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The critical temperature of any multicomponent hydrocarbon system may be established solely 
from the normal boiling points of the pure constituents. Such mixtures may include normal 
paraffins, isoparaffins, olefins, acetylenes, naphthenes, and aromatics and may contain an 
unlimited number of components. 

An expression has been developed for the prediction of the critical temperatures of mixtures 
and has been tested on fifty-five hydrocarbon systems containing from two to five components. 
For 208 binary mixtures the deviations from reported values were calculated, and the maximum 
deviations resulting from each system were averaged for the forty-one binary systems to produce 
an average maximum deviation of 0.91 % based on degrees absolute. For twenty-eight multi- 
component mixtures reported for nine ternary, two quaternary, and three quinary systems the 
average deviation was 1.03%. 

This method presents a simple and accurate means of establishing the critical temperature 
of any multicomponent hydrocarbon mixture as long as the ratio of the normal boiling points 
of the heaviest and lightest components present in  the mixture does not exceed the prescribed 
limits. 

The subject concerned with the criti- 
cal state of multicomponent mixtures 
is important in establishing the limiting 
case of vapor-liquid phase behavior. 
In reservoir engineering the critical 
temperatures of natural gas mixtures 
within the formation are important in 
establishing the possibility of liquefac- 
tion in the underground structure due 
to retrograde condensation. In addition 
modem trends indicate that the appli- 
cation of the theorem of corresponding 
states for mixture's is more amenable to 
the use of the actual critical state as a 

A,, 

basis rather than the pseudocritical 
state. Thus a knowledge of the critical 
state of multicomponent mixtures is of 
considerable importance in many areas 
of chemical engineering. 

From a consideration of the existing 
methods of predicting the critical tem- 
peratures of mixtures (7, 9, 10, 13, 23, 
40) no method was found which could 

Fig. 1. Relationships between binary temperature coefficients 
and normal boiling-point ratio (nonmethane systems). 

establish in a simple manner the criti- 
cal temperature of hydrocarbon mix- 
tures containing an unlimited number 
of components of all types. Therefore 
a comprehensive analysis of presently 
available critical-temperature data was 
attempted in order to develop a direct 
and accurate method for the establish- 
ment of this value from a minimum 
number of properties of the pure com- 
ponents. 

To this end the screening of several 
expressions that contained the pure 
component critical temperatures, the 
composition of the mixture, and nec- 
essary constants, and which also reduccd 
to the pure component critical tem- 
peratures in the limiting case of the 
compositions corresponding to the pure 
components, showed the following ex- 
pression to be acceptable: 

Fig. 2. Relationships between binary temperature coefficients 
and normal boiling-point ratio (methane systems). 
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i = l  
i#i 

For a binary system this expression 
reduces to the following: 

l + - A B  1 + - A a  
x1 xa 

For a ternary system this expression 
reduces to 

+ TO, 

For a four-component system twelve 
coefficients appear, for a five-compo- 
nent system twenty coefficients appear, 
for an n-component system n ( n  - 1) 
coefficients appear. Upon examination 
of the expanded binary and ternary 
expressions it is clear that a pure com- 
ponent critical temperature is obtained 
in the limiting case when the composi- 
tion corresponds to a pure substance. 
It is also obvious that the addition of a 
third component to a binary mixture 
should not affect the set of the binary 
temperature coefficients (Am, A, or 
A,, GI or A,, A, etc.). Thus for a 
three-component system three sets of 
binary coefficients are required, each 
set applying to one of the three binary 
systems comprising the ternary. In a 
similar manner for a four-component 
system six sets of binary coefficients are 
required, each set applying to one of 
the six binary systems comprising the 
quaternary. For an n-component sys- 
tem n(n  - 1)/2 sets of binary coeffi- 
cients are needed. 

A preliminary investigation of data 
for several normal paraffin binary and 
ternary systems indicated the feasibility 
of using Equation (1 )  to predict criti- 
cal temperatures. The essential point 
that this preliminary study verified was 
that the sets of binary coefficients ob- 
tained from binary critical-temperature 
data could be applied successfuIIy to 
multicomponent systems. 

BINARY SYSTEMS 

An extensive study was made of all 
critical temperature data appearing in 
the literature for binary hydrocarbon 
systems. The forty-one systems con- 
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TABLE 1. SYSTEMS INVESTIGATED AND EXPECTED CRITICAL TEMPERATURE DEVIATIONS 

Binary systems 

Methane-ethane (4)  
Methane-propane ( 3 2 )  
Methane-n-butane ( 3 7 )  
Methane-n-pentane (39) 
Methane-n-heptane (33 ) 
Ethane-propane (24) 
Ethane-n-butane (18) 
Ethane-n-pentane (35 )  
Ethane-n-heptane ( 1 7 )  
Propane-n-butane (27) 
Propane-n-pentane ( 3 8 )  
n-Butane-n-pentane ( 10) 
n-Butane-n-heptane (19) 
n-Butane-n-decane (31 ) 
n-Pentane-n-hexane ( 29 ) 
n-Pentane-n-heptane ( 6)  

Methane-isobutane (28) 
Methane-isopentane ( 1 ) 
Propane-isopentane (41 ) 
n-Pentane-neopentane ( 29 ) 
n-Hexane-neopentane (29 ) 

Max. 
dev., % 

0.26 
0.58 
0.74 
1.57 
2.98 
0.69 
0.34 
0.34 
0.64 
1.24 
0.25 
0.37 
0.26 
1.05 
0.45 
0.45 

1.79 
0.25 
0.25 
0.38 
0.25 

Ternary systems 

Methane-ethane-propane ( 30) 
Methane-ethane-n-butane ( 5 )  
Methane-ethane-n-pentane ( 3 ) 
Methane-propane-n-butane (36) 
Methane-propane-n-pentane ( 7 )  

Methane-ethylene-isobutane ( 2) 
Ethane-propane-n-pentane (1 0 )  
Propane-n-butane-n-pentane ( 10) 
n-Butane-n-pentane-n-hexane ( 10) 

Quaternary systems 

Ethane-propane-n-butane-n-pentane ( 10 ) 
Propane-n-butane-n-pentane-n-hexane ( 10 ) 

Binary systems 
Max. 

dev., % 

Methane-ethylene ( 14) 0.48 
Ethane-propylene (26) 0.31 
Propane-butene-1 (12) 0.82 
n-Butane-ethylene (42) 1.68 
n-Heptane-ethylene (20) 0.48 

Propane-acetylene (25) 1.89 

Methane-cyclohexane ( 3 4 )  2.72 
Ethane-cyclohexane (21 ) 0.82 
n-Pentane-cyclohexane (29) 1.00 
n-Hexane-cyclohexane (29 ) 0.22 

Ethane-benzene (22) 1.86 
Propane-benzene ( 11 ) 1.62 
n-Pentane-benzene ( 29 ) 1.83 
n-Hexane-benzene ( 29 ) 0.64 
n-Pentane-toluene ( 29) 0.80 
n-Hexane-toluene (29) 1.23 

Ethylene-propylene ( 1  6)  0.38 

Propylene-acetylene (25) 0.89 

Neopentane-cyclohexane (29) 0.60 
Neopentane-benzene (29) 1.73 

Number of 
mixtures Dev., % 

3 1.03 
5 0.57 
3 1.42 
4 1.52 
2 0.48 

2 1.10 
1 0.56 
1 0.39 
1 0.74 

1 0.41 
1 0.27 

Quinary systems 

Methane-ethane-propane-n-butane-n-pentane ( 10,15) 2 1.68 
Methane-ethane-propane-n-pentane-n-hexane ( 15 ) 1 3.22 
Ethane-propane-n-butane-n-pentane-n-hexane ( 10) 1 0.58 

sidered included components from the 
paraffins, olefins, acetylenes, naph- 
thenes, and aromatics. A list of the 
systems considered appears in Table 1. 
For each binary system a set of coeffi- 
cients A,, A,, was determined by sub- 
stituting critical temperature-composi- 
tion values in Equation ( 2 ) .  For the 
forty-one systems the 208 reported com- 
positions were utilized, averaging about 
five compositions for each system. For 
several systems a large number of al- 
lowable sets of coefficients were ob- 
tained; for several others only one set 
of coefficients resulted. 

The general trend in the values of 
the binary coefficients indicated that 
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they were related to the normal boil- 
ing-point range of the two components 
involved. It also seemed possible that 
the normal boiling point could handle 
adequately all types of hydrocarbons. 
Therefore a correlation was attempted 
between the set of binary constants, 
A,, A,,, and T = Tn,/Tn,, the normal 
boiling-point ratio of the pure com- 
ponents. The components were num- 
bered so that r was always greater than 
1.0. For twenty-five nonmethane, non- 
aromatics binary systems containing 
paraffins, olefins, acetylenes, and naph- 
thenes it was found that A,, A,, could 
be determined solely from the param- 
eter T. This relationship appears as 
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Figure 1. It should be noted that T 

ranges from 1.0 to 2.2 for those sys- 
tems studied. For the ethylene-n- 
heptane system T = 2.19. 

A separate relationship was devel- 
oped for the nine available methane 
systems. Again it was found that A,, 
A, could be determined solely from T .  

This relationship appears as Figure 2. 
It should be noted that T ranges from 
1.5 to 3.3 for those systems investi- 
gated. For the methane-ethylene sys- 
tem r = 1.52, and for methane-- 
heptane T = 3.30. An exception to this 
behavior is the methane+-butane 
system for which the values A, = 
0.86 and A,, = 0.60 should be used. 

For the seven systems considered 
which contained an aromatic hydro- 
carbon as one component A,, A,, values 
obtained from Figure 1 can be used, 
provided the following adjustment is 
made in the critical temperature of the 
pure aromatic: 

Tee ( O R . )  = T, ( O R . )  - 15 
for mole fraction aromatic > 0.60 

and 

T,;* ( O R . )  = T, ( O R . )  - 40 
for mole fraction aromatic < 0.60 

For example for benzene T o e  = 1,010 
- 15 = 995"R. and T,* = 1,010 - 
40 = 970"R. 

For the total of forty-one binary 
systems considered the deviations of 
critical temperatures obtained with 
Figures 1 and 2 from reported values 
were calculated for 208 compositions. 
The maximum deviation for each sys- 
tem is given in Table 1. For nonaro- 
matic systems the average of the maxi- 
mum deviation is 0.79%, based on 
degrees absolute. For the aromatic sys- 
tems the average of the maximum 
deviations is 1.39%. 

MU LTICOMPON ENT SYSTEMS 

The significance of Equation (1) 
lies in the fact not only that it may be 
used to predict accurately the critical 
temperatures of binary systems, but 
also that the binary coefficients may be 
utilized for the establishment of the 
critical temperatures of multicompo- 
nent mixtures. For a multicomponent 
mixture each set of binary coefficients 
corresponding to each pair of compo- 
nents is obtained from either Figure 1 
or Figure 2 and is substituted together 
with the composition ratios into the 
appropriate form of Equation (1). The 
components are numbered in order of 
increasing normal boiling point. Thus 
for a ternary system one set of coeffi- 

m 
1 bz 

Tb, ' 
cients is evaluated each for T = - 

To3 T% 
T b i  TOL. 

7 ' -  , r = -, where each value of 

r is greater than 1.0. For example the 
set of constants obtained from Figure 
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1 or Figure 2 corresponding to r = 
T b 3  - is A,, A,,, etc. The numbering 
l b l  

convention used in developing Figure 
1 and Figure 2 may be readily ex- 
tended in this manner to multicompo- 
nent systems. For clarity an example 
calculation of the critical temperature 
of a quaternary mixture is included. 
For multicomponent mixtures contain- 
ing methane Figure 2 is used only for 
the sets of binary coefficients corre- 
sponding to pairs of components in- 
cluding methane, while Figure 1 pro- 
duces coefficients for each nonmethane 
pair of components. The coefficients 
thus obtained from both figures may 
then be substituted into the appropri- 
ate form of Equation (1). The recom- 
mended set of coefficients for the 
methane-n-butane system should also 
be used for multicomponent calcula- 
tions. 

The quantity of critical temperature 
data for systems containing three or 
more components is limited. In order 
to test the binary constants the critical 
temperatures of twenty-eight mixtures 
from fourteen multicomponent systems 
were calculated. These included nine 
ternary systems, two quaternary sys- 
tems, and three quinary systems, which 
are listed in Table 1, together with the 
number of compositions considered and 
the average per cent deviation of the 
calculated values from the reported 
values for each system. For the twenty- 
eight compositions the average devia- 
tion is 1.03%, based on degrees ab- 
solute. This error is quite acceptable, 
particularly since much of the multi- 
component critical data had to be 
extrapolated from vapor-liquid equi- 
librium values. In addition, most of the 
systems contained methane, which 
usually causes extensive correlation 
difficulties. 

quaternary hydrocarbon mixture having the 
Example 

Establish the critical temperature of a 
following composition : 

Mole fraction Ta, O R .  T,, "R. 
1 Ethane 0.254 33 1.7 549.5 
2 Propane 0.255 416.1 666.0 
3 n-Butane 0.255 491.6 765.7 
4 n-Pentane 0.236 556.6 847.1 

1.000 

For this system there exist six binary pairs, each of which determines a set of binary 
coefficients. These coefficients are obtained from Figure 1 and are listed below together 
with the T values. 

T Temperature coefficients 
Ethane-propane 1.254 Aiz = 0.966 A21 = 0.986 
Ethane-n-butane 1.482 A13 = 0.849 Am = 0.960 
E thane-n-pentane 1.678 Aia = 0.813 Aai = 0.883 
Propane-n-butane 1.181 Am = 1.017 Asz = 0.973 

A42 = 0.986 
n-Butane-n-pentane 1.132 As, = 1.059 Am = 0.9585 

A24 = 0.914 Propane-n-pentane 1.338 

These values are substituted into the expanded form of Equation (1 )  for a quaternary 
mixture: 

T c2 + To1 T,, = 

Q4 + + 

- 549.5 
Y'cm = t 0.255 0.255 0.236 

(0.996) + - (0.849) + - (0.813) I+- 0.254 0.254 0.25'4 
666.0 

- T  0.254 0.255 0.236 
0.255 0.255 0.255 

(0.986) + - (1.017) + - (0.914) I+- 

765.7 + 0.254 0.255 0.236 
(0.960) + - (0.973) + - (1.059) 

0.255 0.255 
1+- 0.255 

847.1 ~ 

= 734"R. 
0.254 0.255 0.255 

0.236 0.236 0.236 
(0.883) + - (0.986) + - (0.955) 1 + -  

Etter and Kay (10) report a critical temperature of 731"R. for this mixture, 
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CONCLUSIONS 

A direct and accurate method for the 
prediction of the critical temperatures 
of multicomponent hydrocarbon sys- 
tems has been developed. From a 
knowledge of the normal boiling points 
and critical temperatures of the pure 
components the critical temperature of 
a mixture containing an unlimited 
number of components may be esti- 
mated with an expected error of ap- 
proximately 1 % . The components may 
be normal paraffins, isoparaffins, ole- 
fins, acetylenes, naphthenes, and aro- 
matics and are limited only by the 
prescribed boiling-point ratio ranges. 
This approach may be extended to 
systems containing nonhydrocarbon 
components once a reasonable quantity 
of data on such systems becomes avail- 
able. 

NOTATION 

At, = temperature coefficient for 
binary system consisting of i 
and j components 

n = number of components 
Tat = normal boiling point of ith 

component, OR. 
Tc* = corrected critical temperature 

for aromatic component, OR. 
T O i  = critical temperature of ith 

component, OR. 
To,  = critical temperature of mix- 

ture, O R .  

x, = mole fraction of ith compo- 
nent 

x: = mole fraction of jth compo- 
nent ~~. 

r = normal boiling-point ratio, 
Tb,/T% 
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A Note on the Method of Moments 
JOHN B. BUTT 

Yale University, New Haven, Connecticut 

Increasing attention has been de- controlled is subject to such analysis. has been discussed by several workers 
(1, 2, 3, 5, 7, 9, 10) after the original 
suggestions of Van der Laan ( 1 5 ) .  Ap- 
plications to chemical engineering have 
been almost exclusively in various dis- 
cussions of the fixed-bed, axial disper- 
sion problem. Although there are cer- 

voted to methods of unsteady state 
analysis in the investigation of various 
systems of chemical engineering inter- 
est. Response analysis techniques are 
standard methods in feedback control 
theory, and any system which is rate 

Analytical solution of the equations of 
many systems, even though linear, is 
often formidable, and various alterna- 
tives have been used. Characterization 
of a response function in terms of mo- 
ments can be useful in some cases and 
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