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A Numerical Study on the Effects of Maneuverability of Ship with Low

Forward Speed by Increasing Rudder Force
Hyun—Jun Kim'- Sang—Hyun Kin? " - Dong—Young Kinf - In-Tae Kint - Ji~Soo Han’
Daewoo Shipbuilding & Marine Engineering CO,, LTD'

Inha University?

Recent accidents of crude oil tankers have resulted in sinking, grounding of vessels and significant levels of marine pollution,
Therefore, International Maritime Organization (IMO) has been strengthening the regulations of ship maneuvering performance in
MSC 137, The evaluation of maneuvering performance can be made at the early design stage; it can be investigated numerically
or experimentally. The main objective of this paper was to investigate the maneuvering performance of a VLCC due to the
increase of rudder force at an early design stage for low speed in shallow water conditions, It was simulated in various
operating condition such as deep sea, shallow water, design speed and low speed by using the numerical maneuvering
simulation model, developed using MMG maneuvering motion equation and KVLCC 2 (SIMMAN 2008 workshop). The effect of
increasing the rudder force can be evaluated by using numerical simulation of turning test and ZIG-ZAG test, The research
showed that, increasing the rudder force of a VLCC was more effective on improving the turning ability than improving the
course changing ability especially, The improvement of turning ability by the rudder force increasing is most effective when the
ship is sailing in shallow water at low forward speed,

Keywords : Maneuvering(Z&-Ms), Rudder force(Ets), Shallow—water(Tl4), MMG model, Turning ability(M3|4s), Yaw checking
ability(HZEIAS). numerical simulation(4=x| A|Z20]A)

1. A—I = Z 2= 45 pd AE 322 MVGZF MeRHCE (Kijima, et al
1990)
Clokst 28 ZZ0Me| =FMS Tolol| st M3 Ad7s
tHe Rz=Me| 28 A2 QIS 2 R& ARM, Mutel oFY FNE My, ME M, XS HpolMel =FM £ o2 L}
2 s 2 YRlof et 2 SR ol FMSHAPIT 5 4 oick ZD 2ol B3 HEXRI dTRE HS 2
(IMO)= o] Z=EMsol et 7|&S 2Fgs1od, 19944 78 1 mMslst ZZM HlSo| ZMAIS Mokt HE Q= Sheng (1981)2)
2 ool === Bl FZDIE FAlek 2ol 100m olgel & Ankudinov (1990)e] ¢77F 9lomd, Kijma, et al (1990)2t
g Muknl Mxj|o| Zojoll 2EAIgl0| 2E SIS E2Eet JiA2 Kobayashi (1995)= MMG 2Elof| X3kt =&EM A4 2xAlS
kMol o] HES MESIEF AV =BHS0l| thet 7= Mokt dHb ok M Aol mEE OiEXQl JdAfEs
MESZ ZT|MAAOIMRE AMe| =BMEE MeEsk = Tacashima (1986), Sohn (1992), Yoon (2005), Yeon (2005)
Yolde SRI0| LoiHn, ol st ot OIOWEF o o477} 9lonq, Takashima®t Sohne X% AlolMel =5
Mub =EZE2F ZHof st tiEXM AFZ2= Nomoto et AN Z=X2 95| Fouier 242 0|28 M= Al DEIS F|oks)
al.(1957)2 K-T SEHZHZ ks vl 2120, Abkowitz (1980) 1, Yoon2 system identificationo| 20|3H 2HES H| kI
= MES2H (Perturbation model)S H|QksH HE QI ESH 2| F Cl XM dgollMel =Z3M FHMof st tHEXQ Hdf2s
71K ZHo| SHHE S56p| flol M, ==, E} 52| Zt Yoshimura (1988)2} Kim (2006)2 2377} 2UCt. Yoshimura=
24E FEolM 7=t ZEE(modular type) 2EE Y= = SA/ESTE 1.5/1.2Y o] PCCAIBol thet X< HpolAfe
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4=(tumning ability) 2 &AM S(yaw checking ability)

X rx

2. MM =8 2=

2.1 MA| =Z2s WEA

MA| =ERE FSOIM ZFAIE Fig. 12t 22 MMt
HEE MSsIlen sgHUoMel =ERS2 Al(1)at 2ol ©

Al
SEQ(surge), EP=R(sway), METER(yaw)2| 3XFREE Lt
Foob X, Y, N2 MA|, =282 2 ER| Al

m(ﬁ—vr—xGTQ)ZXH-i-XP—I—XR
mtur+zor)=Yy+ Yo+ Yy, (1)
Lr+mzg(v+ur) = Ny+ Np+ Np

u, v, T . surge, sway, and yaw angular velocities

u, v, T - surge, sway, and yaw angular accelations

X, Y, N x5, y& , z5 2| /A=

H, P, R : d|, =289z &

origine of

body axes G

/5

Earth fixed axes

Fig. 1 Coordinate system,

2.2 Mol 28sk= glnt ZHE

X, = Xuq)—&— X, 0+ X, or+ X, + X(u) 3

Y, = Yiﬂ'}_’_ Yrr-i- Yo+ Y, wlvl+ Yr+ Y, rlrl 0
+ K/'TT’UT2+ K)'HT’U2T

NH:]\[i’q}+]\/;47.”+]\fvv+]\fv|v|v|v|+N7,T+]V;,M,‘r|T| 5)

+N_ort+ Y, o

orr vor

2.3 Z=HEejol| 225k gz

H

o=

0

Mulo] MEIsh=s Aol =2 Zgsks &2 T2 Mt
X235102, V9 Npyae

ABlch 2 E=RoME MMG ZER2E  $siny
mathematical model)& 0|8310{ Z2H2{ g Al(6)1} 20|
LIERACE,

Xp,=01-t)T (6)
Yp=0 (7)
Np= (8)
047|M

T = pn*Dp K (Jp)

Jp=up/nDp
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2t 4=(Thrust deduction factor)
% 2{oll 2|t 24 (propeller thrust)
n . Z2Eo| =& M=% (propeller RPS)
D, - Z282| A (propeller diameter)
K 2282 F2 A5 (propeller thruster coefficients)
2.4 Elol| 2}Es= gzt ZHE

MA|(Hull) 2k Efel 4% 7ol 2|50 Z=Ef Aol Mo|ste| 2F
SII2 elstod M| Mol Z&sks MEol Zasict ol
SiatS ZTEll| offh Ef AME daE F gt £F A
— 1) 2 MM ZElof olslod LMEk= FHE XS Al (9)%t

ng:rﬂ'ﬂ

— (1 —tg)Fysiné 9)
tp: —r7|' 4 &AH|=(Coefficients for additional drag)
Fy - EFERIE(rudder normal force)
§ : ERZHrudder angle)

ok ZElsteering) Al o] Tr7IEIE 22 Ef 2ol &
(sway)2ret M=ol 72| HIist22 Ef 22240 % EE
aHiel 2ol MH SLLZFE 1,2 [0l 242
Slof ZEfol| 2lstof sk ®AE Y S NS 4l(10), (11)22

i =L A
78 & = Uch

Np = —(xp+ayw,)Fycosd (11)
ay : EfRb AH2] R0l 2fft 22E R FIPA o (effective

inflow angle from rudder position)

gy FASMOIM EfRL MAe] ZHdol| 25t Z2 23 =E
H7kx|e] Hel(Distance from the center of gravity to the
center of rudder force)

sk A1 (9), (10), (11)oll =&l Bt Zlef=do| X1 gt F)/

24 (122 78 F Uct
= (U U»(Ag/L*)f,sina, (12)
047 | A
Up= 1/ u%ﬁ- U%,
r=0—0p

53260+73(v’+l3/7")(U/uR)

8K (Jp)
uﬁzeup\/n{l—l—m[\/l-i-T—QP—
7TJP

n :DP/hR

1]}+ (1—mn)

A g EfHE(rudder area)
h ' Eb =0l(rudder height)
Up: EF IZ0IM2] 72 7(inflow speed at rudder position)
ap: B fIZIMe] 7E RYUF
rudder position)
Jp=up / nDp

v EBFRAE

ZH{effective angle inflow from

€ up/up

Kik,/€
3. =525 AlE2old 23

3.1 AlEgold ="

Mefe] xEMS(manewerability)e X AlS2lolM
(mathematical simulation)2 S50 Ilel7| 2fs Fig. 22F &
0] MATLAB & SIMULINKE 0|&s10{ =&M AlZelo|Md 2HS
TN,

LAt MutlozE= SIMMAN 2008 €3 & (workshop)ollAf
MOERI, NVRI 52| 7| ol A&} =%| Al&ai| ol (numerical
simulation)& 0|8310{ =ZMS(manewverability) ¥ =ZN 7
&2 o|Als(maneuvering hydrodynamic coefficients) S &5}
of ghEst Z1P} Qb= KVLCC2E MASIQICE EEsk KVLCC22|
MMG =E2s 222 KRISOZF 3705t Table 12 =&A
SA2  o|Ala(maneuvering  hydrodynamic  coefficients) 2!
Table 22| A% 7MY Hix(interaction coefficients)E 023101

EHSICE

PEN A

Fig. 2 Model of numerical simulation
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Bl Soivt M 2 Mute] =E4S0] olxl= Yk kst XA o7
Table 1 Hydrodynamic coefficients of KVLCC2 (Kim Fy= lpAHCVURSIHaR (13)
et al, 2008) 2
Coefficients KWLCC2 Coefficients KWLCC2
- - 047|M
K ~0.000954 Yiorr ~0.022999 Cy Bl L&A S=(Rudder lift coefficients)
X/ 0.001688 Yo 0.021775 Uy * EF 1%0lMe] S5 S2(Effective the velocity)
X, 0.001219 N -0.000785 ay  EFQxliMel RE gelFzt
X, 0.013821 N -0.000800 A p EIHE(udder area)
1. 21082 N/ -0.008754
v,/ -0.015104 Nyt 0.001250 4. Aol & &
Y,/ -0.001428 N,/ -0.003115
v, -0.016190 Nyl 0.000038 4.1 ME2old 742
Yool ~0.030441 Nowr 0.001063 Bl St cleket 28 =74(operational condition)ollA] M
Y’ 0.004720 N —0.017563 ato| =ZMS(manewerability)of| 0|xl= skl 2 MEd H
Yo 0000205 £ 2lstof k22l Ml J1X] $%] AlSaloldg TlsIQIC

Table 2 Interaction coefficients of KVLCC2 (Kim et al, 2008)

Coefficients KVLCC? Coefficients KVLCC2
1 -1k 0.5677 ay X Xy -0.0809
an 02723 e 1.3247
XH -0.2970 K 0.4390

3.2 Ef 24

TREX[O| ofsto] Z=AEn] AlX|
ZER|2 Bf 27 =M ECE ol2{st =B &
Fig.4z} 22 ESME ZH250] A|E2{o|Md
i HA4EZHcommand  rudder
angle), Smee EIEHEP—.(maxmum rudder angle)g e ZICH
ERIET, §& A ERNactual rudder angle)2 2t2+ LIEKACE

dﬂlﬂ 5 max .
[ Rudder Rudder rate | & 1/s &
From limiter f limiter

autopilot

Fig. 4. Smplified diagram of the rudder control loop
3.3 Elo 37t =4
/\I%E{IOI/\1 2N B E7k= Bl FEIREI(XR, Y, Ni)
=[e)

ZollA Ef 2ol 2= AHl(ift coefficients)E& 0~80%Z &
ASEENS 13._3%‘3“' b A(13)2 ERlgE S LIEKHCE

- ZZ2= NS0l 2H P

— A=(deep water) ZEAEIM B BTl 2fst =Bds
=

— HM=(shallow water)2EHAENOIA] B2 STl 2|5t =FN

= .\1.47'-

x| AlEH0|MoflM= Runge—Kutta Gillgol| 2|5t XX &
He ALSaI%2n] AlSaolMd A2 Bt =&F 59| AlZ2{old
Z712 Table 32} Zcth

AlE2f0lM #Ho|A= Table 42+ 2Tt CASE 12 #5501

TERE TAZY AZS St CHE AFddolM HAEE
(15.5knots) 2 2&f61HAM Efd(rudder force) S717} i AEl
oM Tumning test@} Zig-Zag testS 8510 Ef 7|&e| =Z2
& FX|ZHT =EMSS H|WSIFCE CASE 2= Aol A
El2dn}l MES H3A7 2E6IHA Turning test2t Zig—Zag test
£ $alsio] MEAS(tumning ability) 2F 8EIAS(yaw checking
ability) 155 H|WSIFC} CASE 32 MpdolA E2dDt M
2 37 2881HM Turning test2} Zig—Zag testE 35104
AMalMs(tuning ability) 2t B1EAMS(yaw checkmg ability) 15}
H|WSIRCt 5 CASE 3ollM= A& 28 Al2] Cross flow
drags 123t =& 2= SRS 0|23t

- L odlo

ﬂllﬂJ

Table 3 Condition of numerical simulation

Simulation total time 1000 sec
Rudder turn rate 2.34°s
Action time of rudder angle command
. 0 sec
(case of Turning test)

220

ChetaMelsl=R2% X653 # M3 & 20164 6&



Table 4 Case of numerical simulation

CASE Condition Viﬁ:t?gn Ru\‘/jadrie;tifoor:ce
1 Deep Sea X %
2 Deep Sea O ©
3 Shallow water O O

4.2 NSeold 2 AZ
4.2.1 Tuming Test

CHAMT KVLCC20il Cistod Ef 2t 357 Zfpdnt 6dof Ciet M3

Al A AlZ2llojdE S, O ZIHE Table 52+ Fig.

5~60i| LIEKAHCE A|'§Eﬂ0| ZoolM =z, PR MEHEO

XO|E Hol= A2 Z2H2{vt o & deko 20t 5|Msp| 2
(

»

off Elofl ME== 78 FZHa )0l o7t Lhs oz ofF
Ect

SIMMAN 2008 |3 &0lA YhEEl Ef 7|2k £=X| AlZ2|01M
Zajet v|wst Z2nt 55 ZERS FRAIZEO| 6 M3
Al&(starboard turning test)2| MZ1742|(advance)2F MaME| A
H(tactical diameter) g0| EI2 7|2 Zx} He| Lol S0{2f 2l

o B 3t F0l = 2 Helsiict

Table 5 Results of Turning test

Indices 35° Starboard Tun 35° Port Turn
Advance 3.09L 317
Tactical diameter 3.17L 2.8/
1200

1000+

800
2 600}
a /
: ! H
< AN !
V| S . N
200 e
0 = — S _
0 200 400 600 800 1000 1200

Transter [m|

Fig. 5 Trajectories of 35° Starboard Turn

1200

0T 10 — — B

800

600+

Advance [m]

1200 <1000 800 600 -400  -200 0
Transfer [m]

Fig. 6 Trajectories of 35° Port Turn
4.2.2 Zig-Zag Test

CHARM KVLCC20]| CHst01 10°/10°, 20°/20° Zig-Zag Test 5=
x| AlgellolMs a5 en], O Azt HBofxl 1% overshoot
angIeT‘—P 2" overshoot angle2 Table 6 Off LIERHD, AJZiof| o}
2 MaZHheading angle)e| HISIE Fig. 7~80ll LIERHCE

SIMMAN 2008 ?I3&0l|lA 2EE Ef 7|2e| £=x| AlZ20M
Znel vlwst ZnlE FEE TZRE FX|2H9| 1st
overshoot angle 27+ 2| '—L?JIDP 2nd overshoot angle 4t
0| CH2 7|zte| Z3} #He Lo S0{2} Uen B 7 £l

AT AE 2RIt

HJIO
o T

Table 6 Results of Zig—Zag test

Indices 10°/10° Zig-Zag 20°/20° Zig—Zag
1% overshoot angle 8.3° 13.4°
2" overshoot angle 7.1° 7.6°
25 ;
10/10 Zig-Zag —KVLCC2|
15+ 2
2 10} A
= i
4—1‘ }:'-: t
s OF - b i
-10}
Y (5] SRS R—
20 5 : : ;
0 200 400 600 800 1000 1200

Time[s]

Fig. 7 Time History of Heading Angles for 10° /10°
Zig—Zag Test
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Bl 37t XMz 28 Mute| =FM S0l n|xl= Gl 2st F=XRIA A7
: ; Aojxl MEAZ|, FM&MFEZA, 1% overshoot anglemt 2™
H 4 2
4020020 ZiG-Zag i KVLCC2 overshoot angle S| =&AMs LIt X|Z7} Ef 7|22 Anfe}
30 Wi i H|Wsl0] FEst 402 HEEEICE
mepd, 2 =2oAs 7E3 TZ2E Algeold 2o
2 200 i -. Mutol =FEMS2 Holehsr| Mealst Ho2 HEtslo] Bl &
% 10~ E AT} Al 23, M4 2l Clefst ZZbiMe| ZE2E Tt
< |/ \ r | ol 8319t
0 proprreef
.= ! / \ i
2-10 4.3 MREofAe Bl Ao wE =EMs Hot
| / |
220 { ; ,
: ' ,-'J 4.3.1 Tuming Test
-30 -
i i i i i J INES=F1 o= A |:4| ol23 = Alo
0 200 400 600 800 1000 1200 HTEROIM ZETS TAI 2ES 0135101 B SUE Al
Time [s] MBIMS HslE mIIsP| A5t R o Eu M3l Al
Fig. 8 Time History of Heading Angles for 20° /20° (starboard tumning test)oll Chet A|Zz2floldE S=lsIiCt Bl
Zig—Zag Test Z7ol| ofst Ma|HAMo| HSIE Table 72t 80ll, MZXIHH2I2F M&
ME|R|de| 2482 Fig. 112 1201 LIERHCE
Inha Uniy, ee— (] Inha Univ. e— 5 ]
SNU MMG SNU MMG
NMR NMRI . .
VOER Y [— L e Table 7 Reduction of advance and tactical diameter
MARINTEK MARINTEK *
AR Surin MARIN Sursim (Starboard Turn)
MARIN Sursim sb rans MARIN Sursim b rang
MARIN Sursim sb MARIN Sursim sb
. i ' Starborard Tuming Test of KVLCC?
MARINE Froaial sb MARINE Freesail sb
Kyushu Univ Kyushu Univ
"O(Kd;d\?Ll?(-r Hokkaido Uniy i Lift Advance Tactical diameter
HSVA NEP HSVA NEP |
HMR] HMRI H
A Now —— e o, 0% | 3.09L (0% reduction) | 3.11L ( 0% reduction)
Force PMM Inr ' Force PMM Ins i
Forcw PMM Insmn Force PMM Insm i
Force Sy Simp rc8 Sy Sim . .
fecsy o dped 20% | 2.95L ( 4.53% reduction) | 3.04L ( 2.25% reduction)
MARI Frivsd MARINE Freesail
v 1 L 01 2 3 4 5 %
_ _ 40% | 2.84L ( 8.09% reduction) | 2.97L ( 4.50% reduction)
Fig 9 Advance / Tactical diameter derived from
Starboard turning test 60% | 2.75L (11.00% reduction) | 2.92L ( 6.11% reduction)
e sk S ST e — W 80% | 2.68L (13.27% reduction) | 2.88L ( 7.40% reduction)
SNUMMG
MCER\?::!: —— MOERI
MARINTEK A
MARIN Sursim MARIN
MARIN Sursim sb rang MARIN Sursim 3|
MARIN Sursim sb MARIN Surgim sb
MARIN MPP MARIN MPP i 14
MARIN Fresim MARIN Fresim | -#- Advance
MARINE Freesal sb MARINE Freesail sb g «Tactical dia
Kyushu Univ. Kyushu Univ. o 12
Hokkaido Univ, Hokkaido Univ. " =
HEVA NEP HSVA NEP i -E
HMRI HMR ¥ r(_\
Hiroshima Univ, Hirgshima Univ, 1 £ 10 /
Force PMM Moeri S — Force PMM Mogri _ ——— 3
Force PMM Insr Farce PMM Insr 1 é
Force PMM Insm Force PMM Insm 5 8 /_|'
piryid poeiciosd 3 7 1
MARINE Freesai MARINE Freetail 2 a // e
P4 s 0o 1 2 3 4 s -L_‘:' / -~
l:f- 4 / /"."r
Fig 10 Advance / Tactical diameter derived from a
Port turning test g 5 Y
_ 2
423 0 %
C 0% C, 2% C, _40% C 60% C, B0%
15 xESE Ak e A= 25 . .
2 ==20M JiE =F s A 2ES dE5P| 251 Fig. 1 Reduction of advance and tactical

Tumning test2t Zig—Zag testoll CHst A|E2{0|MS =

diameter(Starborad turn)
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Table 8 . Reduction of advance and tactical diameter
(port turn)

Port Turning Test of KVLCC2

Lift Advance Tactical diameter

0% 3170 (0% reduction) | 2.87L (0% reduction)

20% | 3.03L ( 4.42% reduction) | 2.76L ( 3.83% reduction)

40% | 2.92L ( 7.89% reduction) | 2.67L ( 6.97% reduction)

60% | 2.83L (10.73% reduction) | 2.59L ( 9.76% reduction)

80% | 2.75L (13.25% reduction) | 2.53L (11.85% reduction)

14

E-*-Aduance
—= |-+ Tactical dia
z |
o 12
B
c
S 10
3
s
5 8
©
E
o
o B
B
2,
-]
u
g 2 /
E !
/

-
C 0% C 20% C 40% C 60% C 80%

Fig. 12 Reduction of advance and tactical diameter(Port turn)
4.3.2 Zig-Zag Test

Bl B2t Alel HEMSE HIIE "Hotel| flstof 10°/10°
ZigZag Test & 20°/20° Zig-Zag TestollM CHEH AlSo[ME
25510 Eld STl 2|8t overshoot angle2| HstE &0l
C}. Table 92} Fig.13= 10°/10° Zig-Zag Test2| Ef2d Z71lof| 2
5t overshoot angle2| it 248 LIERHD] Table 101} Fig.
142 20°-20° Zig-Zag Teste| ERH 7ol 2|8t overshoot
angle®| g/t ZAgs ZH2t LIERHCE

Table 9 1% & 2™ overshoot angle of 10° /10°
Zig—Zag test by improved rudder force

10°/10° Zig—Zag Test of KVLCC2

Lift 1% overshoot angle 2" overshoot angle

0% 8.25 0% reduction) | 7.13 0% reduction)

20% 6.58 (20.24% reduction) | 5.16 (27.63% reduction

60% 4.90 (40.01% reduction) | 3.24 (54.56% reduction

( (

( ) ( )
40% 5.57 (32.48% reduction) | 3.99 (44.04% reduction)

( ) ( )

( ) ( )

80% 4.43 (46.30% reduction) | 2.70 (62.13% reduction

—~~1st overshoot angl.:a
-=-2nd overshoot angle

8

8

&
o

n
o

Overshoot angle reduction ratio (%)
— w
o (=]

0 "' L 1
C 0% C_20% C _40% C_60% C, 80%

Fig, 13 Reduction of overshoot angle of 10° /10°
Zig—Zag test by improved rudder force

Table 10 1% & 2" overshoot angle of 20° /20°
Zig—Zag test by improved rudder force

20°/20° Zig—Zag Test of KVLCC2

Lift 1% overshoot angle 2" overshoot angle

0% 13.39 (0% reduction) | 7.59 0% reduction)

20% | 11.29 (15.68% reduction) | 6.13 (18.84% reduction

(
( ) (
40% | 9.94 (25.77% reduction) | 5.21 (31.36% reduction
60% | 8.98 (32.94% reduction) | 4.52 (40.45% reduction
( ) (

)
)
)
80% | 8.23 (38.54% reduction) | 4.00 (47.30% reduction)

-=- 15t overshoot angk::
45(=*2nd overshoot angle o i

8 B 8 & &

o _o

Overshoot angle reduction ratio (%)
o

o L .
0 C 0% C 20% C,40% C 60% C, 80%

Fig. 14 Reduction of overshoot angle of 20° /20°
Zig—Zag test by improved rudder force

4.3.3 &

AMeReolM ERES BSAZ T e MSAE,
10°/10° 2 20°/20° X|TX2 AlE(Zig-Zag test)oll CHEF %]
AlZ2foldg lsiict O Zal Bl S7I=Z ¢lsto HEA
2|e MaMa|ald oo Ma|Ms0| el AHS el &
T Aelen, El Euk= MIAHEIE APl ol O 2N
OlAct. ESH AN SO Z A 10°/10° ¥ 20°/20° X| 2R
1 AI&oll 1% overshoot anglem} 2™ overshoot angleO| 225}
£ 28 8ol gt = ton], ERd B7H= 2™ over shoot angle
g A7l dl o 2ol ACk
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B2t Z0it M2 28 Mte] ZEMS olxls sl B %K oi7
4.4 M28lofAe ElE gl e =FMs "It _ (fye 5
AQH shallow — G‘H_deep X C1 7 (1 )
4,41 M=24 9 Cross flow drag ¢ =2.4316,¢c, =—1.121
, =2y % (edn (o) 4 ey)
M2 MHE T2sp| lslol MG EBRSWYA]  TAshdlon T Tildeey ARG

=]

MA A, Z2H2 I Elol| e Heges Fleich M
H Aol cHoiAM= Hulloll 2AElE =5 /A= AE h/T

(SAl/E)2 B2 TafslofAl (15)2h 20| M Fag i
EF’“OU# “E‘””EL_ MMG =S 2SUEAle| #5ig Jei A
250 BERHS wol| XM= Panle najs |2 siQict Sk Ef
of 3¢ EEE*'% 2(9), (10), (11)2] ay, x0ll H5= Feks 125t
o1 4 (16)2} 20| LIERHRACE (Yaksukawa, 1998)
h
v_shallow — Yv,deep Xfy“(T) (15)
h
Yri:_shallow = Yi‘_deep X le(7)
B h
Nv_shullou: - ]V@_dccp X f}\f“(?)
N =Y X (i)
r_shallow ~ * r_deep fN; T
h
)/r_shallmu = Yr_df:ep X fyl(?)
h
)/cross,shallow = )/cross,deep fY(“ 5( T)

h

N, = N'r‘_df:ep S f]Vr(7)

r_shallow

h
]Vcross_shallow = ]Vcross_d(ch X fN(.um (7)

h h\c,
fcoefficient (7) = Cl (7) )

Al (15)0f| Z8t=|o] e M= Pako| A= Cy, Cy= Table 11
2} Zi} (Yoo, 2000)

Table 11 Shallow water effect coefficients

G G,
Y, 4.0216 -0.6702
Y, 3.4555 -0.5869
Y, 1.2929 -0.1366
Y ross 3.0372 -0.5244
N, 2.5457 -0.4494
N, 2.2303 -0.4055
N, 1.1213 -0.0622
Neross 2.1413 -0.3356

c¢; =0.5063, c, = 0.2055

S MpolM e MA MEHECH B2 XMBoM Meto| 23t
EHl= Mg 1odslo] XM&Rsl ost MAl FalZe| Hiske
cross flow model2 MMG Z=E2SHHA0| 75101 F551%

Ch M&e Tadst MA| 2Ee Al(17)n 23, Mol 2Hests

X, =X, u*+ X, 0"+ X, 1" (17)

uu

Yy=Yr+ Yo+ Yo

pTL/; . Cpyy(@)(w+r2)lv+ relde

i{L

L L

P /?ﬁ
+2T

I L Cpay(z)(w+rz)lv+rzlde
SR

L
2 [T 0 v+ rald
2 L sy (@) +rz)lv+ rolde
2

Ny= NT-I-NU—I-NT

T/ . Coyy(@)(w+r2)lv+ relde

i(l

I I
+ gT‘/ 2L +10L ﬁC’DQN(:L‘)(U-i- re)lv + relde
T2 10

I I
L Ly
—&-ng_Q£ 10 Cpsn(@)w+7rz)lv+rzlde
2

L/2 (18)
Yor0ss = Cplx)|v+rz|(v+re)de
—L/2
L/2
Neross = / Cp@)|v+rz|(v+re)ede (19)
- L/2
7|, Colx)= M7 2iek ch Bisiof| 2 AlE LIERH

Ch Mzt gistoz 2x5k= cross flow drag Al 4! (20)2+

20| LIEfH == 2lct (Oltmann, 1984)
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Cp = ay+a;(z/1)" + ag(x/1)* + ay(x/1)°  (20)

O7|M, xE Aleh Zo| Wk x|, [2 L/25 2lolsin,

cross flow dragE Helsk= A5 gt @, a7, ag, ag= A0 2

D _CFD
3 . .
45| .
At 4
350 :
3 k §
2519 .

Fig. 15 cross

flow drag
length (Oltman, 1984)

cofficients by ship

4.4.2 Tumning Test

Fig. 16= h/T=3, h/T=1.5, h/T=1.2h : &, T: &) &

o
o] 44| AlSelole o 35° H M| AlElS et 2

0

— = oS =
e 20 F11 A20], Table 110f —Hé!oil e MEHzet ™
sMEHZ| 2 HERHICE P 3| Algel Znt

h/T=32} h/T=1.20ilA] ZXIH2| xjol= 1
xolE 3.47L2 Mo E0{LSE &

3| A(transfer) etz I 76k 42 olsiyict,

ESE HFA(h/T=1.2)0AM d&S HA M52 100%,

T o™

TO0L, HaMsAbe

Ms|H Ao MEIZH2|ECE M

—

60%, 20%= HatAZiE mf Bl Sjol| ofeh 3] #X <2
HelS AILSIICE M= Bsl Al Mot oMol Ef
7ol olgt  HMTAE|eE TsMEEdel Aa8E

Fig.17~190f LtEfHIUCE.

Table 12 Advance and tactical diameter by depth of water

35° Starboard Turning Test of KVLCC2

h/T Advance Tactical diameter
h/T=3.0 3.54L 4.22L
h/T=1.5 4.64L 6.59L
h/T=1.2 5.24L 7.69L

Advance(m)

4
Transferim)

5]
Fig. 16 35° starboard turning trajectory by water of depth

30 30

m
]

20

15

10

Advance reduction ratio(%)
Tactical diameterreduction ratio{%:)

0%, 20% 40% 60% B0% 0% 20% a0z B0% 20%
cL

cL
—e—h/T=L2 --e-- Deep water -- - Deep veater

Fig. 17 Reduction of advance and tactical diameter by improved
rudder force of deep & shallow water (ship speed 100%)

—e—h/T=12

w
=

30

n s
= ]

Advance reduction ratio{’)
s &

Tactical diameter reduction ratio{%)

0% 20% 40% 0% s0% 0% 20% ans B0% B80%
cL cL

--@ - Deep water —e—Nh/T=1L2 --@-- Deep water

Fig. 18 Reduction of advance and tectical diameter by improved
rudder force of deep & shallow water (ship speed 60%)

—e—h/T=12

w
2

a0

n 1
= il

Advance reductionratio{’s)
" =
g I

Tactical diameterreduction ratio[%)

0% 20% 40% 0% B0% 0% 20% ans BO0% B0%
cL
--@ - Deep water

oL
--@-- Deep water

Fig. 19 Reduction of advance and tactical diameter by improved
rudder force of deep & shallow water (ship speed 20%)

—e—h/T=12 —e—h/T=1.2
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4.4.3 Zig-Zag Test

Fig. 202 h/T=1.5, h/T=1.28| AlddolA EIR S7} Al
HEMS HslE ZokP| 26l 10°/10° XM AE
(Zig-Zag test)oll THSE £=X| AlZ2olds st Zulg HoiF
1 Ao0q, Table 130 1% overshoot angleZt 2™ overshoot
angle®| 42 LIERHRICY.

Alo| HEks st X| M1 A& (Zig-Zag test)oll Chst =
x| AlEolMd Zz} Mol JPI24E overshoot angleO| Zfot
X HEMSol At 2 Zoz ofSEch M ¥odolM
overshoot angle0| ZolX|= Zoh= AM AIRTO|A Hap PoA
oM &2 oMol skMEl= Zin} R[S, 0|42 Mute| of
HAMo| HETE overshoot angle0| E0{=E= e[ 7| 2
ol Z{ez mel=lct

ul2iM X232 A& (Zig-Zag test)oll ThsE =] A|Zzi[0}M
Z1n}, Mp2slolM Al H|0l01 overshoot angle0| o =k

ORX|1! HEIMS0| 2t Aoz FHEY| f2o] B gHilo]|
U2 HEAMs Hele ARl st Wolptez S28 2o
2 meRECE
10-10 Zig-Zag test
20 9 g Dasp water
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hT=12 1
15 1
~
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= 5 ; —
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E 0 ! \
=11 \
= \
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-15
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time[s]

Fig, 20 10° /10° Zig—Zag test by depth of water

Table 13 1st & 2nd overshoot angle by depth of water

10°/10° Zig—Zag Test of KVLCC2

1t overshoot angle 2" overshoot angle
Deep water 8.25 7.13
h/T=1.5 1.59 0.99
h/T=1.2 1.22 0.76
444 1 &

My2slollM £l ERE Bispz{ 3 MsAlg ¢
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