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Abstract: Liquid sloshing load is one of the key loads for the structural design of tank in Liquefied Natural
Gas (LNG) carrying vehicle. When the sloshing load is too large, it will lead to local damage of the tank struc-
ture, which will cause liquid leakage and even the overturning of LNG vehicle. In this paper, based on the
previous numerical results, two kinds of wall structures, i.e. trapezoid and square, were proposed. Liquid
sloshing in tanks with different wall structures was experimentally studied. For the free—surface evolution and
the distribution characteristics of impact load, with the help of statistical analysis, the effectiveness of wall
structures in suppressing liquid sloshing was qualitatively and quantitatively analyzed. The results show that

the presence of wall structures has changed the flow field. And instead of direct impact by water, an indirect
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impact by gas—containing liguid occurs. During the sloshing and impact of air—containing liquid, a large num-
ber of air-liquid mixtures and bubbles are generated, effectively reducing the impact load. Furthermore, the
square wall structure is better than the trapezoidal wall structure for suppressing impact load.

Key words: liquid sloshing; anti-sloshing structure; impact load; experimental study; statistical analysis
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Tab.1 Dimensions of the trapezoidal and square wall structure (Unit: mm)
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Fig.9 Probability density function of impact pressure in the case of trapezoidal-buldge wall structure

P2 (80 mm) Square [] Exp P3](125 mm) P4 (158 mm)
= =:(Gev:
- = = Weibull2
Weibull3
\

P5 (170 mm) P6 (190 mm) P7 (210 mm)

b
%

o
(=2

o
i

=
(]

g o
=N LX=]

1
'S

=1

Probability density function Probability density function

.2Jmim Jﬂfmm?b
\ \)

0

0 5 10 15

20 25 5010 15 20 25 5010 15 20 25
P, Jpgh P,.Jpgh P,.Jpgh

P10 TEJ5 PARBE T T8 T BT o 230 iy AR 3 2 2 pi 4

Fig.10 Probability density function of impact pressure in the case of square—buldge wall structure



38 WA 712 F29 B 11

FET K-SH i i 458 TRR T T =R g R IS4 D , R 2 s . B TAFSET
BEAUAE AN T8 25 AT a5 A A 005 280 22 R, BRI AR SCER5 25 AN S AR S G i D R BT 4t
TR LA RO . IR 2 Pl LIE W ERAN T, T SURAE S =280 Weibull 2347 AT 2
B D AHZER N AH SR NT 25 Weibull 204 . 25 REW], ) SUHRAA 5341 F1 =S4 Weibull 531 1)
PIERR I T =S8 Weibull 434 .

R2 AR IATHGHEREEE T =MEITREUSH K-SRI ITHSHDITLE
Tab.2 Comparison of evaluation parameter D values based on K-S test for peak

impact pressure among different cases

- AN LI A7 X ;14 DAL
P2 P3 P4 P5 P6 P7
Gev 0.0505  0.0525 0.0469  0.0548  0.0544  0.0942
JGHRET Weibull2 0.1253  0.1223  0.0866  0.0535  0.0726  0.0966
Weibull3 0.0602  0.0596  0.0506 0.0524  0.0692  0.0722
Gev 0.0543  0.0482  0.0868 0.0554 0.0582  0.0486
TRTE A4 BE TH Weibull2 0.0599  0.0639 0.0926 0.0666  0.1105  0.1167
Weibull3 0.0542  0.0613  0.0796  0.0533  0.0586  0.0573
Gev 0.0701  0.0579  0.0656  0.0648  0.0802  0.0495
1EJ5 A RE I Weibull2 0.0728  0.0629  0.0619  0.0607  0.0695  0.0920
Weibull3 0.0593  0.0508  0.0557  0.0533  0.0588  0.0533

2.2.3 fifly R i 0 {1 R MR R it 2k

FR A bR o e 5 W (1 56 T AR R ST MRS AL A FUL A RICR AR SCR = 250 Weibull 20 A7 R 1155 R %
AR R MR . T 11~ 13 0 5911 Ay DI T e T s I (R R 1 0 1 T A B 1T T 000 T A 0T o e 0 {18 7k
MESR 2. AR 11 rboa] LIRS, I a5 PS5 A Ay e 5 5 (5 i ) A D0, 358 BH 26 ' T B 1T 450 1 3 A5 PS Ak
HRZ KBRS i g fr o TRIRE M, BN 12 F IR 13 Fhml DLAS 2, B8 A BE 1T T 000 R 760 55, P6 Ab
A2 IR B BT 2R, TF 7 PR BE T T30 R 760 45 P6 1 P7 Ab AR 32 8 K B BT o 40 A o 38 3 %o LU ) T
10T P9 A A ARE 6 2 T LA R B, B R AR R IE 7 R T 00 e AP S i %) A AR ARE 23Rl 288 A L T i e
1 00 N ZE X R B RE 25 A A, S BORE 5 7 AR R T ey, 460 75 22 BE TRT 254 1T LUAT 3%
FEART T 2 for o AT, Ao R A B THT T 200 5 S 5 1) 8 MR 3% Y 28 A ¢ 1 1E D MR BE T T 00 T s 1) £
45 SR 1E 7 IR ZE AL S AR S 5 o 2 A R TR AR

T T
2 Exp (P2) o Exp (P2)

- = Weibull3 (P2) = = Weibull3 (P2)
= o Exp(P3) = o Exp(P3)
= - —-Weibull3 (P3) = - - -Weibull3 (P3)
= A Exp(P4) | 3 A Exp(Pd) |
2 - = Weibull3 (P4) = - = Weibull3 (P4)
a g < Exp (PS) g < Exp(P)
- s - = -Weibull3 (P5) ° - = Weibull3 (P5)
e R be > Exp (P6) < > Exp (P6)
= : W - —-Weibull3 (P6) 5 ~ —Weibull3 (P6)
T 10 ° g b <4AN o Exp(P7) = ° Exp(P7)
g \ b3 N - —-Weibull3 (P7) e - —-Weibull3 (P7)
= W =1
= W =
\
\
10 . 1073
0 5 10 15 20 25 30 0 5 10 15 20 25 30
P, Jpgh P, Jlpgh

PEL LT I B T 0 Al R S A g o
Fig.11 Exceedance probability of impact pressure

in the case of smooth wall

P12 BT AARE [ 254 100 T B b 1 iR g (B A
Fig.12 Exceedance probability of impact pressure in the

case of trapezoidal-buldge wall structure



514 FAFAECAEE - AR BELE R IR AR S 3 Bl 1 IR AT 5 39

o\:‘l 4
f

107k on' A

Exceedance probability
o 9990
A
ST EPEDEDEDED

0 ; 1’() ll5 2I0 2I5 30
P, . Jpgh
(& 13 1F 5 VAR RE T 28544 1000 T Aol i oo e 7 eAg 25

Fig.13 Exceedance probability of impact pressure in the case of square—buldge wall structure
‘
N\
34

AR SO A [T R BE T 45 #4100 VA% 5% 3 P AT T a8 5, 1 A s s AR ML SR T VR AR S8 35 T
R R T Y A AR DA IR S P AT R T2 A X A S S T, s TR I 2 AR D AR S
Vi ML R ) AR B e 5% T IR S 3 i ey, IR 45 B i i ik s i e T RE
T 45 FA T AR SR o P AR . R BEES IR AT .

(1) BETH S5 4 BAFFE AR T WA S8 5 Ao i B2 P B 3 20 A VRO P 4 o el 2 Ay (S A
T o FEREIE RN IE J7 (R BE T T80T, th 1 RE 4544 1 RS VR L 26 AR 5835 - miT S B B
BT SR SRR AW, T B K A iR B A, DL TR S R IS IR B, RORR A
VIl 43 240 S AR A, F RE AT BE TR GE T o AR T RE R A BE T 2544, 1E 7 PR BE T 45
PO F = AR SRR RIR B R 2 AR I

(2) BETHZE W AEAE T LI R RIRAAR S G BT o far o 255 AN IR) 00 N IR (i i e T HE
TIE AR FI RS M 1 £ AT DL & L, AE R T AR AE 7 AR B T T 000, S e O ol 2 fr W (/N T 't T 2 1 T
0, BIVRE [ 4544 (A7 78 0] LA R AT o for o BLA1 , 1E 7 PR 5 A4 400 1 Y A S 3 Ao 28 ms O RO T
FEIEAREEF 33X 5 1E 7 PR S5 F T 00 T A H 8500 58 B S A

(3) BT K-SHR 0 7 i A 45 R R W MR AR S 5 s TR IR AN )™ SCRRAEL 534 il =S4 Weibull
B

AR T RE A A TR S50, AR R G 58 R R RO A A S8 (RO TR A R i
TR BTSRRI W) F1AS ) BE T 4540 S8 OB AR AL B B0 R )Xo TR A 52 35 TP g R s
TRATRGEAS RIS BT BE T 25 A6 40 ) A% 5% 35 o 8 A BT B EC s8R

& £ X #:

[1] Faltinsen O M, Timokha A N. Sloshing[M]. Cambridge: Cambridge University Press, 2009.

[2] Ibrahim R A. Liquid sloshing dynamics: Theory and applications|[M]. Cambridge: Cambridge University Press, 2005.

[3] ARATPR, 24 O IR A S G R M EUE SR [, TP 5, 2002, 43(2): 15-21.
Zhu R Q, Wu Y S. A numerical study on sloshing phenomena in a liquid tank[J]. Ship building of China, 2002, 43(2): 15—
21. (in Chinese)

[4] Ibrahim R A. Assessment of breaking waves and liquid sloshing impact[J]. Nonlinear Dynamics, 2020, 100: 1837-1925.

[5] Zheng J H, Xue M A, Dou P, et al. A review on liquid sloshing hydrodynamics[J]. Journal of Hydrodynamics, 2021, 33(6):
1089-1104.

(6] FAEE, 4R, 2200 . WA R % iU RN IG ). A Kofof A, 1998, 32(11): 114-117.



40 FHAA T 2 F29 &5 14

Wang D Y, Jin X D, Li L' Y. On model experiment of sloshing in tanks[J]. Journal of Shanghai Jiao Tong University, 1998, 32
(11): 114-117. (in Chinese)

(7] ¢k, U5 W, AR AR IR 5 A HRATR BB ST)]. 58 R4l 2021, 55(2): 161-169.
Xin J J, Fang T, Shi F L. Numerical studies on violent sloshing and resonance frequencies in a three—dimensional prismatic
tank[J]. Journal of Shanghai Jiao Tong university, 2021, 55(2): 161-169. (in Chinese )

(8] T, 5 M, Bk, &5 =R N vE TS 5 S5 R K B TR, AR TR R 222241, 2019, 40(1): 154~
161.

Ning D Z, Su P, Zhang C W, et al. Hydrodynamic characteristics of an anti-sloshing floating body structure in a 3D tank[J].
Journal of Harbin Engineering University, 2019, 40(1): 154-161. (in Chinese)

[9] Xie Y L, Zhao X Z. Sloshing suppression with active controlled baffles through deep reinforcement learning—expert demon-
strations—behavior cloning process|J]. Physics of Fluids, 2021, 33: 017115.

[10] Xue M A, Zheng J H, Lin P Z, et al. Experimental study on vertical baffles of different configurations in suppressing slosh-

ing pressure[J]. Ocean Engineering, 2017, 136: 178-189.

[11] Jin X, Zheng H Y, Liu M M, et al. Damping effects of dual vertical baffles on coupled surge—pitch sloshing in three-dimen-
sional tanks: A numerical investigation|J]. Ocean Engineering, 2022, 261: 112130.

[12] Wu Q R, Wang L, Tang Y Z, et al. Investigation on sloshing in an LNG tank with a baffle based on improved moving particle
semi—implicit method[J]. Journal of Ship Mechanics, 2020, 24(12): 1557-1566.

[13] =155, 5K 2, BRIHE, 45 . TR0 I KRB 5 32 LA 2 i 23 BT ). Hh & A, 2021, 62(1): 50-61.
Wu Q R, Zhang Z, Chen M H, et al. Analysis of the influence of horizontal baffles on liquid sloshing based on particle meth-
od[J]. Ship building of China, 2021, 62(1): 50-61. (in Chinese)

[14] Zhang Z L, Khalid M S U, Long T, et al. Investigations on sloshing mitigation using elastic baffles by coupling smoothed fi-
nite element method and decoupled finite particle method[J]. Journal of Fluids and Structures, 2020, 94: 102942.

[15] Wang J D, Wang C L, Liu J. Sloshing reduction in a pitching circular cylindrical container by multiple rigid annular baffles
[J]. Ocean Engineering, 2019, 171: 241-249.

[16] Wei Z ], Faltinsen O M, Lugni C, et al. Sloshing—induced slamming in screen—equipped rectangular tanks in shallow—water
conditions[]J]. Physics of Fluids, 2015, 27: 032104.

[17] Molin B, Remy F. Experimental and numerical study of the sloshing motion in a rectangular tank with a perforated screen
[J]. Journal of Fluids and Structures, 2013, 43: 463-480.

[18] Frédéric D. Membrane technology for offshore LNG|[C]//35th Offshore Technology Conference, Texas, USA, 2003.

[19] TUE%E, ALARBE, A8 R, 25 . BE T S5 FTAR T A S8 7 5% il it BB B S0, A 327, 2021, 25(9): 1189-1202.

Wei Z J, Du X P, Zou G L, et al. Numerical simulation of the influence of wall structure shape on liquid sloshing[J]. Journal
of Ship Mechanics, 2021, 25(9): 1189-1202. (in Chinese)

[20] SRZEHN, XtEHhes, B bk, A5 R BE DR X (AR 58 7 S SR 0 BT (D). AR 327, 2023, 27(7): 974-983.

WuJ H, Liu T T, Lii L, et al. Sensitivity analysis of the influence of rectangular wall protrusions on liquid sloshing|[J]. Jour-
nal of Ship Mechanics, 2023, 27(7): 974-983.

[21] Wei Z ], Shen L M, Wu C ], et al. Experimental investigation of the entrapped air on the hydroelasticity induced by liquid
slamming under shallow—water condition[J]. Ocean Engineering, 2021, 227: 108867.

[22] TR, EHTHE, 5Kk S3CH, 55 . KRR A S 5 F i He g W A 7 R E ], v ERR 7 e g2 RS0, 2014,
44(7): 746-758.

WeiZ J, Yue Q J, Zhang W S, et al. Experimental investigation of violent liquid slamming pressure in large—scaled tank|[J].
Sci Sin—Phys Mech Astron, 2014, 44(7): 746-758. (in Chinese)



