DCSTAN -

CSTAM 2010-0057
BLR S 5175 o R R TR S B T

EW’J, %ﬁi’ %\7?:‘1&’ ﬁ%
FERFRAFAR T ERARDNFE L ERE

BB I e AR A N

FoZEEBEREEFEARS
2010 4£ 10 B 26-28 H ;Im\ - o5

Copyright © 2007 [RALFTH 1 E )24
Huhib: b PURRVE S 155 BRI I5:100190  Address: No.15 Beisihuanxi Road, Beijing 100190



FZEEBERRHFEAREIN
2010 £ 10 A IHEH

CSTAM-2010-0057

MAS T ESHBEIR YITHSRs AEE TN

ER, KEE

:f’J\%‘(ﬁ’rJ@' 1127

2
B

(1 o ERE B S0 i SRS ) A e s, JERUEEX 100190)
(2w EFR2ER AR G, bt X 100190)

WE ASCR A TP BUE AT SPACER W T (5 A1 Ja 75 il A RAT I 13l Sy Pk et AT 1
HAEVEAL . PRSI AB A R s TR AR (i X-51A) B GREGA (7 ISR) « B4t itk (4
X-33) MUESFRHETEAR (fj Fasthawk 5D o H1 T THOMTEREY ™, FRATEX —FlAIN Fi-F-HI T )
WHER AT T HUE PP AN o VPAN SRR SRR BAT BRI THBILLE AN B Ay, 52 H T 5 L i
STy R P B A ey 3G RS ORI ST ) A Dy i R P A i 5 E Y SR b
(IBETT, WP T+ 3 4R S PERE FTAS BORHR S T s SO FRAETE AR DLIL R B A, B RAT 52

o

X$#iA SPACER, Wi, SahfifA, FUETPAY

51

oIt

e R P R AR T AT R B I A
Mo BEE AT SRR OR,  RAT A i BELAN
JEE BEVGAL S 0, T BH EL W B . T
A0 R, Kuchemann!"45 H T v B8 75 100 K AT 4%
BRI EE S S 256 ¢ R Uk

4(Ma+3)
(L/D)yy = Ma (1
ATDLE Y, 70 QAT T T 75 3 2 s e 7 i
PR, RAT A AT B R RN, T
BT U 1) R P TP EE R . T SRR
PO BERR,  RAF 4T ) el A Bl kg, AT
TFUT A S 300 SR AT W SR DAl

M N A IAT IS A R, AT
e P AT A BB A R E A FE LT T
e LSRR, A, RSk, Tt
TIRTNEIR FRHE AR . BEAE el A AT EL i 5¢
B (ks BB Y, ) [ e A kL A I
AP HEEUR AR D B A R A
DVAE A R T TR A ik s R
Anderson 25>V GRS AL T RE TR
SO, IR I R T SA k) B SRR A B KT
ERERSREY > P UR VO WSE

6(Ma+2)
(L/D),, = Va (2
PR e A AR T LAAS BB B G, (H
IR A AT ARAR R

SRR VR RS T PS5 1) B, e FH B R TR
YRR RATERINEADI L bR o 78 P10 TP AR A1 R
ME& LA, AT 52 B AT 75 2 3 e T
BTG B, T T Rl fh, i hnse
B X-43AM50 X-51AM, g St Al
WEFT RN, IR AR A R B (AT
Bitk) o ARCERL ERIERERRR R (N
M) m, O RTHRH LR TR, Hdanr BLk
# 2 Lhb, g 2RI REN 5 A R
Fe R ENHLER AP UC L » 35 B a5 AR R T ) R 4
Bii 4 R R AR Dy T — e R, gl

(Intelligence, Surveillance and Reconnaissance)'™
A IR () 3R G Ak, X33 LR T
o AL, BN ARHETE AR LU BB ) Ay AR
FR S TP RN AR A, O B
P 7 (¥ e B P S S B A R AN P,
126 [ 1) Fasthawk 52 gt 32 5% FH 2l oo FR kT
.

ARG BB AR, xRk, G
RE AR T RIS B HETE A4 DU Fh L8l A1 )
AT — BVl . XS 2 dn WTa A
FIREIRFAE RS (1m) A RATEREE CRIA bk
o6, W 10D o BTG MO AT
JFRATTA L TF KK SPACER (Software Package
Applying Cfd in Engineering Research) {4 .
PRI BARSME i X-51A CETRBAR) « i



ISR (R G &) 7 X-33 (TF k) 45
Fasthawk CHIXSFRHEIZAA) ®AT &%, tboh, Ik
ATTRS Tl AF R ~F- (K3 T AR AT T 0 qi
PPAST RIS 18 o ASSCOP A ) H 2 25 Bl = 3 A =)
sl e, LA PERERIPEAE B 2 2 E
A SCHREAR AN E 12

1 HEEE

1.1 =572

e P IR BN SO AR Wi
2 I N AR ST AR A IS, R
HORAUL T B M FEAR Ko X T AR 3 A
ERE LLEE, AT ZBEAL: SOV il AR Ak
N, BEMHIRS SR 25, D=4t Navier-Stokes
(NSO AR, 8 DL TR i A 7
(BL A, AR AFRATHIE AR

AR =4 NS R AR R

oQ oF OF oF oF, OF, oF

+—2L+—= + +—= (3)
o0 o oy 0z oOx oy Oz

Hrp Q JspfEmE, Foo FoH F 20008 x. y
Aoz JrmxaEE, Fo Fy, Al F, 205004
xo y Mz D7 FOR R . SRS T FER

HARSAORS T HE

p=pRT “)
Kb p WIET1, p WERE, RNWSEFEE, TH
R

1.2 SPACER 344

N T SEBS S A RV, AT T —
EIRETERE ., PERE TS () R P K A T
f. B 1A THE Y aMgnER, w
PIEE A PLSFE AT 2 AT 4b 2. SPACER #41F
SKARFNJG AL BE = AN oy o X T REA T SR
SRR A BT B AR, SRR 2RI 3
58 B BUE S 4 e v R e, X
A HIRATIF K I SPACER #2%0 3K it 1Kk
.

SPACER #AF (% 00 T30 BRAR R ST
(Finite Volume Method, fifk FVM) P2, &
HILHEMRE, FVM B2 RN 5 h T
CFD $iikz—. KEMITHLEEN, FRE
FOLIE I I 8 AE ) Bk . Jd A
Ifs HHEHEAIEE AL, FVM 3115
HL 7 R FLA RS U M OR R SR 43 T RE ) S e

e 25 T B SCWTRG 5 R SO A5 AR
sie HET, FEMTHRAS F e, W
FLUENT . STARCD. FASTRAN. FLOW3D
SEHCRH FVM AR 20 5

| Hirae |

| SPACER 4k |

| ke | | Jmaes |

N E7]
S| #f =

Ji (| 45
|

A7 BRARBUE SR AR (12 B0 5K NS 5
i, AP

%iQmwivgyw:lVEyw (5)

Hrv=(a/ex, d/dy, 0/oz), F. = (Fy, F,
F)» Fo=(Fu Fy, Fr)s VBB, dv itk
BT

FIH Gauss B, T7HE(5)%&N:

%!Qmw@Eﬂk=®EMs (6)

S NRERL vV IMIASE, ds=nds AAEFOTI
XK, Hr n hRMWEENE, ds AR
o
TR, B B NS 7 RE(6)7E
SRR N T S I
%;Qnmﬂiﬁﬂls)” =(fFVEus)" 7

i=1

oA EoR n Bl nt1 235K n Al nr1 B %1
At =ty - t, AIFTAE K Av g Pl s (1 1
Bl nb AEHIRILFEH .

X FRaE A, B TER R NS JRA(6) T
BHCh

QMA; L pvs (ibj F.ds)™' = (i F lds)™  (8)

Toie K H W AUk s &R F e U =X, 4
TRAB B UG I T RE, AR ER R MR A A
WYBE . ORI A R A R 22 2 4 SR
AL AL R R, X VA ) AR U s
PORIE IS TG SR AR 730, 20 HEl 80 FAUA
JE D ok ) Rl & oy Ak 20 (Flux Vector




Splitting, fAi#% FVS) , il 2/ #:0 (Flux
Difference Splitting, &#% FDS) LLM& AUSM 2%
Tk H AT B Ol R TR O TR
SRS, G SR MUSCL A 2 38 5 R
AREHEN . ASCHIVHE R minmod R
25 F1 Roe 1] FDS &% 20k it & .

SPACER L =4k NS J5FE(3) N IEA KA T
B, FE AT 75 BN\ IE 24 W B R 2 s
B, HETCE M TR, %
e T ELSE A AR RN . SPACER U5 AL S K
FORTRANYO 27, "{E Windows #/E R4 T
HiiFiE1T. #F Linux (Unix) ¥£8i F, SPACER
KH Makefile Habgmve, KA$EE TR
RIZA . SPACER i i ] MPI R HE I
1T. SPACER (1)K il HE B ] ] 5043 Dy LR YA
oy D g SOFERENER; 2) BEYIH
1, HAARBFES I NAE, WRYME, THE MR
JUAT S D)% S HR A S H: 3) ]
PRIV, XA RV AR, FEE R
CUPEIED KSR NS RS> HE A RS>
KT ZE” 4 AW EEE R, g
IR TR B

— AN SERE BB B A TT ZEER 1 K i
A, 3BT BN IET S AR PR SCRF . AR
(B - & I T A B BT AN AR, WA
AR RS AR . W TR E IR
IT#ANE, DAE L K CAD it
B, AR CATIA BAF#EE, X175 5%
I T I R P A, A R A% B AT
— . BATKA GRIDGEN SKAE S5 i
Wi A% .
1.3 kITHRER

MH AT TS B, w5 kAT 38
AT W] RER AU Tl An R AL FE S SR k. 3 5
R R S TH IR FNRIDS FREETE R . BF S0 R IR
ANBR TP AR B T8 H I8 ARHE
FBURER AR P S5 2 TR ) L, E SE s TR%
PR S, 90 S e A T A0k BE i ofe
W ARTE TREN H =4, A H L X-
51A. ISR. X-33 Fll Fasthawk KAT#%{F K2k
Btk REREA T AR RRHE A4
. KATRBR G R b, LADYR S A
JRI R B AE N 2, T 2 e SR R LR R

FEJR R H,  SRBIH HAR AT de i AU 32
ROTHIRE, AR S H K AT, PUF
RAT AL R L 7 2 A

Ly sin i Wysia S hxsia =1:0.13:0.13

L Wigg “ Mg =1:0.7:0.1

Lyay i Wyay 1hy 5, =1:0.7:0.2

Fagtank * Wrastnawk * Prasthawc =1:0.12:0.12
2 A CATIA #5007 Fasthawk S35}
. Bl 32 GRIDGEN “ERkiifii X-51A &
PR H A R . AT 58 1 LA T
ZH AR 8 ~ 10 ARSI (X-51A1Y,
ISR, X-3312I51 Fasthawk*' %)

)

€ 2 CATIA #32f¥)1{jj Fasthawk ‘T3 /ME

¥ 3 GRIDGEN 4l 17 X-51A TF 5 M #7mwt ]
2 MBI

h TSR B AT R AT S8 — AUE DAL
AR SCVE I AT 205 AE K B R AT PR BT 1 A
[l o FRATHC AT B EAE A AT 2% PR AE R
GEFER AT KRBT 1 m) o WITHE
DUV Rey Dyfi% Ma RIS I8 o /F RIS
. AT Re = 1.0x107, Ma= 6.0, i
a =300 m/s, RN, HEKRRSH
BT hR Y AR TS . RAT AR RE R H R
BET (Tyan =300 K)

FBE b 2 i A AT R N KB S 4 2
—o B 4 45T AR KATHMAT X-51A.



ISR. X-33 F Fasthawk PUFPHAS I THRA L (X
BEBANE XA —EMEEE) « Bk
F, X-51A 78 7° ~ 10°T 1 ik 31 5 K THRH
kb, 254 2.1; ISR. X-33 Fll Fasthawk 7F 20°/4°
1 B IR B s KT LG, 22k 1,64 1.2
1.6,

Anderson Z5[fP22 0 BT, g
3P 1 A 1 J5 KT B B AT AL 3 7R Ay T AR 25T R
B A2 , WNTAMIFEAM Ma =
6, HLRTEP AR B ATHHELA N 8. M THA
IS BT BRI R B 2 e 5 i)
B, X HEAE TR AR S E.
FEIR Gillum 2500, AT AL Tt
BHELA B, Ak 4228 0.6 ~ 4.0 cm 1L
T, KATETIBHEC N EER] 4 £247. Courtis 2
X ARFZR ISR B, Sfe il A4 1 o BHL L il 7%
ARy NI TR P (E B R /YR E VO AL
BT 21 1) FReipe A ATy P LR 457 48 v 1 e K T BHLEE
(W KT 4) . Zhang EUNIWIREIE T B
XA BPERER I CRFJEEAIE) , SLi M
Bfi 45 R B K THBHEE RS /T 4. Holland %%
USRI AR X-43A SMEHEIT T 92860198, W
FATE 8° ~ 10°0Y, FHBH LA 5 KAE 2.4, STk
AR MRS PPAL 25 B R, 2RIl IR A1 25
2% 18 & J7 1 A 2R 5 AT RE DR R B I Bl
g, BCKTHBLECIER) 2 DL L. HE, 8Tepifk
X-43A Fl X-51A ¥ Db A7 17 AT,
I H s B 00 ) e A B A R

5 Rl A A H AT S N A TR R
B, Bt F-2202%30 HARSCREAR LUA . A
AT R P 385 A R A e P TR AT A
s R, HA A AR X-34, AT
Hat AT 7 KREPEAEP . Brauckmann™! %}
X-34 A VERERIT T B A RN SEER AT,
M BTS2 B, Ma = 6 I, 7F 16° ~ 200404 It
IR B KA, 294 2.51. ASCPEAER ISR K
TR R WA VPl 45 5 . X-34 HAR A8 E 1)
FERRLE, (HERH 2 KET R EhHL. 1 H 3 5
RS ARSI 2%, A G S K
AIHLILHAC .

X-33 AT SRS . Murphy 2517
P SEI A PEAS R, Ma = 6 I, 7E 20°1
fZEA P E R TR L, 4 1.2, X — 5

HASCH SRR A . E R RSP
T 30K/ THILEE R 1.06 (Ma = 27) , A
TR 1.1, afRLEH, R X-33
K KGR, B R Am, &
FERN X-33 HEZ ML T AR
AR ETTI A ERE, HAMESAL—Mlk
.

BN FRHE T AR 1R S B VP Al 25 ARG B2,
MRS RO P S B0 2080 498041 R T
BELEE 23514 0.32 A1 0.52. ST KB <50
REAR WARIE . ASCIHIVPAL 45 % W, Fasthawk
(1) T BH Lt b A 488 n 2 TR T8 n, e ek 2
1.6 Zifi. "M, #5380 J1kEE [ Fasthawk A
55T ISR fll X-33.

2.5

2.0k

1.5¢
3
= 1.0
e - X-51A

0.5 —e— ISR

—A— X-33
0.0F v— Fasthawk
-5 0 5 10 15 20 25 30

BHE)
4 ANFIZAE PUR LR TR EE

BN Ry LD AN g AT BEL L Dy W — P 4y
ARAE . T DI AR A kAT s, HAT
WEFER ], AT I A ShL I HE 4 EAS AL
DRI, gl BEL gt s eyl 7 o < sl A SR T 9
KA —. K5 g5l T AR DR
RT3 R BOEE ) 2 8. ARSI ) 232 A
EMES Gip G I

c,=—Lt
0.5p0,u, A
6D
0.50,u;A
T LoATH1, DAL, po iR E L, e
R RE, A MU .

B 5], BEA SRR, DUR AT
xR TE ) R BEA G . i 5(b) &
W1, BB, DURR AT A L) R EOT
GliNEZR D | P e AN TE 28 DN [TBNB L

(10)



BTN o X T BH B B A 1 i S 19 i B
J5R . ORGP S SO EE A, X-51A 1T
T ZRBEK, RIS AE /N BUATIN (B 2R K L
B o XA IR AT B THBILEL 1 32 22
JEL AL

0.3F
—a— X-51A
—e— ISR
ook —&—X-33
—w— Fasthawk
W&
=o0.1f
—
0.0k
S0 5 10 15 20 25 30
TH1(®)
(a) THH KL
025
—m— X-51A
—e— ISR
0.20F —A— X-33
:35 —v— Fasthawk
¥%0.15
~0.10
0.05¢
1 i_'d_Tf_ﬂ_' A ! v
S50 5 10 15 20 25 30
TLHI(®)
(b) B &R

5 ANFIBCAR PURSERL K T 7 B BB D 3 4L

6 25t T AN[FIBUR T USSR B T ) A
BH 7o X TAHIRHC BE () RAT A8, ERBUART X-
51A il Fasthawk [P I3, AHILRH iR 2%
KT ISR 1 X-33. BKltk, 7 H iR ik 5)
WUHE A SIS, X-51A fl Fasthawk 5 —
TEPLH

e B P T BN AT R I R AL AT AR
I EEBE I VE AN ] 20 o T JE—2 0 Hr
SRR RIS ke, B 7 Gl T R
At S BT I EAE ORFFEAE D) IR
B H S HE BEREED « WE
T LAEH, FH R e, EEED)
FEAR EARAEIETE D) e ol o2 BE A BOA ) 1
T, BE¥E D0 T T I R M i s o 8 L,

20000+

—=— X-51A
15000} iy
—h— X-33
— —v— Fasthawk
Z 10000+
I
=
5000+
_ C .
o —v—vy— 7
50 5 10 15 20 25 30
i)
(a) J-77
20000
—=— X-51A
15000} e ISR
—aX-33
—v— Fasthawk
Z 10000}
5000} /
0k %
50 5 10 15 20 25 30
(%)
(b) By
[l 6 ANTRIZA T PR ) T 3 FARH )
1.15¢+
—m— X-51A
—e— ISR
1.10F —A— X-33
= —v— Fasthawk
H
=
=05t )
\'__\_\___\-v_\_\_\_'
1.00k %j:l:‘:.:.ﬁ:.
5000 5 10 15 20 25 30
T ffi(®)
(a) IFLU{H
0.6p —=— X-51A
—e— ISR
—h— X-33
= 04F —y— Fasthawk
2
02k

W H(®)
(b) FERH LA
Vel 7 ASTRIBBUSAT DU PSR 1) Hs - LU AR R0 BE BE LU



TEARSCITA A S, B3t T )
7E 6 ~ -100 N FJaE K, 13 aEmFt-Jg,
Bl A TR 3 K o IR, ORIk 2] 19000N
(X-33, a =30 . K 7(b)&iRELH, ISR
A X-33 (R EGAE RN, B4 BH ) 2ok
HF . XEZELET X-33 kgt
AR, #E X-33 Sk B i A Bk
Bl 8(c)FT7R) o AU EE Ik RAT A% S 350 140 JBE Ak
N IWABA =1 )X O NI R K A X N
FE 38 It R T AR AR LK Can L 9(c) B
R o ISR SkEREEAL A2 BAR ELIR /DN, (HIELHL
BB P AR ROR, FEHL R i 7 A K 1
J1 Cn i 8y A 9b) T ) o X-51A Al
Fasthawk Sk¥BEEAL ARG/, AT B AT
o 5 2 AR I AR I PE T Can &l 8(a) A ]
8(A)IT7R) , PRI W AT 8% R ) AH XA/
CarE 9e)FE o) - MWK 9 nfLLE
i, ISR R X-33 "KAT AR K ) s R e A X
W%, 1 X-51A F1 Fasthawk K#( X 5L
J 3/ T 3X10% Pa. JL4Y Fasthawk 1N IE
SR CRT-2X10° Pa) , {H I Py 5 9 B 11
SEMAFEAANH, A TE SRR IR BH o

L1045 T 08U, DURP ®AT B8 4MEET
AT M BYIN ) oA . SEKRE, X-51A Fl
Fasthawk [1J4MEE TR BY ) N Sy A0S, 1 H. X-
51A Fl Fasthawk W MFIZELL ISR A X-33
/N, At X-51A Fl Fasthawk [ 4 [ B8 BH 4%
ANo BT S H T IRIBUR R DU ASE 2R 1) LA 8
BH. M 11 RTEUEH, BEESUARA, P
TR0, T A BEAR I 5 AR AN K. 7R 0°3C
s, EERLI/NB R ISR, A X-51A Al
Fasthawk, X— i 5K 10 B4MEETRI 0 IR A
FEF o AHREAEARSCHIEERAU T, X-51A Al
Fasthawk %)% & T RAINLINIE, Wit iitiE
X EEPH AT — & ik LA Fasthawk 1, [&
12 45 H T PRLE R RE T IR € AT 5 [ B DN )
oA . LR DARIR, N LIE R B DY )
wE T AMNmE, [Nt Fasthawk I RIE 4T
KT RE R EERERH ) . X & X-S1A F
Fasthawk FEFH LGN EZE R Can&l 7(b)
FiR) .

(a) X-51A

(d) Fasthawk
8 “RATERI I g 2 A AN T s ) A E 2 oAl
(a=0°)

BT RRHEE AR B T 9 R BERHLOR, KK BR
il T AT v R AR R o AR SR A
TUTE IS 1 R BEL 5 Ky B BH 1 51%. MRS
CORIARRECT I BF o 45 5 (M g k) &
By, £ Ma = 6 ~ 8 JuH P, EERH (5 2ISBH 1
60%LL I, SE[E NASA 2P CTAM [HF4h



WABS, f FRAETRUR, BEEBE TR, il
XEPRHETE A4 e 22 L RE 2% FE A vein b 7 38 3 L7 T
R,

Pressure(Pa)
300000
270000
240000
210000

I 180000
51 150000

I 120000
& 90000

60000
30000
0

(a) X-51A

(b) ISR

(c) X-33

(d) Fasthawk
9 AT s XU T R 1 704 Ca=0°)

ity B trgiR, WA D LBl X-
S51A JACR ISP BATAT L) 3 7
PEfe (RRILLE AT 0 R R, B AR O
N o FERRYEBEE AT B (2 e R S AT
ARG OL W AMEIEATIE B, hRE LR

Ty

(a) X-51A
(b) ISR
Shear stress
(Pa)
) Ll 10000
9000
8000
7000
I s000
I 5000
B 4000
3000
2000
III 1000
0
(c) X-33
(d) Fasthawk

Bl 10 RATESEEM RAT T 10 BY VIR )3 704l (o= 0°)

FRgmm B GEF) 2 BLE) o 1 H2RRedk
1 ae s 5B R R R RGP IL S . -
AL IAALAF S T A4 B A B L s 07 1) v
KA. 2) BLISR AR 1) 3 G il & AR
DL X-33 WARR ML G T JMEE W 5. 3K
BRI AR 55 0 T R oA . (HRH
VAL AN AR R RIS I T FH,  £E 0° ~ 30°I¢
FYEE P, PBHY A7 BB ) 80%LA Fo tthAh
GRS AATE R =AMt A T S
WS GRS A B ATLUCIC o TR 1 3 B il 45 A
T AR N T 7 /AT Ay, Tl —
SOHEFIETST. 3) UL Fasthawk A A2 (R lxt
FRHETE AR th TR AR, SEUEEOR,
DAL K358 0 I RN kg il 5o R e P A o 7 3ok
AT TSR NBAI g Rk,
S PR HE T AR S AT — 282534, 9 i B LA



BEINT B LA, BERLRT o LA R (H
SEHUEEE RN, o FRETE AR SR ) AN
Ko 75 H AFE IR A SIHLIE A BEAS L 1
DU B FRHEE AR BAT — e T R L%

15000 —m— X-51A
—e— ISR
—a— X-33
~ 10000+ ~v— Fasthawk

= 5000}

E
t\

LHIC)
(a) WEFH
e k&‘\
4001
— —m— X-51A
Zz —e— ISR
e 300 —A— X-33
g —w— Fasthawk
"—T—F__‘__
200} i -
—o—9o— o —o—¢—3
P .o Sl S, e A

50 5 10 15 20 25 30
B
(ORI
11 ANTRI BSOS T DU 25 £ e BEL AT E L

Shear stress
(Pa)
. 5000
M 4500

4000
3500
L 3000
2500
2000
I 1500

B3
1]
K 12 Fasthawk P LE 5 /MR TR AT 77 10 B D) )y Ll
(a=0°)

4 Fr AR IRV

Gt ik (BIRTR WAL X-33 45)
FERUR AT T EOR R, B ANE S ke
ol BB 5 BORAT RO TR TR AT s e R A
(Ma > 10) # AN F B8, Jf B
FAT LA AR AT 28 B (H BT O A VP A
RY, ARSI AR S I PERER H (BA X-33
M, wRTHEEEZ Oy 1.2) , i HAR ST )

R Z R K RENPL, H =R Bt IR A
AR B RS HLILES . ik, TH ik
AE K ten B P AT SR I s A R Rk P
pri

A 1R 32 A A W v /AT
A B) R TR LU R A, X3 )
PERESE T S S ZESK o AR A BT A R T
JIARS BN BT A R B RASE ZEK T SR VFAE
FRX it P 5, A8 PR e AT 22 KV R 3
Th, RUME ARG T AR D e 7 /AT #8180
A JR B AT AT PR R et T 1)

AT RSt P T+ ) AR I 18] 13 Fross,
B RST LA 2 -

llifting-body * Witting-body :hliﬁing—body =1:0.6:0.15 (11)

RN R VT, LR eg . Sk
AR 5 mme BEHUTS B EE S R S
X-51A F1 X-33 (EUE ST R FLE

13 i -F-TH ) pAR

14 25t T ASRIBUA 1 i~ T ) A
B X-51A Al X-33 [FHRE LG T R ECRIBH
NZEH. NE 14@TUEH, 58U o = 10°
FeAi iy, TR AR T Lk B K
2900 2.9, m TRV DA . P T
IR [ T 0 28 B0t 30 AL it 5 £ 2 P 184
HEMEYS X-33 T REHEY, Wk R
i/ T X-33, H2 X-51A 8K, Ktk
AT LUK i ~F- T 44 T B e v 1R D ERL A &5 1 BE
TR AR

Wi TR, Bk TR ETRLE,  FRARRE W H
il e = A R EEH 2 . &
15 45t T AR T = AR T R ) o
FUAE Y, T IR T ) B A A2 A
MR, 1E a > 5JaTH HARBRLK T X-
S1A. R IPPAl 45 SRR, TH I EZ R
Peflt, M HAEBUA BTN, kAT R AR



S IGESE . T AR () B i s AR L X-
SIA K, HHA & T X-51A, X5 X33 A
Hie KT CnE 15@)Frn) 15 RHE— 2
(1o P& 15(b)2 W - T g AAABE 28 (14 BHL g 3zt sz A1
T X-33, 5 X-51AHY. B 16450 T 10° X
FAISTTE AR 2T s ) 23 A R 3 Hs ) 554 2
oA, TR, OKRBUR BT AR B —
JE TP F Rl

4
2k
E
or —a— it 171 Iy 1K
—o— X-51A
kY33
__2 " 1 M 1 " 1 s 1 M 1 " 1 N 1 N
-5 0 5 10 15 20 25 30
TLAf(°)
(a) FHBHLEL

030 o
—u— Jii T ik
025} —e—X-51A
.33
020}
=015
W&
=0.10
=
0.05k
0.00
V0 =10 15 20 25 30
1)
OBIIEY
025} — i T 14|
i —e— X-51A
020} —A-X:33

:_.ah"-,*’,.‘
G 0.15F

iy

=010

0.05+

50 5 10 15 20 25 30
BM(®)
(c) FH I A%
14 RNEBA T RIFHRLEL . T R BRIBH 1 R 5

A VTt I ARRE IR 58 PR A L X-
33 BRMS A 4 ORI R B L A SO M2
A1), HIESRRAR KR, BB
TH R B BAT R AR BUARATHIVP
A B i~ T ) ARSI R 2 e AL AN A B BLAE
W=, EVEP LSRR Y], ATk (1
e X-33) AERGAE SO0 AT S R BT 4 A e
(/AR I, B TERE 2 15 21K
JESR Tt o DIRAE I T 0 AAAE Dy el 7 < S A
JAAAT s R S ), A7 b EEAEHE— 2B K

P2

310
20000
—a— fi FTF )itk
150004 —o— X-5 IA
—h— X-33
Z 10000
B
-
5000
0_
50 5 10 15 20 25 30
Hfi()
(@) T+
—— fii 1T ) ik
00 —e—X-51A
—a— X-33
— 10000+
&
=
= 50004
Od““*+ﬂﬂpﬁiﬁﬂ

S0 5 10 15 20 25 30
Hff°)
(b) Py

K15 ANFEZCA T T RIBE D)

Pressure(Pa)

100000
90000
80000
70000

. 50000

E 50000

40000

30000
20000
10000
0

16 i T Tt J3 AT e ) 43 A4 R 3% 16 0 54E
A (a=10°)




5 458

ASCAE I H TT R I EE ¥+ SPACER,

o YIRS B A SR A e R TR AT I S Bh i
REHEAT T HUE VAN o VPAL IS8l AT Je f i 2o
Bk RERAA TH AR RRHETE A4,
HARSME D BIRT4G X-51A. {i ISR, 1j X-33
FUJi Fasthawk §47#%. JHiLxt ©AT 2800 FHRH
Py B AT S8 SR TR 3 e 0 S5 1 LR
Whig, BATATLMRR DL L

1.

SPACER ¥ HAThfese e, PERen] 55540
AU AT T R R I AR SR B
PEAL

T RINA AP Bk e, HoT AR )
PR T PR R E JEAT R SRR
Shy W Yk (1) e P AR Bl AT S

G S AR FIAR BT )R B Itk e A 2
TP AR o RN i ST+ ) AAABE I (1) A7) DA 45
RRW, &SR EANE, A8
RESH RIERERT. Nk, FH e
W5 G A A Ay R R R B A R R s —
AT,

B FRHE AR IS8l 1 B AN W S e 44,
i ELEEBH AT & e F A R A AR A4 1)
BH ) 55 R AR Y, R B — eI m s
75 B R

B

ATARF2IE K BRBHAEGIH kg

Z: 90816012, 10621202) F1 LHD 544135
FL T, fEIR R

S 30k

The aerodynamic design of aircraft.
Oxford: Pergamon Press, 1978.

Nonweiler TRF. Aerodynamic problems of manned space
vehicles. Journal of the Royal Aeronautical Society,
1959, 63(9): 521~528.

Rasmussen ML. Waverider configurations derived from
inclined circular and elliptic cones. Journal of
Spacecraft and Rockets, 1980, 17(6): 537~545.

Jones JG, Moore KC, Pike J, Roe PL. A method for
designing lifting configurations for high supersonic
speeds using axisymmetric flow fields. Ingenieur
Archiv, 1968, 37(1): 56~72.

Corda S, Anderson JD. Viscous optimized hypersonic
waveriders designed from hypersonic flow fields. AIAA
1988-0369, 1988.

Kuchemann D.

-10-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Takashima N, Lewis M. Waverider configurations based
on non—axisymmetric flow fields for engine airframe
integration. AIAA 1994-0380, 1994.

Miller RW, Argrow BM, Center KB. Experimental
verification of the osculating cones method for two
waverider forebodied at Mach 4 and 6. AIAA 1998-0682,
1998.

Rasmussen M, Duncan  B. Hypersonic  waveriders
generated from power—law shocks. ATAA 1995-6160 1995.
Bowcutt KG, Anderson JD, Capriotti D. Viscous
optimized hypersonic waveriders. AIAA 1987-0272, 1987.
Huebner LD, Rock KE, Ruf EG, Witte DW. Hyper—X flight
engine ground testing for flight risk reduction. ATIAA
2001-1809, 2001.

Joseph MH, James SM, Richard CM. The X-51A scramjet
engine flight demonstration program. ATAA 2008-2540,
2008.

Gillum MJ, Lewis MJ. Experimental results on a Mach
14 waverider with blunt leading edges. Journal of
Aircraft, 1997, 34(3): 296~303.

Courtis NC, Edwards JA. Hypersonic lifting shapes for
maneuvering projectiles. AIAA 1996-3400, 1996.

Zhang J, Wang FM. Hypersonic waverider aerodynamic
performance studies. Journal of Astronautics, 2007,
28(1): 203~208.

Holland SD, Woods WC, Engelund WC. Hyper—X research
vehicle experimental aerodynamics test program
overview. Journal of Spacecraft and Rockets, 2001,
38(6) : 828~835.

Starkey RP, Lewis MJ. Design of an engine-airframe

integrated hypersonic missile within fixed box
constraints. AIAA 1999-0509, 1999.
Sullivan RB, Winters B. X-34 program overview. AIAA

1998-3516, 1998.

Walker S, Tang M, Mamplata C. TBCC propulsion for a
Mach 6 hypersonic airplane. AIAA 2009-7238, 2009.
Murphy KJ, Nowak RJ, Thompson RA, Hollis BR, Prabhu R.
X-33 hypersonic aerodynamic characteristics. Journal
of Spacecraft and Rockets, 2001, 38(5): 670~683.
MR, SRLLE, ERUNS, B, BwW, HRJk. mEEs
AN B T VA AR BB R RS, WU B AR,
2007, 22(6): 967~973.

Nabity J, Hudson P, Loundagin J. Developmental
testing of the fasthawk combustor. AIAA 1999-0431,
1999.
RN A FRAARBEIERE CGE 2 B . BB TR, dbat,
2008.
Hollis BR, Scott AB, Horvath TJ. X-33 turbulent

aeroheating measurements and predictions. AIAA 2002-
4700, 2002.
Flores R. Fasthawk roll control testing. AIAA 1999-
0430, 1999.

Anderson JD, Lewis MJ. Hypersonic waveriders — where

do we stand?. ATAA 1993-0399, 1993.
Anderson JD, Chang J, McLaulin TA. Hypersonic
waveriders: wffects of chemically reacting flow and

viscous interaction. ATAA 1992-0302, 1992.

SEET. RPATEINEV AR (2R

3. MEAEAE S R L, 4R, 2007.

Harris JJ, Black GT. F-22 control law development and
flying qualities. ATAA 1996-3379, 1996.

Deskin WJ, Yankel JJ. Development of the F-22

propulsion system. AIAA 2002-3624, 2002.
Josyula E, Gordnier RE. Computational simulation of

the F-22 aircraft. Journal of Aircraft, 1999, 36(3):
614~616.
Pamadi BN, Ruth MJ. Aerodynamic characteristics,

database development and flight simulation of the X-
34 vehicle. ATAA 2000-0900, 2000.



32. Berry SA, Horvath TJ, DiFulvio M, Glass C, Merski NR. 35. BRME. EER R AL RR AT RSB 1R TR R FL A i i sh

X-34 experimental aeroheating at Mach 6 and 10. AIAA MERIESE. [WiL2afiie ], M s iR K%, B,
1998-0881, 1998. 2007.

33. Brauckmann GJ. X-34 vehicle aerodynamic 36. Voland RT, Auslender AH, Smart MK, Roudakov AS,
characteristics. Journal of Spacecraft and Rockets, Semenov VL, Kopchenov V. CIAM/NASA Mach 6.5 scramjet
1999, 36(2): 229~239. flight and ground test. ATAA 1999-4848, 1999.

34, FRE, WA, Wkeds, X%, wEN. mEEET %k 37. Shaughenssy JD, Pinckney SZ, Mcminn JD. Hypersonic
AN RSB L. RS SR, 2001, 19(4) : vehicle simulation models: winged—cone configuration.
439~445. NASA TM-102610, 1990.

NUMERICAL EVALUATION OF TYPICAL HYPERSONIC CONFIGURATIONS
ON AREODYNAMICS DURING HYPERSONIC FLIGHT

WANG Gang' ZHU Huiyu' SUN Quanhua'? FAN Jing'*
(1 Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, CAS, No.15 Beisihuanxi Road, Beijing 100190, China)

(2 Hypersonic Research Center CAS, No.15 Beisihuanxi Road, Beijing 100190, China)

Abstract The aerodynamics of typical hypersonic configurations during hypersonic flight was evaluated
numerically using our in-house software SPACER. The configurations included quasi-waverider (like X-51A),
blended-wing-body (ISR), traditional lifting-body (X-33) and axisymmetric cone (Fasthawk). A flat lifting-body
model was also studied in this paper. It is shown that: the quasi-waverider has good lift-to-drag ratio and
relatively small drag, which is the most potential hypersonic configuration among studied; the blended-wing-
body and lifting-body need improvement to have better performance that could be achieved by flatting the
lifting-body, for instance; the axisymmetric cone configuration also has potential to be a good hypersonic

vehicle due to its small drag.

Key words SPACER, hypersonics, acrodynamic configuration, numerical evaluation
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