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ADVANCES IN DESIGN AND OPTIMIZATION OF WAVERIDER ——

FROM HYPERSONIC TO WIDE-SPEED RANGEY

LiuWen", Guo ShuaiQi”, LiuYang', WangFaMin~, Zhang ChenAn ™%
*( State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China)
Abstract:  Hypersonic vehicle is one of the key development objects of the worldwide main power of space
technology. Nowadays, this type of vehicles is advancing towards the increased speed, augmented maneuverability,
and expanded speed range. Waverider is one promising candidate configuration in hypersonic vehicle design due
to the excellent advantage of high lift, high lift-to-drag ratio, and uniform flowfield characteristics around the
lower surface, which has been a hot area of the hypersonic aerodynamic configuration research for the past
decades. This paper first conducts a comprehensive overview of both the historical development and the current
trend in typical hypersonic and wide-speed range vehicles at home and abroad. Then the typical design methods,

optimization methods, and static/dynamic stability of the traditional waverider are introduced in detail. Overall,

1) R B 5 S5 T (XDB0620402) 1 35 4F Bl 2 it £2(2023023) 5 H Bt )

2) SkBRZe, WFFC G, FERFF T mE A S A3 R it E-mail: zhch_a@imech.ac.cn

U X0, SO, X, ERR, KRR, BRSO SR A R —— A mR A R U, S5, 2024

Liu Wen, Guo Shuaiqi, Liu Yang, Wang Famin, Zhang Chen’an. Advances in design and optimization of waverider —— from hypersonic to wide-speed
range. Chinese Journal of Theoretical and Applied Mechanics, 2024



the encouraging progress has made the engineering application for the hypersonic waverider quite feasible.
Furthermore, the typical design methods of the wide-speed waverider configuration is introduced, mainly
including the direct combination of different waveriders, the vortex-shock waverider, and the blending of wing
and waverider. In addition, a novel layout design method and project of the waverider-based blended wing-body
configuration is presented and the wide-speed range aerodynamic performance is evaluated in detail based on the
CFD numerical simulation and wind tunnel experiment. Results show that the subsonic, supersonic, and
hypersonic lift-to-drag ratio of this waverider configuration is 8.4 (Mach 0.8), 5.8 (Mach 1.5), and 5.0 (Mach 5),
respectively, and the variation range of the wide-speed longitudinal aerodynamic center is only 4.8%L,
demonstrating the good combination of different high speed and low speed design theory and the superior
wide-speed lift-drag and stability-maneuverability matching performance. Finally, the future research and
development trend of the waverider configuration is outlined, including the active design and optimization method
considering the effects of hypersonic aerodynamic physics, the aerodynamic design and optimization method for
hypersonic wide-speed vehicles, and the intelligent variable shape vehicles.

Key words Hypersonic, wide-speed range, waverider, design and optimization, stability
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Fig. 1 Typical hypersonic vehicles of United States
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Fig. 2 Typical hypersonic vehicles of Russia
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Table 1  Main hypersonic projects from United States

Type Project Time Vehicle Basic information
Force Application and Launch from Two flight test at 2010 and 2011, the
. ) 2003-2011 HTV-2 )
Continental United States (FALCON) max Mach number is 20
. Follow-up project of HTV-2, three
Advanced Hypersonic Weapons (AHW) | 2011-2017 AHW .
flight tests at 2011, 2014 and 2017
o . Air-launched Rapid Response Weapon 2018 to . .
Gliding vehicles AGM-183A Weapon project of Air Force
(ARRW) date
Intermediate Range Conventional Prompt 2019 to )
) / Weapon project of Navy
Strike (IRCPS) date
Long-Range Hypersonic Weapon 2020 to ]
C-HGB Weapon project of Army
(LRHW) date
Three flight tests at 2001~2004, the
Hyper-X 1993-2004 | X-43A/B/C )
Air-breathing max Mach number is 9.8
vehicles . Four flight tests at 2010~2013, the
Hypersonic Technology (HyTECH) 2004-2013 X-51A .
max Mach number is 5.1
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Fig.3 Typical reusable hypersonic vehicles
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Fig.5 Engine-integrated wedge-derived waverider
configuration

1.1.2 BT =R AR I I AR A

FE SR T, AR R = YRR R A A
TN IGERIR B  FR T, 11280
Iy v LAA L % R R AR IR A SR

Jones 25PN SEUHER 37 MBI R 08 Jé 5 [0 4
T, MIRIHER B BRI 2 A i T HE 53R I
A, il 6 s, B1Ta EIMDR i SR o
A T A [ 08 A I - R ip 1 EE L 3 Sfe i A AR
K, HHEBR AR, mahis), (Ef54E
FHPARAE Z LIPS B A2

K6 HESRP A
Fig.6 Cone-derived waverider
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waverider based on axisymmetric flowfield?®
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Fig.10 Convergent-flow-derived waverider
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Fig.11 Wedge-cone non-axisymmetric waverider’!
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Fig.12 Osculating cone-derived waverider
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Fig.27 Streamline simplification and the variation of
pressure centerl’™]
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Fig.28 Optimum curves with different constraints of
static stability®

1.3.2 Mfia e vk

Tl R T AEFIRIAR . KK AL LRI E
TRIE T HAT TR Iy 2 [R] IR 7 A2 S 25 (R R ) VR e 06
AL AT 0 RE, LR ) % S A AT AT T 1)
AL e R B 1, AT A2 B BRSO, 845
AR ) FEATE [ ST A TR i 45 AR, R ) B
A FEARECRIERS & J5 A58, HTV-2 IE X
BCHL R B A R S AT BA B . DRI, AL
et 5 M ) LA v P R SRR AT B BT I R
I (1) — A IR 25 56

FEAE G AT A, a7 R A B T
JFE M i i 522 5 T T DA RS e R I AR e 1t . AR

T, e P R AT AR 2 B P R AT 2 T I
FEE P Bh IR, R TR A ATZ . FEARAIAL
BRI R e E A E . Kk, BT 2 e iR
SPE R A Z B S AT R SRR
BB KPS R &R 1P PR ), HLd oK 22 5 Tty
SRR G5 10 JoT B AT RS O e RS ), SRR
TRAT BAAR AR R T Bk AR e R

FERE R T B R e M T, Finley 251°0%t P8
F RS AR <2 R RSP AR Bk
1T T SIS e dr i 7, KRB “aS i Bl ik
A % T e R RO AR . R RE I
Rasmussent 5% FI A= B 18 3T U005, BFF0 T RAR
/INFEL G e A ) A R s, G 29 PO,
6 H B /INERL J U ART R A )T 45 o 8 A (i ) B
FaE .

‘ H

K29 F/NE e AT
Fig.29 Waverider with winglet!’"

) AT Ot S gt A Py AL 1 B R ME TR T
SHAHTT, PR T B JEEEA. BT
I 17 B S K LR T G52k 2 M 25 ) 9 1R 20 AR
A, P 30 Frow, @R H AT R B R
KM FRARESEM, WHELRAMK, B
AL r) e e g g, b EE FEEHT Bk
i1 23 B0 S TIN5 R TR APUEH AL 170 0 99 A R AT o
W LW, EEERRB AR BN ERFFIEL
A, BIAT 3 R R AT [ e b

30

40|

B3 035 04 045

kw

(@ kxfi
(a) Dihedral angle

(OWEEVE
(b) Sweep angle



(d) Filie %
(d) Directional stability
derivative

s ‘

(c) T S

(c) Lateral stability
derivative

130 UL R G40 At

Fig.30 Distribution of geometric features and stability
derivatives!™

Guo VTR el pAR () fRT AL S LATARE RS, 45
i BV A S AR B T T R ) S R B AR
R, T BRI LR AL S A ] A
TEVER WU K & R A E T ST MU (0) AN
B (D BIEHR R, AR ESE I 5 Y
WA AL AT OB R R, n(2). thah, @
AR BT A, R RN RS B T4 [ Ao
[ F A E M, P om R LT PO RS A ) A% R 1
SPPAIOREEI , T & BT U] 0 ) S R i ]
Fa g M.

C,=-8-(0+a)y-I
'ﬁ()} 2)

C,=8(0+a)-X-I'’

TERCIER b, SO — DS T R )
FHABISEY, WIRRE SIS Cp. RN T
H Cops MRATENFEL Cop AT ST Crr 12
BT R RE S IR S s s >3 S B8 e Wi
AR AR F (IR S 2R, anl(3), AT ot
a3 3 Hs R IR IR T .

_ 2(0+a)-0 cos’I” L?
v 3 sinl” S,

2

C

C,=(0+a)-6-cosI"-

ref

3

2

C,=—-20-(6+a)-sinl"-
ref
2

C,=06-(0+a)-cosI

ref

PR RS A AR v, BRI & B
IR s FE AL, AT T M el A A
MG MR AAR R, IRAG 1 ANF 00N R
AR SIS B R AL, 45 & 1B R Geka e TR

BEORAEDIIE, TRV T RSB R R R e BEt
I NB RO IR AR L RN LA AR S B 45
AR DG AR BT 15 Bl ReUE M (AR SRS

Liu LR RS A N shizsh i i, @
AR T A D R HE T T e R AR A IR A
& IREBS RS A ML, JF45 A fife
PR AT 7 MRS B RFENLEE ;R Tiaah
i IR RS, AR SR R o ST i 2R
2 FE Noow (IRBEE, IRTEFLIE nor AR wpr
FIE @) AT RN i 22 A X B YT 1) i 3 R
FRE, T 2 PE 8 U 3= 2 A L v - O
ZIRENFHOL M A RE, BB B E
I, 2 IREN A E M S RO, i IR A
ZLLEE

Nor = Ly (N —gcowj
DR — DYN
2Ny TV (4

WOpr = \’ N/}DYN

(5

Now =N,cosa—L sina
Nyow =Nycosa—L,sina

IR FE I W SR A i ARG [ A e 1 11
FERNEE, R B # AR T SO & R E
PEBCUH R AL BT . I RN 1 R L ANk
b S JURPRFAE BRIV AT AR 8 S R TR 7R SR R B
F A .

2 THESRREE

TEAR AT AR T BIAT = 5 A -5 - - vy e
A AT HEIHAT UL RO T, A RIS T
AT R AT BRI T . B, T
AL 7 e TR LU AR 2R, ARG AT 4
FEAE 2BV A A ABCRH LR AR SERFAL, 1%
AL = S ER A AR, REE BRI,
TCVEAIS AL P LR A FH TS 38R R J5
FEEEAFRTHMRIETE A7, 1072 el 7 B B s i
Pt~ PEENBARE R, METI, ART#H
Bidr. stahh, TEsE RATERRET, WAL AR
SR AFER S RRASRF I 2 SR R AR AL, ol RIE P 2R K
AP T B B R 2 X DA ) S5 ) AL, bR P fiE
FRAEE R . L, AT AL R 2 TREZTR Y
FAFT, BRI A A I B R RE A S LA
AN SR BT AR 7 A R 4 DK B ) AL



S F e AT AT, A S SRR AT
SRS IRVE, TR A Ja I e T BH L A 3506 1228 /AT
PRAIAEL S B . SR, A G T it AR it 2
IR I RSB RR I R . FLAE 2001 4, P35 A A
Johnson £ B0kt wof e A J5) FE N RAT 887 =
B 31D KIS ST T VANV, RILE
FERY B I AR, H T 5 R R AR
PRI, T o g 7 SR A B 1 0 9 T e LA 2 S
PR AT E R

31 el Al e N7 &Y

Fig.31 Waverider reentry vehicle

AR, [ A AN I [ s AT 4 B R 26

ARt AT AP BT TR, AR

o> EEE NG TP BB AN T -
PUIRL & Vit 55 =R ITE AT N 4 590 HT

21 Wit
2.1.1 HEFP W
FRRECIGERB T R0 <R Ik
Ty AR T J7i, Wl 32 Fiaw, RAT SR ET R
CLE i 6 ST S A Bt i e e R e A, e P B
FH T 2 A RN 5 SR 1) S 3 AR SRt A, )
F— /&R A e, DASZEIMGE K. IR s
IR I B R oK s BB AL XU 58 45
RRW, & JmA BRI T EE R R R
T 3 30 R PRI 75 S A 1) R T i T R
AT LA R () T 3 S B i R, b s A T A K
FERHECRTIA 4.3, WA # KT ) REdER 1.0, R
B AL 30°

[81]

K32 “HBE” Rkt
Fig.32 “Cascaded” waverider!®?

AT 2 T S 4 R 8 RS R SR

BB CHREL” PHEDIL, ot TIERBKENRE
TR R, S5 RAR . iR AT AR AEN
PERETE B IR0 Y L R S e R (1 < B P e
AR, EFAIE MR B AT 2 S sl R
BT 7 IIBER

BtAh, WEFCE IR T 2 AR S e ¢4 Y
“HRIRT TP ARV T ik, (H S B
SXof e P R R P OIR A, M LS T R Y
FORURAS (1 58 8 kAT .

TEIRHRR, XFTNEEZ MRS L
MERZ, W EESR, A RsaR it
2.1.2 ik AePE T

Rodil®® 3 - 4 7] 97 47 T i Ak 11 T i A i 2%
R AN, ERY T RISk, W
o 5 Je A AT AR S B AT SR B e AR I LR T e
FeiezE T Ik RE, WA 33 Fran . R R SEXIE R
BTLop e 2 HA, %At = 6 e 7 K T T AR 4R
PEFE 773G 0B G BEHL T v P A R R R
JIRARL R I, AR R E R T A, EEET
TR R T8 R AT R BT R T — R R
A R R

&1 33 SR T A

Fig.33 Vortex-lift waverider

TEMEIERE b, BRGNS b L R T XU
TR AR BT 7%, AR 5047 B B FEARHE
B VTR D R LUSRTHOME B G AT 42, B
N e RN s S EE R S NP N I il
PR BRI RS R, AN 34 PR, SRR
B - 12 SR A e 06 5 e A M vl P A

[86]

] 34 AN [ JE S e e g 4



Fig.34 Waveriders with different sweep distribution®!
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Fig.43 Experiment models at different wind tunnel
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