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Generalized Vapor Pressure Behavior 
of Substances Between Their Triple 
Points and Critical Points 

Several approaches are utilized for the estimation of the parameters 
associated with the normalized vapor pressure equation 

to develop a capability for the prediction of vapor pressures consistent with 
the theorem of corresponding states. In this development, conditions and 
restrictions associated with the critical point and the normal boiling point 
were used to establish the vapor pressure parameters a, p, y, and m. For 
the evaluation of these parameters, five different approaches were applied, 
and vapor pressures calculated with each of them were compared with 
corresponding experimental values presented in the literature. These com- 
parisons were further examined using the results of four other well-known 
vapor pressure equations available in the literature. 

This evaluation included 138 substances of all types and involved a 
total of 7,633 literature reported vapor pressure values to show that im- 
proved results are possible through the involvement of the generalized vapor 
pressure equation of this investigation. 

MATE0 GOMEZ-NIETO 
and 

GEORGE THODOS 
Northwestern University 
Evanrton, lllinoir 60201 

SCOPE 

The perennial involvement of the vapor pressure be- 
havior of substances makes it mandatory that simple and 
exacting relationships be established that are capable of 
predicting vapor pressures over the complete liquid re- 
gion included between the triple point and the critical 
point of a substance. In this context, a generalized vapor 
pressure equation, consistent with the theorem of corres- 
ponding states, has been examined and tested to show 
that improved results are possible with it. The capabiIity 

of this generalized relationship permits the calculation of 
vapor pressures that find use in vapor-liquid equilibria of 
both simple and complex mixtures, the estimation of la- 
tent heats of vaporization over the complete liquid range, 
and thermodynamic properties associated with the satu- 
rated vapor-liquid state. In addition, the analysis asso- 
ciated with this study constitutes a basis for evaluating 
parameters that find use in the application of the theorem 
of corresponding states for both gases and liquids. 

CONCLUSIONS AND SIGNIFICANCE 

Average percent deviations resulting from the use of in the literature. The capability of the vapor pressure 
this generalized vapor pressure equation are smaller than equation examined in this study has been extensively 
those obtained from corresponding relationships available tested using 138 substances and involving a total 7 633 

vapor pressure values reported in the literature. One of 
y Technologia, Mbxico. the proposed schemes for estimating the vapor pressure 
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parameters of this generalized vapor pressure equation 
yields an overall average deviation of l.05%, while the 

eters yielded deviations of 1.42, 1.43, 1.55, and 1.58%. 
Using the capability of four well-established methods 
available in the literature. these deviations were found 

other four approaches for the estimation of these param- to be 1.52, 1.71,2.28, and 3.39%. 

The last 30 yrs. have witnessed, among other develop- 
ments, concerted efforts to account for the vapor pres- 
sure behavior of substances at low pressures and also at 
pressures sufficiently high to approach in the limit the 
critical state of these substances. Attempts to generalize 
the dependence of the vapor pressure function are re- 
ported in the literature in the early work of Gamson 
and Watson (1944) which presents as a compromise 
of simplicity and accuracy, the vapor pressure function 
in reduced coordinates through the relationship 

Parameters A and b were evaluated for over forty com- 
pounds, comprising representative members of organic 
series and a few miscellaneous inorganic substances. Values 
for parameter b were found to range from 0 for methane 
and hydrogen cyanide up to 0.358 for pentatetracontane 
( C;g,Hs2), with values of 0.165 and 0.243 for such polar 
substances as water and methanol, respectively. Near 
the critical point, Equation (1)  becomes linear where the 
contribution of the exponential term becomes negligible. 
However, in the low pressure region, this term properly 
accommodates the nonlinear behavior of actual vapor 
pressure data to produce deviations from experimental 
data that were claimed to be generally less than 2% for 
pressures varying from the critical point down to 0.1 mm. 

The nonlinear nature of the vapor pressure function in 
the low pressure region is well represented by the Ran- 
kine-Kirchhoff relationship which, in its reduced form, 
becomes 

(2) 
B 
T R  

In P R  = A + - f c In T R  

Equation (2)  follows from the integration of the Clapey- 
ron equation that on the assumption the liquid molar 
volume can be neglected, the vapor behaves ideally and 
the latent heat of vaporization is linearly dependent on 
temperature. Although these assumptions are only ap- 
proximate, and in particular fail near the critical point, 
Equation ( 2 )  holds very well over a wide range of 
temperatures. In many respects, Equations (1)  and (2)  
describe ostensibly vapor pressure functions of a similar 
nature, with both exhibiting a linear dependence of In PR 
on l / T R  in the vicinity of the critical point. 

The true nature of the complete vapor pressure func- 
tion was not recognized until 1950. At that time, Thodos 
(1950) pointed out that the ln P vs. 1/T dependence 
of this function, in the high pressure region, was not 
actually linear, but instead it curved towards the critical 
point. With this characteristic property, the vapor pres- 
sure behavior for real substances can be represented as 
an elongated S shaped function, which is characterized 
with a reversal in curvature in the vicinity between the 
normal boiling point and the critical point of a substance. 
This overall behavior of the vapor pressure function was 
later corroborated from the studies of IVaring (1954). 

Attempts to take into account the reversal of curvature 
of the vapor pressure function in the high pressure region 
have been reported in the literature. Using semitheoretical 
arguments, krost and Kalkwarf (1953) attempt to ac- 
count for this inflection point with the development of 
the transcendental vapor pressure relationship 

B P 
l n P  = A +  - + C l n T  + D- 

T T2 

In their development, they assumed that the latent heat 
of vaporization depends linearly on temperature, that 
the molar volume of the liquid state can be neglected, 
as did Rankine (1851) and Kirchhoff (1858), but that 
the volumetric dependence of the saturated vapor can 
be represented by a van der Waals' type of behavior. 
In Equation (3 ) ,  D = d R 2 ,  where (I is the van der Waals 
constant a = 27R2T,2/64Pc. Reynes and Thodos (1962) 
normalize Equation (3 )  to produce the generalized vapor 
pressure function 

(3) 

in which the coefficient 0.1832 represents a universal 
constant for this function. 

Another approach to account for the reversal in curva- 
ture is suggested by Riedel (1954), who proposes the 
relationship in reduced form 

(5) 
B 

T R  
h P R  = A  + -$ C l n  TR + DTR' 

to define the vapor pressure explicitly in terms of tem- 
perature. In this connection, Riedel (1954) utilizes prop- 
erties consistent with the vapor pressure function to pro- 
duce the parameters of Equation (5) .  In this regard, 
the parameter a = d In P R / d  In T R  is introduced which 
when evaluated at the critical point becomes the constant 
a, = ( d  In PR/d In T R )  c, a characterization parameter 
for a substance. This parameter is commonly referred to 
as the Riedel parameter. As the critical point is approached 
along the saturation line, Plank and Riedel (1948) postu- 
late a trivial dependence of a on TR and therefore pro- 
pose the boundary condition (&/dTR), = 0. This bound- 
ary condition of Plank and Riedel (1948) is not shared 
by Goodwin (1969) who suggests that (d2P/dTZ) ,  ma 
be unbounded. In this connection, Zia and Thodos (19'747 
have utilized the high vapor pressure data of Beattie and 
Kay (1937), Kay (1938), and Young (1898) for n-hep- 
tane in order to verify the practical involvement of this 
Riedel-Plank condition at the critical state. The treatment 
by Zia and Thodos (1974) shows that a plot of log PR 
vs. log T R  becomes linear in the neighborhood of the 
critical point, indicating that the Riedel-Plank boundary 
condition appears to be applicable. Equation (5) ,  coupled 
with the aC parameter and the boundary condition 
( d a / d T R ) ,  = 0, possesses simplicity and is capable of 
reproducing vapor pressures accurately. 
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Another vapor pressure relationship that has been cited 
frequently in the literature is due to Miller (1964). The 
form of the function suggested by Miller involves a 
third-order polynomial in temperature which, in its sim- 
plified form, can be expressed as 

1 
TR 

In P R  = - (A -4- BTR + CTR' 3- D T R ~ )  ( 6 )  

In using Equation (6) ,  Miller utilizes the Ricdel param- 
eter ac and the Riedel-Plank restrlction ( d a / d T R ) ,  = 0 
to eliminate two constants from this equation. Equation 
(6)  is referred to by Reid and Sherwood (1966) as the 
Riedel-Plank-Miller equation, and they express a high 
regard for its ability to represent the vapor pressure 
behavior of substances. 

In attempting to generalize the vapor pressure func- 
tion, Thek and Stiel (1966) propose a relationship which 
can be expressed as 

1 
In P R  = - (A 4- BTR -+ CTR2 + D T R ~  

T R  + ETR In T R  + FTRfL) ( 7 )  

These investigators also utilize the Riedel and Riedel- 
Plank conditions to simplify Equation (7)  in order to 
present a final generalized relationship. Zia and Thodos 
(1974) apply their development to the behavior of thirty- 
three hydrocarbons of all types and utilize the vapor 
pressure function 

to represent the dependence of vapor pressure on tem- 
perature between the triple point and critical point of 
these hydrocai-bons. Their treatment included normal 
alkanes, from methane through dodecane, a number of 
iso-alkanes, olefins, naphthenes, and aromatics. 

Interest in this direction is expressed through the 
studies of Gdmez-Nieto and Thodos (1977u, 1977b) 
who attempt to maintain mathematical simplicity without 
sacrificing accuracy and propose the relationship 

In their studies, they utilize experimental data over the 
complete liquid region, whenever possible, to account 
for the vapor pressure behavior of n-alkanes ranging from 
methane through eicosane and nonpolar substances in 
general (Gbmez, Nieto and Thodos, 1 9 7 7 ~ )  and the 
treatment of compounds possessing polar and hydrogen 
bonding characteristics (G6mez-Nieto and Thodos, 
1977b). Equation (9) has been shown to represent the 
vapor pressure behavior of substances in a generalized 
manner within classes of compounds. However, this ex- 
pression could prove more utilitarian if its application 
were extended to encompass substances of all types in a 
more comprehensive manner so as to produce a general- 
ized approach for the prediction of vapor pressures for 
all types of substances. Such an analysis will require 
that the prediction of the parameters of Equation (9)  
be reestablished using more generalized arguments com- 
mensurate with the theorem of corresponding states. 

THIRD CORRELATING PARAMETERS 

Attempts to account for the deviation of properties 
predicted from the involvement of reduced temperature 
and reduced pressure using the theorem of corresponding 
states have been proposed through the introduction of 
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an additional third correlating parameter. In this con- 
nection, Meissner and Seferian (1951) suggest this pa- 
rameter to be the critical compressibility factor Z, = 
P,u,/RT,. The involvement of this parameter requires 
that the coexisting pressure, volume, and temperature of 
a substance at the critical point be available with a high 
degree of accuracy. The value of zc as a third correlating 
parameter was extensively investigated by Lydersen et al. 
( 1955) for seventy-one different compounds. However, 
since zc requires for its calculation knowledge of the 
critical volume, this parameter cannot be properly es- 
timated from the vapor pressure behavior of a substance 
at the critical point. 

On the other hand, third correlating parameters de- 
rived from the vapor pressure behavior of substances 
have been suggested in the literature. In this context, 
Pitzer (1955), and Pitzer et al. (1955) introduce the 
acentric factor w as a correlating parameter to account 
for the nonspherical nature of a molecule. This param- 
eter can be visualized to express the deviation of the 
intermo!ecuIar potential function of a substance from 
that of simple spherical molecules. The acentric factor 
is defined through the vapor pressure function at TR = 
0.700 as 

and ranges from 0 for spherically symmetric atoms such 
as argon, krypton, and xenon to 0.600 for such hydrogen 
bonded polar molecules as pentanol. Another characteriza- 
tion parameter associated with the vapor pressure func- 
tion is that suggested by Riedel (1954) who proposes 
the slope of the vapor pressure function at the critical 
temperature as the correlating parameter needed to ac- 
count for the behavior of different substances through 
the corresponding states principle. This parameter, de- 
fined as 

d l n  PR 

d In TR T ~ = 1 . 0 0  
ffc = 

utilizes the conditions surrounding the critical point of 
the vapor pressure function for its numerical evaluation. 
The Riedel parameter aC is a fundamental third param- 
eter and requires for its establishment only two variables 
for its definition at the critical point. 

Since the acentric factor w and the Riedel parameter ac 
are properties derived from the vapor pressure function, 
the constants a, /3, 7, and exponent rn of Equation (9)  
become indispensable requirements for the calculation of 
these parameters. In this connection, the vapor pressure 
parameters reported by G6mez-Nieto and Thodos ( 1 9 7 7 ~ )  
for inorganic substances, hydrocarbons of all types, and 
polar and hydrogen bonding substances ( G6mez-Nieto 
and Thodos, 1977b) have been consulted. These param- 
eters resulted from an exhaustive literature search of 
vapor pressure data, a careful screening of these data 
for internal consistency, and a critical analysis of their 
behavior using a nonlinear regression technique. The 
vapor pressure parameters derived from this regression 
analysis are presented elsewhere ( G6mez-Nieto and Tho- 
dos, 1977a, b ) ,  and these values have been used to cal- 
culate both the Pitzer acentric factor o and the Riedel 
parameter aC. The Pitzer acentric factor w follows directly 
from Equation ( l o ) ,  while the Riedel parameter can be 
shown to be = - pm + 77. Values of w and ac calcu- 
lated from these original vapor pressure parameters are 
presented in Table 1 for the inorganic, polar, and hydrogen 
bonded substances, in Table 2 for saturated alkanes, and 
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1-butene 
2cis-butene 
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2trans-pentene 
1-hexene 
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1-octene 
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1,3-butadiene 
1
 ,e-pentadiene 
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1,3trans-pentadiene 
1,4-pentadiene 
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cetylenes 
E
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C
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M
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E

 thylcy clopentane 
C

yclohexane 
M

ethylcyclohexane 
E

thylcyclohexane 
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28.05 
169.44 

42.08 
225.45 

56.10 
266.89 

56.10 
276.89 

56.10 
274.03 

70.13 
303.12 

70.13 
310.09 

70.13 
309.50 

84.16 
336.64 

98.18 
366.79 

112.21 
394.43 

40.06 
238.65 

54.09 
284.00 

54.09 
268.74 

68.12 
318.01 

68.12 
317.22 

68.12 
315.18 

68.12 
299.12 

68.12 
321.42 

26.04 
188.42 

40.06 
249.94 

54.09 
281.23 

54.09 
30012 

68.12 
313.32 

68.12 
329.21 

42.08 
240.30 

56.10 
284.60 

70.13 
322.41 

84.16 
344.96 

98.18 
376.62 

84.16 
353.89 

98.18 
374.08 

112.21 
404.93 

98.18 
391.94 

112.21 
424.30 

78.11 
353.25 

92.13 
383.78 

106.16 
409.33 

106.16 
417.56 

106.16 
412.25 

106.16 
411.50 

128.16 
491.10 

142.19 
517.79 

Tc, “K
 

283.10 
365.00 
419.60 
430.20 
430.20 
464.20 
474.80 
473.90 
503.80 
537.50 
566.80 

385.37 
445.99 
425.20 
486.92 
485.71 
482.61 
458.00 
492.12 

309.65 
394.75 
441.63 
471.33 
479.76 
504.06 

406.70 
464.40 
512.10 
534.20 
570.80 
553.20 
570.90 
603.40 
588.40 
620.20 
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749 70 
764.30 
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ethylnaphthalene 

142.19 
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50.50 
45.60 
39.70 
41.00 
41.00 
34.95 
35.95 
35.88 
31.22 
28.11 
25.50 

52.47 
45.56 
42.70 
39.07 
38.34 
38 09 
36.70 
39.72 

61.60 
47.63 
43.96 
47.25 
37.68 
39.82 

57.20 
50.29 
44.60 
37.54 
33.66 
40.00 
34.18 
30.90 
36.10 
32.90 

48.60 
41.56 
36.51 
36.83 
35.91 
35.01 
39.20 
34.49 
34.49 

S
 

5.8467 
6.1712 
6.4337 
6.7067 
6.5162 
6.6876 
6.7440 
6.7403 
6.9295 
7.1683 
7.4111 

6.4418 
6.6956 
6.4481 
6.9007 
6.8652 
6.8520 
6.7826 
6.9324 

6.4046 
6.6683 
6.6334 
6.7585 
6.8319 
6.9370 

5.8437 
6.2014 
6.4550 
6.6087 
6.8198 
6.5498 
6.7125 
6.9998 
7.1549 
7.5663 

6.5656 
6.8205 
7.1222 
7 0191 
6 9758 
7.0787 
6.9673 
7.4372 
7.2796 

0
 

0.0826 
0.1419 
0.1902 
0.2481 
0.2105 
0.2407 
0.2494 
0.2483 
0.2856 
0.3311 
0.3785 

0.1888 
0.2428 
0.1945 
0.2803 
0.2739 
0.2730 
0.2579 
0.2859 

0.1823 
0.2251 
0.2166 
0.2487 
0.2595 
0.2811 
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0 2992 
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7.500 
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7.714 
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6.810 
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7.547 
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7.057 
0.810 
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6.421 
0.942 

7.018 
0.846 

6.902 
0.881 

7.089 
0.866 

5.789 
0.889 

6.622 
0.820 

6.702 
0.843 

7.027 
0834 

7.173 
0.844 

6878 
0840 

7.243 
0824 

7.494 
0.873 

8.474 
0,783 

9.443 
0.773 

7.013 
0.829 

6.769 
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7.759 
0823 
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27 
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28 
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143 
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51 
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M
ethod 

M
ethod M

ethod M
ethod M
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A

 
0.46 
0.29 
0.27 
3.04 
1.74 
0.66 
0.22 
0.36 
0.31 
0.18 
0.55 

4.99 
4.21 
1.08 
2.38 
1.80 
2.37 
2.54 
0.93 

0.80 
1.07 
2.51 
0.84 
1.94 
0.94 

4.33 
5.74 
0.39 
0.96 
0.95 
1.05 
0.39 
0.15 
2.76 
4.42 

0.66 
0.63 
1.22 
0.64 
2.22 
0 10 
2.49 
0.42 
1.70 

B
 

0.65 
0.43 
0.22 
0.23 
0.33 
0.14 
0.33 
0.25 
0.05 
0.44 
0.39 

4.73 
4.09 
0.63 
1.38 
0.40 
0.49 
1.63 
1.48 

0.74 
1.03 
0.46 
0.82 
0.66 
1.49 

1.61 
5.93 
0.44 
0.88 
0.31 
0.62 
0.59 
0.04 
0.17 
0.45 

0.80 
I .87 
0 08 
0.25 
0.27 
0.50 
2.92 
1.04 
0.87 

C
 

0.55 
0.28 
0.27 
2.78 
1.67 
0.76 
0.31 
0.45 
0.58 
0.51 
0.29 

4.82 
3.97 
1.00 
2.28 
1.75 
2.33 
2.46 
0.81 

0.57 
1.41 
2.81 
0.66 
1.97 
0.91 

4.05 
5.38 
0.19 
0.48 
0.16 
0.63 
0.48 
0.85 
2.98 
4.65 

0.53 
0.85 
1.81 
0.19 
1.29 
0.78 
0.85 
2.09 
0.35 

D
 

0.67 
0.30 
0.29 
2.89 
1.74 
0.84 
0.40 
0.54 
0.71 
0.73 
0.47 

4.84 
4.07 
1.06 
2.42 
1.89 
2.46 
2.61 
0.96 

0.58 
1.34 
2.69 
0.74 
1.82 
0.98 

4.28 
5.46 
0.21 
0.40 
0.04 
0.61 
0.59 
1
 .oo 

3.07 
4.74 

0.50 
0.92 
1.99 
0.34 
1.13 
0 95 
0.70 
2.28 
0.53 

E
 

0.53 
0.28 
0.24 
2.64 
1.59 
0.65 
0.17 
0.31 
0.37 
0.11 
0.32 

4.81 
3.86 
0.93 
2.07 
1.56 
2.14 
2.25 
0.58 

0.57 
1.51 
2.95 
0.55 
2.18 
0.81 

4.05 
5.40 
0.19 
0.58 
0.36 
0.68 
0.33 
0.57 
2.77 
4.26 

0.57 
0 76 
1.46 
0.13 
1.55 
0.45 
1.10 
1.54 
0.18 

R
iedel 

0.39 
0.44 
0.53 
2.91 
1.87 
0.98 
0.57 
0.71 
0.94 
1.03 
0.91 

4.98 
4.01 
1.16 
2.44 
1.93 
2.50 
2.61 
0.96 

0.68 
1.41 
2.77 
0.80 
1.75 
0.96 

3.60 
5.25 
0.27 
0.27 
0.28 
0 52 
0.83 
1.21 
3.34 
5.06 

0.59 
0.96 
2.11 
0.46 
0.97 
1.12 
0.75 
2.44 
0.68 

literah 
R

-P-M
 

0.70 
0.73 
0.65 
1.84 
0.81 
0.22 
0.30 
0.15 
0.16 
0.25 
0.45 

4.52 
3.03 
0.57 
1.47 
0.96 
1.55 
1.48 
0.29 

0.63 
2.48 
4.13 
0.21 
2.84 
0.79 

4.03 
6.54 
1.01 
1.14 
0.79 
1.20 
0.16 
0.41 
2.64 
4.50 

1.04 
0.67 
1.13 
0.57 
2.01 
0.17 
1.69 
1.66 
0.23 

ure 

0.35 
0.35 
0.47 
0.38 
0.83 
0.86 
0.16 
0.10 
0.63 
0.35 
0.11 

4.36 
1.14 
0.54 
0.22 
0.32 
0.40 
0.67 
2.10 

1.30 
5.37 
6.06 
1.88 
3.94 
2.75 

1.67 
4.49 
0.27 
0.49 
0.88 
0.53 
2.32 
1.73 
1.88 
2.89 

1.08 
0.87 
0.25 
0.95 
1.45 
0.36 
1.05 
0.18 
0.79 

T
-S 

Z-T 
0.78 
0.43 
0.18 
2.60 
1.45 
0.64 
0.17 
0.31 
0.47 
0.39 
0.18 

4.67 
3.79 
0.85 
2.12 
1.60 
2.18 
2.31 
0.64 

0.51 
1.57 
3.05 
0.48 
2.15 
0.84 

4.53 
5.83 
0.30 
0.65 
0.32 
0.75 
0.31 
0.73 
2.88 
4.55 

0.65 
0.73 
1.64 
0.09 
1.47 
0.61 
1.03 
1.91 
0.23 



in Table 3 for unsaturated hydrocarbons including naph- 
thenes and aromatics. 

So far, no significance has been attached to the in- 
flection point of the vapor pressure function when repre- 
sented as In PR vs. l/TR. An a priori consideration of 
this point suggests that it could well represent an addi- 
tional third correlating parameter to complement the 
existing m, LY,, and z ,  parameters. In order to establish 
this point, the second derivative of Equation (9)  with 
respect to 1/TR is equated to zero to yield 

1 

Using the original values of constants /3 and y and ex- 
ponent m with Equation (12), the reduced temperature 
at the inflection point TRi was calculated and is reported 
in Tables 1, 2, and 3 for each substance included in this 
study. Since it is not the intent of this investigation to 
pursue a study of third correlating parameters, no fur- 
ther involvement will be dealt with this inflection point, 
except the reporting of the best estimate of this value 
for each substance. 

GENERALIZED TREATMENT OF THE VAPOR 
PRESSURE FUNCTION 

The vapor pressure function expressed through Equa- 
tion (9), when applied at the critical point, yields the 
condition that a: + ,6 + y = 0. This condition permits 
the elimination of cz from Equation (9) to express this 
relationship as follows: 

The generalized application of Equation (13) requires 
that parameters p, y ,  and m be established from properties 
associated with the vapor pressure function, In this 
connection, the normal boiling point can be used to evalu- 
ate one of these three parameters. The remaining two 
parameters must then be obtained from additional in- 
formation associated with the vapor pressure function or 
specific correlations capable of predicting these param- 
eters using as an independent variable a property of the 
substance. This analysis in its comprehensive treatment 
requires the involvement of several schemes, each of 
which must be tested extensively in order to establish 
approaches capable of producing the prediction of vapor 
pressures with minimum deviations. 

In this analysis, the normal boiling point has been 
used as a condition to be satisfied by the vapor pressure 
equation. Since /3 is the coefficient of the term associated 
with the reciprocal reduced temperature, this term con- 
tributes most significantly to the vapor pressure function 
in the low pressure region, and therefore the involvement 
of the normal boiling point to establish this parameter 
properly extends the application of the function in the 
low pressure region. Therefore, the involvement of the 
normal boiling point leaves parameters m and y to be 
established. Parameter m has been found to depend on 
the characterization parameter s = Tb In P,/(T, - Tb) 
in the following manner: 

7.0109 380,900 
m = 2.4186 - - + s&23.21/s (14) 

S 

Therefore, the application of the normal boiling point 
condition with a capability for predicting parameter nz 
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leaves parameter y to be established. In this connection, 
it should be noted that since parameter y is associated 
with the high pressure region of the vapor pressure 
function, this parameter should be evaluated from high 
vapor pressure information. Therefore, several approaches 
for the estimation of are considered and are presented 
in the following schemes of correlation. 

Method A 
Using semitheoretical arguments, Frost and Kalkwarf 

(1953) indicate that the vapor pressure function in the 
high pressure region can be associated with the van der 
Waals constant a = 27R2TC2/64Pc. This suggests that 
parameter y could be related to the ratio TC2/P,. From 
this critical state ratio for all the substances of this study, 
including helium and hydrogen, the following dependence 
was found: 

The term 0.13/e0.187M of Equation (15) is of significance 
only with the quantum gases, helium, hydrogen, and neon, 
and can be ordinarily neglected. Values of y calculated 
with the use of Equation (15) and values for the parame- 
ter m obtained through Equation ( 14), in conjunction with 
the normal boiling point condition to evaluate fly were 
used to establish the parameters of the vapor pressure 
Equation ( 13). Using these parameters, vapor pressures 
were calculated and compared with corresponding experi- 
mental values reported in the literature to produce an over- 
all average deviation of 1.43% (7 633 points) for 138 
substances included in this study. The percent average de- 
viation for each substance and the number of literature val- 
ues considered in these comparisons are summarized in 
Tables 1, 2, and 3. 

Method B 

ate parameter y through the expression 
This approach utilizes the Riedel parameter CY, to evalu- 

% + m-B 
7 Y =  

where values of L Y ~  used are those reported in Tables 1, 2, 
and 3, parameter m was calculated from Equation (14) , 
and parameter ,6 was established from the normal boiling 
point condition. The vapor pressure parameters, thus de- 
rived, were used to calculate vapor pressures which when 
compared with corresponding experimental values pro- 
duced an overall average deviation of 1.05% (7  633 
points) for the 138 substances considered. Specific percent 
average deviations, resulting from this approach are in- 
cluded for each substance in Tables 1, 2, and 3. 

Method C 
The Riedel-Plank restriction, [d21nP~/d(lnT~)2]c = 0, 

when applied to Equation ( 13), produces for 7 the relation 
a 

. = - 8 ( ? )  

If we use Equation (17) for parameter 7, Equation (14) 
for parameter m and the normal boiling point condition for 
parameter ,6, vapor pressures are again calculated and 
compared with corresponding experimental values to ob- 
tain an overall average deviation of 1.58% (7 633 points) 
for all the 138 substances included in this study. Individual 
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deviations for each substance are presented in Tables 1, 
2, and 3. 

Method D 
This approach utilizes the Riedel-Plank restriction that 

produces Equation ( 17). In addition, the involvement of 
the normal boiling point with Equation (17) expresses 
Equation (13) in terms of parameter m only. A non-linear 
regression was applied to this expression to obtain values 
of m compatible with these restrictions. These new values 
of m were then correlated with parameter s to yield the 
following simpler relationship: 

7.4539 
m = 2.4889 - - 

S 

If we use Equation (18) for the estimation of parameter 
m and Equation (17) for parameter y in conjunction with 
the normal boiling point condition for parameter 8, vapor 
pressures are calculated and compared with corresponding 
experimental measurements to produce an overall average 
deviation of 1.55% (7 633 points) for all the 138 sub- 
stances considered in this study. Again, the individual 
average deviations are presented in Tables 1, 2, and 3. 

Method E 
Since method D does not exhibit an improvement over 

method C, and since both methods utilize the same re- 
strictions to calculate parameters p and y, it can be con- 
cluded that Equation (18) does not offer a significant im- 
provement over Equation (14) for the evaluation of 
parameter m. Also, it can be deduced that if any improve- 
ment is to be realized, it will require a modification of 
the Riedel-Plank restriction expressed through Equation 
(17).  A plot of 49y/p vs. m2 exhibited a nonlinear de- 
pendence which can be represented mathematically as 

2.07 
[l + 0.165m5.52] - ~2.18 (19) 

B y = - -  
49 

If we use Equation (19) to calculate parameter y and 
Equation (14) to calculate parameter m in conjunction 
with the normal boiling point condition, vapor pressures 
are calculated and compared with corresponding experi- 
mental values to produce an overall average deviation of 
1.427, (7  633 points) for all the substances included in 
this study. Once more, the individual deviations associ- 
ated with each substance are presented in Tables 1, 2, 
and 3. 

COMPARISON WITH OTHER VAPOR 
PRESSURE EQUATIONS 

The results of this study have been compared with 
those produced by methods available in the literature 
considered to be most reliable. In this regard, the meth- 
ods of Riedel (1954), Miller (1964), Thek and Stiel 
( 1966), and Zia and Thodos (1974) have been selected 
for comparison. The equation of Frost and Kalkwarf 
(1953) has been excluded from this evaluation since their 
method has not been generalized and also because of its 
implicit nature in pressure. 

The method for applying in a generalized manner the 
Riedel equation [Equation ( 5 ) ]  is outlined by Reid and 
Sherwood (1966). This approach has been adopted in 
these comparative evaluations using the 7 633 points rep- 
resenting the vapor pressure behavior of the 138 substances 
to produce for this comparison an overall average devia- 
tion of 1.71%. The average deviation associated with each 
substance is presented in Tables 1, 2, and 3. 

The method of Miller (1964) is based on the form of 

the vapor pressure function expressed by Equation (6) 
and utilizes the same conditions and restrictions postu- 
lated by Plank and Riedel (1948). Because of this in- 
volvement, Reid and Shenvood (1966) coin the resulting 
expression as the Riedel-Plank-Miller equation and suggest 
details for its application. Following this approach, vapor 
pressures calculated with this equation were compared 
again with experimental values to produce the deviations 
included in Tables 1, 2, and 3. This method yields an 
overall deviation of 3.39% (7 633 points) for the 138 sub- 
stances of this study. 

The approach suggested by Thek and Stiel (1966) has 
also been included in this comparison. Their method 
utilizes the vapor pressure function expressed by Equa- 
tion ( 7 ) .  Thek and Stiel (1966) suggest a procedure 
which was used for the evaluation of the constants of 
this equation. Using their recommended procedure, values 
of vapor pressure were calculated and compared with ex- 
perimental measurements to produce an overall average 
deviation of 2.28% (7 633 points) for the 138 substances 
included in this study. Specific deviations associated with 
each substance are given in Tables 1, 2, and 3. 

A final comparison involves the use of the vapor pres- 
sure equation of Zia and Thodos (1974) expressed through 
the form given by Equation (8). Using an interlocking 
relationship between coefficients C and D for this equa- 
tion, coupled with the Riedel-Plank restriction at the criti- 
cal point [d21nPR/d( lnTR)2Ic = 0, the resulting general- 
ized form derived from Equation (8) was applied to the 
calculation of vapor pressures which, when compared with 
corresponding experimental values, produced the average 
deviations presented for each substance in Tables 1, 2, 
and 3. For the 138 substances, an overall average devia- 
tion of 1.52% (7 633 points) resulted from the use of this 
approach. 

GENERAL COMMENTS 

The methods developed within the framework of this 
study and those available in the literature have produced 
average deviations for the substances included in this study 
that make possible an appraisal of the merits associated 
with each of them. Methods A, B, C, D, and E structure 
criteria for the capability of Equation (9)  to represent 
the vapor pressure behavior of substances over their com- 
plete region included between the triple point and the criti- 
cal point. The various restrictions applied to the evalua- 
tion of the constants of this equation establish the pro- 
cedure already outlined for each method. The compari- 
sons indicate that method B is capable of producing mini- 
mum deviations (overall average deviation = 1.05% ) ; 
however, this method requires that the Riedel parameter 
ac be available with a high degree of accuracy. Methods 
A and E produce deviations of 1.43 and 1.42%, respec- 
tively. These deviations are slightly smaller than those en- 
countered with methods C and D which were found to 
be 1.58 and 1.55%, respectively. 

The methods already available in the literature, which 
were considered in these comparisons, produced overall 
average deviations that ranged from 1.52% for the Zia- 
Thodos method (Z-T) to 3.39% for the Riedel-Plank- 
Afiller method (R-P-M). If the excessive deviation of 
228.22% due to helium is exchded from the evaluation 
of the Riedel-Plank-Miller method, the overall average 
deviation reduces from 3.39% (7  633 points) to 1.70% 
(7 576 points) to produce a deviation comparable to that 
obtained from the Riedel method, 1.71% (7  633 points). 
The Thek-Stiel method (T-S) produced an overall average 
deviation of 2.28% (7  633 points). Again, if helium is 
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TABLE 4. SUMMARY OF AVERAGE DEVIATIONS ACCORDING TO CLASSES OF SUBSTANCES 

Monatomic 
Diatomic 
Poly atomic 
Polar 
Hydrogen bonding 
n-alkanes 
1-alkanes 
Monoolefins 
Diolefins 
Acetylenes 
Naphthenes 
Aromatics 
Nonhy drocarbons 
Hydrocarbons 

overall 

No.of No.of 
substances points 

5 459 
8 608 
5 232 

19 897 
6 446 

20 1653 
31 1260 
11 567 
8 289 
6 203 

10 421 
9 598 

43 2642 
95 4991 

138 7633 
- -  

Average percent deviation 
Present study Methods available in 

Method Method Method Method Method literature 
A B C D E Riedel R-P-M T-S 

0.52 
1.55 
2.28 
2.32 
4.50 
0.78 
1.08 
0.68 
2.39 
1.42 
1.32 
0.99 
2.19 
1.03 

1.43 
- 

0.42 0.38 
1.84 1.50 
1.48 2.51 
2.17 1.96 
3.27 4.32 
0.50 1.71 
0.24 1.19 
0.34 0.72 
1.72 2.29 
0.83 1.46 
0.82 1.10 
1.01 0.89 
1.91 2.03 
0.59 1.34 

1.05 1.58 
- - 

excluded from consideration, the average deviation for 
this method reduces to 1.96% (7576 points). 

In order to form an opinion on the capability of each 
of these methods to estimate vapor pressures for sub- 
stances corresponding to their respective classification, the 
results included in Tables 1, 2, and 3 have been summar- 
ized into Table 4 .  This table presents the gross average 
deviations associated with different classes of compounds 
and thus assists in a broad sense to assess the capability of 
each method to estimate vapor pressures for each class 
of compounds. 

A cursory review of the deviations presented in Table 4 
indicates that the methods developed in this study and 
those available in the literature produce consistent trends, 
with the exception of the monatomic substances. For cer- 
tain classes of compounds all methods yield low devia- 
tions, while for other classes all methods produce rela- 
tively higher deviations. For example, the hydrogen bond- 
ing substances produce the highest deviations for all meth- 
ods developed in this study and all the literature methods 
considered in this comparison. This result could well be 
explained by the inherently different behavior of hydro- 
gen bonding substances and possibly due to the fact that 
for some of them the existence of an inflection point is not 
a parent. Of the classes of compounds, the groups in- 

diolefins also reflect relatively higher deviations, while the 
remaining groups exhibit lower deviations for all methods. 
In general, the methods developed in this study yield aver- 
age deviations that range between 1.4 to l .S%, while those 
already available in the literature produce average devia- 
tions that range between 1.5 to 2.0%. 

c P uded within the classifications of polyatomic, polar, and 

NOTATION 

a 
a, b, c = coefficients, Equation (4 )  
A = coefficient, Equation (1) 
A, B ,  C = coefficients, Equation ( 2 )  
A, B ,  C, D = coefficients Equations (3 ) ,  ( 5 ) ,  ( 6 ) ,  (8) 
A, B, C, D, E,  F = coefficients, Equation ( 7 )  
b = parameter, Equation (1) 
m = exponent, Equation (9) 
M = molecular weight 
n = exponent, Equation ( 7 )  
P = vapor pressure, atm 
P, = critical pressure, atm 
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= van der Waals constant, 27R2T,2/64P, 

0.48 
1.60 
2.46 
2.02 
4.41 
1.33 
1.27 
0.82 
2.39 
1.42 
1.12 
0.94 
2.10 
1.28 

1.55 
- 

0.68 
2.27 
2.61 
1.86 
4.80 
0.70 
1.05 
0.62 
2.14 
1.50 
1.08 
0.80 
2.31 
0.94 

1.17 
1.57 
2.47 
2.01 
3.94 
1.78 
1.48 
0.95 
2.43 
1.46 
1.16 
1.02 
2.13 
1.49 

28.79 
1.70 
2.99 
1.84 
3.31 
2.46 
1.04 
0.58 
1.61 
1.98 
1.47 
0.99 
6.84 
1.56 

6.05 
3.39 
2.44 
2.61 
7.67 
1.06 
1.73 
0.41 
1.13 
3.66 
1.24 
0.83 
4.22 
1.25 

1.42 1.71 3.39 2.28 

P R  = reduced pressure, P/P, 
R = gas constant 
s = characterization parameter, Tb In P, /  ( T ,  - 
T = absolute temperature, “K 
Tb = normal boiling point, O K  

T ,  = critical temperature, O K  

TR = reduced temperature, T / T ,  
TRi 
u, 
zc 
CY 

aC 

a, p, 7 = coefficient, Equation (9) 
w 

= reduced temperature of inflection point 
= critical molar volume, cm3/mole 
= critical compressibility factor, P,v,/RT, 
= Riedel parameter, d In PR/d In TR 
= Riedel parameter at critical point, 

( d  In PR/d In TR)c  

= Pitzer acentric factor, Equation (10) 

ZT 

1.62 
1.61 
2.51 
1.85 
4.28 
1.20 
1.12 
0.67 
2.13 
1.51 
1.19 
0.86 
2.22 
1.14 

1.52 
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Gas Backmixing, Solids Movement, 
Bubble Activities and in Large 

Scale Fluidized Beds 
H. V. NGUYEN 

A. B. WHITEHEAD 
and 

0. E. POTTER 
Department of Chemical Engineering This paper illustrates the interrelation between bubbles, solids move- 

ment, and gas backmixing in large fluidized beds by presenting experimen- Monarh University 
tal data obtained with a 1.22 m square bed. The results demonstrate a close and 
relationship between gas backmixing, solids movement, and bubble coales- Division of Chemical Engineering 
ence, with the behavior altering markedly as bubble coalescence patterns CSlRO 
change. Clayton, Victoria, Australia 

SCOPE 
Fluidization is attracting a high degree of interest, but 

detailed research into gas and solids mixing within the 
bed is lacking, particularly on a large scale. 

Some progress, however, has been recently achieved 
with small scale equipment. In beds up to 30 cm in diam- 
eter, the phenomenon of gas backmixing has been ex- 
perimentally studied in both reactive and nonreactive sys- 
tems (Nguyen and Potter, 1974, 1975; Fryer and Potter, 
1976). These studies reveal the important role that bub- 
bles play in the overall gas and solid movement in the 
bed through their coalescence, size variation, and distribu- 
tion. Experimental data showed that the countercurrent 
backmixing model provides an acceptable description of a 
fluidized bed. This model, incorporating the bubble wake, 

represents a significant forward step from other earlier 
one- or two-phase models which assume perfect mixing 
or plug flow in the dense phase. 

Nevertheless, as reviewed by Potter (1971), inforrna- 
tion on systems of industrial size is sketchy and incom- 
plete, uncomfortably so at this time when fluidization is 
assuming major importance in coal combustion and liquid 
fuel processes. 

This paper reports experimental data on gas backmix- 
ing in a large fluidized bed operated at two fluidizing 
velocities. Together with information on solids circulation 
patterns and bubble distribution, these data provide a 
much more complete picture of the overall gas and solids 
movement within the bed than has hitherto been available. 

CONCLUSIONS AND SIGNIFICANCE 
Tracer studies in the large fluidized bed employed ex- The solids movement is shown to be clearly related to 

hibit backmixing at about the level predicted by the coun- the bubble pattern and gas movement in the particulate 
tercurrent backmixing model. The downward movement of phase related to the solids movement. Modeling of the 
solids which is the dominant feature of the model cer- bubble patterns, therefore, becomes considerably im- 
tainly occurs and does so at about the expected order of portant. If the stable bubble pattern in the upper region 
magnitude. of the bed is such as to leave a persistent central area rela- 
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