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Abstract

We presentresultsfrom computationof an igniting non-premixed methanget in coflow air
usingthe GRImechl.Zhemicalmechanism.gnition is initiatedin the jet mixing layerwith the
applicationof a short-duratiorheat-fluxpulsealonga narrov strip. An ignition kernelis formed
in the rich mixture region insidethe jet andis obsenred to propagatdowardsthe stoichiometric
mixture fraction line in the mixing layer. As the kernelpenetrateshe stoichiometricregion, we
obsenre the formation of a thin circular flame front which burns throughthe mixing layer and
extinguishesat the leanedge. This leavestwo edge-flamegropagatingaway from this location
alongthe stoichiometricline. We analyzethe reactionzoneinternal structureand the chemical
pathwaysin the flamefronts during the entire processcomparingthemto thoseof 1D premixed
flamesat similar stoichiometriesandto resultsfrom earlier edge-flamestudies. The fronts are
seento move at speed-3 timesthatof the correspondingpremixed flame,asthey burn through
preheateghremixedradicalsontheedgeof theignition zone.Thestrengthof thefront propagating
away from the ignition zoneis seento decaygraduallyasit encounterdowertemperaturgyases

with diminishedavailability of radicals.
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1 Introduction

Auto-ignition in turbulentnon- or partially premixed environmentg[1] andflamespreadgive rise
to situationswhereflamesignite and propagatehroughregionswith stratifiedfuel concentration
fields. Suchphenomen&ave beenextensvely studiedin simplified settingsasin the contexts of
lifted laminarjet flames[2, 3] andflame propagationn two-dimensionamixing layers[4, 5, 6].
Tribrachial or triple flameshave beenobsered in both the cases,and have beenstudiedas a
possiblemechanisnfor the stabilizationof lifted flames[7, 2].

Tribrachial flamesconsistof a diffusion flame alignedand centeredon (approximately)the
stoichiometricline and terminatedby a premixed flame which rangesfrom the rich to the lean
sideof the mixture. The diffusionflameis stabilizedat the triple point (the locusof theleanand
rich premixed flamesand the diffusion flame) andis fed by the “excess”/unconsumefiiel and
oxidizeron eithersideof thestoichiometridine. Theeffectof comple<« chemistryandtransporon
suchtriple flameshave beenstudiedby Plessingetal. [8]. Triple flamesareinherentlyasymmetric
(becausef theasymmetryof flammabilitylimits, reactingmixturecompositiorandburningrates);
further, the diffusionflameis usuallyfed by stablemoleculedike CO andH, sincevery little of
theoriginal fuel survivesbeyondthe premixedfronts.

The triple flameis a region of intenseproduction/consumptioand gradientsof radicalslike
OH, H andO, which alsodiffuseat very differentrates.This alongwith thermaldiffusivity makes
for substantiatifferential diffusion effects[6]. Further the premixedfrontsin atriple flameare
curved,whichfocusthediffusionof certainradicalsinto asmallregion,enhancingheburningand
propagatiorratesof atriple flame,ascomparedo a stoichiometrigpremixedflame.

In this studywe ignite a methane-aijet andtrackthe evolution of theignition front into triple
flame-like objects.We studythe edgeflameasit relaxesafterignition with respecto its structure
andidentify the dominantreactions.It is seenthatC; chemistryis dominantin theignition front
andthe diffusion flameis fed by CO and H, ratherthan methane. Also, a two-layeredradical

productionregion,commonin mary premixedhydrocarborflames,is seenn theignition front.

2 Problem Description

2.1 Physical Description

The physicalsystembeingsimulatedis a 2D CH;, jet (inlet velocity of 0.8 m/s)with coflow air at
0.25m/s. The methands diluted 40 % (by volume)with N,. The domainin 10cm x 5 cmin
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sizeandthejetis 4 cmwide. A spark(heatsource)is ignited 1.0 cm above thejet inlet andhasa
durationof 1 ms.

2.2 Simulation Detalils

A DNS simulationis doneof theigniting jet. GRImechl.2is usedasthe chemicalmechanism.
Binary diffusioninto N, is usedsincethe systemis N, diluted. Adaptive meshrefinemen{AMR)
is usedto presere resolution. The coarsesmeshcell hasa size of 1.25 mm andthe finest19
microns.

Detailsof thenumericaimethodarein [7, 9, 10]. Briefly, alow Machnumberformulationof the
Navier-Stokesequationis used. Second-ordeupwind Godun is usedfor spatialdiscretization.
Time integrationis donein an operatotsplit manner The corvective anddiffusion operatorsn
the scalarequationgtemperatureand species)re integratedusing a second-ordeRunge-Kutta
schemewhile thechemicalsourcetermis integratedusinga stiff integrator[11, 12]. Sandwiching
a stiff integrationof At between2 RK2 integrationsof At/2 each,gives, by Strangsplitting, a
formal second-ordeaccurag. The momentumequationsare solved via a vortex method. The
2D momentumequationsarecastinto the vorticity evolution form. Thecirculationgeneratedn a
givenregion (usuallya cell on a fine, thoughnot necessarilffinestmeshlevel) by the baroclinic
andviscoustermsis evaluatedon the AMR (Eulerian)meshandinjectedinto the flow-field asa
Gaussiarvortex particle. The sameapproachs adoptedor the divergenceequation,exceptthat
expansionparticlesareinjected. The velocity field inducedby theseparticlesis calculatedusing
the FastMultipole Method [13]. Boundaryconditions(smoothcoflon on the sides,inflow and
outflow) areimposedusinga potentialpanelmethod.

Theflowfield is initialized with a parallelstreamf air andCH, andthenallowedto relaxinto
asteadyjet. Heating(for ignition) is startedafterall time dervativesbecomevery small. A second
casewith coflow fasterthanthejet (coflow 0.8 m/s,jet 0.25m/s)wasalsosimulatedo investigate
flamestructurewhenthe strainratefield wasreversed.

3 Ignition Details

In Fig. 1 we shaw the heatreleaseatesplottedat 3 differenttime instantsto shawv the progression
of theignition. The contoursareof Z where

1 oxr
Z=- <1+”—Xf—X0m>
2 Z/f
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where subscriptsox and f standfor oxidizer (O,) andfuel (CH;) and v is the stoichiometric
coeficient. The secondblack contourrepresentshe stoichiometricline (Z = 0.5). Theignition

frontstraversea verticaldistanceof approximatelyl cm (thedomainshown in thefigure)in about
2 ms. Thelastpictureshovs the meshat thelasttime instantandis seento be concentratea@tthe

ignition fronts. We seethatthe premixed “wings” extendfrom therich to leansideof the mixing

layer. In Fig. 2 we plot the consumptiorrate of CH, in the lower ignition front. The blackline

is the stoichiometricmixture fraction contour[14]. The graphshaws productionrateassampled
alongthe blackline andis a measureof the resolutionof the structureby the mesh. The sample
pointsareplottedwith symbols.

In Fig. 3 (&) we plot the heatreleaseaatealongthe stoichiometridine for differenttimes. The
peakheatreleasas seeno relaxthoughthe heatreleaseateis aboutanorderof magnitudenigher
thanin a 1D premixedflameof similar N, dilution. Further thefront velocity, estimatedrom the
peaksof the heatreleaseategraphbetween = 3.55msand4.15msis about120cm/s,about4
timeshigherthanthatof a 1D premixedflame. In Fig. 3 (b) we plot the molefraction of OH. We
seethatabuild up of OH from the heating/earlygnition phases left overandis expectedo affect
thereactionghatoccurin the premixedkernel.

In Fig. 4 we plot the mole fractionsof OH and CO in the lower left ignition front. We see
thatthe“tongue”-shaped®H poolis borderedon therich side(the blackline is the stoichiometric
mixture fraction line [14]) by a pool of CO which also curves aroundthe leadingedgeof the
flame. Most of the OH actuallyresidesfar dowvnstreamof the lower ignition front, an outcome
of theearlyignition phaseaswell asthe slow recombinatiorreactionsaffecting OH. In Fig. 5 we
comparethis topologywith experimentaimagesof the OH and CO concentrationsit the baseof
alifted methanget [15]; they arequalitatively similar.

In Fig. 6, we plot molefractionsof CH,4, O,, CO, H,, O andOH atthelower left ignition front.
Methaneis almostentirely consumedt the premixed flame kernel,thoughO, wrapsaroundit.
Theoxidationatt = 5.35msproceedsnainly down the C; chainCH; —+ CH; — CH,O — HCO
— CO — CO,. Someof the CH; alsoflows via CH; — CH,(S) — CH, — HCO. Most of the
oxidationinto HCO occursin the premixed kernelwhile the othersaremoredistributed. HCO is
consumednostly by its decompositionnto CO

HCO + H,O = H + CO + Has.

Behindthe premixedkernel,thediffusionflameis fueledmainly by CO andH, (whichareformed
by the reactionof hydrocarborintermediatesvith H and OH) diffusingin from therich sideand
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OH andO from theleanside. The blackline is the stoichiometriamixture fractioncontour These
resultsaresimilarto thosein [6] wherethey obsene a methanol-aitriple flamein amixing layer.
Reactionsnvolving O aremoreintenseon theleansideandalongthe stoichiometridine. It is

formedby the chainbranchingreaction
H+0O,= 0+ OH

andconsumedy thereactions
O+ CH; = H + CH,0O

and
O+H,+=H-+ OH.

H is formedby interactionsof O or OH with hydrocarbongHCO, CO, CHj3) or H, andconsumed
by O, (thechain-branchingeactionabore) or CH, (to give CHs;). Theseaeactionsareconcentrated
aroundthe premixed kernelor on therich sidewherehydrocarborradicalsor H, (formedby the
breakupof methaneor CH,O in the presencef H) canbefound. H, O andOH areformedatthe
trailing edgeof the premixed front anddiffuseout to attackthe incomingfuel andoxidizer atthe
leadingedge.H,, formedby the breakupof methaneattheleadingedgediffusesin andis focussed
in by the curvedignition front, increasinghe concentratiorof Hy nearthe centerof curvature.H,
is consumedy
OH+H; = H,O+H

and
O+ H,; = H + OH,

anotherchain-branchingeaction.Thefocusingthuscreatesa surfeitof radicalsandenhanceshe
rateof burning,ascomparedo a 1D premixedflame.

In Fig. 7, ontheleft, we plot the contritution of eachof thereactiongin GRImechl.2)to the
heatreleasedn the premixed kernel,ascircumscribedoy a heatreleasecontourof 30 cal/cn?s.
On theright we plot the averagemole fractionsof speciesn the sameregion. The plots of mole
fractionsshav somepresencef C, compoundsThereactionontributingto theheatreleaseate
are similar to thosein a 1D premixed flameandin roughly the sameproportions. The absolute
contributions, however, arelargerthanin a 1D premixed flame sincethe ignition front is a very
fastburningflameatthetime instantanalysed The mainreactionsareR10,R38,R52,R84,R99,
R10l1andR135which are,respectiely,

O+ CH3 = H + CH20
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H+0,=0+OH
H + CH3(+M) = CHy(+M)
OH +H, = H+ H,0
OH + CO = H + COq,
OH + CH,O = HCO + H,0
CH;y + O, = OH 4+ HCO

In Fig. 8 we compardahedevelopmenbf theignition fronts(depictedvia theproductionrateof
H,O) for thecasewherethestrainratefield is reversedi.e thecoflow is 0.8 m/sandthemethanget
is 0.25m/s). We seethatthe developments very similar, indicatingthatthe effect of the reversal
of the global strainratefield in the vicinity of the edgeflameis insignificant. The leanbranch
in the second(fastercoflow) caseis pushedn towardsthe stoichiometricline. In Fig. 9 we plot
the fuel inflow velocity into and strainratetangentialto the ignition front - they areremarkably
similar.

4 Conclusions

We have presentedesultsof a CH, jet beingignitedin coflow air by meansof a spark. Ignition
fronts propagatealongthe mixing layer, within flammability limits, relaxingto lower speed=f
propagationand heatreleasein time. Theseignition fronts exhibit structuressimilar to triple
flames[6]. We presentthe contribution to the heatreleaserate by eachof the reactionsandthe
mole fraction of speciedn the premixed kernelandfind somequalitative similaritieswith a 1D
premixedflame.
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Figure 1l: HeatreleaserateandZ for 5 differenttime instants. We seea “hot-spot” ignite into
two ignition fronts and propagateaway alongthe mixing layer. Only the left half of the domain
is shavn. The last picture shavs the adaptve meshkeepingthe premixed kernelresolhed. Time
is measuredrom the inceptionof heatingfor ignition. Colormap:Blue is mappedo the lowest

value,redto thehighest.
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Figure2: Thepictureontheleft shonvsthestoichiometrianixturefractioncontourpassinghrough
theignition frontatt = 5.35msasseenn themethaneonsumptiomatecoloredmap. Thegraphon
theright plotstheconsumptiomrateof C H, alongtheblackcontour by samplingtheconsumption
field. Thedatapointsonthegraphareplottedwith symbols.It is evidentthatthereis a sufficiency
of grid pointsin theignition fronts. The consumptiorrateis measuredn moles/cnis. Colormap:
Blue is mappedo thelowestvalue,redto the highest.
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Figure 3: In (a) we plot the heatreleaseratesalong the stoichiometricmixture fraction line at
differenttimes after ignition for the lower ignition front. The flameis seento be relaxingand
hasbecomealmoststationary The unit for the Y-axisis cal/cn?s andfor the X-axis is cm. The
maximumheatreleaseaatesat thosetime instantsare1434,827,689,592,525and473cal/cnts.
In (b) we plot the O H molefraction. We seeremnantgrom the heating/earlygnition phasewhich
areexpectedo influencetheburningin the premixedkernel.
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XCO:A XOH:A

Figure4: Mole fractionplotsof CO (left) andOH (right) atthelower edgeflameatt = 5.35ms.
A “tongue” of OH is surroundedoy C'O on therich side of the stoichiometricline, which also
curvesaroundthe edgeinto theleanside. Dueto the slow recombinatiorreactionsof O H mostof
the O H residedar downstreanof theleadingedgeof theignition front. Thedomainshavn in the
figure hasa heightof 6.5mm. Colormap:Blue is mappedo thelowestvalue,redto the highest.
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Figure5: Mole fractionplotsof OH andCO atthelower edgeof a N, diluted methanget flame.
Detailsof thisexperimentarein [15]. OH andCO distributionsarevery similarto thosein Fig. 4.
Colormap:Blue is mappedo the lowestvalue,redto the highest. PicturecourtesyJasonRehm,

SandiaNationalLabs.,Livermore.
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Figure6: Mole fractionsof C H4, O, CO, Hy, O andO H atthelowerleft ignition frontatt =5.35
ms. Methaneis almostentirely consumedat the premixed flamekernel,thoughO, wrapsaround
it. Behindthe premixedkernel,the diffusionflameis fueledmainly by CO and H, which lie on
therich sideandO H andO ontheleanside.Theblackline is the stoichiometriamixture fraction
contour Theseresultsaresimilar to thosein [6]. Colormap:Blue is mappedo the lowestvalue,
redto thehighest.
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Figure7: Ontheleft is thecontribution to heatreleaseateby eachof thereactionin the premixed
kernel,definedasthe region wherethe heatreleaseateis above 30 cal/cn?s. On theright arethe
molefractionsof all speciesResultspresentedreaveragesoverthe premixedkernel.
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Figure8: We plot theproductionrateof H, O for 2 jetignition runs.In thefirst case(ontop)thejet

is fasterthanthe coflow (0.8 m/sversus0.25m/s); in the secondhe numbersarereversed.There
is atime delayof ~ 30 msdueto thepositionof theignition spotwith respecto thestoichiometric
line (blackcontour).We seethatthedevelopmenbf theignition frontsis unafectedby thereversal
of the strain-ratefield. In the secondcase(bottom), the lean premixed branchhasbeenpushed
closerto the stoichiometridine.
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Figure9: Velocity (left) alongandstrain-ratgright) normalto the stoichiometridine for t = 5.53
ms(jet velocity = 0.8 m/s)andt = 5.8 ms(jet velocity = 0.25m/s). The similarity of thetwo fronts
is reflectedin the fuel inflow velocitiesandstrainrates. The unitsfor distances, velocity v, and
strain-rater,, arecm, m/sand1/s.



