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The deposition of paraffinic and heavy hydrocarbons in pipelines is a major
challenge in the petroleum industry during production and transportation of oil
products. In this paper, the wax appearance temperature (WAT) in solid-liquid
equilibria is calculated based on solid-liquid phase models for binary hydrocarbon
systems under high-pressure operational conditions. These models, rooted in
Won'’s framework for liquid-solid equilibria, employ the ideal activity coefficient
to compute fugacity in the liquid phase and the Wilson activity model for the solid
phase. The developed model accurately describes solid-phase equilibria in
hydrocarbon systems across a wide pressure range (atmospheric to high
pressures). For systems where operational temperatures exceed the critical
temperature of the light component, forming solid-gas equilibria, the model
assumes negligible solubility of the light component in the solid phase (zero
concentration). The model predicts WAT for binary mixtures of light and heavy
hydrocarbons with high precision, demonstrating an average absolute error of
1.64% and 1.19% across 13 tested systems (617 experimental data points).
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1. Introduction
The deposition of paraffinic and heavy hydrocarbons in pipelines is a major challenge in the petroleum industry
during production and transportation of oil products. When crude oil flows through pipelines, wax formation on the
pipe walls reduces the pipeline's capacity. To address this issue, developing an accurate thermodynamic solid-liquid
equilibrium (SLE) model for predicting petroleum deposit formation temperatures is essential. Most existing studies
focus on predicting hydrocarbon deposit equilibria under reservoir conditions, while further research is needed for
high-pressure environments and actual pipeline operational scenarios [1-3].
In thermodynamic modeling of solid-liquid equilibria (SLE), two-phase fugacity calculations are evaluated through:
1. vy-y equilibrium models [4-6]
2. y-¢ equilibrium models [7-8]
For y-y based equilibria, both liquid and solid phase fugacities are derived from activity coefficient models. Won
(1986) first applied this approach to predict solid-liquid equilibria using Regular Solution Theory for both phases [9].
Today, researchers employ various activity models for both solid and liquid phase calculations [10-11].
In y-¢ based equilibrium models, equations of state (EOS) are employed to calculate fugacity in vapor and liquid
phases [12-14]. Pauly et al. [15-16] utilized the Soave-Redlich-Kwong (SRK) equation of state combined with G-
Excess mixing rules to compute fugacities in both liquid and vapor phases.
Recent studies show that classical cubic equations of state, such as Peng—Robinson (PR) and Soave—Redlich—-Kwong
(SRK), remain widely used for predicting wax appearance temperature (WAT) in petroleum systems, Meanwhile,
newer research by Shariatrad et al. (2022) used experimental data to model wax disappearance temperature (WDT)
and found that accurate EOS selection strongly impacts prediction fidelity [17]. Furthermore, a recent review by Wen
et al. (2025) emphasizes the limitations of traditional EOS models for wax deposition and calls for advanced or hybrid
modeling approaches [18]. Also, Haoqi Chen et al. (2025) used the volumetric PR equation of state, together with the
LCVM mixing law, to describe the vapor-liquid phase, while the Wilson predictive activity model accounted for the
non-ideality of the solid phase by considering the pressure effect from the Poynting term. In addition, this study
presented a new approach to calculate the wax disappearance temperature using the tangent plane distance (TPD). In
their work, the results of the PR model in the solid phase have better results in determining the wax appearance
temperature of paraffin compounds than the SRK equation of state [19].
In this paper, were proposed a new model based on solid-liquid equilibria in both phases to accurately predict two-
phase solid-liquid equilibria (wax appearance temperature, WAT) in binary and multicomponent systems containing
light and heavy hydrocarbons over an extended pressure range. Also, were employed activity models to predict
fugacity in both liquid and solid phases. The ideal solution model is used for the liquid phase, while the Wilson
predictive model [20] is applied to the solid phase. The primary objective of this proposed model is to avoid using
cubic equations of state for fugacity calculations in both solid and liquid phases under both atmospheric and high-

pressure conditions.

2. Thermodynamic model
The thermodynamic equilibrium of wax formation is studied using a general solid-liquid equilibrium (SLE) equation,
which correlates the composition in both phases with the non-ideality of the phases and the thermophysical properties

of the pure components [21]. The equilibrium ratio between the solid and liquid phases is defined as follows:
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2.1. Solid-phase fugacity computational model
The fugacity of each component in the solid phase is calculated using the following equation:
ﬁS(T’P’xls7 xN) x fpuret(T P) (2)

The solid-phase fugacity is calculated by transforming the subcooled liquid fugacity to solid-phase fugacity at high

pressure and constant temperature. Thus, Eq. (2) can be rewritten as Eq. (3):
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In Eq. (3), the parameter ¢; represents the pressure-temperature slope during the solid-to-liquid phase transition,

which is obtained from literature data [22]. Additionally, the parameters 7y (fusion temperature) and AH; (enthalpy
of fusion) correspond to the solid-to-liquid phase transition of the pure component [23]. For calculating the activity

coefficients of pure components in Eq. (3), the Wilson equation is applied [20]

2.2. Liquid-phase fugacity computational model

The fugacity of each component in the liquid phase is calculated using Equation (4):
-f;L (jwﬂjj’;xf""ﬁ Xai ) = Xaé7/i.f;mrez(]w 1)) (4)

In Eq. (4), the term ]/I.L represents the fugacity of component *i* in the liquid phase, where an ideal activity coefficient

model is assumed. The term f (T, P) denotes the fugacity of the pure component *i* in the liquid phase. By

uret

combining Eqns. (3) and (4), we derive the following relationship to calculate the equilibrium composition of each

component in the liquid and solid phases

AH,, N, A, L
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3. Results

In this paper, hydrocarbon binary compounds are studied in two groups: solid-liquid equilibrium between binary
systems in which the ratio of the wax formation temperature to the critical temperature of one of the components is
T <1 (i.e., the wax formation temperature is less than the critical temperature of the component) and binary

compounds in which the ratio of the wax formation temperature to the critical temperature of the componentis 7, > 1

for both components.

3.1. Binary compounds with value T. <1

In this case, 8 binary compounds were examined in which the wax formation temperature in both components was

lower than the critical temperature that causes the formation of solid-liquid equilibrium, the results of which are given
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in Table 1. As can be seen in Table 1, these binary compounds are composed of paraffins with a high carbon number
or, if they contain a light hydrocarbon component, the percentage of the light component is higher so that the wax
formation temperature is lower than the critical temperature of this light component. In these cases, for most systems,
the error was below 2%, and the average error in all combinations is 1.64%. This error was calculated in the
calculation of the wax formation temperature at different pressures and combinations using coding in MATLAB
software. Prediction of wax formation temperature in C;4-C;s mixture at three different mole percent of C;s (¥=0.25,
0=0.5 and = 0.75) with N> model and its comparison with experimental results in Fig. 1 has been illustrated. In Fig.

1 until to Fig. 4, The X axis is mole fraction of heavy component and Y axis is Pressure in MPa unit.

Table 1. Error rate in calculating the wax formation temperature in binary compounds with value 7, <1

Absolute error =
N Heavy component
Binaries content range Pressure range (MPa) | NP sum|T, —T,,, Reference
Ci4-Cis 0-1 20-100 50 1.30 [8]
Ci4-Cis 0-1 20-100 70 1.88 [8]
Cs-Ci3 0.3158-1 133-300 22 2.26 [24]
Cs-Cis 0.2007-0.9543 10.67-300 50 1.75 [24]
Ce-Cis 0.2509-0.9401 12.04-300 58 1.64 [24]
C2-Cis 0.054-0.801 1.7-14.4 50 0.79 [20]
C2-Coo 0.097-0.496 2.05-11.05 48 1.21 [21]
C3-Cs4 0.0995-0.3969 1.151-11.052 26 2.30 [22]
Average - - - 1.64 -
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Fig. 1. Prediction of wax formation temperature in Ci4-C;s mixture at three
different mole percent of C;5 (¥*=0.25, O=0.5 and = 0.75) with N, model
and its comparison with experimental results [§8]

As can be seen in Fig. 2, the model's predictive ability is very good up to pressures in the 300 MPa range, and at
pressures above 300 MPa, the system's diagnostic ability gradually decreases, but the average model prediction at 50
points is still 1.75, which is less than 2 degrees at very high operating pressures. In pressure Higher than 300 MPa,
due to the compactness of molecules, the error of thermodynamic models in determining the parameters of molecular
attraction and repulsion, as well as activity models, increases. As we know, activity models are presented for
atmospheric pressures, and using them at high pressures increases the error amount. Of course, in this project we are

talking about pressures of more than 3000 atmospheres.

3.2. Binary compounds with value T. >1
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In this case, 5 binary compositions were examined in which the wax formation temperature in one of the components
is lower than the critical temperature, and in other cases, the wax formation temperature is higher than the critical

temperature of the light component, and in the case where the percentage of the hydrocarbon component is higher,

the contribution to this binary system is greater.
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Fig. 2. Comparison of experimental values [24] and results from the N6 model
in the Cs-C1s composition in the range of 293.15K to 343.15K. The lines of the
model results and the symbols are experimental values. (0=293.15K, *=

303.15K, 0=313.15K, [1=323.15K, ¥%=333.15K and x=343.15 K)

These compounds inherently form a solid-gas equilibrium due to the lack of formation of a liquid phase, and in this
case, the solubility of the light component in the solid phase is considered to be zero, and it is assumed that only the

heavy component crystallizes in the solid phase and the lighter component is only present in the liquid or vapor phase,
and as a result, 7/;9 =land xiS = () are considered in the light component. As shown in Table 2, the calculation error

in the samples, considering the complete crystallization of the heavy component in the solid phase, is 1.19. The
average error in 5 samples is 1.19. In Fig. 3, due to the high percentage of the lighter component in the mixture, the
prediction of the wax formation temperature with the assumptions considered is very accurate at all 31 points in the
pressure range up to 10 MPa, and the error rate at all 31 points is 0.08 percent. Fig. 4 also shows the binary
combination of methane and C17. In this combination, assuming the formation of solid-gas equilibrium and the
absence of methane in the solid phase, the results were obtained with appropriate accuracy, and the error rate at 16

points is equal to 0.95, which indicates the appropriateness of the assumptions considered.

Table 2. Error rate in calculating the wax formation temperature in binary compounds
with a value of 7. >1 in one of the components

Absolute error =

Binaries Hi?);{;?f;ggg:m Pressure range (MPa) | NP sum|T, —T,,, Reference
C2+Cao 0.715-0.917 0.55-10.05 31 0.08 [21]
C+Cn2 0.3962-0.9459 1.06-10.03 30 1.49 [23]
Ci+Cy7 0.296-0.7979 10.01-80.08 16 0.95 [16]
Ci+Cu 0.256-0.901 10.11-257.5 76 2.11 [25]
Ci+Cao 0.103-0.85 18.1-193.1 90 1.35 [26]
Average - - - 1.19 -
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Fig. 3. Wax formation temperature in the binary C,-C,9 compound at high
pressure and different combinations of the two materials. The values of the
percentage of Cyo in the compound are (0=0.715 0=0.801 A=0.917) and the
lines of the calculated values
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Fig. 4. Comparison of the results obtained from the wax formation conditions

in the binary combination between CI1-C17 and comparison with the

laboratory values [16] at 3 different molar percentages of C17

(2=0.3986 *=0.6007 0=0.7979)

4. Conclusion

In this research, a new model for predicting the wax formation temperature in solid-liquid and solid-gas equilibria
over a wide range of pressures close to operating pressures and compositions in binary mixtures has been studied.
The activity model has been used in all liquid, solid and gas phases. In the case where the wax formation temperature
is lower than the critical temperature of one of the components, The precipitation rate of that component in the solid
phase is considered to be zero. Despite the assumption of no precipitation of the light component in the solid phase,
the results are very accurate and demonstrate the suitability of the assumption.

One of the most important advantages of this model is its use in multi-component systems. Given that this model
does not use fitted parameters and is an integrated model, it can easily be used in multi-component systems. In this
model, a new approach is used to calculate the molar volume of a solid based on the calculation of the molar volume
in the liquid phase. Also, new hypotheses have been investigated in the study of solid-liquid equilibria in the
combination of a light hydrocarbon and a heavy hydrocarbon, which has good results, and the model introduced in
this work is in good agreement with experimental data and the error rate in 13 samples was examined and in 617
laboratory data extracted from articles, it was less than 2 percent in all samples, and the average error in the samples

was 1.64 and 1.19 percent.
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Nomenclature
Symbols Abbreviation
T Temperature (K) WAT Wax appearance temperature
P Pressure (MPa) SLE Solid-liquid equilibrium
y Activity coefficient EOS Equations of state
® Fugacity PR Peng—Robinson
Xi Solid phase composition WDT Wax disappearance temperature
Yi Liquid (vapor) phase composition TPD Tangent plane distance
AHy Enthalpy of fusion (j.mol") S Solid phase
Ty fusion temperature (K) L Liquid phase
P Standard pressure (MPa) V Vapor phase
R Gas constant (m*-Pa-K '-mol™!)
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