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Abstract

We presentresultsfrom computationsof an igniting non-premixedmethanejet in coflow air

usingtheGRImech1.2chemicalmechanism.Ignition is initiated in the jet mixing layerwith the

applicationof a short-durationheat-fluxpulsealonga narrow strip. An ignition kernelis formed

in the rich mixture region insidethe jet andis observed to propagatetowardsthe stoichiometric

mixture fraction line in the mixing layer. As the kernelpenetratesthe stoichiometricregion, we

observe the formation of a thin circular flame front which burns throughthe mixing layer and

extinguishesat the leanedge. This leavestwo edge-flamespropagatingaway from this location

along the stoichiometricline. We analyzethe reactionzoneinternalstructureandthe chemical

pathwaysin theflamefrontsduring theentireprocess,comparingthemto thoseof 1D premixed

flamesat similar stoichiometries,andto resultsfrom earlieredge-flamestudies. The fronts are

seento move at speeds2-3 timesthatof thecorrespondingpremixedflame,asthey burn through

preheatedpremixedradicalsontheedgeof theignition zone.Thestrengthof thefront propagating

away from the ignition zoneis seento decaygraduallyasit encounterslower-temperaturegases

with diminishedavailability of radicals.
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1 Introduction

Auto-ignition in turbulentnon-or partially premixedenvironments[1] andflamespreadgive rise

to situationswhereflamesignite andpropagatethroughregionswith stratifiedfuel concentration

fields. Suchphenomenahave beenextensively studiedin simplifiedsettings,asin thecontexts of

lifted laminarjet flames[2, 3] andflamepropagationin two-dimensionalmixing layers[4, 5, 6].

Tribrachial or triple flameshave beenobserved in both the cases,and have beenstudiedas a

possiblemechanismfor thestabilizationof lifted flames[7, 2].

Tribrachial flamesconsistof a diffusion flamealignedandcenteredon (approximately)the

stoichiometricline and terminatedby a premixed flamewhich rangesfrom the rich to the lean

sideof themixture. Thediffusionflameis stabilizedat thetriple point (the locusof the leanand

rich premixed flamesand the diffusion flame)and is fed by the “excess”/unconsumedfuel and

oxidizeroneithersideof thestoichiometricline. Theeffectof complex chemistryandtransporton

suchtriple flameshavebeenstudiedby Plessingetal. [8]. Triple flamesareinherentlyasymmetric

(becauseof theasymmetryof flammabilitylimits, reactingmixturecompositionandburningrates);

further, thediffusionflameis usuallyfed by stablemoleculeslike CO andH � sincevery little of

theoriginal fuel survivesbeyondthepremixedfronts.

The triple flameis a region of intenseproduction/consumptionandgradientsof radicalslike

OH, H andO, whichalsodiffuseatverydifferentrates.Thisalongwith thermaldiffusivity makes

for substantialdifferentialdiffusioneffects[6]. Further, thepremixedfronts in a triple flameare

curved,whichfocusthediffusionof certainradicalsinto asmallregion,enhancingtheburningand

propagationratesof a triple flame,ascomparedto astoichiometricpremixedflame.

In this studywe ignite a methane-airjet andtracktheevolution of theignition front into triple

flame-like objects.We studytheedgeflameasit relaxesafterignition with respectto its structure

andidentify thedominantreactions.It is seenthatC � chemistryis dominantin the ignition front

and the diffusion flame is fed by CO andH � ratherthanmethane.Also, a two-layeredradical

productionregion,commonin many premixedhydrocarbonflames,is seenin theignition front.

2 Problem Description

2.1 Physical Description

Thephysicalsystembeingsimulatedis a 2D CH
 jet (inlet velocity of 0.8m/s)with coflow air at

0.25m/s. The methaneis diluted 40 % (by volume)with N � . The domainin 10 cm � 5 cm in
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sizeandthejet is 4 cm wide. A spark(heatsource)is ignited1.0cm above thejet inlet andhasa

durationof 1 ms.

2.2 Simulation Details

A DNS simulationis doneof the igniting jet. GRImech1.2 is usedasthechemicalmechanism.

Binarydiffusioninto N � is usedsincethesystemis N � diluted.Adaptivemeshrefinement(AMR)

is usedto preserve resolution. The coarsestmeshcell hasa sizeof 1.25 mm andthe finest19

microns.

Detailsof thenumericalmethodarein [7, 9,10]. Briefly, alow Machnumberformulationof the

Navier-Stokesequationis used.Second-orderupwindGodunov is usedfor spatialdiscretization.

Time integrationis donein an operator-split manner. The convective anddiffusion operatorsin

the scalarequations(temperatureandspecies)are integratedusinga second-orderRunge-Kutta

schemewhile thechemicalsourcetermis integratedusingastiff integrator[11, 12]. Sandwiching

a stiff integrationof ��� between2 RK2 integrationsof ������� each,gives,by Strangsplitting, a

formal second-orderaccuracy. The momentumequationsaresolved via a vortex method. The

2D momentumequationsarecastinto thevorticity evolution form. Thecirculationgeneratedin a

givenregion (usuallya cell on a fine, thoughnot necessarilyfinestmeshlevel) by thebaroclinic

andviscoustermsis evaluatedon theAMR (Eulerian)meshandinjectedinto theflow-field asa

Gaussianvortex particle. Thesameapproachis adoptedfor thedivergenceequation,exceptthat

expansionparticlesareinjected. Thevelocity field inducedby theseparticlesis calculatedusing

the FastMultipole Method[13]. Boundaryconditions(smoothcoflow on the sides,inflow and

outflow) areimposedusingapotentialpanelmethod.

Theflowfield is initializedwith aparallelstreamsof air andCH
 andthenallowedto relaxinto

asteadyjet. Heating(for ignition) is startedafterall timederivativesbecomeverysmall.A second

case,with coflow fasterthanthejet (coflow 0.8m/s,jet 0.25m/s)wasalsosimulatedto investigate

flamestructurewhenthestrainratefield wasreversed.

3 Ignition Details

In Fig. 1 weshow theheatreleaseratesplottedat 3 differenttime instantsto show theprogression

of theignition. Thecontoursareof Z where������ � �����! #"�%$'& $)( &  *",+
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wheresubscripts-/. and 0 standfor oxidizer (O� ) and fuel (CH
 ) and � is the stoichiometric

coefficient. The secondblack contourrepresentsthe stoichiometricline (Z = 0.5). The ignition

frontstraverseaverticaldistanceof approximately1 cm(thedomainshown in thefigure)in about

2 ms.Thelastpictureshows themeshat thelasttime instantandis seento beconcentratedat the

ignition fronts. We seethatthepremixed“wings” extendfrom therich to leansideof themixing

layer. In Fig. 2 we plot the consumptionrateof CH
 in the lower ignition front. The black line

is thestoichiometricmixture fractioncontour[14]. Thegraphshows productionrateassampled

alongtheblack line andis a measureof the resolutionof thestructureby themesh.Thesample

pointsareplottedwith symbols.

In Fig. 3 (a) we plot theheatreleaseratealongthestoichiometricline for differenttimes.The

peakheatreleaseis seento relaxthoughtheheatreleaserateis aboutanorderof magnitudehigher

thanin a 1D premixedflameof similar N � dilution. Further, thefront velocity, estimatedfrom the

peaksof theheatreleaserategraphbetweent = 3.55msand4.15ms is about120cm/s,about4

timeshigherthanthatof a 1D premixedflame. In Fig. 3 (b) we plot themolefractionof OH. We

seethatabuild upof OH from theheating/earlyignition phaseis left overandis expectedto affect

thereactionsthatoccurin thepremixedkernel.

In Fig. 4 we plot the mole fractionsof OH andCO in the lower left ignition front. We see

thatthe“tongue”-shapedOH pool is borderedon therich side(theblackline is thestoichiometric

mixture fraction line [14]) by a pool of CO which also curves aroundthe leadingedgeof the

flame. Most of the OH actuallyresidesfar downstreamof the lower ignition front, an outcome

of theearly ignition phaseaswell astheslow recombinationreactionsaffectingOH. In Fig. 5 we

comparethis topologywith experimentalimagesof theOH andCO concentrationsat thebaseof

a lifted methanejet [15]; they arequalitatively similar.

In Fig. 6, weplot molefractionsof CH
 , O� , CO,H � , O andOH at thelower left ignition front.

Methaneis almostentirely consumedat the premixed flamekernel, thoughO� wrapsaroundit.

Theoxidationat t = 5.35msproceedsmainly down theC � chainCH
21 CH3�1 CH� O 1 HCO1 CO 1 CO� . Someof the CH3 alsoflows via CH341 CH� (S) 1 CH�41 HCO. Most of the

oxidationinto HCO occursin thepremixedkernelwhile theothersaremoredistributed. HCO is

consumedmostlyby its decompositioninto CO57628 � 5 � 8:9;<5 � 628 � 5 �,=
Behindthepremixedkernel,thediffusionflameis fueledmainlyby COandH � (whichareformed

by thereactionof hydrocarbonintermediateswith H andOH) diffusingin from therich sideand
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OH andO from theleanside.Theblackline is thestoichiometricmixturefractioncontour. These

resultsaresimilar to thosein [6] wherethey observeamethanol-airtriple flamein amixing layer.

Reactionsinvolving O aremoreintenseon theleansideandalongthestoichiometricline. It is

formedby thechainbranchingreaction5 � 8 � 9;>8 � 8?5
andconsumedby thereactions 8 � 6@5 3 9;<5 � 6@5 � 8
and 8 � 5 � 9;<5 � 8?5 =
H is formedby interactionsof O or OH with hydrocarbons(HCO,CO,CH3 ) or H � andconsumed

by O� (thechain-branchingreactionabove)or CH
 (to giveCH3 ). Thesereactionsareconcentrated

aroundthepremixedkernelor on therich sidewherehydrocarbonradicalsor H � (formedby the

breakupof methaneor CH� O in thepresenceof H) canbefound. H, O andOH areformedat the

trailing edgeof thepremixedfront anddiffuseout to attackthe incomingfuel andoxidizerat the

leadingedge.H � , formedby thebreakupof methaneat theleadingedgediffusesin andis focussed

in by thecurvedignition front, increasingtheconcentrationof H � nearthecenterof curvature.H �
is consumedby 8A5 � 5 � 9;<5 � 8 � 5
and 8 � 5 � 9;<5 � 8?5CB
anotherchain-branchingreaction.Thefocusingthuscreatesa surfeitof radicalsandenhancesthe

rateof burning,ascomparedto a1D premixedflame.

In Fig. 7, on theleft, we plot thecontribution of eachof thereactions(in GRImech1.2) to the

heatreleasedin the premixedkernel,ascircumscribedby a heatreleasecontourof 30 cal/cm� s.

On theright we plot theaveragemole fractionsof speciesin thesameregion. Theplotsof mole

fractionsshow somepresenceof C� compounds.Thereactionscontributingto theheatreleaserate

aresimilar to thosein a 1D premixed flameandin roughly the sameproportions.The absolute

contributions,however, arelarger thanin a 1D premixed flamesincethe ignition front is a very

fastburningflameat thetime instantanalysed.ThemainreactionsareR10,R38,R52,R84,R99,

R101andR135which are,respectively,8 � 6@5 3 9; 5 � 6@5 � 8
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ID �AEJG8A5 � 5 � 9; 5 � 5 � 88?5 � 628 9; 5 � 628 �8?5 � 6@5 � 8 9; 57628 � 5 � 86@5 � � 8 � 9; 8?5 � 57628
In Fig.8 wecomparethedevelopmentof theignition fronts(depictedvia theproductionrateof

H � O) for thecasewherethestrainratefield is reversed(i.e thecoflow is 0.8m/sandthemethanejet

is 0.25m/s). We seethatthedevelopmentis very similar, indicatingthattheeffect of thereversal

of the global strain ratefield in the vicinity of the edgeflameis insignificant. The leanbranch

in thesecond(fastercoflow) caseis pushedin towardsthestoichiometricline. In Fig. 9 we plot

the fuel inflow velocity into andstrainratetangentialto the ignition front - they areremarkably

similar.

4 Conclusions

We have presentedresultsof a CH
 jet beingignited in coflow air by meansof a spark. Ignition

fronts propagatealongthe mixing layer, within flammability limits, relaxingto lower speedsof

propagationand heatreleasein time. Theseignition fronts exhibit structuressimilar to triple

flames[6]. We presentthe contribution to the heatreleaserateby eachof the reactionsandthe

mole fraction of speciesin the premixed kernelandfind somequalitative similaritieswith a 1D

premixedflame.
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Figure1: Heat releaserateandZ for 5 different time instants. We seea “hot-spot” ignite into
two ignition frontsandpropagateaway alongthe mixing layer. Only the left half of thedomain
is shown. The lastpictureshows theadaptive meshkeepingthepremixedkernelresolved. Time
is measuredfrom the inceptionof heatingfor ignition. Colormap:Blue is mappedto the lowest
value,redto thehighest.
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Figure2: Thepictureontheleft showsthestoichiometricmixturefractioncontourpassingthrough
theignition front att = 5.35msasseenin themethaneconsumptionratecoloredmap.Thegraphon
theright plotstheconsumptionrateof KFL�
 alongtheblackcontour, by samplingtheconsumption
field. Thedatapointson thegraphareplottedwith symbols.It is evidentthatthereis asufficiency
of grid pointsin theignition fronts. Theconsumptionrateis measuredin moles/cm� s. Colormap:
Blue is mappedto thelowestvalue,redto thehighest.
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Figure3: In (a) we plot the heatreleaseratesalong the stoichiometricmixture fraction line at
different times after ignition for the lower ignition front. The flame is seento be relaxingand
hasbecomealmoststationary. Theunit for theY-axis is cal/cm� s andfor theX-axis is cm. The
maximumheatreleaseratesat thosetime instantsare1434,827,689,592,525and473cal/cm� s.
In (b) weplot the MNL molefraction.Weseeremnantsfrom theheating/earlyignition phasewhich
areexpectedto influencetheburningin thepremixedkernel.
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Figure4: Mole fractionplotsof KCM (left) and MCL (right) at thelower edgeflameat � �PO =RQ OISUT .
A “tongue” of MCL is surroundedby KFM on the rich sideof the stoichiometricline, which also
curvesaroundtheedgeinto theleanside.Dueto theslow recombinationreactionsof MCL mostof
the MNL residesfardownstreamof theleadingedgeof theignition front. Thedomainshown in the
figurehasaheightof 6.5mm. Colormap:Blue is mappedto thelowestvalue,redto thehighest.

Figure5: Mole fractionplotsof MCL and KFM at theloweredgeof a VC� dilutedmethanejet flame.
Detailsof thisexperimentarein [15]. MNL and KFM distributionsareverysimilar to thosein Fig. 4.
Colormap:Blue is mappedto the lowestvalue,red to thehighest.PicturecourtesyJasonRehm,
SandiaNationalLabs.,Livermore.
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Figure6: Mole fractionsof KFLW
 , M7� , KCM , LX� , M and MCL at thelowerleft ignition front at t = 5.35
ms. Methaneis almostentirelyconsumedat thepremixedflamekernel,though M7� wrapsaround
it. Behindthepremixedkernel,thediffusionflameis fueledmainly by KFM and LW� which lie on
therich sideand MNL and M on theleanside.Theblackline is thestoichiometricmixturefraction
contour. Theseresultsaresimilar to thosein [6]. Colormap:Blue is mappedto the lowestvalue,
redto thehighest.
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Figure7: On theleft is thecontribution to heatreleaserateby eachof thereactionin thepremixed
kernel,definedastheregion wheretheheatreleaserateis above30 cal/cm� s. On theright arethe
molefractionsof all species.Resultspresentedareaveragesover thepremixedkernel.
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Figure8: Weplot theproductionrateof H � O for 2 jet ignition runs.In thefirst case,(ontop)thejet
is fasterthanthecoflow (0.8m/sversus0.25m/s); in thesecondthenumbersarereversed.There
is atimedelayof Y 30msdueto thepositionof theignition spotwith respectto thestoichiometric
line (blackcontour).Weseethatthedevelopmentof theignition frontsis unaffectedby thereversal
of the strain-ratefield. In the secondcase(bottom), the leanpremixed branchhasbeenpushed
closerto thestoichiometricline.
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Figure9: Velocity (left) alongandstrain-rate(right) normalto thestoichiometricline for t = 5.53
ms(jet velocity= 0.8m/s)andt = 5.8ms(jet velocity= 0.25m/s).Thesimilarity of thetwo fronts
is reflectedin the fuel inflow velocitiesandstrainrates.Theunits for distance

T
, velocity Z � and

strain-rate[]\ arecm,m/sand1/s.


