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Numerical Simulations and Validation of Added
Resistance and Motions of a Ship in Head Waves

Seo, Seonguk

Department of Ocean Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

As the International Maritime Organization (IMO) recently introduced the
Energy Efficiency Design Index (EEDI) for new ship buildings and the Energy
Efficiency Operational Indicator (EEOI) for ship operations, thus an accurate
estimation of added resistance of ships advancing in waves has become necessary.
In the present study, OpenFOAM, computational fluid dynamics libraries of which
source codes are open to the public, was used to predict the added resistance and
motions of a ship. Unstructured grid using a hanging-node and cut-cell method
was used to generate find grid around a free-surface and ship. A dynamic
deformation mesh method was used to simulate the motions of the ship. Five
wave lengths from a short wave length (44~0.65) to a long wave length
(ALp=1.95) were considered as head waves. The grid uncertainty was evaluated
with respect to three grid systems for a wave length of 1/47=1.15. The predicted
added resistance, and heave and pitch motions with various head waves were
compared with the data of model experiments. The wave pattern around the ship

and motions of the ship analyzed with respect to individual waves.

KEY WORDS: Added resistance 7}43}; Ship motion A4¥%-5; Head wave 41
% 3}; Uncertainty assessment =844 34]; Computational fluid dynamics #4Hf-
A <8, OpenFOAM 2 E3%E;
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ANEEE astHA diidos ALARte] wmeE o] dom, Gerritsma and
Beukelman (1972)2 Far-field W& AustA 7|48+t Near-field W2 H250]
P HLdE NS ARgste] AA #9198 sES HA AEske Witk
Faltinsen, et al. (1980)2 AI&A ol&& &3 &% 314 7]'Hol Near-field W=
Agste]  FIRARS AXRATE ©l9el%, Fang and Chen (2006) T3
B2l T8 3H(Green function method)< ©]-8-3F Near-field W& A8t
H7MAgs 7383 v doh Joncquez, et al. (2008), Kim and Kim (2011)&
ANZFEYelA 2ake] W (Rankin - panel method)< ©]&3dte] &I H

EAatel g B S ARSI Seo, et al. (2013) W F Aluke] FErpAg
Ak 3714 FAIE1A 71H(Strip method, Rankine panel method, Cartesian grid
method) &2 242} Al4kS Gaste] Zk 71| ARk AEE Hlaskgith

1.2.2 EFD(Experiment Fluid Dynamics)

Aduke] BrpA el tigk 27 AFEE F2 A oEst JIPHAY. Gerritsma
and Beukelman (1972)¢] fast cargo ship®l ©Hd FIIAYE AFE AFO=E
Strom-Tejsen  (1973)> Series 60 41%-=, Nakamura and Naito (1977)2 S175
AdoluAdel it F7HAd A5 FasATE Journee (1992)+ ST A(G)St
LengthBreath W17} TE 47174 Wigley Aol disl AAAJ FIAY dEe
T3SFSATE Park, et al. (2015) EFAFANA o] 7HA 2 i RIEAEE F

F7HAR A3 AHESE oA 9}% AAAR] S A5 A8
Nl

TEA 3 F I o Zo|9el s ua}

|

of
==

Hols F7HARel tidk 43
< Aduke] @go] FTMAFel miAle G A dTE0l AFHoeR IHsia
Ao, RIPAEE FaATIZl ffs) AR AAle] dde W AT ol
A7EHA Ak AR AAe @Y W o
“AX-bow” 2} “Leadge bow”7} SIth “AX-bow’s= 57 &Y AFR FAs
D7HEA WEske dAbEel Aol olF = AEE
Aotk “Leadge bow’e AFie] A A4S E7tgA el gl o3l
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F7HASS TAAIIE Aotk Kazuzyoshi, et al. (2004)= A& E349]
“AX-bow” ] FH AR AF@Ye IEA METGoRA FIUEARl Ho 30%
Zaske aRE AAAPES T SISt Hirota, et al (2005)% Alube
“Beak-bow”, “AX-bow”, “Leadge-bow”ell W3t F7}A43% RFHIAS T3l GFE]
Aol GRZ “AX-bow” ] ¢ B T Adute] RIpAGS FAATE Edel dis)
ATSATE Kuroda, et al. (2011)2 @3 FY9ex AeHol|qde 7BAPE
71Eo® Aiel F4s tstAl WstAZIEA Adgitel o] ARl mA|=
Gl thell A8k

1.2.3 CFD(Computational Fluid Dynamics)

Ao piesl G40 w9 BEae A Adel Ue 010111 AT 5 g
ARG A3 STkl BAR @RS FANM0l ZPssit olo) wek CFDE ol §%
Hute] A 0 RGN0 tiR APE Bus AT ok

Sato, et al. (1999 YWE3<H(The marker-density-function method)s ©]-83t
Wigley &3} series 60 A&¥e Wdo= 3 F heavedl pitch &5l tisl
A7 th.  Orihara and Miyata (2003)> WISDAM-XEH= Z2333  F3
A7 A (overlapping  grid system)E  ©]-&3st] SR-108 Aol wigF FUMARES
fAMstR o™, Weymouth, et al. (2005 CFDSHIP-IOWA Z=I33 A4
T2 Y (surface tracking methods)E ©]&3st WHEH Wigley hull Mo th
F7 AR 27 S (heave & pitch)&-5ol sl &8ttt UE P o= Wilson,
et al. (2006)2> DTMB 5512 “d&d| thd roll motions 34t T). Carrica, et al.
(2007)> 3 AAA single-phase level-set 7|H< |83l DTMB 5512 A1
sl #g T FIEAFS A8kt Simonsen, et al. (2013) Zutel o 3]
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1.24 OpenFOAM(Open Field Operation And Manipulation)

OpenFOAME 423 E7F F7HEo] FRE HFAS9SHCD)E e =+ U=
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Henry Weller AR} Hrvoje Jasak HUV} FOAMO|gt=  ol§o2 o]
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AA AY Qs &4 glelB#eld SNUFOAMS 7ldslth Seo, et al. (2016)
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F¢A < B34S 123 Shen, et al. (2015)F OpenFOAMO 57 FHZAA
7]%(dynamic overset grid technique)= 283t KCS Aute] 3145 2 &35S
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Attt
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HIFSA ol S=ok sbEHe Aldkstr] Sls) d¥ HElAAs =dE BE
PN A A oz ARl on 42 tadt o] 2ddEn.

vV oev,=0 (2.1)
8pg:m +V . (pmvmvm) =Vp+tV e (i) +9 (2.2)

A71elA pe B, & SEWH, p= ALEE YRt St 422F
ol 22l TSR TFET TE A ¥ HAS e nigkEA

oA vyt Zo] 2ddETh

tlo
lo
=)
ok
H

padiy —

T2 LL(VU—m)‘F VU,Z,;) (2.3)

A71A, oA me EFFE Avlsta EdFAAY B FEATF(wE =

o] Aejgn.

Pm = %girPair + QyaterPwater (24)
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GRE 1] s &5 HE UANS AP o Zo] Reynolds
(o)

= Py Uy Uy = ,ut(V v, + Vv, )] (2.6)

A7IA, p= FRAAAST, = w9l AAE eI

AfEel XSk §49E FHkE 5 ]‘ﬂolu‘r(let and Nichols, 1981). #%{]
ASPRHE 4% 4ol AR DA YT i D, A% o A

Lfap )tV  fappon) = =0y + (al—a)o,) (2.7)

20 <19 gkl

= AaA77] S1%E S4kekolthLee and

Rhee, 2015; Park, et al, 2016). *7]4 G gt ZaE 9% Ad<elaL, 0% MOH

#e T B =ReME H¥o] Hud AAA i 59 08S AHEIATE o &
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—w SST (Shear Stress Transport) ‘tHr =2 Menter (1994)0l s A7) = AT
k—w SST @7 BdL 7|E9 k—e BHY —w EES EFF &4 I (Blending
function)olth. ¥ IH AHolME k—w EDES ARSI BoARE W FEI
HdEH IR AHoME BFE ke EES AEFOEA, F REdo] JHAA Q=
ARE BT A FHolth #Helsz $99 AT AL FUsAT

o

w AN o AFE o] A o HBET,

)
I
I

k—eo A A 2] 283 Zol, k—w SSTS Auj FAHALE 2 (299 o]

6k

Z—%u « Vu—v + (D,vw)— (10— F)CDy,+ B,w=F, (2.9)
A7|M, K= IR oA (turbulent kinetic energy)E 9VW|Eti, wE W
Z1&(turbulent frequency)e o7ty D, Dy FAMHdiffusion) &=, G LG

A4Kdissipation) <, F, Fa *ﬂ (production) &= WIFE (D A
Fak(cross diffusion) Fo.2 FA oA G 29 AlolE mjugAl dAs] 3
UO=AM AHEHT o] e ‘jr%7 2.

D,=v+ow, D,=v+o,u (2.10)
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By =B w, B, =puw (211)

2 t ]2

Vu-i—(Vu)t 7‘ Vut+(Vu)

5 2.12)

2

; clﬁ*kw} ’ Eu =2

F, = min[21/t

20,
Ve Vu; 107" (2.13)

CD,,, = max

(turbulent kinematic viscosity

3

Reynolds stress¥ 02 AAHE dR&EEHA

coefficient) = Th3t Zo] A4t

ak Ok ak
v vatva) [ "’ vu+(Vu) @19
max | a,w; FQ\/i‘u‘ FQ\/?‘UQU‘
4 g (blending function )-‘5 OSZHE ¥ AYgX EF k—e ZDZ AL
ARATeE ¥ ZA A HSE p—w BEHE AR JAAT] Aolm QIFE XA

S B s ASITh E4 FFE £ A2 UERIL, 0~ 1 Al e

F, = tanh(arg'), F, =tanh(arg’) (2.15)
4o k
k 500 w,
arg min{min max( \*/_ ; :), — |5 10} (2.16)
wy Wy CD.,y
. 2 500
arg, = min max( f V) 100} (217)
Bwy’ wy

A71M, yi= 7Pk HOoRRY &g A7 AZE ondtt
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Co h-w RHOA ABHE A% G k- BN AEHE A5 G AolE
Adsie ABe 6 WD A Be Ale Rewd Ads] s A
e ohgat 2

C=FC+0-F)GC, (2.18)

o714, k—e value, free stream, y >> 0 XA F 09 e, k—w value,

boundary layer, y = 0 ZA F2 19 g SJrgth

SA AFHA B2 Fe BF Ar@des FFEAWY o =085, 0, =1, 0, =0.5,
7, = 0856, B, =0.075, B, =0.0828, 7, =0.5532, 7, =0.4403, 8 =0.09, a, =0.31,
¢, =10.0, k=041 HoJHW, 47]A olfHA 12 k—wolAe e orsiH

o) AR 2% k- eolAe) G ol g

24 6AFE 5

Bg T A eAHrE 2F A= fElAe Aol Feste I3 RHES ARt

o MAlY £F WSS A=E AUl Ak MM AFE £FL AFFL
A

]
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Ve (Vu,)=0 (219

y=— (2.20)

2 M B ERoAE 4 20)3 o] 23 slue] SaASE
Oode gFolm i AR 4 FA% Uele A FA Al AUs
wE AR olF &wE vehln S5 Tl wet e ol

= 0+ u, At 2.21)

A7NelA g e 712 XML AAHE dulalT, o Azt BE W
ARl M ARAS olrdit, o] WHEE Axdst Aol AL wrt YHs=S
A% WFPAF)7] fEe o Redd Axzt d4¥HE AHe AT 9o

1
404 AU AL 5 A=S Bk

L

242 6AHFE =% 3l 71

fge] &gk Auke) 62 E =52 dlAlskr] 913l A F3EA|(Cartesian coordinate
system)oll A Auke A= hstar Zp el Agete 3 RHES] S A4bsl ok
gtk Fig. 213 Zo] WA HFEAE o8t Mule &E5AHTS MHF F
UTHCarrica, et al, 2007). A WA FHFEA = AFA FH3FA (Earth-fixed coordinate
system, oxyz)& Wiy, F WA HIA= A el He AAIA
2}32 A (Ship-fixed coordinate system, o'xy'z)& Uttt A4 FH3EA oxyzollAl=
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g qom, AAay 3

off

ok

3 ol YHF HE o

h8A

Mol olgshe Az 2 % £
dutel B4l QAP B) AATA AN FS AT

A
oXyzZ A= Adute
A o thsiM EH .

Ship-fixed coordinate system

o Earth-fixed coordinate system

Fig. 2.1 Description of Earth-fixed and Ship-fixed coordinate systems

A7 FuEANA 2 Foll ik W EF(translations)?} 3] %5 (rotations) ]
ool A2 4 2223 2ol 2dT & jlon, AR AAIA FHEA A
A

AT $E0R Q% £59) FlETE 2 (223)7 o] BHH.

(smy) = (2,9, 2, ¢, 0,7) (2.22)

2.23)

(vy,v5) = (u,v,w,p, g, 7)

AZ1NAN x y; z ¢, 6, p= AT FHEAL 74 Wt 4= WEHE uisiH 4 v

w p g re AALE HABmA A Aute] Lo} 7HET WEE ougi
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AZbl wet aAg" AaE Ade #Ad B4 SAske W <
WH(Buler method)< 283t A7g A Ui AATZHTA ] o
2 (224)3 o), A HFA | et AT #HEA

1o
o2
=
A
b
rlr
1>
~
8
B

Ul - <]171 ° 'I:l/ '02 - ;]271 b .I"Q (2.24)

Ty — <]1 * Uyy iz - ;]2 * Uy (2.25)

= AR HBANA ASEHE ot AEEMEHE XAy A
AEE9 AEER Hshe odd M ddoint. &t 22 PE= £ddnh

[1  singtanf  cos¢tanf ]
J=10 cos® —sing (2.26)
L0 sine/cosf  cos¢/cosh
(1 0 sinf
J =10 coso singcost (2.27)
10 —sin¢ cospcosh |

A7 9 =+90° oA o F& oA etk 2y A pitch7t +90° 7F H=
Ae v 7HEE  lome FAR

AA A HEANA Auto] olFsts Lo tial] ATy EA A WE PH
J= T o] EdH:

costcost sintcosf —sinf
J 'a, = |—sintcosp+ singsinfcosyy  cosipcosd +singsinbsing  singcosf |a, (2.28)
singsiny +cos¢gsinfcosyy  —singcosyy + cospsinfsiny  cosfcosp
- 'I 5 -
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AR HEANA Auel Agohs P muEe] Fo they e Hom
Alske,

ZFI = m[ﬁ— ur+ wq—xa(q2 +T2)+yg(pg_ %’)-f—zG(pT"i‘(.])] (2'29)

EFy:m[i;—wp-i—ur—yg(r?+p2)+z(;(qr—1'))+xa(qp+f)] (2.30)

EFZ:m[fu—uq-l—vp—z(;(pg+q2)+x0(rp—('1)+yg(rq+b)} (2.31)

N, = Lp+ (L —Iy)qr-i-m[yg(ﬁ)— ug+op) — z o (v— wp+ ur) (2.32)

ZMy = [yq-i- (L, — L)rp+mlzo(u—vr+wq) — z o (w—ug+vp)) (2.33)

ZMZ = [Zr-i- ([y —L)pg+m [a:G(b— wp+ur)— yG(ﬁ— or+ wq)] (2.34)
A7, x y = DAL HIFAY 7 WS ouRith E=3F Fe dS, M
RRIES, A= BHAFE Gl gy ek p g & 7 Wl UF Sl
4T T BT i, 5, 0sh g G e 2 B 0 GRS e
IR o 6 2 HAAFAAT FAFAA Aolel ANE x y, 2FOZ e
ol

o714, ol A e= AF1A FH3

B
2
]
lo
=)
ot
id
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25 X = 74

TR 2 YA 9= A4S F3s7] Y waves2Foam  do|B g E
23} Th(Jacobsen, et al, 2012). waves2Foam<> Relaxation zone techniques&
olg3le IS FIY F Yo, 1, 2, 53 stokes I U B2y, I§9 F

251 Relaxation zone

o AL FXHoR T3] YaAME FFS FEstn dHEA AYAdsioF &
wRE opyel FA Fx WollA BAss WA Aty 58 adFor AT
AofoF FHt}. Relaxation zone Fig. 2.29F o] S AAdsk= A 7 (Wave
generation zone)¥} 39| WALE WA|Etal ZAAIHOZ 2EAI|E 24 Y (Damping
zone) 0.2 TAED tad 2L e Tl FE(ws AAR(e)E WA AR &
By BE A A A oS A AN

-

ot

u = (1 - w)utarget + wucamputed (237)

a = (1 —w )atarget T wacomputed (238)

o714, we weighting functions ©|P|8}al, relaxation zoned we[0,1] HHolA]
AlLFE T Jacobsen, et al. (2012)2 exponential *¥*H 3} third order polynomi !
A3 weighting function®] Zts E3IF oM, B =Fd4= exponential ¥
ol-&stath 42 o3 Atk

=
of

w=1- 1_11 for < [0, 1] (2.39)

_17_
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o7|A, z=[0,1] relaxation zone W T 9P| x=0, w=0 FZrolA=
boundary W3} relaxation zone ARelo] AAW-E om|siH, o]e} RHHZ =1, w=1
Tt A= relaxation zone¥} computed zone Atole] ZAAA-E Uittt p= 7|E
o= 355 AHE3IGT

wave generating:
zone

computed zone i damping zone

*1

[ il

Fig. 2.2 Relaxation zone with qualitative weighting function in wave generation zone

and damping zone

252 1 o] &

27 stokes T o|EL Agdle] TS ST waves2Foam 2folHefelolt
4 =

g AL 58 st AT Akl sk AK(U,,,) 2ol 7l ol

&S F7HloFgtth. Jacobsen, et al. (2012)°llA4 AHE-E 22} stokes ¥} o] &4 T34
o] Aejdnt

_18_

Collection @ kmou



H’k 3

H 1
= + - 2 2.4
= cos(arg) 16 \ tann® (eh)  tanh (kh) cos2(arg) (2.40)
_ 7H coshk(z+h) 3Hwk cosh2k(z+h)
U= ~oinh (Gh) cos(arg)+ 16 iah'kh cos2(arg) (2.41)
H si + H? inh2k(z+
w=—"17 sinhk(z +h) sin(arg) — 3H wk sinh2k(z+h) sin2(arg) (2.42)

T sinh(kh) 16 sinh‘kh
1 KH?*  3cosh2k(z+h)

kH coshk(z+h) 1
179 sinh2kh sinh%kh—1

) coshkh

P= sin(arg)+ sin2(arg)  (243)

ANNM, e o] UAE APIStE, 4 we WP B PR FH WP &=
BEe VAT Az el ofulelR, M e o), k= Toln] he AHFAHCIA

e SA oJmlgth a0 A= W gt A gl AuFe ojE @,

arg=wt—kx+ kU, t+¢ (2.44)

w= V/gktanh (kh) (2.45)

rlr
ofy
)
N
1p
bt
it

ofm gt
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A4

A 3R

3.1 ol Alg]Z(Fourier Series)
vegoll o) Aol 2t

3 b1, Al 2Hgahe

g

E
-;—7(

A

1

|

k)
i

kAT

°]-&

1 cosT9} sinit}o]

o
hs

w}

B

—

T

(3.1)

11, & n WA %3} Z1F(harmonic

<

1

N
+ Y pcos@nf nt+7,)

n

%
2

p(t)=

7} Zo] FdH
omgty 1 W

[e)

=

), ool
amplitude)

R

UeEaL, n>29]

71drE Ut o,

ofp
T

el

A

0
]

A

71l A vl

N
__0.._

(32)
(3.3)
(34)

11, 2, 3

n ®A 5 $°¥(corresponding phase)<
=1, 2, 3

[e)
_20_
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b,
v, =tan ' ( a/ )= (3.5

A71oNA v £09 W, Aol sidEs ke 27] S ofrith

W
)
4z

ARk K

U w, Mute] 28 A AFS HAd 2AgHE Yo FAAs S|

==
K=
A % Qe

F,

z,calm

C IR L N
| 0. 5[)A 9h7,p

A7NNA B AG 5 AAVE 235t xWFoz FA8sh= IS ekl Aol
pE BE, A AA9] 84, Uy AHM £2E on|3i.

now I3k Aduke] RrEAFRE upge] s AN AFH Ag FolA ALLE
Aol AA2A AT Fapds | e vhed Zo] ddEth

(Fz,wave_Fw,mlm) (37)
Oqw — .
p9CnB %VL / Lpp

ATINA] Fope Shebol 93l ALFR 0 WAl ZERZ0] AFHE G ojnlaha, o
F9 MR, G 1 WA 28020 Y B, EEEREE

Kol, L= Auke] dolg ojv|aik

o8]
S
rlo
4
2
2,
ol

_2']_
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Hgog g AHte] Astee B Fe8v ALEEr(transfer function, TF)E

Agstel 4T 5 ik

TR, = 2L (3.8)
Cn

TF, = 2 (3.9)
<]1k

A7 TF, TR 44 3stel 580 i AEdrE st x x
A

1 WA Z3}RZo 3

34 ESEAY H4E3}
ITTCAlA  AQksh= Aateh ol wa B4 sids dsiqin. 2544
Aol dE dEbu]E(input parameter) UERE 4 e FAF dHREe WHE

9% (6), AR 278, ARE A, 7B WR(E) FOE UEhd & Atk FFAQ

T2 A2t T ESFRP(Usp) S T 2ol AT 5 JTHITTC, 2008; Seo, et
al., 2016).
Osy =07t 0g+or+ - (3.10)
Uly=Ui+ Ui+ Ui+ - (3.11)

_22_
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HAAHGE AHgstd 41 3 B34(Ug )& B o ok

USN U]""U(*"‘UT te (3.12)

44

tlo
ox

=]
=

J

T 98 WE 2% A% 27, ARE sebled] oE £
A7} QAs|ofof Fk £AYUE 23] sl 3744 ARA B8 AR 2ol

e

7o) A ME S, S, S5 ©1F W 2 (312), (313) ol&sl FEE(R)E
T F A A7IA F = FAA el sidE s oY detrE o sidEch

€i21 = Pi2-051 (3.13)
€5 = 5328, (3.14)
Ry =i/ €3 (3.15)

(i) Monotonic convergence : 0 < R, <1 (3.16)
(ii) Oscillatory convergence : R; <0
(iii) Divergence : R; > 1

2] (316)9] ()Z e A ITTC Aol whe} Richardson 24 o]-gghth $-A4]

[e)

il
refinement ratio () ¥& FEIUE1Q] Bl &(n = Ax/Ax; = Axy/Dx)E YERE &
At

A WA, 1 = 1y = nep oY, ZEE(P)S] @2 G534 2ol ALE 5 Atk

_23_
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In | 6z\32/6i,21 |

Pi="nG) (3.17)

F A, 52 # 5 @ W, AR HE e 2ol 7 5 o

Pi:m |1n|€z.32/€i,21|+q(]9)| (3-18)
7“?32 - S

q(p) =In| — (3.19)
Tio1 — 8

§= 5qn(€i,32/€i.21) (3-20)

&, 2HA A #He Agstd EFEA(D), F8E LMY, TEE

T
BIAX(0)S Al 5 Yok

W GE¢ (3.21)
Tfi.est ) :
* * €;.21
' rﬁ" -1
U= | Cong |+ | (1= C)on | (3.23)
U= | (1= )y (3.24)
A7NA pec FAREE Fholth
- 24 -
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Al 47 dgde] Ad 2 sy =4

41 HgA

0’4 (Ship model)2 A FEREATF2NA AAGE 3,600TEU  ZE| o] AQ1
KRISO Container Ship(KCS)S.2 A5ttt Ade] Aol FORCE Technology
Z1d A Fae 6.0702me] 213 FYEAl AR5 tHSadat-Hosseini, et al.,, 2015).
KCSe| a4 9 M2 Table 4.1, Fig. 413 22 Elrudder)E E33tth

Table 4.1 Principal particulars of KCS model

Principal particulars Scale
Scale factor 1:37.9
Length between perpendiculars Lpp (m) 6.0702
Length of water line Ly (m) 6.1357
Maximum beam of waterline By (m) 0.8498
Depth D (m) 0.5015
Design draft T (m) 0.2850
Displacement volume v (i) 0.9571
Ship Wetted surface with rudder S () 6.6978
Longitudinal center of buoyancy (fwd+) LCB (%Lep) -1.48
Longitudinal center of gravity (from aft) LCG (m) 2.945
Vertical center of gravity (from keel) KG (m) 0.192
Metacentric height GM (m) 0.0158
K / Bu 0.40
Moment of inertia K, / Lpp 0.25
K, / Lpp 0.25
Reynolds number Re 1.07x10
Froude number Fr 0.261
- 25 -
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)

3-D view Bow and stern view

41

Fig. 41 KCS body plan and hull form

42 34 =4

Table 42%} #Z©°] H(calm water, Case 0), TIshort wave, Case 1~2),
Hmedium wave, Case 3), Z3H(long wave, Case 4~5) Z1OZ E-F3IHTE TUSH
z7ol|l A apgol ofgk Aute] A F7te] M & FFe HA= %5‘}%3-54
& Z2AE el ymA &F e BT FEIth 99
7](wave steepness) EF 1/600.E ARSI, T3 FAY W2 A AT

oy I O{N
o OHT tr
Fo

N,

Muto] WFeHe &Ee 2 sgow wAlsle Aule 2$Fuencounter

frequency, £) ¥ Z9-F7](encounter period, 7)v Tha3} Zo] ALHETh

~

= Vg/@2m\) + U/ X (4.1)
T, =1/f, (4.2)
71N, g FENEE, 1e 3, Uye A9 17 £55 ofn|stt
- 26 -
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Table 4.2 Simulation conditions in calm water and regular head waves

Case Froude Wave steepness Wave length Encounter Encounter period
no. number HA ALpp frequency T. (s
£ (H)

0 0.261 calm water (no waves)

1 0.261 1/60 0.65 1.136 0.878

2 0.261 1/60 0.85 0.940 1.064

3 0.261 1/60 1.15 0.762 1.312

4 0.261 1/60 1.37 0.676 1.480

5 0.261 1/60 1.95 0.533 1.874
43 AEF A =2

A 2 2 AA =Vl A7+ Fg. 429 ol At HuAFAE
AHgEtom, AAY FATAS ZIECE AnHEE x=F, HAWIFE yF, =9

e zFo2 MYk sk

AA =l ALY 2 FHSAT AAY 2715 1LE FJ59S o, H
&2 2L Av] FFos 512 ARG 2 1L FH AEE 05 FH okE
3L2 AT Atel E&S fs) A9 bl sgEe mvdeE Atk
st

d7HAA &5, 7, AFu8lo] gk AAZXHEE Dirichlet 27, 9482 Neumann

FHoE A3, olst W2 E7HoM &5, G, AAHE Neumann %7,
322 Dirichlet 27102 A 830tk B 02 y=0 WS 7|22 tjo]7] wfj&o]

y=0"l= symmetry 71, AA| FHLS HAY EFEHEE Dirichlet Z71O
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I[::
—
b~

3L |

Outlet
boundary

Inlet
boundary

3L

RRRERRRRRRRRTEY.

Fig. 42 Domain extent, boundary conditions, and grid

OpenFOAMOI| A Al g8k AHE AAF A4 wEEQ] blockMeshs ©]-83to] ZA]
THjlels A8 AxE YA O v, KCS 798 Aol sidss AAb=
snappyHexMeshE ©]-8-3}¢] hanging node mesh®} cut cell mesh?]l HIAE Ax=Z
stk AA F919 F23 Afrrd 2H-e AAE "WPAZ e, E7He
olxdrE AAY WHEE AAAFT. T AAS FE oF 370vHola, A4

= oF 3WE ARBSIITE ol= HolA o]FolX AAER | ZEdA
medium Ao 7]Fo] ok

H38E Agshs Y FY(Wave generating zone)d o] WHARE  WA|E|aL
AEA)E 7 79 (Damping zone)= A3t 5 AASIATE VY 7Y 74
He Fig. 437 Zo] AAIAL = dZFGAFEH LEZSR lgdtt. A
T97 ATFEY Al Tt dREe ddd BT 244, F3 9 Aulo
FE = FYol= 148 2ASAT A= 23} stokes T 0] &S AREEIATL 119
AYz7], xA=0 AHAA FFe| vl (crest) 2} AA Q] HAFFEo] YAFES 3}
JAae]l 271914 (initial phase)= 002 AATAT xA=0513 Ao A2

RAFA 0] X G,

(~f
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50

I e S o —
B 1~2 I=2N
N __ Wave
» | generating Wave propagation Damping zone
L Zone — >
-100
_150 1 1 I 1 1 1 1 I ] | 1 1 I 1 1 1 1 I | 1 1 1 I 1 1 1 1 I 1 1 1 1
1 0 1 2 3 4 &
X/,
Fig. 4.3 Simulation domain for wave generation and damping zones
44 X W

AgRE WA, &5d BE WA, dREE WEAe HYSAE 7N Ry
FelolA ALted A S4A AHEEE ARG, SR8 e dAAde
SIMPLE(Patankar and Spalding, 1972)3 PISO(Issa, 1986)&

duglES A8ttt GYREEL SST k- v Z¥(Menter, 1993)7 H3H(Park, et al,

2013)8 AHEsHth Wi &2 TVD scheme®l vanLeer (Van Leer, 1979) limiter®

At AEetaL, Bk 22k =] T4 ARe AEste] Atk A=
SHEARES RAREe EU olst e ARgste] Alteiiid didE A<
FeE4e F7HN717] 93l Algebraic Multi-Grid(AMG) 8% (Weiss, et al, 1999)&
AH8-8F31 3L, Gauss-Seidel WHE AlAPH & ARE-8ted th=rd4& Al4kstsiTh
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A5 F Ay A

51 A5 5

A4 T 20Y w|(Case 0), Fr=02619] A&oH 5450 *’—*T‘% 74 $-(motion
fixed)g‘r T4EA @ A9 (motion free)E Bk, A &= A A3,
7} zk7 vwsle] Table 51011 UERA AT

sinkage$} trim®] ko] %‘FC’L AL A7y 7129 AAeNAM AAZE Thetgete AR
Aol AduiE Boh ol 2 7]&o FeE on|gith AbE A KCSY
b o AAls Tlkelerom Ade Fito] ofgjEow rleofxl
@3 AL T F Aok Trimol bist ARl AAEZFE 7|FEo=
(st Arl(5)el 2 o]&AdE o838t Trim A%(=tan (2|6, +6,|/Lyp)) S

Akt A3 sinkage Aol gk Hlal A= 5% oo™ trimS 2% ©JU =

APA Aol ZHI ApF B AL A & Atk AAY Al disiAe
LEATO) FEHEA B A LFHEL FEA ARG 2 AL X 5 9
Table 5.1 Result in calm water
motion | Cr (x107) | sinkage/Lpr (x107) | trim (deg.)
free 4.018 -1.989 -0.1676
Present (Case 0)
fixed 3.876
EFD (Sadat-Hosseini, et al., 2015) free 3.835 -2.074 -0.1646
Error (motion free % EFD) . -4.757 4216 -1.845
- 30 -
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(@) free motion

72\

(b) fixed motion

TN [

zLpp: -0.005-0.004-0.003-0.002-0001 0 0.001 0.002 0.003 0.004 0.005

Fig. 51 Wave pattern around KCS in calm water for free and fixed motions
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0016

——— free motion

fixed motion

oo ;'— \‘

0.005

XL,

-0.00&

oM L L L L 1 L L I 1 I 1 L 1 ! ! L 1
x/L ' '

PP

Fig. 5.2 Hull wave profiles for free and fixed motions

52 v3o| A

BE ol oisl Agsta dud 4%— Ast=s e W de sidsketl
T8 848 AT =]l deld A" vl AZsn JaHA

AREJEA AFsr] s Addtel fls A BHddA Ade s,

Aute] M4EE3 shae] Bk sk AY(A=0)S 71FOR Al e st
WelE Z4stel AY A Mmstsdeh AFATE hitp:/ /www.2015:nmri.gojpol A
g & et

AATE vk dnael AR BEE] S8 277 B AW B3 7%
sl A gl @ Ww 1H=E Fg 530 e AEoe s
ME F7)E BE Tl Y Anel vad o et 2L Y %
EF, AN Ast] ol T AP2E AgH 7 shgel tiF 13 2
Hae % mHAY Pt wwsel Table 5201 EIAT. FAR AAF Agaln
17 wzel sHgel AWSE Be AAE B el XL Yol LA} Fojet
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A= 5%MS ollelA RHEsta glom A WU,

AL nyY 47 3 o e
Aol 27] ol W4T Hust A7) e AFEL wnd YBEA Ades
= A X |

t'Te

(c) Case 3 (ALp=1.15)
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tTe
(e) Case 5 (A4p=1.95)

Fig. 5.3 Time history of wave elevation in different waves

Table 5.2 1st harmonic wave amplitude in different wave conditions

wave amplitude(J/Lpp*10%)

Case 1 2 3 4 5
Present 4.883 6.226 10.033 12.169 16.111
EFD (Sadat-Hosseini, et
5.132 6.409 10.152 12.300 16.114
al., 2015)
Error (% of EFD) 4.846 2.849 1.167 1.068 0.044
- 34 -
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53 344 34

FItAg FAsA Aol gk EGAAES ASsh] 98 A AR Uro]
Azl gt EEAS dlAste] Hla HESGAT. Table 539 Zo] AR A7]=
coarse, medium fine 39AE AAsUoH, wiH ALY Arle EE WIFoE
1.2580% FAIFATE T3, 3782 AAAl] tigk F3v(aspect ratio)v BT FY3H
AR89t Fig. 54w KCS9 Aol Aw|REs Fojste] 37k AxAl g
AFARD Az B4 e Zlojth

El

48 AR B AR d9de wAE = UARE snappyHexMesh=z A3
AA= hanging node mesh$} cut cell mesh®= AHE vAHE AAZH AAHo=
AA - Az 8 Agstal GHHA s AL otk ey
snappyHexMesh®| Al A& Fal vz JdHHA F7lstdtial 7Hdsta A5
A 8YsFAHSeo, et al, 2016). HFHOZ AAE ARG coarse AA oF 203%H,
medium A7} oF 370%47), fine 7} oF 688%E7H o] T

Table 5.3 Grid sizes for the uncertainty analysis

Number of
Grid system Number of mesh
background of mesh
coarse €)) 128%16x48 2,026,386
medium 2) 160x20x60 3,700,684
fine 3 200%x25%75 6,877,501
- 35 -
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(@) coarse mesh

(c) fine mesh

(b) medium mesh
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Fig. 54 KCS bow(left) and stern(right) magnified view of three meshes
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A AA 4+ WO R refinement ratios WE3SEZ| offty. wElx Azl Ao
Wae ol Aot W, 3 AbA pe] 32 4 19 2ol AHE
ATHCelik, et al., 2008).

=L San]” 61

AZIA aVeE AR F3E ousiH, N2 F AAE oW Table 54 4
Gne=ss 2 e A8 mn el #E UEML Bl
snappyHexMesh® A4 H BIAE AA= refinement ratio?] H&0] T2 1y # 122
e = Akt

E

Table 54 Grid length A for refinement ratio

Total volume (m” ) h; (m) h; (m) h; (m) G2 gz

6262.778 0.146 0.119 0.097 1.222 1.229

Azpel BHAAS d43L7] Yl case 3& UIEE AASI, AA =7 w1
293704 g S sa, A A, iAY, dekss 2 F58 58w
2l 550 YeRNSITE =3, Ax Wt tidk Adte] wWEeS 198
EAT %LZ_P% Qrﬂé}fﬂ FASATE 37HA Azke] B34 A gt AdE
= weh g3, A A, SEeHe 7|9 Aoyt BAEHA A,

53] A A @ Hakgo] g Sl v by 2

il

2
g % oglth olsh 2L Atel: vz sudda 2 4
%

ojgalA EFLAS MY = AU
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0
T

=3
3}
T

S
o

08

coarse mesh
medium mesh
fine mesh

N o
O T

02

04 06 08

tTe

(@) wave amplitude

0.02

coarse mesh
medium mesh

————— fine mesh

-0.01

04 06 08

40

coarse mesh
medium mesh
fine mesh
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coarse mesh
————— medium mesh
————— fine mesh

coarse mesh
————— medium mesh
————— fine mesh
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Fig. 55 One period of encounter for wave amplitude, 3 0a, 7F; IFs for grid
convergence study (Case 3, A47~1.15)
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FAE BHAALS 1174%C2 T2 Ade] g dudez & F= IUFHITh
Simonsen, et al. (2014) =&ollA Aol gk F7HAe EFAE A= 788% 0=
TR A Ao Aol FIMAR EFEAC] ¥ An. ol¢t A2 AIE T = o,
g F Al Z&ste FUHAE B A7l AR =] wstel] dis) ¢
Hzsittal Aad 4 Qloh

Table 5.5 Result of grid uncertainty analysis for Case 3

Su Cr Oaw 1F; TF5
S5 0.0605 15.69 12.188 0.882 0.713
S 0.0609 14.907 10.807 0.901 0.724
Solution
S 0.0611 14.296 9.797 0911 0.733
EFD 0.0616 14.157 9.911 0.899 0.748
R; 0.401 0.780 0.731 0.556 0.840
(convergence) MO) MCO) MO) MC) MC)
Py 4216 1.048 1.356 2.661 0.697
2715 0.472 0.632 1.433 0.674
5 -0.291x10° 1.194 1.974 2.047x107 | -3.938x102
(% S) (-0.48%) (8.35%) (20.15%) (-2.25%) (-5.38%)
Us 0.475x10° 2.526 3.125 2.665x107 5.839x107
(% S) (0.78%) (17.67%) (31.89%) (2.92%) (7.97%)
Use 0.184x10° 1.333 1.15 0.618x107 1.901x107
(% S) (0.30%) (9.32%) (11.74%) (0.68%) (2.60%)

*  Convergence : MC=Monotonic ~Convergence; OC=Oscillatory ~Convergence;

MD=Monotonic Divergence; OD=Oscillatory Divergence
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http:/ /www.t2015.nmri.gojpoll Al &g 4= i},
Case 1~200|4 F&8& &F ALAA= P2} tha Aort AL, Bdks

o AR A9E A@ATe} vasEH 7Z] Aol Hrh= oRRte] §Pdate] 7} A
e AT 5 vk Case 49 Hsts8 2 FTso A AR 3 nRPIAE
A@ATete] Satol7t BT 8L} Case 35904 ks ot TER SRS
Y Aol g RE A= AS IRIT 5

}:o

0

A}

A AF AR A= Case 55 AlQIF UHA dollA ddAAe} dhRE HOE
FH 2 AFth 53, Case 29 A% A A A Aie AJEAHe} vE F7]
FHE sstal Ae= & F Utk 2015 Tokyo CFD Workshopoll Al 3d 2]l 4
AFANME IR Z A@AaFet AolE gld 4 lom o ATolA A
ZEIH0 T AREY OpenFOAM ZA#8} HIS=gk F4o g MFshes Ae &I
Atk oek 2 Zo|rp WAZE UflS AMENS wf, RIAPANAM Tt AP
A, ZINDY A Addde 2L = e 2rlEd Aol Ee
gt oA Adutell mAle WAL 9] o] Foz s & 4 ok Case

3ol Ad@dyt= W Fo] A yehrlel 1 F710] U Bogez Yehiglen
J

_4']_

Collection @ kmou



0.015
0.01 -

5
T 0.005

-0.005 4 2 o0F 06 0E 1
tTe
@ Cr
05
0 -

A

1o ) 0 06 0E 1
tTe
(b) heave
0.05
0 -

01

-0.15

. . . .
0.2 0.4 0.6 0.8
t'Te

(c) pitch
Fig. 5.6 Time history for (7 heave and pitch motion of Case 1 (A,£z7=0.65)
(EFD : symbol, Present : line)
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Fig. 5.7 Time history for (7 heave and pitch motion of Case 2 (A,£7=0.85)
(EFD : symbol, Present : line)
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Fig. 58 Time history for (7 heave and pitch motion of Case 3 (A,£p=1.15)
(EFD : symbol, Present : line)
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Fig. 59 Time history for (7 heave and pitch motion of Case 4 (A£p=1.37)
(EFD : symbol, Present : line)
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Fig. 510 Time history for (; heave and pitch motion of Case 5 (4,47~1.95)
(EFD : symbol, Present : line)
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LapEg 2 Zle AT o k. B3 @l Y(Case 1~2)°
Ap7E duder e d9Ry At olfi Fig. 56~579]
oM Ay Adel AP Adpele]l Aozt =] wEelth A
Aetas o, o8 8 A AR o= AF g ol 9% ol E A
Ty FUHARE ks A AR eapEy 2 ASE Yehied
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Table 5.6 Crin difference wave conditions

Cr (¥10°)
Case 1 2 3 4 5
Present 4.379 5.036 7.451 7.559 5.514
EFD (Sadat-Hosseini,
4.127 4.622 7.078 6.977 5421
et al., 2015)
Error (% of EFD) -6.120 -8.944 -5.271 -8.335 -1.725
Table 5.7 Added resistance coefficient in difference wave conditions
Oaw
Case 1 2 3 4 5
Present 4.803 8.320 10.807 7.577 1.828
EFD (Sadat-Hosseini,
3.386 6.102 9911 6.512 1.909
et al., 2015)
Error (% of EFD) -41.853 -36.353 -9.042 -16.348 4.252
- 47 -
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Table 5.8 Heave transfer function in difference wave conditions

TF;
Case 1 2 3 4 5
Present 0.117 0.242 0.901 0.899 0.890
EFD (Sadat-Hosseini,
0.130 0.241 0.899 0.875 0.933
et al., 2015)
Error (% of EFD) 9.936 -0.446 -0.242 -2.760 4.615

Table 5.9 Pitch transfer function in difference wave conditions

TF;
Case 1 2 3 4 5
Present 0.010 0.225 0.724 0971 1.067
EFD (Sadat-Hosseini,
0.017 0.146 0.748 0.966 1.119
et al., 2015)
Error (% of EFD) 42.000 -53.573 3.294 -0.578 4.652

Fig. 511 ﬁW% go2EsE i A= e SEE dehd
agfzeltt. FYg 2719 6.07m KCS EFAE 2 o]9fol% 437m KCS RHHY
Z 7HSimonsen, et al., 2013)2} 2.10m KCS ¥ A F Z7}(Sadat-Hosseini, et al., 2015)%
A FIEIRT. B FAEA Ade diRE 4 279 REAY
AJET FjHoE 2 o= FAH AR vE A7|Y =ILF At

Hwet S o] 23AE A3 HF Yol B3t s & F Aok =3 ks
2 FE8Y AL FAEA AAde U3 A7) LY Ao diFEE
= e T F Utk Fig 56~579 A A3 Tz} Tutg el
TE8 SF IdEZe AP ARG AolE HolARh ArV|E spEE
AR FABHA Uehde As 8908 o Aok wabA FURARE sk
718 PHEE BEe A5 FasAN AEd s AsiAe ARt &
H3ls & a7t ok

}

0
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Fig. 5.11 Results of added resistance coefficient, transfer functions of heave and pitch

motions in different wave conditions
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Fig. 5.14 Wave pattern (top view) and motions (side view) over one encounter

period of Case 2 (A/Lp=0.85)
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Fig. 515 Wave pattern (top view) and motions (side view) over one encounter
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