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NUMERICAL SIMULATION OF SHIP BOW WAVE
BREAKING UNDER HIGH SPEEDS

ABSTRACT

Wave breaking always occurs at bow of high speed ship, the research
of ship bow wave breaking has following meanings. Firstly, the turbulence
generated by breaking will flow to the wake field, causing energy
dissipation and wave breaking resistance. Secondly, the wave plunging is
usually accompanied with air entrainment and splashing, forming white
water wake, bubble flow and inducing underwater noise, which affects the
sonar system of ship. Therefore, the research of bow wave breaking is of
great importance for warships with high concealment requirements.

This master dissertation focuses on the numerical simulation of ship
bow wave breaking using ship hydrodynamic solver naoe-FOAM-SJTU.
In this paper, the volume of fluid method VOF is employed to capture the
liquid-gas surface. RANS and DDES models are used to simulate the wave
breaking. In order to verify the feasibility of the numerical model in
simulating wave breaking, flow-opposite two dimentional plunging wave
breaking is firstly calculated. Based on RANS model, the evolution and
changes of flow field of 2D plunging wave are analyzed as well as the
spatiotemporal characteristics under different velocities. In addition,
DDES model is applied to the simulation of plunging breaking and the
result is compared with result of other models.

The 3D bow wave breaking is significantly influenced by ship speed.
Based on RANS model, the simulation of bow wave breaking of KCS
model at fixed condition under different speeds is conduted in this paper.
The bow wave structure, air entrainment and flow field changes at
different speeds are analyzed. In order to study the influence of ship
posture on bow wave breaking, the bow wave structure and wave parrern
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of fixed condition and free condition are compared at Fr=0.35 in this
thesis.

The DDES model is also used to simulate the ship bow wave breaking.
In order to verify the reliability of grid disturbution and numerical model,
the results of bow wave structure and wave height simulated by DDES and
RANS are compared with experimental data. In addition, the bow wave
structure, velocity and vorticity calcuted by DDES and RANS are
compared to figure out the influence of turbulence model on wave
breaking.

KEY WORDS: bow wave breaking, volume of fluid, RANS, DDES, KCS
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Table 1-3 Numerical study of wave breaking
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Fig.1-3 Wave breaking state diagram
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TR B Rt : R BN B EUECOR I, R sk Sy s me v L2 S AN,
BT I IR o Bl A I BE B IR T N, BT R 2 R 5 el 5 T 4R 2 I AN
FRIE, B H I A it 32t 5 D0 R 22 AT SR R PR T 1 T Bl ) [X 38

WA : 7R SRR HIAESIRORI, RIAI5K y 520 v] L2 B AT, B
i 7% 5 R AEBIAG N0 . GhoshlMI45 i T #16 N ik i R AR A2 CnfE 1-4):
TUEBEMIA W N, PV T B B — AW (et)s EEHEIMEAT,
WS 40 B I R S NS SR s — N2 Cair pocket)s Wi 5 B B A
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B 1-4 14 Ko ks A i e it A2 1]
Fig.1-4 The evolution of plunging wave breaking
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N Qiao A1 Duncanl%5 H ()35 H AR 4 A o 5 3 R, SIS IR
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Fig.1-5 Structure of spilling wave breaking
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Fig.1-6 Structure of scar
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B 1-7 fh s Af K 69 i A
Fig.1-7 Counter-rotating vortices of bow wave breaking
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2 R XK. i 1-7 Pras, MHEALFAA T 3 X ARG R O8N IE
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PR 28 37 O K 20 2R () B SR 8 RANS a7, AN 42 = 1) B R 32047 1 n s,
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FE BEITE G AL EAM
2155

ARIEET CFD TP BRI HEAT 7 BUERIL, TR EE T IR LA
£, OpenFOAMBZSITT % ) naoe-FOAM-SITU 3K i #5562, i@+ RANS #1 DDES
BARSR MR N-S T2 N 7 IR BIRMERE, AR N LR 48 TR A A AR
VOF B H BRI I HAEH SST k — o BB PHmABAL. BhAN, N T 5RIEY
AT EUE 7 EAERRIAR AN TS B AT AT 1%, A SO KCS BRI H ) REGHAT T 5000F
il A

2.2 BARHIET;

2.2.1 naoe-FOAM-SJTU 3K fiR2S

| naoe-FOAM-SJTU
I

[ [ I 1
OpenFOAMF BT RE AEHEES iR R NG RIARY
OpenFOAM Open Source Toolkit 6DoF Motion Numerical Wave Tank Mooring System
I I I I
| 1 [ [ | l
B4 EEPIE HEE Bl R M LEsS kT RS SH
Dynamic Mesh Overset Mesh Wave Maker Wave Damping Wave Probe Static Analysis Dynamic Analysis

| I [ | ] \_l
I — [ 1
i | [20mn | |[Eoame || 5en | RAR | [ ag | [mea | [ 25

Two Phase Hierarchy Active Wave Sponge Wave i35
Model of Body Absorplion Layer Gauge LMM

—— T T} 1

: 3 i k) p || SRATRER || RIS Bl | R
AR A ARl Body Foree i lnlox! BC I’Jsmnﬁ'_\'po Flap Type |~ Floating Body

Morphing Mesh | | Shiding Mesh I Propeller Model Rudder | | wave Maker || Wave Maker || Wave Maker [! Motions
| l | 1 [ I 1

TEBER| | BEE || PHEH ES SR || EEER || ZRBW | | AuERE || AR THRE || BEEHER
MEF Fixed RPS | | PI Conrol | | Reversng | | Cavitation Turning Figeag Coursing Regular Irregular Extreme
) Propeller Flows Cirele Maneuver Keeping Waves Waves Waves

Spring Catenary

& 2-1 naoe-FOAM-SITU K% 35 69 L A AE B
Fig.2-1 Basic structure of naoe-FOAM-SJTU solver
Za o B N i+ 5 K B J 28 5 0 ( Computational Marine
Hydrodynam-ics Laboratory, f&#k CMHL) FIAWEZ At 72 T , nace-FOAM-SJTU
KAE2S LL OpenFOAM B4 A (P AR SR il s interFoam(®Uy 3L, BIAE E 4 FE
A7 B LSRRI, IS TH BRI 3B (DES) THR B HRIE06L
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B HE BN B B I b 5 2 WA BB SR D e 5 4 R BBS982 T DIk AR 5 i
P LAEE 4K Bh 1725 ) AT B A A, LS T — & IR R Be264 . H i,
K4 CUFE CMHL iR Y CAE tH - S M AR E N E BT 7 & Ak,
KRR PIBEEANELL N 2-1 FivR . ARSCH TAERE T naoe-FOAM-SITU H i) E 18 -F
¥ RANS HEH A5 B9k DES A, X i ARAE i i AT 7 BB

2.2.2 SRAKIEHI 52

—— Injection

g ~ of energy P Dissipation of
{ o ¥ 3\ energy
‘\ J r' ) -'fl l\\ ..."I - /
- 4 A — /. . . .
e T Dissipating
Large-scale Flux of energy eddies
| eddies o
Resolved
Apns
Resolved - Modeled
Arps
Resolved Modeled
B i e R s S S —_—
Agans

B 2-2 TR i iR AR A g 3 64 ik RO
Fig. 2-2 Resolve scale of eddies by different methods

OpenFOAM ML T Z FlsR g N-S 72, f46: RANS. LES £ DNS.
X =R AR R AR B E At I A A N R R (R 1-2) o AN ERmiiiA AL R
iR R EARAX S (LE 2-2) o BEEFUEARL (DNS) @i HHR M N-S
JiRE s AR R R Im AR BEAT AT, TR LX) 2 8] 70 % 3 R (8] 73 e 3 BOR #AR v,
—MF TR VR DR BB A, A — LU 5T 1T 48R FAZ 4 1) I i 3o
e T AR R A AT BB A . KT ARAL (LES) I8 I & ipt bR HORE 4% AN [F]
MO REEHEAT X1) 73, 0 KORUBE iR HEAT ELAASEAEL, T/ FRURE R0 DU R FH A R AT
Mo LES BEWSMENT 1B 1 5~ ROBE A, DRLMEAE RS RURE 7 B AR T X Va9
SXoF [0 TS T8 3 5] 25 R %o 452 755, Watanabe AT Saeki®™). Zhou 58 ] LES #F 52
TR R A R o AR B RE A A T R RN = T e AR R, el R
USR], DNS AL LES A8 87 i b ANl H T AR e O BB it 78 . BRlitk, H
I SXF P AP 00 R A ) B 9 2 LR T RANS B [30-32.34-361 | RANS AEE7Y 1) FE A
SBAERRS N-S J7 FEBEAT I (8]~ S AL B, Rt = A5 f I I 23 2k Bk sl B AN g
BHERIAN . @R N-S B KRN TR, (HR XA B & S O IR A
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Ui A RN I, DR R B A AR T S RANS 7 R A

AL, 43 BB (DES) #2& H A AT ) RANS-DES R &% 4! . DES
(1) A JEL AR 700/ B T A B RANS A58, Lk B9800 WA B B 1. T 7B S 2
BETHIALE A LES BEASRAHIR R REZ 4 B imsh, PLHCR$E mih B E . DES BT
A% RS (] 25 70 2R B 2K TG RANS 2275, {HZ L LES HiI DNS 20N, [t n] bo
FH 65 M AL 20 AR P B AL o AR SR F 102 55 T DES #5528 e (1 438 43 25 iy
Bi% DDES, KT ASCHTIAN DDES £, CL&7E LAESCRROOSI 4T T HH %
I 58IE -

A FETAEZEET RANS BT o N 1 W FEAS [R) i A A T A A A 38
A PR 8RR A DDES BEAEUE A, 755> Lol H5 RANS 45 R AT 7
PTXTEG o XN T4 5 R FH B e A PR AR A A e M U ) R A 45
2.2.2.1 FHE-FBA RANS

ASCHBUE W BBCE RAAAT &, HAP AR RE#H-FS N-S 772 (RANS) £
AT
VU =0 (2-1)
o(pY)
ot

+V~(p(U —Ug)u):—Vpd — Q- XVp+ V(114 VU ) +(VU) Vit
+f_ +f,

Horb, u MY U NS IRE BN s p, BhIE T, BLE R SEOKE IE

%y p NLERE: 9 NEIIIMEEE; 1, = p(v+v,) WA KBTIk RS, Hdy #l

v, 73 R OIS SR FE ARG s f, RS 10 f T IR T

(2-2)

2.2.2.2 FEIR5r B DDES

DES A&7 [ = B AR 2 835758 Y SST K — o "R FERRIT AL & I IR R
76 DES MR, S R R e LR

LDES = min(LRANS' LLES) (2‘3)

HH Ly =Vk /(C,0), A RANS U AEK B RE, Ligs = CosA A LES B ()
TEFER FEREE, Coee /v DES #ER R EM A R 3B RFIE S R

AT ARIE RANS 7537 BETHI AL BE#Z IEBRIGE, RANS It N iZ /T BETH Ab
J B A X X T4k ) LES AR TRy 3z B T X dek, S5 28 S 20 R N 1% B A 1) LES
(KESR . W EFTR, DES RS (KR &5 AR T4 A K B i 51, ] AZE R IR X
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RS, (HAE W R AR BT AR R T LES A2, & SBuA R E
A3 B BRI FE ) . DDES AR AL I8 T 5] A\ ZEIR R £ Rk 5 RANS THE X
ol A D 1 e R, AR BRI A -

f, =1—tanh((8r,)°) (2-4)
Hrr, r, REERET, FLARRN:

Vv, +V

r,= (2-5)

Hrx=041, NERITHEE. TR f, 2 0 MifEimyy X #n T 1. Hi,
DDES )it fiE K R R A :
Looes = Lrans — fg Max(0, Lyans — Liks) (2-6)

2.3 ORI BERIL X
2.3.1 imimisaY

OpenFOAM H&4E T H AT ER A m A, 5 SpalartAllmaras (SA) AH 7Y
6], RNG k —g 5 HI7 SST k — o BEAYIOBIE | AT () AUAE TH 5K PR 7 FE A Y
SST k—c RSEILFE I J7 12 135 o

SST k-—w Hi Menter 2, 454 1 BY Jjia i 22 20 SST(Shear Stress Transport,
fAIFR SST) BEAUFNPE 7 AR R (hRvfEk — e FbntEk —0 ) BIES . bRk —e AT LA
BT (R AL B BT ) J R Rk BN S, TR AR I B BE TR M 7 S AR k — &
B, K — g BERSTE T BE T AL R — %, 11T K — o0 ERARTE 0 X XN I (13 9 2 250
THUK, (HRAERMERE A TR R B JEF i &, 8T 480805
BRI T JIBR PR R X k. SST K — oo 33 &5 A W MBI AR 34, ARAE T iR
frR it EEE, 2 HT R )2 i T R

SST k- Ak AiBhAE (turbulence Kinetic energy) , o NHFAEFEBIER

(specific dissipation rate) . OpenFOAM 1 SST k —w HIFRIEFA:

Zt—k+V(Uk) =é—,8*ka)+V-[(v+akvt)Vk] (2-7)
‘Z_Ct%v -(Uw) =y8% - o’ +V -[(v+a,v)Va]+(1-F)CD,, (2-8)

Fafk-ofk-g4iaHREGHE, BTREGRERIFE, TREEHKk-o,
I k—e . HE XU
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Fl—tanh{{min[max( ﬁ 200y 4“32‘(2]} } (2-9)
poy Yo CD_,Y
A, DL U
CD,,=max(CD,,, 107") (2-10)
CD,, 5 S
CD,, =20,,Vk. 42 (2-11)
w
G 158 SUA:
G =min{G, ¢, 'k} (2-12)
Hrb, ¢,=10; G AN/f=Ami, & XT:
G=0," (2-13)
Hr SRR AR, & X WT:
S =./25,S; (2-14)
ot s, AR AR
S”=%GHJ+VUT) (2-15)
B85 7 R (2-7)M(2-8) SR ABE 5e B, i iAo, AT LAIE L T 2k 45«
b= (2-16)
max(a,, SF,)
Hrpa=031 (W3 2-1); F,NEZ/MNMRARE, & XWT:
_tanh{pnax(z*[_ 500V)]} (2-17)
Ak, JIFE(2-3)H(2-4) I &K R A AR IEE IR G KA F 155
p=4F+¢,(1-F) (2-18)

Hrp, gMRETEPSIREIEREG 48 ¢, 0HAKK -0 TFEMK - TTiEH

&%, B /2EULEE 2-1,
k Fl oo FIRTURAE — AT LB 2856 20 3015 2 -

k:éw-nz (2-19)

N



AR S GDNE 2 T = DA7S'S
k
w=C,—(H* (2-20)
vV Vv

Hoh, | TR, (%)*%?%*.Etlz, HEH | E N 1%, (%)HQE%J 1, C

wWE N 0.09,

u

% 2-1SST K—o P oisii & &
Table 2-1 Coefficients for SST k —@ turbulence model

*

ol Ay B, B, N e B Gl C,
0.85034 1.0 0.5 0.85616 0.075 0.0828 0.5532 0.4403 0.09 0.31 10.0

QA G, «

232 R ERENSEE R

SO T, TR N RS AT Ao R TEIR IR (Viscous sublayer). X £
JZ (Log layer) AR AMNZXIRIOL, fERGVEEZE b, To R A R u™ FITE R AL
IV By R R AR

ur =y’ (2-21)
TEXHCRE, u™ 5y AR R MR R
L CY) (2-22)
K

Hru =Ulus yo=yu Ivs u =, [ p AEEBRIE: x=041, NERITHEL
E=981; ¢, N EHIBIN ).

U SR T ENRE VR R A FE AT RS RS, T B A — 2 A R R F
FEPEIRZ N o R JER 2 I B — AR /N, XMEOL Ry <50 S Tk BIX A2
K, UTEETAL R A% 2> R H, SRS T REAE R B K. TR AE SERR TR R
rh— R BE T pR 2 (Wall Function) 25, BETH ok B023@ 100 55— 2 MR 5 FE 3R T
FINHHCRZERES (30<y" <200 ), MK K B MK = I BB i+ 5
(IYST S5 B

— BB, BEMRAL IR B — OO . SR BERT B0, 2Bk AR
JRJZEIE NI B, R 2 5 50K AR RE T A T8 RE 6 B2t I AR e 22
OpenFOAM K FH A& TE 25— J2 WS IR TR BE o, SRR DRIX — Il /. iSRG M i 2 A
PR R Z AR E— N Im FHE, WA
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. In(By"
y* = (Ey")

K

(2-23)
BILBOMERTBLRAT y*=11.53 . 2RJE8 I i3l e k LG 206 — Doy

+ * \/E
y :ﬂ l/4y7

FEy N TR FHER, YO RRIES, Bz o, 8 0. 2y K4 Ik FER
WX~ ZMIS AT ECRR, o ATARIR A

Utzv( YK —1.oj (2-25)
In(Ey")

(2-24)

2.3.3 VOF BERAEIEIR G

P VT A AR TR BN R 1 ) L B o AR SR N LR T ) VOF 7
PoRIBER B HREYO™, 125 E R R BUE FE RO R A BGR BRASE . VOF

iz 75 12 E XN
%“w-[(u ~U,)a]+ V[, (- a)a]=0 (2-26)
Forb o R 30, ARGR AR RS AR ST FRBo P o5 0 T 20 B, AR SR -
a=0 ot
=1 K (2-27)

O<axl ERz=RA]
5 FE AN kG R AT DL I AR AR 0 3 o FRom A
{p=ap| +(1-a)p, (2-28)
pu=oy+(1-a)u,
g A 1 73 AR S AH AR -
T FE(2-26), ZLiAi BN L4 VOF Hiiz /e, V-[U, (1-a)a]l NFEEH
R AR, I HBET (-a)o BIFEE, Z0URE BRI GEEH. U, N

J 4 SRR Y, € SO “IRgEEE 7, HAU =V, -V, , ERME R LUE 5

R E RS
U, =n, min Cam, max M (2-29)
| S, Si|
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Hr, f FAARAMEEMNIEEITH s ¢ 2fFEMNEEsEE R EEEE; S, &
WA BT T I M &, S, MR YRS oG AR s C, &2 B HR I 46 5220
BRI IR T R4 BB E, ASCHC, =15 n, 2 H B LR kg, 2 X
R

n= A (2-30)
(Va), +4|
5 R ERH T
5= DO (-3
[ZVJNJ
N A& L
JiRR(2-2) R IR JI I f, RoR A
f =oxVa (2-32)
o NFRMKIRZE, AL 0=0.0734kgls?, x 9 HEBREIRIBHZ, 2 XHT:
Zsf n;
k=-V.n=—- (2-33)
V.

DS, REMR—NATTHAE _LEMA, V, AT A

2.4 BEFRBILEIE: KCS f2EYPH DA IABYLEIE

KT BAIE A SCAS F BE T7 v, 6 KCS AR &K T iR - R E0HAT T
ISUF 5N FUE T K naoe-FOAM-SJTU H¥) RANS RfE N-S iU, fdiH
SST k— o fARE A RANS 72, X E By i #eidd VOF 52528,

241 HEREST R

A CAF F Tokyo2015 CFD Wit & BUARAESR ] 2.1 AT BUER T 56 . BV
THER KR 7.2786 m K ) KCS #AY (W 2-3), HEASHUIE 2-2 AR,
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K 2-3 7Tm-KCS #£ A = 24 |
Fig.2-3 Geometry of 7m-KCS model

4% 2-27Tm-KCS #A! £ £ 44
Table 2-2 Main particulars of 7m-KCS model

ZH b AT BRI R SR
HEL A K Ly, (M) 7.2786 230.0
IKE T B, (M) 1.1090 32.2
z K T(m) 0.3418 10.8
HeK AR AR v(m?) 1.6490 52030
BREA (GEMR  S(m?) 9.5531 9539
e I VA LCB (%L ) -1.48 -1.48
Xt x R4 Ky /B 0.40 0.40

) Ky, / Lop
Xty Hlilz BT AR K. IL, 0.25 0.25

ISUFE I, fEEN 2.196m/s (Fr=0.26 ), FiilEgs 85 DR R AR is 5
PEXtEL . EAINEEE A 9.81m/s?, AW N 999.5kg/m®, &R REGE N
1.27m?/s . VE4HI LI 2% Tokyo 2015 B 7 W52,

2.4.2 AU ST B IIE

AR AR S Ry Ak /S T WX R B 2 4 ] NUMECA /A &) BT b 444 HEXPRESS
AT, FERUERRIESEGT, TSV AR T 3 BEMK. HEISEE W
BN, oA KR 5 A BTG B BT S RE R R A s kb x fhfa e, y il
TeARE, z Mg By, NOWEAEx=-1.0L (L ARLNK) &b, KHE®E
Fe 7 BRI AAAE F5 K TP AT, B EAE x = 4.0L 4o S FT 5 5 A X R,
DR R P 2P S AT BB AR, AT 5t AT T AR T & BN RIS . 44
HAKEEyYy=15L 4, RIDAKELz=-1.0L, FBFEEA7=05L 4, “Fi
z=0NEHWH, L NER, FTHAK.
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atmosphere(z=0.5Lpp)

right(y=1.5Lpp)

__________________________________________

- . " (AN
inlet e free surface '\ outlet
(x=-1.0 * i | (=40
Lpp) left(y=0) ' Lpp)
1

bottom(z=-1.0Lpp)

B 2-4 i HBARE
Fig.2-4 Arrangement of computational domain

HEXPRESS K FH A /NHAARIESE M40 WA, A% B o0 3% BB R 7R A A% 7 [l HE )
HeH o Py Ak i RS I ] BE TR, T AR RS, A TTTRS B B R S
HEXPRESS A= 81 4K 22 B A 35 9K J7 Ak g, I Hoadad 3 17 P4 7 1200 B
P A 2 T 1) AR RERT AR AR B XA BTG, ORAIE RS B s ) TR A P, BT A s P 1Y
KRB AR o Ak, HEXPRESS KR 73 55 — 2 RS A8 R T A 1R300 572 A
TR I R — 2 A R B FE Ay B ORISR A 1A S Z A B A AT B . KT XA
hnEs, HEXPRESS %k 1Hl A= HEN, 18I & & % 07 m) A% 085 55 4%
b WA RN R SR S A 02 o XA PR D 85 S5 0 35 T 15 Se A, B — 4
BARFAENT L7 FIBEAT 04743, 44k N K5, B X MR 15 SRS ) (L 2)N 1%

[74]

k 2-3 A A AL
Table 2-3 Summary of mesh generation

(S B R M E y* SN GY S
1 200 60x 60 40 3.799M
142x 42 x 42 56.57 1.690M
100 30x 30 80 0.776M

# 2-3 JEIR T A A MRS, . HEXPRESS F A I 25 J& 76 15 St A% JL it E
HEAT, B =R T 5% V2 I EL AT VB . [y R V2 [ g
DLCRIE ) TH Ak PRS 7 A AL R . =22 A 1) XA 40 1) & 3.799M1. 1.690M
0.776M (M RK/RHJI) o AT KM KCS BRIy, TEMFITA B BT
MRS IERE T 4 NMINEXER (WK 2-5). F F R MRS TS SRS 1/16, 1M 3
AN A 0 5 DX 35 D X 43 1) 1 S R ) 172 174116, L 4b, 38 i T HEXPRESS
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AR A R A ST

HHRRY T R R AT, AT AR ) A RS O S RAR Y 132, Tt HL A A 4
Ab (A RS T SR 1 1/16.

B 2-5 FAhmiLty =% M
Fig.2-5 Three sets of systematically refined grids

k2-4 TR TOMRA ZH, fHitfuldz
Table 2-4 The result of resistance coefficient, sinkage and trim

C, x10° o x107(m) 7(°)

W% 1 3.791 -1.388 -0.173

P A% 2 3.804 -1.365 -0.176
WA 3 3.825 -1.390 -0.178
RAHE 3.711 -1.394 -0.169
K% 1 iR % 2.16% -0.43% 2.36%
KRG 2 iR 2.50% -2.08% 4.14%
W% 3 iR 22 3.07% 0.28% 5.36%
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K 2-4 JEIR T BN TR RE(C,) FUUE(o ) LA HRRAE (7 )R
IR ZE . SR, BRIk LB RER 2R 2.16% R A% 1 1153
2N 3.07%, SR EE—ANTTEZMVEE . STFFIURMMARE, MarEuE it 5 m
KIRZE T -2.08%H1 5.36%. WAL, 25 M =AME KAl 1R Z BI7E 2.5% LT,
W EBF. K 2-4 I EAAE REV ST EUE T EAAETERE ) FHITRL A B
HA U R L

0.01
""""""" wL=0.1509 -

0N — ) Coarse-Mesh
WL=0.0741 Coarse- Mot Middle-Mesh
~imimims Fine-Mesh —imimims Fine-Mesh
0,005 /-‘ . . EFD 0002 . EFD
s v
4{( I| /h \l "\ h A ne "‘.k‘ ’(\
K N AN \ N A s \ e/ Ay
AR \/,. At [ ™% R
e . .
0,005 \‘;\:/ \.Q!/ 0005 \_?
7 J!_‘ uI-I n_'e. ||Tx i I'] I.-l 1;- (K3 00,3 ||| uf] (IT~1 ||fr. ||Tx i I'_J I.-I I!e- 1.8
x0 xL
0o
yL=0.4224 Mide Mook
‘ine-Mesh
0,005 -
-:.J\_) u.wm
0, 0H):

L L s . L
[ [ 1 12 14 L6 18
XL

B 2-6 46 3% &) @ 2 e
Fig.2-6 Comparison of longitudinal wave cuts

K 2-6 JE7n T 3 A YmHIE AL (y/L=0.0741. 0.1509. 0.4224, L AiEZk[a]
KO B HE BB, =E MRS B R LR EE B iRkt
(y/L=00741), #EBB GRS KK E R & &I £iE5 ik
(y/L=0.4224), BAEBRILE x/ L =1.4 Z Fi0F B B P50 53000 (R — 2L
X/ L=1.42Z J5RFARNBR, EERE LR SRKRYIE.

AR E] 2-7 FHE] 2-8 RIS HORE R B Kim SO . Kim 55 5
FEAEBOT H RS T AT, H2%E S| Fr=0.26 N A& 3 I8 BB,
5 Kim SRR Lt E — @ S %M. B 2-7 7R 7R ARR T3 5 i
Olo WTLAER], Fr=0.26 I 56— MBS EY 1.1% L sE — MRS K &N
-0.5% L o ESEASTADL A A A4 2 TR T AN s AT S AL IR W) & F . B 2-6
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AR A R A ST

A T P DA K P 2-7 O AR SR T i TR R, VOF J5 1 RERE RS i il 1 KCS AT
Fr =0.26 B /Y E BRI .

0.012
Coarse-Mesh
_____ Middle-Mesh
T R Fine-Mesh
X - EFD
.
0.004
]
B
ok
0004
1 1 L :
-0.008 o3 [X] 0.6 08

x/L
B 2-7 ki @At
Fig.2-7 Comparison of wave profile on hull

04 [LE] xlfi 1.6 g,
B 2-8 XA AT (&)
Fig.2-8 Comparison of wave pattern
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K 2-8 Jy H BRI B IR E o BUEZ SRR GF A3 21 1 AT 35
BAECR . WNEBUERSE, Ex/L=1.6 27, 3 EMRIIBMARIEHZEL. BT
BUEAEHON AR 5 EAUIR,  x/ L =1.6 ZJa BRI I ROR X 022, A8 AR N
Al A RE S BRI

X ARE TR R DL BRI RS LA SRR W] A2+ RANS A1
VOF J7iHUE AL GRS IR I SR il KCS BRI NP, I HAERHRE B il
b B A FB e RS L

2.43 BAORBMEIES A

I530F 5 i\ (Verification and Validation, fRi#R% V&V) &S EMf 5 b AT &
FEBATIAG I — N e . RS ITTC $2 H AR HERL FEIT, Stern 250781 Wilson
SE91D) J2 Sakamoto ZEBOH ) V&V ik, S FH 1 REGHAT T IAE S HAA

V&V i — 1 T B e BUE AN E . — B, BUE A2 B w LAFRoR
N

U =U2+U2+U? (2-34)
U, RARMIEATRE R, U RRBRREAE R, U, RisRAMEE. &
B A, B =ANEE S R (At =0.0005s. 0.001s. 0.002s) ) H 28 kX #5 33k 4T
TXTECFE, RELGRT LA, FAIE At S ESE B R ] DL 2 AR, B
I ()2 ANH o FE U, AT, I HLBTA S (B )28 At 24515 5 0.001s.

IEARAN 58 FEE B SR Sakamoto 2580 H (v . %5 il i BH O R B
I 3 il 2 I BB A E . T AR (2-35) s, RM , ATRM ) o IR 25 il 28 o i s
— AN JE I B KA AN e /M o JE T 07 FE(2-35), SRS =2 A% 1 IR A AN 22 FE U
nk 2-5 fion, D Fonikiofi. 7TCAE 2SR s ARA G AR R, 18
2 7R IE M 0.663%.

_RM,_,,—RM__.
2

U, (2-35)

* 2-5 TR M4 T 691 R 2
Table 2-5 Iterative uncertainty on different grid sets

B 1 2 3
U, %D 0.663 0.637 0.529
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PR A E BE U 5225 1ITTC #2071, Stern 25078100 J Wilson 250791, 7

THE MR AT E BT, FEETHEISHR,
Rs =616 (2-36)

Hrg,=S,-S,, £,=S,~S,. S,+ S, IS, 5 HFRYNRIKE . 25 M LA 5 9
% ERME . WSEERE T
a) HifYsk: 0<R; <1
b) #FHWEL: R, <0
c) KL R;>1

MR T E IS SH R, =0.609, FILFFA SRS 2% 4t o T AT 4l
ANV (Richardson Extrapolation, &#% RE), #UH R Z T LARRN:

_ %y
RE — Ps
;e -1

r ARISAIMEEL, SATV2 o P LIRS B, A MR S SR P AT
IR R, RN

(2-37)

_n(ey, / &,

5 (2-38)
In(ry)
A, BIE REA] PARIR AN
re -1 ]
C. = ereest ] (2-39)

Horb P ONEUE R R B ESREERY, MRt E A P, =20 &, AN
JEBERT AR A :
[9.6(1-C.)° +1.1]|05|,  [1-Cy|<0.125

6= (2-40)
[2[1-C4|+1]

§REL1

, 1-Cg|>0.125

 2-6 R TR E RSk S B, WIS EERY . BUEIRZE . B IERBLL
L REATEE . ATLAE S, WIAEEEHT Py =1.431, JEHHE BARKE ERY Py, o
peAh, 8 RE VES H EE IR ZE /N T 1% S, (SO NZE MRS EIBH I R ¥UE), &M
2 HT A SR B AR ZE A N . FE T R (2-40) 73 H RS AS W 52 E R
0.926%D . f£ A % B I [H] 28 A #E GO, A RLIE A EOE R E
Ug, =1.139%D.
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k 2-6 AT AT H
Table 2-6 Calculation of grid uncertainty

R, P, See 1S, Cs U, %D

0.609 1.431 0.530 0.642 0.926

TR A AR ACK 2 E AL CFR )T P2 (American Society of Mechanical
Engineers, f&FK ASME)$2 H AR #EBY  iZ bR F XS EiR 22 E FBAA# e E U,
SR IE RN . E MU, ATLARRN:

E=S-D (2-41)

U, :w/USZN +Ué (2-42)

ASME #& tH A 35 A28 45 A A A IR B AN B AN, B 7R Al AR A R Z2 1R/
Y|E[<U, I, RIS FTEUE A € B FE BN H[E[>U,,, WHIRERT
W 75 7K ~F (noise level) 7] DU i % bE i 22 (1) DR /N B EE 20k Al B A R 22 24
E[>U,, I, BARRZEANRES 1S, I AT EUE A€ B R AR

k 2-7 7 % #% 69 5N
Table 2-7 Validation of resistance coefficient

U, %D U,%D U, %D E%D

val

1.139 1 1.516 2.16

R 27 LR MR U & SR KA. T LU B2 R o
> U, » {ERXHARE E ABRARHE U, AT R R 0r BB, 30
MO T B T 6 A B IO . BEA, BB SR, « WK BEMY P, 1955
Sy B RO FL 20 T B P AR AR MR R DRI A 45 AL AE— T Ll
Fy s
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P=F ZHRKERLER RS ER
31518

AR YRR SR IR AT T BUE AR, o B I 7R KR R — L R
FE ARG U TR o AR T AR, T P 1) 4R BIR B G SR ARTY, SRR
R e e AT — E ARANE, B 90 4 A 540 T B R ) S K U ) TR B A
SR B AT SRR AR ) = e I B 2 R S ARFEUE AT Kang
SE5IF] Koo SEMRI R UGB AY , WF 90— 43R /KAl rR K 2 0 12 B A 4 7= A I i
PR, BUE T ECR 5 7T H4 RANS FIGEIR 43 853 A5 DDES 7
BT RANS BEAY, Xt RS EAT 1B TA) DA g DA IS SRR 38 UF - ELF 9 1
% TR TRA I (1) AR Tt R FOAS [F) R0 T B VR AR R B s e . b4k, 16RA] DDES
BN — YRR SNBIR R #EAT 1 BUE A I H 5 RANS B A LA DNS ALY 1 55
SEFHEAT T XRG40 AT R RS 2R CE AR A s IR B n AT PR AN AT SR
32 1HEIRE

B B E TR, RS E R E NN, FIr RN AR, ik
1 H N 0.1143m s SR K IR AT H #HT7 B &), KELN25H. A
R EEX/H =-524, HITREEX/H =444, FEITHHTEETEE N 0 ~
5H, fEARTENAET, W REN 1.87TH .

2x* X!

Zy =H{- 5+ 30) (3-1)

z/H
>
C
=
bt
=
b
=
’4
1
]
1
=0
1
]
]
]
]
1
1
1
]
1
]
1
]
]
(=3
]
'

B 3-1 — 2k H )it H Al R
Fig.3-1 Computational domain and boundary condition of 2D case
ARERUATHF N H A BB NI 50K, H AR T8 B R s 7 ik ) R B2 43
N0, JERHERFL SR AL A BRI IE R 1 Ak WIRRWRIE BT N, FOTN
K, FIAES R EARBUE IR 3-1 fr.
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% 3-1 2 H AP R AR A
Table 3-1 Fluid parameters of 2D case

PRGN g A LA PN
BERPE RS KO Voater (M2 15) 1.0039x10°
K Pueer (KG/M®) 998.63
Bk R (B0 v, (M?/s) 1.48x10°
(R £, (kg/m®) 1
&I g(m?/s) 9.81
T K 1 RZEL o(kg/s» 0.0734
3.3 PSS BEIE
3.3.1 M8 IRESERK

KERH 3 BRGNS IGTE 5T A S B AT N T BERERE A
ﬁﬁﬁﬁ%%%ﬁww,f&%&&ET3¢M%g,MHaeﬁ? LA,

IIUATS SRS AR K B oL 4, 55— NN X N a8 250 1 L TG 25—
mE%m SSHUN2%2 . N T ARIESR IR BN S R DX IR IE RS 1, 2B =AM
B MINBESZHCA4x2 . 3 BRI V2 . % 3-2 51 T M 0 B AR L
WX A% 2 R I HEXPRESS . 3 & WA 11 5 /N A% R ~F 43 31 4 5.90x10°H
4.17x10°H #12.95x10°H .

5

Cm#g X1 Cm# 2 [EnExs

z/H

x/H

B 3-2 WagmEXXE
Fig.3-2 Refinement region set

k32 B RAEILE
Table 3-2 Mesh set of 2D case

W s EEEISEA IR 5 A A% 2NN
Y R A% 3.18M 2036 x 424 2.95x10°H
P 42 iR 1.60M 1440 % 300 4.17x10°H
LT A% 0.80M 1018x 212 5.90x10°H
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IR PR IATS &
3.3.2 BHEI SIS 1 o 4

N T ISR TP i v SR, X R SE R AT T R D U Sk
M. BT =EE (At=1x10"s . 5x10°s. 2.5x107°s), 207 T 80
Kgm s F—®Enda. B oG d e & LR AR H . YTt E
U =0.87Tm/s, PH It K146 % Co,,,, 7T UIRIRA:

_ UAt
AX
Hort AX, A2 S/ DS RS o BRI AT LA B = AN [R5 T e K146 e BA K53 ) oh
0.18. 0.09 #10.045.

K 3-3 45t T ANIEIIS [B] 22 T I VR BHCRAE 1 &% ik R o B DA K R A INF[A] o 3 AN
] 25 T #AE t = 0.56s ik 2 B KB A& ey, ARARALE AL T x, /H=35~3534,
z,/H=1.879~1.883 . fx KEIH I = /KA B A AL E i KRz X T
At=2.5x10"s) 454 0.96%F1 0.11%, K1k 3 ANIFIA]S R X 5 K806 0 = i 4
PREEARRFE—E.

F—ABE L RRE 45 N t=0.82s . 0.78s . 0.76s 1M A o A5 A7 B
[Xy, /H, 2., / HIU 5514 [3.312, 0.958] . [3.352, 1.011] #1[3.319,1.040] . Fi& I
5] it Fof ) 25K B N 26 B T 3R AT, B K 1] 224 0.06s » 55 — B A i KA B AL
T x, /H =3.312 ~ 3.352 1t e B4 B AL T 2,/ H =0.958~1.040 . =AM [E] 25 T (1147
BRI, 5/ RDE RIS A L, PSR ED R ZE N 1%
2.79%IM B KIS AIE R AR ZE 2 504 0.2%R1 7.89%. ik b rh &) (8] 25 Fldx /N s
[0 R EE R BRI . F—fshdicE, 2 — 12k B—lEa
A E K SR e C /Cy, 77y 213, 2.18 M1 2.36. KK [AIE TS
fs KAl 5 fe /NI E) 2D R A 22 23.4%010 A IS N AHZE 3.72%. BRI, TEZE— MR
A sk, TP At =1x107"s FEEBLA0N 25 SR 5 AR R AN B[] 25 (R ABE 0. 25 SR AH
K.

BTNt =1.14s . 0.98s. 0.94s. FKNFE]E T HIBLE B 3
T MEORB G o /N D U ZE RAHEL, At=1x10""s I 25 —HFi& 1K
-7 B R o LA B (KR 25 00 BN 11.34% 11 5.8% 1 At =5x107°s I (R 2 40 oA
2.77%7H1 0.62. S K SR b C /C,,, 7338 3.77. 3.27 H13.02,
At =5x10"°s I Fll At = 2.5x107°s I ({1 55 A s fli 2 45 R AR HE #IT, A H0 b (¥ AR X

Co

(3-1)
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RZE5 A 2.80%F1 5.08%. At =1x10"*s I (55 — 25 e He 4 S5 f /N TR) 25 R 3
PRt R, KAEHTRZ 5378 13.20%F1 10.12% . 75X 58 B85 5 DA
K2 I R L, TR SR [A) 0 A /NI R0 R AR 45 SR A X T, T
At =1x10""s [ HE &5 FAHXT IR Z R K.

% 3-3 AR Bt 1A] T #0 A KR Ak Af
Table 3-3 Plunging wave breaking under different time step

At (5) 1x10™* 5x10°° 2.5x10°°
Co,., 0.18 0.09 0.045
x, | H 3.525 3.500 3.534
z, | H 1.879 1.883 1.881
t, (S) 0.56 0.56 0.56
Xy, / H 3.312 3.352 3.319
z,, | H 0.958 1.011 1.040
t,, (5) 0.82 0.78 0.76
C,/H 0.564 0.440 0.457
Cyy /H 0.265 0.202 0.194
Xy, | H 3.377 3.117 3.033
z,,, | H 0.76 0.802 0.807
t,, (s) 1.14 0.98 0.94
C,/H 0.403 0.366 0.356
C,,/H 0.107 0.112 0.118

Kl 3-3 @7 1 3 MRS R ANFEIN 2| B S S5 0T L . 7Rt =0.56s B, 3 /M
[0 RIS RV E S, XKW 3 IR X f KB I i A L e
Wi. fE5—ANEIE MR RS (t=0.66s. t=0.72s f1t=0.76s), A LLFE
F| At =5x10"°s &5 A At = 2.5x107°s 25 RAORFE—B, 1M At =1x107*s B AH XS i
JGo MRS —NEEM R AR (1=0.865 1t =0.965 ), At =1x10"*s ffLl45 R
H R RIG TR S HAth 9 AN ()25 A R B B A H .

L% 3-3 I 3-3 4k A, At =5x107°s il At = 2.5x10°°s HEUE R L5
FARFFRAF I — B At =1x107*s IS FERIG I O B, AR/ LR — 816
2he) EARKIIRZE, RIUGTE f5 G0t WA EAT U SO SRR, (R IE B K46
BH%4 Co,,, N 0.09.
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Ar=25x10"s Ar=5x10"s Ar=1x10"s
st =0.56s = 10.665 st =0.72s
25 254 25}
- o - N —
3 | B [ | & = )
b | e P,
B— e ol B - i
P U PO S P S I IR U U O B F| SN N TR U P S P
] i x.r‘.'."; 5 4 45 1.5 2 25 ) xﬂ;i 5 + 45 5 1.5 2 25 3 x.-’.‘."= L] 4 45 -]
set=10.76s— i sH=1.86s — et =0.96s5
%I 5p _' j %I 5 ~ N 1 E
) e __-"-"_._" e
: \_____,‘/ B S 42 ‘HH_._.;'._.-.«'-:p
0s 0ns
|{‘....1.. e l‘ Lk ..J...;Iq. =] 0% P |ﬁ. TR a T
5 2. -2 L 5 5 X R

B 3-3 TE 01 & F &4 K & it 42
Fig.3-3 Evolution of plunging wave breaking under different time step

3.3.3 WM& LKL 7 4

N BRI 2RI RE AT B R4, X 3 BIRE AT T RS K U SR BRI
BT 3.3.2 TR LSS, (EAT A i 5 B AN [ (1B 8] 20 SR AR B K A6 2 BHACH
0.09. K 3-4 25t T AFEMAE KN & AN RE R AR B ALE LU B T] o

3 B WX T B OB i B A PR AR L eIl . SRR )25 f 45 SRAH TR,
KA B KB A = R ) 2 N t=056s o K CF AL B R 3R ELAL B 9 AL T
x,/H=3.497~3510. z,/H =1874~1.883. ML THEMEHIHELER, KT
P AN 2R AR BR I KR ZE N 0.37% /47 [RItk, ASEIAZS KA [F] %25 K
T, XTI ORI R A b ORFF—

B WG B AR BN U I — Bt . =B WA TR BRI (A 43
7|790.78s « 0.785 F10.80s , Ho 5 A& AR S 1 0.025 o 25— 8GRl fz
B A4 [3.347,1.009] « [3.352, 1.011] F1[3.351, 0.989], #H Lt ¥ f5c W% i1 5 45
TR 5 RH P A0 v S8 S0 1 7K P AR AR A 112 1R 5% 22 23 0 9 0.09% A1 0.03% 1717 2 [71] AR A
[RIRZE 73l 2.02%H 2.22% . 1AL, = WIRER T 28 — AN i Pe 45 R A L L
P o KR Bl 1 B R 1R 22 40 il Dl 3.5% 1 6.05%. LA EEEIREH, =FEN
KX S — ARG T IR 45 R B AR UF (1 — 8k

- 37 -



AT R A A S

LT RO AALE, AR S — G S e B 2 f K. bEE
- I R 2 = & s <0 21 e a7 ED7 Y = P G S N et 2 2 Ry
i) 73501 4 0.96s « 0.98s F11.04s « FHEIATH A7 B /K AL bR ZE N 3.55% M 2 FH AL
PRI R ZE N 2.67% (BT HMIREE R ok, KA SRR ZE N
8.98% Ty % i il I 42 1= 22N 12.76%

& 3-4 INF FAS KT 814 KR
Table 3-4 Plunging wave breaking under different grid step

s 0.8M 1.6M 3.18M
Co, ., 0.09 0.09 0.09
x, | H 3.510 3.500 3.497
z,/H 1.874 1.883 1.878
t, (S) 0.56 0.56 0.56
Xy, | H 3.347 3.352 3.351
z,, | H 1.009 1.011 0.989
t,,, (5) 0.78 0.78 0.80
C,/H 0.450 0.440 0.456
C,./H 0.208 0.202 0.215
Xy, | H 3.071 3.117 3.184
z,,,/ H 0.807 0.802 0.786
t,, (S) 0.96 0.98 1.04
C,/H 0.365 0.366 0.401
C,,/H 0.133 0.112 0.119
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Fig.3-4 Evolution of plunging wave breaking under different grid step
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Fig.3-5 Vorticity, axial velocity, vertical velocity and bottom pressure at maximum height
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Fig.3-6 Vorticity, axial velocity, vertical velocity and bottom pressure at first hit position
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Fig.3-7 Vorticity, axial velocity, vertical velocity and bottom pressure at jet splash
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Fig.3-8 Vorticity, axial velocity, vertical velocity and bottom pressure at second hit position
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Table 3-5 Plunging wave breaking under different grid step

Wi Cm/s) 0.6 0.7 0.8 0.87 0.9 1.0
x, | H 2.578 2.934 3.261 3.500 3.626 3.927
z, /| H 1.831 1.852 1.869 1.883 1.886 1.891
t, (s) 0.60 0.58 0.56 0.56 0.56 0.54
Xy, /| H 2.212 2.603 3.025 3.352 3.523 3.992
2,/ H 1.104 1.001 0.979 1.011 1.027 1.130
t,, (s) 0.80 0.78 0.78 0.78 0.78 0.76
C,/H 0.475 0.509 0.490 0.440 0.438 0.412
Cy,/H 0.279 0.268 0.239 0.202 0.204 0.177
Xy, | H 1.928 2.285 2.698 3.117 3.313 4.009
z,,,/ H 1.035 0.881 0.803 0.802 0.829 0.923
t,, (s) 0.90 0.94 0.98 0.98 0.98 0.98
C,,/H 0.244 0.248 0.426 0.366 0.380 0.296
C,,/H 0.052 0.071 0.116 0.112 0.128 0.116
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Fig.3-9 Position of plunging wave breaking under different velocities
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Fig.3-10 Evolution of plunging wave breaking under different velocities

ARAFTWEIC T ASFIRIG T —4ERG BR B R A S R BRI A5 1 . A

% 3-5. 14 3-9 A& 3-10 A&, HABIER . B8 LUCE s

i R S I B R A B . b R R B e R 2 — B o R I 1]

5 A T Y o S I T R A B R A T o R A AR S R . A L

AL PR KT AR AR i A AT PR D HE S T 2 AR AR AR RN . AN, 5

- 45 -



AT R A A S

Bt 12 B D= A S N o (A i P e 1 s 3 0 = G VA W o A | E TS
B,

3.6 £F DDES 18! — # & UK BEEHL

AF5FET DDES FAIBUEAIL, T U =0.87m/s I ) —4ER0% IR BE. A
T W FEA R B Y AE ARG U IR R B 2 5, AR o 7 A R )
T~ DDES #1 RANS F LUK DAAE SRR DNS 5 71 £ (AR P A e 45 40 LA %
WM ANTHITHE Iy 3.3 i &% EE A% (1.6M)D. 1T DDES X [H]
PR BOR A, AT st [R5 B At =1x107s .

W 3-6 fiion, =AMERL S HI7E 0.54s (DDES). 0.56s (RANS) 110.49s (DNS).
BKBER EAIE X, /H, z,/H] 77467 T[3.479, 1.877]. [3.500, 1.883]F[3.280,
1.830]. AHLEL T RANS, DDES ¥ s K& =1 FE IS [a] A7 B (142 E 5 DNS 4
RE L. t4h, DDES ML Kb —#GA &, /H, z,,/ H]f7T[3.088,
1.106]11 RANS F#48l 45 5 79[3.352, 1.011]. #HHLZ ~, DDES %5 5 rf 4 —Hi5:41
A B BT 0.264H T i KBS B m 1A BB AT 0.021H o M 7E 2SS I A L
DDES #ifi # 2| 12 T RK/N 2y RANS 45517 1.6 % .

& 3-6 Rl is AL A T &R SO R A A
Table 3-6 Plunging wave breaking under different turbulence models

T A A DDES RANS DNSI3!
x, | H 3.479 3.500 3.280
z, I H 1.877 1.883 1.83

t. (s) 0.54 0.56 0.49
Xy, / H 3.088 3.352 —
7,/ H 1.016 1.011 —

t,, (s) 0.72 0.78 —
C,/H 0.720 0.440 —
C,,/H 0.366 0.202 —
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Fig.3-11 Comparison of 2D plunging wave breaking under different time
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Table 4-1 Main particulars of 6m-KCS model

ZH b BRI ELAT RS RUBE SR

HE 2 (Al L, (M) 6.0702 230.0

IKER T By, (M) 0.8478 322

nZz 7K T(m) 0.2850 10.8

HeK A vV(m®) 0.9571 52030
BRI (GEMR  S(m?) 6.6978 9539
LR AL E LCB(%L,,) -1.48 -1.48

XF x AR A K,./B 0.40 0.40

Ky, / Lop
X}y Bz BB AR K_IL., 0.25 0.25

AZEXF 7 ME N (Fr=0.26. 0.30. 0.325. 0.35. 0.375. 0.40 #10.425)
TELRAH) KCS BRI R AT BUERA,, R 4-2 Pox. BEIINEEREN
9.81m/s?, KK EVE N 998.63kg/m®, EshkiTE 2% 1.14x10° m?/s . 14T,
T SRR B R NGB R R s, EEARANL T BT FHTRI AR I Fr=0.26
AFr=0.35F1%B. Fr=0.26 ) LOURSETOL, . FHIT. DLl &
Mt i 5 DAE AR B G A AT 6 L, 36 E A R VR R AT . AR
FE N AT FENUE AT ANL SN KCS BB R, 38T T 85 00 T A
WA IR B DU R s . IS .

* 4-26m-KCS#HH T
Table 4-2 Case conditions of 6m-KCS

T FiiE Cm/s) % (Fo HiEE (Re)
1 2.017 0.26 1.074x10’
2 2.315 0.30 1.233x10’
3 2.508 0.325 1.335x10’
4 2.701 0.35 1.438 <10’
5 2.894 0.375 1.541 %10’
6 3.087 0.40 1.644 %107
7 3.280 0.425 1.747 %10’
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-1.0L CLoATELRA) &b, R SRR M7 BN AAE K AT, HO
BAEXx=40L4b. L5 AR UKIRIA TR ENNFRIA TR HIAFEEEY
=15L4, JRIAFNEz=-1.0L, LR EEMEz=075L%. FHz=0K~NH
Bk, EAATR, FRK.

atmosphere(z=(0.75Lpp)
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i

r
inlet N free surface i +] outlet
(x -1.0 * V| (=40
Lpp) left(y 0) T

bottom(z—-1.0Lpp)
B 4-2 =% H Pt HE 5 R S0
Fig.4-2 Computational domain and boundary condition of 3D case

ATHT HEXPRESS #ft, ARG NIRRT, M ESECY 6.7M (M
HNETD. B A3 R T MR ARIEIL . WM 80X 24x36 , P RS HTEL
[ 1716 N T REHR I E i, £ z=0"FIHWE T —1 3 ZmEKX, Hik
PIRE z [ RO N SAR G 178 A, FEPCR A IXIEE T 4 NI X, I ss
ZanFk 4-3 Pros. HAnEsX 4 fmig RERDN, B3] 7 HESMERL2°, Mk
K/NA5.928x107°m.

I A

.1

a) MAAR b) R4 H0 55
a) Mesh generation b) Refinement regions

c) AstkE @ MAER] 5
c¢) Mesh generation on hull
B 4-3 MA& £ GhoE RiXE
Fig.4-3 Mesh generation and refinement regions
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%k 4-3 mEREKE
Table 4-3 Arrangement of refinement regions

s X s ISR (xxyxz)
SREERA] — 0x0x3
I 1 2x2x2
i 2 4x4x4
BRI IX Gzdg) 3 5x5x5
fE X (I3 4 6x6x6

4.2.3 MIZETIUE

N BRAE AT RS B B AR SR KCS Meinids B mIAT 1, K Fr = 0.26 B
SPET R TSI . MR T DL RO B IR S5 50 5 DU R AL
AT T X

F 4-4 BT w E B ERBOT ISR R TH T a2 Tt
PAE T, REREHE K B Tokyo 2015 541 2.10172, 56 T 5 N TF FH TR AR o
ATUVER], EMREE EHHER TR, BERBREN 3.34%; ERTIFFHITS
PPETorh, SPH R THITRL R = 22 40 )22 0.76%. 6.65% 41 2.92%.
PR oL, BH ) R TRAS FE AR LU o SZ B ARSI sE e, ] 2 A5 1)
FHJRBUSE] T 3.34%, (HRIERTH5ZE . thah, ETPks & B e L
A b B TR B A 7E SR A .

k) 4-4Fr=0.26 B[ RE. AR YAREG 3T
Table 4-4 Comparison of resistance coefficient, sinkage and trim at Fr = 0.26

C, x10° ol Ly x107° 7(°)
EFD (Tokyo 2015) 3.835 -2.074 -0.1646
CFD ([l %) 3.707 — —
R -3.34% — —
CFD USFAUTFIMEE 3.806 -1.936 -0.1694
R -0.76% 6.65% -2.92%

4-4 N =R PN T, 13050 24 KI5 T Gothenburg 2010 Hffiv 235
B 2.1, ZREAE [ E B B E N T W HgE R ERE, [EE | b T Bl
B R G RI0E RV A I, R EB GRS E AT, REWE N, A0
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R R a % 5l ia E A — 2
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— EFD T = EFD
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B 4-4 Fr = 0.26 B 205 3% 8 4] & 3 kb
Fig.4-4 Comparison of longitudinal wave cuts at Fr = 0.26
Kl 4-5 5 4-6 275 Kim VAL, RIGMIE T 7.2786m KCS LA LE BT
THUS B B TH N MHAREBIE . 5 BRI EcEE. B 4-5 AMHAR IR
XFEE, PR OL T B BUE A S B I B v & R AF . 56— G AR
x/L=0.054k, [EEH BN R —DMBIEEAXEN, 20801 THITS AEL
DL 85%. BREZE — N BGME, HALBIERAS HIE LR AL B A LB .

012
EFD
CFD_fived
) , —mimmen CFD_free
LT S -
0004 -
=~
B o
0 P
A
kY
0.004 ;
L 1 L L
0.2 04 [ 0.5

E 4-5Fr=0.26 Hﬁ‘;ﬁi%rﬁvi&ﬁ/‘ xt kb
Fig.4-5 Comparison of wave profile on hull at Fr = 0.26
AT RS BT KCS BRI B R S B i S il 4-6 fios. 1E
—0.4 < x/L<1.8L X3RN, HAERHAURT B R S R I R4F, BIER A HIALE
LK X 35BS I6 ARFF— B 76 x/ L>1.8L WX 3, H T A% 535 B3 A X A1
ANPPABHLRITAM PSP 1R 22 AR
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a) Fixed condition

08 [F 1.6 2 24
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B 4-6 Fr=0.26 B S4B iR 3t b
Fig.4-6 Comparison of wave pattern at Fr = 0.26
gie LREER,  Zu0 A% B E LA EME AR R B ) R 8 T, s

PRI I ERABGE RS AR FE0TE KCS AR AL AL 1 VR 0 A6 5
W, PIAEMTIE AL EAT T 2 N X, ] 4-5 FIE] 4-6 S80] EL 4 SRR W] 241
R AERB P A B BAT BT I ROR .

4.3 EEBEHET KCS ik EEil
4.3.1 AEMR RN AT

# 4-5 MK 4-6 J@or T AFEfUE T R ES . Fr=0.26 ~ 0.425H/,
JE B /1 & ¥ AE 0.742x10°~4.930x10° = Ja] , 0 kS M FH 1 R ¥ fE
2.693x107°~2.965x107° Z [H]. WILLFE R, KiPERH /7 R EOZ AR A B 5 RN T
JEFH ) R ECZ R 5 K . He BH ) 2 B 5 s 2 e i AN W o, 7R 4T T
LA, R RH ) RBTE SRR T AR B T4 7 5. TEARMUE T, ARy &5 &
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o Fr=0.26F, HKifERH ) R2EE S R E0h B E Ny 80% 11 s BH ) RN S
20%. 1E Fr=0.350F, Ktk FH 77 RECR R ) R 500 &7 EEEAAE 2, 508 52%
A1 48%. TEfHmWiE Fr=0.425, JEBHJ) 2500 5 AR 63% k14 BH 1 =%k
(5 LR R 37%. Rtk BEEMTEIDTE S, DB S TR R 1
Gb, KRB RBCER EH 2P BT

* 4-5 RRAR TS R T
Table 4-5 Trend of resistance coefficient under different speeds

HECH Fr C,x 1073 C,x10°° C, x10°
0.26 0.742 2.965 3.707
0.30 2.126 2.756 4.882
0.325 2.431 2.980 5.411
0.35 2.496 2.693 5.189
0.375 2.854 2.872 5.726
0.40 4.030 2.750 6.780
0.425 4.930 2.849 7.779

0.01 —_— Cp

—_— v

0.008 “

0.006 ~

- ::;i::x?AZ::

0.002 -

%,24 CLIZS ll.l32 l.l.:!b {Jf-l 0‘114 0.48

Fr

B 4-7 RRAE TR 74
Fig.4-7 Resistance coefficient under different speeds

TR AR a5 DL SR TP B AT, — e R R T
AT BB TS TSR

4.3.2 NEAUE T AR EUR L L

RV R 15 R A e S5 AR A AR 3 = A 1R K R, I 4-8 JgoR T AR
AR A S, NEHR TG, TEN T A WA 5E BB IR B 1 .
Hr, B— AN T0o<x/L<0.2, F—PESHMNT03<x/L<05; U
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A7 T 0.6 <x/L<0.8TM%E AN T 08L2 5. AL x/L>0.85 I TE
SZRUE RN, AR

x/L

B 4-8 7~ RFALR T AR K @ R
Fig.4-8 Wave profile on hull under different speeds
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[ ———— st trough
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1 1 1 1 1 L
008575 0.3 0325 035 03TS 0.4 0.425 0.45
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B 4-9 T REALR T ASRE @ E0E g 5 T
Fig.4-9 Trends of crest and trough on hull under different speeds

4-9 J&oR | ANRIIE T B AR . 55— MRIEME  (Lst crest) JA7E
0.01L A I, If HEEHENUEEARFFAYIERIES . SRS Fr=0.425H,
H— KA Fr=0.30 [ 250%. 25— MEAE (1st trough) ¥J7E-0.01L LA
N, I HEEAE WUE AW R . B DR IR AE Fr=0.425 N UG B K, A
0.04L; IM7EFr=030 {3/, A 0.02L. AN HA S B
o BB ANPIE(E (2nd crest) ITE 0.002L LR, FHBEE U ARFE R BRI
£ Fr =0.375 15, 55 /MBI 3 1 WIE630E LR o 55 AN E O 5-0.011 L
AL, JF HARFR RIS KEFIRHES, H2BE B — MR EER B
PR IR ET AN, I HAE Fr= 0.425 B P08 K/ ML T 0. AR E %
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BIFFC 50 — N A D R, KT S A A 3R TR R T 1 A8 e e 55 DL R WAL 1 K/ N Ko J
SEERTPRIR IR T B L L
433 Fr=0.30 1 Fr=0.325
K 4-10 A1 4-11 7R 7 Fr=0.30 A1 Fr=0.325 i [ fiE Wk 45 /0 5 5 1 4%
Cp_rgh NENE S FTLAEBEX P L It kA b s 5 8 g
B, G MaEESERIE S x il —E /A (L322 mERKE. 3

MW EAEEMN, MENRKERRATHEFEKTITHNEES . 2dil&,
Fr =0.30 £ Fr = 0.325 i 75 i 4 3 Th1 5 K3 i Ak i 31 % 7745 3] 4 582 Pa Fl1 822 Pa -

Fr=030 -~ < e ) |

P& 4-10 Fr = 0.30 #= Fr = 0.325 B Af ik & M A 2 /)
Fig.4-10 Bow wave structure and pressure at Fr = 0.30 and Fr = 0.325

Kl 4-11 JEon 7 Fr=030 Wit = /iR . it . WUES, £

0.07 < x/ L <0.095 Z [EJ A — BARNRIEIE (B IR A BT#EE 40 4 B B

M. NERRIGH R AT A R, JFZETE R . WHIFAP=ER (X vorticity) K&

(AT X8 x lim b im e, S8y ey mime, JF BN S8 0,

WO AT DY IR ) FERA A AR X O R RIS PRy il e 7 X o A 7] 369 22 &1 Y vorticity )

KRG, IR MMAAL 9 TG R 1A IR, 1T 26 A I 3 R AR T o ] S 0p X
BeAh, HT AR BIAFAE, A AL Dyl e 1 s DX AR 1] 5 X
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Fig.4-11 Global vorticity at Fr = 0.30

K 12 figrr T Fr = 0.325 MR ABAL 19 4 R At it . 5 Fr=0.30 i 384U,
MBI AE 0.065 < x/ L <0.125 B —BAa g MBI 451 . v LUE B, BEE AT 100 =
B DL A7 B B SR ARG T K. 5 Fr=0.30 AAEIZ, #IEHIRER
ST R DU R I X, 0 AR B AR KRR I X . AN, LR R AT
OB i X, T EE AN KT R AL BT AR AR A s X .

@4ﬁﬁcamswé%%m%i
Fig.4-12 Global vorticity at Fr = 0.325
ATLAE S|, HARYE Fr=0.30 F1 Fr =0.325 ) LI A K ARG, (BREEE
WU AR, MRS IR NS . sk, Bl iR S AR R i e &
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4.3.4 Fr=0.35~0.425

* 4-6 BL45 | Fr=0.35~ 0.425 IN fE IR AR X [T Pl . 040 4o B DL S A
i r B A RN o DUAS T 8 — AN B 7= A= Y Fé » 7E Fr 9 0.35. 0.40
DA K 0.425 3X = A T A BT EHAT 55 X Yy Zud 5 X0 Yuar 2,1 FFHTE
M2 FERT —BES . fEFr=0375M Lid, HE— A%%mﬁﬁ
[Xuis Yo Zua] o 3% 4-6 1 C AR IS WKHl, C,, A BEMI R . 8 & nT Lk
ﬂh%%ﬁﬂﬁﬁ?"ﬂm&MEﬁﬁ%mF#%w5#&&%5@%szJq
2104 2~4,

& 4-6 RRALR T WS4, EaE EUARZIE
Table 4-6 Scar, hit position of plunger and air pocket under different speeds

Fr 0.35 0.375 0.40 0.425
e 1 1 1 1

Xy, / Lx107 9.10 8.62 9.86 10.40
Yo,/ Lx1072 4.95 4.31 5.67 5.83
z,,, | Lx107 1.38 1.20 118 1.20
C,/Lx107? 0.60 0.39 121 1.09
C,,/Lx107 0.18 0.16 0.44 0.47
X, | Lx107 17.90 — 16.49 19.90
Y, | Lx1072 10.25 — 10.05 12.42
z,,/ Lx107 1.37 — 1.39 1.02
C,,/Lx107 0.42 — 0.49 0.95
C,,/Lx107 0.14 — 0.22 0.30

Bl 4-13 JEoR T A FIUE NG AP B E . nTRVE R, S—#
LA AL F x/L=0.08~0.11F1y/L=0.04~0.06 Z[f], i _&&Ad S0 T
Xx/L=0.16~02My/L=01~0.132[a], Kk, Ak FREHE PR 2 R AZ AN )
A AW, I RS E S . T PR A RIATE A
VT AR RSy SN AN/
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Fig.4-13 Hit position of plunger under different speeds
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LA KIUIRG . 55— 2 MIRA 2 0 S RS 5 — B A G . 5] 4-10 AHEL, MBI
G X AR & R X, (HEh R JEZE K. @ik, AR B = ki3 7
N 1127Pa, L Fr=0.325 FMEZE &L 37%. MWK FSRE, Fr=0.3758 4
WS Fr=0350 AR % #m, EAMIM L T — 2% M MR, AR R0 =
Wb J124 1113 Pa o AT LAE B, X BN 0L H (A6 % 45 M IO % ) 2 AT 1R I 1)
—EtE.

Fr=0375 . oo B o i

B 4-14 Fr = 0.35 4= Fr = 0.375 WA & Hfa B /) 3
Fig.4-14 Bow wave structure and pressure at Fr = 0.35 and Fr =0.375
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M T AE U IS, Fr=0.35 I 7EAE IR BRE X AT P 26 25 AU, AN i i s S )
BRI . B 4-15 7R T Fr=0.35511 Fr = 0.375 I (48 Jls e . AT
KIkE, Fr=0.3507E x/ L =0.091F1 x/ L =0.179 FE 3 (IRIETF 46 5 B R &
HrE 2B S BoAMERE - SN T IR, BE5FE -1 EMEI, #
B ST A ETE N, BRI TR TR, 58— A2 s R AR
BR. fEFr=035f, FH-MTHELRNE-ANTER 15 5. WK 46 KFE,
Fr =0.375 0 ({55 — N2 A kN5 Fr=0.35 0 55 — N2 e s . shah, BEAR
M7 B ] LG BP9 AR PR B804S, (HTE Fr=0.375 3% A & B 28 — A0 F
B s

Fig.4-15 Air pocket and hit position at Fr = 0.35 and Fr = 0.375
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Fig.4-16 Counter-rotating vorticity around bow at Fr = 0.35 and Fr = 0.375
R BB 2> PEBEE B AR T X, b st B M U X i . 181 4-16 feom
T Fr=0.35H1Fr =0.375 B (AR AL« AR SR a] DUE S, 33X f AN 0 Hh 45
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A V2 2 SRS — MRS SR, VL BTG AR K V2 A A
TRIERIRM. 5 0R (V3 H VA 53R FnES LR, EEIEH
R EAE FAAERTEE /N o 37 VB R V6 AR =R, IR Ak Sy T iR DX T i Bk Ak
AR, X Deike SEMH [ TCRRE F AN BB IR I Bh. i T
BERLAN, B8 =X P e B IR R AR BRI S

4.3.4.2 Fr=0.40 A1 Fr =0.425

B AR 3 S, MEBEIAS B R DL R X a2 AE K. [ 4-17 2
Fr =0.40 Al Fr = 0.425 0] FIfE IR S5/ UL K 713 5 Fr=0.35~ 0.375 (1) LALAH L,
R O BR A B R 2, PR A3 T e K i A I BN 77 43 )& 1321 Pa Al 1394 Pa,
Perm 740 20%. AT LA BT IR BIAE B H B0 - 10 o - R 1 I FE 9 HL3h e
AT — 5 IIRE

Fredl oo s 0E

A 4-17 Fr = 0.40 f= Fr = 0.425 HAg ik 25 Hy o 7 %
Fig.4-17 Bow wave structure and pressure at Fr = 0.40 and Fr = 0.425
T 0 A MR P B 3G OK, DAL 17 77 A 1 2 <A TR DX AR R B K 4-18 K
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Fr=10.425

Fig.4-18 Air pocket and hit position at Fr = 0.40 and Fr = 0.425

ELE IR R AE TR, BARX AT 3 X, it
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Fig.4-19 Counter-rotating vorticity around bow at Fr = 0.40 and Fr = 0.425
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X3k 7k —0 2 A A R AL ER ML DU I A DX 3 e P, e B
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P 4-20 FEIR T MG AL % AR ) DD TH AN R DIDTHT, 7R RS 7 1) L # AT DA 2
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Fig.4-20 Transverse and longitudinal cuts around bow at Fr = 0.35
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Fig.4-21 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at x/L = 0.06

;is!
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B 4-22y/L=0.03 $#h&)iAE. HERE, MHERE, HEeREZE
Fig.4-22 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at y/L = 0.03
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Fig.4-23 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at x/L = 0.10

- e ) wi - C

B 4-24y/L=0.05 = RE. M@RAE, #HERE, HEREZHE
Fig.4-24 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at y/L = 0.05
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Fig.4-25 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at x/L = 0.16
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Fig.4-26 Axial vorticity, transverse vorticity, axial velocity, transverse velocity contour at y/L = 0.09
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Table 4-7 Comparison of resistance coefficient, sinkage and trim at Fr=0.35
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Fig.4-27 Comparison of wave profile on hull at Fr = 0.35 under different posture
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Fig.4-28 Comparison of bow wave under different posture
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Fig.4-29 Comparison of counter-rotating vorticity around bow at Fr = 0.35 under different posture

M 4-29 FTLUE H, THOT B RIS R 2 A e Al . B 4-30 Jy i T
FREIEIG S B R S — A e . BOFEBRET, BN EEE
I HH VR T i B 9 [0.0698L, 0.0468L, 0.0121L]; 1 [ & F i T, AR A7 B AL
Fr9[0.091L,0.0495L,0.0138L] . AHLLZ T, Hmfr EIEHT T 0.0212L . M 4-30
KE, BOTE BN LSS BN R, 2 I ARG Rl AR 2K 50%
KA.

- 71 -



AT R A A S

anz

B
in

i R

W WL 155 [T ] s [T }ﬂ'. s
B 4-30 RE4£ETF Fr=035 Bk E 5 =%
Fig.4-30 Plunger and air pocket at Fr = 0.35 under different
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c) Mesh generation on hull
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Fig.5-1 Mesh generation and refinement regions

5.2.2 A& IEIE

0.01
WL=0.0741

0
=i 151
EFD HL=0.1509 EFn
noEs poEs
oo s
5 . 0
P I
4 " A
I o )
| / \ \ i
. » | [ - P, o
o | f R - ]
= S ” + V. = faesn® L3 /
w " 1 “ \ ) wo" \ ey 4 ay
\ ¢
" ’ 4! L. 1 LI
W \ k)
L ' ‘i L% ] -
o008 b Lo b 005
001 L L i 4 s L L L L \ | s s L L L L i 1
wr o 0@ 04 06 o8 1 1214 16 18 A I T Y R T TR [EEEE 1
s L

n
L =042,
WL=0.4224 o
||||||
a
)
= -~ 4 ene
» e L, L
00
001 n 1 1 L L 1 1 L L
02 o [F] o4 (L) 08 1 1.2 14 16 1.8

oL

F 5-2 Fr = 0.26 B k18] 3%k &) v 2 kb
Fig.5-2 Comparison of longitudinal wave cuts at Fr = 0.26
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Fig.5-3 Comparison of wave profile on hull at Fr = 0.26
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Fig.5-4 Comparison of wave pattern at Fr = 0.26
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Table 5-1 Comparison of resistance coefficient at Fr = 0.26

1 AL Fr TR C,x107 C,x10° C x107
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Fig.5-5 Comparison of wave profile on hull at Fr = 0.35
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Fig.5-6 Comparison of bow wave at Fr = 0.35
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Fig.5-8 Comparison of scar at Fr = 0.35
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Fig.5-9 Comparison of velocity around bow at Fr = 0.35
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Fig.5-10 Comparison of vorticity around bow at Fr = 0.35
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Fig.5-11 Vorticity and velocity slices at x/L = 0.05
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Fig.5-13 Vorticity and velocity slices at x/L = 0.14
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