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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
illuminarting one particular aspect of the complex problem. For example, many mode!l
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 ot 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 [ and II. As 1s described in
the Appendix I, wrbulent spray is considered as a jet of liquid hvdrocarbon 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+€0), near-stoichiometric (F+O), fuel-
lean (eF+0O), and pure oxidizer (O) 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 (O)
regions identified above may sunporr diffusion flames.  Also. partiallv premixed flamcs
wili be encountered between the regions (F)-(eF+0) and (O)-(F+ €O) wiih the flame
receiving either fuel or oxidizer from both sides of its reaction zone. Finally, premixed
flames will occur in regions which have near stoichiometric concentrations. It is
emphasized that while the premixed flames are dynamic because of their propagution,
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the diffusion flames only move due to the motion of the burning droplets or the bulk
convection of the burning (F)-(O) interfaces. Under the velocity tluctuations. the
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 the expansion of the gas, the velocity normal
io the flame surface will experience a sudden jump across the flame. Another
significant hydrodynamic parameter which influences the flame behavior is the rate or
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 tlames 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 ot 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 present experimental model
provides steady and stationary flames, the diagnostics of the properties and structure
of such acoustically unstable flames is facilitated. Another significant tinding in the
experimental investigation was the occurrence of the so called hysteresis phenomenon
shown in Fig. 1. In the tests, the contour of maximum fuel molar concentrations Xg 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 tuel




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
mechanisins for 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 1o 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 ihai ihe geometiy 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 sianding 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 ¢conomic 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 tlames, Appendix II.
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 ot heat versus reaction-contolling species. Thus, when the




Lewis number Le = a/D ( a and D refer to the diffusivity tor heat and the dericient
componeni) 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 etfects 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 (Bidinge-
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 CF3Br 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+0O;,—>0H+O
and a chain terminating reaction such as
H+0O;+M - HO; + 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 H; + O, as reactant , the large difference between the molecular
diffusivity of the fuel versus oxidizer makes the mixture particularly susceptible to




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 geometry 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 expenimentally
(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 predicilons.
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 experimentaily as well as
theoretically. In particular, the 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 or the flow
rotation on the geometry and stabilization ot 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 observat.on 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 -e 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 quaiitative agreement with the
experimental observations. [n particular. it was established that in the stagnation
flow configuration, besides the usual planar flame, other non-planar tlame surtaces
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 o° star shaped flame of rich butane-air
mixture in stagnation - point flow Photographed from the

top through quartz plate( see Appendix 1. Fig 1 )
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Combustion of Liguid Fuel Sprays in Stagnation-Point Flow
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Abstract—The steady combustion of polydispersed spravs of ethanol and kerosene in the stagnation-pont
low ol lean methane wir mixtures is experimentaily invesugated. Using iuser Doppier veiocimetry, the axiti
and radial v.locity protiles of the droplets ure measurcd for water spravs in the presence or absence
of lean methane:air lame. These results are then compared with the veloaity profiles obtained for small
MgO particles under identical flow conditions. The results show the etfects of gus expansion on dropict
deceleration taccelerauon) in the pre-flame (post-flame) regions. Also. it is found that addiion of water
sprav results in the formation of a distrtbuted regton of yellow-orange ecmission downstream of the fean
methane ame. In combustuon of cthanol sprav. certan critical fuci-concentration velocnty hmuts are
wdentified above winch the tlame dbecomes acousucaliy unstabic. The impucauons of the stuay 10 'ne
modeing of turbulent spray combustion are discussed.

INTRODUCTION

Studies on combustion of liquid fuel spravs help to improve the understanding of
burning processes in gas-turbine, iguid-rocket and diesel engines. among many 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 turbulence in most practical applications. Turbulent fluctuations modify
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. analvtical and experimental studies often aim at modeling the separate
effects of individual parameters which are known to locally govern the reactive
dow field. The results of such studies will help the future development of more
comprehensive global mc s for turbuient spruy combustion.

The evoiution of theoretical models of sprav combustion has been discussed by
Wiiliams (1985). Recent developments in the field. including the progress made
in turbulent sprav combustion. have been reviewed by Fueth ¢1983). Because of ine
compiexity of the problem. besides the full-scule studies. iwo distinct and compli-
mentary classes of investigations have been tound necessary. First are studtes which
aim at understanding of local phenomena. and consider combustion of single droplet
ar an array of droplets. Second. which inciudes the work reported herein. are studies
concerned with the global effects and investigate combustion of mono- or poiy-
dispersed sprays in laboratory scale burners. For example. spherical propagation of
flames in mono-dispersed spravs of ethanol and n-octane has been studied in Wiison-
cloud-chamber type apparatus (Havashi and Kumagai. 1974: Havashi er /.. 1976). In
another experimental model. combustion of polv-dispersed spravs in propane-
kerosene drop-air {Mizutani and Nakajima. 1973) and kerosene-air (Polvmeropouios
and Das. 1975) svstems were studied in inverted-cone-flame-burner configuration.
Also. the propagation of planar flames in polv-dispersed spravs in ¢viindncai 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 modeling of turbulent sprav combustuon. one of the mmor difficulties to be
addressed 1s the way in which the muitipie flame surtaces and the individual dropiets
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behave under the large velocity fluctuanons (Faeth. 1983). Thus. the probiem in par:
involves interaction of a burning droplet with severe velocity non-uniformiues. It s
expected that, simiiar to homogeneous turbuient combustion. the flame stretch
compression effects (Karlovitz er 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 er al.. 1984: 1986). mixing non-
homogeneities may lead to transitions between premixed and diffusion burning
rezimes (Lin and Sohrab. 1987).

The present experimental investization is an extension of an earlier study (Sohrab.
1985) on combustion of hvdrocarbon sprays in {aminar stagnation-point flow. The
studyv 1s motivated by the fact that in such flow configuration. not onlyv the fluid
mechanics of the gaseous flow is relatively well understood. but the effects 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 sprav-burner is
described and the axial and radial velocity profiles of the gas as well as non-reactive
dropiets 1n (water sprav-methane-air) systems are presented. Next. the results on
combustion and acoustic tlame instabilities observed in iethanol sprav-methane-uir)
and (kerosene sprav-methane-air) svstems are discussed. A summary of our principal
findings is given in the concluding retarks.

SPRAY BURNER SYSTEM

The stagnation flow spray burner is composed of a quartz contoured nozzle with
32mm exit diameter and 10 to 1 area contraction. a flat quartz plate and a liquid fue!
atomuzer. In Figure | the schematic of the spray burner is shown. Air and gaseous fuel
are metered by conventional rotameters and premixed in the lower chamber of the
burner as shown in Figure . 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 situdted at the center of the
extension tube as shown in Figure |.

Two types of atomizers with fundamentally different working mecnamisms are
considered for generation of poivdispersed spravs. The first type of atomizer empliovs
uitrasonic vibration ot a specially designed nozzle using prezo-cieciric crysiais jor
iquid atomization. The liquid fuel is fed into the atomizer by gravity trem a specially
designed supply svstem which maintains an optimum constant liquid levei atail tmes.
The atomizer produces 20-50 um droplets in a narrow jet. about 40 degree cone angie.
with negligible spillage und axial momentum. The second atomizer is a high-pressure
atomizer that is used in convenuonal il spray burners, The hquid 1s introduced 10 the
atomizer from a | liter storage tank pressurized to 100 psig by nttrogen gus. The conz
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 polvdispersed
spray is formed at the exit plane of the nozzle. This flow subsequently impinges
on a fat quartz plate located at a specified and fixed height. 14 mm. above the
nozzle im. As shown in Figure 1. a ring of cooling water with smail water jeus
surrounds the nozzle for cooling the rim as well as the exhaust svstem. A fuel
drain pipe is provided for droplets which may accumulate within the glass bead
region. An exhaust system :s surrounding the nozzie. Figure l. to nrevent tne
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compired to particles (Figure 4). On the other hand. the radial velocity of droplets
is shightly smaller. < 2¢m s, than that of particles (Figure ). Also. the small but finite
value of the radiai velocity about 13em s.at Z = 0 shows that the fow at the nozzic
rim 1s not purely axial. This early divergence 1s apparently caused by the overall
pressure distribution in the flow held since 1t remains nearly constant even in the
absence of the exhaust suction,
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The characteristics of water spray in the presence of lean methane air flames
are examined next. At nozzle velocity of I = [2dcm.s. a lean methane air fame
with volumetric fuel concentration Q, = 7.5% is established first. Small quantity.
0.02cc.s. of water spray 1s then introduced into the flow field. The direct photograph
of the iniual 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 Hlame 1s not easily susceptible to soot formation. This phenomenon 1s
in part caused by the cooling effects of evaporating droplets in the hot post-fiame
regions. It ts known that the slow combustion of carbon monoxide 13 not complete
until about 2 mm downstream of the flame zone (Tsujp and Yamaoka. 1982). Hence.
ihe cooling erffects due to droplet evaporation may suppress CO combustion and iead
to polymerization. Also. scavenging of radicals. such as OH. due 10 heterogeneous
surface recombination mayv occur. Hvdroxyl radical 1s known io be effective
combustion of soot precursors.

Similar phenomena were observed when distilled water was used instead of the tup
water. Therefore. the yellow-orange radiation could not be associated with emission
from possible sodium salt impurities in water. Small quantities of soot were found 10
deposit on thin metailic wires inserted in the vellow post-flame regions. The vellow-
orange radiation zone ended abruptly about 2mm from the quaniz 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
vellow-orange radiation region and its possible relation to soot formauon requires
further future exploration. Figures 6¢-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 thut
the flame thickness increascs in the presence of water spray.
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4

FIGURE 6 Direct phatograph of CH, air flames in presence of water droplets (1) Pure CH, wir flame
(b) CH, wir tlame with water drops i) CH, wir lames with water drops under pre-flame dlumimation (d
CH, wir flames win water drops and post-tlame luninaton. 17 = 12dem s Q0 = 736 H O 0.02ec -

The axial temperature profles for the lean methane air Hames. Q, = 7.7% and
17 = 125¢m 5. with und without water spray are shown in Froure 7 ThL data are
obtained dv axwl traverse of a4 siicu-coated Pl=Pi=13"s Rh thermocoupic witn
O b mm wire diameter at a constant radiai positton = 6 mm. Cleariy. the measured
temperatures represent 4 mean vaiue since dropict collisions with the thermocoupie
ianction occur. The cooiing etfects of water spray reduce the tlame propagation speed.
wiich s manitested by the refocavon of fame cioser 10 the stagnaton pianc.
Z = ldmm. The axial thickness ol the orange-vellow faver isadenutied in Figure ©
The upper surtuce of the vellow emission laver aoruptly ends at a hnite distunce from
the hot quartz plate t Figure 6bi. it 1s noted that relatively small changes of the mean
temperatures. < 75°C. have resulted in substanual change in radiation characteristics
in post-flame regions. Of course. because of the vaponzing droplets. the local tem-
perature fluctuations are much larger than 75°C.

The variauons of the axial and radial velocity as functions of Z for droplets and
MgO particles in the presence of lean methane atr Hame are also shown in Figures 4
and 5. As seen in Figure 4. the differences between axial velocity of particles and
droplets are quite substantial. The data show thit droplet deceleration (acceleration)
induced bv the gas expansion m the pre (post) Hame zones is smaller than that

1.0
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FIGURE 7 Axial temperature profiles in lean mcthane:air flames (1) without, (b) with wuter spruy.
Q, = 1.7%. V" = 125cmys. H.O = 0.019ccs. 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 80cm,s. 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 dithcult.
Obviously. such velocity jumps result in enhanced dropiet slip velocity which will
substannally alter droplet evaporation/combustion in chemically reactive sprays.

In the stagnation-point flow configuration. the axial velocity at the upstream edge
of the preneal zone may be defined as the laminar propagation speed of the stretched
lame wiich differs from the propagation speed in the absence of stretching. Accord-
ing to Figure 4. this axiai veiocity 1s about 30cmys at the position Z. = S mm. based
on the MgO velocity profile. in agreement with prior observauons for lean methane
flames (Yamaoka and Tsui, 1984: Wu and Law. 1984) under simiiar stretch and
concentration conditions. Because of the inertial etfects. 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 sprayv. However. for the flame cooled by water spray.
an approximate and lower propagation speed. about 20 cmus. is esumated 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 3. also retlect the effects of higher droplet ineruia. It1s noted
that the boundary layer thickness J for reactive flow is about twice. d = 2mm. that
of the cold flow (qure 5). This tendency is anticipated since for the present flow field
J1s proportional to /v (Batchelor. 1970) and the kinematic viscosity v is an almost
lincarly increasing rfunction of temperature. In addition. because of the composiuon
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differences. the value of v is different for the reactive and non-reacuive flows. The dat
in Figure 5 also show that the measured maximum radial velocities of droplets and
particies are nearly the same, 66 and 68 cmys, while those within the boundary layver
are identical. :

REACTIVE SPRAY IN REACTIVE FLOW

In this section. the combustion of fuel spravs 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 thev 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 c¢thancl. on the other hand. droplet evaporation
begins immediately after atomization. Hence. in this case smaller droplets burn 1n
the gaseous mixture of their own vapor and methane-air. For heptane spravs. the
concentration of methane in air could be reduced to zero while maintaining steady
combusuon 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 8. the side
view as well as the top view. through the quartz plate. are shown. A horizontal sheet
of taser light was axially positioned 3 mm upstream of the flame surface in Figure 8b
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 evalu-
ation of droplet size and distribution in the pre-post-flame regions. Preliminary
observations of magnified photographs. such as Figure 8b. showed that most of the
droplets are not spherical in shape. For kerosene sprays. Figure 9. enveiope 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 spravs were taken when
the high-pressurc atomizer was being used (Sohrab. 19851, It was found that with
dense sprays. Kerosene drops actually impinge on the hot plate and support a partiaily
premixed flame (Sohrab ¢r al.. 1984) adjacent to the hot piate. In this burning regime.
a thick laver of soot develops on the quartz piate which is dithicult to remove.

The variation of axial tflame position Z, and the mean flame temperature 7. with
methane concentration in air Q. ror cthanol and keroseng spruvs ure shown in Frgures
[0 and 11. In these tests. the total hiquid Aow rate into the burner 18 held fixed by
maintaining a constant atomizer frequency and liquid level (n the supply tank.
However. the quantities of liquid fuels which actually reach the flames will depend on
the gas velocity ™. The effectve values of iquid flow rates given in Figures 10 and
1. are obtained by subtraction of the measured rates of hquid drainage from the
burner from those introduced into the atomizer. Such experiments are dithcult since
the svstem must reach a steady state operation before the measurements are made.
Moreover, with the ultra-sonic atomizer. our ability 1o 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 spravs, the flames extinguished below a3 mimimum
methane concentration Q, < 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 spravs appeared thicker than that of homogeneous lean
methane:air fame. about | mm. The variauon of Z, with Q.. Figures {0 and 11.15:n
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FIGURE 8 Durect photographs of lean CH, air flames with ethanol sprav (a) side view thi top view with
.aser sheet ighting,

accordance with the known dependence of flame propagation speed on the mixture
stotchiometry. For ethanol spray. Figure 10. at Q, =~ 3.77 the flame flushes back mnto
the nozzle. We note. however. thatat I = 121 cm s. flame flash-back does not occur
for methane cir tlames 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 (Hayashi and Kumagai. 1974: Havashi er al.. 1976). Theretore.
the observed phenomenon shows that higher laminar flame propagation speed has
occurred in the heterogeneous system as compared to those achievabie in homogen-
eous mixture of either fuel. Such tendencies have been observed earlier (Mizutan
and Nakajima. 1973a: Polvmeropoulos and Das. 1975) when. under fixed overall
stoichiometry. the flame propagation speed was found to hrst increase and then
decrease with droplet diameter. This tendency is in agreement with the early pre-
dictions by Willilams (1960).

Unfortunatelyv. the vanation of flame propagation speed with Q, in sprays could
not he measured because of the dithculty in obtaimng the axial vejocizy of the sas in
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FIGURE 9 Duirect photograph of lean CH, air flame with kerosene spray.

reactive spravs. Here. the laser velocimetry based on dropiet mouon cannot be us~d
since droplets do not follow the gas (Figure 4). On the other hand. addition ot MgO
particles to the spravs is not feasible. since particles tend to agglomerate within the
flquid fuel. When vaiues of Z. in Figures 10 and |1 are iineariv extrapolated to 2, — 0
it 1t s found that Z.is about 4mm. c. position of the stagnation piane. This

an
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tendency suggests that the flame propagation speed in pure sprays. in absence of
me:hane. is zero which corresponds (0 exunction condition. hence. in absence of

sutficient gas-phase fuel. the gasification rate in spray 1s unable to support self-
sustarning flames 1n ethanol and kerosene sprays considered herein.
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An:nteresting observation made tn conneciion with the tests on reactive sprasvs was
the occurrence of acoustically unstable flames in certain range ot nozzie veiocity und
fuel concentrauon. For example with }™ = 17dcm s and ethanol fdow rate of
0.085ccrs. it was found that near Q =~ 4%. the flame started to vibrate and emt
audible acoustic sound. Such acoustically unstable flames persisted bevond Q; ~ 4%
until the eventual extinction of flame at the rich flammibility limit. The acor stic flames
showed small. <2 mm. axial oscillations at high frequency. about 120 Hz. measured
from amplified microphone signal. The extent to which hvdrodvnamic. thermo-
diffusive and chemical flame instability mechanisms are effective in promotion and
sustenance of such acoustic flames are as vet not understood. The hvdrodvnamic and
thermo-diffusive aspects of premixed flame instabilies have been discussed by
Sivashinsky (1976). It appears that resonance effects with the acoustic waves within
the burner cavity plav a dominant role in the present situation (Zinn. 1986). Simitar
acoustically unstable flames were also observed earlier in kerosene. heptane. octane
and methanol sprays (Sohrab. 1985). Since the onset of acoustic instability was found
1o be repeatable. the present experimental model may be used for svsiematic study of
this interesting phenomenon.

DISCUSSIONS

In the sequel. the relevance of some of the results obtained for non-reactive and
reactive spravs to the global aspects of turbulent sprav combustion will be descrnibed.
Asin many applications, the spray is assumed to be injected 1nto a hot and turbulent
oxidizing atmosphere. Thus. from the central core of the sprav to the fur field regions
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 only
in the gas phase. in the following discussions the concentrations reter to those in the
gaseous phase. We may then expect that in addition to regions of pure fuel (F1 and
oxidizer (O). other intermediate premixed regions composed primarilhy of fuel
(F <+ ¢O) or oxidizer (O + ¢F) will also occur. Finally. there will be regions where
near stoichiometric mixtures (F + O)are encountered. Such regions mav contain fuel
dropiets and will be under constant random motion due to turbulent Huctuztions.
Hence. the composition of various regions mayv change due 1o droplet evaperation
and by fast turbulent mixing or the relatively slow molecular diffusion. However.
ander sutedy hodiogeneous turbulent situations. the stochuastic averages in the muit-
phase feld mav remain mvariant in ame.

[n the presence of chemical reactions. some of the intertaces between the reuions
identified above mayv support ditffusion flames (DF) or partally premixed (PP
flames (Sohrab er wl.. 1984, 1986). Also. in the regions (F = Oy, premuxed tlumes (PF)
may occur which wiil be dynamic due to their propagation. The difusion tames.
which do not propagate. may be convected by the mouion of burning droplets or b
the bulk motion of the entire interface between (F)and (O) regions. The existence of
these multiple flame surfaces is known to depend on both locul fuel and oxidizer
concentrations as well as the local rate of stretch. The critical fimus of fuel and
oxidizer concentration for flammability of (DF) and (PF) have been extensivehy
studied. Moreover. the influence of the rate of stretch on the flame extinction hus been
discussed (Withams, 1985). Thus. the combustion ficld mas he compased of many
(PF). (DF)and (PPF) surfuces that are in random mouion as droplets cross such lame
surfaces. Clearly. 10 understand the complex dynamics of the flow flame droplet
interactions. simpie modeis of the local low conditions should be studie ' first.
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In view of the above considerations. 1t 1s evident that the study of spray combusuion
in stagnation flow will help to simulate the local low condiuons within the com-
bustion field. For example. the probiem of non-reactive sprav discussed earlier is also
relevant to situations where fuel droplets pass through rich premixed flame surtaces.
Under such conditions. only droplet evaporation and the consequent cooling effects
will occur. since downstream of the rich (PF) no more oxvgen will be available for
further combustion. We note however that the behaviour of tuel droplets after
rich (PF) will be somewhat different than water droplets since the tormer mas
undergo pyrolysis. Nonetheless. similar to the observed effects of water spravs on lean
methane-air lames. fuel sprayvs in tuel rich mixtures are also expected to influence the
process ot soot formation in the post flame regions.

The knowledge of velocity und trajectory of droplets as they approach and puss
through flames 1s quite important for the understanding of turbulent spray com-
bustion. For example. the observed enhancement of droplei slip velocitues across
flame fronts are expected to result in local strained. stagnation fow fields in the
proximity of the individuual dropiets. Such local stretch rates will then alier the
structure and exunction behavior of the diffusion flames (Williams, 1973 which may
surround the droplets. Another imporiant problem to be addressed s the evaluation
of the critical minimum concentration of gaseous fuel which would insure steads
combustion within the sprav. For example. the combustuon of (ethanol spruv-methane-
atr) system discussed earlier was svmbiotic in that individually. both tmethane-uir)
and (ethanol-sprayv-uir) mixtures were incuapable ol supportng self-sustained flames
under the specified flow conditions. The relevance ol studies on spray combustion in
countertflows to turbulent sprav combustion modehng were discussed in more detail
elsewhere (Sohrub. 19851,

CONCLUDING REMARKS

In this study. the behavior of reacuve and non-reactive sprays within methane wir
mixtures in the stagnation-point flow configuration were investigated. In partucular,
the mouon ol water spravs in lean methane air tlame was studied. Tt was found that
waler sprayv resulted in the formation ot a vellow-orange radiation luver downstream
of the flame zone. The axial and radial velocity profiles of water droplet and small
MuO particles were measured 1n both reactive and non-reactive tfows. Thus. the affeet
ol gis expansion on the droplet mouon in the pre- and post-ilame regrons were
Jetermined and compared o those tor MeO particies.

For combustion ol cthanol and kerosene spravs in methane air muntures. the
variiuon of lame temperature and position with methane concentration was deter-
auned. TCwas Tound that befow 1 minumum methane concentrattion, steady tlume
propagation 1in the spravs was not possible. Also. above certain criical methane
concentrations. the lames became acousticully unstable. This interesung and compley
phenomena refates o acousuc-chemicully coupled flame instabihines and requires
turther systemauc investigation. Since stcady and stationary flames were achiesed. the
present experimental model provides a good vehicle for future investigations of spray
combustion.
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THE COMBUSTION AND ACOQUSTIC INSTABILITY OF ETHYL-ALCGHOL SPRAY IN
STAGNATION-POINT FLOW

J. He TIEN and S. H. SOHRAB
Department of Mechanical Engineering
Northwestern University
Evanston, Illinois 50208

INTRODUCTION

In almost all practical applicacions, such as liquid rocket motors,
diesel engines and gas-turbines, spray combustion occurs in turbulent flows.
Because of the large number of paramecers, and interactions between
£low/flame/droplet, the discription of the combustion field is exceedinglwv
complex [1,2]. Therefore, most modelling techniques first actempt zo identify
the role of the individual parameters which influence the combustion fieid and
investigate their separate effects in simple analytical models or concrolled
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 parametrers, among others, wnich 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 dyanmics [3-5]. In turbulent sprays, on the other
hand, the importance of the interaction between droplets and turbulent eddies
has been recognized {l1]. 1In general, turbulenr fluctuations will induce flame
stretching and effect the motion of d4roplets. For example, the nature of
droplet evaporation and drag force on drolets are «nown to depend on relacive
speed detween che droplet and gas (l]. 3Hence, studies on the effectgs 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
relocity zradients which predominate the zurbulent sprays.

In racent 2xperimental investcigartions [6,7], t“he combustion >f aydro-
carbon sprays in stagnation-point flow was studied. Such Zlow configuration
is best suited for systematic study of the effects of controlled velocity
aonuniformity on flames (2]. In application to spray combustion, since steady
and planar f{lames can be stabilized within the flow, the flame diagnostics and
evaluation of droplet trajectory through the flame are facilitated. 1in the
present experimental study, certain combustion characteristics of ethyl-
alcohol sprays in lean methane/air aixtures are investigated.

EXPERIMENTS AND DISCUSSIONS

The spray combustion is studied in a burner which is schemacically shown
in F1g. 1 and was described previously {6,7]. The polydispersed spravy of
ethyl-alcohol, 20-50 u droplets, (s 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 sprav impinges on a jlanar quartz
plate. The :zrajectories, Ilow streamlines, of zhe droplets are schemaC.cally
:lliustraced in Fig. 1. Also, direct photograpn of the streamiines nave 2een
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nade using laser sheet-lighting for ilumination. ?Planar flages can be
obtained in the ethyl-alcohol spray with small volumecric goncentrarion 2 of
aethane in air, 2 = 2.

A constant tocal flow race of atomized liquid, Q = 0.0833 cm’/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-10% Rh thermocouple, .i0 mm wire, the tem-
perature T. and position Z., measured {rom nozzle exit plane, of the planar
flame are then measured as 2 is increased at fixed air flow rate. Hence, the
mean gas velocity at the exit plane of the nozzle V is nearly coastant at
157 ca/s. In this flow configuration, the flame noisiton can be related to
the laminar flame propagation velocity S¢ for stretched flames (7]. The
results of such measurements for pure methane/air f£lames and those in prasence
of athyl-alcohol spray are shown in Figs. 3 and 4. As {s to be expected, Zf
decreases {S: increases) with [ until the aixture has reached an effective
stoichiometric composition, Q. = 9.5 and 5.4 in Figs. 3 and <, and cnereafter
increases (decreases) for fuel-rich mixtures.

An interesting observation made in the test was conceraning the occurence
of certain acoustic instabilities in both pure lean methane/air flames aad
those with spray of ethyl-aicohol. It is found that the planar flames start
vibrating, emitting sound waves, over certain composition range, 2 < Q< Q.,
identified in Figs. 3 and 4. Some of the acoustic frequencies as well as the
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 (9] are presently being further investigated.
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CHEMICAL XKINETIC AND THERMAL ASPECTS
JF CEZLLULAR 2REMIVED FLAMES
A. N. Jacobi and S. H. Sonrab

Department of Mechanical and Nuclear Engineering
Northwestern Universicy, Zvanston, Illinois 60201

ABSTRACT

The temperature fields of starfonary and rotating polyhedral 3Bunsen

Ilames of butane=-air are experimentally investigated. 4As the addicivaes CF43r
and N: are gradually iptroduced into the combuscible mixcture, zhe rariac-.oa of
the cemperature in the trough and crest regions of che polynedral Zlames are
examined. It {s found that additlom of 0.36 (5.0) zolar perceatage of CF,3r
(N5) completely removes the cellular struc:uré‘of the polyhedral flame. The
results suggest that in coanjunction wich the preferential-diffusion mechanism,
chemical-kinetic effects also play some role in the formation, ampliZication
or sustenance of cellular flame structures. Some phenomenological arguments
which are based on kinetics of Sranched-chain reacczions are preseacsd in
support of the emoirical observations. Also, in bdutane/air aixzures of
different velocity, the critizal f{lame cemperaturas :o;rasponding 0 ke onset

2f cell formation are found fo Se nearly identical. The reriodic

{rcumferential-tluczuactions 3f che zemperature at diffaraat radial josizions

[£)

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

of rotation is determined.
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INTRODUCTION

Investigation of flame-front instabilities has been recognized as a
significant branch of the combustion science (Williams, 1985). In the purely
$luid mechanical svscems, the Ilow stability is related %o the Revnolds aumber
which describes the eventual onser of rturbulence. If, in addicion o =he
velocity gradients, both temperature and concentratioa gradients are also
present, the £low scabilicy {s further complicatad due co the simultaneous
transport of momentum, heac and mass. Thus, inclusion of cwo addiziomal
paramecters, namely 2randtl, 2r (ratio of momentum £0 heat diffusivicy) and
Lewis, Le (ratio of hear £o aass difiusivity) numbers will bde aeeded.

Finally, if the non-homogeneous flow £ield is also chemically-reactive, the
chemical-kinetic effects also induce ctheir direct or indirect influences on
the flow/flame stability. Tﬁus, in general the stabilisy of flames aay be
said to be govermed by avdrodynamic, thermal, diffusional as well as chemical
effects., One of the objectives of the p»resent investigation s to ascerctaia
the extent to which the last category, namely chemical-kinetic effects,
influences cthe stability of premixed 3unsen flames, such as polvhedral Slames.

The £irstc report about jolvhedral flames (PYF) was Ziven >v Smizhells and
Ingle (1892). <They reportaed zhe axistence of scationary or rotating
solvhedral flames in fuel-rich mixtures of higher hydrocarbons such as
Yenzene, pentane and heptane buraing in air, Later, Samith and 2igkeriang
(1929) conducted systematic experiments on P4F in rich propane/air and
nbgerved 3 £o 7=-gided polvhedrals and detarmiazed the characsteristic cell size
of zhe flames. Subsequently, Markstein (1964) periormed comprehensive scudies
on the stability and structure of cellular and polyhedral Zlames. Also, the

zoncsntrations of some 2f zhe stable specias in che :=Tough and :srest zones &
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fJosz, et al., 193I: Markstain, 1333)., oze racenzlyv,

2UF have 3een zeasured
the ilafluence of the durner-rim aerodvnamils oa 24T 57 Suctanes/ais on 3unsen
burner was sctudied (Sohrab and lLaw, 1985) where some preliminary daca on tle
angular velocity of rotating P4YF was also presented.

Manton, et al. (1952) atctributed the occurrence of cellular scruczures oo
the preferential diffusion of heat versus the deficiant reactant. Thus, Ior
La (based on =he diffusion coefiicient of :he deficiant component) _aess than
unlcy, the Zlame-front corrugacions would grow zecause of the Zavorable
stratificacion of the combustible mixture (Lewis and von Zlhe, 1967).

The zheoretical Ziavescigations of zellular flames were iniciaged 3v zhe
incroduction of che diffusional-chern-' stability acdel {(3arendlat:, et al.,
1963; Sivashinsky, 1976) and have shown general jualitacive agreement with the
experimencal observacions {Markstein, 1964)., Recencly, 3ora comprehensive
models which include the influences of both hydrodynamic as well as thermo-
diffusive effects have bean r2ported (Clavin and Williams, 1987; Macalon and
Matkowsky, 1982). The linear stabilicy of non-adiabatic flames (Joulin and
Ciavin, 1979; Sohrab and Chao, 1984) and Zlames wi:h cwo-reactant chemiscry
nodei (Joulin and Mitani, [982) have also been analyzed.

Alchough nost of the observations of ceilular flames zhus Zar do agres
wizh the zeneral hypothesis of the »referenciai-4diffusion wnechanism, zhere
remain 3 few discrepancies wnich warrant Iurcther zoasiderations. Tirsc,
cailular stTuctures were obgerved in rich 1ethane/air Ilames (3otha and
Spalding, 1959) which is not {n accordance with the preferential-diffuysion
axioms. On the other hand, it was reported 2lsewhere {3ehrems, 1953) that -o
solynedral flames could be obtained in aethane/air mixturss. aAlso, cellular

structures have HYeen observed in diffusion Zlames (Garside and Jackson, .333)

which do not jsossess anv propagation velocizvy and as such do 20t fall into the




Irameworik 5f zhe medel Jeveloved Ior cremixed svstams. Tin

2xzent and aagnitude of the observed snenomena appear I @ Id0 .arge

a.lrv, zne zavsizal

o
(9]
[V
Wb

accounted on the Yasis of zhe small deviation of Le from unizv,

In view of the above consideration, the role of chemic

through the active radical species in *he formation, ampliif

al=%ineric affec:zs

ication and

suystentance of Ilame-Iront corrugations was recently sctudied >y 3idinger iand

Sonrab (1986). The resul:s of zhis scudv showed that radi:z
atomic hydrogen, iadeed play some cole in the thermo-diZfus
lastabilities. Therafore, it appears that a complece descr
flame~fTont scapilitv mav require zhe inclusion of chemical

addizion o the hydrodynamic, thermal and diffusional affec

al species, such as

ive Ilame

iocion of zhe

affaces in

£s. The present

iavestigation is an extensioca of che praevious study {(3idiager and 3Sonrab,

1986) and aims to furcher expiore the zhemical-kinetic and

thermo-diZiusive

anature of cellular flame structures. Such effects are explored 3v examination

of temperature in the zrough/cTest zones when either chemical innidizor CF.3r

-
b
-

or aitrogen are gradually added to PYF of rich butane/air 3Junsen Ilames.

Also, the rotation speed and the ceriocdic temperature {luczuations of Iotacing

24YF are 2=xamined. Tinally, for different Ilow rates of zhe

compustibie

aixture :througn the >Surner, the Ilame :amperature z2or-esponding 30 :he Jnsec

7t zell formation aire dertarmined.

IXPERIMENTAL PRCCIDURES

The JP4F of rich butane=—air mixtures are stabilized on
shown in Fig. 1. The burmer i3 a brass zube with {.I7 and
f{nside diameters and {s | 21 long such that fully-develoved

srofliles sccur 2t the durner axis oclane. An outar concantr

the 3unsen bduraer
.36 = ourtside and

fsarabpoLiz veloci:cw

iz tube wicth I.Z =




o
(9]
1,
o
§
@

iaside diameter is provided Zor the zontrol of velocizw comDosiiid
surrounding J3tmospnera. Tour =2quallv-~spaced lavers >f small Tesa~scrasns ace
placed withia the annular regioa between the concencric tubes 2o obcaia
uniforn velocity profile, as shown in 7ig. 2a. The fuel, oxwvgen, aitrogen and
CF33t are separately anecared and x:ay De Iintrocuced in zhe inner or Jugar
tubes. The gases are thoroughly nixed in 3 mixing chamber before introduction
iato the burner tube. ?Precise adiuscament of the Zuel and CFEBr flow r2ces ara
aandatory, Secause small changes ia concentration of these species car alcar
the PYF substantially (3idinger and Sohrab, 1986). Soap~btubble necars are
therafore uysed to accurataly measure the flow rates »f :the bSutane, CF.3r and
X:.

A stationary f=sided PHF {s chosen as a standard reference Zlame Zor the

of

subsequent comparisons. For the reference Zlame, the fuel coucencration 2, (%

w

by volume) is 4.8 and the mean velocity at the burner exit plane V is 72.6
ca/s. The light-blue flame with a closed tip has the height of about i3 =,
and the dark-zone between the burner rim and the flame bhase is J.3 mm. In
order to prevent the Zlame rotation about the axis of gymnec:y, during the
temperature Teasurements, a special scabilizer ring shown in Fig. Ib was
desizned. .The stabilizer rving is mountad at the cop, around che >Juter HSuraer
tube such zhat Lt 2an be roctated about the burner axis, Six p»latinum wices,
7.05 mm diameter, are clrcumferentially positioned such thac thev are 30

degTaees apart and extend radiaily inaward., The wires rerminace J.3 Tm 3wa;

(213

rom the innar-surface of the burner tube, close 0 the crest zones oL zhe
referance ?YF. Roctation of che stabilizer cing results in rigid-body ratation

of the entise ?4F. It is established that the stabilizer ring has no visibie

"y

effects on the reference ?4YF. This ring helps o osrevent the unwantad

Totacion of the Ilames dyring the Iamperaturs 2easuramencs 2n 3fationary




FHF. A Jirec: prozograpn oI tne standari PYT cn o the surfmer wiiIn stabillczer
ting is shown i Tiz. 3.

Temperaturs measurements are amade Yy using a silica=-coated, Pt-?:-134 Rh
thermocouple with 3.05 am wire diameter, which can Ye traversed ia bSoch radlal
and axial directions. The response cize of the thermocoupie2 junction Iis
astimaced 2o Je adbout 2 a3s. 3ecause of cze local perturbations iaduced »y the
iatTusion of :the chermocsuple, the pracise posizioniag of the janczion is verw
difficulz. Tor axample, i cthe junction iIs positioned oo Zar upscream 3f the
f{lsme sheet che flame sheet aay corrugate and anchor at cthe juaction .
Jowever K .since zhe lLuminous Zlame sheet Ls claarly identiZiaple, zhe
approximate positioning of cthe junccicn in cthe vicinity of the reac:zion zone
zan %e achieved. If s Zound necassarvy o amploy two judgemencal criteria for
zhe positioning of che thermocouple junction.

The following criteria are used for the positioning of the thermocoupie
iuncecion in che trough and crest zones of scationary PHF. The PYF {s anchorad
an the burmer and held stationarv dy the stabilizer ring. The ring is tlhen
rotated and the Zlame is positioned such that the center of Irough zoae
radially poincs :zoward che thermocouple unction. The junction is then
radially 3oved iaward ian such a way that the junction (ust Zduches :the
iownscream 2dge 3f zhe _uminous zoune of che Zlame sheet. The critaria Ior
dositioniag of the

junccion in zhe crest is differant. Here, the junczion Iis

Josizioned at the outer =2dge of zhe dark cTrest zone and 1s symmectrically
locacad Yercween -wo adjacent cells, The adjustment of zhe position has o0 de
ione as pJrecisely as possible, Yecause the smallest deviations 2ay cause
rather large temperature variactioms., ~Falsificacion of the 2easurements can

3eeur 3v actachmenc of the flame sheets of the adiacent cells I3 the juncziion

locatad Iin che nqiddle.




The procedure described apove was developed such thaz 200c¢ raceatadiliiv

ny

2f the measurements 2ould “e achiaved, The :zamperatures 3f :he zIrough, -

- )
-

1]

and crestc (ridge), T., zones are then measurad with the junction locaced
above the burner rim. Variations of T. and Tr are determined as che
volumetric concencrations of zhe inhibitor,

arsa

QCFBBr and nicrogen, QY.'
gradually increased in the reference PHYF until complete iisappearan;e of the
cellular structure.

Tor conducting Ctemperature aeasuremencs ia rocaciag 2HF, che
thermocouple, an amplifier, and an oscilloscope are arranged according to che
schematic drawing shown in Tig. 4. The stabilizer ring is removmd Jor zescs
on rotating PHF. Tests on rocating PHF, consider dutane concentration of %.35
in air ac velocicy V7 = 72.55 /s suggested bv the earlier observactions
(Sohrab and Law, 1985). The introduction of nizrogen info zhe outer jackec
tube removes the surrounding diffusion-flame mantle and results fnto rapid
tocation of the PHF. The thermocouple junction is locatad at a csnstant axial
position 6 mm above the burner rim. If the junctiom is %00 cliose O the
Surner Tfm {t will pravent czhe cotation of the PHF. Tamperacure of che

upstream and downstream regions of the votating flame are chen z3easured Hv

rarving zhe radial josizion of zhe Zunczion Zzom 2.4 70 3.+ =mm ralacive o zhe

"

axis of svmmecrv.

in order to detact the number of cells of the rapidly cotaciag
solynedrals, Zwo thermocouples are emploved and connected Iin series, as shown
in Tiz. 5. The variation of =he phase angles bezweean the tuo :thermccouples is

then detarmined from che outpur signal when one junction is Zixed and :the

ocher, at 1 fixed radial and axial position, is circumferantially votated.

"

When the siznal of both junctions are in phase, say both located ac :he cres

a7 trough tosiczion, the angle tetween :he function will :orTespond o the Zell




angle. The number of siiZes of zhe rocacting PHF is chen Zezatmized Irom the

[

innrrladege of the eell angles. Tor 2xample, Zor a s=-sided scaczicpnary 24T, the

cell angla will be 60 degrees.

STATIONARY POLYHEDRAL FLAMES

As che additives CF33r and N, are Zradually incroduced into the refarance
PYF, the cellular flame structure is found to diminish and eventuallv a
conical-~flame with smooth surface 1s achieved. The wuinimum valuyes of Q:?.Br
and RY* corresponding to smooch flame situation are raspeczively J.236 and)SZ
in clo;e agreement with the previous observacions (3idingar and Sohrab,
19865. also, as CF43r (Nz) is added, the flame height increases Zrom 18 =m <o
32 mm (30 mm) at the smooth flame condition. Direct photographs of the
rafarence PHF before and afzer additiom of 0.36% CF33r are shown in Fig. 5.
It is noted that the difference between influences of CF4Br and N, cannot be

accounted for on the basis of thermal effects alone., 7For the typical

tamperature 2f 1670 X, the molar spezific heats, cD , of F43r and N, are
73

-

regpeczively 25.17 and 8.43 cal/mole~X. When account is zade of che

(V]

respective a0la fractions, x,, of :chese addizives (J3.36 and 3X), :the ratio

Jecween T 2 is about 92.27. Therefore, similar zo the Ilame inhibition
7o .
“4

studies (Sonrab, 1981) it i{s concluded that CF43r effects occur through
chemical-kinetic interference with the f{lame structure. .

The variacions of T. and

T. 33 a function of 2 and ira shown in
T Cr,3r QN~ )

3
Figs. 7 and 3. GZxamination of the data shows that both T. and T. decrease

wich 2, while they first i{ncrease and then decrease wizh 7__

N, cF.3rc’
- 2
inceresting chat the critical value of QCF 3r assocliated with the maxioum
3

senperacures T. and T. ia Fig. 7, about 7.1, :losaly agrees with the criticsi

1




inhibizor =ols Zraczion corresponding so zhe maximun Lahl

(¥

CF33r deternined 2arlier (Sohrab, [981). Ia the previous scudv, izzidizion of
diffusion flames buraning in the stagnation-point flow above liquid pool of
heptane was {nvestigated (Sohrab, 1981). It was found that the maxiaum oxvgen
mass-fraction YO, at extinction occurs when the mole fractioa af iahidizer in
CFq31~0~=Ny mixture is x = 0.1 as shown in Fig. 9. Therafore, the daza in
igs. 7 further confirms that the inhibition efficiancy of C?Ear is reiated 2
the temperature-sensitivicies of the %inetics of inhidicion as was discussed
previously (Sohrab, 1981). The comparisons of the data in 7igs. 7 and 8 also

-~

show that temperatures T, and T. are higher in the flames inhidbiced by Crq3r
which is a manifestation of the chemical rather than thermai influence of :this
additive as comparad to nitrogen.

In a series of tests, the tamperatur2 of the Ilames correspondiag o the

onset of cellular structure, T., ls determined at different gas velocities

o!
V. Here, onset of cellular instability is defined as zhe first appearance of
a dark region over a narrow vertical strip on the smooth conical flames.
Starting wich smooth rich flames, Q, is steadily reduce& until the £first
appearance of the dark zone at which point the temperature of che luminous
zone of the flame is measured. The daca, presented in Table !, show that I,
‘s nearly comstanc, = 10 °C, for various veloecizies 7. 3ecause of zhe
uncertainties ia the judgement concerning the inicial appearance of
instapility, che data are qualizative in nacture. Howevaer, the results appear
to support the fact that chemical-kinetic mechanisms may be effeczive in
sustenance or amplifications of the flame-fronc perturbations. Such behavior
is somewnat similar to the well %nown constancy of the flame tamperatures,

abcuz 1120 °C, at the lean flammability limizs of lower hydrocarbons, such as

methane, aropane and Sutane. This latter phenomenon suggests the possidla




roie of chemical-kinetic mechanisms in che descriscion of zhe lean
flammability limits of cthe lighter avdrocardons. Such chemical-kineric

effects are further discussed in zhe Iollowing seczion.
PUENOMENOLOGICAL ARGUMENTS

The importance of molecular hydrogen in the formation of cellular flanmes
was aemphasized in the early reports bv 3enrens (1953) and Garside and Jackson
(1953). It was found that addition of small quancicies of hvdrogen will
anhance the tendency for PHF formation iIn propane—air flames (Garside and
Jackson, 1953). In parzicular, no P4F could de obtained in aechane-air
mixtures unlass some hydrogen was also added (3ehrens, 1953). Cerczain
phenomenologi{cal arguments were presented dy 3ehrens (1953) in support of his
experimental observations. It was also noted that the chemical-kinetics of
methane combustion differs from that of the higher hydrocarbons in thac Ciq
radical instead of the acomic-hydrogen plays an important role in methane
combustion. In this pioneering work (Behrans, 1953) the author concluded thac
the molecular nydrogen, and the resulting atcmic-hydrogens as ceaction
fatermediaries, nlay a ey cole in the Zormation of cellular Ilames.

In the present study, the signiiicant role of acomic=nydrogen I1s Zurther
isolaced through the iatroduction of the chemical-inhidilor CF;3r. Oa the
Sasis of the earlier (3idinger and Sohrap, .986) and present oSbservations, It
may be concluded that chemical-kinetics effects have an aporeciable iafliuence
on cellular flames. In particular, complete destruccziom of cellular Ilame
structure {3 achieved through chemical interaction of CF3Br with the reaction
zone of the unstable flame. Therefore, the results of the present studv are

Yetter undarstood wnen viewed withia the Zramework of zhe kinetics of




inhibition by halogenated compounds reviewed praviously (Sonhrab, 198[). Here,
in cthe same spiric as that considered bv 3ehrens (1953), two pnenomenological
arguments will be presented which may 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 hydracarbons was
reviewed previously (Schrab, 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:

g+0, +0H+O (1)
OH + Hz +Q0H + & ) (2)
CH + HZ > 320 + | E (3

The rate of reactions (2) and (3) are orders of magnitude higher than thac of
reaction {l). Hence, the important chain-branching reaccion (1) with
activation énergy of 17 kcal/mole is rate controlling.
The inhibitor CF3Br is expected to first decompose'according to the
reaction (Sohrab, 1981),
C?3Br +d + CP3 <~ 35Br (%)
The subsequent role of CFy is not significant and cyclic removal of atomic

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

(Sohrab, 1981).

E + HBr -4, + 5r (5)

3r+3r+ 4 » 3:2 + M (6)
and

Brz + H » 4Br + Br . (7)

Thus, :he ovarall effecz of the innidicor 15 replacement of active 3 atoms DV




less reactive bromine atoms, thereby reduciag the overall reaction race.

Since atomic hydrogen generacion is controlled bv -he reaccion (1) which
has a large activation energy, the local peaks in temperature, say in the
trough zones of PHF, are expected to result in Y~atom concentration peaks.
Also, high H councentration will enhance the consumpcion of Oy dy the reactions
(1)=-(3). This will result in larger concentration gradiencs of 0, which will
in turn enhance the ;iffusiou of Oy towards the trough zome. Thus,
stTatification of the mixture could be augmented through. such chemical-kinetic
mechanisms. As 3 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 rsactions, only
small deviation of Le from unity are needed in order to produce the original
temperature corrugations whose subsequent amplificacion leads zo large
observable ccrrugations of the front. Also, in accordance with the
observations, the amplification of corrugations is expected to be feduced in
prasence of CF33r, since the inhibitor removes the a:oai:-hydtogen radicals.

A schematic drawing of the expected Zluctuatious of T, H, O~ and fuel F, for a
6=-sided PHF is shown Iin Fig. 10. Such fluctuations of O2 and T are in
qualitative agreement with the observations of Jost, et al. (1953). Also, the
variacion of T ls in accordance with the observations made herein as well as
che theoretical predictionms (Sivashiasky, 1976). The schematic concentration
ptofilg? in ‘Fig. 10 are also supported by the previous observactions of soot
formation in the crest zones of certain PHF (Saith and Pickering, 1929). Imn
the crests, CO and 02 concentrations are larger (Jost, 2t al,, 1953) while H,
and cherefore OH, concentracions as well as the temperature are lower as

compared with the troughs. Therefore, formation of soo:z in the crests is




anticipated on the basis of hizgh concentracion of CO, possible catalvrtiz
effects of Oy (Lin and Sohrab, 1986) as well as the well known role of CH in
the combustion of soot precursers.

The second phenomenological argument concerning the role of chemical-
2inetics in flame instabilicy is based on zhe concept of the critical cross-—
over temperature (Sohrab, [98l). 3ecause of their different activacion
snergies, the rates of bimolecular and cermolecular reactions may cross each
other when ploctad as functions of 1/T. The cross-over point between the rate
of an important biomolecular reactiom, such as reaction (l), and an imporcanc
tarmolecular reaction, such as reaction

B+0 *Y -H0, - M, (8)

2
can be defined as the critical cross—over temperature T. as shown ia Fig. Ll.
When temperature perturbacions about Tc occur, for T > Tc and T < T, cthe
reaction rate 1s expected Lo respectively accelarate or decclerate. This will
resylt in corrugation of the flame front as shewn in Fig. ll. Again, because
of the nature of branched-chain reactions, only small perturbatioas about T.
are necessary to produce substantial change in the reaction rate leading to
formation of cellular structure. The small temperature fluctuations about T.
2ould be initiated by the preferential-diffusion mechanism. Such a
shenonienological descriprion is supported by the constancy of temperatura b

corresponding to the onset of cell formacion =mentioned in the previous

section.

ROTATING POLTHEDRAL FLAMES

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

vicinizy of rapidly rotating PHF i{s discussed. The fuel concentration of the
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referance P4F is now changed 5 2. = 4,95, with v = 72,5

7 /s and zhe
stabilizer ring {s vemoved. The resulting stationary 6-sided 24F will starc a
rapid counter-clockwise roctation when small flow, 72 cm3/s, of nicrogen is
introduced in the outer annular tube as discussed before. A direct photograph
of the rotating PYF is shown in Fig, 12. The luminous zone of the rapidly
rotating PHF 1s fuzzy and thicker while the flame height is smaller compared
to the stationary PHF. Also, the rotation of PYF is found to predominancly
occur in the counter-clockwise direction in agreement with the previous
observations (Sohrab and Law, 1985).

The number of sides and the rotation speed of the PHF are measurad using
the two~thermcouple connections, Fig. 5, discussed earlier. It is found that
in-phase signal of the two thermocouples are obtained when the second junczion
Ls located at 90°, 180° and 270° angles relative to the first junction.
Therefoée, the original stationary 6-sided PYF has changed to a 4-sided
struycture after rotation is induced by nitrogen flow in the outer annulus.
This result {3 in agreemenc with the previous observation of rapidly rotating
PYF using high speed cinematograohy (Sohrab and Law, 1985). 4ilso, from the
period of temperature fluctuatioas, 32 ams, the rocation speed, w = 7.8
rotacions per second (rps), is calculatad in gqualitative agreement with the
orevious 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., l3a~-i. The variations of periodic
tenperature profiles at different radial positions are qualitatively o
understood on the basis of the residence time of the thermocouple junction in
the downscream (hot) or upstream (cold) sides of the rotating PHF. Ia

Zeneral, the ctrough zones are circumferentialiy wider than the crest zones, as




reflactad by the longer time intervals of high versus low temperatures in 7iz.
13. Also, the anagnitude of the temperature Iluctuations are a Iuanction of zhe
relacive instantaneous position of the junction with respect to che corrugated
flame~fronc., We note that the temperature gradients downstTeam of the flame
are much smaller than those in the upstream region, as is to be expected. The
resulcs in Fig. 13 also show that temperature fluctuations occur about a zean
temperature plataau of approximately 1408 9c. Hence, rotation of different
cells of the PYF occur in preheated gas. Is is xnown thac the rotation of the
flame, reaction zone, i3 not accompanied with any appreciabls circumferential
rotation of the combustible gas (Smith and Pickering, 1929; Sohrab and law,
1985).°

Rotacing PHF was also examined in oxygen-enriched air. For the Juel and
oxygen concentrations of QF = 7.76 ;nd e = 26.a stationary 8-sided PHF is
obtained with well defined cells and a stream of sooC is observed to eminate
from the flame tip. However, this flame was found to be only marginally
stable, and under small laboratory fluctuatioms, it could spontaneously scarc
a rapid counter-clockwise rotation. We note that such rapidly rotating 2?HF 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 roctating flames aay occur in oxygen-rich air in absence of
inert surrounding atnosphere., Here, the period of temperature Iluctuation is
20 ms, and the PHF is found to be 4~sided, resulting I1m w = 12.5 rps.
According to some preliminary observations, the rotation speed of the flame

was found o iacrease with Qo.




CONCLUDING REMARXS

Through comparisons of the minimum mole fractions of the additives CF48r
and Nz required for destruction of cellular structure of butane/air PHF, the
significance of chemical versus thermal effects in the Zormation/amplification

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 de;truc:ion does not appear to have thermal or
hydrodynamic origins. It was thersfore concluded that the influence of CF3sr
primarily occurs through chemical-kinetic modificazion of the structure of
PEF. It is emphasized that the kinetic mechanicsms discussed herain are
complimencary to the well-known thermo=diffusive, Le » |, mechanisms of cell
formation. Indeed, the observations are consistent with both amechanisms
working in conjunczion Qith each octher, -

Since pyrolysis of fuel molecules occurs prior to their consumption in
the reaction zone, more than one Lewis number, Lei = u/D4, each corresponding
to the diffusion coefficient Dy of specie i, could eféect the flame frout.
Here, a refers to the thermal diffusivity of the mixture. Therefore, in
general, therao-diffusive description of flame—~froat instabilicy could bde
based on the deviation of Le of reaction incermediaries, such as radical
species, from unity. In fact, recent theoretical study of éel;ez and Liﬁgﬁ
(1985) has shown that thermo-diffusive stability of flames are influenced bv
the Lewlis aumber of intermediate species. - Sach effetcs are particularly
relevant to atomic hydrogen because of its high mobility. However, the zole
of chemistry is separate and fundamentally different from czhat of the
transport, La # |, effects. The former aay danifest itself through

augmentation of preferential-diffusion effacts bv chemical-kinetic mechanisas
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as discussed earlier.

Intrusive temperaturzs zeasurements ia rocatiag ?HF proved o Se
difficult. However, the technique of employing :zwo thermocouple junccions
connected in series facilitated the determinacion of che number of cells as
-well as cthe rotation speed of PHYF. So far, the reasom for predominaac
rotation of PHF in couater-clockwise direction remaias a amyscery. The
preliminary tests on the influence of applied magnetic f{ield on rotatiang P4YF
showed no observable affects. Thus, influences associated with cthe asymmecry
in the Earth's nagnetic field were ruled out. 3ZIxploration of :the possible
affects of coriolis acceleracion on this interesting pnenocmena zarough
axperiments on rotating PYF perZormed in the Southerm hemispnere, aay prove

useful,
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Table 1
TEST # QC4H 10 \'% [Cfﬂ/Sl TJTOCI
! 5.2 46.16 1281
2 536 S0245 | 1378
3 5.43 $2.05 1384
4 46 70.1 1387
5 46 8027 | 1385
5 468 91.01 1388
7 422 10538 | 1383
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Flame Propagation in a Rotating Gas
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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 undergoes an unlimited amplification. We show
that sufficiently rapid rotation may suppress cellular instability of the flame front. We construct a self-
similar solution that describes a flame propagating in a rotating gas in free space. Qur predictions of the
flame shape and of the suppression of cellular instability in the presence of rotation have been verified
i 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 isee, 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 tlame front is taken
into consideration (Landau, 1944), ’

In a coordinate frame rotating together with the tube about the z-axis. at angular
velocity w. the Euler equattons are:

dv, du, v, du. du, v,
) ' -—=

1 .
), = o LN = —-— —~wr+lwv., 1.1
dt dr r Jdo dz r 0 '

dp
p

dv, av,
-+ —_

v, du, ov, v, L dp |
ot

-1—————*;-1)4_ == — v, \I"‘v‘

-
dr r dg az r or dp

dv. dv. v, Jdv. ov. 1 dp
v,— -+~ —+ =—-- =

~8—{T ar r de e oz 00z

?&+l%+%+&-o . 14
ar r de 9z r s

Here (r, @. ) are nondimensional cylindrical coordinates. with r. - measured in
units of the radius R of the tube (see Figure 1); ¢ is the nondimensional time.
measured 1n units of R/U.; w is the nondimensional angular velocity, measured in
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units of U.. R; ois the nondimensional density measured in units ot the density o,
of the combustion products; p is the nondimensipnal pressure. measured in units
of 0,U,* and (v,, v, v.)=V is the nondimensional velocity of the gas, measured in
units of U,.

€

T

Kl
hot

| flame

cold

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

The following conditions must hold at the flame front [z2= ®(r, @, 1)]:

i) Continuity of mass flow’

[o(v.m=D)}=0, i1.3)
ii) Continuity of momentum flow |

loviv-n—=D)+pnj=0. 1.6

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

owven—~Di=1, 1.7
where
)

1
(—(D,,";CD,,,IJ o

‘ —L . D= 1.8)
I+ V- Jd+ vy

n=

Hydrodynamic quantities corresponding to the burnt gas region {22 ®(r. ¢. 1)} will
be assigned the index !+ those corresponding to the fresh was region
2 < dlr. i, n]the index ( — . With this convention,

o.=1, p.=(1-y"" 11.9)

I




FLAME PROPAGATION IN ROTATING GAS

where

110

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:

[v-ni=‘/, LT
[vXnj=0, (1,12
pi=-v. 113

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

|
g=p—5orw BWEY

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

ro l Z[ ]3 }I(U: N qu
= —-—w r —yv= ryr —v. ' L1
Lq) 5 Y 4 21— 7

SELECTION OF SCALINGS

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

| )

®'=0. vi=(0.0.1), vi=0.0.1=9. pi=qg.=1l. pi=¢gl=1-v 21
If the flame is propagating in a rotating tube. the plane tflame can no longer be an
equilibrium state of the svstem. Rotation-induced acceleration produces a radial
flow which curves the flame front. However, if the thermal expansion of the gas is
weak (¥ < 1) the curving will be slight. Thus. one expects the equation for the tlame
front dvnamics to be weakly nonlinear. The structure of this equation is largely
determined by condition (1.7), which assumes a simpler form when y < 1:

<1>,+§rv<pﬁ=v;—1. 22

—

Condition (1.15) suggests that when w= O(1) the perturbation of the reduced
pressure ¢ 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 ot
magnitude. According to this estimate and 2.1, we introduce scaled quanties !/,
Ve V. O

vi=yVi, v =yV;,
vi=1l+yVi, vi=l-y+yVi,
g=1+Q", g =t+y+v0". 2.3
Since r~1 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 ®:
d=JyF 1=1/]y. (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 <1 :

v, dQ- . .
+ =2wV_, 25

oz ar U7¢

————aV;+l—~——aQ—=—2wVf. (2.6

dz  r d¢

aV3+—-—‘9Q_=o, (2.7)

0z oz

aV7+1 aV;’—.LaV;%-l/—;:O. (2.8

ar r dg¢ 9z r

Substituting z=® = [JF in condition (1.11)-(1.13) and (1.7) and taking the zeroth
approximation with respect to y, we obtain the following conditions at 2= 1):

Vi=V,. Vi= . Vi=V] 29
Q0 -0 =Gin=2w'r, | 2101
F+>VF =V, Y

Impermeability conditions are imposed ar the tube walls (r= 1%
Vi=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
=~

V=0, V,=0. V=0 as 1= ~o. 12.13)
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DERIVATION OF THE FLAME-FRONT EQUATION

In the limit considered above, the tlame front configuration (2= Fir. ¢, 1} appears

only in condition {2.11). Hence the gas flow is completely determined by Egs.

(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

llt= z L/‘(:’ k”/‘.];)(k”f},

\ 3 1
Vo= 2k V(2 k)hikr,
=
Q= z Q(:’ ku} '}(knr..h
e ]
where, by condition (2.12),
'I"’)k/\ﬂ) = 0' ; 3: ‘
We also express the right-hand side of (2.10) as a Fourier-Bessel expansion:
G(r) = z G(kll)'l')(kllr)9 /3'3}
ne=|
where
[ 2w
Gik,j=— Girid(k,ridr=——. 3.4
o= i )N TR, ’

-

[nserting (3.1} into the system ({2.3)=12.8) and the conditions *2.9). +2.101 we
obtain:

dv: . . -
+(Q" =20V, 3.5
<
dv: ..
=2V, 2.5b)
uz

tThe independence of the hydrodynamic field on the flame front configuration completely excludes
the effect of sponateous flame instability due to thermal expansion (Landau, [944), which turas out here
10 be negligibly small compared with the effects of rotation.
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dz ‘ dz ’

av:

——-—k‘V =Q.

dz
“7:]=0’ [Vr}=0’ r/w Q]—
pi=0, V-0, V=0, as = -,

k3

The characteristic equation corresponding to the exponential
[ ~ exp { pz)] of the system (3.5) is

pilp +4w —k)=0.
Hence
p=0 or p==/k-4w .

Thus. one has two essentially different cases:

1) k. > 4w’
and
i) k<4’

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

4

T exp(yk, — 4w 2),

(k‘—4(u
Gk e R
Z(/\‘,~4(u3>e PLT R 2 k- 4w
In case (i), Egs. (3-3)- 3.7} give:
V=0
. . —— Gk;
= 5 dw -k 2 "
(k' COSJ w T (k;, %)
Thus,
Gk, k>4
70)= (k,“,—-4w:> > S
: 0, k.<dw

(98
A
(o]

3.9

3.10)

(9%}
—
1o
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Hence
. I~ Gikk, -
Vin 0=z o ————= Jikr. R
2 k2 >4w:(k'1—4w /

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

1 .
F,*:“VF\'?-W(U, EREY
where
W Sk, r] ;
Wirj= ¥ " 315
dws < ki J’)\ kn/( ku - 4&)-,\
and use have been made of (3.4)and (3.13).
Knowing W(r:, we look for solutions in a form of a progressive wave

F"= = Vr+yp(r) 3060

where V and y are the equilibrium velocity and shape of the tlame front.
respectively. Substituting into {3.14) one obtains

A7

J

[ ,
E w.= Wi+ V.

In order for the solution y{r) to exist over the entire tube cross-section 0 <r<1-,
the velocity V must satisfy the inequality

Ve - Wir. 318

We assume that the actually realized situation corresponds to minimum tlame
propagation velocitv. Le.,

=-min Wir, (0<r<]

The need for this selection principle anises here because of the luck of naturai
boundary condition for the first order differential equation ¢3.14}. This difficulty is
casily eliminated if one introduces dissipative effects diffusion and heal
conduction) with the appropriate boundary conditions. Figures 2 and 3 exhibit the
velocity ¥ and the shape y of the tlame front as functions ot the parameter 4.

We note that V does not vary monotonically with increasing w. As 4w
approaches k- «» the flame velocity undergoes an unlimited amphﬁc.mon Near these
resonance points the asvmptonc approach proposed abqve is clearly not
applicable. Description of the flame in the vicinity of these points reguires special
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 investigation of this phenomenon. As
yet, to the best of our knowledge, the only experimental studv in this area 1s the
recent work of Chen, Liu and Sorhab (1987), devoted to the influence of rotation
on counterflow premixed flames.




.3 G. . SIVASHINSKY et al

4w

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

THE CASE OF SLOW ROTATION

If 4ar < k,-. it may be shown from (3.13} that Wir)is a solution of the equation

W 1dw
N _

AN (4.1
dr r dr ¢
satisfving the additional conditions
1 ~
avor_, [rwmw=u 12,
dr J,, '
Hence
1 wllwr,
W)= + 2l=r) 43)
4 4J,2w)
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_|1L1L'L|L1_L1'Lllx_11i1
0 Ol 02 03 04 05 06 07 08 09 {

r

FIGURE 3 Flame front configuration for various values of the parameter de"=HKk%, + 4%, .
M=1.2,3 1)

[f w= < A3, this relationship simplifies to

1, ( .1
Wiri=— o r‘——) gugn]
by 2
We then deduce from3.141,{3.17 and {3.18) that
F'= Ve Vr 13
where V= w*/8.
The stability of this solution will now be examined.
For a small perturbation f= F— F'"" Eq.13.14) yields a linear equation
20V rE=00 flr 0V=1(r. 460
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Here j,,r:1s the tmitial perturbation. It follows from 4.0 that

. LT -
fir, vi=fyre ™ 4.7

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

It should be noted that when 4w- < k,* the effect of Coriolis acceleration turns
out to be small compared with the effects of centrifugal acceleration. and the
corresponding terms in Egs. (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 tlame front. Thus, one may expect
rotation to suppress diffusional-thermal ({cellular) flame instability. frequently
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), 4.4}, in terms of
dimensional variables denoted by i *:

a¢* 1 L l hl h — ’
= (J’,,.‘V<I>*)’=1;Q'R'UJHL ik 54

at* 2

where Q = U,w/R is the dimensional angular velocity as noted earlier. Allowing for
diffusional-thermal effects implies that these equations must be modified as tollows
isee Sivashinsky, 1983):

od* |1

;Q:T;
dt 2

: ¥\ 2
U,,(Vcb*)3+sD,,,V3CI>*+4D,,,I,:,,V‘d>*=%yQﬁfU",,'H%) —3) ‘5.2,
where D, is the thermal diffusivity of the gaseous mixture. /, is the thermal
thickness of the flame D,=U./,, and ¢={E2R"T, {1 - Le;~ 1. with E :he
activation energy, R the universai gas constant, T, the adiabatic temperature of the
combustion products. Le=D, 0 . the Lewis aumber and D, the molecuiar
diffusivity of the deficient reactant.

Transtorming to scaled nondimensional variables £, 7. 7

¢ *=€[,,-,E f*=:1_.;,f/’\s/€. l'*=“1'[,),i/£_ Uh~ PR

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

—

Fie = VE S =V F+V F= A7 ='F%) sS4

where /-) denotes the spatial average over the cross-section and
A=dyve QL U 35

is the centrifugal acceleration parameter.
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Figure 4(a, b, c) exhibits the results of a numerical solution of the axiallv-
symmetric version of Eq. (5.4)in a tube 0 < 7< 50, with boundary conditions

F;=0, (ViF),=0, at 7=50, (5.6)

corresponding to the thermally insulated tube walls (Margolis and Sivashinsky,
1984). At 1=0, ie., a freely propagating flame in a nonrotating channel, since £¢>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 4 =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 £<0.
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Fig. 4 (b)

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 lavers of
small mesh screens and honeycomous and can be rotated by a DC-motor as
desc