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s i n c e  t h e  publ icat ion of t h e  a r t ic le ,  “Correlat ions of Cri t i -  
c a l  Cons tan ts  with Parachors”  (1) more experimental  d a t a  
on c r i t i ca l  c o n s t a n t s  have  become ava i lab le  in  t h e  l i tera-  
ture. IJ t i l iz ing experimental  d a t a  from t h e  l i terature  through 
1955, t h e  c o n s t a n t s  for t h e  equat ions  for es t imat ing c r i t i ca l  
temperature ,  p ressure ,  and volume have been re-evaluated 
by the  Computer Group a t  E t h y l  Corp., Baton Rouge,  L a .  
T h e s e  new c o n s t a n t s  give more re l iab le  cor re la t ions  when 
appl ied to  a l l  of t h e  da ta  now ava i lab le .  Also, they d is -  

t r ibute  the  range of devia t ions  of ca lcu la ted  c r i t i ca l  con- 
s t a n t s  f r o m  experimental  c o n s t a n t s  more evenly among the  
different groups of compounds. 

T h e  new c o n s t a n t s  presented in  T a b l e s  I, 11, and 111 ex- 
tend the  range of appl icat ion of Herzog’s original correla- 
tion between parachors  and cr i t i ca l  cons tan ts ,  b e c a u s e  12 
rather than  s i x  groupings of compounds have  been recognized. 

T h e  new equat ion c o n s t a n t s  a r e  based  on ca lcu la ted  
parachors  using the  atomic and s t ructural  cons tan ts  of Mum- 

Group of Compounds 
Covered by Equation 

Alkanes (excluding 
methane) 

Alkenes and alkynes 
Cycloalkanes 
Aromatics 
Ethers 
Ketones 
Acids 
Es t e r s  
Alcohols 
Nitrogen compounds 
Sulfur compounds 
Halogenated hydrocarbons 

Total  

T a b l e  I. Cr i t ica l  Temperature 

Equations Derived 
by Leas t  Squares 

T,/TB - 2.480 - 0.4030 log P 
T,/TB - 2.298 - 0.3199 log 1 1  P 
T,/TB 2.679 - 0.4726 log [PI 
T,/TB = 2.802 - 0.5259 log [PI 
T,/TB 2.529 - 0.4310 log [PI 
T,/TB * 1.775 - 0.1139 log [PI 
T,/TB 2.335 - 0.3861 log [PI 
T,/Ta 2.562 - 0.4522 log [PI 
T,/TB - 1.544 - 0.0337 log [PI 
T,/TB - 2.011 - 0.2166 log [PI 
T,/TB - 2.698 - 0.4848 log [PI 
T c / T ~  = 2.294 - 0.3224 log [PI 

No. of Compounds 
in Group 

38 
18 

5 
15 
6 
6 
6 

12 
11 
17 
6 

32 

172 
- 

Reliabil i ty,  
7 0  

2.0 
3.3 
2.8 
1.2 
1.6 
2.9 
1.1 
1.1 
4.5 
4.6 
3.4 
5.8 

Group of Compounds 
Covered by Equation 

Alkanes (excluding methane) 
Alkenes and alkynes 
Cycloalkanes 
Aromatics 
Ethers  
Ketones 
Es t e r s  
Alcohols 
Nitrogen compounds 
Sulfur compounds 
Halogenated hydrocarbons 

Total  

T a b l e  II. Cr i t ica l  Pressure 

Equations Derived 
by Leas t  Squares 

log p c  - 2.784 - 0.5357 log [PI 
log p c  - 2.700 - 0.4818 log [PI 
log p c  = 3.596 - 0.8430 log [PI 
log p c  - 3.716 - 0.8785 log [PI 
log p c  = 3.582 - 0.8579 log [PI 
log p c  - 2.170 - 0.2476 log [PI 
log p c  - 3.559 - 0.8410 log [PI 
log p c  - 2.614 - 0.3885 log [PI 
log p c  = 2.470 - 0.3656 log [PI 
log p c  = 3.730 - 0.9034 log [PI 
log p c  - 2.863 - 0.5470 log [PI 

No. of Compounds 
in  Group 

38 
11 

5 
14 

5 
5 

12 
9 

17 
6 

29 

151 
- 

Reliabil i ty,  
70 

8.3 
13.0 
4.4 
6.5 

23.5 
21.7 

7.9 
18.3 
34.0 

6.6 
43.7 

Group of Compounds 
Covered by Equation 

Alkanes (excluding methane) 
Alkenes and alkynes 
Cycloalkanes 
Aromatics 
Ethers  
Ketones 
Acids 
E s t e r s  
Alcohols 
Nitrogen compounds 
Sulfur compounds 
Halogenated hydrocarbons 

Total  

T a b l e  111. Cr i t ica l  Volume 

Equations Derived 
by L e a s t  Squares 

V, - 1.301 (P) t 
V, - 1.411 (P) - 
V, - 1.254 (P) + 
V, - 1.400 (P) - 
V ,  - 1.324 (P) - 
V, - 0.682 (P) + 1 

V ,  - 1.506 (P) - 
V, - 1.070 (P) t 
V, - 1.458 (P) - 
V ,  - 1.358 (P) - 

v, - 1.502 (P) - 
v, - 1.109 (P) t 

8.469 
13.157 
7.658 

25.604 
2.569 

124.691 
25.560 
38.039 
29.638 
53.263 
29.008 

9.354 

No. of Compounds 
in Group 

37 
7 
5 

14 
6 
5 
4 

12 
5 
8 
4 

24 

131 
- 

Reliabil i ty,  
70 

6.1 
3.2 
6.1 
1.1 

13.8 
16.3 
0.8 
3.9 

10.6 
8.0 
3.1 

11.5 
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ford and  Phi l l ips ,  a s  w a s  done by Herzog in h i s  original 
a r t ic le .  Cons tan ts  were a l s o  der ived for t h e s e  equat ions  
using experimental parachors  but no  s ignif icant  improve- 
ment in correlation w a s  observed.  Hence,  i t  w a s  decided 
t o  u s e  t h e  calculated parachors  throughout s i n c e  calculated 
parachors a r e  normally more convenient  to  use .  

Equat ions with t h e  re-evaluated c o n s t a n t s  a r e  shown in  
T a b l e s  I, 11, and 111, together with their  per cent  “reliabili- 
t i es .”  Rel iab i l i t i es  of t h e  es t imated  T ,  values  were calcu-  
la ted using the  equat ion shown below. T h i s  equat ion g ives  
the  maximum deviat ion to b e  expec ted  in 95% of the  c a s e s .  

T h e  s a m e  approach w a s  used  in determining the  p c  and V, 
equat ion rel iabi l i t ies .  

d = 2 0 0  {- 1 
n - 1  T,(exptl.) 
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Prediction of Compressibility of Natural Gas Mixtures by 

Use of the Benedict-Webb-Rubin Equation of State 

JUI SHENG HSIEH’ and RICHARD H. ZIMMERMAN 
T h e  Ohio  State Universi ty,  Columbus, Ohio 

A knowledge of t h e  pressure-volume-temperature properties 
of natural  g a s  is of great  importance in t h e  transportation, 
s torage,  and u s e  of t h e  gas a s  a fuel  and  a s  a source  of 
raw mater ia ls  for chemical  syntheses .  B e c a u s e  of t h e  
var iab le  composition of natural  g a s  and t h e  time and sk i l l  
required t o  determine t h e  P-V-T propert ies  in t h e  laboratory, 
i t  h a s  long been t h e  goal  of research engineers  within t h e  
industry t o  find a n  accura te  method for their  calculat ion.  
Heretofore, t h e  methods proposed have been of limited ap- 
plication. T h e  ten ta t ive  s tandards a s  s e t  forth by t h e  
Natural  Gasol ine  Associat ion of America (25) and t h e  
Cal i fornia  Natural Gasol ine  Associat ion (9, 10) a r e  e i ther  
not of suff ic ient  accuracy or a r e  limited t o  re la t ively low 
pressures .  Following t h e  pseudo-critical concept  of Kay 
(13), and assuming the  law of corresponding s t a t e  val id  for 
any natural g a s  mixture, Dunkle (12) proposed a method 
us ing  pure methane a s  t h e  b a s i s  for evaluat ing t h e  com- 
pressibi l i ty  of natural g a s  mixtures. Dunkle’s approach 
w a s  la ter  used  by Zimmerman and Bei t le r  (16, 17). Their  
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method i s  simple and accura te  for most natural g a s e s , a n d  
h a s  been adopted by t h e  American G a s  Associat ion a s  a 
new standard for t h e  natural  g a s  industry (1). However 
when t h e  ethane and/or nitrogen and carbon dioxide con- 
t e n t s  a r e  high, t h i s  method i s  not so accura te  a s  i s  gener- 
a l ly  desired.  

T h e  present study was  undertaken t o  t e s t  the  appl icat ion 
of the  Benedict-Webb-Rubin equat ion of s t a t e  (4, 5) to  t h e  
prediction of t h e  compressibi l i ty  of natural g a s  mixtures 
and particularly t o  mixtures of high e thane  and/or nitrogen 
and carbon dioxide content. T h e  study was  confined to  t h e  
g a s e o u s  phase in the  pressure and temperature ranges  
usual ly  encountered in i t s  transportation and storage. T h e  
data  on natural g a s  mixtures compiled’ by Zimmetman and 
Bei t ler  (16, 17j were used  for purposes  of comparison in 
the  study. 

CONSTANTS FOR BENEDICT-WEBB-RUBIN EQUATION OF 
STATE 

Benedict ,  Webb, and Rubin (5)  have  proposed t h e  follow- 
ing empirical equat ion for the  representation of the  P-V-T 
re lat ions of a pure gas :  

T a b l e  1. Values of  Constants in  Benedict-Webb-Rubin Equation o f  State for Compounds Constituting Natural  Gas Mixtures 

Units. P = pounds per square inch absolute 
T = degrees  Rankine (OF. + 459.63) 
d = pound-moles per cubic foot 
R = 10.7335 

Ethane, 
Methane, ( 4 )  Propane, Isobutane, n-Butane, 

( 4 )  Adjusted ( 4 )  ( 4 )  ( 4 )  

BO 0.682401 1.00554 1.55884 220329 1.99211 
A0 6,995.25 15,525.3 25,9 15.4 38,587.4 38,029.6 

c o x  10- 275.763 2,194.27 6,209.93 10,384.7 12,130.5 
b 0.867325 2.85393 5.77355 10.8890 10.2636 
a 2,984.12 20,850.2 57,248.0 117,047 113,705 

a 0.511172 1.00044 2.49577 4.4 1496 4.52693 
Y 1.53961 3.02790 5.64524 8.72447 8.72447 

c x 10- 498.106 6,279.39 25,247.8 55,977.7 61,925.6 

n-Pentane, n-Hexane, n-Heptane, Carbon Dioxide, Nitrogen, 
( 4 )  ( 4 )  ( 4 )  Proposed (8  ) 

BO 2.51096 2.84835 3.18782 0.558255 0.652648 
A0 45,928.8 54,443.4 66,070.6 8,192.54 3,973.31 

b 17.1441 28.0032 38.99 17 1.36384 0.597292 
a 246,148 429,901 626,106 10,554.4 1,516.34 

c x 1v- 161,306 296,077 483,427 2,959.67 142.564 
a 7.43992 11.5539 17.90 56 0.193192 0.522851 
Y 12.1886 17.1115 23.09 42 1.07773 1.35999 

c o x  10- 25,917.2 40,556.2 57,984.0 1,864.48 98.4657 

Isopentane, 
(4  1 

2.56386 
48,253.6 
21,336.7 
17.1441 
226,902 
136,025 
6.98 77 7 
11.8807 
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