Chapter 2 Theory of Fluids

Huid theories ae of fundamentd important to the prediction of phase
equilibrium thermodynamics. There are many concepts and principles. In this chapter,
we will review conforma solution and perturbetion theories Equetions of State will be
discussed in Chapter 3.

2.1 Conformal solution theory

Conforma solution theory (Brown, 1957; Hicks and Young, 1975, Massh and
Mansoori, 1983; Naumann and Leland, 1984) is a successful theory for the prediction of
equilibrium excess thermodynamic properties. It predicts mixture properties from the
experimentaly measured properties of one or more pure reference substances.
Conforma solution theory assumes that the molecules are conformd; i.e,, they obey the
same intermolecular force law, differing only in the vadues of the energy and sze
paranges. It was origindly devised for nonpolar, sphericad molecules of dmilar sze
but it has been successfully gpplied to a much more diverse range of mixtures
(Toczylkin and Y oung, 1980; Sadus and Y oung, 1985; Christou et d., 1986).

The van da Wads onefluid (Scott, 1956, Leand & d., 1968), twofluid
(Ldand et d., 1969), and three-fluid (Scott, 1956) modds (dso cdled n-flud modds)
ae examples of fluid modes used with conforma solution theory. These theories have
been teded agang computer smulation results (McDondd, 1972, 1973; Henderson,
19745, Shing and Gubbins, 1982, 19833). The rexults showed thet the van der Wads
one-fluid modd was superior to twofluid and three-fluid modd, giving good agreement
with dmulation results over a wide range of the energy parameter raio when the
molecules are of about the same sSze. Harismiadis et d. (1991) dso concluded that the
predictions of conforma solution theory, especidly the van der Wads one-fluid modd,
compared favoureble with the results obtain from computer Smulation of the phase
equilibria of mixtures of molecules which differ vaslly in volume,
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2.1.1 The principle of Corresponding States

The principle of coresponding daes (Brown, 1957, Rowlinson, 1969,
Rowlinson and Wason, 1969, Moallerup, 1980; Wong e d., 1983, Shukla, 1986) is
fundamentd to conforma solution theory. It enables us to rdae the intermolecular
potentid of one pure substance to that of another. For example, the intermolecular
potentia of a pure substance (1) can be related to that of areference substance(0) by

Uii(r) = f1Ugo(r/ g11) (@A)

where U, (r) is the interaction energy between a molecule of species (1) and a
molecule of species (0) a a intermolecular distance r, f,; =e;; /€y and g;; =S 1, /S oo»

and eands are the characteridic energy and distance of an interaction between two
molecules. Potentialswhich satisfy Eq.(2.1) are said to be conformal.

Smilarly, the Hdmhaltz functions of two substances (1) and (0) dso can be
related to each other by

AN, T)=f AN, T/f)- RTinh, 22

where A’ and A denote the Hmholtz function of two different substances espectively
md hll = gfl

When extended to mixtures, the pair interactions can be related to a common
reference potential. By including interactions between unlike molecules, Eq.(2.1) can be

rewritten as

U, (r)=fU,(/g;) 23

where U;; (r) is the interaction energy between a molecule of species i and a molecule
of species | & a intermolecular distance r, f; =e; /e, andg; =s /s, while
g, ands; ae the characteritic energies and distances of the interaction of a molecule

of gpedies i with a molecule of species |, e,, ad s ,, are common reference potentia
paameters. The principle of corresponding dates gpplies rigoroudy to any group of
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substances that satisfy Eq.(2.3). The totd Helmholtz unction of a mixture A, can be

decomposed into a contribution from the configuration energy plus a contribution from
the mixing process

An=A +A, 24

where A" is the contribution from the configuration energy and A, is the contribution

from the mixing process and can often be determined by

A, =RTQ X Inx, (25

2.1.2 One-Fluid Model

The van der Wads one-fluid modd produces the smplet form of conforma
lution theory. In the one-flud modd, a red mixture is conddered to be a sngle
hypothetica pure fluid. Mixture properties are expressed in terms of the equation of
date of pure fluid with composition dependent Size §) and energy (e) parameters. The

van da Wads oneflud modd (Scott, 1956, Leand e d., 1968, Henderson and
Leonard, 1971) can be written as

h=aa xx;h; (26)
i
fh= é. é X X; f;h; 27)
i

where x and x; ae the mole fraction of the component i and j, fh and h are
proportiond to es®and s 3 respectively, and the double summation is performed over
al the components of the mixture.

In the van der Wadls one-fluid modd, the Hmhaltz function A, of the mixture

can be gpproximated by those of a hypotheticd pure substance, the equivaent substance
(subscript es).



Am = AQS + Atb = fesA(*)(V/heS!T/ fes) - RTln hes +Acb (2'8)

where A, is the oconfiguraiond contribution to the Hemholtz function and the

equivdlent substance reducing ratios f.and h,, ae normaly dependent on mixture
compogtion and are given by Eq.(26) ad Eq.(27) and the contribution of the energy
of mixing A, can often be determined by EQ.(2.5). Smith (1972) showed that van der

Waals one-fluid modd can be derived from perturbation theory so he concluded tha the
van der Wads one-fluid modd has the firmest theoreticd foundation. The van der
Wads one-fluid theory has been extended to second-order (Mo e d., 1974; Smith,
1971). The extended theory gives better results for molecules that differ in sze, but
some numerical caculations are more involved.

The Eq. (26) and Eq. (2.7) represent the van der Wads one-fluid modd. It &
gmple and easy to goply. Ldand e d. (1968) goplied the van der Wads one-fluid
modd to mixtures with good results. McDondd (1972, 1973) reported that van der
Wads one-fluid modd compared wel with molecular smulation results for the excess
properties of sysems with Sze parameter ratios from 1 to 1.134 and energy parameter
ratios from 0.56 to 2.275. Shing and Gubbins (1982, 1983a) showed that van der Wads
one-fluid modd gave reasonable results for Henry's condant over a range of energy
parameter retios, but dso indicated that the van der Waas model was poor in predicting
its variation with 9ze parameter ratio. Shukla et d. (1986) dated that the van der Wadls
oneflid modd can be used for the predicion of excess propeties totd
thermadynamic functions, the equation of date and chemicd potentids when the energy
parameter ratio isup to 1.5 and the Size parameter ratioisup to 1.1.

Harigmiadis et d. (1991) peformed a dudy of the phase equilibria for binary
Lennard-Jones mixtures with Sze and energy parameter ratios up to 2. They focused on
pressure, concentration and dendty a coexigence of mixtures and used computer
smulation to test the van der Waas one-fluid modd. The results showed that the van
der Wads oneflud modd and molecular smulation rexults agreed wdl in ther
predictions of phase coexigence envelopes for dl the mixtures sudied. Georgoulaki et
d. (1994) examined the behaviour of binary mixtures and extended the range of
asymmetries to 4:1 for both energy and Sze parameter ratios. Ther results showed that
the van der Wads one-fluid modd agreed well with the smulations and concluded that
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the ratio of the energy parameters influenced the performance of the van der Wads one-
fluid theory more than the ratio of the Sze parameters.

Tsang e d. (1995) tested the agpplicability of the van der Wads one-fluid modd
in predicting the phase behaviour of ternary Lennard-Jones mixtures and found good
agreement  between theoreticd predictions and smulation results for the systems
dudied. They concluded that the van der Wads one-fluid modd was capable of
predicting phase equilibria accuratdy in dightly asymmetric systems, for which the
largest component size and energy parameter ratios were up to 2. For phase equilibria of
highly asymmetric sysems, with energy parameters ratios up to 6.7, the van der Wads
one-fluid mode was reasonably capable of predicting phase equilibria

Other evauations have been reported by Fotouh and Shukla (1996a & b, 1997a
& b). For binary mixtures, Fotouh and Shukla (19978) compared van der Wads one-
flud predicions with gmulation results for pressure, resdud chemicd potentids a
finite concentration and in infinite dilution, totd and excess thermodynamic properties
under highly nonided conditions. The results showed that when sze parameter raios
were less than 1.1 and energy parameter ratios were less than 1.5, the van der Wads
one-fluid modd was successful in predicting equation of date, resdud chemicd
potentidds a finite concentration and in infinite diluion in moderaidly nonided
mixtures. However, in highly nonided mixtures the van der Wads onefluid modd
became less rdidble in describing resdud chemica potentids a infinite dilution. Their
results 4o showed tha van der Wads one-fluid theory was adequate in the parameter
ranges s ,,/s;; <125 ad e,/e;<1.8 for the excess Gibbs free energy,
S,,ls;; <11 ad e, /e, <14 for the excess enthdpy ad s,,/s;; <1.25 ad
e,,/e;; <1.3 for the excess volume. For moderately nonideal mixtures, they concluded
tha the van der Wads one-flud modd became unrdiadble in predicting excess
properties.

For ternary mixtures, Fotouh and Shukla (1996a & b) examined the accuracy of
van der Wads one-fluid modd based on equaion of date for pure LennardJones fluids
(Kolafa and Nezbeda, 1994). They tested three nonided ternary mode mixtures and a
red ternary fluid mixture. For three ternary modd mixtures, Fotouh and Shukla (1996a)
compared van der Wads one-fluid predictions with smulation results for mixture
densty, internd energy, excess Gibbs free energy, excess volume and excess enthdpy.
The van der Wads one-fluid theory was found to reproduce smulaion results for totd
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properties of dl the mixtures well and it can aso describe excess properties of nearly
idedd to moderady nonided mixtures. However, as the nonidedity in mixtures
increases, van der Wads onefluid theory became less accurate. For highly nonided
tenary modd mixtures, van der Wads one-flud theory became inadequate in
describing excess properties. For the red ternary fluid mixtures (N, / Ar/CH ,), Fotouh
and Shukla (1996b) compared the van dar Wads onefluid theoreticd results with
experimental data for mixture total volume, excess Gibbs energy and excess volume
The van der Wads one-fluid mode was rdiable in describing excess properties of such
a moderately nonided mixture. Fotouh and Shukla (1997b) dso reported that for
ternary fluid mixtures, the van der Wads onefluid theory was successful in describing

totd propeties in the range 1£s,,/s,; £1.18and excess propeties in the range

1£s /s, £1.25 for dl the energy parameter ratios from 1.0 to 2.0.

2.1.3 Multi-Fluid Models
The van der Wads two- and three-fluid modds have been reported (Leland et
d., 1969, Scott, 1956). In the van der Wads two-fluid theory (Leland et d., 1969), the

properties of the mixture are those of an ided mixture of the eguivdent subgance. It is
assumed that each component has a mean energy of interaction with al other molecules,

the mixing rules are:
h =4 xh, (29
i
i

The average intermolecular interaction for both molecular species is cdculated and used
to generate the Helmholtz function A, of the mixture.

A, =(L- N F,A N /B, T/T)- RTINh]+Xf,A N /h,T/f,)- RTinh] (21
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where the average reducing retios for species i, f,and h ae normdly functions of
composition and given by Eq.(2.9) and Eq.(2.10).

In the van der Waals threefluid modd (Scott, 1956), there is no preiminary
averaging of the conforma parameters to produce equivdent substances and the
Helmhaltz function A, of the mixture is obtained directly fram the set of f; and h;;,

A, =(1- XA, +2x(1- XA, + XA, 1)
where
Aj(\/’T): fijA)(V/hij’T/fij)_ RTInhj (213

Scott (1956) pointed out that the van der Wads threefluid modd is a modd more
gopropriate to gaseous densties than those of aliquid.

As we mentioned in the beginning of this chapter, the n-fluid models were tested
agang computer dmulation results (McDondd, 1972, 1973, Henderson, 1974 Shing
and Gubbins 1982, 19838) and the results showed that the van der Wads one-fluid
mode was superior to two-fluid and three-fluid mode. Hicks (1976) used the twofluid
modd to cdculaie the high pressure phase equilibria and critical propeties of binary
mixtures and found that the twofluid modd suffers from interna inconsstencies in the
critical region and concluded that the three-fluid modd suffers from the same defect as
the two-fluid modd. Rowlinson and Swinton (1982) dso concluded that the two-fluid
modd is more difficult to use in practice and the threefluid modd imputes an
unredidicaly high degree of ordering to a dense fluid sysem; it is exact in the limit of
the dightly imperfect gas but ingppropriaie for liquids. For the above reasons, the two-
and three-fluid models have not been widdy used.

2.1.4 Hard Sphere Expansion Conformal Solution Theory
Ancther modd of conformd solution theory is represented by the Hard-Sphere

Expanson (HSE) conformd solution theory (Mansoori and Leand, 1972). HSE modd
uses the expliatly known properties of a had sphee mixture for moddling the
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repulsve interactions, while the dtractive contributions were taken into account by a
one-fluid modd. The HSE modd can be written as
_ 9o o
fhpe’s®=g L %X, els; (214
J

fhu es® = é. A % X;€;S ii3 (215
i

where x, ad x; ae the mole fraction of the components i and j, f*h and fh are

proportiond to e’s°® and es ®, the s is the molecular diameter, and the double
summétion is over dl the components of the mixture Mansoori and Leand (1972)
tested the HSE mode by doing a series of comparisons between the predicted excess
properties on mixing and those properties from experimentd and Monte Carlo data
Their results showed that the excess enthdpy and especially the excess volume were
generdly predicted better by the HSE procedure despite the advantage of usng an
empiricaly fitted reference eguation in the van der Waas one-fluid procedure. When
the van de Waals one-fluid and the HSE modds were both based on the same
reference, the results showed that the HSE method was superior. An important factor in
HSE modd is to determine the molecular diameter. Chang et d. (1979) developed a
generd method of prediction the effective molecular diameters and the thermodynamic
propeties for fluid mixtures based on the HSE modd. The results showed the
posshility to extend the HSE modd to mixtures containing polar molecules. However,
they dso recognised that with ther methods the determination of diameter for fluids
with unknown potentid functions was not posshle a dl dendties Shukla e d. (1986)
compared various forms of conforma solution theories, induding HSE modd, with
computer smulations results for LennardJones mixtures under different  conditions.
They concluded that the HSE modd is not complete unless a consstent method is found
to caculate the hard sphere diameter.

2.2 Perturbation theories

Perturbetion theories ae a commonly-used dterndtive to conforma solution
theory. In perturbation theory the Hemholtz function is determined from a reference
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sysem plus perturbation terms which are obtained from the radid didribution function

of the reference system. Different reference terms can be used to account for different
flud propeties such as molecular sze, shgpe or polaity. The perturbaion theory
gpproach is based on the assumption that the structure of a fluid is primarily determined
by grong, short range repulsive forces and that the dructure of a fluid is only dightly
modified by wesk, long range attractive forces. Therefore, in perturbation theories for
sphericd molecules, the hard sphere fluid is taken as the reference and the week
dtractive forces are taken as the perturbaion. This approach has been exploited in
different forms of perturbation theories of pure fluids (Barker and Henderson, 1967,
1976; Weeks & d., 1971, Vele and Wes 1972) and fluid mixtures (Mansoori and
Leand, 1970; Grundke & d., 1973; Lee and Levesque, 1973; Fischer and Lago, 1983;
Shukla e d., 1986; Shukla, 1987, Lotfi and Fscher, 1989, Fotouh and Shukla, 19963).
Furthermore, Boublik (1976, 1987, 1988) propossd a convex molecule perturbation
theory based on Barker-Henderson (1967) perturbation theory. For associating fluids,
Wertheim (1984a & b, 1986a & b) developed his thermodynamic perturbation theory.

Perturbation theories offer a possble improvement (Gubbins, 1983) over van
der Waals nfluid theories when the molecules differ in Sze, because the Sze difference
is incorporated into the eference system of hard spheres. Fotouh and Shukla (1996a &
b, 1997a & b) compared van der Wads one-fluid theory and perturbation theory. The
results showed that perturbaion theory is better than van der Waals one-fluid modd for
predicting thermodynamic properties when the sze of molecules are different. In this
section, we concentrate on some widdly cited perturbation theories and some improved
forms. The detalled discusson of perturbation theories were given in severd reviews
(McDondd, 1973; Henderson, 1974a, Barker and Henderson, 1976; Shing and Gubhbins,
1983b; Gray and Gubbins, 1934).

2.2.1 Barker-Henderson Perturbation Theory
The properties of a fluid are determined largely by short-range repulsive forces.
The longrange attractive forces can be conddered to be perturbations. By using these

concepts, Barker and Henderson (1967) assumed the pair potentid to be of the form

u(r) = ug(r) +u,(r) (216)
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where u, (r) isthe reference potentid, given by

uo(r) = u(r), r<s }

21
=0, r>s &1
and u, (r) isthe perturbation part, given by
u,(r) =0, r<s} (218)

=u(r), r>s

wheres isthevdue of rforwhich u(r) isequd to zero.

Usng the perturbation approach, the Hemholtz function of a system can be
expresed as an expandon in the inverse temperaure around the Hemholtz function of
a reference sysdem whose dructure and thermodynamic properties are known. The
second order perturbation theory expansion of the Hemholtz function is of the form

A_A  @®LloA @6 A
NKT  NKT  &KTgNKT  &KT g NKT

(219
where N is the number of molecules, k is Boltzmann's condant, T is temperature, A, is
the Helmholtz function of the reference sysem, A and A, are the first- and second-
order perturbation therms, respectively.

According to Baker and Henderson (1967), the firg-order and second-order
perturbation contribution are given by

%: 2pr 690 (ru(r)r?dr (220
%:-pr ﬂ%? égo(r)uz(r)rzdrg (221)
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where V is volume p is pressure, r =g, and g,(r) is the radid digribution function

(RDF). Barker and Henderson (1967) showed that A, and g,(r) may be approximated
by

Ao = Aus 222
Jo(r) = gus(r) (2.2

where A, and g,s(r) ae the Hdmholtz function and redid digribution function of a
system of hard spheres of diameter s, defined by

s = (5[exp{- bu(r)} - 1dr (2.24)

A, can be cdculated from the Canehan-Starling (1969) equetion (see Chepter 3).

Eq.(222) has been tested by direct computer smulation (Levesque and Verle, 1969)
and found to be accurate.

Leonard et a. (1970) extended the Barker-Henderson perturbation theory to
mixtures of LennardJones 6-12 fluids and reported that the predictions of perturbation
theory for the excess thermodynamic properties were in generdly good agreement with
experimentd results and with the results of computer smulations over a wide range of
potentidl parameters. Rogers and Prausnitz (1971) applied the Barker-Henderson
perturbation theory with good success in the dudy of high pressure vgpour-liquid
equilibria in mixtures. Henderson (1974b) gpplied the Barker-Henderson theory to
mixtures of squarewdl molecules smulated by Alder et d. (1973, 1974) and obtained
good results. By extending the perturbation expanson of Baker and Henderson (1967),
Vimachand and Donohue (1985) and Vimachand et d. (1986) developed the Perturbed
Anisotropic Chain Theory (see Chapter 3 for details).
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2.2.2 Extension of Barker and Henderson theory

----- Boublik's Perturbation Theory of Convex Molecules

Boublik (1976, 1987, 1988) proposed a Smple perturbation method for systems
of convex moleculesinteracting viathe Kihara pair potentia (Kihara, 1963)

A .12 ..Gu
u(9 =deeed - By (225)
&£So ésgy

where s is the shortest surface-to-surface distance between the convex cores of two
interacting molecules, e and s are the energy and Size parameters.
In the convex molecule perturbetion theory, Boublik employed the Barker-

Henderson-like (Baker and Henderson, 1967) dividon of the par potentid into
repulsve (s<s) and attractive (s>s) parts,
Uy (S) = u(s) SEs (2.26)

u,(s) =u(s) s>s 227

where 0 and p denote the reference and perturbation functions By conddering the
second-order perturbation expanson, the resdua Helmholtz function A is expressed as

A-A _A-A AN LA
NKT NKT ~ NKT NKT

2.28)

where, an aderisk denotes the pefect ges contribution to the Hemholtz function.

Boublik (1981) determined the reference teem A° - A" from the hard body eguation of
sate.

A-A - sa- il y)+ 458 -9y, (B +8)y
NKT 2(1- y) 2(1- y)?

229)
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where a = RS/3V, y=r V, R is the mean curvaure integras divided by 4p, S is the
surface areg, V isthevolumeand r = N/V isthe number dengty.

In the firgt-order and second-order perturbation terms

p
LR CEINES )
Azp _ ro&r i.thb N 2 heh
e i A UCICENNEE (231)

where the superscript hcb denotes the properties of the representative hard convex
bodies (Boublik, 1981), g""(s) is the surfaceto-surface correation function of hard

convex bodies and can be expressed in terms of the total corrdlation function h™ as

g"®(s) =1+ h"*(s) 232

The mean surface area, S

1+s+j !

of a par of molecules i and j can be expressed in terms

of the geometric characterigtics of the respective cores as follows:

Sisej = S+ S; +R R;)+80(R + Rj)3+4p52 (233

where S, isasurfaceareaand R isa(1/4p) multiple of the mean curvaure integrd.

Boublik (1990) gpplied the convex molecule perturbation theory to describe the
two-phase behaviour of 21 pure nonpolar compounds with far accuracy. Boublik and
coworkers (Pavlicek and Boublik, 1992; Boublik, 1993; Pavlicek et d., 1995) reported
parameters of the Kihara generdised pair potential for nakanes, branched akanes, and
1-chlorodkanes, dl modded as rodlike molecules Pavlicek and Boublik (1992)
examined the variant of the perturbation theory of convex molecule fluids to evauate
the equilibrium pressures and dendgties of a saries of ndkanes, from ethane to n-
hexadecane, and found that the perturbation approach mede it possble to fit the
experimentd data with high accuracy. Pavlicek e d. (1995) dso found that the convex
molecule perturbation theory represents a suitable tool for cdculating the equilibrium
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thermodynamic properties of red pure nonpolar nonsphericd fluids adong ther vepour-
liquid coexigence region. Boublik and coworkers (Boublik, 1992, Pavlicek et d., 1993,
1995; Aim e d., 1996) dso concdluded tha the convex molecule perturbation theory is
able to describe the excess Gibbs function, excess enthapy, and excess volume of n-

dkane and the chlorodkane + n-dkane binary mixtures with varying difference in sze
of the condtituents.

Based on their peturbaion theory, Boublik and coworkers (Boublik, 1992a & b
& ¢, Mudler et d. 1993) devedoped a method to predict the behaviour of pure fluids
with permanent dipoles, quadrupoles and other dectrodatic interactions and mixtures of
polar-non-polar  components. Recently, Boublik (1997) extended the perturbation theory
to ternary mixtures of polar non-spherica molecules.

2.2.3 Weeks-Chandler-Andersen Theory

The Weeks-Chandle-Andersen modd is another widdly cited perturbation
theory. In common with the Barker and Henderson (1967) approach, Weeks et 4.
(1971) dso divided the intermolecular (par) potentid into a refeence system pair
potentidd pat u,(r) and a perturbation potentid part u,(r). The differences between
Barker-Henderson modd and Weeks-Chandle-Andersen approach are in the definition
of the reference potentid and the dendty dependence of the sze of representative hard
spheres. Weeks et d. (1971) assumed that u,(r) includes dl the repulsve forces in the

Lennard-Jones potentia and u, (r) indudesdl the attractions and proposed the choice

Uy (r)=u(r)+e, r<R,

-0 SR 2.34)
u(r)=-e, r<r,
=u(r), rsR, 23

where R, =2"¢s s the digance to the minimum in the Lennard-Jones pair potentid.

According to the first-order perturbation theory, the Hemholtz function is written as
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where N is the number of molecules r =g is mixture number densty, V is totd

voume, A, ad g,(r) ae the Hdmholtz function and radid digtribution function of
the reference fluid and may be systematicaly approximated by

Ao = Aus (2.37)
and
9o(r) = Yo (r) exp{- bu, (r)} (239)

where b :kl_T’ k is Boltzmann's condant and T istemperature, A, ad y, are the

Helmholtz function and digtribution function for hard spheres of diameter, defined by

Rn Rn

dzyo(r)dr = (\j‘zyo(r)exp{' bUO(I‘)}dI’ (239)
0 0

Eq.(2.34) to Eq.(2.36) are called the high temperature approximation (HTA).

Lee and Levexque (1973) extended the Weeks-Chandler-Andersen theory to
mixtures and presented firg-order perturbetion theory. In ther theory, the Lennard-
Jones par potentid was divided into a reference pat and a perturbation pat using
Weeks-Chandler-Andersen criteria (1971). The reference pat of the Hdmholtz function
was represented by the hard sphere fluid plus a firs-order contribution to the Helmholtz
function of the reference fluid. The perturbation pat of the Hemhaoltz function was
represented by the firgt-order term using the high temperature approximation (Weeks et
d., 1971). Lee and Levexque (1973) neglected the firs-order contribution to the
reference mixture and introduced severd agpproximations in evauaing the first-order
perturbation term of the full Hemholtz function. Therefore, their theory could be
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goplied to predict smulation results of thermodynamic properties of dightly nonided

mixtures only.

The WCA theory has been extended to fluids with linear molecules (Kohler et
d., 1979; Fischer, 1980), triangular, tetrahedrd and octahedra molecules (Lustig, 1986;
1987) and to mixtures (Fischer and Lago, 1983). Furthermore, the WCA theory has
been gpplied to severd red pure substances (Fischer e d., 1984; 1987, Bohn e 4d.,
1986a) and to predict excess properties of red mixtures (Bohn e d., 1985; 1986b;
1988, Almeidaet al., 1989).

Shukla e d. (1986) combined the Lee and Levesque (1973) theory with the
Grundke and Henderson (1972) theory of par corrdation function and presented an
improved form of the Lee and Levesque theory, cdled WCA-LL-GH theory. The
WCA-LL-GH theory was tested by compaing its predictions with computer smulation
reults for severa mixtures under a variety of nonided conditions, and was found to
provide good predictions of thermodynamic propeties for a Sze paameter ratio £ 1.3
and an energy parameter ratio up to 4, at sufficently high dendties. However, it was
dill inadequate for particular Sze and energy parameter reios, and was unable to

represent composition dependence of the excess functions accurately.

2.2.4 Extension to Weeks-Chandl er-Andersen Perturbation Theory
- Shukla's First-Order Hard Sphere Perturbation Theory

Following the Weeks-Chandler-Andersen criteria (Weeks e d., 1971), Shukla
(1987) presented an improved form of the firg-order perturbation theory usng some
modifications in WCA-LL-GH. Based on these modifications Fotoun and Shukla
(19968) presented ancther improved firg-order hard sphere perturbation theory, which
congss of the firg-order perturbation theory of high temperaiure gpproximetion
(Shukla, 1987) and the random phase gpproximation (Andersen et d., 1972). This
theory does not involve any mixing rules. In ther perturbaion theory, the pair potentid
u;’ (r) isdivided into areference part up (r) and aperturbation part u? (r)

ui?(r):uilij(r)+eij’ re R:n }

(240)
=0, r>Ry
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=u.’(r), r>R (241)

where R' =2"%s; is the distance to the minimum in the Lennard-Jones pair potential.

ij

The resduad Helmholtz function A™ of amixture iswritten as

Ares _ AHS,res R A‘]—.H—A N A‘:;PA (2-4.2)
NKT  NKT  NKT NKT

where AHS' jsthe Hdmholtz function of hard sphere mixture and given by

HSres 3
A - In(1- h) + hh, 2h2 >
NKT h,(1- h)  6hh2(1- h) 243
" [16n - 15h 2 +4h 3 +16(1- h)2In(1- h)]

where

h =@r/e)gxs!, 1=0123 (244)

s isthe hard sphere diameter, and h, =h isthetotd packing fraction.

A .. is the first order tem of the Helmholtz function in terms of the high
temperature gpproximation (HTA) and given by Shukla (1987)

Aira _apr o o & ul(l)(r)o HS [\ p 2
—A =g=—=3 x X3 - €. & o (F)redr
NKT &kT g"?} ' '{ 1Q FPEyT g” )
] . (245)
&€ o ui?(r)g LI u HS 2 NG HS 2
p§?4+u” (r)agij (r)r dr+Quij (r)g;>(r)r dr}
g )

@)_%)
Q

1j

Asen is the first order term of the Helmholtz function in terms of the random phase
goproximation (RPA) and given by Andersen et d. (1972).
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Aboa _ 5 S (@)S°@ @ uf(Q)s] (q)QJ_
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In the above equetions, r = N/V is the mixture number densty, X and x; are the

compostions of the species i and j, respectively. g;‘s and YJS are radid didribution
function and background corrdation function of the hard sphere mixture, respectively.
InEc.(246), u; (d) isthe Fourier transform of Uy (r)

uf (@) = r cug (r)exp(- ig ¥)dr (247)
and S/°(q) isthe Fourier transform of g;j'>(r)
Si%(a) =1+ r ([9;°(r) - Yexp(- ig F)dr (248)

Fotouh and Shukla (1996a & b, 19978) examined the accurecy of the modified
fird order perturbation theory, Eq. (242), for binary and ternary mixtures. For binary
mixtures, Fotouh and Shukla (1997a) compared theoreticd prediction results with
samulaion data for pressue, resdud chemicd potentids a finite concentration and in
infinite dilution, totd and excess thermodynamic properties with good agreement. More
soecificdly, EQ.(242) can predict accurady the dendgty dependence of pressure in
drongly nonided mixtures having parameter raios s /s, £2 ad e, /e, £45.
However, its predictions are less accurate for the extreme nonided conditions,
S, /s;,; =2 ad e,le, =45, a vay high densty rs®=0.9 and the very low
dendty rs®=0.4. Ther reslts showed Eq. (242) is relidble in describing the residua
chemicd potentids a finite concentrations of nonided mixtures. For the resdud
chemicd potentids a infinite dilation, EQ.(242) is successul for highly nonided
mixtures, with parameter ratios up to (s ,,/s,,)° =5, e, /e, =4, for dl the fluid
dendties, conddered at different temperatures. EQ.(242) dso represented well the

excess free energy of severd binay mixtures, differing in energy parameter of the
components 2£e,,/e;,£4 for s,,/s,;;=1. For the excess Gibbs energy, excess
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enthdpy and excess volume over a range of paameter ratios (1£s,,/s,, £ 2,
1fe,, /e, £2) the results showed that Eq.(242) is accurate in describing the excess
properties.

For ternary mixtures, Fotouh and Shukla (1996a & b) tested the accurecy of
Eq.(242) for three nonided ternary modd mixtures and a red ternary fluid mixture. For
three nonided moded ternary mixtures, Fotouh and Shukla (1996a) used the same size
parameters but difference energy parameters of the mixture components. The theoretica
predictions compared wel with smulatiion results for mixture dengty, internd energy,
excess Gibbs free energy, excess volume and excess enthalpy. For the red ternary fluid
mixtures (N, / Ar/CH,), Fotouh and Shukla (1996b) compared the theoreticd results
with experimentd data for mixture totd volume excess Gibbs energy and excess
volume. The results showed that the modified first order perturbation theory, Eq.(2.42)
is rdiable and peformed wel for different pressures and compostions of the mixture.
Fotouh and Shukla (1997b) dso reported that for ternary fluid mixtures, comparisons of
theoreticd and smulation results for totd and excess propeties showed the good
peformance of EQ.(242) for dl the energy and Sze parameter ratios of mixture
components.

2.2.5 Perturbation Theory for Associating Fluids
--- Thermodynamic Perturbation Theory (TPT)

Wethem (1984a & b; 1986a & b) devdoped a themodynamic perturbation
theory (TPT) theory to explan the behaviour of fluids which have ghort-range
directiond ttractive interactions like those in associating or hydrogen-bonding fluids.

Wertheim (1984a) proposed that the par potentid modd between molecules 1
ad2is

f(r,w,w,) =f (rwW, W)+ Q & F ae(r.W,,W,) (249)
A B

where r denotes the magnitude of the vector r connecting the centres of molecules 1 and
2, and w,,w, denote the orientations of molecules 1 and 2 relative to vector r. The

repulsve pat of the potentid, f.(r,w,,w,), represents the interactions between two
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hard cores The hydrogen-bonding potentid, f ,.(r,w,,w,), is puey atrective, i.e,
f e(r,w,w,)<0.

Usng this modd potentid and usng the sysem interacting with only the
repulsve potentid as a reference sysem, Werthem devedloped a thermodynamic
perturbation theory (TPT) for compounds with one or multiple association Stes per
molecule. The reference system was the hardsphere system. The expresson for the
Hemhoaltz function A of N particles was obtained from (Wertheim, 1984b).

RakiLa JEY N VAT B (250)

where the subscript O denotes the reference system, X, =0 s the mole fration of
r

molecules which are not bonded a gSte a, r is the number dendty, r, is the number

dendgty of monomers and mugt be delermined in a sdf-consstent manner. The method
to obtain r , was given by Wertheim (1984b).

Waethem (1987) extended his theory to chain fluids and developed the firg-
order and second-order thermodynamic perturbation theories (TPT1 and TPT2) for a
polydisperse mixture of chains of varying lengths. Chapman e d., (1988) and Jackson
e d. (1988) dso extended Wertheim's theory to mixtures of spheres and of chain
molecules and tesed it agang Monte Calo smulation. Usng Werthem's theory,
Chapman e d. (1990) and Huang and Radosz (1990) developed the Satigtica-
Asociating-Huid-Theory  (SAFT) eguaion of date Chang and Sandler  (1994)
proposed TPT-D1 and TPT-D2 theories Sadus (1995) proposed the smplified
Thermodynamic Perturbation Theory-Dimer (STPT-D) equation of date and extended
(Sadus, 1996) STPT-D to hard-sohere chan mixtures with good results. More detals
about these eguations of state will be discussed in Chapter 3.
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