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      In the present work, a modified correlation is presented for the second virial coefficients of both polar and nonpolar fluids based on the 
corresponding states principle. The second virial coefficients of gaseous polar and non-polar compounds were calculated and compared with 
experimental data and with other correlations. Comparisons with the existing correlations show that the present work is more accurate and 
reliable for nonpolar and polar compounds. The results also show that the present work is nearly equivalent to the Meng et al. correlations 
for the second virial coefficients of nonpolar fluids. The second virial coefficient of refrigerants, nonhydrogen bonding compounds and 
alcohols give a satisfactory result with respect to other correlations. The new correlations for the second coefficients need only the critical 
temperature, critical pressure, acentric factor and reduced dipole moment as parameters. According to the results, the root mean square 
deviation of second virial coefficients of the nonpolar compound, polar haloalkanes, and nonhydrogen bonding molecules, and alcohols are 
10.58, 11.57 and 75.29 respectively. 
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INTRODUCTION 
 
      The PVT behavior of real gases is one of the most important 
topics that has been studied by physicists and chemists for more 
than a century. A part of this general interest concerns to the 
essential role of the investigation of gas imperfections in the 
clarification of the forces between molecules. From a more 
practical viewpoint, understanding of PVT relationships is 
fundamental for the resolution of problems in chemical 
engineering processes where gases are present. The virial 
equation is one of the most graceful and easy-to-use 
equations of state because of its outstanding foundation on 
the statistical-mechanical theory. Actually, the virial 
equation of state is a foreshortened series expansion of 
either the grand canonical partition function or the radial 
distribution function for low-density gasses. 
      The correlation of Pitzer and Curl [1] for the second virial 
coefficient, published in 1957, has been used extensively with 
great    success   and  has  been  a  foundation  for  several  later  
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correlations. In 1974, Tsonopoulos [2,3] used newer and more 
extensive data, which improved the polynomials of Pitzer and 
Curl [1]. Weber [4], Meng et.al. [5-7] and Di Nicola et al. [8, 
9] carried out various modifications on Pitzer-Curl correlations, 
which refitted the coefficients of the Pitzer-Curl correlation and 
added polar and hydrogen bonding terms and new binary 
interaction parameter ijk for calculating the second cross virial 

coefficients of mixtures. The present study, however, presents a 
new correlation using the selected data for nonpolar gases, 
polar haloalkanes, other non-hydrogen bonding polar gases, 
and alcohols.  

 
SECOND VIRIAL COEFFICIENT  
 
      The development of a virial equation of state involves 
knowledge of large numbers of interaction virial 
coefficients. On the basis of the connection between the 
virial coefficients and the intermolecular potential, the 
corresponding state principle (CSP) can be extended to 
virial coefficients.  
      Tsonopoulos [2]  modified  the  Pitzer-Curl  equation  to 
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give the following widely used expression for the gaseous 
second virial coefficient: 
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and B and Br are the second virial and the reduced second 
virial, respectively. The contribution of the spherical 
geometry, non-spherical geometry, and polarity of fluids to 
the reduced second virial coefficient are represented by f 
(0)(Tr),  f (1)(Tr), and f (2)(Tr), respectively. Recall that Pc and 
Tc are the critical pressure and critical temperature, R is the 
universal gas constant, and  is the acentric factor.  
      In this study, Eq. (1) is considered as the framework, 
while Eqs. (2), (3) are redefined by fitting experimental 
data. The source of these data is originated mainly from the 
compilation of Dymond et al. [10]. Based on the new 
fitting, the following equations were obtained: 
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      The term f (0) is taken from the experimental data of the 
compounds with almost zero acentric factors such as argon. 
The PVT data of Gilgen et al. [11] and the Estrada-
Alexanders and Trusler [12] for argon was used to 
determine f (0), because they are in superior agreement with 
each other. The excellent agreement between our calculated 
second virial coefficients with the values for argon 
recommended by Dymond [10] gives a more dependable 
starting point for finding f (1) and f (2). 
      The term f (1) was determined by fitting the data for 
nonspherical and nonpolar molecules )0(  , such as normal 

alkanes,  oxygen,  nitrogen   and  carbon  dioxide.  Also,  for  

 
 
more representation of B over the entire temperature range, 
the term 1

rT  was added to the f (1). 
      An important fraction of the large number of new B 
data, available since around 1990, has been gathered in 
Dymond’s 2002 review [10] and now can be examined with 
the goal of updating the Tsonopoulos correlation for 
nonpolar and polar fluids. Most of the new B data are on 
chlorofluoroalkanes and, especially, hydrofluoroalkanes. 
The ozone-depleting refrigerants containing chlorine are 
being substituted by the ozone-friendly refrigerants that 
contain fluorine instead of chlorine. Weber [4] and Meng et 
al. [5] re-examined the correlation of Tsonopoulos. The 
result of their study differs in the non-polar terms as well as 
the dependence of the polar contribution of B on μr, reduced 
dipole moment. For polar fluids, also, the data analysis 
gives almost the same relationship between f (2) and Tr as 
found earlier by Tsonopoulos [13]: 
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      The Tsonopoulos investigation of the second virial 
coefficients of polar haloalkanes demonstrated an apparent 
difference between polar haloalkanes and non-hydrogen 
bonding fluids such as ketones and ethers [13]. It is only 
necessary to use a in Eq. (6) for nonhydrogen-bonding polar 
compounds such as ketones, that is, setting b = 0. Parameter 
a is determined as a function of r. 
      Tsonopoulos proposed the following correlation for 
polar haloalkanes [3]: 
 
      821411 10831.710188.2 rra                                    (7) 
 
      For other nonhydrogen bonding polar compounds, 
Tsonopoulos also proposed: 
 
      8214 10308.41014.2 rra                                     (8) 
   
      For alcohols, b is a compound-dependent parameter and 
the term f (2) is expressed by the following equation [2]: 
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      In this study, for polar hydrogen bonding and 
nonhydrogen bonding compounds, the following relation is 
considered between f (2) and Tr as suggested earlier by 
Tsonopoulos only for nonhydrogen-bonding polar 
compounds: 
 

      
6)2(
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      Parameter a in Eq. (10) is determined as a function of 
the reduced dipole moment, r, which is always expected to 
be negative. However, a usually becomes slightly positive 
for r < 100. Hence, parameter a is found to be related to 
the reduced dipole moment r  as follows:  
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where  is the dipole moment in Debye, cT  is critical 

temperature in Kelvins and Pc is critical pressure in 
atmosphere. For haloalkanes, a can be represented by the 
following expression:  
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      In addition, for other nonhydrogen bonding polar 
compounds the following expression is introduced to 
generate a different dependency on a as a function of r: 
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      Furthermore, for alcohols the following relation is found 
for the dependency of dipole moment a: 
       
      3725 102811.1103336.4004628.01856.0 rrra       

                                                                                          (14) 
Recently, Di Nicola et al. [8] introduced the following 
correlation for the second virial coefficient for refrigerants: 
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where m, n, h and k are coefficients for each group of 
refrigerants. 
 
RESULTS AND DISCUSSION 
 
      Researchers such as Dymond [10] have found out that 
many of the older PVT data, which have historically been 
the source of the virial coefficients, are not precise for 
physical adsorption effects. Therefore, the resulting B is 
very negative, especially at subcritical temperatures. 
      The scatter plot of the second virial coefficients versus 
the reduced temperature for the complete data set is 
described in Fig. 1. The five groups were expressed by 
different symbols. The different behavior of the second 
virial coefficients of the refrigerants is clearly evident in 
Fig. 1. 
      Furthermore, the experimental second virial coefficients 
versus the calculated second virial coefficients are shown in 
Fig. 2. Small deviations are obvious for all the five groups 
and for all ranges of the data. 
      The experimental data from the PVT measurements of 
Gilgen et al. [11] and from the speed-of-sound 
measurements of Estrada-Alexanders and Trusler [12] were 
used to investigate the second virial coefficients for argon.  
The comparison of the deviations of predicted second virial 
coefficients in Fig. 3 shows that the present correlation 
clearly improves the Tsonopoulos correlations with its too 
negative values at low temperatures and positive values at 
high temperatures. The comparison in Fig. 3 for methane 
shows that the present correlation gives the satisfactory 
results over the entire range, while the Tsonopoulos 
correlation is too negative below a reduced temperature of 
1.5. 
      The second virial coefficients for n-butane were taken 
from the experimental data of the isochoric Burnett 
measurements of Gupta and Eubank [14] at 264.9-450 K. 
According to Fig. 3, our correlation is in excellent 
compliance with the experimental data.  
      According to Table 1, the root mean square deviations 
(RMSD) for the second virial coefficient of 15 nonpolar 
fluids are presented. These results show that new correlation 
is similar to Meng et al. correlation, though it  is much 
closer to the experimental data than the one obtained by 
Tsonopoulos and Weber. 
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Fig. 1. Experimental second virial coefficients versus the reduced temperature. 

 
Fig. 2. Experimental second virial coefficients versus the calculated second virial coefficients. 

 
Fig. 3. Deviations of the second virial coefficients of argon, methane, and butane from the experimental data [11-19]. 
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      The data analysis of polar molecules leads to optimum 
values of parameter a for 21 haloalkanes, 7 other non-
associating fluids and 5 alcohols listed in Tables 2 and 3. 
These values exhibit a more definitive relationship between 
a and μr for polar compounds. 
      The optimum values of a for the 21 haloalkanes and 7 
other non-associating fluids are plotted versus μr in Fig. 4. 
Both equations (12) and (13) for nonpolar fluids are plotted 
in Fig. 4.  
      Figure 5 shows the deviation of the second virial for 
R13 (CCl3), R32 (CH2F2), R141b (C2H3Cl2F), R125 
(C2HF5),      R134a    (C2H2F4),     R123     (C2HCl2F3)    and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nitromethane from experimental data. The results show how 
the present correlation is much closer to experimental data 
than that obtained by Tsonopoulos and Meng. The 
comparison in Fig. 5, for R32, shows that the present 
correlation gives satisfactory results over the entire range, 
while the Tsonopoulos correlation is too negative below a 
reduced temperature of 0.7. We present deviation between 
the calculated values of the second virial coefficients of 
R141b and experimental data of Goodwin and Moldover 
[36] in Fig. 5. According to this Figure, the new correlation 
has a good prediction of the second virial coefficient for 
R125 although the deviation increase at Tr < 0.8.  

 Table. 1. Comparison   of   the  Calculated   Results from the Present Work and other Correlation  for  Nonpolar  
                 Molecules 

 

RMSD 

(cm3 mol-1)a Ref. 

Weber Tsonopoulos Meng et al. Present work 

No. point T-range Substance 

[11,12] 0.89 1.20 0.35 0.36 44 110-450 Ar 

[10] 11.13 4.25 8.41 8.22 77 107-873 Kr 

[10] 4.43 2.81 3.75 3.62 68 160-973 Xe 

[15-19] 0.73 0.90 0.13 0.40 49 160-673 CH4 

[10,18,19] 2.32 4.07 2.62 3.02 24 200-623 C2H6 

[10] 30.39 33.87 31.88 32.49 46 270-573 C3H8 

[14] 28.78 11.27 1.80 3.69 9 265-450 C4H10 

[10] 44.36 42.72 17.59 23.85 20 270-648 C5H12 

[10] 75.84 14.86 18.97 16.05 40 313-663 C6H14 

[10] 86.27 10.85 20.35 14.23 19 350-598 C7H16 

[10] 150.63 53.02 42.65 38.60 25 337-623 C8H18 

[10] 2.24 1.43 1.31 1.28 45 217-773 CO2 

[10,19] 1.22 1.52 0.85 1.31 46 98-748 N2 

[10] 2.01 2.49 1.02 0.99 53 85-476 O2 

 31.52 13.23 10.83 10.58   Average 
aRoot mean square deviation. 
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   Table 2. Comparison  of the Calculated  Results  from  the  Present  Work  and  other  Correlations  for  Polar  Haloalkanes  
                  Molecules 

 
RMSD(cm3 mol-1)a  

Ref. 
Di 

Nicola   
et al. 

Weber Tsonopoulos Meng    
et al. 

Present 
work 

Eq. ( 9 ) 

Present 
work 

(optimum 
a) 

Optimum a µr 

Formula 
Substance 

[20] 26.65 27.35 34.24 32.43 14.05 11.27 0.01419 3.97 CCl3F R-11 

[20] 14.28 8.95 16.62 10.02 27.01 5.17 0.00180 7.16 CCl2F2 R-12 

[20] 13.19 4.01 6.44 5.06 2.11 2.10 0.00470 10.92 CClF3 R-13 

[10] 14.42 31.47 8.55 5.25 13.98 4.86 -0.00440 76.76 CHClF2 R-22 

[10] 4.10 11.24 3.26 4.66 5.33 5.31 -0.01350 144.77 CHF3 R-23 

[21-25] 75.6 125.55 43.38 10.48 12.58 11.74 -0.02920 180.95 CH2F2 R-32 

[10] 10.39 26.45 9.78 8.92 9.95 8.40 -0.00890 118.41 CH3Cl R40 

[10] 9.60 25.88 5.28 5.15 5.82 5.82 -0.04900 198.08 CH3F R-41 

[10] 21.23 18.50 34.98 22.98 32.25 12.35 0.00240 7.93 C2Cl2F4 R-114 

[10] 7.19 11.25 12.48 10.21 4.09 3.59 0.01100 6.68 C2ClF5 R-115 

[26] 47.89 84.58 21.83 6.22 2.88 1.58 -0.00154 31.84 C2HCl2f3 R-123 

[27] 31.53 41.22 7.21 13.06 2.98 2.64 -0.00050 49.36 C2HClF4 R-124 

[27-29] 10.06 7.83 5.21 9.90 3.25 0.98 0.00120 75.82 C2HF5 R-125 

[30-34] 19.71 48.94 7.42 3.10 3.86 2.72 -0.00750 121.17 C2H2F4 R-134a 

[35] 41.45 49.62 57.12 78.78 22.73 16.87 0.00025 77.5 C2H3Cl2F R-141b 

[27] 26.34 66.16 13.37 26.14 20.17 11.46 -0.00400 109.29 C2H3ClF2 R-142b 

[27,33] 8.27 29.70 10.49 5.69 7.06 6.39 -0.01670 169.91 C2H3F3 R-143a 

[33] 35.16 73.15 10.60 20.05 10.64 8.11 -0.01600 152.76 C2H4F2 R-152a 

[10] 9.37 26.56 12.56 8.87 8.83 8.11 -0.00220 43.58 C3HF7 R-227ea 

[27] 4.56 30.63 24.36 20.33 21.80 10.12 0.00230 25.9 C3H2F6 R-236ea 

 21.55 37.45 17.26 15.37 11.57 6.98    Average 
 aRoot mean square deviation. 
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 Table 3. Comparison of the Calculated  Results  from  the  Present  Work  and  other  Correlations  for  Nonhydrogen  
                 Bonding Molecules and Alcohols 

  
RMSD 

(cm3 mol-1)a 

Ref. Tsonopoulos Meng  

 et al. 

Present 

Work Eq. 

(9), (10) 

Present work 

(optimum a) 

Optimum a µr Substance 

[36,37] 359.89 150.74 13.82 13.81 -0.05627 215.483 Nitromethane 

[38,39] 39.16 69.07 47.45 47.45 -0.00503 21.812 Diethyl ether 

[10,39] 203.25 209.08 168.63 168.62 -0.1229 246.157 Acetonitrile 

[38,40,41] 30.04 28.80 28.88 26.21 -0.0332 151.078 Acetone 

[10] 84.82 72.52 35.41 34.06 -0.023 111.29 2-Butanone 

[10] 157.82 203.71 174.11 156.37 -0.0215 84.42 2-Pentanone 

[10] 73.25 62.74 70.83 61.11 -0.0179 92.84 3-Pentanpne 

[38-40] 85.20 19.89 46.12 46.09 -0.0272 87.878 Methanol 

[10,38] 55.63 63.37 82.04 81.14 -0.0292 66.398 Ethanol 

[10] 175.66 128.45 83.95 82.20 -0.0412 51.178 1-Propanol 

[10] 249.00 191.65 83.78 75.82 -0.0505 52.569 2-Propanol 

10 357.43 243.10 68.42 68.01 -0.05385 43.902 1-Butanol 

 155.93 120.26 75.29 71.74   Average 
 aRoot mean square deviation. 
 
 

 
Fig. 4. Dependence of the polar parameter a on the reduced dipole moment. (■) Optimum values for haloalkanes; ()  

              optimum values for other nonhydrogen bonding polar fluids; (         ) Eq. (12); (        ) Eq. (13). 
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CONCLUSIONS 
 
      In the foregoing sections, the well-known Pitzer-Curl 
and Tsonopoulos correlations have been modified for the 
second virial coefficients for nonpolar and polar fluids 
based on the corresponding states principle. Comparing the 
results of the present correlation with the new, high-quality 
experimental data and also existing models shows that the 
present correlation is more accurate, dependable and 
satisfactory for nonpolar and polar compounds. 
      The comparison of the present and other correlations for 
the nonpolar gases illustrate that, in terms of precision, the 
present correlation is equivalent to the correlation proposed 
by Meng et al. and better than Tsonopoulos’ correlation. 
However, for polar haloalkanes, polar non-hydrogen 
bonding fluids, and alcohols, the present correlation is often 
more accurate than other correlations. 
      New correlation presents a highly satisfactory scheme 
for the prediction of the second virial coefficients for the 
nonpolar fluids, but is less satisfactory for polar fluids. 
Therefore, a more accurate approximation to polar 
contribution is needed to improve the predictive capability 
of the model. 
      Although Meng et al. correlation modified nonpolar 
term; it cannot provide significantly improved predictions 
for the second virial coefficients of the polar fluids.  
      Finally,    the   overall   comparison  of  the  correlations 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shows that the present work offers quite satisfactory results. 
Although there is a slight decrease in the overall RMSD for 
the second virial coefficients of polar haloalkanes, there 
occurs an important improvement in the overall RMSD for 
B of other non-hydrogen bonding and alcohols. 
 
List of Symbols 
a     parameter of polar contribution to B, )2(f             
B    second virial coefficients 
f     dimensionless functions of Tr in B correlations 
P    pressure 
R    universal gas constant 
T    temperature 
 
Greek Letters 
µ    dipole moment, in Debye   
ω    acentric factor 

 
Subscripts 
c     critical property 
cal  calculated result 
exp  experimental result 
r      reduced property  
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Fig. 5. Deviations of second virial coefficients of R13, R32, R141b, R125, R134a, R123 and nitromethane from  
               experimental data [20-38]. 
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