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Thermodynamic analysis is applied to high-pressure vapor-liquid equilibrio in binary and
multicomponent mixtures containing one or more noncondensable components. A thermodynamic
consistency test is described, and a modification of van Laar’s model is given for representing
adjusted activity coefficients in binary and multicomponent liquid solutions up to the critical
composition. With only experimental data used on the two binaries at 0°C., vapor-liquid
equilibria are calculated for the carbon dioxide—nitrogen—oxygen ternary at high pressures.
Brief reference is made to the possibility of air separation by high-pressure absorption in liquid

carbon dioxide.

Thermodynamic analysis is a tool for interpreting phase-
equilibrium data; such interpretation is necessary for in-
terpolating or extrapolating data to new conditions and
for correlating phase behavior in terms of physicochemical
parameters. While thermodynamic analysis of phase-equi-
librium data at low pressures is common, such analysis
for mixtures at high pressures, approaching the critical of
the system, is still rare primarily because thermodynamic
techniques for performing such analysis are still in a state
of development. In this work we consider the thermody-
namic analysis of vapor-liquid equilibria for the carbon
dioxide—nitrogen—oxygen system at 0°C. up to the critical
pressure. First, we present a thermodynamic consistency
test applicable to the two binary systems carbon dioxide—-
nitrogen and carbon dioxide-oxygen. We then present a
modified van Laar model for representing the activity
coefficients of the two binaries and proceed to show how
this model is easily extended to multicomponent mixtures
containing two or more noncondensable components.
Finally, we discuss the calculation of ternary high-pres-
sure vapor-liquid equilibria using only data obtained from
two binary mixtures. This calculation is illustrated with
results for the carbon dioxide-nitrogen—oxygen system
with brief reference to the problem of air separation by
high-pressure absorption in liquid carbon dioxide.

THERMODYNAMIC CONSISTENCY OF BINARY SYSTEMS

Vapor-liquid equilibrium data are said to be thermo-
dynamically consistent when they satisfy the Gibbs-
Duhem equation. When the data satisfy this equation, it
is likely, but by no means guaranteed, that they are cor-
rect; however, if they do not satisfy this equation, it is
certain that they are incorrect.

Thermodynamic consistency tests for binary vapor-
liquid equilibria at low pressures have been described by
many authors; a good review is given in the monograph
by Van Ness (12). Extension of these methods to iso-
thermal high-pressure equilibria presents two difficulties:
first, it is necessary to have experimental data for the
density of the liquid mixture along the saturation line and
second, since the ideal gas law is not valid, it is necessary
to calculate vapor-phase fugacity coefficients either from
volumetric data for the vapor mixture or else from an
equation of state. In an attempt to simplify the second
requirement, Adler and co-workers (1) used the Lewis
fugacity rule to calculate vapor-phase fugacities; however,
since the errors in this approximation are often very large,
it is not possible to come to any meaningful conclusions
concerning the thermodynamic consistency of experimen-
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tal equilibrium data when this approximation is used as an
essential part of the consistency test.

The consistency test described here is an extension to
isothermal high-pressure data of the integral (area) test
given by Redlich and Kister (8) and by Herington (2)
for isothermal low-pressure data. For a binary system at
constant temperature, the Gibbs-Duhem equation is written

xdlnf, + xdln f. = v"dP/RT (1)

When one uses the identity x, d In %, + % d In x, = 0,
Equation (1) can be rearranged to read

]c2/ X2 v"dP . fl fz/ Xz
v T (IHZ Tl fl/xk) 2)

Introducing fugacity coeflicients ¢ and K factors (K, =
y./x;) into Equation (2), one obtains

¢ Kg) v"dP
In— + In— } dx. =
(n¢1+nKl x'+RT

d[an1+ln¢1P+x2(ln¢—2+ln—I%)] (3)
¢1 K]

In Equations (1), (2), and (3) subscript 2 refers to
the light component. Equation (8) is now integrated from
x. = 0 to some arbitrary upper limit x.. The following
boundary conditions apply:

p=¢'5 P=P'5 Ki=1

The integrated form of Equation (3) can be most con-
veniently written as

Area I + Area II + Area III =

when x. = 0:

IP 2 K2
[an1—|—ln¢:fP; +x2( %-‘_lnl?:) ]at x. (4)
where
EN K2
Area I = j;:“ lnk—‘dx2 (5)
Area 11 = f_n ln%dxz (6)
1 o
Area 111 = T3 j;:n v"dP (7)

The three areas are found by graphical integration. The
thermodynamic consistency test consists of comparing the
sum of the three areas [left-hand side of Equation (4)]
with the right-hand side of Equation (4).!' The three areas

 We noticed a consistency test similar to ours described by
Richard E. Thompson and Wayne C. Edmister in the AI.ChE. J, 11,
No. 3, 457 (1965), after this work was completed.
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Fig. 1. First area in thermodynamic consistency Fig. 2. Second area in thermodynamic con- Fig. 3. Third area in thermodynamic consist-

test,

depend upon equilibrium data for the composition range
x: = 0 to x; = x,. However, the right-hand side of Equa-
tion (4) depends only on equilibrium data at the upper
limit %, = x,. The comparison indicated by Equation (4)
should be made for several values of x, up to and includ-
ing the critical composition.

To illustrate this thermodynamic consistency test, Fig-
ures 1, 2, and 3 show plots of the appropriate functions
needed to calculate Areas I, IT, and III for the nitrogen—
carbon dioxide system at 0°C.; the data are taken from
the preceding paper (Part I). Fugacity coefficients were
calculated with the modified Redlich-Kwong equation
(9).

A comparison of the left-hand side (LHS) and the
right-hand side (RHS) of Equation (4) is given in Table
1 for the two systems nitrogen—carbon dioxide and oxy-
gen—carbon dioxide at 0°C. with data reported in the
preceding paper. For each system the comparison is
made at three different values of x, including the critical
point. In order to assess their relative importance, values
of all the individual terms in Equation (4) are reported
in Table 1. It is apparent that all the terms contribute sig-
nificantly and that none may be neglected except that
In K, must necessarily vanish at the critical mole fraction.

The final column in Table 1 reports the absolute value
of the difference between LHS and RHS divided by their
arithmetic mean. For the two systems considered here, the
percent inconsistency is always less than about 5%. In
view of the uncertainties in the fugacity coefficients (re-

sistency test.

ency test.

sulting from a good but still approximate equation of
state) it is probably fair to judge the thermodynamic
consistency of these data as very good.

The thermodynamic consistency test for binary systems
described above can be extended to ternary (and higher)
systems with techniques similar to those described by
Herington (3) and others (7, 11). The necessary calcu-
lations become quite tedious, and unless extensive multi-
component data are available, they are usually not worth-
while.

THERMODYNAMIC REPRESENTATION OF PHASE
EQUILIBRIA IN BINARY SYSTEMS

The purpose of this thermodynamic analysis is to de-
scribe how the fugacity of a component in a mixture de-
pends on the independent variables temperature, pressure,
and composition. For a component in the vapor phase, this
dependence is given by the fugacity coeflicient, which in
turn is directly related to the equation of state. For a
component in the liquid phase, it is given by the activity
coeflicient.

For isothermal data, the activity coefficient depends on
the liquid-phase composition and also on the total pres-
sure. It is desirable to separate these two coefficients as

described previously (7):

TasLE 1. THERMODYNAMIC CONSISTENCY TEST [EQUATION (4)]

X2 Area I Area II Area IIT LHS
Carbon dioxide(1)-Nitrogen(2) at 0°C.:
0.1030 0.2024 0.0618 0.1042 0.369
0.1902 0.3142 0.1500 0.1703 0.635
0.2926° 0.3618 0.2965 0.1968 0.855
Carbon dioxide(1}-Oxygen{2) at 0°C.:
0.0997 0.1910 0.0519 0.0878 0.331
0.1980 0.3227 0.1354 0.1518 0.610
0.3120° 0.3720 0.2599 0.223 0.855
Note: ¢ = critical.
Page 1098 A.L.Ch.E.

fa fP o "dP .
(Pr) = exp — 8
4 @1 P »'  RT ®)
x‘!f‘lpure
%
P K. 2] s
In o x2 (ln — +In ——) Incon-
In K, ¢’ P’ K. ¢./ RHS sistency
—0.3496 0.4855 0.2505 0.386 45
—0.2562 0.5044 0.404 0.652 2.6
0 0.3974 0.482 0.879 2.8
—0.3439 0.4415 0.2305 0.328 0.9
—0.3011 0.4762 0.407 0.582 4.7
0 0.3336 0.491 0.825 3.6
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72“(1’1‘) =

® p,"dP
@*1% P J“’f RT (9)

x2H2,1

The adjusted activity coefficients are independent of
pressure; they refer to an (arbitrary) reference pressure
here taken as P,', the saturation pressure of the pure
heavy component. At constant temperature these adjusted
activity coefficients are functions only of liquid composi-
tion, and therefore they must satisfy the isothermal, iso-
baric Gibbs-Duhem equation

tdIn (P 4+ x,dIn y,* (P) =0 (10)

Since there are many useful integrated forms of Equation
(10) (for example, the van Laar and Margules equa-
tions), the definitions given by Equations (8) and (9)
make it possible to represent high-pressure vapor-liquid
equilibria in a manner essentially identical to that used
for low-pressure vapor-liquid equilibria.

The asterisk (*) in Equation (9) is to serve as a re-
minder that the unsymmetric convention has been used
in the normalization of the adjusted activity coefficients.
For component 1, the standard state fugacity is the fu-
gacity of pure liquid 1 at the temperature of the solution
and at P,°, the saturation pressure of pure 1. For com-
ponent 2, the standard state fugacity is its Henry’s con-
stant in solvent 1, at the temperature of the solution and
at Pi". As a result both adjusted activity coefficients ap-
proach unity as the liquid solution becomes infinitely
dilute with respect to the light component:

7)) >1 as x—>1 (11)

v (P > 1 as x—0 (12)

The unsymmetric normalization convention has the ad-
vantage that it avoids the use of any hypothetical liquid
standard state for the pure noncondensable component.

Adjusted activity coefficients were calculated for the
carbon dioxide-nitrogen system and for the carbon diox-
ide—oxygen system at 0°C. Henry’s constants were deter-
mined by plotting In f./x, vs. P — P,’ (where subscript 2
refers to the light component) and extrapolating to P —
P’ = 0. Henry’s constants are 5,740 and 4,450 Ib./sq. in.
abs. for nitrogen and oxygen, respectively. Fugacity co-
efficients for the vapor phase were calculated from the
modified Redlich-Kwong equation (9). Partial molar vol-
umes for the liquid phase were computed from the meas-
ured liquid molar volumes (with Equation AIIL12 in
reference 7 used) and were assumed to be independent
of pressure.

For both systems complete sets of partial molar volumes,
fugacity coefficients, and adjusted activity coefficients are

given elsewhere (4). A brief summary, to indicate the
values obtained, is given in Table 2.

EXCESS GIBBS ENERGY

Following Scatchard (10), we define the excess Gibbs
energy per mole of solution by
8 (B In 5,% (P2?) 13
RT X1 Y1 + X2 Y2 ( )

In view of the unsymmetric normalization, g° vanishes at

infinite dilution with respect to component 2 but not with
respect to component 1; that is

g—>0 as x—>0
but (14)
g8+#0 as x—>0

As defined here, the ideal solution (g = 0) is one
where the fugacity of the light component is given by
Henry’s law (with suitable pressure correction); physi-
cally, this means that g° is zero whenever the concentra-
tion of component 2 in the liquid phase is sufficiently
small to prevent molecules of component 2 from interact-
ing with one another. In a manner analogous to that used
by Wohl (18), the excess Gibbs energy can be repre-
sented by a power series in the effective volume fraction
of the solute

B

g

RT (x:q: + x:q) T
where
&, = _ g (16)
g+ qex,

The activity coefficients can be found from the exact
relations

a B
( 18 ) — RT In () (17)
an, T,P,na
anng
= RT In 4, (") (18)
on. T,P,ny

A DILATED VAN LAAR MODEL FOR LIQUID MIXTURES

When Equation (15) is truncated after the first term,
Equations (17) and (18) yield the classical van Laar
equations (for unsymmetric normalization) as reported
previously (7). These equations, containing two adjusta-
ble parameters, were shown to be satisfactory for fitting
adjusted activity coefficients for the butane—carbon diox-
ide system; however, they are not satisfactory for describ-

TABLE 2. SUMMARY OF THERMODYNAMIC FUNCTIONS FOR T w0 SATURATED BINARY SysTEMS a1 0°C.

Carbon dioxide(1)-Nitrogen(2):

(ry?*) (r*)

Y2 1 [-23 Yt Va2
0.2360 0.661 1.156 1.025 0911
0.3675 0.532 1.198 1.035 0.743
0.3842 0.440 1.290 1.071 0.594
0.2926 0.336 1.743 1.377 0.236

Carbon dioxide(1)-Oxygen(2):

P,1b./sq. v¥, cc./g.-mole
in. abs. Xz

800 0.0390 47.9 76.7
1,200 0.1030 47.9 87.8
1,500 0.1607 46.7 101.0
1,740° 0.2926 20.8 215.0

800 0.0455 479 62.3
1,200 0.1205 48.3 73.2
1,500 0.1980 46.7 90.8
1,703° 0.3120 8.05 230.0

WNote: ¢ == critical.

Vol. 11, No. 6

0.2520 0.660 1.093 1.008 1.03
0.3838 0.523 1.112 1.010 0.819
0.4065 0.422 1.187 1.035 0.625
0.3120 0.322 1.552 1.365 0.257
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Fig. 4. Adjusted activity coefficients for the
carbon dioxide (1)—nitrogen (2) system.

ing the properties of the two systems investigated in Part
I. In addition, the three-suffix Margules equations were
found to be unsatisfactory.

The probable reason for the failure of the classical van
Laar treatment is due to Van Laar’s assumption that ¢,
and ¢, are constants, independent of composition. The gq’s
are parameters which reflect the cross sections, or sizes,
or spheres of influence of the molecules; at conditions
remote from critical, where the liquid molar volume is
close to a linear function of the mole fraction, it is rea-
sonable to assume that the g's are composition indepen-
dent. However, for a concentrated mixture of a noncon-
densable component 2 with a subcritical liquid 1, the
molar volume is a highly nonlinear function of the mole
fraction, especially in the vicinity of the critical composi-
tion. The liquid solution dilates as x, rises, and van Laar’s
model must be modified to take this effect into account.

For practical reasons (since experimental data are usu-
ally not plentiful), it is desirable to derive equations for
the adjusted activity coefficients which contain no more
than two parameters. Because of this limitation, we as-
sume that whereas g, and g. depend on composition, their
ratio does not. Since the van Laar treatment is a two-body
(quadratic) theory we assume that ¢, and g. are given
by a quadratic function of the effective volume fraction:

g, =0:"[1 4+ nee @71 (19)
q: = 0:° [1 + e ‘I’zz] (20)

In Equations (19) and (20) we have arbitrarily used
the pure-component critical volumes as our measure of
the molecular cross sections at infinite dilution, when .
= 0. Some other constant (for example, van der Waal’s b
or Lennard-Jones” ¢*) could just as easily be used. The
dilation constant n. is a measure of how effectively the
light component swells the liquid solution.

When Equations (19) and (20) are substituted into
the truncated Equation (15), the adjusted activity coeffi-
cients are

Iny(P) = A&+ Bdb.! (21)

In 7,® (P1¥) = A(i—> (@7 — 2@,) +
0
(=) (sr—tr)
v,° 3

(22)
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where
A=anv’ (23)

B=3nmanv’ (24)

Equations (21) and (22) are the desired two-parame-
ter equations. These equations provide an excellent fit of
the adjusted activity coefficients for the two systems in-
vestigated in Part I. The correlation for the carbon diox-
ide-nitrogen system is shown in Figure 4; Figure 5 shows
that these equations also provide an excellent fit of the
adjusted activity coeflicients of the butane-carbon dioxide
system reported previously (7).}

THERMODYNAMIC REPRESENTATION OF EQUILIBRIA
FOR MULTICOMPONENT SYSTEMS

The dilated Van Laar model is easily extended to solu-
tions containing two or more noncondensable components.
Consider a ternary solution containing one subcritical
component, designated by subscript 1, and two super-
critical (noncondensable) components, designated by sub-
scripts 2 and 3. (Extension to systems containing three or
more noncondensable components will then be self-evi-
dent.) Adjusted activity coefficients for components 1 and
2 are given by Equations (8) and (9). The adjusted ac-
tivity coefficient for component 3 is given by an expres-
sion analogous to Equation (9):

fs f * utdP
P ) = 77 — 9
s RN xp Pyt RT (25)

.Y » P
The excess Gibbs energy is written as an expansion in the
effective volume fractions ®, and @,:

B

g
HT(xlql + X2 2 + xsqs)

2
= — ap P, —

O3z q)32 — 2“23 @, O, 4 higher terms
(26)
where

X2
o~ (27)
X1q + Xolfs + Xs(s

T In Figure 3 of reference 7 there is a misprint. The value for A
should be 22.7, not 27.7.

.2
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E
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Fig. 5. Adjusted activity coefficients for the
butane (1)—carbon dioxide (2) system.
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and

@, = i (28)
) %G1 + %o + Xos

For each component i the parameter g. is related to the
liquid composition by

g: = v;° [l +7)12'~1>22+27)1,23¢2‘1>3+7)w®32] (29)
Equation (26) contains six parameters. The self-interac-
tion coefficient a., and the dilation constant 7., can be
found from binary data for the 1-2 system; similarly s
and 7. can be found from the binary data for the 1-3
system. The interaction coefficient «s; and the dilation
constant =, » are properties of the ternary system. (Strictly,
ax is a property determinable from the 2-3 binary, but
since components 2 and 3 are both noncondensable at
the system temperature, binary phase equilibria for this
binary system cannot be obtained at the temperature of
interest.)

To simplify matters, it is desirable to relate the con-
stants oz and n:, . to constants which may be obtained
from data for the 1-2 and 1-8 binaries. For nonpolar sys-
tems we propose the relations

M, 28 = (’712"713)]/2 (30)
and

an = (otmots) (31)
When these equations are introduced into Equation (26),
we obtain

B

g -~ o )
a7 = (WGt %+ 20ga) (Ve B+ Vo B) (32)
and _ —

q: = v’ [1 + (\/7112 D, + \/7713 (1)3)2 ] (83)

The activity coefficients for the three components can be
found by appropriate differentiation of Equation (32):

In 7, (P = p,° @2 (1 + 30,°) (34)
In 9% (Pr) = 0,° [, (1 + 3, — 2\/9u®,) —
2V/om @, (1 4 @,7)] (35)
Iny.* (Pv) = ¢, [@2 (1 + 30,% — 2\/5ue®y) —
2 Vow @ (1 + )] (36)
where L
@, = \om @y + \Vaaw s (37)
e, = \/_"7_1;‘1’2 + \/;a Dy (38)

Equations (34), (35), and (86) have been used to
predict adjusted activity coefficients for nitrogen, oxygen,
and carbon dioxide in the ternary system at 0°C. The pre-
dicted results are shown in Figure 6. We find that the
predicted activity coefficients are in very good agreement
with those calculated from the experimental ternary data
reported in Part I. Parameters used in Equations (34),
(35), and (86) are given in Table 3.

PREDICTION OF TERNARY VAPOR-LIQUID
EQUILIBRIA AT HIGH PRESSURES

Finally, we describe the prediction of ternary vapor-
liquid equilibria using only binary data for the carbon
dioxide—oxygen—nitrogen system at 0°C. In the case under
consideration here, two components are noncondensables,
and therefore data for only two binaries (1-2 and 1-3)
can be used, since the remaining binary (2-3) cannot
exhibit vapor-liquid equilibria at the temperature of in-
terest. We consider the problem where the temperature
(0°C.) and the liquid-phase composition are given, and

Yol. 11, No. 6
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Fig. 6. Adjusted activity coefficients for the
ternary system carbon dioxide(1)—oxygen(2)—
nitrogen (3).

we want to find the pressure and the vapor-phase compo-
sition.
The three equations of equilibrium are

? v"dP

CO.: 71(P1-)x1f1§£1:)expj; vRT = ¢ 1y, P (39)
? 0. dP

N.: y2a(P1”)x2H2(,1:1‘)exp‘£’ URT =¢2sz (40)
P p.tdP

O,: ,yau(Px')sta(‘f:l‘) expj;, URT = ¢’3 ySP (41)

The constants gD, P, H (P*) and H §’l;1') are, re-

spectively, 393, 505.5, 5,740 and 4,450 1b./sq.in.abs. The
three activity coefficients can be calculated as a function
of liquid phase composition from Equations (34) to (36).
The three fugacity coeflicients can be found from the
modified Redlich-Kwong equation but depend on the un-
known ¢’s and P.

An approximation must be used to calculate the partial
molar volumes of the three components in the ternary.
Since the total concentration of the light components in
the liquid phase is never more than about 30 mole %, we
assume that the liquid molar volume of the ternary solu-
tion is given by

Xz L X3
e U i2minary

ULlsMn“y (42)

L
v ternary =
Xz + Xg

We then use this calculated liquid molar volume to com-
pute partial molar volumes by employing an extension to
ternary systems of Equation (A.JIL12) given in reference

TABLE 3. PARAMETERS FOR CALCULATION OF TERNARY ACTIVITY
CoEFFICIENTS FOR THE CO:(1)-0:(2)-N2(3) a1 0°C.

Self-interaction
constant, a,
g.-mole/liter

Critical
volume, v.,
liter/g.-mole

Dilation
constant, M4

1 0.0956 — —
2 0.0744 13.2 12.4
3 0.0901 15.5 7.48
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TABLE 4. RELATIVE VOLATILITIES AND K FACTORS OF
OxyGEN aND NrtROGEN IN CARBON Dioxine aT 0°C.

P, Ib./sq.
in. abs, Ko, = Yoo/ %o, Kx, = tyno/%n, a = Ky,/Ko,*
600 7.02 8.44 1.20
650 6.65 7.63 1.15
700 6.27 7.10 1.13
750 5.91 6.55 1.11
800 5.54 6.05 1.09
850 5.15 5.87 1.10
900 4.81 5.30 1.10
950 4.48 5.00 1.12
1,000 4.17 4.70 1.13
1,100 3.63 4.06 1.12
1,200 3.19 3.57 1.12
1,300 2.78 3.15 1.13
1,400 2.40 2.7 1.16
1,500 2.05 2.39 1.16
1,600 1.69 1.96 1.16
1,675 1.35 1.59 1.17

# The reliability of a varies from =0.02 at 600 lb./sq. in. abs. to
=+0.01 at 1,600 1lb./sq. in. abs.

Simultaneous solution of Equations (39), (40), and
(41) is tedious and was therefore programmed for solu-
tion by an electronic digital computer.

Using the equations presented immediately above, we
have calculated K factors for nitrogen and oxygen in lig-
uid carbon dioxide because we were interested in the
possibility of air separation by high-pressure absorption.
Our calculations show that the K factors for these two
gases are essentially independent of the relative liquid-
phase concentrations of the two gases at a fixed tempera-
ture and pressure. (The small variations which we ob-
served are less than the accuracy of the calculations.) As
a consequence it is possible to calculate at 0°C. the rela-
tive volatility of nitrogen with respect to oxygen as a
function of pressure only. The results of this calculation
are given in Table 4.

The relative volatilities do not vary very much with
pressure, but the capacity of the solvent to dissolve gas
increases very much with pressure. At 1,300 lb./sq. in.
abs. the molar ratio of total dissolved gas to solvent is
about 14%, whereas at 600 lb./sq. in. abs. it is only about
1.4% Therefore, when the pressure is increased from 600
to 1,300 lb./sq. in. abs. (only slightly more than a factor
of 2), the required solvent-to-gas ratio for a fixed produc-
tion rate is reduced by a factor of 10. In this particular
system this very favorable improvement in capacity ap-
pears to be possible with no significant reduction in sol-
vent selectivity.

CONCLUSION

A method for testing for thermodynamic consistency of
vapor-liquid equilibrium data along an isotherm up to the
critical pressure was discussed. The method is rigorous
except for the assumption of a suitable equation of state
which is required to calculate vapor-phase fugacity coeffi-
cients. In addition to x-y-P data, it is also essential to
have data on the liquid-phase density along the saturation
curve.

Furthermore, a modified van Laar model has been pre-
sented, which appears to be useful for representing ad-
justed activity coeflicients of binary and multicomponent
mixtures with only two parameters per binary at a given
temperature. We have used this model to calculate ternary
vapor-liquid equilibria for the carbon dioxide—nitrogen—
oxygen system. In this work we have restricted ourselves
to those high-pressure multicomponent solutions which
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contain only one condensable component but any number
of noncondensables. The case where there is only one non-
condensable component with two or more condensable
components has recently been discussed by O’Connell (5).
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NOTATION

= parameter defined by Equation (23)
= parameter defined by Equation (24)
tugacity

molar Gibbs energy

Henry’s constant

y/x

number of moles

total pressure

effective size parameter

gas constant

absolute temperature

molar volume

partial molar volume

mole fraction in liquid phase
mole fraction in vapor phase
interaction constant

activity coeflicient

dilation constant

fugacity coefficient

effective volume fraction
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Subscripts

1,2, 3 = components (1 refers to condensable component)
T = total

Superscripts

c = critical

E = excess

L = liquid phase

Py
s
*

Il

saturation pressure of component 1
saturation
normalization by unsymmetric convention
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