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Ch. 2 Sizing and Configuration of
Topside Systems

1. Determination of Optimal Operating Condition
2. Optimal Synthesis of Liquefaction Cycle

3. Determination of Optimal Operating Condition of the
Liquefaction Cycle for LNG FPSO

sydlab -
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Procedures of Process FEED of Liquefaction System of
LNG FPSO and Importance of Optimal Operating Condition

Procedure of Construction of LNG FPSO

Exploration

& Feasibility Pre-FEED FEED EPCI Commissioning
Study

|

JU

<_~  Well Components, Well Scale, Required Daily Production, Environment & Geographical Factor, etc.

@

Engineering
(Detail Design;

)[C Procurement ﬁ Construction [{ Installation

Utility Consideration - Development of the optimization
© Configuration of the process system and operating conditions of each stream of the refrigerant program corresponding to ASPEN

and natural gas such as temperature, pressure, specific volume, flow rate and mole fraction?.

— - - 1) Mole fraction: Components of the HYSYS" for determining optimal
I (3 Process & Utility Hydraulic Calculations I mixed refrigerant and natural gas . P
operating conditions of the

2 Di f the fc h . N
Ll 2 piameter o the pipe for ach seam liquefaction cycle of LNG FPSO

I @ PFD (Process Flow Diagram), UFD (Utility Flow Diagram) I

2 Diagram to show the safety & control logic of the topside systems
and heat & material balance tables?)

(® PED (Process Equipment Datasheet), UED (Utility Equipment Datasheet)
PID (Process Instrument Datasheet), UID (Utility Instrument Datasheet)

O Datasheets to show the operating conditions and diameter of the inlet and outlet of each
equipment for performing procurement, construction, and operation of the topside process systems

I ® P&ID (Pipe & Instrument Diagram), SAC(Safety Analysis Checklist) I

 Diagram that shows all data about the operating conditions, process control logic, safety and
 the and and vendor data about the equipment.

I @ Plant Layout for Liquefaction Process I

o For the compactness, the plant layout for the liquefaction process system of the LNG FPSO is
multi-floor plant layout!

* ASPEN HYHSYS: commercial software for solving non-linear equation in domain of process engineering ’ dln b
) ) ) . g 4
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Major Considerations for the Selection of the Liquefaction
Cycle in Offshore Application (1/2)

<LNG FPSO>

<L_iquefact|on process system> <Exploration and Production

of the Natural Gas>

B All major oil companies required that liquefaction cycles shall have reliability
based on the results from previous onshore projects.

B Dual Mixed Refrigerant(DMR) cycle was verified from the SAKHALIN onshore
liquefaction cycle in 2005.

B Safety studies: HAZard and Operability(HAZOP), HAZard ldentification(HAZID),
Failure Modes and Effects Analysis(FMEA), Fault Tree Analysis(FTA), Event Tree
Analysis(ETA), CFD Exhausts Dispersion Study - Helideck Study Report,
Dropped Object Study, Explosion Risk Analysis, Failure, etc.

* HAZOP: Structured and systematic examination of a planned or existing process or operation in order to identify and evaluate problems that may represent risks to personnel or equipment, or
prevent efficient operation

* HAZID: The process of identifying hazards, which forms the essential first step of a risk assessment

* FMEA: This analysis technique is used to systematically analyze postulated component failures and identify the resultant effects on system operations.

* FTA: This analysis technique is used to understand how systems can fail, to identify the best ways to reduce risk or to determine event rates of a safety accident or a particular system level

sydlab -

failure.
* ETA: This analysis technique is used to analyze the effects of functioning or failed systems given that an event has occurred.
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Major Considerations for the Selection of the Liquefaction
Cycle in Offshore Application (2/2)

<LNG FPSO>

<L_iquefact|on process system> <Exploration and Production

of the Natural Gas>

m  If the LNG FPSO is inclined more than 1.5 degrees, the capacity of LNG production can be
reduced by 10%.

B Therefore, the liquefaction cycle in the LNG FPSO has to be designed by considering mechanical
damping devices, internal turret system, and dynamic positioning system.

B Available area for the liquefaction cycle in offshore application is smaller than that of onshore
plant.

B By determining the optimal operating conditions and doing the optimal synthesis of the
liquefaction cycle, the required power for the compressors can be reduced which will result in
the reduction of the compressor size and the flow rate of the refrigerant. Thus, the overall sizes
of the liquefaction cycle including the pipe diameter, equipment and instrument can be reduced.

B Therefore, the compactness can be achieved by optimization studies such as determination of the
optimal operating condition or optimal synthesis of the liquefaction cycle.

®» Optimum design can be used!

fanovative Shio and Offshore Plant Desion Soring 2019 Mwing:ll Roh f!dlﬂb 6
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1. Determination of Optimal
Operating Condition
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Introduction to Liquefaction Cycle

* Goal of the LNG Liquefaction Cycle
To liquefy NG to LNG for decreasing the volume of the NG
» An example of Simplified LNG Liquefaction Cycle

T,=-30.0 °C, P;=24 bar ® @) T,=110.2°C, P,=24 bar
Liquid < Vapor
A
I
T,=-164.0 °C, P,=4 bar @ @ 7\=23.0 °C, P,=4 bar
Liquid and Vapor ol _AAAAA Vapor End flash system
Natural Gas(NG) sy \/\/ NN/ 5 >
TyG=26.85°C, Pyg=65 bar!) Liquefied Natural Gas(LNG) Liquefied Natural
TynG=-160.15 °C, P, =65 barh? \\J Gas(LNG)
. . Tyng=-160.15 °C,
Equipment used in the cycle Piyg=1.01 barD?

1) Compressor: brings the vapor refrigerant to a high pressure, which raises its temperature as well.

2) Sea Water Cooler(a kind of condenser): transfer heat from the hot vapor refrigerant to the sea water.

3) Valve: decreases the pressure of the liquid refrigerant, which decreases its temperature as well.

4) Heat Exchanger(a kind of evaporator): absorbs heat from the natural gas to cool down the NG, while the refrigerant is
vaporized.

1) The temperature and pressure of the natural gas
n the end flash system, the pressure o X

iquefied natural gas are the values of the general case. 8
ea heric pre e(1.01 ba g stored in the LNG tank,

2019-07-22



2019-07-22

Heat transfer to the

Optimal Design of Liquefaction Cycle et

Tt =25°C

for LNG FPSO I et m et

| foval ey
J = =@
Condenser
P i
| Work(y)
| Compressor Expansinn
! Valve £
! Evaporator
PP mmm e m e ——— e ——————— : m
£120% o
Compressed ;;j:"ﬂ;“;f;',';a, P 1.34 bar
Liquid Heat ransfer from the

refrigerated space(g,)
o

P=10.17 O et O

- g2 specific heat transfer from the refrigerated space
to the refrigerant(Given)
- w2 work provided to the compressor(Minimizing)

777777777777777777777777777777777777 g * Given: The quantity of the specific heat i
i transfer from the refrigerated space to the

!
Liquid ah&l Vapor
|

refrigerant(q,) in the evaporator.

L

Constraint

Design variables

° F|nd The operating conditions such as the pressure, temperature, and specific volume
minimizing the work provided to the compressor. I::>Objective function

'
'
L

Mathematical Model of the Liquefaction Cycle
- Calculation of Specific Enthalpy (%) h=u+P-v

+ Physical Constraint based on Thermodynamics #1

Energy conservation
Calculation of

Many tables of thermodynamics properties does not give values for
internal energy. To allow calculation of enthalpy from the pressure,
specific volume, and temperature, the following equation is derived by
using the definition(h=u+Pv), the equation of state, and the experiment.

h=h" +h"

h'G: Ideal gas value of the specific enthalpy
h*: Residual specific enthalpy(correction of the ideal gas state values to the real gas values)

* Enthalpy: Internal energy plus the product of pressure and volume. Meaning of thermodynamic potential. Having the same dimension with the amount of heat or energy

* Reference: Smith, J.M.,, Introduction to Chemical Engineering Thermodynamics, 7 edition, McGraw-Hill, 2005, pp.199-253 ’ dln b
g 10
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Mathematical Model of the Liquefaction Cycle
- Equations of State

+ Physical Constraint based on Thermodynamics #2
Equations of state

£v = R1

[Equation of state for an ideal gasoyle-charies Law)]

To improve the equation of state for the liquids
and vapors, the equation of state for an ideal gas
is modified by using the experiment and

experience.
Example) Soave, Redlich, Kwong(SRK) equation
RT a(T) v—b
V=——+ —_ —
P P (v—gb)(v—o‘b)

_RT, a(h)  w-b
P B (v,—eb)(v,-ab)

y Ry @) v b

P, (vy,—eb)(v,, —ob)

RT, a(T,) Vi =b
,=—2+b- —
P P, (viy—eb)(v,, —ob)

Example) Ammonia: !
. - ) . . © =0.253, P,=112.80 (bar), T,~405.7(K) }
* Equations of state: Thermodynamic equation describing the state of matter under a given set of physical conditions
* Classical ideal gas law (Boyle-Charles's law) : Combination of Boyle's law (gas volume varies inversely with the pressure.) and Charles’ law (linear relationship

ive Ship and Offshore Plant Design. Spring 2019 Myung:Il Roh

between volume and temperature) ’!dln b 1

Mathematical Model of the Liquefaction Cycle
- Calculation of Specific Entropy (s) T

« Physical Constraint based on Thermodynamics #3

Criteria for quality of the energy

Calculation of

To allow calculation of entropy from the pressure, specific volume, and
temperature, the following equation is derived by using the
definition(ds=dq/T), the equation of state, and the experiment.

s'¢: Ideal gas value of the entropy

sk Residual entropy(correction of the ideal gas state values to the real gas values)

* Entropy: Unavailable energy. Total energy = Available energy (enthalpy) + Unavailable energy (Entropy).
In a natural thermodynamic process, there is an increase in the sum of the entropies of the participating systems (The second law of thermodynamics

* Reference: Smith, JM.,, Introduction to Chemical Engineering Thermodynamics, 7% edition, McGraw-Hill, 2005, pp.199-253 s dlﬂ b
g 12
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Mathematical Model of the Liquefaction Cycle

- Physical Assumptions

« Physical Constraint based on Thermodynamics #4

Physical assumptions for the liquefaction process

“Isobaric process”

- There is no pressure drop.

"Adiabatic process”

- There is no sufficient time to transfer much heat.

“Isentropic process”
- "Entropy” does not change.

- "Adiabatic process” and “Reversible”

ship and Offshore Plant Design. Spring 2019, Myung:Il Roh
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[Summary] Mathematical Model

for the Determination of Optimal Operating

P: Pressure

v: Specific volume

w: Power provided to the compressor per mass

4y Specific heat transfer from the refrigerant to the atmosphere

4 Specific heat transfer from the refrigerated space to the refrigerant(Given)
V. f: Vapor fraction

T. Temperature, /: specific enthalpy, s: specific entropy

=Conditionforthe Refrigerator (120)
1. Compressor
1) Design Variables: 7. v. 7.5, v,. T,.T;, w
2) Constraint:
Iy (RovisT)+w=hy (Pva.To)

[The first law of the thermodynamics]
[Efficiency of the compressor]

[The second law of the thermodynamics]

v—b [Equation of state]
__mh
2 (-eb)(v2-0b)

[Equation of state]

3. Expansion Valve

1) Design Variables: Pove Tvyviv_f
2) Constraint:
s (P, T) [The first law of the thermodynamics]

=(1=v_ ) by (Povip L) 4v S by (Pove, )

]
P = 10’ T+C-273.15
V= [Saturated pressure and temperature]

re=(=_ )y tv_f o,

v, _RT a(l) _ vy=b [Equation of state]
P P (v, —eb)(vy, —ob)
_RT, (L) v, —b
TP * B (v, ,gb)(% —ab) [Equation of state]

2. Condenser
1) Design Variables:
2) Constraint:
By (BoveTy) =gy +h(Povs,T3)

P=FR

v =

RL, , a(T) v,=b
P

P10/ T
T: > T + AT,
4. Evaporator
1) Design Variables:
2) Constraint:

P (vy—&b)(v,—ob)

B, Tgy

[The first law of the thermodynamics]

[1sobaric process]

[Equation of state]

[Saturated pressure and temperature]

[Outlet temperature of the condenser]

M,q,

Mo(1=v_ [ )by (Bvyn T) Moy f by (P, s T,)+ Mg,

=M B (Pv.T,)

A=A

5
p =10 Tcms
|

[Saturated pressure and
temperature]

[The first law of the thermodynamics]

[1sobaric process]

M -q, =200k (Given] 14
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[Summary] Mathematical Model

Condition for the Refii 202

for the Determination of Optimal Operating § e Power s to e compesor per mas

T. Temperature, Ji: specific enthalpy, s: specific entropy
P: Pressure
v: Specific volume

g2 Specific heat transfer from the refrigerant to the atmosphere

4. Specific heat transfer from the refrigerated space to the refrigerant(Given)
U Heat transfer coeficient of the evaporator

| A Area of the evaporator _

1. Design variables (Operating conditions) [21]: P,
2. Equality constraints [19]

1) Compressor [6]
tiv by (Pov, )+ ivw = rivhy (B, T,)

[The first law of the thermodynamics]

[The second law of the thermodynamics]

[Equation of state]

TR TR (heab)(n

2) Condenser [4]

by (B, 1) =gy + by (P, T3)

[The first law of the thermodynamics]

bh=h [isobaric process]
. 7ﬂ+b7u(T\) v,—b

=R P 7( vy~ eb) (v ~ob) [Equation of state]
A 1o =T

10° [Saturated pressure and temperature]

3) Expansion valve [5]

:(lfv,.f)-h;.,(lz,n,,,n)w,/-hh (PviT)

[The first law of the
thermodynamics]

[Saturated pressure and temperature]
v, b
&b)(vy, —ob) Var=
ve=(1=v_f)vy, +v_fov,,

all)_ v-b
-ob)  T,>T,,+AT,

Vi Ty Ve Vyu Ve v_I Wy M, qL.qH(t 1,2,3,4

4) Evaporator [4]
ML=y _ ) by (Bvi T)+ Mov_f by (Povy, 1)+ M g,

M (BT [The first law of the thermodynamics]

k=R [isobaric process]
5

% _10" e Mg, =200k] [Saturated pressure and temperature]

[Heat transfer in the evaporator]

3. Inequality constraint [1]

[Outlet temperature of the condenser]

Since the number of equality constraints is less than the
number of design variables, these equations form an
indeterminate problem.

We need a certain criteria to determine the proper solution.
By introducing the criteria(objective function), this problem
can be formulated as an optimization problem.

4. Objective function (f)

Minimize the power provided to the compressor.

f=M-w

ﬂhljiu(T,,) v, —b
14

Py (v, —eb)(v,

,—ob)

15

Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator
- Optimization Method
R Optimization Problem ‘ Modified optimization problem
R Design variables (Operating conditions) [21] R N _
D P Ty v T v v vew v fow M, 4y, gy (=1234) | Free variables [2 = 21 - 19]
; ; ‘LR
1 2. Equality constraints [19] !
1 1) C 6) ! . . .
I oty ! Inequality constraints [1]
i 3)E i Ive (5) ' . . . .
L Eueporator @) | @ Calculation of objective function
! 3. Inequality constraints [1] Minize f =M -w
| 4. Objective function: Minimize the compressors power | .
Minize f =M -w (5 Assume the free varlgble_ to caIcuAIate
| 3 smaller value of the objective function
l/ ;érzgspjrrglure, h: specific enthalpy, s: specific entropy using sequ_ential quadratic
) Fowat provided to the compressor per mass programming(SQP) method
e et Wancir rom the remertad e 1010 rehgerantGiven) |
4 Specific heat t refrigerated @ .
‘ ' @ Assume the (3 Determined

free variable 7}, P, 19 variables

System of nonlinear equations

+ Design variables [19]

* Equality constraints [19]

(2 » Determine the 19 variables

using Newton-Raphson method G

2019-07-22



- Optimization Result

Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator

Problem"
Given: M-q, =20[kW],U = I,OOO[WmZ /K], A=4.0 [mz],
T, =-12°C,n=95%, T,,, = 25°C,AT,, =5°C

amb min

where 771 - g :Rate of heat transfer from the refrigerated space to the refrigerant
Tc: temperature of the refrigerated space

iency of the compressorwhere

bient temperature

inimum value of the difference between the ambient
temperature and outlet temperature in the condenser

Find: Operating condition

Minimize f =M -w :Power provided to the compressor[k/]

Heat transfer to the

atmosphere (g,) o
Tambient=25 °C
® Refrigerant
< 2
L

< : Ammonia

Condenser

NExpansion )
K e Compresso = Iwork(w)

Heat transfer from the refrigerated T rofrigerated space="12 °C

Optimization result

Items Result obtained in this study
Py[bar] 2.119
Ti[K] 256.152)

vi[m*/mol] 0.0098128
Py[bar] 11.717]
T,[K] 390.27§)

vo[m’*/mol] 0.0026551
Ps[bar] 11.717]
T;[K] 303.273)

vi[m’*/mol] 0.0000363]
Py[bar] 2.114)
T4[K] 256.151

va[m’*/mol] 0.0017003]

v f 0.1703]

v4v[m’/mol] 0.009813;

v4l[m’*/mol] 0.0000327
TK] 384.793)

vm*/mol] 0.0026119)

M[kg/s] 0.0176
w(J/g] 265.69§
all/g] 1,136.364
qu[V/g] 1,402.676
Objective function(W) 4.672]

ship and Offshore Plant Design. Spring 2019, Myung:Il Roh

* Reference: 1) Jensen, J.B, 2008, Optimal Operation of Refrigeration Cycles, Ph.D. thesis, Norwegian University of Science and Technology.
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Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator

- Verification of the Mathematical Model and Optimization Result (1/3)

7

i How can we verify the mathematical model of this research for refrigerator?

<Input>

: | Model

' Assume the 2 :
. design variables | Pilbar) 2113
' ! Ti[K] 256.150|
=il ! vi[m*/mol] 0.0098157,
Pafbar] 11.69§
12K 390.001
vafmmol] 0.0026570)
Ps[bar] 11.698]
Ti[K] 303.180)
oo [ dmol) 0.0000365
. Mathematical model: U] Pabar] 2.113)
| - Design variables [21] | [ 1k 256150
i - Equality constraints [19] b atimo 0.0017269|
Rttt ' vt 0.1732)
vav[m’/mol] 0.0098157|
Val[m*/mol] 0.0000327]
T.K] 384.296
vo[m*/mol] 0.0026153)
MIkgs] 0.0176]
<Output> wig) 268.657
,,,,,,,,,,,,,,,,,,,,,,,,,,, alle) 1,136.364
The values of aill/g] 1,402.189)

the other design
variables ;

» Mathematical Model of this research
1. Design variables (Operating conditions) [21]
2. Equality constraints [19]

» Indeterminate problem

To verify the mathematical model this research,
we assume the values of the two design

variables, solve and compare the result with that
of the Aspen HYSYS.

hip and Offshore Plant Design, Spring 2019, Myung-Il Roh
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Mathematical Model for the Determination o

f Optimal Operating Condition for the Refrigerator

- Verification of the Mathematical Model and Optimization Result (2/3)

o

£ How can we verify the mathematica

| model of this research for refrigerator?

Comparison for verifying
the mathematical model

design jables ob d by

<Input> <Input>

' . 1 ' Aspen | . o
| Assume the 2 | i i Assume the 2 | Hysys |[PHierencel’l
i design variables | i 2113 ! design variables ! Pilbar) 2117 0.16%
' : TIK] 256.150) | : TIKI | 256.150 0.00%
bbbt ' vi[m?/mol] 0.0098157 - ' vi[mmol] | 0.0098003| 0.16%)
Pa[bar] 11.698 . | Palbar] 11.698| 0.00%|
T.[K] 390.001] | V] miks | 389.863 0.04%
va[m’/mol] 0.0026570] | ¢ [ vatmmol) 0.0026562 0.03%
Pyfbar] 11698 I | Pifbar] 11.698 0.00%]
TiK] 303.180] ! Cl ik | 303,150 0.01%
vafm/mol] 0.0000365| | i [ watm?mol] [ 0.0000369] 0.00%]
Pyfbar] 2113 I | Pafbar] 2.117] 0.16%|
T.[K] 256.150] | Vx| 256,151 0.00%
va[m'/mol] 00017269 | [ vatmmol) [0.0017234) 0.20%)
vf 0.1732) i vr 0.1731 0.04%|
vav{jmol] 0.0098157 | " Aspen H:{SYSU it ! [ tmomon| 0.0098003] 0.16%

3 H ere are equalr constraints, H 3

Al mol 000032 | eutt 0 find the quality | /ol 0.0000327 0.01%
1K) 384.290| | constraints(Black box). P[rea | 3846 0.03%
vem/mol] 0.0026153 " [ vtmmol) [0.0026116 0.14%
M(kgs] 0.0176| @ Mkg/s] 0.0176] 0.05%)
<0utput> wig] 268.657 <0utput> wivgl | 268353 0.11%
ale) 1,136.364) allel | 1,136.364) 0.00%
i The values of | allg) 1.402.189) i The values of | alve) | 1,401.532 0.05%
3 3 < > 3 the other design 3 Max difference 0.20%|

The mathematical model can be verified by comparing between the values of the other
i ical model of this research and Aspen HYSYS.

variables

1) It is a kind of simulation program to
solve the simultaneous equations by
considering equality constraint related with|
hi ics and made by h.

ship and Offshore Plant Design. Spring 2019, Myung:Il Roh
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Mathematical Model for the Determination o

f Optimal Operating Condition for the Refrigerator

- Verification of the Mathematical Model and Optimization Result (3/3)

2. Equality constraints [19]
1) Compressor [6]
2) Condenser [4]
3) Expansion valve [5]
4) Evaporator [4]

» Assumption of the values
1 T =256.150[K]
P, =11.698[bar]

Problem of nonlinear equations

1. Design variables (Operating conditions) [21]
CP Ty vy Ty ve vyu vy v W M, qp, qy (i=1,2,3,4)

« Design variables [19]
* Equality constraints [19]

» Use of Newton-Raphson

Mathematical Model

”””” ‘ Pi[bar] 2.113]
! T1[K] 256.150|

3 vi[m*/mol] 0.0098157|

3 Pa[bar] 11.698|

: TaK] 390.001

3 vo[m’*/mol] 0.0026570)

3 Ps[bar] 11.698]

! T5[K] 303.180|
,,,,,, : va[m*/mol] 0.0000363)
Py[bar] 2.113

TdK] 256.150|

of the free variables [2 = 21 - 19] vl mol 0.0017269
v_f 0.1732]

vdv[m*/mol] 0.0098157

v4l[m’/mol] 0.0000327

T(K] 384.296|

v[m’/mol] 0.0026153|

Mkg/s] 0.0176]

wl/g] 268.657|

aulrgl 1,136.364|

anlV/e] 1,402.189|

method

f!dlﬂb 20
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2. Optimal Synthesis of Liquefaction
Cycle

l!dlﬂb 21

ship and Offshore Plant Design. Spring 2019, Myung:Il Roh

Heat transfer to the
atmosphere (¢y)

Optimal Design of Liquefaction Cycle

for LNG FPSO

Tomsiers=25 °C
Trrgean 477 °C

Trstigerant 40 °C

|
| Pretigersett
|

10.17 bar

Preiigennst 10.17 bar

icval frmi
o~ e
T|=T< : Condenser
P ! | W
e .  Work(y),
| Supercritical fluid ] Compressor Expansion S
\ it : Valve £
s Critical state
P= P o o e o e e e e s |
i =20 T, raat: - 20 °C
Compressed 11 e 134 bor
Liquid : Heat transfor from the
! refrigerated space(q,)
P=10.17| 4 -
P":,’ - 4,2 specific heat transfer from the refrigerated space
bar to the refrigerant(Given)

- w: work provided to the compressor(Minimizing)

Saturated liquid lin
4 A

i » Given: The quantity of the specific heat
i transfer from the refrigerated space to the
1 refrigerant(q,) in the evaporator.

P B, S

Constraint

2. Optimal synthesis on liquefaction cycles Design variables

. Find:i The number of the combination of equipment that make up the liquefaction cyclei
minimizing the work provided to the compressor. E>Objective function

'
'
[

22
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Optimal Synthesis of the Liquefaction Cycle
- Generic Model of the Liquefaction Cycle of LNG FPSO

with Intercooling + i p +

Evaporator

Generic Model: Dual Cycle with + Comp

PR Precooling 3 stage compression refrigeration
- Main cooling 3 stage compression, 3 stage
refrigeration

VWY

Precooling Cycle

— + The generic liquefaction model is limited to

WWW the dual cycle in order to implement the
offshore application.

Compressor + The maximum number of each main piece of
equipment is three per one cycle, taking into
Evaporstor account offshore requirements such as the

W,_I compactness.

Mixed Refrigerant 1

+ Considering mechanical feasibility for the
liquefaction cycles, the generic model of the
liquefaction cycle can be represented with
total 27 model cases of liquefaction cycle
including the already developed liquefaction
_I cycle such as propane precooled mixed
refrigerant (C3MR) cycle and dual mixed

-

Intercooler Separator

sarr —-—
b - A —— refrigerant (DMR) cycle, etc.
VWVW WWW VAW AWWA AWV AVWA,
S NG
g5 Dt T
| L
I Compresor Conderser L L o —l
Sepmaor
e Main Cooling Cycle
Mixed Refrigerant 2
Mﬂ%‘.:_m‘_%:_m_h
m.mm Compreior

lgdlﬂb 23
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Optimal Synthesis of the Liquefaction Cycle
27 Feasible Liquefaction Cycles (Case 1 ~ Case 9)

FEASIBLE LIQUEFACTION MODEL (CASE 3)

FEASIBLE LIQUEFACTION MODEL (CASE 1) FEASIBLE LIQUEFACTION MODEL (CASE 2)

First Cycle

SeimEs.
ST

/_l"i_g\ el T

FEASIBLE LIQUEFACTION MODEL (CASE 6)

First Cycle

e 1]
[‘1—@-«twj _

FEASIBLE LIQUEFACTION MODEL (CASE 8)

First Cycle First Cycle I

Second Cycle

Second Cycle

S s
o B -

Second Cycle

24

2019-07-22

12



2019-07-22

Optimal Synthesis of the Liquefaction Cycle
- 27 Feasible Liquefaction Cycles (Case 10 ~ Case 18)

FEASIBLE LIQUEFACTION MODEL (CASE 10)
—=

FEASIBLE LIQUEFACTION MODEL (CASE 11)

i

FEASIBLE LIQUEFACTION MODEL (CASE 12)

1
A Second Cyde
T @ e

The

FEASIBLE LIQUEFACTION MODEL (CASE 13)

kB

Optimal Synthesis of the Liquefaction Cycle
- 27 Feasible Liquefaction Cycles (Case 19 ~ Case 27)

FEASIBLE LIQUEFACTION MODEL (CASE 19)

FEASIBLE LIQUEFACTION MODEL (CASE 20)

FEASIBLE LIQUEFACTION MODEL (CASE21)

—

ot

i

MODEL (CASE 24)

J

MODEL (CASE 27)

26
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (1/6)

1. Design variables (OPerating conditions) [187] T: Temperature/ P: Pressure / v: Specific volume / z,,,..: mole fraction of the

component j at the precooling part / w: work input to the compressor per mass /

; ¢: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
. = Tpre-
CE Ly, (l 1se21,50,50026,, 165546 ) precooling refrigerant
*Subscript ‘NG': natural gas, Subscript ‘main’: main cooling refrigerant
Ts2p5Ts10p5 L5219 Ts s Ts o Ts.omo Vs.2p9 Vs0p9 Vs21p5 Vs 2ms Vs.am Vs.omo

Wi, Wy, Wy, Wy, Ws, We, €y, G, mmum’ijm’vfjls’zpple(j :1’2’3)’Zk.mum (k =1 2)334)

2. Equality constraints [165]
2.1 Equality constraints of precooling part [83]
1) Compressor 1: [6] 3) Tee 1: [6] 5) Expansion valve 1: [2]
¢ hey (P Taps Vi 2y ) = sy (P TV,

6p

By (B TopVigs e ) 40 = Iy (P Ty V2,07, )
By (PryTsap V52,2,
h:,(Pz,,T:,,,v:,,,z,w)-h,,,(P T ‘,, 2, ,)

51 (BT Vi 2 ) = 52 (P T2 V502 )
V\,,=V\,,(R,~Twz,.w) 4) Evaporator 1: [14] 6) Tee 2 [6]
) €ty (P Ty Va2, e )€ty iy (P Ty i 2, ) (l—c‘lvfr.,:tf:,,.)rl>
= e,(1) Iy (Bups T Vi
+(1=e)(1=¢) by (P T,
B, =Ry B, =R,
T\mv ’TNI
Viop =Viop (Tiops Bops 2

Viep =y (Tu,,,m,,,

n=

Voap =Vsay (BT

s2p

v,

(PT)

P) Condenser 1: [3]

The temperature of the outlet of the
sea water cooler is usually given.
T=310K

27

Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (2/6)

1 . DeSIg n varia b|es (Operatl ng cond ItIOI"IS) [1 87] T: Temperature/ P: Pressure / v: Specific volume / 2,,,.: mole fraction of the
component j at the precooling part / w: work input to the compressor per mass /
. c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
BTy, (l* 11)""’21/"1W'”’26rﬂ’I»VG""’SW)’ precooling refrigerant ’
*Subscript ‘NG : natural gas, Subscript ‘main’: main cooling refrigerant
71' Ts.19p > 7;'.21,; ) ry.zm ) ZY.4m ) ]?x:bm sVs.2p2Vs19p2 Vs 2150 Vs omo Vsam> Vs om>

0V _fis>Z ,(j=1,2,3),zmm(k=1,2,3,4)

1552 pre

2p°

v

Wiy Wy Wy, Wy, Way, W, €y Con s 1,45V

2. Equality constraints [165]
2.1 Equality constraints of precooling part [83]

7) Evaporator 2: [14] 9) Evaporator 3: [11]
es-(1=) ity Iy (Boys TopsViows 5w )+ €5 (1) 1ty sy (B T Voo 21 (1= ) (1=6) ity s, (Prsy T Visy 2 e )
(BT ) +(1=6,) (1) tity g, (B Ty Vg 25 e )
e g (B T 2.) AT A
Ty (P Ty Vi 2 )+ € -(1=€ ) 1ty iy (P Trs Vi 2) ) =(1=e)-(1-c RepTron

iy (P i Vi 2y )+ +(1-¢)(1-¢) ,,uhu,(fm, TaprVisys ()
Y i o (P T Vonon o) it P (B T Viows 21 )+m/x(PT\)
= PP = Poxe Rsy =Py Py o =P

b Tigp =Toom>Tiop = Tine
o Zrre)s Vg =Visp (Taps Baps 2y ) Vigy = Yiay (T, R

Yisn = Visy (T‘” P‘” Zie) Yo = Vo (T oo Yo = Vion (Tioms P
Vaxe = Vang (Tovos P 1w )
I8) Expansion valve 2: [2] 10) Expansion valve 3: [2]
Iy (PoysTronsVieps Zpme ) = Minp (Pys Tiyps VinysZ e
Iy (BT Viap 2 ) = Pizg (B T Vg Z ) o (B TV ') 7o (B oo
Viry =i (T Prps 2 )

gdl b
hip and Qﬁshme Plant Design, Spring 2019 _Mvung-1l Roh ’ n B
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (3/6)

2. Equality constraints [165]

11) Compressor 3: [5]
(1=¢)-(1=6,) 1t gy (Prgyo i Vi 2 e
=(1=¢)-(1=¢,) ity hrgy (Proy TropsVioyo 2
hw, (R, Tw,,.vx )= s, (P TispoVisy
( o Vo2 ) sy (Pags Ty Vis 2,
Sup (P T Vi )=sm,(P,,, Tys0p:Vsiop 2
‘w"w( 197 L1072, pre )

Vsios = Vaon (Pops TsaopsZme)

[12) Common Header 2: [4]
& (1=6) sy (BogeTosgo Vo2 )+ (1260)-(1260) -, (Bry T Vio 2 )
=(1-¢) Iy, (P(,, r“,, 000 Z e )

B,,. P,

Ry =Bops Bsp = By

Vi, = Vaoy (Paops Toops % e

1. Design variables (oPerating conditions) [187] T: Temperature/ P: Pressure / v: Specific volume / z,,.: mole fraction of the

component j at the precooling part / w: work input to the compressor per mass /
c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
precooling refrigerant

*Subscript NG’: natural gas, Subscript ‘main’: main cooling refrigerant

BTy, t(l=1p 521,.1,,..,26, 16, .., '\’G)
Ts2p5Ts10p5 L5219 Ts s Ts o Ts.omo Vs.2p9 Vs0p9 Vs21p5 Vs 2ms Vs.am Vs.omo

Wi, Wy, Wy, Wy, Ws, We, €y, G, mmum’ijm’vfjls’zppl('(j :1’2’3)’Zk.mum (k =1 2)334)

2.1 Equality constraints of precooling part [83]

13) Compressor 2: [5]
(1=¢,)+ 1,y Py, (o, T,

20p>V20p>

=g, (P, T

205

=gy (Pays T v

Sa0p (Poops Tops Vi e ) = 205 (Praps st Vs )

Voaip = Voarp (P Tty )

14) Common Header 1: [3]

(1=6) oy (P T
=hy, (R, T,,0m,02,

b, =Py, b, =F,

ship and Offshore Plant Design. Spring 2019, Myung:Il Roh
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (4/6)

1' Design variables (oPerating COI"IditiOI"IS) [187 T: Temperature / P: Pressure / v: Specific volume / 2, mole fraction of the

PP T (i=1,0021,00,026, 050 )
Ty Ty 100 Tso1ys Ty amo T

2p2ts19pots21ps Lsomo

v

Wiy Wy Wy, Wy, Way, W, €y Con s 1,45V

2. Equality constraints [165]

am> L5 6m >Vs2p2Vs19p5 Vs 212 Vs 2mo Vs amo Vs,om»

10°V_ 15az,,,w(/

component j at the precooling part / w: work input to the compressor per mass /
c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
precooling refrigerant

*Subscript NG’: natural gas, Subscript ‘main’: main cooling refrigerant

=1,2,3), 2 o (K =1,2,3,4)

2.2 Equality constraints of main cooling part [80]

1) Compressor 6: [6]
B (BT Vi

3) Compressor 5: [5]

i)+ =y (Pw T Vans

5) Compressor 4: [5]

B (P T Voo Zean )+ e = B (P Ty Ve

Vsian = Vs.on (Boo T Zhman)

Vou = Vou (P T )

) Intercooler 2: [3]

The temperature of the outlet of the
sea water cooler is usually given.
T=305K

B =R,

s = Van B> PonsZiin)

4) Intercooler 1: [3]

sea water cooler is usually given.
T=305K

P,

The temperature of the outlet of the ‘

P

Vi = Vs s Bos 2t ain)

6) Condenser 2: [3]

The temperature of the outlet of the
sea water cooler is usually given.
T=305K

hip and Offshore Plant Design, Spring 2019, Myun,

g-IL Roh

f!dlﬂb 30
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (5/6)

1 Desig n va ria bles (0 pe rati ng cond itions) [ 1 87] T: Temperature/ P: Pressure / v: Specific volume / z,,,..: mole fraction of the
* component j at the precooling part / w: work input to the compressor per mass /
: P, T,v, ([ — 11) o2 1,, , 1’" - 26", , 1‘\’6 S ) , c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the

T, T,

precooling refrigerant
e soms L 5.6m2Vs.2p2Vs.19p2 Vs 2102 Vs 2m2 Vs.amo Vs.m»

T T *Subscript NG natural gas, Subscript ‘main’: main cooling refrigerant
s2p2tsi9pe S.4m>
Wi, Wy, Wy, Wy, Ws, We, €y, G, mmum’ijm’vfjls’zpple (/ =1 2)3)3 Z}. main (k =12, 3)4)

s21p2

2. Equality constraints [165]

2.2 Equality constraints of main cooling part [80]
7) Phase Separator 1: [7] 9) Phase Separator 2: [7]
Tign (Bows Tiom Vioms Zt main V_ Sro s (Prss T ViswsV _ o Zemain)

=V _ fio hran (P Tran ViV o Zhain) =V_ sV Fio Mo (Pows TromsViowsV_ fis*V_ Fro* Ziain)
+(1=v_ i) i (B T Vi (1= _ i) +(1=v_fi5) v _ o Mg (P TiamsViows (1= _ i)V _ Fio* Zioman)
Bow=PBins Bow =B B = Bens
Bow =T T =Ty
Vit = Vutn (B T (19 _ Fi0)* Zman ) Vit = Vi (Peaws Tiams¥ _ Fro* Zhmain) o (Prows T (17 115) Y fio*Zimin ) > Viow = Viow (P TionsV _ fisV_ fio " Ze )

8) Evaporator 4: [10] 10) Evaporator 5: [11]

(=v_fi)v_fo- s (1=V_fis)V_ S
HV_Sis v _ St sv_Jior )
sty (B L ¥ i Zean) i3 o (Poncs ToncVoncr v )
=(1-v_fy)" =(1=v_fis)-v_ S "’,fns)"’, 10" %) rm)
S Vv fieh, sV _he )

v )+ 7 hsye (Poss T

+ity huxg (Povas Tovs Vinas Zc )

P

21 = Bans Bin = Pous Pon = Rus P = Pos

Tap =TT = Ton

o (T B 1=V i) Zaman )+ Visw = Vi (T PV _ o200
T,

s (Poows TaonsV sV _ Fio* Zepan)

Pig 2, .w,) 31

Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (6/6)

1 Design va riab|es (oPerating COI"IditiOI"IS) [1 87] T Temperature/ P: Pressure/ v: Specific volume / z,,,.: mole fraction of the
* component j at the precooling part / w: work input to the compressor per mass /
. P c: flow rate ratio between inlet and outlet 4 / m,,,; mass flow rate at the
PP T (i=1,0021,00,026, 050 )

Ts,5 10,5 L5210 1

precooling refrigerant
T T *Subscript ‘NG’: natural gas, Subscript ‘main’: main cooling refrigerant
saprdsioprtsoipsdsomodsams Lsem>Vs2p2Vsiop>Vs21psVsomo Vsam> Vs,oms

mpre’ 15V _ frosV _ z (j =1’2’3)’2l\.r1mm (k =12, 3’4)

1522 pre

Wi, Wy, Wi, Wy, W, Wi, €56,

2. Equality constraints [165]
2.2 Equality constraints of main cooling part [80]
11) Evaporator 6: [6]

v_fisv_fio-mh,

13) Expansion valve 5: [2]
s (Pt T Vs (1= i)Y SioZimain) = s Prss T Vi 1=V i)V oo Zs )

w_fav_ o
- itw =P T (10 )V )

14) Expansion valve 6: [2]

V_oJis'V_Ju %
't

15) Common Header 3: [4]
(1=v_ ) s (B Tismo s (120 2 ) Zhman) £ _ Fio s (Poso T Vasno ¥~ Fio* i)

+V_fisv_ S, ):”zzm(Psz: oV ws‘v,ﬁ»‘zxmm)

ity oo (Poss Toncr Vi 2 )

V_ sV _ Lo Ziman )

_fisV_ S0 Zhoman)

(1=v_£i5)v_Sio Mg (P T Visar (=¥ Si5) Vo Ze )
sV _Foo Zaman)

oV Fio"Ztman)

12) Expansion valve 4: [2]
B (o T Vi (129 _ i) ) b forh

=g (B 1o (17V _ fi0) 21

7,

Vi :Vnm(Pn,wTu,,,v(l*V,ﬁu)‘Zk W) Pign = B> By am Vaan Vum(T:w Pryov_ o7 nmm)’
3 4
2 =b X =1
= =1 32
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[Summary] Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle

1. Design variables (oPerating conditions) [187] T: Temperature/ P: Pressure / v: Speciﬁcmlume/z,.‘,,r:t::::]epfiaszg;);;frgzs/

component j at the precooling part / w: work inp:
. P c: flow rate ratio between inlet and outlet 4 / m,,,:
PR T (i=1,0020,00,00026, 0050 ) "
T,

precooling refrigerant
Ts2pTs 10,51 52m> L5 ams Ls.6ms Vs> Vs.9p Vs 21ps Vsamo Vs.ams Vs.omo

ss flow rate at the

*Subscript NG natural gas, Subscript ‘main’: main cooling refrigerant
s.2p2 s21p2
Wi, Wyy Wy, Wy, Wey Wes €15 Cos ey M5 v_fiosV_Jiss Zj pre (/ =12, 3)) Z}. main (k =123, 4)

2. Equality constraints [165]
2.1 Equality constraints of precooling part [83]
2.2 Equality constraints of main cooling part [80]

»

3. Objective Function: wminimize the compressors power

Minize mpr(’ W + mpr(’ W, + mpr@ "Wy + M in = Wy + Mogin " Ws + Miin " We

a
A

S

4. Free variables [22 = 187 — 165]

: Pl,n Pz,n Plz,u Pn,n Ts,n 7;1,;’ Tm,n Cs Cos 2y pres Za,pres Mpres

Bos Pos Pons B lelu’ T17m3 Z1main> Z2,main® Z3,main® Mimain

1m> L 2m> Lam> Lom>

lgdlﬂb 33

ive Ship and Offshore Plant Design. Spring 2019 _Myung:ll Roh

3. Determination of Optimal
Operating Condition of the
Liquefaction Cycle for LNG FPSO

gdl b
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Configuration of the Dual Mixed Refrigerant (DMR) Cycle
(1/2) — Precooling mixed refrigerant(PMR)

— Main cooling mixed refrigerant(MMR)
— Natural gas(NG)

FEASIBLE LIQUEFACTION MODEL (CASE 17) *t and V: Liquid and Vapor
Liquefied Natural

Gas(LNG)

- %T &= Main Cooling

- Precooling 2 stage compression refrigeration
- Main cooling 1 stage compression, 2 stage refrigeration

Exchanger 2

Phase
B separator

Configuration of the Dual Mixed Refrigerant Cycle 35

Configuration of the Dual Mixed Refrigerant (DMR) Cycle

o Wie AY

— Precooling mixed refrigerant(PMR)

— Main cooling mixed refrigerant(MMR)
— Natural gas(NG)

*Land V: Liquid and Vapor

* Purpose: Liquefying the natural gas by
using two kind of mixed refrigerants

Liquefied Natural T
Gas(LNG)

131
L Vapor

Natural Gas(NG)
Feed

* Refrigerant:
Mixed refrigerant composed of Ethane(C,Hg),

Propane(C;H;), n-Butane(C,H,,) for precooling

12685}
L Vager.

Heat
Exchangert

1 ‘Iraish'av",'msh’av‘l
1 sl s
Upor J1Cand V.1 Ligeid }

Mixed refrigerant composed of Nitrogen(N,'),
Methane(C,H,), Ethane(C,H), Propane(C;H,) for
main cooling

F
| R

ot
Exchangers

* Problem Statement:

[Given]:
NG(27) T=26.85°C, P=65bar,
LNG(31) T=-160.15°C, P=65bar
My, =49.21 kg / h
(=0.0004 MMTA)

Haat
Exchanger2

[Find]:
The operating conditions such as the
pressure, temperature, specific volume, mass
flow rate, and composition of the
refrigerants minimizing the work provided to
the compressor.

G separator

* Reference: 1) Venkatarathnam, G., 2008, Cryogenic Mixed Refrigerant
Processes, Springer, New York

Configuration of the Dual Mixed Refrigerant Cycle * N2: boiling point -196° 36
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Mathematical Model for the Determination of Optimal
Operating Condition of the DMR Cycle (1/¢]

Main co

1. Design variables (Operating conditions) [107] Natural Ga:

Propane(2.1%), n-Butane(0.5%), i-Butane(0.3%), i-Pentane(0.1%)

: R’ T;’ V[ (l :1’ ""26’28’29’30)’[&1’1}‘11’7},13’VSA’VSAI’VS,IB’WI’ M/Z’ M/B’ ¢, Mpre’ Mmmn’v_f’z/,pre(j :1’2’3)’Zk,mum (k :1’2’3’4)

T Temperature / P: Pressure / v: Specific volume / 2,,,.: mole

fraction of the

H 1 3 4
2. Equallty constraints [91] 2=l D =1 component j at the precooling part / w: work input to the compressor per mass /
= =l c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
. . . precooling refrigerant
2.1 Equality constraints of precooling part [49] Subseript NG natural ga, Subscrip ‘main’: main cooling rfeigerant
1) Compressor 1: [6] 4) Tee: [6] 8) Compressor 2: [5]

, o _ BB Tz \ech (BT, )b (PTovz
/1‘2(1’,:,T,2.v, ,»,,,‘,)er,—/1,([".T‘.v‘.z,,,,‘,) V(PTovz, ) = ey (PoTyvez, )+ (1=) (BT v,az, ) (1=€) by (PsTiVigs2, )+ 02 =(1=) (BT v,
ho (BT Vs102, e ) = Ta (Bos T Vias 2,0 R=PF, =h
n= (BT Vo 2 e ) = (P o i 21) ! (BT Vsi157) ) = Pro (s s Yas 2 e )
(B T2 ) s (P Tovieszy) © T=T T (BT w2y ) e (o T Y2y )
1 (B TV 2 e ) = o (P Tig0 V1002 e
5 (PorTiotiss 2y ) =5 (BT V02, ) V=V (T Pz, ) v =i (T Pz, )
. $10(BorTiorYorZre) = 51 (Bis 15 Vs.102c )
Vo = (B, P2 40) 5) Expansion Valve 1: [2]
Vo= Ty Bz, ) h(PuTyr) = b (P.Teov,) o = Ve (R Tiine %, )
v =v(.R.z,,,) v =vy (7%, R) Vi =@ Bisz) )
2) Sea water cooler 1: [3] 6) Heat exchanger 2: [11]
The temperature of the outlet of the (1=0)- M by (B Tov,02, )+ (1= €)M by (BT v, 2, e )+ Moy i (B T Viss Zaain) + Mo g (Pogs T Vg 2 )
sea water cooler is usually given.
T=310K =(1=e) My by (BT, )+ (1) My iy (PosTigsVion 2, )+ Mo oo (BT Vios Zeman )+ Mag g (P T Vs Z16)
R=p B =R, B=RuRs=Re.Ps=Py  T,=T,, T,=T,
v =By ) % =0 (B2, )+ Y0 = Vi (T B2 e )5 Vio = Vi (T P Zman ) Vo = Vi (Toos PosZin )
3) Heat exchanger 1: [11] 7) Expansion Valve 2: [2]
I (PaTyovioz, ) = by (B Tyov,s
My (BT 2, €My (B Tobss 2, ) Mo, (B TV Zein ) + M (P a2 (BTt )< (BT )
- . , ! v =% (5. 5.2, )
=My (BTv 2, ) 4o My b (BT ves 2, )+ Mg (BT Viss 2 )+ Mo g (P
9) Common header 1: [3]
B =R, B=F, B,=Py Pg=Py by (BoTyovisz, )+ (1=0) By (BT )
v =5 (15 Po2, ) Ve =V (T B2 e ) is = Vis (Tss B Zaan ) Vs = Vas (T Pas ) i (PoTyvpz, )  P=P.P=R 37

Mathematical Model for the Determination of Optimal
Operating Condition of the DMR Cycle (2/@)u oo cisea

oling: Ethane, Propane, n-Butane
t

Main cooli

° R, 77’ Vi (l =1, ‘“*26’28*29*30)*T;.I’TS.II’TS.IS’VS.I’V‘S‘H*VS.IS*WI’ Wi, Ws5 €, Mpr‘c’ Mumm’vff’zj,pr‘e

precooling refrigerant/ v_f: Vapor fraction at stream 16

2.2 Equality constraints of main cooling part [40] *Subscript ‘NG natural gas, Subscript *main': main cooling
10) Compressor 3: [6] 13) Heat exchanger 3: [10]
s (Pos o Vo Zomin) + 5 = (B T o2 V_f Mo Iy (Pros T ViV _ f ~Zeman) + (1=V ) Moy (P Toy vy (1= _ )23 )

_ s (P TsissVsass o) =P (PasToosVaeoZaan ) - +M s (P T Vass 2 )+ Mo sy (Pr T 2002106 )

(P Tty ) =V g (PasTasbnge_ 2+ (1= f) ol (B Tigs 1= f)zp) - 7SV o (BT (1))

Re=hy, By=Py T,=T, T,=T,

Vi =i (Bs Brs (129 _ ) Zian)> Vao = Vao (To0s PosV S *Zspan) By=Py, By=Ps vy

Vo5 (Boss s 2y ain)

rogen, Methane, Ethane, Propane

i i i iti Natural Gas: Methane(87.5%), Ethane(5.5%), Ni (4.0%),
1. Design variables (Operating conditions) [107] Propanc(a.1), - Butane(0 550 | Butane(0.3%) - pentane(0.1%)

(F=12.3) 2 (£ =1.2.5.4)
T Temperature / P: Pressure / v: Specific volume / z,,.: mole fraction of the

H H component j at the precooling part / w: work input to the compressor per mass /
2. Equality constraints[91] c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the

reftigerant

VooV _ S 2 i

n=
T (BT s Zuman )= s (Pan T Voo Zhman) © = VS Mo P (P TV S 2y )+ (129 ) Mo B (B T (10 ) 24 )
326( P TogrVass Ziman) = 515 (P Ts132Vs.152 Z ) My g (P Toge Vago Z e ) + Mo By (Pro- oV Zvc )
Voo =V36(Ta0s Pogs Zy ) Py =By, By =Ry By =P Py =Py T, =Ty, T, =Ty
Vo =V Ty 13 Bys Ziain) Vi =V (T P ¥ 2 ) Vs = Vi (T Bas (10 ) Zian ) ¥30 = Va0 (T00 Bos 21 )
=y (T..P 14) Expansion Valve 3: [2] 16) Expansion Valve 4: [2]
Vis =V (T35 Bas ) o (PT , i (PoT.
(BTt 0%, ) = (B To i v $170) + P (BT VooV 2 ) = s (B T
11) Sea water cooler 2: [3] Vio = vio (Tio- By ) Vi = s (T BV 21
The temperature of the outlet of the 15) Heat exchanger 4: [6]
sea water cooler is usually given. X X . A
T=305K Y M oy (P Togs VoV S 2 )48 My B (P T VsV f 24 )+ Mo sy (P T V00 Z10)
By=Py Vi =0T R Zi) =V S My by (Poon T VsV S 2 )4V _ S Moy oy (P T, I Zhan) + Mg i (Poxgs
By=Poy Py=Pyy Ty =Ty oy = (Ts P _ S 2 )s Ve =V (Tos BV _ S 2 )
12) Phase separator: [7] 17) Common header 2: [4]

g (P TV~ Z) = s (B T Vs Z )
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Mathematical Model for the Determination of Optimal Operating Condition of the DMR Cycle

Optimization Method

Modified optimization problem

9

* Free variables [16 =
.R,P,R,F,,B,.T,,T;,T,s,c,M M

pre> Y main»

W+ M

pre

“w,+ M,

107 - 91]

main~ W3

Z("Z,pr'u ’ Z("},pr'ﬂ ’ ZJVZ,mam ’ ZL'l,main > Z('Z,mmn
* Inequality constraints [11]
* Objective function
Minize M

pre

®» Use of sequential quadratic

programming(SQP) method

Values of

free variables

I

Values of

Problem of nonlinear equations

ther design variables

+ Design variables [91]
« Equality constraints [91]

=» Use of Newton-Raphson method

1. Design variables (operating conditions) [107]

T 15T 05T

solsanedsizs Vs Vs Vs Wis Wos Wy €

1,...,26,28,29,30),

My MoV 37,0 (F=12.3),2,,, (K =1,2.3,4)

2. Equality constraints [91]
1) Composition of the refrigerant [2]

2) Precooling part [49]
3) Main cooling part [40]

1) Minimum temperature approach in heat exchanger [8]

2) Inlet condition of the compressor [3]

4. Objective function:
Minize M

pre

T: Temperature/ P: Pressure / v: Specific volume / Zypre!

Minimize the compressors power

S+ M

pre

“w, + M,

main W3

mole fraction

of the component j at the precooling part/ w: work input to the
compressor per mass / ¢: flow rate ratio between inlet and outlet 4 /
M, mass flow rate at the precooling part

pre:

3 Inequality constraints [11]

*Subscript ‘NG’: natural gas, Subscript ‘main’: main cooling part

39
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Comparison between Optimization Result and Existing Study

P[bar], T[K], v[m3/mol], w[J/mol], m[mol/s], W[kW]

Result obtained by Venkatarathnam™:

[%]: Difference

Result obtained by this study: % o ] ]
P1 19.17fp11 759p21 4857] Ts1 349,62 p1| 1920 029P11 760| 0.2%fp21| 4860 0.1%|  Ts1 349,59 0.0%)
T 35542|T11|  31251|121 143.54 Ts11 305.49 11| 36025 139111 31359 03921 14470{ 08%  Ts11 305.75] 0.1%
vi | 0001274]v11] 0.003078]v21 0000043 Ts13 388.66) v1 | 0.001291) 139 v11] 0.003089f 03921 0.000045 Ts13 389.24) 0.19%
P2 19.20]p12 759 P22 4857] vs1 00014673 p2| 1920 ooufpi2]  760] 0.20fp2o] 4860 vs1 0001467] 0.0%
T2 31000712 308.94122 113.0 vs11 0.0032314| T2| 31000 0.0%|T12| 31379 1.5%T22| 113.00] vs11 0.003234] 0.1%]
v2 | 0000122]vi2| 0003044v22 0.000040 vs13 00006245 v2 | 0.000122] 0.09%v12| 0.003092f 1.5%v22] 0.000040f 0.0%|  vs13 | 0.000625| 0194
P3 19.20[p13]  4857|p23 319 wip/mol) 2738.87] P3| 1920{ 00%p13| 4860 3.00] 6.0%| wip/mol] | 2767.71] 1.09
3 27333fm13| 41382123 106.99 w2 1099.84 13| 273.10) 0.1%T13| 41813 10689 0.1% w2 1103.87] 0.4%)
v3 | 0.000087]v13| 0.000663]v23 0000304 w3 8233.20) v3 | 0000087 01%|v13 0000304) 0.1%] w3 8441.32] 25%)
P4 19.20[p14 4&5-7|P24 ERE < 06000 pa| 1920] 0.09%p14 3.00] 6.0% c 05980) o.sd
T4 27333|m14] 3050024 14047 mpre[mol/s] 08982} 14| 27310 0194114 141.79) 0.9%| mprefmolys) | 0.913] 1.6%
|va| 0.000087)v14 ovoooss%vzét 0002884 mmain 09776} v4 | 0.000087] 0.1%v14 0002911) 0.9%|  mmain 1| 2294
ps 759|p1s|  4857]P25 318 zpre Ethane 02481 ps 7.60] 0.29%P15 . 3.00] 6.0%| 21 Ethane | 0.2481) 0.0%
5 26994115 27333125 14036 zpre Propane 06410} 5| 26073 019dis| 27310 019 T25] 14026] 0.1 22 Propane | 06416] 0.1
vs | 0000158]vis| 0.000248]v2s 0001089 zpre_n-Butane | 01110 v | 0.000156f 019|v15] 0.000248] 019 v25] 0001090 0.19% 23 n-Butane | 0.1103] 069
P6 7.59|P16 48.57]P26 3.ﬂ zmain_Nitrogen 0.0710) P6 7.5j 0.2%| P16 48.60] 0.1%| P26 3.00] 5.9%| z1_Nitrogen 0.070] 1.4%]
6 30651fT16|  24000]T26 23643 zmain Methane | 04153} 76| 31393 2axf16] 24000 00wfr26] 236.95] 0.2% 22 Methane | 04180 0.6%
v6 | 0003020fvi6| 0.000141fv26 0006349 zmain_Ethane 0.2887] v6 | 0.003093) v16 0000141 ovc%vze 0006363 0.%| 73 Ethane | 0.2990| 3.5%
P7 19.20]p17|  4857|p2s! 65.00) zmain_Propaane | 0.225054) p7| 1920 P17|  4860] 0.1%|P28|  65.00] 0.0%|z4 Propaane| 0.2130] 5.7%
7 27323117 240000150 27333 (.2.2{:5:.?\:1 11.497] 17| 27300 edris| 24000 27310 § 10/ "::':"::."‘l‘\‘” 11.976 |4.0%
v7 | 0000087|v17| 0.000071)v28 0.00028¢] v7 | 0.000087] 0.19v17] 0.000071

Pg 19.20]p18|  4857]p29! 65.01 pg| 1920 00%pis| 4860

8 24000[T18| 14354129 240.0 18| 240.00) 0.0%fT18| 14470) .00] 0.

v8 | 0000079|vi8| 0.000052v29 000021 v8 | 0.000079] 0.09v18| 0.000053} ! 00

P9 280[p19 3.18p30 65.00 P9 280] 0.1%P19|  3.00]6. as.oom

19| 23690[mo|  13921fr30 14354 19| 23650 029dr19] 139.14 019 144.70| 089

vo | 0000257)vio| 000036830 0.000043 vo | 0.000258f 029|v19] 0.000368] 019 w30l 0.000044] 0.8

P10 280lp20| 4857 pio] 280 01% 48.60] 0.1%

10| 267.67|120]  240.00 10| 26867 04% Tj 240,00} 0.0%

[vio| 0.007509]v20] 0.000317 v10] 0007537 oévzo [ 0000312 0.0

= The result of the optimal operating condition of the DMR cycle

power consumption compared with the past relevant research.
2008 Crvogenic Mixed Refrigerant Processe:

> Referen:

0

pringer, New York

obtained by this study saves 4.0% of the total required
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Mathematical Model for the Determination of Optimal Operating Condition of the DMR Cycle
- Validation of the Optimization Result

1. Design variables (Operating Conditions) [107] Plbar], TIK], vim?/mol], wl}/mol], m[mol/s], W[kw]

2. Equality constraints of Precooling part [91]
» To verify the mathematical model of this research for the DMR Cycle, 16 design variables are assumed and the values
of the other design variables are compared between the result obtained by the mathematical model and HYSYS.

[%]: Difference

1% % %
Pl 19.64P11 8.1qp21 4897 Ts1 34697 p1|_ 19.640.009P11 s1doooddpa1| 489 Ts1 3473d0.11
T sse3frii] 314 1403 Ts11 30624 T sserforidri] sizodoasddrar] ra03 Ts11 306.71[0.15:
vi|_ooot20dvi1| ooozsadvar|  oooooad  Ts13 395.94 vi [ ooor2040019dvii| ooo2eafoozedvat| 000004 Ts13 394790304
P2 1964 P12 819p22 4893 w1 0001467 2| 19640009p12 s190009p22] 8.9 st 00014670039
12| 3002|3078tz 1130 vt 0003234 2| _s100dooosd 2| s0s2fpraedraa] 1130 Vsl 000323400294
2 | _000009viz[ oo02774ve2|  ooooosd w13 0.000624 v2 | 0.0000940.009dviz[ 00027740019 v22] 000003 vs13 00006240039
P3 1964p13] _ 48.99p23 274 win/moll | 25058 P3| 1964000dp1s|  4sodooodpas] 279 wil/mol] | 2514040324
13| orsofm3| 42224r23 1058 w2 11879 73| __27sofooodd T3] a209d031edras] 105740 w2 1191010254
3 |_ooo0081|vi3[ oooosedvas| 000036 w3 57469 v3 | 0.0000810.004dv13[ 0.0006690.03v23] 0.000360 w3 5705640479}
P4 1964p1a] __ 4699p2s 27 c 0.58464] P4 19640009p14 ssodpoodpaa] 27 < 0.5846430.00%
14| 27s0fm4] 30s0dra4 137.74_Mprelmol/s]_| 0.932864 74| a750foooddTia]  30s0dooovdr2a] 137840099 Mpreimols |0.9328640.00%
va| 0000081|via| 000037dv2a] 000301 Mmain | 0.957021 v4 | 00000810009 vi4] 000037d0.00v24] 0.003016p: Mmain__|0.957021[0.004
P5 sa9pis|  489dp2s 27 zpre_Ethane | 0.253894 5| s1dooodpis 480d000p2s| 27 zpre_Ethane | 0.253899 0.00%
15| 2r20ftis| 27s50r2s 13741 zpre_Propane | 0.63883 75| 2720do0redTis| 27s0dooodras| 137240119 zpre_Propane | o0.638840.004
vs | 0000144v1s| 0000244vas| 000101 zpre n-Butane | 0.107274 v5 | 00001440009 v15[ 00002430.00%v25] 0.001010.01% zpre_n-Butane | 0.1072750.00
P6 819dP16] __ 4894p26 2.79 zmain_Nitrogen | 0.069317 P6 8.14000%]P16 48920.004p26] 2790004 zmain Nitrogen [ 0.0693170.00
T6|  30397T16| 23964126 23764 zmain_Methane | 0.405874 76| s0a2dooesdTie] 23064000926 236640.44% zmain_Methane | 0.405874 0.00
v6 | _0002724vi6| 0000131v26] 000683 zmain Ethane | 0.2964 v6 | 0.0027240.019vis| _0.000130.004 26| 0.006830.04%] zmain_Ethane | 0.29640.00
P7 1964p17]__ 489]p2s 65.00 zmain_Propaane| 0.228409 7] 19640004p17 48.9540.009p28] 65040009 zmain_Propaane| 0.2284040.00
17| ersofri7| 23964128 275.01 17| _27sofoood]Ti7[ 23064000428 275.010.00
V7 |_0oo0081|vi7| oooooegdvas| 000029 v7 | 0.000080.009dv17[ 0.00006¢0 009 v2s] 0.00029dp.00
P8 1964p1e] __ 4899p20 650 P8 | 19640.009P18 48.9540.009P29] 6504000
18| 23964Tis|  1403d120 239.64 8| 239640009 T18]  1403d0.00%{T20] 239.640.00
w8 |_0000074vis| ooooosdvao| 000020 v8 | 0.0000740.009 vis| _0.00005d0 00 v29] 0.00020dp.00
P9 2.84p10 279p30 65.0 9| 2.840.009P19) 2740009P30] 6504000
19| 2365qT19] 13604130 140.34 9] 2365doorodTio]  135.070sedr30] 140.3d0.00
o | _0000232vis| 0000344vio] 0000043 v9 | 00002340004 v19] 00003440 019v30[ 0.0000430.00%4
P10 28dp20] 4899 A . p1o]__ 284000%p20) 48.900.00%
o] zes9d20] zae{ Mathematical model of this 10| _2663d0.179d120] 239,640,004 HYSYS
10| ooo7301]v0] oooozi Study for the DMR Cycle vio] 00073030.02%v20] " 0.0003170.004 41

i+ Common condition
i 1) Given: NG T=26.85°C, P=65 bar,

Comparison between the Cycle by
Optimal Synthesis and DMR Cycle

« After the optimal operating conditions for the two cycles are achieved, the
power required by the compressors for the two cycles are compared.

Yj s CASE 20

LNG T=-160.15°C, P=65 bar
'h.\(‘, =4921 kg/ h (=0.0004 MMTA)
2) Refrigerant:

Mixed refrigerant 1 is composed of Ethane(C,Hy), Propane(C;Hg), n-Butane(Cafis) for precooling
Mixed refrigerant 2 is composed of Nitrogen(Ny), Methane(C;Ha), Ethane(Catie). Propane(CsHs) fol

-

.:‘m, B ‘(L,fv, (o o L
o ® -
- = = e
@_M %-r = TCL/,—;irs( Cycle =
Wézﬁ — = I%:W__I o1 J@
> . e _-w\ = _ N NG {A _i__' NG
(e e 1 L

il L Lt_' Second Cycle

Second Cycle [Configuration of the Dual Mixed Refrigerant Cycle"]

= — - Precooling 2 stage compression refrigeration
- Main cooling 1 stage compression, 2 stage refrigeration

[Result of the Synthesis of the Liquefaction Cycle]
- Precooling 3 stage compression refrigeration
- Main cooling 2 stage compassion, 2 stage refrigeration
Total required power consumption of
the compressors and pumps: 11.359[kW]

Total required power consumption of
the compressors?: 11.497[kW]

=» The result of the synthesis of the liquefaction cycle saves 1.2% of the total required power consumption.

* Reference: 1) Venkatarathnam, G, Cryogenic Mixed Refrigerant Processes, Springer, New York, 2008
) K. Y. Lee, J. H. Cha, J. C. Lee, M. |. Roh, and J. H. Hwang, Determination of the Optimal Operating Condition of Dual Mixed Refrigerant Cycle at the Pre-FEED stage of LNG FPSO Topside 42
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