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Experimentalanalysisandlargeeddysimulationto determinetheresponseof

nonpremixedflamesubmittedto acousticforcing

Abstract

Largeeddysimulationsappearasaverypromisingtool to describecom-

bustion instabilitiesbut, as theseinstabilitiesgenerallyinvolved acoustic

wavesthroughthewholesystem,relevantsimulationsarecurrentlystill im-

possible.An intermediatestepis to uselargeeddysimulationof theburner

only to estimatetheparametersof theso-calledn � τ modelwheretheflame

is viewedasinducinganamplificationn with thetimedelayτ to thevelocity

perturbation.Then,theseparametersareincorporatedin a global acoustic

modelof thesystemto determinewhethercombustioninstabilitiesmayoc-

cur or not. The objective of this paperis to investigatethe ability of large

eddysimulationsto determinethen � τ parameter. An experimentalturbu-

lent nonpremixed flameis submittedto acousticperturbationsinducedby

loudspeakers.The flametransferfunction is thendeterminedandn andτ

arecomputedasafunctionof thedownstreamlocationin theburner. n andτ

arealsoextractedfrom largeeddysimulationsof thesameburnersubmitted

to velocity perturbations.Theresultsareverypromisingbecausenumerical

andexperimentaldataarein goodagreement.

3



Intr oduction

Combustioninstabilities,dueto a couplingbetweenheatrelease,hydrodynamic

flow field andacousticwaves,areencounteredin variouspracticalapplications

[1]. Theseinstabilitieshave to be avoidedbecausethey inducenoise,variations

of thesystemcharacteristics,largeheattransfersandmayleadto thesystemde-

struction.Thechallengefor designersis to predictthepossibleoccurrenceof such

instabilitiesand,if required,to avoid them,for exampleusingpassive or active

control techniques[2]. LargeEddySimulation(LES) appearstodayasa power-

ful tool to describetheseinstabilities,correspondingto largecoherentstructures

resolvedin thesimulation,andto testcontroltechniques[3, 4].

Unfortunately, combustioninstabilitiesgenerallyinvolvethecompletesystem

wherefrom ionletto outletandareis still outof thepresentcomputercapabilities.

An intermediatestepis to uselargeeddysimulationsto determinetheflametrans-

fer functionby computingonly thecombustionchamber. This transferfunction

is thenwritten in termsof the so-calledn � τ modelproposedby Crocco[5] in

his pioneeringwork. In this model,theflameis viewedasinducinga time delay,

τ andanamplificationfactorn on acousticwaves. Theentiresystemis thende-

composedin a seriesof acousticelementshaving theirown influenceon acoustic

waves. Oncethe full systemis known, includingacousticboundaryconditions,

acousticwavespropagatingin thesystemmaybedeterminedusingsimplecodes

(see[4] for a completedescription).Themaindifficulty is thento determinethe

n � τ modelparameterfor theflame.A possibleapproachis to determinetheflame

transferfunction usingLES. Numericalsimulationsof the combustionchamber

are performedunderinlet acousticperturbationsallowing the determinationof

the flametransferfunction (i.e. the flameresponseto an acousticperturbation).

This approachis very attractive but needsvalidationsagainstexperimentaldata.

In thispaper, anexperimentalburneris usedto determinethesetransferfunctions
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andresultsarecomparedto numericalsimulations.

The n � τ model for the flame transfer function

A one-dimensionaldiscretizationof a combustor is displayedon Fig. 1. Two

combustorsectionsareconsidered.Thefirst one(lengthL1, sectionS1, densityρ1

andsoundspeedc1) is filled with freshgasesandthesecond(lengthL2, section

S2, densityρ2 andsoundspeedc2) containsburntgases.Theflameis supposedto

beinfinitely thin andlies in sectionx 	 L1. A
�
1 , A 
1 , A

�
2 , A 
2 , aretheamplitudes

of the waves travelling in downstreamandupstreamdirections,respectively in

sections1 and2. Accordingto Ref. [4], wave amplitudesarelinked throughthe

system: ��
A
�
2

A 
2

� 	 1

2

��
eik1L1 � 1 � Γ1 � e 
 ik1L1 � 1 � Γ1 �
eik1L1 � 1 � Γ1 � e 
 ik1L1 � 1 � Γ1 �

�����
A
�
1

A 
1

�

� 1
2

ρ2c2

S2

�� � γ 
 1
ρ1c2

1
Ω� γ 
 1

ρ1c2
1
Ω


�
(1)

whereΓ1 	 � ρ2c2S1 ��� � ρ1c1S2 � . k1 is thewave numberk1 	 ω � c1 whereω is the

wavepulsation.γ is theratioof constantpressureandconstantvolumeheatcapac-

ities, assumedto beconstant,andΩ thesourcetermdueto combustion. System

(1) mustbesolved for thewave amplitudesA
�
1 , A 
1 , A

�
2 , A 
2 andthepulsationω

usingadditionalboundaryconditions.In then � τ model,theoscillatorycombus-

tion is producedby perturbationof thevelocity at theflame(x 	 L1) with a time

delayτ. ThesourcetermΩ becomes:

γ � 1

ρ1c2
1

Ω 	 S1nu � L1 � t � τ � (2)

wheren is theinteractionindex andhasnodimensionandu � x � t � theaxialvelocity

at locationx andtime t. The previous relationmay be rewritten in the spectral
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space:

γ � 1

ρ1c2
1 �Ω � f � 	 S1n �u � L1 � f � (3)

where f is thefrequency and �Q denotestheFourier transformof thefunctionQ.

In termsof waveamplitudes,Eq.(2) mayberewritten:

γ � 1

ρ1c2
1

Ω 	 n
ρ1c1

S1eiωτ � A �1 eik1L1 � A 
1 e 
 ik1L1 � (4)

This model requiresthe knowledgeof n andτ. In the following, experimental

determinationof theseparametersarecomparedto valuesextractedfrom large

eddysimulationsof theburner.

Experimental setup

The combustion chamberis speciallydesignedboth for easyoptical diagnos-

tics (two dimensionalconfiguration)andeasynumericalsimulations(simplegrid

meshes).Propaneis injectedthroughtwo slotsin a coflowing air stream(Fig. 2

and3). Two backwardfacingstepsensuretheflamestabilization.Theburneris

300mm in length,80mm in width and100mmhigh. Dependingon thefuel and

air flow rates,theturbulentflamemaybeanchoredin thevicinity of thepropane

injectors(Fig. 4a),lifted andstabilizedby therecirculationzonesinducedby the

facingsteps(Fig. 4b)or blown-off [6].

In order to investigatethe flameresponseto longitudinalacousticperturba-

tions, the air flow is modulatedby planewaves inducedby two loudspeakers

pluggedin the inlet duct. The maximumfrequency of the acousticforcing was

chosenbelow thefrequency of thefirst transversemodeof thecombustioncham-

ber (i.e. ft 	 1307Hz) to ensurethat only longitudinalmodesinteractwith the

flame. In our case,theair flow wasnever forcedat frequency over 500Hz. The
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transferfunctioncharacterizestheflameresponsetovelocityandpressureperiodic

disturbanceof theair flow. Velocityvariationsaremeasured17mmupstreamthe

combustionchamberinlet usinganhot-wireanemometerlocatedin this air duct

onthesymmetryaxis(Fig. 3). Theheatreleasefluctuationsareestimatedfrom the

CH radicalemissionmeasuredby a photomultiplieranda narrow bandfilter cen-

teredaround434nm. Theaxialvelocityat theburnerinlet is imposedby acoustic

excitationasu � L1 � t � 	 UO � Asin� 2π f t � with U0 	 24m/sandA 	 0.05U0.

In the lifted flame regime (Fig. 4b) investigatedhere(propaneflow rate:

4.5 g/s, air flow rate: 75 g/s, leadingto a global equivalenceratio φ 	 0.81),

reactantsarepartiallymixedbeforereachingtheflame.Hurle [7] hadshown that,

for agivenequivalenceratio,CH emissionis proportionalto heatreleasedratebut

theequivalenceratiovariationis notmonotonousto CH emissionwhenthereac-

tantflow ratesaremodified. However, normalizingtheemissionsignalusingits

stoichiometricvalue,theerrorremainssmallwhenabijectionisassumedbetween

CH emissionandheatreleaserate[8]. In fact, for low variationsof the equiva-

lenceratio aroundthe stoichiometricvalue(0.8 � φ � 1.2), this error doesnot

exceed15percentandtheCH radicalemissionis relevantto measurethereaction

heatreleaserate.

CH radicalemissionsaremeasuredusinga10mmwidth verticalslotmoving

alongtheaxisof thecombustionchamber(Fig. 3), allowing a spatialanalysisof

theflametransferfunction. Relations(2) and(3) still hold but the time delayτ

andthe interactionindex n becomefunctionsof the downstreamlocationx. nx

andτx aredeterminedusingFourier transformsof the velocity andCH radical

emissionsignalsusingEq. (3). The local time delayτx, is the time neededfor

a velocity perturbationat the burnerinlet to interactwith the flamewhereasthe

local interactionindex, nx, revealsthespatiallocationof theflameresponsein the

burner.
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Experimental results

Variousacousticfrequencies,belongingbothto therig longitudinalmodesrange

andto the naturallow frequency broadbandnoisein the combustionchamber,

have beenexperimentallytested.Acousticforcing at fe 	 170 Hz, 200 Hz and

350Hz inducesthehighestcoherencefunctionbetweentheaxial velocity signal

andtheheatreleaserate.Thelocal index nx is plottedversusthedownstreamlo-

cationx for thethreeexcitationfrequencieson Fig. 5. Thenx maximumvalueis

obtainedaroundthemiddleof thecombustionchamberfor thetwo low frequen-

cieswhile thisvaluefor the350Hz forcedcaseis slightly shifteddownstreamand

lessimportant.Moreover, the350Hz forcedcasepresentsabetterinteractionnear

theburnerinlet but the interactionis globally lessimportant.Theflameappears

to be moresensitive to low frequenciesandthe differencebetween170 Hz and

200Hz seemsto benegligible.

This finding maybeexplainedby computingthemostamplifiedmodeof the

mixing layer f0 andthecut-off frequency fn as[9]:

f0 	 0 � 035
Ūm

θ � fn 	 0 � 08
Ūm

θ � Ūm 	 ρC3H8ŪC3H8 � ρairŪair

ρC3H8 � ρair
(5)

where

θ 	 1� ŪC3H8 � Ūair � 2 � E

0
� ŪC3H8 � U � y ��� � U � y � � Ūair � dy (6)

is themomentumthicknessof themixing layer. Um is themeanaxialvelocityand

E the injectionhalf high (15 mm). ρC3H8, ŪC3H8, ρair andŪair arerespectively

thedensityandthevelocity of propaneandair streams.Meanaxial velocity and

momentumthicknessareestimatedusingparticleimagevelocimetry(PIV) data

(Fig. 6). In our case,θ=0.0013m, f0=230 Hz and fn=527 Hz, so excitation

frequencies170 Hz and200 Hz arecloseto themostamplifiedfrequency f0 of

themixing layer, leadingto anorganizedflamestructureat thesefrequencies.On
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theotherhand, fe 	 350Hz is closerto thecut-off frequency fn andthemixing

layeris lessaffectedby theacousticexcitation.

The local time delayτx is plottedasa functionof thedownstreamlocationx

on Fig. 7. This delayis estimatedusingthecoherencefunctionbetweenvelocity

andheatreleasemeasurements(Fig. 8) to ensurea correctphaseunwrapping.

As the threepointsclosestto the burnerinlet presentlow coherencevalue(Fig.

8), the unwrappingtechniquein this caseis not meaningfull. In fact, the heat

releaserateisprobablydominatedin thisregionby theunsteadyphenomenain the

recirculationzonesandis not directly relatedto theinlet velocity. Thelocal time

delayτx hasbeenunwrappedfrom the4th point (x � 40mm). Thedelayτx versus

x is proportionalto theconvectionvelocityof reactivestructurein thecombustion

chamber. Thevariationsin theslopeof τx versusx show that reactive structures

arey convectedmorerapidly whenthe frequency decreases.This trendis also

confirmedby themixing layerstability analysis:whenthevelocity perturbations

frequency is shifted from f0 towardsthe cut-off value fn the phasevelocity of

vorticity wavesmovesfrom ŪC3H8 to Ūm. Thereferenceconvectiondelayplotted

onfigure7 correspondsto aŪ � L1 � 	 24ms 
 1 axialvelocity value(τx=x � Ū � L1 � ).
Comparison betweenLES resultsand experimental

data

Theobjective is now to investigatetheability of largeeddysimulationto repro-

ducethe time delayτx andthe interactionindex nx. Large eddysimulationsof

the burner are performedmodelingunresolved Reynolds stressesusing the fil-

teredSmagorinsky model[10] anddescribingthecombustionby thedynamically

thickenedflamemodel(DTFLES,see[11]). Theflamefront cannotberesolvedin

LES andthecombustionis mainly a subgridscalephenomenon.Following [12],
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theflamethicknessmaybeincreasedby a factorF keepingconstantthe laminar

flamespeedby increasingmoleculardiffusivitiesby a factorF anddecreasingthe

reactionrateby thesamefactorF . To accountfor theflameturbulenceinteraction

at thesubgridscalelevel Colin et al. [13] have developedanefficiency function,

E, dependingon the turbulenceandflamecharacteristics.Légieret al. [11, 6]

have alsoshown that thethickeningfactorF maydependon thespatiallocation.

Then,theflameis thickenedby increasingF in thereactionzonewhereasoutside

theflame,themolecularmixing is unaffectedkeepingF 	 1. Thefinal balance

equationfor thefuel massfractionYF is, usingclassicalnotations:

∂ρ �YF

∂t
� ∇  "! ρ �u �YF # 	 ∇  $! ρ �&% FE � Dt � ∇ �YF # � E

F
ω̇F (7)

whereρ, �u and �YF denotesresolveddensity, velocity field andfuel massfraction

respectively.Dt is theturbulentdiffusivity andthereactionrateω̇F is expressedus-

ing anArrheniuslaw basedusingresolvedmassfractionsandtemperature.This

modelis implementedin theAVBP codedevelopedat CERFACS.Thenumerical

schemeis third orderboth in spaceandtime [14] andNSCBCboundarycondi-

tions [15] areused.As a first step,two dimensionalsimulationsareperformed.

Numericalsimulationsof thesteadystateoperatingregimeshave reproducedtur-

bulentflamestabilizationmodes(i.e. “anchored”,“lifted” or blow-off [11][6]. In

fact, thesesimulations are quite expensive,especiallywhen the fr equencyof

theacousticexcitation is low. Our codeis fully compressibleandshouldfit the

CFL criterion but relevant data areonly achievedwhena several periodsare

simulated. This is the reasonwhy 170Hz and 350Hz excitation fr equencies

have not beensimulated. We have preferred to investigatethe implication

of 2D versus3D simulations (LES should theoretically be performed in 3D)

and to analyzeif the discrepanciesobservedbetweennumerical simulations

and experimentaldata may beexplainedby thr eedimensionalmotions. This

point is still under investigation.In the presentsimulations,the burner veloc-
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ity inlet ismodulatedto 200Hz accordingto experimentalacousticexcitation.

900000iterations, correspondingto about 20 acousticcycles,have beenper-

formed leading to 320 hours in terms of CPU time on a IBM SP3parallel

computer.

Heatreleaseratesasa functionof thedownstreamlocationx areestimatedas

in theexperimentby integrationover verticalslots(Fig. 3). Thescalingbetween

thephotomultipliersignalandtheheatreleaseratehasbeendoneassumingthat:

1) the propaneburns homogeneouslyinside the combustionchamber(i.e. the

sameamountof fuelburnsin eachslot).Thisassumptionis roughbut theemission

rmsover thethirty slotsdoesnot exceed20 % of themeansignal. 2) nonlinear

variationbetweentheCH radicalemissionandtheheatreleaserateareneglected.

Numericalsimulationsandexperimentaldatafor the interactionindex nx and

the time delayτx arecomparedon Fig. 9. The agreementis very goodandthe

numericalsimulationsareableto reproducebothτx andnx. Theconvectionof the

perturbationis well capturedby the modelandthe maximumvariationobtained

betweenmeasuredandcomputedτx is lessthantheacousticperiod1 � fe 	 5 ms.

At x 	 50mmdownstreamof theinlet, theinteractionindex nx extractedfrom the

LES is larger thantheexperimentaldata. Nevertheless,recentresultsshow that

this discrepancy is apparentlynot observed whenperformingthree-dimensional

largeeddysimulationsandcouldbedueto 3D motionsin theflow field.

Conclusion

A turbulentnonpremixedpropane/airflameis submittedto acousticperturbations

inducedby loudspeakersto characterizetheflametransferresponsein termsof an

interactionindex n (amplificationfactor)anda timedelayτ (phaseshift relatively

to the inlet velocity perturbation),as a function of the downstreamlocation in
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the burnerx. n andτ arethe parametersof the so-calledn � τ modelproposed

by Croccoto describecombustion instabilities. Large eddysimulationsof the

sameburnersubmittedto inlet velocity perturbationsarealsoperformed,using

the DynamicThickenedFlameModel (DTFLES). Parametersn andτ are also

extractedfrom thesimulationsandcomparedto experimentaldata.Theagreement

is very goodand large eddysimulationsappearto be a very promisingtool to

extractflametransferfunctionsrequiredin globalacousticdescriptionof thefull

system.
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