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Abstract 

This paper presents an extensive analysis of complex wax and hydrate forming systems 

employing an integrated wax-hydrate thermodynamic model. The developed model 

uses integration of the UNIQUAC activity coefficient model, CPA equation of state and 

van der Waals-Platteeuw model, for the description of waxes, fluids and hydrates, 

respectively. Our recently published multiphase “Gibbs energy minimization” flash 

algorithm [1] is extended here to identify waxy solid phase(s) and is shown to be robust 

in characterizing complex systems where several phases, i.e., solid wax, vapour, liquid 

hydrocarbon, liquid aqueous, ice and hydrate phases (structure sI and sII) may coexist. 

The accuracy of model predictions is first validated by calculating the wax amount and 

composition in water-free systems for which experimental data are available. It is then 

used to explore the mutual effects of hydrates and waxes starting from a simple binary 

system of methane + n-heptadecane in the presence of water. The model is then used 

to analyse four multicomponent mixtures and a recombined light oil. 

The analysis includes investigations into the impact of hydrate formation on wax phase 

boundary, amount and composition and vice versa, as well as a variety of secondary 

important effects including the influence of the amount of light end in the feed and 

impact of the free aqueous phase on the wax amount and phase boundary.  

Keywords 

Integrated wax-hydrate model, multiphase flash, Paraffin wax, Clathrate hydrate, 

Experimental hydrate equilibria 

 Introduction 1.

Formation of hydrates and waxes are well-known flow assurance problems causing 

considerable operational expenses and hazards mainly through loss of production or 

pipeline blockage. Experimental studies have revealed that simultaneous formation of 

waxes and hydrates can synergistically escalate their precipitation [2] and deposition 

[3]; hence promoting the possibility of pipeline blockage. Despite the high chances of 

formation of both hydrates and waxes at the same time (see for example [4,5]), 
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especially in volatile oils and gas condensates under operational conditions, the subject 

of mutual interactions of hydrates and waxes from a thermodynamic modelling 

viewpoint has been scarcely (and never in some aspects) addressed in the open 

literature. In view of this omission, it is critical to have an in-depth understanding of the 

phase behaviour of systems prone to form both waxes and hydrates, gained by utilising 

a robust thermodynamic model. 

The only works available in the literature concerning the thermodynamic aspects of 

mutual interactions of hydrates and waxes are those of Tabatabaei et al. [6,7] and Ji [8]. 

The fluid phases in both works are described with cubic EoSs, though obviously, 

neglecting quasi-chemical forces due to hydrogen bonding in the presence of water 

would result in the poor accuracy of non-associating EoSs (see for example [9]). Also, in 

the work of Tabatabaei et al. [6,7], the Regular Solution Theory (RST) has been utilised 

to describe the waxy solid phase non-ideality. However, the RST has major drawbacks 

such as the overestimation of wax melting temperature [10] and inability to identify if 

more than one waxy solid phase has precipitated. More importantly, thorough 

investigation of the complex wax-hydrate systems requires a robust multiphase flash 

algorithm. Among the works mentioned only Tabatabaei et al. [6,7] have presented 

some flash calculation results. However, they have used sequential hydrate-free and 

wax-free flashes to calculate the phase fractions and compositions in the equilibrium 

state. In addition, the hydrate flash calculation algorithms utilised in the works of 

Tabatabaei et al. [6,7] are established on only satisfying the isofugacity criteria and are 

not based on a Gibbs energy minimization approach. There are many problems with 

these type of flash calculations in the presence of hydrates [1], as they fail to identify the 

presence of more than one structure of hydrate. Seemingly, this type of flash calculation 

algorithm has prevented the authors from analysing the mutual effect of hydrates and 

waxes on their compositions and amounts. Only the mutual effects on the phase 

boundaries was investigated.  

In the current study, the CPA EoS, originally presented by Kontogeorgis et al. [11], is 

utilised to describe the non-ideality of fluids. In the case of analysis of the systems 

containing water, it is vital for the applied EoS to take into account the associative 

hydrogen bonds contributions due to water associations in the fluids non-ideality. 
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Additionally, the well-known and widely used model of van der Waals and Platteeuw 

(vdWP) [12] has been applied to describe the non-ideality of hydrate phases of different 

structures (here sI and sII). The accuracy of the coupled CPA-vdWP model for the 

description of the number and nature of the hydrates formed in equilibrium, in systems 

under hydrate forming conditions, has been validated in our previous work [1]. Finally, 

the UNIQUAC activity coefficient model, initially developed by Abrams and Prausnitz 

[13], and applied for the first time by Coutinho [14] for calculating paraffinic solids non-

ideality, is exploited here to describe the waxy solid phase(s). The UNIQUAC is proven 

to be one of the most accurate thermodynamic models, to date, to evaluate Wax 

Disappearance Temperature (WDTP), Wax Precipitation Curve (WPC) and composition 

of precipitates  [15,16]. In the present study, to avoid confusion between the wax phase 

boundary data calculated by the model with the same value measured experimentally, 

which can either be Wax Appearance Temperature (WAT) or Wax Disappearance 

Temperature (WDT), the term WDTP is referring to model predictions. This is because 

of several uncertainties while measuring these variables [17]. Obviously, if WDT is 

measured properly, it should correspond to the true wax melting point (thermodynamic 

liquidus point) [18] mainly due to less chance of superheating compared to subcooling 

[19].  

Here, these three accurate thermodynamic models for the corresponding phases are 

integrated into a single framework: “UNIQUAC-CPA-vdWP” model which is abbreviated 

as UCV.  The description of the model formulations will be presented in section 2.2. 

In the present work, our recently published multiphase “Gibbs energy minimization” 

flash algorithm [1] is extended to identify the presence of wax phase(s). Such a flash 

algorithm coupled with a strong stability analysis scheme has a proven record of 

robustness [20]. The robustness of the devised algorithm is tested here with several 

examples with up to 8 phases of different natures may coexist. This robust flash 

algorithm is an essential requirement for the analysis of complex hydrate-wax forming 

systems, in particular for identifying the mutual effect of waxes and hydrate on their 

amount and composition. The steps required to extend the flash algorithm to take 

paraffin solid phases into consideration will be presented in the “Methodology” section.  
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This work also includes experimental measurement of Hydrate Dissociation Points 

(HDP) for three synthetic multicomponent mixtures of diverse phase behaviours as well 

as a recombined light oil. These data are used to check the accuracy of the model. 

The “Analysis and Discussions” section present the interpretations, based on several 

different types of calculations on the mutual interactions of hydrates and waxes, in 

particular: 

• Effect of the overall composition distribution (heavy end and light end impacts) on 

the phase diagrams of hydrates and waxes 

• Influence of the hydrates on the wax phase boundary  

• Impact of the waxes on the hydrate dissociation line 

• Influence of the hydrates on the amount and composition of wax precipitated 

• Impact of waxes on the amount and compositions of hydrates formed 

The analysis is first performed to understand how the wax phase boundary is influenced 

by the formation of sI hydrate (HI) in a binary system of methane + n-heptadecane in 

the presence of different water to hydrocarbon molar ratio in the feed (W/H). The 

aspects mentioned above are then evaluated in the three multicomponent synthetic 

mixtures for which experimental wax phase boundary data are available [8] as well as 

SHF4 mixture of Ungerer et al. [21]. Finally, the analysis of the effect of hydrates on the 

wax amount and phase boundary for a recombined light oil mixture is carried out. This is 

performed to assess the validity of analysis for a real mixture. 

 Methodology 2.

Accurate determination of the number and nature of phases at equilibrium requires not 

only precise thermodynamic models, capable of describing corresponding phases but 

also a robust multiphase flash calculation algorithm. Accordingly, this section is devoted 

first to describe the flash calculation algorithm. Then the formulation of the exploited 

thermodynamic models will be presented.  

2.1. Multiphase Flash Calculation 

The flash calculation used here is an extension of our recently published multiphase 

flash calculation in the presence of hydrates [1] to systems where wax phase(s) may be 
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present.. The devised flash algorithm includes a combination of a Gibbs free energy 

minimization approach, with the Michelsen [22] multiphase algorithm applied in the inner 

loop, and the Michelsen [23] tangent plane distance (TPD) stability analysis to perform 

the initial “No-Hydrate Flash” (NHF) step [1]. Similar to the original work [1] the stability 

analysis here uses the BFGS algorithm [24] to find stationary points of the Michelsen 

TPD function starting with trial compositions defined in by Li and Firoozabadi [25]. The 

NHF step results are then employed as a part of the initial guess compositions for the 

“Hydrate Flash” (HF) step [1].  

In the current work, the following changes have been made to the original algorithm to 

model the presence of waxes correctly: 

1) Initialization of the compositions for the NHF step 

2) Initialization of the compositions for the HF step 

3) Considerations for components non-precipitating in the wax phase(s) 

Details of each of these changes are presented below. 

2.1.1. Initialization of the compositions for the “ No-Hydrate Flash” step 

For the initial guess of compositions in the presence of water, it is assumed that for the 

first flash calculation in the NHF step, at least 4 phases should be initialized 

corresponding to vapour (V), liquid hydrocarbon (L), liquid aqueous (Aq) and a single 

solid wax phase (S). The first phase for which the initial compositions are evaluated is 

the liquid hydrocarbon phase by observing mass balance criteria, i.e.: 

 ��� = �����	��� − 1� + ���	��� − 1� + ���	��� − 1� (1) 

In Eq. 1, � is the overall composition, �� is the molar phase fraction of phase	� and ��� 	is 

the mole fraction of component �	in the liquid hydrocarbon phase. The method of Ballard 

and Sloan [26] is used to evaluate equilibrium constants between liquid and vapour 

phases, 	��. Aqueous to liquid equilibrium ratios,		��, is set equal to	�	�� 	��⁄ �, where 	�� is the vapour to aqueous equilibrium ratio calculated by the method of Ballard and 

Sloan [26]. The paraffins’ solid to liquid equilibrium ratios are estimated by: 
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 	��� = � 0				
����Δ��f��  1 − ���f! + Δ��tr��  1 − ���tr!"					

									�: $%$	&'�	(%)*�$+	,%*�.
�:	&'�	(%)*�$+	,%*�.  (2) 

The thermophysical properties used in Eq. 2, for each precipitating paraffin, are fusion 

temperature ��f, order-disorder solid-solid transition temperature, ��tr, enthalpy of fusion, 

Δ��f, and enthalpy of order-disorder solid-solid transition Δ��tr. The method of calculating 

these parameters will be presented later on. Having calculated	���, the composition of 

the remaining phases for the initial flash calculation are evaluated by: 

 ��� = 	��� 	���				,				��� = 	���	��� 				,				/� = 	���	��� (3) 

Where ��� 	and ���	are the mole fractions of component �	in the solid wax and liquid 

aqueous phases, respectively, and /� is the mole fractions of component �	in the vapour 

phase. The initial molar phase fractions can be estimated by: 

 �� = � 	�0					�1 − �0�$1 − 1 				
� ∶ 345�%56	�ℎ'6�

														� ∶ 8%$ − '45�%56	�ℎ'6� (4) 

Here, �0  is the mole fraction of water in the feed and $1 is the initialized number of 

phases which for the initial flash is set equal to four. When convergence is achieved, the 

stability analysis is performed to check whether the solution is corresponding to the 

Gibbs energy surface global minimum. If not, for next the flash calculation $1	is 

increased by one and this new phase is assumed to be a waxy solid phase with the 

composition calculated by: 

 ��� = 90.99 + 0.01	��					0.01	��							 � = �;� ≠ �; (5) 

Where �;	is the heaviest paraffinic component for which the Eq. 5 composition is not 

created. Therefore, for example, if the flash results where again unstable, for the next 

flash, �;	would be the penultimate heavy component, and so on. This way the presence 

of more than one waxy solid phase can be safely modelled. This is similar to the 

initialization scheme of Phoenix and Heidemann [27], except that in their work the 
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compositions defined by Eq. 5 are treated as liquid phases. For subsequent flashes, Eq. 

4 is again used for initializing the molar phase fractions.  

2.1.2. Initialization of the compositions for the “ Hydrate Flash” step 

In the original work [1], when the NHF step solutions are obtained, the fugacities of 

components at the converged solution are used to calculate the initial guess 

composition of the hydrate phase(s). The same approach is applied here with one 

difference. As will be shown later on, there are conditions under which the NHF step 

would not result in the presence of wax, while in reality, the introduction of hydrates 

leads to the formation of waxes. This condition corresponds to a region near (and 

inside) the wax phase boundary. Therefore, here, to avoid removing possible waxy 

phase, the number of phases at the start of the HF step is increased by three. These 

three additional phases are corresponding to sI and sII hydrates and a single waxy solid 

phase. The compositions of the hydrate phases are initialized as outlined in the original 

work [1] and the composition of the waxy phase is initialized as detailed in section 2.1.1. 

2.1.3. Considerations for components non-precipitat ing in the wax phase(s) 

The flash calculations in the presence of waxes require some measures for components 

non-precipitating in wax. These components are divided into: (1) non-paraffins (in this 

work CO2, N2 and water) and (2) paraffins with carbon number smaller than the carbon 

number cut-off (CNCO). It is indeed of high importance to introduce a reasonable CNCO. 

Partly, if all the paraffinic fractions are allowed to be precipitable, it would result in an 

overestimation of the amount of precipitates [28]. Also, as confirmed by experimental 

evidence, even for wax precipitation in a mixture with a wide continuous range of 

alkanes, e.g. a mixture of n-Hexane to n-Hexatriacontane in the work of Pauly et al. 

[29], where partial miscibility exists between all constituents, the components lighter 

than n-Tridecane are not present in wax precipitates even at low temperatures around 

250 K. More experimental works confirming the absence of light components in the 

waxy solid precipitates can be found elsewhere [30]. Furthermore, an unreasonable 

CNCO may result in incorrect interpretations of the changes in molecular weight (=>) of 

the waxy part in mixtures prone to simultaneous formation of waxes and hydrates as will 

be discussed in the “Analysis and Discussions” section. Accordingly, in order to match 
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experimental evidence, in the current work, a CNCO of 6 is considered for all the 

calculations performed, i.e. paraffinic components lighter than n-Heptane are not 

allowed to precipitate in the solid waxy phase. This choice is based on the fact that the 

lightest component in the heavy end of the synthetic multicomponent mixtures 

investigated here is n-heptane.  

To avoid the non-precipitating components to be present in the waxy solid phases, like 

what was done in the original work to prevent non-hydrate-formers being present in the 

hydrate phases, the fugacity coefficients of non-precipitating components in the wax 

phase were set to a large value, i.e.,10100 [1]. The capability of the multiphase flash 

calculation algorithm devised in the presence of waxes and hydrates for one of the 

multi-phase forming multicomponent systems (with a specific water content) studied 

here is provided in Supplementary Materials document. 

2.2. Thermodynamic Models 

2.2.1. Vapour, Liquid and Aqueous Phases Non-ideali ty 

As the conventional cubic EoSs do not take the chemical/quasi-chemical associative 

hydrogen bonds contribution into consideration, their performance is poor in the 

presence of water (or generally speaking, an associative compound). To overcome this 

issue, originally, Kontogeorgis et al. [31], introduced the Cubic Plus Association (CPA) 

equation of state. It is, therefore, essential to exploit CPA, as an associative EoS, in the 

present study as in the hydrate forming systems under investigations, the systems’ 

thermodynamic properties dependency on water associations is considerable. CPA 

EoS, in essence, combines cubic (due to physical van der Waals forces, here calculated 

by SRK EoS [32]) and associative (due to chemical/quasi-chemical forces) terms, to 

describe fluid phases, as follows: 

 ? = ?1;@A + ?BAACD = ��E − F��GH − '�E�E + F��GH�IJJJJJJJKJJJJJJJL −
SRK (non-associating part)

12��E N1 + O PQ$�+�PO RS /� S �1 − T�U��U
V
�IJJJJJJJJJJJJJKJJJJJJJJJJJJJL

associating part

 (6) 

Complete parameterization of Eq. 6 and the required calculations of CPA EoS can be 

found elsewhere [33].	In this work, the critical and physical properties of pure 

components are taken from the DIPPR [34]. Also, Twu [35] correlation for critical 
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properties and Magoulas and Tassios [36] correlation for the acentric factor are used for 

characterising the components absent in the DIPPR (in this work only n-

tetracontane).The binary interaction parameters of the cubic part of CPA are here 

evaluated by the group contribution method of Jaubert and Mutelet [37], the complete 

formulation and parameterization of which is provided in the Supplementary Materials 

document. 

2.2.2. Hydrate Phase Non-ideality 

The fugacity of water in the hydrate phases are calculated by the van der Waals and 

Platteeuw [12] (vdWP) model modified by Parrish and Prausnitz [38], through [39]: 

 (0W = (0X��� �−∆Z0X[W�� " (7) 

Here, (0W is the water fugacity in the hydrate lattice filled with guest components and  (0X 

is the fugacity of water in the hypothetical empty hydrate lattice. The chemical potential 

difference, ∆Z0X[W	, is calculated by [12]: 

 ∆Z0X[W = ��S \]�^_�Q$ N1 +S `Q�]�^_�(���a�bc
� Rbdef

]  (8) 

Complete details of the formulation of vdWP model including calculation of Langmuir 

constants `Q�]�^_�and the required parameters can be found elsewhere [1,40,41]. The 

fugacities of guest components required in Eq. 8 are calculated by the method devised 

in our previous work [1]. 

2.2.3. Paraffinic Solid Phase non-ideality 

In the current work, the UNIQUAC activity coefficient model, originally developed by 

Abrams and Prausnitz [13] was exploited to describe non-idealities of the waxy phases. 

The UNIQUAC model offers two major advantages over other activity coefficient 

models. First, it is capable of representing the possible formation of more than one 

paraffinic solid phases as confirmed experimentally by X-ray diffraction and 

spectroscopy (see for example [42–45]) for mixtures of continuous exponential decay 

molar distribution of normal alkanes as well as mixtures where a sufficient gap in the 
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chain length of alkanes is observed between the constituents. Spontaneous demixing of 

binary alkanes’ solid solution was extensively studied in the spectroscopic 

measurements of Snyder and co-workers (see for example [46]). Lira-Galeana et al. 

[28] have been the first group to model the multi-solid precipitation of waxes. They 

considered waxes to form several pure solid phases.  Later, Coutinho [14] proposed the 

predictive UNIQUAC activity coefficient model for describing non-idealities of paraffinic 

solid solutions. UNIQUAC can grasp the multi-solid phase precipitation behaviour of 

waxy mixtures which is more emphasised in systems with multimodal component 

distribution and a comparable difference in the chain length of the alkanes present. It is 

also observed that by using predictive UNIQUAC, better predictions of solid-liquid 

equilibria (SLE) of binary eutectic systems can be obtained [14]. Therefore, the 

UNIQUAC activity model (in its original form) is applied here for modelling non-ideality 

of the waxy solid phases. The UNIQUAC model takes into account the combinatorial 

and residual contributions on excess Gibbs free energy which are representative of 

entropic and enthalpic deviations from ideality, respectively. UNIQUAC calculates the 

combinatorial,	g�h, and residual, g�G, parts of the activity coefficient by:   

 Q$�g�h� = Q$ i��� + j2 4�Q$ k�i� + N�)� − 4�� j2 − �)� − 1�R − i��� S��  �)� − 4�� j2 − �)� − 1�!bd
�  (9) 

 Q$ �g�G� = 4� l1 − Q$ lSk�m��bd
� n −SN k�m��∑ k]m]�bd] Rbd

� n (10) 

Combining these two equations, the UNIQUAC activity coefficient is calculated by: 

 Q$�g�� = Q$�g�h� + Q$�g�G� (11) 

Complete parametrization of Eq. 9 and Eq. 10 and detailed formulation of original 

UNIQUAC used in this work can be found elsewhere [15]. Having calculated activity 

coefficients by UNIQUAC, the fugacity of components in the waxy solid phase is [47]: 
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 (�S = ��S	(�∗�	g�S = ��S	(�∗�	g�S��� q−lΔ��f�� N1 − ���fR + Δ��tr�� N1 − ���trRnr (12) 

In the current work, the value of thermophysical properties required, i.e. ��f, ��tr, Δ��f and 

Δ��tr are calculated by the proposed correlations of Coutinho and Daridon [48] at 

reference pressures. To account for the high pressure effect, the modification of the 

method of Ji et al. [10] is used where fusion and solid-solid transition temperature of 

alkanes are corrected as a function of pressure. 

2.2.4. Ice Phase Non-ideality 

There are few occasions in this study where ice is present. By applying the Poynting 

correction term, one can calculate the fugacity of ice, (0s , through modifying pure water 

fugacity at the same temperature [47]:   

 (0s = t0ABu 	?sABu��� NEv�? − ?sABu��� R (13) 

Where ?sABu  and t0ABu are the ice vapour pressure and the fugacity coefficient of water at 

the ice vapour pressure, respectively. Also, the molar volume of ice in (m3/mol), Ev, is 

calculated by the correlation of Tohidi [49] and  ?sABu is calculated by Wagner et al. [50] 

correlation. 

 Experimental Measurements 3.

3.1. Materials 

In this work, hydrate dissociation points are measured for three multicomponent 

mixtures M1, M2, M3 and a recombined light oil. The suppliers and purity of pure gases 

and liquid hydrocarbons used to prepare these mixtures are listed in Table 1.  All of 

these mixtures were prepared by combining a high-pressure gas gravimetrically with a 

multicomponent liquid hydrocarbon mixture.  These liquid mixtures were initially 

prepared gravimetrically using a Mettler Toledo balance (model PB3002) with a 

resolution of 0.001 g and hence, the relative uncertainty in the concentration of each 

compound can be taken equal to the purity of the compound. 
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Once combined the mixtures were kept well above their bubble point in variable volume 

cylinders. The recombined fluids were prepared by weighting 10-15 g of gas to 200-300 

g of liquid hydrocarbons.   

The composition of the natural gases used to prepare mixtures M1, M3 and the 

recombined light oil are listed in Table 2. These gases with certified composition were 

purchased from BOC. The light end of M2 was directly combined by gravimetric means 

with pure gases, the composition of the light end is also given in Table 2. De-ionized 

water was used in all hydrate tests.  

Table 1: Purity and source of samples used in this study 

Chemical Name Source 
Vol or Mass  
Fraction Purity a 

Certification 
Analysis 
Method 

Deionized Water Pure Lab Elga2 - - - 
Methane BOC 0.9999 BOC certified GCb 

Ethane BOC 0.99 BOC certified GCb 
Propane BOC 0.995 BOC certified GCb 
n-Butane BOC 0.995 BOC certified GCb 
n-Heptane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Octane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Nonane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Decane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Undecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Dodecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Tridecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Tetradecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Pentadecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Hexadecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Heptadecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Octadecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Nonadecane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Eicosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Heneicosane Sigma-Aldrich >0.98 Sigma-Aldrich GCb 
n-Docosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Tricosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Tetracosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Pentacosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Hexacosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Octacosane Sigma-Aldrich >0.99 Sigma-Aldrich GCb 
n-Triacontane Sigma-Aldrich >0.98 Sigma-Aldrich GCb 
n-Hexatriacontane Sigma-Aldrich >0.98 Sigma-Aldrich GCb 
n-Tetracontane Sigma-Aldrich >0.95 Sigma-Aldrich GCb 

a No additional purification is carried out for all samples. b GC: Gas Chromatography 

Table 2: Natural gas compositions used to prepare mixtures M1 to M3 and the light oil investigated in this study 

Component 
M1 M2 M3 Recombined light oil  

X U(X) X U(X) X U(X) X U(X) 
CO2 3.24 0.060 - - 1.49 0.030 1.48 0.03 

Nitrogen 1.36 0.030 - - 3.88 0.080 1.37 0.03 
Methane 87.32 0.500 67.3 0.15 86.58 0.500 89.95 0.5 
Ethane 5.67 0.100 7.0 0.1 5.72 0.100 5.19 0.10 

Propane 1.68 0.030 15.6 0.3 1.63 0.030 1.44 0.03 
i-Butane 0.23 0.005 - - 0.35 0.007 0.18 0.004 
n-Butane 0.4 0.008 10.0 0.2 0.21 0.004 0.26 0.005 
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i-Pentane 0.1 0.002 - - 0.07 0.001 0.06 0.001 
n-Pentane - - - - 0.07 0.001 0.05 0.001 
n-Hexane - - - - - - 0.03 0.0006 

3.2. Experimental Equipment 

Dissociation point measurements were conducted using a reliable isochoric step-

heating method. Fig. 1 shows the apparatus used to determine the phase equilibrium 

conditions.  The equilibrium setup consisted of a piston-type variable volume (maximum 

volume of 300 ml), titanium cylindrical pressure vessel with mixing ball, mounted on a 

horizontal pivot (Fig. 1).  

 

Fig. 1: Schematic illustration of equilibrium rig used for hydrate dissociation measurements 

Rocking of the cell through 180 degrees at a constant rate and the subsequent 

movement of the mixing ball within it, ensured adequate mixing of the cell fluids. Cell 

volume, hence pressure, can be adjusted by injecting/withdrawal of hydraulic fluid 

behind the moving piston. The rig has a working temperature range of 203.15 to 453.15 

K, with a maximum operating pressure of 70 MPa.  System temperature is controlled by 

circulating coolant from a cryostat (Julabo F50) within a jacket surrounding the cell. The 

equilibrium cell and pipework were thoroughly insulated to ensure a constant 

temperature. The temperature is monitored using a Platinum Resistance Thermometers 
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located within the cooling jacket (u(T) = 0.1 K).  A quartz pressure sensor (u(P)=0.04 

MPa) is used to monitor pressure.  The weight of the fluids (i.e., water and hydrocarbon 

fluid) injected are recorded before any measurements, and the overall feed composition 

can thus be calculated. Procedures to determine hydrate dissociation can be found 

elsewhere [41,51]. 

 Analysis and Discussions 4.

4.1. Model validation for wax-free and hydrate-free  systems 

Prior to applying the integrated UCV model using the devised multiphase flash 

algorithm, it is important to verify the validity of the model for both wax-free and hydrate-

free systems. The  CPA-vdWP model for wax-free systems has been tested in our 

previous work [1]. The capability of the UNIQUAC model coupled with cubic EoSs has 

also been the subject of many papers and tested for several systems in the presence of 

wax in the literature [15,52–55]. For the sake of brevity, the accuracy of the applied 

UNIQUAC model to quantify the non-ideality of the paraffinic solid phases, was verified 

by testing three mixtures BIM3, BIM5 and BIM9 for which amount and composition of 

the precipitated solid waxes are available [56]. These systems have been selected as 

their heavy components’ bimodal distributions have significant n-alkane gaps, which as 

discussed earlier, results in the possibility of forming two separate paraffinic solid 

solutions at sufficiently low temperatures. Fig. 2 represent the application of the model 

to evaluate the WPC for these systems compared to experimental data [56].  

 
Fig. 2: Overall weight percent of paraffins precipitated (including all paraffinic solid phases) by decreasing 

temperature for three mixtures BIM 3, BIM 5 and BIM 9; Lines: Calculated using UNIQUAC for non-ideality of the 
solid phases; Circles: Experimental data [56] 
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As seen in Fig. 2 the model predictions are in good agreement with experimental data 

and the UNIQUAC model is capable of showing the singularity in the WPC attributed to 

the appearance of the second lighter wax solid phase. Furthermore, examples of the 

calculated weight percent of components in the overall waxy solid part (including all 

paraffinic solid phases identified) for two different temperatures in BIM 5 are shown in 

Fig. 3. The chosen temperatures cover conditions where both single (298.15 K) and two 

(273.45 K) paraffinic solid phases form. Again a very good agreement between 

experimental and modelling results is observed which demonstrates the applicability of 

UNIQUAC to characterise the non-ideality of the paraffinic solid phase in UCV model. 

 
Fig. 3: Weight percent distribution of components in the overall paraffinic solid part of BIM 5 at two different 

temperatures compared to experimental data [56] 

4.2. Integrated wax-hydrate modelling 

The aim here is to perform investigations into the behaviour of systems prone to form 

both hydrates and waxes including the mutual effects of waxes and hydrates (of 

different structures) on their phase boundaries, amount and compositions, as outlined 

earlier. Several other aspects including (i) the wax phase behaviour affected by 

changing the amount of water in the feed and the composition of the heavy end, (ii) the 

impact of the presence of aqueous phase on the wax phase boundary and the amount 

of wax precipitated in low to high water content conditions (iii) the influence of waxes 

and hydrates on the bubble point pressure (?w) and dew point pressure pressure (?x) of 

the systems under investigation, especially inside the hydrate phase boundary, will also 

be covered.  
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4.2.1. Binary methane + n-heptadecane mixture in pr esence of water 

Due to the lack of experimental data on wax-hydrate systems in the literature, a “simple” 

system consisting of 60.14 mol% methane and 39.86 mol% n-heptadecane is presented 

first as the effects are easier to comprehend in such systems. For this system, 

experimental paraffinic solid-fluid equilibrium (SFE) data in water free conditions for 

pressures up to 90 MPa were measured by Pauly et al. [57].  Fig. 4 shows the n-

heptadecane solid boundary in the presence of hydrate. As shown in this figure, the 

predictions made using the UCV model agree well with the experimental data for both 	?w	and SFE phase boundary in water-free conditions.  In this figure the regions of 

higher importance are colorized. The phases shown within the parenthesis in some 

regions are those which their existence is dependent on the amount of water as well as 

the amount of hydrate formed. The most noticeable observation is that when water is 

introduced in this system in sufficient quantities to form hydrates in the pressure range 

of investigation, the formation of sI hydrate would result in reducing the methane 

content in the hydrocarbon rich liquid phase above bubble point. This in turn enhances 

stability of n-heptadecane wax. Therefore, one would expect an increase in paraffin 

solid phase crystallization temperature at a specified pressure. Obviously, the greater 

W/H is, the higher is the paraffin solid phase crystallization temperature, as represented 

for W/Hs of 0.5, 1.0 and in the presence of excess water. It should be pointed out that 

throughout the paper, the term “Excess Water” refers to the lowest fraction of water in 

the system which guarantees the presence of an aqueous/ice phase at the investigated 

pressure and temperature range and corresponds to moderate to high W/Hs ranging in 

the order of about 2 to 5. This is important because extremely large W/Hs (say more 

than 95 mol% water corresponding to W/Hs of more than 20) may result in significant 

changes on the wax phase boundaries. A system composed of such a high water 

content is of low practically. However, the investigation of the effect of this high amount 

of water on wax phase boundary is presented for one case (section 4.2.2.5).  

According to Fig. 4 the extent to which the presence of hydrates can influence the solid 

paraffin boundary, depending on the W/H, can be as high as 5 K. This can be easily 

observed in “(S)-HI-L-(Aq)” and “(S)-HI-L-(V)-(Aq)” regions. Furthermore, the formation 

of hydrate (i.e. the consumption of the light components) will result in a decrease of the 
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bubble point pressure, hence a decrease in the singular point of the paraffin solid 

appearance boundary. For the water-free condition the singular point corresponds to the 

triple point of the mixture (point A), while for hydrate forming systems the singular point 

is at least a quadruple system representing “S-HI-L-V” equilibria and a quintuple point 

when excess water is available (point B) which is clearly the lowest pressure of singular 

point for this system at different W/Hs (except for cases where W/Hs are unrealistically 

high).  

 
Fig. 4: Solid wax phase boundaries calculated for the binary system methane + n-heptadecane in presence of water 
with different W/Hs and hydrate dissociation lines by the integrated UCV model; Lines: calculated phase boundaries; 
Full points: experimental data points [57], Empty points: re-appearance of aqueous phase at higher pressures in the 

paraffin solid phase boundary 

The y? y�⁄  slope of the SFE phase boundary at high pressures is almost a constant 

value for paraffinic systems [58]. When excess water is not available in the mixture, as 

for W/Hs of 0.5 and 1.0, an increase in y? y�⁄  slope is observed in SLE at higher 

pressures which is presented by empty circles in Fig. 4. These points correspond to 

pressure and temperature conditions above which some free aqueous phase still 

remains. This is due to the obvious fact that, above the	?w, if a free aqueous phase is 

present, the overall methane content in the liquid hydrocarbon phase is higher than if all 

the water is converted into hydrates as much more methane is trapped into hydrates 

than dissolved in water.   
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This particular composition is a good example as hydrate and solid paraffin phase 

boundaries cross at low and high temperatures. After wax phase boundary crosses the 

hydrate dissociation line at high pressures and temperatures (T∼305 K and P∼110  

MPa), when no hydrate is formed, as shown in the upper right corner of Fig. 4, the 

presence of water would result in dissolution of considerable amount of light component 

in the aqueous phase which makes the liquid hydrocarbon phase heavier and again 

stabilising the n-heptadecane wax, hence a marginal increase in SFE phase boundary 

temperature (with similar y? y�⁄  slope) is noticed compared to the water-free condition.  

4.2.2. Multicomponent systems 

In this section, an in-depth analysis of mutual interactions of hydrates and waxes are 

performed using three synthetic multicomponent systems (M1, M2 and M3), for which 

HDP data are measured here, as well as a synthetic condensate (the SHF4 mixture of 

Ungerer et al. [21]). The compositions of the mixtures M1, M2 and M3, are listed in 

Table 3. The heavy end compositions of these mixtures are provided in Supplementary 

Materials document. The mixtures were chosen as they have different characteristics 

and exhibit different behaviours. First, the mixtures cover the whole range of important 

influences and effects mentioned in the introduction. Here, with a general insight to 

systems forming both waxes and hydrates, these compositions are categorised into (i) 

Mixtures for which hydrates are formed at higher temperatures than waxes over most of 

the pressure ranges. This is typical of volatile crudes and gas condensates, as tested 

for several systems e.g. [59]. M1 and M2 mixtures are of this type and differ significantly 

in the fraction of the light end. (ii) Mixtures for which the wax phase(s) are formed at 

higher temperatures than the HDP temperatures (heavier systems). Therefore, hydrate 

formation does not change their wax phase boundary. M3 belongs to this group. 

Second, as mentioned, the mixtures differ significantly in the amount of light end (i.e. 

hydrate forming components). This in turn greatly impacts the hydrate formation and will 

be discussed later on. Third, mixtures M1, M2 and M3 show multimodal distributions of 

components in the heavy end with comparable paraffin gaps (as shown in Fig. 5 (a)), 

which will make them good candidates to form more than one insoluble wax phase. 

Finally, the chosen mixtures are rich in hydrate formers (some of them capable of 
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forming both sI and sII under certain conditions [60] i.e. methane, ethane, carbon 

dioxide, nitrogen) which would further increase their complexity. 

The experimental wax phase boundary data for M1, M2 and M3, are reported in the 

literature [8] and are listed in Table 4. For M2 and M3, the reported data are WDTs, 

which are better representatives of the true melting points of the mixtures [8,18,19]. 

However, to be consistent, for M1 the data provided are WAT as for this mixture WDT 

were not reported for the heavy end in the work of Ji [8]. In this case, the difference of 

WAT and WDT data for the live mixture are within the experimental uncertainty. Using 

the experimental procedure discussed earlier, the HDPs for M1, M2 and M3 were 

measured and are reported in Table 5. As shown later, the integrated UCV model is in 

good agreement with wax phase boundary and hydrate dissociation experimental data. 

Table 3: Water-free composition in mol% of synthetic multicomponent mixtures M1 to M3 investigated 

Component 
M1 M2 M3 

x U(x) x U(x) x U(x) 
Methane 60.24 0.345 24.41 0.0544 37.1 0.2143 
Ethane 3.91 0.069 2.55 0.0363 2.45 0.0429 
Propane 1.16 0.021 5.66 0.1088 0.70 0.0129 
i-Butane 0.16 0.0034 - - 0.15 0.0030 
n-Butane 0.28 0.0055 3.63 0.0725 0.09 0.0017 
i-Pentane 0.07 0.0014 - 0.0000 0.03 0.0004 
n-Pentane - - - 0.0000 0.03 0.0004 
Carbon dioxide 2.24 0.041 - 0.0000 0.64 0.0129 
Nitrogen 0.94 0.021 - 0.0000 1.66 0.0343 
n-Heptane - - 30.24 0.0000 28.02 0.1601 
n-Decane 30.24 0.094 24.07 0.15 24.91 0.1424 
n-Tridecane - - - 0.0000 1.46 0.0083 
n-Hexadecane - - 4.11 0.0262 1.17 0.0067 
n-Octadecane - - 1.53 0.01 0.19 0.0011 
n-Eicosane - - 2.06 0.0131 - - 
n-Heneicosane 0.26 0.00081 1.15 0.0073 - - 
n-Docosane 0.18 0.00056 0.14 0.0009 0.15 0.0009 
n-Tricosane 0.13 0.0004 0.19 0.0012 - - 
n-Tetracosane 0.09 0.00028 - - 0.14 0.0008 
n-Pentacosane 0.06 0.00019 - - - - 
n-Hexacosane 0.04 0.00012 - - - - 
n-Octacosane - - 0.13 0.0008 0.94 0.0054 
n-Triacontane - - 0.12 0.0015 0.06 0.0007 
n-Hexatriacontane - - - - 0.10 0.0011 
n-Tetracontane - - - - 0.01 0.0003 

Table 4: Experimental wax phase boundary data for M1 to M3 and their heavy ends (i.e. M1_dead to M3_dead) [8] 
M1 M1_dead  M2 M2_dead  M3 M3_dead  

T(K)a P (MPa)b T(K)a P (MPa)b T(K)a P (MPa)b T(K)a P (MPa)b T(K)a P (MPa)b T(K)a P (MPa)b 

274 3.3 276 0.3 286 1 289 0.2 301 1.6 303 0.1 
272 6.9 276 4.5 286 2.2 291 10.1 301 4.5 304 7.9 
272 13.4 277 10.7 285 5.3 292 17.9 302 14.1 306 15.3 
273 19.9 279 20.9 285 7.1 296 33.5 304 26 307 22.4 
274 25.8 281 30.3 286 14.6 297 41.3 305 32.5 309 30.5 
274 33 282 36 287 22.8 - - 306 40 311 40.4 
275 39.8 - - 289 31.7 - - - - - - 

a u(T) = 1.0 K , b u(P) = 0.05 MPa 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 5: Experimentally measured HDPs in live synthetic multicomponent mixtures M1 to M3 in this work 
M1 M2 M3 

T(K)a P (MPa)b T(K)a P (MPa)b T(K)a P (MPa)b 
291.05 14.4 279.2 1.62 282.05 4.14 
292.45 18.7 283.7 3.42 285.45 6.89 
294.45 26.1 286.4 5.41 289.15 19.17 
295.25 30.6 290.5 22.13 290.25 25.65 
295.95 37.3 292.2 32.06 - - 

- - 293.8 46.02 - - 
a u(T, k=2) = 0.2 K , b u(P, k=2) = 0.05 MPa 

 

 

Fig. 5: Normalized molar composition distributions for (a) heavy end composition (n-Heptane to heavier components) 
showing multimodal distribution (b) light end composition (components lighter than n-Heptane) of M1, M2 and M3. 

Vertical axis are in logarithmic scale. 

4.2.2.1. Effect of the heavy end n-alkane distribut ion on wax and hydrate phase diagrams 

The phase diagrams of mixtures M1 to M3 calculated by the integrated UCV model are 

provided in Fig. 6 to Fig. 8. As shown in these figures, the UCV model predictions are in 

good agreement with the experimental data. As mentioned earlier, due to the presence 

of heavier paraffins (as presented in Fig. 5 (a)) the WDTP s are higher in the case of M3 

at constant pressure (Fig. 8) compared to those of mixtures M1 and M2 (Fig. 6 and Fig. 

7, respectively). Clearly, as M1 has the “lightest” heavy end of the mixtures M1 to M3 

(see Fig. 5 (a)), it has the lowest WDTP range as observed by comparing Fig. 6 to Fig. 

8. The hydrate dissociation line passes through the same range of temperatures and 

pressures for all the mixtures M1 to M3. This is because the dissociation pressures and 
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temperatures are a strong function of the light end composition distribution which is very 

similar (mostly composed of methane) for these mixtures as shown in Fig. 5 (b).  

 

Fig. 6: Mixture M1 wax and hydrate phase boundaries along with the experimental data. Wax phase boundaries are 
shown in the presence of different W/Hs. The light grey region is corresponding to the conditions showing possible 

wax formation in the presence of hydrates depending on the amount of W/H. 

 
Fig. 7: Mixture M2 wax and hydrate phase boundaries along with the experimental data. Wax phase boundaries are 
shown in water-free system as well as in the presence of excess water; Full triangle: quintuple point in the presence 

of excess water (S-L-V-HI-Aq equilibria). The region between the single solid line and the dotted line is corresponding 
to the conditions where wax could form in the presence of hydrates depending on the amount of W/H. 
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Fig. 8:  Mixture M3 wax (live oil and heavy end) and hydrate phase boundaries along with the experimental data. Wax 

phase boundaries are shown in water-free system as well as in the presence of excess water. Hydrate phase 
boundaries are calculated both by assuming presence/absence of wax  

4.2.2.2. Effect of hydrates on the wax phase bounda ry 

The phase boundary of M1 with a W/H of 2.0 is shown in Fig. 9. This system contains sI 

and sII hydrate formers, and there are regions where both structures can form. The wax 

phase boundary temperature indicated by a thick line in Fig. 9 will increase (compared 

to that of water free system) due to consumption of light components and reduction of 

hydrocarbon fluid phases’ solubility of the heavy alkanes inside hydrate boundary. This 

is a general observation and is also shown in Fig. 6 for this mixture with different W/Hs 

in the feed. As shown in this figure, similar to the binary system investigated, increasing 

the W/H in the feed will increase the hydrate formation, hence increase the WDTP until 

the free aqueous phase forms.  

As shown in Fig. 9, due to entrapment of a major part of gaseous components into 

hydrate cavities, a significant decrease of about 8-9 MPa in 	?w	is observed inside the 

hydrate phase boundary. As an example, the pressure of the “intersection point” (where 

wax phase boundary and bubble lines cross each other) of the water-free system is 

about 22 MPa (Fig. 6) while the pressure of the intersection point in the system with 

W/H of 2.0 is about 14 MPa (Fig. 9).  
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Fig. 9: Phase diagram of M1 with W/H of 2. Thick solid lines: wax phase boundary; Thin solid lines: Other phase 

boundaries; I: Ice phase; HII: sII Hydrate phase. Rapid reduction in z{ is clear inside the hydrate phase boundary. 
The increase in z{ due to wax the formation is insignificant. 

Wax formation strips some of the heavy hydrocarbons from the liquid hydrocarbon 

phase, making it lighter, and hence increasing the bubble point ?w of the system (not 

graphically observable Fig. 9). Clearly, this change is emphasized depending on the 

amount of light end and waxy part as well as the n-alkanes gaps in the feed for which 

examples are presented elsewhere [61].  

At pressures lower than about 2 MPa a change in the wax phase boundary shape is 

observed (around 275 K at Fig. 9). The change happens when all the water is converted 

to hydrates and no aqueous phase is present at higher pressures. As also observed in 

the binary methane + n-heptadecane, this phenomenon occurs because in the presence 

of an aqueous phase the hydrate forming components (i.e. light hydrocarbons) content 

in the vapour/liquid hydrocarbon phases is higher than if all the water is converted into 

hydrates. 

When all the vapour phase is consumed to form hydrates, the remaining aqueous 

phase will not change the WDTP, though, infinitesimally (see the “Excess Water” wax 

phase boundaries in Fig. 6 and Fig. 7). This condition is also corresponding to the 

lowest possible ?w at the wax phase boundary which coincides with the hydrate 
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dissociation curve (intersection point). At pressures above this	?w, all the gaseous part is 

dissolved in the hydrate/liquid hydrocarbon phase (see for example the full triangle point 

in Fig. 7).  

4.2.2.3. Impact of the amount of light end in the f eed on wax phase boundary 

As mentioned earlier, mixtures M1 and M2 which both belong to the same category (see 

section 4.2.2) have a significant difference in the amount of hydrate forming light end 

components. Therefore, one can easily conclude that in the presence of sufficient water 

more hydrate would form in M1 with 69 mol% light end compared to that of M2 with 

36.25 mol% light end. In such conditions, clearly, the increase in WDTP due to the 

formation of hydrates is more pronounced in M1 as seen by comparing Fig. 6 and Fig. 

7. In other words, in M2, the difference made in WDTP due to hydrate formation (∆� in 

Fig. 10) is not as significant as that of M1 even in the presence of excess water. This is 

clearly due to lower amount of light end hydrate formers in M2 compared to M1.  

 
Fig. 10: The difference between WDTPs of water free and excess water systems (∆| = }~��	��	������	����� 		−	}~��	��	�����	����	) for M1 (dashed line) and M2 (Solid line); Full points: HDP at wax phase boundary; Empty points: 

triple point of water free mixtures. The change in ∆| is rapid up to triple point in water free conditions 

4.2.2.4. Effect of the waxes on hydrate phase bound ary 

The effect of the presence of waxes on the hydrate phase boundary can be noticed, 

though their effect is limited, for systems where waxes are formed at higher 

temperatures than hydrates as is the case for M3 (see Fig. 8). As mentioned, for these 

systems the wax phase boundary is not affected by formation of hydrates. Fig. 11 

shows the phase diagram of M3 with a W/H of 2.0. The multimodal composition 

distribution of this system with considerable n-alkane gap results in the formation of 

three distinct paraffinic solid phases in the investigated temperature range each of them 

rich in a particular heavy component. An example of flash calculation results to show 
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the complexity of this mixture is provided in Table 6 at 279 K and 5 MPa where the 

system is capable of forming eight distinct phases. The flash calculation examples for 

the rest of the regions shown in Fig. 11 are provided in the Supplementary Materials 

document. As can be observed in Fig. 11, for this mixture all three paraffinic solid 

phases are formed at temperatures higher than the hydrate dissociation temperatures. 

 
Fig. 11: Phase diagram of M3 with W/H of 2.0. Thick lines: wax phases boundaries; Thin lines: other phase 

boundaries; Gray dashed line: water-free system bubble line. The multimodal distribution of heavy components with 
n-alkane gap results in this system to from 3 distinct paraffinic solid phases in sufficiently low temperatures. 

Table 6: Example of multiphase flash calculation results for M3 with W/H of 2.0 at 279 K and 5 MPa 
Phase type  Aq  L V S3 S2 S1 HI HII 

Molar Phase Frac. 0.2797 0.2444 2.30E-02 3.23E-03 3.45E-04 1.60E-05 0.0397 0.4097 
Compositions  

Methane 0.0014 0.2103 0.8895 0 0 0 0.1324 0.1128 
Ethane 1.25E-05 0.0084 0.0064 0 0 0 0.0057 0.014 
Propane 5.78E-07 0.0016 3.81E-04 0 0 0 0 0.0047 
i-Butane 2.28E-08 5.65E-04 5.73E-05 0 0 0 0 8.80E-04 
n-Butane 6.41E-08 9.42E-04 6.36E-05 0 0 0 0 1.67E-04 
i-Pentane 6.50E-09 4.08E-04 1.12E-05 0 0 0 0 0 
Carbon dioxide 1.06E-04 0.0046 0.0066 0 0 0 0.0021 0.0018 
Nitrogen 7.47E-05 0.0079 0.0957 0 0 0 0.003 0.0031 
n-Pentane 6.10E-09 4.08E-04 8.25E-06 0 0 0 0 0 
n-Heptane 2.22E-07 0.382 0.0008 0.0014 0.0015 0.0015 0 0 
n-Decane 3.48E-10 0.3397 2.91E-05 0.0034 0.0031 0.0029 0 0 
n-Tridecane 2.30E-12 0.0199 7.84E-08 2.69E-04 1.91E-04 1.64E-04 0 0 
n-Hexadecane 2.14E-12 0.016 3.35E-09 4.61E-04 2.60E-04 2.06E-04 0 0 
n-Octadecane 4.88E-13 0.0026 6.39E-11 1.36E-04 5.99E-05 4.35E-05 0 0 
n-Docosane 1.54E-17 0.002 8.64E-13 0.0046 7.71E-04 4.12E-04 0 0 
n-Tetracosane 3.10E-19 0.0016 6.85E-14 0.0244 2.30E-03 1.03E-03 0 0 
n-Octacosane 2.87E-23 0.0008 5.48E-16 0.9054 0.0226 0.0066 0 0 
n-Triacontane 2.58E-26 6.31E-05 6.45E-18 0.0562 0.0086 0.002 0 0 
n-Hexatriacontane 1.25E-32 1.87E-05 6.08E-21 0.0041 0.9116 0.0878 0 0 
n-Tetracontane 4.96E-47 6.32E-06 1.52E-23 1.57E-04 0.0491 0.8974 0 0 
Water 0.9984 2.60E-04 2.34E-04 0 0 0 0.8568 0.8626 
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The influence of waxes on the hydrate phase boundary, however, is marginal as seen in 

Fig. 12 for M3. It is observed that at a constant temperature, the pressure required to 

form hydrate in the presence of wax is less than the same parameter in the absence of 

wax. When waxes form, the amount of heavy alkanes decreases in the liquid 

hydrocarbon phase so it can hold more of the light hydrate forming components, which 

in turn promotes the formation of hydrate. This is clarified here by performing a 

multiphase flash calculation at 289 K and 21 MPa, which corresponds to a point just 

inside the hydrate phase boundary as presented in Table 7 both in the presence of 

waxes and assuming that waxes do not form. Clearly, as the effect of wax precipitation 

is much less on vapour phase composition (compared to that of liquid hydrocarbon 

phase), and the fact that below ?w vapour phase is providing the gaseous part to form 

hydrate, the change is not observed in pressures lower than ?w. 

It is important to note that the marginal change is also due to the low proportions of 

highly precipitable components in mixtures M1 to M3 (say less than 1 mol% of n-

Eicosane and heavier components in mixtures M1 and M3 and about 2 mol% in M2). 

This is also observable by the small molar phase fraction of waxy solids for M3 as 

presented in Table 7. This impact is more pronounced at high pressures when more 

wax is precipitated near the hydrate boundary. Such a situation requires significant 

amounts of heavy waxy n-alkanes to be present in the feed which contradicts the 

normal decay distribution of conventional oil and gas systems in most of waxy systems.  

 

Fig. 12: Hydrate dissociation lines of M3 in “assumed” absence of wax (full line) and in the presence of wax (dotted 
line). Dashed line: bubble line in wax and hydrate free condition. Points: experimental HDPs. The change in hydrate 

dissociation line due to formation of waxes is marginal 
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Table 7: Result of multiphase flash calculation right inside sI hydrate phase boundary of M3 with a W/H of 2.0 at 289 
K and 21 MPa, in presence/absence of wax 

 
In presence of wax  In absence of wax  

Phase type  Aq  L S3 S2 S1 HII L Aq  HII 
Molar Fraction 0.656 0.3269 0.0025 0.0003 5.87E-06 0.0142 0.331 0.6637 0.0053 

Phase Compositions  
Methane 0.0022 0.369 0 0 0 0.1101 0.3674 0.0022 0.1098 
Ethane 3.27E-05 0.0242 0 0 0 0.0173 0.0243 3.29E-05 0.0173 
Propane 2.15E-06 0.0067 0 0 0 0.0094 0.0069 2.21E-06 0.0096 
i-Butane 3.91E-08 0.0015 0 0 0 0.0012 0.0015 3.95E-08 0.0012 
n-Butane 5.97E-08 0.0009 0 0 0 9.25E-05 0.0009 5.91E-08 9.11E-05 
i-Pentane 4.87E-09 0.0003 0 0 0 0 0.0003 4.81E-09 0 
Carbon dioxide 0.0001 0.0062 0 0 0 0.0012 0.0062 0.0001 0.0012 
Nitrogen 0.0001 0.0165 0 0 0 0.0034 0.0164 0.0001 0.0034 
n-Pentane 3.86E-09 0.0003 0 0 0 0 0.0003 3.81E-09 0 
n-Heptane 1.34E-07 0.2857 0.0011 0.0012 0.0012 0 0.2822 1.32E-07 0 
n-Decane 3.70E-10 0.254 0.0024 0.0023 0.0022 0 0.2508 3.65E-10 0 
n-Tridecane 2.02E-12 0.015 0.0002 0.0001 0.0001 0 0.0147 2.00E-12 0 
n-Hexadecane 1.35E-12 0.0119 0.0003 0.0002 0.0001 0 0.0118 1.34E-12 0 
n-Octadecane 2.42E-13 0.0019 7.77E-05 3.61E-05 2.65E-05 0 0.0019 2.41E-13 0 
n-Docosane 8.54E-18 0.0015 0.0016 0.0003 0.0002 0 0.0015 8.63E-18 0 
n-Tetracosane 1.86E-19 0.0014 0.0087 0.0009 0.0004 0 0.0014 1.95E-19 0 
n-Octacosane 5.67E-23 0.0024 0.9257 0.0266 0.0081 0 0.0095 2.31E-22 0 
n-Triacontane 5.03E-26 0.0002 0.0547 0.0090 0.0022 0 0.0006 1.75E-25 0 
n-Hexatriacontane 3.07E-32 6.60E-05 0.005 0.9013 0.1005 0 0.001 4.85E-31 0 
n-Tetracontane 2.50E-46 2.57E-05 0.0002 0.058 0.8849 0 0.0001 1.05E-45 0 
Water 0.9977 0.0004 0 0 0 0.8577 0.0004 0.9975 0.8574 

4.2.2.5. Effect of free aqueous phase on the wax ph ase boundary and amount 

The impact of free water in the system on the wax phase boundary is limited unless the 

amount of water is extremely high in which case the change in WDTP due to the 

presence of an aqueous phase would become significant. This effect is shown in Fig. 13 

for M3 where the appearance of wax occurs at higher temperatures than hydrates. 

Therefore, the effect of the water content can be investigated exclusively in this case. 

Fig. 13 shows that even for very high W/Hs of 10 and 20 (corresponding to 91 and 95.2 

mol% water in the feed) the change in the WDTP is less than 0.5 K. Obviously, the 

increase in WDTP is due to dissolution of the light components in water. This change is 

not observed (is infinitesimal) for pressures lower than the	?w. This is clearly due to the 

higher solubility of light components in water compared to the solubility of heavier 

hydrocarbons hence increasing (infinitesimally) heavy components contents in the 

hydrocarbon phases and stabilising wax.  The change in WDTP can be significant only 

when the W/H is extremely high (e.g. 100 and 1000 in Fig. 13) and at pressures higher 

than	?w. It is also noteworthy that by assuming that all the light-end part is dissolved in 

water (at extremely high water contents say higher than W/H of 1000) then the 	?w will 

be near water saturation pressure and the wax phase boundary of the live system would 

become the same as that of the heavy end part (see Fig. 13) 
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Fig. 13: Effect of very high water content on the wax phase boundary of M3. The impact of free water phase on 
WDTP is only significant at extremely high W/H ratios and at pressures higher than	z{. 

The effect of aqueous phase on the amount of wax is also investigated in this work. To 

check different effects on the wax amount, hereafter, the paraffinic solid “wt% wax 

precipitated” corresponds to the wt% of the alkanes taken into the waxy solid phase 

from the overall weight of “precipitable solids” i.e. the paraffinic part of feed with alkane 

of chain length greater than the CNCO. This way a reasonable comparison of the effect 

of aqueous/hydrate on %wt of wax precipitated can be made. To avoid confusion, the 

wt% wax precipitated −which is calculated in the manner described is− abbreviated as 

WP and WPC correspond to the curve of change of WP by reducing the temperature. 

The effect of water content on the wax amount change by pressure is here shown for 

the complex SHF4 mixture of Ungerer et al. [21]. This mixture presents interesting 

retrograde wax precipitation behaviour of condensates by increasing pressure at 325 K 

as shown in Fig. 14. This behaviour was also observed in the modelling work of Nichita 

et al. [62]. For this system, the waxes are formed at much higher temperatures than 

hydrates due to present of considerable amount of very heavy component (1.2 mol% n-

C36) in the feed.  As also shown in this figure, the high W/H of 5.0 has an infinitesimal 

effect on the amount of wax precipitated. A very small decrease in dew point of the 

system (which is where the liquid hydrocarbon phase molar fraction becomes zero) is 

also observable in Fig. 14 when water is present in the mixture. This is obviously due to 

the solubility of some of the light component in the aqueous phase, therefore, making 

hydrocarbon phases heavier and reduces the dew point. This mixture is later used in 

this work for assessment of the of hydrate formation on both amount of the waxes 
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formed as well as the dew point of the mixture at low temperatures where considerable 

amount of hydrates are formed will be detailed. 

 
Fig. 14: Effect of water on the wax phase boundary of SHF4 [21]. Change in WP (black lines) and the molar fraction 

of the liquid hydrocarbon phase (grey lines) are shown for both water free (solid lines) and for W/H of 5.0 (dashed 
line) at 325 K. An infinitesimal change in WP and a tiny decrease of dew point due to presence of water is observed.  

To conclude, in practical water contents, it is clear that the effect of hydrate formation is 

much higher on the WDTP than the impact of the presence of a free aqueous phase. 

This is due to comparably much higher light end content entrapped in hydrate cavities 

compared to the gaseous components solubility in water.  

4.2.2.6. Effect of hydrates on amount of waxes  

In order to observe the effect of hydrate formation on the amount of wax precipitating, 

the WPC of M2 is presented. This example covers a range where hydrates are formed 

prior to waxes by reducing temperature at high pressures and the reverse happens at 

low pressures as shown Fig. 7. The WPC of this mixture with a W/H of 2.0 at 7 MPa 

(higher than 	?w and where hydrates are formed at higher temperatures than waxes) is 

shown in Fig. 15 (a). The left axis in Fig. 15 is showing the WP and the right axis is 

showing the percentage increase in the WP (PIWP) due to presence of hydrates 

compared to that of the water-free system. The figure clearly shows the importance of 

hydrate formation on the amount of wax formed. In the temperature range shown in Fig. 

15 (a) there is as high as ~3 fold increase in WP. However, this high PIWP is of less 

practical significance down to about 272.1 K. This is because the amounts of WP both 

in presence and absence of hydrates are relatively small near the wax crystallization 

onset. Therefore, even a very small change on this amount due to the formation of 
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hydrates is translated into high PIWP as shown in the Fig. 15 (a). In the single paraffinic 

solid phase region as the temperature decreases the PIWP is reduced, as the gap 

between WPCs in presence and absence of hydrate is fairly constant, therefore the 

reduction in PIWP is simply due to precipitation of more paraffinic solid by reducing 

temperature. Below 272.1 K and right after the appearance of the second paraffinic 

solid phase a significant difference is observed between WPCs in presence and 

absence of hydrate which is translated into a sharp increase in the PIWP curve. The 

demixing of paraffinic solids is mainly due to the considerable gap between the 

constituents n-alkane chain length. Fig. 16 shows the composition of the wax phases 

formed at 272 K and 7 MPa of this mixture in water-free condition. On one hand, as 

shown in Fig. 16, the second paraffinic solid phase is considerably lighter than the first 

one and is more dominant in intermediate fractions. On the other hand, the formation of 

hydrates results in the consumption of light hydrocarbons and reduces the liquid 

hydrocarbon phase capability of dissolving heavy solids. Furthermore, the overall feed 

is rich in the intermediate waxy fractions which are the major constituents of the second 

paraffinic solid phase (see Fig. 16). Therefore, by formation of hydrates, in the two solid 

paraffinic phase region, from the overall waxy fractions stripped from the liquid phase, 

proportionally more intermediate waxy fractions would precipitate to form and increase 

the amount of the second paraffinic solid phase. That is why a 30 fold increase in the 

molar phase fraction of the second paraffinic solid phase is observed when comparing 

waxy solid precipitation in presence and assumed absence of hydrates by performing a 

flash calculation right after formation of the second waxy solid phase at 272 K and 7 

MPa  (see Table 8). This is while the first paraffinic solid phase molar fraction only 

increases marginally. With a further temperature reduction below the temperature of the 

second paraffinic solid phase appearance the PIWP waxy solid amount decreases. This 

is again due to precipitation of more solid wax while the difference between the amounts 

of WP in presence and absence of hydrate remains fairly constant. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Fig. 15: WPCs of M2 shown both in presence (W/H≠0) and absence of hydrates (water free conditions) (left axis) and 
the percentage increase in WP (PIWP) comparing the two conditions (right axis) for M2 at (a) 7 MPa and a W/H of 2.0 

and (b) 1 MPa and a W/H of 0.1 

 

Fig. 16: Comparison of the normalised composition of M2, and the two waxy solid phases S1 and S2 formed at 272 K 
and 7 MPa. The feed is rich in S2 constituents. The vertical axis is in logarithmic scale. 
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Table 8: Example of Flash calculation results for M2 at 272 K and 7 MPa with a W/H of 2.0 in presence and assumed 
absence of hydrates 

In absence of hydrate  In presence of hydrate  
Phase type  Aq  L S2 S1 Aq  L S2 S1 HII 
Molar Fraction 0.6679 0.3313 0.0001 7.00E-04 0.065 0.2402 0.0031 7.10E-04 0.6909 
Phase Compositions  
Methane 0.0018 0.242 0 0 0.0007 0.083 0 0 0.0885 
Ethane 4.33E-05 0.0256 0 0 1.00E-05 0.0064 0 0 0.0102 
Propane 2.48E-05 0.0569 0 0 3.56E-06 0.0081 0 0 0.0248 
n-Butane 2.69E-06 0.0365 0 0 2.47E-06 0.034 0 0 0.0058 
n-Heptane 2.19E-07 0.304 0.0017 0.0016 2.83E-07 0.42 0.0023 0.0022 0 
n-Decane 1.88E-10 0.242 0.0046 0.0032 2.33E-10 0.334 0.0062 0.0043 0 
n-Hexadecane 5.81E-12 0.0413 0.008 0.0019 7.08E-12 0.0569 0.0112 0.0026 0 
n-Octadecane 3.55E-12 0.0154 0.0103 0.0014 4.26E-12 0.021 0.0143 0.0019 0 
n-Eicosane 1.75E-14 0.0205 0.425 0.0167 1.63E-14 0.0224 0.468 0.0178 0 
n-Heneicosane 1.49E-15 0.0114 0.429 0.0183 1.21E-15 0.0108 0.387 0.0171 0 
n-Docosane 1.15E-17 0.0014 0.0536 0.0044 9.25E-18 0.0013 0.0478 0.0041 0 
n-Tricosane 3.27E-18 0.0019 0.0624 0.0143 2.72E-18 0.0018 0.0575 0.014 0 
n-Octacosane 1.3E-23 0.0004 0.0046 0.438 1.07E-23 0.0004 0.0044 0.445 0 
n-Triacontane 5.21E-26 0.0001 0.0012 0.5 4.15E-26 0.0001 0.0012 0.491 0 
Water 0.998 0.0002 0 0 0.999 0.0002 0 0 0.871 

As mentioned, at lower pressures for M2, the waxes are formed prior to hydrates. WPC 

and PIWP curves of this case are shown at 1 MPa for a W/H of 0.1 (9.1 mol% water) in 

Fig. 15 (b). Even for this low amount of water, the formation of hydrates results in 

increasing WP, hence a positive PIWP and an increase of as high as about 5% in WP is 

also observed right after the formation of the second paraffinic solid phase in presence 

of hydrates at temperatures around 273 K. The same justifications made for the 

behaviours observed in Fig. 15(a) are correct in this case (Fig. 15(b)). However, in the 

case of Fig. 15(b), at temperatures higher than 275.5 where hydrates are not yet 

formed, the presence of an aqueous phase may decrease the amount of WP, and a 

negative PIWP value is obtained. Based on our experience, depending on the amount of 

W/H and the P/T conditions the presence of a free water phase may result in both 

negative and positive PIWP values. However, similar to the impact of free aqueous 

phase on the wax phase boundary, the effect of free aqueous phase on the amount and 

composition of waxes, due to the very low solubility of heavy alkanes in water, is 

insignificant. Therefore, for the next example, the WPC of M3 with a W/H of 2.0 

presented at 12 MPa in Fig. 17, is exclusively shown below the hydrate dissociation 

point (287.6 K) where differences become significant. All of the observations made in 

the case of M1 in Fig. 15((a) and (b)) are also valid in this case. Additionally, in this 

figure, it should be noted that the appearance of sI hydrates at around 285.4 K would 

again increase the PIWP and further enhances wax precipitation. This is because the sI 

hydrate consumes relatively higher amount of small molecules to be formed compared 
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to sII hydrates. Adding to this the fact that methane is the richest hydrate former in the 

feed, sI hydrates would result in making the hydrocarbon phases heavier compared to 

sII hydrates, and in turn, PIWP increase upon formation of sI hydrates. Second, when all 

the aqueous phase is consumed to form hydrates (around 275.5 K) a more rapid 

decrease in the PIWP value is observed as no more hydrates can form by reducing the 

temperature.  

 
Fig. 17: WPCs for amount of WP shown both in presence (W/H≠0) and absence (Water free) of hydrates (left axis) 

and the percentage increase in WP comparing the two conditions (right axis) for M3 at 12 MPa and W/H of 2.0 

Finally, in this section, the effect of hydrate formation on the rich condensate SHF4 

mixture of Ungerer et al. [21] is investigated by calculating the WP change by increasing 

pressure at 275 K, which corresponds to a condition well inside the hydrate phase 

boundary for the most of the pressure range as shown Fig. 18 for different W/Hs in the 

feed. As mentioned this system shows interesting retrograde wax formation as it is 

shown by quality lines in Fig. 18. For this systems again the enhancement in the wax 

precipitation by the formation of hydrates is observed. The enhancement has a rapidly 

increasing trend by pressure as long as all the water is consumed to form hydrates 

(corresponding to empty circles in the Fig. 18.) above which the increase in WP 

compared to the water-free condition is still observable. In the presence of excess water 

(dashed-dotted line in Fig. 18(a)), a significant continuous enhancement in WP is 

observed which is due to the formation of more hydrate. This mixture is, as well, 

interesting for investigating the effect of hydrate formation on the dew point of the 
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system. In this regard, in Fig. 18(b), the change in molar volume of the liquid 

hydrocarbon phase by pressure is presented. As observed, for low W/Hs in the feed 

(W/H 2.0 shown by dotted line), a very small decrease in dew point (which are around 

31.2 MPa) is observed which is due to consumption of a part of the light ends in the 

feed to form hydrates. For higher W/Hs where more hydrates are formed, the remaining 

feed excluding hydrates has become much heavier that the saturation point is not a dew 

point anymore and is now a bubble point. This is clear for W/H of 4.0 and excess water 

systems. In contrast to W/H of 2.0 and water-free condition in which a sudden sharp 

change is observed in liquid molar volume at dew point of this rich condensate systems, 

for W/H 0f 4.0 and excess water conditions, a non-zero continuous change in liquid 

phase molar volume is observed in saturation (bubble) points. 

 

 

Fig. 18: Effect of hydrates on the wax phase boundary of SHF4 [21]. Change in (a) WP and (b) the mole fraction of 
the liquid hydrocarbon phase presented for water free (solid line), W/H of 2.0 (dotted line), W/H of 4.0 (dashed line) 
and excess water, here W/H of 8.0 (dashed-dotted line) at 275 K.  The vertical axis of part (b) is in logarithmic scale. 
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4.2.2.7. Effect of hydrates on the �� and composition of waxes  

The effect of hydrates on the composition of the precipitated waxes is investigated by 

monitoring the change in WP as well as the change in the molecular weight of the 

overall wax phase (all paraffinic solid phases together) for M2 (at one P/T condition 

below the	?w) and M3 (at one P/T condition above the	?w) as seen in Fig. 19. As 

observed in this figure and expected over the full W/H range an increase in the WP is 

clear by increasing the W/H due to formation of more hydrates. Also, the wax phase 

molecular weight Mw decreases for all the cases. This is because after the formation of 

hydrates more of the intermediate alkanes are expelled out of the liquid hydrocarbon 

phases as the feeds are richer in intermediate fractions compared to very heavy 

alkanes.  In fact, the paraffinic solid phase proportionally has less intermediate fraction 

prior to formation of hydrates. Therefore, the more hydrates formed, the lower the => of 

incipient waxes. When excess water in the form of a free aqueous phase is present it 

corresponds to the condition that no more hydrates can be formed and hence the upper 

limit of waxes to be affected by hydrates is reached.  

 

 
Fig. 19: Change in the WP and molecular weight of overall waxy solid precipitated for (a) M2 at 282 K and 3 MPa (b) 

M3 at 282 K and 12 MPa all with CNCO of 6 

It should be noted here that, in the calculation of =>	of waxy part, an unrealistic (too 

low) value of CNCO may make interpretations difficult as shown in Fig. 20 for the cases 

mentioned in the Fig. 19 but this time with CNCO of 1. Here, no specific trend is 

observed for =>	of waxy part by increasing the W/H. The difficulty of interpretations is 
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due to solubility of a small amount of very light hydrate-forming components in the 

paraffinic solid phases. This signifies the importance of setting a plausible value for 

CNCO to perform analysis. The same trend is again observed for the WP.  

The changes in the composition of the wax phase for M2 at 282 K and 3 MPa in which it 

forms single paraffinic solid phase for different W/Hs of 0.1, 0.25 and 1.0 (corresponding 

to 9.1, 20 and 50 mol% water) and CNCO of 6 are presented in Fig. 21. As the overall 

composition sums to 1.0, the change here is shown by the percentage increase in the 

ratio of wt% of each component to that of richest (heaviest) component in the waxy solid 

phase (here n-Triacontane). The ratio is defined in this way, as obviously the amount of 

the richest component precipitated in the paraffinic solid phase is the least sensitive one 

to the hydrate formation effect. As expected, formation of hydrate corresponds to 

consumption of light end hydrate formers hence the reduction in the hydrocarbon fluid 

phase solubility of heavy ends and forcing some of the intermediate to heavy ends to 

precipitate in the waxy solid phase. Therefore, the defined ratio would increase by 

increasing the hydrate formation as shown in Fig. 21.  

 

 
Fig. 20: Change in the WP and molecular weight of overall waxy solid precipitated for (a) M2 at 282 K and 3 MPa (b) 

M3 at 282 K and 12 MPa all with CNCO of 1 
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Fig. 21: The change in the composition of the waxy solid phase in terms of the percentage increase in the ratio of 

wt% of each component to the wt% of n-C30H62 for M2 at 282 K and 3 MPa 

The same graph, in the same P/T conditions, is provided at W/H of 0.01 corresponding 

to 0.99 mol% water (Fig. 22). In contrast to the previous conditions, the percentage 

increase in the amount of the intermediate components in the wax phase are negative 

for the most part. This behaviour is justified with the “low water content effect”. 

 
Fig. 22: The change in the composition of the paraffinic solid phase in terms of the percentage increase in wt% of 

each component to the wt% of n-C30H62 for M2 at 282 K and 3 MPa and W/H ratio of 0.01 

To clarify the low water content effect, Fig. 23 for M2 at 3 MPa and 283 K which 

corresponds to a condition just outside the hydrate boundary (see Fig. 7) is provided.  

 
Fig. 23:  Change in the WP and molecular weight of overall waxy solid precipitated for M3 at 283 K and 3 MPa. The 

horizontal axis is in logarithmic scale. 
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As observed, here for W/Hs corresponding to low water content conditions, a free water 

phase may not form and all the water would be dissolved in fluid hydrocarbon phases. 

This in turn increases the hydrocarbon phase solubility of light to intermediate ends, 

therefore decreasing the tendency of intermediate fractions to precipitate. This would 

directly result in increase of =>	(in contrast to previous observation in Fig. 19) and 

decrease of the WP up to an optimum W/H above which a free aqueous phase forms. 

After formation of the free aqueous phase some of the light ends will be dissolved in it, 

hence reducing the capability of hydrocarbon fluid phases to solubilize intermediate to 

heavy hydrocarbons. Therefore, by further increase of the W/H, the WP would increase 

and its	=>	would decrease. However, this is not strong enough to compensate the =>	increase (and WP decrease) due to complete solubility of water in hydrocarbon fluid 

phases in low water content conditions, unless W/H is high enough or in high pressures 

or when enough hydrates are formed.  Therefore, in the hydrate forming regions, if 

enough hydrates are not yet formed to compensate the low water content effect, a 

decrease in the amount of intermediate fractions precipitated can be expected as it is 

the case for the observations made in Fig. 22 at the specified P/T and W/H conditions. 

Due to the same reason, it is likely for quite a wide range of W/Hs to have a negative 

PIWP value in “no-hydrate” regions as observed in Fig. 15(b).  

4.2.2.8. Effect of waxes and hydrates on the compos ition and amount of hydrates 

The impact of waxes on the hydrate fraction for the multi-structure system M3 with W/H 

of 1.0 is shown in Fig. 24 by depicting the molar fraction of hydrate phases in presence 

and assumed absence of wax phase(s) by increasing pressures at a constant 

temperature of 274 K. As observed the change in the molar phase fraction of hydrate 

phase (regardless of the hydrate structure) is infinitesimal. This is expected as the 

constituents of the hydrate phases (water and light end hydrate formers) are not present 

in the waxy part. The result of the multiphase flash calculation right inside the hydrate 

phase in presence and assumed absence of wax, provided in Table 7, as well, shows 

that almost no change is observed in the composition of the hydrate formed which is 

justified by the same reason. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Fig. 24: Molar fraction of hydrate phases in presence and assumed absence of waxes by increasing pressures at a 
constant temperature of 274 K in M3 with W/H of 1.0; solid lines: hydrates molar phase fractions in presence of wax 
normalized for non-waxy fractions for comparisons; dashed lines: hydrates molar phase fractions in absence of wax 

The minor changes, though are not the same for different hydrate structures. In this 

regard the graph of the change in molar phase fraction of each present phase in the M1 

with W/H of 2.0 by increasing pressure at constant temperature of 273.15 K is 

presented in Fig. 25. As shown in this figure, by reintroduction of wax phase at high 

pressure of about 23 MPa a limited increase in sI hydrate fraction and decrease in sII 

hydrate fraction is observed, as after formation of paraffin wax, the content of small 

molecules is increasing in the liquid hydrocarbon phase it will slightly promote sI hydrate 

over sII. 

 
Fig. 25: Molar fraction of all the phases present in at 273.15 K for M1 with W/H of 2.0 by increasing pressure 
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4.2.3. Integrated wax-hydrate formation in a real m ixture with continuous distribution of 

normal paraffins 

Based on the previous results, it is now easier to investigate mixtures of higher 

complexity. Indeed, checking the validity of justifications based on the model results 

must be carried out for a real system having a continuous distribution of normal alkanes. 

In this regard, here a light oil recombined mixture is investigated with the composition 

provided in Table 9 and HDP data measured by the experimental procedure outlined in 

section 3 and listed in Table 10. For this system, from all the effects discussed, just the 

more significant ones, i.e. the effects of hydrate formation on wax phase boundary and 

amount are explored.  

Table 9: Composition of recombined light oil mixture investigated 
Component  Mol% Component  Mol% Component  Mol% 

Methane 58.91 n-Pentane 0.53 n-Tridecane 1.78 
Ethane 3.4 n-Hexane 2.09 n-Tetradecane 1.26 
Propane 0.94 n-Heptane 4.24 n-Pentadecane 0.89 
i-Butane 0.17 n-Octane 6.25 n-Hexadecane 0.61 
n-Butane 0.37 n-Nonane 5.04 n-Heptadecane 0.46 
i-Pentane 0.44 n-Decane 4.28 n-Octadecane 0.36 
Carbon Dioxide 0.97 n-Undecane 3.23 n-Nonadecane 0.25 
nitrogen 0.9 n-Dodecane 2.23 n-Eicosane 0.42 

 

Fig. 26:  Light oil wax and hydrate phase boundaries along with the experimental data. Wax phase boundaries are 
shown in water free system as well as in presence of W/Hs of 1.0 and 2.5 and excess water 
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As shown in Fig. 26, similar observations as that of mixtures M1 and M2 can be made 

for this light oil system and again a WDTP change of as high as about 8 K can be 

observed at high pressures when enough water is present in the feed.  

Table 10: Experimental HDPs of the light oil mixture measured in this work 
T (K)a P (MPa)b 

281.25 3.544 
285.45 6.171 
288.55 9.894 
291.05 15.237 
292.9 22.305 
297.2 51.676 

a u(T, k=2) = 0.2 K , b u(P, k=2) = 0.05 MPa 

As with the effects on the amount, PIWP curve is provided in Fig. 27 at 5 MPa with W/H 

of 1.0. Due to continuous distribution on n-alkanes (as shown in Table 9) and their 

mutual co-solubility, the PIWP curves have several bumps at very low temperatures 

where lighter fractions start to precipitate. Each bump corresponds to a major wax 

producing condition in which lighter fractions are precipitated due to hydrate formation. 

The aforementioned mutual co-solubilities, however, does not allow formation of several 

paraffinic solid phases except below 245.75 K where two paraffin solid phases are 

present. As before, for the whole temperature range shown in Fig. 27, hydrate formation 

results in having a positive PIWP similar to the observation made for the synthetic 

multicomponent mixtures M1 to M3.  

 
Fig. 27:  WPCs in water free and W/H of 1.0 both in presence and absence of hydrates (left axis) and the PIWP due to 

presence of hydrates (right axis) for light oil mixture at 5 MPa 
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 Conclusions 5.

In this work, an accurate integrated wax-hydrate thermodynamic model, was developed 

to carry out an in depth analysis of interactions between hydrates and waxes, in 

mixtures where both phases can form, by devising a robust multiphase flash calculation 

algorithm. From the thermodynamic viewpoint, this analysis shows that hydrates and 

waxes, can synergistically enhance their precipitation. The formation of hydrates can 

significantly increase wax melting temperature, especially at higher pressures and 

obviously in the presence of higher proportions of light ends and water in the overall 

feed. Furthermore, a significant increase in wax precipitation, as well as a considerable 

change in wax composition, due to formation of hydrates can be observed. Waxes can 

also enhance hydrates precipitation though to a limited extent. The effect of waxes on 

the composition of hydrates is marginal. 
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