
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000, pp. 191-198
(Journal of the Korean Institute of Chemical Engineers)
3������� �	
 ��
�� ��
 2��� ���� ��� ��

�������†

����� ���� �����

(1999	 8
 30� �
, 1999	 12
 27� ��)

Prediction of Critical Loci in Binary Mixtures by Cubic Equations
of State with a Class of Mixing Rules

Jong Seon Park and Yong Jung Kwon†

Department of Chemical Engineering, Kangwon National University
(Received 30 August 1999; accepted 27 December 1999)

� �

�������� 	
��
 ��(SFE), 	
��
 �������(SFC) � 	
��
� ���� ����  !"

# $%&' 
�( )*+ ,�- .�� /0 31�2345+ ���- �6+ !��78. 9 :;��� �2345

<�� Peng-Robinson(PR) �2345= Soave-Redlich-Kwong(SRK) �2345+ >��7?, @ �2345� AB�

� CDEF aG b� /H�� classical $%IJ K� Huron= Vidal[1, 2]�L� M8 4N0 O�P" QR' )*+ ,

H STU V� �V WX5� YZ0 8[0 $%IJ(EOS/GE)+ "��- �Q�� $%&' \
 ]Q^,� /0 
�

( )*+ !��78. V� �V WX5� YZ0 /_"# $%IJ(HV, MHV1, WS, LCVM)� >�`� =a Gibbs b

��cd e =a Helmholtz b��cd' �6+ ,H V� �V WX5<� �f`� NRTL, UNIQUAC �g? UNIFAC

5+ @@ "��78. 	
��
� hi j� >�`� �6klm� no�� -p �Q�� k%&' 
�( q"� /

0 �6r=� st u40 �2345= $%IJ� "�U Wv ��� wx0 r=� M�d� yz<�, u40 ��

/H { |1� �}T~� 8� $%IJ� �H /
"<� WS $%IJ� hi �� )* r=� M- ��8.

Abstract − Critical loci of mixtures, which play an important role in retrograde condensation, supercritical fluid extrac-

tion(SFE), and supercritical fluid chromatography(SFC), can be determined by solving the critical loci equation along with an

equation of state chosen for the mixture. In most of cubic equations of state, however, an appropriate mixing rule should be uti-

lized for the parameters a and b inherent in them and it usually causes some error in predicting thermodynamics properties of

fluid mixtures. Recently, several approximate and reasonably successful mixing rules have been proposed for the description of

vapor-liquid equilibria since Huron and Vidal[1, 2] developed the basic idea of so called EOS/GE mixing rule. In this work,

four different mixing rules(HV, MHV1, WS, and LCVM) based on the liquid solution models(NRTL, UNIQUAC, and UNI-

FAC) as well as the classical mixing rule were used to compare the results on critical loci for several binary mixtures when the

SRK and PR equations of state were selected for an equation of state. The overall results on critical loci by different mixing

rules used were compared and it was also shown that the WS mixing rule produced slightly better results than others even

though any equation of state with particular mixing rule did not give the best results of all.

Key words: Cubic Equations of State, GE Mixing Rules, Critical Loci, Liquid Solution Models, Excess Gibbs Free Energy,

Excess Helmholtz Free Energy
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� xy� Gz� 	KGvZ� 	KS {|} `a~�Z��� �

�, �� k \��	� ]^, e	f��� �1, ���H� 	K

k �n��S <= ��@. �E ��V �ep� �� 	KGv

��. �/� � [+"\H� �n@� GvE ]^n<� +"q�

w �K�� �� �E h�# �q xy� 3��w 01Z ij�

o� �� {U�� ��e p�. �/� [+" n<Z �no� n

<� �� �	V �S�YZ� ]^� ��V �X ����w �

Y9: +"qV  ^ � p�9 ¡  �� di� ¢N��� S£

� � pY(, �/� ¤¥V ¦3§� �� 
�n<� +"q� �

� ��� �-S &?@X ¨�.

©ª «{ �¬
(mobile phase)YZ [+"\H� �n@� [+

"\H �Z­®�¯°(supercritical fluid chromatography, SFC)� Bn

E 	KGv� ±¡� �X G.@e pY(, n<-n�, n�-n�²�

7M� �� ³´�; >?� �-� ¦ � pX ³Ie p�. [+"

n<Z Sµ �� �no� �i�¶O� n³M(solvating power)V r

. IG �³ SFE PE SFC�:� ·� ��7 methanol�� water

k� ¤n<(cosolvent PE modifier)� �S@�� ¤n<� column

support� p� ¸��	V �¸����� �¹V @X º 2 345

+"Q; c +"LM�; 
»� ��� IX ¨�. ¼� SFC�: n

</¤n<� 
�n<S column§�: 
	KS ½{�� D
V ¾w

@G �@. 
�n<�: ¤n< ¤�� �� +"q ¿'� �� �

-� ¦3l ��.

��	" 
��� +"q ¿'E À ��� �	� +"q� G-

Á +"q ¿' �Ke Á-Á Ân�� �� UCEP(upper critical end

point), LCEP(lower critical end point)� �, c zÃ \Ä� �5

type I�� type VI� 6SwZ 	tº � pY(, SFC�: Sµ ��

�no� CO2+methanol� water+CO2"� ÅÅ type I� type III�

³»¨�. �/� 
��� +"q� �� ÆÇ ���� 0È� �

³ É� ÊE .G� �� �E h�# �² xy� Ë«e ©O�

0È���Z Ì8� &?� Í5Î�� Ï�@e, �� �n³ -�

0ÈÐ� ªÑ� Ì8V ¹ � p� ¾Ò� Ó±� ?Ô¨�.

+"qE ���' Õ�� ÂÕ�� h"q7 À Ó� spinodal point

S �Öw� qYZ ��¹ � p��, �x� Gibbs f\�×w� ¤

�� �� 2Ø, 3Ø Î	�E 0� o( �« �"� 8� SÙ� ��

Z Ðg�Ú � ~� 
,¾�~V 'n�YZ� +"qV "i¹ �

p�.

Û aÔ�:� �°� �� 3Ø
,¾�~V �n@. +"q Ì8

V �;@Ü�. 
,¾�~� �� ÑªÒE �� ÆÝ ~� �³ ~

fH� ���, Þ� "i ß;, �Ke �� 
��� �� ���

' ��� �à' ��� Ì8 k� µqV w4e p�. @wá van

der Waals 
,¾�~ �¯Z 
,¾�~� p� Í5Î�«� 'n

o{Q hÈ'7 
�Òâ� ;ãE 
��� +"q "i ���:

�ä�� å�(å	æ)� �� Î	, '	çYZ 7³ �E TØ� \

±@X ¨�.


,¾�~E +"Q;(Tc), +"LM(Pc), �Ke ��7f(ω)� �

�7 �G Í5Î� b# �×w Í5Î� a� è�@e pY(, 
�

�� +"q Ì8V �³ 
,¾�~V ;ã¹ h= 
,¾�~ <

Ó��� �³ ��� �	� +"� �-áV �n@� '¢� 


�Òâ� ;ã� &�'��.

Û aÔ�:� ¡F'7 classical 
�ÒâV è�@. �é f\�

×wZ�� \;¨ Huron-Vidal(HV) 
�Òâ[1, 2], modified Huron-

Vidal(MHV1) 
�Òâ[4, 5], Wong-Sandler(WS) 
�Òâ[6, 7], �Ke

linear combination of Vidal and Michelson(LCVM) 
�Òâ[8] kV

Peng-Robinson(PR) 
,¾�~[9], Soave-Redlich-Kwong(SRK) 
,¾

�~[10]� 'n@. SFC�: �� �no� �i�¶O/¤n< "�

>�YZ ê Sw ¶��O# ëìV �í� ¾�î ���V è�

@� ��	" 
��V �
YZ 
��� +"q ¿'V "i@e

Ï�«V ÅÅ �à 	´@( �«Z�� Å 
�Òâ� � 	l�

:� \��V ïð��.

2.� �

2-1. ��� �� ���

+"qE Õ�� ·�(limit of stability)� p� Õ�� 
V ñ�

��� ¤¥YZ�� Q; T# LM P@�: ./ �	� ./ 
V

�òe ��� pV x Å 
� p� �	 i� ��èóô(chemical

potential) µi� ÆÀ õe, �x ��¤¥(equilibrium condition)E ½�

� ö÷Z°, �°, ¤� @�: §��×wS ©OS o� &?¤¥V,

Õ�¤¥(stability condition)E ø	¤¥V �äùV -.Iú�[11].

��� �	YZ �ò{ð "� �� +"qE Q;S ½�¹ x

LM� �� �°� 1Ø, 2Ø Î	� 0½ x��. 2�	" 
���

�@. Gibbs f\�×w� ¤�� �� 2Ø Î	�� 07 qV

spinodal point5e @( �ÊE ���' Õ�� ÂÕ� %�� h"

�: �ä��. �x ¤�� �� Gibbs f\�×w� 2Ø c 3Ø

Î	�E 0� o( +"Q; c +"LME � À ¤¥V áî��

� q�: ��¨�[12].

(1)

(2)

~ (1)� (2)� 
,¾�~V �ã@. 8� SÙ� ��7 Q;, L

M, �° c ¤�á� �� ~YZ \;¹ � pY( � +"¿'¾

�~[13]V ©'� ¦eKûV �n� �Ð³ÒYZ 
��� +"q

(critical point)V "i¹ � p�.

2-2. 3	
���� � 
���

2-2-1. 3Ø
,¾�~

�üE �°� �� 3Ø
,¾�~� ½W~��.

(3)

ε� σ� 
,¾�~� �z@� 
��(, PR 
,¾�~[9]� h=

ÅÅ , � �V Sw( SRK 
,¾�~[10]�:� ÅÅ 0,

1� �V ý��. Í5Î� a# b� +"Q;(Tc)# +"LM(Pc) �

Ke ��7f(ω)� ��Z� ~ (3)V 2�	" �
 ��	" 
�

�� 'n¹ h= Í5Î� a# b� Ï�@G �³ ���	� +"

�-Z�� ¤�� ��þZ �ä�� 
�Òâ� ;ã� &�'��.

2-2-2. 
�Òâ

�� \H� 'n¨ 3Ø
,¾�~� ¬½� �,� ~V 
���

'n@G �@. 
,¾�~� Í5Î�� ���	� �� Í5Î�

# ¤�� �� çYZ ÿ� � p�9 
,¾�~V 
��Z �µ

�� � p�.

Û aÔ�:� ¡F'7 classical 
�Òâ� �é f\ �×w Æ

Ý� ª�� HV 
�Òâ[1, 2], MHV1 
�Òâ[4, 5], WS 
�Ò

â[6, 7], �Ke LCVM 
�Òâ[8]V �n@ÜY( �x Å 
�Ò

â ~� �ä�� �é Gibbs �×w c �é Helmholtz �×w� "

iV �³ NRTL, UNIQUAC c UNIFAC ~[14]V �n@Ü�. ÅÅ

� ~� �ä�� Í5Î�� +"q 0È ���� �n@. ©'�

∂2G

∂x1
2

---------
 
 
 

T P,

= 0

∂3G

∂x1
3

---------
 
 
 

T P,

= 0

P= 
RT

V b–
------------ a

V εb+( ) V σb+( )
-----------------------------------------–

1 2+ 1 2–
���� �38� �2� 2000� 4�
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Gibbs f\ �×w� �� �é ��, �. ��� �Ó��(fuga-

city)#� 
��"Z�� ~ (7)� HV 
�Òâ� \;¨�. Huron�

VidalE Ä� LM½ x� S�@ÜY(, �x V# Vi� ÅÅ b# bi

� ��@X ¨�.

MichelsenE LMV 0YZ S�� 
,�: �é Gibbs f\�×w

# 
, ¾�~²� Ï�V �;@ÜY(, LM� 0½ x LC7f(com-

pressibility factor)# 
,¾�~ ��� 
��"Z�� ~ (8)� õE

MHV1 
�ÒâV ��{ §ú�.

2Ø Virial "�� ¤��z�E ¤�� �� 2Ø ~� �,(quad-

ratic form)Z �ä��� F" ��� �6� �5 2Ø�w ¡Ó�

Virial ~� 
,¾�~V �ã�YZ� ~ (10), (11)� õE �Z$ �

,� 
�ÒâV 1�@Ü�. �x Wong� Sandler� �é Gibbs �×

w-� 
�'YZ LM�z��  E �é Helmholtz f\�×w�

�n@ÜY( 
,¾�~� Í5Î�� -	³ I� Í5Î� kij�

;ã@Ü�.

LCVM 
�ÒâE LM� Ä��½ x# LM� 0½ x� S�Y

Z�� \;¨ HV 
�Òâ� MHV1 
�ÒâV ��* 
�'Y

Z Ï��� ¾ÒYZ, ~ (13)� �ä�� λ� α� �� 
�' G

.;� �Î@( Û aÔ�:� ÆÇ 
��� �³ 0.36YZ e��

� � "iV �A@Ü�.

3. �� � 	


Û aÔ�:� ¶� �Ot# �i�¶O �Ke [+" n<� ¤

n<Z 
�� methanol, water c ¾�î ���V è�@� 2�	"


��� �@. PR 
,¾�~� SRK 
,¾�~, �Ke ��� 


,¾�~ <Ó��� 
�ÒâV �n@. +"q ¿' ¾�~[13]YZ

�� +"qV "i@Ü�.


,¾�~� Ï�¨ ÁH nÁ ÆÝ~� è�@� Å Í5Î�#

classical 
�Òâ c WS 
�Òâ� Í5Î� kij� simplex ©'�

¾Ò[15]V F@. 0È�YZ�� +"Q; c +"LM� �� ¢

� �� �Ø� ©OZ áî��� ¤¥�: Ï�@Ü�.

Å 
�Òâ� �� ÁH nÁ ÆÝ~� Í5Î�# 
,¾�~�

Í5Î�� Ï�� � ¤�� 2Ø, 3Ø Î	qV ©OZ @� +"Q

;(Tc)# +"�°(Vc)� Ô@Ü�.

Û aÔ� �n  ̈ 2�	" 
��E type I� ³»o� methanol, me-

thane, propane, n-butane, n-pentane+CO2# methanol+benzene, ethane+

propane, methane+n-butane, propane+n-hexane, propane+hexafl

benzene, type II� ³»o� n-decane+CO2 �Ke type III� ³»

@� water+CO2 k��[16, 17].

�� �� �	� +"Q;# +"LM �Ke ��7f c Gä

[G�V !�� � +"Q; c +"LM� �� ¢� �� �ØS

©OS o;� ÁH nÁ ÆÝ~� Í5Î�# 
,¾�~� Í5Î

�� ©'��Ú��. ©'�¨ Í5Î�� �n@. ÅÅ� 0È �

��� �³ +"Q;# +"LMV "i@ÜY(, �x "i¨ �V
Fig. 1. Prediction of the critical pressure as a function of mole fraction

in methane(1)/CO2(2) system.

Fig. 2. Prediction of the critical temperature as a function of mole frac-
tion in methane(1)/CO2(2) system.

Fig. 3. Prediction of the critical temperature and pressure in meth-
ane(1)/CO2(2) system by PR EoS with various mixing rules.
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000
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[G�YZ @. ¡H ¤�Ô²� �� +"Q;# +"LMV "i

@Ü�.

Fig. 1-6E type I� ³»o� 2�	" 
��Z, PR 
,¾�~V

�n@. "i@ÜV x� Å 
�Òâ� �� +"�
V ;�� �

���. Classical, HV, MHV1, WS, LCVM 
�Òâ ÆÀ +"�


� �,� � �ä§e pY( ¤�� �� +"Q;� �
 �,

� 
�� S�=( ÆÇ 
�Òâ� �³ �E Ì8;� �ä§e

p�.

Fig. 1-3E methane+CO2"Z� ¤�� �� +"LMV ;��

Fig. 1E WS 
�Òâ� �� 
�Òâ� �³ �² �E Ï�� -

�(, ¤�� �� +"Q; �
V ;�� Fig. 2� ÆÇ 
�Òâ�


�� S�$ h�V -�( 0È�� ªÑ� Ï�� -7�. +"

Q;-+"LMV ;�� Fig. 3E ÅÅ� 
�Òâ� ��� �
�,

� -�e pwá rE Q; %��:� WS 
�Òâ� 0È�� S

µ ªÑ� Ï�� -�e p�. Fig. 4� propane+CO2"� +" Q

;� �� +" LM �
E 
�� S�$ �,� -�e pY(,

WS 
�Òâ� +"�
 �,� Sµ � �ä§ Ie p�. Fig. 5�

methanol+benzene"Z� WS 
�Òâ� 0È�� Sµ ªÑ� �


�,� �e pY� HV 
�ÒâE Ì8¨ ��� �
� �,' 8

9�: 0È�YZ�� �O � TØ� \±@e p�. Fig. 6� CO2+

methanol" �� WS 
�Òâ� 0È�� Sµ ªÑ� �
 �,�

Fig. 4. Prediction of the critical temperature and pressure in propane
(1)/CO2(2) system by PR EoS with various mixing rules.

Fig. 5. Prediction of the critical temperature and pressure in metha-
nol(1)/benzene(2) system by PR EoS with various mixing rules.

Fig. 6. Prediction of the critical temperature and pressure in CO2(1)/
methanol(2) system by PR EoS with various mixing rules.

Fig. 7. Prediction of the critical temperature and pressure in n-decane
(1)/CO2(2) system by PR EoS with various mixing rules.
���� �38� �2� 2000� 4�
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7 
 
 

 

-�e pY�, classical 
�ÒâE Ì8ow �� %�� dG( �

� 
�Òâ«� �³ �w �E Ï�� -Ü�. ¡H'YZ type I

� �
�,� -�� "� �³ UNIQUAC ~V Ï�� WS 
�

Òâ� Sµ �E Ì8 Ï�� �ä§e p�.

Fig. 7� n-decane+CO2"� type II� +"�
 �,� -.I� "Z

type I� +"�
 �,� Á-Á �� 57� �q7 UCEP(uper critical

end point)�: ��@� +"�
� @� � ]S¨ �,� �� "

��. type II� ³»@� n-decane+CO2"� +"Q; c +"LM�

Ì8E Table 1-3�: -� ÿ# õ� PR 
,¾�~� UNIQUAC~�

Ï�¨ 
�ÒâV 'n¹ h= NRTL~ PE SRK 
,¾�~V '

n@ÜV x -� � �E Ì8 Ï�� �ä§e p�. )* WS 
�

ÒâV 'n@ÜV h= ¤�� �� +" LM Ì8 Ï�� Table 4�

: -� ÿ# õ� 0È�� � 3% �;� TØ� §( 6% �
�

TØ� §e p� �� 
�Òâ«� �³ =�@X �ä�e p�. �

Table 1. Various mixing rules used in this study

Authors Mixing rules  

van der Waals (4)

(5)

(6)

classical mixing rule

Huron and Vidal(1979)

Michelsen(1990)

(7)

(8)

(9)

HV mixing rule

MHV1 mixing rule

Wong and Sandler(1992) (10)

(11)

(12)

WS mixing rule

Boukouvalas et al.(1994) (13) LCVM mixing rule

a= xixjaij
j

∑
i

∑
b = xibi

i
∑

aij = 
ai aj+( )

2
----------------- 1 kij–( )

a= b xi
i

∑
ai

bi

---- G
E

1
σ ε–
----------- 1 σ+

1 ε+
-----------ln

----------------------------+

b = xi
i

∑ bi

a= 
1
q1

----- G
E

RT
------- xi

i
∑ b

bi

----ln+ xi
i

∑ ai+

b= xi
i

∑ bi

a= a
bRT
-----------

b = 

xi
j

∑
i

∑ xj b
a

RT
-------– 

 
ij

1 A
E

CRT
------------– xi

i
∑

ai

biRT
------------–

-----------------------------------------------

a
b
--- = xi

ai

bi

---- A
E

C
------+

i
∑

b a
RT
-------– 

 
ij
= 

bi
ai

RT
-------– 

  bj
aj

RT
-------– 

 +

2
------------------------------------------------- 1 kij–( )

α = λαV 1 λ–( )αM+

α = 
a

bRT
-----------

Table 2. Results of the prediction of the critical temperature and pressure by the SRK equation of state and various mixing rules when NRTL is used

Classical HV MHV1 WS LCVM

Tc Pc Tc Pc Tc Pc Tc Pc Tc Pc

Methane/CO2 2.02 3.20 1.89 2.59 1.90 2.60 1.76 0.41 1.90 2.59 
n-Butane/CO2 0.63 1.33 0.85 0.41 1.01 0.20 0.36 0.28 0.96 0.25 
n-Pentane/CO2 1.88 9.48 3.76 4.36 3.86 4.38 3.70 4.99 3.82 4.39 
n-Decane/CO2 3.04 7.73 2.36 6.36 4.00 15.700 2.25 3.94 2.76 12.630
Propane/n-Hexane 0.12 8.87 1.33 5.92 8.35 8.97 0.76 1.77 1.35 6.1
Methanol/Benzene 0.11 2.93 0.37 2.34 0.79 1.41 0.21 2.25 0.82 1.59
Methane/n-Butane 1.64 5.67 1.39 3.05 0.87 6.07 5.82 7.28 1.25 2.99
Propane/CO2 0.46 6.45 0.68 5.56 0.18 6.65 0.76 4.09 0.23 6.56 
Ethane/Propane 0.62 1.95 0.63 1.89 0.62 1.88 0.07 2.91 0.62 1.89
Propane/C6F6 0.70 2.20 0.84 1.66 0.74 2.01 0.83 0.68 0.70 1.96 
CO2/Methanol 0.70 2.20 3.30 6.85 3.01 4.19 1.98 2.67 2.74 8.66 
AAD 1.08 4.73 1.58 3.73 2.30 4.91 1.68 2.84 1.56 4.52 
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��« S$� n-butane+CO2 
��� Sµ
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M� �� Ì8;� 
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Table 3YZ�� WS 
�Òâ� +"Q;� �� ¢� �� �Ø

# +"LM� �� ¢� �� �Ø� p{ 1.52# 2.32� "i �

Ø� �ä§( Sµ �E Ì8 Ï�� �ä§e p�. MHV1 
�Ò

â� LCVM 
�ÒâE ¡H 
�Òâ« S$� 
�'YZ �w �

E Ï�� �ä§e p�. 
,¾�~ #Z� PR 
,¾�~� SRK

� �³ �² �E Ì8 Ï�� -�e pY(, ÁH nÁ ÆÝ ~á

V eU¹ h= UNIQUAC ~� Sµ �E Ì8;� �ä§e p�.

WS 
�ÒâáV eU@9 PR 
,¾�~� UNIQUAC ~� Ï�

oúV x "� +"qV Sµ � Ì8@e püV $ � p�. ¡H

'YZ +"Q;� �� ¢� �� �Ø� 1.3-1.6 �;�(, +"L

Table 3. Results of the prediction of the critical temperature and pressure by the SRK equation of state and various mixing rules when UNIQUAC is used

Classical HV MHV1 WS LCVM

Tc Pc Tc Pc Tc Pc Tc Pc Tc Pc

Methane/CO2 2.02 3.20 1.83 2.47 1.83 2.46 1.45 1.06 1.83 2.46 
n-Butane/CO2 0.63 1.33 0.58 0.83 0.70 0.58 0.36 0.44 0.65 0.70 
n-Pentane/CO2 1.88 9.48 4.17 4.57 4.42 4.72 3.26 3.69 4.35 4.68 
n-Decane/CO2 3.04 7.73 2.18 5.50 2.17 7.36 2.48 3.08 2.38 6.90 
Propane/n-Hexane 0.12 8.87 1.29 6.70 1.20 7.30 0.97 1.40 1.27 7.05
Methanol/Benzene 0.11 2.93 0.40 2.62 0.09 2.80 0.10 4.52 0.11 2.76
Methane/n-Butane 1.64 5.67 1.07 1.67 1.22 1.07 3.32 0.32 1.10 1.43
Propane/CO2 0.46 6.45 0.04 6.72 0.19 6.95 0.87 4.20 0.16 6.84 
Ethane/Propane 0.62 1.95 1.18 2.35 1.26 2.70 0.93 4.39 1.20 2.39
Propane/C6F6 0.70 2.20 0.70 2.15 0.57 2.61 0.54 0.29 0.62 2.44 
CO2/Methanol 0.70 2.20 3.35 5.54 3.58 6.78 1.26 1.23 3.60 6.90 
AAD 1.08 4.73 1.53 3.74 1.57 4.12 1.41 2.23 1.57 4.05 

Table 4. Results of the prediction of the critical temperature and pressure by the PR equation of state and various mixing rules when NRTL is used

Classical HV MHV1 WS LCVM

Tc Pc Tc Pc Tc Pc Tc Pc Tc Pc

Methane/CO2 2.02 3.19 1.90 2.61 1.91 2.62 2.13 3.72 1.91 2.61 
n-Butane/CO2 0.38 1.38 0.51 0.52 0.70 0.23 0.30 0.30 0.62 0.36 
n-Pentane/CO2 2.19 8.09 3.72 4.31 3.82 4.35 3.87 3.99 3.78 4.35 
n-Decane/CO2 1.36 4.82 2.18 6.03 3.85 13.50 2.60 3.07 2.49 10.290 
Propane/n-Hexane 0.06 8.60 1.34 5.71 0.10 8.72 1.19 1.78 0.11 8.58
Methanol/Benzene 0.09 3.02 0.44 1.57 0.49 2.14 0.72 3.44 0.48 1.93
Methane/n-Butane 0.86 5.43 1.08 1.85 0.51 4.19 1.66 2.14 0.53 4.44
Propane/CO2 0.38 6.16 0.25 6.16 0.20 6.32 1.21 3.44 0.25 6.23 
Ethane/Propane 0.63 2.00 0.63 1.94 0.62 1.92 0.05 2.94 0.63 1.93
Propane/C6F6 0.59 1.96 0.79 1.40 0.62 1.82 0.66 0.47 0.75 1.57 
CO2/Methanol 0.59 1.96 5.70 9.53 5.67 9.77 0.89 4.79 5.68 9.67 
AAD 0.83 4.24 1.69 3.78 1.68 5.05 1.39 2.73 1.57 4.72 

Fig. 8. Prediction of the critical temperature and pressure in water(1)/
CO2(2) system by PR EoS with various mixing rules.
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Table 5. Results of the prediction of the critical temperature and pressure by the PR equation of state and various mixing rules when UNIQUAC is
used

Classical HV MHV1 WS LCVM

Tc Pc Tc Pc Tc Pc Tc Pc Tc Pc

Methane/CO2 2.02 3.19 1.85 2.49 1.84 2.48 1.69 1.84 1.84 2.48 
n-Butane/CO2 0.38 1.38 0.32 0.97 0.33 0.68 0.25 0.59 0.34 0.79 
n-Pentane/CO2 2.19 8.09 2.84 7.02 3.12 7.79 3.37 3.52 3.01 7.50 
n-Decane/CO2 1.36 4.82 1.62 3.71 2.62 6.40 3.08 2.43 1.63 4.97 
Propane/n-Hexane 0.06 8.60 1.28 6.45 1.35 6.88 1.32 1.35 1.33 6.71
Methanol/Benzene 0.09 3.02 1.30 2.32 0.07 2.90 0.21 1.63 0.10 2.84
Methane/n-Butane 0.86 5.43 1.20 2.26 1.51 1.68 3.93 0.27 1.39 1.96
Propane/CO2 0.38 6.16 0.06 6.37 0.13 6.55 0.30 1.25 0.09 6.50 
Ethane/Propane 0.63 2.00 1.13 2.37 1.17 2.44 0.86 4.19 1.16 2.41
Propane/C6F6 0.59 1.96 0.64 1.88 0.58 2.24 0.47 0.33 0.55 2.16 
CO2/Methanol 0.59 1.96 2.03 8.86 3.35 7.22 1.22 1.00 3.54 7.28 
AAD 0.83 4.24 1.30 4.06 1.46 4.30 1.52 1.67 1.36 4.15 

Table 6. Overall results of the prediction of the critical temperature and pressure by the equations of state and various mixing rules when liquid
solution models are used

HV MHV1 WS LCVM Classic

Tc Pc Tc Pc Tc Pc Tc Pc Tc Pc

SRK/NRTL 1.58 3.73 2.30 4.91 1.68 2.84 1.56 4.52 1.08 4.73
SRK/UNIQUAC 1.53 3.74 1.57 4.12 1.47 2.04 1.57 4.05 
PR/NRTL 1.69 3.78 1.68 5.05 1.39 2.73 1.57 4.72 0.83 4.24
PR/UNIQUAC 1.30 4.06 1.46 4.30 1.52 1.67 1.36 4.15 
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GE : excess Gibbs free energy

AE : excess Helmholtz free energy

EOS : equations of state

Tc : critical temperature

Pc : critical pressure

ω : acentric factor

µi : chemical potential of component i

kij : adjustable parameter for classical and WS mixing rule

a : energy parameter of equations of state

b : size parameter of equations of state

xi : mole fraction of component i

R : gas constant

C : constant of WS mixing rule depending on the equation of state

λ : relative contribution to the size parameter of equation of state 

α : a/bRT

ε, σ : constants for PR and SRK equations of state
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