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Abstract: To control the continuous cowl shock/boundary layer interaction in a supersonic/hypersonic in-
let, a new control method by the combination of a bump and secondary flow circulation is brought forward. The
flow mechanism and effects of parameters are investigated by computational method. Results show that the first
cowl shock/boundary layer interaction can be controlled by the precompression effect induced by the weak com-
pression waves at the windward side of the small-scale bump. At the same time, the low—momentum flow in the
separation bubble induced by the second cowl shock is driven into the secondary flow circulation device by the
pressure differential and then injected into the primary flow through the blow slot in the inlet ramp, which con-
trols the second cowl shock/boundary layer interaction. Under the combined effect of the bump and secondary flow
circulation, the separation induced by the two cowl shocks is effectively isolated and separately controlled. Mean-
while, this control method can avoid the loss of the inlet captured mass flow rate. As compared with the uncon-
trolled case, the bump/secondary circulation control method can realize the control of the continuous cowl shocks/

boundary layer at the freestream Mach number range of 3.95 ~ 6.95. The flow in the inlet can be enhanced and the
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total pressure recovery ratio is improved. The most improvement of the total pressure recovery ratio can reach

15.7%. In addition, the locations of the blow slot and the bleed slot should be set appropriately to ensure the con-

trol effect.

Key words: Hypersonic/supersonic inlet; Cowl shock/boundary layer interaction; Boundary layer separa-

tion; Bump/secondary flow circulation
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Fig.1 Mechanism of cowl shock/boundary layer control by

combination of a bump and secondary flow circulation
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Fig.2 Adopted model

A%

23 AEFHIE

AL B AR SR T A BRAR R 9 — 4k N-
S U &SR il i AT, H v JOORE X UL 38 = 1 ] Roe % 2
AT 3 R E A ARSI B A
WG BE 00 22 (E A5 3 o i i A% AU %k ] SST k-0 1Y,
FH Bk BE i A% =k A7 B i, 2 AR R i il S D) A&
D7 AR 22 Y T R AN B O EN] . WS rh R R
TS E 3 B, Bk B A% G ] 4 s o A%
BTG B Y Ry T 10%, I LR UE T BE AL 1 o AE 1RO S
WA 5 B R A R S bR B 4.92, #F RN
1962.54Pa, il 4 90.5K .

Pressure out
Pressure far field ~ S Cowl Pressure out
et 5 <
amp

Fig.3 Computational domain

Fig.4 Adopted mesh
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Fig. 5 Surface pressure distribution on ramp and cowl
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Fig.7 Static pressure distributions on ramp-side surface in

inlet at Ma;,=2.99
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Table 1 Parameters of secondary flow circulation with

different Mach numbers at inlet entrance

Ma,, 2.99 3.34 3.65
Puteed Prion 1.36 1.23 1.18
(m../m )% 1.27 0.71 0.58

33 MREMALEMZI

YEW T L,=1.92H,2.17H,2.42H, 2.67TH X} WX <, 4%
LB RS ST TR, B 1445 T A D BB ECh
2.99 I, FEAIE Y S K AT 2R BB I AR 7 ) R
ko TTLLE H, Bl 25 WS 5% A B T B 0 <GE
MO BRI E R KRG BN TE L=2.17TH i 35
P KA 0.744, 78 Li=1.92H I}, B TR K 2 £ B ik,
AR 0.724 A0 AT 15 T B 4 40 s IR S T A9 A R
HREH0.719,

BS54 T R TRl A 4y B R 0 GE N Y TR
B, L=2.42H B R s G O WLEL 9, v LA Y Bl IR
ABE A B R R R A, RO B W R



1750 e 2t

20184F

A RSl 6L I T R A%, AR T AR B BRI R A
Wi Z R A%, (B i A P Sh BT e s HRT 4 2 )
PN AN 22 52 Wi 18 038 9 4 20 0 4
07451
0740}
0735}

0.730

0.725

2;0 2I,2 2,I4 2I.6
1/H
Fig. 14 Total pressure recovery ratio with different blow
slot locations at Ma.,=2.99

(c) 1=2.67TH
Fig. 15 Flow structures in inlet with different blow slot
locations at Ma;,=2.99

WE— 2 T R I, 2 1<1.63H B, 1 SGE K
PSSR B o 33X 5 AT AR 16 A [a] W A< 48 v B
T, UERTE A i AL R P TE TE AR T R A A
(T A7 ¥ 7 BT 15 rp T R S S s i ) - B A R . v
DL Y, B 25 WA B A 3% A G 0 A AL B
B3 B2 W S35 3 0 B TR Bk AN 5
3, BT Ak 1 S T G A A AR R R R 5, B I IR B

T2 0 SR A RE T B Ok B 2 Ok A )
WP AR . M 1L=1.63H I, 7F J5 B 0 % R
SRR FEAVE R, a0 50 )2 BRI HE 0K T B A 4 8 T 3 9
T S B AGE AR B B AR ST 5
BETRY S PR GIE A B e B 0 2 i R0, HLAS 52 ) 3 <G
FAFRT R I i, RSB RO OE B IV T B 1.92H<1,<2.67H .

I/H

Fig. 16 Velocity profiles at the position H upstream leading
edge of inlet with different blow slot locations at Ma;,=2.99

34 SIKEMAEMNIIT

e B L=1.56H, 1.69H, 1 .81H, 1.94H %} 5| < 5% i/
BRI AT, BT T AT Rk 2.99
BF, 3 ACHE Y SRR R R 5 R B AR
A LLE B S EE R RS Bl i E
T ) SRR S R e B s/ B L=1.8 1 H I 35 3] 5%
IRAE 0729, {HATS vy B0 21 8 40 2 SRS T 19 s R Pk
2 ERE0.719, 1 )5 XNE LT, S5 A E 18 R A 5]
W VA A N W = 0 N A v < o TR B
1.56H B, E I8 F 11 AR A 43 88 IX e oK (R AE 5] R 4%
T EACTE 1R T H B S O Y A B X
SR /IN O BT PN A R R B/ BT LLAR AR T B Ak
B R EMK S PERE . T2 L=1.56H I}, 51 < 4% (107 & 7E
O T TR RO 0 S AL R 5 Y L>1.69H B L5
I R RO A B AR 5] R AR Y T
Mo FIEE 18(b),18(c), 18(d) H 5] < 4% fff i 3 75
X P TE AR, SRR E R BB 420, X 4
) A i) 280 St B S A T 1R 18(a) 6

K9 T ARSI g &8 T, i REE AT
Ui 1.38H 5 I (1% 38 B 43 A (A TR Ao 5 A 14 18 oy AT 2R
szl hr i) o T L=1.56H BZ a8 m Ab A 4 5, BF
VIR S B B s oA . AL L B
IR A OEDA= S S R A UR =Y E ¥ RV RCE oS
ol 98 555, T L T o A 9 5 ) R A Ok R b, i —
H W05 B AR, Y L>2.06H I, 1 FlE 55 1) 3 43 A



H39% s

N X DL G 20 U2 1) 30 e o R T o e 3
PRI, Sk D TIE X6 AT 18 0 i 1 4 o 250 | 7 k4
G IE 1 g AR DR AIE S I R SO A
BOE AT AR I o X AR SR A 5 A
R, N VEFE 1.69H<[,<1.94H,

0.745
0.745
© 0.740
0.735

0.730f

Fig. 17 Total pressure recovery ratio with different bleed
slot locations at Ma.,=2.99

5
Cowl shocks ™~

(a) L=1.56H

1.38H

(d) L=1.94H
Fig. 18 Subsonic flow in inlet with different bleed slot
locations at Ma;,=2.99

JBs B A0 R T A RE T S B ORGP A B T T g 1751
03 ,
— 1=1.69H /
----- 1=181H A1
- -~ 1=194H Ry
0.2} Ry
L PRy
m ///’/'
?\ I //
o
I e
01t 2
| Lo
i 5 & ./'/
- e
0T
0.0 0.2 04 0.6 0.8 1.0
ulu

Fig. 19 Velocity profiles at position 1.38H downstream
leading edge of inlet with different bleed slot locations at
Ma,=2.99

AL T — i BE T A R G R 2 G R R
W 130 B2 T O O BE A B T
BRI ATYE R EEA3A T A #E D R RS
BE{ B BN B, RS T LU BRI

(1) B T 8% A0 /U0 A 30 2 A 4 A0 O Ik e A
RO 2 18 i 2 R B O A S B0 R E AL B2
O3 W I N B TR SR A IR R IE SEE B AR
T, PRI O 0 A T A R T A/ I A B
HAE S kA AT,

(2) W0 130 5% )22 T B Ay B T 356 /R A R A A
P W 5 2 0 T AEALE 2 AR T 23l a6 3 XU 5
JE 40 AR I TG RO, S B AR — 3 R B kA
BB BL)ZE o B A S AR B S R
N ST Ak T A R 25 0K Bl it A B s B B RS B I
HE UG e, I RS Y He 4 T R R O
UG B, S B0 57 O R B A B Ok 5 B i A
JZ 5y B R o SO R TG I A B 2L W AR AL B
BT B R B O AR B R SR R B 7k A B
FEA, MU 52 PG 2230 % 2 5 B A S S 8 ok
1R 43 2 1

(3) AL/ P 4 45 ] 7 28 RE 5 A ok i
AN 3.95 ~ 6.95 P 5L BN £ 38 % 41 Ji 51 i il ik A
2T B AR A RO i R RTE E EAL B i B2 g
B EE R AE I O R BRI R MR R O %
e R I T LAGA 3 15.7%

(4) WS BE 5| R 4% 0 A7 B 6 85 A/ AT 34 41
G R R B ROR A —E R . X T T
WF I8 BB | Sy e 48 ] A5 RS, W48 1 o N ik
1.92H<,<2.67H, 5| A&7 B VR 1.69H<,<1.94H



1752 et R 20184F
‘ [13] Shneider M N, Macheret S O, Miles R B. Analysis of
B30k : Magnetohydrodynamic Control of Scramjet Inlets [J].
[ 1] Van Wie, D M. Scramjet Inlets[ M ]. Reston: American AIAA Journal, 2004, 42(11): 2303-2310.
Institute of Aeronautics and Astronautics, 2000. [14] Bobashev SV, Erofeev A V, Lapushkina T A, et al. Ef-
[ 2] Haberle J, Gilhan A. Experimental Investigation of a fect on Magnetohydrodynamics Interaction in Various
Two—Dimensional and a Three~Dimensional Scramjet In- Parts of Diffuser on Inlet Shocks: Experiment [J]. Jour-
let at Mach 7[J]. Journal of Propulsion and Power, ffl of\Propul.fion and Po’fier, 2005, 21(‘5)‘: ?31_?57' .
2008, 24(5): 1023-1034. (151 9RERA, BRarr, skprs. MHP?E%'J:(EA‘(YEZI%?%YE@
[ 3] Krishnan L, Sandham N D, Steelant J. Shock-Wave/ AR B WL BTL)). A HA, 2010, 31C1):
T . 18-23. (SU Wei-yi, CHEN Lihong, ZHANG Xin-yu.
Boundary—Layer Interactions in a Model Scramjet Intake
Investigation of Magnetohydrodynamic Control on Tur-
L1). AIAA Journal, 2009, 47(7): 1680-1691. bulent Boundary Layer Separation Induced by Shock
[ 4] W24k, 2RL, W W . WBAIESE MO A il o
. N N Wave [J]. Journal of Propulsion Technology, 2010, 31
AT bR, 2013, 34(9): 1172-1178. (PAN (1): 18-23.)
Hong=lu, LI Jun=hong , SHEN Qing. Studies of Turbu- [16] Lee S, Goettke M K, Loth E, et al. Microramps Up-
lence/Shock Interaction in a Scramjet Inlet[J]. Journal of . . .
stream of an Oblique=Shock/Boundary—Layer Interaction
Propulsion Technology, 2013, 34(9): 1172-1178.) (1. AIAA Journal. 2010, 48(1): 104-118.
[s5] Lg:%tﬁi ;éﬁﬁg ik ‘ m ’ /:G: o 80 £ ) £ [17] Ghosh S, Choi J I, Edwards J R. Numerical Simulations
A BT L] e EOA L 2016, 37(11): 2001~ of Effects of Micro Vortex Generators Using Immersed—
2008. (TAN Hui-jun, LI Cheng=hong, ZHANG Yue, Boundary Methods [J]. AIAA Journal, 2010, 48 (1):
et al. Review of Progress in Shock Control Technology 92-103.
with Fixed Geometry[J]. Journal of Propulsion Technol- (18] Zhang Yue, Tan Hui=jun, Du Mo—chen, et al. Control
ogy 2016, 37(11): 2001-2008.) of Shock/Boundary Layer Interaction for Hypersonic In-
L6 1 AL, SRABRE . Al WRox o 77 0 U S 2 e g lets by Highly Swept Microramps[J]. Journal of Propul-
L], HEEAA 2006, 27(6): 525-528. (YUAN sion and Power, 2015, 31(1): 113-143.
Hua - cheng, LIANG De - wang. Effect of Suction on [10]  SZhA0, BRSrLr. 3as. MHD E B L % 530 5 2
Starting of Hypersonic Inlet [J]. Journal of Propulsion AYE I HLER[T]. HESEE A L 2009, 30(2): 229-233.
Technology, 2006, 27(6): 525-528.) (SU Wei-yi, CHEN Li-hong, ZHANG Xin-yu. Inves-
[ 7] Schulte D, Henckels A, Neubacher R. Manipulation of tigation of Magnetohydrodynamic Control on Boundary
Shock/Boundary—Layer Interactions in Hypersonic Inlets Layer Separation Induced by Shock Wave [J]. Journal
L1]. Journal of Propulsion and Power, 2001, 17 (3): of Propulsion Technology, 2009, 30(2): 229-233.)
385-590. (201 BRERAL, SKAEIC, B R A B R 4
[ 8 ] Hiberle J, Giilhan A. Internal Flowfield Investigation of BB S [T]. VLR AR, 2011, 32(4): 455-
a Hypersonic Inlet at Mach 6 with Bleed [J]. Journal of 460. (SU Wei-yi, ZHANG Kun—yuan, JIN Zhi-guang.
Propulsion and Power, 2007, 23(5): 1007-1017. Adaptive Passive Control on Hypersonic Inlet Boundary
[ 9] Herrmann D, Blem S, Gulhan A. Experimental Study Layer Separation[J . Journal of Propulsion Technology,
of Boundary-Layer Bleed Impact on Ramjet Inlet Perfor- 2011, 32(4):455-460.)
mance [J]. Journal of Propulsion and Power, 2011, 27 [21] sk P, PEER, SR, 2. —FhIESE N AL
(6): 1186-1195, SR AR 00 7 o R S BLI ()],
[10] John S. Improvements in Modeling 90-Degree Bleed 7, 2012, 33(2): 265-274.
Holes for Supersonic Inlets [J]. Journal of Propulsion [22] Zhang Yue, Tan Hui—jun, Tian Fang—chao, et al. Con-
and Power, 2012, 28(4): 773-781. trol of Incident Shock/Boundary Layer Interaction by a
[11] Knight D, Yan H, Panaras A G, et al. Advances in Two — Dimensional Bump [J]. AIAA Journal, 2014, 52
CFD Prediction of Shock Wave Turbulent Boundary Lay- (4):767-7176.
er Interactions [J]. Progress in Aerospace Sciences , [23] Zhang Yue, Tan Hui—jun, Sun Shu, et al. Control of
2003, 39(2): 121-184. Cowl Shock /Boundary Layer Interaction in Hypersonic
(12] T =, x4, skakte, & B OBAETiER Inlets by a Bump [J]. AIAA Journal, 2015, 53 (11):
i A E R EACE AR ALLT]. HEdEEOR 2013, 34 3492-3495.
(10): 1310-1315. (DING Chen, LIU Meng, ZHANG [24] Tan Hui-jun, Sun Shu, Huang He-xia. Behavior of

Ji—hua, et al. Numerical Simulation on Blowing Method
for Controlling Boundary Layer Interaction in Supersonic
Inlet at Different Mach Number[J]. Journal of Propul-
sion Technology, 2013, 34(10): 1310-1315.)

Shock Trains in a Hypersonic Inlet/Isolator Model with
Complex Background Waves[J]. Experiments in Fluids,
2012, 53(6): 1647-1661.

(4% TR RA)



