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Characteristics of Starship Propulsion System and Numerical Simulation of

Propellant Flow During Reentry

LUO Meng, CHEN Shigiang, LI Dapeng, PAN Hui
(Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China)

Abstract: To provide reference for the development of new generation reusable launch vehicles, the detailed

characteristics of SpaceX Starship are summarized. The typical volume of fraction (VOF) method is

employed to perform a numerical simulation of 3-D unsteady flow in liquid oxygen tank during the Starship’s

reentry stage. The liquid oxygen (LLOx) sloshing characteristics under complex accelerations are analyzed.

The simulation results show that a low-frequent (<C0.6 Hz) and a high-amplitude (i.e. axial center of mass

displacement up to 20%) sloshing occurs during the Starship’ s landing stage. A large amount of air

entrainment appears at the bottom of the propellant tank, which may bring disasters to the rocket engine.
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Fig.2 “Raptor” engine and its schematic diagram

IR (~811 K) , i & sh AL 1) 75 fin 15 B 4E K, 50R

w0, FFESCC Wi i 73 8 58 % 11 6 ) m LA
N S VN =¥ (A0 e DB i e W o0 - AP o Y
B, R BILEL PR R N SR TR A L
SRR AT K B A B S AR ), SpaceX A\ & 1B
BT SX500 YA & HFABURE",

BB TR BIHLR G A R b A R
REC IR IR G s ¥R T AU % Ja sh 26 8 R
A HE 7 2 3 2o A SRS B () — P Uk 2 1o ok
TEFE S KR R 3 .

1.2 mNR%Z

FE“Hh &7 R ALY 5k J5 X1, SpaceX 23 H
I T I T E 9 5 RS i R B R
B = 2 340 - = 2 5 BE ( Aluminumtriethyl-Trieth-
ylboron, TEA-TEB) H #A 5, MR T kA8 %E 53
KAEART

—J7 1, TEA-TEB 5k 7 0ok 1 )= FRAE
H 5 FAez S ARk T 2 ARSI P IR
FE B g VR A KR 5 BT ARE — B R
X MARAR BRI T % sh AL s KRB, R R T E A
. 59—, &R SR & = R 4
TEA-TEB B H 84 7] 5 s WAk TR B R .
AN, TEA-TEB 52t H & 22 i1k 2 i, 207
TG B A 452K JLT- R 1T BE DM R DA AR A= 7 1 ok L 3

T R KRR RAFR) o T K AEJE i KR
AN AE A A2 BRI, O ELZ R 2 S
T2 BB IR KB AL, At K L K Bl
L SSME,

“H B S AL A TIUER AR HE ) &
KT KA TE Rk T e AR AE S K Y
K R BRI AR O K TR UK &
MEHETE MBI KRG R
L 3.

F3 SRS KRG
Fig.3 Ignition system of “Raptor”!
1.3 HERERLS
HY T A2 AR, BT 3h ) RGEAF R

15]



12 [ =S S NI S

53 %

BRE BT 2 R A B R A Sk
TE G AT K B LA Bt i 2 B B iy P 2 R0 4
B EA PRI T HAME TR, |’
A0 TR ot 40 ) L 5 A TR 1 R IR AR AR A A
JETCR R R o SRR RENR A SRS A
AR A TR Wbtk R 5k H oL B
A SRy o W ot 3 Aot B A 2F o SRR L O AR R IR
MBS 3R mE RN E S, B
T SN8~SN11 45 44 r i .38 349 A J) 78 W S 046
W, SN124 FaE AT 1T Bk | I #0045 )= 78 T 4R
AN, IS RS 2 KR LA (LR 4) o T
S o SR ISR Y = R i = —
ANz 113 4 AR S S /N A 6 L WRSRUR E
SEUA RS A I 3 A B R AT I VR b R L 5
ot Ik 3 A IR L Y — S 4 1 HEA TN

2% R G0 IR 22 A 2 Sk N I RE 1Y At 25 )
oo FERGT EFHBY B, R b R R AR AL 5
HEF] o TEFEAE BB B, HESE AL R g U & ok
TN HE . S g T il AR A A R ) A A
Al DL 76 4 i B B, R H e L TR AR R I A R s HE
HEFAR A AH S /NI e rh 8 e T HE R . AR E
FIAE R 2R 48 ) 2 000 e, FL R R s L ki Bl
CURGE YL

Fig.4 Pressurization and feeding system of Starship™®

P52 it st A AR )

Fig.5 Section view of Starship model during the reentry

stage"”’

2 XITESI@E

&6 45 T B SN8~SNI10 i K 47 4F 45 1
M. Hop,SN85 SNIMES5 ARk M . SN8H F
e Sk B /N RE TR AR R, 3 80 Bl B & S LA
AR, TR G 6 mind2 s L3 30 m/s fill 58 & .
SNOXF /NG BE T T 2 R 5L g T

Jy el 5 th T B — & R sh PR ) 8, &
BOR M Bl SCHE AL, TR RS 6 min 26 s il
HEXE . SN10 45 il i 72 b, RT3 3 3 65 % 3h
BL, MU P £ (9 SR, T /S 6 min20 s i3
AR

Fl6 S SN8~SNI10 &l
Fig.6 Flight profile of Starship SN8—SN10 "

PIRRIh ® AT HE R B9 SN1O R, £ 1451 T 2
AL AT R SRR .

F1 SN0 KITRENERF
Table 1 Time-sequences of key actions during the SN10

flight

Iy KA 1E

00:00:00 3EIRE RN K

00:01:42 — B RENPLEHL, 7 MM G sh Pl R
R FaGE

L — G EHMHLEHL, BT — & RSP IT

00:04.40 5 — B &L, )R 55 10 km, RCS

F 58T A R AR T

00:06:00 3 E R EIHLE B K AR BB RO
41 W5 & & Bl

WS — B & sh b2k % R 3

00:03:14

00:06:20

3 BAZRAESH

EME ARSI A h %
NN E 3N RN IR L AR B |
A4k IR N HE R R RE 2 Dy 1 AR ) B R
SR 1Y 5 A IR B S AR, R BOT WA N B AR
Al (CEE W S BN RIAE) . R TEA M
PE R, RPN TAE, 3+ B AR M R 9] 15 <
e ARIRTUR , 2 5 50 Iy 5 3 0 R = A TR
T B WA B ROAS T 6 B SRR e
A SE , H SR SE T R S AL R A 3l B i 4 il
LR I TR AR B (Volume of fraction, VOF)



3 ) B WA RS e R SR A R A AR O S O B 13

HEAT T ORICHE o 4 R U B S B A Yy
P

TE UL, B R s B R T
ST /INTE R 7 HE R ) AR 25 Oy 58 0 AR Y ot B
¥ K46 BLAE 4 700 A9 00 31y, — T AT LA 38 7 4 2 5
A BE G T B Bl R s REE 5 — Jr L AT
D fife T S 1 5 /NI B B R S .
3.1 FERBERAZE

A CHEETFMA Y VOF kit B A2
AN HESEFD R SR E . VOF J7 02 R FHAR B LL bR
B o (R m AR AE T3 5 o0 BT O AR R L ) ok
2 R 3B BRI AR I A8 A . Bk e ol

a=0 1% B0 N 2l S AR
0<a<{1 ZBPILHFSIWIA M (1)
a=1 % 05T N 2R AR HH

RS A MBI RRITTH (0<a<<l),1 5 a R
HARARAE BEf SE 30 F AR L SRS AR o 1 1AL
P B G F R ST R AL

T 8] 28 1 WAL A% T A0 WP AR 5 T 58— 1Y)
HESE )y R B iy AR 7 AR, HAR WSCER LS,
12]. WM ZSE (U B BEME 55 ) R AR 738 a
IACE 2 5 s

p=ap,+(1—a)ge, (2)

T A TE 5 O 5 B P T UM L ik
TR AT 0, =0, /0% A .

XA RV T 2 T 5K ) 0 TR i L R T
77 (Continuum surface force, CSF ) A2 Ho &
T 5K 77 W A 18 B TT BT 2 AR RS £ 0T LU UE
A MA AR = T AR

n(Vn)
fi=—0 o
Ko WK KRS ZEGa=n/|n|,n h FH
LI 0 NIRRT

RO A HEDE RN AG o O TR Ao T AR
20 AR PN AL B S S AR SR A, S A
B TR B . AR 9 R BUEE  TR
S T ARGy AR L WD IR SRR L S 21,500, WL
K7, T3 8 2R FH 7 T A I A ) 43, A% 2
1003 A BET R FHJC 1 #1005 25 S B Ak 3 3
SR FH b o BE THT R RO B . 45 TR R (ELAE R AR
JE i FE o 5 b 2 i s A Rl b R o
(i) ph £ R i 3k o 3 1 3 A2 A

3 X SNTO #1445 #0430 280 40 i 8647 53 A L 1
B TR SHL R B BE B AR 0 a2t
(Zms Wi R Ee 5l ), LR 8.

ENESI IS S I RN T {2 s N3
WG B B & AR S 2 A T I IR A . AR
RN W KT, Hd 2y 1.03g. I3 &

(3)

B 7 R A 5 ELAS Y
Fig.7 Simulation model of LOx tank

3.0
2.5f —e—u#
B e A W X143

0/ g
2

0 5 10 15 20
A /s
K8 ELA R A b Rl 2k
Fig.8 Acceleration-time diagram during the Starship land-

ing

R BIAIL G B R) PN UR 5K, AR o 8 1 n & A
KAH, 29 2.57g. ZJa, BT R SPLCHL, o 2 m
WNE L lghE A, I RAEFLIRHEEL S
£ iti

3.2 AEFRERIE

A5 % ] Himenoh'™ %) 2 56 %45 %t A< SC 45 &
J7 2 #4783 . Himenoh #F %% T HL 44 0.2 m, &
0.2 m By BRI G bR A SR ket o e o # v oE
i A5 Bk HL LR It —0.8g~0.8g Bl I ] £& 7 725 4k 1)
A 1) I B Bl ) n R Ry R 9 ME 1.0g. HAARI
95 UL SCHRL7 ]

i AT BT A ) e R AR AR AR R A
PR B S B O o 1RO 5 Y T AR A0 A IR B 4 SR
XFECE o H AT O 7 A ) T A A AR i AR
P B S B R BB TR 2 (1Y 25 A B 20 3 AR
ARV 5 45 R B AW & X W E T A S
7 R AL YA B
3.3 EMAEERSH
3.3.1 AFHH>M

B 1030 i 1 A2 A ot ol 5 b I A PN AR 4 )
SEOL . A E D B ] A AR A R
AL KE AT 6 s B T RIER ol XA



i 53 4%

7=0.00 s T=0.24s 7=0.48 s 7=0.72 s

K9 KSR S EE S 15 X L
Fig.9 Comparison of simulation results to experiments of

water sloshing

MY 52 B AT R, BT LA H IR T AR 1 ) B
W LA SE T MK B B SRR . K
S AL A 45 1A i 3 A A R B I AR AR AR
ik R T AR HESR) [ iy A Ok 5 AR E M, AT
A T B I B A Y R 2 S B
Time=0.000 s
—Tlme—IOOOS

Time=2.001s .

\

Time=3.000 s

T1me—4 4005 o |

.( T1me—6 000 s

b

w

Time=9.600"
’

J Time=13.999 s

P10 LA ol A R S0 3 1
Fig.10 LOx behavior during the Starship landing stage

46 sZJa, BT HEH R EEATE & BARE TN i
A B0 - A A ) 0 R A AR A AN ERCAR Bl )
W TE 6~7 s T RS HLOCHLH B R IE T~ K B 05
FLZE LRI, B[R] B YA N R AR R T TR LK
WS8R W T E AR B AR AL T 2 FRAS e 1)
F14) St o) e 800 I A P RS 1) 5% 2l B AR .

£ 9.6~14 s Bir Be , 4 2 500 W 100 4% 15 76 /)N i B2
AR A . X2 BT ALY O 2 A 1 A ) B
FARGEFEAL (4 1.1g, WES) .

B RS0V T 1 ] S, T DL B R AE SO A T
MFeE 2. B AN ISR 5T R, A s B 1
R A S T RS 4% R 1T IR 8 8% B, 26w Ry

S LY (4)

s By 2 5 1 R 2 T 5K 1 1 AR, o R TR
WRE g I BE  r R AR RST (R R R o R
TR P

FE R B AL e Bl e i 4 i B v, 3L
BB KT 1g. &I1HHE &/ B o BAE 10° 8 9,
T8 7 KT AT AR E T A .

BT B AL BR € AT A2 B R B HL R B R 5
h%%ﬁl%ﬂ AR fw%réimwmmzm

T % B AN At 5 e 1R B RE Y . XA, AT
JH A0 & 1K Fr e 0E HoRE 2 1
Fr—= L (5)
gr

Ao Fr 2o M ) M iR 8 7 /9 e
i A Az Bk #AR T R S S e R K
Al iy Fr e

2\ 2 1
K—h~o74(vr) =0.74(Fr)? (6)

-
A A SRENRAE, r AR AR, V IR R iE 3l
P, a hy I
130 C6) THBE A3 B ZE R BR A 6 s 9, 248 P
‘fﬁ%ﬁ%ﬂlﬁ(ﬂEJﬁ'D%fIIE)_Iit%ﬁ{ZIK*ﬁE’J 2~5
TR 3 Bl Je 39, G S R IR 2= 29 AR 9 0.5 4%
%EE/J\, ok B A W) & T 10 (0 A5 8

Time=0.000 s Time=1.601 s
Pres smlleulec d/Pa Press\lreslecled/l’

N o b

Time=3.199 s

Time=2.200 s
Pressure ul tzd / Pa

Time=2.400 s
Pressure sel wd /Pa

Time=2.900 s
Pressure selected / Pa.
3333333333

Time=15.002 s

Prumreslemd/l’ mmslwwd/?

BI11 RS NI4T 7 R 8 43 A
Fig.11 Pressure distribution and L.Ox surface profile during

slashing

P11 45 1 JLAS I 220 e D 300 sl 45 AE (T
SR BRI ) o MIETRT A FE B0 46 i %), B A B
BL AT 20 5 M Ak T RS AR ZS X7 1 TR
Yoy ¥ 5) o AL JOR Bl 1 B e SR B
WA 1 A R R AR U A R RS A



3 ) B WA RS e R SR A R A AR O S O B 15

PRI FE 7 53 A0 BN 500 e A8 22 R O K3
TRk . AE2.2~2.4 s BFa) B, IV 46 S 38 32 7
PR Je SBLG  R-WIAH 2 45 R sh WL T AR 2k
FEMEVE ST A o Z 5 WK 3R T H T A A ) )
Join AR Ak £ A RN, B A K R B S Bl (n [
W T=3.2's) . [ 3 fl ] Jn 3L 58 2% 4 48 0, G
A S RS % 389 Ok /0N O JEG S — AL T VRO A X
Al DA IE & ShHLIR 58 g s Bk .

HFJe MG, W 560 45 R Tk
T 2 B0 PR B 7 28 o DA SpaceX % it 45
Bifi 77 G i T SRR Sk BN EE A ST {45 R G
B T KR JIC 0 R f e R il & sh L IE )3 3 )
Ry 54
3.3.2 REHMH

B 12 45 0 T B A Bl AR b, W AR R T
AR S-S R = I <o = 5 T = a
SHLJa Bh e, R A R R Z 5 1 O AR D IR
2s NI FRET 292.2m, X J7 W i B84 T
291.5 m, X & T B 3 & & s LKk G o, 16
e I3 T HE A KRS (X 1)) 13 ) % 4
KRB (ZIrm) . BEJGTE 2~6 s HfEHER 2. X
J5 1) B0 AL B4y I AE £0.12 m, 0.5 m A8 Bl N
W Bl , 2 B TR B 4R Z ) B S AT 5k 20 %6 (g TfT
BERROEELN062m) ., 25, REAFROTEZ
D5 1) B A A R A2 8 (B, #7 AR TE X 5 1) 3% 25 /)N e B 3
BOXHFRON EHEFEE 0 2m AL  HES
Bifi o bR BRI Z0mE T A R 1) e Bl AR Y
RO s XS Z A — A,
E£0.02 myLFE A .

P 13 X6 0483 0 S8 sl 6 A R AT T A 43 T
S T H R AL . B E AT, 7E SN10 £ Fifi
bR, I Z 5 ) (A Bl ) S Bl i R R (R
— B R A, 249 0.05 Hz, 11 X 77 1] (i A4 1)) Y
— B AFAE 0.1 Hz Y T A 0.5 He A 47 o %8N
AT 23R A AR () A R R R SR AR — S = )
DLl PR, BRI A0S PN 3 R B S sl xd & s ML

2.0

— i

0.02L —yim| 1.0
-2.5H\ o0} 05k

30}

B E /m
&
W

0 2 4 6 8 10 12 14 16 18 20
BFIA] /s
Fl12 B A o P v 4o o B 7 A il 22
Fig.12 LOx mass center position-time diagram during the

Starship landing

A~
. 5 £ 3

2
o

|
|
g s . ; ;
0.5 1.0 1.5 20 25 3.0
% | Hz
P13 R4 S B A e il 2%
Fig.13 Frequency diagram of LOx sloshing

T R G0 B AT L 2200

Zx b, ok o B A A AR 0 O LR B
P4 ki D R R VR R TR T Z AR R, B3
AR IS A 2 B Z0 Y A A8 R I UG B, X AN T
SR BIHLF KA oh 5 0F . I 7E R A shan, 2
FUR SR 0T 2 ST (14 Sk 5 /N R A A SRR 4 T R

SN0 8K B ) 58 1 T 155 1 1) 7K SF- 1 3 15 4 il
L CBEEEMG Smin £ KA T BRE.
SpaceX fiff B¢ Hv] BE 2 i T H e Sk 38 /0N I 6 v 16 e
AR Z L, 3 KT HE TR AR, 25 B 2 R
P, w RS R Z 8, 5k T E . T L, H
/N U 8 9 S 550 4% 28 T 8 - 1% A V0 IS At e 2 s
V66 JEC 0 e A1 o i, G 0 ) A B O R T A
fhek it

4 & it

RIS T SpaceX M 3l 11 2 48 KB H R F
B AE R B A SN0 1Y S bR K AT FEA S A
AT T BUEAT L R TR A B B B A2 2% e
Y PR N WA T S Rk . A SRR RS
Fifi ok o AR AR IS IR AR AR R IR KA V48
VA YR 4 Bl 1) SO0 e B BE T 38 20 %6, {H 5% Bl i
BAR(<0.6 Hz) s B TIAIML, M HE 38 &
HEZE R G IOk e B A BT R . X IE,
SpaceX >R H] 7 2 45 (%) Sk R /N AL 25 O 5, LA
ARATLAfE % . {H SN1O Y RATS SRR, BTy
ZEOT T A YIS fife R o ol a2 O 4 IR SJe SO B A
LR B A ) A P O 2R T A Ak kit S

& % 3wk

[1] HAIDN O, OSHWALD M, CLAUSS W, et al.
LOX/Methane technology efforts for future liquid
rocket  engines[ C]//Proceedings  of the 5th

International Spacecraft Propulsion Conference &. 2nd

International Symposium on Propulsion for Space

Transportation. Crete, Greece:[s.n.], 2008: 5-8.

(2] BRoim, 208, #0 i, 45 . MRS REURRH K



16 [EIS U T RS |/ A N NI = O 4 %53 %
7 1) B e R g Wi B [T ). TR R EOR , 2019, 3 2007, 287(1): 27-31.
(1): 62-70. [11] X, S, AW, S IRR W R4S 58 2 il 72 34
CHEN Shigiang, HUANG Hui, SHAO Yetao, et al. JIRERRELT] AL T 24, 2018, 69(S2): 61-67.
Study on the requirement trend and development sug- LIU Zhan, FENG Yu, YANG Leigang, et al. Cou-
gestion for Chinaspace propulsion system[J]. Astro- pled thermal dynamic performance in cryogenic liquid
nautical Systems Engineering Technology, 2019, 3 oxygen tank under slosh excitation[J]. CIESC Jour-
(1): 62-70. nal, 2018, 69(S2): 61-67.
[3] BRtoi, B, SkG R, &5 b B8 80O ik s [12] #WE, $huk, D5 7S . 0 R A% AR i it ok AR V1K 58 3l &
ARG R ETT I LT ] TR AEOR, 2020, 4(2): Bl 5[], fiias 8y %4, 2018, 33(12): 3065-3072.
1-12. YANG Chang, SUN Bing, FANG Jie. Liquid slosh-
CHEN Shigiang, HUANG Hui, ZHANG Qingsong, ing and anti-sloshing of spacecraft tank during outflow
et al. Research on the development directions of Chi- [J]. Journal of Aerospace Power, 2018, 33(12):
nese launch vehicle liquid propulsion system[J]. Astro- 3065-3072.
nautical Systems Engineering Technology, 2020, 4 [13] Zwkty, Tik7n, kb, & . I B4 o f i ok 5
(2):1-12. TS AT AR a3 AT [T ], A R A 4, 2021,
(4] T 52, XI5 . W E W be R s LTS e 5 1R 8(1): 42-49.
JEEE[T]. iz =4y, 2018(4) : 21-27. GA Yongjing, WANG Haosu, ZHANG Qingsong,
YIN Liang, LIU Weigiang. Review and prospect of et al. Propellant flow characteristics in tank and related
LOX Methane rocket engine systems[J]. Aero Weap- impact analysis during the vertical landing stage[J].
onry, 2018(4): 21-27. Journal of Deep Space Exploration, 2021, 8(1):
[5] Xy, B—fe, s, 4 k50 & E A 50E 17 20 42-49.
[J]. S5 H Kz 84 AR, 2009, 299(1): 11-14. [14] ADAMY R. htips://twitter. com/fael097/status/
DENG Xinyu, TANG Yihua, HUANG Bing, et al. 1342980512579690496/photo/3,2020-12-27.
Numerical simulation of propellant reorientation[J]. 15] SpaceX/Starship.http://www.reddit.com/r/spacex.
Missile and Space Vehcile, 2009, 299(1): 11-14. [16] FE Mg, =R IN, TR . 4 Ut 4R 0E BRI 4 Y e
(6] HLWI, 2Rk, fR1F, 45 KW EI7ERL B9 8h )1 & RN RGEFEHRI]. BAMK, 2019, 25(2):
GERBEACRBETELT]. T AR R 2020, 4(6) - 236-242.
23-28. WANG Haiyan, GAO Yushan, XING Lixiang. Re-
XIAO Liming, LI Xin, SHI Ye, et al. Research on search on schemes of full flow staged combustion cycle
the key technology of the upper stage propulsion sys- liquid oxygen/liquid methane engine system[J].
tem for long-duration space mission[J]. Astronautical Manned Spaceflight, 2019, 25(2): 236-242.
Systems Engineering Technology, 2020, 4(6): [17] WANG B. SpaceX casting raptor engine parts from
23-28. supersteel alloys [EB/OL].(2019-02-18).https://www.
[7] HIMENO T, WATANABE T, NONAKA S, et al. nextbigfuture.com/2019/02/spacex-castingraptor-engine-
Sloshing prediction in the propellant tanks of VTVL parts-from-supersteel-alloys.html.
rocket vehicle[ C]//Proceedings of the 41st AIAA/ [18] ADAMY R. htips://twitter.com/fael097/ status/1324
ASME/SAE/ASEE Joint Propulsion Conference &. 479821997608960/photo/1,2020-11-06.
Exhibit. Tucson, USA: [s.n.],2005: 10-13. [19] MUSK E. https://twitter. com/elonmusk/status/
[8] AOKI K, NAKAMURA T, IGARASHI I, et al. 1369379914139451406,2021-05-10.
Experimental investigation of baffle effectiveness on [20] SALZMAN J A, LABUS T L., MASICA W J. An
nonlinear  propellant  sloshing in  RLV[C]// experimental investigation of the frequency and
Proceedings of the 43rd AIAA/ASME/SAE/ASEE viscous damping of liquids during weightlessness[ R].
Joint Propulsion Conference &. Exhibit. Cincinnati, Cleveland, USA: Lewis Research Center, 1967.
USA:[s.n.], 2007: 8-11. [21] BRACKBILL J U, KOTHE D B, ZEMACH C. A
[9] BEHRUZI P, MICHAELIS M, KHIMECHE G. continuum method for modeling surface tension[J].
Behavior of the cryogenic propellant tanks during the Journal of Computational Physics, 1992, 100(2):
first flight of the ariane 5 ESC-A upper stage[C]// 335-354.
Proceedings of the 42nd AIAA/ASME/SAE/ASEE [22] MASICA W J. Hydrostatic stability of the liquid-
Joint Propulsion Conference &. Exhibit. Cincinnati, vapor interface in a low-acceleration field[ R].
USA:[s.n.], 2006: 9-12. Cleveland, USA: Lewis Research Center, 1964.
(10] A fgc . (3 b 1T 9 1 A7 Be A9 FE E 5P A B (7). & 56 [23] LACOVIC R F, YEH F C, SZABO S V, et al

S RiE #EA, 2007, 287(1): 27-31.
CHU Guimin. Propellant management of cryogenic up-

per stage during coast[J]. Missile and Space Vehcile,

Management of cryogenic propellants in a full-scale
orbiting space vehicle[R]. Cleveland, USA: Lewis

Research Center, 1968.

(4p %% . B R)



