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A software systemthat supportsthe developmentof exible multi-physicsmodelsis brie y described.This
systemis usedin the creation of a nite volume method for thr ee-dimensionalgeneralizedgrids (unstructured
grids composedof arbitrary polyhedra), targeting non-equilibrium o w scenarios,including complex thermo-
dynamic phenomenaand chemicalreactions.Multi-component transport modelsfor viscosity conductivity, and
molecular diffusion are briey described,and turb ulent mixing is modeledusing the Baldwin-Lomax, Spalart-
Allmaras, and ShearStressTransport (SST)approaches.Upwind ux differencingalgorithms of the Roefamily
are employed to accommodate o w discontinuities suchas shocksand slip lines. An implicit, second-ordertime
integration schemeis utilized to achieve high ef ciency for boundary layer and heat transfer simulations. Nu-
merical techniqguesemployed for solving problemsrelated to poor matrix conditioning are also documented.
Benchmark casedor turbulent o w over a transonic ONERA-M6 wing and hydrogen-oxygencombustion in an
Rocket-BasedCombined Cycle engineare usedto illustrate the accuracy and robustnessof the solution algo-

rithm.

Nomenclature

cell facearea

speci ¢ heatcoefcient atconstanpressure
speciedliffusioncoefcient
total enegy of mixture
internalenegy of mixture
speciesnternalenegy

inviscid ux vector

viscous ux vector
specieseatof formation
specieenthally,hs e RsT
identity tensor
turbulentkinetic enegy
backwardreactionrate
forwardreactionrate
reactionequilibriumconstant
specieatomicmass

time step

unit vectornormalto a surface
numberof edgesf acell face
numberof facesof a cell
numberof chemicalreactions
numberof chemicalspecies
numberof vibrationalmodesfor a species
pressure

Prandtinumber
heatconductiorvector
vectorof primitive variables
vectorof conserative variables
numericalresidual
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Reynoldsnumber
speciegjasconstant
Schmidtnumber

time

temperature

velocity vector
deformatiorvelocity of a controlsurface
cell volume
speciesnasddiffusionvelocity
chemistrysourcetermvector
speciexchemicalproductionrate
Cartesiarcoordinates
speciexoncentrationXs rs s
normaldistanceo viscouswall
speciesnasdfraction,Ys rg r

speciecharacteristivibrationaltemperature
coefcient of thermalconductvity
coefcient of dynamicviscosity
coefcient of turbulentviscosity
coefcient of kinematicviscosityn mr
coefcient of eddyviscosityrnk m r
stoichiometriccoefcient for reactants
stoichiometriccoefcient for products
densityof mixture

speciegiensity

stresdensor

magnitudeof thevorticity vector
controlvolumeof cell ¢

boundaryof cell ¢

Intr oduction

Flows with chemical reactionsare of interestacross
a wide rangeof engineeringapplications: examplesin-
cludecomhustion,spacevehiclereentry androcket plume
problems. With the developmentof moderncomputers,
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a greatamountof effort has beenfocusedin the areas
of algorithmdevelopmentandthermo-chemicaimodeling
for these ows. A relatively recentreview by Cinnella
andGrossmah providesdetailson numericalmethodsfor
chemicallyreacting o ws. Thereis still a continuingeffort
to betterunderstandhesecomplex o w phenomena.

The purposeof this study is to introduce a novel
computationaluid dynamics(CFD) softwareframework,
Loci, 22 andapplyit to the simulationsof non-equilibrium

o ws. TheLoci systemusesarule-basedpproacho auto-
matically assemblahe numericalsimulationcomponents
into a working solver. This techniqueenhanceshe e xi-
bility of simulationtools, reducingthe complexity of CFD
softwareinducedby variousboundaryconditions,complex
geometriesaswell asvariedphysicalmodels.Loci plays
acentralrole in building e xible goal-adaptie algorithms
that canquickly matchnumericaltechniqueswith various
physicalmodelingrequirements.The resultspresentedn
this studyprovide the building blocksfor the simulationof
morecomplex o w problemsandalsohelpto validatethe
viability of theLoci system.

In the following, a brief introduction of the Loci sys-
temis provided,andthe developmeniandvalidationof the
reactve- ow application(CHEM) is detailed.Thegovern-
ing equations,ncluding chemistry thermodynamicsand
turbulence modelsemployed in the study are described
next. Thenumericaformulationin three-dimensionajen-
eralizedcoordinatess thenpresentedincluding the treat-
mentof inviscid andviscous ux es,gradientconstruction,
Jacobianformulations, and time integration. Wheneer
appropriatenumericaheuristicsusedin the studyto over
comesomenumericalinstabilitiesarealsodocumented.

The Loci Framework

Loci is a framawork for intra-applicationcoordination
of ne-grained numericalkernelsand methods. To con-
trast,approachesuchasMDICE* andNPSS arefocused
moreon inter-applicationcoordination.Both levels of co-
ordination(inter- and intra-application)are valuablewith
respecto softwarereuse.In theearlyto mid-Ninetiesthere
were mary attemptsto use object-orientedechnologyat
the ne grain, with somesuccess.For example,an early
implementatiorof the ALEGRA® codeat SandiaNational
Labsemployeda nite-element ALE approachArbitrary
LagrangianEulerian),whereobjectsrepresenfundamen-
tal numericalcomponentsuchastensorsmateriaimodels,
stressesforces, etc. While the code featuredan excel-
lent object-orienteddesign,maximizingreuseby creating
composeabl®bjectswith simple semanticsthe resulting
performancevasdisappointingthisimplementatiorof the
ALEGRA codewas morethanten times slower thantra-
ditional Fortran codes. The main sourcesof performance
bottleneckswere in the use of operatoroverloadingand
dynamicdispatch.A laterre-implementatiorof ALEGRA
removed the use of operatoroverloadingandreducedthe
useof dynamicdispatch. This implementationwas able
to achieve performancesomparabléo Fortrancodesata

costof signi cantly reducingthe e xibility of the result-
ing design. More recently techniquesuchas expression
templatesandtools suchasPETE' (alsofrom Sandia)and
Blitz++2 have beenableto avoid the penaltiesassociated
with operatormverloading.However, the costsof usingdy-
namicdispatchat the lowestlevel of anapplicationdesign
continueto represent fundamentabptimizationproblem
(dueto thefactthatit hidespotentialoptimizationsin reg-
isterallocationandinstructionreordering).

Loci allows one to have the e xibility of creatingab-
stractionsusing fundamentalcomposeableobjects with
simple semantics,without inducing the costs associated
with dynamicdispatch. It accomplisheshis by introduc-
ing a run-timelogical deductionenginethatis capableof
performingdeduction®n aggreatesof simpletypes. The
semanticof theseaggregationsaredocumentedisa Loci
rule, which is usedto deducedoop boundsthat are passed
into computationasubroutinesUsingthistechniquemod-
erncompilersareableto performregisterschedulingloop
unrolling, and instruction schedulingto achieve perfor
mance. The deductionengineitself inducesa very small
overheadsincededuction®naggreyatescanbeperformed
in O 1 time in mostcases. For example,in the CHEM
code(to be introducedin the next section),the deduction
overheadconsumesigni cantly lessthan1% of the over
all executiontime.

The advantage®f this approactarenumerous:) since
therulesrepresenfundamentatomputationatomponents
their semanticsare simple and easily captured;2) since
the semanticsare simple, rules can be composedauto-
matically using logical deduction; 3) the semanticsof
applicationsformed by thesecompositionscan be (and
are)automaticallychecledfor internalconsisteng; and4)
intra-applicatiomesourcesnanagemerns possiblejnclud-
ing automaticparallelization cacheoptimization,memory
managemengndcheck-pointing.

The CHEM code

The CHEM codeis alibrary of Loci rules( ne-grained
components),and provides: primitives for generalized
grids,including metrics;operatorsuchasgradient,chem-
ically reactingphysicsmodelssuchasequationsof state,
inviscid ux functions,and transportfunctions(viscosity
conduction anddiffusion); a variety of time andspacein-
tegrationmethodsjinear systemsolvers;andmore. Com-
binedwith this library of rulesis an applicationfront end
that generatesn initial fact databaseand query required
for Loci to assemblaheserules into an applicationthat
cansimulatethree-dimensionab ws of chemicallyreact-
ing mixturesof thermally perfectgases. Moreover, it is
morethanan applicationthat cansimulatechemicallyre-
acting ows: it is a library of reusablecomponentghat
canbedynamicallyrecon guredto solve avarietyof prob-
lemsinvolving generalizedjridsby changinghegivenfact
databaseaddingrules,or changingthe query

For example,supposehat one wishedto couplean ap-
plicationthatprovidedatemperatureeld to anapplication
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that required heat ux es. One could provide the tem-
perature eld, grid, and conductionfunction in the fact
databaseand queryfor heat _flux andthe codewould
becomea heat ux calculatorby extractingthosecompo-
nentsof the chemicallyreacting o w codethat compute
heat ux es. If the fact databaserovided inconsistenin-
formation (e.g., heat ux es were impossibleto compute
with thegivenfacts,or nouniquesolutionwasfound),then
the systemwould automaticallygenerateerror messages
warningthe userof anincompleteor inconsistenformu-
lation. The likely componentghat would be usedwould
includegrid metrics temperaturgradientsconductionco-
ef cients, etc. The userwould not needto be concerned
with thesedetails. Loci would automaticallyextract the
appropriateeomponentandassembléhemin therequired
manneras prescribedy the interfacespeci cationsgiven
by eachrule. The abore representgust oneof a myriad of
possibleexamples.

Multi-Ph ysicsSimulations using Loci

Developmentsin multi-physics or multi-disciplinary
simulationscan be divided into two generalapproaches:
loose coupling of a variety of applicationsthat are spe-
cializedto singledisciplines hopefullyiteratingto corver
gencepr tight couplingin oneintegratedmultidisciplinary
application. The former approachhasthe advantagethat
the coupledcode employs appropriatenumericalmodels
thathave beenvalidatedfor eachindividual discipline,and
is relatively straightforward to assemble However, it can
have uncertainstability properties,and may be problem-
aticfor transienproblemsparticularlywhencharacteristic
time scalesof thevariousdisciplinesaresimilar. Thelatter
approachypically placesall disciplinesunderonenumeri-
cal methodumbrella(e.g. nite-elementor nite-v olume).
Currentexamplesinclude SPECTRIM (now partof AN-
SYS)and PHYSICA? This approachhasthe advantages
thatcouplingis seamlesssasilyincorporatingransienand
non-linearsolvers. However, one may have conditioning
problemsif disciplineshave widely differenttime-scales,
unlesscareis taken in formulation. Also, this one-size-
ts-all approactremovesthe possibility of usingthe most
appropriatenumericalmethodfor eachindividual disci-
pline.

With Loci, a third approachis possible. Each disci-
pline canusethenumericaimethodthatis bestsuitedto its
accuratesimulation(asin the loosely coupledapproach),
while the interfacebetweendisciplinescantake advantage
of knowledgeof thespeci ¢ numericaimethodge.g.,space
and time integration) to develop a coupling that remains
trueto the physicsandnumerics.A full range of possible
interfacetreatmentsanbe implementedfrom loosecou-
pling techniquesito domain-decompositiomethods,all
theway to tight non-linearcoupling.

However, not all applicationshave to be deconstructed
into Loci rulesin orderto bereusedvithin the Loci frame-
work. Applicationshave theirvalue,whichis rathersignif-
icant, in the factthatthey have beenvalidatedfor solving

speci c classe®f problems:any majorrestructuringvould
destrgy thisvalue.In suchcasesl.oci providesfacilitiesto
packageapplicationsas Loci rules. However, with such
anapproaclonemustbewilling to acceptcertaincompro-
mises: the resultingsoftware will not be ableto take full
adwantageof the automaticesourcananagemergéchemes
availablein Loci, andthefull rangeof couplingandexten-
sibility optionswill not be available. In this sense Loci
is meantto be complementaryo application-leel toolkits
suchasNPSSandMDICE. Loci applicationsanbeeasily
transformednto new applicationsby providing new facts,
rules,or queries.As such,in the context of systemssuch
asNPSSandMDICE, Loci provides e xible adapteappli-
cationsthatarecreatecbnthe y by re-composinggxisting
computationakernelsalreadystoredin a pre-de nedbut
extensiblerule databasé¢for examplerulesfor curl, diver-
gencegradient,equationf state, nite-elementor nite-
volumeintegrationmethods).In summary Loci provides
aninterestingnew approacho multi-physicssimulations:
it allows theuserto chooseanoptimal pointwithin theen-
tire rangeof couplingstratgies,anywherefrom thetightly
coupledsinglediscretizationapproactto the loosely cou-
pledmulti-codesolution.

Model Equations

At the presenttime, a non-equilibrium ow modelis
implementedn Loci. This modelhasbeenbenchmarkd
for inviscid reactive o w;? resultsfrom viscous,turbulent
problemsarepresentedn this study The governingequa-
tionsandphysicalmodelsfor the uid phaseareintroduced
in thefollowing sections Algorithmsfor the simulationof
the thermo-mechanicalesponseof a solid phaseare un-
derdevelopment(a preliminaryversionof a nite-element
modeldevelopedfor this purposehasalreadybeenimple-
mentedwithin Loci?).

Governing Equations

A nite-volume procedureis appliedto discretizethe
0 w equationsAfter integrationoveracomputationactell,
the governingequationdor a three-dimensionab w with
non-equilibriumchemistryandequilibriuminternalenegy,
written in vectorform for an arbitrary control volume W;
(closedby a boundary\W;) are:

d

@ Wcthv

F KR ds

wdv (1)
TV t W t

wherethevectorsof consenrative statevariablesQ, invis-
cid ux, F,viscousux, F,, andchemistrysourceterm,W,
aregivenby:
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Thermodynamic Model

Thepressurderm p is unde nedin thegoverningequa-
tions. In the presentstudy pressurds determinedfrom
Dalton's law, which statesthat the pressureof a mixture
of gasess the sumof partial pressuresf eachindividual
speciesand eachspeciesbehaes as a thermally perfect
gas.Thusthe mixture pressure&anbe modeledas:

P a rskeT 4)

In Eq. (4), pressurés relatedto gastemperaturewhich is
determinedrom theinternalenegy, €ntemal- Moreover,

1. .
€ sU U €ntemal  Cother (5)

2

wherethetotaleneny ey appearsn thevectorof consered
variablesandegnher denotesadditionalenegy termspossi-
bly involved,suchasturbulentkinetic enegy if turbulence
mixing is consideredor latentheatif thereis phasechange
in the ow. Theinternalenegy of a mixture is computed
asthesumof internalenegy of specieses:

NS

a Ye&s (6)
s 1

€intemnal

If theinternalenepgy of eachspeciess assumedo bein
thermodynamiequilibrium, andvibrational contributions
areincludedin es by meansof asimpleharmonicoscillator
formulal! thenthe speciesnternalenepgy is represented
as:

NVT
o °  RsQus
6 NsRsT val s T 1 htg (7)

The translationaland rotationalcontributionsto the inter-
nal enegy areincludedby usingappropriatevaluesfor the
constanns. Alternatively, the usercanselectpiecavise 4™
degreepolynomial functionsfor speciesspeci ¢ heatcp,
representeds:

Cos As BT GCT? DT EGT* ®)

whereAs Bs Cs Ds andEg areempirically determinecto-
ef cients that can be obtainedfrom standardreferences
suchas JANAF tables!? Similarly, the Shomatecurve t
canbe usedfor speciesnegy es:

Cps As BsT CsT? DsT® GgT 2 9)
whereAs Bs Cs Ds andGg areempiricallydeterminecto-
efcients that can be obtainedfrom standardreferences
suchastheNIST ChemistryWebBook!3

Speciednternalenegy is obtainedfrom thesecurve ts
by integratingc, usingthe expression
€5 Cps T AT  RsT (20)
wheretheconstanof integrationis providedby auserspec-
i ed enthaly atareferencaemperature.

Chemistry Model

In the governingequationsthe speciegproductionrates
ws have to bemodeled.In general NR chemicalreactions
involving NS speciesanberepresenteds:

N X1 N Xs NNsrXNs
Ny X1 Ng Xs NnsrXNS (11)
r 1 NR

whereXs representshe speciess. The speciegproduction
ratecanbe expresseds:

drs R
Ws dt sd Nsr Nsr
chemisry r 1
'\,LS rl o '\,l,s rl My
kf r O I kb r O -
I 1 I I 1 I

(12)

The forward reaction rates are evaluatedby Arrhenius
curve ts:

ki, T CThedT (13)

whereC, h, andq areappropriateconstantsandthe back-
ward reactionratesare obtainedby using the following

relationship:
kf r

Ker

whereKe, is theequilibriumconstantwhichis determined
from thermodynamics.

Ko r (14)

Modeling of ViscousTerms

In orderto closethe systemof equationsthe stressten-
sor, theheat ux vector andthespeciegliffusionvelocities
thatappeain theviscous ux mustbede ned. Only New-
tonian uids are considerechere,wherethereis a linear
relationshipbetweenstressand deformationrate. More-
over, Fourier's Law is employedto relateheatconduction
and temperaturgyradients. Under theseassumptionthe
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stressgensorandheat ux vectorin Cartesiarform canbe
written as:

flu  Tu; 2 I
tii m — — - m N U d;i
. m i ™ 3 m . (15)
i 123 j 123
G | mcp Pre NT (16)

where d; is the Kronecler tensor A constantturbulent
Prandtinumberof Pr; 09 will be usedin all computa-
tions.

The transportpropertiesof the mixture, namelyviscos-
ity coefcient, m andthermalconductvity, | , areusually
evaluatedin two steps: rst, onedetermineghe transport
propertiesfor eachspeciesthena mixing rule is invoked
in orderto obtainmixturevalues.

Two modelsare appliedto computespeciestransport
properties At temperaturéowerthan1000K, Sutherlands
law is usedas:

Ri

T G
wheret; standsfor eitherm or /i, andRj, G;; arecon-
stantsdeterminecempirically. At temperaturénigherthan
1000K, a moreaccuratemodelbasedon curve t talula-
tion proposedy Guptaetal.l# is utilized:

t T3? (17)

M exp Cpy TAINT Bmi (18)

li exp Ef i TAfi InT 3 Bt InT 2 C;;InT Dy (19)

where Ami, Bmi, Cmi, Ati, Bfi, C¢i, Dfj and Ef; are
tatulatedcurve t coefcients. Alternatively, 4™ degree
polynomialcurve ts similarto Eq. (8) canbespeci edin
placeof Egs.(18) and (19), andthe coefcients of these
cune ts canbe obtainedusingthe CHEMKIN transport
library.1®

Oncethe transportpropertiesfor individual speciesare
obtained Wilke'srule is appliedto determinemixture val-

ues,asfollows:
NS

t QW
i1
wheret denotegransportpropertiesfor themixture (either
mor | ) andtheweightingfunctionW is givenby

(20)

X
W —=— (21)
AN
wherethe coefcient fij is givenby
. 12 m .14 2
S m i 22)
8 i m j

Fick'slaw of diffusionis employedto modelspeciesif-
fusionvelocity Vs:
m
r Dg §
whereDs is the diffusioncoefcient, m is theeddyviscos-
ity, and S, is the turbulent Schmidtnumber The species
diffusioncoefcient, Dg, canbeobtainedby userspeci ca-
tion or the CHEMKIN transportibrary.'®

reVs NYs (23)

TurbulenceModels
Several turbulencemodelsare implementedn CHEM,
including the algebraic Baldwin-Lomax!® the one-
equationSpalart-Allmarag,” anda family of two-equation
modelsincludingthe SSTformulationby Menter® These
modelsarebrie y describedn thefollowing sections.

Baldwin-Lomax Model

TheBaldwin-Lomaxmodelis atwo-layeralgebraiceddy
viscositymodel. The eddyviscosityis de ned as

Ik Y Ycrossaers
24
& o Y Ycrossaer (24)

wherey is the normaldistancerom the wall andycrossaer
is thesmallestvalueof y for whichrg;  no. Theinnerand
outerlayerviscositiesaregivenasfollows:

Inner Layer.
N 12w
wherethe mixing lengthis
I kyl exp y A

andWis the magnitudeof thevorticity vector Thedimen-
sionlessormaldistances de ned as

uy

(25)

(26)

p (27)
whereu; is thefriction velocity (u; twan T)-
OuterLayer.
Mo KCepFwakduieb Y (28)
where
Fuwake MiN YmaFmax kaYmaxuczjif Fmax (29)
Frnax %maxlw (30)

andymax is the valueof y at which Fyax occurs. The func-
tion Fyep ¥ is theKlebanof intermittengy factor, givenby

Cuery ©

Ymax

Faeb Y 1 55

(1)

Thequantityugis in Eq.(29)is thedifferencébetweermax-
imumandminimumyvelocityin theboundarylayervelocity
pro le.

The constant@ppearingn theabove relationsare:

A 26 Cyp 16 Cygep 03
Cak 025 k 04 K 00168

At theimplementatiorievel, the Baldwin-Lomaxmodel
usuallyrelies on having velocity and vorticity pro les on
a smoothgrid line, roughly orthogonalto the no-slip sur
face. Thus, due to this non-local feature of the model,
thereis a challengeif it is implementedwith unstructured
grids. However, by creatinga mappingbetweencells and
the nearestno-slip facesunderthe Loci system,an arbi-
trary grid line canbe drawn, connectinga speci ¢ no-slip
surfaceandall the cellswhich arerelatedto thisface.

(32)
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Spalart-Allimaras Model

Thede ning equationdor this modelarewritten asfol-
lows:

KinematicEddy\Miscosity:nn ny fy1.
EddyViscosityEquation:
;o Mmool I cp A gn
Tt X s Tx ™ s T T (33)
~ 7 2
CorST  Caafw 9

wherethelasttwo termsontheleft handsiderepresentur-
bulentdiffusion,andtensomotationis employed(repeated
indexesj k denotesummations)The rst termontheright
is theturbulenceproductionwhile thesecondermdenotes
thedestructiordueto the presencef awall.

Closuie Coefcients and Auxiliary Relations:

Cgp 014 ¢, 06 c1 71 s 23

Cor 1 o

Cw1 K2 S cwe 03cws 2k 041
c3 c
f S f 1 —
s 1 cfy
1 CSB 16 ¥l 6
fw @ e C&,g c o g r Cpr’ r
n & n . CYYATYA
&2y2 S K2y 2 S 2wwg (34
ThetensorW; 1 fu x; fTu; x is onehalf of

thevorticity tensorandy is the distanceto the closestwall
surface.For simplicity, no tripping termis included.
Thevaluen atthewall boundaryis setto zero,andthe
valueof ny in thefreestreanis selectecasny 10 3n.
The correspondindntegral form of Eq. (33) canbe in-
cludedinto the systemof governingequationsgg. (1), by
addingthe following additionaltermsto the vectorsQ, F,
R, andw:
Q rm F rniA K
W rcgS reowfu
, y (35)
s " ANA Nr cpr NA 2

whereturbulent production,destructionandpart of diffu-
sionareincludedin thesourceterm.

BaselineModel (BSL)

It is well known that two-equationeddy-viscositylow-
Reynolds-numbeturbulencemodelsare amongthe most
widely usedmodelsfor engineeringpplicationgoday and
thek e modelwith dampingfunctionsnearthe wall is
the mostpopular However, thek e modeloften suffers
from numericalstability problemsdueto disparateturbu-
lenttime scales.Anotherwell-known two-equatiornturbu-
lencemodelis thek w model, developedby Wilcox.1?

It hasthe advantagethatit doesnot requiredampingfunc-
tionsin theviscoussublayerandthatthe equationsareless
stiff nearthewall, thereforet is superiotothek emodel
with regardto numericalstability. However, whenapplied
to thefree sheadayers,it is foundthatthereis a strongde-
pendeny of the resultson the freestreanvalue of w.1820
Mentercreateda new model,calledbaselingBSL) model,
by blendingthek e andk w models?! It utilizesthe
k w modelin the wall region and graduallyswitchesto
thek e modelaway from thewall. To achieve this, the
k emodelis rst transformednto ak w formulation,
and an additional crossdiffusion term is added(another
diffusion term associatedvith turbulentkinetic enegy is
neglectedin the formulationundercertainassumption&).
Theoriginalk w equationsarethenmultipliedby ablend-
ing functionR,g, thetransformed e equationsaremul-
tipliedby 1 Fyg , andthenbothareaddedogether The
blendingfunction Fyg is designedsothatit is unity at the
wall, and graduallyapproachegeroaway from the wall.
Note thatthek w modelcanbe easily obtainedby set-
ting sy 1 identically In orderto accuratelypredict
adwersepressuregradient o ws, especiallyin the wake re-
gion, Mente! modi ed the BSL modelby including the
transportof the principal turbulent shearstres$? in the
eddy-viscosityformulations. This leadsto the sheafstress
transport(SST)model. In the presenstudy bothBSL and
SSTmodelsarediscussed.

Thede ning equationgor theBSL modelarewritten as:

KinematicEddyViscosity:

n kw (36)
TurbulentStressTensor:
ui Ty 2 o
tii — — = a rk
g ) 3™ V@
i 123 j 123
TurbulentKinetic Eneigy Equation:
Drk Tui 7 Tk
- L k — b
Dt 9 b rwl i m msg i (38)
TurbulentDissipationEquation:
Drw g, Tu 2 i Tw
Dt n brw X m MSw Xj
1 7k Tw
21 rSwa———+-—
Fosl w2W ﬂXj ﬂXj
(39)

Closuee Coefcients:
All theconstantg of themodelarecomputecdby blend-
ing theappropriat&k w andk e constantsasfollows:

f Fsifi 1 Fosfa (40)

6 OF 18



wheretheconstantg, (k  w) are:

St 05 s,1 05 by 0075
b 009 k 041 ¢ bi b smk® b
(41)
andtheconstants, (k  €) are:
S.o 05 s,» 0856 b, 00828
b 009 k 041 @ by b swk?® b
(42)
TheblendingfunctionFgy, is de ned asfollows:
Fosi  tanh argpg (43)
where
argps  Min max K 5000 4r suok (44)

009wy y2w  CDyyy?

andy is thedistanceto theclosesipointaway from thewall
surface.In theabove,CDyy, is de ned as:

max 2r swziﬂ—kM 10 %0

CD
kw w Tx; %

(45)

Theboundaryconditionsfor k andw ata solid wall are:

6g

k 0 —
by w12

w10 (46)

where vy is the distancefrom the rst cell centerto the
solidwall.

Thefollowing freestreanvaluesareusedin the current
simulations:

U
W 10—  ny

10 3
3 ny

(47)
whereUy is the referencevelocity, ny is the laminarvis-
cocity at referenceconditions,andL is thegeometryrefer
encelength.

The correspondingntegral form of Egs.(38) and (39)
can be includedinto the systemof governing equations,
Eq.(1), by addingthefollowing additionaltermsto thevec-
torsQ, F, F, andW:

rk rka fi m msy Nk fi
Q rw F rwi Fv m Nw i
msy Nw i
Tui
W tijﬂ_x} b rwk
g+ Ty 2 1 9k Iw
Etllﬁ_le brW 21 FbSIrSWZV_Vﬂ_Xjﬁ_Xj

(48)

ShearStressTransport Model (SST)

The SST modelis similar to the BSL model described
above, exceptthat si; 0 85, and the eddy viscosity is
de ned as:

alk

_ 49
max a;w Whsg (49)

n

whereW is the absolutevalue of the vorticity, and a;
0 31. TheblendingfunctionFsg is givenby:

Fs¢ tanh arg (50)
where _
k 500n

TurbulenceCompressibility Corr ections

Compressibility corrections for high-speed shear
ows?#?° are implementedin the turbulence equations.
Thesecorrectionsare expectedto improve the resultson
someproblems,suchasthe mixing of differentchemical
speciesin high-speedshear o ws. Moreover, a clipping
techniqueis appliedto k andw to ensurethe positivity of
themodels.Additionally, alimiter on turbulentproduction
is provided to keepthe modelssufciently closeto the
equilibrium assumptionsupon which they were derived.
However, no furthernumericalmodi cationsaremade.

Numerical Formulation

The numericalmodelemployedin this studyis a nite-
volumetechniquethatsupportgyeneralizedyrids?® (gener
alizedgridsarediscretizationgomposeaf arbitrarypoly-
hedra,includingtetrahedraprisms,pyramids,andhexahe-
dra). Sincethis formulationis basedon cell centerednte-
grations,ary grid type canbe expressedincluding “hang-
ing” nodesfoundin adaptve meshre nement(AMR).

Numerical Approximationsto Spatial Integrals

The numerical solution of the governing equations,
Eq. (1), is obtainedby applyingthe nite volumemethod.
This approachs frequentlyusedbecausét canguarantee
that numericaltruncationerrors do not violate consera-
tion propertiesThenumericaiintegrationof Eq. (1) begins
with approximationgo volumeandsurfaceintegrals. For
the volumeintegralsa second-ordemidpointrule is used.
For example the numericalintegrationof Q resultsin

oy QFLAV Qot (52)

whereQc t is thevalueof Q atthe centroidof cell ¢, and
¢t isde nedby

Ct dV
W t

(53)

The numerical integration of the surface integral in
Eq. (1) is accomplishedby summingthe contritutions of
eachof theNF facef cell c. Eachindividual contribution
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is againapproximatedusing the midpoint rule. The ux
functionitself will requireadditionalnumericaltreatment,
andwill be discussedn later sections. For now, assume
thatthe ux canbeapproximatedy afunction,F, of con-
senative valuesto theleft andright of theface.Giventhis,
the numericalintegrationof F  F K, resultsin thefol-

lowing
NFe NFe A
FdS a FAS a itk (54)
e t f1 Mert f 1

wherethe areaof theface, .t ,isde nedas

Wt t

(55)

At this point, Eq. (1) is numericallyapproximatedby the
equation

d NFe -
a CtQCt a cf tFy ctWe t (56)
f 1l

Notice thatthe differentialtermthat remainsin this equa-
tion appliesto the productof volumeandconserative state
vectorfor the cell. However, the variablethat is the ob-
jective of thesecalculationds Qc t , not ¢t Qct . This
problemis solvedby applyingthechainrule:

d

o (57)

d d
t t t — ¢t t —Qct
QC C QC dt C C dt QC
The derivative of volumewith respecto time canbe con-
vertedinto a spatialintegral throughthe useof anidentity

for integrationovertime-dependerdomains?’

d

dt W t
W t

NF¢

QA

f1

d
Qca ct Qc dv

(58)

cf U GOws Nct

This equationknown asthe geometricconserationlaw,?®
is necessaryor correcttime integrationwhenmeshdefor
mationis presentGiventhis, the solutionmethodcannow
be describedn termsof a systemof ordinary differential
equationof theform

d
e Re (59)
whereR; is givenby the expression
NFc R NFc
R MW a ctFf Qa cf Gwr ficr (60)
f1 f1

Egs.(59) and(60) describea systemof ordinarydiffer-
entialequationghatnumericallymodelthe time evolution

of the uid dynamicsequationsvhensimultaneouslgatis-
ed for all cellsin themesh.To representhis fact,thecell
subscriptc will be dropped. Thus Q. representshe uid
statefor cell ¢, while Q representshe uid statesof all
cellsin the mesh. For example,while Eq. (59) represents
the cell by cell differentialequationsthe global systemof
equationss givenby

d
§Qt RQtt (61)

Geometric Integrations

In the previous section,numericalintegrationsover sur
facesandvolumesweredescribedvithoutexplicitly de n-
ing the formulasusedto evaluateEgs.(53) and(55). Here
the numericalintegrationsthat approximatethe volumes
and areasof generalizedcells and facesare discussedn
somedetail. Several considerationdiave to be madere-
gardingthesecomputations. First, when the nodesof a
generalizedacearenot co-planarthegeometryof theface
is notuniquelyspeci ed. A uniquespeci cationof thege-
ometry of suchfacescan be obtainedby subdviding the
faceinto triangles:usinga symmetricdecompositioneach
edgeof the face,combinedwith the facecentroid,creates
atriangle. This stratgyy allows thefacegeometryto bein-
dependenbf data-structuresisedto describegeneralized
meshegthe geometryis the sameregardlessof the order
ing of thefaceedges) Usingthistechniquetheareafor the
faceis determinedhumericallyusingthefollowing summa-
tion

NE+
[o]

cf s A Xe Xt

2 a (62)

)?2 e )?c f
whereX; ¢ andX; ¢ arethe positionsof the two nodesof
edgee in counterclockwiseorder andX; ¢ is thefacecen-
troid (approximatedby an edge-length-weightedum of
edgecenters).Herethe computedareais a vector, which
is representedsthe productof the facenormalvectorand
thefacearea, .

For numericalapproximationsof the volume integrals,
it is essentiato achieve a geometricconseration of vol-
ume,avoiding truncationerrorsin integratingvolumesthat
would yield inaccuratdotal volumecomputationsFor ex-
ample,onewould expectthatthe sumof theindividual cell
volumeswould be equalto the total grid volumeif exact
arithmeticwere used. To accomplishthis, the volume of
acell is determinedby decomposingt into tetrahedraand
summingthe individual tetrahedralolumes. The volume
of atetrahedroris givenby

tet % ab ¢ (63)
whered, b, and¢& arethe threeedgevectorsfrom a given
vertex of thetetrahedronThevolumeof ageneralizedell
is then computedby using the triangulationof eachface
andthecell centroid:eachsurfacetriangleandthecell cen-
troid de ne atetrahedronThecell volumeis thesumof the
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tetrahedraolumes.Thus,thevolumeof acellis computed
by combiningEgs.(62) and(63), andfactoring,to obtain

1N°Fc .
c -a Xc Xt cf
3f 1

(64)

whereX. ¢ is the cell centroid(approximateddy the area-
weightedsumof facecentroids).Noticethatthis computa-
tion assumeshatthe facenormalspoint outward from the

cell, which explainsthenegative sign. Usingthis approach,
onecancomputethe correctvolumeof ary cell, including

highly non-cormvex cells.

Treatmentof Inviscid Fluxes

The inviscid terms of the Navier-Stokes equationsare
treated using ux-dif ference-splittingtechniques. The
applicationof theseapproachesn the context of high-
resolution nite-v olume algorithms involves the recon-
structionof functional valueswithin eachcell to provide
left and right statesat cell faces. When the function is
relatively smooth,theseleft andright statesare approxi-
mately equal. However, whena discontinuityoccurs,the
resulting ux esshouldsatisfythe Rankine-Hugonioequa-
tionsto remainconsistentvith theunderlyingphysics.This
is wherethe applicationof ux differencealgorithmsbe-
comessalient. This sectiondescribegechniquesusedto
establisHeft andright conditionsfor generalizedyrids.

Cell FunctionReconstruction

A piecaviselinearreconstructions usedto approximate
the solutionvariableswithin cells. Primitive variablesare
usedto ensurethat thesereconstructionsemainphysical
(no negative temperatureor pressures). The linear re-
constructionis derived from cell valuesand gradientsby
applyingasecond-ordeTaylor-seriesexpansion:

X g% Ngp% df O df? (65)
wherel(lqp is thegradientof the primitive variablesyp, and
df is thevectorfrom the centerof thecell X to thedesired
pointX.

Thus, a de ne piecavise linear reconstructionof the
primitive variablesin cell ¢ with centroidX; . is givenby

Opc X Opc Nqpc dr (66)
whereqR . X is thereconstructedlnction,qp ¢ is thecom-
putedprimitive variable,andNqp ¢ is the computedgradi-
entwithin cell c.

The gradientat the cell centroid,quC, is evaluatedby
minimizing the weightederror betweenthe reconstructed
functionandneighboringcell values.Thustheerrorof the
reconstructedunction minimizesthe weightedL »-errorin
theneighborhooaf celli:

NOFC
error a
f1

cf WBc Ked  Opd (67)

where (¢ is the areaof the commonfacesharedby the
adjoiningcells c andd, andX. 4 is the centroidof cell d.
Area weighting of the error, inspiredby a Greens theo-
rem perspectie of gradientcomputationsjs usedto re-
cover correctthin-layerbehaior for viscousgrids applied
to curvedsurfaceswherehighly anisotropigrismaticcells
are usually found. The gradientthat minimizesEq. (67)
is obtainedby using a standardlinear least squaresap-
proach. A QR factorizationmethodis usedto solve the
resulting(overdetermined)inear systemfor enhanceadhu-
mericalstability.

However, the reconstructiongiven in Eq. (66) cannot
be usedfor problemsthat containdiscontinuities,due to
the introduction of non-physicalovershoots. The recon-
structionis constrainedo be monotonicfor the inviscid
ux extrapolations. This is accomplisheddy applying a
gradientlimiter to the reconstructiorto form the limited
reconstruction:

qlf)c X Opc chQpc ar (68)
wheref is thelimiter function, thatideally hasa value of
unity whenreconstructionsre smoothbut diminishesto
zeroin the presencef discontinuities A variety of limiter
functionscan be employed: a few that are applicableto
generalizedjridsaredescribedelow.

Barth and JespesenLimiter

The limiter developedby Barth and Jespersei! was
originally formulated, and is widely used, for multi-
dimensionalunstructuredmeshes. This limiter is easily
extendedto generalizedyrids. The limiter functionis de-
ned asfollows:

fe min feq (69)
where
f qr;;]“ax Opc . R &
min 1 A e ‘Opc  Op Xcf
fog , " ape R g (70)
Ci min 1 q,; K oe -qu qp Xc f
1 “Gpc qls X 1

whereq’r},“in andgy® arethe minimum and maximumval-
uesof gp respectiely, amongthe cells adjacentto cell c,
includingcell c itself, andqﬁ X. ¢ isthecellreconstructed
function,de ned in Eq. (66), usedto extrapolatefrom cell
c to thefacebetweercellsc andd.

Venkatakrishnas Limiter

While thelimiter of BarthandJesperseprohibitsover-
shoots,it often exhibits poor corvergencecharacteristics,
dueto the appearancef limit cycles. In addition, it fre-
qguently destrgs the accurag of solutionsin relatively
smoothregions of the eld, where small numericalper
turbations activate the limiter. To correct these prob-
lems, Venkatakrishn# proposeda thresholdedlimiter.
The thresholdingin this limiter is designedso that it al-
lows small overshootsn relatively smoothregions, while
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stronglyenforcinglimiting wherestrongperturbationsare
presentTheresultinglimiter producesnuchbettercorver-

genceaateswith higheraccurag thantheBarthlimiter. The

Venkatakrishndimiter usedin the CHEM codereplaces
Eq. (70) with thefollowing:

¢ 1 D €D 20D
“@ D D 20! DD &

(71)

where
Kle 3,
62 Oret (72)

Iref

andl. is a referencdengthde ned by cell c. Moreover,
lref is areferencdengthde ned by thetotal grid volume,
andqes is areferenceconditioncomputedrom the local
cell density sound-speedyr pressureK is a userde ned
parametethat setsa thresholdfor limiting. For this study
K is setto a valueof 1.0. The othervariablesappearingn
Eq.(71) arede ned asfollows:

D qls )?cf qu
and
max R & R &
D q?‘nin qg )fo qu qB )fo (73)
qp qp Xc f Opc qp Xc f

An AdaptiveApproximateRiemanrSolver

The reconstructiormethoddescribedearlieris usedto
establishconditionson either side of a given facein the
mesh(the left andright statesalreadymentioned) Thenu-
mericaltreatmenbf the inviscid termstakesadwantageof
the approximateRiemannsolver algorithmsto obtainlow
dissipationshock-resolvinqiumericalschemesTheseal-
gorithmsinvolve solving approximationsof the Riemann
problemat cell faces. The mostpopularof theseapprox-
imate Riemannsolvers is the well known Roe scheme,
which hasbeenextendedto chemicallyreacting o ws 3!
However, the Roe algorithmis not robust when dealing
with slowly moving strongshocks. Unfortunately these
shocksoccurfrequentlyin problemsinvolving chemistry:
for example,bow shocksof a hypersonicvehicleor Mach
diamondsin rocket exhausts. To resole problemswith
strongshocks an adaptve approactsuggestedy Quirk3?
isemployed: theRoeschemas usedn mostregions,while
a slightly moredissipatve but morerobust HLLE *3 algo-
rithm is usedin regionscloseto strongshocks.However,
the original formulation of the adaptve schemedescribed
by Quirk wassetin the context of structuredgrids; an ex-
tensionto generalizedyridsis proposedasfollows. First,
strongshocksareidenti ed by nding faceswheresigni -
cantpressurgumpsexist, usingtherelation

Pr P
min p; pr

wherea is setto a value betweenl and 2, and the sub-
scriptsr and| refer to right and left states,respectiely.

(74)

However, it is not sufcient to apply the HLLE scheme
only at the strong shock: instead,it is necessaryto ap-

ply it downstreamof the shock. This is accomplishedy

rst loopingovercells,andmarkingthedownstreancell of

facesthatsatisfyEqg. (74). Thenaloop overfacesfollows,

markingcellsthathave adjacenupstreancells markedfor

strongshocks. The latter processs repeatedh few times,
andas a resulta layer of a few cells downstreamof the

strong shock are marked (the numberof repetitionsis a

userde ned parameterandit typically rangedrom 4 to 8).

Finally, theHLLE schemds employedfor any facewhere
the cell on eithersidehasbeenmarkedasbeingcloseto a

strongshock. This algorithmhasthe advantagethatit can

beappliedto arbitrarygrid types.

Treatmentof ViscousFluxes

Theevaluationof theviscous ux esrequirescarefulcon-
sideration,since discontinuitiesare dif cult to reconcile
with computation®f stresseanddiffusionvelocities.The
considerationandconcernsaffectingthe propertreatment
of the viscous ux es are differentfrom thosefor the in-
viscid terms. In particular the nal integratedstencil (the
sum of all of the numericalviscous ux esfor ary given
cell) mustconsistof positive coefcients if the numerical
approximationof the diffusion processs to maintainthe
maximumprinciple associateavith the Laplaceequation.
Essentiallythesediffusion processeshouldnot introduce
new extremain the solution. To ensurestencilswith posi-
tive coefcients, thetechniqueusedin the Cobaltgg code™
is applied:it hastheadvantageof guaranteeingositive co-
ef cients of the Laplaceoperator at the costof evaluating
anon-zeraresultwhenappliedto alinearfunction.

To evaluatethe viscous ux es, mixture densityandve-
locity at eachface are needed,as well as gradientsof
speciegnassfractions,velocities,andtemperaturesFace
valuesare evaluatedby using a simple volume-weighted
averageof the integratedcell valueson either side of the
face. The evaluationof facegradientsis more involved:
the rst stepis thedeterminatiorof theaverageof theleast-
squaregradient(without limiter) computedor thecellson
eithersideof theface,usingtheprocedurelreadyoutlined
for theinviscid ux evaluation.Thesecondstepis thecom-
putationof the gradientin the directionnormalto theface.
The nal resultis acombinationof the previoustwo gradi-
ents:

Nft Nfayg Nfayg i ———0—

Xcc Xdc N
wheref is the quantity underconsideration.In general,
a simple averagingof cell gradientsis insufcient, dueto
near zero coefcients in the Laplacestencil. The effect
of this poor stencilis obsenedin high frequeng oscilla-
tions in the solution that dampmore slowly that whatis
physically meaningful. On the other hand, the cell cen-
tereddifferencesdo not have this problem,however they
containaccurategradientinformationin a singledirection.
The above blending provides both good stencilsand true
multidimensionabradientsattheface.
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The fact that this approachproducesspurioussource
termswhenappliedto linearfunctionsis someavhatdiscon-
certing. However, it appearghatthisissuedoesnothave a
signi cant impactin practice.

Time Integration

The implicit time integration schemeemploys a two-
parametefamily of algorithms,asdescribecby Beamand
Warming2® andis givenby theequation

n n 1

1 y DQ" yDQ (76)
u 1 q Rn Qn an 1 Qn 1
wheren is the currenttime stepandDQ" Q" 1 QM.
In the above, g andy aretwo parametershat determine
theaccuray of thetime-integrationalgorithms.For exam-
ple,settingg 1y 0givestheimplicit backwardEuler
schemeypically usedin steady-statsimulationswhile a
second-ordethree-pointbackwardschemgq 1y %)
is usedfor time-accuratesimulations.

Eq. (76) representanon-linear systemof equationgor
thevaluesof Q" 1, andcanberearrangedo read

1

quy Qn 1 Qn
1 7 an Qn Rﬂ 1 Qn 1 (77)
dy_u Qn Qn 1 Qn 1 O

Eq. (77) is solved by a Newton iterative method,asfol-
lows:

Qn 1p Qn 1p 1 Qn 1p Qn 1p

for p 0, wherethe Newton iterationis initialized using
the previoustime stepvalue(Q" 1P © Q"), andthe Ja-

(78)

cobian Q" P isgivenby
n1l 1 y ﬂ
nlp I LR 1p
Q gDt T
"1y W
qDt 1Q
2 n1TF Q¢ Q¢ (79)
f faces f ﬂQ
I a 7t owr fis
f faces

Eq. (78) is solved usinga Gauss-Seidéterationmethod?
Theturbulentequationsaredecoupledrom themeano w
solver, and communicationof variablesbetweenturbu-
lent and mean o w is establishedat the sametime step.
Comparedvith thecoupledversion(which waspreviously
developed)thedecoupledolverhasactuallyimprovednu-
mericalstability, sincethe couplingtermsin the Jacobian
matricesaremorelik ely to yield ill-conditionedlinear sys-
tems.

Local Time-Steppinggdheme

For solution of steadystate problems, a local time-
steppingschemsis used. A local time stepfor ary given
cell is chosensuchthatit is the smallestof the following
threevalues: 1) a userspeci ed maximumvalue, 2) the
value computedirom a userspeci ed CFL condition,and
3) the time steprequiredto produceno morethanan es-
timated mejax percentchangein temperaturepressurepr
density

Of theabove threecontrolvariablesdensityis explicitly
presentin the vectorof consered variables,andpressure
canbeeasilyfoundfrom thesamevector, plustheequation
of state,Eq. (4), oncethe temperaturas known. Conse-
guently achangen temperatur@luringa givenintenal of
time hasto be estimated:a way to accomplishthis is to
solve an explicit time-intggrationstepto describea func-
tional relationshipbetweerntime andtemperature Specif-
ically, an estimatefor the value of Q after Dt time has
elapseds found by meansof an explicit time integration
step,asfollows:

Qiimaes QD Q" DR'Q" (80)
Then,temperaturés foundfrom Q usingNewton's method
to solve Egs.(5), (6), and(7) for T. Thechangdn temper
aturefor a giventime stepcanbe estimatedy

Dles T Qlgimaea T Q" (81)
If this estimateexceedsthe maximumprescribedchange,
i.e. DTes MelaxT Q" , thenthe new time stepis deter
minedby solving

TQD TQ" 1 signDTeg Melax O (82)
using Ridders' algorithn?® to solve for Dt. Thus, the
computationof the local time steprequirestwo levels of
iterative root solvers: Ridders' at the highestlevel, and
Newton iterationsto solve for temperatures.While this
canbe rathercostly it is only appliedin regionsthatare
changingoo fastfor thelinearizationto be appropriateln
thesecasesjt hasbeenfoundthat nding a suitabletime
stepis well worth the extra computationakffort, because
it increasesigni cantly therobustnes®f the overallalgo-
rithm.

JacobianFormulations

The Jacobianmatrix usedin the Newton method, de-
scribedby Eq. (79), consistsof a block-diagonalmatrix,
formed from Jacobiansof chemistrysourceterms, com-
binedwith bothdiagonakndoff-diagonalmatricesformed
from thedifferentiationof ux functions.Whenconstruct-
ing this Jacobianpnetakesadwantageof the factthatthe
ux function, F Q Q; , is de ned by the consenrative
variablesontheleft andright sideof theface. Thenthe Ja-
cobianof this functionwill consistof two matricesgiven
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by

fj| n 1ﬂ|£ QI Qr
i Q 83)
Qr
The variablesabove, fil andfjr , are Jacobian®of the

ux functionslocatedat facesand are component®f the
overall Jacobiarmatrix givenin Eq. (79). More detailson
the nal form of the Jacobiammatrix aregivenby Luke 2

Inviscid Flux Jacobians

In the study all Jacobiansreevaluatedanalytically ex-
ceptfor the inviscid ux, wherebyJacobiansassociated
with the Roe schemeare too complex to implementef -
ciently. In this case,several alternatvesare available: 1)
use analytic Jacobiansof simplerinviscid ux functions
suchas StegerWarming or Van Leer, or 2) computeJa-
cobiansof the Roe ux numerically The analytic Van
LeerJacobiarwasfoundto provide superiorstability prop-
erties,but severely hampereccorvergenceof the implicit
scheme.On the otherhand,the numericalRoe Jacobians
providedbettercorvergenceaates put sometimeproduced
ill-conditioned linear systems. It was obsered that these
problemsoccurredn regionswherediscontinuitiesxisted
in the Roe Jacobiansdueto the useof non-linearabso-
lute valuefunctions.A compromisahatappearso provide
areasonabldalancebetweencorvergenceandrobustness
hasbeenfound by smoothingthe Roe ux functionbefore
taking its derivative. This is accomplishedby replacing
the absolutevalue function x with the continuousfunc-
tion x2 e whereeissetto 05timestheaveragesound
speed.

ViscousFlux Jacobians

In theconstructiorof viscousux Jacobiansathin-layer
approximatioris usedin therepresentatioof thefacegra-
dientby usingsimplecenteredifferencesn the direction
of thevectorconnectingcell centroidson eithersideof the
face.

Jacobiandfor TurbulenceModels

In orderto presere the diagonaldominanceof the ma-
trix in thelinear system positive partsof the sourceterms
are not linearized: only the negative parts (which model
thedestructiorof turbulence)areincludedin theJJacobians.
For the Jacobiansisedin theBSL, SST andk w models
theapproactof Merci etal3” is adopted.

Resultsfor SelectedProblems

In thefollowing, afew selectedestcasesareintroduced
in orderto documenthe capabilitiesof the CHEM code.
More extensve testsandvalidationshave beenconducted
overthelastseveralyearsandsomesigni cant resultshave
alreadybeenreportedn theliterature?38-43
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Fig. 1 Comparison of numerical turb ulent velocity pro®le
with theoretical data on a "at plate

Turbulent Flow over a Flat Plate

Air ow overa at plateis chosemasa preliminarytest
casdo validatetheturbulencemodelimplementationsThe
physicaldimensionof the computationablomainis 1m by
0.5mby 0.005min thestreamwisalirection(x), verticaldi-
rection(y), andtrans\ersedirection(2), respectiely. The
grid containsl28cellsin x, 80 cellsin y and1 cell in z In
orderto resohe the thin boundarylayer nearthe plate, ex-
ponentiallydistributedgrid pointsresultingin a ner mesh
nearthe plate are appliedin the vertical direction, with
the rst grid point above the platebeingat the distanceof
47 10 ®m. Thefree streamMachnumberin this simu-
lationis takento be 0 3. Theoreticallyaturbulentvelocity
pro le will consistof alinearviscoussublayerregionclose
to the wall, transitioningthrougha buffer region to log-
arithmic behavior in the outerregion. Fig. 1 shaws the
computationakesultsfrom threeturbulencemodelsover
layedonthetwo theoreticakurvesfor theviscoussublayer
andthelogarithmiclayerwherethe axisof this plot arethe
nondimensionatlistancey and the nondimensional/e-
locity u u u;. The gure shows the good agreement
of computationalresultsobtainedfrom Baldwin-Lomax,
Spalart-AllmarasandSSTmodelswith theoreticapredic-
tions.

Transonic Flow over the ONERA M6 Wing

Thesimulationof transonicviscous o w is benchmarkd
usingtheclassicONERAMG644 3D testcase A generalized
grid is usedto discretizethe spacearoundthewing, gener
atedwith a topologically adaptive meshgeneratiomalgo-
rithm.4>46 |n this technique anunstructuregurfacemesh
is advancedto createlayersof cells. Edgesareinsertedor
deletedto maintaina high quality mesh(for example,in-
sertingnew edgesn corvex regionsto preventthe surface
meshfrom becomingtoo anisotropic). The insertionand
deletionof edgesyields generalpolyhedralelementsand
thusrequiresa generalizegolver, suchasthepresenbne.

For this benchmark,one measuredcase of transonic
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ow is employed, wherethe freestreamMach numberis
givenby My 0 8395at anangle-of-attaclof a 3 06.
This caseis viscouswith a Reynolds numberof Re
1172 10° basedon ameanchordlengthof 0 64607me-
ters. A freestreantemperaturef Ty 256K andpressure
py 80 795Pawereusedto achieve theseconditions. A
grid convergencestudywasperformedoy solvingthis case
on three meshes. The coarsesfgrid was generatedrom
14K surfacetrianglesto createa volumegrid consistingof
1.1M cells. The nest grid wasgeneratedrom a 32K sur
facetrianglesto createa volume grid consistingof 2.3M
cells. Theaveragey for thesegrids was approximately
05. The SST turbulencemodel was employed, and the
Sutherlandormulawasusedfor molecularviscosity(note
thatthe Spalart-Allmarasnodelfor the ne grid wasalso
run, with resultsnearlyidenticalto thosepresentechere).
Thesolutionwasrunwith amaximumCFL setto 30 000,a
maximumtime stepsetto 10 # secondsandmejax 0 1.
The solver wasrun to engineeringcorvergencein 2 500
time steps.

Sincethereis someunsteadinesis the problemiit is not
possibleto drive the residualsto machinezero. Instead,
thebehaior of integratedpropertiesvasusedto determine
when the solution had corverged (for example, the total
integratedmomentumis illustratedin Fig. 2, andthe inte-
gratedlift forceis shavn in Fig. 3). After 2,500iterations
eachof thesemeasuregandothers)wereunchangedo at
leastthreesigni cant gures. In addition,the ne grid so-
lution was run for an additional2,500iterationswith no
noticeablechangesn the C, curves, giving further con -
dencen the corvergenceof theresults.

Theresultsarecomparedo experimentalpressurenea-
surementgaken at seven spanstations,as illustratedin
Figs. 4 to 10. The rst, 20% down the length of the
wing, shows relatively good agreementwith a slight lag
in the predictionof the shockon the uppersurface. It is
suspectedhat this differencemay be due to the slightly
coarsemeshin this region, andmay alsobe attributedto
aninappropriateapplicationof a re ecting wall boundary
conditionwherewind tunnelinterferencemay play arole.
Nonethelessgrid insensitvity is demonstratedwith the
solutionson all grids nearlyidentical. The stationsshovn
in Figs.5 to 9 show excellentagreemenbetweenall three
gridsandexperimentalesults,including capturingthe de-
tails of theshockintersectionascanbeseenn theCp, plots
fory b 080andy b 090. Thelaststationshavn in
Fig. 10 shavs good agreementt the leadingedgewith a
divergencean simulatedpressuresit the uppertrailing sec-
tion. However, this differenceis similar to other results
foundin theliteraturefor this case3*4’

In addition, it shouldbe notedthat this testcaseshowvs
the effectivenesf the generalizedyrid strategy. Eventhe
coarsegrid for this caseresoled mostof the shockloca-
tions reasonablywell with a grid cell counton the order
of 1M cells. Publishedresultsfrom the Cobaltgg code®*
for unstructuredyrid solutionson this casedid not capture
the featuresas well asthe presentresults,in spite of us-
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Fig. 3 Lift Forcev.s. Time step

ing a 3M-cell unstructuredmeshand similar algorithms.
While not conclusve, indicationsarethatthe generalized
grid usedherewasmoreeffective at capturing o w details
with lessoverall cost.

Hydr ogen-OxygenCombustion in an Experimental RBCC
Engine

It is known that a propulsionsystemusingram-jetand
scram-jetcycles musthave anothermeansof acceleration
from restto low supersonispeedsatwhich pointtheram-
jet cycle cangeneratesufcient thrustfor further acceler
ation. Rocket-basedcombined-gcle (RBCC-i.e. single
duct air augmentedam-jet/dualmode scram-jet)propul-
sion systemsuse rocket motorsto accomplishthis, and
are characterizedby a high degreeof integrationbetween
rocket and ram-jet. The RBCC engineoffers higher en-
gine thrust-to-weightratios than competingair-breathing
engineswhile maintaininganls, advantageoverrocketen-
gines. As aresult,therehasbeenrecentinterestin RBCC
enginedor future spaceransportvehicles.In this section,
the applicationof the CHEM codein simulatingan exper
imental RBCC engineis detailed;it shouldbe notedthat
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Fig. 11 Schematicof PSU-RBCCExperiment

this geometrywasspeci cally designedo validateRBCC
simulationcodes.Only onecaseis includedhereasanex-
ampleof the capabilitiesof the algorithm.

TheexperimentwasperformedatthePennsylaniaState
University(PSU)PropulsiorEngineeringResearclCenter
and Case4 of the Direct Connectionstudiesis described
here® The PSU-RBCC500DC series(Direct Connec-
tions) featurea closedfront end and with trans\erseair
inlets, asillustratedin the schematicshovn in Fig. 11. An
ejectorrocket is placedfurther down the rectanguladuct
just beforea diffuser section. At this point gaseousy-
drogenis trans\erselyinjectedinto the duct. Comhustion
occursdownstreanof the injection. Finally, a corverging
nozzleacceleratethe o w atthe exit. The computational
domainbegins at the left end of the air inlet (-0.508 m),
and endsbeyond the exit of the nozzle(2.3622m). The
total lengthof the computationatlomainis 2.8702m (113
inches). The RBCC engineinlet planeis locatedatx 0,
wherethe thrusternozzleexhaustplumeandram-jetinlet
air ow into theduct.

An unstructuredgrid for a quarter symmetry of this
RBCC duct was generatedising SolidMesh, by way of
theaflr3 4° grid generatiorsoftware,with prismaticele-
mentsin viscousboundaryayersnearwallsandtetrahedral
isotropic elementsin the interior volume. The nal grid
usedin the simulationspresentechereconsistof 3.4 mil-
lion elementswith packingnearthe rocket ejectorplume
andtrans\ersehydrogeninjectionregions.

For Cased of the Direct Connectiorstudya 0 9145g s
mass o w of air injectionis measuredThe ejectorrocket
was providedwith 0 03447%g sof GH2and0 275&g s
of GO2. Thedownstreanhydrogerinjectionaccountedor

”
iy

,
VAP e
PAVA A VarasS

N ATATAVAVAR

AV AVAV VALY
&

P
Pavy

Fig. 12 ForcedAir Inlet Streamlinessuperimposedwith tem-
peratures

00267&g sof masso w.

The computationalsimulation was performedin a to-
tal of 5,000iterationswith mass,momentum,andenegy
residualseducedy atleastthreeordersof magnitude The
rst 1,000iterationswereperformedwithoutthetranserse
hydrogeninjection, thenthe trans\ersehydrogeninjection
wasactivatedfor the nal 4,000iterations.The simulation
wasrun with amaximumCFL setto 1 106, with a max-
imum time stepsetto 5 10 ° secondseforetrans\erse
hydrogeninjectionand1 10 ° after hydrogeninjection.
A settingof mejax 0 02 was usedto maintainstability.
Ay of aboutunity was maintainedthroughmostof the
duct. Hydrogen-oxygertomtustionwas modeledusinga
7-species32-reactiormechanisnfrom Evansand Sche-
nayderr® Thermodynamigropertieswere derived from
vibrationalequilibrium, andtransportpropertieswere ob-
tainedfrom CHEMKIN. The SST turbulencemodel was
employed. A turbulentPrandtinumberof 0 9 anda turbu-
lent Schmidthumberof 0 7 were usedto modelturbulent
transporteffects. No correctionsfor turbulent chemistry
sourcetermswereincludedin themodel.

Fig. 12 shows the streamlinegor theforcedair inlet re-
gion of the RBCCduct. In this gure, the streamlinesare
coloredby uid temperaturesAs it canbe seen,a com-
plex ow patternis capturednvolving intersectingets of
air. Recirculatiorandentrainmenis alsoclearlyseeratthe
thrusterexit. The downstreamhydrogeninjectionis illus-
tratedin Fig. 13. Here,theair-inlet streamlinesarethick,
while the thrusterstreamlinesarethin. Thesestreamlines
andthewalls arecoloredby uid temperaturesThehydro-
geninjectionstreamlinegrecoloredwhite to illustratethe
entrainmenbf the hydrogenjet with the ow. The sym-
metry planeshave contoursof H, massfractions,with the
maximumvalue(in red)beingl7%andlow valueof 0% (in
blue). Fromthestreamlinedt is evidentthatthemajority of
theinjectedair travelsthroughthe centerof theRBCCduct
atthepointof trans\ersehydrogerinjection. Thisis further
con rmed by the relatively large massfractionsof H, ob-
senedatthesymmetryplane whereit is suspectethatthis
fuel rich conditionis likely dueto aninsufcient air mass-
o w ratein thatregion. In generalthesegures illustratea
highly complex ow eld with stronglynon-linearandstiff
sourceterms. It shouldbe stressedhat theseresultswere
obtainedwith relatively largetime stepsandfew iterations.

Experimentalmeasurementsf this con guration con-
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Fig. 13 H2 Injection in RBCC Afterb urner section

sistedof pressuremeasurementsecordedalong the side
and top walls of the RBCC duct, while temperatureand
speciegneasurementwere performedusinga window at
x  05969musingRamanimaging. For eachring of the
rocket, staticpressures recordedalongthe air ductwalls.

Sixteenchannelsarelocatedon boththe top andsidewall

of the duct. The comparisorof measuredo experimental
pressuresre shovn in Fig. 14. The predictedwall pres-
suresarewithin 2% of the experimentakesults.

Fig. 15shovstemperatureomparisonsvith experimen-
talmeasurementsy PSUatx 0 5969m.Nearthecenter
line(y 0)thepredictedemperaturés about200K higher
thanthe measuredne,aty 0 03m, the measurecand
computedro les arebetter but still appeato overestimate
temperature.However, theseresultsappearto be within
therangeof variationobsenedin the experimentakesults.
The exact causefor the higher predictedtemperaturess
unknawn, but may be dueto the lack of including turbu-
lenceeffectsin the chemistrysourceterms. In effect, the
modelis probablypredictingfastercomhustionthanwhat
is physically meaningful. Fig. 16 shavs comparisonof
speciesnasdractiondistributionswith measurementst x
= 0.5969m. The predictedmassconcentrationsigreewell
with themeasureanes.

Overall this simulation provides very encouragingre-
sults, particularly when one considersthe considerable
compleity anduncertaintyinvolvedin properlymodeling
the physicsof this problem. More work needsto be done
to understandensitvity of theseresultsto comhustionand
turbulent chemistrymodels. This caseis part of a more
intensive study that will seekto answerthosequestions.
However, theseresultsare presentechereto demonstrate
the effectivenessand robustnessof CHEM when solving
highly complex and stiff numericalequations.In this re-
gard,the solver performedextremelywell, allowing simu-
lationsusingrelatively large time steps particularlywhen
consideringthe diversetime and spacescalesinvolvedin
thiscase.

Static Pressure Profile

RBCC 500DC CASE4
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Fig. 14 Wall Pressuesexperimentand simulation compari-
son

Temperature Profile Case4

at x = 0.5969 m from rocket nozzle
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Fig. 15 Temperature,experimentand simulation comparison

Conclusions

A generakoftwaresystenthatsupportghedevelopment
of e xible multidisciplinary simulationmodelswasintro-
duced.Thework describedn this paperis onecasestudy
in the effectivenessof this systemin the developmentof
practicalnumericalmodelsfor complex engineeringorob-
lems.In particular thedevelopmenbf adetailedmodelfor
chemicallyreacting o w elds using a generalizednite-
volumediscretizatiorwas detailed. New methodsfor im-
proving the robustnessof such solvers have beenmen-
tioned:in particular thelocaltime steppingschemendJa-
cobiansmoothingechnique$have beenfoundto bepartic-
ularly effective in the solutionof the highly stiff equations
that arisefrom computationakcomhustionproblems. The
effectivenessof thesestratgies hasbeenshovn on both
non-reactingand reactingbenchmarkproblems. Speci -
cally, large time-stepand CFL conditionshave beenused
in the solutionof complex ow elds involving hydrogen-
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Species's Mass Fraction Profile: Case 4

at x = 0.5969 m from rocket nozzle
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Fig. 16 Speciesmassfractions, experiment and simulation
comparison

oxygencomtustion,allowing for engineeringaccuray to
beachievedexpeditiously
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