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BOG
CFCs
CO2
DFDE
ECA
EGCS
EGR
FGSS
ICE
IMO
LNG
LNGC
MARPOL

MEGI
MN
MON
NG
NOx
PM
RPM
SCR
SECA

A
. Revolutions per Minute, ¥%3] A4
_]

. Selective Catalytic Reactor, X&)%

Abbreviation & Acronym

: Boil Off Gas, S&7}2
. Chlorofluorocarbons, &3
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: Dual Fuel Diesel Electric, o] % d3Ax7]#

. Emission Control Areas, <7431 <

. Exhaust Gas Cleaning System, ®j7]17}2~ A 3}4x
: Exhaust Gas Re-circulation, ®}7]7}2~ A<=8H4%]

. Fuel Gas Supply System, & 7}2F 3 Al 28l

3}eks

. Internal Combustion Engine, uj<17]3%

. International Maritime Organization, =5 A3l A}7] =+

. Liquefied Natural Gas, ¢§3}H A7}~

. Liquefied Natural Gas Carrier, H&d A7}~ 2HkA

- International Convention for the Prevention of Pollution

from Ships, = A3 ¥ H = g eF

: MAN B&W Electronically Controlled Gas Injection
: Methane Number, = &7}

: Motor Octane Number, 7}&d 7138 S&7)

: Natural Gas, A7}

: Nitrogen Oxides, &4 4+3}&

. Particulate matter, YA =2
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X-DF : eXtra long stroke Dual Fuel
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A study on the Process Analysis and the Fuel Gas
Heating Temperature Change for the Improvement of
Dual Fuel Engine Fuel Gas Methane Number of LNGC

Yoo, Hyoung Soo

Department of Marine Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

As IMO’ s regulations of air pollutants emitted from ships are tightened,
using LNG as a fuel for ships comes to the fore as an alternative, for the
use of LNG as a fuel can notably reduce the production of SOx and NOx
as compared to the use of heavy oil as a fuel. Thus, various types of ship,
including LNGC are built as LNG-fueled ships. The LNG-fueled ships need
a dual-fuel engine and a fuel gas supply system. The dual-fuel engines are
classified into a high-pressure dual-fuel engine applying a Diesel cycle and
a low-pressure dual-fuel engine applying an Otto cycle according to the
gas fuel injection system. The low-pressure dual-fuel engine applying the
Otto cycle should consider Methane Number (MN) for the stable operation
of the engine. The MN is the value showing the anti-knock quality of gas
fuel. In LNG, several hydrocarbon components are mixed, such as methane,
ethane, propane and butane, and the more the composition ratio of
methane, the higher the MN gets. Dual-fuel engine manufacturers require
an MN higher than a certain level to prevent the knock of the engine.

Collection @ kmou



In an LNGC, freight is the fuel, and its MN differs depending on the
producing area of the LNG freight. If LNG produced in an area with an
MN lower than the value required by the dual-fuel engine manufacturer is
transported, abnormal combustion may take place in the dual-fuel engine
applying the Otto cycle, so a system that can enhance the MN is needed.
This study analyzed the process of the fuel gas supply system of an LNGC
equipped with a dual-fuel engine to analyze whether fuel gas would be
supplied stably and conducted a simulation, building up a heavy
hydrocarbon separation system to enhance its MN. Also, a study was
conducted to investigate changes in the MN and flow rate, according to
the heating temperature of the fuel to draw the optimum fuel heating
temperature at which it would meet the MN and most efficiently operate
the pump.

KEY WORDS: Natural Gas ; Methane Number ; Dual Fuel Engine ;
Otto-Cycle ; Heavy Hydrocarbon
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Fig. 1 MARPOL Annex VI NOx emission limits (A. Armellini, et al. 2018)
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Fig. 2 MARPOL Annex VI fuel sulfur limits (A. Armellini, et al. 2018)
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A 2 o]lFARI|HE FHES HAFJHAIIASHHA

2.1 A7}~ (Natural Gas)

2.1.1 A4

[>
o
A
o

Ao A3loA EEHE= 2AAA 7120tk Table 1
& HArtzo TR0 Y wHEsd TR 42 By S0l Wy
(CH) #o] 7474 o] Egso} glov), Ao met z4ne dolsi,

Table 1 Physical properties of Natural Gas (HA®, 2017)

Methane Ethane Propane Butane Nitrogen
CH4 C2He C3Hs CaH10 N2
Molecular
] 16.042 30.068 44.096 58.120 28.016
Weight
Boiling Point
-161°C -88.6°C -42.1°C -0.5°C -195.8
at 1 bar(abs)
Liquid density
at boiling 0.426 0.5441 0.5807 0.6018 0.8086
point (kg/m)
Gas volume
liquid ratio 619 431 311 222 694
at 1 bar(abs)
Flammable
e Non-
limites in air 5.3~14.0 | 3.1~12.5 2.1~9.5 1.8~8.5
flammable
by volume (%)
Auto-ignition
Temperature 595 510 468 365 -
(C)
Gross heating
value at 15°C 55,550 51,870 50,360 49,520
(kJ/kg)
7
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Fig. 5& 47t A& T WIRHCHY Y F¢ B9 & BAFt. wad 379
AAn g w2t 9k Myt Ak LEL(Lower explosive limit)2 w g2
A8 Lol 0% ~ 53% 4 o, 0% ~ 100%] HLE 7Fx ok LELo] 100%E 9
= XHRE S0 Hjoly wEe] AR Eo] 14% o]ifelH F i R olA
Hojdth LNGColA Argsts 142 7h2=ZA1719 3¢ LEL 30%0lA 74
A, LEL 60%°l4 7171 AA 5o &&o] dAo.

0% 53% 14% 100 %
by volume by volume by volume by volume
in Air in Air in Air in Air

I Non-Explosive (Too Lean) I Explosive Range I Non-Explosive (Too Rich) I

| —s%ofteL— | I [

0% LEL 100 % LEL

* LEL = Lower Explosive Limit * UEL = Upper Explosive Limit

Fig. 5 Explosive Limit of Methane
(https://www.shopcross.com/smart/lel-lower-explosive-limit)
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2.1.2 Werte] A9

 gk7HMN; Methane numbenE 7t2=d g9 &
wHer} olsfE f& 41 $ErHOctane number)

=
o SEle, AR Lol BASE BEFL F dEwAgol g e o)k

et br
o W
ol ox
2, o
O

r é
£ c
N
th g
(N
N L
o

& wBABN-heptne, CHIo] YERlE #xade S8 002 Hold g
otk SEFL 100 oltel A o] £S 8 waYge] AHuz BAH, S8}

£ AAFst= GRIGas research institute)dsH-& 21(1), 21(2<F Zth
2 MONS ZA3t7] fla st A7t A5 ASTM S87F 7}
A

o
S A g3tk 2l(1)& Linear coefficient relation 22l o], Table 2+ sig

MON = 137.78* X, +29.948* X, —18.193* X, —167.062* X, + 181.233* X; +26.994* X
ey

o, o714 X : mole fraction of corresponding component

Table 2 The number of subscripts for each corresponding components
(ISO/TR 22302, 2014)

Number 1 2 3 4 5 6

Component CHa C2Hs CsHs CaHio CO2 N2
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21Qe 29t g4 vl &(Hydrogen/carbon ratio) Ao whE A4k2 o]t
MON = —406.14+508.04* R— 173.55* R>+20.17* i® @)

o, 9714 R : ratio of hydrogen atoms to carbon atoms

Fig. 6= H/C ratio®} MON9] #A & HoF+= Zlolt.

Motor Octane Number vs hydrogen/carbon ratio

150

120 Hiasiaii

Maotor Octane Number

10 ermdbmmsigs

100

90 3.758

2.5 2.7 2.9 3.1 3.3 3.5 3.0 3.9 4.1
Reactive Hydrogen/Carbon Ratio

Fig. 6 MON as a Function of Reactive Hydrogen/Carbon ratio
(California Air Resources Board)
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21(3), W= SH7HMON)}F WEZHMN)S] s W3S 93k 2olth
MN = 1.445* MON— 103.42 3
MON= 0.679* MN+72.3 4

GRIZ} 2
29 B

Aol o]
7}2~¢] GRI

RHCHAO| A FEHCaH0) BE71A w8 2olth s1Ag A4 7}
oAt ¥ Be ©a RS 41 FARsFLr) EAene
43)E Tha 4old % 9Tk Table 3& SEUL ALE 93 A%

z2/4d Azol™, Table 4= 72 A& AFAE HAE

Table 3 GRI original composition data of gas fuels for octane test
(ISO/TR 22302, 2014)

Blend | Methane | Ethane | Propane | Butane CO2 N2 H/C
% % % % % % % %
1 100 - - - - - 4.0
2 95.0 3.0 0.5 0.5 0.2 0.8 3.89
3 90.1 6.0 0.7 08 0.7 1.7 3.82
4 85.0 6.5 3.0 1.0 1.0 3.5 3.72
5 88.3 7.8 1.2 0.3 1.8 0.6 3.80
6 84.2 8.5 3.7 1.0 2.5 3.72
7 84.2 8.6 2.7 1.0 2.5 3.72
8 82.1 14.0 1.2 0.7 2.0 3.71
9 75.0 25.0 3.33
10 82.5 17.5 3.48
11 88.9 11.1 3.64
12 92.5 3.5 1.0 0.5 1.0 1.5 3.87
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Table 4 The concentration limitation of each component
for octane test of GRI (ISO/TR 22302, 2014)

No. Component Limitation, mole fraction %
1 Methane = 75
2 Ethane < 14
3 Propane < 25
4 Butane + < 10
5 CO2 < 1.8
6 Nitrogen < 35
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2.1.3 AAE A7k

oX,
A
oX

=]
o

HAA7b2ze] AR AAEE 2o|7) 9t} Table 59 Table 62> ZF LNG Ef 7]
gl 2017 B 7k 240 wE wWErhs HoFth Table 55 #E7E 80
o]}, Table 6= W&7}F 80 w|whe] 42| & Ko ETh Fig. 72 2+ AHAE wWgrt
H3-S RoJFEHThe LNG industry GIIGNL ANNUAL REPORT, 2017). w&k7}<]

A571F AFANA AFetes £ AMZZ IR S ALESA .

(Wartsila methane number calculator)

Table 5 The Average Compositions by the different receiving terminals
(MN over 80)

Oric Methane | Ethane | Propane C4+ Nitrogen | Methane
rigin
& Cl (%) C2 (%) C3 %) (%) N2 (%) | Number
USA -
1 99.71 0.09 0.03 0.01 0.17 99
Alaska
Eqypt -
2 qu 97.25 2.49 0.12 0.12 0.02 91
Damietta
3 | Trinidad 96.78 2.78 0.37 0.06 0.01 90
Indonesia
4 96.91 2.37 0.44 0.15 0.13 89
-Tangguh
Equatorial
5 . 93.41 6.52 0.07 0.00 0.00 86
Guinea
Egypt -
6 &P 95.31 3.58 0.74 0.34 0.02 84
Idku
Algeria -
7 91.40 7.35 0.57 0.05 0.63 82
Skikda
8 Yemen 93.17 5.93 0.77 0.12 0.02 82
9 Peru 89.07 10.26 0.10 0.01 0.57 81

13
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Table 6 The Average Compositions by the different receiving terminals

(MN below 80)

. Methane | Ethane | Propane C4+ Nitrogen | Methane
Origin
Cl %) C2 %) C3 %) (%) N2 (%) | Number

1 | Norway 92.03 5.75 1.31 0.45 0.46 78
Algeria -

2 ) 89.55 8.20 1.30 0.31 0.64 77
Bethioua
Algeria -

3 88.93 8.42 1.59 0.37 0.71 76
Arzew
Indonesia

4 91.86 5.66 1.60 0.79 0.08 76
- Arun

5 | Nigeria 91.70 5.52 2.17 0.58 0.03 75

6 Qatar 90.91 6.43 1.66 0.74 0.27 75
Russia -

7 ) 92.53 4.47 1.97 0.95 0.07 75
Sakhalin
Australia

8 ) 87.64 9.97 1.96 0.33 0.10 74
- Darwin

9 | Malaysia 91.69 4.64 2.60 0.93 0.14 73

10| Oman 90.68 5.75 2.12 1.24 0.20 72
Australia

11 87.33 8.33 3.33 0.97 0.04 70
- NWS

12 | Brunei 90.12 5.34 3.02 1.48 0.04 70
Indonesia

13 90.14 5.46 2.98 1.40 0.01 70
- Badak

14 Libya 82.57 12.62 3.56 0.65 0.59 69

14
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Methane Number
100 2

95 |
90
85
a0

75 -
70 70 70 69

& 2 L
F > Q@Q Q,ob &
¢°¢p
bo

70
65
60
55
50

LNG Terminals

Fig. 7 Methane number of different LNG terminals
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2.2 INGC 531714 ¥

2.2.1 F71€HIA| 2H)

1960 o]3 2Tt LNGC
AZIHQ FIIERIA2EE =
°] LNGColl #-&o] Ho 3t}

2804 D= BOGES Aty st 1
U= FHHFO ; Heavy Fuel OiDeF AA7t2~ 25
BOG T o e} F/5 AH8(Fuel oil mode)sh= 744, HA7F2~E AH8(Gas
only mode)st= 7, 18lal Ffet HA7t~E I A&(Dual mode)dt= 3
7HA] 2=7) 9l Fig. 82 S7IH WA 2H ] AlFEE HolFt} (Dongil Yeo,
et al. 2007)

o 5y
5
)

HP Turbine

Main Boiler

Reduction

Gear
;/ LP Turbine
Main Feed
Water Pump
Turbine N\
A Main Condenser
A J

Fig. 8 Flow Diagram of Steam Turbine System
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2.2.2 °O)|FAEIF A/NFZ B4

434  o]|FA 87 :(4-Stroke Dual Fuel Engine)o2 FAH A7l FZ
(Electric propulsion) W28 7}A~2 =(Gas mode)9t t)A = =(Diesel mode)Z
B o] #Fo] o]Fojxith g 7] (Generator engine)S TEdte HE S
A 2kskar wl ZukSwitchboard for distribution)®} ¥ <}t7](Transformens A3 3
A 7HEAXRPM reduction gean$} AZAEHo] e A7) 33 _‘?_Ei(Electric
propulsion motors)E *+%&3le] FZ=(Propeller shaft)S 3] HAA A1dkg =32
3l= wrJolth. (Josko Dvornik & Srdan Dvornik, 2015) Fig. 9= 434 o]=
A=7HE A7) A 0 NE =S vERd Aot

GCU Electric
Dual Fuel > Motor
. Generator O=
BOG Comipression Gas Valve Gear
System 2 System : Box
i Dual Fuel <l
Generator
Liquid Dual Fuel 'l- Other Consumers
Fuel __  Generator "
Tank || Gas Valve I
System )
el Diesel Generator
4 Dual Fuel
e
N Generator

Fig. 9 System Schematic of DFDE (Daejun Chang, et al. 2008)
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2.2.2 29A A& o|lFHEIIH F7 T4
Fig. 102 23A A& o|FA= | F7 o gk Alx~do|th 284 A

A4 ddsel F¢ s A F/MIL & Yok
5

b x{oﬂl—

. o = -
ol 71 F4g Meshortel nhel ARstaFFA2E B Tier I 9T
7} An] =% ZAA ="} (Daejun Chang, et al. 2008)
Gou Dicsel Generator n—
BOG Compression + - i Diesel Generator -~
System
Ciher Consimers i
- IHesel Generalor -
!
BOG Trom Tanks |
Diesel Generator -
o — Emergency Generalor =
Slow Speed Two-Stroke Liquid
Diesel Engine Fuel
Tank
.-
Slow Speed Two-Stmoke
Diesel Engine

Fig. 10 System Schematic of 2 Stroke Low Speed DF Engine
(Daejun Chang, et al. 2008)
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Table 7 kA AES F7IHES &8 Hluzoth. FI7|HS 2 @A
AN FHEL] TAstER, dEHAo] T dedd 718l 23

A AL oledRVIHE &0l 7HE w=de Ae & 5 Ao

Table 7 Comparison of Propulsion Power Efficiency (%7, 2014)

, 2 Stroke Low Speed
Steam Turbine DFDE ,
Dual Fuel Engine
Fuel 100 % Fuel 100 % Fuel 100 %
Gas
Boiler 89 % DF Engine 48 % Injection 49 %
Engine
Steam
) 34 % Alternator 97 %
Turbine
Gear Box 98 % Convertor 98 %
Propulsion Shaft 98 %
98 %
Motor
Shaft 98 % Gear Box 99 %
Shaft 98 %
Propulsion Propulsion Propulsion
Power 29.1 % Power 43.4 % Power 48 %
Efficiency Efficiency Efficiency

19
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2.3 4B57t2FFA2H

231 dE87tA2FFA2Ee A

F3E& 28A 1dolTdRT|H 9 HHE 49 AgoledmnT|Hs HE&S
INGColl = 713e] EAo] = dA=st~z@FA2E(FGSS; Fuel Gas Supply
System)e] = Q3}c}. Fig. 11& FGSSe] +8 +4 AXES HAFT)

s

5¢t 7k~ 4=7] (5 Stages compressor)

- B85 zjAsA| 28l (PRS ; Partial Re-liquefaction System)
- 7}~ A47] (GCU ; Gas Combustion Unit)

- 218 2 At H= (Pump)

- 7]13}7](Vaporizer) 2 7}27] (Heater)

Compressor (5 stages)

300 bar
SIS S 300 bar i
) 2 =T T MEGI
| i
PRS Geu/iee i :
i 6bar i
i
i i |
Valve 4 | 300 bar A
i e ]
J I
Seprator % Pump Vaporizer | i
: i |
: | 6bar |
L4 1
& L~ DFGE
6 bar
Cargo Tank Heater

Pump

Fig. 11 Main Equipments of Fuel Gas Supply System
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232 & EAo & A8/t 2FIANEH &4
INGCE -163C 9 AStHATI2E o] Fst= Ayt ]E]r Fig. 12= LNGCe] &
o] e ASTtEFFAIAE 8o e Aoltt v 3sl(Laden voyage)<t
=133l (Ballast voyage)Z U= < At
Ballast Voyage Loading Port  Laden Voyage \
Cooling Down

Sea Going at not enough BOG Condition

A

Depending on Cargo Tank Pressure

«

Dep
Pump + Vaporizer + Heater
Compressor + PRS (+ GCU)

Sea Going at Excessive BOG Condition

Discharging Port

Y

ending on Cargo Tank Pressure

Compressor + PRS
GCU / Vent

7

€

Fig. 12 Voyage Profile of LNGC (23] %k, 2009)
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ING 3&EE 98 YdS uxlm Al XMF3s7] 28] LNG 2 3skaH(Loading
F ER I e Heelolgte 4% LNGZF Holdth

=3 e dg B ouizd(Cooling down)e 3 Aol
Cooling downe]#t LNGE A1 #3}7] 93] Loading Port 3 Aol & ®HIE
WAANAFE Agoelty. T&3] d4HA &S FHY 3= ®=o| -163C 9
LNG7} frde]l =Y 543 5 W mE 'as HEd 843 AAY 5
o FxEo d88s Ut g d8Y BAS HLiFEr] sl
Loading port 943 Zlo Spray pumpE ©]&3}a] Heels ©o|%3dle] & &3 A
o A EHo S+ Nozzles 3 BAWFTEZ EARRT. &4 LNG= 7138}
£ ot BAaulFe 255 Ak HoiA|Al "o o]E Cooling down 2ty o]zt
I gtk FAEE] 7)3tells SRS BOGZE #HASHA] dormz AR INGE

9

o]%3te] PumpE %3l 71¢slal 71817](Vaporizen) & 58 718417 A8 71>

=
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233 JlEA=s|Re BF
() B4 Afol2e HEd 1ol

7€ B2 yAaridel H&EHol AR < AAZIWME Engine ; MAN
B&W Electronically Controlled Engine) & % UAASE F A8 A3}
= Z]¥olth. o] Z]#d JtAAEE AR JhsshAl AlEdE Aol MEGIMAN
B&W Electronically Controlled Gas Injection)”]3#o]™, 7|4 deje] 7t2A8E
AL 300 bare] hHog RAE AAFE HEO ARIJIEFFALHC
g g5ttt

A2 713 ME engine)3+= 28] 7F2 338 #(Gas supply pipes), 7FZ2=EAME B
(Gas injection valves), 7}Z=8]E5(Gas distributor block with internal

accumulator) 18]al EAZFAA|o]& WH7} U2 AX =T (XY, 2018)

astel AR MEGIE 300 bare] 11gte] 7k ARE AW Ao
A5 WEHE T AdY HE ZAEte das st WA oE OAr|#e of

50%8 dEa&S FASHH, =38 BV ddy Y=
Abst7] wiEoll 7k ARV A™E WelA A4t HA e AE i7IVAE
WA 7= W e Y (Methane slip) @4Fo] @AlsLR] ¢k}

oA Ato] Z(Diesel cycle)s= &3 IYolFAEIHS &8
Al A-Y el 25 Asog Qs FAaAEENOXS e
2}4] MARPOL®] Tier Il 1Al & RHE38bA] el daAbsl=9] W& &°17] ¢
st M5 o] AuE =3 oF gt} (Dag Stenersen, Ole Thonstad, 2017)
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o] x| 7}_/: A8=2 AL AL 0B /\}Olﬂ(Otto cycle)ol X—q.%ﬂxl”&, Su
A dg=s A}%ﬁ A ™A Aol ZDiesel cycle)o] &&=+ 7]Holtt. 23
A 718 A9 oF 16 bar, 4384 7199 A ¢ 6 bare] AE7I~ Eol &
THY L& /\PO] < AE&3 B dLE s 2FY Hsed(Piot OiDo]
g a3ttt

28 AgolFAR7IHe ¢ Win GD(Winterthur Gas & Diesel) A}2)
X-DF(eXtra long stroke Dual Fuel) 7]#o] ti&Z o]t} X-DF 7|# 4=34H
<ol 29y goly FXER-IA 16 bard] 7t2=E AR F7)9k 7t=A BT
E5to] v 3719 7t d B8 ERE VIAE Y 22Eo] ¢Fdte] AFARRI(TDC
; Top Dead Center) ¢lolA] H3}lg& AR (Pilot OiD)7F EALE O] 23171 o] Fof
ok (7891, 2017) Fig. 132 X-DF 7|#¢] 7}~ #ALe} A3 Bal& BojE
o},

Fig. 13 The 2 stroke DF principle with gas Emission(left) and
ignition(right) (Andrea Tucci, 2015)

24

Collection @ kmou



Fig. 14= 43874 Adolsds8r|#e td REoAd PAH & BAFEH T
2 HAFE AHESte tA RECAE A Ale]Zo] AE&HT WA F713
AAA 717 AAHE A9 453 EBAAE A8 3718 J=8
o] TDC7HA st dF3th A4LBAHONA d=H 370l A57F EALE
W A4V oy A-YE SHAPE@BDC ; Bottom Dead Center)7bX] &17FA]
. w71 PAHD)E TAl g 2=Eo]l GARZEA AeS sHHA HZ|ER
(Exhaust valve)7} €2 AT W] wj7|7t227} wiEEoh

l

A -Intake B - Compression C - Combustion D - Exhaust

Fig. 14 Illustrates the different work stages in Diesel Mode
(Ignacio et al, 2016)
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Fig. 15= 4384 AYgolsAmr|#e] 712 REoA9 A& HoEh 7t
AEE AE3hE 7h2: REAAE LE Afo]Zo] AHgHth F71480)NA A
S7taE F719F &3] o]FoixH AdE yE fgde] "k d7|A 7k A
59 FY "2 oF 6 barolth. AFAAHAMB AN F2=EC] FFdte] dse}
717 £FE 7AE EFIT AAPHOAAE g 93 EH 71A
o &we] Az d(Pilot oilo] EAE O] A4V dojur FAES SHAHEZEA
dolEth HiZ|PAHD)A A= A Apo] S np7tA 2 thA] F]2~Eo] AR
A A4S stHA wl7|W B (Exhaust valve)7F €8 AdE el w7 7t27}
v EH o

_

l

A -Intake B - Compression C - Combustion D - Exhaust

Fig. 15 Illustrates the different work stages in Gas Mode
(Ignacio et al, 2016)
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Table 82 ©

1%
ARN2FF %Y

EA dlno|t}, Z+

7ol S0 wet

7t gFA2E ] Zol7h Ut

Table 8 Comparison of Engine type (ZZ1€, 2018)

MEGI DFDE X-DF
MAN B&W
Engine Electronically Dual Fuel eXtra long
Controlled Gas Diesel Electric stroke Dual Fuel
Injection)
o Rolls-Royce WinGD
Maker (MAN Diesel & MDT (Winterthur
Wartsila
Turbo) Hyms Gas & Diesel)
Required
Fuel Gas 300 bar Solons® 7 MDA 16 bar
pressure

Adjusted Cycle

Diesel Cycle

Otto Cycle (Gas)

Otto Cycle (Gas)

Diesel Cycle (FO)

Diesel Cycle (FO)

HP Pump
FGSS HP Vaporizer LP Vaporize + | LP Booster Pump
Components (HP Compressor PBC + LP Vaporizer
for LNGC)
Satisfied in Satisfied in
Gas mode Gas mode
Tier I Need SCR of Need SCR of Need SCR of
EGR EGR in Diesel EGR in Diesel
mode mode
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3t7] Aol o &

S

bol wigko] QA

)

of da AZI7F el

Hn =
=

J

!

e A7t

1.8 20 22 24 26

1.0 12 14 16
Air / Fuel ratio
Fig.16 Ideal Operating Area of Lean Burn Gas Engine
(Dag Stenersen, Ole Thonstad, 2017)
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A3 A O)FAR/|F A8/tAY vt FFE YT TAH B4

311 oA 49 2 7o A
INGC dBgFA-del 34 wAE 913 By A Ago] Bastar. 7
NBE nYIFAS/BA BAE AL FARS Bol %XHH 3o e

Table 9 Principal Particulars of Target Ship

Target ship

Specification

- Type of Cargo :
- L.O.A : Abt. 295m

- Cargo Tank Capacity :

Liquefied Natural Gas

174,000 mt

- Number of Cargo Tanks : 4

Liquefied Natural | - Cargo Tank Type : Membrane
Gas Carrier - Service Speed : 19.5 knot
- MCR : 21,690 kW
- Propulsion Power : 12,050 kW x 68.2 rpm (MCR)
10,845 kW x 65.8 rpm (NCR)
- Number of Propulsion Shafts : 2
29
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Table 102> th/dAlvdrel F713 2 8 Bzr|#e) F8 AdS HAFTh
F713-& MARe] 2884 Cross head type2] atolFAR7|Ho|H, 2HERZ T4
o] Fojgitt WAL HE7|HLS Trunk piston typed] 434 A gto]ZAz AR
oM, 4 ERZ FA o] HoldH

Table 10 Principal Particulars of Main & Aux. Engines

Unit Name Specification

- Type : Electronically controlled two-stroke
cross-head type

- Number of sets : 2

Main Engine
- Output : 10,845 kW
- Normal Speed : 65.8 rpm
- Fuel Gas Injection Pressure : 300 bar
- Type : Vertical in line 4-Cycle, trunk piston type
- Number of sets : 4
Dual Fuel

- Output : 3,360 kW

Generator Engine
- Normal Speed : 720 rpm

- Fuel Gas Injection Pressure : 6 bar

30
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312 T4 £4< A% BHEAY A4

g AHute] dAmstazIA el ZA  walModeling) 2 BEALS 93
Aspen HYSYS (ver.10) Z=15& At

o7 A AA 9 2dde 433}

op

stach 34 e FuEe A

Peng-Robinson Aeg2]e 32+ Aejibg2oly gs449 PVI(Pressure
volume temperature) 41 9% WA 2ojth o] 2412 A=A AH = 9
Fa] ALte] 7hsstEg A4
£x 2(5)eF Zo| xdH

_ RT N\ aX o )
Py T TV (V. +b)+b(V..—b)
R = Gas Constant

V,, = Molar volume

21(5)¢] a+ Energy parameter o|# UAILE 24 2((G)oE FHAT

2T2

a=0.45724 P (6)

21(5)¢] b= Size parameter oW UAUH Y FFEA A(NE E3

o
it
o

Iz : (7N
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21(5)¢] as= alpha function® 2 7 H&9 bl HAAAS Fhroln,
TR LEdd w2 ZU| AxkE 9 Helth oo 2l®), Dk 2ol
xdEo

a=[1+m1— /1)

8)
m = 0.37464 + 1.54336w — 0.26992w7° 9)
2 Ao A HAIA o e 21007 2o}
a = [1+(0.37464 + 1.54226w—0.26992uw?) (1.0 — T27)]? (10)
w : Deviation Factor
E =% Peng Robinson JejHA2 S AsFIA2= FAMNT 7% 4
B 24

9202 NASAT (243,
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3.2 ABIIAZFIA2H B

=S 3 oF 14 bar2 7+t }f_% e

E B3 °F 6 bar2 ZYsty LHE olFAYART|H F
goh =715 T A olFdmT|Hd A8Vt F 2
o] FEaokgttt. o= BOGe o] Fs|oFsttiE 2jnolt.

=
2
=
Q.
=)
0Q
<
=)
<
@
N—

BOG7} S&3kA &oF Ba hgol W2 A5, ' Uil AXd oF

w5
H=z 2 =3 dqd82 7134 Compressor Roomol] $x]3F 1tHZZ o]

stal, 29t BEZE Tl T8 dEH7A IAASE JEdetr 300 bar7kA] 7F
AdE AAARE 7|87 |(Vaporizen) S T3 dAANA 7AZ AHEIE AAF
t}. 300 barZ 7igte]l B A8/t AE e FARI| B TFo] Ht olF

Q)

[ =] =

e AYEEE S 6 barZ AU, 7HEVE 5 2= e F A&
o

fol g ey dol EFHAT 7187 9 71dr)e] Adde F7SteamE A

op
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Fig. 17 Fuel Gas Supply System for MEGI & DFGE
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Table 11 wHA&tsfl(Laden Voyage) Al AM8st= A87F2~ ¢4=7](Fuel Gas
Compresson)®] = TAE 2=9 4=EHS AHESATh d=7]

T a8l SEHI JolA dAStE BOGE 300 bar o]do 2 Fb& &

Table 11 Condition of 5 stages FG Compressor (Laden Voyage)

Suction . Discharge .
Stages of Suction Discharge
Pressure Pressure
Compressor Temp. (C) Temp. (C)
(bar) (bar)
1** Stage 0.10 -10.5 3.3 146.0
2" Stage 3.3 36.3 13.9 155.3
3" Stage 13.9 36.7 38.6 167.7
4™ Stage 38.6 37.0 95.9 123.5
5™ Stage 95.9 39.3 302.6 143.4

H=7] 7 @ellA Jigte]l @ 7h Al B oA g &
o7 o]FHy] Ao F&F Wyzto] o]FolHol3tn}. Table 12+ 57| 2
ZT 2o AX"o] & WZ7(Coolens A HEHE RoZErh dX(Heat
sink) 28 Z(GlycoD® A4 (Fresh water) EdAA oty F8 I Hs9 &
)= 0.45:0.550] T}

Lo
e
b
rlr
>
0[}«
0{1

P o

A<

Table 12 Condition of Coolers for FG Compressor (Laden Voyage)

Inlet Inlet Outlet
Pressure (bar) Temp. (C) Temp. (C)
1** Cooler 2.1 30.0 35.0
2" Cooler 2.1 30.0 36.5
3" Cooler 2.1 30.0 33.0
4™ Cooler 2.1 30.0 36.0
5™ Cooler 2.1 30.0 42.0
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ol aHlskeE AHA 9 LNGSI 7hetE2 7R 7} 755 AA sk

Table 13 2017d =714 ING =9 @32 Ued Zojt 7iel=
7y 227F 35.4%E 7V B HlEE AATT HdFo®E TF JFAT) 164%E 2
$th. Table 14= AAE 7IElZ 7129 AEzo|t. wE AdEo] 90.91%°]H
g3l 2A4v e Wi wEvke 7501tk mErke A4k olFdwrIH Az
Aboll A AlFsle el AXEZzaRe AREIYU. (Wartsila  Methane

Number Calculator)
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Table 13 LNG Import Status, 2017 (KOGAS)

(2017.12.31. 71, @93 E)

= 7} EdFE He) HZ (%)
7}el= 11,720 354
= 5,415 16.4
29k 4,247 12.8
e o] Al o} 3,194 9.7
A= Ao} 2,204 6.7
2] Ao} 1,804 5.5
u) = 1,656 5.0
HF1}o] 1,417 4.3
Lpo] A 2] o} 506 1.5
7| e} 900 2.7
A 33,063 100.0

Table 14 Compositions of Qatar Gas
(The LNG industry GIGNL ANNUAL REPORT, 2017)

Compositions %

Properties (Mole Fraction)
Methane CH4 90.91
Ethane C2He 6.43
Propane CsHs 1.66

i-Butane CsH1o 0.74
Nitrogen N2 0.26
Methane Number 75
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Table 15 Condition & Composition of Fuel Gas at each streams

Condition & - : ’ ! °
Composition Pump Pump HP. Pump | Vaporizer | Heater
Inlet Outlet Outlet Outlet Outlet
Pressure [bar] 1.137 6.137 300.8 300.5 6.0
Temperature [*C] -160 -159.3 -143.3 55.0 47.0
Mass Flow [kg/h] 2600 2600 2600 2600 600
Methane CHa4 90.91 90.91 90.91 90.91 90.91
Ethane C2Hs 6.43 6.43 6.43 6.43 6.43
Propane CsHs 1.66 1.66 1.66 1.66 1.66
i-Butane Cs4H1o 0.74 0.74 0.74 0.74 0.74
Nitrogen N2 0.26 0.26 0.26 0.26 0.26
Methane Number 75 75 75 75 75
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Fig. 18 Simulation Concept of Heavy Hydrocarbon Separation System
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Hes AL og, ZE3, RE FY AES dARdA EEste Zolth
Table 16 LNG 7} =43 ¥]5 % [Boiling point)S HoJFr}h AT~ &EE
HIA 7™, A2 T8 vl et dAldA ZIA = dHIEE sHA "o

(x4, 2018)

7)ol A W EHCHY)L ~161C oA 1l S8

Bk R WA AT BEFE

15 410] ol

ol EH(CoHp)& -88.6C ol A vl &

2O H =

2 9lth. Fig. 19%

r]

exsh o] e 7 JREo) HSHe gk LeLolth.
Table 16 Normal Boiling Point of LNG compositions
Methane | Ethane | Propane | Butane | Pentane | Nitrogen
Chemical
CH4 C2Hs C3Hs C4H1o0 CsHi2 N2
formula
Boiling point
-161C | -88.6C | -42.1C | -0.5TC 36.1C -195C
at 1 bar(a)
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Fig. 19 Liquefied Gas Vapor Pressure Curves

(https://commons.wikimedia.org/wiki/File:Liquefied_Gas_Vapor_Pressure_Cur
ves.PNG)
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Fig. 20 Concept of Heavy Hydrocarbon Separation System
(H.Uwitonze et al, 2014)
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Table 17 List of Target LNG

7}EL= (Qatar) 2] H] o} (Libya) oW (Yemen)
Skdl = LNG €717} w gk7} 800] 4
A7
=Y 19 (35.4%) 7 w2 A =+
Table 18 Compositions of Target LNG
_ Qatar Libya Yemen
Properties — — —
Compositions % Compositions % Compositions %
Methane CH4 90.91 82.57 93.17
Ethane C2Hs 6.43 12.62 5.93
Propane Cs3Hs 1.66 3.56 0.77
i-Butane CsHio 0.74 0.65 0.12
Nitrogen N2 0.26 0.59 0.02
Methane Number 75 69 82
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Table 19 Required Fuel Gas Pressure and Amount for Engines

Fuel Gas Supply Fuel Gas Amount
Pressure [mass flow]
Main Engine
300 bar 2000 kg/h
(MEGI, 2sets)
Gen. Engine
7.182 bar (abs.) 600 kg/h
(DFGE, 4sets)
Min. Amount 2600 kg/h

-130C~ -50C = AAsr. == He 24 7]

oF 130T A%l AZEHo] aTHAE Ha

'9‘ a-
Fol FAHEJLH H0Colete] 250 A4 7h=So &S0 =F v

= et 27 e= W9lE WS
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Fig. 23 Variation of Methane Number by Fuel Gas Heating Temperature
(Case of Qatar Gas)
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Table 20 Result of Simulation (Case of Qatar Gas)

Qatar Gas Origin -130 -120 -110 -100 -90 -80 -70 -60 -50
Methane CHa4 0.9091 | 0.9963 | 0.9887 | 0.9751 | 0.9564 | 0.9394 | 0.9264 | 0.9155 | 0.9091 | 0.9091
Ethane CzHs 0.0643 | 0.0011 | 0.0087 | 0.0219 | 0.0394 | 0.0534 | 0.0606 | 0.0636 | 0.0643 | 0.0643
Propane C3Hs 0.0166 | 0.0000 | 0.0000 | 0.0004 | 0.0015 | 0.0042 | 0.090 | 0.0142 | 0.0166 | 0.0166

i-Butane C4H10 0.0074 0.0001 | 0.0004 | 0.0014 | 0.0041 | 0.0074 | 0.0074

Nitrogen 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026 | 0.0026

TTL 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
Methane Number 75 100 98 94 90 86 82 78 75 75

TTL Mass Flow [kg/h] 5461610 9610.00 | 2799.10 | 2726.30 | 2684.31 | 2654.09 | 2631.78 | 2612.10 | 2600.00 | 2600.00

HTRMgisﬂeFtlo[\lfg/h] 7610.00 | 799.10 | 726.30 | 684.31 | 654.09 | 631.78 | 612.10 | 600.00 | 600.00

Mass Flow Min.

for DFGE [kgh] cop | 60000 | 600.00 | 600.00 | 600.00 | 600.00 | 600.00 | 600.00 | 600.00 | 600.00

Mass Ialfg‘;“h]Ret“m 7010.00 | 199.10 | 126.30 | 84.31 | 54.09 | 3178 | 12.10 0.00 0.00
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Table 21 Result of Simulation (Case of Libya Gas)

Libya Gas Origin -130 -120 -110 -100 -90 -80 -70 -60 -50
Methane CH4 0.8258 0.9916 0.9850 0.9697 0.9447 0.9116 0.8790 0.8522 0.8303 0.8258
Ethane C2Hs 0.1262 0.0025 0.0090 0.0240 0.0481 0.0787 0.1051 0.1199 0.1257 0.1262
Propane (CsHs 0.0356 0.0000 0.0001 0.0004 0.0013 0.0037 0.0096 0.0205 0.0332 0.0356
1-Butane C4Hio 0.0065 0.0001 0.0004 0.0015 0.0049 0.0065
Nitrogen 0.0059 0.0059 0.0059 0.0059 0.0059 0.0059 0.0059 0.0059 0.0059 0.0059
TTL 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Methane Number 69 99 98 94 89 83 78 74 70 69
Min.
TTL Mass Flow [kg/h] 2600 7115.00 | 3099.00 | 2908.70 | 2821.90 | 2750.40 | 2691.95 | 2646.26 | 2608.07 | 2600.00
Mass Flow
5115.00 | 1099.00 908.70 821.90 750.40 691.95 646.26 608.07 600.00
HTR outlet [kg/h]
Mass Flow Min.
600.00 600.00 600.00 600.00 600.00 600.00 600.00 600.00 600.00
for DFGE [kg/hl 600
Mass Flow Return
4515.00 499.00 308.70 221.90 150.40 91.95 46.26 8.07 0.00
[kg/h]
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Table 22 Result of Simulation (Case of Yemen Gas)

Yemen Gas Origin -130 -120 -110 -100 -90 -80 -70 -60 -50
Methane CH4 0.9317 0.9986 0.9893 0.9727 0.9516 0.9379 0.9317 0.9317 0.9317 0.9317
Ethane C2Hs 0.0593 0.0013 0.0105 0.0269 0.0468 0.0569 0.0593 0.0593 0.0593 0.0593
Propane CsHs 0.0077 0.0000 0.0001 0.0003 0.0015 0.0048 0.0077 0.0077 0.0077 0.0077
1-Butane C4Hio 0.0012 0.0003 0.0012 0.0012 0.0012 0.0012
Nitrogen 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
TTL 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Methane Number 82 99 97 93 88 85 82 82 82 82
Min.
TTL Mass Flow [kg/h] 2600 4760.00 | 2730.40 | 2670.50 | 2632.16 | 2610.37 | 2600.00 | 2600.00 | 2600.00 | 2600.00
Mass Flow
2760.00 730.40 670.50 632.16 610.37 600.00 600.00 600.00 600.00
HTR outlet [kg/h]
Mass Flow Min.
600.00 600.00 600.00 600.00 600.00 600.00 600.00 600.00 600.00
for DFGE [kg/h] 600
Mass Flow Return [kg/h] 2160.00 130.40 70.50 32.16 10.37 0.00 0.00 0.00 0.00
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