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Abstract:Asynchronizationmethodisdevelopedforthefluid-thermalstudyofhypersonicflow.Differentfrom
conventionalloosely/tightlycoupledmethodswhichseparatelydealwiththeflowfieldandthestructuretempera-
turefield,thepresentedmethodexpressesthegoverningequationsinaunifiedframeworksothatthetwofieldscan
becalculatedsimultaneously.Forefficientlysolvingtheunifiedequations,thefinitevolumemethodtogetherwith
thedual-timesteppingapproachisemployed.Likeintheflowfield,thelocaltimestepisalsousedinthetempera-
turefield,whichisdeterminedfromthermalconductivityspectralradii.Inordertotreatthefluid-structureinter-
facemoreconveniently,anexpandedvirtualboundaryisintroduced.Forvalidation,severalfluid-thermalhyper-
sonicflowproblemsaresimulated.Thecomputedresultsarecomparedwiththoseobtainedfromthecoupled
methodsandtheexperiment.Inthecontinuousheatingproblems,thestagnationtemperaturespredictedbyboth
thecoupledandsynchronizationmethodsareingoodagreementswiththeexperimentaldata.Intheunsteadyflow-
thermalhypersonicflows,thestagnationheatfluxespredictedbythepresentedmethodandtightlycoupledmethod
arebasicallythesame,whichagreebetterwiththeexperimentaldatathanthosepredictedbythelooselycoupled
method.Intermsofpredictionofthestagnationtemperature,thesynchronizationmethodshowsbetteraccuracy
thanthetightlycoupledmethod.
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Nomenclature
Φ Variablesatcellcenter

q/(kW·m-2) Rateofheating

k/(W·(m·K)-1) Thermalconductivity

T/K Temperature

p/Pa Pressure

n Unitnormalvector

ρ(kg·m-3) Density

C/(J·(kg·K)-1) Specificheat

t/s Time

E Totalenergy

u,v,w/(m·s-1) Flowvelocitycomponents

γ 1.4,ratioofspecificheatof

idealgas

μ Coefficientofviscosity

P Prandtlnumber

Cp Constant-pressurespecificheat

influidpart

σ CFLnumber

h Enthalpy

ρ0 Densityatsealevel,setas

1.225kg/m3

RN/m Stagnationradius

Vc Setas7900m/s

h300K Enthalpyat300K

Subscripts

s Solidpart

f Fluidpart

L Laminarflow



T Turbulentflow

v Viscousflux

c Convectiveflux

w Interfacebetweensolidandfluidparts
¥ Free-streamparameters

st Stagnationbehindthenormalshock

wst Stagnationpointatwall

0 Introduction

Intheresearchanddevelopmentofhyperson-
icvehicles,aerodynamicheatingisamajordiffi-
cultythatneedstobeovercome.Thetransient
structuraltemperaturefieldofahypersonicvehi-
clerequires accurate computation.In recent
years,somecoupled methodshavebeendevel-
oped to simulate these structure-aerodynamic
heating(i.e.,flow-thermal)problems.These
methodscanbeclassifiedintotwotypes,namely
tightly coupled methods and loosely coupled
methods.Ifasingleinterfaceiteration(coupling
iteration)isperformedateachtimestep(orstage
ofanimplicitRunge-Kuttascheme),thealgo-
rithmisreferredtoasalooselycoupledmethod,

andotherwiseitisreferredtoasatightlycoupled
method[1].Anotherwaytodistinguishthemisas
follows.Looselycoupledmethodspresumethat
thetimetakenfortheflowfieldtoreachequilibri-
umcanbeneglectedwhencomparingcharacteris-
tictimestepforheatconductioninthestructure;

tightlycoupled methodspresumethattheflow
fieldandtheheatconductioninthestructure
shouldbeuniformlysolvedbyasmallercharac-
teristictimestepdeterminedbytheflowfield[2].
Regardlessofhowthesemethodsaredistinguish-
ed,mostresearchersusedtheexchangingflow
fieldandthestructuraltemperaturefieldbounda-
ryconditionstosolvethecouplingproblemwhen
simulatingthestructuraltemperaturefieldand
theflowfieldseparately[3-9].Gengetal.[10]pro-
posedanintegratednumericalmethodwithoutit-
erativecouplingofthesetwofields,whichwas
similartolooselycoupledmethods.Theflowand
heatconductionweredescribedinunifiedequa-
tions.Toeliminatehugedifferencesincharacter-
istictimestepsbetweenfluidandsolid,theflow

fieldwaskept“frozen”untilthestructuralsur-
facetemperaturechangedbyacertainmagnitude.

Moststudiesontheuseofbothlooselyand
tightlycoupledmethodsshowedthattheformer
remediesthelowcomputationalefficiencyofthe
latter,premisedonensuringtheaccuracyofthe
computation[2,7-9].Byusingthesemethods,the
informationofthetwofieldsneedstobeex-
changedattheinterface,andwhenonefieldisbe-
ingcomputed,theotherisusuallykept“frozen”.
However,thissituationisnon-physicalbecause
boththeflowfieldandthestructuraltemperature
fieldarechangingsimultaneously,andthusthe
solutionaccuracymaybereduced.Inaddition,

thedeterminationofthecouplingtimestepis
critical.Averysmalltimestepmayincreasethe
computationaleffortswhileaverylargevalue
mayleadtonumericalerrors.Duchaineetal.[11]

proposedadirectcouplingmethodofthefluid/

soliddomainsinalargesystemofsimultaneous
equationsthatishandledbya“monolithic”sol-
ver,calledparallelcouplingstrategy(PCS),and
hasbeentestedtodealwithafullynon-stationary
coupledproblemwithsynchronizationinphysical
time.Therearestillexistingexchangesbetween
fluidsolverandsolidsolver.

Toovercomethesedrawbacksandtosatisfy
engineeringrequirementsinprecisionaswell,a
synchronization methodtosimulatebothflow
fieldandstructuraltemperaturefieldforhyper-
sonicvehiclesisdeveloped.Anexpandedvirtual
boundaryisappliedattheinterfacebetweenfluid
andsolidcomponents.Thelocaltimestepre-
quiredforcomputationsinvolvingthesolidcom-
ponentisdeterminedfromthermalconductivity
spectralradii,whichissimilartotheviscous
spectralradiiofthefluid.Thewholefieldthen
remainssynchronizedinthetimedomain.The
numericalresultsofthedevelopedsynchroniza-
tion methodarecompared withthoseofboth
looselyandtightlycoupledmethodsandfromex-
periment.

Inwhatfollows,wefirstdescribethegover-
ningequationsfortheloosely/tightlycoupledsys-
tems,andthenumericalmethodinthegasdo-
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main,thesoliddomainandattheinterface(Sec-
tion2).InSection3,wepresentthesynchroniza-
tionmethodbasedonexpandedvirtualboundary
andthethermalconductivityspectralradii.Inthe
finalpartofthepaper(Section4),thenumerical
resultsofthesynchronization methodarecom-
paredwiththoseobtainedfromtheloosely/tight-
lycoupledmethods,andexperimentdata.

1 Loosely/TightlyCoupledMethods

Traditionalcoupled methodsinclude both
tightlyandlooselycoupled methods,bothof
whichcontainaflowfieldsolverandathermal
conductionsolverthatworkindependentlybut
exchangeinformationattheboundary.Sincere-
sponseofflowfieldismuchfasterthanthatof
heatconduction,thesteady-flow Navier-Stokes
(NS)equationsareusedinlooselycoupledmeth-
odsandthetimestepisdeterminedfromthe
characteristicsoftheheatconduction,whichdif-
fersfromthatfortightlycoupledmethods.

1.1 Flowfieldsolver

Considerthethree-dimensionalNSequation
describedintheCartesiancoordinatesystem

∂W
∂t+∂f∂x+∂g∂y+∂q∂z= ∂R

∂x+∂S∂y+∂T∂
æ

è
ç

ö

ø
÷

z
(1)

whereWrepresentstheconservativevariable,f,

g,qrepresenttheconvectivefluxvectors,andR,

S,Ttheviscousfluxvectors.
Inthecomputationofhypersonicflows,the

“advectionupstreamsplittingmethod”(AUSM
+)formathasmanyclearandwell-knownadvan-
tages,suchaspositivepressureretention,good
stability,andhighresolution.Viscousfluxesare
discretizedbythecellcentralscheme.Toim-
provetheaccuracyofthecalculation,thethird-
order“monotonicupstream-centeredschemefor
conservationlaws”(MUSCL)interpolationmeth-
odisapplied.Astheflowfieldcontainsstrong
gradients,thelimiterisrequiredtosuppressany
numericaloscillation.TheMUSCLinterpolation
methodinvolves

ΦL
i+12

,j =Φi,j+

μi

4 1+μ췍( )ω Δ+Φ+ 1-μ췍( )ω Δ-[ ]Φ i

ΦR
i+12

,j =Φi+1,j-

μi+1

4 1+μ췍( )ω Δ-Φ+ 1-μ췍( )ω Δ+[ ]Φ i+1

(2)

Bysetting췍ω=1/3inEq.(2),thethird-orderup-
wind-biasedschemeisobtained.Δ+ andΔ- re-
presenttheforwardandthebackwarddiffer-
ences,respectively.ThevanAlbadalimiterμis
givenby

μ=2Δ+·Δ-+ε
Δ2

++Δ2-+ε
(3)

whereεissetto10-6.
Forlooselycoupled methods,thesteady-

flowNSequationisimplementedintheflowfield
solver,andtheimplicitlower-uppersymmetric
Gauss-Seidel(LU-SGS)schemeisappliedtotem-
poraldiscretization;Fortightlycoupledmethods,

theunsteady-flow NSequationisappliedtothe
flowfieldsolver,andthedualtimestepping
methodisappliedtotemporaldiscretization.The
farfieldhasnon-reflectingboundaryconditions
imposed,andno-slipwallconditionsareimposed
attheinterfacebetweenthesolidandviscous
flow.Theconditionsimposedfortheheatfluxat
theisothermalboundaryandthepressuregradient
atthesolidsurfaceare

q=k·∂T∂n
(4)

∂p
∂n=0 (5)

1.2 Thermalconductionsolver

Assumingnoheatsources,theheatequation
isgivenby

ρsCs
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Theintegralformofthethermalconductioncon-
trolequationisthen
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whereΩ representsthevolumeofthecontrol
cell.ByStokes’theorem
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whereΣrepresentsthetotalareaofthecontrol
cell.

Assumingthatthermalpropertiesofthe
solid(ks,Cs,ρs)areisotropicandhomogeneous,

Eq.(8)becomes

∫Σ

ks
ρsCs

∂T
∂xdx+∂T∂y

dy+∂T∂zd
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ρsCs∑
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i=1

ÑTface·nS( )i = ks
ρsCs∑

6

i=1

ÑT( )face · nS( )i

(9)

wherenistheunitnormalvectoroncontrolsur-
facei,ÑTfacethegradientofthetemperatureon
eachsurfaceandobtainedfrom

ÑTface= 1
ΩI+1/2,J,K∫∑I+1/2,K

Tcell·ndS=

1
ΩI+1/2,J,K

∑
6

i=1
Tcell·nSi (10)

withΩI+1/2,J,K thevolumeofthevirtualcell.
FromEqs.(8)—(10),weobtain
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whichsubsequentlyreducestotheform
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Thesurfaceheatfluxdistributionisacquiredby
theflowfieldsolver.Theadditionalsourceterm
methodisappliedtodefinetheheatfluxasane-
quivalentsourcetermforthecontrolcell.

Themethodofdeterminingthelocaltime
stepintheheatconductioncomputationisthe
sameasthesynchronizationmethodandwillbe
introducedbelow.

1.3 Couplingprocedure

Withreferencetothediagram (Fig.1),the
computationprocedureforbothlooselyandtight-
lycoupledmethodsissummarizedasfollows.

(1)Thecomputationisdividedintoseveral
periods(couplingtimesteps).Toinitializethe
coupledcomputations,asteady-statefluidcom-
putationisperformedatt1.

(2)Assumingtheflowfieldis“frozen”,the
structuraltemperaturefieldstepsfromt1(initial
temperaturefield)tot2withthe“frozen”rateof
heating,aswellastheinterfacetemperatureatt2
canbeacquiredusingthethermalconductionsol-
ver.

(3)Assumingthestructuraltemperature
fieldisthen“frozen”,theflowfieldstepsfromt1
tot2withthe“frozen”interfacetemperature,and
therateofheatingatt2isdeterminedusingthe
steadyflowfieldsolver.

(4)Thefinaltemperaturefieldcanbeac-
quiredthroughseveraliterationsbetweentheflow
fieldsolverandthermalconductionsolveruntil
reachingthefinaltimepoint(tn).

Fig.1 Procedurefortraditionalcouplingmethods

2 SynchronizationMethod

Thetraditionalcoupledmethodsneedtoex-
changetheinformationofflowfieldandstructur-
altemperaturefieldattheinterface,andwhen
onefieldisbeingcomputed,theotherisusually
kept “frozen”.Moreover,asuitablecoupling
timestepisrequired.Thus,asynchronization
methodisproposedtoovercomethesedrawbacks
andalsotosatisfyengineeringrequirementsin
precision.

2.1 Governingequationsanddiscretization

Forthefluidcomponent,thediscretization
methodisthesamewiththeflowfieldsolverin
thetraditionalcouplingmethod.Foranidealgas

ρfEf=
p

γ-1+12ρfu
2+v2+w( )2 (13)

Forthesolidcomponent,u=v=w=0.Hence,

thefirstthreescalarequationsinEq.(1)arenat-
urallysatisfied.ThefourthequationinEq.(1)

determinestheenergy
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ρsEs=ρsCsTs (14)

Thediscretizationmethodfortheheatequations
isthesamewithEqs.(6)—(12).Inthefollowing
section,thedeterminationoflocaltimestepsand
treatmentsoftheboundarywillbepresented.

2.2 Determinationofthelocaltimesteps

Jameson’sdualtimesteppingmethodisused
fortemporaldiscretization,andtheimplicitLU-
SGSschemeisappliedtotimesteppinginthe
pseudo-iteration.Localtimestepsforthefluid
canbedeterminedusing

ΔtI=σ ΩI

Λ̂I
c+Λ̂J

c+Λ̂K( )c I+4 Λ̂I
v+Λ̂J

v+Λ̂K( )v I

(15)

whereΛ̂I
candΛ̂I

vrepresentspectralradiiofthe
convectivefluxandtheviscousfluxintheI-thdi-
rection,respectively,definedas
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wherePLandPTrepresentlaminarandturbulent
Prandtlnumbers,respectively;crepresentsthe
localspeedofsound.Thefluidheatconductivity
isgivenby

kf= γR·μL
PL(γ-1)+

γR·μT

PT(γ-1)=
Cp·(μLPL

+μT

PT
)

(18)

orequivalently
μL
PL

+μT

PT
=kf
Cp

(19)

Likethediffuseviscousequation,thethermal
conductionequationisparabolic.Accordingly,

thelocaltimestepforthisequationresembles
thatforthediffuseviscousequation.SinceΛ̂I

cis
regardedas0inthesolidcomponent,thelocal
timestepsofthethermalconductionis

ΔtI,s=σ ΩI

4 Λ̂I
v,s+Λ̂J

v,s+Λ̂K
v,( )s I

(20)

Accordingtothedefinitionofthespectralradiiof
viscousfluxforthefluid,andfromEq.(19),the
spectralradiiofthermalconductionisacquired
from

Λ̂I
v,s= ks

ρsCs
ΔS( )I 2

ΩI
(21)

Themethodofintroducingthethermalconduc-
tionspectralradiitodeterminethelocaltime

stepsisequivalenttothedefinitionof“viscous”in
theheatconduction.Thisensuresthatthefluid
thermalconductionisconsistentwiththesolid
thermalconductionduringeachpseudo-iteration
process.Additionally,thereisnoneedtodeter-
minethecouplingtimesteportofreezethefield
foreitherfloworstructuraltemperature.

2.3 Initialandboundaryconditions

Thestaticinitialflowfieldandtemperature
fieldatt=0sarerequiredbeforethesynchronous
computation.Theboundaryinthefarfieldis
treatedusingthesameconditioninloosely/tightly
coupledmethods.Inthefollowingsection,the
implementationoftheboundaryconditionsbe-
tweenfluidandsolidwillbepresented.Theini-
tialcoefficientofviscosityoftheinterfacecanbe
determinedbythesurfacetemperatureandthe
Sutherlandformula,andthenthethermalcon-
ductivitycoefficientkwoftheinitialsurfacecanbe
obtained.

Becauseofdifferencesinphysicalproperties
(suchasthermalconductivityandcoefficientof
viscosity)betweenfluidandsolid,anexpanded
virtualboundaryisintroducedtocomputethevis-
cousfluxoftheinterface.“Expanded”means
thatthevirtualcellsandrealcellshavesame
physicalproperties.Specifically,assketchedin
Fig.2,thecellmarkedK=0representstheex-
pandedvirtualcell,whichhasthesameproper-
tiesasthecellK=1.Thesecellsarenotrealin-
terfacecells,butpresentedforthecomputationof
theboundaryderivativesandcalledexpandedvir-
tualcells.Theseareusedtocomputetheviscous
flux,viscouscoefficient,andthermalconductivi-
ty.Nevertheless,thetemperatureofinterface
shouldbedeterminedbytherealcellsofthefluid
andsolid.Thetemperatureoftheexpandedvir-
tualcellforthefluidisobtainedbyinterpolation

T0=2×Tw-T1 (22)

whereT0,T1representthetemperatureofcellsK
=0,1,respectively,andTwdenotesthetempera-
tureoftheinterface.Itcanbeobtainedbypseu-
do-timesteppingusingthecontinuityofheatflux
attheinterface[12]
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kfTf-Tw

df =ksTw-Ts

ds
(23)

wheredfanddsdenotethedistancesbetweenthe
centerofthefirstlayerandtheinterfaceinthe
fluidandsolid,respectively;TfandTsthetem-
peratureinthefirstlayerofthefluidandsolid;ks

andkftheheatconductivitiesofsolidandfluid
parts,respectively,determinedbytheinterface
temperature.Thepressuregradientnormaltothe
wallandthevelocityatthewallarezero.Thein-
terfacedensitycanbeobtainedusingtheidealgas
equation.

Fig.2 Expandedvirtualboundary

  Attheinterface,thecoefficientsforheat
conductivityandviscousareconsideredasfunc-
tionsoftemperature.Consequently,theimple-
mentationoftheboundarytreatmentscombines
thecomputationoftheflowfieldandthetemper-
aturefieldmoretightly.

3 Applications

Loosely/tightly coupled methodsandthe
synchronizationmethodareassessedbysimula-
tingMach-6.47flowoveratwo-dimensionalcyl-
inderandMach-9.86flowoverathree-dimension-
albiconicalsurface.Theresultantflowbehaviors
arecalibratedusingexperimentaldata.Allthe
computationsareperformedonmultiblockstruc-
turedgrids.Alllengthsareinmetersunlessoth-
erwisestated.

3.1 Mach-6.47flowoveratwo-dimensionalcyl-
inder

SimilartoRef.[13],thetestmodelconsists
ofa12.7-mm-thick,76.2-mm-diameter,and321
stainlesssteelcylinder.Detailsoftheexperimen-
talconfigurations,thetunnelflowconditions,

andtheexperimentalresultswerealsogivenin
Ref.[13].Thesettingforthethermalproperties
ofthesolidandtheaerodynamicparametersap-
pliedinthissectionare

Ma¥ =6.47,α=0°,T¥ =241.5K,Tw=294.4K

ρ¥ =1.012×10-2kg/m3,p¥ =7.018×102Pa

ρs=9030kg/m3,ks=16W/(m·K)

Cs=500J/(kg·k)
Thegridsrepresentingtheflowdomainandthe
cylinder(Fig.3)consistof12000cellsinthe
flowdomainand3000cellsinthecylinderwith
thesamediscretizationalongtheinterface.Fol-
lowingRef.[14],thesmallestcellintheflowdo-
mainisonly0.01016mminthedirectionnormal
tothecylindersurface.Adetailedstudyofthis
modelwaspresentedinRef.[14],andithasbeen
usedtovalidatealgorithmsbymanyresearchers.
Inthispaper,thenumericalresultsarealsocom-
paredwiththoseinRef.[14].

Fig.3 Fluid-solidfinitevolumemodelforflowovera
76.2-mm-diametercylinder
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Themajordifficultyinthefluidanalysisis
thepredictionoftheratesofaerodynamicheat-
ing,becauseaveryaccurateresolutionoftheflow
temperaturegradientnormaltothecylindersur-
faceisrequired.Boththesynchronizationmethod
andloosely/tightlycoupledmethodsneedastatic
initialflowfieldatt=0sbeforecomputations.
Thecomputedflowtemperaturedistributionat
t=0s(Fig.4)alongtheflowsymmetryline(y=
0)clearlyillustratesthesharpgradientsthat
mustberesolved.Thefree-streamtemperature
increasessharplyfrom241.5Ktoabout2200K
acrossthebowshock.Withinaverythinlayerat
theflowstagnationpoint,thetemperaturedrops
sharplyfrom2200Ktoasurfacetemperatureof
294.4K.Thus,thesecomputationresultsarein
goodagreementwithRef.[14].Comparisonof
thedensitycontourswiththoseofRef.[14](Fig.
5)showsthattheshockwaveiswellcaptured.

Fig.4 Comparisonoffluidtemperaturedistributions
betweenthereferenceandpresentmodeltaken
alongthecenterlineoftheinitialflow

Andthen,wecancontinuethecomputation
ofcoupledmethodsandsynchronizationmethod.
Forlooselycoupledmethods,theflowfieldand
thestructuraltemperaturefieldareupdatedevery
0.2s.Physicaltimestepoftightlycoupledmeth-
odsshouldbeconsistentwiththesynchronization
method,determinedbyatrialcomputationof
stagnationtemperatureatt=2.5e-3swithdif-
ferentphysicaltimesteps.Theresultsareob-
tainedbysynchronizationmethodwith100pseu-
do-iterations(Table1).

Fig.5 Comparisonofdensitycontoursbetweenrefer-
enceandpresentmodelforMach-6.47flowover
a3-in-diametercylinder

Table1 Stagnationtemperatureatt=2.5e-3swith
differentphysicaltimesteps

Physicaltime
step/s

2.5e-3 1.25e-36.25e-43.125e-4

Stagnation
temperature/K

296.783 297.208 297.466 297.584

  Comparisonsofthetemperaturecontoursat
t=2samongthereference,theloosely/tightly
coupledmethods,andthesynchronizationmeth-
odareshowninFig.6,inwhichtemperatureval-
uesarecellcentered.Sincethedimensionoftem-
peratureinRef.[14]isgivenusingtheRankine
scale,thetemperaturehasbeenconvertedtoena-
bleaclearcomparisonofcontours.Fortheloose-
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Fig.6 Comparisonsofpredictedtemperaturecontours
att=2softhelooselycoupledmethod,the
tightlycoupledmethodandthesynchronization
methodwiththeresultinRef.[14]

lycoupledmethod,thestagnationtemperatureis
386.339K(695.410R)att=2s;Forthetightly
coupled method,thestagnationtemperatureis
386.049K (694.888R)att=2s;Forthesyn-
chronizationmethod,thestagnationtemperature
is386.043K (694.877R)att=2s;InRef.
[14],thestagnationtemperatureis388.889K
(about700R)att=2s.Obviously,theresults
ofthree methodsareingoodagreementwith
thosefromtheexperiment.

Comparisonsoftimehistoriesofthestagna-
tionheatfluxbetweentheexperiment,theloose-
ly/tightlycoupledmethods,andthesynchroniza-
tionmethod[Fig.7(a)]showthatthestagnation

heatfluxdropssharplyduringtheearlyperiodof
thecomputation,butthetrendgraduallyslows
downinthetimeremaining.Duetotheinfluence
ofheatflux,thetimehistoriesofstagnationtem-
peratureofthesemethodsincreaseinthesimilar
trend[Fig.7(b)].

Inthiscase,themodeliscontinuouslyheat-
edbyhypersonicflow,thestagnationtempera-
tureswiththesethreemethodsareallfoundtobe
ingoodagreementwithexperiment.Thetemper-
aturecontours,stagnationtemperaturesandheat
fluxesofthethree methodsarealmostsame.
Therefore,itisacceptabletoapplytheeitherthe
loosely/tightlycoupledmethodsorthesynchroni-
zationmethodtoaerothermalanalysisofcontinu-
ouslyheatedprobleminengineering.

Fig.7 Comparisonsofheat-transferratesandtempera-
turesat stagnation between loosely coupled
method,tightlycoupledmethod,andsynchroni-
zationmethod

3.2 Mach-9.86flowoverathree-dimensionalbi-
cone

Themodel(Fig.8)usedintheexperiment
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wasfabricatedfromstainlesssteelexceptforthe
nosetip,whichwasmadefromMACORmachin-
ableglass-ceramic.Fortheconvenience,the
modelpresentedhereisuniquelymachinedfrom
theMACOR.Inaccountingforthevariationwith
temperature,thethermalpropertiesofMACOR,

takenfromRef.[15],areasfollows.
For300K<T<400K

ks=1.614W/m·K
For295K<T<673K
Cs=193.53+3.34813×T-1.00161×10-2×

T2+2.81125×10-5×T3-4.24805×
10-8×T4+2.33433×10-11×T5J/(kg·K)
For298K<T<773K

ρs=2543.84-8.0×10-2Tkg/m3

Thegridsrepresentingtheflowdomainandthe
bicone(Fig.9)consistof1436974cellsinthe
flowdomainand1048174cellsinthebiconewith
thesamediscretizationalongtheinterface.The
heightofthefirstlayerisdeterminedfromthe
gridReynoldsnumber[16]

Rec=ρ¥v¥n
μ¥

(24)

wherethefeaturesizenisusuallytakenasthe
normalheightofthefirstlayerofmeshnearthe
wall.InaccordancewithRef.[16],thesmallest
cellintheflowdomainis0.107mminthedirec-
tionnormaltothesurfaceofstagnation.Details
oftheexperimentalconfigurations,thetunnel
flowconditions,andtheexperimentalresultsare
giveninRef.[17].Theaerodynamicparameters
appliedinthissectionare
Ma¥ =9.86,α=0°,T¥ =48.88K,Tw=300K

ρ¥ =4.271×10-3kg/m3,p¥ =5.992×10Pa

Fig.8 Detailsoftheprofileofthemodel(mm)

Fig.9 Symmetryplaneforflowdomainandbicone

  AsmentionedinRef.[17],intheexperi-
ment,t=0sisdefinedastheinitiatingtimewhen
thesurfacetemperatureofthemodelbeginstoin-
creaseasitisinsertedintotheflowfromashel-
teredposition.Accordingtothetimehistoryof
heatflux,thetimeintervalcanbedividedinto
twostages.Duringthefirst0.35s,theflowfield
isnotstable,andthemodelcanbeconsideredas
beacceleratinginthissub-interval;theheatflux
reachesamaximumatt=0.35sandbeginsde-
creasingslowlyafterthepeakpoint.Assuming
thatthedensityandpressureofthefree-stream
remainconstant,thevelocityisconsideredtoin-
creasewithtimetosimulatetheacceleratingperi-
od.Kangetal.[18]appliedtheKemp-Riddellcor-
rectedformula

qwst=110311.7
RN
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(25)

Fromthetimehistoryoftheheatfluxfortheref-
erence,andassumingthatthewalltemperatureis
aconstant(300K)duringtheacceleratingperi-
od,theMachnumberduringtheintervalt=0s
tot=0.35scanbeobtainedfrom Eq.(25),
whichisdisplayedTable2.

Table2 VariationofMachnumberfrom
t=0stot=0.35s

t/s
q/

(kW·m-2)

Velocity
offreestream/

(m·s-1)
Ma

0 — 51.86 0.37
0.1 10 417.7 2.98
0.2 100 867.5 6.19
0.3 300 1229 8.77
0.35 373 1382 9.86
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  Forthelooselycoupledmethod,theflow
fieldandthestructuraltemperaturefieldareup-
datedevery0.1s.Forboththetightlycoupled
methodandthesynchronizationmethod,theflow
fieldandthestructuraltemperaturefieldareup-
datedevery0.001swith400stepspseudo-itera-
tion.Actually,theexperimentalenvironmentis
morecomplexthanthatassumedinthenumerical
simulationbecausekeepingthedensityandpres-
sureofthefree-streamconstantisdifficult.The
differencebetweenthenumericalmethodsandex-
perimentisattributedtofree-streamturbulencein
theteststream,whichisnottakenintoaccount
bythenumericalmethod.Moreover,thewhole
computationconcludessubsonicflow,transonic
flow,supersonicflow,andhypersonicflow.The
heightofthefirstlayerandthefarfieldofthe
gridaredesignedforhypersonicflow,resultingin
computationerrorsduringthesubsonicandtran-
sonicperiods.Furthermore,differencesbetween
theassumption(aconstantwalltemperatureof
300Kduringtheacceleratingperiod)andtheex-
periment mayinfluencetheevaluation ofthe
MachnumberforthefreestreamusingEq.(26).
Additionally,apartfromtheMACORnosetip,

themodelisfabricatedfromstainlesssteel.Obvi-
ously,asnotedinRef.[17],theentiremodeli-
deallyshouldbemadeofMACORglass-ceramic,

butforthisexperimentitisnotstructurallyore-
conomicallyfeasible.

Comparisonsofthelongitudinalheattransfer
rateandtemperaturedistributionatt=1.0sa-
mongtheexperiment,theloosely/tightlycoupled
methods,andthesynchronizationmethod(Fig.
10)showthattheheatfluxesandtemperatures
obtainedbyallthesenumericalmethodsarebasi-
callythesameinthenon-stagnationregion.The
synchronizationmethodperformsbetterthanthe
othermethodsincalculationofstagnationheat
fluxandtemperature.

Comparisonsoftemperaturecontoursinsolid
domainatt=0.35sbetweenthelooselycoupled
method,thetightlycoupled method,andthe
synchronizationmethod(Fig.11)showthatthe
temperatures obtained by the synchronization

Fig.10 Comparisonsofthelongitudinalheattransfer
ratesandtemperaturedistributionsatt=1.0s
betweentheexperiment,thelooselycoupled
method,thetightlycoupledmethod,andthe
synchronizationmethod

methodandthetightlycoupledmethod,which
arebasicallythesame,areslighthigherthan
thoseobtainedbythelooselycoupled method.
Thatiswhythesurfaceheatfluxesobtainedby
thelooselycoupledmethodareslighthigherthan
thoseobtainedbytheothertwomethodsatt=0.
35s(Fig.12).Becauseoftheincrementoftem-
perature,thesurfaceheatfluxatt=1.5sreduces
evidentlycomparedwiththatatt=0.35sas
showninFig.12.

Time-historycomparisonsoftheheatfluxat
stagnationamongtheexperiment,theloosely/

tightlycoupledmethods,andthesynchronization
method(Fig.13(a))showthattheheatfluxes
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Fig.11 Comparisonsoftemperaturecontoursinsolid
domainatt=0.35sandt=1.5sbetweenthe
looselycoupled method,thetightlycoupled
method,andthesynchronizationmethod

Fig.12 Comparisonsofsurfaceheatfluxcontoursat
t=0.35sandt=1.5sbetweentheloosely
coupledmethod,thetightlycoupledmethod,

andthesynchronizationmethod

obtainedbythesynchronizationmethodandthe
tightlycoupledmethod,whicharebasicallythe
same,areclosertotheexperimentaldatathan
thoseobtainedbythelooselycoupledmethod.As
reportedinRef.[17],themeasuredresultsfor
thetemperatureatstagnationare402.3K,461.1
K,and493.8Katt=0.5s,t=1.0s,andt=1.
5s,respectively.Similarcomparisonsforthe
temperatureatstagnation(Fig.13(b))showthat
thefinalstagnationtemperaturesatt=1.5s,

computedbytheloosely/tightlycoupled meth-
ods,andthesynchronizationmethodare482.08
K,486.30K,and490.58K,respectively.The
stagnationtemperatureincreasessharplyfrom
300Ktoabout500Kin1.5s.Similarly,the
wholeaerodynamicheatingiscomposedoftwo
stages:(1)Thefree-streamvariesduringt=0s
tot=0.35s,andtheheatfluxgrowssharplytoa
maximumatt=0.35s(unsteadyflow);(2)

fromt=0.35stot=1.5s,therateofaerody-
namicheatingdecreasesslowly(continuousheat-
ingflow).

Duringthefirststage,theMachnumberin-
creasesfrom0.37to9.86,andthestagnation
temperaturegrowsmarkedlybyabout50Kin
0.35s.Indeed,thestagnationtemperaturein-
creasesslightlyduringthefirst0.2s.Inother
words,theriseinstagnationtemperaturemainly
occurswithin0.15s(fromt=0.2stot=0.35
s).Theunsteadyfloweffectofthisperiodisvery
significant.Hence,thedifferencesbetweenthe
synchronizationmethodandthelooselycoupled
methodaremainlymanifestedduringthisperiod.
Theresults(Fig.13(a))duringtheaccelerating
periodcomputedbythetightlycoupledmethod
andthesynchronizationmethodagreebetterthan
thosebythelooselycoupledmethodandexperi-
mentdataintermsofaccuracy.Thisismainly
causedbytheunsteadyflowfieldduringthistime
period.

Duringthesecondstage,themodeliscontin-
uouslyheatedbyhypersonicflow,similartothe
twodimensionalcasementionedabove.Atthe
beginningofthesecondstage,therestillexists
unsteadyeffectinflowfield,resultinginthe
differenceofstagnationtemperaturebetweenthe
tightlycoupled methodandthesynchronization
method.Thestagnationtemperatureofthesyn-
chronizationmethodmatchestheexperimentdata
betterthanthatofthetightlycoupled method
duringthisperiodintermsoftheaccuracy.Inthe
followingcomputation,thetrendsofheatflux
andtemperatureofthesethreemethodsareal-
mostsame.
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Fig.13 Timehistorycomparisonsofheattransferrates
andtemperaturesatstagnationbetweentheex-
periment,theloosely coupled method,the
tightlycoupledmethod,andthesynchroniza-
tionmethod

4 Conclusions

Inthispaper,anaccurateandefficientsyn-
chronizationmethodisdevelopedforfluid-ther-
malstudyofhypersonicflows,through which
threemajorconclusionsaredrawnasfollows.

(1)Inthedevelopedmethod,theflowfield
andthestructuretemperaturefieldarecalculated
simultaneouslybysolvingtheunifiedgoverning
equations.Ascomparedwithconventionalcou-
pled methods,thesynchronization methodis
physicallymorereasonablesincefewerapproxi-
mationsaremade.Numerically,withouttheneed
tocombinedifferentmethodsforsolvingtheflow
fieldandthestructuretemperaturefield,itiseas-
iertobeimplemented.

(2)Inthecontinuousheatingproblems,the
stagnationtemperaturesandheatfluxespredicted

byallthethreemethodsareingoodagreements
withtheresultsofthereference.Itisacceptable
toapplyeitherloosely/tightlycoupledmethodsor
thesynchronizationmethodtoaerothermalanaly-
sisofthecontinuousheatingproblemsinengi-
neering.

(3)Intheunsteadyflow-thermalhypersonic
flows,thestagnationheatfluxesobtainedfrom
thesynchronizationmethodandthetightlycou-
pledmethodareclosertotheexperimentaldata
thanthoseobtainedfrom thelooselycoupled
method.Further,thestagnationtemperatureob-
tainedfromthesynchronizationmethodiscloser
totheexperimentaldatathanthatobtainedfrom
thetightlycoupledmethod.Thus,thepresented
synchronizationmethodisamoreaccuratemeth-
odfortheunsteadyhypersonicflow-thermalcom-
putations.
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