creative
common

C O M O N § E E D
& X EAI-HI el Xl 2.0 igel=
Ol OtcHe =2 E 2= F R0l 86tH AFSA
o Ol MHZE= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok §LICH

MNETEAl Fots BHEHNE HEAIGHAHOF SLICH

Higel. Adt= 0 &

o 7lot=, 0l M= MOISOILEBHES B2, 0l H&E=0 HE= 0
S Tt LIEHLHO10F S LICH
o HEZXNZRH EE2 oltE O 0leiet 2AE=2 HEBX E&LICHL

AEAH OHE 0lSXAt2 Aeles 212 LSS0l 26t g&

712 (Legal Code)E Ololiotl| & £

olx2 0S5t

Disclaimer =1

ction

Colle


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

Thesis for the Degree of Master of Engineering

Characteristic of Cryogenic Cascade LNG

Liquefaction Process

by
Seung-tack Oh
Department of Refrigeration and Air-Conditioning Engineering
The Graduate School

Pukyong National University
November 2009



Characteristic of Cryogenic Cascade LNG

Liquefaction Process
(EME HAAAO0E LNG HSHAIOIZ §4)

Adwvisor: Prof. Jung-In Yoon

by
Seung-tack Oh

A thesis submitted m partial fulfillment
of the requirements
for the degree. of

Master of Engineering

in Department of Refrigeration and Air-Conditioning Engineering
The Graduate School
Pukyong National University
November 2009



Charactenistic of Cryogenic Cascade LNG

Liguefaction Process

A dissertation f
by )
Seung—taek: Oh

(Gﬁairman)

Kwang-hwan Chol ~ Jung-in Yoon
~ [
(Member) (Member)

November 2009



CONTENTS

CONTENTS ..................................................................................... I
NOMENCLAT[JRE ............................................................................ ”I
ABSTRACT .................................................................................... IV
| Introduct'lon ............................................................................... 1

1' BaCkgrOund .............................................................................. 1

9. Previous StUAIEs «+ecteetereteeeererrteneerttittieiitiiieteiitiiiiiiitiiiiiieiiiennes 3

3. ObjeCt Of research ..................................................................... 4

“ Simulau'on MethOdS ..................................................................... 5

1. BaSiC CaSCELdC Liquefacti()n Process ................................................ 5

2. BaSiC Concept ()f ResearCh .......................................................... 5

3. Equatlons ................................................................................ 7

I” Simulaﬁons ................................................................................ 9
1. Two Staged Cascade Process using Inter=cooler ««:ettsesrrrereeerrinieeeeeees, 9

2. Two Staged Inter-cooler Cascade using Liquid-gas Heat Exchanger ««:---- 9

3. Two Staged Inter-cooler Cascade using Expander ::oocceeeeeeeeesmeeeeeaee.. 10

|V Results and Discussions ............................................................... 14
1. Two Staged Cascade using Inter-cooler ==+« teesremsermermtni . 14

2. Two Staged Inter-cooler Cascade using Expander ::::eeeeeeeermmeeeereeeeees 30

3. Comparison of Performances as Each Process «:ereooeeremmeeeemmieeiineee. 35

V Conclusion ............................................................................... 39
References .................................................................................... 40



ACknOWle dgement ........................................................................... 4 1




NOMENCLATURE

. Propane

. Ethylene

: Methane

. Pressure

: Volume

. Gas constant

: Temperature

: Mass flow rate

. Enthalpy

. Refrigeration capacity
: Compressor work

Coefficient of performance

. Evaporator
: Compressor

Subscripts

. Inlet

. Qutlet
. Middle
: High

: Low

-]

-]

-]
[kPa]
[m’]
-]
[€]
[ka/s]
[ki/kg]
[MW]
[Mw]
-]



Characteristic of Cryogenic Cascade LNG Liquefaction Process
IS

Seung-tack Oh

Department of Refrigeration and Air-Conditioning Engineering,
The Graduate School,

Pukyong National University

Abstract

In this paper, several types of natural gas hquefaction process with 2 staged
compression cascade processes are designed and simulated” to develop the
liquefaction ‘process -which is the core technology in the Industry, of natural gas
liquefaction plant. These include the cascade cycle with inter-cooler which is
consisted of Propane, Ethylene and Methane cycle. After this, two liquid-gas
heat exchangers are applied to between methane and ethylene' cycles, and
between ethylene and propane cycles. Moreover, the expander 'is applied to
above cascade, process. Also, these cycles are compared with basic cascade
process. The compressorswork and refrigeration capacity of two staged cascade
process with inter-cooler are-.16.349% and  3.069% lower than that of basic
respectively and COP of that 1s—15.889% higher than that of basic process.
Liquid-gas heat exchanger process showed about 18.77% and 6.36% lower
compressor work and refrigeration capacity, and 15.27% higher COP than that
of basic process. At last, compressor work and refrigeration capacity of
expander process 1s 19.04% and 6.77% lower and COP of that 1s 15.88%
higher than basic cycle respectively. Also, the yield efficiency of LNG has been

improved comparing with expander process by 18.99% lower specific power.
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I. Introduction

1. Background

Natural gas from gas field i1s mixture with methane, ethane, propane, butane, etc., and
methane accounts for about 80% of these components, and normal boiling point i1s about
-162°C. Natural gas accounts for 14% of primary energy source in Korea and it is
mmported and used with the volume of about 26 million ton per annum from overseas.
Furthermore, Natural gas 1s being preferred as the green energy which is colorlessness,
odorless and non-toxic and the consumption rate of natural gas is increasing according to
the increments of international-oil- prices. There are~LNG(Liquefied Natural Gas) and
PNG(Pipe-line Natural gas) types in the transportation of natural gas, and LNG type has
more advantages than the existing PNG type for the following reasons. First, LNG type
can solve the problem of ‘a long.distance transpertation by handling' liquified natural gas
that has smaller /1/600 volume' than gaseous natural gas. According to this reason, limited

gas field that 1s far from the market can be developed.

1.1. Liquefaction Process

Fig. 1.1 shows Whole natural gas liquefaction process. Liquefaction process is divided
mto four processes such.as: natural-gas extracting process from the gas field, pre-treatment
process that includes acid gas, dehydration, mercury .removal and heavy hydrocarbon
removal process, liquefaction process, and storage process. Liquefaction process, it is

simulated m this study, 1s a core technology m the whole process in which pre-treated

Boiled Off
Gas
) Dehydration . LNG
‘;C'd Ga? —>| & Mercury :ea‘"esl Storage and
emova Removal emova Loading

Fuel Gas
System

Fig. 1.1 Natural gas liquefaction process



natural gas is cooled to under -162°C using refrigerator and liquefied. Generated flesh gas
i the process and BOG(Boiled Off Gas) in the storage tank are used to fuel of gas

turbine to operate compressors and re-liquefaction.

1.2. Trend of LNG Market

According to policy of energy diversification and growing consumption of natural gas,
some countries which are not easy to approach to PNG gas field have started to introduce
LNG which 1s one of the natural gas transportation type. However, High cost liquefaction
facilities and special facilittes such as a transport ship, storage tank and vaporizer are
required because of characteristics of liquefaction process. Investment of LNG facilities 1s
Increasing as a increment of raw materials' cost and a lack of professionals recently, but
investment of transporting chain to transport produced LNG about 400 MTPA (Million
Ton Per Annum) required 5~ 10-bilhon dollar generally. For these reasons, Natural gas is
traded mm about 776 BCM (Billion Cubic Meter) that 1s-26.6% of the natural gas
consumption with 2922 BCM, and 22.6% of this, LNG with 226 BCM, 1s traded and
took possession only 7.7% all overrthe world . 2007. The other hand, 15 countries are
producing and 20 countries are introducing ILNG about 171 million ton except existing
producer according as Equatorial Guinea and' Norway launched to produce LNG after
2007. The amount of LNG mmportation in Asia accounts for nearly 66% of total amount
of importation around East asia 3 countries( Japan, Korea, Taiwan) which is not easy to
approach the gas field of PNG type, and supply of LNG from Middle East and Pacific
area accounts for 65% of this.-Hereafter, the advent of swing producing district which 1s
located in the Middle East such as Qatar_and_a source of supply such as North America

will be expected to mmprove LNG market-to ‘be globalization to promote

300

I Atlantic
25 Middle East
i B Pacific
Fal )
100
50
0 4 — | |

e S . 201€
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Fig. 1.2 Prospect of LNG supply



revitalization of financial transaction and short term transaction around LNG producing
district. Prospect of LNG supply all over the world i1s shown in Fig. 1.2. According to
‘Wood Mackenzie, supply ability of LNG supply projects which are in operation or under
construction will be expected to increase 100 million ton rapidly from 2007 with 177
million ton to 2012 with 270 million ton, and three countries, the Pacific, the Middle East
and the Atlantic, will be gotten ability of LNG supply about 1/3 each of whole LNG
supply. In the Pacific area, new liquefaction plants are being operated after 2008.
According to this, ability of LNG supply will be increased up to 30%, and also. LNG
supply ability of the Atlantic area is being on the steady increase as advent of new LNG

producer, Egypt, Equatorial Guinea, Norway and etc.

1.3. Trend of LNG Plant Market

Natural gas liquefaction industry has been in the spotlight recently as a higher
value-added industry. However, some developed companies ‘monopolize the liquefaction
plant market, so developing company is in the difficult situation to.get mto the market of
LNG plant. Market trends of LNG™ Liquefaction. process are. shown ‘in Fig. 1.3 and 1.4.
Japan(JGC and Chiyoda) and the U.S.(KBR and Betchtel) occupy about 97% in the LNG
plant market. In the patent, the U.S. occupies about 809% mostly. Korea also occupy about
1.19, but it has not great influence on this industry. A review of patent trend the U.S. is
devoting to techmque' of liquefaction process and Japan' and France are doing

pre-treatment process, and-Korea and German are doing storage process.

etc3%

-

Bechtel
JGC 19% KBR&IJGC

5%, 34%

KBR 9%

Fig. 1.3 Market share LNG plant EPC



Europe Korea
14.6% 1.1%

Japan
4.3%

Fig. 1.4 Share of patents

2. Previous Studies

The researches ‘and developments are started m 1960s. Shell company |analyzed strengths
and weaknesses of cascade process and expansion process using mixed refrigerant and
nitrogen through, the simulation,. D. L. Andress of Phillips ‘company described about
development of Optimized- cascade “process, Kikkawa et al. simulated mixed refrigerant
liquefaction process using~pre-cooing loop and expander with CHEM CADIII software,
Terry et al. analyzed and Coﬂli)ared Tepresentative liq'u;':factj(')ﬁ process with Hysys software,
Wen-Sheng Cao et al. simulated liquefactic;n process using refrigerant which mixed
nitrogen and methane with Hysys software, and then compared performances with mixed
refrigerant liquefaction process. In the Korea, Yoon et al. simulated cascade process with

Hysys software, and then offered basic data to this research.
3. Objective of Research

Independent licenser of liquefaction process and development of EPC (Engineering
Procurement and Construction) technique are required to secure the competitive in the
world market of LNG plant as the higher value-added industry. In this research, Cascade
process which is one of representative liquefaction process 1s simulated with applying
several cases and analyzed characteristics of performance to offer basic data of liquefaction

process development.



II. Simulation Methods

1. Basic Cascade Liquefaction Process

In this research, cascade process which is the beginning of liquefaction process plant is
simulated. Schematic diagram of basic cascade process 1s shown in the Fig. 2.1. This
process cool natural gas gradually using three kinds of pure refrigerants (propane, ethylene,
methane). Air-cooled cooler is applied as a condenser of propane cycle, but it 1s applied
as a pre-cooler in ethylene and methane cycles. Each refrigerants is cooled to -40°C in this
cooler and ethylene i1s condensed in the propane evaporator and methane is condensed in
the ethylene evaporator. Natural gas is cooled to -40°C in the propane evaporator, then
cooled to -95C in the ethylene evaporator. Finally, natural gas is cooled to -160°C in the

methane evaporator by stages.

e

y A

Cooler

e

o«

Condenser
}rj"‘ c3 c2 c1
COMPRESSOR COMPRESSOR COMPRESSOR
E.V
L >
NG Feed > N_;Imlmﬂ]ﬂ"m:—b LNG
c3 cz2 c1
Evaporator Evaporator Evaporator

Fig. 2.1 Schematic diagram of basic cascade process

2. Basic Concept of Research

Two staged compression type is applied to basic cascade in this simulation. There are
two concept of two staged compression type such as type of 2 stage compression direct
expansion and 2 stage compression 2 stage expansion. Schematic diagram of these
concepts are shown in Fig. 2.2 and 2.3. In the case of 2 stage compression direct
expansion type, there is a inter-cooler, and bypassed refrigerant from condensed main
refrigerant supercool main refrigerant i this cooler. Evaporated gaseous refrigerant which

has low pressure and temperature from the inter-cooler is mixed with gaseous refrigerant



from outlet of 1st compressor and flow into 2st compressor, and this prevents
superheating compression. As a result, refrigeration effect per refrigerant mass flow rate
increases by decrement of expansion valve outlet quality according to increment of
supercooling. In the other case, two staged compressor two staged expansion type, there
are two expansion valves. Condensed refrigerant 1s expanded 1st expansion valve and flow
mto the separator, then flesh gas and liquefied refrigerant are separated. Separated flesh

gas 1s mixed with gaseous refrigerant from outlet of Ist compressor and flow into 2st

2 Compressar Condénser By
> >
Y P‘
v 7 )
liitieF Eoaled MalnEV |I117II'DDDHI.(" 1
/|
/!
: /
/ Interscooler
1" Compragsor ff
Evaparatar , f
EV
g
Hat . P Cold
Fig. 2.2 Schematic and P-h diagram of 2 stage compression
direct expansion
" Compressar Cofmdegaar
"EV
1* Compressar
Evaparator

Hot

= Cold

k J

Fig. 2.3 Schematic and P-h diagram of 2 stage compression
2 stage expansion



compressor, and this also prevents superheating compression. Liquefied refrigerant from
the separator is expanded again in the 2st expansion valve and flow into evaporator, then
it 1s evaporated. Also, in this case, refrigeration effect per refrigerant mass flow rate
increases by decrement of expansion valve outlet quality according to two staged expansion.

In this research, cascade lLiquefaction process 1s simulated using two staged direct

expansion with inter-cooler.
3. Equations

Two kinds of main equations are used for the liquefaction simulation because natural
gas 1s mixed with methane, ethylene, propane, butane and etc. The Peng-Robinson
equation of state applies functionality to some specific component-component interaction
parameters, which can be usedin  the calculation- of the phase equilibrium. The
Lee-Kesler-Plocker equation 1s an accurate general method for non-polar substances and
mixtures, which can’ be wused in the calculation of -enthalpy ‘and entropy of mixed
components. Peng-Robinson equation is shown. i Fig. 2.1. and 212, Lee-Kesler-Ploker

equation 1s shown mn Fig. 2.3.

RT B a
V—b V(V+b)+b(V—0b)

ENJ aa Ko k‘)

(2.1

-3
=S

It 1s rewritten by equation (2.2)

22~ (1-BZ2*+(A—2B-3B)Z— (AB— B>— B*) =0 (2.2)

_ap 5 P
(RT)2 RT

where 7 1s a constringent factor, A and B are the coeflicients relating to the gas state

parameters.

The Lee-Kesler-Plocker equation is an accurate general method for non-polar substances

and mixtures, which can be used in the calculation of enthalpy and entropy of mixed

components.



7= Z(O)—|— ’L(U) (Z(r)_Z(O)) (2.3)

T

w

where w 1s an acentric factor, o and r denote the relevant parameters of simple and

reference liquids.




III. Simulation

1. Two Staged Cascade Process using Inter-cooler

First of all, basic cascade process is simulated, using type of two staged compression with
mter-cooler. Fig. 3.1 shows schematic diagram of this simulation. In the each cycle, type of
two staged compression and inter-coolers are applied. Quality of evaporator outlet and the
one of condenser outlet are set 1 and 0 respectively, At between of cooling materials and
cooled materials which except natural gas is set 5C. Capacity of all of processes is
designed 5SMTPA (Million Ton Per Annum) in this research, and conditions of simulation
1s shown i the table 3.1. Feed gas 1s assumed pre-treated natural gas which has 5000kPa

and 32C from the Nigeria gas-field, and composition-of feed gas is shown in the table
3.2.

Table 3:1 Simulation. conditions

Feéed gas mass flow rate [kg/s] 172.4
Liquefaction ratio [96] 92

Liquefaction temperature [TC] -160.1
Evaporator outlet pressure [kPa] 120
Air cooler ‘outlet temperature [C] 40
Evaporator pressure drop [kPa] 50
Air cooler pressure drop [kPa] 25

Table 3.2 Composition of Feed gas

Composition Mole fraction [9%]
Nitrogen 0.007
Methane 0.820

Ethane 0.112
Propane 0.040
1-Butane 0.012
n-Butane 0.009

Total 1

2. Two Staged Inter-cooler Cascade using Liquid-gas Heat Exchanger

In this simulation, hquid-gas heat exchangers are applied on the suggested two staged
compression inter-cooler cascade process in the result 4.1. At first one heat exchanger is

applied between of methane and ethylene cycles, then gaseous methane which has high



pressure and temperature from the outlet of high stage compressor is cooled with Lquefied
ethylene which has low pressure and temperature from the outlet of inter-cooler. Further
more, one more heat exchanger is applied between of ethylene and propane on previous
process, then gaseous ethylene which has high pressure and temperature from the outlet of
high stage compressor is cooled with liquefied propane which has low pressure and
temperature from the outlet of inter-cooler. Conditions of simulation 1s same as the table

3.1, and schematic diagram of this simulation is shown in the Fig. 3.2.

3. Two Staged Inter-cooler Cascade using Expander

In this simulation expander is applied on the suggested process in the result 4.3. Fresh
natural gas which 1s extracted at high pressure as 5000 kPa from the gas field, but LNG
1s stored at almost atmosphere pressure as 103.8-kPa. Therefor, expander is applied on
the natural gas Iine before cooled to mmprove efficiency of “process by reducing pressure
drop i a progress. Also, conditions of simulation 1s same as the“table 3.1, and schematic

diagram of this simulation is shown.in the Kig. 3.3.

_10_
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IV. Results and Discussions

1. Two staged Cascade using Inter-cooler

It 1s assumed that middle pressure and the one of inter-cooler outlet at a bypass side
are same, and simulated. Above all, inter-cooler 1s applied from upper cycle to prove
validity of applying of inter-cooler. In this simulation, compression work, power
consumption, 1s the most important one in the liquefaction process, so performance is
analyzed more focusing on COP than liquefaction ratio.

Equations which are wused to calculate performances are shown in following

Equation(4.1) ~ Equation(4.5).

Q=G- (hEM’O— hwa,i) Equation(4.1)
W=aG- (ha)"m()— thmp,q‘,) Equation(4.2)
Q.
COP= W; Equation(4.3)
W
Specific Power= Equation(4.4)
LNGProduct
LNG
Productivity= ;};Odm Equation(4.5)

C

Equation(4.6) is used to-set a- middle. pressure.

= /Py P, Equation(4.6)

1.1. Propane Cycle using Inter—cooler

At first, mter-cooler is applied in the propane cycle which has a dominating effect on
the whole process because that ethylene 1s condensed and methane 1is precooled,
moreover natural gas 1s cooled in this cycle. In this process, as middle pressure is
dropped, temperature of main refrigerant can be cooled to lower temperature, but bypass
refrigerant flow rate which flows into inter-cooler is increased to get the same degree of
supercooling according to mcrement of its quality. As a result, main refrigerant flow rate
1s increased and it influences compressor work. The other side, according to rise of
middle pressure, a degree of suprecooling i1s decreased, but larger amount of refrigerant

can be cooled by quality decrement of bypass refrigerant flow rate which flows into

_14_



mter-cooler. Design simulation of middle pressure i1s done because middle pressure and
supercooling have like these correlations, and compressor work, refrigeration capacity,
COP and lquefaction rate are compared and analyzed. Fig. 4.1 shows process diagram of
propane cycle in the practical simulation. Some of liquefied refrigerant which has higher
pressure and temperature are bypassed and expanded to muiddle pressure in the
sub-expansion valve and then evaporated in the mter-cooler. According to this
evaporating, main refrigerant 1s precooled and flows into evaporator. As a result,
refrigeration effect 1s increased as refrigerant quality of main expansion valve outlet is
decreased by mcrement of a degree of supercooling.

Variation of performances as bypass flow rate in each pressure 1s shown in Fig. 4.2. In
the compressor work, as middle pressure is dropped, degree of supercooling is increased
and compressor work 1s decreased, however, compressor work is increased from under
500kPa. This 1s because of overheating-compression which is caused by decrement of
main refrigerant to evaporater by increment of bypass flow rate. Also, the error of
temperature cross that “cooled material 1s cooled to_ lower temperature than boiling
temperature of cooling material 1s shown from larger- than greatest bypass ratio.
Compressor work of 500 kPa of middle pressure, 26% of bypass ratio and 600 kPa of
middle pressure, 23% of bypass ratio 1s shown lowest value with 869.355 MW.

In the refrigeration capacity, it increases as middle pressure drops, but decreases from
under 600 kPa.’ This 1s because, refrigeration effect is increased 'by increment of
supercooling until 600 kPa, but main refrigerant flow rate which flows into evaporator is
more decreased than enhancement effect] of refrigeration effect by increment of

supercooling from under 600 kPa. Refrigeration capacitytof 600 kPa, 23% 1s shown

Q-101 X
~3-1 C3-EV
C3-Comp

SET-2
 — A
C3.4 ;V‘A& g SET-T
A 023 Y.
o o =
Feed-1
LNG-100

4.1 Simulation design of propane cycle
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highest value with 369.55 MW.

Also, COP and liquefaction ratio at 600 kPa and 23% are shown highest values with
1.26 and 92.96%. For these reasons, middle pressure and bypass ratio are set 600 kPa
and 23% to standard conditions of propane cycle. Liquefaction ratio i1s higher than target
of 92%, so it is adjusted to 929% and then one more inter-cooler i1s applied to ethylene

cycle in the following simulation.

_16_
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4.2 Performances of modified propane cycle
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1.2. Ethylene Cycle using Inter-cooler

Two staged compression type using inter-cooler is applied to ethylene cycle on the
above simulation. At first, 527 kPa of miuddle pressure which is calculated with
Equation(4.6) is inputted and simulation was done, but performance has lower value as
shown i Fig. 4.4. For this reason, other level of pressure which shows higher
performances than 527 kPa is inputted and simulated. Fig. 4.3 shows process diagram of
propane and ethylene cycles in the practical simulation. Also, in this simulation, the error
of temperature cross that cooled material is cooled to lower temperature than boiling
temperature of cooling material 1s shown from larger than presented bypass ratio in the
result, so performances are compared and analyzed in rages that error of temperature
cross 1s not occurred. In Fig. 4.4, Compressor work of 1400 kPa and 13.19% shows
lowest value with 356.85 MW, refrigeration capacity of-1200 kPa, 13.5% and 1300 kPa,
13.29% 1s shown highest value as 465.76. MW. COP and lquefaction ratio of 1400 kPa
and 13.19% are shown  highest value as 1.31 and 94.949% in the tree cases. Liquefaction
ratio 1s higher than ‘target of 92%, so 1t 1s adjusted to 92% and set to standard condition

of ethylene cycle.

Q-103

3]

C2:Cond

Feed-1

LNG-100

4.3 Simulation design of propane and ethylene cycle
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b) Comparison of refrigeration capacity work as a bypass ratio
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d) Comparison of Liquefaction ratio as a bypass ratio

4.4 Performances of modified Ethylene cycle
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1.3. Methane Cycle using Inter-cooler

Two staged compression type using inter-cooler is applied to methane cycle on the
above simulation. Process diagram of whole cycle in the practical simulation 1s shown in
Fig. 4.3. At first, 679 kPa of middle pressure which 1s calculated with Equation(4.6) 1s
mputted and simulation 1s done. Result is shown in Fig. 4.6. All performances are shown
similar values, but compressor work, refrigeration capacity, COP of 679 kPa and 23.5%
are shown highest performances as 345.67 MW, 458.24 MW and 1.33. In this condition,
liquefaction ratio, 94.96% shows higher value than targeted 92%, so it 1s adjusted to 92%

and then performances of whole liquefaction process is analyzed in Result 1.4.
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Compressor work [MW]

Refrigeration capacity [MW]
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b) Comparison of refrigeration capacity work as a bypass ratio
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4.6 Performances of modified Methane cycle
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1.4. Comparison of Performances with Basic Process

In this section, performances of cascade process using two staged compression type with
mter-cooler are compared with basic cascade process in 929% of lLquefaction ratio and
160.1C of liquefaction temperature. Results are shown in Fig. 4.7, and basic cascade
process, propane cycle using inter-cooler, propane and ethylene cycles using inter-cooler
and whole cycles using inter-cooler are named Basic, Modified C3, Modified C3+C2 and
Modified all in this section. Compressor work of Modified all 1s shown lowest value with
338.68 MW and it is lower 16.349 than that of basic process as shown in Fig. 4.7.a.
According to applying inter-cooler, supercooling 1s increased and therefore refrigeration
effect 1s increased. In other words, refrigeration capacity is calculated by multiplying
refrigeration mass flow rate and refrigeration effect, so increment of refrigeration effect
means refrigerant mass flow rate was decreased mm a same refrigeration capacity. For this
reason, it can be decided that decrement of refrigerant mass flow rate has a effect on the
compressor work. Also, " evaporated - refrigerant - which has “low temperature i the
mter-cooler 1s mixed with exhausted gaseous refrigerant which has high temperature from
the low stage compressor, then temperature of refrigerant which flows into high stage
compressor drops ‘down. This 1s one of the factor which effects’decrement of compressor
work.

Fig. 4.7.b shows comparison of refrigeration capacity. refrigeration capacity shows
decreasing tendency as applied inter-cooler and that of Modified all i1s shown lowest value
with 449 MW. According to- increment of supercooling, relrigeration scapacity is increased
basically, but this means, that refrigeration capacity is inereased: in_a same refrigerant mass
flow rate. However, refrigerant ‘mass flow: rate should" be decreased to target of
liquefaction ratio with 92% to compare with™ basie-cycle. For this reason, it can be
decided that refrigeration capacity is decreased because of decrement of refrigerant flow
rate.

COP 1s shown m Fig. 4.7.c. It 1s increased as applied inter-cooler, and Modified all 1s
shown highest value with 1.33. It i1s shown that COP is increased because decrement of
compressor work by applied inter-cooler is higher than that of refrigeration capacity.

Next, specific power (Power consumption per LNG productivity) and LNG productivity
(LNG productivity per power consumption) which are the most important parameter in
the performance evaluation of liquefaction process are shown in Fig. 4.7.d and 4.7.e.
Specific power 1s decreased and productivity 1s increased as applied inter-cooler.
decrement of specific power and increment of productivity mean to improve liquefaction
ability of process because same production LNG can be produced with lesser compressor
work. Specific power of Modified all is shown lowest value with 2135.44 kJ/kg and it is

lower 16.299% than Basic, and productivity of that is shown highest value with 1.74
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kg/h/kKW and it 1s higher 19.46% than Basic.

Refrigerant mass flow rate is compared in Fig. 4.8. Propane, ethylene and methane of
Modified all are decreased about 8.849, 4.58% and 2.15% respectively. It can be known
that refrigeration mass flow rate has a great effect on compressor work and refrigeration
capacity. Especially, propane mass flow rate is decreased largely, this i1s because propane
cycle plays a primary role such as pre-cooler to methane cycle and condenser to ethylene
cycle.

These results are used to condition for standard cascade process using two staged

compression type with inter-cooler.
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B 360
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b) Comparison of refrigeration capacity as a types

_27_



COP [

Specific power [kJ/kg]

Productivity [kg/h/kW]
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4.7 Comparison of performances
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4.8 Comparison of refrigerants mass flow rate
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2. Two Staged Inter-cooler Cascade using Expander

In this section, Expander is applied to above process which includes two lquid-gas heat
exchanger. Just extracted natural gas form the gas field at a high pressure with 5000 kPa,
but poduced LNG from liquefaction process is stored at a low pressure with 103.3 kPa
as atmosphere. Therefore, expander 1s applied in front of propane evaporator to improve
efficiency of process with reducing pressure drop in a liquefaction processing. Process
diagram of practical simulation 1s shown m Fig. 4.9. Results are shown in Fig. 4.10, and
above process and applied expander to above process are named Inter-cooler and each
pressure drop.

Compressor work of 600 kPa 1s shown lowest value with 327.76 MW and it 1s lower
0.33% than Inter-cooler. However, compressor work 1is increased from up to 600kPa.
Natural gas 1s cooled to set temperature which 1s—related to pressure drop as it is
expanded in the expander.-After this, cooled natural gas flows™into evaporator of propane,
and 1t reduces load -of process, so liquefaction efficiency and“ liquefaction ratio are
mproved. Because / of this;” refrigerant mass ™ flow rate can be reduced by reducing
mmproved liquefaction ratio to 92%. As a result, compressor work 1s decreased and also,
the power which 1s produced from expander as 1.842 MW can be reduced.

Fig. 4.10.b and Fig. 4.10.c shows refrigeration capacity and COP. Refrigeration capacity
also 1s decreased, but it'1s increased from fup to 600 kPa. It 1s decreased by 0.21%,
0.449%, 0.39% and 0.18% respectively. as 300, kPa, 600 kPa, 700 kPa, 800 kPa. COP is
shown constant value “with 1.32. because decrement ratio .of compressor work is larger
than that of refrigeration capacity.

Next, specific power and productvity are shown in_Fig. 4.10.d and Fig. 4.10.e. Specific
power shows lowest value with 2066.58 kJ/kg, and it i1s lower 0.27% than Inter-cooler at
600 kPa. LNG productivity shows constant value with 1.74. In this simulation, it can be
decided that performance of 600 kPa is the best because specific power shows lowest
value.

Fig. 4.11 shows comparison of refrigerant mass flow rate. It gives cooling effect to
process by expanding feed gas. As a result, refrigerant mass flow is reduced by same
reason of compressor work decrement. Mass flow rate of propane 1s decreased, but it is
increased from up to 700 kPa. Also, mass flow rate of ethylene is decreased, but it is
mcreased from up to 600 kPa. However mass flow rate of methane shows constant

tendency.
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Compressor work [MW]

Refrigeration capacity [MW]

COP [
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Specific power [kJ/Kg]

Productivity [kg/h/kW]
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4.10 Comparison of performances
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Ethylene mass flow rate [kg/s] Propane mass flow rate [kg/s]
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4.11 Comparison of refrigerants mass flow rate
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3. Comparison of Performances as Each Process

In this section, results of whole simulated process is compared in Fig. 4.18 and 4.19.
Basic cascade process, two staged cascade process with inter-cooler and applied liquid-gas
heat exchanger and expander to above process are named Basic, Inter-cooler and
Expander. Compressor work and refrigeration capacity shows decreasing tendency as being
modified. According to applied inter-cooler, lquid-gas heat exchanger and expander,
liquefaction efficiency and liquefaction ratio are improved. Because of this, refrigerant
mass flow rate can be reduced by reducing improved liquefaction ratio to 92%.
Compressor work of Expander is shows lowest value with 327.76 MW, and it 1s lower
19.04% than Basic. In refrigeration capacity also, it shows lowest value 431.81 MW, and
it 1s lower 6.779% than Basic. COP of Inter-cooler is increased to 1.33, it is higher
15.88% than Basic. However, it-1s decreased to 1.32, and it 1s lower 0.52% than
Inter-cooler as applied expander. This 1s because compressor ‘work 1s decreased gradually,
but refrigeration capacity 1s decreased constantly from Inter-cooler “to Expander as shown
m Fig. 4.18.a and Fig.4.18.b.

Fig. 4.18.d and 'Fig. 4.18.e shows specific power and LNG productivity. Specific power
of Expander shows lowest value with 2066 kJ/kg, and it is lower 18.99% than Basic.
Also, LNG productivity shows' highest value with 1.74 kg/h/kW, land it is higher 23.44%
than Basic.

Next, variation of refrigerant mass flow rate 1s shown in Fig. 4.19. It shows the
decreasing tendency of all i refrigerant mass flow rate as? process 1s being modified.
propane, ethylene and methane: mass=flow rate of sExpander is fewer 11.6%, 5.53% and
11.629% than those of Basic. Like. these decrement of-rtefrigerant mass flow rate is the
mmportant parameter which can mmprove ability of liquefaction process.

In these simulation, Expander shows best performance according to above reasons.
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Specific power [kJ/Kg]
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4.18 Comparison of performances
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Ethylene mass flow rate [kg/s] Propane mass flow rate [kg/s]

Methane mass flow rate [kg/s]
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4.19 Comparison of refrigerants mass flow rate
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V. Conclusion

In this research, performance characteristics of process which applied inter-cooler,
liquid-gas heat exchanger and expander 1s figured out, and following conclusions are

acquired.

1) Two staged compression type with inter-coolers is applied to propane, ethylene and
methane cycles. Compressor work and refrigeration capacity of Modified all 1s decreased
16.349% and 15.88% respectively, and COP of that is increased 15.88% than Basic.
Also, Modified all shows highest performance with decrement of specific power 16.29%

and mcrement of LNG productivity 19.46%.

2) Compressor work and -refrigeration capacity of Expander. is decreased 19.049% and
6.77%, and COP of .that 1s mcreased 15.88% than Basic. Specific, power of Expander is
decreased 18.99% and LNG produetivity of that is increased 23.44%, than Basic.

In this study, Expander which 1s two staged compression cascade using inter-cooler

shows highest performances, these results are used to research to develop performance

and efficiency of liquefaction process.
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