
Since the total rate of conversion 
in a fluidized reactor depends on 
the  transfer rate and the reaction 
rate in the continuous phase, the 
rate-determining step evidently de- 
pends on the relative magnitude 
of these rate coefficients. Measure- 
ment of the transfer coefficient 
should enable design calculations 
and evaluation of the optimum con- 
ditions to be made from fixed-bed 
studies. 

NOTATION 
a = surface area of particles per 

unit volume, sq.ft/cu.ft. 
A = a constant; area of the re- 

actor, sq.ft. 
B = a constant 
C = concentration, moles/cu.ft. 
C,=specific heat of gas, B.t.u./ 

C, = specific heat of solid, B.t.u./ 

D p  = particle diameter, f t .  
DT = reactor diameter, f t .  

(lb.) ( O F . )  

(Ib.) (OF.) 

h = heat transfer coefficient, B.t.u. 

kd = transfer coefficient for con- 

kld = transfer coefficient for  con- 

k, = first-order reaction-rate con- 

/(hr.)  (OF.) (sq.ft.) 

secutive model, min.-l 

tinuous model, min.-' 

stant, min.-' 

L = height of bed, f t .  
1 ,  m = constants 
hP,, = pressure drop a t  minimum 

fluidization, in. of water 
lPne  = pressure drop above AP,,,, 

caused by kinetic energy 
losses, in. of water 

NAte = Reynolds number, D,u pg/p, 
dimensionless 

Q = volume of bed, cu.ft. 
T = temperature, OF. 
u = linear gas velocity, ft./sec. 
V = volumetric gas velocity, cu.ft.1 

w =mass rate of flow of gas, 

x = length coordinate, f t .  

min. 

1b.ihr. 

Greek Letters 
p = constant 
E = porosity 
e = time, min. 
p = viscosity, 1b.i (ft.) (see.) 
Q = density, Ib./cu.ft. 

Subscripts 

1 = inlet condition 
2 = outlet condition 
c = continuous phase 
d = discontinuous phase 
f = fluidization condition 
g =gas 
s = solid 

v = incipient two-phase fluidiza- 
tion 

mf = minimum fluidization 
ke = kinetic energy 
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Preseratcd at tk? A.I.CII.E. Houston meetin: 

Prediction of Ternary Vapor-liquid Equilibria 
from Boiling-point Data 

Mitsuho Hirata, Tokyo Institute of Technology, Tokyo, Japan 

A knowledge of ternary vapor- 
liquid equilibrium relations is in- 
dispensable to the design of col- 
umns for ternary rectification as 
well as azeotropic and extractive 
distillations. To determine these 
relations experimentally requires 
very involved analyses. It is, there- 
€ore, highly desirable to estimate 
ternary equilibrium relations with- 
out those analyses and, better still, 
without experimentation. 

Attempts have been made to  pre- 
dict the ternary vapor-liquid equi- 
libria on the theoretical basis of 
thermodynamic relations among 
activity coefficients of three com- 
ponents and by use of three binary 
equilibrium relations available for  
three combinations of components 
from Carlson and Colburn (3),Bene- 
diet, Johnson, Solomon, and Rubin 

( l ) ,  Colburn and Schoenborn(4), 
White ( d o ) ,  Wohl(21) , Redlich and 
Kister (16), and Edwards, Hash- 
mall, Gilmont, and Othmer ( 6 ) .  
Some of these give good estima- 
tions for certain ternary systems 
but fail  in other systems or are 
laborious to calculate accurately. 

Scheibel and Friedland (17') pro- 
posed an empirical method which 
gives good agreement with many 
observed data;  however, it is lack- 
ing in  theoretical background and 
requires different procedures of 
calculation for different types of 
ternary systems concerned. 

Othmer, Ricciardi and Thaker 
( 1 5 )  derived a fundamental ther- 
modynamic equation for  ternary 
systems and used it for checking 
the vapor-liquid equilibrium data 
available for  a ternary system. 

PREDICTION FROM TEMPER- 
ATURE-COMPOSITION DATA 
A method is here presented for 

estimating vapor compositions at 
constant-pressure equilibrium from 
boiling-point data of ternary sys- 
tems. This method requires the 
boiling-point-composition data of 
the system, but the experimental 
procedures f o r  determining boiling 
points of definite ternary liquid 
mixtures are  generally much sim- 
pler than those required for de- 
termining entire vapor composi- 
tions of the system. 

The method offered for  ternary 
systems is a natural extension of 
the method for binary systems de- 
veloped by the author(8) and 
Othmer, Ricciardi, and Thaker ( 1 5 ) .  
It is based on the linear property 
of the equilibrium relations when 
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METkkNOL(2) plotted against Y (for acetone), the 
liquid compositions of methyl iso- 
butyl ketone being taken as param- 
eters. The present author ex- 
amined this linear property of X-Y 
curves for various ternary systems 
available in the literature and 
found that in plotting X-Y  curves 
it is more convenient to take the 
ratios of liquid compositions of 
two components as parameters 

Fig. 1. Triangular diagram of ternary boiling point for the 
system acetone (1)-methanol (2)-water ( 3 ) .  

they are  represented by X - Y  curves, 
X = x/(l-x) vs. Y = z ~ / ( l - y ) ,  on 
logarithmic paper. 

Othmer et a1.(15) suggested that 
ternary systems, such as acetone- 
chloroform-methyl isobutyl ketone, 
can also be represented as straight 
lines on logarithmic paper when X 
( fo r  acetone, for example) is 

I . . , .  l 
o 0 2  0 4  0 6  o e  1 0  

X 

Fig. 2. Plot of boiling point, "C.,  VS. 
mole fraction in liquid x for the sys- 
tem acetone (1) -methanol (2) - 

water ( 3 ) .  

rather than the liquid compositions 
of one component. This manner of 
indicating parameters for  the 
ternary equilibria was introduced 
by Colburn and Schoenborn(4) in  
the relation of activity coefficients 
and liquid compositions. They used 
as parameters the relative com- 
positions of secondary components 

instead of the ratios of them, but 
both are  essentially the same. 

PREDICTION OF TERNARY 
SYSTEMS 
The calculation procedures of the 

present method for  ternary sys- 
tems are  similar to those for binary 
systems except for some modifica- 
tions due to the nature of the 
ternary system. The entire ternary 
equilibrium relation may be esti- 
mated and determined by the steps 
given below. 

1. Plot available ternary-boiling- 
point data on a triangular diagram 
and draw smoothed lines for the con- 
stant value of the boiling point, as 
shown in Figure 1. The system of 
acetone~methanol-water examined by 
Uchida, Ogawa, and Hirata(l.9) is 
used as an example. 

2. Plot the boiling point against 
the liquid composition of any com- 
ponent (preferably the lowest or 
highest boiling component) along a 
line on the ternary diagram at a 
constant ratio of mole fractions of 
the other two components. Thus the 
values of the boiling point are plotted 
against x1 (in this example, mole 
fraction of acetone) for a constant 
value of X,,, as in Figure 2, where 
X,, is equal to  1, 4, and 1/4. These 
values of X, ,  indicate in Figure 1 
a series of straight lines passing 
through the corner of component 1 
(acetone). 

A striking observation in Figure 
2 is that some boiling-point curves 
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Fig. 3. Ternary X - Y  curves calculated for the system acetone (1)- 
methanol (2)-water ( 3 ) .  
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cross the limiting curves for binary 
systems. In such cases it is obvious 
that a linear interpolation would be 
greatly in error. 

3. Calculate and determine Xl;Yl 
curves as  shown in Figure 3 by using 
the boiling-point curves of Figure 2 
for X , ,  = 1, 4, 1/4, etc., and by fol- 
lowing the same steps developed for 
binary systems [cf. Othmer et al. 
( 1 5 )  o r  Hirata(8 and l o ) ] .  In these 
calculations, however, it is usually 
difficult t o  find or estimate the latent 
heat of vaporization of ternary solu- 
tions, which appears in the tern) 
f ( 2 ‘ )  ; that is, 

The author proposes here the follow- 
ing approximation for ternary sys- 
tems : 

5 and shows fairly good agreement. 
The method was applied to other 
systems available, such as acetone- 
chlorof orm-methyl isobutyl ketone 
( 1  1 ) , methyl ethyl ketone heptane- 
toluene ( 1 8 ) ,  ethyl acetate-ethanol- 
water (7) ,  carbon tetrachloride- 
ethanol-benzene ( 2 )  , ethanol-ben- 
zene-water ( 3 1 ) ,  and isooctane- 
toluene - phenol ( 5 ) .  Comparisons 
between calculated and observed 
data show good agreement for the 
first three systems, but for the lat- 
ter  three systems, mainly owing to 
the incompleteness of boiling-point 
data, good agreements are  local. 

MATHEMATICAL PREDICTION OF 
VAPOR COMPOSITIONS 
As indicated in steps 5 and 6, 

- ___ __ 

where AL’:I/RT,3 is the value of AJRT 
for the binary mixture of component 
2 and component 3 at the definite 
value of X, ,  and may be estimated 
from binary data. 

4. Transform X,-Y, curves into 
X l Y 1  curves, as shown in Figure 4. 
Plot the values of vapor composition 
y, on a ternary diagram and draw 
lines for the constant value of yl. 
(See Figure 5.) 

5. Calculate and determine X,-Y,  
curves or X,-Y, curves for another 
set of lines, X,, = constant or  X ! ,  = 
constant, by the procedure explained 
above. Draw lines for the constant 
value of y, or y3’ 

6. The constant y, lines first ob- 
tained, together with the constant 
y, or 9, lines determined, define the 
whole vapor-liquid equilibria of the 
ternary system, as in Figure 5,  for 
the system acetone-methanol-water. 

The result calculated by these 
procedures is compared with the  
observed data of Othmer, Fried- 
land, and Scheibel(l4) in Figure 

Fig. 4. Ternary z-y curves calculated 
fo r  the system acetone (1)-methanol 

(2)-water ( 3 ) .  
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instead of calculating another set 
of X,-Y,  or X,-Y,, though it re- 
quires much more laborious calcu- 
lations. This mathematical method 
is useful especially when boiling 
points are measured only along 
lines such as X23=constant on a 
triangular diagram. 

For ternary systems the funda- 
mental thermodynamic equation 
may be expressed as follows(l5), 
if x1 is chosen as the independent 
variable : 

-2- (In yz*23y3)  = (X,,+l) 

.I fr) 21 dnyl ) (3) 
( i - - r  1-27 d X l  

d.li 
(1) 

~- I______ 

two sets of X - Y  curves must be 
calculated to determine all the 
ternary equilibria by the method 
presented above. If, therefore, only 
X1-Yl  curves are determined, only 
y1 and y2 + y3 have been found, 
y2 and y3 separately a r e  not yet 
known. In  such a case the following 
mathematical method may be used 

_-- - _-_ I__ 

Equation (3)  is thermodynamically 
rigorous and represents the rela- 
tion between vapor and liquid com- 
positions fo r  R constant valiie of 

METHANOL (2) 

Fig. 5. Comparison between calculated and observed vapor-liquid-equilibrium 
data for the system acetone (1)-methanol (2)-water ( 3 ) .  

A.1.Ch.E. JournaI September. 19.55 



TABLE l.-cALCULATIONS FOR THE SYSTEM ACETONE (1)  - 
METHANOL (2)-wATER (3) .  (x2,= l/4) 

2 1  Yl t,”C. 

0.05 0.286 74.0 
-1 .412 69.8 
.2 .545 65.1 
.4 .667 61.1 
.6 .750 58.9 
.8 257 57.2 

Fig. 6. Determination of ternary 
vapor compositions fo r  the system 
acetone (1) -methanol (2) -water (3) .  

X Z 3 .  Integrating and rearranging 
result in the following relation: 

:x! +1) + (8 1-XZ) (4) 1.303 
where 

a 

and 

0 

v 

If Equation (1) is substituted in 
Equation ( 5 ) ,  the integration may 
be simplified as follows : 

. I  
7-23 

Y,x232Jz ?? % 
0.266 0.38 0.334 

.216 .3 0 .288 

.170 .205 .250 

.121 .13 .203 

.077 .095 .155 

.034 .06 .083 

By use of the aforementioned 
method of estimating the relation 
y1 vs. xl, the relation T vs. x1 being 
known for a constant value of Xa3 ,  
the integrations of S1 and S2  are  
carried out numerically and the 
term y2x23y3 may be determined 
as a function of xl, say F (xJ. This 
function, together with the equa- 
tion yz + y, = l - ~ ~ ,  determines the 
vapor compositions y2 and y3 for 
the definite value of zl. Therefore 
the intercepts of these lines de- 
termine y2 and y3 at the same time. 

An illustrative example is given 
in Table 1 and Figure 6 for the 
system acetone (1) -methanol (2) 
-water (3 ) .  The agreement with 
the observed data(l-4) is fairly 
good. 

CONCLUSION 
The method of predicting vapor- 

liquid equilibrium relations from 
boiling-point data for binary sys- 
tems can be used with slight 
modifications for  ternary systems, 
for which it is particularly useful, 
as only the boiling-point-composi- 
tion data are needed to  determine 
the entire vapor-liquid equilibrium 
relation. 

The method may be used also 
to check the available ternary 
equilibrium data. 
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NOTATION 
f (T) = function defined in Equa- 

R = gas constant 
T = absolute boiling point of ter- 

nary solution 
TI = absolute boiling point of com- 

ponent 1 
T,, = absolute boiling point of bi- 

nary mixture of components 
2 and 3, ratio of their com- 
positions being X,, 

x = mole fraction of component 
in liquid 

X ,  = mole fraction of component i 
in liquid 

x = xi (1-x) 

tions (1) and (2) 

xi = xJ(l--xJ x,, = xt/xI, ratio of compositions of 
components i and j 

y = mole fraction of component 
in vapor 

yi = mole fraction of component i 
in vapor 

Y = yl(1-y) 
Yi = yJ(l-y,) 

A, = molal latent heat of vaporiza- 
tion of solution 

IL1 = molal latent heat of vaporiza- 
tion of component 1 

;.23 = molal latent heat of vaporiza- 
tion of binary mixture of 
components 2 and 3, ratio of 
their composition being X z 3  

Subscripts 1, 2, and 3 refer to com- 
ponents 1, 2 ,  and 3 respectively 
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