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THEME

Combustion in the gas turbine engine was last considered at an AGARD meeting in 1983. Since that time, apart from the
continuing need to ever increase engine operating conditions, the attention of combustor designers and researchers has
focussed upon two main factors: the identification of the significance of fuel degradation upon combustion design and
performance, and the potential prizes to be gained by the development of better design techniques.

The aim of the meeting was to review the progress made in these areas under four main subject headings, namely,
alternative fuels and fuel injection, combustor development, soot and radiation, and the development of mathematical models
for the design of gas turbine combustors.

LR X J

Lacombustion dans les moteurs 2 turbines & gaz a ét¢ examinée pour la derni¢re fois lors d'une réunion AGARD en 1983,
Depuis lors, et mis a part le besoin continuel d'améliorer les conditions de fonctionnement des motcurs, I'attention des
chercheurs et des concepteurs de systémes de combustion s’est concentrée sur deux facteurs principaux: la détermination de
l'importance dc la dégradation en matiérc de combustion du carburant dans la conception et les performances, et les avantages
potentiels résultant de meilleures techniques de conception.

Le but du symposium était de passer en revue les progrés réalisés dans ces domaines sous quatre rubriques principales, &
savoir: les différents types de carburant et de systémes d'injection, la réalisation des systémes de combustion, les résidus de
combustion et le rayonnement et le développement de modeles mathématiques pour la conception de systemes de combustion
des turbines a gaz.
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TECHNICAL EVALUATION REPORT
COMBUSTION AND FUELS IN GAS TURBINES

by

George Opdyke, Jr
Textron, Lycoming

1. INTRODUCTION

&'he design of gas turbine combustion chambers is becoming increasingly more sophisticated as demands on performance
increase and combustor operating conditions become more and more harsh. The design compromises which account for much
of the art in successful combustor design have become more difficult as gas turbine cycles reach higher pressure and
temperature levels and design objectives become more rigorous. This is particularly true for military applicaticns of gas
turbines, for both manned and unmanned aircraft. Concurrcntly, there is significant pressure for the combustor designer to
reduce development time and cost, reduce life cycle costs, increase fuel tolerance and continue to minimize the environmental
impact of the combustion process.

In the past two decades, an increasing amount of funcamental knowledge of chemical, aerodynamic and thermal
phenomena, plus a more detailed understanding of sprays, has been applied with considerable success to practical combustor
design, This 70th Symposium coordinated by the AGARD Propulsion and Energetics Panel (PEP) held in Chania, Crete,
Octo!;% 19--23, 1987, is anctier contribution to the growing collection of scientific literature which addresses the difficult
problefn of designing better combustors which must operate under more and more difficult conditions.

e papers presented at this symposium ‘{éombustion and Fuels in Gas Turbine Engines}{are categorized under the
following four subject headings:
~-8_ Alternative Fuels and Fuel Injection ,
“®  Combustor Development, ’
~@_ Soot and Radiation 1, & -"\cL

Q. CombumonModehng. “’Jwb' N S A/)CL_TO F JI i ’\.. f\x l, L‘_ 1‘ b "wrt
L\ -
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Each subject area s discussed in Secuons 2 thr(wgh 5, respecuf ly The pagers are cﬂtcgonzed sflghlly dtffercntl) tha ' (m LL,.V—

the published program and they are tabulated in Tables I to IV. These indicate the major subject content of each paper.

2. ALTERNATIVE FUELS AND FUEL ATOMIZATION
Tk« eleven papers grouped under this heading are listed in Table I.

Alternative fuels experience in engine and combustor tests has shown that the effects of fuel can be conveniently divided
into two categories; chemical effects and physical effects, The latter are of overwhelming practical importance, largely because
of the impact of the change in physical characteristics of the fuel on fuel atomization and vaporization and the resultant effects
on combustor performance.

The papers presented in this group represent a continuation of the work reported on alternative fuels at the PEP mec:ting
in 1983 in Cesme, Turkey. The general conclusion from both that earlier symposium and this one is that no projected
alternative fuel helps combustor performancc, and the combustor design problem becomes more difficuit, particularly for the
fuel injection system.

There are only two reported areas where alternate fuels have only a minimal effect. They are:

1. Experience with the TF30 afterburner showed negligible fuel effects on performance, ostensibly because this is a
premixed type of combustor where atomization effects are absent.

2. Extensive experience with main burners shows that alternate fuels have only a minor or negligiblebimpact on the
combustor pattemn factor or on radial temperature distribution.

The combustor characteristics which are affected by fuel type were reported in considerable detail.

Se-i production in the combustor is the major change in combustor operation caused by fuel chemistry. Since exhaust
smoke is the difference betwezn soot production and soot burnup, the aerotherma! design of the combustor, as well as the
operating conditions of the combustor, will affect these processes. There is evidence, also, that a reduction in spray drop sizc
will have a small beneficial impact on exhaust smoke.

Engine exhaust smoke has been correlated quite well with fuel hydrogen content, with the sensitivity to fuel type being a
function of combustor design. The ASTM smoke point test is also a good measure of the soot formation tendency of a fuel if
hydrogen content data is not available. The radiation flux from the primary zone increases with soot production and the
resultant increase in liner wall temperature will shorten the low cycle fatigue (LCF) life of the combustor liner.
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The effects of changes in fuel physical characteristics on combustor performance far overshadow the effects of chemistry.

A decrease in atomization quality occurs primarily because of the higher viscosity of most alternaic fuels and the resultant
larger drop sizes with their increased evaporation times will worsen lean limit and ignition, combustor efficiency and CO and
UHC emissions at low power conditions, and slightly worsen NOx emission at high power. A guantitative measure of these
changes can be approximated by using the empirical expressions given in the papers by Lefebvre and by Odgers. The
quantitative impact of the effect of injector characteristics on combustor performance is also influenced significantly by both
the design of the injector and the design of the combustor, i.c., there is a requirement to match the injector to the combustor,
Tt <+ .5 been characteristically done by combustor development tests aftcr the injector specifications have been drawn up and
after bench tests have shown that the injectors meet the specification. Additional effort in the future is required to predict the
match of the injector spray characteristics to the flow pattern in the combustor at all operating conditions at the time the
specification is written. Highly atomized, well distributed sprays are desired for high efficiency and good pattern fzctor, but
some non uniformity is helpful in achieving good ignition and broad stability limits. 7he performance of several types of tuei
injection systems was reported. Thesc types included pressure atomizing, airblas® and vaporizing styles. The performance of
these different types of fuel injectors was examined primarily from the point of viev. of how combustor cperating cotditions
and fuel characteristics would affect their spray characteristics. Eight papers, all listed in Table I, cover fuel injector or spray
performance at some length.

Lefebvre pointed out that despite a hundred years of theoretical study of the breakup of a liquid jet it is still not possible to
predict spray characteristics satisfactorily from first principles. Even empirical correlations, of which there are many, have
significant shortcomings, particularly for sophisticated injector designs. The effects of air velocity and turbulence in the region
surrounding the spray aiso influence injector performance, and this is dominated by the swirler design. Although a well
designed airblast injector should have less performance deterioration with more viscous alternate fuels tnan does 2 pressure
atomizer, the average SMD can still increase by 20% to 30%, with a resultant increase in average droplet vaporization time of
the order of 50%, possibly more for the largest drops in the spray.

The sensitivity to fuel physical characteristics varies with the styles of fuel injector. with those types which rely on air
pressure drop for fine spray formation being the least sensitive. Since the airblast style of injector relies on combustor pressure
drop to pravide the air energy for atomization, it is difficult to achieve good atomization at the low pressure drops associated
with light off conditions. Hebrard and Jasusja point out that the so-called vaporizing injector style has performance trends and
atomization capabilities that are generally similar to those of conventional airblast atomizers. It is usual o provide some
supplementary means for igniting this type of combustor. The impact of combustor operating conditions on the performance of
the dual swirler type of airblast injector was discussed in detail. Here droplet inertia and aerodynamic forces cause an increase
in spray angle with increasing engine power, just opposite from the de.-rease in spray angle characteristic of pressure atomizers.
Tt was also clearly pointed out that small variation in manufacturing of injectors or their associated swirlers would have a
negative, non-trivial impact on the spray.

Gulder presented a practical scheme to correct for the effect of multiple scatlcﬁng in a dense spray when using the
forward light scattering technique for measuring drop size.

These papers on the subject of atomization generated considerable interest, and it is worth noting that there were no
representatives of fuel injector manufacturing companics in the avdience.

3. COMBUSTOR DEVELOPMENT

The papers in this category are listed in Table 1. As usual, these papers were case studies o} experiences encountered in
the development of a combustor, something which is always useful to understand since the point of gas turbine combustor
research is to assure better combustor design and development. These case studies illustrated the degree to which some

engineers are able to use the advanced design technigues.

Two papers described afterburner development in some detail, particularly emphasizing the range of stable operation of
modern afterburner designs. The point was very clearly made that lean extinction cannot be correlated solely by the
flameholder blockage in the duct, but is also affected by the geometry and location of the V gutters. Tests of development
afterburners should model the engine geometry accurately to ensure that proper test results are obtained,

The two papers about main combustors described diametrically opposed development approaches, one using a modern
3D flow ficld prediction method, and the other an imaginative series of development tests, Bath represented successful
beginnings, but as these programs progress to completion, the development methodology used will probably become more
similar. Additional papers of this sort are needed to continue to demonstrate the practical value (or lack of value) of modern
combustor modeling methods.

4. SOOT AND RADIATION
The papers grouped under this heading are listed in Table III.

The increased radiation flux which usually occurs with alternate fuels results from the increased soot production in the
primary combustion zone. If this soot is not subsequently consumed in the combustor, an increase in exhaust smoke results.

xi
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While smoke correlates well with fuel hydrogen conten®, the point was made that fucls with low hydrogen content may have
their smoking tendencies increased because of the presence of other compounds. The prediction ot radiation from soot is not
straightforward and it was pointed out that soot particles outside of the formation region tend o block somie of the radiation. In
addition, «nowledge of soot particle size can be impoaant in predicting turbine wear, and methods of particke size
measurement were described. Measurement of engine exhaust smoke with precision is ditficul, and standard procedures donot
give data inreal time or measure smoke during transients. Investigators at Pyestock have developed a xmoke gencerator which
can be used for instrument calibrations. Samuelson described a surrogate fuel which could be used as a repeatable standard.

Empirical equations were prescuted for the formation and burnup of soot, with indications that soot torms at an
equivalence ratio of 1.5 and above, with this onsct valuc increasing as temperature increases above 1 S00K. Data was preseated
on the eficct of pressure and temperature on soot production as well as measurements of emissivity with temperature. Laminar
flamelet modeling of turbulent combustion indicated a soot formation rate propogtional to p' %, with soot formation restricted

to about a 3/1 range of Lawer mixture fractions. This compares with carlier data indicating rates proportioral to p?.

A sununary of alternate fuel radiation on hot section durability shovied that a 1/2% reduction in tuel hydrogen content,
which has occurred in JP-5 fuel in the past 20 years, can shorten combustor iner life by 10% to 60%, depending on the liner
< asign. Iitermittent use of fuel with 1/2% lowet hydrogen content will reduce the combustor Iife by 1.1 to 2.0 houts for every
hour the low hydrogen fuel is used, depending on how benigit the mission is. The impact on mainteniance depends on current
hner life and maintcnance frequency. Soime engincs will be nearly unaffected, while others, like the T58, F404 and J5Y (high
smoke) may require increased maintenance as fuel quality deereases.

Despite difficultics, it appears that sooting flames and thein impact on flame radiation can be estimated to adegree which is
uscful in design. but considerable work remains 1o be done before soot concentration and radiation predictions can he
incorporated with confidence into combustor design models.

5. COMRUSTOR MODELLING

The 15 papers grouped under this heading are listed in Vable IV This group can be subdivided into those papers dealing
with design of combustors and a larger group addressing methods of modeling some elements of combustion.

Cembustor multi dimensional design models can now bester match combusio: grometry, since body fitted coordinates
with adaptive gnids are replacing cartesian coordinates. and this permits more accurate representation of geometric details.
Despite some inaccuracies, predictions of exit temperature distribution have been shown to be reasonably good. and the
promise of these models being effectiveiy used in combustor design appears w be nearer at hand. Errors still exist beeause of
hmited knowledge of boundary conditions, spray characterization. for example, plus the ever present possibility of numerical
inaccuracies. However, advanced numencal schemes are now being employed, voth for improvemnent in accuracy and for cost
reduction by shortening computer run time. There iy a clear tendency 1o increase the number of grid nodes ten fold from the
20K to 35K currently used to 250K or even SOOK, a step which requires very large, high speed computer capability

Burrus presented details of tive development of combustor models at General Electric and their application to CFMS6
annular combustor. A sumilar presentation was made by the university of Shefficld team with bath can and annular combustuoy
examplcs, while Wittig described the modeling of a reverse flow combustor. In ail cases the authors were encouraged with the
results.

Mongia presented a somewhat different approach based on a background of 12 different combuostors of several styles. He
suggested a combination of the best of semi-analytical and muliti dirnensional numerical modeling techniques. In this approach,
macro volume models for efficiency. blowout, ignition, exit temperature, soot and radiation interface with a 3-1> model of a
combustor, which hax heen designed in a preliminary way using semi-analytical correlations. This approach is claimed o have
given pood agreement with data from a number of combustors, snd the data shown is for the most part as good as experimental
accuracy. Advanced numerical schemes to reduce computer time, a PDF approach to turbulence modeling and a modeling
appruach to atomization and spray transport processes are all discussed.

As a complyment to this lastitem, Blumcke showed that the complex flowficld from a counter swirl airbla: t atomizer can
be predicted with reasonable accuracy.

findels distussed iu i remaining paper in this group detail procedures which sooner or laier
can te used to improve the numerical solution of gas turbine combustor problems. Several papers dealt with lame modeling
including flame streich in non uniform flow and with the prediction of the turbulen~e levels within the fam:s. The value of
adaptive gridding for the numerical simulation of prenixed flames was demonstrated. Predictions of flow in a simplified
prnimary zone showed only small differences "etween the burning and non-burning cases, and a simple model for CO oxidation
in a diluent zonc was shown to give better agreement with experimental results than the chemical equilibrivm model.
Limitations of applicability of this latter modul were given, a most desirable service by the author. The optimism concerniag the
utility of both cumbustor and combustion modeling is cenainly encouraging, and yet a significant amount of validation is still
requiredi with both practical combust-rs and with benchmark quality experimental data. Many years of etfort will be required
before combustor design can be atiempted with these models with a significant degree of confidence, and we should expect to
hcar more in this regard at the next AGARID symposium on combustion. Advances are required in numerics, to increase
accuracy and reduce computational cosis, as well as in turbulence models and in characterization of atomization and spray
drepler transport and vaporization processcs.
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6.  CONCLUSIONS AND EVALUATION OF THE MEETING

This symposium plus the associated pancel meceting were atiended by 144 detegates from 2 total of 15 NATO countrics.
The questions and discussions of cach paper were of considerable interesi and helped 1o inerease the understanding of the
author’s subject. The resulting exchange of infortiation among the many conibustor ¢xperts present added significantly to the
value of the symposium,

The reason for the sympaosium was to aid combustor designers o cope with mere difficutt operating conditions, and the
symposium inct its objective of reviewing progress made under the four suain subject headings. T delegates were appreciative
of the Propulsion and Encrgetics Panel and the Program Commitiee for coordinating the pres2ntation of these papers. The
subjects were not nearly exhausted, and remain candidates for future symposia, particularly the subjects of combustor
modeling, fuel injection systems, and combustor durability.

7. RECOMMENDATIONS FOR FUTURE MEETINGS

Future conferences should feature papers about design or design methods which demonstraie how the negative effects of
poor quality fucls cun be minimized ot eliminated. Since these design approaches will involve fuel system and fuel ijection
design, these should be featured subjects in the neat symposium. :

RN

The design of advanced fuel injection and preparation systems which will guarantee highly rehable ignition, plus high
combustor efficiency in the transient between ignition ond idle is of interest. The operation of these systems at low ambicrt
temperatures, high altitudes and with fucls of high viscosity should be addressed.

The further advaneements in combustor numerical design models and submodels will be of continuing interest for many
years. The solutions obtained with these models to meet detailed combustor design objectives, including fuel injector
performance, liner wall temperatures for long life. reduced patiern factors and other performance requirements particularly
under difficult operating conditions, should be delineated. along with experimental validation of the results in meeting these

e A

& objectives. While combustor design models will not give pefeet solutions in the near future, the imperfect solutions presently

5 possible appear to be satisfactory for many engincering purposes. Repeated assurances of the practical value of these models

are needed to help justify the cost of their development.

H Repaorts of combustor and after burner designs which are both Tower weight, long lasting and requite only minima) cooling
! : air would be a desirabie addition to the next sympostum,

.

Experience gained in combustor operation at high inket pressures and temperatures, and with exit temperatuses
approaching stoichiometric, would be of great interest, particularly if multi-dimensional models @re shown to be helpful in the
design of these combustors.

There are indications that significant advancues in gas turbine design will be taking place during the next decade, and major
combustar design and operational improvements will be required. The dissemination of information about these combustor
design advances is an imponant function of the AGARD Propulsior and Energetics Pancl.

L
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et al
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FUEL PROPERTY EFFECTS ON THE U.S. NAVY’'S TF30 ENGINE

S. A. Mosler
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Waest Palm Beach, FL 33410-9601
USA

P. A. Karpovich

U.S. Navy

Naval Air Propuision Center
Trenton, NJ 08628
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SUMMARY

The TFA0 enging was introcuced into Navy service in 1972 and is scheduled 10 continue ta power the carrier~based F14 “Tomcat”
for some time. Alhough the englne was designed and devaloped 10 operate on specification-grada JP-5 fuel, it Is con~eivable that during
ita lifetime, the TF30 might have to oparata on out—-of-specification/broadened-spacification fuels. This contingency could arise shouid tha
avellability of high-grade petroleum crude oit usad for aircraft fugl production be decreased. There‘ore. a program of experimentation and
anslysis was conducted to evaluate the etffects of broadened-specification petroleum fusls on the performance, durability and operability
of the TF30-P-414A engine. As fusl quality deteriorated, some reductions In engine perfarmance characteristics wor@ observed.
However. based upon limited-duration testing. the TF3G--P-414A enyine wag shown to be capable of cparating on liquid petroleum fuels

e R R T, S T

. s

having a wide range of progerties.

NOMENCLATURE

AP Armerican Patroleum Instituta Max Maximum

ARTS Automated Recording Temperature System N High Fotor Speed

ATP Ahernate Test Procedure NAPC Naval Alr Proputsion Center
B/M Biti-of-Materig! NATOPS  Naval Air Training

DFM Drosel Fugl Marine (F-76) Operations Procedure

EFH Equivalent Flight Hours Stendard

EP End Foint P Prassure

tia Fuel-1o-Air Ratio apP DiHerential Pressure

FCP Fuel Characterization Parameter 2 Coetliciant of Determination
FPR Fuel Paramotgr Ratio r Steichiometric Retio

Fn Thrust SLTC Sea-Level Takeoff

F-76 Diesel Fusl Marina SMD Sauter Mean Dismelar

H Hgat of Compustion SN Smoke Number (SAE ARP
H, Hydrogen Content, % 1179A; Refersnce 11)

HO No. 2 Heating Oit No. 2 Sun ALB  Suniech Fusl Blend 4,8

1BP Initia! Boiling Point T Termporature

10C initial Tperational Capebitity AT pDitferentia: Temperature
1Rp Intarmediate Rated Power TiC Thermocoupla

JFTOT Jet Fuel Thermal Oxidation Tester vi Vaporization index

LCF Low-Cyclg Fetigue w Flow Rate

LSP Linar Severity Paramatar Z Aherburnar Zone

m Metar n Combustion Etficioncy
$UBSCRIPTS

t Fue! S Static

"] Gay S0 valye at 90% Distllst'on Point
i Idig T Toisl

! Liquid [} Initia!

L Liner 2 Engine Inlat

REF Retererce 4 Combustor Inlet .
10 Value at 10% Distillation Point 5 Combuster Exit H

1. INTRODUCTION

Gas turbine fuel costs have stabilized in 1e¢ent ysars and the world fuel supply has bean ebundant: howover, tha fus! shortages ot

1973 and 1979 dernonstrated how quickly this situplion can cnange. The unstable economic and politcal conditions of the world patroleum

market have caused the Navy to evgluate its dependency on middie distillata getroleum fuels. The potential threat of disruption 10 the
Navy's aviation (urbine fugl supply has prompted effois to consorve fue! and to identily alternative sources of jet el

Whila it g nradintad tat the Moy

Te DephhIEn gty

expected that thare will be significant changes in the type and quality of crudes avaliable 10 efiners. The changes in the petrcleunt supply
mark#t (l.e., incragsed use of more highly aromalic crudes, the additional refining necessary .o process these ¢rudes, and supplsmental
use of fuel derived from shale or cuc') ere likely 10 exart intiuence to broaden jet fusl specifications.

Several solutions have Leen propused for obiaining adequste, reliabla supplies of the Navy's aviation turbing fusls, i.e.:
o Rolaxing the current JP-5 specification 1o Inciude & largur fraction of the petroleun harret coyld increase aveilability. Thig action,

howaver. together with the intioduction of new crudes from Alaske and Mexico, or previously undesirable resigus! crudss. and the
changes in procosting necessary to rofine some of these crudes mey result 'n specification changes to fuel propenies and

composition,

but mey produce additionsl pressure for specification changes.

The Navy will likaly begin to use fuels refined from non-petrolsum sources such as cil shale. This will help to imprave fusl avaliablity,

on perroieum Crudes as the 8ource of JP-3 for tome time, it Is
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o 11 emergency situations, the temparary uss of nor--aviation fuels such as F-76(Diase! Fuel Maring), or F 7 blanded with JP-5, has
been sugQested s a means of extending supplies of JF-5. The use of such fusls must also be wives) gated with respect to
performance cheracteristics.

Duag to the logistics of Navy sircrait operations, future Jet fuels will undoubtedly be obtained from & ( umbination of these sources
The many acennarios for fuiyre jet fuef supplios dictate the reouirement for establishing a technical info-mstion base from which fuet
ecceplance and usage decigions can be meds and future (8s turbine engire technology can evolve.

The TF30 engine was introduced inty Navy service, following ita Initia! Operational Capability quelification in 1972, as the propulsion
aystam for the twin-angine, carrier-based F14 “Tomcat* fighier. Tha engine was designad and developed 1o operate on JP-5 fuel. To
data.fusl quaiity has besn well within apecification and the engine has performsd es intended.

The TF30 3 classified as being melure; however, it will nat be phased out of Navy service for soma tima. Although 1he sngine went
out of production last Novarnber, the Navy has 1200 TF30s in its inventary: the enging is scheduled to bae there past the yaar 2000.
Therelore, there i3 the possibiliy that during its lifefime, the TF30 engine now in senice could be required to operate on
out-of-spacitication tuels. This contingency might arise should the avallability of high—grede peircleum crude oll for JP-5 production be
decreased: possiby necessitating the use of aircraft fuels having property values brosder than those of JP-5. Thereiors. 8 program of
wxparimentaton and analysis wes conducted 1o evaluare the afiect of broadened-speciticotion fuels on the performance, durability, and
operabilty of the TF30-P-414A engine. This paper describgs sonie of the reaults of the eveluation program.

2. TEST APPROACH

A TF30-P-414A engine wes tesied at sea-lavel and simulatad atitude conditions using six liquid hydrocarbon fuets, described in a
later saction. The sea-lavel tests were conducted at Pratt & Whitney's Government Prodycts Division ut Operating conditions
corresponding to idla, tekeoff, and two high-rotor spaeds {B7 and S2 percent N).

Engire start and transient demonstrations were also conducted at sea-leve! Sonditions; however, no afierburnyr testing was
undensken during sea-lave! operation. All sirmu'ated altifude testing was conducted at the U.S. Navy's Naval Air Propuiston Center.
Testing &t NAPC consisted of hot and cold-day yround start and alttude airstart evaluations, maindurner and afterburner steady--state and
transient gparations and afterburner oporabiliy characterizations.

3. TEST ENGINE

The TF30-P-414/P-414A i3 a 92.97 kN maximum thrust afterburning turbofen engine, Figure t. it powsrs the Grumman F-144,
one of tha Navy's highast performance fighter arcraft  This engine incorporates a three-stage fan, a six-stags low pressure COMPressor. A
sovan-atage high pressure compressor, 3 Can-annular combustor, 8 cooled Ona-Stage high pressure furbine end an uncooled
three-stage low pressure turbing. Tha ahterburnes system Incorporates a tive—zone fuel 1njuction systemn, and s fismeholdar Consisting of
an annu'ar vee gutter with raglat spokes. The nozzie is a convergent/u..ergent variable irs type.

4. FUEL SELECTION

Six test fusls were used in tha TFI0-P-414A enging/atterburnar evaluation program. JP-5, the fuel of choice for naval aircraft,
served 83 the basoline. JR-7, & very high thermal stability fuel for special eircraft apphcations, was used as a high-guality baselina.
Meating ail No. 2 (HO No.2) and F-76 represenied emergency fucls; compared to the baseline JP-5, they had lower thermal stability.
decreased volstiliny and higher vizcosity. Suntech A and B were special fuel blends having higher aromatic and lower nydragen contents
than the emse.( Gy fuels. The test fueis were selacted to exhibit prongunced varigtions in proparties predicted to affect
erginoa/afterburner oceration significantly. Properties of the fugls 8re presented in Table t. NAPC Fusl No. 22 (JP-5) and No. 17 (F-76)
ware used in the nonafterburming tests; NAPC Fuel No. 27 (J=-5) and No. 26 (F-76) were used in the afterburning tests.

6. EXPERIMENTAL RFSULTS

A signficant amount of experimaental dxta we3s obtsined during canduct of the engine test program. No attempt will bg mads,
however. to present all of the data or the rasulting enalyses. This information is svailable in contractor reporta through the sponsoring
agency. The abjoctive of this paper is to provide a somewhat limited assessment of the effact of liquid hydrocarbon fuels. having a wide
range of properties. on selecled engine component and system performznce and operst:on. This assessment is provided in the following
paragraphs.

Reference has bgen madse throughout the discussion of resulls 10 the Afternate Test Procedure (ATP). Tne Pratt & Whitney version
of tha ATP consista of a set of fuel affect correlations that quantty changes in engine system and component performance and durability
that result from chengos in fuel properties. Tha objective of the ATP Is to provide masns for qualifying new fuels for Navy alrcrait with &
minimum of costly full-scale engine tusting and for determining the accepiabiity of nonspecification fusls in emergenc; sityations. The ATP
modeling eflort has concemratad on defining fuel effecis for the TFI0 engine while generally outhining spproaches thet could be applied 10
other systems.

A COMBUSTOR

The TF30-P-414A combustor [s & can-annuler design having sight Individual burner cang which discharge into an annular transition

Y 53 &liwi ling eiyine centerine and are Intercennected through crossover tubes 1o allow propagation of

tiame from ang can o snothor. There are two ignitors that sre positionad in sach of the twy burners ot the bottom of the engine: cans 4

and 5. E8ch ignitor i3 elignod with a fuel nozzie 1o eneuie a fuel rich mhiura for igniion.  From the lowar burner cans, flame Grop:gales
through the crossover tubes 10 the remaining six cans.

Tha improved durabilty/low smcke combustor embodies co-rotating “holiow-spray cone” sir awirlars, an increased pragiurs drop
iner snd a tailoreg c2oling ang dilution hole pattarn compared to the B/M versio~, [n addition, the numbaer 4 and £ burner cans have a
reduced flov air swirles at the Ignitor position for improved lighting. Aside from the ignitor bosses; ignitor swirier and different Jd..ution hole
paitgrna for he two lower cans; and the aftarburner squirt injection port In the number 4 can: ali gight cans are identical.

Fuel is Introduced in the dome of each cen through: a clustsr of four pressure atomizing r0z2lps mounted cn o support thal anchors
the front end of the can, Primary combustion air sntara the dome through swirlers concentric with the fugl nozzies and througt a center
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tube. Of the flaw antering the canter tube, swirl 1S impartad to only approximately 40 parcent of this airflow. (iution air to reduce the
everage gas temperature and %o tailor 1he temperglure distribution to preduce 2 profi@ that is eccapteble for the tuibine is introduced
through ragial holgg in the walls of the can. Cogling 8ir i3 introduced n the annylar 3lots formad whisre the cylin 'rical louvers sre welded
together.

TABLE 1.
FUEL ANALYSIS
NAPC Fusr No. Psi:'.cntl. 22 16 17 12 1c 20 24 27
Fusl type Description ML -T-5624L FE AP-7 £-76 HONo. 2 8yn A _ Sunp F-7¢ P

****Composition****

Paratfing 82.2 96.4 72.8 87.3 62.3 65.4 M.5 a1.a
Aromatics, Vol parcsnt 25.0 max 17 2.6 6.4 3n.8 a7 0.7 27.8 170
QOlefins, Vol percent 6.0 max 0.8 oe 0.8 1.9 0.6 0.0 0.9 08
Suthar, Total, W1 percent Q 40 max 1] o] 0.37 0.12 o1 ©.07 .63 .07
Aclgity, Total, mm KOH/g 0.015 max 0.003 0.001 0.07 0.023 0.017 0.0%7 0.068 0.003
Hydrogen Content. Wt parcent 13.50 min 13.7 14.8 3.3 13.4 12.2 12.9 137 3.7
Nitrogen, ppm, Wi/vol s <1.0 67 o4 178 78 - -
****Volatility"***

Distillation, K

[:13 457 469 449 450 448 445 455 445
10 percont 478 max 72 430 485 491 460 476 &g 466
20 paccant 476 a82 504 508 e 485 516 473
E0 p#cent 489 488 sar7 542 614 513 552 486
80 percent 615 607 587 §¢5 sg1 656 605 513
EP 563 rax 534 B3& 603 614 600 695 616 637
Fesldue, m! 15 max 1.0 08 1.0 15 2.0 1.5 3.0 1.0
Loss, mi 1.5 max 1.0 0.2 10 0.0 0.4 0.5 2.5 0.0
Fiazsh Point, K 233 min 341 44 T44 244 A8 343 as8 33a
Qensity C.82 0.801 0.833 0.832 0.863 0.843 0.647 0.6818
APY Gravity gt 288K 36.0 — 48.0 0.9 452 ar.4 ara 32.5 %3 5.6 41.5
Surtsce Tengion, Nin(x10? § 5.14Q 5.188 5.304 6.303 5.246 5.344 5.380 4.740
et Fluigity et

Viscoslty at 273K, m¥/s (x10%) 33 3.5 .0 805 4.80 4.53 10.21 3.51
Fraaze Point, K 227 w5 228 265 270 250 254 266 a27
Viscosity at 310.8K 1.7 167 2.74 2.85 2.06 1.9 3.37 1.87
Temparalura at 12 x 10-8n¥s, K 237 237 260 25 248 247 268 236
Pour Poinl, K 216 22 252 247 241 238 258 216

****Combustion®***

Anil'ng - Gravily product .600 min 5.845 7,447 5,060 5,009 3,77 4,208 & 566 5.022
Net Heat of Combustion, MU/ky  42.555 min S2.607 42425 42,630 42.720  42.066  42.390 42.699  42.906
et Hwat of Combustion, M 35105.3 34656.3 J5465.3 35776.0 6175.8 35674.0 36114.8 350640
Smoke Point, ram 18.0 min 19 30 L1 1. 13 n 15 20
***“*Corrosion****

Copper Strip, 2 hr at 373K 18 max 18 1A 1A 1A 1A 1A 1A 18
¢ * 2 Stabllity****

JFTQT Breakpoint Temip, K £44 >589 461 404 483 494 316 825
=*"*( wntarninents****

ExIsten 1 Gur, mg/100 ml 7.0 max 1.2 0 15.2 14 4.6 12 6.0 0.8
Parllculaiva, mg/liter 1.0 max 1.73 0.1 8.45 1.77 +.18 1.02 2.42 1.56

(4] Exit Tempersturg Distribution

Combustor gxii temperatures wers recorded using the Automated Recording Temparature System (ARTS) package that consisted
of 8 set of comnpletely instrumented first-stage turbine vanes with 240 thermocouples (five per vane). ARTS data were used 1o calcuiste
the turbine Inlpt pattern factor for each test fue! burnsd at each of the four power seitings at sea -level conditions. Patiern factor is defined
a3 (Trs max ~T15 ) / (Trs %4 dwhore T15 max Is the maxintum temperature In the plane ol the hrst stage vene; TT- 3 the average
combustor axit tempereture in the same plang =nd T14 i3 the cumbustor inlet temperatura.  Weibyll lechniquas were used 1o dstermine
T15 max whore 775 max was Bssumod 10 equol tha temperature of 52 ~ parcent of the cumulative data (mesn fi1, 50 percent confidance)
a8 shown in Figure 2. This technique eiminales much af the ungerta.nty that results from having a reduced number of thermocuuples, snd
is particularly helpful if the number of functicning thermocguples dimimnishes durinQ the course of the testing.

The range of combustor pattern fsclor negsured at sea leve! for the 8ix fuels as shown in Figure 3. The pattern factor at
intermediato pownr. 88 percent Ny, 13 considersd to be the most mgnincant value becauss cf the sffect of niph TTs on turbing vane
durabiity. Pattern factors wera iower when the aviatgn-type fuels JP-5 and JP-7 were burned ihan when the emargency fusls HO No. 2
ang F-76 were used.

Thw Waeibull pattern factor results measured for various fueis In tha TF30-P-414A eng'ne were correleted with 9G percent distillation
fuel vaparization index ratio 8s shown In Figure 4. Tne ATP prediclion ard burner rig resulta of Reference 1 were also corected 10 the
same parameters for comparson, The comparison indicates the dala from engine testing show less pattern {ector varistion then tor the rig
data or the ATP predigtion. The dilference nay ba attributed to improved oporating conditons (i.e., highar lusl temperature) in angine
testing and to the temperature measurement fechriques used (i.e., enging AHTS vanas versus rig transversing reke).

Tha ATP correlaton of patiern factor was bassd on TF30 fuel effect sensitvily anch ired to previous TF30 engine data. Thg
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Reference 1 data are aingla~can ng data which typicaily st.ow much lower puttern feciors than engina data. ™ - ~i#arance in the effect of
fuel property variations o pattern factor for the sngmne results ere atiributed to bheter aerodynarmic mixing for the improved
durability/lovw-smoke combusior and higher fuel 1emperetures with the engine fust systam ss Sompared to the TF3U rig.

The fue! aftact on averago ragil temporatura protile at ses level intermediate powe: is shown in Figure 5. The average redal profio
I significant between zero and 5C percen: span because ~f s influence on turbine blade yield strength. The maximum difference, 3.8k,
in radial profile at the 50 parcent span location due to fusl eftects is considered to be insignificant for the TFI0 engine.

(2) Combustor Liner Temperature

Any changes In the combustion pracess which rasulls in a change in the heat transfer 10 the combustor inet will affect combustor
durabiity. The etfsct of fuel proparty variations on the local combustion ga&s temperaiure and tha rasultant liner temperature is of cuncarn.

The temperaturs of the combustor liner is dependent on convectiva and radiative heating, as wall as cooling mir temperature. To
isclate thesa separate affecis. the temparature ol the combustor liner was correlated with the rise in Lurner temperature, Tis- Tra. This
parameter is used In hect transfer anaiysis to getermine the cooling fum temperature and the convective heet loading for & fouver iner
design, such as tho TF30 combustor. This term accoums for diffgrances in gas temperature, representsd by 115 changes, and for
geficipncies in coolant temporature, T14. By comparigon of fue! effects data st a constant burner temperature rise, tha ragiative heaung
eftects due to fuet property vanation were getermined. The fual radiative heating effect on the highest combuystor lingr tempersture over
the range of combustor AT operation is shown in Figure 6. The aviation JP-1ype fuels 3showed tha lowost radiativa heating eftect. and the
Suntech blend fusls with low nydrogen content had tha highast effact. The resuits indicate the highest combustor liner ternperatures occur
at intermediate power. tha condition at which life predictions were made.

Hiyher combustion flame radiation caused #n increase in combustor liner metal temparature. Increassd liner temperaturd caused
by fuel combuston effects has commonry boen corrglated with lingr severity parameter, LSP, cefined e3:

TL max TTd

Liner Severity Paremeter {L3P} = e (1)
TS5 T4
: Where: TT4 = Compressor discharga temperature
= Maximum hngr temperatur
L max aximul ingr temperature
Tls = Combustor exit temperature

Corre'ation of combustor LSP with hyarogen content for the latest engine data 1s comgarcd with the ATP correlation (Reference 2)
ir. Figure 7. A good correlation was obtained for the LSP as a function of hyd.oger content. T.e trond toward increased radi@tion wth
decreasing hydrogen content is ewidant for the TF30 corpustor. Since it is the changa in LSP which determings changes in liner ifa, the
agreement in the slopes of the data trengs confirm the onignal ATP prediction.

3) Combobustor Life

The ATP prediction of fue! effects on combustor lingr 1ampe:ature was based on the TF30-P-414A bill-of-matengls combustor and
{ue! eftects data of Reference 1. The improved durabinty/low-smo'n combustor proposed for the TF30-P-414A enging wncorporates
several improvaments to ncreasa hfe, including local cooling changes and louver posta te prevent liner cvarheating due to iouver cooling
passage closurg. Based on the current TF30 fue! effects data and improved durability combustar geomstry, a lfe prediction analysis was
corQuCied.  Using TnIs Bnalysis O e eifect 07 maximurn iingl winpgratury on cyuic ifg, e efiect of fudl iydrogen conteny an iner rie
was detarmined. The resuliing corralation is shown in Figure 8. Relativa to the JP-5 basehna. the fup! with the lowest hydrogen content
(1.5 percent less hydrogen) reduced TF30 ner lite by 20 percent. The percent reduction in Imer Iife with decreesed hydrogen content 18
{ similar to that predicted by the ATP correiation.

(4) Altitude Airstant

The abiiy tc resiart an engine in fiight is dependent on the aerodynamic conditions within the combusto. and on the congition of
¥ 1he fus! sproy rear the ignitor. The serodynamic variables at standard day conditicns include: inler pressure, Mach number, aititude,
airflow rate and air tomperature. Using any two of these variables, the other vanables may te defined from a stendard day windmill map_
The critical fuel properties and tlow factors which detarmine the condition of the fusl spray near the ignitor are typically fual viscosity,
suifuce tensgion, density. voiatibty, flowrate and fiow sp'it in dual orifice injectors.

Alutucie airstant limitg as dafined by flame propagation to ali burnar cans were determined for vasn of the test 1uels by finding the
boundary beiween compiete (1.6. successiul) and partial hights, no I.ghts, and/or hot starts (i.v. unsuccesstul). Compnrison of results for
each fuel is plotted on the TF30 windmilling airsiart -nveiope, shown in Figure 9. A companson between fuels is mada atong tines of
conetant high rotor speed at windmilling. The aviation JP-type tuels. which are@ more volatile and iess viscous than the other blend fuals, .
havgp the hichar airetart Altitnde mits, 1

Undar the ATP, an aftitude ignition sorrelatior was duveloped d8sec upon the relationship derived by Bellal and Lelobvre for [
minimum ignition enorgy in 8 hetsrogensaus tlowing stroam (Fmerence 3). The correlation was developed by explicity combining tuel ‘.
Propeitias inio a single paramsier referced to as the fuel characierizaton parameter (FCP): Rgfarence 4. :

A siniplitisd conrelation was developed in order to compare resulis from simutated altituge ignkion rig operations and TF30 enging
operations. The change In altitude ignition limit &3 a function of FCP was determined for the highast rotor speed line (3% percent N) of the
enging results anc for the eguivatent air fiow line of the TF30 rig results (Reference 5). The ignition data consisted of only those points
that werg determmned to be no lights or single burner can lights (i.e.. only one burner can ignited). FCP for & fuel in question was
normmized by dividing it by the FCP valve for JP-5 10 obtain the fusi parameter ratio, FPA:
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A corrolation comparisnn of the effoct of fuel propertias on TFI0 altitude ignitian for the latest enging rasults and for the ATP model
18 xhown in Figure 10.A ... ger fue! etiect vansion s seen for the improved durability/fow smoke combustor than for tho bili-of-matenals
combustor, Tne dffergnce mey be athibuted to an serodynamic change to Impiove Ignition capabiity of tha improved
durabiiily/low-gmoke combustor used in the TF30-P-404A enging and 10 baltar Conditions for ignition relative 1 C¢HMPONSM rig testing
{Retarancy 1). Tha fuel temperature was alsu a contributing tactor; tha temporsiure ranged from 304 tg 372 K dunng enging testing, but
woa controlied at 278 K during component testing. The altitude ignition correfntion for the TF30 engine with tho B/M P-414 combustor is
e pected to lie buiwgen tha current ccmponent g results and the engme results for the improved durabmnty’iow smoke combustor.

()] Ground Start

During prior ATP studies. a correlation was developed based on TF30 combustor ng data of mirtmum fuet fiow a; three different en
flowrates to cbiain ground start sgnition charactenstics. A correlaton of ground start minimum fuel-ar relic as a funclion of normahzed
vaporization index. calclated tor 10 porcent d.stillation temparature, i3 presented in Figure 11.

Duning this prograns, dats on ground starts were obtained for the Tt 30-P-414A engine by varying the ambiant omperature for the
highost wviscosny fuels: F-76 and HO No. 2. The ground start I'rits were defined as full hghts: determined by flame propagation between
. cang. SiNce aifferent crieria were employad to avaluate greund start hrmitg (1.6, Minimum amoient 18Mperature versus minimum fuel--air
' ralio), the TF30 enginy results could not be directly comparad with those of the combustor rg (ATP correlation). Using the TF30 engine
resulls. 8 corrglation was developad for mimmum ambignt temperature a3 a function of fuo! volublity similsr to other investigators
(Refgrence 6). The effect of fuel 10 percent distulation ternpereiure on TF30 groend start 1s shown n Figure 12. Since the ambient }
temperature is tha cold soak temperaturg for the angine, it represents both the combusto. Inigt &ir temperature and fuel temperature.

e |

(€) $moke

The mtiuence of the fuel on thig particulate formation is exened through hoth tha fuel chemisiry and the physical propernties involved
ir, fual-air Midure preparation. Aromatic molecules have been shown to readily undero cCNdensalion reactions that evertually lead to
Graphitic structure (Relerence 7). Addionally, long droplet hfetrmes increase the change for hquid pyrolysis and create locally fuel-rch
conddions under which the condensation roaclions may dominate the oxidative resctions. The cumulative effect of chenges n Loth l
physical and chemical properties of the fuel Is shown in Figure 13 where smoke number is giotted agminst high rotor speed. The oporanng
candinong of the TF30-P-414A engine that yialgs tho highest smoke is a part power setling. The highe Smoke at part powsr Conditic s 1s
anntuted to low secondary nozzig fuel pressure drop and correspondingly poor fuul atomization. The largest fuel sffacts on smoke
formation 8150 occurs gt pan powcr setting for the P—414A engne. Thig result imphes that fuel effects become more pronounced undsr
less favorablg operating conditions.

A TF30 smnko comparison at intarmediate powor is shown in Figure 14 for the test tuols at different fignt peints. The smoke
resulls have baen plottad against fuel hydrogon content. Earher stuoies (References 1, 2. § and B; have indicaleg 2 strong dependonce of
H smoke number on hydrogen content. The chengs in smioke with flight pont is attnbuted to differences in fue! prepaiation (i.9.. fusl
tomperature and nozzle pressure drop) snd combustor operating conditions {i.e., inlgt tamper&ture, pressure and fuel-air tang).

i The TF30-P-4i4A engine smoke resulls fur the improvad durabilty/low-smoke combusior measured &t intermadiale power for
several flight points worg correiated with hydrogon content of the fuel in Figure 15. The ATP smoke prediction 15 Indicated as a shaded
region through the JP-5 (baselne fuel) data. Comparison shows skightly larger effects of fuet property vBnaton 0n smoke fof the engine

i fesults than predicted with the ATP correlation. The ATP smoke correlation was based on higher smoke nurnber resulls of engine and ng i
¥ testing of the TF30-P-414 and P-3 bill-of-materigls combustors (Refersnces 1, 5 and 9).
o N
I Exirapomation of the low smoke combustor data indicatss that a zero smoke number corresponds 1o 8 ‘
i Tiny wauapLIBLON 1S Probably not vatd above aout 15.0 percent hydiogen. Kuwuver, the trends do indicate
tiiat over the range of interest, 12.0 10 15.0 percent hydrogen, the attect of hydrogen content on smoke number 1s lingar, and the siope is 1
"' aperoxmately proporticnal to tha smoke number Bt somo reference hydrogen conient. The expression for smoke avmber from Refelence

5 was modified for the propased combustar and is quven as foliows:
: (Hy  =Hy)
i 2, T2
s SNz §N [ 14 ] (3
: REF (16 - Hy e

A correlation wos also developed to evaluale the effect of variations of fusl physica! properties on smoke fomation. The physical
3 property eftec.s were calculated based on a relative fuel droplet size. The fuel dropler Sauter mean gsmeter (SMD} was normalzgd by
cividing the SMD for JP-2 tuel calculated at 283 K. The smoke data for other fusls ware acjusted to a refarence smoke nurmber for 8 13.7
pergent hydrogen content fuel using the above Correlation. The sffect of SMD ratio on TF30 smoke number is shown 1n Figire 16 A
E comparison of the smoka correletions indicetos & stronger dependence on hydiogen content than on droplet size.

! [t} Transien: Operation

lo rntarad an =
e molornd I0 &0

Engine acceieration from idle Lo intermediate pavier is set by the operation of the Main fu.l contral. Fual fiow ra
Sini nuers intermediata N;. The rate of accelerstion is dependent on combustor heat releese during

4 the accole stion period. Ths hest release. in turn, Is Influenced by fuel effecis parameters, such 8s combustion efticiency. fuel flow rate
E and lower heeting valua. Anglysia of transiont gata from snap eccelerations with the test fuels indicates sccelpration timss to reach 98
perceit of intermediate N; at the Mach No. 0.5/3,048 m flight point te range from 29 10 41 percent of the specified maximum ses-lavel

transient time for the ¢ontrol.

The minimum burrer fuel-alr ratio for evalusting blowout was determined by parforming snap intermediate -ta-idle decele ations at
3 sititude for each of the test fueis. Duning engine deceleration, the fuel flow is set by the main fue! control to a minimum Wi/Ps4 schudula
until engine speed noars idle N;. A typical deceleration transient Is shown In Figure 17. Analysis of the trgngient data indicates a minimum
fual-air ratio of 0.0055 occur's within 1.2 seconds of the throttie pull back.The engine speed reachad 98 parcert of Idig-setting N, within 12
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saconds o! the thro'tle chango. A loan blowout fusl air ratio of 5.0030 was moaswed for J2-5 fuet in rig tosts at idle condtions. A
comporison of Mminimum fuel-air ratio during snap deceleration at Mach No. 0.8/15,240 m with the Mmsasured lean blowout value indicates
a1 the least a 45 pe:cent margin. No burner lean blowouts were expenisnced dunng the snap deceleration transient testing with any of the
fuels.

B. AFTERBURNER

The afterburner of the TF30-P-4144 consista of hve independent zonas that are engaged individually depending on the lovel of
thrust augmentation required. Fuel flow to each zona is suppled through indapendent fuel manifolts and ¢ ayrings. The fuel 13 injoctad
upstream against m splayh plate througyh fixed aren onfices in each sprayring. The sprayrings for zonas Il and V cons:st of single concentric
rings and ara locsted in the fan siream  The three concentric spraynings for zone IV are in the vitiatad core sueam. ang the singie rngs of
20no | and Il are locatad near the Interface betwaen the fan and core streams The locations of the Sprayrings 8nd flamphu'ders are shown
in Figure 18.

Tno tiameho!ger consisis of an annular ves nutter with radial spokes. There are s equaily spaced tlamaholders that extend radwully
inward fram the annuiar vea gullar aci0sS the CO 3 sr€am. An additiona! six vep Qutters extend from the arinular ves gutter halfway 8cross i
the co:e stream. Se.enteen radie! vey guliers extend from the annular flamehalder oulward into the fan stream.

Tie annular flamghcider acts a8 a piiol providing an ignition sourco snd lame stabiization. The combustic process is distnbuted ]
axally downgiream to the nozzie throat. The hot combus.ion guses ere surrounded Ly a Iner to reduca tho heat transter to the engine
case. This liner is 2.20 m in lenyth and consists of two sechons: B 8creech portion designed to suppress high fregquency scaustic
oscillations. and a conventional louvered partion. The Screech 3ection contains a total of 30 rows of holeg in three g-oups with an axial hole
spacing of 0.019 m between each group. Eleven louvered panels are located downstiream of tha scrgach section.

(1) Lighting Disturbances

The TF30-P-414A ahierburner uses a mein and suxilary fue, squirt Sysiem 8nr zone 1 fyel sprayfing dwing igmion. During tha
hghting sequance. the afisrburner fuel control stans filling the zone 1 sprayring. and begins flowing the auxihiary squirt that iyjects fual into
the air straam at the turbine exhaust. A zone | manitold fuel pressurg signal initiales tho main sguirt that injects fusl mto the No. 4 burngr
can causing B momantary rich fugl-air mixiure and a hot siresk tiame. This flame propagates through the turbine and nghts the auwlary
squirt and 2one I tual finw. Thg ignition of the squirt fiow along with tha zona | ighting fuel flow can resuit in r@iativaly high ighting pressure
spkes due to the sudden pas tamperatura rise with, A choked exhaust nozzie.

Zones N through V are schoduled independently at 8 mimmum fuel flow ratic (Wr/Psq) by tha efterburner fual control  The
introduction of these zones wil: 8150 cause & pressure disturbance because of sudden temparature change in the aftarbiurner. The amount
cf pressure disturbance depends on the siza of the zona, the sequence order and the combustion efficiency. The TF30-P-414A engine
uses an afterburner Soft ight system 10 reduce this over suppression by preopening tha engme exhaust nOzzle A3 a rasull, the turbine
pressure rato is suppressed pror 1o the introduction of @ach zone; so that 11 is stll wilhin Stall margin Imits with the addition of highting
spikes for each zune.

s Data taken with five fusl!s at the Mach No. 0.5/3,048 m pont displayed no signihcant differsrices in pressure spikes dunng Iighting
‘ of tha diflerant zones. Table 2 summarnizos the maxmum presdury spike from the nominat steady siate pressure levels. The data indicate
that there should be & minimal change in afterburnar hghting disturbance with these fuels.

TABLE 2.
IGNITION SPIKES FOR TEST FUELS
{Relative to JP-5 operation)

Fust
N 1ype NAPC No. Zone | Zone ¥ Z2ooe i 2o IV Zoow V.
P 16 1.057 1.018 1.013 1.008 1.000
F-"§ 17 0.¢58 0.058 1.065 1078 0.973
HO No. 2 1% 0 967 0.976 1.070 101 .03
8Sun A m 0.071 0.912 1100 1.014 1.002
N b 27 Base Base Base Bare Baze

{2) Aftgrburner Perfcrmance

Combustion efficiency of the afterburner is determined by the fiame sproading process downstream of the flameholder. For
wrbofan angine afterburrer, such as thg TF30, belter vaporization in the cora stream Isads to higher combustion efficiency than in tho fan
stream. Thw influence of fuel pronerty vanations 18 10 change in the rate of fuel vaporization gnd fusl droplet combustion.

o

Tho akterburner combustian efficienc: was determngd for tha 1ost fusls from msasurermnanis of carbon monoxide and unburned
hydrocarbon concentrations st tha nozzie ext. Data ware obtainied a1 tha foliowing testing poin.a: Mach Na. 0 &/ 2 D48 m_ Muech N2, 0 £,
10.668 m and Mach No. 0.8/ 12,152 m. The afterdurner comyustion efficiency variation with fuel type for the Mach No. 0.8/12,182 in test
point is shown In Figure 19. The solid line indicates the expectad efficiancy for operation of each aftarburnser zon@ with JP-§ fuet. Tha N
effictency results for the other test [oints show & similar fuel affects fiend. X

In correlating the sfierburner combustien eflicioncy data, the propertics of the fuel relaticg the burning rates of fuel droplets were
swoied. An ATP correiation for combustion efficiency was develgped using the 10 percent and 90 percent disullation temperatures
(Referancs 5). The 10 parcent distitlalion termpersiura 's consiiered to affect tha vaporizstion rate and burning oi the lighter tuul ends in
the flamcholder wake, and the 50 percent distillation temperature is related to vaporizetion and dropiet burning of the heavier fus! ands .
downsrieam of the flameholaer. A linear regression was usad i develop An expression for the change in combustion efficlancy relativg to N
JP-5 as fokows.
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N e - (0.148 AT, +0.0274 ATy fra + 0.0102 & e - 0.00342 ATg )

Wheie. 4 T = (Tt - Tgey) at 10 percant cigtliation { < F)
A To = (Tt - Trer! &t 90 percent digtiiation { °f)
{/s8 = Afterburner fup! -arr raho
%pee = Combuston afhiciency of reference fuel (percert).

The coetficienis of this correlation difer fram those of the previnus ATP corrglaton The dotnimantal fusl efiacts are shown by the
net nogative coetliciants for both the 10 parcont and 90 percent ristilation temparatura difference. The resulls of this corrglation are
compated with the efficiency data and the previaus ATP prediction :n Figure 20 for F-76.

These curvas indicate that tho above corralabon egroes well with the measured elficiency data; tha coethcient of dete1unation {r?)
is 0.975 1or all of thg slta.natva tugl data. Tha ATP pradiction was based on pravious fuol effects sector rig testing. These tests werg
apparently not ropregentativa of full engine tests. The abuve correlation betie refiocts expected fusl effact vends and should be vsed tor
prodicling afterburcer combuston efficioncy changes n place 2t the pravious ATP prediction

) Flameho!der Temparature

Tna TF30 afterburner Mlameholder consists of an annular pilol vee Quliler with radial vee guiters extending nic the care and fan
strenms.The flameholdars acts as 8 biuft bovly to maintam a combustion flame within its wake. In parformung th's function, the lamegnolder
15 heatad by convactive haat transfer Iram the mirsiream ang by radwative heat transfer fiom the combustion flame. The intiyence of fuel
property vanation3 on flamebiider temperatyre is through changes :n engina operating temperature (1., turbing exit temperature
drterences) and through changes in rediative heating duo to cifferences in fupl chermistry.

The flameholdar matal lemperatures were moasured by thermocoupias instalied on tho annular and radial vee gutters st sovera!
focaticns.The highast temperaiure resding occuired for the core stresm radisl flameholder at the Mach No. 0.5/3048 m maximum
afterburner pont. The varatior in the highest flameholder 1empargture with fuel type is snown in Figure 21,

A fusl effect correlation tor the maximum flamahaider termperature was oblained from the measurements (reference Figure 21) by
applying & correction to G.052 afterburner fuo! -air rato. The flameohpo'der temperalure corrglal.on at masimum afterburning 5 Shown in
Figure 22. The Bctuel data corrected to the appropnate atterburner fuel-ar ratio settng arg ing:cated. The results show & radiativa heating
effact of the tusi cn tornperature of the flamehalder dus ta fuo! propeny vanation. Only & minor effect on durabiity 13 expected with the
use of aiternanve fuels sinca the flumeholder 18 a low mamntenance part requinng weld repair of traling edge cracks at punodic Overhau!
penods.

(4) Atterburner Liner

The aftorburner liner, which i1s a convenuonal louver cesign, usas a poton of fan arflow for coohng. Liner heating 15 thrgugn
convective and radiative heat transfer from hot combustion gases. The amount of heating deponds on afterburnar tuel-arr ratio, particularly
that of zone V since i 1s the mos! (ulboa:d 2ona locatod nearest the lner  The influencs of tusl property vanations on hner tempeorature is
through changes in siterhurner operating fuol-mir ratic and changes in radistive heating duo to difforences in tue: chemistry. The
afterburner Iner temporatures were messured at Several locatons aiong the length of the liner. The highest liner temperatures were
recorded at the Mach No. 0.5/3,048m maximum afterburner test point. Measursments of typical inor femperatures are shewn in Figure
23.

A fyel eftact correlstion of atterburner lnar tomperature wasg dotermined from 1he measuremeats (reference Figure 23) by applymg
the correction for afterburner fuel-air rauc. The aflerburner ner iemperatura correlstion is shown m Figure 24. Actudl dsta correcled ta
the approprigte aftarbyrner fuel-an ratio setling arg included. Tha resylts indicate that afterburner inor temoeralure 13 slghtly dependent
on radiative hestmg effocts, Using an aftarburner iner ile orediction made! {Reference 9), the ~hange i L7F e was detormned tor the
altarnative fusls relstive to JP-5. The resuits shown m Figure 25, indicate 1 3.5 percent LGF hto imp:ovement for JP-7 and 8 gohicit for the
othor alternative fuels.

(5) Afierburnar Exbaust Nouzle

The aherburner exhaust nox2le i3 8 convergant/dwergent area type. It has hydiaulically driven rozzle segmonts located aft of the
afterbyrner comaustion chamber duct. Sea's are installed internally betwoen adjacent sagments by guides. seal locks and bons. Thes
arrangement allows the segmants 1o travel in both a radial and an axial drsction while mantaining surface contact between the seais and
segments. Both nozzle segments and soals aro exposed 10 convechve And radiative heeting by hat comoustion gases when the nozzle 1s
{ully opengg; this occurs gt the maximum altesburngr operating pont.

The afterburngr axheust noztle temperatures were measured by nstallng theymoccup.es on the backside of tha nozzle sogments
Due to relatve travel betwean the overlapping seals and segmanig on 1he insige (1 €., hot si¢e) surface. it was necessary to install tre
thermocouples on the outside segment surfacy. Although the measured 1emperatures are lower than expengnced on the hot s, the
trends wrrh fuel property vanation can be determingd. A typ.cel nozzle segmenrt 1rmpereture is shown in Figure 26.

A fyel eitect correlabion of exbaust nozzle temparstura wag determined from the measvrements (refe-enca Figura 26) by appiying
the correction for aterburnor fuel-air rato.  The exhaust nozzle termperature correlation at maximum altarburning is shown in Figure 27.
Actusl duta corrected for appropriate fuel-air ratio are micludeds. The resulis show a smell fual radibtive heating effect. The correlation
indicates an 18K difersnce n nozzle temperaturs batwesn Allarnatva fuels and scr o83 Wik Blovieus resuils (Reterence 10,. This would

result In a small influence of fusl property vanation on @xhpuat nozzle ife.

((}] Spraying Coking and Fouling

Tha T30 atterhurner fuel sprayrmgs consist of fxed orifica injoctars and splash platas for fuel distnbution. Tho sprayrings are
empty of fue! unul afterburner oparstion is selected. Thae core sirgam spraynng (1.e., zonea 1, Il and IV) sre exposed to 1460K turbine
tamperature both duning interr adiate and sfterburner operation. The Sprayring hot wall and iuel temperatures l9ad to conaitions that
cause internst coking, partici:arly during initiation and ¢ancellation of tha zone.
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The core stream sprayrings are also sub;sct to the build-up ¢f external surface deposits through formation ol combustion related
compounds carried in the fudl 88 impuritiex (i.e . sulfur and matals). These compounds may be dopositad by the turbine exbaust How, or
thoy m.ay be formad when fusl spray coliects oo the sprayring surface and is heated. Tho build -up of the surlace depasit around the fue!
orifices can restnct the fuel ow rute through the sprayring

Tha sevarity of atterburner sprayring coking and onf.ce foy'ng was evslualad by conducling post-tast fiow calbralions. Rosuns
indicatgd flow reductions of 12.8 and 3.5 parcent in tha Zor.e It and M sprayrings. respuchively; the 1emaining sprayrings were within How
apociticationg  This amount of sprayting fouling i not untypical for tha amount of atte rburner tasting conducted in the engine fuel effucts
Invesugation.

Following post-test inspection of the engine. the flow capacitios of the sprayrings were tully restored thiough chemical and
pyrolytic cleaning ta.hniques. N is hksly that some pyrollic cleaning of zone | and IV sprayrngs occurs when installed in the afterburner
since these sprayrings are cirectly exposad tQ turbine exhaust temperstures.

7 Smohe

Carbon particles are gencrally consumed duning sflarburner oporation dus to multiple diffusion fiame fronts angd relutive long
residence time at high tompuratyrg In the atterburner duct. The smoke reduction with afterbuiner setting et Mach No. 0.5/3,048 m is
ahown in Figure 28. The results ndicats a 40 percent reduction in infermediate sSmohe lovel through zone 3 operation and an 85 percent
smoks reduction for maimum afterburner oparation. The 8mount of smoke reduction 13 indepondoent ot fuel type and is agsacistad with
the emoun: of cumbustion coverage of the core stream zones (I.8. zones 1, il and iv).

(8) Transient Opsraticn/Operstility

Rapid tiansients requira tng afterburne: control systern 1o intiate zone 1 igniion, campute and meter fue! llow. s¢iect indvigus! fuel
zonea tor operation, and change the exit aroa to maintamn the desirad enging pressure rato. During & transent to 2o0ne V oparation, the
nozzle arga 1z scheduled to lead the fuel How. There 1 a scheduled pause 28 sach indivdual fuvl 20ne comes In to sllow anough il and
light time before nozzle area and jual flow arg increased. The inhyence of fuel property vanatons is to change the scheduled flow rates
through specific gravily diffeences and/or to change afterburner temperatures {i.e.. desired nozzle opening) due tn tyel vapor.zation and
combuyst'on efficiency differences. The s‘tarburner control must be tolerant of these fue! property varistions to prevent tan stall duse to over
supprassion {1 B, lrgh snging pressure -aud) or low rotor overspeed due to undersuppression (1.e.. low engire pressure rano).

The capability of the P-414A aftertbuw..er control to accommodate vanous fuels was evaluated by performing intermediats to
maxmum afterburner snap trangiots. A scros ¢of five snaps wero attampted for sach fuel in each of five tast regimes: Mach Nu.
0.5/3,048 m, and Mach No. 0.8 at 10.668; 12.192; 13,716; and 15,240 m. The results indicate succassful intormegiate 10 maximum
tansient operation for all attempts. except for the Mach No. 0.8/15,240 m point. A slow inlermediate to maxinium uansient was
performed for each fuel a1 this pont. and it wos found that fan stall occurred during the afterburner reduction to intermedmato setting.
Analysis of iransient data of the stall indicates the fan w18 oversuppressed due 10 the noszla area change loading the atte: bu-ner fuol fiow
raduciion. The stalls during afterburner carceliatio 1@ Mach No. 0.8/15,240 m point were considerad to be a rosult of the fuel conuol
schedyls, and were not atinbuted to fusl propo-ty ations.

The tma to complate the intermediate 10 maxinyym stterburner trarsient is a function of sherburner fuel control tcheauts, angd 1s
independent of fuel type. Analysis of the snap transient daa inuicates the mean kmes (0 achiove S8 percent marimum nozzle area werse
3.9 and 5.2 seconds for the Mach No. 0.5:3,048 m and Mach No. 0.8/13,716 m points respectively. These test pomnta represant the
aftervurngr tuei flow range over which transiant 18sting was accomplished. These transient times are within the fuel contrcl spacificatons.

An assegsment of the etfect of fuel property vanation was made for those aspects of the TF30 alterburner which affect s ability to
fullih the requirgments ot an aircraft missien, i e., operability. The most critical condition i3 the upper left-hand cornpr of the flght eavelope
(low Mach number. high altitude conditions). Aheiburner operation 8t these condmons requires: (1; ignition ot the pilat zone, (2)
subsaquent flama propagauon 10 the remaining zones, and (3) stable, eff:clen: combustion. Elforts ware directed at defining fugl effects
on tha ignitions, stabiity and trangient operaton of the afterburner undar thase conditons

The fuel effects testing of afierburngr lighting indicatad zona 1 ignition with tha hot squint system occurred for an fugls for tho tast
ponts of 3,048 through 15.240 m aititude.  Prewious afteruurner hgnting testing with a gpark igmtor at the 2ona 1 circumforaniis(
tiamahotder location fuund a limit in ignition altituda due to vanations in fue properties (Reference 5). Comparison of these rasuits indicate
that the hot sqQuirt system has superior hghting capability to the spark igniter and no fuel etfocts sre apparent with the hot squirt igmition
system.

€. CONCLUSIONS

Based upon the results of the TF30-F-414A engine testing, and the analysis of fuol effecis data, the following Conclusions are
made with regarg to ha effact of fuol propeity varation.

a. A signiticant oss in Bittude airstait capability was seen for fusls with highar fuel charactenzation parameter, FCP, The primary
factors which caused this charnge ara diferences in fust wiscosity ang 10 percent cstilisiion tempergture. Alntuds ignition was
found to occur at or above NATOPS ceiling for all of the test fusts, except for F-76. The flama propagation between burner cans
was getermined to ba tha lighting criteria limiting altitude airstart capability. The flame propagation limit shows & similar fusl effsct
trend and & dependence on combustor cond:tions (i.e., inlg! air temperatyre).

V8 Cuid day yruund atait may D8COME GHTICUIL w...) viSCOUS, low volatilily fusls.

c. The turner combusticn efficiency. gaseous emissions and pattern factor for the TF3Q low smeke combustcr were slightly atfecied
by fuel property variation through changes in fuel viscosity and volatility,

d. Exhaust smoke was found to be strongly infivenced by the hydrogen content in the fuel. Smoke was also sgen (o be influenced by
relative fuel drop'et size through fue! viscosity and fusi temporature changes.

a. Incrensed flame rediation with the decressed fuel hydrogen content reduced the projocted low cycle fatipue lifa of the comtustor

liner. Relative to the JP-5 basstine, Suntech A fuel, which had tha lowest aydrogen content {i.e. 1.5 percent lass hydrogen),
reduced the TF30 liner lifa by 20 percent.
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The durability of the aiterpurngr componenis 1 8., fiamehalde:, heer and exhaust nozzts) were only shghtly influenced by vernstion
n fuel properties.

Relative 1o JP-5 the alterburnar combusticn efhcioncy with atternative fusls waa founy 1 vary with 10 percent and 90 perceM tugl
recovory tempetuturos and fuel -air ratio.  The revised correlation predicts a small ethciency loss with less volatile fyul.

Ignition of the atierpurner at high altiiudes with tha hot sgunt system wasg 100 percont telabla to 15.240 m atituge win all of the
fusls tasred

Compansong with the AT predictong indicate tha pravious unalysos and nig results c8n be usad to pigject wo! eliect trends
however the actual levels may be driterent due t¢ imitations of rig lesting
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DISCUSSION
G.Grienche, FR
How can you expl.ain that the maximum smoke nuriber docsn’t appear at the raximuin power?
Author’s Reply
The variation in smoke pumber with power setting for the T¥30 engince is a unique characteristic of that engine. The
measure relationshiy: for the tvo vanables constitutes a “fingerprint™ for this partic :lar cngine. Eaclr engine has its own
“fingerprint” which is 4 functiou of variables such as fucl injection characteristics: combustor geometry: combwstor inlet
air flowrate, temperature and pressure; and, of course, the tuel being us 1. No attempt has been made to determine the
interaction of these variables to produee a upique “fingerprint™. Instead, the smoke number-power profile was acquired
usiny the fucl of choice for US Navy cngines. viz. JP-5. The measured deviation from this baselinte charactenistic, when
other fuels were burned, served o indicate their impact on smoke production in the T30 engine.
A.Winterfeld, GE
1f we agree that the physical propenics of the fuels are te main souree of problems in the main combusior, it would be
interesting to know whether there has wiso been carbon deposition at the combustor walls.
Author's Reply

After Y4 hours of operation at sea-level conditions during which six teut fucls were burned, an inspection of the fuel
nozzles and burner cans was made. No unusual carbon deposits were seen as a result of using four poor quality fuels,
Again, after approximately 131 hours of operation at simufated altitude conditions there was no excessive carbon
formation on the bumer liners, with one exception. There was a carbon clinker at the ignitor swirler location in one can.
Because the total amount of engine operating time was relstively smali, however, it is not inconceivable that carbon
depusits observed were likewise small. There is great concern that carbon deposition both on liners and within, and on,
fucl injectors will increase noticeably if poor quahny fucls are used o today's aircraft gas turbine engines for extended
periods ot time. This concern must be addressed in tiwe design and development of new and upgraded combustion
systers,

J.O0dgers, CA
What was maximum combastion ¢fficiency for the afterburner?

Author's Repiy
The afterburner maximum combustor efficiency. on the shide that was displayed, was approsimately 96 percent when all
five zones were =ngaged. The operating condition that was simulated in this case was Mich No. 0.8/40,000 ft

(12,192 m).

J.Odgers, CA
This fits with our observation that ‘chemucal’ effects are small (approx. 3%) whereas “physical® effects are much more
significant.

G.Bayle-Laboure, FR
How do you measure smeke in reheat conditions?

Author's Reply
During engine operation undzr reheat conditions, cooled, multiple-point entry, traversing probes were used 10 acquire a

portion of the exhaust gas in a continucus manser.
Exhaust gay was treated in compliance with SAE Acrospace Recommendued Practice No. 1179A (1980) 1o obtain the
actual smoke number.
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ALTERNATIVE FUEL SPRAY BEHAVIOR
J. P. Asheim and J. E. Peters

Department of Mechanical and Industrial Engineering
University of Illinois at Urbana - Champaign
1206 West Green Street
Urbzna, IMincis 61801

ABSTRACT

In this paper the effects of alternative fuels on the combustion characteristics of a liquid fuel spray are examined. Fuel propersies
are systematically varied and the effects of these variations on the structure (drop historics, temperatures and species concentretions) of
the spray flarne are calculated. In addition, a comparison is made of the differences in two spray flanies fueled by the srandard NATO F -
40 fuel and a proposed alternative fuel, th- AGARD Research Fuel. The calculations are performed using a reacting, two phase, two
dimensional flow code which utilizes a Lagrangian cakulation of droplet majectories and an Eulevian approach (with the k - € turhulence
mixel) for the gas pbase flowfield. Interactions between the drops and ihe gas phase are accomplished through the particle-source-in-cell
technique with exchange of mass, momentum and energy between the two phases. A globzl reaction scheme is used with the reaction
rat¢ determined by the minimum of either an Arthenius rate or mixing rate.

Fuel property changes which affec: drople: size and volatility are shown to have significant effecis on droplet trajectory patierns.
However, for the flowfield examined in this paper (where the fuel spray core is very rich and the mixing of air with the fuel occurs at a
relatively slow raic) these majectory changes only moderatety modify the fuel vaporization pattern within the spray. In additicn, the
majority of the fuel is vaperized in an extremely fuel rich enviromnent so that the energy release throughout most of the flowfield is
controlled by the gas phase phenomena of mixing and chemical kinetics. The exception w this is the location of thie ignition paunt which
is shown 1o move Gownstream with reduced evaporation rates associated with higher fucl boiling points. Increasing the width of the inlet
droplet size distribution significantly increases the length of the droplet rajectories due to the presence of large drops in the spray but it
does rot affect the overall structure of she spray since all the droplets still evaporate in highly fuel rich regions. Turbulent dispersion of
the droplets and droplet collisions are shown to have litde effect on the spray flame for this flowfield.

NOMENCLATURE
a air mass fraction 1 ime
Ay empirical constant e eddy lifetime
Bum mass transfer number t transit time
By thermal transfer nurnber i total velocity
Cp drag coefficient u axial velocity component
C1,C, G, turbulence model constants v radis! velocity component
specific heat % position vector
D droplet diameter x axigl coordinate
T Rosin Rammler mean droplet diameter T droplet relaxation time
gr tunnel diameter r diffusion coefficiens
D drag force M gas viscosity
fuel mass fracion ur fuel viscosity
Hy fuel's heat of combustion £ dissipation rate of turbulence
h enthalpy . P density
i stoichiometric air/fuct ratio ¢ gencral flow variable
k Kkinetic energy of mrpglcncc o standard deviation
kg gas thamial conduciivily 51,02 fuel surface tensicn
L Tatent hear of vaporization C).0¢.Of,
L, eddy length Oh.Op turbulence rmodel constants
m mass 3 number of carbon utoms
hy droplet mass flow rawe B number of hydrogen atoms
wﬂp droplet evaporation rate
molecular weight Subscripts
N Rosin Rammler exponent d droplet
Ng number of droplets in a parcel eff eftective
P pressure ) f fue}
g soduct mass fraction g gas phuse
r dtl number 1 et
Re fuel reaction rate per unit volume o outlet
Reyi., kinetic limited reaction rate < droplet surface
R nix mixing limited reaction rate ¢ general variable
radial coordinate a number of carbon atoms
Re Reynolds number B number of hydrogen atoms
b Soures term
SMD Sauter Mean Dianeter St iy
T temperaiure
Ty boiling temperature ¢ general variable
time averaged value
INTRODUCTION

Spray flame behavior can strongly depend on the fuel's physical properuies such as boiling point, vepor pressure, viscosity and
surface tension because of the influence of these parameters on fucl cvapuradon raic. This nas been demonstrated frequently in the
literature from a global point of view as emissions. flame swbility and efiiciency have been shown to depend on physical properties of
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the fuel (1 - 3]. In addition, deiziled swdies of spray flames have also revealed fuel property effects on flame structure as Spray flames
have beca observed 1o vary from gas diffusion bumning of the fucl vapor (when the fuel evaporates rapidly resulting in a fucl rich vaper
core) 1o indi vidual droplet burning (when large, slowly evaporating croplets penetrate beyond the central spray region and progress into
the cxygen rich environment sunounding the spray) [4). .

ese results can be cause for concern when alicmative fuels are substituted for co ional fucls because of the potential for
changes in the flame structure and, hence, changes in the perfonnance of the combustion devics 1n terms of global parameiers such as
emissions, flume ssbility, ctz. Therefore, in this paper the structure of a spray flame is modeled as fuel properties are varied through a
realistic range corresponding to the changes that would be encountered in switching from a relatively volatile kerusens type fucl 1o a
heavy fuel oil. In particular, droplet trajectorics, temperature profiles, equivalence ratio profiles and evaporation rutes are examined as
key fucl properties arc independently varied.

MODEL DESCRIPTION

In this paper we consider 8 geometry similar to the one used in the experiments by Yule and Bolado {4] because of our interest in
eventually comparing aur computational work with their experimenta) resulls on spray flame swructure.  As shown in Fig. 1, the
configureiion consists of an air biast atomizer from which fuel and air are injected through a | cm diameter orifice at the centeriine. A 7.
5 cm circular flame stabilization disk is Jocated at the atomizer exit plane. The duct is 27 ¢m in diameter and 1.5 meters long.

Air —_
\m%st_—:, A =
Fucl/"/ ——-———ic/’x
—_—

Figure 1. Schematic of the combustion test rig of Yule and Bolado [4].

In the following sections the model details are briefly described. The: approach is fairly corventional and draws on owr pust work
and the work of others for the various submodels. We do not intend to "break new ground” with the model formulation but rather to use
existing modeling techniyues 1w examine the particular problem of altemative fuel cftects on spray structure.

Gas Phase Model

In modeling the gas phase, we employ a TEACH-based code [5} which solves axisymmetric, two-dimensional, time-averaged
wrbulent mean flow gas phase equations. The code uses a hybrid differencing scheme and a tri diagonal marrix slgorithm equation
solver with relaxation. The k-¢ model provides for turbulence closure.

Eight conservation equations are sclved simultancously, one cach for u- and v-momenuim, inass, enthalpy (h). turbulent kinetic
energy (k) and its rate of dissipation (€), fuel mass fraction (r) and product mass fraction (p). The gencral form of these conservation
equations is

d e 13 - d 19 M. o, b
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where ¢ is any one of the eight general flow variables, Iy is the effective diffusion coefTicient for ¢, and Sq® a1 §9 are the sources for ¢
from the droplets and gas phase, respectively. Specific expressions for the eight flow variables are shown in Tasle 1.

Tablc 1. Transport coefTizients and source terms for the variable .
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In calculating the droplet source térms, we employ the Particle-Source-In-Cell (6] method. When & droplet leaves a finite '
: difference cell, the mass, momentum, and encrgy arc cotpared to their values upon ente. g thas cell; the difference in the entering and
: : exiting values become droplet source terms for the Eulerian gus phase equations.

Combustion Model

The combastion model determines the fuel consumption rate (Ry) for each finite difference cell. As Table 1 shows. this rate
produccs a source (or sink) term in the energy, fuel mass fraction, and product mass fraction equations. The mode] assumes that the fuel
and oxygen combine irveversibly in & single global reaction given by

C @+ &04376Ny = a0, +En04376@ N, @

| “The fuel consumption rate is there determined from: the slower of cither the mixing rate of the reactants or the chemical reaction rate.

We chose to use the eddy mixing model of Magnussen and Hjertager |7} becausc it requires only the evaluation of mean fuel and
oxidizer concentrations; additional equations of concentration fluctuations (as required by the eddy breakup model (8], for example) need

i not be solved. With this modei the fucl reaction rate per unit volume, as detcrmined by the intermixing of the fuel and oxygen eddies, can

be expressed using the mean mass fractions of the species  In regions in which the rime mean fuel mass fraction is very low, the

dissipation of the fuel eddies limiis the combustion rate. Similarly, the dissipation of the oxygen eddies limits Rf in regions where the

’ mass fraction of fuel is high and the oxyget mass fraction is low. Consequently, the mixirg limited fuel reaction rate per unit volume

(kg/s/m3) is given by

. a
; Rk =ALP %mm(f, =) 3)
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where e/ has units of sec-1,1 is the stoichiometric airffuel ratio, A1 is an empirical constant st equal 10 4, p is the mass weighted gas
density (kg/m?) of the fuel vapor, produsts, and air, and f and a are the fucl and air mass fractions, respectively.

The fuel consumption rate may also be controlied by chemical kinetics vghcn the fuel and oxidizer mixing is rapid. An Asrhenius
expression taken from [9] provides the chemical himited fuel reaction vate (kg/m9/s) which is given by

R, = 1.73x 105MwoP £ 3519,175

fxin f exp (-15115/1‘? @

where Ty is the ges temperature in K, MWﬁ is the molecular weight of the fuel (kg/kmple), and p, a and f are the same as in Eq (3).
ﬁsing equations (3) and (4), the fuel reaction rate is then determined from

i Ry = min (R Ry, ®
g
i Droplet Mode!
H The spray is followed by employing a discrete droplet model which represents the spray by a statistically meaningful number of
¢ individual droplets. Each of the computational droplets represents a parcel of droplecs all having the same velocity, temperalure,
; position, and size. A droplet's velocity 15 calculated by integrating Newton's second law
! &,
4 B o=-m-2 ®
' & - e L 8 Ha
[ sv whee F]") is the dray force o the dhopiet given by
j By = Eepp, fi 3,130’ o
D = 3CpPg !ty gl .
: The drag coefficient, Cp. is a function of the Reynolds number based on the relative drop velo:ity and the drop dizmeter. The specific
% values used are given by Dickersor and Schuman [10]. Once a new draplet velocity is found, the new dioplet position is determined
from imegrating

f
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As developed by Gosman and [oannides {11} and discussed by Facth [12], the turbulence effects on droplet motion are sitnulated
sicchastically by suptnimposing upon he a5 il wirbuleni eddics, cuii having a iength, iiferime, and u- and v-veiocity fiuctuations.

As determined by the dissipation scale in the k-€ model, the length of each eddy is .

L = kan/c Y]
R’

with its lifetime given by

t = . (10)
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The dioplet imengct.-. with an eddy for a time taken to be the smaller of either t. of the transit time, t;. required for the droplet 1o traverse
: :hn:l oddy. Following Brown and Huichinson [13], the tansit time is de:ﬂmmeﬁ from 1 lineanzed form of the droplet equation of motion
is given ms

' = () i)

I -0 l
T l.ls l.ld
where T1s the dmplct rlaxaton time defined as
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When I.? >1 |u_' - ﬁ,‘jl, cquaton (11) has no solution and the droplet is assumed to have been captured by the eddy.
0 ﬁnd%hc velocity fluctuations associated with each eddy, random numbers are generated by a Gaussian probability density
function (PDF) centered about zero with a standard deviation of one. A fluctuating velocity componeat is then set equal 1o the product of 1
the PDF random nunsber and the acual standand deviation given by

2k 12
g = (—S—)V‘ 13)

where k is the interpolated value at the drop's current position. The u- and v-velocity fluctuation calculations for a particular eddy use
two different PDF random numbers,
The droplet evaporation rate is given by
2nDk ,
M., = —3(1+02% Re‘:nPr; Hia+ B,) aa)

oap CDE

which is the d2 law expression with Frossling's [14] comrection for forced convection. Reg is the Reynolds number based on the relative
velocity between the droplet and the gas. The gas thermal conductivity. k,,, and specific heat, g Are found by mass weighting the air
and fue! vapor valucs. The valucs for these two quantities are highly deperident on the temperatureand fuel vapor mass frection at which
they arc evaluated. Chin and Lefebvre [15] recommended using Sparrow's "1/3 rule” {16] which employs a reference temperature equal
10 the droplet surface temperature plus 1/3 of the diference beiween the surrounding gas and dmplet surface temperature. A reference
value for the fuel vapor mass fraction is found similarly. The dmplet temperature, which is assumed to be spatially constant within the [
droplet, is found by integrating the following

; m_ L B |

; dr .
; E‘I=C_°’2_(E1_.1), (15)
pfMs O |

B and By are the thermal and mass wansfer numbers, respectively, given as

ST
By = STy o a6)
L
and
t £t ;
= 2. (
By T, )
Note that in order to determine fg, the mass fraction of fuel at the surface, relations of VEPOT Pressure as a tunction of temperatwmne were
f developed for the fuels of interest from data presented in [17], Alsoa single boiling point is nsed which implies that the constituents in
3 the droplet do not change as evaporation occurs. Thus distillation curve efects have boen neglected.
Finully, the droplet diameter can be found by intsgrating
-4k
' dJo
: o= —L-0r026Re" M +B,y. (18)
Pripg ’ i

Computational Mesh and Boundary Conditions 1

The geometry under consideration has already been described and is shown in Fig. 1. The finite difference mesh starts at the '
atomizer exit planc and extends 1.5 m axially with 32 cells and 13.5 cm radially with 35 cells. The axial dimensions of the cells were
uniform (1.7 cm) up to 1.5 tunnel diameters downstream at which point they continually expanded in the axial direction. In the radial
direction, 5 cells were placed in the center jet and then the radial dimensions of the cells were uniform (0.4 cm) up to 0.33 wanel
<Ciameters at which point they expanded in the radial dirccdon. (The results are considered to be independent of the grid configuiation
since similar results were obwined with other grid contigyradons with seduced resolurion.)

At the tunnel’s wall. a ro-stip condition is imposed which requires that the turbulent kinetic encrgy and the u- and v-velociies be
set 1o zero. The wall temperatures are a{apmxima!ed from messurements presented by Yule and Bolado [“]. Along the wnnel's i
centecline, the radial grodierts of sll variables are zero.  For the secondary air flow between the stabilization disk and the wall, the inlet .
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u- and v-velouty are 2 nvs and 0 nvs, respectively, ard she inlet k and ¢ are desermiined by assumiag a turbulence intensity of 1.5 pervetu
and a turbulence length scide cquat 10 3 percent of the tunnc!'s diameter The u and v-velocity of the pnmary air flow from the atomi. &r
are 21.4 ns and 0.374 aw/s, respectively.  This pruvides a traicctory half angle of 19, Tor this primary flow region, k and £ are
determined as stated above except that the turbulence length scalc is set equal to 3 pervent of the rifice diameter. Belween the radial
distances of 0.5 cm and 3.75 cm, the stabilization disk is modeled with a no-ship wall condition. The temperature of the pumary and
sccondary air flow as well as the stabilization disk wall are se1 10 383 K. Fially, at the computational outlet, a fully developed profile is
assumed by imposing a zero v-velocity aloug with a zero axial derivative for the remaining variables,

Droplet Initial Conditions
A Rosii,-Rammler (RR) distribation is assumed for the inlet droplet sizes so that
volume % of droplets larger than diameter D = 100 exp [ - (D/D)N]. (19)

For a given RR distribution, the spray is divided into 20 sizc classes with each class representing 5 % of the fucl un a mass basis.
Twenty droplet parcels for cach size class are fired into the flowfield. (The results are considered inacpendent of the number of droplet
parcels since S0 parcels for each size class were injecied for one test Tn with no noticeable difference in the results between the S0 and
20 parcel runs.) The total fucl flow nite is constant at 3.14 x 10" kg/s which gives an overall equivaleace ratio is 0.29 and an
equivalence ratio for the inner jet of 18.8,

Eack droplet parcel has the same initial temperature of 383 K. The initial u- and v-velocity for each droplet parcel is arbitrarily
chosen from a Gaussian distribution with a mean diop velocity equal to that of the cenier jet air velucity given above and & standard
deviation given by Eq. (13). As a result, every droplet parcel for ali of the sets will have different u- and v- initial velocities though the
velocity distribution used is the same for each parcel.

After injecting droplets into the gas phase, the Jroplet source tenns of mass, momentum, and energy are used 10 obtain a new
converged gas phase solution. Droplets are then injected into this new gas phase solution, thus preducing new sourve termis and 8
subsequent new gas phase solution. This jlerative procedure is repeated unal the results converge.

FUEL PROPERTIES AND TEST CASES

As discussed in the introduction, the purpose of this paper is to consider the effeci of potential aliernative fuels on spray flame
structure. With this goal in mind, fuel propertics were selected 1o mange from those for a conventional fuel (NATQ F-40). to a likely
alternative fuel (AGARD Research Fuel) and 10 a heavy fuel oil. Some key fuel propertics for these fuels are shown in Table 2. Note
that the SMD values were derermuned by arbitrarily choosing 40 pm for the NATO fuel and then calculating the SMD for the other 1o
fuels by using the following empinical equation from Lefebvre [ 18] for pressure swigl atornizers.

[ WP o2
__Zl)GJ 5[ {12 ]0-0 0)

SMD, = SMD, (
9 R

Within the fuel property constrzints of Table 2, specific est cases were designed 1o deternune the effect of three key variables on
the spray flame structure. These variables were the mean drop size. the drop size distribution width 2nd the fuel volatihity; their values
for all the cases are indicated in Table 3. The base case corresponds 1o the NATO F-40 fuel. Cases 2 and 3 isolate the cffects of the
mean drop size changes for the fucls and cases 4 and 5 address the boiling point changes. Case & considers the combined effects of a1l
the fucl properties in changing from the NATO F-40 fuel tu the AGARD Research Fuel. Finally. cases 6 and 7 were included 1o examine
the effects of the drop size distribution on the spray with the mean drop size held constant.

Table 2. Fuel propertics. Table 3, Descripticn of computational cases.
Property NATOF40 ARF? Heavy Feel O Case Desenption Fuc 20 N Ty
Y )

Viscosuy®, cs 0.99 10 no wm Gm ¢ R

1 Base Case Fo40 40 aLd b
Swface Tenyion B, dynwem 214 243 252

2 Drop Sizz Vanaoon . 53 @75 .
Dens.ty P, Ly’ 56 338 862.

.1

3 Drop Size Vananon hd 0 QN 4
Mean Buthing Pont®, K 373 473 7

4 Dodng Poimt Vaidsen * s - 473
Sauies Mean Dameter, pm 0. 5. 70. .

5 Boiling Point Vanaton . . . 573
XATARD Rescarch Fuel 6 Monodisperse . . (40 .
Yevaluzzed 3025 *C
Szmperature & which the vapor presswt 13 0.1 MPa 7 Wice Dismbunon - . 1071 5) -

L] Fuel Vinauon ARF EH @75 473

Fiame ar base case

RESULTS AND DISCUSSION
Fuel Property Effects

The general snucture of the spray flames 0 be discussed here are iflustrated in Fig. 2 which shows dioplet trajectories, isotherms
and gas phase equivalence ratio profiles for the base case. The mixture ignites rapidly (within 0.1 diameters downstream of the injector)
as shown by the high temperarures near the injection point and the reaction region spreads a5 Uil niiaiure proceeds gownstream, The
diupict majectories show the dispersion of the doplets due both 1o the random nature of tneir iniet velocitics and the influence of the
turbulent velocity fluctuations. Note that all the droplets evaporate within 2 diameters downstream it & extremely fuel rich environment.
Thus, the flams structure is similar to & gascous jet diffusion flame in that the mixiny of the fuel and oxidizer is Jimited by the gas phase
behavior rether than the droplet evaporation rates. We now wish 10 cxamine the spray flame structure as the fuel spray properties are
changed as discussed in the previous section.

The effects of the increase of the mean drop size (due 1o increased viscosity and suiface tension of the fuels) on the spray flame
gre indicated in Fiﬁ. 3. 5. Fig. 3 illustrates the changc in droplet trajectotics as the mean drop size is changed. As expecied, the
increase in droplet lifetinwe for the Targer drops of cases 2 and 3 can be seen from the longer trejectorics for those cascs. Howevar, cven
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Figurc 2. Flame strucrure in terms of droplet trajectonics and temperature and equivalence
ratio profiles for Case No. 1.
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though the trajectorics of case 3 arc nearly twice as long as those of case 1, this does not drastically change either the temperature or
equivalence ratio profiles as shown in Figs. 4 and 5. The igmuon point does move slightly downstream fov cases 2 and 3 and the
temperature is somewhat cooler gt the centerline for case ). Both of these effect: are due 10 the reduced evaporation rarc for the lurger
droplets but, in general, the flame structure is still very similar for all three cases. Again this indicates that droplet evaporation is rapid
enough so that (?lc wnergy release is limited by gas phase phenomena rather than droplet effects cven for the lagest dvup sizes. This is
further illustated in Fig. 6 where the cumuletive percent of mass evaporated is plotted versus axial disiance for cases 1, 2and 3. The
similaritics of these curves, where in all three cases over 70 % of the fugl is evaporated by one diameter downstream, indicutes that the
la-ge differences in the droplet trajectory curves can be somewhat misleading.

Tte effects of the variation of boiling point on the spray flame are shown in Figs. 7 - 9. The droplet trajectorics are very similar
with only a slight increase as the boiling point increases by 200 K. As indicated in Fig. 8, e equivalence ratio profiles beyond one
diameter downstream are similar but within 0.5 diameters downstream of the injector the region near the centerling is much leaner for
case 5 as compared 1o casc 1 due to the slower evaporation rate of case 5. This difference is also evident in Fig. 9 where the ignition
point moves downstream for the higher boiling point but the downstream temperatures for the three cases arc similar (somewhat covler at
the centerling for case 1 as previously mennoned). Although the initial region where the temperature and equivalence ratios vary
significantly from case 1 to ¢ase 5 is small, it becomes more important when one considers Fig. 10. Note, for example, that for case 5
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Figure 6. The effect of initial drop size on percent of fucl evaporated.
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Figure 7. The effect of boiling point on droplet trajectorics.
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Tigure 10. The cffect of boiling point on pereent of fuel evaporated.

ucarly 40 % of the fuel is evaporated pricr to 0.5 diameters downsteamn. Thus, & significant fraction of the evaporation occurs in a fuel
lean, rather than rich, gas phase environment.

The comtined cffects of boiling poin:, drop size and other fue! propenty variations are shown in Fige. 11 - 13 for a comparison of
the AGARD Resrarch Fue!l and the NATQ F - 40 fuel. Thesc figures show wrends similar to those alrea” » disussed where the larger
drop size results 1n longer droplet tajectories for the AGARD Research Fuel. In addition, the higher boiking peint delays evaporation
rate so that the ignition point is further downstream and the initial ptiases of evaporation occur under much leaner conditions for the
AGARD Research Fuel.

Additional Considerations

In additior: io considering the effect of fuel property variations on ti e :prag flame structure, some edditional cases were examnined
to investigate the effects of drop size distribution width (cases 6 and 7 in Table 3), the effecis of the wrbulent eddies and the effecis of
drop!=t collisions on the results.

Figures 14 and 15 show the effects of drop size distribution on the spray flame. First, note that for the monodisperse case the
droplet traiectorices are exwemels  hort in comparison to the other two cases. This is due to the fuct that there are no large droplets present
in the monodisperse casc to ext- | the dmplet wajectories. Figure 15 indicates that similer amounts of fuel ¢ ¢ evaporated in the initial
regions of the flowfield so that k. tsmperature and equaivalence ratio profiles (not shown here due to space limitations) in the upsiream
region are virtually identical. Omc might expect that the inonoutsperse case would have limited evaporanon in the initial region of the
flow because of the lack of small droplets. However, thi= is evidently compensated by the lack of large droplets which would otherwise
carry significant fractions of the fuel downstrearn. In the downstream region, the drops in all three cases are e vaporating (or have
evaporated) in a very fuel rich region so that the gas phase phenomena are again controlling and the temperature (and eyuivalence ratio)
profiles are similar for all three cases.
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Figure 11. The effect of fuel 1ype on araplet trajcciorics.
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Figure 12, The effect of fusl type on equivalence ratio pmfiles.
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Figure 15. The effect of drop size distribution on parcent of fuel evaporated.

Finally, Figs. 16 and 17 are included to show the effects of the turbulent eddies and droplet collisians, respectively. In Fig. 16
the wurbulen: eddics are show to proniote the spreading of the liquid droplets. However they do not have a significant effect for this
flowficld on the overall evaporation rate of the spray so that the flame structares in terms of témperature and equivalence ratio profites
{iwA showi) arc virmually identical.

The effects of doplet collisions were bricfly examined with the model developed by Bracco and O'Rourke [19) and as ascd by
Asheim ct al. [20]. This mode) employs a Poisson probebility disttibution in dztermining whether two or more droplets have follided
with the result of a collision being coalescence or breakup. Because of the small number density (approximately 20,000 per cm?) of the

lets leaving the injector only a small percentage (5 to 10 %) of the lets coltide. Over 90% of thie collisions involve one drop with
a diameter less than 40 um and one drop with a diameter greater than 100 pm and 95% of these collisions resukt in coglescence, For
these large size differences, most of the fuel mass is contained in the large drop and the combined drop diameter is only p few percent
Jarger than the original large drop. Therefore, these infrequent collisions do not radically alter the drop size distribution. Consoquently,
Fig. 17 shows liule change in the droplet trajectories with only a few increased wjectory lengths due 1o the collision etfects. This small
change i1 frajectories resulied in no diff in the temp o equivalence ratio profiles of the two flames.
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Figure 17. The effect of dioplet collisions on droplst trajectories.

CONCLUSIONS

In general, fuel property changes which influence drop size and volatility were shown to have significant effects on the let
trajectory patterns. However, for the flowfield exanuned in this paper these trajeciory changes only moderately modified the fuel
vaparization patiem within the spray. In addition, the majority of the fucl was always vapoized in an exuremely fuel rich environment so
that the energy releuse was (throughout most of the flowfield) controlied by the gas phase phenomena of mixing and chemical kinetics.
Tne exception to this was the Jocation of the ignition poirt which was shown to move downsiream with reduced evaporation rates
associated with higher fuel boiling points.

Other parameters investigated included size distribution effects, turbulent «ddy effects and droplet collisions. Increasing U
width of the mlet droplet size disuibution significantly increased the droplet majectorics due to the presence of large drops in the spray but
rid not affect the overail srycture of the spray since aii the dropicts stisi evaporated in highly fuct 1ich regions. Turbulent dispersion o1
the droplets and croplet collisions were shown to have little effect on the spray flame.

“The conclusions noted above and the results reportad in the paper should be remembered to be limited 1o the panticular spray
flane considered, one in which the fuel spray core is very rich v.” hrelatively siow mixing of the air with the fuel. In other situations,
with rclatively lean spray interiors and rapid intermixing of aiv, chi..ges in dmgle: tajeciories could have 2 more pronounced influe.:ce on
the flame structure with the possibility of transition from gaseous diffusion flame behuvior to some individual let buming. Along
these lines, further work. could address the effect of varying the same tuel propeties in a different flowfield with leaner inteniur spray
conditions plus & more detailed look at the cffects of odier importunt variables such as builing point distribhutions of the fuels.
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DISCUSSION

B.Noll, GE
Which convergence criterion did you use to stop the iterative procedure which accounts for dropict/gas phase

interaction?

Author’s Reply
We iterated between the liquid and gas phases until the results changed by less than one pereent for all vaniables. In many
cases, most of the variables were converged to witliin a much smalle: tolerancee than one percent.

A.M.Meller, US
Why is there so little caleulated effeet of turbulent dispersion” Were gas-phase radial turbulent intensities reported for the
experiment? If not, what values were assuined for the calculations shown?

Author’s Reply
The effect of turbulent dispersion is small hecause even with dispersion of the droplets, they all cvaporate in a fuel rich
core 5o that the gas phase phenomena still control most of the spray flame structure.

No radial turbulent intensitics were reported in the original expenimental work so we assumed a turbulence intensity of
1.5% @z noted in the paper.

A.Willioms, UK
The properties attributed to th- heavy fuel oil do not allow for the presence of high hailing point components which are
present in real heavy fuel oils, therefore the computed burning rates will be faster than the real case. Has any comparison
been made with experimenial results to check the accuracy of the prediction?

Author’s Reply
The results presented in the paper are based on the assumption of a single boiling point for the fuel. The boihng point
temperature that was used is the temperature for which the vapour pressure of the fuel is one atmosphere. If, in actuality.
the cvaporation process is better approximated with a distillation type of evaporation behaviour, then the initial
evaporation rate is actually under predicted by the model and the final evaporation rate i overpredicted.

‘We have not yet compared our calculations with experimental results but we plan to do s0. Also we ptan to fook at the
effects of distillation curve behaviour on the resuits by relaxing the assumption of a single boiling point temperature and
using distillution curve data.

A.Lefebvre, US
To what extent are your results and conclusions influenced by your assumptions of a Rosin-Rammier drop-size

distribution parameicr?

Author’s Reply
The use of some other apprepriate drop-size distribution function (such as an upper limit distribution function, for
cxample) would not change our results or conclusions. This is dug to the fact that for this particular flow field the structure
of the spray flamc is primarily controlled by the gas phasc phenomena. In other spray flame situations, where droplet
effects are more pronounced, the form of the drop-size might be important. This could be determined by comparing
computed spray fiame structures for different assumed drop-size distribution forms.

A.Ormancey, FR
A propos de votre modele stochastique de dispersion des gouttelettes, vous utilisez unie densité de probabilité gaussicnne
pour ddicrimiiier fus valeurs des fluctuations dc vitesse de T'éeoulenient vues par les gouttelettes. Est-ce une hypothise

fondde et valable lorsque les gouticiettes se irouvens:
1. Présdelinjecteur?
2. Prosdes parois?

Author's Reply

We have anly worked with a Gauysian probability density function for velocity fluctuation calculations and cannot
comment on the applicability of ather forms of PDFs {or this part of the model.

C.Moses, LS
Do all the droplets initially have the same velocity or is there a distribution of velocities correlated to the sizes?

B
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Anthor's Reply
Allthe droplet parcels have the same initial rmean velocity but cach individual drop has its own »CEacity whichiis the sum of
the mean velocity and a fluctuating component which is randomly selecied as discussed inthe 11 a1, We recognize that for
many injection processes there is a correlation hetween drop sizes and velocity (in many cascs, large drops have large

i velocities) but for this particular injector we have no such gvidence and belicve that using the same initial mean velocity for
i all drop-sizes is appropriate for this injector.
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ATOMIZATION OF ALTERNATIVE FUELS
by
Arthur Ii. Leicbvre
Reilly Professor oif Combnstion Engineering
Schoul of Mechapical Engineering
Purdue University, West Lafayette, IN 47907, USA

SUMMARY

The influence of atomisation quality on neveral key aspects of combustion perfcrmance is reviewed. The
performance parameters considered include combustion efficiency, lean blowout, and lean lightup, and also the pollutant
emissions of carbon monoxide, unburned hydrocarbons, oxides of mnitrogen, and smoke. The fuel properties of
importance are described and equatjons are presented for estimating the effects of changes in fuel properties on spray
characteristics for the main types of fuel noisle employed in sero gas turbines, namely plain orifice, prussure-swirl, and
airblast atomiscrs. The anticipated efects on atomisation of changes from conventional to alterpative fuels is
discussed.

LIST OF SYMBOLS

A, total inlet ports area, m?

AFR air/fuel mass ratio

D, Sauter mean diameter, m

Dy hydraulic mean diameter of air exit duct, m
D, prefilmer diameter, m

D, swirl chamber diameter, m

d, discharge orifice diameter, m

f fraction of total coinbustor airflow

FN flow number my /(AP m?

1CV  lower calorific value of fuel, J/kg

L, chaiacteristic dimonsion of airblast atomizer, m
L, length of swirl chamber, m

MMD  mass median diameter, m

m flow rate, kg /s

P pressure, Pa

APy injection pressure differential across nozzle, P'a
AP liner pressure drop, Pa

Q volumetric flow rate, m*/s

quuo  fuel/air ratio at lean blowout, g fuel/kg air
QLo fuel/air ratio at lean lightup, g fuel/kg air

Rep Reynolds number based on fuel properties {Urppd,, /in)
SML Sauter mean diameter, m

T temperature, K

U velocity, m/s

Vv volume, m’

Weg;  Weber number based on fuel properties (ppUg"d,/0)
P density, kg/m®

ANt effective value of evaporation constant, m*/s

p dynamic viscoeity, kg/ms

v kinematic viseosity, m*/s

o surface tensiou, kg /s,

Subscripts

A air

F fuel

L liquid

R air relative to liquid

wwbusiion sout
primary sone
combustor entry conditions

[ AR B
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INTRODUCTION

Until comparatively recently au abundance of mid-distiilatea from petrolcum has been made available for jet fucl.
Future demand for jet fuel is expected to increase st a time when there is severe competition for the available mid-
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distillates, The micesures now being taken to ensure future supplica of fuels for acro gas turbines juclude the
exploitation of altcrnative fuel sources and the acecptance of a bronder specification for aviation fuels. Compared to
present, specificatior jet fuels, future jet fucls may exhibit any combination of the following property changes: bigher
frecxing point, higher aromatic content, lower hydrogen content, lower volatility, higher viscosity, and poorer thermal
stability {1-3].

In the late 1970's the USAF, Army, Navy and NASA, along with epgine manufacturers, initiated programs to
determine the effects of anticipated future fuels on existing engines [4-8]. As a result of these studics, data became
available that yielded new and useful insights into fuel property effects ou combustion performsnce. The fuels cmployed
ranged from aviatiou gasoline (JP4) thru diesel oil (DF2) and were chosen {o achieve a range of hydrogen content from
14 to 12 percent by mass.

The rationale for the diese! fuel was to approximate the Experimental Referee Broad Specification (FRBS) aviation
fuel that emansated from the NASA-Lewis Workshop on Jet Aireraft Hydrocarbon Fuel Technology [8]. ‘The JP'4, JPP8
fuels, and their blends were chosen to span systematically the possible fuel variations in key properties that might be
dictated in the future on grounds of availability and cost, aud the use of nou-petroleum sources for jet fuel production.

The experimental data acquired in these programs provided much useful intormation on the influence of fuel
chemistry on many important aspeets of combustion peiformance. Analysis of these data [10-14] also highlighted the
significance of fuel viscosity and surface tension which affeet both the atomisation quality snd the conc angle of the fuel
spray. Equations were derived from which quantitative assessments could be made of the impact of any change in

atomization quality on combustion performance and polluiaut emissions. The main results of this analytical study are
summarized below.

COMBUSTION PERFORMANCE
The three main facets of combustion performance are combustion efficiency, lean blowout i nits, and lean lightoll

limits.

Combustion Efficicncy

This is expressed as tae product of the reaction rate efficiency 1, and the evaporation rate efficiency v, i.e.

N =X, (1
~0.0227313V exp(T, /400
where g =1 — exp I p{T:/400) 2)
rcmA

b
—36P3V g |

3
TcDuzf:':nA j] ( )

and Nee =1 — exp

Comparison of measured and predicted values of combustion efficiency for the TH33 combustor are shown in Fig.
1.

Lean Blowout

An expression for the [ucl/air ratio at lean blowoui was derived as

Y 1 N0

f ] ra, [ D? ]
= El Q
A[ I n13 {nnnt (4)
L ¥ps Jl.; c.-yp;pw; J[ w- LA |

The first term on the right-band side of the foregoing expression is a function of comnbustor design. The second
term represents the comhustor operating conditions. The third term cmbodics the relevaut fuel-depeudent properties.
The value of the coustant A depends op the geometry and mixing. characteristics of the combustion zone and must be
arrived at experimentally.

The correlation of lean blowout limits provided by Eq. {4) for an F101 combustor, using a valve for A of 0.54, is
ashown in Fig. 2.
Ignition

The minimum fuel/ai: needed for ignilion ran also be expressed in terms of combustor dimensions, combuster
operating conditions, fuel properties, and mean fuel drop size. An appropriate equation is the foilowing:

S I ns
MOHBIV JIP: exp(‘I;/:mo)“X.,ch]

(5)

This equation is almost identical to Eq. (4), except for a higher pressure dependence: P3'® versus Py' 3. The correlation
of data obtained with Eq. (5) for an F100 combustor using a value for B of 0.70, is illustrated iu Fig. 3.

i e e b



P

NPT " oy v e

33

90, a
O Netural Gas [17)
" © Liquid Fusls 5 o /
> g0 5 Nc. 12 Fuel o
g6 o Y
o o /Q
£ °
5 o i | L
o)
& a 30+ A
% o IF.323 ¥ A
5 © Py=207 thu . S o .
Q N o
2 60 o . .
] 1’3 36l « 79 | o Py |??5k,,p‘;
o M0 2.0 kg/s ™A g/
§ A - ,/ T,2239-320 K
50 I . ‘ | / T, +240-305 K
50 60 70 80 90 Ie)
Combustion efficiency (predicted), % 20k T T} 430 i 1
qLBO (predicied), g/hg
Fig. 1 Comparison of measured and predicted

values of combustion efficieccy fcr the TF Fig. 2

1 icted
33 combustar. Comparison of measured and predicte

valuea of lean blowout limits for the F101

combustion.
F 100 /
— 7
20— All Fyels ’ 0
‘/ Ta M
L 152
g o © e 127
] & /0 S—— L
35 450 07
: /5 T e e
2 ’ P
= H FUEL P 7
E 191~ 300 ry-573k
o , Va=S m/y
3 ,50‘_ #7106
. O Stendard Day (T 286 K)
. © Cold Doy (T+244 K) o . . N | L
R 28 a0 Y 80 100 120
/ mA-OAB kg/s SMD, o
1 L
o5 o 3G
k . .
QLo (predicrad), g/kg Fig. 4 Influence of mean drop size oo NO
emissions [19].
Fig. 3 Comparison of measured and predicted
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Other examiples that demonstirate the ability of Eqgs. (1), (4) and {5) to predict combustion efficiencies, lean
blowout limits, and lean lightoff limius, respectively, for a wide rapge of aireraflt comhustors, are contained in references
11 and i4.

POLLUTANT EMISSIONS

The pollutant emissions of most concern for the aircraft gas turbine are oxides of nitrogen (NO,}, carbon monoxide
(CO), unburned hydrocarbons (UHC), and smoke. The conceutration levels of these pollutants can be related directly to
the tempersture, time, and concentration histories of the gases within the comnbustor. These histories vary from one
combustor to another and, for any given combustor, with changes in operating conditions. The nature of pollutant
formation is such that the concenirations of carbon monoxide anc. unburned hydrocarbons are higliest at low-power
conditions and diminish with increase in power. In contrast, oxides of nitrogen and smoke are fairly jusignificant at low
power settings and attain maximura values at the highesi power condition. The basic causes of these pollutants, and
the varicus methods employed to aileviate them have been fuily discussed elsewhere [i5)

Most modeling of emission characteristics has been conceraed with oxides of nitrogen, NO,, but efforts have also
been made to predict the formation of other pollutant species. The high cost and complexity of the more sophisticated
mathematical models have encoursged the development of semi-empirical models for predicting the ¢ffects on emissions
of variations in the di ions, design features, and operating conditions of gas turhine combustors [18-18].

~
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Oxides of Nitrogen
Lefebvre's semi-empirical model for the prediction of pollutant emissions [10], based on considerations of mixing
rates, chemical reaction rates, and combustor residence time, leads to the following expressicn for NO,.

9210 PPV exp (0.01 T,)
. E,
m, T,

NO, = /xg ()

x
ps

Equation (8) demionstrates that the oply intluence of fuel type on NO, formalion is via the two temperatures terms
Ty, and T, The former is culculated as

T,y =T, + ATy,

where ATp- is the temperature rise due to combustion corresponding to the inlet temperature, Ty, and the primary-sone
fuel/air ratio. T, is the stoichiometric flame tcmperature corresponding to the inlet temperature, T, Equation {6)
suggests that iu the combustion of heterogeneous fuel-air mixiures, it is the stoichiometric flame temperature that
determiues the formation of NO,. Howevcr, for the residence time in the combustion sone, which is also signiticant to
NO, formation, the appropriate temperature term is the bulk value, Ty, as indicated in the denominator of Eq. (6).

The justification for the use of stoichiometric fame temperature in Eq. (8) is that a significant proportion of the
total cowbustion process occurs in the form of envelope flames surrounding the larger drops in the spray, where
combustion takes place prefercntially at the stiochoimetric fuel/air ratio. If this hypothesis is correct then a reduction
ia mean drop sise should, by eliminating some of the largest dropa in the spray, lead to a reduction in NO,. Recent
woark by Rink et al. 18] bas, in fact, shown that improvements in atomization quality result in lower NO, emissions, as
shown for aviation kereosine (JP7) in Fig. 4. ’

Carbon Monoxide

For the estimation of CO emissions we have 13].

86 my Tp, exp ~ (0.00345 T},)

co = - g/ke {n
t o, D2 Ap, P*
Vv, —0.55 1070 -B=A -9-] L] pgs
fpg >‘1l PJ

Atomization quality affects CO emissions through its influeace on the rate of evaporation of the fuel spray. As CO
emissions are most impertant at low pressure conditions, where evaporation rates are relatively slow, it iy necessary to
reduce the combustion volumwe, V, by the volume occupied in fuel evaporatior, V,. This was evaluated |11] as

Ve =055 107° s my Do:/ppn At (8)

The influence of mean fuel drop sise on CO emissions is illustrated for a high aromatic fuel in Fig. 5.

Unbuarped Hydrocarbons

Unburned hydrocarbons arc normally assuciated with poor atomisation and inadequate burning rates. Increase in
engine power getting usually reduces the emission of voburned hydroearbone, partly through improved fucl atomization
but also through the effects of higher iniet air pressure and temperature, which together enhance chemical reaction
rates in the primary combustion sone. Analysio of the experimental data contained in references 4 thru ¢ yielded an

equation of the form [13]

11,784ty Ly, exp — (000345 Ty,)

UHC =

- 3 g/ke (%)
v, — 055 107 _fLmA_ _DL _A..Kl'_ 31.5
P Nm )| Ps

This equation is very similar to Eq. (7) for the prediction of CO emissions. It ahows that the primary influence of
stomisation quality on the emissions of unburned hydrocarbons is manifested “hrough its effect on fuel evaporation
rates. Increase in mean drop sise slows down the rate of fuel evaporatisn so that less time is available for chemical

reactiou.

Smoke

Exhaust smoke is caused by the production of finely-divided soot particles in fuel-rich regions of the flame, snd
may be generated in any part of the combustion rone where mixing is insdequats. With pressure atemisers, the msin
soot-forming region lies inside the fuel spray at the center of the combustor. This in the region in which the
recireulating burned products move upctresm toward the fuel spray, and where local pockets of fuel vapor are
enveloped in oxygeu-deficient gases at high temperature. In thess fuel-rich regions, soot may be produced in
considerable quantities.

.
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Riok et al. [20] have examined the influence of combustor operating conditious, fue! chemistry, and fuel mean drop
size on g00! formsation in = contiauous flow cowbustor. Tleir results for J4 fuel, at a combustion presaure of 1.03 M'a
(10 atmos.) are shown in Fig. 6. They indicate that small but worthwhile reductions in exhayst smoke cap be realized

by improved fucl atomisation.
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Fig. & Influence of mican drop size on carbon Fig. 6 Influence of mean drop size on particulates

monoxide emissions [18]. formation [20}].

SUMMARY OF EFFECTS OF FUEL ATOMIZATION ON COMBUSTION PERFORMANCE

From the preceding discussion it is clear that atomization quality hss a significant eflect on many important
aspects of combustiou performance. These effects stem directly from the pronounced influeace of mean drop size on
evaporation rates. At low combustion pressures, where apray quality is 1elatively poor, ignition performance and lean
biowout limits are both limited by inadequate concentrations of fuel vaper in the primary combustion zone. In a similar
manner, combustion jnefficiency and the accompanying emissions of carbon monoxide and unburned hydrocarbons, are
due mainly to the time absorbed in fuel evaporation which, at low combustion pressures, represents a significant
proportion of the total residence time of the combustor. These considerations highlight the necd to take full aceouant of
changes in fuel spray characteristics when assessing the impact of any change in fuel type on combustion performance.

ATOMIZATION

The spray properties of interest for gas turbices include mean drop size, drop-size distribution, radial and
circumferential paiternation, droplet number density, cone angle, and penetration. OF these the mean drop size is of

ion rates. Varisus definitiops of mesn drop size sre

Sunt trmeeedamas fhaa. influance aen 3

paiamount importance through its iaflucace ea fuci evaper
available of which the most widely used is the Sauter mean diameter which represents the surface/volume ratio of the
spray.

Unfortunately, the physical processes involved in atomisation are not yst sufficiently well uuderstood for mean
diameters to be expressed in terms of equations derived from basic principles. The simplest ease of vhe breakup of a
liqui¢ jet has been studicd theoretically for more than a hundred years, but the results of these studies have beep
unable to predict the spray characteristics to a satisfactory level of accuracy. The situation in regard to the complex
sprays produced by more sophisticated types of atomixers is, understandably, aven worse. As the physical structure and
dynamics of u spray are the result of many interwoven complex mechanisms, none of which are fully understood, it is
bardly surprising thai mathematica! treatments of atomisation have so far defied successful development. Ia
consequence, the majority of investigations into the drop siss distributions produced in atomisation have, of necessity,
been empirical in nature. Nevertheless, they have yiclded s «>asiderable body of useful information from which a
number of general con¢lusions on the cffects of fuel properties, gas properties, and injector dimensions, on mean drop
sise can be drawn.

The properties of a fuel most relevant to atomisation are surface tension, viscosity, and density. For a fuel
injected intc a gaseous medium, the oniy thermodynamie properiy generaily considered of imporiapce v the gas deusiy,
The turbulence charazteristics of the air or gas may also infiuence atomization, but no aystematic study of this effect
has yet been undertaken.

For plain-orifice injectors, the key geometric variables are the orifice length and diameter. Fipal orifice diameter is
also of prime importance for pressure-swirl stomisers. For prefilming-type airblast atomisers the dimensions that bave
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ra0st influence on mean drop size are the prefilmer diameter and the hydraulic mean diameter of the atomizer air duct
at the exit plane. For twin-fluid injeciors, another variable affecting atomiaation is the fuel/air mass ratio.

The absence of any gereral theoretical treatment of the atomisetion process has led 1o the evolution of cmpirical
equalions to express the relationship between the mean drop-sise In a spray and the variables of fuel propertics, gas
propertics, flow conditions, and atomiser dincensions. The equations presected below arc considered to be the best
available for engineering calcuiativas of mean drop sises for the types of atomizers of relevance to gas turbines.

ATOMIZERS

The atumizers employed in aircraft gas turbines include plain-orifice, pressurc-swirl, and airblast types. Plain-orifice
nossley arc unguitable for main combustors because their spray cone angles are too small (< 15°), but they arc widely
used in ramjets and alterburrers, where the fuel injection system normally consists of one or more circular manifolds
supported by struts within the jet pipe. Fuel is sprayed into the fiame zone from holes drilled in the manifolds.
Sometimes “stub pipes” are used instesd of msnifolds, and many fucl-injector srrays consist of stub pipes mounted
radially on circular manifolds. In ali esses the objective is to provide a uniforni distribution of fuel drops throughout
the portion of the gus stream thst flows into the combustion sone.

The problem of narrow cone angle that bescts the plain-orificc atomizer is climinated in the pressure.awirl
atonizer by imparting a swirling motion 12 the fucl. As soon as the fuel emerges from the exit orifice, it spreads ont
into & hollow couical sheet whichk rapidly disintegrates into ligaments and dropa. The simplest form of pressure-gwirl
atomiser is the simplex nozle, as illustrated in Fig. 7a. Anpother widely-used type of pressure-swirl atomiser i= the
dual-orifice nozzle, as shown in Fig. 7b, Fsscatially, it comprises two simplex nozsles which are fitted concentrically, one
inside the other. This nossle has the ability to provide good atomisaticn over wide ranges of fuel low rate. Its main
drawback is a tendency to generate copivus amount of soot at high combustion pressurcs. Foi this reason airblast
atomizers arc generally preferred for engines of high pressure ratio. Most airblast atomizers are of the prefiliming type
in which the fvel is spread into a thin sheet before being exposed on botb sides ta high velocity air. Aiso used
occasionally is the plain-jet airblast atoraizer in which the fuel is injected into a high-velocity airstream in the form of
oge or more discrete jets. These two alternative forms of airblast atomiser are shown schematically in Fig. Tc and 7d.

DROP-SIZE EQUATIONS

The following equations for mean arop size are normally expressed in terms of the Sauter mean diameter (SMD).
However, some workers prefer to express their results iu terms of the mass median diamcter (MMD), which is defined as
the drop diameter below or above which lic 50 percent of the mass of the drops. For many practical sprays, the masy
median diameter is about 20 percent larger than the Sauter mean diameter,

Plain-Orifice Atomizers
With this type of injector atomisation takes place as the fuel jet is first converted to ligameuts and then to drops.

Disintegration of the jet is promoted by sn increase in flow velocity, which increases beth the level of turbulence in the
issuing jet and the aerodynamic drag forces exerted by the surrounding medium; it is aopposed by an inerease in fuel
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viscosity which delays the onsct of atomisation by resisting breakup of the ligaments. Merrington and Richardson's [211
experiments on sprass injected from a plain circular orifice inio stagnant air yic'ded the following relationshiy for mean
drop sise.

500 d,' gt

- ———————————— 10
SMD G (10)

Most of the rcscarch carried out oa plain-orifice atonizers has been dirceted toward the types of injectors
emplayed in corapression igniticn (diesel) engincs. Wilh these injectors, jet breakup is due mainly te aerodynamic
interaction with a highly turbulent jet. In an carly study, Panasenkov [22] examined the influence of turbulence on the
breakup of a liquid jet and determined mean drop sizes for jet Reynolds numbers runging from 1,000 to 12,000. Drop
size- were correlated in terms of discharge orifice diamecter and liquid Reynolda number as

MMD =6 d, Re; ° 1% (11)

Armon's cquation for akes uccount of ambient gas properties as weh as fucl properties. e nave
H 's (23] equation for SMD tak f ambient ti 1i as fuel ti w

SMD = 3330 d,°? ;1,007 p, 08 5018 UF—o S5 10T 00 (12)

Au unusual feature of this equation is that an increase in surface teusion i8 predicted to give finer atomization.

The above cquations for plain-orifice atomizers apply stiictly to the ipjection of fuels into quicscent air. Two
other cases of practical importance are (1) injection into a co-flowing or contra-flowing stream of air, and (2) transverse
injection across a flowing strcam of air.

The inflcence of air or gas velocity is important because the atomization process is not completed as soon as the
jet leaves the orifice. Instead, the process continues in the surrounding medium until the drop size falls to a eritical
value below which no further disintegration can occur. For any given fuel this critical drop size depends not on the
absolute velocity of the fuel jet, hut on its velocity relative to that of the surrounding medium. 1f both are moving in
the same direction, penetration is augmented, atomization is retarded, and mean drop diameter is increased. When the
movements are in opposite dircctions, penetration is decreased, the cone angle widens, and the quality of atomnization is
improved. Thus, insofar as gascous flow affects the formation and development of the spray and the degree of
atomization achieved, it is the relative velocity that sheuld be taken into consideration.

The above discussion on the clfects of air motion on the spray characteristics of plain-orifice atomizers is relevant
only to situations in which the air veloeity is not sufficiently high tc change the basic nature of the atomization process.
1, however, the issuing jet is subjected to a high-velocity airstream, the mechanista of jet disintegration changes and
corrcaponds to airblast atomization. Ingebo and Foster {24] used a plain-jet type of airblast atomizer, featuring cross-
current. air injection, to examine the break-up of iso-octane, JP-5, benzene, carben tetrachloride and water. They
derived au empirical relationship for coc-elating their experimental data which they expressed in the following form:

SMD/d, = 5.0 (Wep Reg) 02 (13)

Substituting for Wey and Hep gives

5
( a gy d: ]o
SMD = 5.0 5 (14)
£a Ui £p

According to Ingebo [25] the above equations are valid for Wey Rep < 10°% For WegReg > 10° he recommends the
following expression for mean drcp size

SMD /d, = 37{Wep Reg) ™4 (15)
or
us ‘
appd
SMD = 47 | ——— (16)

FATYN J

Oaly waver jets were used ir deriving these dimensionally-correct empirical expressions.

Equations (13) to (18) are highly relevant to the design of ramjets and turbojet afterburners which commonly
employ radial {nuel injection from plain orifice atomizers into high velocity, cross-flowing strearas of air or gas.

in situations where transverse penetratice of fuel into the gas stream is unnecessary or undesirable, a "splash-
plate” type of injector is generally preferred. With this device a round fuel jet is arranged to impinge a¢ the center of &
small plate. As the fuel flows over the edpe of the plate it is atomised by the high velocity gas stream in which it is
immersed. Esseotially the device functions as a simple prefilming airl:last atomizer.
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Ingebs [28) bag studied the atomi: ing performance of ihis type of injecfor for air pressures ranging from 0.10 to 2.1

M’a (1 v0 20 atmos). His tests were confined to water, for which the effects of liquid velocity aud air properties on
mean drop size conformed to the relationship

-1
SMD = [2.57 x 19U P 9% 4 411 x m“pAUAPA-"-"} (17)

Presgure-Swirl Atomizer

Owing to the complexity of the various physica pomeaa inveived in pressure-swirl pozzles, the study of
atomisntion has been pursued principally by empirical m s, yielding correlations for rnean drop sise of the form
SMD o o* 1P iuf AP§ (18)

One of the earliest and most widely quoted expressions is that of Radcliffe [27]
SMD = 7.3 *® 1 m@ ¥ AP (18)

This equation was derived from analysis of experimental daia ohtained by Needham [28], Joyce [20], aud Turner
snd Mouiton [30]. Subsequent work by Jasuja {31 yielded the expression

SMD = 4.4 °* 11 mE22 App~0H (20)

However, the variation of surfece tensios in these experiments was very small snd was accompanied by wide variations
in viscusity. Thus the exponent of 0.8 has no special signidcance in Sgs. (19) and (20).

From a series of tests conducted on twenty-five different fuels, using six different simpglex norsles of large flow

rumber, Kennedy (32| derived the following correlating parameter for nostles operating at Weber pumbers larger than
10,

SMD = 107%0y [6.111—0.32'105 FNV/7p—6.973-10~° VVAPp+1.89-107 AP.-] (1)

In estimating Weber number, Kennedy [32] used the film thickness in the fial orifice as the characteristic
dimeusion.

Equation (21) implies a very strong dependence of mean drop-size on surface tension, while viscosity appears to
have no effect at all. Kennedy sttributes this, and other differences between his results and those of other workers, to
the larger Weber numbers reaulting from his use of rossles of exceptionally Ligk flow pumber. Aceordirg te Kennedy,
“for Weber nurabers greater than 10, s different atomjzation process occurs, i.e. "shear-type breakup, which results in
much Ener atomization than predicted by previously-reported correlations.” However, Jones |33] using large industrial
nozzles of much higher flow numbars than those employed by Kennedy, found the effects of surface tension and viscosity
on mean drop size to be fally consistent with all pr vious observations on small-scale nozzles.

Joues [33] uzed a high-specd photographic techmique to investigate the effects of changing liguid properties,
operational variables, and geometric parameters on the drop sizes produced by Jarge pressure-swirl atomizers. Analysis
of the experimental data yielded the following equation for mean drop size:

MMD = 2.47 mkqs\s AP§ o4 mq 1, ;004 015 pr—c.n
L

! —0.13
B‘.]DW .I;_:‘S_JN [%]on -

Lefebvre's [15) analysis of the flow processes in the final orifice of & simplex nestle led to the following equation for
SMD:

X

SMD = A 0025 #}915 p;ﬂi d:" p;O,IS APF—-G 75 (23)

Substituting ¢, a mi 8 AIAPL/ pe)® ¥ into Eq. (23) and usiug Jasuja's [31) data to determine the value of A, gives
SMD = 2.25 0™ pf BAPFOS 0% {24)

Airblast Atomizers

The firs*  jor study of airblast atomization was conducted over 40 years ago by Nukiyama and Tanavawa (3]
on & plain-jet w.colast atomiser, as illustrated in Fig. 7. The drop sizes were measured by collecting samples of the
spray on oil-coated glass slides. Drop-sise data were correlated by the following empirical equatlon for the SMD:

% 3 P 15
058 [ o [ 1, Q.
SMD = —— | — 5y —= —_— 25
Un [%r + ll'PLr [QA] @)
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This equation is not dimensionally correct but could be made so by introducing B term to denote length, raised to
the 0.5 power. One obvious choice for this length is the diameter of the liquid orifice or air nostle. However, from tests
carried oyt with different sizes and shapes of nozzles and orifices, Nukiyama end Tanasawa concluded that these factory

have virtually no effect on mean drop size. Thus, the absence of atomiser dimensions is a notable feature of Eq. (25).

Another significant omission is &ir deusity, which was kept constant (at the normsi atmospheric value) in all
experiments. This represents a serious limitation, since it prohibits the application of Eq. (25) to tke many types of

atomizers that are required to operate over wide ranges of air pressure and temperature.

Furiker studins on plain-jet airblust atomization have been made by Lorenzetto and Lefebvre {35], Jasuja [36], and

Rizk and Lefebvre '37). The latter workers derivad the following dimensionally-correct equations for meac drop size

4 1 . H
SMD T 1 P
p———— -0_48 1 + ——— - . F
d, [pAUl{aD]n AFE T +0.15 l apped,, r

(26)

1
]+IK*TR—J

This cquation wa3 shown to provide ap excelleat data correlation, especially for low-viscosity fuels.

Riikalla and Lefebvre [38] carried out the first detailed study of the atomizing performance of prefilming airblast
atomizers. Thuy used dimensional analysis to derive the following equation for mean drop size; the various constants

and indices being deduced from the experimental data.

5
~3 [Upprl 1
SMD = 3.33 x 107° ~ 1+~

oa U AFK

[2. 4125 12
+13.0x 107 l;’—;}-— DS 1+ —A;‘R (27)

For fuels of low viscosity, such kerosine, the first term predominates; the SMD thus increases with increases in fuel
surfacc tension, fuel density, ard atomizer dimensions, and decreases with increases in air velocity, air/fuel ratio, and
air density. For fuels of high viscosity, the second term acquires greater significance; in consequence, the SMD becomes
less sensitive to variations in air velocity and density.

Jasuja {36] subsequently examined the airblast atomisation characteristics of kerosine, gas oil :nd various blends
of gas o1l with residual fuel oil. The experimental data correlated well wivh the equation

5 05 2 J0e

(o py 3

1+ -1 D 0o [ ; | (28)
AFR I LATN

SMD = 1073

This equation is very similar to Eq. (27), except for the zbsence of a term representing the atomizer dimensions
and a somewhat lower dependence of the SMD on air/fuel ratio.

The effect of atomizer ecale on mean drop size was cxamined by El Shanawany and Lefebvre [39]. They used
three geometrically similar nozzles having cross-sectional arcas in the ratio of 1:4:16. Their experiments were confined
mainly to water atd kerosine, but they also used some specially prepared liquids of low viscosity. From an analysis of
all the experimenta) data, El Shapawany and Lefebvre [3¢] concluded that the mean drop sizes produced by prefilming
airblast atomizers could be predicted by the following dimensionally correct equation:

SMD l o Yial! 720 o
D, “[1+AFR]{O'33lpAUiDp]0 lPAT -+ 0.068 on o, (20)

Wiitig and his colleagues [40; have also cxamined the spray characteristics of s prefilining type of airblast
atoudser in wiich ihe iiquid sheet is injected into tiie outer air sircam. Their 1esults are generally consistent with those
obtained for other typey of prefilining airblast atomizers.

DISCUSSION

From inspection of all the available experimental data on pressure atomisers, iucluding both plain-orifice and
pressure-swirl types, sume general conclusions concerning the effects of air and fuel properiies on mean drop size can be
drawn. Drop sizes increase with reduction is ambient air density according to the relationship SMD o pA"" 3, The fuel
properties of importunce are surface tension, viscoeity, and devsity. In practice the siguiticance of surface tension is
diminished by tbe fact that gas turbine fuels extibit only minor differences in this property. This is also true for
density, as iadicated by the values listed for various alternative fuels in Table 1. However, viscosity varies by more
than an order of maguitude, so its effect on wean drop sise car be appreciable.
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Table } Atomizir,: potential of jel fuels derived
. from shale cils, tar sands, and coal syncrudes
I “ SMD ratio .
at 288 K st 203K  Plain  Pressure  Prefilmer
Fuel kg/m® kg/ms orifice swirl airblast
Aviation kercsine 800 0.00130 1.00 1.00 1.00
Shale oils
Tosco fow-yiela 807 0.00547 1.33 1.43 1.14
(boiling range,
250-550K)
Toseo low-yield 795 0.60376 1.24 1.30 1.08
(initial boiling
point, 550K)
‘Tosco high-yield 804 0.00565 1.34 1.44 1.15
{hoiling range,
; 250-550K)
i Tosco high-yield 787 0.00341  1.22 127 1.07
: (initial boiling
' point, 550K)
I
i Marine diesel produced 801 0.00693 1.40 1.52 1.19
by Paraho process to
Mil-F-16884-G
Jei-A/TP-5 produced by 805 0.00217 1.11 1.14 1.03
Paraho process to MIL-F-5624
Green River high-grade 911 0.02200 1.72 2.03 1.17
shale
M Tar yands
Alberta Shell Canda 860 0.01100 1.51 1.7 1.32
Alberta GCOS, pilot 837 0.00320 1.1¢ 1.25 1.07
plant
Alberts Sun Qil, pilot 900 0.00360 1.20 1.2¢ 1.08
plaut
Alberta Sun Oil, DF #2 882 0.00%44 1.31 1.43 1.14
Coal derived
Utah A-seam 866 0.00550 1.31 1.43 1.14
Pittsburgh seam 919 0.01500 1.5¢ 1.84 1.44
LR =

S
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The reaults obtained by many workers on the many different types of airblast atomiaet allow the following
conclusions to be drawn:

1. The mean drop sise of the spray increases with increasing fuel viscosity and surface tension and with decreasing
air/fuel ratio. Ideally, the air/fuel msass ratio should exceed 3, bui little improvemen! in atomization quality is
gained by raising this ratio above a value of about §.

2. Fael density appears to have little effect on the mean drop aise.

3. The air properties of importance in girblast atomisation are density and velocity. In general, the mean drop size
is roughly inversely proportional to air velocity. The effect of air density may be expressed as SMD a pg", where
n ia wbout 0.3 for plain-jei atomizers and between 0.6 and 0.7 for prefilming types.

4. For plain-jet nozsles, the initial fuel jet diameter has littie effect on mean drop size for fuels of low viscosity; but,
for high-viscosity fuels, the atomization quality deteriorates with inereasing jet aize.

5. For prefilming atomisers, the mean drop size increases with increasing atomizer scale {size) sccording to the
relationship SMD a L34,

6. For any given size of prefilming atomizer (i.e. for any fixed value of L), the fineat atomization is obtained by
making the prefilmer lip diameter D, a3 large as possible.

7. Minimum drop sizes are obtaiced by using at< misers designed to provide maximum physical coniact between the
air and the fuel. With prefilming systems the best atomisation is obtained by producing the thinnest possible
liquid sheet of uniform thicluess.

8. The performance of prefllming atomisers is superior to that of plain-jet types, especially under adverse conditions
of low air/fuel ratio and/or low air velocity.

Atomizing Properties of Some Alternative Fucls

Drop size estimates have been made for the three main types of fue] injectors most widely used in aircraft gas
turbines, namely, the plain-orifice pressure atomiser, the pressure-swirl (simplex) atomizer, and the prefilming airbiast
atomizer. Drop sizes for normal atmospheric pressure were ealculated for these three types of atomizers, using Eqs. (10},
(23), and (26) respectively. All of the nirblast atomiser calculations were baged on an atomiziag air velocity of 100 m/s,
correspouding to 8 liner pressure drop of 2.5 percent, and an atomising air/fuel ratio of 2. Data on fuel properties, as
listed in Table 1, were drawn from Lefebvre et al. [41]. ULtfortunstely, this source of data contains nv information on
surface tension. However, Lefebvre et al. [41] quote a value of 0.041 kg/s2 for shale-derived fuels, and this value was
used in all calculations of mean drop size for alternative synthetic fuels.

For all three types of atomizers, the constants in the equations were adjusted to give an SMD of urity for aviation
kerosine. Thus, the numbers listed in the three right-hand coluinns of Table 1 represent for each fuel the ratio of its
SMD to that of kerosine uader the same opersting conditions.

CONCLUDING REMARKS

Inspection of Table 1 reveals that for all fuels the atomiszation quality is markedly inferior “o that of normal
aviation kerosine. It iy also apparent that the airblast atomiser is characterized by significantly lower values of SMD
ihan the swirl atomizer, thus contirming previous observations on tie reduced sensitivity of airblast etomizer
performance to variations in fuel type. The superior atomising performance of the airblast atomizer would, of course,
show up to even greater advantage on engines of high pressure ratio, since SMD values for airblast nossles diminish
much more rapidly with inerease in ambient gas pressure than for swirl atomizers. Thus, to some extent the problems
to be anticipated with alternative and synthetic fuels may be alleviated by the use of efficieat and well-designed airblast
stomisers,

For auy given atomiser the effect of changing from kerasine to some slternative fuel will be to increase the fuel/air
ratios corresponding to lean blowout and lean lightoff, as indicated by Eys. (4) and (5) respectively. As these two
fuel/air ratios are both proportioaal to the square of mean drop sixe, the effect of chzngiog fuel will be mere pronounced
than is suggested by the SMD ratio in Table 1. Combustion efficiency at idle, al.itude cruise, and altitude relight could
also be adversely affected by the use of alternative fuels.

The larger drop sizes chiained with alternstive fuels will lead to lower evaporation rates and hence to higher
emiszions of ¢arbon monoxide and unburned hydrocarbons. The anticipated effect on the emissions of NO, and smoke is
much less, Although increase in mean drop size is knowo to increase smoke, the main effect of a change in fuel type oo
scet formotien and smoke I manifested ihruugh the wBucuce of fuel clomisiry, noiabiy ihe sromatic content and/cr
hydrogen/earbon ratio.
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DISCUSSION

T.Rosfjord, US
While distinct atomizer types do exist, in real gas turbine applications, an airflow is present. Even pressure atomizers have
an airflow across its face to prevent mists from depositing. Data show that tais smaflairflow has a very significant influence
on spray patfern and atomization. Hence, even for this injector, there is an acrating characteristic, While certain classical
pressure atomizer featurcs will persist, a useful enrrelation must consider the airflow influcnce. Perhaps a (modified)
agrating torm of correlation would be suitable.

Author’s Reply
I am well aware that shroud air can influence spray characteristics at low fuel flow conditions where the air/fuel
momentum ratio is relatively high. Ttis surprising to learn that this minute air flow ¢an have significant effects on spray
pattern and spray acration at high fuel injection pressurcs, as your data suggest.

G.Grienche, FR
Vous ne parlez pas dans votre étude des injecteurs de type “canne a prévaponsation. Ne pensez-vous pas que vaporiser le
carburant, meme particellement, avant son injecdon dans la chambre, soit un élément favorable d'adaptation aux
differents carburants?

Author's Reply
Problems of coking and carbon buildup within the vaporizer tubes restrict its useful application to light distillate fuels such
as kerosine and DF2. 1t would be quite unsuitable for the alternative fucls desenbed i my paper. Mr George Opdyke of
Textron Lycoming has had many years of practical expericnce with vaporizers. T woul 1 like to invite his comments on this
question.

G.Opdyke, US
The first vaporizer which T tested was a MAMBA can, using a residual fuel. The vaporizers Tasted about 15 minutes
because of internal coking and subsequent burnout. T have never since tried such a heavy fuel in a vaporizer.

C.Moses, US
You showed a significant effect of drop size on particulates. I've not seen this effect in my own combustor work or in my
analysis of the combustor programs sponsored by the US. Air Foree and Navy. Do you consid- £ this to be an artifact of
your combustor or would you get a general conclusion from it?

Author’s Reply
The results we show on the influence of mean drop size on particulates were obtained using a continuous plug flow
combustor. This device does not simulate conditions in 2 gas tirbine combustor in which combustion takes place in two
stages, i.c. a soot-furming zone followed by a soot oxidation zone. I belicve that fuel drop size has a small but significant
effect on soot formation in the primary combustion zong, but this ¢ffect is masked by the soot oxidation proeess oceurring
further downsiream. The net result, as you rightly point out, s that soot concentritions vasured ai ihie combiiston uxit
exhibit very little influence of fuct drop size

G.Facth, US
In your atomization correlations, you indicated the effects of Reynolds number, although other charactetistics miust also
be impartant. Do you have correlations which aceount for length/diameter ratio surface finish, ete.?

Author’s Reply
No. Although many physical characteristics of the nozzle aftect the quality of the spray, I have used Reynolds number
because itis something that can be quantified, is non-dimensional, and is related to first order effects. Ubeheve that further
down the road the second order effeets will have to be included in an equation for mean drop size.

S
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ETUDE PAR SIMULATIUN DES PHENOMENES DE PULVERISATION,
DE RUISSELLEMENT LT DE VAPORISATION LIES A L'INJECTION DE CARBURANT

par . HEBRARD, G. LAVERGNE
ONERA/CERT/DERMES
2 avenue Edouard Belin 31055 Toulouse Cédex
FRANCE

RESUNE

L& modéligation de la combustion nécessite la connaissance des conditions aux limites et des mo-—
déles physiques que gouvent, seule )'expérience pevt fournir. Une telle approche expérimentale pour ler
phénoménes 1iés & 1'injection, obtenue par simulation 4 parcvir de mesureg réalisées au moyen de matériels
spécifiques développés au GERT, est présentée. L'évaluation des performances de différents types d"injec-
teurs utilieés dans des chambres de combustion est effectuée 3 partir d'essals de granulométrie : distribu-
tion locale de taille et diamévre moyen de Sauter (I'MS), et de mesures de concentration de gouttes.

Des modéles décrivant les phénoménes d'évaporation,de mise en vitease et d'impact de gouttes sur
une paroi chauffée sont testés expérimeatalement.

La modélisation de l'injectiorn prémélangée de carburant dans un injecteur du type 'canne a préva-
porisation', qui utilise ces résulrars expérimentaux, est un exemple d'application d'une telle démarche.

NOTATIONS
Cd : coefficient de tralnce
cv : chaleur aspécifique du gaz
d : diamécrre de la goutte
D.K.S. ¢ diamétre moyen de Sauter In d?/ En 42
8 i grossissement
L : chaleur latente de vaporisation
Mp s débit évaporé
n ¢ indice de réfiaction
P.e : nombre de Reynolds =~ VR d/v
S s sevil de numérisation
Tw i température de l'air
TL : température du liquide
Tu : taux de turbulence
Va : vitesge de l'air
Upn : composante normale de la viresse de la goutte

<
o

: vitegse de la gontte
VR : vitesse relative = (Vg - Vg?}

LM + nowbre de Weber = pgUg,® d/v
nPy : pression d'injection du liquide
Pa ¢ masse volumigne du gav

o : wasse voluwlgue Jdu ligquilde

A : longueur d'onde

a=nd/A : facteur de diffusion

Sy ¢ renston suparficielle du liquide
v : viscositd oinématique

1 - INTRODUCTION

Les perfurmances d'une chawbre de combustion sont fortement 1iées a la qualité de le pulvérisation
du carburant injecté. Les caractéristiques du jet de carburant (expansion, taiiles et vitesses dea gouttes)
gunt nécessalres & la wodéiisation de la combustion.

Récemaert, de nombreuses techuiques de granuloméirie par mesures optiques (par mesures de 1'inteu-
8ité de la lumiére diffusée par les gouttes, par anfmocétrle laser...) ont été développfes {REF. 4).

Plusieurs techmniques utilisart le traitement d'images ont été mises au puint au CERT en couplant
des moyeus de visusligation : cawérs vidéo ou C.C.D. er microcalculateur. Ces méthodes, appliquées & 1'étude
de jets de gouttelettes, permettent d'obtenir des résultats en tewps rée) relatifs 4 la granuloaétrie et aux
concentraticns de gouttes. lLe principe consiste & numtriser une image duv jet fcrtement grossle, un traitemeut
donne ensulte en temps réel ia forme du panache, la distribution apatlo-temporelle de taille de goutles,
(diemdtie moyen de Sauter (DMS))...

Aprés une description rapide de ces techniques. noug présenterons Quelques applications relatives
aux études ds chambres de combustion. Les performauces d'injecteurs élémentaires sont étudiées par la déter-
winetion des lois d'évolution du diamétre moyven de Sauter et de la forme du panéche en fonction des paramétres
principaux : pression d'injection APy, vitesse de 1'air V4. tenmsion superficielle ¢j. D'autres résultate con-
cernent 1'injection dans des maquettes simplifiées de turboréacteurs en simulation aérodynamique et en écou-
lement. isotherme. Duans le cadre des recherches sur les instabilités d: cowmbustion, des études sont actuelle~
ment menées sur 1’'influence d'une perturbation acoustique sur la distribution de tailles de gouttes.Enfin,
plusleurs expériences de base sur 1'évaporation et la mise en vitesse des gourtes, sur 1l impact des gouttes
et le ruissellement sur une paroi chaude permettenc de valider des modéles physiques qui seront par la suite
incorpnrés au code de calcul.

M A
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11 - ETUDE EXPERIMENTALE

II.1 Granulométrie

Pour évaluer le taux d'évaporation d'un jet de gouttelettes, la comnaissance du D.M.S.
n'est pas suffisante, {1 faut prendre en compte les distributiuns Jocales el spatiales des tailles de gouttes.
Le ccmportewent des gouftes dans cette preniédre phase a une influence primordiale sur la répartition de cat-
burant dang les différentes zoues de la chambre de combustion.

I1.1.1, Principe de mesure
La méfthode de granulométric est décrite sur la figure 1. L'écoulenent diphasique est
éclairé soit avec une tranche lumineuse 2énérée p.r un laser He/Ne de 15 mwate, soit par un diode laser. la
lumiére diffusée par les gouttes est vigualisée & 90° par une caméra par 1'intermnédiaire d'un banc cptique
comportant un télescope (dimmétre 100 mm, focale 600 um) et un nicroacope (grossissewent 8 2 4) qui assure
un grossisgement suffisant.

Avec ce dispomitif optique, le champ objet analysé¢ est de quelques mo® (<10 wm?) avec une profon-
deur de champ de 100 |m. Les tallles mesurées sont comprises entre 10 um et quelques centaines de microns.
Les images des gouttes traversant le volume é}émentaire de mesure peuvent étre analysées en teups réel par
‘Lle microcalculateur & partir de deux types de trailtements.

a) Premiére méthode
Cette méthode a déja été décrite dans ls référence 2. A chaque tcame (16 ws), les
images grossies des diverses gouttes priégentes dans le champ obsarvé sont wuméri-
sées aur un bit. Le principe conasiste A& superposer les contours de ces images au
"maillage" défini par le halayage (ligne)} de la caméra et 1'horloge interne du
calculateur (colonne).
Le diamétre moyen de Sauter DMS = In d/% n d® peut s'exprimer par la relation :

3 Pp
D.M.S. = >
“L
Pp : nombre de points situés & 1'intérizur des Imagee des gouttes
Py, : ncmire de points situés & l'intersecrion du maiilage et de la périphérie des

1mages

# partir de 1'analyse d'un nombre euffisant de trames (200 a 1(0D), le DMS est
calculé en temwps réel et une premlére approche de la distribution de tailles peut
Btre obtenue aprés un teups voisin de 2 minutes. Ce type d'acquisition cst limité
du fait qu'il n'est pas possible d'accéder i la positlon et a la taille de chaque
goutte. Aingi avons-nous développé une deuxiéme technique pour augmenter les pos-
glbilités de cette méthode.

b) Deuxiéme méthode

L'extraction de contour de chaque image est effectuée en temps réel & partir
de la méthode des gradients de Robert et 1'utilisation d'une ligue de recard. Pour
pouvoir traiter un nombre 1mportant de trames cans utiliper ure capacitd mémoire
trop importante, un systéme d'acquisition d'image “compressée' est utilisé. Le
principe consiste & sauvegarder les coordonnées des points ou des lignes dont la
brillance est supérieure A& un niveau fixé. Un "triplet' de valeurs est acquis par
segment (coordonnées du 1®T point et longueur du segment) et est transmis 3 un
bus 32 bits et ensuite mémorisé,
Ce systdme développé sur IBM PC utilise un traitement permettant d'obtenir les in-
formatinma sufvantes :

-~ taille de chague goutte,

- diamétre moyen de Sauter (D.M.$.) et différents moments,

- distance moyeune entre gouttea & partir de l'obtention des coordonnées
des centres.

11.1.2. Etalonnage du banc granulomérrie

Un étalonnage est néceggaire pour relier la taille des imeges de gouttes vues par la
caméra & leur taille réelle.

Pour un faisceau de lumizre incidente (intensité I,, longueur d'onde 1) et un angle &' obser\atlone
donnés, le facteur d'écalonnage dépend de 1'optique (g : grospissement), du meuil de numérisation $, de 1'in~
dice de réfraction n. Des billes de verre de tailles comprises entre 50 et 200 um sont généralement utilisées.
Les régultats sont en bon accord avec ceux déduits de la théorie de Mie pour o =rd/A > 10 (Réf.4 ).

11.2., Megures de concentration de pouttes

Principe de mesure :
Le principe de mesure utilisé dans le cas d'un traceur coloré injecté dans 1'cau a déja

A - _— - —— e L ~ A Tina nar aur Al sotraniaa
i aderit {RES. 2). Les principales msdificaticos préscarfes icd perans, dlmne pare 1%élaceronigue et

d'sutre part, sur l'application 3 un milieu dlph-uiqua. Le priucipe repose sur le fait que 1'inteneité de la
lunidre diffusée est proporrionnells & 1a gurface d'analyee. Une telle surtace générée sur 1'écran du micro-
calculateur, matérialise la zone & étudier, Cette hypothdse suppose une ccncentration faiblz pour sssurer une
Jdiffusfon indépendante par chaque particule. Le signal vidéo intégré dans la fenétre d'analyae est propor-
tionnel & 1a brillance locele de 1'image et donc & la congantration des gouttes. Certe rechnique nécegsite
un étalonnage préaladle.
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11.3. Exemples d'applications

Dapuls plusieurs annfes, des dtudes expérimentales gt de modélisatlon concernant les
chamtres de combustion sont menées au CERT/DERMES (Réf,12), Dans ces études, la partie expérimantale est
effectuée par pimulation en écoulement isotherme & partir de maquettes simpli{lécs de chambres de combustion.

La démarche choisfe est la sulvante :

- simulation hydrauligue pour étudier 1'sérodynamique interne,
~ pimulation aux conditiovns atmosphériques de 1'injectlon, sur banc aérodynamique,

~ modélisation de la combustion utilisant des modéles de cinétique chimique et en prenant
zomme conditionsaux llmites, les résuituts expérimentaux de simuiation.

La modélisation de la phase liquide nécessite avgsi 1a conpaissance de lois élémentaires telles
que 1'éveporation en milieu gazeux surchaufié de gouttes, 1'impact et 1'évapcratiun de gouttes sur un parol
chaude.

11.3.1. Performances d'itjecteurs &lémentaires

Dans ce premier exemple, les caractéristiques d'injecteura é)émentalres, utilisés
dans des chambres de combustion, moat étudiés en foaction des conditions expérimentales. Ne teis résulitats
ont été obtenus dans uvue veine alrodynamique (figure l) usinée en plexiglass de Bectlon carrée (150mn x 150mm).
Cette installation offre la possibilité de faire varier les conditions expérimentales (viresse et taux de
turbulence de 1'ai:, pression d'irjection, nature du fluide injecté...)}. Certains résultats ont déja été pré-
sentés dans la référence 12.

Des exemples de régultats montrant lavariation de D.M.S. en fonction de la vitesse de 1l'air et de
la tension superficielle du liquide injecté sont preésentés sur les figures 2 et 3.

Tous ces résultats peuvent &ire rassemblés sous la forme d'une corrélation :

D.MS. = K VT AT L

Une telle corrélation montre les roleg importants de la vitesse de 1'air et de la tension superfi-
clelle. Ces vésultats ont été complétés par 1'étude de 1'évolution radisle de la taille des gouttes. Nous
pouvors remarquer sur la figure 4, des variations importantes de tallles. La figure 5 wmontre un exemple de
distribution de tallles de gouttes comparée aux lois de TANASAWA TESIMA et de ROSIN RAMLER (Réf.6).

Dans le cadre d'études d'instabllité de combustion, ncus avons &té amenés & €tudier 1'influence de
perturbatlons acoustiques d'amplitude et de fréquences données sur les periormances d'un injecteur €lémentaire.
La perturbation acoustique provient d'un haut parleur qui peut fournir une pulssance dc 135 db A des fréquences
comprises entre 200 et 500 Hz. Des études ont été réallaées au CERT montrani que le mécanisme de formation
des gouttes peut-étre modifié si on superpose & 1'écoulement sérodynamique une excitation de forte amplitude
4 une frégquence bien définie (Réf.10). Un exemple d'influence est montré sur la figure 6 pour leguel legeffets
suivant apparaissent lorsque la puisgance acoustique augmente :

~ la dispersion de la distribution est plus faible,
- le D.M.5. diminue.

11.3.2, Parformances d'un Jnjecteur double vrille place dans une maquette bidimensionnelle
_de_chambre de turboréacteur

Pour déterminer 1'influence locale de 1'aérodynsmique sur les caractéristiques du
jet de carburant provensnt d'un injecteur double vrille, des expériencec ont été réalisées dans une maquette
bidimensionnelle en écoulement aérodynamique isotherme. La distribution radiale de D.M.S. obtenue & diffé-
rentes distances de 1'injecteur et pout une richesse donnée montre (figure 7), les éléments sulvants ;

H
= une variation radiale impertante de DMS prés de 1'injecteur liée & 1'aérodynamique des jets,

- une diminution de DMS loraque Ja distrance & 1'{njectsur augmente.

Les petites gouttelettles subissant une accélération plus Impostante que les grosses, sulvent mieux
1'écoulement aérodynamique. Dans la zone centrale (zore de recirculation) et dans la zone des jots d'alr,
les grosses gouttes sont sous représentées, ce qui se traduit par un DMS plus faible. Trés prés de 1'injec-
teur, la valeur importante de DMS peut s'expliquer par 1'accumulation de grosses gouttes non encore entral-
nées par 1'écoulement. Ce type de résultats a aussi été obtenu damns la référence 6.Une &tude paramétrique a
£té effectuée en prenant en compte 1'influence sur le DMS du débic liquide, du débit d'air et de la vilesse
de 1'air au niveau de 1'injecteur. A titre d'excmple, la figure 8 mintre 1'influence peu igportante du débic
liquide injecté snr l= DMS. Ce résultat indique quc c'est 1'aérodynamique qui semble avoir une influence pri-
mordiale sur le DMS.

Ces résultats nous ont permis d'sxprimer la variation de tallles de gouttes sous la forme d’une
corrélation :

K oo
Dmﬁ.-—m“l+ﬁ—)
Uy g
Ug : vitesse débitante des jets d'airv
m ¢ débit masse liquide
= s ALLIe moma Atoao
=g ¢ 2&Lit maszs d'ais
K : constante

Ce type de corrélation a aussl &té obtenu par Lefebvre (R&f.13).

Cea résultats ont été conplétée par dee mesures de concentration de gouttes. Des sondages verticaux
et horizontaux de concentration (figure 9 ) effectués sur un raycn et pour deux richesses injectéas différen-
tes, mcntrent des variations trés importantes entre 1'axe du swiler et le plan de symétrie entre deux awileirs.

Un résuirats semblable a éré amussi obtenu par Yamanaka (REf.16 ), L'auguentation importante de la
concentration 3 1s périphéris darg le plan horizontal corvespond 3 1'apport du liquide de 1'irjecteur adjacent.
Une disgymétrie importants entre le sondages vertical (influcnce des parolas) et le sondage horizontal (lafluence

s A
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de 1'injecteur voisin) est 3 remarquer, Cas proflls de concentration de gouttss &vcluent rapidement avec le
rappur: des débit. d'air entre les deux viilles de l'injecteur. La fermeture de la vrille externe ayant pour
effa: de diminuer le taux de "uwirl", provoque une augmentation importente de la concentration sur 1'axe
{{tgure 10).

I1.2.3. Etude de 1'évaporation d'un liquide

Une autre application de ces techniques est 1'Atude de 1'évaporation de geutielettes 11~
quides se déplacant dans un écoulement d'air surchauffé. Ure telle expérience est intéyogsante pour vérifier
les lcis utilisées dans les différents codes d@ calcul. Dans l'expérience représentée sur la figure 11, de
1'air chaud & température et débit variablesse’écoule dans un tube de pirex de lougueur 2 m et de dismétre
60 mn. Les gouttelettes sont introduites dans l'écoulement par un petit injecteur. L' évaporation des gouttes
qui eat Je résultat de 1'écart de températurc et de vitesse entre les phases liquide et gazeuse eat étudiée
par 1'anslyse, en différentes sectiong, de la distribution des tailles des gouttes. En paralléle, 11 a é1é
nécessaire d'étudier & chaque sectivi tesz, la vitesse locale des pouttes et de 1'air, Les résultats obtenus

ge rapprochent des résultat - cl-dessous obtenus par Dickerson et Schuman

dvg 3 ¢ og

—5. y,2
dt 4 D [44 R
avec Vg = lvg - v ¢!
et Cp = 24 pour Rg < 0,48
Re
v Vg D
Cp = 27 Rg 0,48 < Ry < 78 Re = ——-
'

Cp = 0,27 Re™"Y Re > 78

Pour cowparer les résultats obtenus expérimentalement & des résultats théoriques, un modéle muno-
dimensionnel a été utilisé dans lequsl différentes lols de vaporisation ont pu étre testées. La loi qui
semble &tre en bon azcord avec nos résultats est celle de Frossling (REf, 9 ),

. . ]
Mp o= My (1 + 0,246 RV avec M, -wd.ai Lug (14B)
v
B - Tcn—'l‘f
L

la figure 1l indique un exemple d'évolution d'hietogramme avec la distance de 1'injection et montre
une décroissance du diam*:re moyen, La comparaison de ces résultats avec les résgulrats du modéle de calcul
avec la loi de Frossling comme lol d'évaporation est satisfaisante (Figure 12).

11.3.4. Etude de 1'impnct et du ruissellement des gouttelettes

Les premiers résultats sur le compurtement d'une goutte impactant sur une parol chaude er
le transfert de chalcur qui en découle ont été obtenus par Warchers et Westerling (Réf.14) avec de 1'eau.
Les phénonénes observés sont fortement 1iés au nombre de Weber défini par 1'expression sulvaute :

Py .+ Un® d
[y

We =

Pour une température de plaque de 400° C et puur des gouttes d'eau, les auteurs proposent le mo-
déle sulvant :

- We < 30 la goutte rebondit gur ]a parol suns éclater

- 30 Swe S 80 la goutte subit dea déformations constdérables lurs de l'impact mais retrouve
une forme presque mphérofdale aprds le rebond

- We > 80 1a joutte s'étale gyr la paroi en formant un film
We = 80 est la valeur critique pour l'eau.

Ces résultats bibliographiques obtanus pour 1'esu ne concernent que quelques températures de paroi.
Une dcude expérimentale a &té entreprise 4 partir d'une plaque chauffante fournissant une température maxi-
male de 300° C pour connslrre 1'évolution "éventuyelle" du nambre de Webe 1. d'une part, avec la tem-
pérature de parol et, d'autre part, avec la nature du liquide.
Les résultats préeentés gur la figurc 13 font apparaltre une évolution notable de ce nombre de
Weber critique avec 1la température de la plaque. A tempérainre fixée, le nombre de Weber critique du kéroséne
est plus important que celu! de 1'eau. Un gsutre exemple d'application est 1'évolution du temps d'évaporation
d'une goutte en fonction de la température de la piaque. les résultats obrenus pour 1'alcoal, 1'eau et le ké-
rostne font apparaitre une zone de température crifique apnelée température de "Leidenfrost” pour laquelle
11 y a changement de mode de transfert thermique (figure 14). 1
L'autres révultats concernant les caractéristiques physiques et le taux de ruissellement é'un film
ii1quide unt ére obrenus rais ue souL psv présenids dauy reiie communiiaiizn. '

111 - EXEMPLE DE MODELISATION SIMPLIFLEE D'UN ECOULEMENT DIPHASIQUE

L'écoulement diphasique dans une canne 3 prévaporisarion est un écoulement type prur lsquel la plu-
part des medéles physiques sités ci-dessus doivaent £ire pris en compta, L but de certe modélisation est
d'obtenir, & partir d'wn calcul eimplifié, les caractérietiques du mélange air-carburant en sortie d'uyne canne
d prévaporisation. Pour ce type d"injecteur, les résgultats bibliographlques peu nombreux ne sont que quali-
tatife (RéEf, 15).

Devant len difficuités d'effectuer de¢s mesures in situ, wous avons choiai la simulation en esasuyant
d'étadier individuellement les phénoménes préseats dans la canne & partir d'expiriences de ha-e,
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Les plienomtues physiques & prendre en compte et qui unt ¢té simulés sont les suivants :
= pulvérisation du carburant (taille et vitesse initialys des gouuttes),
- mise en vitesse el évaporaticn des gouttes,

- impact d'une goutte sur la parol chaude de la canne,

1ulssellement sur les parois,

taux d'évaporation du film sur une paroi chaude,

~ caractéristiques du film liquide (vitesse, €épalsseur...),

transformation {ilm-goutte,

t

aéyodynamique de la canne,

Ce programme de calcul de 1’écoulement dans la canne Que nous avons proposé, est ccnstitué de la
juxtaposition des ditférents modéles testés expérimentnlement au CERT et d'un calcul slmplifié de 1'sérody-
! namique (écoulemeat bidimensionnel plan, fluide parfait). Ce modéle du type Lagreagien permect, pour des con-
ditions d'injection dounées (vitease d'air, vitesse de carburant) de rustituer les trajectolies dr gouttes,
4 partir des conditions initiales obtenues expérimentalement par simulacion, er de calculer le taux d'évapo-
ration dans différentes sections de la canne. La figure 15 montre }'in{luence de la taille moyenne des
! gouttes injectées sur le taux d'évaporation du carburant en sortie de cannc. L.'intér€c de ce code de calcul
| est la prise en compte de la plupart des phénoménes physiques existants dauns la cande et la possibilité g'ef-
fectuer des études de teudances (gfométrie de la canne, diamtie et orientation des orifices de 1'injecteur,
I ' richesse injectée...). Actuellement, ce code de calcul, bien que validé seulement par injection d'eau, four-
i nit des résultats réalistes. Dea améliorations de 1'aércdynamique d'un tel &coulement sont eu cours par la
; : prise en compte de la turbulence & partir d'un programme d'écoulement diphasique tridimensionnel du typeKe.
3

1V - CONCLUSION

Des techniques simples de granulowétrie et de concentration de gouttes permettent d'évaluer ley
performances de diftérents types d'lnjecteurs et peuvent étre appliquées & des expériences de base simulant
certains phénuménes physigues existants dans les chambres de combustion, Ce type de démarche est actuelle-
ment étendu aux énvulements tridimensionuels.
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AKJasujs, UK
1 wish to draw the meeting's atteniiion 1o the last paper of the day covering spray performance of a voporise: 2yjector. in .
our work, which will be reported fully later ioday. we have also observed high degrees of vaporisasior in ad:-Liton to high :
degrees of atomization.

A.Lefcbvre, US
How importantis the quality of atomization in the primary injector upon the quality of atomization «eav i, t 2 vagorizer?

Adasuja, UK
To answer Prof. Lefebuyie's question, earlier papers show that the primary atomization 35 o st imporiant.
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Turbulence Effects on the Droplet Diatribution
Behind Alrblast Atomigzers

by
5. Wittig, W. Klausmann and B. Noll i
Lehrstuhl und Ingiitut fir Thermische Stromungsmaschinen :

Universitiat garlsruhe (T.H,) :
Relserstr. 12, D-7500 Harlaruhe {West-germany) !
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! SUMMANY
i ] Turbuient fiucturtions or the ailrflow in gas turbine combustlon chamhers have decisive

! influence on the mixing of fuel dreplets and alr both in premizing reglions and primary
N Iorsg.

| In %he preesnt work, detaliled measurements in a recirculating, droplet chrrged airflow

i in & combustcr model are corducted wiin an optical diffraction-type particlz sizer.

i Theae 1investigations yield information about the local fuel concertrations as well as

the local concentravion welignted dlemeter disiridbutions under cold and hol air{low

conditions. The spray is producead by & rrefilming airblast nczzle, which is bullt into

! tre combustor model. The calcu.ation of the etove~mentioned guantities using a new

. computational mela2l shows that In  considering turbulence fluctuations siginilficant

! lmprovemen! of the resuitr 1s obtained and excelientu agreement between predlcted and

¥ ' measured values 1w achleved. Thecefeore, the results indicate that turbulence can be
j‘ one of the major Influencing parameters o droplet distribution.

NOMENCLATURE
i A ares
. i B transfer number
4 l i < ¢rag-woefficient
i cp specific heat
4 t d depending on droplet dliameter
: 2 druop dilameter
i By 5Dy, churacierlctic diameters corresponding to a drop-size distribution
k “7 index indicates the % by volume with smalier dlameter
&
£ F (q) distribution of < splet volume T'low rate cover the spray angle
& Fr Fr&ssling factor
% h keight
f; H latent heat of gasification
H i index for summeclon
4 X index for summation over different size classes
i k kKinetic energy of turhbulence
L hi¢ evaporstion rate constant
i i M (d) dtstributicn of droplet volumz: fiow rate
|4 n exponent in the Rosjn—-Rammler 4rop size disiribution
r N pumber of dvops &« utatienal cell
1 J Nu Nusselt number
Pr Trandevl number
4] liquid volume fraction wish diumeter smeller than d
Re Reynolds aumber
3 S¢ sample concentratlou H
3 t time i
T tenreraturd

L tuae avevaged veleclity comporent, horizontal
v time aversgsged veloclity component, vertical
v volume flow rate

H widvh

X space coordinate, uorizontal

¥y space coordlnate, vertieal

Z

c¢roplet nuwreper flow raie, number of droplets leaving the
atomization edge por unit time in one direction

« spray angle

by chrrmal conductivisy

€ dissipation rate of turbulence

v viscousity .
o densicy .
SULSCRIPTS :
alr corresporatng te the air—flow

Poil boiling point .
d aropletv ‘
1 Iiquid

rel relative :

8 6lo.

+ —t
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: : INTRODUCTION

In a large variety of applicaticons concerning fuel atomizers, it 1s of major importance
to match the geomstry of the nozzle and the duct with the flow fleld. This is of special
’ conslderation In the combustion of 1liquid fuels where the proper mixing of air with
: the fuel dominates the combustion and the formation of pollutant emissions /1/. In the
context of a major research program directed towards the understanding of the phenomena
governing airblast atomizers, the influence of individual parameters such as the shear
siresses driving the film and the pressure gradlents etc. has been analysed and
correlated ylelding the droplet size distribution as generated with these atomizers
/1,2,3,4/. 1In continuing this worh, the emphasis of the present study 18 extended
towards the computation of the mixing of the liquid fuel with the air under prototype
combustor ccnditions. Appropriate models are clearly necessary for the selection and
arrangement of the atomlzers and their matching with the primary as well as the secondary
aly flow withla a flame tube or in premixing reglons. For reaching the optimal
performance of the atomizer -i.e. the produced droplet size spectra - it is necessary
to describe the moticn and evaporation of the liguid phase within the flow fi¢ld.

Up tc now, detailed experimental information on the local mixing of fuel droplets with
alr under conditlions found in gas turbine combustors 1s scarce. The present paper,
therefore, describes measurements of the local 1liquid concentration and the local size
distribution of a typical two-phase flow behind an airblast nozzle. The measurements
arce primarlily intended to provide accurate intormation which could serve as a data base
for comparison with numerical codes recently Introduced by us as well as by other
reseavrch gro.ps. One of the dominant questions way whethier the interaclive coupling
of thc two phases must be consldered 1n the model., In addltlon the role of turtulence
in the airflow and 1ts effect on the droplet motion is of major interest as thls is
a key quertion in typlecal combustor flow.

EXPERIMENTAL SETUP

A schematic view of the entire test facllity for the experimental investigations is
given In Figure 1. Compressed alr with temperatures up to 600 K 1s supplied by a
conpressor via an electrical alr heater and passes a settling chamber before i1eaching
the test sectlon with the atomizer. Following the test sectlion, the two-phase flow is
| separated in a trap-box before entering the exhaust fan. All temperature and presaure
B signals are recorded by a FDP 11/34 mini-computer.

Droplet - Chimney

. Diameter +
Concentration Air/Liquid
Megsyrement Sepergtor

Compressor
0.5kg/s

Electric -
Air Haater Settling 1
120 kW Chamber |

VRS BT, B o o s s e o

Pressure P -—.J:AA—-—
Transdycer
- % ~4| Scanivalve

-
-

|

|

‘,,,,::r—‘
Digital
I voltmetevJ:::{ pOP I1IJ£]_ "ﬁ:'_m—l J
| I

[PV

Figure. 1: Test Facility with Data Aquisition

Figure 2 gives a detalled view of the test sectlon wiich has a cross sectlonal area
of 100 x 300 mme. A prefilming alrblast nozzle with Lwo-dimensional character 1is :
instatled 1010 tne test sectlon as shown. ‘Ine alrflow passes though four slots, uwe N
of which carry the film, end reaches the atomizer edges. The liquld flow 15 controlled 3

R - by callbrated volumeters. It 1s admittea to the atomlzer plate's surface via a row of

v : holes perpendicular to the main flow directien, thus poviding homogeneous flow

h - distrivution along the plate's surface (Figure. 2), Tue 1iquid 1s driven to the h
atcemization edge by the shear atress at the phase interface. VWith the ald of a second
air stream the liquid fi1lm disintegrates to single droplets.
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The length of the air gaps 1s sufficient to eunsure fully developed flow conditions near
the atomization edge. The relations between the flow peramecters within the nozzle and
the dleintegration of the Jliquid f£ilm, as well ar the formation of droplets under
comparable flow condltlone are derived from our earller studles /2,3,4/.

The flow in the combustor model 1tself 18 characterized by a reclrculation zone induced
by the centerbedy of the nozzle. Varlations of the characteristic gsometrical parameters
such as the gap and centerbody heights are possible, leading to flow flelds with
differing recirculatior. zores. In order 1o oblaln characteristic alr velocities for
droplet formation, as well as typlcal flow flelds in the combustor model, proper
adjustment is required. Veolume,.ric mean velccltles in the comburtor model in the range
from £ to 18 m/s with corresponding mean velocitles at the atomizatlon edge from 30
to 12, m/s were achleved. The 1liquid mass flow rate was scaled to the air mass flow
in a typical range for combustion processes to provide realistic liguld-charged air
flows. In additlon, high 1iquid loads (ﬁ‘alr/‘ﬁl = 2) were prcduced to study the influence
ol the droplets on the alr fiow.

Piottyle

Row gt Hules (for Film Prcduction)

Atomizing Edge

5 - Haote

Atomizer
Plates

Malvern - Particle - Sizer

e

-~ ~

Figure, 2: 2-D Combustor Model

MEASURMENT TECHNIQUE AND DYAGNOSTICS

A systemulic anproach in anslyzing the flow was attempted: In the first step, the Ilow
parameters of the unlonaded alvr jJets - i.e. without fuel - at the atomizing edge were
recorded in defining the inlet flow conditicns. Using a five-hole probe of 2.9 mm 0D,
profiles of the velocity distrivutlon in the duct were obtaind at elght different axial
locations This data 1s of predominant interest for the verification of the numerical
codes, as shown later.

In the second phase, the droplet diameter distribution and liquid concentravions in
the 1caded alr flow were measured using an optlcal diffraction-iLype particle sizer
(Malvern Type 2600c¢) /5/. With the laser-beam arranged paraliel to the atomization edge
(see Figure. 2}, the measurements provide the local drop slgze distrivution as well as
the 1liquid concentratlion, assuming the flow fileld behind tihe nozzle 1s two-dimensional.
In order to avoid slde wall effects on the droplet mution, only the central regime of
the atomization edge (60 mm) was wetied, within a 300 mm wide duct.

Diffraction 1light measuremcnts of drops in a probe volume aver a certain time period
provide time-uveraged diameter dictributions. Due to the velocity differences of droplets
with different dismeters, the sampled dlameter distribution is blased towards the slower
droplets, as previousiy Glscussed vy us /G/ and confirsed loter by Chin et gl /77,
The velocity of each droplet slze class, theretore, influences the results of the local
diameter distribution, which is welghted by the concentration,

e o b I+ Ut s o e
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DROPLET MOTION AND EVAFORATION.

It should be noted that the main purpose of the present study was not tu provide a new
model for the calculatien of droplet motion and evapcration. However, using detailed
knowlege of the atomization proceas, & comparison can be obtained between calculated
and measured values of locel iiquid ceoncentration and diameter distribution in turbulent
rezirculating flows, thus revealing the capabilities cf the codes and the importance
of the determining parameters. Direct comparison between predictions and measurements
are provided.

The 8ir flow field 1n the combustor model 1s c¢alculated by utilizing 2 Finlte Volume
method as has been frequently applled in solving the time averaged conservation equations
for the momentum and the turbulence gquantlties k and ¢. The results of the predictions
include the fileld quantities of th2 velocity compenents as well as pressure, temperature
and turbulence parameters.

The propagation of a polydlaperse spray 1s described Ly osuperposing the trajectorles
of single drcplets. 1ln a two-dimensional arrangement the droplet velocity components
and trajectories are calculated in the Lagrangian domain by solving a system of four
ordinary Gifferentlal equations (l=4) /8/:

= 1
T U4 (1)
dys
Wy, ()
dva _ 3 p o -
—dT = rey Dd‘rd(u ud) (3)
dva _ 3¢ o _ I
—a—t-_z;-;Ddc,.,,,(v vg) i)
Crol = \/(u—u‘«)'—(v--ua)2 (5)
i —0,673 24
with: ¢p = ¢p(Re) = 0,36 + 5,48 Re™®$7 + £ (6)
and Re = S Dy
v

The intluence of the turbulence of the air can be incorporated Ly superposing the tin-
mean air veloclty and the fluctuating components as presented by Gesman et gl. /710/.
Local turbulence quantities, therefore, arc required. The interaction time of o droplet
with an eddy, which 1s characterized by a random invtantancous velocliiy, is the lower
of two time scales: the eddy dissipation time given by Hinze /11/ and tbe dropley Lrenstt
time through an eddy. The transit time is estimated from a simplified lirnecarised ejuation
of motion of the dropiect /10/.

Tne description of droplet heating and evaporation 1s added tc the computational madel
using two equations. This equatlong are sslved separateiy assuming that during the first
phase the droplet 1s hesated to an equillorium temperatwre, followed by vhe second phase
ir which the evaporation process causes a decraase in dlameter. y neglecting evaporatlon
during the heating phaze, the temp:rature change of the droplet (3 determined Ly:

dTy _ 6 Wuld (1'-4p)

-~z - (7
i pd cpg M

‘

After rcaching the boiling point the temperature remains congtant and the diametor
decreases accorulng to the following eguation (see /12/):

o nAa  « ot s
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dDy A« Fr N

= - 8

dt 2 Dy (0

K= 22 m(B) {9)
£d Cp

B =

¢ (T = Ta.noi )
S (10)

Here 'Fr' present the Froessling fact. - whlch describes the enhancement of heat transfer
due to forced convection /137,

Fr = 1 + 0,276 Re™ pr03 (11)
Nu = 2 Fr (1)

This factcr 1s comparable to corrsections used by other authors in determining the
influence of forced convection. It should be mentioned that other evaporatlon models
were tested as well. In the context of the present paper, however, a detalled description
1s not possille.

MODELLING A SPRAY.

In modelling a spray, the liquid volume flow 1s distributed over tne various initlal
conditions at the atomization edge. For each cowmblnatlon of initial conditions at least
ong trajectory 1s calculated. Experimental results show that the 1liquid veglume
concentrations follow a normal distritution over the spray angle F(a) /3/. For each
initial direction, the volume flow 3is divided into specified size claeses according
to a diameter distribution function M(d). A serles of previous Investigatlions at our
It titute have shown the correspondence between the alr flow paramecters of comparable
nceézles and the resulting droplet slze spectra. Information concerning the spray angle
has also been previded /2,3,4,15/. Measurements of the liquid film thickness /3/, along
with the 1liquid flow rate, provide the mean volumetric fllm velocity. The initial
velocity of the drovs 15 assumed to be close to the film velocity. Thus the distribution
of the liquid volume flow leads to a droplet number flow rate Z for each trajJectory:

Z (d,a) = F(a) M(d)

Vi /W %))
«/6 D3

The droplet number flow rate determines the pumber of drops leaving the atcmlizing edge
per unit time and unit wildth in & specific angle and diameter range. A typical set of
initlal conditions 18 given 1in Figure 3. In this way, 'a group of trajectories (here
210 trajectories)' results from the computatlon of one trajectory for esch inltial
condition.

In caleulating the local diameter distributions and concentrations, the placement of
'vhservation cells' correspond to the measuring positlions as shown In Flgure 4.

For all observation cells, the transit times of the droplets nre determined. The number
st dreplety in a particular diameter class in one cell cau then be calculated using
1he apop number [low rate and the corresponding transit tume (1%):

N@ = 55 (Z @00 an) (1u)

=1
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As he diameter along the trafjectary decreases, the numper N(d) of the dropleis is
related tv the corresponding (lower) size class. The values of N(d) arc used to determine
the 1iquid concentration 1n the observation celly (15):

LT

\ . . .
SC=?:(A(d,§)D,‘GAW) (14,
After the spray calculation is compleled ~- 1.e. 'a group of trajeclories' is determined

- the welghting factor for the liquld volume in each dlameter range 15 calculated ror
each observation cell (16}:

(16)

Local diameter distributions can be calculated by fitiuing a diameter distelbution curve
to the summed values of W(d). ilere, the well known Rosin-Rammlcr diameter distribution
is used (17).

Q = 1 ~exp(~ (d/deas)") (17)

Tro characteristic dlameters are needed to completely deflne the chosen diameter
distributions. In presenting the results, the velumetric mean diameter L,g and a
characteristic dlameter for small dropleis D;g are used. Again it should be noted that
the calculated distributions as well as the measured distributlons depend on the velocity
in each size class.

In considering turbulent fluctuatlons, the computation of une trajectory for each initial
condition is insuffliclient. Despite similar initial conditions, turbulence 1leads to
different trajectories. For reaflstic results, a larger number of trajectories for each
initial conditions = 1.e. several 'groups of trajectories' - must be considered. After
each complete calculation of a 'group of trajectories', the mean value of the 1lquid
concentration 1s determined taking intoe account the data from precading runs, This
process 1s repeated untll the difference ULetween the mean values in each observation
cell is within a chosen tolerance. The dlameter distribution 1s then calculated using
the above curve-fitting method.

RESULTS

As has tbeen shown, lccal flew fleld parameters are required in predictiug the droplet
motion. Thnis data 1s obtained using a two-dimensional Finlte Volume meth'd as indicated
earller. Accurate calculatlions of the flow fleld, therefore, are a necessity.

AIR FLOW FIELD

Data obtalned by the measurements in elght different planes are ghown in Figure 5 along
with the correspondling calculatlons. These results reveal the typical alr flow fieid
in the model combustor. Hlgh velocities are obtalned vehind the gaps c¢f Lhe nozzle and
& recirculavion zone is present with high velocity gradients. Murther downstream, the
velcclity gradients decrease rapldly and a nearly parallel flow field is obtained at
the chamber exit. In the calculations a 28%31 computational grid is employed along with
the QUICK-scheme /17/ for the discretization of the convection terms in the momentum
equeations. This scheme 13 completely free of numerical difrTusion, As can be scen from
Figure 5, the agreement betwcen measurement and calculations is quite encouraging. The
high velocity gradients observed 1n ihe initlal planes are accurately calculated. The
vealocities within the recirculation zone are slightly underpredicved. Comparisons cf
predicted and measured flow fields wlith different boundary conditions, for example,
different gap heights or ailr mass flow rates show comparable results. Together with
detalled measurements over the chamber width, the results verify the c¢xisltence of a
two-dimensicnal air flow fleld with a closed recirculatvion zotue in the combustor model.
After verification of the two-dimenslonality, it 1s possible to take local measurements
of the dispersed dropletvs.

DROPLET SIZE MEASUREMENTS

4= ghown Ain PFlgure L4, droplet slze messurements weare taken gt plx plancs lscaicd
downstream from the nozzle as indicated: The first four planes are located in the region
with strong forward and reverse flow., The study of the droplet-charged airflow was
performed in two phases. Flrst, in analyzing the droplet motlon detalled neasuremen:s
were taken using water as the experimental liquid. In the second step, Ethanol was used
under c¢old and hot ailr flow conditions to study the evaporation processes.

The experiments with water demonstrate that the 1local 1llquid corcentrations are
proportional to the liquid flow rate under constant inlet air veloclitles and geometric
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conditions. As the liquid concentration depends largely on the droplet veloctity, which
in turn is a function of the air velocity, it follows that the air flow field 1s not
altered by higher liquid flow rates. In other words, the momentum transfer to the air
from the droplets is small under the conditions chosen. Based on these results, the
effects of the droplets on the alr flow are neglected in the following analysis. However,
close attention 1s paid to the influence of the alr turbulence on the droplet motion.

In extending the measurements, Ethanol was used as the test fluld due to 1ts high
evaporation rate. The local 1liquid conc.ontrations 1in the combustion chamber at an air
temperature of 320 K are presented in Figure 6 with the highest concentrations occuring
close to the atomization edge. The concentration decreases rapidly toward the center
of the chamber (recirculation zone). Furthermore, the concentration becomes more uniforn
over the chamber height. Along with the measurements, results are presented from
calculations of 210 trajJectories for a ’'grovp of trajectories'. Here, turbulence
fluctuations are not yet considered. As can be seen, the concentrations within the outer
regions of the duct are overpredicted whereas zero concentrations are obtained in the
rezirculation zone.
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Os =60m/s © Measurement
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Figure 6: Predicted and Measured Local Liquid Concentrations - Influence of Turbulence

The predictions are clearly improved by the inclusion of turbulent fluctuations.
Concentrations and gradients calculated by the computational model described above,
show good agreement with measurements. Local diameter distributions can only be
calculated when turbulence is considered: The turbulent fluctuations, together with
a higher number of calculated trajectories, provide a sufficient number of droplets
in each size class In the observation cells. A comparison of predicted and measured
diameter distributions is given in Figure 7. As s.aown by the characteristic dlameters
D1p and Dgg the recirculation zone 1is predominantly occupied by smaller droplets because
of the turbulent dispersion, while the forward flow region 1s dominated by larger
droplets. The 1nitlal conditions at the atomizer were determined using our earlier
correlations /15,18/. With 60 m/s mean air velocity at the atomization edge and using
the surface tension of Ethanol, the initial drop-size spectrum is described by the
characteristic parameters Djg = 19 um and Dgp = 52 um. Measurements as well as
calculations reveal changes in the local size sistribution relative to the initial size
distribution, which 1s caused by different inertia of the various drop size classes.
The good agreement of predicted and measured diameter distributions shown in Pigure
7, in addition, indicates accurate predictions of the local droplet velocities in each
size class. The wildth of the local size spectra in each measuring plane is illustrated
by the distance between the lines of the characteristic diameters. As indicated 1in
Figures 6 and 7 the droplet motion can be calculated with sufficient accuracy as long
as turbulent fluctuations are taken into account.
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Figure 7: Local Diameter Distributions - Prediction and Measurement

Simllar measurments were made under identical geometrlc conditions at an elevated
temperature level (520 K). Due to the lower density of the driving air the size spectrum
of the droplets produced 1s shifted towards larger diameters (Djg = 25 um and Dgg =
65 um) according to the relation D~ ( 1/py)0-5a8 already mentioned by other authors
718,19/, Pigure 8 1llustrates the typlcal Dehaviour of two evaporating droplets, water
and Ethanol, at %20 K under simplified flow conditions. It 18 clear from this example
tzxat th;a diameter decreases rapidly for Ethanol within the length of the test section
(400 mm).
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Figure 8: Evaporation of Water and Ethanol Droplets
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For hot air flow conditions local size distributions within the combustion chamber
obtained from computations and measurements are compared in Figure 9. The drop size
distributions in this Figure shovw larger characteristic diameters than under cold flow
conditions. One reason for this is that the initial diameters are larger and in addition,
the smaller droplets evaporate faster. The computational results presented, again account
for turbulent fluctuations. The computation of the local diameter distribution at the
elevated temperature, indicating that the employed evaporation model 1s of sufficient
accuracy at the conditions chosen .
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Figure 9: Local Diameter Distributions

CONCLUSIONS

The results of the present study illustrate that in utilizing well-known principles
ir deacribing the droplet motlion and evapeoration the lmportant parameters of the typical
ccabustor two-phase flow can be accurately computed. Detalled measurements confirm the
chosen methodology: The numerical code allows the calculation of the motion and
evaporation of droplet clouds in the turbulent flow field starting from the initial
conditions determined by the fuel nozzle. In addition, local fuel vapor sources can
be obtained in the entire flow regime which can be used for subsequent combustion
calculations. Good agreement between experiment and theory has been obtained over 2
broad range of parameters, 1l.e. temperature , flow velocities and fuel concentration.
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DISCUSSION

G.Faeth, US
T have 2 suggestion. Your calculation method assumes Stokes flow, which most droplets do not satisfy. In our work we

have found it easier to calculate trajectories by determining the interactions from the full drag characteristics of the flow
and you might want to try that,

J.Peters, US
Could you comment on any corrections needed when using the forward scattering system while evaporation was
occurring?

Author’s Reply
We used the corrections for the lower angles.
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NOZZILE AIRFLOW INFLUENCES ON FUEL PATTERNATION
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SUMMARY

The velocity and turbulence levels downstream of eight variations of a model gas
turbine, aerating, fuel nozzle have been measured. The nozzle configurations were
assemblies which purposefully altered the airflow through the nozzle by mis-aligning
swirlers, changing the number of vanes in a swirler or contouring swirl vane trailing
edges. Data were acquired by a traversing, two-component laser velocimeter in planes
0.060 in. and 2.50 in, downstream from the nozzle exit. Analyses of these data indicated
that very symmetric flowfields can be produced. Such control was easier to achieve for
the airflow than the fuel, supporting the position that nozzle patternation quality is
more dependent on the fuel distribution in the nozzle. The presence of swirler wakes
could always be discerned at the nozzle exit; the extreme variations imposed by coarse
swirlers could dominate the flow. Such airflow influences were not apparent in the
velocity profiles at downstream locations. However, their influence in convecting a
higher fuel mass flux persisted from the nozzle exit and produced extreme variations in
the spray pattern.

INTRODUCTION

Gas turbine combustors are complex devices. wWhile apparently mechanically simple,
they contain a very hostile environment; pressurec exceed 20 atmospheres and temperatures
exceed 4000 F, The flow is multi-phase, three-dimensional, turbulent, at times grossly
unsteady, and reacting. Advances in computational fluid dynamics are helping to under-
stand the role of key processes in the burner but to date this knowledge is not suffi-
ciently based to permit €final definition of the device without developmental testing.
The spray formed by the fuel nozzle can exhibit a strong influence on the performance,
durability and operability of the combustor. Highly-atomized, well-distributed sprays
are desired both to achieve high performance levels and to avoid temperature regions
which might distress components of the burner and turbine. 1In contrast, some level of
fuel-air non-uniformity is necessary to achieve adequate light-off and stability charac-
teristics. It is not known how to specify the spray requirements to satisfy all these
demands. Further, even if limited criteria were established, a complete set of nozzle
design guidelines does not exist which would assure meeting the goals.

Most modern gas turbine combustor systems use an aerating fuel nozzle. 1In such a
device, the fuel is injected as a thin annular sheet with high velocity airflows adjacent
to both the inner and outer surfaces of the sheet. Unlike a pressure-atomizing nozzle,
the aerating nozzle (sometimes referred to as an airblast nozzle) does not rely upon
achieving a high fuel velocity, as produced by a high fuel path pressure loss, to atomize
and distribute the liquid. Rather these responsibilities are assign2d@ to the airflows
which shear the fuel film and carry the droplets along the airflow trajectory. The
airflows are driven by the pressure drop established by the combustor liner; for a
nominal 3-pct-loss liner, airflow velocities in excess of 350 ft/sec would be produced at
a high power condition. Because the aerating nozzle performance principally depends on
the airflow and not the fuel flow, it has demonstrated the ability to achieve high levels
of atomization for wide ranges of fuel flowrate and with relative insensitivity to the
properties of the fuel. Both of these features represent distinct advantages over the
pressure-atomizing nozzle. 1In contrast, the aerating nozzle promotes a coupling between
the air and fuel flowrates which can be disadvantageous. For example, atomization and
distribution are harder to achieve at light-off conditions, and this coupling could
result in undesirable heat release profiles for transient operation. Since the nozzle
uses a delicate balance of air and fuel momenta to achieve atomization and distribution
characteristics, it also displays a greater sensitivity to improper design and manufac-
turing practices; non-symmetric sprays can easily result.

A previous UTRC study, sponsored by the USAF Aero-Propuluion Laboratory and USN

Naval Air Pronulsion Center, documented the influences uf decign and manufacturing
practices on the circumferential uniformity of the spray formed by an aerating nozzle.
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Detailed liquid patternation data were acquired for 33 nozzle confiqurations including
nine which purposely imposed alteratlions on the nozzle airflow patterns, This paper
reports the results of a complementary study which focused on measuring the airflow
velocities for eight of those airflow confiqurations, and relating the results to the
fuel patterns produced by them. Data were acquired for the three veloclty components,
the normal turbulent stresses and, for some cases, the correlated Reynolds stress in
planes 0.060-in. and 2.50~in. downstream from the nozzle exit.

PREVIOUS STUDY

. The sensitivity of aerating nozzle performance to design and manufecturing practices
was studied at UTRC by documenting the spray patterns produced by a Baseline and 32 other
configurations of a model aerating nozzle (Ref, 1), Detailed patternation data were
acquired by use of a unique sampling system to determine critical influences on spray
circumferential uniformity. The model nozzle used in this study (Fig. 1) was sized as a
nomimally 850 lb/hr fuel flow device which delivered inner and outer clockwise swirled
airstreams on either side of the annular fuel sheet. Alternative forms of each of the
seven components indicated in the figure were assembled to provide the 33 confiqgurations.
Fuel, delivered to the nozzle by two 0.050-in. ID tubes, filled the plenum formed by the
core air pipe and swirl chamber. Clockwise swirl was imparted to the fuel by passing it
through a swirler constructed from a metal ring with six egually-spaced, canted slots
machined on the outer edge. The swirler and swirl chamber components were machined and
piloted to avoid flow past the endwalls. The fuel exit area ("pinch point gap”) was
defined by the tip of the core air pipe and the position of the filming lip of the swirl
chamber., A spacer provided the means to alter this gap, with different thickness devices
directly changing the gap width and wedge-shaped spacers producing misaligned components.
The outer airflow was swirled by curved vanes with a final turning angle of 50 dej. The
endcap imparted a radial-inflow component to this stream; a velocity vector normal to the
minimum flow area formed a 60-deg angle with the nozzle axis. The inner swirler also
contained 50-deg vanes. The core air pipe exit wac a 0,44-in. dia circular area; the
aircap exit was a 0.91-in. dia circle.

The configurations studied imposed alterations on eight nozzle features including:
(1) Fuel exit annulus, (2) Fuel swirl chamber angular alignment, (3) Fuel filming lip
shape, (4) Fuel filming lip imperfections, (5) Fuel swirler stiength and obstruction, (6)
Number of airflow swirler vanes, (7) Outer airflow swirler angular alignment, (8) Outer
airflow swirler trailing edge shape.

A detailed discussion of the role of each of these alterations on fuel circumfer~
ential uniformity can be found in the above reference. 1In general, it was concluded that
the fuel exit annulus was a critical feature ir achieving symmetric spray patterns. A

very uniform gap war . vired to achieve a hinn quality spray; non-uniform gaps resulted
in non-symmetric s-: - - hich could not easily be corrected by airflow alterations. Such
gap variations wer . 3ed either by translating the core air pipe or by ovalizing its

exit shape (Fig. 2). <desults from these and other configurations were the basis of the
conclusion that the concentricity of a nominal 0.040-in. wide gap ought to be controlled
to within 0.002 in. and component angular misalignments kept below 2 deg to produce
acceptable patterns. While these tolerances may be easy to achieve in the nozzle Jdesign,
manufacturing and assembly practices must assure retaining them. Airflow influences had
a generally lesser impact on fuel patternation although severe non-uniformities can be
imposed by poorly designed airflow management components.

These several features are illustrated in Fig. 3 which contains contour plots of
sprays formed by the Baseline (Fig. 3a), an ovalized fuel gap configuration (Fig. 3b), a
mis-aligned aircap configuration (Fig. 3c) and an altered outer airflow swirler config-
uration (Fig. 3d). The Baseline contained symmetric components, aligned to the best
degree achieved in the study, with the ovalized unit containing a core air pipe as shown
in Fig. 2. The deviations of the major and minor axes from circular produced a fuel gap
variation of 0.040 +0.003/-0.002 in. The outer aircap was mis-aligned by 2.5 deg in the
third configuration. The fourth confiquration resulted from removing alternate vanes
from the 14-vane outer air swirler. The contour plots represent the fuel mass flux
distribution in a plane 2.5-in. downstream from the nozzle as obtained in tests with the
UTRC Ambient Spray Test Facility. The fuel and air flowrates used were scaled from a
high power condition by both matching the air velocity and perserving the fuel-to-air
momentum ratio. An automated patternation system (Ref. 2} collected samples at ten
radial positions for 10-deg increments around the spray; 360 samples were collected in
the 2-in. dia spray. The contour plots of Fig. 3 display lines of equal fuel mass flux.
The quality of circumferential uniformity achieved in the spray was assessed by
considering the variation of the fuel flux contained in a 45-deg sector of the spray; the
consideration of this and other criteria are discussed in Ref. 2. Near axi-symmetric
spray patterns were acheived for the Baseline while gross non-uniformities resulted from
seemingly minor variations of the fuel gap. Comparison with a nozzle manufacturing
acceptance limit, indicated that the Fig. 3b pattern was marginally unacceptable. This
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and other results led to concluding that fuel gap concentricity must be controlled to
within 0.002 in. The mis-aligned alrcap appeared to divert the fuel off axis while the
pattern produced by the altered airflow swirler configuration displayed seven regions of
high fuel mass flux in direct correspondence with the removal of the seven swirler vanes.
The spray quality criteria would not accept the dlverted alrflow pattern but pass the
"seven-island® profile. These last two assemblies were among those which emphasized an
airflow variation. Detailed study of the airflow directly ought to aid in interpreting
these liquid fluxes; that was a goal of the complementary study.

It should be noted that the influence of airflow on a spray pattern is not limited
to an aerating device. That is, while a pressure-atomizing nozzle primarily depends on
the fuel pressure drop for atomlzation and distribution, airflow influences can be
present. Figure 4 depicts fuel mass flux contours for an in-service aircraft duplex
nozzle when evaluated with fuel spray alone and with both spray and a minute airflow
directed across the nozzle face. This latter airflow is commonly used to prevent mists
from wetting the nozzle and building carbon deposits. In this case, the airflow was
0.1 pct of the total a‘cflow to this can combustor. More importantly, this anti-
carboning air was directed by a cap which was secured to the nozzle by six short struts.
The influence of this "minor™ airflow and the presence of these struts is quite evident
in the second spray pattern.

TEST PROGRAM

The focus of this effort was to measure and interpret air velocity and turbulence
levels for the model nozzle configurations which imposed variations on the nozzle
airflow. The alterations emphasized the following three features (Baseline and altered
components are indicated).

1. Airflow Alignment
a. Baseline: Perfectly axially aligned
b. Variation: Endcap and outer swirler were canted 2.5 deg from the nozzle
axis
2, Number of Swirler Vanes
a. Baseline: 1Inner-6 vanes; outer-14 vanes
b. Variation: (1) Three-vane inner swirler achieved by removing alternate
blades. (2) Seven-vane outer swirler swirler achieved by removing alternate
blades. (3) Tandem combinations of six veane swirlers.
3. Air Swirler Trailing Bdge Shape
a. Baseline: Rounded trailing edge
b. varlation: (1) Square or (2) knife-edge shape

Including the original Baseline and a modified-Baseline to accept the tandem core
swirlers (2.b.3 above), eight nozzle assemblies were documented. The test apparatus used
in this study consisted of a conventional air supply system, a velocimeter system, and a
precision positioning system. All of the tests were conducted in the UTRC Jet Burner
Test Stand with the airflow discharging into the atmosphere; the nozzle airflow pressure
drop was held constant at 7-in. H,0. Measurements included axial, radial and tangential
velocities and normal turbulent stresses; in some cases correlated axial-radial and
axial-tangential Reynolds stress were also obtained. These measurements were performed
along S5-deg increment circumferential traverses at typically nine radial positions. Such
measurements were performed in a plane 0.060-in. downstream of the nozzle for every
configuration; they were also obtained in a plane 2.5-in. downstream for limited
configurations. Table 1 indicates the type and location of data acquired for the eight
configurations; the identification number is the one retained from the original liquid
patternation study.

Table 1 Airflow Data Sets

Configuration Data Plane,z {in,) Data Type
1. Baseline 0.060, 2.50 Uz+UpsUg,ug,ul,uy,azuf,uguy
8. Mis-aligned endcap 0.060 Uz,ur,ue,u;,u;,ué
18. Reduced outer vanes 0.06G, 2.50 . UprUpsUgruzrup,ug
17. Reduced inner vanes 0.060, 2.50 UzrUpsUgoug,up,ug
23, Extended core Baseline 0.060, 2.50 Uz,Ur,Ue,u;,u;,ué,E;G:,G;GE

31. Tandem inner swirler 0.060 Uz,ur,Ue,ué,u;,ué,uéu;,uéug
19, Square-edge outer swirler 0.060 Uz.Ur,Ue,ui,u;.ué,uéu;,uiué
20. Rnife-edge outer swirler 0.060 Uz,ur,Ue,u;,u},ué,u%u;,u;ué
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The velocity measurements were made using a TSI Model 9100-7, two channel
velocimeter. A two-watt argon-ion laser was used with frequency shifting by Bragg cells
in both the blue and green beams to permit resolution of negative velocities. When used
in the coincidence mode, the coincidence window was set to approximately 10 microseconds.
Processor parameter settings were optimized for the velocity ranges of interest:

Channel Blue Green

Measured component Axial Tangential or Radial
Velocity range ~20 to +200 -200 to +200

Bragg shift 10 MHz 40 MHz

Hi filter 30 MBz Off

Low filter 3 MHZ 10 MHz

Cycles/burst 2% 4 2%*5

The seed material was titanium dioxide having a characteristic size less than
1 micron. Standard seeding techniques were used with the seed being introduced far
upstream from the model nozzle. Seed rates were adjusted to achieve processor count
rates of 100 to 300 Hz. 1In order to perform the measurements as close to the nozzle face
as possible, a small beam convergence angle (1.67 deg) for the rays in the plane normal
to the injector face (i.e, axial velocity) was used, producing an elongated probe volume.
As a consequence, off-axis collection optics were required to achieve the desired spatial
resolution. A forward-scatter, 30-deg off-axis system was used with the collection
optics mounted rigidly to the velocimeter platform.

Figure 5 depicts the geometric orientations used to acquire the data. A flange on
the aircap was used to mount the nozzle on the end plate of a cylindrical plenum. This
assembly was mounted on a stepper-motor-driven rotary table (0.02 deg/step resolution) in
a manner to precisely align the nozzle axis with the axis of revolution. The velocimeter
was always oriented with the blue beams producing fringe patterns normal to the nozzle
face, and the green beams producing fringe patterns parallel to the face and oriented to
measure a vertical velocity. Hence the blue beams always sensed the axial velocity
component (Uz}. If the measurement volume was place on the y-axis, the green beams
sensed the radial velocity (Uy). If the measurement volume was placed on the x-axis,
the green beams sensed the tangential velocity (Ug). Then locating the velocimeter at
a point on the y-axis permitted measurement of Uz and U, which could be followed by
nozzle rotation by 90 deg to place the point on the x-axis, and translation of the
velocimeter for measurement of Uz and Ug. The redundant measurement of U provided
a check to assure the same point was being interrogated. 1In practice, data were acquired
for circumferential traverses of the flow as achieaved by rotating the nozzle in 5-deg
increments for each of eight radial positions. Data from all radial placements of the
measurement volume along one axis were first acquired, followed by repeat circumferential
traverses with the volume on the second axis. A numerically-controlled milling machine
bed was used to position the velocimeter. The actuation of this bed and the rctary
table, and the coliection/storage of the velocimeter data were governed by an Apple Ile
microcomputer equipped with 128K of RAM. Reference marks were used to initialize the
rotary table; a fine wire target, inserted into the nozzle precisely on its centerline,
was used to zero the positior of the velocimeter. Operation of the system was completely
automated; approximately 30 sec were required to acquire, prccess and store data for
512-point PDFs on each of the two channels, and to position the equipment to the next
measurement station.

TEST RESULTS

The test program described above studied eight model aerating nozzle configurations
in order to determine the airflow characteristics produced by them. The magnitude of
data collected for the twelve measurement planes indicated in Table 1 is too great to
fully discuss in this single paper. The focus here will be to describe many features
of the airflow established by the Baseline configuration and then to describe how the
subsequerit nozzle configurations altered it. Detailed analyses of the turbulence
properties of these flows wili be considered in another publication.

Baseline Configuration Airflow

The airflow produced 0.060-in. downstream from the Baseline configuration is
represented by the isometric contour plots depicted in Fig. 6. The first row of contours
reflect the data acquired for numerous circumferential traverses with the measurement
volume located to sense axial and taugential velocities; the second row reflects measure-
ments for axial and radial velocity. Data for the first plot of each row, axial
velocity, were obtained independentiy and indicate the degree of repeatability achieved
in the measurement and positioning systems. While only qualitative, these profiles
convey an important sense of the complex flow exiting this nczzle. All of the profiles
were nearly axisymmetric as expected, with regions of high turbulence generation
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occurring in the outer shear layers, These and other features are quantified by the
plots contained in Fig. 7 which display the circumferentially-averaged values for the
velocity and turbulence measurements at each radial station. The “error bars” indicate a
one standard deviation liwmit of the 72 data averaged at each radius.

These average radial profiles demonstrate the high degree of axisymmetry achieved
and indicate the magnitude of the measured quantities. The axial velocity was center
peaked and therefore gave no indication that the swirl generated by this nozzle produced
a center recirculation zone. Axial velocities approaching 170 ft/sec were in agreement
with the airflow pressure loss. Integration of the axial velscity over the nozzle area
determined the air massflow distribution and hence provided another indicator of flow
uniformity. Pollowing the practice for fuel spray distribution, the percentages of flow
in 45-deg sectors were calculated; the highest was less than 12.6 pct, extremely close to
the ideal value of 12.50 pct. The airflow uniformity was in fact much better than
observed for the spray results for this configuration (depicted in Fig. 3a). The spray
analysis found up to 13.8 pct of the fuel in one sector despite attempts to precisely
control both the air and fuel. Since the velocity measurements indicated that a high
degree of airflow control was achieved, the spray pattern variations must have resulted
from fuel path effects. Even with fuael annular gap variations less than 0.001 in. a
noticably nonuniform pattern was produced. This conclusion is consistent with the
finding cited above that the fuel gap does have a strong influence on circumferential
uniformity.

Positive tangential velocities indicated the expected clockwise (viewing downstream)
swirl. 1In the outer regions of the flow the tangential velocities greatly exceeded the
axial velocities with the opposite relation ncar the center. Together the axial and
tangential velocities were used to calculate local swirl angles and a swirl number for
the flow. The radial variation of swirl angle for the Baseline is depicted in Fig. 8.
The depicted swirl angle was calculated from a horizontal traverse across the nozzle at a
downstream distance of 0.060 in. Because of the geometry and velocity relationships, the
clockwise swirl was discerned as a positive swirl angle along the negative x-axis and as
a negative swirl angle along the positive x-axis; in fact, the entire flow was swirling
clockwise. The calculated angle was near to the measured vane turning angle (50 deg) for
the outer regions decaying to much lesser levels near the core. The swirl number, often
used as an indicator of vortex breakdown in the flow, is the ratio of the angular
momentum and the product of the axial thrust and a characteristic radius. The swirl
number calculated for this confiquration was based on the ratio of angular momentum to
axial momentum; no account was made of the pressure thrust. Based upon the radins at
which the axial velocity dropped to zero, the swirl number was 0.62. There are various
definitions and appreximations to the swirl number (Ref. 3); for some cases a vortex
breakdown and resulting central recirculation zone would be expected for this calculated
swirl number. Such a separation was not evident indicating such a single parameter did
not sufficiently characterize these complex swirling flows.

Positive radial velocities indicated flow directed toward the centerline of the
nozzle. The radial velocities {(Figs. 6 and 7} were much lower than the others angd
registered a greater variation in magnitude (i.e., greater standard gdeviation},
especially near the center regions of the flow. The RMS fluctuations of the radial
velocity were nearly equal to, or exceeded, the mean radial velocity. These radial
velocity data show that near the nozzle face, flow from the outer swirler was directed
inward while the core-swirler air moved outward; the zero radial velocity region was near
to the radius of the annular fuel gap. It was likely that the interaction of these
streams contributed to the radial velocity variations, a flow situation which ought to
aid in fuel atomization. It appeared that the wakes from the swirler vanes also
contributed to the flow variations. Figure 9 depicts the measured radial velocity and
turbulence data around the nozzle at radial positions of 0.1 in. and 0.3 in.; the former
is within the core flow while the latter is in the outer swirling stream. Although of
differing magnitude, periodic variations of the radial velocity and fluctuation were
observed, with six local peaks evident for the innner flow and fourteen in the outer flow
in direct correspondence to the number of swirler vanes; harmonic analyses also
identified these as dominant modes. The magnitude of these variations was greater for
the inner flow, consistent with the greater deviations and turbulence indicated above.
These observations were also consistent with the fuel spray .esults which indicated that
variations on the inner awirler had a greater impact on patternation than variations on
the outer swirler. It was arqued that inner swirler variations were effectively more
intense because they were confined to a smaller flow area. These velocity data confirm
that potentially similar wake disturbances had a greater influence on the inner flow.

Except for the outer shear region, the turbulence appeared isotropic with component
RMS fluctuations of approximately 20 ft/sec. When compared to the total velocity vector,
the turbylence intensity was 16 to 20 pet over the bulk of the flow with a 60 pct
intensit}}registered in the outer shear region.
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Altered Confiqurations

The mis-aligned aircap configuration inclined the outer swirler and endcap by 2.5
deg from true axial. As described above, however, the nozzle was mounted to the rotary
table by a flange attached to the endcap. Therefore, as mounted, the ecndcap was axially
aligned while the inner components of the nozzle deviated by the 2.5 deg. The velocity
profiles 0.060 in. downstream from the nozzle were axisymmetric. Figure 10 displays the
mean radial profiles for axial velocity for this configuration and the Baseline. The
standard deviation in the core region averaged 2.6 ft/sec for the mis-aligned configura-
tion and 4.3 ft/sec for the Baseline. Clearly the presence of the 2.5 deg mis-aligned
core swirler flow was not sensed; the bulk airflow was dominated by the outer flow. The
fuel spray pattern produced by this configuration was not axisymmetric however (Fig. 3c).
The pattern was shifted approximately 0.18 in. off center, which for a measurement plane
2.5 in. downstream, translated to a 4 deg deviation, More importantly, the pattern was
not only shifted but also skewed to result in a very nonuniform fuel mass flux. Three
regions of higher fuel mass flux were discerned in the fuel patternation. Therefore, an
altered interaction of the air and fuel streams at the filming lip was probably a
stronger influence on the resulting pattern than the alignment. Detailed studies within
the nozzle would be necessary to document this effect.

Two configurations were studied to determine the influence of reducing the number of
vanes in either the inner or outer swirler. The fuel spray formed by the reduced vanes
outer swirler configuration (Fig. 3d), displayed seven regions of high fuel mass flux in
direct correspondence to the number of swirler vanes. Figure 11 contains the velocity
and turbulence contours determined for the airflow produced by this configuration.

Again, seven distinct regions of high air flux are evident. This is particularly true
for the radial velocities where strong cyclic variations between inward and out-bound
flow were gensed. This latter feature is more clearly presented in traverses for radial
velocity and fluctuation obtained at radial positions of 0.15 and 0.35 in. (Fig. 12).

The seven distinct cycles discerned for both radii indicated the spread of the influence
over the entire flow. The velocity variations imposed by the removal of alternate outer
swirler vanes {equivalently, increasing the gap-to~cord ratio in the swirler) were most
prominent for the radial velocity because it had the lowest magnitude. Periodic
variations in both the axial and tangential velocities were also present. Analyses of
these velocity components suggested that the fuel mass flux variations corresponded to
the regions of increased axial velocity. The patternation data were fuel mass flux and
not fuel concentration values; regions of high airflow velocity convected higher flow
rates of fuel. At the radius of wmaximum variation, the total velocity ranged from 167
ft/sec to 138 ft/sec. This variation occurred at a radial position of 0.25 in. or 5% pct
of the full flow radius. The fuel patternation of this configuration contained maximum
fuel flux variations at a radius of 1 in. or 50 pct of the fuel spray radius. The ratio
of the maximum to minimum mass flux at this radius was approximately 1.7, much greater
than the corresponding air velocity ratio of 1.2. Therefore, while regions of high axial
flow likely did corvert :sigher local fuel flow rates, a fuel-air interaction in the
nozzle must have occurred to further enhance this effect. It is important to note that
these influences wera imprzed in the vicinity of the nozzle exit but were not apparent in
the velocity distributions {arther downstream from the nozzle. Figure 13 depicts
velocity contours in a »lane 2.5 in. downstream from the nozzle. Regular variations
resulting from the number of swirl vanes could not be discerned. Notice also that the
radial velocity was largely negative, indicating flow away from the centerline. Hence,
while the airflow signature decayed, its influence on the fuel flux leaving the nozzle
persisted. The flow characteristics observed for the configuration with the reduced
number of core swirler vanes were similar to those described for the outer swirler
variation. That is, the use of a three-vane swirler resulting from removal of alternate
vanes from the core swirler produced a flow field which reflected the three vanes. All
four swirlers used--the 14-~vane and 7-vane outer swirler, and the 6-vane and 3~vane inner
swirlers--produced cycles in the velocity profiles, particularly the radial profiles.

Two configurations used outer swirlers with each trailing edge altered to produce
either a sharp edge (knife edge) or a blunt (square) edge; the Baseline configuration had
rounded trailing edges. Velocity data were acquired only 0.060 in. downstream of the
nozzle in an attempt to sense a significant difference in the turbulence levels produced
by these configurations. Patternation data acquired previously indicated that only small
differences were produced from the use of these differing trailing edges. Figure 14
displays mean radial profiles for the axial, tangential, and radial turbulence levels for
these three configurations. No regular influence was discerned; no particular trailing
edge shape appeared to generate greater or lesser turbulence levels. Therefore, thkere
appears to be no need (from a fuel circumferential patternation point of view) to achieve
highly streamlined trailing edges on conventional swirlers,

A nozzle configuration was assembled which includcd two six-vane core swirlers in
tandem. Por this configuration, the core air pipe was extended upstream to accept the
two swirlers; the velocity and turbulence characteristics of this altered Baseline (i.e.,
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extended-core Baseline) were essentially the same as the original Baseline confiquration.
The two core swirlers were mounted to place the trailing edge of the upstream vanes in
the center of the gap at the inlet plane to the downstream swirler. That is, the
swirlers were oriented to place the wake regions from the upstream swirlers in the inlet
flow to the downstream swirler. The purpose of this configuration was to determine if
these upstream disturbances could be discerned in the velocity and turbulence character-
istics at the nozzle exit. A comparison of the contour plots and the mean radial
profiles for these quantities contained no components produced by the upstream-most
swirler. As for the Baseline configuration, the presence of flow disturbances was most
easily detected by examining the traverses for radial velocity and turbulence as
displayed in Fig. 15 at radial positions of 0.1 and 0.3 in. Fourteen cycles of the radial
velocity and turbulence can be observed at the outer radies in response to the fourteen
vanes in the outer swirler. ULess than six cycles are observed for radial velocities at
0.1 in., a trend similar to that observed for the Baseline configuration (Fig. 9a);
harmonic analyses revealed no organized variation near 12 Hz. This result suggests that
the swirler itself is the dominant influence on the velocity and turbulent fields
downstream of it; turbulent disturbances occurring upstream of the swirler appeared not
to be transmitted through it. Similarly, it would be expected that reasonable variations
in the turbulence levels upstream of the fuel nozzle would not significantly alter the
fuel atomization and distribution process; of course, extreme deviations as might he
experienced during compressor stall or surge would clearly be transmitted through the
swirler and strongly influence the fuel pattern.

CONCLUSIONS

Detailed measurements of the airflow and turbulence have been made downstream of
several configurations of a model acrating fuel nozzle. The nozzle assemblies included a
symmetric baseline and others which purposefully altered the airflow by mis-aligning
swirlers, changing the number of vanes in a swirler, or contouring the vane trailing

‘edge.

1. The acquired data indicated that very symmetric airflow profiles can be achieved
supporting the position that nozzle patternation quality is more dependent on the
fuel distribution in the nozzle.

2, Directed (e.q., mis-aligned) airflows can shift the fuel patternation by
convecting higher fuel fluxes along new trajectories. Such cases are accompanied
by a new fuel-air interaction within the nozzle which often has a greater
influence in distorting the fuel distribution than the mis-alignment.

3. Significant variations in the airflow exiting the nozzle can mix out within
relatively short distances. The influence of these variations on the fuel
distribution persists, however.

4. The f'ow in the swirler passages dominate in establishing the velocity and
turbul . .- field downstream of it. Upstream disturbances are not easily
transmitted through it; practical changes of the edge condition result in minor
variations. Hence, spray atomization and distribution are insensitive to such
effects.
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Flg. 6 Velocity and turbuience contours for baseline (z=0.060 in.)
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DISCUSSION
G . Winicrfeld, Gi-

o you use curved blades in the core air swirler?

What 1s the mass ratio of the outer air flow?

Author's Keply
The core swirier vanes are straight while the outer switler vanes are curved (but not twisted). This is smaller toa practical

acrating nozzle that formed the duesign guide. The mussflow ratio was approximately 371 (outer-to-innei).
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MULTIPLE SCATTERING EFFECTS IN DROP SIZING
OF DENSE FUEL SPRAYS BY LASER DIFFRACTION

Omer L. Giillder
National Research Council of Canada
Division of Mechanical Engincering, M-9
Otrawa, Ontario K1A OR6, Canada

SUMMARY

The purpose ul the separted work 1s Lo prosent practical schemes to correct the effect of multiple
scattering in a dense drop field on the measured distribution parameters by laser light scattering based
spray sizing techniques. An experimental study, involving multi-modal distributions and drop ficlds
which can not be adequately described by single-mode twe-parameter distributions, is described. Data
froni the experimental program were employed to develop empirical expressions to correct the measured
spray parameters at high obscuration levels. Accuracies of the proposed expressions are acceptable for
engineering applications, and comparable to the aceuracies involved in conversion of light scatterg
data to drop size information.

LIST OF SYMBOLS

Cy c~-rortion factor for Sauter mean diameter, Dy, /Dyy
C. correction factor for volume mean diameter, Dgo/ DY,
C. correctinn factor for w, w/w’
Dso apparent volume mean diameter, um
Dge apparcnt Sauter mean diameter, gm {(=3SMD)
D, actual volnme mean Jiameter, pm
52 arctual Santer mean diameter, ynn
D, apparent diameter below which ix the 10 % of the spray volume
D, apparent diameter below which is the 50 % of the spray volume
Dy, apparent diameter below which is the 90 % of the spray volume
S apparent span of the distribution,defined by Eq.{(6)

o percent obscuration
w apparent ratio of the percentage volume of the spray in the smaller drop size mode
to that of in the larger size mode for bi-modal distribution

w actual ratio of the percentage volume of the spray in the smaller drop size mode
to that of in the larger size mode for hi-modal distribution
INTRODUCTION

Ignition and combustion of fuel sprays are dynamic phenomecaa which are strongly influepced
by tie drop size and Jdrop size distribution in addition to thermo-Huidmechanics of the combustion
system and the chemical structure of the fuel. Also pollutant formation. especially that of soot, in
spray diffusion flaines is dependent on the spray characteristics, among other parameters. For this
reason, to be able to measure, with reasenable accuracy, drop size and size distribntion in fuel sprays
of propulsion systems has become one of the major objectives in the held of spray combustion.
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For drop size and lrop size distribution measurements i transient and steady flow fuel <prays, use
of laser light scattering teckbniques has many advantages over the other diagnostic technignes. Detaifs
of a recent study comparing the reliability of ditferent techaiques has beer reported by Dodge [1]. The
forward hght scattering (Frauuhofer diffraction) technique utilizes the scattered light in the forward
direction by the drops in the spray [2]. The shape of the resulting scattered light iutensity profile
provides the information necessary for determmining the drop sizes and distributions. However, there
exists two important problem arcas associated with light seatteriag techuigues. The fivst one i related
to the inversion of light scattering data to drop size distributions, and the sccond one 15 related 1o the
problem of multiple seattering in dense sprays. The latter preblem arises when the intevdrop spacuty
is very small such that the scattering characteristics of a drop in the spray depend on the relative
prositions and sizes of the neighboring drops, and when the probe volume lenpth (e, the optical path
of the incident laser beam) is long enough so that a considerable portion of the photous are scattered
more than onee through the probe volume before they reach the detector lense.

For sprays exhibiting Rosin-Ramler, log-nermal, or normal drop size distributions, the Malvern
instrument provides acceptable data, and for dense sprays, available correction schemes can he used
to take care of multiple seattering effects [3]. However, some sprays display drop size sdistributions
which can not be described by any of the single-mmode two-parameter distributions, and some sprayvs
exhibit mnlti-modal distributions {4]. For such sprays. Malvern has the model-independent aption.
Although the Jdetails of the inversion algorithm are not knewn, and some doubts exist related to the
reliability of the inversion method [5,6] , our measureinents with calibrated latex spheres using the
model-independent mode provided quite acceptable results. An alternative approach is 10 use the
Shifrin inversion technigne to obtain model-independent size distribution from the light ~catternng
data {7].

The effect of multiple scattering on model tudependent results has not been investigated system-
ativally, The mathcinatical inodel developed 3 Hawidi and Swidhenbank (8] 1o correct the rifect
of multiple scattering for any type of size distribution has not been extensively tested against exper-
imental data, and some problems related to the formulation have heen recently discussed by Gomi

9]

This work reports the results of an experimental program conducted to obtaio data and a -orrectjve
scheme for model-independent and hi-modal distributions for the concentrations corresponding to the
obscuratiou levels of 50 to 98 " for the diffraction based spray sizing systems,

EXPERIMENTAL

Measurements were made in a magnetically stirred cell similar to the one deseribed by Hicnidi and
Swithenbank [8], to study the effects of multiple seattering on drop size and drop size distribution in
drop fields with model-independent and bi-modal size distributions. Mono-size latex spheres (eight sizes
from 7 pm to 160 gm ). and aliminum oxide particles (five distributions, lagest diameter aronnd 250
pm ) were used to design model-independent and bi-niodal size distribitions of ditfercat characteristics.
A very dense suspension of each distril:ution of latex spheres was lirst prepared with deionized and
filtered water. This sample solution was then added to the stirred cell, containing filtered water, to the
desired concentration level. Thus, it was passible to obtain a series of concentrations corresponding to
obscuration levels from 15 to 98 %, for the same drop size distribution. For alumiunm oxide particles,
methyl alcohol was nsed as the suspension liquid in the cell, and particles were added into the cell by
a spatula. A Malvern 2600 spray sizer was used for the measurements utilizing the model-independent
mode for data inversion, and most of the experiments were repeated with a modified beam expander
with which the beam dianieter was reduced from 9 mm down to 4 mm.
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RESULTS

The ultimate cffect of multiple scattering duce to relatively high density of the draop ficld is to
reduce the obtained mean drop size with increasing obscuration of the incident laser heam. For the
nine hi-modal distributions, with which extensive data have been compiled, variation of the Sauter
mean diameters i~ showp in Figare 1. The data obtained for single-mode awl tri-modal distributions
follow the same trend. For obsenrations below approximately 45-55 %, the hight enerpy and drop size

distributions correspond to, within the experimental error range. the actual distribntions.

In order to shiow the effect of multiple scattering on light encrgy, and final drop size distributions,
data on three drop ficlds will Le presented. The first of these three distributions is a bi modal one,
ohtained by mixing ‘he the two different distributions of aluminum oxide particles. Obtained light
energy distributions, Figure 2, do not give any clue towards the nature of drop size distribution,
and exhibit single-mode light energy distributions at al! obscurations. With increasing obscuration,
however, the hight energy distribution shifis towards larger detector ring rumbers, Figure 2, vesulting

in smaller niean drop diameters, Figure 3.

The second distiibution we will discuss is, again, a bi-modal one, bt obtained Ly mixing two
practically mono-size latex spheres. The resulting light energy distributions at different obscurations
are shown in Figure 4. These distributions carry the signatures of a bi-taodal type drop size distri-
bution. With increasing multiple seattering, light energy distribution shifts towards larger detector
ring nnmbers. This results in. in addition to a reduction in ¢btained mean drop size, an increase in
the percentage drop voluine in ihe smaller drop size mode of the bi-modal distribution with increasing

obscuration, Figure 5.

Figure G illustrates the light energy distributions at different obscuration levels for a tri-modal

distribution obtamed by mixing three mono-size latex spheres. Even at very high obscurations. the
4L 1;
thel
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multi-modal ure of the drop ficld can be eanily seen frbm the shape of

Corresponding drop size distributions are shown in Figure 7.
EMPIRICAL EQUATIONS AND DISCUSSION

The empirical expressioss presented e this section were developed by curve fitting to the experi-

mental dara nsing multiple regression methods.

The correcnion equation for the Sauter mean diameter is
o= 1361t (1

where (' is the ratio of the measired Sauter mean diameter, Dgy, to the actnal one, D4, Fy and Fy

are given as follows
Py = =0.1184(D35/100)% + 15.122¢/ Dy, - 5.7474¢/ D3 (2)
Fy = 2.23894" — 2.60774° (3}
where ¢ is the percentage ohscuration.
The correction equation for the volume mean diameter is

Cho= 0.1639(7,; 0.773803—00.070080.0m.’.a/llg‘“‘ +1 94130, (4)
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where €0, is the ratio of the measnred volume mean diameter, Dag. to the actual one, 25,

For bi modal size distributions, as mentioned before, the effect of multiple scattering manifests
itsclf as an increase in the percentage volume of the drops in the smaller size mode, as the obscuration
percentage increases. If we define w as the ratio of prreentage volume of the spray in the smaller dron
size mode to that of in the larger drop size mode, then the correction equatio for w is

C, = 1.048/{(',}'375“' |.’.7¢n,uor,z.r..<‘] (5)

where ¢, is the ratio of measured w to the actual value, w’. 8 is the measured vahie of the span
defined as
§ = (D, - D)/D; (6)

where Dr. Dy, and 12, are the spray diameters below which are the 10, 50, and 90 5% of the spray drop
volume, respectively. The saddle point was taken as the reference to divide the two modes.

Figure § shows the variation of the ¢orrection factor for Santer mean diameter with obscuration
for different mean diameters.  Although |, the percentage obscuiation is dominating the change in
carrection factcr, the etfect of Sauter mean dianmeter is not negligible. One juteresting aspect of Eq.(1)
15 that, Oy is audependent of the spray distribution width parameter. This is in contradiction to
previous empirica, models for Rosin-Ramler distributions [3,10] | and for log-normal distvihunon (3]
which melude terms for the distribution width parameter dependency of the correction tactor for the
Santer mean diameter. A distribution width parameter, in terms of span 5. had been ineluded in our
regression exercise, but 'y did not show any correlation with 8. Same discussion applies for B (4).

Figure 9 shows the correction factors for Sauter mean diameter predicted by Eq (1) versus mea-
sured ones. Correlation coeflicient is 0.96 and mean error s around 4 3.5 Y6, Stmilar values have heen

obtained for the Bys.{4) and (3), Table.1.

The validity ranges of the corrective equations for model independent and bi-modal distribunions
are limited to :
10pm < D3y < 100urn

1opm < Do < 12000
0.7<8<4
03<w=<3S

0.5 < ¢ < 0.98

Table 1

Regression statisties for the empirical expressions.

Eq (1) Eq.(4) Eq.(5)
Correlation coeflicient, R 0.96 0.83 (_).97
tandard deviation of residuals,e 0.046 0.056 0.054
Mean ahsolute crror, % 3.5 34 3.5
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Althouph the ultimate correction soneme should hie obtained through maodeling of multiple scat
tering of <be Fght by a polvdisperse drop tickd, as demonstrated by Hirloman (11, Gomi [9,. ind
Hanndi and Swithenbarh [3]. there exists two concerns related tg tae ‘nuaediate application of 1hese
models. The fiest coneent is releted to the appropruteness of the selected physicel model to describe
the nmltuple scattering, which can only be justified by a cigorous testiag of the romerical predictions
agaiust experimental data As discussed by Gemi [9], this validarion bas ot been demonstrated yet,
The second concern is a more practical issue: unless sinplified to casily managable algotithmes, the
existing models may not be suitable for use in data processars and PCOs used with hght seattering
systems, even main frame computer runs can be prohibitive [9]0 The peesent crapirical approach does
not shed any Light on the physics of multiple seattering in dense drop fields, but 1t s simple and easy
to use . and acenrate withie the speeified range.

CONCLUDING REMARKS

An experiuental study, to predict the effect of multiple scattering in a dense drop ficid on the
measured model independent and bi podal distribntion parameters, has been deseribed. Obtanned
data were cruployed to develop empirical exnrescions to correct the measnred spray parameters at high
obscuration levels, with hight scattering basea spray sizing ins*ianterts. Accuracies of the proposed
correction equations are acceptable for engineering applicatinns, and comparable to the accuracies
mvolved in conversion of light seattering data to drop size information.
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DISCUSSION

J.E.Peters, US
Your correction for SMD was derived wwng bi-modal and tri-modal size distributions. How well will it work for sprays
that have realistiy size distributions such as Rosin-Rammler or upper hmit distribution functions?

Author's Reply

Data used for the derivation of correction expressions included single-mode distributions as well as mulu-raodal ones
The principal apglication of the described corrections scheme is to correet the distributions (single or multi-modat) of
drnse sprays obtained through the Malvern “model-indepeident™ algorithm, and through the Shifrininversion teehnique.
I belicve that it is a rishy practice to foree given distribution data to fit into Rosin Rammler or upper-limit type two-
parameter distribution functions. with the rationale that these functions ate presumably realistic. Txistence of
madel-independznt distributions (single-mode or multi-modal distributions which can not be adequately described by
two-parameter distribution functions) is nota scarce probability; these type of distributions are frequently encountered in
transient fuel sprays, and i high pressure full core sprays, The preseat correction schem has not been rigorously tested
for upper-limiz, log-normal, and normal distributions. Limited tests with Rosin-Rammler distributions (3 distributions)
were satistactory. However, present expression for SMD gives different correction factors as compared to those obtained
by expressions for Rosin-Rammicr distributions reported in the literature (¢.g., ref. 3 of this paper).

AKJssuja, UK
The correction scheme has been derived on what are nearly stationary particles. Fuel spravs feature parucles that are
maosing generally at high veloctties. Can e correction scheme be apphied to the fuel spray case asitis or does itneed some
modifications?

Author's Reply
The optical drop sizing techniques based on Fraunhofer ditfraction are insensitive to the mosement of drops, Theretore.
the correction scheme presented does not need any modification. However, if any medification is applied to the measured
distribution to prevent bias due to non-equal velocities (henee, non-equal residence times of the drops in the probe
volume) of different sizes of drops, the samw madification shoutd be appiied to the corrected distribution.
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Influence of Operating Conditions on the Atomization
and Distribution of Fuel by Ajir Blast Atomizers

M. Cao, H., Eickhoff F. Joos, B. Simon
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Institut flir Antriebstechnik Miinchen GmbH
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Summary

The performance of 3 gas-turbine combustion chamber depends essentially on the dis-
tribution of the fuel in ihe primary zone, Ignition, stability of cowbustion, wall
temperatures, and smoke and pollutant emission arc all affected.

Maintaining a fined geometry, the droplet size and spray angle under variation orf the
air pressure drop at constant temperature were measured using two test liqguids an an
air blast atomizer s,stem. Correlation equations were provided for both variables.
Known correlavions were confirmed for the droplet size. The spray angle is pressure-
related, increasing very rapidly with increasing pressure.

~ Notation
AFR - Air fuel ratio
dy mn Characteristic nozzle diemeter (dy = 1)
m, kg/s  Air flow through nozzie
m2 kg/s Purging air flow
n - Exponent of Rosin-Rammler distiribution
Pa MPa Air pressure
APA kPa Air pressure drop
r, mm Nozzle exit radiug
1
I, mm Collector radius
E mm Distance between the nozzle and the collector
ShD um Sauter diameter
2 AP,
we - Weber number = =—-= &
[+ N
L
050 degree Angle within which 50% of the fuel is injected
oL N/m Surface tension of liquid

1 Introduction

The testing of gas-turbine combusticn chambers under realistic operating conditions
is very elaborate and expensive, requiring high pressures and great mags flcws of hot
air. Trzaversing instrumentation for measuring the temperature, pressure ané com-
position of the exhaust at the combustor outlet must be provided.

For this reason, the effort is wade to conduct as many of the combustor tests as
possible under operating conditions at reduced pressure, preferably even at atmos-
pheric pressure, The meazurement of the gas terperatures and emissions is then much
simpler because there is no need for pressure-resistant traverse-typc instrumen-
tation. Also, the air reguirement is more modest. This reduces the costs of the test.
However, to avoid inaccuracies, the test results must be transferable to full oper=-

ating conditions,

As js known, mass and heat transfer are affected by pressure, gas radiation and
reaction rates increase, phase and chemical equilibria change and air forces mul-
tiply. Since all these phencmena play a role in the combustion process, it is
Qifficult to see what differences occur in combustion chamber testing at atmospheric
pressure and at above-atmospheric preasure.
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In the present inveatigation, therefore, mainly the intlw~~~e of pressure op the
fuel~injection system is considered. Systems in which che ueyree of atomizatjion
depends on the shear forces of the air, known as air blast atomizers, are pas-
ticularly sensitive, A system of this type is investigated here.

2 Test Setup

2,1 Experimental nozzle

Air blast atomization has the advantage that fuel and air are pre-mixed early, and
acceleration of the fuel droplets at the separation edge by the air ensuves good heat
and mags transfer, as large differences in the droplet and air flow velocities prc-
vail from the very beginning of atomization. This is a prior copdition for rapia
vaporization.

The arrangement of the air blast atomization system is illustrated schematically in
figure 1. The fuel is transfexrrcd via a simplex nozzle to the inside suxface of a
venturi. A swirled airflow forces the fucl film to the end of the venturi, where it
is atomized into firn. droplets at the pre-film separation edge, where there is an
outer ard inner airflow, with the outer flow being swirled in the opposite direction
to the inner flow. The air leaving the nozzle flows around the contour of the com-
bustor doms=. This flow pattern, important for the spray characteristics, is
observable in water-simulation tests and can be demonstrated mathematically. Figure 2
shows the calculated isotnermal flow downstream of the morzi=, deteruined by a two-
dimensional flow-field calculation. 1t can be clearly seen that the whole of the flow
of air leaving the nozzle flows radially outwards and necomes attached to the rear
wall. This bechaviour iemains constant throughouat the operating range.

The purposes of the air blast atomjzation system are the following:
- Teo atomize the fuel in very fine droplets
- Tc generate a stabilizing recirculation zone

- To generate high turbulence for the mixing of the air, fuel and recirculated
exhaust gasues

- fTo ensure homogeneous distribution of the fuel in the primary zone of the flame
tube.

In contrast to other tuel-injection system, such as a pressures atomization syktem
for example, the purposr of the air bklast atomizer .s not merely to generatc very
fine droplets. It must also generate a iavge stabilizing recirculation zone, and this
is achieved in particular by the radial flow of the swirled air on discharge. The
atomized fuel foliows the flow of air to a greater or lesser extent, depending on the
strength of the interactior. This interaction determines both the droplet size and
the fuel distribution in the primary zone of the comhnaror,

The droplet sice and fuel distribu'ion are examined more closely helow.

2.2 Droplet measursment

The droplet size was measured with the aid of the apparatus depicted in figure 3. To
enable the droplets to be wmcasured at increased pressure as well, a double-walled
container with variable-diameter air discharge linc is used. The air stream m, is the
atomization air, whercas air stream m., is required for purying the observation
windows. This container can be used f&r pressures of up to 10 bar.

The droplets werc measured using an optical procedure hased or the light-diffraction
principle. Datails of this method can be found in reference /1/. This procedure
suffers from inherent difficul+tine if the spray-cone becomes optically toc dense,
which occurs preferably under high-pressure copditions. Thus, to reduce the optical
density, the laser beam was focused on onc half of the spray cone via a tube. The
light intensity was evaluated on the basis of the Rosin-Rammler function for the
droplet-size distribution. As liquids, water und kerosine were used.

2.3 Measurement nf fuel distribution

The measurement of the local distribution of the fuel was carried out using the same
apparatus as for the droplet-size measuvement, but without the optical tube for .
diffraction measurement, which was replaced by a fuel collector vessel downstream of i

the nozzle. The distance 5 between the collector and the nocszle could be adjusted by H

means of a threaded rod (figure 4), The collected furl was weighed with the resulting

mass flow beiny determined as & tunction of the diStance S§. This allowed the volume § ‘
cf fuel, injeccted at a certain angle, to be determined, where the following relation '
between the spray angle and the distance §, corresponding to the geometrical con- :
ditions shown in figure 5, results:

r, -1y
a= 2 arc tan

s
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whera r., is the radius of the fuel collector und v, is the radius of a reterence
Cxcsu—sgction of the nozzle. If the collector is p&sitioned immediately next to the
nozzle, the spray angle is 180°, decieasing Lo zero with distance of the collector
from the nozzle.

In the experimental arraugement chosen, the flow through the nczzle is affected to a
greater or lesser extent, depending on the position of the collector, At least, a
marked e¢ffect will occur when the collector ig located very close to the nozzle. But,
because of the nature of the flow field of the fuel injector nozzle, this effect
decreases very rapidly with increasing distance of the collector to the norzle, A:
already mentioned, the air flowing from the nozzle becomes attached to the rear wall
of the test cell, and is disturbed by the collector only at very short distances, The
low-pressure region occurring downstream of the nozzle is filled, however, not by the
recirculation of the nozzle air, but by air from the collector, This is pcssible
since the collector is connected with the test cell via side openings.

3 Results

3.1 Droplet size

A series of measurements was madc with water and with kerosine, varying the air
pressure and relative pressure drop via the nozzle in each case. The influence of
viscosity and the air-fuel ratio was not investigated, since this is already known
well enough from the literature. The literature shows that the droplet size does not
depend on the viscosity, if the higher-Ciscosity liquids are excluded /2/. This
finding is confirmed in move recent investigations /3/, where it is demonstrated that
up to 33 cP the viscosity has no effect on the droplet size. Ref. /2/ also shows that
the effect of the air-fuel ratio can be ignored as long as it is not less than 3:1.
In the present case, the AFR was in the region of 7.7:1, in other words a value at
which it was expected to have had little influence on the droplet size, and this was
confirmed by several random verifications.

1he influence of the air pressure and the relative pressurce drop on the Sauter dia-
meter af the spray cone is represented ir figure 6 for kerosine and water. Because
the shear forces of the air play a major role in the atomization of the fuel, the
droplet sizc decreascs with increasing drop in pressure. $imilarly, because of the
accompanying higher air density, higher pressures lead to a marked reduction in the
droplet size.

These findings apply qualitavively to both liquids. Quantitatively, as exvected,
there are major differences. Under identical conditions, the Sauter diameters are
nearly twice as great with water as with kerosine.

As can be seen in figure 7, the values for water and air correlate with a certain
scatter over the reciprccal value of the Weber number We, according to

1 0.5

1

SMD = 6.7 (

[N

Ap
where the Weber number is defined as We = 2 R dN in which the characteristic
diameter d . is kept constant and taken to be equalto 1, For this We-number, corre-
lation repyesents 83% the measurements with better than # 25% fluctuation. The rela-
tively large scatter is caused by insufficient variation in the surface tension,
represented by only two liguids. Furthermove, it must be remembered thai the method
of measurerent used is not fuoee of errors. Ref. /4/ provides an estimation of the
error involved in the measurement of the droplet size by the diffraction methed,
according to which the relative error is approximately l1%.

In the light-diffraction procedure, the result of the measurement is represented in a
Rosin-Rammler distribution of the spray, in which, as is known, the distribution is
represented not only by a characteristic diameter, such as the SMD for example, but
also as ro two-parameter distribution by the exponent n. If the SMD alone is stated,
tne so-characterized distributivon is comparable with others if the exponent n remains
constant.

The dependence of the expenent n on the We sumber is shown in figure 8. It varies
only slightly, increasing as the We pumber increases. The functional relationship is

n=4,1 We 0.16

This means that increasing We number produces somewhat closer scatter in the droplet
size.

it i

The finding for SMD shows good correspondence with the zelevant investigations as per
references /2/ gnd /3/, where the Sauter diameter is correlated by the relation
sMp  ( @,/ AP,)” and where the exponent b lies between 0.45 and 0.6,

3.2 Local fuel distributisn

Determination of the amount of liguid atomized under different angles results in a
cumulative freguency curve ~vcr the spray angle (figure 39). To enable this curve to
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be charncterized by a sing’e value, the angle Qgpn. 8t which 50% of the fuel is in-
jected, has bsen introduced. :

Approximately 60 measurcments were made at different pressures and relative pressure
drops, using two different liquids, plotting a cunulative frequency curve and deter-
minirg the angle 50 in each case.

The results were correlated using the fgllowing relationship:

AP 0.423
A 0.61 0.36
50 ™ 0.065 (P—A—) pA AFR

0.186 (2)

a / ar

This equation correlates 80% of the measurements within a scatter of + 15% (figu-

re 10), lpn the same wiy as the mean SMD, the spray angle a very much depends on
the relative pressure drcp and the absolute aiv pressuic as”well as on the surtface
tension, giving rise to the suspicion that in this case also, the droplet size is of
significance. Comparison of eguation 2 with equation 1, however, reveals clear dif-
{ferences between the exponents, Furthermore, there is an additional dependence of the
fuel flow or the AFR at constant air flow.

On the basis of a selected series of measurements, the behaviour of the gpray angle
depending on the cir pressure, pressure drop and the AFR jis illustrated belcw.

3.2.1 Air-fuel raiio

The AFR was varied by varying both the air mass flow, i.e. the pressure drop via the
nozzle, and the fuel flow rate. Thte influence of the AFR on the spray angle

shown in figure 11, The angle becomes smaller with decreasing AFR, i.e. with anreas-
ing fuel content of the mixture, This applies to a very similar extent with both
large and small pressure drops irrespective of the test ligquid, The larger liguid
content increases the amount of inert liguid to be accelerated by the air, meaning
that the acceleration of the individual droplets becomes lower. Consequently, this
leads to a change in the spray angle because the flow of air downstream of the nozzle
is subject to a marked radial direct.ional change, which is followed by the droplets
decreasingly as the strungth of the aerodynamic forces acting on them weaxens.

Figure 1! also illustrates how well the measurements are approximated by the corre-
lation. Under the realtistic ccnditions of AFR of 5 - 10:1 the degree of error is lese
than 12%.

3.2.2 Pressure drop

The relative air pressure drop was varied between 2 and 12%. The relationship between
the spray angle and the pressurc drop for three different pressures at constant

AFR is shown in f188r° 12. As the pressure drop increases, the angle grows notice-

ably, and all the more so as the pressure increases. Clearly, under these conditions

the fucl droplets iucreasivgly folluw the ali as it flows radialiy outwaras.

For the terhnically interesting range of 3% pressuie drop, equation 2 represents the
effect of pressure drop on the spray angle with an error of less then 10%.

3.2.3 Air presssure

The aiy pressure was varied ketween 0.1 and 0.4 MPa at constant relative pressure
drop. 1ts influence on the spray angle is shown in figure 13, As the air press-
ure increases, the spray angle increases ggd approaches a limiting value, which is
reached when the direction of flow of the fuel droplets fully coiancides with that of
the air, Evidently, under normal combustor conditions ( AP,/P =r3%), this value will
be xeached alread) at the relatively low pressure of 0.4 MPa,"since at this pressure
the spray angle is in the region of 160°. With the presert geometry of the test
cell, it is not pogglble to have a spray angle greather than 180°.

Since the air temperatuvre was constant ir the testz, the density of the air depended
solely on the pressure. Hence, the spray angle Acq is plotted against the density
ratio of liquid to air in figure 14 In this case? the liguid yesed was water, meaning
that similar spray angles to those obtained using kerosine are only reached at
smaller density ratios.

In combustion chamber tests the air is normaily preheated to the compressor discharge
temperature and as a result, at the same pressure, the air density is aboaubl half that
in the spray tests here. Consequently, the spray angle in tl.ese tests would have been
influenced by pressures higher than 0.4 MPa, were it not for the fact that under

compustion conditions the fuel dropivis lose mass to evaporation along their flight .
path, and follow the air stream more rapidly. :

It remains to be neted that already at relatively low pressure as mentioned above,
the influence cof the present air blast atomization system on the pressure-depcndence
of combustion can he ignored, but that under atmospheric corditions, however, it is
not possible to obtain representhtive results.
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3.2.4 Influence ot droplet size on the spray angle

The abjility of the droplets to follow the aiir flow depends on the size of the drop-
lets, where smaller droplets follow the flow better than large ones. lt caa thus be
assumed that the thc spray angle a will alsc be affected by the mean SMD of the
epray. Tu verify this, the Sauter agameter from eguation 1 is introduccd into the
correlation acc. to equation 2, resulting in the following relationship:

4r, 0.237

—) P 0.414 0.3t
ae m D A AFR
50 sMo®- 372

This eguation shows that the spray angle decreases as the SMb increasea, which, in
view of the stronger lL.apulse of the large droplets, is a reaction that was to be
expected. Ags a rule in combustor testing, the relative flam¢ tube prersure drop is
maintained constant irresprctive of the test pressure. Therefore the droplet size
mainly depends on the absolute pressure drop, ard with increa2cing test pressure not
only the droplet size, but also the fusl distribution varies. The influence of the
Sauter diameter on the fuel distribution is of the same order as the influence of
pressure. The significance of the relative pressure drop is small beocause, the re-
lative pressure drop remains more or less constant, also if the combustion chamber is
operated under differing pressure conditions, .

4 Conclusions

Using an air blast atomizer as an example, the influence of pressure and test liguids
on the droplet size and fuel distributjor is illustiated. It is well known that both
have a marked effect on the combustjion process and tne related factors such as wall
temperatures, smoke behaviour, coke formation, stability ot combustion and tempera-
ture distribution at the combustor cutlet. The pressure was regularly fcund the exert
a marked influence on the above criterja, for example when tests at atmospheric
pressure are compared with those at higher pressures. There are various reasons for
this, such as the greather flame radiaticn, accrlerated thermal and mass transfer or
higher reaction rates, But it is revealed that these phenomcna alone are not suffi-~
cient to account absolutely for the change in behaviour between operation at atmos-
pheric and at higher pressure. An attempt was thercfore made to investigate the spray
behaviour of the air blast atomizer in relation to apsolute pressure in a test set-up
2t constant air temperature without combustion.

This revealed the following:

= The droplet si:e, represented by the SMD, can be correlated well with the absclute
pressure drop, where the exponent of this relationship corresponds well with
exponents dexived from measurements according to the literature.

~ The mean spray angle a changes markedly with air pressure. This hius two causes,
firstly the pressure«re?gted mass inertia of the droplets, and secondly the
pressure- and relative pressure drop-related aerodynaric forces of the ai: acting
on the droplets, Whilst the mass inertia of the droplets assists them maintaan
their direction of motion, the aerodynamic forces tend to ivrce the drupiecs to
change direction, insofar as the flow directions of the air and droplets differ.
Such conditions usually prevail when the air is strongly swirled by the nozzle.

-~ The two causes can be separated. The influence of pressure on the spray angle
Q.., resulting from the aerodynamic forces, is of similsr magnitude to that
reSSIting from the droplet size.

- 1In contrast to the droplet size, the spray angle also depends on the AFR, because
of the interaction between the fuel and air downstieam of the nozzle. As the
amourt of fuel in the mixture increases, the aerodynaric forces acting on the
droplets decrease, and the spray angle grows smallex.

- 1f, for safety reascns, the atomization tests arce carried out using water instead
of fuel, the conditions must be adapted according-to whether the droplet size or
the apray angle is being investigated.
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DISCUSSION

A.Lcfehre, US

Your analyus of the factors governing spray angle and the vanation of spray angle with combustion operating conditions
has much to commend it

However, it is not made clear in your paper that the equation you have derived for spray angle applies only to the
atomizer/swirler configuration you have tested. and could give misleading results if applicd 1o other fuel nozze i
swirler combinations.

Author’s Reply

Tt was not the intention of aur papers to derive 8 spray angle equation saitable for all types of atomizers, What we wanted
to show is that there is a mashed influence of atr pressure on the spray angle according to the given equation for atomizer/
swirler combinations, where the atomizer i -

ironig swiler This was #iso panted out m the conclusions
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SUMMARY

The purpose of this paper 1s to examine the apray performance of a vaporiser fuel
injector of a type that has accumulated extensive service experience in sub - and
supersonic commercial and military aircraft applicatlons. Spray performance data covers
a wide range of ogperating conditions including the effects of fuel quality as well as
the atomiziug air temperature. The chief objective is to further not only the current
level of understanding regarding the fundamental functional aspects of vaporiser
technology but also the data base for future designs.

INTRODUCTION

Effective fuel-air mixture preparation is now widely recognised as being of paramcunt
importance in order to achieve satisfactory combustor performance. This is acknowledged
to be the case i1. the centext not only of the current but to ar even greater extent for
the future generation of gas turbine engines with their inherently more dem nding
operational requirements of presaure, temperature, fuel flexibility/flow r:i ge and
pollution control. The mechanism through which bulk fuel is transformed i- 9 a spray of
droplets and the factors influencing thelr behaviour need to be well under ood if
sprays featuring optimun characteristics as well as satisfactory interaction with the
combustor primary zone environment are to be generated. This has resulted in a
conslderable amount of research activity in recent years focusing attention upon the
structure of spray emanating from fuel injectors. However, with very few exceptions
{Refs 1=3) ihese studies have been resiricied Lo pressure and airblasu aitomised sprays,
largely at ambient sir conditions.

This paper is devoted to ar examination of the spray performance of a vaporising fuel
injection system of a type that has been used extensively by Rolls-Royce in sub-and
supersonic commercial and military aireraft applications. The modern annular vaporising
chamber concept depicted in Figure 1 i8 fully described in Ref 4. The continuing
effectiveness of the vaporiser 1s demonstrate. by its having achleved substantial
trouble-free servlce 1ife, 2300 hours to date, in the Olympus 553 engine featured in
Concorde. Confidence in its future is %llustrated by its current use in the RB199
engine in Tornado as well as by its selection for the EJ200, the Euro Jet Fighter for
the next century. Whjlst the vaporising fuel injector has demonstrated highly
competitive combustion/emissions performance thus far, its projected ussage under more
ardusus conditions of operation has prompted a thorough re-appraisal of the fundamental
functional aspccts of vaporiser technolougy.

It transplres that the corridor of satisfactory vaporiser operation (eg. adequate

mechanical integrity without signlficant smoke, carhon accretion etc) narrows with
increasing compressor eyif tempepature, Extreme caution thersfore needs to bhe everciued
in the selection of the air-to-fuel ratios (AFR) that the vaporiser is designed to
operate w«ith, especially at fuvel rich conditions. Of particular relevence to the design
prccess is the development of an in-depth understanding of ‘he mechanistic as well as
the operational behavicur of the vaporising injector through a series ¢ well-planr-d
and executed experiments under non-combusting and combusting conditisns. Some of t.e
results pertaining to the vaporiser efflux obtained during the course of such studies
are the subjecl of this paper.

EXPERINENTAL

At the very outset it was felt that the use of jmaging cum laser diffraction techniques
should prove beneficlal in cbtaining experimental data that would shed adequate light on
the mechanistic/operational behaviour of the vaporising style of fuel injector. Short
durat ion spark photography was expected to identify the character of the efflux at the
polint of exit from the vaporiser tutes under non-combusting and combusting conditions
whereus the laser diffraction technique was to p-ovide quantitative information
regarding the spray structure vis-a-vis the drcp size. Futhermore, the well
established, non-intrusive nature of the twou techniques selected for experimentsa offered
the prospect of meaningful and reljiable resuits.
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The test hardwere and experimental technigue employed in the spark photographic
investigation were largely as described in Ref 1. A single vaporiser sector cut from a
typical annular combustor was fitted with transpiration cooled sidewalls and modified ito
permit optical access to the vaporiser efflux zone {figures 2,3). A heal exchanger was
installed in the vaporiser fuel delivery line to enable the fuel temperature effects tc
be investigated in this study.

The argon arc light source and associated optics provided & parallel beam of light which
illuminated the spray for a duration of approximately 300 ns and a facused shadow of the
'frozen' efflux was cast in the plane of the film. The current exercise featured a
light source of increased power (ca. X!'.5) to that of the Lunartron unit uszsd in the
previous tests - thus offering the prospect of wore reiiable data. The shadowgraphy
teghn(que was applied to combusting and non-combusting effluxes at air pressures upto
1300 kPa,

The exverimental set up utilised for spray drop siie measurements was simila~ to that
used in Ref. S5. Non-vitiated, hot air was generated by using electrical resistance
heating in combination with counter-flow type of heat exchanger unit connected to a
kerosinn fired slave combustor. The mass flow of hot air that was surplus to
requirement bypassed the vaporiser working section, An orifice plate to BS1042 was
installed a3 close as practically posgible to the measurement secticn tv enable the air
mass flow monitoring. A thermocouple was lccated just upstream of the vaporiser air
inlet. Air pressure drop across the vaporiser was measured by a manometer and all drop
size tests were carried out at near atmospheric pressure.

The vaporiser as well as the fuel injector geometry for the drop size study was
basically identical to that deployed for the =park photographic assessment. The fuel
supplied to the injector wag at 2mbilent temperature and the relevant flow conditions
were achieved by using calibrated flow meters.

Spray drop size measurements were carrled out by utilising a commercially available
particle sizer - Malvern Instruments Model 2200. Briefly, the instrument is based upon
the well establisred principle of diffractive scattering of a collimated, coherent and
monochromatic beam of light in the forward direction as a result of its passage through
the test spray. The instrument uses a Helium - Neon laser as the light source while a
multi-element, concentrically configured, semi-clrcular ring detector amonitors the
scattered light signals. Through a process of iteration a dedicated microcomputer
arriv~s at a drop 8ize distribution that exhibits a computed light energy distributioun
close to that actually measured. The computed versus measured light energy distribution
comparisons can be performed for a range of assumed Jdrop size distributions - notably
Rosin - Rammler, log - rormal, mode¢l -~ independent, ete.

In house and commer~ially developed light diffraction instruments have been used
extensively for gas turhine fuel spray research in recent years. Drop size data
reported in the open literature, thus far however, has been confined mainly to injectors
spraying in ambient air conditions due to considerations of cost and complexity. Some

z had o.veriheless, veen achieved in the use of such optical tecnniques for
tuin—tluid atomised spray studies in elevated alir pressure environments (Refs. 6 and 7).
By contrast there was almost a total cearth of similar exposure to twin-fluid atomised
spray studies under conditions of elevated air temperature. Preliminary tests with hot
air revealed the pattern of light scattering in the proximity of the optical axis to be
significantly c¢ifferent from that for the amblent temperature tests, This change in
light scattering pattern was observed to follow the air temperature, increasing with an
increase in gir temperature and vice versa. Furthermore, the problem seemed to be just
as severe even in the absence of liquid fuel injection. From analysis of the scattering
data, it became apparent that the laser bezm was being diffused/nteered in the viecinity
of the optical axis. Refractive lndex variations resulting from temperature gradients
are responsible for the generation of additlonal Scattering cells. Con3legquently, the
overall scattering pattern is a combination of that due to liquid droplets as well as
the thermal effects. The procedure adopted during the tests was to record the
Yackground light scattering levels at each of the working temperatures in the absence of
liquid fuel injJection as the reference, This was followed by the test run wherein the
fuel was injected and the subsequent drop size analysis took account of the background
light levels at the relevant air inlet temperature thus effectively countering the beam
steering problem.

Effects of fuel quality upon vaporiser performance were confined in both studies to
aviation kerusine and gas ¢il. Relevant proprrties of the two fuels are listed in table
1.

RESULTS AND DISCUSSTON

The primary objective of the parametric exerclse reperted here was to study the effect
of air, fuel and injector variables upon vaporiser performance in a combusting and
non-combusting cnvirooment. This was expected to improve not only the level of
knowledge regarding the detailed structure of the two-phase effliux emanating from Lhe
vaporiaing fuel injector but also the design capability for future applications,
Futhermore, the availability of such experimental)ly determined representative data could
also enhance the prospect of 1ts being usefully correlated with some key aspects of
combustion performance,
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1} : - Spray Imaging
This technique 1s generally capable of detecting the very high frequency variations to
. . which all fuvel injectors are subjected. The photographs presented in this paper feature

. a magnification of approximately three and give a gocd account of the average situation
: at cach test condition. The zone illuminated by the spark 1s shown in figure 3.

Effect of Combustior

The comparison made between the effluxes at non-burning (no vaporisation situation) and
burning corditiona, plate 1(a) and 1(b) respectively, highlights the significance to
fuel preparation process of the heat transfer from the reacting gases to ths vaporiser
walls. A detailed =emi-empirical assesament of the external heat transfer processes

f with allowances for turbulence enhancements of the convective and radjative fluxes
inferred an upper limit of 50 percent for the degree of vaporisation at this burning
cendicion. This 4s borne out by the experimental results.

E Effect of Fuel Tempcrature

Fuel temperatures significantly higher than amblent occur at all engine conditiona as a
result of the fuel being used as the coolant medium in lubricating 9il coolers. The
effect this has on the fuel preparation process wilhin the vaporliser at idle conditions
1s also evident in Plate 1,(b) versus (c¢). A comparison between plates 1(¢) and 1(a)
reveals the degree of vaporisation under corbusting corditions with hot fuel to be of

the order of 80 percent. This is breadly in line with the predicted value at these
conditlons.

Effecte of Vaporiser AFR, Inlet Alr Temperature

It 13 clear from Plate 2 that increases in AFP h-ve a beneficial influence upon the
spray quality. Since such improvements are translated into higher combustion
efficiencies and lower smokescarbon levels it is extremely lmportant that as high a
vapcriser air throughnut as is compatible with irtegrity should be employed.

Similarly, the degree of vaporisation and fineness of the spray improve with increasing

: inlet air temperature (Plate 3). Provided that the alr temperature is above the boiling
range of the fuel at a given pressure, this mechaniesm of fuel heating is very effective

considering the short residence timez involved. Thuse results suggest an intimate

phyeiczl contact between the fuel and alr withlp the vaporiser. This is a direct

{ . consequence of the complex internal aerodynamics (see plate 4) necessary to ensure that

|

{

all internal surfaces of the device are well scrubbed by the two phase mixture (Ref. 8).

' Effect of Pressure

The spark photographic investigaticn has been extended to examine the vaporiser efflux

at high pressures. As expected the mottled background (schlieren effect seen in all

. comtusting efflures) hecame inarea dence ot higher pressures eveéentually vausiuyg a

{ degree of obscuraticn beyond which ne uaeful information could be derived by this
approach. The working range of the technique was thus defined as between ambient
’ pressure and 1300 kFx.

ingly deonce ot higher pressures

The efflux for a typical AFR and Inlet air temperature at this pressure )imit is
: presented in Plate 5., Although the ability of the technique to detect droplets at these
¢ pressures 1s unknowa, it 1s fair to claim a high degree of vaporisation at this

condition bearing in mind that here there is a four-rold increase in fuel flov over the
idle condition.

From a simgle anaiysis of the two phase flow through the device at these conditions it
iz clezr that the heat energy of the airstream alone 1is suificient for this to be the

case. futoignition precluded compa.~isons of burning and non-burning effluxes at this
prassure.

A very modest carbon accretion on the vaporiser outlet is evident at this condition.

Effect of Injector Geometry

— e T TR -

The U-jet fuel injector was conceived as a solution to the problem of potentially
damaging thermal gradlents resulting from the deletion of stem cooling air on the
Olympus 593 vaporiser (Figure 4). Although its introduction 1in service has not proven
necessary with the identification of improved materials, this fuelling arrangament may

make a worthwhile contribution to gaseouy ewmlssions and swmoke/carbon contrel at more !
arduous operating conditions.

- A

An investigation of its effect on efflux quality (Plate 6) confirmed the potential N
benefits of doubling the number of fuelling polnta. The more even fuel coverage of the !
vaporiser stem walls is translated into an iepproved fuel distribution at the outlet and
furthermore at high inlet ajr temperatures the more intimate fuel/air contact 1s
reflected ir higher degrees of vaporisation relative to the standard 2-Jjet system. Such
improvements in fuel preparation prior to combustion may prove necessary to maiantalin
smoke and carbon deposlition at acceptable levels for advanced cycle engilnes.

[
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Effect of Fuel Quality

It 13 desirsble that the vaporlalng fuel injector exhiblts satisfactory fuel
flexibility/multi-fuel capabllity to adequately cops with the potential concerns
regarding the quality of gas turbine fuels in future ¥s well as under emergency
situations. Consequently to determine the sensitivity of the vaporiser fuel preparation
process tu fuel type, efflux measurements were made while burning a poor guality gas
oil. A direct comparison with the performance on standard aviat‘on kerosine is maae in
Plate 7. From a simple calorimetric viewpoint, the lower degreces of vaporisation seen
with the gas oil are not surprising. However, it has bt :n demonstrated recently in a
serias of alternative fuel engine tests that the penalty incurred in idling efficiency
as 8 result of such a deterioration in spray quality f= less than 0.95 percent.

An important point to note i3 that at the engine idle condition (Plate 7, Condition 4)
no evidence of carbon deposition on the vaporiser is secen with the gax oil.

Furthermore, boroascope inspections of the engine combustor after extended running on
similar and even poorer quality fuels over the entire operating range revealed no
significant carben accretion on the vaporiser or anywhere else within the combustor. It
was discovered possible, however, to genarate substantial deposits on the vaporiser sten
and outlet tube at certain conditicns not encountered during engine operation (Plate 7,
Conditlion B). The level of deposition shown represents an equilibrium situatien.

The overall impression that emerges from the spark photographic work and engine test
programme 1s that the vaporising combustor 1s rewmarkably insensitive to fuel type.

Dropsize Measurements

Before the main investigation could proceed, the location of the drop size measuring
station had to be selected carelfully in order to ensure meaningful results.
Measurements that are made too close to the vaporiser outlet will be misleading because
the mechanism of droplet/spray formation will not have pro.eeded to its natural
completion. Equally, measurements tno far downstream from the outlet will also be
unsatisfactory due to the possible influence of such secondary effects as droplet
coalescence and evaporation. Experimental data in this study was obtained at two
stations located some 3 and 6 centimetres from the vaporiser outlet. The 3 centimetre
station was relevant to the combustor head/vaporiser geomelry while the other station
was selected to ensure compatibility with the bulk of other work carried out at the
spray laboratories. Drop size data relating to the 3 centimetre station is presented in
the subsequent sections while reference 9 features the full data.

Effect of AFR

Figure S depicts the influence that the vaporiser AFR has upon its Sauter Mean Diameter
{SMD) performance for a range of air inlet temperatures with kerosine as the spray
medium. An increzse in vaporiser AFR can be obtserved to result in an improvea spray
quality, although the degree of jimprovement diminishes at higher levels of air inlet
temperature as well as AFR. This reinforces the spark photographic study finding that
higher values of AFR are conducive to the attainment of improved combustion performance,
From these results it is evident that caution needs to be exercised in Selecting the
design polnt AFR. Excessively large values of AFR may result in some of the additional
air not actually contributing to Improved spray/combustion performance along with the
added risk of thermal distress at high power conditions.

Effect of Air Pressure Drop

Engineers are faced witk tne perernial demand of having to design gas turbine combustors
that will operate satlsfactorily with a minimum of air pressure drop. This in turn
requires that careful attention be devoted to the vaporiser air flow features in order
to achlieve the best »o3ssible level of spray performance that is compatible with required
degree of wall cooling. Figures 6 and 7 illustrate the influence that vaporiser air
pressure drop has upon spray quality. Clearly, the higher the available air pressure
drop the superior the drop 3ize performance although the degree of this superiority can
be seen in both the figures to 4iminish somewhat at higher levels cf air inlet

temneratura. Both the ahove performence trends are, goncrally Spoaking, aKin 10 Lhose

already established for conventional air blast atomisers (Ref. 6,7).

Effect of Air Tewperature

The influence of alr temperature on mean drop 8ize i3 shown 1in figure B where SMD is
plotted against vaporiser inlet air temperature for a range of AFRs at a constant air
pressure drop of 5 percent. Higher air temperature can clearly be seen to yield
significantly finer sprays.

Such a powerful effect of ai: timperature upcn mean dropsize performance i3 in agreement
with the findings of the imegi~g atusy. The airblast atomisation study of Rizkalla and
Lefebvre {Ref, 10) 13 the only o her attempt, to the best of the authors' knowledge, at
exploring the effect of air temperature upon twine-fluid atomised spray quality.

However, thelir work was 1llmited to a maximum air temperature of 424K and the
interpretation of results sorewhat difficult due to the combired variations in AFP and
air inlet temperature. Futherpore, they made no comment whatsoever regarding the
problem of beam steerin,. Their results showed 2 linear increase in SHD when the air
tomperature was ralsed ir conlunction with a reduction in AFR. 1In view of the
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foregolng, however, it 1s perhaps inappropriate to draw comparisons between the two
studies. In general though, the effect of alr temperature upon 3pray quality would be
expected to be somewhat stronger for the vaporlsling type of fuel injecticon system
relative to the zir blast due largely to the considerations of residence time and
icternal aerodynamics.

Effect of Fuel Qualitv

Figure 9 illustrates the effect of fuel quality upon vaporiser mean drop size
performance over a range of inlet air temperatures. AL air temperatures close to
ambtient, the change in apray media from kerosine to gas oil leads to an increase in SMD
due largely to an increase in absolute viscosity alone - the effects of changes in
surface tension, density and distillation range being relatively insignificant. As the
air temperature rises, the difference in spray quality is a consequence of the combined
influence of absolute viscosity and distillation range differences. Thess results do
not, however, provide an insight into thelr relative jmportance from the viewpoint of
SMD. On the face of ic, the viscosity sensitivity of the vaporising fuel iniector at
alr temperatures close to amtient does not appear to exhibit any marked difference
relative to that observed for alrblast systems. Furthermore, the vaporiser fuzl
injector is free from small oriflices which may be prone to blockage due to gumming while
operating on pocrer quality fuels.

Effect of Injector Geometry

As stated before, the modified 4 jet fuel imjector of figure U4 offers the prospect of
reducing Lhermal gradients in the inlet section of the vaporiser tubes relative to the
basic 2 jet injector. Figure 10 allows a comparative assessment of their spray
performance at two different levels of air pressure drop. As might be expected and
indeed observed in the imaging study the 4 jet injector is exhibiting a somewhat
superlor drop size performance as a result of more intimate fuel and air interaction.
This 135 backed up by liguid film studies that show a more even coverage of the iaside
wallzs in the vaporiser inlet stem area {Ref., 9).

CONCLUDING REMARKS

The choice of imaging cum laser diffraction techniques for examining the spray
performance of the vaporiser fuel injector has turped out to be a satisfactory one. A
testimony to that =ffect is provided by the aforegoling sections of the paper that
feature detalled and extensive experimental data coverirg a wide range of combusting as
well as non-combusting ceonditions. The two techniques complement 2ach other to yleld a
balanced insight into the phenomenological as well as the operational behaviour of the
vaporiser - thus helping to advance significantly the state of knowledge regarding this
style of fuel injector. Many of the uncertainties have been minimised if not entirely
dispelled.

The resultis presented in this paper reveal that despite its mechanical and geometric
simplicity, the vaporising fuel injector achieves high degrees of atomilzaticn,
vaporisation and pre-mixing at engine idle conditions. Extension of these results to
higher pouer conditions as typified for cxamplc by takec off air pressures and
temperatures weould indicate further improvements in mixture preparation. In addition,
the vaporiser seems to be remarkably insensitive to fuel type - coping admirably with
gas oil.

The vaporising fuel injector exhibits spray performance trends that are generally
similar in character to those already cbserved on conventional airblast atomizers - for
example an improvement in apray quality with increases in AFR and air pressure drop
whilst an increase in fuel viscosity having a somewhat adverse effect. A noteworthy
exception to this general similarity being the stronger influence exerted by the air
temperature upon the dropsize performance of the vaporiser due largely to considerations
of residence time znd internai aerodynamics. It is hardly surprising therefore, that
the vaporising fuel injector is able to deliver highly competitive combustion/emissions
performance.
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TABLE 1
PROPERTY KEROSINE GAS CIL
Density in kg/m3 797 863
0
at 15 €
Absolute Viscosity 0.0013 0.0053
in Nasa? at 15%C
Surface Tension in 0.027 0.0299
N/m at 20°C
Distillation Range, °C 152-236 188-342

. One piece rear-mounted constryction
Simple fue! with no sliding joints
injection. No
restrictions in
burner stem

Dump diffussr
for aerodynamic
stability and
traverse control
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(a) Truer = 300°K, (C) (b)  Tg g = 300K, (C) (c) T,

Plate 1

ta) AFR = b:t

@) Ty = 453%

fuel

Combusting (C) Versus Non-Combusting (NC) at 380 kPa;
Effect of Truel

= 423%, ©

(b) AFR = 5:1 (c) AFR = 4:1

Plate 2 Combustion at 380 kPa - Effect of AFR

(b) T, = 523% () T,

Flate 3 Combusticn at 380 kPa - Effect of T3

= 573%
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(b) view on 'A!

(a) Effect of welr plates

Plate 4 Vaporiser Internal Flows

Plate 5 Combustion at 1300 kPa
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(a) Two-Jel Injector {b) Four-Jet Injector
Plate 6 Combustion at 386G kPa - Effect of Injector Geomelry
AVIUR
DIESEL

Condition A Condition B

Plate 7 Combustion at 380 kPa — Effect of Fuel Quality
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DISCIISSION

A.H.Lefebvre, US
You state that increase i inlet aie temperature s a benehaal elieet on atonmzation. € a-ely this isbeeause, for a constant
value of APa/Pa. an increase in ar temperitute riises the setoaty through the vap zer 1s this higher velocity tha
cnihanees atomization, not die higher teraperature whech, in fact, has an adverse effecton atomization.

Author's Reply
The tests reported in Plate 3 were carried out at a constant APa ‘Pa and thes indeed meant thatan increase in temperaturg
resulied in an increase in air velocity. However, the magnitude of the improvement in atomization ‘degree of vaporization
due fo a temperaturg rise of 70°C (Plate 3(b) vs 3(a)) cannot simply be explained by the smaall increase in an velogity
(calculated to be 7 pereent). The improved spray guabity w, theretore, elaarly due to mtimate contact between the tucland
the hot air within the vaporizer.

Question
You quote 5 percentas being typical of the pressure dropacross a vaportzer. Hhisis tacaitrepresents a basic diawback to

the vapotizer system in comparison 1o the aieblast itomzer wlich tunctions very satistactonily with pressuie drops of hatt
this value.

Author's Reply
Combustor desigit is based upon wall pressure drop rather than injector pressure drop. For agiven widl loss the pressure
dropacross the vaporizer s no greater than that across ay pivad aitblast atomezer. The value of tive pereent quoted w the
text arises because the teed 1o the vaporizer does nat incur any diftuser Toss. T reverse flow combustons where this i
obviously not the case, the vaporizes operates very satisfuctornily st pressure drops of fess than halt tus value. In gereral,
though, such comparisons can only be meaningtal if pertarmied for the same apphication “duty.

Question
Your conclusion that the atomizing performang e of the vaporizer is compacabie to that of an airhiast atonuzer s dithealt
to justify on the basis of your caperimental data most of which were abtained at values of APa/Pa that would be
considered unacceptably high for an aieblast/nozele.

Author's Reply
See the reply above.

Question
Have you atternpted experiments or calculations to assess the relative merits of these two devices it comparable operating
conditions? Fuel vaporization inay have much to commend it, but the design featutes employed to

hicve vapotization
(random tmpingem ffuel Jdro

ui the weidbs, inbude pressure fosses i bends, eie Ymuoer miciely impanr pertonianee
whien the “veporicer” 1s vperapmg i an atomizing mode.

Author's Reply
Fuel vaporization, which is clearfy high, obviously has much 1o commend it. Furthermore, the results indicate that the
design features do not impair performanee in the atomizing mode. However, assessment of telanve me
vaporizing and aiiblast injectors under comparable conditions is hampered by

i) differences in injector physical seates
iy differencesin operating conditions — for example Jack of satisfactory duta regarding the effect of air tanperature on
airblast atomized sprays

i) lack of reliable and somewhat universal dropsize correlation — those developed thus tar being speaific to a given
airblast atomizer geometry ctc.

G.Grienche FR

Firstly, I thank you very much for these very interesting experimental results on vaporizers; there are very fow. Have you
tricd to calculate some aspects of fucl droplet motion and evaporation inside the vaporizer and to compare tnem with
experimental results?

Author’s Reply
Degrees of vaporization at the outlet have been caleulated for two gifferent vaponger Jdesigns and results agree very well
with experimental observations, Such caleulations, incvitably, have to take into account the heat fransfer to fucl as it Hows
through the vaporizer tubes.

-~ -
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Qucstion
How did you handle the beam steering problem, duc to density gradents, in determinnyg the mein dumeter?

Author’s Reply
The problum of beam steenng was taickled by recording the bachground light signal levels ar cach ot the working air
temperatures without iguid fuelingection. aperinmental rues featung tuchingection used these background ight levels as
the reference — henee eficetively countering the beam stecting 3 roblem,

C.Sanchez Tarifa Sener, SP
In military engines, oparational conditions m the combustion chambers widl often have gas pressute higher than the
critical pressure of the fucl. T would appreciate your view on the possible influciice of thas ctect on the performance of
your vaporizing wjector.

Auther's Reply
Vaporizing combustors do indeed expenicnee pressures well above the eritical pressure of the fucd, but i service
operiation at such conditions need not and has not compromised the intepnty petformance of the vapotizer, As at all
canditions the tucling level must be sutticient to ensure mechanical integrity of the device. With regand o tuel preparation
the cttect wall e minimal.

H.Pfost, GE-
There was litthe diffcrenee 1n combustion etheiency companng ketosime with diesel. Ay ricasarements of NO, ainission
with tesprect 10 the grade of tuel?

Authior’s Reply
NO, cmissions wete measuged tnthe seties of enpine tosts teferrod to mi the feat. Mo merease wis observed inwests with the
gas ail
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THE CHARACTERIZATION OF COMBUSTION BY FUEL COMPOSITION --
MEASUREMENTS IN A SMALL CONVENTIONAL COMBUSTOR
by
D. Kretschmer & J. Odgers
Département du génte mécanique
Université Laval
Québec, QC Canada G1K 714

Susmary

In a continuinr rrogramme on the effects of fuel properties on compusation, Scme 20 pure hydrocarbong
and syntheslized fucl9 were tested at almoapheric conditicns in a one tnird scale veralon of an afrcraft
type combustor. This combustor used a Simplex type pressure jel atomizer, Each fuel was burned over a
range of alr/fuel ratios, and at each condition, a full exhaust gas snilvais was dore, exhaust temperature
distribution was measured, as alsc weak extinction., The results and thelr Jmplications are discussed,

1. INTRODUCTION

These testa form part of a large programme aimed at examining which fuel properiies are most cogent
in determining combustion behaviour. Tue objectives are detailed In [1], the only major change in the
present work being the sutmtlitution of the Llransparent combustor by a small gonventional, downstream
injection combustor having a Simplex preasure Jeot atumizer. Whereas in the earller work changes In droplet
size were very limited, in the present work the use of the Simplex atomizer haa resulted in conslderable
variation of droplet £ize. Thus, whilst the previcus work =ould bde thought of a3 largely representing
chemlcal effecls, 1t was anticipated that the presen. work would be reflective of the 'physfesl' effects,

2. COMBUSTOR AND TEST RIG

The compustor 13 onc of a set of three |
geometrically similar combustors originally
purchased for size scaling experiments, The
largest 1s referred Lo a3 the ‘'Full Scale',

the two others as the 'Half Scale' and lhe 1 y - - D
*Third Scale'. It i3 the latter combustor ! TT |

which has bteen used here. A schematle i3
L -

cacleso

3
glven {n Fig, 1, - T - +’?qu~

The test rig was very simiiar to that 7 ]
waed  for the tranaperent  comnnatar [1], /{ \
except that there was nu requirement for w
atomlzation air, Combustion air was supplled /
at c¢closce to atmospheric preasure by a rotary
compresaor and wetered by & callbrated . * %
venturl nozzle. Fuel was melered by a ¥ 0w cuscen
Plerburg volumetric flow meter, and except | v B H
for fuel temperature, all temperatures were SGALE N LS
measured uaing Chromel/Alumel thermocouples.

Flame temperature measurement within the Fig. 1 SCHEMATIC OF COMBUSTOR AND CASING
compustor were attemptea uSing a modilled
red/greun brightness pyrometer. Carbon was
determincd using & fliter paper stain
technique 1o yleld the smoke number {2]. The
gas anaiysls train and the gas sampling

* Poaltions of thermocouples

Lechmiques were identical tu iLhose in [1}, Table 1
and the gases determined wWere - COZ' Cgo, HC, Atomizer Calibration
02, NO, & NOx.
&Py FN SMD  ym
The atomizer had a nominal flow number palg Xxe«0,5 1,0 1,5 inches *
{FN) of 0,33 as defined by -~
FN = Flow(Imp. gcnl./h)/presaurc(p:-ig)0'5 (1) 230 0,349 59 3u 36
83 0,353 6 53 u7
The atomizer was recalibrpted Dy Pratt & 37 0.356 84 72 63
Whitnyy Canada uging a stangard ‘'Stoddard 9.2 0,334 177 235 239
Solvent', and the results are summarized (n
Tabla I. * distance from aprayer face,

e e im e e n e s - i b p e s ¢ = B
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Based upon correlations given in (3], the molar mass of the Stoddard Sclvent was estimated as being
0,15 0,01 kg/mol, an¢ the surface Lension waa eatimated as 26 2 dyn/em. A standard formula used to
predict the sMD {3 -
sMb = 62 ()2 (002 (06 0.7 10,32
With 3MD in um, v in e3tv, ¢ in dyn/cm, p 12 g/cm” and p in psig., Assuming a value of 26 dyn/cm, we have :

P, 37 83 230 psig
s 115 89 &% pm from gn. (2) (at x = 0}
SMD 12 80 64 ym Experiment extrapolated Lo x = 0

It is felt that the above comparison of pregicted and measured results justifies the use of Lgn. (2) for
the prediction of the SMD's for any of the various fueis used in the tests. For practical reason. the
equation was rearranged and modified to give the SMD at x « 0,5 inches from the sprayer face, The final

_ : 5 <
verslon used was - SMD = §,7kux1Q vO' q"6 90'5" mro' 3 {all in SI base units),

A3 previously (1], the calibration of the unit was performad using J™-U4 fuel, The results werc
compaTed Hith predieticns made using the following equationsg:

1g(lg(1/n)) = 0,911 1g ¥ ~ 0,55 n + A (3)
4,0
withn =24 for ¢ § 1 and 2/¢ for & > 1, all values 2 _,_A‘_:[ [ Ar
being taken In tne combustion zone. The derivalion Elyox R e ::::]
of Eqn  (3) and & discugsion of its application is e || ég.mt%ao B
given in [U4], Based upor the cited value for A cf ]
-0,215 [4) a comparisc: of predicted and measured 0
ccnbuition effiziencles is possible (Table II), — T &
Bearing in mind the uncertalnty of &, the 100 3 -
agreement, both in ferm and in absolute value, 3 El \ j
considered te be 3atisfactory and to confirm the c
principle of vnlumeirfc scaling,
Table II ]
® veral) Efficiency ]
measured predicted
0,211 94,6 % 9u,8 % q
0,288 47,2 9,6
0. 331 97.6 95,7
0,354 97,2 94,7
The nominal opsraiving conditions for the above 0.9 s Y KR ey 4
testa and for all otherg discussed below are - ' o
a 4
Pressure - 111 kPa AJr msss flow = 110 g/s 0,8
Inlet temperature - 350 K Fuel flow = varied. 0.1 0,? "3 ¢ 0.t

Fig. 2 COMBUSTION CHARACTERISTLICS AND
The fuels used In these experiments were KCPRODUCIBILITY OF TEST RESULTS - BASE FUEL (41)
restricted to those listed 49 'Mixed Fuels' In [1): Dotted Line - reaults from [1]
thelr propertles are also 1llated 1In the same
reference, ’

3. TESTS WITH BASE FUEL
Table III
In order to establish repcatabllity and
reproducibility, four tesl Series were done using
the base fuel (41). The results (which are
considered to be 3atisfactory for this type of Scan CO co HC NOx NO o] T
combustor) are given in Table III and tig. 2 which (8 b ppm ppm ppm 1 K
il.ustrate the repeatability and reproducibility

REPEATABILITY OF TESTS

respectively. The scparately melered air and fuel 1 3,7% 0,266 87,9 - 6,2 14,97 1057
indicated x maximum difference of 2,5 % betwean the 2 3,72 0,213 95,3 19,7 - 14,89 1052
values measured for the air fiel rat‘c and those 3 3,76 0,207 80,6 - 6,4 15,01 1059
indicated by the mass balance derived from gas 4 3,72 o0.211 y7,7 18,8 - 15,01 1050
analyals. This also was conaldered %0 be an 5 3,76 0,:47 85,5 - 5,9 14,95 1055
acceplable agreerent, 6 3,72 0,211 87,7 13,9 - 15,00 1061
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Alsc shown in Fig. 2 are the performance curves for the same fuel tested In the transparent zombustor
{1]. Tne aifference 1In the form of curves Indicates the effect of alr-blast (near conatant drop size) and
combustor geometry, The explanaticn for the form of the curves from the Lransparent comhustor has been
given Iin [1). The form of curves given by the 1/3 acale combustor 13 typical of any pressure-jet fuel
system and reflects both loading and droplet size effects, At a first glance it would appear thai the
conventional combustor ia somewhat more efficient tharn the alr-blast system, this in apite of the larger
droplets and the higher Mach number (0,04 as opposed to €,02). However if the fuel loadings of the two
8ystems are exanined, then the transparent combustor i3 about 2,5 times heavier loaded then the
! conventional combustor., Thus, one would estimate that at the same fuel loading the performance of the
transparent combustor would be considerably better than the present can, It was concluded that the
rFerformance with Base Fuel wa3 acceptable and typical of combustors using pressure jet atomization.

4. TESTS USING OTHER FUELS 1.0 (-
. — [ ——— T

© ¢~-0.3

[
Space restrictions do not permit the n . 04 ° a -0
- *

experimental data to be quoted, neither in tabular a
form nor as curvea such &s Fig. 2. The form of the b
curves for all of the fuels tested was very similar a

to those cf Fig. 2, only the levels of the curves \AA T
differed. The operating conditions selected d¢id not \
prcve conducive to ignition teating. 26
)
4,1 Combustion efficiency

H All fuels were burned at, nominally, the same
¢ air loading, but the fuel loading was varied by
: changing the overall equivelence ratlo over the
approximate range of 0,2 5 ¢ 5 0,h.

0,7 -
In ref, [1) it was remarked that there was a
trend of the measured combustion efficiencles with
the average bolling points of the fuels tested in
the transparent chamber. In the present test serles
-ne might expect that this trend would again be 0,6 — P S L
noted, and indeed It 1s (Fig. 3). The points 350 400 450 4 K 500
plotted on k1g. 3 were obtained by recading off the av
values at the two equivalence ratios from the Fig. 3 RELATIONSHIP DETWEEN COMBUSTION EFFICIENCY

4

e g

Cut vz ul Lhe basic experimental dava, In racl, the AND AVERAGD DOILING FOINT
* dependence upon bolling point is far more
pronounced than in the previous case, Also there i3 100 T T T T T T
. the general observation that those fuels which have q st’ 00,3
. the higher toiling points also yleld the largest 1\ ;o - 0:2‘)
droplets, I thi3z 18 g0, <hen IV 18 probable that n \Q\
H the rcgsults would also correlate against droplet A
; 1,0 90 - 8)\ n
?
' n E a
aa
. 0.9 |- . A
80 |- o e

-]

)
um 100

62 !
0,6 L 1 L 30 50
4o to sup M@ 90 SMD

Fig. " RELATIONSHIP BETWEEN COMBUSTION Filg. © RELATIONSHIP GETWEEN CCMBUSTION
EFFICIENCY AND DROPLET SIZE EFFICIENCY AND DROPLET SIZE
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1 diameter. This is clearly indicated in Fig. 4 which gives a plat of all the data. Howe - this mass of
. pointa tends to obscure trends and so the data were evaluated for tho two equivalence r..103 of 0,2% and
' 0,30 80 as to compare with Fig. 3., The reaults are demonstrated in Fig., 5. Clearly both Figs. 4 and 5 ahow
: a marked effect of SMI upon combustion efficiency. Moreover the cleoseness of the two curves on Fig, 5
! suggests that the droplet diameler is more important than the boiling point since it tends to eliminate
the effects of equivalence ratio. It 13 concluded that the pgredominant effects are due Lo droplet slze,
1 the amall separation ir Fig. 5 indicating the existance of some secondary effecls.
In Ref, [i] a relationship was established
X botwesn the ratio of €O to unournes hysrocarbons at 1,0 ) =T
the exhaust and tilhe combustion efficiency,
significantly improved by introducing a function of oot
the equivalence ratio within the primary zone., A ]
tentative explanation of this latter term was that, 0,9 - °
in reality, the dependence was one of temperature, —1
- and Iin turn, this suggested that the flame zone & © 1
behaved a3 though it were alL least partially ° 0"00 o
premixed. Figure 6 plots the results from the 0,8 |- [} ]
present tests. The correlation has about the same o
scatter aa that of the previous work but without | % o ]
1 the need 1o employ the equivalence ratia fuynctlon > o
as ajditional parameter. A tentative explanation 1s
]r that in the conventional combustor the Simplex o7 I e T
3 atomizer gives rise to droplet diffusion flames °
which then show relatively 1little sensitivity to i o® 1
the 2zone mean equivalence ratlo. What remains in 6 ' !
doubt is whether the behaviour In the transparent 0. 9 0.5 10 15
. combustor was due to the very small droplets which et sl ! !
l : benaved as a pseudo-gas or whether the benaviour HC co
was brought about by the intimate mixing of the air
and droplets occasioned by the use of atr-blaat, or Fig. 6 RATIO OF HYDRCCARBON TO CO
[f to some combination of the twa. EMISSION INDICES
: In Ref. [4) a correlation was derived for the combustion efficiency of acveral combustors opecrated
i over a range of conditicns, This took the rorm -
g
: 1g(1g01/n)) = K, » lglm /vp") + K_ = n + K, (%)
i Although most of the combustors were conventiondl, one of chem wau a vaparlzer chamber and another Was o
l B high velocity combustor. No 38pecific term was Included to represent possible droplet effects. It was
i dectded to attempt an improvement of the lorrelation (Egn. %) by including & term ie represent the effect
. of droplet size, Since the compustor cperated wWith a constant volume and alL constant pressure, the new
correlation became -
1 TgUgl1/n)) « 2,920 1g mp o0 * 1,422 0 35,28+103x SHU + 2,556 (5)
¢ All uniivs are SI base units, The fuel mass flow 1n kg/s is corrected vo 30C K using -
- f 1g (np goo7m) = 3,050 y 10205 Ly 2329 7105 L g 1
H ne2for & 8 or 2/7¢ for & > 1, y = & for & S 1 and y = 1 for ¢ > 1, & being taken as the mean {for the
§ recireulation zone, Figure 7 comparaa the meanured vzlues of ifnefficiency {1 = ;) with thome oalanlates
M uging Eqn (5). lhe standard devlatlon of the {nefflclency was 0,268 which is considered to be reasonably
i satlafactory for most purposes.
1
' 4.2 Pollutants
Carbon wonoxid( and hydroosrbons !
The success in correlating the combustion efficlcncy gave 8some hope for the correlation of the '!
S amourts of carbon menoxide and hydrocarbong within the exhaust. In fact, the form of egquatlon obtained to )
’ correlate the carbon monoxide emlsslona index very clusely resembled that of Egn. (5). | I
'
lg Elc0 = 2,316 1g mf,300K + n o+ 12,610 x SMD + 6,49 (h)
1)
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In Eqn. (€) all values are In SI base units. The
comparison of the calculated and measyured emission
indaices is given in Fig. 8, Apart from 4 polints
(part of one single test series - Indicated by
triangles) the dala aopear to yleld a satisfactory
correlation. The standard deviation (including Lhe

Yout! points) is 0,180.

As might be expected tre hydrocarbons in the
exhaust showed little evidence o5f any relation to
thz type of correlatlon based upon a reaciion rate
equation, auch a8 those of Eqna. 5 & 6. The major
factors affecting the presence of hydrocarbons
showed *2 be those parameters which defined
evaporation rates, In addltion to the droplet size
and the average bolling point of tpe fuel, it was
found necessary Lo include the traqsfer number and
the hot gas temperature. Thus the correlation took
the form -~

18,85 7,76 _ .-~8,8k
Elyc = 10 T 2T

and a fair ag-eement (Fig. 9} was obtained from EI = 1

50

i -n
caleuvlated
3

[} J. 1

1 2 S 10 20
1 = n measured

Fig. 7 COMBUSTION EFFICIENCY CORRFLATION

{sMp)? = p\2,09 o
*\In(8 + 1,

S0 % due to nydrocarbons). All values in Egn. (7) in 51 Base Units,

50
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Flgure 10 plots the measured s o b'
combustion efficlency loss (total) }
agalnst tre 1individual losses. 10
Obvioualy there §3 a strong
relationship, &nd 1t tekes the 5 -
usually observed fcorm and
magnitude [5%). If the overall
combustion efficlency 1s known, 2 ]
the hvdrocarbon content may be
wxprossed aa - 1
0,1 1 10 50

1g (F1,.71000) = 1 = 1,1247 (1 - ny 0288 gy
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Ox*des of Nitroren

In all cases the abserved oxides of nitrogen were very low (even lower than for the transparent
combustor [1]). Becuuse of this, the accuracy of measurement {s not thought to be very good (1 0,5 EI}, If
one asaanv3d that both systems are diffusfon rlames, Lhun according to the correlation given in [1] -

EI - 29 x

e—21670/T . p(3).66 « (1

- 0Ty (9

where T 1is the adiabatir dissoclated flame

temperature, For the transparent combustor, a Table IV
definite trend of the effective residence Lime was
found with equivalence rsatio; the weaker the
mixture, the longer the time. iIf the present aystem
functions as a pure droplet flame one would Fuel EI EI  /EL EI

VALUES OF NO AND NOx

NO NO" “"NOx NOX
anticipate that 1t would not be so sensitive to
equivalence ratio as the trangparent combustor. In mean maan minimum mean maximum
fact, one finds thls to a fair degrze. However,
the important acatter of the experimental values u 0,84 0,58 1,1 1,46 2,4
tends to hide any real trends. Because of thls, it y2 1,23 0,84 0,9 1,47 3.
was decided t2 mean the values for each fuel 43 1,39 0,68 1,1 2,04 3.0
regardiess of equivalence ratlo (see Table IV). Ly 1,01 0,56 1,1 1,79 2,0
U35 1,07 0,55 1,0 1,94 3,2

In an attempt to use Eqn. (9), an effective us 0,82 0,5 1,1t 1,60 2,0
reaidence time was calculated for fuel 41 using the 47 1,26 2,60 1,3 2,10 2.5
appropriate values for the stolchiometrie rlame 48 0,86 0,53 1,3 1,62 2,3
temperature and the inlet pressure. The result 49 1,01 0,62 1,2 1,62 3,4
indicated that all fuels should be betwsen 1,46 50 1,74 0,78 1,7 2,23 3,2
(fuel 41) and 1,63 (fuel 43) g/kg of fuel. Since 53 0,68 0,38 1,4 1,78 2,2
this difference is smaller than the actual scatter 54 0,63 0,33 1,5 1,93 2,3
for any given fuel, this attempt remained 45 0,52 0,37 1,2 1,01 1,8
inconclusive. A much simpler method of prediction 56 0,50 0,25 1,7 2,03 2.3
whi¢h takes nc account of residence times i3 glven 57 0,50 0,24 1,7 2,08 2,4
by an empirical curve in [6]. This curve wnieh 58 0,65 0,46 1,0 1,42 2,2
plots the HOx emission Index against the maximum 99 0,58 0,u1 1,1 1,43 1,7
flame temperature 1s a summary of many practical 60 2,83 0,46 1,3 1,80 2.3
gas turbines, with ang without waler/ateam 61 0,48 0,26 1,5 1,85 2.2
injection, as well as several laboratory systems, 62 0,61 0,45 1,1 1,27 1,8
premixed or with droplet compustion, Taking into 63 0,55 0,38 1,1 1,45 1.8
account all tuels and thelr respective flame o1 0,65 0,36 1,3 1,80 2,2
temperatures, this curve indicated a minimum value
for the EI of 1,5 + 0,6 and a maxirum of 2,4 1 1 NB, a)l value of EI as g of No2 per kg fuel.

g/kg. All the results fall within this range of
scatter and almost all the measured values, too, No
discernable relationship could be aeen In the
ratios of NO to NOx.

Exhaust Carbven

The results of the carbon measurements were considered to be so Interesting a8 to warrant a separate
publication [2]. Consequently, only a summary will be glven here. During the present test series, lue to
the smail quantities of soot which were formed at the operating condiifons, the necessary time, which
wyuia nave been needed to obtain a measurable saiple, rendered {t economically impossible to determine the
smoke using & gravimetric technique, Hence, a filter paper atain techniave wawe decided upun, A Whalméi
GF/4 f1lter paper was clamped in a double conical holder, and a known Ra38 Y exXnaust gas (21 g calculated
as alr) was meiered through the paper. The resultant stain was then measured in terms of reflectivity
using a Paclfic Scientific RG~L6QU reflectometar. The results were then expressed in terms of Smoke Number
(SN in ¥ reflectivity change).

In earlier work [7] the influeace of temperature had been deacribed in terms of ccmbustor inlet
temparatury, This had appeared to give a satlsfactory correlation since (for the data available), for any
given engine, any one operating condition was confined to a single air/fuel ratlo, and hence changes due
to alr/fuel ratlc were noy evident, Because of the bahaviour with changes i{n air/fuel ratio noted in the
present work it was felt that the combustor exit temperature would be mo‘e representative of the burn-out
region than the frley temperature, and adaitionally, the ex{t tLemperature would reflect changes in inlet
temperature and llame temperature changes due to changes in ruels. A caraful analysis of the experimental
data showed that the exponent for the exlt temperavure was the same as that used before fgr the inlet
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? temperature. The new correlation group now became - .
100 T T — ot :
EL - £ [{pr©0r0)27 aey3 M 18861 (o elo 9
C 3 i [1 o ?
i : o83 -
| or writing (10) in terms of operating conditiona - SN o §2°
§ . G’g &
SN~ f [le Uuo
)
3 p 0
a1 = h) \z.r . 1
, X, = ;7,_-‘,—1 » —3———2 x rus'“’ (11a) o ©
; A/F x h 5 ° J
L i
1
! E]. = ©
. Elo = £, [x,) p
x 93(1 - h) 2,1 -8,66 -
o " =5 T,l (110) 1 °
A/F »
here T, = T (T, -~ T,) and T, - T, at 100 % b
where - +n - an =T, at n = . 0,5 = .
4 U y 4 [ e e ~
] 3 3 1519 e 1512

In [2] the new correlation has been appiled to
the data of the present work as well as to published Fig. 11 SMOKE CHARACTERISTICS
data from 8 other combustors, The data pertinent to
the present work are plotted in Fig. 11.

Attempts Lo modify the correlation group 8o as to include any effects of fuel molecular structure
have so far not met wilh any great success, althought there is some evidence that there are trends with
the hydrogen saturation factor SH' and that additionally, there may be amall effects due to aromaticlty.
Apart from the above terms, the only other determined property which was found to show even a trend with
the measured smoke number Wwas, as might be expected, the value of the Smoke Point of the fuels, The trend
wus not satisfactory for coirrelatien purposes,

4.3 Flame temperature measurements

It was attempted to measure flame vemperatures and 2missivities in the primary zone using a red-greer
brightness temperature techrique. A red brightness pyrometer (wavelength 645 nm) was modified in the
Nationa! Defence Laboratoriss (Ottawa) so as to include a green filter (547 nm), and & suitaple
callbration was performed.

Two-colour pyrometry has been successfully app.ied to gas turbine combustors over a range of from 0,2
to 7,5 MPa [8 & 9), and red brightness temperatures had bdeen meesurcd succeasfully in an identical
combuator to that used here over a pressure range of from 0,1 to 3,3 MPa [10]. Under these circumstances
the selection of this instrument seemed entirely reasonable.

Visually the flames ranged from blue to yellow, the farmer f{lames characteristic for tihe paraffinie
fuels, the latter for those with aromatic additions. However, most of the flames were Insufficlently
{ ofpaque to produce satisfactory results, the green temperatures baing by far 0o high due to the
tnterterence of the blue radiation caused by water vapour and carbon dioxide. As a result of this,
analysis has been postponed until further resulls, using more aromatlc fuels, are obtalned.

i T i

~ .4 wall temperature measurements

For the determination of the flame tube wali temperatures nine thermocouples were attachod in three
rows of thres (see Fig. 1). Due to the very high temperature gradients encountered (up to 150 K/em) the
ancuracy of placement 1s somewhat limited. In spite of this, the reanlta are fairly promlsing. The pean
values at any glven axlal location agreed quite well with predictiors using the technique descrived lIn
[11], however, no full analysis will be done untll more data have oeen obtalned.

4,5 Weak extinctlons

Weak extinctions were determined at the end of each test by gradually reducing the fuel flow urgll A
5 the flame commenced 1O be unsteady. At this point the ignition was switched on and the ruel further .
reduced, After a little while the igniter was switched off. I[ the flame remained lit, the plug was agaln .
fired and the fuel further reducsed untll extinctlion ofccurred when the Spark wWas ariested. At this point
the plug was re-flred and the fuel increased a 1little., By thic means 1t was possible to determine the
oinimun self sustaining fuel flow below which the flame always extinguished., Tnis defined the Wzak
extinction,
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' L Tavie V llsts the appropriate data. The parameter f, described in [17]
H .. Tﬁ ) E;E_ i _q_“_IL ) E"_L . 3.:9_;8‘“) 0.53)‘ _or 0,92 . /1 0,u7 R L 0,16 an
87 [T Sou e IO B Puy “u Vi
: dig not correlate the data in as satisfactory a
! manner as might have besn anticipated, However, TABLE Vv
it obvicusly had an Lpierplay since & very good
| H correlatiforn of the data was obtained by LIMITS
: rlotting c:c“é‘:/c",“l”)/1'8 against
. (p.,/p,”) 'Yk (qﬁ‘f/qn',”) as in Fig. 12, Why . , zu_/&ﬂ‘
i the weak extinction should be a function of uel ou,f @w.f ou,h' fs t‘B -
what. approaches to the heatlng value per unit
volume of liquid is not clear. It could be that 1 0,101 1,0 1.0 1,0
the denalty 1s only representative of some N2 0,199 1,970 5,222 0.377
* other property of the fuel (e,g. volatility, i3 0,117 1,158 1,857 0,621
viscosity, surface tension, or any comblnation s 0,120 1,188 1,952 0,609
i thereor), and further analysis will be us 0,093 0,921 1,079 0,851
attempted In the future when other data become 46 0,093 0,921 1,190 0,774
avalladle. u7 0,093 0,921 1,365 0,675
i 48 0,101 1,000 1,032 0,967
4.6 Exhaust temperature distribution ug 0,104 1,030 1,302 0,791
S0 0,110 1,089 1,667 0,653
b A3 with the transparent comtustor {1], the 53 0,109 1,079 1,698 0,635
exhaust temperature distributions, based upon 5y 0,105 1,040 1,571 0,662
the dimenaionlesas lemperature rise, are very 55 0,096 0,950 1,0 0,855
simjlar for all fuels and at all operating < 0,094 0,931 1,175 0,792
conditions. The results agaln indicate that the 57 0,104 1,030 1,206 0,854
. exhaust pattern is governed by the air/fucl
i patterration as defined by the injeztor and the :g g::gz ::g:g ::222 g:?;g
compustor air distributlon. The preservafisn of 50 0,101 1,000 1,365 0,733
the patternation shows a stable air/fuel 5 0,097 0,960 1,10 0,864
I distributics, and experience with other 62 0,100 0,990 1,302 0,70
combustors suggests that thig same patternation 63 0,117 1,010 1,460 0,662
' would persist if the chamber was operated at
i higher pressurea. Indesd, since at high
pressure condltions all the fuels would operate 1,0 N R R e e e By e
at close to 100 ¥ efficlency, it is likely that s /o .
the exhaust temperature distributions would  _¥.f "w,d1 | \ -
H even be more similar, rB : o
; - ] -
{ 5. GENERAL COMMENTS
é 0,7 |- 8 -
M Clearly a signiflcant amount of combustion -]
4 f data has besn logged in the course of the . t‘P‘o -
. present work, and not all of the data have been
§ fully analysed yet. The major reason for this 0,5 _
is that gome of the trends noted require
. confirmation by the use of fuels which will
extend property varlations. A asimilar 3 o
requirement was found for the transparent
combustor. 9-31'5‘—' L ‘1.|05' — 'Iﬁ' e '1'15
o u,8 g
Both programmes have shown L.e inadequacy e LYY
of Mach number 8caling and have proven the Puy qn,ln
reaction volume scaling for small combustors.
This could be of considerable interest to the Filg. 17 WEAK EXTINCTION LIMITS
manufacturers of small sngines, Both units also
demonatrate the adequacy of the NOx prediction techniques used. With regard to combustion efficiency and
. . pollurents the units differ in that the Simplex injection system ahows much more dependence upon droplet
R B H characteristics than the alr-blast system used previously. Weak extinction correlations differ for the two
’.' 1 units and, although not proven, one 13 tempted to attribute this to ths two different injection systems.
{ At atmospheric pressure the carbon found wlthin the exhaust has been too small to be measurea
gravimetrically. The use of a filter paper stain technique showsd visible differences betwesn the fuels
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and enabled the carbon to be assemsed quantitatively. The exhaust temperaturc digtribution shows iittle
difference from ona fuei to another, and tt would appear that any possitle fuel effects may be neglecled.
Because of flame tranaparenzy it has not proved rosaible %o dJetermine primary zone flame vemperatures. Ho
success was had in estsblishing a correlation for ignition,

6. NOMENCLATURE

A/F  air/fuel mass ratio B transfer numbar

EI emission index = g/kg fuel FN  Tlow number - (I.G./h)/pSigo'5
T, atolchiometric fuel/air mass ratio fB weak extinction cerrelation group
H/C  atomic hydrogen/csrbon ratio h hydrogen mass fraction in fuel

a coastant m - mass flow - kg/s [1b/al

n - 2¢ for ¢ 31, = 2/8 for ¢ > 1 0/C atomic oxygen/curbon ratio

P pressure - Pa [atn] p3 inlet pressure - Pa

pJ atomizer pressura [psig) q, ngt calorific value - MJI/kg
SH hydrogen saturation factor = hf/hcorrespnnding paraffin
SHMD  Sauter moan diameter -~ m {um) SN smoke number - %

av volume average tciling point - K 'l’3 inlet temperature = K
T0 adiabatic flame temperature = K u outlet temperature - K
) combustion volume = m* [rt?] X a smoke correlaiion group

X distance from atomize~ face =~ [inch] y «dfor ¢ 51, =1 for $> 1

n  comcustion efficlency ¥  fuel loading = m/Vp" - [1n/(asft>eatm’™))
¢ equlvalence ratlo A/Pstoxgn./ A/Factual 9, a2t weak extinetion

v kinematic viscosity = m%/a [cSt) 0 surface tension = N/m [dy:‘cm]
p density - kg/m® [g/cem'} T time - a
Suffixea: EY alr, f fTuel.
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DISCUSSION

A Williams, UK
Have you made any measurements of the composition of hydrocarbons in the products and s there any correlation with
the nature ot the parent tuel?

Author's Reply
Out hydiacarbon measurements are solely in terins of “total hydrocasbons using an 1211, They are caleslated i terem ot
the parent hydrocarbon,

A.Lefebvre, US
Your cquation for NO, contains qn exponential tempetature dependence. Was this obtamed hom theory o eapeniment?
If the Tatter. what range of residenee times did the experimental data cover?

Author's Reply
The residence tume effect iy diseussed in Ref. [S] of the paper Nod 1. From memory [ think the times mvestigated were
about 1 1o 6 ms. Much of the experimental data were taken trom NASA reports of experiments in pre-mixed, pre-
vaporized reactors; and other stirred 1eactor work plus some from ‘real” combustors. Theoreneally the exponental
function may also be jusiified trom the approach o equilibriom.

AM.Mellor, US
s the diserepancy associated with combustion efficiency veisus SMD (Figure 3) for JP-10 ipsoctated with its narrow
banling ranpe?

Authur’s Reply
1 do not think so, because two o1 three of the fuels used here were pure compounds having enly a single boiling point (ic.
norange). In recent work many more piire substances have been introduced with no effect. We believe itis due to (@) very
large droplets combined swith (b)) a low volatility and (¢) the degree of unsaturation. We have recently investigated o
correlation involving these three wrms and initial results suggest asignificant reduction in the scatter ot resuls, However,
the new correlatior has not yet been “hnalized'.

B et ety e

- wean

i
———



B

i

s M e ey

O L e Tl o BT

LIMITES DEXTINCHON PAUVRE DE LA RECHAUKFE D'UN TURBOREACTEUR
par
Madame A.Cadiou
ONERA
Fort de Palaizcau
91120 Paluiscau
France

Résumé

La combusticn dans un foyer de rechauffe est gtabilisée en aval
d'accroche-tlammes et le processus de stabilisatiopn dépend des paramétres
suivants : nombre de Mach, température, pression et richesse de 1'écoulement,
géonédtries de 1'accroche-flannes. Les  études oxpérimentales effectudes
pernettent d'accéder A un paramétre de corrélation englopant l'effet du nombre
de Mach et de la température.

Quant 4 1l'effet de 1la géométrie : daps le cas d'accroche-flamoes
linéaires en écounlement bidimensionnel 1le profil de l'accroche-flamme est le
paramétre céométrique déterminant.

Une étude expérimentale détaillée de la zone de combustion dans le
s1llage d'accroche-flapres annulaires dans un écoulement axisymétrique a mis ep
évidence 1'effet d’'un autre paramétre géométrique en plus du profil, le
diapétre moyen de la gouttiére annulaire constituant 1'accroche-flammes. lLes
résultars expérimentaux obtenus au cours de cette étude permettent de préciser
les mécanismpes de stabilisation de la flamme par des obstacles annulaires.

FLAME STABILIZATION IM A KEHEAT COMBUSTOR

apstract

In a reheat burner, combustion 15 stabilized with flameholders. The
atabilization depends on the following parameters : Mack number, temperature,
pressure and equivalence ratio of the flow, flameholder geometry.

Hany experimental measuremenis have alloved ihe calculation of 3
correlating parameter inciuding the Mach number and the temperature.

Yor the geometry. studies on linear satabilizers in 2-dimensionnal
flows have shown that the height of the stabilizer is a convenient paramater.

An accurate experinental study of the recirculatiop zone downstream
annular flameholders in an axisyketric flow have pointed out the effect of an
another geomstrical parameter, the diameter of the fl.meholder. The experi-
mental results have improved our Xnowledge of the flame stabilization mechanism
dovnstreap annular flaxeholders.




e

§
4
]

11-2

NOMENCLATUR|

H Lauteur de 1l'accroche-flanme

H* H/hauteur do 1'anneau unique (4Q mm)

é débit massique dair

X nombre de Hach en amont de la rechaufie

T température en smont de la rechauffe

v vitease en amopt de la rechauffe

X coordonnée axiale : distance 4 1'accroche-flapme

richesse du mélange air-xéroséne

Yy rendement de combustion

1. INTRODUCTION

Les dispositifs de postcombustion mis en place sur des avions visent & une augrmentation trés
forte de la poussée pendant un temps relativement court.

Cet accroissement de poussée est obtenu par combustion de kéroséne en aval de la turbine. La
combustion conduit er effet & une augmentation de la température des gaz é)ectés et donc de leur vitesse
q'échappement et de la poussée qui 3'en deéduit.

Les caractéristiquer de fonctionnement de 1a rechauffe sont telles que l'on s0rt du domaine
cl:s2ique de défination des chambres de combustaon : la pressicn est relativement faible, de l'ordre de 2
ou 3 bars, 12 vitesse et la température en amont de la rechauffe sont élevées {V = 140 m/s ; T = 800°C).
D'2utre part, le dispositit de rechauffe doit induire 1le minimun de pertes de charge, car rechauife
&teinte, 11 eat totalement inulile.

Ces considérations ont conduit A utiliser 1le principe de stabilisation des flammes au moyen
d'obstacles pour le foyer de rechauffe. En effet, un obs*acle dan® un écoulement prodult un sillage
turbulent comportant 1immédiatement en aval une zone de recirculation nécessalre & la stabilisation de la
combustion (fig. 1. [1]}. Les gaz frais torment une couche limite au contact du stabilisateur jusqu'au
point de décollement ol cette couche rencontre une couche analogue formée de gaz brilés indui‘e par la
recirculation. En ce point il y a contact entre les gaz frals et les gaz brilés : i travers la surface de
séparation ont lieu des transferts de chaleur qui provoquent 1'inflammation des gaz frais. Les gaz
nouvellement enflammés restituent ensuite de la chaleur aux gaz brilés dJe la zone de recirculation,
compensant ainsi la perte de chaleur précédente. L'extinction a lieu lorsque la quantité de chaleur cédée
2 la zone de recirculation devieant inférieure A la quantité de chaleur nécessaire au maintien de cette
zone & une température suffisante. I'extinction dépend donc uniquement des phénoménes ayant lieu juste en
aval de l°accrocre-flamme. La zone plus en aval qui assure la propagation de la combustion n'a aucun
effet gur la stabilité.

Gar brulés . ,Gaz frais . Flamme
Stabilisateur : !

Fig. 1 — Stabilisaticn st propagation de la flamme.

La définition d'un systéme de rechaurfe comprend la définition gdométrique de 1'obstacle appelé
accroche~flammes, du canal dans lequel sara placé cet obsracle et des injecteurs de kéroséne carburant
1'air vicié 1issus de 1la turbine et l'air pur venant du fan. Cette définition doit Atre faite de fagcon a
optinicer les performances de la rechautfe c'est-id-dire de fagon & avoir :

. une valeur du rendement de combustion aussy procke de 1 que possible pour une longueur de canal
toujours liaicée par les applicaticns ;

une perte de charge vrelativement faible afin de ne pas augmenter d'une facon sensible lz consommation
spécifique du moteur loraque la rechauffe n'est pas eh service ;

un large domaine de fonctionnement afin d'assurer la stabilité de la combustion pour les différeates
conditions rencontrées au cours du vol.

Les vecherches sur la rechauffe effectuéea 4 1°ONERA ont pour ohjectif de fournir aux
constructeurs des dléments utilisables au stade avant-projet et en particulier 1'eftet des paramétres
aérothermochimiques et géométriques sur les performances de la copbustion. C'est une partic des travaux
en cours A 1'ONERA sur ce sujet et plus particulidrement celle ayant trait aux libites 4‘'extinction
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pauvres, c'eat-d-dire A la stabilité de la rechauffe, qui esi présentéde ici.

Les paramétres qur influencent 1'eXtinction sunt la vitesse, 18 température et la richesse de
1'écoulement en amont de la rechauffe ainsi que la géométrie de 1°'mccroche-flamme. Afin de s'affranchir
dcs peramétres relatifs & la carburation, celle-ci est effectuée au moyen d'an grand nomhre de points
d'injedtinn sjituds loir en amunt de 1'accroche-flamme afin d'avoir dans le plan des obstacles vne
répartition aussi homegéne que possible du combustible.

Aprés une description globale du montage expérimental les résultats obtenus avec des accroche-
flamzes de forme annulaire ainai qu'une tentative de corrélation seront présentés. Une étude détaillée de
la conmbystion dans 18 2zone d» recirculation a toutefois été ndcessaire pour expliquer des anomalies
apparentea.

2. DESCRIFTION DY MONTAGE FXPERIMENTAL

Les figures 2 et ) représentent respactivement un turboréacteur ¢quipé d'un dispositif de
rechauffe intégrée au raccordement du moteur et le mnontage expérimental sur legque’® sont relevées les
conditions ¢'extinction de la rechauffe. Le banc d'essai reproduic les mémes niveaux de température et de
vitesges que ceux du moteur.

Cornpresseur B_P. Accroche flamme

Compresseur H.P.

=

JI:" ) 3 %:

Ay 7

[/" \ [¥]

IR
Foyer :(>oséne Rgauffe

Fig. 2 ~ Schéma d'un wrboréacteur 6quipd de réchauffe.

Thermocoupte  Grille sonique
Préchauffe Corps central  Injecteurs

N
500°C < T <800°C Accroche flamme

Enveloppe d'eau

Air comprimé
p <12 bars
m <10 kg/s

Fig. 3 — Schéma du montage expérimenial.

L'aiv comprimé est fourni par trois compresseurs : le débit maximal est de 1 kg/s aous upe
pression dont la valeur peut Atre modulée jusqu’'ia 12 bars,

Cet air est chauffé dans un échangeur de chaleur jusqu'd 300°C. I1 pénétre ensuite dans une
chanbre de combustion correspondant au foyer principal du turboréacteur,

La cempérature de 1'écoulenent 4 iu sortie de chambre peut &fre ajustée A u

ne valeur quelconque
comprise entre SC0°C et 800°C. Les variations sont obtenuea en agissant sur le débjt de coghbusii

R1a

Une grille sonique située en aval homogénéise les vitesses dans la conduite.

Un corps central simule le céne de fuite du dernier étage de turbine.

L injection de carburant pour 1z rechauffe o3t faitc au moyen de 24 tubes radiaux pergés de
$ orifices de 0.6 man. Ces orifices sont orientés A contre-courant ; les jets de kéroséne sont brisés sur

un bouclier afin d'assurer un bon mélange air-kéroséne.

L'accroche-flarme est situé 345 mm en aval de l'ainjection dana le plan de 1 extrémité aval do
corps central.

Le diamétre du capal de rechauffe est égal 4 300 mm. La longueur wutilisde lors dea études
d‘extinction est sensiblement égale A 1 diamétre. Un camal relativemeat court perzet d'observer la

—— 3
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combustion et de Jétecter aisémept 1'extinction.
Les mepures faites sur ce montage sont les suivapntes :

un €0l smonigue en asont de la chambrz de combustion équipé d'une prise de pression statique et d'un
thermocouple permet da calculer les valeurs du débit d'aiz ;

un thermoc-uple chromuel-alumel placé en aaont de l'injectyon de kéroséne fournit la température de
1'écoulement amont rechaufte :

deux débitmétres 4 turbine sont ulilisés pour enregistrer les débits de kéroséne de la chambre de
combustion et de la rechsuffe.

L'extinction pauvre eat obtenue en réduisant progresuivement le débit de kéroséne alors que le
débit d'air la température de l'écoulement amont rechauffe et la pression conservent respectivement una
valeur constante. Les valeurs du nombre de Mach, de Ja richease rechaufre, ainsi que des principaux
parasétres de 1'écoulewsnt sont calculéds en temps rdel, enregistrés et affichés sur moniteur au moment de
1'extinction.

3. RESULTATS SUR LES_LINITES D EXTINCTION

Les résultats présentés ici concernent les deux accroche-flammes des figurea 4 ot 5. Celul de
1s tigure 4 est formé d'une gouttiére aunulaire upique de diamétre moyen 20% me et de hauteur 40 mx.
Celui de 12 figure 5 comporte deux gouttiéres annulaires concentrigues et coplanaires de diamétres moyens
250 a8 et 130 mz et de hauteur 20 mm. Les deux accroche-flammes conduisent au méme taux de Ddlocage de la
section droite de capal.

Fig. 4 — Photographie de I'sccroche-flamme constitud d'un Fig. 5§ — Photographie de I'accroche-flamma constitud de
anneau uniqus avec combustion en aval. daux anneaux aver cambustion en aval.

L'extinction a été déterminée dans le cas de combustions & 1a pression atmcsphérique pour les
conditions suivantes :

- température de 1'écoulement amont
500°C < T g 800°C

- pombre de Mach de 1'écoulement amont
0,15 < M 50,40

- richesse de rechauffe
6,03 sv £ 0,53

Les régultate sont rassemblés sur les tigures 6, 7 et 8.
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Fig. 7 — Richesse d'eximctiun en fonction du nombre de Mach Fg. 8 — Richesse d'exiinction en fonction du nombre de Mach
6t de la tempdraturg de I'dcoulement pour le petit 8nnasu. et de le température dg I'écoulement pour le grand anneau.

Les différents points d°extinction sont représentés par la richesse de la rechauffe ¥ en
fonction du nombre de Mach M. Les points correspondant 4 une méae valeur de la température “e 1'écou-
lement amont sont représentés au moyen ¢'un méme symbole.

Dans le cas du sygatéme d'accroche-flamme constitué par deux anreaux coplanaires de méme
hauteur, l'extinction en aval de ces deux anneaux n'est pas simyltanée : pour un couple de valeurs
déterminées, nomkre de Mach, température, lotsque la richesse rechauffe est prugressivement réduate, le
grand annesu s'éteint toujours avant le petit anneau et 1l'écart de richesse correspondant est de 1'ordre
de 30 %,

Il ressort de 1'examen général de ces figures que :

~ pour une valeur constante de la température la richesse d'extinction augmente lorsque le nombre de Mach
augmente ;

- pour une valeur constante du nombre de Mach 1'augmentation de tempfrature conduat 4 une diminution de
la richesse d'extinction.

4. CORRELATION DES LIMITES D'EXTINCTION

La stabilité de la combustion en aval d'accroche-tlammes a fait 1l'objet de nombreuses é&tudes et
différents auteurs ({2}, [3], [4]) ont proposé des formules de corrélaticn Dour interprédter 1'effet des
Principaux peraweizes : remperature, pression, vitesse dioernsior caractéristique de 1'accroche-flawmes,
taux Je blocage de )'ecoulement.

Dans le cas des expériences effectuées, la pression a une valeur pratiquement constante égale 4
la pregsion atmosphérique et les deux accroche-flammes correspondent A une méme valeur du taux de
blocage ¢,38. Les trois paramétres dont les variations influeat sur les limites de stabilité sont la
température, le nombre de Mach et la yéométrie des anheaux.

A la suite de calculs préliminaires et compte tenu des paramBtres de corrélation trouvés dans
1= littérature, il est apparu qu'une expression de la forme

v = f( f::: (Tln)>

permet 1'obtention d‘une corrélation satisfaisante susceptible d'interpréter pour chaque accroche-flamme
1'effet de lz température et du nombre de Mach amont pour une valeur de n égaie 3 300.

On a représentéd sur les figures 2, 18 2{ 311 ies polnis 4'extinction obtenus pour chagque
accroche-flasme en utilisant comme coordennées la richesse d'extinction ¢ et le groupement :

M
VT exp (T1300)

Chaque figure révéle up groupement satisfaisant des différents points qui justifie 1'utilisation du
parapétre de corréiation.

L'effet de la géomédtrim sur les limites d'extinction a feit 1'objet d'études antérieures dans
le cas d'obstacles linéaires, de ygrands sllongements pour lesquels 1'écoulement environnant était
praticuement bidimenmicnael. 11 ressort de ces études que le paranéire géométrique essentiel dout dépend
1'extinction ast la longueur d4e la zone de recirculation {3]. Daps le cas de plusieurs cbstacles de




|
t
}
1

P

110

formes homothétiques le2 longueurs des ropes de recirculation sont proportionnelles aux hauteurs H de ces
otstacles et le paramétre de corrélation incluant simultanément l'effet de la teapératur. smont et de la
géométrie a pour expression :

M
HVT exp (TI300)
Cotte expression ne peut pam < cilisée Jdans le cas d'anneaux coscentriques de méme hauteur.

La figure 12 représente une tentative ge ...rélation : au lieu d'avolr une courbe unique il y en a tross,
1a courbe de 1'anneau de hauteur 40 ma se situant antre les courbes des deux anneaux de hautgur 20 mp.
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Fig. 9 — Evalution de I8 richesse d'extinction en forction du Fig. 10 - Evolution de Ia richessa @ extinction en fonction
paramétre de corrélation. du paramétre de corrélation.
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Fig. 11 -- Evolution Je Is richesse d'extincuion ea fonction Fig. 12 — Corrélation des limites d’extinction, Eff+¢
g-
du paramétra de corréiation. de ia gdométrie

Ce résultat paradoxal a été & 1'origine d'une étude détaillée de 13 combystion au voisinage
immédiat des accroche-flammes dans le cas des deux ar—ezyv concentriques.

5. ETUDE DE Lk CONBUSTION EN AVAL DES DEUX ANKEAUX

Lz premiére explication a envisager lors de la conatatation de richesses d'extinction
distinctes pour deux obstacles de méme profirl placés dans un méme écoulemeut est une hétérogénéité de cet
écoulemen: en tenpérature ou en richesse.

Les mesures de température effectuées dans le canal de rechautfe ont conduit & des profils de
température relativement plats préscntant de~ valeurs identiques au niveau du petit et du grand anneau.
peur conraitre  Ja richesce Jorale Aan. 1'dcotlement une sonds nonctualle Ae nvdldvemant A'échantillon de
gaz ¢e combustion a été util.sée. Cotte sonde a &té placée dans le creux d&e l'accroche-flamme. L'échan-
tillon de gaz préleveé est amené jusqu'd des analyseurs de gaz qui mesurent les coacentrations es CO, €Oz,
CxHy et FrOx. La mysure des composés carbonés pormet do calculer la richesse locale. Les résvltats obtenus
avec ces prélévements ont Riz en évidence une légére hétéprogénéité : le petit anneau est dans »ne zone
plus riche que le grand anneau mais la différence relative rn'est gue de 15 pour cent ce qui n'explique
pas 1'écart de trente pour crot obtenu sur les richesres d'extinction.

Une autre explication 4 cet écart aurait pv &tre la suivante : la procédure d'essai est telle
cu. .'extinction du petit aaceau et celle du grand anneav he se déroulent pas dans des conditions
équivalentes ; l'extinction du grand anpeau e prodult 2lors qu'il y A combustion derriére le petit
anneat ; pour l'extinction du petit snneaw par contre il n'y & plus de combustion derriére le grand
anneau. La différence d'extunction entre les deux anneaux s°'expliquerait par wne variation de vitesse
dans le canal due & 1l'obstructi<n créée par 1a ccmbustion. Pour élisinsr cette explication des mesures
d'extinction sur le grand anneau sane combustion en aval du  petit anneau ont éte effectuées et ont

conduit aux méamps résultats que les précédontes fxpérimentations.
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Afin de comprendre l'organigation de la combustiop derriére 1'accroche-flamme, la sorde de
prélévenment o été placée gZang 1'écoulement avec combustion non plus pour mesdver uqe richesse ,ais un
rendement de corbustion ainsi que les dJdifférentes w«apéces présentes. Les premiéres mesures ont été
effectudes dass la portion centrale du sillage de chacun des deux anneaux et suivant une diTection
paralléle & ]1'axe de 1'¢coulement, elles ont permis en particulier de détermaner 1'évolution loagitu-
dinale du renderent de combustion en aval du grand et du petit anneau.

les résultats sont présentés graphiquecent sur la figure 13 en fonction de 1l'abscisse reéduite
x/H : les deux courbes préseptent le méme aspect avec toutefols un chapgement important d'abscisse. Les
Points qui suivent méritcent d'élre soulignés :

1) au voisinage imzédiat de chaque accrochs-flamme 1e rendement présente une valeur constante et égale
4 1 pour :

0 s x/H 51,5 dans le cas du grand anneau,
0 <x/Hs3 dans le cas du pet;t anneau ;

2) plus en aval, le rendement décroit jusqu‘d la valeur minimale n_= 0,84. cette valeur est obtenue
reapectivement pour :
x/H = 6,25 dans le cas du grand anneau.
x/H = 9,25 dapns le cas du petit anneau ;

3) au-deld des valeuru précédentes de x/H le rendement Ge combustion augmente progressivement.

Rendament

. Anneau de plus petit diamétre
Anngau de plus grand diametre

0.9
— e X
0 25 5 756 10 125

Fig. 13 - Evolution dy rendement en fonction de le distsnce
& /'sccroche-flamme x rapportse & 18 hauteur de J'snneau pour :
m=25kgfs ~ T = 800°C—p= 062

Or, ;uste en a2val de 1'accroche-flamme il y a une zone de recirculation constituée par des gaz
brilés qui permet la stabilisation de la flamme. On peut donc penser qu'il existe une proportionnalite
entre la zone de rendewent 1 et la zoue de recirculation.

k égalité de hauteur H 1) apparait ainsi que 1°'. aqanisation de )’dcoulemen
aval de l'arcroche-flimse n'est  pas la meme dans 1e cus  Jes deux  anneaux &tudiés
recurculation est plus étendue dans le cas du petit anneau que dana le cas dqu grand amn

v

C Cuwbustlon en
que la zone de

ave
et
eau

Quant aux coacentrations en CC. €02 et CxHy leurs variations en foaction de x sont représentées
sur les figures 14 et 15. Prés de ]l'accroche-flamme, en aval, il n'y a pas d'hydrocarbures imbrilés et la
quantité de CO est égale & la quantité présente & 1'équilibre thermochimique (dans les mémes conditions
de richesse -t de pression). Dans la zone de recirculation le temps de séjour du mélange arr-kéroséne est
suffisant pour que les véactions chimiques soient tréds avancées et donc que la composition des produitse
de conbustion soit trés proche de 1a compositicn A 1'état d'équilibre thermcchimique correspondant. Par
contre, en aval de la zone de recirculation l4 configuration de 1'écoulepent chiange. On trouve une zone
ol les gaz bralés n'ont pas un degré d'avancement élevé. Les concentrations en monoxyde de carbone et en
hydrocarbures imbr01és augmentent en fonction de x. Aprés avoir atteint une valevy raximale, ¢lles
diminuent. Cela correspond A la zone de propagation de la combustion.

12 3 Concentrations de CO, CO, ,CxHy (%)

10
‘] \_«'__/ g {:Cl
g
1 Fig. 14 — Evolution d5 concentrgtions 6n C0O,CO, at CxHy
6 an fonvtion de Ia distance 8 I'accroche-lismme rapportée &
fa hauteur de 1'anneeu pour le patit anneau et paur m = 2,5kg/s
1 T=800°C—y=052
4
|
2
e —CO0
1 —
| wH T CxHy
0 25 [3 7,0 10 125
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12 1 Concentrations de CQ, CO, CxHy (%)

10
4 co,
8 j /
Fig. 16 — Evoliiion des congentrations én CO,CO, ei CxHy

81 fonction de la distance & l'accroche-fiamme rapportée &
] la hauteur de ’anngau pour 16 grand anneeu 6t pour : m = 2,5kg/s
T =800°C -y =052

4
2 CxHy
7T——CO
L_//’_ I
0 25 3 76 10 12,5

Les résyltats cbtenus par copparaiscn des rendements sur les deux anneaux ont conduat & définir
une gutre expérimentation permettant de confirmer les longueurs distinctes de zones de recirculation sur
ces deux stsbilisateurs. La longueur de ces zones est pesurée de la facon suivante : on injecte du sodium
sous forme d'une solution aqueuse saturée en chl~rure de sodium A la limite de la zone de recirculation.
Le sodium devient émissif 2 haute températuze et donne une Trés nette coleuration jaune. 5i le point
d'injection se situe en dehors de 1la zone de recirculation la coloration fuit vers l'aval avec 1'écou-
lement. En revanche. s'il se situe & 1'intérieur de la zone de recirculation le scdium est entrainé en
amont vers 1l'accroche-flamme et 14 coloration jaune envabit toute cette zone. On peut ainsi définir les
contours de 1a zone de recirculation.

Cette méthode a été¢ mise en oeuvre par A, MESTRE [1].

L'expérimertation 2 permis de dessiner la figure 16 ol sont représentées les deux anneaux avec
leurs zones de recirculation respectives en coupe.

ARayon {mm)

| Débit-masse d'air : 2,5 kg’s

! Température d’entrée : 800°C

| Richessa rechautfe : 0,52

x/H

0+—-1 ;
o 2 T e ST

Flg. 16 - Forme des 20nes de revirculation déterminde expé-
rimentalement par infoction de sodiurn,

Cen résultats confirment ce qul avait été entrevu lors dem mesures de reademsnt, A savoir que
lss rzones de stabilisation de la combustion en aval des deux anneaux n'ont pas la méxe longueur,

-
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6. CONCLUSION

Les observations et les mesures faltes au cours des expérimentations sur les accroche-flanmes
copstituér de un s2ul anneau ec de deux anneaux ont perzis de montrer que l'extension des corrélations
obtenues avec les accroche-flammes linéaires placés dans des écoulem=nts bidimensionnels 3 dea accroche-
flanmes annulaires dans des écoulements axisypétriques est possible pour ce qui concerne l'effet de la
vitesss ot de la température sur les lipites de stabilité mais se révéle pluys difiicile pour 1'effet de
1a géométrie.

Pour les accroche-flammes linéaires le parzmétre géométrique significatif ea! la longueur de 1la
zone d¢ recirculation elle-méme proportionnelle & J& bautenr du stabilisateur, c'est cette grandeur
génnétrique qu: est utilisgo avec succés dans les corrélations de stabilité. En présence d'accroche-
tianmes annulaires et probablement & cause de l'axiaymétrie de l'écovlapent et du stabilisateur, les
zonea de recirculation qui se développent an aval de deux obstaclee de hauteurs i1dentiques mais de rayons
distincts, ont des longeura différentes,

Pour ces accroche-flammes, qui ae rapprochent plus de la configuration utilisée gur wun moteur
que les accroche~flammes linéaires, la hauteur de 1'obstacle se révéle insuffisante pour caractériser la
stabilité.

Au stade actuel de 1'étude il nous est encore imposseible de préciser le paramétr: géométrique
significatif. Un certain nombre d'expérimentations et de calculs sont encore nécessaires pour cela.

Mais les résultats présentés ici fournissent également un certain nombre de renseigaemcnts qui

améliorent la connaissance des phénoménes de stabilisation par obstacle et nous permettront d-améliorer
1a podélisaticn de la combustion afin qu'elle refléte encore mieux las phénoménes réels trés complexes.
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DISCUSSION

G.Winterfeld, GE

From the old studics of flame stabilization in the fiftics and sixties (¢.g., L. Zukowski), it is well known that the length of
the recirculation zong is one of the prime geometric parameters for cortelating stabilization results (residence time in the
flow along recirculation zone). This length is strongly influenced by the geometry of the flume holder system and the
blockage it causes between the outer wall and the eentre body. Could you comment on the effect of blackage gencerated by
your system of flame holders?

Author’s Reply

The blockage has a strong ir fluence on the lean blow out. Tts ¢ffect has been quantified in previous studies. The value of
this blockage doesn't appear i cur correlating parameter because we have used flame holders having the same biockage:
the single annular flame holder and the 2 annular flame holders have the swme cross section. We have not studied the
influence of the blockage on the leun hlow oug limits, only the influence of the Mach numbcr, the temperature and the
flame holder geometry.

A Lefchvre, US

Many previous workers have studied the flame stabilizing propertics of single, two-dimensional flame holders. What
mahes your rescarch especially interesting and useful is that you employ fully annular flame holders, sometimes alone and
sometimes in conjunction with one or two other annular flame holders. Thus your test rig simulates much more closely the
actual engine configuration. I would like 1o sk if the flames supporied on the differcnt putters burn inde peadeniy of cach
of them or it one flame zone interacts with an adjacent flame zone, thereby raising the combustion efficiencies of both
20nges,

Author's Reply

Whien we abserved the different fean blowouts wich the two annular flame holders we first made different hypotheses. The
first was to supposc that the upstream flow was not homogencous. However, the temperature and equivalence ratio
measurements led o the conelusion that this was not a convenient reason.

The second hypothesis was that there was an influence of the combustion downstream of the litile annular flame hotder on
the combustion downsticam of the large one. In order 1o know if this was truc or not we have done measurements of lean
blow out limits on the large annutar flame holder without combustion downstream of the little annular flame holder. The
results obtained were equal to the previous one. We can conctude thar there is no influence on the lean blow out limiss.
There is no intetastion between recireulation zones of different flame holders. Downstream, interaction can occur and
this has no iafluence on lean blow out.

J.0dgers, CA

With reference to Figure 13,1 presume the change (reduction) in cornbustion efficiency ax, one goes de wistream from the
guttersos due to a dilution effect brought about by the relative recirculation zones. Is this correet?

Author’s Reply

In the recirculation zone, just downstream of the flame holder, the combustion prodiucts have a large residencce time. For
this reason, the combustion efficiency is equal to 100%. But downstream of this zone therc is mixing between combustion
products and fresh gases aad therefore, because of this dilution, the combusting efficiency decreases and then increases in
the propagation zone of combustion.
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! HIGH PERFORMANCE TURBOFAN AFTERBURNER '
i SYSTEMS .
! A Satheran*
Rolis-Royce plc
Fiiton, Bristol
England
ABSTRACT
The modern turbofan aftarburnar is characterized by when it is effective. but their chiaf purpose is to
its high hooat and efficlancy and by its compact provide componsatory thermai throttling of the engine
geometry  which is  achlaved by locating the whilst  the variable nozzie, which Is an essentisl
flamehelding batflos Immediately downstraam of the adjunct to a high boost system, s progressivaly
turbine exhaust plane st the contiuence of the engino openaed to high degregs. The object of opening the
cors and bypass gas streams. At the conflugnce, the nozzle Is, of courss, to roduce Its dreag and it s
stream  divider may ba a simple cylinder or it may be this  reguction In nozzie drag which is the source of
of lobed configuration to  encourage mixing bstween aftarburner boost.
the two gas suesms in thg downstraam et pipe in
. order to Impruve the unboosted thrust of the aengine It ls obviously not nacessary that the aegree of
| Obvisusly the geometry of the afterburner hardware afterburning provided should always precisaly
] must be adapted to suit the choice of mixed ar compensate for the nozzla opeming that i1s to exactly
unmixed confiqurations. In flight, selection of the maintain  thg turbomachinery on tha same running fine
afterburner must be fast and reliable under al whethar the sfterburner is on or off. There 1s often .
flight conditions  with  times to full thrust of the & fual consumption or thrust adventage in opérating N
order ¢f only 8 swcond or two. Both the light up and the boosted engine either under or over restored
' ! the subsagquent acceleration to  full  thrust arp rolative to the wunhoosted case. that is as if
'; expestod to be smooth with no excasswve initial operating “dry" (unboosted) with 8 relstively larger
. thrust jump. Synchronisation and matching of the or  smaller nozzie. The ‘equivslent dry nozzla area’ ‘
aftarburner fuel with the variable final nozzle  must or EDNA value. expressad 3s a Dpercentage deviation
be accurate at all times to mpaintain the enging from the unboosted nozzia area Is a convenisnt maans
turbomachinary on its required running lines The to indicate the pravailing engine or fan rynning line
sfterburner must always be free of combustion driven in the boosted case.
prossure osciiations which can occur either in cross
stream modes. which destroy engina bardware in Thare is a3 further optiyn, whenever afterburming is
fractions of a sacond, or in longitudinal modes which selected, of wncreasing the engine thrust by 8 core
can also bs mechanically damaging end, in some enging  “throttle push™ that is by increaslag the
insta:nces, cause fan surge and other intolerabia turhing entry  tempersature. The term “afterburner
effacts in tha gnying The afterburner must buost” is  somaetiries used to indicste the total
incorporste appropriate measurgs to avoid  verious {engine plus aftarburner) increase in thrust betwsen
potential thormei problems including fuel bolling and aftarburner  on and aherburnsr oft but in this paper
gumming in the supply manifolds and excessive heat it denotes only the contribution ftrom the atterburner
b trangier tw (8 jeu pipe HNOo aircrgit  engme  pay. ang s quoted as a percentage ot the prevaling ~dry
¥ thrust™ of tha engine, that is the thrust which the f
i INTRODUCTION engine would deliver if it were operating without
H aftarburning  but at the same turbine antry
k The so-ca'led ‘propelling’ nozzle of a jet engine tempersture and with its nozzla set at the prevailing
’ is somewhat miscamaed since its functlon is t0 act as EDNA value.
& throttie on the engine air flow to establish the .
engine turbomachinery on its raquired running lines, AFTERBURNER CONFIGURATIONS '
and the aarodynamic forces Acting on it are always in .
the rosrward direction. Far from providing the The earliost Roils-Royce turbotfan aftarburners
propulstve  forwerd  thrust of ths engine, the nozzle (Figure 1) ware termed mix-then-burn svstems bacause :
s ectuafiy & drag on the Insteliation. Some of this they featured a streain mixer, of about ora jei pipe ;
drag Is. of course, recoverad when a divergent second giametar  in  length, betwaen tha engine and the {
stage i3 provided to the nozzle but this never eftarburner proper s purpose was to mix the |
amounts to more than a small proportion of the turbine  and  bypass gas streams shead of the e
rearward farca. Tha wvalue of afterburning to the flameholders to avoid the ocbvious and, at the time,
engine cycle is that. by increasing the volume of the novel problems of promoting busning in the cold gases
turbine exhaust gases, It provides an extrd, or, more ot the engine bypass straam Instead. similar
wsus™y,  &n shimnatye moans o throtls tho engins fivmuiwiding and fuei injaction arrangemants to thosa i
airflow which Incurs no dreg penaity and s easily usoed in earlier turbojet afterburner systams were i
variad and very powerful in its effect. The simplast provided and thase. it was anticipated. would be
use of an atterburnaer is to slightly uprata an engine appropriste for operation in what was Intended to be .
provided with only A fixed machenical nozzle. The a8 tully mikad gas straam at near turbojet !
rasulting additionsl  thrust is approximately what temperatures. N
S, would be obtained, without afterburning. by the use t
et , of & smaller nozzle but without Incurring the Stream mixing can, of course. be a thermodynamic H
| . additional drag of the smail nozzle. The dagrae ot benefit to the engine cvcle in self but Its velue |
TIr LR boost achievable in this way. if any. depends on the at military engine bypsss ratios depends strongly on X
particular characteristics of the angine the ailrcraft  spplication  In which the engine is A
turbormechinery and on the prevailing flight ampioyec. Whilst the mixing always gives u  counstant ‘
condltion. Ar baest, It is resticted to law values. it modest improvemunt In the angine dry thrust, any t
High bgost afterburners may use this minor effect, sdditional pressure losses which the mixer gQenerates :
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FiG 1 THE MIX-THEN-BURN AFTERBURNER

result In & thrust deficit which is variable with
flight condition and which can  more than egliminste
the mixing benafits (Figure 2) “he pressure loss
deficit is & strong function of nnzzle pressure rstio
but Is not Importsnt. for instance. during high
altitude, high  speed  fiight.  applications  in
which this flight mode dominates, the use of mixing
could ctearly be baneficial.

The mix~then-burn afterburner achievas its objactives
tairly satisfactorily but at the oxpense of a
ralatively long jet pipe. It has also proved to bhe
prone to tha instability kncwn as sftarbucner buzz o
rumble, t©  which turbofan sfterburners arg
paricuiarly  susceptible, at  intermediate to high
levels of boost In fact the boos* which (s safely
avaisble from the mix-then-burn aftarburner s
limited by tha eppearance of buzz and the fuel
schedule has to bs set down accordingly. Buzz is a
tongitudingl “organ pipe® prassurg oscillation which
can  become established betwaen sithar tha fgn or the
turbine and the nozzle with frequencles betwssn aboui
50 and 150 hz depending on the type of buzz
established, the fiight cengition, the afterburner
fualling tlsvel and so on. Is causes and avoidance
are discussed in ater sections.

In the next afterjurner evaluated at Rolis-Royce. a
stream  mixing arrangement was retained but, to save
engine Isngth and weight, a flamgaolder system was

100 =0 Fressue
lona of
mixer (%)

Theust benetit
from mixing (%} -2
&0
4

—
256 30 as
Nozzie préasira rallo

-50%

FIG 2 MIXING BENEFITS VERSUS NOZZLE
PRESSURE RATIO

Jet Pipe

T

Variable
Propelling Nozzle

chosen which could double as the stream mixer in tha
afterburner off casa. In this paper this systam is
ryfgrrad to a3 the “mix-and-bumn system”

The mix~-and-bufn aftarburner system usas an
adaptstion of a cold strasm burnar device which has
bean employad in various epplizations In Rolis-Royce

engines, for Instance In ramjets and in  "PCB*. for
boosting the front norXzie thrust of the Pagasus
vectorad thrust angine {Referenca 1). In its

aftarburngr configuration the mix~gnd-burn system
fgaturos a pilot burner at the downstream und of the
splitter which divides :.e bypsss and turbine strgams
at turbina exhaust (Figurs 3). The pilot is a simple
annular guttar ard IS separately fueHag by dgirect
injection into its wake through & varlauon of the

“vaporiser fuel Injector employed in Rclls-Royce
military core combustors (Reference 2). Tha
distinguishing featurs of the mix-ang-burn

aftorburner I3 a  system of Vee-shaped ~longerons”
which extend from the anrnular pilot scross the bypass
silfa@am ol @ usiiuw Bngis W e Tow  (Reterance J).
The wakes of the longerons ara contiguous with that
of the annular pilot and nence fitl with flame
whenever pilot  fuel i5 selected. The main bypass
stieam fuel injectors are located in  the slots
between the longsrons acting as the ignition source
for this fual For the turbine stream, an
arrangement of plain  V-baitles with upstream fuel
injectars is employed.

With aftarburner off, the action of the bypass strearm
longerans Is t0 turn the flow ragislly Inwards
through an angle dependent on the angle and
circumferantial btockage they present 10 the
approdching flow. Meanwhite, the turtine stresm
gasas tend to lift oulwards Into the wakes of the
fongserons, thus genarating a igrge interface between
the two streams fo @ncourage the raqulran high level
of stream minina.  Mixing afficiancies of  the  order
of 85% are maasurad Tor this system at the engine
nozzle which is abour 1.2 ppe diameters fram the
end of the strasm ixer.

The burning performance of the mix-and-burn system Is
high and, In terms of both boost and etficlency,
matches that of the earier  mix-then~-purn
configuration fairly closely. Howeavar, once again
stterburner buzz Imposes an upgper limit to the thrust
which can ba safely extractad from the systsm and,
although  this is wvery high, it is baollevad that this
system could waever deliver the near stoichiomptrc
nozzle temperaturés which are targeted for modern
afterburnars. Accorgingly, the mix-and-burn
aftorpumer has never been devsiopsd beyond s short
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FIG 3 THE MIX-AND-BURN AFTERBURNER

programma of exploratory enging and full scalg rig
evaluations.

The cause ot the mix-ang-burn system’s proneness to
afterburner buzz is bellevod ta bs a strong inward
migration of the bypess fusl. whick is genarated in
the firsy place by the cross-duct movements of the
two gas streams

Accurate fuel placoment and control of fusl movements
arg  z2lways difficult to achieve in cold stream
burners since. ahead of the fiames, the fue! droplets
tend 0 remain unovaposated and to move
ballistically.that is without ftollowing the gas
stream around bends and obstacles in  the flow, so
that thair trajectories are always uncertain and
often end In impact with the duci walls or with other
hardware For this reason, in Rolls-Royce cold
stream  burnars, the fusl Injectors are usually
locatad between rathar  than upstraam of the
flameholders. which would otherw:s@ tend to operate
awash with liquid fuel. so that the fuel Is injected
uiryiiy  inu the ourning  zones. Howavar, an
tnevitable consgnuencs ot “direct” fusl injection.
from between the flamenolders rather than ehead of
them, is thst the fiameholde: waks flames need to he
provided with thew own ssparate Suppiy of fuel
(Figure 4). The use of "weke" and "fill" fue! stages
is another feature of all Rolls-Royce cold stream
burners to date.

Fipe wall or midway betwesn flamsheldsra

Flll fug! injecyor axially located
1o avold watiing the Hamehoider

Radially located to fue! Direction of

the take over reglon flame spread
Ot
Wake fue!
injector
Wa..

SOl e

Flameholder ke ovet
 a—
Gao stream

FIG 4 COLD STREAM FUEL INJECTION SYSTEMS
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In the case of the mix-and-burn afterburnar, when the
main bypass streem tual in injected into the system
from between the Jongergns, it immadiately assumas
the ragially inward motion of the local gas stream
and, despite the fact that the fue! enters tha fame
and  must avaporate very quickly, significant
proportions  of it continua towards the centra of the
jet gipa when the bypass gases, in which they are
intended to  burn, turn axidlly rearwerd towards the
noz2le. The measured efect of this is &
concentretion of fuel on the et pipe centre line
which, coupled with the incompleta mixing of the gas
strgams at tha upstream s&nd of the jet pipe, leads to
very high focal values of fuel/air ratios and, as
further explained in the next saction, the relative
pronaness to afterburner buzz already mantioned. As
as alternative to the mix-and-burn system ang
aspacially when there is no opsratlonai advantage in
strsam  mixing, it is advantageous to dispense with
mixing altogether In order to ensure the gerodynamic
conditions and the control over tuLel movemants which
ara noadegd (o best ensura that buzz is ayoided. The
mast recent Rolls-Royce afterburnevs are of this type
and sre designed specificelly to discourage  stream
mixing. Howaevel, despite the maeasures tuken to asoid
forcing the mixing, significant amounts  nuvartheless
occur due to natural difusion of the streams mnto
each other Bocause of this effect, this aftarburner
is termed the mu/burn systam. A full description is
deferrad to & later Section.

AFTERBURNER BUZZ IN THE OLYMPUS 22R SYSE

Atthough afterburnizr buzz  Is usually  sssoclated
with  fairly recsnt  turbofan englnes. it is by no
mesans continad to this type. and. as early as 1961,
the phencmenon was encountered In a Rofls-Roycs
turbojet engine, tha Olyrapus 22R, during bench engine
invastigations into a quite separate engine
miaa

ty.
Since the appearance of buzz during flight seamed o
regsl, If  remote. posasibility on this engine and its

possible consequanrcas were believed to be putentially
very demaging, a full enquiry into its fundamental
causes was initisted (Reference 4). from the stan
of the investigation it was known that the
possibiity of buzz aross in the Olympus 22R  becausu
of the nature of its fuel control systemi. This
introduced tha fual in consecutive stages, with each
fuel infection stage feeding one of the afterburners
annulai  flamsholdars. The control  system  was
designed to deliver tne scheduled tuet irroap ve
af the back pressure from the fuel Injection systemn
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and this meant that, if one fus! injector tailead to
be selected, due to 8 faulty vaive, for instence. its
intendec sharg of the fuel would be sutomaticelly
divided between the Injcctors slready operating As
a  conseq their f Iders would recaiva
significantly moce fual than their schedulad flow and
it was this circumstance which, It was found, could
generate buzz.

Plain V~guttes
famehoid...s
"’

Turbine exhaust

Lino source ‘Channel Anvil®
fual injsctorn n aero-
dynamic agnmant

with flameholdera

FIG § THE OLYMPUS 22R TURBOJET

AFTERBURNER
The Olympus 22R afterburner (Figure 5) toatures
thrae, concentric, annular flamehoiders. of plam

V-baffie section. sach served by a “channel-anvii”
fuesl injector located about 70mm directy upstream.
The chennel-snvil fusl Injeztor (Figure 6) is a ring
nianifold  from  which the fyol is injected in an
upstream direction into & downstream facing channel
The fuei spreads circumferentially in the channal
which therefora acts ss » line source of fual and
proviles a very uniform supply along its langth. An
important secondary adventage of the charnel gavil
injactor Is  that the fuel ring is externaliy covled
by the injacted fuel which helps to suppress internal
boiling in the ring and the Instabilities in fuel
supply and Gurming which this causes !n  the cross
aream or, ln the present case. the rsdial direction,
thy channel anvil develops a pesk in tha fuel
concentration In  line with itself and this peak

oL = Lucal Lugll_{b ratio —
©« G = Mewn fusi/ak ratko for mjactor
2 k]

1
JR S S

r\
Air flow
ooy .

: o Lpoak=09 L ]*

L-Distance trom
tuel injactor

Cross section through
stancerd channml anvi injecior
o= Penk

JR—

Typlcal faal sk ratio profia at 1¢°
injection distance

FIG 6 THE FUEL DISTRIBUTION FROM THE
CHANNEL ANVIL FUEL INJECTOR

reducas &t Increasingly remote distances downstream.
At any lixed distance downstream of the fuel injector
{bje S rediai  fuei distribution 15 congyant
over practical rsenges of gas conditiors end fuel flow
and the half-widih (W) of ths spray is given by thae
simple sxpression

w=-o91 /2
where the hatl-width i3 defined by the siations

whare the jccal fuel concentration Is hal® the peak
vElug,

This rimpie characteristic aligws the fual injection
distance to be chuvzen to cptimise the dlstribution of
fuel gt the fameholder station ainca the fue! may be

spread evenly across the  ges strasm o,
altarnatively, concentrated at ths fiameholders by
sling the fus! injectors aither rolatively far or
close upstream.

The operating cheracteristics of an afterburner which
are  influenced by the uaniformity of the fual
distribution are the thrust boost at which maximum
efficiancy is achiaved. the Igan operating limits
and, a3  will be  seen the sysrem's buzz
charscieristics. ANl of these characteristics  are
strongly iInfluenced by the fuel air ratio local to
the flameholder  station With  channal-anvil  fuel

injaction, pask stficiency, lean blow off and
aftarburner buzz Qccur at, raspactively,
stolchiomatric, 30% stoichiometnc  and  150%

stoichlometric conditions at the flamehoider. in
general, therefore, the fuel injection length can be
chasen to  maximisa  afterburngr  efficlency &t the
hoost required by the enginy application, but with
possible overriding  limitations  determined by the
fuel {or boost}] turn down requirgments and by the
risk of buzz.

The value of the flameholcer fual air ritlo at buzz
onset (50% sabove Stoichiomsetric) was datarmined in
the serigs of experimants on the Olympus 22R  engine
referred to  esariier in which it was deduced that an
excess Of fue! air rativ beyond this velus at any
singla  flameholder was a sufficiant condition for
buzz. The tests viere made in an altitude test cel
st various simuiated flight conditions. Tha mzin
hardware changes avaluated during the iests were 10
the fuel injectors. of which several types in
addition to the channal anvil injectors were used
The !nfectors weare located atr various distances from
the flamehalders to vary the fuei concentrations st
the flameholder siation and, during tha tests, the
fuel to single and wvarious combinations of fual
injectors was incraased until the buzz instability
was detactad  As already noteq, it was found that,
in evary example of buzz onset tha fuel to some
flamehoider had been raised to the critical level and
thls applied irrgspective of the prevailing gas
conditions in the jet pipe or the prevalling levael of
heat ralaase in the pipe - although the Iatter
obviously influanced the amplitude of the instability
once it had been generated. This is illustrated in
Figure 7 which shows buzz ampiitude versus a fusl
concentration parameter which indicates the psak fuel
air ratio at ths flameholders. it shows now buzz
glweye  sppesss gt g fissd 1ocs! fuwl eir ruuu but
thereafien respunds to the number of tlameholders (n
opergtion, that is to tha (otal guantity of fugl
suppiied to the system.

Because of the naturs of the Olympus 22R enqine cycle
und its afterburner control systam, the Oniy et pipe
gas streem properiy which was variable with  thght
condition during these tests was the gas pressure so
thst no infovmation on the nfluence of iniat gas

8
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FIG 7 THE BUZZ CHARACTERISTICS OF THE
OLYMPUS 22R
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FIG 8 THE MIX/BURN AFTERBURNER

stream  vaelocity, temperature or vihiation on buzz
onset was obtalned. nor were tha effects of pips
acoustics  nvestigsted Novertheless the rasults
help to explain why bu2z has soldom been reportad in
turbojet afterburngrs but sgems to be & common
faature of turbotfan systems. In turbojet
afterburpars It is  a  relatively Simple matier to
achieve =& uniform fuel alstribution at the
flamegholdars and, even in a very high boost system.
it is never ngcessary to fuel beyond a mean or locat
stoichlometric  leval Thus it Is only in the event
of a fyel contiol system failure. such as  describod
earliar, that local fuel air ratios rise to anything
likg bu2z provcking levals In Rormal  circumstances
turbojet afterburners operate within g $0% margmn. at
least. of bLuzz provoxing fusl  gir  ratios The
situation Is  quite different i & mixod turbofan
where. because of the lower inlet g8s temperature.
afterburner  fyellirg levels can bu 30% to 40% higher
than a turbojet of 1he same total air  fiow.
Maanwhile the wirtiation of the turbine exhaust strgam
is 15%~20% higher than that of a turbojet of the same
turbine  exii tempersture (the extra representing the
work oxtracted to drive the outer fan). Loval  fuel

Bypass Fual
injectors

Pilot Fusl injector -—’1

L-

e

Hot Alr Intake /

Core Ghannel
Asnvil Fuel
injector

and  tusl air ratio concentrations are therafore much
higher In turbofan systams than in turbojets and any
failure 10 distribute the afterburner fuel in strict
accordatcg tOo the local stream requirements can
instigate buzz.

THE MIX/BURN AFTERBURNER

As first  specified, the two main requiremsents of
the mix/byrn pfterbuiner were that it should daeliver
very high thrust boosts, of the order of 75% a1 take
off. and thst 1t should do so in an extramaly
contined gaometry (Figure 8) The length silowed
between the turbing and the threat of the varisble
nozzlé was approximataly 175m The pipe diametar
allowed at the afterburnar inlet station was fairly
Qenerous so that aithough the gas velocitias at this
statipn vaerv considerably as the engine bypass ratio
adjusts with the prevaling flight condition snd EDNA
valua, they are never high gnough to jeopardise the
burning  stability of the flameholders within the
raquired flight envelope of the system Shortly
downstream of the flamehoigers, howsever, it was
necessary to taper tha jet pipe very steaply in order

_— Bypass Flameholder

"™~ Pilot Stage
Vaporiser

Interconnector

— Core
Flameholder

Mounting Links

FIG 9 THE MIX/BURN AFTERBURNER
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to accommodata the nozzle actuation systam snd &
thrust rovarse’ between the jeét pipe and the boat
tall  lines of the aircraft. The effact of the pips
taper is. of rourse. to increase the ntarnal gas
velocities relative to ths cylindrical pipe case and,
since all gas stream heating generates t0ial pressure
fosses which increase with stream velocity. the
avantual consaquence is a  significant loss o the
aftarburnar boost for a fined nozzle gas temperature.
To compensate for this the a’terburner must bLe
dasigned snd devsloped either to compléete its burning
relatively early (n the tapsred pipe or to achieva a
correspondingly higher nozzle temperature In eilther
cose the tsperad pipe increases the difficulty of
meseting the aftarburnoer objectives.

It hsas already baar axplained that. because of
previgus exparience of aftercurners  wmich  ware
designed to encourage vigorous mixing berween the
bypass and turbine ges strgams, a principle abjective
of the mix/burn system was o discourage large scile
movamaents of either straam &cross the jet pipe. To
achieve this the mix/burn system was designed as two
separate systems intended to operate more or less
independently of each othar. This allowed each
systam to ba arranged to ruit the conditions of Its
own gas stream. and, in the case of the turbine
siream. far a simpla turbojet  afterburner to  be
adopted, similar to that of e Olympus 22R engine.

in  the mix/buin system (Figures 8 and 9) It featuras
two concentric and inter-connected annuigr vee-shapud
batfles wach fuelled by an upstream channel-anvi:
fuel injector. Fiamehoigers ano injectors are
separataly  fink-mounted to  an enclosing outer
cylinder tc  allow unrestricted and  indeperdent
thermal expansion of the varlous rings and the whoia
assembiy |s located within the engine  exhaust
annulus The geomatric details of the systam are
chcsen 10 ensure clean aerodynamucs throughout the
systam  with sccurate slignment of the fuel injectors
with the flameholders. An overriding requirgment of
the system was to avoid afterburner buzz within the
operational range of afterburner fuel flows &nd the
buzz avoidance ruies axplained above were used to
&chiava thig effact.

For the bypass svstem, 8 cold stream burner was
ohvigusly  requircd  and the usual Rolls-Royce
combination of wake-fuelled fiameholders and coplanar
*fill° or msin fuel injector was adopted. The
flamghaolder arrangament is of an  annular  ves-shapad
baffle from which radlal baffies extend across the
bypass sweam. Vaporiser fuei injeciuis we pruvidey
at  esch intersection of the radlal and annular
baffles (Figure 10).

Bypass
Fuel
Injectors

Interconnector

Hot Air
Blged

FIG 10 THE MIX/BURN AFTERBURNER

Although the bypass and turbine stream sherburners
of the mix/burn systam are inmended 0 operata
indepengently of each other, neverthaless the cicse
proximity of the hot turbing strgam is used tO aid
burning atability in  the bypess stream where the
temporature can  fall as fow as 300 K at axtremas of
the fight envelope. Yo achieve 1this, a8 smail
propontion of tha hot gasas is colieCted akesd of the
turbine strasm flamehoiders (Figure 10} and ducted to
faed the bypass stresm veponsers and, ingeaa to
enshroud the whole ot the bypass fismeholder system
so that it8 wake flama is ftad wholly and only with
hot turbing stream gasas. This has the effect of
giving the whole of the mix/burn afterburner the
burning  stability characteristics of A turbojet
aftarburner as well as providing consideraple
assistance to the propagation of thé man  burning
across the cold hypass stream.

Early experience of the vaporiser fuel injection used
in the bypass atterburner was not encouraging untl}
it wsas reatised that the wake systom behind the array
ot interconnacted annulgr and radial bafflas was
divided Into quite distinct flow zones with no
guarantaed Interchange of gases betwaan them. Bafore
this was astablished It was assumed that the whole of
ths waka regioy was effoctively a single zone subject
to vigorous and random cross-movement of gases.
Accordingly. the pilot fuel was jad into the Wwakes
through "mushroom vaporisars™ (Figure 11) in a farly
simple fashion.

Subsequantly thesea wera rveplaced by L-shaped
vaporisers with various provislon~ t0 ensure that a!l
parts of the wake system ware adequately fuaelled.
One such feature is an internal baffla which dlvides
the vaporiser gir flow betwaen inner tead hnles to
the annular baffle and outer feed holes to the radlal
batfles The total airflow through the wvapaoriser s
meterad by an Internal orifice ahead of the batfla.
The fuel flow Is injected just downstream of the
metaring oritice, whure the gas velocities 2re at
thair highest, and aqual quantities of fuel are
directod to either side of the vapcriser beffie  The
fuel 8ir mixture Is tinally ejectad trom the
vaporiser through a system of sm.all holes located 10
feed the wake of tha annular baffle and various Zonss
of the radial baffia wake. Without thg separste
feeds ta the wake zones a full wake flame could not
bs guaranteed.

For the main bypess fuel injentors. an &rray Of aix

3 j sach sids of the radial
batries. was aventually adopted (Figure 10). The
number and disposition of these Injectors were

Bypass

Flameholder

Annular
Pilot

Core
Fismehoider
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FIG 11 THE PILOT BURNER FUEL INJECTION

devaloped on a sector burning rig reproducing s
section of the #nnutar batie and two radial baffles.
in gennral it was found that a configuration which is
conducive to high hest raslaase and combustion
efficiency is also relatively prone to buzz, whilst,
for instance, if the fual injectors are locoted
sufficiently far from the flameholdars then both the
gfficiency and the pronaness to buzz 1s reduced An
advantage of coplanar tyel injection is that it
allows the placement of the main fuel w0 be
rolatlvely  accurately optimised to achieve the best
pcssibla compromise between heat relesse, efficiency
and buzz.

The fanspray fual injector was chosen becauseé it
proved to be the baest ot several fuel ijectors which
were evaluated Ths tfan sprayers were crigingily
devalopad for use In tha "plenum chamber burner™. 1o
augment the front no2zle thrust of the Pegasus
engina They are an adaptaticn of the swallow tail
gas jet and, when empioyed for hquid fuel myection.
thgy producs a fan shaped. thin sheet of fuel which
quickly disrupts into 8 spray of fine droplets.

FUEL STAGINC

To achiove tha very fast sealections and
accelerations required of the mix/burn afterburner a
relatively simple. two stage fus) feod system was

emgloyed.  The first siags supnliss fus! to ths milot
bafhe oniy and the second stage provioes tna rest,
that is to the turbine siream channel anvi fuat
injectors and to the bypass stream fan spray fuet
injectors. The pilot fusl is not modulsted witk the
pllot's fever but. on  afterburnar selaction. s
metared 8s & fixed function of the prevailing tutbine
stream  air  flow to establish a constant fuel air
ratio in the afterburner gutter wakes. The main tuel
modulates with the pilot's laver from a mimmum flow,
which is set to just kesp the manitolds full ot tual
ageinst the natural dramnage. 10 maximym fiow which,
ovar large psarts ot the flight envelope, gives
approximately stoichiometric nozzle gas temparatures.
This arrangement ensures that all aftarburner
acculerations  can  proceed without tha hesitations
which would inevitably result if the,y began with any
parts 0f the fue! injection system vet to be fllled
The division of the masin fusl injection staga betwesn
the turbine and bypass ges streams is not, of coursa
fixed but veries with the engine bypass ratic sround
the aircraft flight anvelopa.

AFTERBURNER SELECTION AND IGNITION

The pravinus sectlon describes how. onca salected.
ell parts of the fuel Injection system remain full
and in operation whataver the degreo of aftarburning
selpctad by the pilot Tha requiraments of the
salection  procedura are to fili tha fue! injaction

L-Shaped Vaporiser

system, to establish the oaunimum atterburner flows
described  apove, to open the noizie 1o the matching
arga and, finslly. to light the system.

In @ turbofan engine there is direct communication
between the afterburner and the fan by way of the
bypass duct 52 that any mismatch of thg aftgrburnyr
fuel with thg ngzzle area setting is immedietely felt
by the fan, whose running line rises or falls
depending on the dirgction ot the mismatch,
Afterburner light ups nevitably 1nvolve a degrga  of
mismatch  since  ianition is always instantangous and
much too fast for ony practcable no2zle  actuation
system to follow The effact of the lght up 15, of
coursa, to thermslly throttle the fan flow an0  to
rais@ 115 running bne towards surge 1o compansate
for this effact and to ehmunate any passibihty of
fan surge on afterburner light up. the nozzle of tha
mix/burn afterburner is pre-opaned to ts  MNIMumM
boost area befora the fuel 1s gmited. The fan
rw oning  pomnt tharefora talis on aftarburner
sglection but Is mmediately restored when the
aftacburi.er lights.

The manifold filling procedures in the mix/burn
system 1s in two phases ~ a ‘fast prime’ phase which
nearly fills the fuel systam very quickly and a siow
prime stage whi=h completas the process Thess

o O L Pyl T
WJEMBnts  Sn3uis  that  Tué: neéve’ igac

FEY
burning zones at tast prime rates which, once again,
could over rastore and, perhaps surge the fan.

Ignition In the rmx/burn  afterburner is by hot
strgak’ in which a small quantity of fusl is injected
into the main combustor and briefly generates a flame
through the turbine which is fong enough to ignite
the afterburner tuel Expernence of hot Streak
ignition 1n esrly gas turbine engings was not slways
satistactory. espec'ally when large  quantitigs  of
fuel wera injacted Slowly into the primary zone of
the main combustor. Not surpnsingly these measures
could seversly damage the turbine. Modarn practise
ts to Inject the !uel at the downstream end of the
combustor towards the turbine and to use very small
quantitias (Figure 12). With these provisions, the
system is safe and extramely raliable.

Engiie Flow
Avon 250 ccs in 2 secs
Olympus-22R 250 ccs in 0.4 secs
RB145 30 ces in 0.6 secs
RB168-25R 43 ccs in 0.3 seus
RB199 20 ces In 0.25 secs

fIG 12 HOT STREAK FUEL FLOW RATES
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TWIN OPEN LOOP CONTROL OF THE AFTER-
BURNER FUEL ANU NOZZLE

The afterburner  salection times specified for the
mix/burn afterourner were fell. when the system was
designed, to ba t0o fast to sllow sutomatic ‘closed
toop™ control of the nozzie o match the tuel
modulations. In ctosed ioop control, whenever the
aiterburner fuel is modulatad an  errar  signsl  from
the engine. tor instance ir. the lurbing pressure
ratio. Is used 10 vary the nozzie sres in such a way
as to restora the engine turbomachingry to the
required running Hlne. The responses in sych a
systam  ara Inevitably time consuming and hence linit
the rate at which the fusl flow can bhé modulated. Yo
avoid these delays iIn the mix/purn attarburner, the
fual flow and nozite area are %gparately controlied
to pre-scheduied valuss which suit the prevalling
flight and engine running conditions and give the
dagrae of boost sulected by the pilot.

The chiaf ramification of twin open loop control for
tha afterburner system rasults from the fact that the
schedules and control system sequences must be chosen
to gnsurg tha* schedule errors and musmatches which
inavitably occur dunng.  the fast transiants  are
always ssfe snd tand to lower the fan rfunning ling
rather than 1aise 11 Towards surge The rejulting
high EDNA velues incre2se the engine bypsss raito and
the gas velocities through the afterourner and both
of thesa effects tend to dagrade the afterburper
penormance and reduce its burning stability.

The full  sequance of afterburner selection and
accalaration procedures are shown in Figure 13
Criginally it was Intéended that the selaction wouid
not proceed beycnd light up without a positive
indication from & u/v flame detactor but this has not
groved to be & necessacy festure. However , if the
engine running line. as indicated by the turbine
pressure rsuie, should deviate too far from  normal,
then the selaction is terminsted and the system s
shut down.

Ma ximum
Wil diea

/ Maximum
luel tiow

Nole: Length of filng time of
internal mantlolde

* Sea levet
o i 2 3 take~off
Tinwe-seconds FBUBNCE

FIG 13 THE LIGHT-UP SEQUENCE
JET PIPE AND HEAT SKIELD

The [et pipe of the mix/hurn  afterburner is a
titaniurmn tabrication and is protactad from  the
aftarburmer flames by a two place hest shisld which
is fsbriceted in a heat resistant nickél based slioy.
Design  of the heat shigld is Inherently more
difflcaly thar that of the jet plpe which |Is
essentiafiv A cool running,  faifiy  simple  pressure
drurm, Agsinst this, the heat shleld not onlv
operatgs much hotter than the jet pipe. And must to
mounted from 1t by mesns which allcw gifferential
expangions between them, it &ls) nas (o withsrand
prosgure loads which vary with fiight conditions and
the degrae of afturburning selected and which switch
from oxguagive to implosive along its length.

Many aystems have besn devised to accommodate thase
citcumstances with varying degrees of success In

terms  of durability. weight, complication a&nd 80 on.
The mbvbarn  afterburner  uses simple  cylindrical
sections  which  are conventionglly film cooled. The
cooling rings provide tha atitfness raquired to
withstand any prassure I1gads which tha heat shield
may exparienceg. including &fterburner fiame out
cesan. They are comparstively hesvy in themssives
but allow a simple and light mounting system of boits
and radial pins which ere &ftached to the |at pipe
and locate in hoies and slots in  the heat shigld
sactions

The torwsrd saction of the hes shielg is perforated
tn provide acoustic suppression ot the high
frequancy. crocs stream pressuie osciltationg
(screech) to which sl high boost aHarburner systems
are prone,

COMPARATIVE PERFORMANCE

The performance o©f the three afterburnar systams
described In previous sections is compared in Figuras
14-17. Figure 14 shows the burming stability in
tarms of the amcgss nozzie ares or FDONA value  whigh
the afterburners can withstand without extinction
versus the prevailing jet pipe pressure The  plot
indicates not only stesdy burming stabitity but also
the exireme conditions at which the aftsrburner  can
he “handled’, that is selectad Qr turned up oOr dgown
withoyt risk af extinction, since it 15 dutlng
handling that high EDNA values are experionced.

Excoss /
nozzle B . /
aren Mix /Bucn /

%) 3o

‘Mix-then-Burn’

20

Stabla batning

-
1.0 1.5 2.0
Jol pipu pressure

relative 10 mialmue® soyorement

FIG 14 BURNER STABILITY

Unexpeacredly the suparlority of the mix/burn

afterburner diminishes with ragucing oressure
Effactive tusl-als ratio
relgtive to Jatum Datum
10 T
o
‘_/—//
08 el
P
08 .- // ‘Mix-thea Burn’
’,/ P
,
a.7 "uix/*nd Burn' ~
s
0.8
———— ~ -y e
(X 1.0 1.6 20 2.5

Jat pipe prassura (ATM)

FIG 15 MAXIMUM AFTERBURNER FUEL
AIR RATIO
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possibly indizeting that. even with the &ssistance
from the hot straem wrovided by the  mix/burn
aftarburner the contribution of the bypass stream
burnyr to high altitude boost and  burming  stability
reduces at very low pressures

Figures 15 and 16 show how the highest fuel air
ratios  a¢  which the thres afterburners cen ba
operated  and thew psesk eficiencies 8ra affected by
|ot pipe pressurs I Al cases the effocts arw
increasingly imporant as  pressure reguces below 2
atmospheres but tha mix/burn  systam is  easily the
faast sansitive to pressurg  and maintains  its
porformance to much lower levels than the other
systams.

» Max
" Max datum

‘Mix-ihan -Burn’
T

Datun
Vv
090 7 s

080

Ty e s
10 16 26 26
Jat pipe Jiessura (ATM)

FIG 16 AFTERBURNER EFFICIENCY

Figure 17 shows the buzz characteristics of the thrae
aftgrburners and illustrates the incressing degrce of
control exerted over the fual placement within the
sucCcessive systems  In the mmx/purn system, the two
types of buzx which can be provoked depending on
whethar tha bypass or the core gas stream 15 over
fuelled  are  panticularly  distinct The fuel arr
ratio at which esch strearn 15 provoked into buzz s
virtuslly  indepandent of the fuer suppliad to the
other strgam indicating the absence of any exchange
of fusl hgtween the two Clearly tmis does not apply
10 the gther systems whera cross-sfream movements of
fusl or gas add to the buzz proneness of both streams
and lower the total fusl air ratio at which buzz tree
operation is possible.

Buiz
/
VOO | 4777 7
[
s:‘l;!;:e Buzz free % g.q “Mix/Burn’
el % aystam
ratio (%)
g —-"Mix-then-Burn’
80 % % ssalem
% 4
S -74 - "Mix and Burn’
/%‘ # ly:lam )
80
L -

——————
80 80 100
Relative cora fual air ratlo (%)

N

FIG 17 AFTERRIIRNER BUZZ CHARACTERISTICS
The buzz fuel air ratlos of the mix/burn system are
well In excess of the maximum leveis requirad for
staady  operation of the afarburner and allow
considerable excursions above these levals during the
fast accelerations demanded of the system.

FUTURE REQUIREMENTS

Tha current tread in miltery  engine cycles is
towards high ana even stoichiometric  turbine entry
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However, none of the alternative materisls match the
comparative ease of manufacture ang flexibility of
application of tha high duty metal alloys they are
intended to raplace and most have serious Incidental
defects for instance in their oxidation resistance or
high termperature sirgngths. As a result both the
typg and foim of the materisl gmployed must ba
selectad and developed to Surt its precise
application whilst the manner n  which the item
schigves its gerodynamic or tharmodynamic function
must  usually be &adjusted either to protect the
material or (o securg maxmum advantage from its
improved propsrties.
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Comparison of the Performance of a Reverse Flow
Annular Combust;on Chamber under Low and Aigh
Pressure Conditions

F. Joos, RB. Simon
MTU Motoren- und Turbinen-union Minchaen GinbH
Postfach 50 06 4C
Dachauer Str. 6€S
8000 Munich 5C
Fedzral Republic of Germany

Abstract

Combustor development testing is usually carried out under Jdifferent pressure con-
ditions; low-pressure burning tests for the optimization of the fuel distribution
inside the combustor and high-pressure tests for demonstrating the desired
performance.

Comparison of the results under these two test conditions often reveals discrep-
ancies, especially in wall temperatures and exit temperature patterns, which cannot
b2 attributed simply to the greater flame radiationr and heac-rel=ase rate associated
with the tests at high pressure. Another causg, in particular, lies ia diiferences in
the fuel distribution in the primary zone as a function »f pressure conditions. This
phenoumenon will be demonstrated by measurements and 3D 2-phase flow-field calcu-
lations.

Nomenclature

FAR - Fuel-air ratio

P bar Pressure

SMD um Sauter mean diameter

T3 K Combustor inlet temperature

Tm K Average temperature

X mm Arial distance brtwecen nozzle outlet and calculation plane

- Intcoduction

Reverse-flov combustion chambers contribute to the compactness of a gas-turbine
engine because they can be installed cuteide of the turbine. Houwever, this advantage
is offset hy a number of disadvantages,

The large diameter of the combustion chamber results in a large flame-tube surface
area to ke cooled. Furthermore, relatively large spacing between the fuel nozzles is
required, because the number of nozzles cannot be increased at will. Conseqguently, a
fuel injeclion system for uniform distribution of the fuel between the nczzles is
required.

For developing such a eystem, it is usual to conduct tests at awmospheric pressure,
followed by testing of the chosen design at pressures encountered in service.

Experience shows that the knowledge gained from tesiing at atlmospheric pressure can
be applied only conditiovnelly as far as the operating condition is concerncd. For
iustance, the atomization properties of the nozzles vary in relation to the air
pressure, regarding both the atowization of the fuel /1, 2, 3/ and the distribution
by each nozzle /74/. Harked increases in the wall temperatures of the flame-tube have
also been observed /3, 5/. In addition, the exit gas temperature patterns are differ-
ert at tle higher service pressure /6/.

Some of the effects of an i1ncrcase in the operating pressur2 are explained below with
| the aid of tests and fl.w-field calculations. Beciuse the persibilities for conduct-
{ ing tests ct elevated pressurc ar~ limited, in each case, the moasuletents at atmoo=
! pheric pressure are compared with calculations at a pressuts of 1 Lzr, allcwing the
i results to be checked qualitatively. The influence of pressure ie Lhen ecxtiapolated
i analytically,

1

4

!

Testing ﬂ
&

- The experimental reverse-flow combustor 35 illustr. ted in ure 1. It is provided i

. with 13 air-plast atomizer nozzler, wheire carh nozi'e coun & of two contrarotati.g
swirlers, The task of the swirlexs 3is to T:iegte a siabiliziag iscirculaticn flow and
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high turbulence, as well as to atomize the fuel. The inner and outer walle of the
flame-tube are each provided with two rows of 78 boles. Tn both cases, <ocling is
effected via 3 cooling films. Connected to the flame~tube is a similarly-cooled
exhaust bench.

The combustor was tested under various cor-'itions up to the design values (p = 13 bhar,
T, = 670 K, FAR = ,026). To allow comparison with the 3D flow-field calculations,
méasurements had also to be made in the middle of the flamc~tube. In this case, to be
able to accomodate all probes, testing had to be carried out without the exhaust
bench and only at atmospheric pressure.

The set-up for this test is illustrated in figure 2. Gas measurements to determine
the local FAR were possible in any plane with a single probe, It was alsc possible to
scan the temperature distribution at the end of the {lame-tube by means of a thermo-
couple probe,

The flow-field within the flame-tube was assessed by water-simulation tests, in which
the flame-tube was represented as a 90° sector to the scale of 2:1 in plexiglass. The
flow pattern was recorded at varicus meridional light-gection planes with a video
camera,

Aerpthermal model

The code used to calculate the flow-field and the tempesature-field of the combustor
is the NREC adaptation /7/ of an AiResearcn code.

INTERN is @& three-dimensional finite-difference code capeble of solving the elliptic
partial differential equations for the coaservetion of mass, momentum, energy and
chemical specas, It avplies Lo both laminar and turbulent, two-phase or single-
phase, steady rencting fiows, It employs a k-¢€ two equation model for turbulence, a
two-step chewical kinet .c model for heat release, an option of a Lagrangian or an
Eulerian model for fuel droplet tyansport, and an eddy break-up model for the <ffects
turbulence has on reaction rates, Its numerical approach uses an implicit, upwind
differencing scheme. The rate of convergence of the jterative solution procedurxe has
been enhanced by the incorporation of a cyclic tridiagenal mavrix algorithm into the
code.

The calculation grid consists of 41 x 33 x 27 lines in a cylindrical coordisnate
system with 24,138 grid-points in the calculation field (figure 3). The flame-tube
walls are approximated in stair-step boundaries. The calculation time was approxi-
mately 1 - 5 hours CPU time using an IBM computer. The calculations were made 1n
different blocks, verifying the convergence and varying the relaxation factors and/or
adapting the solution strategy tc the given requirements in each cage,

The boundary condition at the nozzle ocutlet js represented in figure 4. The
circumferential component of the velecity is established with the aid of the nozzle
swirl paramcter under the assumption of a forced vortex, whilst the radial compcnent
is determined in accordance with the nozzle discharge-opening contour. The axial com-
ponent is calculated from the mass flow as a plug-flow profile,

To introduce the liquid fuel, the fuel film at the atomization edge is split into 10
spray~-cone rays with each ray consisting of 6 different drgplet size vanyus. The
droplet distributions were taken from /41/. The individual fuel-cone rays are added to
the airflow-field at a spray angle of 90° at low initial velocity.

The dilution air flows in perpendicuiar to the wall.

Results and discussion

Flow-field in the combustor

For the gualitative assessment ol the calculated flow-field in the combustor, ample
reralts from water-cimulation tests ave available, The main flow pattern is repre-
sented in figurcs Y end 6. In contrast to the calculated {low-field, the arrows serve
simply to thow the ditrectior of flow and are nov on indication of the flow-velocity
level.

¥Fiyure 5 ghows the calculated and the nessuie’ [low-ficld i1 meridional section
through the swirler. Quelitatively, vhe measured flow-~fl214d corresponds with the
caluylated field. “n both cases the swirling air leaves the nozzie vadially withont
The strong EVWArl greaerates o typical recircelation vortex, which is
limited by tre dilution air sireamirg through tue first row of holes. In the
mcasuremant., smallish unsteady vortex areagc ware obhserved in tne recircul.iion zone,
which are representsd in the calcula“~jon by A& gingl: large vorter, Lecaus the .
caleuletion proceduie is nol cajpadle ¢if recording transitery gffeces. .

The measured meridionsl section between the nozules is comparsd with the calcwvlaiion
in figure &, In this area the recirculation voarticus ot two adjacent pozzlies meel,
creating an 2xigl flow over the whole vrues-scction. At this level ti,~ measurcd flow
pattesn likewlee shows gooud culcespondunce with the calculation. Arcae of sepuaration
form Jownstrean of the jeis cf dilution alr, cun be tequired both in the rrasurement
and the calculetion.
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Fuel disrribution

The course of the fuel dcroplete irown the spray-point to conplete ewvaporation can be
seen in figure 7, in which all trajectories are shown in projection at the plane of
the nozzle, At a pressurc of 1 ber the calculated epray-cone trajectory remains
more-or-less within the set angle of 90° for a distance of approximately 10 mm in the
axial direction, whereas at 13 bar pressure a marked radial deviation occurs (fig-
ure 7} . Despite the length of the trajectories, it shnuld he understood that the
major part of the fuel isg aiready evaporated a loung way from the end of the trajec-
tory.

The greater expansion of the spray-~cone at elevated pressure was also observed in
measurements made in the atomization experiments /4/. In the present model tests as
well as the tests acc. to ref. /4/, this expansion may be attributable to the greater
acxodynamic forces and the smaller fuel droplets.

The influence of pressure on the amount ot fuel evaporated at one axial position
downstream of the nozzle is shown in figury 8. The calcvlation at atmespheric
pressure (figure Ba) 1eveals a fuel-rich areca at the nozzle aad ut th2 sector edges,
In contrast, at 13 bar the distribution of the evaporated fuel is much more
homogencous at the same axial positioa at a level generally more rich in fuel

(f£igure 8b). This fuel~rich homogenecus mixture results from the more rapid
evaporation that occurs at 13 bar bhecausc of the smaller droplets. In addition, even
if only to a slight extent, the wider spray angle also contributes to the homogeneity
of the primary zone.

The measured FAR distribution at the end of the primary zone at atmuspheric condition
is compareu with the corresponding calculation in figure 9., Qualitatively, the
measured FAR distribution (figure Sa) shows good agreement with the calculaced values
{fig .re 9p!. Both the relatively weak region in the right-hand hal{ of the sector and
the area nore rich in fuel in the left-hand half are represented. Admittedly, the
abeolute valnes differ markedly from one another. Thig is attributable esgentially to
the very simplified reaction model, which does not simulate the wany intermediate
products still present in the primary zone. Nevertheless, the qualitatively satis-
factory corregpondence indicates that the flow-rfield in the primary zone has been
calcuiated realistically.

Apart from the sprav-angle, one of the main influences on the homegeneity of the
primary zone is the druplet-size distribution in connection with a favourable air-
flow-field.

Gas_temperature

In figure 10 the isotherms measured at the flame-tube outlet urder atmospheric con-
ditions are compared with the calculated values,

The measured isotherm-fieled has hot spots at the sector edges and a relatively cool
area in the centre. These hot sector vdyes are caused by the fuel-enricned swirler
a.r, which flows radially ocutward from the swirler and is then deflected rearward in
the axial direction by the impingement of the flows from the two neighbouring
swirlers. The fuel reacts during this axial movement, whilst cooler, leaner flows
predominate in the secteor centre. Qualitatively, there is good correspondence hetween
the measurement and the caloulation,

I{ one looks at figure 1€ closely it becones apparent that the left~hand hot ragion
is considerably more extensive than the right-hand ore, The cooler sector centre
appears to be slightly twisted, and thig twist, where a symmetrical isothermal-field
was expected, also shows in the calculation. It is caused by a slight swirs about the
combustor axis in the primary 2one as a resuit of the bend in the duct, The occur- )
rance of this secondary swirl is clearly recognizable in the flow-field of the axial )
plane directly at the nozzle outlet (figu e 11). The flow f{rom the nozzle-swirl area
15 favoured by the annulus wall, curved i.i the direction of swirl. On the other side
ot the swirler this bend acts against the swirl flow. Conveguently, the swirl, which
ie eccentric in relation to the flome-tube axis, has a swirl superinpozed upon it
that is slightly centric to the axis.

This twist also causes the shifr in the lean region of the FAR distvibution &1 the
end of the primary zone,

s St WE A ae

Qualitatively, the ditferences between i1he 1 bar ard 13 bar isotherm-fielus are only
insignifjcant.

o

The radial temperierure ¢ilstribution at the end of the flame~tube is plotted in fi-
gure 12. The mecasured temperature diztributlon under atnogpneric conditions (£i-
gure 13) corresgponds satisfactor ly with the calculatiop with the erception of a
maximur pea” the Auct wall., This temperature maximun je attrilbutable partly to the
fuel distributior in the primary zone, but above all to the additicn of the alr from
the znd rou ot huics, not fully compensated for in the calgulation.

Although the fuel distribution i the primery zone changes markedly with increase in
pressurc, the eifect on the temperature distributicn at the end of tlie flome-tube is
insignificant.
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Influence of preggsure on the wall temperature

A known cause of the temperature increase at the flame-tuhe wall in relation to
pressure is certainly the increased gas radiation. Another cause is to be found in
the effect of fuel treatment.

In figure 13, the calculated gas temperatures at s pressure of 1 bar are compared
with the measured wall temperatures in the atmospheric tests. The wall temperatures
provide only qualitative conclugions about the temperature of the gas close to the
wall, because they nre affected by both the two sided thermal transfer and the gas
rsdiation.

Mevertheless, in figure 13, both the calculation and measurement exhibit a constant
increase i1 tne temparature as far as the sector edge. Arcund the nozzle, the tem-
peralures are relativeiy low,

As shown in figure 14, a pressure of 13 bar results in a totally different behaviour.
The calculated jisotherm—-field in figure 14 h exhibits relatively high gas temperas-
rures alreedy close to the awirler outlet. The isotherme are concentric to the swir-
ler. The temperatures increase again toward the sector edge, The meusurement aleo
indicates very high wall temperatures at the swirler outlet, The temperature decrease
toward the sector edge is attributable to the stronger cooling ¢f the flame-tube
between the swirlers.

The comparison shows that, gqualitatively, the wall-temperature behaviour is as would
be expected with the given gas-temperature distribution.

These calculations show that, in addition to the gas radiation, the hetter atom-
ization of the fuel under elevated pressure has an essential effect on the wall tem-
perature in the primary zone, Furthermore, the larger spray-angle makes for a more
hemogeneous mixture distribution. Assoc:ated with the higher reaction rates, markedly
higher gas temperatures occur in the vicinity 9f the swirler outlet.

v

Conclusion

The influence of the air pressure on the flow- and temperature-field as well as on
the wall temperatuyre of a reverse-flow combustion chamber is investigated with the
aid of both sxperiments and a 3D flow-field program.

Qualitatively, the calculated flow-field corrxesponds well with the field known fror
water-simulation tests. The measured outlet temperature profile was calculatcd sacis-
factorily. The FAR distribution at the.ené of the primary zone correspunds qualitst-
ively with the measurements. This correspondence is almost ccertainly attributable to
the realistic calculation of the flow-field. It is qualitatively shown that the
marked increase in wall temperature under elevatad pressure, observed in the cxperi-
ments, is attributable tuv the better fuvel treatment under these conditions and ‘o the
larger spray-angle. Because of the quacker evaporation, the smaller fucl dropleus
result in more rapid combustion immediately at the swirler outlet. Tn association
with better thermal transfer under pressure because of radiation, this nay well be
the cause of the higher wall tenperatures observed.

e m

vespite th: relatively wide grid mesh in the calculatiuvp of the flow-tield and the
simplified model of the nozzle air and dilution air fliw, it was possible to explain
the phenomena ubserved in the exporiments with the aid of the calculations.

However, further deveiopment of hoth the physical medel and of the numerical solution
is required Lo permit sofe reliable determination of the temperature patterns and the
gas vaiveg.
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: i DISCUSSION '
¥
b
: i G.Grienche, FR
! ! You have presented a good prediction of the radial temperature profiles at the flame wbe exit. Have you calculated with
: i your acrothermal model the evolution of this profile in the bend from the flame tube exit to the turine nnzzie?
Author’s Reply
The calculation of the velocity — and temperature field in the bend is just going on with a two-dimensional axis symmetric
model with body fitted coordinates. Finst companison shows a good agreement between the caleulated and the measured
+ radial temperature.
The measured pattern factor of these test combustors was approximately 0.3 3 at the exit of the tlame tube and 0.29 at the
exit of the bend.
. ! L.Galfeuti, IT
] [ With reference to the chemical submodel implemented in the numerical code, you mentivned a two step overall scheme.
What arc the chemical species and the kinetie parameters consideted?
Author’s Reply
The chemical reaction scheme of the evaporated fuel implentented in the code is:
CoH,o + 80, - 8CO + 8110
J’ 200+ 0, - 2C0,
This reaction 15 often used by otiter codes too, and is well documented in Ref. 7.
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f : FLOW CHARACTER1STICS OF A MODGSL ANLULAR COMBUS FOR
by
A F BICFN, » TSE AND J H WHITELAW
Imperial College of Science and Technology
Fluids section

Departmunt of Mechanical Engineering
Londou LA7 2BX United Kingdom

ABSTRACT

Measurements arc reported of the velcecity and pagsive gcalar characteristics of the
igothermal flow in a model combustor which comprises a T-vaporiser and two rectangular
sectors of an annular combustor similar to ona used in amall gas-turbine engines. Mear
temperaturer have ajiso been cohrtained in a rsacting flow with an overall equivalence
ratic similar to that of take-off conditions, The results were obtained with a
conbination of laser velocimetry, thermocouples and probe techniques and quantify the
effects of flow asymnetries in the vaporiser fuel arrangement and of different
alignments c¢f the primary holea with respect to the vaporiser paogition. Flow
visualisation results are also included to indicate the general fsaturea oI the
combustor flow.

The isothermal results show that the primary zone is characterised by a vortex
driver by the film-cooling flows and )limited in its downstream extent by the primary

jets., The vortex has forward streamwise velocity peaks in the Jower part of the
combustor which are in line with the primary Jets and backward velopcity peaks in the
upper part corresponding to the gaps between the primary holes. The T-vapcriser

diatribuves the fual into the shear Jlayera of the velocity profiles and a small
asymmetry in the vaporiser flow can still be detected up to ter diameters downstream of
the plane of the vaporiser exite. Temperature results indicate two hot regaons in the
primary zone which are in line with vaporiser exits and positioned clcse to the upper
wall, Changes in the position of the primary holes in a range from O to 1/2 pitch are
shown to result in poorer mixing. The hot regions at the combustor exit move from the
centre plane ag the primary holes are moved and the hot region on one side bifurcates
\ as a consequence of the lower dilution Jet and results 1in exit temperature
distributions which are asymmetric about the centre plane.

1. INTRODUCTION

This 1nvestigation wae undertaken to establish the velocity and passive scalar
characteristics in a flow confaiguration of direct relevance to &n annular combustor
and, by so doing, to assits. the development of calculation methods which involve
numerical, turbulence and scalar transport assumptions. 1t is similar to that of
reference 1 but iavolves a more practical annular arrangement which comprises a
T-vaporiser (reference 2) ané two rectangular sectors representing the primary and
upstream dilution zones of a combustor used in helicoptur engines. The investigation
emphasises isothermal flow and makes use of probes and laser velocimetry to determlne
the velocity and passive scalar characteristics. The effect of flow asymmetry in the
fuelling device and its relativa position wilth respect to the primary holes are
determined to establish the importance of flow and geometric changes which can occur as
a consequence of combustion and flight cycle and mean temperature measurements Aave
presented to demcnstrate how fuel 1s transported downstream and can be affected by the
ciuss-stream ajlgnment of the primary :10Jes.

L e e 4 L

Related experiments with much simplified geometries have been reported previcusly
in, for example, references 3 and 4. In reference 3, the effects of alignmen'. of a row
of holes in the cross-stream direction were investigated in a wind tunne)l flow and, in
reference 4, geometric and flow asymmetries were examined 1a an arrangemnent with a
closed upstream end. The present measyrements provide gimilar information in a
combustor.

The following section describes the combustor and the instrumentation and '
experimental uncertainties. The third section presents the results and discusses them
with the purposes of the above pragraph in mind. Summary conclusions are stated 1n a
final section.

2. FLOW CONFIGURATICGN AND [NSTRUMENTATION

‘fne mode) combustor is shown in Figure 1 and corresponds tO two rectangular sectors
of the Gem-G0 combustor used in helicopter engines. The usual reverse-npzzle has been
removed and the reverae-flow casing replaced by nlenum chamkhars which gllow the zamc
back pressure on the outer surfaces of the combustor, The model includes threce
filn-con)ing 8lots near the head, from whaich 33.5% of the total mass flow enters and
drives & vortex in the primary zone. This vortex is limited in its downstream extent
by a rfow of primacy jetu issuing from the lower wall, which constitutes 158 of the
total mass flow. Further downstrear, two additional film-cooling slots and opposed
dilution jels. representing 14.5 and 33% of the total flow respectively, maintain a
cotl ddsastream wail and the required pattern factor in the exit plane. The combuator
nakea use of a T-veporiser mounted on the head with its exits in line wyth two of the
five primary holes as shown 1in Figure 1. With the isothermal flow experiments, the i -
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vaporiser transported alr at a rate of 4.5% of the total) mass f{low and corresponded to
a momentum simiJar to that of fuel at the take-off condition. In th: combastion
e¥perimasnts, natural gas (94% Cll4) was delivered at a rate whicl” ‘aed to an ail-fuel
ratio of 17 . The combuator was arranged in the flow rig of Figure 2 which permitted
separate control and measurement 0f the bulk flow to the two s1des of the combugtor and
to the vaporiser at near atmospheric conditions. The masg flow rates and velocitires
associated with the primary and dilution holes are given 1n Table 1 and Table 2 records
the dimensions nf the holes and film-cooling slots which also comprised rows of holea.

The concentration of a passive scatar was measured in isothermal flow by adding a
trace of helium with a volumetric concentration of around 5% to the air flowing to the
T-vaporiser. Samples of gas we2re drawn through a total! hecad probe of 1lmm ocutside
diameter and passed to a katharometer which was 2ble to determine t1he helium
concentration with a precision of 28 ot the full-scale reading. Tests to establish the
influence of sampling rate suggested that the overall measurement. accutacy was Of this
order of magnitude except inside the recirculating fluow region where probe i1nterference
could cause Jarger errors.

Velocity information was obtained by a laser-Deoppler velocimeter similar to that

described in reference 5. 1t made use of diffraction grating aptics together with a
SmW helium-neon laser and forward-scattered Jight. The geometrical features of the
optical system are given 1in Table 3. The flow was sceded with atomised silicone o1}

and the signals from a photomultiplier were praocessed with a fregquency counter
interfaced to a microcomputer which calculated mean and rms values of the loca)
velocr y with an overal) precision better than 2 and 5%, respectively.

Temperature Imeasurements were obtained with thermocouples made from 80pm
platinum/13%~rhodium and platipum wires butt welded to minimise concuction effects.
The signal was digitised and the mwean temperature was evaluated by a miCrogomputev
which, according to reference 6, 13 closely related to the unweighted average. The
probable uncertainty in the mean value was of the order of 5% and arose mainly from
radiation losses, reference 5. Flow visualigarion, simillar to that of reference 4, was
also used to obtain a rapid overview of the flow and to guide the choice of the
lJocation of measureament with the above instrumentation.

More detailed coasideration of measurement uncertainties can be found in references
4-7. They are insufficient to affect the conclusions drawn on the basis of results
presented and discussed i1n the following gecrtaion.

3. RESULTS AND DISCUSSION

This section 18 divided 1nto two parts. The first 1s concerned with the veloeity
and passive sralar measurements obtained in the isothermal flow and the second presents
the temperature measurements with the discussion emphasising the influence of different
alignments in the cross-stream direction of the primary holes within the combustor and
at its easrt plane.

3.1 Isothermal Flow

The general nature of the flow can be deduced from Figure 3 which presents flow
visualisation results in five verticai planes. On the centre plare and at z = ¥ 24mn,
the primary jets 1mpiuge on the upper wall with a near vertical trajectory and a
recirculation pattern, driven mainly by the film-2ocling jets, 1s contalned petween the
pPriwdry jets and head of tne combustor. At 2 = l4mn, the 1lupingement ot the opposeg
dilution jets davides the Jarger-diameter upper jJet and causes the flow on the
upstream gide ot the jet axis to be directed downwards as a consequence of the greater

upper Jjet momentum. The part of the Jjet dJirected towards the exit 1S nearly
horizontal. The result at 2z = -l4mm corresponds to a plane where only the upper
dilution jet is present and 1t impinges on the lower wall. Cross-stream flows can also

be deduced from the apparent stagnation regions, for example at z = 28mn and between
the dilution holes and sc can small regions of recicsculation, for example necar the
bottom dilution jet at z = l4mm.

Figures 4-8 present velocity measurements at various stations chosen to quantify
the features of the flow zgsociated with the vaporiser, the primary zone, the primary
jets, the dilution Jjets and the convergence of the exit region. Figures 4-6
characterise the primary zone and gquantify the praimary recirculation with forward
streamwlse velocity peaks 1n the lowver part of the combustor corregpondlng to the
primary holes and in the upper part corresponding to the ygaps between the primary jefs.
This difference occurs because the film-cooiing slot on the uvpper wall and immediately
downatream of the primary jets provide sufficient mass flow to fill the gaps between
the ijatsg. The perturbatiane in the flnw and valariey distributions at x = llmm of
Figure 4 in the }ower half are due to the tlow from the vaporiser which diastributes the
fuel 1nto the shear layers of the velocity profiles. Figure 6 shows that the normal
compunent of veiocity 18 upwards and in line with the primary jets issuing from the
lower wall. The forward flow iunto the Jower half of the combustar is comparatively
uniform with a maximum veleocity of arosund 30% of the maximum jet velocity. The
streamwise normal stresses are generally lower and more uniform than those 1n the
normal direction and indicate that the primary jets are responsible for large
prcduction of turbulence at thls station. The streamwise turbulence intensity 1s
around 10% in the regions of maximum forward velocity.
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Downstream ot the dilution heles, Figute 7, the flow 1s in the downstream direction
with streamwise velocity maxima corresponding te planes of opposed dijution Jjuts. The
planes of the single dilution holes correspond ta minima in the streamwise component of
velucity and to maxima in the downward normal velocity. These characteristics remain
downstream of the exit plane, Figure 8, but are considerably dampened. The contraction
towardas the exit has not accelerated the flow 1n the upper region of the combuster to
the maximum value below the midplane. The rma profiles at the exit are comparatively
uniform and of lower magnitude than those of Figure 7. It 1s evldent that most of the
turbulence energy has been produced upstream of the axit plane by the various jet flows
and their interaction.

Distributions of the non-dimensional passive scalar, based on concentrativns of the
helium tracer, are shownh in Figure 9 for three vertical planes. The emphasis 1s un the
region upstream of the ditution Jets where the higher values allowed accurate
measurements and. as would be expected, tha flow is symmetric about the centre plane.
This implies that, an the primary zone of a combusting flow, htgh tewperatures will
cuincide with the plane of the vaporiser exits and cool regions will occur rear the
centre plane, as verified in the fo)lowing subsectivon. Figures 3 and 4 provide partial
support for this result in that the former shows Jittle evidence of cross-stream flow
In the primary zone and the latter suggests that the fue) jets are absorbed by the
primary jets in the same planes.

The effects of flow asymmetry in the vaporiser-fuel arrangement on the velocity and

scalar characteristics are quantified in Figures 10 and 11. The symmetric and
asymaetric streamwise vejocaty profiles at the vaporiser exits are also shown in Figure
10 where 1t can be seen that the former are skewed outwards. The asymmetric exit

protiles were caused by a small blockage in the T-junction of about 10% of the exit
diameter and result in asymmetries of about 15% 1in the velocity distributions in the
lower part of the combustor as shown in Figure 10. The asymmetsy in velocity profiles
18 1mportant only in the regicn nca: the lower wai) but the passive scalar profiles are
more affected, Figure 1ll, with the asymnetry extending beyond the primary holes.

3.2 Temperature Pield

The cross-plane distributicns of mean temperature obtained with the symmetric
fuelling arrangement in the praimary zune and exit plane are sheown 1n Figure 12. Tney
are reproduced in Figuies 13 and 14 to facilitate comparison with those obtained with
different arrangements of the primary holes in the cross-stream direction with respect
to the vaporiser positian. As expected from the 21sotheirmal flow results with the
in-li1ne arrangement of the primary holes and vaporiser exit, the maximum temperatures,
which exceed 1950K, occur in the upper part of the primary zone and are in line with
the vaporiser exlts, Figure 12. This general pattern is maintained at the exit plane
with a slight shift of the high temperature regions towards positive z values caused by
the two Jower dilution jets.

The effect of moving the pramary holes by latera) distances up to 1/2 pitch 1s
noticeable in the primary zone and at the exit of the combustor as shown ln Filgures 13
and 14, respectively. A smal)) change (by 1/8 pitch) in the pr.mary hole position
causes a significant reduction in the size of the hot regions 1n the primary zone with
comparatively low temperatures particularly near the centre plane, 1indicating poor
mixing of fue) with air. Although the horizonta) positions of the hot regions are not
affected, they have moved downwards by about 20% of the combuster height 1in all
misaligned cases and, at the exit, the hot regions have shifted from the centre plane
and become out of line with the vaporiser exits. As a result, the hot region on the
negative 2z half hes bewn briurcaied by the Jower dilution Jjet.

4. CONCLUSIONS
The maln findings of the 1nvestigation may be summarised as follows:

1. With isothewma) flow, the primary zone of the combustor is characterised by a
vortex driven by the film-cooling jets and limited 1n 1ts downstream extent by the
primary jets. The vortex has torward streamwlase veloclty peaks 1n the lower part
of the combustor which are in line with the primary jets and backward velocity
peaks 1n the upper part corresponding to the gaps between the prirary holes. The
T-vaporiser distributes fuel :nto the shear layers of the velocity profiles.

2. In the dilution zone, the streamwise velocity profiles exhibit peaks in the planes
of wmping:ing jets. The cross-stream gradients of the profiles induce rapid mixing
and at 0.1 combustor length downstream of the exit both mean and rms veloCity
profiles have become much more uniform.

3. A small blockage in the T~junction of the vaporiser, of about 10% of its diameter
causes a 15% asymmetry in velocaity profiles in the lower part of the primary zone.
The eifect on passive scalar distributions is greater and is detectable beyond the
primary hcles.

4., Temperature Measurements 1lu combusting flow indicate two reyions with values 1n
excess of 1950K, close t0 the upper wall and in line with the vaporiger exits 1in
the primary zone; thls pattern is maimained at tne combugLor exit.

5. The lateral position of the priumary holes influences pramary and exlt temperature

i ¥ Bmar s e nnn
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distributions. As they are moved, by up to 1/2 pitch, the hot regions in the
primary zone decrease and move downward by about 20% of the combustor height and
exit temperature distributions become more asyimetric about the centre plane.
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A
i
i TABLE 1 Air Plow Split and Jet Velocities
of Model and GEM-60 Combustor at
H Take-off Condition
i
Item Model Combustox GEM 60 Combustor
T n U/me—% s m 20/
Dilution
m“ 25.4 66.2 25.9 67.8
Primary Boles 4.9 62.1 15.6 66.8

Bottom Dilution

Boles 7.5 62.1 7.6 66.2

* Values are calculated assuming a discharge coefficient of unity
and based on the mass flow rate scaled down using wyT/AP parameter

with atmospheric conditions

S St tan sk o s ot P i PP AL 3 <ot

TABLE 2 Geometric Details of Combustor

(Pigure 1 identifies the flow entries by number)

Cooling Slots  Slot Height/  No of Holes = Dia./ pitch/
. oEn. .
2 1.65 21 2.25 5.91
3 1.38 24 2.00 5,20
4 1.38 24 1.65 5,20
5 1.60 18 2.40 6.84
? 1.10 18 1.65 6.84
Diiorion potes .  Meotmoles
1 6.2 4 28
[ ] 4.6 5 20
8 4.6 2 56
vaporiser Mt_nf"/
9 L
10 5

TABLE 3 Characteristics of laser Velocimeter

Balf angle of beam intersection 7.8°
rringe spacing 4.050m
Diameter of control volume at 1/e?
) intensity level 152um
i Length of control volume at l/e?
intensity level 2.3m :
Number of fringes 31 ‘

g
:
g,

i

e e e £ 2 D e i



14-6
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e

Figure 1 Combustor geometry.
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Figure 2 Diagram of flow rig.
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z = +28 m

z = +14 o
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Figure 4 Mean profiles of streamwise velocity near combustor head.
/’W
%%4 y==smn
y=-10mm
——— 10m/s
y=-15mm
Figure 5 Mean and rms profiles of streamwise and normal velocity in primary zone.
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y=i0mm /

y=5mm

0 J
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VA
Figure 6 Mean and rms profiles of streamwise and normal velocity in plane of

primary jets.

’ ” ! i
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. \s . . . <
Figure 7 Mean and rms profiles of streamwise and normal velocity in dilution zone.
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e 0m/s
y==20mm
Figure 8 Mean and rms profiles of streamwise and normal velocity at combustor
exit.
+
> z=-28mm
— —_
' i
L
2=0
#- -
v
2
<006
006-0.1 Y/ /77
0.1-015
015-02 MM 2=
0.2-0.25 [
>0.25
Figure 9 Normalised distributions of passive scalar.
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Figure 10 Effect of flow asymmetry in vaporis=zr fuel
arrangment on combustor velocity characteristics.
(e} asymmetric vaporiser flow.
(o) symmetric vaporiser flow.
{a} {b}
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Figure 11 Effect of flow asymmetry in vaporiser fuel arrangement on passive scalar
characteristics.
{(a) asymmetric vaporiser flow.
(b) symmetric vaporiser flow.
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Figure 12 Cross-plane distributions of mean temperature
(a) prirmary zone

(b) exit plane.
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Figure 13

Effect of alignment of primary holes with vaporiser

position on primary zone temperature.

(a)
(b)
(c)
(d)

usual alignment

1/8 pitch alignment
1/4 pitch alignment
1/2 pitch alignment
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(d)
Figure 14 Effect of alignment of primary holes with vaporiser

position on exit plane temperature.

(a) wusual alignment

{b) 1/8 pitch alignment
{c}) 1/4 pitch alignment
{8} 1/2 pitch alignment

DISCUSSION

C.G.W.Sheppard, UK
Do you have any particular reason for using helium to trace gas in the isothermal “passive scaler” experiment? An
alternative is to use ethylene atlow concentrations — this has a rclative molecular mass close to that of air, so avoiding any
relative molecular diffusion effects. Ethylene is inexpensive and can be measured at vey low concentrations using
standard flame ionization detector unburned hydrocarbon analyzers. (Reference: Chlebour, P.V., et al, Comb. Sci and
Tech,, circa 1981.)

Author’s Reply .
In the highly turbulent flow in which these measurements were made, I do not believe that molecular diffusion effects are
of any significance at all. The helium trace technique was used because itis a cheap, simple and a well tried and understood
technique.
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FUEL EFFECTS ON FLAME RADIATION AND HOT-SECTION DURABILITY
by

Dr C.A Moses
Southwest Research Institute
6220 Culebra Road
San Antonio, Texas 78284, USA

Mr P.A Karpovich
US Naval Air Propulsion Center
1440 Parkway Avenue
Trenton, New Jersey 08628, USA
ABSTRACT

This paper summarizes the results of recent combustor experiments relating to
fuel effects on combustor durability and analyzes them with respect to Navy aircraft
operations and maintenance. By combining life-ratio models with data on mission
profiles, models were developed that predict the impact of flying an aircraft on a
fuel of reduced hydrogen content in terms of the combustor life lost in flying a typical
mission. To determine the effect of decreasing hydrogen content on maintenance
requirements, the life-ratio models were combined with data obtained from maintenance
depots on combustor life along with information on the importance of combustor 1life
in determining engine overhaul schedules. From this, it was possible to identify
which engines/aircraft would be most affected by decreases in hydrogen content, and
at what point increases in maintenance requirements are likely to be realized.

INTRODUCTION

Since 1980, the U.S. Naval Air Propulsion Center (NAPC) has been developing the
concept of an Alternate Test Procedure (ATP) for the qualification of future Navy
aviation fuels. The purpose of the ATP is to ensure the compatibility of current
aircraft with fuels of the future as fuel specifications evolve to accommodate new
crude sources and refining techniques. The underlying thought is that it will be
easier to qualify the fuel than it will be to re-gqualify all of the aircraft. Another
role of the ATP will be to assess the potential impact of using non-aviation fuels
in emergencies so that rational decisions can be made concerning operations and mainte-
nance to maximize readiness.{1,2)

One of the fuel properties of concern is the hydrogen content. Figure 1 shows
the historical trend of hydrogen content for F-44 (JP-5) and F-76 (NDF)*. This shows
that the fleet~average hydrogen content for F-44 is gradually drifting down to the
recommended minimum meaning that many fuels are below that level. The hydrogen content
of F-76 and other diesel fuels which could be condidates for aviation use in emergencies
is not controlled and rarely measured. Figure 1 shows that the hydrogen content of
F-76 is about 0.3-0.5 wt%® lower than F-44 and decreasing as well.

The concern over the reduction in hydrogen content stems from the potential impact
on hot-section durability. This paper presents the results of an NAPC study at
Southwest Research Institute (SwRI} on the fuel effects on hot-section dur-bhility
and the potential impact on operations and maintenance. First, several aspects of
hot-section durability will be discussed. Then the results from the Navy and Air

T L] 1 T 1
*® 14.0 | .
g - F-44
g it~ N
g —
§ 13-5‘—_——'—‘——'"-—__7 ——————————
ecommended ~N
Minimm for F-44 "
»~
13.0 } F-76 e _
; SN
12.5 1 ! 2 1 L
1960 1965 1970 1975 1980 1985 1990

Year

FIGURE 1. HISTORICAL TREND OF HYDROGEN OONTENT IN F-44 (JP-5) AND
P-7€ (ND¥) - FLEET AVERAGE

*The values for F-44 prior to 1980 and for F-76 were developed from correlations with
other fuel properties.{15)
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Force combustor programs (3-14) on the fuel effects on liner temperature will be summa-
rized along with the resulting predictions on liner durability. Finally, the signifi-
cance of liner durability on engine overhaul is addressed to see the potential impact
of fuel changes on operations and maintenance.

DISCUSSION

Hot-Section Durability

The term hot-section durability refers in general to the life of the combustor
and the high-pressure turbine section. Variations in fuel composition and properties
can affect the life of these components insofar as they affect flame radiation and
hot streaks. In stationary gas turbines, hot corrosion from metal contaminants and
erosion from large combustion-generated particulates are of concern, but these are
relatively minor in aircraft gas turbines.

Hot streaks are non-uniformities in the high-temperature gas £flow. These are
minimized by the combustor design for normal operation but can be caused or aggravated
by fuel-related problems. Fuels with high viscosity can sufficiently degrade atomiza-
tion so as to reduce the efficiency and uniformity of the fuel-air mixing. More likely
are deformations in the fuel spray caused either by deposits within the fuel atomizer
due to thermal stability problems or by carbon deposits on the outside face. If the
hot streaks impinge on the combustor wall, they obviously lead to higher local tempera-
tures and shorter life. If they are not mixed out of the flow by the dilution jets,
they can impinge on the stationary turbine vanes reducing their life. The rotating
blades are generally less sensitive to hot streaks because they tend to experience
average temperatures due to their rotation.

Radiation is not considered as a significant heat load to the rotating blades
because they are effectively shielded by the stationary gquide vanes. The vanes,
however, are exposed to the flame radiation except in reverse-flow combustors like
the T53 and T76. The radiation heat load to the vanes is not as great as that to
the liner wall and dome because the viewing angle is much smaller and because some
of the radiation is absorbed by cooler gases in the dilution zones. The impact on
vane durability is further lessened by the fact that the life is usually limited by
thermal fatique cracking on the trailing edge of the blade, a region which sess much
less radiation than the leading edge. The remainder of this discussion will therefore
address only liner durability.

The primary effect of fuel changes on combustor life is due to increases in flame
radiation and the res