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INTRODUCTION

The majority of petroleum fluids contain heavy
hydrocarbons, which at low temperatures may
precipitate as a wax phase.  The presence of wax phase
causes problems during oil production, transport and use
of both crude oil and refined products. This phenomenon
is responsible for losses of billions of dollars per year in
the petroleum industries. Under-standing the wax phase
and modeling this behavior are fundamental in dealing
with this problem. Thermodynamically, this problem
treated for along time as solid liquid equilibria models.
Different models are presented in the literature. The
models differ in the approach for describing the non-
ideality of solid and liquid phases. In this study, computer
programs have been developed on the basis of
thermodynamic models.

The main purpose of this paper is to apply some
thermodynamic models that can be used to predict
cloud point temperature based on literature
experimental data. A comparison between the predic-
tions of these models and experimental data is
presented. The models selected in this study are
regular solution models (Won and Pedersen) and local
composition models (UNIQUAC, Wilson, and NRTL).

THERMODYNAMIC MODELS

The cloud point is defined as the temperature at
which the first crystal appears in petroleum fluids.
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The formation of wax is treated as solid liquid
equilibrium between a solution (liquid phase) and solid
phase (wax) in a hydrocarbon mixture.

The general solid-liquid equilibrium equation relates
the composition in both phases with the non ideality
of the phases and the pure component thermophysical
properties.

The equilibrium equation relating the composition
in the liquid and solid phases with the non ideality of
the phases and the thermophysical properties of the
pure components can be written for each component
i present at equilibrium as[1]:

(1)

Where Δhm,i  is the enthalpy of melting for
component i, Tm,i is the melting temperature, Δhtr,i is
the transition enthalpy of component i, Ttr,i   is the
transition temperature of component i,  ΔCpm is the
heat capacity at melting temperature, and s

iγ , l
iγ

are the activity coefficients for both liquid and solid
phases respectively.

Regular solution models: Won and Pedersen

Won model

Two simplifications in equation (1) were done by
Won[2]. First the heat capacity differences were
neglected in the equilibrium ratio. Secondly, the
melting temperatures and solid-solid transition
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temperatures are considered as equal, and then the
general expression can be written as:

(2)

Won[2] used the regular solution theory in order to
describe the nonideality in the oil (liquid) and wax
(solid) which means that the activity coefficients are
determined from the solubility parameters of the
individual components

(3)

(4)

(5)

(6)

Where vi is the molar volume, δi is the solubility
parameter, Φi is the volume   fraction of component
i,  is the average solubility parameter of the mixture,
Si and Xi are the mole fractions for solid and liquid
phases. Won used the following expression to
determine for the melting enthalpy (cal/mol) of
component i:

(7)

Where Mwi is the molecular weight and Tm,i  the
melting temperature in  Kelvin and has the following
expression:

(8)

The molar volume, vi- in the equations 5 and 6
was calculated by the following correlation[2]:

  (9)

Where:

(10)

The solubility parameters, for both liquid and solid
phases of the normal paraffin up to C40, which were
used by Won[2] are presented in Table (1).

Pedersen model

Pedersen et al.[3] have made two modifications
of Won’s model. The first modification takes the heat

capacity difference into account in the equilibrium
equation, and has the following form:

(11)

The second is that the solubility parameters are
function of carbon number of components according
to[3]:

(12)

(13)

Where:  Cn is carbon number.

Local composition models: UNIQUAC, Wilson,
and NRTL

These models are based on the concept that the
composition of the system in the neighborhood of a
given molecule is not the same as the bulk
composition and presumed to account for the short-

Table 1.  Solubility Parameters (cal/cm3)0.5 for paraffinic
components used in Won’s model(2).
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n

Subscript i identifies species and j is a dummy
index. All summations are over all species.

The structural parameters ri (relative molecular
volume) and qi (a relative molecular surface area)
are function of paraffin chain length. The correlations
used for r and q are[10,11]:

ri = 0.0148Cn + 0.0096 (20)
qi = 0.0185Cn + 0.0211 (21)

Wilson model for solid phase activity
coefficient: The Wilson equation used to predict the
nonideality of solid phase is a modification of the
original Wilson equation, where the contribution of
the molar volumes to the local compositions is not
taken into account and qi (area parameter) was added
to the interaction parameter.

(22)

Where:

NRTL model for solid phase activity
coefficient: The NRTL model for solid phase was
used without modifications of the original NRTL
model and has the following form:

(23)

Where:

Where á is a measure of the non-randomness of
the mixture and for the solid phase has a value of
α=2/Z, and Z is the coordination number for solid
phase having a value of 6.

For these three models studied, the estimation of
the local compositions is based on the interaction
energies between pairs of molecules, λij. The pair
interaction energies between two identical molecules
were predicted using the enthalpy of sublimation of
the orthorhombic crystalline phase of the pure
component:

(24)

Where z is the coordination number with a value
of 6 for the n-alkanes in the orthorhombic crystals[11]

and  is the enthalpy of sublimation of the pure n-
alkanes defines as:

(25)

range order and nonrandom molecular orientations
that result from differences in molecular size and
intermolecular forces. The heat capacity term of
equation (1) is neglected and is not used in the
modeling of the local composition model[4,5].

The Liquid Phase Nonideality

The activity coefficient model used for the liquid
phase can be described as:

(14)

Where the residual contribution for the activity
coefficient, γres, is estimated by UNIFAC model and
the Flory-free volume equation[6,7] were used to
provide the combinatorial term

(15)

with:

(16)

Where vi is the molar volume, and vwi is the van
der waals volume of component i

The Solid Phase Nonideality

The solid phase non-ideality was described using
three different predictive local composition models:
UNIQUAC, Wilson, and NRTL[8,9].

UNIQUAC model for solid phase activity
coefficient: The UNIQUAC model for solid phase
used has the following form:

In

(17)

With:

(18)

(19)

τji is the interaction parameter.
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(35)

(36)

Ideal solution model

The simplest model also has been tested in which
liquid and solid phases are assumed an ideal
solution,

(37)

RESULTS AND DISCUSSION

Experimental data of synthetic fuel[15] have been
used to test the predictive capabilities of these various
models for predicting the cloud point temperature.
Also UNIQUAC model was used to predict the
composition and contents of wax below this point.
This synthetic fuel, Table(2) consists of five synthesis
paraffinic systems. These systems were made up of

THERMOPHYSICAL PROPERTIES FOR
THE N-ALKANES

The following correlations were used to calculate
the parameters needed to obtain the  the
thermophysical properties of the n-alkanes in local
composition models used in this paper[12]:

(26)

(27)

and
(28)

(29)

with

Where Cni is the number of carbon atoms in n-
alkanes.

Morgan and Kobayashi correlations were used
to predict the heat of vaporization[13].

With

(30)

(31)

(32)

where:

The acentric factor is a function of the carbon
number, Cni,

(33)
The critical properties are obtained from the

correlations of Twu[14]:

(34)

Table 2: Composition in mass % of the paraffinic system.
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a solvent (n-decane) plus synthetic wax in the
proportion of 4 moles of n-decane to 1 mole of wax.
The composition of waxes is essentially made up of
heavy n-paraffins whose carbon number varies from
18 to 36.

Comparison between predicted values using the
various models and experimental values is reported
in Table (3).

It can be clearly seen from this table that the
use of local composition models in general provides
satisfactory prediction of the cloud point
temperatures with the deviation less than
experimental error. In the regular solution models,
the results were satisfactory for Pedersen model.
This model gave better prediction than Won model
as shown in Table (3). This can be attributed to
the fact that Pederson model considered the
difference between solid and liquid heat capacities,
a term has been neglected in Won model. Also it
seemed the estimation values of solubility
parameter necessary to increase the values of the
solid phase solubility parameters as compared with
Won model.

The large deviation was clear in an ideal solution
model, this leads to a clear indication of the
importance of using a description of the non-ideality
in the solid-liquid equilibrium.

Composition of solid phase at cloud point

The composition of the solid phase at cloud point
for the synthetic fuel were predicted by the models
carried out in this work,  and exponential decay of
normal alkanes can be seen clearly from Figures 1
and 2 for BIM0 system .

A study of solid deposit at cloud point, by these
different models leads to similar prediction. The heavy
components are present in the first solid bulk,
whereas the lightest do not precipitate. This means
that only the heaviest components are contained in
the solid phase at the cloud point temperature.

Wax solid content and liquid- solid equilibrium

Solid liquid equilibrium model at temperatures
below cloud point was calculated using
UNIQUAC model. The solution of the model was
based on the methodology prepared by Leivobici
and Neoschil(16).

To test the UNIQUAC model ability to predict
liquid-solid phase composition below cloud point,
experimental data, Table (2), were used[15]. In the
prediction, two different structural parameters r and
q of the solid phase have been used; the first is
mentioned above in equations 20, 21 and its named
as Coutinho 2000[10]. The second is UNIQUAC10[17],
it has the following form:

ri = 0.1Cn + 0.0672 (38)
qi = 0.1Cn + 0.1141 (39)

Figures 3 to 6 show the comparison between the
experimental and calculated composition in the solid
phase at different temperatures. Also Figure 7 shows
the comparison between the experimental wax solid
composition content and that predicted by the two
different structural parameters. It can be seen that
the UNIQUAC 10 gives better results in comparison
with Coutinho 2000[10].

For liquid phase, the UNIQUAC model provides
an excellent description of the experimental data
for all of the systems studied using these two
structural parameter correlations, equations.
Figures 8 to 11 show the comparison between the
experimental and calculated composition in the
liquid phase at different temperatures for the
different systems.

Table 3: Deviation “T” between experimental and
calculated cloud points.

Fig. 1. Solid phase composition at cloud point for BIM0
system by local composition models.
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Fig. 2. Solid phase composition at cloud point for BIM0
system by regular solution models.

Fig. 3. Comparison between experimental [15] and predicted solid
phase composition of   BIM3 system at 278.35K by two
different structural parameters.

Fig. 4. Comparison between experimental [15] and predicted solid
phase composition of BIM5 system at 273.45K by two different
structural parameters.

Fig. 5. Comparison between experimental [15] and predicted solid
phase composition of BIM9 system at 303.15K by two different
structural parameters.

Fig. 6. Comparison between experimental [15] and predicted solid
phase composition of BIM13 system at 299.15K by two
different structural parameters.

Fig. 7. Wax solid content at some temperatures for the studied
system.

Fig. 8. Comparison between experimental [15] and predicted
liquid phase composition    of BIM3 system at 278.35K by two
different structural parameters.

Fig. 9. Comparison between experimental [15] and predicted
liquid phase composition of BIM5 system at 273.45K by two
different structural parameters.
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CONCLUSION

Six thermodynamic models namely, Won,
Pedersen, UNIQUAC, Wilson, NRTL and ideal
solution have been used to predict the cloud point
temperature of defined liquid mixtures (synthetic
fuel). The predicted cloud point temperatures have
been compared with the literature experimental cloud
point data. Good agreement between the predicted
and experimental values was obtained using models
that are based on solid activity coefficients as
compared with those that neglect the non-ideality in
the solid phase. Also, the UNIQUAC model was
applied to predict the wax formation and the
composition of liquid and solid phase below the cloud
point temperature. This model was found to provide
a remarkably good description of the low-
temperature phase behavior for different types of
synthetic fuel in broad temperature region.

NOMENCLATURE

Aij is the binary interaction parameter for pair ij
in the Wilson model.

Cni is carbon number, i=10 to 40
d density of the component,  g/cc
Gij is the binary interaction parameter for pair ij

in the NRTL model.
Mwi is the molecular weight.
qi relative molecular surface area of the paraffinic

constituent.
Pc is the critical pressure in atm.
ri relative molecular volume of the paraffinic

constituent.
Si is the mole fraction for solid phase.
Tb is the boiling point temperature in Kelvin.
Tc is the critical temperature in Kelvin.
Tm,i  the melting temperature in  Kelvin.
Ttr,i   is the transition temperature of component i

in Kelvin.
Tfus,i is the fusion temperature of component i in

Kelvin.
vi is the molar volume of component i cc/gmol
Vwi is the van der waals volume of component i

cc/gmol.
Xi is the mole fraction for liquid phase.
Z is the coordination number for solid phase.
α is a measure of the non-randomness of the

mixture.
λij. The pair interaction energies between two

identical molecules, area the activity coefficients for
both liquid and solid phases respectively

δi is the solubility parameter
Φi is the volume   fraction of component i
 is the average solubility parameter of the mixture
γres  residual part of the activity coefficient
γcomb-fv combinatorial part of the activity

coefficient.
 is the interaction parameter for the UIQUAC

model.
ΔCpm is the heat capacity at melting temperature
Δhm,i  is the enthalpy of melting for componenti
Δhtr,i is the transition enthalpy of componenti
 is the enthalpy of sublimation of the pure n-alkanes
“Hvap heat of vaporization, kJ/mol
“Hfus heat of fusion, kJ/mol
“Htr heat of transition, kJ/mol
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