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Numerical Simulation of Hypersonic Flow
by

Nobubhiro Sekino and Toru Shimada
Aerospace Division, Nissan Motor Co., LTD.

ABSTRACT
Three numerical codes for the simulation of hypersonic flow are presented. One of those is for ideal gas and the
other is for equilibrium gas and the last one is for thermo-chemically non-equilibrium gas. In those codes,
governing equations, which are Navier-Stokes equations, are discretized in the finite volume method and Harten-
Yee type TVD flux estimation and LU~-SSOR implicit method are used. For the calculation of thermo-chemically
non-equilibrium flow, eleven species chemical reactions and Park's two temperature model are adopted. With these
codes, numerical simulations of the flow around the re-entry vehicle OREX and the flow of the arc~heated wind
tunnel test have been carried out. As the result of these calculations, some real gas effects and the importance of

the catalyticity of the wall are shown.

1. UHIC

FHEMDO O EICRBL T ABEABRERL
RETAZICEAT S0, AFEOMERDPOr v b
ERECESTTBUVBREICXSEhA I &IN5,
FE, CORTRELFESERITICE DT LHEE
ABORIIRITA I ENMTONTETE Y., ¥t
KB THIhETICW DD T 07 S AEEEL.
BREARICE U BBETEHROBIFET > T/,
AEOBBEREDOT—7 ¥ 3y 7Tk, Br DM
RUILTOISLIELAHEORREMOBNZD
FrRO#EREUBTEIET, B4OT 0/ 5L00
NN BR LA HDZEET, BMEETH N,
CITREXDRAVTVARBET IV, BITF®E
EOWTHBIZRX, 4B0OT7—2 Y 3 v TORET
HBOREX-AARC-AILDNT . 20 EERATT,

2ENOEBE T 0SS5 A

BEABAYOHNR., TOBELEFICLVB A
KEALT 2, BEIEFIZHEVIEAICIEKnudsenihs
REC, FHERELUTORVROSBELL S, B
DTFRBIIONHHEERITHY, BEHERER CEE
EOFEE LB,

o, BBEER TRBAOIFIGROTERN
REN. TOBRTREENELLdNY. SHEORK
B/EREOMERIEVET 5, LEREERILERG
DORURE &N OB U ORME T, Bk, (¥
TG, FERICOET A ENTE S, BEN+
DITHED BEVIELTL 2 EHEETROBE L
ANDILCIE > TLERIEOEE (LD, CopB
FEBTHIENTES,

HERICLIBE EFVREVBRICRKSETFO
NEEREIFREIN S, JOBORSEREOEM
Byf & SR OB R DRBERIC & » TIRBMIFEF
EREBETELVEEYHD. TOBAKRISBELE
HETHZVLENTTL B, ,

DEDIIUBEABRBAYORNWOSHEHENS.
BARBNT 077 L8020 AEL. BOICEL
THENFF TN,

FEESHEHRVARSFR~BEBHIIOMI TR
Boltzmann A BREZDSMCHEIC L O EIT LT A2,
EEAOFRICE LTI, FRAINSHERE U, #.
LFHTFEEORNICL D, BERK. T, 81t
EHFERO=Z2DT 07 I LR FEVFFTRITE
T-T3, :

ARIDT -7V 39y TTRINS=DONSEWAT
075 LZRVICGEHEET-7OT, UBTIRIODS
=007 075 LI DWTEAED S,

33IETIVEFE
3.1 2RIt

ERH AT RREERTERININSHRER
EU. CThEBREERICTERILT 5,
3.2 RO LB RBRS

G RDEEIZIIHarten-Yee D FEIE B 3, Zh
RPOLES+BERORR Moty v v 79470
TVDHRRFERTH S, TVDILD I HDEFEHEOEH S
ZHIRT 2HBEROANSIC L Y ERREEL DD
5. Ex O I— FTROW DO OHIBERAE &R
TEBRLIKULS>TVEY, SEDT—V Y 59T T
BHRME & UTRE OminmodBI A AL, M 2K

Thic dociiment i nrovided hv TAXA



14 HEERRF RN ER 265

BELLUTEHERT-TG

B R4 I3 AR LU-SSOREIE AT 5,
COHEBEVRBARENALFRELAEGDE,
OIBMATy TREERAE LTERLTE L
TRYI->TH D, BOEEIZOE HOOEXRIEFTS
OREZHR L. fi/EB0RESHLILLAZAT—
HETIhABEEMWMAAIET, VUV RT vy THT
BRINRFERB I ENTES,

BL. 400HBEON. FEROHETRIOAR.
T E (URBABAZ ENTEUAD D, LU-
ADIEIL &Y, BEEEAAEE A U TRIIERE
ﬁf}%-ﬁ'ﬂf:o

E5IC, ALERICERISFETRRIGICEIEE,
IRVF—-DEB/BREET Y — AFITDOWV TPoint
Implicit3IZ & D WAL RN REEZNA ., FHREOR
EHEREFRLTWS,

33 BESKS FEROHT

BRGGE FEROBEAOHEOEDFRFE LR L
Thb, BEDERNBEEIAETRIBNIHERONKG
PRESBRTEINAZ0IIH LT, FEHHROBAR
COMENERTABRCEBATENVLRAKRSH S, &
D1z, Fx ORI TRFEROBRORYIIHFED
B2 fhE I & D RD T3,

R EREKEDEAIZIESutherland DK T,
FHROBAITI AN TRE > T 5,

Ti. FEROBEOEROSHIITERIT ORI,
HNO7ors Mk FIEFELTH5,

3.4 LR ONT

L FEFE T O BT IS A/ DR B & RBY/ B
REEOZ>OBENERINAParkDZREETIV
ZRO. EELTXERYZSZBICT 075 LEBELT
bbb, ZETH{LFEIIN,ON,0,NOEZENSLDA X
vy BUe @115 T, NSHERR I 61158501t
FHEOEE. 3HMOEHE., KRB/ERTANF—.
RUELXNF—-D16DRFHERN SHRIN S,

ALERIED T TIVIZI3 21543 RG0S Bk % Park D
RIGETINERNE,

REBZEMIOOTHER, SOV — FRIREI TRV
F-DOFERED S DOZEIIHT 5 &4 ) Landau-
TellerB! OEFE T VE AL, B O REiIIMillikan
& WhiteDE TIMIParkDBHEHBRZMNA e b D% F
VT3, SiRHE TidLaundau-TellerBHOEME T
VREMYPERESE L. ITNEBET A BICHEE
DEMETIMILABESRRINTN A, 40
BITZIZ ORI AL THEL,

L¥FEF 6 & BFEFEHOHBIEROHRIIEROE

BEFNELTRIANLOATWS, ZOETIVRIE
Be— FRRRINTVWAFFIREITHNHOLD
HEBELEVE L HOT. BERIGOHARE.YL
£/EERE L R/EINCEEORFEFEETAI L,
RUBRS/BRSOBICHB/ERT AIREI LA VF—0D
VARVRENE LT, 2OSREEAAATNA,

BERERIEER U YosOREF > TEH LT3,
7. HERFORE INSEFROGERPEE
HU, RiCChoDFRHEZBEICL U TRESDE,
BATEOBERREKD 5.

3.5 BEmoiitofi

ACFEICHERELIEAIE. BEROMERORVIE
HEnh, AEORT TR, EROMERITLME
#HheeimEno b onE LTHRI,

FARENE S BETIC SO TRERICL ) Skod
Fe ZOBE. EATHREAFEERICLS LD
RET. BT CREELOEREEE UTEREEGL
T5, TREMEN L RERTOREHBNOZEDE
EARRTVETARET. BT TREDOARIZE
mICEDENEIORRERUE LTHEZED 3,

TAMBEETRELAOBOIXNF -OHEPE
BRIt E AL NV E—DHZERLET, TRIERE
BEL)SMBROFL MBI ENTFEEINS,

4.71—"0 7 VB2 OWH
BEEEROBNFICHE T AMEDO—DICA -
VINBEDHB, JOBRREBIBEARERRZT.,
NHBEL B EHIRPYBNTIERBRBONE (S,
H =N 7 VBB RIBEE RO 5
ROFEIGEYY —< U #EEERAVSGudnovBDFHE
EEAL, BERICBHUATREEAMULIWES
KIS EFERBICASNTINS,
H=NUoINRBEOHELUNAAZXLEREH ST
WEWAS, BEOFTHICERI NI FHERIERE
ETEALBRITOBRIEDIBEL. T JITHEK
I3 EMAESE EHEEOHEERILREEZES
ETHDEZEZONT VA, H-T. A=V I IV
ZOMHEN T ERAESERY A2 HF I AT ZM

lul
ﬁemgﬁﬁ ~
\\Xg -7
-3 0 3

1 A=V NVBEONH

Thic dociiment i nrovided hv TAXA



FREOMERTBEIANF Y v XYV DL R/XE 15

M3 ENFHTHB, BL. BEDLTNEIAK
BATAIHBEEANS ZERTE AT ITIN,
ZOBADATHEIBILE O HEE ORHERO
EETESOEMEBEERCTESETSZEICLD M
&h3 (K1) ., ZOBDATHEORIIEEELY
NEZL2BREORZXINIEKFET S, ->T. 206
F MRS S HEROBIIC L > THETE XL,
B2 ORI CREBLAFETHER S EMAERED
fEEABRHLU. ATHEOKRE XEHET 3 5x0m
PO, PEOALIRBETA- VI NVBRREHXZ
ZEIHEEIT> T 5,
5.5

RIBELA VT IcETO—KT. 48O 7—7
Y3y TTRRTORBIIGEL:,

FIEELULZE %
— . EEER
BEE | BERH | FER oot s
OREX-A [ 9 [ ]
OREX-B [ )
ARC-A-~-1 [ ] [ ]
ARC-A-2 ) [ ]
6.3 EOREX-A

6.1 AT
K2DOREX-ADEERFTH 5, SEITHFOH
BRALENS ZETREMSHEALZAETED:,
BFEI3100x100T. B/MEFIRI30.15mm (&L o
A ) VZERBHIS) & Ui, BRPZREMICRAEIYE 0 005 09 015 02 025

7:%. Sorenson D H KD THEETAZ#7-, EF Y5 DIERE [m]
®if. Tk, BRSKE DR BT TR AT -7 4 R RERIH > TOREO

6.2 AER
BOoNTBERESEENRRKTRLUICLONRKZITH 3,
{LERIEAS ERBBIZ TR IVF-DEDN B IoHIC
EEREROBE LAMWNICAD, HEREORRE
BiINXNE, BEOV— FOBROEHRIIETE
LD LI SICERERIIN (L5, HERIHE
IESCIEEY =TI > T BORBFOREE
PEEIGENIERWCHTH 3,

CDERESEHNREIRKIORS EHHRIZH - TORE
DHHBILLLCENTNE, BEKKTREERTR
DBEEH20,000KUL LE TEMBDIZH L. EFEH
DA/ EE IR EEI312,000K 2K, F&HiTid6,000K52
EETUMEERENSTN, FREONEDE D
D77 7ICHREILEN T,

F 7o, FEFEHHRBITICE Y 24/ DERE L RE/E

. SHEREEOSMIILENEC . JOKETREED
2 GH5H{-(OREX-A) SEEEPHT BRI N XN E N B,

Thic dociiment i nrovided hv TAXA



16 EFEHENATRFER 265

1.0
0.8
5
0.6 -
2 e
H N\ w
AN
R o4
t
— BESKE
0.2H - . JEEST
- :
0.0 0.2 0.4 0.6 0.8 1.0
SIEREIA D DEERE -
5 BEEGOENS 6 KB ¢ s FH (ARC-A)
# I BHEN
Cop Cov
BRI 1.19 7.80x1073
FFEH 1.20 5.95%107
B, i 1.21 6.69%x10°

HSBBEEREOENOHH O IE, RINTEHEH
DHET, RFDCIIENICL 2%, C, i3t
LEAHEAEZ R LTS, EAIOWTRAKETIV
DEVHEBEIZFABICIENT., C 3= L bk
LIREENLD, T, BREEETH A0 SEHO
FBEREMIL A DT, BEICL A Zhiclt
NTHEBITNENIEBH B,

K 7 3/ ol BERRARC-A-1)

7. BHEARC-A
7.1 3T
RGILFHEARC-ADHBILAWIBTFTH 5, BF
#13100x100 T F/MEFIRIX0.0lmm e LT, R
ARC-A-1 (BRer —R) . FHEARC-A-2 ({ERe
y—2) EHRUBRFEAVCTEHEERT -, VL
A ) WABIIARC-A-1DBAD0.5. ARC-A-205
BHOIBEICNS, BFORELIBOREX-ADKEE
LRETH S,
7.2 AHERR
K7,813ARC-A-1DH4 DM &/ EIEEE & RE/E
[MEREDSH T, 200KEDERRTELTH %,
BAEIRRENENT,267KE5,835KTH S, REVESR

FEEENFEROMNA TR LTVIOREX L
SN ERAHVEHRBICI D EER SN, K 8 RE) BAREEERARC-A-1)

Thic dociiment i nrovided hv TAXA



BLEWIERABEANSE Y ¥ 400 LRXE

8.0
X M OlEnRE
, 2///w\ o
6.0 el

B OE(10°K)
>
o

2.0
/ N
ﬁ!’”ﬁngﬂfg_ .\\L‘_ B R
0.0 5 10 15 20
BHEDD DEERE (mm)
B 9 &4 L8%HICR-> TOBEELL
* fbiges
o MR o, s
| ‘ N
0.6F—— 0.6
| |
i !
0.4— 0.4
;
i 0 0
0.2 === 02—
/~—#—-\_u_ ——___N|
PN o I~
0 5 9210 15 O 5 9210 15

RHSMODIER (mm)  EHEHNDSDIERE (mm)

K 10 &HSESICH > TOHKO 41

RIS AR > COBREOEMDEFTSH 5,
IZEDOREX-ADEE &aEu, BIMNEL. Z0i
BICRBIEFHEENRENI Ehbh 3,

K7~ H I SR BHEMBED LD THBH it
BHEEIZE T 2BITORRBITFIAKICN 5, Mo
BUDPRNIOBEME{DATHY ., 25605HNE
D& HIEREIEEITIIEMOREERBE U0,

K10IXARC-A-1DBE DA SHFITID - TOH
BOKNDEFEELILOTH S, REMBET
EMASE THRORBICEM LT A I Edbh 5,
6.3 SR & OHE

ARC-A-1. ARC-A-2D{Ed Sh o kR RIC
B> TOEAN. BLUMBROHEEE Uz DHR11,
12TH 5. MDDy U ENIEBROBERYAET,

17

0.4 0.8 1.2 1.6

BH =D DFERE /S EEF
K 11 kK micR - COELSH

0.0

0.8 12
T RS DIERE/ R EE

0.4

R 12 kKIS > TOMBERMD

EHIEBREZIT-BUERENY., MEARII
WTIE el & SE2IEMB O R O PPk &
NICERENC 5, HRAKRBREYNTHAD O RLMIE
BIZIENEZEZ SN DT, BITIIMEAERE DDA
BIREDL > THWB o & 5,

K1208R & D, BLBEETOMREIRZLEICH
Ko TREHMEED I SEBEOAXZI LN, BE
ADE ) UBBEEORET CRETGO BRI INZ
ROLSBIIKENFELEZ TR E0b0 3,

o, MBRIHBEROFOMETARICLER L.
EHASDLSEBOREIOE—-74b2& 9 U3 &
5, ThB3BNDEHHETA#MICEEL, BREN
FRBIDIKELZBETH 3B,

Thic dociiment i nrovided hv TAXA



18 7 FH AR AR 265

7.¥5&% 10) HEHEH. BRE. [BERETERRBITICET5

o b g o S ] ey GodunovB R F—LOA—NY T IVBRITONT] |
FRAREO &5 UBRERRAT SR oo st mm st 1991, p.129.
T ZORFTHEEAEADT—7 2 5 9 TOREIH 11) Lin, H-C., "Disspation Addition to Flux-
THRNERO— K2R Uice ABIO7—7 Y3y 7  Difference Splitting," AIAA paper 91-1544-cp, 1991.
BLTHOR -~ OERE~ZBDIZENTII®K~.  12) Sorenson, RL. and Steger, J.P., "Simplified

ORIHRIEUETHIESCEONE, Gl B T R S
IV —FTORENOREL EHic. BULFEETEE 73252, 1977.

BO LI NEETHREARARAA REORMERTY  13)  WETR. [7 -7 mBAERRZE N EATHER

WL o0k AN, BBEEMICHT sERN )« NAL-SP-22, 1994, p.145.

F=513, 754 T ZBDENBPIIVIBHIT,

2 LBB T EROBEBTORIAI T > T ( C

ERBHUIETHEEV, ZH5VIRT, SROT—

73y TREOBNEORDOHEEPLEROLE

&, BREEOBITOBROABLHIICULE

ERVECETH-1ER D,
ITRELRBALI S D BEBEEORENT

IR AR, BE. R0k, EEETFINOERY

HE BERIFIRI(IASY. SBDARELT

COABICBDBMATNENEEZ TS,

<BEYW>

1) Shimada, T. and Abe, T., "Applicability of the
Direct Monte Calro Method in a Body-fitted
Coordinate System," AIAA Progress in Astronautics
and Aeronautics, Vol.118, ed.by E.P.Muntz et. al,
AlAA, 1988, p.258.

2) Shimada, T., "Direct Simulation of Hypersonic
Rarefied Flows about Atomospheric Re-entry
Capsules," Rarefied Gas Dynamics, ed. by A.E.Beylich,
VCH, 1990, p.800.

3) Yee, H.C. and Harten, A., "Implicit TVD Schemes
for Hyperbolic Conservation Laws in Curvlinear
Coordinates," AIAA paper 85-1513, 1985.

4) Shuen, 1.S. and Yoon, S., "Numerical Study of
Chemically Reacting Flows Using an ‘LU Scheme,"
AJAA paper 83-0436, 1988.

5) Tannehill, J.C., and Mugge, P.H., "Improved Curve
Fits for the Thermodynamic Properties of Equilibrium
Air Suitable for Numerical Computation Using Time~
Dependent or Shock-Capturing Methods," NASA-CR-~
2470, 1974.

6) Srinivasan, S., Tannehill, J.C. and Weilmuenster,
K.J., "Simplified Curve Fits for the Transport
Properties of Equilibrium Air," ISU-ERI-Ames-88405,
1987.

7) Prabhu, R.K. and Erickson, W.D., "A Rapid Mehod
for the Computation of Equilibrium Chemical
Composition of Air to 15,000K,” NASA-TP-2792,
1988.

8) Gnoffo, P.A, Gupta, RN. and Shinn, JL,
"Conservation Equation and Physical Models for
Hypersonic Air Flows in Thermal and Chemical
Nonequilibrium," NASA-TP-2867, 1989.

9y MBI, [ 2REEFIAREEAMEEY
OFEY I 2 V=2 3] ( NAL-SP-16, 1991, p.141.

Thic dociiment i nrovided hv TAXA



BLREMERFABEINFE Y VRV LRXE

H-2 OREX 2bHodEEETIOBIEEIE
ERK ®XR* hkx B XK=ZE§ AH™

Numerical Simulation of Nonequilibrium Flow around the OREX

Hideo Nagatomo, Satoru Yamamoto and Hisaaki Daiguji

Abstract
A flux-vector splitting scheme newly derived by the authors for analyses of hypersonic thermochemical nonequi-
librium flow is applied for simulating the flow around the Orbital Reentry Experiment (OREX), which was

launched in this spring successfully.

The present scheme can be used for the implicit calculations as well as the explicit calculation only by replacing

the vector of unknown variables into the vector of the time derivatives.

In this paper the derivation of the present scheme is explained, and the calculated results of the flow problem

around the OREX are also shown preliminary.
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Numerical Analysis of

Non-equilibrium Hypersonic Flow around Reentry Vehicle
by
Takuji Kurotaki
Kamakura Works, Mitsubishi Electric Corporation

ABSTRACT

Numerical analyses of chemically and thermally non-equilibrium hypersonic flow around a reentry
vehicle are carried out. Three types of flow are investigated; real flight conditon (OREX-A-1),
hypersonic wind tunnel test condition (OREX-B-1) and arc wind tunnel test condition (ARC-A-1).

Axis ymmetric full Navier-Stokes equations which have chemically and thermally non-equilibrivm
effects are considered by using Park's two-temperature model and several types of vibrational relaxation
model. An efficient numerical algorithm of an implicit finite difference method is used, which consists of
the combination of LU-SGS scheme and Diagonal Implicit method for a source Jacobian matrix for the
time integration and MUSCL-type TVD scheme based on Roe-type flux splitting for convective terms.

Several numerical results of each flow cases are presented. Especially, in the real flight condition
(OREX-A-1), the influence of grid distribution near the wall on the heat-transfer rate around the vehicle
and the effects of physical models of vibrational-translational relaxation on the flow field in the shock
layer are investigated in detail Three physical models for vibrational relaxation times are evaluated; the
Landau-Teller theory, the SSH theory and thermally equilibrium approximation.
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Chemical Nonequilibrium Viscous Shock-Layer Analysis of Forebody Flowfield over OREX Reentry Vehicle

Kojiro Suzuki and Thkashi Abe
The Institute of Space and Astronautical Science

ABSTRACT

The forebody flowfield of the OREX reentry vehicte at the flight condition of the maximum wall heating is
studied by using the axisymmetric viscous shock-layer equations with the seven-air-épecies nonequilibrium
chemistry. At this condition, the shock layer is in severe chemical nonequilibrium and the wall heating rate is
significantly augmented due to the wall catalycity. The effects of the wall catalycity on the wall heating rate
strongly depend on the extent of the chemical nonequilibrium in the shock layer. Consequently, the chemical
nonequilibrium analysis is necessary for the prediction of the aerothermodynamic environment of the OREX
reentry vehicle. The results show that the viscous shock-layer analysis has sufficient potential to be a useful
tool not only for the estimation of the wall heating rate but also for the investigations on the physics of the

real gas effects in the shock layer.
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Hypersonic Navier-Stokes Simulations around OREX
by
Kiyoshi SEGAWA, Susumu NAKANO and Kuniyoshi TSUBOUCHI

ABSTRACT
Numerical simulations of the flows around OREX has been performed in a Mach 7.1 air stream by solving
axisymmetric Navier-Stokes equations. Hanel's Flux Vector Splitting, which is a modified form of the original van
Leer's splitting, is adopted to the numerical method in order to avoid an accumulated error appearing in the regions
where strong shock and expansion waves are generated and interact with each other. Additionally, the TVD-MUSCL

approach is applied to the finite volume method as a high resolution scheme. The two-step Runge-Kutta method is

used for time integration.
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ABSTRACT
A numerical analysis of compressible and viscous flow aound the OREX has been carried out
with the Roe's approximate Riemann solver and MUSCL type extrapolation. The calculation was

performed at Mach number 7.1 and Reynolds number 6.518x10°".
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Hypersonic Real-gas Flow Simulations
around OREX by a CFD Code

Masahiro NAKAO
Mitsubishi Heavy Industries,Ltd.

ABSTRACT

A flowfield around the OREX is calculated by the MHI three-dimensional hypersonic real gas Navier-Stokes code,
CHRIS (Computer code for Hypersonic Reentry Information Synthesis). The code is based on the Roe's upwind flux
difference splitting scheme with the LU-ADI time integration method. The real gas effect is considered using the
VEG(Variable Equivalent Gamma)method. Thermodynamic properties of equilibrium air are calculated by empirical

curve fit method.

The flow condition is Mach number of 20 and altitude of 62 km. The flow calculation is done on the assumption of

thermodynamic and chemical equilibrium. Pressure, temperature, heat transfer distributions are obtained. Results are
compared with other numerical results and good agreement is observed.
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VSL Analysis of a Thermochemical Nonequilibrium Flow
around the OREX Using a Three-Temperature Model

by

Y. Sakamura* and M. Nishida**

* Department of Mechanical Systems Engineering, Toyama Prefectural University

** Department of Aeronautics and Astronautics, Kyushu University

Abstract

A viscous shock-layer (VSL) method for thermochemical nonequilibrium flows using a three-temperature model

is presented. In the three-temperature model, translational-rotational, vibrational and electron temperatures are

treated separately. The analysis of a thermochemical nonequilibrium flow around the OREX model is performed

for reentry conditions at an altitude of 62 km. The results show that there is a very strong coupling between the

vibrational and the electron energy modes and the two energy modes are almost at a state of thermal equilibrium

under the present conditions.
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ABSTRACT

We have carried out hypersonic flow analysis around OREX (Orbiter Re-entry Experiment)
by solving axi-symmetric Navier-Stokes Equations. Two different flow conditions as we
calculated are correspond to a hypersonic wind tunnel test condition on NAL (National
Aerospace Laboratory) and a flight condition at altitude 62km, respectively. In these
analysis, we did not treat only a perfect gas, but also a chemical equilibrium air to
investigate real gas effects at a flight condition.

Our flow solver is based on a finite volume implicit TVD upwind scheme. Convective
fluxes are evaluated by modified AUSM(Advection Upstream Splitting Method) scheme with
a shock fix procedure using Hanel's flux vector splitting method for a perfect gas and
HLLE (Harten-Lax-van Leer) scheme for an equilibrium air in order to remove "carbuncle
phenomena" , that are unphysical solution often appeared on hypersonic flow analysis
around a blunt body. We also adopted a curve-fitting method to estimate thermodynamic
and transport properties of an equilibrium air.
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K2~58BLUHE1ICOREX - ADBIERD
Bl&ERT.
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Numerical Simulation of
Thermochemical Non-Equilibrium Flow

Ryoji Takaki

National Aerospace Laboratory

ABSTRACT

Numerical simulations are made to validate CFD ability for hypersonic viscous

flows which are thermochemically non-equilibrium. The calculations are carried out
with the Harten-Yee type TVD scheme. The LU-SSOR implicit method and local

time stepping method are used for time integration in order to suppress calculation

time and increase code stability. Also finite-rate chemical reactions of seven species

and the Park’s two-temperature model are used in order to take account of non-

equilibrium effects. Some results have good agreement with experimental data.

However, further validation is required in order to use CFD as a design tool.
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3 BREER
St I338E OREX-A-1, OREX-A-3, ARC-A-1. %2 ARC-A-1
ARC- A2 IZXLTH % o720 FNFROEEIIBIT
53 &L, 2. 3R, ) 437.8 Pa
THEEFEER R = e
ERE 3776 m/s
—E3 N 0.0508
# 1 OREX-A-1, OREX-A-3 0 0.2215
RESE N, 0.7101
EH 17.26 Pa [e) 0.0032
KEUKEE BE 251.0K NO 0.0145
RBERE | 6374 m/s EZEN 400 K
BE | 00K WHERE | TEEE | ZIERE (O | 22 FEEE (V)
WHERE | REE | FREE
3 3 ARC-A-2
K5 130.6 Pa
LS 1128.0K
HE 3976 m/s
—kRIK N 0.1591
(8] 0.2219
RESE N2 0.6122
02 0.0002
NO 0.0066
Dk 400 K
VEEE | HEE | S2REE (C) | 22 FREE (N

3.1 %7 OREX-A-1. OREX-A-3

CD,= 0.01496 CD, = 0.00485

CD, = 1.17999 CD,= 1.14876

3-a £S5 (OREX-A-1) 3-b EH 5% (OREX-A-3)
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n of Non—equilibrium Flow
onal axisymmetric OREX

by

KIYOSHIMA
Fuji Heavy Industries

Co., Ltd

YAMAUCHI
Subaru Reaerch Center

tract

Co., Ltd

KOSHIOKA

A two dimesional Axisymetric hypersnoic flow around OREX, that consist of
Non-equilibrium laminar flow, was solved numerically. Roe's flux difference
splitting upwind technique was adopted to solve the hypersonic flow that contains
strong shock stably. To treat dissociating-recombinating gas phenomena, Park's
5-species model was utilized. The numerical result shows Non-eqilibrium gas

phenomena behind the strong shoc
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H-14 #B8&%%%ND7—7° 3y 78E OREX A-1 and A-3

FHE%IA
RUZETHIW T ZEET BT

ABSTRACT

We solved hypersonic flows around the OREX as an entry of the hypersonic CFD workshop. Here, the subjects OREX
A-1 and A-3 were chosen, being ideal and non-equilibrium gas flow problems, respectively. For the the non-equilibrium

gas calculation, Park’s two-temperature model and Blottner’s 7-species chemical reaction model were used in order to

take accounts of thermal non-equilibrium effects as well as chemical ones. In this computation, we used a generalized

Roe’s approximate Riemann solver extented to the second-order accuracy by Chakravarthy-Oshers” TVD scheme, and

employed an infinitely thin three-dimensional control volume in discretizing the full Naiver-Stokes equations under

the axis-symmetric assumption.
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Summary of Hypersonic CFD Workshop

National Aerospace Laboratory

Yukimitsu YAMAMOTO

Abstract

in the perspective of Japanese space projects, the knowledge of high enthalpy and high Mach number flow,
occuring during the atmospheric reentry of space vehicles, has regained recently considerable interest. The need to
support aerodynamic design of space vehicles under the enviroments where experiments is very difficult and costly,
has driven the use of CFD. Hence, CFD workshop was held at NAL in June, 1994 for hypersonic flow problems. Two
problems are proposed to the participants; Flow around OREX(Orbital Re-entry Experiments) and Non-equilibrium

flow around axisymmetric cylinder module in an arc jet.

This paper summarizes the computational results and

discusses future improvement in the analysis of high enthalpy and high Mach number fiow by CFD.
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OREX-A ®KEH RU BE
A-1 A-2 A-3
[rve -2 FE ¥ 3F T £
&5
Ppax | Tmax(K) | Pmax | Tmax(K)| Pmax | Tmax(K)
1 0.944 12620 0. 961 5874 0.912 20586
2 0. 931 12194
3 0. 964 16877
0.961 15721
4 0. 963 14087 0.921 20457
5
6
8
9 0.99 5965
10| 0.962 19800 0. 969 5950 0.921 20300
11 0. 961 5848 0.921 20472
12| 0.961 14115 0. 927 20340
13| 0.966 10114
14| 0.949 15248 0.918 20321
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1o -2 T 2 JEER  (GEmR) FESFd
5
Pmax Toax(K) Tmax | Tvmax(K) Tmax Tvmax(K)
1 0.919 695 7267 5835 7645 4763
2
3 0.923 690 7329 5997

4 0.926 692

6 6780

8 0.927 693

10

11 0.930 695

12 7251 5798 7534 4220
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Qoax(M¥/m®) | Tvmax | Nemax(/cp®) | Quax(MW/m*) | Nemax(/cm®) | Quax(MW/m?
1 0. 3889 73317 12. 3et12 0.727 12. 1et12 0. 6453
2 0. 1509 8282 —
3 0. 3487 7396 6. 55et12
0. 3468 6986 6. 63e+12
4 0. 3320 18. 2et12 0.544
5
6
8
9 0.244 6.99e+12
10 0. 3370 7210 3. 13et12 0.207 0.855et12 0. 735
11 0. 781 0.605
12 0.5185 16. 9et12 0.687
138 0. 6689
14 0. 3680 6248 18. 8et12 0. 709
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5 0. 120* 0. 9235
6
7
8 0.112 0. 9266
9

10

11 0. 104 0.9303
12

13
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A-1 A-2 A-3
Irve 3 ERE ¥ e £
&5
CDp CDv CDp CDv CDp CDv
1] 1.20 0.0060 | 1.21 0.0067 | 1.19 0. 0078
2] 0.7 0. 0014
3| 1.21 0. 0049
1.21 0. 0049
4| 1.21 0. 0030 1. 17 0. 0042
7
9 1.35 0. 0031
10§ 1.31 0.0034 | 1.29 0.0046 | 1.29 0. 0055
11 1. 21 0.0046 | 1.207 0. 0058
12| 1.18 0. 0075 1. 149 0. 0049
13| L1.37 0. 0038
141 1.20 0. 0036 1.207 0. 0050
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OREX A—1

Ik °F i i

OREX-—-A HERE

=33 652 Km
E & 6374 m/sec

EH 17. 26 Pa
BE 251. 0 K
BERE 1500. 0 K

Thic dociiment i nrovided hv TAXA



118 EFHBEPHAHEREN 265

OREX A-1 3FE¥i% HEHiX

H-3-(1)

H-3-(2
( Pmax = 0.9637 ) ( Pmax = 0.9614 )

OREX A-1 3EF#E FHisX

Thic dociiment i nrovided hv TAXA



FLREMERAFERNFE YV RI T LHXE 119

H-4 H-10

Pressure(non.~dim.)
( Pmax = 0.963 ) ( Pmax = 0.962 )
OREX A-1 3F¥LR EHX

H-12 H-14

( Pmax = 0.949)

Pmax = 0.9612

OREX A-1 ¥R EHEX

Thic dociiment i nrovided hv TAXA



120 ZEFEHARARFHIEY 265

H-13
Pmax = 0.966

OREX A-1 JE¥nH FEhHies

Thic dociiment i nrovided hv TAXA



FLOMERAEERNF Y v £ U0 LAXE 121

H-1 (Tmax = 12620K) H-2 (Tmax=12194K)

OREX A-1 ¥R HFREMR (%, @)

H-3-(1) (Tmax=16877K) H-3-(@ (Tmax=15721K)

OREX A-1 F¥f FEEEXN (B¢, @)

Thic dociiment i nrovided hv TAXA



122 PEFHBNA RSN 265

H-4 (Tmaxi= 14087K) [/ H-10 (Tmax = 19800K)

OREX A-1 YA FEEN (g @)

H-12 (Tmax = 14115K) H- 14 (Tmax = 15248K)

OREX A-1 JEFfE FRERX
(g, @)

Thic dociiment i nrovided hv TAXA



FLRENERAEEZR]NFE L VRV LRXE 123
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Pressure Distribution on OREX (M=20.13, Ideal Gas)
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Heat Flux Distribution on OREX (M=T7.1, Ideal Gas)
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