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Abstract 

The performance of a thermodynamic wax precipitation model strongly depends upon 
the n-paraffin thermophysical properties used. In order to estimate them, several 
correlations have been proposed, and their values have a great impact on both calculated 
wax disappearance temperature (WDT) and amount of wax precipitated at each 
temperature (WPC). The main goal of this work is to evaluate the correlations available 
for the relevant thermophysical properties aiming at achieving a reliable wax 
precipitation modelling. The methodology used involves the direct comparison of the 
correlations with the values of pure n-paraffin properties, and indirect evaluation by 
their use in the estimation of wax disappearance temperatures, the amount of wax 
precipitated at each temperature, and DSC experimental curves. This study 
contemplates two thermodynamic approaches for paraffin precipitation: the solid 
solution (SS), which considers the formation of one solid solution; and the multisolid 
phase model (MS), that assumes that each solid phase consists of a pure component. 

 

Keywords: n-paraffin properties, wax precipitation, correlations analysis. 

 

Introduction 

Wax precipitation is a common problem in oil industry. In order to predict it several 
thermodynamic models were proposed in the last 30 years. There are two main 
approaches to describe the solid phase. The first approach proposed considers the 
formation of one solid solution [1-4], later evolving to models that allow multiple solid 
solutions [5,6]. The second approach is based on the hypothesis that the solid phase is 
formed by several independent pure solid phases [7]. 

For the use of these thermodynamic models, data for several thermophysical properties, 
such as temperatures and enthalpies of fusion and of solid-solid transition, are required. 
If the thermodynamic model represents the liquid phase by a fugacity coefficient, it is 
also necessary to know the critical properties. These properties are used in the 
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calculation, e.g., of wax disappearance temperature (WDT) and the amount of wax 
precipitated at each temperature (WPC). 

A large amount of experimental data for the properties of pure n-alkanes is found in the 
literature, and over the years, several correlations were proposed relating them with the 
carbon numbers of n-alkanes. Some of these correlation were directly developed for 
wax precipitation models, like the correlations proposed by Pedersen and Skovborg 
(1991) [3], that modified the correlations for solid-solid enthalpy of transition and heat 
capacities differences between solid and liquid phases, used by Won (1986) [1], with 
factors fitted to reproduce experimental wax precipitation data of North Sea oils. 
However, most works attempted to keep the properties of the pure n-alkanes on their 
modelling. 

Some authors [8-12] suggest the use of different correlations depending upon carbon 
chain sizes. Ji. et al. (2004) [10] and Tabatabaei-Nejad and Khodapanah (2009) [13] 
also proposed the use of different correlations for odd and even carbon numbers. The 
argument is based on experimental data, since melting enthalpies variations as a 
function of carbon atom number show an odd-even effect [14-16]. 

Another aspect of the n-alkanes rich phase behavior is the existence of several solid 
phases that can be divided into four main groups: rotator, triclinic, monoclinic and 
orthorhombic [17,18]. Rotator phases permit molecular rotation. This behavior is not 
present in other phases, that will be called here ordered phases. Despite of the existence 
of several solid-solid transitions, thermal effects are prominent only on rotator-ordered 
phase transition [14,19]. Thus, this phase transition must be considered in order to 
reproduce a calorimetric curve. However, most thermodynamic models disregard this 
transition. Won (1986, 1989) [1-2] ignored the solid-solid transition. Coutinho and 
Stenby (1996) [4] and Coutinho (1998) [5] assumed that the precipitation usually occurs 
at a temperature bellow the solid-solid transition, thus the wax would present an 
orthorhombic structure. We refer to this approach as solid solution (SS). The approach 
proposed by Heidemann (2005) [6] enables, however, two solid structures: the rotator 
and the orthorhombic. 

In the present work, the solid-solid transition will be considered only for the multisolid 
phase model (MS). In this case the solid phases are assumed to be pure, and are 
considered in a rotator form when the temperature is above the solid-solid transition 
temperature for that component, or otherwise in an orthorhombic phase. The solid-solid 
transition on SS model and the possibility of formation of multiple solid solutions are 
being studied in order to consider these particularities in future model developments. 

Matheson and Smith (1985) [20] reported that a chain size difference of around 22% is 
the limit to form a continuous series of solid solution. However, for n-paraffins with 
low molecular weight, little size differences might lead to the formation of eutectic 
systems, as observed by Mondieig et al. (2004) [21] for the octane + decane mixture. 
On the other hand, in order to form a eutectic system in mixtures of n-paraffins with 
large molecular weight, this difference has to be significantly larger, as observed by 
Petitjean et al. (2002) [22] for pentacontane-pentacosane and for pentacontane-tricosane 
mixtures and also by by Gilbert et al. (1996) [23] for eicosane-hexatriacontane mixture. 
Hence, the mixtures chosen in this work to represent the SS approach have small 
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differences in the size of its components, while the MS approach will be applied to 
mixtures with large differences among chain sizes. 

The aim of this work is to select the best sets (ensembles) of correlations for the 
thermodynamic modeling of wax precipitation, considering both the solid solution and 
the multisolid phase approaches. For this purpose a set of experimental data will be 
selected for benchmarking, and the correlations detailed below are evaluated using the 
various thermodynamic models here adopted.  

 

Thermodynamic modeling 

The criterion for solid-liquid thermodynamic equilibrium is the equality of the 
fugacities of each compound in the solid and liquid phases. Solid-liquid equilibrium of 
pure components can be calculated by Equation (1) that relates the fugacities on liquid 
and solid phases with the thermophysical properties of pure components [24]. 

 

��,����� (
, �) = ��,����� (
, �)��� �∆�������
�1 − ���� � + ∆������� �1 − ���� �

+ ∆����� ����� − �� ����� � − 1�  
(1) 

 

where ��,����� (
, �)is the fugacity of pure component i in the solid phase at reference 

pressure P and temperature T; ��,����� (
, �) is the fugacity of pure component i in the 

liquid phase; ∆��� and ∆��� are the fusion enthalpy and solid-solid transition enthalpy 

of component i; ��� and ��� are the fusion and solid-solid transition temperatures; ∆���� 
is the difference in specific heat capacity between solid and liquid phases of pure 
component i; and R is the gas universal constant. 

Taking the liquid as the reference phase, the partition coefficient is defined by Equation 
(2).  

 

!� = ������ = "��"�� #� = "��$��
$%& � #� (2) 

 

where !� is partition coefficient of component i; ��� and ���  are the molar fraction of 
component i in the liquid and solid phases; "�� and "�� are the activity coefficients of 
component i in the solid and liquid phases; #� is the fugacity ratio between pure 
component i in solid and liquid phases; $�� is the fugacity coefficient of pure component 

I; and $%& �
is the fugacity coefficient of component i in the liquid solution. 
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Equations (1) and (2) are fundamental to describe the wax precipitation for both MS and 
SS approaches. 

Additionally, in the SS approach a flash algorithm with the Rachford-Rice equation 
(Equation (3)) is required for modeling the equilibria. 

 

' (�(!� − 1)1 + )(K+ − 1) = 0
�

 (3)  

 

where (� is the global composition of component i and S is the solid phase ratio. 

On the other hand, in the multisolid approach no flash algorithm is required, because the 
solid phases are supposed to be pure. However, it is required a stability analysis to 
describe the precipitation of each component. This stability criterion is expressed by 
Equation (4) [25].  

 

�%&(
, �, () − ��-(
, �) ≥ 0 (4) 

 

According to this model, if the fugacity of the pure component in the solid phase 
(��-(
, �)) is lower than its fugacity in the liquid mixture at global composition (�%/(
, �, ()), it will exist as a pure solid phase. 

The equations exposed on this section, together with mass balance equations are able to 
predict the precipitation phenomena for both approaches. 

The modeling of calorimetric curve was explained in a previous work [26], and follows 
in Equation (5) (MS) or Equation (6) (SS). 

DSC3456753+89: = �−' ∆+;H. S++ − ' ∆+3H. S++,>?>@A.
+ ' Cp+C. MW+. x+C. (1 − S). ∆T+ + ' Cp+H. MW+. x+I. S. ∆T+ � . 11J 

(5) 

DSC3456753+89: = K−' ∆+;H. S++ − ' ∆+3H. S++ + ' Cp+C. MW+. x+C. (1 − S). ∆T+
+ ' Cp+H. MW+. x+I. S. ∆T+ L . 11J 

(6) 

 

where DSC3456753+89: is the value of the calculated calorimetric curve; ∆+;H is the 

entalphy of the solid-liquid transition of component i; ∆+3H is the entalphy of the solid-
solid transition; Cp+C and Cp+H are the specific heat capacities of component i in the liquid 
and solid phases; MW+ is the molecular weight of component i; and ∆T is the 
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temperature variation, considering a reference temperature; (1/1s) refers to a heating or 
cooling rate of ∆T per second, correspondent to 1K/s in this paper. 

Since all the solid phases are pure in the MS approach, the term x+IS is analogous to S+ in 
multisolid phase model, which means the amount of solid i. The solid-solid transition 
enthalpy in the MS model is taken into account only when the system is at a 
temperature bellow the solid-solid transition temperature of a given substance. 

The solid-solid transition will not be accounted for when using the SS approach. Hence, 
in this approach the transition enthalpy is considered as the sum of fusion and solid-
solid transition enthalpies for any precipitation. 

The term ∆��� in Equations (5) and (6) is related to the solid-liquid transition enthalpy 
that does not occur necessarily at the fusion temperature of pure component. Therefore, 
the fusion enthalpy has to be corrected as shown in Equation (7). 

∆��� = ∆��� + M ∆���N�
OPQ

OPR
 (7) 

In this work, the liquid phase will be represented by Flory Free Volume combined with 
UNIFAC residual term as suggested by Coutinho and Stenby (1996) [4]. In this model, 
the free-volume term was calculated as a function of the van der Waals volume and 
molar volume of each component. The van der Waals volume was calculated from the 
correlation proposed by Motoc and Marshall (1985) [27], and the molar volume was 
obtained from the correlations proposed by Won (1986) [1] or Marano and Holder 
(1997) [28], depending on the selected correlation ensemble.  

Wilson activity coefficient model will be used for the solid phase in the SS approach, as 
introduced by the same authors [4]. The interaction parameters (ST�) of Wilson model 
were calculated as a function of the sublimation heat of the component with smaller 
carbon chain, as proposed by Coutinho and Stenby (1996) [4]. 

The comparison between properties predicted by correlations and the experimental 
values were quantified by the mean absolute error (MAE), as shown in Equation (8). 
This same Equation was used for WDT, WPC and solid compositions comparison. 

 

UVW = ∑ YZ��[� − Z�\]^Y_���`a ��b  (8) 

 

where X is the property of interest, npt is the number of data points and the superscripts 
exp and mod stand respectively for experimental and modeled. 

The evaluation criterion to choose the best correlation set for replication of calorimetric 
curves is different from the above. Since the experimental calorimetric curve is usually 
not reported along with the mass of the sample, the direct comparison of curve points is 
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not possible. An objective function was developed in our previous work [26] for this 
comparison and is shown in Equation (9). 

 

�]cT = 0.95 f���gh�[� − ���gh\]^f
�ijk�l	n�	��opJ + 0.03 f�rgss�t�[� − �rgss�t\]^ f

�ijk�l	n�	uo���vJ
+ 0.02 f��_���\�^�g���[� − ��_���\�^�g��\]^ f�ijk�l	n�	x�b�lj�Nxob�	�nx�bJ + � 

(9) 

 

 

where �]cT is the objective function, ���gh�[� , �rgss�t�[� , and ��_���\�^�g���[�  are respectively 

the peaks, valleys and intermediate points (temperature values) of an experimental 
calorimetric curve. ���gh\]^, �rgss�t\]^ , and ��_���\�^�g��\]^  are respectively the peaks, valleys, 
and intermediate points of the modeled calorimetric curve. Finally, the parameter p 
refers to the penalty applied to the objective function when the number of peaks 
predicted is different from the number reported by experiments; p is equal to 1.5 times 
the difference between these numbers. 

 

Thermophysical properties correlations evaluated 

Several correlations can be found in literature for temperatures and enthalpies of fusion 
and solid-solid transition. Those evaluated in this work are reported in Table 1. 

 

Table 1 – Correlations evaluated and their source. 

Properties Origin of Correlations Considered 
Fusion Temperature [1, 5, 7, 8, 10, 11, 13, 29, 30]  

Solid-Solid Transition Temperature [4, 5, 8, 9, 10, 11, 30] 
Fusion Enthalpy [1-3, 5, 7-11, 13, 29, 30]  

Solid-Solid Transition Enthalpy [4, 5, 8, 9, 11, 30, 31]  

 

The choice of correlations for calculating the heat capacity difference between the solid 
and liquid phases of pure components (∆���x) has small effect on the ratio between 
solid and liquid fugacities, as pointed out by Ghanaei et al. (2012) [31]. For this reason 
we have not included ∆���� as a property to be evaluated in the present work. 

 

Correlations comparison through pure components properties 

The correlations for the temperatures and enthalpies of fusion and solid-solid transition 
presented in this article were compared to experimental values. Table 2 presents 
calculated values for fusion temperature, and also, the comparison with experimental 
data found in the literature. This comparison was done by mean absolute error 
(Equation (8)).  
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Table 2 – Deviations from experimental data from the literature and MAE of correlations used for fusion 
temperature prediction, in K. 

  Exp. Values [1] [7] [5] [8] [30] [10] [29] [11] [13] 

C10H22 243.51 a 7.06 31.26 6.05 44.65 8.62 115.03 25.22 7.06 2.6 
C15H32 283.07 a -2.02 14.82 0.57 120.38 -0.03 0.02 9.37 -2.02 0.04 
C20H42 309.58 a -0.92 10.58 -0.25 0.25 0.02 -0.17 7.05 -0.92 5.37 
C25H52 326.65 a 0.12 10.76 0.37 -0.16 0.01 -0.04 7.23 0.12 -0.03 
C30H62 338.65 a 0.79 13.49 -0.03 -0.22 -0.07 0.13 8.55 0.79 17.28 
C32H66 342.35 a 0.79 14.78 -1.68 -0.29 -0.29 0.27 9.07 2.65 19.12 
C35H72 347.20 b 0.72 16.94 -6.65 -0.4 -0.59 -0.46 9.94 1.38 -0.47 
C36H74 349.05 a 1.07 18.09 -8.76 -0.08 -0.29 0.87 10.63 1.41 22.33 
C40H82 354.10 c 0.69 21.05 -24.51 -1.01 -0.77 0.17 11.75 0.11 23.51 
C50H102 365.30 d 1.07 29.87 -118.92 -9.55 -0.02 -0.04 16.24 -0.14 19.49 
C60H122 375.00 c 2.33 38.85 -335.11 -39.89 2.3 2.13 21.64 1.92 1.39 
MAE  1.60 20.04 45.72 19.72 1.18 10.85 12.43 1.68 10.15 

a DIPPR [32]; b Garner et al. (1931) [33]; c NIST [34]; dSeyer et al. (1944) [35]. 

 

The same procedure was carried out for solid-solid transition temperature, fusion 
enthalpy, and solid-solid transition enthalpy, presented in Table 3 to 5. 

Table 3 Deviations from experimental data from the literature and MAE of correlations used for the 
prediction of solid-solid transition temperature, in K. 

   Exp. values [4] [5] [8] [30] [10] [9] [11] 

C15H32 270.93 a 1.23 0.53 2.77 0.67 0.33 4.87 1.03 
C20H42 309.4 b 10.0 9.1 6.3 9.5 93.5 6.7 93.5 
C25H52 320.0 c 0.5 0.1 3.1 0.4 2.6 0.1 0.5 
C30H62 332.2 d 0.6 0.6 4.6 2.0 4.0 0.1 2.4 
C35H72 344.7 d 

2.6 3.1 2.2 0.7 4.7 2.9 0.0 
MAE - 3.0 2.7 3.8 2.7 21.0 2.9 19.5 

a Finke et al., (1954) [36]; b Schaerer et al. (1955) [37]; c Barbillon et al. (1991) [38]; d Garner et al. 
(1931) [33] 

 

Table 4 Deviations from experimental data from the literature and MAE for the prediction of fusion 
enthalpy, in kJ/mol. 

 C10H22 C15H32 C20H42 C25H52 C30H62 C32H66 C36H74 C40H82 C50H102 C60H122 MAE  
Exp. 

values 
28.7 a 34.6 a  69.9 a  57.7 a  68.8 a  76.6 a  88.8 a  133 a 

 
185 c 

 
187 b - 

[1] -8.7 1.3 -17.7 11.1 16.7 15.6 17.2 -14.0 -32.0 -8.7 13.5 
[2] -5.3 0.3 -23.6 0.1 0.4 -2.8 -5.8 -40.8 -70.0 -5.3 19.8 
[3] -18.4 -16.1 -43.0 -22.3 -24.8 -29.1 -34.4 -71.6 -106.0 -18.4 45.6 
[7] -21.3 -21.3 -50.6 -32.3 -37.2 -42.5 -49.7 -88.9 -128.2 -21.3 59.0 
[5] -9.8 0.1 -23.4 -0.8 -0.4 -2.6 -1.4 -28.0 -8.0 -9.8 19.3 
[8] -9.9 0.0 -23.4 -0.8 -0.4 -2.6 -1.4 -28.0 -8.0 -9.9 19.3 
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[30] -9.7 0.1 -23.4 -0.5 0.4 -1.6 0.5 -25.0 0.0 -9.7 19.5 
[9] -3.8 10.1 -50.6 -32.3 -37.3 -42.6 -49.8 -89.0 -128.4 -3.8 56.2 
[10] -11.2 -2.1 -23.4 -0.8 -0.4 -2.6 -1.4 -28.0 -8.0 -11.2 19.6 
[29] -13.6 -7.5 -30.4 -5.7 -4.1 -6.9 -8.8 -42.8 -69.0 -13.6 23.4 
[11] -1.7 0.0 -30.4 -5.7 -4.1 -6.9 -8.8 -42.8 -69.0 -1.7 21.4 
[13]  -21.3 -21.4 -50.6 -32.3 -37.3 -42.6 -49.8 -89.0 -128.4 -21.3 59.1 

a DIPPR [32]; b Lourdin et al. (1992) [39]; c Hammami and Mehrotra (1995) [40]. 

 

Table 5 – Deviations from experimental data from the literature and MAE for the prediction of solid-solid 
transition enthalpy, in kJ/mol. 

  C25H52 C30H62 C35H72 MAE  
Experimental values 26.5 a 36.5 b 41.1 b - 

[31] -13.4 -21.1 -23.5 19.3 
[9]  1.3 -2.0 0.2 1.2 
[4] -25.1 -34.6 -39.0 32.9 
[5] -2.1 -4.3 -6.2 4.2 
[8] -2.0 -3.2 -1.7 2.3 
[30] -1.8 -5.0 -6.8 4.5 
[10] -17.6 -16.2 -21.9 18.6 
[11] -1.3 1.9 -4.1 2.4 

a Barbillon et al. (1991) [38]; b Garner et al. (1931) [33]. 

 

The lowest MAE obtained for each property are shown in Table 6. Despite of the fact 
that n-paraffins have been a subject of study for many years, there is still a lack of 
experimental data for heavier n-alkanes, what may cause the selection of correlations 
that does not represent these components very well. 

 

Table 6 – Correlations with the lowest mean average deviation (MAE) in comparison with experimental 
data found in the literature. 

Property Origin of Equation with lowest MAE 

Fusion temperature [30] 

Solid-solid transition temperature [30] 

Fusion enthalpy [1] 

Solid-solid transition enthalpy [9] 

 

 

Correlations evaluation through Wax Dissolution Temperature 

The individual analysis of a correlation is only possible by the comparison between 
calculated and experimental data of pure components. To evaluate their adequacy for 
the prediction of wax disappearance temperature and the amount of wax precipitated at 
each temperature, it is necessary to collect them, and in the present work this is done by 
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evaluating ensembles of correlations proposed by different authors, including the 
properties listed in Table 1 and ∆����, as presented in Table 7. For ensemble A, the 
correlation for ∆���� was of Pedersen and Skovborg (1991) [3]. 

Table 7 – Evaluated correlations ensembles. 

Correlation ensembles Origin 

A Equations with lower deviations 
from experimental pure 

component data (Table 6) 

B [13] 

C [11] 

D [31] 

E [41] 

F [29] 

G [42] 

H [10] 

I  [43] 

J [9] 

K  [30] 

L  [8] 

M [44] 

N [5] 

O [7] 

P [3] 

Q [1] 

 

Not all works explicit the correlations used for all the properties. In such cases, 
whenever required, a correlation from ensemble A – that contains equations with lowest 
mean average deviation in comparison with experimental data for pure compounds – 
will be used. 

The mixtures selected for WDT comparison, their compositions and experimental wax 
dissolution temperatures are presented in Table 8 for SS model and Table 9 for MS. 

Table 8 – Mixtures selected for WDT comparison by SS model. 

% molar Mixture 1 Mixture 2 Mixture 3 

C6H14 - - - 

C16H34 73.00 - - 

C17H36 - 25.00 - 

C18H38 27.00 - 48.00 

C19H40 - 75.00 15.00 

C20H42 - - 37.00 

C28H58 - - - 
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C41H84 - - - 

WDT (K) a 292.00 302.00 304.00 

a Ji et al. (2004) [10] 
 

Table 9 – Mixtures selected for WDT comparison by MS model. 

% molar Mixture 4 Mixture 5 Mixture 6 

C6H14 75.40 79.30 - 

C16H34 24.60 - 34.00 

C17H36 - 20.70 - 

C18H38 - - - 

C19H40 - - - 

C20H42 - - - 

C28H58 - - 32.00 

C41H84 - - 34.00 

WDT (K) 275.00 a 274.00 a 348.95 b 

a Ji et al. (2004) [10]; b Paunovic and Mehrotra (2000) [45] 

 

A comparison between experimental WDT data and values estimated by the MS and SS 
models using the various correlations ensembles was carried using Equation (8) to 
estimate the deviations. Three mixtures with components of similar size (Table 8) were 
chosen to evaluate the SS model, while for the MS model another three mixtures with 
larger size differences among their components (Table 9) were selected.  

Table 10 and 11 shows WDT calculated with correlations ensembles A to Q for 
Mixtures 1 to 3 and and for Mixtures 4 to 6, respectively. Values outlined in these tables 
are within the reproducibility value (3.5 K) for liquid-solid transition established by 
ASTM D4419-90 (2015) [46].  

 

Table 10  – Calculated WDT for Mixtures 1, 2 and 3 by SS model. 

 Mixture 1 Mixture 2 Mixture 3 Mixture 1, 2 
and 3 

Correlations 
Ensemble 

WDT MAE WDT MAE WDT MAE MAE 

A 289.53 2.47 302.12 0.12 300.13 3.87 2.15 
B 284.68 7.32 299.56 2.44 291.12 12.88 7.55 
C 292.15 0.15 303.10 1.10 303.76 0.24 0.50 
D 290.87 1.13 303.26 1.26 302.83 1.17 1.19 
E 289.35 2.65 301.92 0.08 301.72 2.28 1.67 
F 280.51 11.49 294.26 7.74 293.35 10.65 9.96 
G 291.30 0.70 303.34 1.34 301.16 2.84 1.63 
H 289.83 2.17 301.84 0.16 301.92 2.08 1.47 
I 289.19 2.81 301.80 0.20 296.64 7.36 3.46 
J 291.86 0.14 303.73 1.73 302.27 1.73 1.20 
K  289.09 2.91 301.83 0.17 301.26 2.74 1.94 
L  289.70 2.30 301.67 0.33 301.49 2.51 1.71 
M  291.14 0.86 303.32 1.32 301.15 2.85 1.68 
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N 288.94 3.06 302.01 0.01 301.42 2.58 1.88 
O 273.14 18.86 288.39 13.61 287.43 16.57 16.35 
P 289.19 2.81 301.80 0.20 296.64 7.36 3.46 
Q 291.17 0.83 303.32 1.32 301.17 2.83 1.66 

 

Table 11  – Calculated WDT for Mixture 4, 5 and 6 by MS model. 

 Mixture 4 Mixture 5 Mixture 6 Mixtures 4, 
5 and 6 

Correlations 
Ensemble 

WDT MAE WDT MAE WDT MAE MAE 

A 265.63 9.37 269.57 4.43 349.29 0.34 4.71 
B 239.71 35.29 241.09 32.91 343.68 5.27 24.49 
C 273.31 1.69 272.62 1.38 348.61 0.34 1.14 
D 269.07 5.93 273.17 0.83 346.71 2.24 3.00 
E 267.16 7.84 271.10 2.90 347.85 1.1 3.95 
F 250.12 24.88 254.07 19.93 339.49 9.46 18.09 
G 266.89 8.11 270.57 3.43 348.31 0.64 4.06 
H 264.32 10.68 272.37 1.63 349.28 0.33 4.21 
I 239.71 35.29 241.09 32.91 344.98 3.97 24.06 
J 271.84 3.16 275.91 1.91 345.86 3.09 2.72 
K 267.54 7.46 271.71 2.29 347.91 1.04 3.60 
L  268.42 6.58 272.42 1.58 349.66 0.71 2.96 
M 267.00 8.00 270.71 3.29 348.26 0.69 3.99 
N 266.87 8.13 271.22 2.78 348.61 0.34 3.75 
O 264.32 10.68 272.37 1.63 332.79 16.16 9.49 
P 239.89 35.11 241.34 32.66 344.89 4.06 23.94 
Q 267.20 7.80 270.91 3.09 348.32 0.63 3.84 

 

As shown in Table 10, only ensembles B, F, and O for Mixture 1 and again F and O for 
Mixture 2 predicted a WDT outside the reproducibility criteria [46]. A larger number of 
ensembles predict a WDT outside ASTM reproducibility interval for Mixture 3: A, B, 
F, I, O, and P. 

Ensembles B, F, I, O, and P have in common fusion enthalpies correlations that 
generate estimates that are lower than experimental data (see Table 4 together with 
Table 7). Fusion enthalpy correlation from ensemble O, was proposed by Lira-Galeana 
et al. (1996) [7] for petroleum cuts, being mentioned by the authors that components of 
same molar mass might present a variety of fusion enthalpies, and this is the reason why 
fusion enthalpy correlation suggested by Won (1986) [1] is not appropriate, since it 
overestimates the amount of precipitated wax bellow the cloud point temperature for 
petroleum mixtures. Thus, fusion enthalpy correlation from ensemble O was not able to 
produce good estimates when it was applied to n-paraffin mixtures. Fusion enthalpy 
correlation from ensemble F was developed by Escobar-Remolina (2006) [29] with the 
intention of being “multi-conceptual”, being settled as the average of previous 
correlations found in literature. From results reported in Table 10, it is possible to state 
that this correlation is not suitable for n-paraffin mixtures. 

Furthermore, fusion temperatures equations from ensembles B, F, and O generate 
values well below the experimental ones (see Table 2 together with Table 7). Ensembles 
F and O are those that generated results with the largest errors for Mixtures 1, 2, and 3. 
Tabatabaei-Nejad and Khodapanah (2009) [13] noted that the most sensible input data 
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for WDT evaluation is fusion temperature, what may justify the great difference 
between WDT predicted by ensembles F and O from experimental values. 

From Table 10, that presents MAE for WDT results corresponding to Mixtures 1, 2 and 
3 and considering SS approach, it is possible to conclude that ensembles A, C, D, E, G, 
H, J, K, L, M, N, P, and Q were inside the reproducibility interval for liquid-solid 
transition [46]. However, only Ensembles C, D, J, and L were able to predict WDT 
values inside the reproducibility interval for Mixtures 4, 5 and 6, considering the MS 
approach, as presented in Table 11. Thus, these ensembles will be selected for further 
analysis. Ensemble A was also kept, because it presents correlations that predict pure n-
alkane properties closest to experimental values. 

As presented in Table 11, MAE for MS model predictions of WDT calculated for 
Mixtures 4 and 5 were significantly higher than the ones computed for Mixtures 1, 2, 
and 3 by SS model, and Mixture 6 by MS model. There are not many data available in 
the literature concerning experimental WDT values for n-paraffin mixtures with great 
size differences among their components, what reduced the evaluations options. 

Additionally, ensembles with higher MAE (B, F, I, O, an P) for MS model are the same 
that generated the worst results for SS model. These ensembles, as stated before, 
possess correlations that predict low values for fusion enthalpies. Ensembles B, F, and 
O also underestimate significantly fusion temperature values. 

The evaluation of the best correlation ensemble for SS model continues in the next 
section by comparing predicted WPC. 

 

Evaluation of the correlations by the amount of wax precipitated at each 
temperature (WPC) 

Table 12 presents the mixtures selected for WPC comparison. For all the mixtures 
studied decane acts as a solvent. Mixture 7 is composed further by 3 other n-paraffins 
with consecutive carbon atoms numbers from tetracosane to hexacosane while mixtures 
8 to 10 contain a larger number of alkanes with consecutive carbon numbers. Mixtures 
11 and 12 have bimodal distributions of n-alkanes with some difference in carbon chain 
size between the two groups.  

 

Table 12  – Mixtures selected for WPC comparison by SS model. 

% 
molar 

Mixture  

7 a 

Mixture  

8 b 

Mixture  

9 b 

Mixture  

10 c 

Mixture  

11 c 

Mixture  

12 c 

C10H22 80.00 80.02 80.09 80.06 80.02 80.01 

C18H38 - - 2.48 3.00 4.75 7.09 

C19H40 - - 2.35 2.57 4.07 6.09 

C20H42 - 6.41 2.23 2.21 3.49 5.22 

C21H44 - 4.39 2.12 1.89 3.00 - 

C22H46 - 3.00 2.02 1.62 2.57 - 
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C23H48 - 2.05 1.92 1.39 - - 

C24H50 7.71 1.40 1.83 1.20 - - 

C25H52 6.62 0.96 1.74 1.03 - - 

C26H54 5.68 0.65 1.65 0.88 - - 

C27H56 - 0.45 1.58 0.76 - - 

C28H58 - 0.30 - 0.65 - - 

C29H60 
- 0.21 - 0.56 - - 

C30H62 - 0.14 - 0.48 - - 

C31H64 - - - 0.41 - - 

C32H66 - - - 0.35 0.56 - 

C33H68 - - - 0.30 0.48 - 

C34H70 - - - 0.26 0.41 0.61 

C35H72 - - - 0.19 0.35 0.53 

C36H74 - - - 0.19 0.30 0.45 
a Pauly et al. (2004) [47]; b Pauly et al. (1998) [48]; c Dauphin et al. (1999) [49]. 

 

No WPC data for mixtures that would theoretically result in pure solid phases (with 
components of great size differences) were found in literature. For this reason, the best 
correlation ensemble used by MS model will not be analyzed in this section. It was 
observed that MS approach applied to Mixtures 7 to 12 underestimates WPC, what is 
consistent with findings reported by Esmaeilzadeh et al. (2006) [42]. These authors 
concluded that the SS approach better represents the systems that contain consecutive 
carbon atoms among their components, and that the MS model underestimates WPC. 

Figure 1 presents the wax precipitation curves (WPC) generated by SS model for 
Mixtures 7 to 12 with correlations ensembles A, C, D, J, and L, where WP is the weight 
fraction of crystallized paraffins, i. e., the mass of solid divided by the total mass of the 
system. 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 1 – WPC comparison between experimental values and values calculated using SS approach with 
Correlations Ensembles A, C, D, J, and L. (a) Mixture 7. (b) Mixture 8. (c) Mixture 9. (d) Mixture 10. (e) 
Mixture 11. (f) Mixture 12. ( : Experimental data ((a) [47]; (b) and (c) [48];(d), (e) and (f) [49]);  
Ensemble A;  Ensemble C;  Ensemble D;  Ensemble J ;  Ensemble L). 

For Mixtures 7 to 10, the correlation ensemble A produced poor agreement with 
experimental data, predicting a larger amount of precipitated solid than experimentally 
observed. Ensemble L leads to the lowest MAE for Mixtures 7 to 12, as it is show in 
Table 13, which presents MAE calculated for Mixtures 7 to 12, comparing experimental 
and calculated data. 

Table 13 – Comparison of WPC MAE (multiplied by 102) using the SS approach (Equation (8)) using 
Ensembles A, C, D, J, and L for Mixtures 7 to 12.   

Ensemble A C D J L 
Mixture 7 2.29 0.58 0.49 0.60 0.46 
Mixture 8 3.86 2.91 2.46 2.29 1.89 
Mixture 9 2.86 2.29 2.08 2.14 1.62 
Mixture 10 2.75 2.22 2.02 2.07 1.77 
Mixture 11 1.74 2.16 1.71 1.90 1.20 
Mixture 12 0.87 2.33 1.44 1.92 0.90 

Mean 2.40 2.08 1.70 1.82 1.31 
 

Regardless of the correlation ensemble used, SS approach using Wilson for the solid 
phase overestimated the amount of solid precipitated for Mixtures 8, 9 and 10, what is 
in agreement with the observations made by Coutinho et al. (2006) [50]. Wilson model 
was proposed for the solid n-paraffin phase by Coutinho et al. (1996) [51], with the 
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premise that the interaction energy between a long and a short molecule is the same as 
the interaction between two short molecules. Coutinho et al. (2006) [51] mentioned that 
this simplification was valid when the difference in size is not very significant, 
otherwise, the extremities of the long n-alkane will bend and further interactions 
between the molecules will arise. Thus, interactions between components of Mixtures 8 
to 10 were probably neglected, resulting in higher amounts of solid precipitated. 

Ensemble C was the one with poorest WPC predictions for Mixtures 11 and 12, and 
ensemble L the one with the best results for all tested mixtures. 

 

A comparison of predicted solid compositions was also made. Figure 2 presents the 
comparison of solid compositions predicted by ensemble L that produced the best 
results for Mixtures 7 to 12. The comparison of predicted solid compositions for other 
ensembles is available at Supporting Information. 

(a) (b) 

(c) (d) 
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(e) (f) 

Figure 2 – Comparison of solid phase composition generated by SS model with experimental data for 
Mixture 7 to 12 with Correlations L. (a) Mixture 7 [47]. (b) Mixture 8 [48]. (c) Mixture 9 [48]. (d) 
Mixture 10 [49]. (e) Mixture 11 [49]. (f) Mixture 12 [49]. (a) Experimental: C10H22; C24H50;  
C25H52;  C26H54. Modeled compositions:  C10H22; C24H50;  C25H52;  C26H54. (b) 
Experimental: C10H22; C20H42;  C23H48;  C26H54;  C29H60. Modeled compositions:  C10H22; 

 C20H42;  C23H48;  C26H54;  C29H60. (c) Experimental: C10H22; C18H38;  C21H44; 
 C24H50;  C27H56. Modeled compositions:  C10H22;  C18H38;  C21H44;  C24H50; 

 C27H56. (d) Experimental: C10H22; C19H40;  C23H48;  C27H56;  C31H64; C35H72. Modeled 
compositions:  C10H22;  C19H40;  C23H48;  C27H56;  C31H64;  C35H72..(e) 
Experimental: C10H22; C18H38;  C21H44;  C33H68;  C36H74. Modeled compositions:  C10H22; 

 C18H38;  C21H44;  C33H68;  C36H74. (f) Experimental: C10H22;  C18H38;  
C20H42;  C34H70;  C36H74. Modeled compositions:  C10H22;  C18H38;  C20H42;  
C34H70;  C36H74. 

 

Ensemble A was the one with worst predictions of WPC for Mixture 7. They also lead 
to poor results for solid composition, as it can be seen in Figure 2 and Table 14, which 
shows the errors for the comparison between calculated and experimental solid 
compositions of Mixtures 7 to 12. 
 
Table 14 – Comparison of solid composition generated by SS model with experimental data (Equation 
(8), with MAE multiplied by 102), in conjunction with Ensembles A, C, D, J, and L for Mixture 7 to 12. 

Ensemble A C D J L 
Mixture 7 1.71 1.21 1.25 1.30 0.23 
Mixture 8 0.87 7.20 0.43 0.44 0.60 
Mixture 9 1.81 1.83 1.81 1.76 1.39 
Mixture 10 1.27 1.15 1.12 1.08 0.95 
Mixture 11 2.13 2.25 2.09 2.12 1.74 
Mixture 12 3.60 4.20 3.85 4.02 3.20 

Mean 1.90 2.97 1.76 1.79 1.35 

 
According to Table 14, the best predictions for the composition of Mixture 7 were 
obtained by ensemble L, followed by ensembles C and D. Ensemble L was the one that 
predicted a decane composition closest to zero, consistent with experimental data of 
Mixture 7. Correlations used for fusion temperature estimation of this ensemble 
underestimate this property for decane, as can be observed in Table 2. This fact may 
have led to an error compensation between the SS approach employed and the values 
predicted by the correlations that are distant from experimental data of pure 
components. 
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Ensembles A and C were the ones with worse predictions of solid compositions for 
Mixtures 8 to 10. The best results were obtained by ensembles D (best prediction for 
Mixture 8), J, and L (best prediction for Mixtures 9 and 10).  

Ensemble L had better predictions of WPC and solid compositions for Mixtures 11 and 
12 (Table 13 and 14). Worse predictions were obtained by ensemble C, which only 
predicts the phenomena properly at higher temperatures. Ensemble A obtained good 
results of WPC for Mixtures 11 and 12, the opposite of what happened for the other 
mixtures. As it was previously exposed, Mixtures 11 and 12 present two groups of 
consecutive n-paraffins, with a significant size difference between the two groups. 

From Tables 13 and 14 it is possible to state that the SS approach obtained better results 
with ensemble L, followed by ensembles D, and J, for WPC and solid compositions. 
Ensemble A had the worse results for Mixtures 7 to 10, and Ensemble C for Mixtures 
11 and 12. The correlation ensembles analysis will continue through comparison of 
calorimetric curves with Ensembles D, J, and L, besides Ensemble A, that will be kept 
in the evaluation because it contains correlations that provide the best description of the 
experimental data of pure components. 

 

Correlations evaluation by calorimetric curves 

Six calorimetric curves were selected to evaluate the capability of the correlations 
ensembles together with SS and MS approaches to replicate them. The composition of 
the selected Mixtures is reported on Table 15. 

 

Table 15 – Mixtures selected for calorimetric curves comparison by SS and MS approaches. 

% molar Mixture 
13 a 

Mixture 
14 b 

Mixture 
15 c 

Mixture 
16 d 

Mixture 
17 d 

Mixture 
18 c 

C16H34 - - - 50.00 34.00 - 

C18H38 10.00 - - - - - 

C20H42 90.00 - - - - - 

C22H46 - 15.00 - - - - 

C23H48 - 85.00 - - - - 

C24H50 - - 26.52 - - 83.30 

C26H54 - - 73.48 - - - 

C28H58 - -  - 32.00 - 

C40H82 
- - - - - 16.70 

C41H84 - - - 50.00 34.00 - 
a Fu et al. (2011) [52]; b Nouar et al. (1997) [53]; c Oliveira (1998) [54]; d Paunovic and Mehrotra (2000) 
(1999) [45]. 
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Calorimetric curves for Mixtures 13, 14 and 15 were modeled by the SS approach since 
these mixtures present components with similar sizes. Figure 3 presents the comparison 
between experimental curves and the modeled ones using ensembles A, D, J, and L. 

 

(a) (b) 

 

(c) 

Figure 3 – Comparison of calorimetric curves generated by SS approach to experimental data. (a) Mixture 
13. (b) Mixture 14. (c) Mixture 15. Experimental data by (a) Fu et al. (2011) [52], (b) Nouar et al. (1998) 
[53], and (c) Oliveira (1998) [54]. Experimental curve; Ensemble A; Ensemble D; 

Ensemble J;  Ensemble L.  

It can be noticed that experimental curves on Figure 3 have two prominent peaks, 
related to liquid-solid and solid-solid transitions [52-54]. The calculated DSC curves 
have fewer peaks than the experimental ones. This was expected, since a premise for the 
SS approach adopted here is the direct transition from liquid phase to an ordered solid 
phase. The consideration of solid-solid transition on SS model and the possibility of 
formation of multiple solid solutions are being studied in order to consider these 
particularities in future works. 

The peaks positions did not differ very much from one ensemble to another, having 
inclusive an overlap of ensembles D and J for Mixture 14 (Figure 3(b)). Another 
highlight is the position of the calculated curves in comparison with the experimental 
ones. The calculated peaks are at higher temperatures than the experimental for Mixture 
13, whose DSC essay was performed with a cooling rate, and the calculated curves for 
Mixtures 14 and 15 are at lower temperatures than the experimental ones, whose 
experimental curves were measured on heating. This can be explained since in a DSC 
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measurement, the phase transition does not occur at real thermodynamic equilibrium, 
what may cause a delay in the position of thermic events when compared to the 
calculated, due to kinetic effects neglected in the model.  

In order to compare the performance of ensembles A, D, J, and L, we used the objective 
function was calculated by Equation (9). Results are presented in Table 16. 

 

Table 16 – Objective functions calculated by Equation (9), comparing modeled calorimetric curves by SS 
approach with Ensembles A, D, J and L with experimental ones for Mixtures 13 [52], 14 [53] and 15 [54]. 

Ensemble A D J L 

Mixture 13 1.6340 2.5697 2.5623 1.5063 

Mixture 14 8.1964 8.1924 8.1927 8.2480 

Mixture 15 1.6650 2.6148 2.6064 2.4630 

Mean 3.8318 4.4590 4.4538 4.0724 

 

The best description of the calorimetric curves was achieved with Ensembles A and L 
for the SS approach. 

According to Petitjean et al. (2002) [22], only mixtures with great size differences 
among its components result in eutectic mixtures. For this reason, Mixtures 16 to 18 
were selected for the next study, using MS model. Their calorimetric curves are 
presented in Figure 4. 

 

(a) (b) 
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(c) 

Figure 4 – Comparison of calorimetric curves generated by MS approach with experimental data. (a) 
Mixture 16. (b) Mixture 17. (c) Mixture 18. Experimental data of (a) and (b) [45], and (c) [54]. 
Experimental curve; Experimental curve; Ensemble A; Ensemble D; 
Ensemble J  Ensemble L. 

The experimental calorimetric curve of Mixture 16 presents two peaks, and the curve of 
Mixture 17 has three, all related to the solid-liquid transition of their components, as 
proposed by Paunovic and Mehrotra (2000) [45]. These authors observed that despite 
the size difference among components of Mixtures 16 and 17, the solid phases are not 
pure, what may explain the discrepancy in the position of the second peak of Mixture 16 
(from higher to lower temperatures), and second and third peaks of Mixture 17. 

Paunovic and Mehrotra (2000) [45] observed two peaks on the calorimetric curve of 
pure octacosane, related to solid-liquid and solid-solid transitions. However, the solid-
solid transition of octacosane was not observed for Mixture 17, neither on the 
experimental nor on the calculated curve. There was no solid-solid transition prediction, 
since the correlations estimate these temperature transitions as varying from 328K 
(ensemble D) to 332K (ensemble L). These temperatures are above the solid-liquid 
transition for octacosane (second peaks of Figure 4 (b)). In other words, when 
octacosane precipitates, this component is already at a temperature below that of the 
solid-solid transition, crystallizing directly from the liquid to the orthorhombic phase. 

The calorimetric curve of Mixture 18 presents 3 peaks, related, from right to left, to the 
solid-liquid transition of C40H82, the solid-liquid transition of C24H50, and solid-solid 
transition of tetracosane. Tetracontane may present itself in an orthorhombic or rotator 
form [17,18]. However, the transition temperatures calculated by the correlations vary 
from 350 K (ensemble J) to 356 K (ensemble L), values higher than the wax appearance 
temperature, occurring the direct transition from liquid to orthorhombic phase. 

According to Mondieig et al. (2004) [21], tetracosane presents two rotator and one 
triclinic phases. However, the thermal effect from rotator-ordered phase transition is 
preponderant [14,19]. Therefore, only one solid-solid transition is observed in Figure 4 
(c). The curves calculated with ensemble L predicted only the solid-liquid transition for 
tetracosane since the temperature of solid-solid transition estimated by the correlation is 
320K for this ensemble, above the precipitation temperature. Other ensembles (A, D, 
and J) presented a third peak, because they estimate solid-solid transition at lower 
temperatures, between 316 and 317 K, which are below the precipitation of this 
component. 

Although ensembles A, D, and J predicted the solid-solid transition for tetracosane, they 
were not able to predict its temperature properly. The difference observed might be 
related to the fact that the tetracosane solid phase is not pure, and as the DSC 
measurement was made in heating, this transition may occur at a temperature above the 
one that would be observed for a pure component. 

Table 17 compares results obtained by Ensembles A, D, J, and L with MS approach, 
through Equation (9) for Mixtures 16 to 18. 
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Table 17 – Objective functions calculated by Equation (9), comparing modeled calorimetric curves by 
MS approach using ensembles A,  D, J, and L with experimental ones for Mixtures 16 and 17 [45], and 
Mixture 18 [54]. 

Ensemble A D J L 
Mixture 16 9.8927 8.9344 8.0273 9.4017 
Mixture 17 7.7210 7.2780 6.3289 7.1274 
Mixture 18 1.8910 1.0693 0.9591 4.1916 

Mean 6.5016 5.7605 5.1051 6.9069 
 

Ensembles D and J were those with minimum average value for objective function 
calculated by Equation (9), in comparison with experimental calorimetric curves for the 
MS approach. Ensembles D and J were those with worse results for the SS approach, 
considering the value of objective function in the comparison of the calorimetric curves. 
The results here reported show that the success of a correlation ensemble performance is 
highly dependent upon the thermodynamic approach used (MS or SS). 

The performance of the correlations for pure components was the starting point 
of the procedure here proposed. In this first step the best correlations were collected in 
ensemble A. However, we have tested in the next step the performance of other 
correlations to predict properties that are important in the study of wax precipitation. In 
this case, as there are other effective parameters in the models used, we were testing if a 
compensation of errors could lead to the best results.  

This way, the comparisons using the MS model were important to test the 
hypothesis of pure solids and also to check if the prediction of the activity coefficients 
of the liquid phase are good enough. As set A was not the best choice for MS this means 
that either the solids are not pure or the model used to calculate the activity coefficients 
of the liquid phase is not perfect. Further, by testing the SS model that eliminates the 
hypothesis of pure solid, we evaluated the prediction of activity coefficients of solid and 
liquid phases. As set A was not the best for all tests using SS as well, one may conclude 
that at least the model used for the liquid phase still does not perform perfectly, even if 
there are quite more studies for liquids than for solids in the literature. 

Hence, the main message that we want to convey is that the problem is still 
open. This way, in this paper we show that the models need to be improved. Meanwhile 
we also showed the sets of correlation that give the best results in each case with the 
currently available tools. 

 

 

Conclusions 

Around 60 correlations for prediction of n-paraffin properties were evaluated, in order 
to select those that lead to better predictions of the wax precipitation using both the 
solid solution (SS) and multisolid (MS) approaches. After the comparison with 
thermophysical properties of pure components, the correlations were combined in 17 
ensembles. The performance of these ensembles was evaluated comparing the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
prediction of wax disappearance temperature (WDT), amount of wax precipitated 
(WPC), compositions of solid phase and calorimetric curves, with SS and MS 
approaches. 

After WDT comparison, it was concluded that ensembles with correlations that 
generated lower values of temperature and enthalpy of fusion were those with worst 
predictions: B [13], F [29], and O [7]. 

For WPC curves by SS approach, the best ensemble was L [8], followed by ensembles 
D [55], and J [9]. For calorimetric curves using the SS approach, the best predictions 
were obtained by Ensembles A (equations with minor MAE in comparison with 
experimental data of pure components), and L. After the comparison of calorimetric 
curves by the MS approach, ensemble J produced the best results. Therefore, the 
successful performance of a correlation ensemble seems to depend upon the 
thermodynamic approach used (MS or SS) due to compensation of errors.  

Although an extensive study of correlations was done, it is hard to determine which one 
is the best ensemble for all situations. Observing the ensembles quoted above, it can be 
noticed that ensembles A, D, J and L produced good results. Thus, their use is 
recommended in the prediction of the n-paraffin precipitation phenomena, by SS and 
MS approaches. 
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List of Symbols 

Cp – specific heat capacity 

∆H – enthalpy variation 

�y – fugacity of component in solution 

� – fugacity of pure component 

�]cT– objective function 

K – equilibrium constant 

MW – molecular weight 

n – number of carbon atoms 

npt – number of points 

P – pressure 

R – gas universal constant 

S – solid phase ratio 
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T – temperature 

x – molar fraction  

X – generic property 

z – feed composition 

 

Greek Letters 

γ – activity coefficient 

$ – fugacity coefficient of pure component 

$z – fugacity coefficient of component in solution 

# – fugacity ratio between pure components in solid and liquid phases 

 

Subscripts 

i – component number 

 

Superscripts 

exp – experimental 

f – fusion 

L – liquid 

mod – thermodynamic modeled 

p – precipitation 

S – solid 

t – solid-solid transition 

tot – total  
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