
feed to a typical coal processing fluidized bed (Skinner, 
1970) ; fine particles in the distribution have a considerable 
effect on the calculation. Similarly, it is not clear at present 
exactly how dp should be specified in applying the correla- 
tion for jet penetration depth to a bed with a wide range 
of particle sizes. 
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NOTATION 

& = jet nozzle diameter 
c& = mean particle diameter 
Db = initial bubble diameter 

gC 
L 
Lo 
uo = jet nozzle velocity 
Vo = initial bubble volume 
y, 
yo 
Greek Letters 
8 = jet half-angle 
p j  = density of fluid 
pp = density of solids 

= acceleration due to gavity 
= volumetric gas flow rate 
= jet penetration depth measured from nozzle 
= jet penetration depth measured from apex of cone 

= length of conical section of jet (yJL = 0.55) 
= distance between apex of cone and jet nozzle 
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A Generalized Thermodynamic Correlation 
Based on Three-Parameter Corresponding 
States 

The volumetric and thermodynamic functions correlated by Pitzer and 
co-workers analytically represented with improved accuracy by a modified 
BWR equation of state. The representation provides a smooth transition 

BYUNG IK LEE 
and 

MICHAEL G. KESLER 
between-the original tables of Pkzer et al. aAd more recent extensions to 
lower temperatures. I t  is in a form particularly convenient for computer use. 

Mobi, Research and Development Corporation 
Post Office Box 1026 

Princeton, New Jersey 08540 

SCOPE 
The 3-parameter corresponding states principle as pro- 

posed by Pitzer and co-workers has been widely used to 
correlate the volumetric and thermodynamic properties 
needed for process design. The original correlations by 
Pitzer et al., based on that principle, were limited to 
reduced temperatures above 0.8. Several extensions to 
lower temperatures have appeared in the last five years. 
Most of these correlations are in tabular or graphical form, 
difficult to implement on the computer. Also, significant 
discrepancies appear at  the interface (near T, = 0.8) 

between the original and extended correlations. 
The objective of this work was to develop an analytical 

correlation, based on the 3-parameter corresponding states 
principle and covering the whole range of T ,  and P, of 
practical interest in hydrocarbon processing. Another ob- 
jeclive was to improve the accuracy and consistency of 
the published correlations. This has been achieved by 
means of two equations of state, similar in form to that 
of Benedict, Webb, and Rubin, for the simple and refer- 
ence fluids. 
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CONCLUSIONS AND SIGNIFICANCE 
This paper describes a method of analytically represent- 

ing volumetric and thermodynamic functions based on 
Pitzer's 3-parameter corresponding states principle. The 
functions include: densities, enthalpy departures, entropy 
departures, fugacity coefficients, isobaric and isochoric 
heat capacity departures, and the second virial coefficients. 

Two equations of state, for the simple and reference 
fluids, accurately represent the volumetric and thermo- 
dynamic properties of vapor and liquid as a function of 
3-parameters (reduced temperature, reduced pressure, and 
acentric factor) over the range of T, = 0.3 to 4 and P, = 
0 to 10. This analytical form has led to improved repre- 
sentation of these properties near the critical region and 
at low temperatures. It has also provided a smooth transi- 
tion between the original correlations of Pitzer et al. and 

more recent extensions by others to low temperatures. 
The method has been found to be reliable over a wide 

range of conditions for nonpolar and slightly polar sub- 
stances and their mixtures. Its accuracy, like that of the 
original Pitzer correlations, is best in the subcooled and 
superheated regions. The accuracy is diminished, although 
to a lesser extent than in the Pitzer correlations, at 
saturated conditions and near the critical and retrograde 
regions when applied to widely boiling mixtures. Included 
in these developments is a new reduced vapor pressure 
equation and a means of estimating acentric factors from 
that equation, as well as a set of mixing rules for calculat- 
ing pseudo critical properties and acentric factors of 
mixtures. 

In a series of papers, Pitzer and co-workers (Pitzer et 
al., 1955; Pitzer and Curl, 1957; Curl and Pitzer, 1958) 
demonstrated that the compressibility factor and other 
derived thermodynamic functions can be adequately rep- 
resented, at constant reduced temperature and pressure, 
by a linear function of the acentric factor. In particular, 
the compressibility factor of a fluid whose acentric factor 
is o, is given by the following equation: 

where Z(O) is the compressibility factor of a simple fluid 
and Z ( l )  represents the deviation of the compressibility 
factor of the real fluid from 2'0). 2'0) and 2") are as- 
sumed functions of the reduced temperature and pressure. 

Using this approach, Pitzer and co-workers correlated 
volumetric and thermodynamic properties in tabular form 
over the range of reduced temperatures, 0.8-4.0, and 
reduced pressures, 0-9.0. More recently a number of 
authors (Chao et a]., 1971; Chao and Greenkorn, 1971; 
Carruth and Kobayashi, 1972; Lu et al., 1973; Hsi and 
Lu, 1974) have extended the correlations to lower tem- 
peratures. 

The correlations of Pitzer and co-workers have been 
used extensively to calculate compressibility factors and 
enthalpies of nonpolar substances and their mixtures. This 
approach, however, has proven inadequate when calcula- 
tions are made: 

1. In the Critical region; 
2. For liquids at low temperatures; 
3. At the interface of the original correlations and the 

4. For widely boiling mixtures, particularly those con- 
corresponding extensions; 

taining high concentrations of very light and very heavy 
components. This difficulty is closely related to problems 
in defining the pseudo critical properties of the mixture. 

One of the objectives of this work was to improve the 
correlations in the above areas. More generally, the ob- 
jective has been to provide a practical analytical frame- 
work for representing the volumetric and thermodynamic 
functions in terms of the three parameters of the corre- 
sponding states principle developed by Pitzer and co- 
workers. 

To facilitate analytical representation, the compressi- 
bility factor of any fluid has been expressed in this work 
in terms of the compressibility factor of a simple fluid 
2'0) and the compressibility factor of a reference fluid 
Z r ) ,  as follows: 

When Z is expressed as in Equation (2),  the deviation 
term 2") in Equation (1) is obviously equivalent to (2") 
- Z(O))/O(~). This expression is convenient since, as will 
be shown later, both 2(,) and Z'O) are given by the same 
equation with, however, different constants. A similar 
approach is used to represent analytically other derived 
thermodynamic functions, such as fugacity and the de- 
partures of enthalpy, entropy, and isobaric and isochoric 
heat capacities from the ideal gas state. 

n-Octane has been chosen as the heavy reference fluid 
since it is the heaviest hydrocarbon for which there are 
accurate P-V-T and enthalpy data over a wide range of 
conditions. However, the final values of Zr) and of the 
corresponding equation of state constants were readjusted 

TABLE 1. CONSTANTS FOR EQUATION ( 3 )  

Constant Simple fluids 

0.1181 193 
0.265728 
0.154790 
0.030323 
0.0236744 
0.0186984 

AIChE Journal (Vol. 21, No. 

Reference fluids Constant 

0.2026579 c3 
0.331511 c4 
0.027655 di x 104 
0.203488 d2 x 104 
0.0313385 B 
0.0503618 Y 

3) 

Simple fluids 

0.0 
0.042724 
0.155488 
0.623689 
0.65392 
0.060167 

May, 1975 

Reference fluid 

0.016901 
0.041577 
0.48736 
0.0740336 
1.226 
0.03754 
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to fit better the compressibility factors and the derived 
thermodynamic properties of other substances, in addition 
to those of octane. 

Briefly, the work consisted of the following: 

1. Modification of Benedict et al. equation of state 
( 1940) as represented by Equation (3) .  

2. Fitting the constants in Equation (3) using experi- 
mental data on enthalpy, P-V-T, and the second virial 
coefficient. 

3. Derivation of a new vapor pressure equation and its 
use to derive an equation for estimating acentric factors. 
4. Use of a new set of mixing rules to define critical 

temperatures and pressures and acentric factors of mix- 
tures. 

These steps are described below in further detail. 

DESCRIPTION OF WORK 

The compressibility factors of both the simple fluid Z(O) 
and the reference fluid Z(,) have been represented by the 
following reduced form of a modified BWR equation of 
state: 

In determining the constants in these equations, the fol- 
lowing constraints, Equations (7) and ( 8 ) ,  were used 
along with the data shown in Tables 3 and 4. 

fv  = f L  (at saturated condition) (7) 

(”>,, av, = (T) av, Tr = 0 (at critical point) (8 )  

Additional care was exercised to obtain a smooth function 
of [Z(‘) - Z(O)] around the loci of minimum compressibil- 
ity factors between P, = 1 and 2. 

The data used to determine the constants in the equa- 
tion of state for the simple fluid were principally of Ar, Kr, 
and methane. Since the triple points of simple fluids are 
above T ,  = 0.5, additional data on light hydrocarbons 
were used to represent the low temperature region. This 
was done using Equation (2) along with the correspond- 
ing expression for other thermodynamic properties, and 
Equation (3 )  with the constants for ZC7) determined from 
n-octane data. However, as alluded to earlier, these con- 
stants were adjusted to obtain the best fit to all the data, 
as referenced in Tables 3 and 4. The constants are given 
in Table 1. 

TABLE 2. COMPARISON OF REDUCED VAPOR PRESSURE 

TI 

1.00 
0.98 
0.96 
0.94 
0.92 
0.90 
0.88 
0.86 
0.84 
0.82 
0.80 
0.78 
0.76 
0.74 
0.72 
0.70 
0.68 
0.66 
0.64 
0.62 
0.60 
0.58 
0.56 
0.54 
0.52 
0.50 
0.48 
0.46 
0.44 
0.42 
0.40 
0.38 
0.36 
0.34 
0.32 
0.30 

-Log P,(O) 
Carruth- 

This work Pitzer et al. 

0.000 
0.051 
0.103 
0.157 
0.213 
0.270 
0.329 
0.390 
0.454 
0.521 
0.591 
0.665 
0.742 
0.823 
0.909 
1.000 
1.096 
1.199 
1.308 
1.425 
1.549 
1.683 
1.827 
1.982 
2.150 
2.332 
2.530 
2.746 
2.983 
3.244 
3.532 
3.852 
4.209 
4.609 
5.062 
5.578 

0.0 
0.050 
0.102 
0.156 
0.212 
0.270 
0.330 
0.391 
0.455 
0.522 
0.592 
0.665 
0.742 
0.823 
0.909 
1.000 
1.096 
1.198 
1.308 
1.426 
1.552 
1.688 
1.834 - - 
- 
- - 
- 
- - - - - - - 

Kobayashi 

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

1.000 
1.096 
1.198 
1.308 
1.424 
1.544 
1.680 
1.818 
1.965 
2.130 
2.315 
2.515 
2.730 
2.970 
3.240 
3.540 
3.870 
4.220 
4.600 
5.005 
5.450 

Hsi-Lu 

- 
- 
- 
- 
- 
- 
- - 
- 
- 

0.591 
0.664 
0.740 
0.823 
0.908 
1.000 
1.099 
1.199 
1.307 
1.420 
1.543 
1.679 
1.823 
1.982 
2.149 
2.333 - 
- 
- 
- - 
- 
- - 
- 
- 

This work 

0.000 
0.042 
0.086 
0.132 
0.179 
0.229 
0.282 
0.339 
0.400 
0.466 
0.537 
0.615 
0.699 
0.790 
0.890 
1.000 
1.120 
1.252 
1.397 
1.557 
1.734 
1.929 
2.144 
2.383 
2.648 
2.944 
3.273 
3.642 
4.056 
4.521 
5.047 
5.644 
8.323 
7.102 
8.000 
9.042 

-Log P r ( l )  
Carruth- 

Pitzer et al. Kobayashi Hsi-Lu 

0.0 
0.042 
0.086 
0.133 
0.180 
0.230 
0.285 
0.345 
0.405 
0.475 
0.545 
0.620 
0.705 
0.800 
0.895 
1.000 
1.120 
1.25 
1.39 
1.54 
1.70 
1.88 
2.08 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
- 

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

1.000 
1.120 
1.250 
1.390 
1.545 
1.710 
1.908 
2.120 
2.370 
2.660 
2.960 
3.310 
3.695 
4.100 
4.540 
5.010 
5.560 
6.240 
7.080 
8.300 
9.940 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.542 
0.620 
0.709 
0.789 
0.880 
1.000 
1.078 
1.206 
1.343 
1.518 
1.688 
1.867 
2.061 
2.273 
2.526 
2.826 - - 
- 
- 
- 
- - - - 
- 
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To calculate 2 for the fluid of interest, given a T and P, 
first calculate the appropriate values of T,(= T / T , )  and 
P,(= P/P,) using critical properties of the fluid. From 
the simple fluid constants in Table 1 and Equation ( 3 ) ,  
solve for V,. (This is not the correct reduced volume for 
the fluid of interest, but rather, it is dehed as P,V/RT, 
with V a simple fluid volume.) When V ,  is employed in 
the first equality of Equation (3),  Z0) is calculated for 
the simple fluid. The next step is identical to the first 
except that the reference fluid constants of Table 1 are 
used, but with the same T ,  and P, values of the fluid of 
interest that were determined in the first step. The result 
of the second step is 27,). Finally, with Z0) from the 
first step and Z(+) from the second, the compressibility 
factor Z for the fluid of interest is determined from Equa- 
tion ( 2 )  where a(') = 0.3978. 

The thermodynamic functions derived from Equation 

a. Fugacity coefficient 
( 3 )  follow: 

B C D 
l n ( + ) = z - l - l n ( z ) + - + - - - ; - + 7  v, 2 v ,  SV, + E  

E = - {  c4 B + l - ( B + I  

(9) 
where 

2 ~ ~ 3 ~  

b. Enthalpy departure 

b2 + 2b3/T, + 3b4/Tr2 H - H e  
= T , {  Z - 1 -  

RTc T,V, 

2T,VT2 5TrVT5 d2 + 3 E }  (11) +- ~2 - 3c3/Tr2 - 

c. Entropy departure 

TABLE 3. COMPARISON OF CALCULATED COMPRESSIBILITY FACTORS WITH LITERATURE DATA 

Systems 

Subcooled liquid 
and dense phase 

Methane' 
ldutene 
Neopentane" 
1-Pentene 
n-Ocehe' 
n-Octaneo 
n-Nonane 
n-Decane' 
n-Dodecane 
n-Heptadecane 
Cyclohexane 
Benzene 
H2S 
Ethane-n-pentane 
Propane-n-decane 
n-Decane-n-tetra- 

n-Dodecane-n-hexa- 

Hydrogen-n-hexane 
Methane-n-Butane- 

decane 

decane 

n-Decane 

Superheated-vapor 

Methane' 
Neopentane" 
H2S 

Saturated liquid 
1-Butene 
n-Nonane 
Benzene 
H2S 
Ethane-n-pentane 
Hydrogen-n-hexane 

Saturated vapor 

1-Butene 
H2S 
Ethane-n-pentane 
Hy drogen-n-hexane 

No. of points 

21 
16 
18 
17 
12 
9 
13 
9 
9 
15 
14 
17 
12 
13 
16 

10 

9 
15 

20 

16 
24 
u) 

6 
5 
7 
7 
5 
15 

6 
7 
5 
15 

T, 

0.79-1.44 
0.74-1.06 
1 .O-1.15 
0.76-1.07 
0.66-0.96 
0.46-0.70 
0.52-0.86 
0.41-0.72 
0.41-0.72 
0.44-0.78 
0.56-0.92 
0.55-0.91 
0.74-0.92 
0.7-1.28 
0.53-0.86 

0.45-0.55 

0.43-0.52 
0.64-1.56 

0.53-1.60 

1.09-1.17 
0.8-1.15 
0.74-1.19 

0.78-1.0 
0.63-0.86 
0.55-0.91 
0.76-1.0 
0.7-1.03 
0.59-1.56 

0.78-1.0 
0.76-1 .O 
0.7-1.03 
2.8-8.7 

P T  

0.32-10 
0.34-8.5 
1.05-9.5 
0.16-8.9 
0.20-8.2 
0.04 

0.05 
0.06 

0.6-15 

0.0-23 
0.34-8.5 
0.28-7.0 
0.16-7.7 
0.34-8.5 
0.1-7.0 

0.06-7.6 

0.06-8.7 
3.8-21 

0.9-29 

1.3-2.0 
0.05-0.76 
0.01-7.7 

0.17-1.0 
0.01-0.3 
0-0.51 
0.15-1 .O 
0.3-1.57 
4.4-21 

0.17-1.0 
0.15-1 .O 
0.02-0.75 
6.1-31.4 

Avg. abs. dev., % References 

1.06 
1.06 
1.17 
2.22 
1.87 
1.26 
1.09 
0.99 
1.14 
2.82 
0.43 
3.15 
1.12 
0.86 
1.03 

2.84 

3.46 
0.95 

1.84 

0.3 
0.44 
0.41 

1.55 
1.36 
3.15 
1.96 
0.97 
1.68 

1.51 
4.12 
2.52 
1.33 

Vennix et al. (1970) 
Sage and Lacey (1955) 
Dawson et al. (1974) 
Day and Felsing ( 1951 ) 
Felsing and Watson (1942) 
Chappelow et al. 1971 1 
Sage and Lacey 
Rossini et al. 
Rossini et al. 
Doolittle 
Reamer and Sage 
Sage and Lacey 
Sage and Lacey 
Reamer et al. 
Reamer and Sage 

Snyder et al. 

Snyder et al. 
Reamer and Sage 

Sage and Lacey 

Vennix et al. 
Dawson et al. 
Sage and Lacey 

Sage and Lacey 
Sage and Lacey 
Sage and Lacey 
Sage and Lacey 
Reamer et al. 
Reamer and Sage 

Sage and Lacey 
Sage and Lacey 
Reamer et al. 
Reamer and Sage 

(1955 j 
( 1953) 
( 1953) 
(1964) 
(1957) 
(1955) 
(1955) 
(1960) 
(19.66) 

( 1974 1 

(1974) 
(1957) 

(19%) 

(1970) 
(1974) 
(1955) 

(1955) 
(1955) 
(1955) 
(1955) 
(1960) 
(1957) 

(1955) 
(19%) 
(1960) 
(1957) 

O Data used in correlational work. 
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TABLE 4. COMPARISON OF CALCULATED ENTMLPIES WITH LITERATURE DATA 

System 

Methane' 
Ethane 
Propane' 
n-Pentane' 
n-Octane' 
n-Hexadecane ' 
cis-2-pentene 
C yclohexane 
Benzene 
Methane-propane 

Ethane-propane 

ra-Pentane-n-octane 

n-pentane-cyclohexane 

n-pentane-n-hexadecane 

Benzene-n-hexadecane 

49.4 % -50.6% 

49.8 %-50.2% 

59.7%-40.3% 

61.2%-38.8% 

58.7%-41.3% 

58.1 %-41.9 % 

* Data used in correlational work. 

No. of points 

40 
70 
42 
66 
50 
30 
25 
36 
37 

44 

28 

13 

19 

26 

18 

Tr 

0.61-1.49 
0.4-1.35 
0.32-1.07 
0.63- 1.3 
0.52-1.03 
0.41-0.85 
0.95-1.05 
0.76-1.12 
0.83-1.15 

0.4-1.36 

0.82-1.14 

0.58-1.04 

0.83-1.06 

0.55-0.98 

0.74-0.87 

where P o  = 1 atm. for API Research Project 44 S' data. 

d. Isochoric heat capacity departure 

--- 3c3 6E (13) Cv - Cu* - 2 ( b ~  + 3b4/Tr) - 
R T2V, Tr3VrZ 

e. Isobaric heat capacity departure 

- 1 - T r (  ",',, (5) av, Tr 
c, - C,' c, - C,' - - 

R R aTr 
(14) 

where 

bi + b3/Tr2 + 2b4/Tr3 

V, 

c1 - 2c3/T2 dl 
2 v 2  5vr5 

+ +- 

2B 3C 6D +- 

TO calculate any of the quantities given in Equations 
(9) through (16), given a T and P for the fluid of 
interest, the following procedure, illustrated by the en- 
thalpy departure function, should be followed. 

Page 514 May, 1975 

p ,  

0.37-3.0 
0.28-2.83 
0.81-3.25 
0.41-2.87 
0.55-3.88 
0.19-6.8 
0.38-2.64 
0.17-2.37 
0.28-1.97 

0.37-3.0 

0.38-3.02 

0.46-3.25 

0.38-2.66 

0.08-4.22 

0.31-4.4 

Avg. abs. dev. 
J / K g  

2600 
2300 
2100 
3000 
2600 
4000 
5600 
2800 
3300 

6100 

1600 

2600 

2600 

7400 

4600 

References 

Jones et al. (1963) 
Starling (1972) 
Yesavage (1968) 
Lenoir et al. (1970) 
Lenoir et al. ( 1970) 
Lenoir and Hipkin ( 1970) 
Lenoir et al. (1971) 
Lenoir et al. (1971) 
Lenoir et al. ( 1971 ) 

Yesavage (1968) 

Starling ( 1972) 

Lenoir et al. (1970) 

Lenoir et al. (1971) 

Lenoir and Hipkin ( 1970) 

Hayworth et al. ( 1971 ) 

1. As described earlier, determine V, and Z(O) for the 
simple fluid at the T, and P, appropriate for the fluid of 
interest. Employ Equation (11) and, with the simple fluid 
constants in Table 1, calculate ( H  - H')/RT,.  Call this 
[ ( H  - H*)/RT,](O). In this calculation, 2 in Equation 
(11) is 2'0). 

2. Repeat step 1, using the same T ,  and P,, but em- 
ploying the reference fluid constants from Table 1. A new 
V, and Z C r )  will be obtained. With these, Equation (11) 
allows the calculation of [ ( H  - H')/RTc](r). In this 
calculation, 2 in Equation (11) is 22,). 

3. Determine the enthalpy departure function for the 
fluid of interest from 

[ ( H  - H")/RTc] = [ ( H  - H')/RT,]'O' + (ads")) 

{ [ H  - H')/RTc](r) - [ ( H  - H')/RT,]''"} 

where U J ( ~ )  = 0.3978. The tabulated values generated by 
this procedure are shown in Tables 5 through 14. 

As with any other correlation based on the correspond- 
ing states principle, the success of this method depends 
on the accuracy of the values of the critical temperatures, 
critical pressures, and acentric factors. For mos't com- 
pounds the critical properties have been fairly well estab- 
lished, but values of the acentric factor have not been 
satisfactorily determined until recently. Passut and 
Danner (1973) have reported accurate values for a large 
number of hydrocarbons. However, some of their reported 
values (for example, 1-pentene, diolefins, and acetylenes) 
do not appear to be consistent. This is likely the result of 
the use of inaccurate data for the vapor pressure or 
critical properties for these compounds. In addition, 
Passut and Danner's tabulations do not include a number 
of compounds encountered in hydrocarbon processing. The 
above considerations have prompted the development of 
a new reduced vapor pressure equation and the use of 
the equation for estimating the acentric factor from the 
normal boiling point and critical properties of the fluid 
of interest. The vapor pressure equation is based on that 
of Riedel (1954) and on the experimental data of Prydz 
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and Goodwin (1972), Carmth and Kobayashi (1973), 
and Wilhoit and Zwolinski (1971) for heavy hydrocarbons. 
The equation is given below: 

In P," = 5.92714 - 6.09648/Tr - 1.28862 In Tr 

+ 0.169347 Tr6 + O (  15.2518 - 15.6875/Tr 
- 13.4721 In T ,  + 0.43577 Tr6)  (17) 

This equation satisfies: 

- 1 at T, = 0.7. 
1. The definition of acentric factor, o = -log (P,")  

2. The Riedel condition &/dT,  = 0 at T ,  = 1.0. 
3. The critical point requirement, PrS = 1.0 at T ,  = 

Equation (17) gives the following relation between 

1.0. 

Riedel's parameter and the acentric factor: 

aC = 5.824 + 4.830 

As shown in Table 2, Equation (17) is in good agree- 
ment with the tabular correlations of others (Carruth and 
Kobayashi, 1972; Pitzer et al., 1955; Hsi and Lu, 1974). 

Applying Equation (17) at the normal boiling point 
gives the following expression for the acentric factor: 

(18) 

observed for entropy values and fugacity coefficients. On 
the other hand, the agreement in the deviation functions 
as defined by Pitzer and co-workers is only fair. The 
disagreement, however, is probably due to inaccuracies 
in the original deviation functions rather than in those 
of new correlations. As shown in Table 3, this method was 
successfully applied to T ,  and P ,  as high as 8.7 and 31, 
respectively. 

Since Pitzer's method, as adopted in this work, is less 
accurate around the two-phase region, the compressibility 
factors of saturated vapor and liquid were also evaluated. 
These are given in Table 3. As expected, the accuracy in 
this case is slightly poorer than that of subcooled or 
superheated fluids. In this connection it should be pointed 
out that the values at saturation conditions were obtained 
by extrapolating isotherms into the saturation envelopes 
of the simple and reference fluids. This is in line with 
the Curl and Pitzer's observation (1958) that fluids with 
higher acentric factors have lower reduced vapor pres- 
sures at the same reduced temperatures. 

The second virial coefficients obtained from Equation 
(4)  and the equivalent form of Equation (2)  are com- 
pared in Figures 5 and 6 with those of other correlations 
(Pitzer and Curl, 1957; Tsonopoulos, 1974). Again the 

In Pbrs - 5.92714 + 6*09648/Tb, -k 1.28862 In Tb, - 0.169347 Tar6 
o =  

15.2518 - 15.6875/Tb7 - 13.4721 In Tb, + 0.43577 Tb,' 
Equation (19) yields results which are in excellent agree- 
ment with the values of the acentric factor given by Passut 
and Danner, with the exception of the hydrocarbons pre- 
viously mentioned. 

As is well known, the values obtained from a corre- 
sponding states correlation are sensitive to the calculated 
pseudo critical properties of the mixtures. This is par- 
ticularly true for the widely boiling mixtures encountered 
in petroleum processing, where compositions often range 
from methane to components boiling over 600°C. 

The use of Kay's additive rule to calculate critical 
pressures of such mixtures often leads to significant errors. 
To improve overall accuracy, several sets of mixing rules 
have been studied. The following set of mixing rules have 
been found to give the best results: 

V c = f T 2  k 

P, = ZcRTc/Vc = (0.2905 - 0.085~) RTC/Vc (25) 

EVALUATION AND DISCUSSION 
Figures 1 through 4 compare the results obtained from 

the proposed correlations with those of other methods 
in calculating compressibility factors and enthalpy de- 
partures. As can be seen, the proposed analytical method 
is in good agreement with other tabular correlations for 
simple fluids. The comparison of this correlation with 
experimental data for real fluids is also favorable as 
shown in Table 3 and 4. Similar agreement was also 
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values obtained from Equation (4)  compare favorably 
with literature data. 

Isobaric heat capacity equation, Equation ( 14), was 
also evaluated using the methane and propane data of 

I, 

0.9 

K 0 8  
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0.1 
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Fig. 1. Comparison of Z(0). 
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fig. 2. Comparison of  Z(1). 
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Jones et al. (1963) and of Yesavage et al. ('1968). The 
average absolute deviation was about 2%. It  should be 
noted that the isobaric heat capacity departures are not 
accurate near the critical region where the heat capacity 
changes rapidly with temperature and pressure. 

15 :w4/< 2 0  

0 Curl and Pdzer(l9YII . m m a r d  'hemlorn 119711 

REDUCED PRESSURE 

Fig. 3. Comparison of - . [ "b, " 
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Fig. 4. Comparison of - . [ "b, 

TEMPERATURE O K  

Fig. 5. Second virial coefficients of simple fluids. 
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Fig. 6. Second virial coefficient of n-octane. 

0 

It should be pointed out that the critical properties 
used throughout this work, except for the critical pressure 
of 1-pentene ( P ,  = 39.9 atm. from Reid and Sherwood, 
1966) were taken from the API Data Book, while the 
acentric factors were obtained from Equation (19). 
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NOTATION 

bl, b2, bs, bq = constants as given in Table 1 
cl, c2, c3, c4 = constants as given in Table 1 
dl,  d2 = constants as given in Table 1 
B, C, D = coefficients in Equation (3) 
C,, = isobaric heat capacity 
C, = isochoric heat capacity 
E 
f = fugacity 
H = enthalpy 
P = pressure 
P o  
R = gas constant 
S = entropy 
T = temperature 
V = volume 
V, = P,V/RT, 
x = molar composition 
Z = compressibility factor 

Greek Letters 
LY = Riedel's parameter 
4 
y 
0 = acentricfactor 

Superscripts 
L = liquid 

The authors are grateful to Mobil Research and Develop- 

= defined by Equation (10) 

= reference pressure for ideal gas state entropy 

= constant as given in Table 1 
= constant as given in Table 1 
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s = saturation condition 
V = vapor 
* = ideal gas state 
(0) = simple fluid property 
(1)  = deviation function 
( I )  = reference fluid 

Subrcriph 
b = normal boiling point 
c = critical condition 
i, i, k = component identification 
r = seduced property 
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