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A correlational procedure was developed to predict the vapor-liquid equilibrium behavior
of light hydrocarbons in heavier hydrocarbon solvents at low temperatures and elevated
pressures. The method is applicable to paraffinic as well as aromatic solvents.

The method employed the Benedict-Webb-Rubin equation of state to predict the vapor

phase fugacities.

Methane liquid fugacities in the various hydrocarbon solvents were

based upon Henry's law which included terms to account for compositional and pressure
effects. The liquid fugacities for ethane and propane were calculated using infinite dily-

tion data to modify empirically the Scatchard-Hildebrand equation.

Excellent agreement

between the correlated and low-temperature data available on this class of systems was

obtained.

The literature abounds with correlations for vapor-liquid
equilibria at elevated pressures, Of particular note are
the Chao-Seader correlation (4), correlations in light hydro-
carbon systems based on equations of state (I), and con-
vergence pressure correlations such as those appearing in
the NGSMA Data Book (I2). The strength of the Chao-
Seader correlation lies in its generality; that is, in its
ability to predict vapor-liquid phase behavior in systems
composed of paraffins, napthenes and aromatics, including
gases such as hydrogen, nitrogen, carbon dioxide, and
hydrogen sulfide at low concentrations. The application
of equations of state and the corresponding states methods
is usually limited to systems composed of paraffins and
nonpolar substances., The purpose of this paper is to
develop a method of predicting phase behavior in systems
containing a supercritical component, methane, with inter-
mediates, ethane and propane, and a relatively heavy paraf-
fin or aromatic component, such as heptane or toluene,
using basic data which are functions of pressure and tem-
perature only. Temperatures of interest range from 70° to
~100°F, and pressures up to 1,500 1b./sq. in. abs. Other
correlations have not been successful for this type of sys-
tem under these conditions.

By definition, the vapor-liquid equilibrium constant, or
K value, is the ratio of mole fractions of the component in
the vapor and in the liquid. Since the fugacities for com-
ponents are equal among the equilibrium phases

K; =G /x5y ) = U/ GeyPISY /i (D
Chao and Seader (4) chose to separate the liquid fugacity
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coefficient, |f;%/(x;P)], into two parts: one identified with
the component and the other with liquid phase nonideality.

(fL7xP) = (£,°L/PY {15/ (eif 2]

where f;°F = the fugacity of pure liquid / at system T
and P.

The second term of the right-hand member is defined as
the liquid phase activity coefficient and is

Vi ‘—',[fiL/(Xz'fioL)] 2).

where y; = activity coefficient of i in the liquid phase.
The first term of the right-hand side is the pure come
ponent fugacity coefficient of { in the liquid

vi©=fok/pP ®3)

The problem encountered in applying the Chao-Seader
approach to methane is that the temperatures of the sys-
tems studied are above the critical temperature of methane,
requiring that »1° be calculated for a hypothetical liquid.
Chao and Seader treated the liquid parameters in their
equation for the gaseous component as empirical parame-
ters and determined them from a fit of existing high-temper-
ature experimental data. Application of their correlation to
the lowstemperature system methane=propane=n-heptane
did not give satisfactory prediction of the phase behavior,
as shown in Figures 1 and 2.

Experimental data are available to formulate and test
correlational methods for light hydrocarbon-hydrocarbon
solvent systems at low temperatures. Reviews of the data
are presented elsewhere (3, 15, 22).

Recent binary references particularly pertinent to this
paper are:
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Fig. 1. Methane K value in the C;—C3—n-C7 system. Comparison be-

tween experimental data and Chao-Seader correlation. T = —40°F.
System Temperature Reference
Methane-n-butane ~80° to 280°F, an
Methane=n~hexane ~110° to 150°C, 0
Methane-n-octane —~110° to 150°C, )
Methane-n-nonane ~25% to 75°C. @n
Methane~n-decane -20° to 40°C. *®

The experimental work reported in a companion paper (23)
presents the following information:

1. K values of methane and propane at finite concentra-
tions in the methane~-propane~n-heptane system and K
values of ethane at vanishingly small concentrations (in-
finite dilution) in the system, for temperatures between 0°
and —100°F. and pressures to 1,600 1b./sq. in. abs.

2. K values of methane and propane at finite concentra-
tions and of ethane at infinite dilution in the methane-
propane=~toluene system at —40°F. and for pressures to
1,000 Ib./sq. in. abs.

3. K values of methane and ethane in the methane-
ethane-n~heptane system for —20°, —40°, and —60°F. and
pressures to 1,600 1b./sq. in. abs.

This information was the principal experimental basis
for this correlational effort.

METHANE CORRELATION

The hypothetical liquid standard state for methane can
be circumvented by referring to the infinite dilution state
of methane in the liquid as the standard state, rather than
to the nonexistent pure methane liquid state.

£ = lim f/x, @

Defined in this manner, f,"’s are also the Henry’s law con-
stants for methane in the various solvents,

The work of Kohn and co-workers (6, 7, 20, 2I) and of
Chang (2, 3) reveals that methane deviates only slightly
from Henry’s law, in binaries with heavy hydrocarbons, up
to methane mole fractions of at least 0.2 and in some
cases to x, = 0.4. Therefore an approach based on Henry’s
law was investigated as a means of correlating the methane
K values.
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Fig. 2. Propane K value in the Cy—C3-n-C; system. Comparison

among experimental data, Chao-Seader correlation, and a modified
Chao-Seader correlation. T = —40°F.

The following equation, reported by Prausnitz (I4) and
used by Orentlicher and Prausnitz (13) for hydrogen solu-
bility in cryogenic solvents, was adopted:

l(f‘L> Iny,” £, V. (P-P,) )
n{—m-171= 1 = 4o
P et "®RD

where y,”™ has been normalized so that ;&jg‘o ¥, =1. P,yis

a low pressure where V, = V,, ,° =1, and f,%/x, = /™
that is, where component 1 is infinitely dilute.

Rigorously, P, would be the vapor pressure of the solvent
at the system temperature. However, in many cases the
vapor pressure 1s not known but is low enough to be negli-
gible. P, was chosen as 1 atm. in this analysis. Equa-
tion (5) is also similar to the Krichevsky-Kasarnovsky
equation (10), except for the inclusion of the activity coef-
ficient y,. By basing all fugacities on the same pressure
P, and temperature T, an integrated form of the Gibb’s-
Duhem equation may be used for the activity coefficient.
For example, Orentlicher and Prausnitz (I3) used the sin-
gle suffix Margules equation.

The methane binary systems observed also exhibited a
linear dependence of In £, on 1/T for the low-temperature
range of interest, which is tepresented as

In ,*=A+B/T ()]

Evaluation of (flL/xl) from experimental data in the
methane binary systems was made from the equation
L |4
_f_‘__ =K, i
Xy y.P
If [f,Y/(»,P)] (the vapor phase fugacity coefficient of
methane) can be determined, (f,"/x,) can be calculated
from the experimental methane K values and Equation (7).
The Benedict-Webb-Rubin equation of state (I) was used to
calculate the vapor phase fugacity coefficient, using pub-~
lished values of the hydrocarbon constants, with noted cor-
rections in Cy (1) at low temperature.

The only term of Equation (5) remaining to be determined
is the partial molal volume of methane at infinite dilution
V.”. The effect of the pressure correction to fugacity
(Poynting correction) in which V|, occurs is secondary.
Therefore values of V,”™ need not be extremely accurate to

P )

Page 93



T T T T 1T T T T 1
80 |- —
_ VP-7.80+4.54(T/8%) —_
2 60 .
1]
2 - v 0O _]
S -O-Ci-nCq (19)
' OcCi-nCr(6) |
& a0 - A ¢-nCg(20)
Oci-ncg( 7 _
— O €-nCigl19)
sol 1 1 1 g | VG BENZENE (50)
40 60 80 100 120 140

T/82°R/cal/mi)

Fig. 3. Correlation of partial molar volume for methane at infinite
dilution in hydrocarbon solvents.

give satisfactory results. For example, the total effect of
the Poynting correction for (f,/x,) in methane-n-heptane
at —80°F. and 1,000 1b./sq. in. abs. is approximately 14%.
This is near the maximum correction applied to any fuga-
cities used in this analysis. Lyckman et al. (II) proposed

the correlation which was used here for V,”. They ob-
tained
v.>ep TP
2L 2% function of —— i (8)
RTc, ) Tc,

A plot for numerous gaseous solutes in different solvents
revealed a linear relationship at temperatures reasonably
below the mixture critical temperature (non expanded sol-
vents). Since this work was concerned only with methane,
a linear relation

V,* =D, + D, (T/8,% ©)

serves as well, for methane volumes only. D, and D, are
tabulated in Table 2. Volumetric data were obtained by
graphical differentiation of reported low-temperature liquid
volume data (19, 6, 20, 7) and are shown in Figure 3.

The analysis of the methane liquid fugacities calculated
from experimental data and Equation (7) revealed a nearly
linear dependence of Iny,” on x,. Examples are shown in
Figure 14, It was recognized that this linear relation does

not obey the Gibbs-Duhem relation, in general. However,
the methane liquid compositions were restricted to values
less than x, = 0.5 in this analysis, and thermodynamic con-
sistency is possible with such a function in this restricted
composition range.

Because In y,* appeared linear in x,, the experimental
data of each binary system was fit by a linear regression
procedure to the following equation for the binary methane
K values:

L 7 oo
B C V
1n<fL> At =4 —x, + — (P=Py (10
X, T T RT

The data points for x, significantly greater than 0.5 were
not included in the fit because the approach based on
Henry’s law is no longer valid. The results of the analysis
are* shown in Table 1, together with a list of systems
studied and the temperatures considered. The pressure
limits were established by the requirement that x, be less
than 0.5. As indicated in Table 1, Equation (10) fits each
individual system well, with resulting constants 4, B, and
C, depending upon the solvent in the system.

It is now necessary to relate the A, B, and (s to sol-
vent characteristics. The Scatchard-Hildebrand equation
was used to characterize the solvent. For methane at
finite concentrations, the Scatchard-Hildebrand equation
is (5)

RT Iny, = V., (5, = 8,)° an

where

Y= fo/(foxOL)

The compositional dependence of y, is included in ¢ of
Equation (11). However, for x, — 0, ¢ — 1 and only sol-
vent characteristic effects remain. Therefore Equation (10)
was forced to be consistent with the Scatchard-Hildebrand
Equation (11) at x, — 0, The Scatchard-Hildebrand equa-
tion, Equation (11), reduces to

fin 1, =4 + B (8, = )% constant 12)

at small values of x,, where A" and B' are empirical for a
supercritical component such as methane and are functions
of T only.

Equation (10) reduces to Equation (6) as x, — 0. Com-
parison of Equations (6) and (12) suggested the following
functional forms of the A and B constants of Equation (10):

A=A, +A4, B -58)°
B=B, +B, 5 -5)°

TaBLE 1. DIRECT FiT OF EQUATION (10) TO INDIVIDUAL BINARY SYSTEMS CONTAINING METHANE*

Equation (10) -
In(f/x) = A+ B(Tc/T+ C(Tc/T) x +{V,V/RDI (P -1

TCl = critical temperature of methane

Min. T, Max. T,

System °F, °F. A
Methane=propane -~100.0 50,0 6.8336
Methane-n~butane - 80.0 100.0 6.9554
Methane-n-hexane -103.0 32.0 7.1535
Methane=n-heptane -100.0 40.0 7.1802
Methane=n~octane -~ 58.0 32.0 7.2987
Methane-n-nonane -- 58.0 77.0 7.1750
Methane-n-nonane —~ 58.0 32.0 7.3701
Methane-n~decane ~ 20.0 100.0 6.8447
Methane~toluene ~ 40.0 -40,0 it

*For x, < 0.5 mole fraction methane.

No. of Av&:rageT
B C points absolute % error

-2.7910 -0.96875 28 4.2
~2.8353 —-0.61339 37 5.9
—2.8614 —-0.65284 30 0.8
-2.9074 —-0.58416 44 0.9
—2.9952 -0.55867 21 0.8
~2.9182 —0.28970 42 2.2
—3.1505 -0.32124 31 1.5
-2.5142 -0.06520 31 1.0

3 —-1.,3325 8 1.5

14 and B not separately calculated at only one temperature. A4 + B(TCI/T) = 5.6823.

Kcorr. - Kex .
TPercent error = ———P.

Kexp.
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These constants were fit in this manner to the data given
in Table 1.

The parameter C is left to be correlated with solvent
properties. It appeared from the data that deviations from
Henry’s law were related to the density of the solvent.
The C’s evaluated were not extremely regular and their ef-
fect was secondary. A linear fit of C to the molar density
of the solvents calculated from the Chao-Seader (4) molar
volumes at 25°C. was used to correlate the C’s in the
binary systems investigated.

The general correlation which resulted from the de-
scribed analysis was

£ B C_ V>((FP-Py)
n— A+t ox+t ——— (13
X, T T RT
where
A=A, +4, 6 -8)
B = Bl + Bz (81 —52)2
C=C, +C,J/V,
V., =D, + D, (T/5,9

P, was chosen as 1 atm., since solvent vapor pressures
were not accurately known. At 1 atm. methane is at van-
ishingly small compositions in the lignid phase of the sys-
tems studied.

All values for solubility parameters were taken from
Chao and Seader (4). The equation and the values of the
constants used are given in Table 2.

The correlation of mixture data for methane was also
possible from this equation. In the analysis of the binar-
ies, each of the §,”s (solvent solubility parameters) was
evaluated for the pure solvent. At a given T, P in a more
complex mixture, the methane-free liquid is analogous to
the pure solvent in the binaries. Hildebrand and Scott (5)

TABLE 2. CORRELATION FOR METHANE L1Quip Fueacity,
EQUATION AND CONSTANTS

Equation (13):
T Tc
(/%) = (A, + B, —f—‘) + (Az +B, T‘) 6, ~8) +

1\ x,7T¢c T
Ci+C, — | =L+ D‘+Dz—7><
V, T 0,

Tc, = 191.06°K. critical temperature of methane

T = temperature, °K.

L - partial fugacity of methane in liquid, atm.
reference pressure, defined as 1 atm.
solubility parameter of methane (cal./cc.)%
solubility parameter of solvent (cal./ce)%
mole fraction methane in liquid

= 6.8157

=0.12967 (cal./cc.)7

=-2.,8371

—0.027579 (cal./cc.)™?

-0.1350

~71.27 (cc.)

. =7.80 (cc.)

D, = 8.17 (cal./°K.)

P-P,

RT

-
oy

R
S
Wowon oo

DGQMUJDJ:DIDR

°

S

[

ononon o

Component (cal./cc.)l/2 v (cc.) from Chao-Seader (4)
Methane 5.68 52.0
Ethane 6.05 68.0
Propane 6.40 84.0
n=Butane 6.73 101.4
n-Hexane 7.27 131.6
n-Heptane 7.430 147.5
n-Qctane 7.551 163.5
n-Nonane 7.65 179.6
n-Decane 7.72 196.0
Toluene 8.92 106.8
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show that the solubility parameter of a mixture is formed
from the values for the pure components by

(EromEe)

7 7

Sy =

For a liquid solution of composition (x,, x,, ..xn) in which

methane fugacity is to be calculated

N N
<Z x{ 8; V)/(Z x} v,»> 14
i=2 i=2

x{ = x;/(1 = x,), mole fraction of i in methane-free liquid

on =

where

The Sy calculated in this manner becomes the 3, of Equa-
tion (13). V, for Equation (13) is the denominator of Equa-
tion (14).

K values are obtained for methane by use of Equations (1)
and (13). The liquid fugacity (f;%/x) is calculated from
Equation (13) and then the K value from Equation (1). The
B-W-R equation of state was used to evaluate the vapor
phase fugacity, [f, V/(y,P).

DEVELOPMENT OF A CORRELATION FOR THE
INTERMEDIATE COMPONENTS

Ethane and propane K values calculated directly from
the Chao-Seader correlation (4) were investigated. Con-
sistently high results were obtained for propane at low
temperatures. This was attributed to inaccuracies in their
correlation of v,°  the pure component fugacity coefficient.
The generalized reference fugacities of Lyckman et al, (11)
for the liquid were then used in conjunction with the B-W-R
equation for vapor fugacity coefficients. The results were
generally only slightly improved. Figure 2 shows the com-
parison of each of these methods with experimental data
and reveals the incarect qualitative behavior of ethane
and propane K values calculated in this manner. The high
value at infinite dilution was attributed to a high value of
the activity coefficient predicted by the Scatchard-Hilde-
brand equation.
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Fig. 4. Methane K value in the C1—C3—n-C7 system. T = —40°F.
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K-VALUE PROPANE

The principal failings of the Chao-Seader correlation as
applied to ethane and propane in the systems studied are
its improper prediction of compositional effects in paraffin
systems. It does show the correct qualitative behavior in
the methane-propane=toluene system, where extreme com-
positional effects occur. The Scatchard-Hildebrand equa-
tion does not account for size effects which occur in the
paraffin systems studied. Predicted activity coefficients
for ethane and propane at low concentrations in long chain
paraffin solvents are greater than 1, The true activity co-
efficients are less than 1 in these systems due to size dif-
ference between solute and solvent molecules.
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Fig. 6. Propane K value in the C;—Cy-n-C; system. P = 600
Ib./sq.in.abs.
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Gas~liquid partition chromatography has proven to be a
useful tool with which to determine K values. It is es-
pecially applicable to the determination of infinite dilution

K values. The advent of GLPC makes determination of
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Fig. 8. Methane K value in the C{—Cy—toluene system. T == —A40°F.
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infinite dilution K values for intermediate components in
gas-heavy hydrocarbon systems feasible as a basis for
further calculations. A considerable body of literature of
infinite dilution K values for systems appropriate to this
study is available (22, 9, 23). Accordingly, the infinite
dilution K values of the intermediate components of the
systems studied have been used in this work as basic data
which are dependent only on pressure and temperature.
Thus calculations were made to test a correlation of ethane
and propane K values in the C,-C,-nC,, C,-C,~-nC,, and
C,~C,~toluene systems, reported in reference 23, given the
infinite dilution information.
The Scatchard-Hildebrand equation was rewritten as

Iny; = —=(8; - 8y)* (15)
Vi< oo M
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Fig. 11. K value for propane at infinite dilution in the C;—n-C;
system as function of pressure.

where E; = an empirical parameter calculated from infinite
dilution data.

From Equations (1), (2), and (3)

0 yiP
Ki=vivi fhv

The pure component fugacity coefficients fio for ethane and
propane were calculated from vapor pressures and PVT

(16)
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Fig. 10. Propane K value in the C;—-Cs—toluene system. High pres-
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Fig. 13. K value for ethane and propane at infinite dilutions in the
Ci—toluene system as function of pressure.

fugacity coefficients [f;"/(y;P)]. vi, the liquid phase ac-
tivity coefficient, was calculated from Equation (15) with
E; determined from the infinite dilution data in the follow-
ing manner:

RT
(&; - 8

Sp° = liquid mixture solubility parameter evaluated
from the liquid composition with component
i at infinite dilution. For example, in the
methane-propane—-n-heptane ternary system,
the liquid phase composition with propane
infinitely dilute is the same as that of the
methane -n-he ptane binary system at the same
temperature.

K;” = infinite dilution K value of the intermediate
component i in the system. These K values
are given in Figures 11 to 13 for ethane and
propane in methane-n-heptane and methane-
toluene.

Uf;V/(y;P)I* = vapor fugacity coefficient of i, calculated
from the B-W-R equation for { at vanishingly
small concentration in the vapor.

E; In (KUY /(v P/ v an

Once E; was determined for a given set of conditions,
Equations (15) and (16) were used to calculate K values of
the intermediate component at finite concentrations in the
system at the same temperature and pressure. In the ter-
nary system methane-propane-n-heptane, for example, E;
was determined for propane, as discussed above, at the
given temperature and pressure, Using this value of E;,
the K value of propane was calculated from Equations (15)
and (16) for any propane composition in the ternary at the
same temperature and pressure.

From the results of this work, it is proposed that similar
but more complex, light hydrocarbon-hydrocarbon solvent
systems can be predicted by using infinite dilution behavior
of the intermediates in the binary formed by methane and
the hydrocarbon solvent. Infinite dilution K values in
binary systems are functions of temperature and pressure
only for a given system as shown in Figures 11 to 13. The
behavior of the binaty systems which satisfy the restric-
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Fig. 14. Activity coefficient for methane based on infinite dilution
standard state in C;—n-C7; and Ci—toluene.

tions of the methane correlation proposed in this paper can
be satisfactorily calculated.

This technique is tested here primarily for ternary sys-
tems. However, the technique did predict ethane K values
for ethane at infinite dilution in the methane-propane-n-
heptane and methane-propane-toluene ternary systems, as
indicated in Table 4. This represents prediction of the be-
havior of an intermediate along a boundary of a guaternary
system from its behavior at infinite dilution in a binary
system.

The methane correlation and the correlations for ethane

TABLE 3. COMPARISON OF GENERAL METHANE CORRELATION
WITH LITERATURE METHANE BINARY DATA

Positive error* Negative error*
No. of Average No.of Average
System T, °F. points percent points percent
Methane-propane 50.0 5 5.9 3 -2.7
15,19 40.0 3 3.1 4 -2.7
0.0 1 5.7 5 -1.4
- 50.0 1 0.9 3 -6.1
-100,0 1 15. 2 -3.7
Methane-n-butane 100.0 5 1.8 0
17,19 40.0 2 6.1 14 -7.1
- 20.0 0 11 -14.4
- 80.0 2 9.1 3 -3.3
Methane-n-hexane 32.0 0 8 -4,1
Q0 - 13.0 0 8 -4.6
-~ 58.0 0 8 -6.7
~103.0 0 8 -5.1
Methane-n-heptane  40.0 7 1.8 0
(3,6,16) 0.0 9 2.2 0
- 20.0 7 0.7 0
- 40.0 5 1.0 1 -0.7
- 60.0 5 1.6 2 -1.5
— 80.0 4 1.6 1 -0.6
-100.0 3 2.4 0
Methane~-n-octane 32.0 7 2.0 0
N - 13.0 4 0.7 3 -0.2
— 58.0 7 2.7 0
Methane~n-nonane 77.0 11 12.0 0
@n 32.0 11 6.3 0
- 13.0 10 4.7 0
~ 58.0 10 7.3 Q
Methane~n-decane  100.0 10 19.7 0
(8,19 40.0 6 16.4 0
20.0 5 14.6 0
0.0 5 12.3 0
- 20.0 5 10.6 0
Methane~toluene - 40.0 3 3.7 5 -3.2
(@)}
*Percent error = M 100.

Kexp.
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TABLE 4. COMPARISON OF PREDICTED AND EXPERIMENTAL K VALUES FOR METHANE, ETHANE, AND PROPANE
IN TERNARY SYSTEMS

No. of

Component System* Points
Methane C,~C,~n-C, 32
C,-C,-n-C, 42
C,~C;~Toluene 14
Ethane C,-C,~n-C, 32
C,~Cy=n-C,t 37
C,-C,~Toluene? 16
Propane C,-Cy-n-C, 47
C,;-C,-Toluene 16

*From reference 23.
TEthane at infinite dilution (x¢, = 0,y ¢, = 0).

and propane were combined to provide a complete calcula-
tional scheme for methane, ethane, and propane K values in
the systems studied. Heptane and toluene compositions in
the vapor were assumed to be negligible. To ensure that
the results would be internally consistent, the K values
were calculated iteratively, with a flash calculation for
new compositions between each iteration. Graphical ex-
amples of the results of these calculations are shown in
Figures 4 to 10, for the methane-propane-n-heptane and
methane-propane-toluene systems. Direct comparisons
between experimental points and correlated points were
made by fixing the vapor phase composition as that of the
experimental point and then allowing the correlation to ar-
rive at an iterated solution of K values and liquid com-
positions. The infinite dilution K values used in the com-
putations are plotted in Figures 11, 12, and 13.

DISCUSSION

Comparisons between experimental data and predictions
of the overall correlation are given in Tables 3 and 4.
Table 3 compares experimental and predicted K values for
methane in the binary systems studied. Table 4 is a com-
parison for methane, ethane, and propane K values in the
ternary systems of reference 23,

Reference to Table 3 shows the success of the general
methane correlation in predicting methane K values in
other binary systems through C,-n-C,. The predicted
methane K values are somewhat better for methane in Cg
and higher molecular weight solvents (Table 1). As stated
before, the correlation does not apply for methane liquid
concentrations much greater than about 0.5 mole fraction.

The correlation for ethane and propane was based upon
the Scatchard-Hildebrand equation. Strict use of the equa-
tion, as in the Chao-Seader correlation (4), was not satis-
factory in paraffin systems. Proper behavior of the pre-
dicted K values in the selected systems was obtained by
forcing the equation to predict the observed infinite dilu~
tion K values. The resulting K value predictions agreed
very well with experimental results well into the ternatry
systems. Use of infinite dilution K values of the inter~
mediate components in conjunction with the Scatchard-
Hildebrand and B-W-R equations does provide for accurate
prediction of the behavior of these components at finite
concentrations in the multicomponent systems studied.

No reservations are made about the use of the Scatchard-
Hildebrand equation for liquid activity coefficients in the
aromatic system C,=C,-toluene. Direct use of the equa-
tion, using values for V,, ,, and 8, estimated for —40°F,,
gave agreement within about 5% at infinite dilutions. The
B-W-R equation can be used for the vapor, because toluene
was essentially nonvolatile at the temperatures of this
study, and thus the vapor was almost entirely methane and
propane, Using the correlation method of this work, very
close agreement was obtained with experimental results,
even though compositional effects were quite large. This
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Aveg.
Abs. % Temperature, Pressure,
Deviation °F. 1b./sq. in. abs,

4.8 —-20 to— 60 100 to 1,000
4.5 —-20 to —~100 100 to 1,000
2.7 - 40 100 to 1,000
1.9 —-20 to—- 60 100 to 1,000
1.7 —-20 to - 60 100 to 1,000
2.4 - 40 100 to 1,000
2.4 ~20 to ~100 100 to 1,000
2.4 — 40 100 to 1,000

speaks well for the ability of the Scatchard-Hildebrand
equation to predict the behavior of mixtures of paraffins
and aromatics. It should be noted, however, that the tests
for the mixtures of paraffins and aromatics are based on a
smaller amount of data.

It was shown in this work that a correlation using the
Scatchard-Hildebrand equation to describe liquid behavior
and the B-W-R equation for vapor behavior gave excellent
results predicting K values of the lower molecular weight
hydrocarbons in paraffin and aromatic systems, when used
in conjunction with experimental infinite dilution K value
data. It is felt that this procedure has general application
as well, because it combines the proven generality and
qualitative features of the Scatchard-Hildebrand equation (4)
with the guarantee of obtaining the quantitative accuracy
desired through the incorporation of experimental infinite
dilution data in the calculations.
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NOTATION

A, B, C, D = empirical constants

AE = isothermal molar change in energy in going from liquid
to gas

f& = partial fugacity in the liquid

iV = partial fugacity in the vapor

K = vapor-liquid equilibrium constant, y/x
n = number of carbon atoms in the molecule
P = total system pressure
Pc = critical pressure
P, = reference pressure where solute as at infinite dilu-
tion; taken as 1 atm.
R = gas constant
T = absolute temperature
T = critical temperature
V = molar volume
V = partial molar volume
x = mole fraction in the liquid phase
x” =mole fraction in the liquid, corrected to a methane-

free basis
y = mole fraction in the vapor phase

Greek Letters

%
& = solubility parameter = (%)

y = activity coefficient

x; Vi
¢ = volume fraction of component in the liquid = : ‘I/
X; Vi
v° = fugacity coefficient of pure component at the T, P of
the system
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Subscripts

1 = light component
2 = solvent
= general pure component
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Laminar Dispersion

Capillaries: Part v.

INn

Experiments on Combined Natural and Forced

Convection in Vertical Tubes

N. S. REEJHSINGHANI and ALLEN J. BARDUHN
Syracuse University, Syracuse, New York

WILLIAM N. GILL

Clarkson College of Technology, Potsdam, New York

An approximote theory for transient dispersion with combined free and forced convection
in vertical tubes is developed and tested experimentally. It is found that the dispersion co-
efficient in such systems depends on a parameter O, which is defined by Equation (38). The
analytical expression developed for the dispersion coefficient, Equation (33), is found to be

a reasonably good approximation in the range —50 < o < 300.

Experimental results are reported for a rather wide range of parameters for tubes with both

11/3 and 5 mm. diameters.

It is found that the extent of dispersion is enhanced significantly when lighter fluid is on
the bottom and displaces a heavier one. On the other hand, the dispersion coefficient is in-
hibited when the situction is reversed. It is found that these effects are not symmetrical
with respect to the absolute magnitude of the parameter O as is illustrated in Figure 12,

Work on dispersion in tubes (I to &, 11 to 13, 15 to 17)
has produced a very clear picture of this phenomenon in
cases where natural convection effects are negligible, It
remains to study the effects of density differences on dis-
persion in tubes and eventually to apply this new knowl-
edge to porous media, In a previous report (I) it was indi-
cated from the data on horizontal tubes that natural convec-
tion can both depress and accentuate the observed dispersion
coefficient substantially as compared with that predicted
by laminar flow theory which neglects natural convection

N. S. Reejhsinghani is with Monsanto Company, Springfield,
Massachusetts,
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effects, One would expect natural convection to play a
substantially more important role in dispersion in vertical
systems and therefore this process is studied here. In this
discussion all flows are isothermal and density differences
are caused solely by concentration differences,

The exact mathematical solution of the transient convec-
tive diffusion equation with natural convection effects is
very difficult to obtain since the velocity profile will be
distorted from the normal parabolic shape, Hence the un-
steady momentum and diffusion equations must be solved
simultaneously in order to describe the dispersion process,
However, the analysis of the vertical tube is simpler com-
pared with that of the horizontal tube because of the sym-
metry with respect to gravity.
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