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1 Intr oduction

Partial premixingis obsenedin nonpremixedflameswhenfuel andoxidizerhave mixedwithout burning. This
may resultfrom frozenflow mixing found beforeignition or from local quenching. In mostdeviceswhere
a sprayof liquid fuel is injected, partially premixed flame propagationis obsened, asin a gasolinedirect
injectionengineor alsoin aircraftengines.Thereforein the modelingof mary comhustionsystemspartially
premixedcomlustionshouldbe accountedor [1, 2].

Lifted turbulentjet flameis a laboratorysimplified situationwherepartially premixed comtustionis ex-
pected At theflamebasegcomlustionstartsin amixturecomposeaf fuel andoxidizerthathave beenpartially
mixed. Downstreanof this turbulent flamebase,a turbulent diffusion flame develops. Variousexperimental
and numericalstudieshave concludedthat triple flameletsand edge-flamesre the basicingredientsof the
turbulentflamebase[3].

Themodelingof thesdifted flamesrequireshe simultaneouslescriptiorof thetrailing diffusionflameand
of locally propagatingpartially premixed flamesdefinedfor a distribution of equivalenceratios. A procedure
basednthetopologyof thespeciedield wasrecentlyproposedo distinguishin simulationshetweerpremixed
anddiffusion comhustion[4]. Combiningthis approachwith Large Eddy Simulation(LES) for the premixed
andnon-premixedregimes asubgridcombustionclosurefor partially premixedflamehasbeenproposed5]. In
thefollowing, lifted turbulentmethaneaair flamesaresimulatedusingthis formalism. The statisticalproperties
of the flamebasearecollectedin the LES, they comparewell with experimentalobsenationsin term of flow
velocity andrevealsomepropertiesof partially premixedturbulentcomtustion.

2 Partially premixedflameletsin LES

For LES of nonpremiedturbulentflames wherepartial premixingis expectedjt wasrecentlyproposed5] to
decompos¢helargeeddymassiractionsfieldsY; into Y; ,, apremixedpart,and,Y; 4, anonpremiedpart:

}7;‘ = §pz,p + (]- - gp)i;i,d (1)

whereffi,p andffi,d arecalculatedrom: a progressvariablec for premixedcomhustion(c = 0 in freshgases
andc¢ = 1 in fully burnt products),anda mixture fraction Z for nonpremied flames(Z is a passie scalar
with Z = 0 in oxidizerandZ = 1 in thefuel stream).In the subgridcomtustionmodelthesequantitiesare
simultaneouslyesohedatthe LES filteredlevel.



In Eq.1, &, is anindicatorof local premixing,it is approximatedrom theresohedlarge eddyfield:
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& = 1 corresponddo fully premixed reactantsat the molecularlevel and§, = 0 to diffusion flames[4].
Thefiltered speciegyradientsenteringé, definethe mainflametopologyandthe samecomhustionregimeis
expectedat bothresohedandsubgridlevels.

Thepremixedflamefeaturinganon-uniformequivalenceratiois capturedxtendingthesubgridcomhustion
closureof Veynanteandcoworkers[6]. A transporequatiorfor themasdilteredprogreswariablec is derived,
unknown termsareclosedleadingto:
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wherey, is the subgridturbulent viscosity oy is a turbulent Schmidtnumberand A a LES filter size. The

wrinkling factorZ= is assumedaonstan{Z = 1.1). In nonpremiedflames,to accountfor partially premixed

flameletswe computethe meandensityof freshgases,, andthe burningvelocity Sz, from the knowledgeof

pu(Z) and S (Z), theresponsef thesequantitiesto a non-uniformcompositionof freshgasesdetermined
usingthe GRI methane air chemicakinetics. Sy (Z) is averagedisingthe mixturefraction pdf P(Z*):

1
Sy = / SL(2*)P(2*)dz* (4)
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The closedtransportequatiorfor thefiltered mixture fractionis written:

6§—tZ+V-(ﬁﬁZ):V-KD+Z—z)VZ] (5)

ascalesimilarity hypothesig7] is choserto estimate(§ — 7)2, themixturefractionfluctuationsatthesubgrid

level. Z and(Z — Z)? arethenretainedto parameteriz¢he betamixture fractionpdf P(Z*). A basicflamelet
modelis utilized for the diffusionflamepartgiving }N’i,d.

The links betweenthe premixed and nonpremixed partsare evidencedassuminghin partially premixed
flamefronts,in aBML context [8] onemaywrite [5]:

?F,p = (]— - E) YF,OZ + E}A}F-qu (6)
Yop = (1-0)Yo,(1-2)+eYy? @)

¢ is estimatedrom ¢ usingthe basicBML relation,e = 3,,¢/(p, + (p,, — Py)¢), Wherethe subscripts, and,
denotefreshandburntgasegespectiely.

ThelLagrangiardynamicmodelof Meneveauetal. [9] is retainedo calculateur andor. Thefourthorder
finite volumeskew-symmetric-like schemeof Ducroset al. [10] is choserfor spatialdiscretizationcombined
with a secondorderRungeKuttatime stepping.To save a greatamountof cputime, the flow is first analyzed
usingtwo-dimensionakimulations.
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Figurel: Iso-contourof temperaturattheflamebaseLine: Stoichiometriomixture. Lengthsarein meter

3 LES of methane- air turbulent lifted flames

Thelifted flameconfigurationis the onestudiedexperimentallyby Muniz andMungal[11]. A roundmethane
jet of diameterd, = 4.8 mm is surroundedy an air coflow. Theinlet velocitiesareUc g, = 14m.s~! and

Uair = 0.27m.s 1, correspondindo caselll of [11]. Theflameis lifted andcomhustionstartsin a partially

premixed regime at a meanstreamwiseposition locatedat 14 d,. In the simulationsthe grid is 128X128
clusterecheartheburnerexit. Only theflamebases simulatedthelengthof the squarecomputationatiomain
is4ld,.

Figure.1 shavs theiso-stoichiometridine andthe temperaturdield. Unsteadymixing resultingfrom the
roll-up of thesheadayersis visible. Theunsteadyimulationsrevealthatthe dynamicsof stabilizationregions
dependson the continuousinteractionbetweenextremitiesof reactionzonesandturbulence(Fig. 1). When

zZ=1
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Figure2: Sketchof thelocal coordinatesttachedo a reactionzoneextremity.
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Figure 3: Along the stoichiometricline of a reactionzoneextremity. Top: $ = YpYo. Middle: Filtered
reactionrate.Bottom: Flow velocity.

studyingthe topology of the flamebasein their experiments Muniz and Mungal found that velocity profiles
taken acrossthe flame basefeaturepropertiessimilar to thoseobsenedin triple flames. Suggestinghat the
reactionzoneextremitieshave strongsimilaritieswith triple flamesandedgeflames[2, 4].

In orderto focuson the possiblerole of thosereactionzoneextremitiesfound at the flamebasein LES,
guantitiesare plotted using a local coordinatesystem(Fig. 2) attachedio one representatie reactionzone
extremity obsenedalongthe partially premixedfront. Valuesarecollectedalongthe directionn asdefinedin
Fig. 2, thusfollowing the stoichiometridine.

Thefiltered partially premixed fraction ¢ = Y Yy, indicatesthat premixing hasdevelopedupstreamof
the local edgeflamewhere, ~ 1 (Fig. 3-top). Then,the local premixed front consumeshe reactantgor
thestoichiometric\/alueqzs =Yy ,Y0,0Z5(1 — Zs), thisis visible from $ andtheburningrate(Fig. 3-topand
middle). Thevelocity profile following the stoichiometridine of aturbulentedgeflameascapturedoy LESis
shawn in Fig. 3-bottom. The velocity is normalizedby S¢, the stoichiometricburning velocity of a premixed
flame. The comple tribrachialstructureof thetriple flamecannotberesohedby LES, howeverin bothLES
and measurementghe velocity profile featuresstrongsimilaritieswith thoseobsenedin triple flames[11],
with anupstreanvelocity of the orderof threetimesS7 . In otherwords,in theexperimentandin theLES, the
collectionof reactionzoneextremities(or edgeflames)stabilizingthelifted flame,continuouslyfollow within
theturbulentmixture, the zoneof low velocity thatis of the orderof atriple flamespeed.



4 Conclusionand perspectives

A novel subgridturbulent comhustionmodelis discussedandtestedfor LES of partially premixed flames.
The simulationof alifted turbulentjet flamecomparesvell with experimentsn termof the majorflamebase
properties Thesimulationconfirmsthatlocaltriple flamesandedgeflamesplaysadominantrole in suchlifted
flames.

The subgrid comhustion model providing encouragingresultsfor two-dimensionalsimulations,three-
dimensionalsimulationare now carriedout to carefully study the dynamicsof the three-dimensionallame
base.
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