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Abstract

The research work involved in this study can be described in two aspects: the
experimental determination of excess enthalpies, HE, for some binary and temnary liquid
mixtures; and a theoretical study of various approaches for the representation of
experimental HE data.

To determine the excess enthalpies of desired systems, a series of calorimetric
experiments has been carried out for 15 binary and six ternary mixtures with an LKB
flow microcalorimeter.

A new model, based on statistical thermodynamic principles, has been developed for
representing and predicting the excess enthalpy of a ternary mixture from correlation of
the HE values of its constituent binaries.

The analyses of experimental results were carried out with several solution models,
such as the Flory theory model, an association model, the DISQUAC model, the NRTL
model, the UNIQUAC model, and the model developed in this study.

The applicability of the proposed model for predicting ternary HF values was further
investigated. In addition to the six ternary systems experimentally studied in this work,
six more ternary systems were selected from the literature. For comparison, the same
calculations were also carried out with the 3-parameter NRTL and 2-parameter

UNIQUAC models.
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Nomenclature

cohesion parameter in cubic equation of state

equation constants for calibration lines

Helmholiz free energy, J

parameters in Equation 2.2

numbers of contact pairs used in the Flory theory
parameters in Equation 2.2

parameter representing the external degree of freedom in the Flory theory
parameters in H ; expression

density, g-em®

electrical potential, V

mean intermolecular energy used in the Flory theory
volumetric flow rate, cm™s™

Gibbs free energy, I, or J'mol”

a function of molar volume

radial distribution function

enthalpy, J, or J-mol*

coefficients in Equations 4.10 and 4.11

current, A

Boltzmann constant, J-K

property of a real solution

molar mass, g-moi’

number of molecules used in the Flory theory, or number of data points,
number of j molecules in volume V

Avogadro’s number, 6.023X10% mol"

number of j molecules interacting with a central i molecule
number of adjustable parameters used in RMSD expression
pressure, N-m?
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charactesistic pressure used in the Flory theory

total relative molecular area of i type molecule used in the DISQUAC
model; or UNIQUAC surface area parameter, cm?

combinatorial factor used in the Flory theory

partition function used in the Flory theory

number of segments in a molecule used in the Flory theory; or
the separation of the molecules

UNIQUAC volume parameters

calibration resistance in chapter 3, @; or gas constant, J K1-mol?
standard resistance, Q

reduced well width, cm

the number of contact sites per segment of a molecule of species i
used in the Flory theory

temperature, K

characteristic temperature used in the Flary theory

potential energy function, J

internal energy, J

molar volume, cm®mol™; or volume per segment used in the Flory theory
reduced volume used in the Flory theory

hard core volume per segment used in the Flory theory, cm?
volume, cm®

characteristic volume used in the Flory theory

voltage deflection from the baseline voltage, mV

baseline voltage, mV

mass, g

mole fraction

local composition

interim parameters used in UNIQUAC model

electrical power, J-s?

lattice coordination number used in the DISQUAC model (=4)
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Z - coordination number used in the proposed model (=10), or
compressibility factor

Greek letters

o parameter used in the NRTL model, or volume fraction used in the
association model

o correction factor used in the proposed model, or surface ratio in
the DISQUAC model

e, isobaric expansivity, kK

ay; molecular surface fraction of surface type “s” on an “i” type molecule
used in the DISQUAC model

¥ geome.ric factor used in the Flory theory

A0 change, or difference

€ calibration constant of the calorimeter, J-s'-V!

&> € energies associated with respective contact pairs used in the Flory theory

& molar value of the potennal function uy(r) at the lowest potential level used
in the proposed model

6, site fraction, or contact surface area fraction used in the Flory theory, or
local area fraction of molecule i used in the UNIQUAC model

g isothermal compressibility, TPa™

A . number of contact surfaces used in the DISQUAC model

£ surface fraction of component i in mixture used in the DISQUAC model

o; collision diameter, cm

T parameters used in the NRTL and UNIQUAC models

¢ volume fraction

X2 Flory interchange energy parameter, J-cm™

X, X, quantities used in the DISQUAC model

XXy solutions of Equation 3.46 for x;=1

¥ parameter used in the Flory model



Superscripts

° standard

b binary

dis dispersive contribution

E excess property

id ideal solution

quac quasichemical contribution
Subscripts

I 52!3!A!B!C§i'j !k
component indices

123 ternary mixture of components 1, 2, and 3

1+23 pseudo-binary mixture of component 1 and a specific binary mixture of
components 2 and 3 having a fixed composition

A attractive

b binary mixture

< critical condition

config,m configurational molar property

F Flory term used in the association model

H Hydrogen-bond formation

m molar quantity, or mixture, or mixing process

MK Mecke-Kempter term used in the association model

st contact sites of s and t used in the DISQUAC model

T Ternary
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Abbreviations

2,2,4-TMP
2,3-DMB
A2
AAD
AAPD
AGSM
A-S
ASOG
DISQUAC
EOS
PR
PRSV
PT
SRK
SW
TUPAC
LB-2
LKB
LLE
LS
MC
MD
MTBE
NRCC

P-V-T
R-K
RMSD

2.2,4-Trimethylpentane
2,3-Dimethylbutane

Association model

Average Absolute Deviation

Average Absolute Percentage Deviation
Analytical Group Solution Method
Adachi-Sugie

Analytical Solution of Groups
Dispersive-Quasi-Chemical

Eguation of State

Peng-Robinson equation (1976)
modified PR equation by Stryjek and Vera (1936)
Patel and Teja equation (1982)
modified RK equation by Soave (1972)
Schmidt and Wenzel equation (1980)
International Union of Pure and Applied Chemistry
Lorentz-Berthelot mixture

Name of the calorimeter manufacturer
Liquid-Liquid Equilibrium
Least-Squares

Monte Carlo

Molecular Dynamics

Methyl Tert-Butyl Ether

National Research Council of Canada
Non-Random Two-Liquid
Pressure-Volume-Temperature
Redlich-Kister
Root-Mean-Square-Deviation
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S-2
SIGMA
UNIFAC
UNIQUAC
VLE

Solvation model

Simplified Group Method Analysis
Universal Functional Activity Coefficient
Universal Quasi-Chemical

Vapor-Liquid Equilibrium
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Chapter 1

Introduction

Mixing is a process people deal with frequently in their daily lives. They are so used
to it that they usually assume that adding ‘‘one’” to ‘‘one’” must lead to a “‘two.” For
example, when one liter of alcohol is mixed with one liter of water, would the resulang
solution be a two liter diluted alcohol? Many people would not have any doubt about it,
although it is not true. Mixing behaviours are not as simple as 1+1=2, mathematically,
because excess properties caused by the mixing process have to be considered. In
general, excess properties have relatively small values. However, in certain

circumstances, they would show their effects in a big way.



1.1 Objectives

To discuss an excess property, it is necessary to begin with the concept of an ideal
solution, because the simple ideal behaviour provides a convenient basis on which
correction factors are introduced to express quantitatively the reai behaviour. The
components of an ideal solution are considered to have no differences in their molecular
shape, size, mass, and chemical type (electronic configuration). In other words, all the
molecules in an ideal solution interact in the sam= way (Chao and Greenkorn, 1975).

In ;hermodynamics, the excess property of a solution is a measure of the difference
between the property value of a real solution and the value it would have as an ideal
solution at the same temperature, pressure, and composition. By definition,

ME=M- M
where M represents the excess property, M is the property of the real solution and M"
is the property of an ideal solution under the same conditions. In other words, the excess
property indicates quantitatively how far the real solution deviates from an ideal solution
whose behaviour is well known. Thus, studies of excess properties occupy an important
place in thermodynamics.

This study was focused on the excess enthalpy, HE, or the so-called heat of mixing.
The goals of the research were to carry out experimental measurements of excess

enthalpy values for some selected systems, to represent the experimental findings by



using appropriate models, and to further predict H® values for multicomponent systems.
The objectives of the study can be described in two aspects:

® the experimental determination of excess enthalpies for some binary and ternary
organic liquid mixtures, and

@ 2 theoretical study of various approaches for correlating and predicting H® values.

1.2 Importance of the subjects

1.2.1 Experimental excess enthalpy data

Among excess properties, excess enthalpy HE, being of considerable importance for
mixing or separation processes in chemical and petroleum industries, has drawn great
attention, Experimental excess enthalpy data are required for a proper design of
distillation columns. They provide basic information for testing the feasibility of existing
solution theories and serve as a guide for formulating a new solution theory, because they
are a reflection of the intermolecular force change caused by a mixing process. They can
also be used for testing thermodynamic consistency of isobaric vapour-liquid equilibrium

results.

1.2.2 Representation of experimental excess enthalpy data

The representation of experimental excess enthalpy data by means of certain



expressions, empirically or theoretically, is a necessary step in experimental
thermodynamics. It functions as 2 tool for verifying and smoothing the experimental
data. It also provides a measure for data interpolation and possible extrapolation, which
would extend the appﬁcation of the experimental findings over a broader range. For the
theoretical or semi-empirical models, a better representation of the experimental resuits

contributes to a better understanding of the fluid behaviour.

1.2.3 Predicting excess enthalpy values for multicomponent systems

For a long time, excess enthalpies of binary systems have been investigated
extensively. Due to the difficulties involved in the experimental ineasurements and the
increasing time consumption with each additional component of a multicomponent
mixture, experimental investigations of the excess enthalpies of multicomponent systems
have been very limited. It is, therefore, highly desirable to develop suitable methods

capable of predicting excess enthalpies of multicomponent systems from binary data.

1.2.4 Systems studies

In arranging the project, special attention was paid to the possible practical usage of
the systems selected. It is well known that as a result of changes in economic and

environmental requirements, alternative transportation fuels have begun to attract



increasing attention. A portion of regular gasoline currently available in the market can
be replaced by alternatives, such as alcohols or ethers. Among them are ethanol,
propanol and methyl tert-butyl ether (MTBE), erc., which may be obtained from
processes other than petroleum refining and used to increase the gasoline’s octane
number. The alternative fuels help to reduce our dependence on crude oil supply and to
meet clean air standards. In some large cities in the United States, it has become
mandatory to use alcohol-blended gasoline as transportation fuel (Hunt, 1982).

Also, as mentioned by the International Union of Pure and Applied Chemistry,
““ethers alone, and with hydrocarbons, are very important in electro-refining, electro-
machining, electro-polishing and electro-deposition, because they can be mixed with salts
to produce 2 wide electrochemical window. These require a careful study of the
thermophysical and thermochemical properties of these pure components and mixtures™
(IUPAC, 1994).

With the consideration of their practical importance, the following binary and ternary
systems formed by mixing ethanol, propanol or methyl tert-butyl ether (MTBE) with
some normal and branched alkanes were chosen for experimental studies in this work:
ethanol + n-hexane + n-decane, ethanol + n-hexane + n-dodecane, l-propanol + n-
hexane + n-decane, l-propanol + n-hexane + n-dodecane, MTBE - n-hexane + n-
decane, MTBE + n-hexane + n-dodecane, together with six additional binary systems:

sthanol + 2,3-dimethylbutane, ethanol + 2,2 4-trimethylpentane, 1-propanol + 2,3-
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dimethylbutane, 1-propanol + 2,2,4-trimethylpentane, MTBE + 2,3-dimethylbutane,

MTBE + 2,2,4-trimethylpentane.

1.3 An overview of the contents

A literature review is given in Chapter 2 which preseats a survey of different
calorimetric methods and approaches for representing excess enthalpy values. A study
of the previous investigations of the selected system reported in the literature is also
introduced in this chapter.

A presentation of theories and methodologies involved in this study is included in
Chapter 3.

Chapter 4 covers a description of the equipment and the experimental procedures
employed. The experimental results are also illustrated and discussed in this chapter.

The representations of experimental excess enthalpy values by means of various
models are presented and discussed in Chapter 5. A description of the new model
developed in this study is also included in this chapter.

Some conclusions are summarized in Chapter 6.

In the appendices, detailed experimental results, as well as the computational
approaches, programs, and calculation results are pres;nTéd. Some specific experimental

treatments are also explained.



Chapter 2

Literature survey

This chapter covers a review of different calorimetric methods, a literature search for
excess enthalpy values of relevant systems, and an evaluation of a number of existing
approaches for correlating and predicting excess enthalpy values, such as empirical
representations, solution theories, and group contribution models, whose advantages and

shortcomings are suggested.

2.1 Calorimetric methods

To obtain precise values of excess enthalpy, the most reliable way is to measure it
directly using a calorimeter, although HE can be derived from other excess properties,
such as from the temperature dependence of the excess Gibbs free energy, as shown in

Equation (2.1):

E
HE = _T:’. (BG /T) (2.1)
T Jp



The word calorimerer comes from the Latin word for sear and the Greek word for
measure. A calorimeter can measure the heat involved by comparison either directly
with a known electrical energy or indirectly with materials whose thermal properties are
known. Direct measurement usually involves the addition of a known amount of
electrical energy in the form of heat, because with modern techniques, electrical energy
can be measured more accurately and conveniently than other forms of energy. In an
indirect measurement, one can avoid the use of electrical energy measurements by
utilizing some thermal properties that have already been determined electrically.

There are various calorimetric methods leading to different types of commercialized
calorimeters available, such as adiabatic calorimeters, isothermal calorimeters, isothermal
jacket calorimeters and flow calorimeters. These calorimeters are designed to be capable
of producing reliable results for different purposes. Usually, they are classified

according to which physical variables are kept constant (McCullough and Scott, 1968).

2.1.1 Adiabatic calorimeter

The type of adiabatic batch calorimeter designed originally by McGlashan is among
the most successful ones for measuring the heat effect of solid and/or liquid systems over
a wide range of temperatures, which includes heat of formation, heat of chemical
reaction, latent heat of phase changes, heat capacity, heat of mixing, etc. (Larkin and
McGlashan, 1961; Armitage and Morcom, 1969; Hill and Swinton, 1980a,b; Miltenburg
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et al. 1987). An adiabatic calorimeter contains 2 calorimetric vessel that is thermally
isolated from its surroundings. Strictly speaking, no practical calorimeter is truly
adiabatic. A calorimeter can be made nearly adiabatic by reducing the heat exchange
between the calorimetric vessel and its surroundings. This can be achieved by
minimizing three important factors involved in calorimetric measurement.

One is to minimize the temperature difference between the calorimetric vessel and
its surroundings. If the heat has a positive value (endothermic), there would be 2
lowering of the temperature. In practice, electrical energy is usually supplied to the
calorimeter to compensate for the temperature drop. On the other hand, a negative value
heat effect (exothermic) would cause a temperature increase in the calorimetric unit. A
second apparatus is necessary to determine the amount of energy required to produce the
same temperature rise. Alternatively, two identical calorimeters can be used (Armitage
and Morcom, 1969). A known amount of electrical energy is added to the second
calorimeter in such a way that the temperature difference between the two calorimeters
is minimized.

The other two ways to reduce the heat exchange between the calorimetric unit and
its surroundings are to minimize the heat transfer coefficient, and to minimize the time
for the heat exchange.

It should be noticéd that the basic definition of adiabatic refers to heat, not any other

forms of energy. The accepted meaning of an adiabatic calorimeter permits measured
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electrical energy to enter the calorimeter and be transformed into heat, as via a
calorimeter heater.

The utilization of an adiabatic calorimeter is restricted by the accuracy of the
temperature control system. Although the adiabatic calorimeter has increased in use
along with the availability of modern electronic instruments for temperature control and
recording, the design of the calorimeter and its auxiliary parts is at least as important as
the external instruments in obtaining good temperature control. Also, the calorimeter
becomes more difficult to operate at higher temperatures, because of increased heat

leakage due to the non-ideality of the calorimeter and its application.

2.1.2 Isothermal calorimeter

The isothermal calorimeter originaily developed for mixtures by Van Ness (Mrazek
and Van Ness, 1961; Savini er al., 1966) has been further improved by Marsh and his
coworkers (Stokes, et al., 1969; Ewing er al., 1970). This type of calorimeter is capable
of producing highly precise and accurate results for different types of heat effect and is
widely used for heat of mixing measurement (Alonso e al., 1987; Lim et al., 1994).

An isothermal calorimeter, as the name implies, is one in which no temperature
change occurs during the experiment. There are two ways to achieve this purpose. One
is based on solid-liquid or liquid-vapour phase change. For example, solid-liquid phase
change is used in the ice calorimeter (Ginnings, er al., 1950). The volume change

10



involved is used as a measure of the heat added or removed. The major disadvantage
of this method is that measurements can only be carried out at the phase change
temperature of the calorimeter fluid. Another way to keep the temperature of the
calorimeter constant during an experiment is to use electrical heating to balance the
removal of heat, or to use electrical cooling (Peltier effect) to balance the addition of heat
(Mann, 1954; Rossini, 1956).

The major advantages of this type of calorimeter include easier control of heat
leakage and the independence of the results from the heat capacity of the calorimeter

since its temperature does not change.

2.1.3 Isothermal jacket calorimeter

An isothermal jacket calorimeter or isothermal shield calorimeter is one whose
surrounding shield is kept at a constant temperature, rather than at the calorimeter
temperature. One obvious advantage of this method is the simplicity of the operation of
the shield. During an experiment, the calorimeter may change temperature while the

shield is kept at a constant temperature.

2.1.4 Flow calorimeter

A flow calorimeter is one of the best choices in determining the heat of mixing for
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most liquid systems. In a flow calorimeter, two fluid samples flow through a mixing cell
at steady and known rates. The flow rates can be varied in a continuous, known manner
so that a complete HE-composition curve can be produced quickly with a precision of
around 1 per cent (Rowlinson and Swinton, 1982). With flow techniques, it is possible
to avoid several of the difficulties which may arise in batch calorimeters of more
conventional design. In particular, it is unnecessary to use mercury to separate the
component liquids before mixing, and the mixing can readily take place in the absence
of any vapour space. In addition, any desired composition is obtained directly by setting
the relative flow-rates of the components, and transient effects during the initial
formation of the mixture are unimportant (Tanaka et al., 1975). Typically, one mole of
each of the pure components is required to produce a complete set of results. This type
of calorimeter is not suitable for viscous fluids, or for liquids with large differences in
density.

In practice, the choice of calorimeter depends on the research requirements. As for
the nature of the calorimetric experiment, a batch type calorimeter is usually suitable for
processes such as chemical reaction, phase change, and bio-processes, while a flow
calorimeter is much more efficient for measuring heat of the mixing of liquid systems.
Especially when the experiments involve multicomponent systems, this advantage appears

to be more important.

12



2.2 Systems studied

As for heat of mixing of related systems, there have been several previous
investigations reported in the literature, for the ethanol + n-hexane system (Browa er al.
1964; Jones and Lu, 1966; Stokes and Burfitt, 1973) and for the 1-propanol + n-hexane
system (Brown er al., 1964; Vesely er ai., 1982). Unfortunately, there is a lack of
resutls at the two ends of the alcohol concentration range for the work by Brbwn etal.,
while there are no resuits reported by Stoke er al. in the large range of ethanol
concentration from 0.06 to 0.69. Jones’ results covered the whole ethanol concentration
range quite well, but failed to produce a relatively smooth regression curve, which might
be related to the point-by-point method employed. The comparison of these results and
those obtained in this work will be discussed further in Chapter 4.

The systems of n-decane + ethanol or 1-propanol have also been studied previously
(Christensen er al., 1979), but at a somewhat elevated pressure, 170 kPa.

HE measurements for the n-hexane + n-decane and n-hexane + n-dodecane systems
were reported by Marsh, Ott and their colleagues in the early 1980’s (Marsh er al.,
1980; Ott er al., 1981). Since the components in each of these binary systems are quite
similar, the values of the heats of mixing for both systems are relatively small. For the
n-hexane + n-dodecane system, the values of HF are less than 40 J'mol?, while the

maximum value of HE is only 14.51 J'mol” for the n-hexane + n-decane system.
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Directly comparable results for the mixtures of MTBE with n-hexane, n-decane, and
n-dodecane are not available in the literature. However, the system of MTBE + n-
heptane has been recently investigated by Tusel-Langer er al. (1991), and will be used
later for comparison with the experimental results obtained in this study. For the other

14 binary and 6 temary systems involved in this work, there are no experimental resuits

reported in the literature.

2.3 Correlation and prediction approaches

The main purpose of experimental data correlation is to provide convenience and
maximized extent of usage of the experimental data. Also, due to the difficulties
involved in the experimental measurements and the increasing time consumption with
each additional component of 2 multicomponent mixture, it is highly desirable to develop
practical approaches capable of predicting excess enthalpies of multicomponent systems
from binary data. In the last two decades, great efforts have been made in this field,
which encompass various approaches for HE correlation and prediction for
multicomponent systems. In the following section, discussion will be focused on three
different approaches for HE correlation and prediction, which include empirical

expression methods, solution theory-related methods, and group-contribution methods.
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2.3.1 Empirical expressions

Although empirical expressions are very useful and convenient for data correlation
and/or for prediction, there are limitations. The parameters in these formulas are fitted
to the experimental data and the number of parameters can be determined according to
the correlation accuracy required. Pando er al. (1987) reviewed many useful empirical
expressions for estimating ternary excess enthalpies from the heat of mixing data of their
three constituent binary mixtures. However, due to the uncertainty of the expressions,
predictions with this method involve some arbitrariness. For example, the equation

proposed by Toop (1965)

HE _xlx-:EnAL(

2x,~1)* T A 2%, -1)*
E"B,(le—l)’ (
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is considered a good equation for ternary excess enthalpy prediction, where A, and B, are
the equation parameters. But the accuracy of predictions with this equation strongly
depends on which component of the mixture is chosen as component 1. In other words,
there is only a 33 per cent chance to have a good prediction of ternary eﬁ:cess enthalpies
by using this equation. Therefore, empirical methods are not recorﬁmended in general,

unless their reliability can be proved in special circumstances.
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2.3.2 Solution theory-related methods

Another approach for HE correlation and prediction is based on solution theories,
such as the regular solution theory, the quasi-lattice theory, the two-liquid theory, the
associated solution theory, and the Flory theory. Solution theories aim at representing
the behaviour of a solution in terms of its intermolecular forces and structure. With
certain theoretical background, this approach is more sensible and helpful for
understanding the solution behaviour better. However, this approach is presently stll at
a semi-empirical stage. It usually involves one or more characteristic parameters which
are fitted to the experimental data.

The Wohl type of equation (Wohl, 1946; 1953; Hala er al., 1965) is based on the
tegular solution theory, which is defined as one in which the components mix with no
excess entropy, SE, provided that there is no volume change upon mixing (Prausnitz ef
al. 1986), i.e. SE =0 and VE=0. One of the main advantages of this equation is that
some rough physical signiﬁéance can be assigned to the equation parameters. Since a
regular solution behaves as an ideal solution, except for non-zero interaction energies
among the molecules, this type of equation provides a good representation of interactions
of the molecules, especially when the contributions of groups with three, four or more
molecules are considered. However, this equation is better viewed as an empirical or
semi-empirical treatment, because all of its parameters, corresponding to the
contributions of different groups of molecules, must be fitted to the experimental data.

ié



Generally, the greater the number of molecules that are in a group, the greater the
number of parameters that are required, and therefore more empirical factors are
involved. This equation also has the merit of mathematical simplicity, easy evaluation
of its parameters, and often adequate representation of even fairly nonideal binary
mixtures, including partially miscible liquid systems. It is not applicable to
multicomponent systems without ternary or higher interaction parameters.

Wilson (1964) proposed his famous equation based on the local composition concept.
By replacing the mole fractions in the Flory-Huggins equation (Flory, 1941; 1942;
Huggins, 1941) with the local compositions, the Wilson equation provides better
representations of the non-ideal behaviour of real systems, especially alcohol-hydrocarbon
mixtures, than the Woh type of equation with the same number of parameters. Itis aiso
capable of representing multicomponent behaviour with only binary parameters. A
drawback of the Wilson equation is that it cannot handle liquid-liquid immiscibility. It
also fails to provide reasonable results for systems with relatively high HE values.

Based on the two-liquid theory, Renon and Prausnitz (1968a; 1968b; 1969) developed
the Non-Random Two-Liquid (NRTL) model. This model assumes that in a binary
mixture the liquid has 2 structure made up of cells of molecules of types 1 and 2, each
surrounded by assortments of the same molecules, with each of the surrounding
molecules in turn surrounded in a similar manner, and so on. It has been proven that

the NRTL equation provides accuracies of correlation and prediction similar to the
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Wilson equation, but importantly that it can be used for liquid-liquid immiscibie systems.
The requirement of three parameters for each pair of constituents is the NRTL‘s main
handicap in comparison with the Wilson model. The NRTL model has been modified
since its original formulation. It was exterded to electrolytes by Cruz and Renon (1978)
and Chen er al. (1982). It was combined with associated solution models and provided
very good resuits in the representation of the excess enthalpies of alcohol solutions
(Nagata and Tamura, 1984; 1985; 1987). It was modified by Gierycz and Nagata
(Gierycz, 1990; Gierycz and Nagata, 1590) as the NRTLM equation and then adopted
by Moorthi er al. (1991) for the correlation and prediction of the excess enthalpy and
excess Gibbs energy of polar-nonpolar systems.

The two-liquid model and the concept of local compositions were adopted by Abrams
and Prausnitz (1975) in the semitheoretical development of the Universal Quasi-Chemical
(UNIQUAC) equation. They assumed that the expression for the activity coefficients
contains two parts: the combinatorial part, essentially due to differences in size and
shape of the molecules, and the residual contribution, essentially due to energetic
interactions. They showed that the Wohl type of equation, the Wilson and NRTL
equations are special cases of the UNIQUAC equation when suitable values of the
parameters are assigned. Major characteristics of the UNIQUAC equation are: (a)
applicability to multicomponent mixtures in terms of binary parameters only, the same

requirement as for the Wilson and NRTL models; (b) applicability to liquid-liquid
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equilibria; (c) a built-in temperature dependence valid over at least a2 moderate range;
(d) possibly superior representation of mixtures of widely different molecular sizes.
Perhaps the main disadvantages of the UNIQUAC equation are its somewhat greater
algebraic complexity and the fact that the representation of data is often poorer than by
some simpler equations (Walas, 1985). The UNIQUAC model has been modified as the
UNIQUAC associated-solution model (Nagata and Kawamura, 1979) for better
representations of polar-nonpolar systems (Brandani and Evangelista, 1984; 1987; Nagata
and Miyazaki, 1987; Nagata and Miyamoto, 1990).

All the above mentioned equations are also called activity coefficient models. They
were originally developed for the purpose of phase equilibrium calculations. Since
equilibrium relations and enthalpy balances are commonly involved together in many
practical calculations, it would be convenient to have them expressed in terms of the
same parameters. Unfortunately, at least with the local composition models (Wilson,
NRTL, UNIQUAC), simultaneous correlation of VLE and HE values usually leads to 2
worsening of the fit 1o one or both of the data types. Making the parameters
temperature-dependent often helps, but this procedure at least doubles the number of
parameters, which becomes a serious matter with multicomponent systems. Further
studies are needed for better representation of both VLE and HE® values by means of
activity coefficient models.

The Flory theory (Flory, 1965; Abe and Flory, 1965) is considered a semi-empirical
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theory, since the core of the theory is a semi-empirical partition function suggested by
Flory. Based on the partition function, a liquid equation of state was derived which is
related to the excess functions of mixtures. An evident advantage of the Flory model
is that all its parameters can be derived from properties of pure substances, such as the
isobaric expansivity o,, the isothermal compressibility y, or the thermal pressure
coefficient v (= /x7), the derivative (3P/3T),, except its interchange energy parameter
X; which is usually determined from regression of experimental data. This
distinguishing feature has made this theory very attractive, since the main purpose of a
solution theory is to be able to describe the behaviour of a mixture by means of the
properties of its constituent pure substances. It has been found that the Flory theory can
well represent excess properties, especially for ether-contzining systems (Benson ez al.,
1988; Luo er al., 1988; Wang ez al., 19892,b, 1990b). It can also be used to predict the
values of an excess property from another excess property. For example, some successes
have been reported for V& prediction from HE data (Hu ez al., 1984; Wang er al.,
1989b). It was also suggested, however, that inadequate representation would be reached
if VE data were used to predict HE values (Wang e al., 1990b).

The development of solution theories relies on our basic understanding of the solution
at the molecular level. Although this method is still far from ideal, it has dcmon_strated

its great potential and promising future.
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2.3.3 Group contribution method

This approach is based on the assumption that a real solution is composed of the
constituent groups of its componerts. Calculation of thermodynamic properties from
group contributions was first suggested by Langmuir (1925).

A systematic development known as the Analytical Solution of Groups {ASOG) was
established by Deal, Derr, and Wilson (Wilson and Deal, 1962; Derr and Deal, 1969;
Kojima and Tochigi, 1979), and modified by Vera and Vidal (1984) with the Analytical
Group Solution Method (AGSM) (Lai er al., 1973), leading to a Simplified Group
Method Analysis (SIGMA) (Ashraf and Vers, 1980). However, a fully developed
method was not provided (Vera and Vidal, 1984).

Similar 1o the ASOG method, another more convenient treatment, called the
Universal Functional Activity Coefficient (UNIFAC) method, has been extensively used.
Developed by Fredenslund er al. (1975; 19772), this model is based on the UNIQUAC
method with a combinatorial part for differences in both molecular size and molecular
shape, and a residual part for group interactions. The constants representing the group
sizes and surface areas are obtained from atomic and molecular structure data. Thus, the
UNIEAC method avoids the arbitrariness in determining the combinatorial term which
exists in ASOG calculations (Fredensiund ez al., 1977b). By reducing the interactions
between molecules to the interactions between their functional groups, UNIFAC allows
one to represent a large variety of experimental data with a reduced set of parameters and
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to predict with reasonable confidence the behaviour of systems for which experimental
data are unavailable.

As a simple extension of the quasi-chemical theory, the Dispersive-Quasi-Chemical
(DISQUAC) model has been recognized as one of the good group contribution models.
It improves the quality of the predictions by using structure-dependent interaction
parameters (Artal, 1991). In this model, each contact, either polar or non-polar, is
characterized by a single parameter, the dispersive interchange energy, and the polar
contacts by two additional parameters, the quasi-chemical interchange energy and the
coordination number (Kehiaian, 1983). It has been successfully applied to many classes
of substances (Kehiaian and Velasco, 1987; Kehiaian and Marongiu, 1988a; 1988b;
Muitoz Embid er al., 1987; Garcia Vicente er al., 1989; Garcfa-Lisbona er al., 1989;
Soriano et al., 1989).

The applicability of group-contribution methods has been extended by combining
them with different equations of state (Gupte and Daubert, 1986; Gupte er al., 1986;
Gani er al., 1989; Schwartzentruber and Renon, 1989; Tochigi er al., 1985: 1990; Dahl
er al., 1990; Abdoul er al., 1991; Lermite and Vidal, 1992) to calculate the VLE and
excess properties for partly/completely miscible systems, and to treat polar and non-polar
compounds, as well as multicomponent systéms at different temperatures and pressures.
Generally speaking, application of any group-contribution model only requires very basic

information about the constituent groups of each component, but demands much more
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time and effort for calculations (Gonzalez er al., 1990; 1991). Also we are aware of the
fact that for some systems, such as ether + hydrocarbon systems, the prediction of HE

values with group contribution methods is not yet acceptable (Larsen e al., 1987).

In conclusion of the literature survey, a flow calorimeter is more suitable for heat of
mixing measurements for liquid systems than other types, especially when
multicomponents are involved.

The experimental HE data for the systems of alcohol or ether with hydrocarbons are
in great demand for industrial and environmental usage.

For the representation of experimental HE data for binary and multicomponent liquid
systems, solution theory-related models are generally superior to the other methods
reviewed. It is a fact that a solution theory is usually able to describe the behaviour of
certain systems, but fails to do the same for other systems. Evidently some
" modifications are needed. Also, it would be appropriate to predict terary HF values
based on solution theory-related models.

In the following chapters, the works involved in this study will be presented in details
including four major parts: the experimental measurements of HE data for 15 binary and
six ternary systems; the representation of the experimental data with various models; the
development of 2 new model for representing HE values, based on solution theories; and

the prediction of ternary HE values from binary data.
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Chapter 3

Theory and methodology

Theoretical study of real mixture behaviour should start with and always be based on
experimental investigations. In this study, a series of calorimetric measurements was
carried out. The experimental methodologies employed and the calorimetric theory
behind it are described in this chapter.

Practically, however, experiments are usually restricted by many factors, such as
available equipment, experimental materials, operation conditions and financial situation.
It has been suggested that there is a strong need for choosing suitable models which are -
able to represent mixture behaviour well, on the basis of limited experimental data. A
brief discussion of some solution theories and models used for representing excess
enthalpy values, such as the Flory theory and its association model, the DISQUAC,

NRTL, and UNIQUAC models, is presented in this chapter.
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3.1 Calorimetry

All chemical and physical processes involve energy changes. Calorimetry is
concerned with the measurement of these changes. According to the First Law of
Thermodynamics, the energy of a system is a single-valued function of its state.
Therefore, the energy change associated with the change of the system from one state to
another is depcnderit only on the initial and final states. ang not on the path the system
followed. For a closed sjrstem involving only liquids, the amount of heat produced in
a process at constant temperature and pressure equals to the energy change AH of the
system, since comparing the energy change, the amount of work due to volume change
could be negligible. The amount of energy changes in the form of heat can be determined
by means of calorimetric measurements.

In mixing processes, there are different types of heat effects. To distinguish heats
of solution, dilution, and mixing, according to common usage, the heat effect
accompanying the solution of a solid or a gas in a liquid is called heat of solution, while
that accompanying the mixing of a solution with the corresponding pure solvent, or of
two solutions containing the same components in different concentrations is described as
heat of dilution. The heat of mixing refers to the mixing of one pure liquid with
another. For a mixing process, therefore, the enthalpy value of the system in its initial
state is represented by a summation of the enthalpy values of each pure component i as

IxH; and the enthalpy in the final state, H, is that of the mixture. The enthalpy change



of the mixing process can be then expressed as

AH = H - Y xH, G.1)

The enthalpy change of the mixing process at constant temperature and pressure, AH,

is also called the heat of mixing.

In thermodynamic research, heat of mixing is usually referred to as excess enthalpy.
The relationship between them can be shown as

AHE = AH - AHY

=(H - Y xH) - H - ¥ xH) 3.2)

where AHE is the excess enthalpy change of a mixing process, AH is the enthalpy change
of the process, or heat of mixing, and AH* is the enthalpy change at the same condition
of temperature, pressure, and cornposition to form an ideal solution. Also in equation
(3.2), H and H* denote the enthalpies of a real solution and an ideal solution,

respectively. For an ideal solution, its enthalpy, H, can be written as

H* = Y xH, (.3)

Since the formation of an ideal solution results in no change in molecular energies or

volume, i.e. AH® = 0, equation (3.2) is then reduced to
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AHE - H - Y'xH, = AH 349

AHE in equation (3.4) can be further reduced to HF, according to the definition of an

excess property, i.e.

HE =H - H¥ = AHE (3.5)

A comparison of equations (3.4) and (3.5) indicates that the enthalpy change of a mixing
process, or heat of mixing is equal to the excess enthalpy of the mixing process.

In calorimetric studies, such a heat effect is measured by using calorimeters.
Depending on the design of the calorimeter used, a comparison of the amount of heat
detected by the calorimeter with 2 known electrical energy or with materials which bave
known thermal properties will determine the actual value of the heat effect. With an
LKB flow calorimeter, as adopted in this study, the heat effect of the mixing process ic
compared with the electrical power, W,, needed to produce the same thermal effect in
the calorimetric unit. Suppose two pure liquids are flowing into a mixing cell at the
volumetric flow rates of f; and fi, the excess molar enthalpy, HE, and the mole fraction

of component 1, x,, are given by

H,,,E =— P (3.6
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and

xl = -—.fllvl—._ (3.7)
fh, « £,

where the electrical power, W, has units of Joule's?, and v, and v. are the molar

volumes of the components 1 and 2, respectively.

3.1.1 Verification of a calorimeter

The purpose of verifying a calorimeter before using it 1s to determine its reliability.
There are two main possible sources of uncertainties in experimentally determined H®
values. One is from the errors produced by the calorimeter. itself (energy, temperature,
mass, etc.). The other is from the uncertainties caused by the impurity and state of the
materials t0 be measured. In order to minimize the errors caused by the calorimeter
itself, it is necessary to check its reliability before starting any measurement. The
commonly used method for verification of a calorimeter is to measure a “reference”
material, or 2 standard system, whose state is reproducible and well known. If the
thermal properties of this standard system are well known, this check yields evidence
about the reliability of the calorimeter (McCullough and Scott, 1968).

The system widely used as 2 standard system for an endothermic mixihg process is
the benzene+ cyclohexane system. One of the advantages of this system is that the two

constituent components are commercially available in a high grade of purity and at a
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reasonable price. Also, the excess enthalpy resuits of this system have been reported
extensively in the literature.

Another standard system recommended by the IUPAC commission on Thermo-
dynamics and Thermochemistry (Bulletin, 1970) is the cyclohexane + n-hexane system.
This system is suitable for testing calorimeters to be used for measuring positive excess
enthalpies, providing that the density difference between the components is not large.

It is logical to use materials with the same degree of purity as for the standard
systems recommended, in order to eliminate the errors caused by impurities of the

samples.

3.1.2 Calibration methods

The calorimetric procedure used to measure heat effects involves two major steps.
One is calibration of the calorimeter and the other the real measurement. For every
system, it is required to carry out a calibration before the z.tmal measurement, during
which the heat effect, detected by thermocouples attached to the experiment chamber, is
recorded in the form of electrical signals. The purpose of the calibration is to find the
equivalence between the heat effect and the recorded electrical signais.

A calibration can be carried out either by adding a known electrical energy, in the
form of heat, to the calorimeter and measuring the calorimeter’s response to it, or by
examining the response of the calorimeter to. some standard system whose thermal
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properties have been well determined before. The former is referred to as a direct or
electrical calibration, and the latter one as an indirect calibration. Since electrical energy
can be measured more accurately and conveniently than other forms of energy, and no
special substances are required as standard, the electrical calibration is considered
superior to the indirect calibration.

Figure 3.1 shows schematically how the heat effect is recorded for a flow
calorimeter. It is clear from the schema that the heat effect due to a mixing process is
reflected as a shift of the voltage curve from the baseline with a blank flow. This fact
suggests that the calibration of a flow calorimeter should be carried out while fluid flows
through it as in an actal measurement.

In an electrical calibration, a known electrical potential E is applied to the calibration
circuit through a standard resistance R.. In other words, a known current I{(=E/R) is
introduced, which causes a deflection of the voltage curve V(f) from the baseline voltage
V°(f) associated with the blank flow alone. Since voltage readings would be different
for the same amount of electrical power employed at different flow rates, calibration of
a flow calorimeter should be carried out at various flow rates. It has been suggested that
for a steady state, in which a power W, is released within the calorimetric chamber by
electrical heating or as the result of a mixing process, W, is proportional to the

corresponding voltage change, i.e.
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Figure 3.1 Relationship between voltage reading and baselines
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W, = V() -V@] 69

where e is the calibration constant, which is a characteristic of the calorimeter.
If the electrical heater or calibration resistance R has a known value, the electrical

power applied in the form of heat can be expressed as

W, = I’R (3.9)

A combination of equations (3.8) and (3.9) gives the expression for estimating the value

of e as

I’R

€ = ——— (3.10)
V{H-V (D)

As the voltage reading V is a function of the flow rate, a fixed value of W, will yield
different V values at different flow rates. A series of measurements could therefore
identify the relationship between the calibration constant e and the flow rate, which will
then be used to determine any unknown heat effect HE produced in an actual calorimetric
measurement by using the following equation

yE - VOV 3.11)
ffybh, '
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The calibration of a calorimeter can be considered as the process of determining the

calibration constant €, a characteristic of the calorimeter.

3.2 Excess enthalpy of ternary systems

In a mixing process involving three components, excess enthalpy is a function of
temperature, pressure, and the mixwmre composition. Holding the temperature and
pressure constant leaves two degrees of freedom (the mole fractions of two of the
components). One of the best ways of showing how excess enthalpy varies with the
composition of the system is to use a triangular diagram. The following section explains

how these are constructed and interpreted.

3.2.1 Triangular diagram

The mole fractions of the three components, A, B, and C, of a ternary system satisfy

X, X tX =1 (3.12)
A phase diagram drawn as an equilateral triangle, as shown in Figure 3.2, ensures that
this property is satisfied automatically because the sum of the distances to a point inside

an equilateral triangle measured parallel to the edges is equal to the length of the side of

the triangle, which may be taken to have unit length.
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Figure 3.2 Triangular diagram (Atkins, 1994)
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Figure 3.2 shows how this works in practice. The edge AB corresponds to x.=0,
and likewise for the other two edges. Hence, each of the three edges corresponds to one
of the three binary systems (A,B), (8,C) and (C,A). An interior point corresponds to
a system in which all three substances are present. The point P, for instance, represents
x,=0.5, x3=0.10, and x.=0.40.

Any point of a straight line joining an apex to 2 point on the opposite edge (shown
as the broken line in Figure 3.2) represents a composition that is progressively richer in
A the closer the point is to the A apex, but which has the same proportions of B and C.
Therefore, if we wish to represent the changing composition of a system as A is added,
we draw a line from the A apex to the point on BC representing the initial binary system.
Any ternary system formed by adding A then lies at some point on this line.

As an iliustration of excess enthalpy values in a triangular diagram, contours for
constant values of the excess enthalpy of a ternary mixture are shown as a function of
mixwre composition. Figure 3.3 shows an example of excess enthalpy values of a
ternary mixture. The curves within the triangular diagram are the contours for constant

values of the ternary excess enthalpy.
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3.2.2 Pseudo-binary mixtures

The ways to measure ternary excess enthalpy values primarily depend on the
calorimetric methods employed. A flow calorimeter is usually designed with two flow
channels which allow two pure liquids to flow into the.mixing chamber. For a ternary
system, however, three flow channels are required for the pure components. In order
to solve this problem, a pseudo-binary mixture method can be introduced.

There are five steps involved in this method. First of all, measure the excess molar
enthalpy values for the binary mixture of components 2 and 3 over its whole composition
range. This is denoted as HE.,. Secondly, fit the experimental HE ., results with a
suitable mathematical expression in order to provide binary excess enthalpy values at any
composition over the whole composition range. Thirdly, prepare several binary mixtures
of components 2 and 3. Then, use each of the prepared binary mixtures as a pure
component and measure the excess molar enthalpy values, HE, ..., for the “binary”
systems which are composed of component 1 and a binary mixture of components 2 and
3 with 2 fixed composition. Since the mixtures of components 1+23 used in this step
are not true binary mixtures, they are referred to as pseudo-binary mixtures. In this step,
excess molar enthalpy values HE ... for each pseudo-binary mixture are determined
experimentally. Finally, the excess molar enthalpy HE,, of the ternary system is

determined from the relation
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Hoim = Heps + (1) Haos (3.13)

where X, is the mole fraction of component 1.

Since the pseudo-binary mixmre method is an easy way of obtaining ternary excess
enthalpy values, this method has been widely used in HE ;.; determinations. An important
step in this whole procedure is the preparation of the specific binary mixtwres of
components 2 and 3. Any error involved at this stage will contribute directly to the
accuracy of the temnary excess enthalpy HE ., determined later. Therefore, the

preparation process deserves special attention.

3.3 Representation of excess enthalpy

As reviewed in the previous chapter, there are many ways to represent excess
enthalpy values. This section describes only the solution theory-related models which
were adopted in this study. They are the Flory theory and its association model, the
DISQUAC, NRTL, and UNIQUAC models.

The purpose of studying solution theories is to represent the behaviour of a real
solution in terms of its intermolecular forces and physical makeup. Hopefully, a solution
theory is capable of predicting solution properties from the parameters of its molecules,

or predicting mixture behaviour from only the properties of its pure components. It

38



should be noted, however, that due to a limited understanding of micro-mechanisms at

the molecular level, there are always some limitations when these models are used.

3.3.1 The Flory theory

The Flory theory (Flory, 1964; Abe and Flory, 1965) was proposed originally for
liquid mixtures of chain molecules. According to the Flory theory, a chain molecule can
be divided into several elements, or segments, and each of the segments is considered
as an arbitrarily chosen isometric portion of the molecule. The total number of external
degrees of freedom per segment is 3c. For a pure component system with N molecules,
and r segments in a molecule, according to the Flory theory, the partition function Q,

is expressed as

Q, = Qe {Y(¥ 2~y 2P} exp(-E/T) (3.14)

where Q. is 2 combinatorial factor which takes account of the number of ways of
interspersing the tN segments among one another, without regard to the precise location
of each relative to its chosen neighbours; + is a geometric factor, v is the volume per
segment and v* is the hard core volume of a segment; & is Boltzmann constant; and E,
represents the mean intermolecular energy.

For a binary mixture, whose components are indexed by subscripts 1 and 2, the ratio
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of segment numbers r, and r, is defined as the ratio of the respective molar core volumes

vy and V5, i.e.

hoh (3.15)

Random mixing of the two species is assumed in the theory. The mean intermolecular

energy of the mixture then can be written as

1
E, = - ;(Aueu*A"_’fn*AnEzz) @3.16)

where A;;, A, and A,, represent the numbers of contact pairs between the respective
species, €,/V, /v, and €,/v are the energies associated with each contact pair. Let s,
and s, be the molecular surface areas of contact sites per segment for the respective

components. The site fraction, or contacted surface area fraction 6, is then defined by

2 (3.17)
ENrs.
1

. 11
J-
and the volume fraction ¢; is defined as

NI

¢ =5 (3.18)
J_S-.Eerj
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Therefore, A,;, A, and A, can be expressed as

Ay = ZNrs,8,

1
2

A, = Nyirs)0, = Norsi6,
Substituting Equations (3.19)-(3.21) into Equation 3.16 yields

E) = - %(Nlrlslolen +N,T,8,8,€,,+2N,1;5,0,€,)

- e = -

or

1 2 2
B =- _2;(N1r151 *N,TS,) (016, +0262 +20,0:61,)

Defining the interchange energy parameter X, as

X, = S,(€yy *€x~2€15)
2 ZV.?'

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

and dividing Equation (3.23) by (N;1,+N,r;)-with X;, from Equation (3.24) yield

Ey

Ny, +N,r,

== %(@Pf *$.p, ~$,0,X,,)
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where p; and p: are the characteristic pressures for the pure components which are

expressed as

Py = S/ (3.26)

P> = $,€x/2V =2 (3.27
By definition,

pVvIT" = ck (3.28)

where T" is the characteristic temperature and ¢ is 2 parameter representing the external
degree of freedom proposed by Prigogine (1957). Two of the three parameters, ¢, p° and

T" are independent, and p" and ¢ are defined as
P = &Py +.p; -6,0,X, (3.29)
and

¢ = 6.+, | (3.30)

Rearranging Equation (3.28) yields
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T pv P
é.p, /T y *&.p, /T. N
&Py *6,P2 -¢,0.X,,

(3.31)

Ignoring the difference between the energy and enthalpy of a condensed binary system

at low pressure, the excess enthalpy HF can be then expressed as

HE = AHE = E(mixture) - E(1) - Ey(2) (3.32)
Expressing Equation (3.25) for a binary mixture by

E, = - yv—(N1r1p1'+N2r3p;—N1r192Xn) (3.33)

and for the two pure components by

- V' L VI -
E,(1) = - v_N1r1P1 ST 1P1 (3.34)
1 1 '
and
- . v- .
E ) = - ‘;_ P, = - {.N P> @39

leads to the following expression for the excess enthalpy of a binary mixture:

{1 1 o1 1) Ny,
'HE = N,pivy [‘\.,—1 - ;] .».F‘z"z(,;r—2 - ';] * —lv'"-xu (3.36)
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All the Flory model parameters in Equation 3.36 can be derived from properties of
pure substances, which are often available in the literature, except the interchange energy
parameter X;, which is usvally determined from regression of experimental data.

It was found previously (Benson, ef al.,1988; Luo, er al.,1988; Wang, er al.,1988,
1989a,b, 1990) that the Flory model is able to represent excess enthalpy values well for
mixtures of an ether with an alkane. In this stdy, therefore, the Flory model was
applied to the systems containing methyl tert-butyl ether. The details of the application

of the model are described in Chapter 5.

3.3.2 An association model with a Flory contribution term

Although being able to represent the excess enthalpies for mixtures of an ether with
an alkane fairly well, the Flory model has its limitations for systems containing alcohols.
It is evident that specific recognition of the self-association must be included in
formulating a model for these mixtures.

Previously, it was found that the excess volume of mixtures formed by an alkan-1-ol
with either 2 normal or a branched alkape could be correlated quite well with an
association model of the Mecke-Kempter type (Kempter and Mecke, 1940) with an added
Flory contribution term (Treszczanowicz and Benson, 1985, 1988) . In the present

work, an extension of this treatment to excess enthalpy was carried out especially for



alcohol-containing systems. The following section explains the outline of the model.
The model assumes that the excess molar enthalpy, HE, is composed of a chemical
(Mecke-Kempter) term (a chemical contribution described by an athermal associated

model) and a physical or residual contribution term described by the Flory theory:

Hy = HogHar (3.37)
The chemical term is
HCEx = AHpx {6 In(1+K @) -In(1+K €)K@, (3.38)
where
mK® = 1 (AHy-TASy) P (3.39)
RT 17.12

, _In these equations, R is the gas constant, T is the temperature, ¢, and v; are the segment
volume fraction and hard-core volume of the associating component, respectively; 17.12
cm?m ! is the van der Waals molar volume for methane (Bondi, 1968), and AH; and
ASy; stand for the standard enthalpy and entropy change of hydrogen-bond formation,
respectively. The evaluation of ¢, from the hard-core volumes of the components is the
same as in the Flory theory.

The physical contribution term described by the Flory theory has a form of
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HE: = 10,0 0% 3xpv (1) (1) (3.40)

isl

It takes into account several effects (Delmas er al., 1975; Treszczanowicz et al., 1981):
(1) difference in free volumes giving a negative term; (2) specific interactions between
the real species (alkane molecules and alkarol monomers and multimers) giving a
positive term; (3) differences in internal pressures, which may lead to a term of either
sign; and (4) structural effects, due to changes in order and packing (T reszczanowicz and
Benson, 1985). The notation and symbols used by Flory are adopted here.

To simplify the procedure, the model suggests that the association parameters and the
interchange energy parameter X,, are calculated from properties of the mixtire, and the
characteristic parameters of the components are estimated from properties of the pure
liquids. The details on how to determine the model parameters and the application of the

model will be discussed in Chapter 5.

=

3.3.3 The DISQUAC model

The Dispersive-Quasi-Chemical (DISQUAC) model is one of the successful group
contribution m.odels. In this approach, the excess enthalpy is the sum of dispersive group

contributions HE“*, and quasichemical group contributions H*®*, thus

HE = HES . [Eqe _ (3.41)
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The dispersive term is given by

HES - (qlx1+qle)ﬁlﬁzhg‘s (3.42)
where

is 1 i
By = - -iz Y (eg-an)(ay @ )hs" (3.43)
s t

In Equations (3.42) and (3.43), he® is the dispersive interchange parameter, the enthalpy
of the (s,1)-contact, a; is the molecular surface fraction of surface type “s” on a molecule
of type “i”, g; is the total relative molecular area of a molecule of type i, and £; is the
surface fraction of component i in the mixture.

For a binary system, the quasichemical term is expressed by

| Equac -

o

(qlxqute)E?{XJQ-(Elxg-Xmﬁ.»_X._»Xa)}nghs?"“‘ (3.44)

where

Ty = exp(-gd /ZRT) (@43

g®* and h¥#* are the quasichemical interchange paraineters, referring to the Gibbs
energy and enthalpy respectively, of the (s,t)-contact and z is the lattice coordination
number with a suggested value of 4 (Tiné and Kehiaian, 1987). The quantities X; and

X, are obtained by solving the system of A equations (A is the number of contact
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surfaces)
X;(Xs + ;X.mn) = @ (3.46)

where ¢, is the surface ratio of surface type s in the system. X; and X; (1=1,2) are the
solutions of the above equation for x;=1 (pure component i).

The DISQUAC model has its limitations, as Kehiaian and Marongiu admitted
(1988a). The present version of DISQUAC cannot be expected to give satisfactory
results in the case of strongly interacting groups because of the approximations involved
in the quasichemical treatment and the assumed additivity of the dispersive and

quasichemical contributions.

3.3.4 The NRTL model

The Non-Random Two-Liquid (NRTL) model (Renon and Prausnitz, 1968a) is based
on the concept of local composition. As implied in its name, the model assumes that the
mixing is not random. In the case of completely random mixing, the local composition
must be the same as the bulk composition. It is the difference of intermolecular forces
that determines the nature of a non-random mixing and results in the disparity between
the local composition and the composition in the bulk.

The following Boltzmann equations are adopted to describe the relationship between
the Jocal and bulk compositions for a binary mixture
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Xy

X _ %exp(-eg,/RT)
x;,  xexp(-ag,/RT)
X, _ % exp(-ag,/RT)
Xy %,eXp(-ag,/RT)

[

3.47)

where x; and x; depote the local composition and the bulk composition, respectively. g;
is an energy parameter characteristic of the interaction between i-j molecules. The
parameter « is related to the non-randomness in the mixture.

The NRTL model for the excess enthalpy is

HE = RTx r‘J Gy . Gpmp 0[ Gzle"':-’.,l N Gu*::’."':;z (3.48)
'BCun 276 |G (G
where
ry * (8 -B)RT, 7, = (8 g)/RT (3.49)
and
G, = exp(-ary), G, = exp(-ar,) (3.50)

For modcrgfely non-ideal systems, the NRTL model offers no advantages over the
simpler van Laar and Margules equations. However, for strongly non-ideal mixtures,

and especially for partially immiscible systems, the NRTL model often provides a good
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representation of experimental data, provided that care is exercised in data reduction to
obtain the adjustable parameters (Prausnitz, e al. 1986).
In the NRTL model, the parameter « is a correction factor to the quasi-lattice theory.

It can be expressed by means of the coordination number Z -

-2z 3.51)

If Z or  is fixed as a constant, as suggested in the literature (Prausnitz, et al. 1986), the
NRTL model is then reduced to 2 two-parameter equation.

The model can be easily extended to multicomponent systems. The equationused in
this study to cé.lculate the excess enthzlpies for ternary mixture is as follows:

HE _ x L‘:Gzl'r:l 5057y ﬁ“(szzx"gl *stnT;) - %%y Ga G751 =70 (71 7o)
RT l %,*Garka* Gy (5*Cary* Gy’ (%4 Garcy* Gy’

: l 5,0y Gy &Gy % + Gy ®%G %Gy

+xeIGB":3"’szs"zs _ x,a(x,GBrfpsz._,,rzn) _ x50 Gpe(ry -73) (7 i)

J
. Jleuru+x3Gn?3= _ xz“(le:z"?:*stszfiz) _ xﬁG:stz“("'sz'?tz)(fsz“fu)} (3.52)
j

X, Gy 426Gy 423 (%,Gy3+x,Gns x) .Gy ,Gy ‘xa)z

The calculated results from the NRTL model were used mainly for the purpose

of comparing with the new model proposed in this study.
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3.3.5 The UNIQUAC model

The Universal Quasi-Chemical (UNIQUAC) model (Abrams and Prausnitz, 1975) is
also based on the concept of local composition. The reason that the UNIQUAC model
was involved in this study is that the model has its advantages, first from its relative
simplicity, using only two adjustable parameters, and secondly from its wide range of
applicability. As in the case of the NRTL model, the results calculated from the
UNIQUAC model were used for the purpose of comparing with the proposed model in
this study.

Defining a local area fraction §; of molecule 1 as

i 3.53
3 x4, G-33)

and introducing some interim parameters, X(1) to X(6), to simplify the formula

Xq) = %NA(S._,I =) X = %‘-NA(eu-sz)
X@) = %NA(ESI-EH)' X@4) = %NA(en'en) (3.54)

X6) = ENyen-e), X6 = ZN,(e57e)
the UNIQUAC model for the excess enthalpy of a ternary mixture can be expressed by
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HE - q %, (6,7 X(1) +8,73, X(3)] +q:r._.[91rr_,X(2) +8,7.X(3)] *%[9‘1'“)((4)* 2Ty X(6)] (3.55)

8, 48,74 +0yy 0,712+8,+8y7y 8,713 +0,72,+6,

1712
where g; is the local characteristic energy parameter, Z denotes the coordination number,

N, is Avogadro’s number, and the parameters 7; are defined by

ru s et R L, = ept 2
= (28, ep( 2D 3.56)

It has been suggested that the UNIQUAC model is applicable to a wide variety of
nonelectrolyte liquid mixtures containing nonpolar or polar fluids such as hydrocarbons,
alcohols, nitriles, ketones, aldehydes, organic acids, etc. and water, including partially
miscible mixures. With omly two adjustable binary parameters, it cannot always
represent high-quality data with high accuracy, but for many typical mixtures encountered
in chemical practice, UNIQUAC provides a satisfactory description (Prausnitz, et al.

1986).

3.4 Error estimations

There was a considerable amount of experimental data involved in the present study.
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Usually these data could be represented by different mathematical equations. Some of
these mathematical expressions have certain physical meanings, such as the ones derived
from solution theories, while the others also played valuable roles in data correlation,
although they might be physically meaningless. The formulas of these equations vary
from: simple linear, to polynomial, and to much more complicated forms.

The deviation at a data point is the difference between the experimental HE-value and
the HE-value computed from a functional relationship. Deviations with different
definitions indicate the quality of data representations with different emphases. In this
study, three types of deviations were used. They are:

(1) The average absolute deviation (AAD)

N
AAD = 3 [ erpy), - H(cale)] (-57)

i

(2) The average absolute percent deviation (AAPD)

_ Hg(cale),

100 )
H, (expt),

AAPD = =2
N &

(3.58)

(3) The standard deviation, dr the root mean square deviation (RMSD)
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12
11 SpgE E 2 (3.59)
RMSD = {ﬂj-l [H,,, (expt); - Hy (calc)j] } 3

In these expressions, N denotes the number of data points, and p is the number of

parameters that were adjusted.



Chapter 4

Experimental

Excess enthalpies of 17 binary and six ternary systems were measured at the
temperature of 298.15 K with an LKB isothermal jacket flow calorimeter. Qver most
of the mole-fraction range, the errors of the excess molar enthalpy and the mole fraction
for all the binary and pseudo-binary mixtures are estimated to be less than 0.5 per cent
and 5% 107, respectively.

This chapter describes considerations and results related to the experimental
measurements of excess enthalpies, which include a description of the equipment used
in this study, an examination of the materials involved, explanations of some preliminary
treatments (why they are necessary and how they were carried out), and 2 presentation
of how the excess enthalpies were determined. Some experimental results are shown in
this chapter as examples. A complete set of the experimental data is listed in Appendix

A.
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4.1 Equipment

The calorimeter used to determine excess enthalpies in this study is an LKB flow
microcalorimeter (Model 10700-1). The prototype of the calorimeter, as supplied by the
manufacturer, has been described by Harsted and Thomsen (1974). Figure 4.1 shows
schematically the modified calorimeter used in this work (Tanaka ez 4l., 1975; Kimura,
1983).

As shown in Figure 4.1, the calorimeter unit was immersed in a water bath, instead
of the thermostatic air-bath originally supplied by the manufacturer. This helped to
improve the stability of the thermopile base line. The temperature of the water bath was
controlled by 2 temperature controller, produced by the technicians of the National
Research Council of Canada (NRCC), for heating, and a proportional temperature
controller (NESLAB, model RTE-110) was used for cooling. In this study, the
temperature of the system was maintained at (298.15 & 0.002)K, and shown on a quartz
thermometer (I-Iewlett-Pac;Icaxd, model 2804 A).

The calorimetric unit consists of a heat sink (b), in which two calorimetric cells (el)
and (e2), thermopiles (dlj and (d2) consisting of many thermocouples, and other
equipment required for the temperature control are housed. The two calorimetric cells
are of different designs which make it possible to carry out two types of flow

calorimetric experiments in the same calorimeter. Cell (e2) is designed asa reaction
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cell. Since there was no reaction involved in this study, only cell (el), the mixing cell
was used. The two component liquids were pumped through different tubes into the
mixing cell and mixed there. The thermal signals from the cell are transformed into
electrical signals by thermopiles. They were measured by a Keithley 180 nanovoltmeter
with both digital and analog outputs, The latter was connected to a recorder (Hewlett-
Packard, Model 7133A) to provide a continuous record of the mixing process. The
digital output was connected to a computer through an instrument .coupler (ICS
Electronics Corporation, Model 4880).

There were two groups of heat exchanger coils (hl) and (h2), located in heat
exchangers I (g1) and II (g2), respectively. They brought the component liquid(s) to the
working temperature before reaching the calorimetric cell.

Component liquids were transported into the mixing cell by two pumps. Pulseless
liquid flows were achieved with a pair of piston displacement pumps or syringe pumps,
as shown in Figure 4.2, designed and constructed in the shops of the NRCC. The flow
from each of these pumps was produced by the linear displacement of an accurately
ground stainless steel piston (1.59 cm OD), which was pushed through a tight Teflon seal
into a water-jacketed glass cylinder (1.90 cm ID) through which water from the water
bath was circulated. The piston was moved by a precision screw which was rotated by
a variable speed DC motor (Bodine Electric, Type NSH-12) coupled to it through a gear

box with four manually selectable ratios. A transparent disk with 120 equally spaced
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radial photomasked sectors was mounted on the shaft of the motor and a light beam
passing through the disk fell on a slit with a phototransistor mounted behind it. The sine
wave output from the phototransistor was fed to a Schmitt trigger and the resuiting pulse
counting and averaging circuits provide digital readouts of the total number of counts and
of the number of counts per second. A signal from the averager was also fed back

through an operational amplifier and power transistors to control the speed of the motor.

Figure 4.2 Piston displacement pump
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4.2 Properties of materials

The l17 binary and six ternary systems involved in this study consist of § different
materials. They are ethanol, 1-propanol, methyl tert-butyl ether (MTBE), n-hexane, n-
decane, n-dodecane, 2,3-dimethylbutane (2,3-DMB), and 2,2,4-trimethylpentane (2,2,3-
TMP). All of these materials had purities exceeding 99 mole per cent stated by their
suppliers, and were used in this study without further purification. The densities of these
materials were determined with an Anton-Paar digital densimeter (DMA 02C, or DMA
45).

The sources and densities (measured at the temperature T=298.15K) of these
materials are listed in Table 4.1, along with the density values from the literature for
comparison.

It was found previously that degassing the experimental fluid helps to overcome
difficulties due to bubbles collecting in the flow system (Tanaka, er al., 1975). In this
study, the same treatment was followed. Before being used, all primary component
liquids were degassed in the way shown in Figure 4.3. The flask (2) with a pure
component liquid was placed on a magnetic stirrer (b), which drove the stirrer (f) in the
flask to agitate the liquid. The outlet of the flask was connected to a vacuum system
through a three-way valve (¢). When the vacuum pump (d) was turned on, a negative

pressure was produced in the system, which evacuated the air in the liquid. The
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agitation promoted the separation of air from the liquid. The degassing process took

several minutes for each sample.

Table 4.1 Sources and densities of the pure component liquids (T=298.15K)

Density/(kg-m?)

Material Supplier Purity/ % Measured Literature®
value value
Ethanol British Drug House Ltd. 99.7 785.60 785.09
1-Propanol Aldrich Chemical Co. 89.5 799.74 799.75
MTRE Aldrich Chemical Co. 99.8 735.67 735.30
n-Hexane Phillips Petroleum Co. 99.9 655.12 654.84
n-Decane Phillips Petroleum Co. 99.0 726.29 726.35
n-Dodecane Phillips Petroleum Co. 99.5 745.35 745.18
2,3-DMB Phillips Petroleum Co. 99.9 657.18 657.02
2,2,4-TMP Aldrich Chemical Co. 99.0 687.91 687.81

*  Selected values of properties of hydrocarbon and related compounds, TRC
thermodvnamic tables, Thermodynamic Research Centre, The Texas A & M University

College Station, Texas, 1988.
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a - flask, b - magnetic stirrer, ¢ - three-way valve

d-vacuum pump, e - two-way valve, f - stirrer

Figure 4.3 Degassing of pure component liquids
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4.3 Preliminary Study

Before any actual measurement occurs, the calorimeter must be verified and
calibrated. This section describes why these procedures are necessary and how they were

carried out in this study.

4.3.1 Verification of calorimeter

As mentioned earlier in chapter 3, verification of a calorimeter is used to check the
reliability of the equipment. Measuring the heat effect of a “reference™ system or
standard system and comparing the results with the values available in the literature
provides evidence regarding the reliability of the calorimetric results.

During the “life-time” of a calorimeter, this kind of checking procedure should be
carried out periodically. The first one serves mainly to verify the reliability of the
calorimeter. Unless modifications are made to the calorimeter later, the rest check
whether the calorimeter is working properly and whether the operator is doing the
measurement correctly.

The benzene (1) + cyclohexane (2) system is widely used as a standard for testing
calorimeters for heats of mixing. The excess enthalpies of this system at 298.15K were
measured in this study, and compareci with the values from several literature sources.

The component liquids stated as research grade, obtained from Phillips Petroleum Co.,
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were used without further purification. The densities of these component liquids at
208.15K were measured with an Anton-Paar digital densimeter. Table 4.2 shows the
density values measured in this study along with the resutls reported in the literature for

comparison.

Table 4.2 Densities of the pure component liquids of the standard system (T=298.15K)

Density/(kg:m™)
Material Supplier Purity/ % Measured Literature®
value value
Benzene Phillips Petroleum Co. - 59.9 873.58 873.70
Cyclohexane Phillips Petroleura Co. 89.9 772.95 773.89

a

Selected values of properties of hydrocarbon and related compounds, TRC
thermodynamic tables, Thermodynamic Research Centre, The Texas A & M University

College Station, Texas, 1988.



The excess enthalpies of the standard system determined in this study are listed in
Table 4.3 along with the literature values (Stokes, ef al., 1969; Murakami and Benson,
1969). The experimental data were correlated by means of a linear least squares method,

and are represented by the expression shown below:

Hy = x,(1-x,){3186.645 - 90.03338(1-2x,)} (4.1}

1:]

The comparison is also shown in Figure 4.4, It can be seen from Table 4.3 and Figure
4.4, that the results obtained in this work agree fairly well with those determined by
successive dilution calorimeters (Stokes, er al., 1969; Murakami and Benson, 1969)
within most of the mole fraction range, except at both ends of the concentration range.
This proves that the equipment is running properly and is capable of producing reliable
results. Deviations of those literature results from the representation of the data obtained
in this work are plotted in Figure 4.5.

The syringe pumps were calibrated previously (Tanaka er al., 1975) in order to
determine the relationship of the three pump factors, the flow-rate Q, the gear ratio G,

and the reading S, of the averager circuit (i.e., the motor speed in counts per second)
Q = K,GS 4.2)

~where K, is a constant characteristic of the pump. Since the same pumps were used in

this study, the previously determined K, value (4x10* cm®count™) was adopted.
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Table 4.3 Excess enthalpies of benzene (1) + cyclohexane (2) system at 298.15K

This work Stokes er al. Murakami & Benson

2 H/(J'mol'™") x HE/(T'mol™) X; HE/(J-mot™

0.0991 273.13 0.1000 280.98 0.1178 32531
0.1995 504.61 0.2000 500.98 0.2063 513.62
0.3004 659.63 0.3000 660.46 0.2960 656.60

0.3999 759.07 0.4000 759.70 0.3885 754.87
0.4996 796.75 0.5000 798.44 0.5040 799.18
0.5995 771.16 0.6000 775.59 0.5941 781.32

0.6998 680.28 0.7000 688.93 0.6897 701.13
0.8000 519.92 0.8000 534.77 0.7984 539.03
0.8999 285.07 0.9000 307.64 0.9208 251.10
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x, (mole frdction of benzene)

Figure 4.4 Excess enthalpies of benzene + cyclohexane at 298.15K

67



25 " ) 1 O
20}
:
15k
10 » .v
Ea e v
T s R —
— s - ..0 ...........
Tl s <
------ T2 - = o mmn T
£ ol & = v ® O Q "y
% ?'-'-'-.‘.‘-—---8 ~ ___--—_..--7"‘
N
<t} C
O This werk - +1% devistion
-5 @ Stokes et al. - - 0.5% devistion
v Murskam! end Benson
_20 - .
-25 ' : : -
0.0 0.2 0.4 0.6 0.8

x, (mole fraction of benzene)

Figure 4.5 Data analysis for the standard system
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4.3.2 Calibration of calorimeter

As mentioned previously, a calorimeter needs to be calibrated before being used for
calorimetric measurements. Singe the thermopile baseline varies with the flow-rate and
viscosity of the calorimetric liquid, the calibration procedure should be repeated for each
material involved at different flow rates. Also, to minimize errors, calibration should
be carried out with the same pump being used in the excess enthalpy measurements.

The operation procedure is briefly described as follows.

The gear ratio of the pump was set at 0.1 and the flow rate at specified values (such
as 300, 500, 700, 900, and 1100 counts's™). The liquid under consideration was allowad
to flow at the set rate until the calorimeter reached steady state, showing a straight
baseline of voltage reading V°(f). Between 100 to 200 voltage readings were collected,
and an average voltage reading for the baseline V°(f) was taken.

A constant voltage from a power supply (Trygon Systron-Donner Corp., Model
PL5501), was applied to the calorimeter heater and a standard resistance R, in series,
while the liquid flowed through the calorimeter at the selected flow rate. The electrical
potential E across R, was measured with a Keithley digital multimeter (Model 171). The
current I{=E/R,) passing through the calorimeter heater having a resistance R resulted
in the release of power W,(=I'R) within the calorimetric cell. In response to the
electrical power introduced, the voltage reading V(f) shifted away from its baseline
position V°(f). |
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After about 10 minutes, the voltage reading became steady, showing a straight line
on the recorder. It should be noted that the so-called steady voltage reading was actually
still changing within a small range. Therefore, a set of 200 readings was recorded for
each calibration point and an average was taken as the actual V(f) value at that specific
point.

According to Equation (3.10), the calibration constant ¢ can be determined by

L IR (ER R @.3)

V(H-V'EH  VO-V(

With the standard resistance=10.000Q, and the calibration resistance=49.520Q, equation

(4.3) becomes

€ = (E/10.000)°49.520 _ 0.4952E° 4.4)

V(H)-V(H V(H)-V(D)

The same procedure was repeated at different flow rates by adjusting the syringe pump
(countss™). A calibration curve (e vs. flow rate) was then obtained for each calorimetric
liquid.

As an example, Table 4.4 shows the calibration results of pump B with n-hexane.

The same results are also presented in Figure 4.6.
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Table 4.4 Calibration results of n-hexane with pump B

Flow rate  Gear Vo) V(f) AV E €

(countss”)  ratio (mV) (mV) (mV) v @stv
302.95 0.1 -0.0018381 -0.4110472 -0.4092041 0.1134 15.5618
499.50 0.1 -0.0018769 -0.4104010 -0.4085241 0.1134 15.5879
500.40 0.1 -0.0014829 -0.4248292 -0.4233463 0.1155 15.6044
696.00 0.1 -0.0017302 -0.4213632 -0.4196330 0.1151 15.6336
900.40 0.1 -0.0016392 -0.4159086 -0.4142694 0.1145 15.6714
1005.75 0.1 -0.0017222 -0.4117936 -0.4100714 0.1140 15.6938
1100.80 0.1 -0.0016920 -0.4185928 -0.4169008 0.1150 15.7088
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Figure 4.6 A typical calibration curve for € with the flow rate

(results of n-hexane with pump B)
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It has been found that the calibration constant ¢ is a linear function of the flow rate F

€ =2 +aF (4.5)

where a, and a, are constants for 2 given liquid, and the flow rate F has units of
counts's’. The calibration results for n-hexane were correlated with Equation (4.5) by
means of least-squares. With 2,= 15.5036 and a,=1.87x 10", the root mean square
deviation of the calculated ¢ from the experimental values is 0.00534 J-sV™'. Table 4.5
shows the comparison of the calculated e values and the experimental data for each
calibration point. The straight line in Figure 4.6 was plotied with values of ¢ calculated
from Equation (4.5).

The detailed calibration results for each of the experimental fluids involved in this

study are presented in Appendix A-l.
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Table 4.5 Comparison of the calibration results with its mathematical representations

Flow rate € experimentat €corelated

(counts™) J-svh J-st-vh)
302.95 15.5618 15.5603
499.50 15.5879 15.5970
500.40 15.6044 15.5972
696.00 15.6336 15.6337
500.40 15.6714 15.6720
1005.75 15.6938 15.6917
1100.80 15.7088 15.7094
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4.4 Measurement of excess enthalpy for binary systems

Fifteen binary systems were investigated in this study. A few of them were
investigated previously by other researchers. The following section will discuss our

experimental studies on the binary systems, along with a comparison with those reported

in the literature.

4.4.1 Operational procedure

The calorimeter and all its auxiliary equipment were running for several hours after
the temperature of the system reached a steady state at (298.150+0.002)K, since many
of them need a warming-up period. The normal length of this period for the amplifier
and voltmeter was about an hour.

The component liquids, partially degassed by agitation under reduced pressure, were
loaded into the syringe pumps, and then forced through the tubing at selected fiow rates
and mixed in the mixing cell. All measurements were made with the sum of the flow
rates of the components close to 5.000%x10% em*s?. By doing so, as suggested by
Tanaka ez al. (1975), it was possible to set the motor speed and gear ratio to produce any
mole fraction within an estimated error of 0.00035.

The experiments were carried out in 2 manner to double check the equal

concentration point. Each run was started near x,=0.5 and ended with pure component
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1 at x,=1.0, with a concentration change of 0.05 between every two adjacent
experimental points. This finished one half of a run. The measurement was then
restarted again near x, =0.5 in order to check the reproducibility of the experiment. The
§ame procedure was followed to carry out the other half of the run, which ended with
pure component 2 at x,=0.0.

The voltage readings at x,=0.0 and x,=1.0, V3(f,) and V3(f,), were taken as the
baselines for the pure component liquids. Since previously (Tanaka et al., 1975), it was
found that the baseline shifts caused by the flows of the liquids from each pump were
additive on a volume fraction basis, the baseline voltage VS (f) associated with the mixing

process was expressed as.
VI s [V, (E) + 6V (E)V(E L) (4.6)

For every experimental point, the deflection of the voltage curve due to the mixing
process registered on the recorder and the computer through an instrument coupler (ICS
model 4880). When the recorder began to indicate that the voltage curve had reached
a steady state, the computer was started to take the voltage readings, one every second.
Usually, 500 voltage readings were collected. For the relatively low excess enthalpy
values, such as in the low concentration ranges, up to 1000 voltage readings were taken.
The deflection of the voltage curve from the basgline voltage, V_(f), due to the mixing

process, was obtained by taking an average of the voltage readings.
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The values of the excess molar enthalpy for a binary mixture were calculated from
the relation
3 B €n[Vin(D) -V, (D]

= &N
™ fi/v +filv,

where f, and f, are the volumetric flow rates of components 1 and 2, respectively, and
v, and v are the corresponding molar volumes. The e, is the calibration constant for the

mixture which was obtained from e and flow rates of the constituent pure substances as

€, = P, + P, 4.8)

where @, and $, are the volume fractions of the components 1 and 2, respectively,

defined by

f
P, = ! and 9, = (4.9)

4.4.2 Experimental results

The pure components constituting the 17 binary systems investigated in this study are

listed in Table 4.6 .

Excess enthalpies H; for all binaries involved were measured in our laboratory,
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Table 4.6 A key to the binary mixtures studied

System Component 1 Component 2
1 ethanol n-hexane
2 ethanol n-decane
3 n-hexane n-decane
4 ethanol n-dodecane
5 n-hexane n-dodecane
6 1-propanol n-hexane
7 1-propanoi n-decane
8 1-propanol n-dodecane
9 MTBE n-hexane
10 MTBE n-decane
1] MTBE n-dodecane
12 ethanol 2,2,4-trimethylpentane
13 ethanol 2,3-dimethylbutane
14 1-propanol 2,2,4-trimethylpentane
15 1-propanol 2,3-dimethylbutane
16 MTBE 2,2,4-trimethylpentane
17 MTBE 2,3-dimethylbutane
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except for the n-hexane + n-decane and n-hexane + n-dodecane systems, which were
taken from the literature (Marsh er al., 1980: Ott ¢r al., 1981).

The experimental results of HE for 15 binary mixtures determined at 298.15K are
listed in Appendix A-2 (Table A-9 to A-23).

The smoothing equation

H /(0 mol ") = x (1)} h(1-2¢) (4.10)
jel

was fitted to each set of the HE data for the mixtures with MTBE. Values of the
coefficients h;, determined by the method of least-squares with all points weighted
equally, are given in Table 4.7 along with the standard deviations, or the root mean
square deviation (RMSD) of the representations.

The rest of the data were fitted, in the same manner, with a similar smoothing

equation having a denominator term:

x,(1-x,) Zm}hj(l 2y (4.11)

H . /(@mol 1) = ¥
L "'hn(l ‘Zrl)j.l

The equation coefficients h, and h; are listed in Table 4.8 along with the root mean
square deviation (RMSD) of the representations.

Plots of the experimental results and their representations by Equations 4.10 and 4.11
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are shown in Figures 4.7 10 4.11. The HE values obtained for these systems, as shown
in the figures, are positive at all mole fractions. Over most of the mole-fraction range,
the errors of the excess molar enthalpy and the mole fraction for all the binary mixtures

are estimated to be less than 0.5 per cent and 5% 107, respectively.

Table 4.7 Parameters h; and root mean square deviations (RMSD) for the representations

of HE by Equation 4.10

System h h, hs hy hg RMSD
MTBE+n-hexane 1477.80  0.68 64.01 9522 -213.66 1.5
MTBE+n-decane 2000.50 -313.32 110.94 -100.36 -87.36 1.2
MTBE+n-dodecane  2279.30 -411.74 255.00 -208.78 -215.53 1.5
MTBE+2,2,4-TMP  1242.0  91.1 - - - 1.8
MTBE+2,3-DMB 1231.5 47.8 - - - 1.7
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Table 4.8 Parameters h; and root mean square deviations (RMSD) for the representations

of HE by Equation 4.11

System hy h, h. hy h, h, RMSD
ethanol +n-hexane -0.9699 2198.6 -1507.5 388.6 4128 - 37
ethanol +n-decane -0.9399 27415 -1868.3 896.1 -1757.2 1170.3 29

ethanol +n-dodecane -0.6923 2932.3 -1567.7 952.7 -1015.5 2397.% 3.9

propanol+n-hexitne -0.983% 2134.1 -941.2 -339.8 -243.2 - 1.5
propanol +n-decane -0.9205 2941.0  -1853.0 312.1 -689.0 705.2 2.9
propanol+n-dodecane  -0.3809 3221.1 -2034.6 a72.7 -632.6 9253 2.1

ethanol +2,2,4-TMP -0.9299 2330.2  -14519 493.0 -703.5 405.8 0.9

ethanol +2,3-DMB -0.9931 2020.8 -1346.7 446.7 ~495.4 -149.9 1.3
propanot+2,2,4-TMP  -0.9619 2306.2 -1062.8 -232.5 -198.2 75.0 0.7
propanol +2,3-DMB -0.9474 1913.8 -668.0 -338.4 - - 22
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—, correlated with the experimental data by means of Equation 4.11.

Figure 4.7 Binary HE data for the mixtures of ethanol(1)-+normal alkane(2)
at 298.15 K
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- Figure 4.8 Binary HE data for the mixtures of 1-propanol(1)+normal alkane(2)
at 298.15 K
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Tusel-Langer er al. (1991); ——, correlated with the experimental data by
means of Equation 4.10,

Figure 4.9 Binary HE data for the mixtures of MTBE(1) + normal alkane(2)
at 298.15 K
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Figure 4.10 Binary HE data for the mixtures of (ethanol or 1-propanol

or MTBEX1) + 2,2,4-TMP(2) at 298.15 K
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Figure 4.11 Binary HE data for the mixtures of (ethanol or 1-propanol

or MTBE)(1) + 2,3-DMB(2) at 298.15 K
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The HE values for the mixtures of ethanol or 1-propanol or MTBE with n-alkanes,
as shown in Figures 4.7 to 4.9, increase fairly regularly with increasing chain length of
the n-alkane. The curves are approximately symmetrical about x;=0.5, but show a
slight skew towards x,=1 for the mixtures of MTBE with n-alkanes and towards x,=0
for the mixtures of n-alkanes with alcohols. For the mixtures with branched alkanes,
as shown in Figures 4.10 and 4.11, the curves for the alcohols skew toward low alcohol
mole fractions, with maxima occurring in the range of 0.3<x,<0.4. For the same
branched alkane, both the maximum and skew of the 1-propanol curve are greater than
that for the ethanol curve, leading to a crossing of the two alcohol curves in both figures.
It appears that the replacement of 2,2 4-trimethylpentane by 2,3-dimethylbutane involves
only minor changes in the molecular interaction, since the general characteristics of the
curves in these two figures are very similar. This is particularly true for the MTBE
mixtures, where the changes in HE are relatively small.

Although there have been several other investigations of n-hexane with both ethanol
and 1l-propanol, as reviewed previously, the excess enthalpies of these two binary
systems were re-investigated in this study. Deviations of those earlier results from the
representations of the data obtained in this work are plotted in Figures 4.12 and 4.13.
For the system of ethanol and n-hexane, as shown in Figure 4.12(a), there was agreement
within a few per cent over most of the mole-fraction range; large discrepancies occurred

near both ends of the concentration range.
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Figure 4.12 Deviations of 6HE {=(HE(exp)-HE(cal)} for the mixtures of ethanol(1)

+ (n-hexane or n-decane)(2)
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Figure 4.13 Deviations of 6HE {=(HE(exp)-HE(cal)} for the mixtures of 1-propanol(1)

-+

(n-hexane or n-decane)(2)
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Apart from the relatively large deviations of the values from Brown er al. (1964) for
the system of 1-propanol and n-hexane, there is agreement between the previously
published data and the experimental results of this study within ~3 per cent over most
of the mole fraction range, as shown in Figure 4.13(2). As mentioned in the previous
section, Christensen et al. (1979) have studied the systems of n-hexane + ethanol/l-
propanol at a pressure of 170KPa. A comparison of their data and the results from this
work are also included in Figures 4.12(b) and 4.13(b).

Although there were no previous studies reported in the literature for the mixtures
of MTBE with n-hexane, n-decane, and n-dodecane, a similar system of MTBE and n-
heptane has been investigated by Tusel-Langer er al. (1991). The dotted curve shown
in Figure 4.9 was calculated from the smoothing equation reported by those authors. It
lies somewhat closer to the curve for n-hexane obtained in this work than might be
expected from the results for the other n-alkanes.

Subsequently, all the experimental excess enthalpy data obtained in this study were
used to serve various purposes. First of all, they were published as valuable data sources
for industrial or academic usage. They were also used, as essential information about
the constituent binary mixtures, in determining the excess enthalpy values of the related
ternary mixtures. In addition, they played a key role in producing reliable parameters

of the new model proposed in this study for predicting HE values of the ternary mixtures.
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4.5 Determination of ternary excess enthalpy

In studying the ternary mixtures, the excess enthalpy Hg yx Was obtained by means

of Equation 3.13

H"El'ﬂ = PI::I-‘.’.S * (l_x[)H::zg, (3-13)

where the HE;..; was measured for pseudo-binary mixtures in which alcohol or ether,
as component 1, was added to binary mixtures of component 2 (n-hexane) and 3 (n-
decane or n-dodecane) having a fixed composition, and HZ ., was the molar excess
enthalpy of the particular binary mixture of components 2 and 3.

It can be seen from the above equation that the experimental values of the ternary
excess enthalpy HE,,; were obtained mainly by measuring Hg ;.2 values for pseudo-
binary mixtures. The values of HE »; for the binary systems of n-hexane with n-decane,
and n-hexane with n-dodecane were taken from the literature (Marsh et al., 1980; Ott ez
al., 1981).

The following section will explain how the specific binary mixtures were prepared

and how the experimental data of HE ;,, were represented.

4.5.1 Preparation of the binary mixtures

For each ternary system studied, three binary mixtures of component 2 (n-hexane)
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and 3 (n-decane/n-dodecane) were prepared at the concentrations of xX=0.25, =0.50,
and =0.75, by weighing. The superscript b denotes the binary mixture.

A Mettler analytical balance with +0.02mg accuracy was used for preparing the
mixtures. The measurements were carried out at room temperature. There were two
important things to watch for during the weighing operation. One was proper closure
of the weighing container, which assured no vapour leakage so that a steady balance
reading could be reached. The other one was to prevent any component liquid from
contacting the opening of the weighing container, which would cause errors in
determining the mixture composition.

The prepared binary mixture was stored in a glass flask with a magnetic stirrer and
then placed on a magnetic stirrer device, as shown in Figure 4.3, which drove the stirrer
in the flask so that the two component liquids could be well mixed. This mixing process
took about ten minutes.

There were three more stages in the preparation of the mixture. They were pre-

estimation, weight correction, and calculation of the mixture densities.

Estimations of weight ratio and volume ratio
Estimations were carried out before the mixture preparation to decide the proper
amount of each component liquid required for a specific mixture. The following, as an

example, shows how an estimation was achieved for making a mixture of n-hexane and
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n-decane with x3=0.50.

The molecular weights M, and M; are 86.17716 and 142.28468 for n-hexane, and

n-decane, respectively. The mole fractions of x3 and x3 can be expressed by

W, W,

M, M

x,h = —— and .7c3b = l-x,b = 2
) W, W, i W, W,
- — — —
M, M, M, M,

where W, and W, are the expected quantities of the two components.

x3=x3=0.5 leads to

W, W,
= — or

3

X

W, = W,

S
S

Introducing the values of the molecular weights, Equation 4.13 becomes

142.28468 W

= 1.65107W,
86.17716

W —M3w
3 T 2 = 2
M,

Equation 4.14 determines the weight ratio of the two components.

4.12)

Letting

(4.13)

4.14)

The densities of the two pure components, measured at the temperature 298.15 K,

were d,=0.65512g-cm™ and d;=0.72629g-cm®. The W, can then be expressed in terms

of the volume of n-hexane, V,, by
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W, = d,V, = 065512V, (4.15)

With Equations 4.14 and 4.15, the volume ratio of the two components was then

determined as

3

0.72629 0.72629

W,  1.65107W.
V. = _ai _ 1.65107W, L6SI07x0.65512, _ 1 45058y, (4.16)
3

Equations 4.14 and 4.16 provide guidance in preparing a selected binary mixture.

Similar estimations were carried out for each binary mixture used in this study.

Weight corrections

It has been suggested that in order to obtain a relatively high accuracy on weighing,
the effect of buoyancy in air of the objects on the balance pans must be taken into
account (Bauer, 1952). In our mixture preparations, there was not only a buoyancy
effect involved, but also air in the flask above the liquid mixture. Therefore, the
measured weights of the component liquids were corrected to their values in vacuum,
thereby eliminating errors caused by the involvement of air.

All of the data on weights of the component liquids listed in Appendix A-3 are the
“vacuum-corrected™ values.

The details of the correction procedure are explained in Appendix B.
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Determination of the mixture densities

The densities of the binary mixtures, caiculated on the assumption that the excess
volume VE cannot be neglected, are shown in Appendix A-3. Since the molar quantity
of the excess volume VE at constant temperature and pressure is only a function of the
materials involved, two Redlich-Kister representations of Vg from the literature (Marsh
and Ott, 1983 a,b) were adopted for the mixtures of n-hexane + n-decane, and n-hexane

+ n-dodecane. The density, d,,, of the mixture prepared is expressed by

M, M_
d_ = = @.17)

v E b b
m V, #Xy Vo +Xa Vy

where M,, and v,, are the molecular weight and molar volume of the mixture; x3 and x3
are the mole fractions of components 2 and 3; and v, and v, represent the molar volumes
of the pure components.

The details of the R-K representations of VE are presented in Appendix C.

4.5.2 Measurement of HE ., for the pseudo-binary mixtures

Pure component 1 (ethanol or 1-propanol or MTBE) was pumped into the calorimeter

through pump A, while a prepared binary mixture of components 2 (n-hexane) and 3 (n-
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decane or n-dodecane) was transferred, as a pseudo-pure component, to the mixing ceil
through pump B.

All prepared binary mixtures were calibrated with pump B. The calibration
procedure is the same as outlined for pure substances in section 4.3.2. The calibration
results and their numerical representations are listed in Appendix A-3. Similar to
Equations 4.8 and 4.9, the calibration constant for the pseudo-binary mixture, €,, was
obtained from the flow rates and calibration constants of pure component 1, €, and of

the specific binary mixture of components 2 and 3, &, as

€, = De + Bys, 4.13)

where $, and $, are the volume fractions of component 1 and the specific binary mixture

of components 2 and 3, defined as

(4.19)

The experimental results of HE ;,., for temary systems of ethanol + n-hexane + n-
decane/n-dodecane are plotted in Figures 14 and 15, as examples, along with the results
for the binary mixtures having x,=0 or x;=0. In all cases, the maximum values of
HE .5 occur near x;=0.4, and for comparable values of x,/(1-x;-x;) the values at the

maxima are larger for the mixture containing dodecane. For both mixtures at a constant
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value of x,, the enthalpies increase as the ratio x»/(1-x,-x,)} decreases.

The details of experimental results of HE ; ., and the corresponding excess enthalpy
HE 1., obtained from Equation 3.13, for the six temary systems are presented in
Appendix A-4.

The values of experimental HE | .,; data were represented as a sum of binary terms

(Tsao and Smith, 1953) with an added ternary contribution:

anr-:s = [‘fz_]Hr:lz*[ - ]anu*l'l:'r (4.20)
X

Following Morris ez al.(1975), the relation:
E 2 2 2
Hyg = (e rop +e+exy +c_,xrx2+c5x._,2+c6xl3+c.,x,x=+csxlx2 *ngzs) (4.21)

was adopted for the ternary term HE ., where the parameters ¢; were determined by
fitting Equations 4.20 and 4.21 to the values of the experimental HE .., data, by means
of the least-squares analyses. Although there are a number of HE ; expressions available
in the literature, such as the expressions proposed by Rastogi er al. (1977), Kratochvila
et al. (1980), and Pando er al. (1987), we have found that the Morris expression has the
simplest form and is able to represent our data well.

For the six ternary systems studied, the parameters in their HE 1 expression (Equation

4.21) are listed in Table 4.9, where the root mean square deviations (RMSD) of the
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representations are also indicated. In some cases, experimental data fitting indicated that
adequate representations of the present results were obtained with fewer adjustable
parameters ¢;. Curves obtained from these representations are shown in Figures 4.14 and
4.15, as well as in Appendix A-4.

To illustrate, some constant HE ,., contours, calculated for the temnary mixtures are
plotted in the triangular diagrams of Figure 4.16 for the ethanol-+n-hexane+n-decane
mixtures and Figure 4.17 for the l-propanol-+n-hexane+n-dodecane mixtures. The
general characteristics of the contours for all six ternary mixtures are very similar, except
for the occurrence of a maximum located inside the triangular plot for the 1-propanol+n-
hexane+n-dodecane system; Similar plottings for all the ternary mixtures involved are

presented in Appendix A-4.
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Table 4.9 Adjustable parameters c; in the expression of the ternary term HE ¢

parameter | system 1* system 2*  system 3*  system 4*  system 5% system 6
G -1943.6 3228 1855.1 -1252.7 651.9 1522.2
C, 20825.6  15484.1 -5997.2 33198.2 -2783.5 -6710.2
C3 6315.8  -6686.2  -4936.3 8596.7 249 -1893.3
Cs -51217.5  -58851.6 4747.0  -78880.3 3607.8 7079.7
s -48958.5  19339.0  10166.1 -112649.7 - 5467.8
Co -4905.2 6351.4 3964.8 ~9200.4 - -
C; 39563.1 495775 - 51959.0 - -
Cg 57995.2  13076.1 - 129996.0 - -
Co 29130.4 -36714.0 - 88705.0 - -

RMSD 3.2 6.7 3.7 4.9 2.6 3.4
* Systems:

1. Ethanol+n-hexane+n-decane

2. Ethanol+n-hexane+n-dodecane

3. 1-Propanol+n-hexane+n-decane
4. 1-Propanol+n-hexane-n-dodecane
5. MTBE+n-hexane+n-decane

6. MTBE +n-hexane-+n-dodecane
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8, X5/(1-x;-x5) =0.3339; 2, x,=0. Curves: ——, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure 4.14 Excess molar enthalpies HE | ,,; of x,(ethanol) +x,(n-hexane) +x;(n-decane)
at 298.15K :
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results by Equations 4.20 and 4.21.

Figure 4,15 Excess molar enthalpies HE , .., of x;{ethanol) +x,(n-hexane) +x;(n-dodecane)
at 298.15 K
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Chapter 5
Correlation and prediction of binary and

ternary excess enthalpy data

Analyses of experimental results were carried out with several solution models, such
as the Flory theory model, the association model with a Flory contribution term, and the
DISQUAC, NRTL and UNIQUAC models. They were fitted to the experimental results.
The values of the model parameters were determined by the least-square method with all
points weighted equally.

The first section of this chapter describes how the new model was developed in this
study. The reason for having various models involved is that some existing models work
well for certain types of systems, but provide large discrepancies when used for other
systems. That was also one of the main concerns for developing a new model with an

expectation that it can well represent all types of the systems studied.
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The second part of this chapter presents the correlations of experimental HE results
by means of the different models investigated in this study, including the proposed
model.

The last section of the chapter is focused on the prediction of the ternary excess
enthalpies from the binary HE data by means of the proposed model and a comparison

with the NRTL and UNIQUAC models.

5.1 Development of a new model

Based on principles of statistical thermodynamics, 2 new model has been proposed
for representing and predicting the excess enthalpies of a ternary mixture from
correlations of the enthalpies of its constituent binaries.

This section describes the development and verification of the model. It includes the
local composition expression employed, the expressions for calculations of binary and
ternary excess enthalpies, and a comparison with the results from the molecular dynamic
simulation (Nakanishi ez al., 1982) and the NRTL and UNIQUAC models. The
treatment was based on an approximation of the radial distribution function and the quasi-
lattice two-liquid theory. It should be suitable for a relatively wide range of solution

types.
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5.1.1 Local composition expression

In general, the interaction between a pair of molecules depends strongly on their
separation. Within a mixture, this leads to a distribution of the molecules which is
locally non-random. The local species-species coordination number, Ny is defined as the
number of j molecules interacting with a central i molecule, and is related to the radial

distribution function, gy(r), by the equation (Lee and Sandler, 1987)

pl

_ N R 2
N" = 4--—#fcj gjl(l‘)l" dr (5'1)

where r is the separation of the molecules, o is the collision diameter, R, is the reduced
well width (R,o; represents the first coordination shell) and Nj is the number of j
molecules in volume V.

According to the radial distribution function theory (Lee, 1988), at low densities

g5 (x) = exp( -uy; (x)/ kT) (5.2)

where u;(r) is the potential function for the interaction between 2 pair of j and i
molecules, and k stands for Boltzmann constant. This relation can not be adopted
directly, since the mixtures considered here are liquids with appreciable densities. For
the present work, the radial distribution function for a j-i pair in a liquid mixture is
assumed to have the following simple form in the range o; <r=R,0;:

n=
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g; (r) = exp (-a;€; /RT) (5.3)

where ¢; denotes the molar value of the potential function uy(r) at the lowest potential
level. The ¢ is a correction factor which is introduced to compensate for two effects in
the environment of the i molecule. One is the correction to an average value of the
potential function in the range o; <r<R,o;. The other is to allow for the finite density
of the liquid in comparison with the :nfinitesimal density required in Equation 5.2. In
this regard, o; should be a function of the density, and consequently the temperature.
However, in the present work which is concerned with liquid mixtures whose densities
vary in a relatively small range, o; is assumed to be a function only of the temperature.

Substituting Equation 5.3 into Equation 5.1 (Lee and Sandler, 1987) then yields
N

Assuming a constant reduced well width for the first coordination shell of all molecular

pairs, the expression for the local composition

N.
X = ._.—?i_
31 ;Nu (5.5)

becomes
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g t.E.xka':;:; exp ( -e;€,;/ RT)

(5.6)

where x; is the mole fraction of component j in the mixture. Equation 5.6 is the local

composition expression used in this work.

5.1.2 Representation of binary excess enthalpy HE
Using the quasi-lattice two-liquid theory and neglecting long range interactions, the
configurational molar internal energy of a binary system can be expressed (Prausnitz et

al., 1986) as
A
Ucontigm = -z-[xl(xn€21+xnen)+x2(x12612+x22622)] (5.7)

where Z denotes the coordination number. For the first coordination shell in liquids,
Z=10 is assumed.

Similarly, for the pure component liquids

Ug:)nﬁg,m = %Ejj (j=1,2) {5.8)

Assuming that changes in the internal energy of the mixture are primarily due to
configurational effects and that the difference between the excess molar enthalpy and
excess molar energy is negligible (i.e. PVE is small), then
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Hr « Un = %(xleIAEZI"'xel:AGIZ) (5.9)

where

3 a,A€ ) 3 ( a,A€ )
. w92 18€2; Y 18€2, (5.10)
X, X, X +X ex
21 2[ n) ( RT /[ 1t 2[ ) ) RT
and

12 r.zeru) ( 12] ~Q,A€y,; 5.11
Xyp = Xy =2 exp[ Mix,+x,| =2 exp (5.11)

2 1( 22) RT 2 b ) RT

In these equations, the notation Ae;=¢;-¢; has been adopted for the molar potential
differences.

It can be seen from Equations 5.9-5.11 that the expression for Hz contains four
parameters (Aéy,;, A, &, and o), which must be adjusted to fit the binary enthalpy data.
Practical application of the model indicates that it is generally adequate to impose the
further constraint a,=a, =a, where « is characteristic of the particular binary system.
As 2 consequence, the number of adjustable parameters is reduced to three. Equations
5.9-5.11 formally resemble the expressions obtained in the NRTL (Renon and Prausnitz,

19682) and UNIQUAC (Abrams and Prausnitz, 1975) treatments of mixtures.
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5.1.3 Calculation of HE for multicomponent systems

With the assumption of pairwise additivity, the expression for HE, given in Equation

5.9, can be extended directly to multicomponent systems as follows:

H:En= %sz.xﬂ AE'“ (j;ti) (5.12)
AR

where
Eij; ae ( -GiAE i)
15, ) S\ TRT

. (5.13)
Oi ~Q A€ )
zk: k( C’u) P( RT

in =

5.1.4 Comparison with computer-simulation results

In non-ideal fluid mixtures, the local composition around each kind of central
molecule generaily differs from the overall composition. Information about this can be
obtained from statistical mechanical ensemble data in molecular dynamics (MD)
calculations (Nakanishi and Toukubo, 1979) or Monte Carlo (MC) calculations
(Nakanishi er al., 1982).

Computer simulations are based on the assumption of some specific potential energy
model, such as the Lennard-Jones potential. Theoretically, the thenﬁodynamic properties

of such a fluid can be obtained from computer-aided numerical calculations through strict
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statistical thermodynamic relations. Comparison of the calculated results with those
obtained from a particular solution theory model can serve as a test of the feasibility of
the model. In Table 5.1, results calculated from Equation 5.9 are compared with excess
molar internal energies obtained for the three kinds of Lennard-Jones mixtures in the
computer-simulation work of Nakanishi er al. (1982). Also included in the table for
further comparison are the results of calculations with the NRTL (Renon and Prausnitz,
1968a) and UNIQUAC (Abrams and Prausnitz, 1975) models.

It is evident from Table 5.1 that the present model with an assumed value of «=0.1
gives molar excess internal energy values which are fairly close to the computer-
simulation results for the three different types of fluids. The NRTL and UNIQUAC
models provide poorer predictions. When o is adjusted, the NRTL model reproduces
the MD result for the weak non-ideal LB-2 mixture, but is unable to reproduce the
behaviors of the fluids with strong non-ideality, such as the A-2 mixture with a large
positive deviation, and the S-2 mixture with a large negative deviation.

The utility of the present model was investigated through calculations for the ternary
systems studied, plus six more ternaries selected. It was carried out through the
correlation of binary excess enthalpy data and the prediction of ternary HE with the

binary system parameters. The details of the investigation are described in the following

sections.
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Table 5.1 Comparison of results from solution theories with MD computer simulations

- u¥gmo)
;:;;S] enlen  €nlen MD*  This work® NRTL UNIQUAC
(@=0.4)" (« fined)*

LB-2* 2 V2 184 135 4.7 184 -1.4
(a=-2.879)

A-2° 2 1 791 849 129 387 116
(¢=-3.359)

S-2° 2 2 -1105 -991 =225 -387 -236
(=3.375)

* Lorentz-Berthelot mixture.

b Association model.

¢ Solvation model.

4 Conditions for MD simulations: T=120 K, x,=x,=0.5, p=0.75, oy,=0n=
0,=3.405 A and (g,62)'"/k=119.8 K (Nakanishi er al., 1982).

¢ Equation 5.9 with a;=a,=0.1.

f Following Nakanishi and Toukubo (1979).

® o is adjusted for the best fit of the computer-simulation results.
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5.2 Representation of experimental results with various

models

The Flory theory, the association model with a Flory contribution term, the
DISQUAC, NRTL and UNIFAC models, and the proposed model were investigated for
HE data correlation. In this section, a brief discussion will be presented on the

capabilities of these models in terms of representing the binary and ternary experimental

HE data.

5.2.1 Estimation from the Flory theory

In the past, we have found the Flory theory (Flory, 1965; Abe and Flory, 1965) to
be useful in correlating the excess molar enthalpies of 2 number of (ether + n-alkane)
binary mixtures (see Wang er al., 1989a, where references to earlier work may be
found). In this regard, the possibility of predicting the behaviour of a ternary system
from analyses of its constituent binaries was particularly attractive.

The Flory theory was applied to the two ternary systems containing MTBE. The
extension of the th;eory to multicomponent systems has been outlined by Brostow and
Sochansld (1975). Here, only the equations needed for appliéation tb the present ternary

systems are summarized; the notation is essentially the same as in the reference.
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Bim = (L) [P -vh) +71y| (5.14)

T = (¢ v/ ¢RI/ TS (5.15)

where

U = 0,0,X,+0,8:X53+9:8,X3(S57/5;) (5.16)

and the sums are taken over the three components i (i=1,2,3). The asterisk is used to
indicate characteristic values of the pressure P, volume V, and temperature T; the tlde
indicates their reduced values obtained by dividing by the corresponding characteristic

values. The segment fractions ¢; and site fractions 6; are defined by the relations

¢j = _x.v& | (5.17)

DAL

and

@

8, =
Zq‘.u_‘_(si/sj)

(5.18)

where s; is the number of contact sites per segment of a molecule of species i. The

quantities X; in Equation 5.16 denote the mixed-pair interchange interaction energies
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between sites on species i and j. The factor sy/s, in the last term of Equation 5.16 has
been introduced to allow for the asymmetry in Flory's definition of X because, in the

present usage, the convention i<j has been adopted. The reduced form of the equation

of state is

py/T = v IP-1)-INT (5.19)

which for zero pressure becomes

‘74/35-_1_‘?1/3_'_1 =0 - (5.20)

Values of V; and P} for the pure components are obtained from

GHM3 = (v /VIYP = Leay  T/3(14a, i T) (5-.21)

and

P = (@, /Ky, ) TO] (5.22)

where V,.;, &,;, and «r; are the molar volume, isobaric expansivity, and isothermal
compressibility, respectively. The value of T} can then be calculated from Equation 5.15.

The component properties and parameters used in the present calculations are given
in Table 5.2. In the case of MTBE, «, at 298.15K has been reported by Obama et al.

(1985), but it appears that a value of «; is not available in the literature. The value given
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in Table 5.2 was derived from a group contribution estimate of the thermal pressure
coefficient (Manzini and Crescenzi, 1974). The data for the n-alkanes are the same as
in our previous work (Wang er al. 1989a).

Values of X,, and X,; were obtained from the least-squares calculations in which
Equation 3.36 was fitted to the representations of HE ;; given in Table 4.7. Values of X3
were obtained from similar treatments of HE 5 for (n-hexane + n-decane) mixtures
(Marsh et al., 1980), and (n-hexane + n-dodecane) mixtures (Ott et al., 1981). Inall
of these calculations, it was assumed that the segments were approximately spherical, and

the relation

Silsj =(Vi-/\fi-)”3 (5-23)

was used to estimate the site ratios.

The dashed curves in Figures 5.1-5.3 were calculated from Equation 5.14, using the
parameters from Table 5.2. The agreement between these estimates and the experimental
results is very good, in view of the fact that only data for the pure components and their
binary mixtures were used. For the 96 points of the n-decane systems, the root mean
square deviation (RMSD) between the estimated and experimental values of Hg 1, is 5.7
J-mol?, and the average absolute percentage deviation (AAPD) is only 2.0 per cent. For
the 99 points of the n-dodecane systems, the corresponding deviations are 6.7 J-mol™ and

2.1 per cent. Thus the Flory theory provides useful estimates of HE ;,; for systems of
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the present type. It should also be noted that X; is nearly linear in the carbon chain
length of the second component (n-hexane, or n-decane, or n-dodecane), which could be

used to provide estimates of Hg,;; for mixtures of MTBE with other n-alkanes.

Table 5.2 Component properties and parameters used in the Flory calculations for the

systems x,CsH,0+x,CeH o +x;CyoHy," and X,CsH,0+x,CeH, s +2,C,0Hae” at 298,15 K

T Com- V. o &  p¥ V¥ T |
ponent  (cm*mol)  (KKY) (TP2)  (rem®  (em*mol?) X

CsH;,0 116.82 1.423 1690.6 442.9 90.20 4385.0
CeH,s 131.57 1.387 1703.9 424.2 99.52 4436.1
Cycln 195.94  1.051  1109.6  447.0 155.75  5091.4
C,,Hy 228.55 0.960 987.6 445.2 184.40 5351.4

Interchange interaction energy parameters X;/@em?)
* X,,=14.7950; X,;=18.7764; X,,=1.2208.

b X,,=14.7950; X,;=21.1118; X3=2.5204.
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Figure 5.1 Excess molar enthalpies HE ;; for x,CsH;;0+x,C,H,,, mixtures at 298.15K
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Experimental results: o, x,/x;=0.3477; O, X,/x;=0.9984; <, x,/x,=3.1408. Curves:
— - =, x,=0, and ---, x;+x,=1, both calculated from Equation 4.10 using the
representation in Table 4.7, , calculated from Equations 4.7, 4.20 and 4.21 using the
representations in Tables 4.7 and 4.9; - - -, calculated from the Flory theory.

Figure 5.2 Excess molar enthalpies HE | ., for x,CsH,,0-+x,CH 4 +x,C oHy, mixtures
at 298.15K
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Experimental results: ©, x,/x;=0.373%; O, x,/x;=0.9845; ¢, x,/x;=2.8956. Curves:
— + —. x;=0, and -, x,+x,=1, both calculated from Equation 4.10 using the
representation in Table 4.7; , calculated from Equations 4.7, 4.20 and 4.21 using the
representations in Tables 4.7 and 4.9; - - -, calculated from the Flory theory.

Figure 5.3 Excess molar enthalpies HE .5 for x,CsH,,0+x,C4H,,+x,C,;,H,, mixtures
at 298.15K

120



5.2.2 Estimation from an association model with a Flory contribution
term

In agreement with the findings from this work for (MTBE + n-alkane) systems
(Wang er al., 1993), exploratory calculations showed that the results for the systems of
(MTBE + a branched alkane) could also be fitted quite well by the Flory theory.
However, large discrepancies occurred when the mixtures containing the alkanols were
treated in a similar manner, and it was evident that specific recognition of the self-
association must be included in formulating a model for these mixtures.

As mentioned in chapter 3, it was found previously that the excess molar volumes
could be correlated quite well by an association model of the Mecke-Kempter type with
an added Flory-contribution term, for the mixtures formed from an alkan-1-ol with either
a normal (Treszczanowicz and Benson, 1985) or a branched (Treszczanowicz and
Benson, 1988) alkane. An extension of this treatment to excess enthaipy was carried out
in this stdy for the binary systems of an alcohol or MTBE with some branched alkanes.

Equations 3.37 to 3.39 were used in this calculation. The values of the characteristic
pressure P°, molar volume V;, and temperature T™ needed for its evaluation are tabulated
for the alkan-1-o} and the branched alkanes in the literature (Treszczanowicz and Benson,

1988), and for MTBE in Table 5.2.
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In the present use of Equation 3.37, the values of AHp=-24.4Kk-mol"! and AS;=-
33.01-K'mol”, used previously (Treszczanowicz and Benson, 1985; 1988), were
adopted for the mixtures containing ethanol or 1-propanol. For the MTBE mixtures,
HE,«=0 was used, correponding to no self-association. Table 5.3 summarizes the
results of the two sets of calculations. In calculation A, the Flory exchange interaction
parameter X,, was adjusted to obtain a least-squares fit of the experimental resuits as
represented by Equation 4.11 for each mixture. These values of X, can be represented

fairly well by the empirical relation:

X, = (V7 Vo) V3(0. 0130 - 0. 0636 @y + 0. 3253 ey ) x103 (5.24)

where e, is the volume fraction of the OH group in component 1 of the binary systems:
ooy =0.2517, 0.1907 (Treszczanowicz and Benson, 1985), and 0, for ethanel, 1-
propanol, and MTBE, respectively. In calculation B, estimates of HE were obtained
from Equations 3.37 to 3.40 using the values of X, calculated from Equation 5.24.
Plots of these values of HE are shown in Figures 5.4 and 5.5 for comparison with the
experimental results. It can be seen that the model reproduces the general behaviour of
the experimental findings but fails to duplicate the crossing of the ethanol and 1-propanol
curves.

The absolute average percentage deviations given in Table 5.3 are all in the range of

2 to 7 per cent and it is evident that no significant difference is introduced by using
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Equation 5.24 instead of an individual adjustment of X..

Table 5.3 Summary of the Flory exchange interaction parameters X,,, and deviations,
RMSD and AAPD, for calculations with Equations 3.37 to 3.40 and Equation 5.24

Calculation A* Calculation B

Mixture X;» RMSD AAPD X,» RMSD AAPD
Jem®  Jrmol” Jem™  l'molt

xpethanol +x.2,3-dimethylbutane 13.826 15.0 4.4 13.658 153 4.5
xethanol +x.2,2,4-trimethylpentane 12,394 27.8 6.7 12,508 27.8 6.6
X, L-propanol +x.2,3-dimethylbutane 10.591 200 6.1 10,760  20.0 6.3
x,1-propanol +x.2,.2 4-trinethylpentane 10.070 10.5 2.9 9.85% 11.0 2.7
xMTBE +x.2 3-dimethylbutane 12,351 6.3 3.6 12.59¢ 7.6 3.7
X, MTBE+x.2,2,4-trimethylpentane 11.841 5.0 3.0 11.53¢ 7.8 3.7

* X, fitted to the results for each mixture.

® ¥, estimated from Equation 5.24.

It is probable that Equations 3.37 to 3.40 along with Equation 5.24 could be used to
estimate HE for mixtures of ethanol, or l-propanol, or MTBE with other (similar)
branched alkanes such as 2,2-dimethylbutane and 2,3,4-trimethylpentane. However,
Equation 5.24 may not be suitable for mixtures with an n-alkane which might involve
different interstitial or conformational effects.

The AAPDs shown in Table 5.3 indicate that this model can provide reasonable

representations for the present systems.
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5.2.3 Estimation from the DISQUAC model

Recently, Gonzdlez er al. (1990) have applied the DISQUAC group-contribution
model (Kehiaian, 1983; Tiné and Kehiaian, 1987) to some ternary mixtures containing
ethanol. In their treatment, values of the interchange energy coefficients C&% and C%¥
(i=1,2,3), describing the interactions between the hydroxy group (-OH in ethanol) and
aliphatic hydrocarbon groups (>CH, and -CH;) were obtained from an analysis of the
excess molar Gibbs energies and excess molar enthalpies of selected binary mixtures
(Gonzalez er al., 1990).

Since the DISQUAC group-contribution model has been recommended for the
systems containing alcohols, its application to the terary systems of ethanol with normal
alkanes was investigated in this study. The aveiage absolute percentage deviations are
6.5% for the 103 points of the ethanol + n-hexane + n-decane system and 7.9% for the
114 points of the ethanol + n-hexane + n-dodecane system. In all cases, the model
overestimated the values of HE .., in the central range of x;, with negative deviations
occuring at lower and higher values of x,. This agreement seems reasonable, since Tiné
and Kehiaian (1987) have pointed out that the treatment of contacts formed by a strongly
associating group and a non-polar group as in (alcohol + alkane) “may well be at, if not
beyond, the limits of accurate applicability of quasi-chemical models, including the
DISQUAC, especially in the dilute-solution range™. It should also be noted that the
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present analysis does not differentiate between the interactions of the >CH,; and -CH,

groups, and that HE ,,;=HE | ,,; since HE ,; is zero at all compositions.

5.2.4 Correlation by means of the proposed model

In order to investigate the validity of the proposed model, a correlation of the
experimental data for all six ternary mixtures and their constituent binaries was carried
out. For the purpose of comparison, the three-parameter NRTL and the two-parameter
UNIQUAC models were also used for the same calculation. Furthermore, six more
ternary systems were selected to involve a variety of molecular species, including
alcohol, ketone, ether, n-alkane, chloroalkane, amine, organic acid, aliphatic nitrile, and
aromatic types.

Since values of the collision diameter, ¢;, are not usually available in the literature,
the pure component parameter, r;, from the UNIQUAC model was introduced to
represent the molecular size, and ¢;® &7; was assumed. In the case of an unlike pair of
molecules, an average size r;=(r,+r;)/2 was adopted. Values of r; (and also g; required
in the UNIQUAC calculations) were taken from the compilation by Gmehling er al.
(1982).

For the calculation of the 12 ternary systems, correlations of their 29 constituent
binary systems are required. The results are summarized in Table 5.4 which also
includes the results of similar calculations for the NRTL and UNIQUAC models. Also
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listed in Table 5.4 are the average absolute deviation (AAD), the average absolute
percent deviation (AAPD) and the root mean square deviation (RMSD) for each fit of the
data. The Bi in the table stands for ith binary system. In most cases, the use of the
proposed model (Equation 5.9) provides a better representation of the binary excess
enthalpy data than the NRTL and UNIQUAC treatments.

It is also evident that the representations of experimental HE data with the proposed
model is comparable with those from the Flory model for the ether-containing systems,
yet better than those from the Flory and the other models investigated in this study when
the model was used individualy to deal with different types of systems.

The corresponding computer programs used for these calculations are presented in

Appendix D.
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5.3 Prediction of ternary excess enthalpy with the

proposed model

As mentioned in previous sections, prediction of excess enthalpy values for
multicomponent systems from limited binary data is very much in demand and
obviously economic. It would be extremely beneficial if a model well
representing binary data can produce reasonable predictions of HY values for the
corresponding ternary systems based only on binary data.

The capability of the proposed model for prediction of termary excess
enthalpies was investigated. The HE was calculated from Equation 5.12 using the
parameters obtained from the previous analyses of the constituent (1-2, 1-3, 2-3)
binary systems. The results of the calculations are summarized in Table 3.5,
where the deviations AAD, AAPD, and RMSD are listed. In the table, Ti stands
for the ith ternary system.  As in the case of the binary systems, similar
calculations were also carried out for the NRTL and UNIQUAC models.

It can be seen from Table 5.5 that the overall agreement between the
predictions of the present model and the experimental results is within 5 per cent
in most cases. It also appears that the model usually provides a somewhat better
prediction of the ternary excess enthalpies than both the NRTL and the

UNIQUAC treatments.
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For the systems involving alcohols, a lattice coordination number less than that used
in the present work might be anticipated. Nevertheless, in calculations for system T1 in
which the coordination number was varied between 6 and 12, the lowest value of the
AAPD was obtained with Z=10.

In conclusion, the present model provides a well-defined excess enthalpy expression
which contains a fixed number of parameters. Values of these parameters can be
obtained from analyses of binary enthalpy data alone. Although the expression for HE
is somewhat similar to the forms used in the NRTL and UNIQUAC theories, it leads to
better estimates of the ternary excess enthalpies for many of the systems considered.

The computer programs related to this calculation are also presented in Appendix D.

It should be mentioned that an attempt was also made to represent vapour-liquid
equilibrium (VLE) and excess enthalpies HE simultaneously by means of cubic equations

of state. Some preliminary results of these calculations are presented in Appendix E.
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Chapter 6

Conclusions

The experimental determination of excess enthalpy values at 25°C for 15 binary and
six ternary mixwres has been satisfactorily carried out with an LKB flow
microcalorimeter. The results indicate that for all of the systems experimentally
investigated in this study, the heat effects produced by mixing the two or three
constituent components are significant enough to contribute to any other processes
accompanying the mixing process. These results are of considerable importance for the
design of mixing or separation processes in the chemical and petroleum industries.
Especially for the systems involved in this work, the experimental investigation has
enriched the increasingly attention-drawing research on alternative transportation fuels,
aiming at reducing our dependence on crude oil supply and improving air quality.

A theoretical study on various approaches of representing experimental HE data has
been carried out with a focus on the solution theory-related models. Some existing

solution theory models, such as the Flory theory model, the association model, the
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DISQUAC model, the NRTL and UNIQUAC models, were used to represent the
experimental results. It has been found that in some cases, a model worked well only
for a certain type of system. Some of the models were not able to provide satisfactory
representations of the experimenta! findings for almost all of the systems studied. The
association model reduces to the Flory model while being used for the systems containing
ether. Our study shows that the Flory model provides better representation of HE for the
systems with n-alkane than the ones with branched-alkane. It is consistent with the
chain-molecule assumption of the Flory model.

A new model, based on statistical thermodynamic principles, has been developed in
this study. Tts applicability has been investigated. It was found that the proposed model
is comparable with the Flory model for Vthe representation of HE data for the ether-
containing systems, yet better than the Flory model and any other models studied when
used for the other types of mixtures. It is evident that the proposed model has the ability
of representing binary and ternary excess enthalpies for all of the systems involved, with
the lowest overall deviation in comparison with the other models studied.

In developing the mod_el, the model parameter o« has been assumed as a function of
temperature. To represent excess enthalpy values at different temperatures by using this
model, a set of « is required through the regression of experimental H® results at the
corresponding temperatures.

The new model was also used successfully for predicting ternary HE values from the
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HE dara of its constituent binaries. This successful attempt allows the possible extension
of the model to predict ternary excess enthalpies for systems composed of similar
COmpOnents.

For further study. it is desirable .to examine the applicability of the proposed model
in correlating and predicting the excess enthalpies of multicomponent systems of other
types.

It would be also interesting to explore the applicability of our mode! to equations of
state (EOS) through the mixing rules, which couples with EOS and excess Gibbs energy

models, to represent vapour-liquid equilibrium and excess enthalpies simultaneously.
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Appendix A

Experimental data

The experimental data included in appendix A are presented in the following four
groups:

I. The calibration results for the pure components.

[SV]

. The excess enthalpy data for binary mixtures.
3. The calibration results for the prepared binary mixtures.
4. The ternary excess enthalpy data (the experimental results for HE |, ,; and the

corresponding HE ., for the six ternary mixtures).
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A-1 Calibration results for the pure components

Table A-1 Calibration results of ethano! with pump A (R=49.5209)

Flow rate  Gear Ve V(i) AV E €

(countss”)  ratio (mV) (mV) (mV) ) Q@gsvh
300.35 0.1 -0.0019796 -0.4147054 -0.4127258 0.1140 15.5929
500.85 0.1 -0.0017094 -0.4135442 -0.41 13348 0.1140 15.6267
701.60 0.1 -0.0020580 -0.4125333 -0.4104753 0.1140 15.6784
900.20 0.1 -0.0020013 -0.4113582 -0.409356% 0.1140 15.7212
1099.90 0.1 -0.0021699 -0.4102624 -0.4080925 0.1141 15.7976

The data representation by Equation (4.5) has a form of

+ 2, 52x10F

where F is the flow rate. The root mean square deviation of calculated e from the

experimental value is 0.013115 J-s'-Vi,
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Table A-2 Calibration results of I-propanol with pump A (R=49.5200)

Flow rate  Gear V() V{f) AV E €

(countss™)  ratio (mV) (mV) (mv) (V) stV
302.05 0.1 -0.0018483 -0.4445497 -0.4427014 0.1180 15.5752
499.90 0.1 -0.0017334 -0.4301613 -0.4284269 0.1153  15.6338
701.10 0.1 -0.0018497 -0.4308120 -0.4289623 0.1165  15.6680
899.70 0.1 -0.0018312 -0.4358585 -0.4340273 0.1174 15.7253
1101.80 0.1 -0.0017321 -0.4063467 -0.4046146 0.1135  15.7663

The data representation by Equation (4.5) has a form of

e = 15,5076

+2,37x10F

where F is the flow rate. The root mcan square deviation of calculated ¢ from the

experimental value is 0.006698 J-s'-V-i.
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Table A-3 Calibration results of MTBE with pump A (R=49.520Q)

Flow rate  Gear ve(f) V(f) AV E €

(countss’)  ratio (mV) (mV) (mV) vy  @stvh
299.90 0.1  -0.0027652 -0.3986785 -2.3955133 0.1i17  15.6058
500.50 0.1 -0.0029571 -0.3966680 -0.3937109 O.1115 15.6370
700.00 0.1 -0.0026282 -0.3944810 -0.3918528 O0.1114  15.6830
900.90 0.1 -0.0025342 -0.3982715 -0.3957373 0.1121 15.7248

'1100.60 0.1 -0.0025786 -0.3984685 -0.3958399 0.1122  15.7468

The data representation by Equation (4.5) has a form of

€ =13,

550

+ 1.85x10 F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.007213 J-sH V-,
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Table A-4 Calibration results of n-hexane with pump B (R=49.520Q)

Flow rate Gear V() V(D) AV E €

(countss’)  ratio (mV) (mV) (mV) V) stV
302.95 0.1 -0.0018381 -0.4110472 -0.4092041 G.1134 15.5618
499.50 0.1 -0.0018769 -0.4104010 -0.4085241 O.1134 15.5879
500.40 0.1 -0.0014829 -0.4248292 -0.4233463 0.1155 15.6044
696.00 0.1 -0.0017302 -0.4213632 -0.4196330 0.1151 15.6336
Q00.40 0.1 -0.0016392 -0.4155086 -0.4142694¢ 0.1145 15.6714
1005.75 0.1 -0.0017222 -0.4117936 -0.4100714 0.1140  15.6938
1100.80 0.1 -0.0016920 -0.4185928 -0.4169008 0.1150  15.7088

The data representation by Equation (4.5) has a form of

€ = 15.5036

+ 1.87x10F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.00534 J-s™-V-.
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Table A-5 Calibration results of n-decane with pump B (R=49.5200)

Flow rate  Gear Vo) V(f) AV E €

(countss™)  ratio (mV) (mV) (mV) N @stvh
302.20 0.1 -0.0012766 -0.4067194 -0.4054428 0.1 i29 15.5682
498.20 0.1 -0.0015355 -0.4043774 -0.2028419 0.1128 15.6410
691.65 0.1 -0.0013029 -0.4034160 -0.4021140 0.1128 15.6693
§98.90 0.1 -0.0014771 -0.4047138 -0.4032367 0.1131 15.7089
1099.05 0.1 -0.0015089 -0.4027116 -0.4012027 0.1130  15.7606

The data representation by Equation (4.5) has a form of

C5113 + 2. 27x107°F

where F is the flow rate. The root mean square deviation of calculated e from the

experimental value is 0.012319 J-s'-v-l.
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Table A-6 Calibration results of n-dodecane with pump B (R=49.520Q)

Flow rate  Gear VE(f) V() AV E €

(countss™)  ratio (mV) (mV) (mV) V) (Fshvh
268.20 0.1 -0.0017313 -0.4273671 -0.4256358 O0.1188  15.6013
503.30 0.1 -0.0018156 -0.4120060 -0.4101904 0.1138  15.6343
701.60 0.1 -0.00i2412 -0.4100823 -0.4086411 0.1137 15.6661
900.00 0.1 -0.0015197 -0.4080140 -0.40645943 0.1135 15.6934
1101.00 0.1 -0.0015290 -0.4039577 -0.4024287 0.1131 15.7404

The data representation by Equation (4.5) has a form of

e =135

. 3490

+ 1. 68x10*F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.005564 J-s*-V-.
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Table A-7 Calibration results of 2,2,4-trimethylpentane with pump B (R=49.5200)

Flow rate Gear Ve(f) V() AV E €

(countss™)  ratio (mV) (mV) (mV) vy @svh
301.05 0.1 -0.0028705 -0.4120900 -0.4092185 0.1135 15.5889
501.10 0.1 -0.0029065 -0.4262915 -0.4233850 0.1156 15.6301
700.60 0.1 -0.0024756 -0.4063810 -0.4039054 0.1130  15.6552
900.65 0.1 -0.0020305 -0.4023435 -0.4003130 0.1126 15.6840
1101.10 0.1 -0.0018005 -0.4008480 -0.3990475 0.1126 15.7338

The data representation by Equation (4.5) has a form of

. 3379

+ 1.72x10%F

where F is the flow rate. The root mean square deviation of calculated e from the

experimental value is 0.007461 J-s-V-.
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Table A-8 Calibration results of 2,3-dimethylbutane with pump B (R=49.5200)

Flow rate Gear Ve(f) V(f) AV E ¢

(countss™)  ratio (mV) (mV) (mV) V)  @gshvY
301.05 0.1 -0.0026356 -0.4142133 -0.4115777 0.1138 15.5816
501.60 0.1 -0.0024320 -0.4103673 -0.4079353 0.1134  15.6105
700.00 0.1 -0.0018969 -0.4113080 -0.4094111 0.1137 15.6366
500.00 0.1 -0.0021354 -0.4009773 -0.3988419 0.1124  15.6860
1100.00 0.1 -0.0021800 -0.3968820 -0.3947020 0.1119  15.7098

The data representation by Equation (4.5) has a form of

€ = 15,5284

+ 1. 66x10F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.006933 J-s-V.,
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Figure A-1 Calibration results of pure components with pump A
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Figure A-2 Calibration results of pure components with pump B
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A-2 Excess enthalpy data for binary mixtures

Table A-9 HE data for the mixture of ethanol + n-hexane at 298.15K

Point X HE/T-mol™*
1 0.05050 323.23
2 0.09994 405.80
3 0.15001 478.19
4 0.20013 519.07
5 0.25002 542.44
6 0.30006 559.71
7 0.34990 566.49
8 0.40013 566.57
9 0.45096 561.38
10 0.50003 550.34
11 0.49992 548.01
12 0.55043 530.64
13 0.60013 506.82
14 0.60048 505.29
15 0.65019 475.74
16 0.68311 452.07
17 0.75160 391.96
18 0.80084 337.89
19 0.84937 275.63

20 0.89958 193.51
21

0.94997 97.29
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Table A-10 HE data for the mixture of ethanol + n-decane at 298.15K

Point X HE:/J-mol”!
1 0.04790 385.87
2 0.10013 504.67
3 0.14993 583.22
4 0.19994 628.05
5 0.24990 665.02
6 0.30015 690.89
7 0.35070 705.33
8 0.40005 709.83
9 0.44983 697.44
10 0.49759 686.14
11 0.50016 685.34
12 0.54934 661.37
13 0.60021 642.78
14 0.64988 613.83
15 0.70079 575.89
16 0.75043 532.76
17 0.80015 480.18
18 0.85001 411.01
19 0.90011 320.30

20 0.94990 187.27
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Table A-11 HE data for the mixture of ethanol + n-dodecane at 298.15K

m

Point X HE/J-mol?
1 0.05000 396.14
2 0.14990 617.74
3 0.20002 667.29
4 0.24998 699.73
5 0.29895 711.26
6 0.29894 711.83
7 0.35042 727.36
8 0.40019 73329
9 0.44972 742.27
10 0.50008 731.50
11 0.54876 717.02
12 0.60009 691.91
13 0.59975 701.25
14 0.64995 665.42
15 0.64971 669.93
16 0.69961 631.38
17 0.70001 632.28
18 0.69998 632.92
19 0.74916 589.99
20 0.79996 531.25
21 0.85036 458.59
22 0.90019 367.11
23 0.95001 225.57
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Table A-12 HE data for the mixture of 1-propanol + n-hexane at 298.15K

Point X HE/T-mol™!
1 0.05018 344.05
2 0.05021 349.15
3 0.10008 439.79
4 0.15009 501.58
5 0.19994 544.62
6 0.25007 570.43
7 0.29994 584.49
8 0.35085 587.82
9 0.39924 576.61
10 0.44983 558.82
11 0.50076 532.89
12 0.54986 500.38
13 0.60049 462.86
14 0.65022 419.56
15 0.69898 373.18
16 0.74302 328.99
17 0.80011 265.74
18 0.82811 231.35
19 0.84996 205.39
20 0.89880 142.22
21 0.94998 68.95
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Table A-13 HE data for the mixture of 1-propanol + n-decane at 208.15K

Point X HE/T-mol™
1 0.04998 411.14
2 0.04998 411.65
3 0.09997 548.40
4 0.09998 541.19
] 0.15005 621.53
6 0.20029 671.52
7 0.25004 710.16

8 0.30004 741.99
9 0.35012 751.71
10 0.40010 761.68
11 0.44952 756.55
12 0.50023 731.78
13 0.54950 707.35
14 0.60000 672.72
15 0.65012 632.14
16 0.69995 584.96
17 0.74965 525.14
18 0.80050 454.80
19 0.84998 371.19

20 0.89996 270.94
21 0.94994 - 151.49
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Table A-14 HE data for the mixture of 1-propanol + n-dodecane at 298.15K

Point X HE/I-mol?
I 0.05002 110
2 0.09981 593.56
3 0.15008 678.14
4 0.19996 73115
5 0.24997 773.00
6 0.30039 796.00
7 0.33200 815.56
g 0.34992 818.54
9 0.38562 819.61
10 0.43719 £24.02
il 0.48779 811.26
12 0.53900 785.36
13 0.58863 753.22
14 0.63660 715.71
15 0.68371 667.07
16 0.73130 610.40
17 0.77818 543.03
18 0.82335 469.59
19 0.86862 380,44
20 0.91302 276.03
21 0.95683 | 153.28
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Table A-15 HE data for the mixture of MTBE + n-hexane at 298.15K

m

Point X HE/I'mol”
I 0.05005 63.39
2 0.05007 68.95
3 0.10001 131.53
4 0.10001 135.19
5 0.15005 190.32
6 0.20001 238.95
7 0.25006 281.16
8 0.29975 311.46
9 0.35007 337.10
10 0.39981 355.07
1 0.44991 364.28
12 0.50015 371.82
13 0.55026 366.25
14 0.64981 335.47
15 0.69972 309.11
16 0.75061 274.69
17 0.80007 232.49
18 0.84992 182.84
19 0.90014 125.92
20 0.94998 59.67
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Table A-16 HE data for the mixture of MTBE + n-decane at 298.15K

Point b HE/T-mot*

1 0.04599 $1.54

2 0.16016 156.27
3 0.15006 226.26
4 0.20011 289.75 -
5 0.24995 347.90
6 0.34736 434.91
7 0.40034 465.90
8 0.45057 488.46
9 0.50018 500.01
10 0.54958 501.35
11 0.59988 496.61
12 0.65008 79.48
13 0.70032 451.21
14 0.74945 411.41
15 0.79966 358.55
16 0.84999 291.77
17 0.89986 211.87
18 . 0.95001 . 111.54
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Table A-17 HE data for the mixture of MTBE + n-dodecane at 298.15K

Point X HE/J-mol™
l 0.05004 85.17
2 0.05004 88.50
3 0.09992 172.89
4 0.15002 252.28
5 0.19984 328.63
6 0.24981 394.83
7 0.29995 446.29
8 0.35005 494.91
9 0.40091 530.77
10 0.45012 554.23
11 0.49980 569.75
12 0.54945 573.28
13 0.59992 : 569.59
14 0.65025 554.05
15 0.75010 481.17
16 0.79968 421.68
17 0.85024 - 34325
18 0.89999 252.15
19 0.95001 135.59

20 0.95002 137.54
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Table A-18 HE data for the mixture of ethanol + 2,2,4-trimethylpentane at 298.15K

Point X HE/T*mol™
1 0.05008 342.89
2 0.10007 453.68
3 0.14997 515.56
4 0.20012 556.08
5 0.25014 584.25
6 0.30003 599.40
7 0.35022 606.66
8 0.40018 606.11
9 0.45003 598.24
10 0.50056 581.19
11 0.54976 560.84
12 0.60024 535.96
13 0.65025 504.81
14 0.70023 466.06
15 0.74998 421.60
16 0.80010 367.66
17 0.84993 301.75
18 0.89970 224.62
19 0.94995 125.87
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Table A-19 HE data for the mixture of ethanol + 2,3-dimethylbutane at 298.15K

Point X, HE/T-mol*
1 0.05000 317.93
2 0.09859 398.58
3 0.14999 455.67
4 0.20002 493.66
5 0.25019 518.64
6 0.30031 527.70
7 0.39996 528.91
8 0.45034 519.48
9 0.49973 503.09
10 0.54975 487.17
11 0.60013 463.43
12 0.64989 436.26
13 0.69995 399.70
14 0.75169 355.28
15 0.80014 307.35
16 0.84984 248.79
17 0.89999 181.00
18 0.95002 97.22
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Table A-20 HE data for the mixture of 1-propanol + 2,2,4-trimethylpentane at 298.15K

Point X HE/)-mol™
1 0.05097 379.59
2 0.10000 484.06
3 0.15010 544.61
4 0.20010 586.65
5 0.25005 . 613.16
6 0.30020 625.80
7 0.35028 628.30
8 0.39997 619.41
9 0.44899 601.67
10 0.50017 575.89
11 0.55006 543.73
12 0.60005 505.52
13 0.65012 460.59
14 0.70044 | 410.55
15 0.74960 356.26
16 0.80022 295.46
17 0.84998 230.72
18 0.89999 159.60
19 0.95001 82.14
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Table A-21 HE data for the mixture of 1-propanol + 2,3-dimethylbutane at 298.15K

Point X HE/I-mol!
1 0.04987 336.50
2 0.09989 427.45
3 0.14983 483.76
4 0.15002 484,31
5 0.1999% 518.58
6 0.20017 515.86
7 0.24994 537.32
8 0.29998 538.46
G (0.34998 532.33
10 0.35001 535.17
11 0.39594 523.31
12 0.45051 502.08
13 0.49996 481.04
14 0.50044 476.36
15 0.54971 447.33
16 0.55029 444.97
17 0.59920 412.16
18 0.59981 410.79
19 0.64981 372.64
20 0.65010 366.51
21 0.69993 321.33

22 0.74968 275.34
23 0.79991 224.19
24 0.84989 171.70
25 0.899%4 115.29
26 0.94999 86.60
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Table A-22 HE data for the mixture of MTBE -+ 2,2,4-trimethylpentane at 298.15K

Point X, HE/T-mol
1 0.05005 56.26
2 0.05006 57.08
3 0.10000 103.65
4 0.14995 147.43
5 0.20004 185.97
6 0.25006 226.50
7 0.30019 254.04
8 0.35230 278.68
9 0.39992 294.47
10 0.45000 305.88
11 0.50005 307.24
12 0.55003 306.22
13 0.60023 302.67
14 0.65020 289.80
15 0.69946 270.85
16 0.74971 240.49
17 0.80022 209.29
18 0.85000 165.91
19 0.89999 118.50
20 0.95001 61.76
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Table A-23 HE data for the mixture of MTBE + 2,3-dimethylbutane at 298.15K

Point X HL/J-mol?
1 0.05001 58.37
2 0.05002 60.11
3 0.09996 114.22
4 0.15008 161.80
5 0.19993 202.68
6 0.25023 234.58
7 0.30114 264.13
8 0.34969 285.41
9 0.35565 286.01
10 0.39911 299.86
11 0.49954 303.51
12 0.50035 304.13
13 0.55022 301.46
14 0.59973 292.92
15 0.64971 278.27
16 0.69995 256.72
17 0.75017 226.86
18 0.79974 193.72
19 0.85005 _ 152.86

20 0.90001 107.16
21 0.95006 54.29
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A-3 Calibration results for the prepared binary mixtures

There were eighteen specific binary mixtures required for the six ternary systems
studied, nine of them were from n-hexane and n-decane and the others were from n-
hexane and n-dodecane. Among the mixtures of n-hexane and n-decane, #4 was the
same as #1, and #9 was the same as #6. For the mixtures of n-hexane and n-dodecane,
#3 and #5, #4 and #7, and #6 and #9 were the same. This was because the quantities

of some prepared mixtures were sufficient for making two sets of measurements.

Table A-24 Preparation of #1 mixture of n-hexane+n-decane

Room temperature: 23.90°C
Relative humidity: 66.8%
Pressure: 754.3 mmHg
r Mol. weight Density/(g-cm™®)
Pure components n-hexane 86.17710 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #1 mixture n-hexane 89.98689 0.49775
n-decane 149.92086 ' 0.50225
Mixture prepared Molecular weight Density/(g-cm™®)
144.35743 0.69881
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Table A-25 Calibration results of #1 mixture of n-hexane+n-decane with pump B

Flow rate Gear Ve(f) V() AV E €

(counts-s™) ratio (mV) (mV) (mV) V) (J-sVh
301.50 0.1 -0.0016898 -0.4162333 -0.4145435 0.1142 15.5791
499.25 0.1 -0.0018675 -0.4218430 -0.4199755 0.1151 15.6209
704.35 0.1 -0.0017507 -0.4100113 -0.4082606 0.1136 15.6531
897.45 0.1 -0.0017381 -0.4122297 -0.4104916 0.1141 15.7054
1096.60 0.1 -0.0017815 -0.4082943 -0.4065128 0.1137 15.7481

The data representation by Equation (4.5) has a form of

€ =15.5127

+ 2. 12x107F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.005929 J-s'V+,
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Table A-26 Preparation of #2 mixture of n-hexane-+n-decane

Room temperature: 23.95°C

Relative humidity: 56.4%

Pressure: 757.2 mmHg

Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-c ecane 142.28468 0.72629
Weight/(g) Mole fraction
In #2 mixture n-hexane 35.51923 0.25034
n-decane 175.61759 0.74966
Mixture prepared Molecular weight Density/(g-em?)
128.23883 0.71404
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Table A-27 Calibration results of #2 mixture of n-hexane-+n-

decane with pump B

Flow rate  Gear Ve(f) v(f) AV E €

(counts's’)  ratio (mV) (mV) (mV) V) G-s'Vh
299.10 0.1 -0.0016652 -0.4182760 -0.4166108 0.1145 15.5834
501.45 0.1 -0.001848t -0.41 17223 -0.4098742 0.1137 15.6189
699.00 0.1 -0.0015024 -0.4121053 -0.4106029 0.1140 15.6736
895.40 0.1 -0.0019000 -0.4103813 -0.4084813  0.1133 15.6998
1095.00 0.1 -0.0017338 -0.4090927 -0.4073569  0.1138 15.7431

The data representation by Equation

where F is the flow rate.

e =15,

The root mean square d

experimental value is 0.006865 Js'V.
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.28 Preparation of #3 mixture of n-hexane+n-decane

Table A
Room temperature: 23.95°C
Relative humidity: 58.0%
Pressure: 765.2 mmHg __
Mol. weight Density/(g-cm?)
Pure components n-hexane 86.17716 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #3 mixture n-hexane 122.77431 0.74904
n-decane 67.91715 0.25096
Mixture prepared Molecular weight * Density/(g-em™)
100.25806 0.67949
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Table A-29 Calibration resuits of #3 mixture of n

hexane +n-decane with pump B

Flow rate Gear Ve V() AV E €

(countss?)  ratio (mV) (mV) (mV) \)) @grstvVh
301.35 0.1 -0.0024791 10.4360185  -0.4335394 0.1167 15.55859
497.15 0.1 -0.0024856 -.04234975 -0.4’2101 19 0.1152  15.6096
701.50 0.1 -0.0016411 04180615  -0.4164205 0.1147 15.6450
902.65 0.1 -0.0016905 -0.4067765 .0.4050860 0.1133  15.6925
110125 0.1 -0.0017551 10.4067270 -0.4049715 0.1 134 15.‘7?.47J

The data representation by Equation (4.5) has 2 form of

where F is the flow rate. The root mean §

e = 15.4986 + 2. 10x107°F

experimental value is 0.006465 I-s*V™.
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Table A-30 Preparation of #5 mixture of n

-hexane+n-decane

Room temperature: 25.20°C

Relative humidity: 63.2%

Pressure: 760.8 mmHg

128.41291

— Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #5 mixture n-hexane 35.771G5 0.24724
n-decane 179.82337 0.75276
Mixture prepared Molecular weight Density/(g-cm™)
0.71421
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Table A-31 Calibration results of #5 mixture of n-hexane-+n-

decane with pump B

Flow rate  Gear Vo) V() AV E €
(countss™)  ratio (mV) (mV) (mV) \2) J-s'Vvh
299.70 0.1 -0.0021797 .0.4335785 -0.4313988 0.1165 15.5795
499.30 0.1 0.0021748 -0.45 10108 -0.4488360 0.1190 15.6238
700.00 0.1 -0.0018954 .0.4372060 -0.4353106 0.1 174 15.6790
900.10 0.1 -0.0020283 0.4204004 -0.4183721 0.1 152 15.7081
1100.60 0.1 -0.0019718 0.4293668 -0.4273950 0.1 166 15.7525
The data representation by Equation (4.5) has a form of
e =15.5182 + 2. 15 %10 ~*F
where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.006769 J-s'V.
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Table A-32 Preparation of #6 mixture of n-hexane+n-decane

Room temperature: 25.00°C

Relative humidity: 63.2%

Pressure: 753.0 mmHg

N

Mol. weight Density/(g-em™)
Pure components n-hexane 86.17716 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #6 mixture n-hexane 97.06803 0.75846
n-decane 51.03748 0.24154
Mixture prepared Molecular weight = Density/(g-cm™)
99.72915 0.67868

185




Table A-33 Calibration results of #6 mixture of n-hexane+n-decane with pump B

Flow rate  Gear ve() V() AV E €

(counts's™) ratio (mV) (mV) (mV) '\ @-s'vh
302.35 0.1 -0.0021548 -0.44 19845 -0.4398297 0.1 176  15.5708
501.30 0.1 -0.0019804 .0.4471240  -0.4451436 0.1185 15.6213
700.00 0.1 -0.0019432 -0.4250585 -0.4231153 0.1157  15.6671
900.00 0.1 -0.0021227 .0.4292235  -0.4271008 0.1164  15.7093
1099.70 0.1 -0.0020754 0.4353013  -0.4332259 0.1174 15.7544

The data representation by Equation (4.5) has a form of

€ = 15.35046 + 2.28x10 °F

where F is the flow rate. The root mean squaré deviation of calculated e from the

experimental value is 0.002738 J-s*V.
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Table A-34 Preparation of

#7 mixture of n-hexane-+n-decane

Room temperature: 24.70°C

Relative humidity: 63.4%

Pressure: 759.0 mmHg

114.25535

Mol. w;;ht Dens?t;l(;mj)
Pure components n-hexane 86.17716 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #7 mixture n-hexane 63.79206 0.49956
n-decane 105.50883 0.50044
Mixture prepared Molecular weight Density/(g-em™)
0.69869
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Table A-35 Calibration results of #7 mixture of n-hexane+n-decane with pump B

Flow rate Gear Vo) V(f) AV E €
(counts's?’) ratio (mV) (mV) (mV) (V) J-s'Vh
301.10 0.1 -0.0031908 -0.3982760 -0.3950852 O0.1115 15.5826
500.90 0.1 -0.0029491 -0.3975575 -0.3946084 0.il16 15.6294
700.10 0.1 -0.0024280 -0.3996925 -0.3972645 0.1121  15.6643
900.20 0.1 -0.0026697 -0.3998295 -0.3971598 0.1122  15.6964
1099.5 0.1 -0.0026787 -0.4008300 -0.3981513 0.1125 15.7412

The data representation by Equation (4.5) has a form of

€ = 15. 5230

+ 1.92x10F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.004644 J's'V*,
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Table A-36 Preparation of #8 mixture of n-hexane+n-decane

Room temperature: 24.50°C

Relative humidity: 68.2%

Pressure: 754.5 mmHg

Mol. weight

Density/(g-cm™)

Pure components n-hexane 86.17716 0.65512
n-decane 142.28468 0.72629
Weight/(g) Mole fraction
In #8 mixture n-hexane 34.58175 0.25803
n-decane 164.18564 0.74197
Mixture prepared Molecular weight Density/(g-cm?)
127.80741 0.71362
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Table A-37 Calibration results of #8 mixture of n-hexanc-+n-

decane with pump B

Flow rate Gear ve(f) V(D AV E €
(counts's’)  ratio (mV) (mV) (mV) 2! g-stvh
301.20 0.1 -0.0032337 -0.4233310 0.4205973 0.1150  15.5708
500.60 0.1 -0.0030017 -0.3974540 103944523 0.1115  15.6076
699.35 0.1 -0.0030038 -0.4024360 0.3994322 0.1124  15.6628
900.80 0.1 -0.0029681 -0.4063700 _0.4034019 0.1131  15.7025
1100.00 0.1  -0.0024896 0.3925050 -0.3900154  0.1113 15.7286

The data representation by Equation (4.5) has a form of

where F is the fl

e = 15.5106

experimental value is 0.008567 J-stV.
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Table A-38 Preparation of #1 mixture of n-hexane-+n-dodecane

Room temperature: 24.50°C

Relative humidity: 68.7%

)
i

Pressure: 761.2 mmHg
ﬁ

B Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33844 0.74535
Weight/(g) Mole fraction
In #1 mixture n-hexane 63.05876 0.50728
' n-decane 121.06594 0.49272
Mixture prepared Molecular weight Density/(g-cm)
127.64528 0.71318
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Table A-39 Calibration results of #1mixture of n-hexane+n-dodecane with pump B

Flow rate Gear Vo) V(D AV E €
(counts's™)  ratio (mV) {(mV) (mV) V) sV
300.90 0.1 -0.0019495 -0.4116683 -0.4097188 0.1135 15.5699
499.20 0.1 -0.0016473 -0.4184380 -0.4167907 0.1146 15.6039
698.95 0.1 -0.0017402 -0.4265617 -0.4248215 0.1159  15.6582
900.15 0.1 -0.0016970 -0.4110363 -0.4093393 0.1139  15.6944
1100.15 0.1 -0.0017169 -0.4162587 -0.4145418 0.1148 15.7433

The data representation by Equation (4.5) has a form of

€ = 15, 5009

+ 2, 19x10F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.005246 J-s'V-.
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Table A-40 Preparation of #2 mixture of n-hexane--n-dodecane

Room temperature: 25.85°C

Relative humidity: 65.5%

Pressure: 757.1 mmHg
—_——_————————@

Mol. weight Density/(g-em™)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33844 0.74535
Weight/(g) Mole fraction
In #2 mixture n-hexane 114.9582% 0.74701
n-decane 76.95340 0.25299
Mixture prepared Molecular weight Density/(g-cm™)
107.46876 0.69000
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Table A-41 Calibration results of #2 mixture of n-hexane+n-dodecane with pump B

Flow rate Gear Vo) V(i) AV E €

(counts's™) ratio (mV) (mV) (mV) '\ J-stvh
297.65 0.1 -0.0019642 -0.4585887 -0.4566245 0.1198 15.5645
500.10 0.1 -0.0017914 -0.4276853 -0.4258939 0.1159 15.6187
700.85 0.1 -0.0019365 -0.4277755 -0.4258390 0.1161  15.6747
899.90 0.1 -0.0020306 -0.4121090 -0.4100784 O0.1141 15.7212
1098.70 0.1 -0.0018487 -0.4111645 -0.4093158 0.1142 15.7781

The data representation by Equation (4.5) has a form of

€ =15, 4864

+2.65%x107°F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.002616 J-s'V*.
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Table A-42 Preparation of #3 mixture of n-hexane+n-dodecane

Room temperature: 25.80°C

Relative humidity: 58.4%

Pressure: 757.0 mmHg

— Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33844 0.74535
Weight/(g Mole fraction
In #3 mixture n-hexane 34.93020 0.24973
n-decane 207.42614 0.75027
Mixture prepared Molecular weight Density/(g-cm™)
149.32066 0.73163
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Table A-43 Calibration results of #3 mixture of n-hexane-+n-dodecane with pump B

Flow rate Gear Vo) V() AV E €

(counts's™)  ratio (mV) (mV) (mV) ) (J:stVh
301.20 0.1 -0.0014633 -0.5139770 -0.5125137 0.1268 15.5351
501.70 0.1 -0.0015418 -0.4921944 -0.4506526 O. 1243 15.5937
700.50 0.1 -0.0015795 -0.4991208 -0.4975413  0.1254 15.6512
900.70 0.1 -0.0013005 -0.4636520 -0.4622915 0.1211  15.7092
1098.90 0.1 -0.0016675 -0.4427795 -0.4411120 0.1185 15.7641

The data representation by Equation (4.5) has a form of

€ = 15.4492

+2.88x107F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.001013 J-s"V-.
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Table A-44 Preparation of #

4 mixture of n-hexane+n-dodecane

Room temperature: 24.70°C

Relative humidity: 66.8%

Pressure: 762.8 mmHg

L=
#

128.58304

T Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33844 0.74535
Weight/(g Mole fraction
In #4 mixture n-hexane 70.18394 0.49614
n-decane 140.88723 0.50386
Mixture prepared Molecular weight Density/(g-cm™)
0.71409
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Table A-45 Calibration results of #4 mixture of n-hexane-+n-dodecane with pump B

Flow rate Gear V(D) V() AV E €
{counts's)  ratio (mV) (mV) (mV) V) J-s'vh
301.00 0.1 -0.0031906 -0.4163845 .0.4131939  0.1141  15.6026
500.00 0.1 -0.0026983 -0.4281780 -0.4254797 0.1159  15.6339
700.50 0.1 -0.0027264 -0.4297935 [0.4270671 0.1162  15.6566
899.60 0.1 -0.0028112 -0.4307645 -0.4279533 0.1164  15.5780
110.00 0.1 -0.0027138 -0.4325550 0.4298412 0.1168  15.7166

The data representation by Equation (4.5) has a form of

€ =15.5622 + 1.36x10 °F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.005181 J-s'V.
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Table A-46 Preparation of #6 mixture of n-hexane-+n-dodecane

Room temperature: 24.75°C

Relative humidity: 66.3%

Pressure: 756.6 mmHg

- - Mol. weight Density/(g-cm?)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33844 0.74535

Weight/(g Mole fraction
In #6 mixture n-hexane 105.97229 0.74326
n-decane 72.35321 0.25674

Mixture prepared Molecular weight Density/(g-cm™)
107.78444 0.65042
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Table A-47 Calibration results of #6 mixture of n-hexane+n-dodecane with pump B

Flow rate Gear Vo(f) V() AV E €

(countss!) ratio  (mV) (mV) (mV) V)  @svh
30090 0.1 -0.0027023 -0.4437340 -0.4410317 0.1177  15.5548
500.95 0.1 -0.0023522 -0.4433620 -0.4410098 0.1179  13.6085
609.90 0.1  -0.21491  -0.4377460 -0.4355969 0.1174  15.6687
899.90 0.1 -0.0023600 -0.4322950 -0.4299350 0.1168 15.7132
1100.00 0.1 -0.0027339 -0.4438455 -0.4411116 0.1185 15.7641

The data representation by Equation (4.5) has a form of

€ = 15.4734

+ 2. 62x10°F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.004561 J-s'V-.

200




Table A-48 Preparation of #8 mixture of n-hexane+n-dodecane

Room temperature: 24.62°C

Relative humidity: 70.0%

Pressure: 760.4 mmHg

Mol. weight Density/(g-cm™)
Pure components n-hexane 86.17716 0.65512
n-dodecane 170.33344 0.74535
Weight/(g) Mole fraction
In #8 mixture n-hexane 27.719%94 0.27206
n-decane 146.60009 0.727%4
Mixture prepared Molecular weight Density/(g-cm™)
147.44116 0.73023
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Table A-49 Calibration results of #8 mixture of n-hexane+n-dodecane with pump B

Flow rate Gear Ve(f) v AV E €
(counts's?)  ratio (mV) (mV) (mV) V) @sVY
300.15 0.1 -0.0028188 -0.3972225 -0.3944037 0.1115  15.6095
499.80 0.1 -0.0029399 -0.4011825 -0.3982426 0.1122  15.6538
699.80 0.1 -0.0028708 -0.3990267 -0.3961559 0.1120  15.6802
900.60 0.1 -0.0025232 -0.3975593 -0.3950361 0.1120 15.7246
1100.50 0.1  -0.0028251 -0.3991860 -0.3963609 0.1123 15.7561

The data representation by Equation (4.5) has a form of

€ =15.

5575

+ 1.82x10F

where F is the flow rate. The root mean square deviation of calculated ¢ from the

experimental value is 0.004835 J-s"'V-.
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A-4 Ternary excess enthalpy data

The experimental results of HE ., and the corresponding excess enthalpy HE ..; for
the six ternary systems are presented in this section.

The values of experimental HE,.; data were represented by means of Tsao and
Smith’s (1953) expression (Equation 4.20) with the ternary contribution term represented
by the Morris’s relation (Equation 4.21). |

The ternary excess enthalpy HE . was calculated from Equation 3.13. Some
contours, corresponding to constant values of HE 1,3, are plotted in triangular diagrams
(Figures A-9 to A-14).

The Morris’s expressions for the six ternary systems are expressed as follows:

For the (ethanol(1)+n-hexane(2) +n-decane(3)) systems

H E pmx (1 -3, -,)(~1943.6+20825.6x, +6315.8,-51217.5x

_48058.x,x,-4905.2.x7+39563. 1% +57995 20 x,%29130.4x,1;)

For the (ethanol(1)+n-hexane(2)+n-dodecane(3)) systems

H E =x, (1 -, -1,)(322.8+15484. 1, -6686. 25, -58851.6.x; +19339.0x,%,

+6351.4x2+49577.5x} +13076.1x7,-36714.0x,%3)
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For the (1-propanol(1)+n-hexane(2)+n-decane(3)) systems

H & 1=x,(1 - X, ~.)(1855.1 -5997.2x, -4936.3.x, +4747.0x; +10166.1.x,.x, +3964.8.x7)

For the (1-propanol(1)+n-hexane(2)+n-dodecane(3)) systems

H & r=x (1 -x,~)(~1252.7+33198.2.x, +8596.7.x, ~78880.3x; -112649.7x,x,

-9200.4x5 +51959.0; + 129996.0x;"x, + 88705.0x,x3)

For the (methyl rerz-butyl ether(1)+n-hexane(2)+n-decane(3)) systems

H E p=x (1 -x,-x,)(651.9-2783.5x, ~24.9x,+3607.8x;)

For the (methyl rert-butyl ether(1)+n-hexane(2) +n-dodecane(3)) systems

H E 1=xx(1 -x, -%)(1522.2-6710.2x, - 1893.3x,+7079.7.x, +5467.8x,x,)
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Table A-50 Experimental excess molar enthalpies HE ,.; for the addition of ethanol to
(n-hexane+n-decane) to form {x(ethanol) +x,(n-hexane)+x;(n-decane)} and values of
HE ., calculated from Equation 3.13 using HE,; provided by Marsh er al.(1980).

HE oy He o Hiyen Hin HEin HE i
Xy X Xy
Imol Jmol”! Tmot? Jmoal? Jmol” Tmol®

x:/(1x-x) =0.3339, HE ./Fmol")=11.5
0.0453 352.4 363.4 0.3267 675.1 682.9 0.6782 571.4 575.1
0.0912  468.6 479.1 0.3761 676.8 684.0 0.7300 531.0 534.1
0.0912 462.5 472.9 0.4252 675.9 682.5 0.7811 480.2 482.7
0.1365 5444 554.3 0.4711 667.8 673.9 0.8363 409.5 411.4
0.1840 598.3 607.7 0.5245 647.1 652.6 0.8395 401.9 403.7
0.2314 632.2 641.1 0.5745 632.9 637.8 0.8902  318.5 319.7
0.2787 658.4 666.7 0.6264 605.0 609.3 0.9448 186.2 186.8

x/(1-x,-%)=0.9912, HE .//@'mol™)=14.4

0.0299 352.5 366.2 0.3998 654.0 652.6 0.6995 529.9 534.2
0.0499 3538.6 372.2 0.4493 638.6 646.5 0.6995 526.8 531.2

0.0998 466.4 479.3 0.5004 628.2 635.3 0.7498 486.8 490.4
0.1501 535.1 547.3 0.5013 629.9 637.1 0.8000 431.6 434.5
0.1998 579.9 591.4 0.5395 614.8 621.3 0.8500 361.1 363.3
0.2498 603.7 614.5 0.6001 592.4 598.2 0.8998 273.5 274.9
0.2999 631.0 641.1 0.6498 565.3 570.3 0.9499 154.2 154.9
0.3488 635.8 645.1
xf(1-x,-x) =2.9841, HE /(F'mol™)=9.6

0.0499 333.9 343.0 0.3999 609.0 614.8 0.7014 492.9 495.8
0.1001 438.4 437.0 0.4501 605.0 610.2 0.7417 457.0 459.5
0.1500 503.2 5113 0.5031 599.5 604.2 0.8004 393.7 395.6
0.2000 548.1 555.7 0.5498 584.0 588.3 0.8499 325.8 3273
0.2499 580.4 587.6 0.5999 560.0 563.9 0.9000 2388 239.7
0.3000 599.3 606.0 0.6510 530.1 533.4 0.9499 139.1 130.6
0.3501 604.5 610.7
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Table A-51 Experimental excess molar enthalpies HE .. for the addition of ethanol to
(n-hexane+ n-dodecane) to form {x;(ethanol) +x,(n-hexane) +x;(n-dodecane)} and values
of HE ,;; calculated from Equation 3.13 using HE ., provided by Ott er al.(1981).

HE.I¢:.\ HHE:.I:! H:.IO'.'_\ HE.I:.‘ H&,I -0 H\":.I'.‘.\
X < X,
J-mol” Iol”! Jmol® Jmot” I'mol? Tmol™

x/(1-x, %) =0.3328, HE./(-mol")=30.6
0.0500 401.3 430.4 0.3990 717.9 736.3 0.7997 483.7 489.8
0.0957 528.9 556.4 0.5499 713.5 730.3 0.7959 450.1 486.2
0.1460 594.7 620.8 0.4994 693.3 708.6 0.5499 417.8 4024
0.1498 590.9 616.9 0.5509 671.6 685.4 0.8501 $14.0 418.6
0.2032 651.0 675.4 0.5995 650.1 662.3 0.8999 334.6 337.7
0.2502 671.8 694.7 0.6501 615.5 626.2 0.9003 329.5 332.6
0.2998 698.5 719.9 0.6987 580.9 590.2  0.9500 199.8 201.3
0.3498 712.1 732.0 0.7500 536.5 544.2 0.9505 200.7 202.2

X/(1x,%) =1.0296, HE /@ mol™)=39.4
0.0500 354.4 391.8 0.3999 667.0 691.7 0.7504 505.8 515.6
0.0998 473.0 508.5 0.4503 660.0 681.7 0.5000 453.9 461.8
0.1500 549.3 582.8 0.5003 648.7 668.4 0.8519 382.3 388.1
0.2001 601.9 633.4 0.6000 611.8 627.6 0.8519 381.5 387.4
0.2501 634.9 664.5 0.6500 583.2 597.0 0.9001 296.1 300.0
0.3000 657.4 684.9 0.6995 548.9 560.8 0.9500 171.3 173.2
0.3499 666.3 691.9

x/(1-x,-%) =2.9526, HE /(J-mol™)=27.8
0.1001 439.0 464.0 0.5007 574.2 608.0 0.7502 462.4 469.4
0.1498 502.3 525.9 0.5494 578.5 591.0 0.7503 456.6 463.5
0.1998 544.9 567.1 0.5500 586.3 598.8 0.7998 403.8 409.3
0.2499 576.7 597.5 0.5998 559.5 570.6 0.8001 408.3 413.8
0.3019 598.9 618.3 0.6002 569.9 581.0 0.8496 339.5 343.7
0.3500 610.2 628.2 0.6498 542.0 551.8 0.8501 336.7 340.9
0.4000 615.4 632.1 0.6500 532.1 541.8 0.5000 251.6 254.4
0.4501 611.7 627.0 0.7000 506.5 514.8 0.9001 250.1 252.9
0.4995 599.0 612.9 0.7000 500.4 508.8 0.9499 139.5 140.9
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Table A-52 Experimental excess molar enthalpies HE , ,,; for the addition of 1-propanol
to (n-hexane-+n-decane) to form {x,(1-propanol) +x,(n-hexane)+x,(n-decane)} and values
of HE 3 calculated from Equation 3.13 using Hy .3 provided by Marsh ez al. (1980).

Bl Hois Heyom Hin HE .n Hain
X, Xy Xy
Jemol™ J-mol”? Tmol” Imot” I'mol® Jmol”

Xl (1ox,-x) =0.3284, HE /@ mol™)=11.5
0.0500 399.6 410.5 0.3997 719.5 6.4 0.7503 470.8 473.6
0.1000 518.2 528.5 0.4518 706.5 7128 0.8000 403.5 405.7
0.1500 600.0 609.7  0.5008 686.3 692.1 0.8501 322.8 324.5
0.2002 653.8 663.0  0.5500 658.0 663.2 0.9000 233.0 234.2
0.2499 690.2 698.8  0.6000 621.9 626.4 0.9500 124.8 125.4
0.2998 712.0 7200  0.6501 578.8 582.8
0.3499 723.2 730.6 0.7005 529.7 533.1

X(1oxy-x2)=0.9912, HE /@ 'mol™) =144
0.0399 350.4 364.2  0.4001 679.1 687.7 0.7501 430.3 433.9
0.1000 499.3 5122 0.4513 663.2 671.1 0.7999 365.6 368.5
0.1500 567.4 579.7  0.4996 642.8 650.0 0.8501 290.2 2923
0.1999 620.4 631.9 0.5502 614.3 620.7 0.8984 210.1 211.6
0.2500 651.9 662.7 0.6006 579.6 585.4 0.9500 109.2 109.9
0.3001 675.7 655.8 0.6505 536.8 541.8
0.3499 682.4 691.7 0.7000 488.4 492.7

X/(1-x,-x)=2.9841, HE .y/0-mol")=9.3
0.0501 366.5 375.3 0.3501 643.8 649.8 0.6999 437.1 439.9
0.1001 473.0 481.3 0.5018 632.5 638.0  0.7501 381.9 384.2
0.1001 472.2 480.6 . 0.4505 618.0 623.0  0.7997 320.5 322.3
0.1489 538.6 546.5 0.5002 595.5 600.1 0.8497 250.7 252.1
0.1999 588.2 595.6 0.5494 567.3 571.5 0.8992 = 177.3 178.2
0.2500 621.8 628.7  0.5996 525.0 528.7 0.9501 92.2 92.7
0.3000 640.4 646.9 0.6395 482.5 485.7
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Table A-53 Experimental excess molar enthalpies HE ;.3 for the addition of 1-propanol
to (n-hexane+n-dodecane) to form {x,(1-propanol)+x.(n-hexane) +x;(n-dodecane)} and
values of HE ,,, calculated from Equation 3.13 using HE .3 provided by Ott er al.(1981).

E E B E B 8
Hn.l -2 Hm.l:.\ Hm.l -2 Hn.l:‘.\ H Hu.l:!

CH RN
x, -\" xl
Jmol” Imol” I-mol” Tomol™” Jmol? I'mol”

x/(1x,x2)=0.3328, HE ./ mol™)=30.6
0.0500 430.5 459.6 0.3502 791.6 811.5 0.7498 $30.4 538.1
0.0500 438.8 467.8 0.4500 781.6 798.4 0.5001 454.4 460.5
0.0999 567.6 595.2 0.5002 - 755.5 770.8 0.8498 368.6 373.2
0.1502 651.9 677.9 0.5515 725.2 738.9 0.9001 266.0 269.0
0.1999 708.5 733.0 0.6000 690.6 702.8 0.9499 145.8 147.3
0.2499 750.4 773.3 0.6500 645.1 655.9
0.2998 780.0 $01.5 0.7000 592.3 601.5
X/(1-x,-x0) =0,9845, HE oy/(-mol")=39.5
0.0500 410.6 448.1 0.3998 720.0 743.7 0.7504  473.1 482.9
0.1001 521.1 556.7 0.4508 702.5 724.2 0.7994 407.2 415.1
0.1501 602.4 635.9 0.4997 683.3 703.0 0.8499 327.1 333.0
0.2000 655.9 687.5 0.549% 655.9 673.6 0.9002 237.5 241.4
0.2501 689.9 719.5 0.5990 620.1 635.9 0.9501 128.1 130.0
0.3000 716.0 743.7 0.6503 577.9 591.7
0.3500 719.5 745.1 0.7002 528.3 540.1
21,2 =2.8956, HE ./('mol™)=28.1
0.0495 369.4 396.1 0.3499 665.6 683.9 0.7001 479.6 488.0
0.0495 365.7 392.4 0.3998 660.8 677.6 0.7499 412.2 419.2
0.1000 486.3 511.6 0.4514 654.6 670.0 0.8001 348.3 353.9
0.1501 553.8 577.6 0.5004 634.8 643.8 0.8501 275.0 279.2
0.2001 608.3 630.7 0.5494 607.4 620.1 0.9000 195.7 198.5
0.2502 639.8 660.9 0.5999 571.0 582.3 0.9499 104.2 105.6
0.3000 659.2 678.9 0.6512 525.4 535.2
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Table A-54 Experimental excess molar enthalpies HE | .5 for the addition of MTBE to
(n-hexane+n-decane) to form {:cl(MTBE)+x2(n-hexane)+x3(n-decane)} and values of
HE,,, calculated from Equation 3.13 using HE ., provided by Marsh er al. (1980).

Hg.l + HEJ:.‘ HIEJ -3 H:.l:) H:.l -3 H:.l:’
Xy X X
Imel” Tmol” Jmol” Tmol™ J-mot” J-mol”

x:/(1-x,%) =0.3477, HE /@ mol™)=11.8
0.0500 83.4 94.6 0.4004 3413 448.3 0.6997 417.7 421.2
0.0500 $2.3 93.5 0.4500 459.2 465.6 0.7500 3779 380.8
0.1000 155.2 165.8 0.5000  469.6 475.4 0.5002 328.4 330.7
0.1499 223.6 233.6 0.5502 471.0 476.3 0.8501 266.5 268.3
0.1999 284.6 294.0 0.6007 463.0 467.7 0.9007 191.6 192.8
0.2999 380.6 388.9 0.6502 446.7 450.8 0.5500 102.2 102.8
0.3515 415.1 4227

x:/(1-x,-22) =0.9984, HE ,/@-mol™)=14.4
0.0397 61.6 75.3 0.3438 388.1 397.5 0.6467 417.3 422.4
0.0398 64.8 78.6 0.3933 413.1 421.8 0.7029 385.2 389.5
0.1218 178.7 191.3 0.4402 427.7 435.7 0.7587 342.8 346..3
0.1652  231.7 243.7 0.4901 439.3 446.7 0.8167 284.2 286.8
0.2073 278.4 289.8 0.5412 4322 448.8 0.8761 209.4 211.2
0.2519 322.5 3332 0.5932 4338 439.6 0.9372 114.9 115.8
0.2975 357.2 367.3 0.6465 416.1 421.1

x:/(1oxyx0) =3.1408, HE 5/(-mol™)=9.3
0.0397 59.9 68.8 0.3915 385.6 391.2 0.7027 349.8 352.6
0.0804 119.0 127.5 0.4402  393.7 398.9 0.7588 305.4 307.6
0.1217 173.8 181.9 0.4901 407.1 411.8 0.8168 252.8 254.5
0.1644 221.9 229.6 0.5308 400.7 405.0 0.8762 184.4 185.5
0.2520 306.8 313.7 0.5934 396.7 400.4 0.9373 100.6 101.2
0.2987 332.5 339.0 0.6472 3745 377.8 0.9374 100.1 100.7
0.3440 356.6 362.7
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Table A-55 Experimental excess molar enthalpies HE o3 for the addition of MTBE to
(n-hexane+ n-dodecane) to form {x,(MTBE)+x,(n-hexane) +x;(n-dodecane)} and values
of HE ,; calculated from Equation 3.13 using HE o, provided by Ott er al.(1981).

H:.l 23 HJ:.‘ Hg.\ -2} H‘E.‘l\ H&.l*:’ HE.I:_\
x, x‘ x‘
Jmol” Jmol” T-mot™ Tmol” Jmol® Fmol”

x:/(1-%)-x2) =0.3738, Hp oy/(-mol™)=32.3
0.0500 §9.1 119.8 0.3502 a57.1 478.1 0.7003 472.5 482.2
0.0500 88.2 118.9 0.4015 485.2 504.5 0.7499 432.0 340.1
0.1002 177.0 206.0 0.4503 501.5 519.3 0.5002 378.2 384.7
0.1501 243.7 271.1 0.4999 515.8 531.9 0.8500 306.6 3114
0.2000 308.9 334.8 0.5501 520.8 535.4  0.9000 224.0 27.3
0.2500 368.6 392.9 0.5999 515.5 528.4 0.9499 118.3 120.0
0.2998 418.8 441.4 0.6505 499.3 510.6

X/(1-x7x2) =0.9845, HE ./('mol™)=39.5
0.0397 69.6 107.5 0.2982 381.0 408.7 0.6483 452.7 466.6
0.0805 131.7 168.0 0.3460 412.6 438.4 0.7028 421.0 4327
0.1221 188.6 223.3 0.3923 439.5 463.5 0.7597 375.3 384.8
0.1646 242.8 275.8 0.4405 463.4 485.5 0.8173 314.4 321.6
0.207% 293.5 324.8 0.5414 475.2 493.3 0.8765 231.2 236.1
0.2524 343.2 327 0.5680 474.1 491.2 0.9374 128.8 131.2

Xl (1-x,-x:) = 2.8956, HE ~/(J-mol™)=28.1
0.0500 74.3 101.0 0.3505 386.3 404.6 0.6999 373.6 328.1
0.0500 76.5 103.1 0.3999 409.7 426.5 0.7505 335.1 342.1
0.1000 146.2 171.5 0.4501 419.9 435.3 0.8000 290.1 295.7
0.1501 206.2 230.1 0.4995 427.3 441.4 0.8500 233.7 238.0
0.2002 256.6 279.1 0.5499 423.4 436.1 0.9007 167.8 170.5
0.2499 307.0 328.1 0.6001 414.5 425.7 0.9502 87.7 89.0
0.2972 349.7 369.5 0.6597 398.8 408.6 0.9502 88.0 9.4
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Experimental results: v, x;+x, =1; O, x/(1-x,-x,)=2.9841; ©, x,/(1-x,-x,)=0.9912; O,
X/ (1-x,-x;) =0.3339; a, x,=0. Curves: ~--, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-3 Excess molar enthalpies HE .5 of x,(ethanol) +x,(n-hexane)+x;(n-decane)
at298.15 K
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Experimental results: v, x,+x, =1; O, %/(1-x,-x) =2.9526; O, x,/(1-x;-x,) =1.0296; O,
X,/ (1-2,-x,) =0.3328; 2, x,=0. Curves: ——, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-4 Excess molar enthalpies Hy | ,,; of x,(ethanol) +x,(n-hexane) +x;(n-dodecane)
at 298.15 K
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Experimental results: v, x,+x, =1; O, x/(1-x,-x;)=3.1408; O, x,/(1-x,-x;)=0.9912;
8, x/(1-x,-x;) =0.3284; 4, x,=0. Curves: ——, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-5 Excess molarenthalpies HE | ,.; of x, (1-propanol) +x,(n-hexane) +x;(n-decane)
at 298.15 K
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Experimental results: v, x,+x; =1; ¢, %/(1-x,-x,) =2.8956; O, x,/(1-x;-x,) =0.9845; O,
X2/ (1-%,-%,)=0.3328; a, x,=0. Curves: ——, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-6 Excess molar enthalpies HZ,,, of x,(1-propanol) + x,(n-hexane) -+
x;(n-dodecane) at 298.15 K
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Experimental results: v, x,+x, =1; O, X,/(1-x,-x,) =3.1408; O, Xo/(1-x,-x,) =0.9984; O,
Xa/ (1-x-x2) =0.3477; 4, x,=0. Curves: ——, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-7 Excess molar enthalpies H; | .2 of X, (MTBE)+x,(hexane) -+x,(n-decane)
at 298.15 K
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Experimental results: v, x;+x, =1; O, xp/(1-x,-x;) =2.8956; ©, x,/(1-x,-x,) =0.9845; O,
X/ (1-x-x)=0.3738; &, x,=0. Curves: —, calculated from the representation of the
results by Equations 4.20 and 4.21.

Figure A-8 Excess molar enthalpies HE . ,, of x,(MTBE)+x,(n-hexane) +x,(n-dodecane)
at 298.15 K
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Figure A-9 Contours for constant values of HE ,/(J-mol?) for {x,CH;0H+
x,CH;(CH,),CH;+x;CH;(CH,);CH,}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.

217



P

'e.°°
o
CpHyp 28822 8 B f C.HsOH

Figure A-10 Contours for constant values of HE ,,/(J-mol?) for {x,C;H,OH+

x,CH;(CH,),CH,+x;CH;(CH,),(CH,}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.
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Figure A-11 Contours for constant values of HE ,,,/(J-mol™) for {x,C;H,OH+
x,CH;(CH,),CH,; +x;CH;(CH,)sCH,}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.
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Figure A-12 Contours for constant values of Hg, ;»/(J-mol?) for {x,C;H,OH+
X.CH;(CH,),CH,+x3CH;(CH,),(CH,}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.
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Figure A-13 Contours for constant values of HE j5/(J-mol™) for {x,C;H;,0+
x,CH;(CH,),CH; +x;CH;(CH,);CH,}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.
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Figure A-14 Contours for constant values of HE ,,/(J-mol”) for {x,C;H,0+
x,CH,(CH,),CH;+x;CH,(CHy),,CH;}, calculated from the representation of the
experimental results by Equations 4.20 and 4.21.
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Appendix B

Correction of weight to vacuum

For weighing of liquid L, according to Bauer (1952), the basic formula for obtaining
the true (“vacuum-corrected”) weight W, from the weights W, which are needed to

balance the liquid of volume V should be expressed by

Wy = Wopy + v:.dai: - Vodair (B-1)

where V=W, /d,, is the volume occupied by the W,,, weights consisting of a material
having a density d,; d,, is the density of air at the time and place of weighing. The
Mettler analytical balance employed in this study uses steel weights, but manufacturer
has calibrated it to give readings which correspond to using brass weights. Therefore,
in our case, d,, is the density of brass which has a value of 8.4 g-em?.

Rearranging Equation B-1 yields

w,,(l- d“‘) - wc,,,,(l- d“’] | (B-2)
dL

or
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_ - daiz‘ - dnlr -
W, - wobs(1 "&T}/(l “&j) (B-3)

The density of air, dg,, was determined by means of the following equation

(Bauer, 1952)

d _ 0.001293(P-k) _ 1.701x10°%(P-k)

= (B-4)
alx (1+0.00367t)760 1+0.00367¢

where P and t are the pressure (mmHg) and temperature (°C) at the balance room

condition; k is a parameter related to moisture content in the air,

k = 0.0038H pyo (B-5)

where H is the relative humidity (%) at the same condition and py,, represents the

vapour pressure of water at temperature of t, which can be obtained by using Antoine

equation

B

T - -
109, (Py,o/mmHg) = A C+t(°C)

(B-6)

with the parameters, A=8.184254, B=1791.3, and C=238.1, taken from the literature

(Riddick er al., 1986).
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Appendix C

Determination of the mixture densities

Considering a binary mixture of components 2 and 3, the density of the mixture, dg,

is expressed in terms of its molecular weight, My, and its molar volume, Vy:

L
d, = -E (C-1)
: v,

where

M, = TxOM, = XM, + X3 M, (c-2)
and
b b
Xz Mz ng; * VE (0;3)
1+

Vo = ExibMildz + Vg = *
d, d,

In above equations, X} is the mole fraction of the component i in the mixture; M; and d;

are the molecular weight and density of pure component i, respectively; and Vg is the
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molar excess volume of the mixture.
At constant temperature and pressure, molar excess volume V., is a function of the

materials involved, and can be expressed by means of the Redlich-Kister formula as

n
Vi =X 0 S v (x, )i ! (C=4)
i=l
or in our case
. .
V: = Xsz;Z \)j (X3b ‘Xzb)j-l ‘ (C-5)
el

For the binary mixtures of (n-hexane + n-decane/n-dodecane), the equation coetficients,

v;, were taken from the literature (Marsh and Ott, 1983 a,b) and listed in Table C-1.-

-~

Table C-1 Coefficients of the Redlich-Kister representations of molar excess volume V7

It

Binary system ¥y vy 12 vy
n-hexane + n-decane -0.9005 -0.2715 -0.0780 -

n-hexane + n-dodecane -1.4035 0.5563 -0.2195 0.0624
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Appendix D

HE calculations by the proposed model

This section contains two computer programs in the FORTRAN language. They
were used in this study for HE calculations by means of the proposed model, as well as
the UNIQUAC and NRTL models for the purpose of comparison.

The first program (p228-236) was used to correlate the excess enthalpy data for
binary systems. The second program (p237-245) was for the prediction of ternary HF
values. There is a switch parameter called “ICO”, which was designed to allow the
program to have two different functions. When ICO=0, the program would calculate
ternary HE values from given binary parameters, “vich means a calculation for predicting
ternary H® values. When ICO=1, all the given binary parameters would serve as initial
values in order to generate parameter values for the ternary H® representation, which
means a calculation for ternary HE correlation.

All the calculations included in this section were carried out in main-frame

environment. The FORTRAN programs presented here were run in a CMS system.
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nnnnnnnnnnnnnnnnnnnnnnnn

REwwrwRwRErTIRWRE R w ..'..‘ﬁ*""“-.it“*".-I'**.'

THIS PROGRAM IS USED TO CORRELATE THE EXCESS
ENTHALPY DATA FOR BINARY SYSTEMS
WITH DIFFERENT SOLUTION THECRY MODELS

"‘*'t.-“"’""“*.-‘t""‘I‘t.*.‘--“"*“t""-.."“

AAD - AVERAGE ABSOLUTE DEVIATION
ARD - AVERAGE RELATIVE DEVIATION
1C - SWITCH PARAMETER
1c = 1, THIS WORK
1€ = 2, URIQUAC MODEL
1¢ = 3, MRTL MODEL
1C = 4, PURE EMPIRICAL EXPRESSION FROM CHRISTENSER
HE - EXPERIMENTAL EXCESS ENTHALPY DATA, HE(EXP)
HEC ~ EXCESS ENTHALPY VALUES FROM CORRELATION, KE(CAL)
N - NUMBER OF PARAMETERS ~
NP - NUMBER OF DATA POINTS IN DATR §ST
NS ~ NUMBER OF DATA SETS (UP TC 10
RMSH ~ ROQT MEAN SOUARE
RM,Q,V - MOLECULAR VOLUME PARAMETER, MOLECULAR AREA PARRMETER,
AND VOLUME OF SATURATED LIGUID AT 20 C, RESPECTIVELY
X(N) - ADJUSTRBLE PARAMETERS
X1,X2 = MOLE FRACTIORS OF COMPOKEKT 1 AKD 2, RESPECTIVELY

IMPLICIT REAL™8(A-H,0-2)

CHARACTER™70 ARA

CHARACTER"7D EBB

DIMENSION X(10).5(10),H(iD),DX(TU),OLDX(10),FP(&O},FH(LO),F(CO),
1 DFDX(ED,TD).AA('IO,'IO),XH('IO),XL(W)

DIMENSION AAD(1D).ARD(10),RHSH(1U)

DIMENSION XO(10,10),HOC10,10),XHOC10,10),XL0C10,10)
EXTERKAL FUN

COMMON /DATAT/R1,R2,Q1,02,V1,V2,R

COMMOR IDATAZ/X1(10,&G),HE(10,L0)

COHMON IDATABINP(10).T(10),X2(10,40)

COMMON /DATAG/NS

COMMON /RESULT/HEC(10,40),FF(10,40)

COMMON /SWITCH/IC,1,1C0¢10)

COMMON P3

LDER=0

EPS=1.D-10

READ(5,*INSYS
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DO 999 INSYS=1,NSYS
WRITE(S, *}INSYS
READ(S, " JARA
c THE KAME OF THE BIRARY SYSTEM
READ(5,™)BEB
c DATA SOURCE
READ(S,*)R1,01,V1,R2,02,V2
c THE PARAMETERS OF PURE SUBSTANCES
READ(S,™)NS
c THE KUMEER OF DATA SET
RPSUN=0
0o 10 I=1,KS
READ(S,™ITC1),NPCTD
KPSUM=NPSUNM*NP(1}
DO 11 J=1,KPCDD
READ(S,‘)X‘!(I,J).HE(I,J)
X2¢1,9)=1.-X1(1 o)
11 COHTINUE
10 CONTINUE
1c=1
c po 20 Ic=1,4
READ(S,™IN
c THE HUMBER OF ADJUSTABLE PARAMETERS
Do 30 I=1,N
READCS,*)X0C1C,1),1C0(1)
30 CONTIRUE
€ 20 CONTINUE
R=8.314
WRITE(G,™)ARA
WRITE(6,*)EEB
WRITE(S, ") THE PARAMETERS FOR THE MODEL OF*
IC=1
c bo 56 ic=1,4
Do 55 J=1,N
XCH=XQCIC, I
55 CONT INUE
CALL MARGSCH,NPSUM,FUN,X,1CO,F,EPS)
WRITE(S,M)IC
bo 40 [=1,KS
WRITE(S, T00) (X(MY , H=1,N)
100 FORMAT(2X,3G14.7)
WRITE(S,")* THE TOTAL OBJECTIVE FUNCTION = *,P3
WRITECS,™)
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20

0

300

50

40

)

0
80

0

50

WRITE(S,2003T¢1), KPCL)

FORMAT(2X, 'T=!,610.5, 'K? &X, *'KP=*, 12)

WRITECS,™)

WRITE(S,300)

FORMAT(7X, 'X1", 13X, 'HE', 11X, 'HEC', 10X, 'HE-HEC' 8%, " 1-HEC/HE)
AADS=0.

ARDS=0.

RMSHS=0.

DO 80 J=1,KP(D)

DHE=HE(],J)-HECCI, )

AADS=AADS*DABS(DHE)

RATIO=HECCT, JI/RECT, 3D

ARDS=ARDS+DASS(1.~RATIO)
RMSHS=RMSHS+(HECI, JI~KECCT, 400" 2
WRITECS,500)X1¢1, 3), KECT, 3D, HECCT, ), DHE, 1. -RATIO
FORMAT(2X,5614.7)

CONTINUE

RADCI)=AADS/KPCI)

ARDCI)=ARDS/NP(L)

RMSH(I )=DSORT (RMSHS)/CNPCII+N)
WRITEC7,4000RRDCTY, ARDCL) RMSH(L)
URITE(G,L00)ARDC1Y, ARDC] ), RHSH(T)

FORMAT(2X, 'ARD=",G14.7, "ARD=* , G12.7,3X, 'RMSH=",612.7)
WRITEC7,™)'KEY = ! KEY

WRITECS,*)'KEY = *,KEY

LONTINUE

CONTINUE

CONTINUE

STOP

END

SUBROUTIKE FUK(N,M,X,F)

IMPLICIT DOUBLE PRECISIONCA-H,0-2)
DIMERSION X(N),F()

COMMON /DATA1/R1,R2,01,02,V1,V2,R
COMMON /DATA2/X1(10,40) ,HEC10,40)
COMMON /DATA3/NP(10),7(10),%2¢10,40)
COMMON /OATAG/NS

COMMON /RESULT/HEC(10,40),FF(10,40)
COMMON /SWITCH/IC,T,1€0€10)

Do 30 I=1,NS

DO 10 J=1,KP(D)
GOTOCS1,62,63,66),1C
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61

CONTINUE

THIS HODEL

R1220.5*(V1+V2)

R21=R12
NEC(I,J)=5.'XT(!.J)'XZ(I,J)'(X(1)'(2211V1)'DEXP(‘XC1J'X(3)IRIT(I
1 I(X1(1,J)¢X2(l,J)'(R21IV1)‘DEXP(-X(1)‘X(3)IRIT(l)))‘X(E)‘(R12{V
2 ‘DEXP(-X(Z)‘X(3)IRIT(I))I(XZ(I,J)*X1(I.J)'(R1ZIV2)'

3 DEXP(~X(2)"X(3I/R/T(II

62

63

64
c

70

10
30

WRITEC?,*)X1C1,J), HECT,J3, HECCL, D)

GOTO 70

CONTIKUE

UKIQUAC MODEL

TAO21SDEXPC-XC1)/R/TCIY)

TAQ12=DEXP(-X(2)/R/TCID)

THETATZX1CI, $)*Q1/CX1CT, J)YRIX2(1, )702)

THETAZEX2C1, J)*02/¢X1¢1, )01+ X2C1, J3%02)

RECCT, d)=X1(1, J) Q1 THETA2 TAR1/ (THETAT# THETAZ*TACR1)*X(1)
1 +X2(1, )02 THETAT*TAD12/ (THETA2*THETAT*TRO12)"X(2)

GOTO 70

CORTINUE

NRTL MODEL

TAOR1=XC1I/R/TCD)

TADI2=XC2)/R/TCI)

G21=DEXP{-X(3)*TAO21)

G12=DEXP(-X(3)"TAOI2)

HECCT, d3=RTCIIXTCT, J)*X2C 1, 4)*(GRTPTAO21/(X1(1, 4)+C21"X2(H, 42
1 G12°TAO12/

1 (X201, )4612°XTCT, 397 -X(3)TCCIXTCT, JI"TAORI2/CX1 (T, )+
2 G2IMX2C1,d)) " 2+GI2X2CT, I TACIZT2/(X2( T, )+C127X1(1, 400D
GoTo 70

CONTINUE

PURE EMPIRICAL EXPRESSION FROM CHRISTENSEN

2=1.-2.7%1¢1,4)

HECCT, $)=X1C1, J37X2C1, 3% (XCTI4XCRITZ4X(3I 22D/ (14X (4)"T)
CONTINUE

FFCI, J)=DSORTCDABSCCHECT, J)~HEC(, J3)/HECE, 3)/0.01))
FCJI=FF(I, )

WRITE(7,™)F(J)

CONTINUE

CONTINUE

RETURN

END
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c NOKLINEAR LEAST SQUARE METHOD OF MARQUARDT
SUSROUTINE MARGS(N,M,FUN,X,1CO,F,EPS)
IMPLICIT REAL*BCA-H,0-2)
N - THE NUMBER OF INDEPEMDENT VARIABLES, <20
M - THE KUMBER OF EQUATIONS <200
FUN - OBJECT FUNCTION SUBROUTINE FUNCN, M, X, F)
X(N) - THE INDEPENDENT VARIAGLES
[COCN) = 1C0¢1)=0 => 1 VARIABLE WILL KOT CHANGE
1COCI)=1 => 1 VARIABLE WILL CHANGE
F{M) - THKE OBJECT FUKCTION FOR EACH 1
EPS ~ ACCURACY
DIMERSION P1(20).RHD(EO).DOF(ZD).GOF(20).AD(20,21),A1(20,21)
DIMERSIOR AZ(EGD,ZO).F(H).X(H).XO(ZDO).ICO{R)
COMMOX P3
L=0
KG=N+1
T=0.000001
Ae=10
04=0.1
RLO=0.01
13=0
10=0
vo=0.0001
2=EPS
CALL FUKCN, M X,F)
p2=0.0
Do 20 J=1,K%
P2=P2+F(J)™™2
20 CONTINUE
13=13+1
1C8=0
Do 30 I=1,H
ICB=1CB+ICO(I)
30 CONTINUE
IF¢IC8.EQ.0)GOTO 200
300 CONTINUE
10=10+1
RLO=RLO"D4
IFCRLO.LT.TIRLO=T
p3=p2
c WRITE(7,1000)10,135,RL0,P3
C1000 FORMAT(2X,'l0=!,14,' 132,14, RLO=',GI2.4,' pP3=+,612.5)
po 40 J=1,K

noOooODnNDaOOnoD

232



40

s0

65

60

76
T4

80

P1CJIIXCS)
CONTINUE
DG 50 J=1,M
X0¢J)EFCJ)
CONTINUE
Do 60 Kx1,W
1EC1COCK).EQ.0)GOTO 60
D= (DABSCXLKI I+VO)*VO
X(K)2X(K)+DP
CALL FURCH,M,X,F)
DG 45 1=1,M
A2¢1,K)=CFCI)=XOC123/D9
CORTINUE
X(KIEX(K)-D®
CONTINUE
DO 70 I=1,8
1F(1CO¢1) KE O THEN
RMO(1)=0
DO 72 J=1,M
RMOCT J=RMOCT J+AZCJ, 137X0CI)
CONTINUE
PO 74 J=1.K
AtCE,3)=0
1FCICO(J).E0.0)GOTO T4
DO 76 K=1,M
RICI, D)=ATCT,1)+A2(K, 1)"A2(K, )
CONTINUE
CONTINUE
ELSE
DO 78 J=1,N
A1¢I,$9=0.0
CONTINUE
A1CT,13=1.0
RMOC1)=0.0
ENDIF
CONTINUE
Do 80 I=1,N
GOFCI)=ATCI,1)**0.5
IF(DABS(GOF(1)).LT.1.0-5)C0F(1)=1
CONTINUE
DO 0 1=1,K
RMOCI)=RMOCI)/GOF(I)
bo 50 J=1,H
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A1(I,J)uk1(l,J)I(GDF(I)‘GOF(J))
90 CONTIKUE
400  CONTINUE
DO 100 1=1,K
AD(CI,NOY=-RMOCT)
Do 105 J4=1,R
ADCY, =ANCLD
105 CONTIRUE
AOCI,1)=A0CY, 1+RLO
100 CONTIRUE
CALL GAUSS(N,RO}
0O 110 1=s1,K
DOFC1)=A0CT,ROI/GAF(L)
X¢1)=P1{13+D0OF(1)
110  CONTIKUE
CALL FUR{RM,X,E)
13=13+1
pe=0.0
bo 120 J=1,M
pa=p2+F(J)™™e
120 CONTINUE
1F(P2.LT.EPS)GOTO 200
1F¢P2.LT.P3)GOTO 150
RLO=RLOYA®
1F¢RLO.GT. 100000, )THER
WRITECT, ") 'RLO>1.E1D®
Goto 200
ELSE
c WRITECT,*)'RLO=* ,RLO
GO0 400
ENDIF
150 CONTINUE
W=0
po 160 J=1,N
IF(DABS(DOF(J))JDABS(X(J))+VD.GT.Z)1U=!H+1
160 CONTINUE
1F¢L.EQ.0)GOTO 180
pe 170 I=1,X
WRITE(7,2000)1,%X¢C1)
2000 FORHAT(ZX,'X(',I1,')=',512.5)
170  CONTINUE
180 CONTIKUE
[F{IW.EQ.0)GOTD 200
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GOTO 300

200  CORTINUE
RETURN
EXD

SUBROUTINE GAUSS(N,RO)
IMPLICIT REAL*S8(A-H,0-2)
DIMENSION A0(20,21)
ROzR+1
Do 10 I=1,N
G 20 J=le1,K0
AOCT,J¥=ADCT, J3/AR0CT, 1D
20 CORTIKUE
DO 30 J=1,N
1F¢1.EQ.J)GOTO 30
DO 40 K=1+1,K0
2003, KIZADCS, KI-ROCT, RI*A0CI, 1D
40 CONTINUE
30 CONTIRUE
10 CORTIKUE
RETURN
END
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[9]

o T o e N et LT A TR LAl Ll b

THIS PROGRAM 1S USED TO CALCULATE THE EXCESS
ENTHALPY FOR TERMARY SYSTEMS
WITH DIFFERENT SOLUTION THEORY MODELS

*'*“"I-'*“-‘I'*"-.II"“‘I*.‘-‘.*'Q.“‘tl“...

AAD ~ AVERAGE ABSOLUTE DEVIATION
ARD - AVERAGE RELATIVE DEVIATION
1C - SWITCH PARAMETER
1€ = 1, THIS WORK
IC = 2, UNIOUAC MODEL
1€ = 3, HRTL MODEL
IC = &, PURE EMPIRICAL EXPRESSION FROM CHRISTENSEN
KE - EXPERIMENTAL EXCESS ENTHALPY DATA, HE(EXP)
HEC - EXCESS ENTHALPY VALUES FROW CORRELATION, HECCALY
NN - RUMBER OF PARAMETERS
NP =~ KUMBER OF DATA POINTS
RMSH - ROOT MEAN SQUARE

R,0,V -~ MOLECULAR VOLUME PARAMETER, MOLECULAR ARER PARAMETER,
AND VOLUME OF SATURATED LIOUID AT 20 C, RESPECTIVELY

X(NN} - ADJUSTAELE PARRMETERS
X1,%X2 - MOLE FRACTIONS OF COMPONENT 1 AND 2, RESPECTIVELY

IMPLICIT REAL*B(A-H,0-2)

CHARACTER™70 AAA

CHARACTER*TO BEB

DIMENSION FC100),X(40),%0¢20,403,1C0¢20)

EXTERMAL FUN

COMMON /DATA1/R1,R2,01,02,V1,V2,R3,03,V3,R

COMMON /DATA2/X1(100),X2¢100),X3(100),HEL100)

COMMON /DATAS/T,RN{14),NP

COMMON /RESULT/HECC100),FFC100)

COMMON /SWITCR/IC,1

LOER=0

EPS=1.0-10

WRITE(S,*)'HODEL €1) - THIS WORK (1) WITH O PARAMETERS'
WRITECS, *3*MODEL (2) - THIS WORK (2) WITR 12 PARRMETERS!
WRITE(S,*)'MODEL (3) - UNIOUAC MODEL WITH 6 PARRMETERS!
WRITE(6,")'HODEL (4) = NRTL MODEL WITH 12 PARAMETERS'
READ(S,*INSYS

DO §99 INSYS=1,KSYS

VRITECE, 111D INSYS
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c THE NUMBER OF SYSTEMS
111 FORMAT(2X, *SYSTEM',2X,12)
READ(S, " IAAA

c THE NAME OF THE TERNARY SYSTEM
READ(S,)EEB

c DATA SOURGE
READ(S,*)R1,01,V1,R2,02,V2,R3,03,V3

c THE PARAMETERS OF PURE SUBSTANCES
READ(S5,*)T,HP
DO 1% J=1,NP
READ(S, *)X1(J),X2()  HED
X3¢Jy=1.-X1¢I-X204)

11 CONTINUE
1c=1
RERD(S,*INNCIC)

c THE NUMBER OF ADJUSTAELE PARAMETERS
DG 30 I=1,NNCIC) )
READ(S,™)X0(IC,1),1C0(1)

30 CONTINUE

¢ po 20 1¢=1,5
R=8.314
WRITECS, ™ IRAR
WRITE(6,*)BEB
WRITE(S,*)'THE PARAMETERS FOR THE MODEL OF'
Do 55 J=1,NN(IC)

X(J)=X0CIC, J)

55 CONTINUE
CALL MARGSCNNCIC),NP,FUN,X,1C0,F,EPS)
CALL FUNCKNCIC), NP, X,F)
WRITE(S,*)IC
F1=0.0
Do 70 J=1,NP
FT=ET+(FCJII*™2

70  CONTINUE
FT=FT/NP
WRITE(S,222)FT
222 FORMAT(2X,*THE TOTAL OBJECTIVE FUNCTION = *,612.7)
WRITE(S, 1003 (X (M), H=1,RNCIC))
100 FORMAT(2X,3614.7)
WRITE(S,*)
VRITECS, 200)T NP
200 FORMAT(2X,'T=',G10.5,'%",4%, FRP=*,12)
WRITECS,™)
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300

500
80

400
c2o
999

&1

WRITE¢S,300)
FORHAT(TX,'Xl‘,13!,'!2'.12!.‘RE',
1 11X, 'HEC', 10X, "HE-HEC®,BX, ' 1-HEC/KE*)
ARDS=0.

ARDS=0.

RMSHS=0.

DO 80 J=1,NP

DHESHECJI-HECLJ)

AADS=AADS+DABS{DHE}
RATIO=HECCJ)/HECD)
ARDS=ARDS+NABS(1.-RATIO)
RMSHS=RMSHS+(RECJ)~HECCJ))**2
URITECG,SOD)X:(J),XE(J),HE(J),HEC(J),DHE.1.-RAT10
FORMAT(2X,6G14.5)

CONTINUE

ARD=ARDS/NP

ARD=ARDS/KP

RMSK=DSCRT(RMSKS/KP)

RMSH=DSORT (RMSHS/(KP-KNCICI)
WRITEC7,400)ARD , ARD, RHSH
WRITE(S,400)AAD, ARD , RMSH
FORHAT(ZX,'AAD:',614.5,'ARD=‘.G12.5,3¥,'RHSH=‘,G12.S)

CONTIKNUVE

CONTIRUE

sToP

END

SUSROUTINE FUNCN,M,X,F)
1MPLICIT DOUBLE PRECISIONCA-H,0-2)
DIMENSION X(N),F(K),SUM(1C)
COMMON /DATA1/R1,R2,01,02,V1,V2,R3,03,V3,R
COMMON /DATA2/X1(100),%2(100),X3¢100),HE(100)
COMMON /DATAZ/T,RR(16) NP
COMMON /RESULT/HEC(100),FFC100)
COMMON /SWITCH/IC,!
0O 10 J=1,NP
GOTO(S1,62,63,64,65),1C
CONTINUE
THIS WORK -- MODEL ¢1)
R12=0.5*(R1+R2)
R21=R12
R13=0.5%{R1+R3)
R31=R13
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62

R2320.5*(R2+R3)

R32=R23

X(3)=A(4)

X¢7I=X(8)

X(11)=X(12)

%21=x2¢ 1" (R21/R1I*DEXP{-X(3I*XC1I/R/T)

1
2

I(x1(J)'XE(J)'(R21IR1)‘DEXP(-X(3)‘X(1)IRIT)
X3 (RIT/RVIDEXPL-XCTI*N(SI/RITY)

X12=x1(J)‘(R1ZIRZ)'DEXP('i(&)'K(EJIRIT)

1
2

I(XZ(J)*X1(J)‘(R12/R2)‘DEXP(-x(&)'X(Z)IRIT)
*XS(J)‘(R32!R2)‘DEXP(*X(11)'!(9)/%/7))

¥39=X3 (47" (R31/RIITDEXPL-X(TI*X(5I/RIT)

1
2

I(X1(J)*X2(JJ'(R21IR1)'DEXP(‘X(3)'X(1J/RIT)
+XZCIY*RIV/RTITDEXP(-XLTI*XC(SIRITY)

X13=X1(J}'(R13IR3)‘DEXP(-X(S)'X(é)IRIT)

1
2

I(X3(J)*Xl(J)'(R13IR3)'DEXP(-X(ﬁ)'x(é)/RlT)
*XZ(J)'(RZSIR3)*DEXP('X(12)'X(10)IRIT))

X23=X2¢4)* (R2I/RIIZDEXP(-XCI2IXCIQW/RIT)

1
2

I(XS(J:*X1(J)'(R13/R3)‘DEXP('X(G)'X(G)JRIT)
*XZ(J)‘(RESIRS)‘DEXP(-X(12)‘X(10)/RIT)3

X32=X3(J)'(R3ZIR2)‘DEXP(-X(11)'X(?)IRIT)

7
2

1

I(XZ(J)-xi(J)'(RlZJREJ‘DEXP(-X(L)'X(E)IRIT)
*XStJ)'(RSZIRZ)'DEXP(-X(11)'xt?)lRlT))
HECCJ3=5. 0% (X1 (I )" X21™X( D=X1CII™X317X(5)
<X2(HITXTIZXL2)+X2 (I RE2N(F)
~x3(J)'X1S'X(6)*x3(J)'xZB‘x(?O))

GoTo 70

CONTINUE

THIS WORK -- MODEL (2)

ALFA=0.1
%21=X2(JIT(XC3)/R1I"DEXP(-ALFAX(II/R/T)

1 I(X1(JJ‘!2(J)'(X(3)IRI)'DEXP(-ALFA‘X(?)IRIT)
2 «X3(JITLXCTI/RTIDEXPC-ALFATX(5)/R/T)

1

¥12=X1¢II*(X(&)/R2I™DEXPC-ALFATXCR)/RIT)
/(X2(J)‘X1(J)‘(X(&)IREJ'DEXP(-kLFA‘X(?)IRIT)

2 +X3(J)"(XCT11)/R2I*DEXP (-ALFATX(FI/R/TY)

1

¥31=X3 (J)*CXCTI/R1I™DEXPC-ALFA™X(5)/R/T)
/{X1(J)*XZ(J)’(X(3J/R1)‘DEXPC-ALFA‘X(1)IR/T)

] X3¢ (XCTI/RTITDEXPC-ALFAYRISI/R/TY)
X13=X1CJ)" (X¢B)/R3I"DEXP{~ALFA*X(E)/R/T)

1

I(X3(J)*X1(J)‘(X(B)IRS)'DEXP(-ALFh‘K(é)IRIT)

2 #X20JY"(XC12)/R3ITDEXPC-ALEA*X(10M/R/TD)

X23=X2(J)*(X(12)/R3I"DEXPL-ALFA*X(10)/R/T)
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1 l(XS(J)*X!(J)‘(X(S)IRS)'DEXP(-kLFA‘X(6)/RIT)
2 *XZCJ)'(X(12)IR3)‘DEXP(-ALFA‘X(1D)JRIT))
x32=x3(J)‘(X(11)IRZ)'DEXP(-ALFA'X(?)/RIT)
1 I(XZ(J)+X1(J)'(X(L)[RE)'DEXP(-ALFR‘X(Z)IRIT)
2 +x3c4)-(xc11)/RZ)'DEXP(-ALFA*:(?)JR/T))
HEC(J)=5.0*(X1(J)'X21‘X{1)’X1(J)'X31'X(5)
1 SX20IITNIZ*R(R)*X2CII*XIXLT)
2 X (IIFRITTRCEI+AZCIINX2ITAA0N)
GoTo 70
63 CONTINUE
c UNIQUAC MODEL
SUM(J)=0.
SUMCJ)=X T¢I *0T+X2()I*O24XF(II*E3
SATAT=X1(J)"Q1/SUNI)
SATAZ=X2¢J)"02/SUNJ)
SATAS=XI(JI*Q3/SUNMI)
TADR1=DEXP{-XC1)/R/TY
TAQ12=DEXP(~X(2)/R/T)
TAO31=DEXP(-X(3I/R/T)
TAD13=DEXP(-X(4)/R/T)
TAQ32=DEXPL-X(5)/R/T)
TAO23=DEXP(-X(8I/R/T)
HEC(J}=O1*X1(J)'[SATA2‘TA021'K(1)'SATAS'TAO31‘X(3))
1 JCSATAT+SATAZ TAO21+SATAS TAOS )+
2 Q2‘X2(J)'(5ATA1'TAOl2'!(2)4SATA3‘TA032‘K(5))
3 I(SATAZ*SRTA1'TAO1Z*SATAS'TAO32)'
4 03‘X3(J)'(SATR1'TA013*X(&)*SATAZ‘TAQZ3'X(6))
5 JCSATAZ+SATAT* TAO13+SATAZ TAO23)

GOTO 70
&4 CONTINUE -

[¢ HRTL MODEL
ALFA21=X(3)
ALFA12=X(4)
ALFA3T=X(T)
ALFA13=X(8)
RLFA32=X(11)
ALFA23=X(12)
TRO21=XC1I/R/T
TAQ12=X(2)/R/T
TAO31=X(5)/R/T
TAG13aX(6)/R/T
TAG3Z2=X(F)/R/T
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n

@~V &N 00NN

65

70

10

TAO23=X(10)/R/T
G21=DEXPC-X(3)*TACZ1)
G12=DEXP(=X{4I"TAO12)
G31=DEXP(-X(TI*TAO31)
G13aDEXP(-X(BI*TADI3)
G32=DEXP{~-X{11)*TAO32)
G23=DEXP(-X(12)"TAD23)
HECCJI=R*T*(X1¢J I (X2 )" 621*TAO21+X3(JI*C31*TAO31)/
CXT1CII+X2¢II*GIXILII*6I)~
X10JI*CX2CI I ALFAZT®G21*TADR1™2+X3 () *ALFA3 1" G3 1% TAC3 1 *2)/
(X1CII+X2¢ )62 1+X3(JI*631 )" 2
X20J3*X3C)* 62163 17 (TAO31-TAD21 )™ CALFAS1* TAOS1-ALFA2T*TAO21)/
CXICIISAZCII*CRT4AICIICI1)"2)+
X203 CCRICIIYGIZTAQI2+X3 () GI2TAD32)/
CX1CII*GI2HN2 (L I#RICIIEI2)-
X2C4)* (X1 (J)*ALFAT2GI2*TADI2 2+ X3¢ ) *ALFASR" 632" TRO3Z ™ 2)/
(X1(II™G12+X2 0 )+X3CII™EI2)* e~
X1(I"X3()*G127 632" L TADS2-TAD12) * (ALFA32*TAO32- ALFA12"TAO12)/
X10I)*GIZoX2(I IS (IITEI2I 2)+
XICIITCCXICI I GIZ TAO13+X2( ) G23*TADR3)/
CXTLIIPGI3+XI L0 )+X2(J)*G23) -
X3¢ JI*CXT () *ALFAIZ"GI3 TADIZ*2+X2(J Y ALFAZS*GE3" TAO23**2)/
CX1(I)*G13+XI (I I+X2CII"G25) "2~
X1¢J)*X20J)"G13*G23"(TADZ3-TAOT3)™ (ALFA2S*TAQR3-ALFATS TAO13)/
CXTCIIYEISX3(II+X2(L)"623)*"2))
GOTO 70 :
CONTINUE
PURE EMPIRICAL EXPRESSION FROM CHRISTENSEN

CONTINUVE
FF{J)=DSQRT(DABS(CHECS)-HEC(JII/HECSI/0.01))
FCJII=FFLLD

CORTINUE
RETURN
END

HONLINEAR LEAST SQUARE METHOO OF MARQUARDY
SUBROUTINE MARQS(N,M,FUN,X,IC0,F,EPS)
IMPLICIT REAL*8(A-H,0-2)

N - THE KUMBER OF INDEPENDENT VARIABLES, <20
M - THE NUMBER OF EQUATIONS <200

FUN - OBJECT FUNCTION SUBROUTINE FUN(N,M,X,F}
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X(H) - THE INDEPENDENT VARIABLES
ICOCNY - 1C0CI)=0 => 1 VARIABLE WILL HOT CHANGE
16OCI)=1 => 1 VARIABLE WILL CHANGE
E(M} - TME OBJECT FUNCTION FOR EACH I
EPS - ACCURACY
DIMENSION P1¢20),RMOC20),D0FC20),GOF(20),A0€20,21),A1(20,21)
DIMENSION A2(200,20), FCH),XCN),X0¢200), ICO(N)
L=0
NO=N+1
720.000001
A9=10
D4=0.1
RLO=0.01
13=0
10=0
v0=0.0001
Z=EPS
CALL FUNCR,M,X,F)
p220.0
DO 20 J=1,M
PRpReFCa)* 2
20 CONTINUE
13=13+1
1€8=0
Do 30 I=1,N
1c8=1€8+1C0C1)
30  CONTINUE
1F(1C8.£0.0)GOTO 200
300  CONTINUE
10=10+1
RLO=RLO®DS
IF(RLO.LT.TIRLO=T
P3=p2
¢ WRITE(7, 100010, 13,RLO,P3
C1000 FORMAT(2X,'10=!,14,* 13=*,14,° RLO=',612.4,* P3=',612.5)
PO 40 J=1,H
PTCII=XC)
40  CONTINUE
DO 50 J=1,H
X0CJI=F(S)
50 CONTINUE
Do &0 K=1,N
1FC1COCK) .EQ.BYCOTO 60

o000 non
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DP=¢DABSLX (XY I+VOI*VO
N(KY=KLK)+DP
CALL FUNCN,M,X,F)
DO &5 I=1,M
A2¢1,K)R(FCI)-XOC1)I/09
&5  CONTINUE
X(K)=X(K)I-DF
60  CONTINUE
0o 70 1=1,%
1FCICOCI) KE.O)THEN
RMO( 13=0
DO 72 J=1,M
RMOC 1 )=RKOCT )+A2C S, 13*X0CJ)
K r CONT INUE

DO 74 J=1,N

AlCL, =0
1FCiCOCd).EC.0)GOTO T4
DO 76 X=1,4

ATCT,JISATCL, JI+A20K, 1I"A2(K, 1)
76 CONTINUE
74 CONTINUE
ELSE
DO 78 J=1,K
AY(1,)=0.0
78 CONTIHUE
AV, 1=1.0
RMOC1)=0.0
ENDIF
70 CONTINUE
po 80 1=1,K
GOF¢1)=A1CE,1)**0.5
1F(DABS(GOFCI)).LT.1.0-5)GOF(])=1
B0 CONTINUE
Do 50 1=1,H
RMO( 1 Y=RMOC 1 }/GOFCT)
Do 90 J=1,N
A1CI,9)5A1C1, 30/ CGOF(I)*GOFCID)
90  CONTINUE
400 CONTINUE
00 100 I=1,K
ACCI,NO}=-RHOCI)
Do 105 J=1,¥8
AOCE,J)=ATCT, D
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105

100

110

120

150

160

2000
170
180

200

CONTINUE

AOCT, 1)=R0CT, 1D)+RLO

CONTINVE

CALL GAUSS(N,RD)

00 110 1=1,R

DOEC1)=A0(T,NOY/GOFCI)

XC1)=P1(1)+DOFCIY

CONTINUE

CALL FUNCH M, X,F)
13=13+1

pe=0.0

DO 120 J=1,M

p2=p2+FLI)"™2

CONTINUE
1F(P2.LT.EPS)GOTO 200
IF(P2.LT.P33G0T0 150

RLO=RLO™AT
IFC¢RLO.GT.100000.JTHER
WRITECT,*) 'RLO>1.E10¢
GOTO 200

ELSE
WRITE(T,*)*RLO=",RLO
GOTO 400

ENDIF

CONTINUE

IW=0

DO 160 J=1,N
IF(DABS(DOECS))/DABSIXCIII+VOLGT. 2) IN=TU+T
CONTINVE
1FCL.EO.0)GOTO 180

po 170 1=1,K

WRITE(7,200031,%C1)
FORMAT(2X, *X(1,11,4)=",612.5)

CONTINUE

CONTINUE
1F¢IW.EQ.0)GOTO 200

GoTo 300

CONTINUE

RETURN

END

SUBROUTIKE GAUSS(N,AQ)
IMPLICIT REAL*B(A-H,0-2)
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20

L0
30
10

DIMENSION AD(20,21)
NO=R+1

Do 10 1=1,N

DO 20 =1+1,K0

ADCI, J3=AOC, JIZADCL, 1D
CONTINUE

Do 30 J=1,N
1F(1.EQ.J)GOTO 30

DO 40 Kzl+1,NO

ADCJ, K)=AOCS KI-ROCT KIADCS, 1)
CONTINUE

CORTIRUE

CONTINUE

RETURN

END
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Appendix E
Simultaneous representation of VLE and

HE values by means of cubic EOS

An attempt was made in this study to represent vapour-liquid equilibrium (VLE) and
excess enthalpies simultaneously by means of cubic equations of state (EOS). It is
presented in this section in three parts: the equations of state and the mixing rules
considered, the preliminary results and some evaluation comments, and the computer

programs used in the calculations.

E-1 The cubic equations of state and the mixing rules

There were five simple cubic equations of state and five commonly used mixing rules
studied in this work. Their general expressions are presented as follows:
A. Simple cubic equations of state

The simplest useful analytical equation of state is explicit in pressure P and cubic in

molar volume v. In its general form, pressure can be expressed as the sum of two parts,
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a repulsive term, P, and an attractive part, P,, as

P = Pg+P, (E-1)
where
RT a
S — = = E-Z
Py v P, ) ( )

In Equation E-2, g(v) is a function of the molar volume “v™ and co-volume parameter
“b” which 1s related to the size of the hard spheres. The cohesion parameter “a” can be
regarded as a measure of the intermolecular attraction forces.

In the five equations of state used in this study, the parameter “a” was treated
temperature dependent and the function g(v) was expressed in different forms.

The SRK equation of state (Soave, 1972)

This is a modified R-K equation proposed by Scave. It is expressed by

_ RT _  a(T) -
Fr s v{v+b) (E=3)

where b=0.08664RT,/P, and is temperature independent. The energy parameter “a”‘ is
proportional 1o a dimensionless scaling factor o, which is treated as a function of the
reduced temperature T,. « is the acentric factor of the related compounds. Thus,
a(T)=a(TYa(T,), a(T,) =0.42747R£(TJz/Pc, a={1+m(1-T,"*)}*, and m=0.480+1.547c>-

0.176e2.
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The PR equation of stare (Peng and Robinson, 1976)

The PR equation is of the following form:

P = RT _ a{ T}
v-b v(v+b) +b(v-b)

(E-4)

where b=0.07780RT./I,, a(T)=a(TJ)a(T,w) and a(T)=0.45724R*(T)%/P.. The
dimensionless scaling factor « for the energy parameter was treated as a function of
acentric factor in addition to reduced temperature, o(T,,«)=[1+k(1-T>)] with k
considered as a function of the acentric factor, k=0.37464+1.542260-0.26992:%.

The PRSV equation of state (Stryjek and Vera, 1986)

This is a modified PR equation proposed by Stryjek and Vera. The core part of the
modification is the functional dependence of k. In this equation, k=ky+k,(1+T.>%)(0.7-
T,), with k,=0.378893+1.4897153w-0.17131848w?* +0.0196554w°, a function of the
acentric factor the same as in the PR equation, and k; is an adjustable parameter
characteristic of each pure compound.

The SW equation of state (Schmidt and Wenzel, 1980)

With the introduction of a third parameter and a quadratic form of g(v), the SW

equation of state is expressed by

_R? ___ a(T)
v-b v2Z+ubv+wb?

P (E-5)

where u, w, and b are independent of temperature. The SW equation reduces to the SRK
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cqﬁation when u=1 and w=0, and to the PR equation when u=2 and w=-1. For the
SW equation, u+w=1 and w=-3w were suggested. A similar form of the temperature
dependence “a™ was expressed by a(T) =a.«(T,,k), where «(T,,k) was given as a function
of the reduced temperature T, by a(T,,k) =[1 +k(T,, ko) (1-T )] with k(T ko) =ko+(5T,-
3ky-1)%/70 for T,<1 and k(T,,ko)=k(1,ko) for T>1, and k,=0.465+1.347¢>-0.528cs.
Unlike that in the SRK equation, k in the SW equation is temperature dependent. A
substance-dependent critical compressibility factor {, was introduced. to calculate equation
parameters b and a,, which made t‘he equation somewhat more complicated.

The PT equation of state (Patel and Teja, 1982)

As an extension of the works of Soave, Peng and Robinson, and Schmidt and
Wenzel, PT equation was proposed especially for polar substances. In addition to the
critical temperature T, and critical pressure P, the PT equation uses two substance

dependent parameters { and F as the input parameters.

_RT _ a(T)

1:’-v.r-b v{v+b) +¢c(v-b)

(E-6)

B. Mixing rules

Mixing rules required by equations of state in the calculation of thermodynamic
properties of mixtures are at least equally important as equations of state themselves.
. Most of the existing lmixing rules can fairly well represent VLE or thermal behaviour,

such as heat of mixing, with a reasonable accuracy. However, when being used for
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simultaneous representation of VLE and HE values, their performance will be affected
by the nature of the mixing rules themselves and the systems involved.

The conventional mixing rules

The mixing rule of the van der Waals one-fluid model is referred to in this work as

the conventional mixing rule
a=) Yxixjay, b=} yxux;by (E-7)
[T i)

Generally, a geometric mean is used to calculate a;, and an arithmetic mean to calculate

b;:

]

where a;, b; and 2, b; are the parameters for pure components i and j respectively.
The conventional mixing rule can be improved considerably by adding a binary

interaction coefficient to the mixing rule of the parameter “a”

agy=(a;a;) "3 (1-kyy) (E-9)

where k; (=k;) is the binary interaction coefficient between components i and j. k; is
determined normally by fitting binary vapour liquid equilibrium data, and is usually

found to be weakly dependent on temperature.
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The A-S mixing rule (Adachi and Sugie, 1985,1986)

Adachi and Sugie first proposed their Redlich-Kister (1948) type A-S mixing rule in

1985 and then further simplified it (1986) to
aij =(aiaj)”2[l‘:'\'.:j -1 i (xi ‘xj)} (E-lO)
where k; (= kp and I; (= -l are the two system dependent binary interaction

coefficients.

The S-G-R mixing rule (Schwartzentruber er al., 1987)

The S-G-R mixing rule for a; was developed to overcome the false liquid phase
splitting problem which often happens in the VLE calculations of alcohol-hydrocarbon

mixtures. This mixing rule has three binary interaction coefficients, k;, I;, and m;.

' m, ., ~Ms X,
ayy=(agay )1k -1, At i) (X +%4) (E-11)

where k;,- = k;, Iij = 'lji, and m; = L-m.

The Stryjek-Vera mixing rule of van Laar tvpe (Stryjek and Vera, 1986b)

The Stryjek-Vera (S-V) mixing rule was proposed with a Margules-type expression
and a van Laar-type expression. Since the.former one is identical to the A-S mixing
rule, only the van Laar type of the S-V mixing rule, as shown below, was considered in

this study and denoted as S-V2 mixing rule.
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k. k.
Cafa.a. P2l i N -
3y (a,aj) [1 -—__L-—-tikij *-\'jk,'-a ] (E-12)

1t contains two adjustable binary interaction coefficients, k; and k;, and reduces to the
conventional one parameter mixing rule when the parameters are equal, k;=k;.
The mixing rules coupling with cubic EQS and excess Gibbs energy models

Huron and Vidal (1979) first coupled cubic EQS with a G model. They matched
GE values predicted from activity coefficient models with those from a cubic equation of
state. Although the resulting H-V mixing rules cannot take advantage of the correlated
interaction parameters for activity coefficient models in the DECHEMA chemistry data
series, their method provides a very flexible framework for the correlation of VLE and
LLE data. However, as indicated by Wong and Sandler (1992), H-V mixing rules do
not satisfy the requirement that the second virial coefficient be a quadratic function of
composition, and therefore are inconsistent with the statistical mechanics theory.

The mixing rules coupling the cubic EOS and excess Gibbs energy rﬁodcls used in
this work were proposed by Wong and Sandler (1992). Being considered theoretically
correct, the Wong-Sandler (W-S) mixing rules are based on two conditions:

(1). The excess Helmholtz free energy, AF, at infinite pressure was assumed equal

to the excess Gibbs free energy at low pressures.

GE(T,x,P=low)=AE(T,x,p=low) =AE(T,x,p=®) (E-13)
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This assumption makes the excess Gibbs free energy models or the activity coefficient
models applicable to equations of state. The A% is a weak function of pressure, so that
the mixing rule can be used at high pressures.

(2). The composition dependence of the second virial coefficient is quadratic.
BT)=3 > x;x;B; (T) (E-14)
i)

This condition satisfies the theoretical requirement.

The following mixing rules were introduced to satisfy these two conditions

> ,Exixj(b-%)a_j

b, = ——t (E-15)
1+AQS(X) "Ex: _ai
RT ‘ byRT

i

and
a -b_{Zx al_Af(x) (E-16)
m m T 3.bi c
where
a a
bt 2 :
(b_i)ij= RT/ \'3 RT (1-k,y) (E-17)

RT 2

The value of the quantity, C, depends on the equation of state used. For the Peng-

Robinson equation,
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C=ln (2V3-1)72V3 (E-18)

The W-S mixing rules can be used together with different activity coefficient models,
two of which were considered in this study:

(1). NRTL model (Renon and Prausnitz, 1968a):

IS P IR (E-19)
RT ; .

where

(2). van Laar model (1910, 1913). For binary systems:

GF _ 2€y,x,X,d,d,

T X.d, +Hd,

(E-21)

To avoid confusion, W-S1 was used 10 represent the W-S mixing rule with the van Laar

model in this work, while W-82 was for the W-S mixing rule with the NRTL model.

E-2 The calculation results

.

Ten systems with available experimental data of both VLE and H® were selected.
They are listed on the following page along with the data source. The calculation was

carried out for four times aiming at optimizing different properties, such as P (vapour
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pressure) only, P + y (vapor composition), P + HE, or P + y + H%

Systems studied and the data source

No.

10

Systems

carbon tetrachloride + n-heptane
chloroforin+n-hexane
cyclohexane+n-hexadecane
n-hexane + n-hexadecane
benzene +cyclohexane

benzene + n-heptane

benzene <+ l-octene

n-hexane +ethanol

ethanol +cyclohexane

ethanol +2,2 4-trimethylpentane

VLE data source

Bissell& Williamson (1975)
Bissell& Williamson (1975)
Gomez-banez&Shich (1965)
MecGlashan& Williamson(1961)
Tasic ez al. (1978)

Jain er al. (1973)
Vera&Prausnitz (1971)
Smith&Robinson (1970)
Scatchard&Satkifwicz (196%)

Kretschmer er al.(1948)

HE data source

Grolier&Inglese (1975)
Bissell er al. (1971)

Fenby et al. (1980)
Miller&Williamson (1984}
Abello (1973)
Hammerl&Raetzsch (1973)
Karbalai&Grolier (1975)
Brown er al. (1964)
Nagata&Yamada (1974)

Wang er al. (1992¢)

The calculation results will be presented in the sequence of the systems listed above.

In some of the case, only two calculations were involved instead of four, due to the

validility of vapour pressure data, In these situations, the calculation was carried out by

optimizing vapor pressure, P, or both P and excess enthalpy, HE.

It needs to be mentioned that, in this study, the PT equation was applied only to

system #8 due to the lack of information in equation parameters and that the use of the

W-$ mixing rule was restricted to the PR and PRSV equations with the available

expressions given by Wong and Sandler (1992).
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Svstem 1. Carbon tetrachloride + n-heptane

Table E-1 System 1 with the SW equation of state

= Mmegrles | P | Pty | PH [ pry+H® |
Ap% 0.66 0.65 473 1.92
Conventional Ayx100 0.39 0.37 0.75 0.11
AH'% 71.71 69.92 274 47.04
Ap% 0.63 0.63 4.67 1.89
AS Ayx100 0.38 0.35 0.74 0.04
AH'% 71.71 69.50 2.97 47.15
Ap% 0.60 0.42 479 1.80
$-G-R Ayx 100 1.45 0.25 0.77 0.03
AH% 63.12 reN ] 1.94 48.74
Ap% 3.24 3.95 4.76 1.84
s-V2 Ayx100 6.30 1.39 0.78 0.03
AH'% 60.81 9.79 2.13 47.94
Table E-2 System 1 with the SRK equatioh of state
Mixing rules — p | pP+y | PR pey+H |
Ap% 0.36 0.36 1.73 1.10
Conventional Ay x100 0.28 0.26 0.67 0.11
AHE% 26.64 29.97 1.25 40.75
Ap% 0.36 0.36 1.72 1.14
A-S Ayx100 0.27 0.24 0.66 0.05
AH'% 26.62 27.91 1.28 41.10
2p% 0.33 0.33 1.75 1.31
S-GR AyX100 0.28 0.27 0.68 0.04
AHE% 26.78 27.39 1.23 44.23
2Ap% 032 0.36 1.7 1.17
s-V2 Ayx100 0.85 025 0.65 0.05
AH'% 32.08 27.78 1.28 41.69
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Table E-3 System 1 with the PR equation of state

e

Table E-4 System 1 with the PRSV equation of state

Mixing rules P P+y [ p+H® P+y-+H?
Ap% 1.35 1.36 6.77 4.15
Conventional Ayx 100 0.79 0.77 0.67 0.07
AH'% 89.10 87.89 4.02 42.22
Ap% 135 1.36 6.73 4.13
AS Ay X100 0.80 0.74 0.67 0.03
AH'% 88.83 85.79 4.27 42.37
Ap% 1.17 0.98 6.84 4.02
5-G-R Ay X100 0.73 0.66 0.74 0.04
AHF% 91.45 92.42 3.20 44.16
Ap% 1.36 1.32 6.69 4.12
s-v2 AyXx 100 0.86 0.79 0.61 0.03
AH*% 91.92 87.83 43.1 42.62
Ap%e 1.36 - 1.14 -
WS1 Ay X100 0.84 - 0.63 -
AH'% 93.79 - 1.98 -
2p% 1.29 - 1.34 .
ws2 Ayx 100 0.79 - 0.83 -
AH'% 36.99 - 1.06 -
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Mixing rules P P+y P+H® P+y+H*
Ap% 0.12 0.12 2.69 0.12
Conventional Ayx 100 0.07 0.07 0.70 0.08
AH'% 42,64 42.84 0.82 41.99
Ap% 0.10 0.10 2.66 0.10
A-S Ayx100 0.04 0.04 0.69 0.04
AR% 42.95 42.85 2.00 42.20




(Continued)

T Mixing rules P Py P+HE P+y+H

Ap% 0.10 0.10 271 0.13

SGR Ayx100 0.05 0.05 0.75 0.04
ARESR 43.41 43.59 1.68 “@n

Ap% 0.10 0.09 2.65 0.09

SV2 Ayx 100 0.04 0.04 0.67 0.04
AHR% 42.99 42,96 2.01 42,50

ApS 0.09 0.09 0.29 0.26

W-S1 Ay X100 0.05 0.04 0.27 0.06
AH'% 104.30 85.00 1.66 22.96

Ap% 0.09 0.09 0.1% 0.11

W-s2 AyX100 0.05 0.04 0.13 0.03
AH'% 90.83 42.46 1.00 2.71

Svstem 2. Chloroform + n-hexane

Table E-5 System 2 with the SW equation of state

T Modagries | P | P4y | P+H P+y+H®

2p% 0.66 0.66 2.17 0.66

Conventional Ay %100 0N 0.71 0.97 0.71
AH'% 17.87 17.83 7.61 17.33

Ap% 0.17 0.18 2.00 0.43

A-S Ay X100 0.14 0.13 0.44 0.10
AH'% 16.14 15.89 1.83 13.72

Ap% 0.24 0.32 2.15 0.22

5-G-R Ayx100 0.93 0.48 0.96 0.09
AH'% 25.46 21.36 5.58 15.87

Ap% 0.52 0.53 2.00 1.96

$-V2 AyX100 0.57 0.52 0.34 0.19
AH'% 14.44 13.34 2.37 3.84
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Table E-6 System 2 with the SRK equation of state

= Mngrules | P P+y = PrEE | Pry+H |
Ap% 0.77 0.74 0.82 2.12
Conventional Ayx100 0.91 0.87 0.94 0.66
AHE% 731 7.49 7.19 16.10
Ap% 0.45 0.45 0.49 1.88
AS Ayx 100 0.46 0.42 0.46 0.09
AH'% 1.55 1.73 1.33 12.72
Ap% 0.56 0.67 0.72 3.26
S-G-R Ay X100 1.52 0.86 0.94 037
AR% 10.94 6.18 5.33 27.28
Ap% 0.35 0.40 0.37 0.94
s-V2 AyX100 0.28 0.17 0.30 0.17
AH'% 1.65 2.03 1.52 4,56

Table E-7 System 2 with the PR equation of state

ey

T Mixngruless | P Pty P | P+y+E |
Ap% 0.92 0.91 3.68 1.28
Conventional Ay* 100 0.87 0.86 1.12 0.50
AH'% 27.33 26.76 7.43 20.50
Ap% 0.45 0.45 3.51 1.52
AS Ayx100 0.38 0.34 0.54 0.16
AH'% 25.39 24.70 2.53 16.72
Ap% 0.35 0.44 3.66 0.65
S-G-R Ayx100 0.79 0.46 1.14 - 0.40
AHE® 34.75 30.99 5.96 33.43
Ap% 087 | 0.89 3.48 3.05
S-V2: Ayx100 0.79 L 0.72 0.41 0.19
AHE% 24.31 22.65 2.29 6.12
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——————— T

Table E-8 System 2 with the PRSV equation of state

N S e
— Mixiog rules P P+y P+H P+y+H'
Ap% 0.76 0.74 1.61 1.29
Conventional AyX100 0.89 0.87 1.51 0.80
AH'% 11.93 12.75 7.24 20.25
Ap% 0.22 0.21 1.34 0.99
AS Ay X100 0.24 0.23 0.58 0.16
AH% 10.14 10.47 1.63 16.42
Ap% 0.39 0.47 1.47 2.64
S-G-R Ayx100 139 0.72 1.25 0.40
AHE% 20.34 15.29 6.50 33.15
&p% 0.34 0.33 5.10 0.82
s-V2 AyX100 0.28 0.25 1.31 0.19
AHER 26.87 26.89 4.78 23.30
Ap% 0.24 0.24 0.64 1.58
W-Ss1 Ayx 100 0.26 0.25 0.80 0.16
AHE% 76.17 69.96 3.69 37.03
Ap% 0.24 0.21 0.24 1.13
W-S2 Ayx100 0.25 0.11 0.24 0.15
AHP% 14.07 106.95 0.86 3.78
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l

ne + n-h n

Table E-9 System 3 with the SW equation of state

T Miograles | P | P+
Ap% 137 17.78

Conventional AyX100 - .
AH'R 172.79 25.52
Ap% 1.30 16.97

A-S Ayx100 - -
AH"% 172.95 20.38
Ap% 0.68 17.18

S-G-R Ayx100 - -
AHE% 176.11 22.27
Ap% 1.29 14.34

S-V2 Ay %100 - -
AHE% 102.43 22.62

Table E-10 System 3 with the SRK equation of state

Mixing rules P | P+E
Ap% 1.40 9.25

Conventional Ay X100 - -
AH% 105.20 16.14

Ap% 0.34 9.10

A-S Ay %100 - -
AK*% 105.20 15.03

Ap% 0.33 9.46

§-G-R Ayx100 - -
AHP% 105.00 14.63
Ap% 0.33 8.62

s-v2 Ayx100 - -
AH'% 76.18 21.38
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Table E-11 System 3 with the PR equation of state

T Mouogrles | P C p+H® |

Ap% 1.85 14.78

Conventional Ay > 100 - -
AHP® 138.24 21.83
Ap% 1.88 14.54

A-S Ayx100 - -
AH'® 138.23 21.63
Ap% 1.78 16.15

S-G-R Ayx100 - -
AH'% 137.16 9.42
Ap% 1.87 14.55

S-V2 AyX 100 - -
AH'% 138.29 21.80
2p% 1.69 3.99

W-S1 Ayx100 - -
AHE® 100.76 32.98
Ap% 1.19 2.67

W-S2 Ay %100 - -
A% 172.74 3.79

Table E-12 System 3 with the PRSV equation of state

T Mixograles | P " p+HE |
Ap% 2.35 8.18
Conventional Ayx 100 - -
AH'% 96.27 15.57
2p% 0.91 8.09
A-S Ay X% 1004y - -
AHP% 95.56 14.69
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(Continued)

Mixing rules P — p+H®
Ap% 0.75 8.16
S-G-R Ayx100 - -
AHE% 91.33 14.65
Ap% 1.08 7.55
S.V2 Ay %100 - -
AHE % 97.63 19.69
Ap% 0.6 435
W-S1 Ayx100 - -
AR 105.29 37.46
Ap% 0.31 4.25
W52 Ay %100 - -
AH' % 126.59 3.98

System 4. n-hexane + n-hexadecane

Table E-13 System 4 with the SW equation of state

Ap% 1.28 9.27
Conventional Ay %100 - -
AH'% 395.13 51.32
Ap% 0.15 9.09
A-S Ay X100 - -
AH'% 332.90 64.31
Ap% 0.13 9.08
S-GR Ayx100 - -
AH'% 328.29 44.66
Ap% 0.16 9.53
5-v2 Ayx100 - -
AH'% 187.03 47.13
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Table E-14 System 4 with the SRK equation of state

Mixing rules P _mn_j

Ap% 1.87 331

Conventional Ayx100 - -
AH% 120.89 35.25

Ap% 0.64 3.26

A-S Ayx 100 - -
AH'% 81.84 37.20

Ap% 0.45 3.46

$-G-R Ayx100 - -
AR 128.73 19.73
Ap% 0.94 4.10

s-v2 Ayx 100 - -
AH'% 72.74 34.47

Table E-15 System 4 with the PR equation of state

Mixing rules [~ p | P+HE |
Ap% 0.92 482

Conventional Ay x 100 - -
ARE% 199.37 36.47
24p% 0.12 4.69

A-S Ayx100 - -
AR % 157.44 44.29
Ap% 0.11 4.83

S-G-R Ay x 100 - -
AHF% 159.75 36.55
Ap% 0.12 4.96

s-v2 Ay %100 - -
AHES 111.37 44.29




Table E-16 System 4 with the PRSV equation of state

Mixing rules P Ti-‘__l-l?—‘-__’
Ap% 1.65 3.91
Conventional Ayx 100 - -
AH'% 147.68 36.22
2p% 0.52 3.78
AS Ayx 100 . -
AH' % 92.47 41.74
Ap% 0.39 3.96
$-G-R Ay X100 - -
AH'% 122.17 33.98
Ap% 0.72 3.62
s-V2 Ayx100 - -
AH*% §3.12 44.48
2p% 0.66 424
W-S1 Ayx100 - -
AH'S 164.36 104.58
Ap% 0.76 5.03
W82 Ayx100 - -
AH'% 201.23 6.56__ ||
Svstern 5. Benzene + cyclohexane

Table E-17 System 5 with the SW equation of state

e

T Mixngrues | P ey | PrEE | Pry+HS |
Ap% 0.86 0.86 6.53 2.15
Conventional Ayx100 0.53 0.51 1.64 0.18
2H'% 47.64 47.21 2.42 35.89
Ap% 0.83 0.84 6.53 2.18
AS  Ayx100 0.63 0.52 1.61 0.13
AH'% 48.71 47.04 224 35.53
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(Continued)

Wﬁﬂ P+Ht | Piy+H' |
Ap% 0.69 0.62 6.38 1.97
$-G-R Ayx 100 0.46 0.30 1.59 0.11
AT 48.75 48.29 3.4 37.25
Ap% 0.88 0.84 12.8% 2.32
§-v2 Ayx 100 0.62 0.52 3.86 0.13
AHES 66.00 64.90 _ 652 | 5655

Table E-18 System 5 with the SRK equation of state

W_TTW—W
Ap% 0.24 0.25 a3l 0.48
Conventional Ayx100 0.23 0.21 1.80 0.17
AHE% 34.03 34.57 .72 37.46
Ap% 0.09 0.12 4.31 0.45
A-S Ayx100 0.19 0.16 1.76 0.12
AR'% 33.83 34.37 1.51 37.12
Ap% 1.09 0.12 4.25 0.64
S-G-R Ayx100 1.04 0.09 1.79 0.11
AH"% 25.67 33.55 2.13 38.64
Ap% 0.10 0.12 4.28 0.21
s-v2 Ayx100 0.19 0.15 1.75 0.12
AHE% 33.85 34.36 1.71 35.08___||

Table E-19 System 5 with the PR equation of state

Mixing rules P . P+y WI‘
Ap% 1.80 1.78 9.88 4.72
Conveantional Ayx100 1.24 1.09 1.89 0.25
AH'% 66.20 62.80 3.7 39.77
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(Continued)

Mixing rules — b P+y P+H® P+y+H*
Ap% 1.7% 1.75 9.89 4.77
AS Ay X100 1.31 1.14 1.85 0.17
AH'® 62.94 63.44 352 39.31
Ap% 137 1.35 10.01 4.12
S-GR Ay X100 0.82 0.74 2.01 0.03
AHP% 66.68 65.60 2.73 43.91
Ap% 1.82 1.76 9.82 4.90
S-V2 AyX100 1.32 1.12 1.83 0.17
AHR% 66.94 63.47 3.99 38.30
Ap%® 1.59 - 1.22 -
W-S1 Ayx100 1.07 - 1.10 -
AH'% 60.28 - 2.43 -
Ap%® 1.7 - 1.75 -
W-S2 Ay X100 1.17 - 1.25 -
AH'% 44.26 - 0.72 -

e . e

Table E-20 System 5 with the PRSV equation of state

e ————

Mixing rules ’T_F__TF_THT‘W
Ap% 0.72 0.70 3.13 2.30
Conventional Ayx100 Q.75 0.65 1.88 0.14
AH'% 23.29 25.36 1.31 38.13
Ap% 0.68 0.70 3.15 2.28
A-S Ayx 100 0.72 0.62 1.84 0.10
AHE% 23.18 25.19 0.99 37.86
Ap% 0.63 0.68 0.37 2.61
$-G-R Ayx100 1.05 0.61 1.88 0.03
AHP% 23.70 24.92 1.67 40.43
4p% 0.68 0.70 3.10 2.14
s-v2 Ayx100 0.72 0.62 1.82 0.10
AH'% 23.15 25.20 1.29 36.72

267



(Continued)

Mixing rules ~ P Pty PR | Pry+H |
2p% 0.68 0.68 1.56 2.58
W-s1 Ayx100 0.72 0.63 1.63 0.15
AH*% 77.28 76.00 2.47 56.35
Ap% 0.41 0.49 0.66 2.28
W-s2 Ayx 100 0.46 0.44 0.68 0.10
AR'% 15.57 8.25 0.58 1.34

System 6. Benzene + n-heptane

Table E-21 System 6 with the SW equation of state

e
el | P | PH |
Ap% 1.89 5.62
Conventional Ayx 100 - -
AHES 34.21 2.07
Ap% 0.82 5.47
AS Ayx100 - -
AH®% 2737 2.27
Ap% 1.07 5.64
S-G-R Ayx100 - -
AH*% 83.31 1.43
Ap% 1.62 5.39
s-v2 Ay X100 - -
AH'% 25.97 2.61
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Table E-22 System 6 with the SRK equation of state

Mixing rules P P+H

Ap% 1.01 2.78

Conventional Ayx100 - -
AH*% 16.98 0.82

Ap% 0.50 2.74

A-S Ayx100 - -
AH'% 13.06 1.12

Ap% 0.76 2.89

$-G-R Ayx100 - .
AH'% 17.25 0.41

2p% 0.33 271

s-v2 Ayx100 - -
AH'% 15.20 1.21
Table E-23 System 6 with the PR equation of state

= Mogrles | P P+HE |

Ap% 2.87 8.48

Conventional Ayx100 - -
AH'% 47.38 3.2
Ap% 1.57 8.28

AS Ay X100 - -
AH'% 38.53 3.45
Ap% 1.42 8.98

S-G-R Ayx100 - -
AH'% 67.45 0.60
Ap% 2.69 8.12

s-v2 Ayx100 - -
AH'% 38.42 4.11




Table E-24 System 6 with the PRSV equation of state

‘. Mixing rules P T_;En_—_

Ap% 0.58 1.82

Conventional Ayx 100 - -
AR'% 11.63 0.63
Ap% 0.55 1.82

A-S Ayx 100 - -
AH'® 9.57 0.63
Ap% 0.62 1.78

$-G-R Ayx 100 - -
AH'% 11.59 0.79
2p% 0.51 1.79

s-v2 Ayx100 - -
AH% 8.98 0.77
Ap% 0.56 1.46

W-S1 Ayx100 - -
AH'% 71.75 2.09
Ap% 0.28 0.61

W-S2 Ay*100 - -
| aH'% 24.16 0.18
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System 7. Benzene + I-octene
Table E-25 System 7 with the SW equation of state

P+H?

Mixing rules P

Ap% 1.07 737

Conventional Ayx 106 - -
AR'% 55.78 4.29
Ap% 0.69 7.29

A-S Ay X100 - -
AH'% 53.98 4.35
Lp% 0.44 7.80

5-G-R Ay X100 - -
AHY% 5§9.20 1.63
Ap% 0.58 7.20

s-V2 Ayx100 - .
AR 55.74 4.60

Table E-26 System 7 with the SRK equation of state

T Mixingrules | P  p+HE |

2p% 0.93 4.36

Conventional Ayx100 - -
AR'®% 31.14 2.81
Ap% 0.91 439

A-S Ayx100 - -
AH'% 30.43 2.69
Ap% 0.95 4.42

S-G-R Ayx100 - .
AHE% 30.90 2.08
ap% 0.76 4.37

s-V2 Ayx100 - -
AH'% 40.64 2.81
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Table E-27 System 7 waih the PR equation of state

Mixing rules P P+H' |

Ap% 1.64 9.21

Conventional Ayx 100 - -
AH*% 62.04 5.50

Ap% 1.28 9.17

A-S Ayx100 - -
AK'% 61.26 5.52

2p% 0.56 9.34

$-G-R Ay X100 - .
AH'% 70.65 4.41

Ap% 0.96 9.08

S-v2 Ay 100 - -
I AKE% 66.82 5.90

Table E-28 System 7 with the PRSV equation of state

e

Ap% 5.26 7.58

Conventional Ayx 100 - -
AH* % 37.65 3.50

Ap% 3.64 7.62

AS AyX100 . -
AH*% 44.41 3.52

Ap% 3.52 7.54

S-G-R Ayx100 - -
AR'% 49.69 3.14

Ap% 3.60 7.89

s-vV2 Ay X100 - -
AH'% 61.90 1.79
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(Continued)

Mgl | P | PrE |
Ap% 3.58 5.51
W.S1 Ayx100 - -
AH'% 36.73 6.12
Ap% 3.58 5.68
W-S2 Ay X100 - -
‘ AH'% 162.47 1.26

System 8. n-hexane + ethanol

Table E-29 System 8 with the SW equation of state

e

— Modngrules | P Pty P+HE | Piy+H'
Ap% 10.98 11.20 38.15 11.82
Conventional Ayx100 6.25 6.21 16.50 6.18
LHE% 525.39 517.60 34.95 501.75
Ap% 2.41 2.44 36.99 2.70
AS Ayx100 1.84 1.82 15.70 1.80
AHE% 553.07 552.37 7.92 540.19
Ap% 1.11 1.19 36.53 1.49
S-G-R Ayx100 1.67 1.63 16.72 1.53
AH'% 561.56 562.89 4.74 565.36
Ap% 12.24 12.36 37.12 13.27
s-V2 Ayx100 5.06 5.00 15.40 4.71
AH'% 432.57 432.61 9.96 432.54
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Table E-30 System 8 with the SRK equation of state

M Momgrles | P | Pty [ P+HE | PHy+H

Ap% 12.46 12.59 38,75 14.62

Conventional Ayx100 4.78 4.78 14.22 4.65
AH'% 476.50 47278 24.61 418.74

Ap% 3.78 3.88 37.77 9.07

AS Ayx 100 2.28 1.94 13.96 0.98
AH*% 515.21 507.31 9.13 452.91

Ap% 0.96 1.29 37.89 7.06

$-G-R Ayx100 1.62 1.44 14.50 0.38
AH®% 524.91 522.02 4.46 473.80

Ap% 3.85 3.88 37.86 7.18

s-v2 Ayx100 3.18 1.86 13.73 2.06
aH'® | 53281 | 551.55 10.49 499.17

Table E-31 System 8 with the PT equation of state

.—___.._——-——-—____._——-———-———_

T Mwiograles | P | P4y ~ p+HE | Pay+HE |

Ap% 10.52 10.61 36.46 11.96

Conventional Ayx 100 5.04 5.03 14.47 4.95
AH'% 441.53 439.13 25.13 406.37

2p% 2.51 2.56 35.41 4.69

AS Ayx 100 1.45 1.38 14.06 1.14
AH'% 473.49 469.79 9.19 441.15

Ap% 0.34 0.39 35.73 2.79

$-G-R 2y%100 0.47 0.42 14.73 0.30
AH'% 481.52 480.72 3.30 461.30

2p% 3.13 3.16 35.52 4.06

s-v2 Ayx100 3.14 2.42 13.81 1.9%
' AH'% 488.50 489.27 10.71 491.15
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Table E-32 System 8 with the PR equation of state

— Muwngrales | P | P4y P+H® P+y+H"
Ap% 10.17 10.20 35.85 11.23
Conventional Ayx100 531 5.30 14.62 §.24

AH'% 434.67 432.61 2472 408.33
ap% 2,46 2.49 34.85 3.17

AS Ayx100 1.45 1.44 14.07 1.37
AREG 463.99 462.36 9.16 443.43
Ap% 0.57 0.62 34.98 1.17

S-GR Ayx 100 0.66 0.64 14.64 0.68
AH'% 471.91 472.24 4.69 465.85
2p% 2.99 2.94 34.96 3.49

S-V2 Ayx100 3.07 2.57 13.82 1.85
AH'% 478.98 481.35 10.77 504.38
Ap% 1.31 - 1.84 -

w-s1 Ayx100 0.81 - 0.95 -
AH'% 34.36 - 7.84 -
Ap% 0.54 . " 1.41 -

W-s2 Ayx100 0.55 - 0.70 -
AH'% 124.89 - 2.49 -

Table E-33 System 8 with the PRSV equation of state
Mixing rules P P+y P+H® —m
ap% 10.42 10.48 35.90 11.85
Conventional Ayx 100 5.20 5.19 14.29 5.11

AH'% 431.67 430.10 24.80 397.11
Ap% 2.36 2.40 34.90 4.30

AS Ayx100 1.52 1.48 13.77 1.26
AH'% 464.71 461.94 9.22 432.96
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(Continued)

System 9. Ethanol + cyclohexane

Table E-34 System 9 with the SW equation of state

Mixing rules P P+y P+H® P+y+H"

. Ap% 0.09 0.18 35.23 2.50

S-G-R Ay X100 0.42 0.39 14.25 0.46
AH'S% 473.35 472.67 3.25 453.84

Ap% 2.80 2.77 35.00 3.27

$-V2 Ay X100 3.10 2.45 13.51 1.88
AH'% 480.92 481.2% 10.85 488.43

Ap% 1.03 1.09 1.70 1.66

W-S1 Ayx 100 0.88 0.58 1.05 0.50
AH*% 34,98 30.11 7.90 28.23

Ap% 0.08 0.22 1.17 112

W-§2 Ay X100 0.38 0.28 0.57 0.23
AH'% 156.62 71.55 3.05 31.03

P+HE P+y+H®
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Mixing ru1;s P P4y

Ap% 7.91 8.00 31.95 7.98

Conventional Ay %100 6.64 6.52 15.07 6.55
AHE% 313.60 306.35 37.82 308.00

Ap% 2.49 2.55 31.44 3.07

AS AyXx 100 2.17 2.08 14.30 1.81

AREG 328.88 330.60 11.72 338.10

Ap% 4.20 1.94 28.05 3.83

S-G-R Ay X100 9.41 1.64 11.73 1.45
AH'% 365.13 338.99 33.62 357.82

Ap% 2.34 2.39 31.75 4.50

s-V2 Ay X100 1.95 1.75 13.74 1.34
AH'% 343.71 l 347.13 17.99 366.72




Table E-35 System 9 with the SRK equation of state

Mixing rules P P+y P+HE P+y+H"
Ap% 8.11 8.21 32.56 9.95
Conventional Ayx 100 534 5.26 13.09 4.79
AH'% 291.43 286.26 26.78 257.83
Ap% 2.07 2.15 32.08 5.15
A-S Ay 100 2.15 1.94 12.86 1.62
AHRS 314.94 309.55 13.37 284.97
Ap% 3.69 1.28 28.01 8.25
S-GR Ay% 100 8.93 1.07 10.96 2.99
AH'®% 379.55 319.34 26.33 245.72
Ap% 1.28 1.29 32,43 4.18
s-V2 Ayx100 1.21 1.08 12.46 0.46
AH'% 322.41 319.72 18.12 | 300.08
Table E-36 System 9 with the PR equation of state
| Mixing rules P P+y ==p+1~1"- P+y+H"
Ap% 6.60 6.85 29.50 7.06
Conventional Ayx100 5.74 5.36 13.18 5.26
AHE% 274.68 252.21 26.85 246.55
Ap% 2.20 2.28 29.07 2.45
AS Ayx 100 1.76 1.76 12.74 1.76
AR 270.95 270.65 13.71 271.95
2p% 1.29 1.25 29.19 2.30
$-G-R Ay% 100 0.75 0.76 13.59 0.33
AH'% "278.15 278.50 2.98 288.94
Ap% 1.26 1.33 29.41 2.14
s-v2 Ayx 100 0.73 0.70 12.43 0.34
2H'% 278.72 279.75 18.35 286.93
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Table E-37 System 9 with the PRSV equation of state

e —

 Mixiogrles | P | P4y — p+HF | Pry+H |
Ap% 7.23 7.48 30.72 8.79
Conveational Ayx100 6.39 5.79 12.99 5.45
AH'S 298.74 261.58 26.94 241.27
Ap% 1.75 1.70 30.32 3.41
AS Ayx100 191 1.87 1239 1.81
AH'% 287.08 283.49 13.49 266.53
Ap% 0.77 436 26.57 9.22
$-GR Ay X100 0.99 6.29 10.54 5.33
AH'% 292.87 307.10 26.44 234.49
Ap% 0.85 0.82 30.68 232
$-V2 Ay X100 0.75 0.67 12.29 0.69
AH'S% 264.76 293.65 18.57 283.01
Ap% 1.32 1.27 1.80 1.51
W-s1 Ayx 100 1.54 0.79 1.81 0.77
AH'% 21.46 47.99 11.62 46.91
Ap% 0.76 1.00 2.80 1.32
W2 Ayx100 0.96 0.44 1.97 0.41
AH'% $0.11 29.08 1.34 12.17
Svsten 10. Ethanol + 2,2.4-trimethylpentane
Table E-38 System 10 with the SW equation of state
T Mixogrules | P Pty | P+H® Pry+H
Ap% 14.72 14.72 34.68 14.72
Conventional Ayx100 9.24 9.24 21.79 9.39
' AH'% 490.23 490.54 47.20 503.74




(Continued)

Mixing rules P P+y P+H! P+y+H"
Ap% 3.19 3.24 34.47 4.95
AS Ayx100 3.42 3.34 20.93 3.05
AH'% 547.23 550.78 14.61 567.70
Ap% 10.06 11.02 - 14.72
$-G-R Ayx100 10.75 9.13 - 9.39
AHE® 556.69 597.58 - 504.01
Ap% 9.64 9.83 34.61 15.01
s-V2 Ayx100 7.47 7.22 20.85 $.30
AH'% 502,67 503.65 17.44 594.45
Table E-39 System 10 with the SRK equation of state
Mixing rules P P+y P+H" :_P+y+l-l"
Ap% 14.91 15.02 38.12 15.99
Conventional Ayx100 9.07 8.91 20.82 8.33
2H'% 473.43 467.86 34.73 430.29
Ap% 4.15 3.95 37.89 6.24
AS Ayx100 3.57 3.35 20.44 2.72
AR'% 539.41 532.63 17.91 5G1.53
Ap% 10.06 9.33 36.88 16.89
S-G-R Ay=100 8.40 6.65 18.34 8.32
AH'% 595.07 561.43 49.82 407.64
Ap% 10.37 11.13 37.99 13.73
s-vz Ayx100 12.28 7.14 20.33 7.60
AH'% 567.35 541.51 19.27 474.92
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Table E-40 System 10 with the PR equation of state

Mixing rules p P+y P+H" [ P+y+H |
Ap% 13.08 13.10 33.77 13.10
Conventional Ayx 100 8.47 8.33 20.65 8.33
AH % 421.51 409.42 34.83 409.42
Ap% 3.52 3.56 33.54 3.77
AS Ayx100 3.15 2.99 20.01 2.90
AH'% 464.20 468.95 17.93 477.26
Ap% 8.98 9.76 33.05 1.81
S-G-R Ayx100 9.13 8.20 20.80 0.61
AHEG 542.62 517.97 4,68 482.45
2p% 11.00 11.00 33.65 11.19
5-V2 Ay% 100 7.33 7.18 19.91 6.95
AH' % 476.46 482.94 19.38 505.57
Table E-41 System 10 with the PRSV equation of state
Mixing rules P P+y P+H" P+y+HE
2p% 13.25 13.25 34.51 13.68
Conventional Ayx 100 8.61 8.59 20.43 8.34
AR 423.82 422.18 34.92 401.33
Ap% 3.20 3.13 34.29 2.73
AS Ayx 100 3.25 3.11 19.77 2.86
AHER 474.48 474.83 17.91 467.80
Ap% 0.96 1.02 35.69 1.57
S-G-R Ay X100 0.57 0.52 18.56 0.59
AH'% 479.89 479.34 38.73 472.90
Ap% 9.43 10.22 34.40 10.34
$-V2 Ay %100 11.50 6.92 19.68 7.06
AH'® 505.50 516.04 19.40 453.98
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(Continued}

Mixing rules — P P+y P+H" P+y+H*
Ap% 0.86 0.87 2.02 .12
W-S1 Ay x 100 1.28 1.22 1.09 114
AH% 26.22 27.13 14.60 1.3
Ap% 0.35 0.46 1.55 0.92
W-§2 Ay X 100 0.65 0.51 1.21 0.46
AH'G | 7153 86.81 3.00 75.56

Evaluation remarks

It was found that the PRSV equation of state, with an additional adjustable parameter
characteristic of each pure component, provided a better simultaneous representation of
VLE and HE. Yet it is fair to say that all the equations investigated in this work
performed with a similar degree of reliability.

Comparing to EOS, mixing rules have a much stronger effect on simultancous
representation of VLE and HE, especially for the systems cont:aining' a polar component.
For example, for the system of n-hexane + ethanol, all the equations with respectively
the conventional, A-S, S-V2 mixing rules, and even three-parameter S-G-R mixing rule
were unable to produce reasonable resuits for simultaneous representation of VLE and
HE. The deviations of vapour pressure produced by these calculations were above 34 per
cent in all the cases. However, when W-S1 and W-S2 mixing rules were employed
(with, for example, PR and PRSV equations of state), a dramatic improvement was
observed on not only vapor pressure, but HE as well. With the van Laar model, the W-
S1 mixing rule bought the deviations down to 1.70 per cent for vapour pressure and 7.90

per cent for HE, while with the NRTL model for the W-S2 mixing rule, the deviations
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were 1.17 per cent for vapor pressure and 3.05 per cent for HE  This is probably due
to the theoretical background of the mixing rule and the temperature function involved
in its parameter determination.

The following conclusions are reached for the simultaneous representation of VLE
and H*

1. Simple cubic equations of state are capable of performing the studied simultaneous
representation with a reasonable accuracy.

2. A better representation of vapor pressure at a given temperature by means of an
equation of state cannot guarantee a better fitting of HE, because the variation of the
equation parameters with temperature contributes a more important factor in the HE
calculations than in the VLE calculations.

3. Mixing rules have stronger effect on simultaneous representation of VLE and HE
than equations of state.

4. Tt has been proven that the Wong-Sandler mixing rule could be used for
simultaneous representation of VLE and HE values even for the systems containing a

strong polar component.

E-3 Computer programs used in simultaneous representation of VLE

and HE values by means of cubic equations of state

Some computer programs used in simultaneous representation of VLE and HE values
are presented in this section. They are the ones for PR and PRSV equations of state, for
Wong-Sandler mixing rule with the NRTL and van Laar activity coefficient models, and

for bubble point calculations.
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This program is used to calculate thermodynamic properties by

using Peng-Robinsen equation.
N = Number of components
T - Temperature K
P = Pressure Pa
X(N) - Composition mol
V + Volume m"3/mol
FUCN) - Fugacity coefficients
H - Enthalpy J/mol
$ = Entropy J/mol K
1P - IP =1 Gas phase
=2 Liquid phase
1EU ~ IFU =1 Calculate V and FU
=2 Calculate v, Haond S

LLL L L L L LA L

& & % & &

=3 Calculate C1,C2 AND €3 ONLY FOR CRITICAL POINT

SUBROUTINE EOSPR(N,T,P,X,V,FU,K,S,1P,1FU)

IMPLICIT REAL*S8(A-H,0-2)
DIMERSION X(N),FUCN),RX(3)

DIMENSION AP(203,BP(20),BP2¢20),5P3(20)

COMMON/CORST1/TCL20),PCC20),VCC20),M¢200,U¢20),WM¢20)

COMMON/ABE/AEI ¢20) ,BEI{20),BE21(20),BE31(20)
COMMON/ABT /DA (20),0B1(20),0B21¢20),0831(20)

COMMON/ABT1/ATI,BY1,8721,8T31
COMMON/X1J1/RK(3,20,20),10¢20)
COMMDN/VEOR/IVR
COMMON/LEQR/ILR

COMMON/LC/LC

COMMON/RT/R,TO

LC=1

IFCIFU.NE.2)LC=0
IFCIP.EQ.1)IVR=0
IFCIP.EQ.2)ILR=0

RT=R™T

DO 10 1=1,N

TR=T/TCCL)

OAL=0.45724

AL=0.37464+1.54226"W(1)-0.26992*W( 1 )**2

ALF=(1.0+AL*(1.0-DSCRT(TR))}**2
AP(1)=0AC*ALF*R™R*TCLIY**2/PC(I)
QBC=0.0778
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@B2C=-0BC*(1.0-DSART(2))
QB3C=-QBC* ¢ 1.0+DSERT(2))
BPC1)=QBC*R*TC(1)/PCLI)
BP2(1)a0B2C*R*TC(II/PCCL)
BP3¢I)=0B3C*R*TC(1/PCCL)
1FCLC.EQ.0)GOTO 10
DALF=2.0‘DSQRT(ALF)'(‘O.S‘AL‘TR'*('U.S)ITC(l))
DAI(l)=QkC'DALF‘R‘R'TC(l)"ZIPC(I)
DBI(1)=0.0
pB21¢1)=0.0
DE31¢1)=0.0
CONTINUE
CALL MIXTCN,X,T,P,AE,BE,BE2,BES,AP,BP,BP2,BP3)
AEQ=AE
AE=AE"P/(RT*RT)
BEO=BE
BE=BE*P/RT
BE2=BE2*P/RT
BE3=BE3*P/RY
C1=-(1.0+BE+BE2+EED)
CZ=AE*BEZ*BE3+BE‘BEZ*BE‘BE3*BE2‘BES
C3=- (AE*BE+BE2*BE3+BE*BE2*BE3)
IECIFU.EQ.3IRETURNK
CALL RTGUB(C1,CZ,C3,RX,HR,NG)
1F(NR.EQ.1)THEN

2G=R%{1)

2L=RX(1)

IFCIP.EQ.T)TVR=1
IF(IP.EQ.2)ILR=1
ELSE

IF(NG.NE.O)THEN

2G=RX(3)

ZL=RX(3)

ELSE

ZLERX(T)

2G=R%(3)

ENDIF
ENDIF
WRITE(*,*)'C3,C2,C3¢,C1,02,63
WRITE(™,*)'26,2L',26G,2L
1FCIP.EQ.1)2=206
1FCIP.EQ.2)2=ZL
IF(DABSCZ).LT.1.E-B)THEN
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v=0.0
}=0.0
$=0.0
Do 20 1a1,K
FUC1)=0.0
20 CONTINUE
RETURN
ENDIF
VEZ*R*T/P
BO 30 1=1,K
AEIC1)=AETC1)™P/(RR*T*T)
BE1C1)=BEICII*P/R/T
BE21(1)=BER1C1)*P/R/T
BE3IC1)=BEIICIY"P/R/T
30 CONTINUE
GOTO(100,200), 1FU
100  CONTINUE '
CALL FUGGEN(N,Z,AE,BE,BE2,BE3, FU)
RETURN
200 CONTINUE
ATI=T*ATIP/(R*R*T*T)
BTI=T*BTI*P/R/T
BT21=T"BT21*P/R/T
BI3I=T*BT3I"P/R/T
CALL HSGENCN,T,P.X,2,AE,BE,BE2,BE3,ATL,BT1,BT21,8T31,H,5)
RETURN
END
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* This program is used to calculate thermodynamic properties by
* yusing PRSV equation

4
¢

. *

4+ & % % £ % % 4 & % % &

Stryjek,R. Con. J. Chem. Eng. 64, 323¢1586)
Mothias, P.M. Ind.Eng.Chem.Process Des.Dev.1983,22,385-391)
N - Number of components
T - Temperature K
P - Pressure Pa
X{N) - Compesition mol
Vv = Volune m"3/mol
FUCN) - Fugacity coefficients
H - Enthalpy J/mol
$ - Entropy J/mol K
1P = IP =1 Gos phase
=2 Liquid phase

1FU - IFU =1 Caleulate ¥ and FU

=2 Calculate V, Hond §

=3 Calculate C1,C2 AND €3 ONLY FOR CRITICAL POINT

"
5
o

cC=--

SUBROUTINE EOSPRSV(N,T,P,X,V,FU,H,S, 1P, 1FU)
IMPLICIT REAL™8(A-H,0-2)

DIMENSION X(N),FUCNY,RX(3)

DIMENSION AP(20),BP(20),BP2(20),8P3(20)
COMMON/CONST 1/TC(20), PC¢203,VE(203,W(20),U(20),WM(20)
COMMON/ABE/AE] (203, BE1¢20), BE21 (20}, BE31(20)
COMMOR/ABT/DAI(203,DB1¢20),0B21¢20),bE31(20)
COMMON/ABT1/ATS ,BTI,BT21,BT31
COMMON/KIJ1/RK(3,20,20),10¢20)
COMMON/VEOR/TVR

COMMON/LEOR/ LR

COMMON/MPR/EP1(20) , EP2¢20)

COMMOR/LE/LE

COMMOR/RT/R, TO

LC=1

IFCIFU.NE.2)LC=0

1FCIP.EQ.1)1VR=0

1FCIP.EQ.2) ILR=0

RT=R*T

Do 16 1=1,N

TR=T/TC(T)

MATHIAS EXPRESSION
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C ===

QAC=0.45724
QBC=0.0778
ALE0.37464+1.54226"MI(1)-0. 26992 (1" 2
ALF=(1.0+AL*(1.0~DSORT(TRYII=EPICII*(1.0-TR)*(0.7-TRI)""2
DALF=2,0%*DSARTCALFY*(~0. S*AL*TR**(-0.5)/TC{1 )+
1 EP1CI Y™ (0. 7-TRY*(1.0-TRI)/TC(1))
STRYJEK-VERA EXPRESSION
QAC=0.457235
QBC=0.077796
AKD=0.378893+1.4897153°WC 1 )+0. 17131848 WC 1 )**2+0. 0196554 W 1 )**3
AX=AKD+EPTC1)*¢1.0+DSQRT(TR)I*¢0.7-TR)
ALF=(1.0+AK*(1.0-DSQRT(TR)))""2
DAK=EP1CII™(0.5*TR**{~0.5)*(0.7~TR)~ 1. 0+DSARTCTR) II/TCCL )
DALF=2.0*DSQRTCALFY* (DAK*(1.0-DSART{TR) )+
1 AK*(~0.5*TR**{~0.5)/TCC1)))

C -ecssntaccamccenenn e

10

2]

AP(1)=QACTALF*R*R*TCCI Y™ 2/PC(L)
QB2C=-QBC*(1.0-DSART(2))
GB3C=~QBC*(1.0+DSORT(2))
BP(1)=0BC*R*TCCI)/PCCID
BP2C1)=0B2C*R*TCCI)/PCCI)
EP3(I)=CB3C*R*TC(I)/PC(I)
IF(LC.EQ.0)GOTO 10
DAI{I)=CAC*DALF*R*R¥TC(I)**2/PC(1)

DBI(¢1)=0.0

DB2I(13=0.0

0B31(1)=0.0

CONTINUE

CALL MIXT(N,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,BP3)

AEO=AE

AE=AE*P/(RT"RT)

BEQ=BE

BE=BE*P/RT

BE2=BE2*P/RT

BE3=BE3*P/RT

C1=-(1.0+BE+BE2+BE3)
C2=AE+BE2+BE3+BEBE2+BE*BE3+BE2"BES
=-(AE"BE+BEZ"BE3+BE*BES*BE3)
C1=-(1.0-BE)
C2=(AE-3.0%BE**2-2.0%BE)
C3=-(AE*BE-BE**2-BE**3)
IF¢IFU.EQ.3)RETURR
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20

30

100

oo on

CALL RTCUB(C1,C2,C3,RX,NR,NG)
IFCNR.EQ.TITHEN
2G=RX¢1)
2L=RX(1)
IFCIP.EQ.T)IVR=
1F(IP.EQ.2)ILR=1
ELSE
IFCNG.NE.O)THER
2G=RX(3)
2L=RX(3)
ELSE
ZL=RX(1)
2G=RX(3)
ENDIF
ENDIF
WRITE(*,*)'C1,Ce,C3',C1,02,C3
WRITE(™,")*26,2L',26G,2L
1FCIP.EQ.1)2=2C
1F(IP.EQ.2)2=2L
IF(DABS(2).LT.1.E~BITHEN
v=0.0
H=0.0
5=0.0
00 20 I=1,K
FU(1)=0.0
CONTINUE
RETURN
ENDIF
V=2*R*T/P

DO 30 1=1,M

AEICI)=AELCI)*P/(RR"T*T)

BEI(I)=BEICI)*P/R/T

BE2I¢1)=BE21(I)*P/R/T

BE3I(1)=BE3IC1)*P/R/T

CONTINUE

GOTO¢100,200), IFU

CONTINUE

Do 110 I=1,N
FU1=-DLOG(Z-BE)
FU2=BE1(1)/BE*(2-1.0)
FU3=0.5/DSORT(2.0)*AE/BE~( (AE1 (1)+AE) /AE-BEI(1)/BE)
FU4=DLOGE (Z+BE*(1.0-DSART(2.0)))/(Z+BE*(1.0+DSART(2.03)7)
FUC1)=DEXP(FUT+FU2+FU3*FUL)
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110 CONTINUE
CALL FUGGEN(N,2,AE,BE,BE2,BES,FU)
RETURN
200 CONTINUE
ATI=T*ATI*P/(R*R"T*T)
BTI=T*BTI*P/R/T
BT2I=T*BT2I*P/R/T
BT3I=T*BI3I*P/R/T
H1=2-1.0
R2=¢AT1-AE)/(2.0*DSART(2. 0)*BE)
H3=DLOGCLZ+2.414*BE) /(204 T4¥BE))
HERWT*(H1+H2*H3)
WRITE(®,")*RT,2,BE=",RT,2,BE
WRITEC®,*)'AE,ATI=1,AE,ATL
VRITEC*,*'H7,2,3=" RT*H1,RTH2,RT*H3
CALL MSGEM(N,T,P,X,Z,AE,BE,BE2,BE3,ATI,BTL,BT21,6731,H,8)
RETURN
END

oo 0aoo0on
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FUGMSL SUBROUTINE 1S USED TO CALCULATE THE FUGACITY OF MSL TYPE ¥
EQUATION  1=1/(2-B)-A/((Z-82)(2-83)) >

100

SUBROUTINE FUGGEN(N,Z,AE,BE,BEZ,BE3,FU}
IMPLICIT REAL*B(A-H,0-2)
DIMENSION FUCN)
COMMON/ABE/AET(20),BE1¢20),8E21(¢20),BE31(¢20}
IF(2-BE.LE.O.DO)THEN
WRITEC®,*)' 2<BE AT FUGGEN®
RETURN
ENDIF
DO 100 i=1,R
FU1=BE1(1)/(2-BE)-DLOG(Z-BE)
IF(DABS(BEZ~BE3).GT.1.D-8)THEN
FU2=AE/(BE2-BE3)™({BE2I¢1)~BE3I(1))/(BE2-BE3)~1.0-AEI (1)/AE)™"
1 DLOG{(Z-BE3)/(2-BE2))
FU3=-AE/(BE2-BE3)*(BE2I(1)/(2-BE2)-BE31(1)/(2~BE3))
ELSE
FU2=-(AE+AEI(1))/(2~BE2}
FU3=-AE*BERI(1)/(2-BE2)**2
ENDIF
IFCFUT+FU2+FU3.6T,140,0,0R. FUT+FUR+FUS.LT.~140.0) THEN
WRITEC®,*)* FU IS WRONG*
RETURN '
ENDIF
FUCLI=DEXP(FUT+FU2+FU3)
CONTINUE
RETURN
END

WA R WP R R A IR R R R A AR I T S R i T e

HSGEN SUBROUTINE IS USED TO CALCULATE THE ENTHALPY AKD ENTROPY *
OF GENERAL TYPE EQUATION  1=1/(2-B)-A/((2-B2)(2-B3)) -

AR AR R R A A A S I B ST T A i i A T R I R i R i e

SUBROUTINE HSGEN(N,T,P,X,Z,AE,BE,BE2,BES,ATI,BT!,BT2I,BT31,H,S)
IMPLICIT REAL*B(A-H,0-2)

DIMENSION X(K)

COMMON/RT/R, TO

RT=R*T

ACH=0.0

BCM=0.0

CCM=0.0
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c10

(2]

[ K 3 ]

20

1000

DCM=0.0
DO 10 1=1,N
ACM=ACM#XCII™ACCT)
BCH=8CM+X(1)*BCL1)
COM=COM+X( T Y*CC(1)
DCM=DCM+X(1)*DC(L)
CONTINUE
HOT2ACM* (T-TO)+BCM* (TH*2-TO™*2) /2+CEN* (T**3-TO**3)/3+
T DOM*(T**4~T0"*4) /4
HO1=0.0
DH1=-BTI/(2-BE)
DH2=AE/(BE2-BE3)"(BT21/(2-BE2)~-BT31/(2-BE3))
DH31=DLOG((Z-BE2}/(2-BE3))/(BE2-BED)I*(AE-AT])
CH32=DLOG((2-BE2)/(2-BE3))/(BE2-BE3)*AE*(BT21~RT31)/
1 (BE2-BE3)
DH3=DN31+DH32
DH&=2-1
WRITEC®,*)'K1,2=* , DH1*RT,DH2*RT
WRITEC™,*)*H3,4=" ,DH3*RT,DHSG*RT
H=HO{+RT*(DHR1+DH2+DH3+DH4)
SO=ACM*DLOGCT/TO)+BEM™(T-TO)+COM* {T**2-TO**2)/2+
1 DCH*(T**3-TO"*3)/3
$0=0.0
DS1=DLOG((Z-BE)/2)
DS2=-BT1/(Z-BE)
DS3=-ATI/(BE2-BE3)"DLOGC (2~BE2)/(Z-BE3))
DS41=AE*BT21/(BE2-BE3)
DS421=1.0/(2-BE2)
DS$422=1.0/(BE2-BE3)*DLOG((2-BE2)/(Z-BE3))
DS4=DS&1*(DS421+D5422)
DS51=AE*BT31/(BE3-BE2)
DS52=(1.0/(¢2-BE3}+
1 1.0/¢{BE3-BE2)*DLOG({(2-BE3)/(2-BE2))}
DS5=DS51*DS52
DS6=0.0
0O 20 I=1,N
IF(DABS(X(I)).LT.1.D-63G0TO 20
DS5=D56-XC1)*DLOG(XCI))
CONTIKUE
D57=-DLOG(P/2)
FORMAT(2X,A,3612.5)
S=S0+R* (DS 1+DS2+D53+D54+DS5+DS6+DST)
RETURN '
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MACT 1S A SUBROUTINE FOR CALCULATING EXCESS GIBBS FREE ENERGY

BY USING DIFFERENT ACTIVITY MOOELS
LA - CODE OF ACTIVITY MODEL

LA=1 VAN LAAR

22 NRTL

N - THE NUMBER OF COMPONENTS
X(N) - COMPOSITIONS OF COMPONENTS
T - TEMPERATURE K
GEXC -~ EXCESS GIBBS FREE ENERGY

DGEXC - DIFFERENTIAL OF EXCESS GIBBS FREE ENERGY d(nG)/dni

DGEXCT - DIFFERENTIAL OF EXCESS G1BBS FREE EMERGY WITH T

d¢G/RT) /LT
CONACT - ENERGY COEFFICIENTS

+ & % % £ % % % % % & #

10
c -~

20
(o

SUBROUTIKE MACT(M,X,T,GEXC,DGEXC,DGEXCY)

IMPLICIT REALE(A-K,0-2)

DIMENSION X(N),DGEXC(N)

COMMON/ACT/CONACT(S,10,10),LA

COMMON/RT/R, TO

RT=R*T

GEXc=0.0

Do 5 I=1,M

DGEXC{1)=0.0

CONTINUE

GOT0¢10,20),LA

CONTINUE

VAN LAAR MODEL{ONLY FOR BINARY SYSTEM)

CONACT - PARAMETERS
1,1,d=Ri]

GEXC=R*T*X(1)*X(2)*CONACT(1,1,2)"CONACT(1,2,1)/

1 (XC1I*CONACT(1,1,2)+X(2)*CONACT(1,2,1))

DGEXCC 1)=R*T"CONACT(T,1,2)* ((CONACT(1,2,1)*X(2))/

1 (CONACTC1,7,2)*X(1)+CONACTCT,2,1)"X(2)3)™"2

DGEXCC2Y=R*T*CONACT(1,2, 1) (CCONACT(Y,1,2)"X(1))/

1 (CONACT(T,1,2)"XC1)+CONACT(Y,2,1)7X(2)))"*2

RETURN

CONTINUE

NRTL MOOEL

CONACT - PARAMETERS
1,1,45ALE{ §
2,1,4=T0%]
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210

222

220

200

250

240

DO 200 l=1,N

6$1=0.0

652:0.0

po 210 J=1,N

TOJI=CONACT(2, 4, 1)/RT
GI1=DEXPL-CONACT(1,d, 19*CONACT(2,d, 1)/RT)
GS1EGS1+XCd)*TOIIGIL

£522GS2+X(J) Gl

CONTINUE

GEXC=GEXC*R*T*X¢1)*(6S1/G52)

DES=0.0

DO 220 J4=1,N

D651=0.0

DGS2=0.0

Do 222 K=1,N

GKJ=DEXP (~CONACTC1,K, JI"CONACT(2,K, J)/RT)
DGS1=DGST+X(KI*CONACT(2, K, §) /RT*EKY
DGS2=DGS2+X(K)*CKJ

CONTINUE
G1J=DEXP(~CONACT(?T, T, JI*CONACT(2,1,4)/RT)
DGS=DGS+XCJ)*61J/DGS2"(CONACT(2, T, J)/RT-DGS1/DGS2)
CONTINUE

DGEXCC])=R"T*{GS1/GS2+DGS)

CONTINUE

DGEXCT=0.0

DO 240 1=1,N

6510.0

652=0.0

D6S1T=0.0

DGS27=0.0

0O 250 J=1,N

TOJI=CONACT(2,4,1)/RT
GJI=DEXP¢-CONACTLT,d, 1I*CONACT(2,d, 13/RT)
GS1=GST+XCI)*TOI*GIT

GS2=652+X¢J)*Gd1
DTOJ1T=-CONACT(2,d,13/(R*T**2)
DGIIT=GJI*(-CONACTCT,J, 1)*DTOJIT)
DGS1T=DGSIT+XCI)*(DTCIIT*GII+DCIIT*TOSI)
DES2T=DGS2T+XCJI*DGSIT

CONT INUE
DEEXCT=DGEXCT+XC [ )*(DESIT*GS2-DES2T*ES1) /65272
CONT INUE

RETURN

END
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- CONVENTIONAL MIXING RULE -
ADACRI-SUGIE MIXING RULE hd
S. G. R. MIXING RULE bt
STRYJEK-VERA MIXING RULE 1: MARGULES-TYPE -
L
-

STRYJEK-VERA MIXING RULE 2: VAN LAAR-TYPE
WONG-SANDLER MIXING RULE

* % & % * ®
[+ ST, B LR VO V]
L}

SUBROUTINE MIXT(N,X,T,P,AE,BE,BE2,BE3,AP,BF,BP2,BP3)
IMPLICIT REAL*B(A-K,0-2)
DIMENSION X(K),APCN),BPCNY,BP2(N},BP3(N)
COMMON/MIX/LMIX
coto¢1,2,3,4,5.6,7,8), LMIX

1 CONTINUE
CALL MIXC(N,X,T,P,AE,BE,BEZ2,BE3,AP,8P,BP2,BP3)
RETURN

2 CONTINUE
CALL MIXASCN,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,BP3)
RETURN

3 CONT INUE
CALL MIXSGR(N,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,BP3)
RETURN

4 CONTIHUE
CALL MIXSVI(N,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,EP3)
RETURN

5 CONTINUE
CALL MIXSV2(N,X,T,P,AE,BE,BEZ,8E3,AP,BP,BP2,BP3)
RETURN

6 CALL MIXWSCN,X,T,P,AE,BE,BE2,BES,AP,BP,BP2,BP3)
RETURN
END

= MIXC SUBROUTINE IS USED TO CALCULATE MIXTURE PARAMETERS BY USING ¥
* CONVENTIONAL MIXING RULE »
- ATJ=CAIYAJY "0.5(1-KALS) *
* BIJ=(BI+BJ)/2 *
- Azsum. X1*XJ*Ald bl
- B=sum, XI*XJ*BLJ w
m“*"wt'tt*ttﬁmtmﬂi"ﬂtiwtﬂtﬂmttﬂ“'“mttmttﬂm

SUBROUTINE MIXC(N,X,T,P,AE,BE,BE2,BE3,AP,B2,BP2,BP3)

IMPLICIT REAL*B(A-H,0-2)

DIMENSION X(N),AP(N),BP(N),BP2(N},BP3(N)
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10

20

100

110

COMMDON/CONST1/TC(20),PC(20),VE(20),W(20),U(20),WH(20)

COMMON/K1J1/RK(3,20,20),10¢20)
COMMON/ABT/DAI(2),D81¢2),DB21(2),DB31(2)
COMNON/ABT1/AT1,BT!,B721,B731
COMMON/ABE/AE1 (20 ,BEI(20), BE1¢20),BES1(20)
COMMON/LC/LC
COMMON/RT/R,TO
T=T

=p
DG 10 1=1,K
RK(1,1,1)=0.D0

CORTINUE
DO 20 I=1,K-1
DO 20 J=I+1,N
RKC1,4d, 1)=RK(1,1,9)

CORTINUE
AE=0.D0
BE=0.DO

BE2=0.D0

EE3=0.00
D0 100 1=1,N
AE1(1)=0.0

BEI(1)=0.0

BE2I(1)=BP2¢I)

BE3I(1)=BP3(1)
BE2=BE2+X(1)"BP2(I)
BE3=BE3+X(1)*BP3CI)

bo 100 J=1,N
ATJ=DSGRT(APCIJ*APCJII*(1.00-RK(1,1,40)
B1J4=(BP(1)+BP(J))/2.0
AEZAE+X(CII*X(JI*ALJ
BE=BE+X(1)*X(J)*BIJ
AEICI)=AELCI)#X(JI7ALS
BEI(1)=BEICI)+X(J)*B1J
CONTINUE
Do 110 I=1,N
AEI(1)=2.0%AEI(1)-AE
BEIC1)=2.0%BEI(1)-BE

CONTINUE
RETURN
END
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* THIS SUBROUTINE IS USED TO CALCULATE MIXTURE PARAMETERS BY USING *
* ADAGHI AND SUGIE MIXING RULE
*  ALJ=CAI®ASYT0.5(1-KIJ-LIJCRI-XJ))

-

L]

20
10

SUBROUTINE MIXAS(N,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,BP3)
IMPLICIT REAL*8(A-H,0-2)

DIMENSIOR X(N),AP(N),BP(N), BP2(N),BP3(N)
COMMON/CONST 1/TC(203,PLC20),VC(20),W(20),UC20), WM (20)
COMMON/X1J1/RK(3,20,20),1D¢20)
COMMON/ABT/DAI(2),DBI(2),0821¢2),0831(2)
COMMON/ABT1/ATI,BT1,B8T2],8BT31
COMMON/ABE/AE1¢20),BEI(20),BE21(20),BE31(20)
COMMON/LC/LC

COMMON/RT/R,TO

T=T

P=p

DO 30 1=1,N

RK¢1,1,1)=0.00

RK(2,1,13=0.00

11=l+1

IF¢I.EQ.N)GOTD 10

DO 20 J=1+1,K

RKC1,d,12=RKCT,1,0)

RK(2,4,1)=-RK(2,1,J)

CONTINUE

CONTINUE

AE=0.D0

BE=0.DO

BE2=0.00

BE3=0.D0

Do 100 I=1,N

BE=BE+X([)*BP(I)

BE2=BE2+X(1)"EP2(1)

BE3=BE3+X(I)*BP3(I)

D0 100 J=1,R

IF¢I.EQ.JITHER

AlJsAP(I)

ELSE
AlJ=DSQRT(APCE)*AP(J)I"(1.D0-RK(1,1,J)-RK(2,1,00*
1 (X=X N

ENDIF
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100

110

130

120

AE=AE+XCI)*XCJ)*AL)
CONTINUE

AE0=0.D0

pa 110 1=1,N

DO 110 J=1,N
AEOSAEO+X(1)*XCJ)*DSORT CAPC 1 *APCJIIVRK(2, 1, 9D (XC1)=XC4)
CONTINUE

AEO=AEO-AE

DO 120 I=1,N

BEI¢1)=BPC1)
BE21C1)=BP2C1)
BE31(1)=BP3(1)

AE1=0.D0

AE2=0.DD

Do 130 J=1,R
IFCI.EQ.J)THEN

ALJ=APCI)

ELSE
AIJ=DSORTCAPC1)®APCID)*¢1.D0-RKC1,1,J)-RK(2, 1, 40"
T €2.0"XCI)-XC)IN)

ENDIE

AET=AE1+XCI)*ALY

CONTINUE

AE1=AE1*2.00
AEIC1)=AET+AED

CONTINUE
1F(LC.EQ.DIRETURN
AT1=0.0

BT1=0.0

BT21=0.0

BT31=0.0

DO 140 I=1,M
BT21=BT21+X(1)*DB21(I)
BT31=BT31+X(})*DB3I(I)
DO 140 J=1,N
I1FCI.EQ.J)THEN

DAIJ=DAICI)

DBIJ=DBICI)

ELSE

ATJ=DSARTCAPCL)*APCJ))

DALJ=0.5%¢1.0-RKCT, I, J)-RKC2,1,4)*(XCII-XC4)) ) /A1S"
1 (APCJI*DAICII*APCII*DAICL))

DB1J=0.5*(DBICI)+0B1(J))
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ENDIF
ATI=ATI+X(II*X(J)*DAL
BTI=BTI+X(1)*XCJ)*DBIJ

140 CORTINUE

RETURN
END

provarmre s N R S L DL L Dl A D L Ll l s bl Ll bbb

* MIXSGR SUBROUTINE 1S USED TO CALCULATE MIXTURE PARAMETERS BY USING *

*

SGR MIXING RULE. KIJ AND L1J ARE INDEPENDENT OF TEMPERATURE
AlJ=CAI*ASY 0. 5CT-KIJ-LIJ(MIIXTI~MIIXJ I/ (NI IXT+MI X))

-

-

R R R W R B R R R AR R R W R R i AR R R R R R AR R R

20
10

SUBROUTINE MIXSGRCN,X,T,P,AE,BE,BE2,BE3 AP, BP BP2,BP3)

IMPLICIT REAL*B(A-H,0-2)

DIMENSION X(N),AP{N),BP(N),BP2(N},BP3(N}
COMMON/CONST1/TC(20),PCC20),VCC20),H(20),U(20),WM(20)
COMMON/KIJ1/RK(3,20,20),1D(20)
COMMON/ABT/DA1¢2),DB1(2),DB21¢2),DB31(2)
COMMON/ABT1/AT1,8T1,BT21,BT31
COMMON/ABE/AE1(20),BEL(20),BE21(20),BE31(20)

COMMON/RT/R,TO
COMMONR/LC/LC

T=T

p=p

Do 10 1=1,N
RK(1,1,1)=0.00
RK(2,1,1)=0.00
RK(3,1,1)=1.D0
11=1+1
1F(1.EQ.K)50T0 10
Do 20 J=I+1,M
RK(1,J,1)=RK(1,1,8)
RK(2,4,[3="RK(2,],$)
RK(3,4, E)=1.-RK(3,1,4)
CONTINUE

CONTINUE

AE=0.00

BE=0.D0

BE2=0.00

B8E3=0.00

Do 100 I=1,N
BE=BE+X(I)Y*EBP(1)
BE2=BE2+X{ 1)*BF2(1)
BE3=BE3+X(I)"BP3(1}
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100

110

130

120

DO 100 J=1,N
1FC1.EQ.J)THEN
AlJ=aP(1)
ELSE
A1J=DSORT(APCI)®APCI)I*(1.00-RK(1, 1, 43-RKC2, T, 0"
1 (RK(3,T,"XCII=RKC3, 4, 1I"XCIIIZCRKCS, T, XC1)+
2 RK(3,J, 1D*XCI%CXCII*XCHN
ENDIF
AE=AE+XC1)*X(JI3*ALS
CONTINUE
AE0=0.D0
DG 110 1=1,N
DO 110 J=1,N
AEO=AEQ+X(1 ) XCJY*DSORTCAPCIJ"APCI)3*(1.D0-RK(1,1,42)
CONTINUE
AEO=AEO-2.DO%AE
DO 120 I=1,N
BEI(1)=88(1)
BE21(1)=BP2(I)
BE31¢1)=BP3(1)
AE1=0.DO
AE2=0.D0
Do 130 J=1,K
16¢1.EQ. JITHEN
ALJ=AP(L)
AlJ1=0.D0
ELSE
AIJ=DSORT(APCII™APCS)I*¢1.D0-RK(1,T,4)-RK(2, I, )"
1 (RKC3,T,40™XC1-RK(3, 3, 1IXCIII/CRKES, 1, H™X(1)+
2 RK(3, 3, 1I*XCII=IXCII+XCL D)
ALIT=XC1)*XCJI)I™DSORTCAPC Y*APCS)I"RK(2, 1, I3 CCRKC3S, I, )X 1)
1 RK(3,d, 1™XCIII/CRKC3, T, 30"XCEI4RK(3, 3, 1D"KCII 2. *RK(3, 1, )"
2 RK(3,J, 1D"XCI)" (XCII+XCII)/ (RK(3, 1,0 37XCEIRK(3, J, 1D*X(3))**2)
ENDIF
AE1=AET+X(J)Y*ALS
AE2=AE2+A1J1
CONTINUE
AET=AE1*2.D0
AE2=AE2*2.D0
AEI(1)=AE1+AEO-AE2
CORTINUE
1F(LC.EQ.0IRETURN
AT1=0.0
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140

BT1=0.0

8T2I=0.0

BT31=0.0
K(3,1,J)=CONSTANT

00 140 1=1,R
BTI=BTI+X(1)*DBI(I)
BT21=BT21+X(1)*DB2I(1)
BT3I=BY31+X(1)*DB3I(1)
DO 140 J=1,N
IFCI.EQ.J)THER
DAIJ=DAI(I)

ELSE
AlJEDSORT(APCI)"AP(Jd)}
RK3=(RK(3, I, $)"XCI)“RK(3,d, 1I*XCI) 3/CRKE3, I, 307X+

1 RK(3,9, 1Y"XCIN™(XCLI+X(II)

DALJ=0.5/A1J*CAPCII*DAI ([)+APCL)™BAI(I))¥

1 ¢1.D0-RK(CT,1,3)-RK(2,1,d)*RK3)

ENDIF
ATI=ATI+XCE)*X{J)"DALS
CONTINUE

RETURR

END

A I A T I IR R R AR R W S W At w e e e s e e O T T Y I i A R e

* TYHIS SUBROUTINE 1S USED TO CALCULATE MIXTURE PARAMETERS BY USING ™
*  STRYJEK AND VERA MIXING RULE 1: MARGULES-TYPE *

*

ALJ=(AI*AJ) 050 1-XI*KIS-XJ"KI1) *

WA TR RN TR WA R R R R W R A A e e W W

SUBROUTINE MIXSVICN,X,T,P,AE,BE,BE2,BE3,AP,BP,BP2,BP3)
IMPLICIT REAL"8(A-H,0-2)

DIMENSION XCN),APCNY,BPCN),BP2(N),BPS(N)

COMMON/CONST 1/TC(20),PC¢20),VC(20),W(20),U(20),WM¢20)
COMMON/ABT /DAL (2),DB1(2),0821(2),0831(2)

COMMON/ABT 1/ATI,BTI,BT21,BT31

COMMON/ABE/AE1(20) , BEI(20),BE21 (20),BE3I(20)
COMMON/KI J1/RK(3,20,20),1D(20)

COMMON/RT/R, T0

COMMON/LC/LC -

TeT

p=p

be 10 [=1,N

RK(1,1,1)=0.00

RK(2,1,13=0.D0

RK(3,1,1)%0.D0
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<0
10

100

120

110

11=141

IF(1.EQ.N)GOTC 10

DO 20 J=l+1,N
RK(1,J,1)=RK(2,1,4)
CONTINUE

CONTINUE

AE=0.DO

8E=0.D0

BE2=0.D0

BE3=0.D0

AE2=0.0

Do 100 1=1,N
BEIC1)=BP(1)
BE21¢1)=BP2(1)
BE3I(1)=BP3(1)
BE=BE+X(1)*BP(1)
BE2=BE2+X(1)*BP2(1)
BE3=BE3+X(1)*BP3(1)

DG 100 J=1,N

AIJ=DSORT (APCI Y=APCJI*(1.D0-RK(T, T, d3*XCI)-RKC,J, 1)*XC4))
ATJ2=DSORTCAPCI JTAPCI) INCXCII*RKCT, T, 04X CI*RKCT,J, 1))
AEZAE+XC1)*XCII*ALS
AE2SAE2+XCI)"XCJI*ALI2
CONTINUE

PO 110 I=1,N

AE1=0.0

DO 120 J=1,K
AlJ1=DSARTCAPCI)™APCJ))*(1.00-2.0%RKCT, I, JI*XCI)=RK(1,d,1)*
1 X3
AETZAET+XCII*ALST
CONTINUE

AET=AE1%2.00
AEICI)=AET+AE2-AE

CONT INUE
IF(LC.EQ.0IRETURN
AT1=0.0

BTI=0.0

BT21=0.0

8T31=0.0

DO 140 1=1,H
BT21=BT21+X(1)"DB21(1)
BT31=BT31+X(1)*DB3I(1)
DO 140 J=1,K
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140

IF(I.EQ.J)THER
DAIJ=DAIC])
bBIJ=DBI(1)
ELSE
AlJ=DSQRT{AP(1)™AP(J))
DAIJ=0.5"(1.D0-RKC(1,1,33"XC1)-RRC(T, 4, 1*XC4D)
T ZALINCAPCI)*DALCIX*APCI*DAICI))
bBIlJ20.5"(DBI(I)+DBICJI)
ENDIF
ATI=ATISX(1)*XCJ)*DALY
BYI=BTL+X(1)"X(J4)*DBIY
CONTINUE
RETURN
END

W AR W S i S U R T A W O T T T T I i e e e e W R A T ey

L

THIS SUBROUTINE IS USED TO CALCULATE MIXTURE PARAMETERS BY USING *
STRYJEK AND VERA MIXING RULE 2: VAN LAAR-TYPE -

ALJ=CAIYAS) T0.5¢1-KIJ"KI1/CXIKIJ+XI"KIT)) *

20
10

SUBRQUTINE MIXSV2(N,X,T,P,AE,BE,BE2,BES,AP,BP,BP2,EP3)
IMPLICIT REAL™B(A+H,0-2)

DIMENSION X(KY,APCNY,BPCN),BR2CKY,BPICN)
COMMON/CONST1/7C(20), PEC20), VCC20),W(20),L¢20), WM(20)
COMMON/ABT/DAI(2),DB1(2),0821(2),0831¢(2)
COMMON/ABT1/ATI,BTI,BT21,BT31
COMMON/ABE/AEI (20 ,BE1¢20),BE21¢20),BE31(20)
COMMON/K]J1/RK(3, 20,20, 1D¢20)
COMMON/RT/R, TO

COMMON/LC/LE

=7

p=p

DO 10 I=1,N

RKC1,1,19=0.00

RX(2,1,1)=0.00

RK(3,1,1)=0.00

1151+

1F(1.EQ.N)GOTO 10

DO 20 J=I+1,M

RK(1,d,1)=RK(2,1,4)

CONTINUE

CONTINUE

AE=0.D0

AE2=0.0
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BE=0.DO
BE2=0.D0
BE3=0.D0
DO 100 I=1,N
BEL(1)=BP(I)
BE2I(I)=BP2(1)
BE31¢1)=BP3¢1)
BE=BE+X(1)*BP(1)
BER2=BE2+X(1)*BP2(1)
BE3=BE3+X(1)*BP3(1)
DO 100 J=1,N
1FCI.EQ.JITHEX
AlJ=aP(l)
AlJ2=0.000
ELSE
AIJ=DSURTCAPCI)YAPCI)I™C1.DO-RX(1, I, J)*RK(1,J, 1)/
T OCXCII*RKCY, 1, 2)+XCI)*RKCT, I, 100D
AIJ2=DSORTCAPCIY*APCJIYI*(RKCT, §,d)"RKL, 3, 1Y/ CXCTI™RKCT, 1,00+
1 XCIY*RKCT,J, 1IN
ENDIF
RE=AE+XCII*X{JI"ALS
AE2=RE2+X(1)*XCJ)*ALJ2
100  CONTINUE
DO 110 t=1,N
AE1=0.0
AE3=0.0
DO 120 J=1,N
1F¢1.EQ.J)THEN
ALJ=AP(I)
A143=0.0
ELSE
AlJ=DSORT(APCL)™APCS)I*C1.DO-RK(T,1,J)"RK(T,d,1)/
1 (XCII™RK(T,1,39+XCI*RK(C1,J, 1))
AIJI=DSORTCAPLIY*APCJ)I™CRK(T, 1, J)**2*RK(T, 4, 1)/ CXCI)"RRCY, I, 0+
1 XCII"RKC1,d,12)*"2)
ENDIF
AE1=AET+X(J)*AL)
AE3=AEZ+X(1)™X(JI"ALI3

120  CONTINUE
AEI(1)=2.0%AE1-AE2+2.0"AE3-AE
110  CONTINUE
IF(LC.EQ.Q)RETURN
AT1=0.0
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140

BT1=0.0
BT21=0.0
BT31=N.0
D0 140 I=1,N
BY21=BT21+X(1)*DB2ICI)
BT31=BT3I+X(1)*DB3I(I)
00 140 J=1,R
IF(1.EQ.J)THER
DAlJ=DALICI)
DBIJ=DBI(I)
ELSE
AlJ=DSARTCAPCII*AP(I)Y
DAlJ=0.5"¢1.D0-RK(1,1,J)*RR(T, 4,13/
T CXCII*RECT, I, 3)+XCJIRK(CT, I, 10
2 JALI*(APCJI*DAICII+APCII™DAICS))
DB1J=0.5"(DBICI)+0DBI(L))
ENDIF
ATIZATI+XCI)*X(JII*DALI
BTE=BTI+X(1)*X{JI*DBIJ
CONT INUE
RETURN
END

AR AR R R e R R I A R R R R W W R AR I AW e W i W e

* MIXWS SUBROUTINE IS USED TO CALCULATE MIXTURE PARAMETERS BY USING
WONG=SANDLER MIXING RULE
ABIJ=C{(B1-Al/RT)+(BJ~AJ/RT)I/2.0%C1.0-K1])

-

2 & % % & & #

BIJ=(BI+BJ)/2
Q=sum. XI*XJ*(BIJ-ALJ/RT)
D=sum.XI*Al/(BI*RT) + AEinf/CRT

C=1/50RT(2)ALOG(SART(2)-1) (for PR equaticn of state

A=RT*Q*D/(1-D)
B=0/(1-D)

w
k
w
*
L4
-
"
-
L4

AW W R AR E R AR R R R T R TR R R T R W R R R W I R R R R i R i i e

SUBROUTINE MIXWS(N,X,T,P,AE,BE,BE2, BE3, AP,BP,BP2,BP3)

IMPLICIT REAL*B(A-H,0-2)

DIMENSION XCH),APCN),BPCN),BP2(N),BP3(N),DAEXC(20)
COMMON/CONST 1/TC(20),PCC20),VC(20),W(20),U(20) ,\M(20)

COMMON/KIJ1/RK(3,20,20),10(20)

COMMON/ABT/DAL(2),DBI(2),DB21(2),DB3I(2)

COMMON/ABT1/AT1,BT1,BT21,BT31

COMMON/ABE/AEI (20),BE1(20),8E21(20),BE31(20)

COMNON/RT/R, TO
COMMON/ACT/CONACT(S, 10, 10), LA
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COMMON/LC/LC
COMMON/STGMA/SIGMA

c LC=0 DON'T CALCULATE ENTHALPY
c =1 CALCULATE ENTHALPY

c LA=T VAN LAAR MODEL

c =2 NRTL MODEL

c ------------------------- -

€ -- FOR P-R EQUATION ONLY
CONB2=BP2(1)/BP(1)
CONB3=BP3C1)/BP(1)
S1GMA=DLOG(DSORT(2.0)-1.03/0SORT(2.0)
c e e T T L B e e e
p=p
D0 10 1=1,N
RKC1,1,1)=0.00
11=1+1
1F¢1.EQ.NYGOTO 10
DO 20 J=I+1,N
RK(1,d,13=RK(1,1,3)
20 CONTINUE
10 CONTINUE
AE=0.DD
AES=0.0
BE=0.D0
BES=0.0
0£=0.0
BE2=0.D0
BE3=0.D0
DO 100 I=%,N
AEIC1)=0.0
BEI(1)=0.0
BE21(1)=0.0
BE3I(1)=0.0
BES=BES+X(I)*AP(I)/(BPCI)"R™T)
AES=AES+X(1)*AP(1)/BP(1)
D0 100 J=1,N
ABII=0.5%((BPCI)-APCLI/R/T)I+(BPCI)-APCII/R/TII*(1.0-RK(T,1,4))
QE=QE+X(1)"X(J)"ABIJ
100  CONTINUE .
CALL MACT(N,X,T,AEXC,DAEXC, DAEXET)
DE=BES+AEXC/(SIGHA*R*T)
BE=QE/(1.0-DE}
AESR*T*QE*DE/(1.0-DE)
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110

140

BE2=BE*CONB2

BE3=BE*CONB3

D0 110 I=1,K
DDE=APC1)/(BPC1)"R*TI+DAEXCCL )/ (SIGHA®R"T)
DQES=0.0

DO 112 J=1,N
ABI1J=0,5%C{BPCI}-APCI}/R/TI+CBPCJY=AP(II/R/TII*(1.0-RK(T,1,4))
DQES=DOES+2.0%XCJ J*ABLI

CONTINUE
BEI(1)=DQES/(1.0-DE,~QE/(1.0-DE)**2*(1.0-DDE)
AEICI)=R*T*(DE*BEI(1)+BE"DDE)-AE
BE21(1)=CONB2*BEL (1)

BE31(1)=CONB3*BEI(L)

CONTINUE

1F(LC.EQ.0IRETURN

DaDpT=0.0

DODT=0.0

DO 140 I=1,N
DDDT=DDBT+XC1)/(R*(BPCI)*T)**2)*(T*DAI(1)*BP(1)-
1 APCIY*CT*DBIC1)+BPCI)))

DO 140 J=1,N
DABIJ=0.5"CCDBICI )= CT*DAICI )=APCE) )/ (R*T**2) )+
1 (DBICII~(T*DAICI)-APLIII/(R*T**2)2)%(1.0-RK(3, 1,4}
DADT=DEDT+XC1)*XCJ)*DARL Y

CONT I NUE _

DDDT=DDDT+DAEXCT/SIGMA
AT1=R*(QE*DE/(1.0-DE)+T*((1.0-DE)*(DE*DODT+QE*DDDT )+QE*DE*DDDT)/
1 ¢1.0-DE)**2)
BT1=(DODT*0E+(1.0-DE)*DADT)/(1.0-DE)**2

FOR PR EOS ONLY

BT21=BTI*CONS2

BT31=BTI%CONS3

RETURN

END
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to IEER=-3 while no VLE exisist.

EOS(N,T,P,X,V,FU,H,S,1P, IFU)

% & 2 % % % % %

This pogram is used for VLE calculation (bubble point pressure

calculation). The progrom normally returns to 1ERR=0, but to IEER=-2
if bod datalT and X) wos used, to IEER=1 if it run 20 step and still
cannot find the root, to 1EER=-1 when K value is over the range and

The program needs to call subroutine EOS Which form is:

In EOS fugacity coeffients FU(N) are calculated by Equation of state *

ARARAR R ER AR R AR R TR R R TR R TR R TR AR T AR R TR TR AT e

SUBROUTIKE VLEB(N,T,P,X,Y,1EER)

IMPLICIT REAL™S(A-H,0-2)
EXTERNAL FBUBP
DIMENSION X(N},Y(N),FK(20)

COMMON/FBU/XCOM(20), YOOMC20), TCOM, NCOM

COMMON/VEOR/IVR
COMMON/LEOR/ILR
COMMON/IEOR/IEOR
COMMQN/DV/DVGL
COMMON/QQE /QQE
TCOM=T

NCOM=N

1EER=0
EPST=1.0-8
£pPs2=1.0-8
IF(N.GT.20)THEN

WRITE(C7,*)* N GREATER THAN 20*

IEER=-2
RETURN
ENDIF

IF(T.LE.20.00.0R.7.GT.700.D0)THEN

WRITEC7,”3" T DATA 1S WRONG'
IEER=~2
RETURN

ENDIF

$=0.0

$5=0.0

NRX=N

005 I1=1,K

IF(DABSCX{!)).LT.1.D-6)HRX=NRX"1

XCOMCI)=X(I)
YCOM(I)=Y(I)
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s=§ex(1)
SS=SSeY(D)
5 CONT INUE
1F(DABS(S-1.00).6T.0,01D0)THEN
WRITE(7,*)* X DATA 1S WRONG®
1EER=-2
RETURN
ENDIF
1F(DABS(SS-1.D0).6T.1.E-&)THEN
CALL IDVLEC3,N,T,P,X,Y,FX,1EER)
IFCIEER.ED. -2)THEN
WRITE(7,*)" PSAT DATA WRONG'
RETURN
ENDIF
ENDIF
CALL KCALCCN,T,P,X,Y,FK)
IF(DABS(DVGL).LT.0.75)GOTO 100
Pi=p
p2=P*0.58
P=RTSECCFBUBP,P1,P2,1.0-10)
D0 10 1=1,N
YCI)=YCOMCD)
10 CONTINUE
RETURN
100  CONTINUE
WRITEC™,™)'N,T,P=' N, T,P
WRITEC*,*)'X1,Y1,DV6L=",X(1),YCT),DVEL
DL=0.2
ND=10
PO=P
Y10=YCOMCT)
105 CONTINUE
P=PO"DL
DT=T*DL/ND
p1O=p
Pi=p
P2=P1*QUE
TCOM=T-NO*DT
P=RTSECCFBUBP,P1,P2,1.0-10)
IFCNRX.EQ. 1) THEN
IFCIVR.NE.0.OR. ILR.NE.O)THEN
DL=DL*1.2
ND=ND*1.2
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GOTO 105
ENDIF
ELSE
IF(DABS(YCOMC T} -XCMC 1) LT 1.D-4)THER
oL=DL™1.2
ND=ND*1.2
YOOM(1)=Y10
YCOM(2)=1.0-YCOM( 1)
GOTO 105
ELSE
ENDIF
ENDIF
ND1=KD
PI00=P10
Y100=Y10
107  CONTINUE
ND=ND1
DO 110 1=1,ND
I1=NB-1
TCON=T~11*DT
P1=P10
P2=P1*0.992
YCOMC1)=Y10
YCOM(2)=1.0-Y10
P=RTSEC(FBUBP,P1,P2,1.0+10)
TF{NRX.EQ.T)THEN
IFCIVR.NE.O.CR.ILR.NE.D)THEN
ND1=(ND~1+1)*2
DT=DT/2.0
P10=P100
GOTO 107
ENDIF
ELSE
IF(DABSCYCOM(1)-XCOMCT)).GT.1.D-4)THEN
ELSE
ND1=(ND~I+1)*2
1FCND1.GT.5000)THEN
WRITEC*,*)' NONCONV. IN ',I,' ND=*,ND,* TCOM=*,TCOM
WRITE(®,™)' 7=*,T,' IECR=',IEOR
P=P10
YCOM(1)=Y10
YCOM(2)=1.0-Y10
GOTQ 130
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110
130

120

10

20

30

ENDIF

DT=DT/2.0

P10aP100

Y10=Y100

GOTO 107

ENDIF
ENDIF
P10Q=P10
P10=p
Y100=Y10
Y10=YCOM( 1)
CONTINUE
CORTINUE
0o 120 I=1,N
Y{l)=YCOM(I)
CONTINUE
RETURN
END
DOUBLE PRECISION FUNCTION FBUBP(P)
IMPLICIT REAL*8(A-H,0-2}
LOGICAL FLAG
DIMENSION X¢20),Y(20),FK(20),YTEMP(20)
COMMON/ FBU/XCOM(20), YCOM(20), TCOM, NCOM
T=TCOM
N=NCOM
Do 5 I=1,N
X¢I)=XCoM(1)
Y(II=YCOM(T)
CONTINUE
ITER=0
CONTINUE
CALL KCALC(N,T,P,X,Y,FK)
YSUM=0.0
DO 2¢ I=1,N
YTEMPCL)=XCI)*FRCI)
YSUM=YSUM+YTEMP(I)
CORTINUE
FLAG=.TRUE.
0o 30 I=i,N
YTEMP(I)=YTEMPCI )/YSUM
FLAG=FLAG.AND .DABSCYTEMPCI)-Y{I)).LT.1.D0-6
YC(II=YTEMP(I)
CONTINUE
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ITER=ITER+]
IF(1TER.GE.20)FLAG=.TRUE.
[E(.NOT.FLAG)GOTO 10

FBUBP=0.0

DO 40 I=1,N

YCOMCT)=Y(1)
FBUBP=FEBUBP+X(I)*FK(I)

CONTINUE

FBUBP=DLOG({FBUSP)

RETURN

END

SUBROUTINE KCALC(N,T,P,X,Y,FK)
IMPLICIT REAL™B(A-H,0-2)

DIMENSION X(H),Y(M),FG(20), FLC20), FK(R)
COMMON/DV/DVGL

CALL EOSCN,T,P,X,VL,FL,H,5,2,1)
CALL EOS(H,T,P,Y,VG,FG,H,5,1,1)
IF(VL.LE.0.0.0R.VG.LE.O.0}THEN
WRITEC*,*)'N,T,P=¢ K, T,P
WRITEC™,*)'X=*, (XC1),I=1,N)
WRITEC™,*)'Y=", CYC1),1=1,N)
ERDIF

DVGL=C{VG-VLI/VL

PO 10 I=1,M

FRCIY=FLCID/FGCD)

CONTINUE

RETURNK

END

SUBROUTINE IDVLECITP,N,T,P,X,Y,K,IER)
IMPLICIT REAL*8(A-H,0-2)

REAL*E X(N),Y(N),K(N)

COMMON/PS/PSAC20) ,PSB(20),PSCL20)

PW(T, 1)=DEXP(PSACL)-PSB(1)/(T+PSC(INI)
1FCITP.EQ.5)GOTO 50

1ER=0

0o 5 I=1,N
IF(DABS(PSALI)).LE.1.0-T0)THEN
IER=-2

RETURN

ENDIF

CONTINUE

IFCITP.GT.2) GOTO 30

T=0.D0
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13

15

16

17

20

26

30

35

0O 10 121,k
IFCITP.EQ.T) ZaX(1)
IFCITP.EQ.2) 2=¥(1)
TaT+2%(-PSCC1)+PSBC1 )/ (PSACT)-DLOGCP)))
171

$5=0.00

DO 1§ 1=1,N

KC1)=PVCT, 13/P

1F CITP.EQ.3) SSaSS+K{I*XCI)
IF C1TP.EQ.2) SS=SS+Y{1)/X(1)
FsS-1.

If (DABS(F).LE.5.D-6) GOTO 20
IF (1T.EQ.1) GOTO 14
BFF=F*(T-T0)/¢F-F0)
1FCDABSCBFF}.GT. T*0.3)BFF=DSIGN(T*0.3, BFF)
T0=T

T=T-BFF

FOuE

0O 16 1=1,N
BBK=PSACI)-PSBCI)/CT+PSCCI))
1FCBBK.GT.120.D0. AND .BBK.LT.~120.00360T0 17
CONTINUE

GOTO 13

T=T0

GOTO 20

T0=T

T=T*1.0100

FO=F

IT=1T+1

coTo 13

0O 25 1=1,N

IF (ITP.EQ.2) GOTO 26
YCII=KCII*XC1)/SS

GOT0 25

XCLY=YCI)/KC1)/SS

CONTINUE

RETURN

IFCITP.GT.3) GOTO 40

P=0.00

DO 35 1=1,N

P=PeX(1)*PV(T, 1)

DO 37 I1=1,N

KCI)=PVCT, 1)/P
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40

L1

&2

43

45

&7
48

S0

55

YC1I=XCI)*RLT)
RETURN

P=0.00

QQ=0.900

DO &1 I=1,N
PEPY(1)*PW(T,I)
[T=1

§5=0.00

DO 43 1=1,N
K{D)=PW(T, 1)/P
SS=SS+Y(II/K(1)
F=DLOG(SS)

IF ¢DABSCF).LT.0.00001D0) GOTO 47
1F ¢IT.EQ.1) GOTO &5
P=(P~F*(P-PO)/{F-FO0)3I*(1.-Q0)+P*00
Q0=00*0Q

GOTO 42

PO=p

FO=F

P=P*1.0100
IT=1T+1

GOTO 42

DO 48 I=1,N
XCI)=Y(LI/RCID/SS
RETURN

CONTINUE

DO 55 1=1,K
KC1)=PW(T, 1 /P
CONTINUE

RETURN

END

WREEEEEEEEE R P r TN AT TR R TN R AR R T AR R wn

* Use the secant method to fiﬁd the root of a function FUNC,
* thought to lie near X1 and X2, to an accuracy XACC.
* Taken from "Numerical Recipes".

Rl a b Dl fl g e b a s bl g sl T a g alay g s DLl g g s h g ad b g bl g s gLl Ll

DOUBLE PRECISION FUNCTION RTSECCFUNC,X1,%2,XACC)
IMPLICIT DOUBLE PRECISION (A-H,0-2)
COMMON/IEQR/IEOR

XACC=XACC

IEOR=0

MAXIT=200

0Q=0.0
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15

12

FL=FUNC(XT)
F=FUNC(X2)
IF{DABS{FL).LT.DABSC(F)) THEN
RTSEC=X1
XL=x2
SWAP=FL
FL=F
FeSWAP
ELSE
xXL=x1
RTSEC=X2
ENDIF
CONTIKNUE
00 11 J=1,MAXIT
DF=F-FL
LFCJ.GE.MAXIT=1)THEN
WRITE(™,*)*F=? F,FL
WRITE(™,™)*X=' RTSEC,XL
ENDIF
1F¢(DABS(DF}.LV.1.D-16)DF=DSIGK(1.D~16,DF)
DX={XL-RTSEC)*F/DF
XL=RTSEC
FL=F
CONTINUE
1F{DABS(PX).GT.DABS(XL*0. 1) )THEN
DX=DX*0.5
GOTO 13
ERDIF
RTSEC=RTSEC+DX*(1.0-00)
CONTINUE
F=FUNC(RTSEC)
IF(DABS(F).LT.1.00-5) RETURN
11 CONTINUE
IF(MAXIT.LT.202)THER
MAX1T=300
0Q=0.%¢9
GOTO 20
ENDIF
CONTINUE
WRITEC™,*)" *™* MAXIT EXCEEDED IN RTSEC'
1EOR=1
RETURN
END

314





