Prediction of Vapor-hqud Equilibrium Data
for Binary Hydrocarbon Mixtures
at Various Total Pressures
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An empirical method is suggested which permits the prediction of vapor-liquid equilibrium
data for binary hydrocarbon mixtures at various total pressures on the basis of equilibrium
data at one constant pressure, This method has been tested with the vapor-liquid equi-
librium data of six nonideal systems measured at twenty-one different experimental
conditions. The total pressure range varies from 50 mm. of mercury to 4 atm. In all cases
the predicted results are in good agreement with the experimental data.

Data on vapor-liquid equilibrium are
of great interest to chemical industries
employing fractional distillation. In the
literature a number of methods for repre-
gentation of vapor-liquid equilibrium
data have been suggested and reviewed
(1, 2, 6, 7, 11), some of which have been
useful for predicting or extrapolating
z-y data. Recently Wehe and Coates (15)
suggested a method for correlation of
activity coefficients. Their method allows
data taken on systems for which experi-
mental results are available to be used to
predict those for other systems on which
only the boiling points of the pure compo-
nents are available. They have predicted,
for example, the z-y curve for the system
benzene—n-butanol with the vapor-liquid
equilibrium data of the systems benzene-
methanol, benzene-ethanol, and ben-
zene-n-propanol used as primary in-
formation. Spinner, Lu, and Graydon
(12) suggested an empirical method
which permits the prediction of the
binary vapor-liquid equilibrium data
(component 1-component 2) on the
basis of other binary data for the two
components, each with some third com-
ponent (component 1-component 3 and
component 2-component 3), and of
ternary vapor-liquid equilibrium data
with equilibrium data for two of the
three binary systems used as primary
information.

To date full advantage has not been
taken of data existing in the literature.
The empirical method described in this
paper extends the use which can be made
of these available data by permitting the
prediction of vapor-liquid equilibrium
data for binary hydrocarbon mixtures at
various total pressures if the equilibrium
data at one constant pressure are known.

ALGEBRAIC METHOD

For binary systems Clark (2) suggested
that the ratio of the mole fractions in one
phase is a linear function of the ratio of
the mole fractions in the other phase
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when the ratios are used such that the
components in larger amounts appear in
the numerator. Thus, for high values of z,

/Y2 = ax,/z. + b (1a)
and for high values of z,
Yo/t = @'z /x + Y (1%)

where z and y refer to mole fractions in
the liquid and vapor, respectively. The
quantities a, a’, b, and b’ are constants.
Subscripts 1 and 2 refer to more and
less volatile components, respectively.
In order that the entire system may be
continuously represented by these two
equations, it is necessary that Equations
(1a) and (1b) have a point of contact
at some values of z between 0 and 1.0
where dy/dr are identical from both
equations. This condition is satisfied when

(aa”)'? £ (bb)'* = 1 (2)

The sign of the quantities b and b’ and the
term (bb")1/* is taken to be the sign of
the quantity [I — (aa’)'?]. At the
tangent point

__(a’b/ab"y'?
T T ¥ @b/ab) T

For an ideal case, where R‘aoult’s-law is
obeyed, :

D (3)

a=1/a" =a

and
b=b =0

where a is the relative volatility.

Equations (1a) and (1) were used in
this study and found to be excellent
representations of the vapor-liquid equili-
brium data for binary hydrocarbon mix-
tures.

The constants a and a’ of Equations
(1a) and (1b) may be expressed in the
following manner,

a = (Plo/on)T. exp (—A) (4a)
and

a’ = (P,°/P,%)r, exp (—B) (4b)

where (P,°/P;%)r, represents the ratio
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of the vapor pressures of the pure com-
ponents at the boiling point of pure
component 1 and (P,%/Py)r, represents
the ratio of the vapor pressures of the
pure components at the boiling point of
pure component 2. A and B are constants.

Ewell, Harrison, and Berg (3) have
explained deviations of nonideal systems
in terms of the hydrogen-bonding charac-
teristics of the components. They have
classified all binary hydrocarbon mixtures
as ‘“‘quasiideal”’ systems which always
indicate positive deviations (the values
of the activity coefficients are above
unity) or follow Raoult’s law. The
constants A and B of Equations (4a)
and (4b) are positive numbers for positive
deviations and zero for ideal systems.
The method of prediction described in
this paper is limited to the foregoing
conditions.

PREDICTION OF THE CONSTANTS a AND a’

With the constants A and B obtained
from the known vapor-liquid equilibrium
data of the same system at one constant
pressure used as primary information,
the following empirical relations are
proposed for the prediction of constants
A and B of Equations (4a) and (4b) for
a8 system at various total pressures:

. ] + Cf(‘)l'K)‘/2
A, = A 1+ C(1r)1/2 (5a)
_pl+CE)'” .
Br - B 1+ C(1r)”2 (Ob)

where

A and B refer to the constants, calculated
from Equations (4a) and (4)) for the
known vapor-liquid equilibrium data
at total pressure mg,

Az and B refer to the constants for the
same system at total pressure «

mx refers to the total pressure under
which the known vapor-liquid equili-
brium data were determined

« refers to the total pressure under
which the vapor-liquid equilibrium
data are being predicted

C i3 a dimension-correcting constant.

If the units of mg, 7, and C are taken to
be atm., atm., and (atm.)~1/2 respectively,
then C is unity. Hence the constants a
and o’ of Equations (la) and (1b) at
various total pressures may be calculated
by the following equations:
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a = (PIO/P20)T11

- exp { — 2
and

a’ = (P2l,//Pl‘))T:,

l_tg(zfszi’i}
1 + C(‘n_)l/Z

o d M_}
"'x"{ BT em”

where T, and T., refer to the boiling
points of components 1 and 2, respec-
tively, at total pressure .

EVALUATION OF THE CONSTANTS b AND b’

After the constants a and a’ have been
obtained, two equations are required to
evaluate the constants b and b’ of Equa-
tions (la) and (1b). Equation (2) pro-
vides one of them. The Redlich and
Kister (70) relationship may be com-
bined with Equations (la) and (1) to
provide the other.

By definition,

a = (1)10 //1)2“) (‘Y 1 ."/'Yz)

where vy refers to the activity coefficients.

1 1
f log a di, = f log (P° /P, da,
0 0

)

1
+ f IOg (v1/72) da,

Assuming that the vapor phase is an
ideal gas mixture and the activity co-
efficients are independent of temperature,
Redlich and Kister have derived that

1
i f log (v /v2) dey = 0

Therefore
y

1
f log & du,
0

1
- f log (7,°/P,%) dr, (6)

)

The right-hand side of Equation (6) may
be taken as

Sllog (P°/P2")z, + log (P\"/P;")r.]

Equation (1) may be rearranged to give

a = [ax, + (1 — 2)]/x,
for D<a2a <1
a=(1—x)/[x(b —a) + a]

for D> 2,20

where D refers to the value of r at the
tangent point as defined by Equation (3).
Hence,

3(log (Plo/P'zn)'r._ + log (P|0,"/P20)1‘:]
= f log a dx,
0

Page 526

D ] T
— [ S S ,
B .[0 log {.’v,(b' —a) + a'} ax,

. {a.ﬂ_fn_ +?;<_1 ;ﬂir)} dz,

+f,: lo

a

{(a — b)D + _b}
B a—b

- log [(a — b)D + D]
W' = a)D + o

-

- log [(b" — @)D + o]
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Fig. 1. Predicted vapor-liquid equilibrium curve and data
(6) for system heptane-ethylbenzene, at 100 mm. Hg.
O experimental; — predicted.
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Fig. 2. Predicted vapor-liquid equilibrium curve and data
(6) for system hexane-toluene, at 300 mm. Hg.
QO experimental; - - predicted.

+ Dlog D

lation.

approximation.
vV —d }

b/b" = d’/d’

where

— (1 — D)log (1l — D)

Equations (2) and (7) may be used to
’ evaluate the constants b and b'. This
method involves a trial-and-error calcu-

As a first approximation, the constants
b and b’ were calculated by means of
Equations (2) and (8), with Equation
(7) used to check the validity of this
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Fig. 3. Predicted vapor-liquid equilibrium cur

(14) for system methylcyclohexane-toluene, at 400 mm. Hg.

Q experimental; — predicted.
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Fig. 5. Predicted vapor-liquid equilibrium curve and data
(16) for system octane-ethylbenzene, at 50 mm. Hg.

O experimental ; — predicted.

Fig. 4. Predicted vapor-liquid equilibrium curve and data
(5) for system naphthalene-tetradecane, at 200 mm. Hg.

QO experimental; — predicted.

_4.606a{log [(P"/P,") 7, /al}’
log [a/(Pno/on)Ta]

(9a)

7 4.606a’ {log [a'(P\"/P"),]}¢
- log [(P,"/P;")r,/a]

(9b)

Equations (9a) and (9b) were derived by
the combination of Equation (1) and
Van Laar equations, as rearranged by
Carlson and Colburn (), at the limit
concentrations (r, — 1 and z, — 0).
Complete derivations have been given
by Clark (2). Since good agreements were
obtained as shown in Table 2 (columns
10 and 11), a second approximation was
not required.

This method of prediction has been
tested with the vapor-liquid equilibrium
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data of six nonideal systems measured at
twenty-one experimental conditions. The
total-pressure range varies from 50 mm.
Hg to 4 atm. The vapor-liquid equilibrium
data of these systems at 1-atm. pressure
were used as primary information. The
vapor-pressure data used in this study
were taken from the compilation of
Stull (13). All the primary information
used for prediction is listed in Table 1.
The predicted values of the constants
a, a’, b, and ¥ of these systems at various
total pressures are listed in Table 2.
The precision of this method of prediction.
is illustrated in Figures 1 to 6. The
dotted lines on these graphs indicate
the courses of the calculated curves when
they are projected beyond the tangent
point in the dircetions in which they
become invalid. In all cases the predicted
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10 10
o
08 = Za 08 z
T
i e
06 Ve 0s va
Vi
04 /“ 04 . ,f:(
K Y
02 02 K{/é
¢ p
0 0
o 02 04 06 08 10 0 02 04 06 08 10
X X

Fig. 6. Predicted vapor-liquid equilibrium curve and data
(4) for system 2, 2, 4 trimethylpentane-toluene, at 4.06 atm.

O experimental; — predicted.

results are in good agreement with the
experimental data.

SAMPLE CALCULATION

The prediction of vapor-liquid equili-
brium data for the system heptane-ethyl-
benzene at a pressure of 100 mm. Hg, on
the basis of the vapor-liquid equilibrium
data at l-atm. pressure, illustrates the
calculation.

At l-atm. pressure,

(P /P,
(P/P ) ry = 2.62
2.34 = 3.10 exp (— A)
oA = 0.282

= 3.10
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TasLE 1. PRIMARY INFORMATION FOR PREDICTION

Since this value is in good agreement with

Total 0 0 i[log (P."/P;")r,
System pressure, a a’ A B (&o) (&6 Ty, °C. T., °C. v 0 1m0
atm, Pf/r \P?/r, + log (P°/P,")r,] = 0.584
1. Heptane-ethyl- 1 2.34 0.276 0.282 0.326 3.10 2.62 98.4 136.2 5 gecond approximation is not required.
benzene (6) The predicted vapor-liquid equilibrium
2. Hexane- 1 2.65 0.228 0.390 0.300 3.92 3.25 68.7 110.6  cuyrve and data (6) for this system are
toluene (6) ilustrated in Figure 1.
3. Methyleyclo- 1 1.040 0.650 0.249 0.157 1.332 1.316 100.9 110.6
hexane-tolu- ACKNOWILEDGMENT
ene (9) .
4. Naphthalene- 1  1.780 0.428 0.290 0.106 2.38  2.10  217.9 252.5 The author wishes to acknowledge the
tetradecane (§) suggestions of Professor W, F. Graydou in
5. Octane-ethyl- 1 1.116 0.616 0.182 0.199 1.338  1.328 125.6 136.2  the course of this work.
benzene (16)
6. 2, 2, 4-Tri- 1 1.040 0.540 0.300 0.282 1.403 1.395 99.2 110.6 LITERATURE CITED
methylpen- 1. Carlson, C. H., and A. P. Colburn,
tane-toluene (4) Ind. Eng. Chem., 34, 381 (1942).
TasLE 2. PREDICTED CONSTANTS AT VARIOUS TOTAL PRESSURES
1 2 3 4 5 6 7 8 9 10 11
TOt&l ’ ’ IE &? o o, [ (El_o) 1
System pressure @ @ b b P2°)T. P:°)r, Ty, °C. T, °C. [log P/ r, [slog @ du
P
mm. Hg + log (on)n] /2
1. Heptane-ethyl- 100 2.78 0.177 0.960 0.0931 4.20 3.51 41.8 74.1 0.584 0.588
benzene (6) 300 2.53 0.220 0.676 0.0954 3.57 3.05 69.7 104.7 0.519 0.516
2. Hexane-toluene (6) 150 4.00 0.165 1.367 0.0256 6.88 4.00 24.8 61.9 0.720 0.706
300 2.89 0.201 1.348 0.0425 4.68 3.45 41.9 80.9 0.60+ 0.5%4
3. Methyleyclohexane- 200 1.050 0.575 0.607 0.0819 1.459 1.415 59.6 69.5 0.157 0.165
toluene (14) 400 1.041 0.611 0.536 0.0765 1.388 1.361 79.6 89.5 0.138 0.138
4. Naphthalene- 50 2.50 0.28¢ 2.10 0.0118 3.97 2.98 124.9 158.5 0.537 0.511
tetradecane (5) 100 2.19 0.306 2.21 0.0150 3.36 2.80 145.5 178.5 0.487 0.475
200 2.005 0.338 1.94 0.0162 2.94 2.57 167.7 201.8 0.439 0.425
400 1.87 0.378 1.611 0.0159 2.62 2.34 193.2 226.8 0.394 0.380
5. Octane-ethylben- 50 1.072 0.509 0.332 0.204 1.435 1.430 49.9 57.7 0.156 0.147
zene (16) 200 1.095 0.559 0.267 0.178 1.389 1.375 83.6 92.7 0.141 0.146
500 1.111  0.600 0.219 0.153 1.361 1.341 111.2 121.3 0.131 0.131
atm,
6. 2, 2, 4-Trimethyl- 2.02 1.040 0.617 0.28¢ 0.139 1.33¢ 1.283 125.8 136.9 0.117 0.116
pentane-toluene (4) 4.06 1.034 0.670 0.228 0.122 1.261 1.238 157.7 168.6 0.097 0.097
a = 0.276 = (1/2.62) exp (—B) d’ = 4.606 X 0.177 2. %lgri(l,gz‘:.s)\{, Trans. Faraday Soc., 41,
.. B = 0.326 2 3. Ewell, R. H., J. M. Harrison, and Lloyd
w llog 3.51 X 0.177)] Berg, Ind. Eng. Chem., 36, 871 (1944).
At 100 mm. H log (4.20/2.78) 4. Gelus, K., Stanley Marple, Jr., and
- H8 = 0.194 M. E. Miller, ibid., 41, 1757 (1949).
1/2 5. Haynes, S., Jr.,, and Matthew Van
L+ Clre) 2 147 Therefore, Winkle, ibid., 46, 334 (1954).

l+Cm” ~ 1+0362
(P.°/P,");, = 4.20
(P.°/P%),, = 3.51

b/b’ = d/d’ = 2.00/0.194

Use of Equation (2) gives

a = 4.20 exp (—0.282 X 1.47) (aa’)'”? £ (bb)* =1
= 2.78 (aa”)'? = (2.78 X 0.177)'"?
a” = (1/3.51) exp (—0.326 X 1.47)  (pp)'* = 1 — 0.701 = 0.299
= 0.177 b = 0.960
Use of Equations (9a) and (9b) gives * b’ = 0.0931
d = —4.606 X 2.78 Substituting the values of a, a’, b,
. . into Equation (7) yields
x [log (4.20/2.78)]
log (3.51 X 0.177 ' -
— 2.00 og ( X ) j; log a dx, = 0.588
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10.3

= 0.701
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