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ABSTRACT

Mixing rules based on the local composition and one-
fluid models have been developed for use in the pean-
potential-model Modified Benedict-Rebb-Rubbimn equation of
state to accurately predict the thermodynamic properties of
fluid mixtures. These hybrid =mixing rules require three
adjustable parameters for strongly nonideal binary mixtures
and tvwo parancters for less ponideal zixtures. These bhybrid
mixing tules have been :tested using a wide variety of binary
miztures: (1) nonpolar+polar systess, such as hydrocarbons
with ketones, alcohols, and water; (2) polar+polar systems
such as carbon dioxide+ methanol, water+acetone and (3)
nonpolar+nonpolar systems such as benzenethexane, ethane+n-
butane, and methane+decane. Test results show that the
hybrid wixing rules can correlate vapor-liquid equilibrium
and mixture density data, for these strongly nonideal
solutions, better than the conformal solution model. The
Lhybrid mixing rules with the parameters obtained from the
binaries have also been applied to multicompoment mixtures.

Activity coefficients and excess Gibbs free energy
vere calculated using the hybrid mixing rules. Results showu

that reasonable predictions for these properties can be



obtained without their inclusion in the paranmeter
deternination process. The hybrid wmixing rules with four
adjustable parameters have been further applied to predict
liquid-liguid egquilibria for wmodel coal compound+water
systenms. The prediction accuracy is close to the

experimental uncertainty.
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APPLICATION OF HYBRID HMIXING RULES BASED ON THE
CONFORNAL SOLUTION AND LOCAL COMPOSITION MODELS

TO PREDICT THE THERMODYNAMIC PROPFRTIES OF NONIDEAL SOLUTIONS

CHAPTER 1

INTRODUCTION

For process design 1in the cheaoical and petroleun
industries, the ability to accurately predict fluid-phase
equilibria is vital for economic viability. The generalized
tkermodynamic correlations, with the aid of compuaters, have
been developed to describe the behavior of the fluids over
wide ramges of pressure, temperature, and composition.
Although there are many correlations that can accurately
predict the thermodynamic properties of pure fluids, the
tkeoretical problem of describing the phase behavior of
fluid wmixtures is still largely unsolved. Predicting fluid-
pkase equilibria had been achieved by usingy either activity
coefficiernt models or eguations of state with mixing rules.
For hiqgqhly nonideal solutions, the activity coefficient
nodels work well at low and moderate pressure, since they

are derived from an expression for the excess Gibbs <free



energy of the mixture. However, these models have several
difficulties at high pressure and near the critical region
vhere supercritical conmponents are involved in the mixtures.
With the use of eguations of state, the supercritical
hypothetical standard state is avoided and in addition to
fluid-phase equilibria, the other thermodynamic properties
can also be obtained (Reid et al., 1977).

The most frequently used theory of mixing is the van
der Waals' one~fluid model or the conformal solution model
{CsM) {Peng and Robinson, 1976; Starling et al., 1977). This
one-fluid theory equates the thermodynamic properties of the
mixture to those of a hypothetical pure £lnid {2t the same
tenperature and pressure as the nizture) vhose
characteristic paramzeters are composition dependent and
often determined by semi-empirical mixing rules {Lee et al.,
1979) . These mixing rules are quadratic in nmole fraction.
The corformal solution mixing rules are briefly reviewed in
chapter III. PFor mixtures of nonpolar ard slightly polar
fluids, this model gives good results (Starling et al.,
1877; Peng and Robinson, 1976). However, these standard
nixing rules are often not applicable to mixtures containing
highly polar and associating components. The inadequacy of
these simple mixing rules 1is due to the size and shape
asymmetry and intermolecular-potential asympetry of the
molecules. The nonrandomness of molecular confiqurations in
space arises from the asyanmetry of these nonideal solutioms

'*hiting and Prausnitz, 1982a). To take 1into account



nonrandonness in 1liquid w@ixtures, the 1local composition
concept was developed. The physical meaning of local mole
fractions will be explained in chapter IV.

Based on the local composition concept, ¥ilson (1964)
proposed an expression for the excess Gibbs free energy (or,
equivalently, activity coefficient equations) which can
describe the vapor-liquid equilibria ({VLE) for nonideal
solutions, well removed from the aixture critical region.
Due to Wilson's success, several attempts have been made to
apply local conmposition concepts to activity coefficient
nodels for describing fluid-phase eguilibria of miscible and
irmiscible fleids {(Renon and Prausnitz, 1968; Palaer and
Smith, 1972; ¥itta and Ratayama, 31874; ¥ovak et al., 1974;
Tsuboka and Katayama, 1975; Yagata et al., 1975; Abrams and
Prausnitz, 1975). Although the local composition concept has
been known for some time, it was given little attention
until recently. In 1979, Huron and Vidal successfully
related the activity coefficient model with a mixing rule
for the energy parameter 'a' in the Redlich-RKwong (RK)
equation of state. This work has denmoastrated thag the
equation of state with mixing rules which are based on the
local composition concept can be extended to strongly
nonideal solutions.

The successful application of the 1local conposition
model to the wmixing rules has drawn wide attention and
interest. Whiting amd Prausnitz {1982ab) developed density-

dependent nixing rules, based on the 1local composition



concept, for the attractive part of the van der Waals and
the Perturbed Hard Chain (PHC) equations of state. Vachhani
and Anderson {(1982) empirically developed a local
composition density dependent mixing rule for the energy
parameter of the Soave RK equation of state. Mathias and
Copeman {1983) developed density dependent local composition
mixing rules for the extended Peng~Robinson egquation of
state. These studies have shown that mixing rules based on
the 1ocai composition model work better for highly nonideal
solutions than the conventional one-fluid mixing rules.
Pecently, at the University of oOklahoma, a mean-
potential-model Modified Benedict-Webb-Rubbin {MPH-HMBWR)
equation of state has been developed for nonmpolar, polar and
associating conpounds {Starling et al., 1983). Tiis
correlation can predict the thermodynamic properties of pure
nonpolar, polar and associating fluids with reasonable
accuracy over wide ranges of temperature and pressure. The
MPN-MBWR 1is briefly presented in chapter II. The objective
of this research is to develecp mixing rules based on the
local composition model, for the MPM-MBWR equation of state,
to accurately predict the thermodynamic properties and phase
behavior of nixtures containing nonpolar, polar and
associating conmponents. In this work tke 1local composition
concept has been used for formulating a mixing rule for the
energy parameter in the MPM-MBWKR eqguation of state. This
mixing rule 1is a hybrid between two- and one-fluid models.

The developasent of this mixing rule is presented in chapter



V. The hybrid mixing rules were successfully applied to
predict vapor-liquid equilibria behavior for slightly and
highly nonideal solutions. These highly nonideal solutioms
include hydrocarbon-alcohol, and hydrocarbon-water binary
mixtures. The bhybrid mixing rules vwere also extended to
multicomponent mixtures. Results of these predictions are
given in chapter VI and VII. In chapter VIII, the predicted
excess Gibbs free energy and the activity coefficients of
the bipary nmixtures vwere compared with the experimental
data. The hybrid mixing rules were further tested on nearly
immiscitle fluids such as the mixtures of wmodel coal
compounds and water. Predictions of liquid-liquid equilibria
for coal fluid-vater systens are generally satisfactory.

fesults of these tests are given in chapter Id.



CHAPTER 1I

EQUATION OF STATE FOR PURE FLUIDS

The basic equation of state for pure fluids used 1in
this work is a three-parameter correspondiing-states MBWR
equation (3PCS-MEWR) (Brule et al., 1982). The basic

equation is:

Z=1+p (5 -_2'30'1—33'1‘3'3#29':*’4-2111‘"5)
+ "2 (Eg-EgT"™ ~E;,T %)
+ p’5(£7-r*'1+znr"2)
+ E 9*21“'3(14-549'2)eXP(-F-‘pgz) )
where
T* = kT/¢e (2)
p" = o3 3)
and
Ey = ag + by )



The universal constants aj and bj are the isotropic and
anisotropic parts, respectively, and Y is the orientation
factor which accounts for the nonsphericity of the
molecules. The parameters ¢ /k and ¢’ are the energy and size
parameters. The universal constants aj and bj are given in
table II.t.

For nonpolar amd slightly polar fluids, the

3 .
parameters €/k and 0 were defined as:

E=E = ch/l.2593 {5)

and
o= 0.3189/oc 16)
For polar and associating fluids, the nean-

potential-model 'MPM) was utilized to account for the polar
and association effects. This has been done by wmaking the
energy parameter temperature dependent {Reed and Gubbins,

1973) . Hence, the enerqgy parameter becomes:
Beget g

where €o/k is due to the nonpolar contribution, and ¥ is the
*lumped' parameter for polar and association contributions.
The size parameter is redefined introducing an empirical

parameter ; as:
L
o*= 4/p, (8)

From these definitions, eyuations (7) and (8) will reduce to



Tabdle II.1

Universal C?n;tants a and b, to Be Used in
Equation (4) for ths Mean-bPotential-model
Four—=Parameter Corresponding~States
MaWR Correlation.

)
[]
]
[]
]
[]
[}
[]

i R S S S
1 145907 0.32872
2 £,98313 =2,484399
3 2.,2079% 113293
4 b-346721 -

5 $,59311 2o79979
é 5.0470Q7 10,3901
7 11.4871% 10.3730
8 922469 20.5388
9 0.094624 2.76010Q
10 1.68%58 =3.11349
11 0.015273 0.18915
12 3.51686 C.74260

- D @ wp > " n -y -



equations (5) and (6) of the original 3PCS formulation when
K is equal to zero and A is set equal to 0.3189 for nonpolar
and slightly polar compounds wkich have reduced dipole
moments less than 0.3 {Starling et al., 1983).

The MPM correlation is ar extension of the 3BCS
correlation, and reguires four characterization parameters:

3
Y, ©, €/k and k for polar and associating fluids.



CHAPTER III
REVIEW OF THE CONFORMAL SOLUTION MODEL

The one-fluid model or the so-called conformal
solution model has drawn auch attention from a theoretical
and practical standpoint. This theory wvas proposed by van
der V¥Haals (vDE) {1890} nearly a century agc. Altkougk kis
equation of state is out of date, his theoretical idea 1is
still wused as a guideline to develop a bettZer nmodel for
fluid mixtures. The confeormal sclution formalism assunmes
that a asixture can be treated as a hypothetical pure
pseudosubstance. The hypothefical pure pscudosubstance
concept permits the equations of state developed for pure
fluids to be applied to mixtures. The VDW¥ one-fluid theory
also suggests that a fluid mixture is an assembly of
molecules which are randomly distributed. Strictly, the VDH
one-fluid mixing rules can be applied only to mixtures of

nearly equal size molecules. Consegueantly, prediction

[

tures of differently sized

[0

accuracy is lost for =z
molecules. Compensating for this discrepancy, the VDW one-
fluid models have been wmodified over the years for the

predictiorn of mixtures of molecules which differ

10



11

significantly imn size and shape [Lee et al., 1979). The
folloving general mixing rules are the extensions of rules
for isotropic conformal mixtures by Smith (1972) to the

anisotropic molecular solutions {(Lee et al., 1979):

k1lm _ k 1 =n 9
Y €30y = §§xixjyijcij°ij (9}
Yelol = rrx x.yP.e%.07. (10)

R FAE A AE RER RS

u.v.w o_ u v o_w
Yx€x%% © i?xixj‘{ijeijaij 111

The exponents k, 1, =, », q, T, v, v, ¥ in equations {9),
110) and 1M can be deternmiped ‘theoretically or
eapirically. In order to improve the predictions for
mixtures of 1large molecular dissimilarities, Lee et al.,
{1979) determined these exponents empirically by fitting
vapor-liquid equilibrium data. The optimal values of the
exponents are k=0, 1=0, m=4.5, p=0, g=1, r=4.5, u=1, v=0 and
w=3.5. Bence, the final forpulation of the semiempirical

mixing rules is:

4.5 Iz 4.5 12
IR TR e
4.5 11 3.5
x0T X%y eg5 045 "2 (13)
3.5, 1 3.5
I R W R IH (14)
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®ith the combining rules:

%3 " %43 (oioj)g (15)
€55 = %ij (l:it:j);i (16)

and

.= + v,
Y4; ’5(11 YJ) a7

where %j and 243 are binary interaction parameters. The
component energy parameters €, and ¢. are determined fron
2gquation I7)

Expressions for enthalry departure, entropy
departure, fugacity coefficient and other properties can be
derived from the compressibility factor expression via the
classical thermodynamic relations {Reid et al., 1977). The
derived thermodynamic properties expressions for conformal
mixtures are given in appendix A.

These semiempirical mixing rules witth the MPH
correlation have been successfully applied to nonpolar and
slightly polar mixtures, but they fail badly for mixtures
containing highly polar and/or associating components such

as water, alcohols , etc...



CHAPTER IV

LOCAL COMPOSITION MODEL

In a real fluid mixture, the motions, positions and
orientations of the molecules are strongly affected by their
neighkboring molecules due to asymmetry in a complex mixture.
The complexity of the mpmixtures may arise from size and
shape asyametry and internolecular-potential asyametry. For

=

a nixture containing several types of noolecules having
significant differences in interaction energies, there are
some molecule types which prefer ‘to cluster around one
particular molecule type rather than another. This causes an
unequal spatial distribution of molecules of a givem type in
the mixture, in contrast to the conventional assumption that
the molecules are randomly distributed. The nonrandomness of
the molecular configurations in space is assumed due to the
preferent ial interactions betueen different kinds of
molecules in the mixture. These intermolecular forces will
cause the local mole fractions to differ from the bulk mole
fractions. For a simple visualization of the physical
meaning of local compositions, the following example is

given (seec Figure 1.). For a binary system, according to the



o0 0 )
Molecule A@ at center Molecule BO at center
A-cell B-cell

An equimolar mixture of A and B molecules

Cell Type : A B

Interaction energies : EAA and EBA E

Mumber of mclzculas
around central
molecule
A-molecules ap 2 Mg 4
B-molecules Nga ° 3 Ngg ° 3
Total : 5 7
Local compositions
Xan = 2/5 = 0.40
XBA = 3/5 = 0.60
Xpp = 377 = 0.43
Xp8 = 477 = 0.57
Overall Compositions :
Xp = 7/14 = 0.5
X = 7/14 = 0.5

Figure 1. Local Composition Model
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twvo-fluid theory of Scott (1956), there are tvo types of
cells: the A-cell which has a molecule of type A at the
center with nearest neighbors of components A and B, and the
B-cell vhich has a molecule of type B at the center, again
vith nearest neighbors of components A and B. The local mole

fractions may be defined as:

"AA(LAA)
Xpp = :
AA (18)
naallan) * ngallpp)
ngallpa) (193
- P
maaltaa) * galtpa)
ngg(Lgg) (20)
x =
BB
ngp(Lgg) * Magllag)
and
Mg (Lag)
x =
AB
ngg(lpg) * Nagllag) (21

utere nji is the number of molecules of type J around a
central wmolecule of +type i within a spherical volume of
radius %1 ., and xji is the local mole fraction of conponent

j molecules surrounding a central molecule of type i. The
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local compositions deviate from the overall compositions due
to the strength of the A-B interactions relative to the A-A
and B-B interactions I[see Figurel).

Tke local composition concept was originated fron
Guggenheim (1935, 1952, 1966). This concept was applied to
regular solutions and considered only the first neighbor
region in the lattice gas. Although the local composition
model has bteen studied extensively using wmolecular dynanmic
calculations and Monte Carlo calculations ({Nakanashi and
Toukubo, 1979; Nakanishi et al., 1982; Panayiotou and Vera,
1981; Kemeny and Rasmussen 1981; Fischer and Lago, 1983; Llee
et al., 1983; FHAu and Prausnitz, 1983: Hoheisel et al.,
1983y, it is still a controversial theory. The onost
successful investigation of the theoretical <foundations of
the local composition model was obtained recently by Lee et
al., (1983) by using statistical mechanics. Their
statistical mechanical 1local composition theory not only
yields a better understanding of the 1local composition
model, but also shed 1light on the least-understood
theoretical problem of liguid mixtures. From the statistical
mechanical standpoint, Lee et al. ’1983) defined the nji; in

J1

a binary system as:

AA
a. (L, )=o §dr bﬂrz gAA(r) (22)
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3,
nBA(LBA) = DB ’dr 4y gBA(r)

(23)
0

l'BB

ngs(lgp) = Py idr 4nr? 855(r) (24)
0

and

Las

nag(lapy = Fa ‘dr 4me? Bpp(r) (25)
0

vhere gii(r) are the radial distribution functions for the
fluid. Substitute the eguations above into eguations (i8),
(19), (20), and (21, the 1local mole fractiors can be

expressed in term of the radial distribution functions:

L
op [ P 4r 41r"29AA(‘”) Y
T 2 Lg 2 ) (26)
op / AR gr anrgy, (r) + o ! dr 4arggy(r)
0
‘BA 2
°B 6 dr 4nrogg,(r) Naa
Xgp © T L = (27)

A 2
op 6 AR Gr dnrngA(r) + pg 6 BA 4r 4nr gBA(r) 25
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L
g {) BB 4r 4nrngB(r) Ngg
Xoq = = (28)
BB T T
pB 6 BB dr dﬂrngB(r) + pB 6 AB dr 41TrngB(r) ZB
and
L
A
7Y .6 B dr 41rrngB(r) Mag
Xpp = = {29)
AB L T
BB 2
g 1 P8 ar tar 35s(T) #0, ! Par amrlgpy(r) 7
or
XA
X e —— (30)
AA
Xp * xghgp
xg App
X = 37
BA .
Xp * Xghgp
*B
Xgg = —————— (32)
Xg * Xplpg

and
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Xa Map
X, = (33)
AB
Xg * Xplap
vhere
ILBA dr 4nrzg (r)
A, =2 ® {34)
BA L
AA 2
é dr 4qr gAA(r)
and
L. N
;™ ar dnr7gap(r)
Ao (35)
AB Lo 2
7 58 dr agr ggg(r)
0
and z4 is the coordination nuaber. Fronm the above

definitions, second and third neighbors have been ignored in
the expressions of the local compositions. ABA and AAB can

further be defined as:

Vg exp{-8ig,) _
T A — 138)
Vyn exp(-8Hy,)

A

and
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Vg exp(-BwAB)

Mg =— (37)
Vg exp(-BWzp)
- - 3 -
vhere V” is the spherical volume, (4/3 “)Lﬁj . &nd sij is

the @mean potential of mean force of Kirkwood {1935). If the

radii are chosen to be equal, L =L = L = L the

AA BA BB AB’
ratio VBA/VAA and VAB/VBB would be unity. The conservation
eguations in both cells are:

X + X = 1 {38)
BA AA
and

x +x = 1 (39)
AB BB

uith the above eguations the local composition equations can

bte rewritten as:

Xga Xg exp(—wBA/RT)

= (40)
Xan Xp exp(-wAA/RT)
and
*p8 Xp exp(-wAB/RT)
Xgp Xg exp(-wBB/RT) (41

According to the above definitions, the 1local compositions
are proportional to the overall compositions, weighted by
Boltzamann factors whose arguments characterize the like and

unlike two-body interactions.



CHAPTER V

DEVELOPMENT OF LOCAL COMPOSITION MIXING ROULES

Accurate egquation of state  mixing rules for
prediction of therrodynamic properties for a wide range of
fluid mixtures have not yet been developned in spite of their
importance in engineering and industry. Several mixing rules
york well for simple fluid aixtures, but are less successful
for «coamplex wmixtures. The main problem in the development
arises frowm the liguid phase, which is neither conmpletely
random nor totally structured. To account for strongly
nonideal solutions, the local compositions have been used
for modeling the 1liquid phase activity coefficients. Imn
calculating vapor-liquid equilibria, the activity
coefficient models were applied only in the liquid phase
where rost of the nonidealities occur while the ejuation of
state 1is used for the vapor phase which is less noaideal.
The local composition model gives an effective treatment of
the liquid structure. It contains information concerning the
nonidealities and the unusual interactions of the molecules
in a nixture. Conseqguently, the 1local composition model

gives satisfactory results. Due to the successful

21
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application of the 1local compositions for the activity
coefficients, the local compositions have been used for
modeling the equation of state mixing rules in recent years.

This chapter shows the development of local
composition mixing rules for the HPM correlation from
theoretical and empirical approaches. In this work, an
enpirical approachk was used to develop =nixing rules for the

MP¥ correlation for practical reasons.
5.1 Theoretical Approach

Whiting and Prausnitz {1983a,b) treated the

interaction energy in eguations (#0) and {&7) as +that

Hij
is, the Helnholtz free energy. This was later verified by
Lee et al., 71983, %j is defined from the Helmholtz free
energy. Therefore, “ij depends on density and temperature.
Unlike W®hiting and Prausniti, wvho related %j to the
attractive part of the Helmholtz free energy, both the
attractive and the repulsive contributions to the Helmholtz

free energy are included ir the evaluation of %j in this

study. Consequently, the ianteraction energy L can be

J
determined from any equation of state, regardless of whether
or not the equation of state can te separated into repulsive
and attractive parts. VNevertheless, the nmethod used for
developing wmixiny rule in this section is in the spirit of

that used by Whiting and Prausnitz. Assuming pairwise

additive interactions, the total molar configurational
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internal energy is:

u . + X,, U
= (kg upy Xy upy) * xRy, Upp + Xgp Ugp)

(42)
where uij is the molar internal energy of the two body
interaction between mwmolecules of type i and j. From the
classical thermodynamic relations, the Helmholtz free energy

can be obtained from:

3 (A/T)
U= oo (43)
3 (1/T)| N,V
By conbining equations (40) throush {43) aad using Eij=”Aij’
the total internal energy can be expressed as:
A, =
2 2 . E-S_uffl _.
-z b2
pOPY S X. /7 N,V - A, /R
v = =il e UM 13 exp(~ & 4 4/RT)
- A .
i=1
(44)

wvhere o is defined as 2/z. From the Gibbs-Helmholtz
relation, equation (43), the molar Helmholtz can be

determined by:

A= T;ZT an/m T
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- RT 2 2
= - %, . . - A,
ru I in ;_:‘11?1J X exp(- o AyRT) s

vhere, following Whiting and Prausmitz, Pij arises from the
lowver limit of the intergration at infinite temperature. For
nixtures of equal sized molecules, Pij =1 1is a reasonable
assumption. Equation {45) can be reuritten' as:

A 2 A. 1 2 2 ( ( ) /RT)
—_ = X. — « = ! x. 1lnIXx.F exp(= o (A;. 7453
RT 4i=1 *RT % i=1 * =13 :

(45)

t

The expression for the pressure P can be obtained by
differentiating eguation [46) with vrespect to specific

volume vs:

2 2 3A54m444) _]
5 iil ji:‘-lxixj v T,X_‘eXP(-aij(Aij-Aii)/RT)
P =i£llei - 3 .
jil xj exp(-aij(Aij- Aii)/RT

(47)

where ?i is determined at the temperature and density of the
mixture. For pure fluid predictions, the second tern
vanishes and the first teram becomes the pure fluid eguation

of state, These density-dependent local composition mixing
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rules were applied to predict vapor-liguid eguilibria for
several nonideal mixtures of similar size molecules (Luong,
et al., 1983). The results vere better than those obtained
by +the conventional conformal solution mixing rules. For
mixtures of videly different sized molecules, these =mixing
rules encountered difficulties. The problems arise from the
liguid density search, consequently it prohibits vapor-
liquid equilibria calculations. Therefore, these density-
dependent local composition mixing rules are not applicable.
The next section shows an empirical approach to apply the
spirit of local compositions to the mixing rules for the KPM

correlation.
5.2 Eapirical Approach

This section shows a different method £for extending
the M¥PM correlation to mixtures. The local composition model
was used for modeling the mixing rule for the characteristic
enerqgy parameter g - By analogy to the total
configurational internal energy im eguation {42) the

characteristic energy parameter gy of the mixture can be

defined as:

€y

- ! - A v - A v ~ A v
x = 1 {xpy €y * Xpy 81) * Kp(Rpp €19 * Xy £50) {48}

where gij is the <characteristic energy of the two body

interaction between i and j molecules., Substituting the
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local composition egquations {38) , {39), {40) and [41) into
equation (48), the expression for the energy parameter €y

for a binary systen is:

2 (-4,,/RT)
x1 €11 X Xo€ e' "12
Ex = +
X, + Xy e( AIZ/RT) X, + Xy e( A12/RT)
A, /RT) 2
x1x2€21e( 21 X5 €99
+ + )
<A, /RT o (A, /RT
Xy + xl e( 2v/ ) Xp T Xy 8 21
(49)
where
byp = Wyp - Wy (50)
Bpy = Wpp - ¥ap (51)

For multicomponent mixtures, eguation {49) can be expressed

ass

T X5 €q; exp(-A1j/RT)

L X exp(-A1k/RT) (52)
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The miring rule above for the energy paraseter €y introduces
two more adjustable parameters A12=(H12-£1r) and A21=(H21-
WZZ), in addition to a binary parameter
from the cosbining rule for €45 in equation {16). This

cij which arises
mixing rule can be reduced to the <classical conformal
solution mixing rule by a straightforward choice of
parameters in which both A12 and A21 are set equal to 0.

The folloving conventional conformal solution mixing

rules for ¢! and v, vere used in this work:
X

3
03 =T 2 Xy Rj 95 153)

v
A

and

3. =g
‘Yx Cx Lz x.i xj Y‘J 013 (5“)

Zjuations !53) aad 54) correspoad to the use of the

followin values of exponents 1a =2guations !9) and (11,
) 1 .

[y

D

k=0, 1=, 12=3, u=1,v=0 and w=3. These exponents were
dsterminsd =mpirically using vapor-liguid equilibriua data.
Tha coambiniang rule equations (13) and  (17) are also

icatl=a &3 . and ...
aps hl= O-IJ 11‘]
3

The hytrid mixing rules above for ¢, oy and vy,
N

ecuations (52), (S3) and (54), vwere used for the H4PAH

correlation in this study. Three tinary parameters Cij 'A12
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and A21 vere required for strongly nonideal solutions (e.g.,
solutions of alcohols and hydrocarbons). For moderately
nonideal aixtures (e.g., nonpolar mixtures), twvo binary
parameters ;” and Cij vere required, while Alzand A21 were
set equal to 0. These binary parameters were determined
from vapor-liquid equilibriur data for the binary systeams.
Although the wmixing rule for Ex is based on the local
composition model, it still lies within the one-fluid model

because is related to € of the pure components by a set

EX
of mixing rules. Omnly the spirit of the local composition
model is retained.

The derived thermodynamic properties relations for

mixtures are given in appendix B.

5.3 Sensitivity of Compositicn Dependence to the Bilaary

Parameters

The wmixing rule, equation ({52), requires three

parameters Eij' A and AZl to define the characteristic

12
energy parameter Ey The two additional binary parameters

A A
12 and By,

2 shows the composition dependence of the energy parameter

provide flexibility to this mixing rule. Figure

e, for a binary system. Differences in values of A12 and A21
produce a variety of curves le.g., the s shape curve). Hken

A and AZI are set egual to 0, this mixing rule reduces to

12
the quadratic aixing rule. Conseyguently, this wmixing rule

contains, as an optional possihility, the conventional
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mixing rule. Furthermore, at high temperature the exponent
terms in this pixing rule approach unity, and the classical
rule is again obtained. As a result, these two bipary

parameters give the energy parameter €, a wide range of

X
variations and possibly applicability to highly nonideal

solutiomns.



CHAPTER VI

PREDICTIONS OF THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS

The hybrid weixing rules (HMR) with the mean-
potential-model correlation were used to correlate the
thermodynamic properties of several representative binary
systems. These systems were categorized by their polarities
such as nonpolar+polar, polar+polar and mnonpolar+nonpolar
binary mixtures. The vapor-ligquid equilibria calculations
vere performed both at low and elevated pressure. The pure
characterization parameters for used ¥ith the MPHN
correlation are given in table VI.1' and VI.2. To provide
further perspective on the accuracy achieved by the hybrid
nixing rules, the conformal solution model (CSH) with two
binary parameters were also used in this research. The
mixing rules developed ir this work required two to three
paraneters for highly nonideal solutions. 1In this work the
adjustable parameters were determined froa VLE data. The
regression technigue developed by Britt-Luecke {1973) was
used in the determination of the parameters for most of the
binary systems with the exception of several binary mixtures

sherein the regression method of Goinrn (1978) was used. The

31
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32

Characterization Parameters for Honpolar Compounds for
use witk the Nean-Potential-Model Eguation of Sate

Compound B € /k®1.2593 £°/,0.3189 y €/1900
(K) {cc/gmole) (k)
Hydrogen 2.016 32.95 64,18 0.00 0.0
- Bethape 16.042 190. 69 99.50 0.01289 0.0
Ethane 30.07 305. 40 148.0 0.09623 0.0
Propane 34,097 369.79 203.0 0.1538 0.0
n-Butane 58,12 825.7 255.0 0.1991 0.0
Beszese 78,115 562,95 257.37 002198 0.0
Cyeclohexana 33,953 553, 338 307,33 Do2139 ..®°D
a-Fexane 36,778 5074 39 370,00 0-3054 0.0
Toluene 92,742 599,72 315,29 0.2665 0.0
Bethylcyclohezane 98.189 572,09  368.0  0.233 0.0
n-Heptane 100,29 540. 29 826.13 0.3499 0.0
Bthylbenzene 106,168 617,09 378.0 0.301 0.0
Bthylcyclohexane 112, 21 608. N9 850.0 0.263 0.0
Tetralin 1322207 720.0 839.63 0.3232 0.0
n-Decane 182.276  617.56 602.01% 0.3880 0.0
1-Bethylnapthalene 182,20 77198 855.91 0.3538 0.0
i-Zthglnapthalene 956.226  775.59 4580.7 0.3538 0.0
a-Hexadecane 226,43 717.22 975,84 0.7122 0.0

¢ The guantities inm the parenthese are the units of the parameters.
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Table Vvi.2
Characterization Parameters for Polar
and Associating Coapounds
for use with the Kean-Potential-Nodel Equation of Sate

- - —— -

3

Coapound Ny €o/k c y R/1200
(%) (cc/gumole) (K<)
Bater 18.015 S47.40 16,900 0.3453 -11.123
Bydrogen Sulfide 34,076 291.12 30.105 0.0840 1.806
Carbon Dioxide 45 .01 231,02 28.98 0. 220 0.4153
Bethanol 2,042 814,86 38.2% 0. %2218 2.78%
Ethanol . 45,089 383.3 52,72 0.8152 13. 494
Propanol 80.05%6 413.5 87,79 0.3529% 7602
n-Butanol 74,123 419.8 86.91 0.6608 6.929
Phenol 94,113 509.3 86.54 0.2883 27.112
Diethyl ®Bther 74.123  373.9 89.01 0.281 -0.780
Acetone 58.08 407.3 68.82 0. 3000 0.5268
2-Butanone 72.107  440.8 81.92 0. 365 -6.057
Tetrahydrofuran 72.107 §29.1 73.47 0.2144 0.916°
Aniline 93.129 541.0 89.79 0.277% 14,198

Pyridine 79.102 4993.7 75.95 0. 237 0.705

————— - - - - —_— ————— —— — — — — - - - T —— " =
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algoritha for calculating VLE used in this work wvas

described by Boston and Britt (1978).

6.1 Application to Nonpolar-Polar Binary Systeams

The hybrid pixing rules {HNR) vere tested
using vapor-liguid equilibrium data for tventy-four
nonpolar+polar binary mixtures. These binary systems are
hydrocarbons with ketones, aniline, alcohols, phenol and
water. Bach binary system, the names of the components, the

tenperature and pressure ranges of the data, and the

o+

4

aken sted

|
I

references from which the data wvere

w

re n

rom regression

Hh

table VI.3. The binary parameters deterainesd
analysis of the VLT data are reported in table YI.4. Results
of the £fit are presented in table VI.S5 in terms of percent
average absolute relative deviations (% AARD). In general,
the HMR gives better results than the CSM. FPigure 3 shows
the experimental amnd the calculated pressure-composition
liagram for ethane-acetone system at 25 C. The solid lines
represent the results froa the HMR and the dashed lines are
predicted from the CSM. The HMR yields better agreement
between experimental and calculated values than the CSH.
Althouyl both types of mixing rules predicted accurately the
vapor phase compositions, the HMR greatly improved 1ligquid
phase composition predictions. Figure 4 shouws results for
acetore-cyclohexane nixture which exhibits azeotrope. The

IMR correctly and accurately predicteld the azeotrope.



Tabla VIed

Temperature apd Pressure hanges, and Data References for
the Honpolar - Polar Binary Systems Studied in This Hork.

P et e L Y - e D P T

Systens Pro. No. of T rahge P range Data Beferences
s D 2 D e e s a8 D - Polnts i atam .
(§1) -- (2)

Hydrocarbons and Kctores

- O e T B b A 12 S 3 43 € Lt W S

Ethane-Acetone VLB 8 294 4-39 Ohgaki et al. 1976
Acetone-Cyclohexane VLE 23 2948 0. 15-0. 32 Tagsic et al. 1978
Cycloherane- VLE 0 348350 1 Donald et al. 1956
2-Butanone 1] 9 298 1 Donald et al. 1956

Hydrocarbons and Antline

- - T ok 5D 48 0 S 43 e W L1 W

Benzene-Aniline VLE 22 IN3I-363 0.23-0.68 Hosseini et al. 1963
Cyclohexane-aniline YLE ] 343-363 0.32-0.67 Hosseini et al. 1963
Tolueune-Aniline VLE 40 353-373 0.09-0.67 Schneider 1960
Hethylcyclohexane- VLE 43 353-373 0.24-0.92 Schneider 1960

Aniline

13



Table VI.3 ({Continued)
Systeas Proe NOo. of ¥ range P range Data References
———r e e —-—— - points K ata
£%) - (2)

- e - 8 D B D b 2 e s 3 s s D -

Hydrocarbons and hlcohols

Hethanol-Benzene

dethanol-Tolucne
Hethanol-n-Heptane
Hethanol~
i=Hethylnapthalene
Benzene=-Ethanol
BEthanol-Cyclohexane

n=Hexane-Ethanol

Bthanol=Toluene

VLB
VLE

VLE

VLE
VLE
VLE
VLE

VLE
VLB

VLE
VLE

VLE

9
18
35

10
27

- O - O L - A¥-)

- O
-]

296
308-328
293~313

336-344
293-393
339-338
521-573
298
328

298
328

298
318-328

328
298

0a 21-0. 24
0-26-0.89
1

1

1

1
12.9-119.0
0411-0.16
0.47-0.62

0.14-0.18
0.44~0.55

0. 19-00 25
0.45~0.88

00 26-0.32
1

Hvang et al, 1977
Scatchard et al. 1946
Sumer et al. 1967
Scatchard et al. 1946

Benedict et al. 1945
Sumer et al. 1967

Benedict et al. 1945
Paulajitis 1983

Saith et al. %970
Yuan et al. 1963

Huang et al. 1977
Scatchard et al. 1964

smith et al. 1970
Kudryavtseva et al. 1963

Gaehling et al.1977 b
Kretschamer et al. 1949



Table VI.3

{Continued)

Systeas Pro. No. of ? range P range Data References

Ceessescecnaeuses s points K ata
) - (2)
Benzene-n-Propanol VLE 9 298 0.07-0.12 Hwang et al. 1977

VLE 13 3 e 11-0. 31 Gaehling et al. 1977b
Cyclohexane- VLE 9 298 0. 14~-0.18 Hwang et al. 1977
a-Propanol YLE 17 328 0.18-0.5 Strubl et al. 1970
a~Propanol- VLE 9 357363 0. 60-0.76 Gurukul et al. 1966
a-Heptane P 9 303 1 Gurukul et al. 1966
Beazene-n<But. nol VLE 46 290-403 0.06-2.90 Grehling et al. 1977c
feluene-p~Butanol VLE 25 363=372 0.37-0.084 Gmehling et al. 1977¢

Hydrocarbons and Phenol

Benzene~-Phenol VLE 28 353 0.23-0.97 Gmehling 1982

VLE 12 343 0e31-0.69 Nartin et al. 1933
a-Decane-Phenol VLE 15 393 0.20-0.26 Gmehling 1982

Rydrocarbons anrd water
Hethane-vater VLE 90 373-613 200-10000 0lds et al. 1942
Culberson et al. 1951
Bthane~later VLE 76 433-61%3 200-10000 Reamer et al. 1943
Culberson et al. 1950
]
VLE = Vapor-Liquid equilibrium, p = density., Pro. = Property

Le



Table VI.H

Binary Interaction Paranmeters for Nonpolar-Polar Binary Systens

---------------- Hod el T E { A A
- {2 1§ ij A2 21
{K) {cal/ymol) (cal/gnmol)
Hydrocarbons and Ketones
Ethane-Acetone H.M.R. 1.0000 0.9134 -302.25 1166, 42
CoSe M. 0.9858 0.9404 - -
Acetone- H.M.R. 1.0000 0.9737 -1350. 14 ~483.50
Cyclohexane . CeSe e 1.0980 0.9016 - -
Cyclohexgne- H.M.R. 1.0000 0.9607 -1104. 30 -383.96
2-Butanone CoSeHa 0.6182 1.1523 - -
lydrocarbons and Auiline
Cyclohexane- H.M.R. 1.0000 0.92131 -544.49 633.45
Aniline CoSo e 0.9742 0.9754 - -
Toluene- H.M.R. 1.0000 1.0000 553.49 ~-308.73
Aniline Ce S M. 0,9939 0.9933 - -

8¢



Benzene-
Aniline

flethylcyclo
hexane~Aniline

Hethanol-Benzene

gethanol-
n~Heptane

Hethanol-
Toluene

Table VI.U4 (Continued)

- s e -

H.M.R.
c. s. H.

H.M.R.
C.S. M.

H.M.R.
CeSeHe

H.M.R.
CeSeNe

H.M.R.
CoS. M.

L e L

T 3 A
. &ij (ij 12

'K) {cal/uuwol)
1.0000 1.0000 110.70
0.9919 0.99137 -
1.0000 0.9384 -249,95
0.9786 0.9801 -

Bydrocarbons and Alcohols

L L T L T T T

298.15 11,0000 0.9536 ~1186.75
0.7675 0.9492 -

309.15 1.0000 0.9507 -963.37
0.7008 0.9592 -

328.15 1.0000 0.%416 =-294.12
07147 0.9686 -

1.0000  0.9166 -881.60
0.730%  0.9551 -

1.0000  0.917% 1627.55
1.2549  0.8835 -

A21

fcal/qmol)

- - -

-1164.57
-1087.91

-1012.22
~879.53

-372.31

6€



Table VI.4

(Continued)

o e o 2 e o s S e P 8 U R = e = S = h am s h) Gm S . - - ——— — - - - . = - ——— - -

- e s v ..t 4 -

D D ke n D 6D G -

Hethanol~
1-Hethyl
napthalene

n-Hexane-
Bthanol

Bthanol-

Cyclohexane

Benzene-Ethanol

BEthanol-Toluene

H.M.R.
CoS. M.

H.M.R.
CeS. M

H.M.R.
CeS. M.

H.M.R,
CeSe Mo

H.M.R,
C.S. 4.

H.M.R,
CeSe Me

H.M.R.
CeSete

- - - e e -

298.15

318.15

328.15

298,15

323.15

298.15

328.15

- - wn o

0. 9047
1.0611

1.0000
0.8775

1.0000
0.8331%

1.0000
0.8407

1.0000
0.6599
1.0000
0.4%80
1.0000
0.,7509
1.0000
J. 6096

1.0000
1.20650

1.0000
0.7626

0.9356
0.9838

0.9299
0.9787

0.9255
0.9684

0.9481
1.0136
0.9492
1.6357
0.9563
0.9715
0.9406
1.06135

0.9440
0.9004

A12

{cal/gnmol)

1559.32

=2197.44
-1925.47

~-1496.88

-497.27

-577.73

-1213.06

-820.77

-608.93

A21

(cal/gnol)

99. 34

3%9.44

30.96

-1308.07

-1363.08

-196. 31

808.61

-

-398.79

(0hy



Table VI.t (Coatinued)

Systenms * g
““““““““““““““““ Hodel T A
()] - (2) if (i.j AIZ 21
{(K) (cal/gmol) (cal/gmol)
Benzene- H.M.R. 298,15 1.0000 0.9643 -1175. 17 -484.59
n~Propanol C.S. He 0.9272 0.9580 - -
H.M.R. 318.15 1.0000 0.9607 ~-1401.61 120.28
CeSe Y. 0.8582 0.9654 - -
Cyclohexane~ H.M.R. 298.15 1.0000 0.9578 -1492,14 -31.49
n~-Propanol CeSe Me 0.892% 0.9604 - -
H.M.R. 328.15 1.0000 0.9566 =-1995, 14 -241.86
CoeSe He 0.8538 0.9614 - -
n-Propanol- H.M.R. 1.0000 0.9424 -578.31 -1128.33
n-Heptane CeSe Me 0. 7341 1.0054 - -
Toluene- HM.R. 363,15 1.0000 0.9543 ~779.28 -40.32
n-Butanol CeS. M. 0.7699 0.9832 - -
HMR.  373.15 1.0000  0.9591 -831.36 -803.92
CeSe e 0.7642 0.9978 - -
Benzene- H.M.R. 1.0000 0.9412 -824.84 -2367.068

n-Butanol Ce 5. M. 0.9372 0.9597 - -

1y
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Systens

SO RNCEE DG S eSS

(n - {2)

Benzene-Phenol

n-Decane-Phenol

Hethane-Hater

(Continucd})

1.0000
0.9476

0.9082
0.9912

0.9101
0.9493

Hydrocarboas and vater

- € D As L s A D s s N D i e

Table VI.4
*
Hodel T
(K)
H.M.R.
CoeSe M.
H.M.R,
CoSeHe
H.M.R. 310.92
CeSe Ne
H.M.R. 344,26
CoSe Mo
H.M.R. 377.60
CaSe Mo
H.M.R. 410.93
CoSs He
H.M.R. 444,26

Ce.S. M.

1.0000
0.8205

1.0000
0.8324

1.0000
0.8320

1.0000
0.8507

1.0000
0.8573

0.7513
0.,9269

0.7493
0.9351

0.7304
0.8900

0.6932
0.9450

0.6643
09550

a
12

(cal/ygmol)

-1884.00

3319.93

3040.41

3188.80
3682.69

4404v,27

5202.46

A21

{cal/gmol)

1861.19

-628.90

3431.63
2399.24
2083.65
2034.53

204,98

2y



Table VI.4 (Countinucd)

D D 43 09 D D 2 LD P L O R G D W D P D TS G N D D D G R D D Ay G 2 L3 KD G G ) B G DGR U S D 6 W e WP D D e G W N e S P W D W CE S . o

Systens *
uuuuuu e Hodel T A
(N - {2) xc°ij (ij 12 A“
(K) {cal/qaol) ‘cal/gmol)
Bthane-tatexr H.M.R. 34,26 1.0000 0.6227 1716.94 1488.96
C.S.!‘l. 00719() 0.3885 - -
H.M.R. 373.60 1.0000 0.6078 1868. 42 1290.58
C.S.H. 0.7323 0.4180 - -
H.M.R. 410,93 1.0000 0.6000 2056.75 1105. 50
C.VS. Hu 0.78153 0.669“ - -
H.M.R. 444,26 1.0000 0.5980 2146.63 913.19
Ce Se Mo 0.8389 0.8530 - -

s O -~ - e D YR n A M e S D €2 W HA e = e D T3 S S R G B e D D AR S N D S AP D T A S A Gt = e - - -

The quantities in the parentheses are the units of the parameters.

*H.M.R. = Hybrid Mixing Rules
C.S.M. = Conformal Solution Model
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Besults of Vapor-liquid BEgquilibrivs Predictions for

Tabla VI.%

Bonpolar-Polar Binoary Systess

L 1T )

Syatens

D P B D € P 3 € D WO TBEI 6B D

(M~ {2

B w2 BT € R G N3 R ) WG LB D

Bthapa-Acetonc

Acetone-
Cyclohexans

Cyclohexane=
2-Butaaone

Cyclohexane~
Anilime

Hodel

H.M.R.
CaSeHo

H.M.R.
c.Su a.

H.M.R.
Ce 8. e

]
% AARD
L) 0 a6 s -
6
K D & K b ¢ X Y Y
] 2 1 - 2 ] 2

Hydrocarbonc and Hotones
3. 11.70 3.25 8.92 0.26 13.38
V.38 83.63 11,11 24,13 027 14,50
8,95 6410 3.22 4,36 3.33 9.52
98,35 B8R.%4 13,41 30.27 19.82 28.75
0.08% 1. 02 5.61 2.69 8.27 2.05 3.92
23.¢68 7. 30 S5.41 9.68 8.72 Se 46 6.07

Bydrocarbens and Aniline
G.90 10.81 6.50 11,86 0.07 6.0°
We?3 21.01 11,81 20.44 0.12 9.68
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Table ¥I.5 (Coatinuocd)
9
Systeas % AARD
======== o - aod el [ - e 5 3 e s W -
. & .
M = (2) K p K K X X Y Y
9 2 1 2 1 2
Toluene« H.M.R. 0.85 1.96 0.86 1.85 0.17 1.88
apilima CoS. le 6.58 ° 1.7 0,57 1,60 0.6 1,82
Benzeno- H.M.R. .02 8,55 1.04 8.38 0.06 6.54
Apiline CoSo He 1.07  4.82 1.09 8.42 0.07 6.80
Hethylcyclo H.M.R. 3,62 6.2 3.77 7.40 0.92 2.52
ﬁ)exaBI@*'Bniline Ce S, lic Yo 7“ 1'. 70 8.37 12. 14 0.20 “n ‘32
Hydgocarhens and Llcohols
Hethanol-Benzene '-M.R. 298.15 1,27 2,97 3.28  3.11 4,88 0.87 1.16
CeSelle 18,12 22,15 18.76 58.50 20.98 19.50 21.09
H.M.R. 308.15 8,80  3.54 4.62 5.18 2,17 3.13
CeSe Hle 20,16 22.72 30.18 22.18 18.79 20.19
HM.R.  328.1% 3,51  2.96 2.48  1.81 1.4  2.30
C.S.He 20,35 17.12 28.78 21.16 15.70 20.15
dethanol- H.M.R. 2,38 9.04  1.41 5.21 1.65 5.32
n-Heptana Co Se o 20,80 26,17 25.18 1W4.18 14.18 19.83




Table VvI.5

oo <

Systeas
e recccau wocscess Hodel ?
(= {2) K
Eethanol= H.M.R.
Toluone CoSe e
Hethanol- H.M.R.
“’ﬂethyl CO 5. 8.
aapthalene
n~-Hexane= H.M.R. 298,15
Bthanol CeSe e
HMR.  318.15
C.S. He
H.M.R. 328.15
CeSs Ho
Bthanol- H.M.R. 298.15
Cyclohergane CeSo He
H.M.R. 323.15
CeSafle
Benzene-Ethanol H.M.R.  298.15
. CeSa le .
H.M.R. 320,15

Ce 5o He

(Continuad)

P

.05
32,68

4,03
12, 03

bo 0
23,69

8. 06
22,69

2,92

- 21,26

3,79

32, 30
2079
76, 76
3. 09
8. 12

3,63
7,07

8
% AARD
K X ‘I Y
2 1 2 A

12.80 2.90 11.14 0.66
43.00 41,92 30.08 6.26
10.81 4.87 12.66 0.66
©30.05 13.31 21.60° 0.69
15.94 4.75 12.68 2.13
46.07 36.0% 25.97 15.96
12.08 4.21 9. 44 1.15
42.17 21.85 26.16 10.34
6.91 2.68 5.27 3.20
27.29 23.45 41.03 17.83
3.92 .n 2.70 3.19
19.58 39.87 25.23 18.42
3.04 1.35 3.17 2.13
27.32 39.73 32.05 1W4.43
6.11 1. 26 3.67 2.90
13.081 8.12 27.02 6.18
5.24 .44 6.89 1.44
12.72 7.23 26.68 6.32
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Table VI.5

PR Comaes

Systeas

Bthanol-Toluaues

Benzene-
p-2ropanol

Cyclohexane~
a-Propanol

n-Propanol~
n=Heptane

Toluene~
n-Butapol

H.M.R.
C.S.d.

H.M,.R.
CeS. le

H.M.R.
C.s. B.

H.M.R.
CeS. He

H.M.R.
CoS. 8.

H.M.R.
CoS. M.

H.M.R.
c. s. n.

H.M.R.
CGSI n. ;

298.15

318.15

298.15

328.15

363.15

373.15

(Continued)

- - -

-

PECTNPPURPEREY

€ 9 €3 D

CRTEYRREY N

1. 84
200 15

1. 09
10, 79
2,01
7. 56
LR 1}
17,92
7. 09
13. 76

8,63
12,53

50879
9. 80

1. 81
2,39

’
% AARD

X X X Y Y
2 1 2 1 2
5.18  1.17 .96  $.32  0.46
32,97 15.19 51,35 7.37 . 14.39
3.2 1,16 1.76  0.75  2.87
17.66 11.39 13.79 S5.07 5.80
6.81 1.19  2.68 1.54 5.07
15.61 8.85 14.19 1.78  5.25
2.23  1.01  1.43  0.55 2.62
36.92 18.65 18.54 7.50 8.58
11.68  6.73  6.73  2.05 3.30
25.94 14.98 8#1.52 10.50 14.42
11.87 3.68 8.89 2.35 2.47
10.40 21.85 12.01 11.71 11.65
6,70 2,90 2.73  5.05 3.53
S.48  4.39  5.51 6.34  6.47
143 1.77 2,02 1.72  2.19
2.96 2.20 3.33 2.82 2.94

Ly



o s

Systens

Benzeno-
a-Butanol

Benazene<-Phenol

n=Decape=-Phencl

Hethans-tater

Hodel

H.M.R.
C.S. M.

H.M.R.
C.S. He

H.M.R.
CeSe He

H.M.R.
Co 8. Ho

Table ¥I.5 (Continund}
T O wa s w s oo eme
6
K p {
1
the 34
Go 19

Hydrocarbons and Phenol

310.92

344.26

377.60

- -3 e e (D s b 2b DA

1.95
8,20

.92 .
9,51
1.50
9.32

’
% AARD
K X ' Y Y
2 1 2 1. 2
7.37 5.9 8.26 2.24 10.23
11.13  7.56 11.046  2.19 12.9%
11.49  1.79 6.88  0.13 9.2
8.27 3.63 10.73 0.15 13.24
11.68 7.38 13.36 3.47 B8.68
31.52 23.99 67.64 8.26 21.51
4,78 1.97 0.008 0.005 4.78
11.10 9.70 0.03 0.0 1%1.08
1.93 1.98 0.004 0.008 1.93
. 7.59 11,45 0.03 0.03 7.56,
1.16 1.55 0.003 0.02 1.16
.99 11.40 0.04 0.06 4.96

8Y



fable ¥X.5 (Continued)

- -

@G ascs o oo -

'
Systeas % AARD
Hod el ? s b e - -
_ G
(= €2) K ? K K X i Y Y

: 1 2 1 2 1 2

Hethane-Hater CHM.R. 410,93 2,46 3,26 2.43  0.003 0.19  3.27
CeSe e ~ 7.70 4.83 B8.00 0.03 0.12 4.10

H.M.R. 448.26 1.20 &.74  1.41 0.003 0.66 4.74

CoSe M. 7.92 4,12 9.11 0.605 0.36 4.10

Bthano-Uater H.M.R. n.26 2.29 7.1 2,38 0.002 0.03 7.%1
C.S. ll. '7.35 ‘8.98 25.08 0002 0.08 ‘8096

1

H.M.R.  373.60 3.7t 5.09 3.84 0.00% 0.07 5.09.

C.S.H. 16.14 15,08 21,38 0.02 0.19 195.06

H.M.R.  410.93 6.77 3.39 6.68 0.008 0.19 3.40

C.Se He 16.78 12.88 23.64 0.01 0.33 12.83

H.M.R. 448,26 12.22 3,47 11,03 0.01" 0.69 3.48

_CeSole 13.50 16.06 17.30 0.04 0.68 15.59

D KB ) e € i € £33 1 D D 4D -

e oo

]
One set of parameters was used to calculate the density for total temperature range of density data

£( Icalc - exp) / eup ) u 100

D@ uD b a e e

% AARD m e
]

6
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Although the CSM could also describe the azeotropic phase
behavior, it predicted an azeotrope at wrong conditions. For
cyclohexane-2-butancne system, in addition to VLE, the
mixzxture density was also calculated. The CSM gives poor
results for both VLE and density. For mixture demsity the &%
AARD from the CSM 1is 23.8 % and from HMR is 0.08 %. The
agreement in density prediction from HMR is gratifying when
no experimental density data were used to obtained thé
binary paranmeters.

Figure 5 shows a representative nonideal systems of
hydrocarbons with aniline. Again good fits were obtained by
the HMR. Toluene~3Aniline and Benzede-aAniline systeans are
ideal solutions. These nixtures contain nolecules similar in
size and shape, the only difference 1is their polarities.
Both types of w@ixing rules fitted the VLE data very well
‘see table VI.5). There is a significant change in the
nonideality of the cyclohexane-aniline system compared with
benzene-~aniline or toluene-aniline systens, since
cyclohexane 1is a cyclié aliphatic hydrocarbon and benzene,
toluene and aniline are aromatic compounds.

Hydrocarbon-alcohol mixfures are typically strongly
nonideal solutions. The alcohols represent an important
group of polar and associating compounds. Most of these
binary cixtures have azeotropes. These systems are
difficult to correlate. Por the systems with azeotrorpic
phase bekavior, the binary parameters are temperature

Aependent. It is not possible to use one set of binary
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CYCLOHEXANE-ANILINE MIXTURE

TEMPERRTURE = 70.0 €
©  EXPT.

-  H.M.R.
—— C-S.H.
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FIGURE 5
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paraneters over a vwide range of teaperature with the
exception of methanol-1-methylnapthalene system wkich posses
no azeotropic phase behavior, one set of parameter was used
for all temperature range {see Figure 6). However, with
temperature dependent parameters, the HER represented well
these nonideal mixtures ({see taktle VI.S5). For nmethanol-
benzene, methanol-toluene and n-propanol- n-heptane systeas,
the mixture densities were also well predicted by the HNR.
Good agreement can be obtained for amixture density of
methanol-benzene systems by using one set of parameter over
a wide range of temperature in contrast to VLE property.
Figure 7 sheys results for nonideal system (methanol-n-
heptane) with wininoum boiling temperature. <rigures 8 and 9
shoy results of nonideal aixtures ‘n-hexane-ethanol,
cyclohexanpe-n-propanol) with wmaximum vapor pressure. For
these systems the HMR gives accurate results for all
conposition ranges. On the other hand the CSM is totally
inadequate for representing such highly nonideal systenms.
Figure 7 also shows the VLE calculations, near the
concentrated methanol compositions, are strongly affected
when the pure methanol calculated vapor pressure is in
error. The improvement can be made by redetermining the pure
ecuation of state parameters to match the experimental vapor
pressnure at this particular temperature.

For mixtures of hylrocarbons and phenol, two binary
mpixtures including henzene-phenol and n-decane-phenol

systems were tested. Figure 10 shows results for n-decane-



De-cN8 MiBCLLMDO
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METHANOL-N-HEPTANE MIXTURE
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phenol mixture with maximun azeotropic pressure. The phase
behavior of these nonideal systens were quite well
represented by the HMR.

The methane-water system shown in Pigures 11-12 is
another strongly nonideal system. Pigure 11 shows the
saturated-ligquid compositioné for methane-vater system at
elevated pressure. The HMR gives better predictions than the
CSM. As shown in Figure 12, at constant pressure, the
micimum solubility of methane in water occurs within the
temperature range. This minimum exists at 160 F. The HMR is
able to reproduce this phase behavior. Figure 13 shows the
experimental and calculated YLE for ethane~water system. The
"¥f predicted YLE for thils systez ¥ith reasonatble accuracy.
The results for this systen are less accurate than those for
methane-water mixtures, since ethane 1is less soluble ia
water than methane.

Ooverall, the HMR was applied with satisfactory
results for nonpolar-polar binary systems, while the CSM

yields poor results for these nonideal systens.
6.2 Application to Polar—-Polar Binary Systeus

The HMR also was applied to mixtures containing only
polar ard/or associatinyg compouands. Table VI.6 lists ten
such binary systems studied ia this work. The binary
parameters determined from VLE data are reported in taktle

VI.7. A summary of results is presented in table VI.8. The
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Table VI.b6

Temperature and Pressure Ranges, and Data References for
the Polar - Polar Binary Systems Studied in This HWork.

D 2 2 A o o D D A it i o Y D D S D st t e e e R 48 r M e S 3 A 4SS KB S - e P P D D TS G D - B - - D —— - - —n =

- st P 4D A o i =

No. of
points

T range
K

P range
atn

@2 r 3 3 AR AT e R S - = S T e 4D WP 4D D n A4 i ek e s et S . S S T D D S D e . . . A A 0P - —— . = - - - —

Carbon dioxide~-
Methanol

Diethyl Ether-
Bethanol

Tetrahydrofuran=-
n-Propanol

n-Propanol-
n-Butanol

Acetone-~Water

Hydrogen Sulfide-
Hater

Hater-Pyridine

Hethanol-Water

Hater-n-Butanol

Water-Phenol

VLE

VLE

VLE
VLE
VLE
VLE

VLE

VLE

VLE

1

15
47
13
28

137
55

20

22

298-313

303-329

3u5-367

373-388

373-523
310-4u4
323
3u3-363

298-416
298-323

l65~387

317

0.24-0.92

1.09-66.6
100-3000

0.10-0.15
0.23-0.85

0.05-5.00
1

1

0.01-0.09

Katayama et al. 1975
Ohgaki et al. 1976

Gmehling et al. 1980

Yoshikava et al. 1980

Gay 1927

Griswold et al. 19
Selleck et al. 1952
Ibl et al. 1954
Andon et al. 1957

Gmehling et al. 1977a
Hikhail et al. 1961

Kato et al. 1970

Weller et al. 1963

o -3 L - —— - - . A 8 B A = =S W AN S AD e G SR AR GD e W W S Y e A s RS S D e S D D A - - — ——— T = A = e e . = > -
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Table Vi.7

Binary Interaction Parameters for Polar-PolsC Binary Systems

O e B 2 > e X D LY R A G R DGR G 4D G e PO D W D D P N 63 G OB G D G A s L B S G LM N O D i A P G R P G un S YR S T o R

Systens
---------------- Hodel T { A A
(1 = (2) ﬁL:l Qlj 12 21
(K) (cal/ymol) (cal/gmol)
Carbon Dioxidoa H.M.R. 1.0000 0e9265 -568.21 1528.33
iethanol C. 5. He 0.96859 1.0081 - -
Diethyl Ether- H.M.R, 1.0000 0.9334 910.45 902.05
Hethanol CeS5e s 0.9693 1.0204 - -
Tetrahydrofuran- H.M.R. 0.9745 0,9965 0.0 0.0
n-=Propanol CeSeHa 0.99067 00,9790 - -
n-Propanol- H.M.R. 09910 0.99A3 0.0 0.0
n-Butanol CaSe He 1.0014 0.9942 - -
Acetone-ilater H.M.R. 373,15 1.0000 0.9428 406,18 411,05
CeSe e 0,9967 1.0543 - -
H.M.R. 423.15 1.0000 0.9312 611,93 ~613.00
C.5. . 0.9870 1.0404 - -
H.M.R. 473.15 1.0000 0.9288 790.50 -823.29
C.S. N, 0.9756 1.0320 - -
H.M.R. 523.15 1.0000 00,9192 1038,92 ~1045.86

C.S. He 0.9688 1.0218
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Table VI.7 (Continued)

- s e > 2w - oo - O D D G e G s G e O M P D D D P G WP D = APk wh WE D AR A S A AP G W W

Systeas
e mme————— cmcamn Model T 3 A
- 12) Y G &, 21
1K) (cal/guol) {cal/guol})
Hydrogen Sulfide- H.M.R. 0.R8568 1.0000 ~403.83 215.21
Hater c. S. Hl Ou 9528 1.0680 - -
Hater-Pyridine H.M.R. 323.15 1.0000 0.9751 -1286.53 -2424,.18
CeSeMe 0.9755 0.9925 - -
H.M.R. 3u3.00 1.0000 0.9671 -1334.98 -1327.86
C.S. M. 0.8796 1.0154 - -
H.M.R. 363.00 1.0000 0.9609 -1429.19 -1230.63
C:_q‘S-Ho 0.9263 0.987“ - -
Hethanol~-iater H.M.R. 1.0000 0.9542 -1257.73 186.89
C.S. K. 1.0075 1.0300 - -
Yater-n-Butanol H.M.R. 1.0000 0.9128 -1596.57 -2299.948
CeSe Mo 0.69‘45 1.11“3 - -
Water-Phenol H.M.R. 1. 0000 0.8650 -1489.32 6628.10

CoSe e 1.2574 0.9125

- 3 D D D KD P . S A b ED D AP A AR G D R AN AP B s A D e A3 A Sh e P AP D T 0 D P = A - - - o
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Table ¥i.6

Results of Vapor-Liguid Bquilibrium Predictions for
Polar-Polar Binary Systems

o -2 -

Systems % AARD
°°°°°°°°°°°°°°°° Nodel T o 12 2 a2 0 -
(y = (2) K P i K X ¢ Y Y
4 2 1 2 1 2

Carbon Dioxide~ H.M.R. 3,26  9.39  3.60 6.30 0.09 9.7
#ethanol Co Se He 10,30 43.48 12,00 22.78 0.11 11,55
Diethyl Bther- H.M.R. 50 89 6.84 5.52 8.52 1.76 3.94
Hethanol CeSalle 7055 9.26 8.26 10.32 2.26 10.00
fotrahydrofucan~ H.M.R. 052 6422 2.50 1.5 2.66 7.49
El"PlTOpaDO]. C.So N- u 57 6.37 2.57 'n“‘, 2.1, 7.69
n-Propanol- H.M.R. 0. 03 2.87 3.05 2.61 3.05 5.6¢0
a=putanol Ce So He 0.03 3.02 3. 17 2.74 3.17 5. 89
Acetone-lUater H.M.R. 373.15 6,52 3.10 8.33 3.30 2.28 1.65
CeSe He 23,083 31,01 19,47 18.44 19.12 22.68

H.M.R. 423.15 6. 43 6.67 5.20 5.97 1.82 1. 80

Ce Se 8o 29,07 29.82 21,09 18,43 15.07 26.80

H.M.R. 473.15 3. 22 3.83 6.75 4,34 4.34 2.28

CeSe He 20,58 32.74 20.57 19.60 20.16 21,82
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Acetone-Yater
Hydrogen Sulfide-

Bater

Hater<~Pyridine

Hethanol-HBater

Hater~n=-Butanol

Hater-Phencl

Table VI.8 {Continuad)
% AARD
Nodel T wwanas
K P & K X X Y b §

] 2 1 2 1 2
H.M.R. 523.15 9o 41 2.55 7.00 2,01 &.,16 0.96
CeSo Ho 2774 31.70 28.37 22.14 18.20 24.42
H.M.R. G40 8412 6,38 0.31 0.54 8.29
CeSo He 16e23 11,04 21.58 0.61 0.8 11.94
H.M.R. 323.15 229  72.%2 3.02 13.02 1.88 4,58
Ca Sa He 9.93 22.06 23,48 12.67 11,70 7.92
H.M.R. 343.00 2,2% 5,27 2.13 5.42 1.29  3.04
CoSe He Y. 46 1541 15,41 31.92 9.92 17.82
H.M.R. 363.00 126 5.60 .48  6.86 1.12 1.88
CoSeoHe 10,06 11.26 23.99 16.92 9,72 10.37
H.M.R. 1.60 8. T4 7.34 7.36 6.67 3.49 9. 31
CeSe He 1.08 8,80 6.36 T7.35 9.45 3.38 10.70
H.M.R. 3.56 14.8%  2.94 10.28 1.76 5.23
Ce Sa Ko 10,59 30.45 19.29 30.46 18.57 31.10
H.M.R. 7,58 19.16 7.08 15.22 0.18 9.86
Ce So He 26,40 76.83 44.39 B4.86 0.88 58.12

- s P
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data correlation can be significantly improved by using the
HMR. Figure 14 shows good agreement between experiment and
calculated compositions using the HMR for carbon dioxide-
methanol system. The carbon dioxide molecules and @aethanol
polecules are different in size, shape amnd polarity.
Therefore the mixture of these components produces exotic
phase behavior. 1In Figure 14, the CSM fails badly when the
nonideality occurs at the composition of CO02 greater than
0.6. Good fits were obtained at both 25 C and 40 C using the
HMR with one set of parameters. Fiqures 15-18 show the
results for acetone-water system at four temperature. The
HMR yields accurate results up to the critical point for

this nonideal systex 3ith azeotropes. As shoun in theses

th

[

figures the CSH has a tendency towards predicting s

a

[0]

phase~-splitting. Similar observation was also noted by Huron
and vidal (1979). Figures 19 and 20 show water-n-butanol
and water-phenol systems. The same patterns can be seen in
these figures. Good predictions were obtained from the HHNR,
poor predictions were obtained from the CSM. Though
tetrahydrofuran-n-propanol, n-propanol-a-butanol, and
rethanol-water systens contain polar and associating
compounds, these mixtures are only slightly nponideal. The
ideality of these systems 1is reflected in their activity
coefficients. The activity coefficients of these components
in the mixture do not differ substantially from unity. as a
result, both types of mixing rules give good predictions for

VLE and mivture Adensity (see table VI.8).
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For the polar-polar binary systems, again the HMR is

able to describe phase behavior with reasonable accuracy.

6.3 Application to Nonpolar-Nonpolar Binary Systems.

The applicability of the HME was also tested for
nonpolar-nonpolar systems. Table VI.9 lists these systeans.
The binary parameters are given in table VI.10 together with
the results for K value predictions. For the nonpolar
mixtures of nearly equal size molecules such as

cyclohexane-toluene, ethane-n-butare and propane-n-butane,

the CSM and the HMR [{uith 512 = A21 = 0) give good resulis.
For oaixtures of differently sized nolescules, the HHR yith
two Dbinary parameters was totally inadejuate. Three

parameters vere needed +to adejuately correlate the data.
The CSM can adequately represent these systems using only
two binary parameters. The CSH is applicable to nonpolar
nixtures regardless of mixture component molecular size.

The HMR is adequate for nonpolar mixtures but that
HMR with Aij=0 is not adegquate for nixtures of systems with

greatly differing molecular sizes.



Table V1.9

Temperature and Pressure Ranges, and Data References for
the Nonpolar - Nonpolar Binary Systems Studied in This Work.

- - D - - - - L P 3 L i > D D D WS D D D - - - S Y D - - - - - - -

Systens Pro. No. of T rahge P range Data References
cmeemeesm - points K atm
{n - (2)
Benzene-Cyclohexane VLE 22 298-1352 0.12-1,00 Donald et al. 1958
Tasic et al. 1978
Benzene-Hexrane VLE 23 298-320 0.15-0.63 Smith et al. 1970
Yuan et al. 1963
Cyclohexane-Toluene VLE n 354-381 1 Hyers 1956
Hethylcyeclohexane-~ YLE 31 333-373 0.19-1.00 Schneider 1961
Toluene
Ethane~n-Butane VLE 19 192199 3-50 Wichterle et al. 1970
Propane-n-Butane VLE 17 362-392 20-37 Kay 1970
Hethane-Bthane VLE 42 338-393 34-54 Mehra et al. 1965
Hethane-Tetralin VLE 14 543-665 30-223 Sebastian et al. 1979
Nethane-n-Decane VLE 1 . 543-%83 50-125 Lin et al. 1979
Hethane-~n~-Hexadecane VLE 10 543-7004 30-200 Lin et al. 1980
Hydrogen-Propane VLE 16 298-348 34-204 Trust and Kurata 1971

Hydrogen-n-Butane ViE 60 338-398 11-170 Klink et al. 1975

- . . 4 S3 D D . S o 3PP A 0 D D s KD K S A kS A e S LI P D D D D D S . A D A P W W A s o " o —— -
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Table VI. 10

Results of Vapor-Liquid Bquilibriuw Predictions, and
Binary Interaction Parameters for NonPolar-NonPolar Binary Systenms

D 0 D 2 N €2 L 2 D D G AR TP D O AR DR W S D AR R R D G B A0 5 LD EB A3 G D L s e G O G D A D G S Y A D W e R e MR D B SR Ch P AR A W e e W

Systens % AARD
ceccosaceos e Hodel 13 (¢ A A et L I
mm - (2 ij ij i9 i1 K K

(cal/guol) (cal/gmol) 1 2

Benzene-Hexane H.M.R, 0.9800 0.9692 0.0 0.0 3.70 3.12

CoSale 0.9787 0,9817 - - 3.54 3.07

Benzene- H.M.R. 0.95414 0.9953 0.0 0.0 0.98 1.53

Cyclohexane C.S.M. 0.9459 0.9947 - - 0.90 1.57

Cyclohexane- H.M.R, 0.9349 1.0084 0.0 0.0 0.76  2.07

Toluene C.S.H. 0.9877 0,9910 - - 0.69 1.80
Hethyl

cyclohexane- H.M.R., 1. 0190 0.9848 0.0 0.0 .53 2.13

Toluene CeSalie 1.0079 0.9906 - - 1.09 2,22

Propane-n-Butane H.M.R, 0.9704 1.0111 0.0 0.0 1.45 1.14

C.S.He 1.0019 0.9869 - - 1.92 2.50

Ethane-n-Butane H.M.R. 0.9818 0.9R00 0.0 0.0 1.2¢6 1.98

C.S.M. 0. 9989 0.9494 - - 2.88 3.12

Hethane-Ethane CHM.R, 1.0105 1.0479 0.0 0.0 0.89 5.57

C.S.Ma 1. 0054 0.9792 - - 0.98 5.09

6L



Table Vi.10 (Continued)

Systens % AARD
cemescse e e o Hodel { e enn -
(" - (2) iij ij Ai] ‘%i K K

{cal/gnol) ‘cal/gmol) 1 2

O D - 0w D .- - v an e - - - - o < s 2 0 e e - - - - o - - - -

Hethane-Tetralin H.M.R. 1.0181 0.8168 0.0 0.0 20.00 19.12
H.M.R. 1. 1025 1.0000 -1374, 26 1956.37 7.75 9.80

CeSeHe 1.0778 0.8168 - - 6.50 8.50

Hethane-n-Decane H.M.R, 1. 2622 1.3947 0.0 0.0 17.24 19.24
H.M.R. 1. 1531 1.,0000 -1953.23 19132.96 2.01 7.38

COSIH. 1. 1078 0905‘00 - - 2.31 “.85

Hethane- H.M.R. 1. 1460 1.8050 0.0 0.0 26.53 50.60
n-Haoxadecane H.M.R. 1. 0000 1.5497 «-1214,69 90.713 12.50 13.70
CeSelie 1« 1323 0.7618 - - 7.72 9.63

Aydrogen=- H.M.R. 1. 1040 1. 95800 0.0 0.0 10.97 15.43
Propahe H.M.R. 1. 1222 1.0000 -8130.78 3404.01 6.13 7.89
CeSele 1.0773 1.2863 - - 714 12.60

Hydrogen- H.M.R. 1. 1550 1.6650 0.0 0.0 10.07 17.30
n-Butagne H.M.R. 1. 1600 1.0000 «2762.00 16473.00 2.89 12,30
CeSetls 1. 1029 1.3286 - - ) 4,83 13.81

i > > > A D > D 4> e = R ey = . T W D G2 D M R W G e e G 5O A3 s o ke D G B9 P R AR D D . A AP GF - = Gy At W P e W 4e -
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CHAPTER VII

PREDICTIONS OF THERMODYNAMIC PROPERTIES

FOR MULTICOMPONENT MIXTODRES

This section illustrates the extension of the HMR to
multicomponent systems by considering n different types of
cells in the fluid; vwhere =n 1is the total nusber of
cozponents 1in the fluid zizxture. 3 molecule of type i is ét
the center of each cell Ji=1,2,.... N). Four ternary
mixtures were studied each consisting of two hydrocarbons
{cyclohexane, benzerne, n-hexane, toluene and
methylcyclohexane) and one polar and associating compound
{aniline, ethanol). The list of systems are presented in
table VII.?, together with tke ranges of the data used and
the data references. Predictions of VLE behavior for each
systen were achieved by perforaing isothermal flash
calculations. The parameters for each of the pairs of
components were those determined from fitting the binary VLE
data. These binary parameters were reported in table VI 4
and VI.10. No ternary parameters were required. The
results are given in table VII.2. Generally, the HMR yields

better results than the CSM. The CSY predicted K- values and

81



Table VIiI.1

Temperature and Pressure Ranges, and Data References for
the Ternary Systeus Studied in This Work.

Systens Pro. Ko. of T range P range Data References
------------------ points K atma

= - - s - - - s o s a -

Cyclohexane- VLE 10 343 0.34~-0,69 Podder 1963
Aniline-

Benzene

Hethylcyclohexane~- VLE 25 353-373 0.32-0.90 Schneider 1961
Aniline-

Toluene

n~Hexane- VLE 42 128 0.54-0.88 Yuan et al. 1963
Bthanol-~-

Benzene

Toluene- VLE 10 323 0.32-0.50 Zharov et al. 1968

Cyclohexane-
Ethanol

2> D p D €D Y G A S D D P D D e S O D e € D W D D LY S D A > B A b S 3 e e D AP 1 S M R A D D S Y P D D N > D D . - -
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Table

vIg.2

Results of Vapor-Liquid Equilibrium Predictions for Ternary Systeas

Systens Hodel
(1) = (2} = (3)
Cyclohezane- H.M.R.
Alliline- C.S. H.
Benzene
Hethyl H.M.R.
cyclohexane- CoS. M.
Aniline-
Toluene
n-Hexane- H.M.R.
Ethanol- CoSo e
Benzene
Toluene-~ H.M.R.
Cyclohexane= CoSele
Ethanol

7.88
41.00

6.17
14.94

10.32
35.284

8.37
29425

- o

7.79
21,98

12.02
33.77

- s

% AARD
bi¢ X X Y Y Y
L) 2 3 1 2 3
2,77 4.01 2.91 0. 14 4.91 0. 17
106,00 13.93 9.24 0.37 16.12 0. 44
3.9 6.91 2.02 0.18 2.96 0.15
8,02 13.85 2.36 0.83 11.46 0.99
8,81 10.74 7.07 8431 4.59 5.19
29,54 49.27 19.41 9.44 15.85 7.3
10,60 11,91 17.78 11.36 3. 15 2.58
21,92 47.45 43.61 26.33 2.00 9. 05

o e o e A P 3 D D D 4 D S S D WD D D P N e e . D W AL S D e T D D 2 62 e €3 s D D e e D D D R A D P TR . o i -
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phase compositions for cyclohexane-aniline-benzene and
methylcyclohexane-aniline-toluene systems with reasonable
accuracy. However, results were not as good for the mixtures
containing ethanol. This decrease in accuracy is probably
due to the difference in size, shape and polarity between
ethanol and aniline molecules. However, the results
generally indicate reliable predictions of VLE for

multicomponent systems using the HMR.



CHAPTER VIII
COMPOSITION DEPENDENCE OF THE EXCESS GIBBS FREE ENERGY

From an equation of state, the fugacity coefficient
of component i in the mixture ¢Y' and in the pure state ¢:
at the same temperature and pressure as the mixture can be
calculated (see appendix A and B). The activity-coefficient

of component I in the aixzture can be defined as:

= —-—- 155)

and the excess Gibbs free energy can be expressed as:

GE = RT % x 1n T (56)
i i
The excess properties, for example the excess Gibbs free
energy, although 1iamportant, are often not used in the
developuent of theories and physical properties correlations
describing gas and liquid behavior, since PVT and YLE data

usually are sufficient. ®hen the excess Gibbs free energy

85
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and/or activity coecfficient data are not ircluded in
determining the binary parameters, the calculated fugacity
coefficients may differ from experimert, even though the
calculated fugacity coefficients in the liquid phase are the
same as those in the vapor phase. Figures 21-23 show
comparisons of experimental and calculated activity
coefficients for some selected binary systems. Figures 24-26
shov the composition dependence of the excess Gibbs free
energye. Por bhighly nonideal solutions such as aethanol-
benzene mixture, the activity coefficients at the dilute
compositions are substantially different from unity {see
Figure 21). The AMR is able to reproduce the data while the
CS® fail badly. These effects are reflected in the excess

Gibbs free energy

48]

recdictions (see TFigure 24). dhen the
activity coefficients approach unity, the difference between
these calculations are essentially indistinguishable.
Figures 21-23 indicate the VLE calculations in this work
using the HMR did not falsify the activity coefficients and
Figures 24-26 show good predictions of excess Gibbs free
energy for the total composition range using the HHMR,
without including these data 1in the fit. Thke prediction
accuracy for VLE is conpensurate with that obtained for

excess Giblts free energy.
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CHAPTER IX

PREDICTIONS OF LIQUID-LIQUID EQUILIBRIA

A water-rich liguid phase will form when the water
present in a hydrocarbon mixture exceeds its solubility
limit. The presence of this free-water phase in the process
stream poses adverse effects such as corrosion. Therefore.
the Xnowledge of hydrocarbon-water outual solubility is 7very
isvortant in the 9©petroleum, synthetic fuels, cheanical and
petrochemical industries. To provide further perspective of
the applicability of <the HMR, it was tested using liguid-
liquid eguilibria (LLE) data for coal fluid-water systens.
Table IX.1 lists seven representative model coal
compound+vater binary mixtures. Generally, LLE 1is very
difficult to describe. This difficulty 1is due to the
differences in the solubilities of hydrocarbons and water in
tvo liquid phases. The water-rich phase is almost pure
water, and the hydrocarbon-rich liquid phase can <contain a
significant amount of water. Four parameters were £it to the
HYP, and two parameters were fit to the CSHN. Several
attempts vwere made to add more parameters to the CSH, but

the physical meaning of the obtained binary parameters vwas

93



Tablae I¥.9V

Tempecature and Pressure Ranges, and Data References for
the Coal fFluid - Water Dinary Systcns Studied in This Work.

D € D P < > - - - . T = - - - - ) - D B A nd 1 4hd b s L D

Systens . Pro. No. of
- - points
14 - (2) )
Benzene--Yater LLE 6
Cyclohezxane-¥ater LLE 8
Hexane-water LLE 6
Ethylbenzene-Hater LLE 6
Ethylcyclohexane- LLE 6
Hater
i-Hethylnapthalene~ LLB 6
Hater
1-Ethylnapthalene~ LLE 6
Hater

T ranye

313-473
313-482
310-473
373-804

373-804

373-804

373-808

- e - o o -

P range Data References
ata

0.3-30,20 Tsonopoulos et al., 1982
0.3-30.00 Tsonopoulos et al. 1982
0o 45-35, 1 Tsonopoulos et al 1982
10 0~854.0 Brady et al. 1982
1.0-87.0 Brady et al. 1982
2.0-63.2 Brady et al. 1982
2.0~63.0 Brady et al. 1982
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lost, and the prediction results were not satisfactory. The
binary parameters are reported in table IX.2. Results are
given in table IX.3 in terms of average absolute relative
deviation for predicted mole fractions. Significant
improvements over the CSK were obtained using the HMR.
Figures 27-30 show the experimental and calculated LLE for
four selected systens. The CSM is not able to predict LLE,

vhile the HMR is adequate for LLE calculationms.



Table I¥.2

Binary Interaction Paranceters for
Coal Fluid-later Systeas
(Liquid-Liquid Equilibriua)

O G D D WD n D O D D e D D AP D TR D D w4 P AP LD P R L Al B G 3 ek e s 4 e D D A O S ) D D D D - S T W W s s SO -

Systeus
---------------- Model £ ( A A
(N - (2) ij ij 12 21
{cal/gmol) (cal/gaol)
Benzene-Yater H.M.R. 0.6938 07239 4431.71 176.52
C.S.Ho, 0.5518 0.1310 - -
Cyclohexzane-later H.M.R. 0.3158 0.6190 -34,00 7541, 40
C.SeHo 0.5943 0.1568 - -
Hexane-Hater H.M.R. 0. 1000 0.6224 7768.46 .12
CeSalle 0.5712 0.1423 - -
Ethybenzene-Water H.M.R. 0.2384 0.6878 5040.95 418.86
CoSelle 0.531%9 0.4679 - -
Ethylcyclohexane-Hater H.M.R. 0.3000 0.5763 7476.78 155, 24
CeS.He 0.5629 0.1137 - -
1-Nethylnapthalene-Kater H.M.R. 0,2602 0.9088 -258.,19 -2459.91
C.S5.H. 11,3601 0.9167 - -
"{-Ethylnapthalene-Hater H.M.R. 0,2000 0.9085 -270.95 -2829.23
. C.SDH. . 1;‘0273 0.8565 - -

D D 3 LD P O D T €D R O e S D S D G D D D SR D 3 T 8 G 3 L) 3 L S S A D P D D o D 8 A D A = - & - —
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Table I1X.3

Results of Liquid-liquid Eguilibrium Predictions
for Coal Pluid-Bater Syste=as

Systeas Sodel % AARD
s &
M - 2) b 4 b ¢
1 2
Benzene-Water H.M.R. 3.86 12.93
C.S. H. 50.46 337.12
Cyclohexane-Hater H.M.R. 11.86 18.59
£.S.34, 173.00 1431, 66
Hezane-JFater H.MUR. 19,37 14,79
C.S.He 2137, 44 1139.23
Ethybenzene-wWater H.M.R. 24.68 14.07
C.S.H. 777.25 1015.686
Bthylcyclohexane-Rater H.M.R. 27.58 28.36
C.S.B. 116.31 3361.88
1-Bethylnapthalene-Fater H.M.R. 29.54 14,74
CeSeBe 6870.10 3899.06
1-Ethylnanthalene-¥ater H.M.R. 27.77 12.33
C.S5.H. £949.70 3833.06
$
mole fraction of component 7 in liquid phase 2
&

Hole fraction of component 2 in 1liquid phase 1
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CHAPTER X
CONCLUSIONS AND RECOMMENDATIONS

The local composition model was used to develop a
mixing rule for the characteristic energy parameter o in
the MPM correlation. The mixing rules for the size parameter

9y and the orientation parameter Y, were base@ on the
conventional one~fluid zodel. Conseguently, the aixipg rules
fTor the HPH correlation contain characteristics of both oane
and two-fluid models. These hybrid mixing rules with the MPH
correlation were successfully applied to predict vapor-
liquid equilibria and mixture density for binary mixtures of
components differing significantly in size, shape, structure
and polarity.

Nonpolar-polar binary systems including hydrocarbons
with ketones, aniline, alcohols, water and polar-polar
binaries such as acetone-water, carbon diocxide-water and
water-phenol Were well represented by these hybrid mixing
rules. On the contrary, the conformal solution model was mnot
able to accurately dJdescribe the phase behavior of these

highly nonideal solutions. For slightly nonrideal solutions

such as rpropane- a-butane, cyclohexane-toluene, both types
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of mixing rules gave good VLE predictions. The hybrid mixing
rules were also extended to multicomponent systems without
requiring additional parameters. These hybrid =mixing rules
with the ©parameters obtained from the binaries were tested
for VLE calculations for ternary systems  such as
cyclohexane-aniline-benzene and n-hexane-ethanol-benzene.
The prediction accuracy for these ternary systeas is
cormensurate with that obtained for the binaries. The hybrid
mixing rules were further applied with satisfactory results
to predict 1liguid-liquid equilibria for coal fluid-vater
systems such as benzene-water, 1-methylnapthalene-water and
ethylbepzene-wvater., The conformal sclution =model could not
predict liquid-1liquid eguilibria behavior accurately.

The calculated activity coeificients from the HPH
corrtelation with the hybrid mixing rules were alsc studied.
The excess Gibbs free energy was also predicted with
reasonable accuracy by the hybrid mixing rules.

A significant point in this study is that the hybrid
mixing rules, which are based on one and two-fluid models
can accurately predict fluid-phase equilibria for many types
of mixtures corresponding to different types of phase
behkavior.

In order to be applicable in industry, correlations
nust be relatively simple and convenient to use. It is
reconmended that the binary parameters needed in the present
correlation he correlated as functions of temperature for

mixtures with azeotropic phase behavior and that the
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parameters be further generalized so that the hybrid mixing

rules may ke more conveniently applied to wmulticomponent

mixtures.

[



NOMENCLATURE

Helmholtz free energy departure

Helmholtz free energy

generalized ith equation-of-state parameter
universal constant in expression for E

fugacity of the ith coaponent in a aizture

H

standard-state reference fugacity

[te}

radial distribution functioxn

excess Gibbs free energy

enthalpy departure

Boltzmann constant (1.38054 x 102 J/K)
nearest neighbor distance

nearest neighbor number of molecules of type i
surrounding the central j molecule
total number of molecules

absolute pressure

ideal gas pressure

Ideal gas coastant

absolute temperature

reduced temperature
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critical temperature
entropy departure
molar intermal energy
total internal energy
specific volunme
spherical volunme
ideal gas volume
local mole fraction
total mole fraction
mean potential of mean force
coordination nuabex

conpressibility factor

nonrandoaness parameter

molecular orientation parameter

activity coefficient of the ith component
in a mixture

characteristic molecular-energy parameter

polar and association parameter

binary interaction parameters
density
reduced density

critical density



Greek
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characteristic molecular-size parameter
fugacity coefficient of the ith component in
a mixture

fugacity coefficient of the ith component in

a pure state at the same T, and P of the mixture
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APPENDIX A

EXPRESSIONS FOR DERIVED THERMODYNAMIC PROPERTIES

USING THE CsSHM

The classical thermodynamic relationships for

enthalpy departnore and Helmholtz free energy departure are

given by:
32 do 7 - .
B-H = -RTZ{”(—TB S S RT(Z - 1) -1
and
A=A _ 0 do_ _ qp -
= { (z - 1) 5 1n - {A-2)

o
Other thermodynamic properties are related to ¥ - H and

A - £ through the folloving relations:

- uo - A
s-so= B W (A=A _piz.g) (2-3)
T T
s e A
RT 10— = — (A - &) 1a-t)
Py an1 T, V,n. . ;
0 0
Equations {3-1) through fA-4) show that once 94 - B and A - A

are evaluated, the other thermodynamic properties can be

readily calculated.
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Enthalpy Departure

*
In terms of reduced temperature T , and reduced

*
density p , equation {A-1) becoaes:

o LR S SN R Y (A-5)

FProa equations (2), (13), (16) and (M

T* = I:T/ex

a8
a;sex = Iinxjcijeﬁ

.= r.. /2
€55 = Cy3(ese,)
:j £33 @ % ﬁ_i/T

Differentiating T and €,

de
ok . L X (2-6)
e £y )
dey | (a=7)
aT '2—1:5—'2 Iz Xi 3 IJC (E E )71 (E.IKJ + EJK'I)
dr* _ 5_ T* 1/2
Ciall 1+ tENad IZ x%405 305 5(e5e5) 7 /2 e €5 * €553) (4-8)

N

Differentiating 2 from eyuation (1), with respect to T ,

then inteqrating, equation {(A-5) becores:
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- ° - - - -
ﬁ;;-ﬂ' = [‘T %%f [Qf(EzT* 2 4 3E;T* - 4E4T* % + 5E;,T* &) +

0.502(EsT*™2 + 2E,0T*"?) + 0.20°5(-E,T#72 = 2E,,T*7%) +

- 2
BB (@B 08ttty - )] e 2 1)

(A-9)

Substituting fA-8) into ({A-9), the £inal exbression for

0
H - H cac be obtained.
Fugacity

In terms of reduced density, equation (A-2) becomes:

AN 2.0 -y 1a-10)

Substitute 2, from equation {1), into equation [A-10), then

integrate, eguation (A-10) becoaes:

- o - - - -
iﬁ“— = p*(Ey = ET* 73 E,T#73 4 E T#7%c E,,T*75) +

0.50*2(55 - EeT’-l- E;oT*-z) + 0.20*5(E,T*" 3+ E;zT*-z)

- ~3,~Eup??, 1 2y o EaT*73 v
EGT* e (T:+ 0.50'2 ) ’ —Ea_— - In -—‘-(v

(A-11)
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From equations (12), (13) and (14)

4.5 1 4.5
% ij %i%5 %;
4.5 I _. 4.5
&% T *4%3 13 %43
3.5 _1II 3.5

YOx T i35 *i%5 Yii ij

And from equation {A-4), the fugacity of the ith conponent
in a eixture can be obtained by differentiating eyuation

{(a-11) , vith respect to ny.3

fi, _H-H S-5 | = o TH - KO T T ode
WA TR o TR TR -1 e AL “]’(1 T
3 p®1R. .e3, o] T“I <03 . 7 O <a=3
TAIEy g7 T - By T By (T L B T
N R ST B e ML RO I S
i CIR I LU T L I S UK Byg,iT )
2 2
- -3 -B.p* 1 2 - «
* By 70T - g e LABVR
(a-12)

0
vhere g. is the standard-state reference fugacity, taken to

be unity. The derivatives in equations ({A-12) are:
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APPENDIX B

EXPRESSIONS POR DERIVED THERMODYNAMIC PROPERTIES

USING THE H.M.R.

Using the NMR, Equations (A-1) through (A-6) and (A~
9) through (A-12) are still applicable. Pron equatica (52)

I X g5 exp(-Aij/RT)

T x, exp(-Aik/RT)

Bguation [A-7) becoanes:

. -1/2 -AjJ/RT
e o -~ X A . AY
de, K “XJC1J"1“j) (Ei“j AR A
== - — I X.
T
d 272 7 -84 JRT
Tx e
+ —— T x.
12 7 -84 /RT
Zxke
-A:./RT -4;, /RT
ij ik
1 ) (Exje,'Je ) (zxk(Aik/R)e )
- ;-2— 2 x1
-A. /RT

13-1)
From equations (52), ({53) and (54)

T X5 g3 exp(-Aij/RT)

L X, exp(—Aik/RT)
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3. 3

°x PEDX X4 xj cij

3 3
Yy Ox = ZZz X5 Xj Y1j U‘IJ

The derivatives in equation (A-12) becoge

3B,
B, .=zl
3.1 7 any

T'v'"k#i

Jjan,
i _'T,V,nk’,,i

0|
[}

-
|
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APPENDIX C

Table C. 1

Detailed Calculations of Vapor-Liguid EBEquilibria
from the H.M.R.
(see table VI.§ and Pigure 3)

Ethane (1) -Acetone(2) Mixtare
Data from Ohgaki et al., 1976

T [R) P(PSIA) X71(EXP) X1(CAL) DEV % Y?I1{(EXP) Y1(CAL) DEV %

536,67 69.674 0.0827 0.0816 <=2,421 2.93717 0.9359 -0.122
535.57 142,683 0.0916 0.0910 =0.383 0.9837 0.5652 0.155
535,57 256.665 0.1720 0.177%8 3.099 0.8789 0.9787 0.1784
536,67 382.74%7 0.2826 0.2977 5.371 0.5899 0.5837 0.229
536.87 487.597 0.4485 0.85803 2.851 0.9819 0.9842 0.243
536.67 516.651 0.5770 0.5604 =-2.868 0.9816 0.9843 0.268
536.67 525.645 0.6919 0.6571 -35.024 0.982% 0.9843 0.228
536.67 570.938 0.9268 0.9642 4,039 0.9841 0.9906 0.666

T (R} P(PSIA) X2(ELP) X2(CAL) DEV % Y2 (EXP) Y2(CAL) DEV %

536. 67 69.674 0.9573 0.9583 0.108 0.0629 0.0640 1.831
536.67 142.683 0.9084 0.9089 0.059 0.0352 0.0337 -4.236
536.67 256.665 0.8279 0.8221 -0.644 0.023% 0.0212 -7.81
536,67 382.741 0.7174 0.7022 ~-2,115 0.019% 0.0168 -11.768
536.67 487.597 0.5515 0.5396 -2.156 6.018% 0.0157 -13.211
536.67 516.651 0.,4230 0.4395 3.906 0.0183 0.0156 -14.376
536.67 525.645 0.3081 0.3829 11.290 0.0179 0.0157 -12.290
536.67 570.938 0.0732 0.0357 -S5t.143 0.0159 0.0093 -41,250
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F  T(R) P(PSIA)
1 536.67 69.674
2 536.67 142.683
3 536.67 256.665
4 536.67 382.741
5 536.67 487.597
6 536.67 516.651
7 536.67 525.645
8 536.67 570.938
FPTS = 8
% AARD OF ¥

3.4
% AARD OF ¥,

11.70
% AARD OF X,

3.25
% AARD OF X,

8.92
% AARD OF Y,

0.26
% AARD OF Y,

13.38

K1{EXP

21.946
10.532
5.676
3.870
2. 189
1.701
1.419
1.061

Table C.1

) K1{CAlL)

22.463
10.611
5.515
3.301
2.137
1.756
1.497
1.027

{Continued)

DEV %

2.35
0.74
-2.82
-4.88
-2.38
3.22
5.53
-3.24

K2(EXP)

0.06571
0.03875
0.02790
0.02662
0.03282
0.04326
0.05810
0.21721
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K2 (CAL)

0.06684
0.03709
0.02589
0.02300
0.02911
0.03585
0.04564
0.26120

DEV %

1.72
-4.23
-7.21
-9.86
-11.29
-17.59
-21.44

20.25
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T (R)

536.67
536.67
536.67
536.67
536.67
536.67
536.67
536.67

Table C.2
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Detailed Calculations of VYapor-Liguid Equilibria

P(PSIA)

55,678
i42.683
256,685
382,741
487,597
516.651
525. 645
570.938

P(PSIR)

69.674
142,683
256,665
382.741
487.5%7
516.651
525.645
570.938

from the CSH

(see table VI.4 and Figure 3)

Ethane (1) -Acetone{2)

Data from Ohgaki et al.,

X 1(EXP)

0-.0427
0.0915
0.1720
0.282%
0.4485
0.5770
0.6919
0.9268

X2 (2xp)

0.9573
0.9084
0.8279
0.7174
0.5515
0.4230
0.3081
0.0732

Mixture

1976

X1(CAL) DEV % Y1(EXP)

9.0432 1.389
0.0922 0.5691
0.1734 0.765
0.2817 =-0.299
0.4423 =1,363
0.8696 50,719
0.8940 29.216
0.9683 4.485

X2(CAL) DEV %

0.9567 -0.062
0.9077 -=0.0869
0.8265 =-0.159
0.7182 0.117
0.5576 1. 108
0.1303 -69. 184
0. 1059 -65.611
0.0316 -56.795

0.937%
0.9547
0.9769
0.9809
0.9819
0.9816
0.9821
0.9841

Y2 (EXP)

0.0629
0.0352
0.0231
0.0191
0.0181
0.0183
0.0179
0.0159

Y1(CAL) DEV %

0.9360 -=0.115
0.96861 0,743
0.5783 0.753
0.9825 0. 170
$.9833 0.146
0.9845 0.292
0.9854 0.345
0.9924 0.848

Y2 (CAL) DEV %

0.0639 1.723
0.0338 -3.926
0.0216 -6.486
0.0174 -8.756
0.0166 -7.963
0.0154 -15.679
0.0%45 -18.954
0.0075 =-52.507
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Table C.2 (Continued)

N T(R) P(PSIA) K1(EXP) K1(CAL) DEV % K2(EXP) K2(CAL) DEV %

1 536,67 69.678 21.946 21.620 -1.48 0.06571 0.06688  1.78
2 536.67 142.683 10.532 10.875 -0.54 0.23875 0.03725 =-3.85
3 536,67 256.665 5.675  5.641 =-0.60 0.02790 0.02613 =-6.33
4 536.67 382.741 3.470  3.487 0.47 0.02662 0.02426 -8.86
5 536.67 487.597 2.189  2.222  1.53 0.03282 0.02987 -8.97
6 536.67 516.651 1.701  1.132 -33.45 0.04326 0.11838 173.62
7 536.67 525.645 1.819  1.102 -22.34 0.05810 0.13692 135.67
8 536.67 570.938 1.061  1.028 -3.48 0.21721 0.23877  9.92
NPTS = 8
T OAARD OF X,

7.98
L AARD OF X,

43.63
% AARD OF X,

11.11
% AARD OF X,

24.13
% AARD OF Y,

0.27

% AARD OF Y,
14.50



.| T (R)

527.670
527.670
527.670
527.670
527.670
527.670
527.670
527.570
527.870
10 536.570
11 536.570
12 536.670
13 535.570
74 536.670
15 536.670
16 536.670
17 536.8670
18 545.670
19 545,670
20 545.670
21 545.670
22 545.670
23 545.670
24 545.670
25 545.670
26 545.670
27 563.670
28 563.670
29 563.670
36 563.670
31 563.670
32 563.670
33 563.670
38 563.670
35 563.670

% AARD
1.27

WONOAUN & WN -

Table C. 3

Detailed Calculations of Mixture Density
froa the H.M.R.
{see table VI. &)

Nethanol (1) -Benzene (2) Hixture
Data from Sumer and Thoapson, 1967

P (PSIA)

14.696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
18,8396
14,695
4. 696
13.696
18,595
14,696
14.696
14.696
18.696
14.696
14.696
14.696
14,696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
14,696
14.696
14.696
18.696
14.696
14,696

No. Points
35

I

0.1104
0.2208
0.3185
0.4251
0.5233
0.6324
0.7237
0.8171
0.9091
0.1873
0.2879
0.3783
0.5060
0.86295
0.6313
0.7360
0.8765
0.1103
0.2206
0.3182
0.4248
0.5230
0.6322
0.7234
0.8169
0.9090
0.1103
0.2205
0.3182
0.4248
0.5230
0.6321
0.7234
0.8169
0.9090

DEN (EXP)  DEN (CAL)
LBNOLE/CU.PT.
1.3454 1.3557
1.2667 1.2623
1.1946 1.1801
1. 1147 1.0919
1.0402 1.0125
0.9543 0.9271
0.8807 0.8579
0.3039 0.7835
0.72564 0.7245
1,3022 1,3158
1, 2244 1.2392
1.1374 1.1377
1.0377 1.0331
0.9412 0.9355
0.9397 0.9341
0.8503 C.5469
0.7486 0.7522
1.3619 1.3727
1.2822 1.2786
1.2097 1.1957
1.1281 1.1065
1.0519 1.0262
0.9647 0.9396
0.8908 0.8696
0.8132 0.8002
0.7349 0.73452
1.3776 1.3900
1.2965 1.2952
1.2237 1.2113
7.9424 1,121
1.0655 1.0399
0.9777 0.9523
0.9015 0.8813
0.8231 0.8110
0.7437 0.7441
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X DEV

0.76593
-0.34265
-1.21118
-2.08594
-2.66380
-2.85713
-2.59210
-1.79023
~0.27147

1.06579

0.35473

0.02230
-0.43757
-0.60779
~0.60481
-0.39094

0.48397

0.79627
-0.27907
-1.16483
-1.91536
-2.44245
-2.60537
-2.38582
-1.60496
-0.09416

0.90272
-0.10107
-1.01467
~1.85650
-2.39758
-2.59249
~2.23475
-1.47713

0.04749



N T (R)
1 527.670
2  527.670
3 527.670
8 527.670
5 527.670
6 527.670
7  527.670
8 3527.670
9 527.570
10 336.570
11 536.670
12 536.670
13 535.570
14 536.670
15 536.670
16 536.670
17 536.670
18 545.670
19 545.670
20 545.670
21 545,670
22 545.670
23 545.670
24 545.670
25 545.670
26 545.670
27 563.670
28 S563.670
29 563.5670
30 563.670
31 563.670
32 563.670
33 563.570
34 563.670
35 563.670
< AARD

18,13

Table C. 4

Detailed Calculations of Mizture Depnsity
from the CsSH
{see table VI.&)

Bethanol (1) -Bepzene (2) Hixture

Data from Sumer and Thompson, 1967

P (PSIA)

13.696
14.696
14.696
14.696
14.696
14,696
13.696
14.696
14.596
145,896
13.598
14.696
145,696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
18,696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
14.696
18,696
14.696
14.696
14.696
14.696
14.696

No. Points
35

X1

0.1104
0.2208
0.3185
0.4251
0.5233
0.6324
0.7237
0.8171
0.9091
0.7573
0.2870
0.3783
0.5080
0.6295
0.6313
0.7460
0.8765
0.1103
0.2206
0.3182
0.4248
0.5230
0.6322
0.7234
0.8169
0.9090
0.1103
0.2205
0.3182
0.u42408
0.5230
0.6321
0.7234
0.8169
0.909%0

DEN (EXP)  DEN(CAL)
LBNOLE/CU.FT.
1.3454 1.2780
1.2667 1.1219
- 1.1946 0.9967
1.1147 0.8765
1.0802 0.7837
0.9543 0.7042
0.8807 0.6598
0.8039 0.6371
0.7258 0.6384
1.3022 1.2033
1.2264 1.0676
1.1374 0.9328
1.0377 0.8037
0.9412 0.7106
0.9397 0.7095
0.8503 0.6565
0.7486 0.6395
1.3619 1.2939
1.2822 1.1361
1.2097 1.0096
1. 1281 0.8879
1.0519 0.7940
0.9647 0.7135
0.8908. 0.6685
0.8132 0.6456
0.7349 0.6469
1.3776 1.3100
1.2965 1. 1508
1.2237 1.0223
1. 11424 0.8992
1.0655 0.8042
0.9777 0.7229
0.9015 0.6774
0.8231 0.6542
0.7437 0.6556
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APPENDIX D

SOURCE LISTING OF HYBRID MIXING RULES SUBPROGRAN

subroutine es10 (t P X

$ .ivwork sijvwork kvl
s +ks v kg kv
3 «Phi R ¢S

$ »dphi dh ,ds
3 Jker )

+«0CD
+kphi
,0ds
g
edg

,idx
«kh
(kdiag
sVio
dvio

Notex** ker=0 No error in root search
=1 Vapor root problenm
=2 Liguid root problen

implicit real#*8 (a-h, o-2)

compon Jespn/tstm.vsto,gstm

comaosa shsryb/hyx,syx,ri,vi,bji

comaon /pengy/vesp ()

common /dengy/pery!2)

common salphas/alfat{y),alfa2{4),alfal3{y)
common /ppglob/ pref,tref,rgas

coanon /global/nh,in

common /ncomp/ ncc

common /codo/ mcC

common /tcbwr/ burtc(2)

common /vcbwr/ bwrvc {2)

common /bwrgma/ bwrgma (4)

common /burkv/ bwrkv {4)

coamon /bwrkt/ buwrkt (4)

common /esbwrq/ bwrgij(4)

compon /bwrkvp/ bwrkvp (4)

common /bwrktp/ bwrktp (4)

conron sbdkdt/ bdkdt [4)

common /bdktii/ bdktii(4)

common /dexdt/dexdt (4)

common /ttt/temp

coamon /byrcon/ alpht,alph2,alph3,conv,cont
coanon /eostwr/ eos?10)

cemmon /esroot/ klflay, kvflag, pressl, pressv

logical 1lv,1dv,1h,1dh,1g9,1dg,1phi,1dphi,lsx,1kx,1dkx,1dvx

logical 1s, lds

dimension x {ncp), idx({ncp), phi(ncp), dphi{ncp)

dimension aif12), bi{12)
dimension di{15),fij(4)

data ai/1.4590740,4.9881340,2.2070440,4.8612130,4.593%140,

1 5.0670740,11.487140,9.2246940,.946243-1,1.4885840,.152734-1,
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2 3.5148640 /
data bi /.3287240,-2.643%940, 11.329340,040,2.7997540,10.390140,
1 10.373040,20.538840,2.760140,-3.1134940,.18915d0,.9426040 /

initial calculations

tenp=t
ker=0
rt=rgas*t
pbrt=p/rt

set multiple data set index to be added to component index

ids1=ncc*(nds-1)
ids2=ncc*ids?

set logical variables which control calculation

lv=kv.eq. 1.or.kv.eg.3
ldv=kv.gt.?

lh=kh.egq. .or.kh.eq.3
ldh=kh.gt.?
lg=kg.eg.1.00.%kg.2g.3
ldg=kga.gt.1

ls=ks.eqg.1 .0r. ks.2g.3
lds=ks.gt.?
lphi=kphi.eq.l.or.kphi.eq.3
ldphi=kphi.gt.?
lsx=kg.ge.l.or.1lphi.or.ls
lhx=lh.or.lg.or.kphi.ge. 1
ldhx=1dh.or.ldphki.or.1lds
ldvx=1ldv.or.1ldhx

calculate mole fraction averaged quantities

vstma=040
tstr=040
gstm=040

do 200 i=1,ncp

is=idx (i)

xi=x'i)

loci=ncc* (is-1) +ids2
locii=loci+is

xisqg=xi*xi
vstma=vstma+xisqg*bvrkv{locii)
gsta=gsta+xisg*byrgij (locii)
if {i.eq.ncp} go to 210
j1=i_+1

xi2=2d40%*x1i

do 200 j=41,ncp
is=1dx(3)



200
210

wm
u

aa

(9]
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xij=xi2*x(J)

locij=loci+js
vstra=vstoa+xi j*bwrkv (locij)
gsta=gsta+xi j*bwrgij (locij)

continue

vste=vstmna**{1d0/alph?)
vsta2=vystm**alph2
vstald=vsta**alph3
gsta=gsta/vsta3
£fij(1)y=140

£i3 {2)=140

£ij (3)=140

fij(8)=140

tst=040

do 55 i=1,ncp
loij=ncc* (i-1) +1i
tes1=040

tes2=040

do 56 j=1,ncp
loc=ncc*(i=-1) +]

tes=x {§)*fij{loc) *dexp(-pesp(loc) /t)
tegi=tesi+tes*byrkt 7loc)
tes2=tas2+tes

continue
tst=tst+x (1) ¥tesl/tes2
continue

tsta=tst

calculate reduced temp and povers

tri=tstm/t

tr2=tri*tr1
tr3str2*trt
trié=tr3=tr1
trS=traxtr1

calc bwr paraas

bi=ai (1) +gstm*bi{ 1}

b2=(ai (2) +gstaxbi (2)) *tr?
b3=(ai (3) +gstm*bi {3} ) *tr3
bu=ai (4)

b5=ai ’S)+gsta*bi{5)

bé=(ai (6) +gstm*bi (6)) *tr1
b7=(ai(7) +gsto*bi (7)) *tr1
b8=f{ai 8) +gsta*bi (8)) *tr3
b9= (2i{9) +gstn®bi (9)) *tr4
b10=7ai(10) +gstn*bi (10)) *tr2
b11={ai [11) +gstasbi (11))*tL5
b12=(ai (12) +gsta*bi {12))+tr2
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c calc coeffs of density in compr eqn

trh1=b1-b2-b3+b9-b11
tch2=b5-b6-b10
trh5=b7+b12

c
c solve for appropriate vol root using vproot or lgroot
c
iflag=1
k=4
dpdv=-1000.d0
ver=vstu/ (dsqrt (alfal (1) *alfal (2)))
vlim=vcm/440
vcmec h=vcao
vcut=vlia
if (kvl.eq.2) vcut=1.2d0*vce
c
if (ncp .eq. 1 .and. kvl .eq. 1) kvflag=-1
if (ncp .eq. 1 .and. kvl .egq. 2) klflag=-1
c
go to {220, 230) , kvl
c
c vapor properties calculation
c
220 call wvproot lk ;iflag ,7lia s7caech ,vcut 5
9 z 2P 27 spcalc  ,dpdy ;
iprog ,kdiag )
go to (250,250,250,2606,270),
c -
c liquid properties calculation
c
230 call 1lgroot (k fiflag ,vlin svcrech ,vcut .
1 t sP v spcalc ,dpdv v
iprog ,kdiag )
go to (250,250,250,260,270), k
c
c pressure and dpdv calc
c

250 rhr=vstm/v
rhr2=rhr*chr
rhr3=rhr2*rchr
chrd=rhr3*rhr
thrS=chr2*chr2%rhr
rhré=rhrS5*ckhr
ch7=chré*rhr
chr8=chr7*chr
b4rh=b4*rhr2
b4rhe=dexp [-bidrh)
chctt=chr*trh?
rhr2t=rhr2#*trh2
rhr5t=rhrS#*trh5
rhret=b8*rhr2*blrche
z=1d0+rhr 1t +rhr2t+rhrSt+rhret*(130+blrh)
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rthv=rt/v
pcalc=z*rtbvy
if (iflag.ne.2)go to 878

go to 871
878 dpdv=~rtbv/v# (130+2d0*rhr1t+340¢rhr2t+630*chr5t+rhrets
1 (330+birh*(3d0-2d0*blrh) ))
871 go to ({220,230), kvl
c
c convergence not achieved
c

270 ker=kvl
if (kdiag .lt. 2) go to 260
err=pcalc/p-140
write (nh,100) p,err
100 format (6x,30hvolune convergence failed; p = d411.4,18h fract er:
1inp = di12.4)

calculation of common teras

[SHe e NNe]

60 if (mc.eq.1.0r.nc.eq.-1)go to 320
dlz=dlog’z)
ron=140/v

c write (6,6666)z,ron

c6666 formnat{ix,*z,r?,2g75.6)
dlpz=43d1lcg {pcalc/prei)
port=pcalc/rt
b8blde=b8/bl=*bdrhe
Tbv=r gas/v
bdrher=130/bdrhe
dro=rhrit+rhr2t/2d0+chr5t/5d0+b8 /b4* (1d0-bli4the-0.5d0*bl4rh*blrhe)
sn0=040
su1=0d0
do 75 i=1,ncp
lop=ncc*{i-1) +i
se1=0d40
se2=0d40
se3=040
seli=040
do 76 3j=1,ncp
lok=ncc*?i-1) +j
ses=x (j) *£ij{lok) *dexp’-pesplok) /t)
sel=gel+ses* (bdkdt (lok) -

& dexdt{lok)*bwrkt {lok))
se2=se2+ses
se3=ge3+ses*burkt {1ok)
sel=sel+ses*dexdt {lok)

76 continue
sul=sul+x ‘i) *se 1/se2
sut=sui+x (i) *se3*sel/se2/se?

75 continue
sht={sul%sul) /tstm+1d0

c calculation of dv
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if {.not.ldvi) go to 300
if (iflag.eq.?2)

1 dpdv=-rtbv/v+(1d0+2d0*rhr1t+3d0*rhr2t+6d0*rhr5t+rhrets*
2 (3d0+b4rh*{330-2d0*b4rh)))

dpdt=rbv* (1A0+rhr* (b1+2d0%b3-3d0*b9+430%b11)

1 +rhr2#* (b5+b10) -rhr5*b12-230 *rhret* (140 +b4rh))
dv=-dpdt/dpdv

calculation of enthalpy and its temp deriv

aaa

300 if (Lhx) go to 879
go to 872

879 hx=rt*{{rhr*(b1-2d0%b2-43d0%b3+530%b9-640%b11)
1 +rhr2*(b5-1.5d0*%b6-240%b10) +rhrS*(1.230%b7+1.440%b12
2 +b8b4e* (3d0/bdrhe-330-bdrh* {54-1-bdrh)))
3 ssht+ (z-140) ®*(1d0-sht))
hxx=hx

872 if(nc.ne.0)go to 320

if (.not.ldhx) go to 310
dhdt=rgas*{chr* (b1+84d0*b3-1530%b3+2440*b11)
1 +rhr2%* (b5+230%b10) -1.4d40*rhr5%b12
2 -24d0%b8blde*{3d0/blirhe=-330-blérh*{5d~1-b4rh)))
dhdv==-rthy% (ThArs (b1-2d0%p2-4d40%b3+5d0%b9-630%b17)
1 +2d40%Thr 2% {b5-1.530%b56~2d0~p10) +-hr5%{5d0=h7+730%b12)
2 +Thret75d0+b4ch* (5a0-2d0=04ch)))
dhx=dhdt+dv*dhdv

calculaticn of entropy

0 aa

310 if (1sx) go to 881
go %to 873
881 sx=rgas*({(-rhr* (b1+2d0*b3-340*b9+440%*b11)
1 -5d-12rhr2* (b5+¢b10) +2d-1*chr5*b 12
2 +240*b8b4ye* (birher-1d0-5d-1¢b4rh) ) *sht-dro* {(1d0-sht)
3 +dlz-dlpr)
SXX=SX
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873 1f (f{kxphi.le.0) go to 3290

begin calc of comp dep bu¥r consts

aaaq

b1=bi (1)
b2=bi {2) *tr 1
b3=bi (3) *tr3
b5=bi (5)

b6=bi {6) *tr1
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b7=bi (7)*tr?
b8=bi ’8) *tr3
b9=bi (9) *trs
b10=bi {10) *tr2
b11=bi (11) *xtr5
b12=bi [12) #tr2
b8ble=bB8/bli*burhe

calculation of coamon teras

aaa

zao=z-140

hxrt=hx/rt

trh1=chr* (b1-b2~-b3+b9-b11)
trh2=rhr2*(b5-b6-b10)
trhS5=rhrS5* (b7+b12)

N
calc coeffs of coap derivs of vst,tst,gma for fug

aoaao

if (.not.lphi) go to 410

coeffl0=hxrt-sx/rgas~dlpr

if (kvl .eq. 2) coeffl=coeffl-dlog({p/pcalc)

coeff v=hxrt-zmo

coeifc=zao0
coeffb=trhi1+5d-9%trh2+2d-1%trh5+b8blex{barher-140-5d-1%b4rh)

c
c calc coeffs of coap derivs of vst,tst,gst for fug derivw
c

410 if {(.not.ldphi) go to 420
hxrtt=hxrt/t
coefd 0=-hxrtt
fn=2z/t-pbrt*dv
coefd v=—hxrtt+dhx/rt+fn
coefdr=-€n
fot=chr*{{b2+3d0%h3-430*b9+540%h11)
1 +53-1*chr 2% (b6+240%b10)-23~-1%rhrS5* (b7+2d0*b12)
2 -bB8bde* (bi4rher-1d0-5d~-1*bdrh))
fnv=trhi+trh2+trh5-b8bde* {1d0+blch)
coefdb=fnt/t-fov¥*dv/v

c calculation of fuq coeffs and tesmp derivs

420 rt1=240/alph?
bjt1=240/vsta3

do 430 i=1,ncp
lopi=ncc* (i-1)+1i
is=id x (1)

loci=ncc#* (is~-1) +ids2

vsti=040
gs ti=0d0
tsti1=040
tsti2=0d40
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tsti3=040

tstiu=040

do 440 9§=1,ncp

lopj=ncc#(j-1) +3

Js=idx ()

locij=loci+is

xj=x (3)

vsti=vsti+xj*bvrkv (locij)
gsti=gsti+xj*bwrgij(lociy)

tss1=040

tss2=040

do 441 k3=1,ncp

ko=ncc*(j-1) +k3

ses1=x (k3) *£ij (ko) *dexp (-pesp (ko) /t)
tssi=tss1+ses1*burkt (ko)
tss2=tss2+ses?

continue

kv=locij

if {locij.eq.2) ku=3

if (locij.eq. 3) kw=2
tstit=tstit+xj*fij(locij) *bwrkt (locij)
*dexp (-pesp /locij) /t)
tsti2=tsti2+x3*fij({locij)*dexp/~pesplccii)/t)
tsti3d=tsti3+xi*Eij (ky) sbuyrkt {kv)
“dexp '-pesp (k¥) /t) /tss2

tstif=tstil+xi*£ij{ky) *dexp{-pesp{ky) /t) ¥tss1/tss2/tss2

continue

ri=rti*(vsti/vstma-140)
vi=({-tston+tstil/tsti2+tsti3-tstil) /tstao
vi=vi/sht
bji=hjti1*gsti- {2d0+alph3*ri) *gsta

calc of fug. coef. of zalpha

if (lphi)go to 3333
go to 3322
phi (i)=coefflO+ri*coeffrevi*coeffvibjixcoeffb
write (6,8444)1i,phi(i),x(1)
foraat{1x,'i,fi',i5,2915.6)
if (1dphi) dphi(i)=coefdO+riscoefdr+vi*coefdv+bji*coefdb
continue
vio=v

return output guantities as requested

h=hz

if (lv) vio=v

if fMdvy dvio=dw
if (lh) h=hx

if (ldh) dh=dhx
if (1g) g=hz-t*sx
if ‘1dg) dg=-sx
if (ls) s=sx
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if (1ds) ds=4hx/t

h=hx

S=SX
c

return

end

subroutine es11
c ———————————— D D A AR D D L ) D D B S D . = D A G D D D D A R S - -
c module title - initialization of CSM-3PCS-MBWR

Cmmmm e ——— ——— ——— _—— -

implicit real¥*8 (a-h,o0-z)

common /ppglob/ pref,tref,rgas

coamon /ttt/t

conmon /alphas/alfat(4),alfa2(4),alfa3(4)

~commdn /ncomp/ ncc

common /tcbwr/ bwrtc(2)

compon /vcbvr/ bervc {2)

common /bwrgma/ bwrgaa (4)

common /bwrkv/ bwrkv (4)

common /bwrkt/ bwrkt (4)

ceonnon /bdkdt/ bdkdt{(¥)

coanon Sesbhyrg/ burgii (i)

coanon /burkyp/ DULR7p{d)

coamon /burktp/ bwrktp(d)

conmon /bdktii/ bdktii(¥)

coamon /penqgy/pesp ()

conmon /deangy/ pery (2)

common /dexdt/dexdt (4)

conmon /bvrcon/ alph1l,alph2,alph3,conv,cont

data alph1d,alph2d,alpk3d/3.040,3.040,3.040/
c set constants from data

alphi=alph1d4/3.4d0

alph2=alph2d4/3.40

alph3=alph3d/3.40

do 120 i=1,ncc

in=i

dmi=alfal ’in) /t

tci=bwrtc(in) /alfa2(in) +dni

vci=bwrvc (in) *alfa1(in)

gmai=buvrgaa (in)

loci=nccE (i-1)

locii=loci+i

burkvp{locii) =140

bwrktp{locii) =140

Q

do 120 j=i,ncc

jn=7j

dm j=alfa3’?jn}/t
tcj=bwrtc({ijn) /alfa2 {jn) +dmj
vcj=buwrvc{jn)*alfal(jn)
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gmaj=bvrguma { jn)
ji=ncc*(i-1) +j
vii=bwrkvp (ji)
vstij=vji*vii*viikdsqrt {vci*vci)
burkv{ji)=vstij*+*alph? .
bdkdt (§i)=0.530*burktp(ji) *(tcj*dmi+tci*dnj) /dsgrt (tci*tcj)
burkt (ji)=bwrktp(ji) *dsqgrt (tcixtcj)
burgij (ji) =5d-1*(gmai+gmaj) *vstij**alph3

ij=ncc* (§-1)+1

burkv (ij) =bwrkv (ji)

bdkat (ij) =bdkdt (ji)

burkt {ij) =bwrkt (ji)

bergi j(ij)=bwrgij (ji)

120 continue

pesp(1)=040

pesp(4) =040

pesp{2)=pery (1)

pesp(3)=pery(2)

dexdt [2)=pery (1) /t

dexdt (3)=pery(2) /t

dexdt (1)=040

dexd {(#4)=040

continae

return

end



