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Abstract　Thelaminarflamespeedisoneofthemostfundamentalpropertiesofafuel/airmixture．It
determinesthefuelburningrateincombustionenginesandisanimportanttargetusedtovalidatechemical
models．Duetoitsimportance,accuratemeasurementofthelaminarflamespeedreceivesgreatattention
anddifferentexperimentalmethodshavebeendeveloped．Thisreviewfirstintroducesthelaminarflame
speedaswellasitssignificanceanddependenceondifferentfactors．Then,differentexperimentalmethods
forthelaminarflamespeedmeasurementaredescribed．Sincetheoutwardlypropagatingsphericalflame
methodiscurrentlythemostpopularmethodforlaminarflamespeedmeasurement,itschallengesand
recentadvancesarereviewed．Boththeconstantpressure methodandconstantvolume methodusing
propagatingsphericalflamesarediscussed．
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１　Introduction

LongmanContemporaryDictionary [１]definesthecombustionas“chemicalactivitywhichusesoxygen
toproducelightand heat”．Combustioniscurrentlythe major method ofenergy production and
conversion．Thefossilfuelsandbiofuelsusedincombustionconsistoftheprimarysourceofenergy
supply．Althoughstrictpoliciesareimplementedtocontrolthepollutiongeneratedbycombustion,energy
conversionthroughcombustionoffossilfuelswillremaintobedominantinenergysupplyinthenear
future[２]．

Usuallythecombustionprocessisaccompaniedbyflames．Dependingonhowthefuelandoxidizerare
prepared,therearetwotypesofflames,namely,thepremixedflameandnonＧpremixedflame．Inthe
premixedflame,thereactantsaremixedbeforechemicalreactionsoccur．Oneimportantcharacteristicof
thepremixedflameisthatitcanberegardedasawavepropagationataspecificspeed．Foreachfuel/
oxidizermixtureatgivenpressureandtemperature,thelaminarpremixedflamehasauniquepropagation
rate,characterizedbythesoＧcalledlaminarflamespeed(LFS)orlaminarburningvelocity(LBV)．This
reviewfocusesonthelaminarflamespeedanditsmeasurement．
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２　Laminarflamespeed

２．１　Definitionandsignificanceofthelaminarflamespeed
Thelaminarflamespeed(LFS),S０

u,isafundamentalpropertyofacombustiblemixture．Itisdefined
asthespeedatwhichaplanar,unstretched,adiabatic,premixedflamepropagatesrelativetotheunburned
mixture[３]．TheschematicoftheoneＧdimensionalpremixedflamepropagationisshowninFig．１．Inthe
coordinateattachedtotheflamefront,theflowspeedoftheunburned mixtureisequaltoS０

u．The
productsleavethereactionzoneatthespeedofS０

b ,whichis muchlargerthanS０
u duetothermal

expansion．

Figure１　SchematicofoneＧdimensionalpremixedplanarflamepropagation．

LFSisauniquepropertyofacombustible mixture．Manypremixedflamephenomena,suchas
extinction,flashback,andblowoffcanbecharacterizedbyLFS[４]．Ininternalcombustionengines,LFS
affectsthefuelburningrateandtheengineperformance[５]．Infundamentalcombustionresearch,the
LFSisanimportanttargetwhichisusedtovalidatechemicalmechanismsandtodevelopsurrogatefuel
models(e．g．[６—８])．Recently,accuratemeasurementofLFSsathighpressuresandtemperatureshas
becomeextremelyimportantforthedevelopmentandvalidationofchemicalmechanismsofgasoline,
diesel,andjetsurrogatefuels．Furthermore,theLFSisusedincertainturbulentpremixedcombustion
modelingwithintheflameletregime[９]．

Figure２　ThemaximumLFSmeasuredforthemethane/airmixtureatTu＝２９８KandP＝１atm．FigureadaptedfromRef．
[１０]．

DespitethesimpledefinitionofLFS,accurately measuringLFSischallenging．Fig．２showsthe
reportedmaximumLFSmeasuredformethane/airatnormaltemperatureandpressure(NTP,２９８Kand１
atm)overtheyears．Althoughthedatascatterbecomesweakeraftertheintroductionofaerodynamic
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stretcheffect[４]intheearly１９８０s,therelativedifferencebetweenthereporteddataisstillsignificant．
SinceaccuratemeasurementofLFSisextremelyimportantforconstrainingtheuncertaintyofchemical
models,substantialattention (e．g．,[１１—２２])hasbeendevotedtoimprovingtheaccuracyofLFS
measurement．
２．２　Dependentfactorsaffectingthelaminarflamespeed

Differentfactorsincludingtheadiabaticflametemperature,thermalconductivity,molecularstructure,
pressureandinitialtemperatureaffecttheLFS [４]．Simpleanalysisyieldsthefollowingcorrelationfor
LFS[４]:

S０
u ~P(n/２－１) λ/CP􀅰exp(－Ea/２Tad), (１)

wherePisthepressure,ntheoverallreactionorder,λthethermalconductivity,CP thespecificheat
capacity,EatheactivationenergyandTadtheadiabaticflametemperature．

Figure３　Calculatedadiabaticflametemperature,Tad,andLFS,S０
u ,ofmethane/air(a)andhydrogen/air(b)atTu＝２９８K

andP＝１atm．TheGRIＧMech３．０[２３]andthemechanismdevelopedbyLietal．[２４]areusedrespectivelyformethane/air
andhydrogen/air．

Specifically,theadiabaticflametemperatureinfluencesthereactionrateandthustheLFSasshownin
Eq．(１)．Fig．３(a)showstheadiabaticflametemperatureandLFSofthemethane/airmixtureatTu＝
２９８KandP＝１atm．ItisseenthatthetwocurveshavethesameshapeandbothpeakatthenearＧ
stoichiometricposition．Fig．３(b)showstheresultsforhydrogen/airmixtures．Thereisashiftinthe
peakoftheLFS(aroundϕ＝１．７５)fromthatoftheadiabaticflametemperature(aroundϕ＝１．０７)．Thisis
duetothelargethermalconductivityofhydrogenwhichaffectstheLFSaccordingtoEq．(１)．Equation
(１)indicatesthattheLFSisproportionaltothesquarerootoftheLewisnumber(Le),whichistheratio
betweenthermaldiffusivity(α)andmassdiffusivity(D)ofthedeficientreactant．SinceLeofahydrogen/
airmixturechangesfrom０．３３to２．３forfuelＧleantofuelＧrichconditions,theeffectofLeistoreducethe
LFSonthefuelＧleansideandtoincreaseitonthefuelＧrichside[４]．

Fig．４showstheeffectofpressureonLFSformethane/airandhydrogen/airmixtures．Accordingto
Eq．(１),theLFSdecreaseswiththepressuresincetheoverallreactionorderisusuallyintherangeof
１＜n＜２[４]．TheLFSincreasesmonotonicallywiththeinitialtemperature,whichisshowninFig．５for
astoichiometricmethane/airmixture．Thisismainlybecausetheadiabaticflametemperatureincreases
withtheinitialtemperature．AccordingtoRef．[２５],theLFSofnormalalkanesofC５—C１２ismainly
affectedbythechemistryforH２/COandC１—C４．Therefore,thecarbonnumberisexpectedtohavelittle
influenceontheLFS．ThisisdemonstratedbyFig．６,whichshowsthatforallofthealkanesexcept
methane,theLFSdoesnotchangestronglywithcarbonnumber．
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Figure４　CalculatedLFSofmethane/air(left)andhydrogen/air(right)atdifferentinitialpressures．Figureadaptedfrom
Ref．[４]．

Figure５　CalculatedLFSasafunctionofinitialtemperatureforstoichiometricmethane/airatP＝１atm．TheGRIＧMech３．０
[２３]isusedforsimulation．

Figure６　ChangeofLFSwithcarbonnumberforthestoichiometricnormalＧalkane/airmixtureatTu＝４００KandP＝１atm
calculatedbyPREMIX [２６]．



•Review•

６４　　　 Vol．２６,No．４,２０１８　　SCIENCEFOUNDATIONINCHINA

２．３　Methodsforlaminarflamespeedmeasurement
DuetotheimportanceofLFS,greatattentionhasbeenpaidtoitsaccuratemeasurement．Different

experimentalapproacheshavebeen developedto measure LFS usingdifferentflameconfigurations,
includingtheBunsenflame[２７],thecounterfloworstagnationflame[２８—３１],theburnerstabilizedflat
flame[３２,３３],andtheoutwardlypropagatingsphericalflame[５,２７,３４—５０]．

Figure７　SchematicoftheBunsenflameconfiguration(a)andflamestructure(b)．Figure(a)from [５１]andFigure(b)
adaptedfrom [５２]．

Bunsenflameswereusedto measuretheLFSin１８６６ [５３]．TheschematicoftheBunsenflame
experimentisshowninFig．７(a)．Thismethodispopularlyusedduetoitssimplicity．InaBunsenflame,
thevolumetricflowrateattheburnerexitandtheflameshapecanbedirectlymeasured．AccordingtoFig．
７(b),theLFScanbedeterminedasS０

u ＝Vzsinα,inwhichVZistheinletflowspeedandαisthecone
angle．

SeveralassumptionsaremadetomeasuretheLFSfromBunsenflames,includingconstantflamespeed
alongtheflamesurface,negligiblestretcheffects,andinfinitethinflamefront．However,Bunsenflames
canbeaffectedbyinstability,negativestretchrateandstrongcurvatureeffectaroundflametip[５４,５５]．
BunsenflameswerecontinuouslyadaptedtomeasuretheLFS [５６—５８]andusuallythestretcheffects
wereneglected[５９]．Itsaccuracyislowerthanthatofthecounterflowflamemethodandthepropagating
sphericalflamemethodintroducedbelow．

Figure８　Thecounterflowflame:(a)twinflames;(b)schematicofflameandflow．(a)isfrom [５９]andfigure(b)from
[５２]．

Counterflowflamesorstagnationflameswereintroducedin１９５７ [６０]．WuandLaw [２９]usedthis
methodtomeasuretheLFSwithstretchcorrection．Thetwinflamesandschematicofflameandfloware
showninFig．８．Duetothesymmetricalgeometryofthecounterflowflame,thereisnodownstream
conductiveheatloss．Asaresult,theflameisonlyaffectedbystretchrateduetononＧuniformexternal
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flow．Incounterflowflames,therearethreezones:thehydrodynamiczone,preheatzoneandreaction
zone．Inthehydrodynamiczone,theflow deceleratesafterleavingtheburnernozzleexitandbefore
enteringthepreheatzone．Thentheflameacceleratesduetothermalexpansioninthepreheatandreaction
zones．Itdeceleratesagainnearthestagnationplane．Toobtaintheflamespeed,twoparametersbothin
thehydrodynamiczonearemeasured．Thefirstoneisthemaximumaxialvelocitygradientwhichisusedto
calculatethestretchrate;andthesecondoneistheminimumreferenceflamespeed．Itisnotedthatthe
minimumreferenceflamespeedisnotthesameastheLFS．Finally,linearornonlinearextrapolationcan
beperformedtoobtaintheunstretchedLFS．Itisnotedthatthereareextrapolationerrorsespeciallyfor
largehydrocarbonfuelsinfuelrichconditions[６１]．Theuncertaintyofthemethodisaround±５％．The
mostrestrictingfactorofusingthismethodisthenarrowpressurerangeof０．１—５atm [５９]．It􀆳sdifficult
tousethismethodforpressureabove５atm,underwhichtheflatflameisdifficulttobemaintained．

Figure９　Left:schematicoftheheatfluxburner．Right:perforationpatternfromthetop．FigurefromRef．[６２]．

TheheatfluxmethodwasproposedbyBothaandSpalding[６３]andwasfurtherdevelopedbydeGoeyet
al．[６４]．TheschematicofheatfluxburnerisshowninFig．９．Themethodwasoriginallydeveloped
basedonthefactthattheheatlosstotheburnerdependsonfreestreamvelocity;andtheLFScanbe
determinedbylinearextrapolationtozeroheatloss．Tosimplifytheprocedurethestabilitywasretainedby
sphericalandcylindricalporousburnersinwhichflowdivergencereplacedheatlosstomaintainstability
[６５]．Thechallengeraisedfromusingporousburnersistomaintainthe１Dsymmetryoftheflame,which
requiresamicroＧgravityenvironment．Inordertodiminishtheheatlosseffects,deGoeyetal．[６４]
proposedtheupdatedversionoftheheatflux method．Theideaistoprovideadditionalheattothe
unburnedmixturetocompensatetheheatlossfromtheflametotheburnersurface．Alekseevetal．[６６]
reviewedtheuncertaintiesoftheheatfluxmethod．Accordingto[６６],asymmetricheatflux,theflow
uniformityonedges,unburnedgastemperature,pressureandthecalibrationofthemassflowcontrollers
arethemainsourcesofuncertaintyintheheatfluxmethod．ItisnotedthattheLFSmeasurementsbythe
heatflux method were mainlyconductedatatmosphericpressureandonlyafew experiments were
conductedat２００mbar[６７]and５atm [３３]．Similartothecounterflowflamemethod,theheatflux
methodisdifficulttobeusedforpressureabove５atm．

TheadvantagesanddisadvantagesofthesemethodsmentionedabovearesummarizedinTable１．Those
forthepropagatingsphericalflamemethodwhichwillbediscussedinthenextsectionarealsopresentedin
Table１forcomparison．Itisseenthatonlythepropagatingsphericalflame methodcanbeusedto
determinetheLFSatelevatedpressuresandtemperaturesclosetoengineconditions．
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Table１　TheadvantagesanddisadvantagesofdifferentmethodsusedtomeasuretheLFS

Method Advantages Disadvantages

TheBunsenflame It has simple and flexible experimental
setup．

Wallquenchingeffectsexistinexperiments．
Curvatureandstraineffectsareusuallynotcorrected．
Itdoesnotworkatelevatedpressures．

Thecounterflow
flame

Theheatlosscanbediminished．
Stretcheffectscanbecorrected．

ThereismultiＧdimensionaleffect．
Itdoesnotworkatelevatedpressures．

Theheatflux
method

The flame is unstretched and nearly
adiabatic．
Aerodynamic straining has a stabilizing
effectforcellularinstabilities．

A reference plane should be chosen:ambiguity of
interpretationfortheflamestrainsensitivity．
Itdoesnowworkatelevatedpressures．

Thepropagating
sphericalflame

TheflameisoneＧdimensional．
Stretcheffectscanbecorrected．
Itcan be used for a broad range of
pressuresandtemperatures．

Extrapolationtozerostretchrateisrequired．
Forweaklyburningflames,theflamecanbedistorteddue
tobuoyancyeffects．

３　PropagatingsphericalflamemethodforLFSmeasurement

ThepropagatingsphericalflamemethodwasintroducedbyStevensasthesoapbubblemethodin１９２６
[６８]．Inthismethod,asphericalflamepropagatesoutwardlyaftercentralsparkignitioninthequiescent
homogeneouscombustiblemixture [２７,３５]．Eitherthepressurehistoryortheflamefronthistoryis
recorded,basedonwhichtheLFSisdetermined．Theadvantagesanddisadvantagesofthismethodto
measureLFSarecomparedwithothermethodsinTable１．Ascanbeseeninthetable,thepropagating
sphericalflame methodistheonly methodto measurethe LFSata widerangeofpressuresand
temperatures．

Figure１０　Schematicofthesphericalchamberconfigurationwithpressuretransducer(left)andthecylindricalchamber
configurationwithopticalaccess(right)todeterminetheLFSusingthepropagatingsphericalflamemethod．Figureadapted
from [６９]．

Theschematicofexperimentalfacilitybywhichtheflamefronthistoryandpressurehistoryarerecorded
areshowninFig．１０．Attheearlystagesofflamepropagation,theflamestretcheffectsarestrongwhile
thepressureriseisnegligible．Laterthepressureriserateincreasesgreatlywhilethecurvature/stretch
effectsbecomenegligible[２１]．Dependingonthechamberdesignaswellasthepressurerise,thereare
twodifferentmethodsforLFSmeasurementbyusingpropagatingsphericalflames:theconstantpressure
method(CPM)andtheconstantvolumemethod(CVM)．Fig．１１schematicallydescribesandcompares
thesetwomethods．AsindicatedbythedashedellipsesinFig．１１,flameswithsmallradii(e．g．,１≤Rf≤
２cm)areusedinCPMsothatthepressureriseisnegligible．InCVM,datacorrespondingtorelatively
largeflameradiiareusedsincediscerniblepressureriseisrequired．Inthefollowing,theCPMandCVM
arediscussedseparately．
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Figure１１　Schematicfortheconstantpressuremethod (CPM)andconstantvolumemethod (CVM)usingpropagating
sphericalflames．Figureadaptedfrom [７０]．

３．１　Constantpressuremethod(CPM)
Thepropagatingsphericalflameexperiment with opticalaccessinasphericalchamber wasfirst

conductedbyEllis[７１],whousedtheglasssphericalchambertostudytheconfinementeffectonflame
propagation．Intheconstantpressuremethod(CPM),Schlierenorshadowphotographisusedtorecord
theflamefrontpropagationhistory．InCPM,thefollowingassumptionsaremadetodeterminetheLFS
[５９]:１)thepressureremainstobeconstantduringtheflamepropagation;２)theunburnedgasis
compressedisentropically;３)theburnedgasisstagnantandunderthethermodynamicequilibrium
condition;４)theflameissphericalandthereisnothermoＧdiffusiveorhydrodynamicinstability;５)the
ignitionenergyissmallanditdoesnotinfluencetheflametrajectory．

AsshowninFig．１１,intheearlystagesofaflamepropagationthepressureriseisnegligible,and
therebyzeroburnedgasvelocityisusuallyassumed(i．e．,Ub＝０)．Consequently,thepropagatingspeed
oftheexperimentallyvisualizedflamefrontisequaltotheflamespeedwithrespecttotheburnedmixture:

Sb ＝dRf

dt －Ub ＝dRf

dt
, (２)

whereRfistheflameradius;Ubistheburnedgasvelocity;andSbisthelaminarflamespeedwithrespect
totheburnedgases．However,thepropagationvelocitymeasuredattheearlystagesofflamepropagation
isaffectedbythepositivestretcheffect．Foranoutwardlypropagatingsphericalflame,theflamestretchis
[２７]:

K ＝ １
A

dA
dt ＝ ２

Rf

dRf

dt
, (３)

whereA＝４πR２
f istheareaoftheflamefront．Inthe１９８０s,theconceptofstretcheffectwaswell

recognized[５９]．Thestretcheffectmodifiestheflamespeedbypreferentialdiffusionofheatanddeficient
reactant,whichisquantifiedbytheLewisnumber(Le)．Therefore,foraccuratedeterminationofthe
LFS,itisnecessarytoeliminatethestretcheffectbyextrapolationoftheflamespeedtozerostretch．

Usuallythefollowinglinearmodelisusedtoobtaintheunstretchedflamespeed:
Sb ＝S０

b －LbK, (４)
whereS０

b andLbarerespectivelyunstretchedLFSandMarksteinlengthwithrespecttotheburnedgas．
NumericaldifferentiationisrequiredtocalculateSbandK．ItcanbeavoidedbyintegratingEq．(４)into:

Rf ＝S０
bt－２Lbln(Rf)＋cte． (５)
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KelleyandLaw [７２]foundstrongnonlinearitybetweenthepropagationspeedandflamestretch．They
suggestedtousethefollowingnonlinearmodeltodetermineS０

b :
Sb

S０
b

æ

è
ç

ö

ø
÷

２

ln Sb

S０
b

æ

è
ç

ö

ø
÷

２

＝ －２LbK
S０

b
． (６)

Chen[１８]suggestedthefollowinglinearrelationshipbetweenSbandcurvature:
Sb ＝S０

b －kLbS０
b, (７)

wherek＝２/Rfisthecurvature．Chen [１８]showedthatwhileEq．(６)isthemostaccuratemodelfor
mixtureswithsmallLewisnumber,formixtureswithlargeLewisnumberEq．(７)ismoreaccurate．
WhentheLewisnumberisclosetounity,Eq．(４)canbeused．Intheformulationintroducedabove,the
flamethicknessisneglectedinLFSdetermination．Recently,Liangetal．[７３]proposedtoconsiderthe
flamethicknessusingthefollowingcorrelation:

Sb

S０
b
＋２δ
Rf

æ

è
ç

ö

ø
÷lnSb

S０
b
＋２δ
Rf

æ

è
ç

ö

ø
÷＝ －２Lb－δ( )

Rf
(８)

whereδistheflamethickness．Itisnotedthatforthelimitingcaseof２δ/Rf→０,Eq．(８)degeneratesinto
Eq．(６)．Itwasshownin[７３]thatEq．(８)ismoreaccuratetodeterminetheLFSthanotherformulations
forleanhydrogen/airandrichnＧheptane/airmixtures．Otherformulationswerealsoproposedbydifferent
researchgroupstodeterminetheunstretchedLFS[７４,７５]．Theseextrapolationequationsaresummarized
inTable２．

Table２　ExtrapolationequationstoobtainunstretchedLFS

Reference Formulation

[２９] Sb ＝S０
b －LbK

[７２] Sb

S０
b( )

２

ln Sb

S０
b( )

２

＝ －２LbK
S０

b

[１８] Sb ＝S０
b －kLbS０

b

[７４] Sb

S０
b

１＋２Lb

Rf
＋４L２

b

R２
f

＋１６L３
b

３R３
f

＋o４ Lb

Rf
( )[ ]＝１

[７５] Sb

S０
b

＝１－２Lb

Rf
＋ C
R２

f

[７３] Sb

S０
b
＋２δ
Rf( )ln Sb

S０
b
＋２δ
Rf( )＝ －２(Lb－δ)

Rf

OnceS０
b isdetermined,theunstretchedLFS withrespecttounburnedgas,S０

u canbeobtainedby
applyingmassconservation:

S０
u ＝ρbS０

b

ρu
(９)

whereρuandρbarethedensityofunburnedandburnedgas,respectively．
Recentlyanew methodwasproposedandusedbyRenouandcoworkers[１３,７６,７７]．TheLFSis

directlymeasuredbyrecordingtheflamepropagationspeed(S＝dRf/dt)andtheunburnedgasvelocity
nearthepreheatzoneoftheflamefront,

S０
u ＝S－Uu (１０)

whereUuistheunburnedgasvelocityneartheflamefrontanditismeasuredthroughtheparticleimage
velocimetry(PIV)method．Thismethodhastheadvantageovertheconventionalmethodsincethedensity
ratioandtheassumptionofzeroburnedgasvelocityarenotrequired．

TherearetwomainadvantagesoftheCPM method．First,theflamesurfaceisobservedandrecorded
duringthewholeperiodofpropagation．Therefore,instabilityintheflamecanbeobservedandanalyzed．
Second,thepressureandtemperatureriseisnegligibleduringearlystagesoftheflamepropagationand
therebytheflameisonlyaffected bystretch,whichallowstheextrapolationtozerostretch and
determinationofstretcheffect[２１]．However,becauseoftherequirementofopticalaccess,theupperＧ
pressurelimitofCPMisusuallylowerthanthatofCVM．Dualchambershavebeenusedtodevelopthe
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pressureＧreleasetypehighＧpressurecombustionfacilities[３４,３８]andpressuresupto６０atmhavebeen
reachedfortheCPM．ComparedtoCVM,themaindrawbackofCPMisitsrelativelylowＧtemperature
ranges[６９]．ItisdifficulttoconductsphericalflameexperimentsbyCPMattemperatureandpressure
closetoengineＧrelevantconditions[６９]．However,theCPMispopularlyusedtomeasuretheLFS．Itis
usedbymanygroupssuchasHalterandcoworkers[４４,７８—８１],Pitschandcoworkers[１２,８２—８４],
Lawandcoworkers[３８,７２,８５,８６]andRenouandcoworkers[１３,１４,７６,７７]．

Table３summarizesdifferentgroupsusingCPMtomeasuretheLFS．

Table３　TheCPMexperimentsconductedbydifferentgroupstomeasureLFS

Group Vesseltypeandsize

Halterandcoworkers[７８,７９,８１] cylindrical,Rw＝１６cm,L＝３０cm
Halteretal．[４４] spherical,RW ＝１２．５cm
Brequignyetal．[８０] spherical,RW ＝２０cm
Pitschandcoworkers[１２,８２—８４] spherical,RW ＝５cm
Bradleyandcoworkers[４１,８７] spherical,RW ＝１９cm
Faethandcoworkers[３６,４０,８８,８９] spherical,RW ＝１８cm
Qiaoetal．[９０] spherical,RW ＝１８cminmicrogravity
Lawandcoworkers[３８,７２,８５,８６] cylindrical,RW ＝４．１２cm,L＝１２．７cm
Juandcoworkers[３４,９１] cylindrical,RW ＝５cm,L＝１５．２４cm
Kimetal．[９２] spherical,RW ＝１０cm
Renouandcoworkers[１３,１４,７６,７７] spherical,RW ＝８．５cm
Kuznetsovetal．[９３] spherical,RW ＝１２．５cm
Farreletal．[９４] spherical,RW ＝８．２５cm
Dalyetal．[９５] spherical,RW ＝１２．５cm
Petersandcoworkers[９６,９７] spherical,RW ＝５cm
Takizawaetal．[４５,９８] spherical,RW ＝９cm
Fluixáetal．[９９] cylindrical,RW ＝１５．２５cmandL＝３０．５cm
Pizzutietal．[１００] cylindrical,RW ＝７．５cmandL＝１５cm
Hintonetal．[１０１] spherical,RW ＝８cm

Figure１２　LFSmeasuredbyCPMforthemethane/airmixtureatTu＝２９８KandP＝１atm．Symbolsandlinesrespectively
denotetheexperimentalandnumericalresultsobtainedbyPREMIX．Figureadaptedfrom [１６]．

TheLFSofmethane/airatNTPmeasuredbydifferentgroupsusingtheCPMareshowninFig．１２．
Lowerrelativedifferenceisobservedforthestoichiometricmixturewhilethescatterincreasesforleanand
richmixtures．AlthoughCPMhasbeenwellcharacterized,therearestillconsiderableuncertaintiesinLFS
datameasuredusingthis method．ToquantifythedeviationofLFS measuredby CPM indifferent
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Figure１３　DeviationofS０
u measuredbydifferentgroupsfromthatpredictedbysimulationforthemethane/airmixtureatTu

＝２９８KandP ＝１atm,S０
u,PREMIX basedonGRIＧMech．３．０．Figureadaptedfrom [１６]．

experiments,Fig．１３showstherelativedifferencebetweenthe measuredLFSbyCPM andtheone
predictedfromPREMIX [２６]whentheGRIＧMech３．０[２３]isused．Forthestoichiometricmixturethe
relativedifferencebetweendifferentexperimentsis７．６％butitincreasessignificantlyandreaches４０．６％
and２６．４％respectivelyforleanandrichmixtures．

Chen[１６]revieweddifferentsourcesofuncertaintyinLFSmeasurementusingtheCPM．Thepossible
sourcesofuncertaintyinCPMaremixturepreparation[５９,１０２,１０３],ignition[２０,４２,９２,１０４,１０５],
buoyancy[９０,１０６],confinement[１５,１９,２１,９１],radiation [１９,６１,１０５,１０７—１０９],extrapolation
[１３]andstretch[２１]．

Formixturepreparation,whilenegligibleuncertaintyisanticipatedfrominitialpressurevariation,the
uncertaintyinLFSisaround２％forinitialtemperaturevarianceof±３Kanditreaches２．５％—４％for
initialtemperaturevarianceof±５Kformethane/airatNTP [１６]．Theuncertaintyinequivalenceratio
stronglydependsontheaccuracyofthepressuregauge(usuallythemixtureispreparedusingthepartial
pressuremethod)．Formethane/airatNTPandinleanandrichcasesofϕ＝０．６and１．４,theuncertainty
ofLFSmeasurementisaround６％ whenpressuregaugeswithanaccuracyof±０．０５％areused;whileit
reaches１０％ whenthenormalpressuregaugeswiththeaccuracyof±０．２５％areused[１６]．Theignition
effectisnegligibleforLFSmeasurementswhenflameradiigreaterthan６mmareusedindataprocessing．
However,theignitioneffectbecomesstrongerforlowerinitialpressure[２０,４２,９２,１０４]．Thebuoyancy
effectisnegligibleformixtureswithS０

u ＞１５cm/s[１０６];anditcannotbeneglectedforhighlydiluted
mixturesforwhichmicroＧgravityexperimentsareneeded[９０]．AstheopticalaccessisprovidedinCPM,
anyinstabilitydevelopedintheflamefrontcanbeidentified．TheradiationeffectincreasesgreatlyasLFS
decreases[１１０]．Formethane/airatNTPandwiththeequivalenceratiointherangeof０．７—１．３,the
radiationＧinduceduncertaintyinLFSmeasurementiswithin３％．Itreaches５％forveryleanorrichcases
ofϕ＝０．６or１．４．Fornearleanflammabilitymixtures(０．５＜ϕ＜０．６),theradiationＧinduceduncertaintyis
above６％．

InCPM,thezeroburnedgasvelocityisassumedwhichisnotvalidforlargeflameradii．Thenegative
burnedgasvelocitycanbeinducedduetotheconfinementeffect．Therefore,theupperflameradiusused
indataprocessingislimitedbytheconfinementeffect[２１]．Todiminishtheconfinementeffect,usually
flameradiiwithRf/RW ＜２５％areusedinthedataprocessingoftheCPM．Accordingto[１６],forRf/RW

＜２５％themeasuredLFSbylinearextrapolationisabout２％lowerthanitsaccuratevalue．Thenonlinear
stretchbehavioralsoinducesuncertaintyinCPM．Whileforleanandstoichiometricmethane/airmixtures
thenonＧlinearstretchbehaviorhasaminoreffectonS０

u,thedifferencebetweenlinearandnonlinear
modelsforrichmethane/airmixturescanreach１５％ [１６]．Theflameradiusrangeusedforextrapolation
affectstheinfluenceofallabovefactorsinCPM．Theuncertaintyoriginatedfromextrapolationtozero
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stretchrateformethane/airatNTParound４％forstoichiometricandleanpremixtures,butitreaches
morethan２０％forϕ＝１．４[１６]．

Table４adaptedfrom [１６]summarizesallofthefactorsaffectingtheaccuracyofLFSmeasurement
formethane/airatNTP．

Table４　DifferentfactorsaffectingtheuncertaintyofLFSfromCPM (Thetableisfrom [１６])

Factors
ContributionstotheuncertaintyofLFS

measuredformethane/airatNTPusingtheCPM
Notes∗

InitialPandTu NegligiblecontributionfromP;around２％ forΔTu ＝ ±３K;around
２􀆰５％—４％forΔTu＝±５K．

P０,T０,N０

Composition(uncertaintyinϕ) About６％ forϕ＝０．６andϕ＝１．４ whenpressuregauge withhigh
accuracyof±０．０５％isused;significantdiscrepancy(above１０％)might
becausedwhenpressuregaugewithnormalorlowaccuracyof±０．２５％
isused．

P＋,T０,N＋

Ignition NegligiblecontributionwhenRfL≥６mm． P－,T－,N＋

Buoyancy Negligiblecontributionfor０．７≤ϕ≤１．４． P＋,T－,N０

Instability Negligiblecontribution． P＋,T０,N０

Confinement Within２％—３％ forRf/RW ＜２５％;relativelylargecontributionwhen
RWislessthan８cm．

P０,T０,N０

Radiation Within３％for０．７≤ϕ≤１．３;around５％forϕ＝０．６andϕ＝１．４;above
６％fornearleanflammabilitymixtures(０．５＜ϕ＜０．６)．

P＋,T－,N０

Nonlinearstretchbehavior Within２％forϕ≤１．０;largecontributionathighϕ(itcanbeabove１０％
forϕ＝１．４)．

P－,T０,N＋

Extrapolation (flame radius
range)

Within３~５％forϕ≤１．０;largecontributionathighϕ(itcanbeabove
２０％forϕ＝１．４)whenthelinearmodelisused．

P－,T０,N＋

　∗ P０,T０,andN０respectivelyindicatethattheeffect/contributionisnearly(notexactly)independentofinitialpressure,
initialtemperature,andfuelcarbonnumber(e．g．CnH２n＋２foralkane);P＋,T＋,andN＋ respectivelyindicatethatthe
effect/contributionbecomeslargerathigherinitialpressure,higherinitialtemperature,andhigherfuelcarbonnumber;and
P－,T－,andN－ respectivelyindicatethattheeffect/contributionbecomeslargeratlowerinitialpressure,lowerinitial
temperature,andlowerfuelcarbonnumber．

UsuallythecombinationofEqs．(２)and(９)isusedinCPM．HoweverforthemixtureswithtwoＧ
stageheatrelease,positiveburnedgasvelocitymayexistandtherebyEq．(２)cannotbeused．ThetwoＧ
stageheatreleaseinnitromethane/airwasstudiedin [１１１]．ItwasshownthattheuncertaintyinLFS
exceeds１０％ forsomeequivalenceratios．Forthemixtureswithlowpressureandsuperadiabaticflame
temperature,positiveandnegativeburnedgasvelocitiesareinducedandequilibriumdensityratiocannotbeused
[１１２]．Forstoichiometricmethane/airatambienttemperatureandinitialpressureof０．２atm,theuncertaintyof
usingEq．(２)and(９)is１０％．Formethane/oxygenatNTPandϕ＝３,theuncertaintyofusingtheseequationsis
aslargeas２５％．Ref．[１１２]suggeststodirectlydetermineLFSbyEq．(１０)inthesemixtures．
３．２　Constantvolumemethod(CVM)

Theconstantvolumepropagatingsphericalflamemethod(CVM)wasfirstusedin１９３４byLewisand
vonElbe[１１３]．InCVM,theevolutionofchamberpressureratherthanflameradiusisrecorded．Fig．１１
showsthatthepressureriseisevidentonlywhentheflameradiusislargeenough．Thepressurehistoryis
usedtodetermineS０

uthroughcorrelationsamongS０
u,pressure,andpressureriserate．Thismethodhas

theadvantagethatS０
u foragiven mixtureovera widerangeofpressuresandtemperaturescanbe

simultaneouslymeasuredbyasingletest[３５]．Moreover,itispossibletouseCVMtomeasureS０
u at

engineＧrelevantpressuresandtemperaturesof５０—７０atmand６００—８００K [６９]．However,CVMhasthe
disadvantagethatthepossibleappearanceoftheflameinstabilityisnotidentifiedandtherebytheaccuracy
inLFSmeasurementmaybereduced．

InCVM,theLFSisdeterminedbasedonthefollowingassumptions[３５]:１)thesphericalflamefrontis
smoothandfreefrominstabilities;２)boththeunburnedandburnedgasesareideal;３)thepressureis
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uniformlydistributedinthewholecombustionvessel;４)theunburnedgasiscompressedisentropically;
５)thereisnodissociationorpreＧflamereactionintheunburnedgas;６)chemicalequilibriumisreached
immediatelyaftertheflamefront,and７)theradiationandbuoyancyeffectsarenegligible．

Figure１４　Schematicsketchofthesphericalflamepropagatinginaclosedsphericalvessel．

Fig．１４schematicallyshowstheflamepropagationinaclosedsphericalvessel．Thesphericalflamewith
theradiusofRfisassumedtobeinfinitelythinanditseparatestheburnedandunburnedgasregions．
Accordingtomassconservation,wehave

m０ ＝mu ＋mb, (１１)
wherethesubscripts０,uandbdenotetheinitialstatesandstatesofunburnedandburnedgases,
respectively,andmstandsformass．FromEq．(１１),wehave

dmu

dt ＝－dmb

dt． (１２)

AccordingtothedefinitionofLFS,wehave
dmu

dt ＝－４πR２
fρuSu, (１３)

inwhichρuisthedensityofunburnedgas．Themassofunburnedgasismu ＝４π(R３
W －R３

f)ρu/３,whereRW

istheinnerradiusofthesphericalchamber．Therefore,Eq．(１３)becomes

Su ＝dRf

dt －R３
W －R３

f

３R２
fρu

dρu

dt． (１４)

Sincetheunburnedgasiscompressedisentropically,wehave
ρ０/ρu ＝ (P０/P)１/γu． (１５)

SubstitutingEq．(１５)intoEq．(１４)yields

Su ＝dRf

dt －R３
W －R３

f

３PγuR２
f

dP
dt． (１６)

Theburnedmassfraction(BMF)isdefinedasx＝mb/m０．Therefore,Eq．(１１)becomes
mu ＝ (１－x)m０, (１７)

whichindicatesthat
４π
３

(R３
W －R３

f)ρu ＝ (１－x)４π
３R３

Wρ０． (１８)

SubstitutingEq．(１５)into Eq．(１８)yieldsthefollowingrelationshipbetweenflameradiusand
pressure:

Rf

RW
＝ １－(１－x) P０

P
æ

è
ç

ö

ø
÷

１/γu

[ ]
１/３

． (１９)

SubstitutingEq．(１９)intoEq．(１６)yields

Su ＝RW

３ １－(１－x) P０

P
æ

è
ç

ö

ø
÷

１/γuæ

è
ç

ö

ø
÷

－２/３ P０

P
æ

è
ç

ö

ø
÷

１/γu dx
dt

, (２０)

whichiswidelyusedtodetermineSuinCVM．Inthisequation,theBMFneedstobedeterminedasa
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functionofpressuremeasuredinexperiments,i．e．,x＝x(P)．
Bothexperimentsandsimulationscanbeconductedtoobtain LFSusing CVM．However,direct

numericalsimulationsofoutwardlypropagatingsphericalflamesinaclosedchamberwithlargepressure
risewereonlyconductedbyChenandcoworkers[２１]andEgolfopoulosandcoworkers[６９]．Manygroups
haveconductedtheCVMexperiments,includingMetghalchiandcoworkers[５,４９,１１４—１１９],Stoneand
coworkers[４８,１２０—１２５]andRazusandcoworkers[１２６—１２９]．Before２００１,Metghalchi􀆳sgrouponly
usedasphericalchambertomeasurethepressureevolution[５,１１９]inthemixture．After２００１,theyused
bothsphericalandcylindricalvessels．Thecylindricalvesselwithopticalaccesswasusedtoidentify
possibleinstabilityandcellularformationintheflamefront[４９,１１４—１１８]．Consequently,LFSobtained
fromtheCVM wasnotaffectedbyflameinstability．Stoneandcoworkersusedasphericalvesselwith
opticalaccesssothatboththepressurehistoryandtheflamefronthistorywererecordedinexperiments
[４８,１２０,１２３]．SimilartoMetghalchi􀆳sgroup,Stone􀆳sgroupusedtheflamefrontimagetoanalyzeflame
instabilityandusedthepressurehistorytogetLFS．Razusandcoworkersonlymeasuredthepressure
historyandnoopticalaccesswasavailableintheirsphericalchamber[１２６,１２９]．Table５summarizesthe
maingroupsusedCVMexperiments．AlthoughmanygroupshaveusedCVMtomeasuretheLFS,there
existsaconsiderablediscrepancyamongtheLFSreportedforthesame mixtureatthesameinitial
condition．Fig．１５showstheLFSofmethane/airatNTPdeterminedbyCVMbydifferentgroups．The
scatterbetweenthereporteddataisconsiderablefordifferentequivalenceratios．

Table５　ThecharacteristicsofCVMexperimentsperformedbydifferentgroupstomeasureLFS

Group Vesseltypeandsize

Mantonetal．[１３０] spherical,RW ＝７．６５cm

Rallisetal．[１３１] spherical,RW ＝８．０１cm

Sharmaetal．[１３２] spherical,RW ＝６．９４cm

MetghalchiandKeck[５,１１９][１１８] spherical,RW ＝７．６２cm

Metghalchiandcoworkers[４９,１１４—１１７] a)cylindricalchamberwithopticalaccess:toinvestigateshapeoftheflame
b)spherical,RW ＝７．６２cmtofindLFS

Stoneandcoworkers[１２４] spherical,RW ＝７．５cm

Stoneandcoworkers[４８,１０１,１２０—１２２] spherical,RW ＝８cm;withopticalaccess

Razusandcoworkers[１２７,１２９] spherical,RW ＝５cm

Matsugietal．[１３３] spherical,RW ＝７．６５cm;withopticalaccess

Egolfopoulosandcoworkers[６９] a)cylindricalchamberwithopticalaccess
b)spherical,RW ＝１０．１６cmtofindLFS

Huzayyinetal．[５０] cylindrical,RW ＝７．２cmandL＝１５cm

Kuznetsovetal．[９３] spherical,RW ＝１２．５cm;withopticalaccess

Farreletal．[９４] spherical,RW ＝８．２５cm;withopticalaccess

HillandHung[４７] spherical,RW ＝８．２５cm

Petersandcoworkers[９６,９７] spherical,RW ＝５cm;withopticalaccess

Takizawaetal．[４５,９８,１３４] spherical,RW ＝９cm;withopticalaccess

Fluixáetal．[９９] spherical,RW ＝２０cm;withopticalaccess

Dahoe[１３５] cylindrical,RW ＝３．５cmandL＝４．４cm

Therelativedifferencesofnormalized LFS measuredbyexperimentsfor methane/airat NTPare
comparedinFig．１６．TheLFScalculatedbyPREMIX [２３]isusedfornormalization．Itisobservedthat
thediscrepancyamongmeasureddatais１８％forthestoichiometricmixture．Itisnotedthatduetothelack
ofenoughexperimentaldataavailableatϕ＝０．６and１．３,theexperimentalresultsarecomparedwith
simulationresults．ComparingFig．１６ withFig．１３(a)aroundϕ＝１showsthediscrepancybetween
reportedLFSbyCVMishigherthanthatmeasuredbyCPM．
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Figure１５　Laminarflamespeedofmethane/airatNTP．ThesymbolsdenoteexperimentalresultsmeasuredfromCVM [９４,
１１８,１２２,１２４,１３２,１３６]．ThelinedenotesnumericalresultspredictedbyGRIＧMech．３．０[２３]usingPREMIXcode[２６]．
Figureadaptedfrom [７０]．

Figure１６　DeviationofS０
u measuredbydifferentgroups [９４,１１８,１２２,１２４,１３２,１３６]from S０

u,PREMIX predictedby
simulationbasedonGRIＧMech．３．０[２３]．Figureadaptedfrom [７０]．

Duetothesimilaritybetween CVM and CPM,someoftheuncertaintysourcesin CPM arealso
importantinCVM．ThepossiblesourcesofuncertaintyinCVMaremixturepreparation[５９,１０２,１０３],
instability[３８,８７,１３７],radiation[１９,６１,１０５,１０７—１０９]anddataprocessing．Theuncertaintydueto
mixturepreparationissimilarforCVMandCPM whicharesummarizedinTable４．SinceforCVM,data
processingisconductedforflameswithobviouspressureriserate,theignitioneffectisnegligibleandthe
buoyancyeffectislessimportantcomparedtoCPM．ForCVM,thebuoyancyeffectisusuallynegligible
forS０

u＞１５cm/s[１０６]．However,Takizawaetal．[９８]foundthatthebuoyancyeffectisconsiderablefor
RＧ３２and RＧ３２/１３４a mixtures whose LFSislessthan５cm/s．Forthese mixtures,microＧgravity
experimentsneedtobeconducted．

In manyexperimentsconducted by CVM,theopticalaccessisnotprovided [１２６,１２９,１３８]．
Therefore,thepossibleinstabilityduringtheflamepropagationisnotrevealed．Inexperimentsconducted
byCVM,theupperlimitoftheflameradiusorpressureshouldbechosentoavoidthethermoＧdiffusiveand
hydrodynamicinstabilitieswhichenhancetheflamepropagationspeed [８７]．WhilethethermoＧdiffusive
instabilityoccursformixtureswithnegativeMarksteinlength,thehydrodynamicinstabilityoccursathigh
pressureswheretheflamethicknessisverysmall[１３７]．TheradiationeffectdecreasesasLFSincreases
[１１０]．Therefore,theradiationinduceduncertaintyfortheCVMisweakerthanthatfortheCPM．
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ThemostimportantfactoraffectingtheaccuracyofLFSmeasurementfrom CVMisdataprocessing．
Therearedifferentcorrelationsamongpressure,temperature,burned massfractionandflamespeed,
whichareusedtoobtain LFS．Theperformanceofthesecorrelations wasreviewedin [７０]．For
stoichiometricmethane/airatNTP,choosinganinappropriatecorrelationresultsin morethan１０％
uncertaintyinLFSdetermination[７０]．

４　Summaryandperspectives

Becauseoftheimportanceof LFS,accuratedetermination of LFSisofgreatimportance．The
propagatingsphericalflamemethodisreviewedduetoitsadvantagetomeasuretheLFSathighpressures
andevaluatedtemperatures．Therecentadvancesintheconstantpressuremethod(CPM)andconstant
volumemethod (CVM)basedonpropagatingsphericalflamesareintroducedhere．Theadvantagesof
thesemethodstogetherwiththeirdrawbacksarediscussed．

FurtherstudiesarestillneededinordertoobtainaccuratelaminarflamespeedfromCPMandCVM．
Thepossibletopicsoffutureresearchare:

１．DifferentfactorsinducingnonＧzeroburnedgasvelocityandnonＧequilibriumdensityratiowerestudied
separatelyinCPM．However,thecoＧexistenceofthesefactorsmayfurtherincreasetheuncertainty,which
deservesfurtherstudy．

２．TheradiationeffectshavebeenextensivelystudiedfortheCPM [１７,１０９,１３９,１４０]．However,the
radiationeffectsontheformulationsusedinCVMreceivedlittleattention．Forhighlydilutedmixtures
withlowflamespeedtheradiationeffectinCVM maybeconsiderableandtherebyitneedsfurtherstudy．

３．Thoughtheindividualeffectsofdifferentfactorsarewellunderstood,itisstillnotclearhowthe
couplingbetweendifferentfactorsaffectstheaccuracyoflaminarflamespeedmeasurementfromCPMand
CVM．

４．Recently,thecoolflamehasreceivedgreatattentionduetotheneedforunderstandinglowＧ
temperaturechemistryandfordevelopingadvancedinternalcombustionengines[１４１—１４３]．However,it
isdifficulttoaccuratelymeasuretheLFSofapremixedcoolflame．Suchexperimentsshouldbedeveloped
sincetheLFSdataofpremixedcoolflamesareusefulfordevelopinglowＧtemperaturechemistrywhichhas
largeuncertainty．
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