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RESUMEN

La necesidad de producir combustibles liquidos y
productos quimicos a partir de fracciones y residuos
pesados y altamente aromdticos del petrileo y de car-
bon plantea la pregunta de si los datos y correlaciones
termodindmicos existentes son aplicables y qué nuevos
datos deben ser medidos.

La evaluacion de las correlaciones existentes en
cuanto a su aplicabilidad a las condiciones de proce-
samiento de fluidos del carbon y aceite pesado se
presenta en una serie de cuatro articulos. Tales eva-
luaciones son consideradas importantes en la planifi-
cacion de la medicion de nuevos datos e investigacion,

En este primer articulo de la serie, los meétodos
basados en el enfoque clisico de utilizar presion de
vapor, y coeficiente de fugacidad son discutidos,

* Las partes I1, 111 y IV de este articulo aparecerdn
en los proximos nitmeros de la revista,

SUMMARY

The need to produce liguid fuel and chemical fuel
stochks from heavy and bighly aromatic petroleum
[fractions, residues, and coal poses the questions whe-
ther the existing thermodynamic data correlations are
applicable and what new data should be measured,

Evaluations of existing correlations as to their ap-
plicability to the conditions of processing coal fluids an-
d heavy oil are presented in a series of four articles.
Such evaluations are considered important in planning
the measurement of new data and further research.

In the first article of the series, the methods based
on the classical approach, utilizing vapor pressure and
[fugacity coefficient, are discussed,
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L INTRODUCTION

Phase equilibrium data are vital in separation and
treatment of liquid fuels. The experience of more than.
100 years of processing crude oil and gas should aid in
working with heavier crude oils and coal-derived li-
quids. However, review of features of the processes for
producing fluid (gas and liquid) products from coal such
as liquefaction, example given in Figure I, and gasi-
fication, example given in Figure 2, would suggest that
compositions and types of chemicals that are found in
heavy oils are different from those of the oils that have
been processed heretofore.

Correlations that are based on data and understan-
ding of the behavior of pure chemicals and mixtures
have been developed for utilizing petroleum inspection
data for designing separations, Thus, based on available
correlations, (laboratory) true boiling point distillation
(TBP) curves of the gasoline cuts (curves 1 and 2) in
Figure 3 with additional density data can be considered

as sufficient information for predicting separation,
blending and product specifications, etc. However, the
same correlations would yield erroneous results if ap-
plied to the carbolic oil, which is a liquid derivative
from coal coking.

The distillation curve for the carbolic oil is shown
as Curve 3 in Figure 3. Its composition is roughly re-
presented by the heart cut components comprising the
creosote oil described in Table 1. Review of Table 1 im-
mediately suggests that the creosote and carbolic oils
that are typical coal liquid products are grossly diffe-
rent from their pure hydrocarbon petroleum equi-
valent products. Therefore, there is danger of serious
design errors if petroleum engineering correlations are
used without taking account of these major differences.

Nevertheless, classical thermodynamics provides
all the necessary relationships to describe the equilibria
and distributions encountered. If kinetics and heat and
mass transfer are excluded, the phase equilibria and
other properties can be developed. There is no need to
measure all properties at all conditions. Obtaining suf-
ficient data to permit modelling will allow calculation
of other data poinsts.

Parts T and 11 of this series describes the correla-
tions that have been developed for predicting phase
behavior and other properties of mixtures of petroleum
fractions and discusses the limitations of these methods.
Part 111 will cover the methods developed by the pe-
troleum industry for obtaining the data points to be in-
serted in these correlations.

1I. GENERAL CONSIDERATIONS

Review of the bases of all (VLE) vapor-liquid
equilibrium correlations indicates three approaches
that can not be brought together at all conditions.

These are the Gibbs concept of chemical potential
equality, the Lewis concept of fugacity (I-46) as applied

to Raoult’s Law, and the Van der Waals equation of

state approach. Empirical correlations that have been

developed during the past century either relied on one,

or attempted to combine virtues of more than one (I-57,

I-60, 1-36, I-75, I-11, 1-38, I-71, I-72, I-13, I-15, I-27, I-

72).

In a multi-phase system thermodynamic equili-
brium exists when all phases are at the same tempe-
rature and pressure, possess the same total free energy
and for each component (I-75),

foz
fiv® il (1)

A A
where fiV anc fiL are the fugacity of component i of

the mixture in the vapor phase and the liquid phase,
respectively.

III. THE CLASSICAL APPROACH

Expanding Equation | in either phase, one can
develop the fugacity of i independently from the
properties of the compound and system conditions.
Here, the Lewis and Randall approach (I-45) departs
from the rigorous Gibbs and the Van der Waals
(equation of state) approaches, which states that the
fugacity of the compound in either phase depends on
the concentrations and properties of the other com-
pounds.

In the present paper, Raoult’s and Henry’s law and
the concept of activity coefficients for the components
in the liquid phase will be used. The compound’s fu-
gacity, in the vapor phase, ? at system temperature
and pressure is calculated from! ¥

A

fiv =

A

where ¢‘ y is the fugacity coefficient for component i
in the mixture, Y; is its mole fraction gnd P is the
total pressure. Until 1938, the value of @i was cal-
culated as if compound i existed alone at system con-
ditions. Several generalized charts were developed (I-
47) where the Lewis simplification was worked back-
wards to provide values at hpothetical conditions to ex-
pand the range of applicability beyond valid conditions
for the compound. In may cases, the assumptions were
sufficient as long as the designers applied them consis-
tently.

A
Biv Yi P 2)

The fugacity of the compound in the liquid phase is
usually calculated from Gibbs concept of the standard
state and the activity coefficient. In practice, some of
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Raoult’s simplifications are carried over and the vapor
pressure of the compound at the temperature is taken
as the standard state. The rigorous equation is

. 0
TR R (3)

where f; is the fugacity in the standard stateand Vi is

the activity coefficient of the compound in the liquid
phase. If the calculations of ]  involve the use of
the vapor pressure, - P7 | one should be careful in set-
ting the variables of the Poynting correction, descrip-
tion of which follows.

When combining Equations 2 and 3, the equality
must be at the same pressure, and the integration of the
free energy difference, the “Poynting effect” (Equation
4) must be done correctly,

P! ()

The choice of either P? or P as the standard state
dictates the path of integration and also whether Vj
the partial molal volume, or V. the pure compound’s
molal volume in the liquid phase, is used in Equation 4.

At equilibrium, the classical Lewis approach leads
to

A 0
OivYi P =T %% L (5)
O
If simplifying assumptions are made, f;;  is cal-
culated from vapor pressure and the correction of
Liquation 4. Thus Equation 5 becomes
A \%

. 0,0
PivYi P YixiP P2 exp

| (©)

The above equation is extensively used in the
chemical industry, where the simplifying assumptions
governing the transitions from Equation 5 do not cause
serious errors, Born in mind is the idea that compound i
has a real vapor pressure at system temperature, i.e., it
is not a supercritical gas or solid,

The empirical approach named after Henry is:
A
PY-= P' = H,x.

Substituting Equation 7 into Equation 5 and 6

PV
i dP

. 0 0.0
Hy s ===y Py By 0xp) e
(8)
0
i

p

Prausnitz has introduced terms that are widely
used in describing the application of Equations 6 and 7
to compounds at supercritical conditions, In 1960, he
introduced the “hypothetical standard state fugacity”,
f ; asa function of reduced properties and the third
parameter, W | the “acentric factor”. Later he intro-
duced the term “asymmetrical correlation”, where H j

) 0 s
of Equations 7 and 8 replaces fj  for supercritical
compounds, while Equation 6 is used for the com--
pounds that are liquids with real vapor pressures at the sys-
tem temperature,

The Chao and Seader Correlation (I-15) and that of
Grayson and Streed (I-27) are further developments of
the Smith and Watson (I-67) hypothesis that the term

vl =t /P &)

follows the theorem of corresponding states. These
correlations will be further discussed.

It can be shown that, if ideal gas behavior is as-
sumed for the vapors at all conditions and if the liquid
is incompressible, Equation 5 degenerates into Raoult’s
Law with the activity coefficients. Based on these as-
sumptions, van Laar (I-35) and Margules (I-49), and
later Hildebrand (I-33), Scatchard and others (I-34, 1-
56, 1-1, 1-12, 1-64, 1-78) addressed themselves to the
nonideality in the liquid phase expressed in terms of ac-
tivity coefficients, The reader may note that although
the activity coefficient ¥ can be derived as the partial
molal derivative of the excess Gibbs free energy,

E 3 GE (10)
RT 1n y. = G; =( an; )"2

the simple equation used by van Laar and others

o
P Y, = Py X (1)

cannot always be rigorously derived with Equation 4
from the total Gibbs free energy.

Of the widely used methods for predicting VLE,
the method of Chueh and Prausnitz is based on
Equations 8 and 9, and the Chao-Seader and Grayson-
Streed methods are based on Equation 9. The variations
are in the correlations for the standard state f © or H ;
and the methods by which the activity coefficient, 5,
is generated. In all three methods, the Rcdlich-K%(mg
equation of state (I-62) is used for predicting the iy
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of Equation 2, though Chueh and Prausnitz used a
more refined form (I-16).

For mixtures under low pressures, and for systems

where all compounds are subcritical, Equation 6 is used
directly with 4 ;v calculated by an equation of state
or a generalized chart as is & ©j. The molar volume V;
is often used as V.

Data on the solubility of supercritical compounds,
e.g. Hy, Na, CHy, H3S, in solvents are sometimes ex-
pressed by Henry’s Law constants H;, although with so
many variables affecting it, H; is not a constant, At
some conditions the variations cancel each other and a

semblance of constancy results,

Because of the relative insensitivity of the ratio K;
= Yyi/xj to variations in composition, it is generally
adopted for use in flash and distillation calculations.

Hence, Equation 5 is usually presented as a function of
Equation 9.

Yy f 0
(. by viyi (12

xi 8. p @

iv iv

IV. THE CHAO-SEADER AND GRAYSON-
STREED CORRELATIONS

As a form of the classical Equation 5, Chao and
Seader (E-3) presented a generalized approach for

predicting K values "

| i
Kﬁ‘é‘;—vL (13)

They proposed calculating @& jv for each com-
ponent in the vapor phase by the equation of Redlich
and Kwong (I-62); the activity coefficient ¥ ; was as-
sumed for that correlation to be exactly calculated by
the Hildebrand Regular Solution Theory (I-34)
where T 14

o % ie. 5 (14)

Y RT

d being the solubility parameter (I-34) and the
average d for the mixture,

g:'é@isi (15)

and

Bi= Vixi/Vp (le6)

(Notethat § ; is not the fugacity coefficient).

Assuming the validity of the prediction of jand
@ (the fugacity coefficient), Chao and Seader used
many thousands of experimental K values to develop an
expression for In Y ©; as a function of the reduced
properties TR and PR; of component i with the Pitzer
(1-57) acentric factor «/; as the third parameter.

o .lo) (1)

(17)
Lo vi= £ (Tpy Pgy) + W, 17 (Tqyr PRy

In their publication, Chao and Seader (I-15) pre-
sented the functions v (©) and /" (1) of Equation 17.
They also presented a table of V; and ¢ ; for many
light hydrocarbons and hydrogen for use with their
correlation, Later, Chao and Erbar (1964) and Cavett (I-
14) expanded the tables to include constants for H)S
and COy, and showed how the correlation could be
used for petroleum fractions, using standard petroleum
measurements, The method has become the workhorse
of the petroleum industry design routines.

The Chao-Seader correlation was developed with
data on mixtures of light hydrocarbons and hydrogen at
temperatures up to 400°F, Grayson and Streed (I-27)
expanded its use up to 700°F and above 3000 psia. The
resultant Grayson-Streed correlation is of the same form
a the Chao-Seader, with different coefficients for the
Chao-Seader, with different coefficient for the func-
tions in Equation 17. They also added values for V; and
) ; for petroleum fractions.

V.CORRELATION AND PREDICTION OF
ACTIVITY COEFFICIENT Y';, VALUES

Per Equation 3, the activity coefficient ¥ jis a
direct description of the component’s partial molal ex-
cess Gibbs free energy. By this definition, deviation
from ideal mixing is implied. For simplicity, we shall
refer to Equations 6 and 11 as a means for calculating

D/i for component i from experimental data, X;, ¥;, g

and PO; or f; which are functions of temperature. The

values for all components are interrelated through
the Gibbs-Duhem equation.

Of the many available integral forms of the Gibbs-
Duhem equation only four are of direct interest to
modern designers.

— The Van Laar equation for binary mixtures (I-74)
and the Black modification for multicomponent
computations (I-12),

— The Wohl (I-81) expansion of the Maggules type of
equation (I-49) as proposed by Adler et al (I-1).
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— Hildebrand-Scatchard (I-34) Regular Solution ap-
proach, and the Flory-Huggins formulas for mix-
tures of large and small molecules (I-23, I-37, I-55,
I-73).

— The Wilson (I-79) equation as expanded to multi-
component solutions (I-54) and the NRTL, Renon

equation (I-65).

Each of the above procedures predict values of
¥ utilizings empirical correlation parameters, In prac-
tically all cases, the prediction of the multicomponent

system is done via some combination of the coefficients
for the binary pairs, although some attempts have been
made to develop coefficients for ternary interactions (I-

1).

Activity coefficients are thoroughly discussed in
the literature (I-4, I-12, 1-30, 1-34, 1-56, 1-60, 1-64, I-
75). The correlation parameters for the binary mix-
ture have specific nomenclature that will be used in the
present discussion. These are given in Table 2.

Experimental results indicate that no single
equation fits all conditions. The van Laar equation for
binary mixtures is best for one type of deviation and
fails badly on other systems, It cannot be utilized for
multicomponent systems, The choice between the
Black equation and the form of the Wohl equation
proposed by the M. W, Kellogg group (I-1) depends on
availability of a data analysis program for establishing
the coefficients. This can be also said for the Wilson and
the Renon equations.

In several large scale evaluations (I-25, I-35, 1-36, I-
54), the Wilson equation on the average yielded more
reliable results than the van Laar or the Margules type
equations. However, that equation cannot be applied to
mixtures where separation to two liquid phases is pos-
sible. This observation led to development of the
Renon equation, where the additional parameter
allows flexibility in the shape of the calculated free
energy curves, and the Renon equation is preferred.

The following observations should be noted.

— The Black and Renon equations are applicavle to
both binary and multicomponent mixtures. Al-
though the Renon equation is very hard to use in
hand calculations, it is quite suitable to machine
computation. Also, the equation has been widely
used and the parameter & | when not known, can
be approximated.

— Although the Wilson equation has been shown to fit
experimental data well, it is less widely applicable,
due to limitations mentioned above. Where it fails,
the Renon equation, which is equally good, can be
used.

— The Renon, Wilson, Black and van Laar equations
require correlation equation coefficients to be es-
tablished from experimental data. However, while
a curve fitting solution can yield unique coeffi--
cients for a van Laar and Margules equations, the in-
terdependence of the Wilson and Renon energy pa-
rameters leads to the possibility of multiple roots, as
seen in Figure 4 (I-59). This, however, does not greatl-
v diminish their usefulness,

— For many hydrocarbon systems, the simple Regular
Solution approach of Hildebrand (I-34) is adequate.
That explains the usefulness of the Chao-Seader and-
ithe  Grayson-Streed prediction techniques, (see
discussion of Equation 12). However, when nonhy-
drocarbons, especially water and polar compounds,
are present the standard procedures for predicting
o ; and V; would lead to erroneous answers,

EFFECTS OF PRESSURE AND THE LIMITA-
TIONS OF THE CLASSICAL VIE AND THE HIPO-
THETICAL STANDARD STATES APROACHES

a. The High Pressure-Critical Region Phenomena,

Since the time of van der Waals, it has been obser-
ved that, in any binary and multicomponent system, for
every composition there is, al least theoretically, a true
critical point. At this point, the vapor is indistingui-
shable from the liquid, hence VLE separations are im-
possible, Thermodynamically, the partial derivatives
indicating stability for a single component system at
the critical point do not apply to the true critical point
of a mixture. Therefore, other relations involving
fugacity and composition are used (I-66). Furthermore,
correlations of the volumetric and other properties of
the mixture, with application of the theorem of the
corresponding states, do not rely on the true critical
temperature and pressure, but on their psendo equi-
valents. The pseudo critical temperature and the pseudo
critical pressure are also used, directly or indirectly, by
combining the correlation parameters, whenever
equations of state are applied.

When VLE of a mixture is considered, the high
pressure region at temperatures above the critical of
the light key component, or the critical azeotrope, is
called the critical region. The shaded area in Figure 5
roughly describes such a region in a simple binary sys-
tem with a dome-shaped critical locus. Isothermal cur-
ves of K-values within the critical region tend to con-
verge at the critical point. As illustrated in Figure 3, all
the K - values equal unity at the critical pressure, Pn,

Such convergence cannot occur at all tempera-
tures, If prediction of K-values of components in an
ideal mixture at low pressures is carried out by the
method of Lewis and Randall (I-45) or a simple version



of Equation 6 as described by the dotted curve in Figure
6, the critical region may be, paradoxically, defined by
its correspondence to the largest deviations between
predicted and actual K-values,

The behavior of mixtures within the shaded area of
Figure 6, above that corresponding to the minimum in
the curve of K-against P for the heavy component, also
represents critical region phenomena, In essence, this
sudden curving upwards of the K=value curves for the
heavy compounds is totally consistent with the rigo-
rous Equation 5. As the pressure is increased, two fac-
tors that are dormant at low pressures become signi-
ficant, These are the fugacity coefficient of the com-

pound in the misture, 2'; , and the Poynting effect,

P RT
p°

The 2 coefficient decreases with pressure more
significantly for high molecular weight hydrocarbons
than for light ones. Similarly, the integral of VdP for
heavy compounds is positive and spans a wider range
due to the low vapor pressure, or P? of the heavy
compound. When this efect, compounded with the lar-
ge partial molar volume v; of the heavy molecule,
taken exponentially we have quite an effect. Similar
variations, but with opposite sign, affect the K-values
of the light compounds. Since all components contri-
bute toward all phenomena, the net effect is that, if the
temperature is within the range of the continum of the
critical locus, convergence at K= 1 can occur for all
compounds.

It is clear from the above that a good correlation
for the VLE within the critical region should be ca-
pable of predicting the convergence at the critical point..
For this purpose, expressions of all variables in
Equation 5 should be symmetrical in nature, i.e. the ex-
pressions on both sides of the equation
should contain all needed elements for being identical
at three important milestones where K= 1, These are
the saturated pure compound, any azeotropic mixture,
and the critical point, if the latter is possible at the tem-
perature in question.

The Chao-Seader and Grayson-Streed methods
(I-15, 1-27) fall into the same category as the above, as
they depend on generalized predictions of hypothetical
standard states. Although generally useful over a wide
range of conditions the correlation becomes increasin-
gly inaccurate as the true critical point is approached.
The failure of the Chao-Seader method in the critical
region is largely due to lack of inter-relationship bet-

ween the correlations applied to the two phases; the

prediction of the fugacity of a component in one phase
does not have much in common with the correlation of
the behavior of the other phase. Thus, as illustrated in
Figures 6 and 7, the K-value predicted by this method
may not converge at the critical point,

The method of Chueh and Prausnitz (1-16)
like that of Chao and Seader does not lead to conver-
gence. In some cases it may fare better than the former,
Chueh and Prausnitz suggested caution when applying
their method within the critical region.

b. Methods Based on the Concept of Convergence Pres-
sure,

The empirical methods based on the convergence
pressure (I-28, F29, 1-42 1-44,1-53,1-80) are founded
on the observation that, in mixtures of light paraffins,
K ratios of individual components appear to converge
to unity when plotted against pressure at constant
temperature. The pressure at which convergence to
unity takes place is known as the convergence pres-
sure of the system, In binary systems, convergence
corresponds to a true critical point of the mixture,
Since, as yet, there is no rigorous method for predic-
ting real or quasi convergence points in multicom-
ponent systems, the convergence pressure method is
based on purely empirical procedures. The techniques,
both for finding convergence pressures and using these
to predict K ratios, have been described by Hadden (I-
28), Winn, (I-80) Lenoir and his coworkers (I-42, 1-43,
1-44), and the GPA (formerly NGSMA) Data Book (I-
53). The API Data Book presents the Hadden-Grayson
(I-29) modification of Winn’s method.

Since the convergence pressure methods have
been developed primarily from data for the light
paraffinic compounds, they are largely limited to
paraffinic and some olefinic systems. Convergence
pressure correlations employ assumptions based on
domeshaped critical loci, which are characteristic of
light paraffin - paraffin hydrocarbon binaries. Ho-
wever, some binaries, particularly those in which car-
bon dioxide or hydrogen sulphide is a component, pos-
sess an S-shaped rather than a domeshaped critical
locus (I-67, 1-38). Also, the critical locus curves of
many systems (I-67) are neither continuous nor dome-
shaped. Accordingly, application of the convergence
pressure methods of systems containing non-
hydrocarbon constituents may lead to large errors.

The utilization of any of the convergence pressure
methods requires experience, as judgement is needed
in selecting the appropriate convergence pressure and
in deciding when to abide by many of the arbitrary
rules, Nevertheless, the convergence pressure methods
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offer quick first estimates of K values for hand cal-
culations (I-26, 1-29, 1-42, I-53). Programming for
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