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INTRODUCTION

Combustion in liquid rocket motors, like that in the diesel engines or gas turbines,
occur as a rule under fully turbulent hydrodynamics. The turbulent fluctuations lead
into complex flow/flame/droplet interactions which substantially modify the droplet
evaporation and combustion.processes (Faeth, 1983). Because of the large number of
parameters that influence the reactive flow, systematic investigation of turbulent
spray combustion requires consideration of small local flow models which aim at
illuminating one particular aspect of the complex problem. For example, many model
studies consider combustion of a single droplet or an array of droplets in stagnant
atmosphere or under specified flow conditions. The results of such studies could then
be collectively employed in the development of more comprehensive models of the
turbulent spray combustion.

In the following, a general description of the results of the research studies aimed
at the understanding of the various aspects of turbulent spray combustion will be
presented. In particular, the relevance of the model studies to the simulation oi the
local flow/flame conditions within turbulent combustion in liquid rocket motors will be
emphasized. The detailed discussion of each study are presented in the Appendices I
through VI at the end of the present report. In the sequel, a brief description of major
findings in each of the studies will be presented,and their impact on the global aspects
of turbulent spray combustion will be assessed. In addition, some suggestions for
research areas in need of further future exploration will be identified. Also, some
discussions will be presented as to how the ideas and the results obtained in these
investigations may help the modeling of turbulent spray combustion in liquid rocket
engines.

SPRAY COMBUSTION IN STAGNATION-POINT FLOW

The detailed discussion of the study on the combustion of sprays in the
stagnation-point flow has been presented in Appendices I and II. As is described in
the Appendix I, turbulent spray is considered as a jet of liquid hydrocarbon spray
which is injected into a turbulent oxidizing environment, a condition which closely
simulates rocket motors using hydrocarbon fuel. Therefore, from the central core of the
spray to the far field regions of the oxidizing atmosphere, an entire spectrum of
concentrations from, pure fuel (F), fuel -rich (F+rO), near-stoichiometric (F+O), fuel-
lean (EF+O), and pure oxidizer (0) may be encountered. Such regions of gaseous
mixtures will be under constant random motion and may contain fuel droplets.
Therefore, the concentrations of the regions will be changing because of the turbulent
mixing, molecular diffusion and droplet evaporation.

In the presence of chemical reactions, the interfaces between the (F) and (0)
regions identified above may ainport diffusion tla.res. Also. nartiallv premnixed tlam;
will be encountered between the regions (F)-(eF+O) and (0)-(F+ EO) with the flame
receiving either fuel or oxidizer from both sides of its reaction zone. Finally, premixed
flames will occar in regions which have near stoichiometric concentrations. It is
emphasized that while the premixed flames are dynamic because of their propagation,



the diffusion flames only move due to the motion of the burning droplets or the bulk
convection of the burning (F)-0) interfaces. Under the velocity fluctuations. [he
interactions between the droplets and the randomly moving flame surfaces are
inevitable. Clearly, the understanding of the problem requires knowledge of the
transient interactions between the flow, the flame, and the droplets.

One of ihe important problems to be addressed in such turbulent spray
combustion is the behavior of the individual droplets as they approach and pass
through the flame surfaces. Because of tile expansion of the gas, the velocity normal
to the flame surface will experience a sudden jump across the flame. Another
significant hydrodynamic parameter which influences the flame behavior is the rate of
change of the flame surface area, i.e. flame stretch (Williams, 1985). It is expected
that the rate of strain will also have substantial effects on the spray combustion
similar to that in homogeneous turbulent combustion. We emphasize that thus far
little is known about the subject of droplet-flame interactions, which was one of the
fact that motivated the present research effort. In addition, the influence of
aerodynamic stretching on the behavior of flames within sprays is almost totally
unknown.

In the Appendix I, the results of our study on the behavior of reactive and non-
reactive sprays in stagnation-point flow are discussed. An important finding in these
tests was the pronounced change in the droplet slip velocity as it crosses the flame
surface. Thus, the expansion of the gas within flames resulted in appreciable droplet
deceleration (acceleration) in the pre-flame (post-flame) regions. Clearly, the change
in the droplet slip velocity will have substantial effects on the droplet evaporation and
combustion. We emphasize that the knowledge of the droplet trajectory as it passes
through flames are quite significant for our understanding of turbulent spray
combustion. Possible application of the experimental technique for the evaluation of
flame propagation velocity in sprays was also described (Chen, et- al., 1988). Finally,
the addition of water spray to lean methane-air flames was shown to result in the
formation of a yellow-orange radiation layer downstream of the flame surface. We
note here that the problem of soot formation and accumulation poses severe difficulties
in methane and propane-fueled rocket motors. More detailed description of the
findings are available in the Appendix I (Chen, et al.. 1988).

Another important result of the experimental investigation is concerning the
occurrence of acoustic instabilities in the sprays when certain critical values of the fuel
concentration or the flow velocity are exceeded. In particular, the concentration
domains for acoustic flame were determined for both methane-air as well as methane -
air-ethanol spray systems, as described in the Appendix II. The coupling with the
acoustic waves produced within the burner cavity were found responsible for the
observed phenomenon (Zinn, 1986). Because the presehit experimental model
provides steady and stationary flames, the diagnostics of the properties and structure
of such acoustically unstable flames is facilitated. Another significant finding in the
txperimental investigation was the occurrence of the so called hysteresis phenomenon
shown in Fig. 1. In the tests, the contour of maximum fuel molar concentrations XF at
various nozzle velocities V corresponding to the onset of acoustic flame instability
were determined. Next, the fuel concentration of the already acoustic flames was
gradually reduced until the flames ceased to be acoustic and the minimum critical fuel
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concentration was noted. As shown in Fig.1, the two contours for the critical values of
fuel concentrations just defined do not coincide leaving a hysteresis band in the
middle. This behavior is a direct indication of the significance of the role of the non-
linear phenomenon in the process of acoustic-chemically coupled flame instabilities
(Zinn, 1986 ). Clearly, the results have direct bearing on the understanding of the
mechanisns fo initiation/suppression of acoustic instabilities and is in need of further
investigation.

In the course of our investigation of spray combustion, an electrical heating
system was developed for the evaporation of the spray in order to perform
experiments on the corrbustion of vapors of fuels such as heptane and kerosene. The
system could also be used for performing tests on the combustion of sprays in the
background of their own vapors. Because of the budgetary constraints, this system
was only partially developed and some preliminary results were obtained on heptane-
vapor combustion. A most interesting result of these tests was the occurrence of the
star-shaped flame predicted earlier by Sivashinsky (1983). Because of the
transparent quartz plate used in our burner system, the geometry of the star flame
could be clearly visualized as seen in the direct photograph shown in Fig. 2. Thus in
agreement with the theory, as the rate of stretch was steadily increased, the cellular
flame first assumed the star-shaped geometry and eventually at higher stretch rates
the flame surface became flat. We emphasize that tihe geometly of the flame surface
relates to the total flame surface area which in turn controls the turbulent burning
rates.

It is emphasized again here that the results of the basic research efforts outlined
above are for application to modeling of turbulent combustion process in liquid rocket
motors. The goal of these basic research studies is to provide a fundamental insight
into the local dynamics of the reactive flow and thereby help to improve our capability
for modeling the more complex global process. For example, presently baffles are
being used in the rocket motor cavity in order to modify the standing acoustic wave
patterns within the cavity and thereby prevent the coupling between chemical heat
release and the acoustic waves. Studies that improve our understanding of the
acoustic-wave/flame interactions may be helpful in future development of better
techniques for designing safe and more economic rocket motors. Also, it is
emphasized that the present experimental model provides a stationary acoustically
unstable flame which will facilitate the diagnostic investigation of these unstable
flames. Finally, we note that only preliminary data was obtained on the acoustic
frequency and the temperature fluctuations of the unstable flames, Appendix 11.
Clearly, more research is needed to further explore these and other important aspects
of the unstable flames which is of central significance to the liquid rocket combustion
phenomenon (Williams, 1985).

THERMO-DIFFUSIVE FLAME INSTABILITIES

Another important type of flame-front instability in premixed systems is the
thermo-diffusive flame instability (Sivashinsky, 1983) which is caused by the
preferential diffusion of heat versus reaction-controlling species. Thus, when the



Lewis number Le = a/D ( c and D refer to the diffusivity for heat and the deficient
component) of the mixture is less than a critical value Le* < 1.0, small corrugations of
the flame surface will grow, leading to the formation of regularly spaced cells hence
cellular or polyhedral flames. Although the phenomenon of thermo-diffusive flame
instability is primarily controlled by the processes at the molecular scales,
i.e.molecular diffusion, it is expected to have a pronounced influence on the burning
rate in turbulent flames (Williams, 1985). This is in part because of the fact that
turbulent flames are often composed of an ensemble of stretched laminar flamelets
whose surface corrugation may be modified by the thermo-diffusive instability
mechanism. The influence of Le on the turbulent propagation velocity has been
discussed by Williams (1985).

In a previous experimental study (Bidinger and Sohrab, 1985), it was shown that
the chemical kinetic mechanisms may play a significant role in the amplification/
sustenance of thermo-diffusive flame instabilities. This hypothesis was tested by
observation of the effects of bromo-trifluoro-methane, CF3Br, on polyhedral butane
Bunsen flames. We note here that besides the early investigations by Markstein
(1964), relatively little experimental work has been devoted to the study of the
temperature profiles in cellularly unstable flames. In particular, few experiments have
been performed on the periodic temperature variations in rotating polyhedral flames
(Sohrab and Law, 1985). Because of the important fundamental as well as practical
value of the problem, the influence of radical species on cellular flames was re-
examined and the temperature of the trough and crest regions of the polyhedral flames
of butane were measured.

The results of the experimental investigation of polyhedral butane flames are
presented in the Appendix III. In accordance with the earlier observations (Bidinge7
and Sohrab 1985), it was established that the radical species may indeed play a
significant role in the process of thermo-diffusive flame instabilities. On the basis of
the observations and in terms of the known radical scavenging properties of halogens,
a phenomenological mechanism for the observed effects of CF 3Br on the polyhedral
flames was presented. Another significant aspect of the study, Appendix III, was the
description of the lean flammability limit of mixtures on the basis of the chemical
kinetic mechanisms. Thus, it was described how the different temperature
sensitivities of the important chain branching reaction such as

H + 02 -- OH + O

and a chain terminating reaction such as

H+0 2 +M--,HO 2 +M

may describe the occurrence of a critical minimum temperature, and hence fuel
concentration, below which steady combustion will not be possible( Appendix III).

The fundamental significance of the results described above to the understanding
of turbulent combustion in liquid rockets is apparent. It is emphasized here that in
rocket motors using H2 + 02 as reactant , the large difference between the molecular
diffusivity of the fuel versus oxidizer makes the mixture particularly susceptible to
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preferential-diffusion effects. Almost every aspect of the problems studied in the
Appendix III are in need of further research. Chemical kinetic description of the limits
of flammability is of central significance to the understanding of local flamelet
extinction in turbulent premixed flames. Also, it is emphasized that the thermo-
diffusive instabilities were found to be enhanced in the oxygen-rich environments
which are expected to predominate in liquid rocket motors. In turbulent combustion
fields, multiple flame surfaces occur which are in constant random motion due to the
turbulent fluctuations (Williams, 1985a). Because of the thermo-diffusive instabilities.
the interactions between corrugated flame surfaces may occur which will modify the
nature of the reactive flow (Sohrab and Chao, 1984). The central importance of
studies on various mechanisms of the flame front instabilities to the understanding of
turbulent combustion has been emphasized (Williams, 1985).

INFLUENCE OF VORTICITY ON FLAME STABILITY/STABILIZATION

Two hydrodynamic parameters which are of central significance to the
understanding of turbulent combustion are the rate of stretch (Williams, 1985a) and
the vorticity (Chen, et al., 1987; Lin and Sohrab, 1987; Sivashinsky and Sohrab, 1987).
In liquid rocket motors, the presence of two phases further complicates the dynamics
of the reactive field. Turbulent eddies are expected to interact with the flame surfaces
as well as the moving droplets in a complex and transient fashion (Faeth, 1983).
Therefore,the understanding of the interactions between vorticity and premixed and
diffusion flames is of central importance to the global modeling of turbulent premixed
and diffusion flames. For example, in recent theoretical (Sivashinsky and Sohrab,
1987) and experimental (Chen, et al., 1987; Lin and Sohrab, 1987) studies, it was
shown that flow rotation can reduce the minimum fuel concentration at flame
extinction. In addition, it was found that the rotation of the gas will enhance the
formation of soot particles in opposed-jet counter-rotating flows when oxygen-
enriched air is used. Such results have direct relevance to the problem of local flame
extinction and soot formation in turbulent combustion environments of the rocket
motors using hydrocarbon fuel.

The influence of slow rotation on the geometrv and stability of flames propagating
in a rotating cylindrical tube was theoretically investigated in the limit of weak thermal
expansion (Sivashinsky, et al., 1988). Thus, the effects of centrifugal and Coriolis
accelerations on the premixed flames were illuminated. In the study, a discrete set of
angular velocities were identified at which resonance effects occurred, leading to
unbounded amplification of the flame propagation speed. Of course, in real situations
the dissipative viscous effects will prevent the occurrence of such resonance points
(Sivashinsky and Sohrab, 1987). An important prediction of the theory was
concerning the suppression of thermo-diffusive instabilities, i.e. cellular flame
structures, by the flow rotation.which was also substantiated experimentally
(Sivashinsky, et al., 1988). On the basis of this result, we expect that turbulent
eddies may tend to suppress the flame corrugations induced by thermo-diffusive
instabilities. The experimental observation of the shape of the flame surface in the
rotating tube also showed good qualitative agreement with the theoretical prediclions.
The central importance of these findings to the understanding of turbulent combustion



has been emphasized (Sivashinsky, 1983). Many other aspects of the problem thus
described require further future exploration both experimentally as well as
theoretically. In particular, te theoretical analysis may be extended to include the
effects of strong heat release. Also, the effects of preferential diffusion and non-unity
Lewis number require further experimental study.

In another theoretical investigation (Sheu, et al., 1989), the effects of the flow
rotation on the geometry and stabilization of Bunsen flames were investigated. It was
found that flow rotation first buckled the central portion of the otherwise conical flame
and eventually, at higher rotation velocities,the stabilization of the flame on the burner
rim became impossible and the flame flashed back into the burner tube (see Appendix
V). The predictions of the theory just described were also substantiated by the
experimental observaLon of methane and butane premixed flames stabililized on a
rotating Bunsen burner. Both the geometry as well as the flame flash-back
characteristics observed experimentally were in good qualitative agreement with the
theory. Many aspects of the theoretical and experimental investigation just described
are in need of further future exploration. For example, because of the importance of
the flame stabilization phenomenon, the theoretical model may be extended to include
the effects of the heat loss to the burner rim. Also, additional experiments are needed
to improve our understanding of the transient process of flame flash-back. We
emphasize again that even though the studies described herein are necessarily
confined to a certain geometrical model flow fields, their aim is more general in that
they may help to improve our understanding of the local flow/flow, flow/flame and
flame/flame interactions in turbulent reactive flows.

NON-PLANAR FLAME CONFIGURATIONS

Flame stabilization on nozzles is a common occurrence in many combustion
devices. In a theoretical investigation (Sheu and Sivashinsky, 1989) the non-planar
solutions for nozzle-stabilized premixed flames wc re determined for reactive jets
impinging on a plane wall in the stagnation-point configuration. The re-:ults of the
theory (,see Appendix VI )were found to be in close qualitative agreement with the
experimental observations. In particular. it was established that in the stagnation
flow configuration, besides the usual planar flame, other non-planar flame surfaces
may also occur whose dynamic stability require further experimental and theoretical
investigation. Model problems such as the one being discussed here may be
considered as the first step towards the simulation of flame stabilization on injector
ports and flame holders. Indeed, it is expected that future stability analysis of the
cylindrical, nozzle-stabilized flames would reveal more detailed aspects of the flame
stand-off as well as the flame blow-off mechanisms. More experimental
investigations would also be needed in order to allow comparisons with the theoretical
results of the flame stability/stabilization characteristics just described.
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Figure 2 Direct photograph or star shaped flame of rich butane-air

mixture in stagnation - point flow Photographed from the

top through quartz plate( see Appendix I. Fig I )
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Combustion of Liquid Fuel Sprays in Stagnation-Point Flow

Z. H. CHEN, T H. LIN and S. H. SOHRAB Department of Mechbanical

Engineering. Northwestern Universlty. Evanston, Illno/s 60208. U S/4

(Rece'zeid .Volenther I1. 1987: /n nni lorn, .arch 3. 1988)

Abstract-The steady combustion of polvdispersed sprays of ethanol and kerosene in the stagnation-poini
flow of lean methane air mixtures is experimentally investigated. Using iaser Doppler veiocimetry. the axiai
and radial v.Aocity profiles of the droplets are measured for water sprays in the presence or abser.e
of lean methane:air flame. These results are then compared with the velocity profiles obtained for small
MgO particles under identical flow conditions. The results show the etects of :'ps expansion on dropict
deceleration tacceleration) in the pre-flame (post-flame) regions. Also. it is found that addition of water
sprav results in the for-ration of a distributed region of vellow-oranue emission downstream of the lean
methane flame. In combustion of ethanoi spray, certain critical fuei-concentration velocity himts arc
:dentlied above wihich the ilame becomes acousticaii, unstabie. The impcations oit me stuo, :o nc

modeiine of turbuient spray combustion are discussed.

INTRODUCTION

Studies on combustion of liquid fuel sprays help to improve the understanding of
burning processes in 2as-turbine, liquid-rocket and diesel engines. among man\ other
important applications. The complications due to the simultaneous presence of two
phases and uncertainties in droplet size and distribution are compounded by the
presence of turb.lence in most practical applications. Turbulent fluctuations modif\
the mixing. evaporation and combustion processes and lead to transient interactions
between droplet:flow/flame dynamics (Faeth. 1983). Because of the large number of
parameters. analytical and experimental studies often aim at modeling the separate
effects o individual parameters which are known to locally govern the reactive
flow field. The results of such studies will help the future development of more
comprehensive global mc -Is for turbulent spray combustion.

The evolution of theoretical models of spray combustion has been discussed by
Williams (1985). Recent developments in the field. including the progress made
in turbulent spray combustion. have been reviewed hy Farth ( 1983). lecause I :me
complexity of the problem. besides the full-scale studies. iwo distinct and compii-
Mentarv classes of investigations have been found necessary. First are studies which
aim at understanding of local phenomena. and consider combustion of single droplet
or an array of droplets. Second. which includes the work reported herein. are studies
concerned with the global effects and investigate combustion of mono- or poi.\-
dispersed sprays in laboratory scale burners. For example. spherical propagation of
flames in mono-dispersed sprays of ethanol and n-octane has been studied in Wilson-
cloud-chamber type apparatus (Havashi and Kumagai. 1974: Havashi et a/.. N76). In
another experimental model. combustion of poly-dispersed sprays in propane-
kerosene drop-air (Mizutani and Nakajima. 1973) and kerosene-air (Polymeropoulos
and Das. 1975) systems were studied in inverted-cone-flame-burner configuration.
Also. the propagation of planar flames in poly-dispersed sprays in cylindrical vessel
have been studied (Ballal and Lefebvre. 1981). In these studies. among other
important findings, the propagation speed of the flames in sprays were determined.

In modeline of turbulent spray combustion, one of the ma)or difficulties to be
addressed is the way in which the multiple flame surfaces and the individual dropiets
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behave under the large velocity fluctuations (Faeth. 1983). Thus, the probiern in part
involves interaction of a burning droplet with severe velocity non-uniformities. It is
expected that, similar to homogeneous turbuient combustion, the flame stretch
compression effects (Karlovitz et al., 1953) will also play an important role in
turbulent spray combustion. We note that in passing through the flame sheet, droplets
experience a sudden velocity jump induced by the expansion of the gas. Also. besides
the transient interactions between flamelets (Sohrab et al.. 1984: 1986). mixing non-
homogeneities may lead to transitions between premixed and diffusion burning
regimes i Lin and Sohrab, 1987).

The present experimental investigation is an extension of an earlier study (Sohrab.
1985) on combustion of hydrocarbon sprays in laminar stagna,-tion-point flow. The
study is motivated by the fact that in such flow configuration. not only the fluid
mechanics of the gaseous flow is relatively well understood. but the effect of stretch
rate on the flame can be systematically studied. Also. since steady combustion of
planar flames can be achieved, the investigations of the droplet/flame interactions and
flame diagnostics are facilitated. In the following. the stagnation flow sorav-burner is
described and the axial and radial velocity profiles of the gas as well as non-reactive
droplets in (water sprav-methane-air) systems are presented. Next. the results on
combustion and acoustic flame instabilities observed in (ethanol spray-mcthane-air)
and (kerosene spray-methane-airi systems are discussed. A summary ci our principal
findings is given in the concluding reiarks.

SPRAY BURNER SYSTEM

The stagnation flow spray burner is composed of a quartz contoured nozzle with
32 mm exit diameter and 10 to I area contraction. a flat quartz plate and a liquid fuel
atomizer. In Figure 1 the schematic of the spray burner is shown. Air and gascous fuel
are metered by conventional rotameters and premixed in the lower chamber of the
burner as shown in Figure 1. The combustible mixture then enters the 102mm
diameter extension tube containing small glass beads thus producing a uniform
velocity profile within the tube. A liquid fuel atomizer is situated at the center of the
extension tube as shown in Figure I.

Two types of atomizers with fundamentally different working mechanisms are
considered for generation of poiydispersed sprays. The first type of atomizer emplovs
ultrasonic vibration of a specially designed nozzle using piezo-ciectric crystals ;oT
ituid atomization. The liquid fuel is fed into the atomizer by gravitv from a specially
designed supply svstcm which maintains an optimum constant liquid leei at ail tiCs.
The atomizer produces 20-50 um droplets in a narrow jet. about 40 degree cone angic.
wvith negligible spillage and axial momentum. The second atomizer is a hih-pressurc
atomizer that is used in conventional oil spray burners. The liquid is introduced to the
atomizer from a I liter storage tank pressurized to 100 psig by nitrogen aas. The cone
angle of the spray is about 80 degrees.

The droplets are convected by the coflowing methane.air mixture as shown in
Figure I. In passing through the contoured nozzle. a uniform-velocity polydispersed
spray is formed at the exit plane of the nozzle. This flow subsequently impinges
on a fiat quartz plate located at a specified and fixed height. 14mm, above the
nozzle rim. As shown in Figure 1. a ring of cooling water with small water Je:,
surrounds the nozzle for cooling the rim as well as the exhaust system. A fuel
drain pipe is provided for droplets which may accumulate within the glass bead
region. An exhaust system is surrounding the nozzle. Figure 1. to prevent the
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FIGURE SDirect photograph of streamrhnes in nonreuctive spra" uif Auter in air. V :2cnt

12C

loo

40 0 A1r.M2 0 NL

* C M. Air *M.,

I :

7 (M M

compared to particles (Figure 4). On the other hand. the radial velocity- of droplets,
is sli2htlv smaller. <z 2cm s. than thaI of particles (Figure 5. Also. the small but finite
vaiue of the radial v'elocity about I5 fCm s. at Z =0 shows that thle f'low at the nozzie
rim is not purely axial. Tis early divergence is apparently caused by the overall
pressure distribu'tion in the flow field since it remains nearly constant even in thle
absence ()I thle exhau1st Suction.
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FIGURE 5 Radial velocity profiles ol water dropleis and MgO partiles in rcacme and non-reacm'e
flows. I" = 1-5cm s, H,O: 0.019ces(Q = 7.7".. r = omm.

The characteristics of water spray in the presence of lean methane.air flames
are examined next. At nozzle velocity of I" = 124cm,s. a lean methane air flame
with volumetric fuel concentration QJ = 7.5% is established first. Small quantit\.
0.02 cc, s. of water spray is then introduced into the flow field. The direct photograph
of the initial blue-violet lean methane flame is shown in Figure 6a. After introduction
of water spray. a homogeneous region of yellow-orange radiation occurs downstream
of the blue-violet flame as shown in Figures 6b-6d. This is quite interesting. since the
lean methane flame is not easily susceptible to soot formation. This phenomenon is
in part caused by the cooling effects of evaporating droplets in the hot post-flame
regions. It is known that the slow combustion of carbon monoxide is not complete
until about 2 mm downstream of the flame zone (Tsuji and Yamaoka. 1982). Hence.
ne :ooling effects due to droplet evaporation may suppress CO combustion and :ead

to polymerization. Also. scavenainL of radicals. such as OH. due to heterogeneous
surface recombination may occur. Hydroxyl radical is known to be effective in
combustion of soot precursors.

Similar phenomena were observed when distilled water Aas used instead of the tap
water. Therefore. the vellow-orange radiation could not be associated with emission
from possible sodium salt impurities in water. Small quantities of soot were found to
deposit on thin metallic wires inserted in the yellow post-flame regions. The yellow-
orange radiation zone ended abruptly about 2mm from the quartz plate: a position
corresponding to the edge of the boundary layer (Figure 7). Hence. no accumulation
of soot particles on the hot quartz plate was observed. The exact nature of the
yellow-orange radiation region and its possible relation to soot formation requires
further future exploration. Figures 6c-6d are direct photographs of droplet stream-
lines that are illuminated by a narrow vertical laser sheet-light. respectively upstream
and downstream of the flame zone. Comparisons of Figures 6a with 6b-d show that
the flame thickness increases in the presence of water spray.
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FIGURE 6 Dircc:', hotogrorh of CH, mir flarnes in presence ol % ater droplets (a) Pure CH., air flame
h) CH, air flame % nh %aicr Jmps, ici CHI air flame~ s %ith waler drorvs under Tire-flame illuminaion~ ti

CHi, air riames kkiin %ta icr uro n rd poi-iamei flnitmnaimin i i24cm s. 1~-2 11i) 01)2cc

Thle axial temperature profiles for the lean methaine air flurres. Q, = 7.7' and
= I 25cm . %W11 arid %%ithout satcr spray ire dio%%i !n Ficurc -. The data are

Obtained bv axial traverse ofi a ,i ilca-woaied lt -Pz- 3 1, Rh tiermocouflie % if
0I mmi wirc diameter ait a constant radial position i = tmnm. Cleariy, the measured

temperarurcs represent a mleanl %aiule sNince dropict collisions, w\ih thle thermiocouple
unction occur. Thle coolinu eflects, of water prYreduce the flame propacatilollned

\Vilici Is nianiiested h thle relocation of' flamle cioser to ine StagLnation p(inc.
Z = 14mnm. The axial thickness of' thle orance-vellow liver is identified in Ficure
The upper surface of the y'ellow emission laver ab ruptl\ ends at a finite distance frm
the hot ouartz plate ( Figure 6bi. it is noted that relativel small chan,2es of' the mean
temperatures. < 7i5CC. have resulted in substantial chance in radiation characteristic,,
in post-flame regions. Of course. because of' thle vaporizing droplets. the local tem-
perature fluctuations are much larger than 75'C.

The variations of the axial and radial Velocity as t'inctions of' Z for droplets and
MgO particles in the presence of' lean methane air flame are also sho\ n in Figures -1
and 5. As seen in Figure 4. the differences between axial velocity of' particles and
droplets are quite substantial. Thle data show thatu droplet deceleration (acceleration i
induced hY the !as expansion in the pre (post) flame z~ones is smaller than that
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FIGURE 7 Axial temperature profiles in lean mcthane.air flames (a) without. (b) ,ibth %,atcr spra%.
Q, = 7.7%. I'" = 125cmis. H.) = 0.019cc.s. r = 6mm.

corresponding to particles. While the particle velocity V jumps from 30 to 120cm s
across the flame front, that of droplets is from 40 to 80cms. This is to be expected
in view of the larger inertia of the droplets and their higher resistance to velocity
changes as compared to the particles. That is. since the droplets are heavier than
the MgO particles, their acceleration by the expanding gas will be more difficult.
Obviously, such velocity jumps result in enhanced droplet slip velocity which will
substantially alter droplet evaporationicombustion in chemically reactive sprays.

In the stagnation-point flow configuration, the axial velocity at the upstream edge
of the preheat zone may be defined as the laminar propagation speed of the strccned
flame which differs from the propagation speed in the absence of stretching. Accord-
ing to Figure 4. this axial veiocitv is about 30cmis at the position Z. -:S mm. basea
on the MgO velocity profile. in agreement with prior observations for lean methane
flames (Yamaoka and Tzu!i. 1984: Wu and Law. [984) under similar stretch and
concentration conditions. Because of the inertial effects, the velocity profile based on
droplet motion differs from that of the gas and cannot be used to deduce the flame
speeds in the presence of water spray. However. for the flame cooled by water spra\.
an approximate and lower propagation speed. about 20cm,s. is estimated when the
velocity profile based on MgO particles is linearly extrapolated to the corresponding
flame position (Figure 4).

The differences between axial distribution of radial velocity for particles versus
droplets. shown in Figure 5. also reflect the effects of higher droplet inertia. It is noted
that the boundary layer thickness , for reactive flow is about twice. ,5 = 2 mm. that
of the cold flow (Figure 5). This tendency is anticipated since for the present flow field
,i is proportional to ,,'v (Batchelor. 1970) and the kinematic viscosity v is an almost
linearly increasing function of temperature. In addition. because of the composition
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differences, the value of v is different for the reactive and non-reactive flowks. The data
in Figure 5 also show that the measured maximum radial velocities of droplets and
particles are nearly the same, 66 and 68 cm's, while those within the boundary laer
are identical.

REACTIVE SPRAY IN REACTIVE FLOW

In this section. the combustion of fuel sprays in lean methane-air mixtures are
discussed. Basically. two distinguishable burning modes may be identified depending
on the volatility of the liquid fuels. For less volatile fuels. such as kerosene. droplets
remain intact until they closely approach the methane flame. Hence. evaporation
occurs primarily in the preheat zone and downstream of the reaction zone. For more
volatile fuels, such as heptane and ethanol, on the other hand. droplet evaporation
begins immediately after atomization. Hence. in this case smaller droplets burn in
the gaseous mixture of their own vapor and methane-air. For heptane sprays. the
concentration of methane in air :ould be reduced to zero while maintainin, stead-
combustion of the spray.

Direct photographs of flames in sprays of ethanol and kerosene have been obtained
and typical samples are shown in Figures 8 and 9. respectively. In Figure ;. the side
view as well as the top view. through the quartz plate. are shown. A horizontal sheet
of laser light was axially positioned 5 mm upstream of the flame surface in Fiure Sb
to illuminate the droplets. It is evident that with higher intensity and narrower
thickness of the laser sheet-light, such photographs will allow for approximate e%alu-
ation of droplet size and distribution in the pre'post-flame reginons. Preliminar\
observations of magnified photographs. such as Figure Sb. showed that most of the
droplets are not spherical in shape. For kerosene sprays. Figure 9. envelope flames are
observed to surround the individual droplets downstream of the flame front. Also.
severe sooting and eventual accumulation of soot on the quartz plate occurs as the
kerosene flow rate is increased. The photographs for kerosene spraws were taken when
the high-pressure atomizer was being used (Sohrab. 1985.. It was found that with
dense sprays. kerosene drops actually impinge on the hot plate and support a partiall.
premixed flame (Sohrab et al.. 19841 adjacent to the hot plate. In this burning regime.
a thick laver of soot develops on the quartz plate which is difficult to remove.

The variation of axial flame position Z, and the mean flame temperature T. with
methane concentrnion in air Q, for ethanol and kerosene sprays ire shown in Fiure-
10 and 11. In these tests. the total liquid flow rate into the burner is held tixed by
maintaining a constant atomizer frequency and liquid level in the supply tank.
However. the quantities of liquid fuels which actually reach the flames will depend on
the aas velocity I'". The effective values of liquid flow rates given in Figures 10 and
11. are obtained by subtraction of the measured rates of liquid drainage Irom the
burner from those introduced into the atomizer. Such experiments are diflicult since
the system must reach a steady state operation before the measurements are made.
Moreover, with the ultra-sonic atomizer. our ability to prescribe a certain desired rate
of liquid flow is limited. Such limitations could be overcome by the use of more
advanced aerosol generators.

For both ethanol and kerosene sprays, the flames extinguished below a minimum
methane concentration , < 2%. Hence. under the present rate of stretch and droplet
size. 20-50,um. steady flame propagation in such sprays is not possible. The luminous
flame zone in the presence of sprays appeared thicker than that of homogeneous lean
methane,'air flame. about I mm. The variation of Z, with Q,. Figures 10 and 11. is in
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FIGURE S Direct photographs of lean CH, air flames with ethanol sprayi a)side h). h lor %h' \i'1n

.ascr he :n hghungz.

accordance with the known dependence of flame propagation speed on ,hc :fi\turc
stoichiometry. For ethanol spray. Figure !0. at Q 3.77 the flame flashes back w
the nozzle. We note. however. that at I" = 121 cm s. flame flash-back does not occur
for methane air flames even under stoichiometric. Q. = 9.5. conditions. Moreover.
the flame propagation speeds in the range 45-25cm s have been reported for pure
ethanol sprays (Havashi and Kumagai. 1974: Havashi et a!. 1976). Therefore.
the observed phenomenon shows that higher laminar flame propagation speed has
occurred in the heterogeneous system as compared to those achievable in homogen-
eous mixture of either fuel. Such tendencies have been observed earlier (Mizutani
and Nakajima. 1973a: Polymeropoulos and Das. 1975) when. under fixed overall
stoichiometry. the flame propagation speed was found to first increase and then
decrease with droplet diameter. This tendency is in agreement with the early pre-
dictions by Williams (1960).

Unfortunately. the variation of flame propagation speed with Q, in sprays could
not be measured because of the difficultv in obtaining the axial veioc:,v of the .:'as i n
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FIGURE q4 Direct phoiograph of lean CH, air flame with kerosene spray

reactive sprays. Here. the laser velocimetry based on drople: motion cannot be us'd
since droplets do not follow the gas (Figure 4). On the other, hand. addition of" MgO
particles to the sprays is not feasible. since particles tend io agglomerate within the
liuud fuel. When values ofZ. in Fiures 10 and I I are ineariy extrapo'.ated to Q,
iiimt. it !s found that Z. is about 14mm. ..c. position )'f the stanation iiane. This
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FIGURE ,I Flame temperature and position as iunction of'Q, tor kerosene %pra', in can mL~han.c n,-
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tendency suggests that the flame propag ation speed in pure srprav,, jn absence ot'
me'hane, is zero which corresponds o extinction condition. h~ence. in ahst,nce ol
sufficient gas-phase fuel. the 2asificauion rate in spray is unable to support self-
sustaining flames in ethanol and kerosene sprays considerea herein.
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An !nteresting observation made :n connection with ,he tests on rcactve spra.,.>,
the occurrence of acoustically unstable flames in certain range of nozzle \eiocit\ andc
fuel concentration. For example with I" = 174cm s and ethanol flo% rate ot
0.085cc,'s. it was found that near n, z- 4%.o, the flame started to vibrate and emit
audible acoustic sound. Such acoustically unstable flames persisted beyond !QF - 410
until the eventual extinction of flame at the rich flammibility limit. The acoi stic flames
showed small. < 2 mm. axial oscillations at high frequency. about 120 Hz. measured
from amplified microphone signal. The extent to which hydrodynamic. thermo-
diffusive and chemical flame instability mechanisms are effective in promotion and
sustenance of such acoustic flames are as yet not understood. The hxdrodnamic and
thermo-diffusive aspects of premixed flame instabiliiies have been discussed b%
Sivashinsky (1976). It appears that resonance effects with the acoustic waves within
the burner cavity play a dominant role in the present situation (Zinn. 1986j. Similar
acoustically unstable flames were also observed earlier in kerosene. heptane. octane
and methanol sprays (Sohrab. 1985). Since the onset of acoustic instability as found
to be repeatable. the present experimental model may be used for systematic stud% of
this interesting phenomenon.

DISCUSSIONS

In the sequel, the relevance of some of the results obtained for non-reaciie and
reactive sprays to the global aspects of turbulent spray combustion ill be described.
As in many applications, the spray is assumed to be injected into a hot and turbulent
oxidizing atmosphere. Thus. from the central core of the spra., to the far field regrons
of the atmosphere. an entire spectrum of compositions. from pure fuel to pure
oxidizer are expected to occur. Since chemical reactions are considered to occur on>
in the gas phase. in the following discussions the concentrations refer to those in the
gaseous phase. We may then expect that in addition to regions of pure fuel (Fr and
oxidizer (0). other intermediate premixed regions composed primarily of fuel
(F --; rO) or oxidizer (0 + z:F) will also occur. Finally. there will be regions where
near stoichiometric mixtures (F - 0) are encountered. Such reions may contain fuel
droplets and will be under constant random motion due to turbulent fluctuaions.
Hence. the composition of various regions may change due to droplet evaporanon
and b\ fast turbulent mixing or the relatively slow molecular diffusion. However.
under i ictk 'ooqeneous turbulent situations, the -1tochastic aerages in the muiti-
phase field may remain invariant fl time.

ill :he presence of chemical reactions. some of the interfaces bet\een ue rciron,
identified above may support diffusion flames (DF) or partiall. premixed (PPI:1
flames (Sohrab ti a.. 19S4. 19861. Also. in the regions (F -;O. premixcd ftames rPFi
may occur which will bc dynamic due to their propagation. The diffusion flames.
which do not propagate. may be convected by the motion of burning droplets or t

the bulk motion of the entire interface between (F) and (0) re2ions. The existence of
these multiple flame surfaces is known to depend on both local fuel and oxidizer
concentrations as well as the local rate of stretch. The critical limits of fuel and
oxidizer concentration for flammability of (DF) and (PF) have been extensivel\
studied. Moreover. the influence of the rate of stretch on the flame extinction has been
discussed (Williams. 1985). Thus. the combustion field may be composed of rnanx
(PF), (DF) and (PPF) surfaces that are in random motion as droplets cross such flame
surfaces. Clearly. to understand the complex dynamics of the flow flame droplet
interactions, simple models of the local flow conditions should be studie ' first.
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In view of the above considerations. it is evident that the stud% of spra. combustion
in stagnation flow \will help to simulate the local flot% conditions within the com-
bustion field. For example. the problem of non-reactive spray discussed earlier is also
relevant to situations where fuel droplets pass through rich premixed flame surfaces.
Under such conditions, only droplet evaporation and the consequent cooling effects
will occur. since downstream of the rich (PF) no more oxygen will be available for
further combustion. We note however that the behaviour of fuel droplets after
rich (PF) will be somewhat different than water droplets since the former ma\
undergo pyrolysis. Nonetheless. similar to the observed effects of water sprays on lean
methane-air flames. fuel sprays in fuel rich mixtures are also expected to influence the
process of soot formation in the post flame regions.

The knowledge of velocity and trajectory of droplets as they approach and pass
through flames is quite important for the understanding of turbulent spra\ com-
bustion. For example. the observed enhancement of droplet slip velocities across
flame fronts are expected to result in local strained. stagnation tov. fie!ds in the
proximity of the individual droplets. Such local stretch rates will then alter the
structure and extinction behavior of the diffusion flames i Williams. I ) \% hih max
surround the droplets. Another important problem to he addressed.is the evaluation
of the critical minimum concentration of gaseous fuel which would insure stead\
combustion within the spray. For example. the combustion of'lethanol spray-methane-
air) system discussed earlier was symbiotic in that individually, both inmethane-air)
and (ethanol-spra -air) mixtures were incapable of supporting sell-sustained flame.,
tinder the specified flow conditions. The relevance of studies on spray combustion in
countertlows to turbulent spray combustion modeling were discussed in more detail
elsewhere (Sohrab. 1985t.

CONCLUDING REMARKS

In this study, the behavior of reactive and non-reactive sprays within methane. air
mixtures in the stagnation-point flow configuration were investigated. In particular.
Ole motion of water spra\s in lean methane air flame was studied. It was found hat
water spray resulted in the formation of a yellow-orange radiation iaver do\nstream
of the flame zone. The axial and radial velocity proliles of water droplet and small
\., O narticles were measurcd in both reactiv.e and non-reacti\ e Oo\%s Thus. the eirect
01 ,ans expansion on he dropict notion in the pr,- and post-;-a:ac rc_,ions crc
determined and corn pared o tho~c for MgO purtic!e,.

For combustion of ethanoli and kerosene spra. s in mcth.lane air nii\turc,. the

variation of flame temperature and position \, ith methane concentration % a deter-
mtined. It xkas found ,hat helo , a mi nnum methalle concent ralon. stCad Ia lnc
propagaton . n the sprays ,a,, not possible. Also. above certain critical methane
concCntrations. the flames became acoustically unstable. This interestinL, and complex
phenomena relates to acoustic-chemicall coupled flame instabilities and require,
further svstematic Investigation. Since steady and staiionarv flames were achie, ed. the
present experimental model provides a good vehicle for future In\vestgatin,s of spra\
combustion.
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THE COMBUSTION AND ACOUSTIC INSTABILITY OF ETHYL-ALCOHOL SPRAY IN
STAGNATION-POINT FLOW

J. H. TIEN and S. H. SOHRAB
Department of Mechanical Engineering

Northwestern University
Evanston, Illinois 60208

INTRODUCTION

in almost all practical applications, such as liquid rocket motors,
diesel engines and gas-turbines, spray combustion occurs in turbulent flows.
Because of the large number of parameters, and interactions between
flow/flame/droplet, the discription of the combustion field is exceedingly
comlex (I,2]. Therefore, most modelling techniques first actempt to identidv
the role of the individual parameters which influence the combustion field and
investigate cheir separate effects in simple analytical models or controlled
laboratory experiments. Such information may then be collectively applied to
the development of comprehensive models with proper measures taken to include
the interactions between the individual processes.

Two important hydrodynamic parameters, among others, which are known to
influence the turbulent combustion are the rate of stretch and vorticity. The
importance of flame stretch in turbulent combustion within homogeneous gaseous
flows is well established (2]. Relatively less is known about the role of
vorticity in flame-front dyarmics (3-51. In turbulent sprays, on the ocher
hand, the importance of the interaction between droplets and turbulent eddies
has been recognized (1]. In general, turbulenr fluctuations will induce flame
stretching and effect the motion of droplets. For example, the nature of
droplet evaporation and drag force on drolets are known to depend on relative
speed between the droplet and gas (1]. Hence, studies on the effects of
stretch on spray combustion in laminar flows may help the understanding of the
mechanisms through which both the flame and droplets improvise for large
velocity gradients which predominate the :urbulent sprays.

:n recent experimental invescigations [6,7!, the combustion of hydro-
carbon sprays in stagnation-point flow was studied. Such flow configuration
is best suited for systematic study of the effects of controlled velocity
nonuniformity on flames [2]. in application to spray combustion, since steady
and planar flames can be stabilized within the flow, the flame diagnostics and
evaluation of droplet trajectory through the flame are facilitated. in the
present experimental study, certain combustion characteristics of ethyl-
alcohol sprays in lean methane/air mixtures are investigated.

EXPERLMENTS AND DISCUSSIONS

.he spray combustion is studied in a burner which is schematically shown
in Fig. 1 and was described previously (6,7]. The polydispersed spray of
ethyl-alcohol, 20-50 - droplets, is generated by an ultra-sonic atomizer which
is surrounded by uniform-velocity flow of lean methane-air mixture. After
passage through a contoured nozzle, the spray impinges on a planar quartz
plate. The trajectories. flow streamlines, of the iroplets are scnematicai.v
,lllustraced in Fig. . lso, direc: photograon of :he screamiines nave oeen



made using laser sheet-lighting for ilumination. ?lanar flames can be
obtained in the ethyl-alcohol spray with small volumetric concentration 2, of
methane in air, ,I x 2.

A constanc tucal flow race of acomized liquid, Q - 0.0833 cm3/sec., is
maintained by controlling the level of fuel-supply and the ultra-sonic fre-
quency of the atomizer. Air and methane flow rates are controlled by conven-
tional rotameters. Using a pt-pt-!0% Rh thermocouple, .!0 mm -ire, the tem-
perature T, and position Z,, measured from nozzle exit plane, oi the planar
flame are Ehen measured as " is increased at fixed air flow rate. Hence, the
mean gas velocity at the exit plane of the nozzle V is nearly conscant at
157 cm/s. In this flow configuration, the flame poisiton can be related to
the laminar flame propagation velocity S4 for stretched flames (7]. The
results of such measurements for pure methane/air flames and those in presence
of ethyl-alcohol spray are shown in Figs. 3 and 4. ks is to be expected, Z,
decreases (Sr increases) with a until the mixture has reached an effective
stoichiometric composition, I - 9.5 and 3.4 in Figs. 3 and 4, and :nereafter
increases (decreases) for fuel-rich mixtures.

An interesting observation made in the test was concerning the occurence
of certain acoustic instabilities in both pure lean methane/air flames and
those with spray of ethyl-alcohol. It is found that the planar flames start
vibrating, emitting sound waves, over certain composition range, a. < a < '
identified in Figs. 3 and 4. Some of the acoustic frequencies as well as e
vibration frequencies of the flames have been measured. More detailed study
of the complex coupling between the hydrodynamic flow instabilities and the
intrisic flame instabilities (91 are presently being further investigated.
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CUEMICAL K':NE:C A 40 -::{E AL ;.SPECTS

OF CZLLULR ?REM!:' D :"_AES

A. N. Jacobi and S. q. Sohrab
Department of Mechanical and Nuclear Engineering
.orthwesterni University, Evanston, Illinois 60201

ABS TRACT

The temperature fields of stationary and rotacing polyhedral 3unsen

flames of butane-air are exnerimentallv invesciga'ed. As :he additives -7,3r

and 1. are gradually introduced into :he combustible mixture, the 'ariacon of

the temperature in the :rough and crest regions of the polyhedral flames are

examined. It is found that addition of 0.36 (5.0) molar percentage of CFY3r

(1 2 ) completely removes the cellular structure of the polyhedral flame. The

results suggest that in conjunction with the preferencial-diffusion mechanism,

chemical-kinetic effects also play some role in the formation, amplification

or suscenance of cellular flame structures. Some phenomenological arguments

which are based on kinetics of branched-chain reac:ions are presented .

support of the emoirical obserations. .lso, in butane/air nixtures of

different veloci:-, the crtc-cal flame temoeracures correszonding :o :-e onset

of cell formation are found co be nearly identical. The oertodic

zircumferential-fluccuaicons of the temDerature at different radial osi:ions

within rotating polyhedral flame of butane are measured and the angular speed

of rotation is determined.
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:N7RODUCT:ON

Investigation of flame-front instabilities has been recognized as a

significant branch of the combustion science (Williams, 1985). In the ourely

fluid mechanical systems, the flow stability is related to the Reynolds number

which describes the eventual onset of turbulence. If, in addition :o :he

velocity gradients, both temperature and concentration gradients are also

present, the flow stability is further complicated due to the simultaneous

transport of momentum, heat and mass. T7hus, inclusion of two addi:±onal

parameters, namely ?randtl, ?r (ratio of momentum to heat diffusivi:7) and

Lewis, Le (ratio of heat to mass diifuslvity) numbers will be needed.

Finally, if the non-homogeneous flow field is also chemically-reactive, the

chemical-kinetic effects also induce their direct or indirect influences on

the flow/flame stability. Thus, in general the stability of flames may be

said to be governed by hydrodynamic, thermal, diifusional as -ell as chemical

effects. One of the objectives of the present Investigation is to ascer:ain

the extent to which the last category, namely chemical-kinetic effects,

influences the stability of premixed 3unsen flames, such as polvhedral flames.

The first reoort about polyhedral :lames (?HF) -;as given by Smi-hells and

:ngle (1892). T7hey reported :he existence of stationar-r or rotating

polyhedral flames in fuel-rich mixtures of higher hydrocarbons such as

benzene, pentane and heptane burning in air. Later, Smith and ?ickering

(1929) conducted systematic experiments on ?RF in rich propane/air and

observed 3 co 7-sided polyhedrals and determined the characteristic cell Size

of the flames. Subsequently, Yarkstein (1964) performed comprehensive studies

on the stability and structure of cellular and polyhedral flames. Also, the

zoncentrations of some of :he 3table species in :he :rough and :rest zones ,f
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?.F have been measured 'Jos, at al. : "arkszei.. >.3'. o ecen:v.

the influence of :he burner- r- aerodynamizs on ?T7 f bucanea!ai- on 3unsen

burner was studied (Sohrab and .aw, 1985) where some preliminary data on :=e

angular velociv! of rotating ?H was also presented.

Manton, ec al. (195Z) attributed the occurrence of cellular s:ruczures :o

the oreferential diffusion of heat versus the deficient reactant. Thus, 7or

La (based on the diffusion coefficient of -he deficien: component) Less :han

unity, the flame-front corruigactons -would grow because of the favorable

stratification of the combustible mixture (Lewis and -on -lbe, .967).

.he :heoretical investigations of :elluiar flames were ini raced by :he

introduction of :he diffusionai-ther-.-' stability model 3arenblat:, at al.,

.963; Sivashinsky, 1976) and have shown general quali: aciie agreement with -he

expermencal observacons (Markstein, 1964). Recenclv, more comprehensive

models which include the influences of both hydrodynamic as weUl as thermo-

diffusive effects have been repor:ed (Clavin and Williams, 1982; MYaalon and

Matkowsky, 1982). The linear stabili:y of non-adiabacic flames (Jouiin and

Clavtn, 1979; Sohrab and Chao, 1984) and flames with t;o-reactant chemistr

modei (joulin and M4iani, 1982) have also been analyzed.

.lthough nost of the observations of zellular flames :hus far do agree

with the gTeneral hypothesis of -he preferential-diffusion -echanism, :here

remain a few discrepancies which warrant further :onsideracions. -irsC,

cellular structures were observed in r.ch aerhane/air flames (3ocha and

Spalding, 1959) which is not in accordance with the preferenciai-diffusion

axioms. On :he other hand, it was 7evorted elsewhere \3ehrens, 1953) :nat io

polyhedral flames could be obtained in =ethane/air MiLxtures. Also, :ellular

structures have been observed in diffusion flames (Garside and jackson, :952)

which do not possess any propagation veloci:y and as such do noc fall into :he



:ramework of :.e node!. -Ievelo-ed for _I:rnxed :,scams. a -e pns-:a"

extent and magnitude of "he obsea-ed pnenomena a~pear :c e zoo -arie :>e

accounted on the basis of :he sma-ll deviation of Le from uni:v.

in view of the above consideration, the role of chemical-kinetic effects

through :he active radical species in the formation, amaificacion and

suscentance of fame-fronc corrugaclons was recenrl. studied by 3idfinger and

Sohrab (1986). The results of :his stud-. showed !.hat radi*al species, such as

atomic hydrogen, indeed play some role in :he :he -ao-diffus ve :lame

instabilities. Therefore, i appears that a complete descricion o :he

flame-front stability may recuire the Inclusion of chemical effects in

addition o the hydrodynamic, thermal. and diffusional effects. Th-e ;resenc

invescigation is an extension of :he previous study (idinger and 3ohrab,

:986) and aims to further ecpiore :he :hemical-kinecic and :hermo-d"f4usive

nature of cellular flame structures. Such effects are explored by examinacion

of temperature in the trough/crest zones when either chemical inhibitor C- 3r

or nitrogen are gradually added to ?!HF of rich butane/air 3unsen flames.

.lso, the rotacion speed and :he oerodic temDeracure fluc:uations of rotacfng

?HF are examined. :'!naily, for different flow rates of the combus:±ble

mixture :hrougn the burner, the --flame :emperarure :orresDonaing -o :"e onset

of cell formation are determined.

..,aLR-ENrAL ?ROCDURES

.Te ?4F of rich butane-air mi.xtures are scabilized on the 3unsen burner

shown in rig. 1. The burner .s a brass tube ".ri:h 1.27 and D.96 = oucstde ind

inside diameters and is I m ong such that fully-de-eloped parabolic .re-oc-:-

orofiles occur sc :he burner exi: :lane. An outer concentriz :ube -i:h

38



insile diameter is oroviAed for The :onero of :ei.c-:, oosz:-.&r.

surrounding acmosphere. Four equaly-spaced la'ers )f sma-1. mesn-screens are

placed within the annular region between the concentric tubes to obcafn

uniform velocity profile, as shown in Fig. 2a. The fuel, oxygen, nitrogen and

CF3 3r are separacel y mecered and may be Incroauced in .he inner or oucar

tubes. The gases are thoroughly mixed in a mixing chamber before introduction

4nto the burner tube. ?recise ad~ustmenc of the fuel and C7-Sr flow races are

aandacory, because small :hanges in concentration off these snecies car altar

the ?HF substantially (3idinger and Sohrab, 1986). Soap-bubble meters are

therefore used co accurately measure the flow rates of :he butane, .C-3r and

A stationary 6-sided ?HF is chosen as a standard reference flame for -he

subsequent comparisons. For the reference flame, :he fuel concentration , C%

by volume) is 4.8 and the mean velocit7 at the burner exit plane V is 72.65

=Is. The light-blue flame with a closed tip has the height of about '3 m,

and :he dark-zone between the burner rim and the flame base is 3 m. 'n

order to prevent the flame rotation about the axis of symmetry, during the

temperacure measurement3s, a special stabilizer ring shown in Fig. Zb was

lesigned. .The stabilizer ring is mounted at the -op, around the ucer burner

tube such that Lt -an be rotated about the burner axis. S ix Iat.inum wires,

1.05 mm diameter, are circumferencially positioned such That they are 60

degrees apart and extend radially inward. The wires terminate 3.5 a awa!

trom the inner-sur.face of the burner tube, close to the crest zones of :he

reference ?HF. ocac-4on of :he stabillzer ring resuits in rigid-body ritacron

of the entire ?'iF. :c is established that the stabilizer ring has no visible

effect on the reference ?HF. This ring helps to prevent the inwanted

7ocaion of :he flames during the -emoerature measurements on itacionar-



* A :.ec: !ro:ograpn 3: :ne standart ? n :-:e |uz|er -1:n

Temperacure measurements are made by using a siLica-coared, ? .-.:- ,. Rh

:he.-aocouple wich 0.05 mm wire diameter, -which can be traversed in both radial

and axial directions. The response :--4e of the thermocouple junction is

estimated to be abouc 2 =s. 3ecause of :ne local oer:urbamions induced by :he

intrusion of the thermocouDle, :he precise oosi:_:oning o: :he junc:ion is zer-:

i__ cult. 7or example, Lf the junc:_on is positioned :oo far upstream of :he

flame sheet the flame sheet may corrugate and anchor at :he juncfon

However, since the luminous flame sheec 's clearly idencifiable, the

aoproximate positioning of the Juncmaon in the vicini:'y or "he reaction zone

:an be achieved. is found necessary to employ :wo Judgemental cri:erta for

:he positioning of the thermocouple junction.

The following cri:eria are used for the positioning of the thermocouple

4unction in the troutgh and crest zones of scationary ?HF. T2he ?9F is anchored

on the burner and held stationar-! by the stabilizer ring. The ring is then

rotated and the flame is positioned such that the center of trough zone

radiailv ooincs toward the thermocouple func:zon. The Junction is then

.ad-a>..7 " moved inward in such a '-Ay that :he junction 4 ,Ist touches :'e

iownsrream edge of :he luminous zone of .he flame sheet. .he cr:eria for

oosilioning of the 4unction in the crest is differenc. Here, ne unc-lon is

cosi::_oned at the outer edge of :he dark crest zone and is sy~mer7icall7

located between :wo adjacent cells. The adjustment of :he posit'-on ,.as to be

lone as nrecisel7 as possible, because "he smallest deviations may cause

r:dher large temperature variations. Falsif!icarion of the measurements can

occur by ac:achmenc of the flame sheets of the adjacent ceils -:o he 2unc:-on

located in the middle.
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The orocedure described above "as developed such :nat good :-oeacao:_ - -

of the measurements :ould be achieved. The :emperacures )f "_he :rougn, 7.,

and crest (ridge), T., zones are then measured with the junction located I

above the burner rim. Variations of T. and T_ are determined as the

volumetric concentrations of the inhibitor, I and nitrogen, %, are
CF3r

3
gradually increased in the reference PF until complete disappearance of he

cellular structure.

'or conducting temperature measurements in rotating ?HF, :he

thermocoupIe, an amplifier, and an oscilloscope are arranged according to -he

schematic drawing shown in Fig. 4. The stabilizer ring is remov,-d for tests

on rotating ?HF. 7ests on rotating ?HF, consider butane concentration of 6.95

in air at velocity 7 = 72.65 cm/s suggested by the earlier obser-ations

(Sohrab and Law, 1985). The introduction of nilrogen into the outer JackeC

tube removes the surrounding diffusion-flame mantle and results into rapid

rotation of the PF. The thermocouple junction is located at a constant axial

position 6 mm above the burner rim. If the junction is zoo close ,6 the

burner rim it will prevent the rotation of the ?HF. Temperature of :he

uostream and downstream regions of the rotating flame are then measured by

xrar'ring :he radial :osi:ion of the 'unction from ._ to *.- o relative to :he

axis of symmetry.

:n order to detect the number of cells of the rapidly rotating

polyhedrals, t-o thermocouples are employed and connected in series, as shown

in Fig. 5. The variation of the phase angles between the two thermocouples is

then determined from the output signal when one junction is fixed and :he

other, at a fixed radial and axial position, is circumferentiall 7 rotated.

Mhen the signal of both junctions are in phase, say both located at .he :rest

or trouRh Posizion, the angle berveen -he -unction -41l :orresoond o --he :e1



angle. The number of sines of :-e :roa:ig ?HF 's :hen f ezar.ined fro. :he

.- '! * -f ce! -I ngles. For example, for a ,-sided sza:ionar-- ?H.

cell angle w;ill be 60 degrees.

STATIONARY POLYHEDRAL FLAMES

As che additives CF3 3r and N are gradualiy introduced into the reference

?HF, the cellular flame structure is found co diminish and eventual!7 a

conical-flame Atich smooth surface is achieved. The minimum values of n2.%
.3r

and 'I corresponding to smooth flame situation are respec:ivel7 3.26 and 5.

in close agreement with :he previous observations (Bidinger and Sohrab,

1986). Also, as CF3 Br (N.,) is added, the flame height increases from 18 = to

32 mm (30 m) at the smooth flame condition. Direct photographs of the

reference PHF before and after addition of 0.36% C 33r are shown in Fig. 6.

it is noted that the difference between influences of C 3 3r and N, cannot be

accounted for on the basis of chermal effects alone. For the typical

temperature of 1670 K, the molar specific heats, c , of -3Br and N,_ are

cespectIvely 25.17 and 8.43 cal/mole-K. When account is made of :he

resoective moie fractions, x , of :hese addicives (3.26 and 5%), :he racio

6ecw-een x. is about 0.27. 7herefore, similar to :he flame inhibition

studies (Sohrab, 1981) it is concluded that CF33r effects occur through

chemical-kinetic interference cich the flame structure.
The variations of T: and Tr as a function of aV,3 3r and ,ar shown in

Fi7gs. 7 and 3. -xamination of the data shows that both 7, and . decrease

-with oa while they first increase and :hen decrease with Q . s
73r*

interesting that the critical value of a = r associated wjith the maximum

temperatures -_ and ._ in 7ig. 7, about 0.1, :losely agrees vizh the zriti-ai
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inhibi:or .ole f-ac:ion Crrespond cg :o :e nax nun n -:: c..

CT33r determined earlier (Sohrab, 198,1). ' te previous s c-a, .. .io

diffusion flames burning in the stagnacion-point flow above liquid pool of

heptane was investigated (Sohrab, 1981). it was found that the maximum ox-gen

mass-fraction Y0 , at extinction occurs when :he mole fraction of *nhibi:or in

C"33r-O-NI mixture is x w 0.1 as shown in Fig. 9. Therefore, :he data in

Figs. 7 further confirms that the inhibition efficiency of CF-3r is related :o

the :emperaure-sensitivi:ies of the kcinetics of inhibi:ion as was discussed

previously (Sohrab, 1981). The comparisons of the data in Figs. 7 and 3 also

show that temperatures . and T. are higher in the flames inhibited 'y CF]3r

which is a manifestation of the chemical rather than chermal influence of this

additive as compared to nitrogen.

In a series of tests, the temperature of the flames corresponding to the

onset of cellular structure, To, is determined at different gas velocities

V. Here, onset of cellular instability is defined as the first appearance of

a dark region over a narrow vertical strip on the smooth conical flames.

Starting with smooch rich flames, n is steadily reduced until the flzsc

appearance of the dark zone at which point the temperature of :he luminous

zone of the flame is measured. The dara, presented in Table ., show ".hat T.

4s nearly zonscant, 1 10 OC, for various veloci:es 7. 3ecause of :he

uncertainties in the judgement concerning the initial appearance of

instability, :he daca are qualitacive in nature. However, :he results apnear

to support the fact that chemical-kinetic mechanisms may be effective in

sustenance or mplifications of the flame-fronc perturbations. Such behavior

is somewhat similar to the wll known constancy of the flame temperatures,

about 1120 OC, at the lean f'laiability limits of lower hydrocarbons, such as

methane, propane and butane. This latter phenomenon suggests :he possible



role of chei:al-kinecic mechanisms i'. :'e descrlotion 3f :.e .ean

flammabilic7 limits of the lighter hydrocarbons. Such chemical-kiaec.:c

effects are further discussed in the following sec:ion.

PMENOMENO LOGICAL ARGUMENTS

The importance of molecular hydrogen. in the formation of cellular flames

-ias emphasized in the early reports by 3ehrens (1953) and Garside and Jac-son

(1953). It was found that addition of small quantities of hydrogen will

enhance :he tendency for PUF formacion in propane-air flames (Garside and

Jackson, 1953). :a particular, no ?HF could be obtained in methane-air

mixtures unless some hydrogen was also added (3ehrens 1953). Certain

phenomenological arguments vere presented by 3ehrens (1953) in suppor: of his

experimental observations. It was also noted that the chemical-k-netics of

methane combustion differs from that of the higher hydrocarbons in that C 3

radical instead of the atomic-hydrogen plays an important role in methane

combustion. In this pioneering -ork (Behrens, 1953) the author concluded that

the molecular hydrogen, and the resulting atomic-hydrogens as reaction

'ntermediaries, olav a key role in the formation of cellular flames.

rn the present study, the sig-nificant role of acomic-hydrogen is further

isolated through the introduction of the chemical-inhibitor C713r. On :he

basis of the earlier (31dinger and Sohrab, '986) and present obset-vations, 4-

may be concluded that chemical-kinecics effects have an appreciable influence

on cellular flames. :n particular, complete destruc:on of cellular flame

structure is achieved through chemical interaction of C 3 Br with the reaction

zone of the unstable flame. Therefore, the results of the present stud,, are

better understood wnen viewed within the framework of :he 'inetics of
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inhibition by halogenaced compounds reviewed previously (Sohrab, 1981). were,

in the same spirit as that considered by 3ehrens (1953), ".o phenomenological

arguments will be presented which nay in part describe how chemical-kinetic

mechanisms can influence the flame-front stability. The arguments are based

on the kinetics of branched-chain reactions which are relevant to hydrocarbon

combustion (Lewis and von Elbe, 1967).

The central role of atomic hydrogen in the combustion of hydrocarbons was

reviewed previously (Sohrab, 1981). It is known that within a thin radical-

production zone, which is embedded in the relatively wider reaction zone, the

following important reactions occur:

H{ + 0 OR-0 + 0 (1)

OH + o2 OR +a (2)

OR + H 2 H 20 + H (3)

The rate of reactions (2) and (3) are orders of magnitude higher than that of

reaction (1). Hence, the important chain-branching reaction (1) with

activation energy of 17 kcal/mole is rate controlling.

The inhibitor CF3 Br is expected to first decompose according to the

reaction (Sohrab, 1981),

CF3Br - H -- C 3 -;. r (i)

The subsequent role of C £3 is not significant and cyclic removal of atomic

hydrogen by HBr is expected to occur through the regenerative reaction cycles

(Sohrab, 1981).

H +HBr -11 + 3r (5)

3r + 3r + M + Br 2 + Mi (6)

and

Br 2 + H - Br + 3r . (7)

Thus, the overall effect of the inhibitor is replacement of active R atoms by
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less reactive bromine atoms, thereby reducing the overall reaction rate.

Since atomic hydrogen generation is controlled by :*he reaction (:) which

has a large activation energy, the local peaks in temperature, say in the

trough zones of PUF, are expected to result in .-atom concentration peaks.

Also, high R concentration will enhance the consumption of 02 by the reactions

(l)-(3). This will result in larger concentration gradients of 0, which will

in turn enhance the diffusion of OZ towards the trough zone. Thus,

stratification of the mixture could be augmented through. such chemical-kinetic

mechanisms. As a result, the temperature perturbations which are originated

by preferential-diffusion are amplified thereby increasing the propensity for

cell formation.

We note that because of the nature of branched-chain reactions, only

small deviation of Le from unity are needed in order to produce the original

temperature corrugations whose subsequent amplification leads to large

observable corrugations of the front. Also, in accordance with the

observations, the amplification of corrugations is expected to be reduced in

presence of CF3Br, since the inhibitor removes the atomic-hydrogen radicals.

A schematic drawing of the expected fluctuations of T, H, O and fuel F, for a

6-sided PHF is shown in Fig. 10. Such fluctuations of 0, and F are in

qualitative agreemenc with the observations of Jost, ec al. (1953). Also, the

variation of T is in accordance with the observations made herein as well as

.he theoretical predictions (Sivashinsky, 1976). The schematic concentration

*profiles in'Fig. 10 are also supported by the previous observations of soot

formation in the crest zones of certain P1F (Smith and Pickering, 1929). In

the crests, CO and 02 concentrations are larger (Jost, et al., 1953) while R,

and therefore OH, concentrations as ell as the temperature are lower as

compared with the troughs. Therefore, formation of soot in the crests is



anticipated on the basis of high concencracion of CO, ?ossible carall~zi

effects of 0, (Lin and Sohrab, 1986) as well as -he well known role of OH in

the combustion of soot precursers.

The second phenomenological argument concerning the role of chemizal-

kinetics in flame instability is based on the concept of the critical cross-

over temoerature (Sohrab, 1981). 3ecause of their different activation

energies, the rates of bimolecular and cermolecular reactions may cross each

other when plotted as functons of 1/T. The cross-over point between the rare

of an important biomolecular reaction, such as reaction (1), and an imporzant

caermolecular reaction, such as reaction

can be defined as the critical cross-over temperature T. as shown in Fig. 11.
'hen temperature perturbations about Tc occur, for T > Tc and T < Tc the

reaction rate is expected to respectively accelerate or decclerate. This will

result in corrugation of the flame front as shown in Fig. 11. Again, because

of the nature of branched-chain reactions, only small perturbations about Tc

are necessary to produce substantial change in the reaction rate leading to

formation of cellular structure. The small temperature fluctuations about T,

zould be initiated by :he preferential-diffusion mechanism. Such a

phenomenological description is supported by the constancy of temperature 7.

corresponding to the onset of cell formation mentioned in the previous

section.

1OTATING 1.kLYEDRAL FLAMES

In this section, the periodic variation of the temperature field in the

vicinit7 of rapidly rotating ?uH is discussed. The fuel concentration of the
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reference NHF is now changed : -n- - .95, vwith V - 7 2.67 -ims and :he

3tabilizer ring is removed. The resulting stationary 6-sided TiF -ll scar: a

rapid counter-clock-ise rotation when small flow, 72 cm3 /s, of nitrogen is

introduced in the outer annular tube as discussed before. A direct photograph

of the rotating ?9F is shown in Fig. 12. The luminous zone of the rapidly

rotating PEF is fuzzy and thicker while the flame height is smaller compared

to the stationar7 PHF. Also, the rotation of PFF is found to predominancl

occur in the counter-clockwise direction iLn agreement with the previous

observations (Sohrab and Law, 1985).

The number of sides and the rotation speed of the PIIF are measured using

the two-thermcouple connections, Fig. 5, discussed earlier. :: is found that

in-phase signal of the two thermocouples are obtained when the second junction

is located at 900, 1800 and 2700 angles relative to the first junction.

Therefore, the original stationary 6-sided F.F has changed to a 4-sided

structure after rotation is induced by nitrogen flow in the outer annulus.

This result is in agreement with the previous observation of rapidl7 rotating

?HP using high speed cinematography (Sohrab and Law, 1985). Also, from the

period of temperature fluctuations, 32 ms, the rotation speed, w - 7.8

rota:ions per second (rps), is calculated in qualitative agreement with the

previous observation (Sohrab and Law, 1985).

The circumferential temperature fluctuations at different radial

positions are obtained from the tracing of the direct photographs of the

oscilloscope screen and are shown in Fig. 13a-i. The variations of periodic

temperature profiles at different radial positions are qualitatively .....

understood on the basis of the residence time of the thermocouple junction in

the downstream (hot) or upstream (cold) sides of the rotating ?HF. In

general, the trough zones are circumferentially wider than the crest zones, as



reflected by the longer time intervals of high versus low temoeratures .n Fin

13. Also, the magnitude of the temperature fluctuations are a function of "he

relative instantaneous position of the junction with respect to the corrugated

flame-front. We note that the temperature gradients downstream of the flame

are much smaller than those in the upstream region, as is to be expected. The

results in Fig. 13 also show that temperature fluctuations occur about a mean

temperature plateau of approximately 1408 0C. Hence, rotation of different

cells of the P4F occur in preheated gas. Is is known that the rotation of the

flame, reaction zone, is not accompanied ith any appreciable circumferential

rotation of the combustible gas (Smith and Pickering, 1929; Sohrab and Law,

1985). '

locating PHF was also examined in oxygen-enriched air. For the el and

oxygen concencrations of nF- 7.76 and ai - 26.a stationary 8-sided P? is

obtained with well defined cells and a stream of soot is observed to eminate

from the flame tip. However, this flame was found to be only marginally

stable, and under small laboratory fluctuations, it could spontaneously start

a rapid counter-clockwise rotation. We note that such rapidly rotating NF in

butane/air mixtures could only occur in the presence of nitrogen flow in the

outer annulus (Sohrab and Law, 1985). Therefore, the present observation

shows that rapidly rotating flames may occur in oxygen-rich air in absence of

inert surrounding atmosphere. Here, the period of temperature fluctuation is

20 ms, and the PH? is found to be 4-sided, resulting in w - 12.5 rps.

According to some preliminary observations, the rotation speed of the flame

was found to increase with n
0

.... ... ......... . . . " - " l l l ! I n l l I I m



CONJCLUDING RZ.'1AaKS

Through comparisons of the minimum mole fractions of the additives CF33r

and NZ required for destruction of cellular structure of butane/air ?HF, the

significance of chemical versus thermal effects in the formacion/amplificacion

of cellular flame structures was investigated. The small changes in the mean

specific heats and velocities induced by the additives, on the other hand,

revealed that the observed cell destruction does not appear to have thermal or

hydrodynamic origins. It was therefore concluded that the influence of CF3Br

primarily occurs through chemical-kinetic modification of the structure of

P.F. It is emphasized that the kinetic mechanicsms discussed herein are

complimentary to the well-known thermo-diffusive, Le 1, mechanisms of cell

formation. Indeed, the observations are consistent with both mechanisms

working in conjunction with each other.

Since pyrolysis of fuel molecules occurs prior to their consumption in

the reaction zone, more than one Lewis number, Le. - aID!, each corresponding

to the diffusion coefficient D, of specie i, could effect the flame front.

H.ere, a refers to the thermal diffusivity of the mixture. Therefore, in

general, ther=o-diffusive description of flame-front inscabilit7 could be

based on the deviation of Le of reaction incermediaries, such as radical

species, from unity. In fact, recent theoretical study of Pelaez and LiUnan

(1985) has shown that thermo-diffusive stability of flames are influenced by

the Lewis number of intermediate species. Stich effects are particularly

relevant to atomic hydrogen because of its high mobility. However, the role

of chemistry is separate and fundamentally different from that of the

transport, Le # , effects. 17he former may manifest itself through

augmentation of preferential-diffusion effects by chemical-kinetic mechanisms
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as discussed earlier.

Intrusive temperature measurements ia rocating ?HF proved co 'e

difficult. However, the technique of employing :w o thermocouple junc::ons

connected in series facilitated the decermiaat!on of the number of cells as

well as the rotation speed of PHF. So far, the reason for predominant

rotation of PF in counter-clockwise direction remains a mystery. The

preliminary tests on the influence of applied magnetic field on rotating ?HF

showed no observable effects. Thus, influences associated with the as-yametry

'n the Earth's magnetic field were ruled out. Exploration of the possible

effects of coriolis acceleration on this interesting phenomena through

experiments on rotating ?HF performed .' the Southern hemisphere, may prove

useful.
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Abstract-In this paper we consider the influence of centrifugal and Coriolis accelerations on the torm
and stability of a flame propagating in a rotating tube. We detect a discrete sequence of anguiar
velocities, near which the flame propagation velocity andergoes an unlimited amplification. We hoik
that sufficiently rapid rotation may suppress cellular instability of the flame front. We construct a ,elf-
-similar solution that describes a flame propagating in a rotating gas in free space. Our preoictions of the
flame shape and of the suppression of cellular instability in ihe presence of rotation have been ,erificd
m a simple experiment we have performed.

INTRODUCTION

It is well known that variations in the density of a burning gas make the latter
sensitive to external acceleration (see, e.g., Rakib and Sivashinsky, 1987). In the
present paper we shall investigate the influence of centrifugal and Coriolis
accelerations on the form and stability of a premixed flame propagating in a
rotating cylindrical tube.

In order to capture the nature of the rotation-induced effects, we begin with the
simplest hydrodynamic model, considering the flame to be a geometric surface
moving at constant velocity U, relative to the burnt gas. Transport and chemical
effects are ignored, but the change in gas density across the flame front is taken
into consideration (Landau, 1944).

In a coordinate frame rotating together with the tube about the z-axis, at angular
velocity (t. the Euler equations are:

Ov, @v. v Ov. Ov, V. 1 OpS_ , Z'. _ T -- (o r--.wt. 1.1Ot o(r r Ocp 0z r o Or

Ov r  U Ov, Ot , V, V0p
- V+ v,---- _ , t - = -- 2wv,, ,1.2Ot Or r Orp z r ,r Otp

O9r- av'. v, ov. ar. 1op.v,0' j, 0 v. 0 " . ...Op3
Ot Or r Ocp -z lo 3"

0V + - --- 4 . 1.4,
Or r d : Oa r

Here (r, po. z) are nondimensional cylindrical coordinates, with r, z measured in
units of the radius R of the tube (see Figure 1); t is the nondimensional time,
measured in units of R/U,,; (o is the nondimensional angular velocity, measured in
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units of U, R; o is the nondimensional density measured in units of the density, o.
of the combustion products; p is the nondimensional pressure, measured in units

Of ,Oh
1

JK and (v,~ v~. v,) v is the nondimensional velocity of the gyas, measured in
units of Ub,.

WA

hot

f lame

cold

FIGURE I Schematic representation of a flame propagating in a rotating channel.

The following conditions must hold at the flame front [z = cD(r, Tp, t)I:

i) Continuity of mass flow'

[p(v - n- D)] = 0, j, j.

ii 1)Continuity of momentum flow

,pv(v n- D)+ pfln 0. 1.6)

ill) Constant velocity of the flame front relative to the gas

iv-n- D)= t,1.7

where

.1 +'V(,i

Hydrodynamic quantities corresponding to the burnt gas region (z >, cI(r, rp. tjwill

he assigned the index ' ;those correcsponding to the fresh gas region

Lz: (D , 'p. t] the index - .With this convention,
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where

0- -
y= 1.10,)

is the thermal exapansion coefficient of the gas.
Using (1.7), (1.9), we can transform conditions (1.5) and (1.6) to the following

form, which will facilitate further treatment:

1vn!=, LI 1

[v x n =, 1.12

Ip = -V 1. 1 3,

For the sequel, it will also be convenient to introduce the reduced pressure

q p- -prw

by eliminating the centrifugal acceleration from Eqs. (1.1)-(1.3!. In terms of the
reduced pressure, condition (1.13) becomes

iqj -'w w .1
[qj= -- :[=pjr -r 7. 1.15.

2 2(1 -y)

SELECTION OF SCALINGS

In the absence of rotation (w=0). one of the possible states of the system is a
plane pi flame:

(1" .0 ,1(0, 1 p' = . p " =I - 2. 1

If the flame is propagating in a rotating tube. the plane flame can no longer be an
equilibrium state of the system. Rotation-induced acceleration produces a radial
flow which curves the flame front. However, if the thermal expansion of the gas is
weak (y< 1) the curving will be slight. Thus. one expects the equation for the flame
front dynamics to be weakly nonlinear. The structure of this equation is largely
determined by condition (1.7), which assumes a simpler form when y4 1:

IP V ) : - 1.._ -'

Condition (1.15) suggests that when w= 0(1) the perturbation of the reduced
pressure q due to rotation is of the order of magnitude of y. It is natural to assume
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that the perturbation of the velocity v due to rotation will be of the same order ,t
magnitude. According to this estimate and w2.1., we introduce scaled quatities 1>.

V,=Yv. V. Q:v

v 1+ yV, v_=l-y+V,

q l O , t = ---/ ', q-. -. 3

Since r- I in terms of the selected nondimensional units, the relationships 2.2)
and (2.3) suggest the following scalings for the time rand the front amplitude (:

1(D yF, t=r/,]. ,2.4

In terms of the scaled variables (2.3), (2.4), we obtain from (1.1 -1.4 the
following equations for the principal term of the asymptotic expansion, ;'4 1;:

av'-,aQ=

9z ar

a v; i aQ- =-2wov . ,2.6
az r 9p

avW 9Q~ _+ 0, (2.7)
az az

av'-,i or'-.v v'- _s
r r a9( 9z r

Substituting = (1 ryF in condition (1.11- 1.13) and (1.7) and taking the zeroth
approximation with respect to 7, we obtain the following conditions at z = 0:

Vl - , v'-= - =V- 2.9

Q Q G;r)= -,jr- 2.10)

F,+- VF-' V: I
221

Impermeability conditions are imposed at the tube walls (r= 1):

V, = V, = 0 at r= 1. (2.12)

We shall also assume that. far ahead of the flame front, the gas rotates as a rigid
body. Thus, in a rotating coordinate system, we have the following conditions as
Z - '0:

V-0, VP-0. V-0 as z--oo. 2.13)
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DERIVATION OF THE FLAME-FRONT EQUATION

In the limit considered above, the flame front configuration [z = Fr, 6. ro, appears
only in condition (2.11). Hence the gas flow is completely determined by Eqs.
(2.5)-(2.8) and conditions (2.9), (2.10). (2.12) and (2.13)'. Since the problem
posesses circular symmetry, the flow is independent of the angular coordinate (.

Hence, we seek a solution of the linear system (2.5)-(2.8) in the form

V= k "-, k,,(k,,r,

Vr= kV(Z, kj,(k,,r),

( I(z, k,,) f,,(k,,r .

where. by condition (2.12),

=0. 3.2,

We also express the right-hand side of (2.10) as a Fourier-Bessel expansion:

G/, = Ck, (, k,,)A(k,,r),3.

where

SrG(r(k,,r)dr= 3.4,

Inserting 3.1) into the system (2.51)-2.8) and the conditions 2.9). 2.10. se
obtain:

- ()[

dz =

-_ 2' a) 1.5b)

tThe independence of the hvdrodynamic field on the flame front configuration completely excludes
!he effect of sponateous flame instability due to thermal expansion (Landau, 1944), which turns out here
to he negligiblv small compared svith the effects of rotation.
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=0 z , '_. -, -"

- =0 (3.5d)
dz

[ d]=0, [-]=0, [ ]--, [(]=d, 3.6)

V-0, F'-0. ,-0, as z--o. 37'!

The characteristic equation corresponding to the exponential solutions

- exp (pz)] of the system (3.5) is

p(p- + 4cu- -k = 0. (I.s)

Hence

p=0 or p=±4f- 3.91

Thus. one has two essentially different cases:

i) k2 > 4w-

and

ii) k2 < 4o.

In case (i), taking condition (3.7) into account, we obtain from (3.5)-(3.6):

- 4 expt k; - 4 w- z),

0k*~Ok 2 . o

exp(- k"-4a z)- k,3.10-
2 (k-, - 4  (0

In case ii), Eqs. (3-5- 3.7 '"ve:

o.

. "k , ,cos4'a- z+ • 3.k-1z
Sk,- 4w:) (klf -4(-J2)

Thus,

-Ok'2 k',> 4co-"

(0) 2(k,- 4w) 3.12)
60, k2 < 4 co

II 76
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Hence

1, 0 k,,) k,,
- k2 4 ( uk-4

From (2.11) and (3.13) we obtain a single equation for the flame front dynamics

1
F,"- ,VF'1'= WV(rj, 31-

where

(j to"Jo~kr) 1W(r)= ,Z. , . .k3.1
I-< k-:, Jk,l(k,-4W)

and use have been made of (3.4) and (3.13).

Knowing V(r , we look for solutions in a form of a progressive wave

F - Vr - pr) 3.1

where V and ?p are the equilibrium velocity and shape of the flame front.
respectively. Substituting into 3.14) one obtains

l .
qp;= W(r)+ + 3.17

In order for the solution q r) to exist over the entire tube cross-section 0 < r< I

the velocity V must satisfy the inequality

- W(r). 3. i;

We assume that the actually realized situation corresponds to minimum flame
pro.pagation velncity. i.e..

V=- min WI(, 0 <r< .

The need for this selection principle arises here because of *he lack o naturai
boundary condition for the first order differential equation ,3.14 .. This difficulty is
easily eliminated if one introduces dissipative effects diffusion and heat
conduction) with the appropriate boundary conditions. Figures 2 and 3 exhibit the
velocity V and the shape ip of the flame front as functions of the parameter 4 o:.

We note that V does not vary monotonically with increasing (u. As 1to,-.
approaches k',,, the flame velocity undergoes an unlimited amplification. Near these
resonance points the asymptotic approach proposed abQve is clearly not
applicable. Description of the flame in the vicinity of these points rquires, Tpeclaj

consideration. However, the non-monotonic behavior of the flame with increasing
angular velocity is apparently captured correctly by our analysis. It would be
interesting to conduct a systematic laboratory irvestigation of this phenomenon. As
yet, to the best of our knowledge, the only experimental study in this area is the
recent work of Chen, Liu and Sorhab (1987), devoted to the influence of rotation
on counterflow premixed flames.
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V

FIGURE 2 Flame velocity V as a function of the parameter 4 ow.

THE CASE OF SLOW ROTATION

If 4(w < k1 it may be shown from (3.15'1 that W(r) is a solution of the equation

d- V IldW

dr r dr

satisfying the additional conditions

dW(O)

4 '

Hence

W(r) I + wJ0,(2wr) 4 )4 I

4 J(2((43
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FGURE 3 Flame front configurauon for various values of the parameter . -k: .
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If -_9 k-, this relationship simplifies to

Wr=- r- 4.4

We then deduce from (3.14 , 3.1 7? and (3.18) that

ru = Vt -'.1 ,

where V= wp/8.
The stability of this solution will now he examined.
For a small perturbation f= F- F', Eq. 3.14) yields a linear equation

f1 ,_V rf, =O, f(r. 0)= ,(r. .4.6)
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Here f ,.r; is the initial perturbation. It follows from, 4.o, that

tf!,r, r = .f, tre - ' -

Thus, small perturbations are stretched and the flame front becomes smooth: the
situation being similar to the one found in stagnation-point flow flames (Sivashinskv
et a., 1982), freely expanding flames (Sivashinsky, 1983) and upward propagating
flames (Rakib and Sivashinskv, 1987).

It should be noted that when 4w- < k1  the effect of Coriolis acceleration turns
out to be small compared with the effects of centrifugal acceleration. and the
corresponding terms in Eqs. 1.1), 1.2) may be dropped.

THE EFFECT OF ROTATION ON CELLULAR INSTABILITY

Centrifugal acceleration creates a gradient of the tangential velocity which tends to
smooth out any possible perturbations of the flame front. Thus, one may expect
rotation to suppress diffusional-thermal icellulari flame instability. frequentiv
observed when the deficient reactant is of high mobility. We shall demonstrate this
for the simple case of slow rotation considered in the previous section. As a first
step. let us write the equation of the flame front (3.14), 14.4,, in terms 4f
dimensional variables denoted by *):

,-.'= - ; R '- , - ,
at- 2', 4 6 R)2j

where Q = UhwoR is the dimensional angular velocity as noted earlier. Allowing for
diffusional-thermal effects implies that these equations must be modified as follows
,see Sivashinsky, 1983):

a(* 1* , 1 _"
" U/,(V(*)" - + 4D,f* lrh V - 7A2R-U j I) .at* 2 '-"''-nih 4 [....2..

where D. is the thermal diffusivity of the gaseous mixture. i., is the thermal
thickness of the flame D,,,= Uj,1 and E=E.,'2R"T,,(1- Le- I. with E zhe
activation enery.v. I" the universal gas constant, 7, the adiabatic temperature of he

combustion products. Le= D. D,,,i the Lewis number and D,,,, the molecular
diffusivity of the deficient reactant.

Transforming to scaled nondimensional variables F. -..
rI = hFi. r, = -,h? - .I- , AU §

we bring Eq. (5.2) to the following form:

F- -, ,Vf -V-- V 4:e+ ' = ,.(,-"') 5.4

where "-) denotes the spatial average over the cross-section and

is the centrifugal acceleration parameter.
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Figure 4(a, b, c) exhibits the results of a numerical solution of the axially-
symmetric version of Eq. (5.4) in a tube 0 < i< 50, with boundary conditions

- .- , (VF);=O, at i=50, (5.6)

corresponding to the thermally insulated tube walls (Margolis and Sivashinsky,
1984). At .= 0, Le., a freely propagating flame in a nonrotating channel, since e> 0
the flame exhibits thermo-diffusive instability which manifest itself in the form of a
wavy (cellular) surface (Figure 4a). At A= 0.001, cellular structure is superimposed
on the paraboloid profile induced by rotation (Figure 4b). Finally, when , = 0.005.
centrifugal acceleration totally suppresses the cellular structure (Figure 4c). The
flame exhibits a smooth, paraboloid profile, as in the absence of diffusional-thermal
instability, i.e., when e < 0.
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EXPERIMENTAL OBSERVATIONS

The evolution of the flame front shown in Figure 4 is substantiated by our
preliminary experiments performed on a rotating Bunsen burner. In the
experiment, a cellularly unstable, polyhedral flame in rich butane/air mixture with
volumeric fuel concentration of 6.6 percent is stabilized at the oxit plane of the
burner. The burner tube is made of pyrex and is 15 cm long with ir .de diameter of
2.0 cm, and the mean axial velocity of the gas over the cross-section is 44 cm/s.
The tube is co-axially attached to a cylindrical burner which contains layers of
small mesh screens and honeycomus and can be rotated bv a DC-motor as
described previously (Chen et a!., 1987). As the angular velocity Q is increased, the
cellular structure of the flame is observed to gradally diminish. At larger Q.
Q = 9 rps, the central position of the flame cone is flattened until it eventua!lv
becomes convex towards the unburnt gas. At still larger Q, Q = 12 rps, the flame
moves into the rotating tube and remains almost stationary near the middle, about
8 cm below the rim, and appears as an inverted smocth paraboloid. A direct
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FIGURE 4 Flame front configuration for various values of the parameter .

photograph if this flame is shown ;n Figure 5. Qualitatively similar observations
were made for lean butane/air mixtures with the exception that the initial cellular
structure was absent. The more complex peculiarities predicted for still larger
values of Q are as yet not observed because of limitation of the maximum angular
velocity, mx=29 rps, of the DC-motor. Further studies of this interesting
phenomena and experiments at larger Q2 will be considered in the future.

FLAME PROPAGATION IN FREE SPACE

Hitherto we have been considering a flame propagating in a rotating tube. Under
these conditions, the flame front is curved. It turns out that, if the walls are
removed, a flame propagating in a rotating gas may remain planar. Moreover, the
corresponding gas flow is described by a self-similar solution of the Euler
equations, which can be constructed with no restrictions imposed on the parameter
y.
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FIGURE 5 Rich butane/air flame in a rotating tube.
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Let us assume that the flow in the region of the fresh mixture (in a rotating
coordinate frame) is unidirectional:

...- :vz=l-Y, f),=O, V-V=O,

2 2
q p = .(6.1)-2(1 -

In the burnt-gas region, we seek a solution of the following form:

v. = 2a(z), v,= a'(zr, v' = b (z)r,
+ 1 r (6.2)

At the flame front, which is assumed to be plane (z = = 0), we have the following
conditions, derived from (1.5), (1.11), (1.12) and (1.15):

a(O)=1/2, a'(0)-0, b(O)-0, c(0)=O. (6.3)

Inserting (6.2) into the Euler equations (1.1 )-(1.4), (1.14), we obtain

ab - db= wd, (6.4)

2

2aa'- (d)'+ b'+ 2 ob= yto  (6.5)

4aa'+ c O. (6.6)

Note that here the continuity equation natically satisfied.
From (6.4), (6.6) and conditions' obtain

b (Z)= 2 wa(z)- co. (6.7)

c(z) - 2a2(z). (6.8)2I
Equations (6.7) and (6.5) yield a closed equation for a(z):

2aa - (a')2 + 4(va2  (6.9)

Hence the solution satisfying conditions (6.3) is

1
a(z)= (2- y- y cos 2coz). (6.10)

4(1 - y)
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.0 =

FIGURE 6 Streamline (represented by the solid line) in propagation of a plane flame in a rotating gas.
The profile of the surface of revolution (6.11) is represented by a thin line.

The streamlines corresponding to the flow (6.2) are spirals winding around the
surface of rotation [see Eq. (1.4)].

const
r a(z) .

(6.11)

One of these streamlines and the corresponding surface (6.11) are illustrated in
Figure 6.

CONCLUDING REMARKS

Using the weak thermal expansion approximation we derived an equation
describing the dynamics of a flame propagating in a rotating tube. The velocity and
shape of the equilibrium flame front were calculated. A discrete sequence of
angular. velocities are predicted near which the flame propagation velocity
undergoes a considerable amplification. When the angular velocity of rotation is
sufficiently high, we predict that cellular structure due to thermo-diffusive flame
instability may be suppressed. The variation of the flame shape and the suppression
of instabilities as a result of the rotation, were experimentally substantiated. We
finally remark that, although the analysis assumes weak thermal expansion and in
real flames density variations are -.pite appreciable, this limit may give a
qualitatively correct description of some features of real flames.
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Effect of Rotation on Bunsen Flame

W. J. SHEU, S. H. SOHRAB and G. I. SIVASHINSKY*
Department of Mechanical Engineering

Northwestern University
Evanston, Illinois 60208

Abstract

The influence of centrifugal accelerations on the form and stability of the Bunsen burner
stabilized flame is studied. It is shown that as the angular velocity of rotation increases, the
classical Bunsen cone first slightly buckles at the tip. Buckling then becomes more prominent and
eventually the flame enters the burner. At sufficiently rapid rotation flame stabilization by the burner
rim becomes impossible and the flame flashes back. The theoretical findings are in favorable
agreement with the experimental observations made on a rotating Bunsen burner.

*Department of Applied Mathematics, Tel-Aviv University, Ramat Aviv, Israel.



I. INTRODUCTION

Flame propagation in situations of practical interest occurs as a rule, in turbulent flow fields and
involves complex flame-flow interactions. One of the basic interactions of this type is that which is
imposed by rotation of the gas flow crossing the flame front.

Recently, studying the influence of centrifugal and Coriolis accelerations on the shape, stability
and extinction limits of premixed flames [11 (cf. also [2-5]), a number of new observations were
made on a rotating Bunsen burner. Among other observations, it was found that flame stabilization
by the burner rim is possible only at sufficiently low angular velocities. Under rapid retation, the
flame flashes back inside the burner tube.

As we show in this paper, the main features of the phenomena are describable within the
framework of a simple mathematical model recently proposed in the study of premixed flames freely
propagating in rotating tubes [5].

II. EXPERIMENTAL OBSERVATIONS

Premixed flames are stabilized at the rim of a 50 cm long pyrex tube with 11 (13) mm inner (outer)
diameter. The tube is vertically supported at 20 and 30 cm from the rim and at the. bottom by
bearings and connected through a pulley-belt system to a DC-motor. The variable speed motor is
calibrated such that a desired constant angular velocity in either CW or CCW direction can be
maintained. To insure rigid-body rotation of the gas within the tube, three cylindrical layers of
honeycomb, each 1 cm thick with 2 mm hexagonal holes, are successively positioned within the tube
near the middle. The honeycombs also help to prevent flame flash-back into the inlet supply
chamber. Butane (commercial grade) and air are respectively metered by soap-bubble meter and
rotameter and fully mixed prior to introduction into the burner.

For lean flames, which have closed tips (Fig. la) it is found that the rotation first result- n the
buckling of the central region of the flame cone as shown in Fig. lb. This flame corresponds to the
fuel concentration (percent by volume), the mean velocity over the tube cross section QF = 2.69
(percent by volume), the mean velocity over the tube cross section V = 122 cm/s, and the burner
angular velocity w = 51 RPS (rotations per second). At larger w, the flame cone begins to enter the
tube (Fig. lc) and eventually at (o = 69 RPS the flame flashes back into the tube and assumes the
inverted conical shape shown in Fig. Id. The inverted flame cone is convex towards the fresh gas
with peripheries bending towards the tube walls, such that the flame surface near the walls is almost
concave towards the fresh gas. When similar experiments are performed with a larger diameter
tube, 20 mm, the transition from buckled state (Fig. lb) to flash-back (Fig. ld) occurs very rapidly. In
such cases, direct photography of the intermediate state such as shown in Fig. lc will be quite
difficult.

The tip of the initial rich butane/air flames Q2F = 5.60, V = 129 cm/s and co = 0, is open [6-8] (Fig.
2a). As (o is increased to 44 RPS, the height of the original flame cone is reduced and a new inverted
conical flame surface, convex towards the fresh gas, appears in the middle of the outer curtain-flame
(Fig. 2b). The inner conical flame is separated from the outer flame by a dark ring of extinction
region. As o is further increased, the inner conical flame begins to enter the tube (Fig. lc).
Eventually, at (o = 50 RPS, the inner conical flame flashes back into the tube while the outer flame



cone vanishes (Fig. 2d). Now, as opposed to the lean flame (Fig. ld), the peripheries of the conical
flame are nearly parallel to the tube wall.

III. MATHEMATICAL MODEL

In a recent study of the effects of centrifugal and Coriolis acceleration on the form and stability of
a premixed flame freely propagating in a rotating tube, the following evolution equation for the
asymptotic flame-front has been derived [5],

aF 1 (n JaF 12 _Dth r aF + I y(1 vl(r2-R21

at 2 2 a1nr) 2rr-- 4 2 2- (3.1)

where -z = F(r,t) is the flame front surface; vn is the normal velocity of flame propagation; Dt is the
thermal diffusivity of the gas; w is the angular velocity of rotation; R is the radius of the tube; 'y is the
thermal expansion coefficient (7 = (Pu - Pb)/Pb); Pu, Pb - densities of the unburned and burned gas.

If the tube is thermally insulated, Eq. (3 1) should be solved subject to the boundary condition

- (R,t) = 0
(3.2)

Equation (3.1) corresponds to the limit of weak thermal expansion (y, << 1) and slow rotation
(wR/vn << 1). For simplicity, the Lewis number is taken to be unity, since the basic features of the
flame response to rotation (buckling and flash-lock) do not seem to be very sensitive to the
composition of the mixture (Figs. 1 and 2). Equation (3.1) is written in the frame of reference in
which the velocity of the oncoming gas flow v. is equal to the normal flame speed vn, i.e., v. = Vn.
For the subsequent analysis it is convenient to consider the flame front dynamics in the frame of

reference where v. * Vn.

The corresponding evolution equation is obtained from Eq. (3.1) via simple transformation

F = F- (v.0 - vn)t (3.3)

Hence, the modified evolution equation reads



+ aF 2 = L a + r2
at 2 r ar d) r 42(3.4)

Replacing the adiabatic boundary condition (3.2) by

F(R,t) = 0 (3.5)

one obtains the system describing an axisymmetric flame held inside the rotating tube, when the
axial velocity of the oncoming flow is v. (Fig. 3a). With all its dissimilarity to the Bunsen burner
(Fig. 3b) this system proves capable of capturing the main ingredients of the phenomenon observed
in rotating Bunsen flames. Introducing new nondimensional variables

(D v F p = D tht

Dth R R2  (3.6)

the problem (3.4), (3.5), may be written as

a(ac4-)-L =1 a1 (p a~+ X( 2  +
-2P p2 (3.7)

'(1,,t) = 0 (3.8)

where

y(2R4  (v- V.-Vn)vnR 2

4D 2  D2  (3.9)

IV. TRANSFORMATION TO LINEAR PROBLEM

For the further analysis it is convenient to make the following transformation

D= -2 IN ul (4.1)

which converts the nonlinear problem (3.7), (3.8) to the linear one:
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au a au) + ~UIi~ p2 ~u =
r _ p 2 2 (4.2)

u(1,' ) = 1 (4.3)

To exclude singular solutions one has to impose the additional condition:

au(0:) =0
(4.4)

The time-independent solution u(o)(p) of the problem (4.2), (4.3), and (4.4) corresponds to a steady

configuration of the Bunsen flame 4(°)(p). For the subsequent arguments it is convenient to convert
the problem (4.2-3) as

au (0,s) = 0 4-0 'r 2, s)=
(4.6)

where

and

L f21/ - T f2-/k (Fig. 4)

2 2

Let us consider an auxilliary time-independent problem

I AL dv(0) + (L -2)v(o) (0
d! d4/ (4.8
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v(o)(o)=I dv(0) (0) =0 ,0 <9 <o
d4

Thus,

v(°)(4)= u()(4)/u()(0) (4.9)

For sufficiently small L (e.g. L < 0) v(O)(4) does not have zeros at 4 > 0 [9]. The zeros appear only
at sufficiently large values of L. The first zero 4I(L) of v(O)(4) emerges from +-0 at L exceeding
some critical value L1 and then monotonically decreases to zero as L -+ - (Fig. 5). The point = 1
corresponds to the singularity of the function

= -2 W uoj (4.10)

For sufficiently small L, the function 0O)(4) has no singularities in the interval 0 < ' < 4fW2-.

Since aL/X. > 0 (Fig. 4), the interval (0, 4'X-2") expands as L increases. Therefore, when k exceeds
some critical value X1 the first zero (singularity) = 41 will enter the interval (0, 4f--/2). With
further increase of the parameter X, the second singularity 42 > 41 will enter the interval (0, 4 y-21-),
then the third 43 > 2, and so on.

V. BASIC PROPERTIES OF THE EQUILIBRIUM SOLUTION

When g. is of order of unity, the transition from one equilibrium configuration ((,, to another
occurs quite gradually. However, in typical laboratory situations g. is a rather large parameter.
Indeed, let Vn = 25 cm/s, v. = 1.5 vn, R = 1 cm, Dth = 0.25 cm 2/s. Then, according to (3.9) p. = 5 x
103. In this case the buckling (i.e. change of sign of Dp'(0)) occurs at X = 2 i = 104 . In this domain
of parameters, even very small variations of p. and ?, causes a drastic change in the flame front
shape. This phenomena may be easily explained. Since d4j/dL - o as L -4 L1 (Fig. 5), large 1 iS
very sensitive to small variations in L (i.e. X and gt). On the other hand, the singular solution
emerges at 41 = 4 'V2, which is a gradually increasing function of X. As a result, transition from a
slightly buckled flameconfiguration to a singular one at sufficiently large X occurs in an almost jump
like manner.

Such strong parameter dependence (stiffness) of the rotating flames makes numerical (and
laboratory) study of the system a rather difficult task. Figures (6,7) show some samples of the
numerical experiments which we have performed. Figure 6 corresponds to flame configurations at k
= 32 and different values of L (i.e. gt). The buckling occurs at L = 0 (g. = 16), the first singularity at L

2.25 (g - -2), i.e. when the flow in the burner is lover than vn (3.9).

Figures 7(a,b,c) show flame shapes at X = 2 x 104. The buckling emerges at L = 0 (pi= 104).
Transitions from the buckled state to the singular one occurs in virtually a discontinuous fashion
somewhere between L = 3.4935286 and L = .).4935287 (Fig. 7b). Double precision Runge-Kutta
method was used Cor the numerical calculations, providing up to 20 significant figures, with local error



of about 10-10. The integration was initiated from R = 1 to avoid the singular behavior at the axis of
symmetry. In Figure 7c (L = 20, gt= 6 x 103) flame front exhibits several singular points.

As L increase singularities shown in Figures 7(b,c) actually appear first at the wall. The
co'nfiguration represented by the curve 7(b) corresponds to the situauon in which the singularity is
already shifted from the wall towards the axis of the tube.

VI. STABILITY

It is not difficult to show that nonsingular configurations (X < kj(pt), Sec. IV) are stable and
singular ones (X < 1 ) are not stable. Indeed, let us put

u(4,s) = u(°)( ) + w(ts) (6.1)

where disturbance w( ,s) is a solution of the problem

aw a w ( w+(.2)w=0

as - (L (6.2)

w4(0,s) =0 , w(4fj f,s)=0

w( ,s) may be sought in the form

W(4,s) = w'( )eans
(6.3)

One obtains the following eigenvalue problem for W( )

-d- d + (6.4)

where wn'(0) =0 , w"(0) =0

An_=- on , L fV/-2- E F ' -

2 2 (6.5)
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it is known from the general Sturm-Liouville Theory 19], Wn() has (n-I) zeros in the interval

(0, 4 W-) and An+1 > An (or Gn+1 < an). Hence, as follows from the results of Sec. IV,

A =L-aj> or c1 <0 for )X<X1  (6.6)

Thus, On < 0 for any n, and therefore at X < .1 the equilibrium solutions are stable. For the same
reason at > 1

AI =L-01<L or a1>0 (6.7)

Therefore, at X > X1 the equilibrium solution will be unstable at least to the disturbances correspond-
ing to the first eigenfunction wj( ). In other words, all the equilibrium configurations involving
singularities (Fig. 7c) are unstable.

Let us now look at the nonlinear evolution of the perturbed solution 0(0)(4) in the case of
instability

=D= 2 + W
n=1 (6.8)

Since an > 0 n+l,

(,s) -21n I u(O)(4) + wj( )eais I (6.9)

as s -- o. Hence, outside of the boundary layer (near 4 , (6.9) yields

0(4,s) = -2als as s -* o (6.10)

Thus, at X > X1 as a result of instability flame flashes back into the burner tube. Flame stabilization
by the burner rim is possible only at sufficiently slow rotation.

VII. CONCLUDING REMARKS

The proposed mathematical model shows that the observed buckled flames (Figs. 1,2) emerge
not as a result of an instability of the classical Bunsen cone, but as the only possible equilibrium
configuration. The pertinent smooth solutions, however, exist only at sufficiently slow rotations.
When the angular velocity o exceeds a critical value coc -mooth solutions are replaced by oscillating
singular solutions (Fig. 7c). The singular solutions (unlike the smooth ones) are, however,
unstable. Thus, at co > .oc and fixed velocity of the oncoming flow (v.), flame stabilization in a
rotating tube becomes impossible and the flame flashes back.

.,.,,. ,, m.nn.ml mn nnmnm unmm n m 96-



The physical reason for the flashback is quite simple. If co > oc the rate of fuel supply (v.) turns
out to be insufficient to provide equilibrium flame configuration in the gas such that the flame breakes
away towards the oncoming flow of the fresh mixture.

To verify this interpretation in a more formal way it is instructive to consider flame stabilization
in a wide tube, where the dissipative effects (Dth) may be ignored. The corresponding mathematical
problem is thus reduced to consideration of the first order differential equation

v r = 4 nvfir2 . IR 2 +v-_Vn
2 (7.1)

Equation (7.1), as is readily seen, admits a real-valued solution (defined over the entire cross
section of the tube, 0 < r < R) only at

0 <OR = 2 {2vnT(v - Vn)
R (7.2)

It is interesting that at small nonzero Dth, the real-valued equilibrium solutions of Eq. (3.4) survive
at co > coo due to the 'tunnel effect', i.e., emergence of high frequency singular solutions. These
solutions are, however, dismissed via stability arguments (Sec. VI).
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Figure Captions

Figure 1. Direct photographs of lean butane/air Bunsen flames with OF = 2.69 and (a) co = 0. (b)
o = 51 RPS (c) (o = 69 RPS (d) (o = 69 RPS.

Figure 2. Direct photographs of rich butane/air Bunsen flames (a) O)F = 5.6, Co = 0 (b) f2F = 5.6, w
= 44 RPS (c) OF = 5.6, co = 50 RPS (d) OIF = 7.12, o = 67 RPS.

Figure 3. Diagram illustrating Bunsen flames stabilized inside the tube (a) and at the rim of the
burner (b) under absence of rotation.

Figure 4. The k-dependence of the parameter L.

Figure 5. The L-dependence of the first zero 41 of the function v(O)( ).

Figure 6. Flame configurations at X = 32 and different values of the parameter L.

Figure 7a. Stable flame configurations with X = 2 x 104 and L < Lc = 3.49357287.

Figure 7b. Transition from (1) stable, L = 3.49357286 to (2) unstable, L = 3.49357287 flame
configuration at X = 2 x 104.

Figure 7c. Unstable flame with multiple singular points with X = 2 x 104, L = 20.
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ABSTRACT

Premixed flames stabilized in stagnation point flow are considered. It is shown
that this classical flow field is capable of sustaining, apart from the known planar flames,
also some nonplanar flame configurations similar to those recently observed in
experiments.
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1. INTRODUCTION

Stagnation point flow is one of the most convenient hydrodynamic systems for
experimental and theoretical studies of premixed laminar flames. The remarkable feature
of the stagnation point flow is that being essentially nonuniform it is capable of sustaining
ideally planar flame fronts. However, recent experimental observations of Ishizuka,
Miyasaka and Law (1982), Ishizuka and Law (1982) have shown that the stagnation
point flow may stabilize also some nonplanar flame configurations. One of these new
possibilities of the flame equilibrium is shown on Figure 1.

The present paper is aimed to show that the nonplanar equilibrium flame
configurations are indeed admissible by the classical stagnation point flow field.

2. MATHEMATICAL MODEL

Consider the idealized scheme of Figure 2 in which the axisymmetric jet of the
stagnation point flow field is assumed to be infinitely wide in diameter but of finite length
(h). The coordinate frame is chosen in such a way that z = 0 cooresponds to the
stagnation plane. Assuming for simplicity the gas to be incompressible, the
corresponding axisymmetric flow field V = (vr, vz) is given by

Vr =V(L [, +(r)

(2.1)
vz ()l +(l

where V is the velocity of the oncoming gas flow (at z = - h, Figure 2).

Define the flame as a geometrical surface, F(r,zt) = 0, propagating relative to

the gas flow with a prescribed speed V0.

The flame front evolution equation may then be written as

V.- D - V0  (2.2)

where

D Ft (2.3)

is the flame velocity relative to the fixed frame of coordinates (r,z) and
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-. VF
n =. -5(2.4)

is the normal to the flame front.

To avoid dealing with implicit functions let us specify F(r,z,t) in two different
ways

F(r,z,t) = z - 0(r,t' (2.5)

and

F(r,z,t) = r - W(r,t' (2.6)

In the first case

, (2.7)

while in the second

+ D - (2.8)

Hence the evolution equation (2.2) may be written either as

Vr 0 - Vt + =- VO (2.9)

(z = O(rt)

or as

-Vr + vzVz + Vt =- o + (2.10)
(r = 4t(z,t)

Substituting (2.1), Eqs. (2.9) and (2.10) yield

-1--- + - ) 2 + + = Vo + (2.11)

h h h( h(j2 ( )~4z ~ J (2.12)
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Introduce the nondimensional quantities

p=z/h, ,=z/h , D= 'h , 'T =4/h,
(2.13)

'r=Vot/h Q=VNo) I

In terms of the new variables Eqs. (2.11) and (2.12) become

4,+ V1 +c +Qp(1 +0)0p+ (D (2+0)=O (2.14)

N 7+ */1 + -Q(1-)- - (2 +)), -v=0 (2.15)

3. EQUILIBRIUM CONFIGURATIONS OF THE FLAME FRONT

From now on we confine ourself to the study of the time-independent flame

configurations only, i.e., we set (D., = W -= 0. Equation (2.14) then yields

ODP = V ( 'O(2 + D) 2 - 1

VQ20 2(2 +D)2 + 2p2(1 +()2 - 1 - Q(1 +0)(2 +O0)p (3.1)

Here we have selected the branch for which (p is negative at D = 0.

Figure 3 shows the corresponding integral curves. Note -that in the region
marked by (#) (characterized by relatively low velocity of gas flow) flame stabilization is
impossible. The flame configuration (Fig. 4b) corresponding to the solution (a) is of
special interest since, despite its rather unusual appearance, it seems to be realizable
experimentally in counterflow systems (Ishizuka and Law 1982). Similarly, the time-
independent version of Eq. (2.5) yields

Q 2(1 +)2 -I

V=2(1 + +)2 + Q22(2 +() _Q( + )( + )W (3.2)

This equation corresponds to the branch for which Wkf is positive at 0 = . The integral
curves of Eq. (3.2) are shown on Fig. 5. In this case each flame front configuration seems
to be experimentally feasable, provided the flame is held at the rim of the burner
(4 = - 1, V = AVo). Curve (a) clearly corresponds to the Bunsen type flame, while (b) to
the "grammophone" flame (Fig. 4d,c). Since Eqs. (3.1) and (3.2) are nothing but different
branches of the same basic equation (2.2) their solutions may well coexist. In other
words actual flame front shape may be composed from the elements generated by Eq.
(3.1) as well as by Eq. (2.2).



Figure 4e shows one of such configurations, which clearly corresponds to the
experimental situation shown on Fig. 1.

4. CONCLUDING REMARK

The simple geometrical model discussed above, shows that the classical
stagnation point flow field apart from the known planar flame is indeed capable of
sustaining other more complex flame configurations. In the present article we didn't
discuss the question of dynamic stabilization, which due to apparent nonuniqueness of the
possible equilibrium states may prove to be quite nontrivial.
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LIST OF FIGURES

Figure 1 Nozzle stabilized counter flow lean propane-air flame. (Courtesy of S. H.I Sohrab, Northwestern University.)

Figure 2 Diagram illustrating premixed flame moving in stagnation-point flow field.
Shadowed area represents the burnt gas region.

Figure 3 Integral curves of Eq. (3.1) for(p=2. (a= 1/Q, {3=- 1 + f1 - 1/Q)

Figure 4. Integral curves of Eq. (3.2) for (p = 2. (a = l/Q, 3=- 1 + f- /Q )

Figure 5 Some of the possible equilibrium flame configurations in counter (stagnation
point) flow fields.
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