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A Numerical Analysis of High Speed Flow over Blunt Body Using
Upwind Navier-Stokes Method

C. O. Kwon , S. D. Kim . D. J. Song

Abstract : In this paper the upwind flux difference splitting Navier-Stokes method has been
applied to study the perfect gas and the equilibrium chemically reacting hypersonic flow

over an axisymmetric sphere-cone(5°) geometry. The effective gamma( Y), enthalpy to

intemal energy ratio was used to couple chemistry with the fluid mechanics for equilibrium

chemically reacting air.
number(15).
than that of perfect gas shock.

The test case condition was at altitude(30Km)
The equilibrium shock thickness over the blunt body region was much thinner
The pressure difference between perfect gas and
equilibium gas was about 3 ~— 5 percent.

and Mach

The heat transfer coefficient were also

calculated. The results were compared with VSL results in order to validate the current

numerical analysis.
however, not well at near nose.
studied to improve the solution guality.

.M =

[

F2EF YA oMY FHAY € BHlE

o o AFL A $FGY] IR vl
A R AFAC] i TR HUL L Uk o)
g v F9el Aohke AT YL =3
v 4, ¥ L 9 Y(pitching) ZUES] B
FYLE YIAA Hu ) A9 E4e APAN
R A7) ¢ ofelE Aol & %o
A U gA7E 25E/F2 8502 vt & 250
AL HIA 2ol 71Me] yiReuxiz Mast

=1 Fatitta 7148 digte
»2 Faditta 7)AFest gty
*3 gt 7]Agetat

The results from current method were compared well VSL resulis
The proper boundary condition and grid system will be

o §5%0) & 252 sHdse] ZlMEA AFY
Ae of7), F718) £2b s (dissodiation) X ol&s

(ionization) @422 Ak K3l SAske AT
vl 2 233 B4 & 4L ATt oY
3 e IV FAYA R A sl
Poluhe A4z I A5ME ESa glont o
E 233 ez AN o I o] g v)
4 AR R xFo] Fadee 27] HAGANS &
€Ho2 AR F e FHAHA =77 s
wetd, HARAFTRHQ] H2L 5 WA F99
A% {5 /turbined W nozzle 5, HE718 4
A% #4E B&3on AP vlE, HE At
9 xFHoz & 5 Jous 27|FR (prototype)E Al
Asgt7) oldel Z/1EA R g wie Fe3ich
F2EE 758 HMsked QoM TP F_E Bol



124 AL - A¥Y - 55

3 A A 385 A

F il BQ 84 Fge49 45 deld
284 uYNdE e 23 AYS A7) P AA
EOE FRslEANel o Fo@ AAdAsl €k
e 32eS ujPAl S5 FARINY QWYL
ol WRn (Rn = W7)el vlgsins 9¥ees &
o7} sidte) A Ix8S $FulNAY Qe
284 vla), AIYTE 9o R 24 YuE 7}
AT gtk 2xeL wPel B eI &
oyt $5 vigA AAPINE £FuA

“0rolojo} goz P BA Felol BE ¥ mYe

45K bow shocd)Z 18t B Adz)7t 3718
Zidsher ARRE R ddides A& AUt BA)
g 71gsie] Aol dig QAe 4 £9 ) 4%
of B4 A7t 3284 vishA] AAA Wol AR H
3 Atk FEEE FEPIA Fd BA FHd 4
FHQ Hxo st 1963 Moretti 9 Abbett{1]7}
AZMA F 82 (time marching finite difference
method) 22 T3IATE  ©)9h & ARRE AR/Yes
A4 A 53E Ashe AL AA G F
8% $AL JHAY FE= AV7E HeH, ol
o} MacCormack(2]e} 7% A H(explicit)e}™, o
2-44 (predictor-carrector) 71H Y % AHEHol 70
ddig} oddio] Fd X F99) &4 old-%
5998 szt BEAsA AREU

A ¥F 5 ¥ A0 AL 83
o2 F284 ¥)NAL vEH AA=@0kn ~ 4
km)ollA viErele Aoz & U5 5
o2 FEF B FEZ T A FLAZ0)
Yy 5y ARiRg uig ZA =9 o3¢ IS
/47 HY(equilibrium) “Fefol] Fo)A €ch
olgigt ejol e 3HeHa e, speciessBEEEC] &
A F52Q8 H-g3A g ol g 34
< 3719 sl ol23} sehikgol dojd 4 3L
I EY 92 € BA9 o R=Alold] oz wgt
(83&E, YALE, AFEE 2 AA9Y) Mz

gold & Aok FFe] IAY 2 = A

& AR, B4, e ¥ ARPe) PEE) 5
olRolAp] Fxe& vlPEEe] el Baizlel 3
g0 Zu¥se) ety Be 94X WHo| o)RojAe
A$7} wek ,
A% Be o2 Vsl FrIE WY YAV
2 7% & 9 Sio) wEl()E L4k ohd &

=9 vt 94 Gk aA3ElelA ZIAgE 3
SA71A e YWE Rojus AE 7MERY] Wi
yzlzl &xo] udgHoz  orlsely 4
(thermally) @ 71R o1t sjeighgo] o8] 7148 T4
e AR FH9 o) W) wEe] dFHe
2 QAR A 7] djolot.

AA7) A (real gas)fsel ML o] B AF
7} o}FolA gom 5% Vinokur®t Liuf3]E upwind
flux vector spliting R difference splitting®'del A

& A9 ¥E Adly AFE AAs =Wt
24 FYZIAE #HNY = e PEE 4T
Liou${4]€ upwind methodell X A7) 458 24
Hog EAY AHIHYEOS)E o183l A3
oy Covierl5le °loize AAAH e
LUSGS¥el9] salverg o83t I284 comerf-%
& #Asigct. 9 Feereisen®} Venkatapathy[6]E
Plume 5914 Belmholtz free energyE H4 3319
by APS, ¢3S Datond] ¥HIoz B
p = pe(y-1)2 ¥8 7§ Tohe Woz 3y
7149l B4X& AUt Saladino¥{7]e AFE
(Aercassisted Flight Experiment)d 3 A€y 559l
Ao AA7H BT 53 Q7N Hansen(8)
9] equilibrium gammast QYT WY AR g A}
43¢] PARCZD Codeol AANA #EFAEZ w23l
BYdeel A3 SRS P ERINS B
AAE Hansen[B]2 248, HE, SM: A5 ¥ 4t
Al kinetic theory 2 -8 739t}

19508 H8 1970 F9kA] olze 7t B
¢ F2EE R HYo] TY g A7E wy)
£ 94 4 e ol dA3d AAz
9 v g g oo &M Navier-Stokes'4] thale]
Bl dg WP ZA|1Eol&(Boundary Layer
Theary(9)), HAEZ3(Visoous Shock Layer{10])
R Parabolized N-S[11]1%43& F3t Q7oA &
ony 1909 o1F VAR FHE AFY =
Hol9] west 4 A A guFe) YdEE H3PY
5 99 M E &H Navier-Stokes H< W
U JeEA sta Aok 84 434, "4 @A
Navier-Stokes FA4& F& $X13 ojiits} Wy
A Bl FYH28e FHEYEE AR AL
3= BeamWarming®] SARIGE M Approximate
Factorization)'$43 59 SAJe) o) Ay T2



1%, F1, 19%.5

Upwind Navier-Stokes ¥4 4 & o|4% £d &4 F99 453 84 125

P YR ALE S A she FdRHREeR
e & ok

FAAEY(Upwind  Flux  Spliting  Method)2
Steger-Warming®ll 2J$ Flux Vector Splitting %d
(lux jacobian %] TFA] ¥3o & Fio
F#3)[12], Van Leer?] Flux-Vectar Splitting #H(
£HrE o) 83l + FY2E FHEFozA $EF
5 Bd&d FHdA B UL A%E B3],
Godunov SchemeoliAl T U3 Riemann®i thAlol
EAugel &) High] AR nHHE
o] P4l ol4% <Al Riemann HE THOEH
Z219] interfacelt BB 23)0)E T3 Roed] Flux
Difference Splitting(1418 R S494, BA¥S, R
BEWU4ZE] Ay PEy afR)0) B3] o3l &
Y28 ¥ Lonbardd] CSCM (Conservative
Supra Characterisic  Method) Flux Difference
Splitting *H([15]16])(1715°] Atk I F Lombard®)
CSCM e oha 371A] el vj3le Fo)g ¥z
3ot mE ALEE Upwind H4e] #e A3,
2-33 AIAFA] A workstationd HFEIAME A}
£ Fsdd (A=A ADI solver7t 2= )
jet-interaction FA (1815 BAFE $<3ia
EHadt BASE s8o2 FE2 va ok aEA
olgigt CSCM FdaHtHe s F284 v|ziA] LAy
e 3, 2Qkoz AY 719 ety By JeE
Y 4k

& dTME S22 SulA(sphere—cone(5 ° )
T B4 F99 @34 714 2 3ehy 5y sjAQ
A% A4 58 v 3y Yo Mg we 1
S 30km)oll A ekl 1591 739l disia AFs] B
Ak

2. 27X X[uiEbyAl 2 of&Et J|Y

2.1 BAxREH

2-D, ¥54, HAEFAME Navier-Stokes T84
8 22 Felz O F9 FFEACN FAEHE o
<3 2o

9g ,  3F 3G _ _3F, 939G,
at " Tax P Tay - ax ' ay ®
714 widAd B F, G, FAY B2

F,, G,s 8838%F o= 42

F= (pt{,pu2+p,puv,u(s+p))T
G=(pv,puv,pv?+pu(e+p))T

Fou= (0, Tax Tay, U sx + 0Ty +kT) T @
Go= (0, T xyTyy, UT oyt Uy +kTy) T

q=(p,pupv,e)T
Zhgict z2lm FeluA] e=p/ (v-1)+1/20(u?+v?)
o, MW WA PE R p ol
p/(v - 1)2 A& =51 ok

SAEY UM vl EH2E AR =
AT (similarity transformation) & ©]83l &
3 o] o YeHZE 2 = ok

9. F=A0.q =MTAT_IM'I3xq (3-a)

=MTAT '3,0= MA 9d,q (3-b)

=MTAd g (3-c)
g7\ A =TAT ', g=R& W g=9UA ¥
q = 84 ¥s

w4E Av 499 3FAQ (y, uy, u+c u-c)y

€ 1 922 ZaYtk ¥F g g, g Ablele o
3} g AL Qo

M

2i = Weq 25 = Tag,

M #38e 9NH4 g & BEUG g2 YEAAS
o},

faYy) _Ap
2| deul_57 | POU)_FFAC
Ag= = L = A
g Apv pAv M2oq @
Atg AP
S e YA REE B4R uiEFEe A

goln ol The Ao HE & 4 ok

TYA b=T (T Hog ©
= AT 'Ag=hbg

T1 gae gAuse S48942 lHSE 3o

o] Yo} gtew vlslbE t4logarithm) AHEYE)

2 o] = AY scalingd ARSI ojst e



126 AL - AAY - $FF

Agze T lgae =0 & Wie) Fo¢ =4
ol 8 47} Ik Ui B Wz PE ALgst
o nfAe 3ol e} AF & AF'st AF
2 e ARE AG-HE AHSSE tes g
AF=MT(D'+D)T A’ 0g=AF'+AF (§)
A7\ AF'="MID'T'A’'Ag ol

p'=t(—A—s), D -

A
bal ]

S0k
D'+D =], AF'+AF =AF

Flux 38 2& ¥ g8 o83l EANgo=H
CSCM flux difference splitting *'d-& Roed] BE 3
g2 Jeld $7} o

AF*=MTD'T ‘M Ag=A'0gq )

2 2 +x|& o|itst

FTAAEYE o83t UNHA ()EA - A
8 FRAE PHHLE V1S
(ITA'VHA'A_HB'Vn+_I§'An)5<1-;i 3 8
= CATSQLym AT QY B A Q)BT oY

n+l

""" = ¢"+3q
7N AV E Y R FYIN Aot
AR 9% 24 U5 ¥HE ¥ Lombards
(6ol °18¥ cizkx)sk ADI¥4Y #& Douglass
~Gunn[19]9] SARIFEHE =W 4 @t o
3 Fo) 29 I 4 Ytk

(-A" D, A)(-B"I,B )sq;; =
(-A",D,A")DX(~ B",D, B )5q;(9)

47\ D = [+A'-A+B'-B .
4 @t & WY n BYeE £AHSE block
tridiagonal FEe}E T2 FolA 3q;; & T3 o
< 4 (103 o] "r}
(-A'D,A")sq;; = RHS
(-B',D,B )8qi; = D3q}

ague A2E sie S gl T3

it

10)

a+l _

qii = qij *+ 3qi
#Z8)= RMS(root mean sqaure)ol2|7} Z7|xgR
B 107'% oj52 Wojune) Y% 2o g

2.3 ZA = # AXA

AR RAHflly coupled)® AR =
AFPHE Lombard5{16]9] 54 ZAMAA) o))
T 47 dom BE FANAAL REasy 94
BE2M el 4271 Qo7

2HY/EN FEY Aol 9T AAzPess
23499 Y3 eniropy, total enthalpySt YT
9 FEEET le) 8213 HAZHo] ALEHD o}
S5ddels 119 £33 FAz3F 3709 2oy
BAzAE) AFRE 23HY 284 FAY H50
e FAZELE £d BAY AAY 44L o o
FdME dARAZARE, WANNE Hx 2AL
ARSI, ko] Wi AAZYoZE Hdo:
TEXAE ARSI W 2T AAzPos:
Z25E fF A 232 A |54 Wi o)
Ak AR Ut alsie Aj2)siych

Az 8L FOiy FUEA F9o] digeAel
transfinite B.7PH-& AMR3te] FAIRATE  vlsis: 15,
3% 0 km A BSAME Azt Je AFE
Aste} & 7MY el dstd 4 7] FAAB
X60, 60X60, 60X80, 8OXR0)ell izt A=A
Al S 3o, Fy 7|A 4 Bl 80x0 73
Sl diste] At s

2.4 12 7Ix2| 24%

43 AN dFH o2 HAAZAQ B¢
A C, % Coe 71AEA RFeluRe] 979} Q4]
EA Az £5o] ¢ AxeluixZ AP L5
Feroln] cgdu9} UjReuix] 3t &x3te] §epol
ot BeidAg4e Datonl ¥HA p=(pR/ M)T
€ H_Y 4 Ak e SaladineF{7)% 2o)
A€ v Qu|(dgd- WRoux) v)E T 7
e 2g o] &9}

p=(v-Dle-p(u®+v)/2).

F28E #3INE AARA VEUNY o)



1%, B18, 19%. 5 Upwind Navier-Stokes A4 & o]4# £d B4 F99 453 4 127
(excitation), EAFEe] #e], Aoz A sehit 3 1 $AAFE

£ o)edt wAte] AME 2] ol w4
oz blg Cp, Cu, 2 B]%“](Y’:C‘JCU)_‘E- A
o] 7t Jek FAY A 8WKeldelA ol @
A7 Uehr] Alzsis] tgle] 171jbeM 20t
00K ol2d 0.9 3helst Aztsla 400K =)
029 #E)7} Tus, AtA] gL AAgzlz 3
A7} Rk el 4000KAA No7t #j2l€s] Al
s g0OKelA #2743 Fun, §H NO=
HuA ¥e ol NO'Z ol23lgt

2 Ao ARRE By JAY EHXELS
SrinivasanS{20]8] curvefit#@ Aoz HE FIIL
o, o] WAL HY A9 AHFEL Y AR2
BE| 2&F GrabauBEle) 8 ol8dld 7 2%
goolA ReA AAAR wAAelct  old W
HAEL Aol 92552 Jacobian matrixZAHA]
s vo EIUNE 97/ dp, 3v/3p) 5&
A gafo] 1 d4Adol Exlde] gl Aes @A
Atk #Aj9) %’e}i}{v—‘ﬁ% FAL gee YE A
|37 & Helolmz 9 3pE 2AXm 2
Fato] AN Y9 #E arvefitdAA o2 RE
AR

£ dF9lA= Srinivasans{20]9) curvefit A4
o2 ¥ Fre #HY BAEAQ u]Fu|(effective
v AR U] u)E RA sl ARSI

3218 4 E9

FEFE FOEA F99 57 HY

olg} & EATA 712 @A/ H
% Zd|A Navier-Stokes =& AF3] sl o
&o] ¢ 1 {5HE AN Az
Table 13 2o wldle 15 T%E 30 kmE B] sk
WHgo]l 1 inchelx, FAHolst whRel 4uidd
X/Rn=4) &d1¥ sphere-cone (5°) (Fig.la) 919 4
4 e SRS BY NARLE ARl A
Aksioict

o] ARAY L YT Azl FYL BFP)
S8t @A7)A Navier-StokesZEE 47H4]9) 2z}
| 35%60, B0X60, 60X80 E 80x8ell thste] HajA)
FHAEL Sk Fig by 60X60 FAAS) Fig,
1 80X80 AAAIE RoF3 ok ulelse 15 1
% 30 km, golE24 0142x10°¢1 4|8 Alg=
A& AHEEL g 290 4714 dAle) diste x
WeEe me Wy QJHPES v)ms] Bgich  wwg}
Ae 7R A BF A9 F A3 Qlovt Hx
80 FANE Flnose) oA ohe AapA|s vlm
3l &0 ¥ YYHEEE AT US4 7
ot oA IAXRA FAakel HA) ke Hat
Aske e Hgoz MG Roz YWk TFig
3at 60X60 ZAAAS} Fig. 3be 80X80 ZHAARIA
2% sphere-cone(5) 9] HESANE 42t U
B otk ol2% YURE FuHoINE ¢t
ol g Fd EA9] IFE-E ApEA w2A it
Ho) 343 Aadhs AL B & Qo0 F 3%
BF e YHEIE BEFT LS ¢ F Uk
Figs. 4a%} 4be 60X60 ZA=IAIR} 80X80 H= A elA
v}t SRS A ¥eiF3 ok B mRE
M e F2Te] gt o}gLgHo) EXdin ¥
PEA2 AP F50) 28502 vlFy 2y
EA Qo ¥RG FFA) s dHUeL
71 Qiek

3.2 %Y HYH %

Fig. 5& &4 Ygoae WulHEEE Yy
A 734, ¥4 Euer, HA Navier-Stokes'$™
* AEFFEANR(VSL) IdAAYem T
Thareja[21159] AoEst vlmaiget. 284 W4
&3 MYFIN-S, VSL)E A9 FARsI oL v
34 Bdery e AU Afud R g
YU EEE BeFTn gtk FYPO)A URA
Navier-Stokes'§¥22 QL sie AAH IHA
S8l AEF 97 olgige) wtoy HAE Uy
AAzAI 24 AZARA L e gL &
AN

Fg 6& #aidde] Huleis ¢as)Ast
FY7INY F4ol dhiste] vimg aeltt. $4 &



128 AL - WY - $FF

5 A A T 85 A

AN, Y7 250t FAE G0N Ao
ofEstAl F FE AL ¢ F A HY Ay
HARHEXI} AR el BAY A5
2o ok o 201H3~5%), FLEAR RS o F
CAY Aojg BoFT vk =G FAHIMY =
< o] YRR AUBA {59 /iges we
7l §aso] I3 FAse #4L ¥ 41 o
oA n&:Eo] o 3jetE FYs|H FYPo=s
FAEAe e dEe] davlAyc o =
onf o) $Fu|gAI} AT di7]dL AXNYU v)
Ao HYRAUEE B} of o2 thEo] u|PAE
Bl & 47 Atk WA f5Y e
HARAE ot ohe} AL L FAH0LEY o3
T 3o F7ple 98 dd

Figs. 7a% 7be "8I 15, 1% 30kmelAel &
x 80AAAl] st ¢A/AGES FHIAFEY
AARE( p/p=)5IAE BAFT Itk Fg. Ta:
$A71ATEY A2 FUEA AW Ead gw
¥ FE oA A e, HyAAEY
339 Ee)A2)(shock stand-off distance)?t @47
AFEe Fec o A58 BojFn glckFg. ).
oA AT FeAYE Uxy Flo vl st
HYsehg n&R/-F59 ZH9ol 2AMNE AU
o= 4= 717t 7| ARt 94 o
Av2(p2/p1=10) &5 EelAs S/ 3

Hr/p1=0)RT TS gholRg A 4 YTk

Rk & WUxel €Y e & 9%
< FAe geth

Figs. 8a%} 8t sphere-cone F919] T4 @
A7\ e}t BYA F50) SRR FIHE AR R
oF1 3t} Fig. 8aZH¥E wlsle 15U0 SA7AH
Y AAA A9 248 FAF x5 9F 10000
Keolitk. @4 vlsls 15 1= 30kmAle]  B¥7)A
9 §5A 280 A¥9 257} oF 6300 KAEE U
Ehm(Fig. 8b3=z), @A7IMe] uls) Jdiges o
§ 2 2EEEE T olAE fFel 12
7t SEA F71EAe AFAYA o7, #a #e, o]
L2371 dolyt QAU E FF3 53 255
2)7] ojfolct.

Figs. 92} 9ot &A7)Aet By 759 w3t
FEE TaAE BoFa gloy geA dFe |4

e $IY & AUk Figs. 10a% 10be wp8ks
15 1% km¥ A SANAREH BHNARE
9] Z% £=¥Eg {FAHE RAFT 3lew FAF
P4& & 57 Aok Fig. 118 ohF i 714
2do] ¥d AR iy 992 ¥lwde a4
oln} ¢A7|H N-SHst HAFARS Wt M= &
YRS FAH Pl L Aen, BY AL
48 o 3~5% 1 o #e A HAY 5+ A
ot Y7 HUQEEXR dit dge PAH
F2o gl &, 2ol ot £} s, o]t
2 Al vis vl FkorK Machs 15 o
o} 3~5% ), shRelAE oi$- At

Fg 12& ¥oA 1888 Fd Pl disio
B2 A PHA VSLF wiwst ¥t §d E
A HEAAN ®E FEAURAZ €4 oAz Eg
o2H F& FAYEE B4 F2 o] TYE A
Ui st 227 $AHER dAEEe) 343
A Zolee 2L B 471 Aok 3 el §71
(ump)EE @4E 57} et o)RE HAdAA
v $57}1 070] HA| ¢3 9AF AL A2z A
HollA ot FFFAA AHE7HRT ASE ¢ w7
AN Ty AAFHozE HAME AYE ¥ 97t
A

4. 2 E

B30 71238t Jacohian 3ME 31Hx9) B
Io) wE} AY F& PR e TRy
Navier-Stokes =& AME3le] a1 o% 18 A
A Fr5ge AEHoz Nt

SAZNH RdE ALgEe tloFg AAAE A9
& A3 60x600lde) A=A sphere-cone(5)
TFHe HE AR} A FdsA UL ¢ 5
AN 080 ARAZL 7 F& HE BY FU
o @374 N-S wueEYE VSLuhHe] %
YHEZY A9 FABH d&E9on 538 YAH
F2olxe g ofZe] o)¢ viaic)

BY71A N-S HAGHEX A7 = VSL el
g eI} FFHoz A AR ¢ 4 o
Aot HY7)A N-S A3 Y 22004 %50
Aste 7h @47] ol e MY oA A=A ¢
Azt £Xo of$- wIZEA whg-sich

HFY7IA N-S EadyExE M=15 1%
kA g2 gelA] SA7INETRYG AAE  dGolA



Ea1d F1IR, 19%. 5

Upwind Navier-Stokes W3 4& o|4% Fd &4 £99 {57 34 129

¢ 3~5% 7F¥F Eton @ A B/
245 27 S JRRG FAYH 99
oA gigtort SR AGE ol FojEUTL H
B7149] YL FAH F2o GHolN 1K 32
g% £ #, o)z vwy Fou HFelMe
I ge] =i Agtck A 75 A9 Fa
AFQ] W FHLEEL I FRTAA T §7] H
o} AFE o1FH FIFAAN F4s Ax =Y
VSL s A9 HARR & 471 itk ges
g 1%, v &% Yo ww dudg, o
o vAe 9%E o A7 stuA ¥

£ 7
o] LEL 'UUE P3eATAS AN Yo
o017 Z3feln olo] M} =@UTE

Table 1 Ireestream Condition

| TE : 30km

| e : 119045 Pa

| UE :1.83%1072 kg/m®
! & 1274 K

5323 28

[11 Davies, C. B, and Park, C, "Aerodynamic and
Thermal Characteristics of Modified Raked Off
Cone,” AIAA/ASME 4th Joint Thermophysics and
Heat Transfer conference, Paper No. 86-1309,
Boston, MA, June 24, 1986

[2] Vinopal, T. J, "System Technology Analysis of
Aervassisted Orbital transfer Vehicles(AOTVs) Low
Lifts/Drag (0.0-0.75),Final Report Vol 1, Part B-
Study Results,” F1 80-29222-1, Boeing Aerospace
Company, Seattle, WA 1985.

B8] Vindkur, M and Liy, Y., "Equilibrium Gas
Flow Computations II : An Analysis of Numerical
Formulations of Conservation Laws,” AIAA paper
No. 880127, 1938.

[ Liow, M S, Van Leer, B. and Shuen, J. S,
"Splitting of Inviscid Fluxes for Real Gases, “Journal

of Camputational Physics, Vol. 87, No. 1, pp.1-24,
1990.

(5] Coirier, W], "Efficient Real Gas Upwinded
Navier-Stokes Computations of High Speed Flows,”
AlAA ], Vol 29, No. 8, pp.1223-1231, 1991.

{6] Feiereisen, W.J. and Venkatapathy, E,
"Computations of Ideal and Real Gas High Altitude
Plumre Flows,” AIAA paper No. 88-2636, 1988,

(71 Saladino, A, Prahargj, S, Collins, F. and
Seaford, C, "Upgrade of PARCZD to include Real
Gas Effects,” AIAA paper No. 90-0552, 1990,

(8 Hansen, CF, "Molecular Physics  of
Equilibrium Gases, A Handbook for Engineers,”
NASA SP-30%, 1976.

[9] Blotmer, F. G. , Johnson, M, and Ellis, M. ,
"Chemically Reacting Viscous Flow Program for
Muti-Component  GAS Mixtures,” Sandia
Laboratory, Report No. SC-RR-70~734, Dec. 1971
{10] Miner, E W. and Lewis, C. H , "Hypersonic
Ionizing Air Viscous Shock-Layer Flows Over
Nonanalytic Blunt Bodies,” NASA CR-2560, 1975.
(11] Bhutta, B. A and Lewis, C. H, "An Implicit
Parabolized Navier-Stokes Scheme for High Altitude
Reentry flows,” AIAA 850362, 1985, )
(12] Steger, J. L. and Warming, R F,, "Flux Vector
Spliting of the Inviscdd Gasdynamics Equations
with Application to Finite Difference Methods,”
Jourral of Computational Physics, Vol. 40, pp.
263-293, 1981.

[13] Van Leer, B, "Flux-Vectar Splitting for Euler
Equations,” Lecture Notes_in_physics, Vdl. 170, pp.
S507-512, 1932,

(14] Roe, P. L, " The use of the Riemann Problem
in Finite-Difference Schemes,” Seventh International
Conference on  Numerical Methods in  Flud
Dynamics, Lecture Notes in_Physics, 141, pp.
354-350, 1922

[15] Lomrbard, C. K, "Conservative
Supra-Characteristic Method far Splitting  the
Hyperbdlic Systems of Gasdynamics for Real and
Perfect Gases,” NASA CR-166307, 1922,

{16} Lombard, C. K. , Barding, ], Venkatapathy, E.
and Oliger, J., "Multi~dimensional Formmulation




130

AL - A¥Y - F&F

of CSCM - An Upwind Flux Difference Eigenvectar
Split Method for the Compressible Navier-Stokes
Equations,” AIAA-83-18%5, 1983.

(i7] Lombard, C. K, Oliver, J, Yang, J. Y, Davy,
W. C, "Conservative Supra Characteristics Method
for Splitting the Hyperbalic System of Gasdynamics
with Computed Boundaries for Real and Perfect
Gases,” AIAA-82-(0837, 1982.

[18] Lombard, CK, Hong, SK, Bardina, J,
Codding, WH,, and Wang, D, "CSCM in Multiple
Meshes with Application to High Resolution Flow
Structure Capture in the Multiple Jet Interaction
Problem,” AIAA Paper 90-2102, 1990.

119] Douglas, J. and Gunn, JE, “A Genera
Formulation of Alternating Direction Methods—Part
I-Parabolic and Hyperbolic Problem,” Numerische
Mathematic, Vol.6 pp.428-453, 1964,

{20 Srimvasan, S, Tamnehill, JC, and
Wellmuenster, K J, Simplified Curve Fits for the
Thermodynamic  Properties of Equilibium  Air,
NASA RP 1181, 1987.

[21] Thareja, R R, Szema, K Y. and Lewis, C. H,
“Viscous Shock-Layer Predicion for Hypersonic
Laminar or Tubulent TFlows in Chemical
Equilibrium over the Windward Surface of a Space
Shuttle-Like Vehicle,” AIAA paper No.82-0201.

(a)

Schematic of vehicle geometry (a)
Geometry of sphere—cone(5) (b) 60X60
grid system, ﬂc) 80 X80 grid system.

Fg. 1

0.075

ym) [

0.050

0.025

0.000

0.075

Yy T

0.050

0.025

0.000

PW/PINF

NN

\
TN
\&\\\\\

==
=
=
=
=
=

é%f//:/;/

=
=

\

N

0.000

100

0.025 0.050

X(M)

0.075 0.100

{c)

- 350

300 4

250 ?\

200
00

o
» 35 X 60 Crid
- 60 X 60 Grid
- 60 X 80 Grid
- 80 X 80 Grid

] 1 1

X/RN

Fig. 2 Grd convergence test : the wall pressure

distribution comparison among various
gridsfor perfect gas flow over sphere-
cone(5’) at M=15,



B1%, E1%% 1965 Upwind Navier-Stokes B34 g 0|48 £d E4 F99 £5% A4 131

K 1o
Lve P, 2 s
0738 L3 2 LI )
€ 27 "oz
you [ o 12 0078 ¢ ne
s c s € on
1- 8 WA € 1w
A tNeS 0
I v " e (M) c a8
0050 « . 7as
T 238 LR AT
I « e 0.050 s eas
+ s sn s sn
a Tiae T sD0
3 8388 s
N T M $ a5y
0.028 - 1 ess ; :,:
1 0.025 3
L t oen
0.000 1 1 1 i
0.000 0.025 0.050 X 0.075 0.100 ac00 X R . s s
0.000 0.028 0080y 0078 0.100
b
(a)
Lovut © 350 T sy T LA | 1
X 2882
L s 2522 I
v w2
" 2262 300 —_— e - i
: Lo
o s 250 b e : i
€ W T ‘ }
Y(M) F PR s - ~ !
v 200 + ~i !
0.050 PR ! !
7 064 ‘2 [ |
:us § 1ol o
s s e + EQ - EULER
oes H 100 * £Q - NS(8oNAO)
- EQ - VSL
50 | -
NS
0.000 L 1 1 1 ok e ———— -
0.000 0.02§ 0050wy 0078 0.100
b) ~50 1 I L ' 1
-1 ¢ 1 2 3 4 5 2
Fig. 3 Pressure contour plot over sphere—cone(5?) X/RN

from perfect gas at M=15 in (a) 60x60 Fig.

5 Equilibrium air re distributi
grid, (b) 80X 80 grid. quilib alr wall pressure distribution

comparison over shere-cone(5?) among
different methods.

350 T T T T T
’: 300 -
0.075 - t:-d :-:c 350
You) o 250 | 300 —\\ 4 ]
oosol. * E Ez 200 |- 256 | ] i
> by 2 200
s e & 150 | 0.0 Q =
< 375
i 2 om z MACH 150
=T e 100 F  PERFECT GAS(80X80)
- EQUILIBRIUM(30km)
50 + 4
0.000 - 4 1 : 1 N
8.000 0.025 0.050 0.075 0.100 or 1
X{M)
(a) -50 fl 1 i 1 I
-1 [e) 1 2 3 4 S
Fig. 4 Mach contour plot over sphere—cone(5”) X/RN .
from perfect gas model at M=15 at (a) 60 Fig. 6 Wall pressure distribution comparison
X860, (b) 80X80 grid. between perfect gas and equilibrium air

along the shere-cone(5°) at M=15.



132 AZe - F¥Y - 55 5 AN A F A

Lovd P

« 282
4 ma
i 2m2
2202
0078 o 232
¢ 2002
[ S22
L o M3
€ wa
Yy . s
A 13
* 122
0.050 .« o
LY
+ ua
s 047
« s
3 amn
T ns
0.028 o1
0.000
0.000 e.02s 0.050 X(M) 0.075 0.100
(@
Lovet P
0075 i ¢ 00
€ 2m0
Y(M) o as1s
¢ 1%
& 2138
A 1ees
s ns
0.050 - s g2
T s
s s
s ee9r
.« s
3 aa
2 zese
on2s / 1 s
0.000 1 1 L 1
0.000 o0.025 0.050 0075 0.100
X(M}
1]

Fig. 7 Pressure contour plot over sphere-cone(5%
at M=15, altitude=30km, (a) from perfect
gas, and (b) from equilibium air model.

“musesveermnomaaz-ea}
2

=

1 ==

0.000 0.028 0.050 X(M) 0075 0.100

(@

Fig. 8 Temperature contour plot over sphere-
cone(5) at M=15, altitude=30km, (a) from
perfect gas, and (b} from equilibrium air
model.

L1241
V(M)

\
M

“nusvraveorerom~Y
]
3

0.000 0025 0.0 0.075 0.100
X(M)

)

0.075

“MUABB YR EIBOOMADT LA
H

0.02%

0.000 I P Y Ioaiobad
£.000 o.025 0.050 X(M) 0.075 0.300

(a)

-

-wusmaveermoomny
3
H

0.000 0.025 0.050 0075 0.100
X(M)

Fig. 9 Mach number contour plot over sphere-
cone(5’) at M=15, altitude=30km, (@) from
perfect gas, and (b) from equilibrium air
model.



F1d, H1% 19%.5

Upwind Navier-Stokes #A A& o]4% §d 24 99 457 &4 133

0.040

vy [

0.030

0.020

0.010

0.000

004C
yMy [
|

0.030

0.020

0.010

0.025

Heal trgns.(Btu-3,/1t"2)

X(M)

(b)

0.025

Fig. 10 Velocity vector plot for viscous flow over
sphere-cone(5%) at M=15, altitude=30km,

(@) from perfect gas,

equilibium air model.

300

200

150 +

PW /PINF

100 +

50 |

o FG - NZ
- PC - V&L
« EQ - EULEK
- EQ - NS
< EQ VSL
N Pa g, -

and (b

from

Fg.

Fig. 11 wall pressure distribution comparison bet-

ween various methods and gas models
at M=15, 30km altitude.

1400 [ T T T T T
1200 + 1400 1
1200
1000 F N
1000
800 800 4
600
- 0.0 0.1
600 - = VSL results(EQ)
L « Current results{EQ)
400 + VSL results(PG) E
» Current results{PG)
260 |- % 4
M__
0 ( -
_200 "l — S i
-1 4] 1 2 3 4 5
X / RN

12 Heat fransfer dstribution comparision

between V8L resuits and cument results
at M=15



