creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804:21028-200000013833

FHYA} SR

GEER RS BIEEREE
e AT

A Study on Turning Ability of Ship
according to GM Variance

Az o] & 3

2018 @ 2 ¥
St 3 F gl g

A FA &35

Ao



NI

2018 A 02 ¥

o
o

E
o
=0

——
fi%e)

To-

Collection @ kmou



T X} cesessecsesassasssscscustusinstsssssussnssassnstsetsess s s st s st as e bbb s s st i
Llst of Tables ............................................................................................................ iii
Llst of Flgures .......................................................................................................... iv
S A viii
Abstract ...................................................................................................................... X
I P 1
2. A Adnke] AIS A ZFF o] TFF TLFE ceeeeevrimnininnin e 7
3. YAA T BFHOY UHE FFFA G -cevisneesieenscssensenssnssisstssessesessssssssssassssens 13
4 .dzq_;il_@ E‘&o]’}_-gl :ahz‘k_i] A—]f:]/é-@ .............................................................. 19
41 ALDT HEA A ZE cerrerremrrsersensessisstssnsensessessssssssssessesesssssssessessasssssssssssssesesss 19
4.2 BN =& A FR, YAZE L ZTF ZFX] ceervecnnnnnnnnnnnnnnnnienns 25
4.3 Froude S0l &3t E3 A AL AR crrvemrnnnnnnineininneeneineeneennn. 27
4.4 2 A0l MB|AE A Z GM 2R ceeesrsnnsnnnnnnnii. 27
4.5 FF O] MBI A| T ceerrerrercnnnnnnininiiiiitenssseseses s assane 30
45.1 A GM 90CMO] 79 coeverermsmsrsnsernsnsisnsnsnisisiisssissisiisisssissssssissssnes 30

45.2 A GM 60CIMO] 7J9  coevevrrmnmnnnncisninesnniiiiesississssiassssssssnes 32

45.3 AX GM 30CmMO] 79 coevrernrmneiniiniinnsininiiiesisisiissasssisssns 33

45.4 A GM 20CmMO] 79 coevrerernnriniiniinnsniniiissiiisssssssnes 37

4.6 A3A Y A o] TTF TLF v 44

Collection @ kmou



Collection @ kmou



List of Tables

Table 1 AIS data of rapid turning casualty of ro-ro ferry SEwol cessssssseseeee 8
Table 2 Result Of turning test at GM QOCITL sswsessesessrsesusessnsessasusensusensusencnsesenses 32
Table 3 Result Of turning test at GM GOCIL sswssssesessrsesnsessnsessasusensusensuseacusesenses 33
Table 4 Result Of turning test at GM 30CI ssesessesessrsessnsessnsessssussnsusensuencnsesenses 34
Table 5 Result Of turning test at GM 20CIM ssesessesesrsesnsessnsessssussnsusensusencnsesenses 40
Table 6 Comparison of results of turning test at GM 20cm

at ruder angle Of 35° and 15°  ceececceccecceccecceccecceccecceccecceccecceccecceccecceces 43

— i -

Collection @ kmou



List of Figures

Flg l Definiﬂons Of turning test(IMO, 2002b) .................................................. 2
Flg 2 PlOtUng Of AIS track ..................................................................................... 9
Fig. 3 AIS tracks between original and correction of HDG «esseeeseeseseesnsnesnsnens 10
Fig. 4 Sea trial turning test report(twin propeller propulSion) -sesssssssesesseesees 11
Fig. 5 Comparison of tactical diameters between

rapid turning accident and sea trial turning tESt «eesseeseeseeeseceseceeecaeaane 12
Fig. 6 Running test of simple model ship with upright state eeeeeeeseeseeeeneees 13
Fig. 7 Simple model ship with heeling angle 22° to port seesesessseseseesssensensnens 14
Fig. 8 Running test of simple model ship

with heeling angle 22° t0 POIT rswsersenresseseasssenssusensensesesusssscnsensensencuscnscns 14
Fig. 9 Running test of simple model ship listed to starboard «essssssssssesseeseees 15
Fig. 10 Submerged configuration of container ship listed to starboard - 16
Fig. 11 Submerged contour of container ship listed to starboard —sessessseees 16
Fig. 12 Flow velocity and pressure distribution along

submerged surface of container ship listed to starboard «esesssessseeees 17
Fig. 13 Lines Of TO-TO fEITY SEWOQ] swsersesersersersensensensensensensensensensensensenensensensensens 20
Fig. 14 Offset Of rO-T0 FEITY SEWOL swsersersersersesesesesensussuseasensusussssnscnssaensensens 20
Flg 15 Lines Of ro-ro ferry Sewol on AUtO Cad ............................................ 21
Fig. 16 Lines output of ro-ro ferry Sewol on Auto Cad «eesssssssesesesensencenscnsas 21
Fig. 17 Parts of 3D hull mOdeling «essssssessesseseusensesessusensensensussnsensensensusnsensussusens 29
Fig. 18 Assembly of 3D hull MOGELING swewssesessersersersesusussasensensensensensusseasusnacnscns 29
Fig. 19 Two parts of model ship uSing 3D PIINET seessesserserssessenserssessensensensense 23
Fig. 20 General view Of mOdEl Ship resessessesesesersessussesesnsusussnscususnsenscuensensens 24
Fig. 21 Measurement of displacement weight of model Ship sesssssesesssesensenses 25
Fig. 22 General view of model ship and remote CONtroller sessssssssessescenseeses 25

v —

= | I ] -L
Collection @ kmou



Fig. 23 Measuring devices at model Ship’ S DOW sesessesesessusensensusensensuncnsensenss 26
Fig. 24 Action camcorder at model Ship’ § MUdShip resssessesessersesessesensesuscasensas 26
Fig. 25 View of list test weight and vertical weight adjuster sessssseeeseesseneees 28
Fig. 26 Principle Of NEEING tESt swsesseesesessessessussusssssncusesnacusuensenscnsnsenscnensensens 29
Fig. 27 Hydrostatic characteristics of Sewol

at departing deadweight SLate sesesssessessssessmscssessnsensussusessesensessasensesensensnne 29
Fig. 28 Turning test of model ship at GM 90cm

at maximum heeling angle «essseesessessssessmsssessssensrsensessssenseensesasensessnsesane 31
Fig. 29 Turning test of model Ship at GM QOCIL swersessessersessnsensensessusasensussasens 31
Fig. 30 Turning test of model Ship at GM BGOCIIL swerseesessersessnsensensessueasensunsanens 32
Fig. 31 Turning test of model ship at GM 30cm

at maximum heeling angle  sswswsessssesesressesuscuscusensesusestssssessensensessassasense 34
Fig. 32 Heeling angle response of model ship at GM 30Cm «seeesesesessnsnsnsas 35
Fig. 33 Turning test of model ship at GM 30cm

before rudder to POrt 15°  sressscsscssmssescssesistnmsuscncusensesnsensunsuscuscasenese 36
Fig. 34 Rudder turning state before sinking and after salvage «esssssseeeeeees 36
Fig. 35 Turning test of model ship at GM 30cm

after Tudder 0 POIT 15°  sreessrsesesestsensescnsuscnsesensencnsensusessusessasensasensasessens 37
Fig. 36 Turning test of model ship at GM 20cm

at Starting Ume ........................................................................................... 38
Fig. 37 Turning test of model ship at GM 20cm

at maximum heeling angle «essseessssessssessmsssessusensusensessssensecnsessasensesensessane 38
Fig. 38 Turning test of model ship at GM 20cm

right before rudder 15 degrees to POIL «ewssssssersssersemsessssesssusessesssnssnse 39
Fig. 39 Turning test of model ship at GM 20cm

after rudder 15 degrees O POIL swesswsessessssersesssensussusesusnsessusensessasensessase 39
Fig. 40 Comparison of heeling angle responses

of model ship between GM 20cm and 30CI «sessesessessusessusessesensescnsesane 40

v -

r --.. '-I.---. — = \
Collection @ kmou



Fig. 41 Turning test of model ship at GM 20cm at maximum

heeling angle with rudder angle of 15° to starboard «sesesseeseeeeee 42
Fig. 42 Turning test of model ship at GM 20cm

with continuous rudder angle of 15° to starboard sseseseeseseeeeeecncens 42
Fig. 43 Comparison of heeling angle of model ship

between rudder angle 35° and 15° under GM 20Cm eeeeeseeeeeeeeeeeees 43
Fig. 44 Sea trial turning test report(port propeller propulSion) ssesssssssseeseesees 46

_Vi_

Collection @ kmou



22 Ay MLzt B

|

3|7}

o

GM Wiste] wg Aute] A3|4%e] te AT

=
T

i

Row, B AFoNA=

3

Ay

AbaL7}

!
T

%l

4

)

Ay

Wi

dE =2

Ay

7]dko 2 3z

23, GMo] =t

ol
a3

2 s

5]

sto] A3

GM 90cm, 60cm, 30cm
[e)

_]

-

A 35° o BHe g

A1

A

/‘\E_]

-

R

Aol A

=

1

R

Aol A

|
—_

2R BT

A7 Hlw AE

5} 2]

o.
- vil —

o] AIS

=13
=1

MSAA G A

=

T—

7)o u}
Collection @ kmou



A AT A GMo] #oldyE A3l HIAE HA Zolxa
GMe] 20cmelx Ho HZAAE LA & FHAF 15° o s wWEA
AL

AgatRes W EIPHe HAIAFL aduake]l  AIS A TH
=

5]
Bzte] Zvlel 2 AeEgE AL B Ry
<

KEY WORDS : == #H g Az, g3, AEAL, 230 AAE, 434, A
3 EA, GM, AIS &4

— Vil —

Collection @ kmou



A Study on Turning Ability of Ship
according to GM Variance

Kim, Dae-Rae

Department of Naval Architecture & Ocean Systems Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Rapid turning and capsize accident of ro-ro ferry Sewol occurred due to
the very poor stability small rapid turning, and its objective turning
characteristics was analyzed through the turning test of its ship model in
this study. Its ship model was produced by the 3D printer based on the
drawings including hull lines, and was attached by the propulsion devices
of 2 propeller and 1 rudder, remote controllable steering gear, and real
time measurable instrumentation devices. Turning test was carried out
according to GM variance using this ship model in the interior ocean basin,
and turning characteristics of rapid turning was analyzed comparing its

turning circle with its AIS track.

In this study, turning test was performed according to full-scale ship GM
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variance, 90cm, 60cm, 390cm and 20cm, using hard starboard rudder angle,
35° . In the case of small GM, turning characteristics was also analyzed by
comparing its turning path with AIS track according to turning time of
rudder angle 15° to port after the maximum heeling angle, and to the
rudder angle. As GM became smaller, turning circle of turning path was
also reduced gradually, and the turning path of ship model was most
close to the AIS track in the case of turning rudder angle 15° to port
right after the maximum heeling angle at GM 20cm. It was confirmed
through this turning test of ship model that the maximum heeling angle
was dependent upon the full-scale ship GM magnitude, and that the

turning circle, upon the rudder angle.

Even though the turning characteristics of rapid turning accident could
be reasonably analyzed, future study of more exact and reasonable
prediction of turning characteristics will be carried out using more larger
size of ship model. For the more safer voyage of domestic coastal ro-ro
ferry ships, GM auto-indicator with mechanization and digitalization of GM

estimating equation will be also developed for the future study.

KEY WORDS : Ro-Ro Ferry Sewol, Rapid Turning, Capsize Accident, Turning test
of Ship Model, Turning Circle, Turning Characteristics, GM, AIS Track
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Table 1 AIS data of rapid turning casualty of ro-ro ferry Sewol

time CO HDG velocity latitude longitude | angular speed
8:48:31 135.2 139 17.5 34.16467 125.9622 0.0000
8:48:38 134.7 140 174 34.16430 125.9627 0.1429
8:49:13 146.1 150 17.1 34.16225 125.9649 0.2857
8:49:19 149.2 155 16.9 34.16184 125.9652 0.8333
8:49:25 152.8 161 16.7 34.16142 125.9655 1.0000
8:49:26 153.7 162 16.7 34.16135 125.9655 1.0000
8:49:30 159.1 166 16.5 34.16107 125.9657 1.0000
8:49:36 169.8 178 16.0 34.16063 125.9658 2.0000
8:49:37 1715 180 15.8 34.16056 125.9658 2.0000
8:49:39 175.2 184 15.6 34.16042 125.9658 2.0000
8:49:40 182.0 199 15.2 34.16025 125.9657 15.0000
8:49:41 183.5 213 15.0 34.16018 125.9657 14.0000
8:49:43 182.3 191 15.0 34.16014 125.9658 -11.0000
8:49:48 195.8 229 14.3 34.15972 125.9656 7.6000
8:49:51 206.0 234 134 34.15955 125.9656 1.6667
8:49:58 224.9 242 11.8 34.15925 125.9653 1.1429
8:50:03 228.4 246 11.5 34.15915 125.9652 0.8000
8:50:06 232.6 249 11.3 34.15905 125.9650 1.0000
8:50:09 243.7 251 10.7 34.15888 125.9647 0.6667
8:50:13 2474 254 10.7 34.15883 125.9646 0.7500
8:50:18 250.1 258 10.7 34.15878 125.9644 0.8000
8:50:21 257.1 260 10.3 34.15872 125.9640 0.6667
8:50:23 261.1 262 10.5 34.15872 125.9000 1.0000
8:50:29 266.1 263 10.4 34.15870 125.9636 0.1667
8:50:32 266.1 265 10.4 34.15870 125.9636 0.6667
8:50:38 273.9 265 10.4 34.15872 125.9630 0.0000
8:50:40 274.8 266 10.5 34.15872 125.9629 0.5000
8:50:49 282.7 270 10.6 34.15880 125.9624 0.4444
8:50:51 284.0 272 10.6 34.15883 125.9623 1.0000
8:50:57 291.0 259 10.6 34.15893 125.9619 -2.1667
8:51:02 295.0 249 10.3 34.15902 125.9617 -2.0000
8:51:03 296.6 248 10.2 34.15905 125.9616 -1.0000
8:51:06 300.7 247 10.0 34.15912 125.9615 -0.3333
8:51:11 306.3 246 9.6 34.15925 125.9612 -0.2000
8:51:15 310.5 246 9.2 34.15935 125.9611 0.0000
8:51:18 312.9 245 9.0 34.15943 125.9610 -0.3333
8:51:21 316.1 245 8.7 34.15953 125.9609 0.0000
8:51:27 321.2 245 8.2 34.15970 125.9607 0.0000
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(a) over view
—l 450 m
100 m
i

(b) close view
Fig. 2 Plotting of AIS track
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(a) original HDG (b) correction of HDG
Fig. 3 AIS tracks between original and correction of HDG
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Fig. 4 Sea trial turning test report(twin propeller propulsion)
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Fig. 6 Running test of simple model ship with upright state
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(c_ final state
Fig. 8 Running test of simple model ship with heeling angle 22° to port
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(b) intermediate state

state

(a) initial

(c) final state
Fig. 9 Running test of simple model ship listed to starboard
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(a) front view

(b) stem port view (c) stem starboard view
Fig. 11 Submerged contour of container ship listed to starboard
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(b) pressure distribution
Fig. 12 Flow velocity and pressure distribution along submerged surface of
container ship listed to starboard
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Fig. 13 Lines of ro-ro ferry Sewol
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Fig. 14 Offset of T0-r0 ferry Sewol
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Fig. 16 Lines output of ro-ro ferry Sewol on Auto Cad
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Fig. 17 Parts of 3D hull modeling

(a) iso view

(b) side view
Fig. 18 Assembly of 3D hull modeling
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(a) iso view
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”(b) fdfe & aft view

e v A

(¢) side view

(d top view
Fig. 20 General view of model ship
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KG = KM - GM

GG =wxd/Disp.
GG'=GM xtand tand = all

GM = w x d /(disp x tan@)
GM = (w x d /disp) x (I/a)

——

A4 AxbA oA e 2ol 9,907.3E 0 &2 HAE L, oo A< mEFAM wjF
F& 29355 kgolth. Aol GMo] 90cmd 79 Fig. 269] GM A4+a GM =

= 47 AAn 2y
ok webA] BEAe] AAANFAAE AL 19757} HES
ZAAAE olgdte] xAFAT. 2 GMol W& AAzte 19.7°, 285°,

475° 9 58.0° o]k

o AANE &

ORAFT ~ DISP ~ DISP  VGB LCB  LCF TKM MIC TPC WSA CB CW CP CM
() wo(M3) BXT(T) (W) M (W) M) (W) (TON)  (W2)

6.35 9817.7 10105.4 3.632 -4.583 -10.227 11.057 .166.0 22.7 3207.3 0.5336 0.7609 0.569 0.9368
6.6 9840.1 10128.5 3.638 -4.597 -10.269 11.058 "166.5 22.7 3212.0 0.5340 0.7619 0.5699 0.9369
6.97° 9852.5 10151.5 8.645 -4.611 -10.311 11.060. 167.1 22.8 3216.7 0.5343 0.7628 0.5702 0.8370
6.8 9884.9 10174.5 3.651 -4.625 -10.353 11.061 167.6 22.8 8221.4 0.5347 0.7637 0.5706 0.9371
6.30 9907.3 10197.5 3.657 —4.639 -10.395 11.062 168.1 22.B 3226.1 0.5351 0.7646 0.5709 0.9372
Fig. 27 Hydrostatic characteristics of Sewol at departing deadweight state
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synchronized clock with model ship
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Fig. 28 Turning test of model ship at GM 90cm at maximum heeling angle
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Fig. 29 Turnmg test of model ship at GM 90cm
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Table 2 Result of turning test at GM 90cm

time rudder angle heading heeling angle
14:12:37 (0) midship 332 0
14:12:39 (2) hard stb’d 329 port 1
14:12:41 (4) hard stb’d 350 port 6
14:12:43 (6) hard stb’d 015 port 7
14:12:45 (8) hard stb’d 041 port 7
14:12:47 (10) hard stb’d 069 port 7

4.5.2 A4 GM 60cmg! A%

Fig. 302 A4 GM 60cm¢l Z %9 m3EAM MIANPSE F3st= AHo)
A3 Al Alo] AIS &3} vlws)] RoyFa 9ok a8a o) 2% A3 A
AsIA e A3E At Table 33 2t mg el XAAHA & 4+
=o] AA AlzmArEFe] GMo| ¢F 60cm A E ol A
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rudder to
starboard 35°

Fig. 30 Turnmg test of model ship at GM 60cm
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Table 3 Result of turning test at GM 60cm

time rudder angle heading heeling angle
14:14:46 (0) midship 322 0
14:14:48 (2) hard stb’d 335 0
14:14:50 (4) hard stb’d 354 port 9
14:14:52 (6) hard stb’d 021 port 8
14:14:54 (8) hard stb’d 046 port 8
14:14:56 (10) hard stb’d 053 port 9

4.5.3 A4 GM 30cm¢! A%

Fig. 31 A GM 30cmgl 759 =3 M3AFL FPste Zd =
Ao FAAE TS &3t AWe BT 9a, g3 A 3
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. 31 Turning test of model ship at GM 30cm at maximum heeling angle
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Table 4 Result of turning test at GM 30cm

Collection @ kmou

time rudder angle heading heeling angle

14:18:02 (0) midship 326 0

14:18:04 (2) hard stb’d 342 port 5
14:18:06 (4) hard stb’d 012 port 11
14:18:08 (6) hard stb’'d 064 port 26
14:18:10 (8) hard stb’'d 124 port 29
14:18:12 (10) hard stb’'d 166 port 25
14:18:14 (12) hard stb’'d 211 port 23
14:18:16 (14) hard stb’'d 259 port 23
14:18:18 (16) port 15° 292 port 22
14:18:20 (18) port 15° 301 port 12
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Fig. 32 Heeling angle response of model ship at GM 30cm
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Table 5 Result of turning test at GM 20cm

time rudder angle heading heeling angle
14:20:00 (0) midship 320 stb'd 2
14:20:02 (2) hard stb’'d 329 port 5
14:20:04 (4) hard stb’'d 001 port 26
14:20:06 (6) hard stb'd 060 port 36
14:20:08 (8) hard stb’'d 109 port 30
14:20:10 (10) port 15 145 port 30
14:20:12 (12) port 15 167 port 24
14:20:14 (14 port 15 188 port 24
14:20:16 (16) port 15 208 port 24
14:20:18 (18) port 15 228 port 24
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Fig. 40 Comparison of heeling angle responses of model ship between GM
20cm and 30cm
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Flg 41 Turning test of model ship at GM 20cm at mé;dmum heeling angle
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Table 6 Comparison of results of turning test at GM 20cm at ruder angle

of 35° and 15°
starboard 35° starboard 15°
time r:ggg heading hael%rég time rgggg heading hael%rég

14:20:00(0) | midship 320 stb’d 2 | 14:38:36(0) | midship 322 0
14:20:02(2) | hard stb’d| 329 port 5 | 14:38:38(2) |hard stb’'d| 334 port 6
14:20:04(4) | hard stb’d| 001 port 26 | 14:38:40(4) |hard stb’d| 344 port 7
14:20:06(6) | hard stb’d| 060 port 35 | 14:38:42(6) |hard stb'd| 010 port 11
14:20:08(8) | hard stb’d| 109 port 30 | 14:38:44(8) |hard stb’d| 061 port 39
14:20:1010) | port 15 145 port 30 | 14:38:46(10) | hard stb’d| 115 port 37
14:20:12(12) | port 15 167 port 24 | 14:38:48(12) | hard stb’d| 158 port 35
14:20:14(14) | port 15 188 port 24 | 14:38:50(14) | hard stb’d| 200 port 33
14:20:16(16) | port 15 208 port 24 | 14:38:52(16) | hard stb’d| 238 port 33
14:20:18(18) | port 15 228 port 24 | 14:38:54(18) | hard stb'd| 274 port 33
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Fig. 43 Comparison of heeling angle of model ship between rudder angle
35° and 15° under GM 20cm
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