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ABSTRACT

PhysicallyaccuratepredictionsoftheresponseofThermalProtectionSystemstotheevolutionofthesurround-
inghypersonicflowfieldrequiresacoupledcomputationalapproachinwhichtheinfluenceofthesurface
processesandtheresponseofthematerialontheflowfieldevolutionisconsidered.Inthisarticle,details
ofeachoftheflow,surface,andmaterialmodelsthatformthecomponentsofthiscoupled,computational
frameworkarepresented.Anapproachtocouplingthethreecomponents,motivatedbythelargeseparation
oftheassociatedcharacteristictimescales,ispresented.Examplesofanalysesarethenprovidedthatillus-
tratetheapplicationofthecoupledframeworktothesimulationofbothanInductivelyCoupledPlasmaTorch
experimentandahypersonicflightvehicle,involvingarangeofflowandandsurfaceconditions.

1.0 INTRODUCTION

TheThermalProtectionSystem(TPS)providesinsulationforanatmosphericentryprobeorvehiclefromthe
severeaerodynamicheatloadencounteredduringhypersonicflightthroughaplanetaryatmosphere.Itisa
singlepointoffailuresystemastheprolongedexposuretohightemperaturecancausetheTPSmaterialsto
fail.Dependingontheheatloadencounteredduringhypersonicflight,anablativeornon-ablativeTPSmaybe
used.Non-ablativeorreusablematerials(forexample,theceramictilesusedontheSpaceShuttle)areused
wherethere-entryconditionsarerelativelymild. Ablativematerialsareusedwhererelativelyhighheating
ratesaregeneratedduringflight(forexample,theApollo,MarsVikingandPioneerVenusmissions).Figure1
showsexamplesofthemissiontrajectoriesandconditionssuitablefornon-ablative(reusable)andablativeTPS
tobeusedeffectively.ItisevidentfromthisFigurethatfuturemissionsinvolvingentryintotheatmospheres
ofotherplanetarybodies,orre-entrytoEarth,willutilizesomeformofablativeTPS.

ThechoiceofaTPSmaterialisdeterminedbyitsabilitytowithstandtheanticipatedaerothermalenvi-
ronmentforaspecificmission.PeakheatfluxisthedecidingfactorinselectingtheTPSmaterialthatwill
sustainthedesiredlevelofheating.However,integratedheatloadisthekeyfactorindeterminingtherequired
thicknessoftheTPS[2].ThedesiretoreduceTPSmassfraction,andthereforeincreasepayloadmassfraction,
drivestheneedtoproduceaccuratepredictionsoftheheatfluxtotheTPSstructurethroughoutamissiontra-
jectory.Thisisaccomplishedthroughgroundorflighttestingandcomputationalmodeling,andthetopicofthe
latterisaddressedinthisarticle.
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Figure1:ConditionsforreusableandablativeTPS[1]

Experimentaltestingisexpensive,andnosinglehighenthalpygroundtestfacilitycanrecreateallflight
conditionssimultaneously.Thus,ComputationalFluidDynamics(CFD)isanimportanttoolforTPStesting,
designanddevelopment. Additionally,CFDsimulationscanbeusedinidentifyingtestarticlefailuresand
optimizedtestingconditions. WhenaCFDcodeiscoupledwithamaterialresponsecodeandamodelto
describetheinteractionofthegasflowwiththeTPSmaterial,CFDbecomesanimportanttoolinthevehicle
TPSdesignandsizingassessment.Figure2showsthephysicalprocessesthattakeplaceineachcomponent
ofthegas-surface-materialsystem,andthemethodbywhichthesephysicalprocessesaremodeled.Inthe
gasflowcomponent,theformationofstrongshocks,thermochemicalnonequilibrium,andthepropertiesofthe
boundarylayeraremodeledusingCFD.PhysicalmodelinginformationmustbesuppliedtotheCFDcode,such
astherelaxationtimesforinternalenergymodes,andratecoefficientsforfinite-ratechemicalreactions.Inthe
TPSmaterialcomponent,theconductionofheatthroughthematerial,pyrolysis,andtheflowofgasthrough
theporousmaterialaremodeledusingamaterialresponsecode.Inthisarticle,thebehaviorofnon-charring
ablativeTPSmaterialsisaddressed,sopyrolysisandgasflowwithinthesolidmaterialarenotconsidered.
Thephysicalpropertiesofthecomplexmaterial,suchasconductivityandtortuosity,mustbesuppliedtothe
materialresponsecode.ThesurfacecomponentprovidestheinterfacebywhichthegasflowandTPSmaterial
interact.Physicalprocessesthattakeplaceonthesurfaceincludeaccommodation,oxidation,sublimation,and
catalysis.Theseprocessesaremodelingusingafinite-ratesurfacechemistry(FRSC)module.Themechanisms
ofsurfaceinteractionsandtheirassociatedratecoefficientsmustbesuppliedtotheFRSCmodule.

Progresstowardsconsistentcouplingofeachoftheindividualcomponentmodelsofgasflow,surface,and
TPSmaterialisthetopicofthisarticle.Section2providesthedetailsofeachoftheflow,surface,andmaterial
componentmodules.Section3describes,indetail,howthesemodulesarecoupledtoproduceacomputational
toolcapableofconsistentlysimulatingallaspectsoftheflow-surface-materialsystem.Section4presentstwo

9-2

NATOUNCLASSIFIED

RELEASABLETOAUS,JPNANDKOR

STO-EN-AVT-218



NATOUNCLASSIFIED

RELEASABLETOAUS,JPNANDKOR

CoupledModelingofFlow,SurfaceChemistryandMaterialResponse

Figure2:Componentsofthecoupledcomputationalframework.

examplesoftheapplicationofthiscoupledcode.Thepartialvalidationofthisapproachusingdatafroman
InductivelyCoupledPlasmaTorch(ICP)facilityisdescribedindetail,anditisdemonstratedthatincluding
thematerialresponseinthecoupledsimulationresultsinbetteragreementwiththeexperimentaldata. An
exampleoftheapplicationofthecoupledcodetothesimulationofahypersonicflightvehicleisalsopresented,
andthechoiceofsurfacechemistrymechanismsisshowntohaveasignificanteffectonthepredictedsurface
properties.Finally,Section5presentsasummaryofthearticle.

2.0 COMPONENTMODULESFORCOUPLEDMODELING

2.1 Nonequilibriumgasflow

ThepropertiesofthenonequilibriumgasflowareobtainedbysolvingtheNavier-Stokesequationsusinga
CFDcodecalledLeMANS,whichisdevelopedattheUniversityofMichigan[3,4].LeMANSisathree-
dimensional,parallelcodethatsolvestheNavier-Stokesequationsonunstructuredmeshes.Inthiswork,itis
assumedthatthetranslationalandrotationalenergymodescanbedescribedbyasingletemperature,andthat
thevibrational,electronicandelectrontranslationalenergymodesaredescribedbyadifferenttemperature.
Themixturetransportpropertiesarecalculatedusing Wilke’ssemi-empiricalmixingrule[5]. Thespecies
viscositiesarecalculatedusingBlottner’smodel[6]andthespeciesthermalconductivitiesarecalculatedusing
Eucken’srelation[7].Inthisstudy,theLewisnumberisconstantwithavalueof1.4.Themassdiffusionfluxes
aremodeledusingamodifiedversionofFick’slaw[8],whichenforcestherequirementthatthefluxessumto
zero,andthediffusionfluxofelectronsiscalculatedassumingambipolardiffusion.
Asecondorderspatiallyaccuratefinite-volumemethodisusedtosolvethesetofdifferentialequationson

unstructuredmeshes.LeMANScansimulatetwodimensionalandaxisymmetricflowsusinganymixtureof
quadrilateralandtriangularmeshcells,andthree-dimensionalflowsusinganymixtureorhexahedra,prisms,
tetrahedraandpyramids.TheinviscidfluxesarediscretizedusingamodifiedSteger-WarmingFluxVectorSplit-
tingapproachwhichhaslowdissipationandisappropriatetocalculateboundarylayers[9].Theviscousfluxes
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arecalculatedusingcell-centeredandnodalvalues.TheviscousstressesaremodeledassumingaNewtonian
fluidandStokes’hypothesis,andtheheatfluxesarecalculatedaccordingtoFourier’sLawforalltempera-
tures.Apointorlineimplicitmethodisusedtoperformthetimeintegration,andthecodeisparallelizedusing
Metis[10]topartitionthemesh,andtheMessagePassingInterface(MPI)tocommunicateinformationbetween
processors.
InordertouseLeMANSincoupledflow-materialsimulations,meshmovementcapabilitieshavebeen

implementedtomodelsurfacerecessionofablatingmaterials. Giventhedisplacementofeachnodeonthe
surfaceofthematerial,eachnodeontheassociatedperpendicularlineextendingfromthesurfacetotheinflow
boundaryismovedalongthelineadistanceproportionaltotheinitialdistanceofthenodeinquestionfromthe
surfacenode.Thismethodofmovingthemeshexploitstherelativelysimple,convexshapeofhypersonicflight
vehicles.Oncethenewmeshiscreated,theflowfieldquantitiesfromthepreviousiterationaresimplymoved
tothenewmesh.

2.2 Surfaceinteractions

Themostgeneralwayofmodelingtheinteractionofagasflowwithasurfaceisthroughthespecificationof
finite-ratereactionmechanismsandtheassociatedratesatthesurfaceboundary. Anotherapproachusedto
modelanair-carboninterfaceistomaketheassumptionthatthegasatthesurfaceisinasaturatedequilibrium
statewiththecarbonsurface. Whencombinedwithanassumptionthattheheatandmasstransfercoefficients
areequalatthesurface,thisapproachresultsinauniquegascomposition,enthalpyandmassablationrateat
eachsurfacetemperatureandpressure.Thus,tablescanbegeneratedforthesequantitiesasafunctionofsurface
temperatureandpressure,andtherequiredboundaryvaluesfortheCFDcalculationcanbeinterpolatedfrom
themduringtheCFDsimulationprocess.Thesearetheso-calledBc’tables.Theformerapproach,involving
modelingfiniteratechemicalreactions,ispresentedinthisarticle.

2.2.1 Finite-ratesurfacechemistry

TheFRSCmoduledevelopedbyMarschallandMacLean[11,12]istightlycoupledtotheLeMANSCFD
code.TheFRSCmoduleallowsthespecificationofsurfacereactionsinvolvingbothadsorbedsurfacespecies
andbulkmaterialspecies.Thesereactionsaregovernedbysetsofactivesites,andbytypesofbulkspecies.
GiventheconditionsatthevehiclesurfacefromtheCFDcode,themodulecomputesthespeciesproduction
ratesduetosurfacereactions.ThesevaluesarethencommunicatedtotheCFDcode.Themodulealsohasthe
capabilitytomodeltheblowingofpyrolysisgasesfromthesurface,howeverthiscapabilityisnotusedinthe
presentworkbecausethebehaviourofanon-charringcarbonablatorisinvestigated.ThecouplingoftheFRSC
moduletotheLeMANSCFDcodehasbeenverified[13].
TheFRSCModuleallowsforthedefinitionofthreedistinctenvironments:gas,surface,andbulk.The

surfaceandbulkenvironmentscanhaveanynumberofphases,whichrepresentphysicallyandchemically
distinctregions.Thegasenvironmentcanonlyhaveasinglephase.Surfacereactionsmayonlyoccuratactive
sitesthatcaneitherbeemptyorfilledwithanadsorbedspeciesonaspecificsurfacephase.Thetotalnumberof
reactionsitesisconservedandsitesmayneitherbecreatednordestroyed.Thenumberofreactionsites(i.e.site
density)isapropertyofthesurfaceandisdefinedasauserinput.TheFRSCModuleallowsthespecification
ofseveraldifferentreactiontypes.Theseinclude,
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Adsorption/Desorption: A+(s) A(s)
Eley-Rideal: A+B(s) AB+(s)
Langmuir-Hinshelwood: A(s)+B(s) AB+(s)
Sublimation/Condensation: (s)+A(b) A+(s)

Inthepreviousexamples,(s)representsanemptyactivesite,A(s)isanadsorbedparticle,andA(b)isabulk
species.TheFRSCModulealsoallowsforthespecificationofseveralotherreactionprocessesthatdonot
strictlyfitintothecategoriesgivenabove(e.g.oxidationandnitridation).

Thegeneralformforreactionicanbeexpressedas,

K

k=1

νkiAk

K

k=1

νkiAk (1)

whereνkiandνkiarethestoichiometriccoefficientsforspecieskonthereactantandproductsides,respectively.
ThenetproductionrateforspecieskfromallNRsurfacereactionsis,

ẇk=

NR

i

ẇki (2)

wherethereaction-specificproductionrate,ẇki,isgivenby,

ẇki= νki−νki kfi

K

k=1

X
νki
k −kbi

K

k=1

X
νki
k (3)

wherekfiandkbiaretheforwardandbackwardratesforreactioni,respectively,Xkistheconcentrationof
specieskatthesurface,andKisthenumberofspeciesconsideredinthesurfacesystem.

Theforwardreactionratesforsurfaceprocessesarespecifiedusingkinetics-basedformulationsforspecific
reactiontypesas,

Adsorption:

kf=
v̄A
4φνss

S0exp −
Ead
RuT

(4)

Eley-Rideal:

kf=
v̄A
4φνss

γ0exp −
EER
RuT

(5)

Langmuir-Hinshelwood:

kf= v̄2D,A
√
Av φ1.5−νss CLHexp −

ELH
RuT

(6)

Sublimation:

kf=
v̄A

4φνssRuT
γsubexp −

Esub
RuT

(7)

Intheseequations,theparametersEad,EER,ELH,Esubaretheenergybarriersforeachtypeofreactionmech-
anism.Thereactionefficiency,γ0,isdefinedastheratioofthefluxofatomsatthesurfacethatreacttothetotal
fluxofatomsimpingingonthesurface.Thestickingoradsorptioncoefficient,S0,isthefractionofgas-phase
speciesthathitthesurfaceandbecomeadsorbed.Theactivesitedensityonthesurfaceisgivenbyφs,MA
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isthemolarweightofspeciesA,γsubisadimensionlessevaporationcoefficient,andCLHisadimensionless
constant.Thethermalvelocitiesusedintherateexpressionsaregivenby,

v̄A=
8RuT

πMA
(8)

and

v̄2D,A=
πRuT

2MA
(9)

Thetemperatureusedintheseexpressionsisthetranslationaltemperatureofthegasatthesurface,whichis
equaltothewalltemperatureforthiswork.Thisapproachofdefiningtheforwardreactionratesismoreinsight-
fulthanusingArrhenius-typeexpressionssincetheArrheniusreactionparametersmaybedifficulttorelateto
physical,chemical,orkineticprocesses.Note,however,thattheFRSCModulealsoallowsforArrhenius-type
formulationsfortheforwardrates.

Thebackwardrateforreactioniisdeterminedbasedontheforwardratesandtheconcentration-based
equilibriumconstantby,

kb,i=
kf,i
Kc,i

(10)

Theconcentration-basedequilibriumconstantisrelatedtotheactivity-basedequilibriumconstantby,

Kc,i=Ka,i
Pref
RuT

νg,i

(11)

wherePrefisareferencepressureof10
5Pa,whichisthesamevalueusedintheNASAGlennthermodynamic

database[14],andνg,iisthenetstoichiometricexponentforgasspeciesequalto (νki−νki).Theactivity-
basedequilibriumconstantisrelatedtochangesintheGibbsenergyofformationandcanbecalculateddirectly
ifthenecessarythermodynamicpropertiesareavailableby,

Ka,i=exp −
∆G0i(T)

RuT
(12)

wherethechangeinGibbsenergyofformation,∆G0i(T),canbeobtainedfromdatabases,suchastheNASA
Glennthermodynamicdatabase[14].However,thedifferencebetweentheGibbsenergyofformationofan
occupiedactivesiteandanemptyactivesitemaynotbeavailableformostspecies.Forthesecases,either
thebackwardratekb,iortheconcentration-basedequilibriumconstantKc,imustbespecifiedinadditionto
theforwardrateforeachadsorptionreactionbasedonstatisticalthermodynamicsand/orkinetictheory.Then,
themissingthermodynamicdataforoccupiedandemptyactivesitescanbecalculatedusingEquations11and
12.ThecalculatedchangeinGibbsenergyofformationcanthenbeusedwiththeavailablethermodynamic
dataforgasandsolidphasespeciestocalculatetheconstantsforallothersurfacereactions.Additionaldetails
regardingtheFRSCModuleareprovidedinRef.[11].

2.3 Materialresponse

Inthiswork,eitheraone-dimensional(MOPAR)ortwo-dimensional(MOPAR2)materialresponsemodelis
used.TheMOPARmodule,developedbyMartinandBoyd[15,16],usestheone-dimensionalcontrolvolume
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finite-elementmethod(CVFEM)[17,18]tomodelheatconductionandpyrolysisgasbehaviour.TheMOPAR2
module,developedbyWiebengaandBoyd[19],alsousesthecontrol-volumefinite-elementmethodtomodel
conductionbehaviour,andincludesthecapabilitytomodelmomentumtransferwithinthesolid.MOPAR2has
beenverifiedusingtheMethodofManufacturedSolutions[20].

Fortheexamplespresentedinthisarticle,eithertheMOPARorMOPAR2materialresponsecodeisusedto
solvetheenergyequationinthematerial,whichisshowninEquation13.ThisEquationincludesaconvection
termduetogridmotiontoallowforthematerialmeshtorecedewhensurfaceablationisoccurring,

ρ
∂e

∂t
−ρh(∇·vcs)+∇·q=Q̇ (13)

InEquation13,eisthespecificenergyofthematerial,histhespecificenthalpy,vcsisthevelocityvector
associatedwiththerecessingsurface,qistheheatfluxvector,andQ̇isthematerialresponsesourceterm.

Equation13issolvedimplicitlyinbothMOPARandMOPAR2.WhenthisequationissolvedinMOPAR2,
atensorformulationofFourier’sLawisusedtoallowforsimulationofanisotropicmaterials.TheCVFEM
methodisusedwithlineartriangularelementsisusedforspatialdiscretization.Inthisformulation,allvariables
areassumedtovarylinearlyacrossanelement,whichleadstoaschemethatisspatiallysecondorder.The
BackwardEulermethodisusedforimplicittimeintegration,whichleadstoafirstorderaccuratediscretization
intime.Thecontrolsurfacevelocityisdeterminedfromthechangeinnodepositionsduringatimestepasthe
meshisdeformed.

SeveraldifferentboundaryconditionsforEquation13areimplementedincludingspecifiedtemperature,
specifiedheatflux,re-radiation,aerodynamicheating,andthermochemicalablation.Fortheexamplespre-
sentedinthiswork,theinformationexchangedbetweentheflowandsurfacemodulesandtheMOPAR/MOPAR2
moduleisdescribedinSection3.2.

3.0 APPROACHTOCOUPLING

Forhypersonicentryvehicles,thetimescalesofthetrajectoriesareontheorderofminutes.Incontrast,the
nonequilibriumreactionsthattakeplaceintheflowfieldsaroundthesetypesofvehicles,andatthesurface
ofthesevehicles,havetimescalesthatareontheorderofmicroseconds(10−6sec).Lastly,theprocessof
conductingenergythroughtheTPSmaterialtakesplacewithatimescalethatisontheorderofseconds.

Theapproachtocouplingthethreecomponentmodulesisbasedonexploitingthelargedifferencesbetween
eachofthesetimescales.Sincethechemicalreactionsoccurringinthegasphaseandonthesurfacearesomuch
fasterthantheprocessofenergyconductionintothematerial,itisreasonabletoassumethattheflowfieldand
surfaceprocessesrespondinstantaneouslytothechangesinthematerialproperties.Thismeansthattheentry
trajectory,orexposuretimeinthecaseofanablationexperiment,canbediscretizedintime.Thegeneral
approachistotreatthematerialresponseinatime-dependentfashion,andintegrateEquation13between
discretetrajectory/exposurepointsusinginformationobtainedfromsteady-stateflowandsurfacechemistry
simulationsasboundaryconditions.Thisapproachisdescribedindetailinthesectionsthatfollow.

3.1 ImplementationofSurfaceChemistryCoupling

TheFRSCmoduleiscoupledtotheCFDmodulethroughthemassbalanceandmomentumbalanceequations
writtenatthesurfaceofthevehicle. Thecontrolvolumeenclosingthesurfaceofthevehicleisdrawnin
Figure3,wherethetermsappearinginthemassconservationequationarelabeled.UsingFigure3,themass
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conservationequationcanbewrittenatthesurfaceforeachspecies,

−ρwDk
∂Yk
∂n
|w+ρwvwYk,w=Mkẇk (14)

InEquation14,ρwisthedensityofthegasphaseatthesurface,Dkisthediffusioncoefficientforgasphase
speciesk,Ykisthemassfractionofgasphasespeciesk,andvwisthegasphasevelocity,whichisassumedto
beinthesurface-normaldirection.Equation14iscoupledtotheexpressionforthemassfluxofbulkspeciesat
thesurface(̇mb)bythefollowingrelation,

ṁb=−

Nnb

k=1

Mkẇk=ρwvw (15)

InEquation15,themassfluxbetweenthebulkandthegasenvironmentduetosurfacereactionsiscomputed
bysummingthemassproductionratesofNnbbulkspecies.Inanair-carbonsystem,thisexpressioncontainsa
singletermfortheproductionrateofsolidcarbon,ẇC,whichwillbenegativeifthesurfaceisablating(mass
isbeingtransferedfromthebulktothegasphase).
TheboundaryconditionsatthesurfaceofthevehiclearedeterminedateachiterationoftheCFDsolver

asfollows.Theproductionratesofeachgas,surfaceandbulk-phasespecies,ẇk,atthecurrentiterationare
calculatedbytheFRSCmoduleusingthevaluesofρw,Yw,kandTwfromthepreviousiteration.Theproduction
ratesofthegas-phasespeciesneededforthesolutionofEquation14arethenknown.Themassfluxofthe
bulk-phasespecies,andthustheproductρwvw,isthencomputedinLeMANSusingtheproductionratesofthe
bulk-phasespeciesandEquation15.ThevalueofρwvwisthensubstitutedintoEquation14,andthesystem
ofNsequationsrepresentedbyEquation14issolvediteratively,togetherwiththeexpressionofmomentum
conservationatthesurface,

pn+ρnv
2
n=pw+ρwv

2
w (16)

usingNewton’smethodinordertoobtainthespeciesmassfractionsandgas-phasedensityrequiredtosetthe
boundaryconditionsatthewall.InEquation16,thesubscript“n”referstoavalueinthefirstCFDcelllying
alongthematerialsurfaceboundary,and“w”referstoavalueatthesurfaceface.
Sincethesystemofequationsisover-specified,theequationcorrespondingtothelargestmassfractionis

removedfromthesystempriortothesolutionprocess.Theidealgaslawisusedtoeliminatethewallpressure,
pw,inEquation16,andthetemperatureatthewallisknownatthecurrentiterationfromthematerialresponse
module.Alloftheprimitivequantitiesateachcell-facethatdefinesthesurfaceofthevehiclearedetermined
inthisfashionateachiterationoftheCFDsolver,andthevaluesoftheconservedvariablesintheghostcells
arethencalculatedusingthesequantitiesinordertoproducetherequiredinviscidandviscousfluxesacrossthe
cellfaces.Lastly,theconcentrationsofthesurfacespeciesareupdatedateveryiterationusingadiscreteform
ofEquation17,

∂Xk
∂t
=ẇk (17)

wherethetimestepusedisthesamesimulationtimestepusedintheCFDmodule.

3.2 ImplementationofMaterialResponseCoupling

TheMOPARmoduleislooselycoupledtotheLeMANSandtheFRSCmodulesthroughthesolutionofthe
energyconservationequationateachcellfacethatdefinesthesurfaceofthevehicle,aswellasthecalculated
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Figure3:Controlvolumeforspeciesmassconservationatthesurfaceofthevehicle.

recessionrateofthevehicle’ssurface.Thetemperatureofthegasatthesurfaceisassumedtobeequalto
thetemperatureofthesolidsurface,andallinternalenergymodesofthegas-phaseareassumedtobein
equilibrium.Theenergyconservationequationatthesurfaceofthevehicleiswrittenusingthecontrolvolume
enclosingthesurfaceofthevehiclethatisshowninFigure4.

qconv+ṁbhb,w+qrad=σ T4w−T
4
∞ +ṁbhw+qcond (18)

InEquation18,hb,wistheenthalpyofthebulkphaseatthesurface,andhwistheenthalpyofthegasphase
atthesurface.Thetermsontheleft-handsiderepresentenergyenteringthecontrolvolumeshowninFigure
4,andthetermsontheright-handsiderepresentenergyleavingthecontrolvolumeatthesurface.Theterm
labeledqconvistheheatfluxatthesurfacepredictedbytheCFDcode,whichisgivenbyEquation19,

qconv=κtr
∂Ttr
∂n
|w+κve

∂Tve
∂n
|w+

Ns

k=1

ρDkhk
∂Yk
∂n
|w (19)

InEquation19,κtristheconductivityofthetranslational-rotationalenergymode,andκveistheconductivity
ofthevibrational-electronic-electrontranslationalenergymode.Thetermqcondisthemagnitudeoftheheat
fluxdirectedawayfromthesurfaceandconductedintothesolidthatispredictedbythematerialresponsecode.
Theradiativeenergyabsorbedbythesurfacefromthesurroundings,qrad,isneglectedinthiswork.Theenergy
radiatedawayfromthesurface,σ T4w−T

4
∞ ,iscomputedinMOPAR,withT∞ equaltothefreestream

temperature.

Therecessionrateatthesurfaceofthevehicleiscalculatedasfollows,

ṡ=
ṁb
ρb

(20)

whereρbisthemassdensityofthebulkmaterial.Thevaluesoḟsand(qconv+ṁb(hb,w−hw))ateachsurface
faceareusedtoprovidetheboundaryconditionsatthematerial-gasinterfaceforthesolutionofEquation13.
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Xw =̇st
n−tn−1 (24)

Thedisplacementofeachnodeonthesurfaceisthenformedasanaverageofadjacentface-centeredvalues
ofXw.ThemovementofeverynodeoneachlineoftheCFDmeshthatextendsfromthesurfaceisthen
determinedsuchthatthemovementofeachnodeisproportionaltotheoriginaldistanceofthenodefromthe
associatedsurfacenode.Thiscouplingprocessisrepeateduntiltheflowfieldresidualshaveconverged.
TheentirecouplingstrategyisrepresentedschematicallyinFigure5.InFigure5,thesurfacepressure,

PwthatiscommunicatedbetweenLeMANSandMOPAR/MOPAR2isonlyusedifacharringablatorisbeing
modeled.Similarly,themassfluxofpyrolyzedgas,ṁgandcompositionofpyrolyzedgas,Yg,isonlyusedifa
charringablatorisbeingmodeled.Thiscaseisnotconsideredinthisarticle.

4.0 ILLUSTRATIVEEXAMPLES

Inthissection,theapplicationofthecoupled,computationalframeworkpresentedabovetotwotypesofair-
graphitesystemsisdescribed.Inthefirstexample,ablationofagraphitesampleinasubsonic,high-enthalpy
nitrogenflowproducedinanInductivelyCoupledPlasma(ICP)torchfacilityisconsidered.Inthisdetailed
example,itisshownthatincreasingthefidelityofthephysicalmodelsusedtosimulatetheflow-material
interactionbyincludingtheresponseofthematerialgreatlyimprovestheagreementofthenumericalresults
withtheexperimentaldata.Inthesecondexample,theablationofagraphiteTPSonaballisticvehiclere-
enteringtheEarth’satmosphereisconsidered,andthenumericalresultsarecomparedwithpreviouslypublished
numericalresults.Thisexamplehighlightsthesignificanteffectthattheuncertaintyinthetypeofchemical
reactionmechanismsoccurringatthesurfacehasonthepredictedsurfaceproperties.

4.1 Graphiteablationbynitrogen

CFDmodelscanbeusedforsimulatingenvironmentsthatcannotbestudiedinanexperimentaltestfacility.
ThesemodelscanbeusedforaccuratelypredictingtheaerothermalenvironmentofthevehicleTPSduring
entry,butthesemodelscanbeusedtoperformsuchanalysisonlyaftertheyhavebeenvalidatedforphysical
accuracybycomparisonwithexperimentalmeasurements.
Thissectionpresentsanexampleofthestudyofgas-surfaceinteractionsthatoccuronavehiclesurface

duringitsentryintoaplanetaryatmosphereusingtheFRSCmodelalongwithananalysisofablationusing
MOPAR2.ThesectionfirstprovidesabriefdescriptionoftheexperimentalfacilityattheUniversityofVermont
usedforassessmentofthecomputations,followedbyadescriptionofthenumericalsetupusedinthiswork
alongwiththesurfacereactionsinvestigatedtostudygas-surfaceinteractionprocesses. Theresultsofthe
numericalsimulationsandtheircomparisonwiththeexperimentalmeasurementsarepresentedthereafter.

4.1.1 ExperimentalFacility

ExperimentaltestswereconductedbyProfessorDougFletcherandhisgraduatestudentsina30kWInduc-
tivelyCoupledPlasma(ICP)TorchFacilityattheUniversityofVermont[21,22].TheICPtorchfacilityis
designedtotestscaledmaterialsamplesinhighenthalpygasflowsforsimulationofplanetaryentryandEarth
atmospherere-entrytrajectoryheatingconditions.Itisconfiguredforoperationwithsubsonicflowtosimulate
postshockconditionsofhighenthalpyflightforastagnationpointgeometry.Thefacilitytestconditionscan
beextrapolatedtoflightconditionsbymatchingthreeparametersattheedgeoftheboundarylayer,i.e.,the
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Figure5:CouplingschemebetweenLeMANS-FRSCandMOPAR/MOPAR2.
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4.1.3 SurfaceReactions

Thegas-surfaceinteractionprocessesstudiedaretherecombinationofnitrogenatomstomoleculesatthe
surfaceduetocatalysis,andcarbonnitridationwherenitrogenatomsreactwiththesurfacecarbontoform
gaseousCN.Carbonnitridationisstudiedbecausesamplemasslossisobservedintheexperimentandresults
forthesurfacerecessionarereportedintheworkbyLutzetal[21,26].Therefore,twosetsofsurfacereactions
aretakenintoaccountusingtheFRSCmodel.ThefirstsetisshowninEquation25,andaccountsonlyfor
recombinationofnitrogenatomsonthesurfaceofthegraphitesampleduetosurfacecatalysis.InEquation25,
agaseousnitrogenatomisadsorbedontoanavailableactivesiteonthesurfacethroughanadsorptionreaction.
Then,anothernitrogenatomfromthegasphaserecombineswiththeadsorbednitrogenatomtoformagaseous
nitrogenmoleculeandleavestheactivesite.Theparameterskf1andkf2inthesereactionsaretherespective
forwardreactionrates.

N+(s)
kf1
−−→N(s):Adsorption(Ead=0J/mol)

N+N(s)
kf2
−−→N2+(s):Eley-Ridealrecombination(EER=0J/mol) (25)

Thesecondsetofsurfacereactions,showninEquation26,takesintoaccountrecombinationofnitrogenatoms
duetosurfacecatalysisaswellascarbonnitridation.Inthecarbonnitridationprocess,carbonfromthesurface
reactswiththeimpingingnitrogenatoms.TheEley-Ridealrecombinationreactionisusedtorepresentthe
processofcarbonnitridation.Theparameterskf1,kf2andkf3inthesereactionsaretherespectiveforward
reactionrates.

N+(s)
kf1
−−→N(s):Adsorption(Ead=0J/mol)

N+N(s)
kf2
−−→N2+(s):Eley-Ridealrecombination(Ead=0J/mol)

N+(s)+Cb
kf3
−−→CN+(s):Eley-Ridealrecombination(Ead=0J/mol) (26)

Allthetestcasesareinvestigatedusingaconstantreactionefficiencyγ.Theeffectivereactionefficiencyfor
agasphasereactantconsumedinasurfacereactionprocessisthenetresultofcompetingfinite-rateprocesses.
Ananalyticexpressionforconstantreactionefficiencyγisderived[27]forbothofthesurfacereactionsets
showninEquations25and26.
ThenetconstantreactionefficiencyγforthesurfacereactionsetshowninEquation25isgivenby,

γ=
2S0γN
S0+γN

(27)

ThenetconstantreactionefficiencyγforthesurfacereactionsetshowninEquation26isgivenby,

γ=
2S0γN+γCNγN
S0+γN

(28)

InEquations27and28,γNisthereactionefficiencyforsurfacecatalysis,andγCNisthecarbonnitridationef-
ficiency.AconstantcatalyticefficiencyisachievedbysettingS0equaltoγN.Itisassumedinthisinvestigation
thatallthecarbonmasslossoccursduetothecarbonnitridationreaction.
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4.1.4 BaselineResults

Thetestcasesconsideredinthisstudytodeterminetheeffectsofgas-surfaceinteractionprocessesareshown
inTable2.

Table2:Testcases.

Case CatalyticefficiencyγN
Carbon nitridation
efficiencyγCN

Effective reaction
efficiencyγ

Case1 0 0 0

Case2 0.07 0 0.07

Case3 0.07 0.005 0.0725

Case4 1 0 1

ThecatalyticefficiencyγNissettozeroforanon-catalyticwallandissetto1forafullycatalyticwall.The
partiallycatalyticwallconditionofγN =0.07isbasedonanexperimentallydeterminedvalue[28]forpure
carbon.Thecatalyticefficiencywasobtainedfromthecomparisonofmeasureddataofheattransfertothe
carbonspecimeninsubsonicjetsofdissociatednitrogenwiththenumericalcomputationsofheattransfer.The
valueγCN=0.005forCase3issetbasedonavaluedeterminedbyDriverandMaclean[29].Itisobtained
fromacomparisonbetweendatafromarcjettestsperformedforPhenolicImpregnatedCarbonAblator(PICA)
innitrogenandresultsfromcomputationalsimulations.ThenitridationefficiencyofγCNproducesgoodpre-
dictionsofbothheattransferandrecessionratewhenbothreactions,i.e.,carbonnitridationandnitrogenatom
recombinationtonitrogenmoleculesduetocatalysis,areincludedinthecomputations[29].Itshouldbenoted
thatγCNisdependentonthetypeofcarbonusedaswellastheexperimentalconditions.Case1representsa
wallwherenosurfacechemistryisaccountedforandistreatedasnon-catalytic.

Thetestarticlewallissettoaradiativeequilibriumboundaryconditionandthetestchamberwallisset
asanisothermalwallwithatemperatureof300K.Auniformvelocity,temperatureanddensityprofileatthe
facilityinletisspecifiedinthesimulations.Sincetheflowattheinletofthetestchamberisnon-uniform,a
studyisperformedtoassesstheeffectsofdifferentinletprofilesonthespeciesconcentrationandtemperature
gradientsnearthematerialsurface,andontheheattransfertothematerialsurface.Itisconcludedthatthe
non-uniforminletprofiledoesnotsignificantlyaffectthesolution.Theresultsforthestudyarediscussedin
Reference[30].

ThetranslationaltemperaturecontoursinthetestchamberoftheICPfacilityobtainedforCase4areshown
inFigure8.Thesecontoursshowtheevolutionofhotnitrogenplasmainthetestchamberonexitingthethe
ICPtorch.ThevelocitystreamlinesshowthattheflowentersfromtheICPtorchexitontheleftandimpinges
onthegraphitesampleattheright.

Theresultsalongthestagnationlineintheboundarylayerareshownforthetranslationaltemperaturein
Figure9andthenormalizednitrogenatomdensityinFigure10.Thereisanincreaseintemperatureinthe
boundarylayerforcaseswheresurfacechemistryisincludedascomparedtoCase1afornon-catalyticwall.
ThecomparisonsbetweenCases2,3and4showthattemperatureintheboundarylayerisnotsignificantly
affectedfordifferentsurfacechemistrymodels.Thereisanincreaseinnitrogenatomdensityintheboundary
layerforCase1,whereasitisconsumedforallothercasesduetosurfacechemicalreactions.Thenitrogen
atomlossisduethecatalyticrecombinationofnitrogenatomstomoleculesforCases2and4.Thenitrogen
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Figure8:TranslationaltemperaturecontoursfortheflowfieldinthetestchamberoftheICPfacilityobtained
forCase4(γN=1).

atomlossseenforCase3isthecombinedeffectofsurfacecatalysisaswellascarbonnitridation.Thenitrogen
atomdensityforallcasesexceptCase1showgoodagreementwiththeexperimentalmeasurements.
Theeffectofsurfacechemistryonthesurfacepropertiesisalsoevaluated.Thetotalheatfluxisplottedin

Figure11(a)andthediffusiveheatfluxisplottedinFigure11(b).Anincreaseinthetotalheatfluxisseeninall
thecaseswithsurfacereactionsascomparedtothenon-catalyticwallcase.Thisincreaseisexplainedbythe
contributionfromdiffusiveheatfluxforthecaseswithsurfacereactions,whichiszeroforanon-catalyticwall.
Figure12showsthesurfacetemperaturepredictedusingeachchemistrymodel.Case4(fullycatalyticsurface)
resultsinthehighestpredictedsurfacetemperature,whileCase1(nosurfacechemistry)resultsinthelowest
predictedsurfacetemperature.ThetemperatureforCases2and3liebetweenthosefornon-catalyticandfully
catalyticwalls.
ThecarbonmassremovalfluxasaresultofthecarbonnitridationreactionforCase3isalsocomputedand

isshowninFigure13.ThetotalmasslossrateiscalculatedfromṁbasshowninEquation29.

masslossrate= ṁbdA (29)

whereṁbisthemassremovalfluxcalculatedusingEquation15foreachsurfaceelementanddAisthesurface
areaofeachelement.Thestagnationpointheatfluxismeasuredexperimentallyusingaslugcalorimeterfor
testconditionssimilartothiscase.Theheatfluxismeasuredforthecaseof0.84g/smassflowrateandpressure
of21.3kPa.
Acomparisonbetweentheexperimentalandcomputedvaluesforstagnationpointheatflux,temperature

andmasslossrateforCase3isprovidedinTable3.Thecomputationalvaluesaremuchhigherthantheexper-
imentallymeasuredvalues;thisdifferencemaybeexplainedbythecombinedeffectofvariousmechanisms.It
couldbeattributedtoahigherdegreeofnitrogenatomfluxtothesurfaceinthecalculations.Anassumption
ofchemicalequilibriumofthenitrogengasmixtureattheICPtorchexitisusedinthesesimulations,however,
thisassumptionlikelyoverpredictsthedegreeofdissociationforthistypeofchemicallyreactingflowwith
finite-ratechemistryflow.Therefore,actualfluxofdissociatednitrogenatomstothetestsamplemightbeless
thanwhatispredictedinthesesimulations,andareductioninnitrogenatomfluxtothesurfacewouldresultin
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Figure9:Comparisonoftranslationaltemperaturealongthestagnationline.

Figure10:ComparisonofnormalizedN-atomdensityalongthestagnationline.
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Figure11:Comparisonofwallheatfluxbetweenthecomputationalresults.
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Figure12:Comparisonofwalltemperaturebetweenthecomputationalresults.

Figure13: Massremovalfluxduetocarbonnitridation.
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areductioninthemassremovalrate.Thecomputedvaluesofheatflux,walltemperatureandmasslossrate
couldalsobeaffectedbythenetheattransfertothesurface.Aradiativeequilibriumboundaryconditionisused
inthesesimulationsandtheheatconductionwithinthesampleisnotincluded,whichifaccountedfor,may
affectthesurfaceproperties.

Table3:Thestagnationpointvaluesandthemasslossrate.

qstag[W/cm
2] Tstag[K] Masslossrate[mg/s]

CEA 270 2757 2.2

Experiment 40-80 ∼1600 0.2-0.6

4.1.5 EffectofInletComposition

Basedonthesebaselineresults,theestimatedpowerthatisabsorbedbytheflowintheICPtorchisusedto
determinethecompositionofthegasatthetestchamberinlet.Thepowerintheflowistheproductofthe
voltage,current,andanefficiencyfactorestimatedtobe0.56[31],resultinginanestimated13.8kWofpower
depositedintheflow.Theflowpowerisrelatedtothemassflowratethroughthetorch,andthetemperature
andcompositionofthegasasshowninEquation30.

Power=ṁflow∆h (30)

∆h=
i=N,N2

Yi
T

298
CpidT+

i=N,N2

Yi∆h̊fi

where,

Yi=
Mi
Mavg

Xi;Mavg=
i=N,N2

XiMi

whereXiisthespeciesmolefraction,MiandMavgaretheindividualspeciesandaveragegasmixturemolec-
ularweight,respectively.Cpiisspeciesspecificheatatconstantpressure(includinginternalenergymodes)and

h̊fiisthespeciesheatofformation.
Thecompositionofthegasmixtureiscalculatedfor13.8kWpowerusingthemassflowrateandinlet

temperaturegiveninTable1.Thissectionpresentsthecomparisonperformedbetweentheresultsobtained
usingtheinletgascompositioncalculatedassumingchemicalequilibriumandthoseobtainedforaflowpower
of13.8kW.Thepowerintheflowcorrespondingtoachemicalequilibriumcompositionattheinlet,andan
inlettemperatureof7000K,correspondsto30kW,whichis100%higherthanthecalculatedpower.The
comparisonisperformedforCase3toincludetheeffectsoftheinletgascompositiononcarbonmassremoval.
TherelationofpowerwithgasmixturecompositionisshowninFigure14wherepowerisplottedagainst

nitrogenatommolefractionXNforconstanttemperatureof7000Kalongwiththeconstantpowerof30kWin
theflowforchemicalequilibriumcompositionattheinlet.Thepowerintheflowisminimumforzeronitrogen
atommolefractionsuchthattheflowisnotdissociated.Theflowpowerincreaseswiththelevelofdissociation
intheflowandreachesamaximumvalueforfullydissociatedflow(XN=1).
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Figure14:Depositedpowerasafunctionofnitrogenatommolefraction.

Basedonthechemicalequilibriumand13.8kWinletcompositions,thetranslationaltemperatureandnor-
malizednitrogenatomnumberdensityprofilesalongthestagnationlineintheboundarylayerareshownin
Figures15and16,respectively.Thetranslationaltemperatureintheboundarylayerfor13.8kWpoweris
lowerincomparisontotheequilibriuminletcompositionbecausethetemperatureintheflowdecreaseswith
decreaseinenthalpy,andenthalpyisdirectlyrelatedtopower.Theresultsproducedusingtheinletcomposition
calculatedfor13.8kWofdepositedpowershowbetteragreementwiththeexperimentaldatafornormalized
nitrogenatomnumberdensitywhencomparedtotheresultsproducedbyassuminganequilibriumcomposition
attheinlet.Thelevelofdissociationintheflowishigherforthechemicalequilibriuminletcompositionas
comparedtothe13.8kWpowerinletcomposition,leadingtoalargernitrogenatomdensityinthiscase.

ThetotalheatfluxandtemperatureatthewallforthesecasesareshowninFigures17and18,respectively.
ThemassremovalfluxisshowninFigure19.Thereisasignificantreductioninpredictedheatflux,wall
temperatureandmasslossratewhentheinletcompositioncorrespondingtoadepositedpowerof13.8kWis
used.Thecomparisonbetweenthestagnationpointvaluesforthetwocasesalongwiththeexperimentaldatais
showninTable4.Thereisa52%reductioninheatflux,17%reductioninwalltemperature,and60%reduction
inmasslossratefortheassumptionof13.8kWflowpowerwhencomparedtotheresultsgeneratedwiththe
useofanequilibriumchemicalcompositionattheinlet.Thesevaluesarestillhigherthantheexperimentally
measureddata.ThelossesintheICPtorcharenotquantifiedexperimentallyandhencearenotincludedinthe
calculationofpower.Thecomparisonssuggestthatthepowerintheflowmaybeevenlessthan13.8kW.

4.1.6 EffectofInletTemperature

SincetheICPtorchexitconditionsarenotwelldefined,asensitivityanalysisontheICPtorchexitchemical
compositionisperformedfordifferentvaluesofinlettemperatureandinletpower.Todeterminethesensitivity
ofthepredictedflowandsurfacepropertiestoinlettemperature,threevaluesofinlettemperature,6000K,
7000K,and8000K,areconsidered.Thechemicalcompositionattheinletiscalculatedfor13.8kWpower,
usingthemeasuredmassflowrate,andEquation30. AllthesimulationsareperformedforCase3surface
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Figure15:Comparisonoftranslationaltemperaturealongthestagnationlinefordifferentinletcompositions.

Figure16:ComparisonofnormalizedN-atomdensityalongthestagnationlinefordifferentinletcompositions.
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Figure17:Comparisonofwallheatfluxbetweenthecomputationalresultsfordifferentinletcompositions.

Figure18:Comparisonofwalltemperaturebetweenthecomputationalresultsfordifferentinletcompositions.

9-24

NATOUNCLASSIFIED

RELEASABLETOAUS,JPNANDKOR

STO-EN-AVT-218



NATOUNCLASSIFIED

RELEASABLETOAUS,JPNANDKOR

CoupledModelingofFlow,SurfaceChemistryandMaterialResponse

Distance from stagnation point [m]

m 
[
k
g/
m
2
/
s]

0 0.003 0.006 0.009 0.012 0.015 0.018
0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

chemical equilibrium
power = 13.8 kW

.

Figure19:Comparisonofmassremovalfluxbetweenchemicalcompositionforequilibriuminletand13.8kW
power.

Table4:Thestagnationpointvaluesandthemasslossrate.

inlet Tinf[K] qstag[W/cm
2] Tstag[K] Massloss[mg/s]

CEA 7000 270 2757 2.2

13.8kW 7000 128 2284 0.86

Experiment 7000 40-80 1600 0.2-0.6
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chemistry.

Thepredictedtranslationaltemperatureandnormalizednitrogenatomnumberdensityprofilesareshown
inFigures20and21.TheseFiguresshowthatthereisnegligibleeffectofvaryinginlettemperatureonthe
profilesoftranslationaltemperatureandthenitrogenatomdensity.Thedifferencebetweeneachrespective
profilebothfortranslationaltemperatureandthenitrogenatomdensityislessthan1%.Allthreecasestendto
reachasimilarmixturecompositionandtemperaturesincethepower,andthereforetheenthalpy,oftheflowis
constant.Similarly,thereisonlyasmalleffectofvaryinginlettemperatureonthepredictedsurfaceproperties.
ThecomparisonbetweenthestagnationpointvaluesandthemasslossrateforthesecasesisshowninTable5.
Theheatflux,walltemperatureandthemasslossratesincreasewithanincreaseininlettemperature.Theheat
fluxisincreasedbyapproximately5%,walltemperatureby1%,andthemasslossby4%forevery1000K
increaseintemperatureatconstantpower.Theconclusionofthissensitivitystudyisthattheeffectofvarying
theinlettemperature,whileholdingthevalueofdepositedpowerconstant,ontranslationaltemperatureandthe
nitrogenatomdensityintheboundarylayer,surfaceheatflux,walltemperatureandmasslossrateisrelatively
smallandcertainlymuchsmallerthantheuncertaintiesinthemeasurements.

Figure20:Comparisonoftranslationaltemperaturealongthestagnationlineintheboundarylayerforvarious
inlettemperatures.

4.1.7 EffectofDepositedPower

Todeterminethesensitivityofthepredictedflowandsurfacepropertiestotheamountofpowerdepositedin
theflow,andthereforetotheinletcomposition,theinlettemperatureisheldconstantatthemeasuredvalue
of7000K,andtheamountofpowerdepositedintheflowisvaried.Theinletcompositioniscalculatedusing
Equation30,sothatthepowerisvariedbyvaryingtheconcentrationofnitrogenatomsintheplasmamixture
exitingtheICP.
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Figure21: ComparisonofnormalizedN-atomdensityalongthestagnationlineintheboundarylayerfor
variousinlettemperatures.

Table5:Stagnationpointvaluesandmasslossrateforvariousinlettemperatures.

Power[kW] Tinf[K] qstag[W/cm
2] Tstag[K] Massloss[mg/s]

13.8 6000 122 2259 0.83

13.8 7000 128 2284 0.86

13.8 8000 133 2308 0.89

Experiment 7000 40-80 1600 0.2-0.6
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ThetranslationaltemperatureprofilealongthestagnationlineintheboundarylayerisshowninFigure22.
Therespectiveprofilesfor13.8kWand30kW(chemicalequilibrium)powerarealsoincludedintheFigure.
Thedifferencebetweenthetranslationaltemperatureprofileintheboundarylayeriswithin1%forachange
inpowerfrom7.3kWto9.0kW,2%for9.0kWto10.8kW,5%for10.8kWto13.8kW,andwithin13%
for13.8kWto30kW.Theseresultsshowsthatthepredictedtemperatureissensitivetothechangeinpower.
Thisisbecausethetemperatureintheflowincreaseswithincreasingenthalpy,andenthalpyisdirectlyrelated
todepositedpower.

Figure22:Comparisonoftranslationaltemperaturealongthestagnationlineintheboundarylayerforvarious
valuesofdepositedpower.

Thenormalizednitrogenatomnumberdensityalongthestagnationlineintheboundarylayerisshownin
Figure23.Theprofilesfor13.8kWand30kW(chemicalequilibrium)powerarealsoincludedintheFigure.
Thenormalizednitrogenatomdensityisnotsignificantlyaffectedbypower.Thisisbecausetheseprofilesare
selfnormalizedandthetrendintheprofilesisthesame.Also,foralltheconditions,thesurfacechemistry
consideredisthesame.Thecasewith30kWpowershowsadifferenceof10%fromthe13.8kWprofilefor
theregionclosetothesample.Thereasonforthisisthatthe30kWcaseishighlydissociatedwithamole
fractionof0.85attheinlet,andthesamechemistrymodelisconsideredinallcases.Thisleadstoahigher
densityofnitrogenatomsinthevicinityofthetestsampleascomparedtothecaseswithlessdepositedpower
andthereforelowerlevelsofflowdissociation.
Eventhoughthenormalizednitrogenatomdensityisnotsignificantlyaffectedbyvaryingpower,theabso-

lutenitrogenatomnumberdensityisconsiderablyaffectedasshowninFigure24.Thereisanapproximately
117%increaseintheatomnumberdensityintheboundarylayerwhenthepowerisincreasedfrom7.3kW
to9.0kW,a48%increaseforthevariationinpowerfrom9.0kWto10.8kW,a68%increasefor10.8kW
to13.8kW,anda65%for13.8kWto30kW.Theabsolutenitrogenatomnumberdensityincreaseswith
increasingpowerdepositionandenthalpybecauseagreaterpercentageoftheflowisdissociatedatthesecon-
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Figure23: ComparisonofnormalizedN-atomdensityalongthestagnationlineintheboundarylayerfor
variousvaluesofdepositedpower.

ditions.Theseresultsshowthattherelativevaluesfordifferenttestconditionscanhavesimilarprofilesbut
therespectiveabsolutevaluescanvaryconsiderably.Itcanbeconcludedfromtheseresultsthatitisimportant
toobtainabsolutemeasuredvaluesfornitrogenatomnumberdensitiesforvalidationofcomputationalresults
withexperimentaldata.

ThetotalheatfluxandtemperatureatthewallforthesecasesareshowninFigures25and26.Themass
removalfluxisshowninFigure27.Thewallheatflux,walltemperatureandthemasslossincreasewithin-
creasinglevelsofdepositedpower.Thisincreaseisexplainedbytheassociatedincreaseinfluxofnitrogen
atomsatthetestarticlesurface,whichrecombineatthesurfacecatalyticallyandreleasetheheatofrecombi-
nationtothesurface.Thisprocessresultsinanincreaseintheheatfluxandwalltemperaturealongthesurface
ofthetestarticle.Theincreasedfluxofnitrogenatomsalsocausesmorecarbonnitridationandanincreasein
massloss.

Thecomparisonbetweenthestagnationpointvaluesandthemasslossrateforthesecasesalongwiththe
experimentallymeasuredvaluesisshowninTable6.Itcanbeconcludedfromtheseresultsthatthetranslational
temperatureandthenitrogenatomdensityintheboundarylayer,surfaceheatflux,walltemperatureandmass
removalfluxalongthetestarticlesurfaceareverysensitivetotheamountofpowerdepositedintheflow.
Therefore,itisveryimportanttoexperimentallycharacterizethepowerabsorbedbytheplasmaintheICP
torch. Thenecessityofexperimentalmeasurementsofabsoluteatomnumberdensitiesisagainshownby
theseresults.Theamountofnitrogenatomfluxintheboundarylayerdirectlyaffectstheheattransferredto
thesurface,thesurfacetemperature,andthemasslossrate.Thismeansthattheabsolutenumberdensityis
requiredtodrawconclusionsaboutthesurfacechemistrymodelsaswellasthesurfacereactionsinvolved.
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Figure24: ComparisonofN-atomnumberdensityalongthestagnationlineforvariousvaluesofdeposited
power.

Figure25: Comparisonofwallheatfluxbetweenthecomputationalresultsforvariousvaluesofdeposited
power.
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Figure26:Comparisonofwalltemperaturebetweenthecomputationalresultsforvariousvaluesofdeposited
power.

Figure27:Comparisonofmassremovalfluxforvariousvaluesofdepositedpower.
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Table6:Stagnationpointvaluesandmasslossrateforvariousvaluesofdepositedpower.

Power[kW] XN Tinf[K] qstag[W/cm
2] Tstag[K] Massloss[mg/s]

30 0.85 7000 270 2757 2.2

13.8 0.42 7000 128 2284 0.86

10.8 0.2 7000 82 2041 0.42

9.0 0.1 7000 66 1934 0.27

7.3 0 7000 52 1821 0.11

Experiment 7000 40-80 1600 0.2-0.6

4.1.8 EffectofMaterialResponse

Thelaststepinthisstudyistoincludetheresponseofthegraphitematerialintheanalysis,sincethenetheat
transfertothewallisexpectedtohaveanimpactonthesurfaceproperties.Thecontributionofconductive
heattransferwithinthesampleisdeterminedbyusingthematerialresponsecodeMOPAR2.Thethermal
conductivity,specificheat,andemissivityofDFP2gradePOCOGraphite[24]areusedinMOPAR2. As
showninTable6,thecasewith9.0kWofdepositedpowershowsthebestagreementwiththeexperimental
dataforstagnationpointheatfluxandmassloss.Therefore,thiscaseisusedtoinvestigatefortheeffectsof
conductionwithinthesample.

Inthissimulation,theheatfluxatthesurfaceofthesamplethatexposedtotheflowfieldiscalculated
usingEquation18.Thetemperatureontherearsurfaceofthegraphitesampleissetto350K,basedonthe
measuredtemperatureoftherearsurfaceofthecopperslug[32].Thisvalueisusedbecausethetemperatureof
therearsurfaceofthegraphitetestarticlewasnotmeasuredexperimentally.Additionalsimulationswererun
inwhichthisvaluewasvariedwithnosignificanteffectonthepredictedflowfieldandsurfaceproperties.In
thissimulation,MOPAR2isrunfor300s,atwhichtimetheupdatedtemperatureateachcellfacealongthe
graphitesurfaceispassedtoLeMANS-FRSC.Thistimeischosenastheheatfluxismeasuredexperimentally
aftera300sexposuretimetonitrogenplasma.

Theresultsfromthissimulationarecomparedwiththeresultsfortheradiativeequilibriumwallboundary
condition.ThecontoursoftemperatureintheflowfieldandwithinthesolidtestarticleareshowninFigure
28.Inthispicture,thelegendTflowfieldshowsthevariationoftranslationaltemperatureintheflowfieldand
Tsolidshowsthevariationoftemperaturewithinthesolid.TheflowentersfromtheICPtorchexitontheleft
andimpingesonthegraphitesampleattheright.Thefrontofthegraphitesampleisexposedtohotnitrogen
plasma.Theflowfieldcontoursoftemperatureshowthewayinwhichthehotnitrogenplasmaevolvesafter
exitingtheICPtorch.Thesampleisatthehighesttemperatureinthefrontregionthatisexposedtohotnitrogen
plasmaanditisthelowestattherearsurfacethatismaintainedata350K.

Thestagnationlineprofilesfortranslationaltemperatureandnormalizednitrogenatomnumberdensityin
theboundarylayerareshowninFigures29and30.Thereisnosignificantchangeinthetemperatureand
normalizednitrogenatomnumberdensityintheboundarylayerwhenconductionwithinthesampleisincluded
inthecalculations.Thisisbecausethesameflowfieldconditionsareemployedinbothsimulations.However,
inthevicinityofthesurface,thetemperaturedropsandthenitrogenatomdensityincreaseswhenconduction
intothesampleisconsidered.Thereasonforthisisexplainedbythesurfaceproperties.
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Figure28:Temperaturecontoursfortheflowfieldandwithinthesolidtestarticle.

Comparisonsofthepredictedtotalheatfluxandthetemperatureofthesurfaceofthesampleareshown
inFigures31and32.Thereisanapproximately5%increaseinheatfluxand17%decreaseintemperature
whenheatisallowedtoconductintothematerial.Thetemperaturedecreaseresultsinanincreaseinconductive
heatfluxbecausethetemperaturegradientatthewallincreases.Thisdecreaseintemperatureatthewallalso
reducesthetemperatureintheflowinthevicinityofthesurface.Whenthetemperaturedecreases,thedensity
ofnitrogenatomsincreasestomaintainconstantpressureintheflowfield.

Figure29:Comparisonoftranslationaltemperaturealongthestagnationlineintheboundarylayerfordifferent
energybalanceconditionsatthewall.

ThemassremovalfluxisshowninFigure33.Thereisnosignificanteffectofconductionwithinthesample
onmassremovalflux.Thisisbecausethemassremovalfluxdependsonthenitrogenatomdensityandthe
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Figure30: ComparisonofnormalizedN-atomdensityalongthestagnationlineintheboundarylayerfor
differentenergybalanceconditionsatthewall.

Figure31:Comparisonofwallheatfluxfordifferentenergybalanceconditionsatthewall.
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Figure32:Comparisonofwalltemperaturefordifferentenergybalanceconditionsatthewall.

squarerootoftemperature. Whenconductionistakenintoaccount,thewalltemperaturedecreasesbutthe
nitrogenatomdensityincreases,sonochangeisobservedinthemassremovalfluxbetweenthetwocases.

Thecomparisonbetweenthestagnationpointvaluesforthesecasesalongwiththeexperimentaldatais
showninTable7.Thereisanapproximately5%increaseinstagnationpointheatfluxwhenconductionis
included.Thereisanapproximately17%decreaseinstagnationpointtemperaturewhenconductionintothe
wallisaccountedfor.Themassremovalrateremainsunchanged.Thepredictedstagnationpointheatflux,
temperatureandmasslossratefor9.0kWofdepositedpowerwithconductiveheattransferwithinthesample
showsthebestagreementwiththeexperimentaldata.Theseresultsshowthatitisimportanttoincludecon-
ductiveheattransferwithinthesampleintheenergybalanceatthewallinsuchcalculations.Overall,these
resultsshowthatgoodagreementofcomputationswithallexperimentalmeasurementsisobtainedifallthe
flow,surfaceandmaterialphysicsareincludedinthesimulations.

Table7:Stagnationpointvaluesandmasslossratesfordifferentenergybalanceconditionsatthewall.

Power[kW] Tinf[K] qstag[W/cm
2] Tstag[K] Mass loss

[mg/s]

Radiativeequilibrium 9.0 7000 66 1934 0.27

Conduction 9.0 7000 69 1654 0.27

Experiment 13.8 7000 40-80 1600 0.2-0.6
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Figure33:Comparisonofmassremovalfluxfordifferentenergybalanceconditionsatthewall.

4.2 IRV-2flighttrajectory

Resultsofsimulationsofthewell-documentedre-entrytrajectoryoftheIRV-2vehicle[33,34]arepresented
inthisSection.IRV-2isgoodexampleoftheapplicationofthecoupledframeworktothesimulationofTPS
ablationduringhypersonicflight.

4.2.1 NumericalSetup

TheIRV-2vehicleissphericalbiconicwithanoseradiusof0.01905mandatotallengthof1.386m.The
biconicanglesare8.42and6.10degrees,andthechangeinbiconicangleoccursatanaxiallocationof0.1488m,
measuredfromthestagnationpoint.Onlythefirstconeisconsideredinthisstudy.AnimageoftheIRV-2
vehicleisshowninFigure34.
Theflightconditionsthataresimulatedinthisstudycorrespondtothefirstsixpointsofthetrajectoryand

arelistedinTable8[33].Fiveofthesetrajectorypointsincludeanablatingsurface.Thefreestreamcomposition
isassumedtobeYN2=0.7671YO2=0.2329ateachtrajectorypoint.Thegasphasechemistrymodelisadapted
fromRef.[35],andconsistsofthefollowingtwentyspecies:

N2,O2,NO,N,O,N
+
2,O

+
2,NO

+,N+,O+,e

CO,CO2,C3,CN,C,C2,NCO,CO
+,C+

ThereactionmechanismsandassociatedArrheniusratecoefficientsforeachofthe51reactionsthatare
includedinthismodelarepresentedinRef.[13].Thesurfaceofthevehicleisassumedtobeisothermalandat
thesametemperatureasthefreestreamflowatthefirsttrajectorypoint.Themeshusedtoobtainaxisymmetric
solutionsoftheflowaroundtheforebodyofthevehicleatthefirsttrajectorypointcontains96cellsinthe
axialdirectionand88cellsalongthebody.Themeshprovidesgridindependentsolutionsatthefirsttrajectory
point.Thegridismovedwiththerecessingsurfaceinthisstudy,howeverthemeshisnotadaptedtothe
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Figure34:TheIRV-2vehicle[33].

flowfieldateachtrajectorypoint.Theerrorassociatedwiththissimplificationisexpectedtobesmallatthe
higheraltitudetrajectorypoints,butitisexpectedtoincreaseastheablationrate,andthereforethevehicle
deformation,increasesattheloweraltitudetrajectorypoints.

Theone-dimensionalMOPARmaterialresponsecodeisusedtomodelheatconductionintothematerial,
withthematerialpropertiesofthebulkcarbonTPSsettothoseofgenericnon-charringcarbon[17].Thelength
ofthesolidcomputationaldomainmodeledinMOPARis0.01905mandconsistsof101gridpointsalongeach
surfaceline.Azero-gradientboundaryconditionisenforcedattheendofeachline.

4.2.2 SurfaceChemistryModels

Thefinite-ratesurfacechemistrymodelusedtogeneratebaselineresultsfortheIRV-2vehicleisthePark
model[36–38].ThesurfacereactionmechanismsconsideredintheParkmodelarelistedinTable9,along
withtheparametersusedtomodelsthosereactionswiththeFRSCmodule,whichweretakenfromRef.[12].
Park’smodelincludesirreversibleoxidationofbulkcarbonbyatomicoxygenandmolecularoxygen,aswell
asirreversiblecarbonnitridationandreversiblecarbonsublimationreactions.Itisimportanttonotethatthe
lackofreversereactionpathwaysfortheoxidationandnitridationprocessesinthismodelmeansthatitcannot
consistentlypredictanequilibriumstatebetweenthegas-phaseandthesurfaceatagivensurfacetemperature
andpressure.

TheuseoftheParkmodeltopredictrecessionratesinarc-jettestsofPhenolicImpregnatedCarbonAbla-
tor(PICA)hasindicatedthatthereactionefficiencyforthecarbonnitridationreactionislikelytoohigh,and
replacementofthecarbonnitridationreactionwithreactionsmodelingtherecombinationofnitrogenhaspro-
ducedbetteragreementwithexperimentaldata[29].Thismodificationleadstothesecondsurfacechemistry
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Table8:FreestreamconditionsfortheIRV-2simulations[33].

Trajectorypoint Time[s] Altitude[m] Velocity[m/s] Density[kg/m3] Temperature[K]

1 0.00 66935 6780.6 1.2505×10−4 227.81

2 4.25 55842 6788.3 5.0454×10−4 258.02

3 6.75 49290 6785.2 1.1344×10−3 270.65

4 8.75 44042 6773.0 2.2593×10−3 261.40

5 10.25 40108 6752.4 3.9957×10−3 250.35

6 11.50 36836 6722.0 6.4268×10−3 241.50

Table9:OriginalParksurfacechemistrymodel.

Number Reactionmechanism Reactiontype Parameter E[kJ/mol]

1 O+(s)+C(b)→CO+(s) Eley-Rideal γ0=0.63 9.644

2 O2+2(s)+2C(b)→2CO+2(s) Eley-Rideal γ0=0.50 0

3 N+(s)+C(b)→CN+(s) Eley-Rideal γ0=0.30 0

4 3(s)+3C(b)→C3+3(s) sublimation γsub=5.19×10
13 775.81

5 C3+3(s)→3(s)+3C(b) Eley-Rideal γ0=0.10 0

modelthatisinvestigated,showninTable10,whichisreferredtoasthemodifiedParkmodel.

4.2.3 Results

TheresultsobtainedusingtheoriginalParksurfacechemistrymodelshowninTable9arediscussedfirst.Figure
35showscontoursoftranslationaltemperatureintheflowfieldaroundthevehicle,aswellasstreamlinesof
theflow.ThetophalfofthisFigureshowstheresultspredictedatthefirsttrajectorypointwithablation,at
4.25secduringtheentry.ThebottomhalfofthisFigureshowstheresultspredictedatthelasttrajectorypoint
investigatedinthisstudy,at11.5secduringtheentry.Theshockmovesclosertothesurfaceofthevehicleat
thelatertrajectorypoint.Additionally,thepeaktemperaturereachedintheshocklayerdecreases,asalarger
fractionofthemolecularO2andN2intheflowisdissociatedattheloweraltitudepoint,whichremovesenergy
fromtheflow.Amagnificationoftheregionoftheflowfieldnearthestagnationpointisalsoshowninthis
Figure,whichshowsthatthesurfaceoftheTPShasrecessedadistanceofjustunder2mmatthe11.5sec
trajectorypoint.

Figure36showscontoursofthemassfractionofCOintheflowfieldatthesametwotrajectorypoints.
TheCOproducedbysurfacereactionsisconfinedtotheboundarylayerovertheentireportionofthevehicle
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Table10:ModifiedParksurfacechemistrymodel.

Number Reactionmechanism Reactiontype Parameter E[kJ/mol]

1 O+(s)+C(b)→CO+(s) Eley-Rideal γ0=0.63 9.644

2 O2+2(s)+2C(b)→2CO+2(s) Eley-Rideal γ0=0.50 0

3 N+(s)→N(s) Eley-Rideal γ0=0.05 0

4 N+N(s)→N2+(s) Eley-Rideal γ0=0.05 0

5 3(s)+3C(b)→C3+3(s) sublimation γsub=5.19×10
13 775.81

6 C3+3(s)→3(s)+3C(b) Eley-Rideal γ0=0.10 0

thatisconsidered,andtheboundarylayeristhinnerattheloweraltitudetrajectorypointasexpected.Themass
fractionofCOishigherattheloweraltitudetrajectorypoint,reachingapeakvalueofjustover0.3.

Figures37and38showprofilesofpredictedsurfacetemperatureandmassfluxofablatingcarbonalong
thesurfaceoftheIRV-2vehicleforeachtrajectorypointconsideredinthisstudy.Asexpected,boththesurface
temperatureandablatingmassfluxincreasewithincreasingtimeofflight.Boththesurfacetemperaturesand
ablatingmassfluxesaresignificantlyhigherinthenoseregionofthevehiclethanalongtherestofthesurface,
becausetheaerothermalenvironmentisthemostextremeinthisregion.

ThetemperatureandablativemassfluxpredictedatthestagnationpointusingthemodifiedParkmodelis
comparedtothatpredictedusingtheoriginalParkmodelinFigures39and40.AlsoshownontheseFiguresare
theresultsofapreviousnumericalstudythatemployedanequilibriumsurfacechemistrymodelintheformof
theB’tables[33],andtheresultspredictedbytheABRESShapeChangeCode(ASCC).ASCCisacorrelation
basedcodedesignedforpredictingtheperformanceofablatingnose-tips,hasbeenshowntocompareverywell
withflightdataforablatingaxisymmetricsphere-cones,andhasflightdataincorporatedintoitscorrelations
[33].Figure39showsthattheoriginalParkchemistrymodelpredictsalowerstagnationpointtemperature
thanthepreviouslypublishedresults,whilethemodifiedParkchemistrymodelsresultsinbetteragreement
withthepreviouslypublishedvalues.Figure40showsthatboththeoriginalParkchemistrymodelandthe
modifiedParkchemistrymodelpredictalargerablatingmassfluxateachtrajectorypointinvestigatedthanthe
previouslypublishedresults.However,themodifiedParkmodelpredictsalowerablatingmassfluxateach
trajectorypointthantheoriginalParkmodel,inbetteragreementwithpreviouslypublishedresults.

Figures41and42showthepredictedproductionratesofCO,CN,C3,andN2alongthesurfaceofthe
vehicleatthe4.25sand10.25strajectorypoints.NotethatwhentheoriginalParksurfacechemistrymodel
isused,theproductionrateofN2iszero,asthisreactionisnotincludedinthatmodel.Similarly,whenthe
modifiedParksurfacechemistrymodelisused,thereisnoproductionmechanismforCN,andtheproduction
rateofCNisthereforezero.Individually,theseFiguresgiveanindicationofrelativeimportanceofeach
surfacereactionincludedintheParkmodel.Takentogether,theyshowtheincreasingrolethesublimation
reactionplaysattheloweraltitudetrajectorypointsthatcorrespondtohighersurfacetemperatureandpressure.

Atthe4.25strajectorypoint,C3consumptionispredictedaroundthenoseofthevehiclebybothchemistry
models,howevertherateofconsumptionthatispredictedwhenthemodifiedParkmodelisusedismuch
lower.Thisisbecause,asshowninFigure39,thesurfacetemperaturepredictedbythatmodelishigher.The
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Figure35:Contoursoftranslationaltemperatureandstreamlinesat4.25secand11.5sec.

Figure36:ContoursofCOmassfractionat4.25secand11.5sec.
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Figure37:Predictedsurfacetemperaturealongthelengthofthevehicleateachtrajectorypoint.

Figure38:Predictedablatingmassfluxalongthelengthofthevehicleateachtrajectorypoint.
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Figure39:Predictedstagnationpointtemperatureateachtrajectorypoint.

Figure40:Predictedablatingmassfluxatthestagnationpointateachtrajectorypoint.
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productionratesofCOaresimilarbetweenthetwomodels,withthemodifiedParkmodelpredictingahigher
rateofproductionatthestagnationpoint.TheproductionrateofCNintheoriginalParkmodelismuchhigher
thantheproductionrateofN2inthemodifiedParkmodel,whichresultsinadecreaseintheconsumptionofN
atthesurfacewhenthemodifiedmodelisused.Thisalsoresultsinadecreaseinthemassblowingrateatthe
surface,whichisseeninFigure40.Ingeneral,themagnitudesoftheproductionratesarelargestnearthenose
ofthevehicle,andbecomeapproximatelyconstantatlocationsawayfromthenoseofthevehicle.
Atthe10.25strajectorypoint,C3productionhasincreased,andC3isbeingproducedatasimilarrate

asCO.ThemodifiedParkmodelpredictsalargerproductionrateofC3,againbecausethepredictedsurface
temperatureishigher.TheresultsobtainedusingtheoriginalParkmodelshowthattheCNproductionrate
hasincreaseddramaticallyrelativetothevalueatthe4.25strajectorypoint,andtheCNproductionrateisstill
muchhigherthantheN2productionratepredictedbythemodifiedParkmodel.Thisiswhythepredictedmass
ablationrateatthesurfaceisalsohigheratthistrajectorypointwhenoriginalParkmodelisused,asshownin
Figure40.

Figure41:ProductionratesofCO,CN,C3,andN2alongthelengthofthevehicleat4.25s.

Theseresultsillustratethesignificanteffectthatthechoiceofsurfacechemistrymechanismsandratescan
haveonthepredictedsurfaceproperties.Thepredictedheatfluxesthroughoutthetrajectoryandthepredicted
heatloadovertheentiretrajectorydrivethesizingandmaterialchoicesforaThermalProtectionSystem.
Asanexampleofthedifferencesintheheatfluxpredictionsproducedbythetwosurfacechemistrymodels
discussedhere,themodifiedParkmodelpredictsastagnationpointheatfluxatthe8.75sectrajectorypoint
thatisapproximately33%higherthanthatpredictedbytheoriginalParkmodel.Thisdifferenceunderscores
theneedfordetailedstudiesoftheair-carbonsurfacesystem,inordertoincreasethefidelityofthesurface
chemistrymodelsrequiredtoperformsimulationsusingthistypeofcoupledcomputationalframework.
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Figure42:ProductionratesofCO,CN,C3,andN2alongthelengthofthevehicleat10.25s.

5.0 SUMMARY

Thedetailsofeachoftheflow,surface,andmaterialmodelsthatformthecomponentsofacoupled,compu-
tationalframeworkusedforsimulatingtheablationofnon-charringmaterialsinanonequilibriumflowenvi-
ronment,includingchemicalreactionsatthesurfacethatarenotinequilibrium,arepresented.Anapproachto
couplingthethreecomponents,motivatedbythelargeseparationoftheassociatedcharacteristictimescales,is
described.Twoexamplesoftheuseofthiscoupledframeworkarediscussedindetail.

TheapplicationofthecoupledframeworktomodelingtheablationofagraphitesampleinanICPtorch
facilityshowsthatgoodagreementofcomputationswithallexperimentalmeasurementsisobtainedonlyifall
theflow,surfaceandmaterialphysicsareincludedinthesimulations.Additionally,thisexampleshowsthat
truevalidationofsurfacechemistrymodelsrequiresabsolutenumberdensitymeasurements,andthatvalidation
ofsuchsimulationsalsorequiresbettercharacterizationofthepowerabsorbedbytheplasmainanICPtorch.
Lastly,theexampleshowsthatitisveryimportanttoincludethecontributionofmaterialresponseinanalyzing
theeffectsofsurfacechemistryprocesses.Theapplicationofthecoupledframeworktomodelingtheablation
ofagraphiteTPSonahypersonicvehicleduringanEarthre-entryillustratestheneedtobettercharacterizethe
surfacereactionmechanismstakingplaceatahightemperature,air-graphiteinterface.
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