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A CFD study on the quantitative risk analysis for the
fuel gas supply system of the gas fuelled ship

Kim, Ki Pyoung

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

LNG has significant advantages in regard to environmental aspects comparing
with conventional oil. In case of using LNG, it is estimated that NOx and
SOx emission can be reduced by about 90% and 100%, respectively.
Therefore, LNG enables us to comply with stricter emission requirements for
ships under the MARPOL Convention combined with regionally enforced
Emission Control Areas (ECA) and GHG emission reduction initiated by IMO.
LNG-fuelled ship have been considered to be the best option both from an
environmental and an economic point of view. Along with these trends, some
major shipyards and Classification Societies have started to carry out the

risk-based system design for LNG-fuelled ship.

However, new conceptual gas fuelled ship has high risk level compared with
vessels using traditional oil especially in view of gas explosion accident.
Therefore safety area which is installed fuel gas supply system is required
risk based system design with special considerations. First of all, in order to
control the risk level, hazards should be identified by experts in various fields

and risks should be ranked by semi-quantitative way.
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Nevertheless, in case of ship design requirements are not satisfied with
general safety level, to obtain quantitative risk data, reanalysis is required to
meet the available safety level. Quantitative risk analysis has various ways,
such as investigating the accident case, opinion collection from experts etc.
However quantitative risk analysis using computational fluid dynamics(CFD) is
widely used for decisions of risk-based design according to the general

advantages of the computational fluid dynamics.

Since the engine room with fuel gas supply system is highly confined, it can
be congested highly enough to be damaged at partial hull structure and risk
sensitive auxiliary equipment by explosion overpressure. For this reason,
explosion analysis needs to be performed to prepare the data required to
assess the structural resistance or to mitigate the explosion overpressure in the
developing new code of safety for ships using gases or other Low flashpoint
fuels(IGF Code). In order to obtain quantitative risk data by explosion
analysis, gas leak analysis and gas cloud analysis under the strict boundary
conditions by conventional regulations should be carried out. According to the
results of explosion simulations conducted based on the forecast the size and
the position of the gas cloud made available through the gas leak analysis and
gas cloud analysis, show the explosion overpressure contours and quantitative
graphs in the engine room with fuel gas supply system. Quantitative risk
analysis can be carried out various ways however especially explosion analysis
should be conducted by quantitative calculation of gas cloud and gas release.
Also in order to obtain the information of the characteristics of gas leaks, the

use of general purpose chemical process simulator is essential.

On this paper, the entire process necessary for the quantitative risk analysis
was explained to meet the satisfactory safety level of gas fuelled ship. And
the results of this study can further be used to carry out structural analysis
or assess the impact on the auxiliary equipment for the similar stage of risk

level with traditional vessels using general crude oil.

KEY WORDS: 7}2=F%14); Gas fuelled ships, QFAA7l; Risk-based system design,
AH 4 H7E Risk assessment, B F2 I FE 34]; Quantitative risk analysis, 4H+4

8}; Computational fluid dynamics
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Fig. 1-1 Comparison of GHG reduction and GDP groth of EU(Source: EC. Progress towards
achieving the Kyoto and EU 2020 objectives. 2014.10)
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MARPOL 7145 &t AA wiE@e] 5~20% o2 £ol1at stal Utk Table 1-12
IMOON A AlASH= Aaatshs wlEAld 7E&s YeEhdt.

Table 1-1 NOx emission limiting criteria of IMO

) Tier II Tier III
RPM (n) Tier 1
(2011.1.1) (2016.1.1)
130 RPM O]t 17.0g/KWh 14.4g/KWh 3.4g/KWh
130 RPM ~ 45+n(-0.2)g/KWh | 44%n(-0.2)g/KWh 9+n(-0.2)g/KWh
* - * - * -
2000 RPM mouee mosee mos2le
2000 RPM o]4} 9.8g/KWh 7.7g/KWh 2.0g/KWh

IMO ool @& ECA(Emission Control Area)?} SECA(Sulfur Emission Control Area)

E3A% & 9 AN W IMOv 2016W¥7HA] AA4MEES d FFEo 80%E
A7 |2 stHon, FtslEe T A dY9s At oitslterAe] sk
gaAE R4 ot Fig 128 IMOOIA I3 TAE NOx ¥ SOx HiE7]+¢]
e e o
18 0.2 ' ' '
- 170 gfkwh (450°2 ] i :
S ; E E : E .
@ IMO-Nox: Tier1 | 144 giwh (@47 °@y Glohal 5
£l : : : : : !\'
o 5 i [Twowwwee | IMO-Nox Tier3-Global
s} ' ' . .
212 - ; 12011 : ; ; 1
3 : : : ——— NOx in Global / 47
- : : : — NOxinECA s &
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T sf 5 : 5 | — 13 €
g 5 e | L 5 E
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Fig. 1-2 NOx & SOx emission criteria of IMO
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Fig. 1-32 MDO(Marine Diesel Oil)¢} LNG(Liquid Natural Gas)®] ®|&7}~E Hw
aPzEH 712 MDOSF HFO(Heavy Fuel Oi)Htx= LNGE AHEE 4§ 188
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Fig. 1-3 Exhaust gas comparison between MDO and LNG
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PHEke 1A == 94 A4S TP FA)E AR Pl gor, EAE F=
HFOE AF83}H A ECA(Emission Control Area)A¥ 5 A7} 743 AYQoMs AR
ARE AHEEHE ol Utk of F kA e 9AH HAPHOR Jd4HAE g
gloit, BAHS e ZyA 88 sbsAol Utk AAE Ae] dRg s)E9
5 AlE HARFNA LNGE Agste WHoZH AAZHNE 7P 9340 sid Ao
AAAR tite® HeEn Fo WAY oA (Bridge Energy)® Al il itk
Table 1-2 EEDI reduction methodology
NO. EEDI reduction measure Remark
o ) ) Ship design for efficiency via choice of main
Optimised hull dimensions and ] ) o
1 ; dimensions (port and canal restrictions) and hull
orm
forms.
2 Lightweight construction New lightweight ship construction material.
3 Hull coating Use of advanced hull coatings/paints.
i o Air cavity via injection of air under/around the hull to
4 Hull air lubrication system ) )
reduce wet surface and thereby ship resistance.
5 Optimisation of propeller-hull | Propeller-hull-rudder = design optimisation plus
interface and flow devices relevant changes to ship's aft body.
) Two propellers in series; rotating at different
6 Contra-rotating propeller i :
direction.
. o . De-rating, long-stroke, electronic injection, variable
7 Engine efficiency improvement i
geometry turbocharging, etc.
Main and auxiliary engines’ exhaust gas waste heat
8 Waste heat recovery i ]
recovery and conversion to electric power.
9 Gas fuelled (LNG) Natural gas fuel and dual fuel engines.
10 Hybrid electric power and | For some ships, the use of electric or hybrid would
propulsion concepts be more efficient.
Reducing on-board power | Maximum heat recovery and minimising required
11 | demand (auxiliary system and | electrical loads flexible power solutions and power
hotel loads) management.
. ) Use of variable speed electric motors for control of
Variable speed drive for ] . o .
12 rotating flow machinery leads to significant reduction
pumps, fans, etc. ] ]
in their energy use
13 Wind power (sail, wind | Sails, fletnner rotor, kites, etc. These are considered
engine, etc.) as emerging technologies.
14 | Solar power Solar photovoltaic cells.
15 Design speed reduction (new | Reducing design speed via choice of lower power or
builds) de-rated engines.
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Fig. 14 Energy efficiency design index(EEDI) formula
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Fig. 1-5 Emission Control Area in 2014
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Table 1-3 List of gas propulsion vessels being operated in 2014

Year
2000
2003
2003
2006
2007
2007
2007
2007
2008
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2011
2011*
2011
2011

Type of vessel
Car/passenger ferry
PSV

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Patrol vessel
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

Chemical tanker
Car/passenger ferry
PSV

Owner

Fjord1

Simon Mgkster
Eidesvik

Fjord1

Fjord1

Fjord1

Fjord1

Fjord1

Eidesvik Shipping
Eidesvik Shipping
Tide Sjo

Tide Sjo

Tide Sjo

Remgy Management
Fjord1

Remgy Management
Fjord1

Remgy Management
Fjord1

Fjord1

Fosen Namsos Sjo
DOF

Tarbit Shipping
Fjord1

Solstad Rederi
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Class
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV

DNV
DNV

Year
2012%*
2012
2012
2012
2012
2012
2012
2012
2012
2012
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2014
2014
2014
2014
2014

Type of vessel
Car/passenger ferry
PSV

PSV

PSV

General Cargo

PSV

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

RoPax
Car/passenger ferry
Harbor vessel
General Cargo
RoPax

High speed RoPax
Tug

Tug

Car/passenger ferry
Car/passenger ferry
Tug

RoPax

Patrol vessel

Tug

Owner

Fjord1

Eidesvik

Olympic Shipping
Island Offshore
Nordnorsk Shipping
Eidesvik Shipping
Island Offshore
Torghatten Nord
Torghatten Nord
Torghatten Nord
REM

Viking Line
Torghatten Nord
Incheon Port Authority
Eidsvaag

Fjordline

Buquebus

CNOOC

CNOOC

Norled

Norled

Buksér & Berging
Fjordline

Finish Border Guard
Buksér & Berging

Clas
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
DNV
LR
DNV
KR
DNV
DNV
DNV
CES
ccs
DNV
DNV
DNV
DNV
GL
DNV



Year
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014%*
2014
2014
2014
2014
2014*
2014
2014
2014
2014
2015
2015
2015
2015

Year
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2017
2017
2017
2017
2018
2018

Table 14 Gas propulsion vessels scheduled to be ordered after 2014

Type of vessel
Ro-Ro

Ro-Ro
Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
PSV

PSV

PSV

PSV

Gas carrier

Gas carrier

Product tanker
General Cargo
General Cargo

PSV

Car/passenger ferry
Car/passenger ferry
Car/passenger ferry
Ro-Ro

Ro-Ro

Tug

Tug

PSV

PSV

PSV

Type of vessel
Container Ship
Container Ship
Ro-Ro
Car/passenger ferry
Car/passenger ferry
LEG carrier

LEG carrier

LEG carrier
Container Ship
Container Ship
Container Ship
Container Ship
Car/passenger ferry
Terntank

RoPax

Container Ship
Container Ship
Container Ship
Container Ship

Owner

Norlines

Norlines

Society of Quebec
Society of Quebec
Society of Quebec
Harvey Gulf Int.
Harvey Gulf Int.
Harvey Gulf Int.
Harvey Gulf Int.
SABIC

SABIC

Bergen Tankers
Egil Ulvan Rederi
Egil Ulvan Rederi
Remgy Shipping
AG Ems

AG Ems

Samsoe Municipality
Sea-Cargo
Sea-Cargo
CNOOC

CNOOC

Siem Offshore
Siem Offshore
Simon Mokster

Owner

GNS/Nordic Hamburg
GNS/Nordic Hamburg
SeaRoad Holdings
BC Ferries

BC Ferries

Ocean Yield

Ocean Yield

Ocean Yield
Universal Marine
Universal Marine
Universal Marine
Universal Marine

BC Ferries

Terntank

Brittany Ferries
Crowley Maritime
Crowley Maritime
Matson Navigation
Matson Navigation
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Class
DNV
DNV
LR

LR

LR
ABS
ABS
ABS
ABS

Class
ABS
ABS

Year
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016
2016
2016
2016*
2016%*
2016
2016
2016
2016

Type of vessel
PSV

PSV

Tug

LEG carrier

LEG carrier

LEG carrier

Bulk ship
Container Ship
Container Ship
PSV

PSV

Container Ship
Container Ship
Icebreaker

PSV

PSV

Chemical tanker
Chemical tanker
Chemical tanker
Ro-Ro

Ro-Ro

Car carrier

Car carrier
Car/passenger ferry
Car/passenger ferry

Owner

Harvey Gulf Int.
Harvey Gulf Int,

NYK
Evergas
Evergas
Evergas
Erik Thun
Brodosplit
Brodosplit

Siem Offshore
Siem Offshore
TOTE Shipholdings
TOTE Shipholdings

Class
ABS
ABS

NK

BY

BV

BV

LR

DNV GL
DNV GL
DNV GL
DNV GL
ABS
ABS

Finnish Transport A. LR

Siem Offshore
Siem Offshore

Terntank
Terntank
Terntank

TOTE Shipholdings
TOTE Shipholdings

UECC
UECC

Boreal Transport
Boreal Transport

DNV GL
DNV GL
BV

BV

BV

ABS
ABS

LR

LR

DNV GL
DNV GL
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Fig. 1-8 Arrangement example for DSME HiVAR FGS
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Fig. 1-9 Concept of FGS installation by DSME in 2010
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Fig. 1-10 Asia’s first LNG fuel vessel "Eco-nuri"

Fig. 1-11 General Arrangement of "Eco-Nuri"
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Table 1-5 Res.MSC.285(86) entry into force

ok SOLAS Reg.ll-1/26
Elg =) 2009.6.1 (R|E1Y)
g Az
IMO Z 9] Res.MSC.285(86)
B] 1 _
A3 1974 SOLAS Fofoll= 7128 A8EE Argshe Adute] tig Aol §lol(IGC Code
ALy olgfgt Adubel] gk I=(A code for gas-fuelled ships)e] 7% BRAS Q1A 3hAI R

I}
olgd IErt MLAHANAE Aglo] AQEERE Ju7tA Y] QA A ZA Aol A]
7S dRE ARgSe XY HXE AT YA AR (Res.MSC.285(86)) =
AesHAl Hrh. ResMSC285@86)oIMe Z+ FHAHENA IGC CodeE ZHEWA o*E
Muto 2x) 7kaE AR AMgStE Aute] tiste] o] A AFle] H&& aAsT 9)
32 BLG 1304 “MutollA Hd7t2E ARE AMgste XY AXE AT YA
A" mdF FA F A ARY AFe et Regll-1/26°] “Refer to the

Interim Guidelines on safety for natural gas-fuelled engine installations in ships
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(resolution MSC-+(86))" ¢} Z-2 Footnoteg F7I3H712 F9stith. BLG 130049 AR 7
o] Res.MSC.285(86)< SOLAS Regll-1/260] Z524 F7hgol| wel & ZAoAe HAo]
H15 AaARo|tigtE SOLAS A8l thsjxe ddAoRE Al AFGORE o] = A
2 Aoz AAFHUT Table 1-601= A olde A7 IGF Code 714 7Hdo] #7+ =9

FEEREN Y

Table 1-6 Progress of IMO (International Maritime Organization) discussion

MSC (SiAFIA 4 =)

BLG (AbH], 47| o 7bx A 2¢)93))

- MSC 78('04.5)
- ZtadA g Metof] oist 4 A9
- BLG, DE 9 FPo] A1 X]A]

+ MSC 86('09.5)

- AYAAA A,
Res.MSC.285(86)

- RAZFANZ A Aol obAl

“Interim Guidelines on the safety for

+ BLG 10('06.4)
- AR/AFA 7iE BLG 7

» BLG 11('07.4)
- AR ¢ ' HE(20097tA])
- IGF code &5 =1x(2012971A])

- BLG 12('08.2)
- 189

natural gas-fuelled engine installation in CHA}
ships" - 2870 71Er 7tadm AE oA
- SOLAS [I-1% 26217137 ANo 4
- A « BLG 13('09.2)
- AARAA gR, MSC 59
+ MSC 87('10.5) QA
- AQsk AR m3telR AE
« BLG 14('10.2)
« MSC 89('12.5) - IGF code 7fj& U =9] x5y
- IGF code & oA
« BLG 15('11.2)
- IGF code 7j¥ &5 44 =9
A7
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Fig. 1-12 LNG jet dispersion-horizontal release through a 10mm nozzle
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el 7k WEA @71 Z840 i AE'2 A4St 18 Eee 97 d=9

ARYS FHE] Aeir s 7k 2iE B 2] ago] U FAsqEy S ddAHrt
2 7k Sk

o wAEHe Fo& FAES UEM dAsFF
5 AARIY INGS HA FHA 2%, ¢Ee
Wtz WAYst= BOG(Boil off Gas)E AEFTFAEHOR Hiufja oA g738h= A4
A = JIAAHE Wssle dRow FFEA Ptk o7)A, IGF
CodeollAl Azt olsddA] 9 71#799 A4S wWa2A Hu, o &7 8L
st Adte] A&e AT 71€d HFo] Zesittu AdEn =3
9

A1) 4o @Al itk olstmE olo] mEi 7}z

eE % gEe M

High Pressurized NG
LNG + BOG

' &

Cold box

ME-GI Engine
LNG fuel tank

Fig. 1-13 LNG utilization as a fuel
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Res.MSC.285(86) 2.2 AEH 4 FolA ING AsFFA2HAA 71~ o] 714

YAY Fe Tt F 5 s BLE WHOE A D Fiko

ol 1YY Ttavt FEHOE AT &3 dHoE AA FL FH AX H UdH
&g 2 £ Jou, ¥ FL3I Agoz JtAZFet¢E(Gas Cloud: 7F$)¢]
Ao

2 A% A/ F e APl 7] wEolth Fig 1-14v 7haFAA A3E =
BEEAAEH Addelle] AA HAE vepiY. 73 799 S 45 7] BA H
TE BAE AL ZdAR ojE 2uka Bl ZAA A FAAR

Source)®] WAIRIET} 43 Eo}f, A8 EE Avle BEF fAHS BERE stal 9lon,
AA 2L APFE TIAAEA Fe AEEANAY 1 T SHlEA] 942 AEAdH
ofsf Ask= BEM I AFIEE AEF VRS HEste AFHoE Hrlsia
e FHst= Aol Hasi.

r2

A

® FGS room
- Compressor, HP pump, HP vaporizer, HP cooler, etc.

i t*

ne ,Dem: System  DFDE/Gas Engin
(SCR) Generator I

. e '-
Fuel Gas SUpRTy 'Systgm LNG Fuel Tank |

______________

No.2 HP Pump

Fig. 1-14 Schematic diagram of FGS room in COT(Released by DSME)
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2.2 HAZID

NP QA2 H(HAZID: Hazard Identification)®] =242 Z7|9d&49 F43 A9

st o= 2t B2 A Adeast g AaE /#EE g Ae 27
=

ARES SRt W AxE Weld B bsdel i BE A 9k(Hazard)S
AUE Aow HAA @ s AT 27] ADEL Totall dFATE ojojxE
WAUZE stebdth 982 Al B4 2 BNse Znd 348 gess

=:|

ek
Zohfisdl 230l THAMoF Ak AP AF2aE oyl fdl e
3]9J(HAZID Workshop)7} € ThH(IMO, MSC83/INF.2, 2007) F& Al2=He] A7
2N A £ 7 EAA GA)] BEHOE o|Rojdol BT AMF PHE Baw
ALY Feo B Algte] dEle 9984 9 H(HAZOP, HAZard and OPerability),
A5 (ETA, Event Tree Analysis), ZA5E4(FTA, Fault Tree Analysis) 59
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7k2=9l 23 olo| WE Ay FL A (Fire and Explosion Risk Analysis), 7+d43

ZIAG 4719 g4k sl o3k HEAFE )4(Gas & Smoke Dispersion and Heat

Radiation), HI 4% Aloll &=l i3k 3|4 (Escape, Evacuation and Rescue Analysis)
=3

59 oAy 59 HYE APAAES B8 AT 4 UTh(IMO, MSC83/INFE.3, 2007)

3 M= HAZIDZF 35 = AHoIAM e dAIoh Jofzke] W ejol A -5-drh
fgAola Akl Z2714A (N T ZIRAAVAT F3E A Adeadd
FHTFEM FHEY. Az"e B3 FE7H FAR R AdE GAAA Y Afele
AdoadES F T AAT selaEodA FlHA dn Adaadd Foase] I
woket Al aadde] el ARA] BAT Ao A& S°, FHAAEe] U Al="
AAAZZRE o] FofZ A AlzFo AXE Aol ArlEo] HF L I}t H7
4t E8A7HA ZdHE & A A AU AR EAMA Ad LA
HE7E Ad2gA SE A AAYo7E sl HE b Al aEe] 1t o)
e TAZMA fdeadd Wz =FEA Ao b gk dAYelet dYAEe
ZFAE Aol wig- Tasith UF AAZ Ades FEo= Wt

ot fdeadEe |AEEYe @ = “é*u'sﬂ/ﬂ Xdiﬂxiﬂi /\lé%‘ol

rlr
PR
Mo
ox
N
:?l:

(0]
e

22

Collection @ kmou



wr} Es}zol,

St A%

o
o=

(Brain-storming)°l| H}

il

TH
oF

Jio

—_—

ol

|

—_
fie)

N
il

<"l
—

& FRG A A

o=

-

o 7]

°
T

A A

o] AelHUL of

=
1

T

7sE
ol A

1

o
il

EE BESe] AAHIY wEolth

Ak
A}

(Target Function)<

o

lse T

)

(Sub-Function), T-A 1

89171%

s

S TEA7)7] §

=S
o

]

7

B
s
H

—_
1o

o)

2o

o2 WHgsE 7ed

7159

[¢)

=

L
|

SOk
toll 4

S

o

°
T

1.

1T @by oln 52 o

5

5191715 (Sub-Sub-Function) & A2 9]

bEgloizre] BAZE #9

ol

<]
)

e

T T A= WA

14 7] 0]
L= S [ W5

N
)

o

file)

£}

K

il

R

=
L

A

s

od d& T

1
=

s

stal 3o

)

ke

=

=

AAH O Z 3|9

L

L.

37

o

Ao 3ol X3 AH(Facilitator)

A

)

%

b 574 Eokell vF 2-¢-A

)

ojof

23

Collection @ kmou



)

o)

=

A28 A

[

oAe 4

)

A A 3]

el A 7HA)s

al

—_
o

o
0

X
ofy

N
ﬁo
B
K

of

B

AlzEol T

1

9
pi

K

o

T

.1 O 2AEA

TAEe 2, Hesadd 3o yes AAZeR 47 A 7=

Worksheet)<

—_
o

]

o

-

3t 7

R IEEE

I3

f20) BYNE 3

24, 919

s

3 Aol o

|

94

R

ol

of 71Zx7F FH)E okl ol wH

%
E4% ool Y]

A=

[——
o

oF

zA

ot

3

131___}/\

ek

Ale]Lh ALiL7h

s

-

I

D ARLE EEw

{4

3

&
=

_?,]

kel

fres

K

A7}

7t=

=
T

Aol 84 7%

9

2R E AAY

[

J=ojoF &

24

435 S8l ol

A

mel 23
_T,Y_

O

N Abael As) g

I3

- SHE B o

_ 3
Collection @ kmou



System
Description

Y

Hazard
Identification

v

Frequency
analysis
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Consequence
analysis

Risk acceptance

criteria

v

Risk evaluation
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Accepta bfe/?/

Risk control
options

No

A

Accepted
Design

Fig. 2-1 Procedure for Risk Assessment and Management
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222 J¥= mEyg X

AR B e Nset AA4RE el AAHHE HAYE AT ET SHE
Uell7] st 9385 mEYA7 F2 ALET Yrh(USCG, 199%8) 3= mEg s
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N ol
tlo Rl
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Fojgojof st o]E HigoR Pl Wi BFPt Jhesith Tad A2, AdE 4
g AzEe] SAdl 7 293t fdE mMEYAE BAATE 27 Fostol k=
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1) IMO Guidelines on Formal Safety Assessment

Table 2-2 Risk Matrix Example 1

HZE (S])

1 2 3 4
FI e Minor Significant Severe Catastrophic
7 Frequent 8 9 10 11
6 7 8 9 10
T e | s
4 5 6 7 8
3 Remote 4 5 6 7
2 3 4 5 6
1 E’::::':t:'y 2 3 4 5

FARAZITHIMO) Atk siAREEAQZ(MSO) B YR RS9 AS(MEPQell A ATute]

i WS SlE AP BALAWIHESA) AMeldE 7MACK) 7ol =
WEY2E Table 227} o] AL 9ok 7F HAINIE A|5et A7te A4E Fastel 8%
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2) FAA Acquisition Management System Process

Table 2-3 Risk Matrix Example 2

No Safety < : :
AlZE
MZhe Effect Minor Major Hazardous Catastrophic
Exc bl 5 4 € 1
Probable A
Remote B
Extremely c
Remote
Extremely D
Improbable

Ee EF] Hu w2 YRS Ui, of Ee dFo] Ho v 3R
Aty A= FES By 98 A FEoE HrPlEe TSkl A A4
T wel APz FE Rl Bad A7} Dbk (SAFEDOR, 2005)
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AParE AEste AYS FYPTh AaFAMY U@ HAZID Held A
o

FE7PsR NG A =9, A5, B9 59 % URARE 39 FHAS Bt

HAZID Fele] & Zxe Aze /ldozie 42 4 & J¥arse 8=
B BHSE RolmR Azd T oo BE FAHA IPLaSe BN
L 2 c

E2 EF3stY Hrlsit o] e Adule] AA 9} 8o AFdASE HITHH ¢ U
£ 98 $AEHE e Ak T2 ARELS A de A A, HE, ATE
2 HIA}EC] 7|AE= Worksheeto]™ o]E EASle] RuAE FAsHA B9 &2

ATellA HAZIDS] th’d2 LNG %1 VLCCe|™ High-level HAZID study”} 43 %t

o,
N
-

I

FGS room PROFILE

¥y '-‘..\e' %ﬁ‘s?’-‘ A % :~s"\§ﬁ» ":‘m k-
% B A fereree )
X i - .ﬂﬂ_‘w . \\"\. |
-

UPPER DECK

Fig. 2-2 FGS room location in LNG fuelled VLCC(released by DSME)
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Hgsol Qe AL APk FFH AP 2907 YAAE 2AZHA Table 249}
2& Risk ranking matrb’t BAHAL AF T B AzHe B4 U JUEE UE S
g ATAFS AASA HT HAZID 39 o]t A4E Worksheetd 39
TR HEAA SFe WA Bk HAZID ® T A 2 ANFEL S

4 WorksheetE 2HJ3T. o] & #4stal AElste] HuXE 2AsHA doh

B
N

Table 24 Definition of Severity Index

Consequence

Incidental : Minor : Serious : Major Catastrophic :
My ey Sl e hma e mere S oy ity or muer dambing | Mokipie St b
= sz e sty i whech Sy o |epore; s S et e P
recordulbie wwmel Wil ne | Agemcy moSSee o or . e s o8B |Mebeae wel mager oF-wle |k fropbes o ws
Rpecy mottotes = ER T e ompact
Cout SWO00 T LT o S 00D 0 O O o DI M S i e s IO

2 5

Frequent :
ek By B o R ey
weury ar

Occasional
akow iy B Tt Riva Racally
writan S mact U para

Seldom :

comwred wt e @l fesiEy
ey e ey cooor W
Hhad fu oty wikthen She naxt 30
ra

Frequency

Remote :

mck bkl Bo oo our o By

P ek, B mr S Ao Buppes
W @ compE sy Seel

Unlikely :
ey we s So oo Wl
e
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2.3.1 HAZID Results

ING FxAddte] ik HAZID studyolAl ©hdk A2 9ded, Wx, A=
Thok3l Safeguards, 93PHH Tol ZAMEUTE T8l F712 <) Safety action©] &7
Jo wE gi-gte]l AAHNG. F 110719 P L8AvF AEEIeH 58AE Q143
ZHA7F Qe 84, B3N AlzEe F S FA FAU oln A=Y 2XA7F A3
842 AAEHTE Table 2-5% Hazard categoryoll M2 F87Fs3tAY 184 &2

L4ES BT B8 Izoth

(SIS 1

1ot

U

=

S
gl

Table 2-5 Distribution for Hazard Category

Hazard Category

Section | Section | Section | Section | Section | Section | Section | Section | Section | Sum
1-(1) 1-(2) 1-(3) 1-(4) 1-(5) 2-(1) 2-(2) 2-(3) 3-(1)
N.A.
7 6 3 3 7 3 5 13 5 52
Hazards
Available
15 V. 1 0 1L 22 10 6 1 58
Hazards
25
)
3
20
6,
15 715 2
Available
10 1 Hazards
| 2 mNA.
Hazards
O 1 1 1 I 1 I I 1
‘00'\' ‘oc\'\- lo¢N loo'\- lo(\‘\- .0(\"» ‘0(:" .0(\% ‘o(\")
T SN S Y SN s S o S e oo
(jQ' %Q; (ﬂel c_JQd c_)QJ c_"ea (76 (76 (73'

Fig. 2-3 Available hazards distribution
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Table 2-6°1A4]%= Hazard category©llA]
ALARP risk, Intolerable risk® &F3stAth. 1 Z¥ 9F 40%+ Negligible risk, 55%+

ALARP risk, 5%7} 8% &

risk® ZFEU. °] A=

P

85T A8

| =
e

o4 Negligible risk,

Table 2-6 Number of Hazards by Hazard Category

HFEA] Safety action©] FHa oA ok &= Intolerable
F 9 Yz offel o] Yehhth

Hazards with Hazards with Hazards with
Hazard N.A. .
No. the Negligible the ALARP the Intolerable | Sum
Category Hazards . . .
Risk Risk Risk
1 | Section 1-(1) 7 3 9 3 22
2 | Section 1-(2) 6 1 1 0 8
3 | Section 1-(3) 3 0 1 0 4
4 | Section 1-(4) 3 0 0 0 3
5 | Section 1-(5) 7 1 0 0 8
6 | Section 2-(1) ) 10 12 0 25
7 | Section 2-(2) 5 4 6 0 15
8 | Section 2-(3) 13 3 3 0 19
9 | Section 3-(1) 5 1 0 0 6
Sum 52 23 32 3 110

mN.A.
Hazards

B Hazards with
the Negligible Risk

Hazards with
the ALARP Risk

W Hazards with
the Intolerable Risk

Fig. 24 Hazards distribution
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2.3.2 HAZID study result for FGS system

ZtaFde A AEE gl A" dREEAzEe TP F8Y FEeR
AaF I glom F 50709 AP L7t AHEH AL Table 2-70] A3 nhe} o] 9] SHL
57, 59 S5E 1570, 3kl S5 277 aEln A4S 99 247} 3Nk

Table 2-7 Specific number by the risk ranking

Risk ranking Number of findings
H 5
M 15
L 27

Not ranked 3

% The high risk (H) ranked hazards are 5 in total:
- Crew error in LNG handling:
- Aggressive attack on LNG fuel tank;
- Location of FGS room (close to accommodation, etc);
- Access/exit to FGS room; and

- Frequent leaks in FGS room

TtaFRAEe) ARFFALEAA dEFE uHETY 245 FolA FEIFT Rl
AR FTHNA Y 7hxrZolt) o] 22 IGF Code 422, 42394 AFskaL o, 23
W8-S Aesty, “Ades AT oY 7lee Tl E4Hk 5k V% &4, TEF &%,
s, I 8 2712 54 Sl tisl argjEofof dtk ojgk Al f-EE Eol7] A% w43
o] A Eojof s AR FAAF @k R 29k Qi mak Jfaix AR 9} BAd

1@Hb@1&ﬂ%7uz%§4%%ﬂﬂ”ﬂi%%&%ﬁlﬂ%ﬂﬂ%l Y8l 7tTE S
Ty = AS ARSI
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A3 A FEHY

1 FE7ks 84S A% 34047189 38
AeHA7F=E AR ABEY] s ARRARTE QX o]27171A] AxIe)A
Q7HE ?if—iﬂéﬂ 544 AUz FFS | <

Ao Sle AdHe 011{1@01] b HE T 9}—5— Rz %Lil:’é:% A A| 8o

Ti
flr
[
o
(o3

=
AHgste 7138 B Y 28 S %f‘& Hz ZA= %*i}idodﬂé% o|FA71A At

HA7EAE 13T, 171949 HA) e = H3kskAY 45T, 300bare] 714 FEZ 7] 38tek=
e T AHMAM AHEEe FALAATIHS ZIAZA Y &0y AdAe] FF o=
A ThEFEAtae AFA side fE AHEEUIE doh olE AN HId
28 A AN AR JEARE J|Wo g AEgolde I FEH 7heY
G s, A" T4 AERE 2= T e FHE AT F Ao

AN HEAd 33 EAZ](General purpose chemical process simulator)E
o] &3t A& FatA Hrh I AHE EHTo| HEst FIHOR mdselal o]
el Agstol AA A B Af, ZtzsstEAdA dojues d¥e BARke
AZEojg AT 5 nt o7t ey BAI Al sA FdHe =29
B2, % 2 «dxdEe FU AA Az2®E FsEA s vnd #e A
AHY Hgor 43 FAR ddee 2o F AT

FHEL AASAYL ) ze
zAzoA BHEER BAVE EUstel HA B 71E e $REA AN ol gstels
A=} olRoiA T gk

AR AR =olA AgEe A AAACE AREHI e Fo ESEA EAVIEE
ASPEN TECHNOLOGYAF] ASPEN PLUS, SIMULATION SCIENCEARS]  PRO/II,
CHEMSHAREAFS] DESIGN 11, HYPROTECHAFY] HYSYS$F FLOWNEX SIMULATION
ENVIRONMENTA}FS] FlowNexs©| 31t} ArHEokol A= HYSYS, FlowNex ©| 2281t}
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pFRA dRE AMEEHE  dsdriae vharEAn 3 FEH Jh2vt
s o|FH HIHe T fFo]l = ojye AxE B 3EEA
Uzt Ad=E 43717 H7 ThevE

gty HaiMe stk BA] & EaA s B

Aol B Wske AEHow Uehlsle Aol

bl

(el
Fo
fu
ok

A7) FlowNex'sl 749, Adtel #gst td nzgAe] 4L

gFstAl AEE 4 ik ARke) 7B dA FE AME s EEREXEE Compressor, Fan,

o
Lo
o
o
ual

Pump, Heat exchanger, Heat transfer, Valve, Container, Accumulator 5°] T} ©]
sty mA|l EntEA A8str] flEiMe 74 ZIARAIY ERA wE A
ofslal AEgk AXE ALY 4 ojof Ik "FlowNex"o| A o]HgF Mu} B z2A 0| Eo0]

21¥ 5= AFSHS Table 3-19] 73] #7]8$3th

Table 3-1 Identified auxiliary machineries

Ao A87ts Be =7 A
axial, centrifugal, | performance characteristics,
positive o] & 50| pressure ratio ¥
Compressor ) -
displacement efficiency/corrected work
Compressors s= At
) Boiler Feed pump,
Hydraulic pump % .
, N Condensate extraction pump,
Fan & fan (with negligible
] ] Vacuum pump, Reactor
Pump increase in gas )
) coolant pumps 5 T}oFsth
density) o B
"o ol o A7, AL
Evaporator(Vaporize
r), General HX,
Heat ) MEHA, 281G As 52
h Fiined-Tube HX, AAF e 7F AM2
exchanger A e
8 Recuperator, Shell sTh oW e
& Tube HX
Heat Transfer+= Boilers,
IA] FLEREA 9] Superheater, Heat Lost to
Heat transfer | A=, &, EA} 3t | atmosphere, Heat Steam RG,
IHG ALt Pipe wall and insulation
layers 52| A7
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AEREER O
S| = O0Ol]s
A}%Q% q11:l B0 Valve E'.A]e T‘]‘_]' 7]_1__7<

Valve Data, £3] Valved] Cv 32
Valve Type, Control
AR A

Valve?] Component

Two Phase Tank:e AFdd

QoA FAI7E Aol

Container, o
) _ H3}tst= & Two-phase
Container Reservoir, Two ) _ L
fluido]] gt x7%-87]

Phase Tank, Vented
Modeling©o] 7ts3oto], TankW

Container
MAF GA9] Level tracking

Accumulator, Open

AAE 719 AFH i s ke d ZAPZE A9 ARE AVEE 239 Tk
el Ao 7k = s, obd WE 2 gty "bex MHO A Al setting pressure?]
A3 dB7L v AdEo] FEHe fA #F 2 T AFAL, FAHTEAY /A
=42 Al T F2 A4¥= =
AReEre FA9 44, 7 5o EHdUE As & 5 0

TRzo Mo A AHE AWET, AF 598tE W0 ING Fw @l 24,
Pump tripell o3k wi¥k A=A @ QS FAlefA, thEy By o FF Bl 4 g
Tube Flow Balance Designs &3 Tube 3= o 2 & <Z, Steam Blowing Out
Systemol 4] 7} Drum™ Cleaning force Ratio A4t 59 FYolA 7|E9 I5H3A

AlgEold 3} FAFSHAIT HEH Fej2 thekstAl A-85 AL 3t (Daniel, AC. et. al., 1990)

ThaFRIAM e HEL Thne] FEol wEs A9 oY, §F S AFH AL
AnE EFehed O FHo] Ak Vhie) wEFe AEsils dEd HeRs
gstAl Husa gle AEAA AdAe ol8ste sk Wil Ak o] WHEe
FE A fAGY] V1R S HEste] A eR dehlle Zlo] Ikl
WO Qe TAFAA T@TYlA Y] TtatE Mgl sqdne] Y HRE
Aote] HEH Asds T vt TEEH A 2R FEl de Tt vEYe
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7F/dH, A S,

o =
T =
o TG R EFst 1HT avt ok dEH Jtag FEL 3] AlzEe A
& =

sty HaiAs A= 7h2e FEol i@ S oyt Fasit or)A
WA A7N=S] FEL ZIAGH, AAGE TEa Z1Aek AV EtE AEHE ARk
13 5 Utk (Darby, S. and Pool, G, 1997)

el

&3 2]F(Iterative numerical algorithm)®] AJZF TH2|(Time step)= £7] WA doju=
Aol A&EH0 2 18HE F S WEF FHolof st

olZ3 AHAE =
ol Ao 7k FEo A, 528 FFel o3 dFs aHsokst] Wil o 5
Ttk Bd 8 wj#o Ao FEelA ddd o3 9+ ¥ E@[Hanna & Drivas
1987]°l 71¥kste] 28 4 Ut

rlo
=
e
=2
X
{0
)
[>

BAFe FES] A, A w=F A FE2 BE 87 R sk dirgd
oo A3l wHT 4 glow AAy} FEH w ERgHo]

=3 TEsloF Atk skno FEF FAE WHEAQ X d1EEe] A B9 4]
WRolAel gry wsl dgeAl AdE & e 0E

FES el o7 b WEE FAI Aok it

4
X
kI
i)
o
o
QL
=2
=
)
2
>
S
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ZHAAL Sl FAE oY B 259 st os ZiststAY dATE 713tEA X st
W& (droplet or aerosol) FE|E EAH 4 ity o] AL, ol i\“JrvorE(Two-phase
cloud)”t 4= SAlol 718tEE A FAT Fatel tid 127t Fast.

olg gt E{T ALk e dAFCE HEE ot Atk ARNEE AA FE 9
Al AEE th7](atmospheric air), WAL} 71AS &5, WA 2ol 7]F
ek 17 Qlo] At F MAZE dAe} 7|A e St odl 7Istets e A
npR O 2 A 2 AA oA 9] WSt o7t 7|St e Aljtel] HFA o7 A gt

=
b
e
%
AN
X
(el
fo
ol
ok,
=l
s
rir
=}
b
W T
o
V-
i
rir
s
02
N
2
1::
ozi
>
o
e
ofo
ok,
£
1::
(T,
of
ol
4
( ;9‘
i

P:anT or P:(p/I/Vg)RT ..................................................................................... (1)

Hlgeke] WAL Ags dA A v ofdgr £ b AR e gk g
FHABAE 7Y B3|, T A HElY 44 Bm3/mol)2 T BRI AsA83
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Fasks Bgol ash] dEe] Tk 440 Atk b A AeHE T34
Fhesol e ARAZE 9H & B9 S B 3 @07 A 74 ot
REQAY BHE UEE TS PePas UALES QAIES Uepath wAs)
e z7)o] ANETE FAAYS BOSH BIE AT o714 Tsonopouloss B

5o H&5= ’b“& ZH s 47 HLH Tr=T/TcE ALstA Aot A
o Ao FEE f8l AN T &3 72lo] HA
L5 A3g F_%}Oﬂ A& Peng-Robinson 32 Webb-Rubin®] ¥ 20| =2 A-gHT}.

B= (RTC[PO)(By + wiB,) weeeeesesseseeseeseesessts sttt 4)
B, =0.1445—0.33/ 7, — 0.1385/ 77— 0.0121/ T = 0.000607/ T ++erererererereresnsncnciceen. (5)
B1 :0‘06374_0_331/]}2_0‘423/]}3_0.008/]18 ......................................................... (6)
C= (RT”/P“)2(CO+wC’1) ........................................................................................... (7)
Cy = 0.01407 + 0.02432/ T25— 0.00313/ T1105 errvresssemsssemssnissiiisiisiiisiii s 8)
Cl =—0.02676 4 0.0177/ 7254 0.040/ 70— 0.00228/ TV +ersevsserssemsssssssisssissiissinsinns 9)

olel% Tt & AEol U olslE SHre
o8 ANARE NE Wimste] Au}
L EEE TS IR g

AEAQ AP} 3313Y RAE
aZFEANAL Th FEl

m[o
Jo
=
[
by
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>

3111, ¢¥&7] ¥y ggd 9% 7tx FE2F ALt

HH-E7] Ao shgel ot 7tx FEF AtE 9% 242 Table 3291 2t

Table 3-2 Conditions for calculation for hole of pressure vessel wall

Vessel's volume(V: m®) 50
[nitial vessel's pressure(PO: MPa) 5
Initial vessel's temperature(TO: K) 288.15
Holes diameter(dh: m) 0.1
Discharge coefficient(Cd) 0.62
Molecular weight of Hydrogen(Wg: kg/mol) 0.002
specific heat at constant volume(CV: kjkg-1K-1) 10.24
Poisson ratio(y) 1.4

— PW,/(RT) = 5>x10°x0.002/(8.314 X 288.15) = 4.1Tkg/m> wwseereereessenseeseesees (10)

m[o

27] FEFES A (1)OERE 9L F Aok

— qlAhP(JK 911: 15‘23]{:‘9/5 ........................................................................... (11)

o
s
i)
o
abs

S22 p/P,=50>1.9=((yv+1)/2)"0" )7 K=081°] <3} %<& &
I Dol &3] m=15.23kg/s7t Tk HA714, 2719 otl(s)=1sE P= W,
oF 259 THahe 4 (12)< (13)el 93] AL 4
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NMEE 2102 2 (14)°] osl otgfet Zo] P19 e 45 MPaE €= 5 U

o :p0+5p1 23.87kg/m3 .......................................................................................... (14)
771 — ]70 +5Tl A N R P P P T P PP PP PP PP E PP EPPEPPIPP (15)
RTl (P1/W) Q.G M@ +++wverreereressneesnnnsenmmttineiie ittt et (16)

2]
A Hoh olFA Ao gEe s EAP] “"FlowNex 9| A

@ (Single Phase)®] 4%, <53 Y FAZ 7Hgstety 4H87E AddH do=
AAste AL 50 m’, A4L 3 m, ASS 10 mE T FEAHEA, A4L 01
m, FZ AlTE 0622 7HSATE T8 AARIOE 4¥8r] W 2HoEMN| ¢gge
5 MPa, 2%+ 28815 K, &8 87] 9JF 2o 2ZH 9] 4¥L 1 atm, 25+ 273 Ko ¢t
A S 7P BEel g3 fEF AN AETEHS HESt dEste HHE A
g3ttt

ol’4(Two Phase)®] 7%, ol FAE 7Pgsta tH&71E HUE Joz A

AL 50 m3, A7 3m, AF2 10m= TASAT

WA ALtE AT AsAe T3 A 38tEA 2A] "FlowNex! ©]-&38t AF=3h
ArAIE ofefet o] wWlwETh ot Adolx HFH Ak o7 A=
“Calculation", &Y FAZ 7F4s 499 s34 =AZ] ALl 23+ "FlowNex", ©]7d
FAZE 7HE% A+ 3eEd AP AL A3 "FlowNex 2'® ®7]38H3iTH

S
r
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Table 3-3 Calculation results for temperature of case "A"

Temperature (K)
Time(s)
Calculation FlowNex FlowNex?2
0 288.2 288.1 288.1
2 271.5 271.9 270.8
4 256.2 256.9 254.9
6 242.2 243.0 240.3
8 229.3 230.1 226.8
10 217.4 218.1 214.3
12 206.4 206.7 202.7
14 196.3 196.0 191.8
16 186.8 186.0 181.6
18 178.1 176.5 172.1
20 169.9 167.5 163.1
350.0

300.0

2000

150.0

1O O

= Calculation
=& Flownex
—= Flownex2

30

Fig. 3-1 Comparison of calculation results for temperature of case "A"
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Table 34 Calculation results for density of case "A"

Time(s) Density(kg/m®)
Calculation FlowNex FlowNex?2
0 4.17 4.21 4.08
3.59 3.64 3.52
4 3.10 3.17 3.06
6 2.69 2.77 2.66
8 2.35 2.43 2.33
10 2.05 2.13 2.05
12 1.80 1.88 1.80
14 1.59 1.66 1.60
16 1.40 1.48 1.42
18 1.25 1.31 1.26
20 1.11 1.17 1.12
4.50

= Calculation
=& Flownex
—t= Flownex2

2.50

2.00

0.50

Fig. 3-2 Comparison of calculation results for density of case "A"
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Table 3-5 Calculation results for pressure of case "A"

Pressure(MPa)
Time(s) Calculation FlowNex FlowNex2
0 5.00 5.00 5.00
0 4.05 4.09 4.04
4 3.31 3.36 3.28
6 2.71 2.77 2.69
8 2.24 2.30 2.21
10 1.86 1.92 1.83
12 1.55 1.60 1.52
14 1.3 1.34 1.27
16 1.09 1.13 1.07
G.00

500

400

200

= Calculation
=& Flownex
—2= Flownex2

3a

Fig. 3-3 Comparison of calculation results for pressure of case "A"
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Table 3-6 Calculation results for mass flow of case "A"

Mass Flow Rate(kg/s)
Time(s) Calculation FlowNex FlowNex2

0 15.23 15.30 15.26

2 12.72 12.89 12.74

4 10.68 10.90 10.70

6 9.01 9.27 9.04

8 7.64 7.91 7.68

10 6.51 6.78 6.56

12 5.57 5.83 5.62

14 4.79 5.03 4.84

16 4.13 4.36 4.18
i =+ Calculation
— =& Flownex

—2= Flownex2

Ao, OO

8.00

&.00

4.00

25 3

Fig. 34 Comparison of calculation results for mass flow of case "A"
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5) FE 4

Table 3-7 Calculation results for released mass flow of case "A"

Mass Loss(kg)

Time(s) | o jculation | FlowNex FlowNex?2
0 0 0 0
2 29 28 28
4 54 52 51
6 74 72 71
8 92 89 88
10 106 104 102
12 119 116 114
14 130 127 124
16 139 137 133
18 147 145 141
20 154 152 148

200

180

160

140

120

100

40

20

15 20

25

= Calculation
=& Flownex
—2= Flownex2

Fig. 3-5 Comparison of calculation results for released mass flow of case "A"
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48 1%H1%rwﬂlﬂﬂ4tE%Oﬂﬂ-émﬂ%Hf%
2 7PE& Aaolm JharEe] B s A A A4 7120t
3 A& Aol slEr2A ZA] “"FlowNex" o] A3t 493 o
4 4 Atk "FlowNex"o A= FA AFES o] 3714 WAAE AHESAS weh A4
1A ERAE o83 A GA FARHA AdkE AL oY fFAIQD FA7F o)A

7M7) |ER] AR F2E £ drh o] AE Hlu AREN SEFH 2AY)

“"FlowNex"”¢] BMT(Benchmarking Test) 52 3 (Validation)©] 7}s& ZA S = Adth
o F7IA WA MEA Fe VIAY By S WE, 457 «l Bz ZAo] o

HHE7] WFY FEol e Arode FEHe 7hed #3 A I 4&t7171 sl

BRI AH, d52 At Aol 23k W (lteration) A4t HHOZ = o] A EFs
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3112 ¢¥&7] daujdoNA Y 7t FEF AL

AdH g7 dAu Ao A9 TtA FEH A4S Y3 ZAE Table 3-83 2t}

Table 3-8 Conditions for calculation for hole of connecting piping

Vessel's volume(V: m3) 50
[nitial vessel's pressure(PO: MPa) 1.5
Initial vessel's temperature(TO: K) 288.15
Holes diameter(dh: m) 0.15
Discharge coefficient(Cd) 0.62
Molecular weight of Hydrogen(Wg: kg/mol) 0.0028
specific heat at constant volume(CV: kjkg-1K-1) 745
Poisson ratio(y) 1.4
Length of pipe(until the hole: m) 100
Diameter of hole(dh: m) 0.1
Kineimatic viscosity(n: npas) 173

ol @ zzlol tiste] a4 thatel HF & BuE 89l s} wol o] Fu)
ste] 5L77m’e] g A& 4 Yok ¢4 941 UEgtee) 27] 3 POPa), 27] L%

TOK)et AL =, ofzhe] 217) o) B=E 4= F Sitt

O

py=PW,/(RT)=1.5x10"x0.028/(8.314 X 288.15) = 17.53kg/m’ «rrereerseesseeeeess (17)

79 Pex  14MPaE MR B82S p /P, =14>1.9=((y+1)/27/0 )¢}
K=0810] 98] 2&<% s2olgt & 4 ok a¥mE 4 (18)0] 28] m=1596ke/s7} T}
2 ol EFRE mpiped] # 1737kg/sE & T AUTh

(1+9)/y
a PPy v ([ T
Mape _A’L\/szup/dp) 1+ (P) 1) (18)

ojuf kA AT Fstol G| dAJIHH 27| FF m FEAFH LT 2otk

I
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9 AL W Fgste] F2 o] FUSFES Joj FUGLS 1413 MPa, o] e
%L 1610kg/solth. 7k} & meh wEe exE Awo] FEyd| wel wal
Hn o= 4 (199 4 20)¢ F3l 1 & Ae 5 Ak

5ﬂ1 —_ ﬁ;étl —_ 0.62k:g/m3 ..................................................................................... (19)
PO
5Tl — 5 (5P1 N (1 /G P P P PP P PP PP PRV PTLPEPPEPIPPOPIPPER: (20)
poCy
2 19)9F A (200l ofsf B, 4EF 2EE S A (21)~(23)F 2
oL =pot 5/)1 — 1691]439/777,3 ........................................................................................ (21)
T1 — ]7()+5T1 = QA ()T rorrrrorr s s e rn s ettt sttt sttt sttt (22)
PlzRTl(pl/W;]):1.43MPa .................................................................................... (23)

= 3
Ayl Hlu HAES 433k
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Table 3-9 Calculation results for temperature of case "B"

Temperature (K)
Time ) FlowNex FlowNex
Calculation
(Tank) (Leak)
0 288.15 288.13 291.62
2 284.07 285.01 280.29
4 280.08 281.36 279.48
6 275.93 277.76 276.777
8 271.88 274.277 273.62
10 267.91 270.80 270.31
15 258.21 262.53 262.09
295 =+ Calculation
=& Flownex
290.00 —p— FIOWneXZ
285.00
280.00
275.00
270,00
2635.00
260.00
255.':!'3 T T T 1

20

Fig. 3-6 Comparison of calculation results for temperature of case "B"

Collection @ kmou

52



Table 3-10 Calculation results for density of case "B"

Density (kg/ m?)
Time ) FlowNex FlowNex
Calculation
(Tank) (Leak)

0 17.53 17.66 17.43

2 16.91 17.20 15.37

4 16.31 16.67 14.70

6 15.71 16.16 14.19

8 15.13 15.66 13.73

10 14.57 15.19 13.30

15 13.25 14.07 12.32
it —— Calculation

=& Flownex

18.00 —— Flownex?2
16.00 -

14.00 -

12,00

10,00

8.00

6.00

4.00

2,00

0.00 T T T 1

o 3 10 15 20

Fig. 3-7 Comparison of calculation results for density of case "B"
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Table 3-11 Calculation results for pressure of case "B"

Pressure(Vessel) (MPa)
Time _ FlowNex
Calculation |FlowNex (Tank) (Leak)
0 1.50 1.50 1.50
2 1.43 1.44 1.27
4 1.36 1.38 1.21
6 1.29 1.32 1.16
8 1.22 1.26 1.11
10 1.16 1.21 1.06
15 1.02 1.09 0.95
180 —— Calculation
=& Flownex
1.40 —— Flownex2
120 | \-
1.00 —
.80
0.60
0.40

10

15

20

Fig. 3-8 Comparison of calculation results for pressure of case "B"
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Table 3-12 Calculation results for mass flow of case "D"

Mass Flow Rate (kg/s)
Time
Calculation FlowNex

0 16.10 16.92
2 15.45 14.62
4 15.68 13.96
6 14.99 13.41
8 14.33 12.91
10 13.70 12.43
15 12.23 11.33

18.00

10.00

14.00

10.00

8.00

6.00

4.00

2.00

= Calculation
=& Flownex

o g

——

Fig. 3-9 Comparison of calculation results for mass flow of case "B"
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Table 3-13 Calculation results for released mass flow of case "B"

Mass Loss (kg)
Time
Calculation FlowNex
0 0 0.00
2 33.00 29.51
4 64.00 58.06
6 95.00 85.42
8 125.00 111.73
10 154.00 137.07
15 222.00 196.41
250
=+ Calculation
=& Flownex
150
50
o w1 = 8 =

Fig. 3-10 Comparison of calculation results for released mass flow of case "B"
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1 T Se 20Ed Fh0 93 BRE At wn
3o Aol FEHE Aol tha A A WEsb %e A% sl Twg
4 Jh FUSE FAo) Tkx FE )9 T 24o] Badtth Teh FAsYe
dzkel gl uNelde feel AP 9¥E sl TPl wom shx

A, AEARJA Aol o T2 Tt wEF e AT 2L Table 3-149F 2T

Table 3-14 Conditions for calculation for hole of connecting piping

[nitial vessel's pressure(PO: MPa) 0.5
Initial vessel's temperature(TO: K) 288.15
Pipe diameter(dP: m) 1
Pipe length until rupture point(IP: m) 10,000
Discharge coefficient(Cd) 1
Molecular weight of Hydrogen(Wg: kg/mol) 0.0441
specific heat at constant volume(CV: kjkg-1K-1) 745
Poisson ratio(y) 1.19
Kineimatic viscosity(n: npas) 82

A7NA, §= Lotk HuHs z7le FFS AMEY] S8 HuEe] dF FES

mtB

obelel 4 (259 2ol e & ek
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| et
K= 7(%Ll ) 2-1) T @7

o714, Cd=1, Ah=(n/4)X12m2°l o3} FZ&/%F me 1,089.2kg/se] @<= 7HAA HArh
EAANZ BE 4 (28)01M d& 4 Utk

fF0.0791R€_ 0.25 _ 1.23x 10" N (30)

o}7]4 Re=pudP/n, p=POWg/(RT0)=92 kg/m’, u=/(pAh)=150.7 m/so]H o]l wutz}
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Table 3-15 Calculation results for mass flow

Mass Flow Rate (kg/s)
Time
Calculation FlowNex
0 1,089.0 1,048.5
25 500.0 299.5
50 294.0 243.0
100 173.0 191.2
1,200.0
= Calculation
1,000.0 =& Flownex
S'DD.CI \\
EH:IO.G \\
400.0
200.0 \kﬁ
0.0 T T T 1

Fig. 3-11 Comparison of calculation results for mass flow
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Table 3-16 Calculation results for released mass flow

= Calculation
=& Flownex

Mass Loss (kg)
Time
Calculation FlowNex
0 0.0 0.0
25 19,862.5 9,696.6
50 29,787.5 16,377.8
100 41,462.5 27,300.0
45,000.0
o
40,000.0
35,0000 -"/
30,000.0 /
25,000.0 o
20,000.0 / {‘f
15,000.0 /
10,000.0 //./
5,000.0

I
6o 8o

100

Fig. 3-12 Comparison of calculation results for released mass flow
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Table 3-17 Calculation results for mass flow

Mass Flow Rate (kg/s)
Time
Calculation FlowNex
0 1,089.0 1,089.0
25 500.0 523.0
50 294.0 419.0
100 173.0 394.0
1,200.0
k == Calculation
1,000.0 =& Flownex
800.0 \
600.0
400.0
200.0 xi
0.0 T T T T T 1
0 20 40 6o 8o 100 120

Fig. 3-13 Comparison of calculation results for mass flow
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Table 3-18 Calculation results for released mass flow

Mass Loss (kg)
Time

Calculation FlowNex
0 0.0 0.0
25 19,862.5 16,154.0
50 29,787.5 29,345.0
100 41,462.5 50,000,0

60,000.0

=+ Calculation
50,000.0 / =& Flownex
40,000.0 -

30,000.0

20,000.0

10, 000.0
0.0 / T T T T T 1

0 20 40 Bo 8o 100 120

Fig. 3-14 Comparison of calculation results for released mass flow
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£ :
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®, @ Total_BOG 437.617kg
On.OF 1000 Lo I @ ® Totalmass flow  0.112kg/s
Maximum velocity 163.224 mfs
Level 18.047147 m “ _
Element is choked False
Heat input 0.000 kW

Fig. 3-15 Cooling system arrangement for LNG fuel supply system
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Fig. 3-16 Temperature changes inside the tank
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e
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Fig. 3-17 Pressure changes inside the tank
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Fig. 3-18 Liquid level changes inside the tank
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Fig. 3-19 BOR(Boil off Rate) changes inside the tank
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Fig. 3-20 Gas release by PSV inside the tank
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Fig. 3-21 Gas release by PSV inside the tank
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Fig. 3-22 Main systems for gas propulsion vessel
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Fig. 3-23 PFD for Gas fuel supply system Ref. DSME
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Table 3-19 Operation Modes

No. ID Operation Mode Sub-Operation Mode
Bunkering with BOG return

1 Bunker Bunkering operation mode ) )
Bunkering without BOG return

Normal operation mode
2 FGS -
(fuel gas supply mode)

Emergency shutdown
3 EMERG Emergency operation mode Emergency depressurezation

LNG jettisoning
Inerting, Gassing-up,

4 STARTUP Start-up operation mode .
Cooling-down

Nomal shutdown operation LNG draining, Warming-up,

5 SHTDN

mode Inerting, Aeration
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Table 3-20 Design conditions

No. [tem Design Basis
1 Main engine WARTSILA 50DF (dual fuel), IMO Tier II, 2EA
2 Voyage scheme 30 days from Dubai to USA (east coast)
Fuel consumption
3 2.5 ton/hour (at NCR base)
(LNG)
A Fuel gas conditions Temperature : +300C
for the main engine Pressure : 7 bara

Temperature : -1630C
5 | LNG fuel storage tank
Pressure : 5.0 bara

Temperature : -1630C
) Operating pressure : 5.0 bara (max), 1.2 bara
6 Suction tank (drum) (tmin)
min

LNG flow rate : 2.148 ton/hour (mass)

Pressure : 1.2 bara (suction), 7.2 bara (discharge)
7 LNG booster pump
Flow rate : 2.148 ton/hour (mass)

Temperature : -161.50C (inlet), +300C (outlet)
8 LNG fuel vaporizer Pressure : 7.2 bara (inlet), 7.0 bara (outlet)
LNG flow rate : 2.148 ton/hour (mass)
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Fig. 3-24 Calibration for inner diameter of pipe
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Quality  1000.000
Mach
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s 4
L Flow
Discharge

coefficient 0.9
e
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Fig. 3-26 Network for 300bar pressure modelling by "FlowNex”
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Mass Flow 9384 | kglh Mass Flow 9384 | kg/h

Fig. 3-27 Optimized modeling for gas release analysis on the pipeline with 300bar
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Fig. 3-28 Mass flow at up and downstream in case of 100% rupture
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Fig. 329 Leak velocity at the leak point in case of 100% rupture
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Fig. 3-30 Leak pressure at the leak point in case of 100% rupture

80

Collection @ kmou



Upstreamnl Pressure (1.01312 bar) *Downstreaml Pressure (1.01312 bary |

200 4 T T T T T T T

zs0 I

200 —«—

150 —+

Presure (bar)

100

50 —+

0.10 011 0.1z 013 014 015 016
Time [s]

Fig. 3-31 Leak pressure at up and downstream point in case of 100% rupture
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Fig. 3-32 Total mass loss in case of 100% rupture
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Fig. 3-33 Mass flow at up and downstream in case of 50% rupture
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Fig. 3-34 Leak velocity at the leak point in case of 50% rupture
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Fig. 3-35 Leak pressure at the leak point in case of 50% rupture
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Fig. 3-36 Leak pressure at up and downstream point in case of 50% rupture
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Fig. 3-37 Total mass loss in case of 50% rupture
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Fig. 3-38 Mass flow at up and downstream in case of 20% rupture
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Fig. 3-39 Leak velocity at the leak point in
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Fig. 340 Leak pressure at the leak point in case of 20% rupture
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Fig. 3-41 Leak pressure at up and downstream point in case of 20% rupture
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Fig. 342 Total mass loss in case of 20% rupture
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Table 3-21 Result for leak loss after equilibrium time for scenario 1

) Equilibrium Leak Leak
Leak size(%) _ ) Total loss(kg)
time(s) velocity(m/s) | mass flow(kg/h)
100 0.061 370.7 202,694.7 0.541
50 0.188 415.6 90,333.8 0.572
20 1.177 437.7 16,693.9 0.587
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Fig. 3-43 Mass flow at up and downstream in case of 100% rupture
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Fig. 3-44 Leak velocity at the leak point in case of 100% rupture
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Fig. 345 Leak pressure at the leak point in case of 100% rupture
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Fig. 346 Leak pressure at up and downstream point in case of 100% rupture
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Fig. 347 Total mass loss in case of 100% rupture
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Fig. 3-48 Mass flow at up and downstream in case of 50% rupture
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Fig. 349 Leak velocity at the leak point in case of 50% rupture

*Leak Pressure (1.01330bar) |
.

160

140 - |'

120
100
80 4

Pressure {bar)

60

40 ]

0.2 0.4 0s 0.5 1.0
Time [s]

Fig. 3-50 Leak pressure at the leak point in case of 50% rupture
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Fig. 3-51 Leak pressure at up and downstream point in case of 50% rupture
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Fig. 3-52 Total mass loss in case of 50% rupture
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Fig. 3-53 Mass flow at up and downstream in case of 20% rupture
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Fig. 3-54 Leak velocity at the leak point in case of 20% rupture
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Fig. 3-55 Leak pressure at the leak point in case of 20% rupture
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Fig. 3-56 Leak pressure at up and downstream point in case of 20% rupture
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Fig. 3-57 Total mass loss in case of 20% rupture
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Table 3-22 Result for leak loss after equilibrium time for scenario 2

) Equilibrium Leak Leak
Leak size(%) ) _ Total loss(kg)
time(s) velocity(m/s) mass flow(kg/h)
100 1.056 407.22 229,395.4 64.0
50 1.186 446.3 105,528.8 29.2
20 2.177 440.1 17,198.6 5.353
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Fig. 3-58 Mass flow at up and downstream in case of 100% rupture
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Fig. 3-59 Leak velocity at the leak point in case of 100% rupture
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Fig. 3-60 Leak pressure at the leak point in case of 100% rupture
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Fig. 3-61 Leak pressure at up and downstream point in case of 100% rupture
[—— *Total Mass Loss (28.27791 kg} |
- : . : ;
=]

+ 1 +
0.10 0.15 0.20 0.25 0.30
Time [s]

Fig. 3-62 Total mass loss in case of 100% rupture
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Fig. 3-63 Mass flow at up and downstream in case of 50% rupture
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Fig. 3-64 Leak velocity at the leak point in case of 50% rupture
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Fig. 3-66 Leak pressure at the leak point in case of 50% rupture
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Fig. 3-66 Leak pressure at up and downstream point in case of 50% rupture
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Fig. 3-67 Total mass loss in case of 50% rupture
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Fig. 3-68 Mass flow at up and downstream in case of 20% rupture
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Fig. 3-69 Leak velocity at the leak point in case of 20% rupture
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Fig. 3-70 Leak pressure at the leak point in case of 20% rupture
[=—— FUpstreaml Pressure (Z00.95334 bar} *Downstreaml Pressure (300.86612 bar) |

,J /\ ]

1 ‘

+ t + +
0.10 0.15 0.20 025 0.30
Time [s]

Fig. 3-71 Leak pressure at up and downstream point in case of 20% rupture
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Fig. 3-72 Total mass loss in case of 20% rupture
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Table 3-23 Result for leak loss after equilibrium time for scenario 3

) Equilibrium Leak Leak
Leak size(%) , ) Total loss(kg)
time(s) velocity(m/s) | mass flow(kg/h)
100 N/A 407.2 229,395.4 N/A
50 N/A 446.3 105,528.8 N/A
20 N/A 4440 17,198.6 N/A

Adel 2 3 b BT AFetA] obe %S AEdolAd AfolBE FIPGH §lol
A& 7hs FEO] o]FolAH F FE ¥ FIzIth HFe AV|7h e
100%<9 wol sidat= Fig. 3-58~Fig. 3-720] Vel si4Ade] mE &1 HAg HEe
4072 m/s, olme] =3k Ho S 2223954 kg/hZEH HMByL D3 Ayg

3707 m/s¥ RBlaste] ¢ 30m/s7bEF WMES & S 9da, AlUEQ 29 407.22 m/sol

HlsiA= Ao fAtRte & o ATk ols AUl 2004 1x3te] F7t FEI Fuh

A

F7h e ANAN} $YH THY AL AST £ WA Bk @A AZIY )
FE &EE AU 29 AL 2HE ARE AUSE HAY £ glon ane &
Ao} ¥ §F BT AL ol AN oF 3, F 12 olFe] AN ARZH Ay
E &%, A £ FE 4FS DIFL A0 F FE 4T B3 27w
QAo 93] Tt At ) oS see ST 5 Yk
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Fig. 3-73 Mass flow at up and downstream in case of 100% rupture
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Fig. 3-74 Leak velocity at the leak point in case of 100% rupture
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Fig. 3-75 Leak pressure at the leak point in case of 100% rupture
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Fig. 3-76 Leak pressure at up and downstream point in case of 100% rupture
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Fig. 3-77 Total mass loss in case of 100% rupture
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Fig. 3-78 Mass flow at up and downstream in case of 50% rupture
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Fig. 3-79 Leak velocity at the leak point in case of 50% rupture
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Fig. 3-80 Leak pressure at the
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Fig. 3-81 Leak pressure at up and downstream point in case of 50% rupture
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Fig. 3-82 Total mass loss in case of 50% rupture

*Leak Mass Flow (-0.00249 kag/h)
—— *Downstream Mass Flow (0.00363 ka/h)
T T T T T T T T T

20 } N

*Upstream Mass Flow (0.00001 kg/h} |

P

15

WMass Flow Rate (kyh) (1043)

Fig. 3-83 Mass flow at up and downstream in case of 20% rupture

102

Collection @ kmou



“Leak Velocity (-2.35206 mfs) |

400 —

300 —

200 —

Velocity (mis)

100 —H

Fig. 3-84 Leak velocity at the leak point in case of

*Leak Pressure (1.01330 bar) |

4 5 &
Time [s]

20% rupture

-

140

120

80

Prassure {bar)

G0

40

20 o

o
b
[N
W

t t +
4 5 G
Time [s]

Fig. 3-85 Leak pressure at the leak point in case of 20% rupture
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Fig. 3-86 Leak pressure at up and downstream point in case of 20% rupture
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Fig. 3-87 Total mass loss in case of 20% rupture

Table 3-24 Result for leak loss after equilibrium time for scenario 4

Leak size(%) qu%ilibrium L?ak Leak Total loss(kg)
time(s) velocity(m/s) mass flow(kg/h)

100 8.522 433.4 309,518.9 649.7

50 8.642 444.6 107,803.3 242.5

20 9.652 442.8 17,231.2 41.0
Auele 40] A Adele 2 % 127 FAH0R $EAE G 827 FUHoR
TEEE 490 WAL AT 4 9t ARoY AL 29 127 FHoz
FEHE % oF 287 kg oAtk Table 3-249]] oJ3td 8%t FrlHo® FEFHE FHE
oF 2375 kgo 2 AAY & 3ok o= Altele 29 of sof FEe] @ AT ole
shebe] Z)7b Al 3s)e oF S0%AEY W, skx RE NS vEEE 43w
et BHHE PG ZoR 44T 4 dE AR FEst AU ¥E SE&
Aluge 39 A3 gty Aol S HolA g e AT g Utk ojHd A
BEGR sl 2 SMeA FE AL saZPes FAd ofF 8@ 249%
B 5+ gk AdEe 29 9T 2AE JAE 4 Adld 123 MR
FEHE &S oF 47 kg oIS0th Table 3249 &8t 823t F7HA o2 rEHE 7S
405 kg2 A7 Stk o= AU L 29] o 8ev] AR F& JHIth o]+ ek
2717k W 319 oF 50%HEY W} $AF AT oM DA IS AdE ARED
T UM o2 el FrHH R Tka FE AR FEHE GFY HE dAe 359
)9 RRdTE PREE PER Aew AR 4 g =@ A rE SEE
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A 4 & CFD 34 2 Az}

41 CFDY] A& ¥ 712 S259E 34

411 34 =l A 2 FA=xA 43

ING dERAZRY 7t2Qxo g £53817] 98t LNGE Azl a748e= d=9
Ao R WBEty] 93 AsFFA =" tiste] IMOS| 7|34 7] axde] wkgd T}
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& AHS Ad MAZAY] MEGE d3s 7HsA717]
£ 300bar W9 45C =7l REEA| AR gtk o714 300bar®| St

e = 7t dxlol] EARE] fEiAe 19 BE o] %] J|H Adule tig ko] 5
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turbulent modelE AL3IgPomw Az IAME Y'<1009
A3 31t (Jones, 1973)
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.L‘ e Len* S _“.,. .,_;:‘._. ”"-..“ .?), ol -
TR T S s ™ e | v
é P = ' o
MEGI Engine | De-NOx System  DFDE/Gas g3 cuta
+ EGR | (5CR) G t Skid Size: 14m{W) x 8m(L) x
. | Ly ooy
P .0 1
! -
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_____________

< Referenced by DSME >
No.2 HP Pump

Fig. 41 Fuel gas supply system on the 10,000 TEU class LNG fuelled ship

el B 27] AAZNY MANAE QEFFA2U AFBEIE AuEs
A< nEste] WHl AoE oo Thavol o 82zt ALHM FE)E AT

FAHES 213 A4t 12023t sid < AT

g EAl2HE FAEAAA e Y] 3DEEE WEelr] 9ste CATIA %
ANSYS-CEX '3 E Agstom 1 AHE Fig 4-2~3°] YeERNIIT afAollA AREH
Total element= ©F 11,000,0007N, Total node¥™ ©°F 2,000,00071E HAAA A4kt
TAEY Z¢o] B33t Hexahedral mesh®] Aol B8 o] W AJZto] o= o
[-Cem CFD AAYZEZZ IS 0] 83 Tetra mixed meshE TFIHEH 7 BHo =
28t Turbulence model®] &&-& 913l Prism meshE Y433 th.(Wilcox, D., 1993)

M HEF 2 AAZA FHol

2 &3l 317] 2L AL 93k A7 30389
AA Aol g 7] 2A4& H43

;ﬁl

Hom i mdlo] o] ol AT et
A #7119 B8S wole 4t 2UE FEstHon FUHAQ ok 2o #AAME
S FASFA (Patel, et al, 1985) oA AR AA AHel| dig V]S 6,600
k/holH Fig. 439 ZEAE 7}x FEFEAA E 7R Ay ed mE Jta FE9
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SAE. 7k2 e A3 A tolHe 44 sAsHe i 2AHE nARo=

AEF o A Fe 35784~572832 ke/he] WS Y o UM 3%
38N AT NN ARETFAILHY AR FEFe AUstd #d AEreEd dos w6l
Al por A& S g At M2 ™ty dgH.

Recondenser

Glycol heating system
NG HP Cooler
-

HP Vaporizer S %
Sat s L |
No.1 HRPump g 3 Hp Pump

Fig. 42 Result of 3-D modelling for FGS system
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-
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l___l_‘v’ent Inlet

Gas Leakage st
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Fig. 43 Height of leakage on the 3-D modelling for FGS system
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Fig. 44 Mesh generation for FGS system

Table 4-1 Specification of 3-D domain for CFD analysis

Numerical domain

Skid size 14m(W) x 6m(L) x 2.5m (H)
Total element 11,000,000
Mesh type Tetra mesh & Prism mesh

The air ventilation rate is set to provide at least 30 air

Ventilation
changes per hour (IGF code)
Pressure type The space is always in a state of positive pressure
Exhaust 6,600kg/h in air
Condition Leak and dispersion in FGS room

Table 4-1& ING AEFFA2HS Fig. 4-2~Fig. 449 o] 3.D 2= FA3IL
FAHAS A AAE AT Aot U] Y wgE AT J1HAd uRe AFH
FA A FHEAS ] 2 G otk MY A =Ml TV 14m(W) x
6m(L) x 25mH)°l™ F AFHA= 37|18 weolth wWgke] EA% F LFL 55vol% ~
J2]ZA el A= LFLe] <F 50,000ppm

% RIS =45 584

N
)
(d
i
e
ol
1
lo
ol o

Collection @ kmou



ol ZEHAl & 7t29t 379 A T JtaAAY FAo weEl tgEA YEeld F
H A2 QX 9t} kAW, @A LFL¥ UFLY

TSRS FAHsr|ds oEwel doH, FANY e dde TSI A4,
Fd Aol thgk dAho] F7HAH O o] Fo|Fof & Ao =2 FTHHTE (Sklavounos, et. al., 2005)

Aglstg e 1 A3E Table 4-29] YER AT

Table 4-2 5 scenarios for gas release CFD analysis

N Leak hole Time to Mass flow of air Mass flow of CH4
0.
Diameter [mm] leak[s] [kg/sec] [kg/sec]
1.5 (Over
Case 1 12.7 8 0.0994
pressure type)
1.5 (Over
Case 2 25.4 8 0.3978
pressure type)
1.5 (Over
Case 3 38.1 8 0.8951
pressure type)
1.5 (Over
Case 4 50.8 8 1.5912
pressure type)
1.5 (Under
Case b 50.8 8 1.5912
pressure type)

Al 7k AR Fae ATATe 9Fs Ak AR TR A5 I Ad Adle
WA & AR A7 i RUEREEE Ade] wet AsstA "o o
RUHHEE ARl g

et. al, 1974) ¢hHWiBI} Atk 3 FA3) Folt: fES mAS] 3 AARAS
Hojstglal QhdiE e Aol FAsA Az Uehde Rl tisiA FUHEeR

Algdlold st Fig 1132 1 A3E Yehlin 7HERd Axkel Zo] 8x o]%F 7k~
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Fig. 45 Conditions of leakage volume fraction at leak monitoring point
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412 CFD 814 27 9 1%

Fig. 4-6~Fig. 49 Azt wE 47 4o RUHY 2JAEgA S mg Fx9
X5 Y Aok @A 1HHR de Alue e Aol 1~39] A, LFLO|sHA]
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Fig. 47 CH4 concentration at measuring points for case 2 (Gas leak rate: 0.3978 [kg/s])
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Fig. 48 CH4 concentration at measuring points for case 3 (Gas leak rate: 0.8951 [kg/s])
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F7Her, & AT AT AuEed Tt RrEFe 2 Afde
a2 eEt FAEE ARtel 2 WA RSN 342 F dde AS T F
Afem Aol 49 Afoe Z AP B} AL FEI FIde o=
BEHAT. ol Tt2SEHE Y He F2 AS AR 33 AYEHS sk
F7HARL 7HA g Aol FaEttt. 1 AFE Fig 4-10~Fig. 4-539] YEMUTE Fig.
4-10~Fig. 425 HZC2HEH 03m ot HHoA e 29 EX5 7 ARIER
Ueblal 9lem Fig. 4-26~Fig. 4532 FAHUS 57E 7€ y=07m % y=30m®
FAYH dg vy vx EELEE e ASH = A4S fd Jehid
Fig. 4-10~Fig. 4-53°14 Hol= npe} Zo] Aol= 1~29] Ffol= FE2Q FiA 5=
e gl ¢ v T2 FEY HAe FE 7R FEHE M 34dHe
Ae & & 1o Aolx 3~49] Afole 7k Fo F 50927 Ad AFelA s 718
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8 Mass Fraction of CH4 in range (Case 1, Top view, 4s)
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42289 Mass Fraction of CH4 in range (Case 1, Top view, 8s)
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Fig. 412 Concentration of CH4 for Case 1, Top view at 50s
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(Case 1, Top view, 120s)
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Fig. 413 Concentration of CH4 for Case 1, Top view at 120s

(Case 2, Top view, 4s
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Fig. 415 Concentration of CH4 for Case 2, Top view at 4s
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(Case 2, Top view, 50s)
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Fig. 4-16 Concentration of CH4 for Case 2, Top view at 50s

ass Fraction of CH4 in range (Case 2, Top view, 82s)
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Fig. 4-17 Concentration of CH4 for Case 2, Top view at 82s

8 Mass Fraction of CH4 in range ] (Case 3, Top view, 4s)
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Fig. 418 Concentration of CH4 for Case 3, Top view at 4s
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I 838 Mass Fraction of CH4 in range (Case 3, Top view, 8s)

Hass Fraction of CH4 in range (Case 3, Top view, 120s)
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Fig. 421 Concentration of CH4 for Case 3, Top view at 120s
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Fig. 424 Concentration of CH4 for Case 4, Top view at 50s
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Fig. 425 Concentration of CH4 for Case 4, Top view at 120s
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ss Fraction of CH4 in range (Case 1, Side view, Inlet, 4s)
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Fig. 427 Methane concentrations for case 1 at 8s in the vertical plan of y=0.7 respectively
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5 y=0.7m e
985S Fraction of CH4 in range (Case 1, Side view, Inlet, 50s)
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> y=3.0m S
: I—yraction of CH4 in range (Case 1, Side view, Center, 4s
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Fig. 429 Methane concentrations for case 1 at 4s in the vertical plan of y=3.0, respectively

2
=3.0m : ,
: I-yraction of CH4 in range (Case 1, Side view, Center, 8s

)

-

3.0m

: ?ﬁ?rgctioﬁ of CH4 in range (Case 1, Side view, Center, 50s

Fig. 4-31 Methane concentrations for case 1 at 50s in the vertical plan of y=3.0, respectively
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=3.0m —
raction of CH4 in range Case 2, Side view, H-'HtF'E 4s)

Fig. 4-35 Methane concentrations for case 2 at 4s in the vertical plan of y=3.0 respectively
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=3.0m . i,
raction of CH4 in range {L.zse 2, Side view, Center, 8s)

Fig. 4-36 Methane concentrations for case 2 at 8s in the vertical plan of y=3.0 respectively

Fig. 4-39 Methane concentrations for case 3 at 8s in the vertical plan of y=0.7 respectively
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' 3:22:§§% y=0.7m
ags Fraction of CH4 in range
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Fig. 443 Methane concentrations for case 3 at 8s in the vertical plan of y=3.0 respectively
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ﬁgsgo?rz%tlon of CH4 in range (Case 3, Side view, Center, 50s

-002

y=0.7m _ _
%éass Fraction of CH4 in range (Case 4, Side view, Inlet, 8s

e on®

Fig. 447 Methane concentrations for case 4 at 8s in the vertical plan of y=0.7 respectively
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3‘@%2'555 Fraction of CH4 in range (Case 4, Side view, Inlet, 50s
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Fig. 451 Methane concentrations for case 4 at 8s in the vertical plan of y=3.0 respectively
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Fgo] oid FAFH AN B& FEol B ABEAGS B3 AAxA bl
Aol F8stty & 4 glom HHHoz dojxl Adel HFHoZT I AAE vw
AR Add o W9 s vE uHste wgste HE s Fdske o
Hdd Zlow dddnh Fg 4549 A 1—5— Heke] Zdb 3hgk gl 50,000ppm-e

3 ol
ZA8hE P Aol 49 oF 10~30% Abe] T
Aol 2~47kA EH 2 HA| HFHA 50,000ppmoﬂ 3
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Fig. 4-54 Time variations of CH4 mass fraction at center measuring points for 4 cases

(0~120 seconds)
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detonation transition &, Ho|@AoA Y Zo Al £+ 1~2 km/s, Z4-2 40~60 barg®]
A71E ZHAl B9 3L A o3 R FH RIE A" F Jon

v E =4 (High explosive material)o] 3 &Zo] Hrth oo &£E& 2 km/sold
FQH2 20 bargol/de] ot 1y o3 ERe v FAHAQ] ERHOEAN “rf‘]’BLg]
N

ol A gum WeEn wx Zue] oA
Belate] sl4e] A 249 o)z AR,

Table 4-3 Comparison between LNG and LPG

= LNG LPG
zE gt CH4 o2 C3HS8 HEF C4H10
CIES 0.55 1.52 2.01
AAHL % 5~15 2.0~9.5 1.5~9.0
=7 gatew °C 537 450 287
Azt T °C -162 -42.1 -0.5
Table 44 TOE(Ton of oil equivalent) conversion table
MNER
S a3 slze At 5% as | wirs | wiss | wics
£h Kcal/kg Keal/kg Kcal/t Kcal/t Kcal/l Kcal/l Keal/t Keal/l
HiOeL 10,000 8,300 8,000 8,700 9,200 9,400 9,700 9,900
SHAHA 1 0.83 08 0.87 0.92 0.94 097 0.99
] Hag oEtE 2k
i z2 st Aot~ goct | gusr | =33~ 7]
che| Kcal/kg Kcal/kg Kcal/Nm? Keal/kg Kcal/kg Kcal/kg Keal/kg Kcal/kwh
Hioi gk 12,000 11,800 10,400 13,000 4,500 6,600 6,500 2,500
NG ES 12 118 105 13 045 0.66 0.65 0.25

A8E7] $18ke] Table 4-33% #Zo] LNG2t

o

LPGe EAE nluste] YeRRS E} LPGE= Alsoll 7F8 ®ol f55H1 = 712 82X

sl EA o7 QI3 Zho] YIRS ukQl #HoA wlwslr|zp golsitl. LNGE=
| g
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5~15% % LPGel Hla] thi& 52 &
537 CEM T4 & Holt} ol& A3
162 CEA LPGOl Bls] w9~ 7] el & ol o3 dHstz 7|8d 42 TS
H717F &old ZoE FoEM o|& Qld &r]ol BR#AstAY wjHE T3 o|F Ao B

o

AQ7h2e] B wAge ﬁwﬁ]?} 1.05-13

lo
N
l
i
o
=
k1
e
o
©
rlr
l‘ﬁ
Ho
|
o

Zaa|o] W¥ 4t INGS EAL Table 450 Uehiglon] o Ed Bad
E4e 28T 5 9 HRQ) HE) Aol AEt o] 9% F 4 Ut

H|= ) E1Re L
g | mey | enz | E - EEl Ny | RS | B wm
C o b 7|4k C MPa C 2% keal/m
39.87
oy gt CH. 16.04 1615 0.42 0,55 -826 460 537 5.0~15.0 e
70.40
off gt CoHs 30,07 836 0.54 1.04 322 487 472 R
mag CoHg 44.09 221 0.58 1.52 9%.6 424 450 2.0-95 S
" . 133.68
isier EGHis 58.12 116 0.59 201 1347 354 450 18-85 R
n-Ser n-CqHio 58.12 05 0.60 201 152.0 2.80 287 1.5-9.0 S%ég
g i 7215 27.8 0.64 249 187.2 333 420 13-80 P
nEE | -G 7215 361 0.64 2.49 196.5 337 260 14-83 o
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nesA | neCaHy 86.18 68.7 0.68 298 2333 303 225 11~7.7 26108
" 261.08
ndle | neGHy 100.2 98.4 0.70 3.46 266.1 2.74 204 1.0-7.0 oy
=4 N, 28.01 -195.8 0,81 0.97 -146.9 3.40 N/A N/A 0
e
L5y o, 44.01 785 125 152 310 7.37 N/A N/A 0
- 213
= H,0 18.02 100 1.00 0,62 374.2 22.09 N/A N/A 2
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Table 4-6914 R vlo} o] INGS| & B4 Zwa|de] AAzno e
Stk INGE 7h28 A A9 Fe A2 Sol weh TANE 2 LaAs
E4g Rk siMel el HE ING/E 2= B4l weh Basueld Agw

=429 54< vl 24sto] HkgsiA doh

olr
r

A

Table 4-6 Standard calorific value of LNG

LNG B 244} Boundary condition for CFD
T 24 T 24
o Et CH, 91.332 % Ideal gas constant 8314.32 J/kmole-K
Of| Et C,Hg 5363 % Mole weight of gas 1776.1797 kg/kmole
T2 CiH, 2136 % Specific gas constant 46810128 J/kg-K
0|2 EH-CH,p 0459 % Temp. of outlet 29315 K
LS HE n-C,Hyy 0476 % Gas density 72.874 kg/m?
O|AHEH-CH,, 0.015 % Mass flow of leak 1.5912 Kg/s
L IHIEE n-CsH;y, 0.002 % Speed of sound 3432 m/s
AN, 0.217 % Effective area of leak 0.002 m?2
43.54 MJ/Nm? CH 91332 %
Jolulcd 2k 4
LA 10,400 kcal/Nm?
CsHs 5363 %
39.33 MJ/Nm?
o|diCd 2
Aegd 9.393 keal/Nm3 C:H; 2136 %
i o,
O E 0.6169 -CaHio i e
N-C,Hqo 0476 %
A 0.7976 kg/Nm?
i-CsHio 0015 %
n-CsH;, 0.002 %
N, 0217 %
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spark, flames, LPG,H2, CH4,

static electricity, gasoline, acetone, ether,

heat... dust, fibers, plastics ...

Ignition

Source

Fig. 455 3 elements of fire and explosion occurrence
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20 : -
19 = Chemical composition CH,
18 - . ,
* Bailing point at atmosphenc pressure  -161.5C
= P MIXTURE OF METHANE e o -
55 h, AND AIR CANNOT * Specific gravity of liquid at - 160°C 458 kg/m?
b N EXIST ABOVE N
.2 13 - THIS LINE = Crtical temperature -825°C
L s T
z ‘,i: b * Crtical pressure 447 bar
E ‘g . = |ower flammable limit (LFL) 5.5 vol%
Y
o ‘; ™, = Upper flammable limit (UFL) 14 val%
b, ;
‘55 N = Flash point -175°C
i a0s 0 oo
1 N = Spontaneous ignition temperature 595°C
\\ = Minimum ignition energy < 1m)
: N
0 10 20 30 40 5 G0 70 80 90 100
NOT CAPABLE OF METHANE %

FORMING FLAMMABLE
HMINTURE WITH AIR

Fig. 456 Main characteristics of methane fre/explosion
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Table 4-7 Leakage frequency data example - API 581

Data
Source
Equipment Type (References) Leak Frequency (per year for four hole sizes)
1y in, 1 in. 4in. Rupture
Centrifugal Pump, single seal 1 6x10°2 5x104 1x107
Centrifugal Pump, double seal 1 6x103 5x104 1x10+
Column 2 8x10-3 2104 21072 6x10¢
Compressor, Centrifugal 1 1x10-3 1x104
Compressor, Reciprocating 6 6x103 6104
Filter 1 9x104 1x104 %105 1x10°5
Fin/Fan Coolers 3 2103 3x104 5x10°8 2x108
Heat Exchanger, Shell 1 4x10°5 Ix10 1x10% 6x10-6
Heat Exchanger, Tube Side 1 ax10 1x104 1x10-3 6x10°6
Piping, 0.75 in. diameter, per ft 3 1x10°% 3x10°7
Piping, | in. diameter, per fi 3 5x10°6 5x10°7
Piping, 2 in. diameter, per fi 3 3106 6 x10°7
Piping, 4 in. diameter, per fi 3 o107 6x107 Tx10°8
Piping, 6 in. diameter, per M1 3 4x 107 4x107 Bx108
Piping, 8 in. diameter, per ft 3 107 Ix107 8x10® 2108
Piping, 10 in. diameter, per fi 3 2107 3x107 sx10® 2x10°%
Piping, 12 in. diameter, per ft 3 107 w107 Ix108 21078
Piping, 16 in. diameter, per ft 3 1107 107 2x10°# 2x10%
Piping, > 16 in. diameter, per ft 3 6x10°8 2x10°7 2x10® 1x10°%
Pressure Vessels 2 4x105 1x104 1x10°% 6x10®
SA/Z JPE BHe EAL FES AARL oE FHOR FUEG. A§H
Aol A AA B4 AQelde B FEES 2 /A B4R IFsEtn 4 159
FEES OEY & Qe OF F2E sl Agsy Yk ol FTHe RE
FEAA s 24l FUF 78 Wel fES H4T = ok
FEFS A% A 9, 9, gol me APAD FEol wAHY ZeTye
A Bl os A ngHTY. I2RE AT FE 79SS AYstae HH48
FEEe YFoR BRAS sk A shzel A, dge FE0 ALRES
ol A HH Az om FE&2 Az met faste A¥e etk FEE 74
4 HedH HEE w A e o] BASHA doh HAspdo] EASA LAY
Axd L3 FEET W2 M3 ouvAE 7Hd Afole 7MY 49 vE2 3G
Zug oloxx| oA H. ¥& 270 BASHE Y32 =4 Yshimmediate ignition)2
ata, = A T dA AR & TAsE HSLE A H3K(delayed ignition)zt 3Tk
dHoz ZA H3kE s AnE dosln Adyse 2@ Ang Josle AFS
2oy ol S SA W FRe wAOE Restd Fig 4577 2tk AR
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D
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olHF &9 ATE AYHOE U FAel BLALE o|F Sl A FA
AevE B Bael 4 ARSE wgos ETuaHe SRsA Ho. slaZees)
542 welel] 98 FAE ks R o8 sl BUHY ZoEdA Mg BE 1
FAY AelA] IR Fe QY AREE %4 9ol Sl Aoz BREor Tl

e APols harEo] $EH o FE HAS| LFL7 UFLS 9l ol o} & 3
2 Fwol 96l Age AW 4 Aol o e WA AdE AE Ade

BAZACE Rofdte] A BN T2 “FLACY'E ol g3l ZuaAE F95eh

136

Collection @ kmou



423 - 34

TS FPsty] HeiMe 48 ZEIHS ol8ste 3-D RUY A<io] Fig 4-58%
ol MgEojof drt T AREE oiFEE FL YYS St AFHoE
UEtAl st Algdol ol ASE s fAIek Zoll=e] daaAd uet Aol &S &
Z Q7] wWiZe Hdigk AAle grEEE Fa Ay wjdS 1Este 2dEo] o]FoAEE
stk T2 Aol tigk HatksjAo) o] o] A AR AAE Bo® s FHH £
AToNME Fig 4593 22 AAE st A&sigitt 3-D Bdd Axde] 23 9
e 913 7182 ARE sk o2 Table 483 ZTh(FLACS, 2014)

Qutlet

Center
|

Fig. 4-58 3-D Modeling for explosion Analysis
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Fig. 459 3-D grid generation for explosion analysis
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Table 4-8 Basic information about 3-D modeling and grids

Blocked volume 50.59 [m3]

Total volume 368.725 [m3]
Equivalnce ratio 1

Oxygen contents, volume % 02 of O2+INERTS 02/(02+IN) 20.95 %

LFL % 0.531 100.0
UFL % 1.722 324.4
LFL % 0.347 100.0
UFL % 0.633 182.4

Flammability limits, equivalence ratios (ER)

Flammability limits, equivalence ratios (EQ)

ZpaFA0 HiRE FEE RS ddFe BAsk] Al EEH s e FellA
= BAENCE At Table 499 # 0|2 1~29]
oz wgsty] fs) ARHAD 7t=FE T4,
it 8l ﬁ”]"]’“’“"] 7" FASNARE TS TEY JtaFo s WeEte] Table
499 Aol 3~6= UEPHSITL T1Ejste], LMol HEEHE= TtaIEHeEe] ThaTS
F 6 Aolzz ERFen Zd ke AFAHoR Fdshy] A% |4 o]
TYPEHAT. TS = LNGeA e W& Hl&(Methane composition) Tha x}o]7}
V& F U7 wEol durEA Mo 91.53%, 3A|(Flammability limits)e= 0.531% %
ZAAJ 5}t (Hansen, et. al., 2010)

Table 4-9 Gas cloud status

Amount of .
Methane Flammability
No gas . .
composition [%] limits [%]
[kgl
Case 1 5.353 91.53 0.531
Case 2 41 91.53 0.531
Case 3 0.00077 91.53 0.531
Case 4 0.008 91.53 0.531
Case b 0.025 91.53 0.531
Case 6 0.067 91.53 0.531
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Fig. 460 Explosion overpressure curves as a function of time for case 1
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Fig. 4-61 Explosion overpressure curves as a function of time for case 2

Table 4-10 Result of explosion analysis as a function of time for 1~2 cases

Explosion analysis results without consideration of

ventilation requirements

Explosion overpressure[barg]
Case 1 0.27
Case 2 3.7

------ Case 1 Pressure

3.5 —— Case 2 Pressure

Pressure (bar)

Fig. 462 Result of explosion analysis as a function of time for case 1 & 2
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Fig. 4-63 Blast pressure distribution on case 1(Amount of gas: 5.353kg, 0.463sec)
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Fig. 464 Blast pressure distribution on case 1(Amount of gas: 5.353kg, 0.602sec)
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Fig. 465 Blast pressure distribution on case 1(Amount of gas: 5.353kg, 0.833sec)

143

Collection @ kmou



I e [
- B
B oon on
1 aos ooe
ol
3] Beow 0 02 Beow 002
U
o
| ™
=
@
pi
-
: g
.
"
i
-
i
i

=300, Var-PROD () Teme= 1080 1)
¥ e 21 8

»

38882323

feEssicizz

%
® i

Fig. 467 Blast pressure distribution on casel (Amount of gas: 5.353kg, 2.140sec)

144

Collection @ kmou



o
o
-8 1]
-8 ]
[-R '
R 7]

ath

ooa

ons

oz

Batirwr 1} 02

lebafiuDd VarsPROD |-} Times 00638 (8]
(w7 G § W31 28 =002 22m
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Fig. 4-69 Blast pressure distribution on case 2(Amount of gas: 41kg, 1.050sec)
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Fig. 470 Blast pressure distribution on case 2(Amount of gas: 41kg, 1.448sec)
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Fig. 4-71 Blast pressure distribution on case 2(Amount of gas: 41kg, 1.975sec)
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Fig. 473 Explosion overpressure curves as a function of time on the monitoring point

1~4 for Case 3(Gas cloud size : 0.253 m)
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Fig. 474 Explosion overpressure curves as a function of time on the monitoring point

1~4 for Case 4(Gas cloud size : 0.53 m)
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Fig. 475 Explosion overpressure curves as a function of time on the monitoring point

1~4 for Case 5(Gas cloud size : 0.753 m)
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Fig. 476 Explosion overpressure curves as a function of time on the monitoring point

1~4 for Case 6(Gas cloud size : 1.03 m)

Table 4-11 Result of explosion analysis as a function of time for 6 cases

Explosion analysis results without Explosion analysis results with
consideration of ventilation consideration of ventilation
requirements requirements
Explosion Explosion
overpressure|[barg] overpressure|[barg]
Case 1 0.27 Case 3 0.0006
Case 2 3.7 Case 4 0.0014
Case 5 0.0022
Case 6 0.006
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Fig. 477 Result of explosion analysis as a function of time on the monitoring point 1-4

for 4 scenarios(case 3~6)
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Fig. 478 comparison of maximum overpressure for case 6 of with & without obstacles
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Fig. 479 Blast pressure distribution on case 6 (Gas cloud size : 1.03m, 0.115 sec)
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Fig. 480 Blast pressure distribution on case 6 (Gas cloud size : 1.03m, 0.125 sec)
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Fig. 481 Blast pressure distribution on case 6 (Gas cloud size : 1.03m, 0.132 sec)
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Fig. 482 Blast pressure distribution on case 6 (Gas cloud size : 1.03m, 0.135 sec)
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Fig. 4-84 Blast pressure distribution on case 6 (Gas cloud size : 1.03m, 0.65 sec)
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