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ABSTRACT

Title of Thesis: Correlation and Prediction of Vapor-Liquid
Equilibrium in Electrolytic Solutions 

Anil Krishna Rastogi, Doctor of Engineering Science, 1981 
Thesis directed by:Dimitrios Tassios, Professor of Chemical

Engineer ing

Two expressions for the excess Gibbs free energy are pre
sented which correlate and predict vapor-liquid equilibrium and 
the mean molal activity coefficient of an electrolyte in a ternary 
mixture containing water and either MeOH or EtOH. The proposed 
equations take into account coulombic forces between ions and the 
physical interaction forces between ion-solvent and solvent- 
solvent molecules in a solution.

Model #1 is a combination of an extended Debye and Huckel 
equation and the local composition of non-random two liquid (NRTL) 
model. A ternary mixture requires six adjustable binary para
meters to predict activity coefficients. These six parameters are 
evaluated from three separate binary data reductions. Ternary 
data are predicted with an average error of I AY I less than 0.03 up 
to I = 2. The parameters are considered temperature independent 
within a 30 to 40°C temperature range for aqueous electrolyte 

mixtures and within a 15 to 20°C temperature range for nonaqueous 
electrolyte mixtures. Both isothermal and isobaric ternary ex
perimental data have been tested for ternary correlation. Iso



thermal ternary data correlation for systems containing water- 
methanol solvents give results with an average error of I AY I less 
than 0.01 up to I = 6 . Whereas isobaric ternary data are correlated 
with an average error of |AY| less than 0.02 up to I = 4. It is 
possible to extend this model to multi-component mixtures although 
this has not been investigated in this work.

Model #2 is a combination of the Bromley equation, the 
simplified NRTL equation and an additional ternary salting out 
expression. The behavior of each electrolyte-solvent binary is 
described by a one parameter form of the Bromley equation. The 
temperature dependency of the binary parameters has been estab
lished with a two constant equation. Prediction of aqueous 
electrolyte binary data (y + and vapor pressure depression) is 
obtained with an average percent error less than 1 0 . 0  at inter
mediate temperatures. Correlation of ternary VLE and y+ data 
require four binary parameters and two additional ternary adjus
table parameters. This model is limited to binary and ternary data 
correlation only. The maximum concentration range for the cor
relation of ternary systems containing water and methanol solvents 
is about 1 = 3. The correlation of vapor-1.iquid equilibrium data 
results in an average error of |AY| less than 0.012, except for 
the LiCl-H2 0 -MeOH system at 60°C where the average error in I AY 1 
is 0.02.



PREFACE

The thermodynamic study of electrolytic solutions can be 
categorized into three groups: one containing strong electro
lytes in aqueous solvents; the second comprising volatile weak 
electrolytes in aqueous/nonaqueous solvents; and the third 
consisting of strong electrolytes in nonaqueous solvents or in 

mixed solvents.
The first type of system has been of interest in var

ious chemical, metallurgical and geological problems. Debye 
and Hiickel (1923) proposed the classic thermodynamic excess 
Gibbs free energy expression for strong electrolytes in a 
single solvent. Guggenheim (1935) extended the range of val
idity of the Debye-Huckel equation to 0.1 molal solutions. 
Recently, many workers have proposed semi-empirical correla
tions for concentrated electrolyte aqueous solutions viz, 
Bromley et al. (1972, 1973, 1974); Meissner et al. (1972);
Pitzer et al. (1973, 1974, 1977, 1979); and Cruz and Renon 
(1978). Two important and different approaches among the 

above are by Bromley (1973) and Cruz and Renon. Bromley modi
fied Guggenheim's equation to a one parameter form per binary 
whereas the Cruz and Renon expression is a combination of the 
Debye-Huckel equation, a salting out contribution given by the 
Born model, and the NRTL model.

The second type of systems recently became important due 

to the necessity of pollution control in the chemical and

ii



petroleum industries. The recovery of weak volatile elec
trolytes such as ammonia, carbon dioxide, hydrogen sulfide, 
sulfur dioxide and hydrogen cynanide from effluent streams re
quires the thermodynamic representation of vapor-liquid equi
librium. The most interesting work reported in this area is 
by Van.Krevelen (1949) ;Van .Krevelen, Hof zer and Hunt ens 
(1949); Edwards et al. (1975, 1978); Beutier and Renon (1978);

Chen et al. (1979); and Mason and Kao (1979).

Theoretical and correlation for the third type of 
system, electrolytes in nonaqueous solvents and in mixed sol
vents is sparse. A knowledge of the VLE and electrolyte 
activities in such solutions could be useful in different 
chemical and electrochemical applications. The correlation 
work in the literature for this category are by Rousseau et al. 
(1972, 1975, 1978); Bakerman and Tassios (1975); Hala (1969); 
Chen et al. (1979) and Tomasula and Tassios (1980). The most 
systematic approach is given by Hala and Chen et al. They 
have considered different ion-ion, ion-solvent and solvent- 
solvent interactions in an electrolytic solution. Both have 
used two types of terms for the Gibbs free energy. One of 
these terms is the Debye-Huckel equation to represent ion-ion 
interactions. For the other interactions,Hala used the two 
suffix Margules equation,whereas Chen et al. used an expression 
based on the two liquid nonrandom theory. Unfortunately, 
none of the above approaches presents a predictive scheme for 
a ternary electrolytic solution; also they are complex in 
nature.

iii



It would be appropriate to categorize the present state 
of the art for such systems as in a developmental stage. There
fore we have taken an approach to develop thermodynamic analy
tical expressions to represent VLE of the third type of elec
trolytic solutions. Our models also combine the two types of 
terms, which are derived by the modification of Bromley (1973) 
and Cruz and Renon (1978) binary equations. These are dif
ferent than the equations of Hala and Chen et al. The proposed 
models require a minimum amount of information. Model I has the 
possibility of extension to multicomponent mixtures containing 
more than two solvents and single or multi electrolytes.
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INTRODUCTION

Fundamental knowledge of the VLE behavior of electro
lytic solutions and electrolytes in mixed solvents is limited 
at present. The characterization of equilibrium properties of 
such systems has become important in the process design and 
process simulation of different processes.

In this study, two semi-empirical models have been 
developed based on molecular and ionic interactions in the 
solutions. Both the models combine modified forms of the 
NRTL equation and some form of the extended Debye-Hiickel 
equation for physical and coulombic forces in a solution, 
respectively.

In Chapter 1 thermodynamic relationships for the VLE of 
electrolytic solutions are presented. In Chapters 2 and 3 
the two models are developed. Also, their performance in 
correlating and predicting binary and ternary data is in
vestigated. In Chapter 4 a comparative study of the two 
models is discussed. The detailed development of the two 
models is given in Appendices A, B and C.
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CHAPTER 1

DEVELOPMENT OF FUNDAMENTAL RELATIONSHIPS FOR VAPOR-LIQUID 
EQUILIBRIUM IN ELECTROLYTIC SOLUTIONS

ASBSTRACT

In vapor liquid equilibrium calculations it might be neces
sary to find y-T data from known x-P data or to find y-P data from 

given x-T data or it may be required to interpolate or extrapolate 
the limited x-y-P-T data. Secondly, in chemical pro
cesses and electrochemical energy conversion, a knowledge of the 
activities of the solvents and the electrolyte may be useful to 
characterize the solution behavior. Therefore, in this chapter, 
some important thermodynamic relationships have been developed 
which are applied to a binary or a ternary electrolytic solution.
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1.1 Criteria of Equilibria

Consider an electrolytic solution at equilibrium at a 
temperature 'T' and pressure 'P' as shown in (figure 1.1).
In the liquid phase, the electrolyte will be in ionic equili
brium due to the dissociation of the electrolyte into ions.
In a concentrated electrolytic solution, one expects the 
presence of ion-pairs and ions depending upon the degree of 
dissociation. However, in this work, the electrolyte is 
assumed to be completely dissociated into ions for the con
centration range and solvents under consideration. Therefore 
the 1 iquid-phase, specifically, will consist of solvent mole
cules and ions. The vapor phase will consist of solvent 
molecules and the electrolyte in molecular form (if the elec
trolyte is volatile), because, for the temperature 
range considered in this work, dissociation of the elec
trolyte in the vapor phase is negligible.

When two phases are in equilibrium, the chemical poten
tial for component i in the two phases will be the same

The chemical potential in a single phase can be related to
the fugacity of component i in a mixture by—

A

dGi = dpi = RT dlnf-[ (1-2)

A combination of equations (1-1) and (1-2), results in—
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Vapor Electrolyte  

( if v o l a t  i le ) /

E lect m l  yfg .........  p. Ions

Liquid

Figure 1.1 Representation of the Vapor-Liquid 
Equilibrium in Electrolytic Solutions



The fugacity of a component can be further expressed in 
terms of measurable quantities, viz. , X,Y, p and T. A ternary 
mixture, in this study, is defined as a mixture of an electro
lyte and two solvents and the ternary mixture, is considered 
a combination of three binary mixtures

(1 ) binary 1 -2 : electrolyte (1 ) - solvent (2 )
(2) binary 1-3: electrolyte (1) - solvent (3)
(3) binary 2-3: solvent (2) - solvent (3)

An expression of the fugacity in terms of X-Y-P-T 
data, for an individual binary mixture and a ternary mixture, 
is considered in the following sections.
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1.2 Mixture of Solvent (2) - Solvent (3) (Binary 2-3)

The liquid-phase fugacity for solvent 2 or 3 is given

by

= X1 Ti (P.E.)i*° P° (1-4)
where, Q OL

P • v.
(P.E.). = EXP [ / (^-)dP] (1-5)

i o RT

B. .P?
= EXPt- —^^r~] (1-6)

The vapor phase fugacity is given by

where,
fi = yi P d ' 7'

♦I - EXP[lf (Bil + yj6 ijn  (1-8>

Combining equations (1-4) to (1-8) gives

X.y.P? = y.P F. (1-9)
1  ' 1  1  J 1 x

and a.
F = -3 — i  (1 -1 0 )

(|)?(P.E.)i

At low pressures, and Tr  ̂ << 1.0, F^ - 1.0 (Appendix I)

This simplifies equation (1-9) to

X.y.P? = y.P (1-11)l ' i i 1 i

The total pressure is calculated by

P = X2 y2 P° + X3 y2 P° (1-12)
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Equations (1-11) and (1-12) are used to correlate or 
predict the VLE in a solvent-solvent binary.
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1.3 Mixture of an Electrolyte and a Solvent (Binary 1-2 or 1-3)

Case I volatile electrolyte 

The liquid-phase fugacity for the electrolyte is given by

where,
f^ = my + Hj (1-13)

= f(T) at low pressures (1-14)

anAnd the liquid-phase fugacity for the solvent is given by 
equation similar to equation (1 -1 1 ) in section (1 -2 )

fi * xiYiP° <1_15)

The vapor-phase fugacity for both the electrolyte and the sol

vent is
A A

f^ = y£P, assuming <J>̂ - 1.0 (1-16)
(fi, = electrolyte or solvent)

Combining equations (1-13), (1-14) and (1-16)

my + H1 = y1P (1-17)

X.y.P0  = y.P (1-18)x ' l J x

Case II non-volatile electrolyte

The vapor phase will have only solvent molecules. Equation 
(1-18) will be the only equilibrium relationship for the 
solvent i

XiyiP? = P (1-19)
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Usually, binary electrolytic experimental data are ex
pressed in terms of the osmotic coefficient <j), which is de

fined as

, 1 0 0 0  , A ,, orn4 = - — rj— lna. (1 -2 0 )T vmM lw

for Case II, the activity and the activity coefficient of the 
solvent are interrelated by

d - 2 1 )
i
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1.4 Mixture of an Electrolyte (1) - Solvent (2) - Solvent (3) 
(Ternary 1-2-3)

Case I volatile electrolyte 
The VLE relationship for the electrolyte and solvents (2) and
(3) will be given by equations (1-17) and (1-18) respectively.

Case II non-volatile electrolyte 
The vapor-phase will have only solvent (2) and (3) molecules. 
The VLE relationships will be the same as given in section 
(1.2), equations (1-11) and (1-12). In sections (1.2) to (1.4), 
the liquid mole-fraction of any component is defined, based 
on the complete dissociation of the electrolyte.

N.
Xj_ = -----    (1-22)

vm + N 2 + N 3 (i = 2 or 3)

and
m

X = ----------  (1-23)
vm + N2 + N 3

Equations (1-1) to (1-23) developed in sections (1.1) to 
(1.4) are used for relating X- Y-P-T and mean molal activity 
coefficient data in a binary or a ternary mixture. However, 
in this work all the systems used are non-volatile, except 
for the HCl-H^O system where pressure is given as partial 
pressure of water.
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1.5 Criteria for the Excess Gibbs Free Energy

In practical applications, where the liquid-phase compo
sition and the temperature of the system are known, it is 
necessary to calculate the total pressure of the system and 
the vapor-phase composition or the mean molal activity co

efficient of the electrolyte . In order to obtain this information the 

equations presented in sections (1.1) to (1.4) are applied, depending 
upon the type of system. For the above problem, the additional infor
mation needed are P?, (if electrolyte is volatile) and liquid- 
phase activity coefficients (y^ and y+).

At a given temperature, the pure component vapor pressure 
can be estimated by equation (1-24) which expresses P? as a 

f (T) —

At low pressures, the Henry's constant for the electrolyte 
(volatile) is expressed as a quadratic function of temperature—

For the activity coefficients, an expression is required 
in terms of the known variables i.e. liquid-phase composition 
and temperature of the system. In the liquid-phase the total 
excess Gibbs free energy can be developed as a function of 
known variables considering the different interaction forces 
in solution. The excess Gibbs free energy is then used to 
obtain expressions for the activity coefficients, as shown

P9 = E x p ^  + c - ^ + C4T + C5 T2 + CglnT)) 760 (1-24)

1  1 1 2  
Hi = ai + biT + ciT (1 -2 5 )



below —

(1 -2 7 )

(1 -2 6 )

iny +
*

(1 -2 8 )

InYf = lnY± - ln(0.001vmMw + 1) (1-29)

where
Y± = mean molal activity coefficient 
Y± = mean molar activity coefficient

In an electrolytic liquid solution, the total excess 

Gibbs free energy can be attributed to, mainly two type of 
molecular interactions. One interaction is due to the long- 

range electrostatic forces or ion-ion interactions. The other 
interaction takes into account the physical forces due to in
teractions of ion-solvent and solvent-solvent molecules. In 

Chapters 2 and 3, two different models have been considered 
for the excess Gibbs free energy. These models propose different 
forms of expressions to represent the non ideal behavior of a 
solution.

The e q u a tio n s  developed in  s e c tio n s  (1 .1 )  to  (1 .5 )  are  

used f i r s t  to  f i t  e x p e rim e n ta l b in a ry  da ta  w ith  th e  a c t iv i t y  

c o e f f ic ie n t  ex p ress io n s  p re s e n te d  in  C hapters 2 and 3 . These 

are  th en  ex tended  to  p r e d ic t  a n d /o r  c o r r e la te  th e  te rn a ry  

v a p o r - l iq u id  e q u il ib r iu m  and mean m o la l a c t i v i t y  c o e f f ic ie n t  

d a ta .



CHAPTER 2

CORRELATION AND PREDICTION OF VAPOR-LIQUID EQUILIBRIUM AND 
THE MEAN MOLAL ACTIVITY COEFFICIENT BY MODEL I 

IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Mean activity coefficient data and vapor pressure de

pression data of aqueous and nonaqueous electrolytic solu
tions are correlated successfully. The maximum molality 

applicable to model for aqueous-electrolytic and MeOH-elec- 
trolytic solutions can be approximated up to I = 6 . The 
binary parameters are considered temperature independent 
within a 30 to 40°C temperature range, presetting the ion- 
solvent nonrandom parameters a^i and ag^ to 0 . 2  and 0 . 0  re
spectively. The prediction of ternary VLE and is of ac
ceptable quality with an average error of 0.028 in AY and a 
15% average error in y± up to I = 2. Ternary data correla
tion of both isothermal and isobaric data are of good qual
ity. In general, the prediction of binary data using the 
parameters obtained by ternary data regression is possible, 
with an average percent error in DP and y± o f  15%.
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Model I; Combination of the Extended Debye-Huckel 
Equation and the NRTL Equation

2.1 Excess Gibbs Free Energy Function

A complete theoretical account of the thermodynamic 
properties of electrolyte solutions must deal with both long 
range interionic and short range interactions between ions and 
solvent molecules. In a dilute electrolytic solution, the 
magnitude of the long range electrostatic forces is dominant. 
Based on this f act, Debye and Huckel developed a 1 imi ting law to pre
dict the properties of a dilute solution by considering the electrical 
potential at a point in the solution in terms of the 'concentrations and 
charges of the ions and the properties of the solvent. Gronwall, Lamer 
and Sandved (1928) modified the Debye-Huckel equation by extending the 
potential functions with additional higher order terms. However, 
in a solution of an electrolyte in mixed solvents, the solvent- 
solvent interactions are of as much importance as those of ion- 
ion and ion-solvent interactions. Therefore,, in Model I, an 

empirically extended form of the Debye-Huckel equation is com
bined with the non-random two liquid model (NRTL). The NRTL 
part of the equations not only accounts for solvent-solvent 
interactions, but describes unaccounted ion-solvent inter

actions also.
•pThe equations for the excess Gibbs free energy, g , are 

as below
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g!
RT Total RT Ext.D.H.

G*
RT (2-1)

NRTL

RT Extended D.H.

{ (1 + pl1 / 2 ) 2 - 2(1 + pIA/ )̂ + In (1 + pIi/A) + j }1/ 2, .1/ 2 ,

, j-2 (al - 2) .. . T, 1/2 ,4 1-,,+ A {—  --- -̂-  (1 + al) + T —o i l
y -> 2 j' 3a a

+ NT [(0.001vmMw + l)ln(0.001vmMw + 1)

0. OOlvmM,w
where,

P
a

AY

1.0
1.5/|Z+Z_1
Debye-Huckel constant (see Appendix D)

(2-2)

GE, _ 1 r„ NAZ±2 + N3Z32
RT NRTL " R^ 2 N'G -  +A« ± 2  ■ n3G32 + N 2

+ N NAZ±3 + N2Z23 
3 NAG±3 + N2G23 + N3

- N N2Z±2 N3Z±3
A N 3 G 3 2  + N 2 N2 G2 3  + N 3

+ nan2 n 3
Z32G±2 + Z23G±3

(N3 g 3 2 + N , ) 2 (N2 G2 3  + N 3 ) 2
(2-3)

where,
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Z. . = Ag. .G. .
1 3  i j

AgiiGij - EXP[-a1;j -5 5 !] (2-4)

aij aji

Ag. . ^ Ag . .

Z±i ZAi + vB ZBi A
VRG . = G„. + —  G d . 

±1 Al V, Bi A
(2-5)

ZA1 = A9AiGAi and ZBi = A^BiGBi
AgAiGM  = EXP[-aA . ^ - ]

AgBiS i  = EXP[-aBi (2-6)

A stepwise procedure for the development of these ex
pressions is given in Appendix B, sections B.l and B.2.
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2.2 Procedure: Data Reduction and Prediction

In Model I, each of the three binaries have two adjust
able parameters. In order to predict ternary behavior it is 
necessary to evaluate the binary parameters first. Also, the 
accuracy of the binary data correlation will justify the ex
tension of Model I to ternary or multicomponent mixtures. A 
stepwise scheme for the data correlation and prediction is 
depicted in figure 2.1. A nonlinear subroutine LSQ2 is used 
in the binary or ternary data regression.

The detailed steps for binary and ternary correlation 
with different objective functions have been discussed separate
ly, as below

A. Binary 2-3: Mixture of Solvent (2) - Solvent (3)

The activity coefficient expressions for these type 
of systems are obtained by substituting m = 0 . 0  and NA = 0 . 0  

in equations (2-2) and (2-3) and differentiating the result
ing excess Gibbs free energy function. This results in the 

original NRTL equation of Renon and Prausnitz (1968)—

x? Z . . G . . Z. .
lnyi = =1 [--------- 2 +  ^ ---- 2 ] (2"7)RT (xjGji + Xi)2 (XiG.. + Xj>2

G^j and Z^j are given by equation (2-4).

The experimental X-y-P-T data for these binaries are cor
related for the two temperature independent parameters— Ag2 3  

and Ag3 2  by presetting a2 3  to -1.0 as recommended by Marina
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and Tassios (1972) or to 0.2, 0.3, 0.47 as recommended by 
Renon and Prausnitz (1968). The objective function used in 
the regression for this type of binary system is

NP 3 Ys YS_ 2
o.f. = Z Z [— =3---- -] (2-8)

s=l i= 2  YS„ iE
NP = # of points in a system

Yc is calculated using experimental X-y-P-T data with 
E

equations (1 -1 1 ) and (1 -1 2 ).

B . Binary 1-2 or 1-3; Mixture of an Electrolyte and 
a Solvent

The activity coefficient expressions are given by 
equations (A-5), (A-10), (A-8 ), (A-12) and (A-9). Experimental
binary data can be correlated either through regression for 
G+  ̂and Z+  ̂or AgA  ̂and AgB  ̂ in equations (2-5) and (2-6). 
However, the temperature independent form (Ag^ and AgB )̂ 
would require values of a,, and a,,.. These two forms of the

A X  D i

parameters make Model I applicable to both isothermal and 
isobaric data. Two objective functions are used to evaluate 
the binary parameters.

NP Ysca " YsE 2 Np Y±ca ” Y±e 2o.f. # 1  = Z [— 23 Ej + E [_ c a ---- Ej (2_9)
s=l YSE i (= 2 or 3) s=l Y±E

NP DP - DP„ 2 NP Y± Y±_, 2
o.f. #2 = Z [— ----- -] + S t— ^ -----1 (2-10)

s=l E s s=l y ±e s

where,
DP = P? - P (2-11)
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y. „v_. and DP are calculated using equations (1-17) to
1 1 rjAir

(1-21). If experimental binary data are available only as 
vapor pressure vs molality, the second term in equations (2-9) 
and (2-10) is zero. In the case where the data are y+ vs 
molality only, the first term in equations (2-9) and (2-10) 
is zero.

C. Prediction of Ternary VLE (y2, y3, P and y+)

The binary parameters obtained by individual binary 
data correlation with the best objective function [Equation 
(2 -1 0 )] are used to predict the activity coefficients y2, Y3  

and y+ in a ternary mixture with equations (2 -1 2 ) to (2-18) 
and (1-29).

lnY+ = ln^±Ext.D .H . + 1iVy±NRTL (2-12)

1/2
lny* = 2.303 [-A -- --- + A 2    *■] I Z , Z I

4 y 1 + pl1 / 2  y ( 1 + al) 2 ' +

+ In(0.OOlvmM + 1) (2-13)w

*
ln^ + NRTL ~ u "  RT*-

A 1 ,X2{X3G32Z±2 + X2Z±2 “ X3Z32G±2}
±NRTL v RT (XAG±2 + X3G32 + X,)2

+ X3(X2G23Z±3 + X3Z±3 X2Z23G±3 ̂
(Xa G±3 + X2G23 + X3)2

X2Z±2 X3Z±3 + X2X3Z32G±2
(X3G32 + X2 ̂ (X2G23 + X3} (X^G32 + X2 ^
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lnyi (2 or 3) lnyi,Ext.D.H. + lnyi,NRTL ( 2 15)

^iExt.D.H. - 2 ‘ 3 0 3  IOT0[MWi 1f l V 2

M . A 2 £

8ay 1 ̂ (al) + Nt Mw A ~ L  I ^(al)] |Z+Z_
' i

+ In(0.OOlvmM + 1) - O.OOlvmM (2-16)w w
where,

(pl1//2) , ^(al) are defined in equations (A-12) and (A-13) 

cr̂ (p l ^ 2) , ijjj(al) are given by equations (B-35) and (B-36)

. . 1 »A6±i»±l + W ± i Gii + W - j i G*i + xiziiGii
iNRTL RT ( X.G.. + X.)2v A ±i j  j x  x

X„X.Z..G,. - X, X . Z .G .. + X2Z..
+  A J xj ± J  A j ± ]  l] ]  l]

(X,. G , . + X.G. . + X. ) 2A i ID D

Z . . G , . - Z ,. G . . Z . . G . . + Z , . G . .
+ X X. 3X 1 1 ]1 + J-D *D ±3 J-D

(X.G.. +X.)2 (X.G.. +X.)2] ]i i i i] D

Z ..Gx. Z..G ,.G ..
2XnX . X .  T ^ .^  ] (2-17)
A 1 j ' V j i  + xi ) 3  <xiGij + xj » 3

where,

XA = VAX1 (2-18)
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i = 2 and j = 3

or
i = 3 and j = 2

In equations (2-13) and (2-16) the Debye Huckel constant 
and the slope of the Debye Huckel constant are calculated by 
a procedure given in Appendix D. Once the solvent activity 
coefficients are estimated, they are then used to predict 
y^ and p with equations (1 -1 1 ) and (1 -1 2 ).

D. Correlation of Ternary Data

The activity coefficient equations (2-12) to (2-18) 
with equations (1-2 9), (1-11) and (1-12) are used in ternary
data correlation. Three objective functions are attempted

NP NP Yj “ Yj_ 2 NP Y± „ Y±„ 2
o.f. #1 = E E [— — ------ ]  + E [— —  - ]  (2-19)

s=l j=2 Y jE s s=l y ± e  s

NP P - P 2 NP 2
o.f. #2 = E [— -----] + Z [(Y - Y3 ) x 10]

s=l PE s s=l ca E s

NP Y± " Y± 2
+ Z [— £2----- 5] (2-20)

s=l y ±e s

NP NP Y j “ Y j 2 NP 2
o.f. #3 = E E [ — — ------] + E [(Y -Y )x 10]

s=l j=2 YjE s s—1 ca E s

NP Y± “ Y±p 2
+ E  -] (2-21)

s=l Y ±e  s
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In equations (2-20) and (2-21), a weighing factor of ten 
is used for the deviation in the vapor-phase composition in 
order to make the magnitude of this term equal to that of the 
relative percent error in AP and y+. In the case where the 
ternary data are in the form of m-X-y-P-T only, the second 
term in equation (2-19) is zero and the third term in equations 
(2-20) and (2-21) is zero. If the data are m-X vs y + only, 
the first term in equation (2-19), and the first and second 
terms in equations (2 -2 0 ) and (2 -2 1 ) are zero.

The activity coefficient expressions [(2-13) to (2-18) j 
have six adjustable parameters for a ternary mixture. However, 
in this work, data are regressed only for four parameters with 
preset values of Ag2 2  and Ag2 2  obtained by binary 2-3 data 
correlation, corresponding to ct2 2  ~ "1 -0 * if the experimental 
data are isothermal, the parameters evaluated are G+2/ z+2 '
G+ 3  and z+3- For isobaric data, the temperature independent 

parameters ^ 9 ^ 2 ' ^ B 2 ' ^ A 3 an(̂  AgB 2  are evaluated.

A stepwise procedure was used for the rapid convergence
of the regression program for the four parameters. In the
case of isothermal data, first G,„ and Z,„ were set to the+2  +2

values obtained by binary aqueous electrolyte data correla

tion and the ternary data were regressed for G+ 2  an^ z+3 *
The second time G+ 2  and Z+ 2  were fixed at the regressed values 
obtained in the first step and G+ 2  and Z+ 2  were evaluated by 
ternary data correlation. The third time, the values of G+ 2  

and Z+ 2  obtained in the second trial were used and the step
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one was repeated to obtain new values of G+  ̂an<̂  z+3 ’ This 
procedure is performed for four or five trials. Finally, the 
four parameters are evaluated together by ternary data reduc

tion using the values of Z+2 ' ^ + 3  anĉ  Z + 3  °htained from
the last step as starting values in the regression.

E . Binary Data Prediction Using the Parameters Evaluated 
by Ternary Data Reduction

The binary parameters [Section 2.2 D] obtained in 
ternary data correlation are used to predict the activity co
efficients for binaries 1-2 and 1-3, with equations (A-5),
(A-8 ), (A-10), (A-ll) and (A-9). These are then used to cal
culate vapor pressure depressions.
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2.3 Results

A list of binary and ternary systems used in this study 

is presented in Tables G.l and G.2.

A. Binary Data Reduction

The solvent-solvent binary data correlation was ob

tained with two values of <*2 3 * Both the values result in the 
same order of AY^VG and APAVG, Table G.3. The quantities

AYAv g an^ are defined below
NP
E IAX|S 

s=l
NP

NP
2 I AP | 

s=l

AYAVG

AP

where
AVG

AY = Y.

NP

- Y.

(2-22)

(2-23)

(2-24)
ca E

AP = P - P, ca 3 (2-25)

The aqueous or nonaqueous electrolytic binary results are 
presented in Tables G.4 to G.7. The quantities used to define 
the accuracy of the correlation are as below

Avg % error in y+

Avg % error in DP =

NP y + -  y +ca EL
S=1 l+1

>• x 1 0 0
E s

NP
E

s=l

NP
Dp " D 

ca E x 1 0 0

(2-26)

(2-27)
NP
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The objective function #2, given in equation (2-10) gives a 

better fit of the data, Tables G.4 and G.5, specifically for the 
nonaqueous electrolytic binaries. In further studies, only ob
jective function # 2  is used in the binary data correlation, except 
for the HCI-H2 O binary at 25°C. Since HC1 is a volatile electro

lyte, and the experimental data are in the form of partial pressure 
of water in the vapor phase, objective function # 1  is used.

B . Temperature Dependency of the Binary Parameters

Next, the temperature dependency of the binary para
meters was determined. The parameters Ag^i and AgBi (equation 2- 
6 ) were evaluated by presetting a&i and aBi- The meaningful values 
of a^i and 0 ( 3 1 will be those which can interrelate two forms of the 
parameters: G+i; Z+i and AgA^f* AgB .̂ It was observed that one of

the two a's (c&i or aBi) should be set to zero in order to represent 
one form of the parameters in terms of the other form. In this 
work, aBi is set to zero and the value of aAi was selected 
arbitrarily and is set equal to 0.2. The results of data reduction 
obtained for aqueous/nonaqueous electrolytic binaries in the 
temperature independent form are given in Tables G . 6 and G.7. The 

accuracy of binary data correlation with AgAi and AgBi is of the 
same order as that obtained with G+i and Z+i (Tables G.4 and G.5). 
Typical results are given for the system NaCl-H2 0  at 25°C in Figure
2.2 and the system LiBr-MeOH at 15°C, Figure 2.3. However, to test 

the validity of 0 . 2  and 0 . 0  for aAi and aBi respectively, different 
values of aAi and aBi were also tried, Tables G . 8 and G.9. The
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7+

0.5

DP DP
(mm Hg)

2 40

m

Figure 2.2 Comparison of Experimental Mean Molal 
Activity Coefficients and Vapor Pressure Depressions 
with those Predicted by Model I for the System NaCl-
H2O at 25#C .   Experimental , Robinson & Stokes
(1955) ; 0 Correlation Pair of Roots#l (a^2=0.2 , ag2=0*0); 
A Correlation , Pair of Roots # 2 ( a^2=P*2j ag2=0*0) >
0 Predicted Using Parameters of 60°C (see Table 2.1 for 
the roots).
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TABLE 2.1 Multiplicity of Roots in Model #1 for Aqueous 
Electrolytic Solutions with Preset Values of

aA2 =0.2 and aB2 =0.0
Maximum m = 4.0

System T
(°C) A9A2 A^A3

% Error in
y +Max Avg

% Error in 
DP

Max Avg

NaCl-H20 25 -32.396 444.79 3.4 1.2 3.3 1.0
NaCl-H20 60 -34.009 399.74 2.6 1.4 2.2 0.9
NaCl-H20 70 -29.051 227.36 4.1 2.4 4.0 1.6
NaCl-H20 80 -34.000 349.27 2.2 1.2 2.0 0.9
NaCl-H20 90 -36.82 427.07 1.0 0.6 0.6 0.4
NaCl-H20 100 -30.668 228.68 3.9 2.2 5.0 2.2
NaBr-H20 25 -24.258 174.11 9.4 4.0 8.1 2.3
NaCl-H20 25 156.75 18.271 11.0 6.0 11.7 3.7
NaCl-H20 60 171.48 21.695 9.8 6.0 9.8 3.6
NaCl-H20 70 187.42 24.751 10.1 6.1 10.3 3.8
NaCl-H20 80 155.12 28.38 10.3 6.3 10.7 4.0
NaCl-H20 90 199.24 32.278 11.0 6.5 11.0 4.2
NaCl-H20 100 138.47 36.876 11.6 6.9 11.4 5.2
NaBr-H20 25 163.29 12.545 12.8 6.0 11.6 3.3
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results are of poor quality. This again reinforces the use of 

aAi = 0.2 and aBi = 0.0-

The parameters obtained with “A^_o 2 anĉ  aBi=0 0 were 
used to predict binary data from one temperature to another 
temperature (Table G.10). In general, for an aqueous elec
trolyte binary, the data are predicted with a 15 percent 
average error in y+ and a seven percent average error in DP 
within a 30-40°C temperature range. The prediction of binary 
data for the system NaCl-^O at 25°C using the parameters 
obtained by the data correlation of the system NaCl-I^O at 
60°C is depicted in Figure 2.2. The availability of nonaqueous 
electrolytic binary data is limited,therefore it is not pos
sible to establish a temperature range for such binary systems. 
However, for the two systems LiBr-MeOH and LiCl-MeOH (Table 
G.10), the results show that the data prediction is less 
reliable than aqueous electrolytic binaries. The typical 
result for the system LiBr-MeOH at 15°C is shown in Figure 2.3.

Aqueous electrolytic binary data reduction also indica
ted a multiplicity of roots for binary parameters (Table 2.1). 
A binary has two pair of roots. It is interesting to note 
that the pair of roots with positive values of A g ^  should be 
used to predict data from one temperature to the other tempera
ture, though these sets of parameters are less accurate in 
correlating binary data than the other pair of roots (Tables
2 . 1  and 2 .2 ).
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TABLE 2.2 Prediction of Binary VLE Data by Model #1 at One 
Temperature Using Binary Parameters (2nd Pair of Roots) 

at Another Temperature with Preset Values of

aA2 = 0.2 and aB2 = 0.0

System # of 
Points

Max
'm'

T
(°C)

Parameters
of T .
(°C) A2

Used

AgB2

% Error in
Y±

Max Avg

% Error ii 
DP

Max Avg

NaCl-H20 17 4.0 25 100 138.47 36.876 45.3 11.6 31.9 8.3

NaCl-H20 11 4.0 60 100 138.47 36.876 35.9 11.6 24.2 8.2

NaCl-H20 11 4.0 70 100 138.47 36.876 30.5 9.7 21.5. 7.1

NaCl-H20 11 4.0 80 100 138.47 36.876 24.4 7.8 18.3 6.1

NaCl-H20 11 4.0 90 100 134.47 36.876 17.7 6.8 15.1 5.1

NaCl-H20 11 4.0 60 25 156.75 18.271 13.2 7.6 6.6 3.2

NaCl-H20 11 4.0 70 25 156.76 18.271 16.4 10.9 5.8 3.4

NaCl-H20 11 4.0 80 25 156.75 18.271 21.2 14.9 7.0 4.0

NaCl-H20 11 4.0 90 25 156.75 18.271 27.3 19.3 8.5 5.3

NaCl-H20 11 4.0 100 25 156.275 18.271 35.4 24.6 10.7 8.0

NaCl-H20 11 4.0 25 60 171.48 21.695 18.6 5.7 15.4 4.0

NaCl-H20 11 4.0 70 60 171.48 21.695 12.7 7.4 7.5 3.5
NaCl-H20 11 4.0 80 60 171.48 21.695 16.8 11.0 5.9 3.5

NaCl-H20 11 4.0 90 60 171.48 21.695 22.3 15.3 7.3 4.1

NaCl-H20 11 4.0 100 60 171.48 21.695 29.3 20.4 9.3 6.5
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No multiplicity of roots was observed for the nonaqueous 

electrolyte binaries.

C. Maximum Molality Applicability

Before this model was extended to ternary systems, 
its maximum molality applicability was investigated. Three 
typical systems were used for this: CaC^-I^O at 25°C,
LiCl-H20 at 60°C and LiCl-MeOH at 60°C (Table 2.3). The data 
correlation for binaries CaC^-f^O and LiCl-I^O indicate that 
for aqueous electrolytic mixtures the correlation yields a 
good fit up to I = 9, whereas for the system LiCl-MeOH, the 
data are fitted within an average fifteen percent error only 
up to I = 6 . This molality limit will be different for dif
ferent electrolytes, solvents and temperatures of the system. 
Based on the above study in water and MeOH solvents, the maxi
mum concentration range of an electrolyte is considered 1 = 6 .

D. Ternary Data Prediction

The binary parameters obtained by the individual 
binary data reduction were used to predict isothermal y+, 
vapor phase compositions and the total pressures in ternary 
solutions. For the solvent-solvent binary, both sets of para
meters were used corresponding to two different values of 
The best results are tabulated in Tables 2.4 and 2.5.

Out of four ternary systems with m vs y + data, only the 
two systems LiCl-I^O-MeOH at 25°C and HCl-I^O-MeOH at 25°C
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0.9
Constant m = 0.02

0.6

Constant m = 0.050.9
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Constant m = 0.50.8
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wt. f rac t ion  of MeOH ( HCI free )

Figure 2.4 Comparison of Experimental. Mean Molal Activity 
Coefficients with those Predicted and Correlated by Model I
for the System HCl-I^O-MeOH at 25°C . ____  Experimental ,
Akerlof (1930) ; 0  Correlated (a _ =-1.0 ); A  Predicted ( CX9o=-1.0 ); Q  Predicted (a23=0'3 )
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and HCl-H2 0-Me0H at 25°C gave acceptable results. The average 
errors for the HCl-H2 0-Me0H system at 25°C are 13.5 and 4.1 
for two values of ot22, ”1*0 and 0.3, respectively [Figures 2.4,
G.4 and G.5]. The maximum error with a2 2  = 0.3 is 28%, which 
is of good quality. For the system LiCl-^O-MeOH at 25°C, 
again a2 2  = 0.3 gives slightly better results with an average 
percent error of 14 and a maximum percent error a maximum of 
45% (Figures G . 6 and G.7). However, prediction of y + for the 
system HCl-H2 0-Et0H at 25°C is possible only at low molalities 
and water concentration (HC1 free) > 95% [Figures G.l to G.3].
The prediction of y + data for the system NaCl-H2 0-MeOH at 25°C 
was not of acceptable quality.

Prediction of the vapor-phase composition and the total 
pressure was attempted for four systems, depending upon the 
availability of binary data (Table 2.5 and Figures G.l to 
G.12). The average error in AY, in general, is about 0.028.
Also, it is interesting to note that as the concentration of 
MeOH or EtOH increases, the prediction improves, Figures 2.4 
and 2.5. However, prediction of the VLE for the system LiCl- 
H2 0-Me0H at 60°C is not of presentable quality.

E . Ternary Data Correlation

All four isothermal ternary data for y+ were correla
ted alone, Table G.ll and Figures G.l to G.9. In general, 
the ternary y+ data are correlated with an average percent 
error less than eight, except for the NaCl-H2 0-MeOH system at 
25°C where the maximum percent error in y+ is 27.0. Typical results are
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1.0

5
EtOH

0-0
0.5 1.00

XEtOH

Figure 2.5 Comparison of Experimental VLE with that 
Predicted Using Model I for the System LiCL-i^O-EtOH
at 25“ C .   Experimental ( LiCl free ) Ciparis
(1966);0 ExPerimental with LiCl, Ciparis(1966) ; A 
Predicted with LiCl ( a„„=0.3 ) ; Q  Predicted with 
LiCl ( a23=-1.0 )
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1.0

0.5
'MeOH

0 . 0

1.00.5
XMe0H

Figure 2.6 Comparison of Experimental VLE with that • 
Predicted Using Model I for the System LiCl-H20-Me0H
at 25°C .  Experimental (LiCl free), Ciparis(1966);
O  Experimental with LiCl, Ciparis(1966); A  Predicted 
( a23=0.3 ) ; Q  Predicted ( a23=-1.0 )
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given for the HCl-I^O-MeOH system at 25°C in Figure 2.4.

Five isothermal and four isobaric ternary VLE data are 
correlated with three objective functions. Objective function 
#2, equation 2.20, yields the best results for both AY and AP 
(Tables G.13 and G.14 and Figures G.10 to G.19). In general, 
the average error in AY is about 0.015. The correlation of 
ternary data for the NaBr-I^O-MeOH system at 25°C and 40°C 
(Figures G.13 and G.14) is good, even for molalities greater 
than six, although it was not possible to predict the data for 
m > 2. For the LiCl-I^O-MeOH system at 60°C the prediction of 
ternary data was not possible, yet the data are correlated 
successfully up to I = 6 with an average error in AY of 0.015, 
Figure G.15. The data for the LiCl-H^O-EtOH system at 25°C 
are fitted only up to m = 1.0, Figures G.ll and G.ll. The data 
available at m = 4 . 0 for this system could not be fitted within 
acceptable quality, but this is expected since LiCl is incom
pletely dissociated in EtOH at this molality. The overall 
ternary data correlation is of good quality. The parameters 
obtained with three objective functions are listed in Tables 
G.13 and G.15.

F. Binary Data Prediction

Finally, aqueous/nonaqueous electrolyte binary data 
are predicted using the parameters obtained by ternary data 
reduction, Table 2.6. In general, aqueous electrolyte binary 
data are predicted with an average percent error of 15 in y+
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Experimental, Robinson & Stokes 
(1955)1.5

□  Predicted with the Parameters 
Obtained by Ternary Data 
Correlation

1.0

0.5

40 2

4

DP (mm Hg)

HI

Figure 2.7 Prediction of Y, and DP Data for the**T
System LiCl-H_0 at 25 C Using the Parameters Obtained 
by Ternary Data Correlation with Model I
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and DP. However, the prediction of DP for nonagueous electro
lyte is not possible. Typical results for the LiCl-H2 0  system 
at 25°C are compared with the experimental data in Figure 2.7.
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2.4 Discussion

The main objective of this work is to be able to predict
or correlate y + and the salting out or salting in effect in
ternary mixtures. The thermodynamic representation of ternary
systems would serve as a guideline in the extension of this
model to multicomponent mixtures. An additional term was re-

• •quired with the Debye-Huckel term to represent ternary mixture 
behavior. Therefore it would be important to analyze the 
contribution of different terms to understand the behavior of 
ternary mixtures physically.

In a ternary mixture the impact of the NRTL term, though 
shifted a little, follows the same trend as it does in a sol
vent-solvent binary, Figure G.20. However, the contribution 
of the Debye-Huckel term in a ternary mixture decreases as 
the dielectric constant of the solvent decreases, i.e.

lnyD.H.EtOH < lnYD.H.MeOH < lnYD.H.H20

So, in a ternary mixture of LiCl-H2 0 -EtOH, the Debye-Huckel 
term will always result in salting in for EtOH, Figure 2.8. 
This salting in effect is due to the Debye Huckel term and 
is not counterbalanced by the NRTL term. In reality, EtOH is 
salted -out-r which is contrary to the effect of the Debye-Huckel 
term. Therefore it was necessary to include a higher order 
term (lnypHY) with the Debye-Huckel equation to cancel the 
salting-in effect, Figure 2.8. The extended term (lnypHY)



Constant m = 1.0

0-4
In y.

0 0

D.H.
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XEtOH

Figure 2.8 Contribution of Different Terms to lny. 
for the System LiCl-H20-Et0H at 25*C in Model I



46

gives an opposite contribution to that of the Debye-Huckel 

t e r m ,  i.e.

llVYPHY,EtOH > lnYPHY,MeOH > lnYPHY,H20

Next, it is important to justify the assumption of com
plete dissociation of the electrolyte for the applicability 
of this model. In general, dissociation of an electrolyte in 
a liquid solution depends upon the characteristics of the 
electrolyte, properties of the solvent and temperature of the 
system. As the dielectric constant of the solvent decreases, 
the ionization of electrolyte decreases also. If dissociation 
data are not available, it would be appropriate to accept 
Waddington's (1969) approximation as a guideline. According to 

Waddington, an electrolyte can be considered completely dis
sociated up to a moderate concentration range in a solvent 
with dielectric constant >30. To determine the moderate 
range, the correlation of three typical binary data have been 
studied, Table 2.3. As mentioned in section 2.3, the maximum 
concentration range for water and MeOH solvents is accepted 
as I = 6.0. However, this is based on data at 25°C and 60°C, 
where the dielectric constant of MeOH is closed to 30. But, 
if the temperature of the system increases, the dielectric 
constant decreases and the molality range applicability should 
be expected to be less than I = 6.0. This is justified by 
the ternary VLE data correlation for the NaBr-H2 0 -MeOH system 
at one atm (temperature range 65-100°C) and isothermal data
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Figure 2.9 Thermodynamic Consistency Test for the 
System H^O-MeOH at 25 C
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at 25°C and 40°C. The average errors in AY are 0.017 and 0.012 
at 25°C and 40°C, respectively where the data are correlated up 

to I = 7.1 and I = 6.2 for the two temperatures respectively, 
Table G.12. However, for isobaric data at one atm, the average 
error goes up to 0.021, although data up to I = 4 only are 
used.

In general, ternary y ±  and VLE data prediction, as shown 
in Tables 2.4 and 2.5, are of acceptable quality. These can be 
used as a guideline in preliminary design. Prediction of vapor 

phase composition and total pressure is better with a 2 3  = -1 . 0  

than “ 23 = 0-3. It is interesting to note that prediction of y 
and P data for two isobaric systems using the temperature inde
pendent parameters (LiCl-H2 0 -MeOH and NaBr-H2 0 -Me0 H at P = 1 
atm, Table 2.5) is obtained with an average error in AY of 

0.023 and 0.027, respectively. VLE data for four systems out 
of six systems presented in Table 2.5, are predicted with a Ay^vg 
of less than 0.028. The average error in Ay for the other two 
systems LiCl-H2 0 -Me0 H at 25°C and LiCl-H2 0 -MeOH at 60°C is 

larger than 0.028. However, it was found that the maximum 
concentration limits for reasonable prediction is I = 2. The 
large errors are observed at higher molality which are due to 
incomplete dissociation of an electrolyte in the solution.

As shown in Tables 2.4 and 2.5, large errors are obtained 
for some systems, e.g. especially for the prediction of y ±  for 
the HCl-H2 0 -EtOH system at 25°C and the NaCl-H2 0 -Me0 H system at 

25°C and y and P data for the systems LiCl-H2 0 -Me0 H at 60°C and 
LiCl-H20-Me(3H at 25°C. It is important as a first step to
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question the accuracy of binary or ternary data, because the 
performance of the model in the correlation or prediction of 
the data is equally dependent upon the quality of the data 
itself. A plot of In y 2 / ̂ 3 vs X2 (Figure 2.9) which enables 
the thermodynamic consistency of the data for the system H2 O- 
MeOH at 25°C shows a lot of scattering of the experimental 

data. This is the best set of data out of three sources which 
are definitely thermodynamically inconsistent. Hence, binary 
parameters evaluated for this binary will affect the prediction 
of Y± for the systems HCl-H2 0 -MeOH at 25°C and NaCl-H2 0 -Me0 H at 
25°C and y and P prediction for the systems LiCl-H2 0 -Me0 H at 
25°C and NaBr-H2 0-Me0H at 25°C.

The solvent-solvent binary data can be tested for thermo
dynamic consistency,, but there is no thermodynamic consistency test

to check electrolyte-solvent binary or ternary data. In the literature, 
a great deal of aqueous electrolyte binary data are available 
and their quality and accuracy can be considered valid. How
ever, the nonaqueous electrolyte binary or ternary data are not 
frequently available and those found in the literature can not 
be checked for accuracy. However, a comparison of isothermal 
and isobaric data prediction with the same binary parameters 
evaluated at 60°C indicate that isobaric data can be predicted 
with an average error in AY of less than 0.028 whereas the 
error is large for isothermal ternary data prediction. This 
shows a possible inconsistency in the VLE data of the LiCl-H2 0 - 
MeOH system at 60°C, though this can not be verified.
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Another point to be examined in ternary prediction is the 

difference in the available molality range for binary and tern
ary systems. As in the case of the HCl-H2 0 -EtOH system at 

25°C, ternary data are available up to m = 2.5 for Xgton = 0.5, 
whereas the corresponding HCl-EtOH binary data are available 
only up to 0.1 m. The data for m 2 0.1 for the HCl-EtOH binary 
can not be used with this model because of the incomplete dis
sociation of HC1. The binary parameters obtained in the re
gression of the HCl-EtOH data up to 0.1 m can not be expected 
to perform well for higher molalities in a ternary mixture, 
especially when the concentration of EtOH increases, (Figures
G.l to G.3). This is also observed with the system NaBr-H20- 
MeOH at 25°C. The prediction of this ternary is possible only 
up to m = 1.9, because the binary NaBr-MeOH data are available 
only up to m = 1.6, Table 2.5.

The performance of this model in correlating ternary data 
as tested with four isothermal systems for Y± (Table G.ll) and 
nine systems for VLE (5 isothermal, Table G.12 and 4 isobaric, 
Table G.14) is of good quality. The data correlated for the 
NaBr-H2 0 -Me0 H system at 25°C are compared with the results of 
Chen et al. (1979)(Figure G.14). The results obtained by this
model are definitely superior to their model.

Finally, the prediction of the binary data with the para
meters obtained by ternary data correlation is generally of 
acceptable quality for aqueous electrolyte binaries, Table 2.6 
and Figure 2.7. The average error in DP and Y^ is about 15%.
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But the prediction of DP data for nonaqueous electrolytes is 

not possible, as shown for the systems LiCl-MeOH at 25°C and 
NaBr-MeOH at 25°C (Table 2.6).

2.5 Conclusions

The main objective of this work, which was to represent 
the thermodynamic behavior of strong electrolytic solutions, 
is achieved. Aqueous/nonaqueous binary data (DP and y+ vs m) 
are correlated up to I = 6 with an average percent error of 
7.0. The prediction of y+ for ternary systems up to I = 2 is 
possible with an average percent error of 15.0. The prediction 
of ternary VLE data as shown with six systems is possible with 
an average error in Ay of 0.028 up to I = 2, except for the 
LiCl-H2 0 -MeOH at 60°C, where error in AY is large even at I =

2. The prediction of VLE data above 1 = 2  results in large 
errors. This sets the limitation of the model for ternary 
prediction. The correlation of ternary y+ and VLE data for 
systems containing water and MeOH is of good quality up to I = 
6 . Ternary system containing water and ethanol was correlated 
only up to I = 1.



CHAPTER 3

CORRELATION OF VAPOR-LIQUID EQUILIBRIUM AND MEAN MOLAL ACTIVITY 
COEFFICIENTS WITH MODEL II IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Vapor pressure depression data (DP) of 53 aqueous electro
lytes at 100°C were correlated with the one parameter (B2 2 ) Bromley 
equation. These B^2 constants can be used to calculate mean molal 
activity coefficients up to I = 6 . However, maximum molality 
applicability for MeOH-electrolyte solutions is only up to I = 3. 
In addition, these B^2 values, along with those at 25°C reported 
by Bromley, can lead to reliable estimates of DP and Y+ in the 

temperature range 25-100°C.

The extended form of the Bromley equation with the additional 
NRTL equation and the salting-out term give excellent correlation 
of the isothermal ternary VLE and Yj. data in electrolytic 
solutions. This model requires two ternary adjustable parameters, 
therefore prediction of ternary data with binary data only is not 
possible.

52
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Model II: Combination of the Bromley Equation, the
Simplified NRTL Equation and the Salting Out Term

3.1 Gibbs Free Energy Expression

Bromley (1973) proposed a one parameter equation to cor
relate binary aqueous electrolytic mixtures. The same equa
tion has been applied successfully to correlate nonaqueous 
binary data. This equation represents long-range electro
static forces and ion-solvent interactions in a binary mix
ture. However, in a ternary mixture additional solvent-solvent 
molecular interactions must be considered. Therefore in Model 
II the Bromley equation has been extended to ternary mixtures 
and combined with a simplified form of the NRTL equation 
and an additional salting out term:

rE rE rE rE
It1 = I t ] + + ! t ] (3_1)Total Bromley NRTL-S Salting Out

A stepwise procedure to obtain the total Gibbs free energy 
expression is presented in Appendix-C (Sections C.l, C.2 and 
C.3). The final forms of the equations are given below

G E i _ o o o -j , m  N T M w r _ 2 l f n  . 1 / 2 .  2RT . 2.303v 1000 I- y 3 2 * ( 1 pI }Bromley ' p

- 2(1 + pl1/2) + In(1 + pl1/2) + §}

. (0.06 + 0.6 B) r i  / i . T\ , 1 1 \+ --------------2--------------{ l n ( l  + a l )  + 'Tl  T  a I )  -  1 )
a
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+ | I2] + Nt [ (0.001 v m ^  + 1)

ln(0.001vmMw + 1) - 0.OOlvmM^] (3-2)

where, n / 0 -aXl
(X'X')V  e 3

B = B12X2 + B13X3 + B123 n 1/2,3 (3_3)
( 1 + n.̂  )

B123 ;''s ternarY adjustable parameter

{ X2X3Z32 + X2X3Z23 nRTJ RT l---- ----------------  --- --------------- >
[XJ _  + ^  + (xa- + X3 + X2G23)

Z „ ^ o
+ -7 - X-X,X, {-----  5 - + ----------- 5-}] (3-4)

A <X3G32 + X2> <X2G23 + X3>

where, G.• and Z.. are the binary solvent-solvent parameters,
1J -1- 3

equation (2-4).

2 2
GE, S123 e2 v vkZk nl  , ■ „  ,1/2 ,,
Rf> =  172 KTD 2 ~ b —  T  8 (N2N3» <3'5)Salting Out an^ k k

e
where,

ax'
5' = e  (X2B13 - X3E12> (3-6)

a = 2 . 0

< $ 1 2 3 is a ternary adjustable salting out parameter. A
combination of equations (3-2) to (3-5) with equations (1-27)
to (1-29) is used to derive activity coefficient expressions 
for solvents and the electrolyte. The detailed procedure is 
given in Appendix-C.
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3.2 Procedure— Data Reduction

Each binary set is correlated with the appropriate equa
tions for the activity coefficients and the VLE relationships 
developed in Chapter 1. Binary parameters are then used in 
the ternary expressions and the ternary isothermal data are 
correlated. A stepwise scheme for the data correlation is 
shown in Figure 3.1. A detailed description of the data re
duction is given in the following sections.

A. Solvent-Solvent Binary

The activity coefficient equations for these types 
of systems are derived by setting m = 0 and = 0 in equations 
(3-2) to (3-5). The expressions are the same as equation 
(2-7). The binary data correlation is the same as discussed 
in Section 2.2-A.

B . Electrolyte-Solvent Binary

An aqueous/non-aqueous electrolytic binary is cor
related with the one parameter Bromley equation given by equa
tions (C-l), (C-2) and (C-9). A Fibonacci single variable
regression program is used to find the best value of the 

binary adjustable parameter or ,B13'* Two objective
functions, equations (2-9) and (2-10)(Section 2.2-B), with 
equations (C-l), (C-2), (C-9), (1-19) to (1-21) are used to
correlate the binary experimental data.
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where,

C. Electrolyte-Solvent-Solvent Ternary

A ternary mixture requires four binary parameters 

viz Ag23, Ag3 2  (preset a23), B1 2  and B1 3  and two additional 
ternary parameters.

lny± = lnT±/Bromley + l n ' Y ± / N R T L - S  +  l n Y ± S a l t  O u t  (3“7)

* t V 2
Iny'j. o i = 2.303 [-A I Z Z I —  ---' ±,Bromley Y +  ̂+ pi '

(0.06 + 0.6B)|Z Z |l 
+ ------------- -̂-----  + BI]

( 1 + a i r
NmM n c T w m r0 . 6 | „ „ |

+ 2. 303v 1000 I 2 ' + - Ia
2

{In ( 1 + al) + ... }  - 1 } + V ]  9B
( 1 + al) J 2 J 9NX

+ ln(0.001vmM + 1) (3-8)
W

r\ r>
where, is defined by equation (C-19)oN^

* "̂ 2̂ ? Z
lnT ̂ RTL-S = RT --------- — -------- y

(x a V T  +  X 3 G3 2  +  x 2>

Z23 , Z32

( x A v T  +  X 2G2 3  + X 3 ) 2  ( X 3 G3 2 + X 2 > 2A

Z23
<X 2 G2 3  +  X 3 > 2

(3-9)



2 V , Z, •!£_ v k k ,.T .. « 1 / 2  c. i
lnY±,Salt Out 6123 KTD J bv (N2N3} / 6k k

N
± -p r [1 - t nJ-/2] (3-10)-.1/2 ^  4 1

e l

For the solvents 2 and 3

lnYi = lnYi,Bromley + lnyi,NRTL-S + lnYi,Salt Out (3_11)

where,
1/2

ln^i,Bromley = 2 ' 3 0 3  ITOO M» i ' \  T  02 (pI ' lz+z-l

- (0.06 + 0.6B)j (al)|Z+Z_| + Bj]

+ 2.303vm ^ y [ - I 1 / 2 o3 (pI1/2) |Z+Z_|gJ-

+ 0.6 | ^(al) |Z Z _ | J 5 -  + I ^-]
1  1

+ ln(0.001vmMw + 1) - O.OOlvmiy^ (3-12)

a2 (pl1//2) , ^ 2 (al) , a2 (pl1//2), ^(al) and are defined

in equations (C-24) to (C-29). B is given by equation (3-3).

1 XaX̂ Ẑ± + XjZjiGji
^i.RRTL-S “ Rf[ V + + 2

J J 1
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Where,

Z. -G. .
+ ----— >] (3-i3)

( ¥ i j  + V

i = 2 and j = 3

or
i = 3 and j =2

S123 z „ V k  N 1

i/Salt Out 1/2 KTD J bk 2
e 1

,l,Nj,l/2 ... .1/2 S' 3D
[2 (n T  6 ' 2 3 D- 3N7

1  1

+ (N2 N 3 ) 1 / 2  ||~] (3-14)
i

i 9 6 *Where, 6 is given by equation (3-6) and is defined in
i

equations (C-36) and (C-39).
Note: For the development of equations (3-7) to (3-14), see

Appendix-C (Section C.4).

The four binary parameters are obtained by indivi
dual binary data correlation. A ternary mixture is correlated 

for the two ternary parameters, B^ 2 3  an<3 ^1 2 3 ' us:*-n9 the LSQ2 
non-linear regression subroutine. Again, as in Model I, three 
objective function equations, (2-19) to (2-21), have been 
tried to correlate the experimental data. In all the ternary 

data reductions, Ag2 3  and Ag3 2  are preset to their respective 
values obtained by binary data correlation with a2 3  = -1 .0 .
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Equations (3-7) to (3-14) with equations (1-11), (1-12),
(1-22) and (1-24) are used to correlate the ternary VLE and 

y+ data.
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3.3 Results

A list of aqueous electrolyte binary systems used with 
this model, in addition to the systems presented in Table G.l, 
are given in Table 3.1. The results of binary and ternary 
data correlation are discussed below.

A. Aqueous Electrolyte Binary

Maximum Molality Applicability— Bromley recommended 
the applicability of his equation [Equations (C-l), (C-2) and
(C-9] up to I = 6 for strong electrolytes in water, i.e. near
ly completely ionized. This has been demonstrated by combin
ing equations (C-9), (1-20) and (1-21) in the form

Y = B,.X (3-15)lx

where,

Y = (1 - <p) - 2.303 A |z Z_ | a„ (pl1//2) I1 / / 2
Y  +  z

( a l )+ 2 . 303 [0 . 06   ]|Z+Z_|l (3-16)
K(al) T

X = -2.303[0.6l|z+Z_|   + j ]  (3-17)

Figures H.l and H.2 indicate that reasonably good results are 
obtained for strong electrolytes up to I = 6 , i.e. m = 6 for
1-1 electrolytes (Figure H.l) and m = 2 for 2-1 electrolytes 
(Figure H.2). On the other hand, very poor results are ob
served for MgSO^ (Figure H.3) which is incompletely ionized.
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Results at 100°C— In the literature a good deal of data 
at 100°C are available as DP vs m, Weast (1969). Some typical 
systems are shown in Table H.l. Equation (C-9) with (1-21) 
was used to calculate the values of B ^  at 100°C and y+ values 
are obtained using equations (C-l) and (C-2). Values of m 
up to I = 6 were used as above, even though the range of appli
cability may be somewhat lower here because of the higher 
temperature. Hence, for 1-1 electrolyte data up to m = 6 (7 
points) were used; for 1 - 2  and 2 - 1  electrolytes, up to m - 2  

(3 points); for 2-2 electrolytes, up to m = 1.5, and since at 
m = 1.5 is not given, data to m = 2 ( 1 = 8 )  were used. Final
ly, for higher electrolytes (3-1, 3-2, etc.) only two points 
(m = 0.5 and m = 1.0) could be used.

This was considered too limited a data base and these 
electrolytes were not included in this study. The obtained 
values of along with those at 25°C from Bromley, are pre
sented in Table H.2.

In the case that data are correlated for the maximum m

value (mmax) reported by Weast, the resulting error in DP
(DP1 ) is also included in Table H.2. The larger values of max
DP 1 as compared to those of DP further support Bromley'smax max
suggestion that this equation is applicable only up to I = 6  

for aqueous electrolytic mixtures.

The accuracy of the mean molal activity coefficients, 
calculated using these B ^  values with equations (C-l) and
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(C-2), is examined next. Figure 3.2 presents y+ values for 
aqueous NaCl calculated with this approach along with the data 
from Robinson and Stokes and those of Gibbard et al. (1974).
The agreement can be considered reasonably good; maximum error 
is 6.7%; average error is 5.4%. The other system for which 
y + data at 100°C are available is aqueous KBr (Robinson and 
Stokes, 1955). Since this system is not included in the 
Weast compilation, the (j) values of Robinson and Stokes at m = 
0.5, 1, 2, 3 and 4 were used. The results are presented in 
Figure H.4 and they are of the same quality as those in the 
NaCl case; maximum error is 6 .6 %; average error is 4.3%. Since 
this is not the case for all electrolytes, especially for el
ectrolytes other than 1 -1 , the effect of the number of data 
points used on the accuracy of the calculated y + values is 
examined in Table 3.2. The results obtained by using only 
three data points (m up to 2 ) are comparable to those obtained 
by using all points available, up to m = 6 for NaCl and up to 
m = 4 for KBr.

Estimation of DP and 7’+ Values in the Range 25-100°C— In 
the typical case, values of DP and y+ are needed at tempera
tures other than 25 or 100°C. Hence, it would be desirable 
if B ^  values could be estimated within this temperature 
range. Bromley recommends two expressions for the tempera

ture dependency of B^2«
B 1* T - 243 1 1 1B1 2  = B ln(- + y  + B^ + B^ InT (3-18)
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and

B12 - t ^ 2 3 0  + + C“  + c? lnT (3-19)

Since B^ 2  values are available only at 25°C (Bromley) 
and 100°C (this study), equations (3-18) and (3-19) were tested 

in their two adjustable constants form by setting B^/ Bg, C ^  
and equal to zero.

1 *  T  _  OA'i
B 1 2  T = B^ + B T In (---^---) (3-20)

and

B12 T = T - 230 + C1 (3-21)

The equations are written in this linear form so that they 
can be tested by plotting B ^  T vs [Tin ( (T - 243)/T)] in equa
tions (3-20) and vs [T/(T- 230)] for equation (3-21). Both 
expressions give reasonably good results as demonstrated in 
Figures H.5 and H . 6 for equation (3-20). The straight lines
were obtained by regressing all the points, excluding those

* 1from the Weast data. The values of the constants B and B^ 
are reported in Table 3.3.

Use of equation (3-20) for interpolation purposes is
demonstrated in Table H.3. The B ^  values at 70°C were ob-

1tained from equation (3-20) with B and B^ calculated using 

only the B ^  (25°C) and the B ^  (100°C) values. The large 
error for MgSO^ is due to incomplete dissociation figure H.3. 
Values of y+ at 70°C for the electrolytes of Table 3.3 are 
given in the references presented in Table 3.1. It should be
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noted that the y+ data for KC1, MgC^ r  MgSO^ and Na2 S0  ̂ (Snipes 
et al., 1975) were derived from heat of dilution data, and 
those for NaCl (Gibbard, 1974) are reported at rounded molali
ties and temperatures.

B . Nonaqueous Electrolyte Binary

Maximum Molality Applicability— As shown for the 
aqueous electrolyte binaries, the Bromley equation in the form 
of equation (3-15) is used to test the maximum molality range 
for MeOH electrolyte binaries. The results for the LiBr-MeOH 
system at 15°C and the LiCl-MeOH system at 60°C (Figures H.7 
and H.8 ) show that the applicability of the Bromley equation 
is good only up to I = 3, for 1-1 electrolytes. For the higher 
order electrolytes (1 -2 , 2 -1 , 2 -2 , etc.) data are not avail
able. The only data available for higher order electrolytes 
is for the CaC^-MeOH system at 25°C. Because of the scat
tering and unavailability of the experimental data at low 
molality (Figure H.9), it is not possible to conclude the maxi
mum molality range for this system. Based on 1-1 electrolytes 
only the molality limit for MeOH system is set 1 = 3 .  Other 
nonaqueous binaries could not be tested since this type of 
data is not available in literature. It would be expected 
that the molality range would be even lower than 1 = 3  for 
solvents with dielectric constants less than that of MeOH.

Accuracy of the Binary Data Correlation— The results 
of some nonaqueous electrolyte binary data correlation are
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given in Table H.4. The accuracy of data correlation of such 
systems is less than the accuracy of the corresponding aqueous 
electrolytic binaries (Table H.5). In a typical case of the 
system LiCl-H2 0  at 60°C, the maximum percent error in DP is 
2.0 and the average percent error is 1.0 (Table H.5) whereas 
for the system LiCl-MeOH at 60°C, the maximum percent error in 

DP is 15.6% and the average percent error is 7.3 (Table H.4).
The correlation of the system CaCl2 “MeOH at 25°C, up to m =
2.6 is of poor quality (Table H.4). This is expected for 1-2,
2-1 or higher order electrolytes in MeOH because of the maxi
mum molality limitation.

C. Isothermal Ternary Data Correlation
The mean molal activity coefficient data of three 

isothermal ternary systems are correlated with this model 
(Table H.6 ), Figure H.9 to H.17. The systems HCl-H2 0 -MeOH at 
25°C and NaCl-H2 0 -MeOH at 25°C have average percent errors in 

Y± of 1.4 and 7.4, respectively (Figures H.13 to H.17). The 
correlation of the system HCl-H2 0 -EtOH at 25°C is good up to 
m = 2.0 and EtOH concentration (HC1 free) <9% (Figures H.10 
and H.ll). The results are of poor quality for the same sys

tem at Xgt-oH = especially when m > 0.5.
The vapor-liquid equilibrium data of five isothermal ter

nary systems are correlated (Table H.7) with this model. Again, 
three objective functions [Equations (2-19), (2-20) and (2-21)] 
are applied for the data reduction. In general, objective
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function #2 gives the best results. In Table H.7 results are 
given for the correlation up to m = 3 and also for the higher 
molality range. The overall performance of the model in cor
relating the ternary VLE data is of good quality within the 
limited range of molality (Figures H.17 to H.22). The molality 
applicability decreases to even less than 1 = 3  with an in
crease in temperature, as in the case of the LiCl-^O-MeOH 
system at 60°C, the fit is good only up to m = 2.0.

The ternary parameters 6 - ^ 2 3 and B. ^ 2 3 obtained by the ter
nary correlation, indicates that these cannot be considered 
temperature independent. Therefore this model is not applied 
to isobaric ternary systems.
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3.4 Discussion

As already shown, only three DP-m points were used in 
evaluating B ^  for 1-2, 2-1 and 2-2 electrolytes. In addition, 
no experimental y + data at 100°C are available for such elec
trolytes as in the case for 1 - 1  types, where good results are 
obtained from three points only (Table 3.2). Figures H.5 and 
H . 6 and Table H.9 demonstrate, however, that the B ^  values ob
tained from the Weast data are very close to those obtained 
by extrapolation of the data in the range from 25 to 80°C.
The closeness of the y + values obtained from these two B^ 2  

(100°C) values is depicted in Table H.10 for MgCl2 with a 
maximum difference of 5.8%. For the Na^O^ system, where the 
fractional difference between the two B^ 2 (100°C) values is 
the largest, the maximum difference in y + is 5.7%. Therefore 
it is suggested that, in addition to the 1 - 1  electrolytes, 
reasonably accurate y + values can be calculated for 1 -2 , 2 -2 , 
and 2 - 1  types from B ^  values obtained using three data points 
from the Weast compilation.

Table H.3 demonstrates that use of the B^ 2 values at 25 
and 100°C, along with equation (3-20), can lead to reasonably 
accurate estimates of y+ and DP values at intermediate tempera
tures. However, when the same approach was used to evaluate 

the derivative (dB1 2 /dT), needed to calculate apparent relative 
molal enthalpies (cj>L) and relative partial molal enthalpies 
(L2) for four individual salts, NaCl, KC1, Na2 S0^ and MgCl2
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with water at 100°C the typical average error was about 50%. 
This failure becomes apparent from Figures H.5 and H . 6 while 
equation (3-20) is valid for interpolation purposes, it does 
not provide reliable values for the slope dB^/dT. The cal
culated values for (c)>L) and (Î ) , however, were in the right 
direction, but lower than the experimental ones. The expres
sions used to calculate these quantities are given by Bromley 
(1973).

When the Bromley equation was applied to nonaqueous elec
trolytic binaries, the maximum molality range is <_3, also the 
binary data reduction is less accurate for such binaries. This 
is expected since the empirical constants in the original 
Bromley equation (C-l) were obtained by applying aqueous 
electrolytic binary data only. However, considering the sim
plicity of this equation, the results for nonaqueous mixtures 
are of acceptable quality. The temperature dependency of such 
systems can also be established by equation (3-20), as shown 
by Tomasula and Tassios (1980) for the electrolyte-MeOH binar
ies .

The isothermal ternary data correlation of the VLE and y+ 
is of good quality for m <_ 3.0. An investigation of the con
tribution of different terms in a ternary system indicates 
that the salting in effect of the Debye-Huckel term in the 
Bromley equation (Figure 3.3) is compensated by the additional 
salting out term at low EtOH concentration (Figure 3.4) and
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by the additional part of the Bromley equation at higher EtOH 
concentration (Figure 3.3). It is important to note that for 
ternary data correlation both binary and ternary experimental 

data are used.
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3.5 Conclusions

A method for the correlation of the DP-m data for 53 
aqueous electrolytes at 100°C (Weast, 1969), and the evalua
tion of y+ values for these electrolytes, is presented. A 
procedure for the estimation of y+, AP, <j)L and in the tem
perature range of 25-100°C for these electrolytes is also 
presented. While reasonably good results are obtained for y+ 
and AP, cJjL and values are smaller than the experimental ones 
by about 50%.

The binary Bromley equation is applied to nonaqueous 
electrolytic binaries and also has been extended to ternary 
systems of electrolyte in mixed solvents. The correlation 
of isothermal nonaqueous binary and ternary data is of good 
quality; however, the maximum concentration range for such 
systems is less than the range for aqueous electrolytic bi
naries .



CHAPTER 4

A COMPARATIVE STUDY OF TWO MODELS IN CORRELATING 
AND PREDICTING BINARY/TERNARY y± AND VLE 

DATA IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Model I is superior to Model II in correlating binary 
nonaqueous electrolytic and ternary electrolytic mixtures. 
However, Model II can be used to predict y+ using DP vs m 
data only in a binary mixture more accurately than Model I. 
Model II is limited only to isothermal ternary data correla
tion whereas Model I can be applied to predict and/or corre
late isothermal or isobaric ternary data.

78
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In principle, the two models presented in Chapters 2 and 
3 are similar but consist of different forms of the expres
sions to represent various interactive forces in the liquid 
solution. Both the models have the Debye-Huckel equation and 
an intermediate term also called the transition term repre
sents the change of magnitude of electrostatic forces from the 
dilute solution to the concentrated solution. The NRTL term 
has been included in both models, but it represents different 
molecular interactions in the two models. In Model I the NRTL 
term describes ion-solvent and solvent-solvent molecular inter
actions [Equation (2-3)], whereas in Model II ion-solvent in-

1 2teractions are represented by a term: B -y [Equation (3-2)]
and the solvent-solvent molecular interactions are by the 
NRTL-S [Equation (3-4)]. Also, in Model II an additional 
salting out term is used [Equation (3-5)], which is not needed 
with Model I.

A. Binary Data Correlation

Both models simplify to the original NRTL expression 
[Equation (2-7)] for a solvent-solvent binary. Electrolyte- 
solvent binary data reduction require two parameters in Model 

I, i.e. G+ ;̂ Z + ̂ or AgA ;̂ AgB  ̂an<3 one parameter 'B^^' with 
Model II. In general, the fit of aqueous electrolyte binaries 
is better with Model II than Model I, Tables G.4 and H.5. But 
the correlation of nonaqueous electrolyte binaries shows the 
reverse trend, Tables G.5 and H.4. However, on the overall
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analysis of binary data evaluation, it is concluded that both 
models can be applied successfully. Model I can be used up to 
1 = 6  for electrolyte MeOH binaries and up to even higher 
molality ranges for aqueous electrolyte binaries, Table 2.3, 
whereas Model II is limited to I = 3 for MeOH-electrolyte 
binaries and 1 = 6  for aqueous electrolyte mixtures. The 
binary parameters in Model I are considered temperature in
dependent within a 30 to 40°C temperature range, but in Model 
II, the temperature dependency of the binary parameter ' B. ^ 1 

is represented by a two parameter expression, Equation (3-20). 
This indicates the applicability of Model I to isothermal and 
isobaric systems without any alterations in the Model itself. 
The biggest advantage of Model II is that it requires only 
three data points (DP vs m) to find the optimum value of a 
single parameter (B^) in a binary mixture which can lead to 
reliable prediction of y + data for the whole concentration 
range. The use of three typical data points (DP vs m) with 
Model I is too small for the evaluation of two parameters in 
a binary mixture and also the parameters obtained with three 
points only, cannot be expected to predict y + with reasonable 
accuracy.

B. Ternary Data Prediction and Correlation

Model I requires only binary parameters for the ter
nary VLE and y+ data prediction. The binary parameters are 
obtained by three respective binary data correlation, Tables
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2.4 and 2.5. Model II is good only for binary/ternary data 
correlation. Prediction of a ternary mixture is not possible, 

because of two ternary parameters 'B^23 anĉ  ^123' w*1;*-ck should 
be obtained by ternary data reduction. Also, in Model II bi

nary and ternary parameters (B-^, ^>123’ ^12 3  ̂ are temPerature 
dependent, hence its applicability is limited to only isother
mal data. Model I can be used to correlate binary or ternary 
data individually whereas with Model II both binary and ternary 
data are used for ternary data correlation.

Finally, Model I has the possibility of extension to multi- 
component systems containing more than two solvents and one 
electrolyte. In a multicomponent mixture, only binary para
meters are required with Model I. The extension of Model II 
to multicomponent mixtures will be a tedious task.



APPENDIX A

EXPRESSIONS FOR THE ACTIVITY COEFFICIENT 

OF THE SOLVENT AND THE MEAN ACTIVITY 

COEFFICIENT OF AN ELECTROLYTE IN A 

BINARY MIXTURE FOR MODEL I

82



83

In a binary mixture, the activity coefficients are a com
bination of an extended form of the Debye-Hiickel equation and 
the modified NRTL equation proposed by Cruz and Renon (1978).

*
lnY± - ln^  ' Ext. D.H. + lnY±' NRTL (A_1)
m Yi = m Yl , Ext_ D H_ + inY±, NRTL (A-2)

Gronwall, LaMer and Sandved (1928) extended the Debye- 
Hiickel equation to higher order terms for symmetrical valence 

type electrolytes

* / >7 > 2 00 2 2 2 m+l ,
lnY± = -2DkT 1 + Ka +  ̂ (DkTa) ^2 X2m+1(Ka) " 2m Y2m(Ka)]m=l

(A-3)

Wheie X and Y are functions of (Ka) and

8uNe2 Z2C ,
K / 1000 DkT

The additional higher order terms in equation (A—3) take 
into account long-range electrostatic forces in the concen
trated solution. Further, Gronwall, LaMer and Grieff (1931) 
extended the above theory to unsymmetrical electrolytes. A 
semi-empirical extended form of the Debye-Hiickel equation is 
proposed in this work which is analogous to those proposed by 
Gronwall et al. An additional term with the original D.H. 
term represents electrostatic forces in concentrated electro
lytic solutions.

T1 / 2 o T
lnY± Ext.D.H. = 2*303 [-A — — 1 7 2  + A — ~ I  Z+ZJ (A-5)

’ 1 + pi ' ' ( 1 + al)
where p, a and n are adjustable parameters.
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The expression for the activity coefficient of the sol
vent is obtained through the excess Gibbs free energy function, 
as shown below

pE N, *
|=] = v/ lny + dN (A-6 )

Ext. D.H. o

lny, = lny, + In(0.001 vmM + 1) (A-7)■r t Ta7

3 GE/RT 
±nYi Ext. D.H. 3Ni (A-7A)

TlPl*Vi

The NRTL part in equations (A-l) and (A-2) for the activity 
coefficients are the same as given by Cruz-Renon (1978)

1 VA Xi Z + i
ln^±NRTL = RT V  [(XfiG±i + x .,2 - Z±i] (A'8)

and

n 1 v 2 G±i Z+i q\
YiNRTL RT A , p >2 (A )

A ±i + V
Equations (A-5) and (A-7A) have three known adjustable para
meters, p, a and n. Equations (A-5) and (A-7A), when combined 
with the NRTL equations (A-8 ) and (A-9), have five parameters,
P, a, n, G+  ̂and Z+  ̂ for a binary mixture. Also, it should

be noted that the final form of the lnYjyExt D H e<3ua^^on will de-
*pend upon the integration of the lny+ term. The integration 

is accomplished by fixing a value of n, which can be an in
teger or a noninteger. So the first five parameters were re
duced to the two NRTL parameters, G+  ̂and Z+ ,̂ by presetting
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the values of p, a and n. Secondly, the lny^, Ext. D.H. ex
pression is derived by equations (A-6 ) to (A-7A). Equation 
(A-5) and the final form of equation (A-7A), when combined 
with equations (A-8 ) and (A-9), were used to correlate both 
binary aqueous electrolyte and nonaqueous electrolyte data. 
It was found that the best results are obtained (Tables G.4 
and G.5) by setting the three adjustable parameters in the 
extended Debye-Hiickel equation to

When the parameters of equation (A-10) are substituted in 
equation (A-5) the following form of the expression for the 
solvent activity coefficient is obtained

p = 1 . 0

a = 1.5/|Z+Z_| 

n = 1 / 2

(A-10)

lny^, Ext. D. 2.303 vmMw
1000

IZ,Z I + ln(0.001 vmM + 1) - 0.001 vmM (A-ll) 
1 + — ‘ w w

where

(pi1 / 2 ) 3

3 [ ( 1 + pl1/2) - 2 1 n ( 1 + pl1/2) ------— n y ^ - 3
(1 + plx/ )̂

(A-12)
and
^(al) = 3alL al

2 .2 (al - 2 )

(A-13)
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MODEL I:
Combination of the Extended Debye-Hiickel Equation 

and the Modified NRTL Equation 
E(ternary)

B.l— Development of the ==■ ] „ . ^ „ expression
x ^ jL  £ i X H  •  U  •  r i  •

The extended Debye-Hiickel part of the mean molal activity 
coefficient developed in Appendix A for a binary mixture has 
been extended to a ternary mixture containing one electrolyte 
and two solvents. This is obtained by modifying the Debye-
Hiickel constant for the solvent mixture. For a ternary mix
ture, in equation (A-5) , the Debye-Hiickel constant is

Ay = 1.3246xl06 d1 / 2 [ ^ ] 3 / 2  (B-l)

where
D and d = Dielectric constant and density of a solvent

mixture (electrolyte-free)(Appendix D)
The excess Gibbs free energy function for a ternary mix-

*ture can be derived by integrating the expression for lny+ for 
a ternary system. Combination of equations (A-6 ), (A-7), (A-5)
and (B-l) yields
rE(ternary) N, Tl/2 „ T
lT]Ext D H = V/ [2.303{ -A — ±-- =7 J  + A  - ■RT Ext. D.H. Q y ( 1 + pi ' ) Y (l + al) '

N 1|Z^Z |]dN, + v/ In (0.001 vmM + l)dN, (B-2)+ — l w J.o
Equation (B-2) can be integrated, term by term, with 

the following additional equations
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1000 N,
ni = — — 7;—  (B-3)N„ %

Nt = N 2 + N 3 (B-4)

I  =  j m  S v R Z ^  =  j m£, ( B - 5 )
k

E, = a constant

N2 N3M =  rr- M i ?0 +  7^ M „ ,  ( B - 6 )w Nt V2 Nt w 3

3m 1000
3 N

1 N T Mw

(B-7)

\  e (b-8 )3m 2

Integration of different terms is as below
N, m 3N,

v/ In (0. 001 vmM +1)3N, = v/ ln(0.001 vmM + 1 ) 3mV7 1 W  dmo o

NtMw  { (0.001 vmM + 1)1000 vM wW

In ( 0 . 0 0 1  vmM^ + 1 ) - 0 . 0 0 1  vmM^}]

N 1v/ In (0. 001 vmM +1)3N = Nm [ (0.001 vmM. + 1) ln(0.001 vmM + 1)
W  J. X w wo

-0.001 vmM_ ] (B-9)w
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N, i„ i ^1/2 I t1/2 3N, a
| z + z -' 8 1

N_M 9 I 1/2
= VAy 1 0 0 0  lZ+ Z- I X SQ ± + pIl/2 81

N, | Z . Z |l1 / / 2 NmM o o l  l / o o
V /  A y  -  8 N i  =  v A y  1000 I Z +  Z “  I f  ^ p T  *  2 ̂  +  P l  *o 1 + pi '

- 2(1 + pl1/2) + In (1 + pl1/2) + |> ] (B-10)

v / \ 2 I z+z_ I 1 1 / 2  3 H 1
o ( 1 + al)

9 1 T 3 N 1 p>m
= vflY2 |Z+Z_|/ — — — — -1/2 T E T s T 3 1  o ( 1 + al) '

N M o I T
=  V A Y  | z + 2 - l l o o o  X i a  +  a I ) l / 2  3 1

Vo ^ 2|Z+Z- I( 1 + L ) 1/7  ™ 1  " vAy'2 1 M - I 2 1 ( 1 + a D  1/2

+  - ^ p ]  ( B — 1 1 )
3a

Utilizing the change of variables m/I = 2/£, 
and combining equations (B-9 to (B-ll), results in the excess 
Gibbs free energy expression, equation (2-2).

gE(ternary)
B.2— Development of the = ]  expression

NRTL
*

Note: Equations are derived taking into accound that y + ^ 1*0
as x^ + 0.0 (Assymmetric Convention)
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Renon and Prausnitz (1968) proposed an expression for 
the excess Gibbs free energy in a multicomponent mixture
based on the Non-Random Two Liquid Theory. Since the original
NRTL equation applies to mixtures following the symmetric 
convention, it is converted for ternary mixtures utilizing the 
assymetric convention as indicated below

EX Z „^ , m m£E < in / n m \
gNRTL " o X£ZX G ( *X> II XI x>n

where,

Zm£ ^gmil Gm£
Ag p

Gmt = E x P [-“m^ T S T 1 (B-12a)

V £ ■ aSlmand *  Aglm

Equation (B-12) can be expanded for a mixture containing elec
trolyte molecules - 1, cation - A, anion - B, and solvents
2 and 3

E' _ rXAZAA + XBZBA + X1Z1A + X2Z2A + X3Z3A1 
gNRTL A + xBGBA + x ^ . ^  + x 2 G2a + x 3 G3A

XAZAB + XBZBB + X1Z1B + X2Z2B + X3Z3B-.
B XAGAB + XBGBB + X1G1B + X2G2B + X3G3B

XAZA1 + XBZB1 + X1Z11 + X2Z21 + X3Z31]
1  XAGA1 + XBGB1 + X1G11 + x2G21 + x3G31
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rXAZA2 + XBZB2 + X1Z12 + X2Z22 + X3Z32.
* 2 XAGZ2 + xBGB2 + X1G12 + x2G22 + X3G32

XAZA3 + XBZB3 + X1Z13 + X2Z23 + X3Z33-. (b -13)
3 XAGA3 + XBGB3 + x1G13 + X2G23 + X3G33

Equation (B-13) is simplified by setting Z ^  = 0.0 and =
1.0 based on the original development of the equation (B-12). 
Cruz and Renon (1972) proposed the following additional assump
tions for an electrolytic mixture considering that the energy 
parameter gm  ̂increases from low to large numerical values 
in the following order:
(solvent - ion) < (solvent or electrolyte)- (solvent or electro
lyte) << (electrolyte - ion) or (ion-ion of opposite signs) < 
(ion - ion of the same signs). On the right sign <<, very large 
values of g n are found, and true local mole fractions are 
taken equal to zero. Thus

Z1A = Z1B = ZA1 = ZB1 = ZAB = ZBA " °-°

g i a  =  g i b  =  g a i  =  g b i  “  g a b  =  g b a  =  ° - °  (B - 1 4 )

For specific ion interaction limitation—

And, also
GAA “ GBB “ ZAA " ZBB “ °-°

X2A = X2B = X3A = X3B = ^

G2A G2B G2A G3B 1 , 0  15^



where

x «m Zx G 
n

Z Jim A g JimG £m

Substitution of equations (B-15) to (B-17) into 

(B-13) yields

_E1 _ rX2Ag2A + X3Ag3A1 , „ rX2Ag2B + X3Ag3B1
gNRTL XA L x2 +x3 J XB L x2 + x 3 J

X2Z21 + X3Z31 ,
1 xi + X2G21 + x 3G31

XAZA2 + XBZB2 + X1Z12 + X3Z32 ,
* 2 xAGA3 + XBGB2 + X1G12 + x3G32 + x2

XAZA3 + XBZB3 + X1Z13 + X2Z23 ,
3 xAGA3 + XBGB3 + x1G13 + x2G2 3 + x3

E' , E* , rN2Ag2A + N3Ag3A1
NRTL TgNRTL A 1 N 0 + N 0 J

(B-16)

(B-17)

equation

(B-18)
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RT In y, = 3GNA T,P,N^A

N̂2Ag2A + N3Ag3Aj
n 2 + n 3

+ N„[ JA2
2 NAGA2 + NBGB2 + N1G12 + N3G32 + N2

N̂AZA2 + NBZB2 + N1Z12 + N3Z32^GA2 .
(NAGR2 + NBGB2 + H1G12 + N3G32 + N2>2'

z,
+ N-[ A13

3 NAGA13 + NBGB3 + N1G13 + N2G23 + N3

(NAZA3 + NBZB3 + N1Z13 + N2Z23)GA3 j 
(NAGA3 + NBGB3 + N1G13 + N2G23 + N3)

N2Ag2A + N3Ag3An . NAN2ZA2
NA 5;im. „RT ln YA NA [ N2 + N 3 1 + N 3 G 3 2  + N 2

NAN2N3Z32GA2 + NAN3ZA3

na -> 0

n b -y 0

N 1
-y 0

n j. m \ 2 (N0 G0, + N J^3 32 2' 2 23 3

NAN2M3GR3Z23
(N2G2 3 + N 3)2

Similarly
„ „. „ rN2Ag2B + N3Ag3Bn , NBN2ZB2
B ,RT ln YB = NB C---- N 2 — N 3---- ] + N 3 G3 2  + ■N 2

NBN2N3Z32GB2 + NBN3ZB3
n b

-y 0

na
-y 0

N 1
-y 0

(N3G32 + N2)2 + N2 23 3

NBN2N3GB3Z23 
<n2G23 + N3> 2

(B-20)

(B-21)

(B-22)
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I
GN ^ L rnary’= GNRTL - RT ln^A - NB ML1” RT lnYB 'B’23>N_-*0 N_->0

A  15

Substituting equations (B-19), (B-21) and (B-22) in equation
(B-23) results in the following expression for

T-i/j. \ N 0 Z 01 +  N , Z _ ,_E(ternary)_ „ r 2 21 3 31 ,
NRTL 1 LNx + N2 G2 1  + N 3 G 3 1

, „ r NAZA2 + NBZB2 + N1Z12 + N3Z32 + N~ [
2 NAGA2 + NBGB2 + N1G12 + N3G32 + N2

f NAZA3 * NBZB3 + N1Z13 + N2Z23 ,
AGA3 + NBGB3 + N1G13 + N2G2 3 + N3

rWAZA 2 + NBZB2, rNAZA 3 + NBZB3,
- 2 N 3 G3 2  + N 2 3 N2 G2 3  + N 3

rNAGA 2 + NBGB2,+ N2 N 3 Z32[ 2 1

3 32 2

^AGA3 ^BGB3+ N 2 N 3 Z23[-^-^ 5_°|] (B-24)
N̂2G23 + N3̂

Considering macroscopic electrical neutrality

N A V B  =  N B v A  ( B - 2 5)

Substituting equation ( B - 2 5 )  into equation ( B - 2 4 )  gives

_,E (ternary) _ „ r N 2 Z 2 1  +  N 3 Z 3 1  ,
NRTL l lN1  + N 2 G2 1  + N 3 G31J

tN A ( Z A 2  +  ^ A  Z B 2 ) +  N 1 Z 1 2  +  N 3 Z 3 2  -j

N A ( G A 2  +  G B 2 ) + N 1 G 1 2  +  N 3 G 3 2  +  N 2

, M V ZA3 + ^  ZB3> + N1Z13 + N2Z23
+ N 3[---------- ^ ----------------------------]

B
NA (GA3 + VA GB3} + N1g 13 + n2G23 + N3
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- N0 [
NA (ZA2 + O'® ZB2>A

2 H3G32 + N2

NA (ZA3 + ^  ZB3^ 
’ ' M 3 [ H 2G 23 + N 3 1

V BV GA2 + <  GB2>
+ M2H3Z32t * 2  1

 ̂ 3 32 2 ̂

V GA3 + ^7 GB3>
+ H2H3Z23[ 7 „~T 2"

 ̂ 2 23 3
(B—26)

Let

G±2 = GA2 + ̂  GB2

G±3 = GA3 + GB3

Z±2 = ZA2 + ZB2

Z^o = Z._ + —  Zra0 (B-27)±3 A3 VA B3

Combining equations (B-25) and (B-2 7) and setting = 0.0
for the case of complete dissociation, leads to equation (2-3)

_E(ternary)
which is the final expression for^l used in this

NRTL
study.

B.3— Development of the ternary lny4 , lny 2 and lny^ expressions 

The total excess Gibbs free energy function in this model
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is obtained by combining equations (2-2) and (2-3). The activity 
coefficient expressions are obtained by the appropriate dif
ferentiation of the total excess Gibbs free energy expression, 
equations (1-27) to (1-29). The differentiation of the Debye- 
Hiickel and NRTL terms of the expression have been performed 
separately as shown below

B.3-I— Debye-Hiickel equation—
* . E(ternary)

Vln^Ext.D.H. - (E-28)

g eSince, hhtIt-. j. ^ m was obtained by the integration of Jt% J. JliXu • U • li •
*lny,„ . _ „ , differentiation of this excess Gibbs free energy —EjKII • D • Jti •

*function gives the same expression for lnY+Ext D H • equation
(2-13).

For solvents (2) and (3)
lny = - i - [ ^  ]Y2Ext.D.H. 9N0 RT J2 Ext. D.H. T,P,N1 #N 3

Equation (2-2) is differentiated term by term by utilizing 
the change of variables, i.e. j -

t  4- 9 r o , 1-7 -7 | 2 N T Mw  _ 2 r 1 , ,  , t1/2 . 2I term gN-[ 2.303v|Z+Z_|^ 1 0 Q 0  p^(2 (l+pl )

-2(1 + pl1/2) + ln(1 + pl1/2) + |}]

I term = -2303 V '10+0Q~ ' |[NTMw^(i(l + pl1 / 2 ) 2 - 2(1 + pl1/2)

+ ln ( 1 + pl1/2) + f } - ^ 1  + A -^{j(l + pl1 / 2 ) 2
2 p
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- 2 ( 1  + pl1/2) + In ( 1 + pl1/2) + §}

+ W t P  M (1 + »ll/2)2 - 2<1 + plV2)

+ ln(l + pi1/2) + (B-29)

from equations (B-3) and (B-6 )
~ mM 0  9m w 2
9N2 NtMw

3(NTMw }

(B— 30)

9N2 = ^ 2  (B 31)

Simplifying equation (B-29) and substituting equations 
(B-30) and (B-31) results in the following expression for 

term I

I term = 2.303 ^  | z+z_ | ̂ i 1 / 2 - { (i +

- 2 ln(l + pl1/2) - * 1/2. >- V w  lV2
(1 + Pi )

- -{i(l + pl1 / 2 ) 2 - 2 ( 1  + pl1/2) + ln(l + pl1/2)
(pl1 / 2 ) 3 2

3 3 3 A y
+ l>  3 1 #  < E - 3 2 )

n  v ] Z , Z ] p  D 0 ( 0  \
1 1  term= ̂ [ 2 . 3 0 3  ? +

( 1 + al) 1 / 2  + - M ]
3az
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- 2 - 30 3  V i b o o  | [{ 2 V  -  + 11 + a D 1/ 2  + 7 ?  M t M w3a 3a

9 A 2X + a2( 2 -..1> + (1 + al)1'2 +
3N2 1 3 a2 3a2 ™ 2

. ,2 „  „  9 r 2(al - 2) , „  , _ Tx 1/2 , 4 1 9I 9m 3

Y T w 3 i^ 3 a 2 ( ) 3 a2 9 N 2

TT a. o -no 1 _ „ I ,,, -2 I 2 , 2 (al - 2) (1 + al) 1 / / 2II term 2.303 100Q | Z+Z_ | [M^A^ 2 3aI{ aI

+ K T ---- (aI—  Y7 J " 2 ( 1  + al)1/2}
aI (1 + al) '

+ N M  2 {2(al- 2) (l + al ) 1 / 2  4 } 3Ay_, ( 33)
+ T w 3iT al + al y9N2 6 i )

III term = [NT{ (0.001 vmMw + 1) In (0.001 vmMw + 1)

- 0 . 0 0 1  vmjŷ }]

III term = { (0 . 001 vmiŷ  + 1) In (0 . 001 vmiŷ  + 1) - 0 . 001 vmiŷ  ^
9Nt

+ NT{ln(0.001 vmM^ + l)-^— (0.001 vmM^ + 1)

+ (0. 001 vmMw + 1) In (0 . 001 vmMw +1) - 0 . OOlv 7̂ —  (mJVÎ) }
2 2

III term = ln(0.001 vmM + 1) - 0.001 vmM (B-34)w  w

The combination of equations (B-32), (B-33) and (B-34) yields
equation (2-16). A similar approach leads to the expression

for ln^3Ext.D.H.
In equation (2-16) a^(pl^2) and ijĵ (al) are given by
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a?-(pi1/2) = --- 2>? --5 [i(l + pl1 / 2 ) 2 - 2 ( 1  + pl1/2) +ln(l + pl1/2)
1 (pi1 7 "1 )-15

+ §] (B-35)

(al) = 3 §j-[2 (aIaj 2) d  + al) 1 / 2  + (B-36)

B.3.II— NRTL equation

* 3 rGE(ternary)
VlllY± = 3N1 tRTlNRTL 't,P.1I2 ,N3

3N,* . E(ternary)
'jlnY± = NRTL (B-37>

Assuming complete dissociation of the electrolyte

Na = vA Nx (B-38)
3N
8 N^ ” VA (B 39)

Combining equations (B-37) and (B-39) yields

v In y* = VA In YAiNRTL (B-40)

*In y, can be obtained by differentiating equation (B-28)+
with respect to NA

1 rN2^NAG±2Z±2 + N3G32Z±2 + N2Z±2 “ NAG±2Z±2 “ N3Z32G±23
lnyA = RT ------------------------------------2---------------

(Na g ± 2 +  N 3 G32  +  N 2 )

+ N3 ̂NAG±3Z±3 + N2G23Z±3 + N3Z±3 ~ NAG±3Z±3 ~ N2Z23G±3̂
n a g ±3  +  n 2 g 2 3  +  n 3 ) 2

H2Z±2 N3Z±3
<N3G32 + N2> <n 2G23 + N3>



Combining equations (B-37) and (B-41) and converting
moles to the mole fraction leads to equation (2-14).

The activity coefficient of the solvent is obtained by 
GEdifferentiating with respect to N 9
T 1NRTL

3 QE(ternary)
ln y 2,NRTL a^^RTl NRTL t,p,na ,nb,n3

+

3 32
Z±2

+ N2 (N3 G 3 2  + N2 ) 2

2Z32G±2 + 2Z23G±3G23
(n3 g 3 2  + n2 ) 3  (n2 g2 3 + n 3 ) 3

(B-42)

Equation (B-42) can be simplified in the form of equation 
(2-17). Utilizing a similar approach an expression for

lnY3/NRTL is obtained-
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MODEL II: Combination of the Bromley Equation; The
Simplified NRTL Equation and the Salting Out Term

Bromley (1973) presented a generalized analytic correla
tion for mean activity coefficients of electrolytes in binary 
aqueous electrolytic solutions.

1/2 (B - B , . ) 1
In y = 2 . 303 [-A | Z Z | — - T-pT+ — ----- — —— + B, . I + Cl ] (C-l)

Y + " 1 + p I ± / Z ( 1 + al) •L 1

where
A.̂  = Debye-Hiickel constant (Appendix-L)

I = j  I mkZk 2 (C-l-A)

n, p, a, Bq , B^^ and c: adjustable parameters
On the basis of a comprehensive study using data for y+, 

but also osmotic coefficients and other related thermodynamic 
properties at 25°C, as well as at other temperatures up to 

200°C, Bromley concluded that reasonable agreement is obtained 
by using

n = 2
a = 1.5/|Z+Z_| 
c = 0 . 0

p = 1.0
(B0  " BU ) = (0.06 + 0.6Bli) |Z+Z_| (C-2)

in equation (C-l).
Substitution of (C-2) into (C-l) simplifies this equation 

in terms of only one adjustable parameter binary.
When the above equation was applied to correlate non-aqueous



103

electrolytic binary with the same constants, the fit was good. 
Considering the simplicity and success of the above equation 
in correlating binary systems and the success of the NRTL 
equation in correlating solvent-solvent binaries, Model II 
proposes to combine them with an additional ternary salting 
out term for the correlation of electrolyte (1 ) - solvent (2 ) 
solvent (3) ternary systems. The following procedure is fol
lowed in developing Model II:

GE(ternary)
C.l: Development of the prjdBromley expression

Equation (C-l) with (C-2) is first integrated to derive 
E(binary)

, which is then extended to ternary mixtures.
Bromley

rE (binary) N-. Tl/2
Ifl = 2.303V [/ {-A |Z+Z_| — — j t j M N j

Bromley o ' 1 + pi
N, (0.06 + 0 . 6 B-, . ) 1

+ f L{ ----------- ^ —  } dN
o ( 1 + al)z x

N 1+ / B1± I dNx] 
o

N 1+ v/ In(0.OOlvmM + 1) dNn (C-3)W Xo
Equation (C-3) can be integrated term by term with equations 
(B-3) to (B-8 )

I 1/2 3N, a
I term = 2.303v / - A  | Z . Z | -- --- 31

o Y + " 1 + pl1 / 2  3m 3 1
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TO. O ono A NTMw . 1/2, 2I term = -2.303vA YqW  T r̂ 2^ + pi )
P

- 2(1 + pl1/2) + In(1 + pl1/2) + |>]|Z+Z_| (C-4)

I (0.06 + 0 . 06B. . ) 1 9N. ~
II term = 2 . 303v / -------------- —  -=-£• ITT 8 1, _t v2 3m 9 Io ( 1 + al)

NJYl (0.06 + 0.6B,.) ,
II term = 2 . 303v j_qqq' 1 z + z -  I ------2--------  j^ln ̂  + aI  ̂+ (i + af) ”a

1 3 N 1 amIII term = 2.303v / B1± I |y 91
o

(C-5)

N„M T2
III term = 2.303v Xqoo T Bu  (C-6 )

N. dN.
IV term = v / In (0. OOlvmiy^ + U-g^ 

o
9m

N. [(O.OOlvmM, + 1) In (0. OOlmM + 1)1 w w

0.OOlvmM 1 (C-7)w

Combining equations (C-4) to (C-7) leads to the following 

expression for
_E(binary) N.MtT 0

I?' , - 2'303VBromley p

{ j(l + pl1 / 2 ) 2 - 2 ( 1  + pl1/2) + ln(l + pl1/2)
0 (0.06 + 0.6B. .)

+ f > + ------- 2--- lZ+Z-la

1 Blil 2{ In ( 1 + al) + (y+ aI) ~ 1 } + — ]



105

+ [(0.001vmMw + 1)In(0.OOlvmH^+ 1)

- O.OOlvmM, 1 (C-8 )w

In a binary aqueous/nonaqueous electrolyte solution, 
equation (C-8 ) can be used to derive the expression for the
activity coefficient of the solvent, by equation (1-27)

1/2
ln ''î narf = 2-303 Mw. ‘aY °<pi1/2) I V s-1'Bromley l '

- (0.06 + 0.6B1 ± ) j  i p(al) |Z+Z_ |-B j]

+ In(0.OOlvmM^+ 1) - O.OOlvmM^ (C-9)

Equation (C-8 ) is modified for a ternary system by the 
appropriate substitution of B for B ^  and the Debye-Hiickel 
constant for mixture. The most important conditions to be 
satisfied are

_,E (ternary) _E (binary)—  I = — IRT 1 RT 1Lim Bromley Bromley
N2 0  
or
n 3 + o

This requires—
Lim B = B. 9
n 2 + o
Lim A (N~,N7 ,d9 ,d,,D«, Do ,T) = A (d9 ,D5 ,T)
n 2 - > o y Y

(C-10)

or
Lim B = B,o 
N 3 - . 0

Lim A (N2 ,No,d2 ,d-, , D~ ,D,,T) = Av (dv D.,,T) (C-ll)
n 3 - > o y Y



The above c o n s t r a i n t s  lead equation (C-8 ) to 
_,E (ternary)
pm| f equation (3-2)

Bromley
Note: equation (3-2) involves no solvent-solvent interaction

parameters.
_E(ternary)

C.2— Development of the =̂-| Expression
NRTL-S

The NRTL equation developed in model I, equation (2-3) is 
simplified further by considering that the NRTL equation in 
Model II accounts only for solvent-solvent interactions. Hence, 
assuming that

XA2 XB2 

in equation (2-3) then,

AgA2 = AgA3

GA2 GB2

G ± 2

ZA2 = ZB2 

Z±2

GE(ternary)  ̂ N2N3Z32
RT-1 .TT,mT  ̂= RT *•" . v , „ . „ ^ r'r v

XA3 XB3 1 • ° (C-12)

= AgB2 = A g R  = 0.0B

GA3 GB3 1 , 0

= G v
±3 vA

(C-13)

ZA3 ZB3 0 , 0

Z± 3  = 0.0 (C-14)

_1_ N2N3Z23
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Equation (C-15) can be converted in terms of mole fractions, 

equation (3-4).

C.3— Development of the Salting-Out Term for a Ternary Mixture

It is well known that the addition of an electrolyte in 
mixed solvents, causes salting-out of one of the solvents. 
Combination of the Bromley equation and the simplified NRTL 
equation alone is not enough to account for the salting-out 
effect, therefore an additional salting-out term was sought. 
Different theories have been proposed specifically by Debye- 
McAulay (1925), Butler (1929) and Born (1932), to account for 
salting-out. In this work, an expression based on the above 
theories, has been proposed, which requires one ternary salting- 

out parameter I(S^23' anĉ  '*‘s sb°wn below

qE(ternary)_ D , _ D £ 2   ̂ vkzk 2 1 

RT' n ^  ^2 k T  i bk 2 (C-16)

where
D' = D [1 - (C-17)

a = 2 . 0

Combining equations (C-16) and (C-17) leads to the form—
gE(ternary) E(ternary)

salt-out
equation (3-5).



C.4— Development of the Ternary In y+ , In Y2 and In Expres

sions

The total excess Gibbs free energy function is obtained 
by combining equations (3-2) to (3-5). The activity coefficient 
expressions are obtained by the appropriate differentiation of 
the total Gibbs free energy function. Since the activity co
efficients are a combination of three different terms, the 
differentiation of each term is performed separately, as 

below

C.4-I— The Bromley Equation

Combining equations (1-26) (3-2) and (3-3) results in—

Equation (C-18) simplifies to the original In y+
-'Bromley

equation with an additional term, equation (3-8), where

* (ternary) 
±'Bromley d ^ I 2 - 303v 1

m T w 
I 1000

-2(1 + pl1/2) + In(1 + pl1/2) + |} + (0.06 + 0.06B)

{ In ( 1 + al) +
1 + al

1 - 1} + | I2] +

[NT { (0 . 001vmMw + 1) In (0. OOlvmiy^ + 1)

O.OOlvmM }] w (C-18)

*
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For solvent 2, equation (3-2) with (3-3) is differentiated

term by term
3 r n m NTMw , 2 j-1 f l „t1/2,2I term - g jj— [ 2.303v T 10Q0 A 3(2 (1 + pi )

2 p

-  2 ( 1  +  p l 1 / 2 ) +  I n ( 1  +  p l 1 / 2 ) +  f } ]

I term = 2.303 Ay I1 / 2  _ A _ { ( 1  + plV2,

- 2 In ( 1 + pI1/2> - 1 1 / 2  ) -  Ntmw
(1 + Pi )

I 1 / 2   2 r l ( 1  +  p I l / 2 } 2  _  2 ( 1  +  p l 1 / 2 )

( p I 1 / Z ) :i Z
3A

+  I n ( 1  +  p l 1 / 2 ) +  f j g u 1 ] ( C - 2 0 )

t t  4- 3 ro m N tM w  ( 0 - 0 6  +  0 . 0 6 B )II term  ̂ [2.303v x 1000 2
Z 3.

{ In ( 1 + al) + ( 1 * aI) - 1 }]

II term = + 2.303 (0• 0 6  + 0.6B)|- ^

{ U  + 2 a I -2 - ln (1 a+TaI- > + 0 . 6  NtM \  Z j  (1+ al) 2 aI T w 2 al

f ln ( 1 + al) _ ___ 1___i 3B i ( c —91 )
1 al ( 1 + al) 3N2

N M
t t t  x. 3 ro o n o  10 T  W  B  T 2.Ill term = — [2. 303v T 2 I ]

III term = + 2.303 B | + I (C-22)

IV term = t (0. OOlvmiy^ + 1) ln (0. OOlvml^ + 1) - 0 . OOlvmM^
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IV term = ln(0.001vmMw + 1) - O.OOlvmM^ (C-23)

Combining equations (C-20) to (C-23) results in
In Y 2  (ternary) expression, equation (3-12). Similarly an ex-

'Bromley (ternarv)pression for In y can be obtained.
'Bromley

The different terms of equation (3-12) are defined below

a 0 (pl1/2) = --- ^ - ^ [ ( 1  + pl1/2) - 2 ln(l + pl1/2)  1 , /2- 3
2 (pli / 2 ) 3 (l+plx/ )̂

(C-24)

(pl1/2) = ---r/2 '3 [? (1 + Pll/2) - 2 ( 1 + pl1/2) + In (1 + pl1/2) + |]
(pi ) (C-25)

(al) = - ln(^  aI) ] (C-26)
2 aI (1 + al) aI

tl,aI) = ^[ln_(l_+_al)_ . l ai)] (c.27)

I
^2 ®123 1 ^3 I ' ' 1/4,= IB,," B.,) 5=2 . + ----  i/o "o H ) -TT70- (X,X,)1/4}N̂o - 12 “13' Nt - ( 1 + aNl/2,3“ 2'x;' x U/2 ' 2 3

2
1 -I -aX-* Xo —otX-j |  i  q / .

e  ^  e  ( X 2 X 3 ’ 1 < c ~ 2 8 )

(E1 3 - B12>i4 + ^ 1 7 2 '  (X2X3)1/4>

o — a X ,  X 2  a ^ 3  1 1 1 / 4

2 4 S (X2X 3} ] (C_29)



C.4-II--The NRTL-S equation

Equation (C-15) can be differentiated appropriately to 
obtain the activity coefficient expression for electrolyte 
and solvents. Utilizing equations (B-35) to (B-38) with 
equation (C-15) leads to

KUISU Z.* (ternary) _ 2 3  32_In v v j — _ r.---------------
» -f  p m  \» 2

"'NRTL-S (NA v + N2 + N3G32)A

Z23 + Z32
(N J L  +  „ 3 +  n 2 g 2 3 ) 2 ( n 3 g 3 2 + n 2 ) 2

A

+ ----- — ---- y] (C-30)
( N 2 G 2 3  +  N 3 )

Equation (C-30) can be converted in terms of mole fraction, 
equation (3-8).

, (ternary) . 3 ^{ternary)
^ 2 SN RT ''NRTL-S 2 NRTL-S

N3Z32(NA^7 + N2 + N3G32> “ N2N3Z32-i (ternary) 1 r “ VA
ln Yo RT[

f UTOrnr _ C X'"LNRTL-S ... V ,2(na —  + n2 + n 3 g32)
£1
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v 2Z32
+ e- NAH2N3 -{—  ■■ „ .3A 3 32 2

2Z23G23
<H2G23 + N3>

■}]

in y (ternary) = 1 ^
^ I MTDrPT _C Ki V A A  Jt’NRTL-S VA " , V  .2

(NA v7 + 2 3 32ii

Z23 + n 2̂  G32Z32
(HA^T - N3 - N2G23) 2 3 (WA^r + N2 + N3G32>2

Z23 } +

<MA^r + N3 + H2G23>2

V  „  „  r Z32 , Z23 n
v A 3  2 2

(N3G32 + N2} (N2G23 + N3}

- 2 N N2 N3{----^  3 +  Z23G23---- }] (c_31)
VA (N3G32 + N2) (N2G23 + N3}

Using the above approach, an expression for ln y(ternary)
'NRTL-S

can be obtained. These expressions can be rearranged in terms 
of mole fractions, equation (3-13).

C.3-III— The Salting-Out Term

Equation (3-5) with equation (3-6) is differentiated to 
obtain the salting-out contribution for the activity coeffi
cients .
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n * (ternary) r e r k k /vr „ 3 / 2  / 9 r 1 1
ln T±, \  = 123 ™  I  -b—   ̂ 2 3 6 m r [—  mT/2'salt-out u k k 1 aN,'e 1

(C-32)
2

3 r 1 1 t 1 rm 1 1 li9N, [ 2 3 7 2 ] 1/2 [N1 2 a 3 7 2  2 ] (c“33)1 aN.' aNi/ N.'e 1 e x 1

Combining equations (C-32) and (C-33) leads to equation 

(3-1). And

2 2
.. (ternary) * e2 v \ Zk N 1 1 rS' 9 //1kT „ S1 / 2 X

2 , , . ” 123 IcT J b. 2 3 / 2  [ D 9N, 2 3 *'salt-out k k aN/ 2e 1

+ <N 2N 3>1/2 3 %  «■ + «'(M2N 3)1/2 gi-(i)] (C-34)

where,
a , / 0 i No V 2

^ {( W  7  1 ' |(nj) (c’35)

96' _ 9 “X2 , 1 _ ' n
W ^ ~ W ^ l e 2 13 3 12

I I ■
OtXrt | | 0tX2 r\ I i

e (X2 B1 3  - X 3 B12) + e 3N^(X2B13 " X3B12}
i ■ i i

r, . 1 aX- , , X 3 aX2 X 3

9N^ = a e (X2B13 - X3B12) + (B12 + B13)e (c~36)

3 ih = " -K 4S- (C-37)9N2 d 2 9N2

A combination of equations (C-34) to (C-37) results in equation 
(3-14) .

Similarly an expression for ln Y3ternar^  can be
'salt-out
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obtained with the following additional relationships

9 r,__ .. >1 / 2 , _ 1  /N2 > 1 / 2
9N3 ^ 2 3  ] 2 (N3}
I IfiX X

H r  = 'e 2 ST 1“ (X2B1 3 " X3B12, + (B12+ B 13>1.3 T

9 ri.i A .  8 09N3 lDj d2 9N3

(C-38) 

(C-39) 

(C-40)



APPENDIX D

DEBYE-HUCKEL CONSTANTS, DIELECTRIC CONSTANTS AND 
DENSITIES OF PURE SOLVENTS AND MIXED SOLVENTS; VAPOR 

PRESSURE CONSTANTS OF PURE SOLVENTS
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The Debye-Huckel constant at the system temperature and 
pressure is given by

0 ... 1/2 2 3/2r2TrNcL j._e , (D-l)
y l1000J DkT ( ±}

or
Ay = 1. 8246xl06 d 1 / 2 { ^ ] 3 / 2 (D-2)

where,
d - density of the solvent 
D - dielectric constant of the solvent

The values of the above two properties for the pure
solvent or the mixed solvent mixture are presented below

A. Electrolyte-solvent binary (binary 1-2 or 1-3)
d = d^ - pure solvent (2 or 3) liquid density at the 

system temperature and pressure.
The density data are estimated if experimental data are not 
available by the following relationship

M
d = (D-3)

VT
M = Mw wi " molecular weight of the solvent 1

T  TVT = v°̂  - pure solvent liquid molar volume.
A quadratic equation is used to calculate the pure sol

vent liquid molar volume, as given in the monograph by Prausnitz 
et al. (1967)

v 0̂  = a' + b'T + c'T2 (D-4)
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The constants a 1, b' and c' are obtained, using experimental 
liquid volume data at three temperatures, by a method used in 
the monograph. In Table D-l, liquid volume data are listed 
for the solvents used in this work.

D - - pure component dielectric constant at the
system temperature and pressure.

B. Electrolyte (1) - solvent (2) - solvent (3) ternary
d - solvent mixture (electrolyte free) density at the 

system temperature and pressure.
I - if the experimental solvent mixture data are avail

able, a six-constant polynomial is fitted to get the 
concentration dependency of the density. The poly
nomial expression is then used to calculate the den
sity at different temperatures.

In tables D-2 and D-3, liquid density data for E^O-MeOH 
at 25°C and I^O-EtOH at 25°C, used in this work are tabulated.

II - if the experimental mixture density data are not 
available, the solution density is approximated 
using a linear relationship for the volume equation 
(D-3). Where,

' , '2 . '3 , '4 , '5

VT “ X2V °2L + X3V °3L (D-6 )

(D-7)
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1.0

0 - 8 McGlashan(1976)

Eqns. (D-3), (D-6) and (D-7)

Eqn. (D-8)

0-6

0 1.00-5
X*

MeOH
Figure D.l Comparison of Experimental and Estimated 
Densities for the System ^O-MeOH at 25°C
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1.0

0.8
Perry and Chilton (1973)

A  Eqns. (D-3), (D-6) and (D-7)

Eqn. ( D-8)0-6

0.5 1.00

Figure D.2 Comparison of Experimental and Estimated 
Densities for the System I^O-EtOH at 25°C
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v 0̂  and v °3L  are calculated, using equation (D-4) for the 
pure solvents. Alternatively,

d = x'2a °  + X 3 d° (D-8 )

The validity of equations (D-3) and (D-8 ) for the mixture is 
shown in the figures D.l and D.2 for the H 2 0 -MeOH system at 
25°C and the H 2 0 -Et0 H system at 25°C respectively.

D = Dielectric constant of the liquid solvent mixture 
(electrolyte-free)

III - if the experimental solvent mixture dielectric constant
data are available, a six-constant polynomial is fitted 
to get the concentration dependency of the dielectric 
constant. The polynomial expression is then used to cal

culate the dielectric constant at a different concentrations.

D = A ± + A 2 X 3 + A 3 x '32 + A 4 x '33 + A 5 x '34 + A 6 x '35 (D-9)

The data given by Akerlof (1932) for the mixture dielectric 
constant have been used in this work. The data at a constant 
composition has been represented as a function of temperature 
by

ln D = 2.303 AD^ + AD2 ln(T - 293.15) (D-10)

The constants AD^ and AD2 are listed in the Tables D.4 and 
D.5 for the mixtures considered in this study.
IV - if the experimental data are not available, the dielectric

constant of the solution is approximated using either 
equation (D-ll) or (D-12)



60

30 Akerlof (1932)

Eqn. ( D-12 )

0.50 1.0
y '

MeOH

Figure D.3 Comparison of Experimental and 
Estimated Dielectric Constants of the Mixture 
H20-Me0H at 25°C
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Akerlof (1932)

Eqn. ( D-ll ) 

Eqn. ( D-12 )

60 -

30 -

0.5 1.0

EtOH

Figure D.4 Comparison of Experimental and 
Estimated Dielectric Constants of the Mixture 
H20-Et0H at 25"C
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D = D2 Exp[AX3] (D-ll)

where,
D3A = ln[jj—] [Note: D 3<D2]

or
D = D2 X 2 + D 3 X 2 (D-12)

The experimental dielectric constant data are compared 
with the expressions (D-ll) and (D-12) in figures (D.3) and 

(D.4) for the I^O-MeOH system at 25°C and the H2 0 -Et0 H system 
at 25°C respectively.

Effect of Temperature on A^
The Debye-Huckel constant 'A 1 is a J1, - (equation D-2) .Y T

Also, the dielectric constant and the density of the solvent 
are functions of temperature. Therefore A^ is a strong func
tion of temperature.

Effect of Pressure on A^
This work is limited only to low pressures. At low pres

sures, the liquid density and the dielectric constant can be
considered to be pressure independent. Therefore A^ has no 
effect of pressure.

Vapor-Pressure of the Pure Solvent
A six-parameter equation given in the monograph of 

Prausnitz et al. (1967) has been used to estimate the vapor 
pressures of the pure components, equation (1-24). Constants 
C^, C2, C3, , Cg and Cg are listed in Table D.6 .
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TABLE D .1
Liquid Molar Volume Data at Three Temperatures

Ref: Prausnitz et al,

Solvent
EtOH

MeOH

Water

T (°K)
273.15
323.15
373.15

273.15
373.15
473.15

277.15
323.15
373.15

(1966)
v°L , cc/gmole 

57.141 
60.356 
64.361

39.556
44.874
57.939

18.06
18.278
18.844
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TABLE D.2
Liquid Density Data for the ^O-MeOH System @ 25°C 

Ref: McGlashan (1976)
I

d, cc/gmoleXMeOH
0.0
0.04085
0.06168
0.11445
0.19739
0.24867
0.34382
0.49446
0.61267
0.69241
0.78454
0.89229
1.0

0.99707
0.98472
0.97919
0.96649
0.94796
0.93658
0.91534
0.88242
0.8579
0.8421
0.82458
0.8051
0.78663



126

TABLE D.3
Liquid Density Data for the H^O-EtOH System @ 25°C

Ref: Perry and Chilton (1973)
I

d, cc/gmoleX EtOH 
0.0
0.0417 
0.0891 
0.1436 
0.2069 
0.2813 
0.3699 
0.4773 
0.6102
0.7788
1. 00

0.99708 
0.98043 
0.96639 
0.95067 
0.93148 
0.90985 
0.88699 
0.86340 
0.83911 
0.81362 
0.78506
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TABLE D.4
Constants for Calculating the Dielectric Constants of 

Water-EtOH Mixtures at Various Temperatures,
Equation (D-10)

Ref: Akerlof (1932)
1

XEtOH AD1 AD2

o•o 1.9051 -0. 00205
0.0417 1.8727 -0.00209
0.0891 1.8367 -0.00214
0.1436 1.7968 -0 . 0 0 2 2 1

0.2069 1.752 -0.0023
0.2813 1.7024 -0.0024
0.3699 1.6500 -0.0025
0.4773 1.5926 -0.00262
0.6102 1.530 -0.00272
0.7788 1.4625 -0.00268
1 . 0 0 1.3979 -0.00264
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TABLE D.5
Constants for Calculating the Dielectric Constants of 

Water-MeOH Mixtures at Various Temperatures,
Equation (D-10)

Ref: Akerlof (1932)
f

XMeOH AD1 AD2

O•o 0.19051 -0.00205

0.0588 1.8799 -0.00208
0.1233 1.8505 -0 . 0 0 2 1 2

0.1942 1.8190 -0.00218
0.2727 1.7865 -0.00225
0.3600 1.7513 -0.00234
0.4576 1.7120 -0.00244
0.5676 1.6658 -0.00252

0.6923 1.616 -0.00248
0.8351 1.5648 -0.00242

1 . 0 0 1.5099 -0.00234
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TABLE D . 6

Constants for the Vapor Pressure, Equation (D-12)

Solvent C2 Cg Ref

EtOH 123.9120350 -8754.0896 0.0 0.020198435 0.0 -18.1 Prausnitz
et al. 
(1966)

MeOH 12.3858228 -3880.50203 0.0 -24.355 0.0 0.0 Hala
(1969)

Water 70.4346943 -7362.6981 0.0 0.006952085 - -9.0 Prausnitz
et al. 
(1966)
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The following two data points are used for the calculation
A

of <b?, <j>Y, P.E. and F.—

[Ref: Hal a (1968)]
I

Point # System T(°C) X3 y 3 P (mmHg)
1 H2 0 (2)-MeOH(3) 60 0.0343 0.2106 183.64
2 H2 0(2)-Me0H(3) 60 0.7582 0.901 538.64

Pure component second virial coefficients for H20 and MeOH 
and the cross-virial coefficient for H2 0-Me0H mixture are 
estimated by Pitzer’s correlations, [Smith and VanNess 
(1973)]

B° = 0.083 - °'?2£ (E-l)T 1 - 6r

B1 = 0.139 - — i74  (E-2)
Txr

o 1 RTcB. . = (B + WB ) -p-2- (E-3)

Pure component liquid molar volumes and pure component 
vapor pressures are calculated as shown in Appendix D.

The mixture properties necessary to estimate the cross- 
virial coefficient of the mixtures are calculated by

3Tdj = yiTa I E ~ 4 )

Fdj = J 2 y±pci <E-5)
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3
“ij = 1f2 yi“i ( E - 6 )

fi23 = 2B23 " B22 ” B33 (E-7)

Applying equations (E-4) to (E-7) with equations (E-l) to 
(E-3) the cross-properties for the two data points are listed 

in Table E.2.
The pure component properties listed in Table E.l and the 

mixture properties presented in Table E.2 are used in equations 
(1-5), (1-6), (1-8) and (1-10) to calculate <J>°, (P.E.)±, <pY 

and (see Tables E.3 and E.4 for the two data points).
The values of F . in Tables E.3 and E.4 for H~0 and MeOHl 2

justifies the assumption that, at low pressures, F^ - 1 .0 .
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TABLE E.l 
Pure Component Properties

Component

h 2o
MeOH

OLv.
1

(cc/gmole)
18.364

41.8187

1
(mmHg)
149.383
634.315

B°x

■1.13793

■0.75793

B1l “i Bii
(cc/gmole)

-2.6577 0.348 -503.4

-0.91993 0.556 -665.9

TABLE E.2
Mixture Properties

Point #1 o)2 3 B23
(cc/gmole)

623
(cc/gmol^

1 0.3912 -513.0 143.3
2 0.5354

TABLE E.3

-622.3 -75. 3

0 "h-e- P.E. , (J>Y and F^ for Data Point # 1

Component ,°
*i (P.E. ?v

♦i F.
X

h2° 0.99556 1.00003 0.99562 1.0009
MeOH 0.99413 0.99909 0.99492 1.0075

TABLE E.4

O 
-H
-e- P.E. ,

A.
<j>Y and F.

1  X
forData Point # 2

Component ,o
*i (P.E. >i

Tv*i F.
X

h 2o 0.98703 1.00034 0.98548 0.9981

MeOH 0.98288 0.9998 0.98288 1 . 0 0 0 2



APPENDIX F 

COMPUTER PROGRAMS

134



135

CORRELATION AND PREDICTION OF ACTIVITY COEFFICIENTS: TOTAL
PRESSURE AND VAPOR PHASE COMPOSITIONS

This appendix contains the following programs:

F.1 Main Program

Calls subroutines INPDAT, LSQ2, FIBN, TITLE. The main 
program reads the different indicating markers to perform cor
relation or prediction of binary or ternary VLE. The comment 
cards included in this section explain the different options 
used in this program.

F.2 INPDAT

Subroutine reads the input data.

F.3 FITIT [calls POLIFI]

Subroutine fits a polynomial of degree 5.

F . 4 POLIFI

Subroutine makes a least-square fit for FITIT [calls sub

routine DETERM].

F . 5 DETERM

Subroutine performs the error analysis for POLIFI.

F . 6 VAPPRE

Subroutine calculates the pure component vapor pressures 
at the system temperature [Equation (1-24)].
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F. 7 TEMPD

Subroutine calculates pure component liquid molar volumes 
at the system temperature. This also calculates the dielectric- 
constant of the mixtures. This calls subroutine FITIT to ob
tain the polynomial constants for the concentration dependence 
of the dielectric constants at the system temperature.

The following equations are used for the temperature de

pendence.

For the liquid molar volume

V = A + BT + CT **2

Where A, B, C - constants. T - temperature of the system.

For the dielectric constant

DS = EXP [2.303(ADT1 + ADT2 (T - 293.15))]

Where ADTl, ADT2 - Constants for the temperature dependency of 
a solvent mixture. T - temperature of the system. DS - di
electric constant of the mixture (see Appendix-D).

F . 8 LSQ2

Subroutine applies a search technique to find the best 
unknown variables that will result in the minimum value of an 
objective function [number of variables should be greater or 
equal to 2]. Calls subroutine FN.
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F. 9 FN

Subroutine calls different subroutines to calculate the 
different contributions for the activity coefficients in two 
models. Finally it calls subroutine MINFUN to set up the ob
jective function. Calls subroutines NRTLl, BROML, ADITON,

NRTL2, DEBHUC, VAPPRE, MINFUN.

F.10 FIBN

Subroutine applies the Fibonacci method to find the one 
unknown variable that will minimize the non-linear objective 
function.

F.11 FUNCT

Subroutine calls different subroutines as in subroutine
FN.

F .12 NRTLl

Subroutine calculates solvent-solvent interaction contri
butions of the activity coefficients in a ternary mixture using 
the simplified and the modified form of the NRTL equation in 
Model #2 [see Chapter 3; Equation (2-4)].

F.13 BROML

Subroutine calculates ion-ion and ion-solvent interaction 
contributions of the activity coefficients in a binary or ter
nary mixture using the Bromley equation in Model #2 [see Chapter 
3; Equations (3-8), (3-12) and (C-9)].
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F .14 ADITON

Subroutine calculates salting-out contribution for the 
activity coefficients in a ternary mixture in Model #2 [see 
Chapter 3; Equations (3-10) and (3-14)].

F .15 FUNCB

Subroutine for mixing rule for the Bromley parameter in 
a ternary mixture [see Chapter 3; Equation (3-3)].

F . 16 FUNCT

Subroutine calculates the Debye-Huckel constant of mix
tures and derivatives of the Debye-Huckel constant with respect 
to the number of moles of solvents [see Appendix-D].

F .17 NRTL2

Subroutine calculates ion-solvent and solvent-solvent 
interaction contributions of the activity coefficient in a 
binary or ternary mixture using the modified NRTL equation in 
Model #1 [see Chapter 2; Equations (2-7), (2-14) and (2-17)].

F .18 DEBHUC

Subroutine calculates ion-ion interaction contributions 
for the activity coefficients in a binary or ternary mixture 
in Model #1 [see Chapter 2; Equations (2-13) and (2-16)].

F .19 MINFUN *
Subroutine sets up the objective function.
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F . 20 TITLE

Subroutine makes tables for output results.

The comment cards included in the programs are assumed 
to make this program self-explanatory.
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it* •*> el» *l> i]i ill tif iL tli Ji iL «L itf Ur U# ill tL di Ur iL Or ib ill Jj «t» ib ib ib ib ib df ib ̂ b Ui ib Ji ib ib ib lb ib ib it lb lb ib lb tb d; ib d> lb

MAIN PROGRAM -
THIS PROGRAM IS TO CORRELATE OR PREDICT EITHER BINARY 
OR TERNARY VLE DATA OR BINARY X TERNARY OLE DATA 
TOGETHER. THE PROGRAM CAN BE USED EITHER FOR ISOBARIC 
OR ISOTHERMAL DATA.

ft#**##*##**# ##*#*#########*########

A BINARY IN THIS WORK IS DEFINED AS A MIXTURE OF 
EITHER TWO SOLVENTS OR ONE ELECTROLYTE AND ONE SOLVENT.
A TERNARY MIXTURE IS DEFINED AS A MIXTURE OF ONE 
ELECTROLYTE AND TWO SOLVENTS.

####*>)< ft#**#*# if.##*#### ft#*#.#. He#*#

THIS PROGRAM IS WRITTEN BY ANIL K. RASTOGI AT THE
i

NEW JERSEY INSTITUTE OF TECHNOLOGY AS A PART OF 
DOCTORAL DISSERTATION! YEAR 1981.

%
■I# ib ib «lf *1. Ur «tr ib ib Ur ib ib df U» ib Ur Ur ib ib ib ib U» ib ib ib lAf Ur ib ib ib ib tb ib d> di di ib di df Ur dr dr ib dr ib dr ib dr Ur ib iXr ib ib • ! / U/ Ur lb lb 
/ f t  ^  / f t  i f *  7 ft ^  f  ^  ^ i  ^  / f i  ^  ^ t  / f t  / f t  * f ,  / f t  f  ^  ^  / f t  ^  i f i i f t  / f t  J j i  4 V ^  4 * *  4 *  ^  ^  H 1 «i» i f t  ^  ^  4 *  v  v  ^  i f *  » o  V  T

NSET - * OF SYSTEM DATA TO BE USED
LL - TOTAL * OF TRIAL TO BE USED IN LSQ2EE - TOLERENCE ERROR FOR THE LS02
NAME(J> - INFORMATION ABOUT THE SYSTEM i J=10f 20 CARDSXLIM - (MAXIMUM MOLALITY - 1) RANGE OF THE ELECTROLYTEXLLIM - MINIMUM MOLALITY RANGE OF THE ELECTROLYTE
NAME1rETC- NAME OF THE SYSTEM TO BE USED
INDF - # OF INCREMENTS TO BE GIVEN FOR THE MAXIMUMMOLALITY RANGEKP - = 1 EQUATIONS USED ARE BROOMLEYvSIMPLIFIED NRTLliAND SALTINGOUT.(MODEL f 2 IN THE THESIS)= 2 EQUATIONS USED ARE EXTENDED DEBYE-HUCKEL X NRTL2.( MODEL * 1 IN THE THESIS )
NBIN - (WHEN KP=1)= 1 PARAMETER B012 REGRESSED
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c 2 PARAMETER DO13 REGRESSEDc = 3 PARAMETER B123 OR DELTA REGRESSED (WHEN M = l)
c = 3 PARAMETERS B123 X DELTA REGRESSED (WHEN M=2>
c - (WHEN KP=2)
c = 1 GPN2 X ZPN2 REGRESSED (IF NNRTL = 2>
c = 1 DGA2 X DGB2 REGRESSED (IF NNRTL=1)
c = 2 GPN3 X ZPN3 REGRESSED (IF NNRTL=2)
c = 2 DGA3 X DGB3 REGRESSED (IF NNRTL=1)
c = A DG23 X DG32 REGRESSED
c = 5 GPN2rZPN2 rGPN3 X ZPN3 REGRESSED (IF NNRTL = 2 >
cr* = 5 DGA2»DGB2»DGA3 X DGB3 REGRESSED (IF NNRTL = 1)
C
c NPlON _ TYPE OF POSITIVE ION FOR THE CRYSTALLOGRAPHIC RADII
c = 1 H ION
c = 2 LI IONc = 3 NA IONc = A CA IONc NNI ON - TYPE OF NEGATIVE ION FOR THE CRYSTALLOGRAPHIC RADII
c = 1 BR ION
c 2 CL IONc NREG - = 1 VLE DATA ARE PREDICTED
c = 2 VLE DATA ARE CORRELATED
c NDEN _ = 1 EXPERIMENTAL DATA ARE USED FOR THE DENSITY. Ac SIX PARAMETER POLYNOMIAL IS USED FOR THE CONCENTRAT
c DEPENDENCY OF THE DENSITY.
c = 2 AN APPROXIMATE RELATIONSHIP FOR THE DENSITY IS
c USED ( = MW/VS)
c NBROM - = 1 DELTA IS FIXED AND B123 IS REGRESSED (M=l)c = 2 B123 IS FIXED AND DELTA IS REGRESSED (M=l> *c NTYPE - = 1 DATA OF BINARY 1-2 ARE REGRESSED
c = 2 DATA OF BINARY 1-3 ARE REGRESSEDc = 3 DATA OF BINARY 2-3 ARE REGRESSEDc = 4 DATA OF TERANARY 1-2-3 ARE REGRESSED
c = 5 DATA OF TERNARY 1-2-3 X BINARY 1-3 REGRESSEDc = 6 DATA OF TERNARY 1-2-3 X BINARY 1-2 REGRESSEDc = 7 DATA OF TERNARY 1-2-3 X BINARY 2-3 REGRESSEDc = 8 DATA OF TERNARY 1-2-3 X BINARY 1-2 X BINARY 1-3c REGRESSED
c = 9 DATA OF TERNARY 1-2-3 X BINARY 1-2 X BINARY 1-3
c X BINARY 2-3 REGRESSED
CC NHIN - INTEGER FOR THE DIFFERENT OBJECTIVE FUNCTION
C =1 SUM OF <(GCAL-GEXP>/GEXP>**2. IS MINIMIZEDC = 2  SUM OF (DP/PEXP>##2. + (DY*10.>**2. IS MINIMIZED

( C = 3  SUM OF ((GCAL-GEXP)/GEXP>**2. + (DY*10.)**2. ISC MINIMIZEDC =4 SUM OF ((DPCAL-DPEXP)/DPEXP>**2. IS MINIMIZED FOR/ C THE BINARY
CC ALFA - ALFA FOR TtfE NON-ELECTROLYTE BINARY IN THE NRTL
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EQUATIONDG23»DG32- NON-ELECTROLYTE BINARY PARAMETERS IN THE NRTL EQUATION
A L F A 2 1A L F B 2 -  I O N I C  A L F A S  F O R  1 - 2  & 1 - 3  B I N A R I E S  ( E Q .  2 - 6  )
A L F A 3  fA L F B 3

DGA2»DGB2» - TEMF'ERAU.RE INDEPENDENT PARAMETERS IN THE MODIFIED DGA3 r DGB3 NRTL EQUATION .-FOR THE IONS ( EQ ♦ 2-6 )MODEL#l
G P N 2 » 2 P N 2 i  - I O N I C  P A R A M E T E R S  IN  T H E  M O D I F I E D  N R T L  E Q U A T I O N
G P N 3 » Z P N 3  M O D E L  # 1 ( E Q .  2 - 5  )

B 0 1 2  * B 1 1 2 »  - B R O M L E Y  B I N A R Y  T E M P E R A T U R E  I N D E P E N D E N T  P A R A M E T R E S
B 0 1 3 » B 1 1 3  M O D E L  * 2 ( C H A P T E R  3 )

B 1 2 3  - T E R N A R Y  A D J U S T A B L E  P A R A M E T E R  F O R  T H E  M I X I N G  R U L E  IN
T H E  B R O M L E Y  E Q U A T I O N  

D E L T A  - T E R N A R Y  S A L T I N G  O U T  P A R A M E T E R  F O R  T H E  M O D E L  * 2

A L P H A  1 - T O L E R A N C E  L I M I T  F O R  T H E  F I B B N A U C H I  S U B R O U T I N E
A X T 1 ? B X T 1  - P A R A M E T E R  L I M I T S  F O R  T H E  F I B B N A U C H I  S U B R O U T I N E

H - I N T E G E R  T O  S P E C I F Y  * O F  P A R A M E T E R  T O  B E  R E G R E S S E D
= 1 O N E  P A R A M E T E R  ( B 0 1 2  D R  B 0 1 3  O R  B 1 2 3  OR, D E L T A )
= 2  M O R E  T H A N  1 P A R A M E T E R

X T X  - I N I T I A L  V A L U E S  O F  T H E  P A R A M E T E R S  F O R  T H E  L S Q 2
D X X  - I N C R E M E N T  F O R  T H E  P A R A M E T E R S  IN  T H E  L S Q 2

t  % % % %%%%% >}: £ ft*###* * * % % * t  %% t  ft * % # * * *

C O M M O N  X’X M O L  ( 9 9 ) t X X ( 3 » 9 9 ) y  X X F ( 3 * 9 9 ) * G G ( 3 y 9 9 ) » F P ( 9 9 ) » Y Y ( 3 y9 9 ) y 
7. G N R T  (3 y 9 9 ) y G E L  (3 y 9 9 )  * G C A L ( 3 y 9 9 )  y A M U  (3) y E R R O R  (3 y 9 9 )
% r G D H ( 3 y 9 9 ) y G P H Y ( 3 y9 9 ) y T T T ( 9 9 ) y B M ( 9 9 ) » G A D D ( 3 r 9 9 )
7. y Y C A L ( 3 y 9 9 )  y A D D (6) y P T C (9 9)

C O M M O N  N P  y I N D F  y F N P  y F N M  y F Z P ? F Z N  y F K tA L F A  y D G 2 3  f D G 3 2  »G P N 2  y 
7. G P N 3  r Z P N 2  y Z P N 3  r K P  y H y N B I N  y N P  I O N *  N N I  O N  r D E L T A

C O M M O N  N D E N y  N N R T L * A L F A 2 tA L F B 2 r A L F A 3 tA L F B 3 * D G A 2 y  D G B 2  r 
D G 2 3 r D G 3 2 r Z 2 3 * Z 3 2  - C A L / s M O L E - K

t  # $ * *  *  * * ******** * * # % % * % % t  * * * t  * ******* * **** * t  * * *

% D G A 3  y D G B 3  * NBROji y N R E G  y N T Y P E  y N M I N
C O M M O N  B D 1 2 * B 1 1 2 y B 0 1 3 r B 1 1 3 » C P 2 ( 6 >  y C P 3 ( 6 ) y C V 2 ( 3 ) y C V 3 ( 3 ) * 

% B 1 2 3 * A D T ( 2 » 2 0 ) y N X D » X D ( 2 0 )
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r

r

C

(

c

c

c

r

c

c

c

c
c
c

9001
9002

4100
2 1 0 0

2200
6080

2300

2400

9141

7.

L-

44002600CC

Ii I HEMS I ON YV(3f99) f XL < 3 f 99 ) r P ( 99 ) f XMOL ( 99 > f XF ( 3 f 99 ) f  G(3f99)rT(99)fPSH(3>fDY(99)fDP(99)REAL *8 NAME(10)REAL JK8 NAHE1 r NAME2 » NAME3

DIMENSION XT(4)fDX(6> fY(7)fX(7f10)rXTX(6)fDXX(6)
READ(5*9001)NSETfLLfEE F0RMAT(2I3fF1O«1)URITE(6f9002)NSETfLLfEE
FORMAT('I'fIOXf' * OF DATA SET TO BE USED ='fI3f'TRIAI 
13 f'E='tF10♦8)DO 9110 JAN--1fNSET 
DO 4100 I = 1f 20READ(5f2100)<NAME(J)fJ=1f10)WRITE(6»2100)(NAME < J)» J=lf10)CONTINUE FORMAT(10A8)READ(5f2200)XLIMfXLLIM WRITE(6f2200)XLIMfXLLIM 
FORMAT(2F10.5)READ(5f6080)NAME1fNAHE2fNAME3 FORMAT(3A8)READ(5 f 2300)INDFf KP f NBIN fNPIDNf NNION f NREG f NDEN f NNRTL f 
fNTYPEfNMINWRITE(6f2300>INDFfKPfNBINfNPIONfNNIDNfNREGfNDENfNNRTL
fNTYPEfNMINFORMAT(1112)CALL INPDAT(XLfXFfXMOLfTfAMUfFKfFNPfFNMfFZPfFZNf G f NPT f YV f P f NCOMP f ADD f C02 r C03 f CP2 f CP3 f ADT f NXD f XD) F0RMAT(BF10«5)
R E A I K 5 f 2 4 0 0 ) A L F A f D G 2 3 f D G 3 2 f A L F A 2 f A L F B 2 f A L F A 3 f A L F B 3  
U R I T E ( 6 f 2 4 0 0 ) A L F A f D G 2 3 f D G 3 2 f A L F A 2 f A L F B 2 f A L F A 3 f A L F B 3  
R E A D (5 f 2 4 0 0 )G P N 2 f Z P N 2 f G P N 3 f Z P N 3 f D G A 2 f D G B 2  f D G A 3 f D 6 B 3  
W R I T E (6 f 2 4 0 0 ) G P N 2 f  Z P N 2 f  G P N 3 f  Z P N 3 f  D G A 2 f  D G B 2  f D G A 3 f  D G B 3  
R E A D ( 5 f 2 4 0 0 ) B 0 1 2 f B 1 1 2 f B 0 1 3 f B 1 1 3 f B 1 2 3 f D E L T A  
W R I T E ( 6 f 2 4 0 0 ) B 0 1 2 f B 1 1 2 f B 0 1 3 f B 1 1 3 f B 1 2 3 f  D E L T  A 
R E A D ( 5 f 9 1 4 1 ) A L P H A 1 f A X T I f B X T I  
W R I T E ( 6 f 9 1 4 1 ) A L P H A 1 r A X T 1 f B X T I  
F O R M A T ( F 1 0 « 7 f 2 F 1 0 « 4 )READ(5 f 2300)M f MM 
WRITE(6f2300)MfMM DO 4400 I=1fMM READ(5f2600)XTX(I)fDXX(I)WRITE(6f2600)XTX(I)fDXX(I)CONTINUE FORMAT(2F10.4)
INITIALIZATION FOR THE LSG2
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C
c 
c

D O  4 3 0 0  K J = 1 r I N D F  
D O  4 2 0 0  J J  = 1 r 7 
D O  4 2 0 0  J I = 1 * 1 0  
X ( J J r J I ) = 0 » 0  

4 2 0 0  C O N T I N U E  
C 
C
c

D O  4 4 0 1  I K = 1 » « M  
X T ( I K ) = X T X ( I K )
D X ( I K ) = D X X ( I K )

4 4 0 1  C O N T I N U E
A L P H A = A L P H A 1  
A X T = A X T 1  
B X T = B X T 1

C
C
C T H I S  P A R T  O F  T H E  M A I N  P R O G R A M  S P E C I F I E S  T H E  T Y P E  O F
C D A T A  T O  B E  U S E D *  A L S O  D A T A  A R E  C O N V E R T E D  I N T O  D I F F E R E N T
C S Y M B O L S  F O R  M I N I M U M  A N D  M A X I M U M  M O L A L I T Y  L I M I T S «
C
C

X L I M  = X L I M  + 1 ♦ 0 
J = 0
W R I T E ( 6 f 2 4 1 0 ) X L I M  

2 4 1 0  F O R M A T < 7 1 ' y 5 X » ' * * # * # # # # # # * M A X I M U M  M O L A L I T Y  U S E D =  ' »F 1 0 . 5 )
D O  4 3 1 0  I = 1> N P T
G O  T O  < 9 9 0 1 » 9 9 0 2 » 9 0 0 3 » 9 0 0 4 r 9 0 0 5 r  9 0 0 6  r 9 0 0 7  9 0 0 8  r 9 0 0 0  ) r N T Y P E

9901 IF(XL(3*I) »EQ*0.0)G0 GO TO 4310
TO 9000

9902 IF(XL(2pI) .EQ.O.O>GO GO TO 4310 TO 9000
9003 IF(XMOL(I) . EQ * 0♦0)GO 

GO TO 4310
TO 9000

9004 IF(XMOL(I).EQ♦0 * 0)GO TO 4310
IF(XL(2 rI ) ♦EQ♦0.0)GO TO 4310IF(XL(3 »I> *EQ*0.0>G0 TO 43‘10GO TO 90009005 IF(XMOL(I).EQ♦0♦0)GO TO 4310IF ( XL ( 3 r I) ♦ E G5* 0 ♦ 0 ) G 0 TO 4310GO TO 9000 ,

9006 IF(XMOL(I)«EQ*0«0)GO TO 4310IF(XL(2rI).EQ.0*0)G0 TO 4310GO TO 90009007 IF(XL(2rI)*EQ.0*0)G0 TO 4310IF(XL < 3 » I) ♦ EQ . 0 ■* 0 ) GO TO 4310GO TO 9 0 0 0
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9008 IF(XMOL(I) . EQ.0♦0 > GO TO 4310 
9000 IF < XMOL(I>.LT.XLLIM)GO TO 4310IF(XMOL(I) .LE«XLIM)GO TO 3100 60 TO 4310 
3100 J=J+1NP = JYY<2fJ)=YV<2»I)

YY(3rJ)=YV<3»I)PP(J)=P<I)TTT(J)=T(I)XXM0L(J)=XM0L(I)
XX(lfJ)=XL(l;I)
XX(2 f J)=XL < 2 yI>XX(3 » J)=XL(3»I)XXF<2»J)=XF(2rI)XXF<3rJ)=XF(3»I>GB(1»J)=B(1»I)GG<2fJ)=G(2»I)GG<3fJ>-B(3rI)4310 CONTINUEIF (KF’. LE«1 > H0=2 IF(KP«GT«1)H0=1

CcC PROGRAM FOR THE PREDICTIONC
C IF(NREG♦GT.1)GO 'TO 110 WRITE < 6 r160)MO
160 FORMAT(//f 5X f' VLE DATA ARE PREDICTED USING MODEL $'fI3)LIC = 1CALL FN(YYD f XT f LIC )GO TO 3300CCC • PROGRRAM FOR THE CORRELATIONCC110 WRITE(6f170)KP170 FORMAT( / / t5Xi ' VLE DATA ARE CORRELATED USING MODEL t'rI3>IF < M♦GT.1)GO TO 3200 CALL FIBN(ALF'HAfAXTfBXT)GO T0(240f250f260>fNBIN 240 WRITE(6f270)B012
270 F0RMAT(//f10X» ' B012 ='fG12,5>GO TO 3300 
250 WRITE<o»280)BQ13280 FORMAT<//fIOXf' B013 ='fG12.5>GO TO 3300 260 GO T0(210r220>fNBROM



210290
220300
3200

2800
2900CCCCCCCC
CCCCCCCCCC
c
c3300

3405
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#

W R  I T E  ( 6 s> 2 9  0 ) B 1 2 3  
F 0 R M A T < / / » 1 0 X » 7B 1 2 3  = ' r G 1 2 . 5 )
G O  T O  3 3 0 0
W R I T E  < 6 >> 3 0 0  ) D E L T A
F O R M A T < / / » 1  O X » ' D E L T A  = ' » G 1 2 . 5 )
G O  T O  3 3 0 0  
L = L L  
E - E E  
Ml = M  + 1 
M 3 = M + 3
C A L L  L S Q 2 ( X T r X r D X r Y f M r M l y M 3 » L f E )
W R I T E ( 6 f 2 8 0 0 ) ( I f X T ( I ) f I = l f M )
F O R M A T ( / / / f 5 X  r 7 F I N A L  V A L U E S  O F  X T < ' > 1 2  * 7 ) = ' r E 1 5 .8) 
W R I T E 2 9 0 0 ) ( I f Y ( I ) r I = l » M l >
F O R M A T  ( / / / f 5 X r  7 Y ( 7 * 1 2  j> ' ) = ' » E 1 5 . 8 )

FROM HERE MAIN PROGRAM ARRANGES THE OUTPUT

GCAL(Jfl) - CALCULATED ACTIVITY COEFFICIENTGG(Jrl) - EXPERIMENTAL ACTIVITY COEFFICIENT ,
ERROR ( J r I ) - 7. ERROR IN ACTIVITY COEFFICIENT
ALL THE SEPARATE PARTS LISTED BELOW ARE IN THE LN FORM. „
GDH(Jrl) - DEBYE-HUCKEL PART OF THE ACTVITY COEFFICIENT GPHY(Jfl) - EXTENDED D.H. PART OF THE COULOMBIC TERMSBESIDES D.H, PART IN THE ACTVITY COEFICIENT GADD(Jrl) - SALTING OUT CONTRIBUTION TO THE ACTVITY COEFFICIGNRT(Jrl) - NRTL CONTRIBUTION TO THE ACTIVITY COEFFICIENT

YSUM~0.0 
PSUM-0.0 NV=0 NVP=0DO 4530 1=1rNPIF(XXMOL(I)♦EQ* 0 , 0 )GO TO 3400 IF < XX(3 »I),EQ.O.O)GO TO 3401 IF(XX<2*I),EQ,0.0)G0 TO 3402 IF(GG<lfI).EQ.1.0)G0 TO 3400 IF(GG(2fI).EQ,1.0)G0 TO 3405 GO TO 3416 GG < 2 rI)=1♦0 E.58 GG(3fI)=1.0 E 58 ERROR(2»I)=1,0 E 58 
ER R0R ( 3 r I ) = 1« 0 E 58
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ry#

GO TO 3415 .3401 GG<3fI)=1.0 E 58 ERROR<3*I>=1.0 E 58 IF<GG(2fI).EQ.1*0)G0 TO 3403 IF< GG (1 f I).EQ.1.0)GO TO 3400 
GO TO 34153403 GG<2fI)=1«0 E 58 .ERROR(2 »I)=1♦0 E 58 GO TO 34153402 GG<2rI>=1.0 E 58 ERROR<2fI)=1«0 E 58 
IF<GG(3»I).EQ.1.0> GO TO 3404 IF(GG<1fI).EG.1.0> GO TO 3400 GO TO 34153404 GG(3fI>=1«0 E 58 ERROR(3 fI)=1♦0 E 58 GO TO 3415

3400 GG(lrI>=1.0 E 58ERROR(1fI ) = 1 ♦ 0 E 58 IF(XX(2rI>.EQ.0.0)G0 TO 3415 IF(XX(3fI).EQ.0.0)G0 TO 3415 3416 DP ( I ) = PTC (I) -PF‘ ( I )PSUM=PSUM+ABS<DP(I>>
NVP=NVP+1 3410 NV=NV+1DY <I> = YCAL < 3 fI>-YY < 3 fI>YSUM=YSUH+ABS(DY(I))WRITE (6 f 2110)2110 F0RMAT<//f4Xf'COMPONENT #'f 2X f 'MOLE-FRACTION'f 8X f 'YEXP ' f 8 X f '

V. YCAL 'f10Xf'YCAL-YEXP'f7Xf'PCAL-PEXP')2115 FORMAT( 8 X f I 2 f5 ( 5 X f F 1 2 « 5 )>DO 4520 J=2iNCOMPWRITE(6f2115)JfXX<JfI> fYY(JfI)fYCAL(JfI)fDY(I)fDP(I>
4520 CONTINUE 3415 WRITE < 6 f 2120)2120 FORMAT('-'f 2X f' COMPONENT *'»3 X f ' MOLALITY ' f2 X f ' LOG NRTL 'f % 2X f ' LOG COULOMBIC ' f I X f ' LOG PHYSICAL ' f I X f ' LOG ADDITION 'f 

7. 3X f ' GAM CAL ' f 2 X f ' GAM EXP ' f  2 X f ' % ERROR IN GAMA ')DO 4530 J=1fNC0MPWRITE(6f2125)JfXXM0L(I)fGNRT(JfI)fGDH(JfI)fGPHY<JfI) fGADDCJfI)f 7. GCAL(JfI) fGG(JfI) fERROR(JfI)4530 CONTINUE
2125 F 0 R M A T ( 8 X f I 2 f8 X f G 1 0 » 3 f 3 X f G 1 0 * 3 f5 X fG 1 0 » 3 f 4 X fG 1 0 » 3 f5 X fG 1 0 « 3 f 4 X f 

X G 1 0 . 3 f3 X fG 1 0 « 3 f 4 X fG10«3>CCC TABLE FOR THE MEAN MOLAL ACTIVITY COEFFICIENT
CC CALL TITLE(NAME1fNAME2fNAME3fALFAfDG23fDG32fGPN2fGPN3fZPN2f
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7 1 6 5

7 1 6 7

7 1 7 0
8 1 1 0

7 1 8 0

7 1 8 1
C
C
C
C
C

7 1 9 0

7 1 9 5
8 2 2 0

7 2 0 0
?

X ZPN3fB012fB013f B112fB113fB123f DELTAfKPfNTYPEfXX<2f 1) r X XXMOL(l) f NNRTL f DGA2 fDGA3 f DGB2f DGB3 f ALFA2f ALFB2f ALFA3f 
7. ALFB3)WRITE(6f7165)FORMAT(/f4Xf'MOLALITY'f5Xf'X2'f10Xf'X3'f6Xf'MEANMOLALGAM'fIXf 
7. 'MEANMOLALGAM'f2Xf'XERROR'>WRITE(6 f 7167)FORMAT(37Xf'EXPERIMENTAL'f2Xf'CALCULATED'>
GSUM=0 • 0 
NS=0DO 8110 I=1fNPIF<ERR0R<1fI>.GE.1.0 E 58)60 TO 8110 
NS“NS+1GSUM=GSUM+ABS(ERR0R(1fI))WRITE(6f7170)XXM0L(I)fXX(2fI)fXX(3fI)fGG(IfI)fGCAL(IfI)f 

X ERROR(IfI)FORMAT(2Xf6G12«5)CONTINUE IF(NS*LE*0)NS=1 GMEAN=GSUM/NS URITE(6f7180)GMEANFORMAT(//f6Xf' AVG XERROR IN MEAN MOLAL ACTIVITY COEFFICIENTS 
X 'fG12 *5 )WRITE(6f7181)NSFORMAT < 7X f ' BASED ON tOF POINTS FOR GAMA SALT='fI3>

T A B L E  F O R  T E R N A R Y  Y 8 P

C A L L  T I T L E (N A M E 1 f N A M E 2 f N A M E 3 f A L F A f D G 2 3 f D G 3 2 f G P N 2 f G P N 3 f Z P N 2 f  
X Z P N 3 f B 0 1 2 f B 0 1 3 f B 1 1 2 f B 1 1 3 f B 1 2 3 f D E L T A f K P f N T Y P E f X X ( 2 f 1 ) f  
X X X M O L ( 1 ) f N N R T L f D G A 2 f D G A 3 f D 6 B 2 f D G B 3 f A L F A 2 f A L F B 2 f A L F A 3 r 
X A L F B 3 )

W R I T E (6 f 7 1 9 0 )
F O R M A T ( / / f 2 X f ' M O L A L I T Y ' f 3 X f ' X 2 ' f I O X f ' X 3 ' f 8 X f ' Y 3 E X P ' f 8 X f ' Y 3 C A L '  

X f 5 X f ' D Y ' f 9 X f ' D P ' )
D O  8 2 2 0  I = 1 f N P
I F ( X X ( 2 f I > » E Q , 0 . 0 )  G O  T O  8 2 2 0
I F ( X X ( 3 f I ) < E 0 « 0 « 0 )  G O  T O  8 2 2 0
W R I T E  < 6 f 7 1 9 5 ) X X M O L  < I ) f X X ( 2 f I ) f X X < 3 f I ) f Y Y ( 3 f I ) f Y C A L < 3 f I)

X f D Y ( I ) f D P ( I )
F O R M A T  < G 1 0 » 3 f 4 G 1 2 * 5 f 2 G 1 0 » 3 )
C O N T I N U E
I F (N V  » L E ♦ 0  > N V = 1
I F (N V P . L E « 0 ) N V P = 1
D Y A V G = Y S U M / N V
D P A V G = P S U M / N V P
W R I T E < 6 f 7 2 0 0 )  D Y A V G
F O R M A T ( / / / f I O X f ' A V E R A G E  D Y ( Y C A L - Y E X P ) = ' f G 1 2  .5 >
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WRITE<6r7201)NV 
( 7201 FORMAT<9Xf' BASED ON * OF POINTS FOR Y ='fI3)WRITE<6f7210)DPAUG 7210 FORMAT(///»IOXf'AVERAGE DP(PCAL-PEXP)='fG12.5)
( WRITE<6f7221)NVP7221 F0RMAT(9Xf'BASED ON *.OF POINTS FOR DP ='fI3)

C
c CC TABLE FOR THE BINARY DELTA P

CC c CALL TITLE<NAME1f NAME2 f NAME3 f ALF A f DG23 f DG32 f GF'N2 f GPN3 f ZPN2 f 
7. Z P N 3 f B 0 1 2 fB 0 1 3 fB 1 1 2 f B 1 1 3 fB 1 2 3 fD E L T A fK P fN T Y P E f X X ( 2 f 1) f C % XXMOL(l)fN N R T L f D G A 2 fD G A 3 fD G B 2 fD G B 3 f A L F A 2 f A L F B 2 f A L F A 3 f
7. ALFB3)NDP = 0f XDPSUM = 0 * 0WRITE(6 f 8290)

. 8290 FORMAT(//f2Xf'MOLALITY't3Xf'XSOLVENT'f6Xf'DPEXP'f6Xf'DPCAL'fr 7. 2Xf'% ERROR IN DP')DO 8230 1=1fNPCALL VAPPRE(CP2fCP3fF’SMfTTT ( I > )
Q  IF(XX ( 2 f I > . E Q « 0 « 0 ) G 0  TO 8235

IF<XX(3fI). E Q ♦ 0 ♦ 0 ) G 0 TO 8240 GO TO 8245
( 8235 I F ( G G ( 3 f I > , E Q . 1 . 0 ) G 0  TO 8245

DPEXP = P S M ( 3 ) - X X ( 3 f I ) $ G G < 3 f I)$PSM(3)DPCAL = F'SM<3)-XX(3f I)*GCAL(3f I)#PSM<3>
C PDP=(DPCAL-DPEXP)/DF'EXP*100.0

XDF‘=XX(3fI)GO TO 8250 8240 IF(GG(2fI).EQ.1.0)G0 TO 8245DPEXP=PSM(2)-XX(2fI)*GG(2fI)*PSM(2)DPCAL = PSM(2)-XX(2f I)*GCAL<2fI)*PSM<2) 
r PDP=(DPCAL-DPEXP)/DPEXP*100.0

XDP=XX(2fI)
8250 W R I T E ( 6 f8 2 5 5 ) X X M 0 L ( I )fXDPfDPEXPrDPCALfPDP

( 8255 F 0 R M A T ( 2 X fG 1 0 . 3 f 2 G 1 2 . 5 f G 1 0 . 3 fG12,5)
NDP=NDP+1XDPSUM=XDPSUM+ABS(PDP) 

f GO'TO 82308245 N D F’ = 18230 CONTINUE
r V PDPAVG=XDPSUM/NDPWRITE (6 f 8265) F'DPAVG 8265 F0RMAT(///f6Xf 'AVG 7. ERROR IN DP ='fG12.5)
( WRITE(6f8270)NDP8270 FORMAT <7Xf' BASfED ON t OF POINTS ='fI3)IF (KF‘ ♦ GT ♦ 1) GO TO 4300 r WRITE(6 f 9220)



9 2 2 0  F O R M A T ( ' 1 ' f 4 X f ' M O L A L I T Y " r 5 X r 'X 3 ' r1 O X f ' B M I X T U R E ' 
W R I T E <  6  f 9 2 3 0  ) (X X M O L  ( I ) f X X F  ( 3 r I > f B M  ( I ) f I ~1 f N P ) 

9 2 3 0  F O R M A T <//f4XfG10«3f2G12.5)
4 3 0 0  C O N T I N U E

W R I T E ( 6  f 7 2 0 2  >
7 2 0 2  F O R M A T  < ' 1 ' )
9 1 1 0  C O N T I N U E  

S T O P  
E N D
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S U B R O U T  I N E  I NFjDAT ( X r XF  » X H O L  y T y A M  W y F K  y FNF' r F N M  y FZF' y 
7. F Z N  y G y N P  r Y 7 F' r NCOiiF' y A D D  t C V 2  y C V 3  y C P 2  y CF‘3 y A P T  y N X D  y X D  >

* ***>!< >}:* % * & ft*# X! * % #. * >K ## * # t  * *  t  * *  $ # Xc### * ft****, t  % t  *
»

S U B R O U T I N E  INPDflT

T H I S  S U B R O U T I N E  R E A D S  A L L  I N P U T  V L E  D A T A  A N D  P U R E  
C O M P O N E N T  D A T A

t  * % * * * * **:# JK 5i< * % tt * % **. * * # * *; * * * t  # # * * **#* # ** * # **** X:*** * X# *

NCOMP 
NP NXD NXDD 
CF'2 y CF'3
AMW(I)V21yV22yV23- V31y V32 y V33 CV2(I) y CV3(I)ADT(1yI )ADT(2 yI )

X D < I )
FKFNF‘FNMFZPFZNDENS(I ) XDIKI)

t O F  C O M P O N E N T S  (= 3 F O R  T H I S  P R O G R A M  )
* O F  D A T A  P O I N T S  I N  A S Y S T E M
* O F  S O L U T I O N  D I E L E C T R I C  C O N S T A N T  D A T A  P O I N T S
* O F  S O L U T I O N  D E N S I T Y  D A T A  P O I N T S
P U R E  C O M P O N E N T  V A P O R  P R E S S U R E  C O N S T A N T S  F O R  T H E  
C O M P O N E N T S  2  8 3 R E S P E C T I V E L Y «
M O L E C U L A R  W E I G H T  O F  T H E  C O M P O N E N T  I
P U R E  C O M P O N E N T  L I Q U I D  V O L U M E S  A T  D I F F E R E N T
T E M P E R A T U R E S
T E M P E R A T U R E  D E P E N D E N T  L I Q U I D  V O L U M E  C O N S T A N T S  
F O R  T H E  C O M P O N E N T  2 8 3 R E S P E C T I V E L Y ♦
D I E L E C T R I C  C O N S T A N T S  F O R  A T E M P E R A T U R E  O F  T H E  
S O L U T I O N .
M O L E - F R A C T I O N  O F  T H E  S 0 L V E N T < 3 >  I N  T H E  S O L U T I O N  
F O R  T H E  D I E L E C T R I C  C O N S T A N T S (E L E C T R O L Y T E  F R E E )  
T O T A L  * O F  I O N S  O F  T H E  E L E C T R O L Y T E
* O F  P O S I T I V E  I O N S  IN  T H E  E L E C T R O L Y T E
* O F  N E G A T I V E  I O N S  I N  T H E  E L E C T R O L Y T E  
P O S I T I V E  I O N  V A L E N C Y ( A B S O L U T E  U N I T S )
N E G A T I V E  I O N  V A L E N C Y (A B S O L U T E  U N I T S )
D E N S I T Y  O F  T H E  S O L U T I O N (E L E C T R O L Y T E  F R E E )  
M O L E - F R A C T I O N  O F  T H E  S 0 L V E N T < 3 )  I N  A S O L U T I O N  
F O R  T H E  D E N S I T Y  D E N S ( I ) .

X M 0 L ( I ) 
X ( J y I )

Y ( J y I )
G ( J y I ) 
P ( I )
T ( I ) 
X F ( J y l )  
P S M ( J )

M O L A L I T Y  O F  T H E  I T H  P O I N T
L I Q U I D  M O L E  F R A C T I O N  y J D E N O T E S  C O M P O N E N T

I D E N O T E S  I T H  P O I N T  
V A P O R  P H A S E  M O L E  F R A C T I O N
E X P E R I M E N T A L  V A L U E S  O F  T H E  A C T I V I T Y  C O E F F I C I E N T
T O T A L  P R E S S U R E  O F  T H E  S Y S T E M
T E M P E R A T U R E  O F  T H E  S Y S T E M
S O L V E N T  M O L E  F R A C T I O N S (E L E C T R O L Y T E  F R E E )
P U R E  C O M P O N E N T  V A P O R  P R E S S U R E  O F  T H E  C O M P O N E N T  
J A T  T H E  S Y S T E M  T E M P R A T U R E .

$ $ X Jfc * * X X X X X X X  X X X X X  X X  X X X X  X X X X X X X X $ ft##*' £ X X X * X X X X X X X  * X X X  X X * X X X X  X X
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I

C
C

D I M E N S I O N  X ( 3 f9 9 ) fX F ( 3 f 9 9 ) fA M W ( 3 ) f G ( 3 f9 9 ) fY ( 3 f9 9 ) fP ( 9 9 ) f 
% A D D ( 6 ) fT ( 9 9 ) fP S M < 3 ) fX M 0 L < 9 9 ) »D E N S ( 2 0 ) » X D D ( 2 0 )

D I M E N S I O N  C 0 2 < 3 ) f C 0 3 < 3 ) f C P 2 C 6 >  f C P 3 < 6 ) f A D T ( 2 f 2 0 ) f X D < 2 0 >
C
C
C

W R I T E ( 6 f 1 0 0 0 )
1 0 0 0  F O R M A T < ' f 5 X f ' I N P U T  D A T A  ')

R E A D ( 5 f 2 0 0 0 ) N C 0 M P f N P f N X D f N X D D  
2 0 0 0  F O R M A T ( 4 1 2 )

U R I T E < 6 f 2 0 0 0 ) N C O M P f N P f N X D f N X D D  
R E A D ( 5 f 2 1 0 0 ) ( C P 2 < I ) f 1 = 1 f 6)
R E A D ( 5 f 2 1 0 0 ) ( C P 3 ( I ) f 1 = 1 > 6 )
W R I T E ( 6 f 2 1 0 0 ) <  C P 2 ( I ) f 1 = 1 f A )
W R I T E ( 6 * 2 1 0 0 ) ( C P 3 ( I ) f I = 1 f 6)

2 1 0 0  F O R M A T ( F 1 2 . 7 f F 1 1 . 5 f F 8 ♦ 3 f F 1 3  . 9 f F 3 ♦ I f F I 0 . 5 )
R E A D ( 5 f 2 2 0 0 ) ( A M W ( I ) f 1 = 1 f N C O M P )

2 2 0 0  F O R M A T ( 6 F 1 0 . 5 )
W R I T E < 6 f 2 2 0 0 ) ( A M W ( I ) f 1 = 1 f N C O M P )
R E A D ( 5 f 2 2 0 0 ) 0 2 1 f T 2 1 f 0 2 2 f T 2 2 f 0 2 3 f T 2 3  
W R I T E ( 6 f 2 2 0 0 ) 0 2 1 f T 2 1 f 0 2 2 f T 2 2 f 0 2 3 f T 2 3  |
R E A D ( 5 f 2 2 0 0 ) 0 3 1 f T 3 1 f 0 3 2 f T 3 2 f 0 3 3 f T 3 3  
W R I T E < 6 f 2 2 0 0 ) 0 3 1 f T 3 1 f 0 3 2 f T 3 2 f 0 3 3 f T 3 3

C
C  C A L C U L A T I O N  O F  L I Q U I D  M O L A R  O O L U M E  C O N S T A N T S  U S I N G
C T H R E E  O A L U E S  O F  L I Q U I D  M O L A R  O O L U M E  A T  T H R E E
C D I F F E R E N T  T E M P E R A T U R E S ♦
C
C

C 0 2 < 3 ) = ( ( T 2 3 - T 2 1 ) * < 0 2 2 - 0 2 1 ) - ( 0 2 3 - 0 2 1 > * < T 2 2 - T 2 1 ) ) / ( < T 2 2 # * 2 . -  
7. T 2 1 * * 2 .  ) * < T 2 3 - T 2 1 ) - ( T 2 3 * * 2 . - T 2 1 * * 2 .  > * ( T 2 2 - T 2 1 ) )

C 0 2 < 2 )  = < < 0 2 2 - 0 2 1 > - C 0 2 ( 3 ) * ( T 2 2 * * 2 . - T 2 1 * * 2 .  ) ) / < T 2 2 - T 2 1 >
C 0 2 < 1 ) = 0 2 1 - C 0 2 < 2 ) * T 2 1 - C 0 2 ( 3 ) * T 2 1 * * 2 . 0
C 0 3 < 3 ) = < ( T 3 3 - T 3 1 ) * ( 0 3 2 - 0 3 1 ) - < 0 3 3 - 0 3 1 ) * < T 3 2 - T 3 1 ) ) / ( < T 3 2 * * 2 . -  

7. T 3 1 * * 2 . > * < T 3 3 - T 3 1 ) - < T 3 3 * * 2 , - T 3 1 * * 2 . ) # < T 3 2 - T 3 1 >  >
C 0 3 ( 2 ) = ( ( 0 3 2 - 0 3 1 ) - C 0 3 < 3 ) * < T 3 2 * * 2 , - T 3 1 * * 2 ♦ ) ) / < T 3 2 - T 3 1 )
C 0 3 < 1 ) = 0 3 1 - C 0 3 < 2 ) * T 3 1 - C 0 3 ( 3 ) * T 3 1 * * 2 . 0  
W R I T E ( 6 » 5 0 0 0 )

5 0 0 0  F O R M A T ( / / f 5 X  f ' L I Q U I D  M O L A R  O O L U M E  C O N S T A N T S ' )  
W R I T E ( A f5 0 1 0 ) C 0 2 < 1 ) f C 0 2 ( 2 ) f C02<3)
W R I T E ( 6 f 5 0 1 0 ) C 0 3 ( 1 ) f C 0 3 ( 2 ) f C 0 3 ( 3 )

5 0 1 0  F O R M A T ( 5 X  f 3 < G 1 2 . 5 f 3 X ) )
5 0 2 0  F O R M A T ( 5 X f 6 G 1 2 » 5 )

D O  1 0  I = 1 f N X D
R E A D  < 5 f 2 8 0 0 ) A D T  < 1 f I ) f A D T ( 2 f I ) f X D ( I )
W R I T E ( A f 2 8 0 0 ) A D T ( 1 f I ) f A D T ( 2 f I ) f X D ( I >

2 8 0 0  F O R M A T ( 3 F 1 0 . 5 )
1 0  C O N T I N U E
?
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2 3 0 0

2 4 0 0

5 0

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

2 5 0 0

2 5 0 1
C
C
C
C
C
C
C

4 2 0 0

F O R M A T ( 6 F 1 0 . 5 )
R E A D < 5 * 2 4 0 0 ) F K » F N P » F N M » F Z P » F Z N  
W R I T E < 6 r 2 4 0 0 ) F K >F N P r F N M »F Z P r F Z N  
F 0 R M A T < 5 F 1 0 . 5 >
D O  5 0  1 = 1 r N X D D  
R E A D ( 5 , 2 3 0 0 ) D E N S ( I )  f X D D ( I )  
W R I T E ( 6 f 2 3 0 0 ) D E N S ( I ) f X D D ( I )  
C O N T I N U E
C A L L  F I T I T ( N X D D »X D D » D E N S r A D D )  
W R I T E ( 6 f 5 0 2 0 ) ( A D D ( I I ) » 1 1 = 1 * 6 )

E X P E R I M E N T A L  M - P - T - X - Y - M E A N  M O L A L  A C T V I T Y  C O E F F I C I E N T  D A T A

F O L L O W I N G  I N S T R U C T I O N S  A R E  I M P O R T A N T

1 ♦ I F  D A T A  A R E  M O L A L I T Y  V S  M E A N  M O L A L I T Y  A C T I V I T Y  
C O E F F I C I E N T  O N L Y » R E A D  P < I ) = 1 . 0

2 . I F  D A T A  A R E  M O L A L I T Y  V S  V A P O R  P R E S S U R E  O N L Y r  R E A D  
G < l r l ) = 1 . 0

3 . I F  A B I N A R Y  D A T A  A R E  U S E D  r R E A D  X  A N D  Y V A L U E S  O F  T H E  
O T H E R  S O L V E N T ( W H I C H  I S  N O T  P R E S E N T )  = 0 . 0

D O  4 1 0 0  1 = 1 ? N P
R E A D ( 5 » 2 5 0 0 ) X M 0 L ( I ) » ( X (J r I ) tY ( J » I ) tJ = 2 »N C O M P ) » G ( 1 » I ) » P ( I ) »T ( I ) 
W R I T E ( 6 » 2 5 0 0 ) X M O L ( I ) » ( X ( J r I ) » Y ( J v I ) t J = 2 r N C 0 M P > v G ( 1 r I ) r P ( I ) » T ( I  
F 0 R M A T < 8 F 1 0 . 6 )
C A L L  V A P P R E ( C P 2 » C P 3 r P S M » T ( I ) )
W R I T E < 6 » 2 5 0 1 ) P S M < 2 ) » P S M ( 3 )
F O R M A T ( ! X f G 1 0 « 3 » 3 X f G 1 0 . 3 )

C A L C U L A T I O N  O F  T H E  E X P E R I M E N T A L  A C T I V I T Y  C O E F F I C I E N T  
O F  S O L V E N T S .  A S S U M I N G  P O Y N T I N G  E F F E C T  = 1 . 0  X 
F U G A C I T Y  C O E F F I C I E N T  =  1 . 0 .

S U M = 1  .0
D O  4 2 0 0  K = 2  tN C O M P  
S U M = S U M - X (K  » I >
C O N T I N U E  
X ( 1 » I ) = S U M / F K  
X S U M = 0 . 0
D O  4 3 0 0  K = 2 j> N C O M P  
X S U M = X S U M + X ( K » 1 )
I F ( P < I ) . E Q . 1 , 0 ) G 0  T O  3 1 0 0  
I F ( X ( K r I ) * E Q . O . O ) G O  T O  3 1 0 0
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3 1 0 0
4 3 0 0

4 4 0 0
4 1 0 0

2 6 0 1

2 6 0 0
4 5 0 0

G(K fI)“Y(KrI> *P(I)/X(KtI)/PSM(K)GO TO 4300 •
G < K » I ) = 1. 0 CONTINUEHO 4 4 00 K=2»NCOMP XF < K »I)=X(K fI)/XSUM CONTINUE CONTINUE 
WRITE<6»2601)
F 0 R H A T ( , - / r l 8 X > / X I  ' t l O X r '  X 2  X 3  'f9Xr' G A M A 1  ' r 8 X »

. ' G A M A 2  ' r8 X  r ' G A M A 3  ')
HO 4 500 1=1rNP
URITE(6»2600)X(1»I)tX(2»I)fX(3fI)*G<lfI)rG<2rI>»G<3fI>FORMAT(10Xf6F15«6)CONTINUE 
RETURN END
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S U B R O U T I N E  FIT I T (N P O I N T * X I r A G A M A r A )

THIS PROGRAM FITS A POLYNOMIAL OF DEGREE 5
DIMENSION SIGMAY(20)»X1(20)rAGAMA(20)rA<6>»DELTAY(20)rYCAL<20> 
IF(NPOINT.LE *3) GO TO 99
DO 2 1 = 1»NPOINT 
SIGMAY(I)=0♦CONTINUE NC0DE=0 
MAX0RD=5IF(NPOINT »LE•4) MAX0RD = 2 IF(MAX0RD.GT,6) MAX0RD=6 
NNK=1DO 3 K=51NNK K1=K+1
CALL F’OLIFKXlfAGAMArSIGMAYrNPOINTfKIf0»ArCHISQR)
ERR0R=0«0 DO 4 J=lfNPOINT SUM=A(1)DO 5 I=2tK1SUM=SUM+A<I)*X1<J)**<1-1)CONTINUE YCAL(J)=SUMDELTAY(J)=YCAL(J)-AGAMA(J)ERROR=ERROR+DELTAY<J>**2 ERROR=ERROR/NPOINT
CONTINUE

99 RETURNEND
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S U B R O U T I N E  P O L I F I  ( X * Y y S I G M A Y  t N F ' T S  y N T E R M S  j - M O D E y  A y C H I S Q R )

E X T R A C T E D  F R O M ?  B E V I N G T O N y P .  R » f ’D A T A  R E D U C T I O N  A N D  
E R R O R  A N A L Y S I S  F O R  T H E  P H Y S I C A L  S C I E N C E S " f  M C G R A W  H I L L y l 9 6 9

S U B R O U T I N E  P O L I F I T  P U R P O S E

M A K E  A L E A S T - S Q U A R E S  F I T  T O  D A T A  W I T H  A P O L Y N O M I A L  C U R V E
Y = A ( l )  + A ( 2 ) * X  + A ( 3 ) * X * * 2  + A ( 4 ) # X * * 3  +

D E S C R I P T I O N  O F  P A R A M E T E R S
X - A R R A Y  O F  D A T A  P O I N T S  F O R  I N D E P E N D E N T  V A R I A B L E
Y - A R R A Y  O F  D A T A  P O I N T S  F O R  D E P E N D E N T  V A R I A B L E  
S I G M A Y  - A R R A Y  O F  S T A N D A R D  D E V I A T I O N S  F O R  Y D A T A  P O I N T S  
N P T S  - N U M B E R  O F  P A I R S  O F  D A T A  P O I N T S
N T E R M S  - N U M B E R  O F  C O E F F I C I E N T S (D E G R E E  O F  P O L Y N O M I A L  + 1) 
M O D E  - D E T E R M I N A N T S  M E T H O D  O F  W E I G H T I N G  L E A S T - S Q U A R E S  F I T  

+ 1  ( I N S T R U M E N T A L )  W E I G H T ( I ) = 1 . / S I G M A Y ( I ) * * 2  
0 ( N O  W E I G H T I N G )  W E I G H T  = 1 .

- 1  ( S T A T I S T I C A L )  W E I G H T ( I )  = l . / Y ( I )
A - A R R A Y  O F  C O E F F I C I E N T S  O F  P O L Y N O M I A L  
C H I S Q R  - R E D U C E D  C H I  S Q U A R E  F O R  F I T

S U B R O U T I N E S  A N D  F U N C T I O N  S U B P R O G R A M S  R E Q U I R E D  
D E L T E R M  ( A R R A Y  rN O R D E R )
E V A L U A T E S  T H E  D E T E R M I N A N T S  O F  A S Y M M E T R I C  T W O - D I M E N S I O N A L  
M A T R I X  O F  N O R D E R

D O U B L E  P R E C I S I O N  S U M X y S U M Y y X T E R M y Y T E R M y A R R A Y y C H I S Q  
D I M E N S I O N  X ( 2 0 ) y Y ( 2 0 ) r  S I G M A Y ( 2 0 ) y  A ( 6 >
D I M E N S I O N  S U M X ( 2 0 ) y S U M Y ( 2 0 ) » A R R A Y ( 8 y 8)

A C C U M U L A T E  W E I G H T I N G  S U M S

11 N M A X  = 2 * N T E R M S  - 1
D O  1 3  H=lf N M A X  

13  S U M X ( N )  = 0.
D O  1 5  J = 1 y N T E R M S  

1 5  S U M Y ( J )= 0.
C H I S Q  = 0 *

21  D O  5 0  1 = 1 y N P T S
X I = X ( I )
Y I =  Y ( I )

31  I F  ( M O D E )  3 2 y3 7 r3 9
3 2  I F ( Y I )  3 5  y 3 7  y 3 3
3 3  W E I G H T  = l . / Y I

G O  T O  4 1
3 5  W E I G H T  = 1 . / ( - Y I )

G O  T O  41  
3 7  W E I G H T  = 1«
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G O  T O  41
3 9  W E I G H T  = 1. / S I G H A Y < I > * * 2
4 1  X T E R H - W E  I G H T

D O  44  N = 1 y N H A X 
S U H X ( N )  = S U H X ( N )  + X T E R H  
X T E R H  = X T E R H  * XI 
Y T E R H  = W E I G H T * Y I  *
D O  4(3 N = 1 y N T E R H S  .
S U M Y ( N ) = S U M Y < N >  + Y T E R H  
Y T E R H  = Y T E R H  # X I
C H I S Q  = C H I S Q  + W E I G H T * Y I * * 2
C O N T I N U E

C O N S T R U C T  H A T R I C E S  A N D  C A L C U L A T E  C O E F F I C I E N T S

D O  5 4  J = l y  N T E R H S  
D O  5 4  K  = ly N T E R H S  
N = J + K - 1 
A R R A Y ( J » K )  = S U H X ( N )
D E L T A  = D E T E R H  ( A R R A Y »N T E R H S >
I F (D E L T A ) 61 y 5 7  j 61 
C H I S Q R  = 0.
D O  5 9  J = l »  N T E R H S  
A(J) = 0 .
G O  T O  8 0
D O  7 0  L = 1 y N T E R H S  
D O  6 6  J = 1 y N T E R H S  
D O  6 5  K = l y N T E R H S  
N = J + K - l
A R R A Y (J y K )= S U H X (N )
A R R A Y (J y L ) - S U H Y (J )
A ( L ) = D E T E R H ( A R R A Y y N T E R H S ) / D E L T A

C A L C U L A T E S  C H I  S Q U A R E

D O  7 5  J = 1 y  N T E R H S  
C H I S Q  = C H I S Q  - 2 . * A ( J ) * S U H Y < J >
D O  7 5  K = 1 y N T E R H S  
N = J + K - l
C H I S Q = C H I S Q + A < J >* A < K >* S U H X ( N )
F R E E ^ N P T S - N T E R M S  

7 7  C H I S Q R - C H I S Q / F R E E
8 0  R E T U R N

E N D
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F U N C T I O N  D E T E R M ( A R R A Y » N O R D E R )
C
C E X T R A C T E D  F R O M t  B E V I N G T O N  r P ♦ R . r  “ D A T A  R E D U C T I O N  A N D
C E R R O R  A N A L Y S I S  F O R  T H E  P H Y S I C A L  SC. IE  I N C E S  “ »M C G R A W  H I L L » 1 9 6 9
C
C F U N C T I O N  D E T E R M
C
C P U R P O S E
C C A L C U L A T E S  T H E  D E T E R M I N A N T  O F  A S Q U A R E  M A T R I X
C
C U S A G E
C D E T  =  D E T E R M <A R R A Y r N O R D E R )
C
C D E S C R I P T I O N  O F  P A R A M E T E R S
C A R R A Y  - M A T R I X
C N O R D E R  - O R D E R  O F  D E T E R M I N A N T  ( D E G R E E  O F  M A T R I X )
C
C S U B R O U T I N E  A N D  F U N C T I O N  S U B P R O G R A M S  R E Q U I R E D
C N O N E
C
C C O M M E N T S
C T H I S  S U B P R O G R A M  D E S T R O Y S  T H E  I N P U T  M A T R I X  A R R A Y
C

D O U B L E  P R E C I S I O N  A R R A Y  tS A V E  
D I M E N S I O N  A R R A Y ( 8 r 8 >

1 0  D E T E R M  = 1 .
11 D O  5 0  K = l »  N O R D E R
C
C I N T E R C H A N G E  C O L U M N S  I F  D I A G N O L  E L E M E N T  IS Z E R O
C

I F (A R R A Y ( K r K ) > 4 1 r 2 1 * 4 1
2 1  D O  2 3  J = K t N O R D E R

I F ( A R R A Y ( K ? J ) ) 31r23f31 
23 C O N T I N U E

D E T E R M  = 0 .
G O  T O  60 

3 1  D O  3 4  I =  K » N R O D E R
S A V E  = A R R A Y ( If J )
A R R A Y ( If J ) = A R R A Y < I » K )

3 4  A R R A Y ( I r K >= S A V E
D E T E R M  =  - D E T E R M

C
C S U B T R A C T  R O W  K F R O M  L O W E R  R O W S  T O  G E T  D I A G O N A L  M A T R I X
C
41  D E T E R M  =  D E T E R M * A R R A Y ( K r K )

I F (K  - N O R D E R )  4 3 r 5 0 * 5 0  
4 3  K 1 = K + 1

D O  4 6  I = K 1 » N O R D E R  
D O  4 6  J = K 1 f  N O R D E R  

4 6  A R R A Y  < I » J ) = A R R A Y  ( I r J > - A R R A Y  ( I r K  ) >KARRAY (K j- J ) / A R R A Y  ( K r K )

5 0  C O N T I N U E
6 0  R E T U R N

E N D
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S U B R O U T I N E  V A P P R E < C P 2 tC P 3 »P S M r T )

(|> *1/ »L» lL» J/ ilf tb »1» tb tb «1» ab >b ab <b ab ab ab <b ^  <1/ df d yb ^ b̂ fb b̂ tb d ^  ^  ̂  ytf ̂  ^  tb tb «|« (b ̂  «Lr d tb «b ^ «b tb <b ^  ̂ b lb ^  lb ̂

S U B R O U T I N E  V A P P R E

T H I S  S U B R O U T I N E  C A L C U L A T E S  P U R E  C O M P O N E N T  V A P O R - P R E S S U R E S  

O F  T H E  S O L V E N T S  A T  T H E  S Y S T E M  T E M P E R A T U R E .

ab ab ab ab ab ab ai> aba ab ab ab ab al. \I> (b tb tl> \lf d/ Uf U/ \b \b tb ̂b tb tb 4* ^ ̂  tb ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  tV ̂  ̂  tb ̂  ̂  U/ ̂  4 4 ̂  4 VI ^ tk^  f  ̂  ^  ̂  ̂  ̂  ^  ̂  fp /f ̂  ̂  ^  T  *  T  T* *  *  ^  ^  ̂  ̂  /f ̂  ^  n* *  T* *P  ̂  T  4* T* *Ti V  T  *  4* *  ^  4* T* v  ^  ^  ̂  ̂  ̂  ̂

D I M E N S I O N  C P 2 C 6 ) » C P 3 C 6 ) f P S M ( 3 )
P S M (2) =  (E X P ( C P 2 ( l ) + C P 2 < 2 ) / <  C P 2 <  3 ) + T ) + C P 2 ( 4 ) # T  + 

X  C P 2 ( 5 ) # T # i K 2 . + C P 2 ( 6 ) # A L 0 G ( T )  > > * 7 6 0 .
P S M < 3 > = < E X P ( C P 3 < 1 ) + C P 3 < 2 > / < C P 3 < 3 > + T > + C P 3 < 4 > * T +  

7. C P 3 ( 5 ) * T * * 2 . + C P 3 ( 6 > * A L 0 G < T >  ) > * 7 6 0 .
R E T U R N
E N D
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SUBROUTINE T E M P D <C V 2 r C V 3 r N X D >X D r A D T tABr0 0 tT)
■ I* alj tL til t|» ill tlf di ll» di lit ill |ii ill ill ill |ii ib df ill ib di ib lb tb di di tb ib ib df t^ d^ ̂  lb lb di d^ ̂ b di tb di di ib iL ilt di d> ib ab tb tb tlI tb ab tb lb lb

S U B R O U T I N E  T E M P D

T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  T E M P E R A T U R E  D E P E N D E N C Y  O F  

T H E  L I Q U I D  M O L A R  V O L U M E  A N D  D I E L E C T R I C  C O N S T A N T .

C A L L S  S U B R O U T I N E  F I T I T  F O R  C O N C E N T R A T I O N  D E P E N D E N C E  
O F  D I E L E C T R I C  C O N S T A N T .

################ft##ft####ft# #ftft*#ftft#ftftftftft###ft#ft#ft###ft#ft#ft#ft######

D I M E N S I O N  C V 2 ( 3 ) r C V 3 (3 > * X D ( 2 0 ) » A D T ( 2 » 2 0 ) » A D  < 6 ) » V O  < 3 ) * D S X D ( 2 0 >  
V Q ( 2 > = C V 2 ( l ) + C V 2 < 2 ) f t T + C V 2 < 3 > # T f t * 2 . 0  
V 0 < 3 > = C V 3 < 1 > + C V 3 ( 2 > * T + C V 3 < 3 ) * T * * 2 . 0  
D O  1 0  1 = 1 » N X D
D S X D ( I ) = E X P ( 2 . 3 0 3 # ( A D T ( 1 * I ) + A D T ( 2 » I ) ft(T - 2 9 3 . 1 5 ) ) )

1 0  C O N T I N U E
C A L L  F I T I T < N X D » X D r D S X B » A D )
R E T U R N
E N D
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S U B ROUTINE L S Q 2 (X T r X r D X r Y *M »Ml r M 3 r L »E )
C
C
C mlt ib lb >b <b ̂  >b lb lb ib ib ib ib tb J/ lb tb ib tb ̂  tb ib >b tlf ib ^  *1* ̂  tb Jj ib ^  ̂  tl/ tb tit Ut  ̂  tl/ ̂  ̂  ̂  ̂  ^  tit Oj ̂  ̂  ̂  ̂  ̂  ̂  ̂  Ul ̂  ̂  ̂  ̂

C
C S U B R O U T I N E  L S Q 2
C
C N O N - L I N E A R  R E G R E S S I O N  S U B R O U T I N E  C A L L S  S U B R O U T I N E  F N  F O R
C
C THE OBJECTIVE FUNCTION*
C
CC ib ib ̂  ̂ b a. ̂ b  ̂  d> ̂ b  ̂  J. ̂  tl/ ̂  J/ ̂ b  ̂ > d> ̂  4 1 ̂  4 1 ̂  ̂  tb tXr ^  tb dr  ̂  tb lb ̂  ̂  ib d* dr tb ̂  tb ̂  tb U> ^  ̂  dr d* dr ̂  dr ̂  tb tb d> tb tb tb ̂  dr ̂  tb

c 
c 
c

D I M E N S I O N  X T < 6 > v D X < 6 ) f X ( 7 r l O > v Y ( 7 > v J J ( 3 ) r A < 3 » 3 )
I L = 0
I H = 0
L I C = 0
IF(LtLE.O) GO TO 50
I H C = M 1 + 1
E N = M
E N = E N * 1 * 5
L 1 = L
L = - L
L 2 = ( 3 * M ) / 2 + 5  
K 3 = 2  
I F ( M * G E . 3 ) K 3 = 3  

K 4 = K 3 - 1  
G = K 3 * 2  
G = 1  •O / G  
D O  1 0 0  1 =  1 r M  

1 0 0  X ( I f 1 ) = X T < I )
C A L L  F N ( Y ( 1 > f X T f L I C )
D O  1 0 6  J = 2 » M l
X T ( J - 1 ) = X T < J - 1 ) + D X ( J - l )
D O  1 0 4  1 = 1 » M 

1 0 4  X ( Ir J )= X T ( I )
C A L L  F N ( Y ( J ) f X T » L I C )
X T ( J - 1 ) = X ( J - 1 » 1 )

1 0 6  C O N T I N U E
L 2 C = 0  
F L G  = 1 «0 
G O  T O  5 0  

1 0 8  L I C = L I C + 1
I F  ( L I C  ♦ G E  . L'l) G O  T O  4 0 0  

5 0  Y L = 1 •0 E 3 8
Y H = - Y L  
Y 2 = Y H
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Y3  = Y L
D O  1 1 0  J ~ 1» H 1
I F (Y (J  > . L T . Y H )G O  T O  1 0 9 1
Y 2  = Y H
12 = I H  
Y H = Y ( J )
IH = J
G O  T O  1 0 9  

1 0 9 1  I F ( Y ( J ) . L T . Y 2 ) G 0  T O  109.
Y 2 = Y (J )
I 2 = J

1 0 9  I F ( Y (  J )  . G T . Y D G O  T O  1 1 0 1  
Y 3  = Y L
1 3  = I L  
I L = J  
Y L = Y ( J)
G O  T O  1 1 0

1 1 0 1  I F ( Y ( J ) . G T . Y 3 ) G 0  T O  1 1 0  
Y 3 = Y (J )
13 = J

1 1 0  C O N T I N U E  
L 2 C = L 2 C + 1
I F ( L 2 C . L T . L 2 ) G 0  T O  1 1 1  
L 2 C  = 0 
J J ( 1 ) = I L  
J J ( 2 ) = 1 2  
J J ( 3 ) = I 3  

D O  6 0  K 1 =  1» K 3 
Jl = J J ( K 1 )
D O  6 0  K 2 * K 1 » K 3  
J2=JJ(K 2 )
S = 0 . 0
D O  5 5  1 = 1 »H

5 5  S = S + < X ( I » J 1 ) - X < I » I H >  > * ( X ( I f J 2 ) - X < I » I H >  >
6 0  A (K 1 » K 2 ) = S  

D = A < 1 f 1 ) * A < 2 f2 ) - A < 1 f 2>#*2 
G O  T O  ( 6 2  » 6 1 ) * K 4

6 1  D 1 = A ( 1 f 1 > # A < 2 f 3 > - A < 1 f 2 ) * A < 1 f 3>
I F ( A ( 1 f 1 > . E Q . 0 . 0 ) A ( 1 f 1 > = 1 . 0 E - 5
D =  ( ( A ( 1 » 1 )  # A (3 r 3 ) - A  ( 1 » 3  ) # * 2 )  * B - D 1 - * D 1  > / < A ( l » l > * 9 . 0 >

6 2  I F ( D . E Q . O . O ) G O  T O  6 5  
I F ( D . L E . 0 . 0 ) D = A B S ( D )
D =  ( [1/4 . 0 )  >KHcG 
I F ( D . L T . E ) G O  T O  6 5  
F L G = 1 , 0
G O  T O  1 1 1  

6 5  I F ( F L G . L T . O . O > G O  T O  4 0 0
F L G = - 1 ♦0

1 1 1  D O  1 1 5  1 = 1 yh 
X T ( I ) = 0 . 0
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112
115
121

135

138

140
142

167

168
173
174

175 

180

,182

185

300

DO 112 J=1y Ml
I F < J . N E . I H > X T ( I > = X T ( I ) + X < I f J >
C O N T I N U E

X T ( I > = < 3 . 0 # X T ( I ) + X ( I » I 2 ) - X ( I f I L ) > / E N - X ( I y I H >  
C A L L  F N ( Y T  y X T  y L I C )

IF(YT.GE.Y2)GO TO 167 
IH C = H1 +1
IF(YT * GE♦YL)GO TO 140 
YTT=YT
DO 135 1 = 1 yM 
XT (I ) = 1♦ 5# XT (I)-0 . 5*X (IyIH )

C A L L  F N  < Y T  y X T  y L I C  >
IF(YT♦LE♦YL)GO TO 140 
DO 138 1=1rM 
X (IyIH) = (2.0*XT(I)+X(If IH) )/3. 0 

Y (IH)=YTT 
60 TO 108 
DO 142 1 = 1r M 
X(IyIH)=XT(I>

Y<IH)=YT 
GO TO 108 
IHC=IHC-1 

IF(IHC.E0«0)G0 TO 300 
IF(YT.GE♦YH)GO TO 173 .
DO 168 I = 1y M 

XS=XT(I)
X T ( I ) = X ( I » I H )
X(I?IH)=XS 
DO 174 1=1»M
XT (I )=0«75iKX(IyIH)+0*25^XT (I)
C A L L  F N ( Y T » X T y L I C )

IF(YT* GT.YH)GO TO 180 
Y(IH)=YT 
DO 175 1=1yM 
X(IyIH)=XT(I)
GO TO 108
DO 185 J=1y Ml
IF(J .EQ♦IL)GO TO 185
DO 182 I = 1y M
XT(I)=(X(IyJ)+X(IyIL))/2.0 
X(Iy J)=XT <I)
C A L L  F N ( Y ( J ) y X T v L I C )
CONTINUE 
GO TO 108 
IHC=2*M1
IF(M ♦GE « 3)GO TO 350 
S = 0.0
DO 302 1=1yM
X(IyM+2)=X(IyIH)-X(IyIL)
X(IyM+3)=X(IyIH)-X(IyI3>
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3 0 2  S = S + X < I r M + 2 > # # 2
3 0 3  S = S Q R T ( S >

I F ( S * E Q » 0 « 0 > S = l « O E - 5
3 0 4  U = - X < 2 r M + 2 > / S  

X ( 2 r M + 2 ) = X < l r M + 2 > / S  
X ( 1 r M + 2 ) = U
S = X < 1 » M + 2 ) # X < 1 r M + 3 ) + X ( 2 r M + 2 > # X < 2 r M + 3 >  
D O  3 0 5  I = l r M

3 0 5  X ( I r M + 2 > = X < I r M + 2 > # S
3 0 6  D O  3 0 7  1 = 1 rM
3 0 7  X T < I ) = X  < I r. I H  ) + X ( I r H + 2 )

C A L L  F N  ( Y T  r X T  r L I C  )
D O  3 0 ?  1 = 1 rM 

3 0 9  X T < I > = X ( I r I H ) - X < I r M + 2 >
C A L L  F N ( Y T T  r X T  r L I C )
I F ( Y T T  ♦ L E  ♦ Y ‘T ) G O  T O  3 2 0  
DO  3 1 1  1 = 1 rM 

3 1 1  X T ( I ) = X ( I r I H ) + X ( I r H + 2 )
Y T T  = Y T

3 2 0  Y ( I H ) = Y T T
D O  3 2 1  1 = 1 rM

3 2 1  X ( I r I H ) = X T ( I >
G O  T O  1 0 8

3 5 0  D O  3 5 2  I = l r M
X T ( I ) = X ( I r I H ) - X ( I r I L )
X ( I r M + 2 > = X ( I y I H ) - X < I r I 2 >

3 5 2  X ( I r M + 3 ) = X < I r I H > - X ( I » I 3 )
S = 0 . 0  
S 1 = 0 . 0
D O  3 5 5  1 = 1 rM 
S = S + X T ( I ) >fc>fc2 

3 5 5  S 1 = S 1 + X ( I f H + 3 > * * 2
S = S Q R T (S )
51 = S Q R T ( S I )
S 2 = 0 ♦0
D O  3 5 7  1 = 1 rM 
I F ( S * E Q » 0 * 0 ) S = l * 0 E - 5  
X T ( I > = X T < I ) / S
5 2  = S 2  + X T < I )* X  < I r H + 2 )
I F ( S I . E 0 « 0 . 0 ) S 1 = 1 t O E - 5

3 5 7  X ( I r H + 3 ) = X ( I r M + 3 > / S l  
D O  3 6 0  I = 1 r M 

3 6 0  X ( I r M + 2 ) = X ( I y M + 2 > - X T ( I ) * S 2
5 1 = 0 . 0
D O  3 6 2  1 = 1 rM 

3 6 2  S 1 = S 1 + X ( I r M + 2 > * * 2
S 1 = S Q R T ( S I )
D O  3 6 5  1 = 1 rM 
I F ( S l . E Q . 0 . 0 ) S l = 1 . 0 E - 5  

3 6 5  X ( I r M + 2 > = X ( I r M + 2 > / S l
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*

( S1 = 0 . 0
S 2  = 0. 0
D O  3 6 7  1 = 1 r M 

C S l = S l + X T ( I > # X < I » M + 3 >
3 6 7  S 2 = S 2 + X < I » M + 2 > * X ( I » M + 3 >

D O  3 7 0  1 = 1 rH
r  370 X (I * M + 2 ) ~ S # < S 1 £ X T (I -f S 2 ft X (I» H + 2 ) - X (I > M + 3 ) >

GO TO 306 
400 S"Y(1>

r  Y (1) = Y < IL )
Y ( I L ) = S  
D O  4 0 2  1 = 1 »M 

C  X T ( I ) = X ( I » I L >
X ( I » I L ) = X ( I y 1)

4 0 2  X ( I » 1 ) = X T ( I )
( W R I T E  (6s'772) L I C

7 7 2  F O R M A T ( ' r/L I C = / ? 1 5  >
R E T U R N  

( E N D

C

C
c.

t
c

c

c

c I

c
c 

c
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*14

c
(

c
r

c

(

c
c

(

c

S U B R O U T I N E  F N (Y Y f X T fL I C >
C

^ ^ ̂  ̂  J# ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  Jl ̂  ^ «lf ̂  d* ̂  ̂  ̂  dt 4b d* di d* di di ̂  aL ̂  ̂  ah ̂  da ̂  ih ̂  ih ̂  ̂  ̂  ̂  ̂  ̂  ̂  df ̂  ̂  ̂  ̂  ̂  ̂
^  ̂  <p ^ ^ ̂  ® ^ ̂  ^ ^ ̂  ^ ̂  ̂  f ^ ̂  ̂1 ̂  f /p ̂V ^ ^  ̂1 ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂

c
C S U B R O U T I N E  F N
C
C
C Ĵf ̂  ^ (L di d* ̂  d/ iXa ̂  d̂ ̂  ib ̂  ̂  ̂  ̂  ̂  di d̂ ̂  ̂r ̂  ̂  di ̂  df ̂  ̂  ̂  dr dr ̂  ah ̂  ̂  ^ d ̂  ̂  ̂  ̂  ̂  ib iX» ̂  ̂  d ̂  ̂  ̂  ̂  dr d d d d d d^ ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  *• ̂  Jf± ̂  ̂  ^  ̂  fk ̂  ̂  ̂  ̂  ̂  ̂  ^ ̂p Qi Qk ̂  ̂  Jp ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂p ̂  ̂  ̂  ̂  ̂  ̂  ̂k ̂  ̂  ̂  ̂  ̂k ̂

c
C T H I S  S U B R O U T I N E  I S  C A L L E D  B Y  S U B R O U T I N E  L S G 2 . T H I S
C
C S U B R O U T I N E  E S T A B L I S H E S  T H E  O B J E C T I V E  F U N C T I O N  B Y  C A L L I N G
C
C S U B R O U T I N E  M I N F U N .
C
C df *1* J» ah ab d d  d d d d d d d d d d d d d d d lit d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d

^ ̂  ̂  ^ fp ̂  ^ ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂k ̂  ̂  f ̂  ̂  ̂  ̂  ̂  «p ̂  ̂  ̂  «p ̂  ̂  ̂  ̂  ̂  ̂  ̂V ̂  ̂  /p ̂  ̂  ̂  ̂  ̂  ̂  ̂  «P ̂  ̂  »p * ̂  ̂  *P ̂  ̂  T> ̂  »p ♦

c
c G C A L ( J f I) -  C A L C U L A T E D  A C T I V I T Y  C O E F F I C I E N T
C G A D D ( J r l )  - L N  O F  T H E  S A L T I N G  O U T  C O N T R I B U T I O N  T O  T H E
C A C T V I T Y  C O E F F I C I E N T ♦
C G E L ( J f I) - L N  O F  D E B Y E  H U C K E L  C O N T R I B U T I O N  A N D  T H E
C A D D I T I O N A L  T E R M S  F O R  T H E  C O U L O M B I C  I N T E R A C T I O N
C  T O  T H E  A C T V I T Y  C O E F F I C I E N T .
C  G N R T ( J f I) - L N  O F  T H E  N R T L  C O N T R I B U T I O N  T O  T H E  A C T V I T Y
C C O E F F I C I E N T .
C P T C ( I ) - C A L C U L A T E D  T O T A L  P R E S S U R E  O F  T H E  S Y S T E M
C Y C A L ( J f I) - C A L C U L A T E D  V A P O R  P H A S E  C O M P O S I T I O N .
C
CC ah ah >h ah ah ah Jf d ah d d ah d d d d d d d d d d d d d d d d d d d d d d d d d d d \|/ d d d d d d d d d d d d d d d d d

/p ̂  ̂  ̂  ̂  ̂k ̂  ̂  ̂  ̂  ̂  Jf* ̂  ̂  ̂  ̂  ̂  ̂  p̂ ̂  ̂p ̂k ̂p ̂  ̂k ̂p ̂  #p ̂p ̂k ̂p ̂k ̂k ̂  ̂p ̂  ̂p ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂p ̂  ̂p ̂  ̂k ̂  ̂p ̂  ̂p ̂  ̂p flk ̂  ̂  ̂  #p ̂

c 
c

COMMON XM0LC99)fX<3f99> fXF<3f99> fGG(3f99> fP<99> fYV(3f99>fGNRT< 
7. 3 f 99 ) f GEL (3 f 99) »GCAL (3f 99) f AMW(3) fERROR (3 f 99) f GDH(3 f 99 )
% f G P H Y (3  f 9 9 ) f T < 9 9 ) f B M M ( 9 9 ) f G A D D < 3 f 9 9 ) f Y C A L (3 f 9 9 ) f A D D (6)
7. f P T C  ( 9 9  )

C O M M O N  N P f I N D F  f F N P f F N M f F Z P f F Z N f F K f A L F A f D G 2 3 f D G 3 2 f 
' 7. G P N 2 f G P N 3 f Z P 2 f Z P 3 f K P f M f N B I N f N P I 0 N f N N I O N f D E L T A

C O M M O N  N D E N f N N R T L  f A L F A 2 f A L F B 2 f A L F A 3 f A L F B 3 f D G A 2 f D G B 2  f 
%  D G A 3 f D G B 3 f N B R 0 M f N R E G f N T Y P E f N M I N

<- C O M M O N  B 0 1 2 f B 1 1 2 f B 0 1 3 f B 1 1 3 f C P 2 ( 6 ) f C P 3 ( 6 ) f C V 2 ( 3 ) f C V 3 ( 3 ) f
% B 1 2 3 f A D T ( 2 f 2 0 ) f N X D f X D ( 2 0 )

D I M E N S I O N  X T ( 6 ) f P S M ( 3 )
I F < N R E G . L E « l ) G O  T O  1 0 7 0  
G O  T O  (1040f1050f1060f1080f1085) f N B I N  

1 0 4 0  G O  T0(10f20)fNNRTL
1 0  D G A 2 = X T ( l )

D G B 2 = X T ( 2 )
G O  T O  1 0 7 0  

2 0  I F ( X T ( 1 ) • L T » 0 ♦ 0 ) X T ( 1 ) = 0 . 0
•?
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r
c
c

r
c

c
c
c
c

c
c

c

(

c

1050
30

40

1060

1080

1085
50

60

1070

3100

8010
3200

G P N 2 = X T < 1 >
ZF'2 = X T  (2)
G O  T O  1 0 7 0
G O  T O ( 3 0  y 4 0 ) fN N R T L
D G A 3 = X T ( 1)
D G B 3 = X T (2)
G O  T O  1 0 7 0
IF  (X T ( 1 ) ♦  L T . 0 . 0 ) X T ( 2 ) = 0 . 0  
GF'N3 = X T <  1 )
ZF'3 = X T  < 2)
G O  T O  1 0 7 0  
D E L T A = X T < 2 >
B 1 2 3 = X T ( 1 )
G O  T O  1 0 7 0  
D G 2 3 = X T ( 1 >
B G 3 2 = X T < 2 )
G O  T O  1 0 7 0
G O  T O  ( 5 0  y 6 0  > y N N R T L
D G A 2 = X T (1 >
D G B 2 = X T ( 2 >
D G A 3 = X T (3)
D G B 3 = X T (4)
G O  T O  1 0 7 0
IF ( X T (1) ♦ L T ♦ 0 ♦ 0 ) X T (1) = 0 «0 
I F ( X T ( 3 ) ♦  L T . 0 ♦ 0 ) X T ( 3 ) = 0 ♦ 0  
G P N 2 - X T < 1)
ZF‘N 2  = X T  (2)
GF'N3 = X T ( 3 >
Z P N 3 = X T < 4 >
I F ( K P . G T . l )  G O  T O  3 1 0 0
C A L L  N R T L 1  (X y T y G N R T  * F K  j- F N P  j- N P  y A L F A  y D G 2 3  y D G 3 2 )
C A L L  B R O M L ( X M O L * X F  y A M W y F N P y F N r i y F K y F Z F ’y F Z N y T  y G E L  y 
N P y B 1 2 3 y G D H y G P H Y y B M M y A D D y N D E N i C V 2 y C V 3 y N X D y X D y A D T y B 0 1 2 y B 1 1 2  
y B O 1 3  y B 1 1 3 )
C A L L  API T O N  ( X F r T  r A M U  y X N O L  r F K  y F Z P  y F Z N  t F N P  j- FNri j G A D D  y 
D E L T A  y N P I  O N  tN N I O N  y N P  y A D D  y N D E N  y C V 2  y C V 3 y N X D  y X D  y A D T  y 
B Q 1 2 y B 1 1 2 y B 0 1 3 y B 1 1 3 >
G O  T O  3 2 0 0
C A L L  N R T L 2 (X y T y G N R T  y F K  y F N P  y N P  » GF'N2 y GF'N3 y ZF‘2 r ZF'3 r A L F A  r D G 2 3  r 
D G 3 2 y  F N M  y N N R T L  y A L F A 2 y  A L F B 2 y  A L F A 3 y  A L F B 3  y D G A 2 y  D G B 2 y  
D G A 3 t D G B 3 )
C A L L  D E B H U C ( X M O L y X F y X y F K y F N P y F N H » F Z F ' y F Z N y G E L y A H W y  
T y N P  y G D H  y GF'HY y A D D  y N D E N  y C 0 2 y C 0 3 y  N X D  y X D y  A D T )
D O  8 0 1 0  I J = 1 y  N P  
G A D D ( 1 y I J ) = 0  < 0 
G A D D  < 2 y I J ) = 0 « 0  
G A D D  ( 3 y I J  ) = 0  ♦ 0,
C O N T I N U E  .
Y S “ 0 ♦0
D O  4 0 0 0  1 = 1 yN P
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I F ( X F ( 2 f I > . E Q . 0 ♦ 0 ) G O  T O  1 0 0 0  
I F ( X F ( 3 » I > . E Q . 0 « 0 ) G 0  T O  1 0 1 0  
G O  T O  1 0 2 0  

1 0 0 0  G N R T (2 r I ) = 0  * 0
G E L (2 » I ) = 0  t 0 
G A D D (2 f I ) = 0 ♦ 0  
G A D D  < 1 f I > = 0 ♦ 0  
G O  T O  1 0 2 0  

1 0 1 0  G N R T  < 3 f I ) = 0 ♦ 0  
G E L (3 » I ) “ 0 ♦ 0  
G A D D  < 3 f I ) = 0  ♦ 0 
G A D D ( I * I > = 0 . 0  

1 0 2 0  A H S  = X F ( 2 f I ) * A H W ( 2 ) + X F ( 3 f I ) # A M W < 3 )
C A L L  V A P P R E ( C P 2 r C F ' 3 r P S M f T  (I) )
G C A L < 1 f I ) = E X P ( G N R T < 1 f I > + G E L < 1 f I ) + G A D D ( 1 f I )- A L O G ( 0 . 0 0 1 * F K * A M S *  

7. X M O L  ( I > + 1 . 0 ) >
G C A L ( 2 f I ) = E X P ( G N R T ( 2 f I > + G E L < 2 f I > + G A D D ( 2 f I >)
G C A L ( 3 f I ) = E X P < G N R T ( 3 f I ) + G E L < 3 f I).+ G A D D < 3 »  I) >
P T C < I > = X ( 2 f I > * G C A L ( 2 f I > * P S M ( 2 ) + X ( 3 f I ) * G C A L ( 3 f I > * P S H < 3 >
Y C A L  ( 2 f I ) = X  ( 2 f I ) & G C A L  ( 2 f I ) #F'SM < 2 ) / P T C  ( I >
Y C  A L  < 3 f I ) = X  (.3 f I ) * G C A L  ( 3 11 ) * P S M  ( 3 > / P T C  ( I >
E R R O R d r  I> = ( G G ( l r  I ) - G C A L ( l r l )  )/ G G ( 1 f I ) * 1 0 0 ♦  
E R R 0 R < 2 f I ) = < G G ( 2 f I ) - G C A L < 2 f I > >/ G G ( 2 r I ) * 1 0 0 .  
E R R 0 R ( 3 f I ) = ( G G ( 3 f I ) - G C A L ( 3 f I ) >/ G G < 3 f I >1 1 0 0 .
I F ( X M O L ( I ) ♦ E Q . O » 0 ) E R R O R ( l f I ) = O » O  
I F ( X ( 2 » I > . E Q ♦0 ♦ 0 ) E R R O R ( 2 f I ) = 0 . 0  
I F ( X ( 3 » I ) ♦ E Q « 0 . 0 ) E R R 0 R ( 3 » I ) = 0 . 0  
I F ( G G ( 1 r I > * E Q * 1 . 0 ) E R R 0 R ( 1 f I ) = 0 . 0  
I F (G G (2 r I > . E Q . 1 . 0  >E R R O R  < 2 » I > = 0 ♦ 0  
I F ( G G ( 3 » I > . E Q . 1 . 0 ) E R R O R ( 3 » I > = 0 . 0  
D I F 1 = A B S ( E R R 0 R ( 1 » I ) / 1 0 0 . >
D I F 2 - A B S ( E R R 0 R < 2 f I ) / 1 0 0 * )
D I F 3 = A B S ( E R R 0 R ( 3 . I ) / 1 0 0 « )
D I F 4 = A B S ( Y C A L ( 3 f I ) - Y V ( 3 f I ) >
D I F 5 = A B S (  ( P T C ( I ) - F ' ( I )  >/F'(I) )
I F < N H I N , G T . 3 ) G O  T O  2 0 0 0  
G O  T O  2 0 1 0  

2 0 0 0  IF  ( X ( 2 f I ) . E Q . 0 ♦ 0 ) G O  T O  2 0 2 0  
I F < X < 3 f I ) . E G . 0 . 0 ) G 0  T O  2 0 3 0  

2 0 2 0  D I F 3  = A B S (  ( F ' ( I ) - P T C ( I )  ) / ( F ' S M ( 3 ) - P ( I )  ) )
I F  (P ( I ) . E Q . 1 « 0 ) D I F 3 = 0 . 0  
G O  T O  2 0 1 0

2 0 3 0  D I F 2 = A B S < ( P ( I ) - P T C ( I ) > / ( P S M ( 2 > - P C I >>>
I F ( P ( I > . E Q . 1 . 0 > D I F 2 = 0 . 0  

2 0 1 0  C A L L  M I N F U N < N T Y P E f N M I N f D I F 1 f D I F 2 f D I F 3 f D I F 4 f D I F 5 f Y f X < 2 f I ) f  
7. X ( 3 f I ) >

Y S = Y S + Y  
4 0 0 0  C O N T I N U E  

Y Y = Y S
I F ( L I C / 2 0 * 2 0 . N E . L I C > G 0  T O  3 0 1



169*

i

W R I T E (6 r 3 0 2 ) L I C
3 0 2  F O R M A T  <1 O X » ' T R I A L  I U S E D  = 'rIA) ■

L ' R I T E ( 6 » 3 0 3 ) Y Y »  ( X T ( I )  r I = 1 r M )
3 0 3  F O R M A T ( / / / » 5 X f  ' Y Y =  ' r F 1 5 . 7 r 5 X r '  X T  V A L U E S  / » 6 F 1 5 . 6 )
3 0 1  R E T U R N

E N D
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SUBROUTINE F I B N (A L P H A ,A »B )
C

C
C S U B R O U T I N E  F I B N
C
C T H I S  S U B R O U T I N E  U S E S  T H E  F I B O N A C C I  M E T H O D  T O  F I N D  T H E
C
C M I N I M U M  V A L U E  O F  A N O N  L I N E A R  F U C T I O N .
C

C
C

D I M E N S I O N  F I B ( 5 0 )
C
C S U B R O U T I N E  F O R  F I B O N A C C I  P R O C E D U R E
C

D E L = B - A  
W R I T E (6  r 0 0 1 )

0 0 1  F O R M A T ( / / / f 1 0 X r 3 5 H F I B D N A C C I  S I N G L E - V A R I A B L E  P R O C E D U R E  )
C
C D E F I N E  T H E  F I R S T  T H R E E  F I B O N A C C I  N U M B E R S
C

F I B 0 = 1 ♦0 
F I B (1> =  1 . 0  
F I B ( 2 ) = 2  »0

A.c
C C A L C U L A T E  T H E  R E M A I N I N G  F I B O N A C C I  N U M B E R S
C
5 B B = 1 ♦O / A L P H A

I F (B B - 2 . ) l O r l O r 11
1 0  G O  T O  1 4
11 C O N T I N U E  

J J = 2
1 2  J J = J J + 1

F I B ( J J ) = F I B ( J J - 1 ) + F I B ( J J - 2 )
C C = F I B (J J >
I F ( C C - B B ) 1 3 f 1 5 f 1 5

1 3  G O  T O  1 2
1 4  W R I T E  < 6 » 0 0 2 )
0 0 2  F O R M A T < / / / r l 0 X » ' A C C U R A C Y  S P E C I F I E D  I N  F U N C  N O T  S U F F I C I E N T ♦ ' r 

7. //rlOXr' P R O G R A M  R E S E T  A L P H A » A L P H A = 0 . 0 1 ' >
A L P H A = 0 ♦0 1  
G O  T O  5

C
C F I R S T  S T E P  I N  T H E  T A B L E A U
1 5  1 = 0  

K K = J J - 2  
I K = J J - 2  
B L = B - A



0 0 3

0 0 4
0 0 6
C
C
C

20

2 8
2 9

22

3 0
3 1
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*

ALL-FIB(IK>*BL/FIB<JJ>
W-A+ALL 
V-B-ALL 
CALL FUNC(W fT)
CALL FUNC(V fU)
JK = 1
WRITE < 6 f 003)
F O R M A T < / / » I X f 1 H K f 5 X f 2 H L K t 1 2 X f 2 H A K f 1 3 X f 2 H B K f 1 2 X f 3 H L L K f 9 X f 1 H X f 

7. 8X p 1HY )
WRITE < 6 f 004)JK f BL p A p B f ALL f W f T 
FDRMAT(/fI3p6G11«4)
FDRMAT(41XfE12.4j2X fE12«4)

SUCCEEDING STEPS IN THE TABLEAU

IK = IK -1
JJ=JJ-1
DO 70 1=1 fKK
IF(U-T)20p20 f22
A=A+ALL
BL=B-A
W = 0
CALL FUNC(W fT)
ALL=FIB<IK)*BL/FIB<JJ>
V-B-ALL
CALL FUNC(V fU)
11=1+1
IK=IK-1
JJ=JJ-1
IF(IK-1)28f2 9 f29 
IK = 1
CONTINUE
WRITE ( o f  004 ) 1'IfBLpAfBfALLpWfT
W R I T E ( 6 f0 0 6 ) U fU
GO TO 70
B=B~ALL
BL=B-A
V = U
CALL FUNC(U pU)
ALL = FIB( IK)>!<BL/FIB( JJ>
W-A+ALL
CALL FUNC(W pT)
11=1+1
IK=IK-1
JJ=JJ-1
IF(IK-1)30f3 1 f31
IK=1
CONTINUE
WRITE(6p004)IIpB L fA fB f ALL f U f U 
WRITE(6f006)WpT
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«

GO TO 70 
70 CONTINUE
C
C CALCULATION OF THE FINAL RANGE OF T H E 'DEPENENT VARIABLE

C c
c

E P S = 0 . 0 0 1 * W  
D L = W + E P S
C A L L  F U N C ( D L r Y L )
I F ( Y L - T ) 8 0 y 8 0 y B l  

8 0  C A L L  FLJNC ( B r B F )
f  W R I T E < 6 y 0 0 7 ) W y B

0 0 7  F 0 R M A T ( / / / y 2 5 H T H E  F I N A L  F E A S I B L E  R E G I O N  y 2 X y 2 H X  = r E 1 5 . 4 y 2 X y 2 H X  =r 
7. E 1 5 ♦4)

( W R I T E (6 r0 0 8 ) T r B F
0 0 8  F O R M A T  ( / y 2 0 H W I T H  F U N C T I O N  V A L U E S y 7 X y 2 H Y = y E 1 0 . 4 y 2 X y 2 H Y = y E l 0 . 4) 

G O  T O  8 7r ei C A L L  F U N C (A y A F )
W R I T E (6 r 0 0 9  > W y A

0 0 9  F O R M A T ( / / /  y 2 5 H T H E  F I N A L  F E A S I B L E  R E G I O N y 2 X y 2 H X = y E l 5 . 4 y 2 X y 2 H X = i  
(' ’ 7. E 1 5 , 4 >

W R I T E ( 6 y 0 1 7 ) T y A F
0 1 7  F O R M A T (/ » 2 0 H W I T H  F U N C T I O N  V A L U E S r 7 X y 2 H Y = y E l 0 . 4 y 2 X y 2 H Y = y E 1 0 . 4 ] 

r. 8 7  A C C = ( W - A  ) / ( D E L )
W R I T E ( 6 r 0 1 8 ) A C C  i

0 1 8  F O R M A T (/ y 1 5 H T H E  A C C U R A C Y  I S y 1 2 X y E l 0 ♦ 4 )
(■ W R I T E ( 6 y 0 1 9 ) A L P H A

0 1 9  F O R M A T (/ y ' T H E  R E Q U I R E D  A C C U R A C Y  W A S  = ' v E 1 0 . 4 >
C

C
c

c

RETURN
END

C

c
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(

(

C

c

c

c

S U B R O U T I N E  F U N C ( X T fYY)

^ Jft Jfs ef\ ̂  ̂  (̂ ^ ̂  #fk ̂  ̂  if* Jfi ̂  ^ ̂  ^ ^ ̂  if* if* ̂  ̂  ̂  ̂  ̂  ̂  ^ ̂  ̂  q̂  ̂  *JV q» ̂  ̂  flk ̂  <p /|* »p •r »p «p v v »r «l» *r T“ •r* »I* t* *p •T

S U B R O U T I N E  F U N C
•/iL ill lb lb ib tb lb lb dl lb fb Ji lb lb »J» lb lb ib ib lb lb Jl ll/ ̂  U> ̂  ̂  lb lb lb dl lb ̂ b dl *lf Of df Of d< O  lb ̂  lb lb lb lb ̂  Of lb ̂  lb df Oi ̂  ̂  lb ̂  lb df O' lb lb lb^  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  qi qi ̂  ̂  q\ qv ̂  q\ ̂  ̂  ̂  ̂  ̂  ̂  ̂  qi ̂  ̂  qi ̂  ̂  ̂  ̂  ̂  ̂  ̂  ^  ̂  ̂  fp ̂  ̂  *  n* *  v  m * *  ■#» ̂ p *• v  q* •p

T H I S  S U B R O U T I N E  E S T A B L I S H E S  T H E  O B J E C T I V E  F U N C T I O N  

S I M I L A R  T O  S U B R O U T I N E  F N .  T H I S  I S  C A L L E D  B Y  

S U B R O U T I N E  F I B N *  A L L  S Y M B O L S  A R E  S A M E  A S  I N  

S U B R O U T I N E  F N *

ib «f» |b ib ib ib ib df ib ib ib ib «J« df *j» d* Of ib df Of ib ib Of Of tb d/ ib Of Of Of Of Of Of Of Of Of Of Of Of Of Of d* Of Of ib Of Of Of ib Of d; Or ̂  Of 0> Of ib lb Or Or lb Or Of

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C

C O M M O N  X M O L ( 9 9 ) » X ( 3 » 9 9 >  » X F ( 3 r 9 9 ) f G G ( 3 r 9 9 ) r P < 9 9 ) r Y V < 3 r 9 9 ) r G N R T < 
7. 3  » 9 9  ) r G E L ( 3 r 9 9 >  r G C A L ( 3 r 9 9 >  r A M W < 3 >  r E R R O R  ( 3 » 9 9  ) r G D H  < 3 1 9 9  )
7. t G P H Y ( 3 r  9 9 )  r T ( 9 9 >  » B M M < 9 9 >  r G A D D < 3 r 9 9 >  i Y C A L ( 3 r 9 9 >  r A D D (6)
% f P T C  ( 9 9  >

C O M M O N  N P r l N D F f F N P r F N M r F Z P r F Z N r F K f A L F A f D G 2 3 f D G 3 2 r  
7. G P N 2  » G P N 3 r  Z P N 2  r Z P N 3 r  K P  f Mf N B I N  f N P I O N f  N N I O N r  D E L T A

C O M M O N  N D E N  r N N R T L r A L F A 2  fA L F B 2  r A L F A 3 r  A L F B 3  f D G A 2 1 D G B 2 »
7. D G A 3 r  D G B 3 r N B R O M r N R E G r  N T Y P E r N I M N

COMMON B012 fB112 fB013fB113fCP2(6> rCP3(6)f CV2 < 3 ) f CV3(3 >»
7. B 1 2 3 r  A D T  ( 2 » 2 0 )  f N X D f X D < 2 0 >

D I M E N S I O N  P S M (3)
G O  T O  ( 1 0 4 O r  1 0 5 0 » 1 0 6 0 ) r N B I N  

1 0 4 0  B 0 1 2 = X T
D E L T A = 0 . 0  
B 1 1 2 = 0  * 0  
6 1 2 3  = 0  ♦ 0 
G O  T O  1 0 7 0  

1 0 5 0  B 0 1 3 = X T
D E L T A = 0 •0 
B 1 1 3 = 0  » 0 
B 1 2 3  = 0  • 0 
G O  T O  1 0 7 0  

1 0 6 0  G O  T 0 ( 1 0 r 2 0 ) f N B R 0 M  
1 0  B 1 2 3 = X T

G O  T O  1 0 7 0  
2 0  D E L T A = X T
1 0 7 0  I F ( K P  * G T ♦ 1 )  G O  T O  3 1 0 0

C A L L  N R T L 1 ( X f T f G N R T r F K r F N P f N P f A L F A f D G 2 3 r D G 3 2 )
C A L L  B R 0 M L ( X M 0 L r X F r A M W r F N P r F N M f F K r F Z P f F Z N r T  r G E L »

%
v#
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4

c

c
r
(

r

C
c

c

c
c

(

7. N P  y B 1 2 3  y G D H  y GF'H Y y B H M  y A D D  y N D E N  y C 0 2  y C V 3  y N X D  y X D  y A D T  y B 0 1 2 y B 1 1 2  
7. y B O  13  > B 1 1 3  )

C A L L  A D I T O N ( X F y T y A H W y X H O L y F K y F Z P y F Z N y F N P  y F N M y G A D D y  
X D E L T A  y N P I O N  y N N I O N  y N P  y A D D  y N D E N  y C V 2  y C V 3  y N X D  y X D  y A D T  y 
7. B 0 1 2 y B 1 1 2 y B 0 1 3 y B 1 1 3 )

G O  T O  3 2 0 0
3 1 0 0  C A L L  N R T L 2 (X y T y G N R T y  F K  y F N P  y N P  y G P N 2  y G P N 3  y Z P N 2  y Z P N 3  y A L F A  y D G 2 3  y 

7. D G 3 2  y F N M  y N N R T L  y A L F A 2  y A L F B 2  y A L F A 3  y A L F B 3  y D G A 2  y D G B 2  y D G A 3  y D G B 3  ) 
C A L L  D E B H U C ( X H O L y X F y X r F K y F N P y F N H y F Z F ' y F Z N y G E L y A H W y  

7. T y N P  y G D H  y G P H Y  y A D D  r N D E N  y C V 2  y C V 3  y N X D  y X D  y A D T  ) •
D O  8 0 1 0  I J  = 1 y NF‘
G A D D ( l y I J ) = 0 . 0  
G A D D (2 y I J ) = 0 • 0  
G A D D (3 y I J  > = 0  4 0 

8 0 1 0  C O N T I N U E  
3 2 0 0  Y S  = 0 ♦ 0

D O  4 0 0 0  I = 1 y N P
I F ( X F ( 2 y I ) « E Q « 0 « 0 ) G 0  T O  1 0 0 0  
I F ( X F ( 3 y I ) « E Q » 0 * 0 ) G 0  T O  1 0 1 0  
G O  T O  1 0 2 0  

1 0 0 0  G N R T (2 y I ) = 0  . 0 
G E L < 2 y I ) “ 0 « 0  
G N R T ( 1 y I > = 0 . 0  
G A D D ( 2 y I ) = 0 . 0  
G A D D ( l y I ) = 0 « 0  
G O  T O  1 0 2 0  

1 0 1 0  G N R T ( 3 y I ) = 0 « 0
G E L (3 y I > = 0 ♦ 0  
G N R T ( 1 y I ) = 0  4 0 
G A D D ( 3 y I ) = 0 4 0  
G A D D ( 1 y I ) = 0  4 0 

1 0 2 0  A H S  =  X F ( 2 y I ) # A M W ( 2 ) + X F ( 3 y I ) * A M W ( 3 )
G C A L ( 1 y I > - E X P ( G N R T  C 1 y I ) + G E L ( 1 y I ) + G A D D ( 1 y I ) - A L O G ( 0 ♦ 0 0 1 * F K * A M S *  

7. X M 0 L ( I )  + 1 . 0 ) >
G C A L ( 2 y I ) = E X P (G N R T ( 2 y I >+ G E L < 2 y I ) + G A D D ( 2 y I ) ) 
G C A L ( 3 y I ) = E X F ' ( G N R T ( 3 y  I )+ G E L < 3 y I ) + G A D D < 3 y I > )
C A L L  V A P F ' R E  ( CF'2 y CF'3 y F'SM y T ( I ) )
P T C < I > = X < 2 y I ) * P S H < 2 ) > i : G C A L < 2 y I > + X ( 3 y I > * P S M < 3 > * G C A L < 3 y I >
Y C A L ( 2 y I > = X ( 2 y I ) * P S M ( 2 ) * G C A L < 2 y I ) / P T C ( I )
Y C A L ( 3 y I > = X ( 3 y I ) * P S M < 3 ) * G C A L < 3 y I > / P T C < I >
ERROR ( 1 y I ) = (GG( 1 y I >-GCAL (1 y I) >/GG(1 yI>*100 4 
ERR0R(2yI)=<GG(2yI)-GCAL(2yI)>/GG(2yI)*100♦ 
ERR0R(3yI)-(GG(3yI)-GCAL(3yI))/GG<3yI)*100.
T F ( X M O L ( I ) » E Q 4 0 » 0 ) E R R 0 R ( l y I ) = 0 , 0  
I F ( X ( 2 . y I )  ♦ E Q » 0  4 0 ) E R R 0 R < 2 y I > = 0 . 0  
I F (X < 3 t I )« E Q .0 * 0 ) E R R O R S  3 y I ) = 0 . 0  
I F ( G G ( l f I )  . E Q . l , . 0 ) E R R O R ( l r I ' ^ 0 « 0  
I F ( G G ( 2  y I ) ♦ E Q t l , ' " E R R 0 R ( 2 y I ) = 0 . 0  
I F (G G (3 yI ) 1 . 0 ) E R R 0 R ( 3 y I ) = 0 . 0
r,Trl = A B S < E R R 0 R ( l y I ) / 1 0 0 4  )
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B I F 2 ~ A B S ( E R R 0 R ( 2 i > I ) / 1 0 0 »  )
D I F 3 ~ A B S ( E R R 0 R ( 3 » I ) / 1 0 0 » )
D I F 4 = A B S < Y C A L ( 3 f I ) - Y V ( 3 » I ))
B I F 5 = A B S ( ( P T C ( I ) - P ( I ) ) / T  I ) )
I F (N M I N .G T . 3 ) G O  T P  " " P O  
G O  T O  2 0 1 0  

2 0 0 0  I F ( X < 2 » I >  ♦ E Q . 0 ♦ 0 ) G O  T n  ."'■’O
I F < X ( 3 » I ) « E Q . 0 . 0 ) G ' 0  T O  2 0 " "

2 0 2 0  D I F 3 = = A B S (  ( P ( I ) - P T C ( I )  > / ( P S M < " '  ° ( I ) ) )
I F (P ( I ) ♦E G . 1 ♦ 0 ) D I F 3  = 0 ♦0 
G O  T O  2 0 1 0

2 0 3 0  P I F 2 = A B S ( < P ( I ) - P T C (I > ) / ( P S M ( 2 > - P ( I )))
I F (P ( I ) ♦ E Q « 1 « 0 ) D I F 2 = 0 * 0  

2 0 1 0  C A L L  M I N F U N < N T Y P E f N M I N * B I F l r D I F 2 » D I F 3 > B I F 4 r D I F 5 » Y  ? r I ) 
7. t X ( 3  r I ) )

Y B = Y S + Y  
AOnr C O N T I N U E  

Y Y = Y SprTMPM
E N D
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' i

S U B R O U T I N E  N R T L 1 (X r T * G N R T » F K tF N P »N P » A L F A »D G 2 3 * D G 3 2 >
C
c
C J, >1̂ ^ ̂  ̂  ̂  db tL db ̂  tb dr dj ̂  ̂  4 ̂  ̂  4 4* ̂  ̂  ̂  lb dl ̂  ̂  ̂  d/ ̂  ̂  ̂  ̂  lb Oj ^ ̂  tb lb ̂  ̂  ̂  df 4 ̂  ̂  ̂  ̂  ̂  ̂  df ̂  ̂  df ̂̂ ̂ /|b ̂ ̂ ̂ ̂ ̂ ̂  ̂  ̂̂  ̂̂ ̂p  ̂̂ ̂ ̂  ̂̂ ̂ rp ̂p /p ̂ ̂ ̂ ̂ ̂ ̂  ̂ ^ ̂ ̂ ̂p ® ̂  ̂̂ ̂ ̂  ̂̂ ̂  ̂̂ ̂ ̂
cC SUBROUTINE NRTL1

( C ̂ C THIS SUBROUTINE CALCULATES SOLVENT-SOLVENT INTERACTION
CC FOR A TERNARY MIXTURE IN MODEL # 2.

C ibibibibd/ibd/d/d/d/\b ib d/ ̂  ̂  d/d/d/d'd/d'd/̂ d'd’d'd’d'd'̂ d'̂ tbd'd' dr di* ̂  d/ ib ̂  dr ib ̂  d> d> d/ d’d'd’d'd'̂ 4'4'4'd* d> d* df
( c( c

D I M E N S I O N  X A ( 9 9 )  f )C<3f 9 9 ) »  G N R T  (3» 9 9 )  f T ( 9 9 >
R = 1 « 9 8 7

( D O  4 0 0 1  1 = 1 r N P
G 3 2 = E X P ( - A L F A * D G 3 2 / R / T ( I > )
Z 3 2 = D G 3 2 * G 3 2
G 2 3 = E X P ( - A L F A * D G 2 3 / R / T ( I > >
Z 2 3 = D G 2 3 * G 2 3  

. X A < I ) = F N P # X < l r I >
( F N T 1 = ( F K * X A ( I ) / F N P + X < 2 » I ) + X ( 3 f I ) * G 3 2 > * * 2 .

F N T 2 = < F K * X A < I > / F N P + X < 3 » I ) + X ( 2 » I > * G 2 3 ) * # 2 .
F N T 3 = X < 2 f I > + X < 3 f I > * G 3 2

( F N T 4 = X ( 3 f I ) + X < 2 f I > # G 2 3
G N R T ( 1 f I> = < - Z 3 2 / F N T 1 - Z 2 3 / F N T 2 + Z 3 2 / ( F N T 3 * * 2 . > + Z 2 3 / < F N T 4 * * 2 .  ) )*

7. X ( 2 » I > * X < 3 f I ) / R / T < I >
A T 2 = X A < I ) * X < 3 t I > * F K * < Z 3 2 / F N T 1 + Z 2 3 / F N T 2 + Z 3 2 / ( F N T 3 * * 2 .  > +

7. Z 2 3 / ( F N T 4 * * 2 . ) > / < F N P * R * T  < I > )
A T 3 = X A < I > * X < 2 f I > * F K * ( Z 3 2 / F N T 1 + Z 2 3 / F N T 2 + Z 3 2 / < F N T 3 # * 2 . > + Z 2 3

7. / < F N T 4 * # 2 .  ) > / < F N P * R * T < X >  )
B T 3 = X < 2 » I ) * * 2 . * < Z 3 2 / F N T 1 + Z 2 3 # G 2 3 / F N T 2 ) / < R * T < I >  >
B T 2 = X < 3 r l ) # # 2 « # <  G 3 2 & Z 3 2 / F N T 1 + Z 2 3 / F N T 2 ) / ( R # T ( I > )
C T 2 = - 2 . * F K * X < 2 f I > # X ( 3 » I ) * X A < I ) * ( Z 3 2 / < F N T 3 * * 3 . > + G 2 3 * Z 2 3

7. / ( F N T 4 * * 3 . ) > / ( F N P # R * T ( I > >
, C T 3 = - 2 . * F K * X ( 2 f I > * X ( 3 f I > # X A < I > * ( Z 3 2 * G 3 2 / ( F N T 3 * * 3 . >+

% Z 2 3 / < F N T 4 * * 3 .  > > / ( F N P * R * T < I > )
G N R T ( 2 » I > = A T 2 + B T 2 + C T 2

, G N R T ( 3 ? I ) = A T 3 + B T 3 + C T 3
^ 4 0 0 1  C O N T I N U E

R E T U R N
r E N DL <?
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#

c 
c

S U B R O U T I N E  B R O H L (X M O L t X F r A M U »F N P »F N M ?F K tF Z P »F Z N » T »G B M r 
% N P ? B 1 2 3 ? G D H r G P H Y  p B M t A D D p N D E N » C V 2 ?C V 3 r N X D ?X D r A D T  pB012p 
% B112?B013pB113>

C ll* ib ab tb aLp di ̂  ib ib di ib ̂ * ̂  df ̂  ib ̂  dp ̂  ̂  ̂  ̂  ̂  db di ̂  dp ilj ̂  ̂  tip df d  ̂  ib ib ̂  ̂  d  dp d  ib ̂  dp ̂  ̂  ̂  ̂  ̂  tb ̂  ̂  ̂  ̂  lb

C C<• C S U B R O U T I N E  B R O N L
C
C T H I S  S U B R O U T I N E  C A L C U L A T E S  I O N - I O N  I N T E R A C T I O N  &

' C
C I O N - S O L V E N T  I N T E R A C T I O N  A C C O R D I N G  T O  T H E  B R O M L E Y

( C
' C E Q U A T I O N ?  I N  M O D E L  * 2.

C
C ||| .Ii ib it/ at. •!/ d« ill *1/ ib al« ib a|« it/ ib lb lb at* lb at* at* at* if/ af» afr lb dp lb lb lb lb dp dp dp lb tb dp lip dp lb lb lip alp tb di dp tb ̂  ̂p dp lb tb dp dp

1 c
C G D H ( J ? I > -  C O N T R I B U T I O N  O F  T H E  D E B Y E - H U C K E L  T E R M

• C G P H Y ( J r l )  - C O N T R I B U T I O N  O F  T H E  B T E R M S  I N  T H E  E Q U A T I O N
y C (i.e. I O N - S O L N E N T  I N T E R A C T I O N  )

C G B M ( J t l )  - C O M B I N A T I O N  O F  T H E  A B O V E  T W O  T E R M S

I
C T H I S  S U B T O U T I N E  C A L L S  S U B R O U T I N E S  F U N C T  S F U N C B .  -

( CI M  if/ if/ it» dN it/ it/ fb dp i±p d/ it* dp it/ tip at/ Jp ib ̂ i ib tb lAf dp tb tb ̂ p alp ajb lit a1/ ̂  â  ̂ p alp ab a^ tb \b ̂  tb tb alp alp at[ tb alp alp *1/ il> alp ̂  dp alp ̂ p â

DIMENSION XMOL(99)pXF(3p99> p A M W ( 3 ) ?T(99)DIMENSION SIG(99)pSAI(99)?SIG1(99)pSAI1(99)?GBM(3p99)p % AI(99)pF2(99)pF3(99)?BM(99)pV0(3)pAD(6)% ?GDH<3?99)rGPHY(3 p 99)DIMENSION ADD(6)»CV2(3> pCV3(3)pXD(20>? ADT(2?20)
R O U = l «0DO 4001 1=1»NP IF(XMOL(I).EQ.O.O)GO TO 2010 B12=B012*AL0G((T(I>-243.>/T(I)>+B112/T(I>( B13=B013*AL0G((T(I)-243.)/T(I)>+B113/T(I)CALL TEMPD(CV2rCV3tNXDpXDpADT?AD?VOpT(I)) 
AA=1.5/(FZP*FZN>1 AI(I)=(FNP*FZP**2.+FNM*FZN**2. >*XM0L(I>/2.
XT1=1♦+ROW&AI(I)^#0*5 
XT2=AA*AI(I)
XT3=1.+XT2 XT4=1.+2.*XT2
A M S = X F < 2 p I ) # A M W ( 2 ) + X F ( 3 ? I ) * A M W ( 3 >TNS=1000./AMS XT5=(R0W*AI(I>**0. 5>*#3.XT6=0.001*FK#XM0L<I)XT7=XT<5#AMS+1.



I F ( X F ( 2 f I X . E Q . 0 . 0 ) G 0  T O  1 0 0 0  
I F (X F ( 3 » I ) ♦ E Q ♦ 0 ♦ 0 ) G O  T O  1 0 1 0
C A L L  F U N C T < X F < 2 » I )  » X F < 3 r I ) r T ( I ) r T N S f F 2 ( I >  f F 3 ( I ) »

% A D B f F D 2 f F D 3 f A D f D S f A D D f 0 0 f N D E N f A M W )
C A L L  F U N C B ( X F ( 2 f I ) f X F ( 3 f I ) r B 1 2 f B 1 3 f B M < I >

7. f F B 2 f F B 3 f T N S f B 1 2 3 f A I (  I ) f FNF' f F N H  f F Z P  f F Z N  f A M S  f A M U  ( 2) f A M W  (3 )
7. f F B 1 f X M O L  ( I ) )

G O  T O  1 0 2 0  
1 0 0 0  B M ( I ) = B 13

D 3 0 = A D < 1 ) + A D < 2 ) * X F < 3 r I > + A D < 3 ) * X F < 3 » I > * * 2 . + A D ( 4 ) * X F < 3 f I > * * 3 .  
7. + A D < 5 > * X F ( 3 f I > * * 4 . + A D < 6 > * X F ( 3 f I > * * 5 .

D 0 3 = A M W ( 3 ) / V 0 < 3 )
A D B 3  = 1 . 8 2 4 6 # 1 0 .  * * < 6 .  0 ) *  ( D 0 3 * * 0 .  5 ) * <  < D 3 0 * T  (I ) )  # # < - 1 . 5 ) )
F B 1 = 0 . 0
F B 2 = 0 ♦0
F B 3 = 0 ♦0
F 2 ( I ) = 0 ♦ 0  »
F 3 ( I ) = 0 ♦ 0  
F D 2 - 0 *0 
F B 3 = 0 ♦ 0 
A D B = A D B 3  
G O  T O  1 0 2 0  

1 0 1 0  B M ( I > = B 1 2
D 2 0  = A D < 1 ) + A D < 2 ) * X F < 3 f I > T A D < 3 ) * X F  < 3 f I > # # 2 . O + A D < 4 )# X F < 3 r I ) * * 3 .  

7. + A D < 5 > * X F < 3 f I > # * 4 . + A D < 6 > # X F ( 3 f I > # * 5 .
D 0 2 = A M W ( 2 > / 0 0 ( 2 )
A D B 2  = 1 . 8 2 4  6 * 1 0 . # #  < 6 . 0 ) # < D 0 2 # # 0 . 5 ) * < < D 2 0 * T ( I ) ) * # < - l .5))
F B 1 = 0 . 0  
F B 2 = 0 .0 
F B 3  = 0 .0 
F 2 ( I ) = 0  ♦ 0 
F 3 ( I ) = 0 ♦ 0  
F D 2 = 0 . 0  
F D 3 = 0 . 0  
A D B = A D B 2

1 0 2 0  S I G < I ) = 3 . # ( X T 1 - 1 . / X T 1 - 2 . # A L 0 G < X T 1 ) ) / X T 5
S A I ( I ) = 2 . # < - A L 0 G ( X T 3 ) / X T 2 + X T 4 / < X T 3 * # 2 . ) ) / X T 2  
S I G 1 < I > = 2 . * < X T i * * 2 . / 2 . - 2 . # X T l + A L 0 G ( X T l > + l . 5 > / X T 5  
S A I 1 < I ) = 0 . 6 # 2 . 0 * F Z P * F Z N * ( A L 0 G < X T 3 ) / X T 2 - 1 . / X T 3 > / X T 2 + 1 ,0 
Y B T 1  = X T 6 * 2 . 3 0 3 * A D B # S I G  < 1 ) * A I < I ) * *  < 0 . 5  >/ 3 .* < F Z P * F Z N  > 
Y B T 2 = 2 . 3 0 3 * F Z P * F Z N * X T 6 * < 0 . 0 6 + 0 . 6 # B M < I > ) # S A I < I ) # A I C I ) / 2 .  
Y B T 3 = 2 . 3 0 3 # X T 6 * B M < I > * A I < I ) / 2 ♦
Y B T 4 = 2 . 3 0 3 * X T 6 * T N S * A M S * S I G 1 ( I > * A I < I > * * < 0 . 5 > * < F Z P * F Z N )
Y B T 5 = F B 3
Y B T 7 = F B 2
Y B T 6 = 2 . 3 0 3 # X T 6 * A M S # T N S * A I < I ) / 2 . 0
F T 1 = - Y B T 2 - Y B T 3
F T 5 = X T 6 * A M S
F T 6 = A L 0 G ( X T 7 )  ,
F T 7 = F T 6 - F T 5
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G D H  (1 > I >=-2*303*m DB#FZP*FZN#AI < I ) + + 0 « 5 / X T  1 
G D H ( 2 r I > = Y B T 1 # A H W < 2 ) - Y B T 4 # F 2 ( I )
GDH(3»I)=YBTl)i'AnU(3)-YBT4#F3(I)
GF’HY (1»I) = ( (0.06+ 0.6*BM(I> >*AI < I) / ( XT3**2 . )

'/. *FZF'*FZN+BM (I> *AId > > *2. 303 + 2 . 303CXM0L (I)# AI<I> *TNS*AMS*SAI 1 (I) 
7. *FBl/2. 0/1000.0

G P H Y ( 2 f  I > = F T 1 # A H W < 2 . ) + Y B T 7 * Y B T 6 # S A I 1 <  I)
G P H Y < 3 r I > = F T 1 * A M U < 3 > + Y B T 5 # Y B T 6 # S A I 1 < I )
GBM(1d)=GBHd»I)+GPHY(lfI)+AL0G(XT7)
G B M ( 2 » I ) = G D H ( 2 r I ) + G P H Y ( 2 » I ) + F T 7  
G B M ( 3 f  I > = G D H < 3 » I  ) + G P H Y ( 3 r  I ) + F T 7  
G D  T O  4 0 0 1  

2 0 1 0  G B M d r I > = 0 . 0  
G B M  < 2 » I ) = 0 ♦ 0  
G B H (3 » I ) = 0 ♦ 0  
G D H ( l r I ) = 0 . 0  
GEiH (2 » I ) = 0  . 0 
G D H ( 3 d ) = 0 . 0  
GF'HY ( 1 r I ) = 0  ♦ 0 
G P H Y (2 r I ) = 0 ♦ 0  
GF’H Y ( 3 » I ) - 0 . 0  

4 0 0 1  C O N T I N U E  
FcETURN 
E N D



S U B R O U T I N E  A D I  T O N ( X F »T r A M U »X M O L »F K *F Z P »F Z N >F N P r F N M »

j> ^  il» ih d. yfy ̂  ̂  ^  ̂  ib Jf ̂  ̂  W  ̂  ̂  ̂  *1/ dr ^  ^  tb ̂  &  *X- ̂  *2/ &  «tr «b U# tb ib tb ib tb ̂  dr ̂  ̂  d> dr ̂  'jb ̂  ̂  ̂  ̂  ̂  ̂  dr ̂  tb

S U B R O U T I N E  A D I T O N

T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  S A L T I N G  O U T  C O N T R I B U T I O N  I N  A 

A T E R N A R Y  M I X T U R E  I N  M O D E L  *  2. D E L T A  IS T H E  S A L T I N G  O U T  

P A R A M E T E R .

****************************************************************

7. G A D D  y D E L T A  r N P I O N  r N N I O N r  N P  » A D D » N D E N ? C 0 2 r C V 3 r N X D » X D » A D T » B 0 1 2  
7. » B 1 1 2 » B 0 1 3 » B 1 1 3 >
D I M E N S I O N  X M 0 L ( 9 9 >  * X F < 3 r 9 9 >  » T < 9 9 >  » A M W ( 3 >  r A D < 6 ) r G A D D ( 3 i 9 9 )  
D I M E N S I O N  R P < 6 >  * R N ( 6 ) » V O ( 3 ) *  A D T ( 2 . 2 0 ) r C V 2 ( 3 ) r C V 3 ( 3 ) r A D D (6)
D I M E N S I O N  X D ( 2 0 )
R P  (1) = H I O N
R P ( 2 ) = L I  I O N
R P < 3 ) = N A  I O N
R P  (4 ) = C A  I O N
R N  (1) =  B R  I O N
R N  (2 ) = C L  I O N

RF‘ (1) = 2  ♦ 0 8 * 1 0 . * * < - 8 .0)
R P ( 2 ) = 0 . 6 0 * 1 0 . * * ( - 8 .0)
R P ( 3 ) = 0 . 9 5 * 1 0 . * * ( - 8 .0)
R P ( 4 ) = 0 . 9 9 * 1 0 . * * <- 8 . 0 )

R N ( 1 ) = 1 « 9 5 * 1 0 . * * ( - 8 .0)
R N (2) = 1. 8 1 * 1 0 . * * ( - 8 .0)
C 0 N S T = 1 . 6 7 1 0 3 8 3 * 1 0. * * ( -
D O  1 0  1 = 1»NP
A L F A = 2  * 0
A N 1  = X M 0 L ( I )
I F ( X F ( 2 a r I )  . E Q . O . O ) G Q  T O  2 0  
I F ( X F < 3 » I ) .E Q . 0 . 0 ) G O  T O  2 0  

A M S = X F < 2 r I ) * A M W < 2 ) + X F < 3 f I ) * A M W ( 3 )
T N S = 1 0 0 0 . / A M S  
C A L L  T E M P D < C V 2 » C V 3 » N X D » X D » A D T » A D » V 0 r T ( I ) )  
B 1 2 = B 0 1 2 * A L 0 G ( < T ( I ) - 2 4 3 . ) / T ( I ) ) + B 1 1 2 / T < I )  
B 1 3 = B 0 1 3 * A L 0 G <  < T < I ) - 2 4 3 . ) / T ( I >  > + B U 3 / T ( I )  
C 0 N S T 1 = F N P * F Z P * * 2 . / R P ( N P I 0 N ) + F N M * F Z N * * 2 . / R N ( N N I 0 N )  
C A L L  F U N C T ( X F ( 2 » I ) » X F ( 3 » I ) » T ( I ) » T N S » F 2 » F 3 »

% A D B » F D 2 r F D 3 » A D * D S » A D D » V O » N D E N » A M W )
T N 3 = X F < 3 r I ) * T N S  
T N 2 = X F < 2 r I ) * T N S
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*>4

D = E X P ( - A L F A * A N 1 * * 0 ♦5)
( A = ( T N 2 * T N 3 > * * 0 . 5

B = X F < 2 r I ) * B 1 3 - X F < 3 r I ) # B 1 2  
C “ E X F ‘ ( 2 * 0 & X F  ( 2 » I ) ) 

r A X = ( 1 . 0 - A L F A # X M 0 L < I > / < 4 . 0 # A N 1 # # 0 . 5 >  >
G A D D  (1 11 > = D E L T A * D * C 0 N S T * C 0 N S T 1 * A * B * C * X M 0 L <  I > * A X / ( F K * T ( I  ) * D S )  
G A D D ( 2 f I )= D E L T A * D * C 0 N S T * C 0 N S T 1 * ( X M O L ( I ) * * 2 . 0 ) * <  < T N 3 / T N 2 > * * 0  * 5 

r 7. K B * C / 2 . 0 - A > ! < B * C ) f < F D 2 / n S + < B 1 2  + B 1 3 > * X F ( 3 *  I ) * A * C / T N S  + A * B * C * 2 . 0 *
7. X F (3 » I ) / T N S )/< D S * T  ( I ) * 2 • 0 )

G A D D < 3 f  I > = D E L T A * D * C 0 N S T * C 0 N S T 1 * ( X M 0 L ( I > * * 2 «  0 > * <  (T N 2 / T N 3 ) * * 0  . 5 
f  7. * B * C / 2 .  0 - A X < B * C * F I i 3 / D S - ( B 1 2  + B 1 3 > * X F ( 2 y  I >* A * C / T N S - A * B * C * 2 . 0 *

% X F ( 2 f  I ) / T N S ) / ( D S # T ( I ) ! K 2 « 0 )
G O  T O  1 0  

Q 2 0  G A D D (1 y I ) = 0 ♦ 0
G A D D ' ( 2 f I ) = 0 * 0  
G A D D (3 r I ) = 0 ♦ 0  

C 1 0  C O N T I N U E
R E T U R N
E N D

(•

(

(

c 

c 
c 

c
c

(
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S U B R O U T I N E  F U N C B < X 2 r X 3 » B 1 2 »B 1 3 » B M »F B 2 »F B 3 r T N S » B 1 2 3 »
7. A I r  F N P  » F N M  r F Z P  » F Z N  r A M S  r A M W 2 r A H W 3  i F B I  r X M O L  )

(‘ c
c

r C S U B R O U T I N E  F U N C B
C
C T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  M I X T U R E  T E R N A R Y  B R O M L E Y

( C
C C O N S T A N T  ’B M ’ . B 1 2 3  I S  T H E  T E R N A R Y  A D J U S T A B L E  P A R A M E T E R .
C

c
c

r c
A N l = X M O L  
D 2 3 = B 1 2 3  

f A = < X 2 * X 3 ) * * 0 , 2 5
A L F A = 2 . 0
D = ( l  . 0 + A L F A * A N 1 * * 0 . 5 > * * 3 . 0  '

{ ' Dl = < < 1 . 0 - f A L F A * A N l * * 0 . 5 ) * * 4 . 0 > * ( A N l * * 0 . 5 )
B = E X P < - A L F A * X 3 >
F D B N 2 = A L F A # X 3 * B / T N S  

( F D B N 3 = - A L F A # X 2 # B / T N S
F D A N 2 = ( ( < X 3 / X 2 ) * * 0 . 2 5 / ( X 2 * * 0 . 5 > )/ 2 .O - A )/ T N S / 2 .0 -
F D A N 3 = ( ( < X 2 / X 3 ) * * 0 . 2 5 / ( X 3 * * 0 . 5 >  )/ 2 .O - A >/ T N S / 2 .0 

( B M = B 1 2 * X 2 + B 1 3 * X 3 + D 2 3 * A * B / D
F B 2 = ( B 1 2 - B 1 3 ) * X 3 / T N S + D 2 3 * (A * F D B N 2 + B * F D A N 2 )/ D  
F B 3 = < B 1 3 - B 1 2 ) * X 2 / T N S + D 2 3 * (A * F D B N 3 + B * F D A N 3 >/ D  

r F B 1 = - 3 . 0 * A L F A # D 2 3 # A # B / < 2 . 0 # D 1 >
R E T U R N
E N D

c

c ■

c 
c

(
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S U B R O U T I N E  F U N C T < X F 2 r X F 3 t T t T N S » F 2 r F 3 t A D B  
7. t F D 2 r F D 3 t A D r D S r A D D r V D r N D E N r A M W >

C

r C  ̂̂ ̂ rf V̂ Jfi p̂ ̂p ̂  ̂̂  ̂̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂  ̂̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂k ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂  ̂* T> * * T̂
c
C S U B R O U T I N E  F U N C T

( C
C T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  D E B Y E - H U C K E L  C O N S T A N T

r c
' C A N D  T H E  S L O P E  O F  D . H. C O N S T A N T  W I T H  R E S P E C T  T O  * O F

C
C M O L E S  O F  S O L V E N T S  I N  A  T E R N A R Y  M I X T U R E .

( C
C I F  N D E N  =  1 E X P E R I M E N T A L  C O N C E N T R A T I O N  D E P E N D E N T  D A T A
C A R E  U S E D  F O R  D E N S I T I E S .
C
C I F  N D E N  = 2 A P P R O X I M A T E  R E L A T I O N S H I P  I S  U S E D  F O R  D E N S I T I E S

f • c
I M ill J/ tb lb *1/ •!/ |I> lb ill d/ JLf it/ \1/ it/ lb ill tb ll/ ll/ it/ ll/ it/ ll/ kb ik lb di df d/ ll/ |b kb tb tb d/ tb \b ̂  \b df î lb \b d> lb tb tb dr tb tb tb tb tb tb tb ̂  tb dr ̂  ̂  dl dr tb

c
(. c

D I M E N S I O N  A D < 6 > r A D D < 6 > r V 0 ( 3 > r A M W < 3 >
D S = A D < 1 > + A D < 2 ) * X F 3 + A B < 3 > * X F 3 * # 2 . + A D ( 4 > * X F 3 # * 3 . + A D < 5 > * X F 3 * # 4 .

Z + A D < 6 ) * X F 3 * * 5 .
( F T 1 = A D < 2 > + 2 . * A D < 3 ) * X F 3 + 3 . * A D ( 4 > * X F 3 * * 2 . + 4 . * A D < 5 ) * X F 3 * # 3 .

% + 5 . * A D ( 6 > * X F 3 * * 4 . 0  
F D 2 = - F T 1 * X F 3 / T N S  
F D 3 = F T 1 * X F 2 / T N S  
G O  T 0 ( 1 0 » 2 0 ) t N D E N  

1 0  D S S = A D D < 1 > + A D D < 2 > * X F 3 + A D D ( 3 ) * X F 3 * # 2 . + A D D < 4 > # X F 3 * * 3 . +
% A D D ( 5 > * X F 3 * # 4 . + A D D < 6 ) * X F 3 * # 5 . 0

F D T 1 = A D D ( 2 > + 2 . 0 * A D D < 3 > * X F 3 + 3 . 0 * A D D ( 4 ) * X F 3 * # 2 . + 4 . 0 * A D D < 5 > *
Z X F 3 * * 3 . + 5 . * A D D < 6 ) * X F 3 * * 4 .

B D S 2 = - F D T 1 * X F 3 / T N S  
D D S 3 = F D T 1 * X F 2 / T N S  
G O  T O  3 0

2 0  A M W W = A M W < 2 ) * X F 2 + A M W < 3 > * X F 3
V S = V 0 ( 2 > * X F 2 + V 0 ( 3 ) * X F 3  
D S S = A M U W / V S
D D S 2 = ( < A M W ( 2 ) - A M W ( 3 >  > - A M W W * ( V 0 ( 2 ) - V 0 < 3 > ) / V S ) * X F 3 / T N S / V S  
D D S 3 = ( < A M W < 3 ) - A M W < 2 >  > - A M W W # ( V 0 < 3 ) - V 0 < 2 >  > / V S ) * X F 2 / T N S / V S  

3 0  A D B = 1 . 8 2 4 6 # 1 0 . * * < 6 . 0 > * ( D S S * * 0 . 5 > * (  ( D S # T > * * ( - 1 . 5 ) >
F 2 = A D B * < D D S 2 / D S S / 2 . - 3 . * F D 2 / 2 . / D S >
F 3 = A D B *  ( D D S 3 / D S S / 2  .- 3 ,  0 * F D 3 / 2  ♦ / D S  )
R E T U R N  
E N D

c

c
c
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( C

(

I

c

#

SU B ROUTINE N R T L 2 (X r T »G N R T r F K »F N P »N P »G P N 2 »G P N 3 r Z P 2 rZP3rALFA*
' 7. D G 2 3 » D G 3 2 f F N M f N N R T L f A L F A 2 r A L F B 2 » A L F A 3 » A L F B 3 »

7. D G A 2 f D G B 2 f D G A 3 » D G B 3 )
C

(- C
C j. «jn ̂  fL tb ̂  ̂  ̂  ̂  tb ̂  ^ 4 ̂  ̂  4 tb ̂  ̂  ̂  tb ̂  Ui ̂  tb di tb ̂  ̂  tb tb tf* tb tb ̂  tb ̂  tb ̂  ̂  ̂  ̂  tb ̂  ̂  tb ̂  tb ̂  ̂  tb ̂  ̂  ̂  ̂  df ̂/p ^  ̂̂ ̂  ̂̂  ̂  ̂̂ ̂ ̂   ̂̂  ̂̂ ̂ * * * 4* ̂ ̂  ̂*p ̂ ̂ ̂ ̂ ̂  ̂̂ ̂ * * 4* *r "P »p ̂ ̂ 4r * ̂   ̂̂

/- C , .#•
{ C S U B R O U T I N E  N R T L 2

C
C T H I S  S U B R O U T I N E  C A L C U L A T E S  I O N - S O L V E N T  A N D  S O L V E N T -

C SOLVENT INTERACTIONS OF THE ACTIVTY COEFFICIENTS IN
C
C MODEL * 1.
C
C THIS SUBROUTINE IS USED FOR BOTH BINARY & TERNARY MIXTURES
C
C
C ib >b .». >i, •{> •]■ tL ib »i» it. «t> tb tb tb tb tb tb tb tb tb tb tb 4/ ̂  tb tb tb tb tb tb V/ tb tb tb tb t̂  tb tb tb >Jb tb tb tb 4/ tb 4/ tb *b tb tb tb tb ̂  ̂  tb ̂  tl̂ tb tb tb tb tb

C
C
C DG23 ?DG32 fZ23 rZ32 - CAL/dMOLE-K
C
C ZP2 j ZP3 - K Joules/ SMOLE
C
C DGA2 r DGB2 rDGA3 rDGB3 - K Joules/SMOLE-K
C
C «r, iii ̂ii «i» «t. ^  \b tb tb ti* tb tb tb ̂  ̂  ̂  t b t b ^ V ^ ^ ^ ^ t b  ̂  4̂  tb ̂  tL tb ̂  tb ̂  tb ̂  tb ̂  ̂  ̂  ̂  tb tb tb tb 4^ ̂  tb tb ̂  tb tb tb tb tb tb tb ̂  tb tb tb tb tb/j» /fw ̂  ^  ̂  7ft ̂  f  ̂  ̂  * /ft ̂  4* 4* 4* 4̂  ̂  v  4* * *p 4* ̂  7f* ̂  4S * ̂  7f* ^  ̂  *p «T*»»» ̂  ^  ^  41 ̂  «p 4̂  *t* v  ̂  v  *w* ^  ̂  ̂  ̂  ̂
C
C
c

DIMENSION X (3» 99)f XA(99)f GNRT(3 f 99)f T (99)
R=1.987
Rl=8.3143*10.**(-3*0)
DO 4001 1=1»NP 
GO T0(10f20)fNNRTL 

10 GPN2=EXP(-ALFA2*DGA2/R1/T<I))+FNM*EXP<-ALFB2*DGB2
7. /Rl/T(I) )/FNP

ZP2=DGA2*EXP(-ALFA2*DGA2/R1/T(I>>+FNM*BGB2*EXP<-ALFB2*DGB2 
7. /Rl/T< I) ) /FNP

GPN3=EXP(-ALFA3*DGA3/R1/T(I))+FNM*EXP(-ALFB3#DGB3 
7. /Rl/T (I) ) /FNP

ZP3=DGA3*EXP<-ALFA3*DGA3/R1/T<I>>+FNM*DGB3*EXP(-ALFB3*DGB3/
% Rl/T(I))/FNP 

20 ZPN2=ZP2*238.862
ZPN3=ZP3#238•862 
G32=EXP(-ALFA*DG32/R/T(I>)
Z32=DG32*G32 '
G23=EXPC-ALFA*DG23/R/T<I>>
Z23=DG23>HG23
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X A < I > = X < l r I > # F N P
DT1«(XA(I)#GPN3+X(2»I>#623+X(3fI>)**2.0 
DT2»(XA(I>#GPN2+X(3fI>*G32+X(2fI)>##2.0 
DT3=X<3fI)#G32+X(2fI>
DT4=X<2fI)#G23+X<3fI>
TT1*ZPN2#GPN2#XA(I)##2.+XA(I>*X(3fI>*ZPN2#G32+XA<I)#X(3fI>

7. #Z32#GPN2+Z32#G32#X<3fI>#*2.
TT2=XA (I) #X < 3 r I > #Z2''3#GPtf3 + Z23*X ( 3*1) #*2.

7. -XA<I)*X<3fI)#ZPN3*G23
TT3=X<2rI>#(X(3fI)#G32#ZPN2+X(2fI>#ZPN2-X(3fI>#Z32#GPN2>.

T T 4  = X ( 3 f I ) # < X ( 2 f I ) # G 2 3 * Z P N 3  + X ( 3 f I ) # Z P N 3 - X ( 2 f I > # Z 2 3 # G P N 3 >  
T T 5 = Z F N 3 # G P N 3 # X A ( I > * # 2 . + X A ( I > * Z P N 3 # G 2 3 # X < 2 f I > + X A ( I >

% *X(2fI)*Z23#GPN3+Z23*G23#X(2fI>#*2.
TT6=XA(I>*X(2fI)#Z32*GPN2+Z32#X(2fI>#*2.-XA(I>*

7. X<2fI)#ZPN2*G32
GNRT <1fI> = (TT3/DT2 + TT4/DT1-X(2 fI>*ZPN2/DT3-X<3 fI)#ZPN3/DT4 

7. +X(2f I >*X(3fI)*Z32#GPN2/<DT3##2. > +X ( 2 r I > *X ( 3 » I > *Z23*GPN3/
7. (DT4##2. > >#FNP/R/T(I>/FK

TT7=(Z32#GPN2-ZPN2#G32)/<DT3##2.>+<Z23#GPN3+ZPN3#G23>
. 7. /<DT4*#2.>

TT8 = 2.#XA(I> #X(2 fI ) *X(3 fI)#(Z32#GPN2/(DT3#*?.> +Z23#GPN3#G23/ 
7. (DT4**3.)>

TT9 = 2 .*XA «I)#X(2 fI)#X(3 fI> #(G32#Z32#GPN2/(DT3##3.> +Z23#GPN3 
7. /(DT4##3.)>

TT10=(Z32#GPN2+ZPN2*G32>/(DT3#*2.>+(Z23#GPN3-G23 
% #ZPN3)/(DT4**2.>

GNRT(2fI)=(TT1/DT2+TT2/DT1+XA(I>#X(3fI)*TT7-TT8>/R/T(I> 
GNRT(3fI) = (TT5/DT1 + TT6/DT2 + XA<I> #X<2fI)#TT10-TT9)/R/T<I)

4001 CONTINUE 
RETURN 
END



S U B R O U T I N E  D E B H U C <X M O L f X F f X f F K f F N P f F N M f F Z P f F Z N f G E L f  
7. A M W  f T f N P  r G D H  f G P H Y  f A D D  f N D E N  f C V 2 f  C V 3  f N X D f  X D f  A D T  )

C

C all >lj ill ill lb >b tl> ̂  tb ^ ^  U» tb df tb dr tb tb tb tb tb ̂  tb tb tb tb «lr ̂  ^  tb t̂  tb U j Us lb tb tb dr tb tb d# ̂  tl/ tb tb tb tb tb ̂  tb tb tb tb di

C
C SUBROUTINE DEBHUC
C
C THIS SUBROUTINE CALCULATES ION-ION INTERACTION USING
C
C THE EXTENDED DEBYE-HUCKEL EQUATIONt IN MODEL * 1.
C
C
C GDH(Jrl) - D.H CONTRIBUTION IN EQUATION
C GPHY<JfI> - EXTENDED PART OF THE D.H EQUATION
C GEL(JfI) - COMBINATION OF ABOVE TWO TERMS
C 
C

tb tb tb tb ^  tb tb tb ̂  tb tb tb ̂  tb tb ̂  tb tb d/ tb dr ̂  ^ db dr ̂  ^  ̂  d. ̂  ̂  ^ ^ ^ dr dr ̂  dr ̂  tb ̂  d. tb ̂  ^  ̂  dr ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  di ^  ̂  ^^ ̂ ̂ ̂ ^ ̂ ̂  ̂̂ rp ̂p ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂  ̂̂ ̂ ̂  ̂̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂  ̂̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂p ̂p ̂ ̂ ̂ ̂p ̂ ̂ ̂p ̂
C
c 
c

DIMENSION VO(3)fXF<3f99>fX<3f99> rXMOL(99)rGEL(3»99)fGDH<3f99)» 
7. GPHY<3f99)fAI(99)fAMW(3)fT<99>fAD(4)

DIMENSION F2(99)f F3(99)
DIMENSION SIG(99)»SIG1(99)fSAI(99)fSAI1(99)
DIMENSION ADD<4> fCV2(3> fCV3<3> fXD<20)fADT<2f20> 
AA=1.5/<FZP#FZN)
DO 4001 1 = 1 f NP
IF(XM0L(I).EQ♦0.0)GO TO 2010
AMS=XF<2fI>*AMW<2)+XF<3fI>*AMW(3>
TNS=1000•/AMS
CALL TEMPD(CV2 f CV3 fNXDf XD f ADT f ADf VO f T (I)>
IF(XF(2fI).EQ.0*0)GO TO 1000 
IF(XF(3fI).EQ.0.0)G0 TO 1010
CALL FUNCT(XF<2fI)fXF(3fI> fT(I)fTNSfF2(I)fF3(I)f 

7. ADBfFD2fFD3fADfDSfADDfV0fNDENfAMW)
GO TO 1020 

1000 F2 <I)=0.0 
F3(I)=0 • 0
D 3 0 = A D < 1 ) + A D ( 2 ) * X F ( 3 f I ) + A D ( 3 > * X F ( 3 f I ) * * 2 ♦ + A D ( 4 ) * X F ( 3 f I )

1 *#3.+AD<5>#XF(3fI>**4.+AD<4>*XF<3fI)**5.
GO TO (10f20)fNDEN 

10 D03=AI»D(1)+ADD(2> +ADD(3) +ADD(4 ) +ADD(5) +ADD(A)
GO TO 30 

20 D03=AMW(3)/V0(3)
30 FD2=0»0

FD3=0 * 0
A D B = 1 . 8 2 4 A * 1 0 . * * < 6 . 0 ) * < D 0 3 * # 0 . 5 ) * ( ( D 3 0 * T < I ) ) * * ( - 1 . 5 ) )
GO TO 1020 

1010 F2(I)=0.0
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50
60

1 0 2 0

2 0 1 0

4001

F 3 ( I > - 0 . 0
D 2 0 = A D < l ) + A D ( 2 ) # X F ( 3 f I )+ A D < 3 ) * X F ( 3 » I ) * * 2 . + A D < 4 ) * X F (3 * I)

1 # * 3 . + A D < 5 ) # X F < 3 »  I) * * 4  . + A D <  6 ) # X F < 3 »  I > # * 5 .
G O  T O  C 4 0 r 5 0 ) r N D E N
D 0 2 = A D D ( 1>
G O  T O  6 0
D 0 2 = A M W ( 2 ) / V 0 < 2 ) ,
F D 2 = 0 . 0 
F D 3 = 0 . 0
A D B  = 1 . 8 2 4  6 * 1 0 . * * ( 6 ♦ 0  > * ( D 0 2 * * 0 . 5 ) * ( ( D 2 0 * T ( I ) ) * * ( - 1 . 5 ) )
A I  ( I ) = X M O L  ( I ) * < F N P * F Z P * * 2  . + F N M * F Z N * * 2 .  ) / 2 .
X T 1 = 0 . 0 0 1 * F K * X M O L ( I ) * A H S
X T 2 = A L 0 G ( X T 1 + 1 .)
R 0 W = 1 .0
F T 1 = R 0 W * A I ( I ) * * 0 . 5  
F T 2 = 1 . + F T 1 
F T 3 = A A * A I ( I )
F T  4 = 1 ♦ + F T 3
S I G ( I ) = 3 . * ( F T 2 - 2 . * A L 0 G ( F T 2 ) - 1 , / F T 2 ) / ( F T l * * 3 . )
S I G 1 ( I > = 2 . * ( F T 2 * * 2 . / 2 . - 2 . * F T 2 + A L 0 G ( F T 2 ) + l . 5 ) / ( F T 1 * * 3  . )
S A I  ( I ) = 2 . * < 2 . * ( F T 3 - 2 .  ) * ( < 1'.+ F T 3  ) * * 0  ♦ 5 )/ F T 3  + 4 . / F T 3 - ( F T 3 - 2  . ) / 
( (1 . + F T 3 > * * 0 . 5 ) - 2 . * (  (1 . + F T 3 ) * * 0 . 5 )  ) / 3 . / F T 3
S A I  1 ( I ) = 2  . * ( 2 * * ( F T 3 - 2  ♦ ) * < ( l . + F T 3 ) * * 0 . 5 ) / F T " r + 4 . / F T 3 ) / 3 . / F T 3  
G E L ( 1 > I > = - 2 . 3 0 3 * A D B * F Z P * F Z N * A I < I ) * * 0 . 5 / F T 2 + 2 . 3 0 3 * A I ( I )

2 * F Z P * F Z N * A D B * * 2  ♦ 0 /  ( F T 4 * * 0  * 5 ) + X T 2  
T T l = 2 . 3 0 3 * F K * X M O L ( I ) * A D B * S I G ( I ) * A I < I ) * * 0 . 5 / 3 . / 1 0 0 0 .  
T T 2 = 2 . 3 0 3 * F K * X H O L ( I ) * T N S * A M S X A I ( I ) * * 0 . 5 * S I G 1 ( I )/ 1 0 0 0 .
T T 3  = 2 . 3 0 3 * F K * X M 0 L < I ) X A I ( I )X S A I ( I )* A D B * * 2  . / 2 ./ 1 0 0 0  . 
T T 4 = 2 . 3 0 3 * F K * X H O L ( I ) * T N S * A M S * A I ( I ) * A D B X S A I 1 ( I ) / 1 0 0 0 .

• G E L ( 2 » I ) = ( < T T 1 + T T 3 ) * A H W ( 2 ) + ( T T 4 ~ T T 2 ) * F 2 ( I ) ) # F Z P * F Z N +
£ X T . 2 - X T 1

G E L ( 3  » I ) = ( < T T l + T T 3 ) * A n W ( 3 ) + ( T T 4 - T T 2 ) * F 3 < I ) ) * F Z P * F Z N +
X T 2 - X T 1
G D H ( 1 ? I ) = - 2  ♦ 3 0 3 * A D B * F Z P * F Z N * A I ( I ) # # 0 . 5 / F T 2
G D H ( 2 r  I ) = ( T T 1 * A H W < 2 > - T T 2 * F 2 ( I  ) > * F Z P * F Z N
G D H (3 r I > = < T T 1 X A H W ( 3 ) - T T 2 X F 3 ( I ) ) * F Z P * F Z N
G P H Y  ( 1 * I ) = 2 . 3 0 3 X A I  ( I ) * F Z P * F Z N *  A D B * * 2  . / ( F T 4 X X 0  . 5 )
G P H Y  < 2 » I ) = <T T 3 * A M W ( 2 ) + T T 4 X F 2 ( I ) ) X F Z P X F Z N
G P H Y  (3y I ) = < T T 3 * A H U < 3 ) + T T 4 X F 3 <  I) > X F Z P * F Z N
G O  T O  4 0 0 1
G E L ( 1 » I ) = 0  ♦ 0
G E L ( 2  » I > = 0 ♦ 0
G E L ( 3  r I ) = 0  ♦ 0
G D H (1» I ) = 0  ♦ 0
G D H (2fI)-0 * 0
G D H ( 3  » I ) = 0 ♦ 0
G P H Y ( 1 r I ) = 0  ♦ 0
G P H Y (2  » I ) = 0  ♦ 0
G P H Y ( 3 » I ) = 0 . 0
C O N T I N U E



R E T U R N
E N D
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S U B R O U T I N E  M I N F U N ( N T Y P E r N M I N f D I F 1 r D I F 2 f B I F 3 f D I F 4 r D I F S f 
% YfX2fX3>

C
( c
I, A ^ ^ tip ̂  >b (L ̂  (L (If (b (If ̂ f df (b df (b df (t> ib ̂  df df (b Jf ^  (b >b >b ̂ b (b (b >b df ^  lb (b (b (1/ tb (b df a%* ̂  ^ tb fb ^ df tb tb d df ^  ̂  ̂  df ^ ^

^ ^ ^ *• ̂  ̂  if* ̂  ^ ^ ̂  ^ ^  ̂  ^ ^ ̂  ̂  ̂  ̂  *t ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ^  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂

c
C S U B R O U T I N E  M I N F U N

( C ■■ *
C T H I S  S U B R O U T I N E  S E T S  U P  D I F F E R E N T  O B J E C T I V E  F U N C T I O N S  U S I N G

r c{ C A S Y M B O L  ' N M I N '♦ T H E  E X P L A N A T I O N  H A S  B E E N  G I V E N  I N
C
C M A I N  P R O G R A M .

'• C

C fb (If ̂  df • d> (b tb df ib lb df ib di ib df di df |b tb a|a (b (If (1. (b (b «b (b (b (If l̂f «lf (b df â  tb «|f ib ̂ b ib ̂  (b (b ̂  (b ̂  ̂  ^  d> ̂  di dl lb ̂  lb ̂  lb Of ̂  Of

C
G O  T O ( 1 0 f 1 0 r 1 0 r 2 0 » 2 0 f2 0 f 2 0 » 2 0 » 2 0 t 2 0 ) i N T Y P E  

. 1 0  D I F 4  = 0 .0
( D I F 5 = 0 .0

G O  T O  6 0  
2 0  G O  T 0 ( 3 0 f 4 0 f 5 0 f 4 0 > fNMIN

C 3 0  D I F 4 = 0 . 0
D I F 5 = 0 ♦0 
G O  T O  6 0

( 4 0  I F ( X 2 * E Q . 0 . 0 ) G 0  T O  7 0
I F ( X 3 » E Q . 0 . 0 ) G 0  T O  7 0  
D I F 1 = 0 .0 

^ D I F 2 = 0 ♦0
D I F 3 = 0 .0 
D I F 4 = B I F 4 * 1 0 . 0  
G O  T O  6 0  

7 0  D I F 4  = 0 .0
D I F 5 = 0 .0 
G O  T O  6 0  

5 0  I F ( X 2 . E Q . 0 . 0 ) G 0  T O  8 0
I F ( X 3 . E Q . 0 . 0 ) G 0  T O  8 0  

( D I F 5 = 0 .0
D I F 4 = D I F 4 * 1 0 . 0  

, G O  T O  6 0
^ 8 0  D I F 4 = 0 .0

D I F 5 = 0 ♦0
r 6 0  Y = D I F 1 * * 2 . + D I F 2 * # 2 . + D I F 3 * * 2 . + D I F 4 * * 2 . + D I F 5 # # 2 .
^  R E T U R N

E N D
7c 

c
c

c
c

w
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S U B R O U T I N E  T I T L E  (N A M E 1 1 N A M E 2 y  N A M E 3 > A L F A y  D G 2 3  y D G 3 2  y G P N 2 y  
7. G P N 3 y Z P N 2 y Z P N 3 y B 0 1 2 y B 0 1 3 y B 1 1 2 y B 1 1 3 y B 1 2 3 y D E L T A y K P y N T Y P E y  
% X X 2 y X M D L y N N R T L y D G A 2 y D G A 3 y D G B 2 y D G B 3 y A L F A 2 y A L F B 2 y A L F A 3 y  
7. A L F B 3  )

C
C

c
C S U B R O U T I N E  T I T L E
C
C T H I S  S U B R O U T I N E  H A K E S  T I T L E S  F O R  F I N A L  T A B U L A R  R E S U L T S
C
C

c 
c
C

R E A L  * 8  N A M E 1 1N A M E 2  y N A M E 3  
W R I T E ( 6  y 7 1 0 0 >

7 1 0 0  F 0 R M A T ( " l " y 3 0 X y " T A B L E * ")
W R I T E (6 y 7 1 1 0 > N A M E 1 » N A M E 2  rN A M E 3  j 

7110 F O R M A T C / / y l 5 X y " S Y S T E M ? ' y 3 A 8 )
W R I T E  ( 6 y 7 1 3 0  )"

7 1 3 0  F O R M A T ( / y 2 5 X y  7 * *  V A L U E S  O F  T H E  P A R A M E T E R S  * * " )
GO T0(9041y9041y9061y9061y9061y9061y9061y9061y9061)yNTYPE 

9041 IF(KP » GT•1)GO TO 9065
WRITE(6 y120)
I F ( X X 2 » E Q « 0 * 0 ) G O  T O  9 0 7 0  
W R I T E ( 6 y 9 0 8 2 ) B 0 1 2 y B 1 1 2  

9 0 8 2  F O R M A T ( / y l O X y  7 B O 1 2 =  " y G 1 2 « 5 y "  B 1 1 2 =  " y G 1 2 . 5 )
G O  T O  9 0 5 2  

9 0 7 0  W R I T E ( 6 y  9 0 8 1 ) B 0 1 3 y B 1 1 3
9 0 8 1  F O R M A T ( / y 1 0 X y 'B 0 1 3 =  " y G 1 2 . 5 y "  B 1 1 3  = " y G 1 2 . 5 )
1 1 0  F O R M A T ( / y l O X y  " E X T E N D E D  D E B Y E - H U C K E L  +  M O D I F I E D  N R T L " )
1 2 0  F O R M A T ( / y l O X y ' B R O M L E Y  -  B I N A R Y  - E X P R E S S I O N " )
1 3 0  F 0 R M A T ( / y 5 X y " B R O M L E Y  & S I M P L I F I E D  M O D I F I E D  N R T L  &" y

%  ' S A L T I N G - O U T  E Q U A T I O N S " )
G O  T O  9 0 5 2  

9 0 6 5  W R I T E (6 y 1 1 0 )
I F ( X X 2 * E G » 0 « 0 ) G 0  T O  9 0 7 5  
G O  T O C 1 0 y 2 0 ) y N N R T L  

2 0  W R I T E ( 6 y 9 0 8 4 ) G P N 2  y Z P N 2
9 0 8 4  F O R M A T  C / y l O X y " G P N 2  = " y G 1 2 . 5 y 3 X y "Z P N 2 = ' y G 1 2 .5)

G O  T O  9 0 5 2  
1 0  W R I T E ( 6 y 1 0 0 ) A L F A 2 y A L F B 2 y  D G A 2 y D G B 2
1 0 0  F O R M A T  C / y 3 X y " A L F A 2 = " y G 1 2 * 5 y " A L F B 2 = " y G 1 2 . 5 y 'D G A 2 ="t

7. G 1 2 * 5 y  " D G B 2 = "  y G 1 2 « 5 )
G O  T O  9 0 5 2  

9 0 7 5  G O  T 0 ( 3 0 y 4 0 ) y N N R T L
3 0  W R I T E  < 6  y 1 5 0 ) A L F A 3 y  A L F B 3 y D G A 3 y D G B 3•?
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*

1 5 0  F O R M A T < / » ? X » ' A L F A 3 = ' r G 1 2 . 5 , ' A L F B 3 = ' * G 1 2 . 5 f /D G A 3 = / r 
V. G 1 2  ♦ 5 r /D G B 3 = / f G 1 2 , 5 )

G O  T O  9 0 5 2  
4 0  W R I T E  ( 6 y 9 0 8 6  ) GF‘N 3  r ZF'N3
9 0 8 6  F O R M A T  ( / > 1 0 X  y /G P N 3 = / y G 1 2 , 5 » 3 X y  ' ZF'N3= 7 r G 12  . 5 >

G O  T O  9 0 5 2  
9 0 6 1  W R I T E ( 6 » 7 1 4 0 ) A L F A r D G 2 3 f D G 3 2
7 1 4 0  F O R M A T  ( / y 3 X s> ' N O N E L E C T R O L Y T E  B I N A R Y  A L ' F A = ' r G 1 2  . 5 r 

7. /D G 2 3 = '  r G 12  « 5 f ' D G 3 2 = ' r p  12  • 5 )
I F ( X M O L * E Q . O . O ) G O  T O  9 0 5 2  
I F ( K F ‘« G T . 1 ) G 0  T O  9 0 5 1  
W R I T E ( 6 f 1 3 0 )
W R I T E ( 6 f 7 1 5 0 ) B 0 1 2 > B 1 1 2 » B 0 1 3 » B 1 1 3  

7 1 5 0  F O R M A T  </r5Xr/B 0 1 2 = / ' G 1 0 « 3 r ' B 1 1 2 = / r G 1 0 * 3 r /B 0 1 3 = / * G 1 0 « 3  
% t ' B 1 1 3 = ' » G 1 0 . 3 >

W R I T E ( 6 » 2 0 0 ) B 1 2 3 » D E L T A  
2 0 0  F O R M A T (/t15X r' B 1 2 3 = ' y G 1 2 ♦ 5 y 7 D E L T A  = ' » G 1 2 . 5 )

G O  T O  9 0 5 2
9 0 5 1  W R I T E ( 6 f l l O )

G O  T O  < 7 0  y 8 0 ) ? N N R T L  
7 0  W R I T E < 6 r 1 0 0 ) A L F A 2 y A L F B 2 r D G A 2 y D G B 2

W R I T E ( 6 » 1 5 0 ) A L F A 3 f A L F B 3 f D G A 3 r D G B 3  
G O  T O  9 0 5 2  

8 0  W R I T E ( 6 y 7 1 6 0 ) G F ' N 2 y Z F ' N 2 y G P N 3 y Z P N 3
7 1 6 0  F 0 R M A T ( / » 6 X f /GF‘N 2 = ' r G 1 2 . 5 r / Z F ' N 2 = ' r G 1 2 . 5 r / G P N 3 = / f - 

V. G 1 2  . 5 y ,ZF‘N 3 =  / y G 1 2  . 5 )
9 0 5 2  R E T U R N  

E N D



192

INPUT DATA SEQUENCE 
Card # Variables

1 NSET,LL,EE
2-21 INFORMATION
22 XLIM,XLLIM
23 NAMElfNAME2,NAME3 (name of the

system)
2 4 INDF,KP,NBIN,NPION,NNION,NREG,NDEN,

NNRTL,NBROM,NTYPE,NMIN
25 NCOMP,NP,NXD,NXDD
26 CP2(I), 1=1,6
27 CP3 (I), 1=1,6

(pure component vapor pressure con
stants)

28 AMW(I), 1=1,3
29 V21,T21,V22,T22,V2 3,T2 3
30 V31,T31,V32,T32,V33,T33

31-(30+NXD) ADT(1,1),ADT(2,1),XD(I) (total # 
of data are nxd)(if NXD = 11, 
card #31-41)

42 FK,FNP,FNM,FZP,FZN
43-(42+NXDD) DENS(I),XDD(I) (only two data on 

a card,total # NXDD)(if NXDD=13, 
card #43-55)

56- (55+NP) XMOL (I) , X(J, I) , Y (J, I) ,J=2,3) ,G(1,I) , 
P(I),T(I) ( 8  data on a card, total 
card = NP)(IF NP=34, card #56-89)

90

91

92
93

ALFA,DG23,DG32,ALFA2,ALFB2,ALFA3, 
ALFB3
GPN2,ZPN2,GPN3,ZPN3,DGA2,DGB2,DGA3, 
DGB3
B012,B112,B013,B113,B123,DELTA 
ALPHAl,AXTl,BXTl

Format 
213,F10.1 
8 A 1 0  

2F10.5 
3A8

1 1 1 2

412

F12.7,Fll.5 
F3.1,F10.5

6F10.5

6F10.6
3F10.5

5F10.5
6F10.5

8F10.6

8F10.5

8F10.5

8F10.5 
F10.7,2F10.

,F8 .3,

4
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94 M,MM 212
95-(94+MM) XTX(I),BXX(I)(two data on a card, 2F10.4 

total cards = MM)(if MM=4 cards 95-98)
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SAMPLE INPUT

1. 0 0 1 4 0 0 0 * 0 0 0 0 0 1 0
2 . # # t  *### * j}:### ******* ft### IK##*## Jit*####
3. * F I L E  N A M E  - L I C L H 2 0 .M E 0 H A T 2 5 ♦C O M B I N E D
4. *
5. #
6 . J
7. *
8* * B I N A R Y  1 - 3  ♦ S K A B I C H V E S K K I
9. #

1 0 .  * T E R N A R Y  1 - 2 - 3 J  C I P A R I S
1 1 * *
1 2 . #
1 3 .  *
14 .  *
1 5 .  *
1 6 .  *
1 7 .  *
1 8 .  *
1 9 .  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2 0 .
2 1 .
2 2 .  3 . 0 0 0 0 0 0 0 0 0 . 0
2 3 .  L I C L  - H 2 0  -  M E O H
2 4 .  1 2 5 2 2 1 1 2 1 4 2
2 5 .  3 3 4 1 1 1 3
2 6 .  0 0 7 0 . 4 3 4 6 9 4 3 - 7 3 6 2 . 6 9 8 1 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 6 9 5 2 0 8 5 0 . 0  - 9 . 0
2 7 .  0 0 1 2 . 3 8 5 8 2 2 8 - 3 8 8 0 . 5 0 2 0 3  - 2 4 . 3 5 5 0 0 0 . 0 0 0 0 0 0 0 0 0 0 . 0  0 0 . 0 0 0
2 8 .  4 2 . 4  1 8 . 0  3 2 . 0
2 9 .  1 8 . 0 6  2 7 7 . 1 3  1 8 . 2 7 8  3 2 3 . 1 5  1 8 . 8 4 4  3 7 3 . 1 5
30. 39.556 273.15 44.874 373.15 57.939 473.15
31. 1.9051 -0.00205 0.0
32. 1.8799 -0.00208 0.0588
33. 1.8505 -0.00212 0.1233
34. 1.8190 -0.00218 0.1942
35. 1.7865 -0.00225 0.2727
36* 1.7513 -0.00234 0.3600
37. 1.7120 -0.00244 0.4576
38* 1.6658 -0.00252 0.5676
39. 1.6160 -0.00248 0.6923
40. 1.5648 -0.00242 0.8351
41. 1.5099 -0.00234 1.0
42. 2.000 1.000 1.000
43. 0.99707 00.0
44 ♦ 0.98472 00.04085
45. 0.97919 00.06168
46. 0.96649 00.11445
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4 7 . 0 . 9 4 7 9 6 0 0 . 1 9 7 3 9 .
' I B . 0 . 9 3 6 5 8 0 0 . 2 4 8 6 7
4 9 . 0 . 9 1 5 3 4 0 0 . 3 4 3 8 2
5 0 . 0 . 8 8 2 4 2 0 0 . 4 9 4 4 6
5 1 . 0 . 8 5 7 9 0 0 0 . 6 1 2 6 7
5 2 . 0 . 8 4 2 1 0 0 0 . 6 9 2 4 1
5 3 . 0 . 8 2 4 5 8 0 0 . 7 8 4 5 4
5 4 . 0 . 8 0 5 1 0 0 0 . 8 9 2 2 9
5 5 . 0 . 7 8 6 6 3 0 1 . 0
5 6 . 1 . 0 0 . 8 1 5 1 8 4 0 . 3 9 5 0 . 1 4 6 1 1 8 0 . 6 0 5 1 . 0 4 7 . 3  2 9 8 . 1 5

5 7 . 1 . 0 0 . 6 7 2 1 9 2 0 . 2 3 5 0 . 2 8 5 3 4 7 0 . 7 6 5 1 . 0 6 5 . 3  2 9 8 . 1 5

5 8 . 1 . 0 0 . 5 0 5 1 6 6 0 . 1 4 0 . 4 4 7 9 7 7 0 . 8 6 1 . 0 8 0 . 0  2 9 8 . 1 5

5 9 . 1 . 0 0 . 2 8 4 1 9 9 0 . 0 7 0 . 6 6 3 1 3 0 . 9 3 1 . 0 9 6 . 3  2 9 8 . 1 5

6 0 . 1 . 0 0 . 0 3 9 5 1 7 0 . 0 0 7 0 . 9 0 1 3 7 2 0 . 9 9 3 1 . 0 1 1 5 . 3  2 9 8 . 1 5

6 1 . 0 . 3 2 8 0 . 0 0 . 0 0 . 9 7 9 4 4 0 1 . 0 1 . 0 1 2 5 . 0 8 1 8  2 9 8 . 1 5

6 2 . 1 . 3 4 0 0 . 0 0 . 0 0 . 9 2 1 0 1 4 1 . 0 1 . 0 1 1 6 . 4 2 9 1  2 9 8 . 1 5

6 3 . 1 . 9 3 3 0 . 0 0 . 0 0 . 8 8 9 9 0 8 1 . 0 1 . 0 1 0 9 . 5 5 7 9  2 9 8 . 1 5

6 4 . 2 . 5 6 0 0 . 0 0 . 0 0 . 8 5 9 2 2 5 1 . 0 1 . 0 1 0 1 . 9 2 3 2  2 9 8 . 1 5
6 5 . 2 . 9 7 1 0 . 0 0 . 0 0 . 8 4 0 2 3 4 1 . 0 1 . 0 9 6 . 1 9 7 2  2 9 8 . 1 5

6 6 . 3 . 6 6 7 0 . 0 0 . 0 0 . 8 0 9 9 2 1 1 . 0 1 . 0 8 5 . 3 8 1 4  2 9 8 . 1 5

6 7 . 0 . 1 0 0 0 0 0 0 . 9 9 6 4 1 3 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 9 0 0 0 0 2 3 . 6 7 5 8 2 0 2 9 8 . 1 4 9 9 0 0

6 8 . 0 . 2 0 0 0 0 0 0 . 9 9 2 8 5 2 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 5 7 0 0 0 2 3 . 5 9 5 9 1 0 2 9 8 . 1 4 9 9 0 0

6 9 . 0 . 3 0 0 0 0 0 0 . 9 8 9 3 1 6 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 4 4 0 0 0 2 3 . 5 1 4 7 7 0 2 9 8 . 1 4 9 9 0 0

7 0 . 0 . 4 0 0 0 0 0 0 . 9 8 5 8 0 5 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 4 0 0 0 0 2 3 . 4 3 1 8 6 0 2 9 8 . 1 4 9 9 0 0

7 1 . 0 . 5 0 0 0 0 0 0 . 9 8 2 3 1 8 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 3 9 0 0 0 2 3 . 3 4 7 7 4 0 2 9 8 . 1 4 9 9 0 0
7 2 . 0 . 6 0 0 0 0 0 0 . 9 7 8 8 5 7 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 4 3 0 0 0 2 3 . 2 6 1 9 1 0 2 9 8 . 1 4 9 9 0 0

7 3 . 0 . 7 0 0 0 0 0 0 . 9 7 5 4 2 0 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 4 8 0 0 0 2 3 . 1 7 4 1 6 0 2 9 8 . 1 4 9 9 0 0

7 4 . 0 . 8 0 0 0 0 0 0 . 9 7 2 0 0 6 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 5 5 0 0 0 2 3 . 0 8 4 8 9 0 2 9 8 . 1 4 9 9 0 0

7 5 . 0 . 9 0 0 0 0 0 0 . 9 6 8 6 1 7 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 6 4 0 0 0 2 2 . 9 9 4 1 5 0 2 9 8 . 1 4 9 9 0 0

7 6 . 1 . 0 0 0 0 0 0 0 . 9 6 5 2 5 1 1 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 7 7 4 0 0 0 2 2 . 9 0 1 1 3 0 2 9 8 . 1 4 9 9 0 0

7 7 . 1 . 2 0 . 9 5 8 5 8 9 1 . 0 0 . 0 0 . 0 0 . 7 9 6 2 2 . 7 1 1 3 3 0 2 9 8 . 1 5
7 8 . 1 . 4 0 . 9 5 2 0 1 8 1 . 0 0 . 0 0 . 0 0 . 8 2 3 2 2 . 5 1 3 3 5 6 2 9 8 . 1 5

7 9 . 1 . 6 0 . 9 4 5 5 3 7 1 . 0 0 . 0 0 . 0 0 . 8 5 3 2 2 . 3 0 9 0 8 2 2 9 8 . 1 5

8 0 . 1 . 8 0 . 9 3 9 1 4 4 1 . 0 0 . 0 0 . 0 0 . 8 8 5 2 2 . 0 9 8 6 9 0 2 9 8 . 1 5
8 1 . 2 . 0 0 . 9 3 2 8 3 6 1 . 0 0 . 0 0 . 0 0 . 9 2 1 2 1 . 8 8 0 8 2 8 2 9 8 . 1 5

8 2 . 2 . 5 0 . 9 1 7 4 3 1 1 . 0 0 . 0 0 . 0 1 . 0 2 6 2 1 . 3 0 1 0 2 5 2 9 8 . 1 5

8 3 . 3 . 0 0 . 9 0 2 5 2 7 1 . 0 0 . 0 0 . 0 1 . 1 5 6 2 0 . 6 7 5 4 4 5 2 9 8 . 1 5
8 4 . 3 . 5 0 . 8 8 8 0 9 9 1 . 0 0 . 0 0 . 0 1 . 3 1 7 1 9 . 9 9 9 7 3 7 2 9 8 . 1 5

8 5 . 4 . 0 0 . 8 7 4 1 2 6 1 . 0 0 . 0 0 . 0 1 . 5 1 0 1 9 . 2 8 2 1 3 7 2 9 8 . 1 5

8 6 . 4 . 5 0 . 8 6 0 5 8 5 1 . 0 0 . 0 0 . 0 1 . 7 4 1 1 8 . 5 3 1 8 1 8 2 9 8 . 1 5
8 7 . 5 . 0 0 . 8 4 7 4 5 7 1 . 0 0 . 0 0 . 0 2 . 0 2 1 7 . 7 5 0 5 2 6 2 9 8 . 1 5

8 8 . 5 . 5 0 . 8 3 4 7 2 4 1 . 0 0 . 0 0 . 0 2 . 3 4 1 6 . 9 4 9 6 1 5 2 9 8 . 1 5

8 9 . 6 . 0 0 . 8 2 2 3 6 8 1 . 0 0 . 0 0 . 0 2 . 7 2 1 6 . 1 3 4 8 1 1 2 9 8 . 1 5
9 0 . - 1  . 0 0 0 0 0 - • 1 5 0 . 9 0 0 0 0 0 3 3 6 . 4 7 0 0 0 0 0 0 0 . 2 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 . 2 0 0 0 0 0 0 . 0

9 1 . 1 2 . 6 6 6 0 0 0 6 8 . 1 6 6 0 0 7 5 . 8 1 B 0  - 1 1 . 2 3 9 0 0 0 1 3 5 . 1 1 0 0 0 - 4  . 1 2 0 0 0 - 1 7 . 8 0 0 0 0 0 1 3 4 . 9

9 2 . - 0 . 0 7 3 4 1 0 . 0 0 0 0 0 - 0 . 1 7 0 7 6 0 0 0 0 . 0 0 0 0 0 - 1 8 . 8 0 0 0 0 0 0 0 0 . 0 1 6
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93. 00.0000005 -1.0000001.0
94. 4 4
95. 0012.666000000.01
96* 68.166000000.10
97. 00075.818000000.1
98. -11.239000000.1

t



SAMPLE OUTPUT

(.

c
c

c
(

(

c.

r

c

c.
(

(

(.

c

c

* OF DATA SET TO BE USED = 1TRIAL *400E=0.OOOOOIOO
1 4̂ ^ lb tlf lb lb ^ lb ^ ib ̂  ̂  ̂  ̂  ib Ja ̂  ̂  dU ̂  lb ̂  ̂  db ̂  ̂  X ib ib da ̂  ib lb ̂  ̂  ib db ̂  ̂  df ̂̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂  ̂  ̂  ̂̂ ̂ ̂ ̂p ̂ ̂ ̂ ̂ ̂ ̂p ̂ ̂  ̂̂ ̂ * ̂p ̂ ̂ ̂ ̂p ̂ ̂p ̂ ̂p ̂
* FILE NAME - LICLH20.ME0HAT25.COMBINED
*
*
*#
* BINARY 1-3: SKABICHVESKKI
*
# TERNARY 1-2-3J CIPARIS
*
*
*
*
*
*
*
*
if. iK .I. if. it̂  da ib df da df ib  ib d^ ib  ib d. db tb ab ̂  ̂  d^ ib ill ib ib ib df df d/ «b d/ ib lb ̂  ̂  ̂  df df lb  ̂  fjl ̂ ̂ ̂p ̂ ̂p ̂ ̂ ^ ̂ ̂ ̂ vp ̂p ̂ ̂ p̂ ̂p ̂p ̂p ̂p ̂p ̂ ̂p ̂ ̂p ̂p ̂ ̂ ̂p ̂p ̂p ̂p ̂p ̂ ̂p ̂p ̂p ̂p

3.00000 0.0
1 2 5 2 2 1 1 2 1 4 2  

INPUT DATA
3341113
70.4346924-7362.69531 0.0 0.0069520850.0 -9.00000
12.3858223-3880.50195 -24.355 0.0 0.0 0.0
42.39999 18.00000 32.00000
18.06000 277.12988 18.27800 323.14990 18.84399 373.14990
39.55600 273.14990 44.87399 373.14990 57.93900 473.14990

LIQUID MOLAR VOLUME CONSTANTS 
22.887 -0.36416E-01 0.68557E-04
64.510 -0.19716 0.38735E-03

1.90510 -0.00205 0.0
1.87990 -0.00208 0*05880
1.85050 -0.00212 0*12330
1.81900 -0.00218 0.19420
1.78650 -0.00225 0.27270
1.75130 -0.00234 0.36000
1.71200 -0.00244 0.45760
1.66580 -0.00252 0.56760
1.61600 -0.00248 0*69230
1*56480 -0.00242 0.83510
1.50990 -0.00234 1.00000
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TABLE#

SYSTEM: LICL - H2Q - MEOH
#* VALUES OF THE PARAMETERS **

NONELECTROLYTE BINARY : ALFA= -1.0000 DG23= -150.90 DG32= 336.4
EXTENDED DEBYE-HUCKEL + MODIFIED NRTL 

GPN2= 12.666 ZPN2= 68.166 GPN3= 75.818 ZPN3= -11.239

MOLALITY
1.00
1.00
1.00
1.00
1.00

X2
0.81518
0.67219
0.50517
0.28420

X3
0.14612
0.28535
0.44798
0.66313

0 . 39517E-01 0.90137

Y3EXP
0.60500
0.76500
0.86000
0.93000
0.99300

Y3CAL
0.60791
0.75551
0.85397
0.93827
0.99378

DY
0.291E-02 

—0.949E-02 
-0•603E-02 
0.827E-02

DP
6.01
5.63
7.17
6.09

0.779E-03 -9.29

AVERAGE DY<YCAL-YEXP)= 0.54953E-02 
BASED ON * OF POINTS FOR Y = 5

?
AVERAGE DP(PCAL-PEXP)= 6.8366 

BASED ON * OF POINTS FOR DP = 5
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TABLE G.12 A Comparative Study of the Three Objective 
Functions [Equations (2-19), (2-20), (2-21)] in Correlating

Ternary Isothermal VLE Data with the Four Parameters 
[G+2 , z+2 ' g+3 ' Z+3], Presetting Ag2 3  and Ag3 2  from 

Table G.3 Corresponding to a2 3  = -1.0

System Max
'm'

T
(°C)

Ay
Max Avg

AP 
(mmHg) 

Max Avg

Objective Function #1
LiCl-H2 0-EtOH 1 . 0 25 0.035 0 . 0 1 1 5.6 2 . 2

LiCl-H2 0-MeOH 1 . 0 25 0 . 0 2 2 0 . 0 1 2 8 . 0 4.8
NaBr-H2 0-MeOH 6 . 2 40 0.023 0 . 0 1 2 11.5 5.1
NaBr-H2 0-MeOH 7.1 25 0.047 0.017 15.0 8 . 8

LiCl-H2 0-Me0H 6 . 0 60 0.04 0.015 33.2 13.8
Objective Function #2
LiCl-H2 0-EtOH 1 . 0 25 0.034 0.009 3.1 1 . 2

LiCl-H2 0-MeOH 1 . 0 25 0.009 0.0055 9.3 6 . 8

NaBr-H2 0-MeOH 6 . 2 40 0 . 0 2 2 0 . 0 1 17.7 5.6
NaBr-H2 0-MeOH 7.1 25 0 . 0 2 0.0088 11.4 4.8
LiCl-H2 0-MeOH 6 . 0 60 0.023 0.009 54.3 11.7
Objective Function #3
LiCl-H2 0-EtOH 1 . 0 25 0.035 0 . 0 1 6 . 1 2.3
LiCl-H2 0-MeOH 1 . 0 25 0 . 0 1 1 0.0066 1 0 . 2 5.6
NaBr-H2 0-MeOH 6 . 2 40 0 . 0 2 2 0 . 0 1 1 15.2 5.4
NaBr-H2 0-MeOH 7.1 '25 0 . 0 2 1 0.0092 11.3 5.0
LiCl-H2 0-MeOH 6 . 0 60 0.025 0.0097 50.3 1 1 . 6
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TABLE G.13 Values of the Parameters Obtained with the 
Three Objective Functions for Isothermal Ternary VLE Data

System (°C) *̂ ±2 ^±2 ^±3 ^±3

Objective Function #1
LiCl-H2 0-Et0H 25 6.3977 76.681 0.1946 1346.3
LiCl-H2 0-Me0H 25 5.4754 124.08 0 . 0 930.92
NaBr-H2 0-Me0H 40 23.21 20.24 3.653 52.82
NaBr-H2 0-Me0H 25 22.76 1.56 0.2243 316.1
LiCl-H2 0-Me0H 60 22. 32 0.025 1.5917 131.0
Objective Function #2
LiCl-H2 0-Et0H 25 1 2 . 6 6 6 68.166 0.1983 2076.1
LiCl-H2 0-Me0H 25 1 2 . 6 6 6 68.166 75.818 -11.239
NaBr-H2 0-Me0H 40 20.762 21.419 3.4156 55.672
NaBr-H2 0-Me0H 25 13.657 13.023 0.1382 601.16
LiCl-H2 0-Me0H 60 15.463 5.1261 0.2639 531.88
Objective Function #3
LiCl-H2 0-Et0H 25 13.644 53.324 0.1282 2122.4
LiCl-H2 0-Me0H 25 13.644 53.324 59.022 -11.455
NaBr-H2 0-Me0H 40 21.205 20.357 3.364 53.684
NaBr-H2 0-Me0H 25 14.979 11.67 0.1367 604.9
LiCl-H2 0-Me0H 60 17.929 4. 017 0.2525 634.78
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TABLE G.14 A Comparative Study of the Three Objective Functions 
[Equations (2-19), (2-20), (2-21)] in Correlating Ternary Isobaric

VLE Data with the Four Parameters [AgA2' AgB2' ^gA3 & ^B3^ 
Presetting Ag2 2  and Ag2 2  Corresponding to 0 2 3  = -1.0 [Table G.3]

and iaA2 °* 2 7 aB2

1
• «■. 

I 
O • 

'
°11 

i aA3 = °*2; aB3 = 0 . 0

System Max
’m*

P
(mmHg) Max

AY
Avg Max

AP
(mmHg)

Avg

Objective Function #1
LiCl-H2 0-MeOH 3.8 760. 0 0.04 0.0135 39.0 15.7
NaBr-H2 0-MeOH 3.8 760. 0 0.053 0 . 0 2 1 35.1 14. 9
KCl-H2 0-Me0H 2 . 0 760.0 0.055 0.016 34.3 14.4
NaF-H2 0-Me0H 1 . 0 760.0 0.051 0 . 0 1 35.6 13.9
Objective Function #2
LiCl-H2 0-MeOH 3.8 760.0 0.036 0.0136 39.7 16.2
NaBr-H2 0-MeOH 3.8 760.0 0.052 0 . 0 2 35.1 13.1
KCl-H2 0-Me0H 2 . 0 760.0 0.056 0.0155 38.9 15.7
NaF-H2 0-Me0H 1 . 0 760.0 0.051 0 . 0 1 35.5 15.6
Objective Function #3
LiCl-H2 0-MeOH 3.8 760.0 0.036 0.0136 40.0 16.1
NaBr-H2 0-MeOH 3.8 760.0 0.051 0 . 0 2 53.3 19.1
KCl-H2 0-Me0H 2 . 0 760.0 0.056 0.0155 35.3 14.9
NaF-H2 0-Me0H 1 . 0 760.0 0.051 0 . 0 1 34.4 15.0
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TABLE G.15 Values of the Parameters Obtained with the Three
Objective Functions for Isobaric VLE Data

System P
(mmHg) A9A2 AgB2 AgA3 AgB3

Objective Function #1
LiCl-H2 0-Me0H 760 142.84 -19. 8 -35.0 319.10
NaBr-H2 0-Me0H 760 0.0506 12.009 99.65 -303.26
KCl-H2 0-MeOH 760 105.8 -44.06 -40.16 340.5
NaF-H2 0-MeOH 760 -11.81 40. 08 4916.8 -2559.8
Objective Function #2
LiCl-H2 0-Me0H 760 125.35 -26.6 -33.52 334.05
NaBr-H2 0-Me0H 760 -5.695 23. 0 111. 3 -320.36
KCl-H2 0-MeOH 760 124.21 -79.67 -41.151 446.55
NaF-H2 0-Me0H 760 104.95 -176.71 12394.0 -2932.0
Objective Function #3
LiCl-H2 0-MeOH 760 153.03 -24.3 -35.571 336.4
NaBr-H2 0-MeOH 760 65.9 -21.77 89.295 -454.8
KCl-H2 0-MeOH 760 50.72 -50.618 -40.88 432.38
NaF-H2 0-MeOH 760 21.952 -79.58 3674.4 -2767.1
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. 0

0.8

0.6

Experimental, Harned & Owen(1958)

0.10 0.05
m

Figure G.3A Comparison of Experimental Mean Molal Activity 
Coefficients with those Predicted and Correlated by Model 
I up to m = 0.2 for the System HCl-H^O-EtOH at 25 C and 
Constant = 0-5
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Experimental , Harned & Owen (1958)
1.0

Correlated ( a0„ = -1.0 )

0.8

0.6

20 1
m

Figure G.5 Comparison of Experimental Mean Molal Activity 
Coefficients with those Predicted and Correlated by Model 
I for the System HCl-l^O-MeOH at 25 °C and Constant X^6qjj



 Experimental, Akerlof (1930) ; O^orrelatedC
^Predicted ( oij^-l.O ) » Q  Predicted ( o^^O.J )

0.9
0.02Constant

0.6

Constant m = 0.05
0.9

r+

0-6

Constant m = 0.1
0.8

0.5

0 0.5 1.0
wt .  f r a c t io n  of MeOH  (L iC l  f ree )

Figure G.6 Comparison of Experimental Mean Molal Activity
Coefficients with those Predicted and Correlated by Model I for the System LiCl-H20-MeOH at 25°C
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Constant m = 0.5

0.6

0.2

Constant m = 1.0

0.2

0 0.5 1.0
wt.  f rac t io n  of MeOH (LiCI f ree )

Figure G.7 Comparison of Experimental Mean Molal Activity 
Coefficients with those Predicted and Correlated by Model 
I for the System LiCl-H-O-MeOH at 25*C and Constant m = 0.5,
1.0.  Experimental, Akerlof(1930) ; 0  Correlated ( ouy3
-1.0) ; A  Predicted ( -1.0) ; Q  Predicted ( 0.3 )
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Constant m = 0.02
0.8

0.4

Constant m = 0.05

0.8
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0 0.5 1.0
wt. f r a c t i o n  of MeOH ( NaCI  f r e e  )

Figure G.8 Comparison of Experimental Mean Molal Activity 
Coefficients with those Correlated for the System NaCI —
H2O - MeOH at 25"c and Constant m = 0.02 , 0.05
 Experimental, Alcerlof (1930) ; O  Correlated ( o^^-l.O)
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Constant m = 0.2

0.6

0.3

Constant m = 0.5

0.8

0.4

1.00 0.5
wt. f r a c t i o n  of MeOH ( NaCI free )

Figure G.9 Comparison of Experimental Mean Molal Activity 
Coefficients with those Correlated for the System NaCl-̂  
H^O-MeOH at 25#C and Constant m = 0.2 , 0.5.
  Experimental , Akerlof (1930) ; O  Correlated
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Figure G.10 Comparison of Experimental Vapor Phase Compo-
_sitions with those Predicted and Correlated by Model I
for the System LiCl-HjO-EtOH at 25 *C and Constant m = 0.5
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Figure G.ll Comparison of Experimental with Predicted
and Correlated Vapor-Phase Compositions Using Model I
for the System LiCl-^O-EtOH at 25°C and Constant m = 1.0
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Figure G.12 Comparison of Experimental with Predicted
and Correlated Vapor-Phase Compositions Using Model I
for the System LiCl-j^O-MeOH at 25 8C and Constant m = 1.0

1.0
Correlated
Predicted
Predicted

0.5

0 - 0

1.00 0.5

yMeOH ,exp



Me
OH

 
,c

a

Q  m = 1.0 ; A  m =2 ; Q  m = 4 ; O  m = 6.2
<2) m = 2.9

23

0.5

0.0
1.00.50

y 
MeOH,exp

Figure G.13 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
NaBr-H20-Me0H at 40°C
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O  m = 1 ; A  ; O  2 < m ^ 4  ; □  m> 4
4. Evans et.al. (1979)
Figure G.14 Comparison of Experimental with Correlated 
Vapor-Phase Compositions Using Model I for the System 
NaBr-H20-Me0H at 25°C
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Figure G.15 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
LiCl-H^O at 60‘C
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Figure G.16 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
LiCl-H20-Me0H at P = 1 atm
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Figure G.17 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
NaBr-H20-Me0H at P = 1 atm
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Figure G.18 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
KCl-H20-Me0H at P = 1 atm
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Figure G.19 Comparison of Experimental with Correlated 
Vapor-Phase Compositions Using Model I for the System 
NaF-I^O-MeoH at P = 1 atm
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Figure G.20 Contribution of the NRTL Term to In y. for the 
System LiCl-H20-EtOH at 25 C in Model I 1
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1.5

1.0

.5

0

1.00.5
XEtOH



APPENDIX H

TABLES AND FIGURES FOR MODEL II

243



244

CM
O •
• CM

\o LO
rH

LO
o •

rt • oo
o LO CM
•H rH
P
rt
i—(
•H
ft
& cn
o o •
u • o

"3* o
p rH
V)
at
a>
&
(L) o rH
P to 74

S /—%
O bO
fH Xm CJ
rt I oo lo a> lo
P v_/ o ■ • • •
aJ • 00 o  oo
n CM O  CM

Q rH
CL,i-ra
i
e
T-1
rt o "H- O  O  O  

• • • •
u cn in n
•rH rH CM tO CM i— I
ft
H
r*H# CM 00 VO LO
m LO • • • •

* N  'O N  \D
w CD rH i— 1 rH
pi
PQ
<
E-i

/ °£  /+->
/  ^
/ M <3-
/ ° cm o
/ M rH CO OrH U  CM CO

/  U CJ b£> Cti W)
/  ° W  S  2  S
/ rH



TA
BL
E 

H.
2 
. 

Va
lu
es
 

of 
B 

and
 

Qu
al
it
y 

of 
Co
rr
el
at
io
n 

of 
the

 
We
as
t 

Da
ta

245

,— , vO O 00 cm rH r^ to LO
u Oi CM vO to <M 00 rH
0 CM CM 00 rH LO CM 00
LO o o O o rH rH rH rH
CM • • • • • ■ • •
M S o o o o O O O O

«— 1 1
m

u CM rH vO vO LO cn LO
o rH tO LO O* CM 00 *xt*
o tO LO CM rH to o vO
o o o o o rH rH rH rH
I— I • • • • • • • •
W CM o o o o O O O O

1
CQ

X
rt o rH to OO oo vO

- g • • • • • • • •
D h I— i (XI CTi (vj cn to to LO
o rH

X
rt o rH vO CM o ai to to
e  . • • • • • • * •

O h rH CM to rH vO CM CM rH
O

lo vO rH Ox 00 vO vO r*- O
U* • • • • • « • •

O rH rH o to rH o rH

6 o O O o o O o O
X • • • • • • • •
cd vO O o o O o o
S rH rH rH rH rH — 1

CD
+->
rH
o
+-> HC to u rH
o U i— 1 o EC PQ CJ hH
(D PQ CJ hH !5 O •H •H •H
rH W rH rH rH

00 Ox cn 00 Ox vO oto O) o* cn CM vO ocn o Ox L0 cn rH o* O CM
o o o o o O o O o• • • • • • • • •
o o o o o O o o oI I I

CM CM Ox cn 00 LO *3*
<3* VO to VO CM O^ o to LO
O* O 00 LO rH o LO CM rHo to o o rH o o o O
• • • • • • • • •

o o o o O o o o o

CM rH CM rH LO CM LO Ox 00
• • • • • • • • •IT LO LO i— 1

12

vO CM vO vO

00 rH o rH 00 CM rH rH rH
• • • • • • • • •

*3* LO to rH LO rH CM to CM

LO VO LO CM cn o O
• • • • • • • • •

CM CM rH O CM o rH rH rH

O O O o O O O O O• • • ■ • « • • •
O CM OO VO o O O O O
rH rH rH rH rH rH

to to M rHo SC rH O SC PQ CJ
!5 o PQ U HH 55 O
•H cd cd cd cd cd EC EC
rH hH :5 15 2 55 !5 55 55



TA
BL
E 

II.
2 

(C
on

t’
d.
)

246

O 00 CN 00 LO cn CO rH rH CO cn NO CN cn
u rH LO LO to H* H* in* H* NO O •nr cn rH rH rH rH
0 CN to 00 NO LO CN rH cn H* C- H* IN* O cn
lo O o o O o O rH o O rH rH CN O rH o rH
CN • • • • • « • • * • • •

o o o o o o O o O O O O o O o O
CN 1 1 1 l l I

po-1

t—\
cj rH rH to rH rH LO to to NO rH NO rH LO to o o
0 NO LO C- O CN C'* 00 LO to H' to rH o cn to NO
o io o c- LO O CN o 00 to to H* LO LO c- CN
o o o o o o o rH o O o O O o o o rH
rH . • • • • • • • • • • • • • • •

o o o o o o O o o o o o o o o O
1 1 1 1 1 I

PQ

K
cd Cn cn to oo NO cn H * CT> to to IN- N - rH cn c - OO

-  £ • • • • • • ■ • • • • • • • • •
fX o CN oo CN o o H* H- NO oo cn oo CN LO to to
P rH CN rH

X
cd 00 ND CN CO NO cn H* rH oo IN tN* c- rH H* CN rH
£

• • « • • • • • • • • • • • • •
CX CN rH rH CN o o to rH rH H* to NO CN rH CN i— 1
P

OO O NO to H- NO CN \ o cn H* IN- LO G \ IN- O H-lex # • • • • • • • • • • • • • • •ip rH rH o rH o o CN o o to CN H" O o rH O

£
O O o O o o O o o o O CO o o O O

X « • • • • • • • • • • • • • • •
cd O O H* CN rH CN LO LO LO N- LO to CN H* NO H*
£ rH rH

CD
+J
>N CN CN CN CN
rH /— % CN t— \ t— \ r— \
o to to to to to
X O CN CN O QQ CN CN O <N CN o CN o CN
4-> HH X rH o X rH X rH CN rH X
O PQ c j V— ' v_J PQ CJ V— J PQ CJ HH V_S CJ \_/

r\ PQ
0 q: cd cd cd cd cd cd cd h3 n3 nO 0 U bO
rH & ;z: PQ PQ PQ PQ c j c j CJ CJ CJ u CJ CJ CJ Mg

Cl
? 

5.0
 

0.8
 

1.0
 

5.0
 

0.
09
51
 

0.
11
29



TA
BL
E 

H.2
 

(C
on

t’
d.

247

uO
LO
CM

«vl- CD CD vO oo 00 H* CM CM to CD LO H* C*N rH
rH vO tO O tO to vO o Ĉ o o 00 vO O 00
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TABLE H.5 Aqueous Electrolytic Binary Data Correlation
with the Bromley Equation

System # of 
Points

Max
'm'

T
(°C)

B 1 2
% Error in

Y +Max Avg
% Error in 

DP
Max Avg

CaCl2 -H20 2 1 5.0 25 0 . 1 0 0 0 1 1 . 0 5.5 3.6 2 . 1 0

hc i-h 2o 15 2 . 0 25 0.13963 0.9 0 . 6 - -

LiCl-H20 19 4.0 25 0.12366 2.5 0.9 2 . 0 0.5
LiCl-H20 1 1 6 . 0 60 0.12049 - - 1.9 0.9
NaBr-H20 4 10.3 40 0.06607 - - 13.0 5.5
NaBr-H20 19 4.0 25 0.07376 0.5 0 . 1 1 . 1 0 . 2

NaCl-H20 1 0 1 . 0 25 0.05586 0 . 1 0.04 1 . 0 0.3
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TABLE H . 6  Isothermal Ternary y+ Data Correlation with Model II

Ternary Parameters % Error in
System # of 

Points
Max
'm1

T
(°C) B123 6123

Y
Max

±
Avg

HCl-H2 0-Et0H 25 0 . 1 25 -4.283 -0.0245 13.8 2.4
44 2.5 25 -4.283 -0.0245 92.1 13.1

HCl-H2 0-Me0H 48 2 . 0 25 0.57215 -0.0498 1 1 . 6 1.4
NaCl-H-O-MeOH 35 0.5 25 -11.967 -0.0286 28.0 7.4
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TABLE H.7 A Comparative Study of the Three Objective Functions 
[Equations (2-19), (2-20), (2-21)] in Correlating Ternary

Isothermal VLE Data with Model II

System Max
'm'

T
(°C) Max

AY
Avg Max

AP
(mmHg)

Avg
Objective Function #1 
LiCl-H2 0-EtOH 1.0 25 0.034 0.0145 4.7 2 . 0

LiCl-H2 0-MeOH 1 . 0 25 0.015 0.0087 11.7 9.0
NaBr-H2 0-MeOH 3.0 40 0.035 0.0165 9.0 3.6

6 . 2 40 0.026 0.014 8 . 0 4.4
NaBr-H2 0-MeOH 3.0 25 0.028 0 . 0 1 4.9 1.9

7.1 25 0.066 0.015 3.9 1.5
LiCl-H2 0-MeOH 2 . 0 60 0.054 0.026 16.8 7.4

3.0 60 0.05 0.028 1 2 . 6 6 . 6

Objective Function #2
LiCl-H2 0-EtOH o•i—1 25 0.023 0.009 8.9 3.3
LiCl-H2 0-MeOH 1 . 0 25 0 . 0 1 1 0.007 4.4 3.1
NaBr-H2 0-MeOH 3.0 40 0 . 0 2 1 0 . 0 1 2 11.4 3.9

6 . 2 40 0 . 0 2 1 0 . 0 1 1 11.4 4.6
NaBr-H2 0-MeOH 3.0 25 0.013 0.0064 5.0 2 . 0

7.1 25 0.042 0.0096 12.7 4.5
LiCl-H2 0-MeOH 2 . 0 60 0.038 0.018 40.0 27.7

3.0 60 0.036 0 . 0 2 46.4 30.2
Objective Function #3
LiCl-H2 0-EtOH 1 . 0 25 0.025 0 . 0 1

O•00 3.0
LiCl-H2 0-MeOH 1 . 0 25 0 . 0 1 1 0 . 008 1 0 . 2 8 . 0

NaBr-H2 0-MeOH 3.0 40 0 . 0 2 0 . 0 1 2 13.2 3.8
6 . 2 40 0 . 0 2 0 . 0 1 1 1 2 . 1 4.8

NaBr-H2 0-MeOH 3.0 25 0.014 0.007 5.1 2 . 0

7.1 25 0.048 0 . 0 1 1 10.5 3.4
LiCl-H2 0-MeOH 2 . 0 60 0.042 0.019 31.0 19.6

3.0 60 0.036 0 . 0 2 46.4 30.2
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TABLE H . 8 Values of the Parameters Obtained with Three 
Objective Functions for Model II

System Max
'm1

T
(°C)

Ternary
B123

Parameters
6123

Objective Function # 1

LiCl-H2 0-Et0H 1 . 0 25 -117.68 0.0604
LiCl-H2 0-Me0H 1 . 0 25 -145.85 -0.0612
NaBr-H2 0-Me0H 3.0 40 -60.53 -0.182

6 . 2 40 -68.105 -0.1582
NaBr-H2 0-Me0H 3.0 25 -93.462 -0.1135

7.1 25 -81.45 -0.11248
LiCl-H2 0-Me0H 2 . 0 60 -21.409 0.0282

3.0 60 -32.164 0.03745

Objective Function # 2

LiCl-H2 0-Et0H 1 . 0 25 -152.94 0.0899
LiCl-H2 0-Me0H 1 . 0 25 -64.026 -0.1587
NaBr-H2 0-Me0H 3.0 40 -59.76 -0.1246

6 . 2  ? 40 -64.96 -0.113
NaBr-H2 0-MeOH 3.0 25 -93.2 -0.0235

7.1 25 -99.38 -0 . 0 1 0 2

LiCl-H2 0-Me0H 2 . 0 60 -72.477 0.0759
3.0 60 -80.63 0.0847

Objective Function #3
LiCl-H2 0-Et0H 1 . 0 25 -145.91 0.08379
LiCl-H2 0-Me0H 1 . 0 25 -133.37 -0.0573
NaBr-H2 0-Me0H 3.0 40 -51.02 -0.1674

6 . 2 40 -62.74 -0.1292
NaBr-H2 0-Me0H 3.0 25 -93.997 -0.0507

7.1 25 -95.00 -0.0483
LiCl-H2 0-Me0H 2 . 0 60 -59.4 0.0639

3.0 60 -68.70 0.0724
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Figure H.2 Test of the Bromley Equation 

System: CaC^-^O
• Robinson and Stokes (25°C)
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Y,x are defined in equation (3.15)
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Experimental, Akerlof (1930) ;Q  Correlated ( = -1.0)

0.9 Constant m = 0.02
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wt. f ra c t io n  of MeOH ( HCI free  )

Figure H.15 Comparison of Experimental Mean Molal 
Activity Coefficients with Those Correlated by 
Model II for the System HCl-H.O-MeOH at 25°C and 
Constant m = 0.02, 0.05, 0.5
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Experimental , Akerlof (1930) ; Q  Correlated ( o^g - -1.0)
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Figure H.16 Comparison of Experimental Mean Molal 
Activity Coefficients with those Correlated by 
Model II for the System NaCl-H^O-MeOH at 25°C and 
Constant m = 0.02 and 0.05
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Experimental , Akerlof (1930) ; Q  Correlated ( o^g = -1.0 )
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Figure H.17 Comparison of Experimental Mean Molal 
Activity Coefficients with those Correlated by 
Model II for the System NaCl-ELO-MeOH at 25dC and 
Constant m = 0.2 , 0.5
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NOMENCLATURE

a. - activity of solvent i
1/2A - Debye-Hiickel constant, (Kg/g mole) ' ,

Y Appendix-D
A - a constant used in equation (D-ll)

Ai ' ^2'A3 'A 4 ’ A 5 rAg - constants defined in equation (D-5)
ai'a2 'a3 'a4 ,a5 »ag - constants defined in equation (D-9)
AD^ and AD2 - constants defined in equation (D-10)

I I f
a ,b and c - pure component liquid molar volume con

stants, equation (D-4)
1 n 2,

al' ^l an(̂  C1 ” constants used in equation (1-25)
- binary 1-2 or 1-3 parameter in the

Bromley Equation
B.. - second virial coefficient of component

1 1  i, cm3/g mole
3B. . - cross second virial coefficient, cm /g molei j

* 1 1 1B ,B^,B2 , -  constants defined in equation (3-18)
B, - ternary adjustable parameter in the

Bromley Equation
c - molar concentration of the electrolyte,

g mole/cm^ equation (A-4)

, c.. ,c. ,Cj- fCf- - pure component vapor pressure constants,
equation (1-24)

* 11 11 11c ,c , 0 ^ ,c3 - constants defined in equation (3-19)
d - density of the solvent/solvent mixture

(electrolyte free), gm/cc
D - dielectric constant of the solvent/sol

vent mixture (electrolyte free)
A

f. - fugacity of the component i, in the mix
ture

- a factor used in equation (1-10)
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Eg - molar excess Gibbs free energy, cal/g mole
PG - total excess Gibbs free energy, cal

G.. - binary 2-3 adjustable parameter, in equa-
1-* tion (2-4)

Ag.. - temperature independent parameter in
equation (2-4), cal/g mole

G,. and GR . - binary adjustable parameter, defined in
1  equation (2 -6 )

AgAi and AgB  ̂ - binary adjustable temperature independent
parameters, defined in equation (2 -6 ),
K joules/g mole

G+. - adjustable parameters for binary 1-2 or
1-3, in equation (2-5)

- Henry's constant, mmHg-Kg solvent/g mole
1  2I - ionic strength = E m, z, , g mole/kg of

solvent k
— 2 3k - Boltzman constant, 1.38054x10 J/K

(molecules)
NP - total # of points in a system
Nt - total # of moles of the solvent or sol

vent mixture (electrolyte free)
m - molality of an electrolyte, g mole/Kg of

solvent
Mw - molecular weight of the solvent/solvent

mixture, gm/g mole
P - total pressure of the system, mmHg
P? - vapor pressure of the pure component i,

m m H g

P.E. - poynting effect defined in equation (1-15)
R - gas constant, 1.987 cal/g mole-°K
1 -3R - gas constant, 8.314x10 KJ/K-gmole

T - temperature, °K
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V - molar volume, cc/g mole
X - liquid-phase mole fraction of component

m, defined in equations (1 -2 2 ) and 
(1-23)

X. - liquid-phase mole fraction of solvent i,i electrolyte free
- vapor-phase mole fraction of component m 

X,Y - defined in equation (3-15)
Z+Z_ - valency of cation and anion, respectively
Z.. - binary 2-3 constant, defined in equation
1 3  (2-4 )

Z+.,Za. and ZR . -binary parameters defined in equations
- x 1  (2-5) and (2-6), K Joules/gmole
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a

GREEK LETTERS
a9o - a constant used in equation (2-4) (= -1.0

or 0.2, 0.3, 0.47)
a*., a„. - constants defined in equation (2 - 6 )

A 1  J31

- activity coefficient of solvent i
y+ - mean molal activity coefficient
*Y+ - mean molar activity coefficient

A

<J>. - fugacity coefficient of the solvent i,
in the mixture

<j>? - fugacity coefficient of the pure component i
(j) - osmotic coefficient in a binary (1 - 2  or

1-3) mixture, as defined in equation 
(1-20)

1/2^(pl ) - defined in equation (A-12)
ijĵ (al) - defined in equation (A-13)

(pl^^^) - defined in equation (B-35)
ijĵ (al) - defined in equation (B-36)
a2 (pl1/2) ,xp2 (al) ,
o2 ( p l ^ ^ )  & 1^2 (al) - defined in equations (C-24) to (C-27) ,

respectively
vA ,vB - number of cations and anions, respectively
v - total number of ions (= + Vg)
e - charge of an electron
6 19_ - salting out ternary parameter, in equation

1ZJ (3-5)
6 2 3  - a constant in equation (E-7)
6 1 - defined in equation (3-6)
u) - acentric factor
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SUPERSCRIPTS

° - pure component
L - liquid-phase
v - vapor-phase

SUBSCRIPTS

, 0 -  -  electrolyte, solvent 2 and solvent 3, respectively J. / Z f J

- - cation and anion, respectively
A  /  i j

c - critical property
Ca - calculated property
E - experimental
. . - solvent 2 or 3
i f  J

^ - cation or anion
^  - binary 1-2 or 1-3

- solvent-solvent binary 

123 ” ternary 1-2-3
0 „ - ions or electrolyte or solvent 2 or 3x.,m,n J
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