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Abstract—Both the equation of state-excess Gibbs energy (EOS/GE) model and the cubic plus association (CPA) equa-
tion of state (EoS) are compared in this study with respect to their accuracy in the correlation of PVTx for systems such
as water/methanol, water/ethanol, water/benzene, water/toluene, water/methane, water/n-butane, water/n-pentane, water/
n-hexane, water/heptane, and water/octane, in supercritical conditions within temperature and pressure ranges of (573-
698 K) and (7.0-276.0 MPa), respectively. In the proposed EoS/G” model, Peng-Robinson (PR) equation of state, linear
combination Vidal-Michelsen (LCVM) and Wong-Sandler (WS) mixing rules in conjunction with UNIQUAC activity
coefficient model were used. Correlation of both CPA and EoS/G" models was evaluated by comparing the results with
the experimental data. Average absolute relative deviation (AARD) for WS, LCVM, and CPA was found to be 2.99,
11.11 and 5.14%, respectively, indicating better correlation of WS model with the experimental data.
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INTRODUCTION

Supercritical water remains a subject of intense scientific research
due to its potential industrial applications in areas such as hydro-
thermal production of ultrafine particles, extraction, dry cleaning,
biomass conversion, hazardous wastes and eftluent treatment. Design-
ing these processes requires accurate knowledge of the thermody-
namic properties of the systems involved. In the last two decades,
a large number of publications have been presented on supercriti-
cal water due to its remarkable anomalous properties as a solvent
or reaction medium for a wide range of technological applications.
The applications cover fields such as geology, mineralogy (for hy-
drothermal synthesis), or include oil and gas industries (tertiary oil
recovery), new extraction techniques for separation, regeneration
of sorbents used in waste water treatment, hazardous waste decon-
tamination of soils or equipment, and oxidation of hazardous chem-
icals [1-3].

Solvent characteristics of water going through ambient to super-
critical conditions change dramatically as solvent for ionic species
to solvent for non-ionic ones, primarily due to the reduction of dielec-
tric constant (~2 at 25 MPa and 723 K) [1,4]. Also, electrochemi-
cal properties of water such as dipole moment decrease from larger
values at ambient conditions, to that of acetone in the critical region
[4]. The pH-value too, decreases by 3 units, providing much more
hydronium ions for acid catalyzed reactions. On the other hand, the
reactivity of water increases near the critical point, irrespective of
any catalyst presence [4].

When designing any of these processes in such a wide range of
applications, access to reliable thermodynamic properties becomes
of paramount importance, especially the knowledge of PVTx for
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developing phase diagrams for complicated aqueous mixtures whose
applications both in industry and research laboratories are on the
increase [5]. Hence, a large number of publications have focused
on obtaining such data [1,2,5-10] which present considerable exper-
imental difficulties in measurement techniques, instability of mole-
cules, high temperature/pressure and corrosive medium involved
[11]. Employing a reliable EoS, capable of predicting such data,
and therefore, avoiding the strenuous testing procedure, seems to
be necessary for overcoming the mentioned problems and cost reduc-
tion. This is quite a difficult task due to the broad temperature and
pressure conditions and the asymmetric nature of the mixtures con-
sidered. However, the presence of water as a polar compound with
strong associative interactions in any system increases the complex-
ity of the thermodynamic behavior [12].

Recently, a number of models have been developed to correlate
high-pressure vapor-liquid equilibrium using PTxy data at subcriti-
cal conditions. For instance, water/alcohol (C,-C;) or water/acetone
systems were studied in temperature and pressure ranges of 473-
623 K and 16-185 bar, respectively, by Voutsas et al. [13] and Gar-
duza et al. [14], having used EoS-excess Gibbs energy (EoS/G")
model. Voutsas et al., however, used SRK/UNIFAC in conjunction
with MHV2, PSRK, LCVM and Wong-Sandler (WS) mixing rules,
while Graduza employed PR/NRTL, Van Laar, and the UNIFAC
model. Folas [15] also modeled the thermodynamic properties for
systems such as water/propane, water/butane, water/propylene and
water/CO, using cubic-plus-association (CPA) EoS. SAFT EoS too,
has been employed by Li et al. [16] in the temperature range of 348-
427K.

As can be seen, the above calculations were all made based on
vapor-liquid equilibrium at subcritical conditions. This is while in
supercritical conditions, phase equilibrium becomes irrelevant (as
there is only one single phase) and data should normally be pre-
sented in PVTXx (x corresponds to the composition of the single phase
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at supercritical condition). Such a study is already reported in the
literature for water/CO, system using SAFT-LJ EoS [17].

To have a model that could simultaneously apply to high pres-
sures at both polar and hydrogen bonding systems, G* models are
coupled with the cubic equations of state through the EoS-G” mixing
rules. In such an approach a range of possibilities may be consid-
ered where different equations of state and G models are coupled
with various degrees of success [18]. Association EoS, such as the
group contribution associating EoS, SAFT [19], APACT [20], and
the CPA EoS [21], however, explicitly describes the specific inter-
actions between like molecules (self-association) and unlike mole-
cules (cross-association). These have been considered as a break-
through in modeling of polar and highly nonideal systems in large
temperature and pressure ranges. In particular, the CPA EoS has
shown to be the most appropriate model of this kind to deal with
complex associating systems, considering the balance between ac-
curacy, predictability, and simplicity [22,23]. These complex asso-
ciating systems include binary systems containing alcohols and hy-
drocarbons [24,25], water and hydrocarbons [26], polymers and
solvents [27], organic acids [28], amines [29], for multi-component
systems containing water/alcohol/alkane [30] and [31], and water/
glycol/alcohol/alkane [32].

Considering the above, in this work, the EoS/G” model and CPA
EoS were employed to correlate PVTx for water/methanol, water/
ethanol, water/benzene, water/toluene, water/methane, water/n-butane,
water/n-pentane, water/n-hexane, water/heptane, and water/octane,
in single-phase systems at supercritical conditions within tempera-
ture and pressure ranges of (573-698 K) and (7.0-276.0 MPa), respec-
tively. Here, the PR equation of state, LCVM and WS mixing rules
in conjunction with UNIQUAC activity coefficient model are used.

THERMODYNAMIC MODELS

Considering water as one of the two components in the super-
critical system under investigation, thermodynamic models employed
should be capable of describing compounds with association sites
at the corresponding high temperatures and pressures. The thermo-
dynamic models used in this study are briefly described below.

1. EoS/G” Model

This model is developed from a cubic EoS in conjunction with
the activity coefficient model in order to correlate thermodynamic
properties of both polar and non-polar mixtures, especially at higher
pressures [33]. Among the many cubic EoS of van der Waals (VdW)
type nowadays available, the model proposed by Peng and Robin-
son [34] is widely used due to its simplicity and flexibility [35]. Here,
an improved PR EoS modified by Gasem [36], as presented in Eq.
(1) below, was employed

__RT a
T(V-b) V(V+b)+b(V-b)

M
The pure-component parameters (a, and b,) are calculated from pure-
component critical properties as below:

am 0.4572 07, (RTc,)’ and b = O.O778RTC,,-,
Pe; Pc;

@

where o(;,=exp[(2+0.836T,)(1-T,")] and parameter m is defined
in terms of acentric factor @, as
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m=0.134+0.508w—0.0467 7. 3)

To evaluate mixture parameters (a and b), two mixing rules of LCVM
[37] and WS [38] were used. LCVM is based on a linear combina-
tion of the mixing rules of Vidal [39] and Michelsen [40], and could
be expressed as

a= bRT[(% + lq__l/l)lST —]Z ln( ) + Zx i RT} @

i

where G is the excess Gibbs energy and A is an arbitrary parame-
ter selected to give the best results for the particular systems used
[41]. For the PR EoS, /=036, C=In(,/2 —1)/+/2 and q,=—0.53 [18].

The mixture co-volume parameter is also evaluated using the
following linear relationship:

b=Yxb,. ©)
The other mixing rule used here, WS [38], may be expressed as

RTZZX X ( RT)
b=

Rr-[oxge G ”
with
(‘RLT):;K" )+ (o- ‘“ﬂ“ k), ™)
and
= bRT[C?%ET+ZXbRT} ®)

The activity coefficient model used in Egs. (4), (6) and (8) is the
UNIQUAC model containing two combinatorial and residual terms
described as [42]

G"=G" (combinatorial)+G” (residual), )
where
(comblnatorlal ) P
RT lln +X lnX
+Z<q,x,lnﬂ +q2len%), (10)
2 4]
and
E .
G‘%‘Td“al):—q,xlln(eﬁ 0,7)— g In(6s+ 6,71). an
Here,
X X
¢i= inri, i = inqi,
Au, A
lnTN:—% and Inz,=— ;_l‘f, (12)

where r and q are VAW volume and area parameters of molecule i
calculated through group contribution increments, and x corresponds
to the mole fraction of component i.

This thermodynamic model includes the PR equation of state,
the WS or LCVM mixing rules, and the UNIQUAC model for G*
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Table 1. CPA EoS parameters and structural parameters of UNIQUAC activity coefficient model for the pure compounds considered

in this work

Component r q a, (bar--mol™?) b (//mol) ¢ £* (bar.l. mol™) Bx10°
Water 0.92¢ 1.40¢ 1.228 0.01452° 0.6736 166.55 69.2
Methanol 1.43¢ 1.43¢ 4.053 0.03098" 0.4310 245.91° 16.1°
Ethanol 2.11¢ 1.97¢ 8.672" 0.04908" 0.7369 215.32° 8.0°
Methane 0.171¢ 0.355¢ 0.2333" 0.02985" 0.4981° - -
n-Butane 3.15¢ 2.78¢ 13.143" 0.07208" 0.7077 - -
n-Pentane 3.83¢ 3.32¢ 18.198" 0.09101° 0.7986" - -
n-Hexane 4.50° 3.86° 23.681" 0.10789" 0.8313" - -
n-Heptane 5.17¢ 4.40¢ 29.178" 0.12535" 0.9137 - -
n-Octane 5.85¢ 4.94¢ 34.875" 0.14244° 0.9942" - -
Benzene 3.19¢ 2.40¢ 17.876 0.07499" 0.7576" - -
Toluene 3.92¢ 2.97¢ 23.375 0.09214" 0.8037 - -

=[45], "=[15], °=[46], *=[47]

in the mixing rules, and for brevity is referred to here as PR/WS/
UNIQUAC and PR/LCVM/UNIQUAC, respectively.
2. CPA Equation of State

This EoS, developed by Kontogeorgis et al. [21], combines the
simplicity of a cubic EoS such as SRK and the theoretical back-
ground of the perturbation theory, employed for the association part,
and is commonly used to describe associating fluids. In terms of
pressure P, CPA EoS can be expressed for mixtures as

_RT o) IRT(,, odlng)s <\

P=yo8  Viven) 2V (“” op )ng(l X4 13)
where the physical terms (i.e., the first two terms) correspond to
the same in SRK EoS and the associating term is taken from the
SAFT EoS [43]. Here, a Soave-type temperature dependency of
the pure component energy parameter, « is used where

AT)=a[1+¢,(1-JT)T, (14)

and p is density, g is a simplified radial distribution function [30],
X, is the mole fraction of component i not bonded at site A, and
finally, x; is the mole fraction of component i. X, is calculated through
the association strength, A"”, between two sites belonging to two
different molecules, and is obtained by solving the following set of
equations:

1

X, = —— (15)
U YT XA
J B
where
AB gA’B’ AB,
A" =g exp( )1 ™, (16)

with the radial distribution function g(p)=1/(1-1.97) for n=1/4bp
and b;=(b+b,)/2.

In the expression for the association strength A" the parameters
&" and " correspond to the association energy and the associa-
tion volume, respectively. These two parameters, used only for as-
sociating components, as well as the three additional SRK parameters
(a, b, and c)), represent the five pure-component parameters of the
CPA model [44]. These parameters as well as those from UNI-

QUAC (i.e. r and q) are presented in Table 1.

When CPA EoS is used for mixtures, conventional mixing rules
are often employed in the corresponding physical terms (i.e., SRK
section of the model) for the energy and co-volume parameters [15].
The interaction parameter k; appearing in the mixing rules is the
only adjustable binary parameter of CPA in the following form:

a=Y >xxa; (where a;=.aa(1-k;)). (17
i

To extend the CPA EoS to mixtures containing associating com-
pounds (for instance alcohols, water, or a mixture of the two), com-
bining rules (CR) for the association energy (") and the association
volume (3"") should be employed. Here, two specific CRs, CR-1
and Elliott CR (ECR) are used as suggested by Folas [14], where
CR-1 may be expressed as

and = J5 5. (18)

The expression for the cross-association strength (A"”) in conjunc-
tion with ECR may also be written as

A= AP AT (19)

MODELING BY GENETIC ALGORITHMS

AB,  AB,
4B_E +&

2

Genetic algorithm (GA) is a reliable method that employs bio-
logically derived techniques such as inheritance, mutation, natural
election, and recombination and was used in this study to evolve
toward better solutions in satisfying the objective function as defined
in the model. The interaction parameter k;, and UNIQUAC model
parameters of u,,(=Aw,/R) and u,,(=Au,,/R) were obtained by pre-
dicting PVTx properties from the models, having minimized the
following objective function:

exp cald]
vit—v

i
exp

Vi

1
F={p2 (20)

where NP is the number of data points, v is the molar volume, and
the superscripts (calc) and (exp) denote the calculated and experi-
mental values, respectively.

Initially, a number of individuals represented by chromosomes

Korean J. Chem. Eng.(Vol. 30, No. 1)



204 F. Masoodiyeh et al.

are randomly created, forming a set known as the initial popula-
tion. Each chromosome consists of a number of “0s” and “1s” and
represents the values of the parameters to be calculated [48]. On
the whole, GA is conducted using information from this popula-
tion of candidate solutions. Crossover and mutation operators gen-
erate new off-springs, while the mentioned objective function controls
the search progress. GA’s mutation probability corresponds to the
off-spring mutation and to adaptive random searches’ control of
local/global convergence. Periodic domain expansion and contraction
of adaptive random searches is analogous to the increasing diver-
sity of the GA population by using crowding scheme [49]. A com-
petition-cooperation among ‘families’ in the evolution algorithm is
equivalent to (a) avoiding the “elitism’ induced by the “fitness’ func-
tion in GA, (b) the continuous switching between local and global
search in adaptive random searches, and (c) the multi-start local
searches in clustering algorithms [50].

In the GA scheme used here, the number of variables (chromo-
somes), the number of generations, the length of a chromosome,
the search space, the crossover probability and the mutation proba-
bility, etc. were all defined according to literature information [48]
and are presented in Table 2.

RESULTS AND DISCUSSION

Table 3 illustrates the fitted interaction and UNIQUAC activity
coefficient parameters obtained as outlined above for the ten single
phase binary systems under investigation in this study (i.e., water/
methanol, water/ethanol, water/benzene, water/toluene, water/meth-
ane, water/n-butane, water/n-pentane, water/n-hexane, water/heptane,
and water/octane) and their corresponding absolute average rela-
tive deviation (AARD) for the models employed using GA. Avail-
able PVTx relationships for these systems were measured with a
constant-volume piezometer surrounded by a precision thermostat
as defined in the literature indicated in Table 3 [1,2,5,8,11,51-53].

These measurements included three aqueous ethanol mixtures (0.2,
0.5, and 0.8 mole fraction of ethanol), a H,O+CH,OH mixture (0.36
mole fraction of methanol), six compositions from 0 to 0.614 mole
fraction of hydrocarbon (n-heptane, n-octane, and benzene), three
composition mole fractions of toluene (0.0008, 0.0022, and 0.0085),
five composition mole fractions of methane (0.3709, 0.4326, 0.4914,
0.7900 and 0.8424), five composition mole fractions of n-butane
(0.02,0.05, 0.15, 0.25 and 0.35), seven composition mole fractions of
n-pentane (0.027, 0.058, 0.075, 0.0967, 0.1185, 0.139 and 0.8898)
and four composition mole fractions of n-hexane (0.0021, 0.0050,
0.0085, 0.0138). The operating temperature ranges for these ten mix-
tures were 573 to 673 K, 588 to 673 K, 647 K, 623 to 673 K, 573
to 653 K, 602 to 698 K, 620 to 679 K and 643 to 651 K, and the
corresponding pressures ranges were 5.4 to 48 MPa, 6.6 to 90.9 MPa,
5 to 40 MPa, 11 to 46 MPa, 7 to 63 MPa, 19 to 276 MPa, 7 to 63
MPa and 8 to 35 MPa, respectively.

With the set of data in Table 3, density (p) and compressibility
factor (Z) in supercritical conditions for the systems could be evalu-
ated. The associated errors presented in Table 3 correspond to the
accuracy of both the optimized parameters of EoS as well as cap-
ability of the models in correlating p and Z. This is because the ob-
jective function is defined based on the molar volume v, used di-
rectly in assessing p and Z. Considering the degree of nonideality
and high pressures and temperatures involved, the accuracy of the
three models may be considered satisfactory. As expected, the EoS/
G" model is capable of correlating the characteristics of such polar
systems as investigated here under high pressure [38]. Despite the
PR/LCVM/UNIQUAC model offering reasonable accuracy, the
PR/WS/UNIQUAC model showed a much superior compatibility
with the experimental data as indicated by its lower AARD. It was
not possible to validate our models, primarily because despite the
growing interest on the matter, there is limited empirical data on
supercritical water systems and little modeling reported on them in
the literature so far. The only similar approach to this study reported

Table 2. Variables and parameters for the genetic algorithms method developed in this work to correlate the models parameters from

available experimental data

Variables Notation/method/formula Value
Number of experimental data NP -
Number of variables N, 1, 2 or 3 based on the model used
Number of generations Neen 30
Length of a chromosome L. 20
Total length of an individual L=N,xL, -
Number of individuals N, 20
Aptitude definition Linear -
Selection scheme Universal stochastic sampling -
Crossover operator Multipoint
Crossover probability Pcross 0.8
Mutation operator Binary -
Mutation probability Pmut 0.035
Search space (range of feasible solutions SS1 for k,, LD

for the parameters k,, u,,, U,;) SS2 for u,, (—800,1000)

SS3 for u,, (—800,1000)
ex; cald]
Objective function F II%)Z Vp;:/’ Minimum positive value
v
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[17], dealt with H,O-CO, system and SAFT-LJ EoS, which could
not be used here. However, as far as high pressure and temperature
data are concerned, similar results have also been reported for high
pressure vapor-liquid equilibria (VLE) in water/ethanol and water/
methanol systems [54], where the PR/WS/UNIQUAC model has
proved to be more reliable in predicting high-pressure phase behav-
ior than PRIMHV2/UNIQUAC model. This might be because PR/
WS/UNIQUAC uses a non-linear relationship (Eqg. (6)) for evalu-
ating the co-volume parameter, and hence compared with both PR/
LCVM/UNIQUAC and PR/MHV2/UNIQUAC, it deals with an
extra binary interaction adjustable parameter of k;.

As for the CPA EoS, results in Table 3 indicate that its predic-
tion accuracy is higher than PRZLCVM/UNIQUAC but less than
that of the PR/WS/UNIQUAC model. However, having in mind
its simplicity in structure with only one adjustable parameter, and
consequently less demand for CPU time calculation, this reason-
able accuracy may be considered as justifiable. Folas et al. have
already demonstrated the good capability of CPA EoS in predict-
ing VLE systems involving high pressures and temperatures; this
is particularly true for cross associating systems [55] where other
commonly used association EoS, such as SAFT-type (applied exten-
sively in polymers), are rarely employed. The investigations of Suresh
and Beckman [56] (SAFT for water-alcohol and acid alkanes), Fu
and Sandler [57] (simplified SAFT and SAFT for various binary
systems), Gross and Sadowski [58] (PC-SAFT for alcohol-alcohol
and water-pentanol), and Paragand et al. [59] (SAFT-VR for water-
ethanol) can be mentioned among the few such applications.

Another point worth mentioning here is that when either alcohol
or water are present in the system mixtures, complex structures and
unusual thermodynamic behavior are expected, primarily due to
produced H-bonded molecular associations. These present serious
challenges in studying them, both from the theoretical and experi-
mental points of views. Contrary to physical interactions, H-bond-
ing interactions, whether between molecules of the same species
(self-association), or those of different species (solvation), in aque-
ous alcohol solutions are short ranged and highly directional [5,45].
Hence, the associated errors in water/methanol and water/ethanol
systems, as indicated in Table 3, are higher than other systems inves-
tigated here. Even the influence of H-bonding seems to be more
significant in water/methanol system as compared with that of water/
ethanol; consequently, the models are less capable of correlating
the former. This is perhaps because methanol is a small but highly
polar molecule and is expected to interact strongly with water (itself,
a polar molecule) in the H-bonded network [11,60].

As far as the number of carbon atoms in the alkenes under in-
vestigation is concerned, although Table 3 indicates that increasing
this from methane (1C) to hexane (6C) has increased error in all
three models, for other systems involving water and either heptane,
octane and benzene, the error is very near to that of water/hexane.
Hence, it is difficult to link the error and the number of carbon atoms
in the alkenes. The system mole fraction may play a significant role
in here, and this is not the same for the systems investigated. Again,
according to Table 3, increasing water mole fraction increases AARD
in almost all models investigated here, confirming higher influence
of water related H-bond and its associated molecular interactions.
This point is quite evident in the dilute water/toluene mixture, where
even for the PR/WS/UNIQUAC model, which presents a very good

January, 2013

fit with the experimental data, there is a considerable maximum
error of 6.13%.

Verifying the accuracy of the models, could also be demonstrated
by their ability in calculating (Z) and () when plotted against pres-
sure. Figs. 14 illustrate a typical trend of these plotted for the models
used here and water/ethanol system. Other systems investigated here
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Fig. 1. Diagrams for pressure (P) of a supercritical (0.5H,0+0.5
C,H,;OH) mixture against density (0) along various iso-
therms. Solid lines correspond to the results obtained from
(a) PR/WS/UNIQUAC, (b) PRILCYM/UNIQUAC and (c)
CPA models, and symbols correspond to the experimental
data.
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Fig. 2. Diagrams for compressibility factor (Z) of a supercritical
(0.5H,0+0.5C,H;OH) mixture against pressure (P) along
various isotherms. Solid lines correspond to the results ob-
tained from (a) PR/'WS/UNIQUAC, (b) PR/ILCVM/UNI-
QUAC and (c) CPA models, and symbols correspond to the
experimental data.

demonstrated similar trends and their figures are not presented for
the sake of brevity. As can be seen from Figs. 1-4, at higher pres-
sures, there is a significant difference between prediction capability
of the PR/WS/UNIQUAC and CPA compared to that of PRILCVM/
UNIQUAC. Out of the first two models, the PR/WS/UNIQUAC
also leads to more accurate predictions almost for all temperatures
and pressures. This is while PRZILCVM/UNIQUAC predictions are
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Fig. 3. Diagrams for pressure (P) of a supercritical (0.2H,0+0.8
C,H;OH) mixture against density (o) along various iso-
therms. Solid lines correspond to the results obtained from
(a) PR/WS/UNIQUAC, (b) PRILCYM/UNIQUAC and (¢)
CPA models, and symbols correspond to the experimental
data.

increasingly inaccurate at higher pressures. Therefore, it appears that
temperature-dependent parameters might be needed in the LCVM
mixing rule to produce results of comparable accuracy to the WS
mixing rule and CPA, both of which contain temperature-indepen-
dent parameters.
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Fig. 4. Diagrams for compressibility factor (Z) of a supercritical
(0.2H,0+0.8C,H;OH) mixture against pressure (P) along
various isotherms. Solid lines correspond to the results ob-
tained from (a) PR/'WS/UNIQUAC, (b) PR/LCVM/UNI-
QUAC and (c) CPA models, and symbols correspond to the
experimental data.

CONCLUSIONS

EoS/G" model and CPA EoS were employed to correlate PVTx
for water/methanol, water/ethanol, water/benzene, water/toluene,
water/methane, water/n-butane, water/n-pentane, water/n-hexane,
water/heptane, and water/octane single-phase systems, in near-critical
and supercritical conditions (temperatures of 573-698 K and pres-
sures of 7.0-276.0 MPa). Here, PR EoS, LCVM and WS mixing
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rules in conjunction with UNIQUAC activity coefficient model are
used. The results indicate that PR/WS model from EoS/G” is satis-
factorily capable of correlating thermodynamic behavior of such non-
ideal and highly polar systems. However, considering the three ad-
justing parameters and more CPU time consuming calculations for
the above, CPA EoS with only one adjustable parameter and sim-
pler EoS structure over the other similar EoS like SAFT could ade-
quately describe molecular interactions. As far as the accuracy of
the models used is concerned, their AARD% indicate the order of
superior compatibility with experimental data as being PR/WS/UNI-
QUAC followed by CPA and PRILCVM/UNIQUAC with AARD%
being 2.99, 5.14 and 11.11, respectively.

NOMENCLATURE

Abbreviations

AARD : average absolute relative deviation

APACT : associated perturbed anisotopic chain theory
CPA : cubic plus association equation of state

CR : combining rules

ECR : elliott combining rules

EoS : equation of state

EoS/G : equation of state-excess gibbs free energy model
GA : genetic algorithms

LCVM : linear combination Vidal-Michelsen

MHV?2 : second-order modified Huron-Vidal mixing rules
NP : number of data points

PR :Peng-Robinson

PSRK : predictive Soave-Redlich-Kwong

SAFT : statistical associating fluid theory

SRK : Soave-Rendlich-Kwong equation of state
UNIQUAC : universal quasichemical model

VdW : van der Waals

VLE : vapor-liquid equilibria

WS : Wong-Sandler

List of Symbols

: energy term in the SRK/PR equations of state [bar-dm®%/mol’]
: co-volume parameter of cubic equations of state [dm’/mol]
: radial distribution function

: binary interaction parameter (in equations of state)

: molecular weight [kg/kg-mol]

: pressure [bar]

: van der Waals area

: gas constant [J/mol-K]

: van derWaals volume

: temperatur [K]

: monomer fraction

: mole fraction

: compressibility factor

N> =" " "UZ:W‘(IO o ®

Greek Letters

: association volume

: association strength

: association energy [bar-dm’/mol]
: reduced fluid density

: average area fraction

DI N D>
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: molar volume [m*/mol]

: density [kg/m’]

: binary interaction parameter (UNIQUAC model)
: average segment fraction

: acentric factor

@9 9D <

Superscripts/Subscripts

: site A in molecule i
ave :average

B,  :site B in molecule j
c : critical property
calc : calculated value

E : excess

exp :experimental value
i,j :component index

r : reduced property
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