37

Chapter 3 Equations of State

Equations of state play an important role in chemica engineering design and they have
assumed an expanding role in the study of the phase equilibria of fluids and fluid mixtures.
Crigindly, equations of state were used mainly for pure components. When first gpplied to
mixtures, they were used only for mixtures of nonpolar (Soave, 1972; Peng and Robinson,
1976) and dightly polar compounds (Huron et al., 1978; Assdineau et d., 1978; Graboski
and Daubert, 1978). Since then, equations of state have developed rapidly for the caculation
of phase equilibria in nonpolar and polar mixtures. The advantage of the equations of date
method is its gpplicability over wide ranges of temperature and pressure to mixtures of diverse
components, from the light gases to heavy liquids. They can be used for the representation of
vapour-liquid, liquid-liquid and supercritica fluid phase equilibriaand they can be adso gpplied
to the gas, liquid and supercritical phases without encountering any conceptua difficulties.

Many equations of date have been proposed in the literature with either an empiricd,
semi-empirical or theoretical basis. Comprehensive reviews can be found in the works of
Martin (1979), Gubbins (1983), Tsonopoulos and Heildman (1985), Han et a. (1988),
Anderko (1990), Sandler (1994) and Donohue and Economou (1995).

The van der Waals equation of state was the first equation to predict vapour -liquid
coexistence. Later, the RedlichKwong equaion of sate (Redlich and Kwong, 1949)
improved the accuracy of the van der Wads equation by proposing a temperature
dependence for the attractive term. Soave (1972) and Peng and Robinson (1976) proposed
additiond modifications for Redlich Kwong equation to more accurately predict the vapour
pressure, liquid dendity, and equilibria ratios. Carnahan and Starling (1969), Guggenheim
(1965) and Boublik (1981) modified the repulsive term of van der Waals equation of state
and obtained their accurate expressons for hard sphere fluid. Christoforakos and Franck
(1986) modified both the attractive and repulsive terms of van der Waals equation of Sate.

In addition to modelling small molecules, consderable emphasis has been placed
recently on modelling long molecules. Based on Prigogine' s (1957) and Flory’s (1965) theory,
Beret and Prausnitz (1975) and Donohue and Prausnitz (1978) constructed an equation for
molecules treated as chains of segments, Perturbed-Hard-Chain-Theory (PHCT). To
overcome the mathematical complexity of PHCT, Kim et a. (1986) developed a smplified
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verson of PHCT (SPHCT) by replacing the complex atractive part of PHCT by a smpler

expression. To take into account the increase in attractions due to dipolar and quadrupolar
forces, Vimdchand and Donohue (1985) obtained fairly accurate multipolar mixture
cdculations by usng the Perturbed Anisotropic Chain Theory (PACT). Ikonomou and
Donohue (1986) extended the PACT to obtain an equation of state which takes into account
the existence of hydrogen bonding, that is the Associated Perturbed Anisotropic Chain Theory
(APACT).

Advances in datisticdl mechanics and increase of computer power dlowed the
development of equation of state based on molecular principles that are accurate for red fluids
and mixtures. Usng Werthem'’s theary, Chapman et d. (1990) and Huang and Radosz
(1990) developed the Statistical-Associating- Hud-Theory (SAFT) which is accurate for pure
fluids and mixtures containing associating fluids. Recently, various modified versons, such as
LJSAFT (Kraska and Gubbins, 1996a & b), SAFT-VR (Gil-Villegas et d., 1997), have
been developed.

In this chepter we will review eguations of date with paticular emphasis on
gpplication to phase equilibrium and theoretically used equations of sate. In generd, equations
of gate can be classified as being a member of one of three families:

1. Equations of State for Simple Molecules

2. Equations of State for Chain Molecules

3. Equations of State for Associaing Fluids

3.1 Equation of State for Simple Molecules

3.1.1 van der Waals Equation

The van der Wadls equation of state, proposed in 1873 (Rowlinson, 1988), was the
first equation capable of representing vapour- liquid coexistence:

a
p= R 2 (31)
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where p represents pressure, T is temperature, V is volume and R is the molar gas congtant.
The parameter a is a measure of the attractive forces between the molecules and the
parameter b is a measure of the sze of the molecules (hard body term). Both adjustable
parameters a and b can be obtained from the critica properties of the fluid. The van der
Waals equation can be regarded as a “ hard- sphere (repulsive) + attractive’ term equation of
date composed from the contribution of repulsive and attractive intermolecular interactions,
repectively. It gives a quditative description of the vapour and liquid phases and phase
trangtions (Van Konynenburg and Scott, 1980), but it is rarely sufficiently accurate for critical
properties and phase equilibria caculations. A smple example is that for dl fluids, the critica
compressibility predicted by EQ.(3.1) is 0.375, wheress the red vadue for different
hydrocarbons varies from 0.24 to 0.29. The van der Wads equation has been superseded by

alarge number of other, more accurate equations of state.

3.1.2 Modification of the Attractive Term

Many modifications of the attractive term have been proposed. Some of these are
listed and compared in Table 3.1.

Benedict et a. (1940) suggested a multi parameter equation of state, known as the
Benedict-Webb-Rubin (BWR) equation
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where A, B,,C,,a,b,c,a,g ae eght adjustable parameters. The BWR equation could

treat supercritical components and was able to work in the criticd area. However, the BWR
equation suffers from three maor disadvantages. First, the parameters for each compound
must be determined separatdy by reduction of plentiful, accurate pressurevoume-
temperature (PVT) and vapour - liquid-equilibrium (VLE) data. Second, the large number of
adjustable parameters makes it difficult to extend to mixtures. Third, its andytica complexity
resultsin ardaively long computing time.,
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Table3.1 Summary of Modification of Attractive term of van der Waals Equation

Equation Year Attractive term
Redlich-Kwong 1949 a
ToV(V +b)
Soave 1972 a(T)
V(V +b)
Peng-Robinson 1976 a(T)
V(V +b)+b(V - b)
Fuller 1976 a(T)
V(V +ch)
Heyen 1980 a(T)
(Sandler, 1994) V2 +(b(T)+c)V - b(T)c
Schmidt-Wenzel 1980 a(m
V? +ubV +wb?
Harmens-Knapp 1980 a(T)
V?Z +Vcb- (c- 1)b?
Kubic 1982 a(m)
(V +c)?
Patel-Teja 1982 a(T)
V(V +b) +c(V - b)
Adechi et d. 1983 a(T)
V- bz)(V + bs)
Stryjek-Vera 1986a a(T)
(VZ+2bV- b?)
Yuand Lu 1987 a(m)
V(V +c)+b(3V +¢)
Trebble and Bishnoi 1987 a(T)
V2 +(b+c)V - (bc+d?)
Schwartzentruber and 1989 a(m)
Renon (V+o)(V +2c+D)
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Perhaps, the most important mode for the modification of the van der Waals equation

of dae is the Redlich-Kwong (RK) equation (Redlich and Kwong, 1949). It retains the van
der Wads hard-sphere term but a temperature dependence was introduced in the attractive

term:

RT a
- R 33
PTVTE T TV +D) 49

For pure substances the equation parameters a and b are usudly expressed as
a=04278R°T2*/ p, (34)
b=00867RT,/ p, (3.5

Carnahan and Starling (1972) used the Redlich-Kwong equation of state to compute
the gas phase enthapies for a variety of substances, many of which are polar and/or not
sphericdly symmetric. Ther results showed tha the Redlich-Kwong equation is a Sgnificant
improvement over the van der Waas equation. Abbott (1979) adso concluded that the
Redlich- Kwong equation performed relaively wdl for the smple fluids Ar, Kr, and Xe (for
which the acentric factor is equd to zero), but it did not perform well for complex fluids with
nonzero acentric factors.

The Redlich Kwong equation of state can be used for mixtures by applying mixing
rules to the equation of state parameters. It offered remarkable success in improving the van
der Waals equation with a better description of the attractive term. Joffe and Zudkevitch
(1966) showed that substantia improvement in the representation of fugacity of gas mixtures
could be obtained by treating interaction parameters as empirica parameters. The results of
the critical properties caculations for binary mixtures indicated that adjusting the vaue of
binary interaction parameters in the mixing rules of the parameter a of the Redlich-Kwong
equation of state could reduce the average error levels in the predicted aitical properties for
most binary mixtures. Spear et a. (1969) demongtrated that the Redlich Kwong equation of
state could be used to caculate the gas liquid critical properties of binary mixtures. Chueh and
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Prausnitz (1967a & b) aso showed that the Redlich Kwong equation can be adapted to

predict both vapour and liquid properties. Severd other workers (Deiters and Schneider,
1976; Baker and Luks, 1980) applied the Redlich-Kwong equation to the critica properties
and the high pressure phase equilibria of binary mixtures. For ternary mixtures, Spear et d.
(1971) gave seven examples of sysems for which the gasliquid critical properties of
hydrocarbon mixtures could be calculated by usng the Redlich Kwong equation of state. The
results showed that the accuracy of the Redlich Kwong equetion of state caculations for
ternary systems was only dightly less than that for the congtituent binaries.

The success of the Redlich-Kwong eguation has been the impetus for many further
empirica improvements. Soave (1972) suggested replacing the term g/ T7°° with a more
generd temperature-dependent term a(T), thet is:

RT T
p= a(l) 36)
V-b V(V +b)
where:
2-|—c2 q e &T 60.50}',"12
a(T) = 04274g m 91 C—+ Uy (3.7)
g @& €l o (p
m=0.480 +157w - 0176w 2 (3.9)

c

(3.9

RT
b= 008664~

w is the acentric factor. To test the accuracy of Soave-Redlich-Kwong (SRK) equation, the
vapour pressures of a number of hydrocarbons and severa binary systems were caculated
and compared with experimental data (Soave, 1972). In contrast to the origind Redlich-
Kwong equation, Soave's modification fitted the experimental curve well and was dble to
predict the phase behaviour of mixtures in the critical region. Elliott and Daubert (1985)
reported an accurate representation of vapour-liquid equilibria with the Soave equation for 95
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binary systems containing hydrocarbon, hydrogen, nitrogen, hydrogen sulfide, carbon
monoxide, and carbon dioxide. Elliott and Daubert (1987) dso showed that the Soave
equation improved the accuracy of the caculated critica properties of these mixtures.
Accurate results (Han et d., 1988) were aso obtained for caculations of the vapour -liquid
equilibrium of symmetric mixtures and methane-containing mixtures.

In 1976, Peng and Robinson (1976) redefined &(T) as

T°2d é aeTo W

a(T) = 0.45724%8 G+ kél el (3.10)
g @ el o g
k = 037464 +15422w - 0.26922w2 (3.12)

C

b=007780 RpTc (3.12)

Recognisng that the criticd compresshility factor of the Redlich-Kwong equation
(Z, = 0333) isoverestimated, they proposed a different volume dependence

RT a(T) (313)
V-b V(V+b)+b(V- b)

p=

The Peng-Robinson (PR) equation dightly improves the prediction of liquid volumes and
predicts a critical compressibility of Z_=0.307 . Peng and Robinson (1976) gave examples
of the use of the Peng-Robinson equation for predicting the vapour pressure and volumetric
behaviour of sngle-component systems, and the phase behaviour and volumetric behaviour of
binary, ternary and multicomponent system, and concluded that Eq.(3.10) can be used to
accuratdly predict the vapour pressures of pure substances and equilibrium ratios of mixtures.
The Peng- Robinson equation performed as well as or better than the Soave- Redlich-Kwong
equation. Han et a. (1988) reported that the Peng Robinson equation was superior for
predicting vapour-liquid eguilibrium in hydrogen and nitrogen containing mixtures
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The Peng- Robinson and Soave- Redlich Kwong equations are widdy used in industry.
The advantages of these equations are that they can accurately and essily represent the
relation among temperature, pressure, and phase compositions in binary and multicomponent
sysems. They only require the critical properties and acentric factor for the generdised
parameters, little computer time and lead to good phase equilibrium prediction. However, the
success of these modifications is redricted to the estimation of vapour pressure. The
cdculaed saturated liquid volumes are not improved and are invariably higher than the
messured data.

Fuller (1976) proposed a three parameter equation of staie which has the form

p= &) (3.14)
V-b V(V +ch
with the additiond parameter added is denoted as c. At the critica point
b,=2 (T=T) (3.15)
Cc V C

At the criticd point it isfound that

_188/1-2-29 .
C(b)_Eé b 3 2 (3.16)

b=W,(b) RT. (3.17)
_ . (1- b)(2+cb)- (1+cb)

W, (b) =b 2+ D)L b)’ (3.18)

a(T) = W, (b)R*T.a(T) (319)

C



W, (b) = L+ D)W, (D) (3.20)
b(1- b)?(2+cb)

a’?(T)=1+q(b)1- Tr*?) (3.21)

q(b) =(b/026)"*m (3.22)

m= 0480 +15740w - 0176w> (323

2.y = Ve - -A-bO@+Cbo)- A+ cb) (3.20)

RT, (2+cb,)@- b,)?
Fuller's modification contain two features. First, the equation of sate leadsto avariable critica
compressibility factor, and second, a new universal temperature function isincorporated in the
equation making both the a and b parameters functions of temperature. Fuller's equation can
be reduced to the Soave-Redlicht Kwong and van der Waals equations. If b _=0.259921,

then we have c=1, W, = 04274802, W, =00866404, Z, =0333, axd the Soave-
Redlich- Kwong eguetion is obtained. I b, hasavdueof 1/3, then ¢ =0, W, = 0421875,
W, = 0125, Z_= 0375, and van der Wadls equation is obtained.

Fuller (1976) reported that the proposed modification produced a root- mean-square

error in saturated liquid volumes of less than 5%. In the mgority of casesit aso improved the
vapour pressure deviations of the origind Soave-Redlich-Kwong equation. The results of
caculations indicated that this equation is capable of describing even polar molecules with
reasonable accuracy.

Smilar to Fuller's equation, Table 3.1 dso shows that a feature of many of the
empirical improvements is the addition of adjustable parameters. A dsadvantage of three
parameters (or more parameters) equation of dtate is that the additional parameters must be
obtained from additiona pure component data. They amost invariably require one (or more)
additiond mixing rules when the equetion is extended to mixtures. The Peng-Robinson and
Soave-Redlich Kwong equations fulfil the requirements of both smplicity and accuracy since
they require little input information, except for the critical properties and acentric factor for the
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generdised parameters a and b.  Consequently, dthough many equations of state have been
developed, the Peng-Robinson and Soave- Redlich-Kwong equations are widely used in
industry, and often yield a more accurate representation (Paenchar et a. 1986) than other
aternatives.

3.1.3 Modification of the Repulsive Term

The other way to modify the van der Wads equation is to examine the repulsive term of
a hard sphere fluid. Many accurate representations have been developed for the repulsive
interactions of hard spheres and incorporated into the equation of state. Severa proposas

have been reported; some of them are summarised in Table 3.2.

Table 3.2 Summary of Modification of Repulsive term of the van der Waals Equation

Equation Year Repulsve term
Reisset d. 1959 RT(L+y+y?)

V(L-y)?
Thide 1963 RT@+y+y?)

V(- y)?
Guggenheém 1965 RT

V(- y)*
Carnahan Starling 1969 RT(L+y+y® - y®

V(- y)®
Scott 1971 RT(V +b)

V (V- b)
Boublik 1981 RT(1+(3 - 2y+(32- 3 +1y*- a?y’)

V(- y)®

Among them, the mog widdy used equetion is the Carnahan- Starling equation. Carnahan and
Starling (1969) obtained an accurate expression for the compressibility factor of hard sphere
fluids which compared well with molecula-dynamics data (Reed and Gubbins, 1973). The

formis
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s lty+y’-y°
B RN

(3.25
with y =/ 4v and b isthe volume occupied by 1 mol of molecules.

To improve the accuracy of the van der Waals equation, Carnahan and Starling (1972)
substituted Eq.(3.25) for the traditional term RT / (V - b) resulting in the following equation of
date

_RTA+y+y*-y’) a
V(1-y)® v?

(3.26)

Both a and b can be obtained by using critical properties (a = 0.4963 RT/p", b =
0.18727RT9p°¢ ). Sadus (1993) has demonstrated that Carnahan Starling equation can be
used to predict the Type Il equilibria of non polar mixtures with considerable accuracy.

The Guggenheim eguation (Guggenheim, 1965) is a dmple dternative to the
CarnarhanStarling. It aso incorporates an improved hard-sphere repulson term in

conjunction with the smple van der Wadls description of attractive interactions.

RT a

Py v (3.27)

The covolume (b = 0.18284RT%p°) and attractive (a = 0.49002 RT%/p%) equation of
state parameters are related to the critical properties.

The Guggenheim equation has been used to predict the critical properties of diverse
range of binary mixtures (Hicks and Y oung, 1976; Hurle et d., 1977a& b; Hicks et d., 1977
& 1978; Semmens et d., 1980; Sadus and Y oung, 1985a & b; Waterson and Y oung, 1978;
Toczylkin and Young, 1977, 1980a & b &c; and Sadus, 1992a &1994). Despite the
diversty of the sysems studied, good results were consstently reported for the gas-liquid
critica locus. The criticd liquid-liquid equilibria of Type Il mixtures was aso represented
adequatdly. In contrast, cdculaions involving Type 1l equilibria are typicaly only semi-
quantitative (Christou et ., 1986) because of the added difficulty of predicting the trangtion
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between gas-liquid and liquid-liquid behaviour. The Guggenheim equation has dso been
proved vauable in caculating both the gas-liquid critical properties (Sadus and Y oung, 1988)
and generd critica trangtions of ternary mixtures (Sadus, 19923).

Boublik (1981) has generalised the Carnahan Starling hard sphere potentia for
molecules of arbitrary geometry via the introduction for a nonsphericity parameter (a). Svejda
and Kohler (1983) employed the Boublik expresson in conjunction with Kiharas (1963)
concept of a hard convex body (HCB) to obtain a generalised van der Wads equation of
date:

o= RTA+(A - 2y+(R’-3+hy*-a’y’) a

Ve = (3.29)

Sadus et d. (1988) and Christou et a. (1991) have used Eq.(3.28) for the calculation of the
gas-liquid critica properties of binary mixtures containing nongpherica molecules. The results
obtained were dightly better than could be obtained from smilar cdculations usng the
Guggenheim equation of state. Sadus (1993) proposed an aternative procedure for obtaining
the equatio n of ate parameters. Eq.(3.28) in conjunction with this modified procedure can be
used to predict Type Il critical equilibria of nonpolar binary mixtures with a good degree of
accuracy.

Sadus (1994) compared the compressibility factors predicted by the van der Wadls,
Guggenheim and Carnahan-Starling hard- sphere contributions with molecular smulation data
(Alder and Wainwright, 1960, Barker and Henderson, 1971) for one-component hard-sphere
fluid (Fig. 3.1). The results demonstrated that the hard-sphere term of Guggenheim equation is

as accurate as Carnahan-Starling term at low to moderately high densities.
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Figure 3.1. Comparison of the hard-sphere compressibility obtained from different equations
of gtate with molecular smulation data (O, Alder and Wainwright, 1960, O, Barker and
Henderson, 1971) for hard spheres.

3.1.4 Modification of both Attractive and Repulsive Terms

Other equations of state have been formed by modifying both attractive and repulsive
terms, or by combining an accurate hard sphere mode with an empiricd temperature
dependent attractive contribution.

Carnahan and Starling (1972) combined the Redlich Kwong éttractive term with their

repulsiveterm



_RT@+y+y*-y%) a
V(- y)° TOSV(V +D)

p (3.29)

Their results (Carnahan and Starling, 1972) demongtrated that this combination improved the
predication of hydrocarbon densities and supercritical phase equilibria. De Santis et al. (1976)
aso tested Eq.(3.29) and concluded that Eq.(3.29) yielded good results for the case of pure
components in the range spanning ideal gas to saturated liquids. When applied to mixtures for
predicting vapour-liquid equilibria, good accuracy in wide ranges of temperature and pressure
can be obtained.

McElroy (1983) has combined the Guggenheim hard sphere modd with the attractive
term of the Redlich- Kwong eguation.

_RT a
PV TV +b) (330)

The accuracy of this equation has not been widely tested.

Chrigtoforakos and Franck (1986) proposed an equation of state which used the
Carnahan Starling (1969) expression for the congtruction of repulsive term and a square well
intermolecular potentia to obtain the contribution of atractive intermolecular interaction to
address deficiencies in the representation of both attractive and repulsive interactions:

_RTV®+V?b +VWb?-b® 4bRT ,, ..é e
N 3 ) (7 - Daxpe—
Y; V- b) Y; & ERT

=- u 3.31
2 o1

where p =b(T°¢/ T)¥™, mistypicaly assigned avaue of 10, and V denotes molar volume.

The other equation of state parameters can be derived from the critica properties:

b = 004682RT° / p° (332

% =T° In[1+ 265025/ (I ° - 1)] (3.33)



The e parameter reflects the depth of the square well intermolecular potential and | is the
relative width of the well. This equation was successfully gpplied to the high temperature and
high pressure phase behaviour of some binary agueous mixtures (Christoforakos and Franck ,
1986).

Hellig and Franck (1989 & 1990) modified the Christoforakos Franck equation of
state and they also employ a temperature dependent Carnahan Starling (1969) representation
of repulsve forces between hard-spheres and a square-well representation for atractive

forces,

_RT(V:+DbV?+Db?V - b3)+ RTB

(3.34)
V(V- b)? VZ +(C/ BV

where b = bS(TYT)Z, kF is the criticd molecular volume and z=0. The B and C termsin
Eq.(3.34) represent the contributions from the second and third virial coefficients, respectively,
of a hard-sphere fluid interacting via a square-well potentia. This potentid is characterised by
three parameters reflecting intermolecular separation (s), intermolecular attraction (e/RT) and
the relative width of the well (). The following universd values (Mather et d., 1993) were
obtained by solving the critical conditions of a one-component fluid, for example, | =
1.26684, N,s®/V° =024912 (where Np denotes Avogadro's constant) and e/RTC =

1.51147. Accurate calculations of the critical properties of both binary and ternary mixtures
(Hellig and Franck, 1989 & 1990) have been reported. Shmonov et a. (1993) used
Eq.(3.34) to predict high-pressure phase equilibria for the water + methane mixture and
reported thet the Hellig- Franck equation of state was likely to be more accurate than other
"hard sphere + dtractive term” equations of Sate for the cdculaion of phase equilibria
involving a polar molecule.

Shah et . (1994) developed anew equation of state. They used z _and z_ asthe

repulsive and the attractive contribution to the compressibility, respectively,

Vv akV
Zhs = + 2
V-ka) (V-ka)

(3.35)
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VIV +e(V- ka)RT
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where a =0.165V, j exp& 0.03125Ing—z- 0.0054{Ing—iy W represents the molar
i € gT ' ~ &l.gy &
T 8 cd | c q:)

hard-sphere volume of thefluid, k =1.2864, k,=2.8225and e isacondant, and a and c are

temperature-dependent parameters. A new equation, called the quartic equation of state, was

formed as

__RT___ ak,RT av+kac
V-ka) (V-ka) V(V+eV- ka)

p (3.37)

It only needs three properties of a fluid, critica temperature, criticd volume, and
acentric factor, to be gpecified to reproduce pressure-vaume-temperature and
thermodynamic properties accurately. Although it is a quartic equation and yields four roots,
one root is dways negative and hence physicaly meaningless, and three roots behave like
three roots of an equation. Shah et d. (1994) compared their quartic equation with the Peng-
Robinson (1976) and Kubic (1982) equations of state and concluded that it was more
accurate than ether the Peng-Robinson or the Kubic equation of State.

Lin et d. (1996) extended the generalised quartic equation of state, Eq.(3.37) to polar
fluids. When gpplied to polar fluids, the equation requires four characteristic properties of the
pure component, critica temperature, critica volume, acentric factor and dipole moment. They
cdculated thermodynamic properties of 30 polar compounds, and aso compared with
experimenta literature values and the Peng-Robinson equation for seven polar compounds.
Their results showed that various thermodynamic properties predicted from the generalised
quartic equation of state were in satisfactory agreement with the experimentd data over awide
range of dates and for a variety of thermodynamic properties. The generalised quartic
equation of state made good improvement in caculating the enthdpy departure, second virid

coefficients, and the pressure- volume- temperature properties.
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In Figure 3.1, we aso compare the compressibility factor predicted by the Shah et d.
(1994) hard-sphere contributions (k,=1.2864, k,=2.8225 and y=a/V) with molecular
smulation data (Alder and Wainwright, 1960, Barker and Henderson, 1971) for one-

component hard-sphere fluid. Figure 3.1 shows that the accuracy of hard-sphere term of Shah
et d. equation (----) isthe same with Carnahan Starling hard- sphere term.

3.2 Equations of State for Chain Molecules

3.2.1 Perturbed Hard Chain Theory (PHCT)

Prigogine (1957) introduced a theory to explan the properties of chain molecules.
This theory is based on the premise that some rotationa and vibrational motions depend on
density and hence affect the equation of state and other configurational properties. Based on
Prigogin€'s ideas, Hory (1965) proposed a smple theory for polymer behaviour. It is smilar
to Prigogine' s theory except the expressions used to account for intermolecular interactions
are taken from free-volume concepts ingtead of lattice theory. Limitations of both Prigogin€' s
and FHory’'s theories are that they can only be used & high dendties and they are limited to
cdculations of liquid phase properties. They give quditatively incorrect results a low densities
because they do not approach the idedl gaslaw at zero dengty.

Based on perturbed-hard-sphere theory for smal molecules (vaid at dl densties) and
Prigogine s theory for chain molecules (vaid only at liquid - like densities), Beret and Prausnitz
(1975) developed a new equation of state, called the Perturbed-Hard-Chain-Theory (PHCT)
equation of state thet is gpplicable to fluids containing very large molecules as well as smple
molecules and to caculations of both gas and liquid phase properties. The PHCT equation
differs from Prigogine's and Hory's eguations in two important aspects (Vimachand and
Donohue, 1989). Fird, to increase the gpplicability of the PHCT equation to a wide range of
densty and temperature, more accurate expressons in PHCT equation are used for the
repulsve and dtractive partition functions. Second, to overcome the limitations of the
Prigogine's and Hory's theories, the PHCT equation corrects the mgor deficiency in the
Prigoging' s and FHory' s theories by meeting the ided gas limit at low densities.

The PHCT equation of stateis derived from the following partition function (Q)



VN &/, 06 mf o N
Q= L4 - 3.38
NILN&V 4 gaxngkT&i (@) (3:38)

where q, , is the contribution of rotationa and vibrationd motion of a molecule, N is the
number of molecules, L isthelength of the thermd de Broglie wave (a constant depending on
temperature), f is the mean potentid, V, is cdled the free-volume which is the volume
available to the centre of mass of one molecule as it moves around the system holding the
positions of al other molecules fixed. The vaue of V, can be calculated from the Carnahan

and Starling (1972) expression for hard- sphere molecules.

&t /)3 V- A

3.39
& @1t/ i (339

V, =Vexp

wheret isanumericd congtant (t = pﬁ/ 6=0.7405), and v isareduced volume defined

as v= (where ° is the close-packed volume per mole and r is the number of

Nrv°

segments per molecule).
The PHCT equation can be written as

7 = Z(hard chain) - —2— (3.40)
RTV

where compressibility factor Z is defined as Zz% and

At 17)- 2t 17)>

Z(hard chain) = 1+c
(1-t /)3

(341)

where c is 1/3 the number of externad degrees of freedom. By using Alder’s square-well
molecular dynamicsresults (Alder et d., 1972), the value of a in Eq.(3.40) can be defined as
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where eq is characteristic energy per molecule, k is Boltzmann's constant, CoefficientsA

are dimensionless congtants and are independent of the nature of the molecules and n, mare
the index for the exponent in a Taylor seriesin reciproca reduced volume.

The PHCT equation has three adjustable parameters: rv°, (eq/k) andc. They can be
obtained from pressure- vaume-temperature data for gases and liquids and from the vapour -
pressure data. In the same paper, Beret and Prausnitz (1975) gave these parameters for
twenty-two pure fluids and compared theory with experiment for severa fluids. The results
indicated that the PHCT equation was applicable to awide variety of fluids, from hydrogen to
eicosane to polyethylene. However, they also reported that the PHCT equation was not good
in the critical region in common with other anaytica equations of Sate.

In re-deiving the PHCT equation to dlow caculation of mixture properties, Donohue
and Prausnitz (1978) dightly modified the perturbed hard chain theory to yield better pure
component results and, more importantly, extended the PHCT equation to multicomponent

mixtures. The partition function was given by

vy ooay, f o
-_ v SV 7 343
Q=N &v *PoaTs (343)

Eq.(3.43) accounts for the effect of rotational and vibrationa degrees of freedom on both the
repulsive and attractive forces. The pure component and binary parameters can be obtained
by fitting experimentd data For sysems where experimentd data are not available,
correlation dlows prediction of parameters. By using these methods they concluded that the
PHCT equation can represent the properties of most mixtures commonly encountered in
petroleum refining and natural-gas processing even when the components differ greatly in size,
shape, or potentid energy.

Since then, many workers (Kaul et d., 1980; Liu and Prausnitz, 1979ab, 1980;
Ohzono et d., 1984) have applied the PHCT equation to predict thermodynamic properties of
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numerous and varied types of systems of indudtrid interest. Kaul et d. (1980) predicted
Henry’s congants using the PHCT equation with low vaues of binary interaction parameter
and they extended the PHCT eguation to predict the second virid coefficient of both pure
fluids and mixtures. Liu and Prausnitz (1979a) showed that the PHCT equation can be used to
accuratdy predict the solubilities of gases in liquid polymers, where the light component is
supercritical, wheress the usud gpproach using excess functions is not ussful in tregting such
supercritica gas-polymer systems. Liu and Prausnitz (1979b, 1980) aso gpplied the PHCT
equation for phase equilibrium caculations in polymeric systems (polymer-solvent, polymer-
polymer, polymer- polymer-solvent), taking into account the molecular weight distribution of
polymeric molecules. Ohzono et a. (1984) correlated the pure component parameters
reported by Donohue and Prausnitz (1978) and Kaul et a. (1980), with the group volumes of
Bondi (1968).

The PHCT equation is successful but a practicd limitation of the PHCT equation isits
mathematica complexity, as aresult of the use of the Carnahan Starling free- volume term and
the Alder power series. Consequently, computer caculations, especidly for mixtures, aretime
consuming. Because the PHCT equation has dready proved to be vauable in caculating
properties of various types of systems, it is useful to consider modifications of the theory which
amplify the equation of state. Such smplifications would make the PHCT equation of state
more useful to the engineering community.

3.2.2 Smplified Perturbed Hard Chain Theory (SPHCT)

Kim et d. (1986) developed a smplified version of PHCT equation by replacing the
atractive term of the PHCT equation with a theoretical but smple expresson based on the
local composition modd of Lee et d. (1985), the equation is caled the smplified perturbed
hard chain theory (SPHCT)

VY 6

" —+ (3.44)
V+V Yg

Z=1+ Cgirep -Z
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where, ¢ is 1/3 the number of external degrees of freedom per molecule; z  isthe maximum

ss®
A JE 1

where N, is Avogadro's number, s is the number of segments per molecule, s is the hard-

coordination number; V" represents the closed packed molar volume given by N

core diameter of a segment; Z™ is caculated from the hard-sphere equation of Carnahan
and Starling (1972)

2
z7re = % (3.45)
ad
Y= exp%g 1 (3.46)
9

whereh =tV" /V and T’ :%.

For pure components, the SPHCT equation of state can be written as

_RT cRT4h-2h? RTZcV'Y
p=—+ - — " (3.47)
V V (1-h?® V V+V'Y

The SPHCT equation of state has three parameters (¢, T~ and v ) and these parameters can
be evaduated by fitting sSmultaneoudy both vapour pressure and liquid density data. Kim et dl.
(1986) obtained these three parameters for severa nakanes and multipolar fluids and van
Pelt (1992) obtained them for more than 100 fluids.

To extend the SPHCT equation to mixtures, Kim et d. (1986) proposed the following

mixing rules

ss 3

JEII (3.48)

<V*> = é xV, = § X
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(cvY)= %_ X X, GV, gaeexpﬂ -1 (3.50)

2ckT 4
with the cross terms given by
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(3.51)
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The term in angular brackets, <- - - ->, represents a mixture property. For mixtures, the
equations of state given by Eq.(3.44) and Eq.(3.47) become:

Z,(cv'Y)
Z=1+(c)2" - * (353)
v+{cv'Y)/ {c)
oo R, (QRTan-on? RS Zo{V'Y) 3 (354)

u
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where h =t (<V*>/V) and t isaconstant equal to 0.7405.

The SPHCT equation retains the advantages of the PHCT equation and it aso can be
used to predict the properties, a dl dendties, of fluids covering the range from agon and
methane to polymer molecules. The SPHCT eguation predicted pure-component molar
volumes and vapour pressures dmost as accurately as the origind PHCT equetion (Beret and
Prausnitz, 1975). It can aso predict mixture properties with reasonable accuracy usng only
pure-component properties. This simpler equation has been used in a number of applications,
including for mixtures of molecules which differ greatly in Sze (Peters et d., 1988). Van Pdlt et
a. (van Pdt et d., 1991, van Pdt, 1992) appied this smplified verson to binary critica
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equilibria. Ponce-Ramirez et a. (1991) reported that the SPHCT equation of state was

capable of providing adequate phase equilibrium predictions in binary carbon dioxide-
hydrocarbon systems over a range of temperature of interest to the oil industry. Plackov et dl.
(1995) showed that the SPHCT equation of state can be used to improve the qudlity of
predicted vapour pressures of “chain-like’ molecules over the entire range of vgpour-liquid
coexistence. Van Pelt et a. (1995) used the SPHCT equation to cal cul ate phase diagrams for
binary mixtures and to classfy these phase diagrams in accordance with the system of van
Konynenburg and Scott (1980).

3.2.3 Hard Sphere Chain Equation of State

Wertheim (1987) proposed a thermodynamic perturbation theory (TPT) which
accommodates hard-chain molecules (Chapter 2). Chagpman e a. (1988) generdised
Wertheim's TPT modd to obtain the following equation of date for the compressibility of a
hard-chain of m segments

Zyo =MZp5- (M- 1)§i+hwz (355)

where g,,s(s) is the hard-sphere Ste-Ste correlation function a contect, s is the hard-
sphere diameter, h = pnr s * /6 is the packing fraction, and r is the number density. The

compressibility of hard sphere can be accuratdly determined from the Carnahan-Starling
equation, Eq.(3.25). For the CarnahanStarling equation, the Ste-ste corrdation function is

2-h

pTaE (3.56)

Ous(s) =

Ghonasgi and Chgpman (1994) modified TPT for the hard-sphere chain by
incorporating structurd information for the diatomic fluid. The compressibility of a hard chain
can be determined from the hard-sphere compressibility and the Ste-ste corrdaion function

at contact of both hard spheres (g,,) and hard dimers(g,,,)
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Chiew (1991) obtained the Site-Site correlation results for hard dimers:
1+2n
s)=—"_ 3.58
gHD( ) 2(1_ h)2 ( )

Chang and Sandler (1994) proposed TPT-D1 and TPT-D2. TPT-D1 can be
expressed as

- @+h+h®-h®6 mee h(G-2h) 6 m. )gl (12h(2 h) o (3.59)
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TPT-D2 can be represented as
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(3.60)

Starting from the points of Ghonasgi and Chagpman (1994) and Chang and Sandler
(1994) above, Sadus (1995) proposed that, in general,

Jup = Gus(@h +c) (3.61)

where g and c are the congtants for a straight line and the values can be obtained by fitting the
molecular Smulation detafor g, and g,,,, and obtained a new equation of ate, caled the
amplified Thermodynamic Perturbation Theory-Dimer (STPT-D) equation of state. The
generd form of the STPT-D equation of state for pure hard-sphere chainsis
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Sadus (1995) applied the STPT-D equation to the prediction of both the compressiility of 4
, 8, 16-, 51- and 201-mer hard-chains and the second virid coefficients of up to 128-mer
chains. Comparison with molecular smulation data indicated that the STPT-D equation
generdly predicts both the compressibility and the second virid coefficient more accurately
than other equations of state (Chiew equation, GF-D, TPT-D1, TPT-D2).

By usng some dements of the one-fluid theory, Sadus (1996) extended the STPT-D
equation to hard-sphere chain mixtures with no additiond equation of Sate parameters
required. The compressibility factor predicted by the STPT-D equation of dtate was
compared with molecular smulation data for severd hard-sphere chain mixtures containing
components with either identicd or dissmilar hard-sphere segments. Goaod agreement with
gmulaion data was obtained when the ratio of hard-sphere segment diameters for the
component chains is less than 2. The accuracy of the STPT-D equation compared favourably
with the results obtained for other hard-sphere chain equations of State.

3.2.4 Perturbed Anisotropic Chain Theory (PACT)

By including the effects of anisotropic multipolar forces explicitly into the PHCT
equation of gtate, Vimachand and Donohue (1985) and Vimachand et a. (1986) developed
the perturbed anisotropic chain theory (PACT) which is gpplicable to smple as wdll as large
polymeric molecules with or without anisotropic interactions. The PACT equation takes into
account the effects of differences in molecular Size, shape and intermolecular forces including
anisotropic dipolar and quadrupolar forces. In terms of the compressibility factor Z, the PACT
equation of state can be represented as

2=PV ogi 7w sz g (363)
RT
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The repulsion term due to hard chains is calculated using the parameter ¢ and the
equation of Carnahan- Starling (1972) for hard-sphere molecules defined as

§4(t /\7d)- 2(t /\7d)2l;I

Z® =Cé — U
e (-t /Vd)3 1]

(3.64)

where, similar to the perturbed hard chain theory, t isanumerical constant (0.7405) and Vv, is
areduced volume.
By extending the perturbation expanson of Barker and Henderson (1967 and

Chapter 2) for sphericad molecules to chainlike molecules, the dtractive Lennard-Jones

isotropic interactions are caculated as

ZISO ezlLJ Z LJ LJ / g

where Z is the compressibility factor, A is the Hdmhaltz function, LJ stands for Lennard-

(3.65)

QIIO

Jones, S0 denotes isotropic interactions,

A’ _C2 An 3.66

NkT 'I?an1' \7d (366)
Co MA, 367
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with the constants A, =-8.538, A, =-5.276, A,=3.73, A, =-754, A, =23.307,
and A, =-11.2.

3m (3.69)
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m+1)C,,, (m+2)C
ZZLJ :%é ( mzl ( ~m)+23 (369)
T m 2vd Vy 2V

Wlth the conamts Cll =- 3.9381 C12 =- 3 193 C13 = 4 93 Cl4 - 10.03 C21 —11 7031
C22 =- 3.092 1 C23 = 4.011 C24 =- 20.025 L] CSl =- 37.021 C32 = 26.931 C33 = 26.673
and the parameter ¢ and two reduced quantities.

T _ckT _Vv w2

wherer isthe number of ssgmentsin amolecule, s isthe ssgment's hard- core diameter.
The anisotropic multipolar interactions are caculated using the perturbation expansion
of Gubbins and Twu (1978) assuming the molecules to be effectively lineer,

2
. % . . am A ani 0
Zam = g Zam + Z';m - ZZZam anl a/gl Azanl : (370)
A g
where the superscript ani denotes the anisotropic interactions

=-1244==_ (3.72)

Z = 12445 A+ iy, (3.72)
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area of a segment and s isthe soft- core diameter of a segment. The quadrupole moment, Q is

where v =i* = , a, Isthe surface
v

related to the quadrupolar interaction energy per segment, Q2 =Q?/r(v’)®'*.

The PACT equation is vdid for large and smal molecules, for nonpolar and polar
molecules, and a dl fluid dendties Vimachand et d. (1986)'s caculaions showed that
explicitly indusion of multipolar forces dlowed the properties of highly nonided mixtures to be
predicted with reasonable accuracy without the use of a binary interaction parameter. For
pure fluids, dthough prediction of properties for the PACT equation was not better than many
other equations of s$ate, the pure-component parameters obtained with the PACT equation
were fairly reasonable and could be correlated smoothly.

3.3 Equations of State for Associating Fluids
3.3.1 Associated Perturbed Anisotropic Chain Theory (APACT)

Ikonomou and Donohue (1986) incorporated the infinite equilibrium modd and
monomer-dimer mode into the PACT equation and derived a new equation of sate, the
associated perturbed anisotropic chain theory (APACT). APACT accounts for isotropic
repulsive and attractive interactions, anisotropic interactions due to the dipole and quadrupole
moments of the molecules and hydrogen bonding and is capable of predicting thermodynamic
properties of pure associating components as well as mixtures of more than one associating
component (I konomou and Donohue, 1988). The APACT equation of Sate iswritten in terms
of the compressibility factor, Z, as asum of the contributions from these particular interactions.

Z=1+73*4+7™® 7 (3.75)

where z&>¢ 7 and 73" are the contributions from association, repulsion and atraction,
respectively. The Z2¢ term for one and two bonding Sites per molecule is evauated from the
materid balances and expressions for the chemicd equilibria 22 is given by Ikonomou and

Donohue (1986) and Economou and Donohue (1991, 1992)
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where n, is the true number of moles, and N, is the number of moles thet would exist in the
absence of association.  The repulsive and the attractive terms in APACT equation are
asociation independent because of the assumptions make about the variation of the
parameters of the associating species with the extent of association. 2™ and 73" are given

by Vimadchand et a. (1985, 1986) and Economou et d. (1995).

2
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Economou and Donohue (1992) extended the APACT eguation to compounds with
three associating Stes per molecule. The three-site APACT equation of state was developed
to alow caculation of vapour-liquid equilibria and liquid-liquid equilibria of sysems of water
and hydrocarbons. Economou and Donohue (1992) tested the accuracy of the three Site
APACT equation over a large range temperatures and pressures for agueous mixtures with
polar and nonpolar hydrocarbons. They concluded that the three site APACT equation was
accurate in predicting phase equilibria of different types for agueous mixtures of nonpolar
hydrocarbons with no adjustable parameters. For agueous mixtures with polar hydrocarbons,
the three-ste APACT equation needed a binary parameter for accurate estimation of the
phase equilibria. The comparison (Economou and Donohue, 1992) of the two-Ste and three-
ste APACT equations of state was a0 investigated for the prediction of the thermodynamic
properties of pure water from the triple point to the critica point. For most of the systems
examined, the three-site APACT equation was in better agreement with the experimentd data
than the two-site APACT equation.

Smits et da. (1994) applied the APACT equation to the supercritical region of pure

water and showed that over a large pressure and temperature range the agreement between
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the experimental data and the caculated results with APACT equation was good, including the

near-critica region. They aso reported that, dthough the difference between the APACT
two-site and the APACT three site modd gppeared to be smdl, the accuracy of the three Ste
APACT equation of gtate for volumetric properties was higher than that of the two-Site model.
Economou and Peters (1995) demonstrated that the APACT equation can be applied to
correlate the vapour pressure and the saturated liquid and saturated vapour dengities of pure
hydrogen fluoride from the triple point up to the critica point with good accuracy. In the same
year, Economou et d. (1995) applied the APACT equation to water - sdt phase equilibria and
showed that APACT equation accounted explicitly for the strong dipole-dipole interactions

between water and sdt molecules.
3.3.2 Satistical Associating Fluid Theory (SAFT)

By extending Wertheim’'s (1984a & b; 1986a, b & c) theory, Chapman et a. (1988,
1990) and Huang and Radosz (1990) developed the Statistical Associating Fluid Theory
(SAFT) equation of state. SAFT equation accounts for hard sphere repulsive forces,
disperson forces, chain formation (for non-spherica molecules) and association and it B

presented as a sum of three Helmholtz function terms.

A B Ai deal Aseg Achai n Aassoc
= + + +
NKT NKT NKT NKT  NKT

(3.79)

where A and A'®@  arethe totd Helmholtz function and the ided gas Helmholtz function &t the

same temperature and density.

Theterm A represents segment-segment interactions and can be caculated from

Seg Seg
A A

- (3.80)
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where m is the number of segments per chain, and As™ (per mole of segments) is the residud

Helmholtz function of nonassociaied spherical segments and it has two contributions: the hard
sphere and dispersion:

hs dis|
A A AT (381)
NKT NKT NKT

the hard sphere term can be ca culated as proposed by Carnahan and Starling (1969)

A° -’ (382)
NKT  (1- h)?
whereh isareduced dengty and for pure component it defined as
N
h = p 6Av rs3m (3.83)

where N, isAvogadro's number, s is the temperature- dependent segment diameter andr
isthe molar dendity of molecules.

For the dispersion term, Huang and Radosz (1990) used a power series which was
initidly fitted by Alder et d. (1972) to molecular dynamics data for a square-wel fluids,

AP o o sulé
- p.guueu 3.84
NKT ‘?‘aj TEKTH & H (384

where D, are universa congtants which have been fitted to accurate pressure-volume-

temperature, interna energy, and second vird coefficient data for argon by Chen and
Kreglewski (1977), and uk is the temperature dependent disperson energy of interaction
between segments.

Theterm A" js due to he presence of covaent chain-forming bonds among the

segments and can be determined from
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Theterm A2s°¢ isthe Helmholtz function change due to association and for pure components

it can be cadculated from
Aassoc ° 4 X l:l 1

=3 InX -2 +=M 3.86
NKT a§ 24 2 (3:80)

where M is the number of association sStes on each molecule, X, is the mole fraction of

molecules which are not bonded at Site a, and the summation is over dl associating Stes on

the molecule.
The SAFT equation was dso given by Huang and Radosz (1990) in terms of the

compressihility factor Z

Z=1+27Z" + 799 4 zchan 4 7asc (3.87)
where
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Chapman et d. (1990) reported that the agreement with molecular smulation data has
been found to be good, a dl the stages of model development, for associating spheres,
mixtures of associating spheres, and nonassociating chains up to m=8. Huang and Radosz
(1990, 1991) used the SAFT equation to correlate vapour-liquid equilibria of over 100 red
fluids and they dso demondrated that the SAFT equation was gpplicable to smdl, large,
polydisperse, and associating molecules over the whole density range. When extended to
mixtures, Huang and Radosz (1991) tested 60 phase equilibrium data sets for asymmetric
(smdl + large) and associaing binary systems. They concluded that the mixing rules for the
hard sphere, chain and association terms were not required when using rigorous datistical
mechanica expressons. Only the digpersion term required mixing rules, and only one binary
temperature-independent parameter was required to represent the experimenta data thet
usudly were difficult to predict from the equation of state. The calculation details were given
by Huang and Radosz (1991). Yu and Chen (1994) aso used SAFT equation to examine the
liquid-liquid phase equilibria for 41 binary mixtures and 8 ternary mixtures usng many of the
parameters of Huang and Radosz (1990, 1991).

Economou and Tsonopoulos (1997) applied APACT and SAFT equations of state to
predict the phase equilibrium of water/hydrocarbon mixtures. Shukla and Chapman (1997)
presented the form of the SAFT equation of state for fluid mixtures conssting of heteronuclear
hard chain molecules and compared well with smulation results for the compressibility factor
of pure block, dternate and random copolymer systems. Blas and Vega (1998) applied their
modified verson of SAFT equation of state (Blas and VVega, 1997) to predict thermodynamic
properties, as well as liquid -vapour equilibria, of binary and ternary mixtures of hydrocarbons.

3.3.3 Smplified Satistical Associating Fluid Theory (SSAFT)
Fu and Sandler (1995) developed a smplified datigicd associating fluid theory
(SSAFT) equation by modifying the disperson term of the equation. The SSAFT is of the

same form as Eq.(3.87)

Z :1+ Zhs+Zdisp+Zchain+Zassoc



The origind hard-sphere, chain, and association terms were kept and the single attraction term
of Lee et d. (1985) for the square-wdl fluid was used to replace the multiterm double series
dispersgon term which created a much smpler equation of Sate.

& V'Y 0
Frs

Zdisp -

(3.92)

where, smilar to the smplified perturbed hard chain theory (SPHCT), z,, isthe maximum
coordination number, \/_ is the molar volume of a segment, V™ is the closed-paced molar

volume of asegment, and

Y=epEd 0 1 (3.93)
e2kT g

For pure components, the parameters of the SSAFT equation of state were obtained by fitting
vapour pressure and liquid density data and the results (Fu and Sandler, 1995) showed that
the SSAFT equation was generdly smilar to, or dightly more accurate than the origind SAFT
equation. When the SSAFT equation gpplied to both self-associating and cross-associating
binary mixtures, only one binary adjustable parameter was needed. The comparison (Fu and
Sandler, 1995) with the origind SAFT equation for binary mixtures demonstrated that the
amplified SAFT equation of state usualy led to better corrdlated results than the origind

SAFT equation, and was Smpler and easier to use.
3.3.4 Lennard-Jones Satistical Associating Fluid Theory (LJ-SAFT)

Kraska and Gubbins (1996a & b) modified SAFT equation of State in two mgor
ways. First, a Lennard-Jones equation of state was used for the segment contribution; second,
a term was added that accounts for the dipole-dipole interaction in substances like the
akanols and water. This modification was cdled the LJ-SAFT equation of dtate and the
generd expresson for the Hemholtz function is given by
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A Aideal Aseg Achain Aassoc Adipole
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where AdPol¢jsaterm for the effect of long-range dipolar interaction.

For the Lennard-Jones segment term, Kraska and Gubbins (1996 a&b) used the
Kolafa and Nezbeda (1994) equation which covers alarger range of temperature and dendity
and ismore religble outsde the region of fit. 1t can be expressed as

Aseg e h *D o i/2. *ij O
—— =mGA™ +exp(- r TDB, +a (C.T"r Hz 3.95
NkT rné p( g ) 2,hBH ?. ( ij )B ( )
hs 2\ =
A 11 hy+ MBS+ )0 (3.96)
NKT &3 6(1-h)2 5
3 i12
DBoen =@ GT (3.97)
i=7
r=mb/V, (3.99)
h :B r's :";H (3.99
6
S gy = 5 DT">+D,,InT (3.100)
i=2

where C; and D;, C; and D, ae numerica constants and adjustable parameters, hBH

stands for hybrid Barker-Henderson and details were given by Kolafa and Nezbeda(1994).
For the dipole-dipole term, the resulting Helmhaltz function is



Adipole -~ o 1 O

NKT - RTB, m; (3.101)

pr m’

J® (3.102)

2 3 T

B _32p° [14p r *m®

T K (3.103)
T =elk, (3.104)
T =% = T';B (3.105)
m = m/Jems * (3.106)
r’'=rb (3.107)
b=Ns? (3.108)

The coeffidents J©® and K322 are integras over two-body and three-body corrdation

222

function for the Lennard-Jones fluid and have been cadculated by Twu and Gubbins (1978
a&h).

Kraska and Gubbins (1996 a&b) applied the L}SAFT equation of state to pure
fluids and binary mixtures. The results for pure fluids showed substantialy better agreement
with experiment than the origind SAFT equation for the phase diagram the nakanes, *
akanols and water. The LJ SAFT equation of state was aso found (Kraska and Gubbins,
1996b) to be more accurate in describing binary mixtures of rrakane/n-akane, 1-dkanol/n-
alkane, and water/n-akane mixtures than the origind SAFT equation.

3.3.5 Satistical Associating Fluid Theory - Hard Sphere (SAFT-HS)



Ancther smplified verson of SAFT is SAFT-HS equation which treats molecules as
chains of hard-sphere segments with van der Wadls interactions. In the SAFT-HS (Chapman
et d., 1988) equation, the Hemholtz function A is separated into different contributions as

A Ai deal Ahs Amf Achal n Assoc

(3.109)
NKT  NKT | NKT  NKT . NKT = NKT

where A" is the contribution from hard spheres (HS) to the Helmholtz function and A™ is
the contributions from the long-range dispersion forces (MF) to the HEmhaltz function. The
sumof A" and A™ iscaled Amo©

Amono Ahs Amf
NKT N kT NKT

(3.110)

the monomer-monomer contribution to the Helmholtz function which refersto theterm A9 in
the origind SAFT equation (Chapman et d., 1990, Huang and Radosz, 1990).

Gdindo et d. (1996, 1997) and Garda-Lishona et d. (1998) used the expression of
Boublik (1970) for the hard sphere contribution,

(3.111)

A® _ 6 eaaj In(l 2 )+ Xz, , 23 U
NKT pr g 232 T-25) z,(1-2,) g

wherer = N/V is the total number density of the mixture. The reduced densties z, for a

binary mixture are defined as
= 10
=%9a s, v=%(xls D +xms, ) (3.112)
€i= a

z , isthe overal packing fraction of the mixture, and m isthe number and s , the diameter of

sphericd segments of chain i.
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The contribution due to the dispersive dtractive interactions is given at the mean-fied

leve in terms of the van der Wadls one-fluid theory, for example, for binary mixtures

Amf
NKT

r
- E(allxlz + 2a12X1X2mz +a22x22n122) (3'113)

where a represents the integrated strength of segment-segment meanfield attrection, m, is
the number of spherica segments of chain 2.

By usng SAFT-HS equation, Galindo & a. (1996, 1997) performed the phase
equilibria predictions with good agreement with experimenta results for binary mixtures of
water + n-akanes (Gaindo et d., 1996) and water + containing hydro fluoride (Gdindo et d.,
1997). Garcia-Lishona et al. (1998) used SAFT-HS to describe the phase equilibria of
agueous solutions of akyl polyoxyethylene mixtures and reported that the SAFT-HS equation
was able to describe the phase behaviour of these systems and the results showed the

reasonabl e agreement between the theoretical prediction and experimenta results.
3.3.6 Satistical Associating Fluid Theory - Variable Range (SAFT-VR)

The SAFT expressions are continudly being improved. By providing an additiona
parameter which characterised the range of the attractive part of the monomer-monomer
potentid, Gil-Villegas et a. (1997) proposed a generd verson of SAFT for chain molecules
formed from hard-core monomers with an arbitrary potentia of variable range (VR). As we

discussed above, the generd form of the SAFT equation of state can be written as

ideal mono chain assoc
A A A A A
= + + +

- (3.114)
NKT NKT NKT  NKT  NKT

In SAFT-VR (Gil-Villeges e d., 1997), the ided Hemholtz function A& and the
contribution to the Helmholtz function due to interaction association A2%°¢ are the same as

EQ. (3.79). The contribution due to the monomer segments A™™ is given by
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mono m ® hs O
A =mA - meA +b A +b? a T (3.115)
NKT NKT mgNkT NKT NKT g

where A™ is the Hdmholtz function per monomer, m is the numbe of monomers per chain,

i, A and A, arethefirst two perturbation terms associated with the attractive well.

The contribution to the Helmholtz function due to the formation of a chan of m

monomers Achain is

Achain
NKT

=(1- miny"(s) (3.116)

where y" (s ) is the monomer-monomer background correlaion function evaluated a hard-

core contact.
Gil-Villegas et d. (1997) gave the analytical expressonsof the A and A, for square-

wdl fluidsranges1.1£1 £1.8,

AP = APV L hy) (3.117)

s = L ngy TAT 3118
A ZeKSh T (3.118)

where h=r b is the packing fraction, e and | are the depth and the range parameter of the

atractivewell, respectively.

AlVDW = -dne(l *- 1) (3.119)

1-h /2
S (3.120)

9" @h,,) =
"7 (- hy)?

with



hg =ch +ch?+ch? (3121)
the coefficients ¢, were given by the matrix

36 0 oo 225855 -1.50349  0.249434 a2 O

§c2;= G- 0669270 1.40049 - 0.827739+¢l + (3.122)
&,y & 101576 -15.0427 530827 4

| 2 5
In the second-order term (Eg. (3.118)), K™= is the isotherma compressibility of the hard-
gphere fluid and was given by

K HS = @- h)4

- Z 3.123
1+4h +4h? ( )

The andytica expressons of the A and A, for Sutherland fluids and Y ukawa fluids over
variable range were dso given by Gil-Villegas et d. (1997).

The SAFT-VR theory broadens the scope of the origind SAFT equation (Huang and
Radosz, 1990) and improves the chain contribution and the mean-fidd van der Waals
description for the dispersion forces of the SAFT-HS treatment. Gil-Villegas et d. (1997)
demonstrated the adequacy of the SAFT-VR eguation in describing the phase equilibria of
chain molecules such as the n-alkanes and n-perfluoroakanes. Davies et d. (1998) showed
that SAFT-VR provided a smple and compact equation of state for Lennard-Jones chains
and it isvdid for ranges of dengity and temperature of prectica interest. McCabe et a. (1998)
used the SAFT-VR equation to predict the high pressure fluid phase equilibrium of binary
mixtures of nakanes and obtained good agreement with experiment. Galindo et d. (1998)
provided a detailed andyss of the SAFT-VR approach for mixtures of fluids with non-
conformd intermolecular potentids, i.e., which have dtractive interactions of variable range.
They examined the adequacy of the monomer contribution to the Helmholtz function by
comparing with computer Smulation data. The results showed that the SAFT-VR equation of
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state provide good representation well for the vapour-liquid and liquid- liquid phese equilibria

of mixtures containing square-well molecules
3.3.7 Cubic Plus Association (CPA) Equation of State

Findly, one interesting equation of state should be mentioned. Kontogeorgis et d.
(1996) presented an equation of state suitable for describing associating fluids. The equation
combines the smplicity of a cubic equation of dsate (the Soave-Redlich-Kwong) and the
theoretical background of the perturbation theory employed for the association part. The
resuting equation, caled Cubic Plus Association (CPA) equation of state, was given by

RT a _RT o€1 101X,

- ] + 20 2 3.124
V-b V- v A& 2 (3129

P

where the physicd term is tha of the Soave-RedlichhKwong eguation of dtate and the
associating term is taken from SAFT equation (Huang and Radosz, 1990). They applied this
new equation of state to pure components and obtained good correlations of both vapour
pressures and saturated liquid volumes for primary-acohols, phenol, tert-butyl acohal,
triethylene glycol, and water.

Voutsas et d. (1997) gpplied the CPA equation of state to liquid-liquid equilibrium
cadculaions in dcohol + hydrocarbon mixtures. They used the conventiond van der Wads
one-fluid mixing rules for the dtractive parameter a and the co-volume parameter b.
Satisfadtory results were obtained in al cases using only a single temperature-independent
binary interaction parameter. They aso compared the performance of CPA equation of state
with that of the SRK and SAFT equations of state and concluded that the CPA equation
provided an improvement over the SRK equation and performed similar to the SAFT modd,
but it was much smpler, which is of grest important for engineering purposes.



3.4 Mixing Rules

The great utility of equation of dtate is for phase equilibrium calculaions involving
mixtures. The assumption inherent in such caculation is that the same equetion of state used
for pure fluids can be used for mixtures if we have a satisfactory way to obtain the mixture
parameters. This is commonly achieved by using mixing rules and combining rules which
related the properties of the pure components to that of the mixture. The discusson will be
limited to the extengon of a and b parameters. These two parameters have a real physica
sgnificance and are common to many redigtic equations of Sate.

The amplest possble mixing rule is a linear average of the equdion of dae

parameters:
a= 3 xa (3.125)
b=8 xh (3.126)

EQ.(3.126) is sometimes employed (Han et d., 1988) because of its smplicity, but Eq.(3.125)
isrardy used because it does not account for the important role of unlike interaction in binary
fluids. Consequently, employing both EQ.(3.125) and Eq.(3.126) would lead to the poor
agreement of theory with experiment.

3.4.1 Thevan der Waals Mixing rules

The most widdly used mixing rules are the van der Wadls one-fluid prescriptions:

i

b=a & xxb (3128)
[
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where a and b, are the constants of the equation for pure component i and cross
parameters a, and b, (it j) are determined by an gppropriate combining rule with or

without binary parameters.

Eq.(3.127) and Eq.(3.128) are based on the implicit assumption thet the radid
digtribution function of the component molecules are identica, and they both explicitly contain
a contribution from interactions between dissmilar molecules. A comparison (Harismiadis et
a., 1991) with computer smulation has concluded thet the van der Waals mixing rules are
religble for mixtures exhibiting up to an eght-fold difference in the Sze of the component
molecules. The performance of the van der Waals mixing rules has aso been thoroughly tested
for severa equations of state by Han et d. (1988). They used the van der Waas mixing rule
Eq.(3.127) to obtain parameter a and the linear mixing rule Eq.(3.126) to obtain parameter b.
Their results showed that most of equations of state with the van der Wads mixing rules were
capable of representing vapour-liquid equilibria with only one binary adjustable parameter for
obtaining a, -

Eq.(3.127) and Eq.(3.128) were quite adequate with mixtures of nonpolar and dightly
polar compounds (Peng and Robinson, 1976; Han et a., 1988). Voros and Tassios (1993)
compared sx mixing rules (the one- and two parameters van der Wads mixing rules, the
pressure- and density-dependent mixing rules; two based on excess Gibbs energy models.
MHV2 and Wong-Sandler) and concluded that the van der Waals mixing rules give the best
results for nonpolar systems. For the systems which contained strongly polar substances such
as acohol, water and acetone, the van der Waals mixing rule did not yield reasonable vapour -
liquid equilibrium results. Anderko (1990) gave some examples of the failure of the van der

Waals mixing rulesfor strongly nonided mixtures.

3.4.2 The Improved van der Waals Mixing Rules

Many workers (Adachi and Sugie, 1986, Panagiotopoulos and Reid, 1986, Stryjek
and Vera, 1986 a&b, Schwartzendtruber et a, 1987, Sandoval et al., 1989) have proposed
modifications for the van der Wadls prescriptions. They used smilar idess, that is to include
composition dependent binary interaction parameters to the a parameter in the van der Waals
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mixing rule and leave the b parameter rule unchanged. Some of examples are summarised in
Table 3.3.

Adachi and Sugie (1986) kept the functiona form of the van der Waals mixing rule,
left the b parameter unchanged and added an additional composition dependence and

parameters to the a parameter in the van der Waals one- fluid mixing rules
=3 3 3.129
a=a a Xx;g; (3.129)
_(au 11)1/2[1 I - m](x ])] (3130)

Adachi and Sugie (1986) showed that their new mixing rule can be applied to the binary and
ternary systems containing strongly polar substances.

Table 3.3 Summary of Composition-dependent

Authors Term g, Reference
Adechi and Sugie (&;a;)""[1- 1 +my(% - x;)] 1986
Panagiotopoulos (a, ”)1/2[1- k; +(k; - k;)x] 1986
and Reid
Stryjek and Vera (a; “)1/2(1 x k- Xk, 1986b
(Margules-type)
Stryjek and Vera é k.k, U 1986b

(a“a”)llz i ,
(Van Laar-type) 8 Xkt XKk Cl
Schwartzentruber m - m. u 1987

(all )1/26' k - I| A(X + X, )U
etd. : b myx +mx;
Ki =kl =-1;;m; =1- my;ky; =13, =0

Sandoval e d. ( | “)1/2[1 (k|X1+k|| |) 05(k|1+k]|)(1 X1 X)] 1989

Sadus (1989) used conforma solution theory to derive an dternative to the
conventiona procedure for obtaining parameter a of equation of state. Instead of proposing an
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average of the pure component parameter data, the a parameter for the mixture is caculated
directly. Consequently, a isafunction of compostion only viathe conforma parameters (f, h)
and the contribution from the combinatoria entropy of mixing. The a parameter is obtained by
taking the pogtive root of the following quadratic equation:

a%qe[-2f 1 f +(f /f)2- 2h"/h- 2f W'/ fh+(h /h)?)]
+aRTV[f ,q4-h"/h- 7/ f}]+2 ,q%h Th+ 0/ th- (h/h)?}
+20%-N" Th+ (0 7h)? +1/x(L- X)}H] - (RTV)E 2 (F 1 §)2- (W /1)
+fq%{h /h- (W /)2 - 1/x(1- X)}- f f h'/hg] =0

(3.131)

where superscripts ' and ? denote successive differentiation of the conforma parameters, and
g and f are characteristic of the equation of state. The main advantage of Eq.(3.131) isthat a
parameter can be caculated directly from the critica properties of pure components without
using combining rules for the contribution of unlike interactions. Sadus (1992a & b) has
gpplied the above equation to the caculaion of the gasliquid critical properties of a wide
range of binary mixtures. The agreement was generaly very good in view of the fact that no
adjustable parameters were used to arbitrarily optimise the agreement between theory and
experiment.

3.4.3 Mixing Rules from Excess Gibbs Energy Models

Huron and Vidd (1979) suggested a new method for deriving mixing rules for
equations of state from excess Gibbs energy modds. The method rdlies on three assumptions.
First, an excess Gibbs energy caculated from an equation of State a infinite pressure equals an
excess Gibbs energy calculated from a liquid phase activity coefficient mode. Second, the
covolume parameter b eguas the volume V a infinite pressure. Third, the excess volume is
zero. By using the Soave- Redlich Kwong equation, Eq.(3.6) and applying the common linear

mixing rule Eq.(3.126) for volume parameter b, the resulting expression for parameter a is

_8 & gnU
a=bgg x - =% (3.132)
&, Inaf



where g¢ isthe value of the excess Gibbs energy & infinite pressureand can be calculated

from (Renon and Prausnitz, 1968)

& o]
g Qa XjGjile -
gf =a X gFln N (3.133)
= é. Xkai =
§ &0
with
Ci=09;- 9 (3.134)
and
o
Gji = bj exp(_a i E) (3.135)

where g ; and g, aretheinteraction energies between unlike (g ;) and like (g;;) molecules;

a .. isanonrandomness parameter. Findly, the Huron-Vidd mixing rule for a is deduced by

J1

applying Eq.(3.132):
s ga 1 é. XJGJiCJ’iH
a=ba x eh— EH"—@ (3.136)
= € In u
N é é Xka| 1]
e k=1 u
with a ;, C; and C; as the three adjustable parameters. With a ; = 0, the Huron-Vidd

mixing rule reduces to the van der Waas mixing rules. Huron and Vida (1979) showed that
their mixing rule yiedlded good results for nonidea mixtures. Soave (1984) found that the
Huron-Vida mixing rule represented an improvement over the classcd quadratic mixing rules
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and made it possible to correlate vapour -liquid equilibriafor highly nonideal systems with good
accuracy. The Huron-Vidd mixing rule has dso been gpplied to a variety of polar and
asymmetric systems (Adachi and Sugie, 1985; Gupte and Daubert, 1986; Heidemann and
Rizvi, 1986).

However, the equation of state excess Gibbs energy a near atmospheric pressure
differsfrom that at infinite pressure. Therefore, the Huron-Vida mixing rule has the difficulty to
ded with low pressure data. Severd proposas (Lermite and Vida, 1992; Soave et d., 1994)
has been given to overcome this difficulty.

Mollerup (1986) modified Eq.(3.132) by retaining the excess volume is zero but
evduding the mixture parameter a directly from the zero pressure excess free energy

expression. The modified mixing rule has the form

a_g om0 G- aRTl @y é. buo
X G—ig—- — +g—kaq X Inaf .+~ 313
Y THE T TR S150
b. b v, v .
where f, =—, f == and fc=(b—'-1)/(6-1).Them|xmg rule Eq.(3.137) depends on
v, v i

the liquid phase volume of the mixture and individua components and is less redrictive
assumption than the Huron-Vida mixing rule.

This proposa (Mollerup, 1986) was implemented by Michelsen (1990). Based on a
reference pressure of zero and Soave-Redlich- Kwong equation of state, Eq.(3.5), Michelsen
(1990) and Dahl and Michelsen (1990) repested the matching procedure of Huron and Vida
and lead to the following mixing rule

n

o &b 0
g@)= a xq(a”)+ﬁ+ a X In(gb— (3.138)

i=1

QIIO

where a =a/bRT, b= axb

i=1

=a,/b,RT and for the function q(a ), avariety of

approximations can be used. Dehl and Michelsen (1990) suggested various g(a ) functions.

The smplest isthelinear relation



g@) @q, +ga (3.139)

Thisyields anew mixing rule, cdled the modified Huron Vidd first order (MHV 1),
: al
a :§ )ga”+_§Ge—+a X, Ing—1] (3.140)

with the recommended vaue of g, = - 0.593.

Dahl and Michelsen (1990) also found that better result can be obtained with
employing asecond order polynomid,

q@) @q, +qa +ga’ (3.141)

Consequently, a new mixing rule, caled the modified Huron Vidd second-order (MHV?2), is

of the form

ql(a a XI ||) +q2(a |a|| )__+a. X Ingb (3142)
i=1 i=1 ii ﬂ

with suggested vauesof ¢, =-0.478 and , = - 0.0047.

Dahl and Michdsen (1990) investigated the ability of MHV2 to predict high- pressure
vapour-liquid equilibrium when used in combination with the parameter table of modified
UNIFAC (Larsen et d., 1987). They concluded that satisfactory results were obtained for
the mixtures investigated. Dahl et d. (1991) demonstrated that MHV2 was dso able to
correlate and predict vapour-liquid equilibria of gas-solvent binary systems and to predict
vapour- liquid equilibria for multicomponent mixtures usng the new parameters for gas-solvent
interactions together with the modified UNIFAC parameter table of Larsen et . (1987).

Generdly, the use of the infinite pressure or zero pressure standard states for mixing in

the equation of state will lead to inconggtencies with the gtatisticad mechanica result that the
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second viria coefficient must be aquadratic function of compostion. Wong and Sandler
(1992) used the Helmholtz function to develop a mixing rule to satisy the second virid

condition. For the mixture parameters of an equation of Sate, aand b, are

o O a O
a a Xlxjg%' ﬁ_
b= e <l (3.143)
®ea 0
1- 2§ xeaz
RT a XlgblRTé
7 E ~
a=bgd x i+i3 (3.144)
é b Cg

where C is a constant dependent on the equation of state selected (e. g, C is equd to
1
V2
function at infinite pressure, and

|n(J§ - 1) for the Peng-Robinson equation of tate) and A is the excess Helmholtz

.. 4 r Ca8l(1- k.
B 20 ._ g 20y k) (3.145)
& & Rig ¢ RTg 2

where k; isabinary interaction parameter for the second virial coefficient.

Wong and Sandler (1992) tested the new mixing rule, Eq.(3.143) and EQ.(3.144),
and concluded that the Wong-Sandler mixing rule was reasonably accurate in describing both
smple and complex phase behaviour of binary and ternary systems for the diverse systems
they considered. Wong et d. (1992) demongtrated that the Wong- Sandler mixing rule can be
used for highly nonided mixtures with Sx examples. The new mixing rule can dso meke
predictions at conditions which were hundreds of degrees and hundreds of bars above the
experimental data used to obtain parameters. Huang and Sandler (1993) compared the
Wong-Sandler with MHV2 mixing rule for nine binary and two ternary systems. They showed
that either the MHV2 or Wong-Sandler mixing rules can be used to make reasonable high
pressure vapour -liquid equilibrium predictions from low-pressure data. They used the Peng-
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Robinson and Soave-RedlichhKwong equations of state and found that the errors in the

predicted pressure with the Wong- Sandler mixing rule were, on the average, about half or less
those obtained when using the MHV 2 mixing rule. Orbey and Sandler (1994) used the Worg-
Sandler mixing rule to corrdate the vapour-liquid equilibria of various polymer + solvent and
solvent + long chain hydrocarbon mixtures. They concluded that the Wong-Sandler mixing
rule can correlate the solvent partia pressure in concentrated polymer solutions with high
accuracy over a range of temperatures and pressures with temperature-independent
parameters. For solvent + long chain hydrocarbon and polymer + solvent systems, the Wong-
Sandler mixing was best used as a three-parameter correlation. Huang et d. (1994) extended
the Wong- Sendler mixing rule to hydrogen hydrocarbon equilibriawith good results as well.
To go smoothly from activity coefficient-like behaviour to the classcd van der Wads
one fluid mixing rule, Orbey and Sandler (1995) dightly reformulaied the Wong- Sandler

mixing rule by rewriting the cross second virid term given in Eq.(3.145) as

(b- i). - (b| +bj) ) '\/a'iaj (1' k”) (3.146)
RT 2 RT

and retained the basic equations, EQ.(3.143) and Eq.(3.144). Orbey and Sandler (1995)
tested five binary systems and one ternary mixture and showed that this new mixing rule was
capable of both corrdating and predicting the vapour-liquid equilibrium of various complex
binary mixtures accurately over wide ranges of temperature and pressure and that it can be
useful for accurate predictions of multicomponent vapour-liquid equilibira

Cadtier and Sandler (1997a & b) performed criticd point cadculations in binary
systems utilisng cubic equations of state combined with the Wong- Sandler mixing rule (Eqg.
(3.146)). In order to invedtigate the influence of the Wong-Sandler mixing rule on the shapes
of the calculated critical phase diagrams, the van der Waals equation of state was combined
with the Wong-Sandler mixing rule (Castier and Sandler, 19973). The results showed that
many different types of critical phase diagrams can be obtained from this combination. When
the Wong- Sandler mixing rule combined with Stryjek and Vera (1986a) version of the Peng-
Robinson (1976) equation of state (Castier and Sandler, 1997b), it was able to quantitatively
predict the critica behaviour of some highly norrided systems involving compounds such as
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water, acetone and akanols. For some highly asymmetric and non-idedl mixtures, such as
water + n-dodecane, only quditatively correct critical behaviour could be predicted.

There are a'so some other proposals (Heidemann and Kokal, 1990; Soave, 1992;
Holderbaum and Gmehling, 1991; Boukouvaas et d., 1994; Tochigi, 1995; Novenario et d.,
1996; Twu and Coon, 1996; Twu et a., 1998) based on excess free energy expressons.
Comparison and evauation for various mixing rules can be found in the works of Knudsen et
a. (1993), Voros and Tassios (1993), Michesen and Heidemann (1996), Wang et 4.
(1996), Abdel-Ghani and Heidemann (1996), Orbey and Sandler (1996), Heidemann (1996)
and Twu et al. (1999).

3.5 Combining Rules

As noted above, any mixing rule will invariably contain a contribution from interactions

between unlike molecules. In other words, the cross terms a, and bIj (i1 j) must be

evaluated. They can determined by an appropriate combining rule. The usua used combining
rulefor the &, term wasfirst proposed by van der Waals

a; =x;(aa;)* (3.147)
The widely used combining rulefor the b, isthe Smple arithmetic rule

b, =z; (b +b;)/2 (3.148)
Alternatively, some workers prefer to use the following combining rule for critical caculdions
a; =xby (&a;/b;by)*° (3.149)
The x; (dso commonly defined as 1- k; ) and z; (dso commonly defined as 1- | ) terms

ae adjustable parameters which are used to optimise agreement between theory and
expeiment. The z ; term does not significantly improve the andlysis of high pressure equilibria
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and it can be usudly omitted (z i =1). The x; term is required because it can be interpreted

as reflecting the strength of unlike interaction except the Smple mixtures of molecules of smilar
size. Thisinterpretation is supported by the fact that values of x;, obtained from the analysis of
the critical properties of many binary mixtures consgtently decline with increesing sze
difference between the component molecules as detailed €l sewhere (Sadus, 1992a & 1994).

The Lorentz rule (Hicks and Y oung, 1975; Sadus, 19924) is awiddly used dternative
to the arithmetic rule

b, =0.125z, (bY3 + bjlj’ 3)3 (3.150)
Good and Hope (1970) also proposed a geometric mean rule

b, =z,(bb,)* (3.151)
Sadus (1993) compared the accuracy of the arithmetic Eq.(3.148), Lorentz Eq.(3.150) and
geometric Eq.(3.151) rules for type Il phenomena and concluded thet they give amost
identica results for molecules of smilar Sze, but the discrepancy increases subgtantidly for
mixtures of molecules of very dissmilar Sze, see Figure 3.2.

Sadus (1993) proposed an dternative combining rule by teking a 221 geometric

average of the Lorentz and arithmetic ruleswithout the z,, parameter, i.e.

b, ={1/4(2"*)} 01" +bY%)* (b, +by)"* (3152

Sadus (1993) reported that the new combining rule Eq.(3.152) is generally more accurate that

ether the Lorentz, arithmetic, or geometric combining rules.
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arithmetic
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Figure 3.2 Vaidtion of [y, with respect to theration of b,, relaiveto , predicted by the

arithmetic, Lorentz, and geometric combining rules for the prediction of Type Ill phase

behaviour.
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