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ABSTRACT 

Deposition of wax in wellbore and pipelines is of major concern for the flow assurance in oil 

industry. Wax can be considered as a solid phase of hydrocarbon compounds, which forms if 

operating temperature and pressure conditions are inside the wax phase boundary for a given 

fluid system. The work described in this thesis is sought to develop a comprehensive z: 1 

thermodynamic wax model that can be used to determine the wax phase boundary for 

complex reservoir fluids. Reservoir fluid systems are prone to both wax and hydrate 

formation at low temperature and high pressure conditions. It is speculated that the 

formation of one solid phase may affect the thermodynamic behaviour of the other. This was 

also considered in this study through integrated modelling of wax-hydrate. 

The new wax model was developed based on wax disappearance temperatures (Yv'DTs), 

rather than wax appearance temperature (WAT) as used in most previous models. Reliable 

WDTs were measured at precise solid-liquid equilibrium conditions in the laboratory. A 

systematic approach was adopted in the model construction. First, basic thermodynamic 

equations were derived and modified in order to properly represent the wax phase 

equilibrium. Then, the model was tuned using binary mixtures of synthetic n-paraffins with 

accurate compositional data. Finally, the model was extended to real reservoir fluids using a 

well-proven fluid characterisation procedure based on conventional oil compositional data. 

New correlations were developed for calculating thermo-physical properties of pure 

compounds, in order to improve the calculated fugacity for pure solids. The a functions of 

SRK and PR EoS were then modified for improving the calculated fugacity for wax-formincy Z: ) 
compounds in liquid phase. A new approach based on the UNIQUAC equation was 

&N-cloped to describe solid mixtures of wax. The effect of pressure on wax solid phase was 

also modelled using reliable fusion temperatures for pure compounds. 

The wax model based on synthetic n-paraffin mixtures was extended to real reservoir fluids 

bv considering the roles of different hydrocarbon classes in %\ax formation, which was in Ii I Me 



t 

with experimental and field observations. To facilitate the practical application of the model. 

the extension was based on the fluid compositional data measured from conventional 

reservoir fluid analysis. A programme was developed for splitting the plus fraction (e. g. I 
C20+) into single carbon number (SCN) groups, and an empincal correlation 'Vvas established 

to further separate each SCN group heavier than C20 into an n-paraffin and a non-n-paraffin 

pseudo-component. 

The new wax model can be used for predicting the wax phase boundary, as well as the 

amount and composition of wax precipitated in different fluids. The reliability of model has 

been examined and validated using independent experimental data. 

The wax model developed in this work was integrated with the hydrate model developed 

from the previous studies in the research group, in order to quantify the effect of wax 
formation on hydrate phase boundary, and vice versa, in complex reservoir fluid systems. 
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Miltenburg et al., 1999) and regressed heat capacities for 

173 

solid n-paraffins with even carbon numbers. 173 
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r 1: Introductim 

CHAPTER-1 

INTRODUCTON 

Solid deposition is the main issue for flow assurance in oil production and transportatic 

systems. Different forms of solids can be formed when reservoir fluids flow into wellbol 

and pass through pipelines due to pressure, temperature and fluid composition change 4=1 

These include the precipitation of scales due to aqueous phase composition changes, t[ 

deposition of asphaltene in wellbore as a result of temperature and pressure changes, and t[ 

formation of wax and gas hydrates in multiphase pipelines at low temperature 

Understanding and properly modelling these processes is essential in implementation of co 

effective flow assurance remedies in oilfield operations. This thesis is mainly conceme 

with the thermodynamic modelling of wax in various hydrocarbon systems, as well as th 

thermodynamic effect between wax and gas hydrate formation at conditions when both wa 

and hydrate can be formed. 

The wax deposited from an oil system is a mixture containing heavy molecules of sever, 

hydrocarbon homologues, such as normal paraffins (ii-paraffins), branched paraffins (is( 

paraffins) and naphthenes. Paraffins, also called alkanes, are non-aromatic saturate 

hydrocarbons with straight (normal) or branched (iso) carbon chains. Molecules for r 

paraffins and iso-paraffins are symbolised with general chemical forinula C,, H2n+ 

Naphthenes, also termed cyclo-paraffins, are homologues of hydrocarbons containing at lea: 

one ring structure and saturated with respect to hydrogen. Their molecules are symbolise 

with the chemical formula CnH2n- Other hydrocarbons, such as aromatics, a group 

chemicals containing one or more six-carbon rings characteristic of the benzene series I 

molecular structure, do not precipitate in wax formation. 
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Gas hydrates are crystalline molecular complexes formed from mixtures of water an 

suitably sized gas molecules. The water (host) molecules, upon hydrogen bonding. fon 

unstable lattice structures with several interstitial cavities. The gas (C'uest) molecules ca 

occupy the lattice cavities. When a minimum number of cavities are occupied, the crystallir 

structure will become stable and solid gas hydrates will form, even at temperatures we 

above the ice point. The formation of hydrate in hydrocarbon systems can be promoted 

high pressure and low temperature conditions. 

In general, reservoir fluid systems, containing oil, gas and water, are prone to both wax an 

hydrate formation when they are subjected to low temperature conditions. It is speculate 

that the formation of one phase could affect the thermodynamic and kinetic behaviour of th 

other. The formation of wax or hydrate will change the composition of the fluid, an 

consequently it will affect the thermodynamics of the system. More importantly, it is like] 

that any wax (or hydrate) formation will provide nucleation sites for the other to precipitat( 

Traditionally, wax and hydrate have been studied separately. One of the main objectives ( 

this work is to develop a reliable wax model for complex hydrocarbon systems, then t 

formulate an integrated wax-hydrate thermodynamics model, capable of predicting th 

impact of wax formation on hydrate phase boundary, and vice versa. 

I. I. WAX 

Produced petroleum fluids from an oil reservoir consist of mainly hydrocarbons, water a 

well as small amounts of non-hydrocarbons, such as N2, C02, and H--? S. The phase behavIOL 

of a hydrocarbon system is determined by its fluid composition and the prevailin 

temperature and pressure conditions. Generally, at reservoir conditions. hydrocarbons exi! 

mainly in vapour and liquid phases. However, when the fluids are subjected to lo, 

temperature environments, heavy hydrocarbons may precipitate to form a solid phase - wax. 

The occurrence of wax deposition in wellbore and transfer lines was documented as far z 

back to 1865 (Bone, 1865), in the early beginning of the oil industry. Wax deposited from 

petroleum fluid is a mixture containing predominantly paraffins, so the wax deposition , 

commonly referred as *paraffin deposition'. Wax deposit contains predominantl 

hydrocarbon molecules heavier than C20 (Newberry et aL, 1986; Labes-Carrier et al.. 2002 
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It appears as a mushy gel to a firmly hard solid, with colour from light]v white to brown dar 

(Bucaram, 1966; Newberry et al., 1986). When wax forms, a variety of organic an, 

inorganic materials, in their liquid or solid states, may be entrapped or combined, leadina t, 

an increased bulk of wax deposit. 

Wax deposition may occur in almost every oil-producing area (Shock et al., 1955). It can b 

found in reservoir formation, down-hole equipment, surface-line, separator, and storage tan 

(Bucaram, 1966; Bilderback et al., 1969). Wax deposition has been causing many probleni 

in the production and transportation of hydrocarbon fluids (EnDean, 1981; Sifferman, 197ý 

Newberry, 1983). In order to solve and alleviate these problems, the oil industry has directe 

considerable efforts towards understanding wax deposition mechanisms and finding, efficier 

wax control techniques. 

1.1.1. Mechanism of Wax Deposition 

Wax formation is a crystallisation process. It includes two successive stages: cryst, 

nucleation and crystal growth (Singhal et al., 1991). Nucleation of wax crystals is the fir! 

step in the formation of a new phase - the solid wax phase, from liquid phase. Fon-nation of 

new phase requires the creation of an interface between the two phases. The interface i 

created when the intermolecular attraction force between the heavy hydrocarbons is great( 

than that with the light components, then the molecules of the heavy components wi 

combine to form wax crystal nuclei. 

When wax nuclei form, crystals will grow on the sites where the surface energy of cohesio 

between the crystal and the liquid heavy components is significantly large (Singhal, et al 

199 1). Wax particles with considerable size will be formed by crystal agglomeration. 

Wax particles will then deposit on cold surfaces. The growth of wax deposition could t 

facilitated, due to molecular diffusion and Brownian motion (Burger et al., 1981). Normall: 

there is a temperature gradient between bulk fluid and cold surface, which can lead to 

concentration gradient and force the wax-forining compounds moving toward the wall t 

molecular diffusion. In addition, small wax particles suspended in the fluid v, III continuousl 

collide to form large particles due to Brownian motion, the movement of a particle in a fluý 

owing to thermal agitation. On the other hand, the growth of wax deposition could 1: 
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mitigated due to shear dispersion. The shear force imposed by fluid flow along tht 17, 
streamline tends to suspend wax particles in the fluid. 

Wax formation is a phase transition: transformation of heavy hydrocarbons from liquid phas( 

to solid phase. Between the two phases, there is a phase boundary, the so-called wax phas( 

boundary, which can be used to determine the appearance and disappearance of wax. Wa) 

phase boundary is strongly dependent on fluid composition. For any given fluid, wax form: 

only if the temperature and pressure conditions are inside its wax phase boundary. Hence 

wax phase boundary needs to be accurately determined for the fluid, in order to evaluate thi 

tendency and severity of wax deposition. 

1.1.2. Control of Wax Deposition 

In oil industry, methods for handling paraffin deposition are divided into four categorie C, 

(McClaflin et al., 1984): 

* Mechanical approach 

* Thermal method 

9 Chemical treatment 

Combinations among the above three methods 

Mechanical approach. Mechanical methods involve running a scraper or a cutter to remov 

wax deposits in pipelines. Commonly used scraper or cutters include devices such as pig,, 

rod scrappers, plastic line, and plastic-coated rods. 

Mechanical removal of wax deposit has been widely used in oil fields. However, mechanicý 

removal of wax generally needs frequent application and interrupts the nonnal productio 

(Bilderback et al., 1969). The time interval between operations may be several days or 

number of months, depending on the deposition rate. Use of mechanical approaches fc 

removing wax in pipelines may add problems of wax deposition at oil storage taný 

(Bilderback et al., 1969). Mechanical approach may also lead to severe tube wear, broke 

wireline, stuck plunger, and loss of production due to shutdown (Newberry et al, 1986). 

When using mechanical approaches, the technique specifications are dependent on th 

hardness of wax deposit. The wax hardness may reply on wax composition. For instance. 

higher 'critical carbon number'. above which wax molecules diffuse into wax ý! el matn: 
11-: ) - 
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may yield a mechanically harder wax (Paso et aL, 2003). Hence, knowledge of wa) 

composition for a given system should be beneficial for designing mechanical wax-remova 

methods. Furthermore, mechanical technique specifications such as operation pressure mw 

also depend on the amount of wax deposited. Wax amount needs to be estimated in order t( 

design the optimum operation pressure. 

Thermal method. Thermal methods are based on minimisation of heat loss and/or additiot 

of external heat to the system (McClaflin et al., 1984). Examples of thermal methods includt 

injection of hot oil, circulation of hot water, insulation of pipelines, and installation o 

bottom-hole heaters. 

When using thermal methods to introduce heat or reduce heat loss, the quantity of hea 

necessary for maintaining the fluid temperature needs to be estimated. Accurate predictiol 

of wax phase boundary is required for calculating the required heat. For instance, whel 

using hot oil injection to maintain pipeline temperature, the oil used is mostly from bottom o 

the sales tank (Addison, 1984), which may be the most paraffin-laden. When the oil i: 

pumped down pipes, it may reach its wax phase boundary before it gets to the objectiv( 

location. The approach of hot oil injection can be improved through accurate estimation o 

the wax phase boundary for the injected oil. 

Chemical treatment. Chemical control methods are based on 

* Using solvents (generally having high aromatic contents) to dissolve wax deposits; 

Using inhibitors to avoid wax crystallisation, slow down wax crystal growth, and/o 

prevent wax adherence to pipe walls. 

Wax inhibitors for avoiding wax crystallisation work by reducing the crystallisatiol 

temperature (Brownawell et al., 1962). Wax inhibitors for slowing down crystal growt] 

and/or reducing wax adherence usually possess cherrucal structures that have segments ti 

combine with wax crystals (Becker, 2000). The incorporation of inhibitors into waý 

molecules can prevent wax crystals from form-ing network with each other, and d1mmishin, 

their tendency to grow and adhere. 

Wax inhibitors are unfortunately system selective. One InhIbItor that is effective in a give 

system can fail in other systems. The mechanisms of some wax inhibitors are not full 
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understood, and the selection of inhibitors is commonly undertaken by experiments in eaclý 

case. Understanding of wax composition is important for the selection of wax inhibitor. 

Combined method. It is common that a combination of mechanical, thermal and chemical 

methods is used in practice for wax control. For instance, injection of hot diesel can combinc 

then-nal with chemical treatments. A 'pigging' method is usually combined with chemical 

treatment, in order to extend the time interval required for pigging (McClaflin et al., 1984). 

Control of wax deposition is very costly. An insulated offshore pipeline is approximate]) 

50% more expensive compared to the standard pipeline (Carniam et al., 1996). The chemical 

treatment can cost $0.05 per barrel of oil produced at a moderate chemical dosage of 10C 

ppm (Carniani et al., 1996). According to the U. S. DOE (2001), remediation of subsez 

pipeline blockage caused by wax can cost $1 million per mile (Psao et al., 2003). Field datz 

show that wax control costs over $15 to 20 million in India (Rai et al., 1995). 

It is believed that the accuracy of existing wax models for predicting wax appearancc 

temperature (WAT) is very poor, which can have a significant impact on implementing a cosi 

effective wax remediation in field applications. The cost of wax control should be reduced ij 

the wax phase equilibrium, in terms of wax phase boundary and wax composition, can bc 

accurately predicted. 

1.2. GAS HYDRATE 

Water is present with hydrocarbons in oil reservoirs. In addition, water may be introducec 

through hydrocarbon recovery processes such as water flooding. The influence of water or 

hydrocarbon phase behaviour in convention reservoirs is generally small. Hence, water i! 

usually not taken into account when studying the phase behaviour of hydrocarbon systems 

Ignoring the effect of water will not introduce significant error to the hydrocarbon phas( 

equilibrium, unless gas hydrates are formed. 

Gas hydrates can form with compounds, such as methane (CI), ethane (C2), propane (CO 

iso-butane OC4), n-butane (nC4), iso-pentalle OCO, carbon dioxide (C02), nitrogen (N2) an( 

H, S, which are generally present in vapour and liquid states in reservoir fluids. Th( 
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formation of hydrates from vapour phase is more common. However. in the absence of 

vapour phase, hydrates can also form from liquid phase. 

Hydrate formation, like wax, can lead to blockage and damage of facilities, causing 

substantial problems for production and transportation of hydrocarbons. The negative 

impacts of gas hydrate formation on hydrocarbon transportation are well documented in the 

literature (Hammerschmidt, E. G., 1934,1940; Mansoori, 1996; Reyna et al., 2001). 

Prevention of hydrate formation can be carried out through operating the system outside the 

hydrate phase boundary. This can be achieved by thermal methods, such as insulating the 

pipeline, introducing heat to the system. On the other hand, thermodynamic hydrate 

inhibitors, such as methanol and glycols, can be used for shifting hydrate phase boundary 

toward lower-temperature and higher-pressure regions. Therefore, a cost effective hydrate 

control is also largely dependent on accurate determination of hydrate phase boundary. 

1.3. WAX AND HYDRATE 

In a reservoir fluid system containing water, light and heavy hydrocarbons, formation of both 

wax and hydrate is possible at certain pressure and temperature conditions. The forination of 

one solid may affect the thermodynamic behaviour of the other solid. The formation of gas 

hydrate removes light constituents (e. g. C1, C25 C39 IC4, nC4, C02, N2, H2S) from the fluid 

phases, which could lead to the increased concentration of waxy compounds, affecting the 

wax phase behaviour. On the other hand, the formation of wax removes heavy 

hydrocarbons, increasing the concentration of light compounds in the remaining fluid. Small 

difference in the composition of hydrate-formers may dramatically affect hydrate formation 

temperature and pressure (Sloan, 1998, page 266). Furthermore, although beyond the scope 

of this work, the formation of wax will provide necessary nucleation sites and may promote 

the formation of hydrate by reducing the required sub-cooling, and vice versa. 

While wax and hydrate phase equilibrium have been widely studied, they were traditionally 

investigated as unrelated problems. Hydrate phase boundaries estimated while ignoring the 

effect of wax formation may be over-optimistic (i. e., showing lower hydrate formation 
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temperatures). Similarly, when ignoring the hydrate formation. wax problems may be 

underestimated. Hence, it is necessary to conduct an integrated wax and hydrate study. 

1.4. OUTLINE OF THE THESIS 

The main objective of this work is to develop an accurate wax model and integrate it with the 

current hydrate model, available from the previous studies in the research group (Avlonitis, 

1992; Tohidi, 1995; Ostergaard, 2000). The integrated wax-hydrate model will be capable of 

predicting wax and hydrate phase equilibrium and the impact of one solid formation on the 

other. The model will also be capable of predicting the amount and composition of different 

phases (including wax and gas hydrate) at any given temperature and pressure condition. 

The reliability of the hydrate model, HWHYD, has been demonstrated by comparative 

studies against extensive independent experimental data. 

However, the current wax thermodynamic models reported in the literature are far less 

accurate than the hydrate model. When comparing wax forination temperatures predicted 

using some existing models with field and experimental data, errors in order of 20 K have 

been observed (Monger-McClure et al., 1999). 

It is, therefore, necessary to modify and improve the wax model, prior to coupling it with the 

well-validated hydrate model. In this study, a new wax model will be developed and 

validated by proper experimental data (Ji et al., 2003,2004; Tohidi et al., 2002,2004). The 

wax model will then be integrated with the existing hydrate model. 

When developing the wax model, several parameters, such as the adjustable parameter of 

UNIQUAC equation for describing the wax phase, need to be tuned using experimental data. 

Reliability of experimental data can strongly affect the model accuracy. In most previous 

studies, wax appearance temperature (WAT) was measured in laboratory and used for tuning 

the model. WAT is, however, dependent on experimental procedure, and not necessarily the 

solid-liquid equilibrium point. The model based on experimental WAT data is consequently 

subjected to questions of reliability. In this laboratory. wax disappearance temperatures 

(WDTs) are measured at precise solid-liquid equilibrium conditions (JI et al.. submitted, J1 et 

al., in preparation). The experimental equipments and the test procedure are described in 
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Chapter-2. With the reliable experimental technique, WDTs are measured for synthetic and 

real reservoir fluids. Experimental data generated in this work for tuninL, a new wax model 

are presented in Chapter-2, while data used for validation of the model are given in 

Appendix-A. 

Chapter 3 describes the fundamental formulations of the wax and hydrate models. These 

include descriptions of phases, such as vapour (V), liquid hydrocarbon (L2). aqueous phase 
(LI), Ice (1), solid phase of hydrate (H), and solid phase of wax (S). Basic thermodynamic 

formulas for calculating fugacity in each phase are also presented. 

N-paraffins are present in reservoir fluids, and they are essential for detennining the wax 

phase equilibrium. However, concentrations of n-paraffins in reservoir fluids are generally 

not known, which may result in the uncertainty when tuning the model parameter directly 

using conventional reservoir fluid composition data. Hence, in this work the wax model is 

first tuned with synthetic n-paraffin mixtures with accurate compositional data (Ji et al., 

2004). In Chapter-4, development of the wax model based on pure n-paraffins and their 

mixtures is detailed. 

Chapter-5 extends the wax model to real reservoir fluids. The compositional data obtained 

from laboratory analysis for reservoir fluids are generally up to limited carbon numbers. 

However, modelling of wax phase equilibrium requires compositions for heavy 

hydrocarbons, which are not available experimentally. Hence, numerical methods will be 

needed for obtaining the required compositional data, which will be presented in this chapter. 

Furthermore, reservoir fluids are mixtures containing different hydrocarbon homologues that 

have considerably different properties. Discussion and modelling of effects of different 

hydrocarbons on wax formation are also presented. 

In Chapter-6, validation of the new wax model will be presented by comparing its predictions 

against independent experimental data and with some existing wax models. A wide range of 

experimental data for both synthetic mixtures and real reservoir fluids are used. 

The wax model is then coupled with the existing hydrate model, which Is detailed In Chapter- 

7. The integrated model is capable of predicting the separate wax and hydrate phase 

equilibrium, and combined wax-hydrate phase equilibria. Hydrate/wax phase boundaries 

with different light end concentrations are modelled, In order to demonstrate the effects 
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caused by removal of heavy/light hydrocarbons due to wax/hydrate formation. Furthermore. 

the predictions of the integrated wax and hydrate model are compared with independent 

experimental data, demonstrating the effect of one solid formation on the other. in terms of 

shifting phase boundary. 

The conclusion of this work and some recommendations for future work are presented in 

Chapter-8. 

- 10- 
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CHAPTER-2 

MEASUREMENTS AND EXPERIMENTAL DATA 

2.1. INTRODUCTION 

In field operations, the precipitation of wax solids is generally due to temperature decrease 

when reservoir streams passing through cold equipment and pipelines. Wax appearance 

temperature (WAT) can be determined or observed in laboratory and in field operations. A 

wax phase boundary is usually plotted using WAT as a function of either the system 

pressure, or the concentration of wax forming compounds. However, it is well known that 

the wax phase boundary determined by wax appearance temperature is strongly dependent on 

experimental and observation procedures; very different results have been reported in the 

literature even for the same hydrocarbon system. In fact, most wax appearance observations 

were not or cannot be made at thermodynamic equilibrium conditions, since it is practically 

impossible for giving sufficiently long time for wax to appear at a solid-liquid equilibrium 

temperature. Instead, a wax disappearance temperature ("T) can be measured at 

equilibrium or near equilibrium conditions. 

This chapter describes the importance of measuring wax disappearance temperature as basis 

for modelling wax phase boundary. Several reliable techniques were used for detennining 

the VVDT in this study. The experimental set-ups and procedures will be described. 

Experimental WDT data are measured for different synthetic and real reservoir fluids, which 

can be used for tuning and validation of the new wax model developed in this study. 
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2.2. WAT AND WDT 

Wax phase boundary is traditionally determined by measuring wax appearance temperature 

or cloud point temperature, in which the first appearance of wax is detected during cooling 

As described in Chapter-1, formation of wax may include two successive stages: wax 

nucleation and crystal growth. Wax nucleation is the most important wax formation stage, 

which needs substantial external energies for the creation of wax crystal seeds. The required 

energy is obtained through reducing temperature below the solid-liquid equilibrium (SLE) 

point. The difference between the system temperature (or WAT) and SLE temperature is 

referred as subcooling. During WAT measurement, cooling rate will have a great effect on 

the energy transfer process, subsequently on the seeding of wax. Generally, faster cooling 

rate may cause less time for energy transfer during the cooling process, therefore a lower 

temperature for wax appearance. Hence, the measured wax appearance temperature may not 

necessarily be the equilibrium point. 

The measured wax appearance temperature is also dependent on experimental techniques 

used on quantifying the wax formation. Techniques such as visual observation (without or 

with microscopy), latent-heat-based Differential Scanning Calorimetry (DSQ, viscosity 

measurement, and laser-based Solid Detection System (SDS) are commonly used in 

laboratories for measuring the WAT (Ronningsen et al., 1991; Hammami et al., 1997). The 

visual technique is sensitive for transparent sample and requires a minimum amount of wax 

for detection. It may give a higher WAT value, compared to the other techniques. For 

example, WATs measured using visual nucroscopy could be over 10 K higher than those 

determined using DSC and SDS (Ronningsen et al., 199 1; Hammami et al., 1997). 

In order to improve wax phase boundary determination using WAT data, some researchers 

modified the measured WAT by adding an estimated subcooling value (Monger-McClure et 

al., 1999). This method could make the measured wax phase boundary nearer to the SLE 

points, if a correct subcooling value was given. Monger-McClure et al. (1999) suggested an 

empirical correlation for estimating the subcooling to be added to the WAT, which in K was 

IA times of the cooling rate in K/min (i. e. the subcooling in OF was 2 times of the cooling 

rate in OF/min). They claimed that this estimation was valid up to the cooling rate of around 

2.8 K/min (i. e. 5 OF/min). However, experimental results in this laboratory show that the 

subcooling to be added is not only dependent on cooling rate, but also on fluid composition. I r=- 
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When using a similar cooling rate, very different values of subcooling, required for wax 

appearance have been found for different mixtures. For example, with the cooling rate of I 

K per 30 minutes, the subcooling of approximately 18 K was required for a North Sea crude 

oil, while the subcooling needed for a North Sea gas condensate was approximately 6 K. 

In order to establish a wax model based on thermodynamic equilibrium, the wax phase 
boundary should be determined by directly measuring real SLE points. Instead of WAT, the 

wax disappearance temperature (WDT) measured with equilibrium step-heating is a proper I 
approach to the SLE point. The difference between measured VVDT and WAT for a given 

system can be very significant, as shown later in Figure 2.8. 

In this study, the WDT data will be used to tune and validate a new wax model. The required 

experimental data were generated in this laboratory or obtained from the literature. In order 

to generate accurate experimental data, a number of experimental techniques have been 

developed in this laboratory (Ji et al., submitted; Ji et al., in preparation). 

2.3. TECHNIQUES USED FOR WDT MEASUREMENTS 

Techniques used in this laboratory for detecting wax disappearance temperature are based on 

the visual observation and a unique method based on Quartz Crystal Microbalance (QCM). 

The visual observation of wax formation and dissolution can be used for transparent fluids. 

The QCM technique shows a high sensitivity for detecting wax formed and dissolved in real 

reservoir fluids, in which visual observation is impossible. The experimental set-ups and 

procedure are described below. 

2.3.1. Experimental Equipments 

Experimental equipments used in this laboratory for WDT measurements include a simple 

visual set-up for the tests at atmosphere pressure, a QCM apparatus operated at atmosphere 

pressure, and a combined visual and QCM apparatus with a maximum operating pressure of 

50 MPa. 
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The visual set-up 

The visual set-up consists of a test vial and a temperature -control I ed bath, as schematically 

shown in Figure 2.1. The test vial is a7 cc thin-walled glass tube with diameter of 

approximately 12 mm. The bath temperature can be maintained with kerosene in the range 

of 243 K and 333 K (i. e. -30 'C and 60 'Q. A thermometer is submerged in the bath fluid to 

measure the fluid temperature, with an accuracy of 0.1 K. 

The QCM apparatus (atmosphere pressure) 

QCM (Quartz Crystal Microbalance) set-up is comprised of a thin disc of AT cut (i. e., a cut 

in particular orientation where the resonance frequency to first order does not depend on 

temperature) quartz sandwiched between two electrodes (see Figure 2.2). The principle is 4: ý 
that, when solids adhere to or remove from the QCM surface, the resonant frequency of the 

QCM declines or increases. The QCM is very sensitive, requiring masses in the order of 

micrograms only to cause a significant change in resonant frequency. 

The low-pressure QCM apparatus comprises of a QCM suspended in a small vessel (15 cc), 

as shown in Figure 2.3. A magnetic stirrer mixes the vessel contents, while a water jacket 

around the cell connected to a circulating heater/cooler allows temperature to be controlled. 

The resonant frequency of the QCM was measured using a Hewlett Packard 4194A 

Impedance/Gain Phase Analyser. 

The combined visual and QCM apparatus (up to 50 MPa) 

The combined visual and QCM apparatus is mainly consisted of a high pressure equilibrium 

cell, injection pump and a rocking device for stirring, as well as temperature and pressure 

control/recording equipment, as shown schematically In Figure 2.4. 

The equilibrium cell (maximum effective volume of 100 cc) is comprised of a metal body 

housing a cylindrical sample chamber. The system pressure (up to 50 MPa) is controlled by 

injecting or withdrawing the test fluid using a pump. The cell is mounted on a pivot frame 

that allows a rocking motion around a horizontal axis, in order to ensure adequate mixing of 

the sample fluid. The cell is rocked through 90 degrees at a rate of up to 8 times per minute. 
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A QCM device is suspended in the test fluid inside the cell. The measurement with QCM 

can be combined with the visual observation through the sapphire windows of the 

equilibrium cell. 

2.3.2. Experimental Procedures 

During each test, the test fluid was first heated to a temperature high enough (313-323 K for 

synthetic fluids and 333-338K for reservoir fluids) to dissolve all the wax present. The bath 

temperature was then reduced to form wax, being detected by visual observation, or the 

QCM technique through a significant and sudden drop in resonant frequency. After 

significant amount of wax forined, the temperature was raised stepwise allowing at least 30 

minutes at each temperature for equilibrium to be achieved. The VYDT could be detected 

with visual observation, or QCM by the change of resonant frequency vs. temperature (as 

indicated later in Figure 2.8). 

2.4. TESTED FLUIDS AND EXPERIMENTAL DATA 

With the experimental equipments described above, WDTs can be measured for clear or dark 

fluids with and without light ends (such as compounds C, - C4) at different pressure 

conditions. Two types of fluids have been tested in the laboratory, and they are synthetic 

fluids and real reservoir fluids. Experimental VVDT data for synthetic binary systems will be 

presented in this chapter, while those for multi-component synthetic fluids and real reservoir 

fluids will be given in Appendix-A. 

2.4.1. Fluid Samples 

Synthetic mixtures 

The test fluids comprised of synthetic fluids containing normal paraffins with known 

compositions. WDTs for transparent synthetic fluids were measured with the visual 

technique. Both synthetic binaries and multi-component synthetic systems were tested in this 

laboratory. 

Binary systems Nvere deliberately designed for parameter tuning in the development of a ne", 1-5 
wax model, as will be detailed in Chapters 3 and 4. The binaries designed for the model 
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tuning in this work include nC6-nCI6, nC6-nCI7. nC16-nCI8, nC16-nC2o and nC]5-nC, g. For the 

binary systems, VVDTs were measured with different composition distributions, and the wax 

phase boundary was established by plotting the WDT as a function of the concentration of 

the heavier component in a binary. 

Multi-component synthetic systems are needed for validation of the new wax model. 
Compositions for synthetic fluids were designed in such a way that the component 

concentration decreases with an increase in the carbon chain length, in order to represent a 

simplified crude oil system. For the multi-component systems, "Ts were measured at 
different pressures, and consequently the wax phase boundary was plotted (i. e., WDT versus 

pressure). 

Real reservoirfluids 

Experimental VVDT data for real reservoir fluids were measured with the QCM technique, 

which will be used to validate the new wax model for predicting wax problems in field 

operations. 

2.4.2. Experimental Results for Synthetic Binaries 

Experimental WDT data for nC6-nCI6, nC6-nCI7, nC16-nC, 8, nC16-nC2o and nC]5-nC, g 

binaries were generated in this work. The test sample was prepared with a procedure as 

described below, in order to minin-lise the evaporation of light end. Measurements of "T 

were made with the simple visual set-up. The sample was weighed after the test, in order to 

evaluate the weight loss due to evaporation upon heating, which was found to be minimal. 

The WDT data measured in this work will be given and compared with the wax phase 

boundary data reported in the literature. 

Sample preparation 

The binaries were prepared with normal paraffins (i. e. n-alkanes, purity ý! 99%), purchased 

from Aldrich Chemical Company, Inc., without further purification. In preparation of a test 

sample, first, a portion of the heavier compound for the binaries was weighed and put Into a7 

cc vial, then the lighter compound was added. The test vial was then quickly sealed with a 

lid. The system composition was determined using weights measured with the accuracy of 
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approximately I mg for each component, equivalent to an error band (in absolute value) of 

0.0 1 to 0.1 mole% in composition. 

Measurements of WDT were conducted in the closed system in order to prevent the 

evaporation of any light end. The test mixture was weighed after the measurement of WDT, 

which showed an ignorable weight loss during the test, which might cause deviations less 

than 0.2 mole% in composition. Several repeated tests showed the VVDT measured was 

reproducible within ±1 K. 

Experimental WDT data 

Experimental VVIDT data generated for nC6-nCI6 and nC6-nC]7 binaries in this work are given 

in Table 2.1. 

Table 2.2 lists experimental WDT data measured for nC16-nC, 8, nC16-nC2o and nC15-nC, g 

binaries in this work. 

Comparison with literature data 

The wax phase boundaries for nC6-nCI6 and nC6-nC]7 systems were measured and reported 

in the literature (Hoerr et al., 1951). However, the experimental procedure was not clearly 

specified by the authors. So it was not possible to indicate whether the data were based on 

WAT or WDT. 

The nC6-nCI6 and nC6-nC17 wax phase boundaries were plotted, comparing the V; DT data 

generated in this work with the data reported In the literature. As shown in Figures 2.5 and 

2.6, the WDT values determined in this work are approximately 2-5K higher than those 

reported in the literature. One explanation for the difference might be that the literature data 

were generated via measuring WATs. 

A set of wax phase boundary data for nC16-nCl8 can also be found in the literature, which 

was based on melting temperatures (VVIDT) measured with a d1latometer (Parczewska, 2000). 

The author observed two forms of solid in the binary, which were referred as the high- 

temperature solid and the low temperature solid. The nC16-nC, 8 wax phase boundary based 

on the literature data is shown in Figure 2.7, where the circle (o) and cross (+) denote the 

high-ternperature solid and the low temperature solid, respectively. The nC16-nCI8 Wax LI 
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phase boundary based on the WDT from this work was also plotted in the figure. As shoýý'n I 
in Figure 2.8, a good agreement is observed for the wax phase boundaries between this work 

and the literature. The WDT data from this work are of approximately I-2K higher than the 

wax melting temperatures marked for the low temperature solids (the cross points) from the 

literature. The visual technique used in this work does not differentiate different solid forms. 

2.4.3. Experimental Data for Multi-component Mixtures and Real Reservoir Fluids 

VV_DTs for multi-component mixtures and real reservoir fluids were measured by R. W. 

Burgass in Centre for Gas Hydrate Research (JIP Reports 1999-2004), and composition data 

for real reservoir fluids were provided by Reservoir Fluid Studies Group, Institute of 

Petroleum Engineering, Heriot-Watt University. The experimental data are given in details 

in Appendix-A. These data are used in Chapters 6 and 7 for validating the wax model 

developed in this work. In the following sections, a brief description is given to the fluid 

systems tested and the experimental techniques used in the measurements. 

Multi-coMPonent mixtures 

In order to investigate the effect of light end (such as C, -C4) on wax phase boundary, 

experimental WDT data were generated for several mixtures with and without light ends. 

The systems studied include 10 synthetic multi-component systems with Cj up to 40, as 

given in Appendix-A. 

Table A. I lists the composition for four multi-component mixtures (A, B, C and D) measured 

in this laboratory, and these mixtures contain the heaviest component as C30 - C40. VVDTs 

for these mixtures were measured by the visual observation using the combined visual and 

QCM apparatus. Experimental VVDT data at different pressures are given in Table A. 2. 

Mixtures B, C were added light compounds of C, - C4, and the mixture D was added a 

natural gas. Table A. 3 shows the composition for the mixtures with light ends, and Table 

A. 4 lists the experimental WDT data measured at different pressures. 

The mixture E without light end was prepared using normal paraffins of Clo and C21-C26 in 

this laboratory. The concentration for components C21 -C26 decreases following an 

cxponential decay function of mole fraction against molecular weight (or carbon number). 

The mole fractions for consecutive components can be equivalently correlated as x, -q Xx, 
-, 
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with q of 0.70. Then a natural gas was added with different proportions, two live fluids were 

obtained, which contain 45 mole% light end and 69 mole% light end. The compositions for 

the three mixtures of E without and with light ends are shown in Table A. 5. Bubble point 

pressures were measured for the two fluids with natural gas, which are also given in Table 

A. 5. 

For the fluid E without light end, the WAT at 0.1 MPa was measured as 275.9 K (2-7 'C) 

using the QCM technique, while the WDT at 0.1 MPa was measured as 276.2 KQ 'Q. Due 

to the small subcooling of this mixture, experimental WAT data were measured, as given in 

Table A. 6. For the similar reason, WATs were measured for the fluid with 45 mole% light 

end, as also given in Table A. 6. When using the measured WAT data for validating the wax 

model, a subcooling of approximately IK will be taken into account. Experimental WAT 

and "T data (Table A. 6) were generated for the fluid E with 69 mole% light end, which 

show a subcooling of approximately 2 K. 

Real reservoirfluids 

Burgass measured WI)Ts for three reservoir fluids including a North Sea crude oil, a 

condensate and a black oil. The WDT for a real reservoir fluid from North Sea was 

measured using the QCM technique. Table A. 7 lists the fluid composition obtained from 

laboratory analysis of Reservoir Fluid Studies Group in Institute of Petroleum Engineering at 

Heriot-Watt University. The detection of the WAT and WDT using the QCM method is 

reproduced in Figure 2.8, a significant change in resonant frequency at points near WAT can 

be observed. WDT was identified as the point at which the resonant frequency during 

heating went back to the curve during cooling. With the method of QCM, the WI)T was 

measured as 327 K, which was 18 K higher than the WAT (309 K). 

Table A. 8 gives the composition and physical properties of a condensate (Base Condensate 

LTB98-1). For the stabilised fluid, the VVDT measured using the QCM was 309 K at 0.1 

MPa, while a similar value of WDT (309 K) was observed by visual. Table A. 9 shows the 

composition and physical properties of a black oil (Black Oil RFS-1). and the WDT 

measured usina the QCM technique was 323 K at 0.1 MPa. C, 
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2.5. SUMMARY 

Reliable experimental SLE data are important for developing an accurate wax model. The 

wax disappearance temperatures measured with proper techniques. instead of the 

traditionally used WAT data, represent the solid-liquid equilibrium. 

Reliable experimental techniques have been developed and used in this laboratory, which 

combine sensitive wax detecting methods with deliberately designed step-cooling and step- 

heating procedure to achieve equilibrium. A visual observation was used for measuring 

W'DTs in transparent fluids, and a QCM technique was used for real reservoir fluids, both 

showing good accuracy and repeatability. 

Wax phase boundaries have been measured for several binaries, which can be used for 

developing the new wax model. WDTs were also measured at different pressures for several 

multi-component mixtures with and without light ends and for three real reservoir fluids. 

These data will be used for validating the new wax model. 
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2.6. TABLES 

Table 2.1. Experimental VVDT data (this work) for nC6-nCI6 and nC6-nCI7 binaries. 

Composition/mole% 

(±0.3 mole%) 

WDT/K 

(±I K) 

nC6-nC, 6 
nC6 nC16 

100.0 0.0 178 

98.6 1.4 247 

95.9 4.1 256 

93.1 6.9 262 

90.4 9.6 265 

75.3 24.7 275 

0.0 100.0 291 

nC, -nC 
nC6 nC17 

100.0 0.0 178 

98.9 1.1 248 

96.9 3.1 257 

94.4 5.6 262 

91.7 8.3 265 

79.3 20.7 274 

0.0 100.0 295 
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Table 2.2. Experimental WDT data (this work) for nC16-nCI8, nC16-nC2o and nC15-nC, g 

binaries. 

Composition/mole% WDT/K 

(±0.3 mole%) (±l K) 

nC,, -nC 
nC16 nC 18 

100.0 0.0 291 

92.7 7.3 291 
83.3 16.7 291 
73.0 27.0 292 
59.9 40.1 293 
56.3 43.7 294 
46.3 53.7 295 
28.6 71.4 298 
24.2 75.8 299 
22.2 77.8 299 
22.2 77.8 299 
17.6 82.4 299 
0.0 100.0 301 

nC,, -nC,, 
nC16 nC20 

100.0 0.0 291 

95.9 4.1 291 
84.6 15.4 290 

70.3 29.7 297 

60.8 39.2 301 

57.3 42.7 302 

41.2 58.8 305 

37.0 63.0 306 

0.0 100.0 310 

nC, <-nC, o 
nC15 nCg 
100.0 0.0 283 

94.2 5.8 283 

88.1 11.9 283 

79.9 20.1 286 

69.3 30.7 290 

51.7 48.3 296 

0.0 100.0 305 

- 
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2.7. FIGURES 
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Figure 2.1. Schematic illustration of the simple visual set-Lip. 
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Figure 2.2. Schematic illustration of the QCM. 
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Figure 2.3. Schematic illustration of the QCM apparatus (atmosphere pressure). 
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Fi g tire 2.4. Schernatic of the combined visual and QCM apparatus. 

Computer Interface 
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this work and the literature data 
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Figure 2.7. The nC]6-nC, 8 wax phase boundaries based on the WDT data from this work 

and the literature data. 
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CHAPTER-3 

THERMODYNAMIC DESCIPTION OF PHASES AND PHASE 

EQUILIBRIUM 

3.1. INTRODUCTION 

A petroleum reservoir fluid contains a variety of components, which may forrn different 

phases. Light constituents such as methane, ethane and propane are predominantly in the 

vapour and liquid hydrocarbon phases, while they can also dissolve in water. Intermediate 

hydrocarbons with carbon number between 6 and 20 are liquid at normal operating 

conditions. Heavy hydrocarbons are usually in the liquid phase, but they can precipitate to 

form a solid phase of wax at low temperatures. Water generally coexists with hydrocarbons, 

and it can be in both vapour and liquid phases, and also solid phases when forming ice or gas 

hydrates at low temperature and high pressure conditions. This work does not consider 

asphaltene phase, which is predominantly composed of poly-nuclear aromatics. 

For thermodynamic modelling of wax and hydrate in complex real reservoir fluids, the 

following phases need to be considered: 

Vapour phase (V), containing hydrocarbon gases and water In the vapour forin. 

* Aqueous phase (LI), i. e. the liquid phase consisting mainly of water and water- 

dissolved components. 

0 Liquid hydrocarbon phase (L-, ). 

9 Wax phase (S), a mixture of solids formed by heavy paraffinic hydrocarbons. 

* Hydrate phase (H). a solid mixture formed by water and light hydrocarbons and other 

hydrate formers such as HS and N2- 

0 Ice (1), the solid phase of water. 
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In this chapter, the fundamental thermodynamics for modelling multi-phase equilibrium will 

be presented. Thermodynamic equations used for calculating chemical potential and fugacitv 
I- 

in different phases will be given. Modelling of wax and hydrate is based on their crystalline 

structures, which will also be summarised. 

3.2. WAX AND HYDRATE STRUCTURES 

3.2.1 Wax 

Wax precipitation is the crystallisation of heavy hydrocarbon molecules from the liquid 

phase. The crystal structures of wax have been studied and well documented in the literature. 

The wax crystallography study is commonly carried out using n-paraffins, due to their vital 

role in wax formation (will be described in details in Chapter-5). 

Pure n-paraffin solids generally can show four types of crystal structures, namely hexagonal, 

triclinic, orthorhombic and monoclinic (Broadhurst, 1962). Molecules with a hexagonal 

structure can rotate around their long chain axes, whilst the rotation is restricted for 

molecules having other structures. The crystal structure of a compound depends not only on 

its carbon number (C,, ) but also on the odd or even nature Of Cn. 

Temperature is also important for determining the crystal structure for a given compound. 

For example, nC29 solid shows orthorhombic structure at temperatures lower than 331.4 K, 

but hexagonal structure at temperatures between 331.4 K and the melting temperature 336.6 

K. When increasing temperature, there is a conversion of crystal structures, which is referred 

as solid-solid transition. 

The solid-solid transition can affect the thermodynamic description of a melting process, 

Since an extra energy is required for converting the solid from a low-temperature crystal 

structure to a high-temperature one. The latent heat of solid-solid transition is comparable to 

that of melting. For instance, 7.54 kcal heat is needed for converting I mole nC29 solid from 
C) 

the orthorhombic structure to the hexagonal structure, and further 15.80 kcal heat is required 

for melting, the hexagonal solid. 1 1: 1 
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In the liquid phase, hydrocarbons with different carbon numbers can mix with each other to 

form a homogeneous solution, but in the solid phase the tendency of mixing for different 

hydrocarbons is strongly dependent on their carbon number differences. In a solid system 

comprising of only one component (i. e. pure compound system). the component molecules 

have the same carbon chain length, so they can mix with each other in an orderly 

arrangement of carbon chains without bending. This case is referred as the ideal packing 

mode of molecules, as schematically illustrated in Figure 3. la, using the line to stand for the 

carbon chain of a molecule (Craig et al., 1998). 

However, for a solid system containing several components, the differences of carbon chain 

lengths between components will affect their molecule packing. Disorders of arranging 

carbon chains will be introduced; consequently the molecules will be packed in non-ideal 

modes. The manner of non-ideal packing depends mainly on the carbon number (C, ) 

difference. The molecules of components with small C,, differences may pack mainly by the 

carbon chain mixing (i. e. the long chain connects with the short chain), as schematically 

shown in Figure 3.1b. The molecules of compounds with high C" differences may pack 

predominantly by twisting/folding long carbon chains, as schematically shown in Figure 

3.1 c. Apparently, for a system containing compounds with both small and high Cn 

differences, the molecules may pack by combination of the carbon chain mixing and 

bending, as schematically shown in Figure 3.1d. 

The molecule packing disorder can have a significant effect on the nature of solid mixtures 

(Craig et al., 1998). Compounds with small Cn differences form a "solid solution", a 

thermodynamic term used to describe a homogeneous and stable mixture of one solid 

substance in another. The co-solubility of compounds in the solid state decreases as the Cn 

difference increases. When the Cn difference is significantly high, different compounds are 

completely "insoluble" in each other, consequently form multi -pure- solids, i. e. each 

compound forms a solid phase. 

For instance, solid solutions were observed in the binary systems such as nC23-nC24, TIC23- 

nC, 5 and nC"6-nC28 (AchourBoudjema et al., 1996; Dirand et al., 1996; Jouti et al., 1996; 

Provost et al. 1999). On the other side, multi -pure-sol ids were observed in the binaries or 

ternaries such as nC30-nC40. nC16-nC-"S, nC16-nC41, nC28-nC4, and nC16-nC28- nC41 (Dorset, 

1997: Paunovic et al., 22000). 
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Real reservoir fluids consist of hydrocarbons with continuously distributed carbon numbers. 
The crystallography of wax has been studied using synthetic multi-component mixtures 

containing continuous Cn and reservoir fluids (Dirand et al., 1998; Chevallier et al., 2000). It 

was found that solid solutions formed in these systems. Furthermore, solid-solid transitions 

were observed during the wax melting process upon increasing temperature (Chevallier et al., 
1999). 

Therefore, in this study, the non-ideal solid solution theory will be used to describe the solid 

phase of wax. The solid-solid transition will be taken into account when using a 

thermodynamic equation to represent the wax melting process. 

3.2.2. Hydrate 

Gas hydrate has different structures, depending on the chemical nature and geometry of guest 

molecules. The two most common hydrate structures are known as structure I (sl) and 

structure 11 (sII). The unit cell of structure I hydrate is a 12 A cube consisting of 46 water 

molecules that form two types of cavity: 2 small cavities and 6 large cavities. The small 

cavity is 12-sided (dodecahedron) with 12 pentagonal faces (5 12), whereas the large cavity is 

14-sided (tetrakai decahedron) with 12 pentagonal and 2 hexagonal faces (5 12 62). The 5 12 

cavity is almost spherical with a radius of 3.95 A., while the 5 12 62 cavity resembles an oblate 

ellipsoid with a radius of 4.33 A. Of the natural gas components which form simple 

hydrates, methane, ethane, carbon dioxide and hydrogen sulphide are known to fon-n 

structure 1. Methane and hydrogen sulphide can stabilise the 5 12 cavities and can occupy the 

large 5 12 62 cavities. Ethane and carbon dioxide occupy the 51 262 cavities. 

The unit cell of structure 11 hydrate is a 17.3 A cube consisting of 136 water molecules. The 

slI unit cell also contains two types of cavity: 16 small cavities and 8 large cavities (von 

Stackelberg and Muller, 1954). The small cavity is pentagonal dodecahedra (5 12), while the 

large cavity is 16-sided (hexakai decahedron) including 12 pentagonal and 4 hexagonal faces 

(5 12 6 4) The small cavity is a distorted shape having a radius of 3.91 A. while the large 

cavity is very spherical with a radius of 4.73 A. Propane and iso-butane form structure 11 

hydrates. and they only fit into the large cavity (5 12 6 4) 
. 

Normal butane does not form a 

simple hydrate, but slI hydrate can be formed from n-butane with methane or hydrogen 

sulphide as a help gas in the small cages. Natural gas mixtures containing propane, iso- 

butane, and n-butane usually form structure II hydrate. 
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Ripmeester et al. reported a new hexagonal hydrate structure (sH) in 1987. The unit cell of 

sH hydrate contains 34 water molecules that form a hexagonal lattice in which each side of 

the hexagonal face 'a' is 12.26 A and the height 'c' is 10.17 A. The sH unit cell contains 

three types of cavity: 3 small cavities (5 12 ), 2 medium cavities, and I large cavity. The 

medium cavity is irregular 12-sided (dodecahedron) having 3 square faces, 6 pentagonal 
faces and 3 hexagonal faces (4 35663). The large cavity has 12 pentagonal faces as well as 6 

hexagonal faces encircled with 2 hexagonal faces at the top and bottom of cavity (5 12 68). 

Due to the absence of single-crystal diffraction data, the radius of the small cavity was 

assumed to be 3.91 A, and the radius of the medium and large cavities were estimated to be 

4.06 and 5.71 A, respectively (Mehta and Sloan, 1994). Simple sH hydrates do not form. 

The sH hydrate can be formed from alkanes and cycloalkanes such as 2-methybutane, 2,2- 

dimethylbutane, methylcyclopentane and cycloheptane with a help gas (e. g. methane, 

hydrogen sulphide, nitrogen and carbon dioxide). 

Figure 3.2 shows different cavities presented in structure 1,11 and H hydrates. 

Table 3.1 summarises the geometric and physical properties for structure 1.11 and H hydrates 

and their cavities. 

In the statistical thermodynamic model, the hydrate phase is modelled using the ideal solid 

solution theory of van der Waals and Platteeuw (1959), as developed by Parrish and 

Prausnitz (1972). The hydrate equilibrium point can be determined by the fact that at 

equilibrium the chemical potentials of water between the hydrate phase and other coexisting 

phases are equal. 

3.3. MULTI-PHASE EQUILIBRIUM 

For a closed system consisting of n components and 7r phases at an equilibrium condition, the 
Z: ' 

chemical potential of each component in all phases must be uniform: 

Ik 7r 

lui = ... = Pi = ... = lui 
(i = 1, ..., 

where ui' is the chemical potential of component i in the phase k. 
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For an isothermal system, the chemical potential of component i in any phase, of vapour, 
liquid or solid, can be related to the fugacity as follows: 

ýlj -pi, o:::::::: RTln-f 
fi. 0 

(3.2) 

where u and f, are the chemical potential and fugacity, respectively, of species i at a alven 

temperature (7) and pressure (P). u,, o and f,, O are the chemical potential and fugacity. 
C 

respectively, of species i at an arbitrary reference state of pressure and composition. R is the 

universal gas constant. 

, uj, O and f, O are dependent, and when one is chosen the other will be fixed. The equilibrium 

criteria in terms of chernical potential can, hence, be replaced by the following equivalent 

equation in terms of fugacity, 

fi I=... 
=fik = ... = 

fi 7r 

(i = 1, ..., 11) (3.3) 

where the subscripts and superscripts designate components and their phases, respectively. 

When applying Equation 3.3 to n components, n(7z--I) equations of fugacity equality are 

obtained for a general case where all of the system species are presented in each phase. 

Mass balance for the closed system requires the following n+7c equations to be fulfilled, 

7r 

kk 
zi =IF x 1, (3.4) 

i k=l 

and 

n 

xIk (k = 1, ..., 
7r) (3.5) 

where zi is the feed composition (in mole fraction) of component i., xk is the mole fraction i 

of component i in the phase k, and Fk is the mole fraction of phase k in the system. 

The (n+ 1)7r equations in total, as given in Equations 3.3 - 3.5, are used to solve the phase 

equilibrium problem that has an equal number of unknown variables. The unknown 
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variables can be [ xi ,Fk] 
(i = 1, 

..., n and k=1, 
..., 7r) at specified (known) temperature T 

and pressure P, and this is a typical isothermal flash problem. If the unknown variables are 
[Xk k] 

i, F (k :A r) and either P or T at the condition F"'- = 0, this will be a general phase 

boundary problem. In order to solve these problems, proper thermodynamic equations are 

required for calculating the fugacity in different phases. 

Figure 3.3 shows the flowchart to calculate wax phase boundary in a multi-phase system. 

3.4. VAPOUR AND LIQUID PHASES 

The fugacities of component i in the vapour (V), liquid hydrocarbon (L2) and aqueous (LI) 

phases can be calculated using a cubic equation of state (EoS): 

fi =Xi (Pi (3.6) 

where fi, xi and (pi are the fugacity, mole fraction and fugacity coefficient of component 1. P 

is the system pressure. 

In the modelling of hydrate phase equilibrium in previous studies (Avlonitis. 1992; Tohidi, 

1995; Ostergaard, 2000), the Valderrama modification of Patel and Teja (VPT) EoS 

(Valderrama, 1990) was adopted to determine the fluid fugacity. However, in the petroleum 

industry, the Soave-Redlich-Kwong (Soave, 1972) and the Peng-Robinson (Peng and 

Robinson, 1976) EoS have been widely used for calculating vapour-liquid equilibrium of 

hydrocarbons. Therefore, in this study, the SRK and PR EoS will be used to calculate the 

fluid fugacity in the modelling of wax phase equilibrium. 

The SRK and PR EoS can be described using the following general form: 

p 
RT a 

v-b (v + (51 b)(v + (5, b) 
(3.7) 

where P, v, T and R are the pressure, molar volume, temperature and universal gas constant. 

61 and 6- are constants equal to I and 0 in the SRK EoS, and I+ V2 and I- V2 in the PR 

EoS, respectively. 
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a and b in Equation 3.7 are terms related to the molecular attraction and repulsion. They are 

given by: 

12 

a ac P, a (3.8) 

b= QbR7ý (3.9) 
Iý 

where T, and P, are the critical temperature and the critical pressure. Q, and Qb are 

constants, which are 0.42747 and 0.08664 in the SRK EoS, and 0.45724 and 0.07780 in the 

PR EoS. 

a (in Equation 3.8) expresses the temperature dependency of the attraction term; being a 

function of the reduced temperature and acentric factor. The (x function was suggested by 

Soave (1972), and later selected by Peng and Robinson (1976), is of the form: 

a= 
[I+ 

M(I _ 
r. 5)]2 (3.10) 

where T, is the reduced temperature, which equals TIT, and m is a constant for each 

compound. 

The detailed description of SRK and PR EoS will be given in Appendix-B. When using the 

EoS to mixtures, binary interaction parameters are usually needed. Binary interaction 

parameters for light constituents (such as C1, C29 C3ý C49 C5ý C02, N2) and interinediate 

compounds (i. e. C6 - C20) can be found from literature (e. g. Danesh, 1998), and they are also 

given in Appendix-B. 

3.5. SOLID PHASE - WAX 

The fugacity (fis) of component i in the solid phase of wax, at P and T, is related to pure 

solid fugacity (fi OS ) at a reference pressure (PO), based on the solid solution theory, as 

expressed in Equation 3.11. 
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fs Sf OS p vi 

i= SY ex fp -ý-dP RT 

where s, and ys are the mole fraction and activity coefficient of component i in the solid 

phase. 

fos is calculated from pure liquid fugacity at the same temperature. As some n-paraffins 

exhibit solid-solid transitions before melting, the fugacity ratio of subcooled liquid versus 

solid can be calculated using Equation 3.12: 

OL ATTjC Lý 
ln 

J, 'os 
- 

tr, i I-- +-ýI-- +I fT jCLsdT-_ýfT P. 1 dT 
f RT Ttr, i ) RT ( Tf, i RT Tf iR Tf, iT 

(3.12) 

where T. and Tfj are the solid-solid transition and fusion temperatures of component i, 
tr, I 

are the latent heats of the solid-solid and solid-liquid respectively. Jh,, i and Ah. f 

transitions. JCPLi is the heat capacity difference between liquid and solid (the heat capacity s 

differences between the two solid forms are ignored). 

jCLS = CL 
- 

cs 
P, i Pli P, i 

(3.13) 

The pure liquid fugacity of compound i (fiOL in Equation 3.12) can be calculated using a 

cubic equation of state. 

3.6. SOLID PHASE - HYDRATE 

Hydrate phase equilibrium was modelled using a statistical thermodynamic theory proposed 

by van der Waals and Platteeuw (1959). In this theory, the hydrate phase was described 

using an ideal solution. Hydrate forming molecules were viewed as adsorbed in the cavity 

sites, which was described with the Langmuir adsorption theory. The fundamental 

assumptions are: 
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1. The contribution from host molecules to the free energy is independent of the 

occupation of the cavity. This assumption also implies that encaged molecules do not 

distort the cavity. 

2. Each cavity can contain at most one guest molecule, which cannot diffuse from the 

cavity. 

3. There are no interactions of the solute molecules, i. e., the energy of each encaged t: ) 
guest molecule is independent of the number and types of other solute molecules. 

4. No quantum effects are needed; classical statistics are valid. 

The fugacity of water in the hydrate phase, f"H , is calculated by (Anderson and Prausnitz. 

1986): 

f,, H = f! exp - 
RT 

(3.14) 

where is the fugacity of water in the empty hydrate lattice. Au fi-H is the difference of 

chemical potential for water between the empty hydrate lattice (Auý and the hydrate phase 

(Ayw" ). 

3.6.1. Calculation of flfl 

The fugacity of water in the empty hydrate lattice, f! in Equation 3.14, is given by: 

exp RT 

where is the fugacity of pure water or ice 

(3.15) 

J, u represents the difference of w 

chemical potential for water between the empty hydrate lattice and pure water/ice. 

The term inside the brackets of Equation 3.15, i. e. , is calculated with: 
RT 
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Apfi-IIL, 
w 
RT 

Ap 0 

RTO 
TIAP-Lill f- 
T" RT 2 

PJvfl-Lll dT +f -dP (3.16) 
0 RT 

where JyO is the reference chemical potential difference between water in the ernpty W 

hydrate lattice and pure water in the ice phase at 273.15 K. Ah, fl-LI"' and Avý-4'" are the 

molar enthalpy difference and the molar volume difference, respectively, between an empty 

hydrate lattice and water/ice. The JuO and Jv fi-L' /I values for hydrates of different 
WW 

structure were given by Parrish and Prausnitz (1972). Dharmawardhana et al. (1980) and 

Mehta and Sloan (1994). 

, Jhfl-" "' in Equation 3.16 is given by: 
w 

T 
Jhfi-'ý Aho + 

fT'ý 
ACP, 

WdT ww 
(3.17) 

where Aho is the enthalpy difference between the empty hydrate lattice and ice at the ice W 

point and zero pressure. ACp,,,, is the heat capacity difference between the empty hydrate 

lattice and the pure liquid water. Values of AhO, can be found from the literature, while 

ACp,,,, can be calculated using an empirical correlation (Dharmawardhana et al., 1980; 

Holder et al. 1980; Mehta and Sloan, 1994) 

A fi-H 
3.6.2. Calculation of Pw 

The chemical potential difference between water in the empty hydrate lattice and the hydrate 

phase, i. e. Apfi-H in Equation 3.14, is given by (Parrish and Prausnitz, 1972): 
w 

, 
J, u 

P-H 
=RTIOln 1+ 

it' 
I Ci. fj 

mi 

(3.18) 

where 
Oin *1 S the number of type m cavity for each water molecule in the unit cell. fj is the 

fugacity of guest componentj. Cj,, is the Langmuir constant, which is calculated as: 

L7r fR 
ex -U 

(r) 
2 dr cj"I 

KT 0 KT 
(3.19) 
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where K is the Boltzmann's constant. r is the distance measured from the centre of cavity. 

U(r) is the sphencally symmetnc cell potential in the cavity. 

U(r) is dependent on the inten-nolecular potential function chosen for describing the encaged 

guest-water interaction. McKoy and Smanoglu (1963) suggested to use the Kihara potential 

model to represent the potential energy of interaction between spherically symmetric 

molecules that have impenetrable hard cores surrounded by penetrable soft electron clouds. 

The Kihara potential functions are given as follows: 

K(r) =- (r = 2#) (3.20a) 

K(r) = 4e 
12 

_ 
a-2 

ý 
6] 

(r > 2#) (3.20b) 
2# r- 2# 

where K(r) is the potential energy of interaction between two molecules. E is the depth of 

the energy well, i. e., the minimum potential energy. P is the hard-core radius. a is the 

collision diameter, the distance when K=0. 

McKoy and Sinanoglu (1963) suggested calculating the overall cell potential (U(r)) with: 

U(r) 2H 610+A611 -(U*Y 
6-1+ 

P 
65 

R"r R R, 5r R, 
El 

Ccc 

where ZH is the coordination number of hydrate cavity. R, is the cavity radius. u* is given by 

= u-2fi. The general forin for calculating 6m (M = 4,5,10, or 11) is as: 

6m r+r (3.22) 
m Rc R, Rc Rc 

3.6.3. Kihara Potential Parameters 

The Kihara potential model is used to calculate the interaction energy between spherically 

symmetric molecules. In this model, each molecule has an impenetrable (hard) core 
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surrounded by penetrable (soft) electron clouds- the intermolecular distance is taken as the 

minimum distance between the surfaces of the molecules cores. 

The Kihara potential model has three adjustable parameters, i. e. the hard-core radius (8). the 

collision diameter (u) and the depth of energy well (E), which are required for modelling 

hydrate. The value of P was found to be not a strong factor affecting the calculation of 

hydrate dissociation pressures, so in the hydrate model P was estimated using a correlation 

(Avlonitis, 1992; Tohidi, 1995). The values of u and c for different hydrate formers were 

determined using an optimisation method to match the experimental data in terms of hydrate 

dissociation pressure (Tohidi, 1995). 

The Kihara potential parameters were determined for hydrate fon-ners such as methane, 

ethane, propane, 1-butane, n-butane, carbon dioxide, hydrogen sulphide and nitrogen, which Z: ' r-) 

are commonly present in real reservoir fluids. The Kihara potential parameters were also 

determined for heavy hydrate formers such as benzene, cyclohexane and methylcyclohexane 

johidi, 1995). 

In this work, hydrate modelling will only take into account the light compounds such as C1, 

C29 C39 iC4, IIC4, C02 and N2, as they are the major compounds forming hydrate in real 

reservoir fluids. 

3.7. SOLID PHASE - ICE 

Ice is considered as a sub-cooled liquid. The following formula is used for calculating the 

fugacity of water in ice phase: 

sat x IRT)X(P-P, sat (3.23) ((p')P,,, x expl(Vi, 
e ce 

)l 
f1t, 

re ice 

where is the fugacity of water in the ice phase. Pi, 'e'l and P are the ice vapour pressure ce 

and the system pressure, respectively. vi, is the ice molar volume. 
((Pv,, )p., 

ý, -, is the water 

sat 
fugacity coefficient in the vapour phase at the ice vapour pressure P,,, . Both v. and Pj"' ice re 

can be calculated using empirical correlations (Tohidi, 1995). 
1 
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3.8. SUMMARY 

This chapter has detailed the thermodynamic basis for multi-phase equilibrium. For a closed 

isothen-nal system, modelling of multi-phase equilibrium is based on the uniformity of 

fugacity for each component throughout all phases. 

The fugacity in each fluid phase was calculated using an equation of state. The VPT EoS 

was used for modelling the hydrate phase equilibrium, and the SRKiPR EoS was 

independently used for calculating the wax phase equilibrium. 

The fugacity of each compound in the wax solid phase was related to the pure solid fugacity, Z: ) 
based on the non-ideal solid solution theory. The pure solid fugacity was calculated from the 1 4: 1 

fugacity of pure sub-cooled liquid, where fusion properties and heat capacities were required. 

The solid-solid transition was also formulated into the thermodynamic equation in order to 

properly represent the actual melting process of wax. In the non-ideal solid solution theory, 

the activity coefficient was required, which will be discussed and estimated in Chapter-4. 

The hydrate phase was described using the ideal solid solution theory, in which the activity 

coefficient equals unity. The Kihara potential was used for expressing the guest-water 

molecular interaction. The required Kihara potential parameters were determined in previous 

studies (Avlonitis, 1992; Tohidi, 1995). 

Ice was regarded as a sub-cooled liquid, and the fugacity of water in ice phase was calculated 

by correcting the saturation fugacity of water at the same temperature with an exponential 

factor (the Poynting correction). 
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3.9. TABLES 

Table 3.1. Geometric and physical properties for cavities of structure 1.11 and H hydrates 

Structure 1 11 H 

Crystal type Cubic Cubic Hexagonal 

Lattice parameter, A a=12 a= 17.3 a= 12.26, c= 10.17 

Water molecules/unit cell 46 136 34 

Cavity 12 5 12 2 56 - 51-2 12 4 56 12 5 63 4-15 6 12 8 56 

Number of cavities/unit cell 2 6 16 8 3 2 1 

Average cavity radius, A 3.95 4.33 3.91 4.73 3.91 4.06 5.71 

Coordination number 20 24 20 28 20 20 36 
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3.10. FIGURES 

(a 

(c) 

(h' 

(d) 

Figure 3.1. Schematic representation of crystal packing modes in terms of carbon chain 

(the line in figure) arrangement (Craig et al., 1998): (a) ideal packing without disorder, (b) 

inter-chain mixing, (c) end-chain twi sting/fol ding, and (d) combined carbon chain mixing 

and twisting/folding. 

5 12 5 12 625 12 64 

, 
)- ... f.. ---" 

4356635 12 68 

Fiaure 3.2. Five types of cavities in structure 1.11 and H hydrates 
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Figure 3.3. Flowchart for calculating wax phase boundary in a multi-phase system. tn 
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CHAPTER-4 

DEVELOPMENT OF WAX THERMODYNAMIC MODEL 

4.1. INTRODUCTION 

In this chapter, the existing wax then-nodynamic models will be reviewed, focusing on their 

main features in terms of description of fluid and solid phases, the tuning and validation 

method. Limitations of the existing wax models will be discussed. Then, the development of 

a new wax model will be given by several modifications. 

Correlations for calculating thermo-physical properties will be based on the experimental 

data of pure compounds. Comparing with the existing models, the new wax model will 

consider using a modified EoS to calculate the fugacity in fluid phases, and a non-ideal solid 

solution to model the solid phase. In order to improve the calculation of fugacity in the 

liquid and solid phases, the new wax model will be tuned using experimental WDT data of 

different synthetic binaries with known compositions. The model capability will be extended 

to high-pressure conditions in this chapter. The extension of the new wax model for real 

reservoir fluids will be detailed in Chapter-5, and the model validation will be given in 

Chapter-6. 

4.2. REVIEW OF EXISTING WAX MODELS AND PROPOSAL OF A NEW WAX 

MODEL 

4.2.1 Review of Existing Wax Thermodynamic Models 

Several predictive thermodynamic models for wax have been presented in the literature. 

Some of the more popular models are detailed below: 
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Won (1986,1989). 

In 1986, Won presented early efforts to use a thermodynamic model for predicting wax phase 
boundaries (Won, 1986). The Soave-Redlich-Kwong (SRK) equation of state (EoS) was 
used for vapour-liquid equilibrium (VLE) calculations. A modified regular solution 
approach was employed for solid-liquid equilibrium (SLE) calculations, where activity 
coefficients were calculated using solubility parameters of individual components. Critical 

temperature, critical pressure and acentric factor were estimated using correlations suggested 
by Spencer and Daubert (1973), Lydersen (1955), and Lee-Kesler (1975). The fusion 

temperature and heat of fusion were correlated to molecular weight using experimental data 

predominantly for pure n-paraffins with odd carbon numbers. 

In 1989, Won modified the model by combining the modified regular solution with the 

equation of Flory-Huggins (Hory, 1941,1942; Huggins, 1941,1942) for calculating activity 

coefficients in the liquid phase (Won, 1989). 

The wax model proposed by Won was validated against cloud point temperatures measured 
for synthetic fuels, diesel fuels, and North Sea gas condensates. Many other researchers 

adopted the model suggested by Won (1986,1989), sometimes without any modification, 

when developing their own model. 

However, there are several major shortcomings in Won's model, which can limit its 

capability and reliability for predicting wax phase boundaries. Firstly, two different methods 

are applied to the liquid phase for VLE and SLE; an EoS is used for VLE, while an activity 

coefficient model is applied to SLE. This leads to inconsistency in the description of liquid 

phase, and very often results in convergence issues. A further problem is that the modified 

regular solution approach used for describing wax solids, does not differ greatly from the 

ideal solid solution approach, due to the similarity of the solubility parameters for 17- 

paraffins. Both these approaches lead to overestimation of wax phase boundary 

temperatures. In addition, the model cannot provide reliable predictions of wax phase 

boundaries at high-pressure conditions, as the effect of pressure on wax equilibria is ignored. 

Finally the model is based on WAT data, which, as discussed, are not reliable for tuning 

and/or validating a model. 

-45- 



Chapter 4: Development of Wax Thennodynamic Model 
Hansen et al (1988). 

In 1988, Hansen et al. presented a wax model that used the SRK EoS for VLE calculations, 
with the ideal solid solution approach applied to the solid phase, and a polymer solution 
approach applied to the liquid phase for SLE. As parameters required in the polymer 

solution approach were determined by fitting to the measured cloud point temperatures 
(WAT) for 13 North Sea crude oils, it was not surprising that predicted WATs were in good 

agreement with measured WAT data for the same North Sea crude oils. 

The model proposed by Hansen et al. (1988) has similar limitations to that of Won (1986, 

1989). Furthermore, the polymer solution approach used by authors leads to activity 

coefficients in the liquid phase of the order of 10-10, which does not correspond with reality 
(Pedersen et al., 1991b; Pedersen, 1995). 

Pedersen et al (1991,1995). 

In 1991, Pedersen et al. (1991b) presented a wax model based on modifications to the 

approach of Won (1986). A modified regular solution approach was applied to both the 

liquid and solid phases. Fusion properties and heat capacities for pure compounds were 

tuned to fit measured wax precipitation data for the North Sea oils. The model was validated 

using experimental WAT data for the North Sea oils. 

In 1995, Pedersen further modified this model, employing a cubic equation of state for 

consistency in description of the liquid phase for VLE and SLE calculations. The ideal solid 

solution approach was applied to the solid phase. Fusion properties were calculated using 

correlations suggested by Won (1986). 

The main problem with the model of Pedersen et al. (1991b) is that it uses unreliable values 

for fusion properties and heat capacity. The approaches used to describe wax solids in the 

models proposed in 1991 and 1995 (i. e. the approaches of regular solid solution and ideal 

solid solution), may lead to an overestimation of wax phase boundary temperatures. Again, 

the models are flawed in that they are based upon non-equilibrium WAT data. 

Erickson et al (1993). 
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The model proposed by Erickson et al. in 1993 was also a modification of that of Won 

(1986). The ideal solution approach was applied to SLE calculations. Heat of fusion for 

pure compounds was tuned against experimental SLE data for binary mixtures. The 

proposed model was validated against experimental WAT data for crude oil and condensate 

samples. The model proposed by Erickson et al. (1993) has similar limitations to that of 
Won (1986). 

LiraGaleana et al (1996). 

LiraGaleana et al. (1996) presented a wax thermodynamic model in which a multi-pure-soild 

approach was used for description of wax solids. This approach assumed wax solids 

consisting of multiple solid phases, and each solid phase was a pure compound. The PR EoS 

was used for calculating fugacity in the liquid and vapour phases. Critical properties and the 

acentric factors were estimated using correlations suggested by Cavett (1964). The model 

was validated using experimental SLE data for binaries, and measured cloud point 

temperatures (WAT) for the North Sea crude oils. 

Studies on crystal structure in recent years reveal that the miscibility of n-paraffins in a solid 

state depends strongly on differences in molecular sizes (i. e. carbon number). An n-paraffin 

mixture with a significant carbon number difference (e. g. nC3o-nC40) appears to form pure 

solids (Dorset et al., 1997), whereas an n-paraffin mixture with a consecutive carbon number 

distribution forms a single solid solution (Dirand et al., 1998). Thus assumptions of the 

multi-pure-solid approach are not consistent with real wax crystal behaviour. Therefore, the 

reliability of the model proposed by LiraGaleana et al. (1996) is of question for systems 

consisting of compounds with similar molecular sizes. 

Coutinho et A (1995,1996,1998) 

In 1995 and 1996, Coutinho et al. evaluated several approaches for calculating activity 

coefficients in SLE, including the Flory-Huggins, Universal Functional Group Activity 

Coefficient (UNIFAC), Flory free-volume, and entropic free-volume (Coutinho et al., 1995, 

1996). In 1998, Coutinho presented a wax thermodynamic model which used a combined 

LINIFAC and Flory free-volume approach to describe the liquid phase, with the universal 

quasi-chemical (UNIQUAC) equation being used to describe wax solids. In this UNIQUAC 
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approach, the characteristic energy, Jeij , for calculating the adjustable binary parameter. rij I 
with Equation 4.14, is expressed using ;,, j and ;.,, as below: 

Aeij z 
2q, (4.1) 

where qj is the external surface area parameter of pure compounds. ; ýjj is calculated using In 
enthalpy of sublimation for component i as follows: 

Ali 2 (Asubt, 
i- RT) 

z 
(4.2) 

where z is the coordination number (set to 6 by the authors). is given by A as below. 

where k designates the smaller n-paraffin of the pair ij : 

ii = ýkk (4.3) 

Using the above correlations, when k is i, Jejj is zero, and Jejj has a nonzero value. The 

model proposed by Coutinho (1998) was validated using experimental data for the amount 

and composition of wax precipitated for mixtures. 

In 2000, Pauly et a]. further modified the model of Coutinho (1998) by using SRK EoS-G E 

for the description of liquid and vapour phases. GE was obtained using a modified UNIFAC 

equation. Critical properties were estimated using correlations proposed by Twu (1984). 

The Poynting correction ten-n was used to extend the model to high-pressure conditions. 
Partial molar volumes required for calculating the Poynting correction were estimated in 

accordance with crystallographic studies of n-paraffin solids. The model was validated using 

experimental WDT data for n-paraffin mixtures. 

Hydrocarbon solids present a positive deviation from the ideal solid solution, as shown later 

in Chapter-6. This positive deviation can be described using the UNIQUAC equation. The 

accuracy of this equation depends on parameters defined for the equation. Coutinho used 

thermodynamic properties to calculate binary parameters. Examining the model proposed by 

Coutinho (1998) (as will be presented in Chapter-6) shows that Coutinho's UNIQUAC 

approach lacks reliability for mixtures containing molecules of similar sizes. 

-48- 



Chapter 4: Development of Wax Thermodynamic Model 

4.2.2. New Wax Model Proposal 

Considering the limitations and lack of reliability of the existing wax models reviewed 

above, a new wax model will be developed in this study. The new wax model will consider 

ensuring consistency in description of the liquid phase for VLE and SLE calculations, by 

using a cubic equation of state for calculating fugacity in all hydrocarbon fluid phases. SRK 

and PR EoS are widely used for calculating fugacities in vapour-liquid hydrocarbon systems, 

therefore, they will be used for the description of fluid phases in the new wax model. 

The new wax model will be developed using a systematic approach (JI et al., 2004). First, 

we will develop correlations for calculating then-no-physical properties, such as the 

temperatures and latent heats of fusion, for pure substances. Then, the SRK and PR EoS will 

be modified in order to improve the calculation of fugacity for heavy hydrocarbons. New 

correlations will be suggested to calculate coefficients of temperature dependency functions 

for the attraction term of the EoS. Following this, a new approach based on the UNIQUAC 

equation will be developed for describing wax solids. The tuning of EoS and UNIQUAC 

equation will be conducted by matching the calculated SLE points to experimental WDT 

data, using specially designed binary mixtures. Finally, a method will be proposed for 

extension of the developed wax model to high-pressure conditions based on pure compound 

fusion properties. 

4.3. FUSION PROPERTIES AND HEAT CAPACITY 

As shown in Equations 3.12 and 3.13, fusion properties and heat capacity are required for 

calculating the fugacity of solids. Their accuracy is vital for developing a reliable wax 

model. Experimental data show that fusion properties and heat capacities of n-paraffins are 

dependent not only on the carbon chain length, but also on whether carbon numbers are odd 

or even. This has been considered in the new model when developing correlations for fusion 

properties and heat capacity. 

In the new model, properties for both solid-solid (T, and JH,, ) and solid-liquid (Tf and 

JHf ) transitions (at 0.1 MPa) have been regressed into correlations using available 

experimental data for pure ii-paraffins UP to C70 (Broadhurst, 1962; Schaerer et al., 1955). A 
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third order polynomial function has been developed to represent transition temperature as a 
function of carbon number, acknowledging the difference between odd and even carbon 

numbers. Latent heats for transitions have been correlated with the product of molecular 

weight and fusion temperature using a linear function. 

Several correlations have been developed to calculate heat capacity for solid n-paraffins of 

odd or even carbon numbers (as a function of temperature and carbon number) using 

available experimental data (Huffman et al., 1931; Jin et al.. 1991; van Miltenburg et al., 
1999). A single correlation as a function of temperature and carbon number has been 

developed in this study for calculating the heat capacity of liquid n-paraffins. Correlations 

for both fusion properties and heat capacity are detailed in the Appendix-C. 

4.4. MODIFICATION OF SRK AND PR EOS FOR HEAVY HYDROCARBONS 

The SRK and PR EoS, as described using the general form of Equation 3.7, have two 

parameters, a and b, which are related to the molecular attraction and repulsion. The 

attraction term a is calculated by Equation 3.8, using critical temperature (T,. ) critical 

pressure (P,. ) and (x. Clearly, the accuracy of T, P,, and (x values affects the calculated 

attraction term a, which further impacts the precision of calculated fugacity with EoS. 

(ý is a function of reduced temperature (T, = TIT, ) and acentric factor (w). The accuracy of (X 

function is dependent on the ranges of T, and co with which the correlation is developed. 

When using EoS far beyond correlation o) and TIT, ranges, the EoS reliability can be 

radically reduced. 

Traditionally, the a function was developed by matching vapour pressures of pure 

substances. In the original SRK and PR EoS, oc was related to T, and (o using Equation 3.10 

(as given in Chapter-3 and reproduced below) in conjunction with Equations 4.4 and 4.5. 

based on vapour pressure data for hydrocarbons up to CIO (with an acentric factor of 0.492). 

The temperatures from normal boiling points to critical points (i. e. TIT, range of 

approximately 0.6-1.0) were considered in the PR EoS (Peng and Robinson, 1976). whereas 

data at T,. = 0.7 were used in the original SRK (Soave, 1972). 
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2 
+ M(l - TO., )] 

0.480 + 1.574o) - 0.1 76o) 

0.37464 +1.54226co - 0.26992o) 

(for SRK and PR) (3.10) 

(for SRK) (4.4) 

(for PR) (4.5) 

In order to improve the SRK and PR EoS for representation of heavy substances, many 

researchers attempted to modify the EoS by introducing new generalised correlations for a 

and/or m when heavier compounds and lower temperatures were taken into account. For 

instance, Soave (1993) and Twu et al. (1995a) suggested the modified a functions for SRK 

EoS, while Robinson and Peng (1978), Twu et al. (1995b) and Gasem et al. (2001) proposed 

the modified cc functions for PR EoS. These modifications were also based on vapour 

pressures of pure compounds. C20 (acentric factor of approximately 0.91) and C28 (acentric 

factor of approximately 1.16) were probably the heaviest compounds taken into account for 

the modified SRK and PR EoS (Twu et al, 1995a; Gasem et al., 2001), respectively, while 

the lowest TIT, for compounds heavier than C20 was approximately 0.57 in the modified PR 

EoS (Gasem et al., 2001). 

The wax phase equilibrium is determined mainly by hydrocarbons between C20 to C60 (as 

will be detailed in Chapter-5). The temperature at which wax precipitates is generally low. 

Assuming a maximum and minimum reservoir and pipeline temperatures of 473 K to 273 K, 

the TIT, of interest is between 0.28 to 0.6. This demonstrates the importance of reliable (X 

function for heavy hydrocarbons at low temperatures. However, due to difficulties in vapour 

pressure measurements, it appears difficult to consider the interested acentric factor and TIT, 

ranges when using experimental data for pure compounds to develop the a function. 

Therefore, in this work, we will use VLE and SLE experimental data of binary systems to 

optimise the a values for heavy hydrocarbons in order to improve the wax model. The 

binary systems used contain hydrocarbons UP to C36, with low TIT, values for heavy 

components. 

4.4.1. Approach 

The following approach was employed to develop the m correlation for modifying the cc 

function of the SRK and PR EoS: 
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(1). The (X form of Equation 3.10 was adopted in this work, due to its significant success 

and flexibility. The temperature dependency coefficients (i. e., in in the U. function) for 

compounds heavier thanC20were optimised to match experimental VLE and SLE data for 

binaries. At this stage of optimisation, binary interaction parameters were set to zero. 

The objective function used for the optimisation was as follows: 

1 n, Pb, 
exp - 

Pb, 
cal 

n2 

F=- E 
WDTexp- WD T�� 

(4.6) 
nl+ii� Pb, 

exp WDTxp 

where Pb is the bubble point pressure, and WDT is the wax disappearance temperature for 

the binaries. The subscript "exp" designates experimental data, and "cal" designates 

calculated data. n, and n2 are number of Pb and WDT data points, respectively. 

(2). The optimised m values for heavy paraffins (G>C20) were plotted against acentric 
factors estimated using the correlations suggested by Lee-Kesler (1975). As the original 

SRK and PR EoS have been successfully applied to light hydrocarbons, the original a and ni 

functions (Equations 3.10 and 4.4 or 4.5) were considered to be valid for paraffins lighter 

than C20. The m values for light paraffins (C,, <C2o) were calculated using the original EoS 

parameters, and plotted against acentric factor. Finally, m values for heavy and light 

compounds were correlated with acentric factor (as presented later). Hydrocarbons UP to Cý6 

have been taken into account when developing the proposed m versus w correlations for the 

modified EoS. 

(3). Binary interaction parameters are generally required to match experimental 

equilibrium data for binary systems consisting of light and heavy compounds due to 

significant molecular size differences. Binary interaction parameters determined for binary 

systems are generally applied directly to multi-component systems. In this work, binary 

interaction parameters for pairs of compounds were determined through minimisation of the 

differences between calculated and experimental SLE data for binary systems. When 

optimising binary interaction parameters, the m correlations developed in this work were 

used for calculating the EoS parameters. t: ' 
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Table 4.1 gives the binary systems used in this work for developing the new in vs (o 
correlations. 

4.4.2. Proposed New m vs to Correlations 

When optimising the m value, critical temperature (T, ) and pressure (P, ) data are required. 
Reliable experimental data for these properties are available for n-paraffins up to Co. It Is 
difficult and can be inaccurate to measure directly the critical properties for heavy 

hydrocarbons (C, >C20) due to thermal decomposition at high temperatures. It is customary 
to estimate the T,. and P, - for long chain paraffins using empirical correlations. Figures 4.1 

and 4.2 compare T, and P,. estimated using the correlations suggested by Ambrose (1978, 

1979 and 1980), Twu (1984), Teja et al. (1990), Constantinou et al. (1994) and Riazi et al. 
(1995). Considerable differences in the estimated values for different correlations are 

observed. The experimental T, and P, data for several heavy hydrocarbons (Nikitin et al., 
1997) are also shown in Figures 4.1 and 4.2, respectively. 

Initially, the m values for C22, C24, C32 and C36 were optimised using the T, and P, values 

estimated by each set of empirical correlations. Optimised 7n values were then plotted 

against the acentric factor (co), as shown in Figures 4.3 and 4.4, using the SRK and PR EoS, 

respectively. It is clear that the critical property estimation can have a significant effect on 

optimised m values. 

The m values Of CI-C20 calculated by the original EoS function (Equations 4.4 and 4.5) are 

also plotted against their acentric factors (o)) in Figures 4.3 and 4.4. Clearly m values of all 

compounds investigated must be consistent with respect to their acentric factors. The 

optimised m values for heavy compounds using the empirical correlations suggested by 

Ambrose (1978,1979 and 1980) and Teja et al. (1990) did not follow the expected trend of 

CI-C20, thus these correlations were deemed not suitable for a reliable application. 

As shown in Figure 4.3, the correlations suggested by Riazi et al. (1995) lead to consistent m 

vs co, and were therefore selected to calculate the T, and P, values when using the SRK EoS. 

The m values, optimised for compounds heavier than C20 and calculated for CI-C20, were 

correlated with the acentric factor (co), as given by: 

in = 0.4806 + 1.7137(t) - 0.9207 (t) 2 +0.9620(03 - 0.2595(o" (for SRK EoS)(4.7) 
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As shown in Figure 4.4, the correlations suggested by Twu (1984), which similarly gave 
consistent values, were selected to estimate T,. and P, when using the PR EoS. The in values 

of paraffins from C, UP to C36 have been correlated to the acentric factor (a)), and the 

proposed form is presented as: 

0) 
24 

m=0.3748 + 1.5932o) - 0.5706 
_+0.3968co' - 0.092(o (for PR EoS) (4.8) 

The m correlations (i. e. Equations 4.7 and 4.8) developed in this work are expressed as fourth 

order polynomial functions and span a wider range of o) than the original second order 

polynomial functions (i. e. Equations 4.4 and 4.5) based on compounds up to Clo (Soave, 

1972; Peng and Robinson, 1976). 

The data used in the development of the above two correlations covered a range of acentric 
factor up to 1.37 (i. e., C36). However, the correlations show a consistent trend up to an 

acentric value of 1.83 (i. e., C60)- 

The TIT, Of C22ý C249 C32 and C36 were calculated using the binary equilibrium (VLE and 

SLE) temperature and the component critical temperature, as listed in Table 4.2. For 

hydrocarbons heavier than C20, the lowest TIT, used for developing the EoS parameters in 

this work was approximately 0.32-0.37, compared to the value of approximately 0.57 

reported in the previous modifications (Gasern. et al., 2001). 

4.4.3. Optimised Binary Interaction Parameters (BIPs) 

In the optimisation of m values, the binary interaction parameters were initially set to zero. 

They were then optimised for matching to the experimental SLE data for light-heavy 

hydrocarbon binaries. Since binary interaction parameters are generally considered as fitting 

parameters for hydrocarbon systems, but not rigorous physical terms, their values may 

depend on the EoS being used. 

Figure 4.5 shows the binary interaction parameters optimised using the SLE binaries (as 
Z: ' 

listed in Table 4.1) and the modified SRK EoS presented in this work. T, and P, were 

calculated with the correlations suggested by Riazi et al. (1995), as discussed above. The t: ' 
binary interaction parameters for different binaries are almost constant and independent of 

the combination (pairing) of compounds, and their value is approximately -0.02 for all the Z: ) 
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binaries investigated. A similar result was observed for the PR EoS with an average binary 

interact-ion parameter value of -0.024, as shown in Figure 4.6. 

4.4.4. Comparison of Several (x Functions 

The temperature dependency multiplier, (x, of the SRK EoS was calculated according to the 

suggestions of Soave (1972), Soave (1993), Twu et a]. (1995a) and this work. The (X values 

at T, =TIT,. of 0.3,0.5,0.7 and 0.9 were plotted against acentric factor ((0). As shown in 
Figure 4.7, for hydrocarbons heavier than C20 (i. e., co > 0.91), the cc values obtained by the 

different approaches are in good agreement at T, = 0.9. Indeed the deviation should vanish 

totally at the critical point where T, =I and (Y=1. The deviation between this work and those 

reported in the literature increases with a decrease in TIT, At the interested TIT, of 

approximatley 0.28 to 0.6, the (Y values based on this work show siginificant differences 

comparing with those reported in the literature for the SRK EoS. 

Similarly, the temperature dependency parameters (i. e. (x values) of the PR EoS have been 

calculated using the functions proposed by Peng and Robinson (1976), Robinson and Peng 

(1978), Twu et a]. (1995b), Gasem et al. (2001) and this work. The calculated (x values were 

plotted against the acentric factor, as presented in Figure 4.8. The observation is similar to 

that of SRK, albeit, the difference between the proposed correlation and those of previously 

modified correlation is relatively small. 

4.5 DESCRIPTION OF WAX SOLIDS 

The UNIQUAC equation with parameters determined in this work is used for describing wax 

solids, i. e., for calculating activity coefficients in the solid phase. The general UNIQUAC 

equation in terms of molar excess Gibbs energy is given as: 

gE nZnnn 
I si ln +-yqjsj llqisiln JýjTjj (4.9) 

RT i=i si 2 i=i Oi i=l j=l 

with 

n 

lisi 
(4.10) 

Ir s ., ii j=l 
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q, s, 

q, s, 
j=l 

(4.11) 

where gE is the molar excess Gibbs energy. ý. and q, are molecular structure parameters of 

pure compounds, which depend on molecular sizes and external surface areas. z is the 

coordination number (6:! ý z: 5 12). 

The coordination number, z, is set to 10 here, according to the value suggested by Abrams 

and Prausnitz (1975). Based on the n-paraffin structure parameters provided in the literature 

(Abrams and Prausnitz, 1975; Prausnitz, 1986), the following correlations have been 

developed for calculating ý. and qj. 

ý=0.675C,,, + 0.4483 (4.12) 

0.540CO +0.6200 (4.13) 

where C is the carbon number for compound i. nj 

As shown in Equation 4.9, for each pair of compounds, there are two adjustable parameters, 

Tij and rji. These are given in terms of characteristic energies Jeij and Jeji - The general 

formulation for calculating T is: 

Tij = exp 
Aeij 

RT 
(4.14) 

The characteristic energy, Jejj, is correlated with 'jCn. ii I the difference in carbon numbers 

for a pair of compound i and j: 

Aeij = allNIQUAC x ACn, 
ij (4.15) 

where allNIQUAC is a constant determined as 11 cal-mol in this work using the experimental 

WDT data generated in this laboratory for C16-CI89 C16-C2o and C15-C19 binaries. 

It is also assumed that: 

Je� = AeiJ (4.16) 
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4.6 MODELLING HIGH PRESSURE CONDITIONS 

The exponential term in Equation 3.11. referred as the Poynting correction term, takes into Cý 
account the effect of the difference between the operating pressure (P) and the reference 

pressure ( PO ). In this work, the reference pressure is set to be the operating pressure, where 

the Poynting correcting term becomes unity. To calculate the pure solid fugacity at the C 
reference pressure ( fos ), fusion properties of pure compounds have to be those at the 

operating pressure conditions (i. e., the reference pressure in this work). 

Based on experimental measurements for pure n-paraffins (Floter et al., 1997; Wurflincrer et In 
al., 2000), the following generalized correlation is proposed for calculating fusion L- 

temperatures at increased pressure conditions. 

Tj- 
(P) = Tf 

(P=O. Imp, ) 
+ 0.2 x (P - 0.1) (4.17) 

where Tf 
(P=O. Imp") and Tf 

(P) are the fusion temperatures (in K) of pure compounds at 0.1 MPa 

and the operating pressure (P)in MPa, respecti vel y. 

4.7 CONCLUSIONS 

In this chapter, a new wax model has been developed using data on pure and binaries of n- 

paraffins. The model can be used for calculating the wax phase equilibrium for systems with 

known compositions. The accuracy of calculated WDTs at different pressures, amounts and 

compositions of wax precipitated at different temperatures and pressures will be validated 

using independent experimental data in Chapter-6. z7D 

Comparing with the existing models, the new wax model has the following improvements: 

(1). The EoS was invariably used for calculating the liquid fugacity in both VLE and 

SLE, showing the thermodynamic consistency. 

The experimental VvIDT data for systems with known compositions were used for the 

model tuning, which improved its reliability. 
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The parameters of the model were determined using a systematic approach. as 
follows: 

9 The acknowledgement of the differences in behaviour of odd and even carbon 

number improved the accuracy of calculated thermo-physical properties of pure 

compounds, consequently improving the calculated fugacity of pure solids. 

9 The (x functions of SRK and PR EoS were modified by taking into account data on 

heavy hydrocarbons at low temperatures, which improved the calculated fugacity for 

wax-forming compounds in the liquid phase. 

*A constant binary interaction parameter was established for intermediate (C5-C20) and 

heavy (Cn>C20) compounds when using the modified SRK and PR EoS. 

9A new approach based on the UNIQUAC equation was developed for calculating the 

activity coefficient in the solid phase. The activity coefficient representing the non- 

ideality of a solution was correlated with the carbon number difference, which was in 

agreement with the nature of wax mixtures, hence improved the calculated solid 

fugacity. 

e The pressure effect on the solid fugacity was considered, which improved the model 

capability for calculating wax phase equilibrium at high pressures. 
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4.8 TABLES 

Table 4.1. The VLE and SLE binary systems containing heavy ii-paraffins. (Data source: 
Seyer, 1938; Dermni et al., 1976; Madsen et al., 1976; Madsen, 1979; Peters et al.. 1987. 

1988,1989; Kniaz, 1991; Roberts et al., 1994; Aalto et al., 1996). 

Light 

comp. 
VLE 
/SLE x (heavy comp. ) T/K P/MPa 

Data 

points 
Binaries consisting of C, _ 

C2 VLE 0.21 -0.95 350 0.3-8.2 7 
C6 SLE 0.0889 - 0.9861 291.3 - 316.9 0.1 14 

Binaries consisting of G 
C2 VLE 0.0328 - 0.8803 300.9 - 368.7 0.4-13.6 104 
C6 SLE 0.0140 - 0.1240 279.7 - 299.8 0.1 6 
C7 SLE 0.0147 - 0.5414 283.3 - 317.1 0.1 21 

Binaries consisting of C*7,5z 

C5 SLE 0.0031 - 0.0346 284.6 - 301.9 0.1 9 
C7 SLE 0.0048 - 0.1138 287.3 -312 0.1 14 

C8 SLE 0.0036 - 0.0815 285.9 - 309.8 0.1 19 

CIO SLE 0.0039 - 0.0493 287.4 - 306.3 0.1 19 

Binaries consisting of C-A, 
C3 VLE 0.019 373.7 - 374.7 4.5-4.6 12 
C5 SLE 0.0013 - 0.0073 288.8 - 300.2 0.1 12 
C6 SLE 0.0037 - 0.8954 299.4 - 341.5 0.1 14 
C7 SLE 0.0014 - 0.1999 289.3 - 326.8 0.1 15 
C8 SLE 0.0026 - 0.6800 292.0 - 338.4 0.1 21 

CIO SLE 0.0061 - 0.8566 299.6 - 340.6 0.1 13 
C12 SLE 0.0039 - 0.8280 296.5 - 340.8 0.1 20 

Binaries consisting Of C 36 

C3 VLE 0.0009 - 0.0192 353.1 - 372.6 3.2-4.4 20 
C5 SLE 0.0001 - 0.0024 284.7 -304 0.1 17 
C6 SLE 0.0001 - 0.0032 284.5 - 305.4 0.1 16 
C7 SLE 0.0001 - 0.5997 284.5 - 344.4 0.1 52 

C8 SLE 0.0001 - 0.0024 283.8 - 303.2 0.1 19 

CIO SLE 0.0001 - 0.0027 285.7 - 304.2 0.1 20 
Cl 

2 SLE 0.0001 - 0.0033 285.9 - 306.3 0.1 21 

Note: cornp.: component-, -v: mole fraction, *: data used for optimisation of binary interaction 

parameters, but not used in the development of the m correlation. 
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Table 4.2. Heavy compound TIT, ranges used for developing the EoS parameter in this 

work. 

Compound TITC 
C22 0.37-0.44 
C24 0.35-0.46 
C32 0.34-0.44 
C36 0.32-0.42 
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CHAPTER-5 

MODELLING OF WAX IN REAL RESERVOIR FLUIDS 

5.1. INTRODUCTION 

The model formulated in Chapters 3 and 4 can be used to predict wax phase equilibrium for 

n-paraffin systems with known compositions. A real reservoir fluid contains n-paraffins as 

well as large amounts of non-normal paraffins, which may affect the wax phase equilibrium. 

Furthermore, for a real reservoir fluid, compositional data based on laboratory analysis are 

usually limited. Hence, for modelling the wax phase equilibrium in real reservoir fluids, the 

model needs to be extended by adding the non-n-paraffin hydrocarbons and a proper 

approach for estimating the required compositional data. 

It is very difficult to experimentally detect which hydrocarbon initiates wax forination in a 

real reservoir fluid. The question can only be speculated by examining the content of wax 

deposits, and the wax phase boundaries formed with various proportions of different 

hydrocarbons. 

In this chapter, I will briefly introduce different hydrocarbon types present in real reservoir 

fluids, and then evaluate their possible roles in wax formation. Accordingly, a method will 

be proposed to extend the wax model developed in the previous chapters to real reservoir 

fluids using commonly available experimental composition data. 
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5.2. CLASSIFICATION OF IfYDROCABONS AND THEIR ROLES IN' WAX 

FORMATION 

5.2.1. Classification of Hydrocarbons for Reservoir Fluids 

Hydrocarbons in reservoir fluids can be classified as Paraffins (including n-paraffins and iso- 4D 

paraffins), Naphthenes and Aromatics, which are abbreviated as PNA. The physical and 

thermo-physical properties of a hydrocarbon are strongly dependent on its PNA class and its 

carbon number. Variation of properties against carbon number within a hydrocarbon class is 

often predictable. For instance, boiling point temperature increases with the increase in 

carbon number for hydrocarbons in the same class. The properties of hydrocarbons having 

the same carbon number but in different classes can differ significantly. For a given carbon 

number, iso-paraffins have the lowest boiling point temperatures, followed by n-paraffins, 

naphthenes and aromatics. The density of hydrocarbons follows the same trend, which can 

be used for differentiating the different hydrocarbon types with numerical correlations. 

Melting point temperature, an important parameter for determining wax phase boundary, is 

strongly affected by hydrocarbon classes. In general, n-paraffins have much higher melting 

point temperatures compared to the other hydrocarbon classes with the same or even higher 

carbon number (as shown in Table 5.1), since the molecular geometry of n-paraffins allows 

them to pack together easily forming crystalline structures. The different melting point 

temperatures can affect the potentials of different hydrocarbon types to form wax. 

5.2.2. Composition of Wax Formed in Real Reservoir Fluids 

Wax deposits contain largely paraffins with small amounts of naphthenes and aromatics, as 

revealed by the early studies (Buchler et al., 1927; Bennett et al., 1944; Schanen, 1945, 

Fontana, 1946; Home et al., 1946; Nelson et al., 1949; Clarke, 1951, Shock et al. 1955). 

More detailed wax compositions were given in recent years by analysing wax sample with 

advanced experimental techniques such as gas chromatography (GC). 

It is clear that wax contains predominantly hydrocarbons heavier than C20. For example, 

based on the GC analysis, the wax deposited in a production tubing was found containing 

hydrocarbons with carbon number between C18 to C66, and C738 was at the peak concentration, 

while the wax deposited in a pipeline was of carbon number between C18 to C60, and C30 was 
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at the peak concentration (Newberry et al., 1986). The wax collected from a pig receiver 
showed that hydrocarbons in the range Of C30 - C60 were the major compounds (Labes- 

Carrier et al., 2002). 

It is shown that n-paraffins, iso-paraffins and naphthenes all can take part in wax formation. 
The predominant hydrocarbon types of wax may be n-paraffins or non-n-paraffins such as 
iso-paraffins, depending on the real reservoir fluid. For instance, n-paraffins were reported 
as the principal constituents of wax for the oil studied by Srivastava et al. (1993). while iso- 
paraffins were found as the most abundant fraction of wax for the North Sea crude oil studied 
by Pedersen et al. (1991a). Moreover, as shown by the latter researchers, n-paraffins and 

naphthenes also contributed considerably to the wax deposit, but little amount of aromatics 

was found in the wax. 

The composition of wax is also dependent on the temperature at which the wax sample is 

collected. For a given crude oil, the wax deposited and collected at different temperatures 

can show significantly different n-paraffin fractions. In general, lower temperatures can lead 

to smaller n-paraffin fractions and higher proportions of non-n-paraffins, based on the 

experimental data of wax composition at different temperatures (Pedersen et al., 1991a; 

Roehner et al., 2002). 

It is also shown that the deposition location can significantly affect the wax composition, 

because of the change in temperature, pressure and fluid composition at different locations 

(Roehner et al., 2002). 

5.2.3. Roles of Different Hydrocarbons in Wax Formation 

Heavy n-paraffins, iso-paraffins and napthenes are all wax fon-ning compounds, but n- 

paraffins generally have the highest melting point temperatures companng to the others, so 

the composition of n-paraffins could be the determining factor for the wax phase boundary. 

This speculation was supported by the experimental WDT data measured for mixtures with 

different proportions of n-paraffins. 

For instance, distillates were obtained from a real reservoir fluid, and each distillate was then 

further separated into three fractions: n-paraffin fraction, iso-paraffin & naphthene fraction, 

and aromatic fraction (Srivastava et al.. 2002). The wax disappearance temperature (VvIDT) 
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was measured with a DSC technique for the different hydrocarbon fractions. The n-paraffin 
fraction gave the WDT value of approximately 40 - 60 OC higher than the & 

naphthene fraction and the aromatic fraction. In further experiments, the separated n-paraffin 
fraction was mixed with the iso-paraffin & naphthene or the aromatic with different ratios, 

and the WDTs were measured for these mixtures. It was found that the mixtures with higher 

n-paraffin concentrations showed higher WDT values. 

5.3. MODELLING OF WAX IN REAL RESERVOIR FLUIDS 

It is plausible to make the following assumptions for modelling wax phase equilibrium in real 

reservoir fluids: 

* The concentration of n-paraffins is the dominant factor deterderming, the wax phase 

boundary. 

e Iso-paraffins and naphthenes may be important in affecting the rate and amount of 

wax accumulation, due to their high concentrations in real reservoir fluids. 

9 Aromatics, commonly known as solvents for paraffinic wax, do not precipitate to 

form wax. 

According to these assumptions, the composition will be required for n-paraffins, iso- 

paraffins, napthenes and aromatics. However, the compositional analysis for real reservoir 

fluids is generally based on single carbon number (SCN), where all hydrocarbons within a 

given boiling temperature range are grouped into a pseudo-component designated by a 

carbon number. Experimental data of compositions with the differentiation of different 

hydrocarbon types are very lirMted. 

In the following sections, I will review a number of existing wax models regarding their 

treatments of different hydrocarbon types in the modelling of wax phase equilibrium. The 

methods for obtaining the required composition data in those wax models will also be given. 

Finally, I will describe the approach adopted in this work for modelling wax phase 

equilibriuni in real reservoir fluids. 
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5.3.1. Review of Existing Wax Models for Real Reservoir Fluids 

Models based on SCN groups 

Several wax models developed in 1980's and 1990's assumed that compounds with the same 

carbon number for different hydrocarbon types have the same potential to form wax (Won, 

1986,1989; Hansen et al., 1988; Pedersen et al, 1991b, LiraGaleana et al., 1996). They used 

average values of physical and thermo-physical properties for single carbon number (SCN) 

groups without differentiation of n-paraffin, iso-paraffin. naphthene, and aromatics. 

As mentioned earlier, n-paraffins have significantly higher melting point temperatures than 

the other hydrocarbons. In order to obtain the average value, the melting point temperature 

for the n-paraffin were reduced, which may impair the model's ability in estimating wax 4: ) 

problem. 

The assumption that all hydrocarbon classes have the same potential to form wax needs the 

SCN composition as input data. For real reservoir fluids, it will be difficult to deten-nine the 

heaviest SCN group taking part in wax forination. Won (1986) used a 'cut-off' molecular 

weight to determine the heaviest SCN group forming wax. The value of the 'cut-off must be 

obtained for each fluid studied by fitting to its experimental wax equilibrium data, limiting 

the model's capability for wide applications. 

Models based on onl n-paraffins y 

Erickson et al. (1993) assumed that n-paraffins determine the cloud point of crude oils, while 

iso-paraffins and naphthenes do not take part in wax formation. Accurate and detailed 

compositional data with differentiation of n-paraffin from the other hydrocarbon classes are 

required for using the model suggested by the authors. They suggested using an exponential 

decay function for estimating the required n-paraffin composition. The function was based 

on the last known n-paraffin concentrations measured in laboratory. Therefore, experimental 

data of n-paraffin concentration must be generated at least for parts of SCN groups. This is 

the minirnum requirement when using the exponential decay function. 

The exponential decay function correlates n-paraffin concentration against molecular weight C 

and it does not include fluid properties that relate with amounts of different hydrocarbons. 

The function parameters must be determined for each individual case. The function 
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established for a given crude oil has little reliability when applying to other Independent 
fluids for which no experimental data of n-paraffin concentration is available. This restricts 
the exponential decay function for general application. 

The wax models suggested by Darldon et al. (2001) and Coutinho et al. (2001) also assumed 

that only n-paraffins take part in wax formation. This assumption is not in agreement with 
the experimental and practical observations that non-n-paraffin hydrocarbons can also be the 

predominant constituent of wax. Ignoring the non-n -paraffins' potential for forming wax 

may lead to underestimating wax accumulation problems. 

Model based on n-paraffins and non-n-paraffins 

In the model presented by Pedersen (1995), it claimed that 'the wax forming components 

seem to consist mainly of n-paraffins. ... Also C7+ iso- par [fins and naphthenes, especially 

the light ones, will contribute to the wax phase'. The author argued that 'the presence of 

very heavy branched paraffins and cyclo-paraffins in the wax phase may be questioned'. 
Clearly, this argument is not in agreement with the experimental data about wax 

composition. 

Pedersen used an empirical correlation for dividing the C7+ SCN group into a wax-forrning 

part and a non-wax-forming part. The concentrations for wax-forming parts were estimated 

from the SCN concentrations by comparing the SCN density against the density of the n- 

paraffin with the same molecular weight. The empirical correlation has three constants, 

which were determined by matching experimental WAT data for the North Sea crude oils in 

that model. 

The methodology suggested by Pedersen (1995) for estimating the n-paraffin concentration is 

reasonable. The correlation also considered that the relative amounts of different 

hydrocarbons affect the SCN properties, such as specific gravity. A correlation with 

parameters determined using accurate experimental data might present reasonable capability 

for estimating n-paraffin compositions for independent reservoir fluids. However, in the 

model of Pedersen (1995), the parameters of the correlation were determined using WAT 

data, which may limit the reliability of the correlation. 
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5.3-2. Considerations of the New Wax Model Developed in This Work 

The new model will take into account different roles for various hydrocarbon classes in wax 
formation (Ji et al., 2003), generally in line with the experimental and field observations. 
First, the wax phase boundary of a real reservoir fluid is determined by n-paraffins. Then 

iso-paraffins, naphthenes and aromatics in each SCN group are considered as a pseudo- 

compound (referred as n on-n -paraffin), since at present it is difficult to differentiate these 

hydrocarbon classes for modelling purposes. The non-n-paraffin will contribute to wax 
formation by increasing the amount of precipitated wax. The heaviest parts in a real 

reservoir fluid, i. e. compounds with molecular weight higher than 842 (equivalent to nC60), 

are considered as the material that will 'precipitate' as asphaltenes (Pan et al., 1997), and will 

not form wax. 

The new wax model will use the method suggested by Pedersen (1995) for estimating n- 

paraffin concentrations. The correlation constants will be deten-nined by matching 

experimental WDT data in this work, instead of WAT data in the model of Pedersen (1995). 

Since non-n-paraffins will take part in wax accumulation in the new wax model, their 

thermo-physical properties are required. The melting point temperatures of non-n-paraffins 

are dependent on both their carbon numbers and their molecular structures. For compounds 

with the same carbon number but different molecular structures such as different branched 

carbon chains, melting point temperatures may be different. However, due to lack of 

experimental data about detailed molecular structures of compounds in real reservoir fluids, 

the effect of molecular structure on melting point temperature will be ignored in this work. 

5.4. EXTENSION OF THE NEW WAX MODEL TO REAL RESERVOIR FLUIDS 

For modelling wax phase equilibrium in real reservoir fluids with the new wax model, n- 

paraffin concentrations are required, which can be estimated using the mole fraction., 

molecular weight and specific gravity of single carbon number (SCN) groups. 

For real reservoir fluids, the compositions based on conventional laboratory analysis are 

described using discrete compounds UP to C5 and SCN groups for compounds heavier than 

C5- SCN (yi, oups are determined according to their boiling point temperatures using lb 
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experimental techniques such as distillation and/or gas chromatography. The heavy end ot 
hydrocarbon fluid is commonly described using the plus fraction, such asC7+gC jo, and so on. 

In order to model wax phase equilibrium, the plus fraction needs to be split into SCN groups, 

in which the mole fraction, molecular weight and specific gravity for each SCN group are 

estimated. 

5.4.1. Splitting of the Plus Fraction into SCN Groups 

Estimation of molefraction and molecular weight 

A Gamma distribution function is used in this work for estimating the mole fraction and 

molecular weight when breaking the plus fraction into SCN groups. It is given as follows 

(Whitson, 1983): 

P(mw) = 
(MW - q)z-l exp[- (MW - 17)1#'] 

fl'; ' F(X) 
(5.1) 

where F(X) is the gamma function. q is the minimum molecular weight (MW) included in 

the distribution. X and fl' determine the shape of the distribution function. 

fl' is correlated to X using q and the average molecular weight of the plus fraction 

(MWc,,, ) as follows: 

(mw�, -ý 
- 11 )/X (5.2) 

The compounds with molecular weight in the range of MWj-j to MWj are grouped as the 

SCN i with mole fraction given by: 

m 
zi = zc, ffv, i P(MwWmw) (5.3) 

The average molecular weight for the SCN group i is 

M"ý "C"+ p(MW*Wd(MW) (5.4) 
Z, 
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Estimation of specific gravity 

The specific gravities of SCN groups can be estimated using their molecular weights. Riazi Zý 
et al. (1996) suggested a general empirical correlation, which can be used to calculate the 

specific gravity when there is no experimental data available on the fluid system. 

On the other hand, when there are experimental data, a logarithm function can be used to 

express the dependence of specific gravity against molecular weight, as given by: 

SGi =aSGln(MWi) + bSG (5.5) 

where SGj and MWj are the specific gravity and molecular weight for SCN group i. 

a and b in Equation 5.5 are constants for a given real reservoir fluid. Their values can SG SG 

be calculated from experimental data of specific gravity and molecular weight for the C7 

group and the dead fluid. However, in this work, it was found that the determined constants 

needed to be adjusted in order to improve their accuracy when using the correlation for heavy 

SCN groups with Cn>C20- 

For instance, constants of aSG and bSG for a number of North Sea crude oils (Pedersen et al., 

1991b) were calcuated using experimental data on C7 group and the dead fluid. The specific 

gravities for SCN groups UP to C20IC30 were then estimated with Equation 5.5, and the 

estimated specific gravities were compared against experimental data. Figure 5.1 shows 

relative errors (i. e. relative error %= 
SGcaj - SGexp 

x 100 ) for estimated specific gravities. SGexp 

As shown in Figure 5.1, specific gravities estimated for SCN groups heavier than C20 show 

considerable deviations compared to the experimental data. But the compounds above C20 

are the major wax forming constituents. Therefore, their specific gravities need to be 

accurately estimated for modelling the wax phase equilibrium. 

Based on the data shown in Figure 5.1, it is suggested in this work that the values of a SG and 

bSG determined with theC7 and the dead fluid data are further modified by a molecular- 

weight-depedent correction terrn, given by: 
C Zýl 
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csG� =1+ (0.0 1 26MW, - 2.2667) x 0.0 1 (5.6) 

where c is the correction dividing factor for a and b when estimating the specific SGJ SG SG II 

gravity of SCN group i. MWj is the molecular weight of SCN group 1. 

The corrected constants, a SG 
/ CSGJ and bSG / CSGJ I were used for estimating the specific 

gravities for SCN groups and then compared with the experimental data. As shown in Figure Cý 
5.2, the estimated specipifc gravities for SCN groups heavier than C20 are closer to the 

experimental data when compared to Figure 5.1. 

5.4.2. Estimation of n-Paraffin Concentration 

As mentioned earlier, the correlation suggested by Pedersen (1995) is used for estimating n- 

paraffin concentrations in the extended new wax model. In this correlation, the n-paraffin 

concentration is related to the concentration, molecular weight and specific gravity for SCN 

groups, as expressed by: 

Z, 
lp, i 

z SCNi 1.0 - 
(Anp+ Bnp X MWJX 

SGscN. i - SG,, 
p, i 

C, 
(5.7) 

SGnp, 
i 

where zscN, i and Znp, j are the mole fractions of SCN and n-paraffin. SGSCNJ and SGnp, 
i are 

the specific gravities for SCN i and n-paraffin i with the same molecular weight (MWj). 

Allp, B, p and Gp in Equation 5.7 are constants, which express the effect of n-paraffin 

concentration on SCN specific gravity. Values of A,, p, B,, p and Cp are determined in this 

work by matching the experimental WDT data for the North Sea crude oils (Ronningsen et 

al., 1991, Pedersen et al., 1991b). The A,, p, B,, p and Cp values are listed in Table 5.2. The 

calculated WDTs are compared with the experimental data, as shown in Table 5.3, and will 

be discussed later. 

5.4.3. Estimation of non-n-Paraffin Melting Point Temperature 

In the new wax model, melting point temperatures (Tf) for non-n-paraffins are estimated by 

subtractina I int temperature (Tf). as given .a constant value (D) from the n-paraffin melt*n-, -, poi 

by: 
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'::: Tf, 
np, i-D 

Tf, 
non-np, i ' (5. 

where T f, non-npJ and Tf,, 
P, i are the melting point temperatures for non-n-paraffin and n- 

paraffin with the same carbon number. D is a constant, indicating that the melting point 

temperature of an n-paraffin is generally higher than that of a non-n-paraffin with the same 

molecular weight. 

Constant D in Equation 5.8 was determined in this work by matching the amount of wax 

measured at 233 K for a waxy crude oil (Oil 3, Pedersen et al., 1991a). The wax amount 

measured with a pulsed nuclear magnetic resonance (NMR) technique was 10.5 mass%. An 

optimised D value was calculated as 70 K. 

5.4.4. Flow-chart for Modelling Wax in Real Reservoir Fluids 

Figure 5.3 summaries the procedure used in this work to generate the required concentration 

data using conventional fluid properties. 

5.5. DISCUSSIONS 

The wax model developed in Chapters 3 and 4 for synthetic mixtures, has been extended to 

real reservoir fluids, by developing the fluid characterisation approach to split the plus 

fraction into SCN groups, and further separate them into n-paraffins and non-n-paraffins, as 

described above. The new wax model is named as the HWWAX (Henot-Watt WAX) model, 

in parallel with our hydrate model, HVvIHYD (Heriot-Watt HYDrate). They will be 

integrated into a general wax and hydrate model as described in Chapter 7. 

In this section, I will evaluate the reliability of the HVvWAX model by examining the 

approach used for splitting the plus fraction, and by discussing the effect of the method used 

for estimating the n-paraffin concentrations. 
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5.5.1. The Approach for Splitting the Plus Fraction 

Discription of mole fraction and molecular weight 

The experimental data on the mole fraction and molecular weight for SCN groups up to 
C20/C3o are available for a number of North Sea crude oils in the literature (Pedersen et al.. 
1991b). Figures 5.4 - 5.6 show the match of developed distribution function to experimental 
data for crude oils 1,2 and 3, respectively. The distribution function proved to be reliable for 

the other crude oils studied in this work. 

Estimation of specific gravity 

The specific gravities for SCN groups of the North Sea crude oils (Pedersen et aL, 1991b) 

were calculated using several methods, such as the correlation suggested by Rjazj et al. 
(1996), the logarithm function with and without correction of parameters. Figures 5.7 - 5.9 

compare the estimated specific gravities against the experimental data for crude oils 1,2 and 
3, respectively. When using the logarithm function, the parameters modified with Equation 

5.6 improved the calculation accuracy. It should be noted that the experimental specific 

gravity data on these oils were used for determining the correction coefficient in Equation 

5.6. 

Some independent experimental data on specific gravities for crude oils are available in the 

literature (Pan et al., 1997; Roehner et al., 2002). As shown in Figures 5.10 and 5.11, the 

specific gravities calculated using the logarithm function with the corrected parameters are in 
better agreement with the experimental data. The general correlation of Riazi et al. (1996) 

gives overestimated specific gravities for the oil reported by Pan et al. (1997) (as show in 

Figure 5.10), but underestimated values for the oil reported by Roehner et al. (2002) (as show 

in Figure 5.11). 

5.5.2 Estimation of n-Paraffin Concentrations 

The method based on specific gravity, as shown in Equation 5.7, was used in this work for 

the estimation of n-paraffin concentrations. The constants in the equation were optimised 

usliv the North Sea crude oils, for which WDTs were measured using the microscopy 

tcchnique at a cooling and heating rate of 0.5 K/mm (Ronningsen et al., 1991; Pedersen et al., 

1991b). The calculated WIDT data and the experimental data were compared in Table 5.3. 
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As shown in Table 5.3, the calculated WDTs are in good agreements with the experimental 
data for the majority of crude oils studied, indicating the reliability of the new wax model for 

real reservoir fluids. For instance, comparing Oil 6 with Oil 1, the heavy SCN molar 
distributions for the two oils are close, as shown in Figure 5.12. But the specific gravities for 

the heavy SCN groups of Oil 6 are lower than Oil 1, as shown in Figure 5.13. suggesting that 

Oil 6 may contain more n-paraffin and should have a higher VVDT than Oil 1. This was 

indeed properly calculated with the new wax model. As shown in Table 5.3, the "Ts 

calculated for Oils 6 and I are 326 K and 323 K, respectively, in excellent agreement with 

the experimental data. 

It should also be noted that there are some significant deviations between the model 

calculated "Ts and the experimental data for Oils 9,12,15, and 17, as shown in Table 5.3. 

Though the accuracy of experimental data can be questioned when using a visual technique 

and continuous heating to measure VvDTs, this could also be attributed to the methods used 

in the model for estimating n-paraffin concentrations, which is based on specific gravities 

and may have limitations in some cases. 

For instance, comparing Oil 17 with Oils 7 and 8 in Table 5.3, the measured VVIDT for Oil 17 

is 315 K, and the experimental WDTs for Oils 7 and 8 are 326 K and 324 K, respectively. 

The calculated VVDTs for Oils 17,7 and 8 are 323 K, 323 K and 321 K, respectively. The 

higher WDT value calculated for Oil 17 is the result of a close molar distribution (Figure 

5.14) and a low specific gravity (Figure 5.15) for the heavy SCN groups, when comparing 

with Oils 7 and 8. The molar distribution and specific gravity were calculated using the plus 

fraction splitting method described earlier. 

This disagreement can be caused by the implicit assumption used in the n-paraffin 

concentration estimation method, i. e. that all non-n-paraffins have higher specific gravities 

than the n-paraffin with the same molecular weight. However, the specific gravities of iso- 

paraffin are generally lower than n-paraffins. So if a real reservoir fluid contains a 

significantly large amount of iso-paraffins, its n-paraffin concentrations can be 

overestimated, resulting in an overestimated WDT. Oil 17 might contain a relatively high 

quantity of iso-paraffins than Oils 7 and 8, which cannot be modelled by the current method. 

Tile model can be improved by classifying real reservoir fluids according to their n- 

paraffinic, iso-paraffinic. naphthenic or aromatic natures, in order to suit different real fluids. 
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However, this is beyond the scope of this study due to lack of experimental data for the time 

being. 

5.6. CONCLUSIONS 

The wax model developed in Chapters 3 and 4 for synthetic mixtures has been extended to 

real reservoir fluids using an approach to split the plus fractions given by the conventional 

reservoir fluid analysis. The new wax model was named as the HWWAX model. The 

reliability of the new model will be examined by comparing its predictions with independent 

experimental data in Chapter 6. 

The method and its features used to develop the HWWAX model for real fluid applications 

can be surnmarised below: 

(1). Experimental data and field observations have indicated that hydrocarbons heavier 

than C20 are the major compounds of wax deposits; n-paraffins, iso-paraffins and naphthenes 

can all take part in wax formation, while the composition of n-paraffins is the detenning 

factor for the wax phase boundary of real reservoir fluids, and the higher the n-paraffin 

concentration, the higher the WDT values. This is the basis of the HWWAX model for 

calculating wax phase equilibrium in real reservoir fluids. 

(2). Hydrocarbons in reservoir fluids are classified as n-paraffins, iso-paraffins, 

naphthenes and aromatics, and their relative impacts on wax formation have been evaluated 

and modelled. The HWWAX model took into account different roles of these hydrocarbon 

classes in wax formation, considering that the wax phase boundary was determined by n- 

paraffins, while iso-paraffins, naphthenes and aromatics only contributed to the amount of 

precipitated wax. 

(3). A plus fraction splitting method has been established. The programmes based on a 

Gamma distribution function was used for estimating the mole fraction and molecular 

weight, and a logarithmic function with corrected coefficients was adopted for calculating the 

speci grav rimental ific c ity. A good agreement was observed between the estimated and expe i 

data of molar distribution and specific gravity distribution for heavy SCN groups. 
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The correlation has been determined for estimating n-paraffin concentrations, using C) 
the data estimated from (3). 

The HWWAX model can be used to predict the wax phase boundary. the amount and 

composition of the precipitated wax for different fluids. To model real reservoir fluids, the 

input data required are the standard oil compositions given by conventional analytical 

method used in the oil industry, such as concentrations, molecular weights and specific 

gravities of C1, C2ý C3, C4, C5, SCN groups up to C19, and the C20+ fraction. 
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5.7. TABLES 

Table 5.1. Melting point temperatures for several hydrocarbons. 

Melting point 
Hydrocarbon 

temperature/K 

Non-nal tritetracontane, C43H88 

358 
CH3-(CH2)41-CH3 

Meth yl -di -heneicos yl -methane, 
C44H90 

CH3-(CH2)20-ýH-(CH2)20-CH3 335 

CH3 

Non yl -di -hei cos yl -methane, 
C52HI04 

CH3-(CH2)20-ýH-(CH2)20-CH3 306 

CqHjq 

Table 5.2. The constants determined in this work for estimating the n-paraffin 

concentrations. 

Constant Value 
A 

Ilp 
0.8133 

B 
Ilp 

5.737x 10-4 

c 
lip 0.1281 
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Table 5.3. Experimental data (Ronningsen et al. 1991) and the calculated WDTs for 

several North Sea crude oils. 

Oil num. 

Exp. data 

WDT/K 

Calculated WDT and deviation (Dev. ) 

WDT/K Dev. /K 

1 323 323 0 

2 324 321 -3 
3 326 325 -1 
5 323 327 4 

6 326 326 0 

7 326 323 -3 
8 324 321 -3 
9 319 325 6 

10 315 317 2 

11 323 323 0 

12 311 321 10 

15 323 317 -6 
17 315 323 8 

Oil num: oil numbers, the same as those in the literature. 
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5.8. FIGURES 
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Figure 5.1. Relative errors (%) of specific gravities estimated using the logarithm function 

in conjunction with the directly obtained parameters (experimental data: Pedersen et al., 
1991b). 
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Fi"Ure 5.2. Relative errors (%) of specific gravities estimated using the loganthm function 

in conjunction with the corrected parameters (experimental data: Pedersen et al., 1991b). 
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Input conventional fluid composition data 

i. e., zi, MWj, SGj of C1, C2, C3, C4, C5, C6S 
- Cigs and C20+ 

CombineC7S - C20+ intoC7+ 
Calculate ZC7+1 MWC7+1 SG C7+ 

Optimise q and ;r of Gamma function using experimental 

data of zi and MWj forC7S - C20+ 

Calculate zi and MWj forC20S - C60s and C60+ 

Calculate SGi for C20S 
- 

C60s and C60+ 

Combine C6S 
- 

C20S into a pseudo-component 

Separate each SCN Of C21S 
- 

C60S 

into a n-paraffin and a non-n-paraffin 

Output fluid compositions for modelling 

wax in real reservoir fluids 

Figure 5.3. Flow-chart of generating fluid composition data to model wax in reservoir 

fluids. 
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Figure 5.4. Experimental data (Pedersen et al., 1991b) and calculated SCN molar 

distributions for the North Sea crude oil 1. 
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CHAPTER-6 

VALIDATION OF THE WAX MODEL 

6.1. INTRODUCTION 

In the development of the HWWAX model, first it was tuned using synthetic mixtures as 
described in Chapter 4, and then it was extended to real reservoir fluids in Chapter-5. The 

new model has the following improvements, modifications and new features over the 

existing wax models: 

* New correlations with differentiation of odd or even carbon number were formulated 

for calculating the thermo-physical properties (e. g. fusion temperature, heat of fusion, 

heat capacity) of pure compounds with improved accuracy. 

9 The solid-solid transition was included into the thermodynamic equation for SLE 

calculations. 

* The a functions of SRK and PR EoS were modified to consider heavy hydrocarbons 

at low temperatures. A single binary interaction parameter (BIP) was established for 

heavy hydrocarbons. 

*A new approach based on the UNIQUAC equation was developed for describing wax 

solids. 

* The effect of pressure on wax phase was included in the model using more reliable 

data of pure compound properties. 

0 For modelling real reservoir fluids, the roles of different hydrocarbons on wax 

formation were considered. N-paraffins were considered as the determining factor on 
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wax phase boundary, while the effect of iso-paraffins, naphthenes and aromatics on 

wax accumulation was also taken into account. 

A programme was developed for splitting the plus fraction into SCN groups and then 

separating each SCN heavier than C20 into an n-paraffin and a non-n-paraffin. 

After these developments and modifications, the new wax model can be used for predicting 
the wax phase boundary, as well as the amount and composition of wax precipitated in 
different fluids. In this chapter, the reliability of predictions will be examined using 

independent experimental data generated in this laboratory and those available in the 
literature. These include: 

9 Wax phase boundaries. 

The wax phase boundary can be plotted as WDT versus composition for binary and ternary 

systems. Experimental data with wide ranges of composition distributions will be used to 

validate the model, with special considerations on the accuracy of the thermo-physical 

properties, the inclusion of solid-solid transition, and the new forinulation for describing wax 

solids. 

For complex hydrocarbon systems, the wax phase boundary is based on V8TDT as a function 

of pressure. The effects of pressure and light end fractions on wax phase boundary will be 

examined by comparing the model predictions against experimental data. 

* Amounts and compositions of wax foirmed. 

The amounts and compositions of wax at different temperatures and pressures in a multi- 

component synthetic fluid will be predicted. The HWWAX predictions will be compared 

with the experimental data and the predictions using other existing wax models. The 

HWWAX model will also be examined and validated using literature experimental data on 

the amount of wax in various real reservoir fluids. 

It is worth mentioning that, the experimental data (except those specially pointed out) used in Z: ' 
this chapter for model validation have not been used in the model tuning as described in the 

previous chapters, so they are independent data. In the validation of the HWWAX model, 
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the SRK EoS modified in this work will be used. However, similar results can also be 

observed for the modified PR EoS. 

6.2. WAX PHASE BOUNDARY 

6.2.1. Validation of the Correlations for Fusion Properties and Heat Capacity 

The new correlations for fusion properties and heat capacity developed in this work can be 

indirectly validated via comparing the model predictions with experimental WIDT data for 

binary systems. For these binaries, the critical properties and acentric factors of the 

compounds involved are reported in "Perry's Chemical Engineers' Handbook". In addition, 

pure solids form in these binaries, due to the significant difference in molecular sizes of their 

components. Therefore, the accuracy of predicted WDTs for these binaries depends largely 

on the reliability of the fusion and heat capacity data. 

As shown in Figure 6.1, the "T predictions using the new model are in good agreement 

with the experimental data generated on C6-CI6 and C6-CI7 binaries in this work (Chapter-2). 

The curves in the figure also indicate that the reliability of the HWWAX model has been 

improved by the inclusion of a solid-solid transition in SLE calculations and the 

differentiation of odd and even carbon number. 

6.2.2. Validation of the New Wax Solid Model 

Experimental data for binaries and ternaries, generated in this laboratory or reported in the 

literature, are used for comparing several approaches for the description of wax solids. These 

include the ideal solid solution, the multi -pure-solid, Coutinho's UNIQUAC approach, and 

finally the HWWAX UNIQUAC approach (as described in Chapter-4). Compounds in the 

binaries and ternaries are lighter than C20. Their critical properties and acentric factors have 

been measured experimentally and reported in reference handbooks (e. g. Perry's Chemical 

Engineer's Handbook). Hence the reliability of WDT predictions for these mixtures depends 

on the thermodynamic equation used for describing wax solids. Z: I 
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Binaries 

Experimental WDT data have been generated for C16-C18, C16-C2o and C15-Ciq binaries in this 

work (as given in Chapter-2), as shown in Figures 6.2-6.4. The wax phase boundaries of C16- 

C18, C16-C2o and C15-C19 are independently predicted using the ideal solid solution approach, 

the multi-pure-solid approach and Coutinho's UNIQUAC approach. as also shown in Figures 

6.2-6.4. 

The predictions using the ideal solid solution approach generally overestimate WDTs for all 

the binanes investigated (as shown in Figures 6.2 to 6.4). This suggests that the solid 

solution for these binaries is non-ideal, and the deviation from ideal is positive. As also 

shown in Figures 6.3 and 6.4, the multi -pure-solid approach is suitable for mixtures with 

components having significant differences in chain-length (e. g., C16-C2o and C15-CI9 

binaries), whereas, it is not satisfactory for binary systems with small molecular size 

difference (e. g., C16-C18 system). Coutinho's UNIQUAC approach also shows limitations in 

the description of the non-ideality of solid solutions fon-ned by n-paraffins with similar 

carbon numbers (e. g., C16-C18 binary). 

Experimental SLE data for C16-CI8ý C16-C2o and C15-Cig binaries have been used in the 

optimisation process for determining the constant in Equation 4.15 when developing the t) 
HWWAX UNIQAUC approach for describing wax solids. Calculated wax phase boundaries 

using HWWAX are compared with the experimental measurements, as shown in Figures 6.2 

to 6.4. 

Experimental WDT data for binary C17-CI9 system were reported (Robles et al., 1996). As 

shown in Figure 6.5, independent WDT predictions using the HWWAX model are in 

excellent agreement with the measurements, demonstrating the reliability of the approach t: ' 
used for describing wax solids. 

Ternaries 

Experimental WDT data for C]4-CI5-CI6 and C18-CI9-C20 ternaries were reported in the 

literature (Metivaud et al., 1999). and experimental VVDT data for C6-C, 6-C, 7 ternaries were 

generated in this laboratory. As shown in Tables 6.1 to 6.3, the HWWAX predictions show 

very good agreement with the above experimental data over a wide range of compositional 
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distributions; generally the deviations are within 2 K. The ideal solid solution approach 

generally overestimates YIDTs, while the multi -pure-solid approach and Coutinho's 

UNIQUAC approach shows significant deviations for some ternary systems. 

6.2.3. Effects of Pressure and Light End on Wax Phase Boundary 

Wax precipitation is normally induced by temperature reduction, but the effect of pressure on 

wax fon-nation is also significant in some cases. Although wax may not form within 

operating temperatures at atmospheric pressure (the condition under which WATs and WDTs 

are often measured), wax precipitation may occur at higher pressures. The new wax model 
has the ability to predict wax phase boundaries at high-pressures. 

Pressure can affect wax precipitation in two opposing ways. First, the gas solubility in liquid 

phase increases with an increase in the system pressure at conditions below the original 

mixture bubble point. This extra dissolved gas will reduce the relative mole fractions of 

heavy compounds in the liquid phase, which may reduce the tendency for wax formation. 

On the other hand, as pressure increases, the fusion temperatures of pure compounds will 

increase, and the wax phase boundary may shift to higher temperatures. The impact of 

pressure on fugacity of condensed phases away from the critical point is not very significant 

in comparison with the above two effects. 

In a gas-liquid system, both factors mentioned above may affect the wax phase boundary. 

Depending on the dominant factor, the V; DTs at high-pressures may be shifted with respect 

to the atmospheric pressure condition. Apparently, for a system above the saturation 

pressure, only the second factor will influence the wax phase boundary; the VvrDT will 

increase due to high pressure. 

Binaries 

Experimental WDT data for various binaries were reported in the literature (Vanderkool et al., 

1995; Peters et al, 1987). As shown in Figures 6.6 and 6.7, the bubble point pressures and 

WDTs independently predicted using the HWWAX model are in good agreement with 

experimental data for the CI-C20 and C2-C-24 systems. Deviations between predicted WDTs 

and experimental data are less than 3K over a wide range of compositional distribution. As 

also shown in Figures 6.6 and 6.7, compared to the fusion temperature (i. e., Tf) of the pure 
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heavier n-paraffin in the binaries, the presence of C, orC2 reduces VVDTs at pressures above 
bubble point pressures. 

Multi-component mixtures with methane 

Experimental data of bubble point pressure and WDT were reported for four mixtures 

containing C, with compositions given in Table 6.4 (Dandon et al., 1996). 

Figure 6.8 shows the measured and predicted (using the HWWAX model) phase boundaries 

of SUL, SLV/LV and ULV for Mixture A. The predicted phase boundaries are in good 

agreement with the experimental data, indicating a good reliability in using HWWAX for C, 

predicting the influence of pressure and composition on WDT. It is noted that the 

experimental bubble pressure data were not used to tune the model, therefore the phase 
boundary predictions for this mixture are completely independent. 

As also shown in Figure 6.8, when the operating pressure is below the bubble point pressure, 

wax can form in the system containing L+V phases. As shown on the wax phase boundary of 
SLV/LV, WDT decreases slightly as pressure increases, as a result of extra dissolved gas. As 

the pressure increases from atmospheric pressure to bubble point pressure (approximately 12 

MPa), the WDT reduces by 3 K. 

The influence of wax formation on bubble point pressure is also predicted using the HWWAX 

model. As shown in Figure 6.8, at temperatures within 20 K below WDTs, the predicted 
bubble point pressure increases slightly at lower temperatures due to solidification of heavy 

compounds leading to relatively higher mole concentration of light fractions in the liquid 

phase. However, due to small amounts of heavy fractions in the mixture, the increase in 

bubble point pressure is not siginificant. The bubble point pressure increases approximately 

by 0.2 MPa at most at temperatures below the WDT. 

The measured (Daridon et al., 1996) and predicted (using the HWWAX model) phase 

boundaries for mixture B, C and D are shown in Figures 6.9 to 6.11. Similar to Mixture A, 

good agreement is observed beween the predictions and experimental data. The deviations of 

WDT predictions are -I K, -3 K and -2 K for Mixture B. C and D, while the relative errors of 

predicted Pb are 6%, 7% and 3% for Mixture B, C and D, respectively. The predictions Of Pb 

and WDT are independent of experimental measurements for these mixtures. 
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Multi-component mixtures without and with light ends (Ci-C4) 

The WDTs for several multi-component mixtures with and without light ends were measured 

in this laboratory, and they are also used for the model validation. The compositions of the 

mixtures without light ends are listed in Table A. 1 (Appendix-A), and their experimental 

WDT data are given in Table A. 2. The composition and VVDT data for the mixtures with light 

ends are given in Tables A. 3 and A. 4. 

As shown in Table A. 1, mixtures A, B and C contain heavy components UP to C30 or C36. The 

measured and predicted wax phase boundaries for these mixtures are shown in Figure 6.12, 

which are reasonably in good agreement. The pressure effect on WDT is quite significant. 

As the pressure increases from 0.1 MPa to 40 MPa, the WDT increases by approximately 8 K. 

Live fluids of B and C were prepared by mixing the dead mixtures with C1 - C4, and their 

bubble point pressures (Pb) were measured as given in Table A. 3. In order to match the 

experimental Pb data, it is plausible to tune the binary interaction parameter (BIP) between the 

light compound with the highest mole concentration and the compounds predominantly in the 

liquid phase. A single BIP was tuned for C, against the pseudo-component (C6-C20) and the 

heavy components (Cn>C20). The tuned BIP value of 0.12 was obtained for both live Fluids B 

and C. Then the wax phase boundaries were predicted for the live fluids, as also shown in 

Figure 6.12. A general agreement is observed between the predictions and experimental data 

with deviations between I and 2 K. Addition of light end to the system shifts the wax phase 

boundary toward lower temperatures. 

Multi-component mixtures without and with natural gas 

Multi-component Mixture D (Table A. 1), containing components UP to C40, was prepared in 

this laboratory. The VVDTs were measured at several pressures, as given in Table A. 2. 

A live fluid (Table A. 3) was formed in the laboratory by adding natural gas into Mixture D. 

The fluid contains 42.85 mole% light ends. Its bubble point pressure (Pb) was measured as t: ) 

1.2.6 MPa at 299 K. To match the experimental Pb data, a single binary interaction parameter 

was tuned as 0.06 for C, and hydrocarbons above C6. The wax phase boundary for the live 

fluid was predicted using the HWWAX model, as shown in Figure 6.13. The measured and 

predicted wax phase boundaries for the dead Fluid D also are shown in the figure. 
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Reasonable agreements are observed between the predicted and measured VvDTs in both 

cases. The prediction deviations are within IK for the mixture without fight ends. and 
between 0 and 3K for the fluid with light ends. It should be noted that there could be some 

errors in the measurement of VVDT at pressures below the bubble point for the live fluid. 

6.2.4. Real Reservoir Fluids 

Three real reservoir fluids, North Sea crude oil LTA97-1, Base Condensate LTB98-1 and 
Black Oil RFS- I (dead fluid), with compositions measured in Reservoir fluid Studies Group 

and VVDTs measured in Centre for Gas Hydrate Research, are used for the model validation. 
The fluid compositions based on the laboratory analysis are given in Tables A. 7 - A. 9. 

In order to facilitate the modelling, the SCN groups from C7 to C19 and C20+ were lumped 

into a C7+ fraction. Then the C7+ fraction was split into SCN groups UP to C60. For the 

splitting, Equations 5.3 and 5.4 were used to calculate the SCN mole fractions and molecular 

weights. The SCN specific gravities were calculated using Equations 5.5 and 5.6. Finally, 

the SCN groups from C6 to C20 were grouped into one pseudo-component, and each SCN 

heavier than C20 was separated into an n-paraffin and a non-n-paraffin component using 

Equation 5.7. 

The experimental and calculated SCN molar distributions for North Sea crude oil LTA97-1 

are compared in Figures 6.14, while the measured and calculated SCN specific gravities are 

compared in Figure 6.15. Similarly, for Base Condensate LTB98-1, the calculated SCN 

molar distribution is compared with the experimental data in Figure 6.16, while the 

experimental and calculated SCN specific gravities are given in Figure 6.17. Figures 6.18 

and 6.19 show the SCN molar distributions and the SCN specific gravity distributions for 

Black Oil RFS-I. Good agreement is observed between the calculated and experimental data 

for the three reservoir fluids investigated, indicating the reliability of the fluid 

characterisation programme developed in this work. 

The "Ts were predicted using the HWWAX model, and compared with the experimental 

data measured using the QCM technique in this laboratory. As shown in Table 6.5, the 

predicted WDTs Lire very close to the measured values for Base Condensate LTB98-1 and 

Black Oil RFS-1 (dead fluid). 
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6.3. AMOUNT AND COMPOSITION OF WAX PRECIPITATED 

6.3.1. Synthetic Mixture 

Experimental data for the composition and amount of wax precipitated for a multi- 

component mixture under several temperature and pressure conditions have been reported in 

the literature (Pauly et aL, 2001). Table 6.6 gives the composition data for the mixture. The 

mixture consists of consecutive non-nal alkanes from C6 to C36, with decreasing concentration 

as a function of increasing chain-length, representing a highly simplified crude oil system. 

Amount of wax 

The amounts of wax (mass % of the feed) predicted using different models (i. e.. HWWAX, 

Coutinho's UNIQUAC approach, and the ideal solid solution approach) are compared against 

independent experimental data in Figure 6.20. It is obvious that the ideal solid solution 

approach overestimates the solid amounts over the whole temperature range (i. e., 256 K- 

290 K). Predictions of the HWWAX model are in good agreement with the experimental 
data. As expected, the amount of wax deposit increases with a decrease in the system 

temperature. 

The reliability of the HWWAX model for prediction of the pressure effect on wax deposition 

is also demonstrated in Figure 6.20. In this case, as the pressure increases from atmospheric 

pressure to 50 MPa, the amount of wax precipitated increases from 4.6 mass% to 9.3 mass% 

at 273.2 K. 

Wax composition 

Figure 6.21 shows the measured and predicted data for the wax composition (mass%) as a 

function of carbon number. Clearly, the ideal solid solution approach overestimates the 

amount of light components, especially for n-paraffins below C28, in the precipitated wax. 

The predictions based on Coutinho's UNIQUAC approach are in reasonable agreement with 

the experimental data, but show significant deviation for heavy hydrocarbons over C30. The 

predictions using the HWWAX model are in close agreement with the experimental data 

over a \vlde rangle of carbon number. The HWWAX model has greatly improved the 

predictions of wax composition. The predicted wax deposit at 290 K and 0.1 MPa consists 
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predominantly of paraffins heavier than C25, which are in good agreement with the measured 
data. 

Figure 6.22 shows the effect of temperature on the composition of wax precipitates (at 0.1 

MPa). As temperature reduces, more light hydrocarbons take part in wax formation. The 

predictions of HWWAX are in good agreement with experimental data at different 

temperatures. 

Figure 6.23 shows the impact of pressure on the wax composition. An increase in pressure 
has a similar effect as a reduction in temperature; both cause more light hydrocarbons to take 

part in the wax phase. The predictions using the HWWAX model are in good agreement 

with experimental data at different pressures. 

6.3.2. Real Reservoir Fluids 

The amounts of wax precipitated at different temperatures in several North Sea crude oils of 

different origins were measured using the Nuclear Magnetic Resonance (NMR) technique 

(Pedersen et aL, 1991a). The wax amount measured at 233K for crude oil 3 was used for 

tuning the constant in Equation 5.8, in order to estimate the non-n-paraffin melting point 

temperatures (as described earlier in Chapter-5). The other experimental wax amount data 

were not used for tuning the HWWAX model, so they can be regarded as independent data to 

validate the HWWAX model. Figures 6.24 - 6.36 show the experimental and predicted 

(using the HWWAX model) wax amounts as a function of temperature for these crude oils. 

The wax amounts in Oil 3 are also predicted using Won's model (1986). As mentioned in 

Chapters 4 and 5, modelling of wax for reservoir fluids in Won's model is based on SCN 

groups, and the ideal solid solution approach is used for describing the solid phase of wax. 

The heaviest SCN group that takes part wax formation is determined through matching the 

measured "T (i. e. 326 K). As shown in Figure 6.26, the wax amounts predicted using 

Won's model (1986) are significantly higher than the experimental data. It is noted that, 

based on the predictions of Won's model, the majority of hydrocarbons heavier than C20 

form wax at 273 K, which is not in agreement with the measurement. 

As shown in figures 6.24 - 6.36, in general, a good agreement is observed between the 

experimental and wax amounts predicted using the HWWAX model for the oils studied, 
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except that the wax amounts for crude oil I were overestimated and the wax amounts for Oils 
5 and II were underestimated by the model 

It was reported that Oil I was a 'biodegraded aromatic oil', and Oil II was 'heavy, 
biodegraded, naphthenic oil' (Pedersen et al., 1991a). It is speculated that Oil I may contain 

more aromatic fractions, and Oil II may contain more naphthenic fractions, comparing with 
the other oils. These could be the reason for the overestimation of wax amount for Oil I and 
the underestimation of wax amount for Oil 11, since the HWWAX model has not been tuned 

to differentiate the effects of aromatic and naphthenic relative amounts on wax accumulation. 
In fact, in the model, iso-paraffin, naphthene and aromatic fractions in each SCN group are 

all lumped into one pseudo-component designated as non-n-paraffin, which is assumed 

contributing to wax accumulation. However, aromatics actually do not form wax. In this 

work, no attempt was made to differentiate aromatic components from the others, due to lack 

of experimental data. Therefore, for crude oils with significant amounts of aromatics, e. g. 
Oil I (Figure 6.24), the model overestimates the amount of wax deposited. On the other 
hand, for crude oils with relatively high amounts of iso-paraffins or naphthenes, e. g. Oil II 

(Figure 6.33), the wax amounts are generally underestimated. 

Oil 5 was reported as a 'waxy oil' (Pedersen et al., 1991a). Oil 5 could be rich with iso- 

paraffins and/or naphthenes, consequently the amount of wax could be underestimated using 

the HWWAX model, as shown in Figure 6.27. 

6.4. CONCLUSIONS 

In this chapter, the HWWAX model has been applied to various synthetic mixtures and real 

reservoir fluids, in order to examine and validate the model against experimental data 

generated in this laboratory or available in the literature. Most of the experimental data used 

here were not used for tuning the model, so they are considered as independent and viable for 

the validation purpose. 

The model was examined in terrns of wax phase boundary (i. e. WDT) and the amount of wax 

deposited at various temperature and pressure conditions. In general, for synthetic mixtures 

when the details of their compositions were known, excellent agreement between the model 
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predictions and the experimental data was observed. For real reservoir fluids with limited 

compositional data, the model also showed good reliability. 

The new correlations for calculating the thermo-physical properties of pure compounds and 

the inclusion of solid-solid transition were examined using reliable experimental data of 
binary systems generated in this laboratory. The HWWAX model has demonstrated 

significant improvement in predicting VVIDTs. 

The new wax solid model was validated using WDT data for various binary and ternary 

systems, and was compared against the existing models, such as the ideal solid solution, 

multi-pure-solid and Countiho's UNIQUAC approach. Comparing to the experimental data, 

the new model has reduced the prediction deviations to within 2K from approximately 7-10 

K of the existing models. 

One important improvement of the HWWAX model is the inclusion of pressure effect on 

wax phase by using more reliable data of pure compound properties. This has been validated 

using binary and multi component mixtures with and without light ends (Ci to C4 or natural 

gas mixture). The comparison between predicted and experimental data indicated that the 

HWWAX model has excellent capability for modelling the pressure effect by considering 

both gas solubility and the fusion temperature of pure compounds under pressures. 

Various real reservoir fluids have been used to validate the HWWAX model for predicting 

YY'DT and the amount of wax deposited at different temperatures. Generally, the model can 

provide acceptable WDT and wax amount predictions for different real reservoir fluids using 

the compositional data generally provided in the petroleum industry. It is also realised that 

the HWWAX model can be further improved by differentiating the effects of aromatics 

against iso-paraffins and naphthenes on wax accumulation when new experimental data are 

available. 
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6.5. TABLES 

Table 6.1. Experimental WDT data (Metivaud et al.. 1999) and different model 

predictions for C14-CI5-CI6 ternary, at 0.1 MPa. 

Experimental data 

Exp. 

Mole fraction WDT 
C 

14 
C 

15 
C 

16 /K 

Ideal solid 
solution 

WDT Dev 
/K /K 

Predictions and deviations (Dev) 

Mutli-pure- Countinho 

solid UNIQUAC 

WDT Dev WDT Dev 
/K /K /K /K 

HWWAX 

WDT Dev 
/K /K 

0.06 0.57 0.37 283 287 4 277 -6 280 -3 285 2 

0.14 0.23 0.63 285 288 3 284 -1 285 0 287 2 

0.17 0.06 0.77 286 289 3 287 1 287 1 288 2 

0.24 0.33 0.43 282 286 4 279 -3 281 -1 284 2 

0.21 0.56 0.23 281 285 4 272 -10 276 -5 283 2 

0.27 0.66 0.07 280 283 3 275 -5 278 -2 281 1 

0.37 0.05 0.58 283 287 4 283 0 284 1 285 2 

0.32 0.24 0.44 282 286 4 280 -2 281 -1 284 2 

0.43 0.33 0.24 279 284 5 272 -7 276 -3 281 2 

0.57 0.17 0.26 278 284 6 273 -5 276 -2 280 2 

0.73 0.14 0.13 276 282 6 274 -2 275 -1 279 3 
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Table 6.2. Experimental "T data (Metivaud et al., 1999) and different model 

predictions for CI 8-C 19-C20 ternary, at 0.1 MPa. 

Experimental data Predictions and deviations (Dev) 

Mole fraction 
C18 C 

19 
C20 

Exp. 

WDT 
/K 

Ideal solid 
solution 

WDT Dev 
/K /K 

Mutli-pure- 

solid 
WDT Dev 

/K /K 

Countinhos 
UNIQUAC 

WDT Dev 
/K /K 

HWWAX 

WDT Dev 
/K /K 

0.02 0.02 0.96 309 310 1 309 0 309 0 309 0 

0.05 0.05 0.9 309 309 0 309 -1 309 0 309 0 

0.05 0.9 0.05 305 305 0 303 -2 304 -1 305 0 

0.1 0.1 0.8 308 309 1 307 -1 307 -1 308 0 

0.1 0.4 0.5 306 308 2 302 -4 303 -3 306 0 

0.1 0.55 0.35 306 307 1 298 -8 300 -6 305 -1 
0.14 0.73 0.13 304 306 2 300 -4 301 -3 304 0 

0.15 0.15 0.7 307 308 1 306 -1 306 -1 307 0 

0.2 0.2 0.6 306 308 2 304 -2 305 -1 306 0 

0.2 0.6 0.2 305 306 1 296 -9 296 -10 304 -1 
0.26 0.26 0.48 306 307 1 301 -5 302 -4 305 -1 
0.33 0.33 0.34 304 306 2 298 -7 299 -5 303 -1 
0.4 0.1 0.5 305 307 2 302 -3 303 -2 304 -1 

0.43 0.43 0.14 303 304 1 292 -11 297 -6 302 -1 
0.48 0.15 0.37 304 306 2 299 -6 300 -4 303 -1 
0.6 0.2 0.2 302 304 2 295 -8 295 -7 301 -1 

0.79 0.11 0.1 301 303 2 298 -3 299 -2 300 -1 
0.9 0.05 0.05 301 302 1 299 -2 300 -1 301 -1 
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Table 6.3. Experimental VVIDT data (this laboratory) and different model predictions for 

C6-C 16-C 17 ternary, at 0.1 MPa. 

Experimental data Predictions and deviations (Dev) 

Ideal solid Mutli-pure- Countinhos 
Exp. solution solid UNIQUAC HWWAX 

Mole fraction WDT WDT Dev WDT Dev WDT Dev WDT Dev 
C6 C 

16 
C17 /K /K /K /K /K /K /K /K /K 

0.911 0.048 0.041 261 265 4 254 -7 258 -3 261 0 
0.905 0.04 0.055 263 266 3 257 -6 260 -3 262 -1 
0.794 0.156 0.051 271 273 2 267 -4 268 -3 270 -1 

Table 6.4. Compositions of four mixtures containing methane (Daridon et al. 1996). 

Compound A 

Mole% 

B C D 
C, 43.70 43.80 43.60 44.00 

CIO 46.10 45.90 46.15 45.80 
C18 0.00 1.65 1.33 6.80 

C 19 0.00 1.43 1.27 0.00 
C20 3.27 1.25 1.16 0.00 
C21 2.24 1.15 1.10 0.00 

Gl 1.53 0.91 1.04 0.00 

C-)-, 1.05 0.78 0.98 0.00 
C24 0.72 0.67 0.92 0.00 
C25 0.49 0.58 0.87 0.00 
C26 0.34 0.50 0.81 0.00 
C27 0.23 0.43 0.77 0.00 

G's 0.16 0.37 0.00 0.00 

C-)() 0.11 0.31 0.00 0.00 
C30 0.07 0.27 0.00 3.40 

- 104- 



Chapter 6: Validation of the Wax Model 

Table 6.5. Experimental (this laboratory) and predicted (using the HWWAX model) I Z: ) 

"Ts for real reservoir fluids, at 0.1 MPa. 

Experimental Predicted 

Resevoir fluids WDT/K WDT/K 

LTA97-1 328 321 

LTB98-1 309 308 

RFS- I (dead fluid) 323 319 

Table 6.6. Compositions for the multi-component mixture representing a highly 

simplified crude oil system (Pauly et al., 2001). 

Component Mole% Component Mole% 
C6 19.50 cl-) 0.62 
C7 15.92 C23 0.50 
C8 12.68 C24 0.40 

C9 10.19 C25 0.32 

CIO 8.20 C26 0.26 

Cil 6.50 C27 0.21 
C12 5.24 C28 0.17 
C13 4.20 C29 0.13 
C 

14 3.39 C30 0.11 

C15 2.77 C31 0.09 
C16 2.24 C32 0.07 
C17 1.80 C33 0.06 
C18 1.45 C34 0.04 
C19 1.18 C35 0.03 
C20 0.95 C36 0.03 
C21 0.76 
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6.6. FIGURES 
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Figure 6.9. Measured (Daridon et al., 1996) and predicted (using the HWWAX model) 

phase boundaries for Mixture B. 

50 

45 

40 

35 

30 
cz 
0- 

25 

20 

15 

10 

5 

0 

A0 Exp. Pb in C: Daridon et al. (1996) 

A--- Predicted Pb in C: HWWAX model 

AA Exp. W DT in C: Daridon et al. (1996) 

A -Predicted WDT in C: HWWAX model 

A 

S+L 
L 

C3 - (5 - (5 - -(5 - (5 -5-5- 

L+V S+L+V A 

AiIIIa 

260 280 300 320 340 360 380 400 

T/K 

Figure 6.10. Measured (Dandon et al., 1996) and predicted (using the HWWAX model) 
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Figure 6.11. Measured (Daridon et al., 1996) and predicted (using the HWWAX model) 

phase boundaries for Mixture D. 
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mole concentrations against molecular weight for Base Condensate LTB98-1. 

- 113- 



Chapter 6: Validation of the Wax Model 

.4 r%r% I. UV 

0.95 

0.90 
0) 
0 

4-- 

0.85 

0- 
Co 
Z 0.80 
(I) 

0.75 

n 7n 

0 

0 LTB98-1: exp. data 

- LTB98-1: HWWAX calculations 

0 

50 150 250 350 450 550 650 750 850 

molecular weight 

Figure 6.17. Experimental data (Reservoir Fluid Studies Group) and the calculated SCN 

specific gravities against molecular weight for Base Condensate LTB98-1. 
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Figure 6.18. Experimental data (Reservoir Fluid Studies Group) and the calculated SCN 

mole concentrations against molecular weight for Black Oil RFS- I (dead fluid). 
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Figure 6.19 Experimental data (Reservoir Fluid Studies Group) and the calculated SCN 

specific gravities against molecular weight for Black Oil RFS- I (dead fluid). 
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Figure 6.23. Experimental (Pauly et al., 2001) and predicted (using HWWAX) wax 

compositions at different pressure conditions (290.2K). 
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Figure 6.25. Experimental (Pedersen et al., 1991a) and predicted (using HWWAX) wax 

amounts for crude Oil 2. 
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Figure 6.26. Experimental (Pedersen et aL, 1991a) and predicted wax amounts (using the 

HWWAX model and the model based on SCN groups) for crude Oil 3. 
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Figure 6.27. Experimental (Pedersen et al., 1991 a) and predicted (using HWWAX) wax 

amounts for crude Oil 5. 
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Figure 6.28. Experimental (Pedersen et aL. 1991 a) and predicted (using HWWAX) wax 

arnounts for crude Oil 6. 
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Figure 6.29. Experimental (Pedersen et al., 1991a) and predicted (using HWWAX) solid 
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Figure 6.3 1. Experimental (Pedersen et al., 199 1 a) and predicted (using HWWAX) wax 

amounts for crude Oil 9. 

20 

15 

lo 

0 

Oil 10 
0 Exp. data, Pedersen et al. (1991) 

- HWWAX predictions 

0 

0 

0 
7 > 0 

0 
0 T 

o 
0 

230 250 270 290 310 330 

T/K 

Figure 6.32. Experimental (Pedersen et al., 1991a) and predicted (using HWWAX) wax 0 
amounts for crude Oil 10. 
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Figure 6.33. Experimental (Pedersen et al., 1991 a) and predicted (using HWWAX) wax 

amounts for crude Oil 11. 
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Figure 6.34. Experimental (Pedersen et al., 1991a) and predicted (using HWWAX) wax I 

amounts for crude Oil 12. 
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Figure 6.35. Experimental (Pedersen et al., 1991 a) and predicted (using HWWAX) wax 

amounts for crude Oil 15. 

20 

15 

0 lo 

E 
cz 
_0 
-3 
U) 

Oil 17 
0 Exp. data, Pedersen et al. (1991) 

- HWWAX predictions 

0 

0 

230 250 270 290 310 330 

T/K 

Figure 6.36. Experimental (Pedersen et al.. 1991a) and predicted (using HWWAX) wax 

amounts for crude Oil 17. 
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CHAPTER-7 

INTEGREATED MODELLING OF WAX AND HYDRATE 

7.1. INTRODUCTION 

In a multiphase system, formation of gas hydrates can remove light components from the 
fluid phases, subsequently reducing the solubility of waxy compounds that may affect wax 

phase boundary. On the other hand, wax formation can remove heavy compounds, 

increasing the relative concentrations of light compounds in the fluid, in which hydrate phase 
boundary may be affected. 

Edmonds et al. (1999) has attempted an integrated modelling of hydrate and wax. In their 

programme, hydrate phase equilibrium calculation was based on the model of van der Waals 

and Platteeuw (1959), while the multi -pure-solid model suggested by LiraGaleana et al. 
(1996) was used for calculating wax phase equilibrium. The LiraGaleana et al. 's wax model 

was based on WAT, and modelling of wax for real reservoir fluids was based on single 

carbon number (SCN) groups without differentiating n-paraffins and non-n -paraffins. 

For a given fluid, the same compositional data (i. e. the same component number) was used 4: ) 

for simultaneous calculations of both hydrate and wax in Edmonds et al. 's model. Since 

hydrocarbons heavier than C20 are responsible for deterimning wax phase equilibrium, they 
0 

need to be described as discrete components for the wax modelling. However, these 

hydrocarbons are not hydrate formers. Their presence as individual components in the 

hydrate model will not improve the modelling accuracy, but can increase the computation 

time due to large number of components. In order to reduce the computation time, a 

'lumping' procedure was employed by Edmonds et al. to combine SCN components into 

pseudo-cornponents. This might cause problems in wax modelling, as it was noticed that 
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wax calculation was sensitive to the 'lumping' procedure. the predicted WATs could differ 

by over 30 K when using different pseudo-components in the lumping for the given fluid. 

In this chapter, I will integrate the new wax model (HWWAX) developed in this work ýý'ith 

the hydrate model (HWHYD) developed from the previous studies in the research group. 

Considering the drawbacks of Edmonds et al. 's model, separated fluid characterisation 

procedures will be used for wax and hydrate modelling in order to improve the calculation 

stability and reduce the computation time. 

7.2. COMBINING THE WAX AND HYDRATE MODELS 

7.2.1. Programme Outline 

In terms of thermodynamics, the effects of wax formation on hydrate and vice versa are 

related to changes in the fluid composition due to solid formation. Light compounds will be 

removed from the fluid phases by the formation of gas hydrates, while heavy hydrocarbons 

will be extracted from the liquid phase due to wax deposition. 

For a given fluid system, it is important to determine whether wax or hydrate forms first 

when reducing temperature at a certain pressure. It is assumed that wax will form first if 

WDT of the fluid at certain pressure is higher than the Hydrate Dissociation Temperature 

(HDT) at the same pressure, and vice versa. The kinetic effect of wax and hydrate formation 

is not considered in this work. 

If wax forms first, it will change the composition of liquid phase, which will affect the 

solubility of light ends. This change will then be considered in the calculations of hydrate 

phase boundary. On the other hand, if hydrate forms first, the effect by removal of hydrate- 

formers will be accounted for the wax phase boundary prediction. Therefore, the hydrate 

flash calculation programme will be coupled into the wax models to update the fluid 

composition after the formation of hydrate, and similarly the hydrate model will be combined 

with the wax flash calculation. 

Figure 7.1 shows the schematic flow-chart (algorithm) for the integated modelling of wax L, 
and hydrate in this work. It should be noted that, when calculating the Wax Disappearance 
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Temperature (WDT) in the presence of hydrate, the fluid compositions are recalculated using 

a hydrate flash procedure, in which the light components that formed hydrates were removed 
from the fluid phases. A similar procedure is used to update the fluid compositions during 

hydrate calculations in the presence of wax. 

In the previous hydrate model, the hydrate dissociation pressure was selected as the unknown 

variable instead of the dissociation temperature, since, as shown in Chapter 3, several 

thermodynamic equations describing the hydrate are highly dependent on temperature. In 

this work, a programme was coded for obtaining the hydrate dissociation temperature, in 

order to compare with the wax disappearance temperature. Its schematic flowchart is shown 

in Figure 7.2. When the operating T is inside the wax phase boundary, the wax flash 

calculation is performed, giving an updated fluid composition for calculating the hydrate 

dissociation point. Otherwise, the original fluid composition will be used. 

7.2.2. Fluid Characterisation 

A typical fluid composition report (e. g. Tables A. 7-A. 9 in Appendix-A) gives discrete 

components for the non-hydrocarbon gases such as C02, and hydrocarbons UP to C6- 

Compounds such as methane, ethane, propane, iso-butane, n-butane, iso-pentane, CO?, Ný' 

and H2S, are hydrate formers. They are expressed as individual components in both wax and 

hydrate models. 

In the typical fluid composition report, hydrocarbon components heavier than C6 are 

commonly given as a series of single carbon number (SCN) cuts, and a plus fraction Is used 

for the remaining heavy end. These compounds do not take part in hydrate formation. So 

they can be grouped into one pseudo-component for hydrate calculations. The pseudo- 

component can be determined by matching the bubble point of the fluid (Tohidi, 1995). This 

grouping procedure will not affect the accuracy of hydrate calculations, but can reduce the 

number of components and hence the computation time. 

For wax calculations, both grouping and splitting procedures are used. As mentioned in 

Chapters 5 and 6, the plus fraction is first split into SCN groups UP to C60, then the non-wax 

forming SCN groups between C6 and C20 are grouped into one pseudo-component, while 

each SCN group heavier than C20 is further separated into a n-paraffin and a non-n-paraffin I 
component using Equation 5.7. 
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7.2.3. EoS and BIP 

In the hydrate model, the Valderrama modification of the Patel and Teja (VPT) EoS is used 
for calculating the fugacity in the vapour and liquid phases (Valderrama, 1990). The gas- 

water binary interaction parameters (BIPs) are deten-nined by matching binary vapour-liquid 

equilibrium data, and are kept constants. 

For an integrated modelling of wax and hydrate, it is better to use the VPT EoS for modelling 

wax. However, it was found difficult to modify its a function for considering heavy 

hydrocarbons. The VPT EoS was found incapable of calculating fugacity in vapour phase 

for the systems containing heavy paraffins. The Binary Interaction Parameters determined 

for the VPT EoS were strongly dependent on the carbon numbers of compounds. Since the 

BIP is sensitive in the thermodynamic calculations, the VPT EoS is deemed not suitable for 

use in calculation of wax formation. Therefore, the SRK and PR EoSs were used in the wax 

model. 

In the SRK and PR EoS, the BIN for light compounds such as CI-C5 are based on the data 

given in the references (as listed in Appendix-B), while a constant BIP, -0.020 for the SRK 

EoS and -0.024 for the PR EoS (see Chapter-4), is used for intermediate (the C6-C-'O pseudo- 

component) and heavy components (Cn>C-, o). Furthermore, the BIP between the major light 

compound (i. e. the one with the highest mole fraction) and others heavier than C6 IS 

determined by matching the bubble point pressure of the fluid. 

7.3. APPLICATION OF THE INTEGRATED MODEL 

Two examples will be given for the application of the integrated wax and hydrate model to 

numerically study the thermodynamic effect of one solid formation on the other. For each 

example, I will show the phase boundaries for fluids with different concentrations of light 

end, indicating the potential shift of phase boundary due to lose or increase of light end 

fraction. Then, the phase boundaries for hydrate or wax will be predicted with and without 

considering the existing solid. The effect of existing solid will be analysed using the 

simulation data of fluid composition change, and backed up with the available experimental 

observation in laboratory. 
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7.3.1 Hydrate Phase Boundary: Effect of Wax Formation 

Effect of light end on hydrate phase boundary 

Black Oil RFS-1 with compositions given in Table A. 9 has been studied using the integrated 

model. As given earlier in Chapter-6, the WDT of the dead fluid was predicted as 319 K, 

while the experimental WDT was 323K. The live reservoir fluid of RFS-1 (Table A. 9) 

contains 44.7 mole% light ends (i. e. Cl-C5), 43.8 mole% intermediate hydrocarbons (i. e. C6- 

C20) and 11.5 mole% heavy hydrocarbons (i. e. C20+), with the measured saturation pressure 

of 9.41 MPa at 373.15 K. In order to facilitate the hydrate calculations, all compounds 

heavier than C6 are lumped into n-C13 by matching the saturation pressure of the live fluid. 

To assess the effect of the mixing ratio of light ends with the dead fluid on hydrate, several 

mixtures were assumed by using different mole fractions of light end, as shown in Table 7.1. 

The hydrate phase boundaries without consideration of wax formation were predicted for the 

above mixtures using the combined wax-hydrate model. The results are shown in Figure 7.3. 

Hydrate phase boundary is shifted toward higher temperatures as the mixing ratio of light 

ends increases. For instance, at 5 MPa, the hydrate dissociation temperature increases IK 

when the light end fraction increases from 44.7 mole% to 55 mole%. In an extreme case, the 

hydrate dissociation temperature at 5 MPa can increase by approximately 5K if the light end 

content increases from 25 to 95 mole%. It is noted that, if the live reservoir fluid of RFS-1 

removes all hydrocarbons above C20 due to wax formation, its light end fraction will increase 
from 44.7 mole% to 50.5 mole%, which would cause the increase of hydrate dissociation 

temperature less than I K. 

Effect of wax formation on hydrate phase boundary 

As noted in Figure 7.3, for the live fluid RFS-1 with 44.7 mole% light ends, the hydrate C) 
dissociation temperature at 5 MPa is approximately 287.3 K. On the other hand, the wax 

disappearance temperature (V; DT) was predicted as 314.5 K at 5 MPa (as shown in Table 

7.2). Therefore, wax may forrn before hydrates. 

The integrated wax and hydrate model was used for calculating the hydrate dissociation point 

at various conditions. Table 7.2 compares the predicted hydrate phase boundaries in the 
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absence and presence of wax. The data show that the effect of wax formation on the hydrate 

phase boundary is not notable for the live fluid studied in this case. 

Table 7.3 shows the wax flash calculation results at different temperature and pressure 

conditions. The predicted amounts of wax formed at these conditions are very small (less 

than I mole%), and consequently the change in the light end concentration is small. 

Therefore there is little effect on the hydrate phase boundary due to wax formation. 

7.3.2. Wax Phase Boundary: Effect of Hydrate Formation 

The effect of light end composition on wax phase boundary has been discussed in Chapter-6. 

In this section, it will be further demonstrated using the synthetic mixtures with different 

fractions of light ends: 0 mole%(no light ends), 45 mole% and 69 mole% light ends. The 

details of the mixture compositions are shown in Table A. 5 (in Appendix A). Figure 7.4 

shows experimental WAT and WDT data (listed in Table A. 6) as well as the predicted wax 

phase boundaries for the fluids with different mixing ratios of the light ends. 

The wax phase boundaries predicted using the HWWAX model are approximately IK 

higher than the measured WAT data for the fluids with 0 and 45 mole% light end. When 

considering the subcooling (approximately IK as detailed in Chapter 2) for these fluids, it 

can be concluded that the HWWAX predictions are in excellent agreement with the 

measured wax phase boundaries. For the fluid with 69 mole% light ends, the model 

predictions are close to the measured WDT data. As can be observed in the figure, the 

predicted WDT at 20 MPa increases approximately by 2K as the light end concentration 

decreases from 69 mole% to 45 mole%. 

The fluid containing 69 mole% light ends was mixed with water by volume ratio of 

approximately 1: 1, and was investigated in the laboratory for hydrate phase boundary 

measurement. Figure 7.5 shows the experimental and predicted hydrate dissociation points, 
Z: ) 

which are in good agreement. The measured and predicted wax phase boundaries are also 

shown in the figure. Apparently, hydrates form at higher temperatures than the wax when 

the system pressure is above 2 MPa. 

It was intended to study the effect of hydrate on wax formation by measuring the wax 

disappearance temperature in the presence of hydrate. However, since both hydrate and wax 
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formed in this system are white crystals, it was found difficult to correctly detect the last wax 

crystal disappearing upon heating. It was also found that the detection of ýýax appearance is 

possible, as the wax crystal is sparkly and so can be differentiated from the exiting hydrates 

during cooling. Therefore, in the experiments, the wax appearance temperatures in the 

presence of hydrate were detected using visual technique. The difference between the 

measured WATs with and without hydrates was within I K. The experimental data indicated 

that the effect of hydrate formation on the wax phase boundary is not notable for the system 

studied. 

The integrated wax and hydrate model was used to calculate the wax phase boundary with 

the consideration of hydrate formation. The calculated YVDTs with hydrate are compared 

with those without hydrate in Table 7.4, in which the "T increases by 0.1 - 0.3 K due to 

the formation of hydrate. 

Table 7.5 lists the distributions of different phases at several equilibrium conditions. It is 

noticed that significant amounts of hydrate can be formed (about 58 mole% of the system). 

As shown in the table, the formation of hydrate can remove approximately 6 mole% light 

compounds (Cl, C2 and C3) from the system. Recalling the results shown in Figure 7.4, only 

2K increase of Vv'DT was gained as the light end concentration decreases from 69 mole% to 

45 mole%. It may suggest that the increase of WDT due to hydrate formation could be less 

than IK for the system studied. In fact, there is no significant change in the concentration of 

heavy components such as C23 - C26 after hydrate formation (as shown in Table 7.5), so it is 

not surprising that the wax phase boundary is not significantly affected by hydrate formation. 

7.4. CONCLUSIONS 

In this chapter, the new wax model developed in this work was combined with the hydrate 

model available from previous studies to form an integrated wax-hydrate model. In the 

model combination, the hydrate model was coupled with a wax flash calculation, and a 

hydrate flash calculation was added to the wax model, in order to update the fluid 

coinposition after wax or hydrate formation. The new integrated model used different fluid 

characterisation approaches in wax and hydrate calculations to ensure the reliability of each 
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model and reduce computing time. The integrated wax and hydrate model can be used to 

estimate the effect of one solid formation on the other in terms of thermodynamics 

The effect of wax formation on hydrate phase boundary was investigated for a real reservoir 
fluid with a higher WDT than HDT (hydrate dissociation temperature), in which wax could 
form before hydrate. The modelling results showed that the hydrate phase boundary was not 

significantly affected by the wax formation since only small increases of the light compound 

compositions were introduced after wax formation. 

The effect of hydrate formation on wax was studied for a specially designed synthetic fluid, 

which had a higher HDT than VVDT to assure hydrate could forrn before wax. The 

simulation results showed that the wax phase boundary was not significantly shifted due to 

hydrate formation, because only small increases of the heavy compound compositions were 

induced by the hydrate formation. 

It is speculated that the influence of wax formation on hydrate may increase if the wax 
deposition can cause significant change in fluid composition. On the other hand, the effect of 

hydrate formation on wax may be notable when a significant amount of light compounds are 

removed from the fluid due to formation of hydrate. It IS suggested to measure and model 

the wax effect on hydrate using systems containing large amounts Of C20+ fractions. 
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7.5. TABLES 

Table 7.1. Compositions (mole%) for several mixtures based on different mixIng ratios 
Of CI-C5 with the dead fluid. 

Component 15 25 
Light end/ mole% 

35 44.7 55 75 95 
C, 8.04 13.41 18.77 23.98 29.49 40.22 50.94 
C2 1.34 2.23 3.12 3.98 4.90 6.68 8.46 
C3 1.90 3.16 4.42 5.65 6.95 9.48 12.00 
'C4 0.67 1.12 1.57 2.00 2.46 3.35 4.25 
nC4 1.38 2.30 3.22 4.12 5.07 6.91 8.75 
'C5 0.70 1.17 1.64 2.09 2.57 3.51 4.44 
nC5 0.97 1.62 2.26 2.89 3.55 4.85 6.14 

nC13 85.00 75.00 65.01 55.30 45.01 25.01 5.02 

Table 7.2. Calculated wax disappearance temperature (WDT) at 5.07 MPa and the 

hydrate dissociation points without and with taking into account wax formation. 

Calculation of the hydrate dissociation point 
Operating calculated without wax with wax 

P/MPa WDT/K T/K P/MPa T/K P/MPa 

5.07 314.48 273.50 0.58 273.50 0.57 

278.50 1.30 278.50 1.29 

283.50 2.79 283.50 2.78 

286.00 4.10 286.00 4.09 

287.25 4.99 287.25 4.98 

287.33 5.06 287-33 5.05 

287.37 5.08 
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Table 7.3. Distributions (mole %) of equilibrium phases and compositions of the fluid 

with removal of wax at several temperature and pressure conditions. 

Temperature and pressure at equilibrium 
T/K 273.50 278.50 283.50 286.00 287.25 287.33 287.37 

P/MPa 0.69 1.31 2.68 3.92 4.77 4.83 4.86 

Phase Calculated mole% of equilibrium phases 
Vapour 25.99 22.28 15.70 10.17 6.46 6.20 6.07 

Liquid hydrocarbon 73.25 77.16 83.91 89.51 93.26 93.52 93.65 

Wax 0.76 0.56 0.39 0.31 0.28 0.28 0.28 

Input composition 
C, 24.03 
C2 3.99 
C3 5.66 
'C4 2.00 
nC4 4.13 
IC5 2.09 
nC5 2.90 

nC 13 55.20 

Compositions (mole%) with removal of wax 
24.22 24.17 24.13 24.11 24.10 24.10 24.10 

4.02 4.01 4.00 4.00 4.00 4.00 4.00 

5.71 5.69 5.68 5.68 5.68 5.68 5.68 

2.02 2.02 2.01 2.01 2.01 2.01 2.01 

4.16 4.15 4.14 4.14 4.14 4.14 4.14 

2.11 2.11 2.10 2.10 2.10 2.10 2.10 

2.92 2.91 2.91 2.91 2.90 2.90 2.90 

54.85 54.94 55.02 55.05 55.07 55.07 55.07 

Table 7.4. The calculated hydrate dissociation temperatures (HDT) and the wax 

disappearance temperatures (WIDT) with and without hydrate. 

Calculation of WDT 

Operating Calculated without hydrate with hydrate 

P/MPa HDT/K WDT/K WDT/K 

3.3 281.4 275.2 275.4 

6.9 286.6 274.3 274.6 

13.4 290.8 273.7 273.8 

19.9 293.0 273.8 273.9 
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Table 7.5. Distributions (mole %) of equilibrium phases and compositions of the fluid 

with removal of hydrates formed at conditions of a fixed temperature and several pressures. 

Temperature and pressure at equilibrium 
T/K 273.20 273.20 273.20 273.20 

P/MPa 3.30 6.90 13.40 19.90 

Phase Calculated mole% of eq uilibrium phases 
Vapour 22.96 18.50 10.38 1.64 

Liquid hydrocarbnon 19.14 23.20 31.12 39.78 
Hydrate 57.90 58.30 58.50 58.58 

Initial composition 
C, 60.24 
C2 3.91 
C3 1.16 
'C4 0.16 
nC4 0.28 
'C5 

C02 

N2 

CIO 

C-)l 

C22 

C23 

C`4 

C25 

C26 

0.07 
2.24 
0.94 
30.24 
0.26 
0.18 
0.13 
0.09 
0.06 
0.04 

Compositions (mole%) with removal of hydrate 
57.61 56.83 56.26 56.06 

1.54 1.82 2.16 2.35 
0.21 0.30 0.41 0.46 
0.04 0.06 
0.23 0.27 
0.08 0.08 
0.95 0.98 
2.51 2.47 
35.92 36.26 
0.31 0.31 
0.22 0.22 

0.15 0.15 

0.11 0.11 

0.07 0.08 

0.05 0.05 

0.08 
0.28 
0.08 
1.01 
2.36 
36.43 
0.32 
0.22 
0.15 
0.11 
0.08 
0.05 

0.09 
0.29 
0.08 
1.03 
2.21 
36.50 
0.32 
0.22 
0.15 
0.11 
0.08 
0.05 

Light end 68.99 63-17 62.81 62.64 62.57 
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7.6. FIGURES 

Input initial overall compositions zi 
and operating P 

Calculate wax disappearance Calculate hydrate dissociation 
temperature WDT in the temperature HDT in the 

absence of hydrate 

I 

absence of wax 

WDT > HDT 

No yf... -, 

Calculate wax disappearance Calculate hydrate dissociation 
temperature WDTpres in the temperature HDTpre, 

% in the 
presence of hydrate presence of wax 

----------------------- * ---------------------------- 
Initial guess Of TI 

Perform hydrate flash 
calculation 

F-Update 
fluid composition zi 

V) =fL =fS ? ii (fi ii 

No 

Output WDTp,,, Update T 

------------------------------------------- 
Figure 7.1. Schematic flow-chart for integrated modelling of wax and hydrate (WDT and 

WDTp,, are the wax disappearance temperatures in the absence and presence of hydrate, 

respectively. HDTand HDTp,, are the hydrate dissociation temperatures in the absence and 

presence of wax, respectively). 
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composition zi 
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Output hydrate 
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Figure 7.2. Schematic flow-chart for calculating the hydrate dissociation temperature 

(HDTIHDTP,,, ) in absence/presence of wax. 
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Figure 7.5. The wax and hydrate phase boundaries for the fluid containing 69 mole% light tD 
ends (experimental data are generated in this laboratory. Wax and hydrate predictions are 

based on the HWWAX and HVMYD models). 
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CHAPTER-8 

CONCLUSIONS 

The work described in this thesis has sought to develop a comprehensive thermodynamic 

wax model that can be used to estimate the wax phase equilibrium problem for complex 

reservoir fluids. The development of the new wax model was based on systematic 

procedures using reliable experimental data. First, the basic thermodynamic equations for 

wax formation were modified and tuned using experimental data for synthetic mixtures with 
known compositions. The model was developed by improving estimated pure compound 

properties, using a fundamental equation more suitable to describe the melting process, 

modifying equations of state, and developing a new approach to describe solid mixtures. 
Then the model was extended to real reservoir fluids using a well-proven fluid 

characterisation procedure based on conventional oil compositional data. The new model has 

shown good capability and reliability for predicting the wax phase boundary, amount and 

composition of wax formed. Finally, the new wax model, named as HWWAX, along with 

the existing hydrate model (HVVHYD) available within the research group, has been Z: ' 

integrated to formulate an integrated Wax-Hydrate model. The integrated model is capable 

of predicting wax and hydrate phase equilibrium and assessing the thennodynamic effect of 

co-appearance of wax and hydrate. 

The conclusions drawn during the course of this study and main features of the new wax 

model will be described in this Chapter. Some suggestions and recommendations of future 

work are also presented for further modification and validation of the wax model and for 

investigation of wax and hydrate co-formation. Z: ) 
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8.1 EXPERIMENTAL WORK 

The new wax model was based on wax disappearance temperature (WDT), which can be 

accurately measured at a more realistic equilibrium condition than wax appearance 
temperature (WAT) that was used in many existing wax models. In Chapter-2. the 
importance of measuring wax disappearance temperature (WDT) as the basis for developing 

the new wax model has been clarified. The experimental set-ups and techniques used in this 
laboratory for wax measurements have been described. Experimental WDT data have been 

generated for binary systems in this work, and used for tuning the new wax model. WDTs 

were also measured for multi-component synthetic systems and real reservoir fluids in this 
laboratory, and used for validation of the new wax model. The experimental work conducted 

in this study can be summarised below: 

Reliable techniques (visual observation and Quartz Crystal Microbalance) and 

experimental procedures (step-heating) have been developed and used for measuring 

wax disappearance temperature ("T) at solid-liquid equilibrium (SLE) conditions 

in a practically feasible experimental time scale. 

Experiments have been conducted using several deliberately designed binary systems 

to produce WDT data for tuning of the new wax model. The WDTs of complex 

synthetic hydrocarbon systems and real reservoir fluids have been measured and used 
for validating the new wax model. Experiments have been performed on synthetic 
hydrocarbon mixtures with and without light hydrocarbon ends (CI-C5) at different 

pressures. The data have been used for validating the model and assessing the effects 

of light ends and pressure on wax phase boundary. 

8.2. DEVELOPMENT AND VALIDATION OF THE NEW WAX MODEL 

In general, modelling of wax formation in a complex fluid system is a multi-phase Z: ' 

equilibrium problem, in which the fugacities of each component in the vapour, liquid 

hydrocarbon and solid (wax) phases are equal. In this study, the fugacities of fluid phases t) 
were calculated using the SRK EoS or PR EoS. The calculation of fugacity in the solid phase 

has been related to the nature of the solid mixture, which depends on the difference of 
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molecular sizes between components. Compounds with significant difference in their carbon 

numbers can form pure solids, so a multi -pure-solid approach was used for calculating the 

fugacity in the solid phase. On the other hand, compounds with small difference in carbon 

numbers can form a solid solution, which was modelled using a non-ideal solid solution 

theory, while the activity coefficients were calculated using an UNIQUAC equation. The 

non-ideal solid solution was considered to be more suitable to describe the wax solid phase 
for real reservoir fluids. 

8.2.1. Development of the Wax Model 

In Chapter-4, the new wax model was tuned in terms of the fugacities of liquids and solids 

using a systematic approach. First, new correlations were introduced for calculating the Z71 
thermo-physical properties of pure compounds based on reliable experimental data. Next, 

the a functions of SRK EoS and PR EoS were modified for describing heavy hydrocarbons at 

low temperatures. Then, the adjustable parameter in the UNIQUAC equation was 

determined for the description of wax solids. Finally, the effect of pressure on the wax phase 

boundary was included in the model. 

The main work conducted and the features of the new model include: 

9 New correlations have been developed for calculating the thermo-physical properties, 

such as fusion temperature and heat of fusion, of pure compounds, with improved 

accuracy due to the consideration of the differences between odd and even carbon 

numbers. 

* The solid-solid transition has been included into the thermodynamic equations for 

SLE calculations, which was in line with the experimental observations on crystalline 

structure transformation upon heating. 

9 The experimental data obtained from binary synthetic mixtures were used for tuning 

the SRK EoS and PR EoS. The binary nuxtures were carefully selected for each 

system to have components with significantly different carbon numbers, so that the 

multi -pure-solid model can be used for calculating fugacity in solid phase. The 

modified equations of state and the use of constant binary interaction parameters have 

improved the calculation of fugacities for heavy liquid hydrocarbons. 
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The adjustable parameter for the UNIQUAC equation was correlated with the 

difference in carbon numbers for each component pair, which can be used to model 

the effect of components carbon number distribution in real reservoir fluids. 

Pressure can change the fusion temperature of pure compounds. This effect on wax 

solid phase has been considered and modelled using reliable pure compound fusion 

temperatures at different pressures from the literature. Inclusion of the pressure effect 

has improved the accuracy of the model for predicting wax phase equilibrium at high- 

pressure conditions. 

8.2.2. Modelling of Real Reservoir Fluids 

In chapter-5, the wax model was extended to real reservoir fluids. The extension was based 

on fluid compositional data obtained from the conventional reservoir oil analysis, concerning 

the general and practical use of the model without needs for extra analytical work. A 

programme has been developed for splitting the plus fraction (e. g. C7+) into single carbon 

number (SCN) groups. Then the SCN groups between C6-C20 were lumped into a pseudo- 

component, while the SCN groups heavier than C20 were further separated into n-paraffins 

and non-n-paraffins using an empirical correlation determined in this work. The major work 

carried out and the main conclusions drawn in this chapter are as follows: 

Heavy components in real reservoir fluids are the main constitutes in wax formation, 

therefore the plus fraction obtained from the conventional oil analysis needs to be 

split into individual components. A Gamina distribution function has been developed 

to calculate the SCN mole fractions and molecular weights for the splitting of the plus 

fraction. The parameters such as X and q of the Gamma function were obtained by 

matching the measured molecular weight and mole fraction. In this work, the 

Gamma function parameters were optimised using experimental data of SCN groups 

UP to C20- On the other hand, a logarithmic function has been used to calculate the 

SCN specific gravity for the splitting of the plus fraction. The parameters of the 

logarithmic function were obtained using the experimental data Of C7 group and dead 

oil, and adjusted by the coefficients determined in this work. 

The composition of n-paraffins was considered as the determining factor for the wax 

phase boundary, while iso-paraffins, and naphthenes were considered only 
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contributing to the amount of precipitated wax. Though aromatics do not form ý, vax, 

they were grouped with iso-paraffins. and naphthenes into the non-n-paraffin pseudo- 

components in this work due to lack of data on individual categories. 

e The n-paraffin composition was estimated using an empirical correlation with its 

parameters determined in this work, requiring only the SCN data. This advocates the 

model for general application to real reservoir fluids. 

8.2.3. Validation of the Wax Model 

In Chapter-6, the reliability of the new wax model was validated using various synthetic 

mixtures and real reservoir fluids with independent experimental data. The model was 

examined in terms of wax phase boundary (i. e. WDT), and the amount and composition of 

wax to be deposited at certain pressure and temperature conditions. The new wax model was 

also compared with several existing wax models, such as the ideal solid solution, multi-pure- 

solid model and Countiho's UNIQUAC model. In general, for the synthetic mixtures when 

the details of their compositions are known, excellent agreement between the model 

predictions and the experimental data has been observed. For the real reservoir fluids with 

limited compositional data, the model has also showed very good capability for independent 

predictions. The new wax model has shown superiority to the existing wax models 

discussed, as a result of modifications made in this work. 

In summary, the new model has been improved on the following aspects: 

The model calculation accuracy was improved by the differentiation of odd or even 

carbon number in the new correlations for calculating the thermo-physical properties 

(e. g. fusion temperature) of pure compounds, and also by the inclusion of solid-solid 

transition in the SLE calculation. 

The EoS parameters have been modified, and the modification improved the SLE 

calculations. Constant BIN were used for modelling heavy hydrocarbons, which has 

simplified the model, but proved to be reliable in various complex systems. 

The new UNIQUAC approach improved the description of wax solid phase, and it 

showed reliability for complex synthetic and real fluids containing multiple 

components. 
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The model successfully reproduced the effect of pressure on vvax formation by 

combined modelling of both changes in gas solubility and fusion temperature. The 

model predictions of wax phase boundary at different pressures were in excellent 

agreement with the experimental data for saturated and unsaturated fluids. 

Conventional oil compositional data were used for predicting wax phase boundary for 

real reservoir fluids. The independent predictions of "T and wax amount were in 

general agreement with experimental data for various reservoir fluids such as aas Z-- 
condensate, black oil and paraffinic oil. 

8.3. INTEGRATED MODELLING OF WAX AND HYDRATE 

In Chapter-7, the new wax model developed in this work was combined with the hydrate 

model available from previous studies, forming an integrated wax-hydrate model. The 

integrated model was used in a preliminary study of the thermodynamic effect of wax on 

hydrate formation and vice versa. The approaches used for combining the models and the 

main conclusions of integrated modelling of wax and hydrate are described below: 

A start-up programme was introduced to calculate and compare the wax 

disappearance temperature ("T) without hydrate and the hydrate dissociation 

temperature (HDT) without wax, in order to deten-nine whether wax or hydrate forms 

first, and then to choose the proper combined programme to model the effect of 

existing solid. 

In the combined programines, the wax flash calculation was added to the hydrate 

model and the hydrate flash calculation was coded into the wax model, in order to 

update the fluid composition after wax or hydrate formation. During the wax and 

hydrate calculations, different numbers of components were used to properly model 

heavy compounds forming wax and light components forming hydrate and to ensure 

the reliability of each calculation. 

The integrated wax-hydrate model was used to predict the effect of wax on hydrate 

usin2 a real reservoir fluid with the WDT (without hydrate) higher than the HDT 

(without wax). The calculated fluid composition was analysed. which showed small 
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changes after wax fon-nation, consequently the hydrate phase boundary was not 
significantly affected by wax formation in the system studied. 

0 The integrated wax-hydrate model was also used to estimate the effect of hydrate 

formation on wax using a specially designed synthetic fluid that has a higher HDT 
C 

(without wax) than WDT (without hydrate). Due to the small fluid composition 

changes induced by hydrate formation, the predicted wax phase boundary was not 

significantly shifted by the presence of hydrate, which was in agreement with the 

experiment data. 

8.4. RECOMMENDATIONS FOR FUTURE WORK 

8.4.1 Further Improving the Wax Model Using New Experimental Data 

The new wax model formulated in this work was based on a large number of experimental 
data in terms of wax phase boundary and wax amount. The data were mainly for synthetic 
fluids saturated and unsaturated with light constituents, and for stabilised reservoir fluids 

without dissolved gases. There was few experimental data for live reservoir fluids, which 

will be needed in order to validate and improve the model. The model can be further 

improved in the following aspects for real reservoir fluids: 

Thermodynamic description of the solidphase of wax 

In this work, wax solid phase was described using the non-ideal solid solution. which was 

developed based on the SLE behaviour of n-paraffins. In the modelling of real reservoir 

fluids, this approach was directly extended to the non-n-paraffin compounds, such as iso- 

paraffins, naphthenes and aromatics. The solid behaviour of non-n-paraffins may be 

different from that of n-paraffins. This needs to be verified and considered in the model. 

Differentiation of hydrocarbon types 

In this work, aromatics were grouped into non-n-paraffin pseudo-components, and assumed 

to increase wax accumulation. It may actually not be the case. It was noted that the accuracy 

of predicted wax amount could be improved by taking aromatics out of Nvax forming 
C ltý 

components. This needs to be quantified using experimental data. 
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It was also noted that the empirical correlation (Equation 5.7) used to estimate n-paraffin 

concentration with only one set of parameters was not accurate enough for all reservoir 

fluids. It is suggested to improve the correlation parameters by classifying real reservoir 

fluids according to their n-paraffinic, iso-paraffinic, naphthenic or aromatic natures. 

The modelling of real reservoir fluids can also be improved by using novel experimental data 

for SCN groups. The measured proportions of different hydrocarbons (i. e. n-paraffin, iso- 

paraffin, naphthene and aromatics) in SCN groups can be directly correlated with the SCN 

properties such as specific gravity, and to formulate independent correlations. 

8.4.2. Effects of Wax and Hydrate Co-Formation 

The effect of wax formation on hydrate phase boundary was found to be not significant for 

the live reservoir fluid studied in this work. However, the influence of wax on hydrate may 

increase in systems that contain large amounts of wax-fon-ning compounds. It is suggested to C, 

further study the effect of wax on hydrate using fluids having different fractions of heavy 

hydrocarbons. On the other hand, the effect of hydrate formation on wax may be more 

notable when there is a more significant change in the concentration of light compounds due 

to hydrate formation. It is hence suggested to measure and model the hydrate effect on wax 

using different fluids. Furthermore, though the thermodynamic effect of wax formation on 

hydrate and vice versa could be not significant, the formation of one solid could promote the 

deposition of the other by reducing the required subcooling due to the existing nucleation 

sites. It is therefore suggested to study the effects of wax and hydrate co-formation in terms 

of kinetics. 
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APPENDIX-A 

EXPERIMENTAL DATA 

This appendix gives the compositions and experimental VV'DT data for 10 synthetic mixtures 
(Tables A. 1-A. 6) and one real reservoir fluid (Table A. 7). The "T data were measured 

using the experimental techniques and procedures described in Chapter-2, and they are used 
for validation of the new wax model in Chapter-7. 

Table A. 1. Compositions (mole%) for synthetic Mixtures A, B, C and D without light 

ends (Centre for Gas Hydrate Research, HVV'U). 

without light ends 
Component A B C D 

C7 51.04 47.44 48.99 
CIO 44.49 80.04 37.76 43.62 
C 

13 1.59 2.56 
C 

16 2.12 6.44 2.05 
C18 0.33 2.40 0.33 
C20 6.43 3.24 
C21 4.39 1.81 

C-), ) 0.17 2.99 0.22 0.27 
C23 2.06 0.30 
C24 0.19 2.34 0.25 
C28 1.41 0.21 1.64 
C30 0.34 0.18 0.11 
C', 

6 0.08 0.18 
C-40 0.01 
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Table A. 2. Experimental VvIDT data for synthetic Mixtures A. B. C and D without light 

ends (Centre for Gas Hydrate Research, HWU). 

A 
P/MPa WDT/K 

without light ends 
Bc 

P/MPa WDT/K P/MPa WDT/K 

D 
P/MPa WDT/K 

0.3 302 2.4 297 0.2 289 0.1 303 

2.8 302 9.8 299 10.1 291 7.9 304 

9.4 303 16.2 300 17.9 292 15.3 306 

17.1 304 23.8 302 33.5 296 22.4 307 

24.1 306 31.9 304 41.3 297 30.5 309 

33.6 309 38.6 305 40.4 311 

41.0 310 
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Table A. 3. Compositions (mole%) for synthetic Mixtures B, C and D with light ends 
(Centre for Gas Hydrate Research, HWU). 

with light ends 
Component B c D 

C, 28.00 24.41 37.10 
C2 4.04 2.55 2.45 
C3 1.46 5.66 0.70 

nC4 1.12 3.63 0.09 
IC4 0.15 
nC5 0.03 
IC5 0.03 
N2 1.66 

C02 0.64 
C7 30.24 28.02 
CIO 52.32 24.07 24.91 
C 

13 1.46 
C16 4.11 1.17 
C18 1.53 0.19 
C20 4.20 2.06 
C21 2.87 1.15 
C22 1.96 0.14 0.15 
C23 1.34 0.19 
C24 1.53 0.14 
C28 0.92 0.13 0.94 
C30 0.23 0.12 0.06 
C36 0.10 

C40 0.01 

Bubble point 
T/K 291 284 299 

Pb/MPa 9.3 7.6 12.6 
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Table A. 4. Experimental WDT data for synthetic Mixtures B, C and D with light ends 
(Centre for Gas Hydrate Research, HVv'U). 

with light ends 
BcD 

P/MPa WDT/K P/MPa WDT/K P/MPa WDT/K 

1.0 294 1.0 286 1.6 301 

4.4 293 2.2 286 4.5 301 

10.0 292 5.3 285 14.1 302 

10.6 293 7.1 285 26.0 304 

23.3 295 8.0 286 32.5 305 

34.7 298 14.6 286 40.0 306 

40.4 298 22.8 287 
31.7 289 
41.6 291 

Table A. 5. Compositions (mole%) for synthetic Mixture E with different amounts of 

light-ends (Centre for Gas Hydrate Research, HWU). 

No 
light end 

45 mole% 
light end 

69 mole% 
light end 

C, 39.42 60.24 

C, 2.56 3.91 
C3 0.76 1.16 

nC4 0.10 0.16 
IC4 0.18 0.28 
IC5 0.05 0.07 
N2 1.46 2.24 

C02 0.61 0.94 

CIO 97.52 53.49 30.24 
C21 0.84 0.46 0.26 

C')') 0.59 0.32 0.18 
C23 0.41 0.23 0.13 
C24 0.29 0.16 0.09 
C25 0.20 0.11 0.06 
('26 0.14 0.08 0.04 

Bubble point 
T/K 273 288 

Pb/MPa 12.0 26.3 
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Table A. 6. Experimental WAT and WDT data for synthetic Mlixture E with different 

amounts of light-ends (Centre for Gas Hydrate Research, HWU). 

No light end 45 mole% light end 69 mole% light end 
P/MPa WAT/K P/MPa WAT/K P/MPa WAT/K P/MPa WDT/K 

0.3 276 2.9 275 3.3 274 3.3 274 
4.5 276 5.6 274 6.9 272 6.9 273 
10.7 277 11.0 274 13.4 272 13.5 273 
20.9 279 12.0 273 19.9 273 20.3 275 
30.3 281 16.4 274 25.8 274 26.4 275 
36.0 282 23.2 276 33.0 274 34.4 276 

30.2 277 39.8 275 41.0 277 
34.7 278 
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Table A. 7. Compositions and physical properties (Reservoir Fluid Studies Group, HWU) 

of North Sea crude oil LTA97-1 (V; DT is measured as 328 K, Centre for Gas Hydrate 

Research, HWU). 

Component MW mole% Specific gravity 
nC4 58 0.11 
iC5 72 0.56 

nC5 72 1.24 
C6S 89 4.03 0.669 
C7S 92 9.77 0.728 
c8s 103 12.18 0.752 
Cgs 117 9.00 0.776 
CIOS 132 7.70 0.785 
ClIs 147 5.90 0.791 
C 

12S 161 4.30 0.809 
C13S 174 5.54 0.819 
C 

14S 189 3.89 0.839 
C15S 199 3.93 0.838 
C 

16S 218 3.06 0.845 
C 

17S 231 2.27 0.844 
C18S 249 2.58 0.847 
c1gs 257 2.71 0.869 
C20+ 460 21.23 0.929 

the fluid 209 0.851 

Note: C,, s is the single carbon number (SCN) group n. 
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Table A-8. Compositions and physical properties (Reservoir Fluld Studies Group, HNVU) 

of Base condensate LTB98-1 (VY'DT is measured as 309 K, Centre for Gas Hydrate Research, 

HWU). 

Component MW mole% Specific gravity 
cl 16 0.00 
C2 30 0.00 
C3 44 0.12 
IC4 58 0.18 
nC4 58 0.84 
'C5 72 1.28 
nC5 72 2.29 
C6S 89 6.13 0.678 
C7S 92 13.32 0.733 
c8s 103 16.50 0.757 

Cgs 116 11.06 0.778 

CIOS 131 8.19 0.790 

CIIS 147 6.07 0.789 
C 

12S 161 4.75 0.809 
C13S 173 4.09 0.822 
C14S 186 4.10 0.839 
C15S 203 3.39 0.837 
C16S 215 2.69 0.843 
C17S 229 2.18 0.841 
C18S 246 2.10 0.843 

c1gs 258 1.76 0.854 
C20+ 384 8.98 0.880 

the fluid 154 0.803 
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Table A. 9. Single phase compositions and physical properties (Reservoir Huld Studies 
Group, HV; U) of Black oil RFS- I (WDT for the dead fluid is measured as 323 K, Centre for 
Gas Hydrate Research, HVY'U). 

Component MW mole% Specific 
gog-ravity 

cl 16 23.98 
C2 30 3.98 
C3 44 5.65 
'C4 58 2.00 
nC4 58 4.12 
'C5 72 2.09 
nC5 72 2.89 
C6S 85 4.10 0.666 
C7S 94 6.25 0.714 
c8s 105 6.55 0.738 
Cgs 119 5.20 0.761 
CIOS 133 4.06 0.776 
ClIs 147 3.31 0.790 
C12S 162 2.64 0.801 
C13S 173 2.36 0.815 
C 

14S 188 2.18 0.831 
C15S 203 1.95 0.837 
C16S 220 1.61 0.844 
C17S 233 1.28 0.849 
C18S 248 1.27 0.856 
c1gs 262 1.05 0.863 
C20+ 483 11.50 0.947 

the fluid 131.8 
Temperature/K 373 
Saturation pressure/MPa 9.4 
Sat. density/g. cc-1 0.715 
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APPENDIX-B 

EQUATION OF STATE AND BINARY INTERACTION PARAMETER 

Equations of state (EoS) represent the relation between temperature T. pressure P and volume 

v. Though equations of state are basically developed for pure compounds, they can be 

applied to multi-component systems by employing appropriate mixing rules. The van der 

Waals type EoS and the conventional random van der Waals Mixing rules are commonly 

applied to model hydrocarbons fluid phase behaviour, and they will be described in this 

appendix. Binary interaction parameters are required in the mixing rules, and they will also 

be given in this appendix for light compounds and intermediate hydrocarbons. 

B. I. EQUATION OF STATE 

B. 1.1 General Form of EoS 

The virial equation can be expressed as an infinite series of molar volume: 

Pv BCD 
Z== 3 RT vvv 

1) 

where Z is the compressibility factor, P and T are pressure and temperature, v is the molar 

volume. B', C' and D' are the second, third and fourth virial coefficients depending only on 

temperature for each compound. 

Some successful equations of state such as the van der Waals EoS take a cubic form in terrns 

of molar volume (v) or compressibility factor (Z), and so they are often referred as cubic EoS. 

Intermolecular attractive and repulsive forces are considered in the van der Waals EoS, 

which is expressed with explicit pressure as: 
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p= RT 
_a (B. 2) 2 

v-b v 

w ere 
a 

and b represent the attractive and repulsive terms. respectively. 2 
V 

The van der Waals EoS has been modified in order to improve its representation for complex 

systems. Almost all popular van der Waals type EoS have improved their capabilities by 

modifying the attractive term. They can be expressed using the following general form: 

RT 

v-b 
a 

V2 +UV_W2 
(B. 3) 

where a and b represent the attractive and repulsive terms, respectively. it and w are related 

to the EoS parameters. 

The above general equation can be expressed in ten-ns of compressibility factor by: 

Z3 
-(l+B-U 

g2 +(A-BU _U_W2 )Z-(AB-BW2 _W2)=() (B. 4) 

where A, B, U and W are given by: 

A =- 
aP 

)2 
(B. 5) 

(RT 

B =- 
bP (B. 6) 
RT 

lip (B. 7) 
RT 

w =- 
wp (B. 8) 
RT 

The fugacity coefficient is calculated by 

In((p) = (Z - 1) - ln(Z - B) +A ln 
2Z+U-VU2+4W2 (B. 9) 

,, 2 
NO + 4Wý 2Z +U +VU2 +4W2 
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B. I. 2 EoS Parameters 

The van der Waals type cubic EoS can have two parameters (a and b) or three parameters. A 

two-parameter EoS predicts the same critical compressibIlIty factor Z, for all substances. In 

addition to a and b, a third parameter c is included in a three-parameter EoS for matching 
both the vapour pressure and volume. The parameter c is generally deten-nined by employing, 

volumetric data. 

For two-parameter and three-parameter equations of state, the EoS parameters a, b and c can 

be calculated using critical temperature (T,. ) and critical pressure (P, ): 

R2T2 
a ":: - Qa a (B. 10) 

b= Qb RT, (B. 11) 
Iý 

C=Q 
RT, (B. 12) 

(, Iý 

where Q,, Qb and Q, are constants. Ot expresses the temperature dependency of the 

attraction term; being a function of the reduced temperature and acentric factor. 

SRK EoS 

Soave-Redlich-Kwong (SRK) equation of state is a two-parameter EoS, which has a constant 

value of 0.307 for the critical compressibility factor Z,. When using the general cubic EoS 

form (Equation B. 3) to express the SRK EoS, u and w equal to b and 0, respectively. In the 

SRK EoS, parameters a and b can be calculated using Equations B. 10 and B. II with Q, and 

Qb of approximately 0.42747 and 0.08664. 

In order to develop the a function for calculating the parameter a, Soave (1972) used the 

critical points and vapour pressure data at the reduced temperature of 0.7 for pure compound 

up to CIO (with an acentric factor of 0.492). The u function was selected, and m was 

correlated with acentric factor (o by equating fugacities of saturated liquid and vapour phases: 

a= 
[i +- Tr°5 )112 (B. 13) 
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0.480 + 1.574o) - 0.1 76o)' 

PR EoS 

(B. 14) 

Peng and Robinson (1978) modified the attractive term mainly to improve the prediction of 

liquid density in comparison with SRK EoS. The PR EoS is also a two-parameter EoS with a 

constant value of 0.333 for critical compressibility factor Z,. The PR EoS can be expressed 

using the general form of cubic EoS with u and w equal to 2b and b, respectively. Q, and Qb 

of approximately 0.45724 and 0.07780 are used to calculate the EoS parameters a and b. 

Peng and Robinson (1976) used vapour pressure data for pure compounds up to Clo to 

determine cc when proposing the PR EoS. The temperature range taken into account was the 

normal boiling point to the critical point. The authors obtained similar cc form as the one 

derived by Soave (1972), as expressed in Equation B. 13. m was similarly correlated to the 

acentric factor (w) by: 

0.37464 + 1.54226(t) - 0.26992(f)2 (B. 15) 

Robinson and Peng (1978) applied Equation 13 and modified the in correlation with a higher 

degree of acentric factor to improve predictions for heavy components. The in correlation is 

given by: 

0.3796 + 1.485o) - 0.1 644(t) 2 
+0.01667 0)3 

VPT EoS 

(B. 16) 

Patel and Teja (1982) modified the attractive term by including a more flexible third 

parameter c. PT EoS can be expressed using the general cubic EoS form (Equation B. 3) with 

ii=b+c and w=-rbc . 
Qa, Ob and 0, are correlated wIth adjustable critIcal compressIbIlIty 

factors, which in turn are correlated with acentric factors. 

Valderrama (1990) modified the PT EoS by using critical compressibility factor Z, instead of 

the acentric factor o) to calculate Q, Qband Q, 

=0.661'1-0.76105Zc (B. 17) 
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Qb :-0.02207 + 0.20868Z,. 

Q, = 0.57765 -1.8708OZe 

(B. 17) 

(B. 17) 

In the VPT EoS, the a fon-n as expressed by Equation B. 13 is used. It is combined \vith the 

m correlation give by: 

0.46283 + 3.5 8230(o) - Z, ) + 8.19417(a) - ZJ2 (B. 18) 

B. 2. MIXING RULES AND BINARY INTERACTION PARAMETERS 

Equations of state are applied to multi-component systems by employing mixing rules to : _n 
determine the EoS parameters for mixtures. The mixing rules are used to describe the 

prevailing forces between molecules of different substances forming the mixture. It is 

common to incorporate binary interaction parameters to express the attractive term between 

pairs of non-similar molecules. 

B. 2.1. Mixing Rules 

For reservoir hydrocarbon fluids, the van der Waals mixing rules are adequate. The van der 

Waals mixing rules, often referred as the conventional (or classical) random mixing rules, 

consider the interaction between pairs of neighbouring molecules and neglect interaction 

between three or more molecules. The EoS parameters a, b and c for a mixture are expressed 

using the random mixing rules as: 

a= 1] (B. 19) x Xj 
(ai 

aj 
)0*'(1 

- kj 
i 

j 

b= Ixibi (B. 20) 
i 

c= 1xici (B. 21) 
i 

where x is the composition in mole fraction. Subscript i and j designate components T and 

kij is the binary interaction parameter between component T and component 
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For mixtures containing highly polar and asymmetric compounds such as water. the random 

mixing rules are not appropriate, due to non-uniform distribution of molecules. Non-random 

mixing rules will be used, which calculate the attraction term by: 

a= ac +a 
A (B. 22) 

where a(' is the conventional random mixing term given by Equation B. 19. a'-' is the 

asymmetric term due to polarity. Various expressions have been proposed for the 

asymmetric term. 

The term aA is independent of pressure, and it is calculated as: 

aAx xa 1 pI pi pi 
p 

(B. 23) 

where p indicates the polar compound. 1pi is a binary interaction parameter, which is a 

function of temperature: 

ipi = 10 - il 
Pi P, 

(B. 24) 

where 10i and l'i are dimensionless constants expected to be positive, and To is the ice point 
PP 

in 

cipi in Equation B. 23 is given as: 

(a, 
air" 

B. 2.2. Binary Interaction Parameters 

(B. 25) 

As shown in Equation B. 19, binary interaction parameters are required to calculate the 

attraction term for a mixture. The binary interaction parameter is generally determined by 

mimmising the difference between calculated and experimental data, such as bubble point 

pressures of binary systems. As only the interaction between two neighbouring molecules is 

considered in the mixina rules, the binary interaction parameters determined by binary 

systems are valid for applying to multi-component systems. 
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The binary interaction parameters between hydrocarbons with little differences in size are 

generally considered to be zero. However, the binary interaction parameters are not zero for 

hydrocarbons with significant differences in molecular sizes. As the binary interaction 

parameter is considered as a fitting parameter and not a ngorous physical term, binary 

interaction parameters may be different, depending on equations of state. 

Tables B. 1, B. 2 and B. 3 list the binary interaction parameters between light compounds (e. g. 
Cl 

- 
C5, N2 and C02) and inten-nediate hydrocarbons (C6-C20) for SRK EoS, PR EoS and 

VPT EoS, respectively. 

Table BA lists the interaction parameters between water and several compounds for the non- 

density dependent mixing rule in VPT EoS. 
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B. 3. TABLES 

Table B. 1. Binary interaction parameters between light and intermediate compounds in 
SRK EoS. 

No. Compound 

12 

N2 C02 

3 
C, 

4 

Ethylene 

5 
C2 

6 

Propylene 

7 
C3 

8 9 

nC4 

10 - 24 

'C5 - "C'O 

1 N2 0.0000 

2 C02 0.0000 0.0000 

3 C, 0.0278 0.1107 0.0000 

4 Ethylene 0.0300 0.1000 0.0189 0.0000 

5 C2 0.0407 0.1363 -0.0078 0.0026 0.0000 

6 Propylene 0.0800 0.1000 0.0289 0.0000 0.0200 0.0000 

7 C3 0.0763 0.1000 0.0080 0.0080 -0.0220 0,0033 0.0000 

8 iC4 0.0944 0.1000 0.0241 0.0900 -0.0010 -0.0144 -0.0100 0.0000 

9 nC4 0.0700 0.1000 0.0056 0.1000 0.0067 0.0000 0.0000 0.0000 0.0000 

10 IC5 0.0867 0.1000 -0.0078 0.0120 0.0050 0.0000 0.0078 0.0000 0.0000 0.0000 

11 Neopentane 0.0870 0.1000 -0.0078 0.0120 0.0050 0.0000 0.0078 0.0000 0.0000 0.0000 

12 nC5 0.0878 0.1000 0.0079 0.0120 0.0056 0.0050 0.0230 -0.0300 0.0204 0.0000 

13 rIC6 0.1400 0.1000 0.0374 0.0140 -0.0156 0.0050 -0.0022 0.0000 -0.0111 0.0000 

14 Met. Cyc. Pent. 0.1400 0.1000 0.0400 0.0140 0.0033 0.0050 0.0030 0.0000 0.0000 0.0000 

15 Cyc. Hex. 0.1400 0.1000 0.0333 0.0150 0.0230 0.0050 0.0030 0.0005 0.0000 0.0000 

16 nC7 0.1422 0.1000 0.0307 0.0144 0.0411 0.0100 0.0044 0.0005 0.0000 0.0000 

17 Met. Cyc. Hex. 0.0145 0.1000 0.0500 0.0150 0.0230 0.0100 0.0050 0.0005 0.0000 0.0000 

18 Toluene 0.1500 0.1000 0.0978 0.0300 0.0900 0.0300 0.0300 0.0200 0.0100 0.0000 

19 o-Xylene 0.1500 0.1000 0.1000 0.0250 0.0500 0.0300 0.0300 0.0200 0.0100 0.0000 

20 nC8 0.1500 0.1000 0.0448 0.0200 0.0170 0.0100 0.0040 0.0015 0.0000 0.0000 

21 nCq 0.1500 0.1000 0.0448 0.0200 0.0170 0.0100 0.0040 0.0015 0.0000 0.0000 

22 nC, O-nCI4 0.1500 0.1000 0.0550 0.0300 0.0200 0.0150 0.0040 0.0020 0.0010 0.0000 

23 nC15-nC, g 0.1500 0.1000 0.0600 0.0400 0.0350 0.0250 0.0005 0.0025 0.0010 0.0000 

24 nC20 0.1500 0.1000 0.0650 0.0450 0.0400 0.0300 0.0010 0.0050 0.0015 0.0000 

From: Knapp, H and Doring, R., 'Vapour-Liquid Equilibria for Nlhxtures of Low Boiling 

Substances', Berhens, D, and Eckerman R., Eds (Dechema Cherrustry Data Ser. ), Part I- 

Binary System (1986). 
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Table B. 2. Binary interaction parameters between light and intermediate compounds in 
PR EoS. 

No. Compound 

12 

N2 co-, 

3 
C, 

4 

Ethylene 

5 
C2 

6 

Propylene 

7 
C3 

8 

I'C4 

9 

IIC4 

10- 24 

IC5 - nC-, O 
I N2 0.0000 

2 C02 0.0000 0.0000 

3 C, 0.0311 0.1070 0.0000 

4 Ethylene 0.0500 0.1200 0.0215 0.0000 

5 C2 0.0515 0.1322 0.0026 0.0089 0.0000 

6 Propylene 0.0600 0.1300 0.0330 0.0000 0.0089 0.0000 

7 C3 0.0852 0.1241 0.0140 0.0100 0.0011 0.0100 0.0000 

8 iC4 0.1000 0.1400 0.0256 0.0200 -0-0067 0.0080 -0.0078 0.0000 

9 nC4 0.0711 0.1333 0.0133 0.0200 0.0096 0.0080 0.0033 0.0000 0.0000 

10 iC5 0.1000 0.1400 -0.0056 0.0250 0.0080 0.0080 0.0111 -0.0040 0.0170 0.0000 

11 Neopentane 0.1000 0.1400 -0.0056 0.0250 0.0080 0.0080 0.0111 -0.0040 0.0170 0.0000 

12 nC5 0.1000 0.1400 0.0236 0.0250 0.0078 0.0100 0.0120 0.0020 0.1700 0.0000 

13 nC6 0.1496 0.1450 0.0422 0.0300 0.0140 0.0110 0.0267 0.0240 0.0174 0.0000 

14 Met. Cyc. Pent. 0.1500 0.1450 0.0450 0.0310 0.0141 0.0120 0.0270 0.0242 0.0180 0.0000 

15 Cyc. Hex. 0.1500 0.1450 0.0450 0.0310 0.0141 0.0120 0.0270 0.0242 0.0180 0.0000 

16 nC7 0.1441 0.1450 0.0352 0.0300 0.0150 0.0140 0.0560 0.0250 0.0190 0.0000 

17 Met. Cyc. Hex. 0.1500 0.1450 0.0450 0.0300 0.0160 0.0150 0.0580 0.0250 0.0200 0.0000 

18 Toluene 0.1700 0.1800 0.0600 0.0400 0.0200 0.0210 0.0600 0.0300 0.0110 0.0000 

19 o-Xylene 0.1500 0.1400 0.0470 0.0300 0.0160 0.0150 0.0590 0.0260 0.0120 0.0000 

20 nC8 0.1500 0.1400 0.0470 0.0300 0.0160 0.0150 0.0590 0.0260 0.0120 0.0000 

21 nCq 0.1550 0.0145 0.0474 0.0400 0.0190 0.0200 0.0070 0.0060 0.0100 0.0000 

22 nC, O-nCI4 0.1550 0.0145 0.0500 0.0450 0.0300 0.0250 0.0200 0.0100 0.0010 0.0000 

23 nC15-nC, g 0.1550 0.0145 0.0600 0.0500 0.0400 0.0300 0.0250 0.0150 0.0010 0.0000 

24 nC20 0.1550 0.0145 0.0700 0.0600 0.0500 0.0350 0.0300 0.0200 0.0015 0.0000 

From: Knapp, H and Doring, R., 'Vapour-Liquid Equilibria for Mixtures of Low Boiling 

Substances', Berhens, D, and Eckerman R., Eds (Dechema Chemistry Data Ser. ), Part I- 

Binary System (1986). 
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Table B. 3. Binary interaction parameters between light and intermediate compounds in 
VPT EoS. 

. 
No. Comp. 

123456 

C, C, C3 'C4 nC4 l*C5 

7 
C02 

89 10 11 12 
N2 nC5 nC6 nC7 nCs-nC 

I C, 0.0000 
2 C2 0.0000 0.0000 

3 C3 0.0000 0.0000 0.0000 

4 iC4 0.0000 0.0000 0.0000 0.0000 

5 nC4 0.0000 0.0000 0.0000 0.0000 0.0000 

6 iC5 0.0117 0.0000 0.0000 0.0000 0.0000 0.0000 
7 C02 0.0920 0.1340 0.1280 0.1260 0.1380 0.0530 0.0000 
8 N2 0.0350 0.0380 0.0700 0.1340 0.1140 0.0628 -0.0360 0.0000 
9 nC5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1410 0.0880 0.0000 
10 nC6 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1180 0.1500 0.0000 0.0000 
11 nC7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1100 0.1420 0.0000 0.0000 0.0000 
12 nC8-nC20 0-0000 0-0000 0-0000 0-0000 0-0000 0-0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Table BA Binary interaction parameters between water and several compounds in VPT 

EoS. 

No. Comp. k2l 
water 
10 21 11 X104 

21 

1 C, 0.5028 1.8180 49.00 

2 C2 0.4974 1.4870 45.40 

3 C3 0.5465 1.6070 39.30 

4 I'C4 0.5863 1.7863 37.40 

5 nC4 0.5800 1.6885 33.57 

6 nC5 0.5525 1.6188 23.72 

7 nC6 0.4577 1.5730 31.41 

8 nC7 0.4165 1.5201 35.21 

9 nCg 0.3901 1.5200 35.31 

10 xenon 0.2374 0.8870 47.50 

11 C02 0.1965 0.7232 23.74 

12 N2 0.4792 2.6575 64.46 

13 H2S 0.1382 0.3809 13.24 

14 methonal -0.0789 -0.0149 0.00 

15 water 0.0000 0.0000 0.00 

From: Avionitis et a]. (1994). 
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APPENDIX-C 

THERMO-PHYSICAL PROPERTIES 

Thermo-physical properties, such as fusion temperature, solid-solid transition temperature, 

latent heat of fusion, latent heat of solid-solid transition, heat capacity of liquid and solid, are 

required for solid-liquid equilibrium calculations. Correlations to calculate these thermo- 

physical properties were developed in this work using experimental data for pure n-paraffins. 

The correlations will be given in this appendix. 

C. I. FUSION AND SOLID-SOLID TRANSITION TEMPERATURES 

Correlations for calculating fusion and solid-solid transition temperatures have been 

developed in accordance with the measured values reported in the literature (Schaerer et al., 

1955; Broadhurst, 1962). Differentiation between odd or even carbon numbers for n- 

paraffins is applied to correlations in order to improve accuracy. 

C. 1.1 Fusion Temperature 

n-paraffins with odd carbon numbers 

ForCn :! ý C9 

Tf /K=0.3512C3 -7.6438C2 +72. '98Cn -73.9 nn 

For Cq < Cn :! ' C43 

nn+ 
76.2189Ln(Cn + 15 6.9 Tf /K=0.0122C2 -2.0861C -775.59'/Cn 

ForCn > C41 

Tf /K= 414.3(Cn - 1.5)1(C,, + 5.0) 
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n-paraffins with even carbon numbers 

ForCn !ý CIO 

Tf /K= -0.0998C3 +1.0812C2 + 18.602C,, + 49.216 nn 

For CIO < Cn :! ý C42 

Tf /K=0.003 1C3 - 0.3458C' + 14.277C,, + 137.73 nn 

ForCn> C42 

TI /K= 414.3(Cn - 1.5)1(Cn + 5.0) 

Figure C. 1 shows the experimental data (Schaerer et al., 1955; Broadhurst, 1962) and 

regressed fusion temperatures for n-paraffins. 

C. 1.2 Solid-solid Transition Temperature 

n-paraffins with odd carbon numbers 

ForC9 <Cn ! ýC 
43 

T, 
r 

/K=0.0039C' - 0.4239C2 + 17.28C,, - Ln(C,, ) + 95.4 
nn 

Others 

T IK=T. 
tr 

n-paraffins with even carbon numbers 
ForCl',:! ýCn:! ýC42 

T, /K=0.0032C3 -0.3249C2 + 12.78C + 154.19 + Ln 
nnn 

(Cn 

Others 

T IK=T 
tr f 

Figure C. 2 shows the experimental data (Schaerer et al., 1955; Broadhurst, 1962) and 

regressed solid-solid transition temperatures for n-paraffins between C9 and C43- 
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C. 2. ENTHALPIES OF FUSION AND SOLID-SOLID TRANSITION 

The sum of enthalpies of fusion and heats of solid-solid transitions are considered to be 

dependent on fusion temperature and molecular weight. Correlations have been developed 

using data reported in the literature (Schaerer et al., 1955; Broadhurst, 1962). 

C. 2.1 Sum of Enthalpy of Fusion and Enthalpy of Solid-solid Transition 

n-paraffins with odd carbon numbers 

ForCn :ý C9 

A hum / cal - mol -' = 0.1 19MW X Tf + 67 2.2 

For C 9<Cn 
<C33 

A hsuln / cal - mol -' = 0.167 MW x Tf + 43 2.47 

ForCn >C33 

Asum / cal - mol -' = 0.139MW X Tf + 3984.8 

n-paraffins with even carbon numbers 

ForCn :! ý C 
34 

Ahsum / cal - mol -' = 0.180MW X Tf + 522.7 

ForCn > C34 

Ahsumlcal-mol-' =0.139MWxTf +3984.8 

Figure C. 3 shows the experimental data (Schaerer et al., 1955; Broadhurst, 1962) and 

regressed enthalpies for fusion and solid-solid transition. 

C. 2.2 Enthalpies of Fusion and Solid-solid Transition 

n-paraffins with odd carbon numbers 

For C,, !ý Cq 

J hf / cal - mol -' = LOJ hsllm 

ý 
lhtr / cal - mol -' =0 

For Cq < Cn !ý C43 
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Jhf / cal - mol -1 = 0.74, Jh,. 

AhIr / cal - mol -' = 0.26Ahsum 

ForCn >C43 

Ahf / cal - mol -' = I. OAhsum 

Ahtr / cal - mol -' =0 

n-paraffins with even carbon numbers 

For Cn ! ýC20 

Jhf / cal - mol I. OJhsum 

Ahtr / cal - mol 0 

ForC20 <Cn : ýC42 

Ah� / cal - mol -' = 0.64Ahsum 

Ahtr / cal - mol -' = 0.36A sum 

ForCn >C42 

Ahf / cal - mol -' = 1. OAhsum 

Ahtr / cal - mol -' = 

Figure CA shows the experimental data (Schaerer et al., 1955; Broadhurst, 1962) and 

regressed enthalples of fusion for n-paraffins. 

C. 3. HEAT CAPACITY 

Correlations have been developed for calculating heat capacity as a function of temperature 

and carbon number using measured data for n-paraffins (Huffman et al., 1931-, Jin et al., 

1991; van Miltenburg et al., 1999). Differentiation between odd or even carbon numbers for 

n-paraffins is applied to correlations when calculating the heat capacity of solids. 

C. 3.1 Heat Capacity for n-Paraffin Liquids 

C' / cal - mol K-' =a LT 
p 
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With: 

aL =O. OIXC 

n-0.0138 
V=4.529 xCn +3.8457 

Figures C. 5 and C. 6 show the experimental data (Huffman et al., 1931; Jin et al., 1991; van 
Miltenburg et al., 1999) and regressed heat capacities for liquid n-paraffins with odd carbon 

numbers and even carbon numbers, respectively. 

C. 3.2 Heat Capacity for n-Paraffin Solids 

Cs Ical - mol-' - K-' = asT 3+ bsT2 +csT+ds p 
With: 

n-paraffins with odd carbon number (based on data available up to C19) 

as = (0.357 1xC,, + 2.1667)x 10-6 

bs = -(0.2014 x C,, + 0.4300)x 10-3 

cs = (0.4579 x C,, + 0.8105)x 10-' 

ds= -(0.067 8xC,, - 0.05 80) x 10 

n-paraffins with even carbon number 

ForCn :ý C20 

as = (0.0929 x C, + 4.9286) x 10-6 

bs= -(0.0993 x C, + 1.5 929) x 10 

cs= (0.3 604 x C,, + 1.9115) x 10 -1 

ds= -(0.045 9xC, + 0.2022) x 10 

ForCn > C20 

as = (1.6964 XCn - 22.5000)x 10-6 

bs = -(1.1670XCn - 19.525)x 10-' 

cs= (2.4703 XCn 39.848)x 10-' 

ds= -(1.5093 
XCn 31.209)x 10 

Figures C. 7 and C. 8 show the experimental data (Huffman et al., 1931; Jin et al., 1991; van 

Miltenburg et al., 1999) and regressed heat capacities for solid n-paraffins with odd carbon 

numbers and even carbon numbers, respectively. 
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Figure C. 1. Experimental data (Schaerer et al., 1955; Broadhurst, 1962) and regressed 
fusion temperatures for n-paraffins. 
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Figure C. 2. Experimental data (Schaerer et al., 1955; Broadhurst, 1962) and regressed 

solid-solid transition temperatures for n-paraffins. 
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Figure C. 3. Experimental data (Schaerer et al., 1955; Broadhurst, 1962) and regressed 

enthalpies of fusion and solid-solid transition for n-paraffins. 
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Figure CA. Experimental data (Schaerer et al., 1955, Broadhurst, 1962) and regressed 

enthalpies of fusion for n-paraffins. 
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Figure C. 5. Experimental data (Huffman et al., 193 1; Jin et al., 199 1; van Mi Itenburg et 

al., 1999) and regressed heat capacities for liquid n-paraffins with odd carbon numbers. 

500 

200 250 300 350 400 450 

T/K 

450 

400 

350 

300 
co c) 
>, 250 

co 200 
cz C-) 
. 0- 150 
cz 

100 

50 

n 

c50 

C36 10 

-0- 
C20 

C12 
'9090". 0 C14 

C16 
clo 

C8 

C6 

150 200 250 300 350 400 450 

T/K 

Figure C. 6. Experimental data (Huffman et al.. 193 1; Jin et al.. 199 1; van Altenburg et 

al., 1999) and regressed heat capacities for liquid n-paraffins with even carbon numbers. 
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Figures C. 7. Experimental data (Huffman et al., 193 1; Jin et al., 199 1; van Miltenburg et 

al., 1999) and regressed heat capacities for solid n-paraffins with odd carbon numbers. 
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Figures C. 8. Experimental data (Huffman et al., 1931; Jin et al., 1991: van Nliltenburg et 

al., 1999) and regressed heat capacities for solid n-paraffins with even carbon numbers. 
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