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ABSTRACT 

       The main concern of this paper is on the 

improvement of the GMA equation of state, 

which has been used for density calculation of 

liquids with excellent accuracy. However, 

GMA equation of state cannot predict the 

density of components in gas region and 

therefore cannot be used for calculation of 

natural gas thermophysical properties. GMA 

equation of state is based on intermolecular 

potential energy, therefore, the potential 

energy of the GMA equation of state is 

corrected and an modified equation of state is 

obtained which can calculated thermophysical 

properties in gas as well as liquid region. The 

final form of the new equation of state, like 

GMA, is a regularity between         and ρ 

at all temperatures, which is obtained by (9, 6, 

3) Lennard-Jones potential. Natural gas 

density, heat capacity and second virial 

coefficient are calculated by new equation of 

state which is named isotherm regularity 

equation of state (IR EOS). The capability of 

the new equation of state is examined by 

comparing its results with experimental data. 

The new equation of state gives excellent 

results in density of natural gas and LNG 

while it reproduces other thermophysical 

properties with less accuracy. 

 

INTRODUCTION  
       Physical and thermodynamic data of 

various chemical components at low and high 

pressure are required for efficient design and 

operation of chemical industries. For example, 

compressed polar fluids are used as media for 

chemical reactions, separation processes and 

heat transfer agents, and (P, ρ, T) data of such 

fluids are required for many chemical process 

calculations, plant simulations and theoretical 

evaluation of models. Process variables such 

as internal energy, enthalpy and entropy are 

also calculated by equations relating 

temperature, pressure, density and heat 

capacity. Density is also a physical property 

required in several design problems, including 

sizing of storage vessels, design of equipment 

and material and energy balances. This 

property is usually measured and many 

experimental data are available, and as 

mentioned they are used in many fields. For 

example, Hwang et al. [1] performed 

experiments by supercritical     at high 

pressure to study extractions of hexadecane 

and crude oil. The extraction yields increased 

as     density increased with a pressure rise 

at constant temperature. Also, Lim et al. [2] 

measured high pressure data for the binary 

mixtures of    +n-butanol at various 

isotherms and compared their experimental 

data with literature. Several equations of state 

have been derived for predicting densities of 

gases or natural gases, but there are a few 

satisfactory equations of state (EOS) for the 

calculations of these properties for gases and 

natural gases simultaneously up to high 

pressures. 

       GMA EOS is based on isotherm  

regularity; therefore, some of works on 

isotherm regularity are pointed out below. 

Parsafar and Mason [3] introduced an 

analytical EOS based on intermolecular 

potential energy, which is named linear 

isotherm regularity (LIR). The LIR assumes 
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that         varies linearly with   , where ν 

is molar volume, ρ is molar density, P is 

pressure, R is universal gas constant, T is 

temperature and Z=P/ρRT is the 

compressibility factor. In derivation of LIR 

EOS the Lennard-Jones (12, 6) potential 

energy is used. In other work, Ghatee et al. [4] 

derived an EOS for liquid cesium over the 

whole liquid range. This EOS assumes that 

        is a linear function of 1/ρ at 

constant temperature. Recently, a new 

isotherm regularity based EOS was derived by 

Goharshadi et al., which is named GMA EOS 

[5-10]. GMA EOS is an excellent equation for 

density calculation of liquids at low and high 

pressures. The GMA EOS considers that a 

linear relation exists between          and 

ρ for each isotherm. This EOS has not been 

applied for density calculation of components 

in the gas region. 

       In this work an EOS is proposed that 

considers potential energy among the 

molecules. The objective of this work was to 

improve the potential energy based EOS, 

namely GMA, by adding a specific term to 

take into account interactions in gas phase and 

LNG. The general aim was to develop a 

correlative tool applicable under different 

states of gas and LNG for density calculation 

specifically at high pressure. Once the EOS 

was improved, its application to experimental 

data has covered some polar and nonpolar 

components at different states, and density at 

various temperatures and pressures (low and 

high) is calculated, proving its validity in most 

of the cases. 

 

THEORY (EOS DETAILS) 
       The GMA EOS [5-10] assumes   

 

                                         (1) 

 

which shows a linear relation should exist 

between           and ρ for the component 

in concern for all isotherms where A and B are 

temperature-dependent parameters. 

Goharshadi et al. verified this regularity for 

many liquids and obtained very accurate 

calculation of liquid density at low and high 

pressure [5-10]. The A and B parameters are 

determined by correlating experimental data in 

the form of Eq. (1), and therefore the EOS is 

correlative type. We have tested this EOS for 

gases using experimental data and found that 

the linear relation between           and ρ 

does not exist for any of gases. Therefore, we 

devised a way to improve this EOS and 

present a new regularity EOS in terms of the 

potential energy for gases and liquids that can 

be used for calculation of gas and liquids 

density. The EOS is indeed based on the 

correlation of experimental data like GMA 

EOS, but it is based on a different regularity. 

The potential energy used in GMA EOS is 

  (  ⁄ )  (
  

  ⁄ )  (
  

  ⁄ )  , where U is 

the total potential energy in N molecules and Z 

is coordination number. The potential energy 

of the GMA equation of state is corrected and 

an equation of state is obtained.       

     For obtaining a new EOS we begin with the 

exact thermodynamic relation (like the method 

used for GMA EOS derivation in refs. 5-10): 

 

    
  

  
    

  

  
                                       (2) 

 

where the first and second terms of Eq. (2) are 

called the thermal and internal pressures (Pi). 

In this work, we used a modified Lennard- 

Jones potential (9, 6, 3) for potential energy 

with temperature dependent coefficients: 

 

  (  ⁄ )  (
  

  ⁄ )  (
  

  ⁄ )   
  

  ⁄     

                                                                  (3) 

 

where N is number of molecules and    are 

coefficients of potential energy which are 

assumed to be temperature dependent. Z is the 

coordination number which is supposed 

independent of density, and r is the distance 

among molecules. A motivation for this form 

is that it yields an EOS which is an extension 

of GMA EOS. Physically, terms proportional 

to     and     can be justified in potential 

energy because a dispersion interaction, 

together with a term representing the repulsive 

interactions, is expected to be present for 

molecules of all types. The     term is harder 

to rationalize because, apart from molecules 

with permanent dipoles, we would not expect 

a term proportional to     in the true potential 

energy. However, here we are considering a 

model where the total energy is represented by 
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effective interactions. Thus, one can simply 

view the     term as a stand-in for all 

contributions to the energy that cannot be 

represented by the Lennard-Jones (9, 6) 

potential. 

     Following Parsafar and Mason [3] we 

assume that       .Substituting   
       into Eq. (3) and differentiating, we 

obtain 

 

(
 (  ⁄ )

  
)

 
  (

     

   
     

   
     

  )        (4) 

 

where the        are temperature dependent. 

Since 

 

     
  

  
                                                      (5) 

 

By substituting Eq. (4) into Eq.(5) 

 

    (
     

   
     

   
     

  )                      (6) 

 

Exact thermodynamic relation                  

 

      
  ⁄       

  ⁄      

can be written as 

 

 (
 

 
)  

  

                                                   (7) 

 

Therefore, 

 
 

 
                             (8)  

 

d(ρ) has been arbitrarily chosen as the 

following function as ρ=0 at limit of P=0 

 

                                      (9) 

 

Inserting Eq. (9) in Eq. (8) and rearranging 

provides a new regularity that is 

 

             
    

 
 

    

                  (10) 

 

which implies a regularity should exist 

between (Z−1)   and ρ in the form given by 

Eq. (10) at each temperature. For this reason 

we name the new EOS the isotherm regularity 

equation of state (IR EOS).  

       According to Eq. (10), A(T) is the second 

virial coefficient.  

       The perspective we will adopt is that there 

is an equation(Eq. (10)) which can be 

correlated to the experimental data, and if a 

good fit is obtained the IR EOS can be used 

for density calculation. Eq. (10) can be written 

in the form of ρ for density calculation which 

is 

 

                       
 

  
     

                                                                (11) 

 

        
  

  
 

  

 
                                (12) 

 

        
  

  
 

  

 
                               (13) 

 

        
  

  
 

  

 
                                 (14)  

 
       where    to   ,    to    and    to    are 

constants. To use the equation of state for 

natural gas and LNG, the A, B and C  

parameters must be known. To find these 

parameters, we may plot (Z − 1)   against ρ 

for different isotherms. The slope and intercept 

of the straight lines can be fitted to Eqs. (12), 

(13) and (14) from which    to   ,    to    

and    to    can be found, respectively.   

      In derivation of IR EOS (2Z−1)   was 

changed to (Z−1)   because it was observed 

in the calculations that the factor 2 is 

unnecessary and even it can give inaccurate 

results in some cases of natural gases and 

LNG. 

       We have to calculate     

 

(
   

  
      

   

                                              (15) 

On the other hand, we have the rule: 

 

(
  

  
   (

  

  
)
 
 (

  

  
)

 
                                (16)  

 

The result is:  

 

(
  

  
)
 
     

  

  
                                   (17) 

 

If we assume Eq. (15) a isothermal and 

according to Eq. (17): 
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   )
 
                                      (18) 

 

Finally: 

 

     
  

 (
  

 
 

  

    
  

   )                        (19) 

 

RESULTS AND DISCUSSION 
       GMA EOS gives good prediction for 

liquids at low and high pressures. Fig. 1 shows 

that a linear relation exists between (2Z−1)   

and ρ for liquid dimethyl carbonate (DMC). 

This regularity also exists for liquid water up 

to very high pressures (800 MPa) with minor 

deviation from straight line (Fig. 2). 

 

 

 
Figure 1 

Comparison of the experimental data of liquid 

DMC with GMA EOS for P=0.1 MPa to 25 

MPa [5]. 

 

 

 
Figure 2 

Comparison of the experimental data of liquid 

water with GMA EOS for P=20 MPa to 800 

MPa [6]. 

  

      In these figures experimental points and 

GMA EOS fits are shown by marks and lines, 

respectively. Nevertheless, GMA EOS cannot 

be used for calculation of gas density because 

a linear relation was not observed in this case. 

Experimental data of natural gas and LNG 

were used and a linear relation between 

(2Z−1)   and ρ at different temperatures was 

not observed (Fig. 3 and 4). 

 

 
 

Figure 3 

Comparison of the experimental data of 

natural gas with GMA EOS for P=3.5 MPa to 

35 MPa [7]. 

 
 

Figure 4 

Comparison of the experimental data of LNG 

with GMA EOS for P=3.5 MPa to 39 MPa [8]. 

 
In spite of GMA EOS, the IR EOS can fit 

experimental data in natural gas and LNG at 

low and high pressures. Figs. 5-6 show 

experimental isotherms of (Z−1)   versus ρ 

for natural gas and LNG, as well as fit of 

(Z−1)   versus ρ to the experimental points. 

As the figures show, (Z−1)   versus ρ can fit 

experimental data very well in natural gas and 

LNG. 

       In fact, if a wide enough density range is 

considered, the isotherm regularity in the form 

of GMA cannot fit experimental data 

especially at low density region. The function 
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(Z−1)   versus density has a curvature and it 

is obvious that GMA EOS cannot describe this 

behavior. On the other hand, IR EOS gives an 

excellent fit over the entire density range. 

       The isotherm regularity between (Z−1)   

versus ρ was correlated for natural gas, LNG 

and their density was calculated by Eq. (11) 

from low to high pressure. The list of these 

components is given in Table 1. The data in 

Table 1 include components, which were 

chosen from available literature. Special 

attention was given to high pressure 

experimental data. The range of temperature 

and pressure of experimental data, component 

state, the number of experimental data and the 

average absolute deviations (AAD) of the 

calculated densities are also given in these 

Tables. A complete set of densities calculated 

by IR EOS is given in supplementary data 

including A, B and C coefficients for each 

component.  

       To confirm the reliability of the IR EOS, 

the PρT relations of natural gas and LNG are 

calculated and compared to experimental data. 

For example, the densities of natural gas and 

LNG are compared to experimental data in 

Figs. 7 and 8. 

 

 

 

 
 

Figure 5 

Fitting isotherms of (Z-1)   vs ρ for natural 

gas for P=3.5 MPa to 35 MPa [7]. 

 

 

 

 

 
Figure 6 

Fitting isotherms of (Z-1)   vs ρ for LNG for 

P=3.5 MPa to 39 MPa [8]. 
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Table 1 

Percentage of AAD between densities calculated by IR EOS and experimental data for natural gas and 

LNG at different temperatures and pressures 

Component            ∆T(K)           ∆P(MPa)          State             
                        Ref. 

Natural gas 1       270-340             3.5-35              Gas             31             0.36             [7] 

 

Natural gas 2       270-340             3.5-35              Gas             24             0.15             [9] 

  

Natural gas 3       250-450             0.6-38              Gas              5              0.09           [10] 

 

Natural gas 4       250-450            10-150              Gas             20             0.22           [11] 

 

Natural gas 5       300-450              1-190              Gas             76             0.31           [12] 

 

Natural gas 6       300-400              5-140              Gas             40             0.66           [13] 

 

Natural gas 7       250-450            10-150              Gas             49             0.19           [14] 

 

Natural gas 8       225-350             3.5-70              Gas            103            0.006         [15] 

 

Natural gas 9       225-350             3.5-70              Gas            103            0.005         [15] 

 

Natural gas 10     225-350             3.5-70              Gas            103            0.01           [15] 

 

Natural gas 11     305-410              15-40              Gas             30             0.03           [16]  

 

Natural gas 12     305-410              15-40              Gas             30             0.05           [16] 

 

LNG                     305-410              30-40            Liquid           25            0.06           [17] 

 

LNG                     300-375               3-38             Liquid           25            0.35             [8] 

 

a)    number of experimental points 

                   ∑ |
         

    
|      
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Figure 7 

Comparison of IR EOS density results with 

experimental data of natural gas[7]. 
 

 

 

 
 

Figure 8 

Comparison of IR EOS density results with 

experimental data of LNG [8]. 

 

 
 

Figure 9 

Comparison of IR EOS second virial 

coefficient results with experimental data of 

natural gas[13]. 

 

 

 
 

Figure 10 

Comparison of IR EOS    results with 

experimental data of natural gas[16] 

 

To complete model accuracy, 

comparison between calculated 

thermophysical properties and experimental 

data at different temperatures up to high 

pressures was performed for all components, 

and percent of deviation was given in 

supplementary data where some of them are 

given below.  

       The percentage of average absolute 

deviation between calculated and experimental 

density of natural gas is shown in Table 2. 
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Table 2 

Percentage of deviation between densities calculated by IR EOS and experimental data of natural gas [16]. 

 

    T(K)                 P(MPa)                              
   

  
                                        

   

  
                           

         

    
  

 

  307.85                 40.03                              14914.12                              15003.78                              0.601 

                              35.00                              14087.12                              14048.12                              0.276                                         

                              29.97                              12939.44                              12899.01                              0.312 

                              24.95                              11482.35                              11466.23                              0.140 

                              19.95                              9586.443                              9612.807                              0.275 

                              14.92                              7206.710                              7204.718                              0.027 

  332.45                 40.03                              13642.67                              13724.55                              0.600 

                              35.00                              12759.42                              12711.44                              0.376                                         

                              29.97                              11538.61                              11506.95                              0.274 

                              24.95                              10059.01                              10046.63                              0.123 

                              19.95                              8253.118                              8269.082                              0.193 

                              14.92                              6171.554                              6170.508                              0.016  

  356.95                 40.03                              12556.89                              12587.10                              0.240 

                              35.00                              11594.87                              11574.69                              0.173                                         

                              29.97                              10385.31                              10378.24                              0.068 

                              24.95                              8961.974                              8955.011                              0.077 

                              19.95                              7285.472                              7290.581                              0.070 

                              14.92                              5428.942                              5428.419                              0.009 

  381.55                 40.03                              11566.74                              11572.46                              0.049 

                              35.00                              10615.97                              10594.38                              0.203                                         

                              29.97                              9434.546                              9443.704                              0.097 

                              24.95                              8084.342                              8093.824                              0.117 

                              19.95                              6559.738                              6555.474                              0.065 

                              14.92                              4883.235                              4883.524                              0.005 

  406.25                 40.03                              10700.36                              10705.67                              0.049 

                              35.00                              9760.845                              9755.758                              0.052                                        

                              29.97                              8646.927                              8650.611                              0.042 

                              24.95                              7381.111                              7378.787                              0.031 

                              19.95                              5963.398                              5964.384                              0.016 

                              14.92                              4455.671                              4455.670                              0.000 
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CONCLUSIONS 
       We have proposed a new EOS for natural gas and 

LNG that is suitable for high pressure calculation of 

thermophysical properties. The capability of this EOS 

to predict thermophysical properties has been 

demonstrated and compared with experimental data. 

The EOS is based on intermolecular potential energy 

and the parameters are determined by fitting 

isothermal regularity to experimental data. The EOS is 

a nonlinear regularity as it contains two density-

dependent terms with three adjustable parameters. The 

EOS predictions are good in the natural gas and LNG. 

 
KEYWORDS 

natural gas, LNG, GMA EOS, density, isotherm 

regularity, high pressure, heat capacity, second virial 

coefficient. 

 

REFERENCES 
1. J. Hwang, C. H. Kim and G. B. Lim, Korean 

J. Chem. Eng., 12, 244 (1995). 

2. J. S. Lim, C. H. Yoon and K. P. Yoo, Korean 

J. Chem. Eng., 26, 1754 (2009).  

3. G. Parsafar and E. A. Mason, J. Phys. Chem., 

97, 9048 (1993).  

4. M. H. Ghatee and M. J. Bahadori, J. Phys. 

Chem. B, 105, 11256 (2001). 

5. L. Lugo, M. J. P. Comuñas, E. R. López and J. 

Fernández, Fluid Phase Equilibr., 186, 235 

(2001). 

6. T. Grindley and J. E. Lind, J. Chem. Phys., 54, 

3983 (1971).  

7. P. Patil, S. Ejaz, M. Atilhan, D. Cristancho, J. 

C. Holste and K. R. Hall, J. Chem. 

Thermodyn., 39, 1157(2007).  

8. K. A. G. Schmidt, S. E. Quinones-Cisneros 

and B. Kvamme, Energy & Fuels., 19, 1303 

(2005). 

9. M. Atilhan, S. Ejaz, J. Zhou, D. Cristancho, I. 

Mantilla, J. Holste, and K. R. Hall, J. Chem. 

Eng. Data, 55, 4907(2010). 

10. M. O. McLinden, J. Chem. Eng. Data., 56, 

606(2011). 

11. M. Atilhan, S. Aparicio, S. Ejaz, D. 

Cristancho, I. Mantilla and K. R. Hall, J. 

Chem. Eng. Data, 56, 3766 (2011).  

12. D. E. Cristancho, I. D. Mantilla, S. Ejaz, K. R. 

Hall, M. Atilhan and G. A. Iglesia-Silva, J. 

Chem. Eng. Data, 55, 826 (2010). 

13. D. E. Cristancho, I. D. Mantilla, L. A. Coy, A. 

Tibaduiza, D. O. Ortiz-Vega, K. R. Hall and 

G. A. Iglesias-Silva, J. Chem. Eng. Data, 56, 

826 (2011). 

14. M. Atilhan, S. Aparicio, S. Ejaz, D. Cristancho 

and K. R. Hall, J. Chem. Eng. Data, 56, 212 

(2011). 

15. C. A. Hwang, P. P. Simon, H. Hou, K. R. Hall, 

J. C. Holste and K. N. Marshc, J. Chem. 

Thermodyn, 29, 1455 (1997). 

16. A. Barreau, P. Janneteau, K. Gaillard, Fluid 

Phase Equilibr., 119, 197 (1996). 

17. A. Barreau, K. Gaillard, E. Behar, J. L. 

Daridon, B. Lagourette, P. Xans, Fluid Phase 

Equilibr., 127, 155 (1997). 

www.SID.ir



 

 

https://sid.ir/1791
https://sid.ir/1792
https://sid.ir/1793
https://sid.ir/1795
https://sid.ir/1794
https://sid.ir/1796
https://sid.ir/1702
https://sid.ir/1700
https://sid.ir/1699
https://sid.ir/1698
https://sid.ir/1787

