first term, and even better precision than peratures.
the values presented in Table 1 should then be Normally, both the temperature and the nonre-
achieved. Modelling of both oxygen and nitrogen sonant susceptibility are fitted using our code, but
slightly reduces the relative standard deviation of for these evaluations at high temperatures and pres-
evaluated single-shot temperatures in comparison sures, the best fits (giving lowest values of the sum
with modelling nitrogen alone, which will be dis- of squares) resulted both in much too low tempera-
cussed in more detail in Ref. 30. tures, and evaluated nonresonant susceptibilities that

In Fig. 3, two single-shot spectra from the were more than twice the value of nitrogen. A rea-
posteombustion gases are shown. Spectrum A is re- sonable value for the nonresonant susceptibility in
corded at 32 CAD after top dead centre (ATDC) at the posteombustion gases of a stoichiometric mixture
a pressure of 3.20 MPa with a best-fit temperature is 1.2 times the value of nitrogen [31], and the non-
of 2550 K, and spectrum B was recorded at 56 CAD resonant susceptibility was fixed at this value in the
ATDC at a pressure of 1.55 MPa with a best-fit tem- evaluation. Evaluation of 100 single-shot spectra
perature of 2430 K. As discussed in Ref. 23, our pre- from 32 CAD ATDC (spectrum A) gave a relative
sent computer code cannot provide reliable temper- standard deviation of the temperature of 2.7%, and
atures in the region above 2000 K. It was an uncertainty in the value of the nonresonant sus-
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A ccomplexity and a severe decrease in signal strength
1 Total spe trum of more than a factor of 64 for rotational CARS.

The main advantage of dual-broadband rotational
0.8 CARS in comparison with vibrational CARS may be

in the temperature and pressure region prior to ig-
nition in IC engines. Although good agreement be-

o .4 tween experimental spectra and theoretically calcu-.C Resonant lated spectra can be obtained for vibrational CARS
0.2t for such conditions, the temperature accuracy is crit-

-0 -A A A ically dependent on parameters such as the nonre-

B 0sonant susceptibility of the gas, the laser linewidth,
N0.6 the slit width, and the theoretical modelling of col-.. Non-resonant term

. 0.4 - - lisional narrowing. For dual-broadband rotational
Cross term CARS, the evaluated temperature is almost decou-

0.2 pled from the slit width and the nonresonant suscep-

0 -tibility under conditions prior to ignition. This is an
advantageous fact, since the major influence of dif-

-0.2 ferent practical fuels is to increase the nonresonant

-0.4 susceptibility of the mixture, and spectral lines of fu-
100 150 200 250 300 350 els generally "drown" in the nonresonant back-

Raman shift / cm- 1  ground. An uncertainty in the slit width of 10% gives
an uncertainty in the evaluated temperature of as lit-

FIG. 4. A: A theoretical rotational CARS spectrum of tle as less than 0.5%. Another problem for vibrational
nitrogen at a temperature of 2100 K and a pressure of 3.2 CARS is the long-term drift in the broadband dye
MPa are shown together with the resonant part of the spec- laser spectral profile [14], whereas DB-RCARS is in-
trum under the same conditions. B: The cross-term part herently insensitive to spectral changes in the dye
and the nonresonant part for the total spectrum shown in profile. These merits of DB-RCARS will be valuable
A are displayed. in forthcoming projects aiming at accurate temper-

ature measurements in studies of engine knock, and
simultaneous measurements of temperature and ox-

ceptibility of 10% resulted in an uncertainty in the ygen concentrations in studies of the mixing of the
evaluated average temperature from the single shots fuel-air mixture with exhaust gases.
of -30 K. For 100 single shots from 56 CAD (spec-
trum B), the relative standard deviation in tempera-
ture was 1.4%, and a 10% uncertainty in the nonre- Conclusions
sonant susceptibility gave an uncertainty of -50 K
in the evaluated temperature. By inspection of the 1. Dual-broadband rotational CARS (DB-RCARS)
difference spectra below each figure, the fit of spec- was successfully used for diagnostics in a spark-
trum B is very good, whereas the fit of spectrum A ignition engine. Single-shot measurements were
is less good, mostly because the theoretical peaks are performed both prior to ignition and in the
much higher than the experimental ones. A possible postcombustion gases, and temperatures and rel-
explanation might be that the focal point of the signal ative oxygen concentrations were evaluated from
at the entrance slit of the spectrograph was broad- the recorded spectra.
ened because of beam steering effects in this high- 2. Prior to ignition at temperatures below 800 K and
temperature and high-pressure situation. To facili- pressures below 2 MPa, previous studies have re-
tate the understanding of the spectra in Fig. 3, a vealed a high accuracy for DB-RCARS. The tech-
theoretical spectrum of nitrogen has been generated nique showed a very high precision in this tem-
for similar conditions, at a temperature of 2100 K perature and pressure range. The relative
and a pressure of 3.2 MPa, and it is shown in Fig. 4. standard deviation of single-shot temperatures
The total CARS spectrum has also been separated was found to be as low as -1%, and the relative
into three parts: the resonant part, the nonresonant standard deviation of single-shot oxygen concen-
part, and the cross-term part. Obviously, the nonre- trations was 1.4-1.9%. The temperature and the
sonant term has a large impact on the total spectrum nonresonant susceptibility are independent vari-
and is of the same height as the resonant part under ables, implying that reliable temperatures are ob-
the present conditions. Also, the cross term gives a tained without the need for a precise knowledge
large contribution to the total spectrum. A way to of the nonresonant susceptibility.
avoid interference from the nonresonant background 3. In the postcombustion gases at temperatures
is by the use of polarisation suppression techniques above 2000 K and 1.5 MPa, recorded DB-RCARS
[34], albeit at the expense of increased experimental spectra showed a large influence from the non-
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resonant susceptibility. To obtain reliable tern- 5. Stenhouse, I. A., Williams, D. R., Cole, J. B., and
peratures from a spectral fit, the nonresonant Swords, M. D., Appl. Opt. 18:3819-3825 (1979).
susceptibility of the gas had to be assigned a pre- 6. Klick, D., Marko, K. A., and Rimai, L., Appl. Opt.
calculated value; otherwise, the best-fit spectrum 20:1178-1181 (1981).
resulted in erroneous values for both the evalu- 7. Kajiyama, K., Sajiki, K., Kataoka, H., Maeda, S., and
ated temperature and the nonresonant suscepti- Hirose, C., SAE Technical Paper 821036 (1983).
bility. Evaluated temperatures above 2000 K are 8. Rahn, L. A., Johnston, S. C., Farrow, R. L., and Mat-
at present uncertain, mainly because of uncertain- tern, P. L., in Temperature: Its Measurement and Con-
ties in the rotational Raman linewidths generally trol in Science and Industnj (J. F. Schooley, Ed.),
at high temperatures and in particular for high American Institute of Physics, New York, 1982, Vol. 5,
rotational quantum numbers. pp. 609-613.
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from windows, optical components, and surfaces. and Bopp, S. C., SAE Technical Paper 910722 (1991).
Careful alignment of the setup was therefore nec- 11. Brtiggemann, D., Wies, B., Zhang, X. X., Heinze, T.,
essary. Rotational CARS spectra could be regis- and Knoche, K.-F., in Combustion Flow Diagnosics
tered over the whole engine cycle except over (D. F. G. Dur~o, M. V. Heitor, J. H. Whitelaw, and P.
-20 crank angle degrees around top dead centre 0. Witze, Eds.), NATO ASI Series, Kluwer Academic
during the flame propagation in the cylinder. Publishers, Dordrecht, The Netherlands, 1992, pp.

5. DB-RCARS has some advantageous features for 495-511.
measurements in engines in comparison with vi- 12. Porter, F. M., and Williams, D. R., "CARS Thermom-
brational CARS. Temperature and oxygen con- etry Accuracy in an IC Engine," Appl. Phys. B, sub-
centration measurements can be performed si- mitted.
multaneously using a Nd:YAG and single dye laser 13. Green, R, M., and Lucht, R. P., Proceedings from In-
system. Under the conditions prior to ignition, ternational Symposium on Diagnostics and Modeling
DB-RCARS gives a high accuracy in the temper- of Combustion in Reciprocating Engines, Tokyo, 1985,
ature determination, with negligible influence pp.259-266.
from parameters such as the slit width and the 14. Lucht, R. P., Teets, R. E., Green, R. M., Palmer, R.
nonresonant susceptibility. DB-RCARS is inher- E., and Ferguson, C. R., Combust. Sci. Technol. 55:41-
ently insensitive to spectral changes in the dye la- 61 (1987).
ser profile that might occur during measurements. 15. Marie, J.-J,, and Cottereau, M.-J., SAE Technical Pa-
Effects of cross coherence and collisional narrow-ing can be disregarded in the calculation of the- 1.per 870458 (1987).
oreticanbdraeit16. Cottereau, M. J., Grisch, F., and Marie, J. J., Appl.
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COMMENTS

Larry A. Rahn, Sandia National Laboratories, USA. linewidth models lead to evaluated temperatures that are
How important are photon statistics to the precision of too high at temperatures above 1500 K.
these single-shot measurements? Does this become the
limiting problem at higher temperatures? S

Douglas Greenhalgh, Cranfield University, UK I have
Author's Reply. Under preignition conditions, a relative two comments, but first let me congratulate you on real-

standard deviation in temperature as low as -1% was ising the potential of rotational CARS. First, for 1% un-
achieved (see Table 1). This value includes the cycle-to- certainty in temperature I would suspect that detector
cycle variation which, however, is believed to contribute noise, as evaluated by Fiona Porter and David Snelling, is
with a negligible uncertainty. Since high peak single-shot much more important. Secondly, given that you show that
signal strengths of 5000-10,000 counts were readily ob- rotational CARS is excellent up to say 1500 K (given that
tained on the detector (using neutral density filters), the 0-band CARS is good above 1500 K), but poor above this
shot noise contribution to the uncertainty in evaluated sin- temperature. Perhaps you could arrange the frequency of
gle-shot temperatures is small. Thus even for this low rel- your dye laser so that both convectional Q-brand CARS
ative standard deviation of 1%, it seems that noise due to and double broad and rotational CARS are generated si-
phase mode fluctuations is the dominating source of un- multaneously?
certainty to evaluated single-shot temperatures. The use of
a single-mode Nd:YAG laser instead of a multimode Author's Reply. The uncertainty of single-shot temper-
Nd:YAG laser should, according to the model in Ref. 21, atures was already discussed in the author reply to the com-
further reduce the noise from phase mode fluctuations. ment by L. Rahn. The second comment is also on a very
The real improvement is uncertain since other parameters interesting topic for the application of dual-broadband ro-
such as the detector shot noise may then be the dominating tational CARS. Recently, we have published a paper de-
source of error. This will be investigated further both the- scribing the potential of a technique for simultaneous gen-
oretically and in experimental studies under static condi- eration of vibrational CARS on the C-H stretch vibration
tions. of a fuel and dual-broadband rotational CARS on nitro-

Under the conditions in postcombustion gases dealt with gen/oxygen [1]. Both signals are generated in the same di-
in this paper (at T > 2000 K and P > 1 MPa), peak single- rection. This study was based on a demonstration of the
shot signal strengths of -1000 counts were obtained. The same technique for nitrogen [2].
question of ise role of detector shot noise in comparison
with phase mode fluctuations for the precision of single-
shot temperatures is of minor importance for evaluated REFERENCES
single-shot temperatures, since there are several factors
that severely affect the possibility of extracting correct tem- 1. Bengtsson, P.-E., Martinsson, L., and Ald6n, M., "Com-
peratures from a single-shot spectrum. In this temperature bined Vibrational and Rotational CARS for Simulta-
and presssre range, a rotational CARS spectrum is not so neous Measurements of Temperature and Concentra-
sensitive to changes in temperature, making the evaluated tions of Fuel, Oxygen, and Nitrogen," Appl. Spectrosc.,
temperature easily affected by experimental uncertainties, in press.
such as the nonresonant susceptibility, which can have a 2. Ald6n, M., Bengtsson, P.-E., and Edner, H., Appl. Opt.
large impact on the total spectrum. In addition, present 25:4493-4500 (1986).
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A technique for recording the evolution of large-scale structures in high-speed nonpremixed combustion
flows is demonstrated. A single frequency-doubled dye laser system that can produce two pulses separated
by tens of microseconds is used to simultaneously excite fluorescence from acetone, seeded into the fuel
stream, and from OH, which marks the combustion gases. Thus, four images, an OH/acetone pair for each
of the two pulses, are recorded on four separate cameras. The accuracy of the double-pulse technique is
examined in a low-speed methane-air flame, which is essentially frozen during the measurement time. The
average difference, or error, between corresponding pixels in a double-pulse pair of OH images shows
little spatial biasing and primarily results from signal shot-noise fluctuations. The double-pulse OH/acetone
technique is demonstrated in a nominally two-dimensional, high-speed reacting mixing layer consisting of
an ambient-temperature, low-speed hydrogen-containing fuel stream and a high-temperature, high-speed
oxidizing stream. Two mixing layer conditions are presented: a low compressibility case, with convective
Mach number M, = 0.32, and a more compressible case, M, = 0.70. Reasonable quality images, having
minimum noise levels of 11-14%, were obtained in both cases. The peak OH levels are near 2000 ppm,
and the acetone seeding is roughly 3500 ppm. The regions of the flow defined by the interface between
the mixing layer and the acetone-seeded fuel stream are relatively stable during the 30-50pus measurement
times and have convective velocities slightly higher than the speed of the fuel stream. The regions of the
mixing layer marked by OH move faster and exhibit greater distortion.

Introduction to quantify the evolution of the flow structures [3].
Among the possible planar imaging techniques, pla-

For high-speed combustion devices in which the nar laser-induced fluorescence (PLIF) is well suited
fuel and oxidizer are supplied in separate streams, for combustion measurements, since as a resonant
successful operation will often be limited by the rate technique, it provides high-quality records of a num-
of mixing between the two streams. In turbulent free ber of interesting species in reacting flows [4].
shear flows, large-scale motions are responsible for Here, we demonstrate a unique double-pulse
the first step in the mixing process, the entrainment PLIF visualization technique that requires only a sin-
of fuel and oxidizer into the mixing region. There- gle laser to record the structure of a mixing region at
fore, measurements that shed light on the evolution, two instants in time separated by tens of microsec-
e.g., convection, deformation, and chemical transfor- onds. By tuning the laser to simultaneously excite
mation, of the large-scale structures should provide fluorescence from two gases, acetone and OH, and
insight into the dynamics of entrainment and mixing, using four detectors, we separately record regions
and their coupling to the overall combustion process, containing unburned fuel and those containing com-
A logical choice for obtaining such measurements is bustion gases at both instants in time. Measurements
high-speed planar imaging of the instantaneous spa- are presented for a nominally two-dimensional, su-
tial structure of the flow [1,2]. A number of digital personic, reacting mixing layer consisting of an am-
image processing algorithms could then be employed bient-temperature, low-speed hydrogen-containing
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fuel stream and a high-temperature, supersonic oxi-
dizing stream. The accuracy of the technique, with Vitiated

respect to correlations between time-delayed image S ii

pairs, is experimentally investigated in a low-speed Fuel Stream

flame. seededwif

Description of Experiment

Simultaneous OH/Acetone Imaging: Acelsee OH

Fo tdiglresaestructures, weuse simul- Cameras Blue uv Cameras

taneous PLIF imaging of two species, one marking Filer Fle

the unburned fuel gases and the other marking the [lue's J 
Or

combustion gases. The ability to acquire both these
quantities wvith a single laser system greatly reduces
the complexity and cost of the measurement system.
One such technique, recently demonstrated, is based M Las r Sheeton the simultaneous excitation of OH, as the corn- Splier Plate 285 nm

bustion gas marker, and acetone vapor, seeded into 2

the fuel stream [5-7]. With this technique, a laser is
tuned to simultaneously excite both species, while arra.gSemt of mixing layeraca
the fluorescence from the two is captured on sepa- arrangement of laser sheet and cameras.
rate cameras. While both OH and acetone absorb
light in the same ultraviolet (UV) regions (OH has struction is on the order of unity [7]; thus, OH is not
many discrete UV absorption lines, while acetone ab- limited to chemical reaction zones but also marks
sorbs continuously over -225-320 nm), the resulting regions of hot combustion products. Based on a sim-
fluorescence from the two molecules is well sepa- pie mixing analysis between the two streams, the OH
rated in wavelength. OH emits primarily in the UV, fluorescence signal is expected to track the OH con-
while acetone emits mostly in the blue (>400-500 centration within ± 20% across most OH-containing
nm). Thus, simple optical filters can be used to dis- regions of the mixing layer. Similarly for acetone, the
criminate the two fluorescence signals. fluorescence varies nearly linearly with acetone con-

The previous applications of combined OH and centration [8], and the chemical removal of acetone
acetone imaging used a XeC1 excimer laser at 308 is similar to that of hydrogen in the flow [7]. There-
nm (-100-150-mJ pulse energy) to simultaneously fore, acetone fluorescence performs as an adequate
excite the S, 1- So electronic transition of acetone and marker of unburned hydrogen concentration in these
a rotational line in the A - X (0,0) vibration band of high-speed mixing layers.
OH [5-7]. In contrast, the current measurements use
frequency-doubled, dye laser excitation near 285 nm Flow Facilities and Optical Layout:
to excite lines in the OH (1,0) band along with the
acetone. The new approach allows for better rejec- Double-pulse imaging experiments were per-
tion of laser scattering onto the OH camera and more formed in two flow facilities. Basic characterization
flexibility in choosing the OH pump transition. While measurements were carried out in a small-scale (10
the dye laser system provides less UV energy (-20- x 4 cm) flat flame burner. The burner was operated
40 mJ) than the XeC1 laser, the resulting PLIF signals at atmospheric pressure in a premixed mode, burn-
are comparable for the two systems because (1) the ing a fuel-rich mixture of methane and air. The flow
acetone absorption coefficient at 285 nm is higher speeds in the resulting lifted flames did not exceed 1
(X 3) than at 308 nm; and (2) the OH line pumped m/s.
by the XeC1 laser is poorly populated at high tem- As depicted in Fig. 1, the mixing layer experiments
peratures, and the resulting fluorescence is partially were performed in a large-scale blowdown facility,
saturated. with a rectangular test section (8 x 10 cm, 45-cm

Again, the goal here is to develop a method for long). The facility is described in detail elsewhere [7].
studying the evolution of the instantaneous, large- In brief, a plane mixing layer was formed between a
scale spatial structures in a reacting mixing flow. In high-speed, high-temperature (1500 K) oxidizing
this light, highly accurate concentration measure- stream and a slower, low-temperature (270 K) fuel
ments are not required. Still, the interpretation of the stream. The oxidizing stream was produced from the
OH and acetone fluorescence deserves some atten- exhaust of a vitiation heater burning oxygen-enriched
tion. For the high-speed flow under consideration, air and hydrogen in a fuel-lean mixture, which was
the Damkhler number for OH formation and de- then expanded through a supersonic nozzle. The ox-
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idizing stream constituents were primarily oxygen tion system (spatially) nonuniform response, and
(23%), water vapor (25%), and nitrogen. The fuel (shot-to-shot resolved) laser sheet energy distribu-
stream consisted of a 1:9 mixture of hydrogen di- tion.
luted in nitrogen, with a small amount of acetone
vapor (2500-3500 ppm). For the measurements pre- Double-Pulse Laser Characterization:
sented here, the imaged region was centered near
the middle of the test section, approximately 22 cm While two separate laser systems could be used to
downstream of the splitter plate. produce the two laser pulses needed for a time-de-

The optical arrangement of the laser sheet and layed measurement, the use of a single laser simpli-
camera systems for the double pulse is also shown in fies the experimental setup. One potential tradeoff,
Fig. 1. Laser-induced fluorescence images of OH however, is lower laser energy and, therefore, less
and acetone were produced by 8-ns pulses from a fluorescence. With the current laser system, we have
single Nd:YAG-pumped, frequency-doubled dye la- been able to produce two pulses (near 285 nm) sep-
ser (Lumonics: YM-1200, HD-500). The YAG laser arated by 20-70 ps and with energies of 2-6 mJ per
was modified by the manufacturer to allow the Q pulse.
switch to gate twice during each (10 Hz) flashlamp Since double pulsing of a frequency-doubled dye
pulse, with a user-variable pulse separation. The laser with tens of microseconds between pulses is a
sheet was formed with three cylindrical lenses. Two relatively novel mode of operation [10], a number of
lenses formed a telescope that spread the beam into tests were performed to compare the characteristics
a collimated, 83-mm-tall sheet, and a third lens fo- of the UV beams between single- and double-pulse
cused the laser to a narrow sheet. Real-time laser operation. The measurements included pulse ener-
monitors, similar to those used in an earlier study [9], gies, center wavelengths, and spectral profiles of the
recorded pulse energies and spectral line shapes. beams, and spatial profiles of the resulting laser

Each OH/acetone fluorescence imaging system sheets. The most significant variation between single-
consisted of two fiberoptically coupled, intensified and double-pulse operation is the spectral detuning
charge-coupled device cameras (Princeton Instru- of the second pulse. For the pulse delays here (30
ments ICCD576/RB, 578 X 384 pixels) mounted be- and 50/is), the first pulse has the same center wave-
hind commercial photographic lenses. In order to length and linewidth (-0.6 cm -1) as in single-pulse
increase the framing rate of the camera systems, and operation, while the second pulse is blue-shifted by
therefore the number of images acquired per run, approximately 0.006 nm, or 0.75 cm- 1, and has a 10-
on-chip binning of the pixels was employed, with 15% broader spectral profile.
each binned superpixel representing the sum of a 2 Less change was seen in the spatial profile of the
X 2 subarray. The OH fluorescence images were laser sheet, measured at the center of the imaged
acquired through f/4.5, 105-mm UV lenses with glass region. The full width of the sheet (at 2% of peak),
filters to remove the elastic laser scattering (Schott was 630( ± 50) pm for single-pulse operation and 560
WG305) and the visible acetone fluorescence (Schott pm for the first of the (lower energy) double pulses.
UGll). The acetone fluorescence was imaged For the second pulses, the widths were 630 and 700
through a 500-nm low-pass interference filter (An- um at 30- and 50-ps delays, respectively. The location
dover 500FL0750) and a glass f/1.2 50-mm lens, nei- of the image plane in the flow, as determined by the
ther of which transmitted the UV laser scattering or center of the sheet waist, did not move by more than
OH fluorescence. As shown in Fig. 1, the acetone 23,pm between the various test conditions. In all the
and OH cameras viewed the sheet-illuminated re- measurements reported here, the second pulse was
gion from opposite sides. The intensifier gates were made to have roughly two-thirds of the total energy
400 ns for the OH camera and 200 ns for the acetone in order to partially offset the signal loss associated
camera, with the shorter gate used to reduce the vis- with its detuning. To further compensate for the de-
ible emission background, tuning, the wavelength of the first pulse was slightly

For the double-pulse measurements, four nearly red-shifted with respect to the OH transition in the
identical camera systems were employed. One pair high-speed experiments. For the 30-ps delay, total
of OH/acetone cameras viewed the illuminated plane pulse energies reached 7 mJ, and in the 50-ps case,
at right angles; the other pair were placed slightly the maximum total energy was 9 mJ.
off-axis. Pixel-to-pixel spatial alignment between the
cameras was ensured by simultaneously recording
the image of a thin, transparent alignment target with Results
each camera system. Careful attention was paid to
the camera positioning during the measurements in As an example of the high-quality images obtain-
order to minimize (or eliminate) postexperiment im- able with the dye laser approach to combined OH/
age processing intended to match the cameras' fields acetone imaging, Fig. 2 shows a single-shot measure-
of view. The images were corrected for background ment in the compressible reacting mixing layer. The
signal (dark level, luminosity, and scattering), detec- convective Mach number [11], M, = (u, - u)/(oa
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+ ao), of the layer, which is commonly used to char- outline is evident (because of the noise thresholding),
acterize the importance of compressibility, is 0.70. the error levels are somewhat randomly distributed
The images shown in Fig. 2 were obtained with across the flame. As would be expected for shot noise,
nearly 15 mJ of sheet energy (at the image plane) the fractional error generally declines with increasing
and with the laser tuned to the (1,0) P1(7) line of signal, so the errors tend to be larger near the (low
OH. Based on calibration measurements with the signal) edges of the flame. A histogram of the frac-
camera systems in a shock-heated OH flow [9], the tional error image (from Fig. 3) shows a somewhat
peak OH levels in the layer are about 200ý0 ppm, and normal distribution of errors with a slight bias toward
the average OH levels in the vitiated air stream are negative errors. Considering only nonzero error val-
200-300 ppm. For these data, the peak (seeded free ues, the conditioned error distribution has a peak at
stream) acetone levels are -2500 ppm. -2% error, a mean of -0.7% error, and a standard

Based on root-mean-squared variations in regions deviation of 12% (99.5% of the nonzero errors fall
of nominally uniform signal in the corrected images, within a + 35% error range). The other image pairs
the signal-to-noise ratio (SNR) of the single-shot ac- also show some bias toward the first or second pulse,
etone images peaks at 12 in the undiluted free and the average standard deviation for the complete
stream. For the OH data, the peak SNR in the mixing set is 14%. Combined with the lack of significant spa-
layer is between 10 and 12, and in the vitiated air tial biasing, these relatively low errors should allow
stream, the SNR is 5. These SNR values compare this technique to accurately record the evolution of
well with the previous XeCl measurements in the the high-speed mixing layer.
same facility, which employed an injection-locked la- For all the double-pulse measurements, the laser
ser tuned to the more temperature-dependent (0,0) was tuned to excite the overlapping Q1(9) and Q2(8)
Q1( 3 ) line of OH. With approximately 50-60 mJ lines of OH. Combined, these lines have an absorp-
reaching the flow in a sheet of nearly the same height, tion coefficient 2.5 times greater (at 1500-1600 K)
the peak SNR values in the previous measurements than the P 1(7) line used for the single-shot data and
were about 15 for both molecules [5]. only a slightly greater temperature dependence. The

As mentioned previously, double-pulse measure- higher absorption coefficient of the combined lines
ments were made in a slowly moving methane-air was used to partially compensate the OH signals for
flame (which could be considered frozen for the 30- the lower energies available in the double-pulse
50-jis measurement times) in order to test the tech- measurements. For the mixing layer data, the ace-
nique's capability to accurately record flow evolution, tone signals were further improved by increasing the
In order to create distinct spatial structures, a lifted acetone seeding in the mixing layer to -3500 ppm.
flame was used. Figure 3 illustrates the (corrected) Double-pulse measurements were obtained for two
second pulse image from a pair of double-pulse OH mixing layer conditions: the same high-compressibil-
images, acquired in the laminar flame with a 50-ps ity (M, = 0.70) case described in the single-pulse
pulse delay and a total sheet energy (at the image measurements as well as a lower-compressibility (M,
plane) of about 5.5 mJ. With a maximum gas velocity = 0.32) case. The high-compressibility case has a
of 1 m/s, convective motion during the measurement higher vitiated-air stream velocity (u, = 960 m/s)
period should correspond to less than one-quarter of and a lower fuel stream velocity (u2 = 150 n/s) com-
a pixel. Some change, however, in the chemical struc- pared to the low-compressibility case (u, = 550
ture of the flame is possible. The image of Fig. 3 m/s, u2 = 185 m/s). For visualizing the evolution of
shows one result from a set of 20 double-pulse image these different speed layers, it is convenient to use a
pairs. One scaling factor for each image pair was ap- shorter pulse separation as the speed of the layer is
plied to force the average pixel value to be the same increased. For the high- and low-compressibility
for both images. This scaling factor is nearly the same cases, respectively, the pulse separations were 30 and
for each image pair; the standard deviation over the 50,ps, which limit the maximum convective motion
20 pairs is 14% and reduces to 9% if the highest and (based on the maximum free stream velocity) to -2.8
lowest values are omitted. cm in both layers.

Figure 3 also contains an image of the difference Figure 4 shows a typical result for the low-coin-
between the second and first pulses (2 - 1), nor- pressibility layer, acquired with a total laser energy
malized by the average of the two. Thus, it represents of -6 mJ in the measurement plane. In the first pulse
the per-pixel fractional difference, or error, between image, the peak SNR values are 7 for the acetone
the two images. No spatial corrections were applied PLIF and 9 for the OH. For the second pulse, the
to these images to improve the experimental camera peak acetone SNt increases to 9, while the OH SNR
alignment. In order to reduce the shot-noise fluctu- decreases to 7. Recall, the second pulse has twice the
ations and highlight any potential systematic errors, energy of the first, thus explaining the improved ac-
however, the OH images were convolved with a 3 x etone signal, but the second pulse partially detunes
3 low-pass filter, and the error was conditionally ze- from the OH line and therefore produces a weaker
roed at pixels with values considered to be in the OH signal. For the high-compressibility case (Fig. 5),
background noise (-2-3% of peak). While the flame similar SNR values were obtained with -5 mJ. In
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FIG. 3. Inages from adouble-pulseimagepair(281 X 143
pixels, 69 ) 35mnun) ofOlI in thelow-speed,prelnixedimetl-
ane-air lifted flaine: (upper) second pulse OH fimage (50-pzs
delay from first pulse) and (lower) fractional difference im-

age, i.e., secondpu pulse normalizedbYthe av-

erage of the two. The sheet propagates right-to-left in these
side Niew images ofthe flaine. The O1 image uses the same
color scale described in Fig. 2, and the lower color bar maps

- fractional errors from -50% (left) to + 50% (right).

FIE. 2. Single-pulse simultaneous images (200 X 133
pixels, 77 X 50 mm) of OH and acetone in a reacting
mixing layer xith 1,. = 0.70: (upper) the OH distribution
(yellow), (middle) the acetone distribution (purple), and
(lower) the color overlay of the OH and acetone images.
Increasing color intensities correspond to increasing con-
centration for each species. The sheet propagates upward
in these side view images of the mixing layer.

both the high- and low-compressibility cases, the ac- . r
etone signal in the mixing layer quickly drops from. .
its free stream value. The prominent structures in the
acetone-bearing fluid are defined by this interface
between the layer and the undiluted acetone. Thus,
the acetone structures primnarily exist in the lower
portion of the mixing layer. In the high-compressi-
bility case (Fig. 5), a few acetone features are seen
to extend upward, reaching near the middle of the FG. 4. Overlaid (see Fig. 2), double-pulse side view fin-
layer. In comparison, the prominent OIl structures ages (77 X 50 num) of acetone and OH in the mixing layer
are found higher in the mixing layer and exist across with M, = 0.32: (upper) first pulse image and (dower) see-
a larger fraction of the mixing layer. ond pulse image with a 50-ps delay. The color scaling is

In Figs. 4 and 5, the relationship between acetone- described in Fig. 2. The images were smoothed with a 3
marked structures in the sequential images is clear, X 3 luw-pass filter.
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case, the variation in tt oi is ± 10% (± 30 m/s) and
increases to ± 20% ( ± 130 m/s) for the high-com-
pressibility layer. The measured OH and acetone ve-
locities represent movements in the images of be-
tween 20 and 80 (super)pixels (0.39 mm/pixel in the
layer).

Comparison can be made with the expression for
the overall convective speed (u) of large-scale, mix-
ing layer structures developed by Papamoschou and
Roshko [11]. While discrepancies with high-com-
pressibility measurements have been reported [1,12],
this expression predicts values of 30'0 and 390 m/s,
respectively, for our low- and high-compressibility
layers. In both cases, the measured OH and acetone
convective velocities, relative to the predicted u,, are
biased by their location in the layer, i.e., toward the
velocity of the adjacent free stream. For example, in
the low-compressibility layer, the OH convects at a
speed 17% higher than the predicted n0., while the
acetone interface scarcely moves faster than the
slow-speed stream. This biasing is consistent with re-
cent results from nonreacting studies [2] and high-
lights a difficulty associated with measurement of

FiG. 5. Overlaid (see Fig. 2), double-pulse side xiewx im- overall convective speeds nsing spatially biased trac-
ages (77 X 50 omn) of acetone and OH in the mixing layer ers. When such methods are employed and compar-
with .1, 0.70: (upper) first pulse and (lower) second isons with it, are made, variations in convective speed
pulse with 30-ps delay. The color scaling is descrlbed in across the layer, for example due to rotation of the
Fig. 2. The images wvere smoothed wsith a 3 X 3 losw-pass structures, must be considered. Tracking the cen-
filter. troids of mixing layer structures may be a more suit-

able approach [1]; in our measurements, this would
require defining the centroid of a combined OH/ac-

and they exhibit little distortion. Using the move- etone structure. This approach, however, is also
ment of distinct features in the aceteone/layer inter- prone to biasing since speeds can be determined only
face from 12 double-pulse image pairs, an average when a suitable structure is identified, and the prob-
convective (axial) velocity (u,,et) was determined for lem worsens with increasing compressibility since the
each compressibility case. For the low-eompressibil- mixing layer structures become more disorganized.
it) layer, it t 200 m/s, and for the high-compress- Considering the limited data available, further inves-
ibility laver, n -,t 180 m/s. For both cases, most of tigation of these issues must be considered in future
the measurements were within ± 10% ( ± 20 m/s) of work.
the average values. These acetone convective veloc-
ities are only slightly greater than the low-speed free
stream velocities for each case (by --15-30 mI/s). For
the OH images shown in Figs. 4 and 5, it is fairly easy Conclusions
to identify and follow the movement of certain dis-
tinct features between the sequential images. For the We have demonstrated a combined OH/acetone
complete data set, however, the (visual) correlation PLIF imaging technique for recording the evolution
of sequential OH images is more difficult; the OH of large-scale structures in high-speed nonpremixed
structures generally exhibit more distortion than the combustion flows. In this novel approach, a single
acetone structures. The change in the OH regions frequency-doubled dye laser provides sufficient en-
may be the result of in-plane deformation effects, ergy to simultaneously record regions containing un-
outr-of-plane motion, or chemical reaction. Still, some burned fuel, marked by acetone, and of combustion
flow features can be identified and used to determine gases containing OH, with two pulses separated by
an average OH (axial) convective velocity (uoH). For tens of microseconds. The spatial and spectral prop-
the same set of 12 image pairs, Oou is -350 m/s for erties of the laser sheets produced by the two pulses
the low-compressibility case and -650 mls for the were found to be similar, with the exception of a
high-compressibility layer. The image-to-image var- relative spectral shift (-0.006 nm) for the second
iability for uoii is greater than for laret, partly because pulse. The accuracy of the technique was tested in a
the increased distortion of the OH features leads to low-speed methane-air flame. Image pairs of OH ob-
larger uncertainties. For the lox-compressibilitv tained in this nominally frozen flow showed average
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COMMENTS

Michael Drake, General Motors, USA. Why does the rapidly than mixture fraction as the two fluids mix, even at
acetone LIF intensity completely disappear in the mixing low dilution levels. Because of the limited dynamie range
layers? (or detection sensitivty) of the measurement system, these

reduced signals eventually become indistinguishable from
Author's Reply. Because tie acetoine traces onil aub-rn- the noise in thle itages. This is wsll the single-pulse mea-

ed fuel, we expect, and we find, that the acetone fluores- surements of the high conspressihilitc laver (e.g., Fig. 2)
eenee is absent in the reacting (OIl-containing) regions of show greater penetration of acetone into the layer than do
the mixing laver. The lack of significant levels of recorded the double-pulse images (Fig. ,5). The higher laser energies,
acetone fluorescence within some other regions of the laver and thus increased sensitisity, available in the single-pulse
primarily results from limits of the detection systemn and experiments effectively increase the d(nytmic range of the
the fact that the acetone fluorescence does not scale line- iteasurenuents.
arly with mixture fraction.

Recall that the acetone fluorescence is proportional to
acetone concentration (rather than mIole fnaction). Thus,
the decrease in densit- associated with mixing of the hot Michtael Wlinlte, United T'echluuogies Research Center,
air and cold fuel causes the acetone signal to decrease more USA. In Lozano's thesis, a mechanism is described corre-
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spondiug to lfst photoiooization of acetone after excitation Author~s Reply. The apparent overlap in OH and ace-
at 285 ioo. Is there exidence of this in the comparison of tonc fields is an artifact produced by low levels of visible
the two acetone images? flame emission from the layer that is captured on the ace-

tone camera and subsequently amplified by laser sheet
Author's Re1l1y. Lozano (Ph.D. Thesis, Mechanical En- noouniformitv corrections to the lower-energy first pulse

gineeriugStanisrd University, 1992) described various image. Since the flame emission is well separated from the

photodissociation processes that can occur when acetone acetone layer, it is easily discriminated.
is illmninated wsith UV radiation. From the limited data

available on the variation in fluorescence efficiency with
excitation wavelength, one can estimate that the dissocia-
tion rate is only 1 0-20%l% greater for 285-nui excitation com-

pared ssith excitation at 308 nu. In the current double- Paul Eroart, Oxford Univeesity, UK. Regarding the
pulse measurements, photodissociation would result in a measured shift in frequency between the two pulses from

lower acetone concentration for the second pulse image the dye laser; if indeed the cause is a refractive index
compared svith the first. Comparing the fluorescence in the change arising from heating, it would be interesting to use
fuel free stream for the two pulses with the laser pulse water as the dye solvent to see if the thermal effect on
eneraies recorded with thle photodiode, we find no evi- refractive index is reduced. Furthermore, if the water sol-
deuce that acetone removal could be greater than a few vent is maintained around 4 'C these thermal effects would

percent for our laser ebergies (-5 us.) per pulse). he minimized, since at this temperature dn/dT = 0 (n u
reference index, T = temperature).

Nigel Toit, Craofield Unircrsity, UK. Some of the images Autlhor's Reply. This is an interesting area, both to de-

presented implied a small overlap between the OH and terinine the cause of the frequency shift and possibly to
acetone fields, which seems unlikely given the rapid pyrol- minimize it. It should be noted that refractive index change
ssis of acetone at tise temperature at which OH exists. Is induced by pinip laser absorption and heating in the dye
this real or an artifact of the measurement system? is just one possible explanation of the laser frequency shift.
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in the fundamentals and applications of Combustion Science.

First/Second Symposia on Combustion (1928/1937) 361 pp.

Third Symposium on Combustion, Flame and Explosion Phenomena (1948) 761 pp.
University of Wisconsin

Fourth Symposium (International) on Combustion-Combustion and Detonation Waves

(1952) 946 pp. Massachusetts Institute of Technology

Fifth Symposium (International) on Combustion-Combustion in Engines and Combustion

Kinetics (1954) 826 pp. University of Pittsburgh
Sixth Symposium (International) on Combustion (1956) 968 pp. Yale University

Seventh Symposium (International) on Combustion (1958) 992 pp. Oxford University

Eighth Symposium (international) on Combustion (1960) 1188 pp. California Institute of

Technology
Ninth Symposium (International) on Combustion (1962) 1112 pp. Cornell University

Tenth Symposium (international) on Combustion (1964) 1514 pp. University of Cambridge

Eleventh Symposium (International) on Combustion (1966) 1221 pp. University of California,

Berkeley
Twelfth Symposium (International) on Combustion (1968) 1312 pp. University of Poitiers

Thirteenth Symposium (International) on Combustion (1970) 1209 pp. University of Utah

Fourteenth Symposium (international) on Combustion (1972) 1451 pp. The Pennsylvania

State University
Fifteenth Symposium (international) on Combustion (1974) 1564 pp. Tokyo, Japan

Sixteenth Symposium (International) on Combustion (1976) 1570 pp. Massachusetts

Institute of Technology

Seventeenth Symposium (international) on Combustion (1978) 1496 pp. University of
Leeds

Eighteenth Symposium (International) on Combustion (1980) 1974 pp. University of

Waterloo
Nineteenth Symposium (International) on Combustion (1982) 1563 pp. Technion Institute

of Technology, Israel
Twentieth Symposium (International) on Combustion (1984) 2123 pp. The University of

Michigan

Twenty-First Symposium (International) on Combustion (1986) 2023 pp. The Technical

University of Munich
Twenty-Second Symposium (International) on Combustion (1988) 2099 pp. University of

Washington, Seattle
Twenty-Third Symposium (International) on Combustion (1990) 1972 pp. University of

Orleans
Twenty-Fourth Symposium (international) on Combustion (1992) 2017 pp. University of

Sydney
Twenty-Fifth Symposium (International) on Combustion (1994) 1840 pp. University of

California, Irvine

SPECIAL PRICE FOR COMPLETE SET (Vols. 1 through 25).

DISCOUNT PRICES TO MEMBERS, LIBRARIES, AND BOOKDEALERS.

The Twenty-Sixth Symposium (International) on Combustion will be held July 28-
August 2, 1996, in Naples, Italy.
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