Molecular Thermodynamics for Fluids
at Low and High Densities

Part Il: Phase Equilibria for Mixtures Containing Components
with Large Differences in Molecular Size
or Potential Energy

The molecular-thermodynamic correlation presented in Part | for pure
fluids is extended to mixtures; this extension is particularly useful for
mixtures of components with large differences in molecular size or
potential energy. The novel feature of this correlation is a separation of
the high-density and low-density contributions to the residual Helmholtz
energy; this separation allows use of separate mixing rules for each
density regime, guided by theoretically defined boundary conditions.
Such flexibility is necessary to represent phase equilibria in highly
asymmetric fluid mixtures such as water-hydrocarbon systems. Phase
equilibria are correlated for a variety of binary and muiticomponent mix-
tures, including a petroleum reservoir fluid containing carbon dioxide
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and including a mixture of hydrogen and coal-derived liquids.

Introduction

Phase equilibria for fluid mixtures are essential for efficient
design and operation of chemical separation processes. Since it
may be prohibitive to measure such equilibria at all conditions
of interest, molecular-thermodynamic correlations are widely
used to represent fluid-phase behavior over wide ranges of tem-
perature, pressure, and composition.

Most of the successful correlations for representation of mix-
ture phase behavior are semitheoretical in nature. One particu-
lar class of semitheoretical correlations is derived from the
dense-fluid theories of Prigogine (1957) and Flory (1970).
These correlations include the perturbed-hard-chain (PHC)
equation (Beret and Prausnitz, 1975; Donohue and Prausnitz,
1978) and the chain-of-rotators (COR) equation (Chien et al.,
1983). These equations contain physically significant molecular
parameters that are obtained from pure-component thermody-
namic data. Extension to mixtures is based on mixing rules to
relate mixture averages to composition.

While the PHC and COR equations are derived primarily for
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nonpolar fluids, both have been extended to include polar fluids.
Gmehling et al. (1979) superimposed a chemical dimerization
theory onto the PHC equation; Vimalchand and Donohue
(1985) and Vimalchand et al. (1986) extended the PHC equa-
tion to polar and quadrupolar fluids using the multipolar expan-
sions of Gubbins and Twu (1978). Masuoka and Chao (1984)
added a polar perturbation term to the COR equation.

In a manner similar to that of Vimalchand et al., this work
extends the PHC theory to include both quadrupolar and dipo-
lar fluids and their mixtures. However, the novel feature of this
work is separation of high-density and low-density contributions
to the residual Helmholtz energy. While this separation leads to
improved correlation of pure-fluid thermodynamic properties as
discussed in Part I, the main advantage of the separation follows
from extension to mixtures. Separate mixing rules are selected
for each density region to meet theoretically defined boundary
conditions and to represent phase behavior for highly asymmet-
ric mixtures.

As suggested by several authors (Mollerup, 1981; Whiting
and Prausnitz, 1982; Wong and Johnston, 1984), density-depen-
dent mixing rules improve the representation of phase behavior
in strongly nonideal fluid mixtures. Mathias and Copeman
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(1983) apply such mixing rules to the Peng-Robinson equation.
Hu et al. (1984), Luedecke and Prausnitz (1985), and Mollerup
{1983) have correlated phase behavior for several binary mix-
tures using an equation of the van der Waals form with density-
dependent mixing rules. The present work builds upon these
previous developments using the PHC equation. The resulting
correlation is applicable to a wide variety of mixtures containing
fluids such as hydrogen, water, polymers, and coal-derived lig-
uids, in addition to the usual hydrocarbons, nitrogen, carbon
dioxide, and hydrogen sulfide.

Residual Helmholtz Energy for Mixtures

The expression for the residual Helmholtz energy presented
in Part I is extended to mixtures. The molar residual Helmholtz
energy for a mixture is the difference between the molar Helm-
holtz energy for that mixture and that for an ideal-gas mixture
at the same temperature, volume, and composition

(T, V,n,ny..)=a(T, V,n,n,...)
- aIG(Ta Vv Ry, Ny ) (1)

where n, is the mole number of component 1, etc.

The residual Helmholtz energy is given by the sum of a refer-

ence term and two perturbation terms

a -a¥+a”(l - F)+a’F )
where @™ is the contribution from the reference fluid and where
a™ and ¥ are perturbation contributions in low-density and
high-density regions, respectively. Function F provides a smooth
interpolation between these two density regions.

Reference term 4’¥ includes contributions from repulsive
intermolecular forces; it is calculated using a generalized form
of the Carnahan-Starling equation (1972) shown by Eq. 7 of
Part I. To allow for softness of the spheres, the hard-core diame-
ter is temperature-dependent (Eq. 10, Part I), as suggested by
Barker and Henderson (1967).

Separation of the perturbation term into high-density and
low-density regions allows flexibility to choose separate mixing
rules for each density region. Such flexibility is necessary to cor-
relate phase behavior in highly asymmetric systems; it is this
flexibility that allows us to relax the commonly used quadratic
mixing rule without violating the theoretically determined com-
position dependence of the second virial coefficient.

The perturbation terms include contributions due to disper-
sion and polar and quadrupolar intermolecular forces. The low-
density term a” is given by a virial expansion truncated after the
second virial coefficient (Eq. 17, Part I). Generalized expres-
sions for dispersion and polar and quadrupolar contributions
were obtained from experimental second virial coefficients.

The high-density term a? is given by a perturbation series in
reciprocal temperature. Expressions for dispersion contributions
(Eq. 16, Part I) are obtained from a generalization of computer-
simulation data for Lennard-Jones molecules; polar and quadru-
polar contributions follow from a multipolar expansion pre-
sented by Gubbins and Twu (1978).

Interpolation function F (Eq. 18, Part I) is chosen to meet
necessary boundary conditions; it is generalized using experi-
mental vapor pressure and density data for a large number of
pure fluids,
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The equation of state and the chemical potential are derived
by differentiating Eq. 2 with respect to volume and mole num-
ber, respectively.

Each pure fluid is characterized by three molecular parame-
ters v*, eq/k, and ¢; these parameters are characteristic of soft-
core volume, dispersion potential energy, and the flexibility and
asymmetry of a molecule; a characteristic temperature T* is
defined by eg/k. (For polar fluids we also use reduced dipole
moment /i and reduced quadrupole moment 0.) As discussed in
Part I, v* and T* are used to define a hard-core (temperature-
dependent) volume v¥. Values of parameters are determined by
fitting pure-fluid vapor pressure and/or density data. For polar
fluids, reduced dipole and quadrupole moments are defined by
Egs. 14 and 15 of Part I, respectively.

Reference Term

Reference term a’¥ is calculated for mixtures by replacing
pure-component parameters ¢ and vt in the generalized Carna-
han-Starling expression given in Eq. 7 of Part I with the compo-
sition averages (c¢) and (v1). These averages are related to
pure-component parameters using suitable mixing rules. The
mixing rules are selected to meet two necessary boundary condi-
tions: First, the expression for the entropy of mixing for an
athermal mixture at high densities must reduce to the Flory-
Huggins expression. Second, the composition dependence of the
reference-term contribution to the second virial coefficient must
be quadratic in mole fraction, as required by statistical mechan-
ics (Prausnitz et al., 1986).

The physical significance of parameter ¢ requires that the
mixing rule for (¢) be linear in mole fraction x. Since reduced
volume ¥ is per segment, we also use a linear rule for v+. Thus,

(c) =2 xe 3)

(ot) = 3 xat 4

To show that Eqgs. 3 and 4 meet both boundary conditions, we
first consider the entropy of mixing for an athermal mixture.
The expression for the entropy of mixing arising from the refer-
ence term is

A;nix _ Z X, in xivjure
(37/8 — H(/v) 37/ — (/)
T ey T G ey O

where 7 — w y2/6; v?*"* is the molar volume of pure i at the same
pressure and temperature as those of the mixture, and where v is
the molar volume of the mixture. {(c¢) and ¥ are composition
averages for parameter ¢ and for reduced molar volume o = v/
(vt); ¢, and 9, are the corresponding pure-component quanti-
ties.

If we use Eq. 3 for (¢) and if we assume that the reduced den-
sities of all the pure components and of the mixture are equal at
high pressures (close-packed density), i.e.,

D=9 foralli,

(6)
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then Eq. 5 becomes

A mix
- 3 xiln (0P /2)

O]

which is the Flory-Huggins expression.

To show that Egs. 3 and 4 meet the second boundary condi-
tion, we calculate the contribution to the second virial coeffi-
cient from the reference term

B = (c){v)(2n+2/3) 8)
Since both (c) and (v¥) are linear in mole fraction, the compo-
sition dependence of B™ is quadratic in mole fraction.

Second Virial Perturbation Term

The expression for the low-density perturbation term a” is the
sum of attractive contributions to the second virial coefficient.
Since the mixture second virial coefficient must be quadratic in
mole fraction, the mixture expression for & becomes

RT is)
@ = >- > xx;(Bi” + By + BY% 9
i

where B3, B4, and B9 are attractive contributions to the sec-
ond virial coefficient due to dispersion and dipolar and quadru-
polar forces, respectively.

Appendices A and B of Part I give pure-component (i = )
expressions for each of the terms in Eq. 9. For the cross terms in
Eq. 9 (i # j), we must choose combination rules to calculate
cross-molecular parameters.

The cross parameters for the dispersion contributions are
given by

ci="'h{c+c) (10)

(CUT)U = (Civa + ijiT) ()
*\1/2¢ . T¥\1/2

T;;: (C,-T,- ) (CjT]) (1 _ kg (12)

Gy

where k7 is an adjustable binary parameter that corrects the
geometric mean assumption for T} Parameter kj is fitted to
experimental second virial cross coefficients for binary mix-
tures.

Combination rules for the dipolar and quadrupolar contribu-
tions are given in Appendix B of this paper. No additional
binary parameters are introduced.

The upper diagram in Figure 1 shows calculated and observed
second virial cross coefficients for several methane-alkane bi-
naries. Experimental values are reported by Dymond and Smith
(1980). Second virial cross coefficients are calculated using Egs.
10 to 12 with binary parameters kf set to zero. For these binar-
ies, agreement between calculated and experimental cross coef-
ficients is good without the use of any adjustable binary parame-
ters.

The lower diagram in Figure 1 shows calculated and observed
second virial cross coefficients for several water-alkane binaries.
Experimental data are from Dymond and Smith (1980) and
Smith et al. (1983, 1984). Calculated and experimental values
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Figure 1. Second virial cross coefficients for asymmetric
mixtures.

are in good agreement when one adjustable parameter is
included for each binary. Fitted binary parameters are indicated
in Figure 1.

Dense-Fluid Term

The dense-fluid expression a¥ is the sum of terms repre-
senting high-density contributions due to dispersion and dipolar
and quadrupolar forces. Each term is calculated using mixing
rules to relate mixture composition averages to pure-component
parameters. Mixing rules for the dispersion terms are similar to
those of Donohue and Prausnitz (1978); mixing rules for polar
terms follow the forms suggested by Gubbins and Twu (1978).

For extension to mixtures, we consider the perturbation terms
due to dispersion forces, a'" and 4, introduced in Eq. 13 of Part
L

The composition dependence of the dispersive terms is given
by the following averages

a(x) = aV((cT*vt), (v1)) (13)

a?(x) = a®({cT*t), (v1)) (14)
where (vt) is given by Eq. 4. Mixing rules for (¢T*vt) and
{cT*%t) are composition averages over molecular segments
and surface area.
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As in Part I, a molecule is considered to be the sum of equi-
sized segments; a molecule has r segments and an external sur-
face area g. The soft-core volume per segment v, is the same for
all segments; it is here set equal to 10 cm’/mol. While this value
is somewhat arbitrary, it follows from earlier work of Donohue
and Prausnitz (1978); the size of each segment is approximately
equal to that of a methylene group in a long-chain hydrocarbon.
The soft-core volumes per mole of molecules and per mole of
segments are interrelated by

v* = ra’N,,/ V2 = ro%, (15)

where N, is Avogadro’s number and ¢ is the soft-core segment
diameter. The hard-core volume vt is defined by

vt = rdNo/ V2 (16)

where d is the hard-core diameter calculated with Eq. 10 of Part
L

The potential energy per molecule is given by eq/k where € is
potential energy per surface area and k is Boltzmann’s constant.
Characteristic temperature T* is defined by

T* = eq/ck an

While reduction of pure-component data yields the product eg/
k, for correlation of mixture data it is necessary to separate that
product into its two factors.

Following Donohue and Prausnitz (1978), we write a general
mixing rule

(cT*"pT) = ;gxixjci[%%m%% (18)
where d,; is given by
dy; = (d; + d)) | (19)
and where ¢; is given by
e = (e (1 = ky) (20)

Adjustable binary parameter k;; corrects the geometric-mean
assumption; k; is fitted to binary phase-equilibrium data.

For alkanes, ¢/k is chosen as 80 K. For other fluids, ¢/k is
determined using equilibrium data for a binary mixture whose
second component is an alkane. Typically, the chosen value of
¢/k is that which minimizes binary parameter k. Table 1 lists
values of e/k for various hydrocarbon classes and for several
other pure fluids.

For most binary mixtures, Eq. 18 is sufficient to represent
phase behavior using a single adjustable parameter k; How-
ever, for some highly asymmetric mixtures it is advantageous to
introduce a second adjustable parameter into the mixing rules in
Eq. 18, as shown in Appendix A. The two binary parameters,
denoted k5 and k), adjust the geometric-mean assumption
for ¢; in separate concentration regions. When component 1 is
infinitely dilute in component 2, only parameter k,; applies; at
the opposite limit, when component 2 is dilute in 1, only parame-
ter k,, applies. Parameter k,., is fixed by Henry’s constant

1802
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Hydrocarbon Classes and Other Fluids
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e/k
K
Hydrocarbon Class
n-alkanes 80
n-alkylnaphthenes 90
n-alkylaromatics 110
Other Fluids
Ethylene 100
Hydrogen 110
Nitrogen 50
Sulfur Dioxide 80
Carbon Dioxide 80
Water 80
Ammonia 60
Acetone 80
Hydrogen Sulfide 120

Values from analysis of binary phase-equilibrium data.

H,3), and parameter k,, is fixed by Henry’s constant Hy);
these constants are defined by

i im J2
H)(z) = )LIEIO x_l and Hz(‘) = l:—rg) x_z (21)

where f is fugacity. At intermediate concentrations, both pa-
rameters are required.

Appendix A gives modified mixing rules for Eq. I8 using two
adjustable parameters. When the two parameters are equal
(k12y = kyqry), the mixing rule in Appendix A reduces to Eq. 18.

Appendix B discusses calculation for mixtures of the pertur-
bation terms due to polar intermolecular forces.

Interpolation Function

Function F is calculated for mixtures by replacing pure-fluid
parameters with a composition average

¢ {T*(eq Jky@iyt)

F=1—exp|— T2
v

(22)

where (eq/k) is the sum of the dispersion, dipolar, and qua-
drupolar contributions to the potential energy (Eq. 19, Part I).
The mixing rule used here is determined empirically by examin-
ing phase equilibria for a large number of binary mixtures

(T"‘ (éq/k)“’""vf) _ Z Z XX;
_ (r;- + T,*) [[(eq/k),’-“"'vfr + (ea/ k)0t

2 2 (23)

This mixing rule for interpolation function F uses only pure-
component parameters; no adjustable binary parameters are
introduced.

Data Reduction

To calculate phase equilibria for fluid mixtures, it is neces-
sary to fit adjustable binary parameters to experimental data for
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binary mixtures. In the correlation presented here, the resulting
equation of state has one, two, or three adjustable parameters
depending upon the complexity of the mixture. These parame-
ters can be determined independently using experimental sec-
ond virial cross coefficients and Henry’s constants. However, for
many binary mixtures of interest, reliable virial coefficients and
Henry’s constants are not available. Therefore, we have devel-
oped procedures to obtain binary parameters from various types
of phase-equilibrium data that may be available for a particular
mixture. The most common types of data include pressure-tem-
perature-composition (P-T-x-y) data for equilibrium phases,
bubble-point (P-T-x) data, or dew-point (P-T-y) data.

Our regression method is based on the maximumd-likelihood
technique described by Anderson et al. (1979). The maximum-
likelihood technique accounts for experimental uncertainties in
both independent and dependent variables. The following esti-
mates of experimental uncertainties are used for correlation of
mixture data; temperatures +0.1 K; pressures +1.0%; vapor
phase and liquid phase mole fractions +0.01; and Henry’s con-
stants +3.0%.

The maximum-likelihood method determines optimal values
of adjustable parameters and estimates of standard deviations.
Since these parameters may not be unique and since they
depend on the specified objective function, we must be con-
cerned with the sensitivity of phase-equilibrium calculations to
fitted values. Such sensitivity comparisons depend on the region
of the phase diagram as well as on the specific system studied;
however, we can give some generalizations based on our correla-
tion experience from this work.

Phase-equilibrium calculations are not sensitive to the value
of adjustable parameter k% its value is usually determined by
fitting cross-virial coefficients. We find it is generally sufficient
to estimate k® within +0.10 without significant effects on calcu-
lated phase equilibria.

Phase equilibria for most binary mixtures are adequately rep-
resented with a single adjustable dense-fluid parameter. For
many mixtures, this parameter may vary +0.01 without signifi-
cant effect; however, calculated results are often sensitive to
larger deviations. For binary mixtures where two adjustable,
dense-fluid parameters are used, such as water-hydrocarbon
mixtures, calculated results are usually sensitive to fitted
parameters; parameters should be known to within +0.005 for
favorable comparison to experimental results.

At dilute concentrations, small changes in calculated mole
fractions may result in large changes in calculated K factors.
Such sensitivity differences in calculated quantities should be
taken into account when evaluating goodness of fit of experi-
mental data. Finally, calculations in the critical region are more
sensitive to estimated parameters than are other regions of the
phase diagram; experimental data near the critical point are
excluded when determining optimal values of fitted parame-
ters.

Asymmetric Binary Mixtures

To illustrate, Figure 2 shows calculated and observed vapor-
liquid equilibria for the system hydrogen-hexane. Experimental
phase equilibria of Nichols et al. (1957) are correlated using a
single binary parameter for the dense fluid. The second virial
parameter k? is set to zero.

Figure 3 shows calculated and observed phase equilibria for
the system nitrogen-ammonia. Nitrogen and ammonia have

AIChE Journal

November 1986 Vol. 32, No. 11

T T T T
Experimental: Nichols, Reamer and Sage (1957)

0 2776K

A 444 3K

a 477.6 K
——Calculoted from EOS J

[~3 a A

:

Pressure, bor

| 1 L i 1
(o] 0.2 04 06 08 1.0
Mole Fraction Hydrogen

Figure 2. Vapor-liquid equilibria for the system hydro-
gen-n-hexane.
Binary parameters: k® = 0; k,, = 0.065

similar molecular sizes but have large differences in potential
energy. Nitrogen has a weak quadrupole moment; ammonia has
a strong dipole moment. The phase equilibria for this mixture
are correlated using two binary parameters; one for the second
virial cross coefficient and another for the dense-fluid region.
The second virial binary parameter k* is fitted to experimental
second virial cross coefficients reported by Lee et al. (1970). The
dense-fluid parameter k;; is correlated to vapor-liquid equilib-
rium data from Reamer and Sage (1959).

Figure 4 presents vapor-liquid equilibria for the system car-
bon dioxide-ethane at 250 K. (At this temperature, both pure

400,

! Expcrimantlul (Reamer llmd Sage, I9r59)
a 277.6 K
0 344.3K
o 377.6K
—~Calculated from EOS

300

200

Pressure, bar

0 - n - j I "
0 0.2 0.4 08 08 1.0

Mole Fraction Nitrogen

Figure 3. Vapor-liquid equilibria for the system nitrogen-
ammonia.
Binary parameters: k* = 0.21; k;, = 0.0256.
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Figure 4. Equation-of-state results with and without qua-
drupolar effects for the system carbon dioxide-

ethane.
All binary parameters set to zero.

components are subcritical.) Figure 4 shows experimental data
(solid points) on a y-x diagram; this system has an azeotrope
near x,,, = 0.7. For this binary mixture, the quadrupole moment
of carbon dioxide has an important qualitative effect on calcu-
lated results. Following Vimalchand and Donohue (1985), we
present calculations with and without quadrupolar effects, set-
ting all binary parameters to zero. If we ignore the quadrupole
moment of carbon dioxide (dashed line), the equation of state
does not predict an azeotrope. Including the quadrupole mo-
ment (heavy curved line), an azeotrope is predicted with good
agreement between calculated and observed results.

Table 2 summarizes typical correlation results for several
binary systems. Average deviations in K factors are reported for
both components. A comprehensive tabulation of binary results
and data references is deposited as supplementary material.

Aqueous Binary Mixtures

Water-hydrocarbon binaries represent an important class of
asymmetric mixtures because such mixtures are of interest in
many chemical and petroleum processes. However, strong polar

Table 2. Typical Agreement between Calculated and
Experimental K Factors for Some Illustrative Binary Systems

System Avg. % Dev.

Temp.  Press. -

1 2 K bar K K
Hydrogen Methane 116-172 34-275 1.72 "5.16
Hydrogen Decane 462-583 19-255 3.24 474
Methane Tetralin 462-665 20-253 3.20 5.01
Methane Water 311-573 27-980 590 3.23

278-444 169 493 741
2-116 401 9.67

Hydrogen sulfide Pentane
Hydrogen sulfide Propylcyclohexane 311-478

Carbon dioxide  Toluene 311-477 3-153 3.36 S5.48
Carbon dioxide  Hexadecane 463-664 20-51 8.48 10.43
Nitrogen Ammonia 278-378 34-310 5.88 3.48
Nitrogen Benzene 348-398 62-307 1.31 5.99
1804
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Figure 5. Vapor-liquid equilibria for the system methane-
water.

Liquid-phase isotherm at 378 K not shown for clarity.
Binary parameters listed in Table 3.

effects in aqueous mixtures make the phase equilibria of these
systems difficult to correlate.

Two adjustable binary parameters are used in the dense-fluid
region to represent both water-rich and hydrocarbon-rich com-
position regions. To obtain good representation, the binary
parameter for the water-rich end must be temperature-depen-
dent.

Figure 5 shows calculated and experimental phase equilibria
for the system methane-water. Experimental data for this sys-
tem (Olds et al., 1942; Culberson and McKetta, 1951; Sultanov
et al., 1971, 1972) cover wide ranges of temperature and pres-
sure. Observed and calculated vapor-liquid equilibria are in
excellent agreement using the binary parameters listed in Table
3

Figures 6 and 7 show vapor-liquid and liquid-liquid equilibria
for the system propane-water. Experimental and calculated
results are shown at three temperatures. Figure 6 shows the
solubility of water in the propane-rich phase. Below 370 K, there
is a three-phase (vapor-liquid-liquid) region, indicated by
dashed lines. At the lowest temperature shown (327.6 K), there

Table 3. Binary Parameters for Two
Water(1)-Hydrocarbon(2) Binary Mixtures

Component 2

Binary
Parameter Methane Propane
kB* 0.250 0.330
ko 0.3722 0.3657
kyny 0.1759-49,050/ T'2** 0.1186-41,890/T***

*From second-virial-coefficient data
*TinK
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Figure 6. Phase equilibria for the system propane-water

at three temperatures.
Solubility of water in propane.
Binary parameters listed in Table 3.

is a transition from vapor-liquid to liquid-liquid equilibria near
20 bar (2 MPa). The middle isotherm (369.7 K) passes through
a three-phase critical point. The highest temperature (427.6 K)
is beyond the liquid-liquid region; only vapor-liquid equilibria
are observed.

For this difficult-to-fit binary system, calculated and experi-
mental phase equilibria are in good agreement. Binary parame-
ters are listed in Table 3. The virial parameter £ is interpolated

T T T T T
81 o Kobayashi and Katz (1953) .« |
smoothed data
—~—— Caiculated from EOS
6
03 B-HZO
al- m

Observed
N 3-phase line
N

Mole Fraction Propane (x10%)

! L ] !
10 25 50 100 200

Pressure, bar

Figure 7. Phase equilibria for the system propane-water
at three temperatures.

Solubility of propane in water.
Binary parameters listed in Table 3.
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Figure 8. Weight-fraction Henry’s constants for solutes

in low-density polyethylene.
Binary parameters listed in Table 4.

between the values listed in Figure 1; this interpolated value
based on second virial cross coefficients is in excellent agree-
ment with k? correlated to dense-fluid data.

Henry’s Constants for Solutes in Polyethylene

The correlation presented here is useful for calculating phase
behavior for mixtures containing high-molecular-weight fluids.
To illustrate, the solubilities of several low-molecular-weight
solutes in low-density polyethylene are calculated using binary
parameters fitted to experimental Henry’s constants reported by
Liu and Prausnitz (1976) and Maloney and Prausnitz (1976).

Figure 8 shows typical agreement between calculated and
observed results. Pure-component parameters for polyethylene
are given in Part I. Fitted binary parameters (for the dense
fluid) are reported in Table 4.

Ternary Mixtures

Phase equilibria are calculated for a ternary mixture using
only pure-component and binary data. First, experimental and
calculated phase-equilibrium results are presented for two bi-
nary systems, methane-tetralin and hydrogen-tetralin. Then,
phase equilibria are calculated for the ternary system methane-
hydrogen-tetralin.

Figure 9 shows K factors as functions of temperature and

Table 4. Binary Parameters for Five Solutes in Polyethylene

Solute 100k,
Ethylene 0.05
Sulfur dioxide 5.38
Acetone 2.69
Benzene 1.94
Octane 0.00
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Figure 9. K factors for methane(1)-tetralin(3) and hydro-
gen(2)-tetralin(3).
Binary parameters: all k* = 0; k3 = 0.0461; k5, = 0.0133

pressure for the systems methane-tetralin and hydrogen-tetra-
lin. For each binary, one adjustable binary parameter is
obtained from data reduction; second virial parameters k® are
set to zero. For the hydrogen-tetralin system, calculated and
observed K factors are in good agreement. However, for the
methane-tetralin system at 623 K, the correlation overpredicts
the apparent critical pressure.

Calculated and experimental vapor-liquid equilibria for the
system methane-hydrogen (not shown) are in good agreement
using a single binary parameter k;, = 0.1431. (Temperatures

corresponding to the vapor-liquid region for methane-hydrogen
are significantly below those shown in Figure 9 for the tetralin
binaries.)

Phase equilibria for the ternary system hydrogen-methane-
tetralin are calculated at 462 K. Figure 10 shows calculated and
experimental results at three pressures. K factors for each com-
ponent are plotted as functions of overall methane mole fraction
on a tetralin-free basis. The left and right sections in Figure 10
give K factors for methane and hydrogen in the ternary mixture.
These K factors are nearly independent of the relative amount of
methane. However, in the center section the K factor of tetralin
depends strongly on the methane content, as noted previously by
Gray et al. (1983).

At the lowest pressure, 51 bar (5.1 MPa), tetralin shows little
preference for either methane or hydrogen. At higher pressures
(101 and 253 bar; 10.1 and 25.3 MPa) the tetralin X factor is
much larger in methane-rich mixtures than in hydrogen-rich
mixtures, indicating that, as expected from second virial coeffi-
cient correlations, the vapor-phase solubility of tetralin is larger
in dense methane than in dense hydrogen.

Equilibria in a Reservoir Fluid

Equations of state are commonly used to calculate phase equi-
libria for reservoir fluid mixtures as needed for simulation of
miscible-gas processes. Carbon dioxide is commonly used for
reservoir injection; phase equilibria of carbon dioxide-rich mix-
tures are therefore of industrial importance.

Two examples are presented here for carbon dioxide-hydro-
carbon mixtures. In the first example, binary parameters are
correlated using solubility data for carbon dioxide in several
heavy-hydrocarbon solvents (Gasem and Robinson, 1985). In
the second example, phase equilibria are calculated for a 12-
component synthetic oil mixture containing a significant
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Figure 10. Equilibrium flash calculations for the system hydrogen(1)-methane(2)-tetralin(3) at 462 K.
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amount of carbon dioxide. Such systems are valuable for testing
correlation methods without introducing uncertainties due to
incomplete characterization of real-oil mixtures.

Figure 11 shows calculated and experimental solubilities of
carbon dioxide in four high-boiling alkane solvents at 100°C.
Similar results are obtained at 50 and 150°C. One (high-densi-
ty) adjustable binary parameter is used for each solvent. Table 5
lists generalized dense-fluid binary parameters k;. Since qua-
drupolar effects for carbon dioxide are explicitly taken into
account, second virial parameters k? are set to zero for carbon
dioxide-hydrocarbon binaries.

Figure 12 shows calculated and experimental phase equilibria
for a 12-component synthetic-0il mixture at 322 K. Experimen-
tal flash data are reported by Turek et al. (1984). The feed com-
position of the oil is given in Table 6; the overall mole fraction of
carbon dioxide is 70 mol %.

Calculated and experimental results are in good agreement
from low pressures to the mixture bubble point [experimental,
115.1 bar; calculated, 114.9 bar (11.51 and 11.49 MPa)].
Calculated K factors for tetradecane are somewhat below exper-
imental values; however, vapor-phase mole fractions for tetrade-
cane are extremely small and perhaps subject to some experi-
mental uncertainty.

The results in Figure 12 are calculated from flash caicula-
tions using the feed composition given in Table 6. Adjustable
parameters for all binaries are given in Table 5. For all binaries,
virial parameter & is set to zero.

Comparisons at other overall carbon dioxide concentrations
give similar good results except near mixture critical condi-
tions.

Hydrogen Solubility in Coal-Derived Liquids

The final example shows a correlation for the solubility of
hydrogen in a middle distillate from the solvent-refined-coal-11
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Figure 11. Solubility of carbon dioxide in high-boiling

normal paraffins at 100°C.
Similar results are obtained at 50 and 150°C.
Calculated using binary parameters from Table 5.
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Table 5. Binary Parameters for Several Binary Systems

100k,,
Component CH, CHy, CH; N, HS CO, H,
n-Alkanes
CH, — 1.0 1.7 30 35 3.0 150
C,H; 1.0 — 02 40 40 35 120
C;H; 1.7 0.2 — 50 45 40 100
C,Hyo 22 05 01 55 47 44 85
CsH,, 27 07 02 55 50 46 15
C¢H 30 08 03 55 52 48 65
C;H, 33 0.9 0.4 5.5 54 50 6.0
CyHys 36 1.0 05 55 56 52 60
CioHx 40 1.2 05 55 58 54 60
CieH 48 1.2 05 55 60 59 6.0
CyoHe 50 1.2 05 55 60 60 6.0
CyoHez 50 1.2 05 55 60 60 6.0
n-Alkylcyclohexanes 3.0 1.5 07 90 30 30 00
n-Alkylbenzenes 40 20 1.5 95 00 40 45

(SRC-II) process at several temperatures and pressures. Experi-
mental data are reported by Harrison et al. (1985). The coal-
derived liquid is considered to be a mixture of two pseudocom-
ponents. One pseudocomponent corresponds to a saturated
hydrocarbon and another corresponds to an aromatic hydrocar-
bon. To calculate hydrogen solubility in a mixture of these two
pseudocomponents, three simplifying assumptions are necessary
to determine pure-component parameters, relative amounts of
each pseudocomponent, and binary parameters.

First, pure-fluid parameters are estimated for each pseudo-
component using the generalized correlations presented in
Appendix C of Part I. The alkane correlation is used for the

T T

! T
il T=322K Symbols: Data of Turek et ol (1984
—- Colculated from EOS with
N generolized binary porometers
2

K Factor

0% '

1
20 40 GlO BIO 100 120

Pressure, bor

Figure 12. K factors for 12-component synthetic oil with

70 mol % carbon dioxide.
Calculated using binary parameters from Table 5.
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Table 6. Overall Feed Composition for 12-Component

Synthetic Oil

Component Mol %
Carbon dioxide 69.520
Nitrogen 0.456
Methane 10.130
Ethane 0.851
Propane 1.195
Butane 1.798
Pentane 1.305
Hexane 0.966
Heptane 1.482
Octane 1.505
Decane 9.196
Tetradecane 1.596

saturated component; the fused-ring correlation is used for the
aromatic component. These correlations require the molecular
weight of each component. Molecular weights for both pseudo-
components are estimated using the boiling-point characteriza-
tion for the SRC-11 middle distillate presented by Brinkman and
Bowden (1982). The molecular weight of the alkane pseudo-
component is 183.3, that of the fused-ring pseudocomponent is
134.8.

Second, the relative amount of each pseudocomponent is esti-
mated from the average molecular weight of the coal-derived
liquid. Harrison et al. (1985) report an average molecular
weight of 146.1 determined by mass spectrometry. Since the
pseudocomponents have different molecular weights, the frac-
tion of each is determined by matching the overall experimental
molecular weight. On a hydrogen-free basis, the mole fractions
of the alkane and the fused-ring pseudocomponents are 0.767
and 0.233, respectively.

Finally, binary parameters are estimated for binary pairs.
Since the liquid-phase mole fraction of hydrogen is small, only
one binary parameter is used for each hydrogen-hydrocarbon
pair; virial parameters k% and the hydrocarbon-hydrocarbon
parameter are set to zero. The hydrogen-alkane binary parame-
ter is estimated from Table 5 (k,, = 0.06). The molecular
weight of the aromatic corresponds roughly to that for tetralin.
Therefore, the hydrogen-tetralin parameter used in Figure 9 is
also used here (k;, = 0.0133).

Figure 13 shows calculated (dashed lines) and experimental
(symbols) solubilities for hydrogen in the SRC-II middle distil-
late. Agreement is good considering the simplifying assumptions
that are required for performing calculations for this complex
mixture.

Agreement between calculated and experimental results can
be improved by correcting for decomposition and hydrogenation
reactions. Harrison et al. (1985) correct their experimental
results for the presence of volatile reaction products. The
authors report an overall 5% increase in the molecular weight of
the coal-derived liquid following solubility measurements. (This
increase in molecular weight results from the conversion of aro-
matics to saturates in the presence of hydrogen at high tempera-
tures.) Assuming that this increase is a linear function of tem-
perature, the relative amounts of cach pseudocomponent are
adjusted accordingly. As a result, the mole fraction of the alkane
rises, leading to increased solubilities of hydrogen. The in-
creased solubility is indicated by the solid lines in Figure 13.
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Figure 13. Solubility of hydrogen in a middle distillate
from the solvent-refined-coal-ll process.

This example illustrates the applicability of our correlation to
provide quantitative estimates of hydrogen solubilities in com-
plex mixtures. Further improvement requires more detailed
experimental characterization of the complex hydrocarbon mix-
tures. Experimental procedures for such characterization are
the subject of current research at Berkeley.

Conclusion

The correlation presented here uses an extended perturbed-
hard-chain theory to calculate phase equilibria in mixtures. The
extension takes into consideration the effect of hard-core soft-
ness as well as effects arising from dipole and quadrupole
moments. More important, the extension considers separately
contributions to the residual Helmholtz energy from low-density
and high-density regions. This separation makes it easy to use
density-dependent mixing rules: one mixing rule is used for the
low-density region and another mixing rule is used for the high-
density region. While the low-density mixing rule is always qua-
dratic in mole fraction, the high-density mixing rule is arbitrary,
dictated by the kind of mixture under consideration. For the
high-density region, a quadratic mixing rule is satisfactory for
most ordinary mixtures while a cubic mixing rule is necessary
for those mixtures (e.g., water-hydrocarbons) where there is
much deviation from randomness.

The correlation given here is entirely analytic, requiring no
numerical integrations. It is therefore suitable for computer-
aided process design. Computer programs are available upon
request.

While the correlation presented here is applicable to a wide
variety of fluid mixtures encountered in chemical technology, it
has one significant limitation: it is not able to supply consistently
reliable results in the critical region. That limitation is not pecu-
liar to this correlation; it unfortunately prevails in all correla-
tions used in contemporary chemical engineering.

For significant advance in chemical engineering thermody-
namics, our first priority should not be to refine further existing
equations of state in the high-density and low-density regions.

Vol. 32, Ne. 11 AIChE Journal



Instead, primary attention should now be given to establishing a
useful, engineering-oriented equation of state that is reliable for
correlating the phase behavior of pure fluids and mixtures in the
critical region as well as in regions remote from critical.
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Notation

a = molar Helmholtz energy
a"™ — binary combination of molecular parameters cT*"v
A" — ternary combination of molecular parameters c7T*™vt
B = second virial coefficient
¢ = shape and flexibility parameter
d = hard-core (temperature-dependent) diameter
f = fugacity
F = interpolation function
H;y = Henry’s constant of solute / in solvent j
J = integral of two-body radial distribution function
K = integral of three-body radial distribution function
k = Bolizmann’s constant
k® — second virial adjustable binary parameter
k; = dense-fluid adjustable binary parameter
k; ~ average dense-fluid adjustable binary parameter
n = number of moles
P = absolute pressure
g = external molecular surface area
Q = molecular quadrupole moment
0 = reduced quadrupole moment in low-density region
O - reduced quadrupole moment in high-density region
7 = number of scgments per molecule
R = gas constant
As’"‘"‘ = entropy of mixing
= absolute temperature
— reduced temperature, T = T/T*
= characteristic temperature for high-density polar perturbation
terms
T* = characteristic temperature, T* = eq/ck
v = molar volume
% = reduced volume, o = v/vt
? = characteristic volume for high-density polar perturbation
terms
v* = soft-core molar-volume parameter
v, = soft-core segment-volume parameter
vt = hard-core molar-volume parameter
vP = pure-component molar volume
V = total volume
x = mole fraction

Greek letters

u = molecular dipole moment

fi = reduced dipole moment in low-density region
fi = reduced dipole moment in high-density region
¢ = potential energy per unit surface area

o = soft-core diameter

7 = hard-sphere packing factor (0.7405)

Superscripts and subscripts

df = dense-fluid contribution
disp = dispersive contribution
IG = ideal-gas contribution
i, j, k = component i, j, or k
ij = interaction between components i and j

AIChE Journal

November 1986 Vol. 32, No. 11

ijk = interaction between components i, j, and k
m = integer in dense-fluid mixing rule
QQ - quadrupolar contribution
r = residual property
ref = reference term
sv = second virial contribution
up = dipolar contribution
uQ = dipolar-quadrupolar contribution

Appendix A. Modified Dense-Fluid Mixing Rules
for Highly Asymmetric Mixtures

This appendix describes a modification of the generalized
mixing rule given in Eq. 18 for the nonpolar perturbation terms
a" and a®. This modification is useful for representing phase
behavior for mixtures containing components with very large
differences in potential energy. Two adjustable binary parame-
ters are introduced, allowing flexibility to correlate separately
the dilute region of each component in a binary mixture.

The two adjustable parameters k,( and ko, adjust the geo-
metric-mean assumption for ¢; in the two Henry’s constant lim-
its, Eq. 21. When the two parameters are equal to one another,
the modified mixing rule reduces to Eq. 18.

The modified mixing rule is cubic in mole fraction

(cT*™vT) =

ZzzxxxkAuk

(A1)

where A™ represents a particular combination of molecular
parameters. The order of the subscripts on 4™ is important for
selecting the correct sequence of parameters.

For the two simplest cases, when i = j = k,

g lmrdiN
A _ |G i e A2
o[l (42
and wheni # j # k,
AR =% a0 - k) + haPQ - (A3)
where k is an average of the two binary parameters
i(ij = (ki) + ki) (A4)
and where o represents the parameter combination
) g\ rdiN,,
a};n) =g (euéu) ql jdl (AS)
ck 2

The order of the subscripts in Eq. A3 is important since a{’ #
ap.

For the A% terms that have two identical subscripts, individ-
ual terms are defined such that only k,,, contributes to H,, and
only k) contributes to H,;). The following expressions are

chosen to meet these conditions:

AP =% [@ + a1 — k)] (Aé6a)
AR = n el + a7 - k) (A6b)
AR = % [al” + g (1 — k)] (A6c)
where all a; are defined by Eq. AS.
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Appendix B. Expressions for Polar Contributions
to Attractive Perturbation Terms in Mixtures

Appendix B of Part I gives expressions for multipolar contri-
butions to low-density and high-density perturbation terms.
This appendix extends those expressions to mixtures. The com-
position dependence of the low-density term is chosen to meet
the boundary condition that the second virial coefficient is qua-
dratic in mole fraction; the composition dependence of the high-
density term follows from the forms suggested by Gubbins and
Twu (1978). The high-density expressions presented here differ
slightly from those presented earlier by Vimalchand and Dono-
hue (1985).

Low-density contributions

Equation 9 gives the expression for the low-density perturba-
tion term due to polar and nonpolar contributions; Eqs. 10-12
gnve cross parameters as needed for B3”. To calculate BY? and

% from the expressions given in Appendlx B of Part I, cross
parametcrs are needed for reduced dipole and quadrupole mo-
ments; these are

~2 Kl Ny
B1
Hij = CUT 3 (k \/_) ( )
52 9.9, Na\*P
2 o ==L __ | |— B2
Y C,'jT,E',-‘U;-s/J (\/5) (B2)
where the cross soft-core volume is defined
* 1/3 *\1/313
5 = [——(v' ! ; ) ] (B3)

The product cv* is defined in a manner analogous to that for the
nonpolar expression

(cv*),; =% (cv} + cv}) (B4)
These cross parameters are substituted directly into the expres-

sions for pure fluids given in Part I. No adjustable binary
parameters are introduced.

High-density contributions

Expressions for the high-density polar contributions in.pure
fluids are extended to mixtures using forms given by Gubbins
and Twu (1978). These forms are derived from two-body and
three-body radial distribution functions. Hence, two-body mix-
ing rules are quadratic mole fraction averages over pure-compo-
nent parameters and three-body mixing rules are cubic mole
fraction averages over pure-component parameters.

To simplify the mixture expressions, we define characteristic
parameters for both two-body and three-body interactions. The
two-body characteristic parameters are defined by

' (fnfjj) llzq,‘
i ek

by=r; (al = U') au/\/_

(B5)

(B6)

1810 November 1986

Two-body dipole and quadrupole moments are defined by

Nan
B ( p f) (B7)
A av /3
: _ g%” k( \F) (BS8)
. ¥ (u,0; 0)  (N\¥?
0), - 29~ 20 ("c‘g{_j;/f’g') k (ﬁ) (B9)

These two-body expressions are used to define characteristic
parameters for three-body interactions:

Ty = (TyTuTi)? (B10)

Dy = (Dy0)"? (B11)
e = (Byiuadin)' (B12)
Qx‘jk = (Q.kaink)m (B13)

The order of subscripts is important in Egs. B5 to B13 since
TU #* T and 9; # by

As discussed in Appendix B of Part I, the perturbation expan-
sions for contributions due to dipolar and quadrupolar intermo-
lecular forces are replaced by Padé approximants. For a mix-
ture, the expression for dipole-dipole interactions is

aQ]-
@ =al|l -5 (B14)
A
where
a,‘.? 29619 ZZ 25 o4 e (T v) (B15)
xx Cid; 'U, [l., -,
RT jlijFij Tu i
af.i.’ 43.596 YYY
—_— X .
RT T3v2 i j k 'xjka‘
. T
- TR %S K™ (—F : r”—) (B16)
ijk vijk

where J and K are integrals of two-body and three-body radial
distribution functions. Expressions for these integrals are given
by Gubbins and Twu (1978) and are included in supplementary
material for Part 1.

For a mixture, the expression for quadrupole-quadrupole
interactions is

2 a& -!
a® - agpl1 — - (B17)
where
ag 12, 440 v
— = ZZx,chuqu,‘IJ T,T (B18)
T T; 9y
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a% 26113
RT T%

1

fa A T v
; Z,: xx e, T 30,05 7292 (7,'— , ﬁ_)

77.716 s
* T Z Z Z XXXk Ci Ttk 000
ik

T
Az r-] ®19)
ik Uik

Dipole-quadrupole contributions are expressed using only the
second-order term

P

8.8858 N
—_ = x0T, " -, — 20
T TZU Z ; xrxjchuvu(“Q)qJ T,’j > Aij (B )

For use here, constants reported by Gubbins and Twu for the
above integrals must be multiplied by v2 wherever reduced den-
sity appears; thus follows since reduced density in this work is
based on a close-packed molecular volume.
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