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A Experimental Study on Inner Flow Control of Tanks
for Reducing Roll Motion of LNG Bunkering Vessel

Lee Taekyung

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

Abstract

To reduce a roll motion of the 5.1k LNG bunkering vessel with IMO type C tanks,
a new cylindrical tank is developed. The coupling effect between the roll motion
of vessel and inner-tank flow is investigated by a series 1:100 scale model tests in
two-dimensional basin.

The vessel fitted with two cylindrical tanks was designed and built. The series of
model tests with the vessel in five different load conditions are conducted, namely
Empty(0%), 20%, 40%, 60%, 80% of volume loaded conditions in regular waves and
irregular waves.

Due to the developed tanks with a swash bulkhead and a swash hole, a roll
resonance frequency of the vessel is shifted and roll motion of the vessel with
developed tanks is reduced comparing with IMO type C tanks in both regular
waves and irregular waves.

KEY WORDS: Roll motion #-%2; Coupling effect <94 &3} LNG bunkering
Vessel LNGH # 8 4l; Cylindrical tank A3 e B =; Resonance frequency &3l
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Flg. 1 Forecast of LNG fueled ship market <source: DNV-GL>,
Condition of LNG fueled shipbuilding <source: Clarkson research>
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Fig. 3 LNG bunkering vessel (Kairos)
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A LNGAH o] 7 &gt By st ofyzt Fr], ofroks H AlA
HoZ LNGHABAE T -4agdo=z 835t Jth. LNGHALBA F=
A5 & ®3+= Independent IMO type C(o]3} IMO type C) BAZ F2 F -
A Agtsta dEd 729 AR AlzH, e FuHY "o wvls|
A}

Ao w e AA7IE T AY 7HA FAHo]l Atk INGFAA F diE A
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oyl &2 AA <} ‘6}":‘4 5474 IMO type C &9 wix7} gA &
7] wZol WEHAMembrane)® 27t H§ 753 LINGFHAAe ML= &
3] 3y Foltk
Table 1 List of LNG bunkering vessels
Name(or owner) Delivery Year | Tank Capacity(nt) Tank type
Engie Zeebrugge 2016 5,000 IMO Type C
Cardissa 2017 6,500 IMO Type C
Coralius 2017 5,800 IMO Type C
Coral Methane 2018 7,500 IMO Type C
Kairos 2018 7,500 IMO Type C
Clean Jacksonville 2018 2,200 IMO Type C
Stolt-Nielsen Gas 2019 7,500 IMO Type C
KOGAS 2019 7,500 Membrane (KC-1)
Victrol/CFT 2019 3,000 IMO Type C
Total/MOL 2021 18,600 Membrane (Mark III)
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| | 1 |
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- | Q|| <
Based on classical Prismatic (IHI SPB) . GTT Mark 11l
ship structure T
design rules — =l u

Based on first- Pressure vessels, GTT Cst

principle analysis based on pressure
and model tests vessel code ] L

Fig. 4 Types of LNG tanks <source: Liquefied Gas carrier>
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Fig. 5 Coordinate System
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vo(X,Y,Zt) = evoV+eH{voP+[({zV}+{oV}{X}) - vIvo D}

+ 0(¢?) (21

2(18), 2/19) 2 AQDE 2/0] Pt HelstH, 4@ 2ol 1% &
AW AAzAC QoL

Ist  order: {7} - vo™® = (%} - [{gD)+ {2 DIx{X}] = {7} -{vW}
on S, (22)

AfEdH AAZRAY EAEH FAZA o)L A BAZRZ
AAZAES EIEE e A ¢l Laplace A2 9] s T3t Ao 93l
A &=

14g 7Y 5 ik ool A%F 14 37

[1=} radiation A A &A1
v 2pW=0 in Q (23)
—0%0P+20) ,=0 on Z=0 (24)
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(0%, =7,
(CD(]‘}@)) n:(q)(]‘}@)) ZZO

hmfﬁ -—hﬂ%zo

frasel
[12} diffraction Z4A% &A)]
v 2<1>%2=0
o+ e(oB) ,=0
(@) ,=— WD,
(05 =% ,=0

n

hmfm

R—o0

—ihp ) =0

on S

on Sy

on

in Q
on Z=0
on S,

on Sg

on .Sy

S g

(25)
(26)

27

(28)
(29)
(30)
(3D

(32)

ojggdozH AAol whsl A=A

Fig. 7 Relationship between S and &,
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_16_

"L



deol o FAHE ALEr] s Y PE HE Al thske] Taylor

A7NskaL, 4(16)S o]-&sta 4(33)F #Zo] "t

P = PO+ PP+ [P+ {XDV}- v PP+ O(e?) (33)
o714, PE Fig.2.3o49 &3 A+FH S, o that ¢Holx, P, HFHFS

Aol el AeER S, o e ¢S YeERAT
KR

AZA A LdojA = S=xHA

A0NE (X} o) AR z2 Yz 34
@

s AeskE 2](34)7 2](35) #o]
P(X,Y,Z,t) = —pgZ —eplo'V + gZV]

IpofP+ S 1ve PP+ p{X V) voil+ pgZ® ]+ 0(e?)

=PO 4 ¢ pW 4 2Pp@ 4+ 0(?) (34)
7] 4]
P(O) — _ng
PO = — oM — pgz®
P = —p®§2)— %|V<I><1)|2—p{X<1)}-Vcbgl)—ngQ) (35)
o] kel ok FAH2 23B6)e Ao o3 Tzt
(F,(0) = - [ [ P(X.V.20){n)dS, (k=1-6) (36)
2.14 33AEH AP
AAel 2gste FAAHH RHEES s s dojx= 13 5 23}
Fe Azt 13 HALY RAES T 5 Yok B F FA| Agshs
0' =Xy z #uEAN tste], 4@NH} A@3B)e=2 ZIT
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T ATk

(F} = —ffs P{n}ds

()=~ [ [ PUXy<n)as (38)

Aq7IM, Sy =AY &3 A

S, BA w9 wed 4

o

-~
9 waMEelth w, A4EW S,t Fig TolAsh ol ew olshe] R

S Abolo] WATHE WMERE ASE UE 5
glom, 43St 41De AGBDA HhYska, asAeIAE PO 09e L5
3, AGDe] fAEe 4G9 YE 4 Al

(Fy= = [ [ [[PO+ePV+2 PO+ 0L +eln D) +e2(n @)+ 0 ()]s

_ffAs[8P<1>+82P<2)+O(83)] [{n®) +eln®)+e2{n®} + 0(3)] dS

= {FO} + {FO} + H{FP} + 0(e?) (39)

&, 21GHe AG0E 438 tHdstH, FAIHE o EHEE 2(@0=
B 4 ST

—\>

M)y = = [ [ PO+ PO+ PO+ 0IHND) +e{ND) + 2N + 0 ()] ds

_ffAS[8P(1)+€2P(2)+O(€3)] [{NO) + e {ND}+ 2{ND} + 0 (£3) ] dS

= (MO) + e (MD} + XM P) + O(e?)
(FO) (M0} B FFEA S, o A3 Prgel o9 44 Bz

mRlEelm, (FU), (MV) & v} g F712 A43he 14 4AF 2 =u
EE Uit 9A, (FO), (M0) & FRAA A Bale] $4u
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A Z=0°lE= Gauss AEE &3t 4ADFH 4(42) 2ol AT + AT

(FO) = — [ [ POn©OYas=pg[ [ Z{3}ds
=g [ [ vZav=rpeVik)y =100 pgV}T (1)
(M0} = — [ [ POINOYas = pg [ [ ZUXDdn})as

= —og[ [ [ vx1z(XNav=oe[ [ [ (V- X)) av

= pgV(Yli} — Xp(iH) = {Xp}x{0 0 pgV}” (42)

A714, v =(et Aot L vE BE AeAdeln, (X,)E
R BAMEZA 2433 o

Xpb= 3 [ [ (xyav (43)

{(FOy 3 (MY} & H A5 HFH S, +A0 g &S Gauss B &
o] &3t 244} Zo] AL & Ut

{FV) = pffS”(Df‘D{?z}dS—pgffA7(E§1)+9§1)Y—9§1)X){k} dXdy
= fos@“{%}dS — pgA (P + VY, — VX ) (k)
= {Fi"} + {FR} + {FR) + {Fid) (44)
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A71A, (X, Y) v 214 F
A 21(45)3F 2)(46) 2o)

Aol lojMe 33
1
Xf—A—WfLWXdXd‘Y

v, = ALWfLWYdXdY

{M(l)} - _ ffs (P(l){N(O)} + P(O){N(l)})ds

_ffs PO{NY IS + {0 D= { 0}

=of [, o ({Xpda))as

—pg| —ApXEP = SL,0V+ (ZV+ SV — Y Vol
0

= (WP} + (M} + { M) + (M)

(46)
A71H, S, FAM 23 mRERA AUNT o] HoHr

Sy = ffA X,X,dXdY 47)
47A, {X, X, X,)7=

< =5 233
o)1, 1zt FAAY (FV} 7 mwE (M) = 27+ 2]
(48)3 21(49) 2ol AodHt

- 20 -
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{F&} = AF} +{Fp)
=of [ @R+al)(7)as (48)
(M} = {0} + {m3°)

= o[ [_@P+oW) (X)(7)ds w0

U7 @92l 174 FFAY} wAEE 24
2 A A5, 0Pt ohE 4GB o] ek

St
o
>
3
2
)
rot
—
2k
>
i
i
-

2 — 1w
0= Re 3 L (— iaaPe

> %= Re 33 [af(—inofe ] 50
A(G0E UDsh AU s HGDIH (52) ol wART.

(FP) = Re 33 Lal( o [ [ —iou(ohd + o) () ds) e "]

~ Re 3 La{ (i} e "] -
{(MP} =R ﬁ <1)( ff —lwk(cp(l) o) ({ X ) {n})dS) ~imt]

= Re 3 [aP{AR} e "] 52)

(FAV) 9} (A} = 2 9 950,20 13 FZA G GAAZAE
ol A=A 2(63)7 2G4
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{7} = lpwkff (0% + op) {m}as (53)

{Ar}y = lpwkff (0% + o5 ({X{%})as (54)

22 BE8 RN 7AY AT

221 A9 FolA FRAY T8 SRS 58 4 ¥ o5 W
T2 3t 255 Ho] EAHT
ag+bp+co = Mycos (w t —¢,) (55)

A7 abcs BEae KA ASLE ME 358 FFgAZAE 2
22 Uehith ¢ RaAo wAE HEA AFeNMe YA HFS 7]
zogon AYL v Axol UF FEL FIRAEAEY AL e}
Wk,

Aure] p 2o Bek AR/BARHEE 26569 2o},

o
N

.

A A , A
a= _k.’ll’.’ll’2 + _k 2: _(k’ C

g g rxr g &I rxr g
A7NA k& BRABAVHOZA HE 9] 0.33-0450 T e A
QJole] Mute] FRIBANAL WEHOE T /b4 YL ol §3te] 37

U ‘l‘ }\}\qi
Katoe] 22 2 (568)7} #r}. (Kato, 1956)
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rx H S
()" =f1CsC, +1.10C, (1= Cp)(— )+ (5] (58)
2(68) ¥ = 0.133(AFEWA), £ = 0.177(EAA), £ = 0.20014D)) 2e

H, = D+(1/L,,) < (A2 w29 w5 o] §A) (59)
A71M D : RFaA e Lo,

Q
o,
!
ot
ks
h
ol
o
r:]_‘
i,
S

IMO AS62BF, B3t FoIAe 244 713, 1985)3% MO MSC Circular1228
ZAst FolA e SAA, 200NN 2600 A5 K, E P

rxr

rr

(k,,”/B)=0.373+0.023(B/ T)— 0.043(L/100) (60)
o714 L . A2 ol(waterline length), B: A&, T : H

o
ol

J58 1FF7] 1,9 e wWERdEEe] GME A H
k& T T Uth

k,,”= T,/ gGM /(27) = T,/ GM /2.01 6D
Aq7IM g THIIEE

(2

216Dl <] 3l

JF58E ot e Autd #F&ste FHEWMEE X3Hwave making) Z¢}
(eddy making) w}2(skin friction) ¥-7}=(appendage) & A&, 71EHA E(F7] 9
A, A 2o HAEEE FAAEY Q). (keda, 1984)

BB FER FAYNAE 23 FY YRS e FRYO
G, 8% 2B 23 748 YEWORE YT FHRNES A

PEeo 449 A5 5 BAwAEE 46D A,

ch=AGZ ~ AGMsind ~ AGMgp (62)
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A7IM GZe BELAYL, GMEe WEME Eololth. wiehA
21(63)3 2t

c=AGM= pgv GM

A7 A, v HlFEE, R AEE
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A 3FA 2IPAY

3.1 4374
EPAPL Ao Figuol s Eista e 22k 2oezoA A

. M2E P4o zurlsl AuE zuirzs Fig 84 Uehd kel 2ol

Measuring instrument

25m

Fig. 8 Schematic of 2D wave basin

=g A A8 stuAe Ae

Ll

A48 5 99 Fo|(Wave height)

Table 23} Zt}.

Table 2 Characteristic of wave probe

¥ & AL &
Blind area 200mm
Working range 1300mm
Frequency 200kHz
Techn. resolution 0.18mm
Reproduceability +0.15%
Output update 50Hz
Analogue output 0 - 10V
Protection class [P 65
- 25 -
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Fig. 9 4-Degree of freedom measuring instrument

Table 3 Measurement ranges

¢ =

A%

Surge Motion

Approx. #500mm

Heave Motion

Approx. £200mm

Pitch Motion

Approx. =*30deg

Roll Motion

Approx. *+45deg

Yaw Motion

Sway Motion

Fix

_26_
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Table 4 Capacity of displacement sensor
3 = A&
Effective electrical Angle 345 or 355 deg
Linearity +0.1% of F.S
Resolution Less Than 0.05%
Mechanical Rotational Angle 360deg continuous
Ambient Temperature 59~+85C

32 495y

AgolA AR
B3 2y FaAYe Table 59} Zon mA%

st AAe 4
o Zo}
Table 5 Main principles of LNG bunkering vessel
Designation Prototype Model
Length between perpendiculars [m] 99 0.99
Breadth [ml] 18 0.18
Draft [m] 5.2 0.052

_27_




Front } \3_D[

S
J

I —
Side Top
c d

Fig. 10 Model of LNG bunerking vessel (a) front view; (b) 3D view;

(0 side view; (d) top view

Fig. 11 Space for weights of the vessel

_28_
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(b)
Fig. 12 1:100 Model of 5.1k LNG bunkering vessel (a) front view; (b) side

view

A9 A G2 fF fFEol A Hsadd mAs dFS FAs
s AA Bz AAE A A2 TEsAT. 83 &AtH dAHA &
of Yo} HAgel FFo] A wet WA HAEo] wol Ao FFo] Al
Ad wfjo] ddaxrtgE #&EsH7IYs Empty(0%), 20%, 40%, 60%, 80%= 5o
Adsidnt. dA A A & e dAe] 542 Table 63 2T
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Table 6 Principal particulars of LNG bunkering vessel

0% 20% 40% 60% 80%
Displacement
weight [ton] 8,254
Liquid weight [kg] - 82.8 165.7 248.6 331.5
Equivalent solid
weight [kg] 438.8 352.5 270.3 196.9 116.2
Draft [ml] 5.2
KB [m] 2.81
BM [m] 5.97
KG [m] 7.28 7.287 7.298 7.296 7.29
GM [m] 1.501 1.502 1.491 1.493 1.499
k,, [m] 6.646 6.474 6.46 6.651 6.854

93 R AA AL Aste] B2 MAeE vl
olgate] MA FEeo AFL

=
Aol AHgd Bael AA A4 A F9)E Fig 133 2k,

T

40 %

12cm

12em

Fig. 13 1:100 Schematic of IMO type C tank depths with different filling

ratios
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2 AFoAE 71£9 IMO Type C B83E AAFo=H A= AAe 3
At A2 AAUPeE B35 1Attt WEHAFE LNG
Ao €248 o957 S8 AH&ste Wl Z(baffle)d W9 WRF5 Al
2 BAE YRR XA AF2E FASE oHE-=" 8 S (Anti-rolling tank)
oA AA oleltolE 2t ST AUUFE Bas WRHJFH BIERTG
224 F717F 6 g&7] WZd REf5S © Bl Aojsfiord B aAo]

5

fo
it

v

1p3

B3 SYF Zdo] WeFoz A|4Z 8 (Swash bulkhead)S A x|ste] UF-
TS AN T FA, AT A FAe2 FF & F YA AFE(Swash
Hole)& wHEo] R o8l AAet dAgte] A& A stk Al
9 A7l wEt 5 Fdo] FHARRE AFEe] WA thE "HIE A
Zhate] Melete o ¢S #EEATh

Fig. 14 Model of developed tank (a) front view; (b) 3D view;

(0 side view; (d) top view
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AR Ay bz e H]%E(Developed H|-&) Developed 1.35, Developed
41, Developed 3.77, Developed 5.43, Developed 8.122 3 A|5}H Tt} Table 72
Aol AR BAE 1:100 S4A1A UERA F8 Aot

Do

Table 7 1:100 Main principles of developed tanks

Tank Tank Length of Swash Swash hole
Case name diameter | length | swash hole | hole area | area/ Cross
[cm] [cm] [cml] [cit] section area [ %]
IMO type C No swash bulkhead
Block 0
Developed 1.35 1.8 3.24 1.35
Developed 2.41 12 20.9 2.4 5.76 2.41
Developed 3.77 3.0 9 3.77
Developed 5.43 3.6 12.96 5.43
Developed 8.12 4.4 19.36 8.12
-3 -
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12cm

12cm

12cm

Collection @ kmou

29cm

29cm

Block

12cm

Developed 1.35

1.8cm

][]

29cm

29cm

Developed 2.41

2.4cm
Lo,

2.4cm

12cm

Developed 3.77

3.0cm

e

3.0cm

29cm

29cm

Developed 5.43

3.6cm
2,

3.6cm

12cm

Developed 8.12

4.4cm

4.4cm

Fig.

15 1:100 Schematic of developed tanks on side view
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33 4¥=xd

2 A7+ & 3HRegular wave), EF2 J(rregular wave) F+ 7FA| 22710 A
AA AT 72 e dFI4 W= 0418 ~ 0.785rad/sel™ Fa(H)e I
(1) Hl(wave steepness)7} 1/50 U] W9l U= AFFolth EF2 = Uyl
o] LNGHEAE HUEdS 8§ dA 19 AZFvolHE 2AsIRT ¢
B9 a(Average  significant  wave  height), & -9 3} (Maximum
significant wave height) 2 HF7](Period)¢] 59 dHlolg X =+ Fig. 169+
2o AT 540 AA 53 AP E BUrskr] s el gt BT
= HolEHMAE 27|l = AHEste & FolA 110 27 &st= #9 3
e FHsdo 9¥F fodaes v 2" dolgiEg d3 =1
Hy s 4.5me Ao 2 s, WS 7HAStY HAFF7]) 9.5%, 98 115%
£ 7]HES 2 ITTC1984(JOHNSWAP) 2 2 2l(64)e] A &3

(64)
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HH = Sk
@ @ @ e Bonmcan e & @ @ oo sunmean wave
A A

A Vamamum Sgencant Wave A A Mamsmum Sgaincant weve

Significant Wave Height [m]
Significant Wave Helght [m]

@
1
-
1

Significant Wave Height [m]
Significant Wave Height [m]
&
1 N

2 4 [} & 10 12 14 2
Average Wave Period [sec] Average Wave Period [sec]

Fig. 16 Significant wave height and average wave period of Korea oceans

<source: Korea Meteorological Administration>

A waate Gge A

1=
A T
. 5zo] Z(m)et =¥ 9] 24_01(0.99m)§- Aol 2A Fowm A
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Fig. 17 Scale model test set up to measure LNG bunkering roll motion

_36_

Collection @ kmou



2 A7 100070 9] sell Wik Ssel
w A7 AAHI11000E A&A71E oF 152 S AFo] FyH ook A7t
¥ ATN AgF Zusz Qolsk ARHole ATl diel AA/A

30065t dde AT

B F AAY Ea $Hel 54 wepsly] AsMe LY Tz
&l

—_—
_L4
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Table 8 Test matrix

Wave Frequency range: 0.418 ~ 0.785 [rad/s]
Regular wave
H/\ < 1/50
<= H, 5 45m
Irregular wave T:9.5s (inner port), 11.5s (out port)
Heading 90 y of JONSWAP spectrum: 3.3
IMO type C Block
No bulkhead No swash hole
1.35% 2.41%
e a
Tank types Swash hole/ bulkhead [%] ~ Swash hole/ bulkhead [%]
3.77% 5.43%
N == M
Swash hole/ bulkhead [%] Swash hole/ bulkhead [%]
8.12%
Swash hole/ bulkhead [%]
Fe\
Filling ratios

\
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A4 A R 1F

41 ZAAF8AE

Fig. 19& Empty(0%)¢} IMO type C, Block B3 AA A S 40%YL of AA 9
A 58N ES Uehd Tgizolth. Empty(0%)S 7% 25%°] AA7F A<
AA = WA T2 T F2le BlaE 15xd 4 MA7E Ao AHAFT) o)=
B3 YEf52 ggolr, IMO type C ®=9} Block ®=32] A= AA A&
89 74 Fo] FARE AFS AT

BT S I T S S T B I B S S
Fig. 19 Roll free decay test of LNG bunkering vessel

B AFoA g '3 AHHAE] 40%D =, A AFI LA
o] A3& Fig. 2001 YepHATH AFE glo] AsAHRE EAste Block ®=
o] ZAFEG AFAH Aol AR BAR AT A s ZA7F w
2 A& 8 & 4 931, Developed 3.77 ©a7F A& W3S 2Este= 5
N FA Ba F WEFEol o AA AAGEHIE 7P mEA He As
S o
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[6ap] 1oy

[6ap] 1oy

Time [sec]
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Roll Free Decay
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I
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Fig. 20 Roll free decay test of LNG bunkering vessel with 40% filled tank
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Table 9& W2 EF9} AAAA &0l we M9 Y58 1HF7E Yeh)
At} Empty@%)el wla) @ ul A7 Qe BE A4S %
At

Table 9 Natural periods of LNG bunkering vessel with different tanks [sec]

Tank Developed
types | MO Block
Filling type C 135 241 377 543 812
ratios [%]
Empty(0%) 10.5
20% 11.5 10.7 10.6 10.7 10.6 10.6 114
40% 11.9 10.7 10.8 11.1 11.5 12.1 12.7
60% 12.7 11.2 11.4 114 11.9 12.5 12.9
80% 11.7 11.3 11.3 11.6 11.5 12.1 12.1

AUHYY B2 E2A AKFRFE o AE5L ol gt ¥E T
otk AT e wae] PRl U 24 5 AHoT Fo AL
Axtolth. (OR Jaiswal, 2008) 1714 gt FeE7M&EE, b WF @3 9, D
t Aady A8e gugh

wn,sloshing = \/36D89 X tanh (368%) (65)

Ao IMO type C B39 £2A 1/FFa59
< AAlY #F e u#FFya= Table 10 o u
S

=
& 258 AWL Fohol ]
| o8l AAAA g FALFE AR LHFIS
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Table 10 Natural frequencies of LNG bunkering vessel
and sloshing tank with different filling ratios

» _ IMO type C IMO type C
Filling ratio ) )

(%] roll motion natural frequency sloshing natural frequency
[rad/s] [rad/s]

20% 0.546 1.523

40% 0.527 1.701

60% 0.494 1.754

80% 0.537 1.772
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Collection @ kmou




42 T3 T HE8 37

Empty(0%)

Numerical

. . . Experiment

—

w/Bap] Ovy 110y

1.5

0.76
w [rad/s]

0.5

0

Fig. 21 Comparison of roll motion RAO for empty(0%) between

numerical and experiment
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421 B3 W qAFHAL BE FF8 &

Fig, 22 Fig. 255 A¥14 488 2E 99 928 ANAAE o
o}

it
-

KA

271938 A= Block 883E Y& A5A8S x5}
Atk IMO type C & =9} ©
ee I T F Utk

_>|~1_‘
Jo
RS
g
]:oin
i)
2

[o

rlr Bl
9.1'4
)
=
D
jf_l,
of
%
i‘—ig
oot
of
ko

B Ao s BaE Ax3 AA7F IMO type C 883 E Axe49S
= dAHA L tig F29 F HA FF8 SHol HAHASE

CIE s
g T 5 ;m o WA W ASAYT AFEe] FES AojstHA B
Ul

Hl & A 4=E2] HHo] Z Developed 3.77, Developed 5.43, Developed 8.12
B W dAA A&l S7F dF FIF 0] AFgs Fo =z o] FstH, 80%
o wW= IMO type C B8 FX 5 o] Hl=g Fak 3ol A A H AT
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16

: Filling ratio 20%

| A—A—A Wotypec
_ _ _ 1 _ |l siock

|

|

|

|

|

) [ R

14 | | d——F Developed 1.35
| Developed 2.41
| | H——K Developed 3.77
12 4 - — - — - 4+ - - —F - — JYe—J—K Developed 5.43

V-—V¥—V Developed 8.12

Roll RAO [deg/m]

| |

| |

| |

L L

I I
035 04 045 05 055 06 065 0.7 075
w [rad/s]

Fig. 22 Comparison of roll motion responses for 20% filled with
different tanks
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Filling ratio 40%
| | | | A—A—A MOtypeC
_ _ _ , _ | siock

= 4\ o :_ o _: | —— Developed 1.35
| | Developed 2.41

| | | | H—H—X Developed 3.7

12 = ——1— - + - - - r — JJc——k Developed 5.43

W—¥—V Developed 8.12

Roll RAO [deg/m]
[+-]
|

|

| |

| |

I I
035 04 045 05 055 06 065 07 075
w [rad/s]

Fig. 23 Comparison of roll motion responses for 40% filled with
different tanks
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Fig. 24 Comparison of roll motion responses for 60% filled with
different tanks
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Fig. 25 Comparison of roll motion responses for 80% filled with
different tanks
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Fig. 26 Comparison of roll motion responses for IMO type C tank
with different filling ratios
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Fig. 27 Comparison of phase lag for 40%, 80% of IMO type C tank

at resonance points
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Fig. 28 Comparison of roll motion responses for Block tank with

different filling ratios
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Fig. 29 Comparison of roll motion responses for Developed 1.35 tank

with different filling ratios
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Fig. 30 Comparison of roll motion responses for Developed 2.41 tank

with different filling ratios
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Fig. 31 Comparison of roll motion responses for Developed 3.77 tank

with different filling ratios
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Fig. 32 Comparison of roll motion responses for Developed 5.43 tank

with different filling ratios
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Fig. 33 Comparison of roll motion responses for Developed 8.12 tank

with different filling ratios
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Fig. 34 Comparison of inner flow between IMO type C tank and Developed
3.77 tank, filling ratio=40%, Incident wave period=1.2sec
(IMO type c tank capture: 25.05sec, 25.35sec, 25.66sec, 26.94sec,
Developed 3.77 tank capture: 24.6sec, 24.92sec, 25.23sec, 25.54sec)
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Fig. 35 Comparison of inner flow between IMO type C tank and Developed
3.77 tank, filling ratio=60%, Incident wave period=1.25sec
(IMO type c tank capture: 26.25sec, 26.56sec, 26.88sec, 27.2sec,
Developed 3.77 tank capture: 25.8sec, 26.12sec, 26.43sec, 26.74sec)

.

Fig. 36 Moment direction of vessel and inner flow of tank
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Fig. 39 Time history of irregular wave (H,,,=4.5m, T=11.5sec)
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Fig. 42 Comparison of roll motion response spectra for IMO type C tank

with different filling ratios (H,,,=4.5m, T=9.5sec)
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Fig. 43 Comparison of roll motion response spectra for IMO type C tank
with different filling ratios (H,/=4.5m, T=11.5sec)

- b4 -

Collection @ kmou



Fig. 44¢} Fig. 452 933 4.5mollA e HHF7] 9.5%, 11.5%<%1 2714 ¢
E7+2 3} 5 Developed 3.77 ®3E AXs AA AF8 §H ~FEHo.

F718 289 7 B9 25 "3 Wi fEol e A-20%, 40%,
60%, 80%) ¥l Fuk Fxboll A | 2|7} YEFSAL Empty(0%)ell Bls] A 5=
g4 FIEo 7 o) Fak

IMO type C @3+ Wi HAAA L& & #F2% F J58 SH 3717}
H] 523129 Developed 3.77 ® 3+ UlF AAHA&o] 80%2] 4%
AEEdd vl&l F29 F 58 SHol Atk AP AL"E T A

$F 2T F34 Pee] EYHEE BFATY F YFL SHE
ol sl =7 vehd.

Fit2s BEFs] 952 A W, B3 R AAgc] 80%e A
Empty@%)e s} 3)=2e] agel Aa BiHst BEFs] 11559 3
80%2] ~#Eo] Empty@%)el 3l AFst FIroR o e
del wagelt Bae] folst A e B T

_65_

Collection @ kmou



400

Developed 3.77

T: 9.5sec, H1/3:4.5m
—8—0 crovyo%)
*—0—0 %

300 —

200 —

Roll Spectra [deg2/(rad/sec)]

100 —

0.2 0.4 0.6 0.8 1
w [rad/s]

Fig. 44 Comparison of roll motion response spectra for Developed 3.77

tank with different filling ratios (H, /;=4.5m, T=9.5sec)
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Fig. 45 Comparison of roll motion response spectra for Developed 3.77
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Fig. 46 Comparison of roll motion spectra response for 20% filled with
different tanks and periods
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Fig. 47 Comparison of roll motion spectra response for 40% filled with

different tanks and periods
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Fig. 48 Comparison of roll motion spectra response for 60% filled with

different tanks and periods
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Fig. 49 Comparison of roll motion spectra response for 80% filled with

different tanks and periods
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Fig. 50 Comparison of roll motion significant roll motions for IMO type ¢

tank and Developed 3.77 tank with different filling ratios

Table 11 Comparison of significant roll motions for IMO type ¢ tank and
Developed 3.77 tank with different filling ratios

Tank type IMO Type C Developed 3.77 Decrement
Wave period 9.5s 11.5s 9.5s 11.5s 9.5s 11.5s
Filling Ratio ¢,/3 (deg) Percent (%)

0% 13.13 9.05 13.13 9.05 - -
20% 17.32 13.90 9.10 7.01 47.48 49.55
40% 17.19 16.63 9.41 7.58 45.27 54.42
60% 15.57 18.15 9.02 8.25 42.08 54.57
80% 16.03 14.34 11.02 9.70 31.26 32.40
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