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Abstract

The nonlinear sloshing of liquid fuel inside the propellant tanks of spacecraft significantly affects the stability of attitude and orbit
control. To address this issue, a real-time liquid sloshing monitoring system has been designed and developed. This system utilizes
multiple force sensors and accelerometers to collect dynamic signals, including sloshing forces, torques, and accelerations, under
various conditions—different tank geometries (such as spherical and Cassini tanks), varying filling ratios, and different excitation
parameters. Furthermore, the system analyzes the characteristics of nonlinear liquid sloshing to validate the feasibility of software-
based data acquisition. The study found that the nonlinear effects of liquid sloshing vary significantly with changes in tank geometry,
filling ratio, and excitation amplitude. Additionally, a non-planar sloshing experiment was conducted using a large spherical tank
with a filling ratio of 0.5, and the measured sloshing forces and torques were compared with numerical simulations performed using
commercial finite element software. Experimental results show that the liquid initially undergoes a planar sloshing phase along
the excitation direction. As the excitation frequency and amplitude increase, this phase gradually shortens, causing the liquid to
transition into a non-planar sloshing state more quickly. By comparing experimental results with numerical simulations, it was found
that numerical modeling effectively captures the overall trend of liquid sloshing. However, real-time monitoring system data is still
required for validation. The designed real-time monitoring system and research findings provide an effective experimental approach
and theoretical guidance for optimizing the installation and arrangement of propellant tanks and implementing real-time control of
liquid sloshing in practical aerospace applications.

Keywords
Liquid sloshing; Real-time monitoring; Nonlinear characteristics; Free oscillation; Non-planar oscillation

3 —h =0 Bt LA oy . = =
ETHAEReEM AN ZSEIEL TR EER R
TALHS ' g kKR RorE
L PERHE R, i - ﬁﬁﬁﬂﬁ%w6
2. VR REEE I Sk e R R B S Sz, T E - TS M 545006
=
AEAE FUIRACK B AR MIRARR A G AE B RS, LR B RS Fedh i a9 R /T A EE R A TR0 #m, Xt A
T*éﬁ%%%iﬁﬁm%%,%%ﬂmh%% #mﬁﬁﬁuw,i%ﬁ%ﬂ%&%Wm\KME&mu&xm&ﬁk
BT AR NRARD AN ER IR EEHEET, ﬁﬁ~*bﬂ7&%#%i%w%iﬁ%%%ﬂﬁ%miﬁT
Mo bl @it KRB e A4 AT IR E RS 28, HFeRIA R A\ SERIE S A PR T A4 Rt ﬂwkﬁ F
TR M T e 2 — AT @ A, FL%‘im WU FR\RAL, AR B N RS, B RS A
Yo, AT AR A RO BB AR AR, 25 E A St Bl R e BOEHEATAR S,

KEEn
RARRZ; et Al EgsE; AdRS; EFaR

[E2mB] EXEXRNZE R ME (12362006; 1518

12202044) , AR ASETESTIEZE (RRE FRCAAE SN E RS, iRk EAR&ESR 55
SRR E | MEIISE gD | iR oy R e .
RltE, BT R E R RS I AR, TS
K], WPETRE (2], EhfEk (3] FOREIRAF(E (4] S

24728)
(EEREA] &ALME (1996-) , 5, L, MERIATED)

MARTETHTT KRS R A L R BRI
[BEEE] 2XFE (1982-) , B, BT, #R, M\F= ik [ 5-7 ) S2FH LabVIEW 5 MATLAB B64 TR

RITRAGHAS T NZ AR KA, L TR T PRSI SER S S 0T He

1



FEENES5TEMR - $£06%5 - F 051 - 2025 £ 05 A

i, LabVIEW a5t {Gas {5 SHRE . Wb R E
ki, ifi MATLAB I TEARISE— 25 0T SRR, 56
T LabVIEW FI1 MATLAB #4188 @IS ETEALEC A 99
R AR s 750, RAMCRIFAS RS, R
ERINRRES, §R THFT SR FARZS .

T IR A R S AR R TS, 1B BT S04
RTINS AD 1 S5 Eh R, FEOHT R E 7t . 305D
S D FELE RIS AT A B 5EMR . SRk [8] #2HY T =
PR AR B TR A AT E ER T R TN 2 (6T T NS Bh  S sl s s
TS H T 24 SRR AT 52 55 TS S TR ) B8 — A [ A A R HL
T HP RIS ) 2R — RS EA SRR, R R S 4
AR FHRBNG . Sk [9] R T B/ KRR i R T e — By
REA R AR, s Aot MR s R 2
ALY, 53 T EEERAY B R e . MR E
REII A RIS, EIRIRIERN, BUKRES
TIARBAIGENN, I EE D ERF K.

i PRk, REIRSEEIE IS 5L IR B S
RS, (BES 5 RS S alSMIE fe A EE AR
JE, MEDUAER R MR A EAME R A R B dEAs, A
b, ASCETHEII T — B TR SRR AR MR
RRBIENASE, REWSIEZ MRS T,
BESIRBOR A S AN RE R OB R e, iERsh .
RAN NI S 5%, SRR S ST
T, RGE A SORBISE AR S HE (R, YiRRTEE
MR AR SSIH I . (AS R SR T TRER F AR O R0
RE PR T SLIG S,

2 LIGHEEBEMEIERERS

T HF SR A RN A T HOEh e, 3
SCBUSEAHEI, 5200 RS T R R A S AR
ARG, S B AR AT A A, HERR
TR 25 B P KR E P T RS 1 R BB 4 = L B
HIAREERN 4T . HORRAE A TS Sl A
\ FEERIEER (S S, HHRAERLTERE S, SRS,
(S EHTRIE L

S E FEAIE R A . AR . M A
SRR S, REPE T AMIREIRE), $REEaTH

..........................................

WS PRI 22 ) JR B RD , VR S 2 v B 5 TR B Bl DA
TR TR IR SE BT R o R 58 R R BRI
R NRIETCFERTRVGIEN S, Hep, KIOEVFEERNGE N
0.154m; /NERTEICAEERINZ A 0.097m; RO RVEEIAH,
SERNTL 0.097m, | RHEERIARE 0.1m.

AT IR AR TT R DR D FE R SE A R, (kIR
R, ZEOCE [10], R 6 MEAEDEEREE . 14>
SRR L AR AN e e B E R T AT R A R 5h
7. RENIEERIMRE S 6. B, DS oh
7 1R,

B hiERESHREE

TR S )y S W I 2 8 383 LabVIEW ETEAL SRR R:
A5 MATLAB #R A #E1T 33 L8R, DASCEREE R4, 52
SRS S 90T. RGCRA T 2 iEReEs . s
AT B RES, AUUCRERIA R shid B LI &
RREN . RAERINEE SIS S, BT LabVIEW
IR IR RN T B IBENR ST L U, Hgs
MATLAB [EUEA IS W 06E, SERk(s S M. HFirse
BRI iR S sh b, i 2 FosEFEA, 1EA%4E
F.1, LabVIEW FZ GRS 5 K5 . FURERAL
BHiEEE, B 2R T, WL MERES NEIER
o REHTI TR, MATLAB =B 35 (5 S0 SHHIF 4
M, DIRBUREhE ST, A TBlEsOBaE=e
H, LabVIEW i1t & CHBE N, R REMETR G
% MATLAB #7403, JFiBid LabVIEW =] (i (k 5L i st
JERIIARSEEN T3 1 I HERIIER R AR (b 2

f et
S i f—{ 15 |

LabVIEW{S 5 &b BRI FE

[E%ﬁﬁ}——{%&ﬁﬁ }—{ 2 }5

MATLAB{E 5 b i i

2 SR

KIRIEE



FEENES5TEMR -$£06%5 - F 054 - 2025 £ 05 A

3 KiEFE R ALt LI R

R ST U RGeS S B O A
AT, SRARELA CREIRIA . /NIRRT 7EE
IR ) RRIFFEE , P THRRIE E F SAOR RS
Yoo MIREAIE RIS, W RA AN 5 E S Hy
fir., T RS R NS .

AR LIE AT FT A, FEia AR P &
IR AR K

1 g h
=—‘//1—t h(4, — 1
% 2z "Ran(”R) @

X)) H: £, ARSI n B E A WA, Hz; g
BEOINEE, m/sh hOH HERE S, ms ROV HEHR
AL B RG2S, ms N, SRR T 4L,
N =1.841, N ,=5.331, A\,=8.536, - R N

F 1A T —HrEA R RIS E S RFEREN L
Rofd, HUULRIEGARN E hRaMIRATE . S55R%R0T, 5

% SIS IVEEREAY) S, IR SIEA RS TR
BRI, 5k [10] A IR R 5L

TEEEIC A, MIRSEah 2 I ERTENRAR, &
HIEEHE TR, EBBA AR — MR A&
TRELEES, SCIRIS I — B E A 3R SES ER VR .
SRifn, TERFEIRHLARIEN, MRS TR, fEX
W E AR T, RS sl 2 IR U ARMAIE, SERE)
AL AETME, FRLREREESITESR. AT,
PRGN T EIEAER T 28], Ha SR Aok
R E s R R E N TESFRiEby , sl
SR B h L, SRS E AR BRI,
(B FRiEURRRS, RPHRICAER AR R G20k
AT R A S, (EASHRERIE AT RE LA AR A
R, RS AR ANE . A, TEARRRST RS,
TRAR SR BN A A B BB AR RS U BERTIRA R X TN
BIECAS, iRz DR RE N EE, By R
BUEeeEET, M5 E SIS ENRZEART .

F1—HEERIIAEERES RERELRE

FEEH 0.3 0.4 0.5 0.6 0.7
FHB(E /Hz 1.4809 1.5252 1.5695 1.6259 1.7125
KEREIFE SEUG{E /Hz 1.4187 1.484 1.5656 1.6225 1.6851
FERTRZE 4.20% 2.70% 0.25% 0.21% 1.60%
FHB(E /Hz 1.8659 1.9218 1.9776 2.0486 2.1578
INERTEIC FE SR E /Hz 1.7987 1.8853 1.9736 2.0449 2.141
FERHRZE 3.60% 1.90% 0.20% 0.18% 0.78%
FHIB(E Hz 2.0406 2.0972 2.1246 2.1379 2.1442
RPN FE SEBG(E /Hz 1.9631 2.0532 2.118 2.1321 2.1399
TR ZE 3.80% 2.10% 0.31% 0.27% 0.20%

4 EFERFRIIEL R LI R

T RV, B 0.5 L ARERI A x
BN 1.56Hz, (LA 0.8V ESXMEIA&H R T E %,
B . ARIESCHR [10], MIBTRAEEIRI A —
BB AT 0.85~1.15 (I, W A LA P AR
B GiE 1 FUREIERTA, SHEDN 1.56Hz ESX#IE), i
PRSI 2D

5 45t

FH TR AR AR N TR AR IR AEZR M SR 5N G 55
5 MRS LS B E B TR, B R TET
LabVIEW B V2R MATLAB 5 C18(E A — (AR S
M ZGE BRI i KEe, W TSk
IESESIFIA RS S AREFE . RRZFEEEFRE PGSR
Sz B, SR e,

(1) B ARRICAERCRRZE R KiE H B 528

RPN, SER I ASEMSH — B A SR S THA
ERAES—E, Rk 7 ASUE RIS SR BT TH Y
Gk, BEE—EIRE. 5N, RURIFENRIEES%
SR, SEHEA IR ANERE YRR B
g E S IME EE AR, mBICAGHIEESE
SR, MEHRZEEA.

(2) M TAFPI NI RS, SER IR
SRENEIES CFD (AL RIE R BB A&, HA
R AR RSN 22— D AIE P e ah i B B,
P PIIE T SRR REN UM . A E s
4=, CFD (R R skl e i 207, =7 R
NS LA S A o

BB T T R — Y E A AR, ke B
BAYFRLRIES D), B HABIIIR , TN BB D4R
TEEEMAR S, ARSI R E), TR
SEE, SEEHUREToR, AREENESSERRRELE
B2, BRHBUNMEEE o SRR E AR T4



BEERZEE5TEME -F06% - F 051 - 2025405 A

25 _

F N

25
20 L
151
10 |
5L Ii.
zZ o
e
s
-10 |
-15 L
-20 I I I I I I I )
0 5 10 15 20 25 30 35 40
Time /(s)
(b) AN I F,
4
SRS My
3 ___CFD {i& M
B ¥
20
\
R
g
a0 1
=
-1 L
‘1
2 !
-3 . . . . . . . )
0 5 10 15 20 25 30 35 40
Time /(s)
(d) B M,

& 3 0.5 R LIFFEREN SR SI%E

25 30 35 40
Time /(s)
(a) S5 F,
4
MR M
30 ___CFD fiizt M
20
1L
Z o
=
2 b
-3 . . . . . . . .
0 5 10 15 20 25 30 35 40
Time  /(s)
(c) RAIFE M,
S 30k

(1

(2]

(3]

(4]

(3]

(6]

Yu L, Baozeng Y , Bole M .Improved Moving Pulsating Ball
Equivalent Model for Large-Amplitude Liquid Slosh[J].AIAA
Journal, 2022, 60(8):8.

PRt XA, BB, S5 A S T IR S L 0 A T A 2T
FU R EN UK T45,2022,33(10):1162-1168.

W Fstat, A ANEE, SR AR, A5 T AR S IR AR AR N0 S 0 N
NI FANA I WA 5 H11,2024,(08):287-293.

DR JH v — R S R AR T 2 e S TIE U 8
TR AFAT ], CRE /J%,2024, 41(12): 128- 137.

Tie-Zhu Y , Xiao-Lei L , Qian-Xin L .Development of Wheatstone
bridge and Kelvin bridge Simulation Experiment System Based
on LabVIEW[J].Journal of Physics: Conference Series, 2021,
1792(1):012083 (8pp).

Bhatti S, Ohri J .Performance Study of LabVIEW Modelled PV

(7]

(8]

9]

[10]

Panel and Its Hardware Implementation[J]. Wireless personal
communications: An Internaional Journal, 2022(3):123.3: 2759-
2774.

Estrada L , Arau J , Sciubba E .Real-Time Hardware in the Loop
Simulation Methodology for Power Converters Using LabVIEW
FPGA[J].Energies, 2020, 13(2):373.

Liu D X, Lu T, Cai W .Experimental Study on the Sloshing of
a Three-Liquid System with Free Surface[J].SSRN Electronic
Journal, 2023, 279: 114422.

Korkmaz F ,B. Giizel.Insights from Sloshing Experiments in a
Rectangular Hydrophobic Tank[J].Experimental Thermal and Fluid
Science, 2023, 146: 110920.

ST A, il e KR AN TR AR SE RN S8 e &)1 )32 Are et
FY[I.5556772#,2021,36(06):849-859.



