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An empirical equation is proposed for correlating vapor-liquid equilibrium data of alcohol-hydrocarbon,
alcohol-aleohol and alcohol aqueous solutions. It shows a slightly better fitting accuracy than a modified Wilson,

NRTL and UNIQUAC equation.
The posibility of correlating pair parameters is also investigated.

Introduction

There is usually a great need for phase—equilibrium
data in process design. Several solution theories have
been proposed for the correlation of phase—equi-
librium relations. However most of them, including
the widely used local composition equations, are
restricted in the framework of physical molecular
interactions. For the highly nonideal solution in
which some of its components form associated com-
plexes, these theories are often incapable of expressing
the complexity of its excess functions of mixing.

Among those models based on the chemical in-
teraction concept, the associated solution model of
Kretschmer and Wiebe!® and that of Wiehe and
Bagley"” have been successfully applied in represent-
ing the excess thermodynamic properties of alcohol-
hydrocarbon systems. Both applied the linearly as-
sociated solution model to the polymer solution
theory of Flory and Huggins,®'> although their
definition of association constant was different. The
Kretschmer—Wiebe model was applied by Renon and
Prausnitz®® to alcohol-saturated hydrocarbon sys-
tems and later extended successfully to alcohol-active
solvent by Nitta and Katayama.?” The athermal
associated solution model of Wiehe—Bagley was
modified by Chen and Bagley® with the Scatchard-
Hildebrand expression'® for regular solution as the
physical interaction contribution. However, the asso-
ciation constant for specific alcohol was found to be
dependent on its solvent. Actually, several authors
obtained different values of association constant for
each alcohol by data reduction of phase-equilibrium
and excess enthalpy data.?® Moreover, it appears
rather difficult to extend both the Kretschmer—Wiebe
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and Wiehe-Bagley models to those systems contain-
ing more than one self-associating component or to
alcohol aqueous solutions. Thus their applicability for
process design purpose is evidently limited.

Recently, Nath and Bender® used the molar en-
thalpy of vaporization to calculate the enthalpy of
association for pure liquids. Thus the association
constant can be evaluated from the thermodynamic
relation. However, they had to use the UNIQUAC
equation!) for the physical interaction term. As a
result, there still remain two adjustable parameters to
be determined by VLE data reduction. They also
extended their correlation method to the prediction of
several ternary systems and revealed the limitation of
associated solution theory for extrapolation to multi-
component systems.?®)

Actually there is no precise borderline between
chemical and physical effects on the excess thermody-
namic properties of associated solutions. The concept
of inert solvent may probably be regarded as a matter
of convenience. The dividing line between these two
effects is essentially only an arbitrary decision.®® Any
effort to separate them would increase the difficulty of
computation. From the viewpoint of engineering ap-
plication, it would be appropriate to combine the
chemical and physical effects together into an empiri-
cal parameter.

In this paper, an empirical equation is proposed for
correlating vapor-liquid equilibrium data of as-
sociated solutions. Its applicability has been tested on
alcohol aqueous solutions, alcohol-alcohol and
alcohol-hydrocarbon systems as well as some systems
containing other associating component. The possi-
bility of correlating the pair parameters of various
alcohols is also investigated.
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Empirical Equation for Activity Coefficients

Sassa and Katayama®” have pointed out that the
self-association constant of alcohol derived by Wiehe
and Bagley*? is less composition-dependent than that
of the Kretschmer—Wiebe equation. However, the
Wiehe-Bagley equation takes no account of physical
contribution, and as a result the molar volume ratio
of alcohol to solvent must be treated as an empirical
parameter without any physical significance.*?
Besides, its applicability is limited to alcohol—
hydrocarbon systems only. Although Nath and
Bender?® have recently attempted to apply the
UNIQUAC associated solution theory to alcohol-
alcohol and alcohol aqueous solutions, their pre-
diction accuracies for ternary systems are not as good
as those of the Wilson equation.*?

In fact, the molecular interactions of alcoholic
solutions involve self-association and solvation form-
ed by hydrogen bonding, in addition to the physical
interaction between monomers and associated com-
plexes. It is impossible to express these three effects by
only two adjustable parameters. However, from the
viewpoint of engineering application we attempt to
combine these effects together into two empirical
parameters. This certainly lacks the theoretical rigor
of the former theory, but its flexibility of application
probably compensates for its loose semitheoretical
arguments. From this viewpoint, we try to modify the
Wiehe-Bagley equation with the following formu-
lation and test it for the correlation of vapor-liquid
equilibrium data of several associated solutions.

For binary systems, the modified Wiehe-Bagley
equation can be expressed as follows:
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where K, and K, are the two adjustable parameters;
x, and x, are the mole fractions; p,, and p,, are the
molar volume ratios of component 1 and 2.

For alcohol-alcohol and alcohol aqueous so-
lutions, the binary pair parameters K;, and K,
contain the contributions of both chemical interaction
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by hydrogen bonding (self-association and solvation)
and the physical interaction among associated com-
plexes. For alcohol-hydrocarbon systems, the pair
parameter of hydrocarbon is only of the significance
of physical interaction. If we only consider the pair
parameter for alcohol and set that of hydrocarbon
equal to zero, Eqs. (1) and (2) reduce to the original
Wiehe-Bagley equation.*? (See Appendix)

Data Reduction

A nonlinear least square procedure was applied to
obtain the pair parameters of Egs. (1) and (2) by curve
fitting of isobaric and isothermal VLE data. For
comparison purposes, three local composition equa-
tions (NRTL,>> UNIQUAC?Y and a modified Wilson
equation®*?were also applied to fit the isobaric data.

The modifiecd Wilson equation was proposed by
Tsuboka and Katayama.®® It was tested in our
previous paper*® for twenty binary and three ternary
systems. Its superiority over the Wilson equation in
correlating and predicting liquid-liquid equilibria was
verified.

The fitting accuracies of Egs. (1) and (2) as well as
those of three local composition equations obtained
from the isobaric VLE data of 49 binary systems are
listed in Table 1. Rigorously, we should have con-
sidered the temperature dependence of the pair pa-
rameters for isobaric data, but since it was only for
comparison purposes we neglected this effect in Eqgs.
(1) and (2). It was found that the proposed equations
showed a slightly better fitting accuracy than the three
local composition equations.

Correlation of Alcohol Pair Parameters

Although the pair parameters of the proposed
equation are in fact of an empirical nature, some
possible correlations can be obtained for the pair
parameters of various alcohols. For alcohol-
hydrocarbon systems, pair parameters of hydrocar-
bons obtained from VLE data change only slightly
with systems and temperatures and are always much
smaller than those of alcohols.

Pair parameters for four alcohols obtained from
the isobaric VLE data of alcohol-hydrocarbon sys-
tems with three different solvents are shown in Table
2. The alcohol pair parameters in the alcohol-benzene
system are much smaller than those of the same
alcohol in saturated hydrocarbons, such as heptane
and cyclohexane. If the alcohol pair parameters were
plotted against the carbon number of alcohols in
logarithmic coordinates, a linear relation was ob-
tained, as shown in Fig. 1.

In addition, 81 sets of isothermal VLE data were
reduced to investigate the temperature dependence of
pair parameters for various alcohols in different sol-
vents. Results are shown in Table 3. If the alcohol pair
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Table 1. Comparison of fitting accuracies of isobaric VLE data
Egs. (1) & (2) MW NRTL3% UNIQUACY
No. System Ref.
4Y AT 4Y AT 4Y AT 4Y AT
1 tert-Butanol -2-Butanol 1.4 0.4 2.6 0.5 2.3 0.5 24 0.5 (44)
2 2-Butanol —1-Butanol 1.0 0.2 1.4 0.2 1.3 0.2 1.3 0.2 (44)
3 tert-Butanol —I-Butanol 1.9 0.3 1.8 0.4 1.9 0.4 1.9 0.4 (44)
4 2-Butanol ~Isobutanol 0.8 0.2 1.0 0.2 1.1 0.2 1.1 0.2 (44)
5 tert-Butanol —Isobutanol 1.3 0.4 1.3 0.4 1.3 0.4 1.2 0.6 (46)
6 Isobutanol  —I-Butanol 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 (46)
7 Cyclohexane -2-Butanol 2.1 0.7 2.5 0.7 2.6 0.8 2.7 0.9 (46)
8 Cyclohexane —Isobutanol 2.7 0.1 2.8 0.9 2.8 0.9 29 0.8 47)
9 Cyclohexane —1-Butanol 2.7 0.9 3.7 0.9 3.4 0.8 3.5 1.1 (CY))
10 Cyclohexane —ters-Butanol 1.7 0.8 1.7 0.7 1.6 0.9 1.8 0.7 47)
11 Heptane —2-Butanol 1.4 0.7 1.5 0.8 1.5 0.8 1.6 0.7 A7)
12 Heptane —Isobutanol 2.2 0.5 2.1 0.4 2.1 0.3 2.1 0.4 47)
13 Heptane —1-Butanol 3.1 0.6 3.0 0.5 3.0 0.6 3.0 0.5 47)
14 tert-Butanol —Heptane 0.9 0.7 1.1 0.6 I.1 0.7 1.3 0.6 (47)
15 Cyclohexane —1-Pentanol 3.1 1.8 34 1.6 32 1.5 3.5 1.3 [C))
16 Methanol —Cyclohexane 1.7 0.7 2.1 0.8 2.0 0.7 3.0 1.9 (23)
17 Methanol —~Heptane 0.7 0.5 1.4 0.6 1.3 0.8 1.8 0.9 @
18 Ethanol —Methylcyclohexane 1.6 1.1 1.7 0.5 1.6 0.6 1.9 0.8 (16)
19 Hexane —Ethanol 0.7 0.3 1.0 0.3 1.2 0.4 1.9 0.8 (19)
20 Hexane ~2-Propanol 0.4 0.1 2.0 0.4 2.1 0.5 2.1 0.6 (10)
21 1-Propanol  —Heptane 1.8 0.6 2.5 0.4 2.3 0.5 2.8 0.3 (11)
22 Hexane —1-Hexanol 2.7 1.6 3.5 1.0 3.2 1.0 3.5 1.0 (32)
23 Heptane 1-Hexanol 3.0 1.5 3.9 1.0 3.8 1.2 3.6 0.9 (40)
24 Ethanol —Cyclohexane 1.0 0.4 1.0 0.3 1.5 0.3 1.5 0.3 24)
25 Ethanol —Hexane 0.9 0.3 0.9 0.2 1.0 0.3 1.7 0.7 (19)
26 Ethanol —1-Butanol 0.8 0.2 1.0 0.8 1.0 0.8 1.0 0.8 1)
27 Methanol —Ethanol 1.2 0.3 1.2 0.3 1.3 0.3 1.2 0.3 2)
28 Ethanol —2-Propanol 0.8 0.1 0.8 0.1 0.8 0.1 0.8 0.1 (16)
29 Methanol ~2-Propanol 42 0.9 4.2 0.9 44 0.9 4.2 0.9 3)
30 Ethanol —Benzene 1.0 0.3 1.0 0.3 1.0 0.2 1.0 0.2 19)
31 Acetone —Methanol 0.6 0.2 0.6 0.2 0.6 0.2 0.6 0.3 )
32 Acetone —Ethanol 2.1 0.6 2.0 0.6 2.0 0.6 2.0 0.6 )
33 Ethyl acetate —I1-Butanol 2.0 0.6 1.9 0.6 1.9 0.6 1.9 0.6 (12)
34 Methanol ~Water 1.0 0.2 0.9 0.2 0.9 0.2 1.0 0.2 {an
35 Ethanol ~Water 1.0 0.5 0.8 0.2 0.9 0.3 0.9 0.3 (16)
36 2-Propanol  —Water 1.9 0.7 0.5 0.2 0.5 0.2 0.7 0.3 (16)
37 1-Butanol —Water* 3.4 0.1 2.0 0.6 1.9 0.5 2.3 0.7 (44)
38 tert-Butanol —Water 2.5 1.0 2.8 0.3 2.4 0.4 2.2 0.2 (12)
39 2-Butanol ~Water* 4.4 1.5 4.5 0.9 4.3 0.9 4.2 1.2 (12)
40 Isobutanol =~ —Water* 3.6 1.3 2.0 0.6 1.9 1.3 1.4 0.8 (44)
41 Water —Isopentanol* 2.7 1.1 4.6 1.4 3.5 1.5 5.1 1.8 (44)
42 Acetoaldehyde—Water 4.2 2.5 4.3 7.1 5.6 3.4 5.1 2.7 (12)
43 Acetone -Water 1.1 0.4 1.4 0.7 0.9 1.1 0.9 0.6 Q7
44 Acetoaldehyde-Ethanol 4.4 1.7 4.4 1.8 4.5 1.8 4.5 1.6 (10)
45 Benzene —2-Propanol 1.5 0.4 1.5 0.3 1.6 0.3 1.6 0.3 (10)
46 Chloroform -Methanol 1.1 0.5 1.2 0.5 1.1 0.6 0.7 0.3 (12)
47 Chloroform —1-Butanol 0.7 0.3 0.8 0.3 0.9 0.5 0.7 0.3 (33)
48 Acetonitrile -2-Butanol 1.1 0.5 1.3 0.4 1.3 0.6 1.2 0.5 (12)
49 Acetonitrile  —terz-Butanol 1.0 0.4 1.1 0.3 1.1 0.4 1.1 0.4 12)
Average deviation=  1.84 0.65 2.04 069 1.95 0.67 2.05 0.67
AY=_ 3%, 0= Y/ x 100.
J
4T= \/2 {(tj.exp - tj,czl)/rj,exp}2/m X 100 .
J
* Systems with limited miscibility.
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Table 2. Pair parameters from isobaric VLE data

Pair parameter

System
No.
0 o o ., K, Ref.
(alcohol) (hydro-
carbon)
1 Methanol -Benzene 27.44 1.36 (8)
28.75 1.20 (8)
29.77 1.43 (8)
2 Ethanol —Benzene 19.03 0.77 (12)
3 1-Propanol —Benzene 11.44 0.50 (8)
9.32 1.03 8)
4 1-Butanol —Benzene 6.17 0.34 )
7.38 0.19 )
5 Methanol -Heptane 283.86 1.41 4)
Ethanol —Heptane 44.33 3.58 (8)
43.82 4.33 (8)
57.79 4.78 (8)
7 1-Propanol —Heptane 18.50 1.56 (11)
8 1-Butanol -Heptane 10.60 2.59 (CY))
9 Methanol —Cyclohexane 449.33 4.76 (23)
10 Ethanol —Cyclohexane 67.29 2.13 (24)
11 1-Butanol -Cyclohexane 7.51 2.62 47)
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Fig. 1. Alcohol pair parameters vs. carbon number.

parameters were plotted against the reversed absolute
temperature on the semi-logarithmic coordinates,
linear relations were obtained. For alcohol-benzene
systems in Fig. 2 and alcohol-heptane systems in Fig.
3, all lines are nearly parallel and the pair parameters
decrease with increasing carbon number of alcohols.
However, for alcohol-cyclohexane systems as shown
in Fig. 4, they are not parallel.

Figure 5 shows the temperature dependence of pair
parameters for ethanol in three different solvents. The
pair parameter of ethanol changes with solvents. For
the ethanol-chloroform system, the pair parameter of
chloroform becomes minus. This is probably due to
the solvation effect. The temperature dependence of
alcohol pair parameters for alcohol aqueous solutions
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Fig. 3. Temperature dependence of alcohol pair parameters
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Fig. 4. Temperature dependence of alcohol pair parameters
in alcohol-cyclohexane systems.
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is also shown in Fig. 6.
The values of pair parameters for various alcohols
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Table 3. Temperature dependence of pair parameters

Pair parameter

System
" (1) ® o Kiz Koy o
(alcohol) (hydrocarbon)
1 Methanol —Benzene 35 49.46 1.32 (8)
(54.20)
45 42.15 1.27 (®)
55 37.55 1.38 ®)
55 40.48 1.17 ®)
90 23.71 0.97 &)
2 Ethanol —Benzene 40 36.95 0.86 ®)
50 30.24 0.89 ®)
(27.87y*
60 25.54 0.81 (8)
3 1-Propanol —Benzene 30 33.07 0.94 )
40 26.49 0.87 ®)
45 20.68 0.87 (8)
(16.30)
45 20.81 0.76 )
4 2-Propanol —Benzene 45 16.65 1.68 9)
(10.80)
55 13.48 0.93 9)
60 11.82 1.55 )
5 1-Butanol —Benzene 25 23.09 1.40 ()]
45 14.11 0.85 )
(12.83)
6 2-Butanol —Benzene 25 12.56 1.28 9)
45 8.20 1.09 )
80 4.49 0.36 ©)
7 2-Methyl-1-propanol —Benzene 25 15.16 1.42 9)
45 11.54 1.23 )
70 8.35 0.78 )
80 6.81 0.49 [©)]
8 tert-Butanol —~Benzene 25 10.91 1.50 ©)
45 7.01 1.36 ®
60 5.96 1.27 ©)]
70 4.44 1.16 )
9 Ethanol —~Heptane 30 219.28 2.50 (8)
80 94.60 8.71 (8)
(46.50)**
90 64.67 1.85 8)
10 1-Propanol —Heptane 30 111.75 1.13 (8)
(100.90)
45 74.61 1.14 8)
60 49.87 1.18 8)
(43.63)
11 2-Propanol ~Heptane 30 95.15 2.84 ®)
(52.50)
45 52.71 2.17 8)
60 35.93 1.40 ®)
(29.50)
12 1-Pentanol ~Hexane 25 69.39 1.62 ©)
30 54.67 1.72 ©)
50 33.56 1.51 9)
13 Methanol ~Cyclohexane 35 1085.4 5.19 8)
45 541.01 5.17 )
55 2759 7.15 ®)
14 Ethanol —Cyclohexane 5 490.18 3.12 (8)
(214.8)
20 262.75 2.72 8)
25 227.20 2.33 ®)
35 173.14 2.50 8)
50 107.74 2.18 ®)
65 76.85 1.91 (8)
(63.36)
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Table 3. (continued)
System Pair parameter
No. o s t{°C] K., K, Ref.
(alcohol) (hydrocarbon)

15 [-Propanol —Cyclohexane 55 73.37 0.85 8)
65 56.73 0.81 8)

16 1-Butanol —Cyclohexane 45 80.90 0.64 ©)
90 12.95 0.32 9)

110 5.92 0.53 ©)

17 I-Hexanol —Cyclohexane 60 24.80 0.39 (¢}
70 17.73 0.38 )

81.2 12.67 0.51 ©)

18 Ethanol —Methylcyclohexane 0 117.65 10.82 (8)
35 75.28 5.49 ®)

(116.0)
55 51.36 4.80 ®)
(76.55)

19 Ethanol —Chloroform 35 40.29 —0.66 (8)
45 33.62 —0.62 ®)

55 23.74 —0.58 (8)

20 Ethanol —Toluene 65 9.20 4.87 (8)

(22.9)***

70 9.02 4.70 )

75 8.93 4.40 ®)

80 8.79 4.47 8)

85 8.66 4.42 (8)

21 Methanol ~Water 25 3.50 0.07 ®)
39.76 3.08 0.07 )

49.76 2.41 0.08 ®)

50 2.47 0.34 (8)

62.5 2.29 0.57 ®)

100 1.17 1.92 ®)

100 1.14 1.13 ®)

22 Ethanol —~Water 40 8.36 0.97 (8)
50 7.83 1.68 8)

55 7.50 2.28 8)

70 7.17 3.27 ®)

74 6.89 3.78 ®8)

Values in parentheses are those calculated by Chen and Bagley.®

* At 45°C.
** At 75°C.
*E At 60°C.
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Fig.'5. Temperature dependence of ethanol pair parameters
in three solvents.

as given in Table 3 were normalized to 50°C by
applying the van’t Hoff equation and compared with
those obtained by previous investigators as shown in
Table 4.
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Fig. 6. Temperature dependence of pair parameters in al-
cohol aqueous solutions.

From the theoretical standpoint, the association
constant of a specific alcohol should remain constant
at a fixed temperature in any inert solvent. But the
linearly associated solution model is only a simplified
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Table 4. Pair parameters of alcohol at 50°C in comparison with association constants suggested by other investigators

Wiehe Renon Chen Nath Lobien This work
Alcohol and and and and and
Bagley*")  Prausnitz®®  Bagley® Bender?®  Prausnitz??  Benzene Cyclohexane Heptane
Methanol 1420 350 25-80 261 50 40 400 —
Ethanol 190 150 27-80 134 40 30 112 150
1-Propanol — 70 15-153 93 5.6 22 80 65
2-Propanol — 60 ‘11 50 — 15 — —
1-Butanol 55 — 13-28 75 14 14 65 48
2-Butanol — — — 33 — 8 — —
2-Methyl-1-propanol — — — 48 — il — —
terr-Butanol — — — 16 — 7 — —
1-Pentanol — — — — — — — 33
1-Hexanol — — — 58 — — 35 —
assumption, so it is rather difficult to imagine that the 7. =In 1+Ky,
association structure or the degree of association of T I K +parcs

an alcohol would always remain unchanged in the
whole composition range under the influence of physi-
cal interaction of various solvents. From this view-
point, it would be reasonable to assume that the pair
parameter of alcohol would also change with different
solvent as shown in Fig. 5.

Conclusion

1. The proposed empirical equation is capable of
correlating the phase—equilibrium relation of various
associated solutions containing more than one as-
sociating component with a slightly better fitting
accuracy than that of the three local composition
equations.

2. In contrast with the energy parameters of local
composition equations, the pair parameter of some
alcohols obtained from this proposed equation can be
correlated with the carbon number of alcohols, and
the temperature dependence of pair parameter for
varieus alcohols obeys the van’t Hoff rule.

3. Though the association structure of the water
molecule is not exactly known, the present equation
still appears to be applicable for the correlation of
alcohol aqueous solutions.

4. The proposed equation retains the advantage
of local composition equations with only two adjust-
able parameters for each binary system; thus the
extension to multicomponent systems is straight-
forward.

Appendix

Where K, in Eqgs. (1) and (2) is approximately equal to zero, by
applying the 'Hospital relation,

1 1
lim —In(1+K,,)= lim =1 3
im, (14 Kg)= fim e 0)
Jim Lln(HK $,)= lim L =¢ 4
Km0 K. 2192 K10 14 K, 0, 2 (C)]

By substituting Egs. (3) and (4) into Egs. (1) and (2), they can be
written as follows:

VOL. 17 NO. 1 1984

1 Ky,xy
+— il +K)—In{l+—]|=p12> (5
Ky, X1+ p21%
Iny,=—In(prx; +x)+1—¢,
Ky,x
—ﬂln<1+——L - > ©
K2 X1t p21%2
They are similar to those used by Wiehe and Bagley.*"
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Nomenclature

Ky, Ky = pair parameter of Egs. (1) and (2) -]
m = number of data points [—1
Xy, X, = mole fraction of components 1 and 2 [—]
Y1, V2 = activity coefficient of components 1 and 2 ]
pij = molar volume ratio of component 7 to j ]
¢, = volume fraction of component i [—]
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LATERAL SOLID MIXING IN A PACKED FLUIDIZED BED

KUNIO KATO, DAISUKE TANEDA, YUKINORI SATO AND MANEI MAA

Department of Chemical Engineering, Gunma University, Kiryu 376
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The lateral mixing of fluidized particles in a packed fluidized bed with cylindrical screen packings was
investigated from the unsteady state behavior of tracer particles. The tracer particles were activated alumina
particles on which zinc acetate was adsorbed. The lateral mixing characteristics were analyzed by a diffusion
model. The lateral dispersion coefficient of the particles was strongly affected by packing size, fluidized gas
velocity, and the minimum fluidized gas velocity of the particles. An empirical equation for the lateral dispersion
coefficient of the particles in a packed fluidized bed with cylindrical screen packings was obtained.

Introduction

Fluidized beds are used for drying of particles and
in solid-gas reactors such as coal combustors, re-
generators of spent activated carbon and zinc blende
roasters. To analyze these processes it is very impor-
tant to estimate the residence time distribution of
fluidized particles in the bed.

The behaviour of fluidized particles has usually
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been analyzed by the following models: turnover rate
model,® diffusion model>** and two-phase model.?)
However, the relationship between the model pa-
rameters of these models and the operating condi-
tions of the fluidized bed is not established yet.

Generally, mixing of fluidized particles in an or-
dinary fluidized bed is very fast and to control the
mixing rate, suitable internals in the bed are quite
effective.

Gabor® investigated lateral solid mixing in a pack-
ed fluidized bed with sphere packings and analyzed it
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