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NUMERICAL SIMULATION OF LNG TANK SLOSHING
WITH SLAMMING FORECAST

ABSTRACT

In the process of ship design, problem caused by tank sloshing has become one of the most
important issues we focus on. Fluid sloshing in tanks is a phenomenon of liquid wave in partially
filled container arising in the external excitation. Since the fluid sloshing problem has complex
flow characteristics, i.e. with a strong nonlinearity, so, even when an external excitation is small,
there may slamming a greater force to cause great harm. With the increasing energy demand, the
development of large LNG carriers and other tankers attracts more and more people's attention. In
pursuit of greater carrying capacity, severe liquid sloshing bulkhead and hull structure impact
pressure bulkhead of LNG tanks threaten the safety of the hull structure. Therefore, how to reduce
the magnitude of the tank sloshing and then to reduce slamming become an important research
topic.

With the development of computational fluid dynamics technology, numerical simulation has
become a powerful means with increasing importance to solve the problem in engineering studies.
In the simulation of this article, we will use the solver based on the finite volume method FVM
(Finite Volume Method), and solving the RANS (Reynolds-Averaged Navier-Stokes) equations
for numerical simulation. We use VOF (Molume of Fluid) method to capture the free surface, and
a k—o SST (Shear Stress Transport) model with wall functions for the turbulent viscosity. Also,
PISO algorithm is used to solve the pressure-velocity coupling problem. In addition, the
simulations of moving tank we use dynamic mesh.

Work of this paper focuses on the following aspects:

1. A discussion of the basic equations and numerical methods on tank sloshing problems;

2. Build the three-dimensional rectangular tank based on the experimental model from
Kim(DAEWOO SHIPBUILDING) and Chang(Texas A&M), so cases with different water filling
rate at the resonance frequency are simulated, then get a good result compared with experimental
data to verify the reliability of the calculations in this article;

3. Numerical simulation of rectangular tank sloshing with baffle, and then comparing with
the experimental data to verify the reliability of the numerical simulation, finally study the effect
of water filling rate and the height of baffle to sloshing.

4. Numerical simulation of LNG tank sloshing. We have both 2D and 3D cases in this part
with different type motions. There are a lot of works to do in this field, and I only tried several
conditions under beam. Further study will be done during my master time.

The numerical results of this paper contain the simulation of two-dimensional,
three-dimensional rectangular tanks, LNG tank sloshing in different ways of forced motion. The
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calculation results of each measure pressure points are also in good agreement with the model test.
The work can also provide reference for the physical mechanism research of liquid sloshing and

engineering design.

Key words: LNG tank, liquid sloshing, baffles, numerical simulation, RANS, naoe-Foam-SJTU
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ANFIERVERL I, AR k—o SST it ALk ] RANS J7 /2. X T FAHVE B H I 14
PR VOF Jiik. 45 N RBATR AN AR SO BU R

2.1 IEHIAE

TN S35 P IR I Bl [ K BRI S SRR AS R B J& TP AR AL ) 38
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— 1 pttat
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y — L () dt (2-1)

Xt N-S JrREREATH T, RRINEHD R AT Cy 7 fEE feok s,
Fp B B “—"D:
V-u=0 (2-2)

@+v(pua)=—Vp+v-(ﬂ(vﬁ+(VG)T))+pg*+vz-t+Es (2-3)
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F. B 4 R 470, R KT 1 T R R 12 F e S R A
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k(X)=V-n (2-5)

12 (2-4) A, BT PIARR FIIRAG 5835 10 RRAZAE — AN AN AT TUEN 1R 5 ER TR, %o LG R TR 1
KNI T A B ERERZE: (free surface tracing) A1 H I 4123% (free surface capturing)
PIAI7ik, AR A OpenFOAM HHBkiNRY I BRI AR 1Y VOF Jrik. T %
TIEGTE 2.3 INTIVELIA 21

2.2 imimiER

7 RANS FEH ML 7 SO RS AR T BRI, B R R [ A2 T
WXZAE, DR FRATT 75 22 51 0 T T A B i ot R Bk S0 AEL AT S R R ek, AT dt ] RANS
Ji e o AR U8 N7 A R B AR B 7 SN ], H AT AU A 43 A B R R R AR
TARTI P, KR AT S0 A2 M R TR AR AL A LR PR IR AR TR, T 2R MR T AR R S R AR B
PR — D RN — Oy R A FERG MRS BT B b, B A 5 A T A
BN 7 R o T v LAY, AN FEBEIR, R T EEA ARSI k—o SST
T FERRIRAETY . FERGIRE Y A, RATVFEA B BT VAL T, T E e g — A~y
MU sAGEE (turbulent viscosity) 47 FE &SRS IR N, /1 7m iim S kG B R . #2F SR 3
AT A ARl 2 1 5 St SR

¥ Boussinesq & HiImAN R E, FERTREAIF, AT LA R 18 S AR T3
RO R

' ou. ou., 2 ou.
—pu'u. = —L + —L |- Z(pk + )5, . 2-6
P “f(axj anJ 3 0T oy &0

Ho, = pv, i s (eddy viscosity), u, AIFEIESE, 6, /& “Kronecker delta”

5 (i=j HAE N 1, i BHAERN 0), k ZishEE (turbulent Kinetic energy), FATE M-

wu! 1 T
k=—b= o vy o+ (2-7)

T SRGISE g, &2 TEV AR R E, RN TSN IRAS BoE . #2 FORBA PR B N ) - 3R
NS FRE) B sk RN T 5K

— ror _ ot _ ror
puu,. —puu .  —pul,

—| _ v P ror
L= Tpul puY, pu,u, (2-8)

[ s R o s R
puu,.  —puu  —pul,

F0(2-6)F AN (2-3)x, BPTH(2-3) 1) RANS J7F2 ek 5 Bl T
%+V(pﬁﬁ):—Vp+V-(%ﬁ(Vﬁ+(Vﬁ)T))+pg+E; (2-9)
Heg = p(v +vy) (2-10)

BEAR AR, PATHE s PN BN TR REG FINHG O, DR EE AR HE R 2

5 7 $£ 58 71



) X FXAAY
O/ SHANGHAL JIAD TONG UNIVERSITY LNG &Rt RHHEE IS HE TR

JE 1. ASCRH T %é\ k — & Fl k— o BRI BT UI N J4ic 58 (Shear Stress Transport
model, f&FK SST), &— 7 THARIE T KA HIRE BRI AT SE 1, [RI )OS B B 520,
X} TR 5635 10t El’JﬂLﬁ—Hj\ﬁ?BEJJO

FEIX L, FRATSRAEG LI BN I DS AR T E i e i sl R B b DN T SRR BIRG B, k —

o SST AR A [FI XA UE k — o BEBSRIFRUE k —e BEALHEAT R AR M . 150, BRATIEFRIE k
—e AR SR AR BN AE K(turbulent Kinetic energy) FEFEFRERTR o (specific dissipation rate) ff]
PSS A k — o BIER:

D(pk) ou. . 0 Ok
7 - L + —_— 2-11
pe o, ox, {(” k) axj} &
Dpw) y  Ou, 0 o) 1 0k ow
Zpw) _ ¥ G 2 Nu+ 9O L op(1-F)e, — 2K 9@
Dt ) Fis ox, fpw + ox, (,u G“ﬂut) ox p( 1) oz w Ox, Ox,
(2-12)
A, ik k— o BB TTRERFEAZ, W
D(pk) ou 5 ok
i =Ty 8_ - f pok + E l:(/u + le/ut) a} (2-13)
Dpw) y, Oy 0 o
— - == —_— —_— 2-14
Dt v, Fii po + 0x,; (,u " O-“’l'ut) ox @14
Xﬂ“tttﬁﬁﬁ(Z—lZ)iﬁ'ﬁ(Z—M)iﬁE‘]KIa, Al LRI FE(2-12) 30BN T 28 X B«
ok Ow
D =2 - 2-15

AT REEIXAN R, AT K — o SR 5N T FER k — e B EE T 2 50 7 26 L — A~
PREL FL AI(1-F1), PREFIIN, 53]y fE:

Dpk) ou. 5 ok
s + —_— 2-16
Dt Fis Ox . P Ox . {(ﬂ Gk'ut) GX.:I (2-16)
J J J
DNpw) y  Ou, 0 ow 1 0k ow
Zpw) _ ¥, S + (e cop(l-F)o, ~ 2L 90
Dt v, Fis ox, poer ox, (,u aw,ur) ox, p( ) w O0x, 0x,

(2-17)
PLE PR R AN ST S R s A A s il 5 FE . B ORI L

p=F¢ + A — F)g, (2-18)

R @1 K Kk — o BREHE H R —T S5 ¢ WK k — e AP —FS
B, pMREEEHERNFE -8 F&2— AR, EinEEma, B F=0, K% TR
Ak — o B8 7R H ML, Fi=0, HUTRET k- A8, BdXMr, TES
T k- Fk—g PIFPERLIIME 5, 193] 7 8 JRLG k — o SST it AL . iZ45 % t F.R.Menter
7E 1994 32, I, MBIl 7 xR b —FS500E, R 2-1.



LNG ikt 55 S E I S HHTRIR
% 2-1 k — o SST IRIRAEEI N N S ¥ H

¢ ¢ P2

ox 0.85 1.0

o, 0.5 0.856
4 0.075 0.0828
£* 0.09 0.09

K 0.41 0.41

4 0.0553 0.04403

2.3 EHEAIE VOF /3%

AR EE 2.0 TR T VR 5835 I R SR AR, oG T AR A R T AR A R A 43
B2 IX HIRATE A4 OpenFOAM A4 i A N TR+ AR 1) VOF (Volume Of Fluid) 77
%, elR T HA NS 20 EH R RE T A EER . FHANTEE SN
VOF J5 i1 ARSI ik BL R 32 7 2

VOF J5 1% A SBAR R AR FR 0 40 o /B NbRic AR AR I FE AR R 2L, B IEAME level-set
THEIRFER B 28 SC—N BRSO BT A, TR SR AE A T 8 X — NI 2, 1
AN 2 AR IR B 0<a<1. 48R, IX AN 2 S PRog AN AFAE IR, (H I 2 A%,
i3k 3 2 R ), I T AR AR ) BRI . S VOF 520 S0 52 3 il it
BEA GRS, P SRR S, R0 T RAE P 4E L, VOF Bl 2 & KRB

W2
VOF J5 VA FI AR 70 KR 50 o AR dabr s Bk e Uit W KL, & R R
1, AR P9 2 A
=10 PR P A (2-19)
€(0,1), R
o 23 ) S I (AP BR S, 1R T S AR R AR R IEG TRt [RDREHG 2 T THT PRI e g 7
%% L §.Va=0 (2-20)
ot

PAriEad kg bR, 8 o B9E SOIRETE B i AL E . FIRE, SRR
TP EREL o J5, BATRT LMK o KA E VSRR AR A B EE o MBI TRGTE R
THEAXIT GLRERER 1A g 70 3 7s K220

p=ap, + (1 - a)p, (2-21)

p=op, + (1= op, (2-22)

OpenFOAM 7EXUE tHE L A2 7, X VOF kit sr 7 — B IE, ek T H 1L R E
BRI VOF VESRIHE B i 284k, IXFERENS W0 4 (4 i e FE L, RN & B il
TG T . N 5| NI R4 T ik AT R A 4H, R RRENEIE S VOF J774 1
TR

‘2_‘;‘ + V[ (@ - u)ed + V(- a)ad = 0 (2-23)

#
<
b=
b
&
b=
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BRI (2-23) w1, S AUATIERRESE VOF s, 55 =10 M i AN Tk
eI b, RIS ol — «), XAFZIUER IR A X BUE TR NS AR B 7,
B R H B AR, EREEARBOR. Ur R4 S dE Yy, FoCaR I i
Syl VAGHE e 5 T DX 45k 1 i KT P A R T 5

UM‘ = n.min {C’a ‘Lﬂ , max L%J} (2-24)

f£ B, AR f AR B EMAERIREITE L, ¢ RPITTRIKELEE, /£58
SR RSN T SRR, MR IZshiEE og BEEE ¢ . @ EATTHFRRIET
PISO SVAMI MM L LB o Ny A& AL L AR EALS7 5 i [ B Sy A ARG BTG T 140 5 [ 17
AR /NS0 L R RS BT T R T AR o Co & i 38 380, MR SCROR T IR e, %5 Co=0,
U E AP AR Co =1 WA SFIERI S 4E, RIELY, X b I AUE.

2.4 KREINGE

REESND TASHEIR A RANS #6177 12 25T RANS RS plE, AT
I T B AR k— o SST Tmift 2l Dy 1 i $E 583 1) i b (RO AR 1 e i 2, FRATTR
MY VOF Jiike T34k, AR 53, i fE — > 7 BAREE S PR SR A BETHEL (0 8, i 3
A4 RANS J5 2. VOF JiiESR T — B A B OL N . 0 Tah 5], 7Ed%
HJ7FELL K VOF 5k, BATHT B e MM B oM. N — B RA TR A4 R B %
7 FE R BB T i

#
[e0)
b=
b
&
b=



LNG &A% BER I S HE R

BZE BERE

EBEARBAINA T A SR B, om0 12 1 7 R 02 LA S 20 T RE AT
B, AR A SR AR X LT RE PR ISR T %, AR R I e (i T VA 47 1
JrRE P A ) BRSO Se B

AICH ) RANS J7 R A BRABUERIEAT B, TH U — RN EoT, 115
T 5 BAFREAE AR oo, FHRAE ST O RE A E R W A ST i . fJA AR Gauss
Bie, JEH TR R E AT LAS 2 B TR R ARARB 7 o il s 35 R KSR AR 3RAT TR A
PISO $i%. LRJIRAE Tl H AN 4.

3.1 BRAEFVEN R

B RO T AR EAL L SE IR A 2D IR, HH RIS TR S I 3 AR s T
HEHALR I THETR A B BT R S — BN R R R, BT R B T AR 2
437% (Finite Difference Method, f&i#xA FDM), HFRJtiZE (Finite Element Method, &FR N
FEM) FIF PRARFRZE (Finite Volume Method, &i#8A FVM) =R = ME b 7. AR
PR TR R R R R A SRR P A, NIk CFD Aiiek)sy A
RN Z IS BT . AR TR A Y OpenFOAM BT FH 1 B8 MU 1 5 2 A BRAR R .

3.1.1 HEA AR

A IRAARBUE I HEA RB AR R TS5 DX I 73 g W X35 ] B A A U ] B AT —
ARG FHEHAR RS AR R TR CELUnASCHTT =7/ 24/ RANS 54177
. VOF J5f8) da— s, MR 7 —HEBORE. P ReoR 2 ™
1R LIRS @ 9 TR IR 7, AR @ FERIMS SR AR A . AR Y
DR IEROT 3K E, A RAEREE TINBUR BT I 7380E ;. WREIEERIERSE,
A IRAARNE IR TR AR S A B BT . A BRARAR IR B O R ) B i SCRT LR B g«
KA e ¢ 124 RA/NEE B A N B SFERRE, X R 75 R 3RoR R AR B AE TR /M
i 1A P9 B S AR — B0

3. 1.2 A A

B BONERIAZ O AE T DX 07 3 E, DX B H il A BRAS BRI ROk B ARUR
KEES A BARBIA RARBNE, BB T NI b 5.

(D R RXIERI R, R EA RN T X

(2)  BAE R PR P T AL B AL AR AR AR A

VA e A= 2 o 0o 8 T e e 1 R o TR 8 7 P B
EITHEIE, BATR R 2 DT SRR, 0 P D7 AR AT BB AL BE . [RIIN FRATTLAAL FI [R)
AR FI R ok L i FEASCRGI TS, BEAERTEP R (R At FEREAS TR
FEFFONGEALD (SR, T 22 (e bR A, Jn 2 B B e oo RO B AR T S8
SO BRI At ARG B 3-1 B it 2 a7 S (0 TH SR B B O

#
©
b=
b
&
b=
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Space domain

At

t

Time domain

& 3-1 A IRARFERS ). 22 (AT SRR B

& 3-2 F BRI LA K AHAR BIT

FEA IRARARE I T SR B O R, B RO 2 ) (AR R T i AU T R P 78 5 P
B X, THEREIA S B IR A o B T PR TR SRR . P 3-2 s T
AMHABEE R AR TR ZE R TS DL o FRATHE T ZER AR 42 1 5 ondn 508 P, -5 HH B 0 47 )
I TN, HIUT bR f Roniz il ochym . Eid A 3-2 AEARDL, P 5o i i Al PA
ARSI, BIE BTSRRI T, o — R UG AR AR F T Y
A ST o

BN RIATIMRE IEASIE RS BIBES o 5 SO — A BT L BIARRR Hog L 1 A &0 d,
ATHERS A T A d &S A A, BATSONIEAS A RS o IR S T S
A, BAE T — /DO G IR BLE Y B BAF A 1) 17 L
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3. 1.3 Y EAAE

OpenFOAM fEA7 FRARBUEL B Bd fert, B E IS it 7 3 A AR 3. 28
— AR Y AR TR AR L R R &), H AT SR Y B B AT
WA T o AR ), 5 = A7 s A I B A A RS T i (IR o). Xl
FEAFIIAEAE, DL =R AR A AR 1 F i T

Patch 1

¢ Internal field

Boundary field

& Patch 1
o Patch 2

T Patch 2

(a) A volField<Type>
Patch 1

e Internal field

Boundary field

@ Patch 1 Patch 2
o Patch 2

(b} A surfaceField<Type>=
Patch 1

e Internal field

Boundary field
@ Patch 1 Patch 2
o Patch 2

() A pointField< Typex

&l 3-3 OpenFOAM H¥FHR=FEEFM T

SRR, SRR RS RO ARG TE AR G, AR DA
i) 7 R ) A AR A A R 1) — R A AR AT A B, FERH TR e, AR
R PIIIBLE F-5 [RIEX PR O AZ A IR A28 5 0 B2 2 oh B3 A B RT S A B A
RS AT TE T T 5% AR B0 FR AR AR BE AN I BRI, 5 58 =P 7 VR AR B SR LU PR A o AT
8 P a BRI Ak b it 47 7 AR A EIAL RS A B (collocated arrangement) o 3X & 4
SCTHSRLEAT R B O R F B B A T

5 11 5 3t 58 I
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e LNG et R S A SR S TR

3.2 HiEEH

JIRERSHL, AL S SORUR R AR PR SRR R 7 RE B U T LLEEAT CFD SRR %
JiiEd . REOTIRARSAE T SRS R IT I B R A A7 A B A LR, JRATHERAFHI %
iR R ELAE Aot S U 2 ) R AR PRI AL o E T AT B A 2H e AT BRAR AR 2 5, AT ERATT A
PZ 7R pe L —F P i) RANS 5 2 1 25 1551 o

MFERE AR ¢, TS MR- R U A PR 1 2
AR X ELRE R MR YR T, RN S35 R P A AR, e T A
SRS, e TR R EINE A, BN IE S5 M iR Rk IXEBA]
A W s O AR o

A0 5. (pi) = (TV ) +50) (31)

fE B B, pREE. ¢ ) AR, URARERE. TR iR Sk

@ WK, RS SGEI. R (3-1) H, S5 /iU 5 — TR E A () AR
NI, Rom AR @ AR S5 A5 ORI, Ron BALERA ¢ 1
e AR WU YR, RS R ERER SRR ¢ s R AL
CIURIRI, ERNHR AR AR ¢ [T, BhAh, SRR AR
JIRRRET, BAHEETRE] 1T SIS e

FE BT EAH T BRRBUEIEA R, FATOA LT SO, Rz 42 ] 5 R 4
SRR TS AR T 3-4. 3 TORIBATMA G 3-4, RebrrtEriz 7 fE(3-1)30
BEAT 2 TAT BRARAR I (1 B R

[ [
| |
| |
: :
| |
| |
| |
| |
- L
| |
| |
| |
| |
] ]
| |
| |
| |
| |
| |
1 ™
| |
| |
| |
| |
t t
| |
| |
| |
| |
- L
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
1 I
| |
| |
| |
| |
| |
| |
| |
| |

B 3-4 RE R ARE REBUETHE M

5 12 B 3t 58 I
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A BRARFRL I B B R B SR X TR (3-1) FE—NEHIAFR P N iEAT I A] t— At 11

By, T (3-2):

t+At

[ %dvm [ V(o= v-rvgpvdt+ [ savdt 32)

PN ORI it o vy i BREARAR 2 e AL IR 73, SR xek b A 4% T FH AN TR] R 4
B AT . T RIS 1) OpenFOAM T i F Hh 4 (B Y S A 2

Patch 3
X Points Faces Cells
pointField faceList cellList
: internal e
é‘ounda
» Y Boundary
_________ ~ polyPatchList
i /| Patch 1
slice
RN - Patch 2
- Patch 3

& 3-5 OpenFOAM it S M {E K HE A T

SRR I R S HO . XA ORI AT S T 5

(1) WHTAFHI. JAUBE T LU AL P AR ¢ KM ¢p REREBANIHHEHIT P _EAE
B¢ ME, mHBTEEERE% AN RPN, ERE Bt ] t+ At REE p
TRFF A . KRR (3-2) PAIL s — IS AL :

% 13 T 3t 581
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ItHAt .[AV @dvdt - J‘AV ‘:J-:er P %dtil dv = p(¢P - ¢; )JAV (3-3)

fE BT, @p FRHIE S TR ZIRD t+ At 2] o HIMH.
(2) XTI BAVRIE =TS @B, %000 AR 5 R T AR N T AR 43 K,
AR H A RS P R RR A S AL AR

[ V- (pugyvet
_ J-tt+At[(pU¢A)e —(pugh), +(pveA), — (pVgA), ]dt (3-9)

~ [ [(pu), Ad, — (p0), A, + (pV), Ad, — (o), A 1t

(3) FHH. JyIEFEXS R BATTIIR R i U € BRI e (e o T AR 7
T ER LRI EREEYEE ¢ ME, BATE P02 i O A AT B U B . Xt
R AL B 40T 2

[, V- (vt

[ (r%Aj _(r@Aj +(F%Aj [ r ”dt (3-5)
U ax ), X )y v ), xy

_ ”m_ ¢E_¢P _ ¢P_¢N
_J.t _reAe (5)()9 FWAN (5)() nA1 (5y) sAs (5y) :l

C4) P50 P TH ALBEBA TR A 12 SR AR A T30 B2 R KN B AE AR /N Vi B AR Bl
FAMERIIR I S AT A Z AR M B &t BoRkzoR, .

S=S. +S.dp (3-6)

Forbt, SR Sp At S HIZRTE P AULHIRLE.
H5(3-6) AN -2 HIHE I GEID, 8 Fx

t+At t+At t+At
[, savdt=[ " (Sc +Spde)[ dVAt=[ T (ScAV +S.4,AV)dt (37)

FER T 72 (3-2) FP A DY R U HEAT KL B 5 5 J BRAT TR BRI 1) 3 B0 He A = AR AT
AR Y, R bRtz 77 #2(3-1) 305 B i .

aP¢P :avv@v +aE¢E +as¢s +aN¢N +b (3-8)

EXFREA BB SIS B R E R E - B, BA Tl AT BRAKFREAS 2
T bR HERE 77 R O R 3.

% 14 71 3t 581
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3.3 MIAHRE £ R+

3.3, 1 JHE K IR v e A

TEFRATER AR RANS J7 A2 J1 8 B i e vh, 3B 20— 0 200 LA R 1) Il e 2 dk
Wi R AR A I . X SR RDNTE RANS 7 REH, 35 AR R [R] B H IR P T R (2-2)
Mz FEQR-3) . AN, EEFTEFR, EHNEGEEREE—E, SIRITEBRBE S
TP S — P IR T MR

N ACER R R AR A R, AT TSR R A R SR T R v — R
I SR B B I T A, RS SR AR &AL B AR A 20 (coupled method) s 55— 2 It
B SR A5 AR AR BT FR AL 4 B A (segregated method) . X ELFFh 51, R BAR
AT, (HIEFETF S RIRER, R IGEE . R 2 g 2 (I E B AT, A
SCH OpenFOAM TH50R F Il 2 73 & B i — e

3.3.2 PISO &k

PISO (Pressure Implicit with Splitting of Operators) 5+ 73 28 A —Fh, 72K AR
Ak 5 ) A R . A PISO R B K B sUE 7 SIS L . B R oREAT
TR AR SR 1 FEARS & 7 I BT R A ¥ PISO 83 .

1986 4 Issal” T T K PISO Sk i A0 IR 35 8 AT RIS T8, Ja ki
P58 A TSR R AR R T T IR . PISO BVEAE AN A AME IR, A
PP R B S A A U e B 0 S FE AT SR AR, ARG S EE — MBI, N T LI [
W R IELL TR BT REAT S P E IR, B “T— SR PEIE— TP IR KR =
W R o IXFEEAE BRANEACT AR T WS B . G 3 IR A I 5 15 380 1) Fe 78 A
E AR EEAE AVIUEFAFARN N — I ZITHE . PISO Bk A AASE IS #2 a0 F——

(L SEEETRM . B e g (SR A B — a8 K i 5AE), bR gz sl i,
73 B3R M U

(2> EJIRfE. FIFH wRMEESTRE, B2EME p*, HESERATONE TR
fift

(3> HERIE. FIH p*FRMEZENITE, (ASCh R AR CBIAELTR RS R H
u*), R urx, FOMEERIE. KRB (20 2, EAKRE, HEIE
HR S VFRIIE A 2, JBH 3-5 Yok Al LIS 2K i 10 fiE o

Chf “x” AR IR0, AR/ T T B, 43 T F . sy stk 3RIR )

PISO By i BRI UCR I /B IE 7 RE, BRI S 2 5, (H T eslost fEp,
BRGS0 o R 0 TR 5 35 Il AU Rl & 1), PISO SLy2AH X SIMPLE
%8 SIMPLEC B S RA R

PISO SRR B 40 T K (3-6)

% 15 71 3t 58
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LNG i TS BRI SRR A R
( e )

B — A, T R s R EhE
RROT R AR BN W B0

uvig*(u, v, 4)
% —ANE T, BN 58 1 18 E P
p*
RIS L 9t E RS
BOT SR 7 FEH Y AR BIORD 2T

a.b

SZHI SIMPLE AR — 7 -
(1) KA EITH B T T
(2) Sk fi IS IE I 72
(3) BIER J1 58,

prutvi pluy

Su=u, v =v

0

u><>i v**

Y R4 RECWENEBIE R
U, 5 = U, P g o, P, O Bt 4, o g

!

p
WIS BIERNSHE
wkk X Sy
o % p =p+tp+p
iva p=p u=u, Z k%
rEE / ! Gpitnb—Unb) d «n" —_p"
=y, ¢*=¢ U=t B, BT, )
%%
Kk x r zanb(vnb—vnb) d «p" _p'
V=V @, BT a,; T R
NN %
ok T T
/T\z'\p =p ,u=u , v=v
pouyg*

W6 - KIEFTE HA Y E B iz TR (LR A T)

— /
ar 9 =1,y Pre1, 1,00, e O gt Py by
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3.4 KERRFE
SO HITH S IR, K SCHIHIG CFD H AR 5 B F »

1\

0o N O OB~ WN
P2 A

eI, AR R AEE R
BRI
THAGEAT I ]I AR

RARWIREIE 2N 7 FE DL RS 72 20 &5

KA VOF Jife, HiE Al & ;

PISO AR ML IR G TR, HAIL BRI TR,
ER S ESE:

R 3 A, HEUHEE.

35AKRE

AEFEILTR RANS iR #EAT BUE S HOR X — B, RAAEAREAETE. B
SRR AT IRABUEIAT L X —H 0 BAINA TAREBUER A DA, SHud Ll &
VB EAF S — R R L. 2 JR A SR A BRAR BRI s T R T AT Bl %
JEN R T SRAEE R IR G T R PISO B3k LA S REAN R34 1SR AR AR o

FESS B DA AR E A T AT AR i R P Oy R A BE T SR, IR — &4,
T B A SCEE T 5 45

% 17 71 3k 58
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e/ SHANGHAI JIAO TONG UNIVERSITY LNG /&t 5B ERIM S LS TR

FOE FERARRERBIREIBER

Az FENQE R R IR BUER LN S R, FEE RS LR EIREIE, WER
CFD J7iERn SEtE . BHATIRUE R SLI0 BRGNS, — = HEMNKR T K% Y.K.Song K.-A.
Chang #E47 1] 30% 78 /K R A TG R KR BURDY; 5 — NSk E G T A4 K 3 /2%
#B Kim AT 30%+ 50%- 70%. 80% VY Fh 78 7K ZR 4 FL A 57 9% OB TR S B4R

WA 256 OB IR e ST R IR AR AR, b FZ 3 20 Sk B8 R 482 R PR R 8 3, DIk
K F OpenFOAM H i i interDyMFoam 3K fif #s Xt H gk AT B AL F S ED AT, [RIiH SR A
mpirun 347 2 &AL 7 ORIE R B RCE o TH B AR A e I AR 15 A R A5
FEJME, SRR 1S S0 fE A 5208 % K R 15 (MPS) SKfi##s MLParticle-SJTU
AITHE S AT LU B, 0 BT A5 VRNE 5235 i FE FP AR BE 25 A (1) 52 e, RIS B6IE T AR S
CFD JiEnl Stk

4.1 HHEER—
4.1.1 BEAA24

AR A& T K% Y.K.Song K.-A. Chang HEAT ) 30% 78 7K S0 TG 5 5 S A
R, SO E 2811 ST R SERT o B AR G H B AN, B R — AN AL T
TG b ESLIeh, BB TR (7D SRR SRR . SRR
T 4-1.

NG N TR 58 N ARTE K SUE 101.3kPa, SEIGUREN 15°C. e EER b (SWL) LA
RS R AN 10.8g/kg. FETRARKE 0.79m, B8 FE A= T 2 0.48m.

B 4-1 SRR RAR AR
N T R B 5 i R TR R AR EE L RE T R 1 L, SIS R TEVR AR EE LARE T 15
ANME ST 5. BT RIS 5K D E B IAEER I 3 i b, R Es ik & dm

% 18 Tl 3t 58 1



T/ SHANGHAI JIAO TONG UNIVERSITY

LNG &A% BER I S HE R

L—F?ﬁETiﬁaY%B’J{WU—ﬁ CH15 & /& 100mm,

M CH15 /i) -4 CH6 &, £:F% 20mm

AT R FEBUE AL R AR S B RE B XA R R 7T o FEFBUAG I I AT

W E 4-2 .

0000
0080
00®0
00e0
(2}
-]
S

0(x,, 2,)

4.1.2 HHETN

Bl 4-2 FEFRRART A A B

-~ CHO4

CHOS

4~~~ CHO06

CHO7
CHO8

-~ CHO09

CH10

-~ CH11
-=-CHI12

CH13

-~ CH14

CH15

AW R IE 3N HhE € 1 S 2, 1823005 TR KT ), IS S AT & IR 5Z R

W, HFEAN C=Csinrft), M f BEE—BritiRbis, K/hhrEAazie

AR, i n L

A3 41
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27\ L L
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AR N, TR, RIS AREE R Rigsh, XSt MIfe s b s e A ok
— AP . (d) BRI AR R S ) B, deTInE, I TR S, IR
HRAE CIEE B RO

A S A AR, P 2N I 1 4 R )19 D05 SRS B R DUACEIL, CFD BRI
T A BRI SIPIR I R AR 5 IR A

42 HEER—
4.2.1 HARIA2H

AAGRY S B [ K AR K 3 243 Kim BHATHO R 5 SRR MR, v A an R
K 4-9 o, RGIVEBNIE RS T 4-10 Fios.

BARGRH =R, IR G R, RS RBNBIE T 258 RIE RA
BAE R I ARC A a%, B RN, R ) A o LR AT T T 2 3

% 23 T 3t 5811



w7/ SHANGHAI JIAO TONG Uvaum Y LNG &R R HFHEEN ST SRR

41%}532%5/%2%@?%15#7 PRI PR AR IRERABO AR IRAS 55, B 7 pr A G eh Al AR
RS RN

Tank Model
Pressure

Sensor

Test Table Displacement
Sensor

D ata Recorder

¥Yideo System

& 4-10 RGN E RS E
IR, MRS E EAE TG b N T HERRIN R SR G R e B LR RE

B, LI RER R ACEE AR E T 9 MR g . B R S0 SR AT BT
4-11 Flt7N o

5 24 U1 3t 58 I



LNG &A% BER I S HE R

10-16¢ ‘_ 800
.8 O A 10 <
! o o 2 10fE°%cr $ odb 0
EECECE e T ] 25| | €6 c8
' — I
I PN 1 P c5
! \%_/_i ' B8 B 125
' = ! . P c4 500
"""""""""""" 5I P c3
e . e s e 625 b o
| | | 25 b
sﬁ‘-‘ ; ‘ ‘ ‘ 52.5:
mnl 200 | 20071 200" "o o ~ -
) 1,000 i b 800
oy 20 20 & i
—ar}:— 10 1054 | | ol 1
2 g g o e — e
" 1 1 " te ! !
- I [}
o - il
2¢ 1 ! 1 !
T I = p 0
¢ H : L3 ] o : §
' - o
_dt L ! 1 o |
" & [ I | 1
L] 1 1 1
R
| 800 | 600 ‘
700
1.000

A 4-11 BREREDENESAE

4.2.2 THETIN—

X0, AR BRI AN [F 78 KT A TE SRR I i s 8 PR Bh 5 .
WA M (x F1A) SRS, B3 X=(esin(ot) » HHHEKIRE (=20mm.
SIS 4 %) 30%, 50%, 70%, 80%VUFAS[FEI 7R /KA N e R iRsl, BT &K% EE
FE I PRSI — M A B LR AR, il PR YOI . R, A IR
AR () LA T AT

K42 HEBRRA_FETHRSH

FEIKE 30% 50% 70% 80%
PREIE o 4513 5.386 5.819 5.941

4. 2. 3 THEEE RIGE
SRR 4 Fh e K BRI BLER ST 3 BRI, Kb s B ek g B BN R 4-12.

% 25 T 3t 58 1



YHEZAAY

P/Pa

P/Pa

P/Pa

P/Pa

% SHANGHAI JIAO TONG UNIVERSITY LNG iﬁ%%%ﬁ{ﬁ*ﬁ*uﬁﬁﬁf&ﬁﬁfﬁ*&
(1) 30%7E/KFILIRMFAI (HL C1, C2 5D
30%-1,0-C1-30 30%-1,0-C2-3D
5000 5000
4000 4000
3000 S 3000
2000 |ooodbopooifhp 8 2000
woo LN ek W M B woo ||l Nl '\wu rrrrrr w\d
10 12 14 16
T/s
(2) 50% /K FILIRMFA (HL C1, C2 5D
50%-1.0-C1 50%-1.0-C2
5000 OB p— 5000 CZEXP
C1-CFD-30 —— €2-CFD-3D ——
4000 |- 4000

3000 r 3000
&
o
2000 r 2000
1000 1000

TIs

(3) 70% /K E IR, (B C1, C2, C3, C4 fi)

70%-1.0-C1 70%-1.0-C2
5000 . : :
6000 [ p— [ —
C1-CFD-3D-30 —— C2-CFD-30 ——
5000 1 5000
4000 |+ 4000
3000 € 3000 |
o
2000 | W 2000
1000 | 1 1000
0 0
10 12 14 16 18 20
Tis
70%-1.0-C3 70%-1.0-C4
6000 . . .
[ (p— 6000
C3-CFD-30 ——
5000 1 5000
4000 4000
3000 | € 3000
o
2000 2000
1000 | 1000
0 0
10 12 14 16 18 20
Tis




m,wj *‘;; SHANGHAI JIAO TONG UNIVERSITY LNG &t RsH B ER M S H IR

(4) 80% e /K FILRMFMESL (L C1, C2, C3, C4 )

80%-1.0-C1 80%-1.0-C2
CI-EXP 7000 CZ-EXP ——
C1-CFD-3D C2-CFD-3D ——

6000

7000

6000

5000 5000

4000 4000

P/Pa

3000 3000

2000 2000 ||

1000 1000

Tis

80%-1.0-C3 80%-1.0-C4

7000

o R o — 7000 o} p—
C3.CFD3D —— C4-CFD3D

6000 6000

5000 5000

4000 4000
g £
£ <

3000 “ 3000

2000 2000

1000 1000

o . ‘ ‘ ‘ 0
10 12 14 16 18 20
Tis

Bl 4-12  30%,50%,70%,80% Y Fh 78 7K 28 T M s p B /7 1) g T 28
RN 4 PR Z AN S0 70 D7 i 2R AT Eie, AR I 30% 78 /KE T
BB RS AR IR B AR, e L A 45 A EL S0 B ok 309%-50% 7 4. HAx=Fh7e
IKE TGS R A A i SRR 32 B AR e M S B LR, BT 30% 78 K R i 1k
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ekt Chang [SEIGEREAT T HRE:, ATCURIL, AW &IER T, ANMOAE B2
S WEAE AR AR AN R AR BRAR, A5 LN S50 50 (1 W B X O T B AL 45 SR A, X Fh b
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RPN TS, ABEFATH N AP —=& C.G Koh&M. Luo (National
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6.1 IiFit FiRE

6. 1.1 HERIA -2
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W 6-1 . BRI EREE VUL E AN A R E 6-2 B, WA P3 AL T BRI
100mm [RIABEE I o AS/NTEREARAE AT e S B AR I 15, SRS M S5 L 5 HL A )
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,
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--------------
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Rigid tank
: 3
L=563 mm

180 mm SR
\ P3 I Water H=393 mm

: d=195mm :

100 mm
115mm l mm
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_ x=A(t)sinot

< >

0.1Ait, 0<t<10s,
A(t) = ’ ’
(®) {Am t > 10s.

B 6-2 IeE AR 3= R Kl s

6.1.2 THETH

MCHE S T, % NG AR AR BUE R 1 5 T R 3R 6-1 Fw.
F6-1 IR FEFH T

FIKE 50%
7R K = B 0.195m
PRBAE »=6.618rad/s
KIS B RN A;=0.005m
2 M

150 K%L Wik 6-2 fis

6. 1. 3 T A%

A AR X A% 2 B OpenFOAM [ 5 1) ks 25 5 T L blockMesh £E BT, W% 443 3 B,

THELMAS QR K 6-3 i
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6.2. 1 B2
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3% VA SR BE (R BT . AT IR T 30%, 40%, 50%, 60%, 70% LA ANE 78K T LNG
A EE R 8D e G B RERTHE B A8, AZITF 5 M ACRE LT TR
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FERRAL B I R AE I 755
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T—P4 563 F
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- 303 180

400 Unit: mm
6-6 VAR = R R =

6.2.2 TFHETH
22 77 00F 6.1 19, AT ERGIE T E, HKEshEE A B 0.005m B i
4 0.02m. HpFEEIFFE T FE 6-2 s,

*6-2 BEFEFHHE TR
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6.2.3 THELER DM
(1) 30%78/KE T P1, P2, P3, P4 Y ki)t Syt rdhgein & 6-7 fios.
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AT LM 30%-70%E5 5 Fh 78 /K E T LNG A SE3% I AR BE 30 7 5 109 S 7 i 177 i
LnT DL S R ILL N i ——

1. TESANFKEIIT, PL M P2 SR I e F7 0 AR A o B AR B K, %5
FeBIREL IR S BB E 7R (PLACRIE 1—35 & &R K 172260, &%
Kois I I RAZ H BLE P2 55, DRIMEAE S5 P et A I B B A R

2. 1E 30%-70%iX Bt BTG, 78 /KZ AR LNG ACHREE I e KBF 3 152
A K

6.3 =4t LNG &M IREI S RIE R HEIRL

6.3.1 HAA2H

AR R4 & T K% Kai Yu Al Hamn-Ching Chen HEAT 5235 Scig i A9, 38 H 11y
FEIGUEBUE VR R TS, 5 LNG Wi B 2%is st i~ IREs 1 P& B e i #EA TR 5T
PRI SIG AR 32 R R U P 6-12 Flfais o AR [ A3l 4 R 1 6-13 FiTos

d
h
h: tank breadth I tank height
bf: breadth of the still water surface d: filling height
Filling level = d/h (%H) or dit (%l.)
h: low chamfer angle h: upper chamfer height
b/ low chamler angle % upper chanfer angle

&l 6-12 LNG B ERE
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" |oges 3
4597
Chas
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b

6-13 LNG YRMMI & A B A
Horh U 5 Ch3 ZERACRTES T |, Chil A7 TR BT EA F oy Rhm b, 25 ki
TR =28 R 775 I A Ch12 1 C15 fEA AR REHR A R 8, HE S LAg R Joh . XY
AN £ AR A S B AR SR I o e 1) Chas SR A TR 5 S B0 A AT A o

6.3.2 HWHHETN

FATIER 7 SR 7K ChIHD 30%I 1 TOLEAT 1 BUEALLTHSE, #ALKAE xOz
TS, HTRREsR g T (6-D).

Motion(t) = Amplitude * sin( + Phase] (6-1)

Period

SV B T L N R
R 6-3 FERBFETHE TR

K EE h/H=30%

123 i A Period=1.156E+00s
L ES w=5.435rad/s

X J7 [} Kz g iR Ay=0.0579m

Z J7 iR Kig ghiRiE Ay=0.1111m

X J5 8 s AR AL Phase=-2.96E+00rad
Z J7 s shvIAR AL Phase=-2.18E+00 rad
SR L7 WA 6-14 s
B sk (6-1)
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NUMERICAL SIMULATION OF LNG TANK SLOSHING
WITH SLAMMING FORECAST

In the process of ship design, problem caused by tank sloshing has become one of the most
important issues we focus on. Fluid sloshing in tanks is a phenomenon of liquid wave in partially
filled container arising in the external excitation. Since the fluid sloshing problem has complex
flow characteristics, i.e. with a strong nonlinearity, so, even when an external excitation is small,
there may slamming a greater force to cause great harm. With the increasing energy demand, the
development of large LNG carriers and other tankers attracts more and more people's attention. In
pursuit of greater carrying capacity, severe liquid sloshing bulkhead and hull structure impact
pressure bulkhead of LNG tanks threaten the safety of the hull structure. Therefore, how to reduce
the magnitude of the tank sloshing and then to reduce slamming become an important research
topic.

With the development of computational fluid dynamics (CFD) technology, numerical
simulation has become a powerful means with increasing importance to solve the problem in
engineering studies. Different to the previous potential flow method, CFD method takes flow
viscosity into consideration. This also determines that the CFD methods will have a broader
development prospects than potential flow. So in my research to tank sloshing problem in this
paper, | adopt the CFD method to finish the numerical simulations. There are three basic CFD
methods to simulate turbulence with high Reynolds number.

DNS (Direct Numerical Simulations). In CFD methods, DNS solves the Navier—Stokes
equations without any turbulence model. So that the whole range of spatial and temporal scales of
the turbulence will be resolved in DNS method. Due to the tremendous computational time and
unsustainable large computer storage, now DNS can only deal with some simple problems and
mainly used to study the physical mechanism of fluid motion problem.

LES (Large Eddy Simulation). LES is a CFD technique in which the smallest scales of the
flow are removed through a filtering operation, and their effect modeled using sub grid scale
models. This will allow the largest scales of the turbulence to be resolved, while reducing the
computational cost by the smallest scales greatly. This method requires greater computational
resources than RANS, but is still far cheaper than DNS. Since the ideas for LES is to capture the
vortex is more in line with the physical nature than RANS, as well as the rapid development of
computer technology, computing speed storage, so LES method is also attending people's more
and more attention.

RANS (Raynolds-averaged Navier-Stokes). RANS is the oldest method to solve the
problem of turbulence. In RANS, we will solve an ensemble version of the governing equations,
which introduces new apparent stresses known as Reynolds stresses. Reynolds stresses is a second
order tensor of unknowns added for the Navier-Stokes equations. For which various models can
provide different levels of closure. RANS methods practice a wide range of applications in
engineering, it also provides sufficient accuracy. We choose RANS to be the control equation in
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this paper.

In the simulation of this article, we use the solver based on the finite volume method FVM
(Finite Volume Method), and solving the RANS (Reynolds-Averaged Navier-Stokes) equations for
numerical simulation. We use VOF (Molume of Fluid) method to capture the free surface, and a
k—w SST (Shear Stress Transport) model with wall functions for the turbulent viscosity. Also,
PISO algorithm is used to solve the pressure-velocity coupling problem. In addition, we use
dynamic mesh to simulate the moving of the tank.

As for interface capture, we choose VOF (Volume of Fluid) method with bounded
compression technique. It is applied by introducing a fluid volume fraction function. This method
is widely used in commercial CFD codes and capable of resolving sharp interfaces while
conserving mass well. Additionally, the VOF equation is dispersed by Van Leer scheme. To
accurately describe the LNG tank motions, a 6DoF motion module and dynamic deformation
mesh technique are applied in this paper.

In addition, the PISO (Pressure-Implicit Split-Operator) algorithm is utilized to solve the
coupling of velocity and pressure in the incompressible N-S momentum equation with a
predictor-corrector approach to advance the speed of calculations. Compared with other methods,
such as SIMPLE and SIMPLEC, PISO has a great advantage on dealing with the unsteady
problems with two correcting steps, which makes velocity and pressure satisfy the continuity
equation and momentum equation better and convergence faster.

All of above mathematical models and numerical methods are implemented in our solver
naoe-Foam-SJTU, which is developed on the foundation of open source CFD tool OpenFOAM
programmed with C++ language. At present, many functions in naoeFoam-SJTU have been
developed, such as wave generating module and 6DoF model, which make the simulation of
complex motion of LNG tank come true.

For numerical terms, the time step part consists of the computation and output. The
computation time step has a lot to do with the total computation time. Theoretically, shorter the
computation time step is, the more accurate the result will be. But it should be noted that the total
computation time will correspondingly increase sharply. For this part, tests are carried out here to
strike the right balance between result accuracy and time consumption. Actually, output time step
does not influence the computation results. If there are more data to analyze, there is much more
chance to capture the details such as the maximum wave height. So, the output time step is set
shorter in the time range which you are interested in, while longer at other time to balance the
details and the time spent in processing data.

Main works in this paper are as following.

In Chapter One, we describe the significance of sloshing problems, and also introduced the
advantages of CFD methods and basic research methods in tank sloshing problems.

In Chapter Two and Three, we have a discussion of the basic equations and numerical
methods on CFD methods to solve tank sloshing problems. Here we use finite volume method to
discrete RANS equations. This section is also part of the principle of numerical simulation
calculations herein.

In Chapter Four, we begin to introduce the results of our numerical simulation. Build the
three-dimensional rectangular tank based on the experimental model from Kim (DAEWOO
SHIPBUILDING) and Chang (Texas A&M), so cases with different water filling rate at the
resonance frequency are simulated, then get a good result compared with experimental data to
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verify the reliability of the calculations in this article.

In Chapter Five, we do the numerical simulation of rectangular tank sloshing with baffle, and
then comparing with the experimental data to verify the reliability of the numerical simulation,
finally study the effect of water filling rate and the height of baffle to sloshing. This chapter we
plus baffle to the sloshing rectangular tanks. First, through a rolling motion of the numerical
examples demonstrate that our proposed method has a good reliability to solve the sloshing
problem with baffle when calculating. Then study the two problems, one riser to reduce the
magnitude of the sloshing, and the other is based on the former high-impact research further about
baffle influence to the sloshing amplitude. By numerical simulation it can be found that the
increased baffle generated a great deal of influence for sloshing pressure field, the same conditions
lead to a substantial decrease to the sloshing amplitude.

In Chapter Six, we introduce the results of numerical simulation of LNG tank sloshing. We
have both 2D and 3D cases in this part with different type motions. We also arranged through
measurement points, and got a few special pressure points on the curve of the liquid LNG
bulkhead to identify the maximum slamming pressure points. After a large humber of numerical
simulations about rectangular tanks, this paper established a LNG tank-type model for numerical
simulation. First, the standard model results are good fit with experiment data, it validated that our
method is reliability in calculating the type LNG tank sloshing problems. Then we study the
influence of water ratio to the LNG tank, and find the position of the maximum slamming pressure
points. For the case with two DOF motion, our LNG tanks have also got good results compared
with experiment. In addition, the strongly non-linear phenomena in this chapter indicate the great
capacity of our solver naoe-Foam-SJTU again.

In Chapter Seven, we summarize the whole paper and draw a picture of future work. There
are a lot of works to do in this field, and | only tried several conditions under forced moving
conditions. Further study will be done during the master time.

With all the parameters optimized, our final results are in good agreement with the required
Experimental data. In this paper, the work we have done on the post-processing calculation mainly
involves the pressure-time curve, pressure contours, broken free surface and velocity cloud.

The numerical results of this paper contain the simulation of 2D, 3D rectangular tanks, LNG
tank sloshing in different ways of forced motion. The calculation results of each measure pressure
points are also in good agreement with the model test. The work can also provide reference for the
physical mechanism research of liquid sloshing and engineering design.
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