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Abstract: A synergistic design method combining geometric configuration and flow control was
proposed to enhance the low-Mach-number self-starting capability and mitigate the vortex region in
hypersonic inward-turning inlets. The method combined geometric reconstruction of “ side wall
segmentation, forward sweep, and outward translation” with a controlled side overflow strategy,
significantly reducing the effective internal contraction ratio and achieving coordinated suppression and
removal of separated flow and boundary layer. Three-dimensional numerical results showed that,
compared with the conventional rear-cut-lip configuration, the novel inlet achieved significant
performance improvements over a wide Mach number range. The self-starting Mach number decreased

from 3.9 to 3.2 and the starting Mach number decreased from 3.3 to 3.1. When the inflow Mach number
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was 4.0 and 6.0, the actual captured mass flow increased by 9.74% and 6.54%, respectively, and the exit

total pressure recovery coefficient increased by 9.91% and 4.45%. Additionally, the exit distortion index

was reduced by at least 13%, and at an inflow Mach number of 4.0, the vortex region was essentially

eliminated.

Keywords: hypersonic; inward turning inlet; starting performance; flow control;

wide Mach number adaptability
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Table 3 Overall performance parameters of the inlets at various inflow Mach numbers
iﬂ:'/;\‘jﬁ Max P Py qm/(kg/s) O plh/pcc Malh (o pe/p:c Mae Ee Dl/N
4.0 0.651 3.90 0.828 11.3 2.19 0.696 12.9 1.97 1.47 807
et 1 5.0 0.762 3.04 0.790 14.0 2.82 0.625 15.7 2.55 1.76 597
Inlet
6.0 0.841 2.14 0.735 17.5 3.36 0.539 20.1 2.97 2.34 507
7.0 0.896 1.44 0.666 21.3 3.85 0.442 25.7 3.30 2.94 352
4.0 0.657 0.203 4.28 0.892 11.7 2.25 0.765 13.0 2.06 1.21 1043
Inlet 2 5.0 0.766 0.186 3.34 0.839 13.9 2.89 0.694 16.0 2.63 1.52 711
nlet
6.0 0.811 0.187 2.28 0.773 16.6 3.46 0.563 20.0 3.06 2.03 491
7.0 0.825 0.175 1.46 0.694 19.5 3.99 0.428 23.2 343 2.47 351
& = (ptmax_plmin)/ptav (3) {Eﬁ%&%é@%, ﬁMam:7-0 ﬁ%ﬁ%IﬁT, In-

T Punaxs Pimin T Pray 73 51 A7 H AT A0 19 Fe R
{8 fe/MEAFI51E

FE i il AR L, P AR RS E R B AN [
1) S o B AR P o E TP ROk TR T b Bk X T
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PRELEAGE X A ORI A SE BRI A R . b
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FEL P9 35 2 0 1 B 00 100 O 5 K P B Ma,=4.0 FI
Ma,=6.0 T-BL T, HAZBRHH 2K i & 4% Inlet 1 435
T 9.74% 5 6.54%.

TE 4 30 % 5 10 1 38 5] 1% J7 1D, Inlet 2 38 &
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MBS R AR T . 7E Ma,=4.0 5 Ma,=6.0
SR, HA R ERIKE R o, 50 9.91%
55 4.45%, 17 WA FR L e, WIAH D B 17.7% 5
13.2%, FWZ Tl B = S gt R i L 43
A3 S SR, A B TR TR e AR MR
etk R G s IR MERE

Xif B b 2E SCGE 9 B T R, Inlet 2 36 K Y
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BH ) KRN R X — P M
Y EVBH 7 25 BRI U A FE Ma,=4.0 BT, Inlet 2
REL 35t 29.2%; & Ma,=7.0 I, i B & 3 A
FrF o XUESE T Inlet 2 (93T FTE 82K I 5 A 50k
il % S B T A A B g 1 i o

let 2 fY MBI B0 R R 2 R 2008 Imlet 1 4215 T 4.20%,
EH SR BB MR T 3.17%, X —
RS TR T 70 A e R U Eh R AR T, 2F S
oo FEE i S B R, S I/ T JE AR A A S
. WIHEER AT (B 19(d)) i — 38R, A
JIT SR 0 [ 2 TU AT ¥4 9 30 3 7 0% T 00 26 23
FEAE BN B O AT BB & R R . e 5
J& F XU 22 I Z A ARG, RS TN
B ST 3 2 285 4 1) Jmy AR Ak (R B R i 3t ), AL
T X Ui R K A2 7 A B 7 B TS e, PR
FE 5 2 TAE AT WA 1 28 15 5 A5 i T 00,
XF T DX I J Jmy 3 s AN AR A LA i o T
PS5 KR,

TE S RE 7 1 (36 4) , 8 A Inlet 2 % KL
Inlet 1 SCER T @ EHETF: H R 3 D% Ma,, th 3.9
Mz 3.2, #2530 SRS Ma, th 3.3 F& 2 3.1, [R5
WA 17.9% 5 6.1%. X —PERESE T F 2G4 T
AR SCHE Y B LA AL B 5 3 Bl 45 ) P [T O ik,
HMARAS b b 1 e JLART P WS4 2 <O i I
e KE LY L W U 11 = B e 1 G T A A
T B A o) i 330 T, S 3 AR AN T A P W L
IS B BT 2 5 43 2 A A S S HERR, DA FE U5
Sk b HESRAR SRR T i RIE AR BIRE T .

x4 HSEERHDHYN B RS DHE
Table 4 Starting and self-starting Mach number of

the inlets
R Ma, Ma,,
Inlet 1 33 3.9
Inlet 2 3.1 32
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1) 48 7 2 T LA L5 3 sl o A9 I

20250452-12



513

2RI YN A AR K1 AR B A A il A LA -3 3l P ) B

AL A L B N R B PRI T, e
M G- i 00 T - A SRS ) — AR A
AT AR A 1] Vi 9 T (5 R P W EL R AR
44.7%, SEBLT 43 B U B2 A P )4 B S AR
HEBR . i W R T RE AR S PERE, A
B DR EOh 3.9 M= 3.2, 1 ah Dk gt 3.3 [
2 3.1, A 9 I L A TUART A WS 4 2 T Y
FE i sh it TA s Rz

2) 7 T ) T 3 X B T 2 B R HE R AL
i, 12 G5 A AT A TR S B IR R X kR
BERT T AR, 5E R DS Y
A L, BT AR T AR S B REAIG 13% LU
I, 7E Ma,=4.0 T4 T 1A 04 3 90 X S8 AR 7
2, R PSR R I Sh L TR TR T
IS

3) B UE T B A CGE A Y T R ARG L Y
R A vERe LB, FAE OR s i 4 50R 1 W] B 2L 4%
BRI ARG ) . M IR F U I GE, 7E
Ma,=4.0 5 Ma,=6.0 %1 F, 0 B EWKE R
I3 SR T 9.91% 5 4.45%, S b 3R 7 43 ) 41
F9.74% 5 6.54%. 73 Ak, =K i H bk A (Ma,>
6.0) 7 T I FH T FReE AR . X UE Bz Pr IRl 3
ITEAER TR G PERE R R B, BAT R 1 5 de i
N 5 T ARSI

AR ST A% TUART P e ik S AIROR i
T PR U B 0 AS 2 I 380 A S Bl TR e —
P ], 3 T e R 8 M, AN T R
FEWE T Y, A% 1) At P Wi R R ALY
W71 JE ST nlKG R TR R 4 FUA 5 1k
T Ih 5 5 B R S, I 22 1 57 2 B P RE R 2%
T I N B PR BT

CESd e

[ 1] Billig F S, Jacobsen L S. Comparison of planar and axisymmetric
flow paths for hydrogen fueled space access vehicle[R]. AIAA-
2003-4407, 2003.

[2] Zhang Kunyuan. Research progress of hypersonic inlet inverse de-

sign based on curved shock compression system[R]. AIAA-2015-

3647, 2015.

REAE, B, JUAESE, S Py R 2k S R

2 U 01 RE X EL[I]. HERE 4 R, 2011, 32(2): 151-158.

Zhu Chengxiang, Huang Guoping, You Yancheng, et al. Perfor-

[31]

mance comparison between internal waverider inlet and typical
sidewall compression inlet[J]. Journal of Propulsion Technology,
2011, 32(2): 151-158. (in Chinese)

Molder S, Szpiro E J. Busemann inlet for hypersonic speeds[J].
Journal of Spacecraft and Rockets, 1966, 3(8): 1303-1304.

Molder S. Internal, axisymmetric, conical flow[J]. AIAA Journal,

[4]

[51]

[6

[8

—

(9]

[10]

(11

[12]

[13]

[14

[15]

[16]

(17]

[18

[19]

[20]

20250452-13

1967, 5(7): 1252-1255.

Smart M K. Design of three-dimensional hypersonic inlets with
rectangular-to-elliptical shape transition[J]. Journal of Propulsion
and Power, 1999, 15(3): 408-416.

Barkmeyer D E F, Starkey R P, Lewis M J. Inverse waverider de-
sign for inward turning inlets[R]. AIAA-2005-3915, 2005.
Matthews A J, Jones T V. Design and test of a modular waverider
hypersonic intake[J]. Journal of Propulsion and Power, 2006, 22(4):
913-920.

JU S, S I B T P e I MME 5 Y = A T e R R
HEAIE ] P R (E ), 2009, 39(8): 1483-1494.

You Yancheng, Liang Dewang. Three-dimensional hypersonic in-
let with variable cross-section based on the concept of internal mul-
tiplication wave[J]. Science in China (Series E), 2009, 39(8): 1483-
1494. (in Chinese)

SRS, WEOE, AR, A ke N TR R RGE O
S 1 P S AR B B 5T (0], TR AR, 2009, 30(5): 1934-
1940, 1952.

Guo Junliang, Huang Guoping, You Yancheng, et al. Study of in-
ternal compression flowfield for improving the outflow uniformity
of internal waverider inlet[J]. Journal of Astronautics, 2009,
30(5): 1934-1940, 1952. (in Chinese)

Otto S E, Trefny C J, Slater J W. Inward-turning streamline-traced
supersonic inlet design method for low-boom, low-drag applica-
tions[R]. AIAA-2015-3700, 2015.

Yue Lianjie, Xiao Yabin, Chen Lihong, et al. Design of base flow
for streamline-traced hypersonic inlet[R]. ATAA 2009-7422, 2009.
1) 45 TR TR LA AT A e P S O e O S O
WFFE [D]. B 5T B RS R K27, 2012,

Nan Xiangjun. Study on design method of hypersonic internal con-
traction inlet with controllable pressure rise law[D]. Nanjing: Nan-
jing University of Aeronautics and Astronautics, 2012. (in Chinese)
2 3 YN . T i i 53 A T A e R N R A G B e —
WAL BT 5T [D]. 79 5T 79 A% AR R 2%, 2014,

Li Yongzhou. Study on hypersonic internal contraction inlet with
controllable Mach number distribution and its integrated design[D].
Nanjing: Nanjing University of Aeronautics and Astronautics, 2014.
(in Chinese)

K, i, E AT, S AR B 5T R T A T iR AT 4 P i
4 HE S BT [J]. A 2 4, 2023, 44(12): 127857.

Li Yongzhou, Sun Di, Wang Renhua, et al. Design of inward turn-
ing inlet with controlled Mach number under non-uniform inflow[J].
Acta Aeronautica et Astronautica Sinica, 2023, 44(12): 127857. (in
Chinese)

Zhou Hang, Jin Zhiguang, Deng Shiyu, et al. Design studies on
NAGIC flowfield with application to integrated irregular-shaped
supersonic inlet[J]. Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, 2023, 237(6):
1286-1297.

Hao Changkai, Luo Wenguo, Yu Zonghan, et al. Novel design
method for inward-turning inlets with non-uniform inflow[J].
Aerospace Science and Technology, 2024, 148: 109098.

Billig F, Baurle R, Tam C J, et al. Design and analysis of stream-
line traced hypersonic inlets[R]. AIAA 1999-4974, 1999.

Smart M, Trexler C. Mach 4 performance of a fixed-geometry hy-
personic inlet with rectangular-to-elliptical shape transition[R].
ATAA-2003-12, 2003.

FhUE, KR IT, 4Ot I kB B Busemann i S8 5 B 5L
3.85 SLUR A ST [J]. i 4 3h 1244, 2007, 22(3): 396-399.


https://doi.org/10.2514/3.28649
https://doi.org/10.2514/2.5459
https://doi.org/10.2514/2.5459
https://doi.org/10.2514/1.17874
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.1007/s11431-009-0125-1
https://doi.org/10.7527/S1000-6893.2022.27857
https://doi.org/10.7527/S1000-6893.2022.27857
https://doi.org/10.1177/09544100221123735
https://doi.org/10.1177/09544100221123735
https://doi.org/10.1177/09544100221123735
https://doi.org/10.1177/09544100221123735
https://doi.org/10.1016/j.ast.2024.109098

IR DA

a2

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

Sun Bo, Zhang Kunyuan, Jin Zhiguang. Experimental research of
Mach 3.85 performance of a streamline traced hypersonic Buse-
mann inlet[J]. Journal of Aerospace Power, 2007, 22(3): 396-399.
(in Chinese)

Jacobsen L, Tam C J, Behdadnia R, et al. Starting and operation of
a streamline-traced busemann inlet at Mach 4[R]. AIAA 2006-
4508, 2006.

FH 5 . oA e X e 7 3 kA ) S 2 3 ) BT 5 [ D).
a0 AU 2 LR KA, 2013.

Tian Fangchao. Study on starting problem of internal rotating hy-
personic inlet[D]. Nanjing: Nanjing University of Aeronautics and
Astronautics, 2013. (in Chinese)

HOWEN, BEE2, sk Ak, 55 v 7 = Ak A e R B
JEHE LRI (] 25 2441k, 2025, 46(8): 631245.

Zheng Xiaogang, Shi Chongguang, Zhang Jiale, et al. Research
progress review on hypersonic three-dimensional inward-turning
inlet[J]. Acta Aeronautica et Astronautica Sinica, 2025, 46(8):
631245. (in Chinese)

ZRKCYN, SREE T, K BR U A X e A S P W T
UL X 2 A B M RE A SR (). 02 2l ) 24l 2016, 31(7): 1630-
1637.

Li Yongzhou, Zhang Kunyuan, Zhang Liuhuan. Effect of bleeding
on vortex region and starting performance of hypersonic inward
turning inlet[J]. Journal of Aerospace Power, 2016, 31(7): 1630-
1637. (in Chinese)

Drayna T, Nompelis I, Candler G. Hypersonic inward turning in-
lets: design and optimization[R]. ATAA 2006-297, 2006.

T2, TEUE M, PN, A% SST i I A 8 Bl afF AF 5% 45 34 [ 1],
fili 25 2 4, 2023, 44(9): 027411.

Zeng Yu, Wang Hongbo, Sun Mingbo, et al. SST turbulence mod-
el improvements: Review[J]. Acta Aeronautica et Astronautica
Sinica, 2023, 44(9): 027411. (in Chinese)

Li Yongzhou, Sun Di, Wu Zejun, et al. Flow coefficient and start-
ing performance prediction of variable geometry curved axisym-
metric inlet[J]. Aerospace, 2023, 10(6): 506.

W S AT R 2l R (R L S 58 F 5 (D).
T 50 T R 2 LK R 4, 2005,

Pan Jin. Tests and numerical simulation on characteristics of self-

(29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

20250452-14

starting for sidewall compression inlets[D]. Nanjing: Nanjing Uni-
versity of Aeronautics and Astronautics, 2005. (in Chinese)

W RAT, A g2, whR T, G5 N R sk O AR 3 RE T
FE 0] e A, 2019, 40(1): 76-83.

Yang Dawei, Yu Anyuan, Han Yiyu, et al. Study on self-starting
characteristics of an inward turning inlet[J]. Journal of Propulsion
Technology, 2019, 40(1): 76-83. (in Chinese)

Donde P, Marathe A, Sudhakar K. Starting in hypersonic intakes
[R]. ATAA-2006-4510, 2006.

A0 ALK, A SR, AR ML A e e R O N B U R
PO T R [0 %5 24z, 2017, 38(12): 121414,

Li Yiming, Li Zhufei, Yang Jiming, et al. Flow visualization of a
typical hypersonic inward-turning inlet using laser scattering[J].
Acta Aeronautica et Astronautica Sinica, 2017, 38(12): 121414. (in
Chinese)

Van Wie D, Kwok F, Walsh R. Starting characteristics of super-
sonic inlets[R]. ATAA 1996-2914, 1996.

ke 4, sRZETT, T 1) 5 JC M T OT MR kA 0
4 58 X H BB 2w (9], o = Bl 22 4T, 2010, 25(7): 1581-
1587.

Zhang Longdong, Zhang Kunyuan, Nan Xiangjun. Effects of de-
gree of sidewall shade on performance of two-dimentional super-
sonic inlet with non-sideslip[J]. Journal of Aerospace Power, 2010,
25(7): 1581-1587. (in Chinese)

R, JE R, T Ak, A5 DU R 20 T 4l i R R
I S Bk A B4 5w [T]. 7 24, 2010, 31(2): 217-222.

Wang Yi, Fan Xiaoqiang, He Jihong, et al. Effect of sidewall ge-
ometry on starting characteristics of two-dimensional hypersonic
inlet[J]. Acta Aeronautica et Astronautica Sinica, 2010, 31(2): 217-
222. (in Chinese)

Hank J, Murphy J, Mutzman R. The X-51A scramjet engine flight
demonstration program[R]. ATAA 2008-2540, 2008.

AR, TR AR, SR, S A R S BL kR I R b
T 3030 500 Ak B 2R 3R [0 i s K BIbL, 2021, 47(1): 72-85.
Zhong Yafei, Ma Hongwei, Guo Junde, et al. Review of ground
test data processing method of aeroengine inlet total pressure dis-
tortion[J]. Aeroengine, 2021, 47(1): 72-85. (in Chinese)

(h#k: TR A)


https://doi.org/10.13224/j.cnki.jasp.2016.07.012
https://doi.org/10.13224/j.cnki.jasp.2016.07.012
https://doi.org/10.3390/aerospace10060506
https://doi.org/10.7527/S1000-6893.2017.121414
https://doi.org/10.7527/S1000-6893.2017.121414
https://doi.org/10.13224/j.cnki.jasp.2010.07.022
https://doi.org/10.13224/j.cnki.jasp.2010.07.022
https://doi.org/10.13477/j.cnki.aeroengine.2021.01.014
https://doi.org/10.13477/j.cnki.aeroengine.2021.01.014

	1 基准流场设计与流动特征分析
	2 常规内收缩进气道设计与分析
	2.1 常规内收缩进气道设计
	2.2 数值计算方法
	2.3 数值计算方法验证
	2.3.1 数值计算方法校核
	2.3.2 网格无关性验证

	2.4 常规进气道流动特性分析
	2.5 常规进气道起动特性分析

	3 新型内收缩进气道设计与分析
	3.1 新型内收缩进气道设计方法
	3.2 新型进气道流动特性分析
	3.3 新型进气道起动特性分析

	4 新型内收缩进气道综合性能评估
	5 结　论
	参考文献

