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Design Criteria of Collision & Grounding in Small FRP LNG
Fueled Ship using FSI Analysis Technique

Jae-Ho Roh

Department of Naval Architecture & Ocean Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

As IMO has been in place to regulate and strengthen the emission of SOx,
NOx, CO2 and EEDI in recent years, interest in LNG fueled ship is on the
rise. Since the standards for small LNG fueled ship based on IGF Code can be
applied to the ships weighing more than 500 tons, its regulations of small LNG
fueled ship are necessary to be established for the design criteria of the

collision and ground accidents.

In this study, realistic and exact full-scale small FRP LNG fueled ship
collision and grounding simulations were carried out to make sure of reasonable
design criteria of collision and grounding for the LNG tank location in small
FRP LNG fueled ship, verifying fracture criterion of FRP plate compared with
weight drop impact test results and its fracture simulations, and using highly
advanced Modeling & Simulation (M&S) system with Fluid-Structure Interaction
(FSI) analysis technique considering several interface effects of ship in the sea

water.

Fracture failure response analysis technique and fracture criterion of FRP plate
was verified wusing laminated shell theory and MAT ENHANCED
COMPOSITE DAMAGE composite material of LS-DYNA code with composite

- vil —
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single plate, not by composite solid one due to huge computational time in
full-scale ship simulations. It could be confirmed that fracture failure response
behaviors were relatively well realized to the weight drop impact test ones.
Full-scale small FRP LNG fueled ship and water surface cleaner were
modeled exactly by investigating its hull form, general arrangement and stability
calculation, by calculating its structural members according to FRP structural
criterion, and by comparing its hydrostatic characteristics using floating
simulation and hydrostatic characteristic program calculation with stability
calculation. Full-scale ship models were accurately floated and steady sailing
ship propulsion force was also adopted for the reasonable full-scale ship
collision and grounding simulations. It could be confirmed that the collision
behaviors between two ships and the grounding ones against a rock were well

realized in the sea water by buoyancy, unlike those in the air.

There occurred a large amount of fracture damage on the hull and stiffeners
in the side of fuel tank room in the case of attack angle 70°, and in the
side-bottom of fuel tank room in both cases of a rock position along the
centerline and 1.0m off the centerline of the hull. However, there was no direct
impact damage to the fuel tank in both collision and grounding accidents. A
gap between the colliding ship bow and fuel tank in the case of collision and
that between the rock and fuel tank in the case of grounding were 0.29m and
0.27m, respectively. From the full-scale ship collision and grounding simulations,
Standards of Gas Fueled Ship for Collision and Grounding based on the IGF
code applicable to ships weighing more than 500 tons was suggested for small
FRP LNG Gas Fueled Ship for Collision and Grounding. Even though this
suggestion of standards is not suitable to every small Gas Fueled Ship in the
world, it could be thought to be the cornerstone, and more diverse full-scale
ship simulations will be necessary for the more generalized standards with

diverse size and type of small gas fueled ship and fuel tank.

KEY WORDS : Small FRP LNG Fueled Ship; Highly Advanced M&S (Modeling &
Simulation) System; Fluid-Structure Interaction Analysis Technique; Gas Diffusion and

Explosion Response Analyses; Design Criteria.
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1. Introduction

In recent years, International Maritime Organization (IMO) has been in place to
regulate the emission of SOx (sulfur oxides) and NOx (nitrogen oxides), where
SOx content will be strengthened with less than 0.5% from 3.5% in the whole
seas, and Tier III regulation for the NOx emission came into force in the ECA
(Emission Control Area) from 2016 additionally to Tier II regulation in 2011.
EEDI (Energy Efficiency Design Index) was also regulated to apply the new ship
form January in 2013 and will be strengthened step by step with relation to the
CO2 (carbon dioxide) regulation by IMO. Further extended ECA regulation seas
will be expected and SOx regulation criterion (0.5%) is applied to the more
strengthened criterion 0.1% in this ECA. Interest in LNG fueled ship is on the
rise, since LNG fuel is cheaper than low sulfur oil, and its noxious emissions are
noticeably small and can be satisfied with IMO environmental regulations, such as
EEDI, etc., where it can reduce CO2 by about 20%, NOx by 85~95%, and SOx
until 100%.

Even though small LNG fueled ship should be applied to the standards of Ships
Carrying Liquefied Gases in Bulk and Gas Fueled Propulsion Ship (Ministry of
Oceans and Fisheries) (MOF, 2015), Chapter 5 of Part 7 Ships of Special Service
of Korean Register for gas explosion (KR, 2019a), as shown in Table 1, it is
difficult to apply the standards for small LNG fueled ship based on IGF Code
(International Code of Safety for ships using gases or other low-flashpoint fuels)
since the standards are applicable to ships weighing more than 500 tons. Therefore,
the regulations of small LNG fueled ship are necessary to establish for the design

criteria of the collision and ground accidents.
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Table 1 Standards of Gas Fueled Propulsion Ship for collision and grounding
(MOF, 2015; KR, 2019a; IMO, 2009)

classification | collision / grounding

icl
article Article 12 (Storage of gas fuel) Sec. 4 Clause 2
number
2. The gas storage tank(s) should be placed as close as possible
to the centreline, and away from each of the following
: requirements.
article .. S
L. 1) minimum, the lesser of B/5 and 11.5m from the ship side;
description

2) minimum, the lesser of B/15 and 2.0m from the bottom
plating;
3) not less than 760mm from the shell plating.

In general, small size ship structure is usually made of FRP (Fiber Reinforced
Plastic) materials, as shown in Fig. 1, which is efficient for toughness and strength
due to economical and functional aspects instead of steel plates or other
compositions. To ensure reasonable design criteria of collision and grounding in
small FRP LNG fueled ship, full-scale simulations would be the best approach
using highly advanced Modeling & Simulation (M&S) system with Fluid-Structure
Interaction (FSI) analysis technique of LS-DYNA code (LSTC, 2013) for the
collision and grounding (Lee, 2019). All scenarios of collision and grounding are

set up based on the risk analysis.

BGATTES T com | ' S

Fig. 1 Photos of small size FRP ship and FRP materials
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The objective of this study is reasonably to establish the design criteria of
collision and grounding in small FRP LNG fueled ship with realistic and exact
FRP fracture criterion and full-scale ship collision and grounding simulations. For
the reasonable prediction of design criteria of collision and grounding in small FRP

LNG fueled ship, the following two phases of research were largely carried out.

The correct fracture criterion and response behavior prediction of FRP plate is
needed for the full-scale ship collision and grounding simulations, and FRP plate
should be treated as single plate, not by composite solid one (Lee at al., 2011a;
Lee at al., 2011b) due to the computational time. In Chapters 2 and 3 of this
study, fracture failure response analysis technique and its criterion were established
by verifying the fracture failure simulation results using laminated shell theory and
MAT ENHANCED COMPOSITE DAMAGE composite material in LS-DYNA code
in highly advanced M&S (Modeling & Simulation) system with weight drop impact

test ones. 12 and 16 layer FRP plates were tested according to the impact amount.

Through the realization of several interface effects of ship in the sea water, such
as its floating, motion, making wave, squeezing pressure, and bank effect, more
realistic and exact full-scale ship collision and grounding simulations could be
realized using FSI analysis technique, and full-scale ship modeling should be also
performed exactly in the collision and grounding accidents by investigating its hull
form, general arrangement and stability calculation, by calculating its structural
members according to FRP structural criterion, and by comparing its hydrostatic
characteristics using floating simulation and hydrostatic characteristic program
calculation with stability calculation. In Chapters 3 and 4 of this study, exact
full-scale ship modeling, and realistic collision and grounding simulations were
performed for the design criteria of collision and grounding in small FRP LNG

fueled ship, using highly advanced M&S system with FSI analysis technique.
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2. Weight Drop Impact Test of FRP Plate

The tensile and flexural strengths for the full-scale ship collision and grounding
simulations were measured by conducting specimen tests, as shown in Fig. 2, and
their test results are shown in Table 2. Figure 3 shows the weight drop impact test
for 12 and 16 layer FRP plates with weight drop impact test facility in The Korea
Ship and Offshore Research Institute of Pusan National University. A total of 8
FRP impact test plates were tested, Tables 3~4 illustrate their dimensions and
measured thicknesses, and its laminate schedule, respectively. Figure 4 shows its

setting on the steel jig with its dimension.

Fig. 2 Photos of FRP test specimens
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Table 2 Results of FRP test specimens

test item results testing method

tensile strength 177 MPa | KS M ISO 527-4 : 2002

flexural strength 238 MPa KS M ISO 178 : 2012

= Weight-Drop Type Impact Test Facility

(b) weight drop impact test
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i

(c) weight drop impact test results
Fig. 3 Weight drop impact test of FRP plates

Table 3 Dimensions and measured thicknesses of FRP plate specimens according
to specimen

e 550 5|
specimen measured thickness (mm)
No. ply A B C D average
1 12 16.1 15.8 15.0 14.0 15.2
2 16 16.6 16.9 17.2 18.2 17.2
3 12 15.9 15.7 14.3 13.3 14.8
4 12 15.0 14.6 14.6 13.9 14.5
5 16 16.0 16.4 17.0 15.7 16.3
6 12 13.1 13.5 15.0 14.0 13.9
7 16 16.7 17.1 16.0 16.6 16.6
8 16 17.1 16.0 17.2 17.6 17.0
— 6 —
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Table 4 Laminate schedule of FRP plate specimen

FRP’s laminate schedule
12 ply GC+M+(M+R)x5+M
16 ply GC+M+(M+R)x7+M

Note

- M: Mat (0.45 g/m?)

- R: Roving (0.57 g/m?)

- GC: Gel coat (0.3~0.5mm)

B,

test facility's bed

(unit : mm)
—=| +— 30
l O () O
)
160
& 380x380 Fa
160
O O
O ) O
700x700

Fig. 4 Setting of FRP plate specimen on steel jig

Figure 5 and Table 5 illustrate the details and capacity of weight drop impact
test facility, and Fig. 6, the weight and height of weight drop. Weight drop impact
test was carried out according to the scenario of weight drop impact test, as shown

in Table 6, and its damage response behaviors are shown in Fig. 7.
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Fall Preventor

Temperature
Control Chamber

Fig. 5 Details of weight drop impact test facility

Table 5 Capacity of weight drop impact test facility

item capacity
test bed L3m x W3m (H9.7m)
drop object holder capacity 50kN, 100kN
load cell capacity IMN, 2MN, 24MN
high speed camera 108,000 fps
— 8 -
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Fig. 6 Weight and height of weight drop impact test

Table 6 Scenario of weight and height of weight drop impact test according to
FRP plate specimen

specimen average drop drop velocity before
No. ply thickness(mm) | weight(kN) | height(m) contact(m/s)
1 12 15.2 2.298 1.75 5.86
2 16 17.2 2.298 2.50 7.00
3 12 14.8 2.298 2.00 6.26
4 12 14.5 2.298 2.50 7.00
5 16 16.3 2.298 2.00 6.26
6 12 13.9 2.298 2.25 6.64
7 16 16.6 2.298 3.00 7.67
8 16 17.0 2.298 1.50 5.42
— g9 —
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after drop test

top view of specimen

back view of specimen

(a) No. 1 specimen

close view of impact region

top view of specimen

back view of specimen

(b) No. 2 specimen
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after drop test

close view of impact region

top view of specimen

back view of specimen

(c) No. 3 specimen

after drop test

gt ot g0
L

top view of specimen

back view of specimen

(d) No. 4 specimen

Collection @ kmou




after drop test close view of impact region

top view of specimen back view of specimen

(e) No. 5 specimen

to

p view of specimen back view of specimen

(f) No. 6 specimen
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. Tk :
top view of specimen back view of specimen

(g) No. 7 specimen

- Lﬁﬂ

after drop test close view of impact region

top view of specimen back view of specimen

(h) No. 8 specimen
Fig. 7 Damage response behaviors of weight drop impact tests
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3. Fracture Failure Response Analysis of FRP Plate

Fracture failure response analysis was carried out for verification of its technique
and criterion by comparing the fracture failure simulation results using laminated
shell theory and MAT ENHANCED COMPOSITE DAMAGE composite material in
LS-DYNA code in highly advanced M&S system with weight drop impact test
ones, such as No. 7 specimen with penetration fracture damage and No. 8 one
without penetration fracture one. Fracture criteria of FRP plate was predicted by the
examination of diverse parameters of MAT ENHANCED COMPOSITE DAMAGE

composite material.

Fracture criteria of MAT ENHANCED COMPOSITE DAMAGE (MAT 054) of
LS-DYNA code is as follows:

* tensile fiber mode

O o > 0 failed
0 th 2=(ﬂ) (ﬂ)—1—
g 20 iSRS X, il 5, {< 0 elastic (1)

EazEbzGabzvbazvabzo

* compressive fiber mode

T\ > 0 failed

2 _ (Zaa) _ 42
Toa <1 tREM ;= (Xt ) 1 {< 0 elastic (2)
Ea:vba:vabzo

* tensile matrix mode

Opp\* Oap > > 0 failed
gp, > theney, = (T) s (SL) ~1 {< 0 ej;lastic (3)
t c

Ea=vba=0, —>Gab=0
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e compressive matrix mode
opp > 0 then e} ) .
-@) @) -1 Colime
Ep =vpa =0, 2 Gap =0

X, =2X, for 50% fiber vloume

Fracture criteria of MAT ENHANCED COMPOSITE DAMAGE (MAT 055) is

as follows:

* tensile and compressive matrix mode

2 iy + (Jab)z + (Y. = Y) oy, 1 {2 0 failed

€ma = Y.Y, S, A A < 0 elastic ()

As mentioned before, FRP plate should be treated as composite single plate in
the full-scale ship simulation due to the computational time, using PART
COMPOSITE option. This option is a simplified method of defining a composite
material model for shell elements and thick shell ones that eliminates the need for
the user defined integration rules and part ID’s for each composite layer with its

own laminate thickness and direction, as shown in Fig. 8.

*PART_COMPOSITE

Kl T=t+t+t+t

*MAT ENHANCED COMPOSITE_DEMAGE TITLE
CARBON_FIBRE
7302 1.5E-9 100544.0 6156.0 6156.0  1.96F

*PART_COMPOSITE
1.5 mm thick shells

3003 0.0 0.0
7302 7302 <0
7302 0.375 90.0 7302 0.375

)
45.0

Fig. 8 Example of 1.5mm thick shell with 4 layers using PART COMPOSITE
option
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Figures 9~10 shows the facture failure response behaviors of typical No. 8 and
7 FRP plate specimens, respectively. Comparing the fracture failure response
behaviors in Figs. 9~10 with those of weight drop impact tests in Fig. 7(h)~(g)
by adjusting a lot of parameters of Egs. 1~5, fracture criteria of MAT
ENHANCED COMPOSITE DAMAGE composite material using highly advanced
M&S system of LS-DYNA code, it could be confirmed that fracture failure

response behaviors were relatively very well matched.
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(a) Fracture response behavior with indentor
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(b) Fracture response behavior without indentor
Fig. 9 Fracture response behavior of No. 8 FRP plate specimen under weight drop
impact test simulation
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min-0, at elem# 1285305 min=0, at elem# 1285305

max=9.65673e+08, at elem 1298411 1.800e+08 max=8.7477e+08, at elemit 1298320 180008
1.600e+08 | 1.5600e+05 |
14006408 _ 1.400¢+06 _
1.200e+08 _ 12000408 _
1.000e+08 1.000e+08
8.000e+07 8.000e+07
6.0002+07 6.0000+07
4.000e+07 4.000e+07

2.000e+07

2.000e+07

(a) Fracture response behavior with indentor

Contours of Effective Stress (v-m) Fringe Levels Contours of Effective Stress fv-m) Fringe Levels
reference shell surface 2.000¢+08 reference shell surface 2.0000+08
min-0, at elem# 1285305 in-0, at elem 1285767
max=0, at elem 1285305 1.800e+08 067840 +08, at elem# 1266959 80008
1.600e+08 | 1.600e+08 !
14000408 _ 1.400¢+08 _
1.200e+08 1.200e+08
1.000e+08 _| 1.000e+08
8.000e+07 8.000e+07
-
6.0000+07 6.0000+07

4.000e+07
2.000e+07

4.000e+07

Contours of Effective Stress (v-m) Fringe Levels Contours of Effective Stress (v-m) Fringe Levels

reference shell surface 2.000es08 reference shell surface 2.000e+08

min=0, at elem# 1286809 in=4.324520+06, at elem# 1286300

max=5.08434e+08, at elem# 1287625 1.800e+08 52255¢ +08, at elemd 1287625 :a00e:08;
1.600¢+08 | 1.600¢+08 |
1.4008+08 _ 1.4000+08 _
1.200e+08 _ 1.200e+08 _
1.000¢+08 1.0006+08
8.000e+07 8.000e+07
6.000e+07 6.000e+07

4.000e+07

4.000e+07
2.000e+07

(b) Fracture response behavior without indentor
Fig. 10 Fracture response behavior of No. 7 FRP plate specimen under weight drop
impact test simulation
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4. 3D Full-Scale Ship Modeling

Full-scale small FRP LNG fueled ship was modeled by investigating its hull
form and general arrangement, as shown in Fig. 11, and stability calculation, by
calculating its structural members according to FRP structural criterion (KR, 2019b),
as shown in Fig. 12, and by comparing its hydrostatic characteristics using floating
simulation and hydrostatic characteristic program calculation with stability
calculation. Small FRP LNG fueled ship is operating off the coast and its main
dimension is as follows: L.O.A. 17.20m, L.B.P. 15.10m, Breadth 3.82m, Depth
1.85m and Gross Tonnage 19.00ton.
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Fig. 11 Design drawing of small FRP LNG fueled ship
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A, ubALE ME(FAHST) - 19TON
Length (O. A) 17.20 m
Length (B.P) 1510 m
Length (W. L} 15.82 m
Length (Scantling) 15.34 m
Length (Freeboard) 16.08 m
Breadth 382 m
Depth 1.85 m
Draft (D.L.W.L) 0.70 m
Draft {Scantling) 0.80 m
| 87 | o8 [SERE)] 19 | 0.68
B. +dHT
1) & =4 g0z = 15 F=HHA=r at = 1
2) EHHAH 5 B 12 TEHAE . = 0.833
g g5 il & | a4 o
| MHE DA W) |[Z=C-L7-B, - (CH0.T) -0z = 41658
(et By,= 350 m)
2 UHEHHY =427 -1 = 2683941.6
CHHE 2R R E(om)
3. &3
1) =] {mm) b=830+14 6L = Thd 200 oK
21 =5 mm) t=(3.0+04L)-at = i5.14 18.28 0K
4. EHAHEH(SYT)
1) Web £ (mm) t=(04L+47) at == gt 7.59 10.9 0.k
# HATHE 81 E Sm(7|2d) 9 10.9 0.k
# HATH & S50l 6.45 10.9 oK
2) M
A ] {mm) b=4L+30 = 31 100 0K
S (mm) t=(04L+47)-at = 7.59 10.9 0.K
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[ {E 3! s i g G
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ol £ h A L AL - kha I
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Fig. 12 Scantling review of small FRP LNG fueled ship drawing
Internal and external of full-scale small FRP LNG fueled ship was exactly

modeled using lines, as shown in Figs. 13~14, for the accurate behavior in the

sea and precise realization of damage state by the collision and grounding. Precise
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full-scale ship modeling can be carried out through the wvalidation of hydrostatic
characteristics (centers of gravity, buoyance & floatation), and fore & aft drafts
with stability calculation using floating simulation and hydrostatic characteristics

program calculation, as shown in Fig. 15 and Table 7.

' mas 2.250m

1920m vl

1.920m

Base line

LBP : 15.100m

LOA : 17.250m

Fig. 13 Full-scale small LNG fueled ship modeling using lines
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engine

fuel tank

Fig. 14 Internal and external modeling of full-scale small LNG fueled ship

Collection @ kmou



L T T N N N N RN N R N W N NN B
t I i t H i

l¢!Eb1!Eti!i¢!Eil!l !E*i!!&lii*!!tdit*

!Itii!ttfi;!itif!tttt;!!}t!!t;!i;t!lt!!*t!?!il!t!

I 1 4 g S E: ) §)

Y- f53

-
*

3

F

LELEERL ; EE IR BE] ; LIEBELE I ER L] ; LI BET ] [ EREIEBE] ; L]

143

8 -

i T
SN
g .z
R
£ 42
& B

8
T

4

15

B8
b5 =
ERYE
E op2o
% 8
BT
Py
o
LG

lk!Ehi!E*!!ix!kil![ !!t;!hxl*lt!!*liix

PTFE Et*f? i*i l;ii LE L4 Eti !*i Et*!—;?!! ;i!!%* ;t;{ l;! AR

H 3 4 g é H L I £
Finn %}

b

z 7

3

(a) floating simulation, vertical displacement and pitching responses
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1 |
i TCQ | ke ApEs . V1o 8 |
| | = i 17 (o8 |
E CENTER OF HULL 3 6.165 0.000 0.457 § !
! CENTER OF HULL . 0.000 0.000 0.000 !
! CENTER OF GRAVITY 2 0.000 0.000 0.000 !
! IN THE FRAME :

! CENTER OF GRAVITY 2 0.000 0.000 0.000 !
! MAXIMUM DRAUGHT OF THE STRUCTURE : 1.264 !
! UNDERWATER LENGTH - 15 1 !
! UNDERWATER BREADTH : 3.53 '
! TRANSVERSAL METACENTRIC RADIUS : 2.632 !
! GMt : 2.0 !
! TRANSVERSAL TAMKS STABILITY LOST : 0.000 !
! GMt (WITH TANKS) | 2.178 !
! LONGITUDINAL METACENTRIC RADIUS g 40.278 !
! GML : 40.03 !
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| TRANSVERSAL TANKS STABILITY LOST : 0.000

| GMt (WITH TANKS) ; 1.870
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! INERTIES AND GYRATION RADIUS :

PIXX . 1.585E+04  8.374E-01
PIXY - 4.679e-01 -4.535E-03
P IXZ 0 3.64B6E+02 -1.248E-01
LYY » 3.246E+05  3.777E+00
L IYZ .~3.873E-03 -4.126E-04
! 1ZZ + 3.386E+05  3.857E+00

(b) hydrostatic characteristics program calculation (light ship, full load and ballast departure
conditions)
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TEM CONDITION Light Ship  JFull Load Dep.| Full Load Arr. | Ballast Dep. Ballast Arr.
Cond. Cond. Cond. Cond. Cond.
DISPLACEMENT  (TON) 17.428 27.830 24.783 21.670 18.623
DRAFT(deq.) (M) 0.993 1.200 1.141 1.079 1.018
(BLY B$) 0.663 0.870 0.811 0.749 0.688
(dF) (M) 1.007 1231 1235 1.033 1.032
(#) (M) 0577 0.801 0.805 0.603 0.602
(dA) (M) 0.984 1377 1073 1112 1.008
DRAFT

#) (M) 1414 1.607 1.503 1.542 1.438
(dM) (M) 0995 1.204 1.154 1.072 1.020

#) (M)
TRIM (-: H0|EZ) (M) 0.023 0.053 0.161 -0.079 0.024
KM.T (M) 3.080 2.381 2.522 2712 2.961
K.G (M) 1.551 1.675 1.744 1474 1.534
G.M (M) 1.529 0.707 0.778 1.238 1.427
GG' (M) 0.000 0.005 0.006 0.007 0.008
Go.M (M) 1.529 0.701 0.772 1.231 1.419

DRAFT DISPT MOLDED  T.P.C M.T.C] L.C.B} L.C.F K.B |K.MT
B.0.K VOLUME

M TON Mx*3  TON/CM  M*TON M M M M

0.99 17.26 17.30  0.488 0.51] -1.378] —-1.453] 0.461 | 3.098
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(TEM CONDITION Light Ship JFull Load Dep.] Full Load Arr. | Ballast Dep. Ballast Arr.
Cond. Cond. Cond. Cond. Cond.
DISPLACEMENT  (TON) 17.428 27.830 24783 21.670 18.623
DRAFT(deq.) (M) 0.993 1.200 1.141 1.079 1.018
(BLY E=) 0.663 0.870 0.811 0.749 0.688
(dF) (M) 1.007 1.231 1.235 1.033 1.032
(#) (M) 0.577 0.801 0.805 0.603 0.602
(dA) (M) 0.984 1.177 1.073 1112 1.008
DRAFT
(#) (M) 1.414 1.607 1.503 1.542 1.438
(dM) (M) 0.995 1.204 1.154 1.072 1.020
#
TRIM (- ; MOIEE) (M) 0.023 0.053 0.161 -0.079 0.024
KM.T (M) 3.080 2.381 2522 2712 2.961
KG (M) 1551 1675 1.744 1.474 1.534
G.M (M) 1.529 0.707 0.778 1.238 1.427
GG (M) 0.000 0.005 0.006 0.007 0.008
Go.M (M) 1.529 0.701 0.772 1.231 1.419
ORAFT ~ DISPT  MOLDED T.P.C  M.T.c| L.C.B| L.CF| K.B |KMT
B.0.K VOLUME
M TON Max3 TON/CM ~ M=TON M M M M
1.20 27.83 27.50 0.517 0.58| -1.349) -1.174] 0.577 | 2.381
— 929 —
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e CONBHEH Light Ship  |Full Load Dep.| Full Load Arr. | Ballast Dep. Ballast Arr.
Cond. Cond. Cond. Cond. Cond.
DISPLACEMENT  (TON) 17.428 27.830 24.783 21.670 18.623
DRAFT(deq.) (M) 0.993 1.200 1.141 1.079 1.018
(BLAE B=) 0.663 0.870 0.811 0.749 0.688
(dF) (M) 1.007 1.231 1.235 1.033 1.032
(# (M) 0.577 0.801 0.805 0.603 0.602
(dA) (M) 0.984 1177 1.073 1112 1.008
DRAFT

# (M) 1414 1.607 1.503 1.542 1.438
(dM) (M) 0.995 1.204 1.154 1.072 1.020

#) (M)
TRIM (- : MO0|EE) (M) 0.023 0.053 0.161 -0.079 0.024
KM.T (M) 3.080 2.381 2522 2.712 2.961
K.G (M) T:551 1.675 1.744 1.474 1.534
G.M (M) 1.529 0.707 0.778 1.238 1.427
GG' (M) 0.000 0.005 0.006 0.007 0.008
Go.M (M) 1.529 0.701 0.772 1.231 1.419

ORAFT DISPT MOLOED  T.P.C M.T.C] L.C.B] L.C.F K.B | K.M.T
B.O.K VOLUME

M TON Mx*x3  TON/CM  M*TON M M M M

1.08 21.72 21,60  0.502 0.54] -1.379] -1.316] 0.511 | 2.709

(c) stability calculation (light ship, full load and ballast departure conditions)
Fig. 15 Floating simulation and hydrostatic characteristics program calculations of
small LNG fueled ship according to loading condition
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Table 7 Comparison between stability and hydrostatic characteristics program
calculation of small LNG fueled ship according to loading condition

ispl
light ship condition| &P (i‘sz;nem KB (m) |LCB (m)| LCF (m) | KMT (m)
stability calculation 17.428 0.461 -1.378 -1.453 3.080
modeling 17.525 0.457 -1.385 -1.457 3.089
error(%) 0.56% 0.87% 0.51% 0.28% 0.29%
full load departure | displacement
condition (ton) KB (m) |[LCB (m)| LCF (m) | KMT (m)
stability calculation 27.830 0.577 -1.349 -1.174 2.381
modeling 27.905 0.581 -1.352 -1.184 2.379
error(%) 0.27% 0.69% 0.22% 0.85% 0.08%
ballast departure | displacement
condition (ton) KB (m) |[LCB (m)| LCF (m) | KMT (m)
stability calculation 21.670 0.511 -13.87 -1.316 2.712
modeling 21.598 0.519 -13.52 -1.327 2.709
error(%) 0.33% 1.57% 2.52% 0.84% 0.11%

Water surface cleaner of gross tonnage 24.0ton, operating off the coast, similar
size with small LNG fueled ship was selected as the colliding ship, as shown in
Fig. 16, with main dimension as follows: L.O.A. 20.41m, L.B.P. 19.00m, Breadth
4.60m, Depth 2.30m and Displacement abt. 89.13ton. Internal and external of full
scale water surface cleaner was also exactly modeled using lines, as shown in Figs.
17~18, for the accurate behavior in the sea and precise realization of damage state
by the collision. Precise full-scale ship modeling can be modified through the
and fore & aft drafts with

validation of hydrostatic characteristics, stability

calculation wusing floating simulation and hydrostatic characteristics program

calculation, as shown in Fig. 19 and Table 8.
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Fig. 17 Full-scale water surface cleaner modeling using lines
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Fig. 18 Internal and external modeling of full-scale water surface cleaner
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= ARCA ; 73.4

UNDERWA VOLUME : 80,259
CENIER OF HoLt ] Y¥.03d U. 00U -U.46Y
IN THE FRAME -
CENTER OF HULL i 0.000 0.000 0.000
CENTER OF GRAVITY ; 0.000 0.000 0.000
IN THE FRAME :
CENTER OF GRAVITY ! 0.000 0.000 0.000
MAXIMUM DRAUGHT OF THE STRUCTURE : 1.363
UNDERWATER LENGTH : 19.58
UNDERWATER BREADTH : 4.38
TRANSYERSAL METACENTRIC RADIUS ; 1.673
GMt ; 1.184
TRANSVERSAL TANKS STABILITY LOST : 0.000
GMt (WITH TANKS) ‘ 1.184
LONGITUDINAL METACENTRIC RADIUS : 31.494
GML : 31.00
LONGITUDINAL TANKS STABILITY LOST : 0.00

ITH_TANKS) ; 31.00
LATERAL WETTED AREA : 21.7
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WATER-| |NF _ARFA 2 8.1

%EH%EEE%ER VoL LIME : 71.029
FULL ; 8.001 0.000 ~0.540 |
IN THE FRAME :
CENTER OF HULL : 0.000 0.000 0.000
CENTER OF GRAVITY 0.000 0.000 0.000
IN THE FRAME
CENTER OF GRAVITY : 0.000 0.000 0.000
MAXIMUM DRAUGHT OF THE STRUCTURE : 1.508
UNDERWATER LENGTH : 19.68
UNDERWATER BREADTH 2 4.39
TRANSVERSAL METACENTRIC RADIUS : 1.492
GMt : 0.943
TRANSVERSAL TANKS STABILITY LOST : 0.000
GMt (WITH TANKS) : 0.943
LONGITUDINAL METACENTRIC RADIUS : 27.929
GML ! 27.38
LONGITUD INAL TANKS STABILITY LOST : 0.00
_is 27 38
CENTER OF GRAVITY OF THE WATER-LINE : 8.168 0.000
ANCE E 9.980 0.000 -0.678
| ATFRAI WFTTED ARFA : 4.6
i A - SR
| INDERWATER VO | IME i 8R_454
ER OF HULL : 8.781 (0 000 —(} B35
IN THE FRAME
CENTER OF HULL 0.000 0.000 0.000
CENTER OF GRAVITY 0.000 0.000 0.000
IN THE FRAME
CENTER OF GRAVITY : 0.000 0.000 0.000
MAX IMUM DRAUGHT OF THE STRUCTURE : 1.710
UNDERWATER LENGTH ; 19.82
UNDERWATER BREADTH : 4.45
TRANSVERSAL METACENTRIC RADIUS ; 1.311
GMt : 0.676
TRANSVERSAL TANKS STABILITY LOST : 0.000
GMt (WITH TANKS) ; 0.676
LONGITUDINAL METACENTRIC RADIUS : 24,492
GML - 23.86
LONGITUDINAL TANKS STABILITY LOST 0.00
Gl (WITH TANKS) : 22 28
: Y OF THE WATEB-L [NE @ §.205 0. 000 |
CENTER OF LATERAL RESISTANCE : 9.870 0.000 -0.771
LATERAL WETTED AREA : 28.6
(b) hydrostatic characteristics program calculation (light ship, full load and homogeneous
conditions)
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Condition| No. No. 1 No. 2 No. 3 No. 4

Light Full Load (5.G. = 0.7)

Ship Depar ture Arrival Homogeneous

| tem Unit Condition Condition Condition Condition

D/W Constant ton 1.351 1.603 1.351
Fuel 0il ton 5.252 0.526 5.252
Recoevery 0il ton 0.000 0.000 15.812
0.D.L. 0il ton 4.502 0.450 4.502
Dead Weight ton 0.000 11.105 2.579 28.917
Light Weight ton 62.213 62.213 62.213 62.213
Displacement ton 62.213 73.318 64.792 89.130
Deq. (equiv.) m 1.363 1.508 1.397 1.710
L.G.G. (AFT 5 —) m ) L 27 —1.001 -0.754
L.C.B. (AFT ; -) m -0.449 -0.589 -0.486 -0.711
L.C.F.  (AFT ; -) m -1.412 -1.336 -1.394 -1.221
M.T.C t*m 1.023 1.070 1.037 1.140
T.P.C ton 0.750 0.770 0.760 0.800
B.G.L m -0.682 -0.133 -0.515 -0.043
Trim (B.L 2IE) m -0.415 ki | -0.322 -0.034
(1.T 21E) m 0.000 0.000 0.000 0.000
dF (fore) m 1.125 1.456 1.212 1.691
Draft dA  (aft) m 1.540 1.547 1.534 1.725
dM  (mean) m 1.388 1.502 1.873 1.708
K.M.T m 2.537 2.450 2.512 2.386
K.G m 1.709 1.627 1.687 1.580
GGo m 0.000 0.082 0.021 0.106
KGo m 1.709 1.709 1.708 1.686
G.M m 0.828 0.823 0.825 0.806
Gol m 0.828 0.7 0.804 0.700

SHABT] Ty GFIES 18 GoM > 0.350 or | GoM >. 0.350 or | GoM > 0.350 or | GoM > 0.350 or

Required Gal. Required Gal. Required Cal. Required Cal.
Required Cal. 0.134 0.060 0.110 0.085
Judgement Satisfied Satisfied Satisfied Satisfied

— 37 —
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Condition| No. No. 1 No. 2 No. 3 No. 4

Light Full |Load (8.6. = 0.7)

Ship Depar ture Arrival Hamogeneous

| tem Unit Condition Condition Condition Condition

D/W Constant ton 1.351 1.603 1.351
Fuel 07l ton 5.252 0.526 5.252
Recoevery 0il ton 0.000 0.000 15.812
0.0.L. 0l ton 4.502 0.450 4.502
Dead Weight ton 0.000 11.105 2.579 26.917
Light Weight ton 62.213 62.213 62.213 62.213
Displacement ton 62.213 73.318 64.792 89.130
Deq. (equiv.) m 1.363 1.508 1.397 1.710
L.C.G. (AFT 5 -) m =1.131 L 722 -1.001 -0.754
L.C.B. (AFT 5 -) m -0.449 —{.588 -0.486 -0.711
L.C.F. (AFT 5 -) m -1.412 -1.336 -1.394 -1.221
M.T.C t*m 1.023 1.070 1.037 1.140
T.P.C ton 0.750 0.770 0.760 0.800
B.G.L m -0.682 -0.133 -0.515 -0.043
Trim (B.L 2IE) m -0.415 -0.091 -0.322 -0.034
(1.T 21E) m 0.000 0.000 0.000 0.000
dF (fore) m 1.125 1.456 1.212 1.691
Draft dA  (aft) m 1.540 1.547 1.534 1.725
dd  (mean) m 1.333 1.502 1.373 1.708
K.M.T m 2.537 2.450 2.512 2.386
K.G m 1.709 1.627 1.687 1.580
GGo m 0.000 0.082 0.021 0.106
KGo m 1.709 1.709 1.708 1.686
G.M m 0.828 0.823 0.825 0.806
GoM m 0.828 0.741 0.804 0.700

SO 10 LFTTS) GoM > 0.350 or | GoM > 0.350 or | GoM >_ 0.350 or | GoM > 0.350 or

Required Cal. Required Cal. Required Cal. Required Cal.
Required Cal. 0.134 0.080 0.110 0.085
Judgement Satisfied Satisfied Satisfied Satisfied
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Condition| No. No. 1 No. 2 No. 3 No. 4

Light Full Load (5.6. = 0.7)

Ship Departure Arrival Hdnogeneous
| tem Unit Condition Condition Condition Condition

D/W Constant ton 1.351 1.603 1.351
Fuel 0il ton 5.252 0.526 5.252
Recoevery 0il ton 0.000 0.000 15.812
0.0.L. 0il ton 4.502 0.450 4.502
Dead Weight ton 0.000 11.105 2.579 26.917
Light Weight ton 62.213 62.213 62.213 62.213
Displacement ton 62.213 73.318 64.792 89.130
Deq. (equiv.) m 1.363 1.508 1.397 1.710
L.C.G. (AFT ; -) m —-1.131 -0.722 -1.001 -0.754
L.C.B. (AFT ; -) m -0.449 -0.589 -0.486 -0.711
L.C.F. (AFT ; -) m -1.412 -1.336 -1.394 -1.221
M.T.C t*m 1.023 1.070 1.037 1.140
T.P.C ton 0.750 0.770 0.760 0.800
B.G.L m -0.682 -0.133 -0.515 -0.043
Trim (B.L 2I1=) m -0.415 =0.091 -0.322 -0.034
(1.T 21F) m 0. 000 0.000 0.000 0.000
dF (fore) m 1.125 1.456 1.212 1.691
Draft dA  (aft) m 1.540 1.547 1.534 1.725
d¥  (mean) m 1.333 1.502 1.373 1.708
K.M.T m 2.537 2.450 2.512 2.386
K.G m 1.709 1.627 1.687 1.580
GGo m 0.000 0.082 0.021 0.106
KGo m 1.709 1.709 1.708 1.686
G.M m 0.828 0.823 0.825 0.806
CGol m 0.828 0.741 0.804 0.700

Stabi| ity OFT6er & GoM > 0.350 or | GoM > 0.350 or | GoM >_ 0.350 or | GoM > 0.350 or

Required Cal. Required Cal. Required Cal. Required Gal.
Required Cal. 0.134 0.060 0.110 0.085
Judgement Satisfied Satisfied Satisfied Satisfied

(c) stability calculation (light ship, full load and homogeneous conditions)
Fig. 19 Floating simulation and hydrostatic characteristics program calculation of
water surface cleaner according to loading condition



Table 8 Comparison between stability and hydrostatic characteristics program
calculations of water surface cleaner according to loading condition

full 1:23 di‘:f(ff““re dlSpii‘sgnem KB (m) | LCB (m)|LCF (m)|KMT (m)
stability calculation |  73.318 0950 | -0.589 | -1.338 | 2.450
modeling 72.805 0959 | 0599 | -1.332 | 2451
error(%) 0.70% | 0.95% | 1.70% | 0.45% | 0.04%

hogzifgzzus dlSpii‘;’E;nem KB (m) | LCB (m)|LCF (m)|KMT (m)
stability calculation 89.130 1.066 -0.711 -1.221 2.388
modeling 88.615 1.075 | -0.719 | -1.205 | 2.386
error(%) 0.58% | 0.84% | 1.13% | 131% | 0.08%

It is important to float a ship accurately in the still sea water for the full-scale
ship collision and grounding simulations, and to give a sailing ship propulsion for
the maintenance of ship speed. Hydrostatic pressure has to be kept according to
depth in the sea for the accurate floating of ship in the still sea water. Figures 20
~21 illustrate the full-scale ship and air-sea water modeling for the floating and
propulsion simulations, respectively, and Fig. 22(a)~(b), hydrostatic pressure
response according to the depth and floating responses of the ship in the sea water,

respectively. Figure 23 shows the propulsion behavior of the ship in the sea water.
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Fig. 21 Full-scale ship and air-water modeling for propulsion simulation
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Fig. 22 Hydrostatic pressure and floating responses
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Fig. 23 Propulsion behavior of ship in the sea water
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5. Full-Scale Ship Collision and Grounding Simulation

Ship speed of striking and struck ships was set to operate at the maximum one
12.5 knots based on the their operation conditions on the coast. Full-scale ship
collision simulation was carried out according to collision scenarios of attack angle
70° and 35° to fuel tank of small FRP LNG fueled ship by water surface cleaner
of gross tonnage 24.0ton, as shown in Fig. 24, and full-scale ship grounding
simulation, according to the grounding scenarios of small FRP LNG fueled ship
against a rock rising 0.3m above the free surface along the centerline and 1.0m off
the centerline of the hull with the maximum ship speed 12.5 knots, as shown in

Fig. 25.

% 12.5 knots

12.5 knots

12.5 knots

(a) attack angle : 70° (b) attack angle : 35°
Fig. 24 Collision scenario of small LNG fueled ship

12.5 knots

@ center

(a) rock position: center
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12.5 knots

‘l 3 center

m

(b) rock position : 1.0m off

0.3m

(c) rock height: 0.3m
Fig. 25 Grounding scenario of small LNG fueled ship

Figures 26~27 show the full-scale ship collision response behaviors under attack
angle 70° and 35° respectively, using FSI analysis technique. It could be
confirmed that the collision behaviors between two ships were well realized in the
sea water by buoyancy, unlike those in the air. In the case of attack angle 70°,
there occurred a large amount of damage than the case of attack angle 35°, but
even though there was some fracture on the stiffeners in the side of fuel tank

room, there was no direct impact damage to the fuel tank.
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Fig. 26 Collision response behavior under attack angle 70°
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Fig. 27 Collision response behavior under attack angle 35°
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Figures 28~29 show the full-scale ship grounding response behaviors against a
rock along the centerline and 1.0m off the centerline of the hull with ship speed
12.5 knots. It could be also recognized that the grounding behaviors against a rock
were well realized in the sea water under its own weight by buoyancy, unlike
those in the air. There occurred a large amount of fracture damage on the
stiffeners in the side-bottom of fuel tank room in both cases of a rock position
along the centerline and 1.0m off the centerline of the hull, and there was a little
bit larger damage in the former case than in the latter one. There was also no

direct impact damage to the fuel tank.
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(b) close view
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Fig. 28 Grounding response behavior under rock position in the longitudinal centerline
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29 Grounding response behavior under rock position 1.0m off the longitudinal
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Figures 30~31 show the penetration distance responses of colliding ship bow
structure from the side hull of fuel tank room in the case of collision accidents
and the penetration distance responses of a rock from the side-bottom hull of fuel
tank room in the grounding accidents, respectively. Whereas the maximum
penetration distance of the colliding ship bow structure from the side hull of fuel
tank room was 0.30m based on the distance from the side hull to the fuel tank,
0.59m, in the collision accident with attack angle 70°, the maximum penetration
distance of a rock from the side-bottom hull of the fuel tank room was 0.26m
based on the distance of side-bottom hull to the fuel tank, 0.53m, in the grounding

accident with a rock along 1.0m off the centerline.

1 IIIIIIIIIIIIIIIIIIIIIII
0.9 4 — 70°
0.8 o — 3%

0.7 —

0.6 — distance from the ship side : 0.59m

i

0.5 H

0.4 -

Penetarion (m)

llIIIII

0.3 - Max. 0.30m
0.2 —
0.1 —

R EREERER LI ERER T
0 05 1 15 2 25 3 35 4 45 5 55 o6
Time (s)

Fig. 30 Penetration distance response in full-scale ship collision simulation
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Fig. 31 Penetration distance response in full-scale ship grounding simulation

It could be found that a gap between the colliding ship bow and fuel tank was
0.29m in the case of collision, and that a gap between the rock and fuel tank was
0.27m in the case of grounding. From the full-scale ship collision and grounding
simulations, Standards of Gas Fueled Ship for Collision and Grounding based on
the IGF code applicable to ships weighing more than 500 tons in Table 1 could be
modified to Suggestion of Standards of small FRP LNG Gas Fueled Ship for
Collision and Grounding in Table 9. Even though this suggestion of standards is
not suitable to every small Gas Fueled Ship in the world, it could be thought to
be the cornerstone, and more diverse full-scale ship simulations will be necessary
for the more generalized standards with diverse size and type of small gas fueled

ship and fuel tank.
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Table 9 Suggestion of Standards of small FRP LNG Gas Fueled Ship for Collision

and Grounding

2. The gas storage tank(s) should be placed as close as possible to the
centreline, and away from each of the following requirements.
1) minimum, the lesser of B/6.5 and 0.59m from the ship side;
2) minimum, the lesser of B/7.2 and 0.53m from the bottom plating;

3) not less than 530mm from the shell plating.

gas storage tank position

1) distance from the ship side : 0.59m
2) distance from the bottom plating : 0.53m

penetration distance of
collision and grounding

1) attack angle 70° : 0.30m, 35° : 0.13m
2) centerline : 0.17m, 1.0m off centerline :

0.26m
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6. Conclusion

As IMO has been in place to regulate and strengthen the emission of SOx, NOx,
CO2 and EEDI in recent years, interest in LNG fueled ship is on the rise since
LNG fuel is cheaper than low sulfur oil, and its noxious emissions are noticeably
small and can be satisfied with IMO environmental regulations. It is difficult to
apply the standards for small LNG fueled ship based on IGF Code since the
standards are applicable to ships weighing more than 500 tons. Therefore, the
regulations of small LNG fueled ship are necessary to establish for the design
criteria of the collision and ground accidents.

In this study, full-scale small FRP LNG fueled ship collision and grounding
simulations were carried out according to the collision and grounding scenarios
based on the risk analysis to make sure of reasonable design criteria of collision
and grounding in small FRP LNG fueled ship with realistic and exact FRP fracture
criterion and full-scale ship collision and grounding simulations, using highly
advanced M&S system with FSI analysis technique considering several interface
effects of ship in the sea water, and verifying fracture criterion of FRP plate
compared with weight drop impact test results and its fracture simulations.

Fracture failure response analysis technique and fracture criterion of FRP plate
was verified by comparing the fracture failure simulation results using laminated
shell theory and MAT ENHANCED COMPOSITE DAMAGE composite material in
LS-DYNA code in highly advanced M&S system with weight drop impact test
ones with total 8 FRP plates. It could be confirmed that fracture failure response
behaviors were relatively very well realized to the weight drop impact test ones.

Full-scale small FRP LNG fueled ship was modeled by investigating its hull
form, general arrangement and stability calculation, by calculating its structural

members according to FRP structural criterion, and by comparing its hydrostatic
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characteristics using floating simulation and hydrostatic characteristic program
calculation with stability calculation. Ship model was accurately floated and steady
sailing ship propulsion force was also adopted for the reasonable full-scale ship
collision and grounding simulations.

It could be confirmed that the collision behaviors between two ships and the
grounding ones against a rock were well realized in the sea water by buoyancy,
unlike those in the air. There occurred a large amount of damage some fracture on
the stiffeners in the side of fuel tank room in the case of attack angle 70° than
that of attack angle 35°, and in the side-bottom of fuel tank room in both cases of
a rock position along the centerline and 1.0m off the centerline of the hull with a
little bit larger damage in the former case than in the latter one. However, there
was no direct impact damage to the fuel tank in both collision and grounding
accidents. Whereas the maximum penetration distance of the colliding ship bow
structure from the side hull of fuel tank room was 0.30m based on the distance
from the side hull to the fuel tank, 0.59m, in the collision accident with attack
angle 70°, the maximum penetration distance of a rock from the side-bottom hull
of the fuel tank room was 0.26m based on the distance of side-bottom hull to the
fuel tank, 0.53m, in the grounding accident with a rock along 1.0m off the
centerline.

It could be found that a gap between the colliding ship bow and fuel tank in
the case of collision and that between the rock and fuel tank in the case of
grounding were 0.29m and 0.27m, respectively. From the full-scale ship collision
and grounding simulations, Standards of Gas Fueled Ship for Collision and
Grounding based on the IGF code applicable to ships weighing more than 500 tons
was suggested for small FRP Gas Fueled Ship for Collision and Grounding. Even
though this suggestion of standards is not suitable to every small Gas Fueled Ship
in the world, it could be thought to be the cornerstone, and more diverse full-scale
ship simulations will be necessary for the more generalized standards with diverse

size and type of small gas fueled ship and fuel tank.
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