8B B6W ¥
2006 £ 11 A

Chinese Journal of Theoretical and Applied Mechanics

¥ #®

Vol. 38, No. 6
Nov., 2006

R K TR B R A A

S I

AR HEHF

(PENERHEFARTHRAHHNEELZRE, {LF 100080)

W ERRGEALABAEAZD D HOAE AR S HR DR B. RAEZHE D798 Navier-
Stokes FRELARPHE kw-sst A B-L MIERBRIBWEN T ZHR, B TZ UMY R FRHE
TRE 1R 3 B P R 3t P R B % 1 5 S B — B 4 M 4498,

XM R, BRMB, ko-sst HB, RiEFP@B, BRPE N5 HE

LS. V2113, 02555 T WEARE:. A

51

it

ULJLEE, X HERRAS7E K B M A8 3 I 3 B 3K 8
B M2 R ESEBRBEAE, WA EA
SHIA—FE R, XRREFSURAR MR
Yz B PHEHR, MAE-SEXEAENSH
U Gl R PSS

WEHAREXMWRARST THEEL, W
Sturek % 4 | Birch % I8 WBF%, HKRERA
ZHRR, HAKRSEZIRE HILHIER B AR IER
shH & MY, iRt TYEMRKTE. Eschl]
MHARET H#—PHXRHE, RETREESD
N, FOURAMMRRSBREFB LT Z0
PR B 0 SR B 4 LY AR, Prince 45 ) X iZ3R
AT THEER, SRENIZBBEEETR R
LB Ma. A B HI—FEF R W, X
FRIR ) BB AR D AR, LTRSS A E
BLRABEASHZ AT, EHERRT, ZABRKES
M E 5 B2 b R B IF [ R R 5 1 B 5h.

Esch &8, #£ ABRMHFE DHE Ma (B
Mao sina) HiNE 031 ZAHR, FEMRASBR
i, SR EERE ) 5 A & H BRI B A — 4R BB
W TR E TS DS Ma. HINE) 0.42 £ 4,
BRI, EHEENRELRELS, L%
EBHEIGRRN, SESHEBE, HEFEFY
W, BoRAFSRARD KRR, EDHS Ma.

2005-05-25 W25 1§, 2006-06-07 WD,
1) HREAREESKBME (10372106).

2) E-mail: chendawei@imech.ac.cn

MRS,  0459-1879(2006)06-0721-12

BWmE 0.6 B, ABRKENABEEEEFEML L
MARQRAEBS). HTFFABAOTERME, £
BEXT Re I I Wi Hi HE b,

Prince st — KM, Re MEH/NEBSER
HRE, LHREZE, MESHTERNEAMNE
WRER =4, HAuBHRESEE LY, #E0XAMK
MR MO RE ERE B thEE
U LW 53050 R R 3 I E A T B B 3K
IOV 30 £ 7 L 3 4R T A R BRI S R —
BRI R.

M Esch 1 Prince KB H AT LLRER: 30 K ik
MER R —FY R ETIEYHORE5IRN. &
SGEN P H TR kw-sst iR (1 fn48 % Baldwin-
Lomaxs #i FBERY () w8 79 53 K B0 M A L B 3k 47
HEEL, EdESrR 02 e, BB
R BBTE B R E AL

1 W5 *

L1 EH5E
XK R3EE R Reynolds ¥ N-S 784 4 475
B, HRBEAMT

Qt+Fz+Gy+Hz=Fu:+Guy+Hvz (1)
t,z,y,z R BT S S E bR, H

Q = [p, pu, pv, pw, pe] T



722 s} 2

% ia 2006 fE & 38 %

BRI ko-sst SRER T E N
Q= [p,pU,pv, pw, pe, pk, pw]T

FIIMBE A I s T
Opk 0 (

B 8z, P

8k
pujk — (p+ Ukut)aTj) =
Tt:] ,B PWk (23.)

dpw a
ot a—z,.(f’“fw

P, - Bpu? +2(1 - F)

Ow
—(p+ le-lt)a—z;) =

pou Ok 0w
w 8a:j 8.'1?]'

1.2 itWA*
23 B B HOR A HLLE #3001, W% 450 025 G
£ T BiE By

(0¢F)ijp=4cFi=F 1~ F , (3)
2 2
He
F ;—(FL+FR—RALAQ)/2
AQ=Qr-Q,
. bbby bhbD
A—b —bLA 2bR—bLI
A KT RERE, T

b} = max(% + ¢, ur + cr,0)
bz = min(% - ¢,uL — cr,0)

MEBERE, AXELER FL M Fr PHER
A5 38t =W MUSCL @83 09 LUE f 45

L = {1 + %[(1 -r)V+(1+ n)A]}P:‘ (4a)

p,. 1
Lt+2

Risk = {1 - %[(1 +k)V+(1- K)A]}p,‘+1 (4b)
ARV AR RREESET, Kb, r=1/3
A ARI=MHE, XBERAKEFK Koren i) ¢
PR ¥ f11]

p

d(p:) = 3Vp: - Api + €2
Y7 2(Api - Vp;)? + 3Vp; - Ap; + €2

AICHHE € =107°,

1.3 RARE

ASCRAB AR kw-sat B 1) BT AR,
3t 5 {8 ¥ Baldwin-Lomax %! 18] 3+ 5 2 R H#1T
.

PR kw-sst AP k,w R JE, WA
A TAH

pk/w
max(1, 2F,/(ayw)] (5)

st =

Hep
¢=F¢+(1-Fi)é:
= {ak,‘ﬁw,ﬁ)’Y}

o, =085, o, =05

[31 = 0075, Y1 = 0.553

o2 = 1.0, 0.2 =0.856

[y = 0.0828, 7 =0.440

1% FI 4t % Baldwin-Lomax % LA+ H B/,
REXEHARERENNK A, BERTFRsplpek
Wizh, *FE/NRIESBEHSIEA— EHBLIE
51, BURshHAABHEN, B-LERNERS
EREERBKR. TIRHRE kw-sst TEY k- SR
M k-w BRIMEE ERBERE, ZEBELN k-
w BRI, X% ER I A IR e A R TR
IR, HERHT ke BRKEREHERENBR
A EREREHLONELY ke BREX, BAT
k-w MR B 8y R A% B B R 2 s
Bl FREUR SR A, ZRRI T 580 R R 5 B
WMhyeeR il BE TR ESERENR
W BHRTIIAFRNRAEEHE, HHEB
#F B-L BiRY.

1.4 FHEEHAHN
ASCRA T LU-SGS st 1

(L +D)D™YD +U)AQ = -AtR;

At

L=‘VJTﬂAiu¢+BLA¢+CQFJ
LY
At

D=1I+ x(cat+opt+ac)l

Vol j

At _ — _

U= Vol (A1,+1 ok + Bi,j+l,k + Ci,j,k+l)

Af = E[Aixp(A)I], x =1.01

KB A



¥ 6 BRI RS « AR AT K T A B A2 0 IR, 3 T 3 (B B AT 723
L e afa#EHE R i it
A@?,j,k ={- Ati?,j,k + a[(A+A6.)i—1,j,k+ o N
(BTAQ )i j—1k + (CTAQ )i jk1)}/
{1+alx(oa+0oB+0c)ijxr} .
UmGAMBEHE
-0.5

Aai,j,k = Aa:,j,k - {a[(A_Aa)Hl.j,k"’
(B~AQ)ijs1k +(C™AQ)i jks1]}/

{1+ alx(ca+08+0c)ijk}

L& % ¢y

-=n--i

1\ _
Qix = Qujp +HQ; 5k

L5 ¥EFumiaffy

¥46 %A

# B B RBAHE TGRS, R REE
RN

kit =9x107%, wipe =1x107°

ﬁ%ﬂ%ﬁﬁ%?ﬁﬁ%ﬁ:, BB kyan = 0; wyan =
IOW;F’ yi o BEAI T 30 B PO A 0 ) T B .

EHEAES, S5« HRAMENUBIRE
B HEAPREE b < 10°

2 BENBISER

EX RGBT HEERZ A, FEHU
RAE2822 REVVHEHIBAT T RH.

2.1 RAE2822 R&

BT HHERFRAGR=4 N-S 518, &itg
4R Rae2822 MAUMY, J8 3L — M PUHE 1 I SME=
BRI, B =4 SR, HE MY 837x3x 120,
WHE 1R, HHEABR: Mo =075 o = 3.19°,
Re, = 6.2 x 108,

2 HMAMRRER N EREE I H S
KW AR, FRAA RSN E
EH BT TRHARYRMRERA T EEE, PR
¥ B-L MRS ML B RE, TR R kw-
sst e PR BV B MU AL B RE AR AT, (B 5 LM
FERF—B

41 CHAK (Rae2822 RY)
Fig.1 C grid for Rae2822 airfoil

—— kw-sst model
= = = B-L model

| I | 1 1

0 0.2 0.4 0.6 0.8
' z/c

B2 RYKHEEHIH

Fig.2 Surface pressure distribution

3 Migs 7T RAEEA B B 4L i) R X 35,
BEHIERE, W kw-sst BIRIREL A 5 30 1 4

0.10

—

0.05

y/c
(=)
T

-0.05 +  experiment

——— kw-3st model
= = = B-L model

-0.10 U B PR N 1 . "
0 0.2 0.4 0.6 0.8 1.0 1.2

U/U.
(a) B0 IX I3 ) TG LA

(a) Comparison of velocity profiles

B3
Fig.3



724 Hi ¥

2006 £ 5 38 ¥

0.6
[ zfc=2
041
0.2}
Q
S~
>
] R S
]
-0.2F experiment \
—— kw-sst model \
. — = —= B-L model I
_0'4-11..A.|..‘,'
0.8 0.9 1.0
U/U.

(b) 8 X 3 fE T L%

(b) Comparison of velocity profles

m 3(%%)
Fig.3(continued)

HSXRYPEEAY S, RYB-LEYUUE— R
FERI MBS, AT, PRRMARREAREITH
R, BREGE kw-sst BRRAIBREE. BET
HEHETHERERZEHNSHKERART
i bk Rickube g

2.2 RERLEG

A TR B — R B L B B AR T4
B, BSKEABTHRY B AHMEH o &
T B0 — S R RS s AR RR, IR A/ A 154 % 101 x 75,
HYm s/ NREERAN 107°, NS mmE 4 B
N

T 6 FF R BEST T BEELL (F 1), EEX
JURhE 524 T W62 Eschlt) £t B 87 260 Ui
e IR S Ma. FEHE.

®1 XRMR
Table 1 Numerical test case details

Case Ogive 1/D Maco Reoo a® Ma,

1 3.0 20 1.20x10%° 100 0.347

2 3.5 1.4 0.80x10% 16.2 0.391

3 3.0 1.8 0.66x10° 14.0 0.435

4 35 1.5 1.20x10° 17.0 0.439

5 35 1.5  1.20x10% 21.2 0.542

6 3.0 25 1.23x10° 140 0.605
2.2.1 f5¢ 1

LB, BEREMES. QR BEAFEBET

4 (TR TTT T

Gitesseam

6

10

4 AR AL R R
Fig.4 2D and 3D grids for slender body

HBAFEDRARENEMLSR. HERDER
(B 5) HBRA—RFBUBE, HTFHRZH
— LR EE, BREEXUHTHRN. H 65
HTH A EREEN RSN, ERHPRER
mRSARIEEE, HERAENRME, X—GF
5XRYIERE: TEREEE/ERT R
MEHRARABARAME; WH 6 [ B
ESBHBEAT, AHEERRHTRINEFRHN
WA . X8 R T ERES BN
HARMRESIEN, NREBEHFARXRER
WME R DLEEY:, DRBB LR — =5
WH—E5, WHRILAREFMIE.

2.22 {8 2

B 7 A &SRS w3 & OB F
R 8 Ul R B ML i A ) T b 2 PR RE R Tl
FERR A, AR, EUMER TR E8
Tilm 5.



% 6 3

WA RS+ 8 P K A A i R i 3 (B AR

725

bow shock
vortex shock

s’ . -
_expansion ~
.~ _waves

primary vortices

W5 AhEEERE (WK 1)
Fijg.5 Symmetry piane density gradient and interpretation (Case 1)

z
zE—y bow ‘ !
shock
orte:
:’l?ov:k :hocl’c‘
viscous
region
?>
[
(a)z/D=15 (b) z/D =35
s z
| g Ll_y
T y z
(c)e/D=75 (d) z/D = 11.0

M6 TEMBRImGEESERELE (W5 1)

Fig.6 Comparison of density gradient on various crossflow planes and interpretation (Case 1)



@)

726 i 2 o # 2006 4 ¥ 38 f

2 z

’ 4” " /’, y T
ansiei  ,*
cxpansy -~ vortex shock
’

’,

ot
< primary vortices
\ \
N
i
AN

o Y

bow\ "\ "\

shock \ éxpansion
aves
‘o vortex

v N shock
A7 #gRESMRRERE (KR 2) He 4omEEREXENEFARA (WX 2)
Fig.7 Experimental composite schlieren/oil flow photograph Fig. Symmetry plane density gradient, suriace skin friction
(Case 2) lines and interpretition (Case 2)

I HHTARNENTRETE HRYST WHRAKENGRSLIREEEEL T, Bz
fi, SR TARBRAMERER BLERILUE k- #F z/d = 44, K4 ¢ = 100° LHIBRBB, &
sst MBMTHLR. ERAFBRAUBRAKKR  2/d=62F z/d =65 RS ELBE, &
WM, HAROLRZSRNLIRBEERS, @ HE@RAE S mBsh. MEREMTER, £l

0.1 0.1 .
K. . experiment b . experiment
i kw-sst model \ "\(\\ kw-sst model
of - = = = B-L model y 0F W\ ~~ -~ B-Lmodel
b \ ~—-——= |laminar / '\ ————— |aminar
!
-0.1}f \ -0.1[
S &
-0.2F -0.2 - «- -;: ‘
L I : y
-0.3F | -0.3F X
s p gx it ‘.I | vortex shock
T L
—-0.4p vortex shock |/ -0.4 r
1 1 A_:J,_L L i 1 1 1
50 100 150 50 100 150
degree degree
(a) z/D = 4.4 (b) z/D = 6.5
Olr «  experiment - [ 2 " . experiment
\\\ kw-sst model N kw-sst model
oF . ——— = B-Lmodel of
4 —— laminar
.} i
-0.1F -=0.1F ‘z.'-
& , &  vortex shock N7, VN
—02f vortex shock —02F o
—-0.3F -0.3F
—~04F —0.4fF
. 1 1 1 1 1
50 100 150 50 100 150
degree degree
(c)z/D=71 (d) z/D =7.4

W9 RRE@MENTF (KR 2)

Fig.9 Surface circumferential pressure distribution (Case 2)

4-2008 China Academic Journa ctronic Publishin use. All rights e p:/fwww .net



% 6 3 BR A%+ 7 K BB A T R A I T S (L B 727
BOLHE, THNERRAATRARDDHE W, AREGRBIFRAE N LAENE.
Mo, %, SEMHBLFEFRENIAELE 505 g

B3, EHRESEZAThBARE L AR
B BERETWHES, FRASIDHE Mo EHi

B 10 ZRKFLMME (WH 3)
Fig.10 Experimental schlieren photograph (Case 3)

B 12 A HEBRIH K «/d = 5.5 ALEIIR IR Hizh
g, ARV BRARFAMBEFE, TTLUEH, &
BMERREFMBEBEELEHN S, LGFRM
G HEN, REFHRBEBRSHER@AHL
YE RS RE BT B PR .

B 13 4 %35 1) 8 Ak 69 S0 45 R A+ L AR
BE, eHEEITTIL: J2HMEAR TSR R RE 42 2SR 9 i sh i
B, F4r Bt bR R E B A i, (B4
R MEE) T R MR o 5 3R
WREE A T WA BRI X EBEER NG

P 10 F/E 11 5 504 & SUR A RBER IR &
£

bow ¢! k—l\/ /
expuns sion A\
,/ WIVSS _~Vortex o~ &
'é‘ shock

nmar_\ vortices

bow shock

b \
NS -
« ‘expansion
waves
e
. vortex
.

N shock
i |

A1l AREEEEE (W 3)
Fig.11 Symmetry plane density gradient and interpretation

(Case 3)

A Mo ZERBBELBEHNZELEENIE, B
Je B I 5 R 16 AR LT B 3 ) 3 7 B
JBE .

2.2.4 1&M 4

0L 4 FER 3 WA, HE B BRIIE
DFFd Ma. K, KEEEMASYHSE 11, B
12 MR, B 14 S TSR R RN ES
AEEEESN2AX HE, BREREKRRGETE
H 3t 3 43 8 HY E A B 3R 1) B 5.

A 12 =/D =355 FHALMEE=E (WA 3)
Fig.12 Density gradient on crossflow plane at /D = 5.5, and interpretation (Case 3)



728 H ¥ % # 2006 £ % 38 #
0.10¢ «  experiment e | +  experiment
» kw-sst model , kw-sst model
0.05p - = = = B-L model i - === B-Lmodel
0 2 ok == laminar
—-0.05F —-0.05F
& : & :
-0.10f —-0.10F
—-0.15F —-0.15F T
4 < /;'
-0.20F —0.20F  yortex shock
-0.25 -0.25 - L e
50 100 150
degree
(a) z/D =5.5 (b) /D =75
0.10 o exeInment 0.10¢
——-— ku-3st model 3
- - == B-Lmodel 0.05¢
e laminar s
0
-0.05 —0.05F
(N o) s
Q Q b
-0.10 -0.10
-0.15 —-0.15F
Y By e ~0.20F
-0.25 1 L 1 =0 i 1 1 1
50 100 150 0-25 50 100 150
degree degree
(c)z/D =85 (d) z/D =125
H 13 FMERAEHLSH (WK 3)
Fig.13 Surface circumferential pressure distribution (Case 3)
0.1 *  experiment 0.1 «  experiment
i kw-sst model g kw-sst model
ok ok = = == B-L model
s - == laminar
-0.1k —0.1F
& &
-0.2 -0.2F
-0.3 -0.3f
[ vortex shock
-0.4 -0.4p
I 1 1 e 1 1 i
50 100 150 50 100 150
degree degree
(a) z/D = 4.4 (b) x/D =6.5

M 14 FEFAMEHDIE (KR 4)

Fig.14 Surface circumferential pressure distribution (Case 4)

© 1994-2008 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



% 6 M BRA A6 25 8 P S K L A A6 SR 3 O (R A 729
0.1¢ . Xperiment 0.1g . experiment
A Zw—sst er:odel S kw-sst model
s = = == B-L model 2 = = == B-L model
- - ~—====_|aminar 9 _ ~—===laminar
—0.1f -0.1f
& [ & i
—0.2f —0.2F |
-0.3F e -0.3p 1\
s s vortex shock
-0.4F -04p
1 1 1 B hsibnsitmcedckesaimas) o /.ot v s an cmshnnadunch s noe
50 100 150 50 100 150
degree degree
(c)z/D=7.1 dyz/D=74
M 14 STAEBEHFE (R 4)
Fig.14 Surface circumferential pressure distribution (Case 4)
225 fHALS HERMALME. B 16 RS H T ARKE TE

B 15 S5 1 T e R SURAMA AR Wi sh B s R
DA B ARTL HY 0 BRI b ) e PR B A R PR, W
HYEREF. MHARNERAME, HHERE 20
RBB I RIB T RN BRFE R R, AmRHEN
LRHPEHA WHEERMMTRR, B 1 OXRME
W THEBIAERERT, ATSRESHERS
WML S I REED ¢ = 90° HHE, MHX
MERBREDE AT REBS, ~EE 2 KEH
MBRN, BAIHE 2 TREREHNE 2 RES
WBEHITER, EWMBIRBRIBNTLIE EEH AR

(a) &GUEAES MARFEHARE (KR 5)
(a) Experimental composite schlieren/oil flow photograph

(Case 5)

B 15

NG HEERBRESITHEROX LE, ERAR
5XRIKBFARE.

2.2.6 1§ 6

B 17 &3 T v S H B 2R T R BR A S TR B B
A, EPHTEAMBEHI, SE 11 K HLReT 8
BEHX—A. B 18 RRANMNENEANTEESHE,
ATLUEH, EXMERT, WRESBMEEER
THa RS, —HEETREREL, B
SENBEEEREE ¢ =90°.

(b) 4HTMEEREERASE (%K 5)
(b) Symmetry plane density gradient, surface skin friction

lines and interpretation (Case 5)

Fig.15

/"



730 H ¥ ¥ i 2006 4 3% 38 %
0'21- +  experiment 0.2¢ N sl
\ kw-sst model Sl SR
01 F L2 01F kw-sst model
C - B-L model - e B, il
=== |aminar l‘ 2 FENORS
ok oF s |aminar
-0.1F -0.1F
& s &
-0.2F —-0.2F
-0.3F -0.3F
-0.4 [— —-04}F vortex shock
-0.5 1 1 1 =05 ; 1 WS L
0 50 100 150 0 50 100 1.50
degree degree
(a) z/D = 4.4 (b) w/D =6.2
O'Zf; «  expetimem 7 e
N [ NN kw-sst model k\ « experimen
0.1 } \\\ LN Bijl,sr;o::l e 0.1F kw-~sst model
N ———— laminar == == B-Lmodel
Cl= oF
-0.1p ) A -0.1F
,?- ¢ 3 B
-0.2 f- 3 © —02F
-0.3F -0.3pF
vortex shock vortex shock
-04F -04F
_0:3 1 L A _05 1 v i 1
0 50 100 150 50 100 150
degree degree
(c) z/D = 6.5 (d) z/D = 6.8
02 A 0.2 ;
. experiment . experiment
0.1 kw-sst model 0.1 \\ kw-sst model
’ - - = = B-L model ’ 3 - = = = B-L model
vrra— laminar N —== laminar
0 E— 0
-0.1p -0.1F
& & a
-0.2p -0.2F
-0.3pF -0.3F
7[ Hi
—-0.4F vortex shock -04F sortex dhock
-0.5 —t L L -0.5 L 1 4 .
0 50 100 150 0 50 100 150
degree degree
(e) z/D =7.1 (f) z/D =7.4

B 16 FRMEEMEHSA (R 5)

Fig.16 Surface circumferential pressure distribution (Case 5)

X, AAERGET LR —EKERKEK
Wi dish S#¥ Ma. &b F & &b, FahmrLl « xt
H” ) EBEANGRAE, BEFREA S8R
mHah. WRBABAKIR RIS T B HER

94 8 China Acade our ectro h

A, BBSMBBE S 584K AR E
BAEEET EERARIF RSB, 0 E
Fsh 88— B 1k T 3R 55 BBk ) i XL
H g s REFMBEBELEME 19 Frw.

ed W ki.n

Q

4]



% 6 #

R 5 - P 5o A B B R A0 XL 3 4 R 42 731

bow shock

L
4 '
cxpansion

waves vortex shock

primary vortices
bow shock

17 43 EEEREDSHEER (F5 6)

Fig.17 Symmetry plane density gradient, surface skin iriction linec and interpretation (Case 6)

s, expansion
‘wvaves
viscous,

(a) ¢/D =3.5

(c)z/D=75

=, region
) bow shock

vortex
Y —shock TNy

\%lllhcdded

_/ shock

l

(b) z/D =45

(d) z/D = 11

A 18 FEEHNANEEZELR (R 6)

Fig.18 Comparison of density gradient on various crossflow planes and interpretation (Case 6)

bow
primary shock
separation
line
embedded
shock

reace of vortex shock on
the symmetry plane

B 19 RifEFMBESEHRER
Fig.19 The construction of the vortex shock

3 & it

P kw-sst BIRY LU AR B-L AR AL T A7 b A
5 B ED.

KRBT kw-sst WMBE K EH NS R
AR IR 0L Bie i 3344 5K 30 P R BT 00 X B

Y0 UF T 300 X3 B R e 3 0 e 9 T B 4 7 % %
07 3 B30 8 79 S 5T 1 R 08 RO O ik ) — 3B
7, R—MIRESME

XA -2 W QAL BFR R4 RAEMRK
BEERRTERENHTHER, TEEXSHH
BOXABK, ILBEBRTHEMLRYEFHER



732 A a

" 2006 4 i 38 %

AR AR S R 25

15 1% 5 B £ T 7 8 P R [ 3D (X 8 0
EAERANGR, MR B4 FF ) Fsh o i35 P i 8
W, RT3 3R o K AR AT DL 4
fF, HERAES.

8 £ X W

Esch H. Wind tunnel investigations of the appearance of

—

shocks in the windward region of bodies with circular cross
section at angle-of-attack. DLR-Forschungsbe-richt 90-15,
1990

2 Birch TJ, Allen JM, Wilcox FJ. Force surface pressure and
flowfield measurements on slender missile configurations at
supersonic speeds. AIAA Paper 2000-4207, Auyust 2000

3 Sturek WB, Frist D, Taylor M. Nzvier-Stokes predicitions
of missile body separaied flows. In: Procecdings of the
Seventh International Symposiumn on Computational Fluid
Dynamics, Beijing, 15-19 Sept,1997. 84~90

4 Sturek WB, Birch T, Lauzon M, et al. The application
of CFD prediction of missile body vortices. AIAA Paper
97-0637, 1997

5 Birch TJ, Wrisdale IE, Prince SA. CFD Predictions of mis-
sile flowfields, AIAA Paper 2000-4211, 2000

6 Prince SA, Qin N. Mechanism of windward vortex shocks
about supersonic slender bodies. The Aeronautical Jour-
nal, 2002. 507~519

10

[
[

12

13

14

Bardina JE, Huang PG, Coakley TJ. Turbulence model-
ing validation, testing, and development. NASA Technical
Memorandum 110446, April 1997

Bladwin B, Lomax H. Thin-layer Approximation and Al-
gebraic Model for Separation Flows. AIAA Paper 78-257,
1978

Einfeldt B, Munz CD, Roe PL, et al. On Godunov-type
methods near low densities. Journal of Computational
Physics, 1991, 92: 273~295

Anderson WK, Thomas JL, van leer 3. A comparison of
finite volume flux vector tplittings for ti:z euler equations.
AlAA Faper 35-0122, 1985

Xorea B. Upwind schiemes, multigrid and defect correctin
for she steady Navier-Stokes equations. In: 1l1th Inter-
national Conference on Numerical Methods in Fluid Dy-
namics, Lecture Notes in Physics, No. 323, New York:
Springer-Verlag, 1989. 344~.348

Venkatakrishnan V. Preconditioned conjugate gradinet
methods for the compressible Navier-Stokes equations.
AIAA Journal, 1991, 29(7): 1092~1100

VenKatakrishnan V. On the Acuracy of Limiters and Con-
vergence to Steady State Solutions. AIAA Paper 93-0880,
1993

Yoon S, Jameson A. Lower-upper symmetric gauss seidel
method for the Euler and Navier-Stokes equations. AJTAA
Journal, 1988, 26(9): 1025~1026

NUMERICAL SIMULATION OF WINDWARD VORTEX SHOCKS ABOUT
SUPERSONIC SLENDER BODIES AT HIGH ANGLES OF ATTACK Y

Chen Dawei? Ma Xiaoliang Yang Guowei
(Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100080, China)

Abstract Vortex shocks may be found inside the bow shock wave on supersonic slender bodies at a high

angles of attack. A numerical study is performed by using Reynolds-averaged Navier-Stokes equations , kw-sst
and Badwin-Lomax turbulence models. It is shown that the vortex shocks are associated with the virtual double

cone-like deflection of the supersonic stream by the primary vortices.

Key words slender body, windward shock, kw-sst model, vortex shock, Reynolds-averaged Navier-Stokes

equations
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