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NUMERICAL SIMULATION OF LIQUID
TANK SLOSHING COUPLED MOTION OF
SINGLE-POINT MOORING FLNG

ABSTRACT

With the increase of China's new energy development in the South
China Sea, the scope of exploitation has gradually shifted from shallow
water to deep water. Pipeline transportation methods are no longer
applicable. In this regard, FLNG, a large-scale LNG production and storage
platform with unique advantages, has been proposed internationally. The
tank sloshing phenomenon in the FLNG internal tank and the single-point
mooring system make the hull motion response very complicated, so the
related research has important engineering design reference value.

Based on the open source platform OpenFOAM, this paper simulates
and explores the tank sloshing coupled motion of a single-point moored
liquid-filled FLNG in waves using the in-house developed ship and ocean
hydrodynamic CFD solver naoe-FOAM-SJTU. Firstly, the accuracy of
numerical wave generation of this solver is verified by making waves in an
empty numerical wave tank. Then, by simulating the coupled motion
problem of the simplified FLNG tank model with double liquid tanks in
waves, the full flow field is solved using CFD method simultaneously. The
accuracy and reliability of the solver are verified by comparing motion
amplitude RAO results with experimental results. In order to investigate the
sloshing coupled motion of the tank, research about the effects of wave
frequency, tank filling ratio and wave height on the coupled roll motion of
the liquid-filled FLNG have been done systematically. By comparing the
motion response time series and the extracted moments inside and outside

the liquid tank wall. It is found that whether the sloshing phenomenon
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intensifies the amplitude of the coupled motion of the tank, is mainly
determined by the phase difference of the moment on the inner and outer
wall of the liquid tank. And the amplitude increase or decrease is mainly
depend on the amplitude of the moments.

After that, this paper constructs a multi-tank FLNG ship model with
the reference of physical experiments. And the free decay motion of the
model 1s simulated. By comparing the numerical simulation results and
physical test results of the free decay period of the FLNG model, the
accuracy of the model structure and parameter configuration is verified.
Then, the mesh generation method and the suitable mesh quantity for the
simulation are given by the work of grid convergence verification. Referring
to the results of the experiment, the amplitudes RAO of the sloshing coupled
motion response of the FLNG tank under various incident wave frequencies
are compared in beam and head waves. And the accuracy and reliability of
the solver are verified. On this basis, by comparing the results of the empty
tank cases, the effects of tank filling ratio, wave frequency and wave
direction on the motion response of liquid-filled FLNG are investigated. The
roll motion of FLNG in beam waves is the most sensitive to the sloshing
influence. At the same time, the paper shows the flow field information
inside and outside the FLNG tank, and explains the interaction between the
wave and the hull.

Finally, this paper implements a numerical simulation of the six degree-
of-freedom motion of liquid-filled FLNG under single-point mooring. The
coupled effects of mooring system, wave environment and tank sloshing on
the overall motion of the hull are analyzed. By comparing the FLNG motion
time series, the flow field inside and outside the tank and the mooring force
before and after single-point mooring and liquid tank filling, it is found that
in beam wave condition, FLNG will rotate around the mooring point under
the wave load excitation. During this process, the amplitude of roll motion
angle will gradually increase, which will threaten the safety of FLNG. At
the same time, due to the multi-tank design of FLNG, the fluid sloshing
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phenomenon in tanks will be obviously reduced, thus improving the stability
of the ship. The relevant results of this paper can provide reference for
engineering practice.

KEY WORDS: Liquid tank sloshing, single-point mooring, FLNG, naoe-
FOAM-SJTU
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Fig.3-1 The sketch of the main dimension of a FLNG tank

4% 3-1 FLNG & AR A * & 54
Table 3-1 The main parameters of FLNG tank
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Fig.3-10 The sketch of liquid tanks with different filling ratios
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Table 3-2 Filling ratio configuration and resonance frequency
e RS GEAHE (radls)

0% 0% 5.536
24.30% 0% 5.556
38.30% 0% 6.627
61.30% 0% 7.546
61.30% 61.30% 7.546

& 33 RRRA R IRF LI F AR WA A AT L
Table 3-3 The roll motion amplitude comparison of liquid tanks with different filling ratios

e I A 2 e A R PR IR

wEWE T
m rad/s 61.3% 61.3%
0, 0, 0
0% 24.30% 38.30% CRLAR) AU
CFD 0.1955 0.2094 0.2527 0.1232 0.0916
0.03 6.7 EXP 0.1860 0.2004 0.2392 0.1253 0.0935
RZE 4.85% 4.32% 5.65% -1.74% -2.07%
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filling ratios
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Table 3-4 Phase difference of moments between internal and external tank hull of FLNG tank
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Fig.3-13 The no dimension value of roll motion amplitude of FLNG tank
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Fig.3-14 Time series of wave induced moments (a) and sloshing induced moments (b) with
different filling ratios under 0.06m wave height
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Fig.3-15 The display of internal sloshing flow during the roll motion of FLNG tank
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Fig.3-16 The effect of FLNG tank surface on incident waveform
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Table 4-1 Principal dimension parameters of ship-shaped FLNG hull

s 60% 7 H 40% T FH 20% 7R F
~ SEREE BRAMRE SRE SBRE SRE RARE

SAKSE(m) 392.00 4.84 392.00 4.84 392.00 4.84

TELE ] K (m) 356.00 4.40 356.00 4.40 356.00 4.40

A E (m) 69.00 0.85 69.00 0.85 69.00 0.85

7R (m) 35.70 0.44 35.70 0.44 35.70 0.44

Nz 7K (m) 13.85 0.17 13.20 0.16 13.20 0.16
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AR AP 242 (m) 25.30 0.31 27.30 0.34 28.90 0.36
YRR A2 (m) 91.60 1.13 96.50 1.19 99.80 1.23
RS 12 (m) 93.70 1.16 98.60 1.22 102.00 1.26
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Fig.4-2 The sketch of the transverse section of liquid tanks inside FLNG
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Fig.4-3 Configuration of simulation domain (a)case in head waves (b)case in beam waves
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Fig.4-4 Mesh configuration (a)on the surface and around the hull (b)inside the liquid tank
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Table 4-2 The comparison of numerical results and experimental results of FLNG free decay test

FLNG H i iz 5 i 1

A S EXP naoe-FOAM-SJITU '
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2096 [ 1 & %K R R 1.637 1.598 -2.38%
I3 1.363 1.342 -1.54%
Tt 1.386 1.358 -2.02%
20%3% it 78 ¥ TR 1.796 1.728 -3.79%
YR 1.351 1.318 -2.44%
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Fig.4-6 The sketch of spring mooring FLNG in regular waves (a)beam waves (b)head waves
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Table 4-3 Parameters configuration of solver verification cases

WA S (m) R (m) P (radls)  WRRARIRE AL E

2.156 2.91
MR 0.04 1.761 3.57 20% MR
1.257 5.00
s 1.761 3.57 -
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Fig.4-7 Pitch motion of FLNG with 20% filling ratio under head waves (a)motion time series curve
(b)RAO of motion amplitude in frequency domain
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Fig.4-8 Roll motion of FLNG with 20% filling ratio under beam waves (a)motion time series curve
(b)RAO of motion amplitude in frequency domain
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Table 4-4 Simulation cases of mesh convergence verification

MR RERE B K EE

. |t ; i3

i o pwm oy o e TR 1
140

‘ Stokes MR, MY

%\ 0, Vi 5 N —

B jgg 0002 20% 2465 004 _puolmmst . R
148

- Stokes P I

1y . 9 . . - > y 7

R 220002 A% 4840 008 ok S, B

X ISR TOURIE I, T B2 R8I DA 2 2 12 T 00 BB ADLRE 5 R JEE AN E AT 7
MEENE . XFROR IO BORM AR sh R o %, FR, B
LGN R BRSSO, AERAUL A O HERA I 2R B . BRI
ol FEFEIES SIREEE) . B TAERIRAURPA Lo, WX
XHRAR I TH IR S Is s B AN R . BRIEZ AN, BOR Lo AR s iR (E AR
Mo BRUTERIR Tl EEARR I B 45 R g AT WS SIE . PR T i B i

Pt 26 an & 4-9 Fros o
0.03 25
[ =e- 1d40w-cells — 232w-cells - =~ 433w-cells N I 148w-cells — 242w-cells - - - 499w-cells
:
£ o001 =
= a
@ o
= : ] c
g 0.00F b dc b b b e Y E
© [
2] =
I o
—0.01
-0.0%,3 2 37 36 38 20 : 26 28 30 32 3
Time (s) Time (s)
(@) (b)

B 4-9 ZF) 0 i & R A LS IR () ik 4% (D) IR-H 42
Fig.4-9 Mesh convergence verification of motion time series curve (a)roll in beam waves (b)pitch in
head waves
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Table 4-5 The simulation cases of motion response of FLNG with different filling ratios
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Fig.4-11 The graph of wave elevation and velocity scalar of FLNG hull section under beam waves
(a)(b)20% filling ratio (c)(d)60% filling ratio
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Fig.4-12 The wave field near FLNG hull under beam waves (a) at wave trough (b) at wave peak
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Fig.4-13 The graph of wave elevation and velocity scalar of FLNG hull section under head waves
(a)20% filling ratio (b)40% filling ratio
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Table 5-1 The configuration and parameters of mooring lines
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R4 4000 0.233 33.8 7.9 479000
Bk 2000 0.127 322.93 280.95 1214733
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Fig.5-1 The sketch of mooring system configuration (a)Top view (b-d)Side views
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Fig.5-2 Verification of horizontal stiffness of mooring system
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Table 5-2 The configuration of numerical simulation cases of single-point mooring FLNG in waves
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Fig.5-3 The graph of flow fields of single-point mooring FLNG in (a)beam waves (b)head waves
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Fig.5-4 Time series of motion response of empty tank FLNG with/without single-point mooring in
beam waves (a)heave (b)roll
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Fig.5-5 Fast Fourier transform results of motion response of empty tank FLNG with/without single-
point mooring in head waves (a)heave (b)pitch
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Fig.5-6 Time series of motion response of 20% filling ratio FLNG with/without single-point
mooring in beam waves (a)heave (b)roll
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Fig.5-7 Fast Fourier transform results of motion response of 20% filling ratio FLNG with/without
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Fig.5-8 The time series of motion response of single-point mooring FLNG with 0% and 20% filling
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Fig.5-9 The mooring force and corresponding FFT results of single-point mooring FLNG with 0%
and 20% filling ratios in beam waves, mooring line No. (a-b) 12# (c-d)5# (e-f)2#
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Fig.5-11 FLNG wave climbing phenomenon(a) and wave surface change of wake flow field(b) in
beam wave
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Fig.5-14 The transient flow field of cross sections of FLNG liquid tanks in beam waves
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