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ABSTRACT 
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and UNIFAC Models for the Prediction 
of Heats of Mixing 

Ignatius Ojini, Master of Science, 1980 

Thesis directed by: Dr. Dimitrios Tassios 
Professor of Chemical Engineering 

A four-parameter group-contribution model (UNIFAC) has 

been developed for the prediction of heats of mixing of non-

electrolyte mixtures. Both the UNIFAC and AGSM models are 

evaluated over a wide range of temperature dependencies of the 

group interaction parameters. The UNIFAC model has been chosen 

over the AGSM model and an optimum parameter-temperature re-

lationship has been established. 

Adopting the optimum temperature dependency, group inter-

action parameters have been calculated using UNIFAC for the 

prediction of four types of mixtures: n-Alcohols/n-Alkanes; 

Benzene/n-Alkanes; Nitriles/n-Alkanes; Amines/n-Alkanes. 
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I. INTRODUCTION  

In the chemical process industry several processes involve 

the separation of liquid mixtures. The design of separation 

equipment often requires knowledge of the heats of mixing of 

the liquid mixtures. 

Often, it is very difficult to get data for the numerous 

liquid mixtures encountered in the chemical industry. It 

therefore becomes imperative to correlate available data to 

obtain parameters which could be used to predict heats of mix-

ing for systems where no experimental data are available. 

Determination of these parameters could be done using the 

concept of functional group contributions. The idea here is 

to consider a molecule as being made up of functional groups 

such as aromatic, amino, nitro, keto, carbonyl, methylene, 

etc. Thus, for the calculation of the required data, it 

is the groups, not the molecules in the liquid mixtures, that 

are used. 

This approach has the advantage that whereas there are 

several molecules which in turn make up thousands of mixtures 

used in chemical processes, the number of functional groups 

they contain are much smaller. A basic assumption of this 

approach is that a functional group appearing in one liquid 

mixture will have the same chemical effect in another mixture 

containing the same group but different molecules, the group 

1 
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contribution in the mixture being only a function of the group 

concentrations and temperature. A second assumption is that 

the group contributions to a thermodynamic property is con-

sidered as the sum of the individual contributions of the 

groups forming the molecule of the chemical compound. 

For heats of mixing, parameters characterizing the energy 

of interaction among the groups in the mixture must be deter-

mined and related to temperature. As temperature in- 

creases, heats of mixing of liquid mixtures either increase 

or decrease. It therefore follows that a sound relationship 

between the group parameters and temperature could account for 

this reverse trends in liquid mixtures. 

Group contribution, and other thermodynamic, models have 

been used considerably to correlate and predict heats of mixing 

and other thermodynamic properties of mixtures. 

Nagata and Yamada(20) calculated heat-of-mixing data by 

using the Wilson, Heil and NRTL equations in which the binary 

parameters were made temperature dependent. When these para-

meters, calculated from either excess Gibbs energy or heat-of-

mixing data, were used to estimate the other data, the results 

were not satisfactory. However, using the three (Wilson, Heil 

and NRTL) equations, they recalculated the parameters based on 

a simultaneous correlation of gE and hE data of 13 binary 

systems. Good heat-of-mixing data were obtained for five 

predicted ternary systems. 
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Abrams and Prausnitz(1) by inclusion of the Local Area 

Fraction Theory into Guggenheim's quasi-chemical theory, 

developed the UNIQUAC (Universal Quasi-Chemical) model, for the 

calculation of the excess Gibbs energy, and hence, vapor-liquid and 

liquid-liquid equilibria of both binary and multi-component 

liquid mixtures using two adjustable molecular parameters per 

binary. By using the model to reduce binary experimental data 

through non-linear regression, they obtained binary molecular 

parameters with reasonable goodness-of-fit. The parameters 

were then used to predict ternary vapor-liquid equilibria. The 

accuracy obtained was comparable to that attained by using the 

Wilson or the NRTL (Non-Random-Two-Liquid) equations. 

Ratcliff and Chao(29) developed a modified group solution 

model for the prediction of thermodynamic properties of liquid 

mixtures. To characterize the effect of molecular size in a 

solution, they replaced the Flory-Huggins' relation earlier 

used by Wilson and Deal(4) with the Bronsted-Koefoed Congruence 

Principle. They attained reasonable predictions of vapor-

liquid equilibria by representing mixtures containing  n-alkanes, 

n-alcohols and water at 40°C and 90°C with the methylene and 

hydroxyl groups. Their work did not include predictions of 

heats of mixing of liquid mixtures. 

The Group Contribution Method was also used in 1971 by 

Maripuri and Ratcliff(17) in which they extended the work of 

Ratcliff and Chao(29) on the prediction of excess free energies 

to mixtures containing alkanes and ketones. By considering 
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the groups CH2, CO, group interaction parameters were generated 

from experimental data on acetone/n-heptane mixtures at 65°C. 

They were used to predict excess free energies of binary and 

multi-component mixtures containing alkanes and ketones at 

65°C. Good results were obtained. 

In 1971, Nguyen and Ratcliff(22) applied their Analytic 

Group Solution Model (AGSM) to the prediction of excess enthalpy 

of normal alcohol and hydrocarbon mixtures. The model entailed 

the use of partial molar enthalpies which had to be determined by the 

differentiation of the experimental data, a procedure with high 

built-in errors. To reduce such errors, they applied the 

Spline-fit method of Van Ness,(36)  a procedure which fits the 

function iH/X1X2, as a function of composition. They also cal-

culated group contributions due to group sizes and shapes by using data on 

the heats of mixing of higher alkanes. Using the fitted parameters 

to predict fourteen binary systems, an average prediction error 

of 10% was attained. Also, fairly good results were obtained 

for predictions of ternary alcohol/alkane systems but only at 

the same temperature range at which the parameters were fitted. 

The authors also used the same model on mixtures contain-

ing aliphatic hydrocarbons and ketones. But, this time, group 

skeletal contribution was neglected because it was considered 

too small. Using the Forsythe method(21) to obtain polynomial 

expressions relating the group excess enthalpies to group com-

position, and splitting the group composition range into three 

parts for better fits, group parameters were determined. 
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Predictions of heats of mixing of other ketone/n-alkane systems 

gave fair results. Again, predictions were within the same 

temperature range used in the fitting. 

In 1974, Nguyen and Ratcliff(23) developed an Analytical 

Group Solution Model (AGSM) for prediction of heats of mixing 

using the Wilson equation. Using experimental heats-of-mixing 

data between 15°C and 55°C from a wide range of n-alcohol/n-

alkane mixtures, they calculated temperature-independent co-

efficients for the methylene/hydroxyl group energy interac-

tions. These coefficients were used to predict heats of mix-

ing of binary and ternary liquid mixtures containing the two 

structural groups (CH2, OH). The results obtained were good 

for mixtures with components high in the homolgous series but 

poor for those in the lower series. For example, mixtures 

containing Ethanol showed poor results. 

Siman and Vera,(32)  extended the Analytical Group Solution 

Model (AGSM). By combining both the heat-of-mixing and vapor-

liquid equilibrium, data of some n-alcohol/n-alkane mixtures 

between temperatures of 20°C and 40°C, and considering heat-

of-mixing data alone for amylamine/n-alcohol mixtures, they 

calculated temperature-independent coefficients with the ex-

tended AGSM. They predicted some n-amine/n-alcohol and n-

alcohol/n-alkane systems within the same temperature range; 

good results were obtained generally, but poor results were 

obtained for those mixtures whose alcohol components consti-

tute first members of the homologous series. No predictions 
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were done for mixtures at temperatures higher than those at 

which the fitting was done. Their work did not distinguish 

between those mixtures for which the heats of mixing increase 

or decrease with increasing temperature. 

Using five types of binary mixtures, each containing a 

normal alkane, over a given range of temperature, and assuming 

the group energy interaction parameters to be linearly depen-

dent on temperature in the UNIFAC model, Nagata and Ohta,(18)  

calculated binary parameters with which they predicted heat-

-of-mixing data for selected binary and ternary mixtures within 

the same temperature range with good accuracy. 

By retaining two narameters per binary pair of molecules 

or groups in the original UNIQUAC and UNIFAC models, and let-

ting the lattice coordination number (z) be dependent on tempera-

ture, Skjold-JOrgensen et al.,(33)  developed an expression for 

Z(T) from simultaneous fitting of vapor-liquid equilibrium 

(VLE), and heat-of-mixing, data. This modification enabled 

the authors to predict VLE data from binary parameters based 

on heat-of-mixing data with high accuracy for systems with 

non-associating molecules. The reverse case also gave satis-

factory results. 

The present work is divided into two phases: the first 

phase involves the introduction of temperature dependent inter-

action parameters in the UNIFAC model, for the prediction of 

heats of mixing of liquid mixtures. Then, an extensive study of the 

temperature dependency of heat-of-mixing group energy interac- 
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tion parameters is conducted using both the AGSM and the 

UNIFAC models; the purpose here being to compare the two models 

and select the one that gives the best predictions with the 

best parameter-temperature relationship. 

The second phase would then entail the use of the chosen 

model to reduce experimental heat-of-mixing data in order to 

generate group energy interaction parameters to be subsequently 

utilized in the prediction of mixtures for which no experi-

mental heat-of-mixing data exist, and at temperatures where 

most industrial separations occur. This work is concerned 

with the first phase. 



(1)  

(2)  

( 3 ) 

II. THEORY  

The heats of mixing (excess enthalpy) expression can be 

derived from Gibbs Energy functions. An excess property of a 

solution is that which is in excess of that of an ideal solu-

tion at the same conditions of temperature, pressure and compo-

sition. Hence, Gibbs excess free energy is represented by: 

GE = G(real solution) - G(ideal solution) 
(at T,P,x) (at T,P,x) 

The partial excess Gibbs energy is given by: 

E 
9NTg 4-j1 
N. 
3 P T N 

where N. = number of moles of species, j 

NT = n2 + n2 + n3 ....nM = 
y n. 

i=1 

M = number of components in the mixture. 

From the definition of excess functions: 

-d. = G - . 1 i(real) i(ideal) 

which is related to the fugacity of component i in a mixture. 

= RT(lnfi(real) .. . (4) a7i(real) c(ideal) - ln fi(ideal))  
A 

where f = fugacity of species i in solution 

8 
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(5)  

(6)  

A 

GE = RT lnfi(real)  1 f. x. 

then, 

(7) 

Thus, 
,L..E 
G. =RT(ln - ln ) 1 fi fi (real) (ideal) 

= RT In f  1(real)  
A 

fi(ideal) 

If fi(ideal)  is defined as 

0 =  fi(ideal) f1  .x. a. 

where 

x.1  = mole fraction of species i in solution 

f. = standard state fugacity of pure liquid i at solution 

temperature and pressure. 

By definition, the activity coefficient of species i, yi, 

cci 
y. = — I x. 1 

where cc.1  is the activity of species i in solution. 

Thus, 

a.1 1 x.y. 
1 

Also, 

f. a .1  = — 
f. 1 

is 

(8)  

(9)  

(10)  
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(11)  

(12)  

(13)  

(14)  

(15)  

Therefore, 

f. 1 
1 a. = x.y i = -- 1 f0 

i 

where 

fi = x.y.f0 

substituting equation (11) into equation (7). 

G. RE = T In y . 

Following from Euler's Theorem, 

ME = En.-E m., 1 

Thus, 

GE = Ex.G.E = RTEx.lny. 

At constant pressure and composition, a partial differen-

tial of the Gibbs equation with respect to temperature results 

in the Gibbs-Helmholtz expression for heats of mixing (excess 

enthalpy): 

,D(GE/T), = - H
E 

DT P,x RT2 

Equation (15) describes how Gibbs free energy can be 

calculated by molecular approach. According to the functional 

group contribution method, the activity coefficient consists 

of two parts: the combinatorial part due to differences in 

sizes and shapes of the molecules, and the residual part due 

to the energy interactions of the functional groups contained 

in the mixture. Thus, equation (15) takes the form 

(16) 



GE/RT = Ex. (111y .  + 1ny.) 

11 

(17) 



III. GROUP CONTRIBUTION METHODS  

Group contribution methods have been extensively used to 

determine thermodynamic properties of liquid mixtures. Lang-

muir(15) had pioneered work in the area, but little recogni- 

tion was given to it then. However, Derr and co-workers(5) 

later utilized the idea to correlate heats of mixing of liquid 

mixtures. Wilson and Deal(4) then conceptualized the 'Solution-

of-Groups' method for calculating activity coefficients. Rat-

cliff and co-workers(21)  applied the Analytical Solution of 

Groups (ASOG) model to calculate heats of mixing. They later 

modified the Wilson equation and came up with a more accurate 

method, the Analytical Group Solution Model (AGSM) for correla-

ting heat-of-mixing data. 
(23) 

 

The basic assumptions of 'solution-of-groups' methods are: 

1. The logarithm of the activity coefficient is divided 

into two parts: combinatorial and residual. The combinatorial 

part is characterized by differences in size and shape of the 

molecules in the mixture; the residual part is due to molecular 

energy interactions. 

For molecule i in a solution: 

lnyi = lny. + lnyR 

combinatorial residual 

The distinction between the two kinds of contribution to the 

logarithm of the activity coefficient is necessary since the 

12 

(1) 
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liquid phase non-idealities caused by size and shape effects 

cannot be associated with group energy interactions. 

2. The residual part, which is due to group energy inter-

actions,is assumed to be the sum of the individual contribu-

tions of each solute group in the solution less the sum of the 

individual contributions in the pure-component environment: 

( ( lmy. = E Vki) [lnrk - lnrki)  ] 
i=1 

k = 1, 2 ... N 

r(i) the residual group activity coefficient of group k in 

a reference solution containing only molecules of 

type i. It is used to normalize the activity co- 

efficient, that is, yi becomes unity as xi 4- 1. 

rk = the residual group activity coefficient of group k 

in a solution 

(i) Vk = the number of groups of kind k in molecule i. 

3. Individual group contribution to a 'solution of groups' 

is only a function of group concentrations and temperature of 

mixture: 

rk 
} = f(xl' x2 xn' T) 

rk 

The two major group contribution methods: AGSM and UNIFAC, 

are discussed next. 

(2)  

(3)  



(4)  

(5)  

(6)  
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A. The Analytical Group Solution Model (AGSM)  

The Analytical Group Solution Model (AGSM) was developed 

by Ratcliff and co-workers. (17)  Like all other group contri-

bution methods, it attempts to characterize heats of mixing of 

liquid mixtures by a consideration not of the molecules in the 

mixture but of the functional groups making up the mixture. 

Also, its basic assumption is that the contribution of each 

functional group to the residual thermodynamic properties of 

a mixture is independent of other structural groups forming 

the molecule. And, that the contribution to heats of mixing 

of a given component of a mixture is accounted for by summing 

the contributions of the separate functional groups making up 

the molecule of the chemical compound, thus, 

1 = E N(i)(Hk k - H(i)) k  

Where the heat of mixing is given by 

AH = E X.Aii. 

The group heat of mixing (Hk) is given by 

EX.b H kj x.b. X.a. 
k 3 

+ E 
3 3k  - E j 3k Ex b.  

E.X.a Ex a. 2 m 3m--  
RT2 3 3 kj j m  m 3m j (EXm  a. ) m 3m m 

( The standard state heats of mixing of group kin pure component i, Hki)  , i 

H(i) EXP4b„ (i)b. X. (i)a 
k  j 3 ' X. J , k (i) 
2 (i) (i) 

. 
+ E  3 3Jc  - E 3 EX b. 

RT EjXj akj j EXm  ajm 
j(--iiTri;7

JM 
)2 m m  3m  ' 

m m M 

(7) 
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r
J 
XN(i) 

i 3 X - m EEX

j 1

N(i)  
im 1 m 

where 

(8) 

(9)  

(10)  

(11)  

(12)  

and 

X. (i) = N. (i)/EN (i) m 3 

The group temperature dependent parameters a. , a 3k kj' 

b.1,4  are related to each other as 

aa. 
b., - 3k  

3J%- aT 

And, in order to increase the analytical flexibility of the 

AGSM model, a temperature dependence of the parameters of the 

following type has been considered 

ajk = EXP(A.3k 3 + B.k /T) 

and 

bjk = EXP(A3. + T)(- 2) k Bjk/ Bjk/T 

The AGSM model as presented above can be used to correlate 

heat of mixing of liquid mixtures by using available heat-of-

mixing data to determine the temperature independent para-

meters (coefficients), A3.k , x33  ., B.k , Bk3 ., and then applying 

them in the prediction of heats of mixing of mixtures contain-

ing the same groups, j, k. 
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The group energy interaction parameters are determined 

by heat-of-mixing data reduction using a non-linear regression 

subroutine (26) with the AGSM model. 

They are then used to predict heats of mixing of mixtures 

having the same groups, j, k but may not have experimental data 

available. The quality of prediction depends on how accurate 

the parameters are. This accuracy depends in turn on the 

accuracy of the experimental heat-of-mixing data used in the 

parameter calculations and, of course, the accuracy of the 

model. 

AGSM does not differentiate between normal chemical com-

pounds and isomeric ones. For example, it will use the same 

parameters to predict heats of mixing of, say, n-octanol/n-

heptane and 3-octanol/n-heptane. 

The determination of AGSM parameters id done using binary 

group mixtures. For example, in using the mixture n-octanol/ 

n-heptane, chosen groups may be CH3, CH2, OH (where the inter-

actions involving groups CH3, CH2 are considered the same). 

The group temperature independent interaction parameters 

then become A(CH2,0H), A(OH,CH2); B(CH2,OH), B(OH,CH2) where 

(A(CH3,0B) = A(CH2,OH); B(CH3,0H) = B(CH2,OH)). To calculate 

these, the AGSM is fitted to heat-of-mixing data; the final 

values are obtained at the point of minimum error of regres-

sion. 



17 

But determination of some group interaction parameters re-

quires►  often, the use of more than one binary group mixture; for ex-

ample, in characterizing group interactions for the mixture 

type, say, n-alcohol-n-amine, chosen groups could be CH2(CH3), 

OH, NH2. Hence, 12 coefficients will have to be calculated 

from the three binary group pairs, CH2/0H, CH2/NH2, NH2/OH (for 

each binary group pair there are four coefficients). That 

number of coefficients is too large to be computed at one time 

considering the limited amount of data available for any one 

system type; it also calls into question the ability of the 

regression program to handle massive amounts of data even when 

these are available. 

It becomes imperative, then, to calculate the twelve para-

meters, four at a time. Firstly, the four coefficients of the 

group pair, CH2/0H, are calculated with data for an n-alcohol-

n-alkane system; the next four coefficients for the pair, 

CH2/NH2, are calculated using an n-amine-n-alkane system, bringing 

the total to eight coefficients. These are called primary 

coefficients because their computation does not involve co-

efficients calculated elsewhere. Finally, for the group pair, 

NH2/OH, the eight primary coefficients are used together with 

data for a normal alcohol-n-amine system to compute the four 

temperature independent coefficients, namely: 

A(NH2,011), A(OH,NH2); B(1\11'2,01), B(OH,NH2) 

These are called secondary coefficients because in their deter-

mination the eight primary coefficients computed earlier are 

used. 



(13)  

(14)  

(15)  

(16)  

(17)  

(18)  

(19)  

B. The UNIFAC Method  

The UNIQUAC equation, as developed by Abrams and Praus-

nitz,(1)  has been shown to provide good representation of both 

vapor-liquid and liquid-liquid equilibria for binary and multi-

component mixtures containing non-electrolytes such as' water, 

hydrocarbons, ketones, esters, amines, alcohols, nitriles, 

etc. The UNIQUAC equation for calculating the molecular com-

ponent (i) activity coefficient is: 

lny. = lny. + lny. 1 1 1 

where 
e. o. z 

1 0 lny. = in X  + — q.ln + L. - jEX.L. 1 . 2 . 1 3 3 1 1 Xj  

lny. = q.(1 - ln(E.38.J.
7i ) - k 8k Jkj )] 3 3 3 13  

L.1  = 1 (r. 1 i  r q.) - ( . - 1); z = 10 2  

q.X. 
8. = 11  
1 M 

E q.X. 
j=1 3 3 

r.X. 
= 1 1  

1 

E r.X. 
j=1 3 3 

-  

T = EXP [

Uji 

ji RT 

U. 

18 
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The combinatorial part of the group activity coefficient 

is independent of temperature. Also, its contribution to 

activity coefficient is small as compared to that of the resi-

dual part. However, when the molecules of the mixture differ 

markedly in size and shape, the combinatorial share becomes 

significant. 

For the UNIFAC model, only the combinatorial part of the 

UNIQUAC activity coefficient, (equation 14) is used directly. 

Only pure-component properties calculated from molecular struc-

ture data enter into this equation. The pure-component volume 

and area parameters, r and q, respectively are calculated as 

the sum of the group volume and area parameters, Rk, 0k. 

1 k k qi  
k=1 k=1 Vk 

Qk 

where N is the number of groups in molecule i. 

v(k 
i), an integer, is the number of type k group in com- 

ponent i. 

Rk wk/15.17 ; Qk = Awk/(2.5 • 10
9) 

where Rk and Qk are group volume and area parameters obtained 

from Van der Waals group volumes and surface areas, V
wk, and 

wk given by Bondi.(2)  The normalization factors 15.17 and 

(1) 2.5.109 are given by Abrams and Prausnitz. 

(20)  

(21)  



(22)  

(23)  

(24)  

(25)  

(26)  
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Unlike the ASOG method in which "size counts" are deter-

mined arbitrarily and used to signify group sizes and surface 

areas, the UNIFAC method uses well-established, rational pro-

cedures; once a group has been established, it retains that 

structure and its assigned volume and surface area throughout 

its use. 

The residual part of UNIQUAC (equation 15) is replaced in 

the UNIFAC model by the solution-of-groups concept 

N (i) (i) lny.1  = E Vk [lnrk - lnrk k=i 

where N is the number of groups in molecule i. 

rk  = Q01 - 1n(E0m1p mk) - E(0mtpkm/E0ntpnm) 

r (i) = k [1 - ln(E0 (i) ip ) - E (0 (fl ip km  /Een(3-) 
m mk m nrri 

rn 

X (i) Q X m m 
; eMi) 

m m  
em — _ Q 

N N (i) E Q X E Q X nn n n 
n=1 n=1 

E v(i)x. 
Ill j vi  

j 

(i) 
X = j=1 

X(i) = m 
n  

m n 
EEV(j)X. EV,(1 j) ri -, 
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m and n = 1, 2 4... N (all groups) 

Substituting equation (22) into equation (17) of Chapter 

2, gives GE/RT = iEX.l(EVk([1nrk - lnr
(i)] + lny)) 

Complete derivation of equation (27) is presented in the 

appendix. 

The activity coefficient of group k in molecule i depends 

on the molecule in which k is situated. For example, r(i) for 

the CCOH group in n-pentanol refers to a solution containing 

twenty-five group percent CCOH, fifty group percent CH2, and 

twenty-five group percent CH.. 

In equations (23) and (24), the parameter ipnm, is tempera-

ture dependent: 

a  
= EXP[-  rim 

„, 
] 

where a
nm 

characterize the energy interactions between a group 

n and a group m. anm  amn  and each is assumed temperature-

independent. Thus, there are two group interaction parameters 

for each pair of groups. As in the UNIQUAC case, no ternary 

or higher parameters are needed; and the parameters must be 

evaluated from phase equilibrium data. They have the units 

of degrees Kelvin. 

The combinatorial contribution to the activity coefficient 

(equation 14) depends only on the sizes ..and, shapes of the 

(27) 

(28) 
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molecules present. For large chain molecules, qi/ri -4- 1, and 

in that limit equation (14) reduces to the Flory-Huggins equa-

tion used in the ASOG method. 

The residual contribution to the activity coefficient 

(equations 22, 23, 24) depends on group areas and group inter-

actions. When all groups are equal, equations (22), (23), and 

(24) are similar to those used in the ASOG method. 

From a main group of, say, CH2, (in a hydrocarbon) sub-

groups CH3, CH2, CH, are formed. While each group has its own 

calculated values of R and Q, the subgroups within the same 

main group are assumed to have identical group energy inter-

action parameters. Also, by the use of subgroups of the same 

main group, the UNIFAC method can predict systems containing 

isomeric components. For example, by using group interaction 

parameters (A(CH2,CH2CH2OH, A(CH2CH2OH,CH2)) determined from a 

n-alcohol/n-alkane system, an isomeric system containing the 

groups CH3, CH2, CH2CHOH, can be predicted by only accounting 

for the new values of RCH2CHOH and  QCH2CHOH since  aCH2'CH2CH2OH = 

Certain advantages have been attributed to the aCH2,CH2CHOW 

UNIFAC method: 

1. Flexibility, because UNIFAC has a well-founded basis 

for establishing group sizes and shapes. 

2. Simplicity, because UNIFAC parameters can be considered 

nearly independent of temperature for reasonable temperature 

ranges and for vapor-liquid equilibrium calculations. 
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3. Large range of applicability, because UNIFAC parameters 

are now available for a considerable number of different func-

tional groups. 

The UNIFAC model may be applied to non-electrolyte binary 

and multi-component mixtures at conditions where the UNIQUAC 

model applies, that is, removed from the critical region. Fur-

thermore, all components must be condensable. Th,. temperature 

range considered is typically 30-125°C. 
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C. Temperature Dependency of the Group Interaction Parameters  

in the AGSM and UNIFAC Models  

Fredenslund et al. applies the two-parameter version of 

UNIFAC (equation 5, Appendix 1) for correlation and prediction 

of heat-of-mixing data. The two parameters, ,. are aid, aji 

independent of temperature. 

Initially, in this work, the application of this version 

and the four-parameter version with linear temperature depen-

dency of the parameter, aid, (a = AT + B), proved unsatisfactoty 

(Section IV). Further complication to the heat-of-mixing pic-

ture is caused by the occurrence of two types of mixtures; 

while, on the one hand, the heats of mixing of some mixtures, 

for example, alcohol mixtures, increase with increasing tem-

perature, those of other mixtures, like benzene systems, on 

the other hand, decrease with increasing temperature. Here, 

the former type will be called 'TYPE I' and the latter, 'TYPE 

II.' 

In the light of this phenomenon therefore it becomes 

necessary to develop a model in which the parameters assume a 

temperature dependency capable of, not only improving the 

poor results encountered with the linear dependency, but, 

also, of predicting the heats of mixing of the two types of 

mixtures, within a reasonable degree of accuracy. 
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To achieve this aim, the group energy interaction para-

meters in both the AGSM and UNIFAC models were assumed to vary 

annordina to the relation: 

1] ail = AiiTn  + B.. 

where Aij and Bij are the temperature independent parameters and 

n is the temperature exponent. 

Our preliminary work indicated (Section IV) that when 

positive values were assumed for n, better results were obtained 

for Type I mixtures than for Type II mixtures. However, the 

above results were reversed for negative values of n. In order 

to account for these tendencies, eight values of n (+1/2, +1, +1 

1/2, +2, -1/2, -1, -1 1/2, -2), two Type I and two Type II, 

systems, were selected. The systems were: n-Octanol-n-Hep-

tane (24)  (Type I), Nitroethane/2,2-dimethylbutane(12) (Type I), 

Benzene-n-Octane(8) (Type II) and Butylamine-n-Heptane(14) 

(Type II), at 303, 293, 298, 308 degrees Kelvin, respectively. 

The purpose, here, was to use both the AGSM and UNIFAC models 

with heat-of-mixing data of the selected systems to calculate 

the temperature independent group interaction parameters (equa-

tion 29) for each of the selected values of the n. Then, the 

parameters calculated for each system were used to predict its 

heat-of-mixing data at a temperature higher than that at which 

the parameters were determined. Thus, the best exponent would 

be that for which the lowest prediction error was attained. 

(29) 
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In selecting the four systems, certain criteria were 

followed. Each system should contain an alkane so that only 

primary, and no secondary parameters should appear in their 

computations; this was necessary in order to avoid complications 

usually encountered with secondary parameters. Each of the 

two systems representing each mixture type should be different 

from the other so as to adequately spread the representation 

of that type; for example, on selecting the system, n-Octanol- 

n-Heptane (Type I), it was necessary to choose a second system 

that did not contain an alcohol. Thus, the system Nitroethane/2,2- 

Dimethylbutane (Type I). 

It was also important that each selected system must have 

its data reported for at least two temperatures. This would 

ensure that group interaction parameters for each system are 

calculated at low temperature where most of the literature 

data are available, and, then, be used to predict the same 

system at the higher temperature where most of the practical 

needs occur. 

After selecting the values of n and the four systems for 

the study, the following procedure was used to determine the 

group model and the exponent which would achieve the best 

performance in the prediction of heat-of-mixing data for both 

Type I and Type II mixtures: 

First, for each exponent and system, and using each of 

the two group models (AGSM and UNIFAC), the group energy 
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interaction parameters were calculated by regression analysis. 

The heat-of-mixing data used for each system were those reported 

at the respective temperatures 303, 293, 298, 308, degrees Kelvin, 

for the four systems as mentioned earlier. Then, for each group 

model and value of n, the calculated parameters were used to 

predict the heat-of-mixing data of the systems at higher tempera-

tures. The percentage prediction errors were computed as follows: 

i=P (AH ) -(AH ). 1 EXP i ERROR (%) = — P i=1 (AH 
)CAL (100) 

EXP 

where P = number of experimental data points for each system. 

Average prediction errors were calculated for each mixture 

Type as: 
m i=P (AHEXP)i-(AH ).  

AVERAGE ERROR (%)=-1- lEE (100)(31) 2 1 Pi=, (AHEXP) 
CAL   

i 

where m = 2 since there are two systems for each type of mixture 

and P = number of experimental data points for each of the two 

systems. 

The average error is necessary in order to prepare plots 

of Average Prediction Error (%) versus n. Such plots should 

indicate how satisfactorily the positive and negative values of 

n affected the predicted results of the Type I and Type II mix-

tures, respectively. 

The overall prediction error was calculated for each value 

of n as follows: 
m i=P (AH ).-(AH )• 

OVERALL ERROR (%)= -I T 1 1 I 
( EX  AH 

) CAL  (100) (32) .. 1 1=1- EXP 2 

Here, m = 4 and P = number of experimental data points for each 

of the four selected systems. 

(30) 



28 

In this case, the prediction errors calculated from Equation 30 

for all four systems were added together for each value of n. 

Thus, since there are eight values of n, there will be eight 

overall errors. These were to be used in the plot of Overall 

Prediction Error (%) versus n. This plot is called the "Over-

all Plot" or "Grand Plot" because it lumps all four systems 

together for each value of n. From it, the exponent that 

corresponds to the minimum prediction error for each model is 

determined. Since there are two models (AGSM and UNIFAC) being 

used, there will be two of such exponents, one for each model. 

Thus, the preferred model is that for which the minimum pre-

diction error is lower, and the exponent corresponding to 

that minimum prediction error is called the optimum exponent. 

The minimum prediction error (%) and the optimum exponent 

yield the optimum minimum point on the "Grand Plot" (Section 

IV). 



IV. RESULTS AND DISCUSSION  

In our preliminary work, both the two and four-parameter 

versions of the UNIFAC model were fitted to the data for n-

propanol-n-heptane at 30°C; the final parameters were used to 

predict other alcohol-alkane mixtures at different tempera-

tures. On comparing results, the four-parameter version 

achieved better results than the two-parameter version (figure 

1). But, while on the one hand, the four-parameter program 

proves superior to the two-parameter one, on the other hand, 

it does not always predict other mixtures within reasonable 

accuracy. For example, using the final parameters mentioned 

above to predict the system, n-butanol-n-heptane, a large 

average error of 19.0% was obtained (figure 2). 

Our preliminary work also indicated that the value of n 

that gave good results for mixtures for which heats of mixing 

increase with temperature (Type I) failed to give good results 

with Type II mixtures. For example, when the UNIFAC model was 

used to predict heats of mixing of n-octanol/n-heptane mixture 

at 55° (from parameters obtained from data at 30°C) using a 

value of n = +2.0, the average prediction error was 1.2%. 

But, when the group parameters for the benzene-n-octane mixture 

(Type II) were calculated at 25°C by similarly assuming n = +2.0, 

prediction of heat-of-mixing data at 50°C resulted in an average 

percentage error of 17.6% (figure 3). 

29 



30 

On the other hand, when n = -1.0 for the same two systems 

above, the respective average prediction errors were 24% for 

Type I and 6% for Type II (figure 4). 

The above results reflect some tendencies general to 

either Type I or Type II mixtures. That is, as the exponent 

involves more positive values, (+1/2, +1, +1 1/2, +2) for 

Type I mixtures, and more negative values, (-1/2, -1, -1 1/2, 

-2), for Type II mixtures, better results are attained for the 

respective mixtures. This implies that exponents involving 

more positive values for Type II mixtures, will attain poor 

results for those mixtures. 

Detailed results for UNIFAC are presented in Table I and 

plotted in figure (5). The results for the AGSM are presented 

in Table II, with an overall plot in figure (6). Minimum pre-

diction errors of 7.7% and 13.0%, occurred at the exponent 

values of n = +1/2 and n = -2, for the UNIFAC and AGSM, models, 

respectively; hence UNIFAC was preferred over AGSM since it 

has the lower prediction error. 

Heat-of-mixing group energy interaction parameters,determined, 

using UNIFAC, for the n-alcohol/n-alkane, benzene/n-alkane, nitxile/n-

alkane, and n-amine/n-alkane, mixtures, with n = +0.5, are 

presented in Table III. References for the data used for cal-

culating these parameters are presented in Table IV. Groups 

chosen to represent the above mixtures were, respectively: 

CH,CH,OH.CH,,CH,; ACH,CH,,CH-; CH,NO,,CH,CH,; CH,NH,,CH,CH,. 



31 

The nonlinear regression subroutine, "REG,"(26)  was used 

in the data-reduction calculations. 

All computer programs and data used in the study are 

presented in the Appendix. 

A look at the results reveal certain trends; in the posi-

tive region of figure (5), plots (D) and (F) follow the ex-

pected pattern of results: better predictions are obtained 

for Type I mixtures as the exponent, n, takes values in the 

order, +1/2, +1, +1 1/2, +2; except for the +1 exponent where 

results show an unusually high error. Type II mixture results 

improved with the exponent order, +2, +1 1/2, +1, +1/2. Addi-

tion of both plots yielded plot (E), the "Overall Plot," so 

called because it lumps all four mixtures together. The 

minimum-error point of plot (E), 7.5% at n = +1/2, compares 

favorably with the minimum-error point of plot (C), 8.6% at n = 

-1 1/2. 

In the negative region of AGSMs' figure 6, Type II mix-

tures performed well with good results in the exponent order, 

-1/2, -1, -1 1/2, -2. Type I mixtures, (plot H), performed 

poorly as expected in this region. A minimum error of 13.0% at 

n = -2.0 was obtained for the "Overall Plot," (plot G). Some 

points in the positive region (particularly at n = +1/2) were 

not determined. This was due to the program's inability to 

converge to final parameters. Overall performance of UNIFAC 

as shown on figure (5) is better than AGSM's performance on 

figure (6). 
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Heats of mixing of mixtures containing isomeric compounds 

differ from those of normal systems. In some cases the dif-

ferences are small while in other cases they are substantially 

high. For example, while on the one hand the heats of mixing 

of the mixtures, chloroalkane-alkane and 2-chloroalkane-alkane 

differ very little, on the other hand, those between, say, n-

propanol/n-heptane and 2-propanol/n-heptane differ substantially 

in excess of about 25% (figure 7). 

By using group surface area parameters, the UNIFAC model 

has the flexibility to account for both isomeric and normal 

mixtures. 

However, the degree of this accountability is questioned 

in the light of the results obtained with the model on isomeric 

systems; for example, the system, 2-propanol-n-heptane, with 

parameters calculated using n-propanol-n-heptane data at 30°C 

and with group surface area parameter values (Q) of 1.664 and 

1.660 for the groups CH2CH2OH and CHOHCH3, respectively, was 

predicted at 30°C. 

Results (figure 8) indicated, that similar to the AGSM, 

UNIFAC's surface area parameter value (QCHOHCH3 = 1.660), com-

puted from pure component molecular structure data, did not 

account for the change in heats of mixing between the normal 

and isomeric mixtures. 

There is a possibility, that by calculating the surface 

area parameters by another method, for example, by correlation 
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of heat-of-mixing data, results might be improved. But such 

parameters will not correctly reflect the structural (physical) 

nature of the groups they are meant to define. Another ap-

proach could be, namely, to determine separate parameters for 

isomeric group interactions. The shortfall here is that it 

will be quite cumbersome to calculate such large numbers of 

parameters for the numerous isomeric groups which exist in 

many different kinds of mixtures. 

However, further work in this area is vital as that would 

underline more concretely the ability of UNIFAC to adequately 

represent those systems containing isomers. 

Another area of significant interest in the calculation 

of heat-of-mixing data is the family of mixtures appearing in 

the lower homologous series, for example, low alcohol mixtures. 

Poor results have, consistently, been reported for ethanol 

mixtures. Ratcliff et al.,(23)  using the AGSM, and, report-

ing heat-of-mixing data predicted for the systems, ethanol-n-

hexane and ethanol-n-nonane, at 45°C, obtained average errors 

of 11% and 22% respectively. Fredensland et a1.,(10)  using 

UNIFAC in their work on vapor-liquid equilibria (VLE) of low 

alcohol mixtures, reported substantial prediction errors for 

ethanol mixtures. They considered ethanol as a group by itself 

with a surface area value of 1.972, calculated from pure 

molecular structural data. But by correlating VLE data of 

several ethanol-alkane mixtures. they recalculated an optimum 
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value for the group surface area parameter, 4CH3 CH2 OH to be 

1.50. On predicting VLE data of ethanol systems not included 

in the correlation data base, much improved results were ob-

tained.(10)  

For this research, the latter optimum value for the ethanol 

group surface area was used together with UNIFAC's heat-of-

mixing program to predict data for the same systems predicted 

by Ratcliff. Results are compared in figure (9); it is evident 

that UNIFAC has produced better results than AGSM, this being 

attributable to the former's additional ability to improve 

performance by adaption of the group surface area parameter. 

The energy interaction parameters used in figure (9) were 

made linearly dependent on temperature; those of AGSM were 

computed by correlating data from several alcohol systems at 

different temperatures while those of UNIFAC were calculated 

from only n-propanol-n-heptane data at 30°C. 

A couple of problems were encountered in this work. There 

was the problem of the number of data points needed for accu-

rate calculation of the group parameters. 

The n-octanol/n-heptane and the benzene/n-octane mixtures 

had 18 and 20 data points, respectively.(32,8)These were 

fairly more adequate for the parameter determinations than the 

10 and 8 data points for the butylamine/n-heptane and the 

nitroethane/2,2-dimethylbutane systems, respectively;(14'12) 
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The latter points were hardly sufficient for use in the group 

parameter calculations. However, they were the only available 

number of data points for those systems. 

The magnitude of the prediction error attributable to in-

adequacy of data points, can be improved by including data 

points obtained at other temperatures. This approach was not 

adopted at this stage of the study because the main purpose 

here was to investigate group parameter variations with tempera-

ture. Since most heat-of-mixing data are reported at only one 

or two temperatures, the object of these investigations can 

only be achieved by calculating the group parameters using 

data at one temperature and then predicting the heats of 

mixing data at the second temperature. 

A second source of problem could be due to the presence 

of multiple roots. It was observed that with different start-

ing values for the parameters, different final values were 

obtained (Table V). Thus, since the minimized objective 

functions, (FMIN), for each set of starting values were 

adequately low, (Tables VI-XIII), it became quite difficult 

to select the set of final parameters (roots) which best 

fitted the systems. However, those parameters obtained 

at the lowest error of regression were chosen. All data 

used in this study are presented in Table XIV. 



V. CONCLUSIONS  

With optimum exponents of, n= +1/2, n = -2, overall 

average prediction errors of, 7.7% and 13.0%, were obtained 

for the UNIFAC and AGSM models, respectively. Hence UNIFAC 

achieves better accuracy than AGSM. 

Also, by using the group surface-area concept, UNIFAC 

retains an additional flexibility which allows it some means 

of accommodating the significant differences that exist be-

tween heats of mixing of normal and isomeric mixtures. 

Group energy interaction parameters, based on the UNIFAC 

optimum exponent of n = +1/2, have been determined by data cor-

relation (Table I). 

36 
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TABLE I 

Effect of the value of n on the performance of the UNIFAC 
model for the four systems: n-Octanol-n-Heptane; 
Benzene-n-Octane; Nitroethane/2,2-Dimethylbutane; 

Butvlamine-n-Heptane 

Types Systems R
e
g
r
e
s
s
i
o
n
  

e
m
p
e
r
a
t
u
r
e
  

(°
C
)
 

r
ed
i
ct
i
o
n
  

e
m
p
e
r
a
t
u
r
e
  

(°
C
)
  Temperature Exponents 

+2.0 +1.5 +1.0 +0.5 -2.0 -1.5 -1.0 -0.5 

Average Absolute Prediction Error (%) 

I 

II 

II 

I 

n-Octanol-n- 
Heptane 

Benzene-n- 
Octane 

Butylamine- 
n-Heptane 

Nitroethane/ 
2,2-Dimethyl-
butane 

30 

25 

35 

20 

55 

50 

45 

40 

1.2 

17.6 

10.2 

10.6 

4.5 

13.6 

8.1 

7.0 

18.0 

9.3 

6.2 

12.5 

12.1 

9.6 

5.0 

4.0 

21.1 

7.2 

8.6 

3.0 

22.0 

5.6 

5.0 

3.0 

24.0 

5.9 

2.4 

3.0 

43.0 

7.8 

1.7 

2.17 

Overall Average Absolute 
Prediction Error (%) 

10.0 8.3 11.5 7.719.99 8.9 8.8 13.7 
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TABLE II 

Effect of the value of n on the performance of the AGSM 
model for the four systems: n-Octanol-n-Heptane; 
Benzene-n-Octane; Nitroethane/2,2-Dimethylbutane; 

Butylamine-n-Heptane 

a) 
o o 

-H.4-) 

a) 
o o 
• ri -1-) 

Temperature Exponents 

a) r.) Q) (I) o ° u -r-1 Q) o +2 0 • +1.5 +1.0 +0.5 -2.0 -1.5 -1.0 -0.5 

Types Systems 
$4 0.4 
en 
0 0 
44 EI 

04*".".  
0) 

T$ 
 E 0 

4:14 E-I 
Average Absolute Prediction Error (%) 

. 

I n-Octanol-n- 
Heptane 

30 55 13.94 NA 5.52 NA* 31.73 30.84 53.0 31.90 

II Benzene-n- 
Octane 

25 50 NA 78.55 13.46 NA NA 24.29 17.53 14.20 

II Butylamine- 
n-Heptane 

35 45 59.61 24.80 57.46 NA 6.30 4.98 26.80 1.83 

I Nitroethane/ 
2,2-Di-
methylbutane 

20 40 14.38 10.94 8.23 NA 1.02 NA 2.57 23.94 

Overall 
Prediction 

Average 
Error 

Absolute 
(%) 

29.31138.10121.141 NA 113.02 20.04 24.98 17.97 

*NA = not available; program did not converge for any of the 
different starting parameter values used. 
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TABLE IV 

Systems used in generating final group 
interaction parameters for n = +1/2 

Number 
Systems T(K) of Data Ref. 

Points 

N-Alcohols-N-Alkanes 

Iso-Pentanol/2,2-Dimethylbutane 298 5 25 
n-Propanol-n-Heptane 298 5 28 

303 5 32 
318 5 32 

Octanol-n-Heptane 288 5 25 
328 4 25 

n-Pentanol-n-Hexane 318 4 32 

n-Butanol-n-Heptane 328 3 25 

n-Butanol-n-Octane 328 4 25 

Nitroalkane-N-Alkanes 

Nitroethane/2,2-Dimethylbutane 303 10 12 
313 4 12 

Nitroethane/3-Pentane 303 7 12 
313 3 12 

Benzene-N-Alkanes 

Benzene-n-Heptane 298 3 14 
318 3 14 

Benzene-n-Hexadecane 298 4 16 
323 4 16 

Benzene-n-Octane 298 4 8 
323 6 8 

Benzene-Iso-Octane 298 4 16 

Alkylamine-N-Alkanes 

Butylamine-n-Heptane 298 8 14 
318 6 14 
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TABLE V 

Multiplicity of roots for the systems, nitroethane/2,2- 
Dimethylbutane at 20°C and n-Propanol-n-Heptane at 30°C 

with exponents, n = +1.5, n = -1, respectively 

System: Nitroethane/2,2-Dimethylbutane at 20°C 

n = +1.5 

Initial Final %  Regression  Parameters Parameters Error 

ACH2'CH2NO2 
.002930 .120228 

ACH2NO2'CH2 
.000285 .068700 

6.000% 
BCH2'CH2NO2 

.999999 99.272800 

BCH2NO2'CH2 
1.89000 -77.594000 

ACH2'CH2NO2 
.002930 .048138 

ACH NO 22'CH2 
.000285 -.006764 

6.000% 
BCH2'CH2NO2 

-733.06396 -535.95920 

BCH2NO2'CH2 
-778.00000 -325.35000 

System: n-Propanol-n-Heptane at 30°C 

n = -1 

ACH2'CH2NO2 
-1409.00000 -1410.073 

ACH2NO2'CH2 
421.500 421.907 

0.600% 

Be'"
.=2"r.-T.3

.2
m
"w
n
2 " 

87764.850 87805.000 

BCH2NO2'CH2 
-73087.400 -73159.750 

ACH2'CH2NO2 
-196.000 -1133.854 

ACH2NO2'CH2 
45.750 257.382 

0.700% 
BCH2'CH2NO2 

-187000.000 18835.289 

BCH2NO2'CH2 
10700.000 -160511.938 
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TABLES VI to XIII  

UNIFAC and AGSM interaction parameters determined for the 

mixtures: (1) n-octanol-n-Heptane; 

(2) Nitroethane/2,2-Dimethylbutane; 

(3) Benzene-n-octane; 

(4) n-Butylamine-n-Heptane, 

at 30°, 20°, 25°, and 35°C, respectively. 
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52 

TABLE XIV 

Data used in the study 

System: n-Propanol-n-Heptane(32) at 30°C, 45°C 

Mole Fraction 
Heats of Mixing 
(Joule/C mole) 

Alcohol (X) at 30° at 45°C 

0.0100 189.0000 206.0000 

0.0200 282.0000 347.0000 

0.0300 338.0000 439.0000 

0.0400 378.0000 506.0000 

0.0500 411.0000 553.0000 

0.0750 479.0000 646.0000 

0.1000 529.0000 720.0000 

0.1250 570.0000 778.0000 

0.1500 603.0000 824.0000 

0.1750 631.0000 859.0000 

0.2000 654.0000 890.0000 

0.3000 708.0000 958.0000 

0.4000 708.0000 958.0000 

0.5000 668.0000 900.0000 

0.6000 590.0000 797.0000 

0.7000 485.0000 657.0000 

0.8000 353.0000 477.0000 

0.9000 194.0000 258.0000 
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TABLE XIV (Cont'd.) 

System: 2-Propanol-N-Heptane at 30°,(16) 45°C 

Mole Fraction 
Alcohol (X) 

AHmix J/G mole 

30°C 

AHmix J/G mole 

45°C 

0.0019 47.0000 52.0000 

0.0061 134.0000 111.0000 

0.0121 224.0000 157.0000 

0.0188 292.0000 448.0000 

0.0250 339.0000 566.0000 

0.0400 420.0000 739.0000 

0.0642 511.0000 852.0000 

0.1157 643.0000 1008.0000 

0.1931 777.0000 1097.0000 

0.2614 855.0000 1155.0000 

0.3126 893.0000 1186.0000 

0.3676 915.0000 1185.0000 

0.4195 918.0000 1160.0000 

0.5086 887.0000 1122.0000 

0.5744 834.0000 1080.0000 

0.6140 793.0000 1029.0000 

0.6425 761.0000 978.0000 

0.6666 729.0000 890.0000 

0.7122 660.0000 845.0000 

0.7590 580.0000 735.0000 

0.7938 514.0000 642.0000 

0.8466 403.0000 572.0000 



TABLE XIV (Cont'd.) 

System: 2-Propanol-N-Heptane at 30°, (16) 45°C (Cont'd.) 

Mole Fraction AHmix J/G mole J/G mole AH mix Alcohol (X) 
30°C 45°C 

0.8928 296.0000 440.0000 

0.9114 249.0000 329.0000 

0.9492 147.0000 154.0000 

System: n-Octanol-n-Heptane(32) at 30°, 45°C 

Mole Fraction 
Alcohol (X) 

Heats 
(Joule/C 

at 30° 

of Mixing 
mole) 

at 45°C 

0.0100 177.0000 196.0000 

0.0200 259.0000 322.0000 

0.0300 306.0000 400.0000 

0.0400 338.0000 452.0000 

0.0500 362.0000 491.0000 

0.0750 409.0000 563.0000 

0.1000 442.0000 610.0000 

0.1250 468.0000 643.0000 

0.1500 487.0000 867.0000 

0.1750 501.0000 686.0000 

0.2000 512.0000 699.0000 

0.3000 538.0000 718.0000 

0.4000 530.0000 698.0000 

0.5000 495.0000 643.0000 

0.6000 432.0000 554.0000 
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TABLE XIV (Cont'd.) 

System: n-Octanol-n-Heptane(32) at 30°, 45°C (Cont'd.) 

Mole Fraction 
Alcohol (X) 

Heats of Mixing 
(Joule/C Mole) 

at 30° at 45°C 

0.7000 342.0000 443.0000 

0.8000 237.0000 307.0000 

0.9000 119.0000 157.0000 

System: n-Octanol-n-Heptane(25) at 15°, 55°C 

Mole Fraction Heats of Mixing 
(Joule/C Mole) Alcohol (X) at 15° at 55°C 

0.0500 244.0000 522.0000 

0.1500 337.0000 788.0000 

0.2500 377.0000 855.0000 

0.3500 392.0000 853.0000 

0.4500 382.0000 802.0000 

0.5500 350.0000 715.0000 

0.6500 291.0000 596.0000 

0.7500 209.0000 450.0000 

0.8500 117.0000 281.0000 

0.9500 36.0000 95.0000 
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TABLE XIV (Cont'd.) 

System Mole Fraction 
Alcohol (X) 

AHmix 
J/G mole 

T Ref. 

Iso-Pentanol/2,2- 
Dimethylbutane 

0.5500 455.0000 298° 25 

0.6500 366.0000 298° 25 

0.7500 266.0000 298° 25 

0.8500 158.0000 298° 25 

0.9500 52.0000 298° 25 

n-Propanol-n-Heptane 0.0703 371.0000 298° 28 

0.1309 465.0000 298° 28 

0.2314 552.0000 298° 28 

0.3754 585.0000 298° 28 

0.5124 545.0000 298° 28 

0.6096 577.0000 303° 32 

0.7089 473.0000 303° 32 

0.7519 419.0000 303° 32 

0.8580 265.0000 303° 32 

0.9171 163.0000 303°  32 

0.0500 553.0000 318° 32 

0.1000 720.0000 318° 32 

0.2000 890.0000 318° 32 

0.3000 958.0000 318° 32 

0.4000 958.0000 318° 32 

Octanol-n-Heptane 0.0500 244.0000 288° 25 

0.1500 337.0000 288° 25 

0.2500 377.0000 288°  25 
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TABLE XIV (Cont'd) 

System Mole Fraction 
Alcohol (X) 

AHm  . ix 
J/G mole 

T Ref. 

Octanol-n-Heptane 0.3500 392.0000 288° 25 

0.4500 382.0000 288° 25 

n-Octanol-n-Heptane 0.5500 715.0000 328° 25 

0.6500 596.0000 328° 25 

0.7500 450.0000 328° 25 

0.8500 281.0000 328° 25 

n-Pentanol-n-Hexane 0.5000 720.0000 318° 32 

0.6000 619.0000 318° 32 

0.7000 487.0000 318° 32 

0.9000 168.0000 318° 32 

n-Butanol-n-Heptane 0.1500 957.0000 328° 25 

0.2500 1074.0000 328° 25 

0.3500 1107.0000 328° 25 

n-Butanol-n-Octane 0.5500 1069.0000 328° 25 

0.6500 910.0000 328° 25 

0.7500 700.0000 328° 25 

0.9500 160.0000 328° 25 

Benzene-n-Heptane 0.6868 939.0000 298° 14 

0.7602 836.0000 298° 14 

0.8216 690.0000 298° 14 

0.3550 773.0000 318° 14 

0.6020 946.0000 318° 14 

0.6100 955.0000 318° 14 
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TABLE XIV (Cont'd) 

System 
Mole Fraction 
Alcohol (X) 

AHmix 
J/G mole 

T Ref.  

Benzene-n-Hexadecane 0.6670 797.0000 298° 16 

0.6890 809.0000 298° 16 

0.6950 752.0000 298° 16 

0.7950 620.0000 298° 16 

0.1454 476.0000 32° 16 

0.2689 816.0000 323° 16 

0.3499 1013.0000 323° 16 

0.4289 1145.0000 323° 16 

Benzene-n-Octane 0.7142 1135.0000 298° 8 

0.8049 986.0000 298° 8 

0.8744 766.0000 298° 8 

0.9721 244.0000 298° 8 

0.4744 955.0000 323° 8 

0.5636 991.0000 323° 8 

0.6469 968.0000 323° 8 

0.7438 858.0000 323° 8 

0.8224 697.0000 323° 8 

0.9531 231.0000 323° 8 

Benzene-120-Octane 0.0600 160.0000 298° 16 

0.1607 413.0000 298° 16 

0.2546 591.0000 298° 16 

0.3483 763.0000 298° 16 



59 

TABLE XIV (Cont'd) 

System Mole Fraction 
Alcohol (X) 

AH  mix 
J/G mole 

T Ref. 

Nitroethane-3-Penatane 0.1707 1199.0000 303° 12 

0.3218 1553.0000 303° 12 

0.3946 1618.0000 303° 12 

0.04425 1651.0000 303° 12 

0.4945 1653.0000 303° 12 

0.6128 1608.0000 303° 12 

0.7494 1365.0000 303° 12 

0.3908 1700.0000 313° 12 

0.5050 1739.0000 313° 12 

0.6164 1663.0000 313° 12 

Nitroethane-2,2- 
Dimethylbutane 

0.1674 1147.0000 303° 12 

0.1796 1180.0000 303° 12 

0.3242 1504.0000 303° 12 

0.4051 1579.0000 303° 12 

0.5057 1610.0000 303° 12 

0.6151 1533.0000 303° 12 

0.7109 1406.0000 303° 12 

0.7889 1176.0000 303° 12 

0.9282 503.0000 303° 12 

0.9703 223.0000 303° 12 

0.3202 1563.0000 313° 12 

0.3902 1645.-0000 313° 12 

0.5108 1696.0000 313° 12 

0.6195 1592.0000 313° 12 
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TABLE XIV (Cont'd) 

S stem y Mole Fraction AHmix  T Alcohol (X) J/G mole 
Ref. 

 

Butylamine-n-Heptane 0.3350 1254.0000 298° 14 

0.3740 1296.0000 
• 

298° 14 

0.4020 1305.0000 298° 14 

0.5520 1311.0000 298° 14 

0.6210 1151.0000 298° 14 

0.6280, 1156.0000 298° 14 

0.7320 907.0000 298° 14 

0.7410 868.0000 298° 14 

Butylamine-n-Heptane 0.3250 1200.0000 318° 14 

0.4420 1281.0000 318° 14 

0.4840 1275.0000 318° 14 

0.5160 1241.0000 318° 14 

0.5490 1225.0000 318° 14 

0.6880 1003.0000 318° 14 

System: n-Butanol-n-Heptane(32) at 30°, 45°C 

Mole Fraction 
Alcohol (X) 

Heats of Mixing 
(Joule/C Mole) 

at 15° at 55°C 

0.0100 182.0000 203.0000 

0.0200 274.0000 341.0000 

0.300 331.0000 430.0000 

0.0400- 373.0000-- 498-.000-0- - 

0.0500 407.0000 547.0000 
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TABLE XIV (Cont'd.) 

System: n-Butanol-n-Heptane(32) at 30°, 45°C (Cont'd.) 

Mole Fraction 
Heats of Mixing 
(Joule/C Mole) 

Alcohol (X) at 15° at 55°C 

0.0750 468.0000 645.0000 

0.1000 515.0000 701.0000 

0.1250 552.0000 747.0000 

0.1500 584.0000 788.0000 

0.1750 611.0000 822.0000 

0.2000 632.0000 854.0000 

0.3000 687.0000 922.0000 

0.4000 686.0000 922.0000 

0.5000 643.0000 865.0000 

0.6000 560.0000 761.0000 

0.7000 447.0000 611.0000 

0.8000 314.0000 430.0000 

0.9000 163.0000 225.0000 

System: Ethanol-n-Hexane at 30°, 45°C 

0.0100 178.0000 201.0000 

0.0200 256.0000 323.0000 

0.0300 303.0000 398.0000 

0.0400 339.0000 452.0000 

0.0500 369.0000 495.0000 

0.0750 427.0000 577.0000 

0.1000 470.0000 637.0000 
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TABLE XIV (Cont'd.) 

System: Ethanol-n-Hexane at 30°, 45°C 

Mole Fraction Heats of Mixing 

Alcohol (X) (Joule/C Mole) 
at 30° at 45°C 

0.1250 505.0000 684.0000 

0.1500 534.0000 723.0000 

0.1750 557.0000 754.0000 

0.2000 578.0000 779.0000 

0.3000 622.0000 832.0000 

0.4000 629.0000 830.0000 

0.5000 603.0000 790.0000 

0.6000 554.0000 713.0000 

0.7000 477.0000 605.0000 

0.8000 368.0000 459.0000 

0.9000 219.0000 264.0000 

System: Ethanol-n-Nonane at 30°, 45°C 

0.0100 194.0000 208.0000 

0.0200 291.0000 356.0000 

0.0300 349.0000 451.0000 

0.0400 394.0000 519.0000 

0.0500 431.0000 574.0000 

0.0750 498.0000 674.0000 

0.1000 544.0000 745.0000 

0.1250_ 583.0000 800.0000 

0.1500 617.0000 847.0000 

0.1750 754.0000 882.0000 
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TABLE XIV (Cont'd) 

System: Ethanol-n-Nonane at 30°, 45°C 

Mole Fraction 
Alcohol (X) 

Heats of Mixing 
(Joule/C Mole) 

at 30° at 45°C 

0.2000 670.0000 912.0000 

0.3000 731.0000 981.0000 

0.4000 746.0000 991.0000 

0.5000 730.0000 955.0000 

0.6000 684.0000 881.0000 

0.7000 607.0000 767.0000 

0.8000 491.0000 602.0000 

0.9000 311.0000 368.0000 

System: n-Octanol-n-Nonane at 30°, 35°C 

0.0100 184.0000 200.0000 

0.0200 282.0000 346.0000 

0.0300 338.0000 440.0000 

0.0400 398.0000 500.0000 

0.0500 411.0000 544.0000 

0.0150 467.0000 629.0000 

0.1000 506.0000 688.0000 

0.1250 536.0000 730.0000 

0.1500 559.0000 760.0000 

0.1750 578.0000 784.0000 

0.2-000 592.0000 802_.0.0D9_ 

0.3000 0.3000 624.0000 832.0000 
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TABLE XIV (Cont'd) 

System: n-Octanol-n-Nonane at 30°, 35°C 

Mole Fraction 
Alcohol (X) 

Heats of Mixing 
(Joule/C Mole) 

at 30° at 45°C 

0.4000 622.0000 816.0000 

0.5000 588.000o 763.0000 

0.6000 511.0000 677.0000 

0.7000 414.0000 552.0000 

0.8000 291.0000 392.0000 

0.9000 150.0000 205.0000 
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FIGURE 2: Prediction of n-Butanol-n-Heptane 
data using linear temperature de-
pendency for UNIFAC Parameters. 
Parameters were obtained from n-
propanol-n-heptane data at 30°C. 
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FIGURE Gs Plot of Overall Average Error (%) 
versus Temperature Exponent. A. (AGSM) 



FIGURE 72 Difference in experimental heats 
of mixing for 2-Propanol-n-
Heptane and n-Propanol-n-Heptane, 
at 30•C. 

71 



FIGURE 8: Comparison of predicted.and 
experimental heat-of-mixing 
data for the system, 2-Propanol-
n-Reptane at 30•C by AGSM and 
UNIFAC tO CHOHCHs s1.660) 

Parameters were obtained from n-
Propanol-n-heptane data at 30°C. 
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(1)  

(2)  

(3)  

(4)  

APPENDIX 1 

DERIVATION OF THE HEAT-OF-MIXING EQUATION 

FOR THE UNIFAC MODEL 

In chapter III, the relationship between Gibbs Excess 

Free Energy and the group activity coefficient is expressed in 

equation (27). Here, the essential steps are presented for 

the derivation of the UNIFAC model used for heat-of-mixing 

work. 

Applying the Gibbs-Helmholtz relation to equation (27) of 

chapter III, 

i k 

6(GE/RT)  
9Ex

i
(EV

ki)[1nrk 1 - lnrICi)] + lny.c) 
) ( ) ( DT p,x p,x 

1 A. 

dEx (EV(i) [lnr - lnr(i)]) Dlny. 
(
D(GE/RT) i k k  

) ( DT DT ' DT ' 
p,x p,x p,x 

Since the combinatorial part of the group activity co-

efficient is independent of temperature, and therefore has 

little or no significant effect on heats of mixing, it is only 

the residual contribution that enters into heat-of-mixing 

calculations. Thus, equation (2) becomes 

i k 
DEx (EV(i)[lnr - lnr(i)]) 

(9(G
E/RT) ikkk  

) ( ) DT DT 
p,x p,x 

ik . 
6(EEx.V(1)ilnrk - lnrk(

i)]) --- 
( 

1 
aT ) 

HE 

= — 
p, x RT2 

or 
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Therefore, 

ik Dlnr 
HE = -RTEEx.Vk 

(i) [T( DT k Dlnr (i) 

) T( DT ) 
p,x p,x 

where 

lnrk = Qk ln(E9mVrak) - (E8mtpkm/E8nVnm)] 

From equation (28) of Chapter III, 

amn  -1n4, =mn   T 

a 
mn

' a 
mn  = exp (- )[ ] dt T T2 

IP int") 
T 

 

Therefore, 

T( 
ainrk in(zemlpink ) - Zernipkm/E0ntPnm)] 

DT ) QkT(  
DT p,x 

p,x 
D(-1n(E8m1Pink)p

,x 
D(E0mtpkm/E0n1P nm) 

=QkT(  
DT DT p,x 

-(E8m  - IPkm11111)km (E8nnm) 

T 

n n 
E8

n  - nmnm (E0mIPkm) 

n )) 
2 

T(Een1Pnm) 

75 

m 
Ee V 1 m mk mk  =QkT(- 

E8mtPmk 

(5)  

(6)  

(7)  

(8)  

(9)  

(10)  

(11)  



(13)  

(14)  

(15)  
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T(
31nr

k) = 
rem  * in*Mk

+ 
rem *kmkm (ren *nm )- ren*nmnm (zem 4,km 

_Im_ 
mk  

m 
6  P.x 

Eem*mk (te.1',..)
2 

(12) 

n 
31nrk m 4;„,,ln*_, *u...(Een* (lnipkin -lnip,...)) 

T(1N7) goOkrem i ;7 ..  ..... .....  
n Pex 

rem*mk (Z8n*nm) 2 

n 

T( 
31nrk) a  *mk in*mk  + *km r en*rua (111  (*Ical*nra) )  3T =0ktem ( m n P.x 

rem*mk (ren.nm) 2 

Similarly, 
(I) 

k z m 
31nrk 

2  (l) (i) *mkingimk ItikmEOn  *nmln(*km(0......) T(--ipr---) Q 
m 

 e [  m + .  1 
n PO( (i) (i) 2 

rem *mk (ren *nm) 

Substitution of equations (14), (15) into (5) gives the 

2-parameter version of the heat-of-mixing expression for UNIFAC 

where IPmn , IPmn  take the expressions in equation (23) of chapter 

In the derivation of equations (14) and (15) 1pnm,  Ipmn  are 

the temperature dependent group energy interaction parameters 

for the pair of groups m and n; anm, amn , are assumed to be 

independent of temperature. Thus, equations (14) and (15) are 

based on the two-parameter version of the UNIFAC model in which 

tpnm, , are exponentially related to a , anm. 

In order to enhance the flexibility and, hence, the 

accuracy of the model in characterizing functional group energy 

interactions in heats of mixing of liquid mixtures, the two 



(16)  

(17)  

(18)  

(19)  

(20)  

(21)  

(22)  
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parameters, amn, anm, are made temperature dependent. The 

following temperature dependency is investigated in this study: 

-a =A Tn + B mn mn mn 

and 

-anm = AT
n + B nm nm 

where 

n = -2, -1, ... +2 

Therefore, 
a 

nm = EXP(- 
n  --m-) 

brim= EXP(AnmTn-1 + BnmT-1) 

11) mn = EXP(A Tn -1 + B T-1) mn inn 

In equations (19) and (20) the two parameters Ipmn, nm have 

been replaced by the four parameters, namely, A , Anm, B , Bnn  

Therefore it requires two additional equations to make a 

total of four, in order to solve for the four unknown parameters 

mentioned above. 

The two additional equations are defined by the relation-

ship 
601) ) rnn  

D DT 

6(*nm)  bnm - 9T 

Differentiating equations (19) and (20) with respect to tempera-

ture give 
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D[EXP(A 
mn 
Tn-1 + B T-1 )] 

mn  b - mn 3T 

b = EXP[A Tn-1 + B T-1][(n-1)AmnTn-2 - B T-2] rnn mn mn ran 

3[EXP(AnmT
n-1 + BnmT-1 )] bnm - DT 

b Tn-1 -2 + BnmT-1 ][(n-1)AnmT
n-2 - BnmT ] nm = EXP[A nm 

Where the four parameters, Ate, A
nm, Bmn, Bnm are independent 

of temperature. 
u4.141k 

The equation for T( 
9T  ) becomes 

p,x n 8Am  m d(E[ m ])  
61nrk 6(-1n(E8mtpmk)) Eentpnm  

T(  "I' ) = TQk [ 911 ]- ( 3T ) 
p,x 

Let 
9(1n(E8mtpmk)) C 9T 

and 

m  ern4)km  ( E [ n ] ) 

"r14)nm  D - 3T 

equation (27) then becomes 

Dlnr
k) T(  911 = TQk(-C-D) p,x 

From equation (28) 

1 m  911)ink C = ze m 3T 
"m4)mk 

(23)  

(24)  

(25)  

(26)  

(27)  

(28)  

(29)  

(30)  

(31)  
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(32)  

(33)  

(34)  

(35) 

(36) 

Substitution of equation (21) into (31) gives 

re
m 
 b mk  Ca m  

tem*mk 

Expanding on equation (29) gives 

m n n m 
re * D .  mbkme - ret n*nm nb nmre m km  

n 
(reAipmm) 

2 

Substituting equations (32) and (33) into (30) gives 

n n alnrk m bmk b re * -* Zia * T(7pr- ) - TOkrem l-m km n nm km n nm  
I p.x 

lem*mk  (rentonm
)2 

Substituting equations (20) and (24) into (34) gives 

alnrk 
-1 ExP (A Tn-1 + B T ) I (n-1)A Tn-2 - B T-2I mk mk mk mk  

11 TOkrem{- aT p,x I6mEXPIAmk T
n-1

+ lemkT 11 

( ExP (Noce + artocT-  1) ( (n-1)AmkTn-2- BmkT-  2) - 2enEXP(Amke-1+BmkT-1)) 

(renEXP (A 241-1+ Bmk T-1)12 

n 
(EXP (AkmTn-1 + BkmT--)• Zen  • EXP (AnmTn-2 + T-1) ) 

tren•EXP (AmkTn-1 + BmkT1) 2 

Similarly, following equation (34) 

n n (i) (i)W .4• Ze(i)b nnrk  
(i) mk kmre n nm -  km n nm) ( ) a TOte 

- (b 
aT p,x k m 

r 
m

b

em
(i) 4,mk (Zen(i) 4,11m)

2 
- 
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where bjk' bkj retain their definitions in equations (21), 

(22) and 0(i) = the group surface area fraction of group m in 

pure component i. 

Substitutions of equations (19), (20), (24) and (26) into 

(36) gives the complete expression for that equation. Substi-

tuting equations (35) and (36) into (5), gives the heat-of-

mixing expression for group k. 

Check: the correctness of the heat-of-mixing expressions 

(equation 5) can be verified by substituting A = 0, B = 

amn' into the four-parameter version; this substitution should 

revert the four-parameter version to the two-parameter version. 



APPENDIX 2 

COMPUTER PROGRAMS 

The Fortran programs for heat-of-mixing calculations are 

presented in this section. Also included is the nomenclature 

for the actual use of the programs. There are three main 

programs and one subroutine for obtaining parameters for the 

various correlations. 

Main Program Titles 

HM1X2 UNIFAC two-parameter program, calculates heats of 

mixing 

HM1X4 UNIFAC four-parameter program, calculates heats of 

mixing 

AGSM AGSM Program calculates heats of mixing 

REG Non-linear Regression Subroutine used with each of 

the above main programs to calculate the group in-

teraction parameters 

Nomenclature for Main Programs & Variables in Common 

A(J,K),B(J,K) Group temperature independent coefficients for 

groups j and k interactions 

ERROR Percentage difference between calculated and experi- 

mental heats of mixing 

HEMIX(I) Calculated heats of mixing of component i in solution 

HK(K) Heats of mixing of group k in the solution 

HKS(K,I) Standard heats of mixing of group k in component i 
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HMIXE Experimental heats of mixing 

HMIX Calculated heats of mixing 

HSUM(I) Partial molar heats of mixing of component i in 

solution 

I Molecular components 

J,K Groups 

NDATA Number of data points 

N(K,I) Number of groups of type K in component i 

Q(J) Group J group area parameter 

R Universal gas constant 

T Absolute temperature in degrees Kelvin 

TH(J) Group J surface area fraction 

THS(J,I) Group surface area fraction of group J in pure 

component i 

U(J,K) UNIFAC binary temperature dependent parameters 

WSUM Sum of group surface areas for all groups in solution 

X(J) Group fraction of group J 

XM(I) Mole fraction of component i 

XT Group interaction parameter determined by data reduction 



t5.5 

FORTRAN IV (VER 45 ) SOURCE LISTING; 02/14/79 171 
SM)X2. 

1 C PROGRAM USING UNIFAC REGRESSION SUBRUOTINE 
2 C MAIN-PROGRAM- 
3 C BUTANOL/HEPTANE SYSTEM 
4 -COMMON XM1(40)AMIXE(40).MMIX(40),ERROR(40).NDATA.T 
5 D I MFNS I  ONAI1.15.45) 
6 REAL*6 NAME1,NAME2,NAME3 
7 INTEGER F,H 
8 RE610-12-.41AME1rrNAME2741043  
9 12 FORt'AT (3A8) 
10 PRINT 12.NAMEL.NAME2ANAME3 

NDA-TA- 
12 1 FORMAT (I10) 
13 READ 
14 11 FORMAT (F10.5)  
15 READ 2.(XM1(1),HMIXE(1),I$1.NDATA) 
16 2 FORMAT(F5.3.F10.4) 
17 READ- 1--.NPAR 
18 NNOPARet 
19 N8NPAR 
—20 READ 742.(XTE14-14-1-1811NPAR)  
21 702 FORMAT (F15.7) 
22 SA21.E-6 
23 DO  2a_...112..,NN 
24 DO 20 IsloN 
25 IF(J..I•1)2002,2003.2002 
26 2-003 XT(J.I181-1.0(T(1.1)  
27 GO TO 20 
28 2002 XT(J.I)3(T(1,I) 

_29_70 CORIINUF 
30 PRINT 4 
31 4 FORMAT (t.',10X0INITIAL PARAMETERS') 
.32  
33 301 FORMAT('•1•10X.F10.6) 
34 ALFA=1. 

DETAIL,  
36 GAMMAz2, 
37 CALL REG(NPARIXT.ALF.A.8ETA.GAMMAAA,NN,N) 
38 PRINT 9.(XM1(J).MM/XE(.1),MM/X(J).ERROR(J).j8 
39 9 FORMAT (4F15,5) 
40 STOP 
41 END  
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FORTRAN IV (VER 45 ) SOURCE LISTING! FMIN SUBROUTINE 02/14/79 171 

1 SUBROUTINE FMIN(XT,FF) 
2 COMMON_X111110),MALXE1401,NMIX(4OI.ERROPt40),NTILIA.T 
3 DIMENSION BS(10,10),MEAT(10,10).MEMIX(20) 
4 DIMENSION U(10,10).AXt10),NK(10),MKS(10,10),DN(10,10)0SUM 
5 DimENSION DS(1a,-1-014S-L104-1013-ESt1O-14-FIC-1-01..OS(10) 
6 DIMENSION C(10,10)•D(10,10),E(10),F(10),G(10) 
7 DIMENSION BX(10), ,M(10),N(10.10),X(1°) 
8 ElmENsION  CeUmtio),pt 104-14141SUM.101.4.CSSUHt14.1.BSSUM110.1__ 
9 DIMENSION NSUM(10),WSUM(10)DVSUK(10).PPSSUM(10),PPSUm(10) 
10 DIMENSIONTH(20),TNS(20,20)."(10'10).""10#10)4(10) 
11 DIMENSION XItiot 
12 YS=0. 
13 0(2)20.540 
14 0(3t1.1.14A  
15 0(4)=1.664 
16 N(2,2)=1 

11(.24.31=5 
18 'N(3,2)=1 
19 N(3,3)=2 
20 Nt4,2):1  
21 N(4.3)=0 
22 03,2)21. 

_ 21_ 
24 U(2,2)=1. 
25 U(3,3)=1. 
76 u(A44)=1,  
27 KA:4 
28 IS:3 

_at__ Dix3  
30 10'14 
31 JA:4 

—32 19=3  
33 JE014 
34 M8:4 
35 .15A4  
36 KS:4 
37 KS:4 

38 Iwz3  
39 KH24 
40 JC=4 

_41_ MC=4  
42 ID*3 
43 JDa4 
44  
45 R=8,314 
46 Ut2,4)4XT(1) 
_4_ U(4.2)4X/(22  
48 U(2,4)=ABS(U(2,4)) 
49 U(4,2)=ABSCU(4,2)) 

_50 03.4)=u(2.4)  
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FORTRAN IV (VER 45 ) SOURCE LISTING: FmIN SUBROUTINE 02/14/79 170: 

51 U(4,3)=04,2) 
52 no 777 imN=1,NnATA 
53 Xm(2)*XM1(KRN) 
54 XM(3)sis-Xm(2)  

..___55  8Y0)11(14  
56 AX(1)g0, 
57 AXSUM20, 
58 DO 30 M.,2•MA  
59 DO 40 Ig2•IA 
60 DO 50 K82•KA 

62 50 CONTINUE 
63 8X(1)1EIXII•1)*XM(1)4N(M•I) 
64 AX50=AXSUMe4X1KA)  
65 40 CONTINUE 
66 X(M)=8X(14)/AXSUM 

- - —67- AnUr=07--- 
68 30 CONTINUE 
69 WSUM(1)20, 
70 DO 99 J:2•JC 

. - 

71 DO 88 Mg2d1C 
72 WSUM(M)=WSUM(M•1).0(M)+X(M) 

CONTINUE  
74 TH(J)gOtAgX(J)/WSUMCMC) 
75 99 CONTINUE 
76 W1o11=4.  
77 C(1,1):8, 
78 F(1)80. 
29 cci)40,  
80 G(1)20. 
81 CSUM(1)x0. 
82 9q10111:8_  
83 P(10.)210, 
84 PPSUM(1)80, 

PP(141)10- 
86 DO 3 Kg2,KA 
87 DO 1 J82tJA 
88 DO 2 1=2,4A  
89 C(J01):Tm(m)itom,J)411ALOOcu(K,J)/U(m.J)) 
90 p(J,m)=TH(m)41U01,0 
91 PPCmdozTlitti)Jdatie K)  
92 CSum(M)scSum(m-1)4C(J,m) 
93 asumopc8sum(M-1)0(Jdt) 
94 mumlm)OPSum(m-1)4pR044)(1  
95 o(J,m)=ESuM(4)+,412. 
96 2 CONTINUE _ . _ . . 

_97 E(.1)=ECIfiltU(KsJ)g_CEUMtMAI/D(J_LBA) 
98 F(J)=F(J•1)+U(J/K),ALOG(U(J,K))/PPSUM(MA) 
99 G(J)=0(J.1)*TH(J),(F(J)+E(J)) 

coo/NuE  
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FORTRAN IV (VER 45 ) SOURCE LISTING) FMIN SUBROUTINE 02/14/79 171 

101 HK(K):0(K)41 G(JA) 
----102  3 CONTINUE  

103 YSUm(1):0I 
104 DO S 1=2,I8 

_.-1D5 DO 10 Ja7.10  
106 DO 20 ms2.MB 
107 YSUM(M):VSUM(M-1)*N(M0) 

- -JAB 20 CONTINUE  
109 DN(J,I)zFLOAT(N(J,I))/YBUM(MB) 
110 10 CONTINUE 

112 VSUM(1)10. 
113 DO 77 I:2,ID 
i1.4 b0 66 JL.2.JD  
115 DO 55 mr.2,MD 
116 VSUM(M):VSUMCM-1).0(M),DN(M,I) 
112-55____CONLINUE  -- 
118 THS(JiI)=0(J)+DN(JiI)/VSUM(MD) 
119 66 CONTINUE 

___-120  77 CnNTINUE  
121 DS11.11g0. 
122 CS(1•1)30. 

 ESI1)sl.  
124 FS(1)s0. 
125 GS(1):041 
1_26 P5(141)=0- 
127 CSSUM(1),0, 
128 8SSUM(1)101 
/29 PPS(141)z0- 
130 PPSSUM(1):0$ 
131 DO 44 122.IS 

- 112 DO 33 1(22_,CS  
133 DO 11 jx2,JS 
134 DO 22 Mx2IMS 

- 35 r  s l J •  t4  zniS(m41)*U4-M-4-)_*ALDS4-1.14-Ki .14/114)4,J4-4- 
136 BS(J.M)sTMS(m,I)+U(M,J) 
137 PPS(M,K)2THS(M,I)4U(M,K) 
13R cRtum/m)zrssum(M-1)4,CSIM)  
139 BSSUM(M):8SSUM(M-1)*BS(JIM) 
140 PPSSUM(M)=PPSSUM(14.1)0PStMik) 

___141 DS(44_10;BSSUM1m)*112, -- 
142 22 CONTINUE 
143 ES(.))2ES(J-1)4U(m#J)445SUm(m5)/DS(J0S) 

FSCJWS(../P'1)+U(J,m)•11.00CU(4IK))/PPSSUJWIS-)- 
145 GS(J)=GS(J..1)+THS(J,I)*(FS(J)+ES(J)) 
146 11 CONTINUE 

_147_ 1410(11.,11=000410S(5)  
148 33 CONTINUE 
149 44 CONTINUE 
150 kEmIX(i):0.  
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FORTRAN IV (VER 45 ) SOURCE LISTING: FMIN SUBROUTINE 02/14/79 170 

151 HSUM(1)zO. 
_152 wEiiii,i)10- 
153 DO 64 Is2,IH 
154 DO 70 K82.KH 

_153_  HEATIKAI:sN(KAI)44.101altlaSIK.4 1)) 
156 HSUMMOSUM(K-1).mSAT(K,I) 
157 70 CONTINUE 

-458 14EmIX(1)4HVIXCI-11•114-144-6)404-1044-- 
159 60 CONTINUE 
160 HEmIX(3)i-R4001EMIX(114) 

_161 wm/AIKENIzHEMILLIL  
162 ERmoR(mioN)=100,41(NmIxE(KPN)aHMIX(KPN))/HMIxE(KPN) 
163 DIFFiABSCHMIxE(KPN)-HMIX(KPN)) 

-464 Yle(DIFF/KmIXE(KPN))4102. 
165 YSsYS.Y 
166 777 CONTINUE 

168 RETURN 
169 END 





1 FORilAT(F10.5) 
READ(5,2)(XM1(I),HMIXE(I),I=1,NDATA) 

2 FORMAT(F6.4,F8.1) 
READ(5,1)NPAR 
NN=NPAR+1 
N=NPAR 
SA=1.E-6 
READ(5,702)(XT(1,D,I=1,NPAR) 

.702 FORMAT(F15.7) 
DO 20 J=2,NN • 
DO 20 I=1,N 
IF(.1,-I-1)20(2,2003,2002 

2003 XT(J,I;=1.14XT(1,I) 
GO TO 20 

2002 XT(J,I)=XT(1,I) 
20 CONTINUE 

WRITE(6,4) 
4 FORMAT (1-1 ,10X,'NITIAL PARAMETERS') 

WRITE(6,301) (XT(1,I),I=1,N) 
301 FORMAT (///r10X,F15.7) 

ALFA=1. 
BETA=0.5 
GAMMA=2. 
CALL RES(NFAR,XTPALFArBETAt0AMMArSA,NN,N) 
WRITE(6,9)(XM1(J),HMIXE(J),HMIX(J),ERROR(J),J=1,NDATA) 

9 FORMAT (4F15.5) • 
STOP 
END 
SUBROUTINE FMIN(XT,FF) 
COMMON XM1(40),HMIXE(40),HMIX(40),EAROR(40),NDATArT • 

C. UNIFAC---TEMPERATURE-INDEPENDENT PARAMETERS 
DIMENSIONHS(10),89(10,10),HEAT(10,10),HEMIX(50) 4 
DIMENSION A(10,10),AX(10),HK(10),HKS(10,10),DN(10,10),BSUM(10) 
DIMENSION DS(10,10),CS(10,10),ES(10), FSi1li)),GS(10) 
DIMENSION C(10,10),D(10,10),E(10),F(10),O(10),H(13),B(10,10) 
DIMENSION BX(10), XM(10),N(10,10),X(10), H1(10),H1S(10) 
DIMENSION CSUM(10),P(10,10),YSUM(10),CSSUM(10),BSSUM(10) 
DIMENSION HSUM(10)- 
DIMENSION WSUM(10),TH(10),THS(10,10),Q(10) 
DIMENSION VSUM(10) 
DIMENSION XT(10) 
YS=0. 
KA=4 
IS=3 
IA=3 
MA=4 
JA=4 
IB=3 
J8=4 
MB=4 
JS=4 
KS=4 
MS=4 
IH=" • 
KH=4 
JC=4- 
MC=4 
ID=3 
JD=4 
mp=4 
0(2)=0.540 
0(3)=0.84S 
0(4)=1.664 
N(2,2)=5 
N(3,2)=1 
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90 N(2,3)=5 
N(3,3)=2 

N(4,3)=0 
R=8.314 
A(2,2)=0. 
A(3,3)=0. 
B(2,2)=0. 
B(3,3)=0. 
A(4,4)=0. 
A(2,3)=0. 
A(3,2)=0. 
B(2,3)=0. 
B(3,2)=0. 
B(4,4)=0. 
A(2,4)=XT(1) 
A(4,2)=XT(2) . 
B(2,4)=XT(3) 
B(472)=XT(4) • 
A(3,4)=A(2,4) 
A(4,3)=A(4,2) 
B(314)=B(2,4) 
B(4,3)=B(4,2) 
DO 777 KPN=1,NDATA 
XM(2)=XM1(KPN) 
XM(3)=1.-XM(2) 
BX(1)=0. 
AX(1)=0. 
AXSUM=0. 
DO 30 M=2,MA 
DO 40 I=2,IA 
DO 50 K=2,KA 
AX(K)=AX(K-1)+XM(I)*N(K,I) 

50 CONTINUE • 
BX(I)=BX(I-1)+XM(I)*N(M,I) 
AXSUM=AXSUM+AX(KA) 

• 40 CONTINUE 
X(M)=BX(IA)/AXSUM 
AXSUM=0. 

30 CONTINUE 
WSUM(1)=0. 
DO 99 J=2,JC 
DO.  88 M=2, MC 
WSUM(M)=WSUM(M-1)+0(M)*X(M) 

88 CONTINUE 
TH(J)=0(J)*X(J)/WSUM(MC) 

99 CONTINUE 
D(1,1)=0. 
C(1,1)=0. 
F(1)=0. 
E(1)=0. 
G(1)=0.. 
H(1)=0. 
B(1,1)=0. 
CSUM(1)=0. 
BSUM(1)=0. 
DO-3 K=2,NA 
DO 1 J=2,JA 
DO 2 M=2,MA 
C(J,M)=TH(M)*EXP(A(M,J)+B(M,J)/T)*(-B(M,J)/(T*T)) 
P(J,M)=TH(M)*EXP(A(M,J)+B(M,J)/T) 
CSUM(M)=CSUM(M-1)+C(J,M) 

• BSUM(M)=BSUM(11-1)4P(J,M) 
- D(J,M)=(ABS(BSUM(M)))**2. 

CONTINUE 
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GMA) 
F(J)=F(J-1)+TH(J)*EXP(A(K,J)+B(K,J)/T)*(-B(K,J)/(T* 

GT))/BSUM(MA) 
G(.1)=G(J-1)+TM(J)*EXP(A(J,K)+B(J,K)/T)*(-B(J,K),(T* 

GT)) 
H(J)=H(J-1)+TH(J)*EXP(A(J,K)+B(J,K)/T) 

1 CONTINUE 
H1(JA)=13(JA)/H(JA) 
HK(K)=0(K)*(H1(JA)+F(JA)-E(JA))*R*T*T 

3 CONTINUE 
YSUM(1)=0. 
DO 5 I=2,IB 
DO .0 J=2,JB 

' DO 20 M=2,MB 
YSUM(M)=N(M,I)41SUM(M-1) • 

20 CONTINUE 
DN(JrI)=FLOAT(N(J,I))/YSUM(MB) 

10 CONTINUE 
5 CONTINUE 

VSUM(1)=0. 
DO 77 I=2,ID 
DO 66 J=2,JD 
DO 55 M=27MD 
VSUM(M)=VSUM(M-1)+0(M)*DN(M,I) 

55 CONTINUE 
THS(J,I)=0(J)*DN(J,I)/VSUM(MD) 

66 CONTINUE 
77 CONTINUE 

DS(1,1)=0. 
CS(1,1)=0. 

- ES(1)=0. • 
FS(1)=0. 
GS(1)=0. 
HS(1)=0. 
BS(1,1)=0. 
CSSUM(1)=0. 
BSSUM(1)=0. 
LO 44 I=2, IS 
DO 33 K=2,XS 
DO 11 ..1=2.v.JS 
DO 22 M=2,MS 
CS(J,M)=THS(M,I)*EXP(A(M,J)+B(M,J)/T)*(-B(M;J)/(T*T 
G)) 
BSCJiM)=THS(M,I)*EXP(A(M,J)+B(M,J)/T) 
CSSUM(M)=CSSUM(M-1)+CS(J,M) 
BSSUM(M),-,TSSUM(M-1)+B3(JvM) 
DS(J,M)=(ABS(BSSUM(M)))**2. 

22 CONTINUE 
ES(J)=ES(.1-1)+THS(Jri)*EXP(A(K,J)+B(K,J)/T)*CSSUM(M 
GS)/DS(J,MS) 
FS(J)=FS(J-1)+THS(J,I)*EXP(A(K,..1)+B(K,J)/T)*(-B(K,J)! 
S/(T*T))/BSSUM(MS) 
GS(J)=0S(..1-1)+THS(J,I)*EXP(A(J,K)+B(J7K)/T)*(-B(J,K) 
G/(T*T)) 
HS(J)=HS(J-1)+THS(J,I)*EXP(A(J004.11(JIK)/T) 

11 CONTINUE 
H1SCJS)=GS(JS)/HS(JS) 
HKS(K,I))*(H1B(JS)+FSijS)-ES(JS))*R*T*T 

33 CONTINUE 
44 CONTINUE 

HEMIX(1)=0. 
HSUM(1)=0. 
HEAT(1,1)=0. 
DO 60 I=2,IH 
DO 70 K=2,KH 
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70 CONTINUE 
HEMIX(I)=XM(I)*HSUM(KH)4. HEMrX(I-1) 

60 CONTINUE 
HEMIX(3)=HEMIX(IH) 
HMIX(KPN)=HEMIX(3) 
ERROR(KPN)=100.CHMIXE(KPN)-HMIX(KPN))/HMIXE(KFN) 
DIFF=ABS(HMIXE(KPN)-HMIX(KPN)) 
Y=(DIFF/HMIXE(NPN))**2 
YS=YStY 

777 CONTINUE 
FF=YS 
RETURN 
END 
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C AGSM 
DIMENSIONHS(10)iBS(10,10),HEAT(10,10),HEMIX(50) 
DIMENSION A(10,10),AX(10),HK(10),HKS(10,10),DN(10,10),BSUM(10) 
DIMENSION DS(10,10),CS(10,10),ES(10), FS(10),GS(10) 
DIMENSION C(10,10),D(10,10),E(10),F(10),G(10),H(10),B(10,10) 
DIMENSION BX(10), XM(10),N(I0,10),X(10), H1(10),H1S(10) 
DIMENSION CSUM(10),P(10,10),YSUM(10),CSSUM(10),BSSUM(10) 
DIMENSION HSUM(10) 
XM(2)=0. 

100 XM(2)=XM(2)+0.1 
IF(XM(2)-l.) 300,200,200 

300 XM(3)=1.-XM(2) 
KA=3 
IS=3 
IA=3 
MA=3 
JA=3 
IB=3 
JB=3 
MB=3 
JS=3 
KS=3 
MS=3 
IH=3 
KH=3 
V(2-,3)=7- 
N(3,2)=1 
V(2,2)=1 
N(3,3)=0 
R=8.314 
T=303.15 
A(2,2)=0. 
A(3,3)=0. 
B(2,2)=0. 
B(3,3)=0. 
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B(3,2)=-3316.1 
AX(1)=0. 
AX(1)=0. 
AXSUM=0. 
DO 30 M=2,MA 
DO 40 I=2,IA 

- DO 50 K=2tKA 
AX(K)=AX(K-1)+XM(I)*N(KtI) 

51., CONTINUE 
BX(I)=BX(I-1)+XM(I)*N(M,I) 

- AXSUM=AXSUM+AX(KA) 
40 CONTINUE 

X(M),TBX(IA)/AXSUM 
AXSUM=0. 

30 CONTINUE 
D(1,1)=0. 
C(1,1)=0. 
F(1)=0. 
E(1)=0. 
6(1)=0. 
H(1)=0. 
B(1,1)=0. 
CSUM(1)=0. 
BSUM(1)=0. 
DO 3 K=2,KA 
DO 1 J=2tJA 
DO 2 M=2,MA 
C(J,M)=X(M)*EXP(A(J,M)+B(J,M)/T)*(-B(JtM)/(T*T)) 
P(J,M)=X(M)*EXP(A(JtM)+B(JtM)/T) 
CSUM(M)=CSUM(M-1)+C(JtM) 
BSUM(M)=BSUM(M-1)+P(J,M) 

- D(J,M)=CABS(BSUM(M)))**2. 
2 CONTINUE 
( E(J)=E(J-1)+X(J)*EXP(A(J,K)+B(J,K)/T)*CSUM(MA)/D(J,M 
- 1A) 

F(J)=F(J-1)+X(J)*EXP(A(J,K)+B(JtK)/T)*(-B(J,K)/(T*T) 
1)/BSUM(MA) 
G(J)=G(J-1)+X(J)*EXP(A(K,J)+B(KtJ)/T)*(-B(K,J)/(T*T) 
1) 
H(J)=H(J-1)+X(J)*EXP(A(KIJ).+B(K,J)/T) 
H1(J)=G(J)/H(J) 

1 CONTINUE 
HK(K)=041(JA)+F(JA)-E(JA))*R*T*T 

3 CONTINUE 
YSUM(1)=0. 
DO 5 I=2,IB 
DO 10 J=2,JB 
DO 20 M=2,MB 
YSUM(M)=N(M,I)+YSUM(M-1) 
CONTINUE 
DN(J,I)=FLOAT(N(J,I))/YSUM(MB) 

10 CONTINUE 
5 CONTINUE 

DS(1,1)=0. 
CS(1,1)=0. 
ES(1)=0. 
FS4-144=0-t---- 
GS(1)=0. 
HS(1)=0. 
BS(1,1)=0. 
CSSUM(1)=0. 
BSSUM(1)=0. 
wra.....44.iaisagas 
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95 DO 33 K=2,KS 
DO 11 J=2,JS 
DO 22 M=2, MS 
CS(J,M)=DN(M,I)*EXP(A(J,M)+B(J,M)/T)*(-B(J,M)/(T*T)) 
BS(J,M)=DN(M,I)*EXP(A(J,M)4-B(J,M)/T) 
CSSUM(M)=CSSUM(M-1)+CS(J,M) 
BSSUM(M)=BSSUM(M-1)+BS(J,M) 
PS(J,M)=(ABS(BSSUM(M)))**2. 

22 CONTINUE 
ES(J)=ES(J-1)+DN(J,I)*EXP(A(J,K)+B(J,K)/T)*CSSUM(MS) 

1/DS(J,MS) 
FS(J)=FS(J-1)+DN(J,I)*EXP(A(J,K)+B(J,K)/T)*(-B(J,K)/ 
1(T*T))/BSSUM(MS) 
GS(J)=GS(J-1)+DN(J,I)*EXP(AW,J)+B(K,J)/T)*(-B(KrJ)/ 

1(T*T)) 
MS(J)=HS(J-1)4.DN(J,I)*EXP(A(K,J)+B(OJ)/T) 
H1S(J)=GS(J)/HS(J) 

11 CONTINUE 
HNS(K,I)=041S(JS)+FS(JS)-ES(JS))*R*T*T 

33 CONTINUE 
44 CONTINUE 

HEMIX(1)=0. 
HSUM(1)=0. 
HEAT(1,1)=0# 
DO 60 I=20IH 
DO 70 K=2,KH 
HEAT(K,I)=N(KPI)*(HKOO-HKS(KrI)) 
HSUM(K)=HSUM(K-1)+HEAT(K,I) 

70 CONTINUE 
HEMIX(I)=XM(I)*HSUM(KH)+ HEMIX(I-1) 

60 CONTINUE 
HEMIX(3)=HEMIX(IH) 
WRITE(2,400) XM(2),HEMIX(3) 

400 FORMAT (F5.3,F15.5) 
00 TO 100 

200 STOP 
END ,  



.gt. 4  
SUBROUTINE REG(NPARrXrALFArBETA,GAMMArSArNN/N) 
DIMENSION X(17,20),F(10)rXS(10),XM(10),XE(10),XX(10) 
DIMENSION XR(10)0(K(10)7X11(10) 
NP=6 
DO 1 J=1,NN 
DO 21 I=1rN 

21 XX(I)=X(JrI) 
CALL FMIN(XX,FF) 

1 F(J)=FF 
NF=NN 

C NF IS THE NUMBER OF CALCULATIONS OF F 
ALFA=1. 
BETA=0.5 
GAMMA=2. 
ITER=0 
JPR=0 

400 FORMAT(8F16.7) 
C ESTIMATION OF THE LOWEST VALUE OF F=FB 
25 FB=F(1).  

DO 98 I=1rN 
98 XB(I)=X(1,I) 

JB=1 

1.110 31 J=204N 
IF(FB—F(J))31,31,108 

108 FB=F(J) 
JB=J 
DO 41 I=1,N 

41 XB(I)=X(JgI) 
31 CONTINUE 
C ESTIMATION OF THE HIGHEST VALUE OF F=FS 

FS=F(1) 
DO 51 I=104 

51 XS(I)=X(1rI) 
JS=1 
DO 61 J=2,NN 
IF(FS—F(J))111,61,61 

111 FS=F4J) 
JS=J 

.D0 71 I=lioN 
71 XS(I)=X(jrI) 
61 CONTINUE 
C CALCULATION OF THE CENTROID XM(I) OF POINTS 
C • EXCLUDING XS(I) 

DO 81 I=1,N 
81 XM(I)=—XS(I) 

DO 9 J=1,NN 
• DO 122 I=11N 

122 XM(I)=XM(I)+X(JrI)' 
9 CONTINUE 

DO 121 I=1,14 
121 XM(I)=XM(1)/FLOAT(N) 
C REFLECTION 
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NF=NF+1 
C EXPANSION 

IF(FR-FB)141,151,151 
141 DO 161 I=1rN 
161 XE(I)=XM(1)+GAMMACXR(I)-XM(I)) 

CALL FMIN(XE,FE) 
NF=NFA-1 
IF(FE-FB)17,18,16 

17 DO 19 I=1rN 
X(JSrI)=XE(I) 

19 XS(I)=XE(I) 
F(JS)=;:7E 

C CALCULATION OF THE HALTING CRITERION 
27 FM=0. 

DO 20 J=1,NN 
20 FM=FM+F(J) 

FM=FM/FLOAT(NN) 
FRMS=0. 
DO 22 J=1,NN 

22 FRMS=(F(J)-FM)**24-FRMS 
. • - RMS=SORT(FRMS/FLCAT(N)) 

ITER=ITER+1 
JPR=JPR+1 
IF(ITER.E0.101)GO'TO 23 

50 CONTINUE 
IF(JPR-1)902,902,903 

903 CONTINUE 
IF(JPR-6)901,904,904 

904 JPR=1 
902 CONTINUE 

WRITE(NP,107)ITERrNF 
107 FORMAT(1H0,' ITERATION NUMBER OF CALLS 

OUTINE'rI5) 
WRITE(NP,109) 

109 FORMAT(' PARAMETERS') 
WRITE(NP1400)(X(JS,I),I=1rN) 
WRITE(NP,106)F(JS),RMS 

106 FORMAT(1H r' FMIN=',E14.5,1 SD=',E14.5) 
901 -  CONTINUE 

IF(RMS-SA)23,23125 
C NEW SIMPLEX 
C FE GREATER THAN 
18 DO 26 I%A.IN 

X(JS,I)=XR(I) 
26 XS(I)=XR(I) 

F(JS)=FR 
FS=FR 
GO TO 27 

C - NEW SIMPLEX 
C FR GREATER THAN FB 
151 DO 30 J=1,NN 

IF(J-US)28,30728 
28 IF(FR-F(J))18,18,30 
.30 CONTINUE 

IF(FR-FS)91r91,32 
91--  DO33 I=11N 

X(jS,I)=XR(I) 
33 XS(I)=XR(I) 

F(JS)...FR.  
FS=FR 

32 DO 34 I=1rN 
34 XN(I)=XM(I)+BETA*(XS(I)-XM(I)) 

CALL FMIN(XKrFK) 

97 



NF=NF+1 
C NEW SIMPLEX 
C AFTER CONTRACTION 

IF(FK-FS)35,35,36 
35 DO 37 I=1,N 

X(JS,I)=XK(I) 
37 XS(I)=XK(I) 

F(JS)=FK 
FS=FIC 
GO TO 27 

36 DO 38 J=1,NN 
DO 39 I=1,N 

39 X(J,I)=CX(J,I)+XB(I))/2. 
38 CONTINUE 

GO TO 27 
23 WRITE(NP,905) 
905 FORMAT(1H0,1 FINAL PARAMETERS') 

WRITECNF.400)(X(JS,DrI1yN) 
WRITE(NF,106)F(JS),RMS 

833 CONTINUE 
RETURN 
END 
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NOMENCLATURE  

Arabic Numerals  

AHEXP 
= Experimental heats of mixing per mole of mixture 

tHCAL 
= Calculated heats of mixing per mole of mixture 

OH = Heats of mixing per mole of mixture 

AR. = Partial molar heats of mixing of component i 

V(i) = Number of groups of type k in component i 

X- = Mole fraction of component i 

Hk = Group heats of mixing of group k 

Hk1) = Standard state heats of mixing of group k in com-
ponent i 

Xm = Group fraction of group m 

P = Pressure 

T = Temperature 

ajk' bjk = - UNIFAC group parameters (temperature dependent) 

Ajk'Bjk = Group parameters (temperature independent) 

k = Group k surface area parameter 

R = Universal gas constant 

Ukj,Ujk = UNIFAC binary interaction parameters 

GE = Excess Gibbs Energy 

FMIN = Function minimized by data reduction 

Greek Letters  

yR = Residual activity coefficient of component i in 
mixture- 

y. = Activity Coefficient of component i 
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rk = Activity coefficient of group k 

(i) rk 
= Activity coefficient of group k in pure component i 

m = Area fraction of group m 

(i) em = Group surface area fraction of group m in pure com- 
ponent i 

YC = the combinatorial activity coefficient which is 
independent of temperature 

T F T = the two adjustable parameters obtained by data 
ij ji reduction. No ternary or higher parameters are 

needed for multicomponent systems. 

(Di = molecular volume fraction 

i = molecular surface area fraction 

x. = component i mole fraction 

z = lattice combination number (here equal to 10) 

qi = van der Waals surface area for component i 

ri = van der Waals volume for component i 

1i = pure component (i) constant 

k = 1, 2....N 

N = number of groups in molecule i 

j = 1, 2....M 

M = number of components in mixture 
where 

ME = excess property (extensive) 

-E m i = partial excess property 

n, = number of moles of i 

i = 1, 2....M 

M = number of components in the mixture 
E - G = Gibbs free energy 

N = number of different groups in the mixture 
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T = temperature in degrees Kelvin 

X m1) = group fraction of group m in pure component i 

y.=component i activity coefficient in mixture 

j,k,m = groups in the mixture 

(i)_ x, - group fraction of group j in pure component i 

(i) Nk = number of the group type k in component i • 
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