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Numerical simulation on drag and heat reduction of hypersonic
spike-aerodisk-self-coupled stamping lateral jet concept

WANG Ziyu, FANG Shuzhou, GUO Jian, NI Zijian
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: The drag and heat reduction effect of hypersonic spike-aerodisk-self-coupled stamping
lateral jet configuration was numerically simulated. Compared with the simple spike-aerodisk, the spike-
aerodisk-self-coupled stamping lateral jet configuration pushed the shear layer away from the wall,
enlarged the recirculation zone near the blunt body, and pushed the separating shock away from the spike.
The strength of the attachment shock was significantly weakened, and the drag and heat reduction
characteristics of the combined configuration were significantly improved. The drag and heat reduction
mechanism of the spike-aerodisk-self-coupled stamping lateral jet configuration was studied, and the
influences of different parameters on the drag and heat reduction effect were discussed. Within the study
range, the drag and heat reduction effect was continuously improved when the lateral jet angle increased
from 30° to 90°, but when the lateral jet angle increased from 90° to 120°, the drag and heat reduction
effect decreased slightly. For lateral multiple jets, the farther the second lateral jet was from the blunt body
wall surface, the better the drag and heat reduction performance. The configuration with the best drag and
heat reduction effect was compared with the configuration with the same parameter spike-aerodisk, finding
that the peak value of Stanton number on blunt body wall was reduced by 39.7%, and the drag coefficient

of configuration was reduced by 19.3%.

I %5 B BA: 2022-10-08

TEE B ETE0997—), B, {4, TS 5 AT R a2

BIEEE: rEM1968—), H, ##z . =Sl M+, T8 EE A3 ATa 12498 . E-mail: fsz@bit.edu.cn

SRR E7E, EIM, 08, 5. w7 A -4 - 18RS R R ) S A A % s BEL By A B AL (0] A4S 3 1244z, 2024, 39(10):

20220775. WANG Ziyu, FANG Shuzhou, GUO lJian, et al. Numerical simulation on drag and heat reduction of hypersonic spike-aerodisk-
self-coupled stamping lateral jet concept [J]. Journal of Aerospace Power, 2024, 39(10): 20220775.

20220775-1


mailto:fsz@bit.edu.cn

IR DA

%39 %

Keywords: hypersonic; spike-aerodisk; self-coupled stamping lateral jet;

drag and heat reduction; computational fluid dynamics

e AT AR EOR Y A R N R AR =S
ZIGE Yy — AR, YAl AT R X s RE
R RAERE MoK H g2 28 th. HErE Wy s
REL 7 #4H R 32 86 45 BB A ORIl UMD i B4
SV T g e O L e BH AT K H G
AR EE

ol BEL AT o 7 A B e AR 18— MR 40 B A
FE, AES I ABRBEAT 5, BAR b3 i o & A 78
s — 5 T ¢ 55 8 HE TR RO B 5 08 T
Iy —J5 0, H G BGh FE s A R w4 B,
Az PRI A DORE BRI 3t 20 T, DA - BBH ) e
RN, e LA BELAT T 5 AT B 91 3] 20 tiE4D 50 4F
AU, Mehta"™ WF 58 T i 88 75 3 A5 4F T, DB AT
B2 X A i SEL 7 R T 1) 5 o, 485 SR 3¢ W i B
FFC BB, O BH AR B . B S, Mehta!™ 3
RIARIBHA K B RE s R R G . N T
i PR 3 26 1] J5T, Kobayashi 25 ') 7 i BH AT 7 358 42
WA, a7 AT R E M, S A —
B2 B AR DR BT Sk 8 2 e T sl i, Ttk — 20
SR T el BB FA O

Jiang SV Liu &8 U7 4 M1 00 1m] M5 3 5
FELAT &5 & 1B A B, S5 R R B, 2H 65 H U sk B 1T
- BRF 3 R AR OB T A R A AR D AR
b S 3T U LA B AR T BT AR a=404l 1K BE
Tl 7 W (B ATS BE W /1N 65%. 2 45 S5 U820 SR FH 4K
E AL 7 vk 0 — 2D R 98 T el BELAT B2 L ]
W% JAE Ak . S M 3t 437 45 DAL 3R % el 4% i BHL 77 A
AE 1Y 52 0]

(RS R 0 S, AR ZH 5 A8 B0k 9 (H Bl #4 1
AEAT AR KA T (2 G4 RRE X6 T 356 off g 750 9 B A0
Bl AR P BEHE T 45% LA b ) U1 EL 2 A [ M5 35
e LA T, 7R SR TR P s sEEEAR . 1M
FE-28- FAS G vl A [ S i 20 5 4 RUAN TG B
T, SRR T TR T BRI ATE . BT LAAS SCRAT -
F- ARG phERE S A SR HEAT T AT, X
A A 2 A5 TR Ul BEL AT Sk R FAE S, R HEARC, 26
RLF 00 e s A, R 3k BB B A H 1 . A
2 B X ek BEL AT A 45 R R F 3 B AR D 2
(computational fluid dynamics, CFD) £ {E A% 48 J5 1=
BEATHIFSE, 5T S 500 U 1) HESCAL AR B R
A ) HE AL B

1 YEREFIBIET X

1.1 #IBsEsl

AR SC U B A A G A A A LA 8] 1 TR . E
AR B A% D=40 mm, 6 A Bl 1A RE T 5 X AR Gl BT
St e Ay, Y BEHAT K BE R L=2D, M i) HE S ALz
OB AR N L, LA L5 LAY M L, R
A 1) HE A A B DB AT B4R D=0.1D, R sh # H
1 D=0.3D, }ii 1512 D=0.075D, < 3 £ T # 5|
AW S5 T 5 % AR T T R M SEK £ =60,
A ) HECAL TR W, A T HE LR B ) AR AL
Tl 1 R T, AL R R BER O 6, i
JE R T, v e 4B .

PEICRAT i B 30 km BRI S5 1, KAT D
AL 6, FTE SN 1197 Pa, SEURIRE K 226.5K.,

Far-field

1 PRl
Fig. 1 Physical model

12 #HERZE

ARSCIET AT N 0°, Fr LA R i/ M55 5
K FH — 4 % XTFR Reynolds-averaged Navier-Stokes
(RANS) B RS, BeP85% B 5L | BORS B2 . B XK i 2,
{#i Fi| advection upstream splitting method( AUSM) #%
AR B, B KU AT A R . T
A% F shear stress transport(SST) k-w it 5 Y,
i 2 SOh FRAR AR, ZiPEZE#F Sutherland 24 X

20220775-2



%1040

EF RS e T -2 - 18R e A T S AR 2 P 9 BEL 9 PR (A AL

MG &5, AP R A 2 500 K,
AT P A2 RN, U el L S AR A
Her e RE T R AR AL, I Iy B 7 IRE T

2 W& IT RS HT A0 E B I8 IE

2.1 MBI EMEDHT

TEHUSC e 2.1 75 v ik B AL Sy A% G
KM Hrat &, il HEALSEBE wiD=1/3. WG
AR 11 T A5 ] 2 BT s, 18 DO 4 R FH 465 4
DA o Sk M TSR RE T A I A R, TR B BE T
TR E 12 PR By IR TE L B, — R
TR L v S AR RN AT A X 3 A%, Al A
BETL 55 1 2 Mg SE0LER 1.

AN [) 285 5 IO A /A R T AR R 45 SR RN ) 4
X Ee A an &l 3 FE 4 B o RERETE R AT TG
L IIEY O

c, =Ll D

0.12
Far-field

0.10

0.08

Y/m

0.06

0.04

0.02

0

Convergent half angle

Channel

Lateral jet

K2 R
Fig.2 Computational grids

F1 WEER

Table 1 Grid information

FH FIRGECE:  BEMSH | E MR EE/10° m
HLRIA% 220525 35
HRAE A% 316262 1
AL i 355274 0.5

J | FERE L R . W BE R BREAT IO R N4, IF
Wr IR St FoR:

St = KAl (2)
(T =Ty PosVeoC,

Tu =T {1+[(y=1) /2| Ma® Pr'?) (3)

Krf g, R BETH R B, T, WAEIEBEIR, T, N
BEIR, ¢,« vy« Ma, Pr. T.53 3128 H BRI L E R
PAE | LI . HbRER L S AR BORNR B, Horh
BRI 07171,

& 3 FE 4 ATRLVE L, BEE 0 B3R, BiAR
B TH] He 7 22 BRI T 5 R R I 5 518 KU i)
a3, I A S AT e /MEL, T8 IR e R
B AR B AR T4 R A — B, RATEH
AL S PR T 7 AP T =2 2 N T e A R i
2 D A B 4 R 22 AR /N, A DR UE TS A B 1 [+
B A TR IR, AR SO PR A A

—=— Coarse grid
0.20 F—e— Moderate grid
—4— Refined grid

0.05

0 20 40 60 80
0/C°)

P 3 A () oA St A B T L ) R KA
Fig. 3 Pressure coefficient distributions along blunt body

surface for different grids

0.008

—=— Coarse grid
—e— Moderate grid
0.006  —*— Refined grid

> 0.004 -

0.002 -

0 20 40 60 80
0/(°)

P 4 ANIR] A% Bl A RE T ST LR 3 A
Fig. 4 Stanton number distributions along blunt body surface

for different grids

20220775-3



IR DA

2.2 EHIEHIE

TR A SCEUE TS T B E R, S
3N B A R RELAT S 40 45 SR HE AT X L g e, O B
gk — 2D B AE M A% TC O, SR T 5 30 AR 2.1
A FAY 3 PO FEAT AR SE . S e A AR B A
2k 40 mm, I8 FHAT B K H 80 mm, kA 5)
£ R 3 mm, H BRI S BECH 5.7, # R
2179 Pa, i A 147.6 K.

SIS B S EUE TR = B LR an & 5 Bios .
B a] DU AR SO EE T 45 SR e b 4
PE 3] TR B8R S IR B . BTV | AR
JA R O S R AR A A5 o A, R L T
Gl R R T RO B B A A I L, WL 6 R (B S
MBI, R MEREAR) o mIEIR AT LA
PO BT RS R S LR i RS AR 4 17
T2 BEAE B0 AR R0 152 22 3K, (R A B4 H AR
U Hb AR T RE T A R . D Ah, X 3 B
PO A% 180 A FL K A1 R 512 30 B5CHIR AN wf B, v S5 % 8
DA% 1 RS A 22 8/, B SEER 25 R 2RI K,
FH A 55 52 3 48 R 22 0 K, X 5 S A 2.1
A% TGS I UESE IS A IR o PRIk, AR SCOR R 4K
(BTS2 A v S8 DA% T LA M T S A L e
7 A ST S8 U

A SR I RIAT- 8- FRR S b R o S it 2
Fg 79, A A0 g HE AL A A U B 28 R0 T N ] S
DR AH A0 i) M6 3 447 K0 (H T ¥R B0 IE . B Spaid
S 1 S I 238 AR AT 00 i) g B 48] e i, 32 S
T 284 AH G I8N DR FH A0 1] M 3 B 437 3 1k
SIS AR, BRI SR 4.54, B
JEN 373 006 Pa, i K 319.44 K, ] fi B9 25 i
BOH 1, BN 69774 Pa, T A N,

K5 SSIREGEEBR ST =R I

Fig. 5 Comparison of experimental schlieren image and

computational contour

5539 4
100 - 2

~ 80F

=

L

= 60

3

E‘a’ 40 = Experiment

& 20 —e— Coarse grid

—— Moderate grid

0 —— Refined grid

-16 -14 -12 -1.0 -0.8 -0.6 —04 -02 0
S/R
B6 TG TRl ARE G R L
Fig. 6 Comparison of heat flux along blunt body surface

between computational and experimental results

S S n B RN A 7 TR BCE R
B 8 . MIEH T LI, i By
RAHHE R T 59 H . PR . Sk A
AR, =PRI E, B R T
P A AL -5 00 i) A AH ELAE K AR 3 B2 03
P IT 5| JA  , AM 1 WBE J DX dm A
B9 3 AR/ —BY I X . 9 XL T BETH )
3 A7 1 B0 (52 36 R o T SCHk (23], B e
25 01) o BRI LU R R 5 5
W o A LA oy W), HE— 2P R R T RUE

Bow shock

Separation shock

_/~Shocks in jet

" Recompression

shocy/

P 7 A e O S R R AT A R R A

Fig. 7 Sketch of interaction between lateral jet and supersonic

incoming flow!*!

T
Machnumber 0 1 2 3 4 5 6

K8 M m s R A

Fig. 8 Computational Mach number contour of lateral jet

20220775-4



%1040

EF RS e T -2 - 18R e A T S AR 2 P 9 BEL 9 PR (A AL

3.5
3.0
2.5
520
s
1.0

o J\u_é

1 1 1 1 1 1 1 1
-5 4 -3 2 -1 0 1 2 3 4 5
Xlinch

—— Calculation
* Experiment

PO 5 St SR ) HE

Fig. 9 Comparison of pressure along surface between

computational and experimental results'**)

B AT AR TE . 25 BBk, AR SCR AT RO BUE T
715 AT AR ] 5 DU 75 ER 3 T D BE AT -
BRI 1 R AL IR

3 #£R53e
31 M- BESERE T RE S AR

3

AR PR IBOAF- - FRR S b T b 1o S 45
T2 S 4005 S A 2.1 AR R, 1) HE AL A B
L,=0.5, L,=0.7, 1] {E <AL A 9,=90°, JE A4 HY
S 1) 2 B 0 D BELAT - KB SR B, X L 43 A7 7 3
AL, 18] 10 25 T ShBREOR g 2= P DL RO
L

FEIEL 10 W RHAT - B B L b, | BRI
S B H 5 T8 B B BRI B B0, BB S
TR B S 2 AL R ) B=22° R T % B

[
Machnumber 0 1 2 3 4 5 6

Upstream reattachment shock
Leading shock

& 10

Bowshock Searatin shoc ‘1" i

Reattachment shock

F FH R L T S ol BB T Ak S s B S 7 R S R
TR A B A B, T AT D Y BT 12 (il
T &I v Jr i A7 B 5 o I 4 e R Y I AR £k
WON AL R BTV, SR 5 PR BE AT, 75 5E
RSB ERIC LT — A/ X B R T —
B b RO . R ) ER R T Ak ST A DR AT
BN, TR R AR A, S B0 HR ke T A R
FEAF il R & AR s 4 8, P2 AR T i Ay 7 i
R B U] 2 I — 38 53 B PO, 1% 8T V)2 B T B
TR E &, BT an IR B EE RS . S
BRI BY U2 . el BELAT R T L A RE TEE R T I
R

XiF B -2 R A ol R ) B SR A R, R
sk kM B A, Bk, h TR IT
RS H PR, FERTS B M p 3 nE T 260,
P 5 R TR T S R BRI IR A, LSO A
559 sh L IE A G, SO RT %S0 f B I B N
R 5 P SO R B, R4 SRR
%€ i8N Ay NI v o S 1 o SR 1 7 @ N
S, I R R S R BUR S B A B
oo WRELIE 11 RAFFEREE N RSN, H kR
S UR W ESN RS DI O JA S DR vy S N W
Wik Ry I 7 S 3 8, i S R A 5 | Al
B 4 /0N, R it 2 ad S B 4 B T AR Ak
| 7 B4 TP A B T 1 2 8 0 3 22 Ma=0.9, £ 72 M
S e ity 32 R AR T AR A HER H, U
Bt B T 22 M0 HE A1 32 A R T 5 43 0 B RS
TV 18 40 0 , 5 SO S P F T el 2 R R,
JE X AL TE A 77 A, R 77 2R 45000 Pa, 26l HES

|
pkPa3 6 9 12

T BN ) 2 [ LA

Fig. 10 Comparison of Mach number and pressure contours

20220775-5



IR DA

%39 %

T \
Mach number 0 0.45 0.90 1.35 1.80 2.25 2.70 3.15 3.60 4.05 4.50 4.95 5.40 5.85

(a) St = E
I ]

p/kPa 5 10 15 20

25

30 35 40 45 50 55

(b) [EH = I&

Bl R AR SR R =K

Fig. 11 Mach number and pressure contours in channel

H 4N F1°4 5000 Pa, 3 /N T i HE X 7, i1 78
ZEMHES I BT R R RK B 3L, 12 S O i 2
& Ma=3.6. KAk SEAE MG A MG sh, T2
HEAS T B v i X7 A AR T8 5 4 9 B T K B8
AW 2288 75, AN /N 2R 10 000 Pa,
7 J E T A 00 A B3 A s 1) BELASHVE R, 5 B0 RO
S 45 0 SR T AE I AL AN W WY 7 Ma=0.15,
JE41 2430 000 Pa, [FIFEAY, BEISNAEF 54 5 000 Pa,
INFEEXE S, S80T 28 A M HES O R 5
T B 5 T e 2 & Ma=3.15, {HA R
(4 S, 6 I BELAF b A 0 g HE AL A, ph 00 i HE
AR, S BOR AL 1 HE AL AT & AR TR Sh i 1k
BN, VR BHLAT - A 2 B e PTRERE N . 455 181 10
F T 2 O ) HE ST A1, S EOAR IO B D
RELFF = 10 5 910 )22 1 A 13 B 0 s BELAT I, T 2 e 4
B AT, B 355 09 i XA b 2 B oK, O B
SECT U O R A . ZE LR
DHEALZ BTGB T — A X R A il
HESFL A VE R, P BR800 B0 A 7 B 170 22 A 4 5 ok BEL
FF, S 3T 1A B0 [ 37 X B S 486 K, A 40 X6 HE WD
A R R T 2 BRSO IS 0 S s e A, IR e R
P-4~ FURR A o R 1] S 34 7R 1) 30 sl e 7 o
N, XA F TS B S RE R T . Ak, FEK 10
HOR AT — (B T, 1 200 00 8 B A iy B 38 0
2 B+ Yol BELAT -, B0 45 ) TR A T B S8 I8t D 9 5
Tl AR Sl A JE S & A AR R R, X T R 2 2 PR
G T A HE LA 2 55 U 2 B0 U2 2 43
T, TS U I B 7 A T B R A S
RN R R (S

R ik — A E 5 R TR %) ek BEL B BAHIL B, Xof

AT e VEAS, B 12 FE 13 4350 58 i R T4
AR T () 7 B ORI SR A . X e R K
B FE 7 72 BOR BT A RO A AR, AR
RIS L TEIE T R R B, T s X — I
P10 A ey S (i 2 el v mT AR 380 D P« o

0.40
0.35
0.30 -
0.25

U 0.20
0.15
0.10
0.05 -

—=— Spike-aerodisk
- —— Spike-aerodisk-channel-double jet

20 40 60 80

6/(°)

0

B 12 ARG R Bl R RE I 1R ) RO L
Fig. 12 Comparison of pressure coefficient along blunt body

surface for different configurations

0.010 -
0.008 -
0.006 -
]
0.004 -
0.002 -
ol —=— Spike-aerodisk
—=— Spike-aerodisk-channel-double jet
0 20 40 60 80
/(%)

13 R [F) R AT A RE T S RO L
Fig. 13 Comparison of Stanton number along blunt body

surface for different configurations

20220775-6



%1040

EF RS e T -2 - 18R e A T S AR 2 P 9 BEL 9 PR (A AL

U, R T BT U2 R ) RE T v ok O
BEMDE LT — R G4, 2 BOR RS H 46 &
J1. IR BT AR R I, i T AR R
TR AR Ak, 3 B YAk, TR T — R AK I,
KU G M 22 )5 e T BRI W R A, 3 st
SECT B S R B RO (A B A
P JB BB AT o T HG TR T 22 B5ORn 357 $H A5 e L, TT
ARSI, BT A8 A L B -5 sh S A A 14 T T &R
B AL AR T 49.0%, WiH A PR T 39.7%.
S5 H T U223 B AT L 0 X — B4 14 R
PRl — 7 IH, A PR el K T A OB 0 5 B AR,
— 7 T, BRI B 3k G T D R R T R R
WA EAER . 5546, i HE AR R0 (5 M\ 6=55.97°
Jaf8 2 0=58.3°, iX & i TH A AL 5 A B9l ) HES
1K B9 D) J2 HE B BELAT, 5350 T BT U )2 P #)
AR T B4 57 B 1) R Ui A B0

P14 45 T PRI R A BT R BH O R B
BIFE A BT 3 ARy A sh i K Bk,
HRUBI AL RS 3l 5 AR 4 i e A i BEL D UA R sh
A, W BELAT BT 7= A A BEL D 3 /N R T Ul R Y
TR S BE T, 0 HE LT A A BE 3
R B RECE OR:

Fy

Cd= (4)

Epoo VZOS ref

Hrp F O EBLTT, S HSH T, & XN aD/4.
XiF Lb 7 b AL U BE 7 22 B50RT AR B 7RI AT - 3h
AR A e R P A Y BEL T o 32 R A, TR AL
HR A Bl A 0 BEL 7 B S 3 i, R A A i B
30 N, R BE S A EEAR /N . R — B

0.35
[ Aerodisk

0.30 | ] Channel
’ [ Blunt-body
[ Total drag

0.25

0.20 -

G

0.15

0.10 -

0.05

Spike-aerodisk Spike-aerodisk-

channel-double jet

Configuration

Kl 14 R [EIAGRIBH ) A 5o ke
Fig. 14 Comparison of drag coefficients for

different configurations

B SR AR s HT R A B AN, 5 O SR SR FE S
B ELBH 3G N, R B 5ok AT, SO
7 FEAR /I, A B 7 s/ i R 5 SO ) R %k
S0 S0 4 50 {1l /) D DRI A ] o A 8 58 9 BELAT -
BN B A PH T R ERAR 19.3%, X & o T EAA
AL B B Sk 3G 0 T A3 B R 7, (R R B BH D) B
25 et R, I HL R 80X i A BHL 7 R AR B

LA B 3518 AT B R A Lo B AT - 3
P TR BB A A 2 75 R SR, i — 25 4 Tl B B
PPERE
32 MEHSILAERR

A WEGE T 0 ] HE AL AR XA - 8- ARG
A ] S5 it ) 28 9 L 77 R 78 %) 5 e, A0 v
AL EE R B 15 Fis o BAETHE T 6 Fl
AN T) A 1oy HE AL A BE A A B, B g B 300, 45°,
60°. 75°, 90°F1 120°, Hrh, #i8 H 42 A D/D=
0.075, i i) HF <AL 98 BE Bl W/D=1/3

K16 25t TR [EON ) HE AL A E P i 5
A B B o el T T ) HE L A
F2 5 e T PN RN v HE A B RN A A T TR
WX E RN IWE AT LLE H: 7E o, R 0°~90°
Y0 FB PN, i ) e HE AL A BE A3, ) ) HES
ST S0 B AR PR SR v 2 B 2 3 A, 4 5 5 1) 2

w

<€
<

A 4

K 1s ML s A
Fig. 15 Sketch of jet angle

Machnumber 0 1 2 3 4 5 6

(a) ¢=30°

(b) ¢=45°

20220775-7



39 %

(©) ¢=60°

(d) p=75°

I

(e) ¢=90°

pa—

(H) =120

B 16 AIEEHE LA R R DA
Fig. 16 Mach number contours for different jet angles
5 il ELFT P9 200 R oA T A, 00 i L i A
PRI [0 9 DX PS8 8 R, A RS 8 s A 0D

B 8 ipk iR R W A RIS, E 2 2 o DA 9008 Jin £
120°0F, AR =5 B TF LG 800, 0 1) HE AR )
590 B 17 XF FEAS [0 ] HE S AR Al E P S O
G DL: 7E o=30°HIE L T, RGBS & 5
TV U o 348 T i TR AR 22, R O, H
TE R R A B S, B 2k W A S,
M @ =90°H}, k¢ It 76 Al 18 PN ¥4 37t 2h 25 AL F g — 19,
R J5 2 B g 0 o A0 R T, R B 2 R
R . PR 2 76 R 3 R 350 1K 773531 50 000 Pa,
i 5 A 1) A T B B RN K i, L S
HEH, R TR 2 o =90° 1 #4) FU A [r] HE 149 A4 Jr
TR B AR T R L A 1 HE S AR =900 R ]
Tl HE SRR B BH S 4 SR G 18 B s M ) HESC
1A BE =90°, FE I Py Joft dat 3 5 A 185 R, T 5 30
M) HEBOR S B S o ANIEL 17 Rl DUE H, T
A 1] AL A A AN ) (A A A A 1138 43 g
HEW 2R, 2 9=30°BH A 1 F14 50 000 Pa
FEAT, M 9=90°mt H A 1T J1 24 40 000 Pa £ 47,
XA RE BT AN [RM e HEAC I AR T PR
SV AN [F] T ) HE AR R G, R i ]
L DX, P B R 5 R A S, XA R R A R
Ul BEL B A R A B T <

SRy i — 2L ARG 1) HE AL A B X A A 7 i BHL
B B RE (52 i, P 19 A 20 2 BoR TR
A ) HE AT A BT Bl A R 1 ) 7R SORI A0 2R i 4
W o3 A o AT I T & B 7E @) B 30°~90°3E [l 4,
Wi ) ) HE AL A AR B I B, A BE 1T R R
ORI 307 SEARCT dl [ AT, G R AR B T R
o B S, S0 HE L AR =300 N E o=
90°, fli 44 BE T s 7 22 R0 (B 1K 15.0%, 57 2Lt
B AF AT 9.0%, U7 MR A5 06 {1 437 B N 57.40°

[ N -
Machnumber 0 045 090 135 1.80 2.25 2.70 3.15 3.60 4.05 4.50 4.95 5.40 5.85

(a) ¢=30°, Dk z

L R
Mach number 0 045 090 135 1.80 2.25 2.70 3.15 3.60 4.05 4.50 495 540 5.85

(b) ¢=90°, T2 &l

20220775-8



%1040

EF RS e T -2 - 18R e A T S AR 2 P 9 BEL 9 PR (A AL

| i \
p/kPa 5 10 15 20

30 35 40 45 50 55

(c) ¢=30°, [E /) = [l

30 35 40 45 50 55

(d) ¢=90°, JE Sy =I&l

17 RYIE AR SO T 1 =

Fig. 17 Mach number and pressure contours in channel
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