AW N R

© 00 N O O

10
11
12
13

14
15

16

17

18

19
20
21
22

23
24
25
26
27
28
29
30
31
32

21l 7= 1R P el — R Ny7= 2 i3
WME N FTRCFE RN -miEE N o>
T MRS FYL gkiE)I !
1 (P ERMER 2= T D E s bRt 100190)
2 (FEBERERE TR JERT 100049)

BE FORSAEPIT LR, LR RPUEN SRS TSR, S22 5T LA
A\ RS R EPLEhiE M, e A A A R B2 R, IFIE I S Al ) S AR AR RN
W e Iasl, BEMTSEMARIR 8548 SR8 T Sk e R . AR TR R A2 &
OpenFOAM, JTA 1 WAA-HEREF I R G078 B B EENI-H0RE & SE 3R ey, RGWTTL 1 WI4A i iE
B AMTIMBGERE . PAR-RIR BT & L R GEah S SR R . S5 SRR, M-V R
Xt ARG MERRR R A SRR . — 7T, iR Se s A ) R B AU RS SRS TR
B R BE IR P v T AR EIRAS s 75—, WUV & SR A BRIN 0 A 046 1 2 Geis sh i B
B HARRE, BRGNS HHEEE). MR FLER B TSN EELm. Kk, 725
Ry BB ER ARG Bt SREVEVEAL Y, N80 75 R N0 3 RN HL S B M ko

e SRR, RUEE D, WIRERA, AR R BN
SRS 0357

Rigid Body-Liquid Coupled Sloshing in Partially Filled
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Abstract During spacecraft operations such as attitude adjustment, rendezvous and docking, and
orbital maneuvers, the propellant in partially filled tanks undergoes significant sloshing under
microgravity conditions and combined disturbances, including lateral acceleration and rotational
motion. The resulting sloshing-induced forces and moments interact with the spacecraft, leading to
rigid body-liquid coupled motion and consequently affecting spacecraft attitude stability and high-
precision control. In this study, a six-degree-of-freedom (6-DOF) rigid body-liquid coupled sloshing
solver for tank—propellant systems was developed based on the open-source computational fluid
dynamics platform OpenFOAM. The effects of initial angular velocity, external force loading
process, , and fluid-to-rigid-body mass ratio on the dynamic characteristics of the coupled system
were systematically investigated. The results demonstrate that rigid-body—liquid coupling has a dual
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effect on system stability. On the one hand, energy dissipation induced by fluid sloshing leads to a
higher decay rate of fluid oscillations in the coupled state than in the uncoupled state. On the other
hand, the additional forces and moments induced by rigid body-liquid coupling cause the system
motion to deviate from the desired target state, while the 6-DOF motion of the system and the liquid
center-of-mass dynamics are significantly affected by the specific operating conditions. Therefore,
rigid body-liquid coupling and its dependence on system parameters should be adequately
considered in the design of spacecraft attitude control systems and the assessment of their stability.

Key words Propellant management, Microgravity, Rigid body-fluid coupling, Tank
sloshing
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Figure 1. Schematic of propellant tank in a spacecraft
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Figure 2. Geometric model and coordinate system
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Figure 3. Rigid body-liquid coupling iteration procedure
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cases for different initial angular velocities
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Figure 11. Dimensionless angular velocity about the y-axis for different external acceleration

B 12 AT 13 9B AT AR R VA— AR 0 x A A S AR IR o £ BB I
HIgak B (RIEE “AMRVGIEEZ AT, AREFAF P ABTG x Aebs S IR G IR K T-ARA
ot ME, AFRE R TR EE SO BEER A, MBE SIS ST 0 A B
8 [A)ZT 2 BAR AL i #% o BEAE )RR N FF S ARG, A& SRR G 21 T B O AR e
(ERSERNSYUN RN SE

FEZ DI , BT LA RS & 20 T IR BT x 48058 R HAR G IR E e K TR &
AT BEER AL, WEZEEE T8, KPR R IR, EREENE, 2216
T AR R B AL RS . BEE B, & 250 T RIBUO IR I 7 S0
TMAER & A T RO IR IR AR AR IRFAE . 5, RA 1.5 N-m & KR SN
B THCRBLE MR B AT N, BEASR T HAR P s T oL, A+ 2 2 s O H s
it ZLOUH BB R AR AL RS, HARR &2 MF PRI R TR & %1, REHRZPT
DL . LAk, AZAETE T BB IRG IR E P A P Ik Tit i, HARBE
TIRR 32T ) a2 T S 0 T80 v B 086 DR 9 i e W A7 N mT REIE T K e 5 b in 307 s 3%
AR -

BB I LN AR W (30 K T 2 I8 0, S0 A AR A a5 5 A R i 7
P —3. TEFTA SNBSS O PR G IR 1 S B B TR % (1.5 Nem)
FOD IS oL, MsMEN MIAE 4 DInacaRtt, P15 M B IR e v A A AR AR
Ffo JRERDINE T TR E SAER G SR RITAR UL x ARAREARAL R IR (E 2 7 N B
AEAN[RIIN B R 2 TRL 0 IS FR 3 5 B 2 A7) BT mT X0k AHEEZ R, 22 TR & SIS
A BOIR G 2 e, (EAFRE R M2 R O R . X IR AT e T2 8 T
FERIE 30 s HIISR] N 2 X BEANANER U0, (EAF ARG £ A7 A4, TIHIH] 7 #ES RN HY
SO AR IR T OL T, WL BAIFFsEoh o1 O AE & RN B AR 1 A2 06 i
[, A3 XS 2R e 2 Y Dk BE O 2



312
313

314
315

316

317
318

319

320

321
322
323
324
325
326
327
328
329
330
331

—*—M0.375x4 M0.75x2 *—M0.375t4 —*—MO0.75t2

i\ ——MO0.375x4c M0.75x2¢ ———M0.375tdc ——M0.75t2¢| -
X —*—MO0.5x3 —*—MI1.5x1 *—MO0.5t3

——M0.5x3¢  ——MI.5xl¢ M0.5t3¢

X-coordinate of the fluid center of mass

0

Time /s Time /s

B 12 AN TR A7 3 P B0 S A B T 2 x A AR

Figure 12. Dimensionless x-coordinates of the center of mass of fluid for different external

acceleration
0.7 T T
—*—M0.375x4 MO0.75x2 *—MO0.375t4 —*—M0.7512
06| ——M0.375x4c MO0.75x2¢ M0.375td¢ MO0.75t2¢| |
—»—M0.5x3 ——M1.5x1 ~—M0.5t3
——M0.5x3¢ MIl1.5xlc M0.5t3¢

05

04 -

03

02

0.1

X-coordinate of the fluid center of mass

. |
0 50 100 150
Time /s

B 13 AN[F] fy 3k B2 SN SR T A B To B A x AR R
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Figure 13. Dimensionless angular velocity about the y-axis for different fluid mass ratios
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