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LNG Composition: Mole%

Case 1 Case 2 Case 3 Case 4

Lean Rich Max N, Typical
Nitrogen 0.00 0.00 1.00 0.04
Methane 96.74 85.12 94.33 89.26
Ethane 1.89 8.63 1.97 8.64
Propane 0.68 4.14 2.50 1.44
I-Butane 0.34 1.10 0.10 0.27
N-Butane 0.34 0.90 0.10 0.35
I-Pentane 0.01 0.10 0.00 0.00
N-Pentane 0.00 0.01 0.00 0.00
MW 16.791 19.320 17.189 17.924
GHV 9,882 11,163 9,975 10,450
Sp. Gr. 0.434 0.478 0.448 0.455
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Binary Interaction Parameters: aspenpius

BIP's =

8x 7

1) 2) 3) 4) 5) 6) 7) 8)
1) Nitrogen O O O O O O O
2) Methane O O O O O O
3) Ethane O O O O O
4) Propane O O O O
5) i-Butane O X X
6) N-Butane O O
7) i-Pentane O
8) N-Pentane
26 pairs of BIP’s are available

In Aspen Plus database.
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Binary Interaction Parameters: aspenpius

UNIVERSITY

Component i NITROGENNITROGENNITROGEN |NITROGEN |INITROGEN |[NITROGEN |INITROGENMETHANE
Component | METHANE [ETHANE |PROPANE |I-BUTANE |N-BUTANE[/I-PENTAN |N-PENTANETHANE
Temperature unit4C C C C C C C C
Source EQOS-LIT |EOS-LIT |EOS-LIT EOS-LIT |EOS-LIT |EOS-LIT [EOS-LIT |EOS-LIT
kaij 0.0278 0.0407 0.0763 0.0944 0.07 0.0867 0.0878|-7.80E-03
Tlower -273.15] -273.15 -273.15] -273.15] -273.15 —-273.15| -273.15| -273.15
Tuppper 726.85 726.85 726.85 726.85 726.85 726.85 726.85 726.85
Component i METHANE [METHANE [IMETHANE |METHANE |METHANE [ETHANE ETHANE |ETHANE |
Component j PROPANE [I-BUTANE|N-BUTANE |I-PENTAN |[N-PENTAN[PROPANE |I-BUTANE|N-BUTANE
Temperature unit4C C C C C C C C
Source EQOS-LIT |EOS-LIT |EOS-LIT EOS-LIT |EOS-LIT |EOS-LIT [EOS-LIT |EOS-LIT
kaij 9.00E-03 0.0241] 5.60E-03]-7.80E-03 0.019[-2.20E-03 -0.01] 6.70E-03
Tlower -273.15] -273.15 -273.15] -273.15] -273.15 —-273.15| -273.15] -273.15
Tuppper 726.85 726.85 726.85 726.85 726.85 726.85 726.85 726.85
Component i ETHANE [PROPANE |PROPANE |PROPANE |PROPANE [I-BUTANE |N-BUTANHI-PENTAN
Component j N-PENTANI-BUTANE|N-BUTANE |I-PENTAN |N-PENTAN|[N-BUTANE|N-PENTANN-PENTAN
Temperature unityC C C C C C C C
Source EQOS-LIT |EOS-LIT |EOS-LIT EOS-LIT |EOS-LIT |EOS-LIT [EOS-LIT |EOS-LIT
kaij 5.60E-03 —0.01 0| 7.80E-03 0.0233] 1.10E-03 0.0204 0
Tlower -273.15] -273.15 -273.15| -273.15| -273.15 -273.15| -273.15| -273.15
Tuppper 726.85 726.85 726.85 726.85 726.85 726.85 726.85 726.85
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Soave-Redlich-Kwong Equation of State

] Functional Form:

RT  aa
V-b V(V +b)

1 Energy and Size Parameters:
a=>» > xxa b=>xb,
i i

] Mixing Rule:
Q; =./a;, (1—kij)

ij i

P =

Slide 8
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Binary Interaction Parameters: rron

1) 2) 3) 4) 5) 6) 7) 8)
1) Nitrogen O O O O O O O
2) Methane O O O O O O
3) Ethane @) @) O X O
4) Propane O X O O
5) i-Butane O X X
6) N-Butane X O
7) i-Pentane X
8) N-Pentane
BIP's = 8x 1 _ 28 22 pairs of BIP’s are available

2!

In PRO/II database.

Slide 9 oonG (d) yane

UNIVERSITY



Binary Interaction Parameters: rron

SRK INTERACTION PARAMETERS

KIJ = A(1,J3) + B(1,3)/T + C(1,3)/T**2

1 J KA(I,J) KB(I,J) KC(1,J) UNITS FROM

1 2 0.0300 0.00 0.00 DEG K SIMSCI BANK
1 3 0.0600 0.00 0.00 DEG K SIMSCI BANK
1 4 0.0900 0.00 0.00 DEG K SIMSCI BANK
1 5 0.1130 0.00 0.00 DEG K SIMSCI BANK
1 6 0.1130 0.00 0.00 DEG K SIMSCI BANK
1 7 0.1400 0.00 0.00 DEG K SIMSCI BANK
1 8 0.1400 0.00 0.00 DEG K SIMSCI BANK
2 3 -7.800E-03 0.00 0.00 DEG K SIMSCI BANK
2 4 9.000E-03 0.00 0.00 DEG K SIMSCI BANK
2 5 0.0241 0.00 0.00 DEG K SIMSCI BANK
2 6 5.600E-03 0.00 0.00 DEG K SIMSCI BANK
2 7 -7.800E-03 0.00 0.00 DEG K SIMSCI BANK
2 8 0.0190 0.00 0.00 DEG K SIMSCI BANK
3 4 -2.200E-03 0.00 0.00 DEG K SIMSCI BANK
3 5 -1.000E-02 0.00 0.00 DEG K SIMSCI BANK
3 6 6.700E-03 0.00 0.00 DEG K SIMSCI BANK
3 8 5.600E-03 0.00 0.00 DEG K SIMSCI BANK
4 5 -1.000E-02 0.00 0.00 DEG K SIMSCI BANK
4 7 7.800E-03 0.00 0.00 DEG K SIMSCI BANK
4 8 0.0233 0.00 0.00 DEG K SIMSCI BANK
5 6 1.100E-03 0.00 0.00 DEG K SIMSCI BANK
6 8 0.0204 0.00 0.00 DEG K SIMSCI BANK
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Key Bin ary 1: p—x-Y Data: Methane + Ethane at -99.8°F

800
@ Experimental Data

/C? 600 —— RK-Soave Plot (Aspen)
‘n
&
| - 400 I~
: L
7p]
V)
(D)
S
Q. 200

0 |||||||||||||||||||||||||||||||||||||||||||||||||

0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction of Methane
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Key Bin ary 2. P—X-Y Data: Methane + Propane at -75.0°F

1200

1000 - @ Experimental Data
~~ —— RK-Soave Plot (Aspen)
© [
) 800
E |

- k. =0.0090

L et ]
>
7 [
(¢} 400
o I
al

200

0 ¥ D ————— e AR

0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction of Methane
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Key Bin ary 3. P—X-Y Data: Ethane + Propane at 195K

0.18 [

0.16 |
- @ Experimental Data
0.14 —— RK-Soave Plot (Aspen)

0.12 F

ik, =—00022

0.08 |

0.06 [

Pressure (MPa)

0.04 |

0.02 F

0.00 : |||||||||||||||||||||||||||||||||||||||||||||||||

Mole Fraction of Ethane
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LNG Composition: Mole%

Case 1 Case 2 Case 3 Case 4

Lean Rich Max N, Typical
MW 16.791 19.320 17.189 17.924
(16.791) (19.318) (17.225) | (17.925)
GHV 9,882 11,163 9,975 10,450
(Kcal/Nm3) (9,875) (11,154) (9,940) | (10,446)
Sp. Gr. 0.434 0.478 0.448 0.455
(0.439) (0.485) (0.454) (0.461)
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Typical LNG Properties

Typical
Nitrogen 0.04
Methane 89.26
Ethane 8.64
Propane 1.44
i-Butane 0.27
N-Butane 0.35
I-Pentane 0.00
N-Pentane 0.00
MW 17.924 (17.925)
GHV 10,450 (10,446)
Density (Kg/m3) 455 (461)
BP at 1.13Kg/cm? -158.53 (-158.95)
Viscosity at -160°C (cP) 0.142 (0.15076)
Cp (Kcal/kg®C) 0.8 (0.789)
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LNG Vapor Properties

By KOGAS Simulation
Components Mole% Mole %
Nitrogen 0.34 1.2071
Methane 99.64 98.7783
Ethane 0.02 0.0146
Total 100.00 100.00
MW 16.090 (16.4783)
Density (Kg/m3) * 1.525 (1.564)
Viscosity at -160°C (cP) * 0.0057 (0.00560)
Cp (Kcal/kgeC) * 0.50 (0.488)

The “* means that physical properties were measured at -130°C, 1.13 Kg/cm? abs.
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Phase Envelop for Typical LNG Stream

Pressure (Kg/cm®)

80

70

60

50

N
o

30

20

10

0

°C Kglcm?®
Cricondentherm -37.0146 48.9019
Cricondenbar -47.6839 70.2589
Critical Point -56.6839 66.0749
Max. T & P -37.0146 70.2589

® Major Points

—— Phase Envelop Curve (P-T Diagram)

C: Critical Point
P: Cricondenbar
T: Cricondentherm

12.0Kg/cm?

Max P=70.5289Kg/cm?

Max T=-37.0146°C

v -52.5°C|(~ -50°C)

-170 -160 -150 -140 -130 -120

Temperature (°C)

-110 -100
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LNG, BOG 2d4ts flet 25 2& HE (1)

1 Liquid
* Benedict-Webb-Rubin-Starling (with necessary data)
* Lee-Kesler-Ploecker (mainly hydrocarbons)
e API (mainly hydrocarbons)
* Rackett
 Costald
e LIBRARY

1 VAPOR:
e All Equations of State
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Critical Compressibility Factors

1 Experimental values for critical compressibility:
e (0.2880 for CH4
e 0.2840 for C2H6 &
e 0.2800 for C3H8

1 PR and SRK equation of state are still used to
estimate phase equilibria calculation for non-ideal
systems since what is the most important thing in
the design of chemical process is K-values, not

the liquid densities.
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Density Methods

| Equations of State

e 2-parameter cubic equations of state (SRK, PR)

» These equations are acceptable for calculation of vapor
density but not generally not acceptable for liquid
density, even for hydrocarbons. Error in the liquid is
about 15%. SRK is better for C1 and C2, PR is better for
C5 — C8, both are bad for C9+.

» Because of this, our SRK and PR CEOS use the API
density method for the liquid density.

e 3-parameter cubic equation of state (TCC)

» A 34 parameter has been added to improve the density
calculations for this cubic EOS.
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Density Methods

1 API

* This density method uses the density of the component
at 60 F and weight-averages it to get a mixture density
at 60 F. This is then corrected to the temperature of
Interest using the equation.

_Cu(T.P)
Pact = Pso C., (Tr’ Pr)

e C4 and C_ are found based on the Kays rule reduced
temperature and pressure from the APl Technical Data
Book.

 This method is only for liquid densities and is
recommended only for T, < 0.9. For hydrocarbon
systems, the accuracy is usually within 1%.
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Alpha form: All Started with RK EOS

1 The RK EOS (1949) was the first to introduce the
concept of a temperature dependency In the
attractive term of the vdw EOS.

[l Thus the alpha function used in RK equation of
state Is given by:

o;(T) = !

T T1/2
Tri

[ Thermodynamic researchers prior to Redlich-
Kwong have known that “a” is .....
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Requirements for Alpha form

1 Requirements for alpha form:

 The o function must be finite and positive for all
temperature.

* The o function must equal unity at the critical point.

 The a function must approach a zero value as the
temperature approaches infinity.

1 The trend from now is to set the coefficients of
alpha function component dependently by
regressing the experimental vapor pressure data
VS. temperatures.
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Binary Interaction Parameters (1 of 2)

[ Good representation of 40
vapor-liquid equilibria: 38 -
“Adequate mixing rules” 1
1 CO,-ethane at 270K =
[ Dashed line: g
SRK with k; = 0
] Straight line: Ny -
Regressed " Mo(l);a2 Fracti(z:rl] of C:r.(ts)on Dicc;f(;ide B

Slide 27 oonG () yanG

UNIVERSITY



Binary Interaction Parameters (2 of 2)

] Using nonzero K; generally improves VLE representation

] Kj Is not a magic number. It corrects for the inadequacy of
the model, or the deficiency in corresponding states

theory.
1 K; for on EOS should not be used directly in another EOS.

[ The order of expected accuracy for VLE calculations using
K;; obtained:
regressed from data > estimated from correlation > zero
value
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Advanced (Panagiotopoulos) mixing rules

[ Panagiotopoulos and Reid proposed an asymmetric mixing
rule containing two parameters for SRK and PR equations

of state (denoted as SRKP and PRP).

[ The Panagiotopoulos mixing rule

a= ZZXI j i bzzi:xibi

o ok -k K
\ Refer to Discussion 14.hwp
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Fugacity Coefficient of Component ‘1’

General Two Parameter Cubic EOS and Panagiotopoulos Mixing Rules

1 The fugacity coefficient expression of component ‘I’ in a
mixture applicable to general two parameter equation of
state and Panagiotopoulos mixing rules are as:

ng =207 1) (V‘b)

b
+[le(alk+ail) Zlex ( _kml)
+ X le \/H(KI _kn) (Zb bXU )4W ]

b(4w\ u*
1 n 2v+bku \/u —4WJ

\/u — 4w 2v+bu+\/u —4W)
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Fugacity Coefficient of Component ‘I': SRK

1 The fugacity coefficient expression of component ‘I’ in a
mixture applicable to SRK equation of state Is as:

P(v—b) b, a_[2a b, (v+bj

Ing =—In +-1(z-1)+ — -

RT b bRT| a b

where: \
a; = Z X
|

i Refer to Discussion 10.hwp
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Fugacity Coefficient of Component ‘I': PR

1 The fugacity coefficient expression of component ‘I’ in a
mixture applicable to PR equation of state is as:

|n¢?i = %(Z —1)—In P(V_b)

RT
,_ @ _2§i_bi_|nv+[1—\/§})
2J2bRT| a b v+{++/2)

g — Z Xa, Refer to Discussion 11.hwp
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/\IX.” _T_C;O.l N2

1 BOG M ¥3I|(RIC) Ul = H=SES2 & Hs &

—/ &= . LNG &3]

0>

=]
M S| Z 0121 &= BOGOI CHot(f

1) Ct&el LNG £ &(Typical, Lean, Rich, Max N,) 0| Al A &=
BOGS =M A 2N =At

SC OleA l:l:|9|_o.” [[l_E A OHSHEA O %/g _,__I)_Clzl

4, =5 /™ T = T/ /M T _

1) oI, B8, =S M JIAIOA M Rt = @1 5= BOG2
e ID—|O| EELI

2) & =& XEA0| OP‘—' LhE UM E4

R/ICZ Q12 E[= LNG

1) LNG =40 2 21 ZAHUME S9N

2) BOG =4, ol =25, & HSH0 (FE LNG
LNG(R/C E£2t2)2| SHS MOl MEf 1Y

3) Two-stage Compression SystemWl A & S22 A 3HAI =
il&lQ' %j} OI-EZIO DIII-l :’X.“

4) M%) = =25 = LNG 222 28
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A'X'” "?5*' O“ &'% LNG JH % 50|

<2> <1>
- Off Gas

<4>

BOG Compressor
v

14.5Kg/cm?G
Recondencer
8.50Kg/cm?G
y 22 GT S.W.
LNG Booster fump @/ > NG
NG <a> )
*) & s,
-158°C, 1.13Kg/cm? — HP Pump
LP Pump

Slide 35 oonG () yanG

UNIVERSITY



1} .
R 80 HE: ine s

Stream Number 1 2 3 4 5

N2 0.34 0.34 0.04 0.04 0.07
Cil 99.64 99.64 89.26 89.26 90.21
C2 0.02 0.02 8.64 8.64 7.85
C3 0.00 0.00 1.44 1.44 1.31
iIC4 0.00 0.00 0.27 0.27 0.25
nC4 0.00 0.00 0.35 0.35 0.32
iIC5 0.00 0.00 0.00 0.00 0.00
nC5 0.00 0.00 0.00 0.00 0.00
Temperature(°C) -120.00 26.30 -158.95 -157.89 -135.91
Phase G G L L L

Pressure(Kg/cm“G) 0.15 8.85 1.13(A) 8.85 8.85
Flowrate (Kg/hr) 50000 50000 550000 550000 600000
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jlz'u_:‘ )\ O_'Hil.jl ]Hjuil (1) Pre-cooler & X|

BOG Compressor

T
—
P
(%)
o
=)
@D
=

)
Off Gas o ___ - t
<
v \ 4
Recondencer
‘ ET S.W.
LNG @ M Q SjWE
> HP Pump o
LP Pump
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| H 3" j| JH & (2) Intercooler & X|

< =

LNG LNG

[l Consider the above two-stage compression system.
e Determination of Optimum Intermediate Pressure
1) Find the optimum intermediate pressure which minimized the
summation of compressor power.

e Determination of Minimum Compressor Power
1) Find the minimum compressor power at the optimum
Intermediate pressure.
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1 o Hs oA 0 IS Aget

1) Functional Form0f| CHet &4 D[4 & WAl A& At
2) APl Method, Rackett Method (il CH &t &4
e Alpha FormulationOll CHoll: =8 &E2| SI|Y FA&E Rt
1) Redlich-Kwong Alpha Form
2) Soave’s Original Alpha Form
3) Component-dependent Alpha Form
e Mixing RulesOf| CHot(d: Eet=2] K-value =4S 2|6t
1) van der Waals: One fluid mixing rule
2) Panagiotopoulos mixing rules
3) Composition-dependent mixing rules

4) B82 =0 7 A2 BIWAIEl H40 S U N
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BOG izt =& 0l Ciot.....
BOGO| CHSHLNGO| E8H|°] Z A 58O 2 M

1) LNG s&2E8 XL =5 X435t
x| A

2)LNG 2 BT £2f 3/ A

MO 2HMASE(H 8.5Kg/cm?G)= EHEEOCZ M
1) BOG Compressor =& X[ A3}
2) BOG Compressor & 24 & > Pump S22 St

3) (BOG Compressor =2)-(Pump s
JHoH3ID|o A oFad 24K

[

e Pre-coolerE X &L= MW
1) LNG 2<>*le Ol ZAE S8 Pump &2 X A3}
e IntercoolerE X &2 M
1) S| 2 FULE=BOGE 22 W EHOZ M LNG
SgHl=2 ZAE S Pump 22| XA}
2) BOG Compressor£2| & 42 =42 XAl
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The End....
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