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Abstract

The molecular-thermodynamic correlation presented in Part 1 for pure fluids

is extended to mixtures; this extension is particularly useful for mixtures of

components with large diflerences 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 fegime. guided by
theoretically-defined boundary conditions. Such ﬁexibility 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 multicomponent mixtures, including a petroleum-reserveoir fluid

containing carbon dioxide and including a mixture of hydrogen and coal-

derived liquids.
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SCOPE

Phase equilibria for fluid mixtures are necessary for eécient désign énd opera-
tion of separation processes. .Molecula.t-thermodynarnic correlations are widely used
to calcula‘tle such equilibria. This work presents a new correlation, based on
perturbed-hard-chain theory, for representation of phase behaviér for mixtures con-

‘taining components differing appreciably in molecular size or potential energy.

The correlation presented in Part 1 i; for thefmodynamic properties of pure
fluids containing small or large. molecules. The novel feature of that correlation is
separation of low-denéity and high-density expressions for the residual Helmholtz
energy. This separation allows flexibility for representing the properties of mixtures:

separate mixing rules are chosen for each density region.

To illustrate applicability, phase equili_bria are correlated for several binary mix-
tures over wide ranges of temperature and pressure. Altention is given to those mix-
tures which show large differences in size, shape and potential energy: such mixtures

are of particular interest in the petroleum and related industries.

CONCLUSIONS AND SIGNIFICANCE

The expression for the Helmholtz energy. presented in Part 1, is extended to mix-
tures. A novel separation §f low-density and high-density contributions to the
Helmholtz energy allows separate mixing rules for each density region. This fexibility
in mixing rules significantly improves representation of mixture phase behavior, espe-
cially for those mixtures whose molecules differ appreciably in size and potential
energy.

Phase equilibria are correlated for a variety of binary mixtures of interest in the
petroleum and related industries. Agreement between calculated and experimental
results is good except in regions near the mixture critical point. For some classes of
mixtures, parameters fit to binary phase equilibria can be expressed as gener';xlized

correlations; these correlations are useful to estimate parameters for other mixtures



where experimental data are scarce.

For all mixtures, the second virial coeffcient is-a quadrétic function of mole frac-
tion. However, for highly asymmetric binary mixtures, such as water-hydrocarbon'sys-
tems, the quadratic dense-fluid mixing rule is modified to permit separate correlation
1 of each dilute region. Such a modification is necessax.'y when large differences in
_ potential energy lead to clustering. |
Phase equilibria are calculated for several multicomponent mixtures using only

pure-component and binary parameters. Calculated and experimental results agree

well for a reservoir-fluid mixture and for a mixture of hydrogen and a coal-derived .

liquid.

Introduction

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

Most of the successful correlations for representation of mixture phase behavior
are semitheoretical in nature. One particular class of éemitheoret.ical 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 thermodynarmic data. Extension to mixtures
is based on mixing rules to relate mixture averages to composition.

While the PEC and the COR equations are derived primarily for 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

©
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(1985) and Vimalchand et al.(1985) extended the PHC equation to polar and quadrupo-

lar fluids using the multipolar expansions 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 Vimé.lchand et al., this work extends the PHC theory .
to include both quadrupolar and dipolar fluids and their mixtures. However, the novel
feature of this work is separation of ﬁigh-density and low-density contributions to the
residual Helmholtz energy. While this separatio.r; leads to improved correlation of
pure-fluid thermodynamic §ro§erties as discussed in Part 1, the main advantage of
the separation follows from extenéio_n to mixturés. Separate mixing rules are selected
for each density region to meet theoretically-defined boundary conditions and to

represent phase behavior for highly asymmetric mixtures.

As suggest;ed by several authors (e.g. Mollerup, 1981; Whiting and Prausnitz, 1982;
Wong and Johnston, .1984). density-dependent mixing rules improve representation of
phase behavior in strongly nonideal fluid mixtures. Mathias and Copeman (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 mixtures using ad equation of the van der Waals form with dénsity-dependent
mixing rules. This work builds upon these previous developments using the PHC equa-
tion. The resulting correlation is applicable to a wide variety of mixtures containing
fluids such as hydrogen, water, polymers and coal-derivéd liquids, in addition to the

usual hydrocarbons, nitrogen, carbon dioxide and hydrogen sulfide.

Residual Helmhoitz Energy for Mixtures

The expression for the residual Helmholtz energy presented in Part 1 is extended
to mixtures. The molar residual Helmholtz energy for a mixture is the difference
between the molar Helmholtz energy for that mixture and that for an ideal-gas mix-

ture at the same temperature, volume and composition

a (T. Va,n,.) =a(T.V.n,.n,.) - am(T. v.n,mn,.) (1)



where n, is the mole number of component 1, ete.
. The residual Kelmholtz energy is given by the sum of a reference term and two
perturbation terms
a =a™ +a"(1-F)+aYF (2)

where a™ is the contribution from the reference fluid and where a™ and a¥ are per-

turbation contributions in low-density and high-density regions, respectively. Func-

tion F provides a smooth interpolation betweenb these two density regions.

ref

Reference term a =~ 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 1. To allow for softness of the spheres, the hard-core diameter
is temperature-dependent (Eq. 10, Part 1), as suggested by Barker and Hender-
son(1967)..

Sep_aration of the perturbation term into high-density and low-density regions
allows flexibility to choose separate mixing rules for each density region. Such flexi-
bility is necessary to correlate phase behavior in highly asymmetric systems; it is this
flexibility which allows us to relax the commonly-used quadratic mixing rule without
violating the theoretically-determined composition dependence of the second virial

coeflicient.

The perturbation terms include contributions due to dispersion, polar and qua-
drupolar intermolecular forces. The low-density term a’ is given by a virial expansion
truncated after the second virial coefficient (Eq. 15, Part 1). Generalized expressions
for dispersion. polar and quadrupolar contributions were obtained from experimental

second virial coefficients.

The high-density term a¥’

is given by a perturbation series in reciprocal tempera-
ture. Expressions for dispersion contributions (Eq. 15, Part 1) are obtained from a
generalization of computer-simulation data for Lennard-Jones molecules; polar and

quadrupolar contributions follow from a multipolar expansion presented by Gubbins

and Twu (1378).
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Interpolation function F (Eq. 18, Part 1) is cbosén to meet necessary boundary
conditions; it is éeneraliiea using experimental vapor-pressure' and density data for a
‘large mirnber’of pure fluids. ‘

The equation of state and thg chemical potexﬁtial are derived by differentiating Eq.
2 with respect to volul;ne and mole nﬁmber. respectively. |

Each pure ﬂuid is charactérized by three molecular parameters v, £q/k and c;
these parameters are char,ac.teris't.ic of soft-core volume, dispersion potential energy
and flexibility of a molecule; a characteristic temperature T° is defined by eq/k. [For
polar fluids we also use reduced dipole moment & and reduced quadrupole moment 5]
As discussed in Part 1, v  and T are used to define a hard-core (temperature-
dependent) volume v'. Values of parameters are. d'eterfnined by fitting pure-fluid
vapor-pressure and/or density data. For polar fluids, reduced dipole and quadrupole

moments are defined by Egqs. 14 and 15 of Part 1, respectively.

Reference Term

Reference term a'” is calculated for mixtures by replacing pure-component
parameters ¢ and v in the generalized Carnahan-Starling expression (1972) given in
Eq. 7 of Part 1 with the composition.averages <c> and <v™>. These averages are
related to pure-component parameters using suitable mixing rules; these mixing rules
are selected to meet two necessary boundary conditions. First, the expression for the
entropy of mixing for an athermal mixture ;t high densities must reduce to the
Flory-Huggins expression. Second, the composition dependence of the reference-term
contribution to the second virial coefflcient must be quadratic in mole fraction, as
required by. statistical mechanic-s (Prausnitz et al., 1988). |

The physical significance of parameter ¢ requires that the mixing.rule for <c¢> be

linear in mole fraction z. Since reduced volume ¥ is per segment, we also use a linear

rule for v'. ’Thus.

<c> = ) zc, (3)
i
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<u'> = Eziv: (4)
) .

To show that Egs. 4 and 5 meet both boundary conditions, we first consider the
entropy of mixing for an athermal nﬁxture. The expression for the entropy of mixing

arising from the reference term is

As™= EX 3/ T=4)(/T) @r/ 7 =a)(r/ 7))
= -Eziln + <C> = 2% C (5)
~y2 ' ~ 12
R ¢ v (1-7/7) ; (1=1/7)

where T = mV2/ 6; vf“ ™ is the molar volume of pure i at the same pressure and tem-
perature as those of t.hé mixture and where v is the molar volume of the mixture; <c>
and ¥' are composition averages for parameter ¢ and for reduced molar volume

Tzu/ <u'>; ¢, and U ; are the corresponding pure-component quantities.

If we use Eq. 4 for <c> and if we assume that the reduced densities of all the pure

components and of the mixture are equal at high pressures (close-packed density), i.e.

v =9, forall1i, : - (8)
then, Eq. 5 becomes
As™®
e -Eztln(z um/u) (7)
R

which is the Flory-Huggins expression.
To show that Egs. 3 and 4 meet the second boundary condition, we calculate the
contribution to the second virial coefficient from the reference term

B = <c><u™>(2mv2/ 3) (8)

Since both <¢> and <u'> are linear in mole fraction, the composition 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 a” becomes

RT - |

a” = =Yy Y zz (85T + B + B (9)
v o
LI

where B;.i". B‘.;‘“ and B‘.?Q are attractive contributions to the second virial coefficient

due to dispersion, dipolar and quadrupolar forces, respectively. -

Appendices | and II of Part 1 give pure-component (i=j) 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.

4

The cross parameters for the dispersion contributions are given by

cy = Kle, +¢;) ' (10)
(c‘uf)q = (c‘vjT + cj‘u:) (11)
(e, T, T Y
T, = ASLatht (1-&2) (12)
Cy .

where lcg is an adjustable binary parameter which corrects the geometric’ mean
assumption for T,; Parameter Icg is it to experimental second-virial cross coefficients
for binary mixtures.

Combination rules for the dipolar and quadrupolar contributions are given in
Appendix II. No additional binary parameters are introduced. |

The upper diagr;am in Figure 1 shows calculated apd observed second-virial cross
coefficients for several methane-alkane binaries. Experimentél values are réported by
Dymond and Smith (1980). Second-virial cross coefficients are calculated using Egs.
10 to 12 with binary parameters Icg. set to zero. For these binaries, agreement
between calculated and experimental cross coeﬂicients is good without use of any

adjustable binary parameters.
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The lower diagram in Figure 1 shows calculated and observed second-viriai 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 are
in good agreément when one adjustable parameter is included for each binary. Fitted

binary parameters are indicated in Figure 1.

Dense-Fluid Term

Dense-fluid expression adf is the sum of terms representing high-density contri-
butions due »to dispersion, dipolar and quadrupolar for;es. Each term is calculated
using mixing rules to relaté mixture composition averages to pure-component param-
eters. 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 am. introduced in Eq. 13 of Part 1. Appendix II discusses calculation

for mixtures of the perturbation terms due to polar intermolecular forces.

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

averages
am(z) = a(l)(<cT'vT>.<uf>) (13)
a(z’(z) = a(z’(<cT.2vf>.<uf>) ' (14)

L .. . o2 -
where <v'> is given by Eq. 4. Mixing rules for <cT v™> and <cT v'> are composition

averages over molecular segments and surface area.

As in Part 1, a molecule is considered to be the sum of equisized segments; a
molecule has » segments and an external surface area g. The soft-core volume per

*

segment v . is the same for all segments; it is here set equal to 10 cm?/ mot. While
this value is somewhat arbitrary, it follows from earlier work of Donohue (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
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segments.are inter-related by

u.'-‘raS-N“/\/'é':rv,:g . (18)
where N, is Avogadro's number and ¢ is the soft-core segment diameter. The hard-

core volume v'is defined by
oy 1
v =rd N, /Ve (16)
where d is the hard-core diameter calculated with Eq. 10 of Part 1.

The potential energy per molecule is given by ¢g/k where ¢ is potential energy

per surface area and k is Boltzmann's constant. Characteristic temperature T is

defined by

“=eq/ck (17)
While reduction of pure-component dat_a. yield_s the product £q/ &, 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

m 3
[29:] 73254,

. j i e
<cT "u'> = 2231","-\[ _ J (18)
¢ c;k V)
‘where d‘.,. is given by
d; = ¥(d, + d.j.) (19)
and where ¢, is given by
e, = (en£.. ) (1-k,) (20)
g L) 4 .

Adjustable binary parameter Ic‘.,. corrects the geometric-mean assumption; Icij is fit 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. Typi-
cally, the chosen value of ¢/ k is that which minimizes binary parameter ki;" Table 1

lists values of ¢/ k for various hydrocarbon classes and for several other pure fluids.
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For most binary mixtures, Eq. 18 is sufficient to represent phase behavior using a
single adjustable parameter kij' However, for .some higﬁly asymmetric mixtures, it is
advantageous to introduce a second adjustable parameter into the mixing rules in Eq.
18, as shown in Appendix I. The two binary parameters, denoted k., and k,(,,, adjust
the geometric-mean assumption for ¢ in separate concentration regions. Whe_ri com-
ponent 1 is infinitely dilute in component 2, only parameter Icl(,_) applies; at the oppo-
site limit, when component 2 is dilute in 1, only pararheter ko) applies. Parameter
k() is fixed by Henry's constant Ht(z) and parameter "2(1) is ixed by Henry's constant

Hyy these Henry's constants are defined by

' I : f4z
H = lim = and H,,, = lim — (21)
31‘0 :1 32‘0 zz

 where f is fugacity. At intermediate concentrations, both parameters are required.

Appendix | gives modified mixing rules for Eq. 18 using two adjustable parameters.
When the two parameters are equal (k x(z)=k2(i))' the mixing rule in Appendix | reduces

to Eq. 18.

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

total f ‘I

<T (sq/lc) ] (22)

T

F=1 -expl-

total

where (eq/ k) is the sum of the dispersion, dipolar and quadrupolar contributions

to the potential energy (Eq. 19, Part 1). The mixing rule used here is determined
empirically by examining phase equilibria for a large number of binary mixtures

totul i g total T]

T+T (+(eg/ k),

[[(sq/k)
(23)

<T (eq/k)**y"> = ZZ:
2

This mixing rule for interpolation function 7 uses only pure-component parameters;
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no adjustable binary parameters are introduéed.

Data Reqluction

To calculate phase equilibria for fluid mixtures, it is necessary to fit adjustable
binary parametersv to experimental data for binary rniitures. 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 parameters can be
determined independently uéing experimental ‘sécopd-virial cross coefficients and
Henry's constants.. I:Iowever. for many binary mixtures of interest, reliable virial

coefficients and Henry's constants are not available. Therefore, we have developed

‘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-temperature-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 maximum-likelihood technié;ue described
by Anderson et aL(1979). The maximum-likelihcod technique accounts for experimen-
tal uncertainties in both independent and dependent variables. The following esti-
mates of expex;imental uncertaint.i;:s are used for correlation of mixture data: tem-
peratures & 0.1 K, pressures z 1.0 7%, vapor-phase and liquid-phase rnole ffactions +

0.01 and Henry's constants = 3.0 Z.

Asymmetric Binary Mixtures

To illustrate, Figure 2 shows c;lculated ahd observed vapor-liquid equilibria for
the s&stem hydrogen-hexane. Experimental phase equilibria of Nichols et al. (1957)
are correiated uéing a single Sinary parameter for the dense fluid. The second-virial
parameter IcB is set to zerd.

Figure 3 shows calculated and observed phase equilibria for the system nitrogen-

ammonia. Nitrogen and ammonia have similar molecular sizes but have large
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diﬂerenceé in potential energy. ﬁitrogen 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 pa.rametez; £ is it to experimen-
tal second-virial cross coefficients reported by Lee et al. (1970). The dense-fluid
parameter Ic{,. is correlated to vapor-liquid-equilibrium data from Reamer and Sage
(1959).

Figure 4 presents vapor-liquid equilibri? for the system carbon dioxide-ethane at
250 K. [At ;.his temperature, both pure components are subcritiéal.] Figure 4 shows
experimental data (solid points) on a y-x diagram; this system has an azeotrope neax"
:cofo'?' For this binary mixture, the quadrupole moment of carbon dioxide has an
important qualitative effect on calculated results. Following Vimalchand and Donohue
(1985), we present calculations -wit,h and without quadrupolar eﬂécts. setting all binary
parameters to zero. If we ignore tbe quadrupole moment df carbon dioxide (dashed
line), the equation of state does not predict an azeotrbpe. In.cluding the quad.fupole
moment (heavy line), an azeotrope is predicted with good agreement between calcu-
lated and observed results.

Table 2 summarizes typical correlation results for several binary systems. Aver-
age deviations in K-factors are reported for both components. A comprehensive tabu-

lation of binary results and data references is deposi-ted 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 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 composition regions. To obtain good
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representatién. the ):>inary~ pafameter for the water-rich end must be ternperaturé-
dependent. .

Figure 5§ shows calculated and experimental phase equilibria for the system
methane-water. Experimental data for this system (Olds, et al., 1942; Sultanov, et al.,
1971,19?2) cover wide ranges of témperature and pressure. Observed and calculated
vapor-liquid equilibria are in excellent agreement using binary parameters list':ed in
Table.B.

Figures 8 and 7 show vapor-liquid and liquid-liquici equilibria'fcr_the system
propgne-water. Experimental and calculated results are shown at three tempera-
tures. Figizre 8 shows the solubility of water in the propane-rich phase. Below 370 K,
there !.S a three-phase (vapor-liquid-liquid) region, indicated by dashed lines. At the
lovwest temperature shown (327.8 Kj. there is a transition from vapor-liquid to liquid-
liquid equilibria near 20 bar. The middle isotherm §369.7 K) passes through a 3-phase
cfitical point. The highest temperature (427.8 K) is beyond the liquid-liquid region;
only vapor-liquid ~quilibria are observed. |

For this difficult-to-fit binary system, calculated and experimental phase equili-
bria are in good agreement. Binary parameters are listed in Table 3. The virial param-
eter Ica is interpolated between the values listed in Figure 1; this' interpolated value
based on second-virial cross coefficients ;15 in excellent agreement with k? correlated

to dense-fluid data.

Henry’s Constants for Solutes in Polyethylene

The correlation presented here is useful for calculating phaée behavior for mix-
tures containing high-molecular-weight fluids. To illustrate, the solubilities of several
low-molecular-weight solutes in low-density polyethylene are calculated using binary
parameters fit to experimental Eenry's constants reported by Liu and Prausniﬁz

(1976) and Maloney and Prausnitz (1976).
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Figure 8 shows typical agreement between calculated and observed results.
Pure-component parameters for polyethylene are given in Part 1. Fitted binary

parameters (for the dense fluid) are reported in Table 4.

Ternary Mixtures

Phase equilibria.are calculated for a ternary mixture using only p.ur;e-component
and binary data. First, experimental and calculated phése-equili‘prium results are
presented for two binary systems: methane-tetralin and'hydrogen-tetral'm. Then.

phase equilibria are calculated for the ternary system methane-hydrogen-tetralin.

Figure 9 shows K-factors as functions of temperature and pressure for the sys-
tems methane-tetralin and hydrogen-tetralin. For each binary, one adjustable binary.
parameter is obtained from data reduction; second-virial parameters Ica are set to
zero. For the hydrogen-tetralin system, calculated and observed K-fa-ctors. are in good
agreement. However, for the methane-tetralin system at 823 K, the corrélation over-
predicts 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 calcu-
lated at 462 K. Figure 10 shows calculated and experimental results at three pres-
sures. K-factors for each component are plptted as functions vof 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).
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At the lowest pressure (51 bar), tetralin shows little preference for. either
methane or hydrogen. At higher pressuf‘eé (101 and 253 bar), the tetralin K-factor is
much larger in methane-rich mixtures than in hydrogen-rich mixtures, indicating -
that, as expected from second-virial-coeflicient correlations, the vapor-phase solubil-

ity of tetralin is larger in dense methane than in dense hydrogen.

Equilibria in a Reservoir Fluid

Equationé of siate are cdmfnonly used to calculate phase equilibria for reservoir-
- fluid mixtures as needed for simulation of xrxiscible-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-hydrocarbon mixtures. In
the first example, binary parameters are correlated using solubility data for carbon
dioxide in several heavy-hydrocarbon solvents (Gasem a..nd Robinson, 1985). In the
second example, phase equilibria ar> calculated for a 12-component synthetic oil mix-
ture containing a significant amount of carbon dioxide. Such systems are valuable for
testing correlation methods without introducirig 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.
Cne (high-density) adjustable binary parameter is used for each solvent. Table 5 lists
generalized dense-fluid binary parameters Ici).. Since quadrupolar eflects for carbon
dioxide are explicitly taken into account, second-virial parameters k? are set to zero
- for carbon dioxide-h&drocarbon binaries. |

Figure 12 shows caiculated and experimental phase equilibria for a 12-component
synthetic-oil mixture at 322 K. Experimental flash data are reported by Turek et
al.(1984). The feed composition of the oil is given in Table 8; overall mole fraction of

carbon dioxide is 70 mole percent.
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Calculated and experimental results are in good agreement from low pressures to
the mixture bubble point (expérimental: 115.1 bar, calculated 114.9 bar). Calculated
K-factors for tef.radecane are somewhat below experimental values; however, vapor-
phase mole fractions for tetradecane are extremely small and perhaps subject to
some experimental uncertainty.

The results in Figure 12 are calculated from flash calculations using the feed
composition given in Table 6. Adjustable pafameters for all binaries are given in Table

5. For all binaries, virial parameter IcB is set to zero.

Comparisons at other overall carbon dioxide concentrations give similar good

results except near mixture critical conditions.

Hydrogen Solubility in Coal-Derived Liquids

The final example shows a correlation for the solubility of hydrogen in a middle
distillate from the SRC-II process at several t.em;peratures and pressures. Experimen-
tal data are reported by Harrison et al.(1985). The coal-derived liquid is considered to
be a mixture of two pseudocomponents. One pseudocomponent corresponds to a
saturated hydrocarbon and another corresponds to an aromatic hydrocarbon. To cal-
culate hydrogen solubility in a mixture of these two pseudocomponents, three simpli-
fying assumptions are necessary to d.etermine.pure-component parameters, relative

amounts of each pseudocomponent and binary parameters.

First, pure-fluid parameters are estimated for each pseudocomponent using the
generalized correlations presented in Appendix III of Part 1. The alkane:correlation is
used for the saturated component; the fused-ring correlation is used for the aromatic
component. These correlations require the molecular weight of each component.
Molecular weights far both pseudocomponents are estimated using the boiling-point
characterization for the SRC-II middle distillate presented by Brinkman and Bowden
(1982). The molecular weight of the alkane pseudocomponent is 183.3: that of the

fused-ring pseudocomponent is 134.8.
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Second, the relative arnounf. of each pseudocomponent. is‘ estimated from the
average molecular weight of the coal-derived liquid. Brinkman et al.(1985) rej:ort an
average molecular weight 148.1 deternﬁned by n:xaés spectrometry."Sincé fhe ;;seu-
docom;:;onen"ts have diﬂérent. molecular weights, the fraction of each is deterr.ninved 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 pa.rarhef.ers are estimated for binary pairs. Since the liquid-phase
mole fraction of hydro.gen is small, only one binary parameter is used for each
hydrogen-hydrocarbon pair; virial pa.r_'ameters k? and the hydrocarbon-hydrocarbon
parameter are sgt to zero. The hydrogen-alkane binary parameter is estimated from
Table 5 (k12=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 distillate. Agreement is good considering the simpli-
fying assumptions that are required for performing calculations for this complex mix-
ture. |

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 7 increase in the molecular weight of the coal-derived
liquid following solubility measurements. (This increase in molecular weight results
from the conversion of aromatics to saturates in the_ presence -of hydrogen at high
temperatures.) Assuming that this increase is a linear function of temperature, the
relative amounts of each pseudocomponent are adjusted accordingly. As a result, the
mole fraction of the alkane rises, leadi;ng to increased solubilities of hydrogen.l The

increased solubility is indicated by the solid lines in Figure 13.
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This example illustrates the applicability of our cdrrelation to provide ‘qﬁantita-
tive estimates of hydrogen solubﬂities in complex mixtures. Further improvement
requires more detailed experimental ck;a;racterization of the complex hydrocarbon
mixtures., Experimental procedures for such characterization azle the subject of

current research at Berkeley.

Conclusion

The correlation preéented here uses an extended perturbed-hard-chain theory to
calculate phase equilibria in mixtures. The extension takes into consideration the
eflect of hard-core softness' 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 quadratic in mole fraction, the high-density mix-
ing 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 integra-
tions. It is therefore suitable for computer-aided process desfgn. Computer programs
are available upon request.

While the correlation presented here is applicable to a wide variety of fluid mix-
tures encountered in chemical technology, it has one éigniﬁcant limitation: it. is not
able to supply consistently reliable results in the critical region. That limitation is not
peculiar to this correlation; that limitation, unfortunately, prevails in all correlations

used in contemporary chemical engineering.
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For signiﬁcant advance in chemical engineering thermodynamics, our first prior-
ity should now not be to refine further existihg equations of state in the high-density
and Iow-density regions. Instead, primary attention should now be given toward estab-
lishing a useful, engineering-oriented equation of state that is reliable for correlating

phase behavior of pure fluids and mixtures in the critical region as well as in regions

remote from critical.
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molar Helmholtz energy

binary combination of molecular parameters T ™yt

ternary combination of molecular parameters cT Myt

second virial coefficient _

shape and flexibility parameter

~ bard-core (temperature-dependent) diameter

fugacity
interpolation function

‘Henry’s constant of solute i in solvent j

Integral of two-body radial distribution function

Integral of three-body radial distribution function

Boltzmann's constant _
second-virial adjustable binary parameter
dense-fluid adjustable binary parameter

average dense-fluid adjustable binary parameter
number of moles

absolute pressure

external molecular surface area

molecular quadrupole moment

reduced quadrupole moment in Iow-denéity region
reduced quadrupole moment in high-density region
number of segments per molecule

gas constant

entropy of mixing

absolute ternperéture

reduced temperature, T=r/7"

characteristic temperature for high-density polar perturbation terms
characteristic temperature, T.=sq / ck

molar volume |

reduced volume, 0°=v /v’

characteristic volume for hiéh-density polar perturbation terms
soft-core molar-volume parameter

soft-core segment-volume parameter

hard-core molar-volume parameter

pure-component molar volume
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mole fraction

Superscripts and Subscripts

dense-fluid con.tribut‘ion

dispersive contribution

ideal-gas contribution

component i, jork _
interaction between components i and j
interaction between components i, j and k&
integer'in dense-fluid mixing rule
quadrupolar contribution

residual property

reference term

second-virial contribution

dipolar contribution

dipolar-quadrupolar contribution

molecular dipole moment

reduced dipole moment in low-density region
reduced dipole moment in high-density region
potential energy per unit surface area
soft-core diameter

hard-sphere packing factor (0.7405)
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Table 1. Potential energy per surface afea for |
several hydrocarbon classes-and other fluids. Values
from analysis of binary phase-equilibrium data.

ek K
Hydrocarbon Class
n-alkanes 80
n-alkyinaphthenes 90
n-alkylaromatics 110
Other Fluids
Ethylene 100
Hydrogen 110
Nitrogen 50
Sulfur Dioxide . 80
Carbon Dioxide . 80
Water 80
Ammonia 80
Acetone 80
Hydrogen Sulfide 120

Table 2. Typical agreement between calculated and experimental K-factors for
some illustrative binary systems.

System Avg. % Dev.
T.X P, bar
(1) | (2) K, K,
hydrogen _ methane 116-172 34-275 | 7.72 5.16
hydrogen decane 482-583 19-2535 | 3.24 4.74
methane tetralin 482-865 20-253 | 3.20 5.01
methane water 311-573 27-980 ;. 5.80 3.23
hydrogen sulfide pentane : 278-44-4' 1-69 4.93 7.41
hydrogen sulfide propyicyclohexane | 311-478 2-116 4.01 9.67
carbon dioxide toluene "1311-477  3-153 | 3.36 548
carbon dioxide hexadecane 463-864 20-51 | B8.48 10.43 |
nitrogen . ammonia 278-378 34-310 | 5.88 3.48
| nitrogen benzene | 348-398 62-307 | 1.31 599




Table 3. Binary parameters for two water(1)-hydrocarbon(2)
binary mixtures.

Binary Component (2)
Parameter Methane | Propane
A .
k 0.250 0.330
k.2 0.3722 " 0.3857
k) 0.1759-49050/ T° 0.1186-41890/ T
' "Tin K Tin K

T from second-virial-coeficient data

Table 4. Binary parameters for filve
solutes in polyethylene.

Solute 100k,
Ethylene 0.05
Sulfur Dioxide 5.38
Acetone 2.89
Benzene 1.94
Octane , 0.00
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Table 5. Binary parameters for several binary systems.

4.0 2.0 1.5 8.5

100k,

Component CH, C,Hy CsH, N, H,S CO, H,
n-alkanes . | _
CH, - 1.0 7 30 35 30 150

C,H, 1.0 - 0.2 4.0 4.0 3.5 12.0

CyH, 1.7 0.2 - 5.0 4.5 4.0 10.0

C.Hio 2.2 0.5 0.1 55 47 44 8.5

CsH,z 2.7 0.7 02 55 50 46 75

CoH,s 3.0 0.8 0.3 55 52 4.8 6.5

C,H 4 3.3 0.9 0.4 55 54 50 6.0

CoH,g 3.8 1.0 05 55 58 52 8.0

CoH2z 4.0 1.2 05 55 58 54 6.0

- CeHas 4.8 1.2 05 55 80 59 6.0
CooH oz 5.0 1.2 0.5 55 8.0 8.0 8.0
CogHez 5.0 1.2 0.5 . 55 80 6.0 6.0
n-alkylcyclohexanes 3.0 1.5 0.7 9.0 3.0 3.0 0.0
n-alkylbenzenes 0.0 4.0 4.5




Table 8. Overall feed composition for

12-component synthetic oil.

Component

Mole Percent

Carbon Dioxide
Nitrogen
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octane
Decane

Tetradecane

89.520
0.458
10.130
0.851
1.195
1.798
1.305
0.968
1.482
1.505
9.196
1.5886
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Figure 13. Solubility of hydrogen in a middle distillate from the Solvent-Refined-
Coal 11 Process.
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APPENDIX 1

Modified Dense-Fluid Mixing Rules for Highly Asymmetric Mixtures

This appendix describes a modification of the generalized mixing rule given in Egq.

(0 @ This modification is useful for

18 for the nonpolar perturbation terms a' ' and a
representing phase behavior for mixtures containing components with very large
differences in potential energy. Two adjustable binary parameters are introduced
allowing flexibility to correlate separately the dilute region of each component in a
binary mixture.

The two adjustable parameters Icl(z) and kp;y adjust f.he geometric mean assump-

tion for ¢, in the two Henry's constant limits (see Eq. 21). When the two parameters

y
are equal :.o one another, the modified mixing rule reduces to Eq. 18.
The modified mixing rule is cubic in mole fraction
<™ =YY Yz 540 (1)
ik

where A(m) represents a particular combination of molecular parameters. The order
of the subscripts on A(m) is important for selecting the correct sequence of parame-
ters.

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

f‘ﬁ.q-; ] 7y ancv

(m) _ |
o = : (1-2)
c.k V2
and when i #j =k,
) = yal™M(1-£ ) + Ba (1=K ) (1-3)

where k?v is an average of the two binary parameters
k= Ky + i) (1-4)
and where aigm) répresents the parameter combination

% "‘ 3
(m) [(eqes) a0 ] 7Ny
g, =c, (1-58)
c k V2 :

The order of the subscripts in Eq. I-5 is important since d‘.g.m)#ajim).

For the Aii.':) terms which have two identical subscripts, individual terms are
deflned such that only k1(2) contributes to Hx(z) and only kz(x) contributes to Ay, The

following expressions are chosen to meet these conditions
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(m)__ %[a(m) \m)<1 k. (‘))] | (1-6a)
Axszn) %[a‘\:ﬂﬂ (m)](l_ J('i)) : (I-6b)
.(m) = %[ m) j(iM)(l-kj(i))] B (I-8c)

where all a,; are defined by Eq. I-5.

APPENDIX IT

Expressions for Polar Contributions to Attractive
Perturbation Terms in Mixtures

Appendix Il of Part 1 gives expressions for multipolar contribuf.ions to low-density
and high-density perturbation terms. This appendix extends those expressions to
mixtures. The composition dependence of the low-density term is chosen to meet the
boundary condition that the second virial coefficient is quadratic 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 Donohue(1985).

Low-Density Contributions

Equation 9 gives the expression for the low-density perturbation term due to
polar and nonpolar contributions; Eqs. 10-12 give cross parameters as needed for
B%P. To calculate ng and B;“ from the expressions given in Appendix II of Part 1,

"
cross parameters are needed for reduced dipole and quadrupole moments; these are

~2 /‘t/‘j Now )
/ﬂ‘,’ = . (H'l)
e Tyviy V2
/3
., %Y (M
Q’;J' = . o3/3 (H'z)
c\’ TV Y _ \/2 ‘

where the cross soft-core volume is defined
3
) [(vi)ua + (vj)x/s]
Y. =

1 %] 2

(I1-3)

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

(c-u.)‘., = K(e, vJ + ;U ) (11-4)
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These cross parameters are substituted directly into the expressions for pure fluids

given in Part 1. 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 mixing
rules are quadratic mole-fraction averages over pure-component 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

(g2 J,'J',)”q‘

T (11-5)
¥ ek
]
@, +0;
17‘.,. =7 . N“/\/’é (11-6)
Two-body dipole énd quadrupcle moments are defined by
Mty - [N
g2 = —— [ “] (11-7)
¢ T‘.j-u g k2
5/3
~2 & Qj New
QU = -~ ppy k (11-8)
e TV V2
4/3
. Ko @ ru @) (Nyy )
(/J'Q)i,' = ~ ~4/3 k J (11-9)
. V2

c.T..v

LIRS IR § )
These two-body expressions are used to deflned characteristic parameters for

three-body interactions:

Tow = (TyTuT)? : (11-10)
T = (G,7 )" ~ (1I-11)
Hie = (ﬁij'a'hﬁjk)l/s (11-12)

éi;’k = (51" 555#)1/3 (H‘IS)
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As discussed in Appendix II of Part 1, the perturbation expansions for contribu-
tions due to dipolar and quadrupclar intermolecular forces are replaced by Padeé
approximants. For a mixture, the expression for dipole-dipole interactions is

@, '

[ a ' ,
e __{2)) _ BB . )
a’ =a, - (1I-14)
a
where
' ag _2.9619 -
: o - ,
= Zzziz ct zj/"l'ij'}#“( ) (11-15)
a(z) 4-3 596 T
Lo ~2 ~8 ﬁ:#ﬁb“
= Z EZ’F i %k Ci thkv ik ijie ( - - ) (1I-186)
RT vt TP : Tiue Vi

where J and X 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
(3)
[ 1

(2)
= ag|l- (2) J (I11-17)
where
a
%9 12.440 P
= 2223, o Ty ‘J"(— -— (11-18)
RT Tzu V ‘U'..,.
13)
a5 26113 0w, T
= EZ::‘: c, T ‘jq‘j.f (—, —)
RT Tav T‘.,. Uy
77.718 P T
*+ ZZZ zkc; T:kv :g Qvgxaqq( - ' ) (H'lg)
Ta t J ok T(jk ‘Ui,.‘= .

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

#9 _8.8858
—- ZE: 2,0, 723 (#q)‘,f‘"(—-— ) (11-20)

1757

RT v T, Uy

For use here, constants reported by Gubbins and Twu (1978) for the above
integrals must be multiplied by VZ wherever reduced density appears; this follows

since reduced density in this work is based on a close-packed molecular volume.



Supplementary Material

APPENDIX HOI

Correlation of Binary Parameters to
Phase Equilibria for Binary Mixtures

This appendix presents binary interaction parameters correlated to phase
equilibria for binary mixtures. Table III-1 presents binary parameters for
several systems. Rangés of temperature and pressure are indicated; the quality
of fit is given in percent éverage absolute deviations (%ZAAD) in independenf. and
dependent variables as calculated using the maximum-likelihood method. Devi-
ations are given for liquid-phase mole fractiop (Az/ z), vapor-phase mole frac-
“ tion (Ay/y) and pressure (AP/ ﬁ). Temperature deviations are not given since,
in all cases, they are negligibly small. |

For each of the binaries listed in Table III-1, virial parameters k7 are set to

zZero.



Table 1ll-1. Regression results for correlation of binary parameters to phase-equilibrium data.

0.0461

Temperature  Préssure RAAD Data
1% Component 2% Component k.,
Range, K Range, bar | Az/z AP/ P Ay/y | Source
methane ethane 0.0123 144-263 7-65 2.37 0.24 1.87 (1)
propane 0.0153 278-344 7-80 2.58 042 . 172 (2)
butane 0.0202 | 144-258 2-87 4.99 0.61 0.27 (3)
pentane 0.0280 311-444 1-1565 1.63 0.35 2.03 (4)
hexane - 0.0314 183-423 10-101} 4.55 0.58 .3.02 (5)
heptane 0.0328 278-511 14-138 2.47 0.41 1.84 (8)
octane 0.0381 1 223-423 10-7} 3.37 0.18 023 (7)
decane 0.0436 | 348-423 10-101 | 249 010 0.14 (8)
decane 0.0366 | 310-511 3-260 | 360 108 100 | (9)
hexadecane 0.0510 300-476 0 - 3.01 - (10)
eicaosane 0.0508 1 325-475 0 - 2.18 - (11)
dotriacontane ' 0.0585 | 343 16-86 0.49 1.08 - (12)
benzene 0.0494 421-501 20-243 3.23 0.77 5.44 (13)
toluene 0.0481 422-543 20-250 3.82 263 2.32' {13)
propylbenzene 0.0226 314-473 18-379 1.44° 4.08 1.41 (14)
butylbenzene 0.0366 343-373 10-61 1.08 0.32 - (15)
cyclohexane 0.0353 311-444 14-207 1.34 1.82 0.70 (16)
ethylcyclohexane 0.0610 311-478 4-207 1.8 1.2 0.31 (17)
propyleyclohexane | 0.0273 314-473 15-300 0.99 3. 0.63 (14)
tetralin 462-665 20-25 1 3.20 033 2.24 (18)




Table lI-1 (cont). Regression results for correlation of binary parameters to phase-equilibrium data.

R1-48

Temperature  Pressure %AAD Data
1* Component 2°¢ Component k., :
' Range, K Range,bar | Az/z AP/ P Ay/y | Source

ethane propane 0.0013 256-356 3-45 1.18 0.42 1.84 (19)
butane 0.0068 235-307 7-48 1.06 0.19 0.65 (20)

pentane 0.0180 278-444 3-55 4.03 0.66 1.33 (21)

hexane -0.0192 330-450 2-69 10.19 1.43 1.85 (22)

heptane 0.0088 | 2..-426 7-83 2.10  0.60 0.89 (23)

octane 0.0137 273-373 4-53 182 Q.73 0.87 (24)

decane 00114 278-478 3-103 3.79 0.77 0.51 (25)

hexadecane 0.0112 300-475 1] - 3.24 - (10)

eicosane 0.0071 333 6-61 0.69 3.33 - (26)

benzene 0.0187 203-633 21-70 0.67 9.85 1.85 (27)

toluene 00182 | 313-473 6-09 128, 209 080 | (28)

propylbenzene 0.0233 313-473 5-130 1.58 3.26 0.82 (28)

cyclohexane 0.0132 233-5186 7-83 2.60 1.87 5.07 (28)

methylcyclohexane 0.0078 313-473 6-81 0.83 3.88 0.83 (28)

propylcyclohexane 0.0168 313-473 8-118 0.55 3.45 0.40 (30)

propane butane 0.0047 353-403 21-34 0.31 0.34 wn (31)
pemu{e 0.0131 344-444 4-38 0.49 1.08 1.40 (32)

hexane 0.0027 353-473 17-41 0.36 1.86 1.12 (33)

heptane 0.0044 353-513 1.83 1.88 4.13 (34)




Table [il-1 (cont). Regression results for correlation of binary parametera to phase-equilibrium data.

: Temperature  Pressure RAAD Data
1" Component 2% Component k,, ‘ ' '
Range, K Range,bar | Az/xz AP/ P Ay/y | Source

propane octane 0.0038 | 371-531 7-64 0.15 2.48 - (35)
decane 00017 | 278-611 2-41 0.41 1.84 0.42 (36)

hezadecane 0.0072 300-476 0 - 5.78 - 1)

benzene 0.0188 344-478 1-52 2.51 1.67 0.99 (37)

propylbenzene 0.0150 | 313-473 3-70 0.47 1.48 1.04 (30)

cyclohexane | 0.0090 | 313-473 3-53 0.34 1 0.78 0.77 (30)

propylcyclohexane |} 0.0070 313-473 4-70 0.39 1.85 0.67 (30)

nitrogen methane. 0.0287 140-180 7-47 1.89 0.44 - 2.65 (38)
ethane 0.0182 | 20b-290 7-132 5.28 0.90‘ 5.39 (39)

propane 0.0513 143-353 14-138 4.24 0.57 2.18 (40)

butane 0.0637 311-412 16-235 7.66 0.80 4.74 (41)

pentane 0.0530 277-378 . 8-208 5.03 0.71 1.50 (42)

hexane 0.0880 311-444 17-278 8.48 0.84 1.14 {43)

heptene 0.0548 305-400 70-277 8.15 0.86 0.66 (44)

decane 0.0482 311-411 17-285 5.24 0.28 0.20 (45)

hexadecane 0.1288 483-623 20-205 5.68 0.22 0.35 (48)

benzene 0.0853 3‘-3-398 682-307 1.87 0.28 0.35 (47)

toluene 0.1052 313-473 20-320 5.70 0.52 1.00 (48)

propyleyclohexane 0.0805 314-473 20-300 3.46 '0.34 0.30 (14)

6%



Table 1ll-1 (cont). Regression results for correlation of binary parameters to phase-equilibrium data.

_ Temperature  Pressure ZAAD Data
1*t Component 2" Component k.,
Range, K Range, bar | Az/z AP/ P Ay/y | Source

hydrogen sulfide methane 0.0352 278-344 14-124 8.33 046  3.84 (48)
ethane 0.0448 200-283 1-28 3.24 1.14 2.83 (50)

propane 0.0583 210-344 1-28 3.88 1.38 3.e2 (51)

pentene 0.0453 278-444 1-69 3.77 0.72 3.30 (52)

heptaneg 0.0535 | . 311-478 1-81 7.15 126  1.86 (53)

decane 0.0470 278-444 1-87 6.27 0685  0.14 (54)

toluene: -0.0058 311-478 2-118 9.83 0.60 1.04 (53)

methyleyclohexane | 0.0281 311-478 3-95 10.60 1.02 2.00 (55)

ethylcyclohezane | 0.0399 |  311-478 2-111 6.20 1.33 1.58 (56)

propylcyclohexane | 0.0221 311-478 2-118 4.1) 0.69 0.69 (58)

carbon djoxide methane -0.0323 230-270 15-71 3.94 0.64 3.18 (67)
ethane 0.0344 223-203 8-40 1.63 1.12 3.60 (58)

propane 0.0414 278-344 7-65 3.08 0.48 0.68 (59)

butane 0.0408 311-411 4-70 4.15 0.39 1.38 (60)

pentane 0.0375 278-378 2-83 11.14 1.25 1.83 (61)

hexane 0.0457 313-383 8-110 4.10 0.60 1.42 (62)

heptane 0.0275 310-477 2-106 3.78 0.77 1.84 (63)

decane 0.0418 27R 511 7-103 5.82 0.75 0.76 (64)

hexadecane 0.0600 463-664 20-51 .04 0.38 1.75 (65)




Table [I-1{cont). Regression results for correlation of binary parameters to phase-equilibrium data.

ZAAD

Temperature Prcasuré Data
1* Compoanent 2% Component k. ' '
Range, K Range,bar | Az/x AP/ P Ay/y | Source

carbon dioxide octadecane 0.0374 3068-463 11-061 3.94 0.13 - _(66)
octadecane 0.0374 635-673 10-82 8.36 0.28 0.53 (e8)

eicosane 0.0509 323-373 6-68 3.87 0.18 - (67)

octacosane 0.0563 | 348-423 8-96 3.24 0.17 - (67)

hexatriacontane 0.0802 373-423 6-50 2.67 0.00 - (67)

tetratetracontane 0.0628 373-423 8-81 3.00 0.12 - {67)

benzene 0.0231 313-303 6-133 351 0.54 025 (e8)

toluene 0.0348 311-477 3-163 4.36 0.68 0.468 (e8)

propylbenzene 0.0417 | 313473 11-194 535 1.8 0988 | (14)

butylbenzene 0.0384 273-2603 10-51 10.57 ; 1.24. - (70)

cyclohexane 0.0183 473-533 20-101 4.25 0.83 8.13 (71)

methyleyclohexane | 0.0204 | 311-477 4-136 7.00 1.79 3.20 (55)

ethylcyclohexane 0.0331 3;11-478 2-158 7.69 1.44 1.28 Qa7

propylcyclohexane. 0.0552 313-473 10-178 8.27 2.32 2.79 (14)




Table llI-3 {cont). Regression results for correlation of binary parameters to phase-equilibrium data.

Temperature  Preassure %AAD Data
1" Component 284 Component k,,

Range, K Range,bar | Az/z AP/ P Ay/y | Source

hydrogen methane 01431 | 118172 34-150 | 884 027 38 | (2

ethane 0.1411% 227-283 16-268 9.47 0.44 5.70 (73)

propane 0.1188 223-348 14-207 4.7 0.42 3.27 (74)

butane 0.0821 | 355-389 43-95 2.85 0.59 3.71 (75)

hexane 00112 276-478 34-621 7.71 0.59 2.22 (78)

heptane 00540 |  424-408 25-1906 | 2.37 072  ° 4.03 (77)

decane 0.0826 482-583 18-25656 3.69 0.33 1.34 (78)

hexadecane 00582 | 462-664 20-254 8.97 0.45 0.51 {78)

benzene . 0.0438 [ 359-433 5-689 3.15 0.11 0.25 (ao)

cyclohexane - -0.0005 339-364 7-680 . 2.82 0.15 0.09 (60)

tetralin - 0.0133 423-622 17-273 1.60 0.17 0.28 (81)

hexane benzene 0.0158 277-204 0.05-0.17 0.014 0.062 - (82)

hexane cyclohexane 0.0033 274-200 0.04-0.18 0.02 11.02 - (a2)

benzene cyclohexane 0.017) 276-285 0.04-0.15 | 0.01 0.62 - (82)

k43
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