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Abstract

The development of a new cubic equation of state suitable for polar and non-
polar fluids and mixtures is described. Several mixing rules for mixtures
containing polar components are also tested.

An extensive survey of equations of state is made in order to identify
important considerations in equation of state design. Equations of state
in general, and cubic equations of the van der Waals form in particular,
are examined in the survey. Mixing rules are briefly reviewed as well. The
theory of corresponding states, crucial for practical application of equations
of state, is also examined.

Expressions are developed based on general forms of cubic equations of
state of the van der Waals type,

RT a(T)a,

P = -
v—b v?+4 ubv 4 wh?

Analysis of extensive pure component saturated data for 97 polar and non-
polar fluids shows that a relationship close to v = —w is followed. This is
supported by theoretical considerations based on the theory of correspond-
ing states: the line u = —w is close to being a locus of constant 3, (= b./v.),
which is the expected behavior for real fluids.

A new equation of state is proposed, based on v = —w. Three versions
are formulated, differing in the methods used to determine the equation
of state constants. In one version, conventional generalization procedures
are used, but with Z, as a fourth corresponding states parameter to ac-
count for polar effects. In another version, pure substance correlations for
P* and v} are used to directly calculate the constants at each tempera-
ture. In a third version, a new functional form for a(T) is proposed. An
extended corresponding-states principle is then used to determine the con-
stants, again using a direct calculation procedure.



ABSTRACT i

The new equation of state is extensively evaluated using pure fiuid satu-
rated and liquid phase data, and mixture vapor-liquid equilibrium and vol-
umetric data. Polar and nonpolar fluids and fluid mixtures are considered.
Comparisons are made to several cubic equations of state, including recent
ones, and including some which were designed for improved description of
polar fluids. The new equation gives very good results, outnerforming the
other equations in almost all cases., The performance of the versions which
use direct calculation procedures to determine the constants is especially
good.

A study is also made of some recent mixing rules intended for mixtures
containing polar fluids. It is found that a two-coefficient Redlich-Kister
mixing rule is suitable for most mixtures. An extended version of this
mixing rule, with three coefficients, is needed to prevent the prediction of
false liquid-phase splitting for highly asymmetric mixtures.
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Notation

Various symbols, superscripts, subscripts, accents and abbreviations used
frequently in this work are summarized below. Where appropriate, refer-
ence is made to the location in the text where the notation is defined. Some
notation, corresponding to specific equations of state and correlations, or
limited to small portions of the text, is not included here. All notation is
fully defined where it first arises in the text.

Symbols
a,b,c,d

fg,h

Sijidiga i

Constants for the cubic equations of state given by Equa-
tion 2.15. a and b are common to all cubic equations,
and are called the attractive constant and the covolume
respectively (see Equation 2.3).

Dimensionless forms of a, b ¢ and d. Defined in Equa-
tions 3.2-3.5.

Second virial coefficient.

Binary interaction coefficient in Huron-Vidal mixing rule,
for components ¢ and j (see equation 2.54).

Fugacity.

Quantities related to the classical critical point conditions
applied to a cubic equation of state. Defined in Equa-
tions 3.29-3.31.

Binary interaction coefficients, for components  and j (see
§2.4.1).

¥



NOTATION

I#

Dimensionless parameter measuring nonsphericity in mi-
croscopic corresponding-states, defined in Equation 2.35.

Constants in « expressions. Definitions vary according to
expressions.

Number of moles,
Number of data points.
Number of components in a mixture.

Coefficients of the dimensionless general cubic equation of
state, Equation 3.6. Defined in Equations 3.7-3.9.

Absolute pressure.

Reduced pressure in microscopic corresponding-states, de-
fined in Equation 2.32.

Correlation between parameters i and j.
Gas constant, taken as R = 8.31439J - gmol™! - K1,
Absolute temperature.

Reduced temperature in microscopic corresponding-sta-
tes, defined in Equation 2.34,

Constants in the Schmidt-Wenzel general form for cubic
equations of state, Equation 2.12.

Molar volume,

Reduced volume in microscopic corresponding-states, de-
fined in Equation 2.33.

Total volume.

Mole fractions in the liquid and vapor phases respectively.
z is also used to represent mole fractions for any phase.

Compressibility factor, Z = Pv/RT.



NOTATION

Be
Ce

an,nbcgnccaﬂdc

Residual of response i for data point 7, defined in §3.2.7.
Matrix of residuals, defined in §3.2.7.

Temperature dependent portion of a, defined in Equa-
tion 2.22,

Binary interaction coefficient in Huron-Vidal mixing rule,
for components ¢ and j (see Equation 2.54.

Ratio of b, to v., defined in Equation 3.42.

Critical compressibility factor predicted by an equation of
state,

Dimensionless difference between the volume and covol-
ume, defined in Equation 3.86.

Reduced dipole moment in microscopic corresponding-sta-
tes, defined in Equation 2.36.

Fugacity coeflicient.
Molar density.

Polar parameter (Halm-Stiel parameter), defined in Equa-
tion 2.41.

Pitzer’s acentric factor, defined in Equation 2.40.

Standard error, defined in Equation 3.105; molecular ra-
dius.

The values of A, B, C and D at the critical point, defined
in §3.1.2.

Superscripts, Subscripts and Accents

c

est

Critical point property.

Denotes current estimate in iterative procedures.
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1,7,k  Property of components i, 7 and k in mixture calculations.
I,» Liquid and vapor property respectively.
cale  Calculated value of a property.
r  Reduced property (i.e., a property divided by its critical
point value).
s  Saturated property (i.e., a property on the vapor-liquid
coexistence curve).
s Derivative in fugacity coefficient expressions for mixtures,
defined in Eq::ation 3.62).
Abbreviations
%AAD  Average of absolute percent deviations, defined in Equa-
tion A.2.
%bias  Average of percent deviations, defined in Equation A.1.
BWR  Benedict-Webb-Rubin equation of state.
CT,GCT Campbell-Thodos v{ correlation and its generalized ver-
sion respectively, given in §4.1.1.
FKT  Frost-Kalkwarf-Thodos P* correlation, given in §4.1.1.
GT,GGT Gomez-Thodos P* correlation and its generalized version
respectively, given in §4.1.1.
HBT  Hankinson-Brobst-Thomson vf correlation, givenin §4.1.1.
HV  Huron-Vidal local composition mixing rule, Equation 2.54
(the version used in this work is Equation 3.74).
PR  Peng-Robinson equation of state, given in §4.2.
PT  Paiel-Teja equation of state, given in §4.2.
RK2 Two-coefficient Redlich-Kister mixing rule, Equation 2.52.

Xv
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RK2+
RMS

%RMS

SIL
SRK
SW
TB

V.

TPR
VLE

II

I1I

xvi

Augmented Redlich-Kister mixing rule, Equation 2.53.

Root of mean of squared deviations, defined in Equa-
tion 3.106.

Root of mean of squared percent deviations, defined in
Equation 3.107.

Sugie-Iwahori-Lu equation of state, given in §4.2.
Soave-Redlich-Kwong equation of state, given in §4.2.
Schmidt-Wenzel equation of state, given in §4.2.
Trebble-Bishnoi equation of state, given in §4.2.
Toghiani-Viswanath equation of state, given in §4.2.
Translated Peng-Robinson equation of state, given in §4.2.
Vapor-liquid equilibrium

Wagner P* correlation, given in §4.1.1.

New equation of state, with constants given by generalized
correlati~ns, given in §5.2.1.

New equation of state, with constants determined from
pure fluid property correlations, given in §5.2.2.

New equation of state, with constants determined from
selected pure fluid properties, given in §5.2.3.



Chapter 1

Introduction

The equations of state considered in this work relate the pressure P, melar
volume v and temperature T of pure fluids. A general form for such an
equation of state is

f(Pw,T) = 0

The function f involves several constants, many of which are specific to
individual substances. For application to a wide range of fluids, the con-
stants may be determined for each substance; more commonly, the principle
of corresponding states is used to obtain expressions for the constants in
terms of pure fluid properties. To describe mixtures, the usual approach is
to define mixing rules which relate the equation of state constants of the
mixture to those of the pure substances. The equation of state then has
the form

f(Pyv,T,z;) = 0

where z; denotes the mole fraction of each component i in the mixture.
Equations of state are essential for calculations in process design. The
most straightforward application is the calculation of the volumetric be-
havior of fluids. However, equations of state have many other important
applications, because the use of simple thermodynamic relationships allows
analytical expressions to be derived for various fluid properties. For ex-
ample, expressions for the fugacities of pure fluids and of components in
a mixture are commonly derived, allowing phase-equilibrium calculations
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to be made (vapor-liquid equilibrium (VLE) calculations are of particular
importance).

A practical equation of state should fulfill several criteria: it must be
sufficiently accurate; it must be applicable to a wide range of conditions;
it must be applicable to a wide variety of substances; it must not be ex-
cessively complex. The first three requirements are obvious; the last is
also obvious if it is realized that large proportions of the time used in pro-
cess design computations can be spent caleulating properties derived from
equations of state.

A large number of equations of state have been developed. These vary
tremendously in accuracy, range of applicability and complexity. The most
promising in recent years (in terms of the requirements listed above) are
equations of state frcm perturbation theory, and cubic equations of state.
The former are derived from molecular models, using statistical mechanical
approaches. These equations have been applied with increasing success in
recent years (an example is the perturbed hard-chain equations of state).
Unfortunately, they are among the most complex equations of state. They
have therefore not been accepted for practical use.

Cubic equations of state are simple extensions of the van der Waals
equation of state. Most cubic equations of state can be represented by

RT a

P = -
v—b v+ ubv 4+ wb®

where R is the gas constant, and a, b, u and w are constants. Cubics have
long been popular for practical applications. They are generally simple,
and are applicable to a wide range of non-polar compounds. They are
also useful over a wide range of operating conditions. Their accuracy is
reasonable for most design purposes. Altough some other equations can
certainly outperform cubics in any one of these areas, few, if any, of them
combine these factors as advantageously as cubic equations of state. Cu-
bic equations of state are particularly good for VLE calculations, and with
appropriate mixing rules have approached the accuracy of activity coeffi-
cient approaches; cubics are also applicable at much higher pressures than
activity coefficient approaches.

Most equations of state developed to date have been restricted to non-
polar fluids. There are several reasons for this: nonpolar fluids are more
easily described theoretically; the theory of corresponding states, necessary
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to obtain useful expressions for equation of state constants, is simpler for
nonpolar fluids; many of the early applications of equations of state were for
nonpolar fluids (e.g. natural gas, petroleum). This is unfortunate, because
many of the fluids currently of importance are polar. Therefore, much of
the recent effort in equation of state development has been to describe polar
fluids. However, no equation of state has been generally accepted for polar
compounds.

Therefore, the main objective of the present research is to develop an
equation of state suitable for polar fluids (as well as nonpolar fluids). Only
cubic equations of state are considered, because of the advantages listed
above.

Mixing rules are required for application of equations of state for mix-
tures. While simple mixing rules are sufficient for nonpolar fluids, more
complex ones are necessary for mixtures containing polar components.
Therefore, another active area of research is the development of new mix-
ing rules; many have been recently proposed (for examples, see the brief
survey in §2.4). A secondary objective of this work is therefore to survey
some promising mixing rules for the description of mixtures involving polar
fluids.

This study begins with an extensive survey of the literature on equations
of state (particularly cubies). Important points in the design of cubic equa-
tions of state are identified. Brief reviews of corresponding-states theory
and of mixing rules are also done.

Expressions and methods used in this study are then presented and/or
developed. These are general expressions, useful for most cubic equations
of state, with most mixing rules.

A new cubic equation of state is developed, using an extensive collection
of data for polar and nonpolar fluids. Several methods of determining its
constants for a wide variety of substances are also developed.

Finally, the various versions of the new equation are evaluated and
compared to previous cubic equations of state, using data for pure fluids
and for mixtures, for both polar and nonpolar substances. Several mixing
rules are alzo evaluated.



Chapter 2

Literature Review

Enormous amounts of work have been done on fluid-phase equations of state
over the last two centuries. Most of this has taken place since van der Waals’
pioneering work in 1873, and continues unabated in mcdern times. For
example, 4779 papers including the term “equation of state” in the title
or abstract were listed in the Chemical Abstracts from 1967 to 1983; 159
referred to the Redlich-Kwong equation alone [101]. Clearly, any realistic
attempt to review this field cannot be comprehensive, even if restricted to
consideration of cubic equations of state. Instead, imiportant and influential
developments, especially those directly relevant to this work, are examined
in this review. These are often illustrated with specific examples from the
literature.

The development of equations of state has incorporated three essentially
separate parts. The most obvious is the development of the equation itself.
The application of equations of state to a wide variety of substances requires
the use of the principle of corresponding states. Finally, for application to
mixtures, mixing rules for the constants in the equation of state must be
considered. This work is mainly concerned with the first part, so most of
this review will be about the development of equations of state. A brief
discussion of equations of state in general is first given, without going into
detail on cubic equations, in order to put the present work in historical
and technical context. A more extensive review of the literature on cubic
equations of state follows. Corresponding-states theory, which is important
for the practical application of equations of state, is then examined. A brief
overview of mixing rules for cubic equations of state is also given. Finally,
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important points from the review relevant to this work are summarized.

2.1 Equations of State

Equations of state which have been of particular practical and/or theoret-
ical importance are discussed here. Three fundamentally important equa-
tions of state are first described: the perfect gas law, which is the limiting
condition for dilute gases; the van der Waals equation, of great importance
in subsequent theoretical and practical developments; the virial equation,
which is perhaps the only theoretically correct equation of state. If high
density fluids are to be described, other approaches must be used. These
include models in statistical mechanics, and semi-empirical and empirical
equations.

2.1.1 Perfect Gas Law

The first equation of state was the perfect (or ideal) gas law, a combination

of the laws of Boyle, Charles and Avogadro, formulated at the turn of the
nineteenth century. The perfect gas law is

RT
P=— 2.1
: (2.1)
or in terms of compressibility factor,
Py
Z="=1 2.2}

R is the gas constant. It was originally based on empirically observed be-
havior, but it can also be derived from simple molecular-level kinetic argu-
ments or from statistical mechanies (e.g., see [61,100]). In these derivations,
it must be assumed that the molecules of a perfect gas do not interact in any
way. The properties of a perfect gas are therefore due to simple (noninter-
acting) translation of its molecules and to internal molecular contributions,
such as molecular vibration and rotation, which are well understood {e.g.,
see [100]). Intermolecular forces, which are relatively poorly understood
and are difficult to describe (e.g., see [61,95,100]), are ignored in a perfect
gas.
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Intermolecular forces are negligible for dilute gases. Real substances
therefore approach perfect gas behavior at low enough densities. The per-
fect gas law is inaccurate for liquids or for gases near saturation, where
intermolecular forces are significant. It nevertheless can be a useful refer-
ence point for these cases, and as such has been of great importance. One
practical example of this is perfect gas heat capacity, which can be calcu-
lated from geometric and spectroscopic information alone (e.g., see [100]).

Equation of state development has been aimed at describing fluids under
conditions where the perfect gas law does not apply. However, the perfect
gas law is still an important limiting condition: at the low-density limit, an
equ.tion of state must simplify to the perfect gas law to be theoretically
correct.

2.1.2 The van der Waals Equation

In 1873, van der Waals formulated an equation of state based on molecu-
lar kinetic arguments [133]). This was a simple equation, cubic in volume
(hence the term “cubic equation”), which could describe both liquid and
vapor phases. He developed his equation by specifically addressing the
assumption of negligible intermolecular forces required for the molecular
kinetic derivation of the perfect gas equation. Abbott [4] has shown how
the van der Waals equation can also be derived from other empirical and
theoretical considerations.
The van der Waals equation is

RT

sz—b

- ;‘-1-2- (2.3)

The first term represcats repulsive effects due to the volume b occupied by
the molecules, and is often called the covolume. The second term accounts
for the effect of attractive forces between the molecules; a is usually called
the attractive constant. If ¢ and b are zero, the perfect gas equation is
recovered.

Although its quantitative performance is poor, the van der Waals equa-
tion gives qualitatively good results; for example, van Kronynenburg and
Scott [134] have used it to generate phase diagrams for binary fluid mixtures
which have contributed greatly to the understanding of phase behavior.
The van der Waals equation has been of great importance in subsequent
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practical and theoretical developments'. Among these, it has served as the
basis for cubic equations of state, other empirical equations of state, per-

turbation theory, and generalized van der Waals theory. Some of these are
described subsequently.

2.1.3 The Virial Equation

In the virial equation of state, first developed by Kammerlingh Onnes in
1901 [67], deviations from the perfect gas are described by a power series
expansion in density (the “Leiden” form, after Kammerlingh Onnes),

Z = 14+Bp+Cp*+Dp+--- (2.4)
or pressure (the “Berlin” form},
Z = 1+BP+CP+DP+... (2.5)

where B,C,D,... (B',C',D',...) are the second, third, fourth, ete. virial
coefficients, and p is molar density. The virial coefficients are functions of
temperature, and are equal to zero for a perfect gas.

The virial equation has been shown to have a sound theoretical founda-
tion in statistical mechanics (e.g., see [61,100}). The resulting expressions
for B,C, D,...indicate that the second, third, fourth, ete. virial coefficients
represent deviations from the perfect gas due to interactions hetween two,
three, four, etc. molecules. The higher order collisions become important at
high densities; therefore, the virial equation requires a large number of co-
efficients at high densities. At high enough densities (approximately liquid
density) the viriel expansion series diverges (see [100] for a demonstration
of this). This represents a fundamental limit on its range of applicability.

The range of applicability of the virial equation is further limited by
practical considerations. Obviously, only a finite number of virial coefli-
cient can be used, so that the high-density limit cannot be reached. More
importantly, it is very difficult to accurately measure coefficients beyond
the second or third. Only the second virial coefficient has been extensively
measured; a critical compilation was made by Dymond and Smith [49].

lyvan der Waals’ contribution was officially recognized in 1912 when he was awarded
the Nobel prize in Physics



CHAPTER 2. LITERATURE REVIEW 8

The practical application of the virial equation has been made possi-
ble by the formulation of expressions for the coefficients. One approach
has been to calculate them directly from intermolecular potential func-
tions. For example, Hirschfelder et al. [61] gave expressions for the second
and third virial coefficients based on the Lennard-Jones potential function.
This approach generally yields useful expressions only for the second and
third virial coefficients when realistic potential functions are used. Polar
fluids require more complex potential functions (such as the Stockmayer
potential), resulting in more complex expressions.

It is usually more convenient to calculate virial coefficients from em-
pirical corre!.-‘ions. Reid and coworkers [102,103] give brief critical exam-
inations of various correlations for the second virial coefficient, most of
which have used corresponding-states approaches (e.g., see [132]). Gener-
ally, good results are obtained for non-polar fluids, while limited success
has been achieved for polar fluids.

The virial equation has been of use in the development of other equations
of state. This is because the virial equation is theoretically correct at low
densities and moderate densities, and because the behavior of the second
virial coefficient is well known. The value of the second virial coefficient
calculated from an equation of state at low to moderate pressure should
therefore follow this behavior reasonably well. The virial equation also
provides a theoretical limitation on the form of mixing rules (§2.4).

2.1.4 Statistical Mechanical Approaches

As discussed above, the virial equation is a theoretically correct description
of the properties of low and moderate density fluids. However, it cannot be
used for dense fluids; other approaches must therefore be used to obtain a
theoretical description. The procedures for this are available from statistical
mechanics. Two distinet approaches have been widely used: lattice theory,
useful for solids and dense fluids, and perturbation theory, useful for dilute
and dense fluids. Equations of state resulting from the latter are discussed
here; good introductions to perturbation theory are given by Prausnitz
et al. [95] and Reed and Gubbins [100].

Perturbation theory is inspired by the van der Waals equation, in which
pressure is expressed as a sum of repulsive and attractive contributions.
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Generalizing this assumption leads to equations of the form
P = Y P (2.6)

where each term P; represents a contribution from a particular source. The
basic or reference term is usually that due to repulsive effects of the core
of the molecule (e.g., the first term in the van der Waals equation). Other
terms are “perturbations” of the basic term, added to account for other
effects, such as dispersion forces, polar forces and quantum effects.

The van der Waals repulsive pressure contribution,

RT
v—2>5

is a very simple representation of the pressure of a fluid made up of hard
spheres of molar volume b. However, this is well known to be an inaccurate
expression, especially at high densities. The expression of Carnahan and

Starling [39] is a much more accurate representation of the pressure of a
fluid of hard spheres,

(2.7)

2 .3
pRT[1+y+y yl

(1-y)
where y = bp/4. It has been widely used in the development of equations
of state. These include the equations of Carnahan and Starling [38], in
which Equation 2.8 is used, along with simple attractive terms from cubic
equations of state. The Carnahan-Starling expression is frequently used
as a basis in more sophisticated models, such as the perturbed hard-chain
equations of state.

Of course, in general the molecules of real fluids are neither hard nor
spheres. More sophisticated models have therefore been proposed. One well
known example is by Boublik [31], for a hard convex body. It has been used
to describe repulsive forces in the equation of Chen and Kreglewski [40].
Other models include that of Lin et al. [76], using a “chain of rotators”
model for the repulsive term. The perturbed hard chain meodel, in which
the molecule is represented by a chain of hard spheres, has received much at-
tention recently (e.g., see Cotterman et al. {43,42] and Sheng and Lu [114]).
Generally, more sophisticated models result in more complex expressions.

Perturbations of the basic repulsive term are usually separated into dif-
ferent contributions due to effects such as dispersion forces, polar forces,

(2.8)
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quantum effects, etc. Expressions for these contributions have been evalu-
ated in a variety of ways. One method is to fit an empirical expression to
the properties of a reference fluid; for example, Adler et al. [14] fitted an
expression to the non-polar contribution of argon, while Lee and Chao [73]
used water as a reference fluid for polar contributions. Other fluids can
then be described in terms of deviations from the reference fluid; for ex-
ample, Chen and Kreglewski [40] used the expression of Adler et al. as a
basis for the attractive contributions of non-polar fluids, and Lee and Chao
used their expression for water in describing polar contributions. Other
approaches include empirical fitting of expressions to resuits from molecu-
lar simulations, or direct derivation of expressions from molecular models
(e.g., Cotterman et al. [43] used both). Most expressions for attractive
contributions are notable for their high complexity, often involving dozens
of constants.

Some of these equations are only applicable to a limited range of sub-
stances; however, those based on more realistic molecular models are ca-
pable of representing a wide range of substances with good accuracy. The
major disadvantage of such equations is their tremendous complexity in
comparison to the cubic equations; this has been a barrier to their accep-
tance in practical applications. However, research is ongoing and appears
to bear some promise for the future,

2.1.5 Empirical Equations of State

An enormous number of empirical and semi-empirical equations of state
have been proposed. Most of these have had the purpose of accurately
describing pure fluid properties. In order to achieve this, these equations
have had to be complex and to incorporate a large number of constants.
They are often based on the virial equation of state, modified so as to
describe high density fluids.

These equations are quite distinct in purpose from simpler equations,
such as cubics, which give compact, moderate accuracy description of a
wide range of fluid and fluid mixtures. Instead, empirical equations are
usually intended for high accuracy description of a limited range of fluids.
Their complexity makes it difficult to extend them to a wide range of fluids
or to mixtures.

Benedict, Webb and Rubin [29] developed an empirical equation of state
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which was based on the Beattie-Bridgeman equation (28], itself a modifica-
tion of the virial equation.

P = RTp+(BoRT — 4, — %)p + (bRT — a)p® + acp®
+ 1 v exp(—p" 2.9)
7z (1 + 6% exp(=7p7) (2.

Aqg, Bo, Co, a, b, ¢, o and 7y are constants. Tabulations of the constants for
a variety of substances are collected in Reid et al. {103]. Many modified
versions of the Benedict-Webb-Rubin (BWR) equation have been proposed;
two of the more important are those of Lee and Kessler [71] and Starling
and coworkers [35,142], which are generalized to apply to many types of
substances. Reid and coworkers [102,103] reviewed several of these.

The BWR equation and its various modifications have been extensively
used in the petroleum industry. They are quite accurate for pure com-
pounds, have been extensively tested, and have been used to generate use-
ful tabulations of properties. The BWR equation was the first equation of
state to accurately predict mixture vapor-liquid equilibria [74]. This was
because it was designed to predict pure component vapor pressures cor-
rectly. This concept has been used in most subsequent equations of state
intended for vapor-liquid-equilibria, including cubic equations of state.

Unfortunately, the BWR-based equations of state are obviously complex
and highly empirical. This makes it difficult to extend them to new classes
of compounds; indeed, they have only been tested for hydrocarbons and
a few other compounds of importance in the oil and gas industries; they
are definitely not applicable to most polar compounds. A similar problem
anplies to extrapolation outside the range in which their constants were
determined. Mixture calculations are also difficult, because mixing rules
for so many empirical constants may not be easy to determine. This was
illustrated by Leland [74], using comparisons with simple cubic equations.

Another important class of equations of state are the reference fluid
equations. These are highly complex empirical equations of state meant to
reproduce the volumetric behavior of single fluids to within experimental
error over wide ranges of conditions. They are used to generate accurate
reference values for fluids, often for the generation of thermodynamic tables.
A well-known example is the steam equation of Keenan et al. [68], meant
to represent the behavior of water from 220K to 1600 K, up to a pressure
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of 2200 bar. It gives the compressibility factor Z as

Z = 1400+ 27
dp

where @ is & complex function of p and T involving 52 constants. Other
examples of reference fluid equations are those used to generate the [UPAC
tables of Angus and coworkers [17,18,19,20,21,22,23,24]. These give com-
pressibility factor as power series in reduced density and temperature, and
involve over 30 constants each.

Reference fluid equations are of considerable importance for both practi-
cal and theoretical purposes. Lee and Chao [73] give an interesting example.
They used perturbation techniques to generate a polar correction for the
equation of Chen and Kreglewsky {40]. The basis for this term was the
steam equation of Keenan et al. (Equation 2.10).

(2.10)

2.2 Cubic Equations of State

Cubic equations of state (or “cubics”) are the most popular in process
calculations. While they do not have the accuracy of some of the empirical
or theoretical equations discussed above, they are certainly far simpler.
They can represent a wide range of compounds, and are relatively easily
extended to mixtures.

Some general forms of cubic equations of state are presented and dis-
cussed first. The remainder of the discussion refers to these useful general
forms. Important aspects of the design of cubic equations of state are
considered.

Many equations of state are discussed here. Several of these (namely the
Soave-Redlich-Kwong, the Peng-Robinson, the Schmidt-Wenzel, the Patel-
Teja, the translated Peng-Robinson, the Trebble-Bishnoi, the Toghiani-
Viswanath and the Sugie-Iwahori-Lu equations) are given in full in §4.2.
The relative merits of the various cubic equations of state presented here
are not extensively discussed in this review. However, those listed above
are subsequently evaluated (§6) for comparison with the equations of state
proposed in this work. Other evaluations of recent cubics are those of
Yu {148], which examined performances for nonpolar fluids, particularly
alkanes, and Trebble and Bishnoi [129], which looked at performances for
polar and nonpolar fluids.
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2.2.1 General Expressions

Theoretically, cubic equations of state are a simple example of perturbation
theory. The repulsive term is van der Waals original form. The attractive
term is an empirical or semi-empirical expression. The general form of
the cubic can also be justified on empirical grounds [4,135]. Almost all
cubic equations of state can be represented by general expressions. The
following equations use the van der Waals repulsive term, and give general
empirical expressions for the attractive term. Note that other general forms
are possible (e.g., see {137]); however, the forms presented here are the most
useful.
The first general form was proposed by Abbott [3].

RT a
v—b vi+cvtd

P= (2.11)
a and b correspond to the comstants® in the van der Waals equation. ¢
and d are additional constants. Various cubic equations of state are repre-
sented by Equation 2.11 by specifying values of ¢ and d; for example, the
VDW equation is given by ¢ = d = 0. Equation 2.11 was used by Abbott
and Van Ness [3,135] to obtain useful results on the general behavior of
cubics.
Schmidt and Wenzel [111] proposed a variation of Equation 2.11.
RT a

= — 2.
P v—>5b w24 ubv -+ wh? (212)

Different forms of cubic equations are now obtained by specifying v and w.
Comparison to Equation 2.11 shows that the constants of the two forms
are simply related.

v = ¢/b (2.13)
d/b? (2.14)
This equation has the advantage that « and w are dimensionless. In prac-

tice, they take on a limited range of values. Effects of the form of the
equation of state are therefore easier to perceive.

2The terminology in the literature for these and other quantities in cubics is vague. In
this work, they are called constants, although some may vary with temperature and/or
from substance to substance. They are sometimes called parameters by other authors.
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Different cubic equations of state can be represented graphically in terms
of the relationship between u and w. Figure 2.1 shows the u and w values of
several equations of state. The “excluded region” in Figure 2.1 represents
values of u and w which can cause the denominator of the attractive term
to be equal to zero for finite values of v. Schmidt and Wenzel [111] showed
that the conditions w > —u — 1 and w > u*/4 must be satisfied to avoid
this situation.

Another general form for cubics is given by

RT a
P_v—b_(v—c)(v—d) (2.15)

Different forms of equations are now obtained by specifying ¢ and d. The
advantage of this form is that it is algebraically simple to manipulate. It
has the disadvantage that ¢ and d can be complex numbers. However, this
situation does not arise for useful values; it also does not limit the validity
of expressions derived from this form. Comparison to Equation 2.12 gives
the following relationships between the constants.

= b(—u — vu? — 4w)/2 (2.16)
= b(—u+ Vul - 4w)/2 (2.17)
= —(c+d)/b (2.18)
= cd/b’ (2.19)

B 28 o oo

Other general forms have been proposed; for example, Van Ness and Ab-
bott [135] gave a five-parameter form. However, almost all cubic equations
of state can be represented by the forms given above; only equations of
these forms are considered in the present work.

Cubic equations of state can be represented in a general manner in sta-
tistical mechanics. This makes it easier to relate cubics to molecular con-
siderations. This is usually called generalized van der Waals theory. Vera
and Prausnitz [138] gave a canonical partition function for van der Waals
fluids, and showed how it could be used to generate various cubic equations
of state. This approach is particularly useful in the development of mixing
rules, because it relates the attractive constant a to molecular distribution
functions [108].
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2.2.2 Classical Derivative Conditions

The cubic equations of state given in §2.2.1 contain seven unspecified quan-
tities (for Equation 2.12, T, P, v, and four constants). Under a given set
of conditions (e.g., T and P), this leaves 5 quantities to be determined.
One constraint is obviously the equation of state itself. This leaves four
independent quantities to be somehow specified, which is potentially a dif-
ficult task to do with accuracy and consistency. Fortunately, additional
constraints are available. These were initially suggested by van der Waals,
based on the continuity between the vapor and liquid phases at the critical
point (denoted by the subseript ¢).

(aP
)

&P

()
Equations 2.20 and 2.21 are usually called the classical derivative condi-
tions. Critical temperature and pressure are naturally introduced into the
equation of state, in the form of reduced temperature 7, (= T/T;) and
reduced pressure P, (= P/P,). This forms the basis for the macroscopic
principle of corresponding states (§2.3.2). Only two independent quantities
at the critical point remain to be determined, greatly simplifying the task
of designing equations of state. General expressions that result from the
application of Equations 2.20 and 2.21 to Equation 2.15 are developed in
§3.1.2.

Imposition of these constraints does result in some limitations on cubic
equations of state. Abbott (3] made an important study of this. He demon-
strated that cubic equations subjected to the critical point conditions could
not describe volumetric behavior near the critical point and away from the
critical point simultaneously. For this reason, the critical point volume is
not fixed to the experimental value in most cubic equations of state.

Almost all subsequent developments of cubic equations of state have
dealt with either specifying the temperature dependency of the constants

away from the critical point, or specification of the two remaining quantities
at the critical point. These points are discussed in the next two sections.

=0 (2.20)

T,

=0 (2.21)

T.
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2.2.3 Temperature Dependence of the Constants

The van der Waals equation of state has constant values of ¢ and b for each
substance. It has been repeatedly shown that the constants for any cubic
equation of state are in fact functions of temperature (e.g., see Yu [148]
and Trebble and Bishnoi [129]). The constant a has an especially strong
temperature dependence. This is one reason for the limited accuracy of the
van der Waals equation. The temperature dependence of the constant a 1s
usually described by the function a(T'), defined as follows.

a(T) = — (2.22)

The van der Waals equation has o = 1 (i.e., no temperature dependence).

Redlich and Kwong [99] were the first to improve the qualitative perfor-
mance of cubic equations of state by introducing an empirical modification
to the attractive term., They used

o = T2 (2.23)

and obtained greatly improved predictions of vapor pressure and vapor-
liquid equilibria (VLE) of mixtures.

The next major advance consisted of considering more complex forms for
the function . A highly successful form was that proposed by Soave {118],
for the Redlich-Kwong equation.

a = [L4+m(l-TY)? (2.24)

This empirical expression was obtained from observation of the hehavior
of a values calculated from saturated vapor pressure, P*. The substance-
dependent constant m was fixed for several nonpolar fluids by requiring
exact prediction of P* at T, = 0.7. The values of m were then empirically
fitted to acentric factor in order to avoid iterative calculations. Improved re-
sults for a wide variety of nonpolar fluids were obtained. Soave’s expression
for o has been incorporated into many subsequent equations of state, with
various methods of calculating m. For example, Peng and Robinson [89]
determined an empirical function for m in terms of acentric factor, by fit-
ting P* data. This has been the most common approach. Another common
modification has been to incorporate a further (empirical) temperature de-
pendence in m (e.g., see Schmidt and Wenzel {111]}. A disadvantage of
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Equation 2.24 is that it causes the value of a to go through a minimum at
high temperatures, which is not consistent with observed behavior [87].

Many empirical modifications have been made to Soave’s expression.
The most successful of these was proposed by Styjek and Vera [121,123] in
a modified version of the Peng-Robinson equation. This equation of state
could reproduce the vapor pressure of pure substances with an accuracy
similar to the Antoine equation. However, it requires one or more additional
constants which must be determined for each substance.

Another form for & was proposed by Heyen [60].

a = expm(l—-T) (2.25)

n is another substance-dependent constant. As with Soave’s expression,
Equation 2.25 was obtained from observation of the behavior of a values
calculated from saturated vapor pressures. This expression has the ad-
vantage that the value of a does not go through a minimum. In many
applications, n has been set to unity.

Other temperature functions have been proposed. These have often
been power series in T, (e.g., see [70]) or in (1 — T3) (e.g., see [59]). Such
functions must be used with caution, because they may extrapolate poorly.
For example, Trebble and Bishnoi {129] found that Kubic’s equation of
state [70] gave poor volumetric properties at low T, due to the presence of
a T7 term in the o expression.

Adachi and Lu (7] showed that specification of an appropriate tem-
perature dependency for @ is a major factor in vapor-liquid equilibrium
(VLE) calculations®. By using the Heyen form (Equation 2.25), even the
van der Waals equation of state can give VLE results comparable to more
modern equations of state. They concluded that the form of the equation
of state (i.e., its values of u and w) does not significantly affect VLE per-
formance. The major requirement is to have a temperature dependency for
a that gives accurate representation of P°.

Nevertheless, in a subsequent study, Adachi et al. [12] found that the
form of the equation of state has a major effect on the performance of var-
1ous functional forms for . They made a thorough study of the Soave and

3In the literature, VLE calculations usually deal with the values of P, T, liquid mole
fractions & and vapor mole fractions y at equilibrinum. Many other properties, particularly
volumetric properties, are not normally included in the term VLE.
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Heyen temperature functions (with n = 1 in the latter) for the representa-
tion of P* with various equations of state. They found that the performance
of each function depends strongly on the value of the characteristic constant
Q.. of the equation of state with which it is used, which in turn depends
on the values of u and w. The Soave form is particularly suitable for equa-
tions of state with €, near 0.45 (e.g., the Peng-Robinson equation), and
the Heyen form with n = 1 is best for equations with §2,, near 0.42 (e.g.,
the Redlich-Kwong and van der Waals equations). Thus, equations of state
which use these temperature dependent functions will have reduced abili-
ties to predict P* if their Q,. values are substance dependent and/or are
significantly different from the values above. Such equations have had to
employ variations of these temperature functions in order to achieve good
prediction of P* (and hence good VLE performance). An example of this
is the Schmidt-Wenzel equation, with substance-dependent ., in which
the Soave form is used with a temperature dependence in m.

Since the accurate prediction of vapor pressure seems to be the most
important consideration in the determination of @, it may be advantageous
to calculate o directly from vapor pressure, rather than simply attempting
to correlate vapor pressure. Normally, this involves a complicated iterative
procedure. Soave [117]| developed a polynomial approximation which al-
lows @ to be calculated directly from vapor pressure for the van der Waals,
Redlich-Kwong and Peng-Robinson equations. Adachi [6] extended this to
apply to any cubic equation of state. These expressions have the disad-
vantage of being complex polynomials (with 10 coefficients in Soave’s case,
and 50 coefficients in Adachi’s case). Sugie et al. {125} therefore devel-
oped a streamlined, efficient iterative procedure to perform this calculation
for any cubic equation of state®. Trebble [127] calculated constants in the
temperature-dependent functions in the Trebble-Bishnoi equation of state
by direct calculation from vapor pressure; however, he did not specify a
systematic approach.

So far, only temperature dependency in a has been discussed. The other
equation of state constants are often considered independent of tempera-
ture. Their temperature dependency, if any, is weak in comparison to that

4040 = a.P/(RT:)?. It results from application of the classical critical point condi-
tions. See §3.1.2.

5This procedure is used in two of the equations of state developed in this work, and is
described in §3.2.2.
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in a, and most workers have chosen to ignore it. Trebble and Bishnoi have
used a temperature-dependent b in their equation of state. If a tempera-
ture dependency is specified, its form must be chosen with care, otherwise
physically unrealistic results may be obtained. For example, Trebble and
Bishnoi [129] showed that the Heyen equation of state [60] produced cross-
ing enthalpy isotherms and negative heat capacities under some conditions,
due to the form of the temperature dependence of b. They showed that the
second derivative of b with respect to T must remain negative to avoid this.

2.2.4 Eifects of Varying the Form

As mentioned in §2.2.1, the form of a cubic equation of «t«: . 15 determined
by the values of © and w used. This is equivalent to specifying the two
remaining quantities at the eritical point (§2.2.2}.

From the previous section, it is clear that the form of cubics of state
has little effect on their VLE behavior. This is primarily determined by the
temperature dependency of the constant a. However, the values of u and
w do have a major effect on other properties, particularly volumetric prop-
erties. Yu et al.[148,149] showed that optimum values of ¥ and w could be
found for individual substances for the prediction of volumetric properties.
They found that the quality of the predictions depended strongly on the
values of u and w, particularly for liquid volumes.

The simplest cubics have constant values of u and w, and are often called
“two-constant” equations of state. The major equations in this category are
the van der Waals equation (u = w = 0), the Redlich-Kwong and related
equations {99] (u = 1, w == 0), and the Peng-Robinson equation [89] (u = 2,
w = —1)}. The last two currently are the most popular equations of state in
process calculations. Many equations have been proposed which are modifi-
cations of these, primarily in the temperature dependence of the constants.
The best known example is the Soave modification of the Redlich-Kwong
equation [118]. Of these equations, the Peng-Robinson gives the best vol-
umetric results, especially for the liquid phase and near the critical region.
As shown by Yu [148], it has u and w values close to the optima for several
fluids. Equations with fixed © and w are completely determined; other than
temperature dependencies of the constants, no additional quantities need
to be specified.

Equations with fixed values of v and w cannot give good volumetric
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prediction for a wide range of substances, as shown by Yu et al. [148,149].
They found that the values of u and w for optimum volumetric performance
vary significantly from substance to substance. In many equations of state,
the values of » and w are not fixed. The simplest case is where only one
can vary independently, i.e., when there is a functional relationship between
them. These are known as “three-constant” equations of state. Schmidt
and Wenzel [111] proposed the relationship u = 1 — w in their equation
of state. Their main justification was that this locus includes both the
Redlich-Kwong and Peng-Robinson equations. Many researchers subse-
quently used this relationship, including Patel and Teja {87}, and Toghiani
and Viswanath [126]. Other relationships have been used; for example,
Yu et al. suggested u = w — 3, based on the locus followed by the op-
timum values of % and w for normal paraffins. Unlike the two-constant
equations, these equations of state are not completely determined; one ad-
ditional quantity at the eritical point must be specified. Thisis usually done
through the fitting of an empirical relationship for one of the undetermined
constants, often to saturated liquid molar volume data.

Martin [80] suggested that volume predictions of two-constant equa-
tions can be improved by a simple volume translation, which is substance
dependent.

vv=v—c¢ (2.26)

v' is the volume after translation, v is the original predicted volume, and
¢ is the translation. This is simply a special case of the three-constant
equations above. Translated versions of the van der Waals {9,79], Soave-
Redlich-Kwong [27,88] and the Peng-Robinson equation [66,150] have been
developed. Yu and Lu [148,150] have generalized the technique of volume
translation, showing that there is a simple quadratic relationship between
» and w. A translated equation of state has a value of (1, identical to the
original two-constant equation from which it is derived, and gives identical
vapor pressure and VLE predictions. Any three-constant equation of state
with a constant value of £2,, can be interpreted as a volume translation of
a two-constant equation.

In some cubics of state, « and w are allowed to vary independently
(“four-constant” equations of state). A recent example is the equation of
Trebble and Bishnoi [130]. It uses the Schmidt-Wenzel expression as 2
basis, but modifies it by adding another independent constant; hence u
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and w vary independently. Other examples are the equations of Adachi
et al. [8) and Sugie et al. [125]. These equations are more flexible, but
have the disadvantage that two quantities at the critical point must be
specified. They are usually described by empirical relationships fitted to
experimental data. However, Sugie et al. determined the quantities directly
from liquid molar volume correlations, using an iterative procedure. Treb-
ble [127] used a single value of liquid density in the calculation of constants
for the Trebble-Bishnoi equation of state.

2.3 Corresponding-States Theory

The theory of corresponding states is crucial for the practical application
of equations of state. Its use permits a general equation of state to be
formulated which can apply to a wide range of substances. An extended
corresponding states approach is required for application of cubic equations
of state to polar fluids.

The theory of corresponding states can be discussed on both a micro-
scopic and macroscopic basis.

2.3.1 Microscopic Corresponding-States

The microscopic theory of corresponding states is well established, and
is discussed in many books. The discussion here is based in part on
Hirschfelder et al. [61], Reed and Gubbins [100], and Prausnitz et al. [95].

The microscopic principle of corresponding states is based on an equa-
tion of state from statistical mechanics, which is derived from the canonical

partition function Q.
P=kT (aan) (2.27)
T,N

av

k is Boltzmann's constant, and V is the total volume of the fluid. It is
commonly assumed that the partition function can be expressed as a prod-
uct of independent contributions due to molecular translation and internal
molecular effects (e.g., rotation, vibration), and that the translation can be
expressed by classical (as opposed to quantum) mechanics. These assump-
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tions result in a “semiclassical” partition function {100},

Q= %[c“‘””dr”

—

2.28)

Qi is the internal contribution, and @ is the potential energy of the sys-
tem of N molecules. The integral is a multiple integral over all molecular
coordinates, denoted as r". Substituting Equation 2.28 into Equation 2.27
gives the pressure of a fluid as a function of the total potential energy of
the system.

P= kTéav ln]e‘q’/derN (2.29)

A principle of corresponding states can be developed from Equation 2.29
if it is assumed that the potential energy for any substance can be expressed
as a universal function of characteristic molecular parameters. Models suit-
able for describing the potential of a system of nonspherical polar molecules
usually incorporate an energy parameter ¢, a molecular diameter o, a fur-
ther diameter ! (expressing the nonsphericity of the molecule) and dipole
moment . An example of a pair potential of this type is given by Halm
and Stiel [57].

The functional dependence of the overall potential on these parameters
can be expressed as
' ® =[xV, e,0,1,p) (2.30)

Substituting this into Equation 2.29 results in the following functional de-
pendence for pressure.

P = P(V,kT,e¢, 0,1, 1) (2.31)

Two constraints on this relationship result from requiring dimensional con-
sistency. Therefore, Equation 2.31 can be rewritten as a dimensionless
equation involving five dimensionless groups. The groups commonly cho-
sen (because they arise naturally from many fluid models) are

P* = Podle (2.32)
v* = V/No® (2.33)
T = kT/e (2.34)
Ir = lfo (2.35)

pt = p/Vedd (2.36)
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The dimensionless equation of state is thus
P* = P*(T",v", 1", u") (2.37)

Substances with identical values of four of these groups will have identical
values of the fifth. This is a molecular principle of corresponding states for
nonspherical, polar molecules. The use of this principle allows the equa-
tion of state to be expressed as a universal function for a wide range of
substances, with each substance characterized by a small number of pa-
rameters.

For spherical, nonpolar molecules, only two parameters enter into the
corresponding-states description, ¢ and e. This reflects the fact that two-
parameter models (e.g., the Lennard-Jones potential) are sufficient to de-
scribe potentials between such molecules. Two-parameter models can-
not describe the potential energy of systems of nonspherical molecules; a
substance-dependent parameter (I*) must be added [91]. The description
of polar fluids requires the addition of a fourth substance-dependent pa-
rameter (p*) [56]. The groups I* and p* are functions only of the properties
of individual molecules. For nonpolar molecules p* = 0, and for spherical
molecules I* = 1.

The microscopic theory of corresponding states has had two major uses.
It can be used directly in equations for equations of state in statistical me-
chanics (§2.1.4). Of more practical importance, it is useful in the develop-
ment of macroscopic corresponding-states principles.

2.3.2 Macroscopic Corresponding-States

The macroscopic principle of corresponding states was originally formulated
by van der Waals [133], and was based onr his equation of state. If all
substances are represented by a universal, two-constant equation of state,
then

P = P(T,V,a,b) (2.38)

The substance-dependent constants a and b can be replaced by any other
substance-dependent quantities, through a change of the form of the func-
tion. If T, and P, are chosen, the resulting dimensionless equation is

Z = Z(P,T.) (2.39)
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This bears a clear relationship to the microscopic two-parameter corres-
ponding-states principle. An equation of this form arises naturally from
cubic equations of state when they are subjected to the classical derivative
conditions (see the development of Equation 3.6 in §3.1.1).

The macroscopic two-parameter corresponding-states principle works
well for substances made up of spherical, nonpolar molecules, but not for
other substances. The reason is clear from the microscopic corresponding-
states principle: additional substance-dependent parameters must be intro-
duced to account for these effects. Researchers have therefore attempted
to find dimensionless macroscopic properties which are measures of each of
these effects.

Various quantities have been considered for use as a third corresponding-
states parameter to account for nonspherical effects. These include Riedel’s
factor [93], Pitzer’s acentric factor [91] and critical compressibility factor.
The parameter that has come to be accepted to account for non-sphericity
is Pitzer’s acentric factor, w.

w = —log Pl _o,—1 (2.40)

It is nearly zero for spherical molecules such as argon, and increases for
increasingly nonspherical substances. It is easily determined for most sub-
stances. However, w also rises with polarity; therefore, the acentric factor
also reflects polar effects.

The three-parameter corresponding-states principle using acentric fac-
tor has been very widely applied. At first, it was used to construct tables of
properties (e.g., see Pitzer et al. [92]), or generalized correlations for prop-
erties such as virial coefficient (e.g., see Tsonopoulos [132]). Acentric factor
is clearly related to vapor pressure, and is thus a sensible choice for corre-
lation of the temperature dependence of @ in cubic equations. Soave [118]
first applied it to cubic equations of state, in the correlation of the quan-
tity m in his temperature function for different substances. Subsequent
researchers have used it extensively in cubics, to correlate both constants
in temperature dependencies (§2.2.3) and undetermined constants at the
critical point (§2.2.4) for a wide range of nonpolar fluids. Many examples
are given in §4.2.

Three-parameter corresponding-states principles have consistently failed
to describe many properties of polar fluids. Polarity must be accounted for
by a fourth dimensionless quantity. There has not been a clear choice for
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a fourth macroscopic corresponding-states parameter. Two quantities have
been used in cubic equations of state to account for polar effects: the criti-
cal compressibility factor Z., in the equations of Trebble and Bishnoi [130]
and Iwai et al. [65]; and Halm and Stiel’s polar factor x [56,57,58], in the
equations of Toghiani and Viswanath [126] and Bazud and Negrete [27)].
As with acentric factor, the Halm-Stiel factor is defined in terms of vapor
pressure.

x = log Py _oq+1.7w + 1.552 (2.41)

Its value can change due to nonspherical effects; therefore, it does not
uniquely rep: -sent polar effects.

A corresponding-states principle does not have to be restricted to four
parameters. For example, Trebble {127] developed an extended correspon-
ding-states principle to calculate sorne of the quantities in the Trebble-
Bishnoi equation of state, using six or seven parameters. However, his
selection of parameters cannot be made dimensionless, so it does not rep-
resent a true corresponding-states approach.

2.4 Mixing Rules

To describe mixtures with an equation of state, mixing rules are required.
Given the equation of state for pure fluids, rules for obtaining the equation
of state for the mixture must be defined. Many such mixing rules have
been proposed in the literature. For this survey, they are classified into two
types: the conventional, or random mixing rules, and the local composition
mixing rules.

Another approach has been recently proposed, in which the chemical as-
sociation between species in & mixture is taken into consideration [16,15,69].
This approach is also useful for pure fluids which tend to associate (e.g.,
where dimer formation is important). It gives highly accurate results for
nonideal mixtures, but is relatively complex. Although not further consid-
ered in this work, equations of state incorporating association may be an
important source of new developments.

A well-known restriction on mixing rules comes from the virial equation
of state. At the low density limit, the mixing ruie for the second virial
coefficient must be quadratic in mole fraction (e.g., see [100]). Application
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to van der Waals-type cubic equations of state gives the following restriction
at low densities.

B = > % wzz;B;;=b—a/RT (2.42)
i j

The summations are over all the components 7 and j in the mixture. There-
fore, both a and b should be quadratic functions of mole fraction at low
density. However, it is not clear that violation of this restriction would
result in significant error in practice, and several successful mixing rules
have not obeyed Equation 2.42.

2.4.1 Conventional Mixing Rules

Conventional mixing rules are generally simple. They are assumed to rep-
resent mixtures in which the molecules are randomly mixed, although this
is not strictly true {41].

The best known mixing rules are

Tt = sziﬂ}ja,‘j (2'43)
b = ZZmimjbij (2.44)

They were originally proposed by van der Waals. Generally, a geometric
mean is used to calculate a;;, and an arithmetic mean to calculate b;;,

a; = (aay)'/? (2.45)
by = (b +b;)/2 (2.46)

where g; and b; are the constants for pure i and j respectively®. These mix-
ing rules were originally based on purely empirical arguments, but later were
found to have secure theoretical justification. As summarized by Copeman
and Mathias [41], the van der Waals mixing rules can be justified several
ways: from simulations of non-polar and slightly polar fluids, using sim-
ple fluid modeis (e.g., the Lennard-Jones and square-well potentials); from
radial distribution functions, using reasonable assumptions which are best
obeyed by nonpolar and slightly polar fluids; from regular solution theory,

8The mixing rules for & are usually also used for the remaining substance-dependent
constants in cubic equations of state.
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which again applies to nonpolar or slightly polar fluids. The above jus-
tifications imply that the van der Waals mixing rules should be best for
nonpolar or slightly polar fluids. This is indeed the case in practice.

The van der Waals mixing rules can be considerably improved by the
addition of a binary interaction coeflicient to the mixing rule for a.

a; = (aia;)"?(1 — ki) (2.47)

where k;; (= kj:) is the binary interaction coefficient between components
7 and j. k;; is normally determined from fitting of binary VLE data, and is
usually found to be weakly dependent on temperature. This concept was
introduced by Stotler and Benedict [120] for the BWR equation, and was
extended to the van der Waals mixing rules by Zudkevitch and Joffe {152].
The binary interaction coefficient was initially considered an empirical mod-
ification, but was later shown by Prausnitz and Gunn [94] to have some the-
oretical justification, based on the theory of intermolecular forces. Binary
interaction coefficients are usually weak functions of temperature.

As mentioned above, the van der Waals mixing rules work quite well
for nonpolar or slightly polar fluids. However, they often fail badly for
polar fluids, and for highly asymmetric mixtures (i.e., mixtures of dissimilar
molecules, such as polar-nonpolar mixtures). Therefore, many attempts
have been made to improve them.

Evelein and Moore [50} suggested introducing a binary interaction co-
efficient for b;;, i.e.,

bij = b ; bJ(l - 1;;) (2.48)
This form has been tested by Yu {148], Iwai et al. [64,65], and Trebble [128],
and was found to give good VLE results for mixtures of polar fluids, but
not for highly asymmetric mixtures. It also gave values for excess molar
volume which were much too large. Most mixing rules do not introduce an
interaction coeflicient for b. '

Another approach has been to modify the form of the mixing rules. For
example, Radosz et. al.[97] have used

a ;s
5078 > 2w bl?-_;s (2.49)
13

b = sz,‘wjb;j (2.50)
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Copeman and Mathias [41] have generalized this approach to include other
mixing rules from the literature. This type of mixing rule improves predic-
tions for some mixtures, but not for highly asymmetric mixiures.

Several researchers have retained the van der Waals form, but have
effectively made k;; composition dependent. Mixing rules of this type do not
obey the low-density limit (Equation 2.42), but have achieved considerable
success. They generally describe polar mixtures well, and can significantly
improve predictions for asymmetric mixtures. Some of these have been local
composition models, to be discussed in the next section. Others have been
empirical modifications, such as that by Panagiotopoulos and Reid [86],
and Stryjek and Vera [122,124].

ayj = (@a;)* (1 — Ry + (kg — kji)i] (2.51)

where the assumption that ki; = kj; has been relaxed. Other approaches
are derived from activity coefficient expressions. For example, Adachi and
Sugie [10,11] used the Redlich-Kister expression, reduced to two binary
coefficients, to obtain

ag; = (@:05)"?[1 — kyj — Lij(s — )] (2.52)

where ki; (= k;;) and lj (= —Ij) are the binary interaction coefficients.
Equations 2.51 and 2.52 are equivalent.

Adachi and Sugie [10] found that increasing the number of binary coef-
Scents beyond two in the Redlich-Kister expansion does not result in sig-
nificant improvement. However, Schwartzentruber and coworkers [112,113]
gave an extension of Equation 2.52, which significantly improves the de-
scription of some highly asymmetric mixtures.

m,-j:n; - mj,-:nj(

ai; = (@a;)/? |1 — ki = U Ti -+ z;5) (2.53)

myie; + Myik;

There are three binary interaction coefficients, ki; (= ki), Li; (= —1j:) and
mi; (= 1 — my). This mixing rule prevented false liquid-phase splitting
for some highly asymmetric systems, which is a common problem of cubic
equations of state with most mixing rules.

Wilczek-Vera and Vera [145] also derived a series of mixing rules based
on activity coefficient expressions. These did obey the low-density limit
(Equation 2.42), but were density-dependent.
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2.4.2 Local Composition Mixing Rules

Wilson [146] was the first to use the concept of local composition, in the
formulation of his activity coefficient model, to describe highly asymmetric
mixtures. The concept is simple: it is assumed that there exist in & mixture
local areas whose composition is different from the bulk composition, due
to effects of interactions between molecules. Actual description of local
composition effects differ widely, and are still the subject of much applied
and theoretical research. Important subsequent models have included the
NRTL [104] and the UNIQUAC [5] activity coefficient expressions.

The local composition concept has recently been applied to mixing rules
for cubic equations of state. A history of local composition and its applica-
tion to mixing rules is given by Danner and Gupte [44}. The most important
formulations have been those of Huron and Vidal [63], Mollerup [82] and
Whiting and Prausnitz [144]. The mixing rule of Huron and Vidal is based
on the NRTL model.

a: S 2:b:E:C
= b j— — AT 2.54
¢ (Zm b; A > 2O ) (2:54)
where
EJ-,; = exp(—aj,-C'ﬁ/RT) (2.55)

where A is a constant depending on the equation of state”, and Cj; (= Cj;)
and aj; (= ay;) are binary interaction coefficients. This expression does
not obey the low-density limit (Equation 2.42). Huron and Vidal have
shown that this mixing rule can prevent the prediction of false liquid-phase
splitting in some cases, if a three-coefficient version (with Cj; # C;;) is used.

If & local composition mixing rule is to obey Equation 2.42, it must
incorporate a density dependence, such that it provides a local composition
description at high densities, and the quadratic mixing rule at low densities.
An example of this is the mixing rule of Mollerup, based on the UNIQUAC

equation,

_ _ Yzilasi/9:)Ei
a = Y g S 0.5y, (2.56)

7This expression only applies to cubic equations of state with fixed values of v and w.
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where

a;i/gn = Jejai/g;q(l — ki) (2.57)

Eji = exp(a;/g:)A (2.58)

where A is now a volume-dependent term varying according to the equation
of state used, and the ¢ are pure component UNIQUAC constants. The
mixing rules of Whiting and Prausnitz are similar.

Obviously, local composition mixing rules are complex. The density-
dependent mixing rules result in non-cubic equations of state for mixtures,
and require additional iteration to obtain the correct density in the mix-
ing rule. Additionally, some local composition mixing rules overestimate
the effect of local composition in nonpolar mixtures [81]. They have nev-
ertheless been extensively investigated because they appear to have some
theoretical basis, and because they have been successful in describing polar
and asymmetric mixtures.

A study by Adachi and Sugie [10] has shown that the success of local
composition mixing rules may simply be due to an increased number of
interaction coefficients, and hence increased flexibility in fitting VLE data.
They found that a simple two-coefficient Redlich-Kister mixing rule (see
above) can describe polar and asymmetric mixtures as well as many re-
cent local composition mixing rules. They concluded that the number of
interaction coefficients is more important than the form of the mixing rule.

Another problem with density-dependent local-composition mixing rules
is that statistical mechanical theory and recent simulations of mixtures have
not agreed with the form of their density dependence (this is summarized
and discussed by Danner and Gupte [44]). In particular, it appears that
local composition effects are strongest at low densities, and decrease (but
do not disappear) at higher densities. This trend is opposite to that of
most density-dependent local-composition mixing rules. More recent mod-
els (e.g., see Sandler [108] and Adachi et al. [13]) have attempted to re-
produce the correct density dependence and may be an important basis for
future developments.
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2.5 Concluding Remarks

A considerable amount of information has been presented in this literature
review. Particular points that are important to this work are summarized
here.

There have been many different types of equations of state developed,
of varying degrees of complexity and flexibility (§2.1). They have had both
practical and theoretical importance. While some of these may perform
well in specific areas, none combine the simplicity, accuracy and range of
applicability of cubic equations of state.

The general forms for cubic equations of state (§2.2.1) are important.
General expressions, useful for any cubic equation of state, can be developed
from them. Equation 2.15 is simpler to manipulate; it is therefore adopted
for the formulation of general expressions. Equation 2.12 is adopted for
studies of the effect of the form of the equation of state (i.e., the effect
of the values of 4 and w) on volumetric performance. The two forms are
simply related through Equations 2.16-2.19.

The classical derivative conditions {Equations 2.20 and 2.21) are es-
sential, hecause they greatly simplify the determination of constants in
cubies, and because they naturally transform the equation of state into
two-parameter corresponding-states form (§2.2.2). The equations of state
developed in this work therefore use the classical derivative conditions.

Only temperature dependency in the constant a is considered in this
work. It is more significant than temperature dependencies in the other
constants, and is better understood (§2.2.3). The Soave and Heyen forms
for o (Bquations 2.24 and 2.25) are simple and are known to perform well;
they are therefore further considered here. The direct calculation of & from
vapor pressure is reliable and accurate; therefore, it is also considered.

The form of a cubic equation of state, as given by its » and w values,
is important for its volumetric performance (2.2.4). The approach of Yu
et al. [148,149] is a powerful method for determining appropriate choices
for values of u and w, and is used in this work.

Corresponding-states theory is required for the efficient application of
an equation of state to a wide variety of substances (§2.3). The macroscopic
corresponding-states principle is naturally introduced into cubic equations
of state by application of the classical derivative conditions. It can be
extended to cover nonspherical and polar fluids from considerations from
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microscopic corresponding-states. Substance-dependent quantities in cubic
equations of state have been widely correlated or generalized using extended
corresponding-states principles; this approach is used in this work. Alterna-
tives to generalization, such as direct calculation from corresponding-states
parameters or from properties, are also used.

Several mixing rules have been proposed for polar and asymmetric
mixtures, some of which are examined in this work. The two-coefficient
Redlich-Kister mixing rule (Equation 2.52) is simple and describes many
such systems. The extended Redlich-Kister mixing rule [112,113] and the
Huron-Vidal local-composition mixing rule (Equation 2.54) may prevent
the prediction of false liquid-phase splitting for highly asymmetric systems.



Chapter 3

Theory and Methods

In this Chapter, relationships required in this work are given and/or de-
rived. Some of the computational methods used are also described. Most
of the expressions and methods given here are applicable to any cubic equa-
tion of state of the type discussed in §2.2.1. They are also applicable to
any mixing rule which is not density dependent.

3.1 Useful Expressions

A study of this size is greatly simplified if some effort is made to develop
expressions which are generally applicable. For cubic equations of state,
this is possible if the general forms of the cubic equation are used as a
starting point. These have been introduced and discussed to some length
(§2.2). Here, dimensionless expressions based on these general forms are
derived.

As discussed previously, the Schmidt and Wenzel form for cubic equa-
tions of state (Equation 2.12) is useful for examining the effect of the form
of the equation of state. However, Equation 2.15 is more suitable for alge-
braic manipulation, and gives simpler expressions. Therefore, most of the
equations nsed in this work are derived from Equation 2.15. The main use
of equation 2.12 will be in establishing relationships between t'ie constauts
u and w, which are then expressed in terms of Equation 2.15.

34
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3.1.1 The Dimensionless Cubic Equation

Computations involving cubic equations of state are simplified if dimen-
sionless equations are used. A dimensionless general form for cubics is
developed here. Instead of being a cubic equation in volume, this is a cubic
equation in compressibility factor.

Equation 2.15 can be rewritten in a dimensionless form after dividing

through by P.

1 A
1= — 3.1
Z-B (Z-C)Z-D) (3-1)
The dimensionless constants .4, B, C and D are defined as
aP
A = —= 3.2
(RT)? (3:2)
B bP 3.3
cP
C = — 3.4
ar
D = — 3.5
BT (3.5)
Equation 3.1 can be rearranged to yield a cubic in Z.
224+ pZ*+qZ+r=0 (3.6)
The coefficients are given by the following.
p = —-1-B-C-D (3.7)
= A+C+D+BC+BD+CD (3.8}
r = —AB-CD-BCD (3.9)

3.1.2 Relationships at the Critical Point

As discussed in §2.2.2, almost all cubic equations of state have been sub-
jected to the classical critical point conditions (Equations 2.20 and 2.21).
Imposition of the classical critical point conditions on Equation 3.6 leads
to several useful relationships at the critical point.

Let the values of 4, B, C and D at the critical point be given by Quc, S,
Q.. and Uy respectively. Furthermore, consider only a to be temperature
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dependent, with the temperature dependence given by a, as defined in
Equation 2.22. The following expressions for 4, B, C and D can therefore
be written.

4 = Qu(e/T)(P/T) (3.10)
B = 0(P/T.) (3.11)
C = Qu(P/T) (3.12)
D = Qu(P/T) (3.13)

The expressions for the coefficients of Equation 3.6 can now be written in
terms of the critical point constants.

p = —(P/T ) e + Qe + Qac) — 1 (3.14)
g = (Po/T) (e + Vel + Decllac)

+ (P /T ){(@/ T2 ) + Dee + Qac] (3.15)
r o= (P10 Qe — (Pr /T ) (@) T0) Q0 Qe + Qecac) (3.16)

Application of the critical point conditions leads to the following set of
three equations.

(S +peld +qle+re = 0 (3.17)
3¢ +2petg. = 0 (3.18)
60 +2p. = O (3.19)

(. is the compressibility factor at the critical point predicted by the equa-
tion of state, Equations 3.17-3.19 can be expressed in a more convenient
form. Substituting for p., ¢, and r, and rearranging gives the following
eXpressions.

P = 1+ ch + Qcc + Qdc = 3Cc (3.20)
e = Qac + Qr.': + Qdc + chﬂ'cc + chgdc + QCCQdC = 3Cc2 (321)
—7e = Qacllpe + Qn:r.:n'dz: + Qpe Qeeae = Ccz (322)

The quantities f, g and h are now defined.

o= G- D (3.23)
9 = G~ Qe (3.24)
ho= (-0 (3.25)
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Substituting these into Equations 3.20-3.22 gives

f+g+h-1 = 0 (3.28)
fg+gh+fh—(g+h)+ Qe = (3.27)
fgh_gh+fnac = 0 (328)

Expressing f, g and h in terms of {1, gives the desired expressions.
Ff= C—Me=1-0,"° (3.29)
g = Co— Qe = (Que’® + Va0, ~ 30,.2/%)/2 (3.30)
o= (o— Q= (2~ \/zmu — 30,.2/%)/2 (3.31)

Note that specification of £2,. only is needed to determine f, g and h. Spec-
ification of one more constraint would determine the value of all remaining
critical point quantities.

3.1.3 Relationships between the Standard Forms

As discussed in §2.2.2, imposition of the critical point conditions leaves two
quantities to be specified at the critical point. This is apparent in Equa-
tions 3.29-3.31, which are a system of three equations in five unknowns.
Two approaches are used in this work: the specification of £2,c and Qy;
the specification of 4 and w. The first approach is the most practical for
general calculations; the second approach is vsed only when examining the
effects of the form of the equation of state on volumetric performance. The
relationships necessary to determine all other critical point constants from
these are given here.

The simplest approach is to specify Q.. and Qp.. Qe and Qg4 are then
easily determined from Equations 3.29-3.31. u and w are given by

Q¢:r: + Qdc
o St Qe 3.32
u o (3.32)
w Qccgzgdc (333)
ch

which follow from Equations 2.18 and 2.19, and from the definitions of 2.,
Q.. and Qg..
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A more difficult approach is to specify u and w. A complicated cubic
equation must then be solved to obtain ,.. This is developed below.

First, the quantities f — g and 2(f — h) are formulated from Equa-
tions 3.29-3.31.

Q”h = ndn::"‘n'cc

= V40 - 30,7 (3.34)
Z(fﬂg) = Z(Qcc - 1)
= 2- Q. - 3\/;9,,,: —30,.2° (3.35)

.. and Qg are related to u and w as follows.

Q. = Q”“(—u — Vu? = 4w) (3.36)

2
Qe
Qg = 2" (—u + Vu? — 4w) (3.37)

This follows from Equations 3.32 and 3.33. Substitutinginto Equations 3.34
and 3.35 gives

g—h = My.vu?-4w

= 40, — 30,23 (3.38)
Af-g) = -2—u—Vul—4dw
= 2— Q.7 - 3\/&4,_. — 30,.2° (3.39)

Finally, eliminating (2. from Equations 3.38 and 3.39 and rearranging gives
the desired expression.

Qucm3u2+u+lﬂu2/3+3 u? — 4w /3 _ u® — 4w

u? + du + 4 u? +4u+4 u? + 4u + 4

Now, if © and w are specified, then the smallest positive root of Equa-

tion 3.40 is the cube root of ,.. Equations 3.29-3.31 can then be solved
for f, g and h. Q4. is given by

=0 (3.40)

g—h
Q=2 3.41
b vu? — 4w ( )
which follows from Equation 3.38. . and 4. are given by Equations 3.36
and 3.37 (they can also be obtained from Equations 3.29-3.31).
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3.1.4 Determination of 3,

A quantity which will be important in subsequent discussions is g., the
ratio of covolume to molar volume at the critical point predicted by the
equation of state.

B. = bc/'vc = nbc/Cc (3-42)

It is significant, because it is the only quantity arising in macroscopic
corresponding-states for cubics which is directly related to a quantity in
microscopic corresponding-states, v (see §2.3.1 and §5.1.2).

An expression is now developed relating 8, to v and w. From Equa-
tions 3.30 and 3.31,

g+h =20+ Qe + Qe = Q7 (3.43)
Substituting for Q.. and 4. from Equations 3.36 and 3.37 gives
g+h =26+ ulpe = QM3 (3.44)

Dividing Equations 3.29, 3.34 and 3.44 by (. and substituting 3. from Equa-
tion 3.42 gives the following set of three equations.

1—8. = (1- Q)¢ (3.45)
BVl —dw = a0, — 30..2°/C (3.46)
2+uf. = Q[ (3.47)

(. and Qg can be eliminated from this set of equations to yield the desired
expression, given here as a cubic in (..

(11.2 + uw — 'Lﬂ)ﬁc3 + 3(u + w)ﬁ,:2 +33.—-1=0 (3.48)
This is the same as the expression used by Yu et al. [148,149], although
their development was different.
3.1.5 Expressions for u = —~w

If a constraint is placed on the critical point constants, then only one ad-
ditional relationship needs to be specified. In §5, the relationship u = —w

SIRRENS ST
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is imposed as a constraint. This results in several simplifications. The re-
quired expressions are developed here, to avoid interrupting the discussion
later.

An expression giving 1, as a function of £, is here derived. From
Equations 3.29-3.31, with v = —w,

f—g9g = (s 1) (3.49)
f—h = (f— 1) (3.50)
where

s = (—u—+vul+4u)/2 (3.51)
t = (—u+Vu?+4u)/2 (3.52)
© can be eliminated from Equations 3.51 and 3.52 to give the following
relationship between s and .
52 t?
1-s 1-t
s and t can now be eliminated from Equations 3.49-3.53 to give an expres-
sion for ..

(3.53)

(f = g) = J(f = 9)(f — h)

Qe = (3.54)
JF—9)/(f-h) -1
From Equations 3.29-3.31,
(F-g)(f-h)=7° (3.55)
Equation 3.54 can thus be simplified to give the final result,
Qpe = f32 = (1 — M)/ (3.56)

which is a very simple expression that does not involve u.

An expression for u from 2, can also be developed. u is given by
_1-3f
u= —fg—- -
which follows from Equations 3.51, 3.49 and 3.55.

From these relationships, it is apparent that specification of €2,. allows
the simple calculation of all the other constants. In such a case, Q. 1s
determined from Equation 3.56, and (1. and Qg4 are then determined from
Equations 3.29-3.31. u is calculated from Equation 3.57, and w from w =
—u.

2 (3.57)
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3.1.6 Fugacity Coeflicient

Fugacity is an important quantity in phase equilibrinm calculations, since
equality of fugacities in each phase for each component is the criterion
for equilibrium. A general expression for fugacity coefficient is developed
below. The expression will be applicable to: pure components and compo-
nents in mixtures; any cubic equation of state conforming to Equation 2.15;
any mixing rule independent of density.

Cubic equations of state are explicit in pressure. The following ex-
pression is useful for obtaining fugacity coefficient from pressure, for each

component ¢ in a mixture,
1 ( oP ) 1
BT\ ) ymsiizy ¥

fi o
m¢_mmP_L
f; and ¢; are the fugacity and fugacity coefficient of component 7 in the
mixture. mn; is the total number of moles in a volume V of the mixture.
Equation 3.58 is derived in a variety of chemical engineering thermody-
namics texts (e.g., see [95]). An expression for fugacity coefficient from
Equation 2.15 is best obtained if it is rewritten as follows.

nRT na n n
P V—nb nc—nd (V—nc V—nd) (3.59)

The derivative in Equation 3.58 is easily evaluated from Equation 3.59.

The integration is also straightforward. Rearrangement and conversion to
dimensionless guantities yields:

dV -InZ  (3.58)

" ~

B; C: - D; A\ A Z-D
lné: Z—B"h“Z”m+(c-D_1_I)C—szmc
A ¢; D;
— - : 3.60
c-D (Z -C Z- D) (3.60)
This equation is indeterminate for C = D. In this case, it becomes
B; A+ .‘Ij.,' Aét
o _ _B)— _ 3.61
In ¢; 7B In{Z — B) Z-C (Z-0) (3.61)

The quantity A; is given by the derivative
A; = [8(nA)[Onslrvm; (i (3.62)
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The quantities B;, C; and D; are obtained from similar expressions. The
expressions resulting from this will vary according to the mixing rule used.

The conventional van der Waals mixing rule is used for the constants
b, ¢ and d. After simplifying and converting to dimensionless form, Equa-
tions 2.44 and 2.46 give

B = Y z:B; (3.63)
C = Y z.C; (3.64)
D = > 2D (3.65)
Applying Equation 3.62 gives the following expressions.
B, = B; (3.66)
& = G (3.67)
D, = D (3.68)

For the attractive constant a, several mixing rules are used in this work.
The two-coefficient Redlich-Kister mixing rule of Adachi and Sugie (Equa-
tion 2.52) results in the following expressions for A and A;.

A = 303 wiwi(AiA) L — ki — Lyl — 25)] (3.69)

i
A = 23 2 (A4d)' L kij - U(22 — a5)]
i
+ Z Z “’jmk(AjAk)mljk(mj —zp)— A (3.70)
F

(3.71)
Note that k;; = kj, and [;; = —~I;;. For pure fluids, k;; = I;; = 0.
The augmented Redlich-Kister mixing rule of Schwartzentruber and
coworkers (Equation 2.53) gives the following for 4 and A;.
4 = Z Z :c:'.'l}j(AiAj)]/z [1 - kij - l,'J (23; + :L:J)] (3.72)
P

.‘i.‘ = QZ zjA; + Z Z a:jmk(AjAk)l/z(l — kjr) — 24 — (3.73)
7 i k

my;E; — mj,-:cj

Mi;8; + M;T;

m,-ja:.- - mj,-:nj

2%z (A4 e ]
3

+ 2m;;m;iT;
MijT; + My; (mijes + myiz;)?
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Note that ki; = kji, L; = —l; and my; = 1 — my;. If my; = 0.5, then
the two-coefficient Redlich-Kister mixing rule is recovered. For pure fluids,
ki =1; =0.

The Huron-Vidal mixing rule {Equation 2.54) must be modified for
equations of state with variable v and w. Yu {148} derived an appropri-
ate expression for his equation of state; it is easily extended to the general
equation of state (Equation 2.15) to give

1 S
A = — . A e — .
n Zm (A,A, 52‘_) (3.74)
where
1 B-D
A = C—DlnB—C (3.75)
Sh' = Z:L‘J'BJ'EJ;,'(CJ';/RT) (376)
I
b
EJ" = exp[aj;(C’ﬁ/RT)] (3.78)

Note that a;; = aji, but that in general Cj; # Cj:. For pure fluids, C;; = 0.
Application of Equation 3.62 gives the following expression for A;.

. 1 [ . 1(Bi-D; Bi-6

- C'— L= z i T ) —1
i = algtple-n-3 (575 -50)) )
S,‘ E,‘_ Ct“

1 (Gasu-s0)| o

Ak —ZE B Y gy

Sa; ZJ: “ S%;
Note that these expressions involve the mixing rules for the other constants
B, C and D.

For pure fluids, Equations 3.60 and 3.61 can be used directly, with the
mixture derivatives set equal to the pure fluid constants (e.g., A; = 4; = A}.

The resulting expressions, after some simplification, are
A Z2-C

Ing = Z_l_ln(Z_B)_C—DanMD

(3.80)

for C # D, and

Ing = Z—1_1n(Z—B)+~Z»—_~C— (3.81)
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for ¢ = D.

3.2 Methods

Calculations and numerical methods used in this work are described here.
These are general procedures, applicable to most cubic equations with most
mixing rules. The only procedures that are not given here are those which
pertain directly to the development of the new equation of state (§5). FOR-
TRAN subroutines implementing many of these methods are given in §B.

3.2.1 The Direct Solution of Cubic Equations

Cubic equations arise frequently in calculations involving cubic equations
of state. Many researchers have resorted to iterative methods to find the
roots of such equations; however, any cubic can be solved explicitly. It is
given here (from Press et al. {96}), using Equation 3.6 as an example.

The following two quantities are calculated from the coefficients of Equa-
tion 3.6.

Q = (p'—39)/9 (3.82)
R = (2p° - 9pg+ 27r)/54 (3.83)

If R? -~ Q? is negative, there are three real roots Zi, Z; and Z,, given by
6+2r(z—1})| p
Z; = -2 —_— | - = 3.84
G0 2 ey

where 8 = arccos(R/Q%?). Otherwise, there is one real root, given by
Z = ~sgn(R)(S +Q/5)—p/3 (3.85)
where § = (/RY <~ @3 + |R|)Y/3.

3.2.2 Determination of «

The temperature dependency of the constant a is usually determined from
vapor pressure (§2.2.3). Sugie et al. [125] give a meihod for the calculation
of a from vapor pressure P?, Ii is efficient, and is applicable to any cubic
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equation of state conforming to Equation 2.15. It is derived from the criteria
for equilibrium between vapor and liqguid pbhr..:s.
The quantity A is defined as

A\ = Z-B (3.86)

The following identities can be written, using Equations 3.11-3.13, 3.29-
3.31, and 3.86.

Z-C = A+(P./T)g~- ) (3.87)
Z-D = M+{(P/T)h-Ff) (3.88)

Also, the following identities are obtained from Equations 3.29-3.31.

g+h = 1—F (3.89)
gh = f(1-f) (3.90)

Using Equations 3.86-3.90 allows the dimensionless equation of state (Equa-
tion 3.6) to be rewritten in terms of ).

N H LA+ S85A+5 =0 (3.91)

The coefficients Sy, Sy and S, are given by

So = (P/T)'F (3.92)
5 = (P:/Tr)zfs_(P:/Tr)(l_3f"naca/Tr) (3.93)
S = (P/T)(1-3f)—1 (3.94)

The vapor and liquid values for A are the minimum and maximum roots
respectively of this equation.

At saturation, the fugacities of the liquid and vapor phases are equal.
Using Equation 3.80, and introducing A through Equations 3.86-3.88, yields

e (h=g)[(dx = dy) +1n(dv/2)
T | RvHPYT)e-NIALH(PHT) (A1)
2 Ay +(P2 /T )= DAL +(P2/T-Na— )]

(3.95)

Equation 3.95 is indeterminate for C = D. A form suitable for the case
C = D can be obtained by using 1'Hopital’s rule, or by using Equation 3.61



CHAPTER 3. THEORY AND METHODS 46

instead of Equation 3.60 in the derivation.

o
— = 3.96

- (3.96)

(A = Av +In(QAv AAs + (BT ) g — HI2v + (B /T ) g — £

Qac( P2 /T ) (AL — Av)
Thus, /T, is a function only of Q,. and P?/T,. Once the value of ).
is known, /T, can be determined iteratively from Equations 3.91-3.96 at
given values of P?/T;.
Equations 3.95 and 3.96 are solved iteratively, using the method of

successive substitution. The procedure is as follows.

e Calculate f, g and h from Equations 3.29-3.31.

e Calculate S; and S, from Equations 3.92 and 3.94.

e Obtain an initial estimate 'nr a. Sugie et al. suggested

e’ f P
R D S .3
T. 1-F T,

s Repeat the following until |a — a**!| is sufficiently small.

~ Set a®! equal to a.
— Calculate 5 from Equation 3.93.

— Calculate A; and A, from Equation 3.91. They are the smallest
and largest roots respectively. The method given in §3.2.1 is
used.

— Calculate & from Equation 3.95 or 3.96.

The procedure requires about five iterations to converge to a high degree
of accuracy.

3.2.3 Solution of Cubic Equations of State

Most calculations in this thesis require determining volume from cubic equa-
tions of state at some point. The procedure used, which is applicable to all
cubic equations of state, is described here.

The temperature T, pressure P and mole fractions z; of the phase are
given. The compressibility factor Z is obtained as follows.
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o For each component i, calculate the dimensionless equation of state
constants as follows!.

Calculate P,;, T.;.

~ Determine Q,.;, Qe; and a; for the equation of state under con-
sideration.

Calculate {2..; and Qg; from Equations 3.29-3.31.
— Calculate A4;, B;, C;, and D; from Equations 3.2-3.5.

¢ Calculate B, C and D from the mixing rules (Equations 3.63-3.63).

Calculate A using the appropriate mixing rule (Equation 3.69, 3.72
3.74).

o Calculate p, ¢ and r from Equations 3.7-3.9.

Solve the cubic (Equation 3.6) for Z (see §3.2.1). Volume is obtained
using v = ZRT/P.

The pure fluid case is obtained by considering a single component with mole
fraction 1. If more than one root is found, the appropriate one must he
selected. For a pure fluid, the smallest root corresponds to the liquid phase,
and the largest root corresponds to the vapor phase. This is not necessarily
true for mixtures, although it did apply to all cases in this study.

3.2.4 Calculation of Fugacity Coefficient

Phase equilibrium calculations require evaluation of the fugacity coefficient
for each component in each phase. Given temperature T', pressure P, and
phase mole fractions z;, fugacity coefficient is calculated as follows.

e Find the compressibility factor of the phase by solving the cubic equa-
tion of state, using the method in §3.2.3. This also gives values of A;,
B, C;, D;y A, B, C and D.

o Calculate the derivatives B;, C; and D; from Equations 3.66-3.68.

1The procedure for the Trebble-Bishnoi equation of state differs slightly, because it has
a temperature dependent b.
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s Calculate the derivative A; using the appropriate mixing rule (Equa-
tion 3.70, 3.74 or 3.79).

e Calculate ¢; values from Equation 3.60 (or Equation 3.61).

The pure fluid case is obtained by considering a single component with
mole fraction 1.

3.2.5 Pure Fluid Calculations

In this section, the calculation of pure fluid properties along the saturation
curve is described. From the phase rule, the state of a pure saturated fluid
is completely specified if a single thermodynamic variable is fixed. In this
study, temperature T is assumed to be fixed and known, thus allowing
all other properties to be calculated. Specifically, saturated pressure P~,
saturated liquid molar volume v/, and saturated vapor molar volume v} are
calculated.
The following condition must be satisfied at saturation.

F(P) = ¢u— ¢
= 0 (3.97)

The values of ¢ are calculated using the procedure in §3.2.4. An iterative
procedure must be used to find the value of P which will satisfy Equa-
tion 3.97; this is P*. Of the methods tested, the best (fastest and most
stable) is the secant method. The search is for the value of In(1 — P?)
which satisfies Equation 3.97. This improves stability (compared to a di-
rect search for P*) by preventing searches at supercritical pressures.

The complete procedure is as follows.

s Obtain two estimates of P*, P, and P,. P, is taken as the experimental
P’ and P, is taken as 95 % of this value.

s Calculate X; =1n{(1 — P,/P.), and X, = In(1 — P,/ F,).
o Calculate F] = F(Pl) and Fg = F(Pg)
e If |Fy| is smaller than |F3|, values of X and X,, and Fy and F; are

interchanged.
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o Repeat the following until |AX| is sufficiently small.

— Calculate AX = F»(X, — X,)/(F, - F).
— Substitute the values of X5 and F, for those of X; and F;.
— Calculate the new value of X, using Xy, = X» + AX.

— The new value of P, is thus Py = P.(1 — e?).

— Calculate the new value of Fy, using F; = F(P,).

e The saturated vapor pressure is P* = P,.

The values of vf and v are available from the calculation of ¢ values.

3.2.6 Mixture Calculations

Calculations for saturated mixtures are described here. Mixture calcula-
tions are more complex than pure component calculations, because they
involve solving a system of nonlinear equations in more than one variable.
In the following, it is assumed that the values of the binary interaction
coefficients are known. The determination of these coefficients is discussed
later.

From the phase rule, the state of a two-phase system of N. compo-
nents at saturation is completely specified if N, thermodynamic variables
are fixed. In this study, temperature T and the mole fractions of the lig-
uid phase z; are considered fixed and known. P* is thus calculated as the
bubble-point pressure of the liquid phase; the vapor mole fractions y;, sat-
urated liquid molar volume v} and saturated vapor molar voluine v} can
also be calculated.

At saturation, the following condition must be satisfied for all compo-
nents.

fa = f (3.98)

From the definition of fugacity coefficient for a component in a mixture
(¢; = f:/z:P), these equations can be rewritten as follows

K, = %
i

B -

= (3.99)
d)iv
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K; is the equilibrium ratio for component i. This is a system of N, nonlinear
equations. A problem of this type is generally quite difficult to solve. The
method used here follows.

From these equations, and the mole fraction constraint on the vapor
phase, the following equation can be written.

F(P) = Zﬂl;K,‘—'l
~ 0 (3.100)

This will be satisfied at the correct values of P* and y;. For an estimated
value of P*, F is calculated as follows.

e Obtain initial estimates of vapor mole fractions, yf*. These are usu-
ally the experimental values, or the values from a previous iteration.

o Repeat the following until y; — yf** is sufficiently small for all i.
— Set y* = ¥,.
— Calculate ¢ and ¢y, values from the procedure in §3.2.4,
— Calculate K; values from Equation 3.99.

— Calculate new y; values from Equation 3.99.

— Normalize y; values, i.e., y; — i/ 2595
e Calculate F(P) from Equation 3.100.

This will also return values of y; corresponding to the estimate of P°. If
P’ is correct, then these y; values will be correct. The value of P? is found
using the secant method. The algorithm for this follows.

e Obtain two estimates of P?, P, and P,. P, is taken as the experimental
P?, and P, is taken as 95 % of this value.

o Calculate Fy = F(P,) and F, = F(P,).

e If |F| is smaller than |F|, values of P, and P,, and F, and F; are
interchanged.

e Repeat the following until |AP| is sufficiently small.
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Calculate AP = Fy(P, — P)/{F2 — F1).

— Substitute the values of Py and F, for those of Py and Fi.
Calculate the new value of P,, using P, = P2+ AP.

— Calculate the new value of Fa, using F; = F(P,).

¢ The saturated vapor pressure is P* = Pa.

This procedure yields values of P* and y; (from the calculation of F), as
well as v and v? (from the calculation of fugacity coefficient).

3.2.7 Modelling Techniques

Many of the calculations in this work require the determination of ad-
justable parameters by fitting to data, and/or the comparison of different
models (i.e., equations of state, mixing rules). The modelling techniques
used in this work are summarized here. Further details can be found in
Bates and Watts [26].

A good parameter estimation technique should give accurate (unbiased)
and precise (minimum variance) estimates of the parameters. This is satis-
fied by least-squares estimation (or Box-Draper estimation for multivariate
responses) using appropriate residuals (normally distributed, unbiased, ho-
moscedastic, independent), with known and fixed operating variables.

In this work, the Box-Draper multiresponse technique, which simplifies
to least squares for a single response, is used and is summarized here. In
general, at each of N data points, there will be M quantities (or responses)
which are to be predicted by a model. Define the M x N residual matrix
Z, where element Z;; is the difference between predicted and measured
response ¢ at data point j. The model predictions are functions of the P
parameters p;, represented here by the vector p of length P. Therefore,
each element of Z will be a function of p. The parameter estimates are
those which minimize the determinant

S5(p) = |27Z| (3.101)

The estimates at the minimum are denoted by p. The actnal residuals used
for each case in Z are specified later.

The minimization of objective functions in this work is done by the
Nelder-Mead simplex method. A modified version of the implementation
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of Press et al. [96] is used. It was found to be preferable to other methods
hecause it is simple, it does not require derivatives of the objective function
with respect to the parameters (analytical derivatives are unavailable in all
cases in the present work), it is self-scaling, and it is very robust. It does
not converge as rapidly as some other methods (e.g., Levenberg-Marquardt
minimization with numerical derivatives), but the difference is not large for
one, two or three-parameter models, as is the case in this work.

It is useful to have some indication of the guality or precision of the esti-
mated parameters. Approximate information on the precision of parameter
estimates can be calculated from the Hessian H(p), a P x P matrix with
element ¢,j given by 8*S(p)/8p;dp;.

A 100(1 — a) % confidence region for the parameter estimates is approx-
imated by

(p-p)"H(pB)p-p) < szp

S(P)F(P,N — P;a) (3.102)

where F(P,N — P;a) denotes the upper o quantile of Fisher’s F' distri-
bution with P and N — P degrees of freedom. Equation 3.102 deseribes
a P-dimensional ellipsoid in parameter space, the size of which gives some
indication of the precision of the determined parameters.

An approximate 100(1 — a) % confidence interval for parameter p; is

pi £ (N —P;a/2)

55 ()24 (3.103)
where ¢(N — P; a/2) is the upper /2 quantile of the Studeat-¢ distribution
with N — P degrees of freedom, and A4;; denotes element 1,5 of H™'(p)
Equation 3.103 gives approximate bounds on the estimate of a parameter.

Correlations between the parameter estimates are also calculated from
the Hessian. They are given by

= A (3.104)

Ty =
7 m
The correlation is a dimensionless value between —1 and 1. A value of
correlation close to these bounds is indicative of dependency between the
parameters, which is undesirable.
All parameter confidence regions, confidence intervals and correlations
are calculated from approximate Hessians, obtained by finite difference at
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the minima. Appropriate step sizes are returned by the minimization rou-
tine.

Several quantities are calculated to compare overall results from pa-
rameter estimation and/or from different models. The most direct method
for comparison of predictions from parameter estimation is through the
values of S(p). However, this does not take into account the number of
parameters. A more meaningful quantity is the standard error, o.

S(p)
N-P

o = (3.105)
QOverall deviations in particular quantities are expressed by the square-root
of the mean squared deviations (RMS), or by the square-root of the mean

squared percent deviations (%RMS). Overall RMS deviation is calculated
for vapor mole fractions only.

— cnl(. _
RMS = N I Z }: v)? (3.106)

i=137=1

Overall %RMS deviation is calculated for other gnantities. Using P* as an
example, it is given by

_ 1 N (Pa)culc — P 2
%RMS = 100JN%1[ P ] (3.107)
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Data and Equation Sources

A study of this type requires many types of data from a wide variety of
sources. It also makes use of many different correlations and equations of
state. Rather than presenting these as they are introduced, they are given
here.

4.1 Data Sources

Several types of data are used in this study. These are presented below,
classified in terms of pure component properties, pure component data, and
mixture data. The actual data used are not given, since it would require a
prohibitive amount of space. The references are given instead, along with
some characteristics of the data where appropriate.

4.1.1 Properties

Most pure fluid properties are obtained from Reid et al. [102], fourth edi-
tion. Specifically, the ones used in this study are molecular weight W,
boiling temperature T;, critical temperature T,, critical pressure F,, criti-
cal compressibility factor Z., acentric factor w, and dipole moment p. Note
that there are significant differences in many cases between values in the
third [103] and the fourth editions.

The critical compressibility factor Z. for methyl ethyl ether is not avail-
able. The Joback method, as presented in Reid et al. [102], is used to
estimate Z, for this substance.

54
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The Halm-Stiel polar factor y (see §2.3.2) is not available for most
substances. Therefore, in all cases it is estimated from P* correlations (see

below), using Equation 2.41. Severe errors can result if these values of x
are used in calculations with acentric factors which are inconsistent with
the P*® correlations. Therefore, for use in Equation 2.41 and for any other

calculations involving , w is calculated from Equation 2.40, using the same
P? correlations.

In this study, saturated pressures P° and saturated liquid molar volumes
v} are sometimes represented by correlations. The following correlations are

used for P’.
1. Gomez-Nieto and Thodos (GT and GGT):
InP!, = B(T™-1)+ ¥(T7 - 1)

This involves three constants (m, 8 and ), which are either obtained
from the tabulation of Gomez-Nieto and Thodos [54] (GT) or from
the generalized expressions given by them (GGT). The latter requires
W, Ty, T. and P. as input quantities.

2. Wagner (W):
InP: = T ' az + bz® + ez + dz?)

z = 1 — T.. This requires four constants (a, b, ¢ and d}, which are
tabulated in the compilation of Reid et al. [102].

3. Frost-Kalwarf-Thodos (FKT):
InP* = a—b/T+clnT +dP*/T?

This requires four constants (, b, ¢ and d), which are tabulated in the
compilation of Reid et al. [102]. Note that this correlation requires
iterative solution, and dimensional consistency between the constants,

P*and T.
For saturated liquid volumes, the following correlations are used.

1. Campbell and Thodos (CT and GCT):

oy = l4a(l -T.)%+801~T)

Pty )
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This requires three constants (n, e and ) which are either obtained
from the tabulation of Campbell and Thodos [36] {CT) or from the
generalized expressions given by them (GCT). The latter require W,
T, T., P., v, and p as input quantities.

2. Hankinson-Thomson (HBT):
‘Uf = V'Vén)(l - wSRKVI_(f))
V}(IO) and VA&) are given by polynomials in T.

V}%O) = 1+ az'® + b2*° + cz + dz'/?
VED = (e ST, +gT* + ATS)/(T. — 1.00001)

where z = 1 — T,. This requires two constants {(wsgg and V*), tab-
ulated in the compilation of Reid et al. [102]. The constants a—h are
the same for all substances, and are given in Reid et al. [102]. This
correlation does not predict actual v,, so it may be slightly inaccurate
near the critical point.

The correlations selected are among the most accurate available. They
reproduce the shapes of the saturation curves accurately up to the criti-
cal point. The correlations are given in order of preference. The lowest
numbered one for which fitted constants for a particular substance are
available is used. The only exceptions are in the cases of hydrogen sulfide,
ethanol, cyclopropane and 1-propanol, for which the GT correlation gave
poor results!. If no tabulated constants are available for a given substance,
the generalized correlations (GGT or GCT) are used. Table 4.1 indicates
which equation is used for each substance in this study.

4.1.2 Pure Fluids

An extensive compilation of data for pure fluids is made to assist in the
formulation and evaluation of new equations of state. This consists of data
on the vapor-liquid saturation curve, and compressed liquid data. A wide
variety of substances, from nonpolar to highly polar, are included.

'The critical properties used by Gomez and Thodos for these substances differed sig-
nificantly from those used in this study.
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A compilation of data for 97 polar and nonpolar fluids at saturation is
made, comprising a total of 2925 data points. The data consists of P*, v}
and v) for each substance at a number of temperatures between the triple
point and critical point. The substances are the following, classified into
the shown categories for the purpose of presenting results compactly.

noble gases (5 substances, 255 points):
argon, helium, krypton, neon, xenon.

diatomics (5 substances, 260 points):
chlorine, fluorine, hydrogen, nitrogen, oxygen.

inorganics (6 substances, 339 points):
hydrogen chloride, water, hydrogen sulfide, ammonia, sulfur dioxide,
sulfur trioxide.

paraffins (13 substances, 398 points):
methane, ethane, propane, n-butane, isobutane, n-pentane, neopen-
tane, isopentane, n-hexane, n-heptane, n-octane, isooctane, n-decane.

olefins {5 substances, 213 points):
ethylene, propylene, 1-butene, 1,2-butadiene, 1,3-butadiene.

alkynes (2 substances, 39 points):
acetylene, propyne.

naphthenes (2 substances, 37 points):
cyclopropane, cyclohexane.

aromatics (7 substances, 104 points):
benzene, toluene, m-xylene, o-xylene, p-xylene, ethyl benzene, naph-
thalene.

ethers (5 substances, 81 points):
dimethyl ether, methyl ethyl ether, diethyl ether, ethyl propyl ether,
diphenyl ether.

alcohols (6 substances, 85 points):
methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, t-hutanol.
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carboxylic acids (1 substance, 31 points):
acetic acid.

esters and ketones (11 substances, 214 points):
methyl formate, ethyl formate, methyl acetate, ethyl acetate, me-
thyl propionate, n-propyl formate, n-propyl acetate, ethyl propionate,
methyl butyrate, methyl isobutyrate, acetone.

nitrogen compounds (3 substances, 39 points):
acetonitrile, diethyl amine, aniline.

sulfur compounds (4 substances, 80 points):
methyl mercaptan, ethyl mercaptan, dimethyl sulfide, diethyl sulfide.

oxides (4 substances, 89 points):
carbon monoxide, carbon dioxide, ethylene oxide, propylene oxide.

halogenated paraffins (13 substances, 553 points):
phosgene, carbon tetrachloride, carbon tetrafluoride, chloro-
form, freon-13 (chlorotrifluoromethane), freon-12 (dichlorodifluo-
romethane), freon-11 (trichlorofluoromethane), freon-22 (chlorod-
ifluoromethane), freon-21 (dichlorofluoromethane), methyl chlo-
ride, freon-114 (1,2-dichlorotetrafluo-roethane), freon-113 (1,2,2-
trichlorotrifluoroethane), ethyl chloride.

halogenated naphthenes (1 substance, 53 points):
perfluorocyclobutane.

halogenated aromatics (4 substances, 55 points):
bromobenzene, chlorobenzene, fluorobenzene, iodobenzene.

Table 4.1 gives the sources for the data, the number of points used, and
the T, range covered by the data. Only points which have temperatures
below the critical temperature given in Reid et al. {102] are used.

A compilation of compressed liquid molar volume data for 13 polar and
nonpolar fluids is made, comprising a total of 1712 data points. Each data
point consists of temperature T, pressure P, and compressed liquid molar
volume ;. The number of data points, the T} and P, ranges covered by the
data, and the reference for each substance are given in Table 4.2.
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Table 4.1: Pure fluid saturation data. Sources and characteristics

substance data source correlations
N T, range ref. | P’ v}

argon 68 0.556-0.995 [17]] GT CT
chlorine 51 0.413-0.995 [18]| GT CT
fluorine 20 0.658-0.988 [138]| GT CT
helium 55 0.420-0.973 [23]|] GT CT
hydrogen chloride 15 0.579-0.995 [141]] GT CT
hydrogen 92 0.424-0.985 [136]| GT CT
water 213 0.422-1.000 [1]| GT CT
hydrogen sulfide 30 0.565-0.997 [118]| FKT HBT
ammeonia 29 0.602-0.986 [371} GT CT
krypton 47 0.553-0.993 [136]| GT CT
nitrogen 65 0,500-0.998 [24]| GT CT
neon 20 0.563-0.991 [136]] GT CT
oxygen 102 0.352-0.996 [136]| GT CT
suifur dioxide 37 0.593-0.996 [37]| GT CT
sulfur trioxide 15 0.647-0.984 [141]| GT HBT
Xenon 65 0.557-0.994 [136]| GT CT
phosgene 19 0.618-0.996 [141]] GT GCT

carbon tetrachloride | 21 0.635-0.994 [141]| GT CT
carbon tetrafluoride | 16 0.393-0.967 [77]|GGT GCT
carbon monoxide 24 0,513-0.981 [37]] GT CT

carbon dioxide 47 0.712-1.000 f[20]! GT CT
chloroform 9 0.624-0.841 [2]| GT HBT
freon-13 69 0.540-0.991 [136]| W HBT
freon-12 78 0.528-0.995 [136]| GT HBT
freon-11 62 0.452-0.877 (136]| FKT HBT
freon-22 73 0.469-0.994 [136] w HBT
freon-21 119 0.472-0.99% [136]| FKT HBT
methyl chloride 25 0.512-0.800 [136]| W CT
methane 52 0.476-0.998 {21]| GT CT
methanol 20 0.659-0.991 [141]| GT CT

methyl mercaptan 20 0.594-0.985 [141]] W HBT
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Table 4.1: Pure fluid saturation data. Sources and characteristies (contin—

ued).

substance data source correlations
N T,range ref. | P* v}

freon-114 21 0.557-0.795 [136] W HBT
freon-113 23 0.499-0.725 [136]| W HBT
acetylene 22 0.624-0.991 ([37]| GT HBT
acetonitrile 12 0.547-0.996 [51}| FKT CT
ethylene 76 0.507-0.999 [19}| GT CT
ethylene oxide 9 0.604-0.938 [2]| W HBT
acetic acid 31 0.495-0.984 [141}| GT CT
methyl formate 19 0.626-0.992 [141] W GCT
ethyl chloride 18 0.620-0.984 [141]| W HBT
ethane 35 0.436-0.991 [119]| GT CT
dimethyl ether 18 0.624-0.995 [141]| W HBT
ethanol 18 0.684-0.999 [141]| GT HBT
eithyl mercaptan 20 0.616-0.988 [14i} W HBT
dimethyl sulfide 20 0.614-0.980 [141}| W HBT
propyne 17 0.803-1.000 [140]| GT HBT
propylene 45 0.370-0.959 [22}| GT CT
acetone 19 0.648-0.990 [141j| GT CT
propylene oxide 9 0.638-0.954 [2]| W HBT
ethyl formate 20 0.644-0.989 [141] W GCT
methyl acetate 19 0.652-0.993 [141]| W HBT
cyclopropane 21 0.737-0.988 [75]f W CT
propane 38 0.495-0.984 [119]} GT CT
1-propanol 19 0.658-0.993 [141]] GT CT
2-propanol 9 0.700-0.98¢ [2]| W HBT
methyl ethyl ether |17 0.641-0.989 [141] W HBT
perfluorocyclobutane | 53 0.600-0.991 [136] |GGT GCT
1,2-butadiene 9 0.640-0.902 [2]| GT HBT
1,3-butadiene 47 0.407-0.977 [136]| GT HBT
1-butene 26 0.651-0.979 [37]| GT HBT
ethyl acetate 19 0.670-0.990 [141]| W HBT
methyl propionate |21 0.665-6.995 [141] W GCT
n-propyl formate 19 0.658-0.991 [141] W GCT
n-butane 29 0.627-0.993 [119]| GT CT
isobuiane 39 0.469-0.993 [119]| GT CT
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Table 4.1: Pure fluid saturation data. Sources and characteristics (contin-

ued).

substance data source correlations
N T, range ref. | P* v}

1-butanol 10 0.694-0.993 [2]] GT CT
t-butanol 9 0.702-0.948 [2]|GGT HBT
diethyl ether 18 0.659-0.992 [141]| GT CT
diethyl sulfide 20 0.653-0.993 {141]|GGT HBT
diethyl amine 18 0.662-0.993 [141]) W HBT
n-propyl acetate |19 0.682-0.998 [141]| W GCT
ethyl propionate |20 0.682-0.995 [141]) W GCT
methyl butyrate |20 0.678-0.998 [141]| W GCT
methyl isobutyrate|19 0.676-0.995 [141]| W GCT
n-pentane 30 0.638-0.981 [119]| GT CT
isopentane 31 0.470-0.989 [119]] GT CT
neopentane 9 0.652-0.945 [2]| GT HBT
1-pentanol W HRT
ethyl propyl ether {17 0.669-0.986 {141} W GCT
bromobenzene 12 0.646-0.811 [141]} W HBT
chlorobenzene 14 0.653-0.855 {141]| GT HBT
fluorobenzene 20 0.648-0.988 [141]| GT HBT
iodobenzene 9 0.642-0.753 [141}|GGT GCT
benzene 47 0.553-0.998 [37]] GT CT
aniline 9 0.655-0.966 [2]| GT HBT
cyclohexane 16 0.639-0.981 [141]| GT CT
n-hexane 42 0.525-0.985 [119)]| GT CT
toluene 9 0.648-0.972 ([2]) GT CT
n-heptane 30 0.545-0.987 [119]| GT CT
n-octane 27 0.488-0.976 [119]| GT CT
isooctane 27 0.502-0.998 [136}|GGT HBT
m-xylene 9 0.668-0.980 [2]; GT CT
o-xylene 9 0.662-0.960 [2]| GT CT
pxylene 9 0.669-0.982 [2]| GT CT
ethyl benzene 10 0.663-0.993 [2]| GT HBT
n-nonane GT HBT
naphthalene 11 0.659-0.793 [136]| GT HBT
n-decane 9 0.724-0.971 [2]| GT HBT
diphenyl ether 11 0.696-0.827 [136]|GGT GCT
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Table 4.2: Pure fluid compressed liquid volume data. Sources and charac-

teristics

| substance | N T, range P, range ref, |
argon 73 0.796~0.995 0.312-4.161 [46]
water 81 0.541-0.927  0.002-4.521 [90]
hydrogen sulfide| 65 0.744-0.922  0.154-7.712 [107]
ammonia 346 0.764-0.986 0.179-9.820 [47]
nitrogen 157 0.713-0.990 0.149-115.558 [48]
carbon dioxide 55 0.800-0.997 0.206-8.238 [47]
acetonitrile 102 0.501-0.959 1.035-51.760 {51]
propylene 63 0.761-0,943 0.300-14.989 [107]
propane 227 0.622-0.973 0.024-9.536 [46]
l-butene 85 0.741-0.979% 0.343-17.151 [107]
iscbutane 82 0.721-0.966  0.189-5.667 [37]
n-pentane 90 0.562-0.993 1.023-6.138 [37]
n-nonane 286 0.523-0.859 0.602-30.108 [107]
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4.1,3 Mixtures

One of the most important applications for equations of state is in mixture
caleulations. Therefore, compilations are made of various types of data
for mixtures. These are mixtures involving polar compounds, which have
typically been difficult to describe with conventional equations of state.

Vapor-liquid equilibrium (VLE} data and volumetric data for mixtures
are compiled. Four sets of data are described below: binary VLE data
for normal alkanes and 1-alkanols; VLE data for ternary systems and their
constituent binary systems; VLE and saturated volume data for binary
systems; compressed liquid volume data for binary systems.

A compilation is made of VLE data for binary systems of normal alkanes
and 1-alkanols. This consists of 15 systems, comprising 233 data points.
Each data point includes temperature T, saturated pressure P*, liquid mole
fractions #; and (unless otherwise indicated) vapor mole fractions y;. The
data are described in Table 4.3.

A compilation is made of VLE data for ternary systems, along with
the data for the constituent binary systems. The binary data consist of
16 systems, comprising 21 isotherms and 277 data points. The data are
described in Table 4.4. The ternary data consist of 6 systems, comprising
7 isotherms and 184 data points. These data are described in Table 4.5.
Each data point includes temperature T, saturated pressure P?, liquid mole
fractions «; and (unless otherwise indicated) vapor mole fractions ;.

A compilation is made of binary VLE data and saturated volume data.
This consists of 7 systems, comprising 27 isotherms and 274 data points.
Each data point includes temperature T, saturated pressure P?, liquid mole
fractions z; and saturated liquid molar volume v{ for all systems, as well
as vapor mole fraction y; and saturated vapor molar volume v} for most.
systems. Table 4.6 lists the systems, sources and some characteristics,
including the presence of a critical point. As described in §6.2.3, some data
near critical points had to be excluded. Table 4.6 lists only the data points
actually usad.

A finai compilation is made of compressed molar volume data for binary
mixtures. This consists of 3 systems, comprising 12 isotherms and 1962
data points. Each data point consists of temperature T', pressure P, mole
fractions z;, and compressed liquid molar volume ;. The data are described
in Table 4.7. All of these systems correspond to systems in the compilation
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of binary VLE and saturated volume data (see Table 4.6).

64
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Table 4.3: VLE data for systems of normal alkanes and 1-alkanols. Sources
and characteristics.

[ system T /K [N P range /bar ydata ref |
1-C4HoOH-n-CgHy; 303.15[15 0.013-0.821 yes [105]
CH3OH-n-CeHy4 323.15(24  0.540-1.026 yes [147]

C,HsOH-n-CgHis  323.14(20 0.204-0.739 yes  [45]
1-C4HpOH-n-CgHy4 2981511 0.008-0.200 yes (1186]
1-CsH1 OH-n-CgHyq 323.15(15 0.018-0.540 no [116]
CszOH—ﬂrCTng 343.15 |11 0.406-1.004 yes [98!
1-CgH7OH-n-C;Hs  348.15[14  0.495-0.713 yes (53]
1-C4HgOH-n-C7Hye 323.15| 8  0.143-0.200 yes  [25]
l—CEHuOH—n-C'(H]_e 363.27 (14 0.154-0.789 no [131]
C,HsOH-n-CgHys  328.15(21  0.084-0.406 yes  [32]
1-C3H;0H-n-CgH,p  313.15|17 0.041-0.083 no [85]
1-C,HgOH-n-CgHyg 313.15(14 0.025-0.058 no  [B5]
1-CsHq1;OH-n-CgHig 363.27|15 0.154-0.380 no  [L31]
1-C4HgOH-n-CipHaz 373.15(21  0.098-0.515  yes (72
I—CBH]_]_OH—Tl:-Clong 363.27 |13 0.064-0.166 no [1311
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Table 4.4: VLE data for several binary systems. Sources and characteris-
tics. These are the constituent binaries of the ternary systems in Table 4.5,
and are grouped and ordered to correspond with the latter.

[ system T /K [N P range /bar ydata ref. |
C3HaO-CH30H 373.15(14  3.523-4.027 yes (55]
C3HgO-H20 373.15(22  1.110-3.689 yes  [53]
CH3OH-H,O 373.15|116 1.041-3.37T2 yes 55

C3HgO-CH;0OH 328.15{28 0.723-1.011 yes 52
C3HaO-2-C3H,OH 328.15(14 0.344-0.943 yes  [52]
CH,OH-2-C3H,OH 328.15(20 0.329-0.660 yes 52
n-CsHm—CszOH 328.15(17 0.460-0.902 yes 62
CgHg—n-CgH, 4 328.15(14 0.495-0.648 yes [62]
C,HsOH-Cgllg 328.15| 9 0.478-0.628 yes (62]
C,H;OH-C,HgN 293.15| 8 0.097-0.103 yes [139)
CaH;OH-CgHeg 318.15;12 0.271-0.413 yes [34]

C2H3N-CgHe 318.15{12 0.300-0.371 yes  [33]
CH3OH-CCl, 308.15] 9 0.345-0.434 yes [110)
CH3OH-CgHag 308.15! 9 0.271-0.390 yes [i10]
CCly-CeHg 313.15| B 0.254-0.283 yes [110]
CH;OH-CCI; 328.15| 6 0.756-0.995 yes [109]
CH30H-CgHg 328.15| 9 0.621-0.905 yes [110]
CCly-CeHq 323.14(16  0.362-0.409 yes [151]
N,-CO, 273.15| 2 50.00-75.00 yes [143]
N,-CHgOH 273.15| 4 50.00-125.00 nc [143]
C0,-CH30H 273.15(28  4.48-33.51 no  [143]

Table 4.5: VLE data for several ternary systems. Sources and characteris-
tics. The constituent binary systems for these are listed in Table 4.4.

[ system T /K [N P range /bar ref. |
CaHgO-CH3OH-H,0 373.15|51 1.234-3.923 [55)
C3HgO-CH3O0H-is0C3H,OH 328.15{27 0.355-0.995 [52]
n-CaH14—CaHsOH-CgHg 328.15143 0.542-0.893 [62]

CzHsOH-C:H3sN-CgHg 318.15(21 0.342-0.431 ([83]
CH30H-CCly—-CgHy 308.15( 6 0.388-0.411 {109]
CH3OH-CCl,—CgHg 328.15( 8 0.8B87-0.956 [109]

N;-CO,-CH30H 273.15|28 50.00-125.00 [143]
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Table 4.6: VLE and saturated volume data for binary systems. Sources
and characteristics, The column headed “crit.” indicates if the isotherm in
question has a critical point.

| system T /K [N P range /bar cril. ref. |

N,-H,S8 256.43[12 17.72-207.05 yes [30]
277.65(13 11.65-206.84 yes
300.04|12 20.68-206.84 yes
321.87|12 34.68-206.84 yes
344.26| B 71.22-177.19 yes

CH4-H,8 277.59|24 11.65-131.00 yes [107]
310.93|21 27.17-127.65 yes
344.26 |13 53.70-113.76 yes

H,S5-n-CsHy2 277.59| 9  0.30-11.65 no [107]
310.93] 9  1.08-27.17 no
344.26| 9  2.93-33.70 no
37759111  6.54~68.95 yes
410.93|10 12.80-68.95 yes

H,S5-n-C;Hja 310.53[13  1.60-24.20 no  {84]
352.59|11  2.79-55.64 no
394.26(12  6.05-84.18 yes

H.S-n-CioHaa 344.267 6 20.68-53.70 no [L07]
377.59| 5 27.58-82.74 yes

348.15
373.15

1.51-60.79 yes
3.50-60.79 yes

410.93| 6 27.58-98.53 yes
444.26| 7 13.79-96.53 yes
C,H,-CHCIl3® 298.15] 5 10.13-50.66 yes [l15]
323.15| 7 10.13-70.93 yes
348.15| 9 10.13-91.19 yes
373.16| 9 10.13-91.19 yes
C,Hs—CH,OF 323.15] 7  0.54-60.79 yes |[78]
7
7

ZNo v data
®No y or v/ data
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Table 4.7: Compressed liquid volume data for binary mixtures.

system T N P range z; range
K bar
CH4 277.591106 69-689 0.1-0.7
~-H»8 310.93| 75 86-68% 0.1-0.5
344.26| 31 103-689 0.1-0.2
H,5 277.59|198 14-689 0.1-0.9
-CgHyp 310.83(193 14-689 0.1-0.9
344.26|184 14-689 0.1-0.9
37T7.58(173 14-689 0.1-0.9
410.93 (132 28-689 0.1-0.7
H,S 344.26|187 14-689 0.1-0.9
-CgHa2 377.69{17% 14-689 0.1-0.9
410.93|169 14-689 0.1-0.9
444,26 (162 14-689 0.1-0.9

68
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4.2 Summary of Equations of State

In this work, comparisons are made to several equations of state from the
literature. These equations are given in full below. These are all cubic
equations of the van der Waals form, and they conform to the general
forms given in §2.2.1. Furthermore, they are all subjected to the classical
critical point conditions (§2.2.2). Therefore, they can be completely spec-
ified by giving two further conditions at the critical point, and by giving
any temperature dependencies for the constants.

For each equation of state shown here, the values of the critical point
constants §,. and (. are specified. The temperature-dependent portion
of a (&) is also given. In the case of the Trebble-Bishnoi equation only,
expressions for A, B, C and D are given (this is necessary because it has
a temperature-dependent b). FORTRAN programs which calculate the
constants in these equations of state are given in §B.

Soave-Redlich-Kwong (SRK) [118]

The SRK equation has u = 1 and w = 0. The critical constants are given
by

Qe = 0.42747
Q. = 0.08664

The temperature dependency of a is of the Soave type.
o= [1+m(1 - T
For w < 0.5, m is given by
m = 0.480 + 1.574w — 0.176w"
For w > 0.5, m is given by

m = 0.47978 + 1.57624w — 0.19394w? + 0.02779w"
— 0.0016577w? — 0.00013153w"°
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Peng-Robinson (PR) [89]

The PR equation has u = 2 and w = —1. The critical constants are given
by

Noe = 0.45724
Qe = 0.07780

The temperature dependency of a is of the Soave type.
o= {1+ m(1 - T2
For w < 0.5, m is given by
m = 0.37464 + 1.54226w — 0.26992w°
For 0.2 < w € 0.5, m is given by

m = 0.37964 + 1.48503w — 0.16442w" + 0.01667w*

Schmidt-Wenzel (SW) [111]

The SW equation has « = 1 — w. The critical constants are given by

‘Qﬂf—' - [1 - Cc(l - 6c)]3
ch — ,GcCc

B, and (. are determined from the following correlations.

B. = 025989 — 0.0217w + 0.0375w*

1
e = 3(1 + Bow)

The temperature dependency of a is of the Soave type.
o =[1+m(1— TV
m is a complicated function of T, and w. For w < 0.4, m is given by

m = Ky = ro + (5T, — 3Ko — 1)2/70
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For w > 0.55, m is given by
m = Kp = Ko + 071(Tr - 0779)2
For 0.4 < w < 0.55, m is given by

w—0.4 n 0.55 —w
K
015 0.15

m=
ko 18 calculated from
Ko = 0.465 + 1.347w — 0.528u°
for w < 0.3671 and from
ko = 0.5361 + 0.9593w
for w > 0.3671. If T, > 1, m is evaluated at T}, = 1.
Patel-Teja (PT) [87]
The PT equation has v = 1 — w. Qg is given by
Qe = 3¢" + 3(1 = 2¢) Qe + D" +1 - 3¢
€),. is the smallest positive root of the following equation.
De® 4 (2 — 36) 0 + 320 — (=0
(. is determined from the following correlation.
¢, = 0.329032 — 0.076799w + 0.0211947w?
The temperature dependency of ¢ is of the Soave type
a=[1+m(l- T
where m is given by

m = 0.452413 + 1.30982w — 0.295537w”



CHAPTER 4. DATA AND EQUATION SOURCES 72

Translated Peng-Robinsor: {TPR) {150]

For the TPR equation, w = (u® — 4u — 4)/8. It is identical to the PR
equation, except that (2. is given by

0.3112
21y

ch ==

with
u = 1.5251 + 1.1146w + 1.1538w?

The original TPR equation of Yu and Lu uses a correlation involving w to
determine §;.. This correlation is redundant and results in inconsistencies
at high values of w. It is therefore replaced by the relationship given above,
which was derived by the author.

Toghiani-Viswanath (TV) {126]

The TV equation has u = 1 — w. The critical constants are given by

Qac = [1 _Cc(l_nc)]s
nbc = ncCc

(. is determined from the following correlation.

(e = By + Baw + Bsw® + Byx ++ Bsx® + Bewyx + Brw® + Bex®
7. 1s the smallest positive root of the following equation.

m; + (2/C = 8)n: 4 3. —1 =0
The temperature dependency of a is of the Soave type.
a=[1+m(l - T/

where m is given by

m = 4; + Aqw + Aaw® + Adgx + dsx® + Aswx + Aw® + Agy’

The values of 4;,-4; and B,—Bj are given by Toghiani and Viswanath [126].



CHAPTER 4. DATA AND EQUATION SOURCES 73

Trebble-Bishnoi (TB) [130]

The TB equation does not have a unique relation between u and w. Q,. 1s
given by

Que = 3¢" + 2e(1 — 3C0) + Qe + (1 — 3¢) + BZ + Dy
s is the smallest positive root of the following equation.
Qoe® + (2 = 3(e)De® + 3¢ e — ¢° — D2 =0
(. and D, are determined from the following correlations.

(. = 1.075Z.
D. = 0.341Z, — (0.005 m®/gmol)P./RT,

The temperature dependency for a is of the Heyen form {Equation 2.25),
but with n = 1.
o = exp[ma(1 — T;)]

my is given by
my = 0.66208 + 4.63961w -+ 7.45183w*

for w < —0.1, by
my = —0.31913

for w < —0.35 (helium) and T, < 1, by
my = 0.35 4 0.7924w + 0.1875w?
for —-0.10 € w < 0.40, and by
0.32 + 0.9424w — 28.93(0.3 — Z,)’
for w > 0.40. There is also a temperature dependency for b, given by
B=1+m(1-T,+InT;)

where m; is given by
Ty = 0
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for w < --0.0423, by
my = 0.05246 + 1.15058w — 1.99348w° + 1.59490w> — 1.39267w*
for —0.0423 < w < 0.30, and by
my = 0.17959 4 0.23471w

forw > 0.30. For T>T, 8 =1.

Because of the temperature dependency in b, specific formulae must be
given for A, B, C and D, the dimensionless equation of state constants.
They are given by

A = o) P /T?
B = BOWFP. /T,
C = —-B(1+X+05/1+6X+X2+4Y2
D = —B(1+X—-0.5V1+6X+X2+4Y2

where X and Y are given by

X = (1 - SCC)/(IBQbC)
Y Dc/(ﬁﬂbc)

Sugie-Iwahori-Lu (SIL) [125]

The SIL equation does not have a unique relation between v and w. Q,, and
Q. are determined iteratively from P? and v correlations, using the follow-
ing procedure. It is assumed that values of P?(T,) and Z/(T,) are available
from correlations. The P* and v} correlations used for all substances in this
study are given in Table 4.1, and are described in §4.1.1.

o Assume initial value(s) of Q... Almost all substances have 0.421875 <
Q. <~ 0.7 for this equation of state.

¢ Determine the actual value of . iteratively. Each iteration involves
the following.

~ Calculate f, g, and h from Equations 3.29-3.31
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— Use the procedure of §3.2.2 to obtain «(0.7) and «{0.9). This
will also give the values of A;(0.7) and AL(0.9).

— The condition to be satisfied 1s

(0] 2(07) = Mu0T) = g ZH(09) = 205

o {1, is calculated from

Qp, = %[z;(m) — 25(0.7)]

In this work, the iterative solution is by Brent’s algorithm, as presented
by Press et al. [96]. This combines bissection and false position to obtain
rapid and robust determination of roots. It requires about 5 iterations to
converge to a high degree of accuracy.

At subecritical temperatures, the value of & is determined from P’ corre-
lations using the procedure of §3.2.2. At supercritical temperatures, Soave’s
expression is used,

o= [1+m(l-T)

where m is determined from a at T, = 0.9.



Chapter 5

Development of a New
Equation of State

In this Chapter, the effect of the form of cubic equations of state on volu-
metric property predictions is investigated. Based on this investigation, a
new equation of state is proposed. Three different methods of evaluating
the constants in the equation of state are developed.

5.1 The Relationship between u and w

In §2.2.4, it is shown that the form of a cubic equation of state is impor-
tant for its volumetric performance. This is best understood in terms of
the relationship between u and w. The general cubic equation proposed
by Schmidt and Wenzel (Equation 2,12) is therefore used as a basis for
consideration.

As discussed in §2.2.3, the temperature dependency of b is considerably
less significant than that in a. In addition, the effects of temperature de-
pendency in b on the equation of state are not well understood. Therefore,
for simplicity, only temperature dependency in ¢ is considered in this work.

In this section, it is shown how experimental data for saturated molar
volumes clearly follow a trend, approximated by the relationship u = ~w.
Physical support for this relationship is given. Previous equations of state
are discussed with respect to these results.

76
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5.1.1 uz and w from Volumeiric Data

Pure fluid satuzation data, described in §4.1.2, are used to determine v and w
values for 97 polar and nonpolar fluids. These values are examined for any
systematic relationships. The approach of Yu et al. [148,149] was shown to
be quite powerful for the determination of such relationships; it is therefore
adopted in this work.

For each substance, values of P*, v/ and v! are available at several
temperatures. For given values of « and w, liquid molar volume v{ and
vapor molar volume v are calculated as follows.

s Calculate the value of Q,, from Equation 3.40. The equation is solved
directly, using the method described in §3.2.1.

e Calculate ;. from Equation 3.41.
e At each temperature T, do the following.
— Select @ to give exact prediction of P*, using the method given

in §3.2.2,

— Calculate predicted values of Zf and Z? from A; and Ay (ob-
tained in the previous step), using the definition of A, Equa-
tion 3.86.

e Calculate objective function from saturated volumes (see below).

The optimum u and w values for each substance are determined by
minimizing Equation 3.101, using residuals in v and Z; (residuals in Z; are
used instead of those in {, because the latter are strongly heteroscedastic).
Three combinations of residuals are considered.

1. Only use the residuals in »}. Thus Z is an 1 x N matrix with elements
Zhj = (o)™ —vfl;-

2. Only use the residualsin Z?. Thus Z is an 1 x N matrix with elements
Zy; = [(Z3) - Z3);

3. Use residuals in »f and 2. Thus Z is a 2 x N matrix with elements
Z1; = [(00)™ — s wnd Za; = (23" - 23
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Note that cases 1 and 2 are equivalent to minimizing the sum of squared
residuals in v} and Z! respectively. See §3.2.7 for further details of param-
eter estimation.

Estimation of u and w using residuals in Z] (case 2 and 3) worked
poorly. Equation 3.101 had multiple minima, and often a realistic mini-
mum could not be found. The reason for this is clear upon inepection of
the denominator of the attractive term in the general equation of state,
Equation 2.12. This has the form v? + bV + wb® (or Z* + uBZ + wB?).
Clearly, for large v (or Z), the equation of state will be insensitive to u and
w. This is the case for the vapor phase, since v} > v{ except quite near
the critical point. Only high precision data has any possibility of yielding
meaningful values of © and w. Even if meaningful values could be obtained,
this would be of minimal use, since it would have little effect on the vapor
phase. Clearly, it is better to fit v and w values to v{ alone, in order to
obtain the best possible description of the liquid phase. Again, this will
have little effect on the vapor phase.

The results for a fit to v} for all substances are summarized in Table 5.1.
This gives standard error ¢ corresponding to the minimum value of Equa-
tion 3.101, and the fitted values of » and w with some of their characteristics
(95 % confidence intervals, correlations). In all cases, the parameters u and
w are significant and well-determined. Only propylene oxide has unusu-
ally large confidence intervals for the parameters. Correlations between the
parameters are generally moderate.

The deviations in v{ for several polar and nonpolar fluids are plotted
versus T. in Figure 5.1. These are typical of the deviations for other sub-
stances in this study. The same general behavior is observed for each sub-
stance. High positive deviations occur at low T (less than 0.6) and at high
T. (greater than 0.95). The later is expected, because a cubic equation of
state subjected to the classical critical point conditions cannot simultane-
ously describe critical region volumes and volumes elsewhere (§2.2.2). In
the region 0.6 < T, < 0.95, there are moderate negative deviations in v,
with the best predictions occurring near the limits. Over most of the T;
range shown, the absolute deviations in v/ are less than 4 %.

There is clearly a consistent trend! in the deviations for v;. At T, away

1This trend indicates that there is some lack of fit of vf for the general cubic equation of
state model. Inferences drawn from the model (e.g., confidence regions for the parameters}
should therefore be viewed with caution.
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from the critical point, this could be reduced by an appropriate temperature
dependency in b. However, for most substances, at most values of T,
deviations in v{ are less than 3 %; thus, only a moderate gain in accuracy
would be achieved in most cases by the introduction of a temperature-
dependency in b. This must be balanced against increased complexity in
the equation of state.

Overall deviations in v and ! are summarized in Table 5.2, in terms of
the classes of compounds described in §4.1.2 (more detailed results, for each
substance, are given in Table A.1). All classes of substances appear to have
similar deviations in v{, close to the overall average of 2.43 %. Both polar
and nonpolar fluids give similar overall deviations. The inorganics have the
highest deviation, due largely to a poor fit for sulfur trioxide (7.16 %). The
halogenated aromatics have the lowest overall deviation (0.76 %).

There is considerably more variation in the overall deviations for .
The average is 7.82 %, but most classes of substances have lower deviations
than this. Ethers, carboxylic acids and sulfur compounds have very high
deviations. In the case of the ethers, this is due to a very high deviation
for ethyl propyl ether (73.12%). For the sulfur compounds, this is due to
high deviations for mercaptans and to alkyl sulfides. The average is 5.28%
excluding these groups. Alcohols and nitrogen compounds have moderately
high deviations. It appears that high deviations in »? are occuring for some
polar and hydrogen-bonding fluids. However, this is not a consistent result;
for example, water is strongly polar and hydrogen bonding, but does not
have a high overall deviation in v].

The v and w values from Table 5.1 are plotted on Figure 5.2. The plot is
repeated in Figure 5.3, but with 95 % confidence intervals for the estimates
of v and w. The line ¥ = —w is shown on both plots. The small size of
the confidence intervals in most cases confirms that the parameters are well
determined. Values far from these result in significantly higher deviations
in vf.

It is obvious from Figures 5.2 and 5.3 that the » and w values follow a
trend, close to the line u = —w. For values of u less than about 2.5, the u
and w values are slightly above this line. These correspond mostly (but not
exclusively) to nonpolar fluids with low acentric factors, such as methane,
noble gases and freons. Most substances have v values between 2.5 and 4,
and are somewhat below the line u = —w. The confidence intervals overlap
this line in many cases. A few substances have u values greater than 4.
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These are all highly polar and/or associating fluids, such as water, acetone,
acetonitrile and alcohols. The u and w values are significantly below the
line u = —w for 4 < u < 5, and are closer to this line for higher u values.

5.1.2 Physical Justification

The fit to saturated molar volumes clearly indicates that a relationship
between v and w, close to u = —w, is followed. This is an empirical result,
but there is physical justification for it, which is discussed here.

Figure 5.4 is a plot of w versus u, showing the ¥ = —w relationship
along with loci of constant .. The loci of constant 3. are obtained from
Equation 3.48. It is obvious that the u = —w relationship corresponds
closely to a locus of constant 8. (near G, = 0.30).

Physically, 8. is the ratio of critical covolume b, to critical molar volume
v. (Equation 3.42). The covolume is related to the molecular radius o.

2
b="TN,o? (5.1)
3
Therefore, 3. can be written as follows
27w N,yod
ﬂc = _3_
Ve
2w 1
= —— 5.2
3 o (5.2)

where v* is the critical point value of the dimensionless volume v* from
microscopic corresponding-states theory (Equation 2.33). Therefore, ., a
quantity arising from application of the macroscopic corresponding-states
principle to cubic equations of state, is simply related to 7, a quantity from
the microscopic corresponding-states principle.

Corresponding-states theory is discussed in §2.3. The vapor-liquid erit-
ical point is unique for a given substance; in terms of corresponding-states
theory, the critical points of substances with the same dimensionless proper-
ties must be given by the same, constant values of the dimensionless groups
corresponding to temperature, pressure and volume. Therefore, for given
values of I* and p*, the values of 77, P! and v} must be constant. For exam-
ple, all spherical, nonpolar fluids (i.e., I* = 0 and p* = 0) should have the
same values of T*, P* and v?. The variation in these quantities with I* and
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u* has been studied. Rowlinson [106] found that the variation with p* is
not large. In particular, the variation in v! is over a range of approximately
+50 %, and is considerably less than this for most substances. Calculations
by Reed and Gubbins [100] for a limited number of polar fluids, using a
corresponding-states theory for polar fluids, determined that deviations in
these quantities due to [* are not large; in the case of »?, the variation is
over a range of approximately +15%.

Therefore, v! is expected to vary over a range of no more than +50%,
and considerably less than this for most substances. From Equation 5.2,
. is expected to vary over a similar range. Comparison of Figures 5.2
and 5.4 shows that this is the result obtained empirically in §5.1.1. The
fitted values of v and w are approximately bounded by 3. = 0.25 and
B. = 0.50, corresponding to a variation of about £30%. Most substances
are represented by a much narrower range of 3, values, 0.3 < 8, < 0.4.

Calculated and experimental v} values, from potential models such as
the Lennard-Jones potential, are widely reported in the literature. These
generally fall in the range corresponding to 0.6 < 8. < 1, which is somewhat
higher than that found above. Part of this deviation is probably due to the
different natures of the diameters from the van der Waals model and from
potential functions; for potential functions, o represents a point of zero
potential values, but for the van der Waals model it represents the radius
of a hard sphere. Most of the deviation is probably due to the approximate
nature of the van der Waals model.

It is therefore clear that the fitted 4 and w values follow a trend, close
to u = —w, because of underlying physical reasons. A cubic equation of
state following this relationship would therefore be somewhat justified on
physical grounds. This is an important point, because few, if any, cubic
equations of state since van der Waals have had physical justification for
the form of the attractive term.

5.1.3 Comparison to Previous Equations

For good description of volumetric properties, a cubic equation of state
should have u and w values close to the optimum for the substance in
question. The u and w values for several equations of state are shown in
Figure 2.1. These can be compared with the optimum values shown in
Figure 5.2 and 5.3.
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Consider the equations of state with fixed values of u and w, namely the
van der Waals equation, the Redlich-Kwong and related equations (such as
Soave’s modification), and the Peng-Robinson equation. The van der Waals
equation is well known to give poor volumetric performance. This is clearly
because it has u = w = 0, which is far from optimum values for the sub-
stances considered here. The Redlich-Kwong and related equations (such
as Soave’s modification) give somewhat improved volumetric performance,
but nevertheless overpredict volumes significantly (e.g., see [129,148]); the
values of u = 1 and w = 0 are still far from those of most substances.
The Peng-Robinson equation gives better volumetric results, especially for
low molecular weight, nonpolar fluids (e.g., see [129,148]); this is explained
by its values of ¥ = 2 and w = ~1, which are close to those of such sub-
stances. However, most substances have optimum u and w far from the
Peng-Robinson values. A better choice of fixed 1 and w for the description
of a wider variety of substances would appear to be near # = 3 and w = -3,
which would be near the optimum values for a large number of substances.
However, no such equation has been proposed to date.

Several workers have attempted to improve the above equations by the
technique of volume translation (§2.2.4). For translated equations, « and
w are variable, but are quadratically related. The loci for such equations
are shown in Figure 2.1. Comparison with Figure 5.2 and 5.3 shows that
volume translation does not result in the best values of v and w for volu-
metric performance for most substances. This is particularly true for polar
fluids, whose optimum u and w values are far from the loci of the trans-
lated equations of state. Comparison with Figure 5.4 shows that translated
equations do not follow loci of constant §.; this is not physically realistic
(§5.1.2).

The Schmidt-Wenzel and related equations of state (such as the Patel-
Teja and Toghiani-Viswanath equations) follow the line « = 1 — w. This
has two advantages: it is closer to the optimum values of u and w for most
substances than the equations discussed above; it approximates a locus of
constant 3, which is physically realistic. Nevertheless, the locus followed
by these equations is significantly displaced from the trend followed by the
optimum values of u and w.

Trebble and Bishnoi attempted to improve the Schmidt-Wenzel ap-
proach by introducing a new parameter d, such that uc =1 — w. — d/b?
(Trebble and Bishnoi have temperature-dependent b, u and w, so critical-
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point values are shown here). This is equivalent to having effective values
of u and w that are independently variable. Figure 5.5 shows the u and
w values at the critical point for the Trebble-Bishnoi equation of state, for
the same substances listed in Table 5.1. These are calculated by determin-
ing 1, and . values from the equations in §4.2, and then applying the
equations of 3.1.3. Clearly, there is a strong tendency to follow the line
1 = —w, l.e., the extra parameter d is effectively given by d = b2. Trebble
and Bishnoi generalized the constants in their equation by fitting to satu-
rated pressure and volume data, and to single phase volumetric data. It is
therefore not surprising that their equation of state exhibits this relation-
ship.

The Sugie-Iwahori-Lu equation also has independently variable u and w.
In Figure 5.6, values of v and w from this equation are plotted (calculated
as above for the Trebble-Bishnoi equation). Clearly, these follow the same
trend as above. Again, the relationship appears to be well represented by
# = —w. This is not surprising, since the equation is designed for good
description of »f, and its constants are directly determined from v} data.

Obviously, both of the previous equations could have been formulated
with u = —w, without substantially changing their performance. The deter-
mination of their constants would then have been considerably simplified.
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Table 5.1: Results for the estimation of v and w from v} data. The standard
error o is shown for each substance. The values of u and w, their 95%
confidence intervals, and the correlation between them (r,, ) are also shown.

substance o u w Ty
gmol/mL
argon 0.8306 2.29+0.07 —2.70+£0.12 —0.959
chlorine 1.8639 2.414+0.11 —256+0.20 —0.931
fluorine 0.6628 2.40+0.11 -2.9140.19 —0.952
helium 0.1591 1.90+0.02 —2.69-:0.03 -0.994
hydrogen chloride 2.0576 3.484:0.33 —3.98+0.51 —0.941
hydrogen 0.6136 1.974+0.10 —2.56:£0.15 —0.973
water 0.7575 5.10+0.04 —5.31 +£0.06 --0.842
hydrogen sulfide 2.2678 2.7840.22 --3.2940.35 -0.957
ammonia 0.7838 3.72+0.12 --3.63+0.25 —0.869
krypton 1.0437 2.36 +£0.09 —2.754:0.16 —0.556
nitrogen 1.3732 2.40+0.10 —2.8040.17 —0.960
neon 0.1905 1.434+0.06 —1.656+0.13 —0.969
oXygen 1.1220 2.25 +0.12 —2.474+0.20 —0.977
sulfur dioxide 5.0131 3.50+0.28 —4.13:+£0.39 -0.933
sulfur trioxide 2.7543 3.394£0.31 —-3.76+0.56 --0.928
Xenon 1.3098 2.4740.07 -2.8540.13 —0.957
phosgene 2.6812 2.72+£0.17 -3.194+0.28 -0.951

carbon tetrachloride 5.5156 3.203-0.21 —3.894+0.32 -0.955
carbon tetrafluoride 2.2081 2444011 -2.54+0.17 —-0.735

carbon monoxide 0.4895 1.934+0,07 —-1.86+0.15 —0.957
carbon dioxide 1.0797 2964007 —-3.5340.11 —0.918
chioroform 2.5355 2,96 +0.33 —3.35+0.58 —0.974
freon-13 1.9211 2.594+ 0,08 —2.86+0.14 —-0.954
freon-12 2.3999 2.541+0.09 -2.744+0.17 —-0.870
freon-11 0.8278 1.84+0.07 —1.29+£0.16 —0.991
freon-22 2.4591 3.07+0.08 —3.39:%0.14 —0.907
freon-21 3.0017 2.884-0.08 —3.114+0.14 —-0.948
methyl chloride 0.2424 2.04 £0.08 —1.221£0.19 —0.993
methane 1.2337 2.3740.10 -2.714+0.17 —0.959
methanol 1.3372 4.9440.13 —5.38+0.20 —0.896

methyl mercaptan 1.5450 2.91::0.14 -3.26+0.24 —0.947
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substance

o ) w -
gmol/mL

freon-114 0.5154 1.98+0.09 —1.49+0.20 —-0.995
freon-113 0.3105 1,53 +0.04 —0.51+0.1¢ —0.993
acetylene 1.4474 2,98+0.15 ~3.39+0.26 —0.948
acetonitrile 3.4841 B.07T+0.42 —8.1810.4% —0.762
ethylene 2.4924 2,84+£0.10 —3.33+£0.16 --0.947
ethylene oxide 1.7276 3.5840.37 —3.87+0.67 —0.961
acetic acid 2.8237 5.59+0.21 ~5.681+0.36 —0.918
methyl formate 2.4685 3.624+0.17 -4.061+-0.29 —0.928
ethyl chloride 2.0559 3.09+0.15 —-3.434+0.26 —0.940
ethane 2.6308 2.8940.16 —-3.3340.26 —0.954
dimethyl ether 2.3908 3.21+£0.14 —3.734+0.23 —0.921
ethanol 4.8831 4.721+0.36 —5.49+0.44 —0.975
eihyl mercaptan 3.2259 3.14+0.19 —-3.63+0.32 —0.953
dimethyl sulfide 2.3598 3.09+£0.16 —3.46+0.29 --0.954
propyne 2,2837 2.95+0.10 —3.54+0.12 —0.562
propylene 1.8123 2.22+4+0.13 —-2.024£0.26 —0.970
acetone 4.4580 4.51+0.25 —5.06+0.37 —0.932
propylene oxide T.1861 3.3840.98 —3.0442.50 —0.909
ethyl formate 2.9458 3.54+0.14 —3.98+0.23 —0.916
methyl acetate 3.4661 3.70+0.18 —4.15+0.30 —0.930
cyclopropane 1.7146 3.15+£0.10 —3.76 £0.17 —0.939
propane 1.3693 2.57£0.06 —2.81 £0.11 -0.937
1-propanol 2.4029 3.5440.14 —-3.92+0.24 —0.936
2-propanol 3.9182 4.14+0.38 —~4.76+0.56 —0.962
methyl ethyl ether 3.5155 3.29+0.21 —3.87+0.32 ~0.959
perfluorocyclobutane 3.2788 2,78+ 0.09 -3.11+0.14 —0.963
1,2-butadiene 1.6566 2.83+0.29 —3.00£0.57 —0.980
1,3-butadiene 2.4808 2.80+0.03 —3.00+0.08 —0.586
1-butene 2.2503 2.684+0,11 —-3.01-4+0.21 —0.954
ethyl acetate 3.8717 3.71£0.16 —4.16+0.26 -—0.920
methyl propionate 4.0117 3.61+0.14 —4.09+0.22 —0.907
n-propyl formate 4.0744 3.474+0.17 —-3.93£0.29 —0.935
n-butane 3.9456 2.86+0.15 —3.194+0.28 —0.934
isobutane 0.8926 2.03+0.03 —1.63+0.08 -0.927

85

Table 5.1: Results for the estimation of ¥ and w from vf data (continued).



CHAPTER 5. DEVELOPMENT

substance o ° w Fuw
gmol/mL
f1-butanol 2.7874 2.79+0.17 —2.9440.35 —0.502
t-butanol 1.7959 3.0540.20 —-3.2740.3% ~0.966
diethyl ether 3.1889 3.18+0.13 —3.614+0.22 —0.918
diethyl sulfide 4.0111 1.004£90.13 —1.424+0.23 -0.981
diethyl amine 2.5796 3.194+0.11 -3.54+06.20 —0.921
n-propyl acetate 6.4234 3.91-£0.19 —-4.49£0.28 —0.924
ethyl propionate 4.9430 3.611+0.15 —4.06:£0.24 —0.908
methyl butyrate 49795 3.57-+0.14 —4.081+:0.23 --0.509
methyl isobutyrate 49692 3.48+0.16 —3.981+0.25 —0.921
n-pentane 3.1623 2.69+0.11 —2.78+0.24 -0.935
isopentane 3.8050 2.934+0.16 —3.16 1+ 0.28 —0.968
neopentane 21741 2.524+0.20 -2.764+0.40 —0.970
ethyl propyl ether 2.6687 2.5040.12 —2.724+0.24 —0.95]
bromobenzene 0.2595 2.43+0.07 —-1.99+0.15 —0.995
chlorobenzene 0.4964 2.51-+£0.08 --2.27+0.18 —0.991
fluorobenzene 3,4434 3.20+0.15 —3.66+0.26 —0.945
iodobenzene 0.1470 2.234+0.07 —-1.601+0.17 -0.998
Lenzene 5.017t 3.12+0.15 —-3.55£0.25 —0.95]
aniline 2.8636 2.96+0.25 —3.18 1+ 0.49 —0.949
cyelohexane 3.2573 2.85+0.14 —3.314+0.26 —0.948
n-hexane 6.4801 2.43+0.18 —-1.90+0.45 —-0.914
toluene 42108 3.314+0.28 —3.77+0.47 —-0.949
n-hepiane 4.3186 3.284+0.13 —-3.563+0.23 -0.983
n-octane 12.2737 2.284+0.36 —0.98 4+ 1.07 —0.905
isooctane 93591 3.0240.21 —3.37+0.35 —~0.946
m-xylene 2.3197 2.83+0.13 -2.774+0.20 —-0.895
o-xylene 3.1168 2.96 £0.22 —3.15+0.44 —0.953
p-xylene 5.8571 3.48+0.31 —3.94+0.51 —0.936
ethyl benzene 6.6653 3.47+0.27 —4.05+£0.41 -0.932
naphthalene 0.3170 3.48+0.09 —3.71+0.16 —0.,998
n-decane 5.4501 3.5440.21 —-3.77+0.43 -0.928
diphenyl ether 0.7762 2.67+£0.15 —2.20+0.36 —0.996
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Table 5.1: Results for the estimation of u and w from v{ data (continued).
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Table 5.2: Overall deviations in v} and v from the estimation of u and
w values from v} data. The entries in the table are averages of %ARMS
deviations for the substances in the indicated group.

L gronp ] vf v J
noble gases 1.58 3.82
diatomics 2.61 3.95
inorganics 416 6.39
paraffins 2.42 3.8b
olefins 2.39 4.50
acetylenes 2.19 4.95
naphthenes 1.96 6.52
aromalics 2.18 7.18
ethers 1.97 24.48
alcohols 2.73 9.57
carboxylic acids J.62 59.37
esters and kelones 2,95 6.12
nitrogen compounds 2.70 8.00
sulfur compounds 2,28 29.32
oxides 2.87 4.72
halogenated paraffins [2.07 4.34
halogenated naphthenes (2.20 3.80
halogenated aromaties |0.76 2.13
overall 243 T.82
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Figure 5.1: Deviations in v/ from the estimation of v and w, for selected
polar and nonpolar fluids,
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Figure 5.2: u and w values estimated from a fit to v} data, from Table 5.1.
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Figure 5.3: 95% confidence regions for v and w values estimated from a fit
to v/ data. Points denote estimated values of  and w, from Table 5.1.
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Figure 5.4: Loci of constant 8; on a plot of w versus u. The locus v = —w
is also shown, as a dashed line,
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Figure 5.5: u and w values from the Trebble-Bishnoi equation, evaluated
at the critical point. Calculated for the same substances as in Tahle 5.1.
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Figure 5.6: u and w values from the Sugie-Iwahori-Lu equation. Calculated
for the same substances as in Table 5.1,
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5.2 New Equation of State

Based on the previous discussion, the relationship v = —w is fundamentally
important, and is selected for a new equation of state. The new equation
is expected to be very good at predicting volumetric properites.

In §5.1, only temperature dependency in the attractive parameter a is
considered. However, as pointed out in §5.1.1, an appropriate temperature
dependency in b could result in small improvements in volumetric perfor-
mance. The incorporation of such a temperature dependency would clearly
increase the complexity of the equation of state. In addition, an appropri-
ate form for the temperature dependency is not clear, and the effects of
it on other aspects of equation of state performance are not well under-
stood. Therefore, only temperature dependency in a is considered in the
new equation of state.

The new equation of state has the following form.

RT Q.0
P = e = 5.
v—>b w4 uby — ub? (5.3)

Only one quantity at the critical point needs to be determined. In ad-
dition, the temperature dependency o must be specified. Three versions
of Equation 5.3 are presented below, based on three different methods of
determining « and the quantity at the critical point. The methods are
formulated to give values of Qy., (i and « for a given substance at a given
temperature, so that they can be used directly in the procedures described
in §3.2. FORTRAN programs which calculate the constants for the different
versions of the new equation of state are given in §B.

5.2.1 Generalized Constants

From §2.3, it is clear that at least a four-parameter corresponding-states
principle is required to describe fluids of polar, nonspherical molecules.
Most equations of state have used a three-parameter corresponding-states
principle (T., P. and w), and have thus had limited success in describing
polar fluids.

The author and coworkers have previously presented a generalized equa-
tion of state for polar fluids, based on Equation 5.3, which uses Z; as a
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fourth corresponding-states parameter (Iwai et al. [64,65]). The develop-
ment of correlations for the equation of state constants is briefly described
below?.

Optimum values of u were obtained from least squares fitting of v}, using
the same procedure as in 5.1.1, but with v = —w. Comparison with Z, for
several polar and nonpolar fluids showed a clear relationship. An empirical
relationship between the two was determined by least squares fitting.

u= 0';;33 —1.95 (5.4)
The value of €, s obtained by solving Equation 3.40. The value of Q,
follows from Equation 3.56. A less direct but equivalent procedure was
given in the original papers.

The fitting of u values described above gave a values at each data point
as secondary quantities. A corresponding-states correlation for a was de-
veloped by fitting these values. A variation of the Soave expression was
used. For T, > 0.7,

a=[l+m(l—-T>%)?/T4 (5.5)
and for T, < 0.7,
a = [1 4+ m(1 — T*5))?/(0.57667T® 4 0.43352) (5.6)
where m is given by
m = —0.25w? + 1.31w — 0.209/Z, + 0.5275 (5.7)

The two expressions for « give identical @ and da/dT, values at T, = 0.7.

It should be noted that these correlations were developed using much
less extensive data than used in this work, and that different property values
were used in many cases.

5.2.2 Constanis from Property Correlations

Generalized correlations have several drawbacks®. Generalized correlations
are mostly empirical; hence, they do not extrapolate well outside the range

2The generalization procedure is not given in full because it was not performed by the
author.
3Some good examples of the points made here are given in §6.1.
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of values used in their generation. The constants in the correlations are
usually determined from fitting to pure fiuid data; if this data is inaccurate,
or if the properties originally used are inaccurate, this will be reflected in
the correlation. For best accuracy, the original properties used to generate
the correlation should be used [102]. This is clearly inconvenient, and does
not make best use of available information.

Sugie et al. [125] proposed an alternative approach: instead of generaliz-
ing equation of state constants by the fitting of pure component properties,
they calculated the constants directly from accurate pure fluid property
correlations. There are some disadvantages: the constants for the prop-
erty correlations must be retained; the equation of state constants must be
calculated iteratively. However, there are two major advantages: general-
ization of the equation of state constants and the associated problems are
avoided; the constants are very accurately determined. An extension of the
approach of Sugie et al. is therefore used here.

The value of & is determined from vapor pressure using the iterative
procedure presented in §3.2.2. This method obviously cannot be used in the
supercritical region. For this region, the expression of Soave (Equation 2.24)
is used. The coeflicient m is obtained from the o value at T, = 0.9.

Sugie et al. determined £2,. and . for the Sugie-Iwahori-Lu equation by
requiring exact prediction of v{ values at T, = 0.7 and T, = 0.9. For the new
equation, only £2,. needs to be determined, since ;. can he calculated from
Q. using BEquation 3.56. The value of . is determined here by requiring
exact prediction of saturated liquid molar volume at all temperatures. (g is
now a function of temperature. From Equation 3.86, the following equation
can be written.

Z{ — Qe PY/T) = As (5.8)

The value of Q. is chosen to satisfy this equation at the given temperature,
vapor pressure and saturated liquid compressibility factor. Note that this
is an iterative procedure.

In the region 0.9 < T, < 1.0 this method gives excessive deviations for
compressed liquid molar volume. This is because of an inherent limitation
of cubic equations of state: they cannot describe the critical region and
compressed regions simultaneously (see §2.2.2). Therefore, the ;. value
calculated at T, = 0.9 is used for all T, > 0.9. Note that this also defines
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.. values for the supercritical region, which cannot be obtained from the
above method.

The complete procedure for the determination of constants in Equa-
tion 5.3 from pure fluid property correlations is given here. It is assumed
that values of P*(T1,) and Z#(T,) are available from correlations. The P*
and vf correlations used for all substances in this study are given in Ta-
ble 4.1, and are described in §4.1.1.

o Specify T, and P, for which constants are required.

o Obtain appropriate values of P? and Z;.

— I T, < 0.9, obtain P?(T;) and Z(T,).
— 1£0.9 < T. <1, obtain P*(T.), P(0.9) and 27(0.9).
— If T, > 1, obtain P?(0.9) and Z;(0.9).

s Assume initial value(s) of ... Almost all substances have 0.421875 <
Q.. <= 0.7 for this equation of state,

e Determine the actual value of (1, iteratively, so as to satisfy Equa-
tion 5.8. The procedure for solving Equation 5.8 is as follows.
1. T, < 0.9.

— Calculate f, g, and h from Equations 3.29-3.31
— Calculate 2. from Equation 3.56.

— Use the procedure of §3.2.2 to obtain @. This will also give
the value of Af.

— Check Equation 5.8.
2. T, > 0.9. Do the same as above, but at T, = 0.9.

e Calculate a.

— T, € 0.9. « is already available from above.
- 0.9 < T, £1.0. Solve for a as above, but with of §3.2.2.

— T, > 1.0. o at T, = 0.9 is already available from above. Solve
Equation 2.24 to obtain m, then apply it using the actual value
of T..
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Equation 5.8 was solved for €2, using Brent’s algorithm, as presented by
Press et al. [96]. This combines bisection and false position to obtain rapid
and robust determination of roots. It required about 5 iterations to con-
verge to a high degree of accuracy.

If caleulations are being made at several different temperatures, the en-
tire procedure must be repeated at each temperature. However, for isother-
mal calculations, the eritical constants and o do not have to be recalculated.
Therefore, the iterative portion of the procedure need only be done once at
each temperature for each substance.

5.2.3 Constants from Selected Properties

The method of §5.2.2 is potentially a very accurate and reliable way of
determining the constants of Equation 5.3. However, the caleulation is
involved. Also, many constants (for the property correlations) must be
retained, A simplified approach, which uses pure fluid properties at selected
temperatures, is developed in this section.

Sugie et al. [125] used v} data at T, = 0.7 and T.. = 0.9 to determine
Q. and Qy for the Sugie-Iwahori-Lu equation. This equation has already
been noted to be close to having a u = —~w relationship (§5.1.3). If this
relationship is imposed, only one critical point parameter needs to be de-
termined. Therefore, it should be possible to fix accurately the value of 2,
from a single v} value near T, = 0.7 or T} = 0.9, using a procedure similar
to that in §5.2.2. This is confirmed by the plot of deviations in v} versus
I in Figure 5.1, which shows that deviations are close to zero near these
values of ..

In order to determine the appropriate temperature at which v should
be fixed, overall deviations in v/ are calculated using the pure fluid satu-
rated data described in 4.1.2. The .. and Q;. values are determined as
in §5.2.2, but at a single reduced temperature; they are thus constant for
a given substance. At a given temperature, « (and thus Ap) is determined
from vapor pressure as before; predicted v} values are then obtained using
equation 5.8, The results are summarized in Table 5.3. As expected the
best results occur when the constants are calculated using v at T, = 0.7
and at T, = 0.9, with slightly better results at T, = 0.9. However, v} values
at elevated T, are often difficult to obtain accurately, The reference tem-
perature is therefore at T, = 0.7, where values of v/ are more accessible.



CHAPTER 5. DEVELOPMENT 99

Note that only the acetylenes and the sulfides give unusually high devia-
tions in v}. In the forme: case, this is due entirely to propyne, while in the
later case it is due entirely to diethyl sulfide. This is because the v data
for these substances are not well described by the vf correlation used here
(see §6.1).

The next step is to find a method of reliably determining « without
calculating it from vapor pressure at each temperature. As discussed in
§2.2.3, Soave [118] determined the coefficient m in his o expression directly
from vapor pressure at a fixed temperature (i.e., from acentric factor, which
corresponds to vapor pressure at T. = 0.7). Soave’s approach is followed,
i.e., an o correlation with a coefficient determined from vapor pressure at a
fixed reduced temperature is considered. Two correlations are considered,
Soave’s (Equation 2.24), and Heyen’s (Equation 2.25, with n = 1). The
values of m are determined from «(0.7) calculated from acentric factor
using the method outlined in 3.2.2. Unfortunately, neither correlation gave
consistently good results for all substances; in fact, neither gave as good
results for P* as the Peng-Robinson equation of state.

The reason for the above behavior was explained by Adachi et al. [12].
As discussed in §2.2.3, they showed that the Soave and Heyen (n = 1)
correlations have optimum performance for equations of state with Q.. ~
0.45 and Q,, = 0.42 respectively, and that their performance deteriorates
rapidly for Q,, different from these values. Since the equations considered
here can have values significantly different from these (depending on the
substance), it is obvious why they cannot have consistent performance for
all substances with these o correlations.

Therefore, the full form of Heyen’s equation (with variable ) is adopted
(another possible choice is Stryjek and Vera’s modification of Soave’s func-
tion [121,123]). There are now two constants, m and n, to be determined.
In order to avoid the use of generalized correlations, rn and n are deter-
mined from P? at T. = 0.6 and 7. = 0.7. These correspond to Halm and
Stiel’s polar factor and to Pitzer’s acentric factor respectively, two well-
known, easily accessible quantities. Also, the choice of a low temperature
fixed point (at T, = 0.6) should lead to improved extrapolation to low
temperatires, a common area of failure.

A modification is made to Equation 2.25 in order to simplify the calcu-
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Table 5.3: Overall deviations in v} for different choices of reference T.. The
entries in the table are averages of %RMS deviations for the substances in

the indicated group.

group T,

0.60 0.65 0.76 0.75 0.90
noble gases 3.93 3.87 391 3.99 468
diatomics 3.80 3.69 3.67 3.85 3.40
inorganics 577 548 5.39 547 5.17
paraffins 3.23 299 3.19 3.57 3.27
olefins 3.17 296 3.01 3.26 2.85
acetylenes 14.24 14.05 13.81 13.35 7.80
naphthenes 2.8 2.81 3.14 3.57 3.44
aromatics 388 3.06 260 2.56 2.57
ethers 5.09 4.45 4.04 3.79 3.43
alcohols 541 4.86 4.77 5.17 5.32
carboxylic acids 4.04 3.70 4.04 4.71 4.75
esters and ketones 4.01 3.80 4.08 4.59 4.44
nitrogen compounds 4,48 3.52 3.23 3.81 4.43
sulfur compounds 9.39 9.34 9.44 9.57 9.12
oxides 3.86 3.53 3.58 3.78 3.53
halogenated paraffins 2.88 2.68 288 3.19 2.79
halogenated naphthenes| 6.86 5.59 4.51 3.68 3.43
halogenated aromatics | 2.71 1.77 1.51 1.82 1.44
overall 4,33 3.98 3.98 4.20 3.93
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lation of the constants. A power series expansion of the term T gives
' = 14alT, +(nhT)?+--- (5.9)

Truncating after the second term, substituting into Equation 2.25 and re-
defining the constants gives a new functional form for a.

@ = T:n(1+nlnT1-) (5.10)

This expression gives nearly identical results to Equation 2.25%.
The procedure to caleculate m and n is as follows. First, the values
(0.6} and «(0.7) are determined from P* using the method of §3.2.2. From
Equation 5.10, the following expressions for m and n can be derived,
- 1-X !
" T XIno06—_In07 (5:11)
In «(0.7)

(14+nln0.7)In0.7

(5.12)

where

. In 0.61n &(0.7)
X = .
In 0.71n &(0.6) (5:13)

Note that it would not have been possible to obtain explicit expressions for
m and n had Equation 2.25 been used.

The complete procedure to obtain the constants of the new equation
from selected pure fluid properties is described below. The input param-
eters are Ti, P., Z{(0.7), P?(0.6) (or x) and P?(0.7) (or w). The required
values of P* and Z; for all substances in this study are obtained from the
correlations given in Table 4.1, and described in §4.1.1.

e Assume initial value(s) of 2;,. Almost all substances have 0.421875 <
Q.. <= 0.7 for this equation of state.

o Determine the actual value of §1, iteratively, so as to satisfy Equa-
tion 5.8, using the input parameters at 7. = 0.7. Equation 5.8 is
solved as follows.

iNote that m = —0.5 and n = 0 gives the original temperature function of Redlich and
Kwong,
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4.

. Calculate f, g, and h from Equations 3.29-3.31

Calculate 1. from Equation 3.56.

. Use the procedure of §3.2.2 to obtain «. This will also give the

value of Ag.
Check Equation 5.8.

¢ Obtain (0.6) from P?{0.6) using the procedure of §3.2.2. Note that
a(0.7) is already available from the previous step.

s Calculate n and m from Equations 5.11 and 5.12.

Note that .., m and n need only be caleculated once for each substance,
i.e., the iterative procedure need only be performed once for each substance.
This is a considerable simplification over the previous equation and the
Sugie-Iwahori-Lu equation,

This formulation of the new equation of state effectively uses a five-
parameter corresponding-states principle. Four of these parameters (T, P,
w and y) have been previously used in corresponding-states descriptions of
polar fluids. Z£(0.7) is a fifth corresponding-states parameter.



Chapter 6

Evaluation and Comparison

In thi. Chapter, the three versions of the new cubic equation of state devel-
oped in §5 are evaluated, using the data presented in §4.1. The effectiveness
of various mixing rules is also tested.

The three formulations of the new equation of state are represented here
by roman numerals. The generalized formulation, given in §5.2.1, is called
equation I. The formulation in §5.2.2, which uses pure fluid property corre-
lations to determine the constants, is called equation II. The formulation in
§5.2.3, which uses selected pure fluid properties to determine the constants,
is called equation III.

Comparisons are made to previous equations of state. The Soave modifi-
cation of the Redlich-Kwong equation (SRK) and the Peng-Robinson equa-
tion (PR} are selected because they are simple, well known equations of
state, and are thus good standards of comparison. The Schmidt-Wenzel
(SW) and Patel-Teja (PT) equations represent the v = 1 — w family of
equations, which have received much attention recently. The translated
Peng-Robinson equation (TPR) of Yu and Lu is included to test the effec-
tiveness of volume translation for improvement of volumetric performance.
The Toghiani-Viswanath (TV) and Trebble-Bishnoi (TB) equations rep-
resent recent attempts to achieve good overall performance for polar and
non-polar fluids by the inclusion of a fourth parameter. The TB equation
uses Z, as a fourth parameter, whereas the TV equation uses Halm and
Stiel’s . Finally, the Sugie-Iwahori-Lu equation (SIL) is included because
it is related to the new equation of state. All these equations of state are
fully described in §4.2. In addition, some of them are discussed in §2.2 and

103
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§5.1.3.

It should be noted that more accurate modifications of some of these
equations exist, for example Stryjek and Vera’s modification of the Peng-
Robinson equation (PRSV). The primary improvement obtained with these
equations is in the prediction of vapor pressure.

6.1 Pure Fluids

An equation of state should give good prediction of important properties of
pure fluids. In this section, the equations listed above are used to predict
properties on the vapor-liquid saturation curve, and liquid-phase volumes.
Their performance is compared and discussed.

6.1.1 Saturated Properties

The data for pure fluids at saturation, described in §4.1.2, are used to
compare equations of state for their ability to predict saturated properties.
Predicted values of saturated pressure P*, saturated liquid melar volume
vf, and saturated vapor molar volume v} are obtained using the procedure
described in 3.2.5. Overall %ARMS deviations are calculated for the various
classes of substances defined in §4.1.2; results for P?, v{ and v} are given in
Table 6.1, Table 6.2 and Table 6.3 respectively. More extensive results for
each substance for each of the equations of state are given in Tables A.2-
A2,

The performance of the various equations of state in the prediction
of P* (Table 6.1) is discussed first. The equations with the hest overall
performance by far are the SIL equation, and equations II and III. This is
expected, because they use actual vapor pressure data to determine . The
SIL equation and equation II give identical results; they both have o cal-
culated directly from vapor pressure correlations at each temperature. The
predicted P* values for these equations are therefore identical to those of
the vapor pressure correlations used. These correlations are generally more
accurate for the prediction of vapor pressure than are generalized equations
of state. Equation III is nearly as accurate as Equation II even though it
uses only two points on the vapor pressure curve to fix the constants m and
n in its a expression. This approach is considerably simpler, and evidently
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results in only slight losses in accuracy. Note that the SRK equation uses a
similar approach (m is selected to predict « at T, = 0.7); however, it only
uses a single point on the vapor pressure curve, and tends to deviate badly
at low reduced pressure.

Except for the aromatics, the SIL equation, and equations IT and II] had
the lowest or close to the lowest deviations in P* for each of the groups of
substances tested. The high deviations for the aromatics is entirely due to
ethyl benzene; the vapor pressure correlation used for ethyl benzene did not
fit the data used here very well. The magnitudes of the overall deviations
are roughly similar, for both polar and nonpolar groups of compounds. All
the other equations of state give significantly higher deviations for some
groups. The SIL equation, and equations II and III have the advantage of
avoiding the use of geperalized correlations: they can therefore be reliably
extended to most subs.ai..es, as long as accurate input data is available.

All of the other equations use generalized correlations to determine a.
They have similar overall deviations in P? to each other, except for the TV
and TB equations. The TB equation has the highest deviation; Trebble
and Bishnoi [130] also reported high deviations for P? in comparison with
other equations of state, when the generalized version of their equation was
used. The TB equation uses the Heyen expression for e, with n = 1. As
discussed in §2.2.3, this form is suited for equations of state with . near
0.42, such as the van der Waals equation. For equations with variable Q,.,
a variable n is desirable, such as in equation III. The TV equation also
has high deviations, although it performed quite well for some classes of
substances. Its generalized correlations are very sensitive to the values of
w and x used (they are third order polynomials in these quantities; see
§4.2). The values used here are evidently not all the same as those used
by Toghiani and Viswanath. This illustrates one of the drawbacks to the
use of generalized correlations. They often work best using the parameters
used in their creation, which can change as new experimental work is done.

Comparisons in terms of groups of substances show that most groups
have similar deviations in P’ for a given generalized equation of state.
Exceptions occur for the noble gases, inorganic compounds, alcohols and
carboxylic acids, for which deviations are high in most cases. The noble
gases include helium and neon, which, because of quantum effects, have
negative acentric factors. This causes severe problems with some equations
of state (notably the SW, PT and TV), whose generalized correlations do



CHAPTER 6. EVALUATION AND COMPARISON 106

not account for this eventuality. A similar reason accounts for the inorganic
compounds, which include hydrogen, another substance with negative acen-
tric factor due to quantum effects. The high deviations for aleohols and
carboxylic acids are probably because of the strong hydrogen bonding that
occurs with these substances, Equation I has high deviation for nitrogen
compounds, because of a very high deviation for acetonitrile. Acetoni-
trile was not included among the substances used in the generalization of
equation I; it has an extremely low Z, value which is outside the range of
applicability of the generalized correlations of the equation I. These exam-
ples illustrate another drawback to generalized correlations; they do not
extrapolate well to substances which were not included in their generation.

The deviations in P? as a function of T, for some substances are shown
for several equations of state in Figures 6.1-6.3.

Of the substances tested, water has the highest deviations in P* at low
T, (Figure 6.1). Only equations such as equation II, which uses an accurate
vapor pressure correlation to determine «, adequately describe this region.
Equations I and III gave reasonable prediction (less than 2.5 % absolute
deviation) down to T, = 0.55. The PR and TB equations could only give
reasonable prediction down to about T, = 0.65; their expressions for a ex-
trapolate poorly to low reduced temperature. Equation I gives reasonable
deviations in P* down to about T, = 0.50; it extrapolates better because
a vapor pressure at relatively low temperature (T, = 0.6) is used in the
calculation of the coefficients of its & expression. Equation I describes P*
for water even better, over a similar range; it uses the Soave expression for
a, but modified by a function of T, specifically to improve low temperature
performance.

The deviations in P? for methanol are shown in Figure 6.2. This data
does not extend to low temperatures. Nevertheless, the TB equation devi-
ations are large below T, = 0.7. The PR equation overpredicts P* by more
than 2.5% over most of the T, range. Equations I, II and III have lower
deviations than these at almost all points.

The deviations in P* for n-heptane (Figure 6.3) are typical of those for
nonpolar fluids. Equations II and IIT describe the data well over the entire
T, range. Note that the predictions for equations II and III are almost
identical, even though the latter is simpler. At low T,, the PR and TB
equations have deviations exceeding 2.5 %.

Table 6.2 summarizes overall deviations in vf. The lowest overall devi-
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ation is given by eguation II. This is not surprising, since its g, value is
calculated directly from accurate v} correlations at each temperature up to
T. = 0.9. The SIL equation also has a low overall deviation, because its
2,. and Q. values are calculated from the same correlations, at T, = 0.7
and T. = 0.9. Also, it follows the u = —w relationship closely, which is
desirable for volumetric predictions. The results for equation III are not
far from those of the SIL equation, even though the former uses only one
volume to determine .. and ., at 7. = 0.7. The choices made in the
design of equation III (§5.2.3) therefore appear appropriate. Equation I
also has low deviations; it follows the v = —w relationship, and it was gen-
eralized using saturated volume data. The TB equation is the only other
one to have an overall deviation under 5%. As noted in §5.1.3, although it
is based on the u = 1 — w relationship, it effectively follows © = —w. Since
it was generalized using volumetric data, it can therefore be expected to
have good volumetric performance. Note, however, that it does not give
an overall deviation in v/ as low as equations I, IT or III, even though it
incorporates an extra constant and has a temperature dependency in b.

The remaining equations give very poor predictions of vf, with at least
twice the overall deviations as equations I, IT or IIl. The deviations for these
equations are very high for polar compounds in particular. They have u
and w values which are far from optimum for good volumetric performance
for most substances (§5.1.3). Even the volume translation used in the TPR
equation did not result in large overall improvements, because its locus is
still far from the optimum = and w values for most substances.

For the PR, SRK, SW, PT and TPR equations, additional deviation in
the prediction of v} for polar fluids result from their generalized correlations,
which are based on three-parameter corresponding-states, and are designed
for nonpolar fluids. This does not occur with the TV and TB equations,
and equation I, because they use four-parameter corresponding-states, and
included polar fluids in their generalization. It also does not occur for the
SIL equation, and equations II and III, because of the direct methods they
use to caleculate their constants. There is a similar problem with the noble
gases and the inorganic compounds, because they include substances with
negative acentric factors due to quantum effects. Only the TB equation has
generalized correlations taking this into account. These substances present
no special difficulty for the SIL equation, and equations II and III, again
because of the direct methods of constant determination.
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There are two substances in particular that had high deviations in v},
propyne and diethyl sulfide. They are major sources of the high deviations
for the acetylenes and the sulfur compounds. This occurs even with the
equations of state that use v} correlations. The volumetric data for these
substances may be inaccurate.

The deviations in v{ as a function of T, for water, methanol and n-
heptane are shown for several equations of state in Figures 6.4, 6.5 and 6.6
respectively. All substances have high positive deviations in v} for all equa-
tions of state above T, = 0.95. This is expected, because cubic equations
of state cannot simultaneously give accurate volumes in the critical region
and in other regions, as discussed in §2.2.2. Equation II clearly gives low
deviations over the whole T} range below the critical region for all three
substances. (4. values for equation II are calculated directly from accurate
v{ correlations below T, = 0.9; it therefore gives the same predictions for
v{ as the correlations below T = 0.9. Equation III also gives reascnable
predictions over the same range, although deviations become high for n-
heptane below T, = 0.6. The deviations are close to zero near T, == 0.7 and
T, = 0.9, as expected. The TB equation and equation I give high devia-
tions for the polar fluids water and methanol. This is surprising, since they
use a four-parameter corresponding-states principle, and were generalized
using volumetric data for polar fluids. The PR equation gives very poor
predictions of v{, except for n-heptane below T, = 0.8 (it is not shown for
water and methanol, because the deviations are off the scale of the plots).

Note that the shapes of the curves followed by the vj deviations for
equations I and IIl are almost the same for all three substances. Equa-
tion IIT gives better results because its (1, value is calculated from v/ at
T, = 0.7, thus “shifting” the deviations to give good overall results. The
curve followed by the deviations for the TB equation has a different shape;
this is because the TB equation has a temperature dependency in b. This
does not result in an improvement in v} predictions; in fact, in the case of
water and methanol, it results in larger deviations at low T;.. Of course, the
shapes of the curves for the deviations from equation II are simply those of
the liquid molar volume correlations used to determine its {1, values below
T, =0.9.

The deviations in v) are summarized in Table 6.3. As noted in §5.1.1,
these should not be affected greatly by the values of  and w. Instead, the
constant & is expected to have the greatest effect. Therefore, the perfor-
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mance in v} prediction should be related to the performance in P* predic-
tion. Inspection of the results and comparison with Table 6.1 shows that
this is indeed the case. For further discussion, see the section on P*® de-
viations above. Some substances have very high deviations in »J; this is
discussed in §5.1.1.
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Table 6.1: Overall deviations in pure fluid P* predictions for several equa-
tions of state. The entries in the table are averages of %RMS deviations

for the substances in the indicated group.

[ group [SRK PR SW PT TPR TV TB SIL 1 1 1]
noble gases 5.51 2.87 441 4.68 2.87 7.09 6.67 1.14 2.57 1.14 1.41
diatomics 4,20 2.46 2,51 2.68 2.46 2.52 2.74 1.99 1.74 1.99 2.53
inorganics 5.53 4.54 5.24 4.93 4.54 3.16 5.32 1.28 3.95 1.28 2.26
paraffins 1.85 1.85 0.89 1.47 1.85 2.28 2.12 1,13 1.38 1.13 1.21
olefins 2.28 3.36 1.75 2.80 3.36 3.93 3.41 1.74 3.28 1.74 2.58
acetylenes 1.42 0.82 0.65 0.90 0.82 0.93 0.71 0.44 0.64 0.44 0.84
naphthenes 0.50 0.64 1.03 0.35 0.64 0,70 2.58 2.61 0.51 2.61 1.10
aromatics 1.65 1.84 1,88 2,10 1.84 2.22 295 3.27 1.89 3.27 3.19
ethers 2.82 2,62 2,67 2.31 2.62 L.87 3.75 2.28 2.55 2.28 1.96
alcohols 3.49 3.84 4,21 443 3.84 4.69 5.07 2.99 3.86 2.99 3.72
carboxylic acids [10.39 7.51 9.92 7.71 7.51 3.78 3.33 5.13 7.59 5.13 4.57
esters & ketones| 1.08 0.67 0.70 0.98 0.67 1.01 2.43 0.82 0.85 0.82 0.76
nitr. comp. 3.65 2.79 3.00 2.72 2.79 3.72 4.23 1.35 T7.83 1.35 L.19
sulfur comp. 2,20 2.08 2.20 2.09 2.06 2.30 3.78 2,07 1.82 2.07 2.09
oxides 2.93 2.66 3.00 2.74 2.66 3.71 4.77 1.60 2.65 1.60 L.70
halog. paraf. 2.34 3.05 2.22 2,56 3.05 3.75 3.23 1.10 2.50 1.10 1.59
halog. naphth. 0.50 1.01 0.80 1.38 1.01 1.53 10.02 0.98 1.14 0.98 0.86
halog. arom. 1.00 0.57 0.56 0.67 0.57 0.75 2.93 0.65 0.77 0.65 .64
overall 2.64 2.39 2.27 2.45 2.39 2.84 3.51 1.60 2.33 1.60 1.81
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Table 6.2: Overall deviations in pure fluid v{ predictions for several equa-
tions of state. The entries in the table are averages of %RMS deviations
for the substances in the indicated group.

| group [SRK PR SW PT TPR TV TB SIL I I TIi]
noble gases 9.47 12.61 8.08 8.00 7.13 10.87 5.61 2.29 5.24 2.57 4.04
diatomics 814 9.98 6598 6.70 5.00 T7.60 4.22 2.77 3.68 2.50 3.70
inorganics 24.33 13.04 14.51 13.81 13.63 13.53 6.56 5.25 5.82 4.88 5.40
paraflins 1479 6.71 6.30 5.97 565 T.08 3.78 3.17 3,50 2.80 3.2
olefins 13.00 5.62 6.65 6.11 545 B8.98 3.21 286 2.85 2.08 3.14
aceiylenes 19.65 9.47 12.21 11.51 10.88 14.50 6.54 5.24 5.22 8.40 14.20
naphthenes 17.07 6.85 10.49 978 882 990 4.36 3.41 3.72 3.36 3.91
aromatics 18,53 6.81 7.58 7.00 7.20 7.88 3.656 2.72 3.47 2.44 2.62
ethers 17.42 7.22 7.51 T7.21 7.10 14.26 5.73 3.75 4.69 3.45 4.21
aleohols 26.75 13.74 10.24 10.38 11.74 8.10 5.40 5.51 4.58 5.18 4.45

carboxylic acids |50.67 33.66 28.75 28.15 28.40 6.93 11.45 4.29 7.02 3.18 3.95
esters & ketones|25.20 12.34 12,13 11.52 12.02 14.28 4.36 4.64 3.89 4.38 4.06

nitr. comp. 42.00 27.24 27.31 26.66 27.12 13.54 6.93 4.12 6.48 3.10 3.98
sulfur comp. 16.08 11.15 13.13 12.75 12.18 12.46 §.11 9.14 8.76 9.08 9.59
oxides 18.38 10.16 10.82 10.28 10.07 9.60 5.85 3.66 4.656-3.21 3.65

halog, paraf. 11.83 5.80 5.77 5.71 5.24 B8.58 3.57 2.79 3.30 1.99 2.87
halog. naphth. (10.94 6.71 7.05 7.55 7.46 8.84 3.96 4.48 2.70 4.36 4.51
halog. arom. 14.93 2.61 4.93 3.97 4.27 5.65 1.59 1.45 1.45 1.056 1.4§
overall 18,13 9.64 945 9.06 8.89 10.00 4.73 3.77 4.20 3.44 4.05
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Table 6.3: Overall deviations in pure fluid »? predictions for several equa-
tions of state. The entries in the table are averages of %RMS deviations
for the substances in the indicated group.

L group |[SRK PR SW PT TPR TV TB SIL 1 I 1|
noble gases 8.16 5.05 6.71 7.12 4.46 1460 7.06 3.97 8.00 2.92 2.89
diatomics 6.16 4.15 4.10 4.03 3.74 6.06 3.83 3.96 4.15 3.36 4.25
inorganics 9.71 7.78 0.07 830 T7.73 5.23 7.85 4.79 6.33 4.72 b5.89
paraffins 2.24 2.61 1.B7 231 246 3.11 340 3.26 3.76 3.14 3.40
olefins 1.89 2,85 1.68 231 2.76 3.45 3.93 259 3.63 246 3.64
acetylenes 6.38 3.72 4.88 4.20 4.05 6.10 3.32 447 324 344 G6.18
naphthenes 1.356 1.89 216 1.37 1.72 2.75 3.61 4.30 3.63 4.08 3.29
aromatics 3.37 3.10 3.04 3.03 3.07T 311 4.12 577 442 578 5.73
ethers 23.32 22.87 22.96 23.73 22.89 23.75 22.78 23.38 22.68 23.30 23.49
alcohols 9.75 9.47 9.40 10.02 9.07 10.27 8.63 6.36 8.29 6.45 8.09
carboxylic acids [75.99 68.42 74.70 71.06 68.33 55.14 55.17 51.27 47.25 51.17 52.59
esters & ketones| 4.43 292 3.00 3.38 2.86 3.70 4.01 3.13 3.61 3.27T 3.66
nitr. comp. 941 B8.01 B8.17 844 T.97 6.32 795 875 941 838 7.9
sulfur comp. 26.67 27.09 26.64 27.02 26.99 27.02 26.37 27.99 28.42 27.80 28.03
oxides 437 3.18 404 351 3.27 478 528 3.36 3.76 3.30 2.85
halog. paraf. 389 4,35 3.66 3.92 4.31 506 4.72 3.28 447 3.19 3.78
halog. naphth. 1.42 1.52 1.31 2.19 1.56 239 B899 207 251 234 2.82
halog. arom. 1.5 1.47 181 1.79 149 1.93 4.19 1.68 1.60 1.66 1.60
overall 7.42 6.74 6.79 6.96 6.64 T7.52 7.33 6.44 6.90 6.29 6.77
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Figure 6.1: Deviations in P for water for several equations of state.
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Figure 6.2: Deviations in P* for methanol for several equations of state.
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Figure 6.3: Deviations in P for n-heptane several equations of state.
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Figure 6.4: Deviations in v} for water for several equations of state.
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Figure 6.5: Deviations in vf for methanol for several equations of state.
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Figure 6.6: Deviations in v/ for n-heptane several equations of state.
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6.1.2 Single Phase Region

The equations of state are further evaluated by testing their performance in
prediction of compressed liquid molar volumes, v;, using the data described
in Table 4.2. Overall deviations in v are given in Table 6.4.

The hest performance is by the SIL equation, and equations II and III.
They give good predictions of v}; since lignid volume varies slowly with
P, this leads to good predictions of v;. The next best performance is by
the TB equation, which is now significantly better than equation I; this is
the reverse of the results for overall v; deviations. The TB equation was
generalized using single phase data as well as saturated data, unlike equa-
tion I, which used only saturated data. It appears that the improvement in
v prediction is at the cost of increased v} deviations. All of the remaining
equations have much higher deviations. For water, ammonia and acetoni-
trile, the deviations are especially large. These equations have u and w
values which are far from the optima for highly polar fluids.

Acetonitrile has overall deviations in v; that are significantly higher than
for other substances, for all the equations of state tested. Most of this is
due to large deviations at higher pressures. This happens to a lesser extent
with other substances as well, particularly the polar ones.
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Table 6.4: Overall deviations in pure fluid v; predictions for several equa-
tions of state. The entries in the table are averages of %RMS deviations
for the indicated substances.

| substance |[SRK PR SW PT TPR TV TB SIL I 1 III|

argon 4,38 8,55 4,00 3.31 2.35 6.72 1.72 0.99 2.43 1.60 1.02
water 37.70 22.31 21.83 20.80 21.27 2.29 2.13 3.13 8.53 2.41 3.15
hydrogen sulfide | 6.23 6.3¢ 3.17 2.42 1.57 32.67 0.88 2.17 0.83 2.15 2.4
ammonia 27.62 13.72 16.75 15.67 16.11 5.79 2.46 1.57 291 2.73 1.61
nitrogen 5.96 9.69 5.32 530 4.37 8,53 4.40 574 4.00 4.50 b5.25
carbon dioxide [11.37 3.94 3.92 3.71 350 7.55 2.23 1.76 1.91 1.48 1.69
acetonitrile 79.37 60.56 60.83 59.64 60.13 11.03 7.05 6.80 10.98 8.89 10.06
propylene 5.82 6.67 244 2.87 2.21 6.07 2.40 1.05 3.03 1.25 0.97
propane 8.04 5.27 2.95 2.67 2.17 5.32 2.18 1.26 1.24 1.20 1.11
1-butene 6.26 6.49 3.15 3.79 $.17 6.80 1.37 1.98 1.96 2.14 L.B9
isobutane 6.74 5.93 240 294 255 B8.98 3.06 1.97 1.61 1.99 1.82
n-pentane 099 407 3.15 3.31 3.01 8.23 3.83 1.60 3.91 1.51 1.60
R-IONane 15.34 3.22 1.60 1.85 2.57 2.75 4.51 3.36 6.06 2.53 4.27
overall 17.29 12.06 10.12 9.73 9.61 8.67 2.94 2.57 3.80 2.64 2.B3
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6.2 Mixtures

Prediction of properties for mixtures is considerably more difficult than for
pure fluids. This is particularly true for mixtures involving polar fiuids,
and for highly asymmetric mixtures.

The vapor-liquid equilibrium (VLE) and volumetric data for mixtures
described in §4.1.3 is used to further examine the performance of the new
equation of state. Comparisons are made with the PR equation, because
it has good VLE performance, and because it is well-known and is thus
a good standard for comparison. Comparisons are also made with the
'I'B equation, because it has been designed for polar fluids, and has good
volumetric performance. Note that other equations, (such as the PRSV),
which accurately predicts vapor pressure, would give better VLE results
than the PR or TB equations.

The optimum values of binary interaction coefficients for each system
at each temperature are determined by minimizing Equation 3.101, using
residuals in P° and y; from VLE calculations. Two cases are considered.

1. Noy data are available. Therefore only residuals in P*® are used. Thus
Zis an 1 x N matrix with elements Z;; = [(P*)= — P*]..

2. Both P* and y data are available. Residuals in P?* and y, are used.
Thus Z is a 2 x N matrix with elements Z;; = [(P?)® — P°];, and

Za5 = [(31)™* — wl;.

Note that case 1 is equivalent to minimizing the sum of squared residuals
in P°. See §3.2.7 for further details of parameter estimation.

6.2.1 Mixing Rules

Alcohol-alkane mixtures are particularly difficult to describe with cubie
equations of state. A frequent problem, especially at low temperatures,
is the false prediction of liquid-phase splitting. This can sometimes be
prevented by the use of an appropriate mixing rule (§2.4). Various mixing
rules are therefore considered here. Comparisons are also made between
the equations of state listed above,

For the attractive constant a, several mixing rules are considered. The
simplest is the two-coefficient Redlich-Kister mixing rule (RK2) of Adachi
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et al.{11]. The augmented form of this mixing rule (RK2-), proposed by
Schartzentruber et al. [112,113]}, is also considered. It has been shown to
prevent false liquid-phase splitting in some cases, The local-composition
mixing rule of Huron and Vidal [63] (HV) has also been shown to prevent
false liquid-phase splitting; it is also considered. All these mixing rules are
discussed in §2.4, and are given in full in §3.1.6.

The results for the estimation of the binary interaction coefficients are
summarized for the PR and TB equations, and for equations I, IT and III, in
Tables 6.5-6.9 respectively. Overall deviations in P* and y are summarized
in Table 6.10.

The values of the interaction coefficients are shown with 95% confi-
dence intervals, except for those cases where strong correlations between
parameters cause near-singular Hessians!. This occurred only with the PR
equation using the HV mixing rule, for the systems 1-butanol-n-heptane,
1-butanol-n-octane and 1l-pentanol-n-decane. However, these and many
other systems using the HV mixing rule have strong correlations between
the parameters C;; and Cj; (not shown), and have very large confidence
intervals for the parameters (indicating that they could not be precisely
determined). Reasonable parameter estimates could not be obtained for
the 1-pentanol-n-decane system with the TB equation of state using the
HV mixing rule, apparently because of a very strong dependency between
C;; and Cj. Large confidence intervals also occur for some cases using
the RK2+ mixing rule, namely the 1-butanol-n-heptane system for the PR
equation and equation I, and the 1-pentancl-n-decane system with the PR
and TB equations, and equation L

The RK2+ and HV mixing rules are complex models, each with three
binary interaction coefficients. They obviously have difficulties describing
some systems (the HV equation in particular), as indicated by the problems
in parameter determination listed above. For all systems considered here,
equations II and III do not have these problems. In addition, the parame-
ters determined with equations IT and III have smaller confidence intervals
(i.e., are more precisely determined) than those determined with the other
equations. As subsequently shown, equations IT and III give better descrip-
tions of the VLE of the mixtures considered here, due to better predictions
of pure fluid P*; equations such as the PRSV, which also accurately pre-

In such cases, the confidence intervals cannot be calculated.
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dicts pure fluid P* would show similar results. It therefore appears that
an equation of state giving good performance for pure fluid properties is
necessary for the successful application of complex mixture models, such as
the RK2+ and HV mixing rules.

The RK2 mixing rule predicts false liquid-phase splitting for highly
asymmetric systems (low molecular-weight alcohols with high molecular
weight alkanes). This occurs for the systems methanol-n-hexane, ethanol-
n-hexane, and ethanol-n-octane for all the equations of state. It also oceurs
for the system 1-propanol-n-heptane with the TB equation and equation II,
and for the 1-butanok-n-heptane system with equation II. The RK2+ and
HV mixing rules elimiate false liquid—phase splitting for most of these
systems. Neither could climinate it for the very asymmetric methanol-n-
hexane system. The HV mixing rule could not eliminate false lignid-phase
splitting for the ethanol-n-octane system, although the RK2+ mixing rule
is successful. Finally, false liquid-phase splitting still occurs for the 1-
propanol-n-heptane system with the TB equation using the RK2+4 and
HV mixing rules, although 1t is eliminated with equation II.

Comparison of the standard errors shows that the RK2+ mixing rule
gives a better fit than the HV mixing rule in almost all cases. It also gives
lower deviations in P° and y. For most systems where no false liquid-
phase splitting is predicted, the RK2 mixing rule, with only two binary
interaction coeflicients, gives almost as good results as the three-coefficient
mixing rules (RK2+ and HV). Indeed, in terms of the standard error, the
RK2 mixing rule is actually better in many cases. The extra complexity of
the RK2+4 and HV mixing rules therefore appears unnecessary for systems
where the RK2 mixing rule does not predict false liquid-phase splitting.

Comparisons of the standard errors and overall deviations can also be
made in terms of the equations of state. The results for equations II and III
are nearly the same (with equation II being slightly better), and are almost
always better than those for the other equations. Equation I gives some-
what higher standard errors and overall deviations, and is comparable to
the PR equation. The TB equation has significantly higher standard errors
and deviations in almost all cases.

Plots of P versus z and y are shown for several systems in Figures 6.7-
6.10. The predicted curves for the PR and TB equations, and for equa-
tion II are shown. In all cases, Equation III gives nearly the same results
as equation II.
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Figure 6.7 shows the ethanol-n-hexane system, using the RK2+ mixing
rule (the RK2 mixing rule causes false liquid-phase splitting for this sys-
tem). Clearly, the system is very well described by the PR equation and
Equation II, with equation II giving very slightly better description for the
vapor phase. The TB equation significantly overpredicts pressure, because
it gives a value for ethanol vapor pressure which is too high.

Figure 6.8 shows the 1-propanol-n-hexane system, using the RK2+ mix-
ing rule (again, the RK2 mixing rule predicts false liquid-phase splitting for
this system). Equation II describes the system well. The PR equation is
not as good in this case, because it overpredicts the vapor pressures of
both 1-propanol and n-octane. The TB equation overpredicts these quan-
tities even more, and gives false liquid-phase splitting. The curve for the
TB equation shown here is not physically meaningful. It is typical of the
curves obtained when false liquid-phase splitting occurs, with irregularities
and with multiple local extrema in P°. As noted above, none of the mixing
rules considered here could eliminate the false liquid-phase splitting pre-
dicted by the TB equation for this system. This appears to be due to the
overprediction of P* for 1-propanol; it is too high for a realistic description
of this mixture.

Figure 6.9 shows the 1-butanol-n-decane system using the RK2 mixing
rule (the three-coefficient mixing rules are not significantly better for this
system). Equation II again gives the best description of the data, in this
case because it accurately predicts the vapor pressure of 1-butanol. Note
especially the significant deviations for the PR and TB equations for 1-
butanol mole fractions greater than 0.8.

Figure 6.10 shows the 1-pentanol-n-decane system using the RK2 mix-
ing rule (again, the three-coefficient mixing rules are not significantly better
for this system). Equation II gives much better description of this system.
The PR and TB have very significant deviations for 1-pentanol mole frac-
tions above 0.7; most notably, they fail to predict the azeotrope. Once
again, this is because the PR and TB equations do not predict pure fluid
vapor pressures as well as equation II.

Trebble {128] studied alcohol-n-hexane systems, using the PR and TB
equations. He used conventional van der Waals mixing rules, but with
binary interaction coefficients for both a and b (see §2.4). This mixing
rule was not as successful as those considered here. For systems where
false liquid-phase splitting was obtained, Trebble adjusted the binary in-
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teraction coefficients “manually” to obtain normal VLE. However, P? for
mixtures was significantly underpredicted in such cases. Schwartzentruber
et al. [112,113] observed false liquid-phase splitting for some systems with
both the RK2+ and HV mixing rules. They avoided this by imposing a
stability constraint on the liquid phase (this is essentially a formalized ver-
sion of Trebble’s approach). Again, underprediction of mixture P resulted.
Such an approach could have been used in this study to prevent false liquid-
phase splitting for systems such as methanol-n-hexane; however, it would
not have changed the fact that these mixing rules have difficulty deseribing
very highly asymmetric systems.

In summary, the RK2 mixing rule is sufficient for most of the mixtures
studied here. For highly asymmetric mixtures, the RK2+ mixing rule pre-
vents false liquid-phase splitting in all but one case. The HV mixing ruleis
not as successful, despite being more complex and despite using the local-
composition concept. Equations II and III give the best descriptions of the
mixtures considered here, because they give the best predictions of pure
fluid P*. In addition, the complex mixing rules (RK2+ and HV) work
better with equations II and III.
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Table 6.5: VLE for alcohol-alkane systems, using the PR equation of state

with different mixing rules.

system mixing ' interaction coeflicients
rule [ 100Pa with 95 % confidence intervals

REK2 kij li;

RK2+ ki; L my;

HV Cyi/RT Ci;/RT oy
1-C,HoOH- [RK2 1.28917 0068+ 0.0I0 —-0.011£0.011
n-CgHqg RK2+ | 0.1982| 0.248+0,032 -0.191-:£0.032 0.946 £ 0.008
at 303, 15K |HV 6.2673| 0.8404-0.044 0.451:40.013 —1.68410.175
CH,0H- RK2 false Tiquid-phase splitting
n-CaH14 RK2+ false liquid-phase splitting
at 323.15K |HV false liguid-phase splitting
C,H;OH- RK2 false Tiquid-phase splitting
n-CgH14 RK2+{ 0.1007| 0.110+0.003 —0.081+0.002 0.706:0.015
at 323.14K |HV 0.0753| 1.578+£0.034 0.51949.014 -0.82140.032
1-C;HgOH- [RE2 0.3616] 0.047X0.006 —0.032L0.008
n-CgHy 4 RK2+ | 0.1987{ 0.098:40.079 —0.0594+0.065 0.86340.180
at 208.15K |HV 0.2280( 0.994+0.164 0.452::0.093 —1.164 +0.489
T-CyH,, OH-|RX2 110.4358] 0.058 1 0.003 —0.03010.006
n-CgH14 RK2+ | 3.9323( 0.0804+0.007 —0.042-4+0.006 0.77040.053
at 323.15K |HV 4.4451| 0.895+0.107 0.306+0.062 —1.182-+0.314
CyHsOH- RE2 1.9230| 0.096 £ 0.006 —0.059%0.010
CrHia RK2+ | 0.4251| 0.156%:0.018 —-0.104 £0.017 0.759+0.045
at 343.15K |HV 0.2972| 1.376+0.072 0.66040.013 —1.2144-0.134
1-CzH,OH~ [RK2 1.7295] 0.073 £0.004 —0.047 £ 0.008
n-C7Hqa RK24 | 1.2599( 0.118+0.026 —0.077+£0.021 0.81440.088
at 348.15K |HV 1.4892| 1.23740.378 0.43240.100 —0.980 4 0.644
1-CyH;OH- [RK2 0.3671) 0.030L£0.018 =0.034:F0.022
n-CyHig RK2+ | 0.3082(—0.0234+0.063 —0.0834£0.056 0.174:0.147
at 323.15K |HV 0.4110 3.782 —1.921 ~0.120
1-CgH;, OH-[RKZ 9.3461| 0.055£0.002 —0.039 £ 0.005
n-CeHyg RK24 | 8.0103| 0.067+0.012 —0.042+0.007 0.63530.119
at 363.27TK |HV 8.0562| 1.6084£4.172 —0.487}4.6556 —0.4461 1.665
C,H;0H- RK2 false Higuid-phase splitting
n-CgH1p RK24+ | 0.2470( 0.1134£0.004 —0.099£0.003 0.703+0.0156
at 328.15K (HV false liquid-phase splitling
1-C3H;OH- [RK2 2.910217 0.041 L 0.004 —0.066 £ 0.009
n-CgHig RK2+ 1 2.5908( 0.06040.020 -0.073£0.013 0,646::0.129
at 313.156K [HV 2.6020| 1.618+0.672 0.215+40.330 -0.822-:0.602
1-C.HoOH- TRE2 2.4068} 0.036 £0.006 —0.049 £ 0.01I7
n-CgHyg RK2+ | 2.5136] 0.0364+0.039 —0.0504:0.020 0.508 4 0.400
at 313.15K [HV 2.5291 3.361 —1.521 —0.219
1-CsH,1OH-[RK2 7.0606| 0.052Xx0.004 -0.04210.009
n-CgHyg RK2+ | 7.1932) 0.05940.021 —0.043+0.010 0.582:.0.249
at 363.15K |HV 7.2152| 1.358+2.827 —0.099+2.322 —0.643:£2.214
I-CaHoOH- [RK2 0.9423| 0.07TX£0.006 —0.066 £0.010
n-CioHaa RK2-+ | 0.9489%( 0.079+£0.021 ~0.069+0.014 0.558+0.118
at 373.15K [HV 0.9631| 1.609-+0.570 0.175+0.280 —0.761 3 0.487
T-CzH,;OH-|REK2 7.9742 | 0.040£ 0.009"--0.052+ 0.020
n-CioHza RK24 | 7.8340| 0.0114+0.069 —0.063+0.051 0.252+0.387
at 363.27K |HV 8.50886 5.197 --3.006 —0.116
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Table 6.6: VLE for alcohol-alkane systems, using the TB equation of state

with different mixing rules.

system mixing a interaction coefficients
rule | 100Pa with 95 % confidence intervals

REK2 kij I;

RK2+4 k,‘j I mij

Hv Cii/RT Cy;/RT aji
T-C,H,O0- [RKZ | 2.9005] 0.067F0.013 —0.010 £0.015
n-CgHia RK24 | 1.3936| 0.117£0.0256 —0.0814-0.022 0.876+0.048
at 303.15K |HV 0.7870| 0.877+0.066 0.4584+0.023 —1.887 +0.279
CH3OH- REK2 false liquid-phase spiitting
n-CgHy4 RK2+ false liquid-phase splitting
at 323.15K |HV faise liquid-phase splitting
C,H;OH- RE2 false liquid-phase splitting
n-CgHy 4 RK24- | 0.4806| 0.09340.008 —0.076+£0.005 0.67540.023
at 323.14K (HV 0.6485| 1.82740.080 0.52040.022 —0.699 4 0.0689
T-C3iHoOH- [RK2 0.5355] 0,042 £0.006 —0.034 £ G.008
n-CaHi4 RK2+ | 0.2835( 0.0954£0074 ~0.08140.060 0.860£0.165
at 298.15K |HV 0.3400( 1.040 40,182 0.438+0.116 —1.156940.497
n-CaHiq RK2+ ! 5.5565| 0.073+0.010 —0.042£0.608 0.757£0.074
at 323,15 K |HV 5.9312| 0.942+£0.161 0.277+0.098 —1.1444+0.419
C.H;OH- RK2 1.9412] 0.082 £ 0.005 —0.0656 £ 0.011
n-CrHyg RK2+ | 1.1066| 0.107+0.017 —0.070+0.015 0.662 = 0.087
at 343.15K |HV 1.4996| 1.71140.383 0.563:-0.099 —0.R97--0.389
{-CsH;OH- |RK2 2.6165| 0.054L0.005 —0.044£0.009
n-CrHig RK2+ | 2.6897| 0.060+0.026 —0.046+0.014 0.569 %+ 0.265
at 348.15K [HV 2.6923| 1.619+1.703 0.218+0.814 —0.575+1.142
1-C,H,OH- [REZ2 0.9196| 0.048X0.012 —0.033 £ 0.0i8
n-CzHyg RK2+ | 0.5931( 0.099+0.036 —0.064+0.029 0.795+0.105
at 323.15K |HV 0.7152]| 1.076:£0.198 0.46240.141 —1.25440.574
1-CoH{;OH-|RK2Z [14.8301] 0.044+70.004 —0.035X0.008
n-C:Hyg RK2+ |15.4646( 0.046-40.021 —0.035+0.009 0.52440.280
at 363.27K |HV 16.0844| 1.085+£1.071 —0.03440.952 —0.807+1.374
C,H; OH- RK?2 false Tiquid-phase splitting
n-CgHyg RK2+ | 1.3347( 0.096+06.019 —0.103£0.010 0.712+£0.081
at 328.15K |HV false liquid-phase splitting
1-C3H,OH- |RK2 false liquid-phase sphtting
n-CgHlyg RK2+ false liquid-phase splitting
ai 313.15K |HV false liquid-phase splitting
1-C,H,OH- {RRK2 40196 0.0I8X0.010 —0.063F0.028
n-CgHyg RK2+4 | 4.1531( 0.001+£0.084 —0.054£0.039 0.336£0.677
at 313.15 K |HV 4.3241| 1.7104+4.496 —0,5314-4,5624 —0.666 £ 2.537
T-CeH,, OF-[RKZ [13.9336] 0.033XL0.007 —0.039L0.017
n-CgHyg RK2+ |14.4372| 0.027+£0.044 —0.041+£0.023 0.417+0.536
at 363.15K |HV 14.8330| 1.210+2.104 —0.215+1.976 —0.761 +2.057
1-C4HgOH~ [RK2 3.3364] 0.064 0012 —0.065 £ 0.015
n-CioHaa RK2+ | 3.0688] 0.100+0.043 —0.080+0.027 0.714:+£0.143
at 373.16K [HV 3.0687] 1.199+0.264 0.346%0.149 -1.28410.581
1I-CsH, OH- |RKZ [16,4807|  0.0I5 £0.0I18 —0.065 L 0.030
1-C1pHa2 RK24 |15.50161—-0.071+0.212 —0.1214+0.193 0.125--0.298
at 363.2TK [HV did not converge
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Table 6.7: VLE for alcohol-alkane systems, using equation of state I with
different mixing rules.

system mixing o interaction coefficients
rule | 100 Pa with 95 % confidence intervals
RE2 ki; I
HV Cyi/RT Cy;/RT oz

1-C4HgOH- |RK2 1.1805[ 0.064+0.009 -0.011%0.010

n-CsH;q RK2+ | 0.1848| 0.21540,070 --0.161::0.069 0.942:£0.018
at 303.16K [HV 0.2363{ 0.84640.042 0.44640.012 —1.6431+0.163
CH3OH- REK2 false Tiquid-phase splitting

n-CgHy4 RK2+ false liquid-phase splitting

at 323.15K (HV false liquid-phase splitting
C,H;OH- =~ JRK2 ialse Tiquid-phase splitting

n-CaHy4 RK2+ | 0.0792| 0.09540.002 —0,076+0.002 0.890 4 0.013
at 323.14K |HV 0.0853| 1.687+£0.040 0.526--0.014 —0.806 4- 0.035
1-C,H,OH- [RK2 0.3448] 0.045 L0005 -0.031LX0.007

n-CaH1a RK24 | 0.1746! 0.09140.066 -0.05540.063 0.856740.171
at 208.16K |HV 0.2064| 1.0152:0.167 0.44140.096 —1.15240.467
1-C;H;OH-[RK2 [10.2218] 0.0551%0.003 -0.028£ 0.005

n-CgHyy RK2+ | 3.8979| 0.07640.007 —-0.03940.005 0.765 1 0.053
at 323.15K 1HV 4,3811} 090440108 0.301£0.063 —1.167:0.310
C.H;OH- RK2 1.7549] 0.084X£0.005 —0.0681+0.010

n-CrHig RK24 | 0.3595| 0.1313+0.015 -0.093+£0.014 0.731 £0.046
at 343.15K |HV 0.3915| 1.47340.099 0.6741+0.01% —1.171:0.155
1-CsH,O0H- [RK2Z 1.807T7] 0.064°£0.004 -0.044 £ 0.007

n-CrHiq RK2+ | 1.4371) 0.10440.029 —-0.071:4-0.024 0.79940.112
at 348.15K |HV 1.6163| 1.,29840.440 0.4184:0.127 ~0.923 4 0.664
1-C4HyOR-~" [RK2 0.3707] 0.037TX£0.017 -0.033 L 0.020

n-CrH1g RK2+ | 0.3139(-0.025+0.059 —0.0824£0.062 0.174+0.146
at 323,15K |HV 0.4353| 1.06510.235 0.439%0.166 —1.232+0.681
1-CsH;,OH-TRK2 0.5986| 0.051X£0.002 —0.036 £ 0.005

n-CrHqa RK2+ | 8.9106] 0.060£0.012 —0.038£0.006 0.614+0.139
at 363.27TK (HV 8.9243| 1.39347.278 —0.258-£7.374 --0.550 1 4.509
C.H;OH- [RK2 false Tiguid-phase splitting

n-CgHig RK2+ | 0.3398( 0.09840.005 —-0.095+0.004 0,693 6.023
at 328.15K |HV false liguid-phase splitting
1-CyH,0H- [RK2 3. 11174 0036 £0.004 —0.064 £ 0.005

n-CgHqa RK2+ | 2.8780| 0.053:1+0.021 -0.0654£0.013 0.633+0.143
at 313.15K |HV 2.8849| 1.7204-0.896 0.17440.453 —0.763 & 0.687
1-C,HgOH- [RK2 2.3448| 0.034£0.006 —0.049£0.01b

n-CaHis RK24 | 2.4472| 0.036+0.036 —0.049+6.019 0.520 4 0.366
al 313.15K |HV 2.4614| 3.019+4.380 —1.20743.955 —0.26940.513
T-CsH;,OR—[RK2 | 7.8187] 0.047 £ 0.004 —0.040 X 0.007

nCgHig RK2+4 | B.0448( 0.052+0.022 —0.041+0.010 0.568 £0.284
at 363.15 K |HV B.0757| 1.47343.019 —0.230+ 3.469 --0.561 +2.355
1-C4HoOH- [REK2 1.3397| 0.057£0.006 —0.065+0.011

n-CioHas RK2+ | 1.3709( 0.06140.025 —0.066+0.014 0.532:0.173
at 373.15K [HV 1.3717| 2.4704+5.674 -0.41643.622 —0.364 3 1.309
1-Cs H,, OH-TKK2 8.0796] C.031X£0.010°-0.051F0.021

n-CyroHaa RK2+ | 8.7593|-0.00240.078 —-0.066£0.061 0.227+0.379
at 363.27K [|HV 9.9350| 1.57443.750 -0.338 £ 3.085 —0.637 £ 2.304
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Table 6.8: VLE for alcohol-alkane systems, using equation of state II with
different mixing rules.

system mixing o interaction coefficients
rule | 100 Pa with 95 % confidence intervals
RK2 kij I
HV C;;/RT CﬁjRT oy

1-C,HoOH- [RK2 0.110070.041 +:6.004 —0.018 £ 0.005

n-CgHya RK2+ | 0.0072(0.062%+0.003 —0.039+0.003 0.762+0.016
at 303.15K |HV 0.0130)|0.978 £ 0.627 0.311+0.008 —1.044 £ 0.080
CH3OH- RK?2 false liquid-phase splitting

n-CgHia RK2+ false liquid-phase splitting

at 323.15X |HV false liquid-phase splitting
C,H;OH- [RK2 false Tiquid-phase splitting

n-CeH1a RK2+ | 0.0353(0.098 £0.002 —0.078-4£0.0062 0.693+£0.014
at 323.14K |HV 0.0546)|1.7124+0.083 0.5314-0.013 —0.789 +0.027
1-C HsOH- [HK2 0.0664[0.047 £ 0.003 —0.029 L 0.008

n-CgHyy RK2+ { 0.0158|0.079 £ 0.008 —0.052+0.007 0.822+0.035
at 208,15 |HV 0.0203(1.048 +0.053 0.4634+0.024 —1.184+0.138
1-CgH,; OH-[RK2 [12.8487[0.035 £0.004 —0.036 40,007

n-CegHyy RK2+ | 3.5820|0.060+0.006 —0.04040.005 0.760+0.038
at 323.15K |HV 4.3238|0.968 £ 0.063 0.36240.020 —1.387 £0.195
C.H;OH- [RK2 2.023410.085 £ 0.006 —0.058 £ 0.010

n-CrHig RK2+ | 0.4066(0.14240.018 —0.089:0.017 0.762 +0.046
at 343.15K |HV 0.3550|1.468+ 0088 0.683+0.016 —1.147+0.142
1-C3sI-,OH- [RKZ 1.8671[0.0694: 0.004 —0.045 1 0.008

n-CrHyq RK2+ | 1.4083(0.105+0.031 —0.0704+0.024 0.78940.134
at 348.15K |HV 1.5692(1.293 +0.356 0.442+0.088 -0.953 4 0.558
1-CyHoOH-~ [RK2 0.1833[0.046 £ 0.010 —0.039 £ 0.018

n-CrHqqa RK2+ [ 0.1143(0.06340.020 —0.0424-0.015 0.690 4 0.162
at 323.15K {HV 0.1034|1.055£0.327 (0.416+£0.211 —1.143 £0.737
1-CgH;; OH-[RK2 8.973210.045 £ 0.002 —0.042 £ 0.004

n-CrHqg RK2+ ; 3.5530{0.062+0.005 —0.047+£0.003 0.668 £ 0.041
at 363.27TK |HV 3.417571.069:£0.099 0.247£0.0569 —1.103 4 0.202
C,H:;OH- RR?2 false Tiquid-phase splitting

n-CgHyp RK2+ | 0.2423|0.100+0.003 —0.093+0.003 0.703+0.016
at 328.15K |HV false liquid-phase splitting
I-C3H,OH- [RK2 false liquid-phase splitting

n-CgHqg RK2+4 | 0.4327|0.073 £0.004 —0.06510.003 0.711-40.020
at 313.156K |HV 0.6939(1.453 +0.122 0.49740.038 —0.954 4-0.158
1I-C4HgOH- [RK2 false liquid-phase splitting

n-Cglyg RK2+ | 0.8608|0.068+£0.012 —0.055+0.009 0.661 & 0.086
at 313.15K |HV 0.8432(1.509+0.312 0.3361+0.147 —0.788 1£0.328
1-C;H,, OH- | RK2 3.1287|0.05T X 0.00T —0.04T1£0.003

n-Cgllig RK2+ | 1.0076(0.0624-0.003 —0.044+0,002 0.638 £0.028
at 363.15K |[HV 1.0194)1.238 £0.087 0.277+0.044 -0.904+0.120
1-C HgOH- [RK2 0.5386(0.067 £ 0.003 —0.056 % 0.006

n-CioHaza RK2+ | 0.3281}0,093 +0.014 —0.072x£0.011 0.67940.066
at 373.15K |[HV 0.338411.3344£0.177 0.365+0.964 —1.017+£0.275
1.CsH, OR-RR2 1.0764[0.0563 £ 0.001 —0.033£0.002

n-CioHag RK2+ | 0.8339|0.058+0.004 —0.03440.002 0.585+0.061
at 363.27TK |HV 0.8280)1.443 +£0.199 0.3994-0.070 —0.697 +0.188
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Table 6.9: VLE for alcohol-alkane systems, using the equation of state I1I
with different mixing rules.

system mixing o Interaction coeflicients
rule [ 100Pa with 95 % confidence intervals
RK2 ki li;
HV C;:i/RT ngfRT a;y

1-CiHgOH- jRK2 0.151870.037 £0.004 —0.017 £0.005

nCyHio RK24 | 0.0171|0.057 £0.003 —0.036£0.003 0.745£0.016
at 303.15K |HV 0.0206]0.9524-0.029 0.284+0.011 --1.035+0.086
CH;OH- RK2 Talse liquid-phase splitting

n-Cgl14 RK2+ false liquid-phase splitting

at 323.16K [HV false liquid-phase splitting
CH;Of- [RK2 false liquid-phase splitting

n-CaHyyg RK24+ | 0.0328]0.0994+0.002 —0.0784+0.001 0.6964+0.010
at 323.14K |HV 0.0486|1.683 +£0.032 0.525-+0.012 -0.801-0.028
1-C,HoOH- [RK2 0.124210.047 £ 0.605 —0.035 X 0.010

n-CgHi4 RK2+ | 0.0192|0.084 +0.007 —0.057+0.007 0.8414:0.028
at 298.15K [HV 0.019411.015--0.033 0.4914-0.018 —1.276 £ 0.0690
1-CsH,; OH-JRK2 [13.6221[0.039 £0.004 —0.033 £0.007

n-CgHiyg RK24 | 2.8010|0.067+0.005 —0.0504+0.004 0.791 £ 0.029
at 323.15K |HV 4.0835/0.924 £0.058 0.35440.028 ~1.428 +0.200
C.H; OH- RK2 1.985910.086 £ 0.008 —0.0894-0.0610

n-CyHia RK24 | 0.3733)|0.1394+0.017 —-0.097+0.016 0.753 4:0.046
at 343,15K |HV 0.3353|1.461+0.081 0.679+0.016 —1.163:0.132
1-CzH,OH- [RK2 1.8266]0.069 40,004 —0.045 4 0.007

7-CrH1g RK2+ | 1.3298]0.10940.030 —0.0724-0.022 0.805:0.124
at 348.15K |HV 1,5296 (1.285 £ 0.360 0.441+0.089 —0.9644-0.573
1-C3;HgOH~ |RK2 0.2108[0.048 £0.011 —0.040-0.018

n-CrHyg RK2+ | 0.1312(0.06440.022 —0.043+0.016 0.687+0.169
at 323.15K |HV 0.113711.008--0.288 0.450+0.192 —1.262 £ 0.757
1-CyH;, OH-[RK2 8.959010.047 £ 0.002 —0.041 £0.004

nCrHis RK2+ | 3.4152(0.064+0.005 —0.046 £0.003 0.673 +£0.040
at 363.2TK |HV 3.3450(1.056940,105 0.227--0.084 —1.001 +0.212
C.H;O0H- RE2 false Tiquid-phase splitting

n-CgHys RK2+ | 0.2765(0.1004+0.004 —G.095+£0.003 0.6994£0.019
at 328.15K |HV false liquid-phase splitting
1-CaH,OH- [RK2 2.2618(0.050-£0.003 —0.053 £ 0.008

n-Cgll1g RK2+ | 0.5808|0.0764-0.005 —0.065+0.004 0.713 £ 0.627
at 313.15K |HV 0.8152{1.4874+0.104 0.513+£0.030 —0.933 £ 0.130
1-C,H,OH- [RK2Z 1.478370.053 £0.003 —0.047 L 0.008

n-CgHyg RK2+ | 1.0452|0.073£0.015 —0.058£0.012 0.67340.103
at 313.15K |HV 1.0192|1.521+£0.367 0.362+0.165 —0.8104:0.398
1-C,H, OH—[RKZ | 5.0%4070.053 £ 0.001 —0,041 £0.003

n-CgH,g RK2+ | 1.1012{0.062+0.003 —0.04340.002 0.63510.032
at 363.15K |HV 1.110511.229£0.111  0.2624+0.057 —0.894 4 0.153
1-C3HyOH- [ RK2 0.5582(0.068 £ 0.003 —0.058 £ 0.006

n-CioHaz RK2+ | 0.3974(0.09240.015 —0.071+0.012 0.666 :0.079
at 373.15K |HV 0.4062(1.39940.245 0.337+0.092 —0.960 4 0.332
1-CsH;;O0=[RKZ | 0.98410.052 £ 0.001 —0.034 £ 0.007

n-CroHaz RK2+ | 0.8281]0.057 £0.004 —0.03540.002 0.568 & 0.061
at 363.27K HV 0.8321(1.5064+0.238 0.3681+0.089 —0.653+0.198
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Table 6.10: Overall deviations in P* and y for aleohol-alkane systems using
various equations of state with different mixing rules. Entries are %RMS
deviation for P* and RMSx100 for y.

syslem mixing| PR TB I i1 I
rule P y| P! yi P* yl| P! y| P! Y
1-CyTaOH- TRKZ T23.43 0.58(34.76 0.94722.38°0.55[5.30 0.08]8.15 0.09
n-CyHiz RK24 |25.59 0.31(17.89 3.26(24.28 0.31|3.44 0.02|8.57 0.08
at 303.15K |HV 19.92 0.60)29.16 0,97(15.07 0.57|3.62 0.02(6.79 0.07
CH;OH- REK2
Tl"CﬁHl.; RK2+
at 323.16 K |HV
CH;OH- RK?2
n-CaHy 4 RK2+4 | 0.60 0.61| 3.34 1.36} 0.72 0.44(0.37 0.35(|0.45 0.30
at 323, 14K |HV 0.68 0.66| 3.12 1.51| 0.99 0.54|0.72 0.55{0.75 0.45
1-CyH, OH- [RK2  [17.91 "286(24.79 3.95(17.05 2.76]4.80 0.76{5.50 0.78
1-CgHy4 RK2+ {17.51 2.02|24.51 2.87|16.40 1.95(1.11 0.60}2.08 0.88
at 298,15 K [HV 17.14 2.28|24.14 3.22(16.14 2.20|2.13 0.70}3.73 0.84
1-CsHOH-[RR2 "[11.74 17,39 11.36 4,73 6.29
-CgHyy RK2+ [12.31 18.24 11.90 1.84 2.73
at 323.16K |HV 12.36 18.22 11.96 1.86 2.86
C.H;Ol- RX2 5,28 1.41[ 5.71 1.557 5.00 1.32[6.20 1.35|5.06 1.34
-CrHqg RK24 | 1.16 1.48( 4.52 0.80% 1.42 1.27|1.05 1.48(1.13 1.37
at 343,15 K |HV 0.49 2.02| 2,58 2.22| 0.55 2.32(0.60 2.00|0.50 2.11
[-CaH,OH- |RK2 276 2,02 3.5T 4.46( 2.84 3.06|2.79 J.01(2.79 2.08
- Crllg RK2-+ | 3.36 1.63]| 3.75 4.22| 3.50 1.79(3.01 1.86|3.12 1.75
at 348.156K |HV 3.11 2,187 3.73 4.24| 3.24 2.39{3.03 2.30|3.04 2.24
1-CsHoOH- [RKZ 1.80 3.29] 9.72 475 1.84 J.32(2.62 1.20/201 148
1-Cr7Hy g RK2+ | 3.04 1.57|17.96 4.78| 3.20 1.54(1.97 0.90{1.92 1.05
at 323.156K |HV 1.83 3.40|16.64 5.28(10.11 3.20|2.15 0.76(2.25 0.83
I-CsH;, OH-TKK2 4,27 8.42 4.75 1.16 1.16
n-CrHyqg RK24 | 4.23 8.43 4.73 0.57 0.55
al 363.27K 1HV 4.23 8.46 4.73 0.54 0.53
C,H;OH- REZ
w-CgHig RK2+ 1 2.04 1.82| 4.36 2.29| 2.29 1.81|2.27 1.67|2.38 1.67
at 328.16K |HV
1-C3H,;O0H~- [RKZ 3,70 3.92 251
n-CgHs RK2+ | 3.35 3.65 0.50 0.69
at 313,15K |(HV 3.36 3.65 0.76 0.91
1-CyH OH- [RK2 B.47 14.20 831 3.40
n-CgHy g RK2+ | 8.47 14,10 8.31 1.88 2.59
at 313.16K |HV 8.51 14.40 B.34 1.84 2.54
1-C;H;, OH- [RKZ 4,00 B.15 458 0.85 6.82
n-CgHig RK2+ | 4.08 8.17 4.57 0.30 0.32
at 363.156K IV 4.09 8.25 4.58 0.30 0.32
1-CyH,OH-"|RK?2 3.42 1.6011078 1.75 4741 1.T612.77 1.4212.82 [ .43
wCoHaa RK2+ | 3.26 1.60|14.43 1.13| 4.38 1.71{1.93 1.02]2.14 1.06
at 373.16 K |HV 3.26 1.54|14.43 1.16| 4.39 1.70|2.00 1.02}2.20 1.07
1-CsH,; OH-RK2 4.80 0.89 5.30 1.14 1.10
1-CioHaz RK2+ | 4.51 8.89 5.03 1.03 1.02
at 363.2TK |HV 4.86 5.69 1.03 1.02
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Figure 6.7: VLE for the ethanol-n-hexane system at 323.14 K using the
RK2+ mixing rule with different equations of state.
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Figure 6.8: VLE for the 1-propanol-n-octane system at 313.15 K, using the
RK2+ mixing rule with different equations of state.
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Figure 6.9: VLE for the 1-butanol-n-decane system at 373.15K, using the
RK2 mixing rule with different equations of state.
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Figure 6.10: VLE for the 1-pentanol-n-decane system at 363.27 K, using

the RK2 mixing rule with different equations of state,
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6.2.2 Ternary VLE

A good test of the suitability of an equation of state model for mixtures
using binary interaction coefficients is to see how well it extends to ternary
mixtures. The systems given in Tables 4.4 and 4.5 are therefore used to
evaluate the new equation of state. This will also allow further evaluation
with binary mixtures.

Binary interaction coefficients are first determined, for the systems given
in Table 4.4. Since the RK2 mixing rule performs well for most systems, it
is used again here. Some systems show false liquid-phase splitting; in these
cases, the RK2+4 mixing rule is used. There are only two data points for
the nitrogen—carbon dioxide system. Since a two-parameter model cannot
be meaningfully fitted to this data, l;; is set to zero’. Except for the PR
equation, this resulted in exceedingly low values of the objective function,
and very small confidence intervals for the parameters.

The binary interaction coefficients are then used to calculate VLE for
the ternary systems given in Table 4.5. The results for the ternary systems
and their constituent binaries are summarized by system in Tables 6.11-
6.17.

The binary interaction coefficients are shown, with estimated 95 % con-
fidence intervals. They are precisely determined in most cases. Some of the
binary interaction coefficients are quite small, and have confidence intervals
which are larger than the parameter values. However, correlations between
the parameters (not shown) are moderate in all such cases. As before, the
confidence intervals tend to be smaller for equations II and III. Large con-
fidence intervals (indicating uncertainty in the parameter estimates) occur
only for the nitrogen-methanol system. This may be due to the lack of fit
occuring near the critical point exhibited by this system.

Equations II and III give the lowest standard error and overall devia-
tions for most of the binary systems. Conversely, the TB equation gives
the highest standard errovs and overall deviations for most of the binary
systems, although it performs well for a few systems. The PR equation
and equation I generally give intermediate values. Equation I has partic-
ularly high deviations for binary systems containing acetonitrile; as noted
in §6.1, the Z. value for acetonitrile is outside the range of applicability of
the generalized correlations used in equation I. As before, these results are

2The RK2 mixing rule is equivalent to the conventional mixing rule for 4j; = 0.
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explained by the relative accuracies of the equations of state in predicting
pure fluid P?,

A plot of P* versus mole fraction is shown for the methanol-2-propanol
system in 6.11, for the PR and TB equation, and equation II (equation III
gives results simliar to those for equation II). Equation II clearly fits the
data very well. The PR equation shows considerable deviations from the
data; the TB has even larger deviations. Once again, this appears to be
because pure fluid vapor pressure is better predicted by equation II.

The methanol-benzene system at 308.15 X is shown in Figure 6.12. This
system requires the RK24 mixing rule to prevent false liquid-phase split-
ting. Equation II again gives the best description of this system, particu-
larly for the vapor phase. Note that this system can be represented by the
RK2 mixing rule at 328.15K, without any false phase-splitting. Clearly,
the RK2 model, with these equations of state, predicts an upper temper-
ature for liquid-liquid equilibrium between 308.15K and 328.15 K for this
system.

The overall deviations for the ternary systems are now considered. Ex-
cept for the n-hexane-ethanol-benzene and the nitrogen~carbon dioxide-
methanol systems, equations II and III give the lowest deviations for P*
and/or y. For the acetone-methanol-2-propanol they are particularly good,
with much lower deviations than the other equations.

The deviations in P?for the nitrogen-carbon dioxide-methanol system
are much higher than for any of the other systems, especially for the PR
equation. Comparisons may therefore not be meaningful for this system.

The TB equation gives the best performance for the n-hexane-ethanol-
benzene system, although the difference between the various equations is
not large. The differences in deviations for the constituent binaries are
generally also not large; the TB equation generally does not give the best
predictions for the constituent binaries.

Equation I gives reasonable performance for most systems, except for
ethanol-acetonitrile~benzene. This is because of the presence of acetoni-
trile, as noted above.

Averaging the overall deviations for the ternary systems gives the fol-
lowing results {excluding nitrogen—carbon dioxide—methanol) for deviations
in P* and y respectively: 3.06 and 1.69 for the PR equation; 3.73 and 2.36
for the TB equation; 4.69 and 2.24 for equation I; 2.32 and 1.57 for equa-
tion I1; 2.29 and 1.65 for equation III. Note that the deviations for equation I
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are high mainly because of the ethanol-acetonitrile-benzene system. Once
again, equations II and III give significantly better performance compared
to the other equations. The reason is as before: because they predict pure
fluid P* more accurately, they can describe mixtures better. Qther equa-

tlons which give accurate pure fluid P?, such as the PRSV, would also give
good VLE results.
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Table 6.11: VLE for the acetone-methanol—water system at 373.15K with
various equations of state. Interaction coefficients are shown with 95%
confidence intervals. Deviations are %YRMS for P* and RMSx100 for y.

system o interaction coefficients deviation
100 Pa ki; L Py

C3HeO PR |3.5195| 0.005+0.006 0.01240.007(3.57 1.00
~CH30H TB|[2.1512( 0.002+0.004 0.023£0.005(2.40 0.73
al 373.156 K {I 3.1493| 0.000+0.005 0.0104-0.006|3.42 1.13
IT |1.9669| 0.001+0.004 0.010:0.005(2.03 1.20

I | 1.7203| 0.002+0.003 0.0104+0.005}1.68 1.21

CsHgO PR |4.6400(—0.165+0.003 0.0794:-0.004]2.76 1.38
-H,0 TB|7.0996|—0.157+0.0056 0.081+0.007|3.53 1.99
at 373.15K |1 3.4727|-0.167+0.003 0.071:£0.004|2.56 0.92
II |3.65551—0.163 % 0.003 0.0764+0.004 (2.39 1.10

IIT [ 3.0511}—0.162+0.003 0.075+0.004 (2.15 1.02

CH;OH PR|6.0921}-0.094 +0.007 —0.003+0.010(3.99 1.76
~-H,0 TB}5.0785|—0.085+0.008 0.0084+0.011 (4.95 1.02
at 373.15K (I 3.30381—0.089 +£0.0056 0.00040.009|2.34 1.37
IT |1.6550(—0.083 4-0.003 —0.001+0.006(1.19 1.37

Il {1.4197|-0.08240.602 —0.0601 &+ 0.004{1.03 1.50

CsHaO ~ |PR 3.42 2.76
-CHOH |TB 2.00 2.77
-H.0 I 2,70 2.50
at 373.15 K| 1.97 2.65
Il 2.00 2.70
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Table 6.12: VLE for the acetone-methanol-2-propanol system at 328.15K
with various equations of state. Interaction coefficients are shown with 95 %
confidence intervals. Deviations are %RMS for P* and RMSx100 for y.

IR S LA T T

system o interaction coefficients deviation
100 Pa k,‘j l.',' p Y

C3HgO PR0.0671[ 0.002+0.000 0.010+0.001) 0.35 0.54
-CH3OH TB|1.5462| 0.00440.002 0.034+0.005| 1.53 2.39
at 328.15K |I |0.3366|—0.008+0.00t 0.006::0.003| 0.88 0.95
II |0.0645|-0.001+0.000 0.012+0.001) 0.32 0.43

III | 0.0547|—0.0024+0.000 0.012+0.001]| 0,25 0.49

C3zHaO PR|0.5315: 0.043+0.003 0.001 £0.003] 3.67 .33
2-C3H,OH {TB|3.4167| 0.041+0.010 0.013-£0.009| 5.37 3.98
at 328.15K |I {0.8138 0.040+0.002 0.001:+0.003| 6.67 1.19
II |0.1404| 06.038+0.001 --0.001+0.003} 1.01 0.62

III [0.1495] 0.038-40.002 —0.001 £0.004| 0.93 0.64

CH3O0H PR1{0.3527| —0.020+0.003 0.005:-0.002| 3.47 1.47
-2.C3H,OH | TB | 1.0485 | —0.017 £ 0.002 0.004 4 0.002(12.92 1.57
at 328.15K |1 0.5171]-0.020+£0.002 0.003 £0.002( 5.91 1.43
I 10.1121|-0.02140.001 —0.002+0.002| 1.01 0.48

111 | 0.1574| —0.022 4+ 0.002 —0.001 ::0.002; 1,27 0.53

CzHgO PR 2.98 1.20
—-CHaOH TB 7.10 2.41
~2-C3H,OHII 4,80 1.33
at 328.15K |II 0.85 0.74
I 1.13 0.79
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Table 6.13: VLE for the n-hexane-ethanol-benzene system at 328.15K
with various equations of state. Interaction coefficients are shown with
95 % confidence intervals. Deviations are %RMS for P? and RMS x100 for

Y.

system o interaction coefficients deviation
100 Pa k‘J l," miy P Y

n-CgHyq PR [0.8941]0.12440.006 0.09240.006 0.275+0.032}1.17 2.86
~C,H;OH |TB|0.485910.104+0.007 0.086+0.006 0.27840.029]1.27 1.32
at 328,16 K1 |0.7431|0.108 +0.006 0.086 +0.005 0.283-0.029}0.99 2.44
11 (0.8488|0,1114+0.006 0.089+0.005 0.2844-0.03111.10 2,75

II |0.7723|0.112£0.006 0,088 4+0.005 0.28140.030(1.03 2.59

Cellg PR 0.0539|0.009+0.001 —0.002 £ 0.002 0.47 0.80
-n-CgHy4 |TB{0.0271|0.010+0.001 —0,001£0.001 0.40 0.37
at 328.16 K|l |0.0577|0.0074+0.001 —0.001+0.002 0.44 0.82
[T 0.0271|0.012£0.001 —0.001+0.001 0.39 0.33

I |0.0270(0.012 £ 0.001 —0.001 £0.001 0.39 0.34

C.HzOH PR |0.4022|0.094 4- 0.003 —0.036 +0.005 2.11 1.85
~CgHg TB|0.7443 |0.080 + 0.004 —0.044 3-0.008 2.15 2.27
at 328.15K |1 0.3354|0.082+0.002 —0.037+0.004 1.92 1.67
I | 0.6537(0.088 4+ 0.004 —0.04140.008 2.13 1.82

IIT | 0.6322|0.088 £0.004 —0.04140.008 2.08 1.78

n-CaH 4 PR 3.85 2.83
-C;H;0H |TB 3.55 2.43
~Cgllg I 401 2.79
at 328.15 K |1 3.77 2.72
Il 3.65 2.68
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Table 6.14: VLE for the ethanol-acetonitrile-benzene system at 318.15K
with various equations of state. Interaction coefficients are shown with 95 %
confidence intervals. Deviations are %ARMS for P* and RMSx 100 for .

system c interaction coefficients deviation
100 Pa k,‘j I,'J' P* Y

C:H;OH |PR|0.0718| 0.075::0.003 —0.016 £0.009} 2.60 2.02
-CoHzN TB|[0.6345| 0.022+0.009 —0.006 £0.008|17.71 3.01
at 203.15K (I 12.7272] 0.017+0.030 0.01840.023(29.14 8.39
II |0.0128| 0.024:0.001 —0.0084-0.003| 0.45 1.43

I [0.0118| 0.027-£0.001 —0.011£0.002{ 0.59 1.17

C,H;OH |PR|0.2980| 0.087x0.001 -90.030+0.003| 1.93 2.33
—CgHy TB|0.5135| 0.075+0.003 -0,03840.004| 2.92 2.61
at 318.15K|I |0.2405( 0.077£0.001 —0.03140.002| L.84 2.19
II |0.4542} 0.083+0.003 —0.036+0.005| 2.16 1.75

III | 0.4580| 0.084:0.008 —0.03740.006¢ 2.15 1.75

C,HgN PR0.1318| (.06540.001 0.011£0.003| 0.69 1.77
~CgHg TB|1.2086 | —-0.024 £ 0.013 —0.034 % 0.013| 5.08 3.35
at 318.15K |I |3.7565(—0.003+0.011 ~0.028--0.010(17.48 5.60
Il |0.0197( 0.005-0.001 —0.01840.002( 0.44 0.44

ITT [0.0157| 0.006+0.001 —0.017 £0.001| 0.41 0.41

C:H;OH |PR 1.26 1.26
-C.H3zN TB 4,43 2.81
—CgHe I 8.39 4.11
at 318.15K |1I 1.82 0.83
il 1.39 0.90
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Table 6.15: VLE for the methanol-carbon tetrachloride~benzene system at
308.15 K with various equations of state. Interaction coefficients are shown
with 95 % confidence intervals. Deviations are %RMS for P* and RMSx100

for y.
system o interaction coefficients deviation
100 Pa k,‘j L mij P Yy

CH30H PR |0.2144|0.117 £ 0.006 —0.081+0.005 0.704 +0.027{5.97 4.78
-CCl, TB|0.8155(0.117 £ 0.010 --0.106 £+ 0.068 0.772+0.053]2.00 1.74
at 308.15K |1 0.4958 | 0.085 + 0.008 - 2.0744+0.006 0.625+0.047|7.26 6.04
IT |0.3275(0.128 £0.007 —0.102+0.004 0.7954-0.036|1.60 1.55

IIT (0.3745(0.128 £ 0.008 —0.1034+0.005 0.7944+0.038{1.72 1.69

CH;0H PR |0.0994|0.107 £ 0.006 —0.058 +0.004 0.694 +0.035|1.68 3.08
-CgHg TB|0.1742 |0.084 + 0.008 -0.070 £ 0.007 0.663 £0.064|1.38 1.51
at 308.15K|I 0.1371|0.083-0.012 —0.059 4 0.008 0.643 3 0.079|1.98 2.85
IT [0.0839(0.099 £0.006 —0.067+0.005 0.693 +0.043(1.02 1.04

IIT |0.1037|0.098 4-6.007 —0.068 &+ 0.005 0.688+0.049|1.08 1.11

CCly PR |0.0052(0.006 £ 0.000 0.002% 0.000 2.29 0.45
-Callg TB|0.0123|0.008 +0.001 0.00240.001 1.78 0.50
at 313.15K (I 0.0034|0.006 - 0,000 0.001 = 0.000 2.43 0.25
II (0.0118|0.01040.001 0.00230.003 0.39 0.44

II1 |0.0030|0.006 +0.000 0.001 £ 0,000 1.60 0.13

CH3OH PR 2.84 1.05
-CCly TB 2.26 2.03
~Cgllg I 3.76 1.29
al 308.15K |11 1.53 1.32
III 1.91 1.66
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Table 6.16: VLE for the methanol-carbon tetrachloride-benzene system at
328.15 K with various equations of state. Interaction coefficients are shown
with 95 % confidence intervals. Deviations are % RMS for P* and RMSx 100
for y.

system o interaction coeflicienis deviation
100Pa k,’j l,'_-,' UCT] P Y

CH30H PR }0.2404 0,149 £ 0.010 —0.094 4-0.007 0.748 4-0.043(1.91 1.96
~CCly TR|0.5838 (0.130-0.017 ~0.1024+0.013 0.,735-+0.0513.95 3.41
at 328.15K |I 0.358510.1244-0.011 —0.090+0.009 0.730+£0.,055|2.19 2.45
II |0.2020(0,131+0.008 —0.094 3 0.006 0.732+0.036|1.54 1.68

11T 10.2110(0.131 £ 0.008 —0.095 4+ 0,006 0.7304-0,037}1.99 1.72

CHzOH PR |1.1996|0.098 &+ 0.003 —0.050 4 0.007 4.90 4.03
—CgHg TB|0.7565}0.078 + 0.003 —0.060-+0,008 4,06 2.47
at 328.15K|I [0.8491|0.,08040.002 —0.053 £ 0.005 458 3.76
II {0.9715(0.087 +0.003 —0.056 4+ 0.007 4.15 2.58

I [0.9256 | 0.087 % 06.003 —0.057 £ 0.007 4,09 2.51

CCly PR |[0.0738|0.007£0.001 0.00240.001 2.68 0.59
—CgHg TB[0.02020.01240.000 0.007 4-0.001 0,25 0.59
at 323.14K|I ]0.0743|0.007 & 0.001 0.001 +0.001 2.91 047
I (0.0111(0.00840.000 (.004 +0.001 0.20 0.34

IIT | 0.0105}0.00940.000 0,004 40.001 0.19 0.34

CH3;0H PR 4,05 1.03
~-CCly TB 3.10 1.76
~CgHg I 4,46 1.43
at 328,15 K |1I 3.89 1.7
111 3.66 [.18
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Table 6.17: VLE for the nitrogen-carbon dioxide-methanol system at
273.15 K with various equations of state. Interaction coefficients are shown
with 95 % confidence intervals. Deviations are %ARMS for P* and RMSx100
for y.

system - interaciion coefficients deviation
100 Pa ki Ii; myj P’ ]
N2 PR 1.8i58| 0.017+0.080 1.58 1.57
~C0y TB 0.0000| —0.05240.000 0.36 0.54
at 273.15K (I 06,0000 0.05840.000 0.49 0.52
II 0.0000( —0.003+0.000 0.33 0.74
111 0.0000: 0.029:+0.000 0.26 0.66
Na PR ([722.3573|—0.130+0.147 0.046 £ 0.162 0.58
-CH3;OH TB|738.2750| —0.30740.138 0.284+0.152 0.59
at 273.15K |1 744.0430| —0.1764+0.117 0.0084+0.130 0.60
II $750.9993|—0.200+0.128 0.0784+0.141 0.60
111 {742.7314|-0.179+0.127 0.0394+0.140 0.59
CO4 PR |251.7538] 0.1024+0.020 0.0656+0.019 0.07940.029| 2.8%

-CH3OH |TB|454.4271|-0.00740.007 0.059:£0.004 0.355+0.0r1| 3.81
at 273.16 K 362.3645| 0.047+0.011 0.049+0.009 0.190£0.055) 3.45
[1 [359.6776| 0.034+0.008 0.04740.006 0.2470.055| 3.40
111 |326.1472% ©.0514£0.010 0.046 4-0.008 0.187 = 6.053| 3.27

—

N2 PR 37.668 3.04
-CO, TB 9.28 1.04
-CHzOH |1 11.13 0.98
at 273.15 K {11 13.31 1.13

111 14.98 1.24
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Figure 6.11: VLE for the methanol-2-propanol system at 328.15 K, using

the RK2 mixing rule with different equations of state.
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6.2.3 Mixture VLE and Volumes

The new equation of state predicts pure fluid volumes more accurately
than any other equation of state tested (§6.1); it also gives VLE resulis
superior to the other equations tested (§6.2.1, §6.2.2). Therefore, the data
given Tables 4.6 and 4.7 are used to evaluate the VLE and volumetric
performance of the new equation for binary mixtures.

The results for the saturated systems listed in Table 4.6 are summanzed
by system in Tables 6.18-6.24. In all cases the RK2 mixing rule is used,
because none of these systems show false liquid-phase splitting.

The systems exhibiting critical points (see Table 4.6) have significant
lack of fit. This is particularly severe near the critical points. Errors near
the critical points are major contributions to the standard error and to the
overall deviations given in the tables, and tend to obscure the differences
between the different equations of state. Parameter estimation is also dif-
ficult for these systems, due to convergence problems with bubble-point
calculations near the critical point. This is avoided by obtaining good ini-
tial estimates for the binary interaction coefficients. These are obtained
by first performing VLE calculations using low-pressure data points only;
data points at higher pressures are progressively added, and the VLE cal-
culations repeated, until the full data set is fitted. Data points near the
critical point often have to be dropped (see §4.1.3), when the equations of
state underpredict the critical-point pressure for all values of the binary
interaction coefficients.

For systems exhibiting critical points, no equation of state considered
here gives consistently superior VLE performance. There are several rea-
sons for this. The systems are dominated by errors near the critical point,
thus obscuring any differences. Also, the temperature-dependent functions
in the equations of state are being extrapolated into the critical region for
one of the components in the mixture. Therefore, equations of state which
have good performance for suberitical properties (such as the new equa-
tion) may not necessarily achieve superior performance in the supercritical
region. It may be necessary to develop temperature-dependent functions
specifically for extrapolation into supercritical regions.

The prediction of vf for systems exhibiting critical points 1s somewhat
more consistent. The new equation gives lower deviations in v{ compared
to the PR equation for many systems (e.g., the nitrogen-hydrogen sulfide
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system, the ethane-methanol system). There does not appear to be a con-
sistent difference between the new equation and the TB equation; a notable
exception 1s the ethane-methanol system, where all three versions of the
new equation are significantly better than the TB equation for prediction
of v}.

The prediction of v? for mixtures is related to VLE performance (for
the same reasons pure fluid v? is related to P* performance). Therefore,
no equation seems to be consistently better for prediction of v] for systems
exhibiting critical points.

The results for systems not exhibiting critical points show more obvi-
ous differences between the equations of state. Equations II and III give
better VLE for many of these systems (e.g., hydrogen sulfide-n-pentane
at 277.59, 310.93 and 344.26 K), with correspondingly good v! prediction.
vfprediction is significantly better, compared to the PR equation, in most
cases. The new equation 1s better than the TB equation for prediction of
v for the hydrogen sulfide-n-pentane at 277.59, 310.93 and 344.26 K; other
systems do not show a consistent difference.

Typical results for these systems are shown in Figures 6.13 and 6.14, for
the PR and TB equations, and equation II. Figure 6.13 is a plot of P* versus
2z and y for the ethylene—chloroform system at 348.15K, which exhibits a
critical point. All equations seem to give reasonable description of the data,
but there is increasing deviation as the critical point is approached, espe-
cially for the PR equation. Figure6.14 shows the saturated molar volumes
of the liquid and vapor phases for the system nitrogen-hydrogen sulfide
at 321.87 K. This system also exhibits a critical point. The volumes ap-
pear to be well described, except the PR equation gives high deviations for
the liquid molar volume; there are also high deviations in v3 for all three
equations of state near the eritical point.

Table 6.25 shows overall deviations in compressed liquid molar volume
vy, for the systems given in Table 4.7. Binary interaction coefficients are ob-
tained from the VLE calculations for the corresponding saturated systems
(Table 6.19, 6.19 and 6.22). The TB equation gives the best performance for
the methane-hydrogen sulfide and the hydrogen sulfide-n-decane systems.
As noted in §6.1.2, the TB equation performs well for pure fluid compressed
v;, because such data was used in its generalization. This is clearly reflected
in its performance here. Nevertheless, the new equation gives deviations
which are not much larger than those for the TB equation, and which are
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almost all lower than those for the PR equation. Equation I gives the best
results for the hydrogen sulfide-n-pentane system; equation Il and the TB
equation have the next highest deviations, and give nearly the same results.

In summary, the results here are not as clear as previously, due to the
presence of critical points in most of the binary systems considered. Errors
in the critical region tend to obscure any differences between the equations
of state. Nevertheless, the new equation has good performance in most
cases, particularly for liquid molar volumes.
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Table 6.18: VLE and saturated volumes for nitrogen—hydrogen sulfide sys-
tems using various equations of state. Interaction coefficients are shown
with 95% confidence intervals. Deviations are %RMS for P?, v and vl
and RMS5x100 for y. Isotherms exhibiting a critical point are denoted by

(c.p.).
T o interaction coefficients deviations
K 100 Pa k,’j Ii; P Yy h vy
256.43 | PR [245.1530| 0.216+0.044 0.014+0.047| 7.97 1.44 8.02 5.77
TB|264.9472| 0.195+0.045 0.0334-0.048| 8.07 1.48 0.63 6.57
(c.p.) 1 181.8528| 0.259+0.030 0.0630+0.032{ 6.72 1.30 0.38 5.53
I |238.9058| 0.213+£0.040 0.020+0.043| 7.04 1.50 1.73 5.44
If1 1214.2032| 0.228+0.036 0.016=+0.038| 6.71 1.44 1.92 5.25
277.65|PR |236.8928| 0,207+0.064 0.033+0.070| 5.69 2.53 7.03 7.23
TB|249.1768| 0.19240.070 0.06410.078| 5.45 2.67 0.51 7.74
(c.p.) I 168.5769| 0,241+0.033 0.02740.036| 4.91 1.97 0.78 7.20
II |207.8592| 0.20540.045 0.036+0.049; 4.65 2.46 1.85 7.53
IIl {194.0173| 0.216+0.044 0.022-+0.048 4.43 2.36 1.56 7.61
300.04 | PR |141.5804| 0.148+0.044 —0.030+0.043| 3.41 1.28 6.12 3.68
TB|[127.6382| 0.125+0.030 —0.001+0.029| 3.25 1.33 0.65 3.54
(c.p.) I 319.9375| 0.22540.052 0.006 £0.053| 4.83 2.33 1.36 4.12
Il |177.6063| 0.17110.038 0.003+0.037| 4.01 1.57 1.29 3.48
IH |146.4104] 0.216£0.016 —0.016+0.018|10.16 0.68 0.94 9.19
J21.87|PR| 87.3075| 0.0641+0.023 —0.1434+0.023] 4.32 0.50 5.38 7.68
TB|112.4366| 0.047-+0.116 —0.10040.115| 4.53 0.67 1.69 5.68
(c.p) |1 178.4461( 0.20740.041 —0.014 +0.043| 3.29 2.09 1.87 2.87
Il }162.6315| 0.122+0.035 —0.077£0.034| 6.90 0.51 1.78 8.07
I 1117.7922( 0.179+0.038 —0.021+0.037| 3.1 1.46 1.47 1.83
344.26 [PR | 164.5195 —0.348 +0.061 —0.553 +0.060] 3.75 3.47 6.13 15.21
TE|112.0692|~0.434 +0.010 —0.568 +0.008{ 3.03 4.47 4.12 15.85
(c.p.) I 202.7807|—0.061 £ 0.052 —0.281+£0.053) 3.40 4.26 3.00 9.95
Il |150.20564|-0.305 +0.035 —0.486+0.034| 3.57 4.86 4.56 17.83
[T |207.5050| ~0.184 +0.073 —0.421 3 0.073| 4.77 4.10 4.36 16.26
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Table 6.19: VLE and saturated volumes for methane-hydrogen sulfide sys-
tems using various equations of state. Interaction coefficients are shown
with 95 % confidence intervals. Deviations are %RMS for P*, v/ and v},
and RMSx100 for y. Isotherms exhibiting a critical point are denoted by

(c.p.).
T o interaction coefficients deviations
K 100 Pa. ki] Iij P‘ Y ‘ui' ‘U;
277.59| PR |[148.3730| 0.06840.003 —0,028--0.006|4.86 2.45 7.90 8.22
TB;151.5856| 0.047+0.003 —0.032+40.005|4.59 2.63 2.76 7.12
(c.p.) {1 [222.3581 0.08340.003 —0.027+0.004|4.99 3.40 3.56 10.63
II |155.3559| 0.0674+0.000 -9.033£0.00014.27 2.93 2.64 9.35
Il 1161.7180| 0.074 4+0.000 —0.031 +0.004|4.28 3.04 2.38 9.60
310,93 PR| 26.9883) 0.06240.005 —0.0634+0.004(1.03 1.28 5.26 6.32
TB| 32.2955| 0.031£0.001 —0.068+0.001|1.06 1.64 1.91 6.55
(e.p.) |1 66.4862! 0.08340.005 —0.047+0.012(1.16 2.53 2.90 B8.12
II | 44.5693| 0.061+0.000 —0.062+0.00071.31 1.93 2.23 8.85
III | 43.8178| 0.075-0.006 —0.0574-0.001|1.30 1.82 2.06 B8.66
34496 PR | 40.8723| 0.013+£0.008 —0.130+£06.006(0.84 2.12 0.88 6.73
TB| 26.5529|—0.013+0.001 —~0.110:£0.002|0.34 2,30 2.86 6.62
(e.p.) |T 47.2075| 0.072+£0.004 —0.076 £0.009|06.83 2.72 1.10 6.95
11 30.2354| 0.03140.065 —0.088 +0.103|0.40 2.55 1.33 6.42
III | 27.9639| 0.051+0.020 —~0.08740.031|0.37 2.43 2.86 6.38
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Table 6.20: VLE and saturated volumes for hydrogen sulfide-n-pentane
systems using various equations of state. Interaction coefficients are shown
with 95 % confidence intervals. Deviations are %RMS for P*, v} and v,
and RMSx100 for y. Isotherms exhibiting a critical point are denoted by

(c.p.).
T o interaction coefficients deviations
K 100 Pa ki s Py v} v
277.59 (PR | 1.1673|0.057£0.004 —0.003+0.006|2.34 0.25 3.47 1.91
TB| 0.8355)|0.021 40,002 0.00240.004|3.86 0.24 2.78 4.01
I 1.5970|0.035 + 0.004 —0.003 +0.007|2.88 0.27 0.81 2.36
I1 0.567210.035 £ 0.002 —0.002 £ 0.004|1.87 0.28 0.97 1.87
I | 0.5558{0.039+0.002 —0.002+0.004|1.86 0.28 232 1.71
310931 PR | 2.7331{0.039 1 0.006 0.00740.005|3.17 0.50 2.49 3.83
TB}| 1.6709106.015 £ 0.006 0.004+£0.007|1.87 1.06 2.85 2.41
[ 2.7815;0.014 £ 0.005 0.006 +0.005|3.00 0.37 1.95 3.47
II 1.0452}0.0264-0.004 0.00240.006(0.85 0.79 1.65 1.71
T { 1.0016|0.028 +0.004 0.0024-0.005|0.85 0.78 1.90 1.71
344.26 |PR{11.8096(0.041 +0.012 0.01840.012|3.83 1.83 3.75 4.97
TB| 7.5436|0.012+£0.013 0.01640.014|3.44 2.19 4.66 4,52
1 11.0539|0.015 £ 0.010 0.,0174+£0.010|3.67 1.58 3.79 5.57
II 6.0082|0.028+0.010 0.01340.012(2.73 1.88 3.77 4.74
I | 5.4970(0.026 £ 0.010 0.012+£0.012;2.52 1,92 4468 4.45
377.59|PR([17.5737(0.071 £0.007 0.006 £0.615{0.89 1.53 10.87 9.73
TBH|24.5961|0.031 £0.008 0.005-+0.01811.43 1.98 10.24 11.97
(c.p.) [T 22.8906(0.038 +-0.006 0.00240.014|0.90 2,20 9.60 12.81
IT |21.3401(0.04740.006 0.0024+0.014|0.80 2.02 10.61 12.17
11T | 21.8752|0.042 £ 0.006 0.002+0.015|0.82 2.06 10.84 12.05
410.93{PR(15.9891(0.091 +0.007 0.0564-0.010(1.43 2.13 10.76 4.27
TB|26.1082{0.03240.011 0.05634+0.016|3.28 3.06 7.62 6.58
(e.p) [T 33.9220{0.045 £ 0.007 0.060+0.008(2.69 3.70 7.46 8.07
I [27.5127]/0.0524+0.008 0.05440.010|2.63 3.30 8.91 6.99
III {29.4317(0.049 £0.008 0.057+0.011(2.60 3.41 9.04 7.01
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Table 6.21: VLE and saturated volumes for hydrogen sulfide-n-heptane
systems using various equations of state. Interaction coefficients are shown
with 95% confidence intervals. Deviations are %RMS for P*, »; and v},
and RMSx100 for y. Isotherms exhibiting a critical point are denoted by

(c.p.).
T o interaction coefficients deviations
K 100 Pa k{j L;J- Pt Y vf vy
31093 PR 2.3815(0.068 £0.006 —0.027+0.008(3.72 0.13 3.65 22.61
TB 2.1305|0.024 - 0,005 —0.023-:0.007|4.37 0.12 3.59 23.0]
I 2.3468]0.534 + 0.006 —0.026+0.00773.65 0.12 5.42 22.70
11 1.9883|0.022 £0.005 —0.020:-0.007|2.81 0.12 3.27 22.36
11l 1.9645(0,031 £ 0.005 —0.020+0.007(2.70 0.12 5.79 22.31
352,59 PR 4,0563(0.058 +0.005 —0.017+0.007|3.58 0.20 6.40 7T.51
TB 8.3216|0.008 +0.007 —0.016--0.009|3.15 0.36 5.82 B8.19
1 6.580210.021 £ 0.006 —0.018-:0.008|3.64 0.356 5.64 7.93
11 6.8307|0.0150.006 —0.016+0.008(4.06 0.34 5.02 T7.57
I11 6.8281(0.0153+0.006 —0.0184-0.008{4.03 0.33 ¢6.38 7.48
394.26 | PR | 104.4892(0.081 £ 0.022 —0.008 - 0.022 |5.86 2.99 12.01 6.06
TB|136.2473|0.018 £ 0.020 0.002-£0.02116.93 3.71 10.656 B8.05
(C.p.) I 141.5352,0.036+-0.018 0.00140.019|7.04 3.82 10.20 8.91
II |132.4177(0.034+0.019 —0.001 £ 0.020(6.97 3.66 10.45 B8.64
11 |136.2636(0.020 +0.020 0.001+0.021{7.08 3.69 10.68 B.56
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Table 6.22: VLE and saturated volumes for hydrogen sulfide—n-decane sys-
tems using various equations of state. Interaction coefficients are shown
with 95% confidence intervals. Deviations are %RMS for P?, v/ and »2,
and RMSx100 for y. Isotherms exhibiting a critical point are denoted by

(c.p.).
T - interaction coefficients deviations

K 100 Pa ki i Py o} v
344.26 |PR| 0.0446| 0.056+0.004 —0.043+£0.011|3.08 0.05 7.67 4.05
TB| 0.0259|-0.07030.003 0.001+£0.008(1.89 0.01 3.18 3.68

I 0.1080(—-0.037+0.020 0.00240.031)|0.86 0.01 4.30 5.99

II 0.0440|—0.036 & 0.009 —0.011+£0.018|1.75 0.01 3.00 5.21

I | 0.0314(~-0.020+£0.008 —0.0154+0.016(1.94 0.01 4&.46 5.17

37759 (PR| 0.4186( 0.026+0.004 0.002+0.005)2.84 0.22 11.68 1.37
TB| 0.4541|—-0.088+£0.002 0.01940.003|4.55 0.35 7.87 1.74

(c.p.) I 0.1848| —0.048 4+ 0.001 0.0104-0.001|4.31 0.36 7.93 2.59
IT | 0.2398|—0.0514+0.001 0.0084:-0.002|4.08 0,35 7.71 2.33

IIT | 0.1528(—0.045+0.001 0.007x0.001(3.96 0.33 9.73 1.93
410.93 |PR| 2.5421| 0.0124+0.006 0.031+0.008|3.03 0.39 11.47 2.26
TB(17.9896 | —0.117+0.000 0.064-40.000|5.22 0.85 6.i1 4.98

(c.p.) I 16.9602| -0.073 £ 0.000 0.054 £0.000(4.96 0.87 6.42 5.29
IT |11.6440|—0.07040.0560 0.045-+0.675(4.68 0.82 6,89 4.14

IH |11.9499|—0.071 4+ 0.000 0.047 +0.000(4.69 0.79 8.05 4.04

144.26 (PR | 8.6875| 0.0124+0.012 0.056+0.011(3.50 0.77 10.21 3.96
TB|32.5690| —-0.1194+0.018 0.081 +-9.017|6.58 1.69 4.14 6.99

(c.p.) I 30.4132|-0.072+0.016 0.07240.015}6.14 1.70 4.36 T.41
I |23.4235{—-0.069+0.015 0.066-£0.013|5.76 1.50 5.78 6.45

IIT |25.1551{—-0.0756+0.016 0.069+0.014(5.99 1,561 5.71 6.58
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Table 6.23: VLE and saturated volumes for ethylene-chloroform systems
using various equations of state. Interaction coefficients are shown with
Deviations are %RMS for P* and v/ and
RMSx100 for y. Isotherms exhibiting a critical point are denoted by (c.p.).

95% confidence intervals.

T o interaction coefficients deviations
K 100 Pa k,’j Iij P v ‘Uj'
298.15 | PR 1.7440( —0.012 4- 0.003 ~0.002+0.005[0.35 0.84 3.23
TB 2.2710| —-0.0044+0.003 0.000+0.003(0.29 1.07 7.81
(c.p.) 1 2.3529| 0.0054-0.003 —0.002+4-0.006{1.32 0.84 6.53
II 2.1985,—0.010 £ 0.003 —0.0014:0.005]0.97 0.89 1.05
I 2.4698}-0.007 2 0.004 —0.00240.006{1.40 0.86 2.50
323.15{PR| 15.7550}—0.014 4 0.008 -—0.013+ 0.008[5.16 1.05 4.26
TB| 18.3559{—0.040:0.013 0.0024+0.013(9.78 0.46 B8.16
(c.p.) I 12.3744F 0.009 £0.006 —0.008+0.006|4.50 1.04 6.90
II 16.3138  ~0.008 £ 0.007 ~0.011+0.008|4.98 1.03 2.99
II1 | 10.8810|—0.004 £0.005 —0.0074-0.006(4.21 0.99 3.566
348.15 | PR | 17.2838|—0.035+0.008 —0.010+0.009(4.45 0.97 5.33
TB| 76.6420|~0.015 4 0.021 —0.0284+0.014(4.90 1.59 11.40
(e.p) |1 17.5703| —0.003 -+ 0.008 —0.0104£0.007|4.26 0.99 17.99
H 30.5476( —0.023 £ 0.011 —0.017+£0.009|4.66 1.17 5.00
IIT | 22.3191|-0.014 £0.022 --0.012+£0.018(3.73 1.12 5.64
373.15|PR| 79.5146|—0.023 +0.012 —0.027+0,017]5.56 1.91 6.37
TB|[121.5613|-0.013 £¢.015 ~0.630+£0.017|6.89 2.52 13.85
(c.p.) 1 78.9168| 0.014 £0.009 —0.0214+0.013}5.42 2.13 10.38
I 98.8260|—-0.0114£0.011 —0.0261+0.015:5.83 2.37 6.76
III | 81.9660|—0.00240.009 —0.019--0.012{5.40 2.20 7.06
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Table 6.24: VLE and saturated volumes for ethane—methanol systems using
various equations of state. Interaction coefficients are shown with 85 % con-
fidence intervals. Deviations are %A RMS for P*and v{. Isotherms exhibiting
a critical point are denoted by (c.p.).

T o interaction coefficients deviations

K 100 Pa k,‘j Ii; P* cH
323.15| PR [ 2394.8278| 0.034 4+ 0.007 —0.021 £0.022:5.23 11.47
TB|[1089.8899|-0.016 +0.001  0.045+0.008{4.53 B8.57
(c.p., (I |1999.8500| 0.010+0.005 0.005--0.018{3.78 3.92
I [2031.7972| 0.013+0.005 0.001+0.017!/3.99 3.81
IIT [2138.2236| 0.01340.005 0.001+£0.018{4.25 2.71
323.15|PR| 372.0000| 0.062+0.003 ~0.0244-0.007|2.22 13.16
TB| 379.8921| 0.014%0.003 0.046+0.006|1.97 B.34
(c.p) {1 358.2374( 0.03940.003 0.006+0.006|1.94 3.71
II 365.6173( 0.039+0.003 —0.002£0.006(2.05 2.55
IIT | 363.7114| 0.0404:0.008 0.001-£0.006(2.00 2.07
323.i5|PR| 782.3810| 0.065+0.016 —0.065+0.025|5.67 14.43
TB| 758.1425( 0.024-4-0.014 0.0124+0.022(5.27 8.72
(c.p.) { 781.0250( 0.0454+0.014 —0.029 +0.022|5.57 4.46
I 805.9777( 0.04240.014 —0.041 +£0.022(5.73 2.33
HI | 808.5172( 0.0444-0.014 —0.035+0.022(5.74 2.65
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Table 6.25: Compressed liquid volumes for binary mixtures using various
equations of state. Entries are %RMS deviations in v;.

system T equation of state
K PR TB I I m

CH; 277.59(8.30 1.82 3.24 249 2.13
-H,58 310.93|7.03 1.11 2.58 1.46 1.24
344.2615.45 1.07 1.23 0.89 1.23
overall |7.50 1.51 2.80 1.8% 1.74
H.S 277.55(3.97 1.69 0.93 2.07 3.54
-CgH;» [310.93]14.12 2.02 1.31 1.94 2.35
344.2613.94 2.34 2.03 1.85 2.20
377.59|4.81 4.00 3.57 3.98 4.12
410.93|6.03 4.67 4.68 4.98 5.17
overall{4.63 3.02 2.69 3.06 3.52
H-S 344.26|5.85 1,95 4.91 2,53 £.96
—C1oH22 [377.69|5.60 2.32 3.94 3.19 5.90
410.93|5.64 2.97 3.52 4.13 5.31
444 26 (6,25 4.06 3.92 5.44 542
overall [ 5.84 2.89 4,13 3.92 5.97
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Figure 6.13: VLE for the ethylene—chloroform system at 348.15K, using
the RK2 mixing rule with different equations of state.
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Chapter 7

Conclusion

A new equation of state for polar fluids has been successfully developed.

Several important considerations in cubic equation of state design are
identified in the literature review. Among these are the importance of
the form of the equation of state, which has a strong effect on volumetric
performance, and the temperature dependence of the constant a, which has
a strong effect on vapor pressure prediction and VLE performance.

Based on the literature review, a general form for cubic equations of
state is adopted, with temperature dependency in the parameter a only.
General expressions and methods based on this and one other form are
developed. These are very useful because they are applicable to most cubic
equations of state, and to most mixing rules.

An extensive study of the effect of the form of cubic equations of state on
the prediction of saturated volumes is made, using an extensive compilation
of data for pure polar and nonpolar fluids. The optimum u and ww values for
volumetric performance are determined for each substance, and are found
to be close to the locus u = ~w. This finding is supported by considerations
from microscopic corresponding-states theory: the line u = —w is close to
n locus of constant 3, = b./v., which is the expected behavior for real
fluids. Comparison with other equations of state shows that few have come
close to this relationship. Those that do come close have done so by the
unnecessary introduction of an extra constant.

A new equation of state is therefore adopted, with u = —w. Two quan-
tities (the temperature dependency of a, and one constant at the critical
point) must then be specified. Three approaches are used. Equation I uses
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generalized correlations based on a four-parameter corresponding-states
theory. In equation II, the constants are calculated directly from accurate
correlations for pure fluid vapor pressure and saturated liquid molar volume,
Equation IIT use: a new functional form for «, involving two constants per
substance. All constants are then calculated from selected pure substance
properties, using what is effectively a five-parameter corresponding-states
principle.

The various versions of the new equation are first evaluated by compar-
ing them to several other equations for the prediction of pure fluid prop-
erties, for polar and nonpolar fluids. The new equation gives the best
performance in almost every case, in particular for volumetric properties.
Equations II and III are found to be very reliable for a wide range of sub-
stances, because they avoid the use of generalized correlations.

Mixing rules are then evaluated, with the new equation and with some
previous equations. The evaluation is extensive, using mixtures of alcohols
and alkanes, which are difficult to describe with cubic equations of state.
The simplest mixing rule, a two-coefficient Redlich-Kister expression, de-
scribes most systems well, but predicts false liguid-phase splitting in highly
asymmetric systems. An augmented version of this mixing rule, with three
binary interaction coeflicients, prevents the false liquid phase-splitting in
most cases. It performs better than the local composition mixing rule of
Huron and Vidal.

The new equation of state gives the best VLE performance for a wide va-
riety of mixtures containing polar components among the equations tested.
This is due to its ability to accurately predict pure fluid vapor pressure,
particularly for the versions using direct methods to obtain the constants.
The new equation also gives good predictions of the volumes of mixtures.

Several areas for further research can be identified from the findings in
this work.

Temperature dependency in b is not considered here, for a variety of rea-
sons. However, it is evident that introduction of a temperature dependency
for b has the potential for further improvements in volumetric performance.
Research should be done to determine what effects such a temperature de-
pendency has on various aspects of equation of state performance, and to
determine an accurate and reliable form for the temperature dependency.

Good description is obtained for most of the mixtures in this study;
however, false phase-splitting still occurred in some cases. Improved mixing
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rules could reduce the tendency of cubic equations of state to predict fal-.
phase-splitting for highly asymmetric systems.

The description of the critical regions of most mixtures is poor, for all
equations of states examined here. This is believed to be due to errors
in the extrapolation of temperature-dependent functions of supercritical
components. Further study should be made of this, to determine if this is
actually oceurring, and to determine an appropriate temperature function
for extrapolation into supercritical regions.
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Appendix A
Tables of Results

This section contains tables summarizing deviations in saturated pressure
P?. saturated liquid molar volume v/ and saturated vapor molar volume v}
for the pure fluids considered in this study.

In addition to %RMS deviations for each of these properties, the overall
percent biases (%bias) and the overall averages of absolute percent devi-
ations (% AAD) are shown. These are defined as follows, using P* as aun
example.

N cale 5
Yobias = %g[————m(P)P, PL (A.1)
_ 100 N (P:)calc P

179
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Table A.1: Overzll deviations in v/ and v? from the estimation of u and w.

vl

I'H H
%bias %RMS %AAD| bias RMSD AAD

ATEON G.05 215 1.847 —-2.39 421 297
chlorine 0.12 3.28 2.80; —0.78 1.64 0.88
fluorine 0.04 1.87 1.60| —2.62 4.92 3.02
helium 0.00 0.46 0.39| —-2.39 4.19 291
hydrogen chloride 0.20 437 3.88] —0.63 7.64 5.89
hydrogen 0.03 1.88 1.42| —3.55 5.14 3.60
waler 0.11 2.86 2.55| —0.60 2.61 1.46
hydrogen sulfide 0.17 4.15 3.38| —-6.52 9.62 6.52
ammonia 0.04 1.91 1.53 277 319 279
krypton 0.05 2.22 1.90} —3.34 4.94 3.46
nitrogen 0.09 2.97 257 —2.94 4556 298
neon 0.01 0.89 0.77 0.91 1.19 0.92
oxygen 0.10 3.03 255 —1.65 3.50 1.96
sulfur dioxide 0.46 7.25 5.23| —4.40 6.76 4.74
sulfur trioxide 0.20 4.41 3.55| —6.09 8.54 7.66
Xenon 0.05 2.18 1.83( —3.29 4.59 3.34
phosgene 0.08 2.71 2.36] —9.23 13.21 11.80
carbon tetrachloride| 0.13 3.59 3.041 —5.19 7.95 547
carbon tetrafluoride | 0.13 3.48 2.99| -1.87 3.69 1.87
carbon monoxide 0.02 1.19 0.98 1.56 4.15 3.26
carbon dioxide 0.05 2.18 1.91| —-4.77 6.39 4.99
chloroform 0.05 2.10 1.81| —4.93 8.04 5.07
freon-13 0.06 2.26 1.96] —2.03 3.68 2.49
freon-12 0.06 2.27 1.93| -1.30 2.04 1.37
[reon-11 0.01 0.83 0.68 0.02 0.14 0.09
freon-22 0.11 3.25 2.73| —2.88 4.66 3.15
{recn-21 0.11 3.15 2.70| —-0.92 3.14 1.88
methyl chloride 0.00 0.44 0.38 1.55 1.77 1.55
methane 0.06 2.45 2,137 —-2.12 3,52 2.28
methanol 0.06 2.356 2.04 1.17 422 3.50
methyl mercaptan 0.04 1.99 1.66|—30.37 34.38 30.37
freon-114 0.00 0.43 0.37 0.12 0.59 0.46
freon-113 0.00 0.25 0.21 0.19 0.24 0.22
acetylene 0.06 2.45 2.18] —1.63 3.40 2.03
acetonitrile 0.24 4,39 3.78 588 9.56 6.94
ethylene 0.14 3.66 3.10| —2.69 4.97 3.58
ethylene oxide 0.07 2.59 2.28| —4.25 6.72 4.61
acelic acid 0.15 3.62 3.10! 54.85 59.37 54.89
methyl formate 6.08 2.80 2.44| —2.99 4.66 3.03
ethyl chloride 0.05 2.14 1.87| —-4.51 7.21 5.40
ethane 0.16 4.04 3.42) -3.10 5.76 3.38
dimethyl ether 0.08 2.68 2,36 —4.23 6.55 4.90
ethanol 0.27 5.36 4.79| —-6.75 11.09 6.82
ethyl mercaptan 0.09 3.03 2.62|-17.30 1B.20 17.30
dimethyl sulfide 0.06 2,31 2.04|—19.02 21.92 19.46
propyne 0.04 1.94 1.68} -5.58 6.50 5.58
propylene 0.06 2.29 1.95] —0.45 1.21 0.67
acetone 0.16 3.95 3.42|-13.67 16.25 15.70
propylene oxide 0.35 5.53 3.37| —-1.21 1.61 1.39
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Table A.1: Overall deviations in v{ and v} from the estimation of 4 and w
(continued).

vy vy

%bias %RMS %AAD bias RMSD AAD
ethyl Tormate 0.07 2586 9947 —3.64  5.30 3.64]
methyl acetate 0.09 2.93 2,55| —3.43 4,94 3.4b
cyclopropane 0.04 1.89 1.62 —-6.37 8.13 6.37
propane 0.03 1.57 1.32) —-2.20 4.11 2.87
1-propanoi G.05 2.14 1.88 0.33 2.69 2.11
2-propaiiol 0.11 3.43 311 —-1.13 13.16 9.61
methyl ethyl ether 0.09 3.02 2.63 3.70 21.20 18.18
perfluorocyclobutaney 0.05  2.20 1.89| —1.61 3.80 1.96
1,2-butadiene 0.02  1.43 .21} -2.71  7.61 4.80
1,3-butadiene 0.07 2.63 2.07| -2.07 3.75 2.8b
1-butene 0.04 1.95 1.72; —-3.11 498 3.85
ethyl acetate 0.08 2,67 2.37| -2.61 4.70 2,94
methyl Tropionate 0.09 2.83 2.46| —2.97 5.62 3.85
n-propyl formate 0.08 2.73 2.35| —3.16 5.17 3.39
n-butane 0.04 2.16 1.42] —-2.66 4,17 2.85
isobutane 0.00 0.72 0.62] —1.38 3.00 1.85
1-butanol 0.04 1.87 1.67| 12.82 21.97 13.83
t-butanol 0.02 1.24 1.091 —1.17 4.32 1.68
diethy] ether 0.05 2.23 1.95 <176  4.52 3.40
diethyl sulfide 0.03 1.78 1.54|—42.30 42.78 42.30
diethyl amine 0.04 1.78 1.56|-10.93 12.18 11.64
n-propyl acetate 0.13 3.50 3.07| —4.58 6.73 4.67
etlgyl propionate 0.08  2.80 2.46| —-2.16 4.16 2.59
methyl butyrate 0.09 2.86 2,49 -1.93 5.20 J3.96
methyl isobutyrate 0,08  2.81 249 ~-2.28 460 3.23
n-pentane 0.02 1.52 1.04| -2.18 3.33 2.28
isopentane 0.09 2.83 2.44| -1.58 3.92 2.15
neopentane 0.02 1.33 1.12} -3.11 4.82 34.58
ethyl propyl ether 0.03 1.60 1.40| 52.90 73.12 53.18
bromohenzene 0.00 0.18 0.16 1.60 2,01 1.90
chlorobenzene 0.00 0.36 0.31 0.23 0.51 040
fluorobenzene 0.06 2.42 207! —-3.00 4.56 3.13
iodobenzene 0.00  0.10 0.08] 1.34 1.46 1.4
benzene 6.14 3.7T1 3.14| —4.12 6.29 4.51
aniline 0.04 1.93 1.67) —1.37 2.26 1.56
cyclohexane 0.04 2.04 1.66) —4.34 571 4.37
n-hexane 0.05 2.54 1.797| —0.19 1.656 117
toluene 0.07 2.54 2.32] -9.71 12,10 9.7l
n-heptane 0.06 2.32 1.98 -1.68 3,20 1.82
p~octane 0.12 4.27 3.52 0.56 0.75 0.68
isooctane 0.17 3.93 3.38] -8.70 8.00 B.70
m-xylene 0.01 1.14 1.0 -2.13 2.83 232
o-xylene 0.03 1.63 1.46| -2.30 3.02 2.30
p-xylene 0.09 2.87 2.61] —4.21 6.11 4.22
ethyl benzene 0.10 3.19 2.84| -T7.84 927 T.84
naphthalene 0.00 0.19 0.16( —7.66 10.63 0.24
n-decane 0.03 1.72 1.57| -2.11  2.87 2.27
diphenyl ether 0.00 0.34 0.30| 15.25 17.00 15.25|
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Table A.2: Overall deviations in P*, v} and v’ for the Soave-Redlich-Kwnng
equation of state.

P! vl '

%bias %RMS %AAD| %bias %RMS %AAD| %bias %RMS %AAD
fargon —0.92 1.99 1.45 4.58 7.52 4.98 2.11 3.09 2.18
chlorine -1.13 2.28 1.81 6.96 B.82 6.96 2.67 3.03 2.67
fluorine -0.94 1.03 0.94 5.67 7.13 5.67 3.26 4.68 4,32
helium —11.42 17.33 11.81|-10.61 14.52 12.98} 19.06 28.99 19.37
hydrogen chloride —0.41 2.92 2.34| 19,556 21.19 19.55 527  6.99 5.88
hydrogen -3.17 9.86 6.35! —1.93 10.05 8.91 3.87 13.55 8.83
water —8.01 13.79 9.62| 38.37 39.07 38.37| 13.76 15.25 13.76
hydrogen sulfide 3.83 4.76 3.83| 10.00 12°2 10.00{ —6.17 6.46 6.17
ammonia 1.50 1.61 1.52| 26.74 3045 29.74 5.54 7.23 5.54
krypton —-1.13 2.38 1.76 5.75 8.41 5.76 1.35 3.13 2.56
nitrogen —0.82 1.82 1.33 4.86 7.94 4.91 1.18 2.38 1.82
neon 2.48 3.94 3.61| —3.04 7.25 6.47F —1.48 3.21 2.81
oxygen -3.36 6.00 3.97 3.35 6.78 3.95 4,18 7.15 4.78
sulfur dioxide 0.98 1.35 1.211 19.38 22.72 19.38 2.51 5.92 2.67
sulfur trioxide —7.04 8.73 7.04] 19.72 20.66 19.72 8.54 1241 8.91
Xenon ~0,65 1.92 1.47 7.22 9.63 7.22 1.12 2.39 1.85
phosgene -{.18 0.85 0.51 9.34 11.54 §.34] —4.88 9.71 8.28

carbon tetrachloride| —0.60 1.09 15.48 16.88 15.48 1.45 3.01 2,32

— o
w oo
]

carbon tetrafluoride | —1.26 2.58 6.51 8.61 6.51 1.03 2.93 2.30

carbon monoxide —3.44 4.97 3.87 3.28 5.80 3.66 7.27 8.88 7.61
carbon dioxide —0.94 1.53 1.12; 15.02 16.47 15.02 3.67 4.11 3.87
chioroform —3.02 3.08 3.02| 12.20 13.19 12.29 2.29 3.71 3.53
freon-13 —4.50 6.20 4.52 9.04 10.63 9.04 6.37 8.10 6.37
freon-12 —5.71 7.21 5.76 7.90 9.10 7.90 7.54 B.T0 7.54
freon-11 —1.14 1.38 1.26 6.29 6.41 6.29 1.43 1.54 1.43
freon-22 0.03 1.03 0.85} 16.98 18.20 16.98 2.31 2.57 2.31
freon-21 —0.56 1.13 1.01| 1249 13.72 12.49 2.72 2.86 2.712
methyl chloride 1.01 1.86 1.44| 12,19 1222 1219 0.78 1.02 0.96
methane —0.23 2.60 2.08 5.45 8.70 5.51 0.79 2.81 2.14
methanol 4.00 4.29 4.03| 42.66 43.86 42.66 3.97 5.38 3.97
inethyl mercaptan —0.53 1.09 0.96% 13.54 14.82 13.54(—26.66 32.27 26.67
freon-114 0.86 1.54 1.31 7.93 7.98 7.93F —-0.35 1.23 1.10
freon-113 —-1.13 1.23 1.13 7.21 7.21 7.21 1.42 1.52 1.42
acetylene 0.49 1.85 1.68| 14.62 16.20 14.62 2,18 2.32 2.18
aceloniirile 1.92 7.40 6.30| 87.93 88.563 87.93| 13.65 1645 13.65
ethylene —0.53 1.46 1.16( 10.11 13.00 10.11 2.57 3.156 2.76
ethylene oxide —1.87 2.35 1.95| 22.19 22.89 22,19 1.89 1.93 1.89
acelic acid ~0.59 10.39 7.88| 50.03 50.87 50.03| 64.56 75.99 64.56
methyl formate -0.13 0.42 0.30| 22.70 23.63 22.70 3.15 4.07 3.156
ethyl chloride 0.85 1.27 1.16| 17.06 18.09 17.06| —1.20 3.61 3.08
ethane —1.41 2.65 1.78 9.88 12.94 5.88 2.43 3.15 2.47
dimethyl ether 0.46 0,89 0.56| 16.60 18.28 16.60 2.12 3.64 2.83
ethanol 0.17 0.24 0.19| 30.16 32.48 30.16 1.62 2.18 1.70
ethyl mercaptan —0.01 1.23 0.89| 14.87 16.32 14.87(-12.68 1435 12.93
dimethyl surﬁde —0.19 3.05 2.50] 16.44 17.82 16.44(-—-15.44 19.63 16.54
propyne 0.79 0.98 0.79| 22.37 2311 22.37 7.056 10.44 7.55
propylene —0.90 1.65 1.40| 17.96 877 7.96 1.67 1.89 1.87
acelone 0.40 0.96 0.85{ 3270 33.23 32.70| -7.51 12,18 11.19
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Table A.2: Overall deviations in P*, v} and v! for the Soave-Redlich-Kwong
equation (continued).

P o .

%bias %ARMS %AAD | %bias %RMS %AAD| %bias %RMS %AAD

propylene oxide —0.71 2.88 24912760 2858 276D 2.42 255 242
ethyl formate —0.11 0.41 0.35] 2233 2341 2233 2.85 3.49 2.85
methyl acetate 0.35 0.78 0.701 23.68 24.67 23.68 217 in 217
cyclopropane 0.12 0.32 0.28| 17.93 18.85 17.53 1.60 1.70 1.60
propane 0.28 1.42 1.23 9.96 11.95 9.96 0.74 1.49 1.18
1-prepanol —0.73 1.88 1.64f 21.63 22,89 21.63 6.34 T.24 6.68
2-propanct ~3.84 5.51 4.63| 24.83 26.30 24,83 i1.41 15,50 13.57
methyl ethyl ether |—2.10 2.38 2.10| 15.25 17.20 15.25f 12,23 2119 i5.46
perfluorocyclobutane | —0.12 0.50 0.44] 9.15 10.94 9.15 1.2} 1.42 1.24
1,2-butadiene ~1.17 5.10 3.49| 13.21 1348 13.21 1.27 1.30 1.27
1,3-butadiene 1.44 2.03 1.75| 15.00 16.50 15.00f 0.7 1.49 1.22
1-butene 0.92 1.14 1.04} 12.15 13.25 12.15| -0.30 1.61 1.39
ethyl acetate 0.81 0.96 0.84| 24.59 25.58 2459 2.85 3.712 2.85
methyl T)toplona.te 0.95 1.51 1.02] 2347 2472 23477 2.84 3.72 2.84
n-propyl formate 0.64 0.98 0.80 21.12 22,18 21.12 1.86 2.36 1.86
n-butane 0.76 1.00 0.89; 14.28 18.01 14.28 0.88 2.14 1.04
isobutane 0.11 1.41 1.27 8.65 9.06 8.65} —0.11 2.11 1.49
i-butanol 2.75 4.80 3.65| 16.93 18.19 16.93| 1297 21.70  j4.22
i-butanol —2.61 4.20 2.901 16.37 16.79 16.37 5.74 6.53 5.74
diethyl ether 1.36 1,53 1.38| 18.61 20.12 18.61 2.21 2.36 2.21
diethyl sulfide -3.19 3.44 3.20|-14.68 15.37 14.68|-30.94 4042 3094
diethyl amine 1.69 1,99 1.69| 15.01 20.056 19.01( --7.96 10.18 8.40
n-propyl acetate 0.68 0.97 0.817 25.95 27.11 25.95 2.78 4.40 2.76
ethyl qropionate 1.50 1.81 1.65| 24.10 25.26 24.10 2.62 3.67 2.62
methyl butyrate 1.51 1.82 1.56| 23.31 24.65 23.31 327 4.07 3.27
methyl isobutyrate 0.97 1.26 1.67] 21.60 2282 21.60 3.13 3.86 313
n-pentane 0.82 1.12 1.01| 14.59 1542 14.59 0.14 0.85 0.68
isopentane -0.18 1.57 1.42] 11.23 1292 11.23 0.67 1.98 1.76
neopentane —0.68 3.41 1,92 10.09 10.98 10.09 0.75 1.12 1.05
ethyl propyl ether 1.93 3.88 3.53} 11.64 13.28 11.64| 54.55 T7.24 B.T7
romobenzene 0.11 0.77 0.69] 14.18 14.21 14.18 2.56 2.74 2.56
chlorobenzene 1.41 1.63 1.41| 13.93 14.03 13.93| —0.09 0.66 .55
fluorobenzene 0.79 1.11 0.92| 17.50 18.67 17.50 1.41 2.5 .69
iodobenzene —0.32 0.51 0.32| 12.82 1283 12.82 2.11 2.24 2.1
benzene 0.38 1.51 1.11] 14.46 1594 14.46] ~0.36 2.37 I.65
aniline 1.28 1.55 1.46! 16.66 17.42 16.66 0.87 1.60 0.96
cyclohexane 0.46 0.68 0.58] 13.83 15.20 13.83| 0.36 1.00 0.89
n-hexane 0.54 1.69 1.52| 1549 16.00 15.49 0.75 1.62 1.33
toluene -1.45 2.44 1.99| 1689 17.82 16.89| —2.78 2.83 2.78
n-heptane 0.38 1.68 1.39| 16.93 18.06 16.93 0.53 2.47 1.70
n~octane 0.51 1.80 1.58| 18.00 19.70 19.00 0.91 1.78 1.41
isooctane 0.23 1.54 1.33| 12.97 14.26 12.97| —5.05 6.06 5.85
m-xylene 0.03 0.88 0.73) 17.74 18.11 17.74 1.45 2.35 1.47
o-xylene 0.34 1.31 1.07| 16.48 17.19 1648 0.69 1.1 (), B8
p-xylene 0.55 0.92 0.70| 20.77 2L.76 20.77 1.05 2.28 1.48
ethyl benzene -1.93 2.10 1.93| 18.83 20.13 18.63 1.82 3.91 1.82
naphthalene —1.83 2.37 1.93| 18.69 18.79 18.69| —4.47 8.67 7.71
n-decane 1.48 2.19 2.05| 25,74 26.28 25.74 0.85 1.68 0.87
diphenyt ether 5.02 5.40 5.02| 18.18 18.22 18.18] 10.18 12,19 10.52
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Table A.3: Overall deviations in P?, v} and v? for the Peng-Robinson equa-

tion of state.

P! PH 1,

Ybias %RMS %AAD| %hias %BRMS %AAD| %bias %RMS %AAD
(argon —0.25 04T 0,397 ~T7.28 5.32 BR0] —0.25 2.13 1.77
chlorine 1.39 3.19 1.66] —5.18 7.36 6.94| —0.95 3.04 1.88
fluorine —1.26 1.43 1.31] —6.41 7.69 6.84 1.63 4.66 3.33
helium —-4.07 9.09 6.01|-19.78 21.82 19.93 5.07 13.19 9.34
hydrogen chloride |—0.43 1L.77 1.44 598 10.12 5.98 3.67 6.45 5.17
hydrogen 1.20 5.04 4.18|-12.49 1558 13.701 —-3.72 B.12 7.24
waler —4.46 7.81 5.37| 22.78 23.76 22.78 7.51 0.89 7.51
hydregen sulfide 4.03 5.71 4.03| -2.50  7.57 6.16| —17.76 8.42 7.76
ammonia 1.27 1.53 1.29% 14.79 15.35 14.79 4.35 5.70 4.54
krypton —0.41 0.74 0.61| —6.24 8.64 7.97] —~1.04 2.81 2.34
nitrogen 0.25 0.79 0.45| —7.06 9.29 8.70| -1.43 2.22 1.56
neon 3.30 3.61 3.31|—13.97 15.36 14.26( —4.03 4.97 4.03
oxXygen 0.89 1.88 1.14| —8.29 9.99 9.43| —1.57 2.72 2.00
sulfur dioxide 0.82 0.58 0.88 6.04 13.05 6.86 0.60 3.64 1.24
sulfur trioxide —-7.72 9.42 7.77 5.88 8.38 5.88 7.89 12,58 8.48
xenun —0.05 0.44 0.36{ —4.95 7.92 7.23] —-1.14 2.14 1.73
phosgene —0.40 0.56 0.45] —3.12 7.42 6.53| —6.20 9.98 8.92
carbon tetrachloride| —1.22 1.36 1.22 2.24 6.98 4,79 0.43 3.97 2.46
carbon tetrafluoride | 2.76 5.54 2.84| —5.61 7.61 7.26| —3.54 5.44 3.54
carbon monoxide —2.55 3.18 2.82| —8.53 9.55 8.83 4.85 6.41 5.75
carbon dioxide —1.68 2.1¢ 1.69 2.03 7.26 5.28 2.23 3.20 2.62
chiloroform -3.35 3.62 3.35] —0.80 4.43 3.52 1.58 3.85 3.34
freon-13 -4.50 5.43 4.51| —3.50 6.38 5.88 5.02 6.68 5.53
freon-12 —5.20 5.90 5.20| —4.54 6.27 5.83 5.88 6.67 5.89
freon-11 1.33 2.78 1.77| —5.89 5.97 5.891 -—1.22 2.62 1.71
freon-22 0.49 2.08 0.91 3.70 7.36 4.90 0.15 2.18 1.48
freon-21 0.79 2.71 1.68{ —0.34 5.47 4.17 0.29 3.17 2.66
methyl chloride 2.33 2.55 2.33| —-0.79 0.99 0.90| —~0.83 1.82 1.32
melhane 1.42 1.46 1.42| —6.46 9.20 8.50| —2.33 2.77 2.33
methanol 3.23 3.33 3.23| 26.33 28.08 26.33 3.10 3.58 3.10
methyi mercaptan | -0.74 1.17 0.7 0.49 5.82 4.46|-27.74 32,56 27.74
freon-114 1.94 3.63 2,887 —4.57 4.62 4.57| —1.64 3.13 2.48
freon-113 1.99 3.11 2.15| —5.02 5.03 5.02| -1.77 2.83 1.90
acetylene —0.02 1.27 1.04 1.46 6.93 4.79 1.19 2.04 1.83
acelonitrile 2.28 577 5.07| 66.80 A7.72 66.89| 11.02 13.10 11.02
ethylene 0.18 1.02 0.70| —2.28 8.35 7.18 0.19 2.01 1.68
ethylene oxide ~1.95 2.83 2.13 7.98 9.43 7.98 0.96 1.32 1.13
acetic acid 0.48 7.51 5.95| 3284 33.66 32.84; 5992 68.42 59.92
methyl formate ~0.49 0.80 0.71 B.64 10.79 8.64 1.97 2.58 2.34
ethyl chloride 0.33 0.42 0.35 3.57 6.83 4.23| -2.10 4.25 3.39
ethane 0.32 1.59 0.99| —2.52 8.31 7.46| —-0.72 2.34 1.82
dimethyl ether 0.20 1.58 1.20 3.44 B.35 5.86 0.46 2.05 1.685
ethauol —0.80 1.02 0.85| 15.10 18.80 15.10 0.85 3.72 2.40
ethyl mercaptan —0.49 0.75 0.57 1.87 6.73 4.541-13.56 14.93 13.67
dimethyl sulfide —0.66 2.41 2.03 3.00 7.18 4.51|-16.27 19.86 17.21
propyne 0.30 0.37 0.30 9.97 12.02 10.10 3.16 5.41 3.55
propylene 2.81 6.28 3.24] —4.38 5.48 520 —2.46 5.46 3.7
acetone —-0.07 0.89 0.74| 17.43 18.36 17.43| —8.56 12.32 11.29
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Table A.3: Overall deviations in P?, »{ and v: for the Peng-Robinson equa- :

tion (continued).

Pt v} uy,

%bias %RMS %AAD| %hbias %RMS %AAD| %bias %RMS %AAD
prapfrlene oxide —1.07 253 3331 12.77 1443 1277 1.62 178 T.62]
ethyl formate —0.57 0.82 0.70 8.36 10.85 8.316 1.62 1.99 1.83
methyl acetate —0.16 0.33 0.27 9,50 11.68 9.50 1.14 1.46 1.26
cyclopropane —0.69 0.72 0.69 4.45  7.58 5.13 0.29 1.6 1.49
propane 0.82 1.38 0.88| —2.58 6.65 619 —-1.22 2.33 1.91
1-propanol —1.61 2.90 2.53 7.60 10.52 7.60 5,95  7.11 6.45
2-propanol -4.94  6.51 5.60| 10.33 13.18 10.33| 11.46 16.28 14.4b
methyl ethyl ether —2.48 J.01 2.69 2.04 7.95 5.37| 11.09 20.90 16.04
perfluorocyclobutane | 0.02  1.01 0.76| —3.34 6.71 6.301 0.08  1.52 1.36
1,2-butadiene -1.62 513 3.39| -0.07 231 1.97| 0.88 1.23 1.10
1,3-butadiene 1.91 3.87 1.91 1.92 6.80 5.38] —1.86 3.12 1.98
1-butene 0.20  6.39 0.32| —0.84  5.17 4.44| —1.02 248 1.97
ethyl acetate 0.18 0.27 0,201 10.31 12.42 1031 1.85 2.06 1.85
methyl Fropionate 0.39 0.98 0.47 9.46 12.21 9.46 1.55 1.89 1.57
n-propyi formaie 0.04 0.45 0.40 721 9.79 7.21 0.89 1.36 1.15
n-butane 0.14 0.30 0.24 1.13 6.85 5.51( —0.06 1.44 1.14
iscbutane 1.03 2.06 1.03) —-3.78 4.51 3.88] —2.13 3.27 2.39
1-butanol 1.77 4.21 3.47 3.57 7.58 465 11.99 19.57 13.25
t-butanol —3.78 5.09 3.85 2.87 4.29 2.88 5.99 6.57 5.09
diethyl ether 0.82 0.90 0.82| 512 9.13 5.74 0.96 1.83 1.70
diethyl sulfide -3.74 3.92 3.74|—24.47 24.B8 24.47|--40.65 41.03 40,65
diethyl amine 1.13 1.98 1.41 5.38 8.30 5.38) —8.95 10.58 .20
n-propyl acetate —0.08 0.33 0.29| 11.64 14.11 11.64 1.63 2,09 1.64
etﬁyl ropionate 081 099 0.81] 9.97 1250 9.97i 150 L76  1.50
methyli butyrate 0.81 0.99 0.82 9.34 1237 9.34 2.04 2.45 2.09
methyl iscbutyrate 0.28 0.51 0.43 7.74 10.69 7.74 2.03 2,15 2.03
n-pentane 0.30 0.39 0.31 1.33 4.82 3.83| —0.73 1.47 1.04
isopentane 2.23 3.29 2,23V —1.41 6.11 5.021 -2.50 3.20 2,60
neopentane ~1.44 3.55 1.72| —2.77 4.8 4,44 0.28 1.18 1.09
ethy! propyl ether 1.23 3.15 2.78) —1.23 6.29 5.35| 53.65 76.91 55.10
bromobenzene —0.10 0.23 0.18 0.80 1.07 0.80 2.32 2.38 2.32
chlorobenzene 0.94 0.98 0.94 0.54 1.47 1121 —0.24 0.48 6,38
fluorobenzene 0.25 0.62 0.49 3.98 7.48 4.70 0.39 1.48 1.15
iodobenzene —0.12 0.44 0.34| —-0.32 0.42 0.37 1.58 1.63 .54
benzene 0.62 1.46 0.87 1.39 6.75 4.34| -1.89 3.98 2.93
aniline 0.59 0.63 0.59 3.10 571 3.51 0.25  0.38 0.31
cyclohexane —-0.17 0.57 0477 074 6.12 4.77| ~0.72 2.13 1.63
n-hexane 1.18 1.71 1.22 220  4.20 2,72 —0.96  2.33 1.80
{oluene —1.86 2.95 2.10 3.39 6.42 3.82| —3.68 3.9 3.68
n-heptane 1.02 1.40 1.03 3.50 6.82 3.57| —1.01 2.03 1.45
n-octane 1.96 3.27 1.96 5.30 6.80 596 —1.34 2.89 1.88
iscoctane 1.23 2.09 1.23 0.13 5.92 4,36 | -7.77 7.94 T.77
m-xylene —0.55 0.88 0.78 4,17 5.48 4.17 0.53 0.98 0.86
o-xylene -0.19 0.97 0.81 2.94 5.42 3.28 0.02 0.92 0.78
p-xylene —0.03 1.00 0.89 6.88 9.35 6.88 0.11 1.21 0.99
ethyl benzene —2.45 2.74 2.51 5.17 9.22 5.45 0.53 1.91 1.28
naphthalene —2.15 2.85 2.35 4.80 5.05 4807 —4.60 8.3 7.88
n-decane 0.45 1.62 1.43} 11.09 1220 11.09 n.51 0.67 (.56
diphenyl ether 4.18 4.44 4.18 4,27 4.38 427 10.60 12.64 10,83
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Table A.4: Overall deviations in P*, v/ and v for the Schmidt-Wenzel
equation of state.

P! v} [

Zbias %RMS %AAD |%bias %RMS %AAD| %bias %RMS %AAD
argon —1.24 1.32 1.247 4.19 7.00 4.55 2.74 2.78 274
chlorine —0.32 0.60 0.49| 3.18 6.03 3.23 1.68 2.33 1.81
fluorine —1.98 2,12 1.98]| 3.09 5.07 3.59 4.39 5.94 5.55
helium —12.51 15,57 12,51 3.22 10.09 7.85| 22.25 2547 22.25
hydrogen chloride —0.82 1.84 1.31) 13.47 15.67 13.47 5.19 6.71 6.04
hydrogen —2.54 5.87 3.23| 6.23 11.26 8.38 4.39 7.32 4.39
water —7.51 13.03 8.32) 22,23 2321 22,23 12.16 18.13 12.18
hydrogen sulfide 3.45 5.37 347 6.37  9.45 6.37| —5.90 6.61 5.90
ammonia 0.88 1,24 0.99]| 18.00 18.44 18.00 5.25 ~6.69 5.36
krypton -1.36 1.51 1.36| 5.21 7.78 5.21 1.83 2.10 1.83
nitrogen —0.61 0.82 0.72| 3.01 §.60 3.99 0.93 1.15 0.98
neon 2.06 2.53 2.23(-2.30 6.65 5.85| —0.61 1.43 0.84
oxygen —1.80 3.13 1.80( 2.18 5.95 3.59 2.42 3.7 2.51
sulfur dioxide 0.46 0.66 0.54| 8.66 14.42 B.66 1.57 4.19 1.64
isulfur trioxide —7.76 9.30 7.82| 0.74 5.86 4,10 7.31 12.08 8.10
xenon —0.99 1.11 1.01| 6.54 8.88 6.54 1.72 1.77 1.72
phosgene ~0.81 0.97 0.82| 1.11 6.70 4.80| -5.12 9.16 8.06
carbon tetrachloride!| —1.43 1.52 1.43| 7.15 9.65 7.15 1.48 3.65 2,72
carbon tetrafluoride ; —1.18 2.30 1.28;-0.44 5.21 3.79 0.60 2.85 1.70
carbon monoxide -3.30 3.86 3.49) 0.48 4.21 3.28 6.97 7.91 6.98
carbon dioxide —2.03 2.39 2.03| 5.15 8.52 5.58 3.41 3.84 3.41
chloroform —3.76 4.00 3.76| 3.19 5.39 3.82 2,52 4,14 3.87
[reon-13 —4.83 5.75 4.83| 1.05 5.37 3.81 6.01 7.24 6.06
[reon-12 —5.88 6.67 5.88|—0.21 4.27 2.956 7.14 7.81 7.14
freon-11 0.07 0.62 0.54|—1.02 1.44 1.34 0.08 0.75 0.65
freon-22 —0.48 0.63 0.56| 7.58 9.83 7.68 1.84 2.04 1.87
freon-21 —0.49 1.04 0.89} 3.87 6.63 3.87 2.07 2.77 2.29
methyl chloride 1.73 177 1.73| 5.80 5.83 5.80| -—-0.07 1.08 0.96
methane 0.33 0.45 0.39| 4.75 7.99 491 0.38 0.52 0.42
methanol 3.08 3.20 3.06| 17.36 19.7t 17.36 2.39 2,81 2.40
methyl mercaptan —1.06 1.38 1.14| 6.91 8.96 6.91]1-26.72 32.06 26.72
freon-114 1.29 2.81 2.40| —1.63 1.77 1.65| —0.94 2.42 2.10
freon-113 0.21 0.52 0.47| —2.48 2.50 2.48| —0.04 0.41 0.37
acetylene —0.25 1.11 0.96| 6.50 9.33 6.50 2.22 2.42 2,22
acetonitrile 1.84 6.30 5.26| 67.06 67.87 67.06| 11.72 13.91 11.72
ethylene —0.47 0.85 0.71; 6.22 10.05 6.22 2.28 2.87 2.43
ethylene oxide —2.42 3.18 2.42) 12,97 13.92 1297 1.98 2.10 1.98
acetic acid —0.54 9.92 T7.21| 27.84 2875 27.84) 62.71 7470 62.71
methyl formate —0.82 1.04 0.94| 11.38 13.03 11.38 2.79 3.44 3.03
cthyl chloride 0.11 0.21 0.17| 8.71 10.42 8.71| —-1.14 3.23 2.57
ethane —0.80 1.10 0.91| 5.83 9.72 5.75 1.64 1.97 1.78
dimethyl ether —0.19 1.60 1.38{ 8.08 10.99 8.08 1.80 3.06 2.70
ethanol —1.38 1.79 1.52] 4.04 11.50 6.51 0.38 4.89 2.86
ethyl mercaptan —0.71 0.96 0.80| 6.70 9.28 6.70(-12.67 14.32 12.78
dimethyl sulfide —0.89 2,32 1.84| 8.12 10.39 8.121—-15.41 19.48 16.36
propyne 0.02 0.18 0.14| 13.68 15.09 13.68 5.40 7.34 5.40
propylene —0.49 1.00 0.75] 2.t1 3.92 2.19 1.04 1.45 1.21
acetone —0.27 1.06 0.86} 18.48 19.33 18.48| -8,17 12.12 11.11
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Table A.4: Overall deviations in P*,
equation (continued).

187

»f and v? for the Schmidt-Wenzel

£ v] vy

%bias %BRMS %AAD | %bias %RMS %AAD! %bins %RMS %AAD
propylene oxide —1.39 239 2.34] 15.21 16.66 15.21 73T 230 2.27
ethyl formate —0.83 1.04 0.89) 10.02 12.11 1002 2.25 2.65 2.39
methyl acetate -0.29 0.40 0.35| 9.67 11.76 9.67 1.39 1.80 1.56
cyclopropane -1.19 1.21 1.19] 11.84 13.26 1184 2.43 2,63 2.43
propane 0.18 0.65 0.38| 3.58 7.05 5.23 0.3b 1.19 1.00
1-propanol —-2.056  3.43 3.00|-2.17 7.27 610} 550 711 6.44
2-propanol —5.64 7.25 6.45|—0.78  7.66 579 11.33 16.79 1499
methyl ethyl ether —-2.81 3.31 2,93 5.08 9.15 5.38) 11.99 2105 15.78
perfluorocyclobutane | 0.09 0.90 0.72| —4.12 7.05 6.74| —0.03 1.31 1.14
1,2-butadiene —1.95 5.28 3.69( 2.64 3.50 2.85 1.52 1.76 |.64
1,3-butadiene 1.01 1.22 1.01| 6.72 9.31 6.72| —-0.22 0.8 0.65
1-butene —0.05 0.39 0.29| 4.09 6.46 4.09 0.00 1.50 1.20
ethyl acetate 0.18 0.44 0.28| 9.17 11.43 9.17 1.78 2.09 1.78
methyl propionate 0.35 0.93 0.44} B8.76 11.61 8.76 1.59 1.93 1.59
- ropy?formate —-0.14 0.39 0.32| T7.81 10.17 7.81 1.26 1.63 1.32
n-butane —-0.06 0.31 0.25! b5.83 8.52 6.33 0.92 1.58 1.02
isobutane 0.16 0.28 0.20| 1.28 2.68 2.04| -0.69 1.77 1.08
1-butanol 1.42 4.00 3.36| —4.88 8.15 7.67| 11.10 18.2% 12.96
t-butanol —4.28 5.61 4,47 —-6.45 7.15 6.50 5.87 6.56 5.95
diethyl ether 0.56 0.66 0.56| 6.86 10.12 6.88 1.61 2.01 1.78
diethyl sulfide —3.96 4.14 3.071-23.49 23.90 23.49|-40.31 4071 40.31
diethyl amine 0.89 1.98 1.50| 6.78 9.20 6.78] —8.43 1025 B.70
n—ﬁropyl acetate 0.03 1,23 0.15{ 9.47 12.32 9.47 1.28 1.73 1.28
ethyl propionate 0.91 0.94 0.91| 7.82 10.80 7.82 1.15 1.53 1.33
methﬁ butyrate 0.87 0.90 0.87) 7.59 11.05 7.59 1.78 2,10 L.85
methyl isobutyrate 0.26 0.34 0.29| 6.63 9,84 6.063 1.97 2.04 1.97
n-pentane —0.04 0.23 0.1¢| 4.13 6.16 4.40 0.08 0.81 0.71
isopentane 0.36 0.40 0.36( 2.16 6.31 3.44| —0.38 1.29 0.73
neopentane : —1.68 3.58 1.88| 1.91 4.37 3.04 1.15 1.56 1.48
ethyl propyl ether 1.11 2.91 2.54|-1.31 6.21 5.30( 53.80 76.70 55.00
bromobenzene —0.34 044 0.34| 3.75 3.82 3.75 2.71 2.76 2.71
chlorobenzene 0.64 0.71 0.66| 3.53 3.79 3.53 0.27 0.60 0.45
fluorobenzene —0.09 0.56 0.43| 7.09 9.44 7.09 1.30 1.05 1.78
iodobenzene —-0.33 0.53 0.42] 2.67 2.69 2.67 1.89 1.93 1.89
benzene 0.05 1.01 0.47| 5.53 8.37 5.53| —0.87 1.51 2,57
aniline 0.67 0.72 0.67) 1.29 4.85 3.4l 0.02 0.35 .29
cyclohexane —0.59 0.85 0.66| 4.88 7.73 5.18 0.52 1.78 1.85
n-hexane 0.47 0.66 0.50| 3.31 4.84 3.49| —0.08 1.64 §.19
toluene —-2.17 3.22 2.311 5.81 7.90 5.81| —2.99 3.19 2.99
n-heptane 0.76 085 0.76| 2.8 643 141] —0.76 1.68 1.07
n-octane 1.17 1.31 1.17) 2.99 5.09 2.6 —0.77 1.17 .94
isooctane 0.29 0.37 0.31 0.76 5.08 3.66% —7.63 8.72 7.63
m-xylene —0.68 1.02 0.91| 4.37 5.56 4.37 0.79 1.26 1.15
o-xylene -0.37 0.96 0.81] 3.68 5.78 3.68 0.38 1.09 0.97
p-xylene —0.17 1.12 1.00| 7.26 9,56 7.26 0.41 1.40 1.16
ethyl benzene —-2.63 292 268 6.16 9.72 6.16 1.00 215 1.26
naphthalene ~-2.18 2.88 2,37 5.95 6.16 5.95) —4.54 8.66 7.82
n-decane 0.43 1.37  1.17| 5.39 7.28 5.39( —-0.05  0.47 0.40
diphenyl ether 4.71 4.87 4.71| 0.57 1.06 0.68 985 11.99 10.14
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Table A.5: Overall deviations in P*, v} and v} for the Patel-Teja equation

of state.
p? v 2

Fbias BRMS %AAD|%bias %BRMS %AAD| %bias %SRMS %AAD
argon 0.32 0.B0 0.71] 2.70 6.02 4,45 0.41 1.41 I1.16
chlorine 1.09 1.67 1.08| 1.81 5.64 3.30| —0.11 1.82 1.20
fluorine —0.48 0.86 0.71| 1.82 4,67 3.58 2.05 4.13 3.32
helium —9.85 16.26 10.78| 0.52 10.67 8.76| 18.24 27.22 18.24
hydrogen chloride 0.01 1.85 1.65| 12.14 14.63 12.14 3.88 6.03 5.02
hydrogen —1.04 8.46 6.01| 4.18 10.97 B.67 1.98 10.84 7.19
water -6.01 9.44 6.52| 21.33 22.35 21.33 340 12.07 9.40
hydrogen sulfide 4.63 6.02 4.63] 5.02 8.76 5.03| —7.49 7.80 7.49
ammonia 0.95 1.09 0.97] 16.86 17.36 16.86 4.91 6.10 5.01
krypton 0.13 1.01 0.91| 3.70 7.14 4,69 --0.38 1.93 1.72
nitrogen 0.60 0.66 0.61| 1.566 6.34 436! —0.84 1.20 0.87
neon 3.86 4.37 4.00|-3.74 7.56 6.81] —3.12 3.64 3.29
oxXygen -0.32 1.75 1.27| 0.64 5.86 4.16 0.40 2.18 1.73
sulfur dioxide 0.50 0.60 0.56( 7.68 1391 7.68 1.23 3.91 1.38
sulfur trioxide —-8.87 10.51 8.87] 0.34 5.89 4.26 8.83 13.78 9.36
xenon 0.54 0.94 0.85| 5.03 8.09 5.28| --0.54 1.38 1.22
phosgene —0.42 0.55 0.44| 0.07 6.74 521 —5.77 9.86 8.73
carbon tetrachloride | —0.92 1.09 0.92| 6.04 8.98 6.04 0.59 3.51 2.12
carbon tetrafluoride | 1.92 3.52 1.82|—1.58 5.54 4.59| —2.63 3.83 2.63
carbon monoxide -2.19 3.14 2.5687—0.90 4,55 3.54 5.26 6.72 5.85
carbon dioxide —-1.71 2.18 1.72| 4.18 8.09 5.38 2.69 3.46 2.78
chloroform —-3.43 3.60 3.43| 2.10 4.93 3.21 1.93 3.01 3.56
freon-13 —4,36 b.4H 4.37(-0.04 5.41 4.27 5.22 6.82 5.50
freon-12 ~5.44 6.34 5.45(—1.32 4,57 3.59 6.44 7.31 6.44
freon-11 0.97 1.97 1.18]-2.23 2.47 2.41| —0.83 1.89 1.20
{reon-22 0.18 1.28 0.65| 6.54 9.15 6.54 0.83 1.78 1.44
freon-21 0.26 1.71 1.19| 2.78 6.17 3.36 1.08 2.66 2.30
methyl chloride 2.44 2.52 2.44| 4.38 4,43 4,38 —0.85 1.40 1.02
methane 1.55 1.83 1.68| 3.19 7.45 4,77 —1.42 1.83 1.62
methanol 1.79 1.96 1.88] 17.31 19.71 17.31 3.76 3.82 3.76
methyl mercaptan -0.32 0.79 0.65| b5.69 8.19 5.69| —-27.57 32.63 27.57
freon-114 1.17 2.79 2,29 -2.71 2.80 2.711 —0.85 2.39 2.01
freon-113 0.59 1.76 1.28(—-3.51 3.52 3.51| —0.39 1.64 1.25
acetylene 0.28 1.33 1.17| 5.38 8.70 5.58 1.32 1.77 1.58
acetonitrile 1.44 5.96 5.021 65.77 66.62 65.77| 11.96 13.92 11.96
elhylene 0.562 0.68 0.52| 4.88 9.47 5.73 0.74 1.76 1.50
ethylene oxide —2.00 2.69 2.01| 11.73 12.83 11.73 1.29 1.45 1.29
acetic acid —0.97 T7.71 5.60| 27.23 28.15 27.23| 62.16 T71.06 62.16
methyl formate —0.79 0.91 0.86§ 10.33 12.20 10.33 2.52 2.92 2.59
ethyl chloride 0.63 0.72 0.65| 7.56 9.58 7.56} —1.99 4.00 3.15
ethane 0.27 0.62 0.47| 4.30 9.22 5.61 0.00 1.01 0.76
dimethyl ether 0.23 1.32 0.97| 6.99 10.34 6.99 0.97 2.32 1.96
ethanol —-2.26 2.49 2.26F 4.63 12.36 6.73 1.73 4.20 3.43
elthyl mercaptan —0.20 0.74 0.58{ b5.57 8.62 557|—13.44 14.88 13.55
dimethyl suifide —0.37 2.46 2.10| 6.96 9.62 6.96|—16.16 19.90 17.11
propyne 0.39 0.47 0.39| 12.78 14.32 12.78 4.30 6.64 4.36
propylene 2.08 4.11 2,111 0.84 3.56 2.20| —1.64 3.71 2.08
acetone —0.62 0.88 0.67] 17.47 18.40 17.47| -7.98 12.01 10.91
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Table A.5: Overall deviations in P*, v}
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and v? for the Patel-Teja equation

(continued).
" 7 v;

%bias %RMS %AAD| %bias %RMS %AAD| %bias %RMS %HAAD]
propylene oxide —1.48 255 261 14.11 1566 1411 2.21 3.40 2.21
ethyl formate —0.99 1.14 1.00} 906 1140  9.06 2.21 2.39 2.21
methyl acetate —0.82 1.00 0.83 8.78 11.09 8.78 1.82 1.90 t.B2
cyclopropane —0.08 0.19 0.13] 10.68 12,32 10.68 0.62 1.00 0.83
propane 1.02 1.21 1.02| =242 677  5.35( —C.B9 1.58 1.31
1-propanol -3.07 4,12 3.60| —1.90 7.28 6.03 6.71 8.09 7.50
2-propanol —6.40 771 6.821 —0.33 7.74 5.63] 12.33 17.62 15.65
methyl ethyl ether —2.69 .11 2,70 4.07 8.73 5.28| 11.66 21.36 16.2J
perfluorocyclobutane | —1.09 1.38 1.17| ~4.86 7.56 7.30 1.15 2.19 2.00
1,2-butadiene —1.94 5.20 3.58 1.60 2.85 2.12 1.37 1.566 1.37
1,3-butadiene 1.93 3.34 1.93 565 B.70 580 —146  2.42 1.53
1-butene 0.54 0.65 0.55 3.00 5.97 3.72] —-0.95 2,12 1.76
ethyl acetate -0.62 078 0.64 8.36 10.84 8.36| 2.55 2.62 2566
methyl fropionate —0.32 1.10 0.80 7.94 11.07 7.94 2.19 2.48 2,21
nvropyl formate —0.52 0.86 0.71 6.91  9.57 6.91 1.52 .94 1.46
n-Liiane 0.42 0.49 0.42 4.73 8.36 5.95 0.08 1.39 0.94
isobutane 1.02 1.5 1.02 0.16 2.52 2.22| —1.80 2.67 2.01
1-butanol 0.34 3.99 3.37| —4.76 8.16 7.67) 12.38 18.87 13.28
t-butanol -5.37 6.34 5.37| —-6.31  7.02 6.40| T.19 7.53  7.19
diethyl ether 0.45 0.77 0.64 5.03 9.61 6.11 1.560 2.27 2.04
diethyl sulfide —4,16 4.39 416|—-24.16 24.56 24.16|-40.31 40.69 40.3!
diethyl amine 0.68 1.4% 1.14 5.85 B.61 5.85| -8.43 10.11 8.82
n-propyl acetate —0.92 1.18 0.92 873 11.81 8.73 226 246 2.25
ethyl propionate —0.08 1.00 0.91 7.09 10.34 7.09 2.15 2.33 2.16
meth)}i butyrate 0.00 0,98 0.88| 6.85 10.61 6.85 2.65 3.28 2.80
methyl isobutyrate —0.47 0.95 0.81 5.856 9.40 5.86 2.67 2.86 2.67
n-pentane 0.07 0.46 0.41 3.13 5.63 4.08| —0.26 1.33 1.13
isopentane 1.28 1.93 1.28 1.10 6.12 3.88) —1.42 2.19 1.57
neopentane -1.11 3.43 1.65 0.82 4.16 3.21 0.29 0.99 0.90
ethyl propyl ether 0.59 3.31 2.86| —2.10  6.50 5.70] 54.80 78.58 56.33
bromobenzene —0.53 0.60 0.53 2.62 2.72 2.62 2.87 2.94 2.87
chlorobenzene 0.62 0.73 0.63 2.43 2.81 2.43 0.21 0.50 0.45
fluorobenzene 008 062 053] 606 879 6.06| 0.85 1.45 1.23
iodobenzene —0.87 0.73 0.87 1.54 1.56 1.54 2.23 2.27 2.23
benzene 0.41 1.22 0.74 4,50 8.01 4.50 —1.36 3.41 2.55
aniline -0.36 0.72 0.61 057 4.75  3.61 1.08 1.28 1.11
cyclohexane -0.10 0.50 0.41 3.85 7.24 4.97| -0.35 1.74 1.45
n-hexane 0.32 1.06 0.88 2.41 4.31 2.80 —0.03 2.18 1.79
toluene -2.20 3.00 2.21 481 7.29 4.81| —3.16 3.47 i.186
n-heptane —0.186 1.01 0.92 2.0 615 d4.57{ 0.14 104 1.02
n-octane 0.53 2.29 1.47 2.32 4.66 3.36| —-0.08 2.39 1.79
iscoctane 0.32 1.11 0.74| —0.06 5.18 4.06| —7.74 B.B0 7.74
m-xylene -1.18 1.46 1.28 3.51 4.99 3.52 1.19 1.39 1.19
o-xylene —0.80 1.39. 1.18 2.78 5.33 3.25 0.71 1.11 (.89
p-xylene -0.83 1.02 0.91 6.38 8.98 6.38 0.75 1.31 117
ethyl benzene —2.92 3.18 2.92 5.27 9.27 5.49 1.12 2.11 1.53
naphthalene —-2.97 3.41 2.97 491 5.16 4.91| —3.74 8.39 7.37
n-decane —-0.84  2.06 1.47 498  7.03 4.98 1.37 1.74 1.55
diphenyl ether 2.59 3.08 2.71] —0.05 0.87 6.75¢ 12.290 14.14 1231
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Table A.6:

Overall deviations in P*, v/

Peng-Robinson equation of state.

5
and v

for
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the translated

P? of vy
%bias %RMS %AAD|%bias BRMS %AAD| %bias BRMS %AAD
on —0.2b 0.47 0.397 0,51 4.63 3.44 0.32 1.59 1.39
ch orine 1.29 3.19 1.661 1.43 4.50 2.56| —0.64 3.i0 2.02
fluorine —1.26 1.43 1.31{-0.03 3.33 2.83 2.24 4,62 3.74
helium —4.07 9.09 6.01|—8.96 12.08 10.85 6.03 13.03 8.75
hydrogen chloride | —0.43 1.77 1.44| 11.63 13.64 11.53 4.03 6.37 5.25
hydrogen 1.20 5.04 4,18|—2.09 7.97 7.10| -2.97 7.13 6.31
water -—4.46 7.81 5.37| 21.77 22.84 21.77 7.48 9.87 7.48
hydrogen sulfide 4,03 571 4.03| 3.87 7.31 3.88) ~7.34 7.04 7.34
ammonia 1.27 1.53 1.29| 17.17 17.58 17.17 4.48 5.89 4.87
krypton —0.41 0.74 0.61] 1.59 5.01 3.29( —0.49 2.15 1.90
nitrogen 0.25 0.79 0.45] 0.20 4.88 3.55| —~0.98 1.59 1.17
neon 3.30 3.61 3.31(-6.31 8.18 7.57| —3.40 4.09 3.40
xygen 0.89 1.86 1.14(-0.24 4.33 3121 —-1.21 2.27 1.72
sulfur dioxide 0.82 0.98 0.88| T.89 13.78 7.89 0.77 3.80 1.28
sulfur trioxide ~-T7.72 9.42 7.771 0.81 6.64 4.68 7.56 12.50 8.31
Xenon —0.05 0.44 0.397 2.89 i 3.47| —-0.59 1.43 1.26
phosgene —0.40 0.56 0.45| 0.04 6.21 4,74| -5.99 9.78 8.72
carbon tetrachloride [ —1.22 1.36 1.22| 5.82 8.40 5.82 0.70 3.77 2.35
carbon tetrafluoride | 2.76 5.54 2.84|-1.15 4.76 3.75| —3.41 5.34 3.41
earbon monoxide —2.55 3.18 2.82(—-1.84 3.75 3.46 5.24 6.61 5.87
carbon dioxide —1.68 2,10 1.69f 4.16 7.79 5.08 2.46 3.27 2.65
chloroform —-3.3b 3.62 3.35| 2.25 4.63 2.84 1.72 3.84 3.39
freon-13 —4.50 5.43 4.51| 0.02 4.80 3n 5.21 6.73 5.56
freon-12 —5.20 5.90 5.20| —1.05 4.03 3.07 6.02 6.72 6.02
freon-11 1.33 2.78 1.77| -1.48 1.71 1.62| —1.19 2.62 1.74
freon-22 0.49 2.08 0.91§ 6.59 8.81 6.59 0.37 2.23 1.52
freon-21 0.79 2.71 1.68| 3.06 5.81 3.16 0.45 3.20 2.68
methyl chloride 2.33 2.55 2.33| 4.89 4,92 4,89 -0.77 1.82 1.34
methane 1.42 1.46 1.42( 1.54 5.50 3.41| —1.85 2.08 1.85
methanol 3.23 3.33 3.23] 17.52 20.81 17.562 2.57 2.86 2.57
methyl mercaptan | —0.74 1.17 0.97| 5.29 7.32 5.20|-27.580 3245 27.50
freon-114 1.94 3.63 2.88|--2.09 2.16 2.09| -1.62 3.13 2.49
freon-113 1.99 .11 2.15| -2.76 2.79 2.76| —1.76 2.83 1.90
acelylene —0.02 1.27 1.04| 5.19 8.10 5.24 1.44 2.02 1.84
acetonitrile 2.28 5.77 5.07! 66.55 67.40 66.55{ 11.01 13.08 13i.01
ethylene 0.18 1.02 0.70| 3.95 7.98 4.44 0.65 1.98 1.68
ethylene oxide -~1.95 2.83 2.13| 11.86 12,75 11.86 1.11 1.39 1.17
acetic acid 0.48 7.61 5.05| 27.19 28.40 27.19| 59.72 68.33 59.72
methy} formate —0.49 0.80 0.71} 10.61 12.27 10.61 2.09 2.72 2,46
ethyl chloride 0.33 0.42 0.35] 7.39 9.07 7.39] —1.87 4.01 3.20
ethane 0.32 1.59 0.99( 3.73 7.86 4.69| —0.36 2.01 1.63
dimethyl ether 0.20 1.58 1.20( 6.82 9.76 6.82 0.75 2.28 1.88
ethanol —0.80 1.02 0.85; 3.98 13.48 8.55 0.19 4.23 2.31
ethyl mercaptan -0.49  0.75 0.57] 5.41 8.05 5.411—-13.35 14.77 13.46
dimethyl sulfide —0.66 2.41 2.03| 6.83 9.10 6.83|-16.07 19.76 1T7.01
propyne 0.30 0.37 0.30| 1217 13.66 12.17| 3.83 6.08  4.03
propylene 2.81 6.28 3,241 1.13 2.94 1.801 —-2.30 5.44 3.13
acetone —-0.07 0.89 0.74{ 17.98 18.86 17.98| —8.53 12,30 11.28
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Table A.6:

Peng-Robinson equation (continued).

Overall deviations in P*, v

and v: for the translated

191

P’ U] vy

%bias %RMS %AAD|%bias %RMS %AAD| %bias %RMS %AAD
[pmp Tene oxide —-1.07T 253 7331 1452 15.99 14.52 170 1.83 1.7'0'1
ethyl formate —0.57 0.82 0.70( 9.44 11.60 9.44 1.70  2.07 1.90
methyl acetate -0.16 0.33 0.27| 9.31 11.54 9.31 1.2 L.44 1.26
eyclopropane —0.69 0.72 0.69{ 9.40 10.87 0.40 0.80 1.51 .32
propane 0.82 1.38 0.88| 2.11 5.73 4.44| -~0.93 2.00 1.70
1-prapanol -1.61 2.90 2.53{-2.35 9.11 7.67| 537  6.68 6.13
2-propanol —4.94 6.51 5.69|—0.88 9.61 7.43| 10.82 16,02 14.27
methyl ethyl ether —2.48 3.01 260, 4.26 B.51 4.95] 11,23 20.89 15,95
perfluorocyclobutane | 0.02 1.01 0.76 | —4.46 7.46 7.16 0.03 1.56 1.38
1,2-butadiene -1.62 5.13 3.39( 1.97 2.89 2256 0.95 1.28 1.16
1,3-butadiene 1.91 3.97 1.91| 5.52 8.07 5.52y ~1.680 2.91 1.74
1-butene 0.20 0.39 0.32} 2.76 5.38 3.20| ~0.78 2.20 L7
ethyl acetate 0.18 0.27 0.20| 8,98 11.47 8.98 1.76 1.94 1.7G
methy! ?topionate 0.39 0.98 0.471 8.54 11.63 8.54 1.48 1.83 1.51
n-propyl formate 0.04 0.45 0.40| 7.40 9.91 7.40| 0.91 1.36 1.16
n-butane 0.14 0.30 0.24% 4,57 7.78 5.44 0.18 1.40 1.08
isobutane 1.03 2.06 1.03| 0.27 1.77 1.49| —1.94 J.02 2.23
1-butanol 1.77 4.21 3.47)—-4.63 9.38 8.59( 11.21 1B.55 12.78
t-butanol —3.78 5.09 3.85|-8.73 8.04 7.25 5.57 6.07 5.57
diethyl ether 0.82 0.90 0.827 6.26 9.67 6.26 1.04 1.80 1.687
diethyl sulfide —-3.74 3.92 3.74|-23.87 24.26 23.87(-40.61 40.89 40.61
diethyl amine 1.13 1.98 1.41] 6.25 8.79 6.25) —~8.89 10,62 0.15
n-propyl acetate —G.06 0.33 0.29| 941 12569 9.41 1.45 1.88 1.45
ethyl propionate 0.81 0.59 0.81] 7.76 11.09 7.78 1.33 1.57 1.33
methﬁ butyrate 0.81 0.99 0.82| T7.51 1L.30 7.51 1.88 2.36 2.03
methyl isobutyrate 0.28 0.51 0.43] 6.46 9,97 6.46 1.93 2.05 1.93
n-pentane 0.30 0.39 0.31| 3.36 5.51 3.90| -0.61 1.31 0.95
isopentane 2.23 3.20 223 1.61 5.76 3.241 -2.40 3.18 2.40
neopentane —1.44 3.55 1.72] 0.69 3.66 2.78 0.48 1.16 1.07
ethyl propyl ether 1.23 3.15 2.78} --1.60 6.43 5.55] 53.62 T76.80 55.10
bromobenzene —0.10 0.23 0.18| 3.14 3.19 3.14 2.36 2.41 2.36
chlorabenzene 0.94 0.98 0.94| 2.85 3.10 2.85) —0.18 0.48 0.37
fluorobenzene 0.25 0.62 0.497 6.23 8.65 6.23 0.54 1.43 1.20
iodobenzene —0.12 0.44 0.34| 2.13 2.14 2,13 1.61 1.65 1.61
benzene 0.62 1.48 0.871 4.63 7.66 4.63| —1.70 3.88 2.481
aniline 0.59 0.63 0.59| 1.13 5.18 3.78 0.14 0.32 0.28
cyclohexane —-0.17 0.57 0.47| 370 677  4.52| -0.48 1.94 1.50
n-hexane 1.18 1.71 1.22] 2.88 4.54 3.08| -0.93 2.30 1.78
toluene —1.86 2.95 2.10| 5.12 7.30 512§ —3.58 3.83 J.58
n-heptane 1.02 1.40 1.031 2.51 6.49 364 —-1.04 2.05 1.46
n-octane 1.96 3.27 1.96| 256  4.98 3.53| —1.43 2.92 1.01
isooctane 1.23 2.09 1.23| 0.66 5.86 4,08 -7.75 7.91 7.76
m-xylene —0.55 0.89  0.781 4.02 5.38 4.02| 0.52 0.97 0.85
o-xylene —0.19 0.97 0.81| 3.26 5.56 3.34 0.04 0.92 0.78
p-xylene -0.03 1.00 0.89} 6.88 9.35 6.88| 0.1l L.21 0.99
ethyl benzene —2.45 2.74 2.51| 5.70 9.45 570 0.58 1.95 1.29
naphthalene —2.15 2.85 2.35| 5.45 5.67 5.45; —4.60 B.73 7.48
n-decane 0.45 1.62 1.43] 5.53 8.03 5.563 0.19 0.58 .46
dipheny] ether 4.18 4.44 4.18 | —0.02 1.11 0.96! 10.53 12.58 10.78
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Table A.7: Overall deviations in P?,

equation of state.

RESULTS
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v and v for the Toghiani-Viswanath

P? o] '

%bias %RMS %AAD| %bias %BRMS %AAD| %bias %RMS %AAD
argon 0.43 0.51 0.44] -5.14 T.78 T.13] —0.73 1.69 1.27
chlorine —-0.29 0.94 0.82 0.93 5.41 3.55 1.25 1.60 1.43
fluorine —0.62 1.33 1.§8| -5.7T1 7.05 6.38| —0.,67 11.93 4.70
helium —19.78 27.05 1991 6.39 12.81 9.80| 42.01 58.47 42,01
hydrogen chloride 1.16 1.26 1.15| —4.01 8.97 7.70 0.62 5.33 3.88
hydrogen —1.64 B.31 5.68| -2.36 10.12 9.00 1.65 11.06 7.77
waler 0.85 1.84 1.37 0.62 5.93 3.73 0.23 2.43 2.10
hydrogen sulfide 1.75 2.62 2.36] 38.48 39.11 38.48( —0.92 2.18 1.81
ammonia 0.81 1.53 1.06 6.12 7.30 6.12 4.01 b.14 4.27
krypton —-0.08 0.62 0.57| —2.70 6.60 5.86{ —0.97 2.39 2,02
nitrogen 0.91 1.36 0.92| —-5.57 8.05 7.50| —2.29 3.91 2.29
neon 6.44 6.60 6.44|—19.35 20.33 19.35| —8.i2 8.40 8.12
oxXygen 0.39 0.64 0.54( —4.71 T.37 6.81| —0.78 1.80 1.24
sulfur dioxide 0.31 0.45 0.37 3.71  11.57 6.71 0.54 1.80 0.93
sulfur trioxide —0.61 11.25 9,611 —5.98 8.29 7.75 9.14 14.50 9.91
xenon 0.62 0.66 0.62| —2.89 6.85 6.09| —1.63 2.06 1.63
phosgene —-0.77 0.88 0.78| —-0.72 6.78 5.48( —5.48 9.86 8.69
carbon iletrachloride| —1.26 1.45 1.26 4.55 8.04 5.08 0.80 3.84 2.45
carbon tetrafluoride 3.85 7.32 3.91; -T7.11 8.74 8.34] —4.55 6.78 4.55
carbon monoxide —4.76 6.77 5.16 5.74 7.33 5.74 9.26 11.14 9.42
carbon dioxide ~1.50 2.09 1.56| 10.56 12,57 10.56 3.60 4.06 3.60
chloroform -3.65 3.68 3.65| 10.22 11.26 10.22 2.87 4.27 4.14
freon-13 —4.29 5.00 4.29| -6.61 8.44 7.90 4,41 6.08 5.20
freon-12 —5.94 6.93 5.95| —1.36 4.58 3.61 7.08 8.06 7.08
freon-11 2.48 4,22 2.76] —8.55 8.61 B.55]| ~2.35 3.88 2.56
freon-22 0.11 1.90 0.99 2.48 6.80 4.81 0.41 2.19 1.64
freon-21 —-1.41 2.08 1.71| 11.51 12.81 11.51 3.56 3.64 3.56
methyl chloride 6.23 7.45 6.23|-10.58 10.59 10.58| —4.68 6.19 4,68
methane 3.33 3.86 3.33] -7.32 9.81 9.111 —4.36 4,57 4.36
methanol 2.54 3.15 2.94 6.80 11.30 7.03 1,31 2.19 1.93
methyl mercaptan —0.61 1.08 0.89 1.05 5.89 4.37(-27.78 32.62 27.T8
freon-114 1.91 4.24 3.37|-10.62 10.63 10.62| —1.69 3.67 2,92
freon-113 1.59 3.16 2.24| —8.40 8.40 8.40f —1.39 2.88 2.04
acetylene 0.03 1.09 0.89| —-1.11 6.80 5.61 0.81 2.03 1.90
acetonitrile 7.10 8.70 7.10| 12.17 15.83 12.17 0.37 7.64 5.38
ethylene —-0.10 0.56 0.50 2.23 8.38 5.71 1.08 1.96 1.58
ethylene oxide —2.25 2.99 2.26 6.77 8.40 6.77 1.21 1.67 1.34
acetic acid 3.43 3.78 3.62 3.21 6.93 3.49| 50.98 55.14 50.98
methyl formate -0.93 1.03 0.93| 13.01 14.55 13.01 2.98 3.33 2.98
ethyl chloride 0.39 0.44 0.39 0.70 5.80 4,35 —2.48 4.47 3.46
ethane 0.84 2.04 1.06] —1.76 8.13 7.11| —-1.18 2.48 1.85
dimethyl ether —0.01 1.60 1.30 1.34 7.69 6.02 0.39 2.00 1.60
ethanol —2.44 2.67 2.44 3.67 11.456 6.60 1.52 5.48 3.97
ethyl mercaptan —0.54 0.84 0.59 2.89 7.14 4.46(—13.38 14.77 13.52
dimethyl sulfide —-0.72 2.56 2.14 4.24 7.81 4,75(-16.09 19.75 17.07
propyne 0.64 0.78 0.64] 21.41 2220 21.41 7.46 10.18 7.46
propylene 2.96 6.29 3.24| -3.66 4.94 467 —2.58 5,46 3.14
acetone —1.04 1.49 1.24 4.53 7.20 453 —8.90 12,37 11.04
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Table A.7: Overall deviations in P?, v} and v? for the Toghiani-Viswanath
equation (continued).

p v 1

%bias %BRMS %AAD| S%bias %RMS %AAD| %bias %RMS %AAD
propylene oxide —-1.76 2.9 2N 7.76 10.10 8.68] 2.01 2.37 2.1b
ethyl formate —0.49 0.77 0.61| 20.96 22,10 20.98 3.13 3.54 3.13
methyl acetate -1.02 1.18 1.02 6.11 9.10 6.11 1.75 1.83 1.75
cyclopropane —0.51 0.73 0.68]—10.20 11.82 10.86| —2.64 3.86 2,65
propane 1.06 1.67 1.06| -2.64 6.66 6.20% ~1.47 2.46 1.99
1-propanol ~3.00 3.88 3.43 3.30 7.89 4.64 717 8.18 7.59
2-propanol —7.49  8.49 7.49| —0.03 7.74 548| 13.84 18.78 16.60
methyl ethyl ether —~1.43 i.64 1.43| 32.29 3331 32.26| 13.35 21.36 15,567
perfluorocyclobutane | —1.19 1.53 1.31; —6.73 884 8.59 1.11 2.39 2.17
1,2-butadiene —1.81 5.47 3.96|-18.20 18.29 18.20( ~0.16 1.94 1.56
1,3-butadiene 2.94 6.95 2.94| -5.08 8.06 7.451 —3.63 5.42 3.e3
1-buiene 0.17 0.38 0.30| -1.23 5.23 458 —1.04 2.48 1.99
ethyl acetate —0.36 0.60 0.48| 12.09 13.94 12.08 2.70 2.80 2.70
methyl {Jropionate —0.35 1.12 0.83 814 11.21 8.14 2,24 2.63 2.26
n-propyl formate 0.75 1.13 095} 24.17 25,10 24.17| 209 2.73 2.09
n-butane 0.10 0.30 0.26] —-0.12 6.70 5631 —0.17 1.48 1.18
iscbutane 1.82 3.53 1.83| -7.18  T7.57 7.18) -3.20 441 3.38
1-butanol 1.21 4.10 3.46 2.01 6.97 4,85 1242 19.59 13.34
t-butanol —4.81 5.83 4.81 0.04  3.26 2,701 7.05 7.39 7.05
diethyl ether 0.33 0.78 0.67 6.06 9.69 6.19 1.66 2.43 2.16
diethyl sulfide -4.51 4.74 4.52(—28.68 20.02 2B.68|--40.57 40.92 40.57
diethy! amine 1.41 1.66 1.41| 18.82 19.86 18.82] --T7.69 9.95 8.20
n-propyl acetate —0.53 G.88 0.68| 13.25 15.45 13.256 2.43 2.81 2.43
ethyl propionate 0.21 1.02 0.94| 10.57 12,98 10.57 2.20 2.42 2.29
methyq butyrate 0.23 1.00 (.92 9.78 12.70 9.78 2.81 3.28 2.81
methyl isobutyrate |—0.13 0.85 0.76| 10.37 12.72 10.37 2.89 3.03 2.89
n-pentane —0.28 0.48 040 —4.28 6.18 5.55| —0.68 2.03 1.49
isopeniane 3.38 5.53 3.38)| —B.O5  9.85 9.43| —3.91 5.26 3.91
neopentane —1.47 3.53 1.85) —7.25 8.21 7.51)1 —0.17 1.35 1.16
ethyl propyl ether —0.08 2.89 2.36|—12.77 14.06 13.20| 54.24 T78.40 56.92
bromobenzene —0.69 0.77 0.69| —-5.82  5.85 5.82| 2.73 2.1 2.73
chlorobenzene 0.27 0.38 0.233f -3.35 358 335 630 050 0.4
fluorobenzene -0.20 0.68 0.60 3.29 7.12 4.57 0.83 1.54 1.28
iodobenzene —1.13 1.16 1.13 6.05 6.06 6.05 2.83 2.91 2.83
benzene 0.08 1.18 0.66 2.76 6.97 4.057 —1.31 3.71 2.81
aniline -0.52  0.80 0.68f —1.16 482 414 1.08 1.36 1.18
cyclohexane —0.31 0.67 0.60 5.08 7.98 5.39 0.07 1.65 1.51
n-hexane 0.39 1.53 1.14| —2.43 4.19 3.88| -0.47 2.77 2.24
toluene -2.27 2.94 2.27 8.20 9.90 B.20} —2.74 3.00 2.74
n-heptane —0.16 1.13 0,997 —1.25 5.80 4.86| —0.06 2.03 1.69
n-octane 0.49 2.14 1.42 2.98 5.06 3.94 0.02 2.28 1.72
isooctane 0.42 1.79 1.03| —-3.72 6.94 637 —7.33 7.48 7.33
m-xylene —0.59 1.09 0.88| 12,43 1295 1243 1.55 1.93 1.565
o-xylene —~0.58 1.51 1.30 1.26  4.67 3.24 0.76 1.23 1.03
p-xylene 098 135 1.16{ 1.04 631 45i| 052 149 132
ethyl benzene —3.40 3.83 3.49| —8.44 11.29 10.54| -0.31 2.11 1.83
naphthalene -3.18 3.63 3.18 2.64  3.04 2.64| —3.57 8.33 7.42
n-decane —-0.88 2.09 1.50 4.80 6.90 4.80 1.40 1.84 1.59
diphenyl ether 2.00 2.44 2.14] —6.49 6.54 6.49| 1274 14.58 12.74
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v{ and v} for the Trebble-Bishnoi

P! IH U,

%bias %RMS %AAD| %bias %RMS %AAD %bias %RMS %BAAD
argon —1.84 2.04 1.84 0.32 3.66 2.62 1.0 2.96 2.69
chlorine 0.17 1.70 1.26 1.62 3.39 1.86 0.16 1.95 1.63
fluorine -0.87 1.57 1.46| —-0.97 2.76 2.45 1.22 4.49 3.11
helium 4.52 7.98 7.29| -7.45 11.49 10.07| —4.74 9.47 8.66
hydrogen chloride | —7.22 8.55 7.25| —B.36 10.21 10.01 5.94 15.24 13.09
hydrogen 4.92 5.71 5.21 0.26 7.40 6.26| -6.64 7.31 6.97
water 337 4.82 3.85| —2.09 4.84 3.94) —2.80 4.35 3.65
hydrogen sulfide 3.21 5.27  3.28 247 5.61 2.57| ~7.10 8.00 T7.10
AMMONia —1.59 2.24 1.95] -3.61 4.11 3.95 5.03 5.69 5.15
krypton -3.76 4.29 3.76 0.32 3.60 2.47 3.00 5.05 4.46
nitrogen 0.02 1.49 1.101 095  3.88 2.256] —0.66 1.98 1.53
neon 12.60 13.88 12.60 1.77 5.35 3.78|-11.16 12.06 11.16
oxygen 0.52 321 2.24] —1.19 3.66 2.98| —0.97 3.42 2.71
sulfur dioxide 1.84 2.87 1.92 3.28 9.56 4,08 -2.11 3.74 3.02
sulfur trioxide —5.49 8.17 7.06( -3.04 5.02 4.49 2.86 10.07 7.07
Xenon —4.46 5.13 4.47 1.56 3.04 2.14 4.12 5.76 4.87
phosgene 3.03 4.26 3.12 3.71 5.54 3.71| —9.95 11.49 10.50
carbon tetrachloride | —3.18 3.41 3.18 2.16 4.32 2.25 1.61 5.84 4.40
carbon tetrafiuoride | —0.01 1.72 1.34( —2.95 4.32 4,07| —1.40 3.27 2,33
carbon monoxide 1.56 2.72 1.65 2.38 3.24 2.38 0.70 3.85 3.04
carbon dioxide —0.26 0.61 0.50 1.13 4,91 3.44| —0.93 2.00 1.44
chloroform 3.90 6.95 5.30 11.99 12.28 11.99| —5.93 7.15 5.93
freon-13 —3.49 3.97 3.49 0.06 2.86 2.03 3.19 4,89 4.22
freon-12 -3.61 3.95 3.61 0.95 2.45 1.01 3.62 427 3.81
freon-11 1.42 1.86 1.60 0.80 0.92 0.80f -1.44 1.77 1.47
{reon-22 —1.38 1.63 1.43 0.87 3.61 2.40 0.69 2.564 2.21
[reon-21 —1.41 1.81 1.51| -0.03 2.89 1.83 1.79 3.23 2.68
methyl chloride -2.91 3.05 2.91] —-0.40 0.79 0.70 4.52 4 58 4.52
methane -2.22 2.66 2.33 0.84 4.09 2.35 1.80 3.42 3.13
methanol 1.55 2.72 1.96| —4.45 6.78 6.36 0.52 3.99 3.31
methyl mercaptan [ --4.52 4.92 4,52) —2.09 3.74 3.39|-25.62 30.63 25.62
freon-114 3.58 5.11 4,13 0.26 0.36 0.26] —3.36 4.49 3.53
freon-113 3.14 3.44 3.14| —-0.13 0.41 0.35| —2.97 3.19 2.97
acetylene —0.80 1.32 1.17{ —0.55 4.39 3.43 0.91 2.92 2.66
acetonitrile 4.71 7.47 5.38| —1.78 6.36 4.76 0.07 9.63 7.50
ethylene —2.85 3.23 2.86 1.12 5.38 3.26 1.15 4.52 3.70
ethylene oxide —6.43 6.58 6.43 0.71 2.86 1.92 5.00 5.80 5.36
acelic acid 1.87 3.33 268]-11.10 11.45 11.13| 51.20 55.17 51.20
methyl formate -399 419 3.99| -1.16 3.77 3.10 390 4.90 4.54
ethyl chloride —0.69 0.77 0.72 4.66 5.60 4.66| —1.83 4.66 3.85
ethane —0.88 1.12 0.93 421 6.66 4.21 0.40 2.26 1.75
dimethyl ether 3.95 6.15 410| 11.24 12,13 11.24} —-3.55 5.43 3.85
ethanol —0.53 3.10 268 —2.8¢4  B8.57 6.72| —-2.13 5.83 3.55
ethy! mercaptan —1.57 1.68 1.57 2.76 4.73 2.76|—13.30 14.65 13.51
dimethyl sulfide —4.08 5.30 4.20| —0.23 3.73 2.69|—14.14 17.94 15.69
propyne 0.04 0.11 0.09 7.43 8.70 7.43 0.95 3.72 2.78
propylene —4.83 5.63 4.83| -2.10 2.52 2.37 4.99 6.36 5.34
acetone —6.06 6.29 6.06] —6.23 6.72 6.45| —b5.61 11.73 8.58
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Table A.8: Overall deviations in P*, vj and v} for the Trebble-Bishnoi
equation (continued).

P?
%bias %RMS %AAD

,u.l
%bias %RMS %AAD

1J'|-|
%bins Y%AMS %AAD

propylene oxide
ethyl formate
methy] acelate
cyclopropane
propane
1-propancl
2-propanol

methyl ethyl ether
perfluorocyclobutane
1,2-butadiene
1,3-butadiene
1-butene

ethyl acetate
methyl Yropionate

—8.33 g.18 8.33
—3.25 3.49 3.25
—2.44 2.61 2.44
—3.16 3.39 3.18

0.27 0.89 0.57

1.20 5.43 3.95
-3.72 7.21 6.39
—3.95 4.43 3.95

8,27 10.02 8.27
—2.84 5.63 4.40
—1.23 1.99 1.61
-0.28 0.57 0.48
—2.05 2.24 2.05
—1.14 1.58 1.34

—11.36 1239 '11.36
—0.17 3.72 2.85
—0.39 3.76 2.71

3.45 5.18 3.45
2.22 3.89 2.63
~1.77 4.45 3.78
—2.26 5.36 4.75
—0.57 4.87 3.67
2.53 3.96 2.53
—1.48 1.56 1.48
0.56 3.35 2.65
1.82 3.26 1.94
—~0.69 3.70 2.98
0.53 4.35 3.07

771 9.6 8.71
2.48 4.03 3.72
1.48 2.84 2.67
2.11 4.17 3.70
--1,08 2.43 1.84
0.78 6.17 5.37
7.64 1522 13.55
11.63 2223 1747
—8.21 8.99 8.21
1.47 1.85 1.60
0.20 4.08 3.58
—-1.23 2,84 2.11
1.84 3.33 3.03
0.74 3.15 2.82

n-propyl formate —1.81 1.99 1.81 0.27  3.64 2.35 1.02 3.15 2.83
n-butane —0.98 1.08 0.98 2.23 4.64 3.18 0.25 2.11 1.8B5
isobutane 2.42 3.09 2.42 3.09 3.21 3.117 ~3.86 4,28 3.99
1-butanol 4.71 6.45 541 —2.63 4.49 4,20 6.06 1585 11.67
t-butanol —0.48 5.52 4.37| —-2.57 2.76 2.67 0.78 4,71 4.14
diethyl ether -1.12 1.48 1.38| —0.49 4.40 3.58 1.14 4.27 3.88
diethy] sulfide —2.92 3.22 2.03|—-24.13 2424 24.1371-41.93 42.26 41.03
diethyl amine 1.75 3.35 2.35 5.23 6.23 5.23|—10.68 12.02 10.68
n-propyl acetate —1.98 2.15 1.98 045  4.74 3.08 0.90 2.78 2.54
ethyl propionate —0.24 0.87 0.58 1.26 4.38 2.50 0.14 2.48 2.04
methyl butyrate -0.23 0.59 0.51 1.06 4.92 3.09 0.60 3.30 2.97
methyl isobutyrate ;—0.68 0.97 0.84 0.78 4.28 2.61 0.82 2.47 2.18
n-pentane —2.58 2.78 2.58| —3.06 3.62 3.25 1.07 J.64 3.28
isopentane -1.04 1.25 1.07 0.10 3.17 2.00 0.23 3.12 2.30
neopentane —4.39 5.55 4.39| -3.92 4.27 3.98 2.72 3.71 3.30
ethyl propyl ether 402 407 4.02) 108 3.68 2.18| 46.62 68.20 49.45
bromobenzene —3.67 3.68 3.67| —-1.15 1.19 1.15 592  5.98 5.92
chlorobenzene —1.90 1.91 1.90( —-1.03 i.05 1.03 2.28 2.34 2.28
fluorobenzene —2.61 2.85 2.61| —0.89 3.54 2.92 2.01 3.57 3.24
iodobenzene -3.28 3.30 3.28| —0.52 0.60 0.52 484  4.86 4.84
benzene —1.40 1.78 1.43 1.37 3.44 1.72 —-1.26 6.64 3.63
aniline —1.69 1.86 1.69| -7.95 8.20 7.95 0.64 2.21 1.96
cyclohexane —1.58 1.78 1.58 0.89  3.55 2.34| -0.25 3.06 2.60
n-hexane —0.35 0.96 0.86| —0.39 2.27 1.33] —-0.45 3.19 2,18
toluene —4.38 4.79 4.38| —0.88 2,76 2.34| —2.30 4,06 2.60
n-heptane 1.41 2.08 1.49 1.15 2.98 1.67] —2.33 2.92 2.33
n-octane 1.84 3.16 2.07 0.83 4,53 3.00| ~2.32 3.22 2.54
iscoctane (.00 0.87 6.77| —1.31 3.56 2.90( -7.51 7.61 7.51
m-xylene —2.42 2.65 2.42] -2.17 2.33 2.17 0.75 2.35 2.04
o-xylene —1.76 2.04 1.76| —1.35 2.31 2.14 0.39 1.88 1.62
p-xylene -1.80 2.19 1.90 0.83 3.36 1.89 0.24 2.36 2.08
ethyl benzene —4.07 4.41 4,07 -0.03 4.45 3.13 0.39 2.28 2.00
naphthalene ~1.30 2.76 2.65 6.81 6.87 6.81| ~574  9.28 8.59
n-decane —1.42 2.07 1.59| -1.00 2.30 1.99 0.12 2,23 1.81
diphenyl ether 2.51 2.62 2.51| —3.55 3.57 3.55| 11.75 13.76 11.75
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v/ and v for the Sugie-Iwahori-Lu

i PH T

%bias %GRMS %AAD|%bias %RMS %AAD|[ %bias %RMS %AAD
argon —0.71 0.74 071 0.66 2.00 1.427 —0.67 2,79 2.21
chlorine 2.83 3.43 2.841—-1.22 3.26 2.86| —3.60 3.74 3.60
fluorine —1.35 1.79 1.61(—0.43 1.12 0.98 1.50 1.77 1.54
helium 0.80 0.86 0.80| 0.57 0.96 0.58| —2.92 4.20 2.95
hydrogen chloride 0.71 0.76 0.71| 177  5.15 2.63 0.26 5.96 4.52
hydrogen 3.28 3.38 3.29) 1.96 2.89 1.99( -7.51 8.42 7.51
water 0.07 0.12 0.10| 2.02 3.26 2.33] —-0.11 1.67 1.06
hydrogen sulfide 0.65 1.34  0.80| 3.25 5.11 3.25) —5.61 7.63 5.78
ammonia 1.60 1.26 1.07| 0.12 1.99 1.52 1.72 2.37 1.87
krypton 0.01 0.17 0.15| 0.64 2.18 1.55| —2.68 4.04 2.95
nitrogen -0.62 0.65 0.62{ 1.60 2.98 2.11| —-1.25 2.77 1.98
neon 3.80 3.80 3.80(—3.09 3.68 3.45| —5.00 5.50 5.00
oxXygen 0.45 0.68 0.49]| 2.10 3.59 2.69| —1.88 3.11 1.95
sllfyfllt dioxide 0.37 0.64 0.50| 3.24 9.05 3.83] —0.94 2.98 1.95
sulfur trioxide -2.74 3.54 2.74|~5.75 6.95 6.39] —2.12 B.16 7.29
Xenon 0.04 0.13 0.11] 1.1 2.64 1.58| —-2.36 3.33 2.49
phosgene 1.34 1.55 1.34(—1.03 3.45 2.70| —-9.56 12.82 11.69
carbon tetrachloride [ —1.34 1.35 1.54| 2.39 4.27 2.39| -0.61 2.97 2.23
carbon tetrafluoride | —0.35 0.68 0.68;—0.74 3.40 306 —1.43 3.35 2.06
carbon monoxide 2.12 2.21 2,121 0.85 1.83 1.43| -1.38 3.62 2,17
carbon dioxide —0.10 0.12 0.10| L.82 4.49 2.65| —1.48 2.56 1.98
chloroform -1.17 2.00 1.53| 0.00 1.78 1.24| -2.46 4.55 2.46
freon-13 --0.44 0.53 0.46| 0.97 2.32 1.69| —-0.91 2.77 2.04
{reon-12 —-0.71 0.92 0.74| 0.84 2.19 1.51 0.01 0.77 0.43
freon-11 0.13 0.53 0.38( 2.10 2.95 2.37| -0.31 0.50 0.32
frean-22 --0.25 0.31 0.30} 1.46 3.27 2,39} -1.32 2.72 1.98
freon-21 —0.38 1.72 1.05] 1.49 3.03 2.271 —0.06 3.06 2.28
methyl chloride 1.42 1.54 1.42( 0.92 2.11 1.67| —0.30 1.10 0.93
methane 1.26 1.38 1.26| 1.34 2.88 1.97| -3.18 3.88 3.18
methanol 1.40 1.49 140 3.27 6.31 3.45 0.96 3.75 3.37
methyl mereaptan | —0.69 0.89 0.77| 4.17 4.61 4,17|—28.66 33.20 2B.66
freon-114 -1.53 2,10 1.65] 1.49 2.00 1.49 1.63 1.95 1.63
freon-113 0.25 0.51 0.44| 2.04 2.63 2.10| —-0.22 0.46 0.41
acetylene 0.22 0.73 0.58| 1.10 3.37 1.82| -0.37 2.01 1.45
acetonitrile —0.93 2.14 1.65| 3.69 6.86 4,14| 10,05 11.78 10.05
ethylene 0.32 0.53 0.43| 2.33 4.47 2.62| —-1.24 2.43 1.87
elthylene oxide —1.52 2.23 1.66f 0.32 2.60 2.21| -1.74 3.42 2.33
acetic acid 4.68 5.13 4.68] 1.97 4.29 2.89| 47.60 51.27 47.60
methyl formate —0.09 0.28 0.24| 3.57 4.72 3.571 —-0.95 1.77 1.16
ethyl chloride —0.20 0.53 0.46| —1.80 2.92 2.62| —3.52 5.67 4.32
ethane —0.25 0.55 0371 291 4.81 3.39| —1.34 3.14 1.82
dimethyl ether 0.53 2.46 1.94] 1.35 3.62 2.21| -1.93 2.83 2.47
ethanol -0.15 0.56 0.50] 4.22 10.12 469| —2.14 4.96 2.97
ethyl mercaplan —-0.41 1.07 0.96f 0.71 3.05 1.85]-15.20 16.33 15.30
dimethyl sulfide —0.60 2.22 1.71| 1.55 3.31 1.801—17.85 20.94 1879
propyne —0.03 0.15 0.11| 5.66 7.11 5.86| —5.88 6.93 5.92
propylene —0.37 0.50 0.37] 212 3.73 2.73| —-0.20 1.21 0.76
acctone —0.91 1.24 0.98] 1.34 4.10 2.25| —-9.78 1276 11.85
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Table A.9: Overall deviations in P’, v{ and v for the Sugic-Iwahori-Lu
equation (continued).

Pt v vy 7

Tbias %RMS %AAD! %bias %RMS %AAD| %bias %RMS %AAD

propylene oxide 0.12 183 146| —1.45 572 38.19] —2B64 3BT 254
ethyl formate 0.57 0.78 0.62 2.98 4.47 2.98| —2.27 2.72 227
methyl acetaie —0.86 1.25 1.07 1.61 3.89 2.037y —-0.05 1.24 1.01
cyclopropane —4.,52 4.65 4.52 2.73 4.05 2.73 4.65 b.04 1.75
propane 0.42 0.67 0.42 0.14 1.59 1.40] —-2.35 3.79 2.46
1-propanol 0.95 1.20 005 1.02 3.94 208| —0.21 346 253
2-propancl —2.53 417  3.10 3.11 6.85 3.38 575 11.80 10.1!
methyl ethy] ether |—1.96 2.46 2.08 0.89  4.06 2,25 B.78 19.59 1534
perfluorocyclobutane | —0.41 0.98 0.86) —3.34 4.48 4.28| -0.27 2.07 1.47
1,2-butadiene 0.03 5.40 3.28| ~0.55 0.84 0.731 —1.99 2.61 1.99
1,3-butadiene 0.87 1.73 0.88 1.71 3.18 2.40| -2.31 3.06 2,31
1-butene 0.12 0.56 0.44 0.15 2.10 1.61) —2.37 3.66 2.86
ethyl acetate 0.32 0.44 0.37 1.60 4,04 2.24| -0.95 1.94 1.29
methyl [)ropiona.te —0.46 1.28 1.11 2,65 5.0 2.84)  0.62 1.79 £.56
n-propy! formate 1.47 1.64 1.49 1.91 3.88 2.07| --2.98 341 2.94
r-butane 0.17 0.31 0.22 1.66 3.44 2.10| --1.80 2.81 1.88
isobutane 0.85 1.46 1.25 0.11 2.60 2.04| —2.88 3.82 3.06
1-butanol 5.54 7.21 573 ~-1.73 394 3.56 365 13.26 9.24
t-butanol -0.79 3.29 2.75 0.78 1.90 1.12 0.85 0.93 0.85
diethy! ether 0.79 0.83 0.79 1.20 3.97 2,39 —1.45 3.80 2.74
diethyl sulfide —~3.99 4.12 3909|2546 2558 2546|4111 4148 A4L.11
diethyl emine 0.33 0.68 0.56 0.82 3.14 1.82]-10.33 11.75 1107
n—l‘:ropyl acetate 0.09 0.21 0.20 3.26 5.91 3.26| -1.23 1.88 1.40
ethyl ;iropiona.te -0.35 0.51 0.42 2.52 5.0 2.72 0.98 1.69 142
methyl butyrate 0.70 0.84 073 2.11 5.44  3.00| -0.41 3.08 2,62
methyl isobutyrate 0.54  0.58 0.54 1.46 4.54  2.51| —-0.68  2.09 L.70
n-pentane —-0.45 0.561 0.45 0.25 1.58 1.09 —1.40 2.69 1.76
isopentane 0.12  0.61 0.52| 2.86 3.93 292 -1.14 2.68 1.21
neopentane —3.05 4.38 J.os5| —-0.12 1.26 1.06 .17 2.08 1.79
othyl propyl ether  [—021 231  1.73| —3.52 4.88  464| 5442 77.51 5612
bromobenzene —0.75 0.87 0.75| -~0.24 0.82 0.73 2.45 2.51 2.45
chlorobenzene 0.17 0.46 0.39] —0.32 0.77 0.70| -0.21 0.52 0.42
fluorobenzene —0.36 0.75 0.60 0.41 3.00 1.91| -1.08 2.60 1.89
iodobenzene 0.39 0.54 0.52 0.99 1.20 0.99 0.64 1.11 0,70
benzene —0.47 1.04  0.53 1.48 3.75 2,14 —-2.06  3.78 2.84
aniline 1.12 1.24 1.14 0.39 235 1.67| —2.10  2.72 2.20
cyclohexane —0.24 0.58 0.48 0.67 2.76 1.78| -—-2.45 3.66 2.46
n-hexane —0.22 0.45 0.41 0.45 3.08 1.957 —-0.81 3.248 2,04
toluene —{1.54 2.48 2.23 0.35 2.41 1.72| -7.23 7.82 7.23
n-heptane ~0.21 0.36 0.35 1.41 3.02 1,91 —0.73 2.24 1.40
n-octane 0.80 0.92 0.80 1.53 4.90 3.69| —1.49 2.35 1.53
isooctane -0.27 0.37 0.27 1.91 3.83 2.43| --7.06 7.15 7.06
m-xylene 5.72 6.83 5.72| —1.98 2.24 1.98F —B8.76 8.80 4.78
o-xylene 0.98 1.56 1.23| -0.45 1.9% 1.54| —2.714 2.98 2.74
p-xylene 0.42 1.91 1.55 0.83 3.48 2.06) —2.33 2.83 2.33
ethyl benzene —5.97 6.30 5.97 0.22 445 2.93 3.11 3.95 3.48
naphthalene -0.11 2.71 2.62| -0.57  0.72 0.65| —-7.21 10.12 9.42
n-decane —2.08 2.69 2.17 3.21 4,26 3.21 1.94 2.53 2.31
diphenyl ether 3.03 3.35 3.03| —2.20 2.24 220| 11.20 13.18  11.42
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Table A.10: Overall deviations in P*, v} and v2 for equation L.
P? H vy

Zobias %RMS %AAD| %bias %RMS %AAD| %bias HSRMS %AAD
argon —0.06 0.51 0.45T =0.90 2.84 2.397 —1.19 3.00 2,43
chlorine 1.10 1.76 1.10 1.43 3.34 2.51| —1.49 2.11 1.50
fluorine —-0.78 1.09 0.96| ~2.01 2.67 2.43 0.00 4.49 1.94
helium —4.11 7.27 5.04|-11.72 13.46 12.23 4.74 10.26 7.88
hydrogen chloride 1.22 1.41 1.22] —-4.12  86.50 5.93| -1.00 8.53 4.54
hydrogen 0.42 4.66 3.76( —3.45 6.78 6.17| —2.94 7.75 6.84
water —1.48 2.89 1.72 7.56 7.92 7.55 1.80 3.32 2.40
hydrogen sulfide 4.52 6.10 4.52 1.76  4.67 2.28| —-9.21 9.82 9.21
ammonia 1.45 2.67 1.88 1.38 2.46 1.79 1.27 3.02 2.40
krypton -0.12 0.62 0.54| —0.75 2.92 2,35| —2.15 3.91 3.07
nitrogen 0.35 0.42 0.36| —-0.21 2.91 2.06| —2.24 3.21 2.24
neon 297  4.00 3.66| —2.11 3.97 3.67| —-3.46 4.93 4.21
oxygen 0.53 0.77 0.62| —0.62 2.78 2.20| -1.83 3.19 2.07
sulfur dioxide 0.93 1.19 1.01 3.72 9.01 3.95| —-1.79 3.34 2.53
sulfur irioxide -7.90 9.43 8.02| -1.59 4.38 3.95 557 11.93 8.33
xenon 0.25 0.46 0.41 0.16 3.03 2,03| -2.41 3.42 2.64
phosgene 0.15 0.65 0.56 1.50  3.77 2.07| —7.67 11.41 10.39
carhon tetrachloride | —0.74 0.78 0.74 1.43 3.61 1.98| -1.87 5.24 2.08
carbon tetraflucride 1,78 2.68 1.79| -1.09 3.45 3.07| —-3.53 4.45 3.53
carbon monoxide —2.60 3.64 2.92 0.36 1.54 1.19 4.43 6.69 5.95
carbon dioxide —1.43 1.69 1.43 0.66 3.91 2.67| —0.24 3.29 2.84
chloroform ~2.36 2.67 2.36 7.97 8.22 7.97| —0.11 3.48 2,22
[reon-13 —4.04 5.08 4.04| —0.56 2.40 1.94 3.31 6.27 5.24
freon-12 -5.03 5.97 5.04 0.13 2.16 1.56 4.89 6.64 5.48
[teon-11 L.17 1.56 1.17 1.42 2.34 1.85( —1.34 1.62 1.34
freon-22 0.43 1.65 0.77 1.47 3.40 2.44] —1.88 2.99 2.19
[reon-21 0.72 1.98 1.23 0.71 2.90 2171 -0.92 2,91 2.356
methyl chloride 3.66 3.87 3.66 1.82 2.62 1.94)y —2.52 3.00 2.52
methane 1.60 1.63 1.60| —0.11 3.23 2,127 —3.24 3.93 3.24
methanol 1.59 1.82 1.59( —0.12 4.54 3.39 0.41 3.39 2.68
methyl mercaptan | —0.12 1.10 0.87| —1.20 2.73 2.321-29.68 33.70 29.58
freon-114 2.16 3.21 2.61 0.31 1.30 1.07] -2.26 2.80 2.20
freon-113 1.20 1.45 1.20 0.99 1.94 1.561 —1.18 1.35 1.18
acelylene 0.46 0.91 0.77 0.19 3.50 2.26| —1.10 2.93 1.93
acetonitrile 15.09 20.72 15.09 3.30 7.30 5.00| —8.85 1377 11.42
ethylene 0.66 1.11 0.66 0.78 4.50 2.74| —1.58 2.84 2.40
ethylene oxide —1.58 3.18 2.59 2.91 3.90 3.091 -1.03 1.92 1.36
acetic acid 6.50 7.59 6.50| —6.05 7.02 6,36 43.92 47.26 43.92
methyl formate ~0.56 1.31 1.11 0.62 3.22 1.99| —0.49 2.06 1.72
ethyl chloride 0.87 0.93 0.87 4.06 4.82 4.06| —4.13 5.93 4.41
ethane 0.20 0.57 0.41 3.35 5.50 366| -1.52 2.96 1.80
dimethyl ether 0.77 1.69 1.20 8.41 9.19 8.41| -1.27 2.08 1.79
ethanol —1.34 2.00 1.761 —0.31 7.64 4.67| —1.38 b.42 2.82
ethyl mercaptan 0.05 0.87 0.78) 215  3.96 2.18| -15.40 16.562 15.41
dimethyl sulfide —0.18 1.72 1.45 0.34 3.27 1.96|-18.26 21.21 19.03
propyne 0.31 0.38 8.31 5.56 6.94 5.60| —0.76 3.55 3.07
propylene 3.01 5.48 3.011 ~0.66 2.95 2.60| —3.55 5.16 3.55
acetone -0.33 2.28 2.01| -2.92 3.81 3.63| -11.87 14.59 13.48
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Table A.10: Overall deviations in P*, v} and v} for equation I (continued).

P‘
%bias Y%RMS %AAD

vl
%bias %RMS %AAD

uf

%bins %RMS %AAD

proplylene oxide
ethyl formate
methyl acetate
cyclopropane
propane

1-propanol
2-propanol

methyl ethyl ether
perfluorocyclobutane
1,2-butadiene
1,3-butadiene
1-butene

ethyl acetaie

methyl i)ropiona.te

-0.59 2.09 1.78
-0.75 1.17 1.04
—0.48 0.73 0.65
-0.41 0.45 0.41
1.09 1.26 1.09
—1.07 3.18 2.76
—4.78 6.84 6.01
—2.34 2.94 2.66
0.94 1.14 0.95
~1.40 5.24 3.32
2.1% 3.59 2,19
0.80 0.98 0.80
—0.29 0.66 0.59
0.09 0.89 0.56

—7.63 9.27 7.63
0.88 3.45 2.19
0.92 3.54 2.02
2.71 4.35 2.7
1.15 2.48 1.8

—0.66 3.74 2,66

~0.81 4,67 3.43

—0.51 4.36 3.14
1.00 2.75 1.76

~1.23 1.36 1.23
0.77 3.04 2.48
0.47 2.40 1.68
0.44 3.42 2,22
1.25 4.17 2.61

—-1.52 3.14 208}
—-0.83 2,44 1.87
—1.08 2.08 1.32
—2.23 3.33 2,37
-2.67 3.66 2.687

2.01 5.63 4.92

8.64 1536 13.70

9.01 20.59 16.57
-1.76 2,561 1.76
—0.51 1.06 0.79
~4,05 4.92 4.0b6
-3.07 4.15 3.25
-0.49 2.22 1.67
—1.03 2.88 2.11

n-propy! formate —~0.15 0.43 0.36 0.77 3.43 2.01| -1.27 2.86 2.04
n-butane 0.68 0.79 0.68 1.30 3.68 2,49 ~-2.24 2.98 2.24
isobutane 1.08 1.19 1.06 1.82 281 2.28| -3.05 4.248 3.14
1-butanol 2.48 4.46 3.70| -2.58 4.26 3.84 8.12 1580 1145
t-butanol —2.86 4.8B4 3.65] —2.4b5 2.62 2.4b 3.18 4.156 375
diethyl ether 0.75 0.83 0.75| —0.28 3.99 3.10) —1.47 3.80 2.65
diethyl sulfide —-3.43 3.58 3.4471—24.99 25.07 24.99|—41.92 42.26 4}.92
dieihyl amine 1.41 2.36 1.71 4,21 5.17 4.21(-10.87 12.11 11.06
n-propyl acetate —0.57 0.65 0.59 1.28 4.67  2.61| —-1.02 239 1.70
ethyl propionate 0.50 0.53 0.50 1.71 4.30 2.48) —1.03 2.49 1.75
methyli butyrate 0.53 0.55 0.53 1.40 4.73 2.77| —0.61 3.35 2.74
methyl isobutyrate 0.08 0.20 0.17 0.95 4.05 2,361 -0.42 2.37 1.94
n-pentane 0.32 0.46 0.33| —2.82  3.25 2.90| —2.69 371 2.69
isopentane 1.78 2.17 1.78 0.93 3.03 2.20) —2.98 3.91 2.08
neopentane —1.01 3.27 1.70 —4.27 4.51 4.27( -1.79 2.44 1.79
ethyl propyl ether 1.81 3.14 2.871 —-0.66 3.19 2.51% 50.7Y  74.87 53.43
bromobenzene 0.31 0.47 0.45| —-0.48 0.54 0.82 1.22 1.37 1.22
chlorobenzene 1.25 1.32 1.25| ~0.76 1.02 0.91y —1.45 1.52 .45
fluorobenzene 0.27 0.70 0.40( -0.59 3.13 2.43| —1.79 2.78 2.00
iodobenzene 0.42 0.61 0.53 0.13 0.71 0.60 0.61 0.75 0.62
benzene 0.82 1.46 1.04 1.36 3.58 2.12| -3.69 5.43 3.90
aniline —0.02 0.42 0.35| —6.66 6.96 6.66| —1.52 2.36 1.52
cyclohexane 0.07 0.57 0.46| ~0.26 3.09 2.40) -2.82 3.93 2.82
n-hexane 1.06 1.24 1.00 0.15 3.00 1.97| -2.24 3.82 2.37
toluene —1.83 3.24 2.34| -0.64 249 1.93, -5.53 6.13 5.53
n-heptane 0.93 1.02 0.93 1.69 3.03 2,02 ~2.14 3.09 2.14
n-octane 1.26 1.83 1.26 197 5.38 4.25| —2.06 2.85 2,06
isooctane 0.89 1.20 0.92| -1.06 3.51 2.871 —-8.74  B8.82 8.74
m-xylene —0,72 1.13 0.96] —1.85 2.1 1.91| —1.56 2.37 1.69
o-xylene —0.24 0.90 0.81| ~1.24 2.16 1.891 ~1.70 2.31 1.76
p-xylene —0.18 1.26 1.10 1.03  3.23 2.00| —2.00 2.77 2.06
ethyl benzene -2.49 2.82 2.63] —0.04 4.15 2.87| —1.89 2.87 1.91
naphthalene —1.55 2.39 2,13 6.49 6.50 6.49] -5.66 9.27 8.45
n-decane —0.23 1.35 0.84 —0.34 2.12 1.65| —1.44 2.50 1.82
diphenyl ether 3.99 4.15 3.99| —2.63 2.70 2.63 9.80 12.04 10.28
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Tahle A.11: Overall deviations in P*, vf and v} for equation IL.

pall PH [

Tbias %RMS %AAD|%bias %RMS %AAD| %bias %RMS %AAD
Argon —0.71 0.74 0.71T 0.64 2.06 0.84] -0.13 2.32 1.87
chlorine 2.83 3.43 2.84|—2.59 3.31 3.20F —3.45 3.63 3.45
fluorine -1.35 1.79 1.61( 0.04 0.91 0.68 1.98 2.21 2.02
helium 0.80 0.86 0.80| 1.00 2.01 1.00 0.22 1.38 1.15
hydrogen chloride 0.71 0.76 0.71{ 1.63 5.03 1.72 0.36 5.91 4.48
liydrogen 3.29 3.38 3.26( 1.83 3.54 1.94| —5.58 6.09 5.58
water 0.07 0.12 0.10| 0.90 2.65 1.02| —-0.13 1.72 1.08
hydrogen sulfide 0.65 1.34 0.80( 3.29 5.15 3.29] —5.18 7.12 5.35
ammonia 1.00 1.26 1.07| 0.15 1.48 0.74 1.44 2.19 1.62
krypton 0.01 0.17 0.15| 0.58 2.21 1.00| —2.14 3.28 2.47
nitrogen —0.62 0.65 0.621 1.1l 2.66 1.13| —-0.83 2.27 1.63
neon 3.80 3.80 3.801-2.99 3.81 3.69] —4.31 4.72 4.31
oxygen 0.45 0.68 0.49| 0.18 2.09 0.96¢ —1.53 2.62 1.62
sulfur dioxide 0.37 0.64 0.50| 3.16 8.78 37| —-1.11 3.04 2.05
sulfur trioxide —-2.74 3.54 2.74|-5.42 6.32 5.98| —2.28 8.30 7.42
xenon 0.04 0.13 0.11| 1.26 2.75 1.20( —1.92 2.78 2.08
phosgene 1.34 1.55 1.34|-0.85 3.41 2.66| —9.37 12.62 11,50
carbon tetrachloride | —1.34 1.35 1.34| 2.76 4.46 2.76] —0.40 2.81 2.13
carbon tetrafluoride | —0.35 0.69 0.58—2.93 3.73 3.64] —1.35 3.24 1.98
carbon monoxide 212 2.21 2.12| 0.30 0.90 0.48| -1.01 3.44 2.63
carbon dioxide —-0.10 0.12 0.10( 2.29 4.23 2.29| —-1.66 2.78 2.14
chloroform —-1.17 2.00 1.83| 0.30 1.71 1.05| —2.25 4.38 2.25
freon-13 —0.44 0.53 0.46! 0.74 1.97 0.75} —0.71 2.60 1.89
freon-12 -0.71 0.82 0.74F 047 1.58 0.49 0.09 0.74 0.45
freon-11 0.13 0.53 0.38| 0.04 0.09 0.08| —0.28 0.48 0.30
freon-22 ~0.25 0.31 0.30| 1.22 2.85 1.37 -1.17 2.58 1.89
freon-21 —-0.38 1.72 1.05| 0.62 2.08 0.74 0.12 2.91 2.18
methyl chloride 1.42 1.54 1.42{—-0.36 0.39 0.36 —0.29 1.10 0.93
methane 1.26 1.38 1.26| 0.73 2.69 0.96| —2.67 3.21 2.67
methanol 1.49 1.49 1.40| 3.52 6.00 3.52 0.77 3.92 3.49
methyl mercaptan | —0.69 0.89 0.77| 4.22 4.67 4.22|-28.49 33.09 28.49
freon-114 -1.563 2.10 1.65| 0.75 0.79 0,75 1.65 1.98 1.656
freon-113 0,25 0.51 0.441-0.12 0.15 0.13| -0.23 0.47 0.41
acetylene 0.22 0.73 0.58| 1.28 3.33 1.53( —0.33 2.04 1.48
acelonilrile -0.93 2.14 1.65| 2.06 4,24 2,12 8.50 10.61 8.50
ethylene 0.32 0.53 0.43| 1.92 4.49 1.93] —0.95 2.11 1.64
ethylene oxide ~1.52 2.23 1.66] 0.37 2.08 1.31| —1.56 3.23 2.18
acetic acid 4.68 5.13 4,68 0.96 3.18 1.06| 47.40 51.17 47.40
methyl formate -0.09  0.28 0.24| 3.88 4.83 388, —0.85 1.69 1.12
ethyl chloride -0.20 0.53 0.46| —1.58 2.63 2,451 —3.41 5.56 4.23
ethane —0.25 0.55 0.37! 1.8B6 4.24 2.25| —1.05 2.79 1.60
dimethyl ether 0.53 2.46 1.94¢ 1.55 3.67 1.89( —1.78 2.75 2.39
ethanol -0.15 0.56 0.50| 4.56 9.33 4.77| -2.60 5.58 3.36
ethyl mercaptan —0.41 1.07 0.96( 0.94 3.04 1.251-15.02 16,19 15.13
dimethyl sulfide —0.60 2.22 1.71 1.73 3.37 1.73(-17.70 20.84 18.64
propyne —0.03 0.15 0.11} 13.03 13.48 13.03 2.63 4.84 3.34
propylene -0.37 0.50 0.37] 0.22 0.79 037 —-0.14 1.14 0.71
acetone ~-0.91 1.24 0.98| 1.58 3.67 1.59;—10,02 12.31 12.08
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and v} for equation II {continued).

£ v vy

%bias %EMS %AAD| %bias %RMS %AAD| %bias %BRMS %AAD
propylene oxide 0.12 1.83 i48] —1.14  5.65 TEIT —2.45 376 2.-15}
ethyl formate 0.57 0.78 0.62 3.33 4.54 3.33| —2.22 2.69 2.22
methyl acetate —0.86 1.25 1.07 1.85 3.59 1.85( -0.25 1.3% 1.06
cyclopropane —4.52 4.65 4,52 3.07 3.92 3.07 4.29 4.79 4.47
Propane 0.42 0.67 0.42]| ~0.34 1.86 1.61| -2.02 3.30 2.17
1-propanol 0.95 1,20 0.95 1,58 4.05 1.74| —0.04 3.36 2.49
2-propanol —-2.53 4.17 3.10 3.64 6.30 3.64 532 11.81 9.96
methyl ethyl ether |—1.96 2.46 2.08 1.11 3.97 1.92 8.81 19.59 15.35
perfluorocyclobutane | —0.41 0.98 0.86| -3.51 4.36 423 047  2.34 1,66
1,2-butadiene 0.03 5.40 3.28| -0.13 0.61 0.47] —-1.93 2.58 1.93
1,3-butadiene 0.87 1.73 0.88 £.30 2.58 1.40| —2.22 2.87 2.22
1-butene 0.12 0.56 0.44 0.58 1.91 1.13| —2.20 3.49 2.71
ethyl acetate 0.32 G.44 0.37 2.00 3.79 2.00] —1.09 2.16 1.42
methyl propionate |—0.46 1.28 1.11 2.77  4.568 2.77|  0.27 1.95 1.89
n- J:opyfforma,te 1.47 1.64 1.49 2.31 3.83 2,31 -3.01 3.47 3.01
n-butane 0.17 0.31 0.22 2.02 3.72 2.62; —1.66 2.55 1.65
isobutane 0.85 1.46 1.25} —0.68 1.66 093 ~-2.78 3.71 2.06
1-butanol 554 T7.21 5.73| —1.16 3.53 3.08 3.79 13.37 9.28
+butanol -0.79 3.29 2.76 1.57 1.90 1.57 0.56 0.65 0.67
diethyl ether 0.79 0.83 0.79 1.65 4.00 1.94| -1.32 3.69 2.70
diethyl sulfide —3.99 4.12 3.99|-25.15 25,26 25.15(—4L.11 4147 41.11
diethyl amine 0.33 0.68 0.56 1.27 3.06 1.301—10.28 11.71 1L.0}
n-propyl acetate 0.09 0.21 0.20 3.684 5.63 3.64| —-1.49 2.24 1.62
ethyl propionate —0.35 0.51 0.42 2.68 4,49 2.68 0.54 1.74 1.44
methyl:l) butyrate 0.70 0.84 0.73 2.43 5.02 2.43| -0.67 1.36 2.82
methyl isobutyrate 0.54 0.58 0.54 1.84 4.20 1.85] -0.87 2.34 1.85
n-pentane —0.45 0.51 0.45 0.63 1.62 1.15| —1.31 2.63 L.70
isopentane 0.12 0.61 0.52 1.25 2.68 1.27| -1.04 2.53 1.12
neopentane —3.05 4.38 3.05| 0.32 1.00 0.54 1.29 213 1.85
ethyl propyl ether —-0.21 2.31 1.73( —-3.25 4.32 4,16 b4.06 T77.39 56.11
bromobenzene —-0.75 0.87 0.76 0.11 0.13 0.11 2.45 2.51 2.45
chlorobenzene 0.17 0.48 0.39 0.27 0.28 0.27! -0.17 0.49 0.40
fluorobenzene —0.36 0.75 0.60 0.85 2.81 1.43( -0.97 2.53 |.B6
iodobenzene 0.39 0.54 0.52 0.87 0.87 0.87 0.65 1.11 0.76
benzene —0.47 1.04 0.53 1.24 3.48 1.26| -2.03 3.78 2.84
aniline 1.12 1.2 1.14 0.87 2.00 0.911 -2.18 2.85 2.28
cyclohexane —0.24 0.58 0.48 1.19 2.81 1.25| —-2.20 3.34 2.23
n-hexane —0.22 0.45 0.41| -0.04 219 0.76| -0.79  3.24 2.06
toluene —0.54 2.48 2.23 0.71 2.28 1.07] -7.07 7.63 T.07
n-heptane -0.2]1 0.36 0.35 0.87 2.64 1437 —0.83 2.8 1.46
n-octane 0.80 0.92 0.80 0.62 4.74 3.05| —1.58 2.61 1.62
isooctane —0.27 0.37 0.27 1.22 3.16 1.256| —-T7.13 7.22 T7.13
m-xylene 5.72 6.83 5.72| ~1.56 1.64 1,56 —8.66 8.81 8.606
o-xylene 0.98 1.56 1.23| —0.15 1.53 1.10{ —2.88 3.13 2.88
p-xylene 0.42 1.91 1.55 1.09 3.09 1.40)] ~-2.54 3.08 2.54
ethyl benzene —5.97 6.30 5971 0.42 3.94 2.43 2.84  3.91 3.42
naphthalene —.11 2.77 2.62| —0.20 1.11 098 —-7.26 10.15 5.45
n-decane —2.08 2.69 2.17 3.1 4.16 3.71 1.42 2.50 2.34
diphenyl ether 3.03 3.35 3.03} —1.22 1.28 1.22; 11.08 13.08 11.33
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Table A.12: Overall deviations in P*, »f and v? for equation IIL

B P gl Uy

%bias %GRMS %AAD|%bias %RMS %AAD| %bias %BRMS %AAD
argof —0.50 0.67 0.52] 1.58 3.05 1.707 —-0.27 2.42 2.01
chlorine 2.01 2.86 2.501—-1.04 3.14 2.T1| —2.76 3.40 3.25
fluorine —0.92 1.29 1.18] 0.41 1.62 1.10 0.65  4.39 2.48
helium 1.45 1.81 1.45( 0.78 6.64 5.22 0.05 1.13 0.86
hydrogen chloride 0.77  0.81 0.77| 196 535  2.66 0.25  5.98 4.60
hydrogen 2.53 2.83 2.65| 3.60 6.74 4.64| —4.00 4.58 4.14
water -3.38 5.90 3.45| 1.8B6 3.12 2.34 3.85 7.06 4.58
hydrogen sulfide 0.5 138 082 4.02 591 4.02| —451 6.74 510
amionia 0.0 1.39 1.15(—-0.82 217 1.91 2.17 2.98 2.37
krypton 0.19 0.27 0.25) 1.52 3.15 1.73| -2.10 3.34 2.49
nitrogen —0.61 0.83 0.81} 2.19 3.58 2.22] -0.84 2.52 1.93
neon 4.08 4.09 4.08i~1.94 3.78 3.46) —4.47 4.79 4.47
oxygen —1.73 4.86 2.28] 2.17 3.42 2,28 0.99 6.38 3.89
sulfur dioxide 0.38 0.64 0.49| 2.80 B8.65 3.68| —1.29 3.17 2.15
sulfur trioxide —2.01 3.42 2.71|-6.03 7.22 6.61| —3.47 9.43 8.51
Xencn 0.13 0.23 0.20| 2,08 3.62 2.06| —1.92 2.79 2.13
phosgene 0.78 1.37 1.10|-0.85 3.58 2.72| —8.63 11.64 10.66
carbon tetrachloride | —1.01 i.07 1.01| 2.75  4.30 2.75| —1.36  5.07 2.99
carbon tetrafluoride | —2.64 5.61 2.89|-0.73 3.33 2.91 1.27  7.29 4.85
carbon monoxide 1.72 1.80 1.72( 1.25 1.91 1.39{ —0.47 3.45 2.56
carbon dioxide 0.00 0.19 0.17) 1.34 4.34 2.62| —2.08 3.32 2.50
chloroform —1.58 2.50 2.03| 0.28 1.94 1.13| -1.68 3.97 1.96
freon-13 —0.58 0.66 0.60( 1.29 2.63 1.73| —0.51 2.57 1.88
freon-12 —0.10 0.30 0.21| 1.09 2.37 1.471 —0.75 1.47 1.02
freon-11 -0.18 0.37 0.23| 1.98 2.71 2.15 6.02 0.40 0.21
freon-22 —0.68 1.04 0.68| 1.69 3.49 2.45| —0.68 2.71 2.12
freon-21 —1.09 3.29 1.52] 1.72 3.26 2.25 0.96 4.36 2.86
methyl chloride 1.36 1.45 1.36| 0.93 2.12 1.68| —0.24 0.99 0.86
methane 1.18 1.22 1.18| 1.98 3.73 2.05| —2.48 3.12 2.49
methanol —0.01 1.08 0.97| 2.05 4.92 2.73 272 4.70 4.15
methy! mercaptan |—0.51 0.78 0.62| 4.68 5.26 4.68|—28.68 33.20 28.68
freon-114 —1.56 2.15 1.67] 1.48 1.98 1.48 1.68 2.02 1.68
freon-113 0.48 0.60 0.53} 2.05 2.64 2.10| —0.45 0.48 0.45
acetylene 1.00 1.11 1.00] 1.45 3.77 1.98| -—1.52 2.73 1.68
acetonitrile ~0.18 2.47 1.86| 1.48 6.75 4.93 531 10.80 8.41
ethylene 0.39 0.51 0.46| 2.89 5.26 2965 —1.05 2.34 1.86
ethylene oxide -2.23 3.17 2,37 0.39 2.58 2,141 —0.54  2.01 1.37
acetic acid 3.92 4.567 3.93| 1.45 3.95 3.00| 48.62 52.59 48.62
methyl formate —0.52 0.75 0.601 3.59 4.78 3.59) —0.26 1.49 1.21
ethyl chloride 0.13 0.28 6.25|-1.46 2.99 2.63| -3.90 6.23 4.69
ethane -0.92 2.01 0.86| 3.31 5.45 3.63| —0.29 3.57 2.44
dimethyl ether 0.78 2.36 1.72] 1.79 4.18 2481 —-2.21 3.06 2.71
ethanol ~2.35 2.76 2.37| 1.78 7.85 3.54 0.08 5.40 3.39
ethyl mercapian —0.33 0.95 0.84 1.14 3.51 1,95|—-15.13 16.27 15.23
dimethyl surﬁde —0.53 2.23 1.76| 1.91 3.79 2.00|--17.79 20.88 18.73
propyne 0.44 0.57 0.44)| 24.43 24.63 24.43 6.89 9.64 6.89
propylene -2.14 4,76 2.15| 2.15 3.57 2.62 1.82 5.71 3.08
acetone —1.45 1.83 1.54| 0.05 2.44 1.811—-10.40 13.70 12.42
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Table A.12: Overall deviations in P*, vf
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and v’ for equation III (continued).

Pl
%bias %RMS %AAD

vy
%bias %RMS %AAD

u"r
%bias %bRMS %AAD

propylene oxide
ethyl formate
methyl acetate
cyclopropane
propane
1-propanol
2-propanol
methyl ethyl ether
perfluorocyclobutane
1,2-butadiene
1,3-butadiene
1-butene

—0.60 1.66 1.48
0.28 0.76 0.60
-0.37 0.65 0.59
—1.69 1.74 1.69
0.28 0.54 0.85
-1.17 2.12 1.87
—5.18 6.46 5.54
—-1.07 1.35 1.18
-0.28 0.86 0.75
—0.28 5.51 3.49
1.28 1.62 1.28
0.29 6.51 0.36

—1.58 5.76 3.19
2.94 4.47 2.94
1.23 3.63 2.04
2.95 4,47 2.95
0.75 2.28 1.79
0.87 3.83 1.99
0.74 4.76 2,69
1.32 4.63 2.52

—3.71 4,61 4.23

—0.58 0.87 0.76
2.11 3.60 2.64
0.58 2.40 1.68

—-1.45 2.04 1.52
—1.87 2.49 1.87
~-1.17 2.07 1.33
~0.42 3.00 2.62
—1.81 3.49 2.43

2,97 4.87 4.27

9.02 1500 13.27

7.46 20.01 16.12
—0.78 2.82 L.74
—1.57 2.62 1.64
—2.89 3.84 2.89
—2.45 3.80 2.95

ethyl acetate ~0.07  0.43 0.38 1.00  3.55 2.13| —0.72 2.18 1.47
methyl Tropionate 0.27 0.94 0.55 199 44 2.64| —1.14 2.75 1.99
n-propyl formate 132 143 132 173 3.80 2.03| -2.95  3.57 2.95
n-butane 0.18 0.32 0.24 2.18 4.07 2.48| —1.52 2.54 1.59
isobutane 1.12 1.32 1.13 0.36 2.18 1.64| —3.20 4.25 3.31
1-butanol 3.46 5.30 3.78| —2.03 3.99 3.61 6.68 14.68 591
t-butanol —3.16 4.62 3.24| —0.98 1.35 1.15 3.51 3.88 3.61
diethyl ether 0.61  0.67 0.61 1.43  4.22 247 -1.07 3.58 2.68
diethyl sulfide -4.21  4.40 4.22|-25.73 25.81 25.73(~41.42 4176 41.42
diethyl amine —0.07 0.84 0.71 0.77 3.17 1.85] —-9.84 1131 10.64
n-propyl acetate -0.20 0.30 0.28 2.21 4,59 251 —1.73 3.53 2.02
etll:yl roplonate 0.46  0.48 0.41 1.58  4.26 2.48] —0.95 2.4 1.77
methyli butyrate 038 048 0.42| 1.20 4.68  2.B8i| —047  3.62 2.92
methyl isobutyrate 0.22 0.25 0.22 0.76 4,02 2.42| -0.64 2.44 1.93
n-pentane —0.28 0.37 0.33 0.45 1.72 1.18| —1.59 2.96 1.956
isopentane 0.32 0.39 0.32 3.01 4.16 3.02] —1.33 2.09 1.48
neopentane —2.69 4,25 2.89 0.16 1.44 1.09 0.75 2.16 1.84
ethyl propyl ether 0.31 2.65 2.20| —4.22 5.22 4,99 5297 T7.20 56.01
bromobenzene —0.64 0.71 0.64) —0.26 0.87 0.77 2.29 2.37 2.29
chlorobenzene 0.29 0.43 0.3 —0.33 0.78 0.717 -0.37 0.68 0.54
fluorobenzene —0.66 0.88 0.73 0.52 3.12 1.94| —0.58 2.38 1.85
iodobenzene 0.39  0.52 0.47| 0.98 1.19 0.98; 0.66 Loo  0.72
benzene —0.17 1.02 0.47 1.58 3.66 2.16| —2.65 4.59 3.33
aniline 0.12 0.2 0.22; -0.27 2.03 1661 —0.97 1.61 1.01
cyclohexane —0.04  0.47 0.38 .32  3.35 1.98| —2.46 3.59 2.49
n-hexane -0.14 0461 053y 049  3.07 1.97) —0.97  3.56 2.81
toluene ~1.25 3.08 2.56 0.43 246 1.70| —-6.09  6.54 6.09
n-heptane —0.13 0.49 0.45 1.23 2.71 1.90| —1.03  2.77 1.89
n-octane 0.27 0.84 0.68 1.28 5.13 3.69] -1.11 2.57 1.74
isooctane —0.15 0.43 0.26 1.80 3.76 2.50| —7.43 7.58 7.43
m-xylene 5.08 6.49 5.06| ~2.01 2.26 2.01} —-7.82 §.12 7.82
o-xylene 0.94 1.55 1.20| —0.90 1.98 1.68| —2.96 3.28 2.96
p-xylene 0.44 1.91 1.52 0.21 3.07 2.09| -2.75 3.35 2.75
ethyl benzene —5.40 5.76 5.407 —0.26 4.15 2.97 1.73 3.79 3.47
naphthalene 0.14 249 2.31| —0.66 073 0.66| —-T7.55 104l 9.63
n-decane —1.68 2.49 1.86 1.47 2.55 1.69 0.52 2.66 2.39
diphenyl ether 2.52 2.75 2.52| —2.70 2.78 2.70| 11.63 13.69 11.72




Appendix B

Computer Programs

Important computer programs used in this work are presented here. These
are in the form of subroutines which perform specific calculations or tasks.

All programs are in FORTRAN, ANSI-1977 standard. Comments are
included to clarify the programs, but they are not intended to be compre-
hensive.

Numerical Methods

Subroutines implementing important numerical methods used in this work
are shown here. The secant method, Brent’s algorithm, and the Nelder-
Mead simplex method are mentioned in §3.2.

5 3 oo s o o o o o o o o 6 033K a0 o 0 R Ko 33 b e o ol e o o o ok o e o el ke o o koo o s o ek o o o o
* RTSEC
* Uses the secant method to find the root of a function FUNC,
% thought to lie near Xi and X2, to an accuracy XACC.
* Teken from “Numerical Recipes™.
5 0 K ok 3 0o o o 30 o 3 o 6 0 o 6 e K oo o o o R o o o o o o o ol ok ok o o 33 e o oo o S R o o K o o
FUNCTION RTSEC(FUNC,X1,X2,XACC)
IMPLICIT DOUBLE PRECISION (4-E,0-Z)
PARAMETER (MAXIT=30)
FL=FUNC(X1)
F=FONC(X2)
C————- Pick bound with lowest function value as most recent guess.
IF (ABS{FL).LT.4BS(F)) THEN
RTSEC=)1
XL=X2

204
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SWAP=FL
FL=F
F=SWAP
ELSE
IL=X1
RTSEC=X2
ENDIF
C—==—= Secant mathod.
DO 11 J=1,MAXIT
DY=(XL-RTSEC)*F/{F-FL)
LL=RTSEC
FL=F
RTSEC=RTSEC+DX
F=FUNC(RTSEC)
IF (4BS(DX).LT.XACC.OR.F.EG.0D0) RETDRN
11 CONTINUE
WRITE (6,%) ?+%x MAXIT EXCEEDED IN RTSEC’
RETURN
END

0 3 52 ok e o o o o0 oo o o o o R RO o Ko R e o o s o R K R Ko o e o o
ZBRAC

Given a function FUNC(X) and an initial range for X from X1 to X2,
this routine expands the range until it contains a root. If
guccessful, the LOGICAL variable SUCCESS is set to .TRUE., if not,
it is set to .FALSE. . From “Numerical Recipes".
Usually used to bracket a root prior to the use of ZBRENT.
S o o e o o oo R SR R o K0 K K R N R R 30 ol R R e Ok o Ak ok
SUBROUTINE ZBRAC(FOUNC,X¥1,X2,SUCCES)
ITMPLICIT DOUBLE PRECISION (4i-H,0-2)
PARAMETER (FACTOR=1.6,NTRY=50)
LOGICAL SUCCES
IF (¥1.EQ.X2) THEN
WRITE (6,%) '#%% MUST GU2SS INITIAL RANGE FOR ZBRAC w#’
SUCCES=.FALSE,
RETURN
ENDIF
F1=FONC(11)
F2=FUNG(X2)
SUCCES=.TRUE.
D0 11 J=1,HTRY
IF (F1%F2.LT.0D0) RETURN
IF (ABS(F1).LT.ABS(F2)} THEN
11=X1+FACTOR*(X1-X2)

* X * ¥ ¥ * ¥
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F1=FUNC(X1)

ELSE
I2=X2+FACTOR*{X2-X1)
F2=FUNC(X2)

ENDIF

11 CONTINUE
SUCCES=.FALSE.
RETURN
END

s s o o o s o o ok o o o o o o o ol o ok e ol ool ke e s o sk e sk s ool e e ool oo o e o e e sl ok o o ook o o sk ok e e sk sl ol ake e e sk ik ok ok RO R
ZBRENT

between X1 and X2. The root ZBRENT will have accuracy TOL.
Taken from "Numerical Recipes".
Ko o o o o o o o ol K R A s o K SR e 3 o 38 oo o o o o o o o o kst ko o ks o o o o s o o i K ok sk ok o
FUNCTION ZBRENT(FUNC,X1,X2,TOL)
IMPLICIT DOUBLE PRECISION (4-H,C-Z)
PARAMETER (ITMAX=100,EPS=1D-18)
C-——-- Initialize and check input.
A=X1
B=X2
FA=FUNC(4)
FB=FUNC(B)
IF (FB*FAi.GT.0DO) THEN
WRITE (B8,%) ?+%% RNOT MUST BE BRACKETED FOR ZBRENT %k’
RETURN
ENDIF
FC=FB
C-——-- Mzin program loop.
DO 1t ITER=1,ITMAX
IF (FB#FC.GT.0DO) THER
o D Renams 4,B,C and adjust bounding interval D.
C=4
FC=Fi
D=B-4
E=D
ENDIF
IF (4BS(FC).LT.ABS(FB)} THEN
4=B
B=C
C=4
FiA=FB
FB=FC

»®
o
% Uses Brent'’s method to find the root of function FUNC known to lie
*®
"
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FC=Fi
ENDIF
Commmanmm— Cenvergence check.
TOL1=2D0*EPS*4BS(B)+0.5+TOL
iIM=0.6D0*(C-B)
IF (ABS(XM).LE.TOL1.0R.FB.EQ.ODO) THEW
ZBRENT=B
RETORN
ENDIF
IF (ABS(E).GE.TOL1.AND.ABS(Fi).GT.ABS(FB)) THEN
G- Attempt inverse quadratic interpolation.
5=FB/FA
IF (4.EQ.C) THEN
P=2D0#XM*5
Q=1p0-5
ELSE
Q=Fi/Fc
R=FB/FC
P=5+(2D0*XM*Q*(Q-R)-(B-4)*(R-1))
§=(Q-1D0)*(R-1D0)*(S-1D0)

ENDIF
C———m-—————- Check whether in bounds.
IF (P.GT.0DO) G=-Q
P=ABS(F)
IF (2DO*P.LT.MIN(3DO*XM*Q-2BS(TOL1*Q),ABS(E*Q))) THEN
Cr=rm—— Accept interpolation.
E=D
D=P/qQ
ELSE
C-mmmm— e Interpolation failed, use bissection.
D=XHM
E=D
ENDIF
ELSE
C———=mm——- Bounds decreasing too slowly, use bissection.
D=XM
E=D
ENDIF
C-————— Move last best guess to 1.
iA=B
F4A=FB
Crm———— Evaluate new trial root.
IF (4BS(D).GT.TOL1) THEN
B=B+D

207
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ELSE
B=B+SIGN(TOL1,XIM)
ENDIF
FB=FUNC(B)
11 CONTINUE
WRITE (68,%) ?#%% ZBRENT HAS EXCEEDED MAXIMUM ITERATIONS sxx!
ZBRENT=B '
RETURN
END

o o8 o R o e o o o o o ol o o ol ol o B 8 e o 0 o ok oK o o o o ok ok o 8 o sl o o kol e ok ok ke kol
AMOEBA

*

*

* Mutidimensional minimization by downhill simplex (Nelder and Mead).
% Finds minimom F at NDIM-dimensional point PP of function FUNK(PP) to
* a specified fractional tolerance FTOL in ITER iterations.

* Must input an initiml point PP and

* p vector of scale factors SCALE (to generate starting simplex).

* On output, SCALE is adjusted to the standard deviation of ermch

* simplex coordinate.

* Modified from algorithm in "Humerical Recipes".

*
*

3 e o s o ol ke ok o s ok ok g ok o ok sk ok ok o o A e o o e 08 o ok ok o ok ok o e ok ok o o o R o ol o ook o ol ko o e ok ok ol o o 3k ok o o ok o o ook ok
SUBROUTINE AMOEBA{PP,SCALE,¥DIM,F,FTOL,FUNK,ITER)
IMPLICIT DOUBLE PRECISIGN {(A-H,0-Z)
PARAMETER (NMAX=20,ALPHA=1DO,BETA=6D-1,GAMMA=2D0,ITMAY=200)
DIMENSION P{NMAX+1,NMAX),Y(NMAX+1),PR(NMAX),PRR(NMAY),PBAR(NMAY),
& SCALE(NDIM),PP(NDIM)
MPTS=NDIM+1
C——- Gensrate starting simplex.
Y(MPTS)=FUNK(PP,NDiM)
DD 1000 I=1,NDIM
P(MPTS,I)=PP(I)
PP{I)=PP(I)+SCALE(I)
DO 1001 J=1,NDIM
P(I,1)=PP(1)
1001 CONTINDE
T(I)=FUNK(PP ,NDIM)
PP(I)=PP(I)-SCALE(I)
1000 CONTINUE

L Main program loop.
ITER=0
C-———- Determine ranking of points in simplex.
1 ILO=1

IF (Y(1).GT.Y(2)) THEN



APPENDIX B. COMPUTER PROGRAMS 209

IBI=1
INHI=2
ELSE
IHI=2
INHI=1
ENDIF
D0 11 I=1,MPTS
IF (Y(I).LT.Y(ILO)) ILO=I
IF (Y{I).GT.Y(IHI)) THEN
INHI=IEIL
IBI=1
ELSE IF (Y{I).GT.Y(INHI)) THEN
IF (I.NE.IHI) INHI=I
ENDIF
11 CONTINUE
c———- Check for termination criteria.
RTOL=2D0+ABS (Y(TEI)~-T(IL0))/(ARS(T{IHI))+ABS(T(IL0O)))
IF (RTOL.LT.FTOL) THEN
DO 1002 I=1,NDIM
PP(I)=P(ILO,I)
SCALE(T)=SQRT((3D0*(P(1,I)**2+P(2,I)**2+P{3,1)%*2)
E —(P(1,T)+P(2,1)+P{3,T))#*2)/6D0)
1002 CONTINUE
F=Y(ILO)
RETURN
ENDIF
IF (ITER.EQ.ITMAY) THEN
WRITE (6,*) ’'wxx AMOEBL HAS EXCEEDED MAXIMUM ITERATIONS *#%’
DO 1003 I=1,NDIM
PP(I)=P(IL0,I)
SCALE(I)=SQRT((3DO*(P(1,I)**2+P(2,I)#*2+P(3,I)**2)
& ~(P(1,I}+P(2,I)+P(3,1))**2)/6D0)
1003 CONTINUE
F=Y(ILO)
RETURN
ENDIF
C-————- New iteration begins here.
ITER=ITER+1
C———-—- Find center of face across from high point (tor reflection).
DO 12 J=1,NDIM
PBAR(J)=0D0
12 CONTINUE
DO 14 I=1,MPTS
IF (I.NE,IHI) THEN
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DO 13 J=1,NDIM
PBAR(J)=PBAR(J)+P(T, 1)
13 CONTINUE
ENDIF
14 CONTINUE
C-~——- Reflect the simplex from the high point (by a factor ALPHA).
DO 15 J=1,NDIH
PBAR(J)=PBAR(J)/NDINM
PR{J)=(1DO+ALPHA)#PBAR(J}-ALPHA*P(TIHI,J)

16 CONTINUE
YPR=FUNK(PR,NDIM)
C-———- Check out the reflection.
IF (YPR.LE.Y(ILO)) THER
G- Better than the lowast point, so try more extrapolation.

DD 168 J=1,KDIM
PRR{J)=GAMMA*PR(J)+(1DO-GAMMA) *PBAR(JT)
14 CONTINUE
YPRR=FUNK(PRR,¥DIM)
C-—mmmwam See if the additional extrapolation worked.
IF (YPRR.LT.Y(ILO)) THEN
DO 17 J=1,NDINM
P{IHI,J)=PRR({J)
17 CONTINUE
Y(IHI)=YPRR
ELSE
DD 18 J=1,NDIM
P{IHI,J)=PR(J)
18 CONTINUE
Y(IHI)=YPR
ENDIF
ELSE IF (YPR.GE.Y(IKHI)}) THEN
C————- The reflected point is worse than the second-highest point.
IF (YPR.LT.Y(IHI)) THEN
Commmmmme If its better than the highest, replace the highest.
DO 19 J=1,NDIM
P(IHI,J)=PR(J)
i8 CONTINUE
Y(IHI)=YPR
ENDIF
Commmrmmmm Try to contract in 1D away from high point.
DO 21 J=1,NDIH
PRR(J)=BETa*P(IHI,J)+(1D0-BETA)*PBAR(J)
21 CONTINUE
YPRR=FUNK(PRR,NDIM)
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IF (YPRR.LT.Y(IHT)) THEX
C——————————— Contraction gives an improvement, so accept it.
pao 22 J=1,NDIM
P(IHI,J)=PRR(J)
22 CONTINUE
Y(IEI)=YPRR
ELSE
- Contract in all dimensiomns towards low point.
D0 24 I=1,MPTS
IF (I.NE.ILD) THEN
DO 23 J=1,NDIM
PR(J)=0.6DO*(P(I,J}+P(IL0,J))
P(1,3)=PR(J)

23 CONTINUE
Y(I)=FUNK{PR,NDIM)
ENDIF
24 CONTINUE
ENDIF
ELSE
C—— Refection produced a middling point. Replace high point.

D0 26 J=1,NDIM
P(IHI,)=PR(I)
26 CONTIKUE
Y(THI)=TPR
ENDIF
C————- Go for doneness test and next iteration.
GOTO 1
END

F———————————s oy T P P S PP T P PP LSRR LR TR LI RS L L L A b
HESS

3
*
% This subroutine returns the Hessian H of function FUNC at
+ N-dimensional point P. The Hessian is in symmetTic storage mode (ses
* TMSL manual for definition).
* Finite difference is used; DP contains the increments.
% The SCALE vector returned by AMDEBA is a good choice for DP.
nm————— e T P PP I TPPT EEER PR PR TR EL LA L EL L L L LA LS Ll
SUBROUTINE HESS{FUNC,P,DP,H,N)
TMPLICIT DOUBLE PRECISION (4-H,0-Z)
DIMENSION P(N),DP(N) ,H(W*(N+1}/2)
FO=FUNC(P,N)
DO 1000 I=1,N
P(1)=P(I)+DP(I)
F1=FONC(P,N)
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1001
1000

P(1)=P{I)-2D0*DP(I)
F2=FUONC(P,N)
P(I)=P(I)+DP(I)

H{I*{I+1)/2)}=(F2-2D0*F0+F1)/DP{I)**2

DO 1001 J=1,I-1
P(I)=P(I)+DP(1)
P(J1)=P{(J3)+DP(J)
F1=FUNC(P,N)
P(I)=P(1)-2D0*DP(I)
F2=FONC(P,N)
P(I)=P(I)+2D0*DP(I)
P(JI)=P(JI)-2D0*DP(J)
F3=FUNC(P,N)
P(I)=P({I)-2D0*DP(I}
F4=FUNC(P,N)
P(I)=P(I)+DP(I)
P(J)=P{I)+DP{I)

B(I*(I-1)/2+J)=(F1-F2-F3+F4)/4D0/DP(I}/DP(J)

CONTINUE
CONTINUE

FO=FUNC(P,N)
RETURN
END
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RTCUB

This subroutine finds the NROOT real roots X of the cubic equation
Lrx3+BrXwn2+C*¥+D=0. It sorts the rcots and returns the number of
negative roots NNEG. Requires the subroutine SORT.

CAUTION: Roundoff error possible for certain coefficients,

. EOS roots for unusually low TR.

6 0 3 s ok 0 S o o o o o R o o o o B o ok o e e s o o o o o6 ok 6 o ke KKKk o koK sk Kk o

SUBROUTINE RTCUB(R,C,D,X,NROOT,NNEG)
IMPLICIT DOUBLE PRECISION (A-H,D-2)
DIMENSION X(3)

Initialize important quantities.
NNEG=0

P=({3D0%C-B#*2}/3D0
G=(27D0*D-8DO*B*C+2D0*B%xx%3) /27D0
R=(P/3D0)**3+{Q/2D0 ) **2

C————= Calculate roots, NROOT, NHEG.

IF (R.GE.ODO) TEEN
NROOT=1

AU=DSIGN(DABS(-Q/2D0+DSQRT(R))#**(1D0/3D0) ,-G/2DC+DSCRT(R))
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BU=DSIGN(DABS(-§/2D0-DSQRT(R) ) **{1D0/3D0)},-Q/2D0-DSQRT(R))
X{1)=AU+BU-B/3D0
IF (X(1)}.LT.0DO) NNEG=1
ELSE
NROOT=3
P1=DACOS{DSQRT(-Q**2/Pxx3%27D0/4D0))/3D0
P2=DACOS(-1D0)*2D0/3D0
DO 1000 I=1,3
X({I)=-DSIGN(2D0,Q)*DSQRT{-P/3D0)}*DCOS(P1+P2+DFLOAT(I))-B/3D0
IF (¥(I).LT.ODO) KNEG=NNEG+1
1000 CONTINGE
CALL SORT(X,3)
END IF
RETURN
END

************************#****#****************#*************************
* SORT
*
* Sorts an arxay into ascending mumerical order using the heapsort
# algorithm. From "Numerical Recipes”.
*********************#******!ink*#**********************#*****************
SUBROUTINE SORT{R4,N)
IMPLICIT DOUBLE PRECISION (i-H,0-Z)
DIMENSIOK RA(N)
L=N/2+1
IR=N
10 CONTINUE
IF (L.GT.1) THEN
L=L-1
RRA=RA(L)
ELSE
RRA=RA(TR)
RACIR)=RA(1)
IR=IR-1
IF (IR.EQ.1) THEN
RA(1i)=RR&A
RETURN
EKDIF
ENDIF
I=L
J=L+L
20 IF (J.LE.IR) TEEN
IF (J.LT.IR) THEN
IF (RACT).LT.RA(J+1)) J=J+1
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ENDIF
IF (RRA.LT.RA(J)) THEN
RACI)=RA(J)
1=1
J=1+J
ELSE
J=IR+1
ENDIF
GOTO 20
ENDIF
RA(I)=RRA
GOTO 10
END

Equation of State Routines

214

Subroutines to calculate the dimensionless parameters A, B, C and D for
all equations of state considered in this work are given here. The equations
are described in §4.2 and §5.2.

¢ o o s o o ok o o o o o o o o o s o ol o ok o o sk o o ok ek ke S ok e ok o o R ok ok K o R o e K oo
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These subroutines camlculate EDS parameters for the gemeric cubic
E0S given temperaturae, pressure and requirad parameters.
The user must ensure unit consistency of input if required.

Input:

T: absolute temperature.
: absolute pressure.
PARAM(N): Parameter vector. Its size and contents depend on the
particular routine. See notes for each routine.
Output:

4,B,C,D: Dimensionless EOS constants.

ke o i oo 6 b 33K ol S o e o o ok 3o 8 o ol o ol o sk ol i o o s ok e s K S i K ok ook kR f Rk o sk ok ok e ok e ko
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*
*
*
*

ESSRK(T,P,PARAM,4,B,C,D)

PARAY is length 3, contains TC (units of T), PC (units of P),
and acentric factor.

A 3 20 o 0ol b ok o oK i o ok i ok ok A K 8 ok okl b ik ok koK ak a8 3 ok ol e ok i i o ok sk 3k g ok e s i e o ok o sk ke ok ke ok ok ok ok

SUBROUTINE ESSRK(T,P,PARAM,4,B,C.D)
IMPLICIT DOUBLE PRECISION {4i-H,D-Z)
DIMENSION PARAM(3)
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TR=T/PARAM(1)

PR=P/PARAM(2)

AC=PARAM(3)

OMEGAC=0.42747D0

OMEGBC=0.08684D0

OMEGCC=-0MEGBC

Calcnlate ALPHA.
SM=.480D0+1,674D0*AC~, 176DO*ACH*2
ALPHA=(1DO+5M*{1DO-DSQRT(TR) ) }#*2

————— calcnlate dimensionless constants.

A=ALPHA*OMEGAC*PR/TR*%2
B=DMEGBC*PR/TR
C=0OMEGCC*PR/TR

D=0D0

RETURN

END
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******#*****************************************************ﬂl****#******

*
*

* PARAM is length 3, contains TC (units of T), PC (units of P},

ESPR Peng-Robinson

* and acentric factor.
Kok o o o o o o R oo o S o o K R K ok o K OROKR R RAOR  R RR  sadk o ok

SUBROUTINE ESPR(T,P,PARAM,4,B,C,D)
IMPLICIT DOUBLE PRECISION (4i-H,0-Z)
DIMENSION PARAM(3)

TR=T/PARAM(1)

PR=P/PARAM(2)

AC=PARAM(3)

————— Calculate critical point constants.

OMEGAC=0.45724D0
OMEGBC=0.07780D0
OMEGCC=-OMEGBC*(1D0+DSQRT(2D0))
OMEGDC=-DMEGBC* (1DO-DSQRT(2D0))

————— Calculate ALPHA.

IF (4C.LT..2D0) THEX

SM=,37464D0+1.642268D0+AC~.26892D0*AC**2

ELSE

SM=.37964D0+1.48503D0*ic-.16442D0*AC**2+.01687D0*LC**3

ENDIF
ALPHA={41DO+SK*(1DO-DSQRT(TR) ) }#x*2

————— Calculate dimensionless constants.

A=ALPHA*DMEGAC*PR/TR#*%2
B=OMEGBC#*PR/TR
C=OMEGCC*PR/TR
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D=OMEGDC*PR/TR
RETURN
END

[E——————npapnpngngrp g R P T P T TP P T PP T RIS L S S SRS LS LR R AL S R L B L L
» ESSW  Schmidt-Wenzel (improved, see FPE 0,225)
*
» PARAM is length 3, contains TC (units of T), PC (units of B),
* and acentric factor. Requiras RTCUB and SORT subroutines.
e o e o o e o o o ok o ok Sk o B o o8 o o ol ok ok ok ok 3 ok e e ok s ok ol e e o oK o B o ok oKk ok o of ke ke ke o ok e K o o ok K ok Kl OKOF e ok KoK %
SUBROUTINE ESSW(T,P,PARIM,4,B,C,D)
IMPLICIT DOUBLE PRECISION (A~E,0-Z)
DIMENSION ROOT(3),PARAM(3)
TR=T/PARLM(1}
PR=P/PARLAM(2)
AC=PARAM(3)
C-==-- Calculate critical peint constants.
CALL RTCUB(EBO/(GDO*AC+1DO),3D0/(6D0*AC+1D0).-1D0/(6DO*AC+1D0),
i ROOT,NROOT,NNEG)
BETAC=ROOT(NNEG+1)
ZETAC=1D0/3D0/(1+BETAC*AC)
OMEGAC={1D0~-ZETAC*(1~BETAC) )#%3
OMEGEC=BETAC*ZETAC
W=-3D0*AC
0MEGCC="0MEGBC*(1D0—W+DSQRT(1D0—6D0*w+w**2))/2D0
OMEGDC=—-0MEEBC* {1D0-W-DSQRT{ 1DO-BDO*W+if*#*2)) /2D0
C-—— Calculate ALPHA. ‘
IF (TR.GT.1D0) THEN
ALPHA=1D0-(0.4774D0+1.328D0*AC) *DLOG(TR)
ELSE
IF (AC.LE.0.3871) THEN
F0=0.,465D0+1.347D0%AC-0.b28DO%A(**2
ELSE
F0=0.5361D0+0,.8603D0*4AC
ENDIF
F1=F0+1D0/7T0D0* (BDO*TR~3D0*FO-1D0) #*2
F2=F0+0.71D0*(TR~0.779D0}**2
IF (AC.LE.0.4D0) THEN
F=F1
ELSE IF (AC.GT.0.4D0.AND.AC.LT.0.EEDO) THEN
F=(4C-0.4D0)/0.16D0*F2+(0.56D0-4C) /0, 1BDO*F1
BLSE IF (AC.GE.0.5E) THEN
F=F2
ENDIF
ALPHA=(1D0+F*(1DO-DSQRT{TR) ) ) #%2
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ENDIF
G- Calculate dimensionless constants.
A=ALPHA*OMEGAC*PR/TR+*2
B=0MEGBC*PR/TR
C=0OMEGCC*PR/TR
D=0MEGDC*PR/TR
RETURN
END

S—————nanpnmnppr 22 PEEE PP PR ST PRSI R E P L AL EEE RS L AL L L L L L L bt bl
* ESPT Patel-Teja
*
* PARAM is length 3, contmins TC {units of 1), PC (units of P),
* and acentric factor. Reguires RTCUB and SORT subroutines.
——————mpepr e PP T TP ST PR RSP TRR R AL L LA L LA L Ll
SUBRUUTINE ESPT(T,P,PARAM,A,B,C,D)
IMPLICIT DOUBLE PRECISION (4~H,0-Z)
DIMENSION ROOT(3),PARAM(3)
TR=T/PARAM(1)
PR=P/PARLM(2)
AC=PARAM(3)
Crmmm= Calculate critical point paramaters.
ZC=.320032D0~.0768T092D0*AC+. 0211047 +ACH*2
CALL RTCUB(2D0—3D0*ZC,3D0*ZC**2.—ZC**S,RDDT,NROOT,NNEG)
OMEGBC=ROOT{NNEG+1)
OMEGAC=3D0%ZC**2+3D0*{ 1D0-2D0*2ZC ) *OMEGBC+OMEGBC##2+1D0~-3D0*ZC
COVERB={1D0-3D0*ZC)/OMEGBC
0MEGCC=—0MEGBC*(1DO+COVERB—DSQRT(1D0+6D0*COVERB+COVERB**2))/2D0
0HEGDC=—UMEGBC*(1D0+COVERB+D5QRI(1D0+BDO*CUVERB+COVERB**2))/2D0
Cr——= Calculate ALPHA.
F=.452413D0+1.30982D0%AC—-. 206837+ AC**2
ALPHA={1DO+F*(1D0-DSQRT (TR} ) ) #*2
C-----Calcnlate dimensionless constants.
A=ALPHA*OMEGACHPR/TR**2
B=0OMEGBC*PR/TR
C=0MEGCC*PR/TR
D=0MEGDC*PR/TR
RETURN
END

****************************************#**********###*****#*t#*****#***
* ESTPR Tu translated PR, corrected.

*

* PARAM is length 3, contains TC (units of T), PC (units of P),

* and acentric factor.
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o AOR R

*****#**************************************#*********************
SUBROUTINE ESTPR(T,P,PARAM,4,B,C,D)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION PARAM(3)

TR=T/PARAM(1}

PR=P/PARAM(2)

AC=PARAM(3)

C-————~ Calculate critical peint values.
OMEGAGC=0.45724D0
U=1.5261D0+1.1146D0*AC+1, 1E38DO*AC**2
W=2D0*( (2D0-T) /4D0) **2-1D0
OMEGBC=. 311200/ (2D0+U)
ODMEGCC=~0MEGBC* (U+DSQRT(U*+2-4D0*W))/2D0
OMEGDC=-OMEGBC*(U~DSQRT(Uk*2-4D0*Y) ) /2D0
C—m== Calculats ALLPHA.
IF (4C.LT..2D0) THEN
SM=.37484D0+1.64226D0%AC~ . 26992D0%ACH%*2
ELSE
SM=.37964D0+1.48503D0*4AC—, 16442D0*AC**2+, 01667DO*AC*3
ENDIF
ALPHA=(1DO+SM*(1DO-DSQRT(TR) ) Y w2
Cm—mm Calculate dimensionless parameters.
A=4LPHA*DMEGAC*PR/TR#*2
B=0MEGBC*PR/TR
C=0MEGCC*PR/TH
D=0MEGDC*PR/TR
RETUORN
END
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ESTB Trebble-Bishnoi

NOTE: T must be in K and P must be in kPa.

acentric factor and ZC. Requires RTCUB and SORT subroutines.
Slightly different

*
"
»
* PARAM is length 4, contains TC (K), PC (bar},
*
"
»

from other routines, because of temperaturs dependent B.
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SUBROUTINE ESTB(T,P,PARAM,L,B,C,D)
IMPLICIT DOUBLE PRECISION (4-H,0-Z)
DIMENSION ROOT(3),PARAM(4)
TR=T/PARAM(1)

PR=P/PARAM(2)

AF=PARAM(3)

ZC=PARAM(4)
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C————- Calculate critical point values.
ZETAC=1.07BDO*ZC
DC=.341D0+ZC- ., GOBDO*PARAM(2)+1D2/PARAM(1) /8. 314D0
CALL RTCUB(2D0-3DO*ZETAC,3DO*ZETACH*2,~DCx*2-ZETACH*3,
i ROOT,NROOT, NNEG)
BC=ROOT(WNEG+1)
¢C=1D0-3DO*ZETAC
AC=3DO*ZETAC**2+2D0*BC*CC+BC+CC+BCk*2+DCH*2
C--—- Calculate ALPHA and BETA.
IF (AF.LT.—.35D0.AND.TR.LE.1D0) THEN
Q1=-.31913D0
ELSE IF (AF.LT.~.1D0) THEN
Q1=.66208D0+4,63061D0*AF+7.46183D0*AF#*2
ELSE IF (AF.GE.-.1D0.AND.AF.LE..4D0) THEN
Q1=.35D0+.792&D0*AF+.1875D0*LF**2—2B.93D0*(.SDO-ZC)*mz
ELSE TIF (4F.GT..4D0) THEN
Qi=.32D0+.9424D0*AF-28.93D0%( . 3D0-ZC)**2
ENDIF
ALPHA=DEXP(Q1*(1DO-TR))
IF (TR.GT.iDO) THEN
BETA=1D0
ELSE
IF (AF.LT.—.0423D0) THEN
Q2=0D0
ELSE IF (AF.GE.-.0423D0.AND.AF.LE..3D0) THEW
q2=.05246D0+1.15058D0*AF-1.99348D0*AF**2+1.59490D0*1F**3
1 -1.30267*4F**4
ELSE IF (AF.GT..3D0) THEN
Q2=.17669D0+, 2347 1DO*AF
ENDIF
BETA=1D0+0Q2*(1DO-TR+DLOG(TR})
ENDIF
C———- Calculate dimensicnless parameters.
A=ALPHA*ACHPR/TR**2
B~BETA*BC*PR/TR
CT=CC*PR/TR
DT=DC*PR/TR
C=-B#{1D0+CT/B+DSQRT{1D0+6DO*CT/B+(CT/B)d*2+

1 4DO*(DT/B)**2))/2D0
D=-B*(1D0+CT/B-DSQRT (1D0+8D0*CT/B+(CT/B)*#2+

1 4D0* (DT/B)*%2))/2D0
RETURN

END

********#****#*********************t********##*#*##*#**t##*****##**#**#*
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¥ E ¥ *

ESTV  Toghiani-Viswanath

PARAM is length 4, contains TC (units of T), PC (units of P), acentric

fact

or, and polar factor, Requires RTCUB and SORT subroutines.
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SUBROUTINE ESTV(T,P,PARAM,4,B,C,D}

IMPLICIT DOUBLE PRECISION (4-H,0-Z)

DIMENSIDN ROOT(3),PARAM(4)

DATA A%,A2,A3,44,A6,A6,47,48,81,B2,83,B4,B6,86,B7,B8
/.441826073D0,1.342756128D0,-.328431072D0,-15.020672758D0,
~2,226936391D0,21.112706213D0, .0165079204D0,234.966900618D0,

']
[
k .324020780D0,-.06687688bD0,-.001268986D0,-3,260131782,
&

1.3994765880D0,4.760682801D0, .003431898D0,58.450696850D0/
TR=T/PARAM(1)
PR=P/PARAM(2)
AF=PARAM(3)
HS=PARAM(4)
Calculate critical point constants.
Z2ETAC=B1+B2#AF+B3%AF#*2+B4*HS+BE*HS#*2+BE* AF#HS+B7* AF#*3+BE*HS%*3
CALL RTCUB(2D0/ZETAC-3D0,3D0,-1D0,R00T,NROOT,NNEG)
ETAC=ROOT{NNEG+1)
CC=(1D0-3D0*ZETAC) /ZETAC/ETAC
OMEGAC=(1D0-ZETAC* (1-ETAC) )*x%3
OMEGBC=ETAC*ZETAC
OMEGCC=—0OMEGBC* (1D0+CC+DSQRT (1D0+8D0*CC+CC*%2)) /2D0
OMEGDC=~0MEGBC* (1D0+CC-DSGRT (1D0+8D0*CC+CC*%2) ) /2D0
Calculate ALPHA.
SM=41+A2%AF+ASH APk 2+ A4 ¥HS+ AB*HS# %2+ A G* AF*HS+A7 % AF+*3+18¥xHS#%3
ALPHA=(1DO+SM* (1DO-SOGRT(TR) ) ) %2

————— Calculate dimensionlsss constants.

A=ALPHA*OMEGAC*PR/TR#¥%2
B=0MEGBC*PR/TR
C=0MEGCC*PR/TR
D=DMEGDC*PR/TR

RETURN

END
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*
w
*
*
L
*
*

ESSIL Sugie-Iwahori-Lu equation.

PARAM is length 2, contains TC (unitz of T), PC (units of P).

Must also pass function names PRSAT(TR) and ZLSAT(TR) which must
raturn PR and ZL on the saturation curve at TR.

Requires the subroutines ZBRAC, ZBRENT, ALPTR, RTCUB and SORT.
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SUBROUTINE ESSIL{T,P,PARAM,PRSAT,ZLSAT,4,B,C,D)
IMPLICIT DOUBLE PRECISION (4-H,0-Z)
PARAMETER (TOL=1D-10)
DIMENSIDN PARAM(2)
EXTERNAL FSIL
COMMON /SILBLK/ PRTR1,PRTR2,ZL1,2L2,0MEGBC,ATR2
TR=T/PARAM(1)
PR=P/PARAM(2)
0AC1=0.421875D0
04C2=0.70DO
g——=-- Calculate critical point values (from data at TR=.7 and TR=.8).
PRS=PRSAT(0.7D0)
PRTR1=PRS/0.7D0
ZL1=ZLSAT(0.7D0,PRS)
PRS=PRSAT(0.9D0)
PRTR2=PRS/0.8D0
Z1,2=ZLSAT(0.9D0,PRS)
OMEGAC=ZBRENT(FSIL,DACt,DAC2,TOL)
DUMMY1=1.5D0*0MEGAC**(1D0/3D0)
DUMMY2=SQRT(4DO*0MEGAC-3D0*OMEGACH*{2D0/3D0))/2D0
OMEGCC=1D0-DUMMY1-DUMMY2+0MEGEC
OMEGDC=1D0-DUMMYL+DUMMY2+0MEGBC
¢---——Calculate ALPHA.
IF (TR.LT.1DQ) THEN
PRTR=PRSAT(TR)/TR
ALPHA=ALPTR(OMEGAC,PRTR,TOL,ZLB,ZVB)*TR
ELSE
COEF=(SQRT(ATR2#.9D0)-1D0)/(1D0-SQRT(0.9D0))
ALPHA=(1D0+COEF*{1D0-SQRT{TR) ) ) #%2
ENDIF
C——-—= Calculate dimensionless parameters.
A=ALPHA*OMEGACHPR/ TR**2
B=0MEGBC*PR/TR
C=0MEGCC*+PR/TR
D=DMEGDC*PR/TR
RETURN
END
C———- This function is used by ESSIL to converge on a value of OMEGAC.
FUNCTION FSIL{OMEGAC)
IMPLICIT DOUBLE PRECISION (4i-H,0-2)
PARAMETER (TOL=1D-10)
COMMON /SILBLK/ PRTR1,PRTR2,ZL1,ZL2,0MEGBC,LTR2
ATR1=ALPTR({OMEGAC,PRTR1,TOL,2ZLB1,ZYB1)
ATR2=ALPTR{OMEGAC,PRTR2,TOL,2LB2,ZVR2)
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OMEGBC=(ZL1-ZLB1)/PRTR1
F5IL=0MEGBC-(ZL2-ZLB2)/PRTR2
RETURN

END
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" ESI Equation I
»
% PARAM is length 4, contains TC (in units of T), PC (in units of P),
* pcentric factor, and ZC. Requires RTICUBR and SORT subroutines.
e s e oo o o o ok o K 3o o b 0 o o o a3 o o s s o o o o o s ok iRl e o o ok 0 R o sk ko e o o o o ok
SUBROUTINE ESI(T,P,PARAM,4,B,C,D)
IMPLICIT DOUBLE PRECISION (4-E,D-Z)
DIMENSION ROOT(3),PARAM(4)
TR=T/PARAK(1)
PR=P/PARAH(2)
AC=PARAM(3)
ZC=PARAM(4)
Commms Determine critical point valnes.
U=-1,96D0+1D0/3D0/ZCk%2
CALL RTCUB(CDO,3D0/U,-1D0/U,ROOT,NROOT,NNEG)
BETAC=ROOT(NNEG+1)
ZETAC=(1D0-2DO*BETAC)/ ( (2DO+TU*BETAC) * (1DO-BETAC) #*2)
OMEGAC=ZETAC* {ADO+U*BETAC-UXBETACH*2) **2/
1 ({2D0+U*BETAC)*(1DO-BETAC) **2)
OMEGBC=BETAC*ZETAC
OMEGCC=0MEGBC*{ -U-DSQRT{T**2+4D04U))/2D0
OMEGDC=0MEGBC* (-U+DSQRT (U**2+4D0*U))/2D0
Com=-= Calculate ALPHA,
F=-.26D0*AC**2+1.31D0*4('~.209D0/ZC+.6276D0
ALPHA=(1DO+F*{1D0O-DSQRT (TR) } }#»2
IF (TR.GE.0.7D0)} THEN
ALPHA=ALPHA4/TR**0.4D0
ELSE
ALPEA=ALPHA/{.BTEBTDO*TR**, 8D0+.43362D0)
ENDIF
Crr=m~- Calculate dimensionlaess E0S constants.
A=ALPHA*OMEGAC*PR/TR*%2
B=0OMEGBC*PR/TR
C=0MEGCC*PR/TR
D=0MEGDC*PR/TR
RETURN
END
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Must
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ok

ESII  Equation II

PARAM is length 2, contains TC (units of T}, PC (units of P).

also pass function names PRSAT(TR) and ZCVR(TR) rhich must

return PR and ZL on the saturation curve at TR.
Requires the subroutines ZBRAC, ZBRENT, ALPTR, RTCUB and SORT.

*#***************#****************t*****************t*#***********
SUBROUTINE ESII(T,P,PARAM,PRSAT,ZLSAT,4,B,C,D)
IMPLICIT DOUBLE PRECISION (4-H,0-2Z)

PARAMETER (TOL=1D-10)

DIMENSION PARAM(2)

EXTERNAL FII

COMMON /TIBLK/ PRTR,ZL,ATH,OMEGBC
TR=T/PARAM(1)

PR=P/PARAM(2)

04C1=0.4218TEDO

04C2=0.70D0

C—=u= Calculate critical point values. If TR>.0, evaluate them at TR=.9.

IF (TR.LE.0.9D0) THEK
PRS=PRSAT(TR)
PRTR=PRS/TR
ZL=ZLSAT(TR,PRS)
ELSE
PRS=PRSAT(0.9D0)
PRTR=PRS/0.8D0
ZL=ZLSAT(0.9D0,PRS)
ENDIF
OMEGAC=ZBRENT(FIII,0AC1,04C2,TOL)
DUMNY1=1.5D0*0MEGLC**{1D0/3D0)
DUMMY2=50R £ (4D0*DMEGAC-3DO*OMEGAC**(2D0/3D0) )/2D0
DMEGCC=1D0-DUMMY1-DUMMY2+0MEGBC
OMEGDC=1D0-DUMMY1+DUMMY2+0MEGBC
Calculate ALPEL.
IF (TR.LE.0.8D0) THEN
ALPHA=ATR*TR
ELSE IF (TR.LT.1DO) THEN
PRTR=PRSAT(TR) /TR
ALPHA=ALPTR(OMEGAC,PRTIR, TOL,ZLB,ZVB)*TR,
ELSE
COEF=(SQRT(ATR*0.9D0)~1D0}/(1D0-SQRT(0.9D90))
ALPHA=(1D0+COEF*{1DO-SQRT(TR) ) ) **2
ENDIF

C———-- Calculate dimensionless parameters.

A=ALPHA*OMEGACHPR/TR*%2
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B=OMEGBC*PR/TR
C=DMEGCC*PR/TR
D=0OMEGDC*PR/TR
RETURN

END

C-———= This function is used by ESII to converge on a value of OMEGAC.

FUNCTION FII{OMEGAC)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
COMMON /IIBLK/ PRTR,ZL,ATH,OMEGBC
ATR=ALPTR{OMEGAC,PRTR,1D-10,ZLB,ZVB)
OMEGBC=(1DO-0MEGAC** (1D0/3D0) ) **1 ,6D0
FII=ZL-PRTR*OMEGBC-ZLE

RETURN

END
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ESIITI Equation IIT

PARAM is length 2, contains TC (units of T), PC (units of P)}.

requires PRSAT(ZL) and ZLSAT(TR,PR).

Raquiras the subroutines ZBRENT, ALPTR, RTCUB and SCRT.
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SUBROUTINE ESIII(T,P,PARAM,PRSAT,ZLSAT,4,B,C,D)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER (TGL=1D-10)

DIMENSION PARAM(2)

EXTERNAL FIII

COMMON /FIIIB/ PRTR70,2L70,ATR70,0MEGEC
TR=T/PARAM(1)

PR=P/PARAM(2)

PR70=PRSAT{0.70D0)

ZL70=ZLSAT(0.70D0,PR70)

PRTR70=PR70/0.70D0

PRTRE0=PRSAT(0.60D0)/0.60D0

Calculate critical peint values.
DAC1=0.421876D0

04C2=0.70D0

OMEGAC=ZBRENT(FIIT,0AC1,04C2,TOL)
DUMMY1=1.5D0+*0MEGAC**(1D0/3D0)
DUMMY2=SQRT(4D0O*0OMEGAC-3DO*OMEGAC**(2D0/3D0) }/2D0
OMEGCC=1D0-DUMMY1-DUMNY2+0OMEGBC
OMEGDC=1DO-DUMMY1+DUMMY2+0MEGBC

[ Calculate ALPHA.

AR=LOG(ATR70%.70D0)/LOG(ALPTR(OMEGAC,PRTRE0,TOL,ZLB,ZVB)*.60D0)
4LB80=L0G{ .80D0O)
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AL70=L0G{.70D0)

ALT=LOG(TR)

AN=(1DO-AR*AL60/ALY0)/( AR*ALBO/ALTO*ALBO-ALT0)
AM=LOG(ATR70%.70D0)/AL70/(1DO+AN*AL70)
ALPHA=EXP (AM*ALT#*(1DO+AN*ALT))

C——--=~ Calculate dimensionless parameters.
A=ATPEA+DMEGLC*PR/TR**2
B=0MEGBC+PR/TR
C=0MEGCC*PR/TR
D=0MEGDC*PR/TR
RETURN
END

Commmem This function is used by ESIII to converge on a value of OMEGAC.
FUNCTION FIII(OMEGAC)

IMPLICIT DOUBLE PRECISION (4-H,0-Z)
COMMON /FIIIB/ PRTR,ZL,ATR,OMEGBC
ATR=ALPTR{OMEGAC,PRTR,1D-10,2LB,ZVB)
OMEGBC=(1D0-0MEGAC** (1D0/3D0) )**1 .ED0
FIII=ZL-PRTR*OMEGBC-ZLB

RETURN

END

Mixing Rules

The subroutines required to calculate mixture parameters and their deriva-
tives, as described in §3.1.6, are given here,
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MIXAR

This calculates a mixture parameter and its partial derivatives
using the conmventional arithmetic average mixing rule.

Input:

A(NCOMP): Pure component parameters.

X{NCOMP): Pure component mcle fractions.

NCOMP: Number of componsnts.

Cutput:

AMIX: Mixture parameter.

AI(NCOMP): The partial derivatives d(n*amix)/dni for each component.
——————————————r et T * TP T T T T T T TT T LL T SSEE DRSS I L L E RS L AL AL L L L
SUBROUTINE MIXAR(L,X,NCOMP,AMIX,LI)

IMPLICIT DOUBLE PRECISION (4-H,0-Z)
DIMENSION A(NCOMP),X(NCOMP),AI(NCOMP)

* % O X ¥ F X X X X * X
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AMI¥=0DO
DO 1001 I=1,NCOMP
AT(I)=4(1)

AMIX=AMIX+X(T)*A(I)
1001 CONTINUE
RETURN
END
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MIXRK

This calculates a mixture parameter and its partial derivatives
using the mixing rule of Swartzentrubber etal.(1888).

This reduces to the Adachi-Sugie mixing rule if iM=0.5, and to the
conventional VDW mixing rule if AL=0.

Input:
A(NCOMP): Pure component parameters.
X(NCOMP): Pure component mole fractiens.
AKIT(NCOMP* (NCOMP-1)/2): Binary interaction parameters.
Parameter 1ji {j»i) is located at j(j-3)/2+i+1. For example, for
a 4-component mixture, the elements of AKJI are (in order)
k21, k31, k32, k41, k42 and k43. kji=kij.
ALJI(NCOMP*{NCOMP-1)/2): Binary interaction parameters 1ji.
See AKIJ above for setup. lji=-1lij.
AMJIT(NCOMP*{NCOMP-1}/2): Binary interaction parameters mji.
See AKIJ above for setup. mji=i-mij.
NCOMP: Number of components.
Output:
AWIX: Mixture parameter.
AI(NCOMP): The partial derivatives d(mramix)/dni for each component.
A o o o ko R o KN o 6 o o R K o K o K oK o o ok s e o e o
SUBROUTINE MIXRK(4,X,AKJI,ALJE,AMJI,NCOMP,AMIX, A1)
IMPLICIT DOUBLE PRECISION (4-H,0-Z)
PARAMETER (NMAX=20,NMAX2=400)}
DIMENSION A{NCOMP),X{NCOMP),AKJI(NCOMP*(NCOMP-1)/2)
k LALII{NCOMP»*(NCOMP-1)/2) , AMIT{NCOMP* (NCOMP-1)/2) ,AT(NCOMP)
E L AK(NMAX,NMAX),AL(NMAX,NMAX),AM(NMAX,NMAX)
DATA AK/NMAX2+0BO/,AL/NMAX2+0D0/,AM/NMAX2%0DO/
C-——-- Transfer binary parameters to square matrices.
DO 1000 J=2,NCOMP
DO 1001 I=1,J-1
AK(J,I)=AKIT{I*(J-3)/2+I+1)
AL(X,I)=ALJI(JI*(J-3)/2+I+1)
AM(T,I)=AMIT(I*(JI-3)/2+I+1)

* ¥ E X K ¥ X £ K £ ¥ ¥ F ¥ ¥ ¥ A KX 2 % X *
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AX(I,I)=RK(J1,I)
AL(I,J)=-iL(J,I)
AM(I,I)=1D0-4M{],I)
1001 CONTINUE
1000 CONTINUE
C—m——- Calculate AMIX and part of Al’s,
SUM1=0D0
SUM2=0D0
DD 1002 I=1,NCOMP
5UM3=0D0
SUM4=0D0
po 1003 J=1,KCOMP
C1=1D0-4K(I,J)
C2=AM(E,J)*L(I)~AM(T, TI*X{1)
€3=M(T,I)*X(I)+AM(T, I)*X(I)
IF (I.EQ.J) C€3=1D0
Ca=X(I)+X(J)
ATAJ=SQRT(A(T)*A(I))
SUM1=SUM1+X(I)*X(T)*ATAT*C1
SOUM2=SUM2+X(I)+X(J)+ATAT*AL(T,J)*C2/Ca»C4
SUM3=SUM3+X{J)*ATAI*(C1-AL{T,J)*C2/C3%C4)
SUM4=SUM4+X(I)*X(JY*ATAT*AL(T,J)*(C2/C3
& +C4/C34x2#2D0%AM( T, I)*AM (T, T)*X{(J))
1003 CONTINUE
AX(I)=2D0*(SUM3-5UN4)
1002 CONTINUE
AMIX=5UM1-SUM2
C——mem= Complete calcnlation of AI's.
DO 1004 I=1,NCOMP
AT(I}=AI(I)-2D0*AMIX+SUM1
1004 CONTINUE
RETURN
END
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MIXHV

This calculates the mixture parameter A end its partial derivatives
using the mixing rule of Huroen and Vidal (1879).

Input:
X(NCOMP): Pure component mole fractions.
AI(NCOMP) ,BI(NCOMP),CI(NCOMP),DI{NCOMP): Pure component parameters.
BMIY,CMIX,DMIX: The cther mixture parameters.
DB(NCOMP) ,DC(NCOMP) ,DD{NCOMP) : Derivatives of the othar mixture

#* ¥ * ¥ K ¥ ¥ X ¥ ¥
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parameters.
CII(NCOMP*(NCOMP~1)/2): Binary interaction parameters.
Parameter cji (j»i) iz loceted at j(j-3)/2+i+1. For example, for
a 4-component mixture, the elements of CJI are (in order)
€21, €31, €32, C41, C42 and C43. NOTE: CIJ.NE.CJI in general.
CIJ(NCOMP+{NCOMP-1)/2): Counterparts ¢f CIJ above.
Ses CIJ above for setup. NOTE: CIJ.NE.CIJ in general.
AIJ(NCOMP*(NCOMP-1)/2): Binary interaction parameters ALPHALj.
See CIJ mbove for setup. Aji=lij.
NCOMP: Number of components.
Output:
AMIX: Mixture parameter.
DA(NCOMP): The partiaml derivatives d{n¥amix)/dni for each component.

NOTES: The Cij here is dimensionless, equal to HV's Cij/RT.
The other mixturs parameters and their derivatives must
be previously evaluated using the approriate mixing rule.
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SUBROUTINE MIYHV(X,bAI,BI,CI,DI,AMIX,BMIX,CMIX,DMIX,DA,DB,DC,DD
& ,CI1,CJI,LI,NCOMP)
IMPLICIT DOUBLE PRECISION (i-H,0-Z)
PARAMETER {NMAX=20,NMAX2=400)
DIMENSION Da({NCOMP),DB(NCOMP),DC(NCOMP),DD(NCOMP) ,X(NCOMP)
& ,ALI{NCDMP),BI(NCOMP),CI(NCOMP),DI(NCOMP)
¥ ,CIJ(NCOMP*(NCOMP-1)/2),CJI{NCOMP*(NCOMP-1)/2)
&
&
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,AIT(NCOMP*(NCOMP-1)/2)
,S1(NMAX),S2(NMAX), ALAM(NMAX) ,C(NMAX ,NMAX) ,B(NMAX,NMAX)
DATA C/NMAX2%0DO/,E/NMAX2%1D0/
[ Transfer interaction parameters to matrices C,E.
DD 1000 J=2,NCOMP
DO 1001 T=1,J-1
IPOS=J*(J-3)/2+I+1
€(J,I)=CJI(IPOS)
€(I,J)=CIJ(IPDS)
E{I,J)=EXP{-AIJ(TPOS)*C(I,J))
E(J,I)=EXP(-4IJ(IPOS)*C(J,I)})
1001 CONTINUE
1000 CONTINUE
C————- Calculate A. Save S1, 52, ALAM and ALAMB for use below.
AMIX=0DO
DO 1003 I=1,NCOMP
S1(1)=0D0
§2(I)=0D0
DO 1004 J=1,NCOMP
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S1(I)=S1{I)+X(J)}*BI(I}*E(T,I)*C(I,I)
S2(I)=82(I)+X{J)*»BI(J)*E(J,I)

1004 CONTINUE
ALAM(I}=LOG((BI(I)~DI(I))/(BI(I}-cI(I)))/{CL(I)-DI(I))
AMIX=AMIX+X(I)*(AT(I)*ALAM(I)-51(1)/52(1))

1003 CONTINUE

ALAMB=LOG( (BMIX-DMIX)/(BMIX~CMIX))/(CMIX-DMIX)
AMIX=AMIX/ALAMB
C——= Calculate DA values,
DO 10056 I=1,NCOMP
STM=0DO0
DO 1008 J=1,NCOMP
SUM=SUM+X (J)*E(I,J)*(C(I,T)*S2(I)-51(J))/52(J)}**2

1008 CONTIKUE

DA{I)=AMIX*(-1D0+{DC({I)-DD(I)

& ~(({DB(I)-DD(I))/(BMIX-DMIX)}-{DB(I)-DC(I))/(BMIX-CHIX)})}
& /ALAMB) /(CMIX~-DMIX))
E +(AZ(I)*ALAM(I)-51(1)/S52(I)-BI(I)*+SUN)/ALAMB
1005 CONTINUE
RETURN
END

General Calculations

These are subroutines that implement some of the calculations and methods
described in §3 and §6.

A0 ool o o o e oo o o o R o R o ko o K R R R SR o o sk o o o R R KR o R ok ok o
ZGEQS

Calculstes compressibility factors from the generic EDS.
Accounts for vapor and liquid, and returns maxima and minima if any.
Raquires the subroutine RTCUB and SORT.

Input:
A,B,C,D: dimensionless E0S parameters.
Output:
Z(2): Compressibility factoxs.
ZLIMIT(2): Location of minimum (ZLIMIT{1)) and maximum (ZLIMIT(Z)).
Set equal to Z if they don’'t exiat (ie. supercritical).
ISTATE: If ISTATE=1, Z(1)=Z(2).
If ISTATE=2, Z(1i) corresponds to liquid and Z(2) to vapor.
oo o o o o A oo oo ok o o ok ks ok o o o e o o O o R R o R R R R
SUBROUTINE ZGEOS(4,B,C,D,Z,2LIMIT,ISTATE)
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IMPLICIT DOUBLE PRECISION (A-H,0-%)
EXTERNAL FCUB

COMMON /FCUBBK/ BB,CC,DD

DIMENSION ROGT(3),2(2),ZLIMIT(2)

~~~~~ Calculate roots.

BB=-1D0-B-C-D

CC=A+C+D+B*C+B*D+C*D
DD=—A*B~C*D—-B*C%D

¢ALL RTCUB(BB,CC,DD,ROOT,NROCT,NNFG)

————— Select appropriamte roots. Watch out for negative roots!

IF (¥ROOT.EQ.1) THEN
ISTATE=1
Z({1)=R0O0T(1)
2(2)=R0ODT(1)
ELSE IF (NNEG.NE.O) THEN
ISTATE=1
Z(1)}=RO0T(3)
Z(2)=R0O0T(3)
ELSE
ISTATE=2
Z(1)=R0O0T(1)
Z{2)=R0O0T(3)
ENDIF
Calculate minimum and maximum, if subcritical.
SUBCRI=4DO*BB#**2-13D0*CC
IF (SUBCRI.GT.ODO) THEN
ZLIMIT(1)}=(-2D0*BB~SQRT(SUBCRI))/&D
ZLIMIT(2)={-2D0*BB+SQRT(SUBCRI))/6D0
ELSE
ZLIMIT(1)=ROOT(1)
ZLIMIT(2)=R0OOT(1)
ENDIF
RETURN
END
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FGCOEF

Returns the fugacity coefficient FGCOEF of & component in a mixture,
calculated from the general EOS.
hccounts for special case when C=D to within less than 1D-10.

Input:

4,

B,C,D: dimensionless EDS parameters of the mixturs.

AI,BI,CI,DI: the partial derivatives d(n*parameter)/dni evaluated
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* for the component of interest.
* 2: Compressibility factor of the mixture.
* Output:

*  FGCOEF: the fugacity coefficient of the component.
*******#**************************************#m*************t*****t**i*
FUNCTION FGCOEF(A,B,C,D,AI,BI,CI,DI,Z)
IMPLICIT DOUBLE PRECISION (4-H,0-2)
FGCOEF=B1/(2-B)-LOG(Z-B)
IF (4BS(C-D).LT.1iD-10) THEN
FGCOEF=FGCOEF-(A+41)/(Z~C)-A*CI/(Z-C)#*2
ELSE
FECOEF=FGCOEF+
1 ({CI-DI)/(C~D)-1D0-AI/A)*A/(C-D)*LOG((Z-D)/(Z-C))-
2 A/{c-D)*(CI/(Z-C)-DI/(Z-D})
ENDIF
FGCOEF=EXP(FGCOEF)
RETURN
END
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ALPTR

Function subroutine to calculate ALPHA/TR to within TOL for any
cubic EOS given OMEGAC (4 at the critical point) and the rasio
PRTR (Pr/Tr on the saturation curve at the Tr of interest).
Implements method of Sugie et al., but modified by providing
for the case where C=D (i.e., DAC=0.421876).
4lso returns ZLB and ZVE (ZL-B and ZV-B) on the saturation curve.
NOTE: Does not work for OMEGAC<.421875!
Uses the subroutines RTCUB and SORT.
s o e e o o o o s o o e ok o o R o o R o o o o o o o R Sk ok e o

FUNCTION ALPTR(OMEGAC,PRTR,TOL,ZLB,ZVB)

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (MAXYT=1B)

DIMENSIODN ROOT(3)
C—wmmm Initialize quantities.

DUMMY1=0MEGAC**(1D0/3D0)

DUMMY2=SQRT(4D0+0MEGAC-3D0+0OMEGACH*{2D0/3D0) )

F=1DO-DUMMY1

G=(DUMMY1+DUMMY2) /2D0

H=(DUMMY1-DUMMY2)/2D0

ALPTR=(1D0-F/{1D0-F)*LOG(PRTR))
c——-- Successive substitution te find alpha/Tr.
PO 1020 IT=1,MAXIT

ALPTRN=ALPTR

¥ X ¥ OE ¥ ¥ X ¥ * ¥
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Crm—————= Find ZV-B and ZL-B by solving a cubic.
CALL RTCUB(PRTR*(1D0-3D0*F)-1D0,
& PRTR#*2*%F*%3-PRTR* (1D0-3D0*F-0MEGAC*ALPTRN),
k —-PRTR#*2%F+#*3,R00T, NROOT ,NNEG)

ZLB=ROOT(1)
ZVB=R0OOT(3)
IF (OMEGAC.EQ.0.421875D0) THEN
Cmmmm e Use this if OMEGAC=27/64 (ie. C=D, eg. VDW sos).
ALPTR=(ZLB-ZVB+LOG(ZVB/ZLE) ) /CMEGAC/PRTR/ (ZVB-ZLB)*
& (ZLB+PRTR*(G-F) Y*(ZVB+PRTR*{G-F))
ELSE
Crmm——— Use this if OMEGAC<>27/64 (most equations of state).
ALPTR=(H-G)*(2LB-ZVB+LOG(ZVB/ZLB) ) /OMEGAC/
L LOG((ZVB+PRTR+ (G-F) ) »{ZLB+PRTR*(H-F) )/
L (ZVB+PRTR#* (H-F) )/ (ZLB+PRTR*(G-F)))
ENDIF
C-mmm———= Check if converged,
IF (DABS(ALPTRN-ALPTR).LT.TOL) RETURN
1020 CONTINUE
WRITE (6,%) *t#%x MAXIT BEXCEEDED IN ALPTR'
RETURN
END

232
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BUBP

Calculates bubble-point pressure P and correzponding vapor

compositions X for NCOMP components, and initial valnes of P and Y.
The user must supply routine KCALC(X,Y,T,P,EQCON,NCOMP), where EQCON

outputs ths aquilibrium constants for each component.
4lso requires RTSEC subroutins.

*
*
*
* compositions Y for NCOMP components, given temperature T, liguid
L]
*
L]
»*
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SUBROUTINE BUBP(X,Y,T,P,NCOMP)
IMPLICIT DOUBLE PRECISION (A-H,D-Z)
EXTERNAL FBUBP
LOGICAL SUCCES
PARAMETER (NMAX=20,TOL=1D-6)
DIMENSION X{NCOMP),Y(NCOMP)
COMMON /FBPBLK/ XCOM(NMAX),YCOM{NMAX),TCOM,NCOM
C--- Set up common block to communicate with FBUBP.
NCOM=NCOMP
TCOM=T
DO 1000 I=1,NCOMP
XcoM{I)=X(I)
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YeoM{I)=1(1)
1000 CONTINUE

C-o—— Solve, using secant method. DO NOT use root bracketing,
C—— because it causses problems near the critical point.
Pi=p
P2=P*,98D0
P=RTSEC{FBUBP,P1,P2,TOL)
Cr=mmm Return values of Y.

DO 1001 I=1,NCOMP
T(I)=YCOM({I)
1001 CONTINCE
RETURN
END
C—-—- Function used by BUBP.
FUNCTION FEUBP(P)
IMPLICIT DOUBLE PRECISION {(A-H,0-Z)
PARAMETER (WMAX=20,ITMAX=10,TOL=1D-6)
LOGICAL FLAG
DIMENSION EQCON(NMAX),YTEMP(NMAX)
COMMON /FBPBLK/ X(NMAX),Y(NMAX),T,NCOMP
C--———- Succassive substitution routine to find ¥'S.
ITER=0
1001 CONTINUE

CALL Kcarnc(X,Y,T,P,EQCON,NCOMP)

YSUM=0DO

DO 1000 I=1,NCOMP
YTEMP{I)=X(I)*EQCON(I)
YSUM=YSUM+YTEMP(I)

i000 CONTINUE

FLAG=.TRUE.

DD 1004 I=1,KCOMP
YTEMP(I)=YTEMP{I)/YSUM
FLAG=FLAG.AND.ARS{YTEMP(I)-Y(I)).LT.TOL
Y(I)=YTEMP(I)

1004 CONTINUE
ITER=ITER+1
IF (ITER.GE.ITMAX) FLAG=.TRUE.
IF (.KOT.FLAG) GO TO 1001
C-———- Calculate objective Zunction.
FEUBP=1D0
DO 1016 I=1,NCOMP
FBUBP=FBUBP-X{I)*EQCON(I)
101F CONTINUE
RETURN
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EKD
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KCALC

Calculates K-values for VLE for use by BUBP.
Ses BUBP for parmmeter list description.
Common block KCBLK1 supplies the binary interaction coefficients,
and returns the liquid and vapor mole fractions ZL and ZV.
It alsoc identifies the data point IDATA for which the K values are
required. Common block KCBLK2 supplies the EOS parameters at
unit pressure for the M data peoints, for each of the components.
0 o o o ok o SRR ORI oo o o e o sk sk ok ko o ko
SUBROUTINE KciLc(X,Y,T,P,EQC,NCOMP)
IMPLICIT DOUBLE PRECISION (4-H,0-Z)
PARAMETER (NMAX=200,M=20)
DIMENSION X{M),T(M),EQC(M),Z{M),ZLIM{M),4(M) ,B(M),Cc(H),D(M)},
&  AIL(M),BIL(M),CIL{M),DIL(M),ATIV(®),BIV(M),CIV(M),DIV{M)
COMMON /KCBLK1/ AK(M*(M-1)/2),AL(M*(M-1)/2},AM(M*(M-1)/2)
¥ ,ZL,2V,IDATA
COMMON /KCBLK2/ AR(M,NMAX),BR(M,NMAX),CR(M,NMAX),DR(M,NMAX)
C——=—- Adjust pure component parameters to new pressurae.
DO 1001 I=1,NCOMP
A(I)=AR(I,IDATA)*P
E(I)=BR{I,IDATA}*P
C(I)=CR(I,IDATA)*P
D{I)=DR(I,IDATA)*P
1001 CONTINUE

* ¥ ¥ ¥ £ F * ¥ ¥

CALL MIXaR(B,X,NCOMP,BML,BIL)
CALL MIXaRr{C,X,NCOMP,CML,CIL)
CALL MIXAR(D,X,NCOMP,DML,DIL)
CALL MIXRK(A,X,AK,AL,AM,NCOMP,ANL,AIL)
¢ CALL MIXHV(X,i,B,C,D,AML,BML,CML,DML,AIL,BIL,CIL,DIL

c & ,AK,AL,AM,NCOMP)
CALL MIXAR(B,Y,NCOMP,BMV,BIV)
CALL MIXAR(C,Y,NCOMP,CMV,CIV)
CALL MIXAR(D,Y,NCOMP,DMV,DIV)
CALL MIXRK(4,Y,AK,AL,LM,NCOMP,AMV,AIV)
c CALL MIXHV(Y,.,8,C,D,AMV,BMV,CMV,DMV,4IV,BIV,CIV,DIV
c & ,AK,AL,AM,NCOMP)
C-——-= This selects appropriate Zs.

CALL ZGEQS(AML,BML,CML,DML,Z,ZLIM,ISTATE)
2L=Z(1)
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CALL ZGEOS(AMV,BMV,CMV,DMV,Z,ZLIM,ISTATE)
Zv=2(2)
C-———- Calculate the equilibrium constant.
DO 1000 I=1,NCOMP
EQC(I)=FGCOEF (AML,BML,CML,DML,AIL(I),BIL(I),CIL(I),DIL(I),2L)/
& FGCOEF (AMV ,BMV,CMV, DMV, AIV(I},BIV(I),CIV(I),DIV(I),ZV)
1000 CONTINUE
RETURN
END
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FSAT

This function returns the difference between saturated liguid and
vapor fugacities at a pressure P. Used as objective function for pure
gubstance saturation calculations. Input is PP=LOG(1-P/PC),

meant to prevent root-finding routine from searching PR>1.

fhe common block FSBLK passes any required purs fluid properties
through PROP, as well as the temperatures T. It returns the
compressibility factors ZL and 2V.
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FUNCTION FSAT(PP)

IMPLICIT DOUBLE PRECISION (4-H,0-Z)

DIMENSION Z(2),2LIM(2)

COMMON /FSBLK/ PROP(9),T,ZL,ZV

% X X X * * ¥ * W

C-———- Calculate the Zs.
P=PROP(3)*{1DO-EXP(PP))
C———- The user must put the proper call to an equation of state here.
CALL ES...
CiLL 2ZGE0S(4,B,C,D,Z,ZLIM,ISTATE)
C-———- This selects appropriate Zs, protecting against the cass where
Cr——-- a single root is found---this provision makes searches stable
C-—--- near the critical point.
IF (Z(1).GT.ZLIM(1)) THEN
ZL=ZLIM(1)
ELSE
ZL=2(1)
ENDIF
IF (Z(2).LT.ZLIM(2)) THEN
ZV=ZLIM(2)
ELSE
2v=2(2)
ENDIF
G- Calenlate the difference.

FSLT=FGCOEF(1.B,C,D,A,B,C,D,ZL)*FGCDEF(A,B,C,D,l,B.C,D,ZV)
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RETURN
END
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FBIN

ulates an objective function for binary VLE given interaction

parameters PAR(NPAR).

Communicates with main program and KCALC via cemmon blocks.

User must initialize PP and YP to an initial estimate.

Data is passed through common block DATA, and rssults are returnad
through common block RESULT. Common block KCBLX1 communicates

with KCALC. See KCALC fox description of contents.
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FUNCTION FBIN{PAR,NPAR)
IMPLICIT DOUBLE PRECISION (4-H,0-2)
LOGICAL YFLAG
PARAMETER (N¥MAX=200,M=20)
DIMENSION PAR(NPAR),WORK(2),XI(2),YI(2)
COMMON /DATA/ T(NMAX),P(NMAX),X{NMAX),kV(NMAX), NDATA, YFLAG
COMMON /RESULT/ PP(NMAX),YP(NMAX),ZLP(NMAX),ZVP{NMLX)
COMMON /KCBLK1/ AK(M*(M-1)/2) ,AL{M*(M-1)/2),aM(M*(M-1)/2)
,ZLPRED,ZVPRED, I
Initialize.
AK=PAR(1)
IF (NPAR.EQ.1) THEN
AL=0D0
ELSE
AL=-PAR(2)
ENDIF
IF (NPAR.EQ.2) THEN
AM=0.BD0
ELSE
AM=1D0O~PAR(3)
ENDIF
Remove comment statements on these if HV mixing rule is used.
AL=PAR(2)
AM=PAR(3)
FBIN1=0DO
FBIN2=0DO
FBIN3=0D0
Calculate bubble point pressurs at each data point.
DO 1001 I=1,NDATA
XI(1)=X(I)
XI(2)=1D0-X(I)
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YI(1)=7(I)
YI(2)=1D0-T(I}
PP(I)=P(I)
CALL BUBP(XI,YI,T(I),PP(I),2)
YP{X)=YI(1)
ZLP({I)=ZLPRED
ZYP(I)}=ZVPRED
FBIN1=FBIN1+({(PP(I)-P(I})})**2
FBIN2=FBIN2+((TP(I)-Y(T)))**2
FBIN3=FBIN3+(PP{I)}-P(I))*{YR(I)-1(I))
1001 CONTINUGE
Cmmmmen Evaluate objective function based on Box-Draper method.

IF (YFLAG) THEM
FBIR=FBIN1*FBIK2-FBIN3##2

ELSE
FBIN=FBIN1

ENDIF

RETURE

END
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* FOW
* Calculates an objective function from volumes given U and W values.
* Communicates with main program through common block FUWBLK.
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FUNCTION FUW(PARAM)
IMPLICIT DOUBLE PRECISION (4-H,0-Z)
PARAMETER (NMAX=300,R=8.31438D1)
COMEDY /FUWBLK/ TR(NMAX) ,PR(NMAX),VL(NMAX),ZV{NMAX),VLP(NMAX),
¢ ZUP(NMAX),ALPHA(NMAX),TC,PC,04C,0BC,HD
DIMENSION ROOT(3),PARAM(2)
C-——- Critical point parameters.
U=PARAM(1)
W=PARAM(2)
X1=U%%2-4D0*YW
X2=T*2+4D0*U+4D0
CALL RTCUB(-3D0#{U**2+U-3D0*W+1D0)/X2,3D0*X1/X2,-X1/X2,
& ROOT,NROOT,NNEG)
OAC=ROOT (NNEG+1}*#*3
0BC=SQRT( (4DO*0AC-3D0O*0ACH*(2D0/3D0))/X1)
g Calculate cbjective function, by calculating at each data point.
FUW1=0D0
FUW2=0D0
FUW3=0D0
DO 1000 I=1,ND
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Cooommm Find exact alpha, and predicted VL and ZV.
PRTR=PR(I)/TR(I)
ALPHA(I)=ALPTR(DAC,PRTR,1D-10,ZLB,ZVB)*TR{I)
YLP(I}=(ZLB/PRTR+0BC)*R*TC/PC
ZVP(1)=ZVB+DBC*PRTR

C---———-= Update objective function.

FOW1=FUW1+{ (VLP(I)-VL(I)))*#2

FUW2=FUW2+ ((ZVP{I)-ZV(I)))#**2

FUW3=FOW3+(ZVP(I}-2ZV(I))*(VLP{I)-VL(I))
1000 CONTINUE

C—-- User must select appropriate objective function.
FUU=FUW1*FUW2-FUW3%*»2

c FOW=FUW1

c FUW=FUW2
WRITE (7,*) U,VW,FOW
RETURN

END





