% 51 % % 3 W noF ¥ #® Vol. 51, No. 3
20194 5 H Chinese Journal of Theoretical and Applied Mechanics May, 2019

TERAEH F LT TR

MPS 5 GPU £ & #E1EHl LNG &t RT5"

kA AR

(EMAT R A MR S S TR 22 e, v TR K T S I &, W AR S YR T S 6 W IR B3 h o, 123 200240)

TEE ARG —FIEANREIE T 504 Bk BN PR IR SIS, B e R 45 ) 5 S RS S AT
Fatk A e Bk 2B (moving particle semi-implicit, MPS)& — i it 28 (1 G W A% b 205 3%, WA
B R LT Z VRO S 3 il R H MPS J5 A AE ARV SR AR R B, ¥ DAL RASE = 4 vl /i, 77 GPU JF:
TPIMERAR B2 N T REE TR, Nk, ASCE MPS Tk GPU JFHAT s $ RAH4E &, SR CUDA 2
FETRE, HEIRT MPSGPU-SITURf#SS, % =4Eb KRS (liquefied natural gas, LNGE R iS¢ i3k
AT T B AL, 8 = PR PR T TR R BB, 30 UE T SRR as et , Hoh S b 7 80A %] T 200
277, HHABWIR S RAN, MPSGPU-SITUNR Al 2% A % wEAf M PN BE i A o5 1 0y, JF B e b f2 b A i
TR KR 2 AR T A AR 2R P R I . A LG CPU SKRARZS T ST ], GPU AT I A vy LA 8 i/ v
HRHS, 325 MPS AT AR, RSOk LNG ZURA 5 7 B AR I e AT R L, 5 R RMAA R AR T
LNG ZUAR T LAAT 2 k> 52 35 M (B R RE TR o ) AR AE R FE VR, LNG B0 WS el 583%, | thif
SULIH B S YERFAE. AR SCEHE— BT T KR LNG PIRIAS I R NRAC R IS, SRRl g R
M RUAIEAARLL, e F ) 1 L3 s B

KRR LRIk, Balki TRk, AT IR, Wi

hE %S 035, U633 CEk#RINAE: A doi: 10.6052/0459-1879-18-410
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Abstract Liquid sloshing is a common phenomenon induced in partially filled tanks under external excitations, which
may destroy the tank structure and vessel stability. Moving particle semi-implicit (MPS) method is a typical meshfree
method which can effectively simulate violent liquid sloshing problem. However, the low computational efficiency of MPS
is the bottleneck of its application in large-scale three-dimensional problems. In the past years, GPU parallel acceleratior
technique has been widely used in the field of scientific computing. In this work, GPU parallel acceleration technique is
introduced into MPS method and an in-house solver MPSGPU-SJTU is developed by using CUDA language. Then this
solver is used to simulate 3-D liquid sloshing in liquefied natural gas (LNG) tank. The convergent validation of particle
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spacing is carriedut to verify the accuracy of present solver. The maximum particle number of simulation model is over
two million particles. MPSGPU-SJTU solver can accurately predict the impact pressures by comparing with other results.
In addition, the violent flow phenomena such as large deformation and nonlinear fragmentation of free surface can be
observed in these simulations. The comparison of computation time between GPU and CPU solvers demonstrates GP
parallel acceleration technique can significantly reduce the computation time and improve the computhtiesmalyeof

MPS. The phenomena of liquid sloshing in LNG tank and rectangular tank are compared. The results show that LNG tank
can reduce the sloshing amplitude and impact pressure in high filling level. However, the sloshing is more violent and the
free surface presents three-dimensional feature in LNG tank with middle and low filling level. Finally, the investigation
of the dfect of diferent fluids such as water and LNG on sloshing phenomena is also conducted in this paper. It shows
that the flow fields of both liquids are almost similar and the impact pressure is proportional to the liquid density.
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Table 1 The computing environment of HPC cluster

GPU CPU
Intel(R) X R) E5- 2680
card Tesla&P100 ntel(R) Xeon(R) v2
2.80GHz
memory 16 GB DDR3 1866 MHz, 64 GB
max cores 3584 20 per node
rogrammin
prog g CUDA C/C++ C++

language

5 LNG BB BIAL /R ]
Fig.5 Schematic of LNG tank
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Table 2 Computational parameters

Parameters Value
water density 1000 kgm?3
kinematic viscosity 1miys
gravitational acceleration 9.8V/4
time step 0.5ms
4.5mm
particle spacing 6mm
7.5mm
1925286
fluid number 804115
400599
319386
wall number 178680
115164
2244672
total number 982795
515763
sloshing amplitude 8°
excitation frequency 0.85Hz
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Fig.6 Theimpact pressure at P2 offtérent particle resolutions
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Table 3 The impact pressure at P2 dfelient particle

resolutions
Fine Middle Coarse
pressure peak &2/Pa 1652.5 1651.2 1707.5

& 4 TREIRF B BERY i+ B AT (8]

Table 4 The computation times of fierent particle resolutions

Fine Middle Coarse

others/s 0.132 0.054 0.029
PPE/s 3.326 1.092 0.507
total/s 3.458 1.146 0.536
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Fig. 7 Thecomputation times of dlierent particle resolutions
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Fig. 8 The flow fields of liquid sloshing by GPU and CPU simulations
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Fig. 10 The enlarged signals of impact pressure at P2
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Table 5The computation times of GPU and CPU

GPU CPU CPU CPU CPU
8 cores 4 cores 2 cores 1 core
others/s 0.054 2.263 3.159 6.150 12.051
PPE/s 1.092 22.611 33.987 61.198 109.334
total/s 1.146 24.874 37.407 67.348 121.385
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Fig. 11 The computation times of GPU and CPU
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Fig. 12 The speedup ratio of GPU



g

722 i

2 £ 2019 4 5§ 51 &

3.3 A RGBSR 53T b

A2 CAFE RIS S S 06 A S (A L 1) S e A 7Y
THH R 5 Y, i S PR B M O I W 5 PR
JhEER I, AATKAE 70%, 50% 1 30% —FiAS
[F RN OU T S X7 B A LNG B3 A6 P 1) 5%
GG IATRE LG, A P AN 7 R A 2 [
1317, VRN B RN A IR A B8 5 LNG B
FEIRFE—2 B SO 3.2 —#FF, kT EE
HY 6 mm, I[85 KHL 5 ms, 3 FlAN ) 76 9 % (1 S FE R
FEIIHCR 8°, Wiy 524 0.85 Hz (70%) 0.75 Hz
(50%), 0.65 Hz (30%), HiL ANl 78 ¥ % I 1f— 9 [l
Pk

K 13 Ui AR R R

Fig. 13 Schematiof rectangular tank
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Fig. 14 Theflow fields of liquid sloshing in rectangular tank

(@)
K 15 R AC R o TR )

Fig. 15 Theimpact pressure in fierent tanks
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Fig. 15 Theimpact pressure in fferent tanks (continued)
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Fig.16 The enlaged signals of impact pressure
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Fig. 17 The flow fields of liquid sloshing in LNG tank
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Fig. 18 Theflow fields of liquid sloshing in rectangular tank
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Fig. 19 Theimpact pressure in tferent tanks
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Fig. 19 Theimpact pressure in tferent tanks (continued)
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Fig.20 Theenlarged signals of impact pressure
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Fig. 21 The flow fields of liquid sloshing in LNG tank
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Fig.22 Theflow fields of liquid sloshing in rectangular tank

P 23 JE o T ANIFL R 7 MR 55 00 1 7 ARk il 28,
Bl 24 JE7R T —N BN B D0 28O L A
ATCUE R, PR MR B R ) Z IR 50% 7
WS BUAHIE. 6T PLFI P2 s, J7 BRI Ty
B /N T LNG BUie, Hoh oy B TE P2 mikkJL
PR DT, KRR K IR TR S T S AR A AE
FHWr. BT 7 R I, Se 9 i AR AR
A RIS RAR L tEIL R W B, 1 R AR B

@

(b)

(©)
K 23 KRR T PR R )

Fig. 23 Theimpact pressure in fierent tanks
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Fig. 24 Theenlarged signals of impact pressure
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Fig. 25 Theflow fields of liquid sloshing of liquefied natural gas
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Table 6 The impact pressure offdirent fluid densities

measuring points P1 P2 P3
water 2412 1651 2980
pressure/Pa
LNG 1001 705 1340
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Fig. 26 Theimpact pressure at P2 offtérent fluid densities
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Fig. 27 The enlarged signals of impact pressure at P2
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