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The aim of this study was to investigate the manoeuvrability of a ship in different Center of Gravity (CG) conditions, Free
Running Model Tests (FRMT), such as 35°%urning circle tests, 20/20 zigzag manoeuvring tests, and 10/10 zigzag
manoeuvring tests, were conducted in three GM and three trim conditions with 1/65.83 scaled KRISO Container Ship (KCS),
The test results indicated that KCS in the lower GM condition and the trim by bow condition showed reduced advance and
tactical diameter in turning circle tests and increased overshoot angles in zigzag tests, and those manoeuvring indices were
strongly related with roll angle, In addition, sensitivity indices for three—axis CG position were suggested with prior research,
and it showed that y—axis CG position significantly affected manoeuvrability of KCS due to the low GM, Therefore, in the case
of KCS, it is evident that the roll angle during manoeuvre is closely related with manoeuvring indices,

Keywords : Trim condition(ZZA}), GM(OEMIIEIZ0]), Manoeuvrability(Z2EMs), KCS(KCS), FRMT(AIR SR SHAIS)
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Table 1 Principal dimensions of KCS

ltem Full-scale Model-scale
Scale 1 1/65.833
Lpp(m) 230.0 3.494
GM(m) 0.60 0.009(0.6%)
Kzz(L) 0.25 0.20(-18.1%)
Kxx(B) 0.40 0.43(8.0%)

Fig. 1 Weights configuration on KCS model ship

A
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Fig. 2 Relation of center of gravity and center of buoyancy for
3 directions

Table 2 Free running model test cases

ltem Details Trim angle (ALCG) | GM
0.30m
| 0" 0.60m
Tsirrrgwlr;g +35° STBD turning 0.92m
test -35° PORT tumning -0.38° (+2.7m)
0° 0.60m
+0.38° (~2.7m)
0.30m
0° 0.60m
+20/20 STBD zigzag 0.92m
Zigzag -20/20 PORT zigzag -0.38° (+2.7m)
manoeuvring 0° 0.60m
test +0.38° (-2.7m)
+10/10 STBD zigzag Q 0.30m
~10/10 PORT zigza 0 0.60m
979 0.92m
= [m] =
3. Al A ¥ nE
M 71X GM & BAAL =210 tist0 KCS Madel M|, X1

M ApErEgAlade Fig. 3ot 22 EEAE $>sIIct
JIZlolMet Zo| Efzie| s|Tuteke MAet Hitfjusks kol £

o2 dYsIT, MulERe| H 2| g2 Zert
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Fig. 3 Coordinate systems for FRMT
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M 7] GM ¥ BZAL =A0|IM KCS 28| =hesd M3
A" 2 X TMIAE Zok= Table 3-122F ZCh Ms|ddMe
2EMo| Zo|2 FALE =i, REHoE s 2F ZHM F
Mu| JHE FSsIct o, X020 FS8 MeseZse
2 MESRZEH|0|Ef= ofF AT (Yun et al., 2018)0iA
FIMOZ XA FUE D{slo EYsI¥, MSHH &4
o= M HIR| o|Ate| MEHHE 08510 2o WEks Bt
%ot (Kim et al., 2001).

Table 3 +35° STBD turning indices with GM

GM(m) 0.30 | 0.60 | 0.92
Advance(L) 2.88 | 2.99 | 3.00

Time to reach Ad(s) 9.04 | 9.32 | 9.52
Tactical diameter(L) 241 | 2.83 | 2.94

Time to reach TD(s) | 17.80 | 17.84 | 18.48

Index | Maximum yaw rate(°/s) | 14.48 | 14.33 | 13.02
Final yaw rate(°/s) 9.77 1 10.06 | 9.47
Maximum roll angle(®) |-25.20|-16.00|-10.52

Final roll angle(®) -10.87| -5.80 | -3.53

Final speed(m/s) 0.71 0.80 | 0.78

Table 4 —35° PORT turning indices with GM

GM(m) 0.30 | 0.60 | 0.92
Advance(L) 2.76 | 2.99 | 2.95

Time to reach Ad(s) 8.88 | 9.44 | 9.32
Tactical diameter(L) 245 | 275 | 2.78

Time to reach TD(s) | 17.44 | 18.00 | 18.08
Index | Maximum yaw rate(°/s) |-14.48|-14.31|-12.95
Final yaw rate(°/s) -9.92 | -9.74 | -9.64
Maximum roll angle(®) | 24.19 | 13.95 | 9.60

Final roll angle(®) 6.82 | 4.04 | 2.79

Final speed(m/s) 0.69 | 0.71 0.72

Table 5 +20/20 STBD zigzag indices with GM

GM(m) 0.30 | 0.60 | 0.92
First overshoot angle(®) | 29.70 | 23.05 | 20.36
ndex Time to reach first OA(s)| 9.04 | 7.96 | 7.92
Second overshoot angle(®) | 27.85 | 19.92 | 19.62
Time to reach second OA(s)| 22.44 | 20.16 | 19.84
Table 6 —20/20 PORT zigzag indices with GM
GM(m) 0.30 | 0.60 | 0.92
First overshoot angle(®) | 32.52 | 23.19 | 20.68
ndex Time to reach first OA(s)| 9.68 | 8.00 | 7.84
Second overshoot angle(®) | 28.34 | 21.67 | 20.10
Time to reach second OA(s)| 24.00 | 20.80 | 20.16
Table 7 +10/10 STBD zigzag indices with GM
GM(m) 0.30 0.60 0.92
First overshoot angle(®) 13.90 | 12.46 | 10.82
ndex Time to reach first OA(s) | 8.36 | 8.12 | 7.44
Second overshoot angle(®) | 25.61 | 19.95 | 16.91
Time to reach second OA(s)| 21.80 | 20.80 | 19.72
Table 8 +35° STBD turning indices with trim
Trim angle(’) -0.38 | 0.0 | +0.38
Advance(L) 284 | 299 | 2.92
Time to reach Ad(s) 8.96 | 9.32 | 9.64
Tactical diameter(L) 259 | 2.83 | 3.03
Time to reach TD(s) | 17.96 | 17.84 | 18.60
Index | Maximum yaw rate(°/s) | 14.48 | 14.33 | 12.92
Final yaw rate(°/s) 9.42 | 10.06 | 9.56
Maximum roll angle(®) |-17.98|-16.00|-13.87
Final roll angle(®) -5.78 | -5.80 | —4.52
Final speed(m/s) 0.72 | 0.80 | 0.79
Table 9 -35° PORT turning indices with trim
Trim angle(’) -0.38 | 0.0 | +0.38
Advance(L) 2.86 | 2.99 | 3.02
Time to reach Ad(s) 8.72 | 9.44 | 9.68
Tactical diameter(L) 235 | 275 | 2.79
Time to reach TD(s) | 17.32 | 18.00 | 18.76
Index | Maximum yaw rate(°/s) |-15.65|-14.31|-12.82
Final yaw rate(°/s) -9.68 | -9.74 | -9.41
Maximum roll angle(®) | 19.66 | 13.95 | 13.23
Final roll angle(°) 484 | 404 | 3.13
Final speed(m/s) 0.67 | 0.71 0.72
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Table 10 +20/20 STBD zigzag indices with trim

Trim angle(®) -0.38 | 0.0 | +0.38
First overshoot angle(®) | 28.86 | 23.05 | 19.09
Time to reach first OA(s)| 9.32 | 7.96 | 7.80
Second overshoot angle(®) | 27.47 | 19.92 | 18.94
Time to reach second OA(s)| 22.80 | 20.16 | 19.28

Index

Table 11 —20/20 PORT zigzag indices with trim

Trim angle(’) -0.38 | 0.0 | +0.38
First overshoot angle(®) | 31.41 | 23.19 | 20.37
Time to reach first OA(s)| 9.40 | 8.00 | 7.80
Second overshoot angle(”) | 31.22 | 21.67 | 18.86
Time to reach second OA(s)| 23.72 | 20.80 | 19.88

Index

Table 12 —=10/10 PORT zigzag indices with GM
GM(m) 0.30 0.60 0.92
First overshoot angle(®) 13.30 | 13.01 | 11.33
Time to reach first OA(s) | 8.12 | 7.68 | 7.60
Second overshoot angle(®) | 32.99 | 20.08 | 16.94
Time to reach second OA(s)| 22.80 | 20.96 | 20.20

Index

4 ——&—— FRMT by KRISO
i ——&—= FRMT by MARIN
—-=-£:=-= HPMM by HHI(3DOF)

=

b
>
.

4
N
w
of
[¢]
»

2 A0
X(/LPP)

Fig. 4 Comparison of PORT turning circle tests
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Table 13 GM values with trim conditions

b

BT RO
oK~
4 m %
Bl <
< g m
o
= 0f
<+ O o
o Y 0
od Ko
__o_ﬁuwﬂ
HoH
A
< o
_._nMUL
— —
X o
ERET)
H
] 01
ﬁaﬂ%
|r_|.A__20
Noo —
of ¥ =
0 g =
ok o0 T
838
I
Olo| =
0|2
o9 |«
o=
[coliNe> N Ne)]
™M | < | O
o || ?
| | O|—
E
m ©
5| _|&
o|E
G|=|2
E1°|3
SRE
©
=

S 2020 8

X572 Hia

x|
=

==

EENIEE

cH

234



A\

1:

=

Y/Lpp

7

Yaw rate(deg/sec)

q?lﬁ' E L

4 = 2 3 4 5 15 20 25 30 35
X/Lpp Time(sec)
2 i r T r 30
- —e— GM 0.60m, 0 Trim
- GM 0.92m, 0 Trim 20
15 ——+—— GM 0.30m, 0 Trim [
. ——p—— GM 0.60m, 0.38 Trim —~ [
s | M ——<—— GM 0.60m, -0.38 Trim §’ 10
e I
= : ot |
£ R 2 0FA
Q [ Vi o PRGN - © P N e
g | %&:ﬁ e ([ m% =o_10 I Xﬁ\// ;5 Dl =~
(,,0 | e 'VE 72 7 ~=] V\//V
: 20 : &_ﬁ
0% 5 7095 20 25 30 35 0T mTTie T 5 20 25 30 35
Time(sec) Time(sec)
Fig. 8 +35° STBD turning tests data(GM & trim)
A4
-3 : %/F
) )
L - [\ Q
g7 g
S \] 2
[ 37| I i7s
or & 5]
L N 185 5 015 20 25 30 35
X/Lpp Time(sec)
21 : 30
—&— GM 0.60m, 0 Trim /
GM 0.92m, 0 Trim 20
———— GM 0.30m, 0 Trim L W
=~ . ey GM 0.60m, 0.38 Trim a 10 L \
il ——&—— GM 0.60m, -0.38 Trim % :
: § L PN Rt
- (o) £
7 i o4
& [ CongH  S-10F
0.5 r
r 20 F
0g 5 07520 25 30 35 905 5 1015 20 25 30 35
Time(sec) Time(sec)
Fig. 9 —35° PORT turning tests data(GM & trim)
2 A2 = F Urt B M43 255el A9 GM 0.30m = Figs. 10-12= GM HZA 2! ZAA| BHZo]| 2 X|T2MaM S
Aol 2B MEseZEEEe| FVIL 71E 2 AE 8 F UK x|z Zuo[ch GM 40| HZEFE X|Txa & dAL 2 [0y
ot Zof MeSZETE MTEE UM LIEKICL ol MESQZEDT| RolX|lz HE 25 8 = %1, ZoFoZ 1
MEER ZHolMef LRl IRl oFYMo| M| Z7| Alof| LiEt At 2} QUGEZIO| RoX|= HE 2zt =folgt 4= Qct Mo
L= 20 MeseZEEo gas & Aoz mokst 4= ot EEo| 42 HHEZO| ZofX|1l, MEFERIS| B QHFE

JSNAK, Vol. 57, No. 4, August 2020



40 ! \ 24

. —Ff—F— 1stovershoot angle —_
2 - —(=)- - Time to reach first OA ] 3
$ 30 18 &2
3 <
5 ©
5 &
g 20 = 12 <
8 20f g
2 | Po__ <
8 i - { _______ 9 )
o 1)
B -
= [ =

O0 03 06 0.9 1 40
GM(m)

Fig. 10 20/20 zigzag tests indices(GM)

40 \ I 24
R 1st overshoot angle —
) — —(=)- — Time to reach first OA ] 3
S 20 l 18 &
5 <
o O
2 3\,7 =
8 20 - 12 5
2 ! Iof
@ [ S o
2 i S <
8 i 6} _____ G L
3 10} 16 2
= ] =
%8 04 0 04 0.8
Trim(°)
Fig. 11 20/20 zigzag tests indices(trim)
40 \ I 24

. I 1st overshoot angle 1 —
2 I - —(=)- - Time to reach first OA 1 3
g 18 &
3 I <
g @)
5 g
5 20 12 €

I 3]
2 @
[ 3 1S
g i E P o == I - ] i)
3 10} 16 8
= [ 1 =

) 03 0.6 0.9 7.9

GM(m)
Fig. 12 10/10 zigzag tests indices(GM)

0| HX[:= ZI2 1R}, 2Kt LHGEZ Hsjol|A gelet 4= Qlct
5k 1} 2l 2R} QHAEZIC| 7|27 |2 AHHED MEAET} =
ISP GMO| AL} A o]
EZt IoIo] Hapt o & AUS =lolg = T
t 2HAEZO| 22 B715H 42 .
ol 7|& o“ Z21 OiH| 2k 135%2 S7kINSS & &+ Uk

GM 2ol w2 10/10 X| MM SK|E
*EFrr-lEDj, 2x+ SHAEZRS Fig. 109] 20/20 X|TMIMSX|E
Zuel FABH LIELER|2E 1k} 2Qu{FEZER GM B w2}
MM o=Z I W] LJUCEL 0| 2I5l ST Algel a2zt
ZalFig. 15, 16)= AHEM, %7| 10£9] O0|AER|l= EEQ

},r! _|\I

MRt 2

FHI'IJ0

S

Z0[ 165 LilZ LRSI, = vl HHHERIS ARSSIZA
20 uiele| 2 S| Wl Ee =elat 4 Aok 20/20

Second overshoot angle(deg)

40 24

30} 118

[ [;\F

10 [ —%— 2nd overshoot angle ] 6
L — —{—)— — Time to reach second OA ]

ol I 1

12

il

Time to reach second OA(sec)

0 0.3 0.6 0.0 7.9
GM(m)
40 24
! EIN ]
g | R €l ] g
T 30 18
? i i ] @]
5 5
Q Q
2 20 H— 12 §
5 5
[} 3 I
5 1 ¢
° l ]
£ 10 r— 6 L
| 2nd overshoot angle ]
&83 L — —(=)- — Time to reach second OA g
’ | | )
93 07 0 0.4 0.8
Trim(®)
40 24
T 30 18 <
2 | : 19
S E
g Lol g
2 20 03 12 8
! a3 5
> @
5 I 1 o
° l ]
£ 10 r— 6 L
| —%— 2nd overshoot angle ]
% L — —(=)= — Time to reach second OA ] g
’ | | I, "
05 03 0.6 0.9 72
GM(m)

MM IA[ZOIMS] & e £ e BRI we SS9t

= =
0| 20 Ui2IlS Tfs2H(Fig. 13, 14) S} Alele| BF
Meol| ojxl= Hako| Alds| 2 A2 Eeolgh 4= 9l

= ACt
b2 2o oAl 2dt 2isio] d2isiE

5| ol =
mf, ek 2ol ol SRet oolE Z=rt = GM 2ol A
2 =ekyet Mol 29, 10= wfele| o|2EfZt ARZol thstod
Mefe| =7 “d’é!ggoil %?Hlﬂ fiCke 2B1E =2 = 9l

2Lt 2 Alﬁ’éﬂ}oﬂﬁ sfolgh = ARO[, GM ¢
o=

o] foH, 2 Bkt =
UL, 22| I "7F°* —’F %’EF mep, Meh 2eikhe
X S =]

236

CHetEMSlS|=2% X 573 X4S 2020 82



2 £60p
(2} L
©
1 ©40 Z=_ 1\
g W‘\\\\Q\
0f—a ] S20r N TR
% E % N @\ \\ 1"’ /
— 1 2 g 0 ¥ o —
< 4 \ ]
g N 2 00l N Ny /)
2 e £.20 N3
N ? /”/
3 540 i
=]
4 &
1 T3 3605 5 70 15 20 25
X/Lpp > Time(sec)
2 €30
[ g f
- 20
s 20 — \
1.5 2 N
—~ > L 63\_,_/\
3 MJ@Q g10¢ +<7 G oW\\ &7
@€ T L * RN o - LX<
£ 4 i I B B XN
; : Vi & g
2 & GM0.6m,0 Trim > 10k _ f k. ___,“0 %1
D) GM 0.9m, 0 Trim > F Q/ FEe
0.5 —=— GM0.3m,0 Trim g
~———— GM 0.6m, 0.38 Trim ©-20
——&—— GM 0.6m, -0.38 Trim g’
0 [ | T L L L 2_30 " L L L
8 10 19 20 25 @ 5 10 15 20 25
Time(sec) Time(sec)
Fig. 13 +20/20 STBD zigzag tests data(GM & trim)
-4 g 60
i
3 °40 @
S @
_2 ///V/;@_\\%\ %20 @ ‘/
[=2}
. AN 7 O
S N—H & 0  —
; S ™1 g k\ é‘ \\\\ \‘.\
0 e i i-zo X Ll
2 N /|
1 540 L
X | R B 5 5 390 5 10 15 20 25
X/Lpp >~ Time(sec)
2 230
[ s
L e [
b o 20 F
15% g f
! oS S E10F
@ 7 LSRN s I
£ 4 Nt N Y
B : =
o . N
& —&— GM0.6m, 0 Trim -10 i
GM 0.9m, 0 Trim ) [
05 —— GM0.3m,0 Trim 9
———— GM 0.6m, 0.38 Trim ©-20
[ | —<4— GM0.6m,-0.38 Trim o
ol ——— i il - 5-30
0 5 20 25 @ 0 5 10 15 20 25
Time(sec) Time(sec)
Fig. 14 -20/20 PORT zigzag tests data(GM & trim)
3.4 FAZA Yol st =ESMEX|E ol A Ch X& 2 7% 45k RAISA 9I| ¢igo|| w2 =EMSX|Es
=2 gadES Aldlol %L% I%CKFig. 17, 18).
KCS Malel BAIZA fIxlet J0f me =EMS wsh 20 A AT (Yun & Yeo, 2019)0llM HMAJRH VS Wer 2AS
M solsl| olslo] M| 7IX| Bkt SHI=Al BiZDE TJof w2 SIx| HZol| e I%—Q%XIEE g0l A LiElE A
BT MBIMSKIE, 20/20 XTMINSKIE Hate Aty 8 A BRAS Al eseict

JSNAK, Vol. 57, No. 4, August 2020

237



-2

-1

00— i

*‘»\ 1

a1 p—
=

2

3

4-1 2 3 4 5

X/Lpp

2_

1 5PET ATt o .
3 SRR ]
£
T 7
(0]

g
Qo L
? } | —=— 6M06m,0 Trim
0.5 GM 0.9m. 0 Trim
I ———— GM 0.3m, 0 Trim
N S I I N
0 5 10 15 20 25

Time(sec)

Fig. 15 +10/10 STBD zigzag tests data(GM)

4
-3
-2
g 4 —
0F—e S <
§7
1
210 R T W R
X/Lpp
2.
L
1 5P e
T RS SN
3 | IS
E L
z 17
Q
e I
Qo L
@t | —o— GMo06m,0 Trim
0.5— GM 0.9m, 0 Trim
L ———— GM 0.3m, 0 Trim
N S P T R
0 5 10 15 20 25

Time(sec)

Fig. 16 —10/10 PORT zigzag tests data(GM)

EHEA| WeHFig. 2)oll wet FAISA HAZ2 JIEH| Hoj
T 2l 2¥M Zo|2 FARYSINN, Malds S 20/20 x|

Yaw angle(deg), Rudder angle(deg, dashline)

Yaw an

Roll angle(deg), Yaw rate(deg/sec, dashline)

gle(deg), Rudder angle(deg, dashline)

|
w
o

S »
o o

R N}
o o

N
o

&
o

N
o

N
o

Roll angle(deg)l ‘Yaw rate(deg/sec, dashline)
T %
4

'
P (<23 @
o o o

N
o o
T LI B e

r
IS

&
o

w
o

N
o

L
Time(sec)

5 20 25

N
o
T

Time(sec)

G

1
Time(sec)

10 |

10F

20

o

10

1
Time(sec)

Table 14 Sensitivity indices of CG positions for KCS
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