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wgko] thel 3P C™, Kim et al. (2021a; 2021b; 2021c)=
TR 2 Star-CCM+E ARS8t theket o 24 oty 5
AZAAG AE 9 A3IANEES F333 v7F AT Kim & Tezdogan
(2022)2 B &3 T KCS Ad2 A3AHS ALkt
g T ZFTAY HoHE 8% vu JdT7E FIdHIL
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2 AFolME CFD 7|HE o83t I FolAe Aube
23T se Hrhsle AL HxE I A WA=, H83 CFD
7Rl st B4 sl FHSAT. CFD 4 olA= 4
7ol wEbd 8 A=7F dsiAl dd et AR
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2. 34 7|9
2.1 A3 71'H (snuMHLFoam)

2.1 A A 5 dF 2dy

B Ao A= OpenCFD Aboll 2JsjA] 7]et® OpenFOAM-v1912
HAS HEoE Agtsta ASFFAGE dAFAdA AL
snuMHLFoam(Seoul National University Marine Hydrodynamics Lab.
FOAM)< ©]&3to] Al4te] 2=t B 34 7]'H2 OpenFOAM-
v1912914 A F3skE T (overse) A4 7S o] &5t HIFESA
(incompressible), Y| &34 (immiscible), THd(multiphase) & AAHES
3t overlnterDyMFoam3} 3}& $3}(wave relaxation) W20 =Z
g5-S AL 7l st= waves2Foam(Jacobsen et al., 2012)& A3
=

snuMHLFoamell A& A4 ¥4 W] A sl dis] 4
2.9 A< WA A (continuity equation)S T& ZHOE Flo] 2
(2.2)8] Ynlol-2~EF 2 WA A (Navier-Stokes equation)] 3| & T3+,
Unlo.2EF 2~ WA el Aol H¢EHA Newtonian A7}
7 EAT. A pv= BE, uv 5 HHG, j=x,y, z FF F
stUE on)), pme ATUS AT 4E, g & Y JIEE W,

pe A JAAF, fiv A5 3 AHE grjsit. FrHEHo R

A Ao 3 X El= Volume of Fluid(VOF) ¥2jo] o] &% %] o
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ou.
Fi_o
o 2.1)
a(pu ) a(pu’uf) aprgh azu'
’ =— + L+ pg.+pf 2.2

ot ox ] o, a ox jax ; P8+ Pl @2)
oo d(au,)
- AN .
ot ox (2-3)

=(l-o v T O pater
{P (1-a)p,, +ap, o

lll = (1 - a)luair + a/uwater

2 2.)F 2 (22)Y £E-48 dA A= PISO(Pressure-Implicit
with Splitting of Operators) %112 & ¥} SIMPLE(Semi-Implicit Method for
Pressure Linked Equations) ¥312]5< Z % PIMPLE(PISO + SIMPLE)
diglES T3t sHAHET. FA Aol “d7d Al H(interface) A 2ol &
MULES(Multidimensional Universal Limiter with Explicit Solution) 7] ©]
AFE-E AT MULES W2 &892 B4 7] (flux corrected transport;
Zalesak, 1979)= vl S 2 3l A A(limiter)E =Y3te] G AN

Ao tisiARt FrHEHeE FAANE 4S5 &Y X(interfacial

13 <]



compression flux) &S 1#H3F] A4S 33T} (Deshpande et al.,
2012).

G S AWMl fsiAe B dolsx Htr upH -
22E T 2~(URANS) W 2& o] &3t URANS 429 A o
oA AFEAQD IR/ FEEo] LdETE @Hol Jon
Aol gk AofF zxdo] &stHo] welaA AL H8Z FH A

BAAR] Aol Ak URANS A4S Albstr] faixe= H

HAANA BAYst= Hols= 2E# 2(Reynolds’ stress, 7, ., :—pu?)

1

e F7HHoE m2dy  slodoF 3t}h. Boussinesqv  #ElolEX
2

o
o
ol
LY
222
of
]

(mean rates of deformation)®l H]& $th=
M-S Fel A 259 2ol AT AVIA wes dRAAAST,
Ut B & &5 9, k= 47 &5l A(turbulent kinematic
IRSIRS R

-

energy), d;= Kronecker deltas &w| gt} FFHAAA T

rr

Tl AR ke X@F(Launder & Spalding, 1974)3 ko
2 (Wilcox, 1988)S 7|¥ro g2 3lo] WEge wdgESo] dg AL
Zolty, B AFNME= ko SST(shear stress transport)

X9 & (Menter, 1993)= A &S AT

= ks, 2.5)

e

kw SST ¢&F xdzge =5 A ket o

"

H] A 4h-&(specific dissipation rate) S HIE S SHTh. OpenFOAM O Al &
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ko SST d&/ RIHE A&t A, k9 ool tiste] 742 2
2.6)%F 2 2N FF BAAE A4 o a9 FF PR AS
53 dod k9t 0E HIEoE 4 (28)S FI GFHAASFE
AR A Ao A7IA veE 7419 53 A Al F(kinematic viscosity, v =
wp), viee & SZAA T = wip), P i s ANHA B (P

= min(G, 108%w)), §=+2S:S (S£ WIHE HX(strain rate) ®A]),

u [ du, Ou, - }
G=vt_’(a_l+a .]J’ Si, So= ZY7Ztel WMEEY A2 3 F, Fue
. X . X

J i

£ Olending) T, o, 0u, 002, o By an bre BT WA FEE

a

Lo

St 53 A ok, 0w, f, = S FFE o] 83H 4 29F

i Al4tE= A kol

of

ok duk 9 ok .
§+_8xj =gj{(v+akv,)gj+13k—ﬁ ok + S, (2.6)
dw ;0
a  ox, o
2 (1/+av)a 7G B’ +2(1- F) 9k Jo +S,
axj oax, | v, ax Bx
a,pk
i, = 2.8)
max (&b, F;;S)
9=FEg+(1-F)¢, (#=0;, 0, B, 7) (2.9)

@A OpenFOAMOIA AH&3tal &= 24 2.6 2 2Ny +F

WA WE o] wE TelEx gtk oo w 4§



TH ZAHY FA4T 2x WHEE aPskA ] wEed 2

b
Ll

IHT F5 WAoo Z FAHo] Q- FHTKDevolder et al., 2017).
F7IE2 B F5d dEslAE ko SST @&/ EdHo] 2Af{ 9
TAHoA FAHoRE EQHEF] dEAH dom HFo 4%

) e o717l Sk (Devolder et al., 2017; Larsen & Fuhrman,
2018; Zhu et al., 2022). o]l w2} 2 Aol A= Zhu et al. (2022)3}

Zo] Devolder et al. (2017)S HIEOo=E F71HQ0  FE3ING)

o

=439 o™ Larsen & Fuhrman (2018)2 WIS 2 F71A Q1 A3kt
FE T3t X3 EAdAPE £ ol & nlgoz 7|E9 2
(2.6)FE 2 287 = 4 (2.100FE 4 2.14)7HA = WA "
AZNA et e FVIE BASIE A5 #old p = 28:S, po =
20:0° 2 A4EY Qv 3 £% "l X(rotation rate tensor)©] T

AFHOT Aol AGH 35

gl

S Table 2-19] A& st

opu k .
9k L OPUE_ 9N v iow) 2K\ pP —pp k1 G, + S, (2.10)
ot ox, ox; ox;
v, dp
G =29, 2.11
" o, & @1D

apa)+apujw_ 9 {

=—I|p(v+o V)a—w
ot ox, o, 79

X .
! (2.12)
+ L pG - ppor +2(1-F) p 2oz Koo, s,
v, o | 9x, o,
a,pk
U= L (2.13)

" max(a,@,b,FyS, F)
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(2.14)

/Izﬂ Po
B pao

F’=

Table 2-1 Constants used for stabilized k-w SST turbulence modelling

Value

1.0
0.856
0.44
0.0828

1.0
0.85

Constant

Ok,2

Ow,2

Y2

b2

bi

Value

0.85

0.5
0.556

0.075

0.31
0.09
0.05

Constant

Ok, 1

Ow,1

)2

b1

ai

A2

2D FAFZAA
tRch S A8 7HE FF 21280 A A

3

SFl .

=3

3

l

/\g/‘é% s

o] OpenFOAMO| & kw SST

= 71

Fig. 2-19]]
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W42 wave forcing GG WHNA Ynlo-2Eax 49 & 54
2 ZAeke Aotk B ATl A wave forcing W F shu<l
i &3l W2AlE A8l waves2Foam  (Jacobsen et al., 2012)
2RSS g ow 9] G g AHE IR
Waves2Foamol| A= €3t 9 WHolA A =4 o o 74
AHEE ool st 2 (2.13)& HR o= XA 7|gke] o] & &
Pyt T MO O7F W feompueaE EFTIA AHES FTE Z,
AAN e AANAE fueon®] O UHlo|-2EAS A9
7t AAlEE Aotk & ATAAME dney® ©IE HE S
FalolAel 22 2E=2~ 9o e AMESIIW. we 7H
3H(weight function)@ 2] (2.14)8] A F&4 7]Hke] 715
ARREAT e €3 I Wo fXe ddE" R o |

Abole] g 7HRIT A4t YHel TAHTFF 09 @S HAH (ar =

¢ aR computed + ( )¢thcorv (2 13)

35 _
o =1_M (2.14)

N exp(1)-1
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Fig. 2-2 Distribution of weight function inside the computation domain

213 A7 A4 SHAA

g F A 2% EAE toF7] dsiAe Adu-zE2de-E
e s %ol BT ayFEoof It OpenFOAMOI A

T
Z(deforming mesh) WHOE FAHY THTS

N
r
~
o
fru
2%
ol
)

ATol A= OpenFOAM-v1912 WAANA AFH FHAA | oigh
718 R (Petra, 2019)S FAHsIY A& 3FATHWang et al., 2022).
712 FHAA 2de o8 A FHdE FHAA REdS
£ Fig. 2-3¢ vlaste Yerldoh H22-2 Z(hole; 2)

ARE Aol FA B A, I

o
ofo
o
ol
o

rlo
H
(-'\l

} A Z}(interpolation cells;
DE FA 9 Aojol mle] oRolAE A, FEAL

Al4H(computed; 0) ZARtolty, 7B FHAA ="l o& A 7
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FHAA AR 7 Ade] 9TL Fig 23 @9 2k W7
Axe & AAEL HA BS dPos Aol =Hrl A
@Bl B Axsk ®rh w7 AAe B AgelME A

Z A (hull overset) AAFY] Al4tHE #ES wig oz HITFo] Pojdt

i

MRAAR, A% FEAAY B AAAAE WF ARelA

2 m7ko] Yoyt T, T Hzt AR Aol
Gol ML Ade] FHom FYHE otk EF H7
Aol B AAEol Mupe] wE AHsH 9y wWEe] Ay

of A2 L Fr AdEe Hol AUER HA Fegs

rl

_:,6;
o] Aot A" Bl Zb AAbe] J&L Fig 2-3 ()9 &tk

olo e} FHOo= AME= FHo] st AL AIRE SHA
&0l F7kekRE B otyzEt FulolA &z o] FIFol HA

g
AANA Ao] 7b55A =
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Background
interpolated cells

Background
hole cells

Hull Overset
interpolated cells

Cell Type
1 p)

—— ‘

(a) Cell type using original inverse distance scheme

Background
interpolated cells Background
\ hole cells

\

Hull Overset
interpolated cells

Cell Type
1

2

—— ‘

(b) Cell type using modified inverse distance scheme

Fig. 2-3 Comparison of cell type distribution using different overset schemes
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OpenFOAM-v1912 WHo|A AFsta Jes FHAA =R
WA o 2= AT 7}F X (inverse distance), Z AAF5H(least square),
A2 B3] 7FF A (cell volume weight) 2.ZFo] Q1Th Verma & Hemmati
(2020)°l] &J3tH HZF Ao wE AL A zole ZA T
SEAITE HA ALt AZEell= ztol7 oew AR JhEA HIER ol

7} mE Aow eyt old w A4t HLL 7HAA7]7]
A3l & AFelM e dAY TheA BiE HEskinh

Adl 52 79 Featherstone (2008)2] 745 < SH(rigid-body

dynamics) YTEES wEoz ANAL HY BB S

i
flo

dAo] et &% AAtmul olug 2R By go] o

171 w2l

v}
o
2
N
-

o

Mz AgE Aol = Aol 7Hsd dags

3o 2HYH J7I&EEE A4MstE forward dynamics®} 013 7HEEE
A7) fsted a3k & A4ESHE inverse dynamics® TE©] F ™
B A= forward dynamics YA EES ol &3 TIEEE
ALbstRth ALE 7HEEE AtEe R Aube] &£& gl WUt
AlLtel 7hssta A2 Adure] Azl e A" FEds 7

Fodn AFHos fEgel o dHe AR Ao

—

ZAHg3tE S T £ UA H1 ol= TA] forward dynamics

digFEe T VFEEE AMSed ARgEN. ol dd9

-":lx_! _'a.l.-_'|' |



HAEo] wjAIZE HHEE o] HA Aul &5 ALbo] o] Fo] Rt}
CFDE o] &3l A-/3F AlEYolAS 3317 Yside Anxt
Snjo] Z2HHE F/IE QR I TE

A T A WAl AgTbssth R WMAE AH ZEadE

Bostth ©E st Zedd ndle Fio Zzdds
FAGE golt. mEaAds mdIss 4 BUHd A4S

2 dAFoAE AAE 7hke] z2dey mddo] AMREHIAOH
Wang et al. (2022)°] 2J3sf] #|¢td Z=ZHy AL HE&3H0.
Wang et al. (2022)2] Z=H2 2P L Hough & Ordway (1964)2]

ZEdy 299e wWPor st Zzded AYH: SEE

S

2
ol
rr
oL,

JRANA ZolE 7MY 71£€9] Hough & Ordway?]

2y mdge 4 (2,159 2ol #4938 f5< /Hdsta o
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A7 Kpove ZEHHS 9 Al S(thrust coefficient) %2 EA
Al 4(torque coefficient), J&= 7 ZH](advance ratio), V& ZZHH U
£ S (inflow velocity), no Z=ZH#9 %Y 3| < (Rotations Per
Second; RPS), 183 D= Z=2HHe HAS oudig. 7|&9]
AR zZzdd BAdEEqAs HAC o fso] nTHE

AS kst Z2dy o4F £ WH(inflow plane)oll A9 &£

)
flo
o
4
ol
ol
£
>
™
B3
i
2

|FdTh2 (2.16). WH, # zZ2de

K —f(J)=f(:—z)j (2.15)
K, =f(7)=fU—AJ (2.16)
(

AZE o7 A Aot "] AA B & dRES A A

HA-E Abole] 1A F7HAA Agstan. B AERRE A g,
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ABAE T =T Ao w2t A AR &F e SH
"o 2 dFdAe HEJREAE AP AIAFo] AREEHATH
AEZMPAY AP Agode HAFsae 53 ATss @9
zto]l & vl O & PD A|oj7} o] FolXITh EFZH(9)S 4] (2.18)° wet
AAZteZ WEgiY AAELS 4 (2199 Zo] FoiX B§a7tA
dA £E= Erb FAIY. AVIA Ke9t Kpe 2 HlE
Al (proportional gain)Z} H] & Al (derivative gain)< 2] P13 yrarger
pyE BX AfE5est A4 AeFLE Jquddt g, o o, &

Z+zy A B 3 Sk A3 A B 3 &xolt

(1)= K, (Vi =) = Kpr (1) <8, (2.18)
coursekeep 5( £y ) + 5'max At otherwise |
oAt |8()<é
G (1) :{;m ot e )
et otherwise

mpxieto 2 w7 Azte] Agde ALtE AA S HEoE
AA et A FA ol WS ARRSIAT v AAe] {F Y glo]
IAHE A A wiAE FYo] =F AlEHONAESE AL T U
AEZE Ylolof Hal, ol AR F9 FUIE WEF FHolA
Ha&2olth. grvt w73 AAY 5 AAY 29 % B4
T TFAHAG. wepA AA Y HEF A (surge), F-TF 2 (sway),

A& L(yaw) &5 aLgfste] o

==
oM
o
S
off

off
i
hth
i,
i)
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Fig. 2-491= snuMHLFoam ZZ 18] HA At A S SAERZE
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274 2 AA 2AS TISE A ZC(time directory), 2 Ao

u)

st AR 2 B A WHaesEo] AoH A< (constant) FT, 184l
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ol
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L5Hst= Al 2El(system) ZEE ZRF

r
O
%
oft
i
nj
f(rt
tlo
z
oft
o
ft
l Kl
m&r.
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forward dynamics &1 2F< T3 HAY &Fo] dAXT. 5ol
AAREA wE Ax, AA FHAA, B SHAAE TS AA

A Azdlel 7 AR B &% ARWE olFshe] AL
A7 Aoz Bagh
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v v v

Time System

. Constant .
directory (Mesh) (Numerical
(Fields) Settings)

[ I ]
v

Initialize

Update Mesh

v

| Compute force / moments for body |

.

| Compute ship kinematics |

v

| Move mesh points |
T

Update overset

v

| Update overset cell mask |

!

| Update interpolated cells |

.

| Update calculation variables |

v
’ Solve alpha transport equation |

!

| Solve Poisson equation |

v

| Solve transport equation for turbulence properties |

Update fields

<>
Write
outputs

No

t=t

end ?

Fig. 2-4 Flowchart of the snuMHLFoam program
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2.2 o|4st 7| A jE A

S AHolA AdFFd Au WA FH FEFE NS
kAl A W (finite  volume method, FVM)<S HIEgo=Z  A4kET
FEA G HAA Y AAFo] g HELS b2 T4 A E(Gauss
theorem)E F3te] AAES AR Hel digh HESE HAHAT
g o yoprt "ol gk A& 4 AAE vigo® oihsrt
o

A Zkel]l thgk o]4kst WMo E2E XA HAAE Fol7] HskA
o 22 (implicit Euler) ¥2lo] AME-H AT Hik(divergence) ol
QeiME FEEe WY FRA w7 gE ol
ALHASY. Sxw) B GF HT*k o)El dHll A= 23 A/ 2
(2™-order upwind difference) 71Hol, AHEE(@] WA= Total
Variation Diminishing(TVD) 71" % 34l van Leer 7]'Ho]
AEH AT 71L& 7](gradient) &, ThEFtX(Laplacian) ¥ 2 BT
7Moo 2= T AW (central difference) 7]*H o] & 8% AT

zkzkol dre] o]4tsl 7IWe A&etH HA fFEFel disted Z
T YAHXES PgEo R o] 7tsdA dAu o)xk3 =
PHo s|E FotH HAA FEAel tietd sid W EEE
de T AUtk CFDAAMY FHA A tiiie o] 0o
AolEm  dRFo] dEsiAT S THA= 34 3 H(sparse
matrix)°] o}, @WEkA Gauss AAREolY LU WS T AR

FAe FE oA WEteration) A AL BAT 2 ol
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uet Zb7] g wE AL 7ol AZHAH. (™ p)el Aole
Stabilized Preconditioned-Bi-Conjugate Gradient(PBiCGStab)©|
ALEE RO o =7 (preconditioner) - Z+= simplified Diagonal-based
Incomplete LU preconditioner(DILU)7} A &F Aot AHEE
gl E dzds uEez & §iE A4 2ol o] gH U
AHE&e 75, simplified Diagonal-based Incomplete Cholesky
preconditioner(DIC) ol Z71S HIE OS2  Preconditioned Conjugate
Gradient(PCG) o] AREHAT. viAITo R, £%(w) H EF
HEk, w)E taids F7H8QA A= §lo] symmetric Gauss-

Seidel(symGaussSeidel) 2] A -85 T}
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2-5(a)9F Zol AFHA ddo] HLHAY. ZHe FA Mg F
Ay S AR Ik (Kelvin wave)2] 749 ¢F 19°28°9] Zt= 2 H 2z r17]
el Adr] Feo] B F wgoz ol Aoyl A AKHA
FHol FrEstth = Fo] F7l wEel A Ut HuHo=E
Aotk Aol Utk A3A P A= Fig. 2-5(b)e] AHUE FE

A7 AHEE AT ol HAIAIE Al WAlIH(radiation wave)7l E&

.
oot
o

&

Fog T HA Uidtes A} HIsA HARto=w
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—

i
9‘1'4
rr
r>~

AX #HE glel dE®™(nley7tA AH,
=g A(outlety7} 112 A

o e nEstd ddd et faskr] wEeld

A7t g 5AF xdoR FAY 4
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Hull overset

(a) Rectangular computation domain

Hull overset

Rudder overset

Rudder

Side Bottom

(b) Cylindrical computation domain

Fig. 2-5 Computation domain for different types of simulations
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AANA AA &H Fpo)e 002 AHogtozx HA LA
3 71Ee AL $ dnk AZREL A= inletOutlet
zZo] Ao o] 21 E¥(mixed) AA = F SUZE,
2EZ Yile #%59 WA+  zeroGradient FHS  ALE3HH

2]
yEZ E92E YF(reverse flow)oll Wiald= A&x A elo

e
23

X
o
fri
RS
v
g
=2
>
rlr
I
b

o AHEL that] BT HRE
e O 2 Dirichlet A S 7Hth sHARE 2 ALto A+
SHGide)l  HXFE WE dEME WME FRe BARNC]
zeroGradient 272 A& 7ol F 7FA ol f{7F Ao A
, AAWE Aol A= 3k(relaxation) 71 o] 2 &E o] Linld-
2EZA2 Ao 7t w8 zAoE ZAEr7] wjEol| Dirichlet
203 fARE 23E dE 5 At 7 AR, ddUd Je 9

AR A28 ol g5 A9 9Pue WA BHs] 44 9]

A EANAE YOl oF vhRHe] g W Lol
g9k AAF WAl Ax

TE =017] A5t dF/ WHaEEo talAe ¥ F(wall function) 7}

thall A= no-slip &7do] Ap&o

_

AFEEAT. dF F YA o= zeroGradient®} LI X

a
e

kqRWallFunction©] 8= 3o} fias H] A 4k-& 3}

av
"

A TN 22 Dirichlet 744 71?0 omegaWallFunction}

nutkWallFunction®] &&=t F AA =1L 247k 24 (2.2003 2
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(222)2 Aodr. 9714 B =0.075, C.=0.09, k=041, E=9.89] &
%}]\-O] A]’%Q?\}\TL} y+laminar—1c_)_" %Xéili Q‘F 115}2] %}1\-% 7]‘;(]11] y+‘11_:‘ é1]
2 HFH(log law) 7]¥ke] ¥ 3 AREA

BAZE AAE 3 =30~ 100 Aole] AL Ag3HE Aol AFHT

2.23)S F3 AsdEg. =

pRluto 2 FHAR AA A A= overset Z710] ARREFH AT

w=\a,’+a,’ (2.20)
6v Ji

W, :W’ Wiog Zm (2.21)
I u

4 L_l y+>y;1minar
v, =1 | log(Ey") (2.22)
O er < y;zmirzar
C 1/4 k
y* :ﬂ_fy (2.23)
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Table 2-2 Boundary conditions for simulations in OpenFOAM

Volume fraction

Velocity (U) Pressure (prgn) @)
To zeroGradient totalPressure inletOutlet
P (0U/on = 0) (po = 0) (mixed)
Bottom zeroGradient zeroGradient inletOutlet
(oU/on = 0) (Op/on =0) (mixed)
Side zeroGradient zeroGradient zeroGradient
(oU/on =0) (Op/on = 0) (Oa/on = 0)
Overset overset overset overset
Bod fixedValue zeroGradient zeroGradient
y (U= Usnip) (Op/on = 0) (8a/dn = 0)
Turb. kinetic Turb. specific Turb. kinematic
energy (k) dissipation rate (o) viscosity (v
To zeroGradient zeroGradient zeroGradient
P (Ok/on = 0) (Ow/on = 0) (Ovi/on = 0)
Bottom zeroGradient zeroGradient zeroGradient
(Ok/on = 0) (Ow/on = 0) (Ovi/on = 0)
Side zeroGradient zeroGradient zeroGradient
(Okl/on = 0) (Ow/on = 0) (0vi/on =0)
Overset overset overset overset
Bod kqRWallFunction | omegaWallFunction | nutkWallFunction
oy (Ok/on = 0) (Dirichlet, Eq.2.20) | (Dirichlet, Eq.2.22)
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zF 34 Ao+ Fig. 2-63 o] AFABFHZA(0-XYZ2)<}
AA G ZZA (0-xyz)7t SAll B olE uHigo=® AA 9]
+&5e  Jlsdn AAAZFHZFAY  LH(origing> A
FAZA oY AAl FY(midship)e. & AHrF  JbsEy 2
ATodAM = Auke] FAFAH] Ae=EATh Aute 6xfF= HIE
AFAZHARAE 7R 7I<HY (X, Y, Z ¢, 0, = E7]9 (4,
0, y)x 2Y¢l Z(Euler angle)o]th. Adute]l 2z} Wk ¥ &£L&=
AANDHHAEAZ 7€ (u, v, w, p, ¢, NE E717} Hoh Us
Akl AA LS (total speed, U =i +1? ), f EFZ(drift angle), 6=

B2te ol

X,
U x
r 'ﬂ U
(0}
4 VY
0

Fig. 2-6 Definition of maneuvering coordinate system

37 Fd _'-.'.'! !



!
BRE golth Fo P, F: R Mo M, ME 7 3% 8 3 melEe]y
AA mHAML] ¢S HFste] A4te] Hoh 33 RREE #47

AA, z2A, o] 2gstes 3 ZMER FTE3I T

+F

x,rudder

m (1 —vr +wq

X, hull x ,propeller

+F

z,rudder

)=F,
(V Wp + ur) yhull ypropeller + Fy rudder
)=F,

( w—= uq + Vp z, hull z ,propeller

: (2.24)
IXp + (IZ - I )ql" = Mx hull + Mx ,propeller + Mx,ruddcr

Lg+(I,—1)rp=M +M

z

)
IZ}} + (IV - I ) pq Mz hull + Mz ,propeller + Mz,ruddcr

\A hull y propeller y,rudder

+F

x,rudder

+ F U cr
i (2.25)

x,rudder

m(i—vr)=F . +F

x,propeller

m (V + I/ll") = Fy,hull + Fy propeller

przMx’huH+M +M
Izr'=MZ!hu” +M +M

x,propeller

z,propeller z,rudder
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3. x| A4t 71He EgAA
3.1 2844 s 71

B4 ide A g did AFEE #Hriskr] AsiA
AR Ndez Ay UH AAAHdS VA= Jidgeld. ICGM
100:2008(2008) GolA= A Fol g EFX(uncertainty) S

FFE S S (standard uncertainty), ¥/ EFE S (combined standard

T FAESEE dA4HEE 34 #Y dEES 23E F As
g= e 9uE@t. FA AdAY ESE(U)E
Ak ME oz ALt Ao tiE xUe] T3
AA gro] EAgt= 9 E JHRT
A2 B digh BWrE WHS ITTC 7.5-03-01-01 (2017;
2021 HiE e R Stth. x| AlgtelAel EgAAde A gl
&

validation) &2 FHi-o] At} FU(verification)

FA A FXAH BEEAdd did B BAFo= Az, Az
A 59 o]4kst Mg g W% dfYolet & 4 Tk wbE,
A% (validation)> X A4l mds EBgAAdA digk Hr}

Hgow Auj WA, A =4, Ad FF Sl tiFg 2P0l
A=z HJA=7be Sdsks Aol o 45 v 549 49
dlolgnt ofyzt A9 HolHe EF4dA 4 23 =3 da=w
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=34 sde AYsr] fleld= 54 dEHe@nTe AEst
NAZVH A Ha 370 o] uwlolH 7t Bastth of# Fig. 3-
1A= w34 =344 G787 WSl o3 s
Tz ek A EASAT. AVIM AveS HEH

AHES ogmEty, m = 19 A 7P ADEH(fine) YH kol m =

—

321 AL 72 AZ(coarse) Yotk ZF JHFE Apolddl=

S
)
o
S

] (refinement ratio, )& AH&3tE Aol AFAT Siws
W Axenol OIS Al Aol gne 3W A8z 29
GO R AL A Aol g 2 AHAT 1H JE R

AN Azte) Ffolg olvl@t,

= 4 S=S,+an>
Simul Axkl AX‘k 5 Simul.
imul. . 2
Result 148 T Result
4 AT TAKT A
Sz
Ea
Skj k21
Crn S k1 )
X i & 5RE&.1
S K21y S - _
k1 e Asympiotic solution
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Fig. 3-1 Definition of variables for numerical uncertainty analysis
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convergence; MC) “3E, -1 < Ry < 031 7359l

rr

2F 9 (oscillatory
convergence; OC) FHl, |R{ > 181 A5
FElelth 4 HA Aol wEkd EEAA
o

=2
rr

1F4k(divergence; D)

%7} 7o) Ma)

mlo

€
R, =

3.1)

gk,2l

A

r

Z 9% 4 %ol= Richardson &JAHE o] &3t F4

9

[e]
=

(
-

FAX (O ke )E ASE = AT (Roache, 1998; Stern et al., 2001).

e
b

EEH7F 4 A fol st 4 ex FAA= A (3.2)9
2 (33)e2HEH AxtEt. A7 pE AE A

accuracy)E  Yu|stth. W4 EEW7F dAHSHA @2 A5

(order of

i

dsiAdes A @49k A (35)<= ol&std wkE AtS T A=

A7 AE S nea @ nee A2 29 A8 E I 1 AH ko] Bigt
3 Qg 208 Ao wE onat gz o 4§ 54
o3} AR E wgoz 38 BT (yyst ALtET

) 7t A B¢

£

O =—22L (3.2)

k1 ’,}CPk _1
. = ln|€k,32 /gk,21| (3.3)

In(r,)
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(i) 7t Wstst= 4§

|ln|€k,32 /gk,21|+q(pk )|

= 34

Pr In(r,) (3-4)
=1

q@ﬁﬂ{%?—J (3.5)
T =1

Roache (1998)°A+= <QFH AlS(factors of safety, Fs)E =3t

Ao R Fy=1259 Fkol AFS-HTH 1.259

A EE

==

P
=

HlEF O 2 959 T

rr

o
A

Stern et al. (2001)3} Wilson et al. (2001; 2004)& Al4F A3}7} = 22l

Aol e Aol dstd F£A exAE U oE AHFEH
of| =3}7] $ske] R AA S (correction factor; CHE =U3FA T =3
FAA ESE AR HE FAHE FAEH BEE(UE
ARt BEAAATE A HE  ZS(limiting order of accuracy,
Pre)E 183t AUt HE 24 B62E FIEHT. A A=
e AR At A AHRE FA 7 o] 23 AFE v En

2, BAAFE o|2How dEHE £4 o3 FHAE o &

A AdE e d3HE £A oA FANE AN Fo

ZRl:
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FA9 FAH BEg=E YeErdH, 4 399 24 G.10)ddAE
BAAAT UHE o83 FX37 B9 4" FA4 EIEE
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C, = 3.6)

() @ a9 ¢+ Al S (factors of safety) ¥

U =F|5, (3.7)
Uk c~ (FS 1) 5;Ek,l (38)
(i) &= 5. XA A S (correction factor)
[96 +11] v | [1-¢]<0.125
(3.9)
(2]t~ Cv|+1] . [I-C,|20.125
[241 c,) +01] o | [1-¢]<0.2s
(3.10)
[1-¢]]| 6%, [I-C,|20.25
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b
rr

__(lj_
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Fig. 3-2 Mesh system used for calm water resistance uncertainty analysis
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Fig. 3-3 Calm water resistance simulation results depending on variable mesh

2344 84 A% AAPAFE B2 sdsE AFE 1YY
AAGAGO dalA FAAF BHe A BHREel 54 BuE
B 1% oo ul¢ Ze BHEE Rk o= AR 47
AR Aol At ghol ThE AR AzmdAe] AR g o)z}
gol U] WEolt. % A% 3 & sk dodd Wl o

AAEA ol BFEIE AUAA Hax FAE Aolga B F

HAATL A B2oA o B4 FR mddel AMHom

g3ty AAS WEe A FA WHIA ¥r] wEd

48 .__;rx;! _CI:I : 1_-_]



g7k ohd

T_q:l‘:l
o
| Foi7)

7]

ARA 7} vl -¢
o

ak

d o

X

Aoy

ol

B
TEH
A
o
ﬁo
m_r‘_
file)

No
ol
20

F

o
19 5607) ©]

3

N

1

ol
X

49



Table 3-1 Simulation & uncertainty analysis results for mesh (KVLCC2, calm water resistance)

e Nt | oy | vmer | e | cow [ o
Solution 1, Sux.: 680 4.3M -1.0275 0.1133 4.6003 0.9536 3.6467
Solution 2, Sx2 560 2.7 -1.0224 0.1142 4.6630 0.9739 3.6890
Solution 3, Six3 460 1.4M -1.0067 0.1112 5.0402 1.5080 3.5323
Change between 3 & 2, ex32 0.0051 0.0009 0.3773 0.5340 -0.1568
Change between 2 & 1, 4,21 0.0157 -0.0030 0.0627 0.0204 0.0423
Convergence ratio, Rx 0.3258 -0.3087 0.1662 0.0381 -0.2701
Convergence type MC oC MC MC OoC
Order of accuracy, pax 6.4724 10.3558 18.8520
Correction factor, Cux 4.9967 12.1112 60.9040
Factors of Uncertainty, Ux (%S1) 0.30% 0.34% 0.11%
safety Corr. uncertainty, Usc (%S1) 0.06% 0.07% 0.02%
Correction Uncertainty, Usx (%S1) 2.16% 6.31% 10.23%
factor Corr. uncertainty, Usc (%S) 0.96% 3.02% 5.07%
Oscillatory Uncertainty, U (%S1) 1.30% 2.12%
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Fig. 3-4 Mesh system used for calm water resistance uncertainty analysis
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Table 3-2 Simulation & uncertainty analysis results for mesh

(tumblehome, motion responses)

Hay | Numberof | Ve (&/A) | Pitch (évkA)
meshes
Solution 1, Sux, 14 94 M 0.6814 0.7740
Solution 2, Sux2 12 58M 0.6665 0.7683
Solution 3, Sux3 10 3.8 M 0.6946 0.8159
Solution 4, Sux4 8 1.8 M 0.7466 0.8814
Change between 4 & 3, e4x43 0.0520 0.0655
Change between 3 & 2, €4x32 0.0281 0.0476
Change between 2 & 1, 65,21 -0.0149 - 0.0057
Using solution 4, 3, 2
Convergence ratio, Rux 0.5404 0.7267
Convergence type MC MC

Order of accuracy, pax 2.7146 1.0260
Correction factor, Cux 1.4568 0.4666

Factors of Uncertainty, Usx (%S2) 8.0327 36.8543
safety | Corr. uncertainty, Usxc (%S?) 1.6065 7.3708
Correction Uncertainty, U (%S2) 12.2977 60.9357
factor Corr. uncertainty, Usc (%S>) 2.9358 15.7261

Using solution 3, 2, 1
Convergence ratio, Rux -0.5303 -0.1198
Convergence type oC oC
Oscillatory Uncertainty, Ui (%S2) 2.1080 3.0977
Using solution 4, 3, 2, 1

Oscillatory Uncertainty, Ui (%S?2) 6.0090 7.3604
Least Order of accuracy, pix 6.4420 3.7010
square Uncertainty, Usx (%S2) 16.6992 25.1074
root Corr. uncertainty, Usx,c (%S?) 11.1328 16.7383
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Table 3-3 Simulation & uncertainty analysis results for time step

(tumblehome, motion responses)

To/At Heave (&/4) | Pitch ($kA)
Solution 1, Sus; 384 0.6787 0.7914
Solution 2, S4:2 320 0.6845 0.7859
Solution 3, S3 256 0.6665 0.7683
Solution 4, Si4 192 0.6620 0.7499
Change between 4 & 3, €143 -0.0045 -0.0184
Change between 3 & 2, £4:,32 -0.0180 -0.0176
Change between 2 & 1, e41,21 0.0058 - 0.0055
Using solution 4, 3, 2
Convergence ratio, Rux 4.0000 0.9565
Convergence type D MC

Order of accuracy, pax 1.3080
Correction factor, Cux 1.3558

Factors of Uncertainty, Usx (%S3) 8.4483
safety Corr. uncertainty, U, c (%S3) 1.6897
Correction Uncertainty, Usx (%S3) 11.5676
factor Corr. uncertainty, U, c (%S3) 2.4045

Using solution 3, 2, 1
Convergence ratio, Rx - 0.3222 0.3125
Convergence type oC MC
Oscillatory Uncertainty, Uax (%S3) 1.3503
Factors of Uncertainty, U (%S3) 0.4816
safety Corr. uncertainty, Us,c (%S3) 0.0963
Correction Uncertainty, Usx (%S3) 7.2077
factor Corr. uncertainty, U, c (%S3) 3.4111
Using solution 4, 3, 2, 1
Oscillatory Uncertainty, Ui (%S3) 1.6879

Least Order of accuracy, px 3.0740 13.9400
square Uncertainty, Usx (%S3) 8.9572 1.6270
root Corr. uncertainty, U c (%S3) 5.9715 0.3254
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Table 3-4 Simulation & uncertainty analysis results for mesh (KVLCC2, calm water turning circle test)

Lt | Numberof | ppsy | api TRIL TD/L Tw(s) | Tiso(s)
meshes
Solution 1, Sux.: 560 4.4M 17.90 3.19 1.56 3.63 18.52 38.45
Solution 2, Six.2 460 2.5M 18.13 3.15 1.52 3.52 18.23 37.87
Solution 3, Six3 400 1.6M 17.86 3.16 1.49 3.39 18.09 37.09
Change between 3 & 2, €4x32 -0.27 0.01 -0.03 -0.13 -0.14 -0.78
Change between 2 & 1, g4x,21 0.23 -0.04 -0.04 -0.11 -0.29 -0.58
Convergence ratio, Rx -0.85 -4.00 1.33 0.85 2.07 0.74
Convergence type OoC OD MD MC MD MC
Order of accuracy, pax - - - 0.96 - 1.71
Correction factor, Cux - - - 0.44 - 0.83
Factors of Uncertainty, U (%S1) - - - 20.83% - 5.47%
safety | Corr. Uncertainty, Usc (%S1) - - - 4.17% - 1.09%
Correction Uncertainty, Ui (%S1) - - - 35.37% - 5.84%
factor Corr. Uncertainty, Usx.c (%S1) - - - 9.35% - 0.73%
Oscillatory Uncertainty, U (%S1) 0.75% 0.63% - - - -
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Table 4-1 Main particulars of ship models

Particulars S175 Tumblehome
Scale 1/50 1/50
LBP, L (m) 3.5 2.90
Breadth, B (m) 0.508 0.374
Draught, T (m) 0.19 0.111
Displacement (ton) 0.198 0.068
LCG (%), fwd + -1.34 1.71
KG (m) 0.1904 0.132
Block Coeff., Cs 0.572 0.535
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(a) Side View of S175 containership
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(b) Body plan of tumblehome hull
Fig. 4-2 Body shape of tumblehome hull
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Table 4-2 Simulation conditions for ship motion responses in waves

Ship speed Wave conditions
Hull
Fr ML H/Z (for bold case)
0.2 1.2 0.011, 0.017, 0.025
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Fig. 4-5 Motion responses of S175 containership for different wave slope
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Fig. 4-7 Motion response of tumblehome hull for different wavelengths

(Fr=0.2, H/.=0.017, 0.020)
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Fig. 4-8 Motion response of tumblehome hull for different wavelengths

(Fr=0.275, H/A. = 0.017)
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Fig. 4-9 Motion responses of tumblehome hull for different wave slope

(Fr=02,/L=1.18)

72 : .-_;rx_~| - ':-":r x



2
I [ ] EFD |
s 3 CFD (Present) ||
L5¢
< S 4 ®
Sl g = m
0.5
0001 002 003 004
H/\
(a) Heave motion
2
I ] EFD |
s <o CFD (Present) ||
1.5
ém 1h
w | m BN
i L 2
0.5
O0————001 002 005 004

H/\
(b) Pitch motion
Fig. 4-10 Motion responses of tumblehome hull for different wave slope

(Fr=0.275, /L =1.18)

73 . #H k a‘I: :
—



F7
] Wol tumblehome

}

°
pal

Fr = 0.275%

1

) By

Fig. 4-11014]

=
ZA(H/A = 0.029)°1 A

I+ B o o
Lr_l 9
CPEIIEILS
> Lo o T s R
oo R = 2
: - & < -z o o
= 2 Aomr_q up @Wﬂ% S5
SRS A o B S
F o = = T M & mh o’ - ¥ s :
i M T B o T o D = T A a
fzo T = B W oo F & g @
: : v i id o X { w or W = B
e oF 2 g Mok it 2y
s X5 - %WH%]&%
w5 o < Wog W X o F oy K3 : oz
: : > : " » & ol K 10 [y
aﬂwAT wwyﬂgb_h_bﬁﬁm
~ ¢ A T o= N Mox T
= &L + o W Al = 3 : :
W R wﬂ e x &N o T X T B o
of Mo oo~ W oz
T - i X X wo A % i ﬂ -
n%ﬂ?ﬂaﬂgﬁk I
ﬂmﬁmamﬂwﬂww]ﬁ@wﬂm
LT F M z Mo 5
T £ > M o . .
Ay o = pL J oo < A]L :
! il Mrm o ¢ o= K T o o
o < e 1) Mﬂ e ﬂw ! % X Ao oo
, mﬁ =i o H i - MM y_w Mﬁ
B %X T+ oF o Mo col I G+ TT R
T BT A NE N
= of I w o ofF o Bl A d
T T K T 2w mﬂ :
SO wm i
W

74

SFl .



(a) 0/AT.

(b) 1/4T.

(c) 2/4T.

(d) 3/4T.

Fig. 4-11 Snapshots of wave contour near tumblehome hull

(Fr=10.275, HA=10.029)
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(a) Side view of KCS containership
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(b) Body plan of KCS containership
Fig. 5-3 Body shape of KCS containership
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(a) Side view of KVLCC?2 tanker (for 1/100 scale computation)
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(b) Body plan of KVLCC2 tanker
Fig. 5-4 Body shape of KVLCC?2 tanker
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Table 5-1 Main particulars of ship models for turning tests

Particulars KCS KVLCC2
Computation Scale 1/75.24 1/45.714 1/100
Hull
LBP, L (m) 3.057 7.0000 3.20
Breadth, B (m) 0.4280 1.2688 0.58
Draught, 7 (m) 0.1435 0.4550 0.208
Displacement (ton) 0.1222 3.2724 0.313
Wet. Surf., Sy (m?) 1.6834 13.0129 2.7194
LCG (%), fwd + -1.48 3.48 3.48
GM (m) 0.008 0.125 0.058
Block Coeff. Cp 0.651 0.8098 0.8098
/B 0.49 (in water) 0.40 0.36
L:/L 0.25 0.25 0.24
Propeller
Type Fixed Pitch Fixed Pitch Fixed Pitch
Diameter, D (m) 0.105 0.204 0.0986
Hub ratio 0.180 0.165 0.155
Rotation Right Right Right
Rudder
Simplified
Type (calm water) Horn Horn
Horn (wave)
Lateral area (m?) 0.0096 0.0654 0.0137
Turn rate, & (deg/s) 20.1 15.8 23.4
Simulation conditions
Froude Number, Fr 0.16 0.142 0.142
Degree of freedom 4DOF 3DOF / 4DOF 3DOF
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(b) KVLCC2, 7.0m
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(c) KVLCC2, 3.2m

Fig. 5-5 Example of computation mesh for turning test in calm water
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Table 5-2 Final propeller RPS value for turning test in calm water

EFD CFD
KCS 10.44 10.80
KVLCC2, 7.0m 10.33 11.43
KVLCC2, 3.2m 17.50 17.90
4 13
<) PP et lesmme o smmazed ]2
7, 20 s e e e e e e 11 A
k“’. 17:.é 7F‘,hull 10%
f ------ Fx, ropeller =
() ST S R S Dyt g
] | ——————— n (RPS) g
0 2 4 £(s) 6 8 1G
(a) KCS
8 22
6f ) o 120 _
7, ST s e
h"l 2 f’ _F‘,hull 16%
o P P — N x, propeller :
0 ___________ x, rudder 14
——————— n (RPS)
2 12
0 2 4 £(s) 6 8 1G

(b) KVLCC2 (3.2m)

Fig. 5-6 Time series of forces and propeller RPS
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(a) KCS (Fr=0.16) (b) KVLCC2 (3.2m, Fr=0.142)

Fig. 5-7 Free surface distribution near hull in calm water self-propulsion test
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(a) KCS (Fr = 0.16) (b) KVLCC2 (3.2m, Fr=0.142)

Fig. 5-8 Propeller body force distribution in calm water self-propulsion test
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(a) KCS (Fr=0.16) (b) KVLCC2 (3.2m, Fr=0.142)
Fig. 5-9 Vortical structures (Q = 150) in calm water self-propulsion test
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EFD (Yasukawa et al., 2021) |

MMG
CFD (Present)

2
Y/L

Fig. 5-10 Turning trajectory in calm water (KCS, Fr = 0.16)

Table 5-3 Comparison of turning parameters in calm water (KCS, Fr=0.16)

Parameters EFD MMG Cvliz (13:1))1:’
AD/L 3.04 2.89 (-4.9%) 3.18 (+4.6%)
TR/L 1.36 1.37 (+0.7%) 1.50 (+10.3%)
TD/L 3.16 3.20 (+1.3%) 3.36 (+6.3%)

Turning diam./L 2.48 2.66 (+7.3%) 2.61 (+5.2%)
TooUolL 4.49 4.48 (-0.1%) 4.69 (+4.5%)
T1s0Uol/L 8.71 8.94 (+2.6%) 9.04 (+3.8%)
Ts3s0Uol/L 17.55 18.46 (+5.2%) 18.47 (+5.3%)

FsteaarL/Up 0.35 0.33 (-5.7%) 0.33 (-5.7%)
Usteady/ U 0.44 0.45 (+2.3%) 0.45 (+2.3%)

bseady (deg) -2.61 -1.02 (-60.9%)

Psteaay (deg) 18.47 16.39 (-11.3%) 17.57 (-4.9%)
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EFD (Yasukawa et al., 2021)

0.9 W | (R MMG
: CFD (Present)

06 5 10 15 20 2
tU,/L

(a) Total speed

5

-0.6 5 10 15 20 25
tU /L
(b) Sway velocity
12
0.8}
QQ
S 04f o S — S —
By
0
0.4 5 10 15 20 25

U /L
(c) Yaw rate

Fig. 5-11 Time history of velocity components in calm water turning test

(KCS, Fr=0.16)
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(b) Rudder normal force

Fig. 5-12 Time history of propeller & rudder force in calm water turning test

(KCS, Fr=0.16)

EFD (Yasukawa et al., 2021) |
— — — = CFD (Present)
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15

tU /L

Fig. 5-13 Time history of roll motion in calm water turning test

(KCS, Fr=10.16)
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Fig. 5-14 Force & moment signals in calm water turning test

(KCS, Fr=0.16)
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EFD (Quadvlieg & Brouwer, 2011; 7.0m)

5 a a EFD (Kim et al., 2019; 3.2m)
bl —-——- MMG (Lee et al., 2020)
[ ——— CFD (Present, 7.0m; 3DOF)
4H o CFD (Present, 7.0m; 4DOF)
|— — —  CFD (Present, 3.2m; 3DOF)
N} 3 i . o “\\\ N
S | 77 N
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Fig. 5-15 Turning trajectory in calm water (KVLCC2, Fr=0.142)
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(c) Yaw rate

Fig. 5-16 Time history of velocity components in calm water turning test

(KVLCC2, Fr = 0.142)
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EFD (Quadvlieg & Brouwer, 2011; 7.0m)
——@—— EFD (Kim et al., 2019; 3.2m)
———-- MMG (Lee et al., 2020)
—e—e—- - CFD (Present, 7.0m)
— — — - CFD (Present, 3.2m)

tU/L

(c) Yaw rate

Fig. 5-17 Time history of velocity components in calm water turning test

(KVLCC2, Fr=0.142, increased)
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Table 5-4 Comparison of turning parameters in calm water (KVLCC2, Fr=0.142)

Parameters EFD EFD MMG CFD CFD CFD
(7.0m) (3.2m) (3DOF) (7m, 3DOF) (7m, 4DOF) (3.2m, 3DOF)
ADIL 3.07 +0.07 3.07 3.06 3.06 (-0.3%) 3.04 (-1.0%) 3.19 (+3.9%)
TRIL 1.35 + 0.06 1.32 1.37 1.37 (+1.5%) 1.35 (0.0%) 1.56 (+13.9%)
TD/L 3.28+0.08 3.25 3.14 3.40 (+3.7%) 3.26 (-0.6%) 3.63 (+11.7%)
zirir/‘f 2.50+0.11 2.48 2.19 2.80 (+11.9%) 2.73 (+9.4%) 251 (+1.2%)
TwUdL | 4.33+0.12 4.14 429 430 (-0.5%) 421 (-2.8%) 4.61 (+11.4%)
TisoUdL | 9.13%0.20 8.46 8.42 9.13 (+0.1%) 8.84 (-3.1%) 9.58 (+13.3%)
TsUdL | 19804040 |  17.92 17.45 20.47 (+3.4%) | 2011 (+1.6%) | 20.31 (+13.3%)
FaeaL/Us | 0.29+0.01 0.32 0.34 0.27 (-6.1%) 0.27 (-5.0%) 0.29 (-9.4%)
tstcads/Un 0.36 0.37 0.38 (+4.3%) 0.37 (+3.9%) 0.36
Boicaty (deg) | -0.1%0.1 20.13 (+28.7%)
Beasy (deg) | 18.60 +0.70 17.66 1526 (-17.9%) | 15.62 (-16.0%) 17.96
99
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(a) KCS (Fr = 0.16) (b) KVLCC2 (3.2m, Fr = 0.142)

Fig. 5-18 Free surface distribution near hull during steady turn (y = 270°)
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0 00001 00002 00003  0.0004 0 00002 00004 00006  0.0008
\ | N ; \ | | | )

(a) Propeller body force distribution
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(b) Rudder pressure distribution
Fig. 5-19 Propeller body force & rudder pressure distribution during steady
turn (y = 270°; left: KCS, Fr = 0.16; right: 3.2m KVLCC2, Fr =0.142)

101 P B 5
(25 A=t sl
Aigares,  SECRIL hATICE S | BNVERSTY



pany [NIm?)

-100 -50 0 50 100 150
\

-]

[
o

|
|

pany [NIm?)

-100 -50 0 50 100 150
\

=1

[
o

|
|
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(b) KVLCC2 (3.2m), Fr = 0.142 (top: port; bottom: starboard)
Fig. 5-20 Hull pressure distribution during steady turn (y = 270°)

102 ,.-*.ei"r ,J-'.x‘\l—,?;'



/U
A5 1 05 0 05 1 15
— | om—

Fig. 5-21 Vortical structures(Q = 150) at the stern part during steady turn
(w =270°; left: KCS, Fr=0.16; right: 3.2m KVLCC2, Fr =0.142)
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Forced Motion Propeller PI control Self—propulm@ / Rudder operation
w/ Propeller Course-keeping
. . . = Obtain propeller = 6-DOF free
8:\51111 ;f;l:;: E> RPS using PI E> motion E>
P control (head sea) = Yaw control = Prescribed
= 2-DOF free . .
motion (heave = Use propeller using rudder PD rudder motion
itch) ’ RPS from head control
P sea (others) (quartering sea)

Fig. 6-1 Overall procedures of ship maneuvering test in waves
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EFAE (Ddroosso, Ddriso-sso, Ddrro-630)2¢ 52 (Adrooaso, Adriso-sso,

Adrro630)= Bl L3 T
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(a) Hp and up (Ueno, 2003)

(b) Ddr and Adr (Kim et al., 2019)

Fig. 6-2 Definition of turning circle test parameters in waves
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S Aato]l FFR oM sl 27A-S Yasukawa et al. (2021)2] 23
A3E ntg oz Ytk KVLCC2 A¥e 7% 32m AFnko]
AHEEATE KVLCC2 A3 A9 Kim et al. (2019)9] ARA=
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z0 4 FA Aol FHEHEIYT Hao] Agole AP I
T 27004 AlLte] R E AT
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2 = 9F 600 etk AIZE PA-e CFL #& Hlg o=
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1/4000] dA ZE= Y. KVLCC2 A&deo AHAS$ A4 nl&
AAE H8 3 T AR FE5 15SAE Aoy dayg A
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Fig. 6-3 Definition of wave directions

Table 6-1 Simulation conditions for turning circle test in waves

Rudder Wave Wave Wavelength
angle (9) heading (y) height (H/L) VL)
KCS
+35° (SB) | 180° | 0.016 | 1.0
KVLCC2

+35° (SB) 180°, 270°, 240° 0.02 1.0
+35° (SB) 180° 0.02 0.5,1.0, 1.5
-35° (PS) 180° 0.015, 0.02 1.0

Table 6-2 Comparison of computational costs (/L = 1.0, y = 180°)

KCS KVLCC2
Number of meshes 6.2M 3.4M
CPU Type Intel Xeon E2226G Intel Xeon E2226G
Number of cores 24 24
Simulation Time 54s/turn 80s/turn
Clock Time 48days/turn l4days/turn
CPU Time 1152days/turn 336days/turn
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Fig. 6-4 Example of computation mesh for turning test in waves
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ANES vl o R Kp=0.1,K/=0.01,Kp=0.1¢ A2 7S AL3+ T

g T ASAE ALte] AMgHE FHF Z2H 3 RPS 42 Table 6-

33 2t KVLCC29] 4% A 5 Z=2d2] RPSo HIgty 1§ &2
FAE 7HzITh
1.1
1.05¢
Q -~
% 1 \A/,\l_/ﬁ\J/ ‘,I /\ - y
K, = 0.0
095 __. K,=0.1]
09 mimmmimim K, =10
70 5 10 tTe 15 20 25
(a) Surge velocity
25

K,=0.0

——————— K, =0.1
! | E— K, = 1.0
>0 5 10 7, 15 20 25

(b) Propeller RPS

Fig. 6-5 Effect of derivative gains on surge velocity and propeller RPS
(KCS, /L =1.0, H/L =0.016, y = 180°)

Table 6-3 Final propeller RPS value for turning test in waves

EFD CFD

KCS 13.20 14.41

KVLCC2 17.50 20.35
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(a) Course-keeping trajectory
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Fig. 6-6 Results of course-keeping trajectory in bow sea

(KVLCC2, /L = 1.0, H/L = 0.02, y = 240°)
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EFD (Yasukawa et al., 2021; HU)
EFD (Sanada et al., 2021; ITHR)

- === - CFD (Present) I
—— - CFD (Sanada et al., 2021; CFDShip-Iowa) |}
—_———— CFD (Kim et al., 2021a; Star-CCM+)
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Fig. 6-7 Turning trajectory in head sea
(KCS, /L =1.0, H/L =0.016, y = 180°)

Table 6-4 Comparison of turning parameters in head sea

(KCS, /L = 1.0, H/L = 0.016, = 180°)

Parameters EFD CFD (Present)
AD/L 2.69 2.82 (+5.2%)
TR/L 1.10 1.31 (+19.4%)
TD/L 2.74 3.16 (+15.2%)

TooUo/L 3.26 3.57 (+9.4%)
T1s0Uo/L 6.27 6.78 (+8.1%)
Ts360Uo/L 12.54 13.49 (+7.3%)
FsteadyL/Ub 0.44 0.41 (-7.7%)
Usteady/ U 0.58 0.62 (+7.5%)
Psteady (deg) -3.67 -2.45 (-33.2%)
Psteady (deg) 16.10 14.86 (-7.8%)
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EFD (Yasukawa et al., 2021) |
————— CFD (Present) I

3
tU /L

(a) Total speed

3
tU /L

(b) Sway velocity

16

(c) Yaw rate
Fig. 6-8 Time history of velocity components in head sea

(KCS, /L =1.0, H/L =0.016, y = 180°)
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Fig. 6-9 Time history of propeller & rudder force in head sea

(KCS, /L =1.0, H/L =0.016, y = 180°)
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Fig. 6-10 Time history of roll motion in head sea
(KCS, /L =1.0, H/L =0.016, y = 180°)
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Fig. 6-11 Force & moment signals in head sea

(KCS, VL= 1.0, H/L =0.016, y = 180°)
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Fig. 6-12 Filtered Force & moment signals in head sea

(KCS, /L =1.0, H/L =0.016, y = 180°)
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Fig. 6-13 Turning trajectory in head sea
(KVLCC2, /L =1.0, H/L =0.02, y = 180°, starboard)
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Fig. 6-14 Turning trajectory in head sea
(KVLCC2, /L = 1.0, H/L = 0.02, y = 180°, port)

124 . "H



Table 6-5 Comparison of turning parameters for different turning directions

Turning Starboard Port
direction EFD CFD EFD CFD
AD/L 194 | 2.01(+3.6%) 1.86 1.93 (+3.8%)
TRIL 0.86 | 0.95(+10.5%) | -0.75 | -0.86 (+14.7%)
TD/L 2.41 2.53 (+5.0%) -2.22 -2.29 (+3.2%)
TooUd/L 482 | 4.90(+1.6%) 4.65 470 (+1.1%)
Tis0Uo/L 9.47 9.36 (-1.2%) 9.18 8.98 (-2.2%)
Ts360Un/L 20.29 19.99 (-1.5%) 19.60 19.17 (-2.2%)
pp (deg)
135 139.5 (+3.4% 222 216.1 (-2.7%
Adroo-450 (deg) ( ) ( )
Adriso-s40 (deg) 125 135.5 (+8.4%) 234
Adr270-630 (deg) 128 135.0 (+5.5%) 233
Hp /L
0.97 0.97 (-0.1% 0.96 0.98 (+2.4%
Ddrgo-450 (L) ( ) ( 0)
Ddriso.50 (L) 111 1.03 (-6.9%) 1.13
Ddr270-630 (L) 1.10 1.07 (-2.1%) 1.14
Table 6-59A= F A3 WaFo] ozt =FTHFES AP
vmekn, zENsEd dae A ol 5% elsl Jolw
fARA A5 ST el o@ mRALS ERA Aol
Ao 10% ol AP 2 AolT wolx| ko M5
71% 180°-540° FREOlA 7HE 2 AolE EIAH ol A=

off
o

e
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Fig. 6-15 Time history of velocity components in head sea

(KVLCC2, /L =1.0, H/L=10.02, y =180°)
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Fig. 6-16 Filtered force & moment signals in head sea

(KVLCC2, /L =1.0, H/L = 0.02, y = 180°, starboard)
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Fig. 6-17 Filtered force & moment signals in head sea

(KVLCC2, /L = 1.0, H/L =0.02, y = 180°, port)
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Fig. 6-18 Wave contours for different ship headings in head sea
(KVLCC2, /L = 1.0, H/L = 0.02, y = 180°, starboard)
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Solge BE sl thelAl Aste] Aol APel Aoz
Wolx|7] Akste Aol A9l fAsthE Zlelth. Fig. 6215 Fig.
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Table 6-6°l= A3} EFZ zo|wbg A A2 ol thal &

Table 6-6 Comparison of turning parameters for different wave headings

Wave 270° 240°

headings (x) EFD CFD (Rotate) | EFD | CFD (Rotate)
AD/L 2.82 2.94 (+4.3%) 2.80
TR/L 1.39 1.59 (+14.5%) 1.30
TD/L 3.23 3.46 (+7.0%) 3.05
TooUo/L 3.81 3.99 (+4.5%) 4.15
T1s0Uo/L 8.05 8.06 (+0.1%) 8.33
T350Un/L 18.15 18.17 (+0.8%) 18.46

p d’;‘;_giegeg) 216 220.15 (+1.9%) | 194 | 209.91 (+8.2%)

Ddg;ﬁ(m 1.28 113 (-11.6%) | 1.14 1.17 (+2.7%)
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Fig. 6-19 Turning trajectory in beam sea
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Fig. 6-20 Turning trajectory in bow sea
(ML =1.0, H/L =0.02, y = 240°)
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Fig. 6-21 Time history of velocity components in beam sea
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Table 6-7 Comparison of turning parameters for different wavelengths

Wavelength 0.5 L5
L) EFD CFD EFD CFD
AD/L 2.57 2.56 (-0.4%) 2.71 2.65 (-1.92%)
TR/L 131 1.44 (+9.9%) 1.17 1.34 (+14.8%)
TD/L 3.25 3.65 (+12.3%) 2.92 3.10 (-3.2%)
TooUo/L 4.74 4.86 (+2.6%) 4.41 4.40 (-0.2%)
Tis0Uo/L 9.36 9.78 (+4.6%) 8.92 8.64 (+6.1%)
Ts60Uo/L 2041 | 20.82 (+2.0%) | 18.71 18.32 (-2.1%)
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Fig. 6-26 Turning trajectory in short wavelength
(ML =0.5, H/L=0.02, y =180°)
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Fig. 6-28 Time history of velocity components in short wavelength
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Fig. 6-31 Ship motion and wave contours near roll resonance

(WL =1.5, H/L=0.02, y = 180°, y = 310°)

143 e A Lo st w



2
tote
>

o
iin)
A
to
s
)
1=
o,
=2
=
|t
rx
tote

Fig. 6-320l= A5 & A
AX S YerdliAT. 32
A7t gotAe AL FAT  dom FEAAZe] s AA

2 g5

2
lo
o
of
oot
o
fu
o2l
i
oy
B
=
R
ol
2
=

Zl

rr

g H LooAM AZJAZIE B #dnh A A
Ardle W vl wel e AEFEol ekt 3 Wl .03

159 dsir= AR FEfel #AlZe] Aozl vk, v |l 0.59]

g —
I Calm water
5F it AML=0.5
i Waves | _. ML=10
ab L ¢ $ e — WL=15
3F —
- AT
N
N AN
>< 1 : 7/ H \ \- ,/‘
- [ \ S
0 N AY = \.,__'i ,/-"L T
g ~_|_.2T L
'l N ~ < ,\/; 1 --
2f
_3 :\ Ll L Ll el el el J I
30020 -1 0 IY/Lz 3 4 5 6

Fig. 6-32 Comparison of turning trajectory for different wavelengths
(H/L=0.02, y=180°)

146 O -1 = —
A=t 8



t ols

3]

Zkzy 32 v 0.5 1590 o

L
|

Fig. 6-333} Fig. 6-3401 A

37 )

2 ¥z Yo

‘mwo

B3y = 90°)°1A

s}
ol

1.03+=

| Aesa RUEZE 39 wiy

olo] we} YAHow Hi
2 g
o] Aol A

Ao

Pt Aol Aol meh Thal 3

5|

o

oju

e
p
o

7
Nlo
A}
4

frse]

_-OT

X

T
N

Fig. 6-32°]

1
—

o Aoz AA

i

3l

LR
o~

3}A]

SulE A

3=

X
He

d

Jerd ARAY

X 3] 31 A|
EHETE gA

Fo}A]

g AEE BT

HE7} ol oAt o

2

A= Eell

CEC

=
R

JJo

0
o

ojp

71E9] 34 Bl 1.0 &

o] A<l fl7] wWZel A

oy
N

o

e
e

HA5H

ol A

7HAA EH.

147



Total

Hull
— — — - Rudder
———-- Propeller
——— Centrifugal

180 225 270 315
v (deg)

(a) Surge force

90 135 360

F,(N)

180 225

y (deg)
(b) Sway force

135

180 225 270 315
v (deg)

(c) Yaw moment

45 135 360
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Fig. 6-37 Turning trajectory in lower wave height
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Table 6-8 Comparison of turning parameters for different wave heights

Wave height 0.015
(H/L) EFD CFD
AD/L 2.24 2.48 (+10.7%)
TR/L -0.82 -1.00 (+22.0%)
TD/L -243 -2.61 (+7.4%)
TooUo/L 4.65 4.89 (+5.2%)
Tis0Un/L 9.15 9.45 (+3.3%)
Ts360Uo/L 19.20 19.74 (+2.8%)
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Abstract

Study on Ship Maneuverability in Waves
Applying CFD Technique

Byung-Soo Kim
Department of Naval Architecture & Ocean Engineering
College of Engineering

Seoul National University

Accidents of large ships in the ocean cause casualties and great
environmental losses. To prevent maritime accidents, it is essential to analyze
the ship’s maneuvering performance. Early evaluation of the ship's
maneuvering performance was conducted in calm sea conditions, but recently,
more realistic in-wave maneuvering performance has become a major concern.
In addition, the evaluation of maneuvering performance in waves is closely
related to the policy being carried out by the International Maritime
Organization (IMO). The IMO is implementing a policy to introduce eco-
friendly ships with the goal of reducing greenhouse gas emissions by more than
50% by 2050. In this policy, the Energy Efficiency Design Index (EEDI) is used
as an indicator of greenhouse gas emissions. However, the proposed emission
limit can be satisfied simply by operating a ship at a low speed. The problem is
that there is a high possibility of losing maneuvering performance when
operating in rough seas at low speeds. To overcome this problem, the discussion
on the minimum propulsion power of a ship is ongoing. For these reasons, the
evaluating maneuverability in waves is one of the biggest concerns in recent

ship hydrodynamics.
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Ship maneuvering performance can be analyzed through experiments or
numerical methods. In the past, the hybrid method combining the experiment
and the potential-based solution was widely conducted. Recently, with the
development of computational equipment, direct simulation of ship
maneuvering became possible using Computational Fluid Dynamics (CFD). In
this paper, the ship maneuverability is evaluated through free-running
simulation by applying the CFD. In order to simulate the free-running ship, the
overset grid technique is introduced and the overset grids are applied to the ship
and the rudder. The propeller is implemented through body-force propeller
modeling. Multiphase flow is solved by applying the Volume of Fluid (VOF)
method. An additional buoyancy term and a limiter are used to stabilize the
instability of k-w SST turbulence modeling in multiphase flow. Wave
generation and damping are done using the relaxation technique adopted by
waves2Foam.

The uncertainty of the numerical method used for this study is checked
before performing the ship maneuvering in waves. Uncertainty analysis is
applied for calm water resistance, motion response in waves, and calm water
turning tests of the vessel. Three different uncertainty estimation methods are
applied to the same calculation result, and the uncertainty results according to
each method are compared. Among the various variables that can cause
uncertainty, the analysis of the grid uncertainty is performed, especially. In the
case of the motion response in waves that continuously changes with time, the
uncertainty analysis of the time interval is also conducted.

Next, the results of the current numerical method are validated with the
experiments and other numerical methods. Validations are made on two topics:
nonlinear motion responses during head seas and turning simulation in calm

water. The analysis of nonlinear motion response is carried out for heave and
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pitch motions. An S175 container ship and a tumblehome, two completely
different-shaped ships, are used. Comparing the motion response according to
the different wavelengths is done and then the nonlinear motion change due to
the increase of the wave height is confirmed. To simulate the virtual turning test
in calm water, propeller PI control is preceded in order to calculate the propeller
RPS value corresponding to the target speed. The calm water turning test is
performed on the KCS container ship and the KVLCC2 tanker. The turning
trajectory, velocity time series, and maneuvering parameters are validated by
comparing them with experimental and MMG model-based numerical methods.

Finally, the turning performances of two ships in the wave are analyzed. For
the KCS container ship, the calculation is carried out only in the head wave
condition. For the KVLCC2 tanker, the change in turning performances
according to the wave direction, wave frequency, and wave height are observed.
As with the calm water turning test, validation is made for different variables
by comparing with the experiments. The drift distance and the drift angle by
wave drift force are also validated for some conditions. In addition, the force
and moment time series obtained through the numerical method for each ship
part is studied to understand the effect of each ship part on the turning process.
The free surface distribution and pressure fields at the ship surface are studied

for varying wavelengths to investigate the reason for different turning abilities.

Keywords: Maneuverability in waves, Computational Fluid Dynamics
(CFD), Uncertainty analysis, Free-running simulation, Turning circle test

in waves
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