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Abstract: This study develops a program to investigate the coupling effects between liquid sloshing and
vessel’s motion in the f{loating liquefied natural gas (FLNG) system. In the program, hydrodynamic
coefficients of vessel in frequency-domain are solved and solution of vessel’s motion in time-domain is
calculated based on impulsive response function (IRF), liquid sloshing model is built based on potential
flow theory and is solved by boundary element method. The solution of vessel’s motion and liquid sloshing
are coupled in time domain through iteration method. Model tests of solid and liquid vessels in waves are
conducted to validate the feasibility of the program. The coupling mechanism of liquid loading vessel is
studied based on numerical and experimental results, and effects of liquid tank arrangement on vessel’s
responses are discussed. It is found that vessel’s sway and roll motions are significantly affected by liquid
sloshing in tank, while heave motion is slightly affected; the change of tank width can reduced the wave
elevation caused by roll motion, and sway motion excited sloshing properties is mainly related to the

natural sloshing frequency; the vertical position of liquid tank only affects the coupling effects of sloshing
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with roll motion mode and has no influences on coupling with sway motion mode.

Key words: floating liquefied natural gas ( FLNG) ; liquid sloshing; potential flow theory; coupling calcu-

lation; model test
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Fig. 1  Coordinate systems of FLNG vessel with two

liquid tanks
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internal sloshing calculation

2 RENKE

T b 1 A2 38 R 2 9 5 TR K U Tt O R A5 R
56 F 5 U A e O A B A S e L TR 4 BT R Ol
FLNG i fR B4R i 22 e . b TGo= 1,

200y 5) IR AL B L LA A Y S Dk i

2 1 PR FLNG iR e A9 3 28 S 500 [
A 2 T A 1B 2 B0 VAR 2 2 I R SR IR K e
. Y B ARR R S B AR R B IR S
[ A 2 2 T 00— . MRS R 1 ¢ 60 A9 45 R HE.

|
[
_______
F
I S
. i = S
ppp—— ! To
= ' =
< 'FLNG —I
I
FHAE
!
| T3 T2
FLNG oTs
W2 i 7M1 [
< >l > >
36.00  32.00 90.00 16.9
R
|
] ; —
K‘ ; : i ; : /)
i
L

B4 2 ANEIE MR Y FLNG 8 (m)
Fig. 4  Profiles of FLNG vessel with two rectangular

tanks (m)

®1 FLNGHEEERIESH
Tab.1 Main particulars of FLNG vessel and LNG tanks

K /m 213. 94
TG /m 44,8
Wz 7K /m 10. 8
HEK 4/ ¢ 98 923.1
B4R B A/ m 16
YPIEAR 1R/ m 60

A FELEE £/ m 60
WAL K B /m 36
WA FE K /m 36
AR T E /m 27
WA K /m 18

g TR TR K M L 58 A i R K TR RSE 0 33l o
50,40 F 10 . He rf R 8 19 ] 4 3 A7 35 B A - 73 A
20N Ay 7 20 . 4SS R A K il R A AT AN S TR
F AR FH KA 2200 T 5 AR B — B B IR 0 5 4
Bz gy [F I ACF 2 I8 W PRI A JE 3 T



544 E EH X @&

X F ¥ R 55 53 %

AR F) 3 ) 7 T 40 X v R R R TR R
Jo 407 i 3 A MR 0z 3 R S 9 e N 4. 6 B
718 R R R I P R P A R 4 SR 5 AR AR B X EE.
AL« 3 RS R i R 1 R R R TE S, () AN
X I ¥R BT B A AR IS B SR B e B S, () RITAT SR
A5 X 107y B S ) (L O 2 bR K (RAO)

H(w) = /S;(w) /S, (w) 17
L
EHial
= \UKFERH =
= £

BB p G WA

L7

<—
2 1 R (1809 \
¢
BN (90°)
PR
L
[ 5 B AE K A B KT R A A
Fig. 5 Arrangement of vessel model in water basin
0.7
'T“\ ! [ ) m
Sosk A artiakani e
n fipe 3t A
o i (
g’() 3+ .
" — HF
% — ik
ot
1 1 1 1 | — -

1
0 025 050 0.75 1.00 1.25 1.50 1.75
w/(rad-s71)

6 RN R Ty i

Fig. 6 Spectra of white noise wave in beam sea condition

3 HERMEFRIE

KAt R 55 12 FF I E
Bl 2 v BN RO AR s K TR TE B AL ) . R
5 W [ A7 B33y

3.1

ﬁ i 7’)’12 772
\/rc B2+Wztanh<ﬁ /§+W) (18)

Kfeomon MUY BW 7 ] B % B S B L.

HRAE SCRL12 ] rb R A RT3 = 4B MR
505 45 O BB B LR T 0 AT 3501k R AT k. 7E
UE T A AR AR KGR D 47 o WAL G . AR 28
B =W = 4, & [FI0f 52 8] o F1 y [0 1 7K 0F 5% 54
Jill: A, = 0.037 2.0, = w0+ A, = 0.018 2.0, =aw0:.
PRUETT S S5 DL T BB A6 Sl 14 <14 X5,
BFE] A K A = 0.018 8. K 7 Frz i A i 1 £ A5
(B/2,W/2) F(B/2, —W/2) &by itk 1 7t &5 i Dy &
FEZ5 L. AT LA AR A SRR 1y AT L3R A A 11
R G AR

N

[ (B2, WI2)

t/'s

— ARICEMESE R, o SCHK [12] 455

B 7 KB B 5 I ik
Fig. 7 Wave elevation histories due to transitional exci-

tation

R ERMEBEITERIE
TERCE TS b PR A b T B JE R =
0. 1M1, & 8 i 7 Sy [8] 1A FI 1A 280 B8 A 1 A6 A R
Yy iz shmi B2 RAO. 1T RLE H L S0 45 5 A
B 45 R W) 5 B X U W AS B UL I AR T A
P 2l LK AR 25 28 AR 4 o 7 P T L R4 o Ay

3.2

1 1
0.2 0.4 0.6 0.8 1.0 12 0.2 0.4 0.6

0.8 1.0 12 2 0.4 06 08 1.0 12

w/(rad-s1) w/(rad-s71) w/(rad-s71)
(a) ¥ (b) EH (c) HEEE

w A A R, — BIARRAR (R, o WA (i), - WIS (A5)
K8 R RT [ WK S AGE sm i RAO

Fig. 8 RAOs of vessel motions in solid and liquid loading condition under beam sea



%5

RAEL,F . FXERUERALAERKERMBIKGIB LS 545

Y 45 8 (ELTE B F [ AR o, Kb 285 P BELJE s 52 B
3 I AR LM R L 2k BHLJE A RS FEE ] L T R
Wl 8 f28 DA P 190 31 B3 KG 2

4 FHR5WiE

4.1 MEEHERZREEVIE

HR AR P18 vl iy 9 A i [T 44 286 80T A i Ak 3z s
I RAO AT LUF i AR 008 3 B 12 02 3 32 i N 52
R ARTE R Rt oty A I § O
R A 1) 8 0 3 5 I A I VR AT 3R 14 48 5 )N
FAE R — B [ R4k (w, =0. 886 rad/s) 4T T
05 PRI KT o, I 188 7 W5 AL 113 W0 7 w37 e
{EL. A B8 % 1 2l [T A 43 30 DA [ 44 2 0 INF 1Y 0. 48
rad/s I B B W R 5 2 Y 0. 425 rad/s . X 36 BT
JiEs S35 /N TR AR R AR TR Y 8T A2 g g s TR SR
i WG TN T AR sz B BELJE 7 . 51 me R R B R
Fe. B9 25 T NI S % H iR A ¢ DL AR
FTEM RIS 5 BB B R I R G #hs Fo Fl F,.
DL M S T e BT 2 A B A 43 X
V7 AR R B R 9 A % . o LA RRTE R T o A2 1Y A

g o REARBRHLE)
4k — RFGEMARYE)

W5 ia ZhIE(E AR, K] 10 Frs i G BEIRBLS R
BB BT 5 5 AT A 25 00 A5 AT LR L FEAR T
P [ AT 0% o, B T S35 61 AT A8 o, 11 DXCTR] DY
FEAE 2555 /0N o A3 2 5235 R M 1k 32 380 1) 288 fir 5 17 7
w: 5w, WA X H) N 5% 35 48 A7 5 U YR 48 far LT AH
B CULIE 8) , i AAZ Bl i 17 Bl 22 W68/ )N.

11 iR AR R N IR REE y=—W/2 A
P T 5 A (L Ak 1 38 T T BR . AT DL AR X T A
U TE B R B RO B (0. 323, 0. 452,0. 581 rad/s) ; 1
e A DX ] P D8 TR R IR B A il Sy — B A A iR A
(0.71,0.878,0. 968 rad/s) . [a] I} 52 B 1 — E AU AE £k
PR G A 5518 I DA 2058 ¥R ) . 3 130 T R 400 X ] 14
PR BT 5 | A 0% W AR} Sy o PN I8 T A2 Ak 1 3
ity . TR A5 A S v 2 M 7 0 TR W AT AT (L
KW /2)sin &, FHorfr & S MR 48 £ B2 I A 0K
JE I AEREFRASLAS b= A T AR KB A 5 (HL Bl T U0 1 A
R K GRS ) 535 B AT AR /N A i A X SO
HOE S35 B A AR o B R B R 02 3 R
M) 7 ) = 0 B 9 A S I ) S 3 AT s S TR 1
. 7 S B 3 S R R s S AR A T B (DL

S5

AFy/(pgdB?)

4L e Fyl(pgdBY) .
&

3 L
=

A
8 R
=2 £ a
A A

1+

4 N .
Onlq “:|:..|.’ |...|
0.2 0.4 0.6 0.8 1.0 1.2
w/(rad-s71)

(b) ST #AT

B9 BRI T AY S 3 A L

Fig. 9 Sloshing responses under beam sea

0 1 1 1 1 ]
02 0.4 0.6 0.8 1.0 1.2
w/(rad-s71)
(a) T, ZbUETHEFE= RAO
360
A0, Org
270 00y 0y,
p180— ..M“..“
S ook ¢
& 6ot
E  of
ad
—90 .
—180f | | | . | )
0.2 0.4 0.6 0.8 1.0 1.2
w/(rad-s71)

Bl 10 B R TR D R e 5 5 e AH 0 22
Fig. 10 Phase shifts between wave load and sloshing load

in sway and roll modes

w=0.323 rad/s

—3 1 | |

—0.50 —0.25 0 0.25 0.50
x/B
E3 I R N [ b )BTRS N O N A 11 B 2N
Fig. 11 Profiles of free surface under different

frequencies



546 E B @

X

4
4
A
b=

553

P8, oy i g i 2 X F AR R B (AT o,
B VR BE B A2 Bl [ A B %00 R B I A R B A2 B
M) SO 3 I 358 /8.
4.2 BMHEHBRMEST

TR AR 2 A0 AR (8 5 e 7 %o YR ) A T oK
O3 SO W L B P T S5 A AE A IR
(A B JE 50 2 790 v Y YR A 3 e R S TR T
178 DL B A 5 2 5 5 0 A X M R 5% o ) 722 Ak
.
4.2.1 #MXH5Fa  BEH BB 7 L0
B W 7 ) 5% 00 4% Y Y S S 1 A6 TR BE R 43
XCHERN 3 HEB AR A B O PR TIE A 1A R A 15 it ARG
PR 1 — B0, 2650 43 T OR 25 SR R RE IR R
TR 4 B S8 B EAT 38 4% B/ 12 R A B IR 3 R R OR
F T A | B HETRORE L OUHE TR RGN = R ROAG A B
(R A2 Bl . RAO. B 13 B R Sy A [8) A A &
5 X L 4 VA 5 3 R R A RCHE R = HE R A
YiscF WO 8 T8 B 5 R w, 430k 1,31 A 1L 60

rad/s.
H Y Az Bl e Ry T DA H S B A AR O )
1.2F
I
=G
0.2 0.4 0.6 0.8 1.0 1.2 1.4
w/(rad-s71)
(a) 1%
12.5¢
10.0r
& 7sf
= 50t
T
2.5F
ok U=gnG=f G512 ,
0.2 04 0.6 0.8 1 O 1.2 14
w/(rad-s1)
(b) HEHE

—o— AR, —— RHRE
—— SRR A, - =HREA
B 12 BRI R R IR AR A 7 =X 9 R 402
i RAO
Fig. 12 RAOs of vessel’s motion with different tank

arrangements under beam sea

0.2 0.4 0.6 0.8 1.0 1.2 14
w/(rad-s71)
(a) T, kb HIFAFRAO

0.2 04 0.6 0.8 1.0 1.2 14
w/(rad-s71)
(b) FEGIRAS R

0.2 0.4 0.6 0.8 1.0 1.2 1.4
w/(rad-s71)
(c) MEHERASR BT
—o— BAHEA, —— SHERAR, —— =HERME

B 13 IR R FHAS IR VAR A0 O R VR 5 3 )
M Jif
Fig. 13 Sloshing responses in liquid tank with different

arrangements under beam sea

SE 5 XA 5 12 S R T R X2 i TR 52
Il AW . L B T 3 Sl A e A A X
BAE w. BT B 565 Wi LA AR AR R O 51 T AR Y
R W RO R T A 23 B TR TR 1Y R A A A
AT B R LR R AR Al B O B S 18] 13 AT LR
H s OUHE AT I A A8 B (WA 00 3 Ak 114 5 v R L T
U 1/2. /41 AT A R B AT 2R R S35 U T
R S R AT WG TR R R R (RS AR
P A 8 0 B 0T T S A A A A B A 0 A Bl ] A
W1 AL R B G T R D T A 2R I 2 AR Al LR
MR {ELAT BT .

TE = HER AR AT B 5 T » oo 3 — 20 30 8 A PR
532 B RIS X (8] 5 [R] FsF 5 /0N 9 948 T 5 B8 0k /s 1 A



55 RAEL,F . FXERUERALAERKERMBIKGIB LS 547

5| TR S35 . I B A 2 Bl e Ry 5 AR 2 4
AT DL B A B R] T SR 2 HE W A T 5K
A S /N S 5 % R R R 3 Bl 1 R e R A i
2y 9 5 M 3 L B T 5 355 R A AR 5 AR e
BRI Y 6 R
4.2.2 mMpEGEE YR E 4G IR IE T E
MR B de—4. 8 m MG WA 43 3] LA F R F8 3
m G538 d=7.8 m Al duc=1. 8 m [ T80, M iA
ST S O B RS shni AR 4. B 14 IR S iR
Qb T AN T A7 A AR TR R TR AR R B89 3z 3 e
RAO. AT LE Y, 33538 2h JL-F K 52 000 36 ) 1 &
AR AR B 5 T L R AR 32 Bl ) AR R R (B 3 kR A
k. BT 18502 sh AR B2 A2 sh AR & 1 1 . 18835 12 3
T [ A 238 A0 1) ) 7 AH R AR Ak (R 7E B i
B M 58 /)N 1) A 38 X () P A8 3 32 B0 X VR o7 ) AR
AR N 15 v i) 5835 i B mT LA S 7R
WA Ay R B e A X KRN L S B RS O )
1) 5% 3 3T 32 WA 0 ) 3 52 I AR /)N

B I2 3 RAO 0 DL H . bl & R 07 B A
PETV 1A 1 A8 2 1 A0 R 0 — 2B T B 5 T B AR

1.2

0.8

(/4

0.4

0.2 0.4 0.6 0.8 1.0 12
w/(rad-s71)
(a) 1%

& iy

ok
I 1 1 1 |
0.2 0.4 0.6 0.8 1.0 12
w/(rad-s71)
(b) BEFE

0= tank:7-8 m, _O_dt =48 m, —A—dmkzl.Sm

ank

B 14 BRI 5T WA TE A R 4L & AL 1 A 1452 2 R
RAO
Fig. 14 RAOs of vessel’s motion with different locations

of liquid tank under beam sea

4_

0.2 0.4 0.6 0.8 1.0 12
w/(rad-s71)
(a) T, bW HFAERAO

Fol(pgAB?)

. 1.4
w/(rad-s71)
(b) MRS
1.5
&
)
=
>
I

0.2 04 0.6 0.8 1.0 1.2 1.4
w/(rad-s71)
(o) BEFERETS
—o—dig=7.8m, o—d,, =48 m, —+d,; =1.8m
15 BER Y 5F WOAETEAS 7] 47 8 Ak (4 5 % il )
Fig. 15 Sloshing responses in liquid tank with different

locations under beam sea

{37 B BT I A PR 925 [0 A 003 A 0 3 m. AL TR 15
HH Y 52 3 0 AL B RONE 7 B R T S 9 2 A
N X — T TR R T O B A B b0 R
SN AR RE 2 B B4 JE A L KN 5 53 — 7 T L B R Y
WML B IG5 35 BT B R AT 5% 35 A A X
PR 9 1 B g 3R L H 3.2 1 (9 43 BT AT B R
I A0 AT /N T 52 5 A R o S 955 1 Bl 285 1

AR BB I T 60 K A, 0 1 25 b 4 S 55 5 0
LIATE AT
5 &g

AR S T A G LA IR PR X VAR A 2R A Y
A 5 ) 7 A 5 41 O O JRE AR S A A 2R 35 6 X
BB B P BEAT 0 E . B TR T A 45 2R



548 E EH X @&

553

XA 52 5 A AR 3z 2l ] A R S AL B EEAT TR
() B 0 A 7 WG A T X R 5 W 0L B4 52 e A 3
i EZLHEM R

(D BR G 5F %5 5 A m 880 B 2 3
M 0 . 5 T 0 SR S . SR T e e
W1 AR A R [ A A0 AR R 5 95— B [ A 00 R R
G ) 2 o R R AR 3 Dl 5 RS A A o 2l ey B
B2 56 AT 15 IR AT [ A 32 22 B2

(2) K2 HEWOM An Al LA/ 8018 58 JEE - ik
Tk /N 5% 3 8407 o 8 £ 3z Bl ) SO AR B2 5 T 5 3 Xk
185 7 1 2l B 52 0 R AN L R T N 4 R T B SR
5 1B A AR P E

(3) ke 3 1) 37 5 ) 2 0T A8 428 A5 285 )R 5 )
O 5 M PO A8 24 908 A e T S 3 A AR Y
R4 3 20 52 00 T MRV | T 5 32 ) 0] A T 1]
137 78 A A UK.

S & Lk -

(1] M. EHEE, s, %, FLNG/FLPG TR#

BH 2 G I mJ]. RESK Ik, 2012, 32(10):
99-102.
XIE Bin, WANG Shisheng, YU Xichong, ez al.
FLN/FLPG engineering modes and their economy
evaluation [J]. Natural Gas Industry, 2012, 32(10);
99-102.

[2] HUZQ, WANG SY, CHEN G, etal. The effects
of LNG-tank sloshing on the global motions of FLNG
system [ J]. International Journal of Naval Architec-
ture and Ocean Engineering, 2017, 9(1). 114-125.

[ 3] CUMMINS W E. The impulse response function and
ship motions [ J]. Schiffstechnik, 1962, 9: 101-109.

[4] KIMY, NAMBW, KIMDW, etal. Study on cou-
pling effects of ship motion and sloshing [J]. Ocean

Engineering, 2007, 34(16).: 2176-2187.

[5] KIM Y. Numerical simulation of sloshing flows with
impact load [J]. Applied Ocean Research, 2001, 23
(1): 53-62.

[61 JIANG S C, TENG B, BAI W, et al. Numerical
simulation of coupling effect between ship motion and
liquid sloshing under wave action [J]. Ocean Engi-
neering, 2015, 108.: 140-154.

[ 7] ROGNEBAKKE O F, FALTINSEN O M. Coupling
of sloshing and ship motions [J]. Journal of Ship
Research, 2003, 47(3): 208-221.

(8] #tsz, RifL, BEF. % BRPHESEERY

MEZHMNEEETR [J] WMREIBXEF
. 2012, 33(5): 635-641.
HONG Liang, ZHU Renchuan, MIAO Guoping, et
al. Numerical calculation of ship motions coupled
with tank sloshing in time domain based on potential
flow theory [J]. Journal of Harbin Engineering Uni-
versity, 2012, 33(5): 635-641.

[ 9] HUANGS, DUAN W, ZHANG H. A coupled anal-
ysis of nonlinear sloshing and ship motion [J]. Jour-
nal of Marine Science and Application, 2012, 11(4).
427-436.

(100 xUpzirf, BE. AAATEROR s fie [M]. k
. LSS R A AL, 1987,

LIU Yingzhong, MIAO Guoping. Theory of ship
motions in waves [ M ]. Shagnghai: Shagnghai Jiao
Tong University Press, 1987.

[11] ZHAODY, HU Z Q, CHEN G, et al. Nonlinear
sloshing in rectangular tanks under forced excitation
[J]. International Journal of Naval Architecture and
Ocean Engineering, 2018, 10(5): 545-565.

[12] WUGX, MAQW, TAYLOR R E. Numerical sim-
ulation of sloshing waves in a 3D tank based on a
finite element method [J]. Applied Ocean Research,
1998, 20(6) . 337-355.

(KL% # AR ED)





