P IEN KA, BLR SEBL s 18] AR IR i 7R K20 1Y

2026 55 1 1 o9 5 R 18 B RChED No.12026
B 4153 MISSILES AND SPACE VEHICLES Sum No.415
MEHRS: 2097-1974(2026)01-0009-07 DOI: 10.7654/j.issn.2097-1974.20260102

RRBAESFER VTHESHRMESH

A2 %, L E O )R, AE
AP PR E S s s, dbat, 100076)

WE TRBTEZAMA TR E TSRS . UTHHECER T L, EARFE T IT/ERSEALT E. £
R R PRI BERRROY R ERS, A RRARHEELETAR, h—hAERE TR R TESLEE. A
FAVETERRTEAERN UITEELBARAERE, SR, ). EMEZKRT@ELTERKETREESH, @d
AR AR AR ITIEBLEE, SRR RS TR AR TH SRR T AR, RIDIRNE T REAH I FWR
HTAH, REMBARRABESHNER, KFTERIT. AF. . EMAANTEAHERBTE L4 A TR OB SR
FTERE T AEE

A RRMBTE LA RITR: 2RI BB AR RHES

FESHES V42 SCRAPRIRED : A

Analysis of Sensitivity of Parameters for Wide-Velocity-Range Reusable
Flight Vehicle

CHENG Nuo, CHEN Jun, WANG Shun, DU Guixuan
(Science and Technology on Space Physics Laboratory, Beijing, 100076)

Abstract: The wide-velocity-range (WVR) reusable flight vehicle, due to its extensive flight airspace and broad Mach number
range, is challenging to select a fixed working state as the design point. Moreover, due to a large number of factors affecting the
overall performance of the vehicle, as well as the varying impact and sensitivity of these factors in integrated air-launch system design,
it has brought considerable difficulty to the integrated optimization design. A single-stage-to-orbit (SSTO) reference trajectory for the
WVR reusable flight vehicle is established, conducting sensitivity analysis on key parameters from three major aspects of design:
aerodynamics, propulsion, and structures. Through perturbation analysis of the reference design parameters, the impact of different
parameters on the overall performance of the flight vehicle under varying operating conditions is comparatively analyzed. This
successfully identifies several design parameters that significantly influence the vehicle's performance. Finally, based on the sensitivity
analysis results, the study makes reasonable recommendations on subsequent optimization directions for the wide-speed-domain
reusable flight vehicle from four aspects: schematic design, aecrodynamics, propulsion, and structures.
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Fig.2 Engine through-flow state aircraft lift-to-drag ratio data
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Fig.3 Engine through-flow state aircraft lift-to-drag ratio data
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Fig.7 The impact on lift-to-drag ratio changes over different

flight speed ranges
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working modes of the engine

HE g Rl sn, X T ARSIHLATL A, 350 TAE
RS T 8 4 o s dA B S L b R G v G 0, {EAS TR
VEREAS KT 4 R BRI R A e 2 7. Hod, 514



14 S g5 i K BB RGBS 2026 4F
BRI L b s m S o 25, 51 P & 20% i 2Hr
IR 25.798%: B 20% 05, 1A R > D B '
16312%. KEFHLAS I ELPh B RV, 54K 4 L b 20 /o
1 20% I, FRFTRE R 17.776%; FE(K20% 1, 7 5 0
AR R 25.302% 10 R AR 25 A Ll e S i L i e e
1%, 20 FE PP 75 20% I, 980 42 53 B 70 9.157% = 18 s
FEAK 20% I, 842 o =Rk 2> 12.868% ,
16+ .
261 .
= BT : 14 : : : : : :
2u o MIEHEH 30 20 -10 0 10 20 30
A KT p Rl /%
< 2} Bl HEERLE CRET WM
@ A, g Fig.11 The impact on characterization area and liftoff weight
% 20 g . ~on changes
18 . o ! ‘ . 2
" PP 11 45 R mT 01, R T A 9 4% o 2 PR 2 A
161 —" B2, R R-20%~20% VN, IR &

-30 —2‘0 —1.0 (I) IIO 2.0 3‘0
Fri L%
E10 ZohH AR TIEESHE AT M
Fig.10 The impact on thrust changes over different working

modes of the engine

X F R ENALHE S, b A 5] P A AR AR S T
R R I RN, K ERAS TR R
JiR 2 B A A B 3T BRI, 1085 e A, 5l
SRS A0 R R TR R i N 3, 5 S
P2 20% I, F A o B R R 31.568%: [ 20% I
T4 T B D 16.166% 0 1 IR ABE 25 (R4 7 5% 38 4% Jo ==
MM LR, it R HE J1 3R 5 20% ), ol R i =
8.028%; [EMIL20% I, 4% ot & FEAIK 10.652%. 1K
FEBLAS [ HE 0 T 4 0 = P RO MR B AN 28, 2 KTt
JIBAT B 20% I, 56 4% 01 B 4 1 7.458%: T
20% ], Fl 4R 0T PR 7.840%

MR R BN E R BUE AT S5 ST 0, fEdEAT
RBNHUAR I REAL AL IS R S 32 v 5| S A Tl e 4
FIRN, FLRIRETH K ETBLAS L, R AT 38 5% P 4
Wl k i 55 7 20 B BRI R B HE 1K, DA R
BHEFE.

3.4 FHEEREEMERE SR BUE S

PRI FEUESE 77 58, W RAT SRAFIE AR B e G
(1) RAT SR BRRL T A o LUk T S R U v #r, 45 R
K11 R

(1) B R BRAH 2 9.75%. BESEREIIZ, BEEFRHIE
TR /D () LG 2B B 0K, Fol R i &2 T B (e 35 R
W . R ENE AR TR ECA R A, Bk
REE e o i Uil S W= g e i i i[NP | S R e A
15%~20% MYl H L T FREELER, 1M 75 -10%~
—15% Ju N BT BT A
git BRI, TR ROITE RS, A
B AT 2R BUE N R Se B S5, (B2 )
FRAE AR AN B AG; T3@E 438 ikt Ci R AT 28 IO Rk
JRE G, H IR S SITE 15% BAK
3.5 AESHETMEATFITL ST
KPR TSRS, SSsh. shir. 4
¥4 3475 TH AN R S5 sz R #E T 5 b v dir e N
HEREN K ER R, MEAE s REA T
PRI —E0E, X FR S SR BT AT — L Aab 2,
M 1 s i E A RN
A
_ LAy

€Y

K NIANSEANEG Ay NS R SR EE T
MiZEs Ax KNS S bR AR I I 22 .

LR fbR 1. 20 390 AR H I Ma=0~2 Ma=2~
5. Ma=5~25, Ffibra. by 3BT RSB G| HHAR
A MEEE. KERE, BB 5 152 m F 1
XL 2E S 12 Fros o



55 140 e A IR ] (AT S SRR UL 15

A TZTER
Seer
P,
Py
& P
A
L,
LL)}
LDZ
LDI r , )
-0.1 0 0.1 0.2
S AT
M—RRELR & 5 S_—RFIETAN s P— R ENHUE ) s T — KAWL L
L,—JHBE.

E12 H2ASEFIEFXIE
Fig.12 Influencing factors comparison of each population

parameter

H P 12 R R0, X NI B R M i 2 1A 3 6
RS Kk i 2R A O R EIHL SRR Elb . R sipL
KA L DR R R L b EARRERE, £
ER1ASHh, R REIHUKETSHET 5 AU
BEMRAATAR, £ AT SIS A B
RERTE -

4 2 P

CESHRBEESEER, AR

a) JESE AT

R T A A AT AR IS BRI
IR, R SR VAT 2R AN 1 Rk T Ak, AR
F+ RBCC K BNHL G| S A NI bh R HE g1 RE s HX
N R AT R ARG M, RS R b
5 TR EIE 4R N R AHL K FARAS N EIHES )

b) RN AR AR T Rk %7 1M .

ARG S B RE v A B 1), AT R U
T B e BN WAT SR BE VI A B2 M e B, RIE R &
AT AR RIS ERE ) o AR SRR T B O B
PER, 58 R EBES TR ST RATEA
PRI EA S IR, HEEYIGEE R R
ST Al SCSE N

o) EhMERELALTT T -

AN 5] T2 T BH EE R BB S BT I 45 SRR, Ma=
2~5 BRI J v BB R PR AT 28 5 A4 1 BE 1 52 i
wARE, HEARVERERE TR LS iR, T Ma
=0~2 BRI 5 S B 52 AN i 2 s (H Ma=5~25 BT IA
MRS B, CAT 38 NI J0) R 0 & 5 F BH L AR AR

BT R, BT KIS BT, Sk
PERE I NI sA . DR w8 e T B A il R
RATER IR BN INEARAL TAEH, R Je T FE 32 & Ma=
2~5 AR B LR, FLIR AT FE T Ma=0~2 345,
(Rt B ECARF P, RIS 75 458 1) Ma=5~25 S 3k 1) - BH L AR
IR EA TS K.

D RIWSEAATTTH -

RIES R BE WL R, RBCC EBIHLAE
RS I 7 J e ph 5 AT 28 s M BE 1R 26 R IEUN
LMERR, (HEWHPRSAMA . fEESERIHSH
ARAL TAE A, RAR G $2 B Ma=0~2 5 S 25 1 Ll o
RAEST, FR AR T Ma=2~12 1 AR 2 Be sl e 4 7
X T Ma=12~25 K Fit 2, Al e $ 38 i 5% P 4 By K i
S5 7 AR K B AL ASHE 77 DL R BRRIE FE -

e) FREMAR At Kl =R TH

R E AT 45 SR T, RRIE AR R AT 88
PR RE RS AN T 2, 765 S8t BOAT A AR
WS AE S SR R 2 DR T NBLRI R E
R v M P A B R e R R 1 15%, [ B IR 2 PG
RATER H B S50 i DARR A T RN

2 £ x ™

[1] TR, S, R, 2. 2023 4 E 4wl B SiE0% ke
ZRIR[I]. HOAR IR, 2024(1): 7-19.

WANG Junwei, HAN Congying, HUANG Yuwei, et al. Review on
the development of hypersonic technology abroad in 2023[J].
Introduction to Tactical Missile Technology, 2024(1): 7-19.

[21  Ewi, B3, PR, A WHUE RN AT AR BTIE]. HURR [l
JEIK, 2024, 45(4): 1-8.

WANG Shuo, BAO Wenlong, JIA He, et al. Research on the develo-
pment of suborbital manned flight[J]. Spacecraft Recovery &
Remote Sensing, 2024, 45(4): 1-8.

[3] VrZum, whitid . 2023 4F [F Ah b Al SR KSR ZRIR D). [H bRk
7%, 2024(4): 46-52.

XU Yiqiang, HAN Hongtao. Review of foreign hypersonic
technology development in 2023[J]. International Space, 2024(4):
46-52.

[4]  RImRe, BEERE, AL, . R EB R R ENLRN KL RS S5 R
IR[T]. A RAA, 2024(4): 96-106.

LIU Xiaobo, WEI Wangcheng, LI Yun, et al. Latest development
trends and enlightenments of detonation engines in the United
States[J]. Aerospace Technology, 2024(4): 96-106.

[5] ZRAEH], B EFTR R L] EIETR, 1987(6): 40-46.
GONG Huiming, ZHAO Guanren. Hotol aerospaceplane[J].
Shanghai Aerospace, 1987(6): 40-46.

(FH% 38 1)



38 T 5 R 2 BB ROBSED

2026 4F

domain of attraction of a supercavitating vehicle subject to actuator
saturation[J]. Transactions of the Institute of Measurement and
Control, 2018, 40(10): 3189-3200.

[54] Fkp2E, EHE, B, &5 2R T IO R 2R 2 R 1 25 I AT M
PREEHIFFCT]. S2T24], 2019, 40(6): 1235-1243.

ZHANG Chengju, WANG Cong, CAO Wei, et al. Research on
optimal control of supercavitating vehicle based on unscented
Kalman filter[J]. Acta Armamentarii, 2019, 40(6): 1235-1243.

[55] ZOU W, WANG B. Longitudinal maneuvering motions of the
supercavitating vehicle[J]. European Journal of Mechanics-B/Fluids,
2019, 81: 105-113.

[56] LI D, LIU Q, QIN K, et al. Classical control of underwater
supercavitating vehicles via variable splitting method[J]. Ships &
Offshore Structures, 2018, 14(7): 1-12.

[57] ZHAO X, ZHANG X, YE X, et al. Sliding mode controller design
for supercavitating vehicles[J]. Ocean Engineering, 2019, 184(15):
173-183.

[58] MIRZAEI M, EGHTESAD M, ALISHAHI M M. A new robust

fuzzy method for unmanned flying vehicle control[J]. Journal of
Central South University, 2015, 22(6): 2166-2182.

[59] YAHYAZADEH M, NOEI A R. High-performance tracking of high-
speed supercavitating vehicles with uncertain parameters using novel
parameter-optimal iterative learning control[J]. Robotica, 2015, 33
(8): 1653-1670.

[60] SUTARIYA S, SUNKESULA V, KUMAR R, et al. Emerging
applications of ultrasonication and cavitation in dairy industry: a
review[J]. Cogent Food & Agriculture, 2018, 4(1): 1549187.

B & & N
MRS (2001—), Lo, WIEBRFEAL, EEBFIT AN ESEE RS
wit.
AR (1976—), 5, BIFeH, FEHITEITH N T SR A BT
NEHE (1987, 5, WA, EEHTOT AN AT
EIH (1999—), &, BHBELTRN, 20 TT05 15 08 % 3545 1 R 45
it

(EEF157)

[6] THOMAS T, TESSA F, PAUL G. Current state of NASA contin-
uously rotating detonation cycle engine development[C]. Maryland:
ATAA SciTech 2023 Forum, 2023.

[71  RSWL, W, E5, &5 WA LG B 7 ke A R LG
ARHFFLHER]. HERERAR, 2018, 39(1): 1-13.

DENG Fan, TAN Huijun, DONG Hao, et al. Research progress on
key technologies of pre-cooling combined cycle hypersonic aeros-
paceplanes[J]. Propulsion Technology, 2018, 39(1): 1-13.

[8] SMALL C J, ZHANG L. Computational study of fluidic valve
injectors for detonation engines[J]. Aerospace, 2024, 11(3): 171.

[91 6, AR, I F, 5. 2022 4 [E 40 f 2 A8 IS B R R LRIR (D).
R E AT R, 2023(2): 25-30.

FAN Wei, WANG Lin, LONG Xuedan, et al. Review of foreign
reusable launch vehicle development in 2022[J]. Aerospace China,
2023(2): 25-30.

[10] RFUI, BLTeoe, B, 5 . R w7 AT SR e 3 —
AR TR RE[T]. A2 241k, 2015, 36(1): 245-260.

WU Yingchuan, HE Yuanyuan, HE Wei, et al. Integrated aerody-
namic propulsion system for inlet-based hypersonic vehicles[J].
Chinese Journal of Aeronautics, 2015, 36(1): 245-260.

[11] HAND J M, MURPHY J S, MUTZMAN R C. The X-51A scramjet
engine flight demonstration program[R]. AIAA-2008-2540, 2008.

[12] Mg, B0k, EIRE . S dus i AT aspL i/t R — 1k
WS HRBUZ ). B PRS2, 2003, 25(4): 10-14.
LUO Shibin, LUO Wencai, WANG Zhenguo. Analysis of the
sensitivity of hypersonic cruise vehicle airframe/propulsion system
integrated design parameters[J]. Journal of National University of
Defense Technology, 2003, 25(4): 10-14.

[13] PR . BN RN BT BORES 2 SE R BT FELT].
PIEHLS AL, 2018(10): 17-19.

XIE Ruixuan. Research on a new type of liquid air cycle engine for
SSTO spaceplane[J]. Internal Combustion Engine &Parts, 2018(10):
17-19.

[14] k27K, FFAE, M, 55 . o) B 00 A ol A Il AT SR R
BEH[CL. BRI 5+ Jm A E AR ) 222 R 25, 2020.
ZHANG Yufei, QI Zheng, TIAN Shichao, et al. Reusable hypersonic
vehicle aerodynamic body design[C]. Shenzhen: Proceedings of the
11th National Conference on Fluid Dynamics, 2020.

[15] JERMS, #oRMS, XIS, 45 . —Ffim i 2 R OHL AN IR R R i
A FERITNED]. TR, 2022, 43(8): 1109-1119.
ZHOU Dapeng, YANG Dapeng, LIU Ran, et al. An intelligent
adaptive compound control method for aerospace plane reentry[J].
Journal of Aerospace Power, 2022, 43(8): 1109-1119.

[16] GKFH, #hEAE, KFE, 45 . il P AT & 58 B 3 A R ot
SR U D], B RER, 2024(2): 1-14.
ZHANG Yang, HAN Zhonghua, ZHANG Keshi, et al. Progress in
the research on aerodynamic layout design and optimization for
wide-speed-range hypersonic vehicles[J]. Aerospace Technology,
2024(2): 1-14.

£ & & N
W (2000—), 2o, WILEFFEA, ETEHFT DT RN CAT A AR
s WU R — Bt
A (1969—), YW, WEFA, FEHRF T RNUR B R T A
[ ®AT 8 SR HA
O (1986—), F, mgk LRI, 32 BERE TS AR AT A
L7 AN RS HIRSR N g N
BT (1984—), B, R AR, E BT AN AT B Ak
wit.



