41 B B 4 W -
2009 £ 7 H

Chinese Journal of Theoretical and Applied Mechanics

¥ R

Vol. 41, No. 4
July, 2009

EIEBIRITHIES #T

# FY KRR

TR

BEXT RR&-

*(sh BRI B SRR BT ER B S E AR, L 100190)
o ESSAIHRSERPOEEK CFD LK%, Jba 100083)

RE IR T - MHERTESHE UTHERTATE, BN THEEY 100km. XMBIEHE, FETEE
R, MAHLHERES. SEERESTARME, BEBEAFEOFESEHEXREE, LAEE it
HM e REY, MR FEMHREEMST, BRBENZ AN R/ NERBIEN T X NIHTRAE
FA24, FHH2 10000km Ll EIEAFR. LIBEAEH 5om WEMFRINE, WRMRME TR, HISARER
J 26 km 72 ASATIBLAE 50 MW /m?, 2940 B/ NERBLEIE A RAB A 50%. mTBEHERN T hRE
BK, WATSRE PR RS, WA AR B b B W AR, BT, B EEX TR E B S
SESBNTs [ REXR, MERARESWHE, HUFFEEEE SN RO 6 —IL T HER.

KA ZESE, BIKCTIE, RSN, SRR, AR

RESHES. V41241  CEAERIRE: A

51

i

H A I S 8 SR A s i X, AEBOHE K SR AL
R, MEE-ER, e DRENA, KRR
P, WMHRAR/DREREHIE. EFHEEERNE
ANEERPUE CATH, WEAHE 200km Ll E. R
M= AEF R, X T RREHHEmR, L
ZEE, X BRAF T S shHE B,
P SE B g B vt ) (NMD) RO 80 S
B 220km A2 4.

AW —FF R R 2B AT PUE KA AT
P, BB CITREAEE 100km HHE. S AEE L
B, (fEDEEX, AABLIRIES. 54882
RHGEML, SREESE T A CTERMN AT
W], #8907 AR SE M LUT B AT
1], gl T 0 BE B R A £ B R).

STEYUEARFRE, HRHE A E 7 E
WS, WSS, KT R TR S
HiEsh R BIAMPERBEARERE, X TRHER
M. BE, BE WVITEEN TR, KRIBERERK
B, TREIEAFRE S = REERE L,
FHHIAA, EFRK 100km KR S)ZW, B0 A
2009-03-19 WrF|5 17, 2009-05-12 W B
1) EFREARMEEARYTE (10425211, 10621202).

2) E-mail: jfan@imech.ac.cn

XEHS:

0459-1879(2009)04-0449-06

shnpEm e E, DEREXAROL

bR ARAER, WREAAEESHEERH
HHEXM AR EERANRR. AT, F&H
W ERYANEN, 3 HRENRIE, SRAIHIE
k. ASCEMNAZREATRR K, E3 e’
THEAT, SR SRR REE, MIEEX
FER A I w174k

1 R FHEAEHITHIE

WmE 1 R, RPOZESE CITHE
AJAMBB, Al4rA 3 MrE: (1) 3R A4,
oy k FFBIHERL,  (2) BHWITER AMB, (3) BA
Bt BB,.

fEEShB, KEHENKIERRZFER, FishE
BEEZBEHMZSHAOKER. FIHEOEE—K
MAH T ) HEIR 100 km, 73X ER, 2 JIBE R B IR
AL Fe b 3R T th SR R MRS, BT DA 2B,

7E BB A BN K7 K AWLAR K 2] ¢, T3
Hyd g M

“ D h M,
'ul_—.—/o Mdt—g/O sinOdt—}—clnﬁ? (1)



450 H %

¥ #

2009 % B 41 %

1 ERSE GTHEILE (ARB: AIRBNRIEHE,
AMB: 2 ANRDGEEME, AA KEBHER, BB BAR)

Fig.1 Comparison of long-range missile trajectories (ARBy:
the ultra-low flight trajectory investigated in this paper,
AM B: the classic minimum-energy trajectory, A; A: rocket

boost phase, BB;: reentry phase)
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Fig.2 Schematic diagfam of forces on a missile in flight
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Fig.3 Drag coefficient versus velocity for a sphere-cone
configuration at zero angle of attack from altitude 85 km to

100km given by the DSMC method
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% 1 Navier-Stokes HFIEMEBLAHH Mas = 15 B,
FTHAKEIMEN RYMERNHTEEL
Table 1 Drag coeflicient versus the Reynolds number or
altitude for a sphere-cone configuration at zero angle of
attack and Mao, = 15 obtained by numerically solving

the Navier-Stokes equations

Reoo H/km Cp
100 000 53.6 0.05
50000 58.4 0.06
20000 64.5 0.08
10 000 69.2 0.10
5000 74.0 0.14
2000 80.2 0.22
1000 85.0 0.32
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(c) Displacement along the earth surface

B4 TUAREIIEERENE M, TSR
TERE, S PEFIH MR 2 T 10 6 85 B 85 B A0 22 L,

Fig.4 Acceleration by air drag, velocity and displacement
along the earth surface versus altitude for a sphere-cone
configuration at zero angle of attack along the ultra-low

trajectory
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Fig.5 Variation of the stagnation heat flux with altitude for a
sphere-cone configuration with a nose radius 5cm along the

ultra-low trajectory shown in Fig.4(c)
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ANALYSIS OF ULTRA-LOW, LONG-RANGE FLIGHT TRAJECTORY Y

Fan Jing*? Jiang Jianzheng* Sun Quanhua* Li Zuowu' Wu Chenxi*
*(Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China)
t(China Aerodynamic Research and Development Center, National Laboratory of Computational Fluid Dynamics,
Beijing 100083, China)

Abstract An ultra-low, long-range flight trajectory with the maximum altitude of about 100 km is investigated.
Such an ultra-low trajectory employs the satellite mode against the gravitation by the centrifugal force. Different
from a running satellite, the rarefied gas effects on the ultra-low trajectory are essentially important. It is shown
that under the same payload and range, the power requirements of the ultra-low trajectory and classic minimum
energy trajectory are almost the same. For an axial symmetric configuration with the nose radius of 5cm, its
stagnation heat flux along an ultra-low trajectory arrives at a maximum value of 50 MW /m? around altitude
25km, which is about half of the maximum stagnation heat flux along a minimum energy trajectory. The
aerodynamic heating along an ultra-low trajectory can be solved using conventional mature techniques such
as ablation, because it does not require lift. In general, the power and aerodynamic requirements of ultra-low
flight trajectories can be satisfied based on existing technologies, and therefore it is realistic to promote the

anti-defense ability of long-range missiles by taking the ultra-low flight trajectory.

Key words long-range missile, ultra-low trajectory, rarefied gas, power requirement, stagnation heat flux
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