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Addrel BI7MAE, 84, =2F 24 5 oS A A89d 6t

ATH (Kim et al., 2011).

(1960)= ¢5F BE WAL ARl AT A5 WS

st olH g Fd
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I,
ok
s
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o,
o
=
o
=
o
RS
flo
[
(m
il
o
r

(Salvesen, 1978), 53 ©]& (Kashiwagi, 1992), 18] #Z13d¥H (Liu
et al, 2011) T WadAds s 7'M A =d=o] Adre

HF7HAE dSe ZE&EdY. HIZode WY o7 dde

32

o] &3}= 7|¥ (unsteady wave pattern analysis; Kashiwagi, 2013) ==
Fehddo] ofd AA WA e EHE HAS AFHL
A &3l= 7| (middle-field method; Pan et al, 2016) <%

st s T FR RS Ao AA3E Wwz st
o

Rl

Z+835l=  FA45<Y  (hydrodynamic pressure)2  Al4HE

i

d =3t 4HEAHAE WY (near-field method)ol A=, Alute] HH

Aol et B (perturbation)S 283 23 4HS



Askeolop &k, o wel e gk AL A W=
A A dHAHAE e 2y AW £271 9l BRA
Zh et B EFREES AL 95k Pinkster (1979)00 <] 3]
7= 91O ™, Faltinsen et al. (1980)2 ©] WHE 22k 2EY o]&
719ke] W8 M7 Agste gd F Adute] RIEAE o o
AR ol %, FEHAHAE WHE 33 Hdel HEA7E
B A7 JYgHAT 9
HF AT AEAA AEHoR A= Adute] A&

ERES Fui gdeld  Adstac ANDPel o
=

o

==

E E°, Grue & Biberg (1993)<

Miyata, 2003; Hu & Kashiwagi, 2007; Guo et al., 2012; Sadat-Hosseni et al.,
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ol 7wt ZIHo=, Y HFAH #&2 RANS (Reynolds-averaged
Navier-Stokes equation) 7]®F CFD 7" .2 3|43} H ). T3k, Uharek
& Cura-Hochbaum (2015)2 13 38 F 4 £E2 st

Adubell tiste] AdAlel 2HEst= FAHS Algtsta, ol FEe

3k (Fourier transform)e 283t YAF W3k 9 9o WE HF
UgE s 2F 5 AN U F J=FE 2dd IFYPH

AR J83 2472 W& 55 S35 (Feng et al., 2010;
Prpic-Orsic & Faltinsen, 2012; Kim et al., 2015). ©o]& &5l &=
A4S 71Fo2 A8 HAHSE 5= I (Luo et al, 2016;

Jung & Kim, 2017), 18] 31 Adlo] &3l F2E HAHFs= AF
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Al FHEHJUTH (Lee et al, 2018). AT AFH nE A3
AFolAE Addre] AL skFel ok A £= 9 FH9

W 3into] a1 E .
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aAsFol 48T + Utk Wt dsgq AZE fAsE
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il

(rudder control) 7]¥WFe] AFEF A
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2. o|EF WA ¥ X 34 7Y
2.1 93 F Adke] WA s 314

2.1.1 AAZA EA

=4 124 #FH3EA (body-fixed coordinate system; O-xyz)e] Adule] 3+
A (mean-body position)ol| A HJHTh Spet S 2 AAEWH
(body surface)d} A-3EH (free surface)= YUEMNH, y, 4, 183 o=

22t QA shge] W, AE, I3 FA5E e

z, heave A w

X, surge

Fig. 2.1 Coordinate system for seakeeping problem

Aub= A (rigid body)= 7HEstH, pake] o9k Advhel ¥

2] (linear displacement)= T3 o] & & Ut

18 2] L)) i



A7NA, & (0)=(5.6.8) 2 &(1)=(&.6.5) & Aol B AFE L,
F558, 43lE8; surge, sway, heave) 2 32X (58, TF8,

A58, roll, pitch, yaw)®| 6 A% (degree of freedom) &=

+& A HE8HAT HY=FA (incompressible), H1H A (inviscid)
FA, BISAA (irrotational) FFE o E JHASH &% XHA 45
&

A w94 (Laplace equation)3} 74 Al 271 -& wEt},

;
b

= O
a

Atk AT AARelN &= TEHL Th2ol

V¢ =0 in fluid domain (2.2)
{g_(ﬁ_v@.v}(z_g):o on z=_(x,y,t) (2.3)
{g_((}_v¢).v}¢=—g§+%v¢~v¢ onz=_(x,p,t) (2.4)

onsS, (2.5)

%:[_jﬁ+%ﬁ
on 0

AZVA, U=(u, oy +2,0) 9 72 2H2F Ak 23 Al A ER
sxol WA MEE oEsE, = A ol F FAL (wave

elevation)©| T}

19 1.4 +1)



714, o= AY & SExo os) TAste Y FEe

o
137l 9 71E EZElA  (basis potential)©| ™, ¢,

o
=
QU

rir
)
)

A AT} (incident wave)®} W I} (disturbed wave)oll g ZElES

omath BN, oo e AATRel m@vhel shaolh

dRtHom MY olBoMe AY #FEH} #HEE AEY AV=
O(HZE, YA A& o me A &5 3 wdy &9

3712 O(e)Btt =Athal 7FA4 g},

AAzA A¥EE A B FE5S ARSIk &, ZA
T 7FA W o] 9tk WA, Neumann-Kelvin (NK) A &3} 7o A=
Fig. 229} Zo] A4 fres ¥¥ F522 7MHEAT (0=-U-%).
webA] o] WS 14 MAA (slender body)oll 2 &sith nwdH

& =717

-

Y #%ol Hste =77F o= 7Skl 4
23~59 AAZAL EA 1A HAIFA sty oS o) A3y}

¥ & ek

20



o = od, Lo
(5 U- Vj{d » onz=0 (2.8)

0 =~
(E—U‘ngzﬁd:—g{d onz=0 (2.9)
8¢¢, : aé:j a¢1 N
~= n+&m, |-———onS
on ;( PRCATAY ?
where 11, =(n,,n,,n,)=n
T (1 2 3) L (2.10)
where 7, = (n ns,nﬁ) Xxn
where m, = (m mz,m3)=(0,0,0)
where i, = (m,,ms,mg) = (vynsy,—uyny,ugn, —vn,)
A71A, SpE B XY dAgheth B, my F& Auke] £
5o mE B F5H &5 o B#AY (radiation) 7F9]

" o] ZE-A  (double-body; DB) A&3 Z|HoAE e

V'd=0 in fluid domain (2.11)
X 5. on S, (2.12)
on
aiD:o onz=0 (2.13)
oz

olF=A Edldo] wetyt X"l Mo mHlste] At= ZRAstel] 4
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%s _(G-vae).ve 2@ %9,

(U -V ) Ve = (¢ + ¢+ (2.14)
-V® -V, onz=0

0d, 7 =— - 8;()_ _)—l )

7;_(U—V®)V@—-gé [az (U ZVQJVQ} (2.15)

%:i(aé‘ n, +é:jmj)_% On§3

on D\ ot
(2.16)

top view

(a) Neumann-Kelvin linearization (uniform flow)

side view

(b) Double-body linearization

Fig. 2.2 Schematic view of steady flow approximation

olF=A AF3t ZIHLe 712 78 wet A& HthAd (blunt
5 710 I8 2945

body)oll A3ttt E=Z AA
ste o|FEA I B WEEo] EIHT oFEA

: BELE

U



Y NS R b F AU 8% BAlo Sotd 44
o]

7} -8 Nakos (1990) @ Kring (1994)ll ZFA|3] 71& 5o St
Mutol AAH AE|7F obd st A, AY &5 2 w

2 Ag3] Astr] A m e AsiA Brlstoof do

NK Ad@3te] 45 4 2,100 Yetd=o] my & Akl ¥4 #5l

=
ok

} Aule]l W27} (angle of attack)%he] e ETH HIA o] FE
APt = m Foll olFEA XZHAEo 24 n|Edo] EFHE o]

ATk (A 2.16). 73+ AEH (finite difference method; FDM)¥ 7o

ol

A 7IHO &2 24 wE&S ALtete AL o7 "ol (Zhao &

4

Faltinsen, 1989), Ogivie & Tuck (19692 2=E=F2> A (Stokes
theorem)& F3ll m; & F&FS ZrlEe 14 v EFTE o] 83+

e 2ol HrlshArt.

jjgg Ginyds = [ [((7 _ vq)).vg}—ws
[, Line (0 - Vo) | GRar

(2.17)

(2.18)

o

2 217~182 A B g8 I Fol i m Fol I
Uetdth. G= Laplace A4S W8t ool 19 34+ (Green
function)o]™, WLL Hi XA AA|e] 4 (waterline)=

Jepad. me, § ook g, & A7 FEMae g9 W

23



FAMY B WEHE ousid, 6, o A s #AE
2o,
S 1
Ty, :,—(nl,nz,O) (2.19)
sina

71, a= Fig. 2.3 YeEURo] FAHANAY HAA 59 77
2% (incline angle)E Yu|gtth. o]EFH o= 4 2.17~189 FA
ARG o]|FEA F5 AAZRA (A 2.12~13)°] w} 0o] At}
SEAINE AWEARl A oA = Aol obd, Idel FAA
btk wEa A 2.17~189]

BAZE QD BEFSA Yol FAHA LA BAT F Atk w,

o,

(collocation point)oll 4]  Z &I/ 0]

A =90 £ A9 (wallsided), 7, 3 7 °] BA HEZ,

Wall-sided

(sina=1.0)
Incline angle, a(x) /
N i n
\/ E nU'L

Fig. 2.3 Incline angle of body surface at waterline
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SHH, Wu (1991)¢} Chen & Malenica (1998)+= Dirichlet JEj2] A&

WA e Eolsty olFEA ERIAY 27 mEZES TEF 2o

fl,ooeas=22
? x;
1 1 )
—+— forj=1,2 (2.20)
where G*= ? ’1
- forj=3
r r

A7|A, 1/r& 329 #Zl A2 (Rankine source)©|™, 1/7'2 AW
(z=0 HFH)ol A== oln] A A2 (image source)E &V gTh EF

obef  HA = HEAY WEFe et R o]FEA

oD
Ox; 0,

oG* .
=ﬂsgajads forj,k=1,2,3 2.21)

[\®]
)
=
S
odt
o
o
ofo

sted 2 2169 m &2 =&, 4 2.149 &5

AfEE AAzAN 2gE Foe’ ¢ 9N BE + Avke
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A

ted O™ 23

[

7 9
I

& Eol3

Al

=
Lo

oju
<

%O

jond

Th
N

o]
N

second identity)®ll

(Green’s

(2.22)

G s
on

Gas-|[, 4,

on

og,
n GdS—J‘J;H—

g,

as— ],

oG

on

ST

% +H§B %

= 0]
__‘l_]:]

gl

0%

oju

Z! (B-spline) &<+ 7]¥ke] 31z} (higher-order)

2

ATolM = Hl-

oju

(2.23)

S+ TF.

j ()B;(X)

g

1

1

1
9

J=

=A 37}t
D (£);0B;®)

D (8),(0)B,)

9
j=

9
J=

é/d (56 H l)
(X,1)=

¢d ()_C)a t)
g,

o

o)
oju

T

T
N

=

-—

il
i
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N

12t =

e FYFoEn AN F Ytk AE ARl ofeish

2o explicit-implicit &3 WHol & EF ATt

St

(nt1) ()
Ci_ 60 _pig ) 40 (2.24)
At
(nt) 4 (n)
b=t oz, 4"y (2.25)
At
A7 M P, 0= AGEA AAZANA A nEIFS AT wE
FES 233 grolth w3 9 =)o AHEA HS WolA

WALZZ  (radiation condition)S TEAIZZ] ] JHY A IY
(artificial damping zone)S E=Y3ATH AFEHe QR AA

AXZ 72 FYdMe gdHe orFHom ZIHAZIY. o=

_—P(gda¢d) v, +V2 ¢ (2.26)

g9 5 A o5 Bd AAxA BA Folg skl £ AT

=8 3 APy "AeEE T A sy 7l iRk

27 1] ©



2.1.2 &% A4

A7) A, [MI& ABte] AF dEE YEY, (Foayl s B4
5ol 23 Folth {Frk} 2 {Fres} = Froude-Krylov ¥ % B35S
ou|8tH | {Fup}+E Froude-Krylov 33 B8-S #¢3 gtz o Ak
2 Mul gFo o3ty WASE FAIFEYEsA 3 (hydrodynamic

fOI'CC) O] E]' {Fviscous} "E %‘7]‘;—9[ ?__ 71:}'/"\’] a _Q_E’ ;1(:-!] /Ké 53] O<:)] 63:0]

rlu

FEL WY ol BAYo] gt ¥ AR EYHE sxE

2zol tjato] thes 2ol mua aiieh (B(E).

B =2y (M, +M(),)C,  forj=12,46 (2.28)

o 7] A 2\/(M” +M(oo)‘1./.)C1, = YAZE A (critical damping coefficient)

AdAgde] dizk g3 wy AR Fo= Qs HItHe=

A5de] e YO threl 24 ek

28



Fe], s, s

AZIA, Usina> AA SHo] FAsx] e w 7|=7]E 135t
oo wheh AEAA o] Wstels FEFS W

45 (perturbation)= &3t S A+ HE FE317] el A

N

A=He A wZFo] A4 (Bernoulli’s equation) & ZHE A&

P =—pr§—(U—%V®j~V®+ gz} (2.30)
A :—pK%—(U—VCD) -vj(¢, +4,)+ gz} 2.31)
p? =—pBV(¢1 +¢,)- V(4 +¢d)} (2.32)

o714, A4 (hydrostatic  pressure)E 2| F|dl=  gze] A F
AZddel w&t AsE 22 o s 4 2159 AFxd

AAzAS weh A W Aelsd oo 2t

é,<o) :_l{%_(fj_%vq)j.vq)} onz=0 (2.33)

29 ] O 1 &



Y =—1KQ—(U—V®)~VJ(¢, +¢d)} onz=0 (2.34)

w3, dAEE] WA e @A 0 =271 du gl u

Hststuz olg A M2 Adsd tEd 2o

() forj=1,2,3
0) _ Y
n-= (q q(o)) - (2.35)

XXn forj=4,5,6

-3

(ER 7 )j forj=1,2,3
n' = (2.36)
! [@xﬁ“ugx(xxﬁ“’))} forj=4,5,6

j-3

(&) forj=1,2,3

n® = ! (2.37)

’ [H()_c'xﬁ(o))+;”; X(ER Xﬁ(O))l._3 forj=4,5,6

714, 70L& B A AAEHE] P wE et =3 A= 3

+53 FHAH FHE HE (coordinate transform) Y H =2 o} i,

. «&+5) 0 0
H=2| 264 ~&+&) 0 (2.38)
28,5 268 HAE+E)
HA, A 230379 A4 B WSE A 22990 diYgstd 0(1)

30 1] ©



(2.39)

6

=1,2,-

vmj-wp} nds  forj

_(5_1
2

oD
ot

o, =l

| (sinkage) ¥ EF (trim)°] 24 ¥}

2] 3]

Al

i

)
A &

d
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B, =(1)+(I)+(1)+(1v) (2.47)
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By, =()+HI)HH) V) H Fac o, + e oy (2.48)
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38
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Voty + X, 7,
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zZAHo o3 FAl5HH & (propeller force)
zzde o3 FAFHTH Y& w9 S Tl e F
ATH
X, =(1-1,)pn,"D,*K, (2.54)

AZNA, tp, np, 1B Dp= 37y FHZA AlS (thrust-deduction

ol

fraction), ZZHZ o] 34 W AAo|ty, T3, FHA S (thrust
coefficient), Kr= U3 o] ZZH] (advance ratio), Jpd 2%}

tasow 24 A

K (Jp)=dpo+Jpdp+ 000, (2.55)

J _t(1=wp) (2.56)
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At NAt

seakeeping (2 . 63)

manevuering

Include forward,
slip, and rotation
velocities

- 6-DOF motions in waves _Evh'\': T:;mn: AT - 4-DOF maneuvering motions
v Motions and velocities MRS ECRRIee v Global ship position

¥ Ship velocities
- Linear BVP —
- Hydrodynamic force  —

- Modular type model (MMG)

¥ Linear wave force - External force
v 2nd-order wave drift - Ship velocities ¥ Hull force
force / - External forces ¥ Rudder rorcN
¥" Propulsion force
/ ¥ Wind force
* Froude-Krylov force v Linear wave force

+ Linear hydrodynamic force ¥ Wave drift force

Direct pressure
integrated method

* Added mass
+ Additional
viscous force

Fig. 2.6 Seakeeping-maneuvering coupling procedure
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AD =D, =D, + U,y - AV (2.66)

Fig. 2.8° Yety=o], @, o2 2tz =™ (pressure side)d}
FYW (suction side)d] BT @ FAHAA ZHlES o]t
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Fig. 2.8 Doublet strength at edge of ship
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Vi = \Ju; +u, (2.69)
Wi =tan (u, /1) (2.70)

Where ux = _I/wind Cos(lwind - V/O) + uo
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(a) S175 containership

(b) KVLCC2 tanker

(c) DTC containership
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Table 3.1 Principal dimensions of ship models for seakeeping analysis

Designations S.l > . KVLCE2 D.TC .
containership tanker containership
LBP, L [m] 175.0 320.0 355.0
Beam, B [m] 25.4 58.0 51.0
Draft, 7'[m] 9.5 20.8 14.5
Block coefficient, Cs 0.572 0.810 0.661
Artificial

damping zone

1.2
1
0.8
3
2 06
[
0.4 1
] S175 containership
02 AN KVLCC2 tanker 1
' v DTC containcrship
Y S5 A S U U A S
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
x/L

Fig. 3.3 Incline angle distribution of ship models
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Fig. 3.7 Motion responses in head sea I: S175 containership, Frn=0.150
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Fig. 3.8 Motion responses in head sea I: KVLCC2 tanker, Fn=0.142
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Fig. 3.9 Motion responses in head sea I: DTC containership, Fn=0.139

73 3



Fig. 3.10~1201M = SL3 Ay =3 dis) A48 5 o
& #-8st

Y mFolM olTEA AF3 WMol HEEHIUeW, m T

H A

ol
£
)
l-‘>~
i)
o
offt
olo
it
filo
R
El
QL
3R
)
_‘
N
N

Dirichlet A& Zo|sle] HrlslAuct. WA, S1759 ZH-$ Fig
339 UEhtRol AAE wet FEle] WAoo R FHEA gfof
vao] wE HEwze Wyt A Oz st A g
o3k nlAg Aol 7] wEo] Ay P ot HIAY A A} 3t
Zpol7b wAYSTE. ol e AFe HE Wz wWsyt s A
UetdE 33 (WL=1.0)°] ARt 5o I3 FHF A

Mol Astach =¥, FFARG a0l ofstel BUHSol

o] FAe| 7i7b¥ KVLCC2 AFAE EFd] we

H Aol At shAIRE Aubel Zojeh wpao] FAL W F3lo]
wAslR] gomm AgRow T Jkx A Ad z7he| x}olrt

BRI S

74



2
L ——o—— Linear
- - - w- - Weakly nonlinear, A/L=0.01
i —+==o=-=- Weakly nonlinear, A/L=0.02
1.5
N
wp
: N i ;
I 'ww;;'/
0.5 “of
O~ 15 2 25
ML
(a) Heave motion
2
L ——a—— Linear
5 - - w- - Weakly nonlinear, A/L=0.01
15’ —-—o—-—- Weakly nonlinear, A/L=0.02
A i —
S ! oS es S
i i e
i A
- .I'
‘1‘“‘1.5””2‘”‘2.5
2L

(b) Pitch motion

Fig. 3.10 Motion responses in head sea II: S175 containership, Fr»=0.150
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Fig. 3.13 Motion responses in oblique sea: KVLCC?2 tanker, Frn=0.060,
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Fig. 3.15 Added resistance in head sea I: S175 containership, Fn=0.150
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(a) NK linearization

(d) DB linearization with Dirichlet equation and @, related term

Fig. 3.20 Wave contours in head sea: DTC containership, Frn=0.139, 2/L=0.3
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- [ ] Exp. (Sadat-Hosseini et al., 2013)
i O Exp. (A/L=0.005, Lee et al., 2013)
I5H ——— NK
| - — 2—- - DB, Stokes theorem
|| ——-<—-—- DB, Dirichlet Eq.
@ 10 i DB, Dirichlet Eq., w/ ®_, related term
B | o Empirical formula (NMRI)
R [| = = === Asyniptotic formula (Yang et al., 2018)
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(b) DTC containership, Frn=0.139

Fig. 3.25 Short-wave added resistance in head sea:
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] Exp. (Fujii and Takahashi, 1975)
& Exp. (Nakamura and Naito, 1977)
15 2 Linear
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Fig. 3.26 Added resistance in head sea II: S175 containership, Fn=0.150
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Fig. 3.27 Added resistance in head sea II: KVLCC2 tanker, Fn=0.142
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(b) Without vertical hull slope correction
Fig. 3.28 Added resistance in head sea II: DTC containership, Fn=0.139
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(b) Disturbed-wave induced component
Fig. 3.29 Components of added resistance in head sea: DTC containership,

Fn=0.139

103

gl



4

S

7] BA ¢

7]

‘HO 0?._ —
N T 0
w O T 0 : [ q O T OB
o X oK K =
FREEIEE FrEIREzIiEaC
S LR E TS S R DAY
2 < S ) N N X
Mﬂﬁ T o_e T ‘._mﬂ ,Ela o_ﬁ k= ~ ﬂ_/” ,_lryv ﬂ._u E ‘D! 8 e
% T o o o og Mo ® § X3k x
T R gk T & X = o = 2 3
o i — X X T K [y
o R T N Moz B N T % %_ M RN
= - = R T o . B X % iy B T
& E B2 F X o= W
ah_lzﬂﬁ_é TR T LB R oz -
e I O o B
& T p v B % BT S Borohom ey b T
. uoE AR do X = M oo O ST I
e Njo \m_W 3 o mK Lf n = U~
=z B : nE P n <’
o = F T ol W B X 5=
I ' T o Koy oW e X T
oo N H = R i o g N G
P IR ddr s8R G T os oW y P
_ " N = T o R T | neooop = ]
< -~ T X @ % 44}%11%5%3
T = T J_ML m o © n % w/. o el ) 5P B )
" ‘W np) ~ . ol N T % m = Mo N e = T
@1;,?_;?@wl;;f;i
= — o T o. x W op 2T C I w T
" N oo ° 4 2 A N
HW o X0~ S o 5 . E 7 .9 oy K s
v W = ° — g T ow 5 )
~ T do SRR B g 5o XN X R il
N x 1.A_I E.c 0?_ o 7° ON ,H\.I WJ &o o ‘DuLa ;oL mwo = WA' o w
o U R B = T f > X o5 T oz 3
oo N . - - B Az T & M
®om " X Oy _ o+ m _ M s T o
o7 T m_.f N TR o = woT lx% ﬂu —~— M _.E VmJ o
© 0w T owo® R v X o xm & oo ® S 2
¥ W T & T

TPl ES SHOPERA ¥l

104



25

1

|

x =z
—

SEAIRE Abw} 7 ol A

S

2 Ay Aol vu

7} (Sprenger et al., 2015)¢} H]nld}o]

o] ZA et}

341
i

729

ATelA s3d

o)
s

oAM= 2HA]

sk

a3}

ol

2

Ho

&l

[¢]

A
A Fo| A

Gl
13

i
A

MR WA vhere] AkE ] wEolt,

Qs
S
o ol

[

1=
_7_:7}
A o] A 9

(e

o
i*
27571

L4 AEE AFR Skl

Z}7}

o

A
o]

‘]

77t 2

A

2=
T

9

P
T

A
his

‘]

A3t Apole

L —

)

olgd AFLS AFAg ZABRT An|Abg; 270 A
o] Fig. 3.3200 4

°

_?4

= .

5}7]

[

|

5]
(corner flow)e] EAE& HQ

A At 2

T+
YERY Y. DTC

3t

3}o

)

)

H
i

=1}
=~

Z:of A

ANA 9
A

105

B7H=E Ao

SHA

S

7F 3

3L
-

LN

ek A ZolA IR o2 I HFrhd

3}

]

A
f=

52



5 5
) »\ ———— Linear
/ - — < — — Weakly nonlinear, A/L=0.01
25k I 25k —-—-0-—-— Weakly nonlinear, A/L=0.02
N 7 \ S
& \"*X—o—_-—a S
5 0 50
g g A Lz
N o NP
N 5 N
251 — s Lincar 25
— — ¥ - — Weakly nonlinear, A/L=0.01
—-—-©-—-—  Weakly nonlinear, A/L=0.02
i 1 i i
> 0:2 04 06 08 1 12 14 16 = 02 04 06 08 12 14 16
ML WML
(a) Surge force (added resistance)
20 20
16 16

¥

F/(pgA’B7/L)
4
F /(pgA’B/L)
/ /

4 ~ 4 \
| \*’-o--...c \\-0——-0—., —
0 0.2 0.4 0.6 0.8 12 1.4 1.6 0 0.2 0.4 0.6 0.8 12 1.4 1.6
WML WL
(b) Sway force
4 4
=¥ =A%
2 LN 2
~ ~— N ~
3 i\ 3
Q N 5
& R o
< R T =
& 0 Soclg & 0 pap
2 2 e F = /
AP
| .
4 0.2 0.4 0.6 0.8 12 1.4 1.6 4 0.2 0.4 0.6 0.8 12 1.4 1.6
WML WL

(c) Yaw moment
Fig. 3.30 Wave drift force and moment in oblique sea: KVLCC?2 tanker,
Fn=0.060, y=120.0 degree (left), y=60.0 degree (right)
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Fig. 3.31 Wave drift force and moment in oblique sea: DTC containership,

Fn=0.052, y=120.0 degree (left), y=60.0 degree (right)
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(b) Stern quartering sea, y=60.0 degree
Fig. 3.32 Wave elevation and hydrodynamic pressure distribution around bow

of ship: DTC containership, Fn=0.052, A/L=0.2
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Table 3.2 Principal dimensions of ship models for maneuvering analysis

Designations S.l 7 . KVLCC2
containership tanker
Hull particulars

LBP, L [m] 175.0 320.0

Beam, B [m] 254 58.0

Draft, T'[m] 9.5 20.8

\2 Eﬁcevm[zf] 24,154 312,622
Block coefficient, Cx 0.572 0.810
Longitudinal center of buo
& o %, o] yaney, 134 347
Radius of gyration, k../B 0.338 0.4
dius of i
Rakyy p an(glz{r:‘;on’ 0.269 0.25
Propeller particulars

Diameter, Dp [m] 6.507 9.86

Pitch ratio, p/Dp 0.735 0.673

Rudder particulars

Area, Ar [m?] 32.46 112.5

Aspect ratio, Hr/Br 1.827 1.827
Rudder speed [deg/s] 1.697 1.812
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Vortex panels

Vortex panels

for bow edge, S,,

for trailing edge, S,,

Fig. 3.33 Vortex sheets at bow and stern edges: S175 containership
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(c) Drift for fo=10.0 degree with vortex sheet
Fig. 3.34 Double body potential and stream lines for drifting ship: S175
containership, Fn=0.100
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Fig. 3.35 Double body potential and stream lines for rotating ship: S175
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(b) Pitch motion

Fig. 3.36 Motion responses in head sea for different forward speeds based on

DB linearization: KVLCC2 tanker
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Fig. 3.37 Added resistance in head sea for different forward speeds based on

DB linearization: KVLCC2 tanker
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(c) Pitch motion

Fig. 3.39 Motion responses in oblique sea for different ship speeds based on

DB linearization: KVLCC?2 tanker, y=120.0 degree (left), y=60.0 degree (right)
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(c) Yaw moment
Fig. 3.41 Wave drift force and moment in oblique sea for different ships
speeds based on NK linearization: S175 containership, y=120.0 degree (left),
x=60.0 degree (right)
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Fig. 3.43 Example of divergence of numerical solution: S175 containership,

Fn=0.100, £=20.0 degree, A/L=0.5
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Fig. 3.44 Turning trajectories in calm water: 6=35.0 degree
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Fig. 3.47 Time histories of ship speeds and motions in turning test: S175

containership, converged initial speed in waves, //L=0.7, y=270.0 degree
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Table, 3.4-5+ &3 T A3 A|EH|AHS

(advance)®} A<= A7 (diameter)= 7]1= A3 23} vl Aot

Avte] A7 vl ARE AF w3 = A4 FF 2 10
hE e52R, 4% ERY 5 UHse A3 nestelol

Table 3.3 Advance, Ap (X/L when y0=90.0 degree) in regular waves

7=180.0 degree 7=180.0 degree
Analysis ML=0.7 ML=1.0 ML=0.7 ML=1.0
method error error error error
A A A A
Pl %l D [l Pl
Exp. 2.81 242 4.44 3.82
NK 2.55 -9.27 1.98 -18.0 399 | -10.1 3.40 -11.2
DB, w/
wio 227 -19.1 2.03 -159 | 422 | 486 | 3.46 -9.46
vortex sheet
DB, w/
W 237 -15.5 2.21 -8.56 | 4.18 | -5.88 3.51 -8.28
vortex sheet
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Table 3.4 Tactical diameter, 7p (¥/L when wo=180.0 degree) in regular waves

=180.0 degree x=180.0 degree
Analysis ML=0.7 AML=1.0 ML=0.7 ML=1.0
method error error error error
T T T T
"l Dol "l Pl %]
Exp. 3.57 343 3.30 3.79
NK 3.31 -1.37 323 -5.94 292 -11.4 3.50 -7.62
DB, w/o
332 -7.11 3.58 4.36 2.86 -13.4 3.67 -3.03
vortex sheet
DB, w/
W 3.31 -1.37 3.52 2.53 2.84 -14.0 3.73 -1.66
vortex sheet
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Fig. 3.50 Turning trajectories in regular waves based on DB linearization w/

vortex sheet: S175 containership, converged initial speed in waves, //L=0.7
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Fig. 3.52 Time histories of ship motions in turning test: KVLCC?2 tanker,
converged initial speed in waves A/L=0.8, y=180.0 degree, k4=0.090
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Fig. 3.53 Time histories of wave drift force and moment in turning test:

KVLCC2 tanker, //L=0.8, y=180.0 degree, k4=0.090, interval mean of 107

149



A/L=0.4

~ 4
= Linear, N=96 (T/Ndt=2) Q
mmmmmmnn - WN, N=96 (T/Ndt=2}
= = = = Lincar, N=48 (T/Ndt=4)
s WN, N=48 (T/Ndt=4)
———— Lincar, N=24 (T/Ndt=8)
s WN, N=24 (T/Ndt=8)

8]

()
T T T T

|\\\\|\|\\|\\|\|\\\U
-4 3 2 -1

=~
Linear, N=128 (T/Ndt=2) k

s WN, N=128 (T/Ndt=2) sk
— — — — Linear, N=32 (T/Ndt=8) B
WN, N=32 (T/Ndt=8) N

——————— Linear, N=8 (T/Ndt=32) 2
s WN, N=8 (T/Ndt=32)

Solution diverges

a

4

-
o
i

Ty
iy
Sy e

4

(b) //L=0.8, kA=0.090 (4/L=0.011)
Fig. 3.54 Turning trajectories in regular waves based on DB linearization II:

KVLCC2 tanker, converged initial speed in waves, y=180.0 degree
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Fig. 3.55 Time histories of drift angle in turning test: KVLCC?2 tanker,

converged initial speed in waves, y=180.0 degree
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Sea state 6

]
| L I |

4
YL

-2 —a—— Exp. (Yasukawa et al,, 2015)
Cale.

(a) Initial Fn=0.119

>

. Sea state 6

-2 —a—— Exp. (Yasukawa et al,, 2015)
Cale.

(b) Initial F7=0.092

Fig. 3.56 Turning trajectories in irregular waves based on DB linearization:

KVLCC2 tanker, sea state 6 (Hs=6.0 m, Tnean=9.46 s), y=180.0 degree
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Table 3.5 Comparison of maneuvering indices in irregular waves

Initial Fn Advance, Ap Tactical diameter, Dr
(X/L when y,=90.0 degree) (Y/L when y=90.0 degree)
Exp. Calc. Exp. Calc.
0.119 Mean 2.97 Mean 3.33
’ 3.01 Standard 3.16 Standard
.. 0.08 .. 0.08
deviation deviation
Exp. Calc. Exp. Calc.
0.092 Mean 2.85 Mean 3.32
2.70 Standard 3.11 Standard
.. 0.11 .. 0.09
deviation deviation
N
S
&
N
N
S
&
\V‘.
K
N
S
é E
g -

(c) Yaw moment

tV,"g/L 40

Fig. 3.57 Time histories of wave drift force and moment in turning test:

KVLCC2 tanker, initial Fn=0.119, sea state 6 (Hs=6.0 m, Tyea=9.46 s),

x—=180.0 degree, interval mean of 15T ean
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Table 4.1 Regular wave conditions for course keeping simulation

Amplitude A/L=0.01

Incident direction »=180.0, 210.0, 270.0, 330.0 degree

Wave length AML=0.5,0.7,1.0,1.2, 1.5

4.1.2 X AEF oA A3

T2 gy T AR fA AEHoAdAAE AF FoAA TIE
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ol AML=0.5, NK
: - ML=05.DB
E‘? 1 oo,
> 08F
0.6F
0.4 5 10 5 20
v, /D
(2) W/L=0.5
14¢
Ll WL=0.7, NK
: © 3/L=0.7, DB
v 1k
b 08 AR AN B R AR A L SRR e e o
0.6F
044 3 10 13 20
v, /L)
(b) 4/L=0.7
14¢
N ML=1.0, NK
: - ML=1.0.DB
S
044 3 10 13 20
v, /L)
(©) WL=1.0

Fig. 4.1 Time histories of total speed in course keeping: S175 containership,

Fn for V,=0.150, y=180.0 degree, 4/L=0.01
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L R et DB, w/o vortex sheet
. . DB, w/ vortex sheet

= 08f
=

0.6

0.4O
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§:° 5
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= I8

0
0 5 10 15 20
v, /L)
(b) Drift angle

10
@
Y
*
I
=

0 5 10 15 20
v, /L)
(c) Yaw angle

Fig. 4.2 Time histories of ship speeds and position in course keeping: S175

containership, Fn for V,.~0.150, y=210.0 degree, 1/L=1.0, A/L=0.01
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(a) Hull hydrodynamic force, Yu
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gy
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<o
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(b) Rudder force, Yz
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<

(c) Wave drift force, Ywave

Fig. 4.3 Time histories of sway force in course keeping: S175 containership,

Fn for V,=0.150, y=210.0 degree, /L=1.0, A/L=0.01, interval mean of 107
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(b) Rudder moment, Ng
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(c) Wave drift moment, Nyave
Fig. 4.4 Time histories of yaw moment, course keeping: S175 containership,

Fn for V,=0.150, y=210.0 degree, /L=1.0, A/L=0.01, interval mean of 107
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| B S T DB, w/o vortex sheet
“ DB, w/ vortex sheet
S
0.6F
0.455 ) 54 36 5% 60
v, /D
(a) Total speed
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=
=
05g ) 54 36 3% 60
v, /L)
(b) Drift angle
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o I5F
Y
%
=
!
O5g ) 54 36 3% 60
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(c) Yaw angle
Fig. 4.5 Time histories of ship speeds and position in course keeping: S175

containership, Fn for V,.~0.150, y=270.0 degree, 1/L=0.5, A/L=0.01
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Hull hydrodynamic force
Rudder force

Linear wave force
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Bl |l
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NK
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(a) Sway force

[ | Hull hydrodynamic moment
[ ] Rudder moment

[ | Linecar wave moment

] Wave drift moment

DB DB
linerization linerization
w/o vortex sheet  w/ vortex sheet

NK
linerization

(b) Yaw moment

Fig. 4.6 Converged mean sway force and yaw moment in course keeping:

S175 containership, Fn for V,.,~=0.150, y=270.0 degree, //L=0.5, A/L=0.01
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| Exp., y=180.0 (deg.) (Yasukawa and Nakayama, 2009}
- A Exp., x=210.0 (deg.) (Yasukawa and Nakayama, 2009)
* Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009}
2 Exp., ¥=330.0 (deg.) (Yasukawa and Nakayama, 2009}
B — (alc. x=180.0 (deg.), NK
B — — — — (Calc. x=210.0 (deg.), NK
i ————— Calc. x=270.0 (deg.), NK
Calc. y=330.0 (deg.), NK

ref

V

0.5

(a) NK linearization, linear approach

25

| Exp., y=180.0 (deg.) (Yasukawa and Nakayama, 2009)
- A Exp., v=210.0 (deg.) (Yasukawa and Nakayama, 2009)
* Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009)
2 Exp., v=330.0 (deg.) (Yasukawa and Nakayama, 2009)
| | ——— Calc. y=180.0 (deg.), DB, w/ vortex sheet
| = = = = Calc. y=210.0 (deg.), DB, w/ vortex sheet
[ | === Calc. ¥=270.0 (deg.), DB, w/ vortex sheet
Calc. y=330.0 (deg.), DB, w/ vortex sheet
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(b) DB linearization, linear approach
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V
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(c) DB linearization, weakly nonlinear approach

Fig. 4.7 Converged mean total speed in course keeping in regular waves: S175
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Exp., y=180.0 (deg.) (Yasukawa and Nakayama, 2009}
Exp., y=210.0 (deg.) (Yasukawa and Nakayama, 2009}
Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009}
Exp., ¥=330.0 (deg.) (Yasukawa and Nakayama, 2009}
Calc. x=180.0 (deg.), DB, w/ vortex sheet, WN
Calc. x=210.0 (deg.), DB, w/ vortex sheet, WN
Calc. x=270.0 (deg.), DB, w/ vortex sheet, WN
Calc. y=330.0 (deg.), DB, w/ vortex sheet, WN

containership, Fn for V,./~0.150, A/L=0.01

[ A Exp., x=210.0 (deg.) (Yasukawa and Nakayama, 2009}
B R Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009)
m Exp., ¥=330.0 (deg.) (Yasukawa and Nakayama, 2009) ||
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(a) NK linearization, linear approach
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[ A Exp., x=210.0 (deg.) (Yasukawa and Nakayama, 2009}
B * Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009}
25 m Exp., ¥=330.0 (deg.) (Yasukawa and Nakayama, 2009) |]
B — — — — (Calec. y=210.0 (deg.), DB, wo/ vortex sheet
[ ——————— Calc. x=270.0 (deg.), DB, wo/ vortex sheet
20 Calc. x=330.0 (deg.), DB, wo/ vortex sheet ,
[ — (alc. x=210.0 (deg.), DB, w/ vortex sheet
-~ | ———— Calc. y=270.0 (deg.), DB, w/ vortex sheet
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(b) DB linearization, linear approach
301
[ A Exp., y=210.0 (deg.) (Yasukawa and Nakayama, 2009)
B * Exp., y=270.0 (deg.) (Yasukawa and Nakayama, 2009)
25 m Exp., ¥=330.0 (deg.) (Yasukawa and Nakayama, 2009) |]
F | = = = = Cale. y=210.0 (deg.), DB, wo/ vortex sheet, WN
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(c) DB linearization, weakly nonlinear approach
Fig. 4.8 Converged mean drift angle in course keeping in regular waves: S175

containership, Fn for V,./~0.150, A/L=0.01
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Fig. 4.9 Wind force and moment coefficients: KVLCC2 tanker
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Abstract

Analysis on Ship Operation Performance
Considering Added Resistance and
Seakeeping-Maneuvering Coupling

Effects in Waves

Jae-Hoon Lee
Department of Naval Architecture & Ocean Engineering
College of Engineering

Seoul National University

In this study, the seakeeping and maneuvering performances of a ship in
waves are analyzed based on computation results obtained by the time-domain
Rankine panel method, and the free-running simulations are carried out for the
evaluation of operation performances in actual sea states. First, in the
seakeeping analysis, the coupling effects between steady flow caused by
forward speed and unsteady flow induced by waves and ship motions are
examined. That is, the effects of steady-flow approximation on motion
responses and added resistance of ship in waves are investigated. In addition,
the influence of nonlinearity due to hull geometry is also analyzed by
conducting the weakly nonlinear analysis in which the variation of wetted
surface of ship in waves is accounted. The computation results for various
ship models are validated with the existing experimental data.

Secondly, the time-domain seakeeping-maneuvering coupling method is
applied to analyze the ship maneuverability in waves. In the coupling analysis,

the force related to ship maneuvering is obtained from the MMG model
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constructed based on existing experimental data or empirical formula, while
the force due to waves is computed based on the seakeeping analysis. The
effects of waves on the ship maneuverability are investigated by integrating
the seakeeping and maneuvering motions in time domain. In addition, the
characteristics of steady flow induced by ship drifting or rotating are analyzed,
and reflected in the linearization of boundary value problem for a ship in
maneuvering at various speeds. By applying the coupling method, turning
tests in waves are simulated for the S175 containership and the KVLCC2
tanker. The computed turning trajectory and ship speeds are validated by
comparing with the existing model test results. Also, the major issues arising
due to large-amplitude waves are examined such as the weakly nonlinear
effects and the influence of coupling period between seakeeping and
maneuvering computations.

Finally, the free-running simulation is carried out to analyze the operation
performance of ship following a given route. The trajectory tracking method
based on the rudder control is applied to the seakeeping-maneuvering
coupling method to keep a straight course in various environmental conditions.
Based on computation results, how the speed and posture of ship in course
keeping are changed according to environmental loads are investigated. To
this end, the speed loss and the drift angle of S175 containership in regular
waves are validated by comparing with the existing experimental data. Then,
for KVLCC2 tanker, the operation efficiency is estimated by considering wind
and wave loads in representative sea conditions. By conducting the
component analysis on environmental loads, the effects of each component on
the speed loss and the course keeping performance are examined. Based on
the analysis results, the feasibility of time-domain free-running simulation for

the evaluation of ship operation performance is confirmed.

Keywords: Time-domain Rankin panel method, Ship motion and wave
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drift force, Seakeeping-maneuvering coupling effects, Operation
efficiency, Course keeping performance
Student Number: 2011-21184
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