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Abstract

Premixed gas flames in mixture§ CH,, O,, N, and CO, were studiednumericallyusing
detailedchemicalandradiativeemission-absorptiomodelsto establishthe conditionsfor which
radiatively-inducedextinction limits may exist independentof the systemdimensions. It was
found that reabsorption of emitted radiation led to substantially higireing velocitiesand wider
extinctionlimits than calculationsusing optically-thin radiationmodels,particularly when CO,, a
strong absorber,is presentin the unburnedgas. Two heat loss mechanismsthat lead to
flammability limits evenwith reabsorptiorwere identified. One s that for dry hydrocarbon-air
mixtures, becauseof the differencesin the absorptionspectraof H,O and CO,, most of the
radiationfrom productH,O that is emittedin the upstreamdirection cannotbe absorbedby the
reactants. The secomslthatthe emissionspectrumof CQO, is broaderat flame temperatureshan
ambienttemperaturethus someradiationemittednearthe flame front cannotbe absorbedby the
reactants even when they are seeded with M bothmechanismsomenet upstreamheatloss
due to radiation will always occur, leading to extinction of sufficiently weak mixtures.
Downstreamloss has practically no influence. Comparisonto experimentdemonstrateshe
importance of reabsorption in G@iluted mixtures. Iis concludedthat fundamentaflammability
limits can exist due to radiativeeatloss, but theselimits are strongly dependenbn the emission-
absorption spectra of the reactant @noductgasesandtheir temperaturelependenceand cannot
be predicted using gray-gas or optically-thin mquslameters.Applicationsto practicalflamesat
high pressurejn large combustionchambersand with exhaust-ga®r flue-gasrecirculationare
discussed.

Published in thé’roceedings of the Twenty-Seventh International Symposium on Combustion,
Combustion Institute, Pittsburgh, 1998, pp. 2619-2626.

Introduction

Flammability limit studiesareimportantfor assessmerdf fire safetyin many environments
and determiningthe operationlimits of combustiondevices. Despitemany yearsof study, the
mechanismf flammaubility limits of premixed gas flames are still not well understood. In
particular, it has not beesstablishedvhether‘fundamental”limits existindependenof apparatus
size andgeometry. Many loss mechanismgauseapparatus-dependeextinction limits including
flame stretch[1,2], buoyantconvection[3,4] and heatlossesto cold walls [5-7]. When these



losses are eliminated by employing large combustion vessels at microgravitpske# gaseous
radiation is probably the dominant extinction mechanism [8-11].

Neverthelessit is unclearwhetherradiative loss causesundamentalimits becausesmitted
radiation can be reabsorbeda factor not consideredby the theories[6,7] and computations
[10,11]. Whether reabsorptionis important is usually assessedy comparing the system
dimension to the burned-gasPlanck mean absorption length (L), defined as the mean
monochromatic absorption coefficier) (veighted by the Planck function:

R _ _15 v
L3 = [ kWG, G = 2 eu“_l, u=heay (1),

where h, cw, k andT denotePlanck’sconstantlight speed wavenumberBoltzman’sconstant
and temperature, respectivelin the experimentd8,9], the optical thickness 1=X/L ,, whereX
is an apparatusdimension, was generally small (with exceptionsnoted later), consequently
optically-thin conditions(no reabsorptionppplied. Theoreticalstudiesof premixed-gadlames
seededvith inert particles[12] predict that with reabsorptionnet heatlossesdecreaseburning
velocities(S) increaseand the flammability limit equivalenceratio (®,) decreasesomparedto
valueswithout reabsorption. Correspondingnicrogravity experimentsn particle-ladenmethane-
air mixtures[13] supportthesepredictions. Gaseoudlame behaviorshould be different from
particle-ladenflames becausegasesemit and absorbin spectralbandswhereasparticlesexhibit
approximatelygray-gasbehavior. No computationalstudiesof gaseousflames with detailed
radiative emission/absorptiomodelshave beenperformedto test their effectson S and @ ..
Consequentlyour goal is to model premixed-gasflame propagationwith detailed radiative
emission/absorption effects and compare results to experiments and theoretical predictions.
In additionto microgravity studies,modeling of premixed-gadlameswith reabsorptions
relevantto combustionat high pressuresand in large furnacesbecausefrequently t>1. For
example, at 40 atm, a typical pressure for premixed-charge IC engithder cylindersof radius
4 cm. Similarly, T>1 in atmospheric-pressufarnacedargerthan1.6 m. Moreover,significant
amountsof absorbingCO, andH,O arepresentn the unburnedmixturesof combustiondevices

employing exhaust-gas or flue-gas recirculation.

Numerical model
The energyand chemical speciesconservationequationsfor steady planar premixed-gas
flames were solved using a CHEMKIN-based code [14] with arclength continuation [1FHi§].



code was employed previously to model optically-thin radiatmgnterflowflames[16]. For this
study, radiative transport including both emission and absorptionwas computed using the
statisticalnarrow-bandmodelwith exponential-tailednverseline strengthdistribution [17]. The
radiativetransferequationsvere solved for wavenumberdetween150 and 9300 cm™ with 25
cm* resolution using the S6 discrete ordinate method. Radiation parameters,fet,@@nd CO
weretakenfrom [18]. CH, radiationwas not includedbecausédhe necessaryspectraldatawere
not available, but CiHadiation is minimal even for optically-thin conditiofisl]. Furtherdetails,
including accuracy considerations, are presented elsedt§re Methaneoxidationwas modeled
using a 18-specie$8-stepchemicalmechanisnil14]. The spatialposition (x)=0 was definedas
the location where T=325K for radiation-freeflames. Except where noted, the upstreamand
downstreamboundary locations were x=-L,=-30 cm and x=+L,=+400 cm, respectively.
Upstreamboundaryconditionswere ambienttemperaturg(300K) and compositionwith inflow
velocity S and downstreamboundary conditions were zero-gradient. Ambient-temperature
blackbody walls were assumed at both boundaries.

Mixtures of CH, + {0.210,+(0.79y)N,+yCO,} wereexaminedwith y variedto assess
reabsorptioreffectsby substitutingemitting/absorbindCO, for radiatively-inactiveN,. Ambient
H,O was not consideredbecauseexperimentsat standardconditions allow at most 3% H,O
without condensation.

Results

Figure 1 shows typical computedresults. For optically-thin conditions, the volumetric
radiativeloss (Qg)=40(T*-T_*/L,, wherec is the Stefan-Boltzmarconstantand T, the ambient
temperature, is always positive (upper plot). WehbsorptiorQ; is negative at x<0 sincesome
radiation emitted ahigh T (x>0) is reabsorbedt lower T (x<0). This decreasethe net lossand
preheatghe unburnedmixture so that, consistentwith theory [12], the peak temperature(T.)
exceeds adiabatic (T) (upper plot). With optically-thin radiative loss, T decays downstraim
(lower plot). With reabsorptionT still decaysdownstream(but on a much longer scale),thus
some net loss still occurs. All flameghibit conventionalconvective-diffusivezonesof thickness
0=0/S,=0.1 cm, wherex is the temperature-averagaddermaldiffusivity. The reabsorbinglame
additionally exhibitsa muchlongerupstreamconvective-radiativeone (lower plot) whoselength

is comparable to 1L (=19 cm).
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Figure 1. Example of model predictions for @=0.70, y=0.30 (near the lean flammability limit
for optically-thin flames) for adiabatic, optically-thin and reabsorbing flames. The
corresponding burning velocities are 7.9, 5.9 and 12.7 cm/s, respectively. The optical
thickness =L,/L, is 2.39. Upper plot: temperature (T) and radiative power (Qg), -0.5<x<1.0
cm; lower plot: temperature only, -20<x<20 cm.

Figure 2a showsthat reabsorptioreffectsin CH,-air mixtures(y=0) are minor since ® is
reduced only 3.8% and even with reabsorptiors &lways less than the adiabdiierning velocity
(S_.0- However, S ;, is reducedby 25% and S __, for the limit mixture decreasesimilarly
(26%). For both optically-thin and reabsorptionmodels, S_,./S, ., is close to the theoretical
predictione™? [6,7]. A simple picture emergesrom theseresults. Radiationfrom hot H,O and
CO, canescapeonly if is emittedupstreanbecauselownstreanradiationwill be reabsorbedy
other HO and CQmolecules. Thus, reabsorption approximately halves the nelblseatTheory
for optically-thin flames[6,7] predictsS, ,,,~Qg? thusif Q; werehalvedS, ,, shoulddecrease

29%. Consequently, the classical quenching mechanism approximately applies in this case.
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(b) Lean CH,-(0.210,+0.49N,+0.30CO,) mixtures (y=0.30).

Figure 2. Predicted burning velocities and peak flame temperatures under adiabatic
conditions, with optically-thin radiative losses, and with a radiative model including
reabsorption effects. In this and subsequent figures, the turning-point limit is shown but for
clarity the unstable lower solution branch is omitted.
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reabsor ption effects included. Note that the units on the vertical axis are Watts/m? per m* =
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Planck function for a blackbody at T. for this flame, i.e., the maximum possible flux.
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Figure 3. Radiative properties of combustion gases as a function of wave number (w)



Flame characteristics are qud#ferentwith y=0.30 (Fig. 2b). As with y=0, for optically-
thin radiationS, and T. are lower than adiabaticvalues, but with CO, substitution,becauseof
reabsorptiorthesequantitiesare significantly higher than adiabaticvalues. The effecton ® is
substantial(0.682 for optically-thin conditions vs. 0.442 with reabsorption). Nevertheless,
flammability limits still exist.

Figures 3a-lelucidatetwo mechanismshat causenet heatloss andthus flammability limits
evenwith reabsorptiondesignatedl) and(Il). Mechanism(l) is thatk(w) is very different for
H,O andCQO, (Fig. 3a); sinceH,0 is absentfrom the unburnedgas, mostH,O radiation emitted
upstream cannot be reabsorbed. Mechanism () ix¢batfor CQ, is broader at.TthanT, (Fig.
3a), thussomeCO, radiationemittedupstreamfrom temperaturesiear T. cannotbe reabsorbed
farther upstream where=T_,. Mechanism (IlI) can also occur foy®butnot for the dry reactants
studiedhere. Both mechanismspply for arbitrarily large domains. The manifestationof these
mechanisms is seen in the spectrally-resolved radiative flux at the upstream b¢xndaly(Fig.
3b). The spectrurfor CO,+H,0+COQOis similar to the CO,+H,O spectraat 1300K (Fig. 3a) less
the CO, spectrumat 300K, indicating that lossesarise mainly from the differencesbetweenthe
burned-gasmissionand unburned-gasbsorption. H,O emissioncomprisesmost of the loss
(mechanism (1)), but some occurs from nission (mechanism (I1)).

Theseobservationsshow that fundamentalflammadbility limits due to radiative losseswill
exist in gaseoudlamesno matter how large the domainor what absorbinggasesare present,
becausesomeradiation emitted from the high-temperatureegion cannotbe reabsorbedby the
unburnedgases(mechanismll). These limits dependupon the temperatureeffects on the
absorption spectrum arg@nnotbe predictedvia simple meanabsorptioncoefficientsas optically-
thin limits can. Of course,if sufficientquantitiesof inert particles,sootor otherquasi-graybody
absorbers are present, complete reabsorption could occur.

Loss at the downstreamboundary(x=L,) is much lessimportantfor severalreasons. A
disappearingreactant(e.g. CH,) can producesome loss at x=L, via mechanisml, but CH,
radiation was not considered and the loss would be much less than the ups@eamd €0, loss
becauseCH, disappearsiearx=0 just as T risesto valueswhere significant radiation could be
emitted. Downstreanloss via mechanisn{(ll) canoccurbecausef the downstreamemperature
gradient,but the gradientandtotal decreasen T are muchlessthan the correspondingupstream
values, leading to much lower downstream loss. A third mechanisadiafiveloss occursat the
downstreamboundarybecauseof the blackbody wall with T=T,, but due to reabsorptionits



influenceis confinedto the adjacentregion of thicknessL, (=18 cm). Thus, T. and S are
unaffected, as was verified by changingriom 400 to 100 cm.

Losses via mechanisms | or Il can occur dolywavenumbersvherek(w) is nonzeroon
one side of the flame but changeszeroover a length smallerthanthe scalek(w)} * over which
reabsorption occurs. Changes occur orsttaed for temperatureandD,/S_for specied, where
D, is the diffusion coefficient. Since the Lewis numlueil3, are close to unityd is an appropriate
scale for both species and temperature changes. Hence, these criteria become

(|):‘dXi| >‘ dr | dInk (@) > Kk(w)d 0 k(w)d <1
dX| d(]-/K(w))| d In(x;) 2)
(OF ar >‘—dT 0 k(w)o < dinte(w))

dx| |d(1/k(w)) d In(T)

where; is the mole fraction of speciesi and the fact k~x;, hasbeenused. Figure 3b shows
evidence of these criteria. The loss due JO Bhimicsk(w) exceptwherek(w) is very large and
reabsorption can occur within the convective-diffusive zone wiggechangesapidly. For CO,

practically no loss occumsherek(w) is largeat both 300K and 1300K (Fig. 3a), but substantial
loss occurs fow on the “wings” of these peaks wherddlT is large.

The convective-radiativezone at x<O0 has a characteristicthicknessL ;>>9, thus L, can
influence reabsorbinflamesdrastically. Figure4 showsthat®_ decreasessL, increasesince
more reabsorption(thus lower net Q) occurswith largerL,. Since S ;,,~Qz"* S_ ;. also
decreases Significantreabsorptioreffectsoccurevenfor L,=1 cm (t1=0.054) becauseCO, has
absorption bands witk(w) up to 4000 matm® (40 cntatni?) (Fig. 3a). For the limit conditions
atL,=1 cm, X,,,=0.19, thus significant absorptionoccurson the scale(0.190*40 cm™*)*=0.13
cm. This estimated minimum reabsorptswaleis alsoseenin Fig. 1, which showsthe negative
(absorption)portion of Q, decayingon a similar scale. Still, L,>100 cm (1>5.4) is requiredto
obtaindomain-independentsultsbecausehe band “wings” have much smallerk(w) and thus
longer absorption lengths. Consequentlgrovides only limitednsight on flame propertieswith
reabsorption.
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Figure 4. Effect of upstream domain length (L,) on flammability limit properties:
equivalence ratio (@, and burning velocity (S, for y=0.20. The corresponding
flammability limit for optically-thin conditions is ®,=0.62.

Accuratedeterminationof Q. for small k is difficult becausefor each25 cm™ spectral
window K(w) characterizeshe sum of many individual absorptionlines of widely varying
strengths. For someindividual lines but not others, absorptioncoefficientsare factors of 10*
higher at 1300K than at 300K. Somelines overlapin w-spacewhile othersare separatecby
transparengapsthat arerequiredfor netlossvia mechanismg or Il to occur. Clearly a single
K(w, T) for each spectral window cannot captallerelevantdetails. Thus, while the reabsorption
effects on flame characteristipsoposedchereare believedvalid, quantitativepredictionswill vary
slightly depending on spectral resolution, line-shape model, etc., especially for large L

Figure 5 shows that for aladiationmodels,substitutingCO, for N, hasonly minor effects
on § in ®=1.0 mixtures, exceptheny is high enoughto reduceT,, andthus S __, appreciably.
In contrast, onlyl% CO, substitutionnearly doublesS for reabsorbingpP=0.5 mixtures. There
are two reasons CQ@eabsorption effects are stronge=0.5. First, ®=0.5 mixturesaremuch
closer tothe radiativeextinctionlimit (notefor optically-thin ®=0.5 mixturesvery small amounts
of CQO, cause extinguishment due to increaQg¥l and thus benefitmore from the reductionin Qg
via reabsorption. Secon®=0.5 mixtureshavemuch higher Boltzmannumbers(B), whichis a
scaledratio of blackbodyemissivepower at T, to total heatreleaserate and thus measureshe
potential for radiative preheating to increase Bor non-scattering media [12]
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wheref, E , R,p, and G represennhon-dimensionaéctivationenergy,overall activationenergy,
gasconstantambientdensityand specificheat,respectively. Valuesof B for y=0 mixturesare
about11.3 and127 for ®=1.0 and 0.50, respectively,thus reabsorptioncan increaseS much

more in®=0.5 mixtures.
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Figure 5. Effect of substitution of CO, for N, on burning velocities under adiabatic
conditions, with optically-thin radiative losses, and with a radiative model including
reabsorption effects.

Figure 6ashowsthat for optically-thin conditions,CO, substitutionincreasesb, andsS ..,
becausethe additional radiating CO, increase€Q,. With reabsorption,small amountsof CO,

substitutionactuallydecrease @, and S _,,, dueto greatly reducedQg, whereaslarger amounts

L,lim
increased slightly due to reducedT,, Figure 6b shows that for optically-thin conditions
S_im/S. ¢ is always close to the theoreticalprediction [6,7] %, whereaswith reabsorption

S in/S g Can be greater than 20.
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Figure 7 shows comparisonsof our computed effects of reabsorptionon S to the
theoreticalprediction[12] S /S_,In(S /S ,)=B for gray gases. The theory requiresthat (T.-
T.)/T,,be a small, O(B) quantity, whichis justified for our conditions(Fig. 2b). Agreements
poor becausehe computationallows substantialnet spectralheat loss (Fig. 3b) which is not
consideredby the theory. Agreementis improved with H,O and CO radiation suppressed
(mechanisml eliminated)and still betterwith temperaturebroadeningof k(w) also suppressed
(mechanisnil eliminated)so thatthe flame is practicallyadiabatic. Still, S /S ,, is much lower
than theoretical predictiorisecausdhe theory assumegraybodyradiation,whereaggasegadiate
only in certainspectralbandsandthusaccelerate5 lessthan graybodyradiatorswould. When
gray-gas conditions are applied (k(w)=constat=26 m™=L_. "), the agreementis more
satisfactory, though calculated reswte now abovetheoreticalpredictions,probablybecausdhe
theory assumes constant thermodynamic and transport properties and single-step chEmuistry.
our model is believedto capturethe essentialelementsof flame propagationwith graybody
reabsorption plus the nuances of spectrally radiating gases.
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Figure 7. Comparison of theoretical predictions [12] of reabsorption effects on § to
numerical results with all radiation included, with CO, radiation only, with CO, radiation only
with the temperature broadening of the absorption spectrum artificially suppressed, and with
k(w)=constant=26 m* to simulate a gray gas.

Comparison with experiment

For CH,-air flames (Fig. 2a), comparison between computation and microgravity
experiments in spherically expanding flanj28,21] andtubes[22] and earth-gravityexperiments

12



speciallydesignedor low S [23] is more favorablewithout reabsorptionbecauseoptically-thin

conditions applied to these experimenidie discrepancypbetweencomputationand experiments

significanteventhoughthe chemistryand transportmodelsemployedpredict S, away from the

limits quite well [24]. There is other evidentt®t different chemicalmodelscapableof predicting
burning velocitiesof near-stoichiometriflamesyield varying predictionsof near-limit properties
[25].

The only relevantS data that may exhibit optically-thick conditions are microgravity
spherically expandingflame experiments[9,26] in (CH,+40,)-CO, mixtures and counterflow
twin-flame experiments [27] in CH0.210+0.79CQ) mixtures ¢=0.79). Neitherconfiguration
corresponds to our planar flames, but comparisons are nonetheless considered oseimpare
with [9,26], we choseL ,=L,=6 cm, which correspondgo a flame radiushalf the vesselradius.
By this radius S, was steady, yet the pressurerise in the constant-volumevesselwas small
(<10%). To comparewith [27], we choselL ,=L,=0.35 cm, which corresponddo twin flames
locatedmidway betweenthe nozzleexits and stagnatiorplanefor 1.4 cm nozzleseparation.For
both experimentsambientvaluesof L, are about5.4 cm, but evenfor L,=L,=0.35 cm, some
reabsorption is anticipated (Fig. 3a).

For the configuration of [9,261he optically-thin model clearly over-predictghe limit fuel
concentration(by 13%) and S ;, (by 350%), thus reabsorptionextendsthis limit. ~ With
reabsorption, §,, is predicted well, indicating that the ressis correctly predicted,but the limit
fuel concentration is underpredicted (by 16%), perhaps becasplericalgeometrythe radiative
flux divergencecausedess radiative preheatingthan would occurin planargeometry. For the
configurationof [27], no numericalsolutions could be obtainedfor adiabaticor optically-thin
conditions with L=L,=0.35 cm,; this mighexplainwhy in [27] numericalpredictionsof S could
not be obtained.In [27] resultswere extrapolatedo zerostrainto estimatethe planarS, . While
the accuracy of this method for reabsorbing conditionsibibeenestablishedwith reabsorption
the computedand experimentalvaluesof S agreemoderatelywell (Fig. 8). Therefore,evenfor
these small-scale flames, reabsorption effects may be important.

13
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Conclusions

The effectsof radiationon premixed-gadlameswere studiedusing a detailedemission-
absorptionmodel for H,0, CO, and CO. It was found that while reabsorptioncan increase
burning velocitiesand extendflammability limits considerablyfundamentalimits independenof
the system dimensions exist due to tia¢ureof gasradiation,specifically () differencesbetween
the spectralcharacteristicoof reactantsand products and (lI) temperaturebroadeningof the
emission/absorption spectrdhe resultsagreewell qualitativelyandin somecasesjuantitatively
with theory and experiments.

In future work we will examinestationary“flame balls” since modeling of recentspace
experiments[25] suggestsdominant reabsorptioneffects in some cases. The spherically
expanding flame configuration witle studiedto comparewith the microgravity experiment<ited
above[9,26]. The effectsof elevatedpressuresvill be examinedbecausef its relevanceto IC
engineand gasturbine flames. Collisional broadeningof the absorptionspectrumwill likely be
importantin thesecases. Finally, the effects of exhaust-gasor flue-gas recirculationwill be
examined via computations at elevated temperatures wita@CHO addition.

14



Acknowledgments

PDR acknowledgessupportby NASA-Lewis grant NAG3-1523. Dr. FengshanLiu

(National Research Council, Canada) contributed to building the computational code.

Refer ences

1.

9.

10.

11.

12.
13.
14.

15.
16.
17.
18.
19.

20.

Clavin, P.,Prog. Energy Comb. Sci. 11:1-59 (1985).

. Williams, F.A.,Combustion Theory, 2nd ed., Benjamin-Cummins, 1985.

JarosinskyJ., Strehlow,R.A., Azarbarzin,A., Nineteenth Symposium (International) on
Combustion, Combustion Institute, Pittsburgh, 1982, p. 1549-1557.
Buckmaster, J.D., Mikolaitis, DCombust. Flame 45, 109-119 (1982).
Jarosinsky, JCombust. Flame 50:167-175 (1983).
Buckmaster, J.DCombust. Flame 26:151-162 (1976).
Joulin, G., Clavin, PActa Astronautica 3:223-240 (1976).
Ronney,P.D., Twenty-Second Symposium (International) on Combustion, Combustion
Institute, Pittsburgh, 1988, pp. 1615-1623.
Abbud-Madrid, A., Ronney, P.D., Twenty-Third Symposium (International) on
Combustion, Combustion Institute, Pittsburgh, 1990, pp. 423-431.
Lakshmisha, K.N., PauR.J., Mukunda,H.S., Twenty-Third Symposium (International)
on Combustion, Combustion Institute, 1990, pp. 433-440.
Law, C.K., Egolfopoulos, F.N., Twenty-Fifth Symposium (International) on
Combustion, Combustion Institute, 1994, pp. 137-144.
Joulin, G., Deshaies, ECombust. Sci. Tech. 47:299-315 (1986)
Abbud-Madrid, A., Ronney, P.DAJAA Journal 31:2179-2181 (1993).
Kee, R.J., Dixon-Lewis, G., Warnatz,J., Coltrin, M.E., Miller, J.A., Sandia Report
SAND86-8246, 1986.
Giovangigli, V., Smooke, M.DCombust. Sci. Tech. 53:23-49 (1987).
Ju, Y., Guo, H., Maruta, K., Liu, R, Fluid Mech. 342:315-334 (1997).
Malkmus, W.,). Opt. Soc. Am. 57:323-329 (1967).
Soufinani, A., Taine, Jnt. J. Heat Mass Trans. 40:987-991 (1997).
Liu. F.,Gulder,O.L., Smallwood,G.J., Ju, Y., Int. J. Heat Mass Trans. 41, 2227-2236
(1998).
Ronney, P.D., Wachman, H.X2ombust. Flame 62:107-119 (1985).

15



21.

22.

23.

24.

25.

26.
27.

Strehlow,R.A., Reuss,D.L., Progress in Aeronautics and Astronautics, Vol. 73, AIAA,
New York, 1981, pp. 61-89.
Okajima, S., linuma, K., Kumagai, S., Twentieth Symposium (International) on
Combustion, Combustion Institute, Pittsburgh, 1984, pp. 1951-1958.
Badami, G.N., Edgerton, A.ERroc. Roy. Soc. (London) A228:297-322 (1955).
Egolfopoulos, F.N., Cho, P., Law, C.Kembust. Flame 76:375-391 (1989).
Wu, M.S., Liu, J.B., Ronney, P.D., Twenty-Seventh Symposium (International) on
Combustion, Combustion Institute, Pittsburgh, 1998, pp. 2543-2550.
Abbud-Madrid, A., M.S. Thesis, Princeton University, 1990.
Zhu, D.L. Egolfopolous, F.N., Law, C.KIwenty-Second Symposium (International) on
Combustion, Combustion Institute, Pittsburgh, 1988, pp. 1537-1545.

16



