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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
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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
B Engineering —\ N )

@ Design Criteria (Detail Design) F/,, Procurement ﬁ/ Construction ) Installation
<= 5 Well Components, Well Scale, Required Daily Production, Environment & Geographical Factor, etc.

Utility Consideration - Development of the optimization

> Configuration of the process system and operating conditions of each stream of the refrigerant program corresponding to ASPEN

<7 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 . e
operating conditions of the

liquefaction cycle of LNG FPSO

{} S Diameter of the pipe for each stream

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

T S Diagram to show the safety & control logic of the topside systems
./ and heat & material balance tables2)

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

S Datasheets to show the operating conditions and diameter of the inlet and outlet of each
<7 equipment for performing procurement, construction, and operation of the topside process systems

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

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

I @ Plant Layout for Liquefaction Process I

S 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

i 16, Myung-Il Roh l“dlﬂb 4
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Major Considerations for the Selection of the Liquefaction
Cycle in Offshore Application (1/2)

<LNG FPSO>

<Liquefaction 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 Identification(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 o to determine event rates of a safety accident or a particular system level
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>

<Exploration and Production
of the Natural Gas>

B 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!
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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

7,=-30.0 C, Py=24 bar ® @) 7,=110.2C, P,=24 bar
Liquid < Vapor
4
A
T,7164.0 C, P,;=4 bar @ @ T,=23.0 C, P;=4 bar
Liquid and Vapor VAVAVAVAVAVAN Vapor End flash system
Natural Gas(NG) s/ \/\/\/A/A/\ > >
TyG=26.85C, Pyg=65 bar" Liquefied Natural Gas(LNG) Liquefied Natural
Ting=-160.15 T, P =65 bar? Gas(LNG)
. . Tin=-160.15 C,
Equipment used in the cycle Ping=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 and liquefied natural gas are the values of the general case. 8

expanded to the atmospheric pressure (1,01 bar) to be stored in the LNG tank
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Heat transfer to the

Optimal Design of Liquefaction Cycle
for LNG FPSO 5 ;

rerrigerans 40 °C
Pretigecant: 1017 bar

fos
=T

Il
UI =
: Condenser
| Workty/ \ N
H \Compressor Expansion

P =P o o o i i i i

Compressed
Liquid

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

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

Liquid aﬂld! Vapor
|

q;

|
i
!
; Constraint
[}

4.

Design variables

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(k=u+Pv), the equation of state, and the experiment.

h=h" +h"

hG: Ideal gas value of the specific enthalpy
hk: Residual specific enthalpy(correction of the ideal gas state values to the real gas values)

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

* Reference: Smith, JM.,, Introduction to Chemical Engineering Thermodynamics, 7% edition, McGraw-Hill, 2005, pp.199-253 ’“dlﬂb 10
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Mathematical Model of the Liquefaction Cycle
- Equations of State

* Physical Constraint based on Thermodynamics #2
Equations of state

Bv, =R1,

[Equation of state for an ideal gas@oyle-charles' 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
L RT, a(T)

P P (vfeb)(vfcrb)

‘;‘:ﬂ{,b,(‘(ﬂ) v —b

P B (v-eb)(v-ob)
y By, all) _ wth

P B, (v,,—eb)(v,,—ob)
R )

P P, (viy—2b)(vy,—0b)

Example) Ammonia:

- -  =0253, 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

between volume and temperature) ’!dl“b 1
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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, J.M., Introduction to Chemical Engineering Thermodynamics, 7t edition, McGraw-Hill, 2005, pp.199-253 g dlnb
! 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”

I!dlﬂb 13
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[Summary] Mathematlcal Model ] ; ’T)sgs\%s’r:lure Iz specific enthalpy, s: specific entropy
. . . . 1 v Specific volume
for the Determination of Optimal Operating § i Fovierprovted o e ComBreSor PR TES e aumosphers
oy . | g, Specific heat transfer from the refrigerated space to the refrigerant(Given)
:

| V.f Vapor fraction

LCondition for the Refrigerator (1/2)

1. Compressor
1) Design Variables: 7, v, 7,2, v,, 1,,T;, w
2) Constraint:

B (R T+ w =l (P Ts)

[The first law of the thermodynamics]

3. Expansion Valve
1) Design Variables:
2) Constraint:
hy(PvinTy)

Pos vy Tovaps Ve _f

[The first law of the thermodynamics]

2. Condenser

1) Design Variables:

2) Constraint:

Iy (PvasT) = g, + s (P, T3)

4. Evaporator

1) Design Variables:

2) Constraint:

Bovi, Ty

[The first law of the thermodynamics]

P =P [Isobaric process]
[Efficiency of the compressor] :
5, (g v, T, ) =5,(R.v. Ty ) [The second law of the thermodynamics]
RT, . a(l)  v-b o oBRL a(h)  vob
vy=—lab- pl ( eb\)( }7) [Equation of state] P, (‘,-7 7.917)(\3 70'17) [Equation of state]
1 Y- Y —ol
R, a(n) v,=b : [Saturated pressure and temperature]
v, =—2+b— — .
P P, (v,—&b)(v,~cb) [Equation of state] [Outlet temperature of the condenser]

M,q,

M(L=v_ [ )y (PovinT)+ Moy by (Povy o T )+ M g,

=(U=v_ f) by (Povips T ) +v_ Sy (Povy,T,) =M (P, T) [The first law of the thermodynamics]
e P =K [1sobaric process]
p,=10 [Saturated pressure and temperature]
==y _f) v +v_ v,
v, = RT, ol ) vumb [Equation of state]
P P, (v, —eb)(vy, —ob)
. R a(T) vy, —b
w="p P 7( " 7£b>(v4, = ob) [Equation of state]
s
p=10"TCE [Saturated fe':;:,':(:": M -q, = 20[kW] [Given] 14
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| T. Temperature, Ji: specific enthalpy, s: specific entropy

! P Pressure

| v Specific volume

| w: Power provided to the compressor per mass

|y Specific heat transfer from the refrigerant to the atmosphere
|

|

|

R

[Summary] Mathematical Model

for the Determination of Optimal Operating
1. Design variables (Operating conditions) [21]: P, T, v, T, vs v,u v, v_f, v, M, q;, q (i=1,2,3,4)
2. Equality constraints [19]

1) Compressor [6] 4) Evaporator [4]
it Iy (Bov,, )+ i w = rinhy (P, v,, T, ) M(1=v_f)ohy (B T)+ M v _ [y (P, o T,)+M g,

4 Specific heat transfer from the refrigerated space to the refrigerant(Given)
U Heat transfer coefficient of the evaporator
A: Area of the evaporator

[The first law of the thermodynamics]

_ h (P v ) [The first law of the thermodynamics]
=M-hy(B.w,
— [The second law of the thermodynamics] p-p
470 [1sobaric process]
5
R (]Tv"'w T)=s, (P:v‘/.\v T;) A = 10trwt—:’7 15 M-q, =200k [Saturated pressure and temperature]
RT, . a(T) Vb 10° ' [Heat transfer in the evaporator]
W=t —t 2 [Equation of state]
R B (v -eb)(v-ob)
LR, all) b LR, aT)_ vob 3. Inequality constraint [1]
R B (v,-eb)(v,-0b) ° P, B (vs-eb)(vs—ob) T,>T,, +AT,, [Outlet temperature of the condenser]

2) Condenser [4]
Since the number of equality constraints is less than the

by (Rovi B =gy 41 (R T) (The firstlaw of the thermodynamics] number of design variables, these equations form an
=P Isobaric process] indeterminate problem.
RT L v, —b . - . .
v, =T+h—%m Equation of statel] We need a certain criteria to determine the proper solution.
B By introducing the criteria(objective function), this problem
B _ o e can be formulated as an optimization problem.
00 [Saturated pressure and temperature]
31 prparr)\sion valve [5] 4. Objective function (f)
AT PRI o
(U)o Bavan T+ oy, (Paveels) mﬁ,:',',f,ﬁ,':;:,:,:,f:‘:i Minimize the power provided to the compressor.
e =M
1%210 fans [Saturated pressure and temperature] f w
RT, , a(T) v —b .
vy, =—t+b— —M Rl a(T,) v, —b
RN SR O B e o v
vi=(l=v_f) vy +v_fovy,
15
Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator
- Optimization Method
R — Optimization Problem ‘ Modified optimization problem
i1 Design variables (Operating conditions) [21] R . _
LT Tve v v v ow Mg, 4, (-1234) Free variables (2 = 21 - 19]
! c | TP,
i 2. Equality constraints [19] "
LG © ' . . .
P 1) Compressor ( 3 Inequality constraints [1]
i 3)Eb lve (5) ' . . . .
|4 Evaporator @) | @) Calculation of objective function
3. Inequality constraints [1] Minize f =M -w
| 4. Objective function: Minimize the compressors power |
Minize f= M- (® Assume the free variable to calculate
3 3 smaller value of the objective function
;'gfemsg\je::lure Iz specific enthalpy, s: specific entropy using sequential quadratic
L Fawer proviaed to the compressor per mass i programming(SQP) method
L SPeche heat ranelr rom the reigerated e 16 e e |
1 g, Specific refrigerated refr ! @ .
T T T ‘ 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 16
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Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator

- Optimization Result

Problem? Optimization result

Given: Mg, =20[kW1,U =1,000[Wm* / K1, A=4.0 [m*], .
T, =—12°C,5 =95%, T,,, = 25°C,AT,,, =5°C Items Result obtained in this study
where 771+ g, :Rate of heat transfer from the refrigerated space to the refrigerant Py[bar] 2115
Tc: temperature of the refrigerated space Ti[K] 256.152f
;‘;;t““’:f:ﬂf‘:’:pi‘:’m’;"°"""°" vi[m*/mol] 0.0098128
4T, minimum value of the difference between the ambient P [bar] 117171

temperature and outlet temperature in the condenser

T,[K] 390.278
Find: Operating condition Vo[m’*/mol] 0.0026551,
Ps[bar] 11.717]
Minimize f =M -Ww :Power provided to the compressor[k//] T5[K] 303.273]
vy[m*/mol] 0.0000365
P, [bar] 2.114
o ntr e TK] 236,151
et =25 °C va[m*/mol] 0.0017003)
Refrigerant v f 0.1705]
: Ammonia v4v[m?/mol] 0.0098130]
val[m*/mol] 0.0000327
wark(u) T;[K] 384.793]
v[m*/mol] 0.0026119)
Mkg/s] 0.0176)
w[J/g] 265.698
o Q/g] 1,136.364
Heat transfersfpr:(ne\';?)e refrigerated Tyefrigerated space="12 °C qulV/g] 1.402.676
Objective function(W) 4.672]

* 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>
] « Mathematical Model of this research
! ! Mathematical Model
i Assume the 2 1. Design variables (Operating conditions) [21]
design variables Pifbar] 2.113 2. Equality constraints [19]
: : TiK] 256.150 .
] ‘ o] 00098157 ®» Indeterminate problem
Pafbar] 11.698
K] 390.001
vlm/mol) 00026570 To verify the mathematical model this research,
o i we assume the values of the two design
N oonnses;  Variables, solve and compare the result with that
Mathematical model: V| paban 2113 of the Aspen HYSYS.
' - Design variables [21] H TiK] 256.150)
| - Equality constraints [19] | [vimimo) 0.0017269)
”””””””””””””””””” ! vt 0.1732)
avim'/mol] 0.0098157
val[rmol] 0.0000327
K] 384.296
vi[m*/mol] 0.0026153]
M[kg/s] 0.0176)
< 0utp ut> wil/e] 268.657
777777777777777777777777777 allle] 1,136.364
The values of anlVe) 1,402,189

the other design
: variables :

bonovative Ship and Offshore Plant Desian, Soring 2016, Myung:Il Roh l!‘"ﬂb 18
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Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator
- Verification of the Mathematical Model and Optimization Result (2/3)

1

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

: variables

the m

Comparison for verifying

athematical model

variables

The mathematical model can be verified by comparing between the values of the other
design variables obtained by mathematical model of this research and Aspen HYSYS.

<Input> <Input>
Mathematical Model ASPE | pytrerence] %]
Assume the 2 | {  Assumethe2 | HYSYS
design variables | Dlbar) 2113 ! design variables | Pilbar) 2117 0.16%
: TIK] 256.150) i : K | 256.150 0.00%)
------------------------- ' v [m/mol] 0.0098157, vilmYmol] | 0.0098003 0.16%)
Pafbar] 11698 __ [ patban 11.698 0.00%)
TIK] 390.001] ! VK | 389.863 0.04%
valm/mol] 0.0026570] | ¢ [Latmmoly [0.0026562) 0.03%
Ps[bar] 11.698 1 I | Pobar] 11.698 0.00%
TIK] 303.180] ! VL ik | 303150 0.01%)
———————— + [vamimoly 0.0000365| ! ! [watm/mol) [0.0000365) 0.00%]
Mathematical model: i [ pabar) 2.113) b Paban 2.117 0.16%
- Design variables (21) RS 256.150] | VT 256.151 0.00%
- Equality constraints (19) U [l 0.0017269] ! ! [vatmmot) [0.0017234) 0.20%
””””””””””””””””” ' vt 0.1732] 1 - = ' v_f 0.1731 0.04%
st mol] 0.0098157 | " Aspen HIYtSVS" aint ! [vvtmmon] 00098003 0.16%
B ! ere are equality constraints, i P
I e ey [ e
H constraints(Black box). H
v mol] 0.0026153 " [vm’/mol] [0.0026116) 0.14%
Mlkg/s] 00176 @ Mikesl | 00176 0.05%)
wiigl 268.657) <0utput> Wil | 268.353) 0.11%)
. alvg] 1,136.364 alel | 1,136,364 0.00%)
The values of | anll/e] 1,402,189 The values of ! all/el | 1,401,532 0.05%
the other design ! < > the other design ! Max difference 0.20%

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

ther

lnnovative Ship and Offshore Plant Desin. Soring 2016, Myung.ll Roh
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Mathematical Model for the Determination of Optimal Operating Condition for the Refrigerator

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

Indeterminate problem

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

.-De5|gn variables ( pe-r-atlng"con itions) [-2-1]
Py Ty vy Ty v vyu vy v_fo Wy M, qp, gy (51,2,3,4)

« Assumption of the values

: T =256.150[K]
P, =11.698bar]

Problem of nonlinear equations

of the free variables [2 = 21 - 19]

+ Design variables [19]

+ Equality constraints [19]

» Use of Newton-Raphson method

Mathematical Model

P [bar] 2.113
Ti[K] 256.150)
vi[m*/mol] 0.0098157
Py[bar] 11.698)
To[K] 390.001
va[m*/mol] 0.0026570)
Ps[bar] 11.698)
TS[K] 303.180]
v[m*/mol] 0.0000365
Py[bar] 2.113]
TulK] 256.150)
vi[m*/mol] 0.0017269)
v_f 0.1732]
v4v[m*/mol] 0.0098157|
val[m*/mol] 0.0000327|
TJK] 384.296|
vJ[m’*/mol] 0.0026153)
Mlkg's] 0.0176|
w(Jig] 268.657|
quli/g) 1,136.364]
quld/g] 1,402.189

lnnovative Ship and Offshore Plant Design. Soring 2016, Myung:Il Roh
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2. Optimal Synthesis of Liquefaction
Cycle

lnnovative Ship and Offshore Plant Desin. Soring 2016, Myung.ll Roh
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Optimal Design of Liquefaction Cycle | el
for LNG FPSO ’

Toariguean 47.7 °C Torngeani 40 °C
B Prerigerant: 10.17 bar Pretrgerant: 10.17 bar
! or# B
T=Te : Condcnscr
P ! . . | Work(y),
| Supercritical fluid ' Compressor Expansion
N critical ; Valve
~~ntlca state : Evaporator
P =P e o e s o e S < ga:--- i
N ' ) ., Tomquan 20°C
Compressed AN b Pramgosn 1.34 bar
Liquid \ 1 Heat transfer from the
\ B refrigerated space(q;)
P=10.17] \ o Teweeeie
¥
be,' rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ! 4, specific heat transfer from the refrigerated space
b" 1 to the refrigerant(Given)
ar H w: work provided to the compressor(Minimizing)
i
i
p=134 N L @@y  G@SSuperheated i
Pba; i §TTTTTTTTTTTmmmmmmmmmmmmmmmoooooooooooooooooooooooooood
| I Y A— [ H . '
bar i :I b Given: The quantity of the specific heat |
! i | i transfer from the refrigerated space to the |
Liquid aJ_ldi Vapor i ' refrigerant(q,) in the evaporator. '
I 1 H H
N N T
i i .
! h Constraint
i

2. Optimal synthesis on liquefaction cycles Design variables

____________ ___[>Objective function 2

11



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

Generic Model: Dual Cycle with Reg Comp

with Intercooling + Multi: Compi igeration + g

evaporstor
N ha

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

Precooling Cycle

[ « The generic liquefaction model is limited to

the dual cycle in order to implement the

offshore application.

The maximum number of each main piece of

equipment is three per one cycle, taking into
Evapontor account offshore requirements such as the

Sommen| L - compactness.

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
cycle such as propane precooled mixed
refrigerant (C3MR) cycle and dual mixed
refrigerant (DMR) cycle, etc.

Mixed Refrigerant 1

Compressor

Compressor

Phase | Phase
Intercooler Separator eparator
VWY
NWWA, NVWWA, VW

NG VWWW WIAWW WWW NG

Phase

t

o Main Cooling Cycle
@ Mixed Refrigerant 2

Intercooler Compressor

il 16, Myung:1l Roh

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

FEASIBLE LIQUEFACTION MODEL (CASE 2) FEASIBLE LIQUEFACTION MODEL (CASE 3)

FEASIBLE LIQUEFACTION MODEL (CASE 1)

First Cycle

[5@%&75 _ &0 L
B e R e e I R Y T
R, N e __%‘ % e, _—%

FEASIBLE LIQUEFACTION MODEL (CASE 4) FEASIBLE LIQUEFACTION MODEL (CASE 5)

Fit Cyde | 1
. é <HZ)_T"_

LD&}tu

Second Cycle

- Second Cycle
e .

e }

FEASIBLE LIQUEFACTION MODEL (CASE 8) FEASIBLE LIQUEFACTION MODEL (CASE 9)

——— e
First Cycle First Cycle
- o 3=
- NE o - G NG
& < s -
Secand Cycle Second Cycle Second Cycle
I e p— - pa—
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Optimal Synthesis of the Liquefaction Cycle
- 27 Feasible Liquefaction Cycles (Case 10 ~ Case 18)

FEASIBLE LIQUEFACTION MODEL (CASE 10) FEASIBLE LIQUEFACTION MODEL (CASE 11) FEASIBLE LIQUEFACTION MODEL (CASE 12)

ST ";;;ﬁzf

FEASIBLE LIQUEFACTION MODEL (CASE 14) FEASIBLE LIQUEFACTION MODEL (CASE 15)

B , i

: 55D :
Hl =L

FEASIBLE LIQUEFACTION MODEL (CASE 18)

_\:] =
T it cyae

FEASIBLE LIQUEFACTION MODEL (CASE 16)

i)

Y

itEl

25

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)

& N ™
2 {
‘ W J=={ OpY cton e 1
! j “ Ueﬁa
e | PRt i\ls) e
ik G-
[ i A =
L‘J el T ,..j
FEASIBLE LIQUEFACTION MODEL (CASE 22) FEASIBLE LIQUEFACTION MODEL (CASE 23) FEASIBLE LIQUEFACTION MODEL (CASE 24)
r e e [ 1
) o b . /- .
AR Y e [P
] e | l_ e || [ Eryr |
UL)EW:TH' an| — D@*fw:TB' f j N S j{:;fj T _
G - g E TR T e B e
.. i 4 T
L o LI LT [ - nEaN i o
FEASIBLE LIQUEFACTION MODEL (CASE 25) FEASIBLE LIQUEFACTION MODEL (CASE 26) FEASIBLE LIQUEFACTION MODEL (CASE 27)
- -
[
A L
[D-@vﬁh e |
r}@ ]
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (1/6)

T: Temperature / P: Pressure / v: Specific volume / z,,.: mole fraction of the

1. DeSIg n varia bles (operatl ng Cond ition S) [ 1 87] component 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
* P" ]:’ Vi (l - 11)’“"21/"1”1""’26m’lf“(f""’5f“(f)’ precooling refrigerant !

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

T.r‘z,n TY,]‘?/}’TT,Z\”’ ry,zm > Ts,am > Ts,sm >Vs2p2Vs19p> Vs 212 Vs 2mo Vs amo Vsom»

Wi, Wyy Wi, Wy, Wsy, We, €15 Co5 MM, mmum’vffu)’vfflf’z/,plz‘ (/ :1’2’3)’21(,11111111 (k :1,2,3,4)

2. Equality constraints [165]

2.1 Equality constraints of precooling part [83]
5) Expansion valve 1: [2]

1) Compressor 1: [6] 3) Tee 1: [6]
= (0 Pl Bir) o (P Top 312 ) = (B Ty iy 2,
W=, (B, p =c (P T Vigs 2 e )+ (126) Iy (B Ty oY Z e ) S (T P )
7 I,=T,

)=l (BT, )

Sip (B Ty ¥pr 2 ) = 52 (B Tz Vs 20071 r)

2 hip

Vip =iy (Tips P2, ) Vi = Vs (Tin B2
6) Tee 2: [6]
e iy (B Ty Vo2, ) (1=6) o, (B Ty 007,0)
=¢3:(16.) Aoy (Pup Tiopo Vo 2 )
#(1=6) (1=6) gy (P T Viago 2, )
B,=h,. B,=h,,
T, =T,

4) Evaporator 1: [14]

¥, =, (BT )
ity Dy (P Ty,

2

Vsap =52y (B Tsapn )

s (P T2

+(1-c)m
o (P T o e (P T Va Z1v)
(B s Vg2 )+ € By (BT v

v,

. ) 14p
R) Condenser 1: [3] (0= iy (B T2, )+ B (P, ’
The temperature of the outlet of the + ity i (e T Viva 216 ) o
sea water cooler is usually given. Viap = Viap (Tu,nPH,er.,, )
T=310K w0 =Py By =P po Ry =By By = Bys Pig = By
p,=5, L, =1, T, = 1, 5, = Tig
Vip =5y (T By 2 ) Vi, =V (T Pops 2y )s V2 =0, (502 )

¥, = Vo, (T P2 )s Vi = Voo (Tos Pors Zoman )5
v (Mg Pigzig)

27

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

T Temperature / P: Pressure / v: Specific volume / 7,,,.: mole fraction of the

1. DeSIgn Varlables (operatlng Condltlons) [187] component 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
SE T (l - ln’“"21/:’1m""’26m’1\’0""’5\’0)’ precooling refrigerant !
T,

*Subscript *NG’: natural gas, Subscript ‘main’: main cooling refrigerant
S2ps

L5105 L5219 s s Ts > Ts.6mo V.2 Vs9p2 Vs 2195 V. 2ms Vs ams Vs omo

Wy, Wy, Wy, Wy, Wy, w(,,q,cz,mm, sV _ Jro>V _ 152 pre (j =1,2,3),2A.mm (k =1,2,3,4)

2. Equality constraints [165]

2.1 Equality constraints of precooling part [83]

9) Evaporator 3: [11]
(1=¢3)-(1=¢,) 1t g, (P Tispo Vi 2, )

By (P T,

an) ¥ 6 P (Prss o Vaveso 2 )

e iy (PpTiop Vo2 e )

) (1) sty (P i

ity g (P T Vavas Zve )

7) Evaporator 2: [14]
€3 (126 iy oy (P TiopeViogs 2, e ) + € (126) ity sy (Plage T Vs o7, )

+(1=¢3)- (1= 1y iy (P Ty Viago 2 ) +
I (Poves Tines Vina 2

)

ity g (Pos Ty s
= (1=6) sy by (P Ty, W)re(i-a)
+(1=c,)-(1=¢,)-1i, -/;HP( V1002 e )+

00 )

iy B (P Ty ¥y

Bsp = Beops Fiap = Baps Bow = Boms Pore = Pva

Bop = Bips Bop = Baps Bip = Bspo R = Bs B = P 50 = Bopr By = B
Ty = Tsps Ty = Toms Ty = Toe Ty = Tom Tiop = T

Viay = Ve (Tiaps BpsZme ) Visy = Visy (T P 7y )5

Wip =V (B B e )

Yiam = Viom (Toms Pows Zian ) Van = Vano (o Bao» v )

Visp

Vang

10) Expansion valve 3: [2]
oy (Bep-Tiap¥iopZme) = iy (B Ty ¥y Z e )
Virp = Vi (T P 2

B) Expansion valve 2: [2]
By (BT ¥s 2 ) = iy (Pags T Vi 2 )

1p>

Vi, (s By

lnnovative Ship and Offshore Plant Design. Soring 2016, Myung:Il Roh

ydlab =
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (3/6)

1. Design variables (oPerating conditions) [187] T: Temperature / P: Pressure / v: Specific volume / 2,: mole fraction of the

component / at the precooling part / w: work input to the compressor per mass /
F_ ¢: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
PP Ty (i=1,0021,00,026, 5 ) "

precooling refrigerant
Ts,,0 T 5.21p° S,Zm’TS‘AW’TS‘,GM’VS,Zp’VS,]‘?/:’VS,ZIp’vS‘,Zm’VSAm’VX,(\m’

*Subscript “NG': natural gas, Subscript “main’: main cooling refrigerant
519p2
Wi Wy, Wy, Wy, W, W, €565 T, v_fiosV_Jiss Zj pre (/ =1 2,3), Zk main (k =123, 4)

2p>

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

[11) Compressor 3: [5] 13) Compressor 2: [5]
(1=¢,)(1=) 1ty g, (Prsys Ty Visys 2y ) + 5 (V=) it By, (P T Vaoy 2 pre )+
=(1=¢,)-(1=¢,) 1t By, (P Trop Voo 2 e ) =(1=¢) 1yl (P Ty Vo102 )
hm,(P T10p2Vs190Zme) = sy (Pags T Visys Z1) By iy (P T, 20 ) = Paoy (Pays T
oy (B TuoysViogsZ5me )~ iy (Bisps Tens Vieys ) "= Ty (P Ty Va2 e )~ ooy (Proys T Vaogs ) e
s,x,(ax,r, )= su,m,, T ¥spi71r) S (Pars Ty Va2 ) =S (Pap Ty b7
(”w 0022y (PT)

V;wn:";wn(Pw» Tww,,, ) s (P T Z11)

12) Common Header 2: [4] 14) Common Header 1: [3]
& (1=¢) By (P Ty Vi 25 e )+ (160 ) (1=6) gy (P Ty Vi 2 e ) (1=6) Pty (Poays Tt Vot e )+ €1 Py (B T V07,0 )
=(1=6) Tty (P Togys Voo Zy ) =l (T, Vi02 )
Ry =Rops Bap =Py, P, =Py, P, =h,

Py,. Ty,

2050

lnnovative Ship and Offshore Plant Design, Spring 2016, Myung-ll Roh ’!dlﬂb 29

Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (4/6)

1. Design variables (Operating conditions) [187] 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 /
P ¢: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the

TR Ty (i=1,0m21,0,0026, L) "

T, T,

precooling refrigerant
*Subscript “NG': natural gas, Subscript “main’: main cooling refrigerant
L5200 L5100 L5210 Ts oo Ts o Ls.omo Vs.2p Vsiops Vs21p0 Vs 2ms Vs.ams Vs 6mo
V_fissZim (1 =12,3),2, 0, (K =1,2,3,4)

100V _J1552 pre

v

pres MainsV _

W, Wy, Wy, Wy, Wy, Wy, €, Gy, 0L

2. Equality constraints [165]

2.2 Equality constraints of main cooling part [80]
1) Compressor 6: [6] 3) Compressor 5: [5] 5) Compressor 4: [5]
)wy =, (P, h, (P,
hsgu (B

Iy, (P,

N

g (P =y (P

n=

. .
N T Y e R L3 iy (Pr Zinar)

) s (Pors T Vs Ziman )= Sam (Pos T s.am Ziman )+ s (P T Vs Zian) = S (oo s Vs.om Zoman)
Vsan = Vsan (Pons Tsans Z. ) Vsom =Vson (P TsmsZhman )
Vi = Vi (Pons T Z ) Vo = Vou (Pon Tons Z )
) Intercooler 2: [3] 4) Intercooler 1: [3] 6) Condenser 2: [3]
The temperature of the outlet of the The temperature of the outlet of the The temperature of the outlet of the
sea water cooler is usually given. sea water cooler is usually given. sea water cooler is usually given.
T=305K T=305K T=305K
B P =Py =B,

P

0 Toms Prs Ziain)

Vi = Vi B> P Zi i)

bonovative Ship and Offshore Plant Desian, Soring 2016, Myung:Il Roh l!‘"ﬂb 30
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Mathematical Model for the Determination of Optimal
Operating Condition of the Generic Liquefaction Cycle (5/6)

1. Design variables (oPerating conditions) [187] T: Temperature / P: Pressure / v: Specific volume / 7,,,.: mole fraction of the
PPy (=120,

T

Wi, Wyy Wi, Wy, Wsy, We, €15 Co5 MM, mmum’vffu)’vfflf’z/,plz‘ (/ :1’2’3)’21(,11111111 (k :1,2,3,4)

26 1 5 ) c: flow rate ratio between inlet and outlet 4/ m,,.: mass flow rate at the
2 EEmAING > NG )2 precooling refrigerant
*Subscript ‘NG’ natural gas, Subscript ‘main’: main cooling refrigerant

2p° TY,]‘?/}’TT,Z\”’ ry,zm > Ts,am > Ts,sm >Vs2p2Vs19p> Vs 212 Vs 2mo Vs amo Vsom»

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

[7) Phase Separator 1: [7] 9) Phase Separator 2: [7]

Hran (Poms Tiom>Viows 2 v_fihs

=V_ S P (Baws Trams Viam =V fisV_ S hion(Pons Troms ViowsV_ fis Y _ Fio* Zair)
(1= fi0) B (P TV (1=V_ fi0) Ze) H(1=v_ i)V _ fio Mg (P Troms Visws (1=V_ F25) Y _ Fro* Zi )
Ry =R Ry =Rens By =Fon
s T T = Tions> Tiom = Tom

_fisv_ S V0 Zioman)

Vo i P (P TV _ o 2t )
ity o (P V6 VavesZ1c ) ¥ S0 Tioan Htal B )i B (B oo Vo)
=(1=v_fo): o (B T iz (1Y _ fi0) ) S ) vty (v o) VS Z)

V_Fis Voo Zhman)

)+ ity oy (Poses T Vv i )

+V_fisv_ S

FV_ Lo Py

B (B T VsV _Sio"Zaoman ) B (P T Vi )

ity has (P ToveVaxe-Z1x)

+V_ S,

Po = Pons Pan = B Py = P Povis = Pove B = Bans Bon = Prows P = Posys Pong = Pone
T = Toows T = Toxg

B Tian = Tove
2 (T P (129 ) Zaian ) Visw = Visn (Tisws BV fin*Z1man)-

o (P T (1=v_fis) v _ Sz
Va5 (Pass TasnsV — fio*Zman )+ Vana: = Vane (Tones PoversZ1v6 )

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

i = Voim (P T (170 _ ) Zaman ) Vit = Vi (P TV fro Zaman) -+ Viow = Vion( Prow Trons (1= i)Y __ i Zimain )+ Viow = Viow (Prows TiomsV _ iV _ fio™ Zi )
B) Evaporator 4: [10] 10) Evaporator 5: [11]
(1=9_fo) i P (Pos T s (19 fi) Ze) (1= 1)V _ Fio Pty i P (1=v_fis)v_fu-z

Vaou = Vaon (Paows Tooms Y Fis ™V _ i Zi )

31

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

PR TLv(i=1,.20,0

i i primrt

T,

5200 L5109 Ls 2195 L 2ms s ams Ls 6o Vs 2p2 Vsiopo V.21 Vs amo Vs.ams Vs.omo

V_fioV_fisZ (j=1,2,3),2MW(k=1,2,3,4)

1522 j,pre \.

26 .1 5 ) c: flow rate ratio between inlet and outlet 4 / m,,,: mass flow rate at the
2 EEmING 2 NG )2 precooling refrigerant
*Subscript ‘NG’ natural gas, Subscript ‘main’: main cooling refrigerant

W, Wy, Wy, Wy, Wy, Wy, €, Gy, 0L

pre> Mingin>

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

11) Evaporator 6: [6]

som (Poos ToawsVaonsV_ Fis ™V _ " Zimain)

HV_fis VSt h

13) Expansion valve 5: [2]

B (P T Vi (1= _S15) ¥ _ o Zaman) = Prsa Prss T Viswn (LY _ i)Y _ o Z1)
o Prsse T (1= 35) Y _ i Zs )
14) Expansion valve 6: [2]
_Sisv_ oz
y_fisv_fu
15) Common Header 3: [4]

(1=v_S30) P (R T Visws 1=V _Si0) Zisn )+ _ o P (Prs Tosus VsV _ Fio " Ztan)

V_fisv_fio My,

Vism

ity o (Povos Toxa

=V_ S5V i it

Bysa(Prsan TV _ i _ fiy*Zama)

HV_fis Vo

ity g (Povs Tingr Vi

P = Prips Py =

o =g (P T
VsV Lo Zian ) pop )
. . Bm = Losms Li3m = E 26m > Zk main
_fsv_to ) 16) Common Header 4: [4]
12) Expansion valve 4: [2] (l_"f./VS).vff\ll.hVXm(PNW’TNW'V\Xuv'(lb_vf./]»i)."7./HY.ZA ,,,,,,,, )
Bian (B TV (17v_ )20 W) +v_hsv_he ‘h:xm(”z:ma s VaswV_SisV_fio 2 rmuu)
= (P T 1=V i) Z ) =g (P TV
Vi =V (B s (179 _ i) ) o{Taom

1. Design variables (OPerating conditions) [187] T: Temperature / P: Pressure / v: Specific volume / 7,,,..: mole fraction of the

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

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: Specific volume / 7,,,.: 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
. = e e Ty - . pre
BT, (’ 11) — l/' L0026, G S )’ precooling refrigerant
*Subscript ‘NG': natural gas, Subscript ‘main’: main cooling refrigerant
T30 5100552150 Tsam> Ts ams L oms Vs s Vi v Vs ams Vs ams V.
s2prtsaopsdsaipstsomoLsamsLsomoVs2pVsaopsVsaips Vsamo Vsamo Vs.omo

Wi, Wy, Wy, Wy, Ws, WmaCz’m,mv’ mmum’v7f\‘ﬂ’vff].i’zj,pm (/ :1’2’3)’zk,mum (k :1,2,3,4)
2. Equality constraints [165]

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

»

3. Objective Function: Minimize the compressors power
Mlane mpre : Wl + mpre : WZ + mpn’ : W3 + mmain : W4 + mmc/in : WS + mmain : W6
595
o »

S

4. Free variables [22 = 187 — 165]
BB By By Ty Ty Ty € Cos 2y pres 2 e mpr("

1p> L2ps D12p0 17p5 5o

B> B> Lans B Tias Tians Zumains Z2,main> Zs.main> Main

1m>

lnnovative Ship and Offshore Plant Design, Spring 2016, Myung-ll Roh ’!dlﬂb 33

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

novative Ship and Offshore Plant Desian. Spring 2016, Myung:ll Roh ’!‘"ﬂb 34
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Configuration of the Dual Mixed Refrigerant (DMR) Cycle

(1/2)

— Precooling mixed refrigerant(PMR)

FEASIBLE LIQUEFACTION MODEL (CASE 17)

= =" Main Cooling

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

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

*Land V: Liquid and Vapor

Liquefied Natural
Gas(LNG)

' G

Heat
Exchanger 1
eat
exchanger 4
™ Ie.; -
[p

OBV

Heat
Exchanger 2

ANV
Wa

Expansion
Valve 2

Configuration of the Dual Mixed Refrigerant Cycle 35

Configuration of the Dual Mixed Refrigerant (DMR) Cycle

o W io )\

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

*Land V: Liquid and Vapor

Liquefied Natural
Gas(LNG)

Heat
Exchanger4

Heat
Exchanger2

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

* Refrigerant:
- Mixed refrigerant composed of Ethane(C,H),
Propane(C;Hg), n-Butane(C4H,,) for precooling
- Mixed refrigerant composed of Nitrogen(N,'),
Methane(C,H,), Ethane(C,H;), Propane(C;H,) for
main cooling

* Problem Statement:

[Given]:
NG(27) T=26.85°C, P=65bar,
LNG(31) T=-160.15°C, P=65bar
M, =4921kg/h
(=0.0004 MMTA)

[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.

* Reference: 1) Venkatarathnam, G., 2008, Cryogenic Mixed Refrigerant

Configuration of the Dual Mixed Refrigerant Cycle

Processes, Springer, New York
* N2: boiling point -196° 36
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Mathematical Model for the Determination of Optimal
Operating Condition of the DMR Cycle (1/@)osoru:rosean

Precdoling: Ethane, Propane, n-Butane
- . . — Main cooling: Nitrogen, Methane, Ethane, Propane
Natural Gas: Meth: (87.5%), Eth: (5.5%), Nitr (4.0%),
1. Design variables (Operating conditions) [107] Propane(? 1), n-Butane(0.5%),  Butane(0.3%), : Pentane(0.1%)
‘B, T,v, (l =1, ""26’2&29*30)*1},1’Tx,mT.x,wvs,]’Vx_mvs,www Wy, Wi, €, Mpw" Mmuma",faz/,,w (] = 1’2’3)’2k,nmm (k = 1’2’3’4)
2. Equality constraints [91] ¢ . T: Temperature / P: Pressure /v: Specific volume / 2,,,.: mole fraction of the
. Yy Y=l Yz =1 component 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
2.1 Equahty constraints of PreCOOhng part [49] *Subscript “NG’: natural gas, Subscript ‘main’; main cooling refrigerant
1) Compressor 1: [6] 4) Tee: [6] 8) Compressor 2: [5]
by (PosTiyvaz,, )+ = (B Tovez, ) I (PuTvz, ) =y (PuTyvisz, )+ (1) I (P Tov 2

o) (=€) g (BosTigs V1057 e )+ 2 = (1=) (B T3 91007, e
by (BT sv515%, 0 ) =l (BosTiavias2,) - B=Be B=F

n=

g (P2 T310¥5.002) ) = o (B Tos¥on ) )
(B Tz, )~ e (Pas Tz, e T,=T, n= - -
L ) ! Iy (BT Vi ) = o (B Tonion 2, )
| o) =8 (BT 00102, ) = (TP, ) v = (1082, )
. $10 (BosTior Y02 e ) = 50 (Bis T 15¥5.1002 )
Vi =V (10, By 25 ,00) 5) Expansion Valve 1: [2]
vy =V (T3 Rz, ) B (P Toov) = he(PuTs ) Voar (BoTsinr%0m)
vw=v(.R.z,,.) v =v (T}, R) =GBz e
2) Sea water cooler 1: [3] 6) Heat exchanger 2: [11]
The temperature of the outlet of the (1-¢)-M,, b, (R'rT;’“"ZL/m )+(1=¢)-M,, -h, RnT«=V«-,l,;,w)*M,..‘m. s (B T Vs Zan ) + M~y (Pos T Vs 26 )
sea water cooler is usually given. .
T=310K =(1=€) M Iy (BT v 2,0 )+ (1=0)- M by (B Tiasis 7 ) + Mo g (Bis T Vs Zan) + My Iy (P Ty
R=P, P=P.B=ByB=R.Py=P, T,=T, T,=T,

v =nlhB.z,,.)

W

Y (T B2 0 )5 Vio = Via (Tos B )5 Vie = Vie (T B Zaman )s Va0 = Vao (Taos Pos Zin )

7) Expansion Valve 2: [2]
I (RTovez, ) = by BTz, )
v =2 (%82, )

94952 pre

3) Heat exchanger 1: [11]
Moo by (PoTovs 2, )4 My (P Ty 2, )4 Moy (BT Vi Zeman )+ Mg I (Pus Ty Vi Zun )

=My I (PLTv 2, )+ €My B (P T Ves 2, )+ Mo, - (Piss TssViss B ) + Mg g (P T,

Ve Z1)

9) Common header 1: [3]
b=k, F=F, B,=R;, Bs=by T,=T, T,=T, ¢ hg(PTyverz, ) +(1=€) Iy (BT 2,0
Vs =V1(T3’P"2uw)' Ve :v,,( 1)’&'2,_”,‘,)7 Vis = Vis (Biss Piss Z ) Vs = Vs (T Prs Zve ) =i, (P, T,v,02,,. ) P=P, P =P, 87

Mathematical Model for the Determination of Optimal
Operating Condition of the DMR Cycle (2/@)-or v csean

Ethane, Propane, n-Butane
. n n -~ Main cooling: Nitrogen, Methane, Ethane, Propane
Natural Gas: Methane(87.5%), Ethane(5.5%), Nitrogen(4.0%),
1' DeSIgn varlables (operatlng condltlons) [1 07] Propane(2.1%), n-Butane(0.5%), i-Butane(0.3%), i-Pentane(0.1%)
SB T, (l 1, ...,26,28,29, 30)v T35 T 115 5135 Vsas Vs i Vs 3o Wis W Wi, €, Mp/w M sV _ S Zjpre (./ = 172’3) > Zk main (k =1, 2:374)

T: Temperature / P: Pressure / v: Specific volume / 7,,,: mole fraction of the
component 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

. . . N precooling refrigerant / v_f: Vapor fraction at stream 16
2.2 Equality constraints of main cooling part [40] *Subseript NG : natural ga, Subscript ‘main’ main cooling refigerant
10) Compressor 3: [6]

g (P TogsVass 2 )+ 5 = (Ps Ty VissZp )

2. Equality constraints[91]

13) Heat exchanger 3: [10]

VS My oy (P T ¥s0o¥ 2 )+ (129 ) Moy iy (P Ty (19 _ 1) 24 )
s (B Tyas Vs Ziman) s (P TV i) 40,

. x Moy os (Poss TossVass Zaman )+ Mo sy (P Togs V2002106 )

hl?(Pl?-TH'vHVZk ,..”m)*hy.(st-szV:sv-lm..«) =v_f-M,, h, (191”7'2“‘,1”‘,7/'.2A W.m)+(]“L /)'Mmm 'hw(RwTw"w(l“’,f)zg wm)
$26( P TogwVass Ziman) = 515 (B Ts130V5.150 21 ) M g (P TogeVage Z e ) + Mo g (- TV Zic )
Vo = 36(Tags Pogs Zp ) Py =Py, By =Ry Py =P, Py T, =Ty, Ty =Ty
Vors =V (Ts 132 PosZy ) Vo =V (T BV S Ziain ) Vis = Vis (T Bos (1= _ ) 24 )> Va0 = Vao (Taos Pos Zuves )
Vv (T Paz, ) 14) Expansion Valve 3: [2] 16) Expansion Valve 4: [2]
15 =Vis (T3> B Ziain

(B Ty fV2imn) = o (B et v 1)z} © P (PosToasVaas?_f 2 ) = s (Po T viss? _f 24
11) Sea water cooler 2: [3] Vio =iy (T, By ) Vs (Toss sV S )

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

15) Heat exchanger 4: [6]

VS My by (B TV S 20, )4V S My (P T,

I Zman )+ M Pao (Poos Togs Vaos Zuv:)
Mo by (P T ViV f 2 )4V S Moy b (P Tt ViV 2 )+ M i (Prss T,

- - T Vive Zuc)

Be=Ry =T ResZep)

Py=Py By=Py Ty =Ty V= (T Pav_ [ 2,00 )s Ve = vau (T

245

PV [ Zipan)

12) Phase separator: [7] 17) Common header 2: [4]
he (P,

i i) = (BTt ¥ 2 ) (= 1) iy (BT (1w )z0,) (7S (BT (1201 20)
By=Py B,=B, T,=T, T,-T, VS (R T vV 2 ) = g (P TV i)

¥y =iy (T B (129 ) 2 )+ Vao = Vo0 (Tags PV S 24 ) Ry=Py Ry =P,

2> Bo = P Va5 = Vs (Tass Poss 24 )
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Mathematical Model for the Determination of Optimal Operating Condition of the DMR Cycle

Optimization Method

1. Design variables (operating conditions) [107]
LB, T, v, (i=1,..,26,28,29,30),
Ty, Ty 00T

s dsazs Vs Vsa Vsazs Wi Wos Wi €

Moy MoV f32; 50 (5=1,23) 2 e (K =1,2,3,4)

Modified optimization problem

* Free variables [16 = 107 - 91]
:B,P, PPy, By, Ty, Ty, Ty M ., M

13>419> 182 pre> Y main>

2. Equality constraints [91]
1) Composition of the refrigerant [2]
2) Precooling part [49]
3) Main cooling part [40]

Z¢2,pre? 2C3, pre s ZN2,main> £C1main 2C2,main
* Inequality constraints [11]
* Objective function
Minize M, -w,+M , -w,+M,

» Use of sequential quadratic
programming(SQP) method

1) Minimum temperature approach in heat exchanger [8]
2) Inlet condition of the compressor (3]

4. Objective function: Minimize the compressors power
Minize M, -w +M, -w,+M,

pre’ M pre main *

T: Temperature / P: Pressure / v: Specific volume / z;,,..: mole fraction

of the component, at the precooling part /w: work input to the
compressor per mass / c: flow rate ratio between inlet and outlet 4 /
Values. of Va\yes of ) M,,: mass flow rate at the precooling part
free variables other design variables *Subscript “NG’: natural gas, Subscript ‘main’: main cooling part

Problem of nonlinear equations

! 3. Inequality constraints [11]

* Design variables [91]
* Equality constraints [91]

» Use of Newton-Raphson method

39
Mathematical Model for the Determination of Optimal Operating Condition of the DMR Cycle
Comparison between Optimization Result and Existing Study
3y R
Plbarl TUG, vim?/mol, wly/moll. mimol/s), Wik Result obtained by Venkatarathnam™: 1%: Difference
Result obtained by this study: | o o |
P1 19.17)P11 7.59|pP21 48.57' Ts1 349.62) P1 19.20} 0v2‘}ﬁ|f11 7.60| 0v2‘}ﬁ|>P21 48.60 0.1%] Ts1 349.59| 0. 0°§|
T 35542111 31251f121 143,54 Ts11 305.49) 11| 36025) 13%fT111| 31359 03%fT21| 14470f08%  Ts11 305.75] 0.1%)
V1 0.001274}v11]| 0.003078}v21 0.000043 Ts13 388.66] v1 10.001291f 1.3%]v11]0.003089f 03%Iv21 0.000045] 0.8%| Ts13 389.24] 0.1
P2 19.20|P12 7.59p22 48.57| vs1 0.0014673] P2 19.20] 0.0%|P12 7.60] 0.2%|P22 48.60} 0.1%] vs1 0.001467| 00°§|
T2 310.00T12 308.94[122 113.00) vs11 0.0032314] T2 310.00] 0.0%|112| 313.79| 1.5%|122| 113.00] 0.0%] vs11 0.003234] 0.1%]
v2 0.000122|v12| 0.003044}v22 0.000040} vs13 0. 000624ﬂ v2 |0.000122] 0. O%IVWZ 0.003092| 1 S%IVZZ 0.000040] 0.0%] vs13 0.000625] 0. '\%I
p3 19.20|p13] __ 4857[p23 318 wipymol) 273887} P3| 1920[0 OD/EIPB 4860[0.19p23]  3.00[6.0% wipymoll | 2767.71] 1.0%|
T3 273.33|T13 413.82|123 106.95) w2 1099.84 13 273.10] 0.1%|113| 418.13] 1.0%|T23 106.89] 0.1%) w2 1103.87] 0.4%]
v3 0.000087]v13 0.00066ﬂv23 0.000304} w3 8233.20) v3 10.000087] 0. ’I%IVWB 0000@' 1.0%|v2310.000304f 0.1%] w3 8441.32) 2.5%]
P4 19.20|P14. 48.57|P24 318 c 0.6000f P4 19.20] 0.0%|P14: 48.60] 0.1%|P24 3.00] 6.0%] c 0.5980] 0.3%
T4 273.33|114 305.00[T24 14047] mpre[mol/s] 0.8982 T4 273.10] 0. 1"2|}14 305. 00| 0.0%|T24 141.79] 0.9%| mpre[mol/s] 0.913] 1.6%
v4 0.000087|v14| 0.000389|v24 0.002884] mmain 0.9776f v4 | 0.000087 0.1%'\/14 OOOOSEI 0.0%]v2410.002911) 0.9%) mmain 1 2.2d
P5 7.59|P15! 48.57|P25 3.18] zpre_Ethane 0.2481 P5 7.60] 0. %}P15 48.60] 0.1%|P25 3.001 6.0%] z1 Ethane 0.2481
T5 269.94]115 273.33|125 140.36] zpre Propane 0.6410f 5 269.73] 0.1%|T15 273. "Ol 0.1%]T25 140.26] 0.1%| z2_Propane 0.6416f
V5 0. 00015ﬂv15 0. 00024ﬂV25 0.001089] zpre_n-Butane 0.1110f v5 [0.000159) 0.1 %Iv‘\ 5]0. 00024d 0.19%]v25]0.001090] 0.1%] z3_n-Butane 0.1103]
P6 759|p16] _4857]p26 3 w—al zmain Nitrogen | 00719 © [pe 7.63' O.Z‘Vﬁlfw 48.60[ 0.194P26]  3.00[5.0%] 21 Nitrogen | 0070
16| 30651fT16] 240.00[126 236.43] zmain_Methane | 04153 - |16 | 31393 2.49fr16| 240,00 0.0%fr26] 236.95] 0.0 22 Methane | 0.4189]
v6 | 0.003020]v16| 0.000141]v26 0.006349] zmain_Ethane 0.2887] | v6 |0.003093] 2.4%Iv16 0.000141] 0.0%Jv26|0.006363] 0.2%] z3 Ethane 0.2990f
P7 19.20[p17]_ 4857]pos 65.00]zmain Propaane| 0.225054 : [p7] 1920 a.oufp17] 48569 o.apza 65.00] 0.0%|z4 Propaane| 0.2139
I 2732311, 240001, 27333 ‘:;l;"f::(“f\) 11.497 17| 2739 o 1odri7] 24000 o gedras| 273194104 fﬁ‘:::u:(‘\;i 11.976
v7 0.000087}v17/| 0.000071fv28 0.0002E| v7 10.000087] 0.1%|v17]0.000071] 0.0%}v28 | 0.000286} 0.1%)
P8 19.20|P18! 48.57|p29 65.00) P8 19.20] 0.0%| P18 48.60 0.1%|P29 65.00] 0.0%]
T8 240.00]718 143.54)129 240.00] 18 240.00] o. ODZI}'\ 8 144.70] 0. 8"2'}29 240.00] 0.0%l
v8 0.000079Jv18]| 0.000052}v29 0.000210] v8 | 0.000079] 0.0%Jv18]0.000053] 0.8%|v29|0.000210} 0.0%)
P9 2.80[p19 3.18]p30! 65.00 ) 280] 0. 1°/£F19 3.03'&@»30 65.00 ood
19 236.90|119 139.21)130 143.54] 19 236.50] 0.2%| 119 139W4I01% T30 144.70 0.8%|
v9 0.000257]v19| 0.000368v30 0.00004ﬂ v9 10.000258] 0.2%Jv19]0.000368] 0.1%]v30| OOODOMMI
P10, 2.80[P20! 48.57| P10 2.80] 0,1‘7/<a|f20 48.60 0.1%|
10 267.67|120 240.00} T10| 268.67| 0.4%|T20| 240.00] 0.0%]
vi0| 0.007509)v20| 0.000312] v10]0.007537] 0.4%]|v200.000312] 0.0%]
» The result of the optimal operating condition of the DMR cycle obtained by this study saves 4.0% of the total required
power consumption compared with the past relevant research. %0

* Reference: 1) G..2008 _Cryogenic Mixed Refrigerant Processes, Springer, New York
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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]

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.

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

[%]: Difference

(%)} (% (%] (%
P1 19.64P11 B1dP21 289 Tt 34697 p1| 19.640.009p11 s1poodpat| 48,9007 Ts1 347.3d0.11%
T 3523|314 1403 Ts11 306.24 1| sserforiddri] 3139dasedra| 1403dh0o Ts11 306.71]0.15%
vi | ooot20dvit| 000284dvai| 000004 7513 39594 v1 [ 00012040.019dvi1] _ooozsarpozedvat|0.0000aoodd T3 39475030
P2 1964P12 519r22 2893 s 0.001467 P2 | 19640.00p12 s1pooddraz]  48.92h 00 vs1 0.001267]0.03
12| 3t00qriz2[ 3o78dra2 1130 Wi 0003234 12| _3100dooodra]  s0sapioddreo| 11sodpood st 0003234002
v2 | 0000092fvia| 0002774v2a]  ooooosd  vs13 0.00062 v2 | 0000090.009vi2| 00027740194 v22] 0.00003 00 wei3 0,0006290.03
73 o6dp13]  asodp2s 279 win/moll | 25058 P3| 1964000p13]  4s9pooddrs] 27900 wimol | 251404032
13| orsofris] 42224123 1058 w2 11879 13| 2750fooodi3] 42094319423 105 74p.064 w2 119101025
3| _0000081]vi3| 00oosedva3] 000036 w3 8746.9 3 | 0000081{0.005v13] 0000669 039 v23] 0.000360h 014 w3 5705640479
P4 1964p1a] _ 489dp2a 274 < 0.584643 p4|__1964o00pia] _ 4sodpooddraa] 27900 c 0.5846430.00%]
14| 27s0ifria] 30500724 137.74_Mprelmol/s]_| 0.932864 14| 2750foooddra]  305.00p009d24]  137870.09% Mpreimol/s] [0.93286¢0.004
va| 0000081|via] 000037dv2a] 000301 Mmain | 0.957021 va [ 0000081{0.009v14] 000037900424 ] 0.003010019  Mmain__[0.957021[0.00%4
Ps s19pis]  489dp2s 2.7 zpre_Ethane | 0.253894 5| s1dooodis 48.90009p25| __ 2790.004 zpre_Ethane _|0.2538950.00%)
5| 2r201ftis| 2750125 13741 zpre_Propane | 0.63883 75| 2720qo019dris| 275.01p00dd2s| 137260119 zpre_Propane | 0.638830.004
vs |_0.000142v15[ 0.000243vas|  0.00101q zpre_n-Butane [ 0.107273 vs [ 00001430.009v15| 0.00024p.004v25] 0.0010160.01% zpre_n-Butane | 0.1072750.00%4
P6 siqdp1e] _ 4899p26 2.7q zmain_Nitrogen | 0.069317 6| 8190.004p16] _ 4s9poordpas]  279p.00% zmain Nitrogen [0.0693170.00%4
T6| 30397116 23964726 237.64 zmain_Methane | 0.405874 76| 3042q008dT16] 239640009726 236620449 zmain_Methane [0.4058740.00%)
v6 | 0002722fv16] 0000131v26] 000683 zmain_Ethane | 02964 v6 | 00027240.019v16] _0.000131p.004v26] 0.0068389.04% zmain_thane | _0.29640.00%4
P7 1964p17] __ 489dp28 65.0( zmain_Propaane| 0228404 7] 1964000417 48.99.009P28]__6500p.00%zmain_Propaane| 0.2284090.00%
17| 2rsofri7] 23064128 275.01 77| _2750fooodT17] 239640009728 275.01p.00%
v7| 0000081]vi7] 0.00006dv2s] 000029 v7 | 0.000081]0.0094v17] ~0.00006¢p 009 28] 0.000290p 00
B To64pis]  489dp2o 65.01 s 19640004p18] __ 4sopoodras]  e5.00p00%
18|  23964tis|  1a03dT20 239.64 78| 239640.00T18]  1403epoodra0] 239.64p00
v | 0000074v1s] 0.00005dv2s] 0000204 8 | 00000740.009v18] _0.00005¢p.00%v29] 0.000209p 00
P9 2.8¢{p19) 279P30 650 po | 2.8d0.004p19 279p00dP30]_ 65.00p.00%
19| 23659119 13609730 140.34 19| 236540019119 135.07p08er30] 14036007
v | 0000232fv10] 0.000344v30] 000004 9 | 00002330.009v1s] 0000344 01930 0.000042b 00
P10 28qp20] _ 489] A . po] __ 28doooddrao] 489300
710 26592120 239.64 Mathematical model of this T10|  266.3¢0.1794T20 239.640.00° HYSYS
10| 0007301]vz0] ooooziy] Study for the DMR Cycle v10] 000730300294 v20 _0.000311p.00" “

+ Common condition
1) Given: NG T=26.85°C, P=65 bar,
LNG T=-160.15°C, P=65 bar
tityg =49.21 kg / h (=0.0004 MMTA)

Comparison between the Cycle by
Optimal Synthesis and DMR Cycle

+ After the optimal operating conditions for the two cycles are achieved, the |- Mixed refigerant 2 s composed of Ntrogen(Ny). Methans(CiH), Ethane(CiHg) Propane(CsHy o
| main cooling

power required by the compressors for the two cycles are compared. i

i

. CASE 20 CASE 17
EaniiSh 3
“"'ggl"':""‘ fawl J‘ — o - Second Cycle ) = 3 Main Cooling

e ==
Second Cycle [Configuration of the Dual Mixed Refrigerant Cycle"]
= = - Precooling 2 stage compression refrigeration

[Result of the Synthesis of the Liquefaction Cycle] - Main cooling 1 stage compression, 2 stage refrigeration

- 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, ). H. Cha, J. C. Lee, M. 1. 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
Liguefaction Process ISOPE Jun
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