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In the BACKONE equations the Helmholtz energy F is written as the sum FsF qH
F qF qF , where F is the hard-body contribution, F the attracti®e dispersionA D Q H A
force contribution, F the dipolar, and F the quadrupolar contribution. In Part 1 ofD Q

( )this article Muller et al., 1996a the construction of BACKONE and its application to¨
pure fluids were presented. In the extension to mixtures, for each term of F a specific
mixing rule is used. This concept requires only one adjustable state-independent binary
mixture parameter. To demonstrate the feasibility of this approach, predictions of phase
equilibria, including a liquid� liquid equilibrium and other thermodynamic properties,
are gi®en for 20 binary fluid mixtures from the groups: nonpolarqnonpolar; nonpolar
qdipolar; nonpolarqquadrupolar; and polarq polar.

Introduction

The development of physically based equations of state
Ž .EOS is of great importance for chemical and energy engi-
neering. Such equations should allow the predictions of vari-
ous thermodynamic properties in the whole fluid region. For
the determination of the substance-specific parameters only
a few experimental data should be required. In a preceding

Ž .paper Muller et al., 1996a , hereafter called Part 1, the¨
BACKONE family of physically based equations of state was
introduced and applied to pure substances. The subject of
the present article is the extension of BACKONE to mix-
tures.

In the BACKONE and other physically based equations of
state it is assumed that the characteristic parts of the inter-
molecular interaction contribute additive terms to the
Helmholtz energy F. For polar substances this yields

FsF qF qF , 1Ž .H A pol

where F represents the contribution of the molecular hardH
cores, F denotes the contribution due to attractive disper-A
sion forces, and F describes the sum of the polar contribu-pol
tions. Examples for such equations are the BACK equation

Correspondence concerning this article should be addressed to J. Fischer.

Ž .Chen and Kreglewski, 1977; Kreglewski, 1984 , the extension
Ž .of the BACK EOS to polar fluids Lee and Chao, 1988a,b ,

Ž .the NIK equation Nguyen et al., 1993 , the MOBACK,
ŽDIBACK, and QUABACK equations Saager and Fischer,

.1994 , and most recently the BACKONE family of equations
of state. The latter uses the hard convex body equation of

Ž .Boublik 1975 for F , and for F the dipolar contributionH pol
F and the quadrupolar contribution F , as derived by SaagerD Q

Ž .and Fischer 1992 from molecular simulations.
The difference between MOBACK, DIBACK, and

QUABACK, on the one hand, and the BACKONE equa-
tions, on the other hand, is in the F term, which containsA
the same three substance-specific parameters in BACKONE
as are used in F . These are a characteristic density � , aH 0
characteristic temperature T , and an anisotropy parameter0
� . For dipolar substances a reduced dipole moment �� is
used in the construction of F . Analogously, the reducedD
quadrupole moment Q� is used in the construction of F forQ
quadrupolar substances. Thus, for the description of nonpo-
lar substances by BACKONE, only three parameters are re-
quired. A fourth parameter is necessary for pure dipolar or
pure quadrupolar substances. Eventually, five substance-
specific parameters are required to describe substances that

Žexhibit both dipolar and quadrupolar moments Muller et al.,¨
.1996a; Calero et al., 1998 .
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In an extension of pure-fluid equations of state to mix-
tures, the problem of mixing rules arises. Let us consider a
mixture of components i and denote the BACKONE param-
eters by � , T , � , ��, Q�. Mixing rules are the prescrip-0 i 0 i i i i
tions on how to arrive at these parameters for a mixture with
mol fractions x . With the particular form of Eq. 1 for thei
Helmholtz energy, basically two different concepts of mixing
rules have to be distinguished. In the first concept, the same
mixture parameters � , T , � , ��, and Q� are used in allo x o x x x x
contributions to F. We call these global mixing rules. In the
second concept, which we call the specific mixing rules, dif-
ferent sets of mixture parameters are used in the different
contributions to F. The latter approach is the more appeal-
ing one for two reasons. First, the hard convex body theory

Ž .for F offers theoretically based mixing rules Boublik, 1975H
that are difficult to apply to F . Second, a comparative studyA

Ž .on Lennard-Jones mixtures Heene, 1994 using simulation-
Ž .based vapor�liquid equilibria Vrabec et al., 1995 has shown

that the specific mixing rules are superior over the global
mixing rules. Ultimately, this result is a logical consequence
of a higher degree of freedom in the specific mixing rules. It

Ž .is worth mentioning that Sowers and Sandler 1993 have also
suggested the use of specific mixing rules.

In the next section we will repeat the four terms F , F ,H A
F , and F of BACKONE and describe the specific mixingD Q
rules used here. These mixing rules require only one ad-
justable state-independent mixture parameter for each binary
mixture. In the subsequent sections predictions of phase
equilibria and other thermodynamic properties will be given
for 20 binary fluid mixtures.

Helmholtz Energy Terms and Specific Mixing Rules
Hard-body term

In the BACKONE equations for pure fluids the hard-body
contribution F to the Helmholtz energy is taken as the hardH

Ž .convex body equation of Boublik 1975 ,

F � 2q3� � y3��Ž .H 2s � y1 ln 1y� q , 2Ž . Ž . Ž .2RT 1y�Ž .

where � represents the packing fraction and � the anisotropy
parameter. As described in Part 1, � is a substance-specific
parameter and assumed to be state independent. On the other
hand, the volume of the hard cores of the molecules is as-
sumed to be state dependent and consequently the same ap-
plies for the packing fraction � . The equation for � used in

ŽBACKONE was suggested in an earlier article Saager et al.,
.1992 ,

y1�
� T

� s� aq 1ya , 3Ž . Ž .0 ž /� T0 0

where as0.698, � s0.3674, and � s0.1617. The quantities0
� and T are a characteristic density and a characteristic0 0
temperature, respectively, and both are substance-specific
parameters.

In the extension of the equations to mixtures, the hard
Ž .convex body theory Boublik, 1975 will be applied again. For

that purpose, we have to introduce some geometric quanti-
ties. Consider a hard body i and let V be the volume, S thei i

Ž .surface, R the 1r4� -multiple of the mean curvature inte-i
gral, and Q sR2. For the description of a mixture with com-i i
ponents i and mol fractions x , the one-fluid quantities arei
introduced by

Z s x Z , 4Ž .Ýx i i
i

where Z stands for any of the geometric quantities, V, S, R,
and Q, defined earlier.

With the help of the dimensionless quantities

R Sx x
k s 5Ž .1 Vx

and

Q S2
x x

k s , 6Ž .2 29Vx

the Helmholtz energy of the hard convex body equation of
state is written as

w xF k qk yk � �H 1 2 1 x x
s k y1 ln 1y� q , 7Ž .Ž . Ž .2 x 2RT 1y�Ž .x

where � is the packing fraction of the mixture.x
The question that arises now is how to obtain the quanti-

ties k , k , and � from the parameters � , T , and � . The1 2 x 0 i 0 i i
procedure is obvious for the packing fraction � , which isx
given by

� s x � . 8Ž .Ýx i i
i

The packing fraction � of each component i in the mix-i
ture is calculated by Eq. 3 with the pure-substance parame-
ters � and T . The parameters k and k have to be calcu-0 i 0 i 1 2
lated from Eqs. 4�6 using the geometric quantities V , S , andi i
R of the pure components i, which requires geometric mod-i
els for the molecules. In order to keep the situation simple,
we assume that a molecule of nonspherical shape can be ap-
proximated in the first order by a linear molecule. This as-
sumption is also consistent with the derivation of F in PartA
I. For a given mixture the corresponding hard-body system
will consist of mixtures of hard dumbbells or hard spheres. In
the case of hard dumbbells, the geometric quantities R, S,
and V are related to the hard-sphere diameter d and the
elongation L sLrd byH

� 3 1
3 3Vs d 1q L y L , 9Ž .H Hž /6 2 2

Ss� d2 1qL , 10Ž .Ž .H

and

1 1
Rs d 1q L . 11Ž .Hž /2 2
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Eventually the quantities of interest in Eqs. 9�11 are the
hard-sphere diameter d, which is assumed to depend on tem-
perature, and the temperature-independent elongation LH
sLrd. These quantities have to be determined for each
component separately from the pure fluid parameters of the
equation of state, namely � , T , and � . For hard dumbbells,0 0

Žthe relation between L and � is known to be Saager et al.,H
.1992

1qL 2qL 2qLŽ .Ž .H H H
�s s . 12Ž .3 22q3L yL 2qL yLŽ . Ž .H H H H

This equation can be easily inverted, which yields

2'�y1 9� y10�q1
L s q . 13Ž .H 2� 2�

The hard-sphere diameter is determined via the packing frac-
tion � . On the one hand, � can be calculated for a system of
hard dumbbells by means of Eq. 9 as

� 3 1
3 3� s � d 1q L y L . 14Ž .H Hž /6 2 2

On the other hand, � is also given by Eq. 3, and by combin-
ing both equations we get

y1�y16� 3 1 T03 3d s 1q L y L � aq 1ya .Ž .H H ž /�� 2 2 T0 0

15Ž .

Summarizing, we have to calculate L and d for each pureH
component from Eqs. 13 and 15. From these V, S, and R are
calculated via Eqs. 9�11 and QsR2. Subsequently, the one-
fluid parameters are determined by Eq. 4. Finally, the pa-
rameters k and k are obtained from Eqs. 5 and 6, which1 2
are temperature dependent because of Eq. 15.

In some few cases it may happen that the pure-component
parameter � that results from a fit procedure is slightly
smaller than 1. As will be seen later, this happens for the
noble gases. In these cases, the square root in Eq. 13 results
in a complex number. In order to obtain reasonable values
for k and k , the following ad hoc procedure can be used.1 2
Let us assume that � is slightly smaller than 1 for component

Ž . Ž .k: 1 L is constrained to be zero; 2 d is evaluated fromHk k
Eq. 15, and therefrom V , S , while R and Q are definedk k k k

Ž . id idby Eqs. 9�11; 3 with these values, quantities k and k1 2
Ž .are calculated from Eqs. 5 and 6; 4 in order to avoid for

x ™1, an inconsistency with the description of the purek
component k, a rescaling is performed according to

id 2 i dk s 1q x � y1 k and k s 1q x � y1 k .w xŽ . Ž .1 k k 1 2 k k 2

16Ž .

We remind the reader that the hard-body contribution to
the Helmholtz energy F for a mixture is given by Eq. 7. TheH
quantities k , k , and the packing fraction � are obtained by1 2

using only the pure-component parameters � , T , � in0 i 0 i i
combination with the density, temperature, and composition
of the mixture. We emphasize that for F no adjustable mix-H
ture parameter is required.

Attracti©e dispersion-force term
The attractive dispersion-force term F in BACKONE wasA

constructed in Part I under the assumption that F dependsA
on the same three parameters � , T , and � as F . The0 0 H

Ž .mathematical expression in the form F sF �r� ,TrT ,�A A 0 0
was found by fitting simultaneously to the experimental data
of methane, oxygen, and ethane after subtracting appropriate
hard-body terms. The search for the mathematical expression
was performed with the optimizing procedure of Setzmann

Ž .and Wagner 1989 . The resulting equation is

n r2m ii19 � T
jiF �r� ,TrT ,� sRT c �Ž . ÝA 0 0 i ž / ž /� T0 0is1

n r2m lii28 i� T �
jiqRT c � exp y . 17Ž .Ý i ž / ž /ž /� T �0 0 0is 20

The coefficients c and all the exponents m , n , j , o , and li i i i i i
Žare given in Part 1 note that the present equation is right,

w Ž .oxwhile in Eq. 9 in Part 1 the term exp y �r� should be0
.replaced by 1 for is1�19 . The problem is now to find for

given pure-component parameters � , T , � , and the mol0 i 0 i i
fraction, x , the one-fluid parameters � , T , and � to bei 0 x 0 x x
used in F for the mixture.A

One approach for the derivation of mixing rules for F canA
be found within the framework of perturbation theory
Ž .Fischer and Lago, 1983 , but currently such a derivation does
not exist. Hence, we follow a more pragmatic way. For � wex
will use an ad hoc assumption and the mixing rules for �0 x

Ž .and T rely on the comparative study by Heene 1994 based0 x
on molecular simulation results that will be outlined shortly.

First, it is convenient to shift from a characteristic density
� to a characteristic molecular length by0

� 03	 s , 18Ž .
N �m 0

where N is Avogadro’s constant and � s0.1617 is an ap-m 0
propriate packing fraction. Similarly, instead of a characteris-
tic temperature T , we can use a characteristic intermolecu-0
lar energy 
 given by


sk T , 19Ž .B 0

where k is Boltzmann’s constant. In the past, several mixingB
rules have been suggested for 	 and 
 . Prominent examples
are

S1: 	 3s x x 	 3 20Ž .Ýx i j i j
i , j

S2: 	 3s x 	 3 21Ž .Ýx i ii
i

E1: 
 	 3s x x 
 	 3 22Ž .Ýx x i j i j i j
i , j
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E2: 
 s x x 
 . 23Ž .Ýx i j i j
i

Here, 	 and 
 are the parameters of the pure componentsii ii
i, and the unlike mixed parameters for i� j are defined by


 s 1yk 
 
 24Ž .Ž .'i j i j ii j j

and

	 q	Ž .ii j j
	 s . 25Ž .i j 2

The quantities k are the adjustable binary mixture parame-i j
ters to be discussed below.

Ž .In the work of Heene 1994 , the four combinations E1rS1,
E1rS2, E2rS1, and E2rS2 were tested as mixing rules for
F . For binary Lennard-Jones model mixtures with severalA
size and energy ratios, molecular simulations were performed
and p,�,T data or vapor�liquid equilibria calculated there-
from. The latter were obtained from the NpTqtest particle
Ž . Ž .TP method Vrabec et al., 1995 . Furthermore, the Mecke

Ž .et al. 1996 equation of state for the pure Lennard-Jones
fluid was used together with the four different sets of mixing
rules E1rS1, E1rS2, E2rS1, and E2rS2. The k -parameteri j
was fitted to the NpTqTP phase equilibria at one tempera-
ture. It turned out that the mixing rule set E1rS2 is by far
the best for F .A

The use of the adjustable binary mixture parameters ki j
requires a short discussion. In the case of the Lennard-Jones
mixture, one could argue that no adjustable parameter should
be necessary at all, as all molecular interactions are well de-
fined. The situation, however, becomes different for real mix-
tures where the interaction energy 
 between unlikei j
molecules is in general not known. Hence, for real mixtures
we have to introduce one adjustable interaction parameter
for 
 in any case. Actually, the mixture parameters k usedi j i j
here include the uncertainty of the combining rule for 
 asi j
well as all deficiencies of the mixing rules.

After establishing the mixing rules for � and T , there0 x 0 x
still remains the need for an appropriate value of � for thex
mixture. Here again, a more detailed analysis via perturba-
tion theory or simulations would be desirable. In view of the
lack of such an analysis, here we make the ad hoc assumption

� s x � . 26' ' Ž .Ýx i i
n

Hence, the complete set of specific mixing rules for the
attractive dispersion force term F is given by the combina-A
tion E1rS2 for � and T , represented by Eqs. 21 and 22o x 0 x
and by � from Eq. 26. We point out that in BACKONE onlyx

Ž .one adjustable state independent parameter k Eq. 24 isi j
needed for each binary. For multicomponent mixtures, no
additional parameters are required.

Polar terms
Ž .Saager and Fischer 1992 used extensive computer simula-

tions to construct the dipolar term F and the quadrupolarD

term F in BACKONE. They simulated two-center�Len-Q
nard-Jones molecules of elongation Ls0.505 with embed-
ded axial-point dipoles or quadrupoles, of various strength
Ž . ŽSaager et al., 1991 . In subsequent work Muller et al., 1993;¨

.Kriebel et al., 1996, 1997 , it was shown that the molecular
elongation has little influence on the dipolar free energy.
Therefore, it was suggested in Part I that F be assumed toD
be independent of the anisotropy parameter � . The
quadrupolar free-energy contribution F also has been as-Q
sumed to be independent of elongation, although from
molecular simulation results this assumption is less satisfac-

Ž .tory Bohn et al., 1988 . Hence, F and F depend only onD Q
the substance-specific parameters � and T , and on a re-0 0
duced dipole moment ��, or a reduced quadrupole moment
Q�, respectively. The particular form of F and F are thoseD Q

Ž .given by Saager and Fischer 1992 :

nr2mr2 2i28 iF � T �kr2D i�2s c � exp yoŽ .Ý i iž / ž /ž /RT � 1.13T �0 0 0is1

27Ž .

and

nr2mr2 2i17 iF � T �kr2Q i�2s c Q exp yo .Ž .Ý i iž / ž /ž /RT � 1.13T �0 0 0is1

28Ž .

The coefficients c and all the exponents m , n , k , and oi i i i i
are given in Part 1.

In the case of mixtures, mixing rules for � , T , ��2, and0 x 0 x x
Q�2 are required. For � and T it is convenient to use thex 0 x 0 x
same mixing rules as in F . Hence, the remaining quantitiesA

� �2 Ž .are � and Q . Recently, Weingerl and Fischer 2000 madex x
a derivation of a mixing rule for Q�2 using perturbation the-x
ory and one-fluid theory. The same derivation can also be
used for the dipole mixing rule. Using the relations �2s
��2
	 3 and Q2sQ�2
	 5, the resulting mixing rules are

�2�2
i j� 43 2 3 2	 
 � s x x 	 
 29Ž .Ýx x x i j i j i j 2 6
 	i j i ji , j

and

Q2Q2
i j� 43 2 3 2	 
 Q s x x 	 
 . 30Ž .Ýx x x i j i j i j 2 10
 	i j i ji , j

The quantities 	 and 
 are the same as in the attractivei j i j
contribution F , and are given by Eqs. 24 and 25. The mixingA
rules for the one-fluid ��2 suggested previously by Lee andx

Ž . Ž .Chao 1988b as well as by Muller et al. 1996b can be con-¨
sidered as a simplification of Eq. 29. In order to test Eqs. 29
and 30, molecular simulation studies have been performed

Ž . Žfor dipolar Muller et al., 1996b and quadrupolar Weingerl¨
.and Fischer, 2000 model mixtures that showed good-to-ex-

cellent performance of the mixing rules.
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Table 1. Pure Substance-Specific Parameters

� T0 0
� 2 � 2w x w xSubstance molrL K � � Q

Methane 10.139 190.564 1.0 � �
Ethane 6.800 305.33 1.2126 � �
Propane 5.032 370.800 1.3215 � �
Argon 13.487 150.16 0.9876 � �
Xenon 8.556 289.896 0.9887 � �
R32 8.706 332.276 1.4287 5.0900 �
R41 9.391 281.133 1.139 6.362 �
CO 10.549 291.28 1.3919 � 2.1812
Nitrogen 11.133 125.74 1.0471 � 0.489
Ethene 7.577 281.78 1.1716 � 0.522
R125 4.593 312.748 1.4154 1.0179 3.133
R134a 4.957 332.065 1.4287 4.6339 2.588
R143a 5.216 324.541 1.4128 4.0755 1.284

Results and Discussion
Adjustment of the binary mixture parameters k i j

We consider 20 binary mixtures composed of 13 pure com-
ponents. The substance-specific parameter of the pure com-
ponents are determined by fit-to-vapor pressures and satu-
rated liquid densities. Details of the procedure are given

Ž .elsewhere Calero et al., 1998; Muller et al., 1996b . For the¨
convenience of the reader the pure-substance parameters of
the fluids investigated here are compiled in Table 1.

The presentation of the mixture results is organized such
Ž .that we split up the mixtures into the groups a nonpolarq

Ž . Ž .nonpolar, b nonpolarqdipolar, c nonpolarqquadrupolar,
Ž .and d polarqpolar. For each group we consider one or two

mixtures as key mixtures and present their results in greater
detail.

In order to describe the mixture, the mixture parameter ki j
in Eq. 24 has to be determined. The procedure followed for
all mixtures is to adjust k to the author-selected VLE mea-i j
surements we had available for each binary. Due to the fit to
several data from different authors, we could balance the
probable inaccuracies of the measurements. Nevertheless
some data had to be excluded for the fit because the mea-
surements turned out to be inconsistent. The resulting values
for k for all 20 systems are given in Table 2. We remind thei j
reader that k is a constant for each binary system and inde-i j
pendent from temperature and composition. The values were
used without modification for all comparisons of the respec-
tive binary.

Mixtures of nonpolar substances
MethaneqEthane. The methaneqethane system is one of

the few mixtures for which a variety of accurate experimental
data is available. Therefore, this system is frequently used for
testing equations of state, and previous work is summarized

Ž .in the article of Nguyen and Kohler 1995 . In Figure 1 we
show the VLE-isotherms of BACKONE in comparison with
measurements for a temperature range from 144.26 K to
283.15 K. For all temperatures we observe good-to-excellent
agreement. Taking into account all six authors whose VLE

Ž .data are compared Table 3 , the resulting average deviation
in pressure is 3.415% and the deviation in vapor composition
is 0.891% for the temperature range from 90.7 K to 283.15 K.

Table 2. Mixture Parameters k of the 20 Binariesi j
Investigated

Type of Interaction Subst. 1 Subst. 2 ki j

Nonpolarqnonpolar Methane Ethane y0.0284
Methane Propane y0.0601
Ethane Propane 0.0018
Argon Methane 0.0165
Xenon Ethane y0.0232

Nonpolarqdipolar Xe R41 0.0398
R32 Propane 0.1118

Nonpolarqquadrupolar CO Ethane 0.09152
CO Propane 0.09672
Methane CO y0.00702
Xenon Ethene 0.0032
Nitrogen Methane 0.0299
Nitrogen Ethane y0.0110

Polarqpolar R41 CO y0.12872
R32 R134a y0.0278
R32 R143a 0.0092
R32 R125 y0.0527
R125 R134a y0.0194
R125 R143a y0.0321
R143a R134a y0.0082

Now regarding homogenous p,�,T-data, Figure 2 shows the
calculated densities compared with the experimental results

Ž .of Haynes et al. 1985 at almost equimolar composition. We

Figure 1. Vapor– liquid equilibrium isotherms for
( ) ( ) ( )methane 1 �ethane 2 from BACKONE — in

comparison with experimental data.
Ž . Ž` T s 283.15 K Price, 1957 , � T s 250.00 K Davalos et

. Ž .al., 1976 , �T s199.93 K Wichterle and Kobayashi, 1972b ,
Ž .and � T s144.26 K Wichterle and Kobayashi, 1972b .
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Table 3. Absolute Average Deviations of Vapor Pressures
and Vapor Compositions of VLE Data from BACKONE in
Comparison with Measurements for Nonpolar Mixtures

Data T-range � p � yA A D A A D
Author Points K % %

System: CH qC H4 2 6
Wichterle and Kobayashi 138 130.4�199.9 2.821 1.025
Ž .1972b

Wichterle and Kobayashi 22 158.2�213.7 4.501 1.341
Ž .1972c

Ž .Price 1957 23 144.3�283.2 2.327 0.657
Ž .Miller et al. 1977 24 160.0�180.0 4.602 0.485
Ž .Davalos et al. 1976 8 250.0 1.044 1.126

Gomes de Azevedo 17 90.7�104.0 7.745 0.004
Ž .and Calado 1989

Sum 232 90.7�283.2 3.415 0.891

System: CH qC H4 3 8
Wichterle and Kobayashi 102 130.4�213.7 4.784 0.138
Ž .1972a

Ž .Reamer et al. 1950 125 277.6�360.9 2.935 1.985
Sum 227 130.4�360.9 3.766 1.155

System: C H qC H2 6 3 8
Ž .Maschke and Thodos 1962 84 255.4�366.5 1.146 0.837

System: ArqCH4
Christiansen and Fredenslund 5 123.4�164.0 1.798 0.598
Ž .1974

Ž .Christiansen et al. 1973 37 150.7�178.0 0.687 0.864
Ž .Calado and Staveley 1972 10 115.8 3.163 0.656

Ž .Shatskaya and Zhirnova 1976 31 112.6�133.0 4.673 1.711
Sum 83 112.6�178.0 2.541 1.139

System: XeqC H2 6
Ž .Nunes da Ponte et al. 1985 182 210.0�304.4 0.656 0.619˜

Figure 2. Comparision of homogenous isochoric p, � ,T
( )measurements Haynes et al., 1985 with

(BACKONE results for methane�ethane xCH4
)s0.50217 .

For equimolar mixture the critical data are T s 261 K, � sc c
3 Ž .203 kgrm , p s 6.825 MPa Nguyen and Kohler, 1995 .c

find good prediction of the densities in the gas region, as well
as in the liquid region. The largest deviations can be found
close to the critical point, which is for equimolar composition

3 ŽT s261 K, � s203 kgrm , p s6.825 MPa Nguyen andc c c
.Kohler, 1995 .

For the calculation of caloric properties the residual con-
tributions of BACKONE have to be supplemented by ideal-
gas contributions. For methane and ethane the ideal contri-

Ž .butions are taken from Younglove and Ely 1987 . In Table 4
isochoric heat capacities from BACKONE are compared with

Ž .the experimental data of Mayrath and Magee 1989 on three
liquid isochors at different compositions. As with the VLE
and p,�,T data, we observe good-to-excellent predictions of
caloric data from BACKONE.

Remember that methane and ethane have been used in
the construction of F , and the pure-component propertiesA
are represented with good accuracy by BACKONE. Hence,
comparison of the calculated data with the experimental data
for this mixture is a crucial test for the mixing rules for FH
and F . The results indicate that the mixing rules performA
quite well except in the critical region.

Other Nonpolar Mixtures. Within the group of nonpolar
mixtures we also investigate the methaneqpropane and
ethaneqpropane mixtures, as well as the argonqmethane
and xenonqethane mixtures. In Table 3 we list the absolute
average deviations of vapor pressures and vapor composi-
tions of the VLE data of all authors for the nonpolar sys-
tems.

We observe the smallest deviations for the ethaneq
propane and xenonqethane systems. Measurements from
only one reference have been available for these mixtures.
The deviations for methaneqpropane and argonqmethane
are of the same order as for methaneqethane. As mentioned
before, the parameter k for each binary mixture has beeni j
fitted to selected experimental data and subsequently used
for comparison with all experimental data. Thus, the devia-
tions of the calculated from the experimental data are partly
due to the equations, but also partly due to the inconsisten-
cies in the experimental data from different references.

Mixtures of nonpolar with dipolar substances
XenonqR41. In the xenonqR41 mixture, the nonpolar

Ž .nobel gas xenon and the refrigerant R41 CH F , which shows3
Ž .a strong dipole moment see Table 1 , are combined. In gen-

eral, mixtures of nonpolar with strongly dipolar components
show strong nonidealities, and the challenge is whether
BACKONE is able to describe such mixtures properly. A
fundamental problem for such investigations is that only a
few experimental data for nonpolarqdipolar mixtures are
available.

For R41qxenon we only had the data of Fonseca and Lobo
Ž .1989 , who measured vapor�liquid equilibria at three
isotherms. As can be seen in Figure 3 we find surprisingly
good predictions for this strong nonideal system. Taking into

Ž .account all 28 VLE data of Fonseca and Lobo 1989 , the
absolute average deviation of the vapor pressure is 1.432%
and of the vapor composition is 0.514%.

R32q Propane. Another mixture of a nonpolar fluid with
a strongly dipolar fluid we investigated is propane with R32
Ž . Ž .CH F . The measurements of Holcomb et al. 1997 indi-2 2
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Table 4. Isochoric Heat Capacities of Methane�Ethane
from BACKONE in Comparison with Experimental Results

( )of Mayrath and Magee 1989

�C®

C C C®, exp ®, EOS ®, expT �
x K molrL %R RCH 4

0.34528 101.44 23.31 5.155 5.227 y1.392
109.53 23.25 5.166 5.313 y2.844
114.26 23.22 5.183 5.332 y2.875

0.50217 106.89 24.00 4.855 4.950 y1.956
112.59 23.96 4.834 4.978 y2.988
120.99 23.90 4.817 4.989 y3.565

0.68526 106.61 25.31 4.659 4.683 y0.506
109.79 25.29 4.651 4.686 y0.749
113.01 25.27 4.647 4.686 y0.850

cated that this system shows liquid�liquid equilibria at low
temperatures and a very strong positive pressure azeotrope.
As can be seen in Figure 4 these properties can be repro-
duced by BACKONE, but the uncertainties are relatively
high. Averaging over all given 75 VLE data, the absolute av-
erage deviation of the vapor pressure is 3.371% and the abso-
lute average deviation of the vapor composition is 1.499%.

One reason for the higher deviations is the great sensitivity
of the bubble-point pressure to small uncertainties in the

Figure 3. Vapor–liquid equilibrium isotherms for xenon
( ) ( ) ( )1 �R41 2 from BACKONE — in compari-
son with experimental data from Fonseca and

( )Lobo 1989 .

Figure 4. Vapor–liquid equilibrium isotherms for R32
( ) ( ) ( )1 �propane 2 from BACKONE — in com-
parison with experimental data from Holcomb

( )et al. 1997 .

composition. Another reason is due to the difficulties of the
Ž .VLE measurements Holcomb et al., 1997 . The vapor�liquid

Ž .equilibrium apparatus of Holcomb et al. 1997 was not de-
signed to measure liquid�liquid equilibria, and the presence
of two liquid phases is only indicated by an unstable liquid
composition.

Figure 5 shows a comparison of the measured near-satura-
Ž . Ž .tion liquid p,�,T data of Holcomb et al. 1997 with the

predicted values of BACKONE. For small fractions of R32
we find that the calculations agree satisfactorily with the
measurements, while at R32-rich compositions, the agree-
ment is only within �8% for the lowest and highest tempera-
ture measured. The thick lines at x s0 and x s1 in Figure1 1
5 depict the deviations of our calculations from the measure-
ments for the bubble-point densities of pure propane
Ž . ŽYounglove and Ely, 1987 and pure R32 Tillner-Roth and

.Yokozeki, 1997 , respectively, for the temperature range of
270 to 345 K. As can be seen, the propane-rich mixtures can
be reproduced with similar accuracy as pure propane, whereas
the R32-rich mixtures have significantly larger deviations. For
mixtures containing about 90% R32, the deviations scatter
between �7%, which is also an indication of the incon-
sistencies in the measurements.

Mixtures of nonpolar with quadrupolar substances
Carbon DioxideqEthane. The binary mixture of carbon

dioxide with ethane is interesting because CO is strongly2
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Figure 5. Comparison of homogenous near-saturation
( )measurements Holcomb et al., 1997 with

( ) ( )BACKONE results for R32 1 �propane 2 at
different compositions.
The thick lines at x s 0 and x s1 denote the deviations of1 1

Ž . Žpure propane Younglove and Ely, 1987 , and pure R32 Till-
.ner-Roth and Yokozeki, 1997 respectively, in the tempera-

ture range of the measurements of the binary.

quadrupolar and ethane nonpolar. Moreover the system has
a strong maximum-pressure azeotrope. A multitude of mostly
accurate measurements of VLE as well as of homogenous
properties are available.

In Figure 6 we present six VLE isotherms from 207.0 to
293.15 K that are comparable to the measurements from Fre-

Ž . Ž .denslund and Mollerup 1974 and Brown et al. 1988 . Con-
sidering the data of all authors, including the highest isotherm

Ž .of 298.15 K Ohgaki and Katayama, 1977 , the VLE data can
be reproduced within an accuracy of �0.921% in pressure

Ž .and �0.878% in the vapor composition see Table 5 . Higher
deviations in vapor composition have been found only for the

Ž .data of Hamam and Lu 1974 , and these can be assumed to
be due to inconsistencies in the measurements.

Similarly, good agreement between the measurements and
the predictions from the BACKONE equation of state can be
found for p,�,T data in the gaseous and in the liquid regions.

Ž .A comparison of measurements with Lau 1986 at almost
equimolar composition is given in Figure 7. Here again we

Žfind the largest deviations close to the critical point T sc
297.4 K, � s305.2 kgrm3, p s6.42 MPa, according toc c

.BACKONE .
In Table 6 we also compare the measured enthalpy differ-

Ž .ences Moller, 1991 with the results from BACKONE. For¨
BACKONE, the ideal contributions for CO are taken from2

Ž .Ely et al. 1987 and for ethane from Younglove and Ely
Ž .1987 . The calculated data and the experimental data are in

Figure 6. Vapor–liquid equilibrium isotherms for CO2
( ) ( ) ( )1 �ethane 2 from BACKONE — in com-
parison with experimental data.
� T s 207.0 K, � T s 230.0 K, ` T s 250.0 K, � T s 270.0

Ž .K Brown et al., 1988 , � T s 283.15 K, e T s 293.15 K
Ž .Fredenslund and Mollerup, 1974 .

close agreement within the limits of the experimental uncer-
tainties.

Nitrogenq Ethane. The nitrogenqethane mixture was
chosen as the second key mixture within this group because
of liquid�liquid separation at low temperatures. As can be
seen in Table 5, the VLE measurements of three different
authors can be reproduced within an accuracy of �3.919% in
pressure and �2.226% in vapor composition. In Figure 8 we

Žshow measurements of liquid�liquid equilibrium Wisotzki
.and Schneider, 1985 at two different isobars in comparison

with the calculations. Although the mixture parameter has
been adjusted to VLE data, and no further adjustment has
been made for LLE, the measurements can be reproduced
with a good degree of accuracy.

Other NonpolarqQuadrupolar Mixtures. In addition to the
two key mixtures discussed in the previous two subsections,
we also investigated the mixtures of methane and propane
with CO , the xenonqethene mixture, and nitrogen mixed2
with methane. Table 5 lists the average deviations of vapor
pressures and vapor compositions of the VLE data for all the
nonpolar-quadrupolar binaries.

For the CO qpropane mixture the VLE measurements of2
four authors can be reproduced with a good degree of accu-
racy. We also made a comparison with the VLE data of Aker
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Table 5. Absolute Average Deviations of Vapor Pressures
and Vapor Compositions of VLE Data from

BACKONE in Comparison with Measurements for
Mixtures of Nonpolar with Quadrupolar Fluids

Data T-range � p � yA A D A A D
Author Points K % %

System: CO qC H2 2 6
Ž .Davalos et al. 1976 15 250.0 0.510 0.611

Fredenslund and Mollerup 65 223.2�293.2 0.669 0.535
Ž .1974

Ž .Hamam and Lu 1974 40 222.0�288.7 0.906 1.944
Ž .Nagahama et al. 1974 15 253.0 1.270 0.701

Ž .Ohgaki and Katayama 1977 74 283.2�298.2 0.714 0.638
Ž .Gugnoni et al. 1974 p, T , x 57 241.5�283.2 0.950 �

Ž .Brown et al. 1988 133 207.0�270.0 1.131 0.909
Sum 399 207.0�298.2 0.921 0.878

System: CO qC H2 3 8
Ž .Hamam and Lu 1976 21 244.3�266.5 2.491 0.786
Ž .Nagahama et al. 1974 24 253.0�273.2 4.197 1.250

Ž .Poettmann and Katz 1945 43 272.6�369.0 5.856 1.359
Ž .Reamer et al. 1951 78 277.6�344.3 1.715 2.207

Sum 166 244.3�369.0 3.245 1.669

System: CH qCO4 2
Ž .Davalos et al. 1976 33 230.0�270.0 9.661 4.201

Ž .Mraw et al. 1978 52 153.2�219.3 5.023 1.896
Ž .Neumann and Walch 1968 62 173.4�219.3 3.457 0.380

Ž .Somait and Kidnay 1978 8 270.0 7.507 3.565
Ž .Donnelly and Katz 1954 57 199.8�271.5 7.244 2.772

Ž .Mraw et al. 1978 p, T , y 45 153.2�219.3 3.694 �
Ž .Mraw et al. 1978 p, T , x 7 153.2�219.3 1.780 �
Ž .Hwang et al. 1976 p, T , y 60 153.2�219.3 4.738 �

Sum 324 153.2�271.5 5.340 2.110

System: XeqC H2 4
Ž .Nunes da Ponte et al. 1986 175 203.0�287.2 0.628 0.406˜

System: N qCH2 4
Ž .Bloomer and Parent 1953 64 88.7�188.7 0.880 0.841

Ž .Parrish and Hiza 1974 60 95.0�120.0 0.452 0.404
Ž .Kidnay et al. 1975 91 112.0�180.0 0.575 0.763
Ž .McClure et al. 1976 10 90.7 0.616 0.051

Ž .Stryjek et al. 1974a 146 113.7�183.2 1.064 0.730
Ž .Miller et al. 1973 p, T , x 11 112.0 1.136 �
Ž .Miller et al. 1973 p, T , y 11 112.0 1.421 �

Sum 393 88.7�183.2 0.828 0.686

System: N qC H2 2 6
Ž .Stryjek et al. 1974b 52 138.7�194.3 4.397 1.516
Ž .Grauso et al. 1977 33 200.0�290.0 3.721 2.662
Ž .Brown et al. 1989 23 220.0�270.0 3.123 3.206

Sum 108 138.7�290.0 3.919 2.226

Ž .et al. 1954 , but these results are not contained in Table 5,
because their measurements are inconsistent with the other
experimental sources. The absolute average deviation for the

Ž .data of Aker et al. 1954 from BACKONE are �11.6% for
the pressure and �1.96% for the vapor composition.

The VLE measurements for the xenonqethene mixture as
well as for nitrogenqmethane, can be predicted by BACK-

Ž .ONE with excellent accuracy Table 5 .
VLE measurements indicate liquid separation at tempera-

tures below 205 K for the methaneqcarbon dioxide mixture.
This liquid separation is also indicated by BACKONE, though
no measurements were available for comparison with the cal-
culations. The problem with this system is that liquid�liquid
separation occurs already above the critical temperature of
methane which caused serious difficulties at the adjustment

Figure 7. Comparision of homogenous isothermal
( )p, � ,T measurements Lau, 1986 with BACK-

( ) ( )ONE results for CO 1 �ethane 2 at x s2 CO2

0.49245.
The critical data for this composition are T s 297.4 K, � sc c
305.2 kgrm3, p s 6.42 MPa.c

of k . Thus the value of the mixture parameter given in Tablei j
2 is rather an estimated than a properly fitted value.

Mixtures of polar substances
R41qCarbon Dioxide. Among the polar mixtures, R41q

carbon dioxide is of special interest, because R41 is a fluid
with a strong dipole moment and no quadrupole moment,
while carbon dioxide has a quadrupole moment and no dipole
moment. Thus there is no dipoleqdipole or quadrupoleq
quadrupole interaction between unlike molecules.

When we adjusted the binary mixing parameter to each of
Ž .the isothermal VLE data given by Holcomb et al. 1997 , we

Table 6. Isobaric Enthalpy Differences of CO �Ethane2
( )x s0.50161, T s284.65–284.43 K from BACKONE inCO ref2

( )Comparison with Experimental Results of Moller 1991¨
( )�� Hs� H � � Hexp calc

T p � H 
� Hexp
w x w x w x w xK MPa Jrg Jrg

229.88 15.562 y120.53 y1.85
244.94 15.573 y89.11 y1.14
259.82 15.542 y57.20 y0.82
269.98 15.519 y35.65 y1.69
304.98 15.519 51.28 y0.26
315.09 15.572 78.84 0.12
330.08 15.575 122.36 0.72
350.20 15.589 181.27 y2.14

AAD: 1.09
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Figure 8. Liquid–liquid isobars for N �C H from2 2 6
( )BACKONE — in comparison with experi-

mental data from Wisotzki and Schneider
( )1985 .

found a significant temperature dependency of k . The valuei j
given in Table 2 corresponds to the optimum value for the
isotherm at Ts245 K. As can be seen in Figure 9, the devia-
tions of the measured data from the calculated curves in-
crease with increasing distance from the 245 K-isotherm. We
assume that this shift in temperature is a consequence of the
dipoleqquadrupole interactions, which the BACKONE
equations of state actually cannot refer to. This deficiency of
the equations is partly compensated by fitting the interaction
parameter.

In Figure 10 we show comparisons of isochoric p,�,T data
with the values predicted by BACKONE equations of state.
We find good agreement with the predicted values for the
liquid-phase points. Nevertheless, here again the model fails

Ž 3close to the critical point T s341.0 K, � s406.2 kgrm ,c c
.p s9.48 MPa according to BACKONE , resulting in veryc

large deviations.
Other Polar Mixtures. Other polar mixtures that have been

investigated are the six crosswise combinations of R32, R125,
R134a, and R143a. The binaries and the ternary for R125,
R134a, and R143a are also presented in Weingerl and Wend-

Ž .land 2000 . The absolute average deviation in pressure and
in vapor composition for the VLE measurements are summa-
rized for each system in Table 7. Looking over the results, we
find the best agreement of the VLE measurements with the
BACKONE calculations for the R32qR143a and R143aq

Figure 9. Vapor–liquid equilibrium isotherms for R41
( ) ( ) ( )1 �CO 2 from BACKONE — in compari-2
son with experimental data from Holcomb et

( )al. 1997 .

134a mixtures, and the weakest agreement for the R32qR125
mixture.

For all these mixtures the thermodynamic behavior is
mainly governed by the differences in the polar moments
Ž .Table 1 . With the exception of R32, which has a larger value
for the characteristic density, the values for T , � , and �0 0
are similar. Written in the order of decreasing dipole mo-
ment and increasing quadrupole moment, respectively, we get
the row R32, R134a, R143a, and R125. Thus good results for
mixtures might be expected if the polar moments of the pure
fluids are similar. This assumption is confirmed by the results
for the R143aqR134a mixtures. Eventually, the worst agree-
ment found for R32qR125 follows as a result of the largest
differences in their polarity. As with the R41qCO mixture2
we observe an increasing temperature dependency of the de-
viation as the differences in polarity increase.

Conclusions
In essence, the present investigations have shown that the

BACKONE equations of state are able to describe phase
equilibria, thermal and caloric properties of nonpolar and po-
lar mixtures with only one adjustable independent state mix-
ture parameter very well. However, there are some points
that deserve particular attention.

One point is the consistency of the experimental data of
the mixtures. In some cases, we fitted the adjustable binary
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Figure 10. Comparision of homogenous isochoric
( )p, � ,T -measurements Holcomb et al., 1997

( ) ( )with BACKONE results for R41 1 �CO 2 at2
x s0.49982.R41
The critical data for this composition are T s 341.0 K, �c c
s406.2 kgrm3, p s 9.48 MPa.c

parameter to one set of experimental data that could then be
described very well. But the description of the same proper-
ties in the same region of state for the same mixture taken
from another experimental source was not so perfect. This
can be definitely attributed to the inconsistency of the experi-
mental data rather than to the equation of state. Unfortu-
nately, financial support for improving the quality of the ex-
perimental database is currently not very high.

Regarding the equation, it can be seen from Figures 2, 7
and 10 that the prediction of the densities is bad in the ex-
tended critical region. This behavior is not only for the de-
scription of mixtures with BACKONE, but is a general fea-
ture of any classic equation of state. These equations tend to
produce a critical temperature that is too high. An improve-
ment could be obtained if the classic equations were com-
bined with scaling laws by a crossover concept, as was done

Ž .by Kiselev and Friend 1999 .
It also seems possible to improve the performance of

BACKONE for the group ‘‘mixtures of polar substances,’’
where the binary mixture parameter k tends to be tempera-i j
ture dependent. We assume that this tendency is caused by
the fact that in those mixtures the dipole�quadrupole inter-
actions have not yet been accounted for. Therefore, it will be
necessary to develop a mixing rule for the dipole�quadrupole
interaction, too.

Finally, we point out that BACKONE was already applied
Ž .by Weingerl and Wendland 2000 with good success for the

description of the ternary mixture, R125qR143aqR134a,
using only the mixture parameters k that were fitted to thei j
binary data.

Table 7. Absolute Average Deviations of Vapor Pressures
and Vapor Compositions of VLE Data from BACKONE in

Comparison with Measurements for Mixtures of Polar Fluids

Data T-range � p � yA A D A A D
Author Points K MPa %

System: R41qCO2
Ž .Holcomb et al. 1997 35 217.6�290.0 1.155 0.581

System: R32qR134a
Ž .Holcomb et al. 1997 48 280.0�340.2 0.776 0.517
Ž .Nagel and Bier 1995 50 202.9�368.9 2.907 1.060

Ž .Kleemiss 1997 6 303.2�343.2 0.834 0.173
Ž .Kleemiss 1997 p, T , x 10 223.4�298.2 1.913 �

Sum 114 202.9�368.9 1.814 0.758

System: R32qR143a
Ž .Holcomb et al. 1997 27 279.9�340.1 0.326 0.541

System: R32qR125
Ž .Holcomb et al. 1997 30 279.8�340.2 0.987 0.358
Ž .Nagel and Bier 1995 34 204.8�345.5 3.841 0.964

Ž .Kleemiss 1997 5 303.2�333.2 2.120 0.600
Ž .Kleemiss 1997 p, T , x 47 223.6�344.2 2.803 �

Sum 116 204.8�345.5 2.608 0.674

System: R125qR134a
Ž .Holcomb et al. 1997 28 280.0�340.2 1.031 0.820
Ž .Nagel and Bier 1995 31 206.1�364.6 1.420 0.796

Ž .Kleemiss 1997 6 303.2�343.2 1.303 0.982
Ž .Holcomb et al. 1997 12 280.4�340.4 1.190 �

p, T , x
Ž .Kleemiss 1997 p, T , x 18 224.5�303.0 0.789 �

Sum 95 206.1�364.6 1.149 0.823

System: R125qR143a
Ž .Holcomb et al. 1997 21 280.0�326.0 0.631 0.382
Ž .Nagel and Bier 1996 19 205.3�343.1 2.141 0.645

Ž .Kleemiss 1997 8 302.4�338.2 0.494 0.285
Ž .Holcomb et al. 1997 14 280.0�325.0 1.348 �

p, T , x
Ž .Kleemiss 1997 p, T , x 8 223.1�293.1 2.554 �

Ž .Widiatmo et al. 1995 34 280.0�330.0 0.715 �
p, T , x
Sum 104 205.3�343.1 1.168 0.470

System: R143aqR134a
Ž .Holcomb et al. 1997 27 280.1�340.2 0.501 0.511
Ž .Nagel and Bier 1996 12 205.0�360.7 0.548 0.451

Ž .Kleemiss 1997 9 302.6�353.6 0.303 0.501
Ž .Holcomb et al. 1997 13 280.2�340.1 0.589 �

p, T , x
Ž .Kleemiss 1997 p, T , x 9 223.3�298.2 0.543 �

Sum 70 205.0�360.7 0.505 0.494
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