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A generalized four-parameter quartic equation of state (EOS) proposed by Shah and
coworkers (1992, 1994) was extended to polar fluids. To use the new generalized quartic
EOS for polar fluids, only four characteristic properties of the pure compound are
required— critical temperature, critical volume, acentric factor, and dipole moment.
For nonpolar fluids, the previous equation is recovered and its superior performance for
nonpolar fluids is retained. A new set of coefficients for polar fluids for the EOS was
determined from multiproperty regressions using literature data for various physical and
thermodynamic experimental properties of 30 pure compounds. These regressed coeffi-
cients, which are functions of the critical temperature, critical pressure, acentric factor,
and the dipole moment of the fluid, were generalized. The accuracy of this equation of
state is evaluated with the new set of regressed coefficients to predict thermodynamic
properties of pure polar compounds, including vapor pressure, density, residual en-
thalpy, enthalpy of vaporization, and second virial coefficient. The capability and accu-
racy of this quartic equation of state are also compared with the well-known Peng-

Robinson EOS.

Introduction

The contributions of EOSs have been beneficial to the
chemical and petroleum industries, particularly in process
design and simulation analysis. Improved EOSs are needed
for wide use in the chemical industry for the description of
thermodynamic properties and phase equilibria of fluids.
Most EOSs are applicable to hydrocarbons and slightly polar
compounds. These equations are broadly developed for the
calculation of thermodynamic properties of nonpolar sub-
stances and their mixtures, but are not highly developed for
polar fluids such as alcohols, ethers, esters, ketones, refriger-
ants, etc.

This work extends a reliable and generalized EOS devel-
oped for nonpolar fluids to polar fluids. Shah (1992) and Shah
et al. (1994) have developed a generalized four-parameter
quartic EOS for nonpolar fluids. The objective of this re-
search was to obtain a new set of regressed coefficients for
polar and nonpolar fluids using the generalized quartic EOS.
The performance of the generalized quartic EOS in evaluat-
ing various physical and thermodynamic properties of polar
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fluids is demonstrated. A comparison is made between the
generalized quartic EOS and the Peng-Robinson EOS for
prediction of various thermodynamic properties.

Cubic EOSs have received much attention in the natural
gas and chemical industries since the first practical equation
of state was introduced by van der Waals (Rowlinson, 1988)
in 1873. After the van der Waals equation was used for sev-
eral decades, Redlich and Kwong (1949) modified the attrac-
tive pressure term of the van der Waals equation of state.
The Redlich-Kwong EOS was widely popular and was used
in the place of the van der Waals equation in industry. Soave
(1972) and Peng and Robinson (1976) proposed EOSs that
are able to more accurately predict the vapor pressure, liquid
density, and equilibrium ratios than the Redlich-Kwong
equation. However, these cubic equations are not accurate at
high densities, predict a fixed value of the critical compress-
ibility factor for all compounds, and have limited applicability
to polar compounds.

Perturbed hard-sphere EOSs are a comparatively recent
and highly promising development. Several EQSs based on
perturbed hard-sphere EOSs have been proposed (Carnahan
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and Starling, 1969; Nakamura et al., 1976; Lin et al., 1983;
Chung et al., 1984; Guo et al, 1985; Bryan and Prausnitz,
1987; Mulia and Yesavage, 1989). Shah (1992) and Shah et al.
(1994) developed a four-parameter perturbed hard-sphere
EOS which is a generalized quartic EOS, by combining a re-
pulsive term, fitted to the molecular dynamics data of Alder
and Wainwright (1960), with an empirical attractive term. One
root of this equation has no physical significance, because it
is always less than the close packed volume of the fluid (see
Appendix B); the behavior of the remaining three roots is
equivalent to that of the three roots of a cubic EOS. Thus,
the resulting equation retains the advantages of the cubic
EOS, existence of analytical solutions and unequivocal iden-
tification of roots. With its simplicity and accuracy, the result-
ing equation only requires three properties of nonpolar flu-
ids: the critical temperature, the critical volume, and the
acentric factor. Moreover, it marks a significant improvement
over the Peng-Robinson EOS in the supercritical and con-
densed phase regions.

Generalized Quartic EOS

To aid understanding of the current work, a short sum-
mary of the earlier work of Shah et al. (1994) is presented.
Most traditional cubic equations of state used the repulsive
term in the van der Waals hard-sphere equation as their re-
pulsion pressure term. However, Shah (1992) and Shah et al.
(1994) adopted a mathematically simple repulsive term as the
repulsive force of the hard spheres in the generalized quartic
EOS. This term is a new fitting of computer simulation re-
sults for hard spheres (Alder and Wainwright, 1960), as given
below:

po_ RT . Bk,RT
rep (V—kOB) (V_kOB)Z

¢}

where B is the hard-sphere molar volume and values of k, =
1.2864 and k, = 2.8225 were obtained by regression analysis.

The attractive pressure term used in earlier equations of
state was not used in the quartic EOS. Instead, Shah approxi-
mated the attractive pressure term by taking the real fluid
data for argon and hard-sphere compressibitities calculated
from Eq. 1. This term is an empirical fitting that was ob-
tained by plotting Z_,, vs. the reduced density at different
reduced temperatures. Z,,, is defined as the difference be-
tween the experimental compressibility (Z,,,) and the hard-
sphere contribution to the compressibility (Z,,,). Z,, and Z,,,
are given by Eqgs. 2 and 3:

7 - |4 . Bk\V
hs_(V_kOB) (V_kOB)Z
1 k, B*p*
= + @
1=k B**)  (1-k,B*%*)
V2
z, = aV<+kgyBcV 3)

" V(V+e)V —kyB)RT

where V is the molar volume of argon, p* = p/p,_ is the re-
duced density of argon, B* = Bp,, the reduced hard-sphere

AIChE Journal

molar volume of argon, p. = the critical density of argon, a
and c are parameters that are functions of the temperature,
and e is a constant.

From Egs. 1 and 3 combined, the generalized quartic EOS
has the following form:

RT Bk RT aVv + k, Bc

P= -
(V—koB) " V—kyB)Y VW+e)V-kyB)

4)

To give the best estimation of various thermodynamic
properties of a pure compound, the parameters a, ¢, and e
were determined by nonlinear regression. The four parame-
ters a, B, ¢, and e are given in reduced forms below; the
parameters a, 3, and ¢ represent the temperature depen-
dency of the fluid.

3
B= 5c{eXp{ ~0.031251n(7,) —0.0054[In(T, )]2]} (s)
where Bc = b,V; and

a=a,a(T) (6)

where for 7, <1

)= [t )+ 11y e 11y |

)]

and for 7, > 1

)= [+ 31T ) 21+ 2 (1-vE)

®
c=c.&(T) ®
§1) =1+ x,(1-yT,)|’ (10)

where a_. and ¢, are the values of a and c at the critical
temperature of the fluid, and X,, X,, X,, X, X, and X,
are the constants determined by regressions.

The regressed constants X, through X, a_, c_, and e were
made functions of the acentric factor (w). The regressed con-
stants X, through X, were assumed to be linear functions of
o, and the regressed constants a,, ¢,, and e, were assumed
to be quadratic functions of w. These constants are ex-
pressed as follows:

X,= X, +X,0 for i=2,3,456,and7. (11)

a,RT,
a= (12)
Pe
¢, RT,
c,=—" (13)
Pe
er
e=— 14)
Pe
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a,=a,;(1+a,,0+a,,0?) (15)
¢, =c,s(1+ ¢, 0 +c,p0?) (16)
e, =e,o(1+e, 0+e,0%) an

Thetrefore, for nonpolar fluids Egs. 1 through 17 constitute
the generalized quartic equation with coefficients expressed
in terms of the critical temperature, the critical volume, and
the acentric factor.

Extension of Generalized Quartic EOS to Polar
Fluids

Most EOSs do not consider the polarity of the fluid (char-
acterized, for example, by the dipole, quadrupole, and oc-
tupole moment) which results in additional attractive forces
between molecules. Only the dipole moment is considered
here as the measure of polarity of a fluid. Thus, even though
a carbon dioxide (fitted well by the generalized quartic EOS)
possesses a quadrupole moment, it is still regarded as a non-
polar fluid in this work. Therefore, this study concentrates on
the dipole moment when considering pure polar fluids.

To apply the quartic equation of state to polar compounds,
the parameters a and c are assumed to be functions of the
acentric factor and the dipole moment of the fluid. Also, to
express the parameters of the quartic equation in dimension-
less form, the reduced dipole moment ( w*) is used, as shown
below:

0.3976

- 18
RLT (18)

u*

where w is the dipole moment of the polar fluid in debye
units.

Thus, when investigating polar fluids, the regressed coeffi-
cients X, through X, were made linear functions of the
acentric factor and quadratic functions of the reduced dipole
moment. The regressed constants a4, and c, were made
quadratic functions of the acentric factor and the reduced
dipole moment. Equations 11, 15, and 16 were rewritten in
the following forms:

X=Xy +Xpo+ X'+ X, p*? for

i=2,3,4,5,6,and7 (19)
a,=a,(1+a, 0 +a,0+a,u* +a,x*?) (20)

e, =col+c o+ c,02+epu* +o,p*?)  (21)

Replacing Egs. 11, 15, and 16 by Egs. 19, 20 and 21, the
constants of the generalized quartic equation for polar fluids
are expressed by Egs. 1 through 17. Hence, only requiring
four properties of the fluid (the critical temperature, the crit-
ical volume, the acentric factor, and the dipole moment) the
generalized quartic EOS is extended to predict the behavior
of polar fluids. If the dipole moment of the fluid is zero, then
the entire system is reduced to the nonpolar fluid system.
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Regression Technique

In this study, the Nelder-Mead simplex algorithm (Nelder,
1965; Nash, 1987) and an adaptive nonlinear least-squares al-
gorithm (Dennis, 1981) were used to determine the regressed
constants in the nonlinear regressions. The experimental data
for polar fluids were fitted by minimizing the following objec-
tive function using nonlinear regression algorithms:

AP\ (8P [ Bpas\] L % (B0
( ’l) +( p , ) +( pl’ + Z .—Plg’_-,
Ps,i Psui Psi,i ji=1 Pg.j

Ns (AH N2 No(AH 2 N5 (AB 2
+ Z r.k + Z vap,! + Z v,m (22)
=1\ H B

r.k =1 vap,! m=1 v,m

Ny
F=)

i=1

The criterion for determination of the regressed constants
with which we are concerned in this study is the deviation
between the calculated and experimental data for pure polar
systems. The objective function, Eq. 22, contains the evalua-
tions of various thermodynamic properties of a pure polar
compound. Thus, defined multiproperty regressions were
used to locate the new regressed coefficients corresponding
to the items of the reduced dipole moment. The previously
reported regressed constants (Shah, 1992; Shah et al.,, 1994)
for nonpolar fluids were not changed during regressions for
30 pure polar compounds. Experimental data for the vapor
pressure and saturation densities near the critical region, ap-
proximately 0.97-1.07,, were not used during regressions. It
was a deliberate decision of this work to sacrifice some accu-
racy in the critical regions [where no analytical equations can
model the critical regions accurately anyway (Sengers and
Levelt Sengers, 1986)] in exchange for improved accuracy over
a wide range of temperature-volume states.

Results and Discussion

The new generaiized quartic EOS has been applied to cal-
culate thermodynamic properties of 30 polar compounds, such
as refrigerants, esters, ethers, ketones, alcohols, and so on.
These thermodynamic properties were taken from experi-
mental literature values for 30 polar compounds, which con-
stitute the database. The parameters in the generalized quar-
tic EOS are expressed by the nondimensional forms. Thus,
the reduced dipole moment, expressed in terms of the critical
temperature, the critical volume, and the dipole moment, is
used to represent the dipole moment of the fluid.

To determine this new set of regressed constants, the pa-
rameters a and ¢ of the generalized quartic EOS have been
made functions of the acentric factor and the dipole moment
of the fluids. The validity of this approach was demonstrated
by observing that there was only weak correlation between
the reduced dipole moment and the acentric factor of 30 po-
lar fluids. Therefore, four properties of the fluid (the critical
temperature, the critical volume, the acentric factor, and the
dipole moment) characterize this generalized quartic EOS.
The data ranges and sources of 30 pure polar compounds
and their physical properties are given in Table 1. Table 2
reports the new set of regressed constants obtained using
multiproperty regressions for 30 pure polar compounds. This
new set of regressed constants is applicable to both nonpolar
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Table 1. Data Ranges and Component Physical Properties Used in the Regressions and Data Sources for 30 Pure Polar Fluids
(Daubert and Danner, 1989)

T P T, V.

c c o4
Compound (X) (MPa) X) (dm*/mol) ® (debye) Data Source*
Acetone 320-1,000 0-100 508.2 0.209 0.3064 2.880 Daubert and Danner (1989)
Thermodynamics Res. Ctr. (1993)
Carbon Monoxide 68-1,000 0-100 132.92 0.0931 0.0663 0.112 Goodwin (1985)
Carbonyl Sulfide 150-680 * 378.8 0.1351 0.1041 0.712 Daubert and Danner (1989)
Methyl Acetate 250-505 * 506.8 0.228 0.3253 1.679 Daubert and Danner (1989)
Ethyl Acetate 250-650 * 523.25 0.286 0.3611 1.780 Daubert and Danner (1989)
n-Propyl Acetate 260-620 * 549.4 0.345 0.3935 1.790 Daubert and Danner (1989)
n-Butyl Acetate 300-750 * 579.15 0.389 0.4101 1.840 Daubert and Danner (1989)
Freon-11 (CCL,F) 220-1,0060 0-50 4712 0.248 0.1837 0.450 Daubert and Danner (1989),
Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990)
Freon-13 (CCIF;) 150-1,000 0-50 301.96 0.18028 0.18 0.510 Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990)
Freon-21 (CHFCl,) 250~1,000 0-90 451.58 0.196 0.2069 1.290 Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990)
Freon-22 (CHCIF,) 180-800 0-100 369.3 0.166 0.2192 1.420 Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990),
Altunin et al. (1987),
Reynolds (1979)
Freon-23 (CHF;) 145~600 0-100 298.89 0.1333 0.2672 1.649 Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990)
Freon-114 (C,Cl1,F,)  250-600 0-100 418.85 0.29368 0.252 0.560 Daubert and Danner (1989),
Thermodynamics Res. Ctr. (1993),
Platzer et al. (1990)
Methyl Chloride 206-623 0-35 416.25 0.139 0.1529 1.870 Daubert and Danner (1989),
Suh and Storvick (1967),
Hsu and McKetta (1964)
Methyl Fluoride 168-950 * 317.7 0.113 0.2037 1.851 Daubert and Danner (1989)
Ethyl Chloride 200-450 * 460.35 0.200 0.1905 2.050 Daubert and Danner (1989)
Chloroform 250-514 * 536.4 0.239 0.2129 1.010 Daubert and Danner (1989)
Chlorobenzene 353-900 0-100 632.35 0.308 0.2505 1.690 Daubert and Danner (1939),
Thermodynamics Res. Ctr. (1993)
Dimethyl Ether 180-396 * 400.1 0.170 0.2036 1.300 Daubert and Danner (1989)
Diethyl Ether 255-600 0-100 466.7 0.280 0.2846 1.150 Daubert and Danner (1989)
Thermodynamics Res. Ctr. (1993)
Methyl Ethyl Ether 320-435 * 437.8 0.221 0.2189 1.230 Daubert and Danner (1989)
Hydrogen Bromide 200-360 * 363.15 0.10026 0.0693 0.820 Daubert and Danner (1989)
Hydrogen Iodide 230-420 * 42335 0.12194 0.0381 0.440 Daubert and Danner (1989)
Water 273-1,273 0-100 647.13 0.05595 0.3449 1.850 Daubert and Danner (1989),
Reynolds (1979),
Keenan et al. (1978)
Hydrogen Sulfide 200-493 0-170 373.53 0.09849 0.0827 0.970 Daubert and Danner (1989),
Thermodynamics Res. Ctr. (1993),
Lewis and Fredericks (1968)
Methanol 300-800 0-70 512.58 0.11905 0.5656 1.700 Daubert and Danner (1989),
Goodwin (1987)
Ammonia 200-800 0-100 405.65 0.07247 0.2520 1.470 Daubert and Danner (1989),
Haar and Gallagher (1978)
Nitrous Oxide 190-520 0-32 309.57 0.09737 0.1418 0.167 Daubert and Danner (1989),
Couch and Kobe (1961),
Hirth and Kobe (0000)
Sulfur Dioxide 205-900 0-100 430.75 0.1220 0.2451 1.630 Daubert and Danner (1989),
Thermodynamics Res. Ctr. (1993),
Kang et al. (1961)
Acrylonitrile 810-970 * 535 0.212 0.3498 3.870 Daubert and Danner (1989),

*Saturation pressure only.

and polar fluids. The major difference between nonpolar and
polar fluids in this study lies in the dipole moment. For non-
polar fluids, the terms in Eqs. 19, 20 and 21 representing the
dipole moment are zero. Thus, the new set of regressed con-
stants reduce to the previous set of constants reported by
Shah (1992) and Shah et al. (1994) for nonpotar fluids.

Most cubic EOSs have been developed to fit experimental
vapor pressure data. When these EOSs are used to predict
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some thermodynamic properties of pure polar fluids in other
regions, such as the region above the critical temperature,
large deviations appear. Thus, in general, the applicability and
flexibility of most cubic EOSs are limited to certain regions
when dealing with pure polar compounds. In order to over-
come this disadvantage, the generalized quartic EOS has been
extended to polar fluids over a wide range of states and for a
wide variety of properties, such as pressure-volume-tempera-
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Table 2. Quartic Equation of State Coefficients Obtained by
Nonlinear Regressions for 30 Pure Polar Compound Data

Regressed Regressed
Coefficients Coefficients

a0 1.84713 X5 0.14988
a, —0.05218 X», 0.97848
a,, 1.06446 X5, -0.32379

, 0.16500 X1, 1.84591
o 1.78336 Xy 0.14833
C -1.29690 X1 —3.46693
s 2.78945 X5, 0.11048
e, 0.6318% Xs, 0.57743
€, - 0.81660 X6, 0.02581
e, 3.25246 Xe> —0.02700
kg 1.28650 X —0.77357
kq 2.82250 X5, —1.45342
asy —-0.02730 X5 —0.39170
ar, 0.02048 X —0.01597
Top 0.07000 X3 0.41218
cky 0.01188 X4 —0.10676
X% —-0.01390 X& 0.38327
X3 0.02928 Xé —0.09008
X3 0.39338 X% —0.04725
X3 —0.25483 X3 —0.09669

*These coefficients (for terms involving the reduced dipole moment) were
varied during regressions. When the reduced dipole moment is equal to
zero, these terms drop out.

ture relations, vapor pressure, saturated vapor density, satu-
rated liquid density, enthalpy departure, enthalpy of vapor-
ization, and the second virial coefficient. A comparison of the
accuracy and capability of the generalized quartic EOS with
those of the widely used Peng-Robinson EOS has been made.
Since the Peng-Robinson EOS was not refitted using our 30
pure polar fluid database and data ranges, the comparison
was not entirely fair, but the comparison is against the Peng-
Robinson EOS as it is currently used. Figure 1 shows the
calculation of pressure vs. density for ammonia in the super-
critical region by these two EOSs. The average absolute devi-
ation (AAD) calculated for ammonia was 0.76% for the gen-
eralized quartic equation and 1.56% for the Peng-Robinson
equation. Vapor-liquid equilibrium calculations for water us-
ing two EOSs are presented in Figure 2. The result shows

1209

100 9 a
= 80 4 o]
-9
Z
8
] 60 4 ‘
2 B T:450(K)
& a8 T:500(K)
0] 0 T:600(K)
° T:700(K)
©  T:800(K)

20 ~— Model Quartic EOS

==~ PREOS

Q0 s 10 15 20 5 30 35
Density (mol/dm3)

Figure 1. Comparison of pressure-density calculation
for ammonia (Haar and Gallagher, 1978).
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O Exptl Data

<8 — Model Quartic EOS

\ =~~~ PREOS

Pressure (MPa)

Density (mol/dm3)

Figure 2. Comparison of saturated VLE calculation for
water (Keenan et al., 1978).

that the quartic equation is not very reliable near the critical
point of the fluid. The reason is that pure polar compound
data close to the critical point were not used in fitting the
regressed constants during the regressions. For saturated liq-
uid density calculation, the Peng-Robinson EOS has much
larger errors. The AAD calculated for the saturated liquid
density for water was 3.5% for the generalized quartic equa-
tion and 17.59% for the Peng-Robinson equation. To illus-
trate low-pressure regions, 0.0-0.1 MPa, the comparison for
hydrogen sulfide is presented in Figure 3. The AAD calcu-
lated for hydrogen sulfide was 1.82% for the generalized
quartic equation; however, for the Peng-Robinson equation
the results for this compound was 14.5%. A summary of the
AAD calculations for seven physical and thermodynamic
properties for 30 pure polar compounds obtained using the
generalized quartic and Peng-Robinson EOSs is presented in
Table 3. The overall performance of the quartic EOS ap-

T2 500 (K)
£ 2 T:600(K)
s a4

< ° T:700(K)
S

3 & T:800(K)
& B T:500(K)

~— Model Quartic EQS

=== PREOS

.01 v T T
=210 -160 -Lio -60 -0

Residual Enthalpy (J/mol)
Figure 3. Comparison of residual enthalpy calculation
for hydrogen sulfide (Thermodynamics Re-
search Center, 1993).
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Table 3. AAD Summary for Regressed Thermodynamic
Properties of 30 Polar Compounds Using the Generalized
Quartic and Peng-Robinson Equations of State

Thermodynamic  Generalized  Peng-Robinson

and Physical Quartic EOS EOS Number of
Properties AAD (%) AAD (%) Data Points

P, 1.98 1.82 1,456

Pev 2.68 2.90 541

Py 2.40 6.74 1,586

[ 0.89 2.08 2,289

H, 329 15.46 913

B, 171 57.05 609

H, 1.91 1.82 1,118

1
AAD(%)= - Y =

; Yi
i=1
tal data, y°¢ = the calculated data, and N, = the number of data points.

Na | ( yowo — yeale
(—'————’—— X 100% where y®P = the experimen-

pears to be better than that of the Peng-Robinson EOS for
pure polar fluid systems. The Peng-Robinson EOS performs
slightly better than the generalized quartic EOS with regard
to saturated vapor pressure and enthalpy of vaporization cal-
culations.

To demonstrate the ability of the generalized quartic EOS
for nonpolar and polar fluids to represent polar systems, we
arbitrarily chose seven pure polar substances (Freon-12
(CCL,F,), methyl ethyl ketone, m-xylene, toluene, ethylben-
zene, 1H-pyrrole, and 1,1-difluoroethane) which were not in-
cluded in the regressions. These seven polar fluids were ex-
amined using the new set of regressed coefficients in the gen-
eralized quartic EOS. Table 4 reports the data ranges and
sources of seven pure polar compounds and their physical
properties. The results of some thermodynamic property cal-
culations for these compounds can be seen in Figures 4-7.

3-‘4

8  Exptl Data

ts

—— Model Quartic EOS

Vapor Pressure (MPa)

1

0 Fre—ry

200 250

v T
350 400

T T
450 500

LA T

T 1
300 550 600 650 700

Temperature (K)

Figure 4. Vapor pressure calculation for ethylbenzene
(Daubert and Danner, 1989).

The AAD calculated for saturated liquid density for 1,1-di-
fluoroethane was 1.48% for the generalized quartic equation;
however, for the Peng-Robinson equation the results for this
compound was 9.63%. The AAD calculated for the second
virial coefficient for methyl ethyl ketone was 0.92% for the
generalized quartic equation and 35.04% for the Peng-
Robinson equation, respectively.

One objective in extending the quartic equation to polar
fluids was to develop a fourth parameter which would model
the polarity effects independent of the acentric factor. Figure
8 demonstrates that there is only a weak correlation between
acentric factor and dipole moment. Preliminary results indi-

Table 4. Description of Seven Polar Fluid Data Ranges Used and Their Data Sources and Physical Properties (Daubert and
Danner, 1989)

T P T. v, N

Compound Properties (K) (MPa) x) (dm*/mol) w (debye) Ref.

P, p,,, Py 230-383 * Platzer et al. (1990)

Dichloro- Pe 390-470 0-80 Platzer et al. (1990)

difluoro-methane H, 400-520 0-50 384.95 0.217 0.1796 0.510 Thermodynamics Res. Ctr. (1993)

(CCL,F,) By 340-470 Daubert and Danner (1989)

H, 230-365 * Platzer et al. (1990)
Methyl P, py 200-530 * Daubert and Danner (1989)
ethyl B, 850-1,150 535.5 0.267 0.3241 2.760 Daubert and Danner (1989)
ketone H, 200-510 * Daubert and Danner (1989)
P, p, 350-610 * Daubert and Danner (1989)
m-xylene SHU ! 350-590 * 617.05 0.3758 0.3260 0.300 Daubert and Danner (1989)
P, py 290-610 * Daubert and Danner (1989)
Ethyl Benzene B, 550-800 617.17 0.37381 0.3036 0.590 Daubert and Danner (1989)
H, 290-590 * Daubert and Danner (1989)
P,p, 250590 * Daubert and Danner (1989)
Toluene H, 1 550-570 * 591.79 0.31579 0.2641 0.360 Daubert and Danner (1989)
1,1- P, py 160-385 * Daubert and Danner (1989)

Difluoro- H, 400-550 0-75 639.75 0.230 0.2876 1.840 Thermodynamics Res. Ctr. (1993)
enthane H, 160-360 * Daubert and Danner (1989)
P, 320~-630 * Daubert and Danner (1989)
H- 1 s 386.6 0.181 0.2629 2.270

1H-pyrrole H 320-600 * Daubert and Danner (1989)

<

*Saturation pressure only.
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Figure 5. Comparison of saturated liquid density calcu-
fation for 1,1-difluoroethane (Daubert and
Danner, 1989).

cate that the quartic equation will accurately predict mixture
properties if the van deer Waals mixing rules are used for the
attractive portion of the equation and Boublik-Mansoori for
the hard-sphere part.

Conclusions

A quartic EOS, previously developed and generalized for
nonpolar fluids, has been extended and generalized for polar
fluids. A summary of the overall performance for the general-
ized quartic and Peng-Robinson equations for seven polar
compounds is reported in Table 5. Various thermodynamic
properties predicted from the generalized quartic EOS are in
satisfactory agreement with the experimental data over a wide
range of states and for a variety of thermodynamic proper-
ties. The generalized quartic EOS makes a significant im-
provement in calculating the enthalpy departure, second virial
coefficients, and the pressure-volume-temperature proper-
ties. From all results presented in this study, it appears that
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Figure 6. Enthalpy of vaporization calculation for
toluene (Daubert and Danner, 1989).
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the new set of generalized constants has been reliably deter-
mined using an effective regression technique. This set of re-
gressed constants is applicable to the thermodynamic prop-
erty calculations for nonpolar and polar fluids. In order to
evaluate the thermodynamic properties of a fluid, this EOS is
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30 polar fluids.

Table 5. AAD Summary for Predicted Thermodynamic Prop-
erties of Seven Polar Compounds Using the Generalized
Quartic and Peng-Robinson Equations of State

Thermodynamic  Generalized  Peng-Robinson

and Physical Quartic EOS EOS Number of
Properties AAD (%) AAD (%) Data Points

P, 2.45 1.61 199

Pso 2.78 1.57 30

Pyt 2.43 6.20 167

P, 1.17 2.45 72

H, 3.90 17.18 136

B, 1.25 19.33 84

H, 2.18 1.76 182
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characterized by four properties of the fluid—the critical
temperature, the critical volume, the acentric factor, and the
dipole moment. The new generalized quartic equation of state
is offered as a simple and accurate alternative to the com-
monly used cubic equations of state for modeling properties
of both polar and nonpolar fluids.
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Notation

a = parameter of the quartic equation of state, MPa/dm®
b= van der Waals volume, mol/dm®

B,=second virial coefficient, cm®/mol
c= parameter of the quartic equation of state, MPa/dm®
e= parameter of the quartic equation of state, mol/dm®
f=fugacity, MPa

H_ = residual enthalpy, J/mol

H, = enthalpy of vaporization, J/mol

kg, k| = quartic equation of state constants

N=number of data points
P = pressure, MPa
R= universal gas constant, 0.008314 MPa-dm>/mol - K
T= temperature, K
V= molar volume, dm%/mol

X, = quartic equation of state regressed coefficients
Z = compressibility factor of a compound

Greek letters

a(T,)= temperature dependence of parameter a
B=hard core volume, dm>/mol

&(T,)= temperature dependence of parameter ¢
p= density, mol/dm?

Superscripts

calc = calculated value
exp = experimental value
« = reduced variable

Subscripts

g= gas, single phase region
hs=hard sphere

= liquid phase

v= vapor phase

r=reduced property or constant

rep = repulsive

s = saturated, two-phase envelope
sl = saturated liquid phase
sv = saturated vapor phase
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Appendix A: Quartic EOS

The equation of state (Eq. 4) can be written as a quartic in
volume:

Vit gV + gV +qV +qo=0 (AD

where
RT
q3=(—2kQB+e—-—P—‘ (A2)

RT a
q,= {—;’—[ Blky—k)—el+kyBlkyB -—26)>+ 7 (A3)

RT k —a)
q1=e[k§[32+—p(k0—kl)]+[0—ﬁ(€—a—— (A4)
P P

ckZBZ
Go=— ‘I’J (AS5)

Appendix B: Behavior of the Roots of the Quartic
EOS

Several authors (Young, 1843; Burnside and Panton, 1912;
Turnbull, 1952) have discussed and reviewed the properties
of quartic equations. The roots obtained by solving the quar-
tic EOS have the following properties:

(1) One root is always real and negative and has no physi-
cal significance. The proof of this is given in the latter part of
the discussion.

(2) At the critical point, three roots are real, positive and
equal. This also requires that both (9P/9 V'), and (32P/3V?),
equal to zero at this pressure and temperature. Details on
using these conditions to determine parameters of the EOS
are given elsewhere (Shah, 1992). The parameters (a, 8, c,
and e) of the EOS have not been determined in this manner.
Hence, the critical point represented by the EOS is not the
same as the experimentally determined critical point of the
fluid.

(3) Below the critical temperature, all four roots are real.
The smallest positive root in volume corresponds to the lig-
uid phase and the largest positive root corresponds to the
vapor phase.

(4) Above the critical temperature, two roots are real and
the remaining two complex. The only positive root corre-
sponds to the volume of the fluid.

The quartic EOS can be written as:

VA4 gV +qV2+qV+q,=0 (B1)

Let V}, V5, V3, and V, be the four roots to Eq. B1. These
roots satisfy the following relationship also:

VaViVa=q, (B2)

It can be casily shown that c¢ is always positive for all possible
values of the acentric factor and reduced dipole moments,
This implies that g, is always negative (Eq. A5) and so is the
product of all the roots of the quartic EOS. At subcritical
temperatures, three roots are always positive implying that
the fourth one is always negative. At supercritical tempera-
tures, two roots are complex. Since the quartic EOS is a real
polynomial in V, complex roots appear in pairs and one is the
complex conjugate of the other (Householder, 1970). Since
the product of the two conjugate complex numbers is always
positive and the root of physical significance is positive, the
fourth root has to be negative.
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