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ABSTRACT

With the growth of the global shipping industry, the continuous increase in the size of
ships has led to a decrease in the natural frequencies of large vessels, bringing them closer
to the excitation frequencies of waves. This phenomenon has made the hydroelastic
responses such as springing and whipping more pronounced in general sea conditions.
Therefore, accurately estimating the hydroelastic response of ships is crucial for ship
design and navigational safety.

This paper initially develops a two-way fluid-structure coupling computational
method based on CFD-MBD, utilizing open-source programs OpenFOAM and MBDyn,
and applies it to simulate the motion and deformation of ship structures using the
multibody dynamics approach. Numerical simulations were conducted on the process of
dam-break flow impacting an elastic barrier and the motion of an elastic S175 container
ship in regular waves. The applicability and accuracy of this two-way fluid-structure
coupling method were validated by comparing the results with experimental and numerical
data from literature.

Following the validation of the numerical method in this paper, a numerical forecast
was carried out for the motion and hydroelastic response of a 20000 TEU ultra-large
container ship in waves. Comparing the motion time history and bending moment time
history at the midship section of elastic and rigid hulls, it was found that, unlike rigid ships,
the bending moment time histories at various sections of the elastic ship showed more
pronounced nonlinear characteristics. At the midship section, the vertical bending moment
of the elastic ship, due to the presence of nonlinear components, was slightly larger than
that of the rigid hull. Modal analysis of the flow field pressure on the surfaces of both
elastic and rigid hulls revealed that the first-order mode of the flow field pressure is mainly
influenced by the rigid body motion of the hull, while higher-order modes are related to the
deformation of the hull girder. Furthermore, numerical simulations were performed on the
motion and hydroelastic response of the elastic hull in waves of various wavelength-to-ship

length ratios at different speeds, revealing that the amplitude of the vertical bending
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moment at the midship section is largest when the wavelength-to-ship length ratio is 1.
Under the same wave conditions, the amplitude of the bending moment at the midship
section increases with speed, and the nonlinear characteristics of the vertical bending
moment time history of the hull section become more pronounced.

In summary, this paper conducts a numerical simulation study of viscous flow
hydroelastic response of ships based on the CFD-MBD method, analyzing the impact of
hull elasticity and wave parameters on the ship's motion response and hydroelastic
response, providing a reference for research in the field of ship viscous flow hydroelastic
response.

Key words: CFD-MBD, Fluid-structure interaction, Ship hydroelasticity, Ultra large

container ship
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HAE, W7 BB R R M 5E s T A SR E AR A o i DR, (15 B AR A
STAR-CCM+#1 Abaqus il °] ATEAME BAEATT 25 =77 T B (W1 mpeci) 1) 2614 T e it
A ahT. HErcA EWAME £ 223 K STAR-CCM+F1 Abaqus #1454 195 A AE MG
A5 e AR AT R /K B B A4 . Lakshmynarayananal®*->31%&F STAR-CCM+
H1 Abaqus MHZE S HITT, EFGTHRIEBIRAN S175 AR M4 S F 8 1 %L i [ 58 &
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Fig. 1-2 The FE elements of the hull and the constraints!¢].
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T3 7 i B R R K B DIORAEFE T FVM 77 OpenFOAM FFR K41 & L FF
J& T RERE T, MRTFR T ARAATE DR IR T E 8l -5 8 A TR 040 B0 836 388 i A e
ZER7N H BRI, S WA TH R B AR 0], R B T MPS Jiik TR T EIE
AR, FRAESRERA ol NG, SURFI G, RS Iuis, #WE 7 MPS-FEM
T ARG SR AN, TR T HA NI AR AR MPSFST i [ #8 & R i ds, B TK
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TR TTE RS F AR P R R B, X — /% 20000TEU [ K 2 4558 46 A E U
TR B2 BN AR SR e R AT T BOE AR, E B 7 S AR NI A T R RIS B
AR SR e S () 520, I B S B SRR R T 21 0 A AT 1 b e i 1
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E_EREUERZE

AR FET F BTN SR ARCE PR H AT HEAT BB B SR A 0 S A Dy
o TR G R BERL T, TS XAEG RRE K. FrEa XS,
S M NGE R 53 0 FF REBUE R AR, FEAEANI (] 25 A8 I A2 i & S T ) AR 245 2
T S5 L 32 R0 6 44 B A AR o AR SR FH BR300 32 SR A A P R 485 ) SR AR 17 40 ) 7
JFE CED “F-4 OpenFOAM 1] interFOAM 3R fift 2% LA K JFYR 2 AR5 /152 K MBDyn.
TERAHIEME T HE A, KA RANS HHREUL N k-omega SST Jidfi i R AT kG PE R 411
K, £/ VOF Jik it AT B BT s M, gt 2446350 12072,
W R A TRT A A — AR E 22 AN R B G A B R AR SR AR A R 12 30 DL R T

2.1 BRI EGE

2.1.1 RIHIERIFIE Kim R R E

BB AL B R FH VAT 456 1) W A RANS(Reynolds-Averaged Navier-Stokes) /i
FEREAT B W AN TT I REYEUAR IR SR A . ARSI 7 FE R s

V-U=0 (2-1)

opU
{%—+V(pam—uguy:4md—ngp+V(ﬂWvuymvuyVy%+f;+ﬂ (2-2)

Hr: UNERE, Uy, AP INEE, pg=p—pg - xNRIEBIET), prRitikm e
[E, gNEINEEL, perr = p(v + v ) NAREIIREEE, Hrhv v, 73 5l PR Jyis sk
FEFN IR RS B, f PR AR AR TR A (R SR TR 5K 03005 s D Vi B DX 3 P ot o ) 0 0
I I N R RANS TR B E R . B0 AN -5 i e TR e,
KREE e @i IESRIREANIZE S A B, 1994 4 Menter! i it {5 H 8T B /7 %z
77 #2(Shear Stress Transport, SST)A I\, LLRG EREL 7 UK AR #E k-omega AL AR
#fE k-epsilon BB FIAL g A ek, $&H SST k-omega M7, IXFh )7 v 78 1 BE i Ak
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1 k-omega #5584, ZE1Ci7N{E ] k-epsilon #7%. SST k-omega &7 1)k J7
B

(2-3)
ok +V -(Uk) =G - B'ko+V [ (v+ay,)Vk]

%+V (Uw) =yS* - ﬁcoz+\7-[(v+awvt)\7a)]+(l—Fl)CDkw

X, k2iBIEE, o RWMFERE. F2REERE, FIH F RS R8T sSLfEz
T FRUE k-epsilon B8 AT BE T _FARAE k-omega BT . TRA BRI F 1€

XUnE:
F, = tanh< < min| ma ( Vi SOOVJ 4a:ﬂk2 (2-4)
poy yo )CD,y

R, D HFRH

CD;, =max(CD,,,10"") (2-5)
CD,, = 2%&71{-@ (2-6)
w
(2-3)F G TR N:
G =min{G,c, ko) (2-7)
XA, =105 GHAFAT, & XWF:
G=vS’ (2-8)

S NMNAZRIAL &, B RE k-omega BB H R AR K B2 §j(Strain Rate Tensor)
23], KRIEAWTF:

S, = %(VU +VU")v,S°

(2-9)
S =2, /2SU.Sl.j
TR v, iR TS
ak
v, = (2-10)

max (a0, SF, )
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Hr, a=031; F> NIEEERE:

F;:umh{Pmn£2yz,5qu}} 2-11)
poy yo
2.1.2 BHAEBERAZ

ASCR PR AFRIERL VOF Rt AT /K 52 R A A3 . VOF & X 1 —
A a RFERFAERIADE Loan:

a=0, =
ae(0,1), HHWH (2-12)
a=1, 7K

VOF IS St AF @ TG 2, 12 i8I RESR AR AR AR A, 4k
FREEAN A% N AR AR R 0 BORSRAF 1K . VOF J7 40 3145 31 1) S 1 ot & 5 A% 2 A
R, PIRGERE, WALERAS RIS SBUOTH UE, & 2-1 & VOF AN A B 2
TR

E2-1 VOF 7 ik & B
Fig. 2-1 Schematic diagram of the VOF method

BRSPS B TC IR B p ANBI TR o (K0 AT DB AR A FR 0 5 o SRR
P = 0P e + (=) (2-13)
H = Ofl e + (=) (2-14)

ﬁqj Pair 7E ?EMH/J%E, pwaterIE7kE/J‘Z}_p Hair 7E &7 Hﬂ/:kH/]*Ierd, ﬂwater%7kﬁ/‘1*ljj§0
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DL, 3k B Pl R T A% a0 RS A

%+V-(au)+V-[a(l—a)uc]=0 (2-15)
u =clu| Va 2-16
¢ Ve | (2-16)

A we AT ERAHEE ;¢ & PIE N ESE A 1.

2.1. 3 BIMAE TR A

MR E R ABB U R ETR 2 5, MERM R ERAE T2, ¥
OpenFOAM H 5l WX #% 42 £ 35 R (Dynamic Mesh Deformation Technique), 7EiH5Hid
FErh, B AR T HOR A 2 0038 IS 15 s B A B T R I P Ok &, T d IS #
BN SIS E, NS ITR AR RGP, RS, DT A
ey W) 2 ThT 1) 25 (R A B 5 A 1 9 5 3 31 J R IS S TR UL G o 38 e T 3 s 3
P72, AT LLSRAF PS5 RIS o

V(yVX,)=0 217

Hr, X, AWK S AP RS, SHRoch0REshil R 2 mEEr R
/I

1

r? (2-18)

7/:

2.2 EWMHEGZE

LR ARG 2 A EAEE A RER YR E RS, W DN ERNRGE . £
ZARBN A AR B R T, AN FIYAR ST AR AR RGNS BRI E B R
ZUAOR SEIU AR B B IBcEE . M AEAN R b BEZ TR SL I AR B FH A% B H 3l 70 2
JE BRSNS IETTRE, X RGUIE) S BT SR A

14



RGBS AR 5 5 B 5k

2. 2.1 ZEENNEIEFIFIE

TEZ RN IR G, N THRRS S TR PR, W e 55— 41AH R A
FR q1,q2, ....qn AR, Hi n K 7 RGEE S EBE L. W, ZRFEES
m MR, PR mET nilERGEHHERINMEN.
IR — R RIS R
i (4:92>++,9,) =0
=0

fz(q”cba"'aqn) (2_19)
fm(qlaqza""qlq):o
XFRQ-1NBATE 73, FERN:
of, :%5ql+ o oq, ++ o 0q,=0
§ql 5q2 5 n
of, :%5% Jr%é‘q2 +---+5f2 0q,=0
oq, 64, oq, (2-20)
Ofu= 0Ly oq, +%5qz +---+%5qn =0
oq, oq, oq,

=N =1,2,--,m) FeLA— N RENINS (B R L A4, (1), F HAF XA FRARLE RS
A TRI R ¢ 31, ARy, SRJEIN%E] Hamilton 2553 7 FE R 25, S8R G 13 Fid e

fﬁf{é{—i( ar} o _ o

dt\ 2q, ) Jq; g,
(2-21)
—Aﬁ—@%—...—ﬁmﬁfm(sqi dt=0
aq, aq, aq,

Hrhr N2 RIBIRE, VAR HRIERIBEE, 0, NI BNS6q (i=1,2,,n)

e IR, FrbA@-2) s Rmmiy%E, XA Hm, X@e-21) AR y:
d(aT]_5T+5V+ ot , Of, of,

_ 4+ + A = . 222
dt\ dq, ) dq, Jq, A aq, aq, " dq, e (&22)

Hbi=1,2,--n, BXn MR FHF NI T

d{oT\ T oV
—| = |-+ ——+®I1=0, (2-23)
dt\oq ) oJq 0Jq
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Hob o JsO R RE A LA R, -

af, of, .. Of]
aq, aq, aq,
oL 2t . °f
?,=| 99, 4, 29, (2-24)
Ofw  Ofw .. Olu
_é’Q1 oq, é’qn_
R R IBNRE AT LR R AN
T:%fﬂ@ (2-25)
¥ (2-25)8h RN (2-23)H, FT LIS H:
MG+D[ =0 (2-26)

HPREQAEAIT /69 oV Idg~ Q,-

w

YR — B At w] LR TR

D(q,1)=0 (2-27)
X E(2-27) % I [AIEAT P IRCR T, 230l o] DAAS 2]
®,G=v (2-28)
D.G=y (2-29)

Hve y BB 2 5 T FE A T
¥ R(02-26)5R(2-29) 57, FRL TR

ta HaH e

Horf A8 T R AR EUE, VAR R G AR AR A /T

2.2.2 HRFRNSEFEE T

TE2 kah 12U, Febk R th— RSR SR B B T BOS T g
AN, L ) UM G B 22 B 12 48 fk. 76 MBDyn 1, BRI T
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XA ERE, BRGEETHRARI A PE, FORAE XN RBT N, iRy
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ARSALH & MBDyn H =75 2 BT, ] 2-2 o, — =010 R
TCE I NZAERGr, REN T S5EASFERAK, B NN sl EATE
RS S U A OG o XA AR R A S Bt TT DUl B T o RN R AR AT B
[l B X, FIREEAERE R, RAE. FEAELR AT ERAT L s S (g, Fhim By
O BIYIROER ) o EELE TR UAEHEL A NI, VPR =4
(ARSI ATEAL, B B BIRE R 25l BT DA m) {4 S5 4R, DS B A S AU 2
47 . ABAEAATRE T, RBOT 7RI h A AT . B E nodel |
node2 Al node3 4 MBDyn H € I =AM i, T AUEE BA—4EHHE, HTHdix
AL RS R . AR =T AR IT Y, SN AU A T e R AR N S R
PRI J7 CL R B 21 pointUR pointITAL#E A7 1H 5

F el |€n
F;’}’ 7/ Yy 7/ Yy
F‘ZZ _ f }/ zz }/ zz
- ) .
M K. K,
My}’ K}D’ K}W
M K K.

Her, FACGKRHA /0 E, F,MFE AR nE, » ARRHEEEDE, M,
MM _IEREMBEED R, 6, &, Me, 0RIRRF ALY VAR REG «,
K, Mo, WZORE M RS, f MR R RA R SRR R, RS
TR REIRZERA BLHUAE BT, I A IR 5
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K22 =9 mn R EATEHE
Fig. 2-2 Schematic diagram of a three-node beam element

2.3BRTE

FER R A R @, #E 77N DU A BRGS0 XA R, BHEME 2
T I8 A T BIE 9 0] R R - G5 4 ELEEAR A AR, R T B HE A ) S B
ST I NS Gt — R 42 0] 7 RN BB T Rm AR, BT A X b T it B
FPo Mo XAEE, WLRI I M S5 K37 93 0l SR FH 25 B B 50 0 IR 88 O] . C 2453 3
I3z S R o XOT R BUE SR A, 7E R — AN [A) 25 P A b 52 e — Ik Bl B0 i [
A A RS R, AMSSIn ME A BAEH . A RS T7
KA XA, TIHER R OpenFOAM H i) interFoam SKARASSEATRAR, Z5MEE
SN MBDyn #ET3Kf#, @it preCICE #EATAMAR AL 5 s 1 50E 146 {E A1
%35 .
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2.3.1 IR

AICFH A KRBT ERAEWE 2-3 Bios, W ATES R BB L4y ) A8 A
OpenFOAM Fl MBDyn #17T, fEf&FES, fH preCICE XiiX & Mk #H 1746 {E
AEHRAZ e . S5 R s T R e MR 1 S B TR R 2 5, #id preCICE 4
EAESEG R S H EMY) RS A, B OpenFOAM H K]
displacementLaplacian PJ#% K4S, &7 Laplacian ¥ HUOTFEKGEMISE8), FHitHE
AR T ) s 3 0 AT, FAR 326 BT 45 Ay % T ) P

HF 0 A A FH AR U] s A, BDTE — NI RIS N, WS A S5 437 304 T 2 B
S, EATTHEE RS TR, B2 PIMPLE ARSI, MRS AT
TR R G M SR A 2 2 TR B iR S 4, A EBISMERIS . TR EE, B
TR RS b ) K AMEARIR A

E2-3 REABe T HRAETER
Fig. 2-3 Schematic diagram of fluid-structure interaction calculation flow
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2. 3. 2 A HUERR G

FEREAT 7y XA G THEN, 07 M S T A S B A ULECH) A . preCICE
T IS H A WL (Data Mapping), $4— AN SR a% T I 45 K ) 2R 11 XA B e b K 8 s 4%
523 Iy — AN SR AR AS Hh A ) R TH R A% LT

preCICE $E fit T 2 Fp B4 W 5 77 v, W] BL 43 N 3% % (Consistent) F1 57 8
(Conservative) N2, & 2-4 AW 2B i ok 72 10 7 = 1L B A o e s 380 R Bl A RV
(Nearest-Neighbor Mapping, N-N), BFRILANEEH il 2855 H % (Nearest-Projection
Mapping, N-P)F14% ] 5 pf Z i 5 577 (Radial-Basis Function Mapping, RBF).

¢ 1T 48 552 (Nearest-Neighbor Mapping)id B T V8 W& 5 H br kS5 S A B 2 7
BN, MR sc R, (HRRS AR 5l 201 8 5 1% (Nearest-Projection
Mapping, N-P)JIEFH TUEPIRE 5 H AR P& i B2 B0, XHEH 7 506 R,
FORS AT N-N ST 458 ) 6 ek B0 A 450725 (Radial-Basis Function Mapping,
RBF) A R4 H 37 seife #00d 2L pR 4, AHACT N-NL N-PWHFER 21+ E 5H

(a) Consistent mapping (b) Conservative mapping
B 2-4 461877 ik & A
Fig. 2-4 Schematic diagram of the interpolation method

2.4 KEING

AT LA T AE AT TE  BEAT A I A S B AU R AU T
TR TR TSR SRR BT ST R DA SRS RN A R 2 TR ) S
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A AR AR B 7 2 IR W TH R T VR FEEA T RS AR ) e
K R 7 FERIE P RANS J7FER R A1 SST k-omega il . PLATERATH
FH VR THT R RS2 5 TS FH B OpenFOAM. I =k B2 H VR THIA 42 VOF 7. i
TR M EW BN SR A B 5, AT MRS ARTE I R A ) OpenFOAM i
BB TR . RIS TR I EE R BN 7 AT 24830 77 22 i 48 )
77 F8 UL R AE H B AR A A FH SR 3 MR AR R AT AR A IRAB AR s, I T
FE AT X it [ R A BOE AU (v B AR, DA h 45 M P AR TR AN 25 1) it B
GE KPR T XA (1) s g LR #2452 4 i s 7 5K
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=% CFD-MBD Z[EBE 5 EWITE

FEEHZ CFD-MBD it [ 48 5 753200 B AR 2L R K S84 i S AT SR 2 Al 7
B SRR VR B HERR A& P R IEAT I8 UE . DRI, AR 0 1 S x4 ) SR
3 R0 SR A P #0853 53 Sl BEAT BRI PSP A2 SRR 5 3250 It S AP ok 590 s e )
)DL R S175 (R 7K S i) S i) R AT SO RAEL B0 R SR AR 8 PR AR TR RE

3. 1 £5 4Bl FI0E Rz K AR L E

TEHAT VLI R A 0 R AR, HER SR AR S5 R T B 00 B B . fEA SR
) CFD-MBD #& J7EN, WE:T 24650 715 05 AT 250030 o AU E A . 72
X — /N, R E I — AR g T B 4% g e o o o [R) ASA  BE HR  A, ARADL B
BN 0 SRR, BerE SCE TR FH %) 2548 SR A T SRR R

WK 3-1 ZRE R AR 2 E, AN RSKAN 4m, BITAR N
., MM EMEEYN 0.05m. BB EHEMMEEESZWHM, BEN
7900kg/m?®, FERIEN 206GPa, VAN 0.3, BRIV ZIKFE, 7o
T 5 i o

E3-1 B4 AR T EE
Fig. 3-1 Schematic diagram of cantilever beam model

T 2R R A it e o — A B e TR) A8 A0 ) 2 L m) P SR rR g, AT B A (A AR
A FE AN 3-2 . MATEART Z(t=0s) 2 (t=0.2s)31F], S EHATNE, M t=0.2s F
t=0.4s {1A), PN 0 FFAELRMERE INF] 1000N, 3 H2Z G R AEREL K. |
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FIX K AR AR, TRIUR A3 Abaqus R 4E X [FIRE IR FEREAT T 2,
Abaqus 152188 5 H dim A2 I Ji/F st i, CREBUERNAE RS Abaqus 11545
RIEAT L

B 3-2 FATH A # &
Fig. 3-2 Time history of concentrated load

Kl 3-3 NEE R =0.5s B 2| P RARAL RS 150, B 3-4 5 MBDyn 5 Abaqus
Beom AL I Pt et Lu B, B 3-5 Sy R ] 5 v 2 () 25 AR IS D G L b 22 JE i
i, B MBDyn BLAU3 2 (108 22 B b o 2 m) 6 BS ) 7 28 5 Rl 34 Abaqus 19
B R —B, ISR AR 7T DUEAT 2R 450 30 77w B AL, 6 4544 (1 3
77208 43 B B L (A FE A ] S

K3-3 B RV ETER
Fig. 3-3 Deformation of cantilever beam
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Fig. 3-4 Time history of displacement in free side
0 = - -IAbalqus'
—— Mbdyn
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Fig. 3-5 Time history of vertical bending moment in fixed side
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3. 2 SRIAKR RIS HE

ARG S S SR e ot — 4N AT AU, B E S SR o 13
BeThe, IRJE SO eI oy W E RS D2 AT BUE AR, JF S R TR KA
BRI P AS) H DBUE HEAT X B, LIRS IR It 7 Hh S5 P 3 T He 0 SR A i HERR 12

il

3.2.1 RIHEREIE

T I SR R g e R AT AL, B 3-6 ST BSR4
B, AN DG b AT i, SRR Airy SR T AR, PLIGAE
W R Sk

£3-1 AL R AR
Table 3-1 Parameters for regular waves

PR UES e USES B3]
Airy 7.816m 0.102m 7.816m 2.237s

THESKE N 31.3m, &EN 11.7m, HPEHBEDSEHHERA 7.816m. 7F
TR 2 EUEE BN 1 5 Tm AR AT B VR sl Ak B D2 Ak g =i A8 Ak . 1] 3-7 S
TN 555 A B AR RS B ()9 R S B I R R X B, S B AT DA iR MR 2% 1 i U
Red TR K

E3-6 FA&X 5 7&K
Fig. 3-6 Grid diagram
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AR AN
ol [\ [ ]
b\ R [\ /]
b [ [ |
ol ] |
whb Vo vy
b L] . \
b \ \
b\ \ \ |/
el \/ \

-0.06

(m)

N
=]
=]

B

IS 18] (s)

B3-7 i B A L
Fig. 3-7 Time series of wave height

3. 2. 2 iR HlR AR PRSI BB =L

T Iyt D91 A s ) A9 R My JR 5 TR DR 2 T D 35 200 A 1) e 24 40 S B A
BUBHAT I, S0 R 2 H = 4 KRS AT e, CFD &0 B B s —
PR RV HEAT L. B R ) 2.000mx1.500m. 41 3-8(a)fia~, KEAGBAETHH
WA TN, R EFKEE RSN 0.500mx0.300m, WIPERSER EEEA 0.400m. 1% IRE
Hll AL B 3-8(a) s . BUERI SR L A B SEE L, WA IR 5
3-8(b)in, WIS EELIN4 T,

i AR, HOE AL S 0 A5 R A AR B e ] 3-9 B, @I Xy
FE AT DL CAHZ SR A28 10 1R il SR 00 45 SR & ey, T DL B TR oK.
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(a) (b)
B3-8 3 iR AR R S AR S ) T &
Fig. 3-8 Schematic of dam-break flow slamming on the rigid barrier

B 3-9 M &AL & 71 B 3
Fig. 3-9 Comparison of pressure time history at probe
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AR IE KA AL S 5 =% CFD-MBD i [H #5471 K iF

l)lLE%%AXﬁIL.\{ZFgﬁﬁE

3. 3.1 AR M PR RS MR E AR Y

Tt LI 0T 7R T B s M B A A ) Bt 1 I AR — AN R SR B RS & ), A
VP2 1) 2538 80 X AR RIS UE AT TR T [ AR A SR AR 88 o 4t i o e P e A
A5 e B 7RV AR K 25 e e 30 — et e R AR S SRR T AT R B . SR 2
FE =R KA AT 1), AERUE R B R B Oy RO AT L, Tt
BRI E S S KAEAE, A 2.000mx1.000m. THEIS R SF L SRR DL
IKFERIAL B WA 3-10 Fros, KA TR 05, RPN 0.500m=0.600m, 34
PARRJEEEN 0.01m, HABA Y ESEIR 3-2. THER RS WE 3-11 Fix,
WA EA 16 JTo S5HRAERT, #ERRpE R a8 20 NG, SRR 25 KR AR
FR IR TR] 25 K 3574 0.0001 s

B3-10 FNRF &R AT ER
Fig. 3-10 Schematic of dam-break flow slamming on the elastic barrier
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B3-11 M 4éh0 % T & A
Fig. 3-11 Grid refinement schematic diagram

%32 FAEARE It H A%

Table 3-2 Numerical simulation calculation parameters

SR ] LA
AR 1000 kg/m?
=TI 9.81 m/s?
GENE R 1400 kg/m®
SPE A 3.5x106 Pa
BRG] i B 0.1 m
iEIEAS 0.0001 s

ff A SC CFD-MBD KRAEZHSA — 4EfE L Pl et 2. s R 51k
B H AR IS Bl B 3-13 B, Ao A oy RS A EUE AL A AR A T AR
AI UE BIEE RS 2R A S DL i S R R AR — 2L

Bl 3-12 AEE AR ANRIE o, S AR Tl A8 ) 2 RS BT I 6 LG, PR LE -
0.6 I [ B A+ 7 dhudeifs, I H BU(E AL AU AN G645 280 AR 58 1 245 T i £1°) 68 1) 57 %
WEAE 23728 0.05811m Fl 0.0588m, RZEZIN 1.19%, X i B 1970 [E # G SR -85 76 5K
il — I TR A 1) A R B R 3
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B 3-12 234 0 smAz 45 0t 7 B
Fig. 3-12 Time history of displacement in the top of obstacles
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B 3-13 X3 5 HAEAR PR T AT L B
Fig. 3-13 The water phenomenon captured in experiment and CFD

3. 3.2 S175 ARARE{EE
X S175 MBI RS T RS AE T BT A K B S E AT B, AR ERES
Wz 3-3 fion, e RN 1: 40,

£3-3 S175 454 £ RE A8
Table 3-3 S175 ship model's principal dimensional parameters

FRE Gl 1B
SRS Lyp/m 4.375
A5 B/m 0.635
BIIR D/m 0.488
nz K T/m 0.238

HEK & A/kg 370
HOIEMAE (BEFEL) Z,;/m 0.213

BUEAEHL R OpenFOAM H 1) snappyHexMesh PA&4= i T H PL K topoSet
BEAT BT ACBE IR K7y, & 3-14 B
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B 3-14 HAAAZ MR A& T & B
Fig. 3-14 Mesh refinement for the case

XK A RT3 S R I ST T R R AR R R IO SRR, PR I3 2
% o3 RSN T A B TR A5 B e a P i B RURG . BB BT RO —1.0L,, < x <
3.0L,ps —1.0L,, <y <10, —1.0L,, <z < 0.5L,,, (EMBEREARINT LHEIT
X R BT EEAT 7 AN AT, AT 6 65 4 20 R I 1 R 200 DA K i B 3R T A
BB AN SRS By 340 T3 . XX AGEE RS AN L — i MR KK L
1.2 BRI AR R UAT AT T BB, AR T OB B NR 3-4 Fos
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R34 HAEBE M T A
Table 3-4 Numerical simulation conditions table

JH P (m/s) P (m) KK H K (m)

1.8 0.12 1.2 5.25
ZM Weil i) Btk 727730, RN T 20 0 BOAT IR, BRI BRI R E
BN 3-15 Pron, MR Sees o0 Bt ot & oA DL TS K EE A 3-16 s, BT
B SN A ARLE M AR IR 00N A S s s BB AE AT 1 0 A

F3-15 AR R 5 Bxl o7 & B U0
Fig. 3-15 Arrangement of ship model

B 3-16 ABAR R = A @ 4L T WYL A 70
Fig. 3-16 Longitudinal distribution of mass and uniform vertical bending stiffness

EFEEMKIET 1.2 (Lo, S0 EE S N3 T80T /32 3 10 R e RS
HEECAHE R, Hh S IEE A 0.068m, IEMIIREL A 4.0°, WK 3-17 Fixs.
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B 3-17 A5 A83E 3 0 )7 # 4%,

Fig. 3-17 Time series of motions

B LS RAO 5 Fonseca 5645 AR LR Z Uk 3-5 Fion, HpaEg

RAO A 1.13, RZ5AI 1.10 #HiT, iRZEN 2.7%, HEE RAO N 1.10, S5iliEHrY
1.05 M, R=ZEN 4.8%.

%3-5 LA XAMIEFH AT L

Table 3-5 Nondimensionalized motion RAOs comparison

CFD-MBD 56 PR 7
T 1.13 1.10 2.7%
I 1.10 1.05 4.8%

BB VBM LR EM/pAgLl?B (Hirb A NikiE, L NELEK, B
FRETE, MONEERZAED 5K 3-18 s, AIRLEH, &oBhdh@ESEECR, M
H ORI TR AR R K, AT B AR RIIKE S AR 0.01389 A1 EE-0.0375,
iR R LR Rt 0.014, F3E—0.035 MHELIRZE D AN 0.7%F1 7.1%. N HN%
Tt TR SR A 0 R A E VR 3 Bl DA R K e g 1 ) Rt B A R B ) R
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E—CFD-MBD R
=Jiao(2021)
Wei(2022)
Lak(two-way,2020)|
= Lak(one-way,2020) L . .
=SOST(1979)
‘Watanabe(1989) = EE;—:B(:
Shipstar(1998) X
Chen(2001) L L L L L L

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

ship sections

B3-18 B4 LR E A KL A
Fig. 3-18 The distributed VBM RAOs at each ship section

3. 4 KENG

AT SEIE AT I SR AR AR A YRR EEAT TR, IR B 2
(R e 5 B m AT TR LG, SRR R SR A i HER L. @A MBDyn
X MRS AR T (N B W N AT TR, JE TR A Abaqus AR
ERIEAT T, SRR 1 A5 MR o R PE . B E 1% CFD-MBD J7i%7) %
X oy S R A IR I REREAT 1 BB, IR S e R LA K A R i AT
TORPEG, SRR 1SR AR AL Tl UL RS B R AU i E R AR . B, s
S175 SELFARTAE RN B i IZ s AT K SR i B BEAT 1 BRI, I HL5 2 0% SOk
M2 RBEAT 7 XFEE,  SRAIE 1 1% SR 5 iR A8 M AR K 58 4 1) A0 e A P Ak A0 A 1 12

35



Bt Sl PN I VA8 SEVU T SRR AR L PP A 0 7 SR i 8 - 5

BT MWK R RIMERG A 558 M AR R KR M i B 547

AR FNGE T CSSRC i) 20000 TEU i K 7R A 255 R M 7K S p A Y R 06 1R A T 4U(E
Bifth, HET CFD-MBD JysffisE P R0 H0aE, I X A A 2 0 K S e i R AT 4
M, SWIRMTEEAT ST EG, 7T s e A S KA AR LE K B AR B R I PERE 5=

4.1 HEIR

T R K s R S EE KR B CSSRC, A58 HIX R A2 —# 20000TEU £ 6 M o
CSSRC FLXt 1:49 1 1:77 P46 R EC MG AR 7 BOSERLEAT 7oK 3 ke, SC&E
HHATHUERRNINT BN 1:49 K/NEIAEL . £ 4-1 24 20000TEU 522 47 Ffs ) Sz s 7
A1 1:49 LB ATIAR S RIELE S, Bl 4-1 1% 20000TEU S AH M I B 26 K],
] 4-2 9 E B AL A S P Y 3 R4 T LA AR Y

#4-120000-TEU % 3% 48549 £ R Z 54
Table 4-1 Principal dimensional parameters of the 20000-TEU container ship

LEEE A B SERE BUMRJE
HEK LOA m 399.67 8.157
LA Lpp m 383 7.816
A m 58.6 1.196
RR m 30.5 0.622
fiEnz K m 15.20 0.310
Rz K m 16.7 0.341
HKE ton 2606029 2161

HOIFERNE (BEHEL) m 27.574 0.563
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E4-1 20000-TEU 4 3 A8 A5 R 2 & )
Fig. 4-1 Lines of 20000TEU Container Ship

F4-2 20000-TEU % 3 44 A 69 = 2 JUFTAL AL
Fig. 4-2 Geometry of 20000TEU Container Ship

R IR R R N AR T 5, M IR 206GPa, JHFALLN 0.3, AFEAE A
IR RRA R S 80nE 4-2 fin. K 4-3 HHR, € MBDyn HF3LE T 19 4 3
SRR IE(b01-b19, 7555 LB FE R ) W MR R AT A, S E B A BT
AR H ST O E (mMO1-m19, LUTEREIR), FHEH Total Joint F AL B O 4b
1 R AR TR ST I, BRBIEAMA R B A EEOT AL y i ERgAE
XSRS LA K x Fl z 77 [A) AR LS, PR B0 ARE x Ay Tyl BT AS DL

Jox Al z Ty 1a) bt , DL PR S A 22 R AE M g T P R AR AR T

42 TNRF Mz B 4 6 e A5 R R A m AR

Table 4-2 Sectional parameters of the ship's hull girder at various locations
i 1-3 3-5 5-13  13-15 15-17 17-19
AR v (cmd) 24333 39826 52123 4162 28538 183.39
BRI JLA R S) Dxt (mmxmm)  89x5  102x5.5 114x5  102x6  95x5  83x5
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B4-3 R Ry BT A
Fig. 4-3 Arrangement of ship beam

AR E B UR 4-3 BN, %0405 BN B & SERS AR 8% 0 T i = 4
i tE I o
k43 BRRGEE M

Table 4-3 Weight distribution of the ship's hull girder
‘g s SRS FiEke)

0 1 58.79
1 2 79.46
2 3 102.73
3 4 104.44
4 5 107.57
5 6 144.35
6 7 149.14
7 8 112

8 9 148.12
9 10 131.31
10 11 148.31
11 12 110.21
12 13 197.37
13 14 98.61
14 15 130.22
15 16 85.48
16 17 109.23
17 18 69.59
18 19 47.47
19 20 26.65

i H] MBDyn F1ff] LAPACK SREREHI AR AT 7R 704, 1531 1 ks
PRI Y R AR =70 A R DA [ A 400, BAREE AN 4-4 TSR 4-4 o
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A B i Y R MR 2 1) ] AT IR AT X R, AN 2 G A S 2 B L Rl A
i A2 T R EDR

FAA SR RER T EA =T BB M E

Table 4-4 Natural frequencies of two-node and three-node sections of the ship's hull girder
Order XERHAKMHZ) BAERIEMHz) iIRZE
2-node 3.823 3.84028 0.45%
3-node 8.575 8.47597 -1.15%

B4-4 A5 AR R T fe =T 5 B A R A
Fig. 4-4 Modal analysis of the ship beam with modal shape in the 2-node and 3-node order
4. 2 Mt o XML IE

BT RS TE MG AE, 20 i AL RS . AR 225 B XA AN 4 AS 3 B
PR R XAEAR LA 0.845m/s FIMTEER KK EE Y 1.2, BEh 0.102m FER T+
(PR32 Bl DS A T Ak ) 3 m) 25 R 04T T B
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B4-5 M4 5 7 & B
Fig. 4-5 Mesh refinement for the case

= PP BAR IR B AR 4-5 Fhom o KA = Rh RS AL 5045 2 A A 44 ) 2 3
AINFEIZ NI P 4-6 P, 45 21 fi o i 0 38 17 S AR I 3 a8 4-7 s
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RA4-5 PR K PEIRIE R AA R &

Table 4-5 Grid independence verification for mesh quantity

W% H A%
FHL P et 210 J3
Hh S R A% 407 Ji
A A A% 634 JJ

E4-6 ABPRZ 3 0T 7 o 4%

Fig. 4-6 Time history of motions among three mesh densities

1000

g

600 I *Hl;;j% \ r\

\ [\
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% RN EEER
E 20
# I\ L/ \ /

wl\ 1/ \ /

RV \/

13.0 13.5 14.0 14.5ﬁ|§. O(S) 15.5 16.0 16.5 17.0
B 4-7 A5AY T 4B 0 o 2%,

Fig. 4-7 Time history of VBM at amidship among three mesh densities
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RAETHSR LR, PTLE B =E WA R ZE KR 5, XU AT Mg O 2
WeSo FERE ORI, KA i S AR REAT BUE RN . B (8 XA WA, e
g AT S HER VE AT LR R B o SRR Bl 32 TH SRR IR R A W 18U
RIS R

4. 3 WM RR A& S5 M AR A B 7K 35 4 M Rz 363 EE

4.3.1 EZAYPER T E MR ERILE

FEAF BTN TEREOUT , X RIPEATARAE b — 5 RRE AR T b i is
ANIEAT T BB . B FE AR AR TN AR SRS A T B 5, G EAE 45 08 I N Si
WKy 7.816m INf, RUNARAAZEIZMUE T, B KAy 1 I EARAT S5 5 R W
PERSANGATERG T, MSRZRA Y, . IARRET(A] JoFE LR ARG . AR I 2 ) Dol FE 45 2R
gy 4-7 2 E 4-10 Fios.

K 4-6 FAAKE T H A3
Table 4-6 Numerical simulation calculation parameters
IR T (m/s) Pmm) FEEAMKE #EKm)
s 0.845 0.102 1.2 9.3792
Wil 0.845 0.102 1.2 9.3792
Kl 4-7 FE] 4-8 FAHUET A1 B 4s 5 10s 2 8] F8E B 13835 AN NP2 B s P B 47 X6t
tb. 7E 6.5s Z AT, MRS5S FavEf i) A AR T LFHEIE], 72 6.5s Ja, WIPEMTHY
7 1 A R FEE I R T o Ve A () i A RS R o SR O 5 T A S ) 2 9 R A 2 72 R
1B DA S AR A e o 3 U B P A B 5 AR T o) i A AR G2 B0 A 2 i A B
FEE 4-7 v, WA 0 22 35 12 2 M P2 LE I A A B8 DR T35t i o DT DA W A A A
A TR, B DAHEAE [F)— 00 T 3835 AN AR 0 i B2 08 2 R T ot il n st
Fi 52 SR S5 AR TE RO AR PR . HAL NIFE B2, 5 B30 3 A A% 1R M 52 A H T 82
N,
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Fig. 4-8 Time history of ship heave motion
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Fig. 4-9 Time history of ship pitch motion
B 4-9 AT UL, S A5 DO A P P G 1 e R WA RO e, (HBRE

FOES O 2 ) PR 7 B S0 T o PR A ER T A S il AT AR R s

P4 F)
725 i

M 7 T 2 52 B A B ) B A KB T B o TSR A el R AT
MIALRE ST, AR IE S & 32 B /IS B, 3 BORE A i 3

5 BN AL RN AR dh A gEmi, 3k AR AR W S IR L . BT 4-10 AT 0L, MY
PO O R 2 e 0 S AR AR B K 5 M, 3K DR D9 WP A e AR IR v, R
IEREY IR AR N
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B 4-10 AEAA &£ =) AR B 3 L

Fig. 4-10 Time history of acceleration at bow

B 4-11 ABAR & 15 hwsk BT 7 3 b
Fig. 4-11 Time history of acceleration at stern
4.3.2 B EE EREEREL

HIES 4-11 2 4-13 AR, FRVEMHA SR M2 AR IR E R/ NERE 1/4 ftcab. M
B 174 M AE IR A A M A £ 3 170 25 AR I T, AR W R4 1L AT B 1
FIARZR PRSI B & 4-14 AT LUE BUSREAGAE oh 3RS T 25N A 5 ) 25 R AR T
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P A A BT /N R, SRk M A o RS T 25 A ARG T MR M A 25
AL E EAFE—E WAL .
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Fig. 4-12 Comparison of vertical bending moment histories at 1/4 length form the stern
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Fig. 4-13 Comparison of vertical bending moment histories at the midship
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Fig. 4-14 Comparison of vertical bending moment histories at 1/4 length from the bow
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Fig. 4-16 Free surface height and hull surface pressure at A/L=1.2
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Fig. 4-17 Proportions of the first five mode of pressure
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Fig. 4-18 Comparison of the shapes of the first five mode of Pressure

4.4 KB

AREEEHAH T CSSRC i) 20000TEU HE 285 F A /K st A R 06 ) £ S 85
B BUFEAREL JE RUBE . IR T DA R A S 0 5 B o A AR TR I S S 4. Bl
PR KK EE A 1.2 FUEN 0.845m/s B THLIEAT T RS TE R M6 IE . B, X
T2 P 4D 5L O A R DRI S A E 8 VR PR RIS B3R AT T AE AL, XS B T W A A
S P 0032 BRI B B T A B T Ak ) 1) 25 DA S R R SR TR R 3% T T )

50



RGBS AR SEVU T SRR AR L PP A 0 7 SR i 8 - 5

PSR OUNIPE R AR AN SAE AR AE AT 00 N s sl o i, X3 ) i A
PEXF A A B AR B I SE MR LN, BEAE, S5 B 1 I A 5 e e A ) 25 A A8 T Ak )
e [a) AR P, RIUBCT WM, s i A B Ak 2 I DA B9 B R Y
ARLRVERFAE, AR MR AL, 59 A P 17 25 R R O AR R R WA AE LRI
RIS [ 25 AR I N 120 4.15%.. I8 IEXS AR R S AR AT B e A i DL, W] LU I3
P AE IR S TR BT PR () 25 R AR T MR A A BN, S A AL
POIRZS N 125 8 A WA IR A A 0 25 R0 A AE AL B AP — e W AS . e
SR SR O T O O O 3 T R T AR TR 0 A HEAT T RS A, i x b
P A R AP A A SR T ) IS 0 2 TR A 2 e ) o R PT U B, AR R s AR I 2%
SRS T 1) B B DL A RIS

51



Bt Sl PN I VA8 S5 T8 RSO K S i S ) 5

EBRT MWK KRS HRARAHZK R4 M B Y52 AR

AR T 32 B AU MK EURT AT 2 St T A 7K 3 e i 7 ) 2 e, A BT R
i 5 | —#AHE, A CSSRC f) 20000TEU &R AE M. EBUEAIT, Hasdlk
9 00.102m, KM 0.8~2.0, BAMAILL 0.845m/s HUEATAT I 23T #2E,
T eI A M B A AR K S e o B2 PR 2 e s SRS FRAE IR e —sE, B AR
DAAN R A0S A0 T T PR32 Bl R A P e 2, T s X A A 7 B e 2 D 52

5.1 PRIRACARACEL 35 7k 58 14 M 2 B R M

R 5-1 R NAFVE THNSEEE . FOSBRIN Tl v ImiRRas, Hik
WEBEHITEY . BN E . K 5-1 AR K S EE N 1.0 B H000
IRTZEFH U 2RI R, B 5-2~5-3 /& 20000TEU AEAEAIE AL BIFNEAE
RS Es R

£5-1 ALk % 0.845m/s B9+ 5 A4
Table 5-1 Calculation parameters at 0.845 m/s

R (m/s) P 5 (m) AL H K (m)
0.845 0.102 0.8 6.2528
0.845 0.102 0.9 7.0344
0.845 0.102 1.0 7.816
0.845 0.102 1.1 8.5976
0.845 0.102 1.2 9.3792
0.845 0.102 1.4 10.9424
0.845 0.102 1.6 12.5056
0.845 0.102 1.8 14.0688

0.845 0.102 2.0 15.632
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Fig. 5-2 Heave motion histories of the ship at different wavelength-to-ship-length ratios
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Fig. 5-4 Nondimensionalized comparison of ship motions
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Fig. 5-5 Vertical bending moment histories at the midship

57



RGBS AR S5 T8 RSO K S i S ) 5

0.030 .

. —
—a— 5
—e— CFD-MBD}{
(:E 0.025
) 2
g ‘/7\\‘
JED 0.020 /
3 [ ]
,& o\
g o.
= 0.015
]
\n
0.010 ; ; ; ; ; ;
0.8 1.0 1.2 1.4 1.6 1.8 2.0

B L
B5-6 A5AT B 48 L B KA EL
Fig. 5-6 Nondimensionalized vertical bending moments at midship

0.03
0.02 '.-V’Y::Yf
T
0.01 e *
3 =
i
0.00 -

-0.01 ‘!&%%_ . * piere e /0o
£ T m—w———" i 0— VL-0.9

1 sﬁt T‘-‘T‘ =X s c —A—WL-1.0f
-0.02 %‘t‘-‘ﬂ-‘éﬁaﬁ—v‘h 3= % v— VL-1.1}

3 [H] 2540 (vbm/(pagL?B))

| SV—ymy =y WL=1.2|]
—4—wL=14

-0.03 ML=1.6]]

—e—nL=1.8[1

-0.04 *— /L=2.0H]

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
LN B = |

B5-7 26 5 425K
Fig. 5-7 Distribution of vertical bending moments along the ship length
5. 2 A EIAIEXT 7K 3 14 M 2 B9 =2 )

T 2R R B AR, TR [R]— T T U K IS B X K B e N S, AR
X A/L A 0.8~2.0 B, FEAAVAAS FITE P IR R R MUAT 34T 1 BUERRL. R 5-2~5-
10 Fran AAFETHE TS 8U1E B .

58



Bt Sl PN I VA8 S5 T8 RSO K S i S ) 5

#.5-2 WL=0.8 Bty i+ 5 A4
Table 5-2 Calculation parameters with A/L=0.8
TS  Fr Fidms) FEm) VL HK(m)
Al 0.049 0.432 0.102 0.8 6.2528
A2 0.096 0.845 0.102 0.8 6.2528
A3 0.145 1.268 0.102 0.8 6.2528

%5-3 ML=0.9 B9 3+ H A4
Table 5-3 Calculation parameters with A/L=0.9
TS Fr Fifms) HEm) VL K (m)
Bl 0.049 0.432 0.102 0.9 7.0344
B2 0.096 0.845 0.102 0.9 7.0344
B3 0.145 1.268 0.102 0.9 7.0344

%5-4 ML=1.0 0693+ H A3
Table 5-4 Calculation parameters with A/L=1.0
TS  Fr Fifms) HEm) VL K (m)
C1 0.049 0.432 0.102 1.0 7.816
C2 0.096 0.845 0.102 1.0 7.816
C3 0.145 1.268 0.102 1.0 7.816

%5-5 ML=1.1 ey 5 A3
Table 5-5 Calculation parameters with A/L=1.1,
TS  Fr Fidms) BHEm) VL HK(m)
D1 0.049 0.432 0.102 1.1 8.5976
D2 0.096 0.845 0.102 1.1 8.5976
D3 0.145 1.268 0.102 1.1  8.5976
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%5-6 ML=1.2 ey 5 A5
Table 5-6 Calculation parameters with A/L=1.2
TS  Fr Fidms) FEm) VL HK(m)
El 0.049 0.432 0.102 1.2 93792
E2 0.096 0.845 0.102 1.2 9.3792
E3 0.145 1.268 0.102 1.2 93792

£5-7 WL=1.4 09it H 53
Table 5-7 Calculation parameters with A/L=1.4
TS  Fr  fi#E@ms) BEEm) VL B Km)
F1 0.049 0.432 0.102 1.4 10.9424
F2 0.096 0.845 0.102 1.4 10.9424
F3 0.145 1.268 0.102 1.4 10.9424

%5-8 ML=1.6 B 693+ H A3
Table 5-8 Calculation parameters with A/L=1.6
TS  Fr Fifms) HEm) VL K (m)
Gl 0.049 0.432 0.102 1.6 12.5056
G2 0.096 0.845 0.102 1.6 12.5056
G3 0.145 1.268 0.102 1.6 12.5056

#%5-9 WL=1.8 Bty i+ 5 A4
Table 5-9 Calculation parameters with A/L=1.8
TS  Fr Fidms) BHEm) VL HK(m)
H1 0.049 0.432 0.102 1.8 14.0688
H2 0.096 0.845 0.102 1.8 14.0688
H3 0.145 1.268 0.102 1.8 14.0688
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#.5-10 WL=2.0 B+ 49 3+ 5 A 4
Table 5-10 Calculation parameters with A/L=2.0
TS  Fr Fidms) FEm) VL HK(m)
K1 0.049 0.432 0.102 2.0 15.632
K2 0.096 0.845 0.102 2.0 15.632
K3 0.145 1.268 0.102 2.0 15.632
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Fig. 5-8 Comparison of calculation results at different speeds for A/L=0.8(the velocities of A1, A2, and
A3 are 0.432 m/s, 0.845 m/s, and 1.268 m/s)
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K3 are 0.432 m/s, 0.845 m/s, and 1.268 m/s)
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