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Experimentahnalysisandlarge eddysimulationto determingheresponsef

nonpremixedflamesubmittedto acoustidorcing

Abstract

Largeeddysimulationsappeaasavery promisingtool to describecom-
bustion instabilitiesbut, as theseinstabilitiesgenerallyinvolved acoustic
wavesthroughthewholesystem elevantsimulationsarecurrentlystill im-
possible.An intermediatestepis to uselarge eddysimulationof the burner
only to estimateheparametersf theso-calledh — T modelwheretheflame
is viewedasinducinganamplificationn with thetime delayt to thevelocity
perturbation. Then,theseparametersreincorporatedn a global acoustic
modelof the systemto determinewvhethercomhustioninstabilitiesmay oc-
cur or not. The objectve of this paperis to investigatethe ability of large
eddysimulationsto determinghe n — 1 parameterAn experimentakurbu-
lent nonpremixed flameis submittedto acousticperturbationsnducedby
loudspeakersThe flametransferfunction is thendeterminedandn andt
arecomputedasafunctionof thedownstreamocationin theburner n andt
arealsoextractedfrom large eddysimulationsof the sameburnersubmitted
to velocity perturbationsTheresultsarevery promisingbecauseumerical

andexperimentaldataarein goodagreement.



Intr oduction

Combustioninstabilities,dueto a couplingbetweerheatreleasehydrodynamic
flow field andacousticwaves, are encounteredn variouspracticalapplications
[1]. Theseinstabilitieshave to be avoidedbecausehey inducenoise,variations
of the systemcharacteristicdarge heattransfersandmay leadto the systemde-
struction.Thechallengdor designerss to predictthepossibleoccurrencef such
instabilitiesand, if required,to avoid them, for exampleusingpassve or active
controltechniqueg2]. Large Eddy Simulation(LES) appearsodayasa power-
ful tool to describetheseinstabilities,correspondingo large coherenstructures
resohedin thesimulation,andto testcontroltechnique$3, 4].

Unfortunately comlustioninstabilitiesgenerallyinvolve the completesystem
wherefrom ionletto outletandareis still outof thepresentomputercapabilities.
An intermediatestepis to uselargeeddysimulationgo determingheflametrans-
fer function by computingonly the comtustionchamber This transferfunction
is thenwritten in termsof the so-calledn — t modelproposeddy Crocco[5] in
his pioneeringwork. In this model,theflameis viewedasinducinga time delay
T andanamplificationfactorn on acoustiowaves. The entiresystemis thende-
composedn a seriesof acousticelementdhaving their own influenceon acoustic
waves. Oncethe full systemis known, including acousticboundaryconditions,
acoustiovavespropagatingn the systemmay be determinedisingsimplecodes
(see[4] for acompletedescription).The maindifficulty is thento determinethe
n—tmodelparametefor theflame. A possibleapproachs to determingheflame
transferfunction using LES. Numericalsimulationsof the comlustionchamber
are performedunderinlet acousticperturbationsallowing the determinationof
the flametransferfunction (i.e. the flameresponsedo an acousticperturbation).
This approachs very attractve but needsvalidationsagainstexperimentaldata.

In this paperanexperimentaburneris usedto determinghesetransferfunctions
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andresultsarecomparedo numericalsimulations.

The n— 1 modelfor the flame transfer function

A one-dimensionatliscretizationof a comhustoris displayedon Fig. 1. Two
comhustorsectionsareconsideredThefirst one(lengthL 1, sectionS;, densityps
andsoundspeedc,) is filled with freshgasesandthe secondlengthL, section
S, densityp2 andsoundspeedt;) containsourntgasesTheflameis supposedo
beinfinitely thin andliesin sectionx = L;. A, A7, Al, A;, aretheamplitudes
of the wavestravelling in downstreamand upstreamdirections,respectrely in

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

(%)

system:
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wherel'; = (p2€2S1)/(P1€1S). K1 is thewave numberk; = w/c; wherew is the
wave pulsation.yis theratio of constanpressurendconstanvolumeheatcapac-
ities, assumedo be constantandQ the sourcetermdueto comhustion. System
(1) mustbe solved for the wave amplitudesA], A7, AJ, A5 andthe pulsationo
usingadditionalboundaryconditions.In then — 1 model,the oscillatorycomlus-
tion is producedoy perturbatiorof the velocity at the flame(x = L1) with atime

delayt. ThesourcetermQ becomes:

y—1
—=Q= Li,t— 2
o2 2= St =) @)

wheren is theinteractionindex andhasnodimensiorandu(x, t) theaxial velocity

atlocationx andtimet. The previous relationmay be rewritten in the spectral
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space:
T20(f) = sind(Ly, f) 3)

wheref is thefrequeng and@ denoteghe Fourier transformof the function Q.

In termsof wave amplitudesEq. (2) mayberewritten:

y—lQ n

I SQ=_——ge(Afell—Are il 4)

PlC% P1C1 A 1 )
This modelrequiresthe knowledgeof n andt. In the following, experimental
determinationof theseparametersre comparedo valuesextractedfrom large

eddysimulationsof the burnet

Experimental setup

The comlustion chamberis specially designedboth for easyoptical diagnos-
tics (two dimensionatonfigurationandeasynumericalsimulationgsimplegrid

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

and3). Two backwardfacing stepsensurethe flamestabilization. The burneris

300mmin length,80 mm in width and100mm high. Dependingn thefuel and
air flow rates theturbulentflamemaybeanchoredn the vicinity of the propane
injectors(Fig. 4a), lifted andstabilizedby therecirculationzonesinducedby the

facingstepFig. 4b) or blown-off [6].

In orderto investigatethe flame responseo longitudinalacousticperturba-
tions, the air flow is modulatedby plane waves inducedby two loudspeakers
pluggedin theinlet duct. The maximumfrequeng of the acousticforcing was
choserbelow thefrequeng of thefirst transersemodeof the comhustioncham-
ber (i.e. f = 1307Hz) to ensurethat only longitudinalmodesinteractwith the

flame. In our case the air flow wasnever forcedat frequeng over 500Hz. The



transferfunctioncharacterizetheflameresponséo velocityandpressurg@eriodic
disturbancef theair flow. Velocity variationsaremeasured. 7 mm upstreanthe
comlustionchambeiinlet usingan hot-wire anemometelocatedin this air duct
onthesymmetryaxis(Fig. 3). Theheatreleasdluctuationsareestimatedromthe
CH radicalemissiormeasuredby a photomultiplieranda narronv bandfilter cen-
teredaroundd34nm. Theaxial velocity atthe burnerinletis imposedoy acoustic
excitationasu(L1,t) = Ug+ Asin(2mtft) with Ug = 24 m/sandA = 0.05Up.

In the lifted flame regime (Fig. 4b) investigatedhere (propaneflow rate:
4.5 gl/s, air flow rate: 75 g/s, leadingto a global equvalenceratio ¢ = 0.81),
reactantarepartially mixedbeforereachingheflame.Hurle [7] hadshavn that,
for agivenequwvalenceatio,CH emissioris proportionako heatreleasedatebut
theequialenceratio variationis notmonotonougo CH emissiorwhenthereac-
tantflow ratesaremodified. However, normalizingthe emissionsignalusingits
stoichiometriovalue theerrorremainssmallwhenabijectionis assumedetween
CH emissionand heatreleaseate[8]. In fact, for low variationsof the equia-
lenceratio aroundthe stoichiometricvalue (0.8 < ¢ < 1.2), this error doesnot
exceedl5percenandtheCH radicalemissions relevantto measurghereaction
heatreleaseate.

CH radicalemissionsaremeasuredisinga 10 mm width vertical slot moving
alongthe axis of the comlustionchambei(Fig. 3), allowing a spatialanalysisof
the flametransferfunction. Relations(2) and(3) still hold but the time delayt
andthe interactionindex n becomefunctionsof the downstreamlocationx. ny
andty aredetermineausing Fourier transformsof the velocity and CH radical
emissionsignalsusing Eq. (3). Thelocal time delay1y, is the time neededor
a velocity perturbationat the burnerinlet to interactwith the flamewhereaghe
localinteractionindex, ny, revealsthe spatiallocationof theflameresponsén the

burner



Experimental results

Variousacousticfrequenciesbelongingbothto therig longitudinalmodesrange
andto the naturallow frequeny broadbandnoisein the comhustionchamber
have beenexperimentallytested. Acousticforcing at fe = 170 Hz, 200 Hz and
350 Hz inducesthenhighestcoherencdunction betweenthe axial velocity signal
andthe heatreleaseate. Thelocalindex ny is plottedversusthe downstreamo-
cationx for the threeexcitationfrequencie®n Fig. 5. Theny maximumvalueis
obtainedaroundthe middle of the comlustionchamberfor the two low frequen-
cieswhile thisvaluefor the 350Hz forcedcases slightly shifteddownstreamand
lessimportant.Moreover, the350Hz forcedcasepresents betterinteractiomear
the burnerinlet but the interactionis globally lessimportant. The flameappears
to be more sensitve to low frequenciesandthe differencebetweenl70 Hz and
200Hz seemdo benggligible.

This finding may be explainedby computingthe mostamplifiedmodeof the

mixing layer fo andthe cut-off frequeny f, as[9]:

where
1 E ~
0= (UCSHS_Uair)z/O (UcsHg — U (Y))(U(y) — Uair) dy (6)

is themomentunthicknesf themixing layer. U, is themeanaxial velocity and
E theinjection half high (15 mm). pcans, JC3H8, par andUg arerespectiely
the densityandthe velocity of propaneandair streams Meanaxial velocity and
momentumthicknessare estimatedusing particleimagevelocimetry(PIV) data
(Fig. 6). In our case,0=0.0013m, fp=230Hz and f,=527 Hz, so excitation
frequenciesl70 Hz and 200 Hz arecloseto the mostamplifiedfrequeng fo of

themixing layer, leadingto anorganizedlamestructureat thesefrequenciesOn
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the otherhand, fe = 350 Hz is closerto the cut-off frequeng f, andthe mixing
layeris lessaffectedby the acousticexcitation.

Thelocal time delayty is plottedasa function of the downstreamocationx
onFig. 7. Thisdelayis estimatedisingthe coherencdunctionbetweenvelocity
andheatreleasemeasurementfFig. 8) to ensurea correctphaseunwrapping.
As the threepointsclosestto the burnerinlet preseniow coherencevalue (Fig.
8), the unwrappingtechniquein this caseis not meaningfull. In fact, the heat
releaseateis probablydominatedn thisregionby theunsteadyhenomenan the
recirculationzonesandis notdirectly relatedto theinlet velocity. Thelocaltime
delayty hasbeenunwrappedrom the4™" point(x ~ 40mm). Thedelayty versus
x is proportionako the corvectionvelocity of reactve structurein thecomhustion
chamber The variationsin the slopeof 1« versusx shawv thatreactve structures
arey corvectedmorerapidly whenthe frequeng decreasesThis trendis also
confirmedby the mixing layer stability analysis:whenthevelocity perturbations
frequeng is shifted from fy towardsthe cut-off value f,, the phasevelocity of
vorticity wavesmovesfrom Jcng toUm. The referenceconvectiondelayplotted

onfigure7 correspond$o aJ(Ll) = 24ms 1 axial veIocityvaIue(rX:x/U_(Ll)).

Comparison betweenLES resultsand experimental

data

The objective is now to investigatethe ability of large eddy simulationto repro-
ducethe time delay 1y andthe interactionindex ny. Large eddysimulationsof
the burner are performedmodelingunresoled Reynolds stressesising the fil-
teredSmagorinsit model[10] anddescribinghe comhustionby the dynamically
thickenedlamemodel(DTFLES,se€[11]). Theflamefrontcannotberesohedin

LES andthe comhustionis mainly a subgridscalephenomenonFollowing [12],



theflamethicknesanaybeincreasedy afactor F keepingconstanthe laminar
flamespeedyy increasingnoleculadiffusivitiesby afactorF anddecreasinghe
reactionrateby the samefactorF. To accounfor theflameturbulenceinteraction
atthe subgridscalelevel Colin et al. [13] have developedan efficiengy function,
E, dependingon the turbulenceand flame characteristics Légieret al. [11, 6]

have alsoshawvn thatthe thickeningfactor F may dependon the spatiallocation.
Then,theflameis thickenedby increasing- in thereactionzonewhereaoutside
the flame, the molecularmixing is unafectedkeepingF = 1. Thefinal balance
equatiorfor thefuel masdractionYg is, usingclassicahotations:

OpYe

5 +0- (m%) =0- (ﬁ(@FEJrDt) D\?F> - Ewp (7)

wherep, U andYr denotesesohed density velocity field andfuel massfraction
respectiely.D; is theturbulentdiffusivity andthereactionratewr is expressedis-
ing an Arrheniuslaw basedusingresolhed massfractionsandtemperatureThis
modelis implementedn the AVBP codedevelopedat CERFACS. Thenumerical
schemas third orderbothin spaceandtime [14] andNSCBC boundarycondi-
tions[15] areused. As afirst step,two dimensionakimulationsare performed.
Numericalsimulationsof the steadystateoperatingregimeshave reproducedur-
bulentflamestabilizatiormodeqi.e. “anchored” lifted” or blow-off [11][6]. In
fact, thesesimulations are quite expensive gspeciallywhen the frequencyof
the acousticexcitationis low. Our codeis fully compressibleand shouldfit the
CFL criterion but relevant data are only achievedwhen a several periodsare
simulated. This is the reasonwhy 170Hz and 350Hz excitation frequencies
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 experimental data may be explainedby 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.

Heatreleaseaatesasa functionof the downstreanmocationx areestimatedas
in the experimentby integrationover vertical slots(Fig. 3). The scalingbetween
the photomultipliersignalandthe heatreleaseate hasbeendoneassuminghat:
1) the propaneburns homogeneouslynside the comhustionchamber(i.e. the
sameamounbf fuel burnsin eachslot). Thisassumptioris roughbut theemission
rmsover the thirty slotsdoesnot exceed20 % of the meansignal. 2) nonlinear
variationbetweertheCH radicalemissionandthe heatreleaseatearengglected.

Numericalsimulationsandexperimentaldatafor the interactionindex ny and
thetime delayty arecomparedn Fig. 9. The agreements very goodandthe
numericalimulationsareableto reproducéothty andny. Thecorvectionof the
perturbations well capturedby the modelandthe maximumvariationobtained
betweermeasure@ndcomputedty is lessthantheacoustigeriodl/fe = 5ms.
At x = 50mm downstreanof theinlet, theinteractionindex ny extractedfrom the
LES is largerthanthe experimentaldata. Neverthelessrecentresultsshav that
this discrepang is apparentlynot obsered when performingthree-dimensional

large eddysimulationsandcouldbedueto 3D motionsin theflow field.

Conclusion

A turbulentnonpremied propane/aiflameis submittedto acoustigperturbations
inducedby loudspeakert characterizé¢heflametransferresponsén termsof an
interactionindex n (amplificationfactor)andatime delayt (phaseshift relatively

to the inlet velocity perturbation),as a function of the downstreamlocationin
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theburnerx. n andt arethe parametersf the so-calledn — t modelproposed
by Croccoto describecomhustioninstabilities. Large eddy simulationsof the
sameburnersubmittedto inlet velocity perturbationsare also performed,using
the Dynamic ThickenedFlameModel (DTFLES). Parameters andt are also
extractedrom thesimulationsandcomparedo experimentablata. Theagreement
is very good and large eddy simulationsappearto be a very promisingtool to
extractflametransferfunctionsrequiredin globalacousticdescriptionof the full

system.
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