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Abstract: The precipitation and deposition of wax has remained a major challenge that the oil industries is faced with during 

the production of waxy crude. This problem is simply an issue from the wellbore to the surface facilities. As a result of this, 

millions of dollars has been invested in remedial operations. In this research, a predictive model that uses thermodynamic 

relationship in predicting precipitation of wax has been developed. K-values for the solid-liquid equilibrium is described using 

solubility parameter, melting point temperature, enthalpy of fusion, and the molar volume for the components. The weight 

fraction was used to describe the wax mixture. Experimental data from three oil mixtures were used in comparing the model 

predicted wax appearance temperature (WAT). For oil mixA, the experimental value is 294.15K; Pauly et al predicted 302.15K 

while this work predicted 301.21K. For oil mixB, the experimental value is 300.15K; Pauly et al predicted 310.15K while this 

work predicted 308.91K. For oil mixC, the experimental value is 298.15K; Pauly et al predicted 302.15K while this work 

predicted 300.38K. The obtained results from this research confirmed the capability of the model in predicting Wax 

Appearance Temperature. A more conservative value for the WAT was predicted which is an improvement. 
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1. Introduction 

The evaporation of volatile light end or drop in the system 

temperature is key to the precipitation of paraffin deposits in 

crude oils. When reservoir fluids that contains gas flows 

through bends in pipeline or tubings there is bound to be 

temperature drop due to Jo Thompson effects. Reactive or 

curative measures rather than preventive have been the method 

of approach in solving wax precipitation and deposition 

problem in the past by operators. For the oil industry, the 

question of knowing “when’’ and “how much’’ of the heavy 

organic that will flocculate out at a given condition of 

temperature and pressure has remain their major concern and 

challenge. In order to address the safety, operational, and 

design of wax remediation systems, a fundamental 

understanding of the deposition behaviour of waxy crude is 

required. The groundbreaking research into the phenomenon of 

wax deposition is the application of fundamental science to 

model waxy-oil fluid systems, thus elucidating the controlling 

physical mechanisms of wax deposition and gel behaviour [1]. 

As a result of changes in temperature, pressure and 

composition we have the formation of vapour, liquid and solid 

phases due to the wide volatility and melting point range of 

hydrocarbon component found in petroleum. The precipitation 

of the heavy hydrocarbon components as wax crystals in the 

liquid and vapour phases is attributed to a drop in temperature. 

The development of thermodynamic model in describing wax 

precipitation and deposition is the recent attempts in solving 

the old problem of wax precipitation. 

The results obtained from available methods adopted in 

predicting wax precipitation are often in poor agreement with 

observed experimental data, as they attempt to overestimate 

the amount of wax formed at temperature below the wax 

appearance temperature. This study is designed to predict the 

wax appearance temperature through the application of 

thermodynamic relationship. 
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1.1. Literature Review 

In predicting wax precipitations in crude oils, using 

thermodynamic relations, researchers has suggested the use of 

compositional methods that uses regular solution theory of 

mixtures with equation of state. These methods supposes that 

the entire compounds that precipitate from the liquid or vapour 

phase form a solid-solution [2-4]. Though results from the 

studies on spectroscopic and calorimetric by Snyder et al. [5-7] 

as well as W. B. Pedersen et al. [8] recommends that large 

hydrocarbons are equally insoluble in the solid state. 

Paraffin waxes deposition problems occur throughout 

during production and is more pronounced in the tubing 

strings, chokes, flowlines and separators. Production and 

design engineers are usually troubled with the buildup of wax 

on pipe walls and other surfaces. The process of deposition is 

generally slow with total blockage been rare. Nevertheless, a 

slight reduction in diameter and more significantly, an 

increased pipe wall roughness strongly affects the flowline or 

well performance. Furthermore, wax crystals deposition often 

results in constant tripping of the export pumps, and 

decreased pump performance. 

Temperature drop below the wax appearance temperature 

and fluid composition are responsible for wax deposition 

resulting from changes in the equilibrium condition of the oil 

mixtures [9]. The limiting factor or difficulty associated with 

the development of deep sub-sea reservoirs is that of 

precipitation and deposition of paraffin. Studies [10, 11] 

carried out on wax deposition reviews that deposition of wax 

crystals will occur on pipe wall and/or transport with fluids. 

Equipment seizure, pipeline plugging and reduce flowability 

will result from this action with its attendant costly downtime 

and expensive remediation technique Anand and Anirbid [12] 

carried out a review work on the need for flow assurance for 

crude oil pipelines with special emphasis on wax deposition. 

They concluded from the result of their finding that 

crystallization of wax in crude oil is responsible for pressure 

losses, high yield stress for restarting resulting from high 

viscosity of crude oil, frequent pipeline shut down and 

deposition of wax crystallites on various surfaces. Deposition 

of wax is critical if it results to formation damage during 

production which could occur when the temperature of the 

fluid in the formation drops below the wax appearance 

temperature. Frequent pigging operation is carried out in the 

pipeline to prevent the pipeline from getting stuck because of 

the wax deposits [1]. 

Ahmed and Mike [13] conducted a study in which they 

compared paraffin deposition result obtain from the 

laboratory to field data using samples from four reservoir 

fluids in the Gulf of Mexico. Their propensities toward 

deposition of paraffin as a result of temperature or pressure 

changes were investigated. Investigations [9, 14, 15] on 

mechanisms of wax deposits have been carried out by 

various researchers. 

Studies on using thermodynamic models in describing wax 

deposition process have been carried out by researchers [16-

20]. Engineering models for calculating oil-wax equilibria 

have been suggested by researchers [4, 21, 22]. Among the 

recent models on wax deposition thickness is that presented 

by Halstensen et al. [23]. Pedersen [24] in his study on 

prediction of cloud point temperature and amount of wax 

precipitation presented a model which results agree so well 

with experimental wax precipitation data. He suggested that 

it is only part of the C7+ fraction that is capable of forming 

the wax phase. The propensity to over predict cloud point 

temperature and amount of precipitated wax below the cloud 

point temperature was conquered through the use of 

unrealistic pure components properties. 

In the modelling of solid precipitation from oil and gas 

systems, two thermodynamic explanation models are 

commonly employ. The approximation of the activity 

coefficient for the liquid or solid phase is accomplished using 

both the regular solution [2, 24] and polymer solution theory 

[4, 25]. Sulaimon et al. [26] in their studies in using a 

proactive method to predict and prevent wax deposition in 

production tubing strings for Niger Delta field used a three 

phase thermodynamic model. With the aid of a developed 

robust computer algorithm, the model predicted the WAT and 

generated fluid temperature profiles inside the production 

tubing strings were WIT can be installed to prevent wax 

deposition. The result from their study indicates that their 

model was able to predict and determine the possible wax 

precipitation point inside the tubing. 

1.2. Summary of Reviewed Literature 

On the issue of cloud point detection, it is often observed 

that proposed techniques are tested using solutions of one or 

few n-alkanes to emulate the wax formation in real fluid. 

This approach is not acceptable since the detection 

techniques rely on the rate of appearance of crystals or the 

quantity of solid to detect a new phase. Most techniques 

perform very well for high rates of precipitation. 

For the wax models, a general problem by researchers is a 

tendency to predict too high cloud point temperature and too 

large amount of wax formed at temperature below the cloud 

point. It is likely observed that problems encountered with 

models from literatures is the seemly fact that all C7+ 

components are considered to be able to potentially form wax, 

while in reality this is only the case of minor fractions of C7+ 

component. The wax forming components seem to consist 

mainly of the n-paraffins, however they are not, as C7+, iso-

paraffin and naphthenes, especially the light ones will 

contribute to the wax phase. 

Also due to simplifying assumptions made by researchers, 

none of these models accounts for all the factors that affect 

wax precipitation modeling. 

2. Methods 

The use of thermodynamic relationship was central in the 

formulation of equations used for the wax prediction. Fluid 

composition data for three (3) different synthetic oil mixtures 

[27] was used in the evaluation of the developed model with 

the aid of Matlabsoftware program to allow for the running 
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of multiphase flash model. The model predicted result was 

compared with experimental wax appearance temperature 

(WAT) data. 

2.1. Thermodynamic Model 

Under the principle of thermodynamic relation, at a fixed 

temperature and pressure, liquid phase and solid phase may 

coexist as represented by Equation (1). 

��� = ���                                       (1) 

Where ��� and ��� is the fugacities of the component in the 

liquid and solid phase respectively. The fugacities are 

individually defined as follows:  

��� = ��∅���                                      (2) 

��� = ��	����

,�

                                   (3) 

��� = ��	����

,�

                                   (4) 

In these equations �� , ��  , 	�� , 	��, ∅�� , P, ��

,�

and ��

,�

 are 

liquid phase mole fraction, solid phase mole fraction, activity 

coefficient for liquid component, activity coefficient for solid 

component, fugacity coefficient of liquid component, 

pressure, fugacities at state of reference for the liquid and 

solid phases respectively. The solid-liquid equilibrium 

constant,�����, can be obtained from equations (1), (3) and (4) 

as shown in Equation (5) below. 

����� = ��
��

= ���∗ ��
�,�∗���

���∗ ��
�,�∗���

                            (5) 

2.1.1. Model Development 

In accordance with the principle of thermodynamic 

relationship for liquid and solid phases at a fixed temperature 

and pressure as shown earlier according to Eqs.(1) through 

(5), for this work, ����� will be determined based on the 

bellow assumptions. 

Assumptions 

a) At low to moderate pressure, the difference between the 

partial molar volume of liquid and solid is considered 

small, and is therefore neglected. 

b) Heat capacity of fusion difference between two phases 

is considered insignificant, therefore neglected. 

c) The activity coefficient is considered. 

The combination of Eqs. (1), (3) and (4) yields ����� as: 

����� = ��
��

= ����
���

� �����
����� �� !" ∆$�

%&
'

'� ( )               (6) 

Where: ∆*� = *�� − *�� 

From the right hand side of equation (6), molecular 

interaction effect is the first term, temperature effect is the 

second term and effect of pressure is the third term. The 

exponential term represent pressure dependence and is 

neglected based on assumption‘‘a’’. Therefore equation (6) 

becomes: 

����� = ��
��

= ����
���

� ���
,,�

��
,,��                           (7) 

2.1.2. Fluid Model Fugacity Correlation 

The correlation for the phases standard state 

fugacity from Equation (6) is as shown in Equation (8) 

-. �����
����� = ∆/0,�

%& �1 − &
&0,�

� + ∆34
% !1 − &0,�

& + -. &0,�
& ) (8) 

Where ∆ℎ6,�, 76,�, R and ∆89 are heat of melting , melting 

point temperature, universal gas constant and heat capacity  

of solute fusion respectively. The heat capacity of fusion term 

is neglected according to “b” assumption. 

Then Equation (6) transforms in to equation (9). 

���� = ��
��

= ���
���

exp �∆=0,�
%& >1 − &

&0,�
?�               (9) 

2.2. Models Properties 

2.2.1. Melting point Temperature and Heat of Melting 

The melting point and heat of melting properties are 

calculated from Eqs.(10) and (11) according to Coutinho [28]. 

76,� = 421.63 − 1936112.63 expF−7.8945 J8K� − 1LM.MNOPQR (10) 

∆S6,� = 1000 J3.77918K� −  12.654L            (11) 

Where 8K�represent the carbon number. The phase change 

for normal paraffin below C42 but greater than C4 is more 

complex. They form a rotator phase at the melting 

temperature. The heat of melting is calculated from Equation 

(10).  

The enthalpy of melting is calculated from Equation (12). 

∆S6,� = 1000 U–  0.00355 8K�W +  0.23768K�X − 3.62098K� +
 18.5391Y                     (12) 

2.2.2. Solid-Liquid Phase Non-ideality 

The activity coefficient parameter is accounted for. Won [3] 

assumption for regular solution is used to approximate effect 

of activity coefficients ratio for the liquid-solid which are 

calculated from the solubility parameters Z�� and Z��  of the 

individual components. 

ln 	�� = $��U]̂�� ]��Y_

%&                            (13) 

ln 	�� = $��`]̂�� ]��a_

%&                          (14) 

Zb� = ∑ d�� Z��                                (15) 

Zb� = ∑ d�� Z��                               (16) 

d�� = ���$��
∑ ���$��

                                  (17) 

d�� = ���$��
∑ ���$��

                                  (18) 

Where Z�� , Z��  , d�� , d�� , Zb� and  Zb�  represents liquid 

solubility parameter, solid solubility parameter, component 

volume fraction for the liquid phase, component volume 

fraction for the solid phase, mean solubility parameters for 

the liquid and solid phase respectively.  
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Combing Equations (13) – (18), gives Equation (19). 

]��
]�� = ���

���
exp > $�

%& `UZb� + Z��YX + UZb� + Z��YXa? (19) 

The molar volume for component i is estimated according 

to Equation (18). 

*� � ef�
M.gOhhiM.jXNX k OMlmef�� no.pq

rf�
                  (20) 

Liquid and solid phase solubility parameters are calculated 

as follow: 

Z6� � 7.41 2 0.519 Jln 8K� + ln 7L             (21) 

Z6� � 8.50 2 5.763 Jln 8K� + ln 7L             (22) 

2.3. Multiphase Flash Algorithm 

For a solid-liquid system in equilibrium at a constant 

temperature T and pressure P, the two-phase stability 

calculation scheme is represented as follows: 

By definition (i.e the overall material balance) 

. � .�  2  .�                                    (23) 

s�. � ��.�  2  ��.�                              (24) 

By definition of mole fraction, we may write 

∑ s�� � 1                                       (25) 

∑ ��� � 1                                       (26) 

∑ ��� � 1                                       (27) 

Where n, , .� and .� stand for total moles for the mixture, 

total liquid and solid moles respectively while s� , ��and ��  
represents entire hydrocarbon mole fraction, liquid and solid 

phase mole fraction respectively. The solution algorithm for 

the liquid-solid equilibrium is as represented in Eqs.(28) and 

(29) below: 

∑ �� � ∑ t�
K�Fu��ORiO�� � 1                        (28) 

∑ ��� � ∑ t�u�
K�Fu��ORiO � 1                        (29) 

Using Newton-Raphson iteration technique, Eqs. (28) and 

(29) is calculated to determine the phase molar fractions, 

.� and .� , and the molar compositions �� and ��  for the 

phases. 

2.4. Quantity of Wax Precipitated 

The amount of wax precipitated at any temperature can be 

obtained from Equation (30) as: 

Wax weight (%)=
v
vwx'yz{�'�vwvz|6w��

6w��
�{y}|z
�x  k 100% �
∑>ef����`�

�a?
∑Jef�t�L  k 100                           (30) 

 

3. Results Discussion 

Experimental data obtained from three synthetic mixtures 

of different normal paraffin compositions were used in the 

model validation. Table 1 shows the specifications of these 

synthetic mixtures. 

Table 1. Oil Mixture Composition Used, Pauly et al. [27]. 

Feed 

composition 

Mass % 

Mixture A Mixture B Mixture C 

n-C10 64.73 47.76 65.02 

n-C18 0 7.17 3.55 

n-C19 0 6.41 3.55 

n-C20 10.30 5.74 3.56 

n-C21 7.40 5.16 3.55 

n-C22 5.29 4.63 3.53 

n-C23 3.79 4.16 3.51 

n-C24 2.70 3.72 3.48 

n-C25 1.93 3.32 3.45 

n-C26 1.37 2.97 3.41 

n-C27 0.97 2.64 3.39 

n-C28 0.69 2.08 0 

n-C29 0.49 1.85 0 

n-C30 0.35 2.39 0 

Figure 1shows the plot of the feed mole against molecular 

weight for the given oil mixtures used in the modelling while 

Figure 2 shows the result of characterizing the wax phase 

using weight fraction of component in the solid phase ��� for 

given oil mixtures. 

 

Figure 1. Feed moles vs molecular weight. 

 

Figure 2. Solid phase weight fraction vs molecular weight. 

The calculated wax appearance temperature for the oil 

mixtures is shown in Figures 3 and 4. The Figures indicates 

that the predictions obtained by this model are in good 

conformity with the actual behaviour of petroleum mixtures. 

From Figures 3 and 4, it is observed that solid wax begins to 
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precipitate once the temperature reaches the wax appearance 

temperature. With further temperature decrease, more wax 

will precipitate. 

The wax appearance temperature predicted for the oil 

mixtures are equally given in Table 2. When judged with 

experimental determined wax appearance temperature, it 

was in very close conformity with the experimental data. 

This close conformity is more evident in Table 3 that shows 

the error percentage of WATs. 

 

Figure 3. Calculated wax appearance temperature curve for oil mixA. 

 

Figure 4. Calculated wax appearance temperature curve for oil mixB. 

Table 2. Comparison of the Predicted WAT for Models. 

Oil type 
Experimental 

result (K) 

Pauly et al. 

(K) 
This work (K) 

Oil MixA 294.15 302.15 301.21 

Oil MixB 300.15 310.15 308.91 

Oil MixC 298.15 302.15 300.38 

Table 3. The error percent of the WAT for the models. 

Oil type Pauly et al. (K) This work (K) 

Oil MixA 2.72 2.40 

Oil MixB 3.33 2.92 

Oil MixC 1.34 0.75 

4. Conclusions 

Based on the result obtained from this study using 

thermodynamic relation, a model that predicts a more 

conservative and accurate result for WAT and the amount 

of solid wax has been established. Improving on the 

prediction of wax appearance temperature (WAT) and the 

amount of solid wax formed below the cloud point 

temperature is of great boost to the custody transfer 

operation. Accurate and early prediction of wax 

precipitation by this study will assist in reducing the 

millions of dollars lost by the oil industries through a more 

robust facility design, field development planning and 

adequate petroleum production planning. 
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