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The Helmholtz energy F is written as the sum F = FH + FA + Fpol, where F H  is the 
hard-body contribution, FA the attractive dispersion force contribution, and Fpol either 
the quadrupolar or dipolar contribution. Here, a new expression for FA is constructed by 
a simultaneous correlation of experimental data of methane, oxygen, and ethane. The 
resulting equations for F with only three or four substance-specific parameters are tested 
for several nonpolar, quadrupolar, and dipolar fluids. In the correlation of large data 
sets good results are obtained. The significance of the approach, however, is in the good 
to excellent prediction of all thermodynamic properties in the whole fluid region based 
on a parameter fit to only four experimental data- two vapor pressures and two satu- 
rated liquid densities. 

Introduction 
The importance of equations of state (EOS) for the design 

of various engineering processes is well known. For the con- 
struction of accurate equations, two routes may be consid- 
ered. The one route is to correlate large data sets by equa- 
tions with many substance-specific parameters (Bender, 1971; 
Jacobsen et al., 1990; Setzmann and Wagner, 1991). This ap- 
proach yields very accurate equations, but the problem is al- 
ready in the measurement of the required large data sets for 
pure fluids and even more for mixtures. Alternatively, one 
can construct physically based equations of state with only a 
few substance specific parameters of physical significance; ex- 
amples are the BACK (Boublik-Alder-Chen-Kreglewski) 
equation (Chen and Kreglewski, 1977; Kreglewski, 1984) and 
subsequent equations (Lee and Chao, 1988; Saager and Fis- 
cher, 1994). This route allows, in principle, the prediction of 
thermodynamic data. The problem with this approach, how- 
ever, is that existing equations still show some shortcomings. 
It is the purpose of this article to improve these physically 
based equations of state and hence to allow more accurate 
predictions. 

The equations to be considered here start out from the 
fact that the intermolecular interactions consist of several 
characteristic parts like the short-range repulsion, the disper- 
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sion force attraction, or polar interactions. Generalizing the 
idea of van der Waals, it is assumed that each of these char- 
acteristic parts yields a separate contribution to the Helmholtz 
energy F. Hence, for nonpolar fluids F is written as 

F = FH i- FA, (1) 

with FH being the contribution of the hard molecular cores 
representing the short-range repulsion, and FA being the 
contribution of the attractive dispersion forces. For fluids with 
polar forces, the contribution of these interactions is ac- 
counted for by an additional term Fpo,. In case of quadrupo- 
lar forces, this term is FQ and the equation is 

F =  FH i FA+ Fe; ( 2 )  

for dipolar forces, it is FD and the equation is 

A prominent example of these physically based equations 
for nonpolar fluids is the BACK equation (Chen and Kre- 
glewski, 1977; Kreglewski, 1984), which contains the hard- 
body contribution FH of Boublik (1975) and an attractive 
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force term FA with a functional form suggested by Alder et 
al. (1972). Modifications of that equation are the MOBACK 
equation (Saager et al., 1992) and the NIK equation (Nguyen 
et al., 1993). An extension of BACK to polar fluids was made 
by Lee and Chao (19881, who added the polar pressure of 
water. Alternatively, the quadrupolar contribution FQ and the 
dipolar contribution FD were constructed on the basis of 
molecular simulations (Saager and Fischer, 1992). The result- 
ing extensions of the MOBACK equation by addition of one 
of these terms were called the QUABACK and the DIBACK 
equations (Saager and Fischer, 1992, 1994). 

Accounting for the nonspherical behavior of the attractive 
dispersion forces in FA, however, still remains a problem. In 
the BACK and MOBACK equations, FA is a function of the 
hard-body packing fraction 5 and a rescaled temperature 

with T the temperature, To some reference temperature, and 
7 represents the nonspherical shape of the molecules. This 
temperature rescaling dates back to earlier work of Rowlin- 
son (1954). On the basis of a rather accurate perturbation 
theory (Fischer, 1980), however, we have come to the conclu- 
sions that this temperature rescaling transformation yields 
only qualitatively correct results. Consequently, it turns out 
that, with the functional form of FA fitted to ethane (Saager 
et al., 1992), it is not possible to arrive at an accurate descrip- 
tion of methane by using the transformation equation, Eq. 4. 
An additional shortcoming of this concept is that one needs 
one anisotropy parameter 7 for the attractive forces and an- 
other anisotropy parameter a for the hard bodies. An at- 
tempt to construct an FA term for nonspherical molecules on 
the basis of molecular simulations was made by Sowers and 
Sandler (1992), but they considered only supercritical tem- 
peratures. 

In this article we will derive an expression for FA that is 
able to account for spherical as well as for nonspherical 
molecules in the whole fluid region. The construction of FA 

is based on experimental data for methane, oxygen, and 
ethane, and on previously derived potential models for these 
substances (Fischer et al., 1984; Bohn et al., 1986a,b). The 
functional form of FA is found by a simultaneous correlation 
of data of all three substances using the method for optimiz- 
ing the structure of thermodynamic equations due to Setz- 
mann and Wagner (1989). The resulting expression for FA 

will have the same parameters as the hard-body contribution 
FH, namely, a characteristic density pot a characteristic tem- 
perature To, and an anisotropy parameter a. The class of 
equations that combines the new FA with Boublik's (1975) 
hard-body term FH and, in the case of polar fluids, adds ei- 
ther F, or FD (Saager and Fischer, 1992) is called BACK- 
ONE family. For nonpolar fluids, these equations need three 
substance-specific parameters, and for polar fluids, they need 
only one additional parameter-a reduced multipole mo- 
ment. 
In the next section we will construct FA as indicated ear- 

lier. In the subsequent sections, the resulting BACKONE 
equations are tested in the correlative and predictive mode 
according to nine nonpolar and polar substances: methane, 
oxygen, ethane, argon, nitrogen, ethylene, carbon dioxide, 
R22, and R152a. According to our previously introduced no- 

tation (Saager and Fischer, 1994), the correlative mode means 
that the parameters of the equation of state are fitted to a 
large set of experimental data with the aim of reproducing 
these and all other data as accurately as possible. The use of 
physically based equations of state in the correlative mode is 
not a goal by itself; the quality of reproduction, however, in- 
dicates whether the equations are sound. The real power of 
the BACKONE equations is expected to be in the predictive 
mode. Here, the three or four substance-specific parameters 
are fitted to only two experimental vapor pressures and two 
saturated liquid densities. The thereupon based predictions 
for the full saturation curve, for pvT-data, isochoric heat ca- 
pacities, and second virial coefficients, are compared with ex- 
perimental data. 

While the present article deals only with pure fluids, an 
extension and application of the BACKONE equations to 
mixtures will be given in a subsequent article. 

Construction of the New Attractive Dispersion 
Force Contribution FA 

For nonpolar molecules the Helmholtz energy F will be 
composed of a hard-body contribution FH and the attractive 
dispersion force contribution FA, 

F = FH + FA. (1) 

Following Boublik (1975) and Boublik and Nezbeda (1986), 
we write the hard-body contribution FH as 

The anisotropy parameter a is specific for a given substance 
and considered to be independent of the state conditions. 
The volume of the hard bodies is assumed to be temperature- 
dependent according to a modification (Smith, 1973) of 
Barker and Henderson (1967) theory called BH1 or hBH. On 
this basis, a closed expression for the packing fraction [ was 
derived (Saager et al., 1992), which is also used here 

with (I = 0.689 and y = 0.3674. Here, po denotes a character- 
istic density and To a characteristic temperature that are in- 
tended to be the critical quantities for nonpolar substances. 
Hence, the hard-body contribution to the Helmholtz energy 
FH is a function of the density p and the temperature T and 
of the three substance-specific parameters po ,  To, and a in 
the form 

(7) 

We want to construct the attractive contribution FA as a 
function of the same three parameters. Hence, we make the 
ansatz 

(8) 
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Table 1. Parameters p,,, To, and (Y Required for the Hard- 
Body Helmholtz Energy FH of Methane, Oxygen, and Ethane 

According to Eqs. 5 and 6 

Po 
mol/dm3 ff 

~ Methane 10.139 190.564 1.0000 
Oxygen 13.630 154.581 1.0244 
Ethane 6.800 305.330 1.2126 

The functional form of FA will be found by a simultaneous 
fit to the experimental data of methane, oxygen, and ethane. 
In the first step, this requires subtraction of the hard-body 
thermodynamic properties from the experimental data, and 
as a consequence the specification of the parameters po, To, 
and a for these three substances. The quantities po and To 
are simply taken to be the critical density and temperature. 
We take the value of the parameter a at the critical point 
using perturbation theory results. For ethane, the calculation 
of a is described in detail in a previous paper (Saager et al., 
1992), yielding a = 1.2126. In the case of methane, it was 
shown that the spherical Lennard-Jones potential is a good 
to excellent model potential (Saager and Fischer, 1990, 
1991b), and hence a = 1.0000 for that substance. Oxygen can 
be modeled by a two-center Lennard-Jones potential with 
elongation L = 0.22 (Saager and Fischer, 1991a1, and using 
previous perturbation theory results (Bohn et al., 1986a,b; 
Fischer et al., 1984), one obtains a = 1.0244. Table 1 summa- 
rizes the three parameters po, To, and a for the substances 
methane, oxygen, and ethane. 

As experimental input data of methane, oxygen, and 
ethane, we used available data compilations. For methane we 
used the data of Setzmann and Wagner (19911, for oxygen 
the data of Schmidt and Wagner (1985), and for ethane we 
took Goodwin et al.’s (1976) compilation used previously 
(Saager et al., 1992). In the subsequent optimization proce- 
dure we referred to the uncertainties given in the original 
sources. 

For the construction of FA from the available data we used 
only the pvT data, the phase equilibrium or Maxwell data, 
the enthalpies of vaporization, the isochoric heat capacities, 
and the second virial coefficients. This selection was made 
for the sake of simplicity in the application of the optimiza- 
tion procedure. 

Having specified the experimental data as well as the 
hard-body contribution FH for methane, oxygen, and ethane, 
we look for a function FA in the form 

i = l  

with coefficients ci, half-integer exponents ni/2, and integer 
exponents mi, ji, and li. The search for relevant terms was 
performed by the optimizing procedure of Setzmann and 
Wagner (1989) after having prescribed a suitable “bank of 
terms.” The resulting coefficients and exponents for the opti- 
mized expression of FA/RT are given in Table 2. 

Since up to now our knowledge about FA was still limited, 
a closer inspection of the present results seems to be reward- 
ing. We remind the reader that in the original van der Waals 
equation FA was assumed to be linear in the density. With- 

Table 2. Coefficients and Exponents for the Attractive Dis- 
persion Force Contribution F,/RT (T/To, p/p,,, a), Eq. 9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 

0.75134293525E - 02 

- 0.17669033205E + 00 
0.14199996651E-02 
0.44333059390E - 06 

- O.l5731874520E+Ol 
- 0.62556385182E - 01 
- 0.73141715005E-01 

0.16582913621E - 01 

0.16605902280E + 00 

0.13920791757E + 00 
0.19260424146E + 01 

0.30473509420E + 02 

0.51677847972E + 01 

- 0.16491266440E + 02 

- 0.21129652724E + 02 

-0.17884035610E -04 
- 0.356902553038 - 01 

0.431 6707085 1E - 01 
- 0.40116173206E - 02 
- 0.29208867194E +00 
- 0.41274021904E + 00 

0.40093366775E + 00 
- 0.96431590546E - 01 

0.21941739780E - 01 
- 0.43064150362E - 01 

0.71945839092E - 01 
0.24387090115E - 02 

- 0.46464433632E- 01 

-5  
-4 
- 4  
-3 
-3 
- 2  
-2 

-2 
-2 
-1 
-1 
-1 
-1  
- 1  

-1 
-1 

0 
0 
1 

- 4  
- 14 

- 14 
- 12 
- 10 
-8 
-6 
-4 
-2 

1 
2 
2 
4 

10 
1 
2 

3 
4 
1 
2 
2 
2 
2 

2 
8 
2 
3 
4 
1 
2 

2 
2 
5 
1 
2 
8 
1 

1 
-4  
-3 

4 
-1 

0 
4 

-3 
-4  
-2 
-1 

1 
2 
3 

4 
4 

-4  
-2 
- 4  

0 
-3 
-2 

4 
- 1  

4 
4 
4 
1 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
1 
2 

2 
2 
2 
2 
2 
2 
2 

out further justification, the same assumption’was also made 
in the NIK equation (Nguyen et al., 1993). In order to check 
this assumption, it is useful to define the quantity gA= 
(p/poXFA/RTo),  which in the case of linear density de- 
pendence should be a constant as a function of the density. 
The values for FA can be calculated from Eq. 9, and are shown 
in Figures 1 and 2 for several reduced temperatures T/To as 
a function of the reduced density p/po for two different val- 
ues of the anisotropy parameter a ,  namely a = 1.0 and a = 
1.2. We learn from Figures 1 and 2 that in general FA is not 
constant with the density. At high densities FA yields roughly 
a straight line with a negative slope that increases with in- 
creasing molecular anisotropy. 

Correlative Applications 
After the construction of the new attractive dispersion force 

contribution, Eq. 9, the equations of the BACKONE family 
are fully defined. Recall that the hard-body term is given by 
Eqs. 5 and 6. For nonpolar substances, the resulting equation 
is Eq. 1 ( F  = FH + FA), which we call the SIMBACKONE 
equation. This equation has only three substance-specific pa- 
rameters, namely, To, po, and a. For quadrupolar fluids, the 
quadrupolar contribution to the Helmholtz energy FQ has to 
be added, resulting in Eq. 2 ( F  = FH + FA + FQ), which we 
call the QUABACKONE equation. The term FQ was derived 
previously (Saager and Fischer, 1992) as 

(10) 
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Figure 1. Reduced attractive dispersion force contribu- 
tion FA = ( Po/p)/(fA/f?To) from Eq. 9 for the 
anisotropy parameter cy = 1.0. 

The coefficients ci and the exponents n,, mi, ki, and oi are 
given in Table 3. The quantity Tp is the pseudocritical tem- 
perature (Fischer et al., 1992) which according to recent re- 
sults (Lotfi et al., 1992) is related to To by Tp = 1.13 To. The 
quantity Q*2 is a reduced quadrupole moment and the fourth 
substance-specific parameter in the QUABACKONE equa- 
tion. For dipolar fluids, the procedure is similar to that for 
quadrupolar fluids. The dipolar contribution to the Helmholtz 
energy FD has to be added, and the resulting equation is Eq. 
3 ( F  = FH + FA + FD), which is called DIBACKONE equa- 
tion. As before, the term FD was derived previously (Saager 
and Fischer, 1992b) as 

(11) 

with the coefficients ci and the exponents ni, mi, k, ,  and oi 
given in Table 4. Again, Tp = 1.13 To, and the quantity p*2 is 
a reduced dipole moment and the fourth substance-specific 
fit parameter in the DIBACKONE equation. It should be 
mentioned that for a given substance, either FQ or FD will be 
added according to the dominant multipole moment; the 
equations cannot yet account for cross combinations. 

In the application of the BACKONE equation, the param- 
eters po, To, a ,  and if necessary either Q*' or p*' have to 

-2 

-2.5 

-3 

\ 
I 

" l l " ~ ~ ~ I ~ ~ , , I , " , ~ , " , ~ , " L  
0 0.5 1 1.5 2 2.5 3 

PIP0 4 

Figure 2. Reduced attractive dispersion force contribu- 
tion FA = ( po/ p)/(FA/RTo) from Eq. 9 for the 
anisotropy parameter cy = 1.2. 

be fitted to the experimental data. In the correlative mode 
we use large data sets for the determination of the parame- 
ters. Out of several thermophysical properties we have de- 
cided to use only pvT and phase equilibrium data. In the 
fitting procedure, the vapor pressures, and the bubble and 
dew densities were calculated for each trial set of parameters 
at the temperature of the experimental data; hence, for each 

Table 3. Coefficients and Exponents for the Quapolar Con- 
tribution to the Helmholtz Energy Fe/RT (T/T,, p/p,,, e*'), 

Eq. 10 
i 
1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 

c, 
- 0.412154280896E -- 02 

0.355780441736E -- 02 
- 0.888093798389E -- 03 

0.973791559609E - 04 
-0.604233719326E--07 
- 0.304478633146E - 04 

- 0.378930196337E -. 03 
-0.275388267352E -01 

0.118301888420E -01 
- 0.283451230562E- 02 
- 0.567703874828E -04 

0.314708573212E - 02 

0.963786052569E -. 03 
- 0.127591002424E -02 

0.363746463238E - 03 
0.301067943096E - 04 
0.291778231128E - 06 

ni 

-8 
-6 
-4  
- 10 
- 20 
-8 
-3 
-3 
-2 

0 
-5 
-1 

-3 
-1 

0 
0 

- 10 

mi k ,  
2 11 
2 12 
2 13 
2 16 
2 19 
2 20 
8 7  
2 8  
2 8  
2 8  
8 8  
2 9  

5 10 
5 10 
5 10 
8 10 
7 18 

*i 

1 
1 
1 
1 
1 
1 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

~ 
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Table 4. Coefficients and Exponents for the Dipolar Contri- 
bution to the Helmholtz Energy F,/RT (T/T,, p/p,, p*'), 

Eq. 11 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 

i Ci 

- 0.423652173318E-01 
0.204459397242E - 01 
0.664266837321E - 01 

- 0.324168341478E - 01 
- 0.741263275720E-02 
- 0.160855507113E-01 

0.435623305093E - 02 

- 0.105933370736E-03 
- 0.132000046519E-05 

0.838157718194E -05 
0.109144074057E -01 
0.257960188278E - 01 

- 0.544140085185E-03 
0.349568484468E - 02 

-0.421407562467E-01 
- 0.7459926581 13E-02 

0.146102252152E - 03 
0.566611094911E -03 

- 0.378643890614E-02 
-0.3658245394508-01 

0.169287932475E - 01 

0.663866480778E - 02 
0.294409406715E - 01 

- 0.1 12 1 10434947E - 0 1 
- 0.182144939032E-05 

0.758594753989E - 07 
- 0.216942306418E-04 
- 0.274025042954E -05 

ni mi ki oi 
-5 
-8 
-4 
-3 
- 10 
-7 
- 10 

- 11 
- 15 
- 10 
-2 
-2 
-1 
-5 

-3 
-1 

1 
-9 
-7 
-2 
-1 

-5 
-2 
-1 
-8 
-5 

1 
-4 

2 
2 
2 
2 
2 
2 
2 

2 
2 
3 
2 
3 
6 
2 

3 
3 
6 
2 
2 
2 
2 

3 
3 
3 

10 
16 
4 
9 

5 
6 
7 
7 
9 
9 

11 

15 
18 
18 
5 
5 
5 
6 

6 
6 
6 
7 
7 
7 
7 

7 
7 
7 
7 
7 
8 

10 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

Table 5. Assigned Uncertainties of the Pseudoexperimental 
pvT and Vapor-Liquid Phase Equilibrium Data 

pvT data A P/P 0.1% 
A P/P 0.2% 
AT/T 0.005% 

Phase equilibrium data A PJP, 0.05% 
A P'/P' 0.05% 
A 2/P" 0.15% 

For argon, nitrogen, ethylene, and carbon dioxide, pseudoexperimental 
data were created from the thermophysical calculation package of Jacob- 
sen et al. (1992). 

experimental phase equilibrium point the deviation of the 
corresponding calculated point should be assessed individu- 
ally. The final parameters were selected as those that mini- 
mize the standard deviations with respect to all pvT data and 
to all phase equilibrium data simultaneously. 

The quality of the equations in the correlative and in the 
predictive mode is tested using nine substances as examples: 
the nonpolar fluids methane, oxygen, ethane, and argon; the 
quadrupolar fluids nitrogen, ethylene, and carbon dioxide; 
and the dipolar refrigerants R22 and R152a. For methane we 
used the experimental data set of Setzmann and Wagner 
(1991); for oxygen the file of Schmidt and Wagner (1985); for 
ethane the compilation of Goodwin et al. (1976); for R22 the 
experimental data of Kohlen (1987) and M a n  (1989); and for 
R152a, the set of Saager and Fischer (1994). For the calcula- 
tion of the relative standard deviations in the fitting proce- 

Table 6. Equation Parameters and Results for STA,,, According to Eq. 12 for the Correlative Mode* 

Substance Equation a Tn Pn/unn '7 P* Q* STA OVT 
60.3 
44.0 

29.6 
10.1 

- - Methane BACK? 1.0 190.29 21.576 1.0 
- 9.946 -8.110 - 1.193 194.81 

1.014 154.75 15.919 1.543 
3.48 - - - MOBACK 

SIMBACKl 1.0 190.57 10.139 

MOBACK 
SIMBACKl 1.0244 154.58 13.629 

- - 
- - 

Oxygen BACK 
1.205 162.12 13.607 - 8.858 

2.56 - - - 

79.5 - - 1.037 298.03 31.118 19.0 
MOBACK 1.2126 305.33 6.800 0.0 0.71 - - 

Ethane  BACK^ 

1.24 - - - SIMB ACKl 1.2127 305.32 6.800 
3.31 - - 1.0 150.86 16.290 0.0 

16.4 - - Argon BACK~ 
MOBACK 1.1951 155.16 13.229 - 7.783 

2.53 
5.23 

QUABACKl 1.0471 125.74 11.133 - 0.489 2.75 
6.06 
6.76 MOBACK 1.2066 280.10 7.569 0.045 

QUABACKl 1.1716 281.78 7.577 - 0.522 3.32 
11.85 

OUABACK 1.3024 291.57 10.666 - 8.635 - 3.539 4.12 

- - - SIMBACKl 0.9876 150.16 13.487 
- - Nitrogen BACK 1.0124 124.93 19.337 2.668 

14.8 - - MOBACK 1.1945 126.62 10.993 - 3.307 
- 

- - Ethylene BACK+ 1.0330 279.55 28.031 12.0 
- - 

- 
- - Carbon dioxide BACK+ 1.0571 284.28 19.703 40.0 

QUA BACK^ 1.3919 291.28 10.549 - 2.181 5.78 
8.70 
1.96 DIBACK~ 1.244 337.22 6.110 15.695 4.054 

- 
- - R22 BACK* 1.055 339.40 35.199 55.960 

- 
3.70 

6.47 
4.56 

- 5.316 

DIBACK~ 1.2633 337.94 5.808 18.184 6.150 
6.494 DIBACKl 1.409 342.80 5.787 

DIBACK~ 1.3813 331.83 6.120 - 
24.6 - - R152a BACK' 1.102 378.81 36.531 51.360 - 

- - 

*To is in K and po is in mol/dm3, and for the BACK EOS uw is in cm3/fnol. 
'Parameters from Chen and Kreglewski, (1977); or Kreglewski, (1984). 
*Parameters from Saager and Fischer (1994). 
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Figure 3. Deviation of vapor pressures, bubble, and dew 
densities tor nonpolar substances argon 

and ethane (---) obtained from the SIM- 
BACKONE equation in the correlative mode 
vs. correlatlons of experimental data (Jacob- 
sen et at., 1992). 

A P Y P '  = PLxp - 

(-), methane (. . - -1, oxygen (-. - - -. - - 3, 

A P s / P s  = ( P ,  exp - Pa,EOS)/Ps ,exp> 
PLOSYPL~ and 'A P?P" = (A, - P~os)/P&. 

dure, the experimental uncertainties were taken for these flu- 
ids. For the other four substances, the experimental data to- 
gether with their experimental uncertainties were not easily 
accessible to us. Hence, we created pseudoexperimental pvT 
and vapor-liquid equilibrium data for these fluids from the 
highly accurate equations of state contained in the thermo- 
physical calculation package of Jacobsen et al. (1992). In or- 
der to calculate the standard deviations of these pseudoex- 
perimental data in the fits, we assigned some uncertainties to 
them. These are given in Table 5. 

Table 6 contains the parameters for the BACKONE equa- 
tions obtained in the correlative mode, together with parame- 
ters for the BACK equation and for equations of the 
MOBACK family, for all substances under consideration. This 
table also contains the resulting relative standard deviations 
STA, based on the equation 

where pi,erp denotes the experimental value of the pressure, 
Api,exp its experimental error, and pi,EOS represents the value 
obtained from the equations of state. Further, we show the 
percentage of deviations of the BACKONE vapor pressures, 
bubble, and dew densities from direct correlations of the ex- 
perimental data in Figures 3 to 5. 

Let us first discuss the results from SIMBACKONE for the 
four nonpolar fluids. We learn from Figure 3 that the devia- 
tions calculated from the experimental phase equilibrium are 
mostly below 0.25%, with the exception of the near critical 
region, which we consider an excellent performance. The 
STA,, results in Table 6 obtained from the correlative ap- 
plication show that we succeeded in constructing FA. A con- 
siderable improvement in the description of fluids from 
spherical to dumbbell shape was achieved. Hence, the SIM- 
BACKONE equation of state no longer has the disadvantage 
of the BACK and MOBACK equations, which were not able 
to give reasonable results for fluids with molecular shapes 
other than the one used for the construction of FA. This is a 

2 1 

0.4 0.5 0.6 0.7 0.8 0.9 1 
TIT, 

2 I 

0.4 0.5 0.6 0.7 0.8 0.9 1 
TEC 

4 1  TI 

0.4 0.5 0.6 0.7 0.8 0.9 1 
m I r n  

Figure 4. 

I /  l c  

Deviation of vapor pressures, bubble, and dew 
densities for quadrupolar substances ethy- 
lene (-), nitrogen ( a  - - -), and carbon diox- 
ide (---) obtained from the QUABACKONE 
equation in the correlative mode vs. correla- 
tions of experimental data (Jacobsen et at., 
1992). 

pbosY~LV and A P'YP'' = ( P& - P~OSYP&, 
AP, /P ,  = (ps ,Cxp  - ~ s , ~ o s ) / ~ s , c x p ,  A PYP' = ( A  P& - 
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Figure 5. Deviation of vapor pressures, bubble, and the 
dew densities for dipolar substances R22 
(-) and R152a (---) obtained from the 
DIBACKONE equation in the correlative mode 
vs. correlations of experimental data (Kohlen, 
1987; Marx, 1989). 

T/T, 

Ap,/pF = (P , , . .~  - ~ ~ , ~ o s ) / P s , e x p ,  APYP' = ( P k p  - Pkos)/PExp 
and A p'yp" = ( pEXp - p'&os)/p&,. 

prerequisite for a proper description of mixtures and the de- 
velopment and testing of mixing rules. 

The quadrupolar fluids nitrogen, ethylene, and carbon 
dioxide are described with the QUABACKONE equation. 
The phase equilibrium data shown in Figure 4 behave in gen- 
eral quite well. In contrast to nitrogen, for ethylene at lower 

temperatures we observe a larger deviation for the calculated 
vapor pressures and the dew densities. This peiformance can 
be attributed to the validity range of the quadrupolar contri- 
bution to the Helmholtz energy F,, which is limited to tem- 
peratures higher than 0.5 To. The triple point of ethylene, 
however, is TTr = 0.37 To, and thus outside the range of va- 
lidity of F,. The results for carbon dioxide show that the dew 
density calculated with the QUABACKONE equation of state 
is always roughly 1.3% too low in comparison with the experi- 
mental values. This effect was also observed in the applica- 
tion of the QUABACK equation and molecular dynamic sim- 
ulations (Moller, 1991), and may be due to some vibrational 
effects. The STA,, results in Table 6 show that a consider- 
able improvement was achieved in the description of 
quadrupolar fluids with the QUABACKONE equation when 
compared with the BACK and the MOBACK equations. 

The last group of fluids are the dipolar refrigerants R22 
and R152a. From Figure 5 we learn that a proper description 
of the bubble densities with deviations below 0.25%, except 
near the critical region, was achieved for both substances. 
The vapor pressures show deviations on the order of 1%, 
while the dew densities deviate by 2% from correlations of 
experimental values. With respect to the relative standard 
deviations STA,,,, given in Table 6, the DIBACKONE 
equation yields a very large improvement over the BACK 
equation. In comparison with the previous DIBACK equa- 
tion, the results are worse for R22 and better for R152a. We 
should, however, keep in mind that the DIBACKONE equa- 
tion needs only four substance-specific parameters, as op- 
posed to the DIBACK equation, which has five substance- 
specific parameters. 

Predictive Applications 
The real power of physically based equations of state is 

expected in the predictive mode. In that case the few sub- 
stance-specific parameters are fitted to only a few of the ex- 
perimental data, with the aim of predicting all thermody- 
namic quantities. As the equations of the BACKONE family 
have either three or, in the case of polar substances, four 
parameters, we fitted these parameters only to the vapor 
pressures and the bubble densities at two temperatures. The 
resulting parameters for all substances considered in this ar- 
ticle are given in Table 7. 

Table 7. Parameters and Results for STA,,, for the Predictive Application of the BACKONE Family of Equations of State* 

Equation Substance a TO Po i Q* STA,", 
3.48 
2.56 
1.24 
2.56 

QUABACK1 Nitrogen 1.0403 125.19 11.112 - 0.707 2.96 
Ethylene 1.1259 290.98 7.560 0.913 2.36 
Carbon dioxide 1.3915 291.29 10.533 - 2.182 5.76 

4.65 
5.09 

- - SIMBACKl Methane 1.0 190.57 10.139 
1.0244 154.58 13.629 

Ethane 1.2127 305.32 6.800 
Argon 0.9879 150.16 13.491 

- - 

- - oxygen 

- - 

- 

- DIBACKl R22 1.3722 326.12 6.126 5.778 
R152a 1.4035 336.02 5.791 7.028 - 

*To is in K and po is in mol/dm3. 
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Table 8. pvT Data of Argon from SIMBACKONE in the Pre- 
dictive Mode in Comparison with Experimental Results' 

T P Pexp P E O S  A P/Pexp 
K mol/dm3 MPa MPa % 

90.0 
100.0 
150.7 
200.0 
340.0 
90.0 

100.0 
150.7 
200.0 
340.0 

34.57845 
32.95184 
0.862967 
0.619363 
0.354859 

35.35822 
33.94413 
24.79706 
10.73268 
4.328452 

0.97800 
0.97281 
1.00335 
1.00004 
1.00036 

11.98851 
12.02845 
12.02723 
12.03119 
12.03 170 

0.97954 
0.83211 
1.00343 
1.00005 
1 .OW60 

11.58023 
11.55126 
11.76402 
12.08785 
12.04310 

0.00 
0.05 

- 0.01 
0.00 

- 0.02 
0.08 
0.11 
0.40 
0.59 

- 0.09 

*From Gilgen (19941. 

Table 9. Isochoric Heat Capacities of Argon from 
SIMBACKONE in the Predictive Mode in Comparison 

with Experimental Results* 

88.468 34.88 2.57 2.50 - 2.56 
92.419 34.86 2.57 2.47 - 3.92 

100.667 32.89 2.41 2.37 - 1.77 
103.376 32.89 2.44 2.35 - 3.65 
116.759 29.95 2.24 2.25 0.68 

120.681 29.94 2.24 2.22 - 0.91 
124.929 28.17 2.19 2.22 1.33 
134.588 28.15 2.18 2.15 - 1.27 
134.303 25.87 2.18 2.22 2.07 

144.583 25.85 2.14 2.12 - 1.02 
141.171 23.41 2.27 2.30 0.95 
150.464 23.40 2.14 2.16 0.59 
149.251 18.47 2.79 2.61 - 6.56 

*From Gladun (1971). 

Using the parameters of Table 7, we predicted pvT data 
and compared them with experimental results. The relative 
standard deviations of the predicted pvT data are also pre- 
sented in Table 7. We observe that for all substances the 
standard deviations in the predictive mode are of about the 
same magnitude as in the correlative mode (cf. Table 6). 

For a more detailed study of the predictive mode we se- 
lected one representative substance from each substance 
class: argon as the nonpolar substance described by SIM- 
BACKONE, ethylene as the quadrupolar substance de- 

Table 10. Second Virial Coefficients of Argon from 
SIMBACKONE in the Predictive Mode in Comparison 

with Experimental Results* 

80.0 
88.0 
96.0 

112.0 
132.0 
164.0 
200.0 
300.0 
500.0 

1,000.0 

- 288.0 
- 238.7 
- 202.0 
- 151.3 
-111.4 
- 73.5 
- 48.7 
- 15.7 

6.9 
21.1 

-271.37 
- 227.40 
- 194.13 
- 147.19 
- 109.40 
- 72.59 
- 47.92 
- 14.52 

8.31 
21.77 

- 5.77 
- 4.73 
- 3.90 
- 2.72 
- 1.80 
- 1.24 
- 1.59 
- 7.49 
20.41 
3.17 

Table 11. pvT Data of Ethylene from QUABACKONE in the 
Predictive Mode in Comparison with Experimental Results* 

P Pexp P E O S  A P/Pexp T 
K mol/dm3 MPa MPa % 

160.0 21.670 36.288 37.716 -0.15 
160.0 21.330 21.988 23.282 - 0.15 
160.0 21.025 10.403 11.748 -0.18 
160.0 20.894 5.665 7.182 - 0.22 

252.0 17.690 31.178 32.368 - 0.36 
252.0 16.962 19.785 20.498 - 0.30 
252.0 15.874 8.383 8.556 -0.13 
252.0 15.319 4.661 4.625 0.04 

320.0 14.373 29.784 30.307 - 0.41 
320.0 14.017 26.879 27.313 - 0.40 
320.0 13.721 24.781 25.119 - 0.36 
320.0 12.919 20.133 20.327 - 0.30 

*From Straty (1980). 

scribed by QUABACKONE, and R152a as the dipolar sub- 
stance described by DIBACKONE. Comparisons of pre- 
dicted with experimental data for each of these substances 
are shown for pvT data, for heat capacities, and for second 
virial coefficients in Tables 8-17 , and in Figures 6-8 for the 
phase equilibrium data. The figures also contain results from 
previous equations in the correlative mode. The results for 
argon are contained in Tables 8-10 and Figure 6; the results 
for ethylene in Tables 11-14 and Figure 7; and, finally, the 
results for R152a are contained in Tables 15-17 and Figure 
8. 

We noted earlier that the relative standard deviations of 
the pvT data in the predictive mode are of the same order of 
magnitude as in the correlative mode when the BACKONE 

Table 12. Isochoric Heat Capacities of Ethylene from 
QUABACKONE in the Predictive Mode in Comparison with 

Experimental Results* 

246.358 15.67 4.57 4.43 - 2.87 
271.568 15.61 4.72 4.60 - 2.55 
283.777 15.58 4.81 4.71 - 2.28 
291.005 15.57 4.89 4.77 - 2.40 

144.122 21.60 4.94 4.91 - 0.59 
148.698 21.57 4.92 4.89 - 0.54 
153.288 21.54 4.90 4.87 - 0.56 
157.837 21.52 4.88 4.86 - 0.46 

*From Weber (1982). 

Table 13. Heat Capacities on the Bubble Line of Ethylene 
from QUABACKONE in the Predictive Mode in Comparison 

with Experimental Results* 

139.876 8.09 8.24 1.86 
159.356 8.09 8.16 0.84 
195.662 8.37 8.38 0.04 
228.558 9.22 9.19 - 0.33 
255.457 10.89 11.01 1.12 
271.352 14.31 14.33 0.14 
275.437 17.21 16.39 -4.81 

*From Levelt-Sengers et al. (1972). *From Weber (1982) 
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Table 14. Second Virial Coefficients of Ethylene from 
QUABACKONE in the Predictive Mode in Comparison with 

Correlations of Experimental Results* 

B AWBexp 
FOS % 

T <..P K cm /mol ern /mol 
250.0 - 200.5 - 196.4 - 2.04 
300.0 - 138.1 - 136.5 - 1.18 
350.0 - 98.4 - 97.9 - 0.49 
400.0 -71.3 - 71.1 - 0.30 
500.0 -51.8 -51.4 - 0.82 

*From Levelt-Sengers and Hastings (1982). 

Table 15. pvT Data of R152a from DIBACKONE in the Pre- 
dictive Mode in Comparison with Experimental Data 

T P 
K mol/dm3 

197.97 17.00050 
205.06 16.98687 
212.95 16.97325 
217.89 16.96416 
223.75 16.95508 
261.140 15.02324 
267.531 15.01688 
274.386 15.01022 
281.409 15.00341 
289.575 14.99553 

'Geller et al. (1979). 
*Blanke and Weiss (1992). 

Pexp 
MPa 

9.073t 
20.4710t 
32.6940t 
40.6630t 
49.5580t 
3.2381' 
9.4451* 

16.0468 ' 
22.7517* 
30.4679' 

PEOS 
MPa 

10.0461 
19.4762 
29.9143 
36.3421 
43.9928 
3.5380 
9.4073 

15.6847 
2 2.0 8 6 7 
29.4886 

A P/Pexp 
% 

-0.11 
0.10 
0.28 
0.43 
0.54 

- 0.07 
0.01 
0.07 
0.13 
0.18 

Table 16. Isobaric Heat Capacities of R152a from 
DIBACKONE in the Predictive Mode in Comparison with 

Experimental Results* 

T P ACp/Cp"XP 
K MPa (Cn/R)erp ( C , / R ) ~ O ~  % 

263.15 0.181 13.473t 13.755 2.10 
1.630 13.330t 13.628 2.23 
5.170 13.251t 13.586 2.53 

273.15 0.264 13.672t 14.090 3.06 
1.190 13.680t 14.048 2.69 
5.748 13.402t 13.864 3.45 

283.15 0.372 
1.347 
3.990 
5.520 

293.15 0.513 
2.220 
4.100 
6.210 

303.15 0.689 
1.840 
3.360 
6.200 

13.815t 
13.863t 
13.632t 
13.640t 
14.085t 
13.998 
13.934t 
13.950t 
14.570' 
14.299t 
14.292t 
14.220t 

14.442 
14.385 
14.254 
14.174 
14.829 
14.701 
14.578 
14.457 
15.269 
15.151 
15.013 
14.797 

4.54 
3.76 
4.50 
3.92 
5.28 
5.02 
4.62 
3.63 
4.80 
5.96 
5.04 
4.05 

330.85 5.0 15.435' 16.202 4.97 
381.15 5.0 25.017' 26.166 4.59 
390.35 5.0 72.911' 82.960 13.78 
403.91 5.0 24.961* 26.606 6.59 

*The ideal contribution to the isobaric heat capacities was taken from 

'Gross et al. (1992). 
*Porichanskii et al. (1982). 

Beckermann and Kohler (1995). 

Table 17. Second Virial Coefficients of R152a from 
SIMBACKONE in the Predictive Mode in Comparison 

with Experimental Results* 

T Bexp BEOS AB/3exp 
K cm3/moI cm3/mol 70 

296.15 - 534.0 - 509.4 - 4.61 
273.15 -671.0 - 626.5 - 6.64 
253.15 - 844.0 - 764.8 - 9.39 
233.15 - 1109.0 - 956.7 - 13.74 

*From Schramm et al. (1992). 

equations are used. By comparing the phase equilibrium de- 
viations calculated from the correlative and predictive mode 
that are presented for argon in Figures 6 and 3, for ethylene 
in Figures 7 and 4, and for R152a in Figures 8 and 5, we 
arrive at the same conclusions. 

We come now to a closer inspection of the predictions of 
the BACKONE family of equations in comparison with the 
experimental data. Tables 6-15 and Figures 6-8 show that 
for argon, ethylene, and R152, as representatives of different 
classes of substances, the predictions of all types of thermo- 
dynamic data are good to excellent. 

- - -_  - - _  2 I 

90 100 110 120 130 140 150 
T [KI 

'"r dQ. -1 

90 100 110 120 130 140 150 
T [KI 

Figure 6. Deviation of vapor pressures, bubble, and dew 
densities for argon obtained from the SIM- 
BACKONE equation in the predictive mode. 
With parameters from Table 7 (-h same quantities are 
shown for the correlative application of the BACK (---) 
and MOBACK ( . . * - )  equation with the parameters of 
Table 6. 
A P , / P ,  = (Ps,exp - Pr EOS)/Pr,expr A P Y P '  = ( P L P  - 
P'EosYPP~, and A P ~ P "  ='( P L ' ~ ~  - P'Lo~)/P&~. 
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Figure 7. Deviation of vapor pressures, bubble, and dew 
densities for ethylene obtained from the 
QUABACKONE equation in the predictive 
mode. 
With parameters from Table 7 (-); same quantities are 
shown for the correlative application of the BACK (---) 
and MOBACK (. . .*) equation with the parameters of 
Table 6. 
A P , / P ,  = ( P ,  e x p  - P s , E O S ) / P s , e x p l  A P Y P ‘  = ( PLXP - 
P k 0 s ) / P X x p  and ‘A P‘7P“ = ( P&p - P k o s ) / P : x p .  

Finally, we compare the predictive power of the BACK- 
ONE equations with the correlative ability of previous equa- 
tions, namely the original BACK equation as well as the 
MOBACK, QUABACK, and DIBACK equations. This is 
done by comparing Tables 4 and 5 and inspecting Figures 
6-8. In comparison with the original BACK equation, the 
BACKONE equations are substantially improved. In compar- 
ison with the MOBACK, QUABACK, and DIBACK equa- 
tions, the BACKONE equation results are remarkably im- 
proved for the nearly spherical molecules. 

4 ,  / I 
n 

U $ 2  

4 

I I 

F 
280 300 320 340 360 380 

T [KI 
Figure 8. Deviation of vapor pressures, bubble, and dew 

densities for R152a obtained from the 
DIBACKONE equation in the predictive mode. 
With parameters from Table 7 (-); same quantities are 
shown for the correlative application of the BACK (---) 
and DIBACK (. - - .) equation with the parameters of Table 
6. 

A P , / P ,  = ( P ~ , ~ ~ ~  - P s . ~ ~ ~ ) / ~ s . ~ x p ,  A P ~ P ’  = ( P &  - 
P‘EOSYP& and A P‘7P” = ( p:xp - P k o s ) / P G p .  

the DIBACKONE equation F = FH + FA + F,, with four pa- 
rameters for dipolar substances, were applied to several sub- 
stances in the correlative as well as in the predictive mode. 
Of special interest is the predictive mode, where fits of the 
three or four substance-specific parameters to only the vapor 
pressures and bubble densities of two temperatures resulted 
in good to excellent predictions of all thermodynamic proper- 
ties in all different classes of substances. The equations of 
the BACKONE family together with appropriate mixing rules 
will be applied to mixtures in a forthcoming article. 
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