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1 Introduction

Partially-premixed laminarflamesareof greatimportancefor domesticburnermanufacturers.They rep-
resentthe mostattractive solutionto copewith the latestpollutantemissionregulations. To improve our
knowledgeof this kind of flame,numericalsimulationsarevery useful. But thesesimulationsremaintoo
costlywhenoneneedsto considerthefull complexity of thechemistry. In fact,in orderto correctlydescribe
a laminarflame,it is very importantto accuratelyrepresentall the phenomena(convection,diffusion and
reaction)throughouttheflamefront. Thatis why we needto usedetailedchemistrymechanismsinsteadof
single-stepchemistry. Unfortunatelydetailedmechanismsincludemorethanfifty speciesandhundredsof
reactionsin thecaseof methane/airflames.

A solutionto overcomethis problemis to usereducedmechanisms.Therearedifferentwaysto gen-
eratethesemechanisms.Theclassicaltechniqueis basedon physicalassumptions(steadystateandpartial
equilibrium...,Peters1985). This techniquegives goodresultsbut requiresan impressive knowledgein
chemistryand is very costly in termsof humantime. As industrialscan not afford sucha solution, re-
searchershave morerecentlydevelopedfully automatictechniquesto provide reducedmechanisms.Maas
andPope(1992)proposedareductiontechnique,calledILDM, basedonthestudyof thechemicallocaltime
scales.More recently, theFlameProlongationof ILDM (FPI) method,a new improvement,wasproposed
(Gicqueletal. 2000).Its mainadvantageis thatthedescriptionof thelow-temperaturephenomenais based
onbetterphysicalassumptions.

In thepresentwork, this techniqueis usedto computepartially-premixed laminarflames.To validate
theFPI technique,threetest-casesweresimulatedin theTOPDECburnerconfiguration(Perrinetal. 1998).
TheTOPDECburneris anidealisedpartially-premixed laminarburnerwhich is developedin anEuropean
Communityproject.Simulationswerecomparedto OH andtemperaturemeasurements.

This article is structuredas follows: we first give a short descriptionof the FPI method. Then the
TOPDECconfigurationandthe experimentalsetuparepresented.We afterwardsdescribethe numerical
simulationsperformedin threedifferentconfigurationsandthecomparisonwith experimentalresults.

2 The FPI technique

TheFPI techniqueis an improvementof thewell-known ILDM method.For furtherdetailson ILDM see
MaasandPope(1992).TheoriginalILDM is ableto accuratelyreproducethehightemperaturephenomena.
But thelow-temperatureonesaredescribedwith a linearprolongationbetweenthefreshgasesandthehigh
temperaturezone. This linear prolongationintroducessomediscrepancies,which lead to errorscloseto
100%onthelaminarflamespeedpredictionfor amethane/airflame,with a two-dimensionalmanifold.
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As ourgoalis to applythis techniqueto laminarcombustionsimulations,wehave to useamodelwhich
givesagoodestimationof thelaminarflamespeedaswell asthelow temperatureregionof theflame.That
is why weproposeanew extensionof theILDM techniquecalledFPI.TheFPImethodconsistsof usingthe
partof thechemicalstatespaceaccessedby a one-dimensionalfreely propagatingflamein orderto extend
thecorrespondingone-dimensionalILDM manifold in the low-temperaturezone. This methodis detailed
in Gicquelet al. (2000)andhasalreadybeenvalidatedfor premixedcounterflow hydrogen/airflames.Our
aim in thiswork is to validateit now for partially-premixedmethane/airflames.

For the presentsimulationswe usean FPI look-up table basedon a methane/airmechanism.This
detailedmechanismwasproposedby Lindstedt(1998).It includes30speciesandabout300reactions.The
look-uptableis constructedwith two variablesascoordinateswhich areCO� for thechemistryandN � to
take into accountthemixing effects.

Thelook-uptablecanbeusedfor equivalenceratioscomprisedbetween0 (pur air) and1.7(extinction
limit). This look-uptableincludes6550grid points. Its generationwasfully automaticandhasbeendone
in aboutanhouronaSunUltra 5 workstation.

3 TOPDEC reference test-cases

TheTOPDECburnerpresentedin figure1 is anidealiseddomesticboileremploying a2Dpartially-premixed
laminarburner(Perrinet al. 1998).Its power input is equalto 10kW. Thisburneris similar to commercial
oneswith thedifferencethat theprimaryandthesecondaryair flowratesareindependentlyadjustableand
full opticalaccessis available.

Figure1: TOPDECburnerconfiguration

Differentmeasurementtechniqueshave beenused.In this paperwe will presentresultsobtainedwith
thermocouplemeasurementsfor thetemperaturefields(Miquel et al. 1998).Theseresultsareusedto vali-
dateglobalinformationconcerningtheflame.It is not recommendedto usethemto deduceany information
aboutthe flamefront positionbecausethe thermocouple(4mm diameter)induceslots of perturbationsin
theflameshape(intrusive method).In orderto checktheflamefront position,we comparetheOH profiles
obtainednumericallyandwith PlanarLaser-InducedFluorescenceonOH (Brenezetal. 2000).

Threedifferentcasesareusedto validatetheFPI technique.All caseshave thesameglobalequivalence
ratio (

�
= 0.71). Thefirst one(Case1) is a locally rich partially-premixed laminarflame(

���
= 1.667)(see

table1). Cases2 and3 correspondto locally lean(
� �

= 0.8314)partially-premixed flames.Thedifference
betweenthemis that in Case3 an insert is addedin the middle of the injector. This insert hasa great
influenceon theflamestabilisation.
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case 1 2 3�
primary 1.667 0.8314 0.8314

primaryinlet velocity (m/s) 0.4731 0.9776 1.4500
secondaryinlet velocity (m/s) 0.2042 0.0510 0.0510

Table1: Descriptionof thethreetest-caseinlet boundaryconditionsusedin thispaper

The numericalsimulationrelieson a meshincluding 15 000 cells. The smallestcell sizeis 80� m �
80� m. As we solve only relatively smoothspecies(N � andCO� ), that is smallenough.If we hadto usea
detailedmechanismwemighthaveto usecellssmallerthan10� m � 10� m to solvecorrectlyall theradicals
insidethe flamefront. With the FPI techniquetheseradicalsaswell astemperatureareobtainedonly by
readingin thelook-uptableusingN � andCO� (Gicquelet al. 2000).

4 Results and Discussion

Thetemperaturecomparisonperformedin Case1 (Fig. 2) shows a goodagreementbetweenexperimental
andnumericalpredictions.Both themaximumvalueandtheglobaldistribution of thetemperaturearewell
predictedby theFPImethod.TheOH massfractionwhichcharacterisesthediffusionflamepositionis also
well predicted(Fig. 2). Thetemperaturefield shows a flamefront right after theprimary inlet. But asthe
primarymixture is rich (

� �
= 1.667),theunburnedgasesreactwith thesecondaryair forming a diffusion

flamewhich canbeclearlyobservedon theOH field. In Cases2 and3 in contrastwith Case1, theprimary
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Figure2: Comparisonof experimental(on left partof eachgraph)andnumerical(on theright) resultsfor
Case1.

mixtureis lean.Thereis nodiffusionflame.In Case2, theflameis characterisedby thetypicalBunsen-type
flameshape(Fig. 3), while in Case3 theintroductionof theinsertinducesabutterfly-typeflameshape(Fig.
4). Thischangeof shapeis well reproducedby thenumericalsimulations.

Theflamepositionin Case2 is correctlyestimated(Fig. 3). Thesmalldifferenceis dueto theadiabatic
walls usedfor thesesimulations.Figure4 shows that thebutterfly shapeof theflameis well predictedas
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Figure3: Comparisonof experimental(on left partof eachgraph)andnumerical(on theright) resultsfor
Case2.

well astheangleof theV profile. Thisverysensitivephenomenainducedontheflameshapeby theaddition
of the insertis perfectlypredictedby theFPI method.This shows thatall theeffectsof thechemistryare
perfectlytakeninto accountwith theFPI reductiontechnique.

All thesesimulationswereperformedwith thecommerciallyCFD codeESTET(MattheiandSimonin
1993)usingtheFPI packagedevelopedfor this study. They wereperformedona standardworkstationand
requiredlessthan3 hoursof CPU time each.This computationaltime is fully compatiblewith industrial
requirements.

5 Conclusion

In this paper, we appliedtheFPI techniqueto threedifferentpartially-premixed laminarflames.Onewas
locally rich andtwo wereleanwith a differencein flameshape.TheFPI techniquewasableto reproduce
all the operatingpointsof an industriallaminarburner. The positionandshapeof the flameareperfectly
predictedaswell asthetemperaturefield. As weusea tablelook-up,it is alsopossibleto obtainaccurately
all theotherspecies(theseresultswill bepresentedin thefull paper).

The computationaltime neededwasabout3 hourson a standardworkstationusinga commercially-
availableCFDcode.ThissmallCPUtimewill allow a largerusageof numericalsimulationsin theconcep-
tion processof new burnerdesigns.
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Figure4: Comparisonof experimental(on left partof eachgraph)andnumerical(on theright) resultsfor
Case3.
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