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Abstract: To investigate the thermal protection characteristics of forward—facing cavity in rarefied flow, a
numerical study in aerodynamic and aerothermodynamics performance on the space vehicle applying the forward—
facing cavity in rarefied flow was conducted via Direct Simulation Monte Carlo (DSMC) method. Heat flux distri-
butions along the nose outer wall surface, cavity side wall surface and cavity base wall surface were obtained, af-
terwards, the thermal-cooling effect and the gas conditions in the forward—facing cavity with different length—
depth ratios were analyzed. Moreover, on the basis of the model with length—depth ratios of 1, the variation in the
aerodynamic and aerothermodynamics performance with nose lip bluntness radius was quantified to study the ef-
fect. The results show that the outer wall surface bears approximately 7% lower heat flux by creating a forward—
facing cavity. When the length—depth ratio reaches 1, the trend of heat flux distributions along the cavity side
wall surface is very similar, and the axial position where the heat flux drops to the lowest point no longer chang-

es, meanwhile the heat flux along the cavity base wall surface is very small, which is only 28.66% of the model
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with length—depth ratios of 0.5. The gas near the bottom of the cavity changes from rarefied flow to continuous flow

and the gas pressure oscillates. In conclusion, there would be no apparent advantages of heat reduction due to the

great increment of drag coefficient employing cavity lip bluntness. Although it can reduce peak heat flux, it would

result in more severe aerodynamic degradation.
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Fig. 1 Heat flux of spacecraft’s typical position in the

re-entry process for different trajectories'”

P2 25 7 W5 b B e R RE T D AR AR 4% USV -
X PR AT R o A R R B B R )



2004 ot

#HoR

2021 4

A AR R P 2l R RS PGS R R
ELHGIR 1 5E H BUAE 110km BFFAT Ab , b Ak AR 3R 85 4k F
i Vo 9L D T TR O o P R T g A R 2 K Sk 3
2Bl 5 R F 9 O I 3 XL I s 4 A AT DL —
AR R B ARRE T

v T T 1250
120 Re-entry heat flux
4 1000
100
Re-entry altitude o
80t i {1750 E
S 60t ] E
3 / 500 2
= =
< L S
40
/ {20 *
20t /
10
0 " " '
0 1000 2000 3000

t/s
Fig.2 Time-altitude and time-heat flux maps of USV-X in

the re-entry process™!
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against wind-tunnel test and DAC code

TG 2 R = A R R DL R S HCn ] 4 TR .
R FHRE KA Y | 18 f S RE T, A AR T . R A
# : v,=5640m/s, n,=3.8692x10%°/m*, & 5 N A& X
SPARTA F2 J7 11 53 ) 41k 1K 3 17 4 0 % B 55 Sk o 52
56 DU 3 5 A X L o F L RT R E AR Sk AR AR
PR, JF BRI T, B AR [ — K B
F P B RE R G I AE S AT A A BT
U5 B 5 S0 B AR b — SRR — R
WEBH T SPARTA LR P M IE B bE S T S . H2
TEJE AL E T S 808 86 B2 A K, SPARTA fij F
THEAS B 0 5 s 5 52 50 8000 22 K

3 HEERB.ER5SH

3.1 MEJLarRkEitESE
T340 0 3 FH DASA 2 w5 A9 Al R XU | & fig T 4
HL T N AT R AR (AT S R RS

AR SCALHCRT 2 5B HEAR AT . 6/ T
GERANE SR, R Lo B B9 EE L D R 1M1 Y
o B, R SCH L/D FBRETE L .

R=1.25

120

Fig. 4 Pyramid structure diagram (mm)

10

—=— DSMC SPARTA
10" ¢ « Experiment
10° |

107"

Heat flux/(kW/m?)

10 . 1

10 * y * y *
0 20 40 60 80 100
Xmm
Fig. 5 Heat flux results comparison between SPARTA and

experiment

0=68°—

[=375.2mm

R =100mm

(a) Normal model

Outer wall surface

Side wall

Base wall

o

Lip radius

b—1—
(b) Forward-facing cavity model

Fig. 6 Model diagram

LR & HEARAZ R, 5 A PR A
e 2 B e e AR A R A AR 4 SCRiR[ 13



2006 e it

#HoR

2021 4

338, AF 5T 80km g B A (AU Pt a8 = 2 Ak T 1 B Uik
DX 3l ) 30 XL T i 25 A B B R o Y Kn>0.01 B, JF
b I RS B SR AR A5 BOR R A 2 Kn ik #
0.1 F1 10 B, FL U B FEAE 43 1) b F 38 8 U X R 1 fR 43
T X AR R R P AE JAR G
AR B R B 6370m/s, 4> T BUB Sk 3.8317x
10%/m*, Kn 34 0.04 ., R FH il BRASEAY | 78 S S B T
AE AR TR AL T AT E A . TR R AL T A R
Ax~(1/3 )X WY 1E 28 H 18 W 454 W A&, b T 7 8 22 0
AR T ECRE RS RO N T 2 B R R
FTFURGRFEMERA A GBS, AR %
P20 B ok B R T a1 AT I s 0 RE T
THAA I R 431 0 A P 7 B R R A SR B A
B A H RS2 A AR Gl Ax/, R RAE
Jay 38 D sl 43 RSF 5 )R -3 B R OC R AR
Bird B9 2256 , 24 M >0.33 , B kS K SF 24k JR 3 S 1
SRR VAR 310 o I IR S N e B I
LR T AR AR N B HEAT T G A Al R A% R 4y, 3
BE T AR 53 1 5 R T RIS RN L 4 TR R A i R A
JIN KR A % o Z Bl ) X AR AR BEE XY S TET I A
R 53, BEA WA AR 1 Ry TE 38 1E J7 (R A, #4145
1R T R T R K

Ax/2,

local

3.00
225
1.50
0.75
0.00

Third
self-adaption
division

Initial First Second
d‘m' 14 self-adaption self-adaption
1vision division division

Fig. 7 Schematic diagram of computing grid division

9T T B T AR R B i R S B A
25 I 2=, X5 TR A H #E (Aw/A,,,=0.33,
Ax/A,,=0.25, Ax/A,,,=0.20) () 1E 28 [ 3 I 45 #) R 4%
PEAT T HGA, B AN e T SR T A R 8 BTk .
P PR AT 0, = O ) 48 5 1) A O N T T 0A 4 R
SIAR /N o 24 R R T 24 Sk JR) 3 S 24 [ el R 1/3 A5
TFEGE R SRR — SR, T TAITE R
WL IR 2 PR AL T B Ax~%)\ {9 TF 5 138 7 445 1
W EAT IR

e o o
B o
e & o
T T T

Heat transfer coefficient
(=}
~
[\S]

-10 0 10 20 30 40 50 60
X/mm

Fig. 8 Grid assessment

32 REEXT AR

N TR BB 2 0 I B g 1 s, Ho TR
Feoh 0, FoR M . 945 T 4 B8 15 51
(14 B TET FAVIL 43 A 185 100

Table 1 Calculation examples with different L/D

Example LID L/mm D/mm
1 0.00 0 0
2 0.50 40 80
3 0.75 60 80
4 1.00 80 80
5 1.50 120 80
6 2.00 160 80
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