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Abstract The waverider has been the current research focus because of high lift to drag ratio in hypersonic state, while

some deficiencies of waverider limit its practical application in engineering. Osculating-cone method is one of the most
widely applicable waverider design methods for engineering, yielding much flexibility facgeacy. In order to remedy

some of the deficiencies and improve the flexibility for waverider, the article extends the application of the osculating-
cone waverider design method, conducting the geometric relationships among the inlet capture curve, flow capture tubi
and planform contour line, expressed by &atiential equation set. The equation set lays a solid foundation for the
planform-controllable waverider design. By introducing the numerical solving strategy forfteeedtial equation set,
combining with some solving tips, the osculating-cone waverider design by customizing the planform shape of leading
edge is proposed. Three validation cases are generated in the article including the gradually varied leading edge, “S
leading edge and double swept planforms from the osculating-cone waverider by customizing the planfrom shape of the
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leading edge. Using computational fluid dynamics method, the flow fields of these three configurations are calculated
and analyzed. Results suggested that the hypersonic wave-riding performance maintenances for the waverider since tl
shock wave obtained from CFD matches well with the design curve and high lift to drag ratio is remained as traditional
waverider. The method and the CFD results indicate that it permit us to customize the planform of waverider conveniently
and dficiently. The geometric relationships expressed byfiintial equation set provide a novel idea to improve the
flexibility and remedy some of the deficiencies of waverider.

Key words osculating-cone, waverider, geometric relationships, planform-controllable, gradually varied leading
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Fig.1 Design views of the osculating-cone method
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Fig. 1 Design views of the osculating-cone method (continued)
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Fig. 3 The waverider from known FCT and PLF

A TSR AR ) %7 (CFD) BB K i N-S J5 R 53
WP AR BN TERE. A 20 X SR AE pOA%, TRl
R Roe s 1 o151, A BUEAR AR - e 4 U
T TRARAT A I R 5, 02 PR ) a2 TR et
Barth B 4% 200, LA R o5 e ] B R (K BB L o
A7, [R] I P s 10 % 18 PR o o8 F) ) B A 12
IEJ7 i G AR AR 27, Rl R ook

RUFSE. WU R e TR L2 SR Menter

SSThk-w P45 LR 281 I 8] 5 16 SR T — Bk BE XL
125 7%, LU-SGS Kt #et sk fig 291,

THRH L 6.21 25 R4 0.113. B 3 441 T ik
SMBLL K CFD tSEAF 81 s 234, B 3(a) AT LA
B E, WA TR, RPN 1K 3(b) 4y
T ICC 5 Jn G Eap KXt e, "TLLE 2 CFD T

AR S ICC A&, HETE SeglHll Seg2

AWM 220, WIS Tk

2.2 TERBIGIMNE: B cHl p, K f

B2 NEWBILLL SE K PLF R ICC ¥ it Ffedl &
HNE, LEIXANEA T, PLF FTICC ¥ =il 4: %=
/. PLFRERIAS ply) 7T HH 1 R PR AP B R AR %

HeE, [
p(0)=0
p(0) = tanA

(8)
p(s) =1

pd(s) = tan,
b, Ao AT A 43 02 SRR ) 2 M T 2
ﬁ; Sﬁﬁgy I%JKE
ICC IRIE X cfy) BB AR PR s A7 B R R
YoE, B

c(0) =2

c™(0) = tandy
9)
c(s) =2z

c®(s) = tanb,

b, 29, 20 4 o(y) TE AR BT 2 A8 F5, 6 F1 6, h
c(y) 161 AR P A 2 D) .

HAKEL s = 6.0, | = 50, PLF Sk &BHCR 4,
A =0,24,=20;2=-1,2,=0,6) = 0°, 6, = 2°
LA p(y) Fc(y) FIRIE G, 4o TrE4l (6) £k
R AR FCT IRILBREL £(y), SRIE S5 A UVHE T 10
ST cy) F1 f(y) ZESIRIARSNE. BLAME IR
REE Rt 2 Rk 50 (8) vt =k 2 s, W
A(a), Al STEHTZ.

CFD i H A3 2L AME R FHBHLE N 6.32, Z8FH %
9 0.113. & 4(a) 45 Hh T SR A4 T ZR TR X 38R Hs ) 43
i, T LA B EAT W R a0 4(b) BT,
455E I 1CC Hh4: (pre-defined ICC)5 CFD 445331
N S e =S I % 7 WA RPRIUE B L A=l e ]
1 B s R g A e, R g 2R

[ N |

2000 2254 2508 2966 3220 3475 3729 3983 4237 4492 4746 5000

(a) FARRMX I Sy 04
(a) Pressure distribution under lower surface
4 TU51 PLF AT ICC Bt Ao ik
Fig.4 The waverider from known PLF and ICC



996 Vi =2

¥ {1

2019 4 5§ 51 &

2000 2254 2508 2966 3226 3475 3729 3983 4237 4492 4746 5000

XXX R R IR IR I I

» pre-defined ICC
L 4 solved FCT

(b) JE & H i Zext L
(b) Comparison of shock waves in trailing edge
& 4 40 PLF A ICC ik i afeit f4 (48)

Fig.4 The waverider from known PLF and ICC (continued)

Wt FCT ik, Mt nl LLE B 8UE K AR 14
74 (6) 1521 FCT(solved FCT)5 ek 4 &1
Jo k3%

2.3 WatIME

EHAAIN TAE P E B AR5 B B FE 4 it
XU s AR S I B0, SR EE SR A T FE 4 (6)
(1772, AT LA Ay 5 (0 1R 8 v A B0 F e 1.

XA, PLE 2R B BSOS 48 2
SLOUG AT 48, WM G50k 75 K 50,
FCT WAV HZ, Wiltk& Ma=8, H =30km, #E
TEdBE M 120, Kg 7 FE4l (6) 158 1ICC, Hm A
DE LI

Bl 5(a) 45 H T S AR S FNAS [ A 1T 1
Iy A, TP AR TS ih Lol F /e s € (1 PLF ih4k,
Wb T N R A, PIE TS Es. thANER)
FERHLG A 5.6, TRFF T vk R IR 2 1 i - BH R
&1 5(b) " “solved ICC" /= HUE K AR T FE4 (6) 7521

| . __TIN

800 1078 1356 1633 1911 2189 2467 2744 3022 3300 3578

(CYRE )i p ]

(a) Pressure distribution under lower surface

/ ——p—— solved ICC

(b) JE & H B T
(b) Comparison of shock waves in trailing edge
5 KRG e 4

Fig.5 The double swept waverider with cusp head

(¥ 1CC ihgk, mTLAUE BT AE B ) e i o 5
WU V) G 0T AR A 26 i 2R AR AR I 7
P3E N, TR AT e A T i 2828 A A8 R 1) DX sl
)R Bl i, T2 DA v 2 R R i sy, AR R
DRI 75 B HE— DT AN BT o T AT
WA B SR T RE, BT Ma = 0.4 T30
AR, (R TFRLEE A 4.3, T H 5 kil
AHNE (FHf 65°) 11 3.1.

R A R KT AT AR IS SR AR, mr e
FEmgh e v, Sl A HORES T, AR R
TEBF TS A 70.7% 10 RAT AR A KAL, 7 B AN 5
Joi s XK AT AN e M AR, A AT
W ATAR T N2 5.

34 it

ASSCHE T8 DIHESeR R (LT BEE G R, JF
A — M TR AR, L T 45 E BT R T 1
TEAR R DHE DA T35, LA GiAL A2k
MO AANE N B, 7 Hriiss, Kbt J7 i AH 24
Ve, S RBEWHZ BT I I RN SR AR DR EF T R &
17 R ) AN SR e 1, AT DUAR S TR iy SR ik
WOt (R~ I LR, iy 1 IRPBARII B RAE . WF
FUAT oy ARG 20— 0 #r, f:

(1) ATFIEAF BN 00 T R 20 ol DUEHESR A
B, RN ERR REAT I 1 2 B4 Jr LR AL vt il
2, HEinfs BT

(2) AR A AR PEAL 4 20 A 0] SR (A BE I
S, 45T ICC SR AP IR A BEE R DT A i
[RIZEFE.

(3) H B T 5491 3= SRR I 2K b Ao KA



AR 45 € T4 &I B

ROV HETP AR B vl ik 997

v, RATEEA FPRES T A0 5 R BEAN R], e P ok
PLUR 2RI R AN 2% SO, R 2 B H 3R
WTEDT, W] ST ZLRN A3 HT

(4) BERIRPLARAE 25 (> 50 km) HrididE Fl AT

PN R B — ST, H TR R LA

Rl S ROANIES:, PRI HEOR, 5 ENE
Z % X M

1 Hollis BR, Thompson RA, Murphy KJ, et al. X-33 Aerodynamic
computations and comparisons with wind tundelurnal of Space-
craft and Rocket2001, 38(5): 684-686

2 Letchworth G. X-33 reusable launch vehicle demostrator, spaceport
and range. AIAA Paper 2011-7314, 2011

3 Longstd R, Bond A. The SKYLON Project. AIAA Paper 2011-
2244, 2011

4 B, gkaGRI, A SRR AR, Rl AT A S RO

HEREST. 724244, 2018, 50(5): 1235-1245 (Zhao Jinshan, Zhang

Zhigang, Shi Yilei, et al. Research on the conversion method of

aeroheating environment of hypersonic vehiclghinese Journal

of Theoretical and Applied Mechan|c3018, 50(5): 1235-1245 (in

Chinese))

Bowcutt K. The Hypersonic space and global transportation system:

A concept for routine andftordable access to space. AIAA 2011-

2295, 2011

Keidel P, Geonda M, et al. A blended wing aircraft configuration

design project. NASA Report, 1988

MACE, SRIAAE, 8% 4, s a] vl A AT R SRR AT

FUINA T OCEE ) . J7 %54, 2018, 50(6): 1292-1310 (Ye Youda,

Zhang Hanxin, Jiang Qinxue, et al. Some key problems in the study

of aerodynamic characteristics of near-space hypersonic vehicles.

Chinese Journal of Theoretical and Applied Mechan&txl 8, 50(6):

1292-1310 (in Chinese))

Kossira H, Bardenhagen A, Heize W. Investigations on the poten-

tial of hypersonic wavriders with the integrated aircraft design pro-

gram PRADO-HY/Munich Germany AIAA /DGLR 5th Interna-
tional Aerospace Planes and Hypersonics Technologies Conference

1993

FRE, TR, EE DT, FeWti 7 AT 8% T B e v S

7. P E R (B 8 BoRRE), 2009, 39(11): 1828-1835 (Wang

Famin, Ding Haihe, Lei Maifang. Aerodynamic char acteristics re-

search on wide-speed range waverider configuratmi China Ser

E-Tech Sci2009, 52(10): 2903- 2910 (in Chinese))

PUFaz, sklReee, FATRBAE. SR Jm wn i el RAT AR 1) 5 AR

SERFPEMT. Th RN BoRRRE, 2014, 44: 1114-1122 (Jia Zian,

Zhang Chen’an, Wang Kemu, et al. Longitudinal static stability

analysis of hypersonic waveriderSci China Ser E-Tech S&@014,

44: 1114-1122 (in Chinese))

Nonweiler TR. Aerodynamic problems of manned space vehicles.

Journal of Royal Aeronautical Societ}959, 63(1): 521-530

Jones JG, Moore KC, Pike J, et al. A method for designing lifting

configurations for high supersonic speeds using axisymmetric flow

field. Archive of Applied Mechani¢c4968, 37(1): 56-72

13 Lobbia MA, Suzuki K. Experimental investigation of a Mach 3.5

~

10

11

12

waverider designed using computational fluid dynamid&\A Jour-

nal, 2015, 53(6): 1590-1601
14 BRoKME, X464, 2ORERE. BE T PSR Mo vk i e AR it 5 03
Mr. 28350 f12E 230, 2017, 37(3): 11-22 (Chen Bingyan, Liu
Chuanzhen, Ji Chuqun. Design and analysis of the waverider based
on the shock-fitting method.Acta Aerodynamica Sini¢a2017,
37(3): 11-22 (in Chinese))
Sobieczky HC, Dougherty FK. Hypersonic waverider design from
given shock wave. 1st International Waverider Symposium, 1990
Sobieczky H, Stroeve JC. Generic supersonic and hypersonic con-
figurations. AIAA 1991-3301, 1991
Charles EC, Dennis BF, Lawrence DH. Aerodynamic performance
and flow-field characteristics of two waverider-derived hypersonic
cruise configurations. AIAA-95-0736, 1995
Miller DS, Wood RM. Lee-side flow over delta wings at supersonic
speed. NASA TP-2430
Starkey RP, Lewis MJ. Analyticaliodesign lift-to-drag-ratio anal-
ysis for hypersonic waveriderdournal of Spacecraft and Rockets
1990, 37(5): 684-691
Rodi EP. The osculating flowfield method of waverider geometry
generation, AIAA Paper 2005-0511, 2005
Rodi EP. Geometrical relations for osculating cones and osculating
flowfield waveriders. AIAA Paper 2011-1188, 2011
FEPL, PRNEU, 1585, el i 4 i AR A JER B P E S 2>
Mr. 122741, 2017, 49(1): 75-83 (Cui Kai, Xu Yingzhou, Xiao
Yao, et al. Hect of compression surface deformation on aerody-
namic performance of waverider€hinese Journal of Theoretical
and Applied Mechani¢017, 49(1): 75-83 (in Chinese))
Molder S. Internal, axisymmetric, conical floMAA Journaj 1967,
5(7): 1252-1255
PR, ARG AL, B P e A T AN M e Ay . O 2
i, 2011, 43(5): 803-808 (He Xuzhao, Ni Hongli. Osculating in-
ward turning cone waverider design methods and performance anal-
ysis. Chinese Journal of Theoretical and Applied Mechan11,
43(5): 803-808 (in Chinese))
Roe PL. Approximate riemann solvers, parameter vectors, and dif-
ference schemedournal of Computational Physic$981, 43: 357-
372
Venkata Krishnan V. On the accuracy of limiters and convergence to

15

16

17

18

19

20

21

22

23

24

25

26

»  steady state solutions. AIAA Paper 93-0880, 1993

27 Kermani MJ, Plett EG. Modified entropy correction formula for the
roe scheme. AIAA Paper 2001-0083, 2001

28 Menter FR. Two-equation eddy-viscosity turbulence models for en-
gineering applicationsAlAA Journa) 1994, 32(8): 1598-1605

29 Wang ZJ, Chen RF. Fast, block lower-upper symmetric gauss-seidel
scheme for arbitrary gridsAIAA Journa) 2000, 38(12): 2238-2245

30 X, IS, BROKNE. XUG BBk st X Rt #4047, it
7424, 2017, 38(6): 12808 (Liu Chuanzhen, Bai Peng, Chen
Bingyan. Design and property advantages analysis of double swept
waverider. Acta Aeronautica et Astronautica Sinjca017, 28(6):
12808 (in Chinese))

31 MRdis, FERER, TRICMIEE. "WHL R iais AL K HRd T ) R A4
WFFT. J12% 244, 2017, 49(6): 1185-1200 (Lin Mengda, Cui Guixi-
ang, Zhang Zhaoshun, et al. Large eddy simulation on the evolution
and the fast-time prediction of aircraft wake vortic€hinese Jour-
nal of Theoretical and Applied Mechanj&017, 49(6): 1185-1200
(in Chinese))



