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Abstract - Thermophysical properties of industrially complex
fluids whose composition is always ill-defined are in practice
predicted by using thermodynamic models. To ensure the
prediction accurately and reliably, a three-step procedure to
obtain the properties of these fluids must be validated. The focus
of this study is laid on a short review of tools which can be served
for each of the three steps. It should be noted that the tools
presented in this work are centered on the ones applicable for
highly associating and/or polar fluids. It is also recommended in
this work an approach for characterizing a pseudocomponent
representative of a complex mixture, e.g. petroleum fluids,
biomass fluids, considering the available analytical data. This
fully described pseudocomponent can be easily used within any
thermodynamic models.
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1. Introduction

Accurate and reliable knowledge of phase equilibrium
behavior as well as transport properties plays a crucial role
in designing and optimizing chemical and biochemical
processes [1]. However, properties for a given process are
not always obtained by means of experiments, especially
when considering a wide range of working conditions for
fluids involved into the process. Therefore, the lack of
properties is often compensated by having recourse to
mathematical models or equations of state (EoS). To use the
selected equation of state for estimating thermodynamic
properties, it is necessary for an engineer to parameterize the
equation. The purpose of this is to calculate characteristic
parameters which will be used as inputs for the equation.
Yet, the calculation of properties for practically industrial
applications is not easily accessible, even having at hand an
EoS and a suitable parameterization approach. This is due to
the fact that industrial fluids are usually complex fluids that
are composed of a large number of ill-defined components.
Petroleum-based fluids are typical examples of complex
fluids. These fluids typically contain a large range of
different hydrocarbons and non-hydrocarbons whose actual
composition is only partially identified [2]. Biomass-
originated fluids stemming are even more complex than
petroleum-originated ones because they contain large
amounts of oxygen-containing species, such as ketones,
acids, ethers, esters, aldehydes, etc [3]. Therefore, to be able
to determine the characteristic parameters, an accurate
description of complex fluids is needed. This procedure is
called fluid characterization. Figure 1 summarizes a
procedure for calculating thermophysical properties of a
complex fluid of interest.
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Figure 1. General procedure for calculating thermophysical
properties of a fluid of interest
As shown in Figure 1, it is crucial to validate three steps
in order to be able to calculate phase equilibrium and
thermodynamic properties for any mixture:

(i) It requires an adequate EoS or a thermodynamic
model for calculating phase equilibrium properties or
transport properties.

(if) The EoS parameters for each component, which
constitutes the fluid under consideration, must be at hand.
The determination of these parameters should be founded
on the chemical nature of the considered component or be
relied on experimental means.

(iii) To be able to characterize the considered
components, a set of experimental information or
analytical information must exist. This information will be
used to generate so-called pseudocomponents representing
a group of chemical species or representative molecules
[4], as commonly applied in petroleum industry. The aim
of using this technique, often referred to as
“pseudoization”, is to reduce the number of actual
components present in the fluid of interest. This reduction
helps to simplify the calculation and computational cost
with the chosen EoS.

This work will perform a short literature review on each
of the above-mentioned steps. In the second section,
several typical models for thermophysical properties will
be presented and discussed. It should be noted that the
discussion is focused on predictive equations whose
parameters can be purely estimated and on the ones that
can be applied for associating and/or polar molecule -
containing fluids. The third section will present several
parameterization methods which can be used to determine
characteristic inputs. In the next section, we will discuss
various methods used to define pseudocomponents given
the availability of the experimental information. A
conclusion is provided in the final section.

2. Equations of state for property calculation

The equations of state can generally be categorized into
cubic, statistical mechanics-based, and hybrid EoS.
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Being first introduced in 1873 by van der Waals [5],
cubic-type equations have since been further modified and
are being widely applied in the oil refining industry. The
detailed description of the cubic EoS as well as their
successful implementation are referred to the works given
by Wei and Sadus [6], Valderrama et al. [7]. In general, the
cubic EoS can be described as the sum of two terms,
namely, the repulsive term accounting for the repulsive
interactions between hard sphere-type molecules and the
attractive term accounting for the attractive interactions
between these hard-sphere molecules. Among the most
advanced EoS in this category, it is worth mentioning
Soave-Redlich-Kwong (SRK) [8] and Peng-Robinson (PR)
[9]. These two cubics are widely applied in the petroleum
refining industry. Equation (1) is the general expression of
the cubic-type equations:

RT a(T)

P = ey @

where 1y, 1, can take different values depending upon the
equation, as shown in Table 1; two characteristic
parameters a and b are determined from the critical
properties of fluids considered.

Table 1. Parameters r; and r, to be used for cubics including
vdW EoS, SRK EoS, and PR EoS

Parameters vdwW SRK PR
61 0 0 —-1-42
T 0 -1 —14++2

The widespread utilization of the cubic EoS is
accounted by (1) it is simple for these equations to be
incorporated into commercial simulation softwares and
(2) only a few characteristic parameters (e.g., a and b are
estimated easily from critical properties) are required for
these equations. However, its limitation appears when
being used to describe strongly non-ideal mixtures which
contain highly polar and/or strongly associating molecules.

Statistical mechanics-based EoS, which allows to
linking of bulk properties with molecular properties, is
demonstrated to be capable of handling complex mixtures
of associating and/or polar molecules. Founded on a solid
physical framework, these EoS allow explaining the
physical nature of fluids, for instance, hydroden-bonding
interactions, chain formation, etc. The so-called
Statistical Associating Fluid Theory (SAFT) equations
are the best examples for this category of EoS. The first
version of SAFT-type EoS was introduced by Chapman
et al. with the use of Wertheim’s perturbation theory for
taking into account associative interactions between
molecules [10], [11]. SAFT is generally expressed as
contributions to the residual Helmholtz energy A™¢S, as
shown in Eg. (2).

ATeS = (mAhs +Achain) +Adisp +Aassoc +Apolar (2)

where AhS, Achain = pdisp - pgassoc and APOlT s terms
respectively accounting for contributions from hard-
sphere, chain formation, London attractive interaction,
associative interaction, and polar characteristics. Each term
is characterized by specific parameters such as segment
diameter o, number of segments m, well-depth energy of

dispersive energy &/k, association energy 48 /k and the
association volume K48 (where A and B represent the
associating sites), the polar moment (dipole moment u and
quadrupole moment q) and the polar fractions
(mxP* and mxP?). Since 1989, different versions of
SAFT models have been developed and proposed in
literature [12 - 15]. The main differences among SAFT-
type versions essentially come from either (1) the reference
system considered, or (2) the choice of approach to
describe repulsive and attractive interactions. The use of
SAFT-type equations for thermodynamic behavior of
complex fluids, for both pure compounds and mixtures,
was successfully shown in many investigations [13], [14].

In addition to the two aforementioned equations, many
investigators have also developed the so-called hybrid EoS
which are based on a cubic-type EoS plus an association
term derived from the Wertheim theory [16], [17]. Among
many successful models proposed in the literature, much is
focused on the so-called CPA (Cubic Plus Association)
equation [18] and the GCA (Group Contribution
Associating) equation [19]. To extend the capability of
cubic-type EoS for associating molecules, Kontogeorgis et
al. [18] formulated the CPA equation, which is a
combination of SRK with the association term derived
from SAFT, as shown in Eq. (3).

RT a

= E - v(v+b) (3)

where X4 is molar fraction of the compound not-bonded at

site A. The characteristic parameters in Eq. (3) were fitted

against vapor pressure and saturated liquid density

measured values. Successful applications of this model

were demonstrated for mixtures containing light
hydrocarbons, water and alcohols [20 - 22].

In the case of predicting transport properties such as
viscosity, many thermodynamic models have been
proposed with the use of different underlying theories
such as kinetic theory [23], [24], corresponding states
theory [25], free-volume concept [26], friction theory
[27], and among others. These models have been shown
to be capable of predicting the viscosity of industrial
fluids to a reasonable extent [28]. One of the most
prominent models, which has been demonstrated to be
capable of predicting the viscosity of complex fluids, is
the one founded on the kinetic theory of hard sphere. This
equation was firstly presented by Dymond [29] and then
refined for practical applications by Assael et al. [23], as
shown in Egs. (4) & (5).
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where V., V,, M, R, T, R,, and i corresponds to the molar
volume, the molar core volume, the molar mass, the
universal gas constant, the temperature, the roughness
factor, and the dynamic viscosity, respectively. The
extension of this scheme was applied to predict the
viscosity of different complex fluids (synthetic crude oils,
aromatics, etc) within an uncertainty of 5% [24], [30].
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3. Parameterization techniques

As clearly shown in Figure 1, the application of any
thermodynamic model should define their characteristic
parameters. This step is called “parameterization”. There
are four techniques commonly used to parameterize an
equation of state or a thermodynamic model. These
techniques are mainly classified into regression,
corresponding states principle, ab initio calculations, group
contribution. The following paragraph will present and
discuss briefly these techniques.

Direct regression on experimental data is the safest
technique to determine characteristic parameters. The use
of the parameters obtained by this technique accurately
restores properties which are used for the regression.
Nevertheless, the extrapolation of these parameters for
other applications strongly depends on the physical
framework of the model and also the condition range of the
database used for the regression. A difficulty with this
approach lies in the fact that parameters are very often
regressed against pure experimental data. Therefore,
extending these regressed parameters to mixtures could
reach a severe deviation in predictive results. To overcome
this difficulty, spectroscopic data for associatiion-relating
parameters or mixture data can be included in the database
used for the regression, as done by von Solms et al. [31] or
Ferrando et al. [32].

Another method for parameterizing cubic-type Eo0S is
the corresponding states one [33 - 35]. This well-known
principle is based on using properties at critical points and
acentric factors to estimate EoS characteristic parameters.
Therefore, this technique allows to capture exactly fluid
behavior at the critical point. Bouza et al. [36] applied this
technique to a SAFT-type equation. Consequently,
critical points were well captured, but high deviations
were still observed elsewhere. This indicates that the
corresponding state principle is not suitable to
parameterize molecular equations of state like SAFT.
This principle was also applied to the transport property
model [37 - 40].

The ab initio (quantum mechanical) calculations were
used to parameterize SAFT-type EoS by several research
groups [41 - 45]. A drawback when using this technique is
that the number of compounds considered is limited due to
the fact that the computational expense for molecules under
consideration is costly.

Another technique which allows to determination of
EoS parameters is the Group Contribution (GC) method.
To be able to use this technique, the chemical structure of
a molecule considered, or more precisely, its molecular
functional groups such as CHs-, -CH»-, -NH»-, -COOH,
etc must be established. Several GC-based approaches
were developed for parameterizing cubic EoS, for
instance, the well-known Predictive Soave-Redlich-
Kwong model [46], which is a combination of SRK with
an activity coefficient approach based on the GC
technique used to predict the attractive mixture
parameter. Based on the PR EoS framework, Jaubert et
al. [47] developed a GC scheme to estimate the so-called

binary interaction parameter k. The working groups of
Brignole [48] and Stefanis et al. [49] also proposed the
GC rules for associating compounds. The so-called GCA
EoS, combining the GC scheme developed by Skjold-
Jorgensen [50] and Wertheim’s theory-based association
term, was successfully applied to systems of fatty oil
derivatives and pure organic compounds. The application
of GC techniques for SAFT-type EoS is generally
classified into two approaches, namely, homonuclear GC
approach and heteronuclear GC approach. Regarding the
homonuclear approach, the groups of Passarello and de
Hemptinne proposed the average mixing rules for the
three non-associating parameters (¢/k, o, m) of the
original SAFT and PC-SAFT [51], [52]. The polar
version of the PC-SAFT combined with the GC approach
was successfully applied to alkanes, alcohols, aromatic
hydrocabons, oxygenated compounds [53]. Among the
heteronuclear GC approaches, the prominent one is the
scheme proposed by Lymperiadis et al. [54], [55]. This
scheme, which relied on SAFT-VR, was successfully
applied for pure alkanes, pure alcohols, as well as their
mixtures [56]. Recently, the GC technique was also
developed for viscosity on the basis of the cubic EoS,
presented by Cardona et al. [57], and of the free-volume
theory model, presented by Jovanovic et al. [58], with
encouraging results.

4. Fluid characterization approaches

To perform thermophysical property calculations with
a thermodynamic model, a description of fluid is
indispensable. With regard to petroleum refining
applications, ill-defined mixtures are often described
through a set of pseudocomponents. According to Khan
et al. [59], the fluid description has to answer four
following questions: (1) “How many components should
be used?”, (2) “How should pseudocomponents be
formed?”. (3) “How should fluid characterization
parameters be obtained?”, and finally (4) “Which mixing
rules should be used to calculate pseudo-properties?”.
The first issue is related to the analysis in terms of
composition and property measurements of fluids under
investigation. The analytical information obtained for the
fluids will decide which approaches can be used to create
a set of pseudocomponents. This section will review some
of the most commonly used methods for fluid
characterization. The information on these methods will
be organized in order as follows input data, data
treatment, and finally fluid characterization.

4.1. Utilization of distillation curves

In the field of petroleum refining, it is impossible to
access a full analysis of molecular components for
petroleum mixtures. Therefore, these multi-component
fluids are commonly described through a set of
pseudocomponents  which  are  also  assigned
thermophysical properties. The application of the
pseudocomponent concept aims at reducing the actual
number of molecular components being used in simulation
softwares. This results in simplifying the calculation
operations with a chosen EoS.
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4.1.1. Input data

Conventionally, pseudocomponents are generated from
distillation curves [60] which are built up from
experiments. Distillation is referred to as a separation
technique of liquid mixtures or liquefied gas mixtures into
individual components or groups of components (aka
fractions or cuts termed in the refining field) thanks to the
volatility difference between chemical components. The
output of this molecular separation normally is a curve
showing the relationship between boiling temperature and
distilled volume percent. Figure 2 is an example of a
distillation curve for crude oil, where the X-axis is
cumulative liquid volume percent and the Y-axis boiling
temperature.

X = pseudo-component average normal 74;’4
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Figure 2. Typical True Boiling Point curve for a crude oil

There are different norms for building up distillation
curves in the refining industry, for instance, the so-called
true-boiling-point (TPB) curve built up according to
ASTM D2892 standardized for crude oil, or distillation
curves obtained from ASTM D86 standardized for
petroleum products, etc. Distillation curves can also be
obtained by using a gas chromatographic technique
(ASTM D2887). These curves are called simulated
distillation curves. In practice, obtaining TPB curves is
very time-consuming. Therefore, various approaches were
developed to obtain these curves from data provided by
other norms. Readers are referred to references for more
information [61 - 64].

4.1.2. Treatment

As shown in Figure 2, a set of pseudocomponents is
generated by cutting the TBP curve of the fluid into
different temperature intervals. The smaller the
temperature intervals, the more accurate the representation
will be. Practically, adequate temperature interval ranges
from 10 to 15 degrees Kelvin [65]. Each pseudocomponent
defined from the TBP curve is then characterized by an
average boiling temperature and density. These properties
can be easily and rapidly measured in laboratories. When
petroleum fractions cannot be collected and no actual
measurement is possible, the density of the fractions is then
calculated assuming that the characterization factor Ky
[66] is constant throughout the fractions. This factor
measures the “paraffinicity” of hydrocarbons. It is defined

as the ratio of the cube root of the average boiling point
(Tb) and specific gravity (SG) of petroleum fractions, as
shown in Eq. (6).
(18Tp)Y/3

= (6)

A petroleum fraction behaves as kinds of paraffin if the
value of Ky, is approximately 13 and as aromatics if Ky is
approximately 10.

4.1.3. Characterization

Based on T, and SG, some properties (e.g., critical
temperature and pressure, acentric factor) of the
pseudocomponents can be calculated by utilizing adequate
correlations, for instance, those proposed by Lee and
Kesler [35], but many others can be found in the literature
[2], [67].

The fluid characterization as pseudocomponents is
widely used as a basic approach in many commercial
simulation software like HYSYS, Aspen Plus, Pro/ll, etc
to simulate and design separation processes such as crude
oil distillation. The benefits of using this technique lie in
the fact that (1) molecular information is not needed; only
bulk properties such as Ty and SG are required, and (2)
the number of components being simultaneously treated
is considerably reduced. Although being able to meet
refiners’ simulation demands, and being still a prevailing
technique in simulating refining processes today, this
approach, according to Eckert and Vanék [68], has some
inevitable limitations. Most importantly, this technique is
incapable of considering the wealth of complexity in non-
petroleum based fluids, for instance, those originating
from biomass processing. This is due to the fact that the
input information needed for characterization purposes
almost exclusively refers to fluid volatility.

4.2. Utilization of lumping approach

Fluids can be characterized by several hypothetical
groups by using a lumping technique. By using this
technique, components possessing one or a few similar
physical properties (e.g., critical temperature and pressure,
acentric factor, molecular weight, etc) will be lumped or
grouped into a hypothetical group.

4.2.1. Input data

Contrary to the above-mentioned the
pseudocomponent-based  approach, the  lumping
technique requires a detailed analysis of all fluid
components. Thanks to modern analytical instruments
such as chromatography, spectroscopy, spectrometry, etc,
the information on composition (weight or molar percent)
and molecular structure for a large range of components
in fluids, particularly for petroleum fluids, is accessible.
Readers are referred to references [2], [69] for more
information. Regarding fluids originating from biomass
processing, recent developments in the so-called two-
dimensional gas chromatography technique (GC-2D)
make it possible to consider oxygenated bio-oils [70],
[71]. The description of this modern technique is detailed
in some reviews [72], [73].

Ky
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4.2.2. Treatment

On the basis of detailed molecular information of a
fluid under consideration, it is possible to group the fluid
components into a limited number of hypothetical
components or pseudocomponent. The algorithm proposed
by Montel and Gouel [74], also known as the dynamic
cloud method, is the most frequently used for lumping
purpose. Within this algorithm, several thermophysical
properties as input data will be provided for each
component together with a corresponding weight factor for
each property used. The lumping algorithm will then
identify a number of hypothetical groups by minimizing
the objective function expressed as dj; (see Eq. (7)). This
value is defined as the distance between barycenters (i.e.,
centers of lumps) of hypothetical groups and the
components belonging to these hypothetical groups for all
properties considered.

diy = B2 wielrde = 1| 7)
Where dj; is the distance between compound i and j; wy is
the weighting factor for property K; rix is the normalized
value of property k of compound i. This value is
normalized between the minimum and maximum values of
property k of compound i on all the compounds.

L ] L}
-
L L]
" - .
l Step 1: Select 2
random barycenters
@ -
Bl n
@ - - L ]
Step 2: Distribute
— .
l compounds into lumps
[ L - .
@ LR I I
l Step 3: Calculate
barycenters for each lumps
L] L}
u b = g(On
" Y
Step 4: Take new
barycenters
.
‘n (--) m{] - O .
I UL

Figure 3. Algorithm of the lumping scheme [74]

Basically, the lumping algorithm consists of 4 steps as
illustrated in Figure 3. The first step involves random
selection of the quantity of lumps and barycenters. In the
next step, components are distributed into the lumps based
on their nearest distance criterion (see Eq. (7)). Note that
the criterion can be one or many properties, as well as
specific parameters of an EoS. The barycenters are then
determined for each lump based on the distribution
procedure done in the second step. In the third step, the
distribution of the components will be done iteratively until
all barycenters achieve stability, which means that no
component moves to another lump [65]. Consequently, the

output of this algorithm is a distribution of the initial
components in the chosen number of lumps.

4.2.3. Characterization

The properties or EoS specific parameters need
determining for each lump. To that end, an averaging rule
based on the properties of the lump-belonging components
is used. Averaging rules for determining critical properties,
molecular weight, and acentric factors for a lump are given
as examples in references [74], [75]. As a result, the well-
defined lumps can be used as pure components within the
framework of the chosen EoS. It should be noted that the
lumps generated from this technique can be considered as
pseudocomponents in the same way as discussed above. A
challenge with using this approach is to identify lumping
criteria. That involves the determination of relevant
properties used in the objective function.

4.3. Utilization of solvent fractionation approaches

Petroleum fluids, mainly residues, are often
characterized by using a solvent-based fractionation
approach. The fractionation is achieved due to the variation
in terms of solubility and polarity of components of the
fluids into different solvents. Basically, this technique
utilizes various chemical solvents to fractionate mixtures
into different chemical families each of which is treated as
a pseudocomponent. A typical illustration of this method is
the so-called SARA method which fractionates a crude oil
into 4 fractions including Saturates (S), Aromatics (A),
Resins (R) and Asphaltenes (A), using solvents including
n-heptane, acetone, dimethylformamide [2].

4.3.1. Input data

Various research groups developed their solvent
fractionation  technique for oxygenated bio-oils
originating from biomass processing [76]. Generally, a
solvent fractionation strategy for bio-oils involves two
steps. Firstly, bio-oils are fractionated by using different
solvents. This procedure aims at separating the bio-oils
into fractions of different characteristics (e.g., solubility,
polarity). The second step of the fractionation strategy
involves identifying the chemical composition of the
fractionated fractions. The recent developments of modern
analytical instruments facilitate the detailed identification
of the chemical composition of oil fractions even when
only small amounts are available. Chromatographic (both
gas and liquid), spectroscopic methods, gas
chromatography — mass spectrometry, GC2D — MS or
NMR are widely used for fractions obtained from the
solvent-based fractionation technique [77]. Several two-
step approaches developed for characterizing pyrolysed
oils are presented in references [78 - 81].

4.3.2. Treatment

Like the abovementioned SARA method, each fraction
obtained from the solvent fractionation approach can be
treated as a pseudocomponent.

4.3.3. Characterization

To compute thermodynamic properties with an EoS, it
requires the availability of several characteristic
parameters (i.e., T, Pc, w) for each of the fractionated
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fractions. Considering biomass originating fluids, very few
of the above-mentioned research groups extend their
results to any thermodynamic schemes for property
prediction. Therefore, the focus is placed only on examples
stemming from the petroleum industry. One of the
examples presented in this section is the SARA technique
reported by Szewczyk, which is based on the use of a GC
method. As reported by Szewczyk [82], a Cuo+ fraction was
characterized in terms of four pseudocomponents, namely,
saturates, aromatics, resins and asphaltenes. The
characteristic parameters of each group were determined
by using the GC method developed by Avaullée [83].
Molecular functional groups of each pseudocomponent are
identified on the basis of the ¥C NMR analysis and
molecular weight.

A drawback of using solvent-based fractionation is that
it is difficult to obtain reproducible results because the
chemical nature of fluids considered, which influences
their solubility into solvents, strongly depends upon the
origin and processing conditions of the considered fluid. In
addition, this technique is very time-consuming and costly.

4.4. Molecular reconstruction of fluids

This section will briefly discuss two approaches, called
molecular reconstruction, which are used to generate
mixtures that can represent the real mixtures considering
the similarity in thermophysical properties. The molecular
reconstruction of fluids by using these two approaches
allows obtaining detailed insight into fluids of interest such
as type of molecules, their composition, etc. This valuable
information is potentially useful for generating a set of
pseudocomponents to represent the fluids for simulation
purposes.

4.4.1. Approach proposed by Zhang

Zhang et al. developed a technique to estimate

molecular composition of petroleum fractions from their

bulk properties [84]. Figure 4 shows a general sketch of
this technique.

Fraction 1 Fraction 2
. J
v

Fraction 3

well-characterized

Figure 4. Approach of Zhang. The “well-characterized”
term indicates that the composition matrix of Fraction 1 and 2
is available

As shown in Figure 4, assuming that Fraction 3 is a
mixture of Fraction 1 and Fraction 2 which are well-
defined, the molecular composition of Fraction 3 will be
then interpolated from the composition of these two
fractions. The coefficients a and b as shown in Figure 4
will be adjusted to minimize the deviations between
measured properties (e.g., density, refractive index, etc) of
Fraction 3 and the estimated values. Within the approach
proposed by Zhang, the components of the fluids are
arranged into a matrix of which the rows represent carbon

number and the columns indicate structural groups defined
by the author, for instance, three-ring naphthenic
compounds, two-ring aromatic compounds, etc. Every
element of the matrix is the composition (molar or weight
percent) of molecules or molecular lumps, for instance,
4A+ lump indicating 4 or 5+ ring aromatic compounds.
Table 2 is a typical example of the compositional matrix
for a middle distillate. This approach was successfully
applied in some cases [85], [86].
Table 2. Example of the composition representation (%w) in
a matrix for a middle distillate. The data are taken from
reference [87]

P 1N 2N 3N A 1AIN 1A2N  2A 2AIN 2A2N  3A 4A+
0.00 000 000 000 048 018 000  0.00 0.00 0.00 0.00 000
0.01 0.05 0.00 0.00 0.96 0.37 0.00 0.20 0.00 0.00 0.00 0.00
0.02 006 000 000 191 0.74 000 098 0.00 0.00 0.00 000
003 010 005 000 1.82 070 0.00 191 0.00 0.00 0.00 000
09 023 014 005 134 052 046 430 0.76 0.00 0.00 0.00
172 038 024 010 09 051 034 675 1.59 0.00 048 0.00
239 048 057 019 048 038 021 5.76 1.36 0.00 183  0.00
248 048 048 020 048 035 011 4.79 1.14 0.00 126 0.06
287 048 029 021 038 019 010 401 1.02 0.81 191 028
268 043 029 021 019 014 0.05 191 0.45 127 134 025
277 038 029 021 019 014 005 098 023 109 058 039
201 0.31 0.24 0.19 0.00 0.08 0.00 0.49 0.19 091 0.21 028
172 021 019 010 000 005 000 019 011 076 010 014
105 015 014 008 000 0.00 000 011 0.07 037 008 013
076 011 010 008 0.00 0.00 000  0.00 0.05 018 004 011
029 006 005 004 000 000 000  0.00 0.02 0.09 001 006
0.19 0.04 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.03
010 002 000 000 000 000 000  0.00 0.00 0.01 0.00 0.00
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4.4.2. Approach proposed by Hudebine

Hudebine et al. developed an approach, called Entropy
Maximization, to characterize petroleum fractions. This
approach allows thgeneration of mixtures of molecules of
the same behavior as the petroleum fractions under
consideration [88], [89] with the use of partial analytical
information. This approach consists of two steps. Firstly, a
reference mixture as representative as possible of the real
fluid is generated by using a stochastic reconstruction
method. This reconstruction method is based on the use of a
set of random distribution functions of structural blocks such
as aromatic rings, naphthenic rings, etc or molecular
characteristics such as type of molecule, chain length of
molecule, probability of presence of functional groups, etc.
A Monte Carlo sampling method is then applied to generate
this reference mixture. It should be noted that the molar
fraction of all the molecules in the reference mixture is
always normalized to the total number of molecules. Note
that the reference mixture may contain several times the
same molecule. For each molecule generated, several
properties are also determined by using GC-based
correlations (e.g., specific gravity, molecular weight, normal
boiling point, etc). The properties of the reference mixture
are averaged by using mixing rules and compared to the
measured properties of the real fluid in order to adjust the
parameters of the distribution functions. The reference
mixture can be composed of several thousands of molecules.
For instance, a set of 5000 molecules is generated to
represent an Arabian Light vacuum residue [90].

Starting from the reference mixture, the molar fractions
of molecules are adjusted by maximizing the entropy of the
fluid. The difference between the fluid properties and the
measured ones is kept to be as small as possible. If any
property value of any molecule is not present in the
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objective function, the entropy maximization technique
will make that molecule not preferred to other molecules.
Figure 5 is a typical example of the molar fraction
distribution of a mixture of 5000 molecules, representing
an Arabian Light vacuum. The molar fraction distribution
of the equimolar mixture is uniform.
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Figure 5. Distribution of the molar fractions of a mixture
representative of an Arabian Light Vacuum residue. This figure
is taken from reference [90]

This approach was applied with encouraging results
for reconstructing gasolines and gasoils produced from
the fluid catalytic cracking unit, heavy petroleum residue
fractions [88], [91], [92], [93]. However, this approach
has not yet been extended to oxygenated fluids. In
addition, this approach has never been combined with an
EoS for phase equilibrium computations. As such, it is
probably not adequate because it has to consider a very
large number of components. Nevertheless, if combined
with a lumping algorithm as mentioned above, this
approach could be used as an input so as to generate a
number pseudocomponents.

4.5. Concluding remarks

It is proposed in this study a short literature review on
how to calculate a thermophysical property of a complex
fluid of interest. To that end, an appropriate approach for
characterizing the fluid under consideration is
indispensible. Table 3 summarizes the approaches which
can be served for this purpose.

Nguyen et al. [94] proposed a methodology which was
successfully used to characterize biodiesel and regular
diesel for the thermodynamic property prediction. Based
on the aforementioned analysis of fluid characterization
approaches, the approach proposed by Nguyen et al. [94]
is introduced in this work as a recommendation for an
industrially complex fluid characterization. As can be

seen in Figure 6, it is possible to calculate properties of a
complex fluid provided that an adequate characterization
strategy is available. Depending on the type of
experimental information obtained for considered fluids,
several routes can be used for characterizing a complex
fluid. Within the framework of this scheme, the complex
fluid will be characterized as pseudocomponents. There
are three possible ways to generate pseudocomponents
with characteristic parameters depending on the type of
availability of analytical information. If an adequate
solvent fractionation strategy exists (third arrow), it will
be easy to separate complex fluids as fractions with
characteristic parameters which are experimentally
accessible or predicted by using existing correlations. If a
compositionally detailed analysis for complex fluids
exists (first arrow) and all thermophysical properties of
listed molecules are provided by means of experiments or
predictive tools, a lumping strategy can be used to
generate  pseudocomponents.  The  characteristic
properties of these pseudocomponents can be calculated
by using average mixing rules. If there exists only partial
analytical information on complex fluids (second arrow),
the entropy maximization technique proposed by
Hudebine et al. can be considered to produce a detailed
molecular composition of the fluids. In this case, a
lumping strategy is subsequently needed to generate
pseudocomponents.

Table 3. Summary of the characterization methods

Method

T Ch izati Descripti Note
cutting into
temperature
intervals and
attribution of a
density to each
cut

Input data

corresponding
states based
pseudo-
components

correlations
calculating critical
parameters

only volatilities;
use of cubic EoS

volatility
curves

TBP

same global
approach as
volatility curves
except that the
criterion is
chemical affinity
rather than
volatility
requires detailed
information, but
potentially to be
applied with any
model
inconvenient to
use as such,
should be used as
an input for

lumping

additional
measurements are
needed, typically
to determine the
functional groups

use group
contribution to
construct
pseudo-
molecules

each fraction is
one pseudo-
component

set of fractions
using selected
solvents

Solvent
fractionation

pseudo-
components
characterized by
any chosen
property

detailed

lumping on
molecular Ps

** | adequate criteria
composition

Lumping mixing rules

Molecular
reconstruction

(Hudebine)

any analytical | statistical

data reconstruction

large number of

roup contribution
group molecules

Once pseudocomponents or representative molecules
together with their characteristic parameters of complex
fluids are generated, one can now use any predictive
thermodynamic models for thermophysical property
prediction purposes.

Analytical data Characterization GAIsmsrEaton Thermodynamic models Properties
approaches techniques

Detailed analysis

Fractionation Determination of characteristic
properties

Molecular

reconstruction

' o Cubic equations of | | « Vapor pressure,
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Figure 6. Proposition of the methodology for characterizing complex fluids (Modified from refrennce [94])
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5. Conclusion

The objective of this work is to provide a short review
of several approaches which can be applied to computing
thermophysical properties of a complex industrial fluid
whose composition is very complex and usually unknown.
To be able to calculate a property within the scope of a
chosen equation of state or a selected thermodynamic
model, a fluid characterization is indispensable. The
selection of an appropriate method for the characterization
purpose strongly depends on the availability of analytical
information. Taking advantage of the pseudocomponent
concept, a methodology proposed by Nguyen et al. is
recommended for characterizing complex fluids as a set of
representative molecules. These molecules can be then
easily applied in any thermodynamic models for
computing thermophysical properties. Out of the scope of
this work but in the future, a further validation of this
methodology for real fluids will be performed.
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