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1. INTRODUCTION temperature as heat dissipates to the environment.
Wax precipitation poses significant challenges Such precipitation is problematic as it may lead to
to the oil industry. It is manifested as solid deposits increased pressure drops, higher energy demands,
that can be formed in reservoirs, production and the potential blockage of pipelines.
facilities, and pipelines. This problem mainly At room temperature (75°F) and atmospheric
arises when crude oil cools below its cloud point pressure, C1 through C4 exist in the gaseous state,

* Corresponding Author Email: izadpanah@pgu.ac.ir nC5 to nC15 are in the liquid state, and normal
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alkanes with carbon chains longer than nC15 are
found in the solid state [1].

The wax formation point is identified using two
key terms: wax appearance temperature (WAT),
also called the cloud point, and wax disappearance
temperature (WDT). WAT refers to the temperature
at which the first solid paraffin crystals emerge
as the solution cools. The wax appearance
point depends on the crystallization kinetics of
paraffins and can be influenced by factors such
as cooling rate and detection methods, including
microscopic observation, differential scanning
calorimetry, laser-based solid particle detection,
and viscometry [2, 3]. However, WDT refers to
the threshold temperature where all solid wax
crystals become entirely dissolved in the solution.
It is important to note that the WAT may not
always represent the thermodynamic equilibrium
temperature, whereas the WDT corresponds to
the equilibrium temperature between the solid
and liquid phases [4].

At present, there are two primary approaches
to thermodynamic modeling of wax formation
equilibrium conditions. The first is the solid
solution approach, where the solid phase is
treated as a multi-component solution, containing
all precipitating species within the same solid
phase [5]. The second method, called multi-solid,
assumes that each component forms its own
pure solid phase when precipitating [6]. Each
approach employs a distinct algorithm to calculate
the equilibrium conditions for wax formation. In
the solid solution perspective, the liquid phase is
described by using either an equation of state with
asuitable mixing rule or activity coefficient models.
For the solid phase, fugacity is typically calculated
using activity coefficient models. The multi-solid
framework, in contrast, utilizes an EoS with mixing
rules or activity coefficient models for the liquid
phase. Given its assumption of pure-component
solid phases, however, only pure solid fugacity is
required to represent solid-phase behavior.

Won [7] pioneered one of the first solid
solution

approaches for modeling wax

precipitation phenomena. The study presented

a thermodynamic framework for analyzing
vapor-liquid-solid phase equilibria in paraffinic
hydrocarbon mixtures. Regular solution theory
was utilized to model liquid-solid equilibria, while
the Soave-Redlich-Kwong (SRK) equation of state
(EoS) [8] was employed for vapor-liquid equilibria.
Additionally, Won
equilibrium calculation method and correlated

introduced a three-phase

fusion temperature and enthalpy of pure n-alkanes
as functions of their molecular weights.

Pedersen et al., [9] enhanced Won’s model
for predicting WAT by calculating the activity
coefficients for both solid and liquid phases using
an improved version of regular solution theory.

Coutinho and Stenby [10] initially applied
Wilson’s model [11] to study the orthorhombic
solid phase. Subsequently, Coutinho [12] proposed
an adapted UNIQUAC model [13] to better
describe this phase in solid-liquid equilibria for
hydrocarbon mixtures. The UNIQUAC model [13]
proved more versatile than Wilson’s approach [11].
Furthermore, Coutinho investigated integrating
UNIFAC with Flory’s free-volume theory to address
non-idealities in the liquid phase.

Ji et al., [4] established a solid solution model
for WDT and wax precipitation analysis, combining
UNIQUAC for solid-liquid equilibria with modified
SRK/PR EoS [8, 14] for vapor-liquid equilibria.
The model enhances accuracy through new heat
capacity/fusion correlations considering n-alkane
carbon number parity. Experimental validation
was performed by measuring WDTs in certain
binary systems to support the reliability of the
proposed correlations.

Using multiple activity coefficient models,
Esmaeilzadeh et al. [15] predicted WAT across
various systems. For consecutive carbon numbers,
the solid solution model [7] outperformed the
multi-solid approach [6], which consistently
underpredicted experimental WAT values.

Aftab et al., [16] experimentally measured the
WDTs of two ternary systems C11-C16-C18 and
C14-C16-C18 using a visual observation method.
For thermodynamic modeling, they tested two
solid solution approaches: PCSAFT EoS [17] for
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the liquid phase combined with the p.UNIQUAC
model [12] for solid-phase non-idealities, and an
alternative method treating both phases with
independent activity coefficient models. Their
results demonstrated that the most precise
predictions were achieved sing regular solution
theory [5] for the liquid phase and the predictive
Wilson model (p.Wilson) [10] for the solid phase.

Parsa et al., [18] conducted experiments to
measure the WDTs of the three binary mixtures:
C11-C18, C16-C18, and C14-C16. They compared
the experimental results with predictions from
thermodynamic models based on solid-solution
theory. For the C11-C18 and C16-C18 systems, the
combination of liquid-phase ideal solution theory
and solid-phase p.UNIQUAC [12] yielded the most
precise predictions. In contrast, the C14-C16
system achieved the best agreement using ideal
solution theory combined with the p.Wilson
model [10].

Nasrifar and Fani Kheshty [19] used a modified
predictive UNIQUAC model by Ghanaei et al., [20],
which included a pressure-dependent term based
on the Clapeyron equation, and a generalized heat
capacity correlation for liquid, disordered, and
ordered solid phases to estimate the WDT and wax
content in diverse hydrocarbon mixtures.

Building on solid solution theory, Bagherinia
et al., [21] formulated a thermodynamic model
combining PC-SAFT EoS (vapor-liquid phases)
and UNIQUAC (solid phase) for WAT estimation.
Validation using six North Sea crude samples
confirmed its predictive accuracy for the wax
precipitation.

A newly modified regular solution model
formed the basis of Yang et al, [22] new
thermodynamic approach to wax precipitation
prediction. Their approach was solid solution
method. Their model predicted WAT and solid
precipitation curve with a good accuracy.

Nikolaidis et al., [23]
thermodynamic model for methane-n-alkane

developed a

phase equilibria, employing volume-translated
cubic EoS to improve Poynting correction accuracy.
The results closely matched experimental data,
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including high-pressure conditions.

Wang et al.,, [24] proposed an NRTL-based
model for n-alkane solid-liquid equilibrium that
handled ordered solid phase non-ideality and
generated transition phase diagrams for complete/
partial miscibility scenarios.

Shariatrad et al., [25] measured WDTs for a
quaternary n-alkane system and compared them
with a predictive solid solution model. Among the
tested approaches, the combination of predictive
UNIQUAC (solid) and regular solution theory
(liquid) showed the best agreement.

Lira Galina et al., [6] pioneered the first multi-
solid phase modeling approach for the wax
precipitation. Their thermodynamic framework
enabled wax deposition calculations across
broad temperature ranges in petroleum systems,
employing an equation of state for liquid-phase
property determination. The model demonstrated
strong correlation with experimental data for both
binary and multicomponent hydrocarbon systems,
including crude oil mixtures.

Nichita et al., [26] presented a modified multi-
solid model to predict gas-solid behavior in binary
mixtures of heavy alkanes, methane and carbon
dioxide. In the following, the phenomenon of
retrograde condensation for the wax phase in gas
condensate systems is discussed, followed by the
effect of pressure on the wax precipitation. Then
a comparison of solid solution (SS) and multi-
solid (MS) models was also made. Their results
showed that the modified model of the solubility
of heavy n-alkanes in methane and carbon dioxide
is in good agreement with the experimental
data for the three synthetic mixtures. The
amount of the precipitated wax showed the
interesting phenomenon of reverse condensation
in gas condensates, which was similar to the
phenomenon of reverse condensation in gas-liquid
systems. By reducing the pressure, first an increase
in the amount of wax, then a decrease and then an
increase in the amount of wax in the three-phase
mixture of wax-liquid-gas was observed.

Delirsefat et al., [27] created a multi-solid-

based model using modified Peng-Robinson
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(MPR) EoS for phase equilibria and innovative
solid-fugacity determination. This computational
tool accurately predicted WAT and wax amounts
in North Sea oils, matching experimental data.

The perturbed hard sphere chain (PHSC) EoS
[29, 30] ]-based multi-solid model by Shaahmadi
et al.,, [28] achieved accurate WDT predictions
for n-alkane mixtures, performing comparably
to experimental data and activity coefficient
approaches.

Bazoyar et al., [31] developed a predictive
model for determining wax formation temperature
and precipitated wax quantity in normal alkanes.
Their approach combined the perturbed hard
sphere chain equation of state (PHSC EoS) with
the multi-solid model. The results demonstrated
superior performance compared to solid solution
theory, with predictions for both wax formation
temperature and precipitated wax amount
aligning more closely with the experimental data
for certain n-alkane mixtures.

Escobar-Remolina [32] introduced a
predictive model designed to assess paraffinic
wax precipitation. Built upon concepts of
ideality, thermodynamic stability, and multi-solid
precipitation within an EoS framework, this model
demonstrated strong alignment with experimental
data. Its outcomes frequently surpassed or
matched the accuracy of previous models.

Vahabzadeh Asbaghi et al., [33] developed a
Paraffin, Naphthene, and Aromatic (PNA)-based
predictive method for petroleum fractions,
combining sequential multi-solid modeling with
perturbed chain statistical associating fluid theory
(PC-SAFT) EoS and tuned binary interaction
(BICs) for wax/WAT

predictions. The proposed model was tested using

coefficients accurate
six crude oils from the North Sea, analyzing the role
of different hydrocarbon families in precipitation.
The results showed significant improvements over
the previous models, with a minimal error in WAT
predictions compared to the experimental data.
Vahabzadeh Asbaghi et al.,, [34] developed
a composition-based classification system for
wax modeling, combining PC-SAFT/multi-solid

theory with the parameter optimization. Their
15-pseudo-component approach (MW < 1200)
accurately predicted WAT and wax content in high-

wax crudes.
Accurate prediction of wax formation
temperatures  and deposition  quantities

fundamentally depends on reliable thermophysical
properties of n-alkanes. Addressing this need,
Alhejaili [35] conducted
measurements for pure n-alkanes (C17-C50) using

et al, systematic
micro differential scanning calorimetry. Their study
revealed that while fusion temperatures can be
reliably estimated through simple carbon-number
correlations, existing models showed significant
deficiencies in predicting enthalpy of fusion and
solid-solid transition enthalpies. To overcome
these limitations, the researchers implemented
corrective formulations for fusion enthalpies and
established novel correlation schemes for the
solid-phase transition enthalpies.

In addition to thermodynamic modeling to
calculate wax formation temperature, which
was discussed, other methods such as machine
learning, etc. have also been used to calculate and
predict wax formation temperature.

Amiri-Ramsheh et al.,, [36] compared six
machine learning (ML) models (RBF, MLP, ANFIS,
RF, ET, DT) for WDT prediction, identifying Random
Forest as the most accurate. Results confirmed
positive WDT correlations with the pressure and
molecular weight.

Nait Amar et al. [37] introduced a machine
learning-based approach, gene expression
programming (GEP), to develop a smart correlation
for accurately predicting WDT. Comprehensive
experimental data support the correlation’s high
accuracy, with statistical metrics showing excellent
GEP-based
outperform many existing methods, offering

performance. The correlations
physical validity and consistency. These findings
enhance WDT estimation, aiding in the simulation
of wax deposition phenomena.

Wang and Chen [38] ‘s co-crystal-inclusive
model, Flory-

thermodynamic incorporating

Huggins theory and lamellar structure, accurately
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predicted low-pressure WAT and temperature-
dependent wax precipitation in paraffin mixtures.

According to the literature review, it can be
seen that to calculate or predict the wax formation
temperature, various equations of state such as
cubic equations of state, PC-SAFT, PHCT, etc. have
been used in the multi-solid model. Using these
equations of state in some models and systems
has improved the results.

The CPC molecular model offered a more
accurate depiction of chain-like molecules,
including n-alkanes and polymers. When applied
to phase behavior modeling, the CPC equation of
state demonstrated significant advancements over
the traditional cubic equation of state, primarily
because of its enhanced molecular representation
[39, 40].

This study aimed to predict wax formation
temperatures in binary and ternary n-alkane
systems using the CPC EoS combined with both
multi-solid and solid solution approaches. The
methodology employed the CPC EoS exclusively
for determining liquid-phase thermodynamic
properties (component fugacities), while treating
the solid phase as an ideal solution in the solid
solution model framework.

2. Modeling
2.1. Thermodynamic modeling of wax formation
conditions

Modeling wax formation conditions requires
establishing thermodynamic equilibrium among
the coexisting phases. This equilibrium condition
is mathematically expressed through component
fugacity equality across all phases. If the existing
phases are liquid and solid, we will have:

fl(T,P,x) = f5(T,P,s) (1)

Equation (1) defines f as component fugacity,
with T (temperature), P (pressure), x (liquid-phase
composition), and s (solid-phase composition) as
system variables. The liquid-phase fugacity term is
derivable through equations of state. In this work,
the CPC EoS [28 and 29] is used.
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fE(T,P,x) = x; (T, P,x) P (2)

equation (2) incorporates: x: liquid-phase mole
fraction of component i,# : liquid-phase fugacity
coefficient of component i. For the solid phase,
component fugacity is typically characterized
through activity coefficients:

f5(T,P,s) = s;v5(T,P,s) f°5(T, P) (3)

Inequation (3), s, and yirespectively denote the
solid-phase mole fraction and activity coefficient
of component i, while £*° represents its standard-
state fugacity at system temperature and pressure
- typically approximated by the pure component
solid fugacity f,,.; . under identical conditions.

inS(T' P) = fpsure,i(T' P) (4)

An ideal solution approximation is applied to
the solid phase in this work, therefore 7 (T,P,s)=1,
then

f;S(TBP’ S) = Si fpire,i (T’P) (5)

fourei is calculated from the fugacity ratio

L N
fpure,i/fpure,i
fpsure,i (P, T) = prure,i(P: T)

AR AW T\  ACy . T/ N fPAvis ap
. SN P P s Y P av
“Plrr 77)" R T) R \"T)T | RT

i

(6)

equation (6)
thermodynamic properties for pure component

incorporates the following
i Ah{ is the fusion enthalpy, Tl.jr is the fusion
temperature, AGy; is the heat capacity difference
between liquid and solid phases and Av{ is the
molar volume difference between liquid and
solid phases. An equation of state can be used to
obtain fpure,i- If solid-state transition is considered:

foureiPT) = flurei(P,T)

AR P WU O A O Y T\ AC, f 7/ L[
vexp | (o L) B0 (g D) 2oy L) i T i
e\ ) TR TTE) TR )" RN\"T)" ) RT

(7)
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Where, Ap!" is enthalpy change during solid-
state phase transition and T/" is the solid-state
transition temperature.

2.2. Fusion and solid-state transitions properties

To calculate pure solid fugacity, as seen from
equation (6), melting properties and transition
solid-state properties are needed. The equations
(8) to (23) have been used for the melting and
solid- state transition properties [4].

2.2.1. Melting point:
For normal paraffins with an odd number of
carbon atoms, Cg < C,, < Cy3

775.598
n (8)

T/ (K) = 0.0122 C2 — 2.0861C,, —
+76.2189 In(C,) + 156.9

For normal paraffins with an even number of
carbon atoms, Cio < C, < Cyy

T/ (K) = 0.0031 C3 — 0.3458C2 )
+14.277C, + 137.73
for C,, > Cy,
4143(C, — 1.5
Tif(K) - # (10)

Cot5

solid state transition temperature for odd-
carbon-number n-alkanes, Cy < C,, < Cy3

T (K) = 0.0039 C3 — 0.4239 C2

(11)
+17.28C, — In(C,) + 95.4

solid state transition temperature for even
-carbon-number n-alkanes, C,, < C, < C,,

T (K) = 0.0032 C3 — 0.3249 C?2
+12.78C,, + In(C,) + 154.19 (12)

2.2.2. The sum of melting enthalpy and solid-
state transition enthalpy:
For odd-carbon-numbered n-alkanes:

heym(cal mol™") = 0.119 MW + T/ + 672.2, (13)
for C, < Cy

hsum(cal mol™) = 0.167 MW = T/ + 432.47,
fOT Cg < Cn < C33 (14)

hsym(cal mol™) = 0.139 MW * T/ + 3984.8,
for Cn > C33 (15)

For even -carbon-numbered n-alkanes

hgym(cal mol™%) = 0.180 MW = T/ + 522.7,

(16)
fOT Cn < C34_
hgym(cal mol™) = 0.139 MW = T/ + 3984.8,
for Cp > Csy (17)

2.2.3. Melting enthalpy and solid-state transition
enthalpy:
For odd-carbon-numbered n-alkanes:

ARS (cal mol™) = 1.0 AHg,,,
AR (cal mol™1) = 0.0

for C, < (g (18)

ARS (cal mol™) = 0.74 AHgyp,
ARY (cal mol™1) = 0.26 AHgy,,, (19)
for Co < C, < Cy3

AR (cal mol™) = 1.0 AHgy,,
AR (cal mol™1) = 0.0, (20)
for C, > Cys

For even -carbon-numbered n-alkanes

AR (cal mol™) = 1.0 AHg,,,,,
ARY (cal mol™1) = 0.0,

fOT Cn < CZO (21)
ARS (cal mol™") = 0.64 AHg,,,
AR (cal mol™) = 0.36 AHgyy, 9
for Cyy < C, <Cyy (22)
AhS (cal mol™) = 1.0 AHg,,
AR (cal mol™1) = 0.0, (23)

for C, > Cy,
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2.2.4. Heat capacity

The solid-liquid heat capacity difference, AC; ,
was computed using the Pedersen et al., [8]
correlation:

AC,; = 03033 MW; — 4.635 * 107* MW, T (24)

2.3. Solid solution and multi-solid models

Wax formation temperatures in the solid
solution model are derived by solving liquid-solid
fugacity equilibria (equation 1). Using only an EoS
with ideal solid solution assumptions reduces
these to equation (25):

Xi @LL(TI P, x) P =s; fpsure,i(T' P) (25)

_s;_¢r(T,Px)P

kSL — —
xi fpsure,i (T: P)

(26)

Given a defined liquid-phase composition, the
wax formation temperature can be determined
using computational methods analogous to
bubble/dew point calculations in phase equilibria.

In the multi-solid model, using the equilibrium
equation and phase stability analysis we will have

equation (27).

fiL(Tv Pr x) _fgure,i(Pr T) = 0 (27)
i=1,....,N

To obtain the temperature of wax formation,
equation (27) must be solved for all components
in the solution, and the highest temperature
obtained is the temperature of wax formation.

2.4. CPC equation of state

This study employs the CPC EoS developed
by Sisco et al., [28,29] to calculate liquid-phase
component fugacity coefficients. The pressure-
explicit form of the CPC EoS is expressed in
Equation (28):

RT m(mb) ma
Pepe =—|1+——) - —
v v—mb/) v(v+mb)
RT mbi o — 12475 (28)
v\ v 4 lxi m v —0.475mb
=
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In equation (28), v is the molar volume, m
is the number of segments in the molecule, b is
the volume of the molecules or co-volume, and a
represents the intermolecular attraction forces.
The parameters a and b are the parameters of the
Redlich- Kwong equation of state and are obtained
from relations (29) to (31).

R*T?
a; :Qa, (m:)Ta (29)
. \ﬁ 30)
T
RT
bi :th (ml) I (31)

The parameters m, b and m?a are related to
the mixture and are calculated through relations
(32) to (35)-

P (32)
mb=") x.mb
; i i (33)
— c c
moa=3>x x mm,a, (34)
i=l j=I
a, =.,ja;a; (l—kij) (35)
Appendix A provides a comprehensive

explanation of the equations associated with the
CPC equation of state.

3. RESULTS AND DISCUSSION

The hydrocarbon systems used in this research
included three ternary systems including C14-
C15-C16, C16-C17-C18 and C18-C19-C20 systems,
as well as three binary systems including C14-C16,
C16-C18, and C17-C19.

A comparative analysis was conducted between
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the CPC EoS and SRK EoS results. Modeling results
were obtained for different systems at a single
pressure of one bar. In all calculations, the binary

The selected components in these systems and
their molecular weight, critical properties and CPC
segment number are presented in Table 1.

interaction parameter, kij =0 was considered.

Table 1. Molecular weight, Critical Properties and Chain Lengths for Selected Paraffins in CPC EoS [30]

Component MW [g/mol] Tc [K] Pc [bar] m [-]

Undecane 156.312 639.0 19.50 6.2173
Tetradecane 198.392 693.0 15.70 8.0164
Pentadecane 212.419 708.0 14.80 8.7008
Hexadecane 226.446 723.0 14.0 9.1951
Heptadecane 240.473 736.0 13.40 10.0490
Octadecane 254.49 747.0 12.70 10.6229
Nonadecane 268.527 758.0 12.10 11.1571

eicosane 282.553 768.0 11.60 11.7654

Moreover, the values for the parameters
2,(m), 2,(m) and Zc for all compounds used in

this work were calculated with the CPC EoS and
presented separately in Table 2.

Table 2. CPC EoS simulation parameters for n-alkanes calculated in this work

Component Z. Q,(m) Qp,(m)
Cis 0.335 0.0083 0.0056
Cis 0.335 0.0073 0.0050
Cie 0.335 0.0066 0.0046
Ci7 0.335 0.0056 0.0046
Cig 0.335 0.0051 0.0038
Cuo 0.335 0.0041 0.0035
Cyo 0.335 0.0040 0.0033

(34) is used to calculate

the average absolute error (AAE%) of the wax

Also, equation
formation temperature (WAT) resulting from this
research and previous works in comparison with

the exprimental data for different hydrocarbon
mixtures:

AAEY% = (ﬂ)zn
n i

In equation (34), n is the total number of

WATS* — WATS™
WAT™

(36)

experimental data, WAT™) is the calculated wax

formation temperature using the model, and
WATS™)

temperature.

is the exprimental wax formation
For these ternary and binary systems, the wax
formation temperature has been calculated using
CPC and SRK equations of state and solid solution
and multi-solid models. To compare the results
obtained from these two equations of state and
different models, the average absolute error was
calculated and reported in Tables 3 to 8.
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Table 3 shows the results related to system 1,
which includes normal alkanes C14-C15-C16. As
can be seen, the average absolute error is higher

for the solid solution model than for the multi-

solid model. It can also be seen that the accuracy

of CPC and SRK equation of state in predicting wax

formation temperature for this system is almost

the same. There is no particular advantage in using
the CPC over the SRK equation of state.

Table 3. Results of wax formation temperature obtained from the model for system 1, including C14-C15-C16

. Mole fraction Solid Solution Multi-Soild
an:xmt;: c1a cis c16 EX?'X)VAT CPC EoS WAT SRK EoS WAT CPC EoS SRK EoS WAT
(K) (K) WAT (K) (K)

1 0.06 0.57 0.37 283 287.4 288.1 280.2 285.6
2 0.14 0.23 0.63 285 288.5 288.6 288.1 288.1
3 0.17 0.06 0.77 286 289.2 289.3 289.1 289.1
4 0.24 0.33 0.43 282 287.2 287.4 286.3 286.3
5 0.21 0.56 0.23 281 285.8 285.8 283.3 283.4
6 0.27 0.66 0.07 280 283.6 283.6 280.9 280.9
7 0.37 0.05 0.58 283 287.7 287.9 287.6 287.7
8 0.32 0.24 0.44 282 287.3 287.4 286.5 287.8
9 0.43 0.33 0.24 279 285.0 285.4 283.6 283.6
10 0.57 0.17 0.26 278 284.3 285.3 283.4 284.0
11 0.73 0.14 0.13 276 283.4 283.3 280.7 280.8
AAE% 1.76 1.83 1.30 1.37

Table 4. The results of wax formation temperature obtained from the model for system 2, including C16-C17-C18

Mixture Mole fraction EXP Solid Solution Multi-Soild
number Cl6 C17 C18 CPC EoS SRK EoS CPC EoS SRK EoS
1 0.1 0.1 0.8 298 299.7 299.8 299.8 299.9
2 0.1 0.75 0.15 294 293.8 293.8 296.3 296.5
3 0.1 0.8 0.1 295 294.2 294.1 296.0 296.0
4 0.11 0.39 0.5 296 297.5 297.3 298.6 298.5
5 0.2 0.2 0.6 296 298.2 298.0 299.0 299.1
6 0.2 0.6 0.2 294 293.7 293.6 296.5 296.6
7 0.33 0.33 0.34 293 295.7 295.6 297.4 297.4
8 0.4 0.1 0.5 294 297.3 297.2 298.2 298.1
9 0.4 0.4 0.2 292 293.5 293.6 295.8 296.2
10 0.6 0.2 0.2 291 293.7 293.6 295.7 295.7
11 0.8 0.1 0.1 290 290.8 290.7 293.9 293.9
Average AAE% 1.06 1.08 0.54 0.55

Table 5. The results of wax formation temperature obtained from the model for system 3, including C18-C19-C20

Mixture Mole fraction EXP Solid Solution Multi-Soild
number C18 C19 C20 CPC EoS SRK EoS CPC EoS SRK EoS

1 0.02 0.02 0.96 309 309.7 309.6 309.6 309.6
2 0.05 0.05 0.9 309 309.4 309.4 309.7 309.3
3 0.05 0.9 0.05 305 305.5 305.5 304.6 304.7
4 0.1 0.1 0.8 308 309.1 309.1 308.7 308.8
5 0.1 0.4 0.5 306 307.8 307.9 306.9 306.8
6 0.1 0.55 0.35 306 307.2 307.2 305.3 305.3
7 0.14 0.73 0.13 304 305.9 305.9 303.7 303.8
8 0.15 0.15 0.7 307 308.7 308.7 308.2 308.3
9 0.2 0.2 0.6 306 308.9 308.2 307.5 307.6
10 0.2 0.6 0.2 305 306.2 306.4 305.3 304.0
11 0.26 0.26 0.48 306 307.6 307.6 306.5 306.8
12 0.33 0.33 0.34 304 306.9 306.7 305.1 305.2
13 0.4 0.1 0.5 305 307.5 307.3 306.8 306.9
14 0.43 0.43 0.14 303 305.2 305.2 301.4 301.5
15 0.48 0.15 0.37 304 306.6 306.8 305.4 305.4
16 0.6 0.2 0.2 302 305.3 305.3 303.0 303.1
17 0.79 0.11 0.1 301 303.6 303.7 300.3 303.3
18 0.9 0.05 0.05 301 302.5 302.5 300.4 297.5

AAE% 0.58 0.59 0.28 0.39
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Table 6. Results of wax formation temperature obtained from the model for system 4, including C14-C16

Mixture Mole fraction EXP Solid Solution Multi-Soild
number Ci14 C16 CPC EoS SRK EoS CPC EoS SRK EoS
1 1.0 0.0 279.4 278.3 278.3 278.3 278.3
2 1.0 0.0 278.7 278.1 280.1 278.2 278.2
3 0.9 0.1 277.3 281.9 281.9 279.2 279.2
4 0.9 0.1 275.9 282.8 282.8 280.7 280.7
5 0.7 0.3 277.6 285.2 285.3 284.2 284.2
6 0.6 0.4 280.2 285.9 285.9 285.8 285.9
7 0.5 0.5 284.3 287.8 287.8 287.5 287.5
8 0.3 0.7 288.3 289.0 289.0 288.8 288.8
9 0.1 0.9 290.3 289.8 289.8 289.8 289.7
10 0.0 1.0 291.5 290.3 290.3 290.3 290.3
AAE% 1.15 1.18 0.92 0.93

Table 7. Results of wax formation temperature obtained from the model for system 5, including C16-C18

Mixture Mole fraction EXP Solid Solution Multi-Soild
number C16 C18 CPC EoS SRK EoS CPC EoS SRK EoS
1 1.0 0.0 291.5 290.3 290.3 290.3 290.3
2 0.9 0.1 289.7 293.5 293.5 290.8 290.7
3 0.8 0.2 290.4 295.0 294.9 293.3 293.2
4 0.7 0.3 292.0 296.7 296.6 295.8 295.7
5 0.5 0.5 293.9 297.9 297.8 297.3 297.1
6 0.5 0.5 293.5 297.9 297.9 297.4 297.3
7 0.3 0.7 296.4 299.1 299.1 298.8 298.8
8 0.2 0.8 299.4 299.8 299.9 299.7 299.8
9 0.1 0.9 300.6 300.3 300.3 300.3 300.3
10 0.0 1.0 301.6 300.7 300.8 300.8 300.8
Average AAE% 0.91 0.93 0.67 0.68

Table 8. Results of wax formation temperature obtained from the model for system 6, including C17-C19

Mixture Mole fraction EXP Solid Solution Multi-Soild

number c17 c19 CPCEoS SRK EoS CPCEoS SRK EoS
1 0.99 0.002 295 295.8 295.3 295.2 295.2
2 0.94 0.05 295 297.0 297.0 295.1 295.0
3 0.84 0.16 295 299.2 299.2 297.2 2973
4 0.75 0.25 297 3003 300.4 299.1 299.1
5 0.49 0.51 300 302.4 302.5 299.8 300.0
6 0.25 0.75 302 304.1 3035 303.9 300.5
7 0.1 0.89 303 304.7 304.8 304.7 304.7
8 0.002 0.99 305 305.2 305.2 305.3 305.2

AAE% 0.67 0.71 0.35 0.38
Results for systems 2-6 appear in Tables 4-8, For better comparison, the results of

showing consistently higher AAE for the solid
solution compared to the multi-solid model.

The observed discrepancy in average absolute
errors between models may stem from the ideal
solution assumption applied to the solid phase
in the solid solution approach. This simplification
appears particularly problematic for n-alkanes,
where the ideal solution hypothesis leads to the
significant deviations between the predicted and
experimental wax formation temperatures.

calculating wax formation temperature using the
model used in this work and the experimental data
for system number 1, including C14-C15-C16, are
shown in Figures 1 and 2. In Figures 1 and 2, the
experimental data are marked with blue bars and
the model-derived data are marked with gray and
orange bars. Figure 1 shows the results of the solid
solution model using the CPC and SRK equation
of state. As shown, the accuracy of the CPC and
SRK equations in calculating the wax formation

10 Journal of Oil, Gas and Petrochemical Technology 2025(12): 1-17, Winter and Spring 2025




Jamali R. et al. / Thermodynamic modeling of wax formation temperature

temperature for this system is close, and the solid solid framework, CPC and SRK EoS yield nearly
solution model has calculated the wax formation equivalent predictive accuracy and model

temperature higher than the experimental value. outputs show improved correspondence with
Analysis of Figure 2 reveals that in the multi- experimental data.
C14-C15-C16
295.0
W Exp WAT B SS model-CPC Eos ®SS Model-SRK Eos
290.0 r
285.0
=3
|<—‘< 280.0 r
=
275.0
2700
265.0
1 2 3 4 5 6 7 8 9 10 11

Mixture number

Figure 1. Comparison of the results obtained in calculating wax formation temperature of the system C14-C15-C16 using CPC and SRK

WAT (K)

295.0
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270.0

265.0

equation of states and the solid solution model

C14-C15-C16

B Exp WAT B MS Model-cpc Eos B Ms Model-SRK Eos
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Figure 2. Comparison of the results obtained in calculating wax formation temperature of the system C14-C15-C16 using CPC and SRK
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Table 9
summarizes the n-alkane system corresponding

For comprehensive comparison,

average absolute errors.

Table 10 compares the results of this work
with other studies. Of course, this comparison has
been made only according to the average absolute
error. The average absolute error of other works
is taken directly from the same work. As shown in
Table 10, the CPC equation of state and multi-solid
model produce results consistent with alternative
models. Ghanai, Shah Ahmadi and Parsa models
are non-ideal solid solution models. Compared

with these three models, the results of this work
using the CPC equation of state and the multi-
solid model provided better results. Using the
relationships related to melting properties can be
another reason for the good results of the model
presented in this study.

Using appropriate relationships for melting
properties and considering solid state transition
enthalpy and solid-state transition temperature
can improve the prediction results of wax
formation temperature.

Table 9. Comprehensive modeling results - system-specific and overall average absolute errors

System number components Solid Solution (AAE%) Multi-Solid (AAE%)
CPC EoS SRK EoS CPC EoS SRK EoS
1 C14-C15-C16 1.76 1.83 1.30 1.37
2 C16-C17-C18 1.06 1.08 0.54 0.55
3 C18-C19-C20 0.58 0.59 0.28 0.39
4 C14-C16 1.15 1.18 0.92 0.93
5 C16-C18 0.91 0.93 0.67 0.68
6 C17-C19 0.67 0.71 0.35 0.38
Average AAE% 1.03 1.06 0.67 0.71
Table 10. Accuracy comparison between present model and the existing approaches
System Number 1 2 3 4 5 6
Ghanaei et al., [20] 0.62 0.77 0.84 0.16 - -
Mansourpoor et al., [41] 0.62 0.51 0.54 - - -
Shaahmadi et al., [28] 0.49 0.84 0.73 0.59 0.91 0.58
Parsa et al., [18] - - - 0.31 0.1 -
Models AAE% This work (CPC and MS model) 1.30 0.54 0.28 0.92 067 0.35
This work (CPC and SS model) 1.76 1.06 0.58 1.15 0.91 0.67
This work (SRK and MS model) 1.37 0.55 0.39 0.93 0.68 0.38
This work (SRK and SS model) 1.83 1.08 0.59 1.18 0.93 0.71

4. Conclusion

In this study, multi-solid (MS) and solid solution
(SS) thermodynamic model was developed using
CPC EoS and tested for six ternary and binary
systems. The results were next compared with
previous models of n-Alkane mixtures. The results
support the following conclusions:

The results showed that for these normal
alkane systems, the accuracy of the CPC and SRK
equations of state in obtaining the wax formation
temperature is close to each other. Perhaps for
systems containing heavier hydrocarbons, the CPC
equation of state would provide better results.

The results of the multi-solid model

were better in calculating the wax formation
temperature for these normal alkane systems than
the solid solution model. Moreover, the better
results of multi-solid model can be possibly due
to the consideration of the solid phase as an ideal
solution in the solid solution model.

Also,
indicated that the implemented model performed

evaluation against the literature
with similar precision compared with previously
reported methodologies for these specific systems.

However, one of the limitations of the model is
its application to heavy hydrocarbons. Determining
the parameters of the CPC equation of state for

heavy hydrocarbons is one of the limitations of
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this model. It is proposed that this model can be
used to calculate the wax formation temperature
in real oil and gas systems. By developing the

List of symboles

model and obtaining the model parameters, it can
be extended to crude and dead oil and Fischer-
Tropsch systems.

symbols

superscribes

subscribes

a: intermolecular attraction forces in
Redlich- Kwong EoS

f : fusion property

c: critical property

b: co-volume L: liquid phase CPC: cubic plus chain
Cn: carbon number S : solid phase i, j: spices
Cp: heat capacity SL: solid-liquid pure: pure spices

f: fugacity

0 : standard state

sum: fusion plus solid state transition

: fugacity in mixture

tr: solid state transition

h: enthalpy

k: equilibrium constant

m: number of segments in the molecule

MW: molecular weight

P: pressure

R: universal gas constant, 8.314 J mol* K*!

s: vector of solid phase mole fraction

T: temperature

x: vector of liquid phase mole fraction

n. average number of segments in the
molecule for mixture

: CPC EoS parameter for mixture

—2
m-a : CPC EoS parameter for mixture

Greek letters:

o : function of reduced temperature

A
(0 : fugacity coefficient in mixture

7 :activity coefficient in mixture

A : difference

@ : constant of Redlich- Kwong EoS

b ; constant of Redlich- Kwong EoS
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