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1 Intr oduction

Partialpremixingis observedin nonpremixedflameswhenfuel andoxidizerhavemixedwithoutburning.This
may result from frozenflow mixing found beforeignition or from local quenching. In mostdeviceswhere
a sprayof liquid fuel is injected,partially premixed flame propagationis observed, as in a gasolinedirect
injectionengineor alsoin aircraftengines.Thereforein themodelingof many combustionsystems,partially
premixedcombustionshouldbeaccountedfor [1, 2].

Lifted turbulent jet flameis a laboratorysimplified situationwherepartially premixed combustionis ex-
pected.At theflamebase,combustionstartsin amixturecomposedof fuel andoxidizerthathavebeenpartially
mixed. Downstreamof this turbulentflamebase,a turbulentdiffusionflamedevelops. Variousexperimental
andnumericalstudieshave concludedthat triple flameletsandedge-flamesare the basicingredientsof the
turbulentflamebase[3].

Themodelingof theselifted flamesrequiresthesimultaneousdescriptionof thetrailing diffusionflameand
of locally propagatingpartially premixedflamesdefinedfor a distribution of equivalenceratios. A procedure
basedonthetopologyof thespeciesfield wasrecentlyproposedto distinguishin simulationsbetweenpremixed
anddiffusioncombustion[4]. Combiningthis approachwith LargeEddySimulation(LES) for thepremixed
andnon-premixedregimes,asubgridcombustionclosurefor partiallypremixedflamehasbeenproposed[5]. In
thefollowing, lifted turbulentmethaneair flamesaresimulatedusingthis formalism.Thestatisticalproperties
of theflamebasearecollectedin theLES, they comparewell with experimentalobservationsin termof flow
velocityandrevealsomepropertiesof partiallypremixedturbulentcombustion.

2 Partially premixedflameletsin LES

For LESof nonpremixedturbulentflames,wherepartialpremixingis expected,it wasrecentlyproposed[5] to
decomposethelargeeddymassfractionsfields

����
into
������ �

, apremixedpart,and,
������ 	

, a nonpremixedpart:�����

��� ������ ��������������� ������ 	
(1)

where
������ �

and
������ 	

arecalculatedfrom: a progressvariable � for premixedcombustion( � 
�� in freshgases
and � 
�� in fully burnt products),anda mixture fraction � for nonpremixedflames( � is a passive scalar
with � 
 � in oxidizerand � 
!� in the fuel stream).In thesubgridcombustionmodelthesequantitiesare
simultaneouslyresolvedat theLESfilteredlevel.
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In Eq.1,
���

is anindicatorof localpremixing,it is approximatedfrom theresolvedlargeeddyfield:���"
 �# $&% ���'�( % ���)* % �� ' *+* % �� ) * ���-, (2)� � 
.�
correspondsto fully premixed reactantsat the molecularlevel and

� � 
��
to diffusion flames[4].

Thefilteredspeciesgradientsentering
� �

definethemainflametopologyandthesamecombustionregimeis
expectedat bothresolvedandsubgridlevels.

Thepremixedflamefeaturinganon-uniformequivalenceratioiscapturedextendingthesubgridcombustion
closureof Veynanteandcoworkers[6]. A transportequationfor themassfilteredprogressvariable

� � is derived,
unknown termsareclosedleadingto:/ 01� �/�2 � % (�� 0 �3 � � �4
 % (65 $ 087 �9;:;<�>=�? =8@1A ��B;CD C , % � �FE �HG 087 �9;:;I�J =A � � ����� � � �< (3)

where B C is the subgridturbulent viscosity, D C is a turbulent Schmidtnumberand
<

a LES filter size. The
wrinkling factor

I
is assumedconstant(

I 
K�MLN�
). In nonpremixedflames,to accountfor partially premixed

flamelets,we computethemeandensityof freshgases
087

andtheburningvelocity
�9;:

from theknowledgeof0 7 � � � and
9;: � � � , the responseof thesequantitiesto a non-uniformcompositionof freshgasesdetermined

usingtheGRI methane- air chemicalkinetics.
9O: � � � is averagedusingthemixturefractionpdf

�PQ� �SR � :�9 : 
 TU V 9 : � � R � �PQ� � R �XW � R (4)

Theclosedtransportequationfor thefilteredmixturefractionis written:/ 0 ��/�2 � % (�� 0 �3 �� �4
 % (ZY\[^]_��B CD C\` % ���a (5)

ascalesimilarity hypothesis[7] is chosento estimate b� �� � � ��c , themixturefractionfluctuationsat thesubgrid

level.
�� and b� �� � � � c arethenretainedto parameterizethebetamixturefractionpdf

�PQ� � R � . A basicflamelet
modelis utilized for thediffusionflamepartgiving

�� ��� 	
.

The links betweenthe premixed andnonpremixedpartsareevidencedassumingthin partially premixed
flamefronts,in a BML context [8] onemaywrite [5]:�� ' � � 
 ����� � �^� ' � d �� � � ��fe�g' (6)���) � � 
 ����� � �^��) � d ����� �� �h� � ��fe�g) (7)� is estimatedfrom

� � usingthebasicBML relation, � 
 0i71� � @^� 0Xj �k� 0i7 � 0ij � � � � , wherethesubscripts
7

and
j

denotefreshandburntgasesrespectively.
TheLagrangiandynamicmodelof Meneveauetal. [9] is retainedto calculateBOl and D l . Thefourthorder

finite volumeskew-symmetric-likeschemeof Ducroset al. [10] is chosenfor spatialdiscretization,combined
with a secondorderRungeKuttatime stepping.To save a greatamountof cputime, theflow is first analyzed
usingtwo-dimensionalsimulations.
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Figure1: Iso-contourof temperatureat theflamebase,Line: Stoichiometricmixture.Lengthsarein meter.

3 LES of methane- air turb ulent lifted flames

Thelifted flameconfigurationis theonestudiedexperimentallyby Muniz andMungal[11]. A roundmethane
jet of diameter

Widm
_GnL oZpqp
is surroundedby anair coflow. The inlet velocitiesare rZs�tvu 
!�-GwpxL y�z T andrw{ �N|"
}�nL #8~ p�L�y�z T , correspondingto caseIII of [11]. Theflameis lifted andcombustionstartsin a partially

premixed regime at a meanstreamwiseposition locatedat
�-G4Wid

. In the simulationsthe grid is 128X128
clusteredneartheburnerexit. Only theflamebaseis simulated,thelengthof thesquarecomputationaldomain
is
Gn�hW d

.
Figure.1 shows the iso-stoichiometricline andthetemperaturefield. Unsteadymixing resultingfrom the

roll-up of theshearlayersis visible. Theunsteadysimulationsrevealthatthedynamicsof stabilizationregions
dependson the continuousinteractionbetweenextremitiesof reactionzonesandturbulence(Fig. 1). When

Trailing 
diffusion flame

Flame edge

n

τ

x

y

Z = 0 Z = 1

Z = Zs

Figure2: Sketchof thelocal coordinatesattachedto a reactionzoneextremity.
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Figure 3: Along the stoichiometricline of a reactionzoneextremity. Top:
�� 
 ���' ���)

. Middle: Filtered
reactionrate.Bottom: Flow velocity.

studyingthe topologyof the flamebasein their experiments,Muniz andMungal found that velocity profiles
taken acrossthe flamebasefeaturepropertiessimilar to thoseobserved in triple flames. Suggestingthat the
reactionzoneextremitieshavestrongsimilaritieswith triple flamesandedgeflames[2, 4].

In orderto focuson the possiblerole of thosereactionzoneextremitiesfound at the flamebasein LES,
quantitiesare plotted using a local coordinatesystem(Fig. 2) attachedto one representative reactionzone
extremity observedalongthepartially premixedfront. Valuesarecollectedalongthedirection � asdefinedin
Fig. 2, thusfollowing thestoichiometricline.

The filtered partially premixed fraction
�� 
 �� ' �� )

indicatesthat premixinghasdevelopedupstreamof
the local edgeflamewhere

�������
(Fig. 3-top). Then, the local premixed front consumesthe reactantsfor

thestoichiometricvalue
���� 
���' � d ��) � d � � ����� � � � , this is visible from

��
andtheburningrate(Fig. 3-topand

middle).Thevelocityprofile following thestoichiometricline of a turbulentedgeflameascapturedby LES is
shown in Fig. 3-bottom.Thevelocity is normalizedby

9 d:
, thestoichiometricburningvelocity of a premixed

flame. Thecomplex tribrachialstructureof thetriple flamecannotberesolvedby LES, however in bothLES
andmeasurements,the velocity profile featuresstrongsimilaritieswith thoseobserved in triple flames[11],
with anupstreamvelocityof theorderof threetimes

9 d:
. In otherwords,in theexperimentandin theLES,the

collectionof reactionzoneextremities(or edgeflames)stabilizingthelifted flame,continuouslyfollow within
theturbulentmixture,thezoneof low velocity thatis of theorderof a triple flamespeed.

4



4 Conclusionand perspectives

A novel subgridturbulent combustionmodel is discussedand testedfor LES of partially premixed flames.
Thesimulationof a lifted turbulent jet flamecompareswell with experimentsin termof themajorflamebase
properties.Thesimulationconfirmsthatlocal triple flamesandedgeflamesplaysadominantrole in suchlifted
flames.

The subgrid combustion model providing encouragingresultsfor two-dimensionalsimulations,three-
dimensionalsimulationarenow carriedout to carefully study the dynamicsof the three-dimensionalflame
base.
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