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Abstract The vortex-shock integrated wide-speed-range waverider could significantly improve aerodynamic
performances of the traditional waverider at the low-speed state by introducing vortex effect, and has potential to be
widely used in the overall aerodynamic design of the wide-speed-range aerospace vehicle in the future. However, the
design of the vortex-shock integrated waverider does not consider the three-dimensional effect, low-speed effect, viscous
effect and head/leading edge passivation effect during the establishment of reference flow field. So it still has potential to
improve the wide-speed-range performances of the vortex-shock integrated waverider with the aerodynamic shape
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optimization method. In order to solve this problem, this paper develops an acrodynamic optimization design method for
aircraft in wide speed range based on discrete adjoint by combining high-fidelity RANS solver, free deformation
parameterization method, robust structural mesh deformation method, discrete adjoint method and sequential quadratic
programming algorithm. Through the method, the aerodynamic optimization design in the wide speed range based on
discrete adjoint is used to carry out for the vortex-shock integrated waverider in the subsonic and hypersonic flight
conditions. The optimum configuration in the wide speed range is obtained through the aerodynamic optimization design
and the flow mechanism is analyzed. The results show that compared with the original configuration, the optimum one
increases the lift and lift-to-drag ratio of the vortex-shock integrated waverider more than 10% at low speed, while
keeping the hypersonic lift and drag aerodynamic performance of the vehicle not fall. The performance improvement of
the vehicle at low speed is attributed to the significant enhancement of the leeward vortex effect, resulting in a larger area
of low pressure on the leeward surface to effectively increase the lift. The research shows that the gradient optimization
based on discrete adjoint could further improve the aerodynamic performances of the vortex-shock integrated wide-

speed-range waverider at high and low speed.

Key words

il

El

ARk, Hagvimiak. sk, KPR RSt
ISR AT SR O T T K A . R AT 3 20K
WL, TG B, A
T2 A AT 2 A AT B, PR, fnfr A
BTN OREF AP B TR RE R LR RAT RIS
SN A RIS o TN S NN 25 R NN 6 N
THRAE, ik B PERE AR R, A, SR &
A7 5 R Y2 1) B A8 B E O e, AT BE 4
0 e P T BELRR P, O 22 3 e P R AT AR
LAt 0] B, AL G R SRR e v T VAR 2
R PR TR B ST 1, R AT R TS P RE A
FO i B DRI, S SR Sfe i LA I ] T2 R RAT 4,
U BT I T e R Bl i 2 O R,

2R, [ A AR Q] 5 SR AR A AR I
LS ERORT AW E DS K S e R SR AW A= SR S W)
P ARDT, Ly, XRS5 s DI HE 1k, 3l
LR AR IR 25 BEE 51N R, 73 A ek
PRV A S Mg s i vt B PR e, JRe 1
R R MR R AT A (R AT AR
FE Vv S R v HEAT B U I LI RN T = 4R
VAN (i Uy g VANNI WG 1 iy VAN ES B2l T (19 e
RS BOR AL Bevt 22 [P, gk b, TREA IR Ab
TB it SEAE PR AL R A FE Atk S ISk 8/ S B A LA
LM STt T 28 5 3 A A 2 0 s 7 A
BORIIASFIRZ . DR, D Addomipe— A S8 1l AT 2%
SEEL TR N A, A7 A B0 FL T R Sl AN [7] i 4

wide-speed-range, waverider, discrete adjoint, acrodynamic optimization design, vortex and shock effect

PEREM TSIt vt

AR, T 2 28 B0 AT 28 3RS [F)
Sk REIPLAL Bevt JIT g THFST. #1h0, Ueno 26021 5t
e P B AT T A BETE, AR DR IE 7 T
THBH EE R TRII, St 1 38 i PR s P RE. B,
Ueno 25131 SCRATER BERAL 7T g 1 L3RI 9 T
AP BT, PEA A 21 1 — 2 3 I L
B _E ] AW 53 HL 3R (1) S8 il s PR . 1A
M RE AT R BH A0 S-170 4t T Ji& T v B P I 5
AL BT, RSB T 5
Ja B B HR, RO AL THEE SRR I B,
L2 B0 o R ol = YN IS Rk F, o= =
YE % RAT AR AN LI 98 R AL BETHRIE I

st vt Jr ik s, H ErE s it
BEV ik 3 0] 3 AR B EEAAL T R AR B AL A 7
. ARBE LA 5 A R R LA T A4
BTV, KLU 7 v B R A R ) 4 R S0
E 0, ABAEAT W BETE AR A 2 1 T R RAT 4%
=Y S et i, S BT SRR
MIANAL, —LEREO0 1 L2 n] REAG AN SIS gl RS2,
111335 P 5 R (B E SRR Bt vk T s B 5
BT AR R R SRR, O FURS R R, AEK
A BT AZ B ) b BAT B R, LRRGE &
B AZ B I i PR 0 AT A BN LB I
et

gr EPTIR, S 73— 2D UG I MR AT
i 1) 98 ST R, AR SOR M) — P B PR B
0 98 1B RAT A8 B A BT U ik, B i 1A
R RATASTTIE 1 S0t vy IR 0l 3 1 F) = 4 2



72 i 2

Eitd 2023 4E 5 55 %5

BUCED P BB, LAl S bl 0 5
TR,

1 RR—RBTRIESRR RS

AT B TR — R i e AT AR LA 1
R T T B D) HE 7 v AR B, %2R
AT % K R A Jy e v, BT S RT A Ok B 4t e
TR 12 Y A TE S 6P TR 1R B L N
WS, ] DU DR A v P 38w T BELEE ) SR Al AR
TRPEBEAS T B, e T v R, Dk T TR A
[R5 R AT A eV AL T3 1) JEL .

L1 i — A 8 U e AT AR MR ) LA
HMIE, 321 4R T WA R Y ) B IR R S Th
Ak, o SRR —ERA A =75, B )R
AN =50, KEE (A 4m, BfEd=48m, H¥%it
RE N LA Ma=5, S EH=30km , ¥ AN
B =12°. BB RAME AT B, {H 5K s B Ik 7
HHORTT ARSI, PR, AR SCR A SCHR [23] 7,
W bR TR DO R A U TR AT AT S
AT EE, B2 r = 2 mm

——

(2) ZEA AL

(a) Equiaxial side view

A ———— (T
— ——

(b) AL

(b) Front view

(c) MIALE (ESEEN
(c) Side view (d) Head side view

B 1 i s R AT de bl da i 1Y
Fig. 1 Initial configuration of the wide-speed-range waverider with
vortex-shock effects
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Table 1 Initial configuration design parameters
Ma H/km 4a/C) R/C) B/C) I/m d/m r/mm
5 30 75 50 12 4 4.8 2

2 BUERRIG A RS EIE
2.1 FERERGE

BT SOR ] SR RS 1) RANS SR A 124,
R MR A% T MPT AT TF 55, I T 4 30 R Y B X

LUSGS-GMRES B 77 14 LLRIE 52 8l R i 1) £
SE PRSI A, 3 a) B 107 Kl — ) MUSCL
R )5 v DL “minmod” FR il 2%, 10 8 5K fE 12k A
T AR s 5L 1) HLLEMS #2025, Ji i pi
R K H Spalart-Allmaras (SA) — /5 FEA Y,
22 HEBEMATEMEIE

H T AR ST U0 % 8 T AT 4 14 0 7 TR
re e A B R, O T BRI RANS SKA#
A5 BELBAURS 1, 43 50l 5 0 7 ORI sy e 75 3 1 X
TR0 A AT T X .

P I B SR AR UL U

WA N, 25 IR E PRt % (VFE-2)
(10 = A B LA ASC Y (10 JRUTT R 6 540 (21, 0 75 R 56
ZAE A A BRI DL Ma =04, 5 Re = 6.0
107, 1A @ = 13.3° . EBRRAE KT HEOR A 5 S
BRI SRR 2 B 2 Al T S AR A
AN )l A7 A 1) s 3 B 8003 AR EG. 4 BUE R 45
55 R 56 B BEA T B, AT LA B A R ) &

2.2.1

—4.5
—4.0 | CFD

sl < WTexp
30t
25t |
2.0} |
-1.5¢}
10+
05+

i
o
P

R—— T
0 i .I i \I N 1 i 1 1 1 1 1 1

0 0.1 0203040506 070809 1.0
Y/b

() XIC,= 0.4

=5.0
451 CFD
40} o WTexp
35t
,30 L
G251
2.0 |
-15} ¢
-1.0
05+

4
ot
5

3

0 EesacoTTT W/’\W L

0 0.1 0203040506 070809 1.0
Y/b

(b) XIC.= 0.6

2 R A EEUEBAEIR (CFD) 5 R 5% KR (exp) 4L
Fig. 2 Comparison between numerical simulation results (CFD) and
wind-tunnel experimental (exp) datas at low speed
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Table 2 Comparison of the calculated gradient of C;, between

X Adjoint FD 4

1 —0.0012009543 —0.0011990508 0.16%
2 —0.001 663 6907 —0.0016503944 0.81%
3 —0.0021754850 —0.002 1648206 0.49%
4 —0.0028064119 —0.0028072864 —0.03%
5 —0.0037619742 —0.0037800744 —0.48%
6 —0.003 8549877 —0.0038494938 0.14%
7 —0.002 1948405 —0.0021826160 0.56%
8 0.006368994 5 0.0064160544 -0.73%
9 0.0063475578 0.0063972767 —0.78%
10 —0.0012185973 —0.0012150148 0.29%
11 —0.001 6332886 —0.0016202573 0.80%
12 —0.0020717078 —0.0020604308 0.55%
13 —0.0025963844 —0.0025937870 0.10%
14 —0.0033845191 —0.0033885600 —0.12%
15 —0.0033679694 —0.0033565185 0.34%
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Table 3 Comparison of the calculated gradient of Cp between

adjoint method and finite difference method

X Adjoint FD 4

1 —0.0001784450 —0.0001798483 —0.78%
2 —0.0002787057 —0.000278 6274 0.03%
3 —0.0004033055 —0.0004047013 -0.34%
4 —0.0005931103 —0.000596968 3 —0.65%
5 —0.0009984554 —0.0010007805 -0.23%
6 —0.0011902645 —0.0011876998 0.22%
7 —0.000617596 6 —0.0006188222 —0.20%
8 0.0013930787 0.0013985036 -0.39%
9 0.0016425210 0.0016481783 —0.34%
10 —0.0001240342 —0.000 1244595 -0.34%
11 —0.0002186525 —0.0002175736 0.50%
12 —0.0003205815 —0.0003207870 —0.06%
13 —0.0004707247 —0.0004733808 -0.56%
14 —0.000804 5053 —0.000805068 3 —0.07%
15 —0.0009910074 —0.0009886375 0.24%
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Table 4 The compute results of waverider at low speed

Cy Cp ACp

coarse 0.34563 0.07330 0.4%

medium 0.34479 0.07331 0.4%
fine 0.34560 0.073 04 -
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Table 6 Comparison of the lift and drag characteristics

Ma Original Optimum A
CL 0.34563 0.38737 +12.1%
Ma=04 Cp 0.07330 0.07411 +1.1%
C/Cp 4.715 5.227 +10.9%
CL 0.12011 0.12018 +0.1%
Ma=5.0 Cp 0.02529 0.02526 —0.1%
C/Cp 4.749 4.760 +0.2%
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